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Breast cancer is the most frequently diagnosed cancer and the leading cause 
of cancer death among females, accounting for 23% of the total cancer cases 
and 14% of the cancer deaths worldwide. Breast cancers are genetically het-
erogeneous, which can be generally classified into four categories with dis-
tinct patterns of molecular profile and different treatment strategies. Besides, 
about 5–10% of cases are inherited mainly due to the germline mutations of 
BRCA1 and BRCA2, which are key DNA repair regulators, and thus lead to 
the DNA repair-targeting therapy with PARP inhibitors. Unraveling the bio-
logical heterogeneity of breast cancer in its natural history and its responsive-
ness to therapy from one patient to another will help to translate new 
approaches for breast cancer prevention and treatment and improve the qual-
ity of care offered to breast cancer patients.

There is a broad consensus that cancer is a genetic disease and that accu-
mulation of molecular alterations in the genome of somatic cells is the basis 
of cancer progression. In breast cancer, the accumulated mutations often 
result in the amplification of growth signal followed by the activation of 
PI3K/AKT/mTOR pathway and RAS/MEK/ERK pathway and thus cause the 
agitation of downstream transcription, metabolic reprogramming, etc., lead-
ing to the increase of breast cancer stem cell self-renewal and acceleration of 
cell cycle or less apoptosis. The understanding of genomic changes and onco-
genic signaling cascade of breast cancer has inspired the development of tar-
geting treatments, such as the clinical trials in PI3K, AKT, and mTORC1 
inhibitors.

On the other hand, breast cancer, like other cancers, occurs because of an 
interaction between an environmental (external) factor and the genetically 
susceptible host. The immuno-environment has been demonstrated as a bar-
rier of the clinical cancer. Overcoming the restriction of immune checkpoints 
is an essential step for cancer development. Therefore, recovering these 
checkpoints may prevent cancer progression. In addition, stromal cells such 
as tumor-associated macrophages (TAMs) promote tumorigenesis by limit-
ing immuno-response or directly promoting cancer metastasis. The knowl-
edge has been translated into successful approaches of immuno-therapies 
such as the application of anti-PD1 and anti-PDL1 strategies for malignancy 
treatment.

Preface
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Together, elucidating the molecular landscape of breast cancers has facili-
tated the development of diagnostic, prognostic, and predictive biomarkers 
for clinical oncology. In addition, a burst of knowledge in cancer biology, 
immunology, genomics, metabolism, and so on has broken new grounds for 
designing innovative therapeutic approaches and selecting appropriate treat-
ments according to the precise information of an individual cancer patient. 
The present book is an endeavor to convey a comprehensive knowledge of the 
translational efforts in breast cancer and address the latest approaches of pre-
cision medicine based on the understanding of breast cancer.

Preface
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The Dawning of Translational 
Breast Cancer: From Bench 
to Bedside

Xueman Chen, Siting Fan, and Erwei Song

Abstract

Breast cancer is one of the world’s leading causes of death in women. 
Although tumor initiation and progression are predominantly driven by 
somatic or acquired (epi) genetic alterations that govern signaling abnor-
malities, growing evidence suggests that the inflammatory microenviron-
ments of cancer also play a role. Molecular characterization of breast 
cancer biology is essential for high-efficient management of this disease in 
clinical practice. Translating basic research into clinically valuable bio-
markers for diagnosis, prognosis, and prediction of response to treatment 
and into precisely targeted therapies is crucial for the development of pre-
cision medicine in breast cancer. Such a process is known as “from bench 
to bedside.” In this chapter, we will present an overview of breast cancer 
pathogenesis and selected translational advances in multistage clinical set-
tings and aim to illustrate the dawning of precision medicine implementa-
tion in managing human breast malignancies.

Keywords

Breast cancer • Biological hallmark • Translational oncology • Precision 
medicine

1.1  Introduction

Breast cancer (BrCa) is one of the most common 
types of invasive cancers in women, which 
accounts for a majority of female cancer-related 
deaths worldwide. It is essentially a deregulated 
organogenetic disorder of human breast with 
high heterogeneity that requires accurate molecu-
lar classification. There are thus far at least five 
definitive molecular subtypes delineating distinct 
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biological features of BrCa, which include lumi-
nal A, luminal B, HER2-positive, basal-like/
triple- negative, and “claudin-low” or “normal- 
like” [1, 2]. Such molecularly-defined categories, 
largely determined by the status of ER or PgR 
and HER2 locus [1, 3], also offer a rationale for 
treatment orientation in clinics other than sur-
gery. Especially for endocrine therapies, HER2- 
targeted therapies, cytotoxic chemotherapies or 
radiotherapy alone, or in combination, pre-/post-
operative BrCa patients should be preferentially 
matched based on the molecular subtypes prior to 
the appropriate treatment.

While the multistep breast tumorigenesis is 
driven by progressively accumulated genetic 
(and epigenetic) abnormalities that might prime 
oncogenic transformation in one (or a few) stem- 
like cells, subsequent clonal expansion and selec-
tion of these transformed cells come to presage 
cancer progression. The last several decades have 
witnessed remarkable advances in the molecular 
pathology characterizing BrCa by virtue of high- 
throughput sequencing technologies, proteomic 
profiling, and development of “big data” sets [4, 
5]. Accompanying translational genomics consist 
of a vast number of valuable predictive biomark-
ers for diagnosis, prognosis, and therapeutic 
response, among which the profile of 21 genes 
has been fully validated to predict the recurrence 
risk of patients with hormone receptor-positive, 
node-negative BrCa [6]. Additionally, over-
whelming translational studies have identified 
numerous key governors in regulating tumor cell 
biology and programing malignant traits, which 
have provided opportunities for the development 
of precision medicine, particularly molecule- 
targeted therapies for cancer treatment.

Metastasis is generally known as the leading 
cause of death in BrCa patients. According to the 
“seed and soil” hypothesis, seeding of neoplastic 
cells is a prerequisite while the mechanistic 
determinant for metastatic colonization belongs 
to a tumor-promoting microenvironment, which 
is the rich soil not only fertilized by but also 
breeding the tumor seeds [7, 8]. Together with 
extracellular matrix (ECM), a diversity of stro-
mal cells including fibroblasts, macrophages, 
neutrophils, and other immune cells constitute 

the tumor microenvironment, surrounding the 
tumor cells and emitting pro-tumor signals. 
Although most, if not all, stromal components 
have been found to be attractive prognostic indi-
cators or accessory therapeutic/preventive targets 
for metastatic breast cancer (MBC), there is still 
a long way to go in making the leap from bench 
to bedside.

In this chapter, we will provide a summarized 
overview of BrCa biology and hallmark features 
based on genetic alterations and signaling net-
works, highlighting the role of microenviron-
mental constituents in assisting tumor progression 
and their potentials as candidate predictive bio-
markers and/or therapeutic targets. Additionally, 
we will briefly introduce the critical translational 
oncology and future perspective of precision 
medicine in treatment of this malignant disease.

1.2  Oncogenic Changes 
in Genome: Inherent Power 
for BrCa Evolution

Breast cancer shares inherent similarity with other 
types of cancers, carrying somatic mutations in 
the genomes. Among these mutations, proto-
oncogenes proceed into oncogenes that ultimately 
drive tumorigenesis via conferring clonal selec-
tive advantage on neoplastic cells. With the tumor 
suppressor genes dying away, an unsupervised 
state of cancerous breast is favored (Fig. 1.1).

1.2.1  Human Epidermal Growth 
Factor Receptor-2, HER2

HER2 is an essential oncogene in driving BrCa 
pathogenesis. Amplification of the HER2/ErbB2/
neu gene and/or resultant HER2 protein overex-
pression occur in 18–25% of all primary invasive 
breast cancers, which are casually classified as 
HER2-positive BrCa [9, 10]. The encoded HER2 
oncoprotein belongs to a family of four closely 
related transmembrane receptors (EGFR/ErbB1, 
HER2, HER3/ErbB3, and HER4/ErbB4), struc-
tured by two cysteine-rich extracellular 
 ligand- binding domains and a transmembrane 

X. Chen et al.

https://www.ncbi.nlm.nih.gov/pubmed/12778135
https://www.ncbi.nlm.nih.gov/pubmed/12778135
https://www.ncbi.nlm.nih.gov/pubmed/24905877
https://www.ncbi.nlm.nih.gov/pubmed/24905877


3

domain [11]. Together with HER1 and HER4, 
HER2 receptor possesses tyrosine kinase activity, 
structurally attributable to an intracellular tyro-
sine kinase domain [12]. Up till now, natural 
ligands for HER2 has not yet been identified, 
while the other three receptors are able to recog-
nize a variety of ligands such as transforming 
growth factor α (TGFα), epidermal growth factor 
(EGF), and heregulins. Even so, HER2 receptor 
plays a central role in the activation of other fam-
ily members, serving as a preferred dimerization 
partner to stabilize the HER2-containing het-
erodimers [13–15]. Upon HER2 activation, its 
downstream signal transduction cascades will be 
set in motion, including Erk1/2 mitogen-activated 
protein kinases (MAPK), phosphatidylinositol 
3-kinase/AKT/mammalian target of rapamycin 
(PI3K/AKT/mTOR) and Jak/Stat pathways, 
which ultimately pose a wide range of effects on 
the cellular biological behaviors of BrCa [16, 17]. 
Thus, HER2 gene amplification in BrCa leads to 
enhanced cell growth and proliferation, increased 
cell motility and invasiveness, accelerated angio-
genesis, progressive regional and distant metasta-
ses, as well as reduced apoptosis [18].

Considerable clinical data demonstrated that 
elevated level of HER2 was closely associated 

with more aggressive phenotypes and, until the 
advent of HER2-directed therapies, worse 
disease- free survival was represented by higher 
recurrence rate and increased mortality [10, 19]. 
Therefore, abnormal HER2 expression is an 
independent adverse prognostic factor in both 
lymph node-negative and lymph node-positive 
BrCa, paralleling to large tumor size, high histo-
logic grade, DNA aneuploidy, p53 mutation, and 
deficiency of steroid hormone receptors (estro-
gen and/or progesterone) as well [20, 21]. 
Furthermore, a predictive value of HER2 in 
response to various cancer cures has been long 
established, indicating a more important role 
HER2 plays as the therapeutic target in the treat-
ment for BrCa [22].

As a recombinant humanized monoclonal 
antibody (mAb), trastuzumab (Herceptin) 
(Genentech Inc. San Francisco, CA, USA; 
Hoffmann-La Roche Ltd. Basel, Switzerland) is 
the first genomics-based therapeutic agent and 
hitherto the only adjuvant treatment approved 
specifically for patients with HER2-positive 
early-stage BrCa [23]. Except for interfering the 
downstream signaling, trastuzumab plays a part 
in augmenting the antitumor immunity, which 
will be introduced later in this chapter. Moreover, 

Fig. 1.1 Multistage 
breast tumorigenesis 
triggered by coordinated 
oncogenic mutations, 
including amplification/
overexpression of 
oncogenes and loss of 
tumor suppressor genes

1 The Dawning of Translational Breast Cancer: From Bench to Bedside
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it markedly impacts the proliferative ability of 
HER2-overexpressing human breast cancer cells 
in vitro and in vivo [24–26]. Trastuzumab not 
only effectively treats HER2-amplified tumors as 
monotherapy [27] but also improves the clinical 
outcomes both in the first line and in the adjuvant 
settings when being administered with and/or 
sequentially after chemotherapy [28–32]. 
Endocrine and radiation therapy also benefit from 
HER2 inactivation in preclinical studies [33, 34]. 
Unlike trastuzumab, lapatinib (Tykerb/Tyverb) is 
a small molecule, and dual tyrosine kinase inhibi-
tor (TKI) of HER2 and EGFR, which has been 
exceptionally approved for specific treatment for 
patients with advanced HER2-overexpressing 
malignancies. It functions through reversible 
inhibition of EGFR/HER2 tyrosine kinase activi-
ties and their downstream growth and survival 
pathways including the MAPK/Erk1/2 and PI3K/
Akt pathways [35, 36]. Compared with chemo-
therapy alone, its combination with lapatinib 
increases the overall survival rate of patients with 
advanced BrCa overexpressing HER2 [37]. 
Generally, the anti-HER2 antibody trastuzumab 
maintains remission for 1–2 years before resis-
tance develops [38, 39]. Preclinical experiments 
indicated the lapatinib sensitivity of HER2- 
enriched and trastuzumab-resistant BrCa cells, 
which included those with truncated HER2 
receptors [40]. In addition, lapatinib administra-
tion resulted in enhanced apoptotic effect of the 
anti-HER2 antibodies [36, 41, 42], suggesting a 
synergistic interaction between lapatinib and 
trastuzumab in HER2-positive breast cancer 
cells. The lapatinib-alone arm of the NeoALTTO 
trial conferred a supportive conclusion that a 
combined administration of trastuzumab and 
lapatinib might provide superior efficacy to 
monotherapy of either agent, with manageable 
toxic effects [43].

1.2.2  PI3K Catalytic Subunit-α, 
PIK3CA

The identification of PI3K pathway as major 
determinant of trastuzumab resistance suggests 
that PIK3CA mutation may predict sensitivity to 

trastuzumab in HER2-positive BrCa [44–49]. 
With PIK3CA being one of the most commonly 
mutated genes, the amplification and/or activat-
ing mutations of PIK3CA not merely occur in 
approximately 20% of all breast tumors, more 
frequently in luminal tumors and in up to 40% of 
cancers with HER2-positive subtype, but also 
create tracks in triple-negative breast cancer 
(TNBC) [50–54]. PIK3CA gene encodes the 
p110α catalytic subunit of PI3K, which induces 
activation of the renowned PI3K/AKT pathway 
in 70% of breast cancers [55]. Various mouse 
models demonstrated that oncogenic PIK3CA 
H1047R, the most recurrent mutation, contrib-
uted to constitutive PI3K signaling and heteroge-
neous mammary tumorigenesis [50, 56–58]. 
More translational studies are needed to charac-
terize signaling pathways about PI3K.

1.2.3  Tumor Protein p53, TP53

Different from PIK3CA that controls oncogenic 
signaling, another frequently mutated gene TP53 
functions as a tumor suppressor gene by encod-
ing p53, a transcription factor (TF) controlling 
multiple tumor suppressor pathways in BrCa 
[59]. TP53 mutations occur in at least 80% basal- 
like BrCa and in 10–30% luminal (ER+) sub-
types [60]. Germ line loss of p53 in humans and 
mice is predisposed to spontaneous cancer for-
mation [61, 62].The arising and development of 
genetically engineered mouse models (GEMMs) 
enable deeper in vivo exploration for the cell-of- 
origin in mammary tumors, through oncogenic 
PIK3CA H1047R expression and/or somatic p53 
deletion [55, 63].

1.2.4  Breast Cancer-Associated 
Gene 1/2, BRCA1/2

TP53-inactivating mutations occur more often in 
BRCA1/2-associated breast cancers than in spo-
radic cases [64]. As the most prominent BrCa 
genes, BRCA1 and BRCA2 usually cooperate 
with TP53 in oncogenesis since their mutants 
cause damage to the intrinsic tumor suppressive 

X. Chen et al.
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abilities. BRCA1 mutation predisposes women 
carriers to breast cancer, with about 80% risk in 
their lifetime [65]. BRCA1-related breast tumors 
are mostly high-grade invasive ductal carcinomas 
(IDCs) referred to as “triple-negative” BrCa, fea-
turing a lack of expression of ER, PR, and HER2 
[66]. Other than ER/HER2-positive BrCa, there 
is still no tailored therapy available for 
TNBC. The interaction between BRCA1 and 
proteins involved in DNA repair confers a role of 
BRCA1 in the maintenance of genomic stability, 
which is further demonstrated by the highly sen-
sitive DNA damage response within BRCA1- 
deficient cells [67–69]. Poly (ADP-ribose) 
polymerase-1 (PARP1), a key molecule in the 
damage repair of DNA single-strand breaks, can 
be a potential therapeutic target since BRCA1/2- 
deficient cells showed high sensitivity to PARP1 
inhibitors [70]. BRCA1 conditional mouse mod-
els helped assess the preclinical effects of PARP 
inhibition in BRCA1-deficient tumors consis-
tently, while PARP inhibitor olaparib displayed 
inhibitive activity in patients with BRCA- 
associated malignancies [71]. More researches 
implied BRCA1’s roles as transcriptional regula-
tor, cell cycle checkpoint, as well as assistant for 
X-chromosome inactivation in cancer evolution 
[72–74]. Gene expression profiling of BRCA1- 
mutated breast tumors unveiled close similarity 
to an undifferentiated basal-like phenotype [75]. 
Subsequent studies based on genetic predisposi-
tion of progenitor cell transformation and 
BRCA1/p53-deficient transgenic mouse models 
substantiated the involvement of BRCA1 in 
mammary epithelial differentiation and luminal 
progenitor expansion, further indicating luminal 
progenitor populations as candidate target for 
basal tumor arising from BRCA1-mutated back-
ground [68, 76–79].

1.3  Receptor Activation 
Triggering Growth 
Signal Line

Tumor masses intuitively root in relentless cell 
multiplication under excessive growth- promoting 
signals from surrounding microenvironment. 

Long established is the role of growth factors 
(GFs)-driven signaling in human cancer patho-
genesis [80]. Since it takes two to tango, a diverse 
array of growth factor receptors (GFRs) is 
mechanically required.

1.3.1  Epidermal Growth Factor 
Receptor, EGFR

The HER/ErbB family consisting of four homol-
ogous transmembrane receptors functions in the 
regulation of growth factor cellular signaling 
[81]. Identified in 1978 as the earliest found of 
the four [82], EGFR was shown to be linked to a 
transforming viral oncogene a few years later 
[83]. Nowadays EGFR is known as a typical 
receptor tyrosine kinase (RTK) with a cytoplas-
mic tyrosine kinase-containing domain and an 
extracellular ligand-binding region joined and 
anchored by a single hydrophobic membrane 
spanning portion [84, 85].

The EGF-family of peptides binds the ErbB 
receptors, and due to receptor specificity, EGFR 
intensely recognizes a specific set of ligands—
EGF, TGF-α, amphiregulin, betacellulin, heparin- 
binding EGF, or epiregulin [41, 42]. Upon ligand 
binding, the EGFR ectodomain undergoes con-
formational changes, triggering the formation of 
homodimeric (with itself) or heterodimeric (pref-
erably with HER2) receptors followed by recip-
rocal intracellular transphosphorylation on 
tyrosine residues of each receptor [86]. 
Phosphorylated tyrosines recruit numerous sig-
nal transducers and adaptor molecules from the 
cytoplasm in shape of a linked complex, which in 
turn activates the RAS protein responsible for a 
phosphorylation cascade. A multitude of down-
stream signaling pathways through MAPK and 
PI3K thus proceed and eventually exercise a 
broad range of influences on processes crucial to 
cancer progression, including prolonged cell sur-
vival, runaway proliferation, increased motility 
along with invasion, and metastasis [84, 87]. In 
support of this, the aberrant expression of EGFR 
and/or elevated EGFR-mediated signaling are 
encountered in a number of solid tumor types, 
somehow conferring a malignant phenotype and 
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accordingly poor survival [88]. Notably in BrCa, 
EGFR is usually detectable in IDCs as well as 
triple-negative malignancy. The inverse correla-
tion between EGFR expression and ER status 
also substantiates an unfavorable prognosis [89].

Being the first signal-generating protein and 
proto-oncogene makes EGFR an ideal target in 
cancer therapeutics. Compared with HER2- 
directed therapy with trastuzumab, clinical trials 
of drugs against EGFR in BrCa have long way to 
go. Clinical benefits have been shown in non- 
small cell lung cancer (NSCLC) patients treated 
with EGFR-targeted TKIs due to the presence of 
activating EGFR mutations in the tyrosine kinase 
domain [90–92]. However, rare EGFR mutation 
is detected in patients with TNBC [93]. 
Monoclonal antibody cetuximab [94] and small 
molecule TKIs such as gefitinib [95] and erlo-
tinib [96] are thus far two potential therapeutic 
strategies for the inhibition of EGFR function. 
Even though experimental studies provided 
promising results in breast carcinoma cell lines 
[97, 98], failures predominated in early phase 
clinical trials which had been intended for 
encouraging antitumor activity of EGFR-targeted 
agents in BrCa, TNBC in particular [99]. Despite 
that, concomitant utilization of EGFR-directed 
drugs and chemotherapeutic agents seems to hold 
promise for BrCa cure owing to improved antitu-
mor efficacy, as in the cases of gefitinib/docetaxel 
and cetuximab/taxanes combination therapies 
[100, 101]. It is worth noting that using trastu-
zumab in partnership with gefitinib might attempt 
dual blockade of both HER2 and EGFR in MBC 
[102]. Nonetheless, therapeutic benefit from 
lapatinib, the dual HER2/EGFR inhibitor, turned 
out to be irrelevant with EGFR expression in 
TNBC [103]. Of note, growing interest lies in the 
potential role of EGFR in endocrine-refractory 
BrCa, which is most likely to involve ligand- 
independent activation of ERα [104].

1.3.2  Estrogen Receptor-α, ERα

Similar to GFs binding of EGFR, ER (short for 
ERα in this chapter) is generally responsive to 
estrogen (E2)—a steroid hormone that stimu-

lates breast cancer cell growth and prolifera-
tion. Although ER is detectable in plasma 
membrane, cytoplasm, and nucleus, the classi-
cal genomic action of ER takes place in nucleus 
as a transcription factor and a signal transducer 
as well as a nuclear receptor for E2 and its ana-
logues [105]. Derailed ER signaling network in 
BrCa will be displayed in the following part. 
The single largest luminal BrCa subtype has 
been long defined by the expression levels of 
ER and/or PR, which predict an ER-targeted 
hormone therapy of choice [106]. For 
ER-positive BrCa in premenopausal women, 
endocrine therapies have been grouped into two 
aspects and widely applied. Tamoxifen, the first 
molecularly targeted drug, exerts antiestrogen 
effect through competitive inhibition of 
ER. Fulvestrant selectively downregulates ER 
expression. On the other hand, aromatase inhib-
itors (such as letrozole and exemestane) effec-
tively interrupt E2 biosynthesis, exhibiting a 
relative clinical superiority in recent years. 
Even so, therapeutic resistance occurs, and 
many ER+ tumors relapse decades after appar-
ently successful hormone interventions [107]. 
The detailed mechanisms of endocrine resis-
tance in ER+ BrCa are under investigation, 
with emerging cues such as ER mutations and 
GF signaling [60, 106]. More in- depth work for 
improved therapeutics by combinatorial target-
ing of ER and either HER2 or EGFR signaling 
needs to be done to address this unmet need 
[108–110].

1.3.3  Integrin

Unlike EGFR and ER sensing external soluble 
growth signals, another type of microenviron-
mental sensors is ECM receptor, which accounts 
for cell-ECM interaction. Prominent among these 
are integrins, the heterodimers composed of α 
and β subunits. As transmembrane cell surface 
receptors, they sense and link ECM to 
 cytoskeleton—the scaffolding that defines cell 
shape, resulting in the latter’s remodeling and 
wide- ranging cellular responses through affected 
signaling pathways involving cell polarity, sur-
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vival, and migration. Structurally, their short 
cytoplasmic tails are associated with focal adhe-
sion kinase (FAK), a non-receptor tyrosine kinase 
whose activation allows the assembly of large 
multi-protein machines at the plasma membrane 
[111]. And intriguingly, an unusual “inside-out” 
signaling fashion coexists with the aforemen-
tioned “outside-in” event. Integrins responsive to 
intracellular signals enable cells to anchor the 
ECM in specific areas called focal adhesions, 
thereby establishing adhesive interactions with 
their tissues [112, 113]. The ECM-integrin axis 
participates in the regulation of many aspects of 
cellular behaviors and mammary gland biology 
[114]; any deregulation of integrin pathway can 
fuel breast neoplasia and progression. Altered 
integrin expression was observed in normal, 
hyperplastic, and malignant human breasts [115]. 
Besides prognostic significance [116], integrins 
also harbor implication in therapeutic resistance 
of BrCa [117–119]. Cross-talk between integrins 
and RTKs, notably EGFR, is a crucial event in 
BrCa pathology and warrants consideration in 
the therapeutic field [120]. To date, an α5β1- 
integrin inhibitor (ATN-161) has entered phase II 
trials, partnering with chemotherapy [121]. A 
monoclonal anti-β1 antibody is also under 
development.

1.4  Cytoplasmic Signaling 
Circuitry Programing 
Malignant Hallmarks

As indicated previously, either cell surface or 
nuclear receptors upon ligand binding, such as 
E2-ER, GF-EGFR, and ECM-integrin, are cou-
pled to a set of integrator and effector proteins 
that process the ligand-emitting signals and drive 
a complex network of signal transduction path-
ways underlying mammary gland development. 
Deregulation of this cytoplasmic signaling cir-
cuitry usually brings about cellular misbehavior 
and developmental disorder, or, worse, breast 
tumorigenesis and progression. In this section we 
take MAPK, PI3K, and ER pathways as prime 
examples.

RAS/RAF/MEK/ERK Signaling Of signifi-
cance are RAS small GTPase-proteins, the binary 
switches of either inactive (GDP-bound) or active 
(GTP-bound) form which conducts a series of 
downstream phosphorylation events through Raf, 
MEK, and MAPK (Erk1/2) [122, 123]. Although 
only 2% human breast cancers harbor RAS muta-
tions [124], multiple RTKs (such as EGFR, 
insulin- like growth factor 1 receptor [IGF1R], 
and platelet-derived growth factor receptor 
[PDGFR]) associated with BrCa can maintain 
RAS in a constitutively activated state, leading to 
neoplastic cell proliferation [89]. The MAPK 
cascade has shown signs of hyperactivation in 
TNBC patients, providing a rationale for compo-
nents of this pathway as hot therapeutic targets 
[125, 126]. Unfortunately, no RAS-directed 
agent for BrCa has yet displayed therapeutic 
effectiveness, and clinical progression with MEK 
inhibitors was curtailed by toxicity and potency 
[127].

PI3K/AKT/mTOR Pathway Most frequently 
mutated in BrCa, PI3K/AKT/mTOR signaling 
pathway is a pivotal intracellular signaling sys-
tem participating in multiple cellular processes 
including growth, proliferation, and apoptosis 
[128, 129]. Genetic alterations in PI3K/AKT/
mTOR pathway contribute to its robust activa-
tion, such as oncogenic mutations in RTK HER2, 
p110α PI3K-encoded PIK3CA, PI3K activator 
K-RAS and effectors AKT and mTOR, as well as 
loss of tumor suppressors PTEN and INPP4B 
[130]. The cancer-related class IA PI3Ks are het-
erodimers with p110, a catalytic subunit seques-
tered by a regulatory subunit p85. The GF binding 
of cognate RTK somehow recruits p85, from 
which p110 is released and thus free to phosphor-
ylate the lipid phosphatidylinositol 
4,5- bisphosphate (PIP2) to the second messenger 
phosphatidylinositol 3,4,5-trisphosphate (PIP3). 
Downstream PIP3 continues to be phosphoryla-
tion cascades of phosphoinositide-dependent 
kinase 1 (PDK1) and AKT, causing the indirect 
activation of mTOR/Raptor (TORC1) complex 
that regulates protein synthesis and cell growth. 
Understanding the functional roles of these cen-
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trally located effectors has rationalized the devel-
opment of anticancer drugs against PI3K/AKT/
mTOR pathway. Clinical trials underway involve 
pan-PI3K inhibitors (buparlisib, pictilisib), dual 
PI3K/mTOR inhibitor (GDC-0980), mTOR 
inhibitors (everolimus, ridaforolimus), and AKT 
inhibitors (MK2206, AZD5363) [131]. Emerging 
combinatorial strategies concerning PI3K path-
way inhibition and endocrine therapy in ER+ 
BrCa patients are on account of the dynamic 
interplay between PI3K pathway and ER activa-
tion, suggestive of another regulatory role of 
PI3K in endocrine resistance [132]. Altered PI3K 
pathway has been conferred as molecular predic-
tor of endocrine responsiveness associated with 
patient outcome [133–135].

ER Pathway In the classical estrogenic signal-
ing model, E2 binding leads to dimerization and 
nuclear localization of ER. Through interaction 
with coactivators (e.g., amplified in breast cancer 
1 [AIB1/SRC3]) and corepressors (e.g., nuclear 
receptor corepressor 1 [NCOR1]) to a greater or 
lesser extent, respectively, the ER complex fur-
ther recruits histone acetyl transferase (HAT) 
such as p300 to activate transcription of different 
gene sets controlling cell growth and cell cycle 
progression [105]. Alternatively, PI3K down-
stream kinases and MAPK can phosphorylate ER 
at key positions (e.g., S167 and S118) [136, 137] 
and result in ligand-independent activation of ER 
that might drive AI-resistant cell proliferation. 
Such genomic effect can either be estrogen 
response element (ERE)-dependent (direct bind-
ing of ER) or ERE-independent (ER interacting 
with other TFs like activation protein 1 [AP1]). 
In addition, ER can exert its growth-promoting 
functions through non-genomic action in the 
plasma membrane upon activation of EGFR and 
IGF1R [138, 139]. Endocrine therapy has been 
practiced for over a century and continues to be 
the cornerstone of treatment for ER+ BrCa 
patients. Progress in unraveling the interlinked 
signaling transduction upstream and downstream 
ER will pave the way for dealing with the de 
novo and acquired endocrine resistance.

Other crucial pathways and regulators, such as 
Wnt/β-catenin signaling, Notch signaling, 

Hedgehog signaling, and NK-κB, contribute in 
various ways to the wicked programing of BrCa. 
Intricate as the signaling circuitry is, listing will 
be paused here.

1.5  Deranged Cell Cycle Control 
Sounds Alarm of Oncocyte 
Multiplication

As cancers fundamentally feature hallmarks of 
sustaining proliferative signaling and evading 
growth suppressors, they are different from nor-
mal tissues with strict self-control in the cell 
growth-and-division cycle. They derange them – 
both the control and the cell cycle. Targeting dis-
ordered cell cycle in BrCa logically holds promise 
for therapeutic benefit.

The mammalian cell growth-and-division 
cycle proceeds according to four successive 
phases: G1 (the first gap phase between M and S 
phases) → S (DNA synthesis) → G2 (the second 
gap phase between S and M phases) → M (mito-
sis). By this way, a single cell can be divided into 
two daughter cells. Generally, most cells rest in a 
quiescent, nonproliferating state (G0), which 
exits from the active cell cycle in early G1. 
Extrinsic mitogenic stimulations, including GFs, 
hormone and cell–cell contacts, instigate or drive 
cell cycle progression from G0 or G1 phase into 
S and the next M phase via regulation of different 
cyclin-CDK (cyclin-dependent kinase) axes, 
notably cyclin D1-CDK4/6 axis in BrCa [140]. 
Figure 1.2 delineates the overall cell cycle pro-
gression governed by key regulators.

Of three different D-type cyclins, cyclin D1 is 
a nuclear protein encoded by CCDN1 gene, an 
E2-responsive gene with oncogenic potential and 
prognostic value [141]. Physical binding of any 
D-type cyclin (D1, D2, or D3) to CDK4 or the 
highly homologous CDK6 leads to enzymatic 
activation of CDK4/6, which further phosphory-
lates the retinoblastoma tumor suppressor protein 
(Rb), resulting in inactivation of its 
 antiproliferative function in late G1. With the 
E2F TFs released from the hyperphosphorylated 
Rb (pRb), DNA replication-related genes 
required for the G1/S phase transition are thus 
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transcriptionally activated [142, 143]. The so-
called restriction point in the cell cycle determin-
ing cell decision independent of extracellular 
mitogens—to cycle, or not to cycle—corresponds 
to the point at which Rb becomes fully phosphor-
ylated, and the late G1 commences entry into S 
phase [144]. After that, other progressively acti-
vated CDKs, such as CDK 1 and CDK 2, in com-
plexes with cyclins E, A, and B, propel cells to 
enter mitosis from S and G2 phases [144]. 
Otherwise, the holoenzyme function of 
CDK4/6 in commitment to DNA synthesis can be 
attenuated by specific CDK4/6 inhibitors of 
INK4 proteins such as p16INK4a (so named for a 
16-kDa polypeptide encoded by the INK4a gene), 
as well as the Cip/Kip family of universal inhibi-
tors, including p21Cip and p27Kip, respectively 
[145, 146]. The p16INK4a-mediated inhibition of 
CDK4/6 kinase activity subsequently blocks 
phosphorylation toward the functional Rb, result-
ing in cell cycle arrest in G1 phase or withdrawal 
toward the noncycling G0 state, even worse, cell 
senescence. What’s more, p53 serves as negative 
regulator of cell cycle by activating p21 and, 
together with Rb, predominates in triggering cell 
apoptosis and/or senescence [60].

Based on the central roles of cyclin 
D-CDK4/6-Rb axis in cell cycle control, plausi-
ble reasoning exists for their deregulation in 
breast neoplasia and antiestrogen resistance. 

High CCDN1 amplification and/or cyclin D1 
overexpression in association with poor progno-
sis occur in 38% of HER2-enriched, 58% of 
luminal B, and 29% of luminal A subtypes [50] 
.Gains in CDK4 are relatively less common – 
24%, 25%, and 14%, respectively [147]. It is 
more likely that basal-like BrCa harbors loss of 
Rb or lower pRb expression, while RB-pathway 
disruption in ER+ BrCa confers a worse clinical 
outcome [148]. Preclinical evidences have dem-
onstrated the hyperactivation of cyclin 
D1-CDK4/6 pathway orchestrates tumor escape 
from senescence and contributes to the initiation, 
maintenance, and development of HER2-driven 
BrCa, while cyclin D1 or CDK4/6 deficiency 
retards tumor cell growth [149–151].

The fact that cyclin D1 serves as both a target 
of E2 signaling [152] and an independent activa-
tor of ER [153], whereby its upregulation is 
mostly observed in ER+ BrCa, heralds clinical 
trials targeting the cyclin D1-CDK4/6 axis, which 
potentiates improved efficacy of hormone ther-
apy or reversion of endocrine resistance [154]. 
Studies in recent years have witnessed a thera-
peutic breakthrough brought by small molecule 
CDK4/6 inhibitor (CDK4/6i). Currently, 
 numerous clinical trials are ongoing or planned 
majorly for three CDK4/6 inhibitors, of which 
palbociclib (PD0332991) is the most clinically 
advanced one. In 2015 and 2016, this first-in-class 

Fig. 1.2 Schematic for 
the cell growth-and- 
division cycle regulation 
via cyclin-CDK-Rb 
axes. Palbociclib and 
ribociclib are two 
CDK4/6 inhibitors with 
FDA approvals, while 
abemaciclib is now 
under evaluation in 
clinical trials. See text 
for detailed description
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CDK4/6i gained two separate FDA (the US Food 
and Drug Administration) approvals to be used in 
combination with letrozole, or fulvestrant, for 
treatment of patients with hormone receptor 
(HR)-positive, HER2-negative MBC prior to, or 
following endocrine therapy, respectively [155, 
156]. Palbociclib is an orally bioavailable, revers-
ible pyridopyrimidine [157] that targets CDK4/6 
with high specificity, restoring Rb functionality 
through dephosphorylation and ultimately arrest-
ing tumor cell growth [158]. Ribociclib (LEE011) 
and abemaciclib (LY2835219) are the other two 
highly selective CDK4/6 inhibitors in the later 
stages of clinical development. Besides single- 
agent activity, LEE011 is undergoing evaluation 
in phase I/II trials combined with hormonal ther-
apy and PI3K/mTOR-targeted therapies. Such 
triplet therapy can hitherto be exemplified by 
LEE011/letrozole/BYL719 or LEE011/exemes-
tane/everolimus in advanced ER+ BrCa [159, 
160]. An ongoing phase II study of abemaciclib 
as monotherapy has shown promising efficacy in 
patients with HR+/HER2- MBC after at least two 
prior lines of chemotherapy [161].

Overall, FDA approvals of CDK4/6i com-
bined with endocrine therapy for BrCa treatment 
highlight long-sought success. Given the success 
yet confining to HR+/HER2- advanced malig-
nancies, translational investigations concerning 
the survival benefit from these or other CDK 
inhibitors, with or without combinatorial thera-
pies, in HER2+ BrCa patients of different clinical 
settings, will be the next challenge and potential 
progress.

1.6  Multistep Cancer 
Progression: From Regional 
Growth to Ectopic 
Colonization

1.6.1  Angiogenesis: Building 
Up Their Own Granary

The rapidly growing tumor tissues, once exceeding 
0.5 mm in diameter or located 0.2 mm away from 
blood vessels, are in great need of oxygen and 
nutrients for local growth and distant metastases 

[162]. Therefore, angiogenesis is happening 
(Fig. 1.3). This process of new blood vessel for-
mation supports malignant tissue requirements 
through vascular remodeling and subsequent 
neovascularization carrying blood [163]. As an 
essential but complex step in cancer develop-
ment, angiogenesis is regulated by various micro-
environmental stimuli, particularly the fine-tuned 
balance between pro- and anti-angiogenic fac-
tors. The “angiogenic switch” turns on when the 
production of positive regulators precedes the 
negative one, initiating a set of angiogenic 
responses that ensure tumor cell survival and 
growth as well as adequate access to circulation 
for future metastatic seeding [164].

Aberrant expression of pro-angiogenic factors 
drives a chaotic growth of immature tumor blood 
vessels, in parallel with disorderly tumor tissues 
[165]. Of predominant role is vascular endothe-
lial growth factor (VEGF)-A, which binds with 
high affinity to its bona fide RTKs that are almost 
exclusively expressed on vascular endothelial 
cells (ECs) – VEGFR1/Flt1 and VEGFR2/Flk1/
KDR [166]. In case of pathologic conditions such 
as hypoxia, glucose deprivation, or oncogenic 
transformation, VEGF-A can be upregulated and 
secreted by tumor cells and/or tumor-associated 
macrophages (TAMs), triggering the “angiogenic 
switch” by directly acting on ECs [167]. It is 
worth noting that VEGF-A is sequestered by 
ECM in an inactive form until stromal cell- 
derived matrix metalloproteinase 9 (MMP9) 
mediates the proteolytical degradation of ECM 
components and then allows its bioavailability to 
VEGFR. With downstream signaling cascades 
elicited, bioactive VEGF-A not only stimulates 
EC sprouting, proliferation, and migration but 
also represses apoptosis and increases capillary 
permeability, constructing leaky and tortuous 
newborn blood vessels in and around the tumor, 
thus providing routes for malignant cell escape 
and dissemination [166, 168]. Either high VEGF 
expression or extensive TAM infiltration has 
been correlated with a greater likelihood of meta-
static disease and poor prognosis in BrCa [169, 
170]. Other known stromal components that 
coordinate angiogenic response with tumor 
metastasis involve basic fibroblast growth factor 
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(bFGF) and thymidine phosphorylase (TP), 
ECM-interacting integrins, as well as cancer- 
associated fibroblasts (CAFs) that deposit ECM 
proteins and enzymes for remodeling [171, 172]. 
Such functionalities have rendered them as 
attractive targets for developing anti-angiogenic 
drugs. Bevacizumab (Avastin), a humanized 
mAb against VEGF-A, has been used in partner-
ship with chemotherapy in MBC and exhibited 
clinical benefit [173]. Sunitinib malate (SU11248) 
and sorafenib (BAY 43–9006), two TKIs mainly 
targeting VEGFR-2, are now being evaluated in 
phase II trials for MBC treatment [174, 175]. As 
inhibitors for FGFR, integrins and MMPs are 

also respective therapeutic candidates under 
development.

1.6.2  Invasion and Metastasis: 
Breaking Through Local 
Barriers and Moving Out

With tumor cells exiting the primary habitation 
and circulating in the blood or lymphatic stream, 
they are prompted to seed metastases to appropri-
ate secondary organs within the body. BrCa cells 
preferably metastasize to the lungs, liver, brain, 
and bone [176]. Underlying the metastatic cascade 

Fig. 1.3 The multistep cascade of breast cancer metasta-
sis, depicting current and potential antitumor therapeutics. 
The process of angiogenesis is fundamental for the 
regional tumor growth and subsequent metastatic event. 
Breast cancer cells at the primary site initially breach the 
base membrane and ambient stroma to achieve localized 
invasion. Thereafter, they intravasate into the circulatory 
system and disseminate at secondary organs, including the 
lung, liver, brain, and bone. These travelers are also termed 
as tumor circulating cells. Once settled down at the new 
environments, they extravasate from the vessels and man-
age to colonize the tissue, thereby forming macroscopic 
metastases. Underlying the cancer cell, invasiveness and 
colonization are two phenotype transdifferentiation pro-
grams—epithelial-to- mesenchymal transition and mesen-
chymal-to-epithelial transition, respectively. Among the 

stromal cells, tumor-associated macrophages activated by 
cancer cells can reciprocally induce their epithelial-to-
mesenchymal transition, which forms a positive feedback 
loop in accelerating cancer metastasis. Currently, endo-
crine therapy is the mainstay for treatment of estrogen 
receptor-positive (ER+) cancers while trastuzumab 
corresponds to HER2-positive (HER2+) cancers. Despite 
the conventional therapies, bevacizumab for angiogenesis 
blockade, integrin inhibitors to preclude ECM breakdown, 
and immunotherapy for the boosting of T-cell function also 
show therapeutic promise in either primary or advanced 
breast cancers (Abbreviations: ECM extracellular matrix, 
EMT epithelial- to- mesenchymal transition, CTC circulating 
tumor cell, MET mesenchymal-to-epithelial transition, 
TAM tumor- associated macrophage, NK natural killer)
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is a complex succession of cell-biological 
events – whereby tumor cells invade the basal 
membrane and surrounding stroma and then 
intravasate into the bloodstream or lymphatics 
for dissemination; a minority of circulation survi-
vors go on to extravasate and, with colonization 
developed in the new environments, macroscopic 
tumors will arise at distal ectopic sites [177] 
(Fig. 1.3). For each step, cancer cells closely 
interact with their surroundings comprising the 
ECM and stromal cells. The bi-directional inter-
action between primary tumor and TAMs plays a 
critically important role in tumor cell invasion 
and migration. Activated TAMs produce EGF 
that triggers EGFR signaling in cancer cells, thus 
promoting the local invasion of mammary carci-
noma [178]. Similarly, secretion of IL-4 by breast 
cancer cells induces cathepsin protease activity in 
TAMs, further augmenting cancer cell invasive-
ness [179]. The intravasation of breast cancer 
cells can be enhanced by perivascular TAMs 
through EGF secretion. Reciprocally, tumor cell- 
derived CSF1 (colony-stimulating factor-1) 
recruits macrophage displaying CSF1 receptor 
(CSF1R) on their surface, whose activation stim-
ulates EGF expression [180–182]. Chemokine 
CCL2, along with receptor CCR2, also merits 
special consideration in amplifying TAMs 
recruitment and cancer metastasis [183].

Underlying the acquisition of invasive pheno-
types is a transdifferentiation program in cancer-
ous epithelial cells, referred to as 
epithelial-mesenchymal transition (EMT) [184]. 
Conducted by EMT-inducing Snail-Slug TFs 
[185], epithelial cells undergo morphological 
alternation toward a mesenchymal appearance 
with repressed expression of epithelial- associated 
genes and increased mesenchymal-gene levels, in 
parallel with loss of cell polarity and enhanced 
cell motility and invasiveness, respectively. 
Cancer EMT process also interacts with TAM 
activation, whereby a positive-feedback loop 
involving granulocyte-macrophage colony- 
stimulating factor (GM-CSF) from mesenchymal- 
like cancer cells and TAM-derived CCL18 
governs BrCa metastasis [186, 187] (Fig. 1.3). 
Our studies found that cancer cells undergone 
EMT secrete GM-CSF to activate macrophages 

to a TAM-like phenotype. Meanwhile, abundant 
CCL18 from TAMs binds to its functional recep-
tor PITPNM3 and ignites intracellular NF-kB 
pathway, contributing to EMT induction in breast 
cancer cells [186]. Earlier work from our group 
has shown CCL18-PITPNM3 interaction triggers 
integrin clustering and fibronectin adherence of 
cancer cells via FAK activation, thereby enhanc-
ing their adhesion to ECM and promoting the 
invasiveness of breast cancer cells [187]. 
Collectively, cancer cell invasion is not only 
attributed to weakened cell-to-cell adhesion by 
EMT but also on account of the enhancement of 
integrin-mediated tumor cell adherence to the 
ECM.

Of note, components of the ECM may consti-
tute a link between tumor cells and TAMs. Local 
growth and invasion of solid tumors as well as 
metastases greatly depend on the controlled 
deposition of ECM components, such as various 
types of collagens, and their degradation by vir-
tue of TAM-released MMPs and the urokinase 
plasminogen activator (uPa) system [188, 189]. 
With the ECM components degraded, the 
polarity- deficient cancer cells are able to migrate 
freely along the gap formed by loose cell-ECM 
attachment. CAFs, the majority of stromal cells 
within tumor masses, act as pathfinders through 
the ECM. Chemokine receptors help direct the 
neoplastic migrants to potential habitats [190] 
while the chemokine gradient together with a 
diversity of bone marrow-derived stromal cells 
manage to establish a “premetastatic niche” to 
facilitate organ-specific colonization [191, 192]. 
It is postulated that cancer stem cells (CSCs; 
also named tumor-initiating cells [TILs]), despite 
rarity, are responsible for initial metastatic seed-
ing as a pioneering force among the dissemi-
nated cancer cells, under the control of EMT 
program [185, 193]. Contrasting EMT here is 
another process termed mesenchymal-to-epithe-
lial transition (MET). Tumor cells undergoing 
MET in new colonies regain an epithelial pheno-
type and thrive into masses characteristic of pri-
mary tumor. Translating the knowledge of 
metastatic biology into tools for clinical deci-
sion-making is a big project. However, therapeu-
tically targeting this multistage cascade, at either 
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cellular or molecular level, offers multiple 
opportunities for BrCa intervention.

There is another burgeoning focus on circulat-
ing tumor cells (CTCs) and circulating tumor 
DNA (ctDNA), which might carry useful infor-
mation from primary to metastatic tumor depos-
its and thus serve as clinically useful circulating 
biomarkers [194]. Surrounded by billions of 
hematopoietic cells in the bloodstream, CTCs 
represent very rare but heterogeneous cell popu-
lations of prognostic and predictive value [191]. 
Similar to CSCs, CTCs are also products of EMT 
and might have a role in CSC enrichment due to 
their phenotypic resemblance [195]. Detection of 
CTCs from blood samples and their molecular 
characterization based on genomic profiling 
opens new avenues for early diagnosis, prognos-
tic evaluation, as well as clinical management of 
patients with either primary or metastatic BrCa. 
Several clinical trials are ongoing to assess CTC 
status in BrCa, irrespective of molecular subtype, 
under certain therapeutic intervention in the met-
astatic setting [196–198].

1.7  Kingdom Defense 
Between Intrinsic Immunity 
and Extraneous Cancer: 
Which Outwits?

In general, nascent tumors are held in severe 
immunological control and cannot flourish with-
out going through immunoediting, which is an end 
product of complex interplay between the immune 
system and the neoplastic cells. The first phase is 
immunosurveillance, at which cancer cells 
undergo immune recognition and elimination by 
adaptive immunity; the second battle with a silent 
state follows, in the name of equilibrium; lastly, 
the evil play some tricks, manage to escape from 
immune destruction, and even create an immuno-
suppressive but tumor-promoting environment 
[199]. Although the field of tumor immunology 
remains in such great flux that awaits further inves-
tigation, a growing body of advances has sent 
immunotherapy to the forefront of cancer cure.

The boosting of antitumor immune function 
necessitates a thorough understanding of innate 

and adaptive immunity. The nonspecific innate 
immune system comprised of natural killer (NK) 
cells, dendritic cells (DCs), macrophages, granu-
locytes as well as complements is responsible for 
a quick attack against tumor cells in their first 
encounter. Contrarily, adaptive cellular or 
humoral immunity executed by T (CD4 and 
CD8) or B lymphocytes develops slowly until 
specific antigens derived from tumors are pre-
sented by mature DCs. The presence of tumor- 
associated antigens (TAAs) and tumor-specific 
antigens (TSAs), which are essentially non- 
mutated and mutated proteins (such as HER2 and 
mutant p53, respectively), leads to the DC matu-
ration and subsequent activation of naïve T cells 
in the lymph nodes [199]. Afterward, activated 
CD8+ cytotoxic T lymphocytes (CTLs), partially 
attributable to the expansion of IFNγ-producing 
CD4+ type 1 T helper cells (Th1), migrate to 
infiltrate the tumoral residence for righteous kill-
ing. A correlation has been reported between the 
extensive tumor-infiltrating lymphocytes (TILs) 
and good prognosis in patients with early-stage 
TNBC and HER2+ BrCa [200–202]. Additionally, 
immune-related gene signatures enriched for 
CD8+ T-cell responses have been detected via 
unsupervised gene expression profiling of cancer- 
associated stroma, predictive of a favorable clini-
cal outcome in BrCa [203].

However, it is still a persistent battle because 
tumor cells can develop their own ways to evade 
immune destruction, including (but not limited 
to) (1) reduced immunogenicity and antigen loss 
that cause T-cell anergy, (2) generation of exces-
sive immunosuppressive factors like TGF-β 
which hinder DC maturation and T-cell activa-
tion, (3) upregulation of PD-L1 (programmed 
cell death 1 ligand 1, also known as CD274) and 
costimulatory molecules CD80 and CD86 for the 
enhancement of immune checkpoint effects 
mediated by PD1 (programmed cell death 1) and 
CTLA4 (cytotoxic T-lymphocyte-associated pro-
tein 4, also known as CD152), respectively, (4) 
production of regulatory T cells (Tregs) that alle-
viate tumor-reactive T-cell responses, as well as 
(5) recruitment of myeloid-derived suppressor 
cells (MDSCs)/CAFs and TAMs which are fur-
ther educated to establish an inflammatory 
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microenvironment favoring immune escape and 
tumoral growth. From the therapeutic view, all 
these are candidate vulnerabilities to be targeted 
to augment the antitumor immune response, and 
translational research behind them sheds new 
light on cancer immunotherapy.

As mentioned previously, trastuzumab is a 
HER2-directed mAb that blocks pro-tumor 
HER2 signaling. However, emerging evidence 
has uncovered its multipronged immunostimula-
tory effects in either innate or adaptive immu-
nity. Trastuzumab locates tumor cells through its 
antigen- binding fragment (Fab) binding of 
HER2, while its constant fragment (Fcγ) engages 
Fcγ receptors (FcγR) displayed by NK cells or 
monocytes/macrophages, thereby triggering 
another wave of immune attack mediated by 
antibody- dependent cellular cytotoxicity 
(ADCC) or phagocytosis (ADCP) [204]. 
Moreover, trastuzumab might assist DCs to take 
up breast cancer-associated antigens (BCAAs) 
from immunogenic cell death (ICD) and to prime 
HER2-targeting CD4+ and/or CD8+ T lympho-
cytes. Besides, the combination of anti-HER2 
therapy and checkpoint blockade with anti-PD1 
or anti-CTLA4 mAb showed synergy and consti-
tuted a valuable therapeutic goal in preclinical 
models [205, 206]. A phase Ib study also sub-
stantiated the therapeutic efficacy of PD-1 
blocker pembrolizumab in approximately 20% 
of advanced TNBC patients [207]. Passive 
immunotherapy involving HER2/neu (E75) vac-
cine alongside GM-CSF has exhibited survival 
benefit in BrCa patients with low expression of 
HER2 and high risk for relapse [208]. Another 
promising immunotherapeutic strategy is adop-
tive transfer of activated tumor-specific T cells, 
with chimeric antigen receptors (CAR) engi-
neered T-cells occupying an increasing niche. 
Despite of the robust therapeutic efficacy of 
CAR-T cells in CD19+ B-cell malignancies 
[209, 210], no successful treatment has been 
reported in solid tumors including BrCa, possi-
bly owing to the corresponding TAAs shortage 
and inefficient T cell homing to tumor sites as 
well as the tough immunosuppressive tumor 
microenvironment.

1.8  Noncoding RNAs: A New 
Frontier of Translational 
Research?

Another newborn field concerns the epigenetic 
regulation of BrCa pathology, which in essence 
causes heritable changes in gene activity without 
altering the DNA sequence [211]. Despite that 
DNA methylation and histone modification are 
classic mechanisms of action in epigenetic con-
trol of gene expression [212], the role of regula-
tory noncoding RNAs (ncRNAs) has emerged as 
a major focus of epigenetics research. Our previ-
ous publication has reviewed the current knowl-
edge of the ncRNA field, including but not 
limited to the explicit classification, biogenesis 
pathway, and functional mechanisms of microR-
NAs (miRNAs), long ncRNAs (lncRNAs), and 
circular RNAs (circRNAs) in a diverse array of 
human cancers. A brief summary of the represen-
tative ncRNAs regulating BrCa biology is given 
in Table 1.1.

The continued identification of ncRNAs 
involving breast tumorigenesis and progression 
opens new avenues for developing novel diag-
nostic and prognostic tools or targetable objects 
in BrCa treatment and acquired drug resistance. 
Although ncRNA-based antitumor therapeutics 
stay in the early stage of development, designing 
BrCa-available ncRNA-related drugs could draw 
lesson from the first miRNA agent MRX34 
(Mirna Therapeutics, TX, USA; mimic of miR- 
34), which is currently undergoing trial evalua-
tion for hepatocellular carcinomas [227].

1.9  Concluding Remarks 
and Future Perspectives

To sum up, tremendous progresses have been 
made to understand the biological hallmarks of 
breast malignancy and the regulatory mechanism 
at multiple aspects underlying oncogenesis and 
development. More in-depth basic investigations 
are inspired when research data are successively 
translated into clinically meaningful tests. With 
either significantly improved efficacy or mini-
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mized side effects, more and more novel and 
effective strategies for prevention and/or treat-
ment would be designed for the malignancy. 
Though shadowed by challenges, the dawn of 
precision medicine has emerged, especially for 
BrCa. Details of the susceptibility of mammary 
stem cells to malignant transformation, and the 
relationship between luminal progenitor cells and 
BCSCs, have been presented in our previous 
review [228]. Identifying the cellular origin along 
with key molecule drivers in the cancer onset 
holds therapeutic promise in early-stage BrCa.

Another unsolved issue concerns the intratu-
moral and intertumoral heterogeneity of breast 
tumor, which gives a big strike to the conven-
tional “one-size-fits-all” pattern that treats 

patients as a homogeneous population in clinical 
trials or even clinical decision-making. 
Fortunately, the rapid development of next- 
generation DNA sequencing technologies has 
accelerated the pace in demystifying the 
 molecular landscapes of cancerous breast. The 
genomics- based medicine lays a foundation for 
precision cancer medicine in a patient-by-patient 
manner. Moreover, the tumor microenvironment 
with component complexity remains as a gold 
mine not yet fully tapped. How this supportive 
niche facilitates BrCa progression and what kind 
of responses it makes when coming across the 
routine antitumor therapies remain to be explored. 
To bridge the gap between in vitro discovery 
(bench) and their clinical practice (bedside), 

Table 1.1 Representative breast cancer-associated noncoding RNAs

ncRNA
Expression pattern/
functional role

Molecular mode of 
action Functional mechanism References

miRNA miR-17-92 
cluster

UP/OG Target E2F1 Promote proliferation [213]

miR-21 UP/OG Target PDCD4 Promote growth and 
metastasis

[214]

miR-155 UP/OG Target TRF1 Induce genomic 
instability

[215]

let-7/miR98 
family

DOWN/TS Target RAS and 
HMGA2

Suppress the stemness 
of breast CSCs 
(BCSCs), and 
metastasis

[216, 217]

miR-34 DOWN/TS TP53 target; target 
Fra-1

Promote apoptosis, 
invasion, and 
metastasis

[218, 219]

lncRNA HOTAIR UP/OG Scaffold PRC2 and 
LSD1

Promote invasion and 
metastasis

[220]

PANDA UP/OG Decoy NF-YA Promote survival and 
chemoresistance

[221]

GAS5 DOWN/TS Decoy 
glucocorticoid 
receptor

Promote apoptosis [222]

MALAT1 DOWN/TS Guide HuR Suppress EMT and 
metastasis

[223]

NKILA DOWN/TS Stabilize NF-κB/
IκB complex

Suppress cancer- 
associated 
inflammation and 
metastasis

[224]

circRNA Exosomal 
circRNAs

UP Unclear Circulating diagnostic 
biomarkers

[225]

piRNA piR-932 Up Interact with 
PIWIL2

Promote BCSCs 
stemness and 
metastasis

[226]

UP upregulation, DOWN downregulation, OG oncogene, TS tumor suppressor

1 The Dawning of Translational Breast Cancer: From Bench to Bedside



16

well-established preclinical tumor model sys-
tems are urgently needed. In addition to GEMMs, 
the arising of orthotopic patient-derived xeno-
graft (PDX) models helps address the intertu-
moral heterogeneity and better reflects the 
biological behavior of human tumors and thera-
peutic response [229]. Last but not the least, the 
rational therapeutic combinations and technical 
optimization, together with more cutting-edge 
approaches including CTC detection, CAR-T 
cell immunology, and CRISPR/Cas9 system for 
RNA interference, despite technically challeng-
ing, provide new hope for the treatment and cure 
of patients with advanced breast cancer.
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Abstract

Breast cancer is characterized with enormous heterogeneity, which repre-
sents the major hurdle for accurate diagnosis and curative therapy. It is 
generally believed that genome unstability and molecular evolvability 
underlie the robustness of cancer cells in hostile microenvironment and 
their resilience to therapeutic intervention. Conventional histopathological 
classification of breast cancer falls short of providing sufficient prognostic 
and predictive power, and thus biomarkers indicative of tumor intrinsic 
features at molecular levels have been actively pursued in biomedical 
researches. Currently, a number of molecular biomarkers are being used in 
standard clinical practice, including the hormone receptors for breast can-
cer subtyping and several genes involved in genome maintenance for pre-
diction of breast cancer susceptibility. In addition, a number of biomarkers 
of single genes or multigene signatures have been approved for clinical 
use for breast cancer prognosis. A growing body of molecular biomarkers 
are being studied and tested to facilitate disease diagnosis and manage-
ment, especially for breast cancer early detection, accurate prediction of 
metastatic behaviors, and selection of therapy. However, most of them are 
still at the preclinical stages. Finally, biomarkers of noninvasive protocols, 
such as serological molecules, have advantages in detection convenience 
over other biomarker types and therefore are of particular interest in trans-
lational and clinical development to improve diagnosis, prognosis, and 
treatment.
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2.1  Introduction

Breast cancer is the worldwide leading cause of 
cancer-related deaths in women [1]. 
Incommensurate with this urgency, there is still a 
lack of efficient tools for preventive intervention, 
therapeutic effect evaluation, and prognosis pre-
diction [2]. The TNM staging system classifies
cancer progression by assessing the tumor size, 
lymphatic involvement, and distant metastasis, 
which is of great prognostic value. However, in 
order to achieve personalized or precise treat-
ments, more accurate systems indicative of 
molecular characteristics of tumors are needed. 
The refinement of breast cancer biomarker stud-
ies will fill up such a gap.

In oncology, biomarkers are referred to as any 
measurable indicators that demonstrate the pres-
ence of malignancy or malignant potentials or 
predict tumor behaviors, prognosis, or responses 
to treatments [2]. A number of biomarkers reflect-
ing the molecular status or activity within the 
tumors have been used for clinical diagnosis of 
breast cancer, while others possess promising 
potentials. In this chapter, we will summarize 
these biomarkers. Although non-molecular bio-
markers, including anatomical, pathological, 
environmental, and lifestyle factors could also 
affect cancer occurrence and progression, we 
mainly focus on molecular biomarkers here.

2.2  Biomarkers for Breast Cancer 
Genetic Susceptibility

The familial clustering of breast cancer occur-
rence indicates that, despite shared lifestyle or 
environmental exposure, inherited factors exist to 
render some people more vulnerable to breast 
cancer [3]. As early as the 1990s, two major 
breast cancer suppressor genes BRCA1 and 
BRCA2 were identified [4]. Loss-of-function het-

erozygous germline mutations in either BRCA1 
or BRCA2 confer high risk of breast cancer, with 
the morbidity rate reported to be >80% by the age 
of 70 in female carriers [5]. Although playing dif-
ferent roles, BRCA1 and BRCA2 are both involved 
in DNA repair by homologous recombination 
[6]. When BRCA1/BRCA2 is defective, homolo-
gous recombination is not functional, and cells 
are directed toward the error-prone nonhomolo-
gous end joining for double-strand DNA breaks, 
which leads to genetic instability and tumori-
genic gene mutations like those in TP53 or MYC 
[7]. Breast tumors carrying BRCA1 mutants are 
linked to basal-like and triple-negative pheno-
types [7], but those with BRCA2 mutations are 
generally of the luminal subtype [8]. Nevertheless, 
mutations in both genes often render tumors 
hypersensitive to certain drugs that block pro-
gression of DNA replication forks, such as plati-
num compounds and olaparib [9], which provides 
a rational for strategized chemotherapy. In addi-
tion to breast cancer, mutations of BRCA1/BRCA2 
affect the occurrence of ovarian and other cancers 
[5, 10]. Like those in BRCA1 and BRCA2, muta-
tions in TP53 gene also affect breast cancer 
occurrence with high penetrance. Patients har-
boring germline TP53 mutations may suffer from 
Li-Fraumeni syndrome, which is multi-cancer 
predisposing, and are predisposed to developing 
breast cancer [11]. In addition, mutations of other 
well-studied tumor suppressor genes, including 
CDH1 [12], PTEN [13], and STK11 [14], lead to 
increased risk of breast cancer. Although these 
breast cancer susceptibility genes are highly pen-
etrant, they only account for a small fraction of 
familial risk of breast cancer [15]. Moderate- or 
low-penetrance genes or loci are also important 
for the studies on breast cancer susceptibility.

Investigations into the biological pathways 
related with BRCA1 and BRCA2 have discovered 
several moderate-penetrance genes, including 
PALB2 [16, 17], ATM [18], BRIP1 [19], and 
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CHEK2 [20]. PALB2, abbreviation of “partner 
and localizer of BRCA2,” is implicated in the 
localization and stability of BRCA2 whose dys-
function may affect double-strand break repair 
[21]. ATM is a checkpoint kinase involved in the
recognition and repair of DNA double-strand 
break [22]. BRIP1 is a partner of BRCA1 [19], 
while CHEK2 could phosphorylate p53 and 
BRCA1 to regulate their activities [23]. Compared 
with mutated BRCA1 or BRCA2, mutations of 
these genes confer two- to threefold higher risk 
of breast cancer [24]. There is also evidence
showing RAD51C [25] and BARD1 [26] to be 
breast cancer susceptibility genes.

However, the high- or moderate-penetrance 
genetic mutations are far away from accounting 
for the majority of breast cancer cases. Therefore,
it is reasonable to assume that a combination of 
multiple genetic variants of relatively low pene-
trance might be a good way to predict breast can-
cer susceptibility. Genome-wide association 
studies (GWAS), especially those looking for 
cancer-predisposing single-nucleotide polymor-
phisms (SNPs), have identified many genetic 
variants of breast cancer susceptibility loci, some 
of which lie in plausible gene regions such as 
PTHLH, NRIP1 [27], ESR1, LSP1 [28], FGFR2, 
TNRC9, MAP3K1 [29], TGFBR2, MYC, and 
TET2 [30], while others are poorly investigated. 
These loci are associated with small increases in
breast cancer risk. Additional work is needed to 
determine to what extend these loci could be used 
for breast cancer risk assessment or prediction.

2.3  Biomarkers of Breast Cancer 
Molecular Subtypes

According to the intrinsic molecular profiles, 
breast cancers can be classified into various 
molecular subtypes. Initially, five subtypes (lumi-
nal A, luminal B, HER2-enriched, basal-like, and 
normal-like) of breast cancer were identified 
[31]. Before long, other less common subtypes 
were found, which included claudin-low and 
molecular apocrine (MA) types. These subtypes
are associated with distinct molecular alterations, 
clinical outcome, and responses to treatments. 

Therefore, the genes of breast cancer subtyping
can be used as important biomarkers to guide 
clinical treatment and predict prognosis.

Both luminal A and luminal B tumors are 
estrogen receptor (ER)-positive but distinguished 
by proliferation and hormone-regulated path-
ways [32]. The steroid hormone estradiol is a
growth stimulus of ER-positive tumors, making 
ER as an ideal endocrine therapies target. 
Tamoxifen is currently used for treatment of both
early and advanced ER-positive breast cancers, 
which reduces annual breast cancer death rate by 
31% in ER-positive patients [33]. Luminal A 
tumors have higher expression of hormone- 
related genes such as progesterone receptor (PR) 
and FOXA1, while luminal B tumors tend to 
demonstrate upregulation of proliferation-related 
genes such as MKI67, FGFR1 [34], and AURKA 
[32]. Patients of luminal B subtype have worse 
distant recurrence-free survival compared to 
those of luminal A subtype. However, luminal B 
tumors are more sensitive to chemotherapeutic 
agents such as anthracycline and taxane [35].

The HER2 (human epidermal growth factor
receptor 2)-enriched subtype is characterized by 
genetic amplification/high expression of HER2 
and upregulation of proliferation-related genes 
such as GRB7. This group of breast cancers har-
bors the highest number of mutations across the 
genome [32]. Patients with this subtype of breast 
cancer benefit the most from HER2-targeting 
treatments such as therapies with anti-HER2 
monoclonal antibody trastuzumab and tyrosine 
kinase inhibitor lapatinib.

The basal-like subtype is characterized by
high expression of keratins, markers often 
expressed by the basal layer of skin, and 
proliferation-related genes. The majority of
basal-like breast cancers are ER-, PR-, and 
HER2-negative. Therefore, they are called as
triple-negative breast cancer (TNBC). Patients
with basal-like breast cancer usually do not ben-
efit from endocrine therapy or HER2-targeting 
treatments [36], which leaves chemotherapy to 
be the only option. Nevertheless, even after che-
motherapy, patients with TNBC may have worse
outcomes than those with other subtypes [36]. 
Recent studies have shown that the basal-like 
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breast cancers or TNBCs are complicated and
heterogeneous and can be further divided into 
multiple subtypes with distinct clinical character-
istics. For example, some TNBCs overexpress
EGFR and may benefit from anti-EGFR therapy 
[36]. More studies of molecular subtyping in 
basal-like tumor are needed. And detailed char-
acterization of this type of breast cancer will help 
decide better treatment methods.

The claudin-low subtype is characterized by
high expression of mesenchymal markers and 
displays the least differentiation. This kind of
tumors lacks the expression of tight junction- 
related genes such as claudin 3 and E-cadherin 
and is not sensitive to either hormone therapies or 
chemotherapy [37]. MA tumors are ER-negative 
and characterized by androgen receptor (AR) and 
AR-related gene expression, which makes them 
sensitive to AR-targeted therapy.

In all, assessment of the abovementioned bio-
markers, including fluorescence in situ hybrid-
ization (FISH) staining of HER2 DNA copy 
numbers; immunostaining of hormone receptors 
ER, PR, and AR as well as the proliferation 
marker MKI67; and transcriptional analysis of 
other related genes, is very useful for subtyping, 
prognosis, and strategizing treatment of breast 
cancer. In order to improve targeted therapeutic 
approaches from a molecular subtyping perspec-
tive, more studies are needed to further uncover 
the heterogeneity of each cancer subtype and the 
molecular underpinning of distinct tumor behav-
iors among different subtypes.

2.4  Biomarkers for Breast Cancer 
Prognosis

Molecular biomarkers usually interrogate the 
intrinsic properties of tumor cells and thus are 
more promising than conventional anatomical or 
pathological parameters in predicting disease 
development. Prognostic biomarkers, often those 
of single-gene or multigene expression analysis, 
are highly desirable for personalized treatment of 
patients. Single-gene biomarkers used for prog-
nosis include uPA and PAI-1, whose low protein 

levels measured by enzyme-linked immunosor-
bent assay (ELISA) are associated with lower 
risk of cancer recurrence. In addition, higher 
expression of proliferation-associated genes such 
as Ki67, cyclin D, cyclin E, p27, and p21, which 
is measured by immunohistochemistry (IHC) or 
DNA content and S phase and determined by 
flow cytometry-based parameters, have a certain 
degree of prognostic and predictive value as 
uncontrolled proliferation is a hallmark of cancer 
[38].

As tumor cells are extremely heterogeneous 
and a single biomarker usually falls short of 
accurate prediction of cancer progression, multi-
parameter gene signatures are more appealing for 
cancer prognosis. With the rapid advancement of 
genomic technology, numerous gene expression 
signatures have been reported with the capability 
of predicting the risk of metastasis, recurrence, 
and drug resistance in breast cancer. Some of 
them have been applied and commercialized for 
clinical use. Oncotype DX, a 21-gene signature 
consisting of 16 cancer-related genes (such as 
Ki67, CCNB1, MMP11, HER2, BCL2, ER) and 
five reference genes, could be used on patients 
with early-stage hormone receptor-positive breast 
cancer to predict disease recurrence and the likely 
benefits from chemotherapy. Oncotype test has 
been in use in America and Europe since 2004 
with exemption from the standard review of US 
Food and Drug Administration (FDA). 
MammaPrint is the first multiparameter genetic 
test approved by FDA to predict breast cancer 
recurrence. It is a 70-gene RNA expression pro-
file largely consisting of genes involved in prolif-
eration, metastasis, angiogenesis, and stromal 
integrity and is fully commercialized as a 
microarray- based assay for prognosis of patients 
under the age of 61 years with ER-positive or 
ER-negative and lymph node-negative breast 
cancer. MammaPrint could identify groups of 
patients with very good or very poor prognosis. 
Rotterdam Signature, a 76-gene microarray 
assay, is another multigene profile being com-
mercialized and not overlapping with either 
MammaPrint or Oncotype DX. Rotterdam 
Signature could be used to predict the develop-
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ment of distant metastasis within 5 years in 
patients with lymph node-negative breast cancer, 
regardless of age, tumor size, and grade [39].

2.5  Biomarkers for Breast Cancer 
Early Detection

Early detection is among the most critical but 
challenging tasks of cancer management. If 
tumors could be detected and diagnosed before 
cancer cell dissemination, the mortality rate is 
expected to dramatically decline. So far, there are 
no reliable methods or technologies to screen 
tumors before manifestation of clinical symp-
toms. The mammography is useful but inade-
quate for its relatively low resolution and 
sensitivity. Tumor screening at molecular level
with biomarkers might be a better choice for 
breast cancer early detection in the future. 
Practically, early detection of cancer by bio-
marker tests is feasible only when it is detected 
noninvasively, such as being detected in the body 
fluids of the patients. Numerous studies have 
showed the possibility to differentiate cancer 
samples, including those at early stages, from 
normal controls, by using biomarkers in patient 
circulating system. For example, serum pro-
teomics, in conjunction with bioinformatics, 
could be used to detect early-stage breast cancer 
[40]. RS/DJ-1, a regulator of PTEN [41], was 
shown as a circulating antigen specifically found 
in sera from 37% of newly diagnosed breast can-
cer patients, but not in those from healthy con-
trols [42]. Recently, more pilot studies have been 
performed to show that circulating miRNAs, as 
well as circulating tumor DNA and exosomes, 
might be specific and sensitive biomarkers for 
breast cancer early detection [43], which will be 
discussed in detail below. However, studies on all 
these biomarkers are still in preclinical stage. In 
addition, a study searching for biomarkers in sera 
taken before diagnosis for cancer screening, 
which is the experimental design for true cancer 
early detection, failed to yield positive candidates 
[44]. It indicates the difficulty in finding such 
biomarkers in clinical practice. With the advance-
ment of biomedical technologies, detection of 

biomarkers would become more sensitive and 
accurate. Nevertheless, because of the enormous 
heterogeneity of breast cancer, synergistic analy-
sis of multiple biomarkers with integration of 
information from multiple molecular levels 
should be applied to achieve early cancer detec-
tion before symptom manifestation.

2.6  Biomarkers for Metastasis 
Organotropism

Breast cancer is a metastatic disease that colo-
nizes in a variety of vital organs such as the bone, 
lung, brain, and liver to cause mortality. 
Metastasis of breast cancer is a nonrandom pro-
cess, as cancer cells within the same tumor prefer 
different target organs for metastatic coloniza-
tion. Metastasis to different organs often results 
in quite distinct clinical outcome. Thus, biomark-
ers for organotropism have been intensively stud-
ied to predict the organ preference of metastatic 
cells.

Through selecting subpopulations with ele-
vated bone metastasis, Kang et al. have identified 
a set of 102 genes that are either up- (including 
CXCR4, FGF5, CTGF, IL11, MMP1, follistatin, 
ADAMTS1 proteoglycan-1) or downregulated
(including fibronectin, serpin A1, cathepsin B, 
DLC1) in osteolytic bone metastasis [45]. 
Similarly, gene sets mediating metastasis to the 
lung [46] and brain [47] have also been identi-
fied. Some of these genes affect the overall 
 metastatic ability, while others play organ-spe-
cific roles in metastatic colonization. Before 
long, many genes engaged in organ-specific 
metastasis have been shown to mediate interac-
tion of cancer cells and microenvironment of tar-
get organs. For example, deleted in liver cancer 1 
(DLC1) was shown to regulate the secretion of 
parathyroid hormone-like hormone (PTHLH) of
cancer cells in a Rho-ROCK-dependent manner 
and suppress PTHLH-induced osteoclast matura-
tion during bone metastasis of breast cancer [48]. 
Genes involved in the survival and activation of 
osteoclasts, such as BMPs, Wnt [49], CTFG [50], 
IL1, IL6, CSF-1, and TNFα [51], are also media-
tors of breast cancer osteolytic bone metastasis. 
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Global secretome analysis has also identified 
new mediators and biomarkers of breast cancer 
bone metastasis such as CST1/2/4/6, PLAT,
PLAU, PLOD2, and COL6A1 [52].

Despite genes implicated in proliferation, sur-
vival, invasion, or epithelial-mesenchymal transi-
tion [53], cross talks between cancer cell and 
lung microenvironment are also mediators of 
lung metastasis [46]. The normal lung cellular
elements could express considerable amount of 
BMP to induce dormancy of cancer cells, which 
is quite different from those in the bone and 
brain. To overcome this organ-specific anti-
metastatic pathway, breast cancer cells express 
Coco to block BMP signals to undergo reactiva-
tion [54]. Neutrophiles [55] and macrophage [56] 
in the lung, cancer-associated fibroblasts, and 
mesenchymal stem cells are also shown to affect 
breast cancer lung metastasis, which suggests 
that targeting noncancer cell component may be 
an alternative choice in future cancer therapy.

The interaction between cancer cells and
brain-resident cells also helps metastatic coloni-
zation in the brain. For example, astrocytes, the 
most abundant cell type in the brain, could deliver 
exosomal miRNAs that silence PTEN expression
[57] or transfer cGAMP through gap junctions 
[57] into cancer cells and thus support tumoral 
growth and chemoresistance in the brain. 
Therefore, these astrocyte-derived molecules can
be used as biomarkers to predict the risk of brain 
metastasis of breast cancer.

In addition, Hoshino et al. showed that tumor 
exosomes can be delivered into various distant 
organs prior to cancer cell dissemination and pre-
pare the pre-metastatic niche in the bone, lung, 
and liver. Interestingly, exosomes containing dif-
ferent integrin proteins displayed distinct prefer-
ence for metastasis organs [58], which indicates 
that exosomal integrins are candidate biomarkers 
to predict metastasis to multiple organs. 
Furthermore, a set of miRNAs, including miR- 
200 family [59], miR-21, miR-155, miR-34a, 
let-7 [59], miR-31 [60], miR-9 [61], and miR- 
10b [62], have been shown to mediate the metas-
tasis of breast cancer. These fundamental findings
have profound implications, but to what extent 

they may improve the clinical treatments and 
benefit patients needs validation in both preclini-
cal and clinical settings.

2.7  Serum Biomarkers

Serum biomarker is a particular class of biomark-
ers showing great clinical potentials. They can be
measured noninvasively and are highly sensitive 
due to the development of technology such as 
deep sequencing. There are serum biomarkers at
DNA, RNA, protein, as well as cellular levels, all 
of which display advantages for breast cancer 
early detection, monitoring, and prognosis over 
biomarkers that require invasive procedures. 
Therefore, we will discuss serum biomarkers in
this section. Although noninvasive biomarkers 
could also be detected in other types of body flu-
ids like nipple aspirate fluid [63], urine [64], and 
ductal lavage fluid [65], we mainly focus on 
serum here.

2.7.1  Circulating Proteins

The carcinoma antigen 15-3 (CA 15-3) and CA
27-29 assays are clinically used to monitor 
response to tumor treatments and predict cancer 
recurrence. Both biomarkers are different epit-
opes of the MUC1 gene and among the most 
widely used clinical serum biomarkers for breast 
cancer. As a transmembrane glycoprotein, 
MUC-1 is implicated in cell adhesion, immunity, 
and metastasis [66, 67]. CA 15-3 increases either 
before or during recurrence in ~70% of cases [68, 
69] and decreases after chemotherapy [68], 
which makes it a good biomarker for monitoring 
patients with metastasis during active therapy. 
CA 15-3 and CA 27-29 should be used in con-
junction with disease history, diagnostic imaging, 
and physical examination [39] and are not recom-
mended for screening, diagnosis, and staging 
considering the low sensitivity of these markers 
[70]. So is the case with carcinoembryonic anti-
gen (CEA), a set of highly related glycoproteins 
involved in cell adhesion [39].
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2.7.2  Circulating Tumor Cells

Breast cancer cells invade into blood vascular 
system before metastasizing to distal organs. 
Enumeration of circulating tumor cells demon-
strates great clinical significance as many studies 
show that the increment in circulating tumor cells 
is associated with decreased progression-free 
survival or overall survival in patients [71]. 
Moreover, circulating tumor cell measurement 
could be used to predict therapy efficacy and 
resistance [33]. The CellSearch Assay, a system
that distinguishes cancer cells from other circu-
lating cells by cytokeratin and CD45 staining, 
has received the FDA approval. However, very 
low numbers of circulating tumor cells are found 
in many patients with the CellSearch system 
[72], which may lower the sensitivity and thus 
limit clinical application of this method.

2.7.3  Circulating Tumor DNA

It is known that somatic genetic alterations, 
including single-base substitutions, insertions, 
deletions, or translocations, occur in all kinds of 
cancers [73]. Cell-free tumor DNA or circulating 
tumor DNA (ctDNA) refer to DNA fragments 
carrying tumor-specific sequence mutations 
found in serum and other body fluids of the 
patients. The development of sequencing tech-
nologies enables identification of mutations in 
certain genes such as TP53 and PIK3CA in serum 
of cancer patients [72], which also allows for 
cancer detection or monitoring of therapy 
responses with ctDNA. Notably, the alteration of 
ctDNA could be detected even in patients without 
detectable circulating tumor cells [73] or elevates 
protein markers such as CA 15-3 [72], which 
highlights its superior sensitivity and greater 
clinical potentials. In addition to genetic muta-
tions, epigenetic alterations could also be assayed 
in ctDNA. Silence of tumor suppressor genes due 
to hypermethylation at the promoter regions, 
modification in chromatin structures, and onco-
gene activation resulting from histone acetylation 
and DNA conformation changes could promote 
breast cancer progression. Epigenetic silencing 

of BRCA1, GSTP1 [74], DOK7 [75], and 
RASSF1A is frequently observed. For example, 
RASSF1A is hypermethylated in 60–77% of 
breast cancers, which is rarely observed in nor-
mal tissues [76]. Many studies suggest that aber-
rant DNA methylation in breast tumor sample 
could also be detected in body fluids [77], mak-
ing it an alternative candidate as circulating 
biomarkers.

2.7.4  Circulating microRNAs

Many microRNAs have been found to play key 
roles in cancer initiation, progression and metas-
tasis [78, 79]. Before long, studies showed that 
miRNAs are also detectable in the plasma of 
patients. MiRNAs are stable in serum and display 
distinct expression patterns in cancer and normal 
individuals [80], which makes them good bio-
markers for breast cancer detection or prognosis. 
The miRNAs reported to be significantly upregu-
lated in plasma of breast cancer patients include 
miR-141, miR-200a/b/c, miR-203, mimR-210, 
miR-375, miR-801 [81], miR-10 [82], miR-155 
[82], miR-191 [82], miR-382 [82], miR-451 [83], 
miR-21 [84], miR-148b, miR-376c, miR-409-3p, 
and miR-801 [85], while miR-181a [86], miR- 
768- 3p [81], miR-145 [83], and miR-92a [84] 
were found to be downregulated when compared 
to healthy controls. Interestingly, miR-155 was 
highly expressed in sera of PR-positive breast 
cancer patients than that of PR-negative patients 
[87]. The expression level of miR-125b was asso-
ciated with chemotherapeutic resistance of breast 
cancer [88]. Some of these miRNAs have showed 
potentials with enough sensitivity for early detec-
tion and/or prognosis of breast cancer in prelimi-
nary studies but need to be further validated by 
researches with larger clinical cohorts and more 
stringent procedure before being determined as 
clinically applicable. Interestingly, some miR-
NAs demonstrate different expression patterns in 
patient serum and tumor tissues, a phenomenon 
worthy of further investigation [85].

Exosomes are small, membrane-bound vesi-
cles which contain a broad range of molecules 
including proteins, mRNAs, miRNAs, and other 
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kinds of noncoding RNAs. Exosomes mediate 
the cross talk between cancer cells and normal or 
cancer-related stromal cells to regulate tumor 
growth and metastasis [89]. For example, 
astrocyte- derived exosomes could transfer 
PTEN-targeting miRNAs to tumor cells to sup-
press PTEN expression and promote metastasis 
[57]. Tumor-derived exosomes were also found
to be present in peripheral circulation [90], which 
bestows it with the potential to be an ideal bio-
marker for various types of cancers [90]. In order 
to elucidate the clinical values of exosomes, it is 
crucially important to profile the contents of exo-
somes derived from different cancer subtypes or 
patients receiving distinct treatments.

2.8  Conclusion

In summary, all kinds of biomarkers have been 
intensively studied for detection, subtyping, and 
prognosis of breast cancer patients. Many of 
them have shown great clinical values, while oth-
ers possess huge potentials. Better clinical appli-
cation of these biomarkers may be achieved by 
refinement of biomarker studies and elucidation 
of the underlying mechanisms on these biomark-
ers’ association with disease status and progres-
sion. Furthermore, it is important not only to find 
new reliable biomarkers but also to define the 
standard operating protocols for analysis of exist-
ing biomarkers in order to offer accurate and 
reproducible information for clinical consider-
ation. For example, to analyze the expression of a 
gene, several methods could be used, including 
IHC, RT-PCR, and ELISA. These expression
assays are distinct in terms of sensitivity and res-
olution and reflect the gene activity at different 
levels. For clinical application of a particular bio-
marker, different aspects including sample types, 
analysis methods and protocols, reagents, and 
cutoff values for the biomarker status should all 
be defined and standardized. From this point of 
view, we still have a long way to go before real-
izing clinical translation of biomarkers currently 
identified with promising potentials for breast 
cancer diagnosis and treatments.
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The Preventive Intervention 
of Hereditary Breast Cancer

Ayong Cao, Liang Huang, and Zhimin Shao

Abstract

Approximately 5–10% of breast cancer is considered to be hereditary. 
Familial breast cancers exhibit a dominant hereditary pattern, which typi-
cally have an early age of onset and are accompanied by symptoms of 
ovarian cancer, bilateral breast cancer, or male breast cancer. BRCA gene 
mutation carriers should be regarded as high-risk groups for breast cancer, 
which necessitates early examination of breast cancer. Studies have built 
up kinds of predictive models and recommended that female BRCA muta-
tion carriers should receive breast self-test training and take monthly 
breast self-examination. Familial or hereditary breast cancer family mem-
bers are high-risk groups, and their risks of breast cancer can be reduced 
by chemoprevention, including dietary composition adjustment and appli-
cation of endocrine drugs. In recent years, large-scale clinical trials have 
shown the important role of chemoprevention in reducing the occurrence 
of hereditary breast cancer. Prophylactic mastectomy is also suitable for 
healthy women with high breast cancer risk factors. It can reduce the inci-
dence rate of breast cancer in high-risk women by 90% and decrease the 
breast cancer mortality rate in medium-risk and high-risk women by 100% 
and 81%, respectively.
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3.1  Definition of Hereditary 
Breast Cancer and Its 
Characteristics 
and Epidemics

At present, approximately 5–10% of breast can-
cer is considered to be hereditary. Familial breast 
cancers exhibit a dominant hereditary pattern, 
which typically have an early age of onset and are 
accompanied by symptoms of ovarian cancer, 
bilateral breast cancer, or male breast cancer [1]. 
Familial breast cancer usually shows familial 
aggregation. It is generally believed that the 
occurrence of breast cancer in two blood-related 
family members indicates familial breast cancer. 
In Japan, in addition to the proband, familial 
breast cancer is defined when there are two or 
more first-degree relatives with breast cancer in 
one family, among whom at least one patient 
meets one of the following conditions: (1) being 
less than 40 years of age at the time of onset, (2) 
suffering sequential or simultaneous develop-
ment of bilateral breast cancer, (3) or enduring 
sequential or simultaneous development of 
malignancies outside the breast.

Breast cancer with clear genetic factors is 
called hereditary breast cancer. This type of 
breast cancer accounts for 5–10% of the entire 
breast cancer population. Many genes are associ-
ated with hereditary breast cancer, among which 
the BRCA-1 and BRCA-2 genes have the stron-
gest correlation with hereditary breast cancer, 
followed by p53, PTEN, ATM, and others. Most 
hereditary breast cancer cases show familial 
aggregation, whereas a small proportion is 
sporadic.

3.2  Hereditary Breast Cancer 
Syndrome

3.2.1  BRCA-1- and BRCA-2- 
Associated Breast Cancer

Although gene mutations in BRCA-1 and BRCA- 
2 lead to an increased risk of breast cancer and 
ovarian cancer, these two genes have incomplete 

penetrance. It has been reported that the 
cumulative risk of breast cancer for carriers of 
BRCA-1 and BRCA-2 mutations is 45–87% at the 
age of 70. This penetrance is also affected by 
gene mutation types, exogenous factors, and life-
style. Early studies have shown that most BRCA-
1 and BRCA-2 mutations are associated with 
hereditary breast cancer, but increasing studies 
suggest that the two genes can only account for 
approximately 25% to 28% of hereditary breast 
cancer risk. However, we cannot exclude the pos-
sibility that current detection methods are not 
sufficient to identify other new mutations of 
BRCA-1/2. BRCA-1 mutation carriers also have 
increased risk of developing other malignancies, 
such as ovarian cancer and fallopian tube cancer, 
and BRCA-2 mutation carriers are at increased 
risk of developing male breast cancer, prostate 
cancer, pancreatic cancer, gastrointestinal cancer, 
and malignant melanoma.

BRCA-1 and BRCA-2 both have complex 
genomic structures. BRCA-1 contains 24 exons 
and encodes a protein consisting of 1863 amino 
acids, while BRCA-2 contains 27 exons and 
encodes a larger protein (3418 amino acids). The 
first exons of both genes do not encode proteins, 
and the 11th exons of both genes have the longest 
sequence among all exons [2, 3]. BRCA-1 and 
BRCA-2 act as tumor suppressor genes, and the 
encoded proteins play an important role in main-
taining genomic integrity through DNA damage 
signal transduction and injury repair. BRCA-1 
and BRCA-2 are involved in RAD51-mediated 
homologous recombination (HR). In the event of 
DNA double-stranded damage, BRCA-1 assists 
in the accurate localization of RAD51 to DNA 
damage, followed by phosphorylation, while 
BRCA-2 forms a complex with RAD51 to func-
tion downstream of the pathway. In the absence 
of BRCA-1 and BRCA-2, HR-mediated repair of 
DNA cannot be performed, and DNA damage 
repair is conducted through the more error-prone 
nonhomologous end-joining (NHEJ) pathway, 
resulting in genome instability.

Until now, the Breast Cancer Information 
Core (BIC) database has included 1790 genetic 
variants of the BRCA-1 gene and 2000 genetic 
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variants of the BRCA-2 gene [4], of which 
approximately 53%–55% of the variants are 
detected only in a single family. These mutation 
sites are scattered throughout the coding region 
of the genes. The most common pathogenic 
mutations are small deletions, insertions or 
frameshift mutations, while splice site mutations 
and large fragments of gene rearrangements are 
also observed in both genes [5]. Other forms of 
mutations, such as missense mutation, silent 
mutations, and genetic polymorphisms, are rela-
tively common, but it remains challenging to 
clinically interpret the pathogenic potential of 
these loci. In the BRCA-1 and BRCA-2 genes, 
approximately 1800 significant sequence variants 
are considered to be unclassified variants (UVs). 
To assess the clinical significance of these rare 
mutations, the Evidence-based Network for the 
Interpretation of Germline Mutant Alleles
(ENIGMA) was established in 2009 to collect
globally valid data and resources in order to bet-
ter understand the clinical significance of these 
UVs [6].

Germline mutations in the BRCA-1 and 
BRCA-2 genes conform to the first strike in the 
classical Knudson’s “two-strike” theory, whereas 
mutations of the second inactivation system usu-
ally involve the loss of wild-type loci, i.e., loss of 
heterozygosity (LOH). LOH is present in tumor 
tissues of the vast majorities of mutation carriers 
[7, 8]. The mechanism of the other inactivation 
system is epigenetic silencing caused by pro-
moter methylation, which has an incidence rate 
of approximately 9–13% in sporadic breast can-
cer and an incidence rate of up to 42% in non- 
BRCA- 1/2 hereditary breast cancer [9–11]. In 
contrast, BRCA-1 gene promoter methylation is 
very rare in BRCA-1 and BRCA-2 mutation carri-
ers. In the case of BRCA-2, almost no promoter 
methylation is observed in sporadic breast cancer 
or familial breast cancer [12].

3.2.2  Li-Fraumeni Syndrome

Li-Fraumeni syndrome is a rare autosomal reces-
sive disease that was first reported in 1969 and 

was named after the two physicians who first 
discovered it. It is a syndrome of malignancies 
with familial aggregation, including breast can-
cer, soft tissue sarcoma, osteosarcoma, brain 
tumors, leukemia, and adrenal cortical malignan-
cies. Familial aggregation analysis confirmed 
that the penetrance of carriers is 50% and 90% at 
the ages of 30 and 40 years, respectively. The 
proportion of breast cancer is very high in 
Li-Fraumeni syndrome, and mutations of the 
tumor suppressor gene p53 were found to be 
closely related with this syndrome [13, 14]. A 
total of 50%–70% of families carrying 
Li-Fraumeni syndrome have mutations in the p53 
gene, whereas the positive rate of p53 gene muta-
tion is 1% in breast cancer patients, with an onset 
age <40 years.

3.2.3  Ataxia Telangiectasia

Ataxia telangiectasia is an autosomal recessive 
hereditary disease, with which patients display 
eyelid telangiectasia, cerebellar ataxia, immuno-
deficiency, and susceptibility to leukemia, lym-
phoma, and other diseases. The susceptibility 
gene of this disease is ATM, which is located on 
human chromosome 11q. The ATM gene muta-
tion rate in the population is 1%, and this disease 
is closely related to breast cancer [15]. It has been 
shown that the risk of breast cancer in heterozy-
gotic carriers of ATM mutations is at least four 
times that of noncarriers and that the risk of 
breast cancer in heterozygotic carriers of ATM 
mutations can be increased after exposure to radi-
ation. Other studies have shown that the risk of 
breast cancer in heterozygotic carriers of ATM 
mutations does not increase. The clinical guid-
ance value of ATM still requires further investi-
gation [16].

3.2.4  Cowden Syndrome

Cowden syndrome is a rare autosomal dominant 
genetic disease, whose clinical manifestations 
include multiple hamartoma-like lesions, early- 
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onset breast cancer, and thyroid cancer. 
Hamartoma-like lesions often occur in the skin, 
oral mucosa, mammary gland, and intestinal 
tract, including papilloma of the lips and the oral 
mucosa and limb horny warts. Most Cowden syn-
drome patients have skin lesions at age 20 and 
often do not have a family history of breast 
 cancer. Furthermore, 75% of female Cowden 
syndrome patients are associated with benign 
breast diseases, such as ductal hyperplasia, intra-
ductal papilloma, breast disease, fibroadenoma, 
and cystic fibrosis. Approximately 10% of 
patients with Cowden syndrome are associated 
with thyroid cancer. The PTEN/MMAC1/TEP1 
gene is the Cowden syndrome susceptibility 
gene, which is located on human chromosome 
10q22–23. This gene was successfully cloned in 
1997 [17].

3.2.5  Peutz-Jeghers Syndrome

Peutz-Jeghers syndrome is an autochromosomal 
dominant hereditary disease, whose common 
lesions include gastrointestinal hamartoma-like 
polyps and melanin deposition in the skin 
mucosa, the latter of which is commonly found in 
the oral mucosa, lips, fingers, and toes. Some 
Peutz-Jeghers syndrome patients also have breast 
cancer, and the average age of onset is 39 years 
old. The STK11 gene located on human chromo-
some 19p13 is closely related to the occurrence 
of this disease [18].

3.2.6  Muir-Torre Syndrome

Muir-Torre syndrome is a variant of hereditary 
nonpolyposis colorectal cancer (also known as 
Lynch syndrome type II) and an autosomal domi-
nant hereditary disease. Its manifestations include 
multiple sebaceous tumors and skin tumors, such 
as keratoacanthoma and basal cell carcinoma, 
accompanied by cancers in the small intestine, 
large intestine, throat, stomach, endometrium, 
kidney, bladder, ovary, and breast. Female 
patients present an increased risk of postmeno-

pausal breast cancer. The MLH-1 and MSH-2 
genes are associated with this disease [19].

3.3  Pathological Characteristics 
of BRCA Mutation-Associated 
Breast Cancer

Most BRCA-1 and BRCA-2 mutation-associated 
breast cancers are invasive ductal carcinoma 
(>80%). There are significant differences in the 
pathologic features of BRCA-1 and BRCA-2 
mutation breast cancers, which are also different 
from sporadic breast cancer. A recent study of 
4325 cases of BRCA-1 gene mutation carriers 
and 2568 cases of BRCA-2 gene mutation carri-
ers found that the estrogen receptor (ER)-negative 
rate of BRCA-1 mutation breast cancer reached 
78%, whereas the ER-negative rate of BRCA-2 
mutation breast cancer was 23%. Even after 
adjustment for factors, such as age of onset, the 
correlation between BRCA-1 gene mutations and 
the ER-negative rate in BRCA-1 mutation breast 
cancer was significantly higher than that in spo-
radic breast cancer. The HER2/neu amplification 
ratio was only approximately 10% in the gene 
mutation carriers, which was significantly lower 
than that in sporadic breast cancer. As a result, 
the proportion of triple-negative breast cancer 
(ER, progesterone receptor (PR), and neu are all 
negative) in BRCA-1 gene mutation-associated 
breast cancer was as high as 69%, which was sig-
nificantly higher than that in BRCA-2 gene 
mutation- associated breast cancer (16%) [20]. In 
addition, it has been reported that the p53 gene 
mutation rate and the positive immunohisto-
chemical detection rate of p53 are significantly 
increased in BRCA-1 mutation breast cancer 
compared with sporadic breast cancer, and its 
germline mutant form is also significantly differ-
ent in BRCA-1 mutation breast cancer compared 
to sporadic breast cancer. Based on the gene 
expression profile of breast cancer, it has been 
found that most BRCA-1 mutation breast cancers 
show a basal-like/myoepithelial phenotype and 
express several basal markers, such as CK5/CK6, 
CK14, caveolin, vimentin, laminin, p-cadherin, 
osteonectin, and EGFR [21, 22].
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It has also been reported that the proportion of 
medullary carcinoma in BRCA-1 mutation- 
associated breast cancer is higher than that in 
sporadic breast cancer (9% and 2%, respectively). 
The probability of BRCA-1 mutation in myeloid 
carcinoma is as high as 11% [23]. Medullary car-
cinoma is characterized by low differentiation, 
high grade, and vascular invasion, but the prog-
nosis of medullary carcinoma is usually better, 
which may be related to the low incidence of 
lymph node metastasis [24]. Compared with spo-
radic breast cancer, BRCA-1 mutation-associated 
breast cancer has a higher nuclear grade and divi-
sion index and is more prone to necrosis and lym-
phatic invasion. All of the above findings indicate 
that BRCA-1 mutation-associated breast cancer 
has a more aggressive biological behavior and 
poorer prognosis than sporadic breast cancer.

In contrast to BRCA-1 mutation-associated 
breast cancers, the pathologic features of BRCA- 
2 mutation-associated breast cancers are more 
similar to those of sporadic breast cancer. The 
positive rate of ER in BRCA-2 mutation- 
associated breast cancers is significantly higher 
than that in BRCA-1 mutation-associated breast 
cancers, and the positive expression rate of ER in 
BRCA-2 mutation-associated breast cancers 
decreases with increased age of onset [25]. 
Several studies have reported that BRCA-2 
mutation- associated breast cancers show no 
amplification or low-level amplification of 
HER2/neu. Recent studies have reported that the 
expression levels of fibroblast growth factor 1 
(FGF1) and fibroblast growth factor receptor 2
(FGFR2) are significantly higher in BRCA-2 
mutation-associated breast cancers than in 
BRCA-1 mutation-associated breast cancers [26].

In terms of gene expression profiles, most 
BRCA-2 mutation-associated breast cancers are 
of the luminal phenotypes that express ER, PR, 
CK8, and CK18 [27]. The positive rate of the 
p53 gene is similar in BRCA-1 mutation-associ-
ated breast cancers and BRCA-2 mutation-asso-
ciated breast cancers [28], whereas caveolin1 is 
not expressed in BRCA-2 mutation-associated 
breast cancers, which differs significantly from 
BRCA-1 mutation-associated breast cancers 
[29]. In addition, the expression rates of cyclin 

D1, BAX, and BCL2 in BRCA-2 mutation-asso-
ciated breast cancers are also significantly higher 
than those in BRCA-1 mutation-associated 
breast cancers.

3.4  Gene Mutation Risk 
Prediction and Prognosis

Gail Model In 1989, Gail et al. published a sta-
tistical analysis model using case-control data to 
predict the risk of invasive breast cancer and in 
situ carcinoma in white women who underwent 
mammography each year (Gail-1) [30]. The tools 
of this assessment model utilize breast cancer 
risk factors, including breast cancer history, age, 
menarche age, primiparous age, number of breast 
cancer patients in first-degree relatives, breast 
biopsy result, and race. In 1990, Costantino and 
Gail et al. [31] reported a modified Gail model
validation study. The 5-year follow-up study 
showed that the ratio of the estimated Gail-2
absolute risks to the actual incidence of breast 
cancer (E/O) was 1.03 (0.88–1.21), better than 
the Gail-1 E/O value (0.84 (0.73–0.97)). In 2001,
the US Food and Drug Administration approved 
preventative tamoxifen treatment for women 
with Gail 5-year risk forecasts ≥1.66% and over 
35 years of age [32]. The US National Cancer 
Institute later published the Breast Cancer Risk 
Prediction Tool (http: //www.cancer.gov/bcrisk-
tool) online to allow self-assessment in US 
women.

Data of the Gail model were collected from
the US white patients, but the model has been 
validated in many different populations. Rockhill 
reported a Gail risk analysis of 82,109 women.
The follow-up results showed that the ratio of the 
expected number of breast cancer cases to the 
actual observed number was 0.94 (95% CI 0.89 
to 0.99), confirming the prediction efficacy of the 
Gail model. Currently, the research population
has been extended from Caucasian to African- 
American, Hispanic, Asian American, American 
Indian, and Alaska Native. Race or ethnicity can 
affect the risk calculation of breast cancer. 
Whether this tool is suitable for assessing women 
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living outside the United States still needs to be 
investigated.

BRCAPro Model The BRCAPro model is the 
most widely used gene model. This model is 
based on the screening of BRCA-1/2 gene muta-
tion carriers using Bayes theorem as well as the 
parameters of the conditions of breast cancer and 
ovarian cancer in first-degree and second-degree 
relatives and the age of onset of the diseased fam-
ily members [33, 34]. Berry et al. [35] subse-
quently used the BRCAPro model to predict the 
risk of breast cancer and ovarian cancer in 301 
individuals who underwent BRCA-1/2 mutation 
detection and later confirmed the feasibility of 
the BRCAPro model. At present, the model has 
been continuously updated based on published 
literature and data and been combined with 
reports of the penetrance of BRCA-1 and BRCA- 
2 gene mutations.

Myriad Model The Myriad model [36] uses 
information from 10,000 cases having undergone 
routine BRCA-1/2 mutation detection (7461 
cases) or detection of three ancestor mutations of 
Ashkenazi Jewish origin, which include family 
history, age of onset of breast or ovarian cancer, 
and presence or absence of invasive cancer, to 
establish a model predicting the possibility of 
carrying mutations. This model found that 
women with family history and of Jewish descent 
were more likely to carry mutations, while high- 
risk African populations and other non-Jewish 
and European descent populations had similar 
rates of mutation. In addition, the pathological 
type had a big impact on the possibility of carry-
ing mutations, as the mutation rate in in situ duc-
tal carcinoma patients aged <50 years was 
significantly lower than that in patients with inva-
sive ductal carcinoma. The model has been pub-
lished on Myriad’s website and is regularly 
updated based on the expansion of the sample 
size.

Penn II Model The Couch (Penn I) model was 
established in 1997 and initially used to predict 
only the likelihood of BRCA-1 mutations among 
169 breast cancer families. This model was then 

updated to obtain a new online Penn II model for 
predicting the likelihood of BRCA-1/2 mutations. 
It uses logistic regression analysis to predict the 
likelihood of BRCA-1/2 mutation in individuals 
or families; incorporates specific clinical features 
that are ignored by most other models, such as 
bilateral breast cancer and the presence or 
absence of prostate cancer and pancreatic cancer; 
and includes a risk assessment of third-degree 
relatives. Lindner NM et al. validated the 
LAMBDA, BRCAPro, modified Penn I (Couch), 
Myriad II, and Penn II models in 285 probands 
from different breast cancer families, and the 
results showed that the Penn II model had the 
best prediction efficacy [37].

Rao Nanyan et al. from the Fudan University 
Shanghai Cancer Center used breast cancer- 
related information from 212 patients receiving 
BRCA-1/2 gene mutation detection in the multi-
center database to validate the Penn, Myriad, and 
BRCAPro prediction models originally used in 
Western populations. The results showed that the 
prediction efficacies of the three models were 
similar, as the area under the curve (AUC) values 
of the receiver operating characteristic (ROC) 
curve were approximately 0.7. The three models 
predicted higher ROC values and positive likeli-
hood ratios in 66 high-risk families. If the cutoff 
point was set at 10%, the BRCAPro model had 
the maximum prediction value for BRCA muta-
tions [38].

As the current breast cancer prediction models 
are based on Western populations, their predic-
tive efficacy for Chinese population remains 
unclear. Therefore, it is urgently important to 
establish a gene mutation prediction model suit-
able for the Chinese population. Among the sam-
ple population, nonparametric analysis showed 
that genetic mutation carriers were related to a 
family history of ovarian cancer and gastric can-
cer, as well as the age of breast cancer onset in 
the family. Hu Zhen et al. from the Fudan
University Shanghai Cancer Center established a 
prediction model for the Chinese population 
based on these related factors and used samples 
from another independent cohort to verify this 
model compared with the Western population 
model. The results showed that when using this 
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model to draw the ROC curve, the AUC was 
above 0.8, whereas the AUC of the BRCAPro 
model was similar to that of the previous study at 
0.7. This model has been proved to be suitable for 
prediction in the Chinese population, but it is not 
perfect. By obtaining more comprehensive clini-
cal and pedigree information of the cases and by 
appropriately adding more cases, we can further 
improve the predictive ability and accuracy of 
this model [39].

3.5  Genetic Counseling 
and Management of Gene 
Mutation Carriers 
and the Current Status 
of Genetic Testing

Genetic counseling is a process of advising
patients with genetic diseases or relatives who 
are at risk of having the disease, the probability 
of onset or heredity, and the method of preven-
tion or mitigation. Genetic counseling is a means
of preventing genetic diseases, which must be 
based on an accurate diagnosis. We should focus 
on the proband, that is, the first patient in a fam-
ily, conduct a meticulous family survey, perform 
a pedigree analysis, and estimate the hereditary 
forms and possibility of disease occurrence in 
offspring.

Genetic counseling on BRCA mutation test-
ing can be carried out by trained professionals. 
The processes of genetic counseling mainly 
include risk assessment of potentially detrimental 
BRCA mutations, education of possible out-
comes of the test, identification of family mem-
bers who should receive gene mutation detection, 
list of several interventions aimed at disease 
screening and reducing the risk of disease or use 
of surgical controls for people in need, and expla-
nation of the results of genetic testing. The pres-
ence of the following family history factors could 
lead to an increased probability of carrying 
potentially deleterious BRCA mutations. They 
are the detection of breast cancer before 50 years 
of age, bilateral breast cancer, breast cancer and 
ovarian cancer family history, at least one male 
family member with breast cancer, multiple cases 

of breast cancer in the family, at least one BRCA- 
related primary cancer patient in the family, and 
Nordic Jewish descent [40]. In practice, genetic 
counseling staff can use a number of family risk 
stratification tools, such as the Ontario Family 
History Assessment Tool, the Manchester 
Scoring System, the Pedigree Assessment Tool, 
and FHS-7, to determine whether or not to con-
duct advanced genetic counseling and which 
patients are suitable for the detection of BRCA 
gene mutations [41].

BRCA gene testing is generally recommended 
for women after 18 years of age. There is ample 
evidence suggesting that existing gene sequenc-
ing techniques can accurately detect BRCA muta-
tions. When a person in the family suffers from 
breast cancer or has a family history of the dis-
ease, which suggests the existence of cancer sus-
ceptibility factors, he or she can visit the clinic to 
accept genetic counseling and seek explanation 
of questions related to genetic testing. If the con-
sultants decide that the test results can help deter-
mine a treatment strategy, the person receiving 
consultation needs to receive further testing for 
BRCA mutations. It is necessary to fully inform 
the patient of the potential issues caused by 
genetic testing, with the premise that the patient 
has the intention to take the test. The approach of 
mutation analysis relies on the family history of 
the patient. A family member with a definite 
genetic mutation in the family or a patient derived 
from a racial group carrying a particular gene 
mutation (such as a Caucasian Jewish woman) 
may first have these specific mutation sites 
detected [42]. Patients without these characteris-
tics need to have the whole gene sequence tested. 
Among these patients, if possible, genetic testing 
should first be conducted for those with relatives 
who have breast cancer or ovarian cancer, so as to 
determine whether these diseased family mem-
bers may carry pathogenic mutations.

If the specific mutation sites of the BRCA gene 
are known, gene detection is easy and highly sen-
sitive and specific. However, how to interpret the 
test results is a complex problem and requires 
subsequent genetic counseling. The results of 
genetic testing are generally expressed as posi-
tive mutations (i.e., potentially deleterious muta-
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tions), UVs, uncertain negative results, and 
definite negative results. If negative test results 
are obtained for women with relatives who have 
known BRCA mutations (definite negative), the 
results need to be confirmed again, and the pos-
sible risks should be assessed. Some studies have 
shown that women who are clinically negative 
for BRCA mutations also have the same risk of 
developing breast cancer [43–46]. However, a 
meta-analysis suggested no increase in risk (8). 
Uncertain negative results indicate that either no 
potentially harmful mutations have been detected 
or other members of the family have not yet been 
tested and that no mutations have been found in 
the family members who have been tested. 
Studies have suggested that women who have 
uncertain negative testing results may also have 
an increased risk of developing breast cancer 
[47].

Gene mutation detection is conducive to
detecting high-risk groups for hereditary breast 
cancer as early as possible and to taking preven-
tive measures as early as possible to improve its 
prognosis [48]. In 1996, commercial use of 
genetic testing first appeared in the United States. 
Since then, it has become a routine diagnostic 
approach in developed countries in Europe and 
America to conduct genetic testing targeting pop-
ulations with hereditary breast cancer and to 
apply the test results to guide clinical treatment 
decision-making and high-risk population 
screening and monitoring. Most breast cancer 
medical centers have established a multidisci-
plinary team for the diagnosis and treatment of 
hereditary breast cancer, which includes experts 
of tumor surgery, plastic surgery, oncology, psy-
chiatry and psychology, tumor molecular biol-
ogy, and genetics to provide professional 
diagnosis and treatment services for hereditary 
breast cancer patients and their relatives.

Previously, the internationally renowned 
movie star Angelina Jolie received a bilateral 
mastectomy to reduce the risk of hereditary 
breast cancer. This brave behavior has allowed 
genetic testing for prevention of hereditary breast 
cancer to reenter the public spotlight. Clinical 
researches of more than 30 years in Europe and 
the United States found that regular health 

screening, drug prevention, and preventive sur-
gery for BRCA-1/2 mutant gene carriers could 
reduce the risk of breast cancer by as much as 
90% [49]. Through this test, subjects can under-
stand their own risk of breast cancer and family 
genetic background. It can also help future gen-
erations to carry out early prevention and inter-
vention of breast cancer.

From a technical point of view, it is not diffi-
cult to carry out accurate detection of BRCA-1/2 
mutations and other susceptible gene mutations. 
However, due to a lack of standardization for 
genetic testing techniques in China, professionals 
of data interpretation and genetic counseling are 
scarce. Many psychological and ethical issues 
involved in genetic testing cannot be solved, and 
research data on the prevention, treatment, and 
intervention in gene mutation carriers are still 
lacking. Breast cancer-related genetic testing in 
China has not been approved by the government 
to become a routine procedure in clinical diagno-
sis and treatment. Since many institutes in China 
carry out genetic testing as part of scientific 
research projects [50], their test results cannot be 
directly applied to treatment development. 
However, based on years of being practiced out-
side China, breast cancer genetic testing is bound 
to provide a great help for the prevention and 
treatment of breast cancer. We believe that in the 
near future, with the development of detection 
technology, accumulation of more complete and 
detailed research data, and establishment of pro-
fessional teams for hereditary breast cancer treat-
ment, breast cancer genetic testing could be 
recommended as a standard diagnosis and treat-
ment procedure to meet the needs of the specific 
patient groups in China.

3.6  Disease Screening 
and Follow-Up of Patients 
with Hereditary Breast 
Cancer

BRCA gene mutation carriers should be regarded 
as high-risk groups for breast cancer, which 
necessitates early examination of breast cancer. 
Studies have recommended that female BRCA 
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mutation carriers should receive breast self-test 
training and take monthly breast self- 
examination from the age of 18. Clinical breast 
examination for every 6 months is also recom-
mended for those at the age of 25 or above [51]. 
However, a study enrolling 236 Caucasian 
women with BRCA mutations suggests that 
clinical examinations are not particularly sensi-
tive and can detect only 9.1% of breast cancer 
patients [52]. Examination with molybdenum 
target screening can significantly improve the 
detection rate of breast cancer, as the detection 
sensitivity is increased by 45% and the specific-
ity can reach 99.8%.

Over the past few years, there has been much 
debate about the radioactive hazards of molybde-
num target screening and its decrease of sensitiv-
ity caused by dense mammary glands in young 
women. Therefore, the combined application of 
ultrasound and magnetic resonance imaging 
(MRI) is promoted as an alternative screening 
tool. MRI can diagnose breast cancer that has 
been missed by ultrasonography and mammogra-
phy. Warner et al. reported that in 236 female 
Caucasian BRCA mutation carriers, the combina-
tion of MRI, ultrasound, and molybdenum target 
screening could improve the detection sensitivity 
from 65% to 95%. A recent study of large-scale 
screening with a longer duration enrolled a total 
of 496 women. The subjects received 12 years of 
continuous screening, and 57 cases of breast can-
cer were identified, 97% of which were early 
cases at stage 0 or 1. This study and other evi-
dence have promoted updates of the National 
Comprehensive Cancer Network (NCCN) guide-
lines, which suggest that female BRCA mutation 
carriers should start to receive molybdenum tar-
get and MRI screening starting from the age of 
25 [53]. There are also controversies regarding 
the recommendations of the NCCN guidelines, 
such as whether exposure to radiation is inher-
ently risky. In the general population, premature 
exposure to radiation is a recognized risk factor 
for breast cancer. As the BRCA gene itself is a 
key member of the DNA double-strand break 
repair pathway [54–56], BRCA mutation carriers 
lack the capacity to repair DNA damage caused 

by radiation, which subsequently results in sus-
ceptibility to breast cancer [57, 58].

Other studies have suggested that the radiation 
dose of the molybdenum target screening is 
approximately 0.004 Gy per examination.
Therefore, the application of diagnostic molyb-
denum target screening in people younger than 
30 years may increase the risk of radiation- 
induced breast cancer. Overall, these findings 
caution about the use of molybdenum target 
screening in young populations.

The disease characteristics and occurrence 
peaks of breast cancer in China are not exactly 
the same as those in Europe and America. 
Considering the factors of earlier breast cancer 
occurrence peak, larger premenopausal propor-
tion, and denser breast tissues among Chinese 
patients, molybdenum target-based screening 
methods are not fully applicable in China. On 
the other hand, ultrasound examination is nonra-
dioactive and noninvasive. Its cost is lower than 
the molybdenum target examination, and its 
image of the dense mammary gland is clearer. It 
could find lesions ≥2 mm and easily identify 
cysts. Therefore, ultrasound can be used as an 
auxiliary means of breast screening. The 
Guidelines and Norms on the Management of 
Breast Cancer Diagnosis (2013 version) from 
the Chinese Anti- Cancer Association clearly 
states that ultrasound can be used as a combined 
examination method for mammography screen-
ing or a supplementary examination method for 
BI-RADS 0 level patients as revealed by mam-
mography screening.

3.7  Prevention of Hereditary 
Breast Cancer

3.7.1  Chemoprevention

Sporn and Newton [59] first proposed the con-
cept of tumor chemoprevention in 1979, that is, 
the use of drugs to prevent or reverse the process 
of cancer, thus preventing the occurrence of can-
cer and reversing precancerous lesions. In the 
evolution of cancer, tissues and cells first differ-
entiate, i.e., the development of precancerous 
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lesions, which then develop into invasive tumors 
after a long period of time. This process provides 
a temporal possibility for chemical interventions 
and allows drugs to have sufficient time to reverse 
the abnormal differentiation of the cells.

Familial or hereditary breast cancer family 
members are high-risk groups, and their risks of 
breast cancer can be reduced by chemopreven-
tion, including dietary composition adjustment 
and application of endocrine drugs. In recent 
years, large-scale clinical trials have shown the 
important role of chemoprevention in reducing 
the occurrence of hereditary breast cancer.

Selective Estrogenic Receptor Modulators 
(SERMs) SERMs are a class of drugs acting on 
ERs, which are tissue-specific, and can be divided 
into estrogen-like drugs and estrogen antago-
nists, represented by tamoxifen and raloxifene. 
There are three representative large-scale clinical 
trials demonstrating the preventive effects of 
these two drugs on breast cancer in high-risk 
groups: the National Surgical Adjuvant Breast 
and Bowel Project (NSABP-P1) trial, the 
International Breast Cancer Intervention Study 
(IBIS)-1 trial, and the NSABP Study of 
Tamoxifen and Raloxifene (STAR) trial. The 
results of the NSABP-P1 trial showed that 
tamoxifen reduced the risk of invasive breast can-
cer by 49%, lowered the risk of noninvasive 
breast cancer by 50%, and decreased the recur-
rence rate of ER-positive breast cancer by 69%, 
whereas it had no effect on ER-negative breast 
cancer [60]. The IBIS-1 study began in 1992 and 
continued into mid-2001, which identified 7154 
women as having increased risk of breast cancer. 
Patients were randomized to the tamoxifen and 
placebo treatment groups, and the treatment 
lasted for 5 years, with an average follow-up of 
16 years. It is worth mentioning that nearly half 
of the enrolled individual subjects were simulta-
neously using hormone replacement therapy dur-
ing this study. The results showed that the use of 
tamoxifen for 5 years reduced the incidence of 
breast cancer by 29%. In addition, subgroup 
analysis of this study showed that the prevention 
effect provided by tamoxifen was reduced by the 
use of hormone replacement therapy [61]. The 

STAR was designed to study the chemopreven-
tion effects of raloxifene on breast cancer in post-
menopausal women with high risk factors. The 
results showed that the incidence rates of invasive 
breast cancer in both groups were similar, while 
the incidence of noninvasive breast cancer in the 
tamoxifen group was slightly lower than that in 
the raloxifene group (RR = 1.40), which was not 
statistically significant. However, in the case of 
drug safety, the risks of endometrial cancer and 
thromboembolism in the raloxifene group were 
significantly lower than those in the tamoxifen 
group (RR = 0.62 and 0.70, respectively). The 
results of the STAR study suggested that raloxi-
fene and tamoxifen were similar in their efficacy 
of breast cancer prevention, but raloxifene was 
superior in terms of having fewer side effects [62, 
63].

Jordan reported the effect of raloxifene on the 
incidence of breast cancer in 10,553 osteoporotic 
women. The results showed that the new inci-
dence rate of breast cancer was 1.7‰ and that of 
the placebo group was 3.7‰. The relative risk 
ratio was 0.46, and the incidence rate of breast 
cancer was reduced by 54%. Raloxifene had a 
significant effect on ER-positive breast cancer, 
with a 70% reduction in the incidence rate, and 
had no effect on ER-negative tumors [64].

SERMs mainly reduce the incidence of 
ER-positive breast cancer. Among BRCA- 
associated breast cancer patients, BRCA-2 muta-
tion carriers predominantly have ER-positive 
breast cancer (75%), whereas BRCA-1 mutation 
carriers tend to develop ER-negative breast can-
cer (80%). Therefore, prevention of breast cancer 
by blocking estrogen should be more effective in 
BRCA-2 mutation carriers than in BRCA-1 muta-
tion carriers. Several clinical studies support this 
hypothesis. In the NSABP-P1 study, among 19 
mutation carriers, tamoxifen-mediated chemo-
prevention could reduce the risk of breast cancer 
by 50% in the BRCA-2 mutation carriers but was 
ineffective in BRCA-1 mutation carriers 
(RR = 1.67) [60]. However, due to the low num-
ber of mutation cases, there is not sufficient evi-
dence. Thus far, the efficacy of applying 
tamoxifen and other similar drugs to prevent 
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BRCA-related breast cancer has not been fully 
confirmed.

In addition, other studies have suggested that 
tamoxifen can significantly reduce the incidence 
of contralateral breast cancer in BRCA-1 and 
BRCA-2-associated breast cancers after surgery 
and lower the postsurgical occurrence of ipsilat-
eral breast cancer after breast-conserving  therapy. 
A study explored the synergistic effect of prophy-
lactic oophorectomy and tamoxifen on BRCA 
mutation-associated breast cancer patients and 
suggested that combination therapy had a greater 
effect on reducing the incidence of contralateral 
breast cancer than any single approach.

Aromatase Inhibitors Aromatase inhibitors 
can prevent the conversion of androgen to estro-
gen. They act as standard endocrine therapy med-
ication for postmenopausal early-stage breast 
cancer patients with positive ER scores and can 
significantly improve the comprehensive treat-
ment effect of breast cancer. As a new drug for 
breast cancer prevention, aromatase inhibitors 
can reduce the incidence of invasive breast can-
cer in postmenopausal women and prevent con-
tralateral breast cancer in the early stage [65].

The IBIS-II prevention test evaluated the pre-
ventive efficacy of anastrozole, in comparison 
with placebo, in postmenopausal women who did 
not have breast cancer but had a high risk of 
developing it. A total of 1920 high-risk women 
were treated with anastrozole for 5 years, and 
1944 cases in the control group were treated with 
placebo. The results showed that anastrozole 
could reduce the incidence rate of breast cancer 
by 53% for postmenopausal subjects. The 7-year 
cumulative incidence rate of breast cancer was 
2.8% in the anastrozole treatment group and 
5.6% in the placebo group. Meanwhile, the side 
effects caused by the treatment did not increase 
significantly [66].

MAP.3 is a randomized, double-blind, 
placebo- controlled, multicenter, international 
phase III clinical trial, which evaluates the effect 
of exemestane on postmenopausal women for 
breast cancer prevention. The participating coun-
tries included the United States, Canada, France, 
and Spain. From 2004 to 2010, 4560 postmeno-

pausal women with high risk of breast cancer 
were enrolled in the group. The enrolled subjects 
had at least one of the following high-risk fac-
tors: age greater than or equal to 60 years; Gail
risk score greater than 1.66%; ductal atypical 
hyperplasia, lobular atypical hyperplasia, or in 
situ lobular carcinoma indicated by previous 
breast biopsy; or previous incidence of in situ 
ductal carcinoma followed by total mastectomy. 
The MAP.3 test results showed that exemestane 
not only reduced the incidence rate of invasive 
breast cancer by 65% but also reduced the inci-
dence rate of DCIS, ADH, ALH, and 
LCIS. Reduction of these precancerous lesions is 
likely to be transformed into a more pronounced 
decrease in invasive breast cancer during longer- 
term follow-up. It suggests that exemestane has 
an effect on the prevention of breast cancer. In 
addition, this study did not find serious safety 
problems (including increased risk of osteoporo-
sis, cardiovascular events, or occurrence of other 
tumors) during the 3-year follow-up [67].

However, current clinical studies on aroma-
tase inhibitor-mediated breast cancer prevention 
do not specifically limit the subject population to 
the BRCA mutation carriers. Whether anastrozole 
or exemestane can prevent the occurrence of 
BRCA-related breast cancer is unclear.

Other Nonselective ER Regulators Other 
drugs, such as N-(4-hydroxyphenyl) retinamide 
(4-HPR; fenretinide) and soy products, can play a 
preventive role in an ER-independent manner. 
Long-term use of 4-HPR can reduce the inci-
dence rate of contralateral breast cancer and the 
recurrence rate of ipsilateral breast cancer in pre-
menopausal early-stage breast cancer patients 
[68]. However, rigorous designs of large prospec-
tive clinical trials to support the long-term use of 
these drugs are still lacking.

In summary, in recent years, the field of chem-
ical prevention of breast cancer has become very 
active. New drugs continue to emerge, mechanis-
tic investigations have been increased, and com-
bined chemoprevention has been reported, which 
all provide a good prospect for breast cancer pre-
vention in high-risk groups. However, many 
problems still need to be further resolved. We 
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should perform a more comprehensive and in- 
depth mechanistic investigation on chemopre-
vention for breast cancer, further investigate the 
selection of drug dose for breast cancer preven-
tion, explore how to reduce its toxic side effects 
in long-term use, and develop gene-specific drugs 
with precise targeting and fewer toxic side 
effects. Based on current understanding of tumor 
pathogenesis, the combined approaches of pre-
vention therapies acting on multiple targets, 
orderly replacement of different drugs, and pro-
cedures designed to prevent individual tumor will 
further improve the chemoprevention of breast 
cancer and ultimately achieve the goal of breast 
cancer prevention and treatment.

3.7.2  Prophylactic Mastectomy

Prophylactic mastectomy is suitable for healthy 
women with high breast cancer risk factors. It 
can reduce the incidence rate of breast cancer in 
high- risk women by 90% and decrease the 
breast cancer mortality rate in medium-risk and 
high-risk women by 100% and 81%, respec-
tively. Therefore, prophylactic mastectomy can 
significantly reduce the risk of familial breast 
cancer. However, subcutaneous mastectomy 
may have poor treatment efficacy due to resid-
ual breast tissues under the nipple and areola 
[69]. The 2010 PROSE study was a large, pro-
spective, multicenter study that enrolled 2484 
female cases with BRCA-1/2 mutations. The 
cases came from 22 research centers in Europe 
and North America from 1974 to 2008. In the 
study, 247 women underwent prophylactic 
bilateral mastectomy, and no breast cancer 
occurred later. Meanwhile, 7% of women in the 
control group who did not receive prophylactic 
surgery had breast cancer [70].

3.7.3  Prophylactic Oophorectomy

In addition to breast cancer, BRCA mutation car-
riers also have increased risks of developing 
ovarian cancer. Prophylactic oophorectomy can 

reduce the risk of both ovarian cancer and breast 
cancer [71].

In one study, compared with women who did 
not receive risk-reducing salpingo-oophorectomy 
(RRSO), women who received RRSO showed 
significant reductions in mortality risk due to 
various factors, breast cancer-specific mortality, 
and ovarian cancer-specific mortality [70]. 
Rebbeck et al. performed a meta-analysis of ten 
studies and found that RRSO significantly 
reduced the risk of breast cancer in female carri-
ers of various mutation subtypes. In BRCA-1/2 
mutation carriers, the HR value was 0.49, while 
similar efficacy was observed in BRCA-1 and 
BRCA-2 mutation carriers [72]. Similarly, RRSO 
can significantly reduce the risk of ovarian cancer 
in BRCA-1/2 mutation carriers. However, there is 
no sufficient evidence to confirm whether there is 
a consistent outcome among different popula-
tions carrying BRCA-1 and BRCA-2 mutations.

Breast cancer in BRCA-2 mutation carriers is 
predominantly ER-positive (75%), whereas 
BRCA-1 mutation carriers tend to develop 
ER-negative breast cancer (80%). Thus, pre-
vention of breast cancer by blocking estrogen 
should be more effective in BRCA-2 mutation 
carriers than in BRCA-1 mutation carriers. 
Several clinical studies support this hypothesis. 
In the NSABP-P1 study, the risk of breast can-
cer was reduced by 50% in the 19 BRCA-2 
mutation carriers by tamoxifen-mediated che-
moprevention, but this type of prevention was 
ineffective for BRCA-1 mutation carriers. 
However, due to the limited number of muta-
tion carriers, the evidence was not sufficient. In 
a collaborative study between the PROSE study 
group and Memorial Sloan Kettering Cancer 
Center (MSKCC), RRSO reduced the incidence 
rate of breast cancer by 72% in BRCA-2 muta-
tion carriers, whereas that for BRCA-1 mutation 
carriers was only reduced by 49% [73]. 
Therefore, it can be inferred that RRSO can 
reduce the risk of ER-positive cancer rather 
than ER-negative breast cancer. The results 
published by the PROSE team also suggest that 
RRSO reduces the risk of breast cancer by 64% 
and 37%, respectively, in BRCA-2 and BRCA-1 
mutation carriers [70]. Therefore, the role of 
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RRSO in reducing the incidence of breast can-
cer should be mainly reflected in the BRCA-2 
mutation carriers. Of the 120 BRCA-2 mutation 
carriers who received RRSO, no breast cancer-
related mortality occurred, and 6 of the BRCA-2 
mutation carriers without oophorectomy died. 
In the BRCA-1 mutation carriers, the specific 
mortality rate of breast cancer did not decrease 
significantly.

NCCN guidelines recommend that RRSO be 
performed in BRCA mutation carriers between 
the ages of 35 and 40 years [74]. In most women, 
this early arrival of menopause can be tolerated, 
although the decline in quality of life requires the 
application of exogenous hormone replacement 
therapy. This has led some clinicians to advocate 
the simultaneous removal of the uterus at the time 
of RRSO to facilitate the implementation of a 
single estrogen treatment [75]. However, a report 
by the PROSE study showed that any type of 
estrogen replacement therapy used after imple-
menting RRSO could reduce the risk of breast 
cancer [76].

3.8  Existing Issues and Future 
Research Directions 
and Prospects

At present, genetic counseling, screening, and 
early intervention for hereditary breast cancer 
and its high-risk population have received 
increasing attention from oncologists. However, 
we need to maintain an objective and calm mind, 
as most clinical practices are carried out in devel-
oped countries. A large number of problems are 
yet to be solved, such as the high cost of genetic 
testing, the identification of large quantities of 
variants with “uncertain significance” in the test 
results, the psychological burden on patients, as 
well as the unnecessary prophylactic surgery, 
chemical prevention, or intensive screening. In 
addition, prophylactic mastectomy may lead to 
more physical damage, loss of breast function, 
and impaired sexual life. Therefore, a careful 
evaluation of intervention therapies and their 
short- and long-term impacts on the quality of 

life is essential to treatment implementation for 
BRCA mutation carriers.
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Predicting and Overcoming 
Chemotherapeutic Resistance 
in Breast Cancer

Kyung-Hee Chun, Jong Hoon Park, and Siting Fan

Abstract

Our understanding of breast cancer and its therapeutic approach has 
improved greatly due to the advancement of molecular biology in recent 
years. Clinically, breast cancers are characterized into three basic types 
based on their immunohistochemical properties. They are triple-negative 
breast cancer, estrogen receptor (ER) and progesterone receptor (PR)-
positive-HR positive breast cancer, and human epidermal growth factor 
receptor 2 (HER2)-positive breast cancer. Even though these subtypes 
have been characterized, assessment of a breast cancer’s receptor status is 
still widely used to determine whether or not a targeted therapy could be 
applied. Moreover, drug resistance is common in all breast cancer types 
despite the different treatment modalities applied. The development of 
resistance to different therapeutics is not mutually exclusive. It seems that 
tumor could be resistant to multiple treatment strategies, such as being 
both chemoresistant and monoclonal antibody resistant. However, the 
underlying mechanisms are complicated and need further investigation. In 
this chapter, we aim to provide a brief review of the different types of 
breast cancer and their respective treatment strategies. We also review the 
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possible mechanisms of potential drug resistance associated with each 
treatment type. We believe that a better understanding of the drug resis-
tance mechanisms can lead to a more effective and efficient therapeutic 
success.

Keywords

Chemotherapeutic resistance • Breast cancer subtype • Molecular 
mechanism

4.1  Introduction

Prognosis and classification of breast cancer not 
only depend on the elucidation of tumor mor-
phology but also on the expression levels of three 
protein biomarkers. These proteins include pro-
gesterone receptor (PR), estrogen receptor (ER), 
and human epidermal growth factor (EGF) recep-
tor 2 (HER2, also known as EGFR2), which are 
particular therapeutic targets for cancer treat-
ment. Tumors that do not express any of these 
three markers are generally known as triple- 
negative breast cancers (TNBCs, ER-/PR-/
HER2-). Treatment strategies for this type of can-
cer are usually conventional, which include radi-
ation therapy and chemotherapy [1].

In the early 2000s, studies on expression pro-
filing indicated that breast cancer was more het-
erogeneous than originally assumed, with 
classification of its subtypes reaching beyond the 
ER/PR/HER2 area [2]. Five breast cancer sub-
types with significant transcriptional importance 
have been investigated, including basal-like 
breast cancer, HER2-positive (HER2+, also 
known as Erb-B2 receptor tyrosine kinase 2 posi-
tive, ERBB2+) breast cancer, luminal A breast 
cancer, luminal B breast cancer, and normal-like 
breast cancer (although the normal-like subtype 
is currently not considered as originating from 
breast cancer cells). These subtypes not only cor-
relate with significantly different histological 
features and disease progression but also affect 
responses to therapeutic treatments and clinical 
results. Mapped to ER+/PR+ tumors, luminal A 
tumors are generally low grade and thus can be 
treated by hormonal therapies, such as aromatase 
inhibitors (AIs) and the ER modulator, tamoxi-

fen. Their therapeutic outcomes are usually the 
best among those of all subtypes. Being more 
aggressive, luminal B tumors are usually ER+ 
and possibly involve in either HER2 overexpres-
sion or high levels of marker of proliferation 
Ki-67 (MKi67) [3]. This type of tumors can be 
treated by hormonal therapy but frequently 
relapses and shows poor clinical outcomes. 
Driven by amplification of ERBB2/HER2, 
HER2+ tumors are intrinsically aggressive but 
treatable with trastuzumab and pertuzumab, 
which are monoclonal antibodies, or lapatinib, 
which is small-molecule kinase inhibitor. 
Molecularly different from ER+ tumors, basal- 
like tumors are ER-, which do not often respond 
to hormonal and/or AI therapies. Therefore, they 
are mainly treated by chemotherapy and radio-
therapy. Even though TNBCs overlap with basal- 
like cancers with up to 70%, they are 
histopathologically and clinically different and 
could not be regarded as synonymous terms. 
Most patients suffering from triple-negative 
breast cancer (TNBC) have poor therapeutic out-
comes. Compared to patients with other breast 
cancer subtypes, only 30–45% of TNBC patients 
achieve a pathological complete response (pCR) 
and realize similar survival rates. Thus, TNBCs 
are still a big obstacle for development of aggres-
sive breast cancer treatment [4, 5].

Adjuvant treatments, such as hormonal agents, 
trastuzumab, and cytotoxic chemotherapy, in 
sequence and/or in combination, are usually used 
to avoid disease recurrence from micrometasta-
ses for patients with stage I, II, or IIIA or opera-
ble stage IIIC breast cancers, who have undergone 
radical surgery and are currently receiving radio-
therapy. Systemic therapies are administered 
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based on the assessment of clinicopathologic fea-
tures, such as nodal involvement, tumor size, 
HER2 gene amplification, and hormone receptor 
status [6, 7]. Systemic chemotherapy or neoadju-
vant hormone therapy is applied for treating stage 
IIIB and inoperable stage IIIC breast cancer, 
which is often followed by surgery and radiother-
apy to downstage locally advanced tumors. 
Meanwhile, for treatment of stage IV and meta-
static breast cancer, hormonal agents, trastu-
zumab or lapatinib, are usually employed with 
palliative intent. They are conventional cytotoxic 
drugs which could be used in sequence as a sin-
gle agent most of the time or in two-drug combi-
nations sometimes [8].

In this chapter, we will briefly summarize the 
molecular mechanisms involved in chemothera-
peutic resistance in breast cancer (Fig. 4.1) and 
then focus on novel biomarkers that are currently 
under investigation for predicting chemoresis-
tance, as well as therapeutic targets to overcome 
chemoresistance, and the refinement of therapeu-
tic strategies for treating patients with breast 
cancer.

4.2  Mechanisms 
of Chemotherapeutic 
Resistance in Breast Cancer

4.2.1  Estrogen Receptor-Positive 
Breast Cancer

4.2.1.1  Estrogen Receptor and Its 
Signaling

Estrogen functions through ERs, a type of DNA- 
binding protein that stimulates a number of 
downstream genes related to reproductive and 
sexual health, metabolism, and bone resorption 
[9]. ER is a very strong mitogenic receptor that 
can enhance breast cancer cell proliferation and 
survival. Specifically, its expression has been 
observed in about 70% of breast cancers. 
Increased ER expression in human breast tissue 
enhances the risk of breast cancer development 
[10]. Estrogen binding to ER could cause recep-
tor dimerization and translocation to the nucleus 
in the ER, which promote coregulator binding 
and modulate ER transcription at particular con-
sensus DNA factors, such as estrogen response 

Fig. 4.1 Scheme of 
molecular mechanisms 
of chemotherapy for 
breast cancer
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elements (EREs), in the target genes’ enhancer/
promoter region [11]. The recruited types of 
coregulatory proteins are based on the specificity 
of ligand, which either ameliorates or suppresses 
ER transcription by recruiting coactivators or 
corepressors. ER encoded by distinct genes dis-
plays different functions. For example, ERα 
facilitates breast cancer initiation and progres-
sion, while the function of ERβ in breast cancer is 
under discussion. Studies have recently found 
that ERβ acts like an antagonist of ERα and 
impairs the ability of estrogen to promote prolif-
eration. Interestingly, decreased levels of ERβ 
protein predict resistance to tamoxifen treatment. 
If not otherwise specified, we will use “ER” to 
indicate “ERα” in this chapter [12].

4.2.1.2  Chemotherapeutic Agents 
for Estrogen Receptor-Positive 
Breast Cancer

The developmental strategies for treating ER+ 
breast cancer have introduced three therapeutic 
agents, which are selective estrogen receptor 
modulators, such as tamoxifen; selective estro-
gen receptor downregulators, such as fulvestrant; 
and estrogen synthesis inhibitors, such as AIs 
like anastrozole, letrozole, and exemestane [13].

For more than three decades, tamoxifen has 
been used to successfully treat patients with ER+ 
breast cancer. It hinders the binding of estrogen 
to ER and activates a distinct receptor conforma-
tion, which allows ER to selectively correlate 
with corepressor complexes instead of coactiva-
tors, and leads to the termination of estrogen- 
activated gene transcription. Based on the specific 
cell or tissue type, this agent activates different 
genes and promotes or inhibits ER function 
accordingly. Furthermore, tamoxifen is capable 
to induce ER non-genomic, extranuclear path-
ways. Nevertheless, about half of the patients 
with metastatic disease have no response to first- 
line treatment with tamoxifen, which is known as 
de novo resistance. Further study reveals that a 
lot of first-time responders eventually stop 
responding to treatment, which is known as 
acquired resistance [14, 15].

Selective estrogen receptor downregulators, 
like fulvestrant, fight against estrogen to bind to 

ER. Moreover, this class of drugs blocks receptor 
dimerization and causes degradation of receptor 
protein, leading to a more complete antiestrogen 
impact on both genomic and non-genomic ER 
signaling. Approved by FDA, fulvestrant is used 
to treat ER+ metastatic breast cancer patients 
who have endured antiestrogen therapies but still 
suffer from disease progression [16].

AI suppresses the levels of plasma estrogen in 
women either by inhibiting or inactivating aro-
matase. Officially called cytochrome P450 fam-
ily 19 subfamily A member 1 (CYP19A1), the 
enzyme aromatase takes main responsibility for 
the synthesis of estrogens from androgenic sub-
strates. Inactivation of aromatase by AIs results 
in the inhibition of estrogen synthesis, presenting 
another therapeutic strategy of ER antagonism. 
AI decreases circulating estrogen to 1–10% of 
pretreatment levels in postmenopausal women 
and would not be efficacious in premenopausal 
patients without simultaneous ovarian suppres-
sion. Currently, the AIs for clinical use are 
divided into two types: irreversible steroidal 
inactivators (e.g., exemestane) and reversible 
nonsteroidal inhibitors (e.g., anastrozole and 
letrozole) [17].

4.2.1.3  Chemotherapy Resistance 
Mechanisms in Estrogen 
Receptor-Positive Breast Cancer

In recent years, several mechanisms describing 
ER+ breast cancer’s resistance to endocrine ther-
apy have been identified.

4.2.1.3.1  Loss of Estrogen Receptor 
and Transcriptional Machinery 
Expression and Activity

ER expression, which is considered to be mainly 
regulated by epigenetic and posttranscriptional 
mechanisms at non-genomic level, has become 
the most important biomarker for prediction of 
endocrine treatment response. However, about 
20% of breast cancer patients undergoing endo-
crine therapy may suffer from ER loss, which 
could happen over time at multiple levels and by 
different mechanisms. The decrease of ER 
expression does not seem to be related to the loss 
of heterozygosity at the ER gene locus, as the lat-
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ter has little effect on the former. Furthermore, 
ER cooperates with regulatory proteins to form a 
transcription initiation complex, exerting its 
influence on gene expression. Any changes in the 
proteins could have great impact on the efficacy 
of endocrine therapy [18].

4.2.1.3.2  Cross Talk Between Receptor 
Tyrosine Kinases and Their 
Downstream Pathways

By either cooperating with ER signaling or 
bypassing it, receptor tyrosine kinases (RTKs), as 
well as their downstream signaling pathways, are 
capable of alternatively accelerating tumor 
growth. RTKs pathways modulate ER activity to 
directly negate or repress the inhibitory effects of 
endocrine therapy. Accumulating evidence indi-
cates that tamoxifen resistance in breast cancer 
cell lines is caused by augmented expression of 
epidermal growth factor receptor (EGFR), HER2, 
and insulin-like growth factor 1 receptor (IGF1R). 
Moreover, HER2 and/or EGFR overexpression is 
related to poorer treatment results for patients 
taking tamoxifen [19]. Meanwhile, the genetic or 
epigenetic modifications of signal transduction 
intermediates, such as activating mutations in 
phosphatidylinositol 3-kinases (PI3Ks), the loss 
of heterozygosity or methylation of the tumor- 
suppressor PTEN, and the following activation of 
AKT serine/threonine kinase 1 (AKT1) usually 
cause overexpression of RTK signaling. To be 
specific, ER and its coregulator proteins are 
phosphorylated by multiple growth factor- 
dependent and stress-related intracellular kinases, 
such as p38, p42, and p44 mitogen-activated pro-
tein kinases (MAPKs), phosphoinositide 
3-kinases (PI3Ks), AKT1, and ribosomal protein 
S6 kinase A1 (RPS6KA1). The phosphorylation 
induces stimulation of ER, independent of ligand 
or in combination with antiestrogens, transform-
ing the classical ER transcriptional pathway to 
nonclassical nuclear genomic pathway [20].

4.2.1.3.3  Deregulation of Cell Cycle 
and Apoptosis Regulators

Tumor sensitivity to endocrine treatment can be 
affected by both positive and negative regulations 
of cell cycle. For instance, overexpression of the 

positive regulators, such as MYC proto-oncogene 
(MYC), cyclin E1 (CCNE1), and cyclin D1 
(CCND1), enhances resistance to endocrine ther-
apy either through activation of the cyclin- 
dependent kinases essential for G1 phase or 
through the relief of inhibitory effects by the 
negative cell cycle regulators, cyclin-dependent 
kinase inhibitor 1A (CDKN1A), and cyclin- 
dependent kinase inhibitor 1B (CDKN1B, also 
known as p27kip1). Both the decreased expression, 
stability, or activity of CDKN1A and CDKN1B 
and the inactivation of tumor suppressor, retino-
blastoma transcriptional corepressor 1 (RB1), are 
involved in resistance to tamoxifen [21, 22], 
which can be initiated by activation of RTKs and 
their downstream signaling pathways through 
modulation of transcription factors, microRNAs 
(miRNAs), or protein phosphorylation. Plus, 
overexpression of antiapoptotic molecules (e.g., 
B-cell lymphoma-extra-large protein) and 
decreased expression of proapoptotic molecules 
(e.g., BCL2-interacting killer and caspase-9) can 
modulate apoptosis mediated by antiestrogen. 
With cell cycle regulators, RTK and transcription 
factor signaling directly regulate the activity of 
the apoptotic/survival molecules through stimu-
lation of the protein complex, nuclear factor 
kappa-light-chain-enhancer of activated B cells 
(NF-κB) [23].

4.2.2  HER2-Positive Breast Cancer

4.2.2.1  Epidermal Growth Factor 
Receptor and Its Signaling

The HER (human epidermal growth factor recep-
tor) family is a group of structurally related 
receptor tyrosine kinases contributing to the 
growth, development, and differentiation of a 
number of organs, such as the breast. The HER 
family consists of HER1 (more commonly known 
as epidermal growth factor receptor (EGFR)), 
HER2, HER3, and HER4 [24]. HER signaling 
activity is tightly mediated in a ligand-dependent 
manner, with the binding of the ligand to its cor-
responding HER causing receptor homo- or het-
erodimerization, followed by the subsequent 
activation of the intracellular kinase domain and 
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transphosphorylation of tyrosine residues [25]. 
No ligand has yet been found in HER2, and thus 
the latter relies on a ligand-activated partner 
receptor for cross activation. Nevertheless, 
among all HERs, HER2 is a better partner for 
heterodimerization, whereas the HER2-HER3 
complex has the greatest transforming ability, 
despite the kinase domain of HER3 being inac-
tive. When overexpressed, HER2 can form 
homo- and/or heterodimers capable of initiating 
downstream signaling in a ligand-independent 
manner. Thus, the amplification of HER2 and/or 
overexpression of the HER2 protein in breast 
cancer is sufficient to induce ligand-independent 
signaling. The major biological readouts of both 
ligand-dependent and ligand-independent HER 
activation are PI3K/AKT1 and MAPK signaling 
resulting in cell cycle progression, proliferation, 
and survival [26].

4.2.2.2  Chemotherapeutic Agents 
for HER2-Positive Breast Cancer

Amplifıcation or overexpression of HER2, which 
can induce aggressive tumor behavior such as 
rapid growth and frequent metastasis, has been 
found in 20% to 25% of breast cancers. Targeting 
HER2 has been successful in clinical trial, which 
presents an attractive treatment option for breast 
cancer [27].

HER2 status can be determined by measuring 
receptor protein expression at the cell membrane 
using immunohistochemistry (IHC) or gene 
amplification by fluorescent in situ hybridization 
(FISH). All patients with strong HER2 IHC scor-
ing (IHC3+), or with more than six HER2 or 
HER2/CEP17 gene copy numbers in the nucleus 
(FISH ratio >2.2), are considered to be HER2+ 
[28].

Trastuzumab, the humanized monoclonal 
antibody, is the first therapeutic agent invented 
for targeting HER2. Although trastuzumab has 
been shown to interact with the extracellular 
domain of HER2 to suppress the latter’s function, 
its action mechanism is not completely under-
stood. Trastuzumab may have a stronger inhibi-
tion effect on signaling from HER2 homodimers 
than from HER1-HER2 heterodimers, or HER3. 
It also downregulates the PI3K/AKT1 signaling 

pathway, which activates apoptosis in human 
tumors, and induces antibody-dependent cell- 
mediated cytotoxicity [29].

Several other drugs that inhibit multiple 
ERBB receptors are available and show more 
promise than solitary HER1 inhibitors for disease 
treatment. Pertuzumab binds to the heterodimer-
ization domain of HER2 and blocks its interac-
tion with HER1 and HER3 [30]. Lapatinib, 
afatinib, and neratinib are dual kinase inhibitors 
(HER1/HER2). Lapatinib, an FDA-approved 
anti-HER2 agent, is a small dual HER1 and 
HER2 TKI molecule. Lapatinib is used in combi-
nation therapy with DNA-damaging substances 
[31].

As an antibody-drug conjugate, T-DM1 (ado- 
trastuzumab emtansine) is a fırst-class therapeu-
tic agent linking its molecules to the antibody 
trastuzumab and internalizing the compound 
upon binding. Approved by FDA for its good 
clinical trial performance in the second- and 
third-line treatment of HER2+ metastatic breast 
cancer, T-DM1 is now being studied in fırst-line 
settings to treat patients with metastatic or early- 
stage HER2+ breast cancer [32]. Additionally, 
potent kinase inhibitors of HER1 include gefıtinib 
and erlotinib [33].

4.2.2.2.1  HER2 Expression and Breast 
Cancer Subtype

Recent classifications of breast cancer have 
established five subtypes: luminal A, luminal B, 
HER2+, basal-like, and claudin-low. Gene 
expression signatures also confirm the presence 
of subtypes within HER2+ breast cancer [34]. 
These subtypes require different management, 
and virtually every HER2+ breast cancer patient 
receives chemotherapy alongside anti-HER2 
treatment. About twice as many patients gain 
advantages from trastuzumab when combined 
with chemotherapy, including higher objective 
response rates, a longer duration of response, and 
extended survival.

In the case of ER+/HER2+ disease, there is 
cross talk between the estrogen and HER signal-
ing pathways, and simultaneous targeting of both 
pathways could be successful in some patients to 
prevent resistance to ER and HER2 treatments, 
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even possibly eradicating the need for systemic 
cytotoxic treatment [27].

4.2.2.2.2  Combination Strategies 
for HER2-Positive Breast Cancer

The efficacy of different doublet and triplet com-
binations for HER2+ tumor xenografts has been 
studied, where the three-drug combination of 
gefıtinib, pertuzumab, and trastuzumab is found 
to block signaling from all HER1, HER2, and 
HER3 receptor homo- and heterodimer pairs. It 
not only eradicates HER2-overexpressing xeno-
grafts in mice but also displays higher therapeutic 
efficiency than any single agent or two-drug regi-
men such as trastuzumab and pertuzumab. Other 
findings show that the lapatinib/trastuzumab 
combination efficiently eradicates HER2- 
overexpressing xenografts. Despite the low 
expression levels of HER1 (i.e., EGFR), inhibi-
tion of its activity enhances efficacy for treatment 
purpose. In ER+ tumors, endocrine therapy is 
also needed to achieve optimal antitumor effects. 
Even lower drug doses of the lapatinib/trastu-
zumab combination and intermittent administra-
tion of the regimen show effects on eradicating 
most tumors [35].

The above findings have laid a solid biological 
foundation for clinical trials combining two anti- 
HER2 agents (i.e., dual inhibition). Relevant 
researches have demonstrated enhanced treat-
ment effect and improved outcomes for patient 
with combined chemotherapy in the metastatic 
setting. Similar studies in neoadjuvant and adju-
vant settings have been carried out, and some of 
the trials are still ongoing [36].

To verify whether or not the increased inhibi-
tion of HER2 pathway would promote treatment 
efficiency, the combined anti-HER2 therapies 
were put forward in the neoadjuvant (or preoper-
ative) setting for clinical trials. The studies aimed 
to investigate the combined therapies’ effect after 
adding another anti-HER2 agent to trastuzumab, 
namely, lapatinib or pertuzumab, along with che-
motherapy. Approved by the US Food and Drug 
Administration (FDA), pCR was used in all of 
the trials despite that it was an endpoint with vari-
able definitions in the available literature and 
some limitations in correlation with outcomes. 

Similar results were presented in the neoadjuvant 
dual inhibition trials, indicating that the combi-
nation of dual HER2 inhibitors with chemother-
apy achieved higher efficacy than trastuzumab 
plus chemotherapy. The positive results from 
experiments utilizing pertuzumab/trastuzumab as 
anti-HER2 therapy allowed the FDA to approve 
the combination of pertuzumab with trastuzumab 
and chemotherapy for treatment purpose in the 
neoadjuvant setting [37].

4.2.2.3  Chemotherapy Resistance 
Mechanisms in HER2-Positive 
Breast Cancer

Three major categories have been suggested to 
include different types of resistance to anti-HER2 
therapy with trastuzumab. The fırst is redundancy 
within the HER receptor layer, indicating the 
capacity of signaling pathways to keep on func-
tioning even after partial inhibition by the redun-
dant ligands and receptors that activate alternative 
dimerization patterns. The second category is 
reactivation, which implies that pathway signal-
ing at/downstream of the receptor layer or after 
loss of downstream negative regulation mecha-
nisms is activated to stimulate HER or down-
stream mutations. The last category is escape by 
using pre-existing or acquired pathways during 
resistance, which do not usually drive cancer 
cells when HER2 is not inhibited [38].

4.2.2.3.1  Incomplete Blockade of HER 
Receptors

HER receptors will be incompletely blocked if 
the drug or drugs used for treatment fail to effi-
ciently inhibit signaling from all HER family 
dimer pairs and fully prevent downstream signal-
ing. By using combinations of targeted agents, 
clinical studies aim to investigate regimens with 
higher treatment efficacy which completely block 
HER2 as the major driver pathway [39].

4.2.2.3.2 Activation of the PI3K Pathway
As an influential downstream signaling pathway, 
the PI3K/AKT1 pathway is stimulated by HER2 
signaling. Preclinical finding shows that constitu-
tive activation of the PI3K/AKT1 pathway by 
reduced levels of its tumor-suppressor PTEN, or 
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by active mutations in the PI3K catalytic subunit 
alpha (PI3KCA) gene, may inhibit response to 
trastuzumab and other anti-HER2 drugs, which is 
also known as drug resistance. The enrichment or 
emergence of PI3KCA mutations activates PI3K 
signaling, which may also cause acquired resis-
tance to lapatinib in experimental models. Low 
levels but not necessarily complete loss of PTEN 
initiate the PI3K pathway and decrease treatment 
effıcacy. Preclinical results indicate that adding 
PI3K/mTOR/AKT1 pathway inhibitors to anti- 
HER2 treatment can suppress resistance in 
tumors with PI3KCA mutations. The detailed 
mechanisms are currently under investigation in 
clinical trials [40].

4.2.2.3.3  Overexpression of Estrogen 
Receptor

ER is expressed in about half of HER2+ breast 
cancer tumors. The ER and the HER pathways 
positively and negatively regulate each other via 
complex bidirectional cross talk, where one path-
way can become the escape route for the other in 
targeted therapy. Many preclinical experiments 
have used a variety of HER2+ breast cancer mod-
els to demonstrate the role of ER and ER signal-
ing in evading HER2 inhibition and enhancing 
drug resistance. Pre-existing or restored ER lev-
els and/or activity is shown to regulate de novo or 
acquired resistance to intensive anti-HER2 ther-
apy in ER+/HER2+ breast cancer cells. A study 
that uses samples from a neoadjuvant trial with 
lapatinib found that ER and B-cell lymphoma 2 
(BCL2) levels were increased in a parallel man-
ner after lapatinib treatment. Substantial clinical 
reports also indicate that the ER pathway pro-
vides an escape mechanism from HER2 
inhibition.

4.2.2.3.4 Fcγ Receptor Polymorphisms
One of the mechanisms by which trastuzumab is 
assumed to act on tumor cells is that its interac-
tions with Fcγ receptors (FcγR) on leukocytes 
induce antibody-dependent cell-mediated cyto-
toxicity (ADCC). There are indications that Fcγ 
receptor polymorphisms have an effect on 
ADCC. Amino acid substitutions in Fc fragment 
of IgG receptor IIIa (FCGR3A) and IIa 

(FCGR2A) genes at positions 158 (158 V/V) and 
131 (131H/H) mediate the strength of binding to 
the antibodies [41].

4.2.3  Triple-Negative Breast Cancer

TNBC is defined, immunohistochemically, by 
the lack of expression of ERs and PRs and lack of 
overexpression of HER2 [42]. According to 
recent guidelines, patients should be considered 
ER-/PR- when IHC shows <1% of cells are posi-
tive for hormonal receptors. About 15–20% of 
breast cancer cases at diagnosis are TNBCs, 
especially for young female patients (<40 years 
of age) [43]. TNBCs, generally regarded as inva-
sive ductal carcinomas, have the characteristics 
of high proliferative capacity, poor differentia-
tion, and a large overall tumor size. Instead of 
metastasizing to the bone and soft tissues, as 
most breast cancer subtypes do, TNBC tumors 
tend to disseminate to the brain and lungs. 
Furthermore, unlike other breast cancer subtypes, 
TNBCs establish no correlation between tumor 
size and positive lymph nodes. The survival rate 
of TNBC patients is expected to be 70% for the 
first 5 year, which is 10% lower than other sub-
types [44].

Development of identifying breast cancer het-
erogeneity [2, 3, 45] suggests an alternative 
method for subgrouping patients. Identifying tar-
getable vulnerabilities within these subgroups is 
essential to tailor therapeutic approach for 
improved treatment effects. Meanwhile, intra- 
and inter-tumor heterogeneity in TNBCs, along 
with inherent and acquired resistance to thera-
pies, has become a major challenge to develop 
feasible targeted strategy for TNBCs. To over-
come some of these challenges, researchers have 
started studies of TNBCs based on large-scale 
gene expression and genome [46–49]. Their stud-
ies indicate that TNBCs are heterogeneous and 
consisted of at least four to six definable molecu-
lar subtypes [46, 50]. These subtypes express ele-
ments of distinct oncogenic signaling pathways, 
which imply the existence of potential molecular 
targets. Based on previous and ongoing 
researches, single agents may not exert effects 
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against TNBC, while their combination with 
other therapies shows promise in preventing 
intrinsic or acquired drug resistance.

4.2.3.1  Treatment Strategies for Triple- 
Negative Breast Cancer

Due to the lack of high-frequency oncogenic 
drivers, which have been causally proven to tar-
get disease heterogeneity, treatment for TNBC 
faces a big challenge in clinical practice [46, 48]. 
As the core of treatment, chemotherapy usually 
participates in regulating taxanes, anthracyclines, 
and/or platinum compounds to disrupt the func-
tions of cancer cell. The nature of chemotherapy 
and whether chemotherapy choices should be 
distinct among TNBC subtypes are currently 
under discussion, as most TNBC patients who 
have received chemotherapy do not achieve a 
pCR. Studies showed that adding platinum com-
pounds to standard chemotherapy doubled the 
number of TNBC patients achieving a pCR [51]. 
Compared to patients with residual disease from 
other breast cancer subtypes, TNBC patients who 
do not achieve a PCR display worse results [52]. 
Therefore, more research is encouraged to inves-
tigate effective therapeutic strategies for TNBCs.

4.2.3.2  Classification of Triple-Negative 
Breast Cancer by Molecular 
Subtype

About 70% of TNBC tumors are shown to be 
basal-like by gene expression profiling [53]. 
Meanwhile, expression of ER/PR or HER2 and at 
least one other basal molecular marker, such as 
cytokeratins 5 and 6 (CK5/CK6), CK14, CK17, 
caveolin 1/2, and EGF receptor (EGFR), has 
been observed in a significant number of basal- 
like tumors, indicating that TNBCs distinguish 
themselves with histopathological features and 
are represented in various mRNA expression- 
based subtypes. Being clinically heterogeneous, 
TNBCs also have variations in morphology, 
mutational phenotype, as well as signaling pro-
files between tumors [46].

The meta-analysis of gene expression- 
profiling data from 21 breast cancer samples sug-
gests seven subclasses for TNBCs (six definable 
subclasses and an unstable one) [46], including 

basal-like (BL1 and BL2 of basal or myoepithe-
lial origin), immunomodulatory (IM), mesenchy-
mal stemlike (MSL), mesenchymal-like (M), and 
luminal androgen receptor expression (LAR). All 
of the subclasses react differently to neoadjuvant 
chemotherapy (NAC) and correspond well with 
pCR rates [54]. After NAC, BL1 tumors display 
the highest pCR rates (52%) among all of the 
subclasses. BL1 tumors, which are enriched for 
cell cycle and DNA damage response (DDR) 
genes, highly express MKi67 and respond well to 
antimitotic agents like docetaxel, taxanes like 
paclitaxel, and DNA-damaging agent cisplatin. 
Meanwhile, patients of BL2 tumors rarely 
achieve a pCR, even though the tumors are abun-
dant in metabolic signaling genes, survival- 
mediated receptor tyrosine kinases (RTKs), and 
proliferation genes. Epithelial-mesenchymal 
transition (EMT) markers and growth factor sig-
naling pathway elements are highly expressed in 
the M and MSL subclasses, the cell lines of 
which display sensitivity to sarcoma family 
kinase (SRC) and PI3K/mammalian target of 
rapamycin (mTOR) inhibitors [46]. pCR rates are 
moderate (23–31%) in MSL tumors, which 
express decreased levels of proliferation-related 
genes with a low mitotic index. Moreover, these 
tumor types and their cell lines are featured with 
consistent upregulation of transforming growth 
factor beta (TGFB) receptor type III (TGFBRIII), 
which promotes tumor growth in vivo and the 
migration and invasion of MSL cell lines in vitro 
[55]. In LAR tumors, an abundance of hormone- 
regulated signaling pathways has been observed. 
These pathways, such as steroid synthesis and 
androgen receptor (AR) signaling, generally 
induce PI3KCA activating mutations and demon-
strate low levels of responses to chemotherapy 
(10% pCR rates). In preclinical models, this 
tumor subtype could be treated with the com-
bined regimen of antiandrogen and bicalutamide 
targeting AR and PI3K [56]. The IM subclass 
shows moderate pCR rates like M tumors and is 
enriched for immune response-mediated cell sig-
naling with antigen presentation and T-cell 
functions.

The main characteristics of TNBCs involve 
mutations in or loss of tumor protein p53 (TP53) 
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(in ~85% of TNBCs), mutation or loss of RB1 
(20%), amplification of myeloid cell leukemia 1 
(MCL1) (54%), and amplification of v-MYC 
avian myelocytomatosis viral oncogene homolog 
(MYCLK1) (35%) [57]. Moreover, these tumor 
subtypes display mutation or loss of PTEN 
(35%), mutations in PI3KCA (7%), and loss of 
inositol polyphosphate-4-phosphatase type II B 
(INPP4B) (30%). Other features of TNBCs 
include widespread chromosomal instability with 
frequent gains on chromosomal arms 1q, 3q, 8q 
and 12q, as well as loss on 4q, 5q, and 8p. 
Regardless of familial history of breast cancer, 
TNBCs are also related to germline dysfunction 
involving breast cancer 1 and 2 and DNA repair- 
associated (BRCA1 and BRCA2) genes [58, 59]. 
Additionally, other breast cancer predisposition 
genes participating in homologous recombina-
tion (HR) have been found in a small number of 
TNBCs patients. Such genes are comprised of 
BRCA1-associated RING domain 1 (BARD1), 
partner and localizer of BRCA2 (PALB2), and 
BRCA1-interacting protein C-terminal helicase 1 
(BRIP1) [1].

4.2.3.3  Biomarkers for Triple-Negative 
Breast Cancer-Targeted 
Therapy

4.2.3.3.1  BRCA1 Status for Targeted 
Triple-Negative Breast Cancer 
Therapy

Mutation of BRCA1 is rare in sporadic 
TNBC. Nevertheless, some TNBC patients still 
show a BRCA1 mutation carrier-like phenotype 
[60, 61]. According to the seminal reports, both 
BRCA1- and BRCA2-deficient cell lines were 
highly sensitive to poly (ADP-ribose) polymerase 
1 (PARP1) inhibition, which triggered apoptosis 
and instability. Either tumors or cell lines with 
mutations in or inactivation of BRCA1 or BRCA2 
have impaired HR and thus rely on mechanisms 
involving PARP1 for DNA damage repair, such 
as the alternative nonhomologous end-joining 
(alt-NHEJ) and base excision repair (BER) path-
ways. As the cells are unable to repair their 
DNAs, they will be forced to undergo apoptosis if 
PARP1 is inhibited in BRCA defective tumors 

[62–64]. While the simultaneous loss of PARP1 
and BRCA1 genes results in cell death, deletion 
of either of the genes individually does not affect 
cell viability. Increasing attention has been drawn 
to PARP1 inhibition as a promising therapeutic 
strategy for treating cancers with BRCA1 muta-
tions via synthetic lethality.

Several early-phase clinical trials have investi-
gated the efficacy of PARP1 inhibitors in the 
treatment of TNBC patients. Initial results in 
metastatic TNBC patients compared chemother-
apy alone with the PARP1 inhibitor iniparib in 
combination with chemotherapy and displayed a 
significant improvement with the median overall 
survival (OS) being 7.7 vs 12.3 months and the 
progression-free survival (PFS) being 3.6 vs 
5.9 months. Meanwhile, in a recent phase III 
clinical trial, the results were more modest with a 
PFS of 4.6 vs 5.6 months [65, 66]. In a recent 
phase I multicenter trial, 37% of the patients with 
metastatic TNBCs partially responded to the 
combined regimen of olaparib and paclitaxel, 
which was administered either as first- or second- 
line treatment. The trial results confirmed a mod-
erate response in this cohort following PARP 
inhibition [67]. Meanwhile, olaparib treatment 
for patients with non-BRCA-associated TNBCs 
observed no objective responses [68] in phase II 
studies, perhaps due to the small sample size 
used in the study (26 breast cancer patients) or 
the selection of patients who have been inten-
sively treated with chemotherapy. Other ongoing 
projects include phase I and II clinical trials of 
PARP inhibitors, which stratify TNBC patients 
based on HR status and aim to achieve more 
favorable response rates.

4.2.3.3.2  Control of the Cell Cycle 
and DNA-Damage Response 
in Triple-Negative Breast Cancer

With several pharmaceutical companies explor-
ing inhibitors of DNA damage checkpoint 
kinases, such as ataxia-telangiectasia (AT) 
mutated serine/threonine kinase (ATM), check-
point kinase 1/2 (CHK1/CHK2), and ataxia- 
telangiectasia and Rad3-related Ser/Thr kinase 
(ATR), targeting DNA-damage-induced cell 
cycle arrest has become a major focus for chemo-
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therapeutic research. Cell cycle arrest gives can-
cer cells time to repair their DNA and is therefore 
a survival mechanism in the latter. Cell cycle 
control interference could cause “inappropriate” 
cell cycle progression, which accumulates DNA 
damage and triggers cancer cell death. Thus, 
abrogation of checkpoints could activate apop-
totic cascades before DNA repair is complete. 
TNBCs rely on CHK1 to arrest cell cycle pro-
gression. Despite that TNBCs have no amplifica-
tion or mutation of CHK1/CHK2, which has 
been observed in the oncogenic targets discussed 
above, CHK1 inhibition presents a promising 
strategy for treating aggressive breast tumors 
with mutated TP53 [69].

Cell cycle promoters, such as cyclin- dependent 
kinases (CDKs), enhance progression through 
the cell cycle under activation of cyclins. Directly 
targeting the promoters presents an alternative 
approach to target cell cycle checkpoints. 
Naturally occurring CDK inhibitors could effi-
ciently inhibit CDKs. However, tumorigenesis 
may induce overexpression of cyclins or inactiva-
tion of CDK inhibitors (such as the INK4 class of 
inhibitors, notably p16), which leads to uncon-
trolled proliferation. CDKs are not mutated or 
amplified in TNBCs as they are in the oncogenic 
targets discussed above, which is similar to 
CHK1/CHK2. Nevertheless, the targeting of 
CDKs may promote apoptosis by limiting cycle 
progression of tumor cells [1].

CHK1, which belongs to the Ser/Thr protein 
kinase family, phosphorylates the protein phos-
phatase, cell division cycle 25A (CDC25A), to 
delay cell cycle progression in response to 
double- strand breaks (DSBs). Checkpoint- 
mediated cell cycle arrest requires CHK1 to 
respond to DNA damage or the presence of 
unreplicated DNA. As expected, CHK1 is over-
expressed in TNBC cells, which are fast-dividing 
and genomically unstable. Studies showed that 
the CHK1 inhibitor UCN-01 [70] enhanced cis-
platin sensitivity and evaded the DNA-damage- 
dependent G2 checkpoint induced by cisplatin 
treatment [71]. Other phase I and II clinical trials 
are currently investigating AZD7762 
(AstraZeneca), PF-477736 (Pfizer), CHK1 inhib-

itors, SCH900776 (Schering-Plough), and 
LY2606368 (Eli Lilly), either as a single agent or 
in combination with other chemotherapies. By 
far, TP53 mutation has been the most common 
incident in TNBCs (~85%) [48, 57]. In particular, 
promising preclinical results have been shown in 
CHK1 inhibitors (UCN-01 or AZD7762) describ-
ing the sensitizing of TNBC xenografts with 
TP53 mutations to chemotherapy [72].

The combined treatment of CHK2 inhibitor 
LY2606368 with chemotherapy is currently 
being investigated in phase I trials for patients 
with advanced or metastatic solid tumors and in 
phase II trials for patients with germline BRCA1/
BRCA2 mutations (including TNBCs) [73]. The 
inhibitor of WEE1 G2 checkpoint kinase was 
found to contribute to the increase of cell death in 
TNBC cells with TP53 mutations [74].

Several CDK inhibitors, such as UCN-01, 
have been developed to inactivate CDK2 by 
dephosphorylation and inhibit CHK1 [75], delay-
ing cell cycle progression into S phase. In 35% of 
TNBCs, selective inhibition of CDK1 and CDK2 
is amplified, which could be synthetically lethal 
with MYC [76]. Inhibition of CDK1 or CDK2 
promotes apoptosis through BCL2-like 11 
(BCL2L11) activation in TNBC xenografts, indi-
cating the effect of CDK1/CDK2 inhibition on 
treating MYC-driven TNBC [76]. CDK inhibi-
tors make breast tumor cells susceptible to PARP 
inhibitors [77]. The inhibition of CDK1 sensi-
tizes wild-type BRCA1 cancer cells to PARP1 
inhibition, presenting a feasible strategy to extend 
the utility of PARP inhibitors for BRCA1-/
BRCA2-proficient cells.

CDK4/CDK6 inhibition, together with 
PI3KCA inhibition, has recently displayed prom-
ising benefits for breast tumor treatment in sev-
eral PI3KCA-mutant xenograft tumor models 
[78]. The RB1 tumor suppressor, which is absent 
in 20% of TNBCs [57, 79], decides the sensitiv-
ity to CDK4/CDK6 inhibition [80]. Moreover, 
two preclinical studies on CDK4/CDK6 inhibi-
tion have recently demonstrated that the growth 
of RB+ TNBC cells is retarded by the induction 
of G1 arrest, while RB- cells are completely 
resistant [81, 82].

4 Predicting and Overcoming Chemotherapeutic Resistance in Breast Cancer



70

4.2.3.3.3  Targeting Receptor Tyrosine 
Kinases in Triple-Negative Breast 
Cancer

About 80% of TNBCs display certain levels of 
constitutive activation for members of the EGFR/
BRAF proto-oncogene, Ser/Thr kinase (BRAF) 
signaling pathway in large-scale genomic analy-
ses [48, 57, 83–85]. Despite that EGFR 
 overexpression in TNBC plays a significant role 
in poor OS [86], EGFR inhibitors present limited 
effects during preclinical and clinical trials [87]. 
AKT1 and HER3 signaling pathways have been 
further proved to mediate signaling pathway acti-
vation as feedback loops to induce acquired resis-
tance [86]. Furthermore, modest results were 
observed in two independent phase II clinical tri-
als that aimed to evaluate the efficacy of cetux-
imab combined treatment with either cisplatin or 
carboplatin [88, 89]. The findings indicate that 
EGFR-targeted therapy in an appropriate drug 
combination could still be a feasible option for 
cancer treatment.

PDGF-A, PDGF-B, PDGF-C, and PDGF-D 
comprise the platelet-derived growth factor 
(PDGF) family and bind either as homo- or het-
erodimers to one of the two RTKs, PDGF recep-
tor alpha (PDGFR-A) or PDGF receptor beta 
(PDGFR-B), to mediate cell migration, prolifera-
tion, and survival [90, 91]. The observation of 
PDGF overexpression in breast cancer predicts 
the diagnosis of an advanced tumor stage, as well 
as a malignant phenotype and a poor OS rate [91, 
92]. Approved by the USFDA for treating chronic 
myeloid leukemia (CML) [93], inhibitors, such 
as imatinib, target the phosphorylation of RTKs, 
including PDGFR-B and KIT proto-oncogene 
receptor tyrosine kinase (KIT). Studies have been 
carried out focusing on the monoclonal antibody, 
bevacizumab, which specifically targets vascular 
endothelial growth factor A (VEGFA), and the 
small-molecule kinase inhibitor, sunitinib, which 
inhibits members of both the VEGF and PDGF 
family, in the context of tumor suppression in 
TNBC [94]. In TNBC xenograft models, suni-
tinib decreased a large amount of tumor volume 
through the inhibition of angiogenesis, which 
was induced by VEGFA signaling [94]. Even 
though no changes in OS were observed, the 

addition of bevacizumab to paclitaxel chemother-
apy was found to double both the response rates 
and duration of PFS [95, 96].

In TNBC cells, the physical interaction 
between hepatocyte growth factor receptor 
(HGFR), also known as proto-oncogene c-Met, 
and AXL receptor tyrosine kinase (AXL) demon-
strates a significant signaling cross talk. Besides, 
AXL, which composes a complex with other 
HER family members, as well as with HGFR and 
PDGFR in TNBC cells, significantly diversifies 
EGFR signaling and limits the response to 
EGFR-targeted inhibitors [97]. Such highlights a 
widespread role of these RTKs in TNBCs [97]. 
Moreover, the amplification of fibroblast growth 
factor receptor 2 (FGFR2) is observed in 2–4% 
of TNBCs [98, 99]. In xenografts, FGFR inhibi-
tion interferes with FGF signaling and signifi-
cantly impairs tumor formation, indicating that 
FGFR2 may be a potential target for TNBC treat-
ment [98].

4.2.3.3.4  Targeting Oncogenic Signaling 
in Triple- Negative Breast Cancer

Recent research found that mutated rapidly accel-
erated sarcoma (RAS) and rapidly accelerated 
fibrosarcoma (RAF) family genes are responsible 
for 2% of breast cancers [57, 100]. During metas-
tasis in TNBC, copy number changes constitute 
the main mechanisms involved in RAS and RAF 
activation [101], and aberrant MAPK activity is 
implicated in TNBC development and progres-
sion [102]. Furthermore, negative regulators, 
such as neurofibromin (NF1) and dual-specificity 
phosphatases (DUSPs), regulate the activation of 
RAS-mediated signaling. Somatic mutations in 
NF1 [57, 85, 103] and promoter methylation of 
DUSP4 activate RAS/ERK signaling related to 
high induced proliferation of tumor cell follow-
ing NAC in basal breast cancer [104]. 
Overexpression of mitogen-activated protein 
kinase kinase 1/2 (MAP2K1/MAP2K2, also 
known as MEK1/MEK2) and mitogen-activated 
protein kinase 1 (MAPK1) also contributes to the 
reduction of PFS and OS. Nevertheless, modest 
results were showed in phase I clinical trials with 
MAP2K1/MAP2K2 inhibition in solid tumors 
[105, 106], because the kinome reprogramed 
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through RTKs in TNBC cell lines as an adaptive 
resistance mechanism after MAP2K1/MAP2K2 
inhibition [107]. In addition, dual activation of 
MAP2K1 and PI3K pathways was observed in 
some TNBC patients, indicating the tumor 
growth inhibition effect through co-inhibition of 
both pathways [108, 109].

PI3K pathway overactivation caused by PTEN 
mutation or deletion and loss of heterozygosity at 
the INPP4B locus is observed in 60% of TNBC 
patients [57, 48, 110–112], while the pathway 
overactivation induced by activating PI3KCA 
mutations is seen in only 8% of TNBCs. 
Overexpression of RTKs may also contribute to 
overactivation of this pathway. Likewise, the acti-
vation of RAS signaling is regulated by negative 
feedback mechanisms in the activator of tran-
scription (JAK/STAT) pathway and the PI3K/
mechanistic target of rapamycin (mTOR)/AKT1 
and Janus family of kinases/signal transducer. 
Preclinical studies found that the hyperactivation 
of AKT1 and mTOR was correlated with poor 
prognosis in TNBC patients, indicating that dual 
inhibition of these molecules could be a promis-
ing therapeutic strategy [112–114]. A significant 
improvement in PFS following PI3K/mTOR/
AKT1 inhibition in combination with chemother-
apy in metastatic TNBC has been highlighted in 
a recently completed phase I trial [115]. In addi-
tion, PI3K suppression in TNBC confers sensi-
tivity to PARP inhibition possibly through 
impairing DNA repair as well as sensitizing both 
BRCA1-proficient and BRCA1-deficient TNBC 
patient-derived xenografts (PDXs) [116, 117]. In 
compliance with the above findings, PARP inhib-
itors exhibit preclinical activity in tumors with 
wild-type BRCA1 and loss of PTEN [118]. 
However, the result needs to be testified in clini-
cal trials.

As supported by several studies, deregulation 
of JAK/STAT pathway takes up a major role in 
TNBC [114, 119]. According to molecular- 
profiling studies, Janus kinase 1 (JAK1) and 
JAK2 are more abundantly expressed in TNBC 
patients with residual disease [51], while the con-
stitutive overexpression of STAT3 acts as an 
oncogenic driver for uncontrolled cell prolifera-
tion and angiogenesis [119, 120]. The JAK1/

JAK2 inhibitor, ruxolitinib, has been approved 
for treating myelofibrosis and is currently admin-
istered in phase II trials as a single agent or in 
combination with paclitaxel for TNBC patients.

4.2.3.4  Biomarkers for Development 
of Immune-Modulating Triple- 
Negative Breast Cancer 
Therapeutics

4.2.3.4.1 Tumor-Infiltrating Lymphocytes
Tumor-infiltrating lymphocytes (TILs) determine 
the efficacy of conventional chemotherapies not 
only as a prognostic biomarker but also as a pre-
dictive factor and thus have gained much atten-
tion in the past years [121, 122]. As suggested by 
gene expression profiling and immunohisto-
chemistry (IHC) staining, augmented TILs pre-
dict a better prognosis in TNBCs [123–125]. In 
IHC studies of cohorts of patients with TNBC 
undergoing chemotherapy and neoadjuvant ther-
apy, higher numbers of TILs indicated a stronger 
correlation with prognosis in response to treat-
ment, regardless of the lymphocyte subtype [124, 
126–128].

In a recent neoadjuvant GeparSixto trial 
(NCT01426880), immunological markers, such 
as indoleamine 2,3-dioxygenase (IDO1), T-cell 
surface glycoprotein CD8 alpha chain (CD8A), 
C-C motif chemokine ligand 5 (CCL5), and pro-
grammed cell death 1 ligand 1 (PD-L1), were 
shown to positively correlate with stromal TILs 
and increased pCR after chemotherapy. Patients 
with high levels of TILs also achieved a greater 
pCR rate than patients with low levels of TILs, 
with a pCR odds ratio of 1.22 per 10% increase in 
TILs [129]. These findings indicate that the type 
and the level of immune infiltration may deter-
mine the clinical outcome in some TNBC 
patients, especially those with basal TNBC who 
may benefit from immune-based therapies. 
However, clinical evidence is still limited to ver-
ify the studies above. An immunomodulatory 
subtype of TNBC has been recently described 
with characteristics of elevated expression of 
genes involved in antigen processing and T-cell 
functions, indicating that the subtype may benefit 
from immunotherapy against TNBCs [46].
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Tumor antigens in TNBC, which are not 
shared by normal cells, have been proved to be 
effective targets for immunotherapy. Cancer/tes-
tis (CT) antigens, such as CT antigen 1A 
(CTAG1A), melanoma-antigen (MAGE) family 
member A3 (MAGEA3), and MAGEA4, are 
expressed in testicular germ cells but not in 
somatic cells. They are also present in a substan-
tial proportion of TNBC cells [130, 131]. 
Therapeutic tumor vaccines targeting MAGEA3 
have been tested in clinical experiments for treat-
ment of melanoma and non-small cell lung can-
cer (NSCLC). Due to failure of identifying a 
subpopulation of MAGEA3+ NSCLC patients 
that may benefit from this treatment, 
GlaxoSmithKline (GSK) has recently stopped its 
phase III trial of a MAGEA3 cancer immunother-
apeutic for NSCLC patients. Therapies targeting 
MAGEA3 in TNBCs are still under preclinical 
investigation [132]. Mesothelin, a cell surface 
glycoprotein present on mesothelial cells, is 
expressed in 34% of TNBCs, while glycosylated 
mucin-1, a cell surface-associated peptide cova-
lently linked to a toll-like receptor (TLR) agonist, 
generates a potent therapeutic antitumor response 
[133].

The potential effectiveness of T-cell responses 
in patients with breast cancer is reflected by the 
presence of TIL-induced upregulation of genes 
as immunosuppressive markers, such as PD-L1, 
programmed cell death protein 1 (PDCD1), cyto-
toxic T-lymphocyte protein 4 (CTLA-4), and 
IDO1. Moreover, upregulation of these genes 
was found to be predictive of a better clinical out-
come with chemotherapy in the treatment of 
TNBCs [129] and basal-like breast cancers [134], 
indicating that combined immunotherapies tar-
geting the above immunosuppressive pathways 
with chemotherapies could be a successful 
approach for treating TNBC.

4.2.3.4.2  Programmed Cell Death 1 
Ligand 1 Expression

In TNBC, overexpression of PD-L1 was reported 
in 20% of patients [135], which positively corre-
lated with the number of TILs. A retrospectively 
validated IHC measurement of 636 breast cancer 
samples further supported the above finding by 

demonstrating a positive correlation among the 
levels of PD-L1, TILs, and RFS. Higher levels of 
PD-L1 were also shown to be intensively related 
to higher TILs and better prognosis in the neoad-
juvant treatment of TNBC [136, 137]. Moreover, 
phase I clinical trials with PD-L1-specific anti-
bodies (Merck’s pembrolizumab, formerly 
known as MK-3475, and Roche’s MPDL3280A) 
displayed promising results, which were pre-
sented at the 2014 San Antonio Breast Cancer 
Symposium. However, further studies are 
required to determine whether or not PD-L1 is a 
predictive biomarker for the response to anti-PD-
 L1 immunotherapy.

4.2.3.4.3  Cluster of Differentiation 73 
and Other Immune Modulators

Overexpression of cluster of differentiation 73 
(CD73) indicates a worse prognosis and resis-
tance to chemotherapy in TNBC [138]. Decreased 
metastatic burden for CD73-positive tumors 
instead of CD73-negative tumor cells was shown 
in TNBC mouse models after anti-CD73 therapy 
or administration of adenosine receptor inhibi-
tors, which suggested that CD73 could be a 
potential biomarker for CD73-targeted therapy. 
Notably, immunotherapies targeting the CD73- 
adenosine pathway can be efficient treatment 
methods when combined with other immunother-
apy approaches such as anti-PD-1 and anti- 
cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4) [139].

4.2.3.5  Mechanisms of Resistance 
to Targeted Therapies in Triple- 
Negative Breast Cancer

4.2.3.5.1  Cross Talk Between Receptor 
Tyrosine Kinase Pathways

Numerous preclinical and clinical studies indi-
cate that the resistance of TNBC to single-agent 
inhibitor therapies [140] owes much to the tumor 
cells’ cross-resistance mechanisms [107, 141]. 
For instance, TNBC cells increase the expression 
and activation of the RTKs AXL and PDGFR-B 
and thus bypass the action of the MAP2K1/
MAP2K2 inhibitor, AZD6244 [107]. In the allo-
steric binding pocket of MAP2K1, resistance to 
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MAP2K1/MAP2K2 inhibitors is also related to 
the acquired mutations [141]. In the case of RTK 
pathway inhibitors, evidence from in vitro and 
in vivo models [142, 143] indicates that pathway 
redundancies and reprogramming of the kinome 
effectively bypass targeted inhibition and there-
fore promote resistance, which could be caused 
by alterations in pathway cross talk or feedback 
inhibition involving the acquisition of survival- 
enhancing mutations [144].

4.2.3.5.2  Intratumoral Heterogeneity 
of Triple- Negative Breast 
Cancers

Another example of acquired resistance involves 
research reporting that the intratumoral heteroge-
neity of TNBCs renders abundant expression of a 
specific population of tumor cells (CD44high/
CD24low stem cell-like subpopulation), which 
then induces tumor recurrence and resistance 
after treatment, as recently demonstrated in a 
report on X-box binding protein 1 (XBP1) [145]. 
According to the report, an increase of XBP1 
splicing (i.e., activation) was observed in the 
CD44high/CD24low population of TNBC. Following 
chemotherapy, XBP1 depletion reduced the 
induction of the CD44high/CD24low stem cell-like 
subpopulation and significantly inhibited relapse 
in TNBC xenograft tumors. The study implies 
that XBP1 promotes the acquisition of cancer 
stem cell-like properties and contributes to the 
acquired resistance to chemotherapy in tumor 
cells.

4.2.3.5.3  Duration of Therapeutic 
Responses

Preclinical research in a genetically engineered 
mouse model with BRCA1 deficiency explored 
the efficacy of PARP inhibition and found that 
resistance could still occur within 1 year after 
treatment [61, 146]. The underlying mechanisms 
remain to be further investigated, in spite of the 
significant role played by the restoration of the 
BRCA expression and HR activity through 
genetic reversion to the original mutation and 
upregulation of multidrug resistance protein 1 
(MRP1)-mediated drug efflux [146]. Preclinical 
evidence further testified the other mechanisms 

of resistance to PARP inhibitor (olaparib) in 
mammary tumor models of BRCA1-deficient 
mouse, which involves the rewiring of the DNA 
damage response because of loss of tumor pro-
tein p53 binding protein 1 (TP53BP1). However, 
this finding has not yet been validated in clinical 
research on human tumors [147]. Meanwhile, 
HR deficiency in ovarian cancer cell lines has 
been found to promote expression of DNA poly-
merase theta (Polθ) and induce resistance to 
PARP inhibition and DNA-damaging agents 
[148].

Tumor resistance still poses a big challenge 
for establishing durable responses to treatment, 
because tumor cells adapt their signaling cir-
cuitry to take advantage of redundancies and 
feedback mechanisms. Mechanisms of drug 
resistance are compared to a map of transporta-
tion or subway. Even if a commuter line is 
blocked, passengers could still find another route 
to reach their destinations, which will have reper-
cussions throughout the network [149]. In order 
to prevent pathway rewiring and upregulation of 
compensatory pathways, systems-biology mod-
els [150–152] suggest that multiple “hubs” within 
oncogenic pathways should be simultaneously 
inhibited. Oncogenes and other disease- 
associated genes are generally seen as part of 
larger networks. It could be a good strategy to 
target neighboring proteins in the network that 
break signaling but do not trigger drug resistance 
[153]. An augmenting interest also focuses on the 
use of single inhibitors to target several mole-
cules simultaneously, which could help overcome 
the issues caused by intra- and inter-tumor het-
erogeneity of TNBC. In spite of the lack of per-
fect models for human, which is due to the 
inadequacy of PDXs to activate antitumor immu-
nity, TNBC immunotherapy still shows promise 
in improving clinical outcomes within the TNBC 
therapeutic armamentarium [1].

4.2.4  Metastatic Breast Cancer

Targeted therapies improve treatment for 
advanced breast cancer and prolong patient sur-
vival. However, because of drug resistance mech-
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anisms, these tumors frequently relapse [154]. 
Some studies have shown that 30–50% of 
ER + breast cancer cases do not respond to 
tamoxifen therapy [154, 155]. HER2- 
overexpressing breast cancer patients can develop 
metastases, where only 11–34% of metastatic 
tumors respond to trastuzumab monotherapy 
[154, 156]. Although TNBC patients show ~39% 
response to chemotherapy, the presence of 
 residual disease is related to an early risk of 
relapse [52, 157].

Metastatic disease remains the leading cause 
of death in breast cancer patients, whereas per-
sonalized medicine for metastatic disease pres-
ents greater hurdles than nonmetastatic disease. 
Metastasis is described as the migration of tumor 
cells from the primary tumor, after which are 
intravasation, survival, extravasation of the circu-
latory system, and progressive colonization of a 
distant site. Even though only 5–10% of newly 
diagnosed breast cancer patients display cancer 
metastasizing to distant body parts, there remains 
a high risk for patients with localized primary 
disease to develop metastatic disease after suc-
cessful primary tumor resection and a voisin ther-
apy [158–160]. While these findings, coupled 
with the fact that distant recurrent diseases are 
viewed as being incurable, imply the high clini-
cal burdens of metastatic breast cancer, better 
strategies for clinical intervention are being 
explored to meet the urgent demand [158].

4.2.4.1  Tumor Invasion from Early 
Preneoplastic Lesions

The development of clinically detectable distant 
metastases involves multiple genetic and epigen-
etic alterations, affects both tumor cells and the 
surrounding stroma, and allows seeding of metas-
tases at distant sites. During the process, primary 
tumor cells must first invade and escape from 
complex physical barriers at the primary site, 
which include the extracellular matrix, basement 
membrane, and vasculature. The cells then 
intravasate into the lymphatic or vascular system, 
exit to infiltrate distant organs, and continue to 
proliferate in this foreign milieu. Both the cell of 
origin and the oncogenic alterations in the tumor 

are considered to influence the metastatic pro-
pensity of a tumor cell [154, 160].

With genes being divided into four main cate-
gories, a tumor’s ability to metastasize may 
depend on the type of oncogenic driver mutation 
and associated genes [158]. The first category is 
called metastasis initiation genes, which allow 
aggressive cells to invade the surrounding tissue, 
attract a supportive stroma [154], facilitate the 
dispersion of cancer cells and may also infiltrate 
distant metastatic niches. This step involves sev-
eral genes participating in the epithelial-to- 
mesenchymal transition (EMT; e.g., TWIST1, 
SNAI1, and SNAI2), extracellular matrix degra-
dation (e.g., matrix metalloproteinases, MMPs), 
hypoxia (e.g., HIF1A), and angiogenesis (e.g., 
VEGFA) [161–163]. Expression of these genes 
from the first category, along with their target 
genes, is prognostic of poor outcomes in primary 
tumors [164].

The second category is composed of metasta-
sis progression genes, which work with each other 
in tumor cells to promote extravasation, survival, 
and reinitiating of tumor growth in the invaded 
parenchyma based on specific tissues [164]. 
Repeated identifications of gene expression sig-
natures in primary tumors with relapse potential 
have proved the expression of metastasis progres-
sion genes, which include PTGS2, EREG, LOX, 
ANGPLTL4, and CLDN2 [165–167].

Metastasis virulence genes, which endow dis-
seminated cells with the ability to overtly colo-
nize distant sites, comprise the third group. 
Between dissemination and colonization, tumor 
cells must endure essential alterations to prolifer-
ate and survive in the foreign tissue, which is 
known as a latency period (metastatic dormancy 
period) [164]. For instance, essential osteoclast 
mobilizing factors, including interleukin-11 (IL- 
11), vascular cell adhesion protein 1 (VCAM-1), 
and parathyroid hormone-related protein 
(PTHrP), play a crucial role in establishing osteo-
lytic metastases [166, 168].

The fourth category concerns metastasis- 
suppressor genes that prolong metastatic latency 
and prevent metastatic cells from reinitiating 
growth upon infiltrating distant organs. Among 
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this group of genes, cystatin E/M (CST6) has 
been found to inhibit breast cancer bone metasta-
ses [169]. Retinoic acid receptor responder pro-
tein 3 (RARRES3) has been recently identified to 
potentially suppress breast cancer lung metasta-
sis. And metastasis-suppressor KiSS-1 (KISS1) 
functions as a metastatic suppressor in breast 
cancer and other malignancies [170].

4.2.4.2  Bone Metastasis
Breast cancer cells preferentially cause osteolytic 
lesions in the bone, the most common distant 
metastatic site for breast cancer and the third 
most prevalent site of cancer metastases in gen-
eral. Bone metastasis is often related to severe 
pain and other comorbidities [166]. 
Protransforming growth factor alpha (TGFα) 
induces osteoclasts to secrete PTHrP, tumor 
necrosis factor alpha (TNFα), and cytokines 
(including interleukins 1, 6, 8, and 11) and 
prompts osteoblasts to release the receptor acti-
vator of NF-κB (RANK) ligand (RANKL) (also 
known as the tumor necrosis factor ligand super-
family member 11, TNFSF11), all of which stim-
ulate osteoclast differentiation [166, 171–173]. 
Osteoclasts in turn demineralize the bone, which 
releases growth factors such as bone morphoge-
netic proteins, IGF1 and TGFα from the bone 
matrix to support cancer cell proliferation. Other 
important proteins that mediate the specific func-
tions crucial for cancer cells localization and 
colonization to the bone include cytokines 
(C-X-C motif chemokine receptor 4 (CXCR4), 
CXC ligand 12, and TGFα), VCAM-1, NF-κB, 
Jagged1, SRC, osteopontin, MMP1, integrin 
avb3, cadherins (e.g., cadherin 11), and adreno-
medullin[174–177]. Further investigation dem-
onstrated that miRNAs miR-141, miR-219, and 
miR-34a were expressed in a xenograft mouse 
model to prohibit bone metastases. MiR-16 and 
miR-378 expressions were also shown to corre-
late with bone metastasis burden, suggesting 
mRNAs’ role as potential therapeutic targets and 
clinical biomarkers for bone metastases [178].

4.2.4.3  Brain Metastases
Compared with other subtypes, HER2+ breast 
cancer may dramatically increase the risk of 

brain metastases. Therefore, development of 
effective therapies controlling extracranial meta-
static HER2+ breast cancer becomes even more 
important [179]. Endothelial cells, astrocytes, 
and pericytes compose the blood-brain barrier 
(BBB), which allows penetration of tumor cells 
to seed metastases in the brain. Cathepsin S 
(CTSS) expression in experimental xenografts 
was shown to facilitate transmigration of the 
BBB through cleavage of tight junction proteins. 
An inverse correlation between CTSS expres-
sion and brain metastasis-free survival was also 
observed in primary breast tumors [165, 180]. 
High levels of anti-plasminogen activator ser-
pins, such as neuroserpin (SERPINI1) and ser-
pin B2 (SERPINB2), are expressed in brain 
metastatic breast cancer cells [165, 181, 182], 
which inhibit the generation of plasmin and the 
following suppression of metastasis formation. 
In the brain microenvironment, prostaglandin 
G/H synthase 2 (PTGS2), EGFR ligand HBEGF, 
the α2, 6-sialyltransferase ST6GALNAC5, neu-
ral cell adhesion molecule L1 (L1CAM), 
SERPINI1, and plasminogen (PLG) work with 
astrocytes, pericytes, and other cell types as 
mediators of cancer cell passage through the 
BBB, collectively enhancing vascular co-option 
and survival of breast cancer cells in the brain 
[165, 181, 182].

4.2.4.4  Lung Metastases
The development of lung metastases is related to 
multiple gene-encoding cytokines or their 
secreted products supporting transendothelial 
migration from circulation into the lung paren-
chyma [183]. RARRES3 downregulation facili-
tated the adhesion of the tumor cells to the lung 
parenchyma [184]. Thus, tenascin C (TNC) over-
expression and retinoic acid receptor responder 3 
(RARRES3) downregulation may serve as poten-
tial biomarkers for the identification of patients at 
high risk of lung relapse. Other noteworthy fac-
tors that function to mediate lung metastasis 
include TGFα, epiregulin, PTGS2, MMP1 and 
MMP2, angiopoietin-related protein 3 
(ANGPTL4), DNA-binding protein inhibitor 
ID-1 (ID1), protein lysine-rich CEACAM1 co- 
isolated (LYRIC), and VCAM-1 [183, 185, 186].
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4.2.4.5  Liver Metastases
Similar to metastases of the bone, brain, and 
lungs, liver metastases of breast cancer are 
closely linked to breast cancer cell-secreted che-
mokines and their cognate receptors in a number 
of studies. The levels of C-C motif chemokine 
ligand 9 (CCL9) and CX3CL1 were strongly and 
equivalently elevated in liver metastatic breast 
cancer cells in mice [187]. The tight junction 
 protein, claudin 2 (CLDN2), was also found to be 
significantly expressed in both breast cancer liver 
metastases and primary tumors with an increased 
predilection to metastasize to the liver. Moreover, 
the development of breast cancer liver metastases 
involves participation of CXCR4 and its ligand 
(CXCL12, also known as SDF1), cadherins, inte-
grins, and other claudins [187, 188]. In all, the 
complex interactions between dispersed cells and 
specific stromal components in metastatic niches 
significantly contribute to the apparent coloniza-
tion of specific organs [158]. Tumor cell-derived 
proteases and their regulators majorly undergo 
stage-specific expression changes during meta-
static seeding and outgrowth in different organs, 
while stroma-derived genes are primarily regu-
lated in a tissue-specific manner.

4.2.4.6  Therapeutic Approach 
for Metastatic Disease

4.2.4.6.1 HER2-Targeted Therapies
HER2 is overexpressed in animal models to pro-
mote metastasis to the lymph nodes, bone, lung, 
and brain [189]. Several pathways have been 
found in studies on HER2 metastasis, which 
include a bidirectional interaction with the 
TGFB-Smad pathway, an increase in expression 
and stability of the homing chemokine receptor 
CXCR4[190], an activation of p60-SRC with 
successive phosphorylation of focal adhesion 
kinase 1 (FADK 1) at tyr861 and activation of 
p120/RAC1/CDC42 [191], and an increase in 
angiogenesis through upregulation of VEGFA 
[192] and angiopoietin-2. It is of great impor-
tance to determine whether inhibition of these 
pathways combined with HER2 therapy provides 
better strategies for preventing metastasis or 
lesion shrinkages [193].

4.2.4.6.2  Estrogen Receptor-Targeted 
Therapies

ER+ tumors tend to metastasize to the bone and 
often metastasize late [194]. A recent long-term 
follow-up study on XXXX patients receiving 
tamoxifen therapy for 5 years has showed that 
metastatic relapses appear over the 10 years after 
treatment and do not level off at that time point, 
implying a consistent break from dormancy. ER 
signaling and the epithelial-mesenchymal transi-
tion were also found to be connected in previous 
research. The various options of endocrine ther-
apy provide a great opportunity for selecting effi-
cient combination between therapeutic agents 
and optimal sequence to overcome tumor recur-
rence or relapse. Current researches focus on 
verifying combinations of growth factor and 
PI3K pathway targeting agents, such as everoli-
mus and gefitinib [195].

4.2.4.6.3  Bisphosphonates and RANK 
Ligand Antibodies

Bone metastatic breast cancer patients have dif-
ferent therapeutic options, such as bisphospho-
nates and denosumab, which is generally 
combined with endocrine or HER2-directed ther-
apies. The process of bone metastasis is often 
referred to as a vicious cycle [166].

Both TGFB and PTHrP have a critical role in 
osteolysis. Tumor cells produce PTHrP and stim-
ulate osteoblasts and osteoclasts via the RANKL 
pathway, which often leads to bone resorption. 
As a human monoclonal antibody against 
RANKL, denosumab was found to reduce the 
risk of developing multiple skeletal-related 
events (i.e., time to first and subsequent events) 
by 23% in a phase III trial, which was more sig-
nificant than the bisphosphonate, zoledronic acid 
[196].

4.2.4.7  Resistance Reasons 
for Metastatic Breast Cancer 
Therapy

4.2.4.7.1 Intratumoral Heterogeneity
Heterogeneity in primary tumors has been dem-
onstrated by recent researches in metastases of 
relevant breast cancer at morphological, molecu-
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lar, and genomic levels. Such heterogeneity may 
determine response to anticancer therapy. 
According to a study classifying traditional 
markers such as HER2, ER, and PR, 5–22%, 
13–33%, and 31–32% discordance occurs, 
respectively, between the primary tumor and dis-
tant metastases [197].

The poor correlation between p-AKT immu-
nohistochemical levels and p4EBP1 expression 
shows a common dissension between primary 
tumors and metastases for other therapeutic tar-
get. According to Wu and his colleagues [198], a 
diverse heterogeneity between primary breast 
carcinomas and their paired metastases was 
observed even among different metastatic breast 
cancer cells from the same patient. ER and PR 
were found to be downregulated, and PTGS2, 
HGFR, EGFR, and mesothelin were overex-
pressed in metastatic lesions compared with pri-
mary lesions. In the primary breast cancer and 
some metastatic breast cancers, the therapeutic 
targets were identified to be different from targets 
found in all metastatic sites [198].

As shown by a recent mutational profiling, 
multiple genetic conversions, which are not 
unique to metastases, frequently occur in the sec-
ondary lesions of breast cancer metastases and 
primary tumors. Take the mutations in the tumor- 
suppressor gene TP53, which are usually present 
in 25% of primary breast cancers, as an example. 
They were abundantly observed in a series of 23 
brain metastases of breast cancer (87%), with a 
more complex and superior mutation processes 
of TP53, such as frameshift, splice, and nonsense 
mutations, as well as in-frame insertions and 
deletions [199]. Previous studies have described 
the enhanced expansion of MYC in systemic 
metastases compared to primary breast cancers. 
Because allelic imbalance is more frequently 
observed in brain metastases than in primary 
breast tumors, mutation or loss of the tumor- 
suppressor PTEN is more commonly found in the 
former [200].

4.2.4.7.2 Genomic Instability
Heterogeneity is likely to be driven by the pre-
cariousness of metastatic breast cancer cells, and 
dissimilar clonal evolution could provide molec-

ular contention during disease relapse. Tumor 
evolution could start early, as a broad range of 
clonal genomic heterogeneity was demonstrated 
by analysis comparing primary tumor and con-
current lymph node infiltrates through the utiliza-
tion of comparative genomic hybridization [201]. 
Malfunction of the DNA break repair system, 
mitotic chromosome transmission, or the spindle 
mitotic checkpoint results in chromosomal 
lesions, which are hallmarks of genomic instabil-
ity. Subsequently, high mutation rates and chro-
mosomal rearrangements (deletions, duplications, 
and amplifications) could promote cancer pro-
gression in tumor-suppressor genes interference, 
fusion proteins formation, enzymes activation, or 
oncogenes amplification [202].

4.2.4.7.3 Tumor Subpopulations
Cancer stem cells or cancer-initiating cells com-
pose one of the tumor subpopulations. Along 
with molecular heterogeneity, multiple functions 
are assumed for subpopulations of tumor cells. 
The propagation of tumor cells with stem cell- 
like properties and proliferative capacities could 
contribute to metastases at distant sites [162]. 
Stem cell-like properties not only present the 
potential to metastasize but also induce chemo-
therapeutic resistance [203].

Another tumor subpopulation is dormant 
tumor cells. Metastasis could occur shortly after 
primary tumor development for some breast can-
cer patients, or appear years or even decades after 
initial treatment for some others. Tumor cells that 
remain potential for an extended period of time 
are termed dormant. Dormancy can be heteroge-
neous, with a balance of proliferation, apoptosis, 
cell cycle quiescence, and/or antiangiogenic 
mechanisms [204]. Dormant breast cancers 
exhibited doxorubicin defiance in an experimen-
tal study [205]. They also present the potential to 
survive from the initial chemotherapy and could 
be awakened years later.

4.2.4.7.4 Microenvironmental Influences
Tumor microenvironment is a primary contribu-
tor of tumor metastasis, comprising fibroblasts, 
vasculature, immune, and inflammatory cells and 
the extracellular matrix. It is also known as niche 
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and takes part in complementary interactions 
between cancers cells and their surrounding fac-
tors [206]. Microenvironment is by no means sta-
tionary, as it could be altered by cancer cells and 
infiltrated by immune and other circulating cells, 
a property of which may stimulate tumor pro-
gression [193]. Even in experimental models, 
there is a lack of thorough profiles of the meta-
static microenvironment by organ site through 
time. The urgency for a complete portrait of 
microenvironment indicates its importance for 
chemotherapeutic resistance [207].

4.2.5  Breast Cancer Stem Cells 
(Tumor-Initiating Cells)

Although adjuvant therapy plays a critical part in 
the management of early breast cancer, regional 
relapse still occurs [208]. Currently, about 40% 
of all breast cancer patients suffer from recur-
rences, with 10–20% of them being local and 
60–70% being distant metastases [209]. The defi-
ciency of treatment with adjuvant therapies for 
breast cancer patients is considered to be caused 
by a borderline classification of the disease, 
which may lead to some but not all recurrences. 
Local and metastatic recurrence after the surgical 
treatment for primary tumor could be caused by 
surgery residues of tumor cells or early microme-
tastases resistant to supplementary treatments. 
Moreover, the resistance to neoadjuvant systemic 
therapy may explain cancer recurrence and pro-
liferation in locally advanced breast tumor cells. 
Even though these therapies may fail to cure 
most solid tumors due to disease recurrence and 
local metastasis, an intense interest has been trig-
gered in the controversial cancer stem cell (CSC) 
model, where a therapy-resistant subpopulation 
of cells has been found to have the capacity to 
regenerate cancer cells. The CSC hypothesis 
defines “a small subset of cells within a cancer 
that composes a reservoir of self-sustaining cells 
with the restricted ability to self-renew and to 
cause the heterogeneous lineages of cancer cells 
that comprise the tumor.” Preclinical results 
based on the cell lines and cancer models sustain 
that tumor-initiating cells derived from breast 

cancer are comparatively defiant to chemother-
apy and radiation. The association between the 
CSC hypothesis and the normal breast epithelial 
hierarchy supports further investigation on the 
histogenesis of breast cancer, including the nor-
mal cellular origin of a certain breast cancer sub-
type. However, the importance of understanding 
tumor cell origin for ameliorating breast cancer 
outcomes is yet to be decided [208].

4.2.5.1  Biomarkers for Breast Cancer 
Stem Cells

Studies have identified several biomarkers for 
breast cancer stem cells (BCSCs), including 
HER2, integrin alpha-6 (ITGA6), epithelial cell 
adhesion molecule (EpCAM), acetaldehyde 
dehydrogenase activity, and phosphatase and 
PTEN. The first biomarkers for human BCSCs 
were put forward by Al-Hajj and his colleagues 
in 2003. The authors isolated CD44+/
CD24−/lowLin- cells from primary human/xeno-
graft breast cancers by using two cell surface 
markers, the glycoproteins CD44 and CD24, and 
demonstrated that this cell population was 
enriched in BCSCs and more tumorigenic than 
the others. Currently, the EpCAM+/CD44+/
CD24- putative BCSCs have been extensively 
investigated. Based on the enhanced tumorige-
nicity observed in a human breast cancer metas-
tasis xenograft model, this surface marker 
expression profile has been proposed as a CSC 
phenotype and become the study focus for many 
researchers [208].

Surrogate markers for CD44C/CD24K cells, 
such as protein C receptor (PROCR) and ganglio-
side GD2 (a glycosphingolipid), have been sug-
gested as cell surface receptors specifically 
expressed in CD44+ cells [210]. Nearly all GD2C 
cells are CD44+/CD24-, and the knockdown of 
GD3 synthase, an enzyme involved in the synthe-
sis of GD2 in GD2+ cells, could decrease CSC 
properties. These findings suggest that GD2 and 
CD44 could be phenotypic indicators for the 
underlying mechanisms stimulating CSC 
activity.

Recent research has also identified integrins to 
be human BCSC biomarkers. For example, 
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ITGA6 marks CSCs in ERK and TNBC xeno-
grafts [211].

Distinct groups of cell surface proteins have 
been found to be enriched in CSCs in different 
types of mouse mammary tumors, such as the 
stem combinations of cell antigen 1 (Sca1) and 
CD24 (Sca1+/CD24+) and the b3 integrin, CD61, 
combined with CD49f (CD49fhi/CD61hi), in 
mouse mammary tumor virus (MMTV)-Neu 
tumors; the CD24+/CD49f+ combination in 
MMTV-PyMT tumors; the  CD61+/CD29lo/
CD24+ combination; the thymocyte antigen 1 
(Thy1)C/CD24C combination; the EpCAMlow/
CD49fhi combination; and the CD24hi/CD49fhi 
combination in MMTV-Wnt1 tumors. Moreover, 
TICs were found to be enriched in CD29hi/
CD24+ cells from both p53-null and BRCA1- 
deficient tumors [212].

The employment of non-cell surface markers 
as biomarkers for CSCs has proved to be success-
ful. For instance, in mouse mammary glands and 
human breast cancers, stem cells could be pin-
pointed by referring to the activity of aldehyde 
dehydrogenase (ALDH). The limited overlap 
between the CD44C/CD24K and ALDH1C pop-
ulations implies the existence of different breast 
TIC groups even within individual cancers. Thus, 
ALDH activity may only be applicable for cer-
tain breast cancer subtypes, which is also the case 
for CD44+/CD24−/lowLin- markers [213].

4.2.5.2  Therapeutic Cancer Stem Cell 
Approach in Breast Cancer

Cells with rapidly dividing properties are easily 
targeted by cytotoxic drugs. A self-renewing, 
long-lived, and relatively quiescent CSC popula-
tion may be more resistant to therapy. Moreover, 
the survival of these cells could be affected by 
post-cancer treatment recurrence. A delicate bal-
ance exists between DNA replication and repair 
in cell proliferation, self-renewal, and quiescence 
to maintain stem cell. The levels of DNA repair 
in human embryonic and adult stem cells were 
found to be elevated in comparison with XXXX, 
which provided an approach to enhance survival 
[214].

4.2.5.2.1  DNA Repair and Checkpoint 
Inhibitors

Characterization has been made on nonhomolo-
gous end-joining inhibitors and the BER and 
homologous recombination DNA repair pathway. 
The mechanism and effect of checkpoint abroga-
tion on anticancer treatments, especially the G2 
checkpoint, were also evaluated. Inhibition of the 
checkpoint kinases, particularly CHK1, may 
shed light on treatment of BCSCs, where pro-
longed G2 arrest has been observed. Moreover, 
glioblastoma CSC sensitivity could be restored 
by these checkpoint inhibitors under exposure to 
ionizing radiation [215].

4.2.5.2.2  Targeting Cellular Signaling 
in Breast Cancer Stem Cells

Microenvironment and the developmental signal-
ing pathways, such as Hedgehog, Notch, and 
Wnt, are associated with the renewal and differ-
entiation of tumor cells. Based on the above 
mechanisms, targeting CSCs is suggested by 
many studies as an efficient way to tackle cancer 
[216].

PTEN/PI3K/AKT1/b-catenin pathway has a 
significant impact on regulating breast cancer 
stem/progenitor cells. Small-molecule inhibitors 
targeting components of RAS/PI3K/PTEN/
mTOR, the Ca2+/calmodulin-dependent protein 
kinase, and RAS/RAF/MAPK/ERK pathways 
could synergize with each other and induce death 
in drug-resistant breast cancer cells after conven-
tional therapy [208].

While the mechanisms remain obscure in 
regard to the effect of the tamoxifen analogue, N, 
N-diethyl-2-[4-(phenylmethyl)phenoxy]ethana-
mine (DPPE; tesmilifene), treatment with DPPE 
alone reduces mammosphere formation and via-
bility of CD44+/CD24- breast cancer cells. 
Furthermore, DPPE works with doxorubicin to 
achieve complete eradication of tumor cells. 
EGFR signaling is associated with the stemness 
of human breast cancer cells in a positive manner. 
Inhibition of EGFR signaling disrupts mammo-
sphere formation. Unlike chemotherapy, lapa-
tinib (an EGFR1/HER2 tyrosine kinase inhibitor) 
does not result in an increased expression of 

4 Predicting and Overcoming Chemotherapeutic Resistance in Breast Cancer



80

CD44+/CD24−/Lin- BCSCs. An anti-EGFR 
monoclonal antibody has been shown to disrupt 
mammosphere formation and reduce the number 
of CD44þ+/CD24+ cells in mammospheres 
[208].

Despite the unclarified role of heat shock 
 protein- 90 (HSP90) in CSCs, it remains as a 
putative therapeutic target. The application of 
HSP90 inhibitor, 17-N-allylamino-17-
demethoxygeldanamycin, proved to be efficient 
in removing CSC by studies utilizing tumori-
genic glioma stem cells [124]. Even though the 
effect of HSP90 inhibitors on BCSCs has not 
been explored, the ectopic expression of engrailed 
homeobox protein 1 (En1) shows close associa-
tion with a stem cell phenotype inhibited by 
17-N-allylamino-17-demethoxygeldanamycin 
(17-AAG) [208].

4.2.5.3  Resistance to Chemotherapy 
in Breast Cancer Stem Cells

De novo chemoresistant BCSCs could be a key 
contributor to disease relapse. This assumption is 
supported by two important pieces of evidence: 
(1) chemotherapy treatment increases the number 
of cells expressing markers of breast cancer TICs, 
and (2) tumors enriched in markers of breast 
TICs are comparatively resistant to chemother-
apy [211]. Following chemotherapy, residual 
breast cancers and cancer cell lines were found to 
increase CD44high/CD24low subpopulations, 
MSFE and tumor-initiating efficiency, and 
expression of TIC signature genes [211].

Chemotherapy drugs usually need cell divi-
sion to efficiently induce apoptosis, which gives 
rise to the hypothesis that the quiescent property 
of BCSCs may cause chemoresistance [211]. The 
slow cycling nature of BCSCs is supported by 
several findings: (1) markers from the gene 
expression signature derived from quiescent nor-
mal human mammary stem cells can be used to 
isolate BCSCs, suggesting that BCSCs are cor-
respondingly quiescent; (2) the dye retention side 
population (SP) is enriched for CSCs in breast 
cancer cell lines, showing increased expression 
of negative cell cycle regulators [211]; (3) 
CD44+/CD24−/low cells isolated from breast 

cancer cell lines are slow cycling and resistant to 
chemotherapies [211].

The increased number of ATP-binding cas-
sette (ABC) transporters, which actively pump 
drugs out of cells of the cancer bulk, could also 
stimulate chemoresistance to BCSCs [211]. The 
ATP-binding cassette subfamily G member 2 
(ABCG2) involving in multidrug resistance 
in vitro (also known as breast cancer resistance 
protein (BCRP)) was first identified in a 
multidrug- resistant sublime of MCF7. Likewise, 
the increased expression of another well- 
characterized ABC transporter, the multidrug 
resistance protein 1 (MRP1, also referred to as 
P-glycoprotein (Pgp)), correlates with doxorubi-
cin resistance in multiple breast cancer cell lines 
[211]. In breast cancer models, high BCRP 
expression corresponds with high levels of HER2 
expression, lymph node metastasis, and an 
advanced stage of breast cancer. MRP1 is increas-
ingly expressed after exposure to chemotherapy, 
indicating that cancer cells with MRP1 expres-
sion may be resistant to chemotherapy [211].

4.3  Prediction Biomarkers 
for Overcoming 
Chemotherapeutic 
Resistance in Breast Cancer

4.3.1  Estrogen Receptor-Positive 
Breast Cancer

Biomarkers that predict development of broad 
endocrine resistance and resistance to a specific 
agent are essential for effective treatment of 
estrogen receptor alpha (ERα)+ breast cancer 
[217]. They could also assist in selecting patients 
who would benefit the most from additional regi-
men without targeting ERα. Biomarkers for dif-
ferent biological mechanisms could be applicable 
to different patient subtypes in predicting either 
broad endocrine resistance or resistance to a spe-
cific agent [217]. ERα activity is reliant on coact-
ivating proteins. Therefore, modified coactivator 
expression is likely to cause endocrine resistance 
[218].
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4.3.1.1  Lack of Hormone Receptor

4.3.1.1.1 Estrogen Receptor
ERα (identified by immunohistochemical stain-
ing and also known as ESR1) is the only clini-
cally used biomarker to evaluate the response to 
endocrine therapy. While endocrine therapy is 
not effective for complete ERα- disease, patients 
with the highest ERα expression improve slightly 
better than those with low receptor expression 
during tamoxifen therapy. In 2010, a genomic 
index for endocrine therapy sensitivity was 
reported, which was based on the mean  expression 
level of genes sharing both positive and negative 
relations with ER [219].

In addition, receptor sensitivity to antiestro-
gen therapy can be affected by posttranslational 
modifications of the receptor behavior mostly 
during phosphorylation events [217]. 
Phosphorylation of ERα at Ser118 can be com-
promised by MAPK1 or MAPK3 in an estradiol- 
independent manner, whereas CDK7 mediates 
estradiol-induced phosphorylation at Ser118 
[220]. Phosphorylation at Ser305 by protein 
kinase A (PKA, subtypes not specified) or Ser/
Thr protein kinase PAK 1 (PAK1) results in a 
conformational change in the receptor after 
tamoxifen binding, which nullifies tamoxifen’s 
antagonistic effects.

Even though the expression of ERα is related 
with the response to endocrine therapy, the mech-
anisms of ERβ effect is not yet identified. As 
shown by in vitro studies, ERβ sensitizes breast 
cancer cells to the antiestrogenic actions of 
endoxifen (a tamoxifen metabolite). Clinical data 
also implies a favorable outcome after tamoxifen 
therapy in patients with high expression levels of 
ERβ in their cancer cells [221]. However, further 
research is required to confirm the finding.

4.3.1.1.2 Progesterone Receptor
Since expression of the progesterone receptor 
(PR) gene (PGR) is highly dependent on an unal-
tered and fully functional ERα signaling path-
way, a lack of PR expression can cause 
insensitivity to antiestrogenic treatment [217]. 

Low PR expression may be representative of 
downregulation of PGR due to excessive growth 
factor receptor signaling (caused by overexpres-
sion of HER2), a mechanism that can also cause 
endocrine resistance [217]. However, a meta- 
analysis reported no difference in tamoxifen ben-
efit between patients with PR+ and PR- tumors 
[222], casting doubt on the potentially involved 
mechanisms.

4.3.1.2  Activation of Growth Factor 
Pathways

Growth factor receptor pathways can excite 
growth independent of ER, or affect the endo-
crine therapy response via cross talk with ER 
[73]. In vitro trigger of these growth factor recep-
tor pathways by overexpression of different 
growth factor receptors, such as EGFR (HER1), 
HER2, IGF1R, and fibroblast growth factor 
receptor 1 (FGFR1), was found to result in 
tamoxifen resistance [217].

4.3.1.2.1  Epidermal Growth Factor 
Receptors

Analysis of all three EGFRs (HER1, HER2, and 
HER3) in the tamoxifen and exemestane adju-
vant multinational (TEAM) trial revealed that 
only patients with HER1–HER3-negative tumors 
had a decreased risk of relapse when receiving 
exemestane versus tamoxifen. High EGFR pro-
tein expression, but not HER2 amplification, has 
been associated with a reduced benefit from adju-
vant tamoxifen [217]. Overexpression of EGFRs 
(EGFR and receptor tyrosine-protein kinase 
(ERBB2)) activates intracellular signaling cas-
cades, including MAPK and PI3K, fosters cellu-
lar proliferation, and induces a worsened and 
shortened response to tamoxifen in ER+ breast 
cancer [218]. Patients with HER1–HER3- 
positive tumors had poorer prognosis in both 
treatment arms, suggesting the relative resistance 
to both endocrine therapies in these women. 
HER2 status was not a predictive factor for the 
differential benefit from anastrozole versus 
tamoxifen in the Arimidex, tamoxifen, alone or 
in combination (ATAC) trial [223].
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4.3.1.2.2  Insulin-Like Growth Factor 1 
Receptor

As insulin growth factor 1 receptor (IGF1R) is an 
ER-dependent gene, its expression likely affects 
disease prognosis. Inhibitors of IGF1R help to 
stimulate tumor growth by inhibiting apoptosis 
and inducing metastasis and angiogenesis [217]. 
Preclinical trials suggest that the increased activ-
ity of IGF1R signaling pathways may promote 
resistance to endocrine therapy, whereas block-
ing or inhibiting these pathways may increase the 
efficacy of second-line hormonal therapies for 
breast cancer [224]. Although the total IGF1R 
level might reflect ERα activity, phosphorylated 
IGF1R reflected active IGF1R signaling and was 
indicative of poor survival in a series of patients 
with primary breast cancer treated with different 
endocrine therapies [225]. The exact prognostic 
and predictive value of IGF1R and its phosphory-
lated counterpart requires further investigation.

4.3.1.3   Mutation of PI3KCA and AKT 
Activation

Besides the upregulation of growth factor recep-
tors, altered activity of the involved kinase could 
dysregulate growth factor pathways to encourage 
cell proliferation in an ER-independent manner 
[217]. Mutations in PI3KCA are associated with 
increased PI3K activity in vitro and occur in 
approximately 30% of breast cancers, primarily 
in exon 9 that encodes the helical domain and 
exon 20 that encodes the kinase domain [226]. 
PI3KCA mutation with AKT activation (defined 
as positive for AKT1, AKT2, or phosphorylated 
AKT1) did not benefit from tamoxifen, whereas 
those without PI3KCA mutations and/or lack of 
AKT activation did benefit. A PI3KCA gene sig-
nature (derived from exon 20 mutation analysis) 
was shown to be a predictor of favorable outcome 
after treatment with adjuvant tamoxifen and was 
associated with the relatively low expression of 
downstream activated proteins [227]. Therefore, 
the existence of PI3KCA mutation itself is not an 
adequate predictor of benefit from endocrine 
therapy. Notably, the activation status of the PI3K 
and MAPK pathways might affect the response 
[217].

Furthermore, while in vitro knockdown of 
PTEN (an inhibitor of the AKT1/mTOR path-
way) leads to hormone-independent growth and 
resistance to endocrine therapy, a direct relation-
ship between PTEN expression and endocrine 
therapy response in patients has not been verified 
[217].

4.3.1.4  Overexpression of mTOR
The PI3K/AKT/mTOR pathway is activated by 
multiple growth factors, which control the regu-
lation of cellular growth and proliferation at the 
translational level [228]. In breast cancer, the 
hyperactivation of this pathway involves different 
activities, which include stimulation of tyrosine 
kinase receptors (IGFR, RBB, and FGFR) and 
gene alterations like mutations in PI3K or AKT 
or PTEN loss [229]. Such modifications trigger a 
cascade of consecutive events, which cause the 
phosphorylation of transcription factors and the 
subsequent increase in cellular survival, prolifer-
ation, and angiogenesis [229]. Hormone-treated 
patients displaying hyperactivation of the PI3K/
AKT/mTOR pathway develop a more aggressive 
phenotype, with a decrease in PFS and OS due to 
resistance to antiestrogenic therapy [13]. 
Although PI3K inhibitors are still in the early 
stages of development, mTOR inhibitors com-
bined with hormonal therapy have already been 
tested in the treatment of breast cancer [230].

4.3.1.5  Deregulation of Cell Cycle 
Regulators

Cell cycle regulators are sensitive to the effects 
caused by tamoxifen and aromatase inhibitors. 
The proteins involved in cell cycle advancement 
usually represent poor prognosis, for they could 
be interpreted as biomarkers for cell prolifera-
tion. Meanwhile, there are other biomarkers 
exhibiting independent predictive value for endo-
crine therapy response in breast cancer patients 
[217].

Among premenopausal patients casually 
assigned to receive adjuvant tamoxifen or no sys-
temic treatment, patients with CCND1-amplified 
tumors had an adverse response to tamoxifen, 
whereas patients with tumors without CCND1 
amplification benefited from tamoxifen. The 
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finding suggests that cyclin D1 directly affects 
tamoxifen response [231]. Cyclin A, cyclin E1, 
and CDK2- are associated with poor outcome in 
endocrine-treated patients, which is most likely a 
prognostic effect caused by the markers accom-
panied with cell proliferation [21]. High expres-
sion of cyclin-dependent kinase inhibitor 1B 
(CDKN1B) is the exception and has been found 
to be an independent predictive factor for benefit 
from tamoxifen in premenopausal patients [217].

Homeobox protein Hox-B13 (HOXB13) is a 
member of the homeobox gene family, a group of 
genes that encode transcriptional regulators of 
cell growth and differentiation [232]. Although 
HOXB13 levels in ERα+ breast cancer were orig-
inally identified as a prognostic biomarker, high 
HOXB13 levels were also shown to be predictive 
for lack of tamoxifen benefit in postmenopausal 
patients [232].

4.3.1.6  Drug Metabolism Resistance
Tamoxifen commands metabolic activation via 
the cytochrome P450-mediated pathway to 
amplify its affinity for ER. Endoxifen is currently 
considered as the most potent tamoxifen metabo-
lite. Direct measurement of endoxifen levels 
might be a factual predictor of tamoxifen benefit. 
In a series of tamoxifen-treated patients with pri-
mary breast cancer, a significant reduction in 
recurrence rate was shown for patients with high 
endoxifen levels [233].

High tumor levels of estradiol 
17β-dehydrogenase type 1 (17β-HSD1, also 
known as 17β-hydroxysteroid dehydrogenase 
type 1), the enzyme responsible for the conver-
sion of estrone into the more potent compound 
estradiol, were estimated for lack of tamoxifen 
benefit in premenopausal patients [234]. 
Additionally, 17β-HSD2 catalyzes the oxidation 
of estradiol to estrone. In postmenopausal 
patients, a high 17β-HSD1 to 17β-HSD2 ratio 
predicted a lack of tamoxifen benefit [235].

4.3.2  HER2-Positive Breast Cancer

Half of the patients express primary resistance to 
trastuzumab [236], and a large portion acquire 

resistance before the end of the first year of treat-
ment in metastatic settings. In metastatic breast 
cancer, 15–26% overall response rates were 
achieved with trastuzumab monotherapy. Half of 
the patients expressed primary resistance to 
trastuzumab and a large portion acquired resis-
tance before the end of the first year of treatment 
in the metastatic setting [27]. Attempts were 
made to develop a comprehensive classification 
systems aiding patient selection.

There is a wide-ranging set of potential bio-
markers capable of stratifying patients by their 
response to trastuzumab. These include HER2 
amplification, impaired access to the binding site 
(p95HER2, Δ16HER2, MUC4), augmented sig-
naling through other ERBB family receptors 
(HER1, HER3, HER4) and their ligands [27], 
activation of HER2 targets by alternate heterodi-
mers (ephrin type-A receptor 2 (EphA2), IGF1R, 
growth differentiation factor 15 (GDF15), and 
the cleaved form of the mucin-1 protein 
(MUC1*)), signaling triggered by downstream 
members (PI3KCA, PTEN, SRC, mTOR), 
altered expression of cell cycle and apoptotic 
regulators (CDKs, CDKN1B, BCL2), hormone 
receptor status, resistance to antibody-dependent 
cellular cytotoxicity (FcγR), and altered miRNA 
expression signatures [237].

Multigenic molecular profile analyses have 
revealed further genes not directly associated 
with the classical oncogenic pathways. Although 
numerous biomarkers have shown promise in 
preclinical studies, many have delivered contro-
versial results when evaluated in clinical trials 
[238]. One of the keys for targeting ERBB2 will 
be to consider the entire ERBB family and down-
stream associated pathways responsible for the 
malignant transformation.

4.3.2.1  HER2 as a Biomarker 
for Therapeutic Resistance

4.3.2.1.1  HER2 Gene Amplification, 
Protein Expression, 
and Quantification

There is evidence that both locally advanced and 
metastatic breast cancer patients with high gene 
amplification levels (such as a HER2 gene copy 
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number over 10 or HER2/CEP17 ratio over four) 
derive greater benefits from trastuzumab treat-
ment. However, disease progression associated 
with HER2 expression is complex. According to 
more recent studies, low, intermediate, and high 
HER2 expression corresponds to differences in 
trastuzumab sensitivity [27]. Time to progression 
is short when HER2 expression is low, but 
increases significantly at intermediate HER2 lev-
els [27, 239]. Nevertheless, time to progression 
abruptly decreases when HER2 is too high, such 
as being fivefold or more of the intermediate val-
ues. HER2 amplification measured by FISH, but 
not IHC, was related to pCR, suggesting that 
FISH may be superior to IHC at predicting over-
all survival in neoadjuvant settings.

Moreover, the levels of HER2 measured by 
HER mark predict the response to trastuzumab 
and trastuzumab combined with lapatinib, when 
HER2 expression is above the median, irrespec-
tive of hormone receptor status. A quantitative 
HER2 analysis, such as HER mark (an applica-
tion from the VeraTag platform), may serve as a 
better predictor of trastuzumab’s efficacy. HER 
mark allows simultaneous measurement of the 
total HER2 protein levels and the levels of func-
tional HER2 homodimers on the surface of the 
cells [27]. HER2 expression assessed by HER 
mark and IHC values correlate. However, HER 
mark provides more quantifiable values [240].

Conversely, in a subset of HER2+ tumors, the 
HER2 gene is amplified without overexpression 
of the protein, and these patients are expected to 
gain significantly less from trastuzumab therapy 
[241].

Altogether, precise, quantitative HER2 assess-
ment emerges as one of the most promising can-
didates for the accurate prediction of trastuzumab 
efficiency.

4.3.2.1.2 HER2 Homodimers
HER2 oligomer status has been associated with 
trastuzumab sensitivity [29], as HER2 heterodi-
mers activate the PI3K pathway [242]. 
Meanwhile, HER2 overexpression can lead to 
HER2 homodimerization that activates the RAS/
ERK signaling pathway. HER2+ metastatic 
breast cancer patients with high levels of HER2 

homodimers experience longer time to progres-
sion, which prolongs overall survival [243]. The 
level of HER2 homodimers correlates with lon-
ger survival after trastuzumab treatment in meta-
static patients, and patients with the highest 
homodimer expression seem to benefit less from 
concurrent chemotherapy than patients express-
ing lower HER2 homodimer levels.

4.3.2.1.3  Intratumor Heterogeneity 
and Selection of a HER2-
Negative State

Primary tumors and metastatic lesions do not 
always retain HER2 positivity after neoadjuvant 
trastuzumab treatment [244]. In up to one-third 
of patients where pCR was not achieved, the 
residual lesions transformed to HER2- status 
associated with poor survival. One-fourth of 
patients diagnosed with HER2+ disease had 
HER2-negative metastatic lesions. The presence 
of such discordance was associated with shorter 
overall survival and suggested the administration 
of chemotherapy, but not with trastuzumab 
treatment.

4.3.2.1.4  HER2 Extracellular Domain 
in the Serum

Elevated serum HER2 extracellular domain lev-
els (HER2/ECD) signal poor prognosis. Although 
the evidence is somewhat controversial, a 
decrease in HER2/ECD is associated with the 
magnitude of response to anti-HER2 therapy 
[30]. Increased objective response rate and 
delayed disease progression were observed in 
patients who achieved a significant decrease in 
ECD levels [245]. Similarly, longer progression- 
free survival characterized metastatic breast can-
cer patients with constantly low serum HER2/
ECD levels, or those who achieved low serum 
ECD levels during treatment. The role of HER2/
ECD is even more controversial in predicting sur-
vival, as high serum HER2/ECD levels indicate a 
significantly higher objective response rate but 
do not predict survival [246].

Furthermore, evidence suggests the applica-
bility of HER2/ECD levels for detecting breast 
cancer progression or regression. Patients with 
HER2+ disease had significantly higher HER2/
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ECD levels (24%) than other conventional tumor 
markers (7.4–12.9%) [27]. In particular, patients 
with stage 3, stage 4, and recurrent disease 
showed significantly higher HER2/ECD levels 
than other tumor markers. In patients with recur-
rent disease, recurrence was associated with the 
elevation of serum HER2/ECD levels from the 
baseline. The above findings suggest that ele-
vated serum HER2/ECD levels signal the emer-
gence of HER2+ metastatic disease [247].

4.3.2.1.5  Impaired Access to the HER2 
Binding Site

p95HER2 comprises a series of carboxy-terminal 
HER2 receptor fragments. As a result of proteo-
lytic shedding likely initiated by ADAM10 
metalloproteases or the alternative initiation of 
translation, the HER2 receptor loses the fourth 
extracellular domain that binds trastuzumab 
[248]. The p95HER2 fragment with a size of 
100–115 kDa, called 611CTF (carboxy-terminal 
fragment), is generated by alternative initiation 
of translation and is highly oncogenic due to con-
stitutive homodimerization.

In about one-third of HER2+ tumors [249], 
high p95HER2 was found to be generally related 
to worse prognosis and was therefore considered 
to be a marker of trastuzumab resistance [250]. In 
metastatic breast cancer patients treated with 
trastuzumab, high p95HER2 expression was 
associated with shorter progression-free and 
overall survival. Elevated levels of p95HER2 
were also predictive of poor prognosis and sig-
nificantly correlated with low progression-free 
and overall survival.

Δ16HER2 is a HER2 splice variant generated 
by exon 16 skipping, causing a conformational 
change in the extracellular domain of the receptor 
that leads to stable homodimerization [27]. The 
relationship between Δ16HER2 expression and 
trastuzumab sensitivity is not fully understood 
[27]. However, it is clear that the Δ16HER2 
splice variant mediates a strong oncogenic poten-
tial in tumor cells [27], where Δ16HER2 is pres-
ent in 89% of HER2+, node-positive primary 
breast cancer, increasing the heterogeneity of the 
disease [251].

4.3.2.2  Augmented Signaling in ERBB 
Family Receptors and Their 
Ligands

4.3.2.2.1 HER1
The integrated signaling network linking all 
ERBB RTKs allows for the escaping of the 
effects of a single receptor blockade via alterna-
tive signaling routes [27]. HER1 was identified 
by co-expression as a potential independent neg-
ative predictor of pCR [252]. Trastuzumab- 
resistant BT474 cells not only expressed higher 
amounts of HER1 and its ligands but also dis-
played increased levels of HER1:HER2 heterodi-
mer formation [253]. In a larger study with 155 
trastuzumab-treated patients in either metastatic 
or adjuvant/neoadjuvant settings, 15% of tumors 
overexpressed HER1, and the patients also expe-
rienced decreased overall survival. Targeting 
HER1 with the tyrosine kinase inhibitor (TKI), 
gefitinib, eliminated in vitro HER2 phosphoryla-
tion and suppressed HER2-driven proliferation in 
HER2+ breast cancer cell lines [254].

4.3.2.2.2 HER3
Although trastuzumab blocks ligand- independent 
formation of HER2 homodimers and 
HER2:HER3 heterodimers, HER2:HER3 het-
erodimers have the most potent carcinogenic 
effect [27]. Growth factor-induced HER2:HER3 
heterodimers initiate AKT//mTOR signaling, 
providing an escape route from the effect of 
trastuzumab. Inhibition of PI3K abolished AKT 
activation. However, it initiated a compensatory 
ERK activation by increasing HER3 expression 
[27]. Consequently, combined anti-HER2 and 
anti-MEK treatments will be required to prevent 
this alternative signaling. Excess TGFB stimu-
lates the PI3K/AKT pathway through HER3 acti-
vation [255]. Clinical studies have attributed 
predictive potential to HER3 expression in order 
to stratify patients by prospective treatment 
response [27]. Trastuzumab-treated HER2+ met-
astatic breast cancer patients with high HER3 
expression measured by the VeraTag assay were 
associated with shorter progression-free and 
overall survival than patients with low HER3 
expression. In patients treated with adjuvant 
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trastuzumab, the presence of HER2/HER3 het-
erodimers and loss of p21 expression were asso-
ciated with poor survival prognosis.

Long-term anti-HER2 treatment may induce 
the reprogramming of tumor cells to activate 
alternate signaling pathways, even in the absence 
of visible effects [27]. Extended trastuzumab 
treatment modulated the ERBB signaling net-
work and increased HER1 and HER3 expression 
in HER2+ trastuzumab-resistant cell lines [256]. 
In 125 metastatic breast cancer patients, retro-
spective analysis of HER3 expression, using 
IHC, revealed an association between HER3 neg-
ativity and better progression-free survival after 
taxane and trastuzumab treatment [257].

4.3.2.2.3 HER4
The role of HER4 in trastuzumab resistance is 
rather controversial. Multiple reports attribute 
antiproliferative effects to HER4 [258]. In a neo-
adjuvant setting, HER2+ patients with HER4 co- 
expression measured by IHC experienced a 
significant delay in the development of metasta-
ses and improved progression-free survival after 
adjuvant therapy. These findings suggest the use 
of HER4 as a potential biomarker to predict clini-
cal outcomes. However, the type of HER4 iso-
forms and location of HER4 seem to be crucial 
for its prognostic power [27]. Cytoplasmic HER4 
has been linked with increased survival, while 
nuclear translocation of HER4 has been associ-
ated with trastuzumab resistance during mono-
therapy and presented as a poor prognostic factor 
in HER2+ breast cancer [27]. Additionally, anti- 
HER2 treatment induced HER4 overexpression, 
cleavage, and nuclear translocation.

4.3.2.3  Activation of Growth Factor 
Receptors, Their Ligands, 
and Membrane Proteins

4.3.2.3.1  Hepatocyte Growth Factor 
Receptor

In HER2+ breast cancer, receptor tyrosine kinase 
HGFR is frequently overexpressed and predicts 
poor prognosis with trastuzumab [259]. In HER2- 
overexpressing cell cultures, trastuzumab treat-
ment results in rapid HGFR upregulation [259]. 

In 130 trastuzumab-treated metastatic breast can-
cer patients, HGFR and its ligand, hepatocyte 
growth factor (HGF), had a strong correlation 
with HGF FISH positivity, which correlates with 
a higher failure rate to trastuzumab administra-
tion and a shorter time to progression [260].

4.3.2.3.2 Ephrin Type-A Receptor 2
Overexpression of EphA2 was observed in 
trastuzumab-resistant cell lines, where in vivo 
inhibition of EphA2 expression restored sensitiv-
ity to anti-HER2 therapy. In a large cohort of 
human breast cancer samples, elevated levels of 
EphA2 correlated with worse disease-free and 
overall survival [261].

4.3.2.3.3  Insulin-Like Growth Factor-I 
Receptor

Overexpression of IGF1R results in amplified 
trastuzumab resistance and is associated with 
shorter progression-free survival in patients 
treated with adjuvant trastuzumab. Stimulation of 
1GF1R by IGF1 results in increased HER2 phos-
phorylation. HER2 also participates in distinctive 
protein-protein interactions, such as hetero-
trimerization with IGFIR and HER3. Co-targeting 
HER2 and IGF1R has been suggested as a viable 
strategy to improve trastuzumab responsiveness 
[262].

4.3.2.3.4 Growth Differentiation Factor 15
GDF15 has been reported to be secreted by adi-
pocytes. In HER2-overexpressing cell cultures, 
TGFB-related GDF15 induced phosphorylation 
of HER2 and reduced trastuzumab sensitivity 
[263]. Resistance to trastuzumab was associated 
with increased GDF15 expression, and GDF15 
knockdown restored trastuzumab sensitivity in 
resistant cells. Inhibition of either TGFB receptor 
or SRC blocked GDF15-mediated trastuzumab 
resistance, supporting GDF15-mediated TGFB/
SRC/HER2 cross talk signaling as a novel mech-
anism of trastuzumab resistance [263].

4.3.2.3.5 Mucin-1
MUC1*, the transmembrane cleavage product of 
MUC1, functions as a growth factor receptor in 
cancer cells [264]. In a cell line induced to be 
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resistant to trastuzumab, MUC1 expression 
increased dramatically. Moreover, MUC1- 
overexpressing cells were shown to acquire resis-
tance to standard chemotherapeutic agents. 
Treatment with MUC1 antagonist sensitized 
intrinsically trastuzumab-resistant HER2- 
overexpressing breast cancer cell lines to trastu-
zumab, with resistance to chemotherapeutic 
drugs also reversed. Treatment with the MUC1 
inhibitor, GO-203, reduced p-HER2 levels and 
exerted synergistic effects with trastuzumab 
treatment [27].

4.3.2.3.6 Mucin-4
MUC4, a membrane-associated high molecular 
weight glycoprotein that can mask membrane 
proteins, interacts with and activates HER2. 
Overexpression of MUC4 reduces binding of 
anti-HER2 antibodies, including trastuzumab, 
although it does not affect HER2 expression lev-
els [27]. MUC4 silencing by RNA interference 
increases trastuzumab binding. Mucins, includ-
ing MUC4, were upregulated in xenograft mod-
els of ER+/HER2+ breast cancer that developed 
resistance against trastuzumab/lapatinib and 
tamoxifen/estrogen deprivation treatment[27]. 
These model tumors shifted their molecular phe-
notype toward being more ER-negative/HER2+ 
following mucin upregulation [27].

4.3.2.4  Activation of PI3K/AKT/mTOR 
Signaling Pathway

This pathway can be activated via HER3 and 
HER2 overexpression, low PTEN expression, 
PI3KCA mutations, AKT1 mutations, and altered 
INPP4B expression [27].

Mutations in the PI3KCA gene encoding the 
p110α catalytic subunit of PI3K are mainly found 
in HER2+ and/or ER+ breast cancers, with 
PI3KCA amplification mainly found in TNBCs. 
Both in vitro and in vivo studies indicate that 
mutations in PI3KCA confer resistance to trastu-
zumab. PTEN loss has been observed in HER2+ 
breast cancer patients and linked to trastuzumab 
resistance, poor prognosis, and decreased sur-
vival in a number of studies [257]. Additionally, 
metastatic breast cancer patients with high PTEN 
expression experienced longer progression-free 

and overall survival than patients with PTEN 
expression below 20, as measured by IHC [257]. 
In about 50% of HER2+ breast cancer patients, 
the PI3K/AKT signaling pathway is activated by 
low PTEN and/or the presence of PI3KCA muta-
tions. A cell culture-based large-scale genetic 
screen using RNA interference identified PTEN 
loss and PI3KCA mutations as key biomarkers 
linked to trastuzumab resistance, whereas low 
PTEN expression was predictive of resistance 
against anti-HER2 therapy [257]. Additionally, 
when combined with PI3KCA mutation, PTEN 
was capable of identifying twice as many patients 
for increased risk of progression [27]. In another 
study, PTEN loss and PI3KCA mutations were 
not associated with response to trastuzumab and 
clinical outcome at all [27]. Based on current evi-
dence, PI3KCA mutation and/or PTEN loss 
should not exclude HER2+ patients from poten-
tially beneficial trastuzumab treatment.

PTEN directly and specifically dephosphory-
lates the non-receptor tyrosine kinase, SRC 
[265]. Loss of PTEN results in high amounts of 
active, phosphorylated SRC that facilitates HER1 
and HER3 expression in vitro [27]. A single ret-
rospective study investigated the relation between 
SRC expression and sensitivity to trastuzumab 
[27]. High levels of active SCR in tumors after 
trastuzumab treatment were associated with 
lower clinical response rates and lower overall 
survival, thereby contributing to trastuzumab 
resistance [266].

The GeparQuattro trial explored biomarkers 
for trastuzumab resistance in 153 HER2+ breast 
cancer patients using IHC and identified multiple 
markers related to mTOR pathway activation, 
such as p4EBP1, and the stem cell marker, 
ALDH1.

4.3.2.5  Deregulation of Cell Cycle 
and Apoptosis Regulator

In resistant cell culture models of HER2+ breast 
cancer, CDK4/CDK6 inhibition reduced cell pro-
liferation, which was recapitulated by a finding in 
mouse xenografts. CDK4/CDK6 inhibition and 
small-molecule TKIs, such as lapatinib, had 
additive effects on cell growth suppression. 
CDK4/CDK6 inhibitors also exerted comple-
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mentary action on residual clones remaining after 
T-DM1 therapy [267].

In HER2-amplified trastuzumab-sensitive 
cells, treatment with XXXX downregulated 
AKT1 expression, generating an increased 
expression of CDKN1B that caused downregula-
tion of cyclin D1 and thus promoting cell cycle 
arrest [268]. In contrast, trastuzumab-resistant 
HER2+ cells displayed an increased proliferation 
rate accompanied by CDKN1B downregulation 
and an increase in the production of CDK2. 
Therefore, CDKN1B downregulation is consid-
ered as a biomarker for trastuzumab resistance, 
and increased CDKN1B has been shown to 
restore trastuzumab sensitivity [27]. Knockdown 
of protein phosphatase 1H (PPM1H) in HER2- 
overexpressing breast cancer cell culture pro-
moted proliferation in the presence of 
trastuzumab. In situ hybridization on formalin- 
fixed paraffin-embedded (FFPE) samples 
revealed a trend between low tumor PPM1H 
expression and worse patient outcome [269]. 
CDKN1B blocks the activity of cyclin E/CDK2 
complexes. In trastuzumab-resistant HER2+ 
cells, cyclin E was overexpressed in comparison 
with that in sensitive cells. In patients receiving 
first-line trastuzumab therapy, cyclin E overex-
pression was related to lower clinical benefit 
rates and shorter progression-free survival in 
contrast to cyclin E-negative patients (6 and 
14 months, respectively) [270].

HER2-overexpressing BT474 breast cancer 
cells with acquired resistance to trastuzumab 
have increased expression of the antiapoptotic 
protein, BCL2, and increased sensitivity to BCL2 
inhibitor ABT-737, compared to the parental 
cells. Concurrent treatment of the resistant cells 
with ABT-737 increased trastuzumab-mediated 
growth inhibition. Inhibition of PI3K and the IκB 
kinase complex (IKK) resulted in the downregu-
lation of BCL2 and increased sensitivity to trastu-
zumab in resistant cells [271].

4.3.2.6  Overexpression of Estrogen 
Receptor

Failure of anti-HER2 agents is due to the alterna-
tive escape mechanisms offered by ER-related 
pathways in HER2+/ER+ breast cancer. Meta- 

analysis of 12 international trials has revealed 
that higher pCR rates are associated with 
ER-negative status, regardless of the treatment 
regimen. There is an inverse relationship between 
HER2 and ER, which can be explained by the 
negative control HER2 exerts on ER expression 
[27].

ER can activate HER signaling members, for 
example, by increasing growth factor expression 
of other RTKs, such as TGFα and IGF1. ER can 
downregulate HER1 and HER2, and upregulate 
IGF1R, opening alternative pathways to escape 
the anti-HER blockade. ER+ tumors that overex-
press HER2 show both de novo and acquired 
resistance to endocrine therapy [234]. Targeting 
these pathways together allows simultaneous 
blocking of HER2- and ER-mediated signaling.

4.3.2.7  Role of miRNA in HER2- 
Targeted Therapy

In HER2+ human cell lines with acquired resis-
tance to trastuzumab, upregulated miR-21 was 
accompanied by reduced expression of 
PTEN. Blocking miR-21 both in vitro and in vivo 
increased PTEN production, decreased cell pro-
liferation, and restored trastuzumab sensitivity to 
the tumor cells. Higher miR-21 expression levels 
were associated with a decreased response to 
trastuzumab in pretreatment tumor biopsies, 
whereas trastuzumab treatment further increased 
miR-21 expression [272].

Trastuzumab treatment also induced miR-26a 
and miR-30b expression in HER2+ breast cancer 
cells. As revealed by cell cycle analysis, miRNAs 
induced G1 arrest and apoptosis, and miR-30b 
decreased expression of cyclin E2 posttranscrip-
tionally, suggesting that the therapeutic action of 
trastuzumab may be mediated by miRNAs as 
well [273].

4.3.2.8  Increasing Tumor-Infiltrating 
Lymphocytes

An adjuvant phase III study has found that TILs 
are predictive of the benefit of trastuzumab and 
chemotherapy in early-stage HER2+ breast can-
cer. The neoadjuvant GeparQuattro trial further 
confirmed these findings, showing that every 
10% increase in TILs is associated with higher 
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pCR levels after trastuzumab and chemotherapy 
treatment [274]. Experimental observations have 
described that trastuzumab relies at least partially 
on the role of interferon I and II in mediating 
antitumor effects. These findings suggest that 
agents inhibiting T-cell-targeting immunosup-
pressive mechanisms could also be beneficial for 
anti-HER2 therapy [27].

4.3.3  Triple-Negative Breast Cancer

Numerous studies have identified that collective 
signaling molecules, such as RTKs, are often 
found increased in cancers and could operate 
TNBC targets [1]. Specifically, RTKs such as 
EGFRs, FGFR, TGFB receptor (TGFRB), 
PDGFR, VEGF receptor (VEGFR), HGFR, 
IGF1R, AXL, and non-receptor tyrosine kinase, 
SRC, could be likely exploited as targets for 
TNBCs [1]. Similarly, common signaling inter-
mediates that are regulated by the aforemen-
tioned proteins have been suggested as good 
therapeutic targets [1]. They consist of elements 
of PI3K/AKT/mTOR pathway, JAK/STAT path-
way, and RAF/MEK/ERK pathway, as well as 
Wnt/β-catenin pathway signaling [1]. Even 
though these targets are authorized in cell lines 
and preclinical models, none could be used as a 
single agent to reverse the aggressiveness of 
TNBC tumors in clinical trials, which is due to 
intrinsic and acquired drug resistance [1].

4.3.4  Metastatic Breast Cancer

4.3.4.1  Prognostic and Predictive 
Signatures for Therapeutic 
Outcomes

In addition to common histopathological tools, a 
number of multigene expression signatures have 
been distinguished for estimating the natural his-
tory of metastatic breast cancer.

4.3.4.1.1 Metastatic Biopsies
An actual number of patients have incongruous 
findings between matched biopsies of primary 

tumor and metastatic sites. Furthermore, one 
metastasis may diverge from another within the 
same individual, which raises the question of 
how many biopsies are needed. Biopsy of meta-
static tissue could conceivably enhance the clini-
cal outcome by identifying what new genetic or 
molecular pathways are activated, which could 
lead to converted and ideally more efficacious 
therapies.

4.3.4.1.2 Circulating Tumor Cells
Detection and bio-characterization of circulating 
tumor cells (CTCs) in the peripheral blood of 
patients with progressed breast cancer could suit-
ably serve as a real-time tumor biopsy. CTCs are 
rare events, occurring at rates as low as one cell 
per 105 to 107 peripheral blood mononucleated 
cells [275], with their detection complicated by 
significant leukocyte contamination [193]. 
Detection based on EpCAM or cytokeratin 
expression in CTCs is potentially complicated by 
the epithelial-mesenchymal transition, where 
expression of these proteins is lost [276]. 
Prospective studies have described that detection 
of CTCs in metastatic breast cancer can success-
fully predict progression-free survival and over-
all survival [277].

Although CTCs are favorable, several issues 
in the literature need to be resolved before CTCs 
can be proposed as a part of a personalized medi-
cine regimen [154, 193]. The proportion of CTCs 
that are metastatically competent, as opposed to 
emitting tumor cells that are destined to die, is 
unclear [154, 193]. According to the experimen-
tal scholarly, the vast majority of tumor cells that 
shed into the circulation never form a metastatic 
lesion [154, 193]. In addition, it is known that the 
molecular properties of CTCs from the primary 
tumor do not always match with those from the 
same blood sample, and heterogeneous CTC sub-
populations with disparate hormone receptor and 
other phenotypes coexist [154, 193].

4.3.4.1.3 microRNAs
Other components of blood, such as conventional 
cancer markers and miRNAs, may also have pre-
dictive ability [154, 193].
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4.3.5  Breast Cancer Stem Cells 
(Tumor-Initiating Cells)

In more than half of the breast tumors, the total 
and phosphorylated STAT3 has been enhanced, 
which is associated with poor prognostic out-
come and an aggressive phenotype [1]. Preclinical 
research in mouse models found that STAT3 
knockdown slowed down tumor growth and 
enhanced response to chemotherapeutic agents 
[278]. Moreover, a stimulation of the IL6/JAK2/
STAT3 signaling pathway was observed in 
CD44+/CD24+ stem cell-like cells of basal-like 
breast cancer. BSK805, a JAK2 inhibitor for inhi-
bition of this pathway, was found to attenuate 
xenograft tumor formation and exclude stem cell- 
like cells, which further suggested the crucial 
role of JAK2/STAT3 in tumor initiation [1].

4.4  Concluding Remarks 
and Future Perspectives

Despite improved researches in chemotherapeu-
tic resistance, considerable numbers of patients 
have faced obstacles of complexities to overcome 
chemoresistance in breast cancer. The current 
challenges are understanding the specific molec-
ular mechanism and identifying novel targeted 
therapies that are effective in chemoresistant 
breast cancer. A thorough investigation of the 
molecular mechanisms of tumor resistance could 
shed light on using anticancer drugs in an effec-
tive way and help to predict the response of che-
motherapy more accurately.

In some cases of chemotherapy-resistant 
patients, the molecular mechanism could be 
changed after treatment. Some cancer cells that 
survive after chemotherapy can find an escape 
route through the activation of other signaling path-
ways. Hence, compensatory signaling pathways 
exacerbate the challenges faced when treating che-
motherapy-resistant patients. Therefore, rational 
drug combinations and other ingenious strategies 
are needed to overcome chemotherapy resistance.

Recently, advanced high-throughput tech-
niques such as next-generation sequencing have 
provided meaningful data that can be used as 

prognostic markers for chemotherapy-resistant 
patients. In addition, identifying new multi- 
targeted drugs can be considered promising ther-
apeutic strategies. Before applying novel drugs to 
improve prognosis, improved in vivo systems 
such as patient-derived xenograft (PDX) provide 
opportunities to predict responses and determine 
the therapeutic value. Thus, incorporating high- 
throughput techniques will help to overcome che-
motherapeutic resistance in breast cancer.
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Abstract

Radiotherapy acts as an important component of breast cancer manage-
ment, which significantly decreases local recurrence in patients treated 
with conservative surgery or with radical mastectomy. On the foundation 
of technological innovation of radiotherapy setting, precision radiotherapy 
of cancer has been widely applied in recent years. DNA damage and its 
repair mechanism are the vital factors which lead to the formation of 
tumor. Moreover, the status of DNA damage repair in cancer cells has 
been shown to influence patient response to the therapy, including radio-
therapy. Some genes can affect the radiosensitivity of tumor cell by regu-
lating the DNA damage repair pathway. This chapter will describe the 
potential application of DNA damage repair in precision radiotherapy of 
breast cancer.

Keywords
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5.1  Introduction

Radiotherapy acts as an important component of 
breast cancer management, which significantly 
decreases a local recurrence in patients treated 
with conservative surgery or with radical mastec-
tomy. Traditionally, the application of radiother-
apy in breast cancer is based mainly on 
histopathological and clinical features. With the 
emerging of gene expression profiles which has 
created a new era of treating tumors at molecular 
level, breast cancer is divided into different sub-
types according to tumor behavior and radiation 
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response. Thus, personalized radiotherapy which 
embraces the biological behavior of tumors 
stands out with the aim to replace the strategy of 
“one size fits all.” The concept of precision radio-
therapy, which goes beyond the technical defini-
tion, is being accepted by radiation oncologists. 
The integrity of DNA is essential to maintain 
genome stability of human. However, diverse ele-
ments, including chemical carcinogens, oxidative 
free radicals, and ionizing radiation, can make 
damage to DNA, which plays a significant role in 
the tumorigenesis. In this chapter, we will 
describe the potential application of DNA dam-
age repair in precision radiotherapy of breast 
cancer.

5.2  DNA Damage Repair

The integrity of DNA is essential to maintain 
genome stability, which is primarily important 
for the survival and proper functioning of all 
organisms [1]. In eukaryotic cells, the vast major-
ity of DNA is associated with the presence of 
protein, most compounding the chromosome in 
the nucleus and few existing in other organelles, 
such as mitochondria [2]. Composed by guanine, 
adenine, thymine, cytosine, pentose, and phos-
phate, disparate base sequence of DNA encodes 
various different biological information [3–5].

Using DNA as a template for DNA replication 
based on base pairing is a rigorous and precise 
event [6]. However, spontaneous errors occasion-
ally happen, whose probability could be quite 
high. The frequency of base pairing errors is 
about 10−1–10−2, which could be decreased to 
about 10−5–10−6 with the presence of DNA repli-
cation enzyme. If there is an error in the replica-
tion process of nucleotide incorporation, DNA 
polymerase will suspend the catalytic effect with 
its 3′–5′ exonuclease activity followed by nucle-
otide excision error, ensuring the veracity during 
replication [7–10]. If malfunction occurs while 
DNA replicates, mutation will accumulate or 
lead to a potentially high risk of cancer or even 
other diseases [11].

In the meantime, DNA is vulnerable to dam-
age resulting from diverse elements, such as 

chemical carcinogens from the environment or in 
the body, oxidative free radicals produced by nor-
mal metabolism, telomere shortening, telomerase 
activity change, proto-oncogene activation, 
tumor suppressor gene inactivation, ultraviolet 
(UV) radiation and ionizing radiation, and many 
pharmaceuticals, especially genotoxic anticancer 
drugs. Multiple factors attack DNA and induce 
different levels of lesions. Both spontaneous and 
environmental lesions can lead to the damage of 
DNA molecule, including DNA double-strand 
breaks (DSBs); DNA single-strand breaks 
(SSBs); mismatched, methylated, and oxidized 
bases; and intra- and interstrand DNA cross- 
links. Unfortunately, such lesions can interfere 
replication and transcription of genome, leading 
to mutations or wider-scale genome aberrations 
if they are not repaired accurately [13–15].

In normal cells, most DNA damage can be 
repaired by triggering the activation of numerous 
complex and precise regulatory mechanism, 
including the activation of cell cycle checkpoint, 
the initiation of repair system, and the induction 
of cell apoptosis [16]. Furthermore, to properly 
protect the genome, the cells must detect all types 
of DNA structural alterations and try their best to 
repair different forms of damage by diverse repair 
pathways, including nucleotide excision repair 
(NER), base excision repair (BER), double- 
strand breaks (DSBs), and mismatch repair 
(MMR) [12, 17–20]. DSBs are the most serious 
damages to cells, normal life activities, and sur-
vival of the threatened [21–23]. Activation of 
repair pathway is rather essential in repairing 
DNA lesions and maintaining the integrity of the 
genome of the cell. In addition, the loss of some 
important components in the repair pathway will 
increase the probability of mutation and cancer 
[24]. Previous studies showed that various kinds 
of DNA damage repairs were defected in some 
solid tumors [25]. Furthermore, the inaccurate 
rejoining of broken DNA ends at DSBs may 
affect the function or survival of the somatic 
cells, which may affect future generations. 
Therefore, the ability of biological cells to repair 
DNA damage is very important in the process of 
evolution [26, 27]. On the other hand, unrepaired 
DNA damage can be toxic, promoting pathways 

Y. Jiang et al.



107

of cell elimination such as apoptotic and necrotic 
death, which is thought to suppress tumor path-
ways. Therefore, DNA damage can also be used 
as a means to cure tumor, which is advantageous 
in anticancer therapies.

Tumor is a kind of cell tissue with unlimited 
proliferation abilities. DNA damage and its repair 
mechanism are important factors which lead to 
the formation of tumor. In the precancerous 
lesions, DNA damage and DNA damage repair 
pathways activated by the injury are often 
detected, with the activation of checkpoint 
kinases like ATM, Chk1, Chk2, H2AX, p53, and 
p16 and the formation of DNA marker foci 
[28–30]. More than half of all human cancers are 
caused by various forms of p53 inactivation, such 
as mutation of p53 or its important regulatory 
factors (such as ATM), or dysfunction of DNA 
damage repair (DDR) pathway.

Among the many types of DNA damages that 
exist inside mammalian cells, DSBs may be the 
most dangerous one. DSBs can result from either 
exogenous factors such as certain chemothera-
peutic drugs and irradiation (IR) or endogenous 
reactive oxygen species (ROS) [31]. DNA DSBs 
can be detected by the ATR-interacting protein 
(ATRIP) or Ku complexes, MRE11/RAD50/
NBS1 (MRN), ataxia telangiectasia-mutated 
(ATM), RAD-3-related (ATR), and DNA- 
dependent protein kinase catalytic subunit (DNA- 
PKcs) and BRCA1, respectively [32]. Many 
downstream proteins, such as p53, are then tar-
geted [34]. In addition, there are at least two 
major classical pathways for the repair of DSBs, 
which are homologous recombination (HR) and 
nonhomologous end joining (NHEJ) [20, 34]. 
NHEJ is involved in all the phases of the cell 
cycle. In contrast, the HR is involved in late S and 
G2 phases of the cell cycle [35–37].

SSBs are also one of the most dangerous 
lesions as a consequence of spontaneous DNA 
instability. Their repair is critical because they 
can terminate gene transcription and generate 
toxic DSBs during DNA replication [38, 39]. In 
order to prevent the formation of DSBs, efficient 
repair of SSBs must be completed before DNA 
replication, which means that cells need to detect 
unrepaired SSBs and delay cell cycle progression 

to allow more time for repair. A recent study has 
indicated that unrepaired SSBs induced by both 
spontaneous DNA damage and exogenous agents 
activate ATM, which then leads to a G1 cell 
cycle delay that provides additional time for 
DNA repair before replication and prevents for-
mation of DSBs [40]. Other studies have con-
firmed that a poly (ADP) ribose polymerase 
(PARP), primarily PARP1, is involved in the 
SSBs repair pathway by binding to the broken 
DNA, which enhances its poly(ADP) ribose 
(PAR) polymerization activity and induces accu-
mulated PARs’ recruitment of XRCC1, a scaf-
fold protein, to further recruit the downstream 
repair enzymes [41, 42].

5.3  The Precision Radiotherapy 
for Breast Cancer

Nowadays, with the technological innovation of 
radiotherapy setting, treatments from simulation 
to planning to delivery in every cancer phase 
have been remarkably improved, indicating that 
the era of the precision radiotherapy is coming. 
Precision identification is expressed not only in 
planning but also in delivering treatment, which 
will have a positive impact on toxicity and local 
control. The refinement of radiation techniques 
has allowed for advancement of local control, 
increase of overall survival, and decrease of 
radiation- related adverse reactions [43–45]. 
Continuous efforts have also been made to mini-
mize normal organ toxicity and improve local 
control in radiotherapy.

The advent of high-precision radiotherapy for 
cancer is based on the computed tomography 
(CT) scan which emphasizes the passage from a 
two-dimensional to a three-dimensional (3D) 
perspective [46]. With implementation of new 
treatment planning systems with multi-leaf colli-
mators (MLC) and beam-eye views, the high 
conformability of 3D radiotherapy not only 
improves dosimetric accuracy but also ensures 
precise reconstruction of the complex relation-
ships of adjacent structures and organs. In the 
process of radiotherapy, hot spots were limited 
by optimization of dose distribution, which 
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would result in severe late effects. Through pre-
cise 3D reconstruction, exposure of the organs at 
risk (OARs) is reduced, which will pave the way 
to safe dose escalation and decrease toxicity [47]. 
After careful analysis of dosimetric data and clin-
ical toxicity data, the complex dose-response 
relationships can be charted, which will help doc-
tors define the specific tolerance doses for OARs 
[48]. In the Quantitative Analysis of Normal 
Tissue Effect in the Clinic (QUANTEC) project, 
the specific tolerance and dose-effect correlations 
of most irradiated organs were clear defined [49]. 
Additionally, models linking tumor control and 
dose with toxicity were used to predict normal 
tissue toxicity and evaluate potential treatment 
outcome.

Accumulating evidence suggests that techno-
logical advancement contributes to treatment 
benefits in increasing overall survival, improving 
local control, and decreasing toxicity [45, 50]. 
Local failure rate in 5 years after conservative 
surgery was about 5% 20 years ago and has 
become 1% in recent years, which is attributed to 
the technological advances in aspects such as 
radiotherapy and surgery [51, 52]. Recent studies 
have shown that reduced dose to the coronary 
arteries and myocardium can cause the decrease 
of cardiac events even when internal mammary 
nodes have been included in radiotherapy [53].

There has been a continuous development for 
intensity-modulated radiotherapy (IMRT), ste-
reotactic ablative radiotherapy (SART), and other 
advanced radiotherapy technology, which can 
further reduce exposure of OARs with a steep 
dose gradient. Many studies have confirmed that 
compared with a 3D technique, IMRT can reduce 
acute side effects, delay changes in appearance, 
and lower incidence of side effects in breast can-
cer patients [53]. With the help of IMRT tech-
nique, different dose levels are delivered 
simultaneously to different target volumes within 
a single treatment fraction. This method is also 
known as SIB (simultaneous integrated boost 
technique), which can be used to yield higher 
doses to the critical area, but not increase the 
overall treatment time [54].

In order to reflect individual recurrence risk in 
high-risk and low-risk breast cancer patients, 

researchers have investigated the dose modula-
tion effect across the breast. In their studies, 
3-level radiation dose was administered, which 
reflected dose escalation in high-risk breast can-
cer patients and dose/volume de-escalation in 
low-risk breast cancer patients [55, 56]. What 
makes people excited is the excellent treatment 
outcome of stereotactic ablative radiotherapy 
(SART) in breast cancer patients, especially in 
treatment for metastases [57–59]. SART has a lot 
of advantages, such as offering a high dose/frac-
tion for good local control, exploiting steep dose 
gradient, and delivering treatment regimen in few 
fractions, which can provide an optimal quality 
of life for patients [60].

In high-precision radiotherapy, accurate iden-
tification of target and OARs is critical. Adequate 
contouring also plays a crucial role to ensure the 
safety and effectiveness of the treatment plan. In 
clinical practice, the tumor bed is topographically 
uncertain after operation, and the use of surgical 
clips to mark the lumpectomy site is recom-
mended by many doctors [61]. However, radio-
logical imaging, including MR, CT, and PET-CT, 
can provide more useful and accurate informa-
tion for target volume delineation in high- 
precision radiotherapy [62, 63]. Nowadays, many 
consensus guidelines have been put forward to 
solve the inconsistency of target volume delinea-
tion for radiation oncologists. Furthermore, soft-
ware and anatomic borders have been carefully 
considered by radiation oncologists in high- 
precision radiotherapy.

The advances in physics and technology have 
greatly improved every process of high-precision 
radiotherapy, especially in treatment execution. 
Changes including displacement of the target due 
to organ and anatomical motion can occur in the 
course of radiotherapy, which would affect dose 
distribution and lead to an inadequacy of target 
coverage and damage on the OARs [64, 65]. 
High-precision radiotherapy can provide high 
conformability, which means high sensitivity to 
any changes and will ensure treatment accuracy. 
The immobilization devices can help to maintain 
patients in a fixed position and decrease damage 
on the OARs. Additionally, with the help of vari-
ous devices, the image-guided radiotherapy 
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(IGRT) allows treatment to be more accurate. In 
case of displacements caused by coughing, body 
relaxation, and other uncontrolled physiological 
behaviors, monitoring devices should be 
equipped in the treatment rooms to continuously 
monitor and compensate for target motion during 
radiotherapy. With the MR linear accelerator 
(MR-linac), the target and organs at risk can be 
monitored more precisely, which can narrow 
safety margins around the target and lower treated 
volumes [66].

In spite of the technological advances and 
various choice of treatment modalities and tech-
niques, the tendency to treat all breast cancer 
with the same regime, irrespective of tumor biol-
ogy, is still common [67, 68]. Although modern 
radiotherapy has achieved great precision in 
equipment, target, dose, and treatment execution, 
which brings better local control and decreases 
toxicity-related mortality, there is still an unmet 
need for incorporating genomic profiling in the 
decision-making process. Future radiotherapy 
should target not only the tumor volume but also 
the people to select patients who would benefit 
most from a specific treatment.

Speers et al. have contrived a breast cancer- 
specific molecular signature of radiation response 
from in vitro studies in 16 different breast cancer 
cell lines [69]. They have also developed a radio-
sensitivity signature (RSS), which comprises of 
51 genes involved in cell cycle regulation, DNA 
damage, and DNA repair, by using a training 
dataset of 343 early breast cancer patients treated 
with breast-conserving surgery and adjuvant 
radiotherapy. This model was subsequently vali-
dated in an independent cohort of 228 breast can-
cer patients and was found to predict patients 
who would develop locoregional recurrence in 
10 years with a sensitivity value of 84% and a 
negative predictive value of 89%. The RSS is a 
culmination of comprehensive preclinical work 
and rigorous statistical analysis, which results in 
the translation from bench to bedside. It has been 
found to be independent of biological subtype 
and outperform traditional clinic-pathological 
predictors such as grade, tumor size, and nodal 
status, in predicting local recurrence and overall 
survival. However, the study had some  limitations. 

Firstly, the training and validation work were per-
formed on nonrandomized datasets of early 
breast cancer patients who were mostly treated 
with breast conservation surgery and postopera-
tive radiotherapy [70, 71]. This adds an additional 
layer of complexity in interpreting the results due 
to the presence of confounders. Even though 
multivariate analysis using Cox regression was 
performed, more robust techniques such as pro-
pensity scores could have been adopted to control 
potential confounders. Secondly, the patient 
cohorts were treated more than a decade ago, in a 
premodern era of radiotherapy, and before the 
common use of third-generation systemic ther-
apy and trastuzumab, all of which have impact on 
risk of recurrence.

As mentioned above, the biological subtype 
did not exert impact on the risk of recurrence 
when RSS was included in the analysis, which 
contradicts present studies of similar field in 
developing radiation-specific assays. Recently, a 
radiotherapy-specific multigene expression 
model, also known as the radiation sensitivity 
index (RSI), was developed to predict radiation 
responsiveness [72]. When combined with intrin-
sic subtypes and age, RSI was able to identify 
patients who would least benefit from radiother-
apy (ER negative/RSI resistant) or who need a 
dose escalation approach (luminal/RSI resistant). 
And for the triple-negative (TN) subtype, sub-
populations with a different risk of local recur-
rence (LR) (RSI sensitive and RSI resistant) were 
detected, which indicates that personalized radio-
therapy may be considered for this subgroup. 
Accumulating evidence suggests that the diver-
sity of breast cancer calls for specific radiation 
strategies. Kyndi et al. retrospectively performed 
a study to examine the importance of estrogen 
receptor (ER), progesterone receptor (PgR), 
human epidermal growth factor receptor 2 
(HER2), and constructed subtypes in a large clin-
ical trial randomly assigning patients to receive 
or not receive postmastectomy radiotherapy 
(PMRT) [73]. The results showed that luminal 
tumors benefitted the most from radiotherapy, 
while the HER2-positive and TN subtypes were 
less likely to exhibit a reduction in LR due to the 
radiotherapy. In this trial population, a  subsequent 
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gene expression analysis on the frozen tumor 
samples identified a 7-gene predictive model 
for LR dubbed as the “DBCG- radiotherapy” pro-
file, which could predict the benefit of PMRT 
more accurately than molecular subtypes [74]. 
Furthermore, the DBCG-RT profile has identified 
a group of patients with low risk of local recur-
rence rate (LRR) and no additional benefit from 
PMRT among all the subtypes, including a num-
ber of luminal A patients who would not experi-
ence any benefit from PMRT when compared to 
the no-PMRT randomized group, which is in 
contrast with the previous analysis.

There are some studies supporting the omis-
sion of radiotherapy in highly selected patients, 
who are women aged 50 or over, presenting 
T1 N0, low-intermediate grade, hormone- 
sensitive and HER2-negative symptoms, and 
planning to receive endocrine therapy. Favorable 
tumor profiles have been identified either by 
immunohistochemical, or Oncotype DX 
(Genomic Health, Redwood City, CA) recur-
rence score (RS), or Prosigna PAM50 assay [75].

By contrast, the luminal B subtypes is charac-
terized by more aberrant genomes. It has pre-
sented a higher risk of LR and benefited more 
from radiotherapy. The addition of radiotherapy 
did not always bring better oncologic outcome, 
highlighting the need to investigate alternative 
regimens. It was found that the expression of 
Ki-67 was the only factor associated with the 
effect of axillary radiotherapy on the risk of 
recurrence [76, 77]. In patients not receiving axil-
lary dissection, high Ki-67 acted as a successful 
indication for axillary radiotherapy, which bene-
fited disease-free survival [78].

TN and HER2-positive subtypes were reported 
to have an increased risk of developing LR, irre-
spective of the type of surgery [79]. However, the 
outcome for HER2-positive subtypes is greatly 
improved with the use of trastuzumab. In preclin-
ical studies, the combination of trastuzumab with 
radiation enhances the radiosensitivity of breast 
cancer cell lines by inhibiting DNA repair and 
stimulating the death of tumor cell [80]. In clini-
cal practice, when adding trastuzumab into radio-
therapy, improved outcome has been observed 
with no increased toxicity. In HER2-positive 

patients receiving trastuzumab, the LR was far 
lower compared to TN patients. In addition, 
whole breast radiotherapy resulted in optimal 
local control. Accelerated partial breast irradia-
tion (APBI) or even mastectomy without postop-
erative radiotherapy worsened outcome, which 
indicated that extensive radiotherapy should be 
scheduled for this subtype [81].

Basal-like breast cancers tend to relapse early 
and present with poor disease-free and overall 
survival. There is now no robust evidence sup-
porting that basal-like breast cancer patients 
should be administered with different strategy of 
radiotherapy [82, 83]. Currently, APBI is not sug-
gested for treatment of basal-like/TN breast can-
cer according to ASTRO/ESTRO (American 
Society for Radiation Oncology/ European 
Society for Therapeutic Radiology and Oncology) 
due to its increased risk of LR [84, 86]. More 
aggressive treatments such as larger radiation 
fields or higher prescription dose are routine 
approach for this subtype by radiation oncolo-
gists. Thus, a basal-like/TN phenotype might be 
given a supraclavicular field if the axilla has not 
been dissected, and there are one or two positive 
sentinel nodes [87]. Even in early-stage breast 
cancer of this type [88], PMRT is always 
suggested.

In ductal carcinoma in situ (DCIS), biomark-
ers can be used to guide the selection of adjuvant 
treatment. High Ki-67 tumors benefit the most 
from radiotherapy, irrespective of nuclear grade 
and necrosis [89], whereas radiotherapy has been 
found to have no effect on luminal A DCIS with 
Ki-67 <14%. HER2-positive DCIS also benefits 
from radiotherapy, showing a significant decrease 
in all local recurrences [90]. Based on the results 
of the Eastern Cooperative Oncology Group 
E5194 trial, which enrolled low-/intermediate- 
grade DCIS or small high-grade DCIS, the 
12-gene panel, known as the Oncotype DX DCIS 
Score, was able to discriminate between a low 
and a high risk of LR [91].

In clinical practice, to predict toxicity of 
patients is an important work for radiation oncol-
ogists, and predicting toxicity is affected by indi-
vidual variability and many other factors. 
Meanwhile, alternative radiation schedules, 
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 target agents, and other innovative therapies 
increase the complexity of predicting toxicity of 
radiotherapy. Therefore, to further study predic-
tive markers of radiation-induced toxicity can 
help identify patients who will suffer from severe 
normal tissue reactions to radiation, which will 
facilitate the design of personalized radiotherapy. 
Currently, the mechanism of radiation-induced 
toxicity is largely unknown. Previous studies 
have suggested that some late toxicities induced 
by radiation are associated with a low rate of 
radiation-induced CD8 T-lymphocyte apoptosis 
[92, 93], and the patients with more single- 
nucleotide polymorphisms in candidate genes 
will suffer more from radiation-induced late 
effects [92, 93]. However, more studies should be 
done to determine which patients are likely to 
suffer more from later normal tissue injury.

5.4  The Application of DNA 
Damage in Radiotherapy 
of Breast Cancer

The status of DNA damage repair in cancer cells 
has been shown to influence patient response to 
therapeutic schedules, including radiotherapy 
and chemotherapy. Moreover, specific DNA 
repair pathways are more active in certain can-
cers, and alterations of these pathways may char-
acterize particular cancer types. In this part, we 
will discuss specific DNA damage repair machin-
ery detected in breast cancer and present the cur-
rent stage of development of various DNA 
damage response inhibitors for breast cancer 
mono- and combination therapy.

5.4.1  BRCA1 and BRCA2

Germline mutations in DNA repair genes confer 
an increased risk of familial breast cancer devel-
opment. It has been shown that around 55–65% 
women inheriting a deleterious heterozygous 
BRCA1 mutation and approximately 45% inher-
iting a BRCA2 mutation will develop breast can-
cer by the age of 70 [94]. These mutations 
contribute to a relative risk of breast cancer 10–30 

times that of women in the general population, 
resulting in a nearly 85% lifetime risk of breast 
cancer development.

BRCA1 and BRCA2 are critical in the pro-
cess of HR repair of double-strand DNA breaks. 
BRCA1 binds to DSBs through its association 
with the abraxas–RAP80 macro-complex, which 
associates with ubiquitylated histones at DNA 
DSBs [95], and this process is dependent on 
phosphorylation of histone H2AX (γH2AX), 
mediator of DNA damage checkpoint protein 1 
(MDC1) and RING finger protein 8 (RNF8). 
Next, BRCA1 is involved in processing DSBs 
through its interaction with CtIP and the MRN 
complex (which is comprised of MRE11, 
RAD50, and NBS1). The BRCA1–CtIP complex 
promotes CtIP-mediated 5′-end resection of 
DSBs [96], which is abrogated by three indepen-
dent tumor-associated mutations in the BRCT 
domain of BRCA1 [97, 98]. BRCA1 is also 
required for RAD51 recruitment to the sites of 
DNA damage through its interactions with 
PALB2 and BRCA2. Additionally, BRCA1 has 
been shown to play a critical role in transcrip-
tional regulation of NER and NHEJ [99]. Studies 
show that the deletion of BRCA1 and BRCA2 
can significantly inhibit the efficiency of HR and 
increase the sensitivity of cells to DNA damage 
drugs, and BRCA1-deficient cells were shown to 
be sensitive to methyl methanesulfonate (MMS). 
To date, multiple DNA damage response 
 markers have been examined in a series of 
BRCA-mutated tumors compared to sporadic 
breast cancer.

Irradiation can cause a large number of DNA 
DSBs in tumor. As a consequence of this defect 
in HR, tumors that arise in BRCA carriers are 
likely to be more sensitive to ionizing radiation 
[100]. Nowadays, a lot of evidence supporting 
the role of BRCA1 in radioresistance has been 
obtained from cell and animal models. Human 
cells with BRCA1 and BRCA2 mutations con-
tribute to enhanced radiosensitivity by an 
impaired proliferative capacity after irradiation 
[101]. The transfection of wild-type BRCA1 in 
the BRCA1−/− human breast cancer line can 
decrease the irradiation sensitivity and increase 
the efficiency of DSBs repair [102]. The ovarian 
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cancer cell line with defective BRCA1 has an 
increased sensitivity compared to parental cell 
lines [103]. However, inconsistent with the 
results of experimental models, current clinical 
studies have failed to demonstrate the association 
between BRCA mutations and the prognosis of 
breast cancers.

5.4.2  PARP

Poly (ADP-ribose) polymerases (PARPs) are 
nuclear proteins that function in single-strand 
DNA repair through base excision and represent 
a major alternative DNA repair pathway in the 
cell [104, 105]. Therefore, they are especially 
essential for SSB repair.

The PARP family of proteins is defined by the 
catalytic capacity to modify target proteins by the 
covalent addition of chains of poly(ADP-ribose) 
polymers. PARP-1 is by far the most abundant 
one among the PARP family. PARP-1 and PARP-2 
possess DNA-binding domains, and their cata-
lytic function is activated when bond to sites of 
DNA damage. By this mechanism, they function 
by detecting the presence of damaged DNA and 
activating signaling pathways that promote appro-
priate cellular response. PARP-1 is relatively 
abundant in nucleus. In response to DNA damage, 
it binds rapidly to DNA breaks, a process that 
activates its catalytic function resulting in the 
modification of histones and proteins associated 
with SSB repair, DSB repair, and DNA replica-
tion. Such modifications are transient because 
pADPr polymers are rapidly degraded by the 
action of poly glycohydrolase. PARP-1 function 
in both single- and double- strand DNA breaks. 
Binding of PARP-1 to SSBs, either being directly 
induced by BER or as intermediate products of 
BER, can protect the damaged site from improper 
recombination events. In addition, PARP-1 
induces the recruitment and activation of various 
components of the BER repair complex, most 
notably the scaffold XRCC1, by directly interact-
ing with poly (ADP-ribosylation).

PARP inhibitors (PARPi), which inhibit the 
PARP enzyme, are emerging as potentially 

 valuable drugs in treatment of advanced breast 
cancer, particularly in hereditary breast cancer. 
PARP inhibitors are promising therapy for 
BRCA-associated breast cancer [106–108]. 
Ionizing radiation of cancer generates SSBs and 
DSBs in an approximately ratio of 25:1. The 
major influence of PARPi is to delay but not abol-
ish the repair of SSBs. DSBs are the most critical 
cytotoxic lesions, while the effect of SSB repair 
has a small impact on the survival of non- 
replicating cells. PARPi induces the levels of 
unrepaired DSB in replicating cells by at least 
two mechanisms. Firstly, the delayed repair of 
radiation-induced SSB increases the probability 
of unrepaired lesions colliding with the DNA 
replication machinery, producing excess DSBs. 
Additionally, the inhibition of the catalytic activ-
ity of PARP prevents PARP from modifying itself 
by the addition of pADRr. Unmodified PARP 
remains bound to sites of DNA damage. 
Therefore, PARPi inhibits downstream processes, 
increasing the toxicity of DSB which is produced 
in their presence.

Hirai showed that treatment with a PARPi 
enhanced the cytotoxic effect of gamma- 
irradiation. PARP inhibitor treatment induced S 
phase arrest and enhanced subsequent G2/M 
arrest after irradiation, which caused sensitiza-
tion to irradiation [109]. And the PARPi impair-
ing the efficacy of DNA break repair has been 
exploited to enhance the cytotoxicity of antican-
cer drugs and radiotherapy. Multiple in vivo and 
in vitro studies using PARPi in conjunction with 
radiotherapy have been shown to decrease tumor 
proliferation or prolong animal survival in vari-
ous cancers. Furthermore, PARP-1/2 inhibitors 
have been demonstrated to be effective in pre-
clinical models in combination with platinum, 
alkylating and methylation agents, topoisomer-
ase I inhibitors, and radiation therapy [110]. In 
breast cancer, MK-487, a PARP-1/2 inhibitor, 
was demonstrated to strongly enhance response 
of human cancer xenografts to radiation. 
Additionally, new drugs targeting PARPis have 
been developed. These compounds include 
olaparib, niraparib, rucaparib, veliparib, tala-
zoparib, and Nu1025.
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Olaparib (AZD 2281, Ku59436), an orally 
active PARP inhibitor, was licensed for treatment 
of ovarian cancer by both the European Medicines 
Agency and the US Food and Drug Administration 
in 2014. In the phase I trial, olaparib was given to 
ovarian, breast, and prostate cancer patients who 
were BRCA1 or BRCA2 mutation carriers. The 
antitumor effects were observed in 9 of 19 
patients, while no response was seen in control 
non-BRCA mutation carriers (41 patients) [111]. 
A maximum tolerated dose of 400 mg olaparib 
twice daily was determined, and toxicities of less 
than grade 3 were observed in both mutation- and 
non-mutation-carrying patients [112]. A phase II 
trial of olaparib in BRCA-associated breast can-
cer then showed a response rate of 41% at 400 mg 
twice daily and 22% at 100 mg twice daily, with 
PFS of 5.7 months and 3.8 months at 400 mg and 
100 mg, respectively [113]. In another phase II 
trial, 298 patients with various recurrent cancers 
(ovarian, breast, prostate, and pancreatic) and 
confirmed BRCA1/2 mutations were treated with 
olaparib. In the 62 breast cancer patients, tumor 
response rate was 12.9%, and 47% of patients 
had disease stabilization for >8 weeks [114]. 
However, the phase I trial studying the effect of 
olaparib on the prognosis of cancer patients, 
especially breast cancer patients, treated with 
radiotherapy, is still in progress.

Rucaparib is also a FDA-approved monother-
apy for treating patients with deleterious BRCA 
mutation-associated advanced ovarian cancer 
who have been treated with two or more chemo-
therapies. A phase I study of intravenous and oral 
rucaparib in combination with chemotherapy in 
patients with advanced solid tumors (22 breast, 
15 ovarian/peritoneal, and 48 other primary can-
cers) demonstrated that rucaparib/carboplatin 
combination had radiologic antitumor activity, 
primarily in BRCA1- or BRCA2-mutated breast 
and ovarian/peritoneal cancers [115]. These stud-
ies have demonstrated that PARPi will be an 
essential therapy for BRCA-associated breast 
cancer. Further comprehension of the mechanism 
of action of PARPi, and the relationship between 
changes in gene expression and homologous 
recombination function in a breast cancer back-
ground, is likely to shed light on developing 

effective precision radiotherapy to bring the most 
benefits to breast cancer populations.

5.4.3  Estrogen Receptor α

It is evident that high levels of estradiol in blood 
are associated with higher risk of development of 
breast cancer in postmenopausal women [115]. 
Estrogen receptor α (ERα) signaling induces 
genomic instability by interfering with DNA 
damage response and DNA repair effector 
kinases. On one hand, ERα signaling influences 
ATM/Chk2 and ATR/Chk1 pathways, which are 
principal regulators of cell cycle arrest, following 
DNA double-strand or single-strand breaks. ERα 
suppresses ATM kinase expression through 
upregulating miR-18a and miR-106a [116]. 
Overexpression of ATM correlates with local 
recurrence and radiotherapy resistance in ERα 
breast cancer. Similarly, ERα inhibits ATR acti-
vation and ATR-Chk1 signaling to G2/M phase 
of cell cycle progression. Furthermore, ERα 
interferes with ATR activation at the sites of 
DNA damage through inhibiting the interplay 
between ATR and TopBP1. On the other hand, 
ERα positively affects DNA-PKcs which is a 
core component of NHEJ. ERα can bind to DNA- 
PKcs and facilitate its stabilization and activation 
of DNA damage response via the NEHJ pathway. 
Overall, these results demonstrate that ERα 
expression is crucial for DNA damage response 
of breast cancer and suggests the impact of ERα 
in radiotherapy of breast cancer.

ERα has been recognized not only as a poor 
prognostic factor of breast cancer but also as an 
important therapeutic target for breast cancer, 
which is of great significance in the clinical diag-
nosis and treatment of breast cancer. Breast can-
cer with ER-driven tumor growth is responsive to 
endocrine therapy. The antiestrogen tamoxifen, 
which competes with estrogen for binding to ER, 
has been the backbone of adjuvant endocrine 
therapy for early breast cancer [117]. However, 
not all patients with ER-positive tumors benefit 
from endocrine therapy. Therefore, adjuvant che-
motherapy followed by adjuvant endocrine ther-
apy is recommended for most of ER-positive 
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breast cancer patients. Chisamore [118] found 
that a synthetic estrogen receptor-related receptor 
α (ERRα)-specific antagonist can inhibit the sig-
nal transduction of breast cancer. And Liu [119] 
found that IC1182780, a ERRα antagonist, can 
inhibit breast cancer cell proliferation. By far, 
fighting against ERα has become one of the most 
important ways in the comprehensive treatment 
of breast cancer. Moreover, ERα antagonists have 
been widely used in treatment of breast cancer. 
However, besides the comprehensive studies of 
how ER statute affects endocrine therapy and 
chemotherapy, the role of ER in radiotherapy has 
not been fully understood. ER- negative tumor 
cells also need to be further studied.

5.4.4  DNA-PK

DNA protein kinase (DNA-PK), a member of the 
PIKK family of serine/threonine protein kinases, 
plays a significant role in NHEJ and IR-induced 
DSBs in human cells. DNA protein kinase C 
(DNA-PKcs) has relevance to multiple cancer 
types, most likely because of the role of NHEJ 
pathway in repair of damage [120, 121]. DNA- 
free ends are firstly bound by the Ku70/80 het-
erodimer, resulting in recruitment and activation 
of DNA-PKcs. DNA-PKcs stimulates end- 
processing enzymes such as the nuclease artemis, 
polynucleotide kinase phosphorylase, DNA 
polymerases, and MRE11, to form a complex 
with DNA that is bound and religated by the 
XRCC4/DNA ligase IV. PARP is suggested to 
have a role in inhibiting NHEJ pathway [122]. A 
substitutable end-joining pathway, which is 
slower and involves ligase III, XRCC1, PNK, and 
PARP1 [123], is also existent. Active DNA-PK, a 
target of ATM and ATR, is comprised of a cata-
lytic subunit (DNA-PKcs) and a regulatory het-
erodimer (Ku70 and Ku80 subunits). Reduced 
DNA-PKcs expression in breast cancer was 
implicated in higher tumor grade, higher mitotic 
index, tumor de-differentiation, and poor patient 
survival.

DNA-PK has been studied as a target for can-
cer therapy, mainly in radiotherapy sensitization. 
DSB is the most important reason for tumor 

radiotherapy. And the maximum cytotoxicity of 
radiotherapy is caused by DSBs. Therefore, the 
expression or activity of DNA-PK may affect the 
radiosensitivity of tumor cell by reducing the 
repair of DSBs. Previous studies have shown that 
inhibiting the expression or activity of DNA-PK 
can increase the radiosensitivity of the cells 
[124–128].

DNA-PKcs is the catalytic site of DNA-PK, 
and it is also the main target of the research of 
radiosensitization. The DNA-PKcs inhibitors can 
inhibit expression of mRNA and protein, the 
kinase activity, as well as the binding site with 
Ku, hereby preventing the formation of the com-
plex. The most classical inhibitors of DNA-PKcs 
are wortmannin and LY294002, both of which 
are noncompetitive small molecule inhibitors tar-
geting the ATP binding site of DNA-PKcs. The 
mechanism of wortmannin is to promote the irre-
versible alkylation of 802 lysine, so as to prevent 
phosphorylation of the DNA-PKcs, which can 
make the cell repair ineffective. Wortmannin can 
be sensitive to radiation [129], but it is unstable 
and difficult to dissolve in the aqueous solution. 
Moreover, its toxic side effects are obvious, 
which seriously affects its clinical application. 
Meanwhile, LY294002 can inhibit Ras signal 
transduction pathway. It has been suggested that 
NU7441, a reforming complex based on 
LY294002, can induce the sensitivity of breast 
cancer cells to irradiation and doxorubicin [129].

5.4.5  APE1

Apurinic/apyrimidinic endonuclease1 (APE1) is 
a ubiquitous multifunctional DNA repair enzyme 
and a redox signaling protein. It is critical for 
BER pathway, and its deregulation has been dem-
onstrated in multiple tumors. APE1 can act as an 
apurinic/apyrimidinic endonuclease, 3′-5′ exo-
nuclease, 3′-phosphatase, and 3′-phosphodiester-
ase, as well as a redox activator of major 
transcription factors [130, 131]. R237A, L104R, 
and E126D were APE1 variants, which are 
involved in 40%–60% reduction in DNA repair 
activity in biochemical assays [132–135]. Abdel- 
Fatah TM et al. examined APE1 levels in 1285 
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breast cancer [136] and found that downregulated 
APE1 expression was correlated with aggressive 
histological features and triple-negative pheno-
type [121].

APE1 is highly expressed in a variety of 
malignant tumors, including breast cancer, and 
affects the occurrence, development, and prog-
nosis of tumors. APE1 inhibitors are syntheti-
cally lethal in ATM- and BRCA2-deficient cell 
lines of breast cancer [137, 138]. And the inhibi-
tion of APE1 redox function might have thera-
peutic potential by modulating cell migration 
and invasion in metastatic breast cancer. 
Meanwhile, the expression of APE1 has been 
demonstrated to be important in regulating of the 
radiosensitivity of cervical carcinoma and 
 osteosarcoma [139, 140]. However, there are 
still no published researches demonstrating the 
association between APE1 and breast cancer 
radiotherapy.

5.4.6  ATM and ATR

The ATM gene spans approximately 160 Kb of 
genomic DNA containing 66 exons and encodes 
ATM protein, a serine/threonine kinase mainly 
involved in DNA damage response pathways fol-
lowing DNA double-strand breaks. ATM and 
ATR play significant roles in DNA damage 
response. ATM is one of the central kinases 
involved in the cellular response to DNA DSB, 
which may arise through the collapse of stalled 
replication forks or through exposure to ionizing 
radiation [141]. ATM plays a significant role in 
the activation of the G1/S cell cycle checkpoint. 
It also phosphorylates p53 directly in response to 
the induction of DNA DSB. Checkpoint kinase 2 
(CHK2), a key downstream target of ATM and 
mediator of ATM signaling, can also phosphory-
late p53, which leads to its stabilization by pre-
venting its Mdm2-mediated ubiquitinylation and 
degradation [142]. Furthermore, ATM contrib-
utes to the accumulation and stabilization of p53 
by directly phosphorylating Mdm2 [143]. Once 
activated, ATR acts via its downstream targets to 
promote DNA repair, stabilization, and restart of 
stalled replication forks and transient cell cycle 

arrest [144]. Many of these functions are medi-
ated through the ATR downstream target CHK1.

ATM is a known tumor suppressor which is 
frequently mutated in a broad range of human 
cancers including lung, colorectal, and breast 
cancer. Upregulated expression of ATR and cyto-
plasmic pChk1 was dramatically correlated with 
advanced tumor stage, higher mitotic index, pleo-
morphism, and lymphovascular and poor progno-
sis. Downregulated ATM levels were implicated 
in aggressive breast cancer including larger size 
tumors, higher tumor grade, higher mitotic index, 
pleomorphism, tumor type, lymphovascular inva-
sion, ER–, PR–, AR–, triple negative, and basal- 
like phenotypes [145]. Further studies 
demonstrate that ATM or ATR inhibition is syn-
thetically lethal in breast cancer cells with 
XRCC1 and ERCC1 deficiency [146]. 
Meanwhile, ATR inhibition is also effective in 
Ras, MRE11, and DNA-PK-overexpressing cells. 
The gene product of ATM plays a crucial role in 
biological response to ionizing radiation. It is 
involved in the detection of DNA double-strand 
breaks and initiation of pathways that lead to 
cycle arrest followed by DNA repair or apoptosis 
[141]. ATM-mediated apoptosis occurs primarily 
through controlling posttranslational modifica-
tions of p53 and phosphorylation of Mdm2, an 
ubiquitin ligase which binds to p53 in its native 
unphosphorylated state, thereby targeting the 
tumor suppressor protein for degradation [147]. 
Therefore, ATM and ATR protein kinases are 
critical intermediates in a number of cellular 
responses to ionizing radiation.

According to preclinical studies, inactivation 
of ATM-CHK2 and/or ATR-CHK2 pathways 
boosts the anticancer activity of multiple thera-
peutic agents. This sensitization was proven to be 
particularly successful in tumor cell lines defec-
tive for p53 or p53 signaling [148–151]. Up to 
now, inhibitors of ATR and CHK1 are the only 
two classes of compounds that have entered clini-
cal trials. Preliminary phase I studies demon-
strated that inhibitors of CHK1 (LY2603618, 
MK-8776, UCN-01, and CBP501) are well toler-
ated in individuals with advanced solid tumors or 
lymphomas [152–155]. Furthermore, in a phase I 
dose-escalation study, ATR inhibitor (AZD7762) 
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demonstrated cardiac dose-limiting toxicities in 
patients with advanced solid tumors and observa-
tion that arrested the further development of this 
agent [156]. Additionally, a phase II trial showed 
that UCN-01 induced serious adverse effects, 
including anemia, neutropenia, vomiting, and 
fatigue in patients with hematologic neoplasms. 
In this trial, 27% of patients had a partial or com-
plete response upon two cycles of intravenous 
infusion of UCN-01 (http://www.clinicaltrials.
gov). Contrarily, UCN-01 didn’t show marked 
antitumor activity as a stand-alone agent in two 
phase II trials performed in patients with renal 
cell carcinoma or metastatic melanoma [157, 
158]. The results of several ongoing clinical trials 
testing the safety and antineoplastic activity of 
ATR or CHK inhibitors in cancer patients are 
likely to inform the future development of tumor 
treatment with ATR or CHK1 inhibitors. The clin-
ical profile of LY2606368 is being investigated in 
patients with advanced solid tumors 
(NCT01115790) and breast or ovarian cancers 
(NCT02203513), whereas AZD6738 (ATR inhib-
itor) is being employed in patients with advanced 
solid tumors (NCT02223923), alone or together 
with radiotherapy. Moreover, the pharmacokinet-
ics and pharmacodynamics of the CHK1 inhibitor 
GDC-0575 are being tested in patients with 
refractory solid tumors or lymphomas 
(NCT01564251) (http://www.clinicaltrials.gov).

Pharmacological inhibitors of the ATM protein 
kinase have been proposed as radiosensitizing 
agents since the inherited ataxia-telangiectasia 
syndrome results in a profound hypersensitivity to 
ionizing radiation [159–161]. KU-55933 is a 
novel, specific, and potent inhibitor of the ATM 
kinase, which significantly sensitizes cells to the 
cytotoxic effects of ionizing radiation [160]. The 
suitability of another nontoxic, specific, and rap-
idly reversible ATM inhibitor CP466722 for the 
purpose of radiosensitization has been reported 
recently [161]. CHK1 is another promising 
molecular target to enhance the cytotoxic effects 
of radiotherapy in treatment of certain cancers. 
CHK1 plays a major role in mediating S and G2 
arrest in response to DNA damage. Inhibition of 
CHK1 enhances the cytotoxicity of DNA- 
damaging agents by ionizing through aggregation 

of these cell cycle checkpoints. Preclinical studies 
on radiosensitization have fulfilled the develop-
ment of a range of pharmacological CHK1 inhibi-
tors [162, 163]. Moreover, a clinical trial 
employing AZD6738 (ATR inhibitor) in patients 
with advanced solid tumors (NCT02223923), 
alone or together with radiotherapy, is underway 
(http://www.clinicaltrials.gov).

5.5  Conclusion

DNA damage is a universal characteristic of 
breast cancer cells from premalignant to invasive 
stages. Therefore, the use of DNA repair inhibi-
tors, either single or in combinations, is promis-
ing. The optimal combination of each of these 
inhibitors with radiotherapy has yet to be deter-
mined for breast cancer due to limited clinical 
data. To achieve the most benefits from DNA 
damage response therapies, studies on function-
ally relevant biomarkers are crucial for develop-
ing truly personalized medicine.
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Growth Factor Signaling in Breast 
Cancer
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Abstract

Breast cancer is the most prevalent female malignancy throughout the 
world. Conventional treatment strategies for breast cancer consist of che-
motherapy, radiation, surgery, chemoradiation, hormone therapy, and tar-
geted therapies. Among them, targeted therapies show advantages to 
reduce cost and toxicity for being possible for individualized treatments 
based on the intrinsic subtypes of breast cancer. With deeper understand-
ing of key signaling pathways concerning tumor growth and survival, 
growth factor-controlled signaling pathways are frequently dysregulated 
in the development and progression of breast cancer. Thus, targeted thera-
pies against growth factor-mediated signaling pathways have been shown 
to have promising efficacy in both preclinical animal models and human 
clinical trials. In this chapter, we will briefly introduce inhibitors and 
monoclonal antibodies that target the main growth factor-modulated sce-
narios including epidermal growth factor receptor (EGFR), transforming 
growth factor beta (TGF-β), insulin-like growth factor 1 receptor (IGF1R), 
and fibroblast growth factor receptor (FGFR) signaling pathways in breast 
cancer therapy.
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6.1  EGFR Signaling

6.1.1  Introduction of EGFR 
Signaling

The human epidermal growth factor receptor 
(EGFR) family, also called HER family or ErbB 
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family, consists of four structurally related recep-
tors: EGFR/HER1/ErbB1, HER2/ErbB2, HER3/
ErbB3, and HER4/ErbB4 [1, 2]. These HER fam-
ily members belong to transmembrane receptor 
tyrosine kinases (RTKs), comprising a glycosyl-
ated extracellular domain, a single hydrophobic 
transmembrane segment, and an intracellular 
portion with a juxtamembrane segment, a protein 
kinase domain, and a carboxy-terminal tail [3]. 
When the ligands bind to the extracellular domain 
of HER receptors, with the exception of HER2, 
this HER signaling becomes activated by form-
ing homo- and heterodimers and subsequent 
tyrosine autophosphorylation [4, 5]. Activated 
EGFR phosphorylates a number of important sig-
naling molecules, such as phosphatidylinositol 
3-kinase (PI3K), Ras, phospholipase C (PLCγ), 
and signal transducers and activators of transcrip-
tion 3 (STAT3) [6–8].

Upon EGF-induced EGFR dimerization and 
receptor phosphorylation, the signaling is trans-
mitted to growth factor receptor binding protein-
 2 (GRB2), son of sevenless (Sos), and Ras. 
Activated Ras in turn binds to and stimulates Raf 
which phosphorylates and activates MEK (MEK1 
and MEK2). Activated MEK family phosphory-
lates and activates mitogen-activated protein 
kinase (MAPK) [9–13].

In addition to inducing the Raf/MEK/ERK 
pathway, activated Ras stimulates phosphati-
dylinositol 3-kinase (PI3K)/PDK1/Akt pathway 
[14–16]. Activated PI3K induces the production 
of phosphatidylinositol 3,4-bisphosphate [PI(3,4)
P2] and phosphatidylinositol 3,4,5-trisphosphate 
[PI(3,4,5)P3], which recruit phosphoinositide- 
dependent kinase-1 (PDK1). Subsequently, 
PDK1 phosphorylates Akt family and induces 
the signal cascade [8].

STAT3 is a member of STAT family of tran-
scription factors, and it can be activated by cyto-
kines and growth factors [17, 18]. Activated 
STAT3 directly induces the transcriptional acti-
vation of downstream molecules, such as c-fos, 
c-myc, p21, cyclin D1, bcl-xl, and Fas [19, 20]. 
Thus, STAT3 plays a critical role in tumorigene-
sis [21], tumor metastasis [22], and angiogenesis 
[23].

Together, EGFR functions by activating the 
downstream signal transduction including PI3K/
Akt (PKB) pathway, Ras/Raf/MEK/ERK1/2 
pathway, PLCγ pathway, and STAT pathway. 
These pathways play important roles in mediat-
ing cell survival, cell proliferation, cell adhesion, 
cell motility, and angiogenesis [24].

6.1.2  Targeting Therapy of EGFR 
Signaling

The EGFR family has a crucial role in tumori-
genesis [25], and dysregulation of EGFR family 
members is prevalent in human neoplasia [26]. 
The EGFR and its ligands have been found to 
result in the progression of breast cancer [27–29]. 
Various therapeutic strategies targeting these epi-
dermal growth factor receptors have been studied 
for the treatment of breast cancer. The strategy of 
treating breast cancer greatly depends on its sub-
type. Luminal breast cancer is a subtype suscep-
tible to endocrine therapy. However, the resistance 
of endocrine therapy is frequently produced in 
most luminal breast cancers. To overcome the 
resistance, treatment directed against EGFR is 
developed [30]. HER2 overexpression happens in 
up to 30% of breast cancer, and thus HER2 is 
regarded as an important therapeutic target 
(Table 6.1). The humanized monoclonal antibody 
trastuzumab (Herceptin), the first anti-HER2 
drug produced for treating HER2-positive breast 
cancer, can significantly improve the outcome 
[25, 31]. The other two HER2 antibodies, pertu-
zumab and trastuzumab-DM1, have also been 
assessed clinically with promising results in the 
treatment of HER2-positive metastatic breast 
cancer [31]. In addition to these humanized 
monoclonal antibodies, effective small-molecule 
inhibitors of EGFR/ErbB tyrosine kinases have 
been developed for treating breast cancer, includ-
ing the EGFR inhibitors gefitinib and erlotinib 
and the dual EGFR/HER2 inhibitor lapatinib 
[30]. Lapatinib is highly active and approved in 
combination with chemotherapy for treating 
HER2-positive metastatic breast cancer [3]. The 
efficacy of gefitinib and erlotinib has been tested 
clinically and is showed to be limited.
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6.1.2.1  Monoclonal Antibodies
Trastuzumab The humanized monoclonal anti-
body trastuzumab is the first anti-HER2 drug for 
the treatment of breast cancer overexpressing 
HER2, as it is directed against domain IV in the 
extracellular segment of HER2 receptor [32], 
which leads to the inhibition of downstream sig-
naling of HER2 pathway. The mechanism of 
trastuzumab treating metastatic breast cancer is 
complex. Some researchers have reported that 
expression of HER2 is downregulated upon the 
treatment of trastuzumab. Furthermore, trastu-
zumab obviously inhibits the proliferation of 
HER2-overexpressing breast cancer cells [33]. In 
addition, trastuzumab blocks the cleavage of 
extracellular domain of HER2 and inhibits the 
activation of HER2 protein kinase domain [33]. 
Trastuzumab can also activate the immune natural 
killer (NK) cells to directly kill cancer cells [34].

The clinical effectiveness of trastuzumab has 
been demonstrated in metastatic HER2-positive 
breast cancer [35] and early-stage HER2- posi-
tive breast cancer [36]. In 2001 and 2005, two 
phase III adjuvant trials of trastuzumab con-
firmed that trastuzumab combined with cytotoxic 
chemotherapy resulted in a better outcome than 
chemotherapy alone in HER2-positive metastatic 
breast cancer. This combination leads to a signifi-
cant prolongation of overall survival, converting 

the outcome of HER2-positive metastatic patients 
[37–39].

However, similar to other cases receiving tar-
geted anticancer therapies, about 50–66% of 
HER2-positive breast cancer patients produce 
resistances to trastuzumab [40]. Thus, how to 
overcome the intrinsic and acquired resistance is 
the major problem [41]. Some molecular mecha-
nisms have been provided to underlay such resis-
tance. For example, PI3K/Akt signal transduction 
is inhibited because of loss of PTEN activity 
[42], and other alternative pathways are activated, 
such as insulin-like growth factor receptor and 
hepatic growth factor receptor (c-Met) [43]. For 
the relapsed patients who have previously been 
treated with trastuzumab, the therapeutic 
approach of lapatinib in combination with 
capecitabine is alternative and effective [44].

Pertuzumab Pertuzumab is also an anti-HER2 
humanized monoclonal antibody for the treat-
ment of breast cancer overexpressing HER2. 
This antibody targets the domain II of HER2 and 
functions by inhibiting the heterodimerization of 
HER2 with HER3 [45]. In 2012, a phase II study 
showed that the combination of pertuzumab  
plus trastuzumab plus docetaxel significantly 
improved the outcome in patients with HER2- 
positive metastatic breast cancer, compared with 

Table 6.1 EGFR-targeted mAbs and inhibitors in breast cancer

Compound Clinical development Subtypes

mAbs

Trastuzumab Phase II HER2-positive metastatic breast cancer

Phase III Plus adjuvant chemotherapy for early-stage HER2-positive 
metastatic breast cancer (NCT00004067; NCT00005970)

Phase II Plus BKM120 for HER2-positive primary breast cancer prior to 
definitive surgery (NCT01816594)

Pertuzumab Phase II Metastatic breast cancer (NCT02491892)

Phase II Plus trastuzumab for metastatic breast cancer (NCT01674062)

Phase II Plus trastuzumab and plus trastuzumab for metastatic or locally 
advanced breast cancer (NCT01565083)

Trastuzumab-DM1 Phase III HER2-positive metastatic breast cancer (NCT01419197)

Tyrosine kinase inhibitors

Lapatinib Phase III HER2-positive metastatic breast cancer (NCT00078572)

Erlotinib Phase II Metastatic cancer
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placebo plus trastuzumab plus docetaxel without 
additional cardiac toxicity and skin rash [46]. 
Upon this clinical trial, the combined regimen of 
pertuzumab with trastuzumab and docetaxel is 
approved for treating patients with ErbB2- 
positive metastatic breast cancer [47].

Trastuzumab Emtansine (T-DM1) 
Trastuzumab-DM1 is a HER2 antibody drug con-
jugate in which trastuzumab is fused to the 
microtubule-inhibitory agent DM1 (derivative of 
maytansine) [48, 49]. Traztuzumab-DM1 is used 
to treat HER2-positive metastatic breast cancer 
that is resistant to trastuzumab or lapatinib [50]. 
Such antibody drug conjugates (ADCs) can 
merge the antibody and the cytotoxic agent via 
chemical linkers, allowing the cytotoxicity deliv-
ering specifically to breast cancer cells overex-
pressing HER2 [51, 52]. Thus, ADCs can 
improve the therapeutic effectiveness of this drug 
and at the same time reduce its adverse effects.

6.1.2.2  Tyrosine Kinase Inhibitors
Lapatinib Lapatinib is a reversible and selec-
tive tyrosine kinase inhibitor of the intracellular 
domains of EGFR and HER2. It competitively 
binds to ATP-binding site of the receptor, result-
ing in the blocking of PI3K/AKT/mTOR path-
way [53]. Lapatinib inhibits the phosphorylation 
of HER2 and downstream Erk1/Erk2 on breast 
cancer cell line in vitro and in animal xenografts 
[3, 54]. Lapatinib is a potent US Food and Drug 
Administration (FDA)-approved drug for breast 
cancer treatment of patients. It is used in combi-
nation with capecitabine in HER2-positive breast 
cancer patients who have received prior therapies 
including anthracycline, taxane, and trastuzumab 
[55, 56]. Lapatinib is also used in combination 
with letrozole in postmenopausal patients with 
hormone receptor-positive breast cancer [57]. 
Some clinical trials have identified the efficacy of 
lapatinib-induced inhibition of EGFR to be mod-
est compared with its effect on HER2 [58]. HER2 
overexpression is a key determinant of sensitivity 
to lapatinib [59–61], whereas EGFR expression 
does not appear to be predictive [62].

Metastatic breast cancer patients become 
resistant to the combination treatment of lapa-
tinib with capecitabine or letrozole in tumor 
growth or invasion. To explore the resistance 
mechanisms, mutation of HER2 and activation of 
compensatory survival pathways have been stud-
ied and found to confer the resistance [63, 64]. 
Several strategies have been developed to solve 
the problem, such as using pertuzumab, ado- 
trastuzumab- DM1, and mammalian target of 
rapamycin (mTOR) inhibitors [3]. The mTOR 
inhibitors have been reported to have a modest 
activity in treatment of breast cancer. The combi-
nation of EGFR inhibition (lapatinib) and mTOR 
inhibition (rapamycin) results in a significant 
inhibition of tumor growth compared with either 
agent alone [65].

Gefitinib Gefitinib is a reversible and specific 
tyrosine kinase inhibitor of EGFR. Preclinical 
studies have indicated that gefitinib is effective 
for inhibiting the EGFR pathway and enhancing 
response to chemotherapy in TNBC and HER2- 
positive cell lines [66]. However, most clinical 
studies have revealed that gefitinib has a limited 
activity in monotherapy or combined with either 
anti-HER2 treatment or chemotherapy in meta-
static breast cancer [67].

Erlotinib Erlotinib is an oral tyrosine kinase 
inhibitor of EGFR used in the treatment of non- 
small cell lung cancer and pancreatic cancer [30]. 
Erlotinib has a very limited activity in monother-
apy of metastatic breast cancer. Preclinical stud-
ies have showed that the EGFR signaling may 
participate in the regulation of angiogenesis [68–
71]. Thus, a phase II study was carried out to 
assess the efficacy of combination of anti-EGFR 
and anti-VEGF therapies in metastatic breast 
cancer. However, the results still showed a lim-
ited activity of the combination [72]. 
Subsequently, another phase II study was per-
formed, and authors elucidated that the therapy 
of double blockade of EGFR/VEGF may be an 
active regimen [73].
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6.2  TGF-β Signaling

6.2.1  TGF-β Signaling and Breast 
Cancer

Transforming growth factor beta (TGF-β) is a 
ubiquitous and essential regulator of cellular 
function. TGF-β binds to type I and type II recep-
tors on the cell surface in dimer [74], leading to 
the activation of various downstream substrates 
and inducing transcription of different target 
genes [75]. Thereby, activation of TGF-β signal-
ing controls developmental programs and cell 
behaviors including cell proliferation, differenti-
ation, migration, survival, angiogenesis, and 
immune surveillance [75].

TGF-β regulates cell cycle progression by 
promoting synthesis of p15 and p21 proteins, 
which block the formation of cyclin-CDK com-
plex. Thus, TGF-β blocks cell cycle forward at 
the G1 phase [76], with concomitant stopping of 
cell proliferation, inducing cell differentiation or 
apoptosis [77–79]. Therefore, TGF-β inhibits 
tumor growth at the early stages of cancer. 
However, at the later stages tumor cells lose sen-
sitivity to the inhibitory effect of TGF-β, and 
TGF-β promotes metastasis and growth of the 
tumor [80–82]. Thus, preservation of the TGF-β 
effect on cell migration, differentiation, and 
extracellular matrix formation may promote 
tumorigenesis. TGF-β strongly accelerates for-
mation of extracellular matrix and tumor stroma. 
Therefore, it has emerged as a major modulator 
of angiogenesis in cancer [83, 84], which pro-
motes cancer metastasis and supports tumor 
growth in remote organs [85].

TGF-β signaling pathways are classified into 
canonical (SMAD-dependent) and noncanonical 
(SMAD-independent) pathways. In the canonical 
pathway, the TGF-β ligand binds to TGF-β recep-
tor type II (TβRII), recruits receptor type I 
(TβRI), and leads to phosphorylation of SMAD2 
and SMAD3. The phosphorylated SMAD2 and 
SMAD3 will bind with SMAD4 prior to nuclear 
translocation. TGF-β can activate the noncanoni-
cal pathways including mTOR, STAT3, AKT, 
WISP2, NF-κB, PTEN, Erk1/Erk2, and Src sig-

naling pathways, affecting invasion and metasta-
sis of breast cancer cells [86].

Clinically, overexpression of TGF-β is consid-
ered as a biomarker for triple-negative breast can-
cer (TNBC) patients [87]. In TNBC cells, 
expression of transcriptional factor GLI2 is 
increased by TGF-β/SMAD signaling pathway, 
and its target gene PTH-rPin participates in the 
pathogenesis of osteolytic metastases in 
TNBC. TGF-β/GLI2 pathway also promotes 
hedgehog (Hh) pathway and potentiates tumor 
growth and osteolysis in TNBC [87].

Now, TGF-β is a well-recognized key regula-
tor of cancer progression. However, TGF-β is a 
double-edged sword. In the early stage, TGF-β 
suppresses tumor formation by inhibiting cell 
cycle progression and promoting apoptosis. 
TGF-β turns to be a stimulator of cancer cell 
invasion, promoting distant metastasis and for-
mation of pre-metastatic niche. TGF-β and other 
members of the TGF-β signaling pathway are 
considered good candidates for prognostic or 
predictive markers of cancer patients. Targeting 
TGF-β signaling pathway provides new horizon 
for the chemoprevention and treatment of human 
cancers.

6.2.2  Targeting TGF-β Signaling 
for Cancer Therapy

Several pharmacological strategies have been 
developed to block TGF-β signaling, such as vac-
cines, monoclonal antibodies, antisense oligonu-
cleotides, and small-molecule inhibitors. 
Galunisertib (LY2157299 monohydrate) is an
oral small-molecule inhibitor of the TGF-β recep-
tor I kinase that specifically downregulates the 
phosphorylation of SMAD2 and abrogates acti-
vation of the canonical pathway. Furthermore, 
galunisertib has antitumor activity in 
 tumor- bearing animal models such as breast, 
colon, and lung cancers and hepatocellular carci-
noma. Unfortunately, long-term application of 
galunisertib can cause cardiac toxicities in ani-
mals, and a thorough pharmacokinetic investiga-
tion is required before wide examination of 
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galunisertib for therapeutic purposes. Details for 
experiences of galunisertib application in patients 
have been summarized [88] (Table 6.2).

6.2.2.1  Inhibitors of TGF-β Signaling
PF-03446962 Due to the structural and genetic 
similarities of the different TGF-β signaling path-
ways, inhibitors must be highly selected to block 
the activation of targeted pathway. For example, 
ALK5 (activin-like kinase 5) and ALK1 (activin- 
like kinase 1) pathways both increase tumor 
angiogenesis. PF-03446962, an ALK1- 
neutralizing antibody, does not bind other ALKs 
and shows specificity. A phase II clinical trial is 
now investigating PF-03446962 to determine its 
capacity to block angiogenesis in patients with 
solid tumors [89]. Dalantercept/ACE-041, a chi-
meric protein consisting of the ALK1 ligand 
binding extracellular domain and an Fc portion 
(ALK1-Fc), can efficiently block BMP-9- and 
BMP-10-induced SMAD1 phosphorylation and 
SMAD1-dependent transcription. Dalantercept is 
currently in phase II trials as monotherapy and in 
combination with vascular endothelial growth 
factor (VEGF) inhibitors [90]. In contrast to the 
ALK1 inhibitors, inhibition of the ALK5 path-
way blocks activation of TGF-β signaling com-
ponents (e.g., SMAD2/SMAD3) [91]. However, 
ALK5 inhibitors increase angiogenesis in cell 
cultures of normal endothelial cells [92].

Small-Molecule Inhibitors Among the TGF-β 
inhibitors, small-molecule inhibitors (SMIs) are 
chemicals designed to block the activation of the 
signaling components downstream of the TGF-β 
receptor type I kinase (TβRI or ALK5) or type II 
(TβRII) by inhibiting the serine/threonine kinase 
activity. There is a growing list of SMIs blocking 
the TGF-βRI activation [93, 94]. A large library 

of SMIs from Eli Lilly and Company was 
screened in vitro using a TGF-β-dependent cell- 
based assay. Selected compounds were further 
assessed for their ability to inhibit autophosphor-
ylation of the human TβRI kinase domain, which 
is the constitutively active (T204D mutation) 
TβRI kinase domain and is expressed by Sf9 
insect cells [95, 96]. For example, LY364947
(diheteroaryl-substituted pyrazole 1) was identi-
fied as a potent TβRI inhibitor (IC50 = 51 nM). 
Compounds were further evaluated by measuring 
their inhibitory effect in a TGF-β-dependent 
luciferase assay using mink lung cells and mouse 
fibroblasts (NIH3T3) [97]. Compounds 
LY580276 [98], LY364947 [99], and LY2109761
[100] resemble LY2157299 monohydrate for the
selectivity profile and inhibition of the ALK5 
kinase activity [101, 102]. Therefore, galunisertib 
may represent an inhibitor of TGF-β signaling 
pathway that meets the desired characteristics as 
a tumor inhibitor.

Monoclonal Antibodies Monoclonal antibod-
ies were developed to selectively inhibit the 
TGF-β signaling pathway. Fresolimumab (for-
merly GC1008) represents the first pan-TGF-β 
ligand monoclonal antibody to be investigated in 
cancer patients [103]. Fresolimumab was first 
developed for patients with renal fibrosis and 
later for patients with metastatic cancer [103–
106]. Further, a TGF-β1-specific monoclonal 
antibody (TβM1 or LY2382770) was evaluated in
a phase I study in cancer patients. However, due 
to the toxicity and low therapeutic response, all 
these monoclonal antibodies were terminated 
[103–106]. Monoclonal antibodies have also 
been generated for blocking the TβRII receptor 
and are currently being investigated in a first-in- 
human dose (FHD) study [103–106]. Therefore, 

Table 6.2 TGF-β-targeted mAbs and inhibitors in breast cancer

Compound Clinical development Subtypes

mAbs

Fresolimumab Phase II Metastatic breast cancer (NCT01401062)

Inhibitors

TEW-7197 Phase I Advanced or refractory breast cancer (NCT02160106)
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more works should be done before monoclonal 
antibodies can be used for blocking TGF-β sig-
naling pathway in human trials.

6.3  FGF Signaling

6.3.1  Introduction of FGF Signaling

Fibroblast growth factors (FGFs) which bind and 
activate their receptors (FGFRs) regulate a wide 
range of biologic processes including the forma-
tion of new blood vessels, wound repair, and 
embryonic development by mainly signaling 
through the RAS/MEK/ERK and the PI3K/AKT 
pathways [107]. FGFRs comprise FGFR1, 
FGFR2, FGFR3, FGFR4, and FGFR5. FGFR1–4 
belong to receptor tyrosine kinases (RTKs), 
whereas FGFR5, lacking the protein tyrosine 
kinase domain, inhibits cell proliferation and pro-
motes cell differentiation [108, 109].

Aberrant activation of FGF signaling repre-
sents a key player in tumor cell proliferation, dif-
ferentiation, mobility, and invasion and involves 
many cancers including breast cancer via overex-
pression or mutational activation [110, 111]. 
Gene amplification, chromosomal translocation, 
aberrant transcriptional regulation, or down- 
modulation of negative regulators induces FGFR 
mutations and FGFR overexpression, resulting in 
tumor growth and progression [111, 112].

6.3.2  Targeting Therapy of FGFR 
Signaling

FGFRs have been associated with breast cancer 
development. Amplification of FGFR1 was 
detected in 14.5% of breast cancers [113]. Recent 
studies have demonstrated that FGFR1 overex-
pression is robustly associated with FGFR1 
amplification [114, 115]. FGFR1 was identified 
as a potential therapeutic target for classic lobular 
carcinoma [114]. FGFR1 amplification was a sig-
nificant independent predictor of poor outcome, 
specifically in ER-positive breast cancer [116], 
and has been implicated in resistance to endo-
crine therapies [115]. Integration of aCGH (com-

parative genomic hybridization) and expression 
data revealed that FGFR2 was significantly over-
expressed when amplified in 4% of triple- 
negative breast cancers [117]. FGFR2 was also 
highly expressed in BRCA2-associated cancers 
[118]. FGFR3 expression is significantly 
increased in tamoxifen-resistant breast tumors 
compared with sensitive tumors [107]. Activation 
of FGFR3 reduced sensitivity to tamoxifen and 
fulvestrant in MCF7 cells, stimulating activation 
of the mitogen-activated protein kinase (MAPK) 
and phosphatidylinositol 3-kinase (PI3K) signal-
ing pathways, both of which have been impli-
cated in tamoxifen resistance in breast cancer 
[119, 120]. FGFR3 may play a role in promoting 
resistance to endocrine therapy. FGFR4 mRNAs 
were highly expressed in 32% of breast tumors 
[118]. Overexpression of FGFR4 in breast cancer 
is frequent by immunohistochemistry and associ-
ated with poor overall survival [121]. Targeting 
FGFRs using TKI258 (FGFR TKI) induces 
apoptosis and inhibits proliferation and mam-
mary tumor outgrowth and metastasis in a breast 
cancer model [122]. This growing body of 
 evidence has indicated that FGFRs may be a 
valuable target for treatment of breast cancer 
patients and stimulated the development of 
FGFR- targeted agents that are currently being 
evaluated in clinical studies (Table 6.3).

Table 6.3 FGFR-targeted inhibitors in breast cancer

Compound
Clinical 
development Subtypes

Inhibitors

AZD4547 Phase II FGFR1-amplified 
HER2-negative breast 
cancer 
(NCT01795768)

ER-positive breast 
cancer 
(NCT01791985)

JNJ- 
42756493

Phase I Advanced or 
refractory breast 
cancer 
(NCT01703481)

BGJ398 Phase I Metastatic breast 
cancer 
(NCT01928459)
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6.3.2.1  Tyrosine Kinase Inhibitors
AZD4547 AZD4547 is an orally bioavailable,
potent, and selective inhibitor which competes 
with ATP for binding to FGFR tyrosine kinase 1, 
2, and 3, thus inhibiting autophosphorylation and 
downstream signaling in tumor cell lines and 
xenografts with deregulated FGFR expression 
[123–126]. In vitro kinase assays have demon-
strated that AZD4547 inhibits FGFR1, FGFR2,
and FGFR3 with IC50 values of 0.2, 2.5, and 
1.8 nM, respectively [124]. A phase I study of 
AZD4547 in patients with advanced solid tumors
showed that administration of AZD4547 with
80 mg bid continuous dosing was generally toler-
ated (NCT00979134) [127]. A phase II multi-
center proof of concept study of AZD4547 in
FGFR1-/FGFR2-amplified tumors demonstrated 
high activity in FGFR2-amplified gastric cancer 
and lower activity in FGFR1-amplified HER2- 
negative breast cancer (NCT01795768) [128]. A 
phase II trial combining AZD4547 with either
letrozole or anastrozole (NCT01791985) in 
ER-positive breast cancer patients who have pro-
gressed on treatment with letrozole or anastro-
zole is ongoing.

JNJ-42756493 JNJ-42756493 is a selective 
inhibitor of FGFR1, FGFR2, FGFR3, and FGFR4 
with nanomolar affinity for targeted therapy 
[129]. JNJ-42756493 suppressed FGFR signal-
ing in tumor cell lines dependent upon deregu-
lated FGFR expression both in vitro and in vivo 
[130]. Two multipart phase I in-human studies of 
JNJ-42756493 were initiated in advanced solid 
tumor patients (NCT01962532) (NCT01703481) 
and showed no dose-limiting toxicities or drug- 
related severe adverse events [131, 132].

BGJ398 BGJ398, a potent, orally bioavailable, 
small-molecule pan-FGFR kinase inhibitor, was 
found to inhibit FGFR1, FGFR2, and FGFR3 
with IC 50 = 1 nM and FGFR4 with IC 
50 = 60 nM [133]. A phase I study (NCT01004224) 
revealed that BGJ398 had a tolerable safety pro-
file and single-agent activity in patients with 
advanced solid tumors with genetic alterations of 
FGFR1, FGFR2, and/or FGFR3. A tumor reduc-
tion was observed in FGFR1-amplified breast 

cancer [134]. A phase Ib clinical trial 
(NCT01928459) combining BGJ398 with the 
PI3K inhibitor BYL719 in patients with advanced
solid tumors, including metastatic breast cancer, 
which expressed mutations of PIK3CA with or 
without alterations of FGFR1–3, was completed 
on January 9, 2017 with no study results being 
posted. A phase II study in selective FGFR 
pathway- regulated solid tumors (NCT02160041) 
is under evaluation.

6.4  IGF Signaling

6.4.1  Introduction of IGF Signaling

The insulin-like growth factor (IGF) signaling 
plays an important role in normal developmental 
and physiology [135, 136]. The IGF system com-
prises two ligands, IGF-1 and IGF-2, which bind 
to IGF-1R and IGF-2R. Both IGF-1 and IGF-2 
signal through IGF-1R which is the main recep-
tor in the IGF system with tyrosine kinase activ-
ity. IGF-2R is only activated by IGF-2 and cannot 
transduce any signals due to lack of kinase 
domain [137]. The binding of the ligand to 
IGF-1R results in the phosphorylation of the 
tyrosine kinase domain, which triggers and acti-
vates various downstream oncogenic pathways 
such as the mitogen-activated protein kinase 
(MAPK) and phosphatidylinositol-3 kinase 
(PI3K) signaling cascades to control cell prolif-
eration, growth, and motile behavior [138]. 
IGF-1R shares 70% homology with insulin 
receptor (IR) [139]. IGFs (IGF-1 and IGF-2) and 
insulin can cross-bind to each other’s receptor 
with low affinity [140].

IGF signaling dysregulation has been shown 
to be associated to the development and progres-
sion of many cancers and dwindling response to 
current standard-of-care therapy for tumors, such 
as breast cancer [141, 142]. An elevated IGF-1R 
content has been detected in nearly 80% of breast 
cancers compared with normal breast tissue 
[143]. In HER2 receptor-positive breast cancer, 
IGF-1R high expression was associated with an 
inferior prognosis, where HR = 2.37 (95% CI 
1.21. 4.64) and P = 0.012 [144]. Trastuzumab 
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(Herceptin) is a monoclonal antibody commonly 
used in HER2 receptor-positive breast cancer. In 
breast cancer cell models that overexpress HER2, 
trastuzumab activity is interfered by increased 
level of IGF-1R [145]. Overexpression of IGF-IR 
is also observed in tamoxifen-resistant cancer 
cells [146, 147]. Therefore, IGF-1R represents a 
potential therapeutic target in cancer therapy. 
Currently, the efficacy and tolerability of IGF- 
1R- targeting monoclonal antibodies (mAbs) and 
small-molecule tyrosine kinase inhibitors (TKIs) 
are being evaluated in different phases of clinical 
trials [147].

6.4.2  Targeting Therapy of IGF 
Signaling

6.4.2.1  Monoclonal Antibodies
Humanized or fully human IGF1R mAbs against 
IGF1R can compete with IGFs and block ligand- 
dependent receptor signaling by binding to 

IGF-1R. Several monoclonal antibodies have 
advanced to the stage of clinical trials, including 
figitumumab (CP-751,871), ganitumab (AMG 
479), AVE1642 (EM164), R-1507, MM-141, 
cixutumumab (IMC-A12), and dalotuzumab 
(MK-0646) (Table 6.4).

Figitumumab Figitumumab (CP-751,871), a 
human monoclonal antibody, was proved to 
block IGF1R ligand binding, inhibit IGF-I- 
induced autophosphorylation of the IGF-IR, and 
induce the downregulation of IGF-1R in vitro 
and in tumor xenografts through internalization 
and degradation of receptor-antibody complex 
[148]. Figitumumab can inhibit tumor growth 
both as a single agent and in combination with 
Adriamycin, 5-fluorouracil, or tamoxifen in mul-
tiple tumor models by enhancing the efficacy of 
both cytotoxic and targeted agents. Both in vitro 
and in vivo experiments have found that the com-
bination of figitumumab with the therapeutic 
anti-HER2 antibody trastuzumab and the pan- HER 

Table 6.4 IGF1R-targeted mAbs and inhibitors in breast cancer

Compound Clinical development Subtypes

mAbs

Figitumumab Phase II Metastatic estrogen receptor-positive breast cancer 
(NCT00372996)

Ganitumab Phase II Hormone receptor-positive, locally advanced, or metastatic 
breast cancer (NCT00626106)

Locally advanced breast cancer (NCT01042379)

PIK3CA-mutated advanced breast cancer (NCT01708161)

Cixutumumab Phase II Hormone receptor-positive advanced or metastatic breast 
cancer (NCT00728949)

HER2-positive stages IIIB–IV breast cancer 
(NCT00684983)

Locally recurrent or metastatic breast cancer 
(NCT00699491)

R-1507 Phase II Advanced breast cancer (NCT00796107)

AVE1642 Phase II Advanced hormone-dependent breast cancer 
(NCT00774878)

Dalotuzumab Phase II Advanced luminal B breast cancer (NCT01234857)

High-proliferative advanced breast cancer (NCT01605396)

Metastatic hormone receptor-positive HER2-negative 
breast cancer (NCT00903006)

Tyrosine kinase inhibitors

BMS-754807 Phase II ER-positive breast cancer patients (NCT01225172)

Advanced or metastatic Her-2-positive breast cancer 
(NCT00788333)
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family tyrosine kinase inhibitor neratinib dis-
plays a synergistic effect on promoting cell apop-
tosis and inhibiting cell proliferation and tumor 
growth in the HER2-overexpressing (BT474) and 
HER2-normal (MCF7) breast cancer cells lines 
[149]. A phase II trial (NCT00372996) was 
designed to evaluate and compare the activities of 
figitumumab combined with exemestane and 
exemestane alone for metastatic estrogen recep-
tor-positive breast cancer in postmenopausal 
women. The two groups showed no significant 
difference in progression-free survival (PFS) 
(HR 0.912, 95% CI 0.744–1.118; P = 0.560).

Ganitumab Ganitumab (AMG 479) is a fully 
human monoclonal antibody directed against 
IGF-1R [150]. AMG 479 can inhibit IGF-1R sig-
naling activity in vitro and in vivo both as a single 
agent and in combination with therapy agents in 
a broad spectrum of tumor cell lines [150–153]. 
In a phase I clinical trial (NCT00562380), AMG 
479 can be administered safely at a dose of up to 
20 mg/kg intravenously (IV) every 2 weeks 
(Q2W) in patients with advanced solid malignan-
cies including breast cancer [154] or non- 
Hodgkin’s lymphoma [155]. In a phase II trial 
(NCT00626106), additional administration of 
ganitumab in postmenopausal women with hor-
mone receptor-positive, locally advanced, or 
metastatic breast cancer who were previously 
treated with endocrine treatment did not improve 
progression-free survival and overall survival 
compared with placebo (HR 1·78, 80% CI 1·27–
2·50; p = 0·025) [156]. Results from the I-SPY
phase II trial (NCT01042379) of AMG 479/met-
formin plus standard neoadjuvant therapy regi-
men with or without trastuzumab for locally 
advanced breast cancers showed that no breast 
cancer subtype came close to the efficacy thresh-
old of 85% likelihood of success in phase 
III. Therefore, the therapy did not appear to 
impact upfront reduction of tumor burden, and 
the trial was closed for the neoadjuvant treatment 
of breast cancer [157]. A phase Ib/II study 
(NCT01708161) of the combination of BYL719
plus AMG 479 in adult patients with PIK3CA- 

mutated advanced solid tumors including breast 
carcinoma and ovarian carcinoma was started in 
2012 and is still ongoing.

Cixutumumab Cixutumumab (IMC-A12) is a 
fully human monoclonal IgG1 antibody that 
binds to the IGF-1R and inhibits IGFs binding 
and downstream signaling mechanisms in MCF7 
human breast cancer cells in vitro and in vivo 
[158]. In a phase II clinical trial (NCT00728949) 
completed in 2015, the efficacy and tolerability 
of cixutumumab as a single agent was assessed to 
test whether hormone receptor-positive breast 
cancer cells that developed resistance to anties-
trogen therapy might benefit from IGF-1R block-
ade [159]. The antitumor effect of cixutumumab 
in combination with antiestrogen therapies was 
also evaluated in patients showing resistance to 
antiestrogen therapy. Cixutumumab administered 
at 10 mg/kg with or without antiestrogen every 
2 weeks had an acceptable safety profile, but no 
significant clinical efficacy. A phase II trial, com-
pleted in 2017 (NCT00684983) in women with 
previously treated HER2-positive stages IIIB–IV 
breast cancer, has evaluated the effects of 
capecitabine and lapatinib ditosylate (cape/lap) 
with or without cixutumumab. Results first 
received in 2014 showed that progression-free 
survival between the two groups had no signifi-
cant difference (HR 1.04, 95%CI 0.58–1.89; 
p = 0.89) [160].

PI3K-AKT-mTOR signaling pathway is fre-
quently activated in breast cancer and plays a 
critical role in promoting tumor cell growth 
[161–163]. In preclinical and clinical studies, the 
antitumor activity of mTOR inhibitors is attenu-
ated by feedback induction of AKT phosphoryla-
tion mediated in part by IGF-1R [164–166]. A 
phase I trial (NCT00699491) was initiated to 
determine the maximum tolerated dose (MTD) 
and pharmacodynamic effects of cixutumumab 
in combination with temsirolimus (mTOR inhibi-
tor) in patients with metastatic breast cancer 
refractory to standard therapies [167]. A phase II 
study in women with metastatic breast cancer is 
ongoing.
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R-1507 R-1507, a humanized IGF1R mAb, has 
been developed to inhibit IGF-1R autophosphor-
ylation and subsequent signal transduction by 
binding to the extracellular domain of IGF-IR 
with high affinity and selectivity [168]. A phase I 
trial showed that weekly administration of R1507 
was well tolerated at the maximal administered 
dose of 9 mg/kg with no significant drug-related 
toxicities and showed antitumor activity in 
patients with advanced solid neoplasms, in par-
ticular Ewing’s sarcoma [169, 170]. R1507 also 
displayed antiproliferative and anti-invasive 
activity in both tamoxifen-responsive (wild-type 
MCF7) and tamoxifen-resistant (Tam-R MCF7) 
breast cancer cell lines [171]. Moreover, R1507 
suppressed IGF1R expression and inhibited IGF- 
1- stimulated IGF1R and AKT phosphorylation in 
ER-positive breast cancer cells lines (MCF7, 
T47D, and HCC712) [172]. The results indicated 
that R1507 might have efficacy in patients with 
endocrine therapy-resistant tumors. A phase II 
trial (NCT00796107) completed in July 2016 
combined R1507 with letrozole (nonsteroidal 
aromatase inhibitor) in postmenopausal women 
with advanced breast cancer. Mature data of the 
study was not yet available.

AVE1642 AVE1642 (EM164), an antagonistic 
monoclonal antibody, can bind specifically to the 
IGF-IR with high affinity and inhibit the prolif-
eration and survival functions of the receptor in 
diverse human cancer cell lines in vitro, includ-
ing breast, lung, colon, cervical, ovarian, pancre-
atic, melanoma, prostate, neuroblastoma, 
rhabdomyosarcoma, and osteosarcoma cancer 
lines [173–176]. Treatment with AVE1642, either 
alone or in combination with gemcitabine, inhib-
ited the growth of BxPC-3 human pancreatic can-
cer xenografts in SCID mice [173]. A phase I 
dose-escalation study was undertaken in patients 
with refractory advanced solid tumors, which 
showed that AVE1642 was well tolerated both as 
a single agent and in combination with docetaxel 
[177, 178]. A phase II study (NCT00774878) ini-
tiated in 2008 was meant to evaluate the clinical 
activity of AVE1642 in combination with fulves-
trant and of fulvestrant alone in postmenopausal 
patients with advanced hormone-dependent 

breast cancer. However, the study was terminated 
not due to any safety or efficacy concerns in 
2011.

Dalotuzumab Dalotuzumab (MK-0646;h7C10), 
a recombinant humanized mAb targeted against 
IGFR1, inhibits IGF- mediated tumor cell prolif-
eration, IGFR1 autophosphorylation, and Akt 
phosphorylation in multiple cancer cell lines 
[179–181]. In mouse xenograft models, dalotu-
zumab displayed significant antitumor activity in 
particular against NSCLC and breast cancer 
[179]. A phase I clinical trial (NCT00759785) in 
patients with stages I–IIIa breast cancer has sug-
gested that dalotuzumab is safe and well toler-
ated. A phase I clinical trial (NCT00730379) 
evaluating dalotuzumab in combination with 
ridaforolimus (mTOR inhibitor) showed signifi-
cant antitumor activity in heavily pretreated 
advanced cancer, particularly in ER+/high-prolif-
erative breast cancer [182, 183]. A phase II trial 
(NCT01234857) designed to compare the combi-
nation of ridaforolimus and dalotuzumab with 
endocrine therapy in patients with advanced 
luminal B breast cancer has been recently com-
pleted. It showed that the combination of ridafo-
rolimus plus dalotuzumab was no more effective 
than exemestane but with higher incidence of 
adverse events [184–186]. A phase II trial 
(NCT01605396) comparing the combination of 
ridaforolimus, dalotuzumab, and exemestane 
with that of ridaforolimus and exemestane in 
patients with high-proliferative advanced breast 
cancer, which had progressed following  treatment 
with a nonsteroidal aromatase inhibitor, showed 
no significant difference in median PFS (HR 
1.18; 80% CI, 0.81–1.72; P = 0.565) [187]. A 
phase I–II trial (NCT00903006) combined dalo-
tuzumab with Sprycel (dasatinib) and Faslodex 
(fulvestrant) to treat patients with metastatic hor-
mone receptor-positive HER2-negative breast 
cancer.

6.4.2.2  Tyrosine Kinase Inhibitors
Tyrosine kinase inhibitors have been reported to 
target IGF-1R, among which BMS-754807 has 
entered into clinical evaluation for breast cancer 
treatment (Table 6.3).
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BMS-754807 BMS-754807 is a potent and 
reversible inhibitor of the insulin-like growth fac-
tor 1 receptor/insulin receptor family kinases. It 
inhibits the phosphorylation of IGF-1R and the 
downstream targets in vitro and achieves tumor 
growth inhibition with strong efficacy in multiple 
(epithelial, mesenchymal, and hematopoietic) 
xenograft tumor models with minimal weight 
loss [188–190]. Compared with single-agent 
therapy, combined treatment of BMS-754807 
with either tamoxifen or letrozole exhibited anti-
proliferative effects in vitro and tumor regres-
sions in vivo without major side effects in a 
model of postmenopausal, estrogen-dependent 
breast cancer [190]. Two phase II studies, one in 
ER-positive breast cancer patients with locally 
advanced/metastatic and acquired resistance to 
nonsteroidal aromatase inhibitors in combination 
with the aromatase inhibitor, letrozole 
(NCT01225172), and the other in subjects with 
advanced or metastatic Her-2-positive breast can-
cer after trastuzumab failure in combination with 
trastuzumab (Herceptin) (NCT00788333), have 
been completed with no mature data available.
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Abstract

The genomic landscape of breast cancer has been delineated in recent 
years. Advances in molecular characterization and targeting strategies are 
making it feasible to integrate clinical, genome-based and phenotype- 
based diagnostic and therapeutic methods and apply them to individual 
patient in the era of precision medicine. Cancer stem cells (CSCs) are a 
subpopulation in the tumor which have the capability of self-renewal and 
differentiation. Breast CSCs have important clinical implications as they 
account for tumor initiation, maintenance, metastasis, therapy resistance, 
and relapse. In this chapter, we will introduce approaches used to charac-
terize breast CSCs, crucial pathways involved in regulating cancer stem-
ness, and implications of breast CSCs in the precision diagnosis and 
treatment of breast cancer. We will also discuss novel compounds and 
therapeutic strategies that selectively target breast CSCs. Integration of 
breast CSC-related molecular diagnosis and targeted therapy into the clin-
ical workflow of precision medicine has the potential to deliver more 
effective treatment to breast cancer patients.
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7.1  Introduction

In recent years, there have been significant 
advances in breast cancer diagnosis and treat-
ment. However, resistance to therapy, metastasis, 
and relapse are still primary causes of cancer- 
related deaths. Breast cancer heterogeneity has 
added complexity to this problem [1]. 
Heterogeneity within tumors causes problems to 
therapies and compromises treatment outcomes. 
Currently, the origins of tumor heterogeneity, 
including intra-tumor heterogeneity and inter- 
tumor heterogeneity, are still not fully under-
stood. The first theory proposed to explain these 
phenomena is the clonal evolution model, which 
depicts cancer as an evolutionary disease, driven 
by gene mutations and clonal selections. 
Recently, a large body of evidence suggests that 
breast cancers follow the CSC model [2], in 
which cancer is hierarchically organized, and 
only the population of CSCs is tumorigenic and 
can give rise to more CSCs through self-renewal 
and nontumorigenic cancer cells through differ-
entiation [2]. These two models, both of which 
are supported by preclinical evidence, are not 
mutually exclusive. From a therapeutic perspec-
tive, the CSC model emphasizes the preexistence 
of a hierarchy, in which the CSCs are resistant to 
radiation and chemotherapy, and thought to be 
responsible for disease relapse. In the evolution 
model, although resistant cells might originally 
be present in the tumor at low frequency, these 
cells expand under the selective pressure imposed 
by therapies, resulting in the rapid outgrowth of 
drug-resistant clones. The CSC concept has 
important clinical implications because current 
therapies have been developed to target the bulk 
tumor. Albeit that these therapies may dramati-
cally reduce tumor size, they are not likely to 
result in stable, long-lasting remission if the 
CSCs are not eradicated.

The consensus definition of a CSC is “a cell 
within a tumor that possesses the capacity to self- 
renew and to cause the heterogeneous lineages of 
cancer cells that comprises the tumor” [3]. The 
most important properties of CSCs are self- 
renewal and differentiation. Self-renewal allows 
CSCs to generate new CSCs and maintain the 

stem cell pool through symmetric division to pro-
duce two stem cells or through asymmetric divi-
sion to produce a stem cell and a daughter 
progenitor cell [4, 5]. Differentiation allows 
CSCs to generate a heterogeneous progeny of 
neoplastic cells which constitute the bulk tumor 
[6]. Breast cancer is the first solid tumor that has 
been identified to have CSCs. These breast CSCs 
were isolated using flow cytometry by CD44, 
CD24, or ALDH and then characterized using 
mammosphere assay and transplantation assay 
into immunodeficient mice [7, 8]. Both clinical 
and basic studies have shown the role of breast 
CSCs in therapy resistance and tumor metastasis, 
which are characteristics tightly correlated with 
poor patient prognosis. Thus, targeting breast 
CSCs is a promising strategy to improve thera-
peutic outcome.

Over the past few years, the low sequencing 
price and the available targeting drugs have pro-
vided more options for cancer patients to receive 
therapies that target key molecular and genetic 
alterations in tumors. Remarkable advances in 
sequencing the genomes have made it possible to 
identify clinically relevant mutations in tumors. 
Growing understanding of inter-tumor heteroge-
neity in breast cancer has helped to direct suitable 
therapies to the individual patient. Many advances 
in personalized medicine occur in the field of 
breast cancer, such as immunohistochemistry for 
gene expression analysis, in situ hybridization 
(ISH) for gene amplification analysis, and estro-
gen receptor (ER) and human epidermal growth 
factor receptor2 (HER2)-blocking therapies. In 
recent years, several pathways of breast CSC 
maintenance have been discovered, and multiple 
druggable targets have been identified. Novel 
treatments targeting breast CSC are under 
 development with a few therapeutic strategies 
being tested preclinically or in clinical trials. 
Meanwhile, CSC-related gene signatures have 
been proposed to predict therapy response, recur-
rence, and metastasis for patient stratification. 
Advances in the molecular characterization and 
therapeutic targeting of breast CSC, and incorpo-
rating them into clinical workflow, will deliver 
more effective precision medicine to breast can-
cer patients.
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7.2  Methods to Identify 
and Enrich Breast CSCs

Precision medicine requires an understanding of 
molecular alterations that drive each cancer. The 
identification and characterization of CSCs in 
breast cancer provide insights to ways of enrich-
ing these cells for mechanism investigation and 
selective inhibition of CSCs as a treatment 
method. Breast cancer was the first solid tumor 
identified to have CSCs. In an elegant study, 
Al-Hajj et al. demonstrated that Lin−CD44+CD24−/

lowEpCAM+ human breast cancer cells were much 
more tumorigenic compared to other tumor cells 
in the xenograft transplantation to NOD/SCID 
mice [7]. Interestingly, tumors formed by these 
Lin−CD44+CD24−/lowEpCAM+ cells exhibited 
heterogeneity of the primary tumor, and 
Lin−CD44+CD24−/lowEpCAM+ cells could main-
tain their tumorigenic potential even after several 
generations. Thus, the Lin−CD44+CD24−/lowEp-
CAM+ cells were identified as CSC-enriched 
population, because they have the properties of 
self-renewal, differentiation, and high tumorige-
nicity. Later on, several markers and methodolo-
gies were used to define or enrich the breast CSC 
subpopulation. However, the specific breast 
CSCs cannot be isolated by current methods, and 
all the abovementioned markers can only identify 
the CSC-enriched population. Therefore, besides 
sorting cells by breast CSC markers, subsequent 
in vitro and in vivo analysis is necessary to assess 
the function of the CSC-enriched population.

7.2.1  Markers for the Isolation 
of Breast CSCs

CSCs currently don’t have universal markers 
because the maintenance of CSCs largely 
depends on the niche and organ-specific microen-
vironment. For breast cancer, some proteins have 
been identified as CSC markers, including CD44, 
CD24, EpCAM, and aldehyde dehydrogenase 
(ALDH). CD44 and CD24 have been used exten-
sively with other surface markers to isolate CSCs 
from solid tumors. CD44+CD24−/lowEpCAM+ 
cells from breast cancer tissues exhibit CSC 

properties as they are capable of initiating tumors 
in NOD/SCID mice that recapitulate the primary 
tumor and can be serially passaged in vivo [7]. In 
human breast cancer, ALDH+ cells also displayed 
tumor-initiating capacity and generated tumors 
that recapitulate the heterogeneity of the parental 
tumor in mice [8]. However, these markers can be 
only used to enrich for breast CSCs and do not 
result in the isolation of pure populations of 
breast CSCs.

CD44 is a specific receptor for hyaluronic acid 
expressed on cell surface. It belongs to the class I 
transmembrane glycoprotein family and interacts 
with the extracellular matrix (ECM), regulating 
cell adhesion, proliferation, survival, migration, 
angiogenesis, and differentiation [9]. Collagen, 
laminin, fibronectin, etc. can also be CD44 
ligands [10]. CD44 protects CSCs from apoptosis 
[11], but its role in breast CSCs is still under 
investigation. The function of CD44 in cell-cell 
and cell-ECM adherence confers an advantage 
for CSCs when they travel in the blood vessel and 
arrive at distant metastasis sites [12]. The interac-
tion between CD44 and hyaluronan activates 
Nanog transcription and proceeds to increase 
Rex1, SOX2, and MDR1 expression, which are 
all stem cell- or drug-resistant-related factors 
[11]. Knockdown of CD44 in breast CSC- 
enriched population sensitizes CSCs to the anti-
tumor drug doxorubicin [13], alters the expression 
of stem cell-related genes, and induces CSC to 
differentiate into non-CSCs with lower tumori-
genic potential [14].

CD24 is a heavily glycosylated GPI-anchored 
small protein. It was discovered as a B-cell 
 surface protein and later found to be highly 
expressed in breast, ovarian, prostate, bladder, 
renal, and other human cancers [15]. It regulates 
the tumor cell adhesion with fibronectin, colla-
gen, and lamin at cell-cell and cell-matrix inter-
actions [16]. CD24 has been identified as an 
alternate ligand for P-selectin, an adhesion recep-
tor on platelets and endothelial cells [17]. CD24 
and P-selectin interaction facilitates tumor metas-
tasis by promoting cells to pass through the blood 
vessel. Whether CD24 is simply a marker or 
plays a functional role in CSC has yet to be eluci-
dated. CD44+CD24+ human breast cancer cells 
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are found to be more differentiated and lack stem 
cell traits [18]. However, many contradicting 
studies show that CD24 expression enhances and 
inhibits breast cancer cell proliferation and 
metastasis [19]. Moreover, Stuelten et al. demon-
strated that the levels of CD24 expression showed 
great variation between cell lines even in cells of 
the same cancer subtype [20]. These results sug-
gest that CD24 might play distinct roles at differ-
ent tumor stages. Few in vivo studies directly 
investigate the sorted cells with negative/lower 
positive/high CD24 expression in different sub-
types of breast cancer. Thus, more validations are 
required.

Epithelial cell adhesion molecule (EpCAM)/
epithelial-specific antigen (ESA) is a homophilic, 
calcium-independent cell adhesion molecule, 
broadly expressed on the basolateral surface of 
epithelial cells [21]. EpCAM belongs to the type 
I transmembrane glycoprotein family, which is 
also found to be expressed in cancer cells, cancer 
stem cells, embryonic stem cells, and germ cells 
[22]. In cancer development and progression, 
EpCAM shows controversial biological func-
tions. In different cell types, both overexpression 
and knockdown of EpCAM decrease the onco-
genic potential of cancer cells. Similarly, EpCAM 
acts as an adhesion molecule to mediate homo-
philic cell-cell adhesion and thus prevents metas-
tasis. Meanwhile, EpCAM abrogates 
E-cadherin-mediated cell-cell adhesion and pro-
motes metastasis. Its overexpression also corre-
lates with both high and low survival rates of 
cancer patients [22]. Therefore, whether EpCAM 
is a tumor suppressor or an oncogene depends on 
the cancer cell type. In breast carcinoma, EpCAM 
overexpression associates with less differentiated 
tumors [23], larger sizes, lymph node metastasis, 
and poor survival [24]. Knockdown of EpCAM 
expression decreases cell proliferation, migra-
tion, and invasion in breast cancer cell lines [25]. 
In the seminal paper on breast CSCs, Al-Hajj 
et al. showed that the EpCAM+CD44+CD24− 
fraction had a > tenfold higher tumor-forming 
capability than the EpCAM−CD44+CD24− frac-
tion [7]. Besides breast CSCs, EpCAM was 
reported to be expressed in CSCs from colon, 
pancreas, and prostate tumors. The potential role 

of EpCAM in CSCs is largely unknown. The 
mechanisms possibly involve the association of 
EpCAM overexpression with activation of the 
Wnt pathway, or induction of MYC, which are 
well-known factors in stem cell function [22].

Aldehyde dehydrogenases (ALDHs) are 
robust markers of CSCs for many cancers, includ-
ing leukemia as well as brain, head and neck, 
breast, lung, liver, pancreatic, colon, bone, blad-
der, prostate, cervical cancer, and melanoma 
[26]. ALDH activity can be evaluated by the 
ALDEFLUOR assay. Based on its ability to oxi-
dize intracellular aldehydes, this biochemical 
assay measures the enzymatic activity of alde-
hyde dehydrogenases [27]. The groundbreaking 
work by Ginestier et al. demonstrated that human 
breast cancer cells with high ALDH activity dis-
played tumor-initiating capacity and generated 
tumors that recapitulated the heterogeneity of the 
parental tumor in mice [8]. ALDH1 is a retinal-
dehyde dehydrogenase that oxidizes retinal to 
retinoic acid. ALDH1 overexpression in breast 
cancer correlates with worse clinical outcome in 
patients [28, 29]. Previously published immuno-
histological evidence showed that ALDH1A1 
was responsible for ALDH activity in breast 
CSCs [8]. However, ALDH1A1 is not uniformly 
highly expressed in ALDH+ tumors. As the 
ALDH family includes 19 isoforms, Marcato 
et al. examined the expression of all 19 ALDH 
isoforms in breast cancer cell lines and tumor 
samples from patients and revealed that ALDH 
activity correlated best with expression of 
ALDH1A3. Knockdown of ALDH1A3 in breast 
cancer cells decreased ALDH activity by the 
ALDEFLUOR assay. Immunohistochemical 
staining also showed that ALDH1A3 expression 
was significantly associated with tumor grade, 
stage, and metastasis in breast cancer patients 
[30]. Thus, ALDHs’ role as a breast CSC marker 
comes down to the specific isoform ALDH1A3.

Based on the surface markers, CSCs were first 
found to be around 2% in breast cancer [7]. 
Studies later demonstrated that breast CSC per-
centage could be as high as 25% among tumor 
cells, depending on the cancer subtype [31, 32]. 
A mathematical model showed that CSC popula-
tion could be in any proportion of the tumor, and 
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tumorigenic potential was directly related to the 
number of CSCs [33]. Moreover, a large body of 
literature demonstrated that CD24−CD44+ cells 
could not be detected in all breast cancer cell 
lines or patient tumors. CD24−CD44+ and 
ALDH+ were identified to be overlapping but in 
different populations in breast cancer. And they 
were both capable of initiating tumors in NOD/
SCID mice. As few as 20 CD24−CD44+ALDH+ 
cells were shown to form tumors in mice. Thus, 
this population had the highest tumorigenic activ-
ity [8].

7.2.2  Enrichment 
and Characterization 
of Breast CSCs

In vitro and in vivo methods have been developed 
to enrich and examine breast CSCs. The sphere 
formation is a surrogate assay to test the self- 
renewal and differentiation capacity of stemlike 
cells at the single-cell level in vitro. The golden 
standard to determine CSC function is the serial 
transplantation assay which evaluates the ability 
of initiating new tumors that recapitulate the 
original tumor and can be passaged serially for 
generations in immunocompromised mice.

In the sphere-forming assay, both CSCs and 
non-CSCs are cultured in single-cell suspension, 
which only stem cells or progenitor cells survive 
to proliferate and differentiate to form a sphere 
structure, whereas non-stem or non-progenitor 
cells undergo anoikis within days of culture [34]. 
In the culture system of sphere-forming assay, 
cells are grown on low-attachment dishes in 
serum-free medium supplemented with epider-
mal growth factor (EGF), basic fibroblast growth 
factor (bFGF), and B27 supplement [35]. This 
method has been used to identify normal stem 
cells in fully differentiated tissues such as the 
breast, prostate, and brain, as well as CSCs [36]. 
Typically, cancer cells are serially diluted into 
single-cell suspension, and heparin is added to 
prevent aggregation. Therefore, the sphere struc-
ture could only be formed based on innate self- 
renewal and differentiation ability. Compared to 
adherent cells, the sphere-forming cells are of 

higher tumorigenic potential when transplanted 
into immunodeficient mice. Thus, the breast 
CSCs can be enriched by this assay [37]. 
Although the sphere-forming assays are of great 
value, certain critical considerations need to be 
taken into account [35]. Firstly, quiescent CSCs, 
which reside in a G0 state, may not be capable to 
form spheres, because quiescent stem cells do not 
respond to mitogens. Therefore, this assay only 
detects CSCs actively undergoing proliferation. 
Secondly, this assay is not a readout of CSC fre-
quency, because both CSCs and progenitor cells 
can give rise to spheres [38]. The third caveat is 
that the size of a sphere is not a readout of self- 
renewal activity of stem cells. The size only 
reflects responsiveness to mitogens and the pro-
liferation/differentiation capability of the paren-
tal clone-forming cells [35].

To circumvent the limitations described above 
and test the stem cell property of a given popula-
tion of breast cancer cells, the in vivo limiting 
dilution assay and serial transplantation assay are 
developed to measure their ability to form new 
tumors in secondary and subsequent mice. In the 
limiting dilution assay of breast CSCs, a wide 
range of cancer cell dilutions are injected into 
immunocompromised mice as xenografts. 
Tumor-forming frequencies and CSC frequen-
cies within serially diluted cells can be calculated 
by the single-hit Poisson hypothesis using a com-
plementary log-log generalized linear model 
[39]. To determine the frequency of stem cells, 
this assay requires a serial dose of cell numbers 
for xenografts and a large number of replicates 
per dose. Dosage giving both positive and 
 negative results should be included [40]. To fur-
ther determine the self-renewal activity of breast 
CSC, the serial transplantation assay, adapted 
from adult stem cell research, is used in the xeno-
graft model. The newly formed xenografts are 
digested into single-cell suspension and injected 
again into mice to form tumors for the second or 
more generations. Xenografts formed by CSCs 
are expected to replicate the phenotypic hetero-
geneity of the original tumor and contain CSC 
with self-renewal capability to initiate tumors in 
subsequent serial transplantations. The limitation 
of these approaches is that the immunodeficient 

7 Targeting Stemness: Implications for Precision Medicine in Breast Cancer



152

mouse models do not have immune response, so 
the tumor microenvironment may lack factors 
critical for tumorigenesis.

7.3  Regulation Mechanisms 
of Breast CSCs

CSCs rely on critical signaling pathways for self- 
renewal and differentiation. Recently, intrinsic 
and extrinsic pathways for breast CSC mainte-
nance have been exploited. Signals from the 
tumor microenvironment also regulate CSCs, 
including cytokines secreted from cancer cells 
and tumor-associated cells. Here we focus on the 
mechanisms of self-renewal pathways and cyto-
kine pathways on the regulation of breast CSCs.

7.3.1  Self-renewal Signaling 
Pathways

Breast CSC needs self-renewal pathways for 
maintaining its population. Here we review the 
well-documented pathways used by both normal 
stem cells and breast CSCs, such as Wnt, Notch, 
and Hedgehog. In breast CSCs, accumulated 
mutations and epigenetic changes often cause 
aberrant activation of self-renewal pathways.

The Wnt pathway regulates embryonic devel-
opment, tissue homeostasis, and stem cell main-
tenance [41]. Abnormal Wnt activation is critical 
for the initiation and progression of a variety of 
cancer, including mammary gland tumorigenesis 
[42, 43]. The Wnts are a family of secreted gly-
coproteins. In order to initiate signaling cascades, 
Wnt family ligands interact with a Frizzled (Fz) 
receptor, which belongs to the G-protein-coupled 
receptor family. The signaling transduction also 
requires lipoprotein receptor-related protein 5/6 
(LRP-5/6), receptor tyrosine kinases (RTKs), and 
receptor tyrosine kinase-like or phan receptor 2 
as co-receptors [42, 43]. In the canonical Wnt 
pathway, Wnt signal leads to GSK3β phosphory-
lation. As a result, β-catenin is stabilized and then 
translocates into the nucleus and activates the 
transcription of downstream oncogenes such as 
MYC and MMP7. In the noncanonical Wnt path-

way, Wnt signal transduces through the Rho fam-
ily GTPase or protein kinase A [41].

A large body of evidence suggests that Wnt 
signaling is involved in the breast CSC regula-
tion. Multiple Wnt pathway components are 
expressed in the epithelium or stroma of mam-
mary glands [44]. Wnt pathway genes are 
increasingly expressed in breast CSC-enriched 
populations compared with normal mammary 
stem cells (MsSCs) [42, 43]. In the MMTV-Wnt1 
transgenic mice, Wnt signal was reported to pro-
mote the expansion of MaSC population in early 
tumorigenic lesions [45]. In the breast cancer, 
Wnt signaling hyperactivation often increases 
ligand production in an autocrine manner, which 
results in the enhancement of β-catenin stability 
[46]. Furthermore, both of the canonical and non-
canonical Wnt pathways can cooperate with 
TGF-β pathway to expand the CSC population in 
breast cancer cells. Inhibition of these pathways 
results in decreased tumorigenicity and metasta-
sis [47].

Notch signaling is a key regulator of stem cell 
maintenance and differentiation [48]. The Notch 
proteins include four single-pass transmembrane 
receptors and are expressed in various stem cells 
or progenitor cells. Notch is activated by serial 
cleavage upon interacting with the ligands 
Jagged1, Jagged2, Delta, and Delta-like [49]. 
Different tumors and subtypes can express differ-
ent Notch receptors and ligands. In the canonical 
pathway, cleavage by a-disintegrin and metallo-
proteinase (ADAM) proteases and by enzymatic 
complex γ-secretase releases the Notch intracel-
lular domain from cell membrane, which allows 
it to translocate to the nucleus and interact with 
the co-activator mastermind (MAM) and p300 to 
regulate target genes [50]. The noncanonical 
Notch signal is ligand or transcription indepen-
dent. The most well-studied noncanonical Notch 
function is the regulation of Wnt/β-catenin sig-
naling, and active β-catenin activity may serve as 
a readout for noncanonical Notch signals [51].

In recent years, dysregulated Notch activity 
has been implicated in a number of human malig-
nancies, as well as in the CSC maintenance in 
various cancers [52]. Abnormal Notch signaling 
is involved in breast tumorigenesis through the 
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deregulated self-renewal of normal MaSCs. In 
breast CSC-enriched CD44+CD24−EpCAM+ 
cells, Notch-1 and Notch-4 activities were four-
fold and eightfold higher, respectively, in com-
parison with bulk tumor cells. Either Notch1 or 
Notch4 inhibition decreased in vitro stem cell 
activity and reduced tumor formation in mice 
[53]. In the MaSC-enriched population, the 
Notch effector Cbf-1 knockdown increases stem 
cell activity, and constitutive Notch signaling 
specifically promotes luminal progenitor cell 
expansion, resulting in hyperplasia and tumor 
formation [54]. Moreover, combined treatment of 
trastuzumab with Notch pathway inhibition in 
ErbB2-positive xenograft of breast cancer is 
effective in preventing tumor relapse [55].

The Hedgehog (Hh) is implicated in regulat-
ing embryonic development, repair of normal tis-
sues, and stem/progenitor cell maintenance [56]. 
Sonic hedgehog (Shh), desert hedgehog (Dhh), 
and Indian hedgehog (Ihh) ligands have been 
identified in mammals. Canonical Hh signaling 
follows the PTCH1-SMO-GLI axis, in which 
binding of one of the three ligands to the patched 
receptor (PTCH1) initiates the pathway activa-
tion, disabling the constitutive repression of 
smoothened (SMO) and leading to the transloca-
tion of GLI transcription factors (Gli1, Gli2, and 
Gli3) into the nucleus and expression of target 
genes, including cyclin D, cyclin E, c-Myc, EGF, 
and VEGF [57]. The noncanonical signaling 
mechanisms involve cellular responses to Hh 
ligand, which are mediated by either PTCH or 
SMO independent of GLI, or mechanisms lead-
ing to GLI activation independent of Hh ligand- 
mediated signaling. However, the potential role 
of these noncanonical pathways in breast carci-
nogenesis has not been investigated.

Emerging data indicate that Hh is required for 
CSC maintenance and tumorigenicity in various 
human cancers [58]. Increased expression of 
PTCH1, GLI1, and GLI2, which is the evidence 
of Hh signal activation, has been found in breast 
CSCs isolated from cancer patients [52]. Hh 
pathway activation by the overexpression of Hh 
ligands or GLI1/GLI2 increases sphere-forming 
activities and expansion of multi-lineage progen-

itors. Hh pathway inhibition by cyclopamine 
decreases the tumorigenic potential. GLI2 over-
expression in human mammosphere-derived 
cells induces ductal hyperplasia when implanted 
into the humanized fat pads of NOD-SCID mice 
[59]. Goel et al. revealed a cascade downstream 
of the VEGF receptor Neuropilin-2 (NRP2) that 
regulated the breast CSC. GLI1 overexpression 
in the mammary gland in transgenic mice was 
also found to have an increased number of tumor 
initiation cells [60]. Moreover, Valenti et al. dem-
onstrated an intracellular signaling module that 
synergistically regulated CAFs and breast CSCs 
by the Hedgehog signaling. CSCs secrete Shh 
and regulate cancer-associated fibroblasts (CAF) 
via paracrine activation, while CAFs subse-
quently secrete factors that promote expansion 
and self-renewal of breast CSCs [61].

The Hh, Notch, and Wnt pathways interact 
with each other through cross talk to regulate 
stemness [62]. Cross talk can lead to both enhanc-
ing and inhibitory interactions between path-
ways. Expression of the Notch target gene Hes1 
can be induced by the Hh signaling pathway, 
which requires the activation of both GLI1 and 
GLI2. On the other hand, activation of the Notch 
signaling can induce the expression of Shh [63]. 
Both Notch and Hh signaling activation occurs in 
chemotherapy-resistant CSCs. Notch and Hh 
inhibition depletes this subpopulation [64]. 
Moreover, the direct interaction of Notch-1 and 
β-catenin decreases Notch-1 ubiquitination, lead-
ing to increased expression of the Notch target 
gene Hes1 [63]. Importantly, the blockade of 
Notch ligand expression abrogates transforma-
tion of human mammary epithelial cells by Wnt1, 
demonstrating that there is a need for Notch-Wnt 
cross talk during mammary tumorigenesis [65]. 
Other cross talk between stemness-related path-
ways and important oncogenic pathways involves 
ErbB2, NF-κB, TGF-β, Jak/Stat, EGFR, etc. The 
interaction can happen by regulation of pathway 
components, usage of the same cofactors, or co- 
regulation of shared target genes. Better under-
standing of these cross talk mechanisms may 
allow for more effective design and development 
of combination antitumor therapies.
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7.3.2  Signaling from the Tumor 
Microenvironment

Normal adult stem cells are regulated by local 
microenvironment or “niches.” Similarly, multi-
ple factors in the tumor microenvironment also 
regulate breast CSCs [66]. A variety of chemo-
kines and cytokines released during inflamma-
tion by immune and tumor cells play a vital role 
in cancer progression, affecting key CSC proper-
ties [67].

Within the tumor microenvironment, IL-6 and 
IL-8 secreted by tumor-associated macrophages 
(TAMs), cancer-associated fibroblasts (CAFs), as 
well as other mesenchymal and immune cells 
regulate the inducible formation and maintenance 
of breast CSCs [68]. IL-6 has been shown to reg-
ulate the self-renewal of breast CSC directly, 
through the IL-6 receptor GP130 and STAT3 acti-
vation [69]. IL-6 is also a critical component of 
the positive feedback loop regulating breast 
CSCs and mesenchymal stem cells (MSCs). In 
the mouse xenografts, bone marrow-derived 
MSCs are recruited by gradients of IL-6 to sites 
of growing breast cancers, where they accelerate 
tumor growth by increasing the breast CSC popu-
lation [66]. IL-8/CXCL8 is a pro-inflammatory 
chemokine. Its autocrine or paracrine signaling is 
transduced via two cell surface receptors CXCR1 
and CXCR2 expressed on cancer cells, including 
breast CSCs [70]. Increased serum levels of IL-8 
have been reported to increase the mammosphere 
formation of breast cancer cells [71]. IL-8 also 
enhances the cells’ self-renewal capability, and 
its receptor CXCR1 is highly expressed on breast 
CSCs. Blocking CXCR1 significantly reduces 
the breast CSC proportion in mouse xenografts, 
resulting in decreased tumorigenicity and metas-
tasis [72].

Nuclear factor-kappa B (NF-κB) signaling 
pathways provide one of the major links between 
CSCs and inflammation [73]. The canonical 
NF-κB pathway is activated by IκB kinase (IKK) 
α, β, and γ complex, which then activates RelA/
p50. The noncanonical pathway is activated by 
NF-κB-inducing kinase (NIK) and IKKα, which 
then activates RelB/p52. NF-κB is predominantly 
localized in the cytoplasm with the IκB family in 

resting cells. Signals from the tumor microenvi-
ronment, including HIF-1α, TNF-α, etc., lead to 
IκB degradation mediated by ubiquitin ligase. 
Then NF-κB is activated and translocates to the 
nucleus to induce the expression of a number of 
cytokines, including IL-6 and IL-8, and EMT 
regulators, including Twist, Snail, and Slug [74]. 
This epithelial-mesenchymal transition (EMT) 
induced by NF-κB is accompanied by an acquisi-
tion of CSC properties [75].

While NF-κB regulates the transcription of a 
variety of cytokines, several cytokines drive 
NF-κB signaling, particularly IL-6 and IL-8, 
which are involved in CSC regulation, forming a 
positive feedback loop to promote CSC expan-
sion and transformation. IL-6 maintains this 
feedback loop through STAT3, which in turn acti-
vates NF-κB and downstream microRNA lin28 
and let7 [69]. NF-κB also plays an important role 
in oncoprotein-driven carcinogenesis by delaying 
the onset of HER2/neu-induced tumor in a mam-
mary carcinogenesis model. NF-κB inhibition in 
mammary epithelium decreases angiogenesis 
and infiltration by macrophages, as well as the 
abundance of MaSCs [76]. IKKα phosphorylates 
p27 and promotes p27 nuclear export, leading to 
CSC expansion in a HER2/neu breast cancer 
model [77]. In vitro assay shows that knock-in of 
a kinase dead IKKα reduces the self-renewal of 
breast CSCs [78]. Notably, NF-κB constitutive 
activation is much higher in the basal-like breast 
cancer than that in the luminal subtype [79]. In 
non-CSC cancer cells, NF-κB induces the expres-
sion of Jagged 1 (JAG1), the Notch pathway 
ligand, in the basal-like, but not any other  subtype 
of breast cancer. JAG1 is then secreted to the 
microenvironment and increases the abundance 
of breast CSCs in a Notch-dependent manner 
[79].

The C-X-C chemokine receptor type 4 
(CXCR4) is a seven transmembrane (TM) GPCR 
involved in cancer development and immunodefi-
ciency disorders. Besides CD4+ T-helper cells, 
CXCR4 is expressed in various tissues. The 
expression of CXCR4 is higher in breast and lung 
tumor specimens compared to normal tissues and 
correlates with a poor prognosis of patients [80]. 
Recent studies have demonstrated an important 
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role of CXCR4 and its ligand CXCL12 in the 
self-renewal of CSCs in vitro and in vivo. 
Activation of CXCR4 signaling by CXCL12 
increases the abundance of CSCs, whereas block-
ing this pathway reduces the metastatic CSC 
activity [81].

Within the tumor microenvironment, the 
CXCR4/CXCL12 axis is critical for MSC recruit-
ment to the tumors. CXCL12 is secreted by endo-
thelium and stroma cells in the niche [82]. High 
intratumoral CXCL12 levels have been shown to 
attract CXCR4+ stromal cells, inflammatory 
cells, and vascular cells into the tumors, where 
they secret growth factors, cytokines, and chemo-
kines to support tumor cell growth. CXCR4 and 
HIFs expression is in turn upregulated in tumor 
cell to induce EMT as well as the expansion of 
CSCs [83, 84]. Moreover, due to the chemoat-
tractive effect of CXCL12, CXCR4+ circulating 
breast cancer cells can specifically home to cer-
tain metastatic sites. CXCR4 expression in CSCs 
confers increased invasiveness and metastatic 
potential as well as improved self-renewal and 
survival capacity [85].

Understanding the signaling pathways that 
regulate breast CSCs will help to develop the 
therapeutic strategy for abrogating CSCs. 
Conventional target therapy usually inhibits 
abnormal genes in the rapid proliferating tumor 
cells but misses the CSCs which are the source of 
cancer metastasis and relapse. Hence effective 
new therapeutic strategy for breast cancer must 
take the CSC pathway into account and target 
both bulk tumor cells and CSCs. We will discuss 
targeting the self-renewal pathways and blocking 
inflammatory pathways to eradicate the CSC 
population in the later section of this chapter.

7.4  Clinical Implications 
of Breast CSCs

In cancers that follow the stem cell model, the 
functional differences between tumorigenic and 
nontumorigenic cells have important clinical 
implications. Specific signature of breast CSC 
may have the potential for early detection and 
molecular characterization of breast cancer in 

patients. Moreover, a large body of evidence sug-
gests that breast CSCs are highly resistant to 
radiation and chemotherapy. Mechanism of the 
treatment resistance includes abnormal expres-
sion of drug transport (efflux pumps), aberrations 
in drug pharmacokinetics and metabolism, modi-
fication of drug, changes in apoptotic signaling 
pathways, and altered DNA damage response.

7.4.1  Breast Cancer Subtypes 
and CSCs

Breast cancer has been classified into distinct 
subtypes by the gene expression profiling, 
namely, luminal A, luminal B, HER2+, basal- 
like, claudin-low, and normal-like [86]. The clas-
sification suggests that these subtypes originate 
from different cell types of the mammary gland. 
The issues relevant to CSCs include whether 
each subtype has its own CSCs, whether progno-
sis of patients relates to the stemness extent of the 
cell type, and whether different CSC type links to 
specific clinical phenotypes. These questions 
have not been resolved fully, but there is evidence 
showing that aggressive subtypes are associated 
with higher CSC frequencies. Hence breast CSCs 
may be responsible for aggressive behavior of 
breast cancer. Moreover, poorly differentiated 
tumors have a higher percentage of breast CSCs 
than better differentiated tumors [1]. Triple- 
negative breast cancers contain a higher propor-
tion of the CD24−/low CD44+ fraction compared to 
other subtypes [87].

CSCs specific for intrinsic subtypes of breast 
cancers are yet to be determined. The luminal 
progenitors are found to be the cells of origin for 
basal-like breast cancers, indicating that luminal 
and basal-like subtypes may harbor common 
CSCs. Through comparing gene signatures, Liu 
et al. demonstrated that breast CSCs of the lumi-
nal A subtype were most relevant to luminal pro-
genitors or mature luminal cell, breast CSCs of 
the luminal B and HER2 subtype were most rel-
evant to bipotent progenitors, and breast CSCs of 
the basal-like subtype were relevant to bipotent 
progenitors or mature luminal cell [88]. HER2+ 
CSCs display a distinct genotype from non- 
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HER2+ CSCs through altered epigenetic regula-
tion. HER2 strongly regulates genes related to 
stem cell and progenitor cell control, while 
HER2+ CSCs increase expression of genes 
involved in S/G2/M transition and decrease 
expression of genes involved in differentiation 
and immune response [89].

Triple-negative breast cancers contain a higher 
proportion of the ALDH1+ compared to other 
subtypes [90]. ALDH1+ phenotype is correlated 
with basal and HER2+ breast cancers [91]. 
Independent of ER status, HER2 overexpression 
in cell lines causes an increase of the of ALDH1+ 
cell percentage. Liu et al. suggested that ALDH 
was a better marker for epithelial-like breast 
CSCs and CD44+CD24−/low was a better indicator 
of mesenchymal-like CSCs. Epithelial-like CSCs 
proliferate rapidly and are more localized, 
whereas mesenchymal-like CSCs are more inva-
sive and quiescent [92].

7.4.2  Breast CSCs and Treatment 
Resistance

Overcoming therapy resistance is a major chal-
lenge in treating cancers. Studies utilizing cell 
lines, animal models, and primary tumors have 
demonstrated that breast CSCs are more resistant 
to chemotherapy and radiation therapy than non- 
CSC cancer cells. Resistance to therapies can be 
either an innate characteristic of cancer cells or 
acquired later during treatments.

After neoadjuvant chemotherapy, the 
CD24−CD44+ population was increased in breast 
cancer patients [93]. The gene expression profile 
of post-chemotherapy tumors is similar to that of 
untreated CD44+CD24− and mammosphere cells 
[93]. The multiple lines of defense that breast 
CSCs use to resist chemotherapy include: (1) 
being slow cycling and quiescent, which confers 
resistance to a variety of chemotherapy drugs that 
target the rapidly proliferating cells; (2) increased 
expression of ATP-binding cassette (ABC) trans-
porters, including MDR1/ABCB1 and BCRP/
ABCG2, which pump out chemotherapeutic 
drugs; (3) increased expression of ALDH 

enzymes which detoxify and inactivate chemo 
drugs; (4) increased DNA repair response 
because of the upregulation of DNA repair pro-
tein; (5) reduced apoptosis because of anti- 
apoptotic protein upregulation; and (6) increased 
activation of stemness pathways, such as Wnt, 
Notch, and Hedgehog signaling [94].

Based on these chemoresistance mechanisms, 
potential strategies can be developed to overcome 
CSC chemoresistance, by inhibiting ALDH, 
ABC transport proteins, and Wnt, Notch, and 
Hedgehog pathways, which will be discussed in 
the following section.

CSCs are also found to be more resistant to 
ionizing radiation (IR) than non-CSC cancer 
cells. IR therapy causes free radical reactive oxy-
gen species (ROS) production in cells and induces 
DNA damage. Both stem cells and progenitor 
cells were intrinsically radioresistant. Normal 
breast progenitor cells have greater resistance 
than non-progenitor cells to radiation, and over-
expression of the Wnt pathway components 
increase the radioresistance [95]. Breast CSCs in 
the MMTV-Wnt1 mouse model display lower 
levels of DNA damage than non-CSCs after radi-
ation [96]. Enhanced DNA repair response, acti-
vated checkpoint signaling, overexpression of 
ROS scavengers and pro-survival molecules, and 
hypoxia in the tumor microenvironment contrib-
ute to IR resistance in CSCs [97]. To overcome 
the radioresistance of CSCs, in vitro and in vivo 
data provide promising results in targeting pro- 
survival and checkpoint signaling proteins. To 
improve the effect of radiation therapy, clinical 
trials aimed at CSCs are needed to bring current 
therapeutic strategies into the clinic.

CSC-associated treatment resistance is still 
one of the leading causes for treatment failure 
and tumor recurrence. A comprehensive under-
standing of the resistance mechanisms will help 
to develop more effective cancer therapeutics tar-
geting CSCs. Evaluation of CSC-related factors 
before and after treatment has been incorporated 
into clinical trials to overcome treatment resis-
tance and improve long-term survival of cancer 
patients.
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7.5  Targeting Breast CSC 
for Cancer Therapy

Conventional target therapy usually inhibits 
abnormal genes in the rapid proliferating tumor 
cells but spares CSCs which are the source of 
cancer metastasis and recurrence. Targeting and 
elimination of breast CSCs may be a promising 
approach to treat breast cancer. Thus developing 
anti-CSC drugs is critical for decreasing cancer- 
related mortality. The strategies considered to 
eradicate breast CSCs include (1) inhibiting self- 
renewal signaling pathways which the breast 
CSCs depend on; (2) targeting proteins which are 
expressed in breast CSCs specifically, including 
surface markers, transporters, or enzymes; and 
(3) blocking the interaction of CSCs with sup-
porting cells in the tumor microenvironment (see 
Fig. 7.1).

7.5.1  Targeting Stemness-Related 
Pathways

Breast CSCs rely on self-renewal pathways for 
maintaining their population. Targeting the key 
elements in self-renewal pathways offers attrac-

tive options, with a solid rationale. Currently 
there has been a surge in developing agents tar-
geting self-renewal pathways and evaluating 
them in clinical trials. Herein, we discuss selected 
druggable targets and the clinical findings of 
agents targeting Notch, Wnt, and Hh pathway.

In the Notch signaling pathway, binding of 
Notch receptors (Notch 1–4) with ligands 
(Jagged1, Jagged2, Delta, and Delta-like) initi-
ates a cascade of proteolytic cleavages mediated 
by the ADAM metalloprotease family members 
and internal cleavage by the γ-secretase. The 
strongest evidence to date for a role of Notch in 
CSCs is in glioma, breast cancer, and embryonal 
brain tumors [52]. Blocking the Notch pathway 
therapeutically can be achieved by Notch- 
targeted antibodies, DLL4 antibodies, and 
γ-secretase inhibitors (GSI), among which GSIs 
are currently the most advanced in clinical 
development.

OMP-59R5 (tarextumab) is an antibody tar-
geting Notch2/3. The phase I clinical trials have 
shown preliminary evidence of efficacy and dos-
ages well tolerated [98]. Notch1-targeted OMP- 
52 M51 is a humanized monoclonal antibody. 
Preclinical data have demonstrated that OMP- 
52 M51 reduces the percentage of breast CSCs in 
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a xenograft mouse model [99]. The phase I clini-
cal trials are evaluating this single agent in hema-
tologic malignancy and solid tumors with 
aberrant activation of Notch1.

DLL4 is one of the Notch ligands, inhibition 
of which decreases the frequency of CSCs [100]. 
DLL4 monoclonal antibodies include demci-
zumab (OMP-21M18), enoticumab (REGN421), 
and MEDI0639. Early preclinical studies dis-
played suppression of Notch target gene expres-
sion by demcizumab. Combination treatment of 
demcizumab with paclitaxel reduced the breast 
CSC abundance and tumor growth in a mouse 
xenograft model [100]. In the phase I clinical 
trial, demcizumab caused grade III asymptomatic 
hypertension in 28% of patients, which was the 
most dangerous side effect. Enoticumab is being 
tested in the phase I clinical trial for advanced 
solid tumors, with several patients showing par-
tial response or prolonged stable disease [101]. 
MEDI0639 is also being tested in the phase I 
clinical trial, with serious side effects occurring, 
including heart failure and gastrointestinal bleed-
ing [102].

γ-secretase cleaves the Notch receptors and 
releases the active intracellular fragment. Among 
all Notch pathway inhibitors, γ-secretase inhibi-
tors (GSI) are the most advanced agents under 
development at present. Several classes of GSI 
are currently in clinical trials for Alzheimer’s dis-
ease, T-cell acute lymphoblastic leukemia 
(T-ALL), and breast cancer (http://clinicaltrials.
gov/). These agents have displayed strong antitu-
mor and anti-CSC activity in preclinical models 
[103]. DAPT targets presenilin and inhibits 
γ-secretase activity at a different site from the 
catalytic and substrate binding. It is a dipeptide 
non-transition state analog and has been demon-
strated to deplete or decrease CSC frequency 
in vitro in lung cancer, metastatic breast cancer, 
nasopharyngeal cancer, and ovarian cancer [104]. 
RO4929097, derived from DAPT, is much more 
selective and potent in inhibiting γ-secretase 
activity and blocking Notch signaling in vitro and 
in vivo. RO4929097 has been reported to decrease 
tumor growth in xenograft mouse models [105]. 
MK0752 is a non-transition state analog contain-
ing sulfonamide. In combination with docetaxel, 

MK0752 treatment reduced the frequency of 
CSCs in tumor samples from cancer patients 
[106]. The selective tetralin amino imidazole GSI 
PF-03084014 inhibited the Notch pathway acti-
vated by docetaxel in a preclinical breast cancer 
study. Combination of PF-03084014 and 
docetaxel suppressed tumor growth synergisti-
cally in the breast cancer xenografts [107]. In 
clinical trials, the side effects of GSIs are secre-
tory diarrhea and cutaneous rash [103]. Potential 
adverse events include off-target effects and sys-
temic toxicity. Besides the Notch receptors, 
γ-secretase acts on more than 90 substrates, and 
GSIs block the cleavage of all of them. So far, 
clinical experience indicates that GSI should be 
administered in intermittent dosing regimens to 
prevent dose-limiting intestinal toxicity. 
However, the effectiveness of intermittent dosage 
for suppressing CSCs in patients is still unknown.

Wnt/β-catenin pathway can be dysregulated in 
many types of cancers and hence provides an 
excellent therapeutic target. Higher nuclear 
β-catenin level is observed in breast CSCs, indi-
cating activation of Wnt signaling in CSCs. 
Drugs targeting Wnt signaling have been shown 
to decrease the tumorigenic potential of CSCs 
[108]. Preventing the secretion of Wnt ligands 
can block the Wnt signaling pathway. LGK974 is 
an inhibitor of porcupine (PORCN), which is an 
O-acetyltransferase on the cell membrane and 
necessary for proper secretion of Wnt ligands. In 
combination with paclitaxel, LGK974 reduces 
tumor growth in a xenograft model of human 
breast cancer [109]. Moreover, Wnt pathway can 
be blocked by impeding the WNT and FZD inter-
action. OMP-18R5 (vantictumab) is a monoclo-
nal antibody that inhibits Fz receptors (Fz1, Fz2, 
Fz5, Fz7, and Fz8), as well as the fusion protein 
decoy receptor (truncated Fz8). Vantictumab 
lowers the CSC frequency and shows antitumor 
effects in breast cancer, colon cancer, pancreatic 
cancer, and NSCLC [110]. OMP-54F28 (ipafric-
ept) is in the phase I clinical trial for advanced 
stage solid tumors. Preclinical testing of OMP- 
54F28 showed significant suppression of WNT- 
target gene expressions and antitumor effects in 
an MMTV-Wnt1 mouse model and teratoma 
cell lines [111]. Furthermore, transcription of 
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β-catenin downstream genes can be inhibited by 
interfering the binding of β-catenin to the tran-
scription factor TCF/LEF or the co-activator 
CREB-binding protein (CBP). PRI-724 sup-
presses the interaction of β-catenin with CBP and 
decreases CBP-dependent gene expression [112]. 
Its antitumor efficiency is being investigated in 
ongoing clinical studies. Meanwhile, two nonste-
roidal anti-inflammatory drugs (NSAIDs) have 
been discovered to antagonize the Wnt pathway, 
sulindac targeting Dvl and celecoxib targeting 
β-catenin [103]. In summary, investigational 
drugs inhibiting the Wnt pathway are currently in 
early clinical studies. Some of the best preclinical 
results have been obtained from natural mole-
cules for Wnt pathway inhibition.

Alterations of the Hedgehog (Hh) pathway 
contribute to CSC activation and tumorigenesis. 
Important druggable interactions in the Hh path-
way include the binding of Shh, Dhh, or Ihh to 
PTCH, the interaction between PTCH and SMO, 
and the GLI-mediated transcription. GDC-0449 
(vismodegib) directly antagonizes SMO and is 
the most advanced drug inhibiting the Hh path-
way under clinical investigation [113]. 
Vismodegib was approved by the FDA for treat-
ment of metastatic or locally advanced basal cell 
carcinoma (BCC) in 2012. Currently, various 
SMO inhibitors, such as PF-04449913, BMS- 
833923 (XL-139), LEQ506, TAK-441, LY 
2940680 (Taladegib), SANT1-4, IPI-926, and 
LDE225, are under investigation in different 
tumor types in combination with a variety of che-
motherapy agents. It appears that resistance to 
GDC-0449 does not confer to other SMO 
inhibitors.

Other Hedgehog pathway inhibitors include 
PTCH inhibitors and GLI-mediated transcription 
inhibitors. The monoclonal antibody 5E1 blocks 
the Hh interaction with PTCH. The small mole-
cule robotnikinin binds to Shh and inhibits Shh 
interaction with PTCH [114]. HPI1 and HPI4 
affect the stability and processing of GLI1 and 
GLI2 and thus prevent the GLI-dependent tran-
scription [115]. GANT61 is an inhibitor of Hh 
signaling derived from hexahydropyrimidine. It 
alters the conformation of GLI1 and interferes 
the binding of DNA to GLI1 [116]. However, 

these inhibitors have not progressed into clinical 
trials for breast cancer treatment.

Cross talk among the stemness-related path-
ways has been reported in various cancer cells, 
which become a hurdle for drug development. 
Cross talk between these pathways can occur by 
several mechanisms. Firstly, physical interac-
tions have been revealed between components of 
two pathways. Secondly, the component in one 
pathway can be a transcriptional target or enzy-
matic substrate of another pathway. Thirdly, one 
pathway may modulate a component of the other 
pathway or compete with other pathways [117]. 
Thus inhibition of one CSC pathway may cause 
compensatory activation of an interconnected 
pathway. To reduce this possibility, approaches to 
target multiple pathways through combination 
therapy are underway.

7.5.2  Targeting Breast CSC Markers

Considering that breast CSCs can be identified 
by the expression of markers, a potential strategy 
to target these cells is to block these specific pro-
teins. Efforts to develop therapies against CD44, 
EpCAM, ALDH, and ATP-binding cassette 
(ABC) transporters are currently under investiga-
tion. In vitro and in vivo data appear to be prom-
ising in preclinical studies.

CD44 is expressed on the cell surface of a 
variety of CSCs. H90 is the first targeting mono-
clonal antibody of CD44, which displays CSC 
inhibition effects. P245 is also an anti-CD44 
mAb, which prevents tumor growth in human 
breast cancer xenografts [118]. RO5429083, a 
humanized mAb directly targeting the extracel-
lular epitope of CD44, has been evaluated on 
CD44+ locally advanced and/or metastatic solid 
tumors in a phase I clinical trial. In recent studies, 
short DNA or RNA single strand with a high 
binding efficiency against CD44 and CD44 tar-
geting aptamers was under exploration. However, 
such molecules have been tested only for their 
binding specificity and stability but not inhibition 
efficiency. They may conjugate anticancer agents 
and be utilized as delivery system specifically 
against breast CSCs [119].
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EpCAM is significantly overexpressed in 
CSCs in breast, pancreatic, and colorectal cancer. 
Therapeutic antibodies of EpCAM are under 
development, with a few being tested as single 
agent or in combination in clinical trials. The 
clinical study of human monoclonal antibody 
MT201 (adecatumumab) is ongoing in patients 
with breast and prostate cancer [120]. The anti- 
EpCAM scFv MOC31 is produced by phage dis-
play cloning from the hybridoma. A second 
generation of humanized scFv 4D5MOCB dis-
plays appreciable targeting efficiency, good fold-
ing, and high thermal stability in vivo [121]. The 
anti-EpCAM × anti-CD3 bispecific mAb catu-
maxomab (Removab®) is generated from mouse 
and rat hybrid. It has been administered as an 
intraperitoneal infusion to treat patients with 
malignant ascites in EpCAM+ cancer [121]. The 
adverse effects are more apparent with high- 
affinity antibodies, because besides cancer cells, 
EpCAM is expressed on some normal epithelia, 
which causes systemic damage. Therefore, low- 
affinity antibodies are better tolerated in the tol-
erance experiments [120]. Improved therapeutic 
EpCAM antibodies are in need for further clini-
cal studies.

ALDH enzyme activity is higher in breast 
CSCs than non-CSC cancer cells. Known inhibi-
tors of ALDHs include DEAB, ampal, 
benzimidazole- based analogues, benomyl, CVT- 
10216, citral, chloral hydrate, chlorpropamide 
analogues, coprine, cyanamide, daidzin, disulfi-
ram, gossypol, kynurenine tryptophan metabo-
lites, molinate, nitroglycerin, and pargyline [122, 
123]. Among these agents, disulfiram is the most 
extensively investigated for targeting CSCs and 
cancer treatment. In breast cancer, disulfiram 
inhibits ALDH activity and downregulates the 
expression of CSC markers. Disulfiram decreases 
tumor growth in MDA-MB-231 xenografts in 
mice and increases the sensitivity of xenografts 
to radiation therapy [123]. Ongoing clinical stud-
ies are testing whether disulfiram inhibits ALDH1 
and increases the sensitivity of CSCs to chemo-
therapies and radiotherapies.

ATP-binding cassette (ABC) transporters are 
frequently highly expressed on the cell surface of 
both normal stem cells and CSCs. ABC trans-

porters contribute to multidrug resistance due to 
the efflux of xenobiotic toxins. The first and 
second generations of inhibitors, such as 
R-verapamil, GF120918 (elacridar), MS-209 
(dofequidar), PSC833 (valspodar), biricodar 
(INCEL, VX-710), and VX-853 (ortimcodar), 
block multidrug resistance protein 1 (MDR1, 
ABCBC1) [124]. The third generations of inhibi-
tors, such as LY335979 (zosuquidar), oc144093 
(ONT-093), R101933 (laniquidar), and XR-9576 
(tariquidar), more specifically target ABCB1, 
ABCC1, and ABCG2 and are being tested to sen-
sitize CSCs in different stages of clinical trials 
[125]. Dofequidar treatment in combination with 
doxorubicin, cyclophosphamide, and fluorouracil 
has shown some promising results in breast can-
cer patients who are premenopausal, not receiv-
ing any prior therapy, or at stage IV at diagnosis 
with an intact primary tumor [126].

Although therapies targeting surface proteins 
of CSC are very promising, some of them might 
affect normal stem cells. Future efforts should 
focus on increasing the efficiency and specificity 
that target CSCs, as well as diminishing damages 
to normal tissues. Improvements can also be 
achieved by developing new delivery methods 
and by enhancing the retention of drugs inside 
the CSCs.

7.5.3  Targeting the Tumor 
Microenvironment

Solid tumors are composed of cancer cells, 
immune cells, endothelial cells, fibroblasts, etc. 
In the tumor microenvironment, together with 
cytokines and growth factors, these cells commu-
nicate with each other and form a dynamic net-
work. Interfering this network is a promising 
direction in drug discovery. Indeed, therapeutic 
strategies targeting proteins necessary for their 
interaction within microenvironment can be very 
effective at eradicating breast CSC in preclinical 
studies.

CNTO 328 is a humanized monoclonal anti-
body targeting IL-6. CNTO 328 has been tested 
as single agent or in combination in renal cell 
cancer and ovarian cancer patients in clinical 
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trials, with some efficacy being observed [127]. 
Reparixin is an inhibitor of IL-8/CXCL8. 
Inhibitory effects of reparixin on tumor growth, 
angiogenesis, and tumor dissemination have been 
observed in vitro and in vivo. The safety profile 
of reparixin is being tested in early breast cancer 
patients. Ongoing clinical trials are investigating 
the combination therapy of reparixin with weekly 
paclitaxel in HER2− metastatic breast cancer 
patients. NF-κB is an intriguing transcription fac-
tor. Some NF-κBs target genes can be suppressed 
by aspirin and salicylates [128]. Given the role of 
NF-κB in inflammation, therapeutic inhibition of 
NF-κB needs to be transient to avoid immuno-
suppression [129]. Production of IL-1β and 
related cytokines during bacterial infections 
causes adverse effect of NF-κB targeting [129]. 
Although NF-κB inhibition still faces challenges, 
a few targeting agents will be tested in clinical 
trials in the next few years.

Strategies targeting the CXCL12/CXCR4 
pathway may inhibit CSCs in cancer patients. In 
vitro and in vivo studies displayed that CXCR4 
inhibition by peptides or small molecule inhibi-
tors reduced the tumor growth of breast cancer. 
CXCR4 inhibitor CTCE-9908 treatment allevi-
ated primary tumor burden and reduced the 
development of metastasis in mice-bearing 
human breast [130, 131]. The CXCR4 receptor 
inhibitor AMD3100 (plerixafor) was approved 
for clinical treatment in non-Hodgkin’s lym-
phoma and multiple myelomas by the FDA in 
2008. AMD3100 suppressed lung metastases in 
an orthotopically transplanted breast cancer 
model [132]. Overexpression of CXCR4 is cor-
related with resistance to chemotherapy, which 
can induce CXCR4 upregulation. Ongoing clini-
cal trials are investigating whether AMD3100 in 
combination with conventional chemotherapy 
improves clinical outcomes by increasing the 
sensitivity of cancer cells to chemo drugs [80]. 
Moreover, based on the chemical scaffold of 
AMD3100, more potent CXCR4 inhibitors are 
under development, including MSX-122, 
AMD3465, and AMD11070, which block the 
cell surface binding of CXCL12. These inhibitors 
have been shown to reduce CXCR4/CXCL12- 
dependent cancer cell proliferation, migration, 
chemoresistance, and tumorigenicity in a dose- 

dependent manner [80]. In parallel, promising 
effects were observed in the fully humanized 
antibody MDX-1338 (BMS-936564, uloc-
uplumab), which targeted CXCR4 receptor selec-
tively and prevented the binding of CXCL12 to 
CXCR4+ cells [133].

Collectively, tumor microenvironment has 
great impact on cancer progression, with its 
involvement in supporting cells as well as auto-
crine and paracrine signaling. The review here 
only shows selective current treatments targeting 
the cytokines and factors in tumor microenviron-
ment. More studies are required to further explore 
safer strategies targeting cytokines that are criti-
cal for immune response and effective eradica-
tion of breast CSCs.

7.6  Future Perspective

The incorporation of CSC concept in precision 
medicine is appealing in breast cancer clinical 
care. However, several challenges need to be 
addressed to improve patient outcome. The first 
is lack of well-characterized drivers. Successful 
targeting of CSCs requires a thorough under-
standing of CSC regulation and characterization 
of driver genes. The heterogeneity among tumors 
from different patients adds more complexity to 
this issue, which creates a new problem as to how 
to choose the most appropriate inhibitor for each 
patient. A comprehensive elucidation of regula-
tory mechanism and interaction networks of 
breast CSC will help to design safer and more 
effective combination regimens. The second 
challenge is how to select patients who will ben-
efit more from targeting treatments. Reliable bio-
markers are required to determine the activity of 
CSC pathway from specific tumors. The third but 
not the least challenge concerns the highly bioac-
tive and specific drugs. Failure to deliver preci-
sion medicine is usually caused by the lack of 
proper drugs. Natural products with novel mech-
anisms are considered to be more effective than 
small molecules in targeting the same interaction 
[134]. However, research on natural product lags 
far behind targeted therapies. Screening natural 
molecules may help identify anti-CSC agents. 
Moreover, based on the natural molecules, 
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semisynthetic natural compounds for targeted 
therapy can be generated to increase drug activity 
or avoid side effects.

Regarding the CSC regulatory mechanism and 
druggable targets, here we only focus on protein- 
coding genes. However, protein-coding DNA 
sequences account for only about 2% of human 
genome. The recent explosion in studies of non-
coding RNAs (ncRNAs) has fostered a new view 
of the RNA function. Gene regulation networks 
are much more complex than expected. The fact 
that organismal complexity across species links 
well with the percentage of genomes being tran-
scribed to ncRNAs suggests that RNA-based 
regulatory mechanisms are involved in the evolu-
tion of developmental complexity in eukaryotes. 
Great advance has been made in understanding 
human ncRNA in the last decade. Indeed, 
ncRNAs, such as microRNAs (miRNAs) and 
long noncoding RNAs (lncRNAs), are key play-
ers in cellular, physiological, and developmental 
processes, as well as in various diseases includ-
ing cancers. In the field of CSC, a large body of 
evidence demonstrates that aberrant expression 
of miRNAs or lncRNAs contributes to cancer 
stemness. Moreover, miRNA or lncRNA profiles 
or signatures have the potential to be applied as 
effective biomarkers in clinical practice. Many 
problems may already have been solved during 
the development of technologies to target 
RNA. Thus, ncRNA is quite ready to be utilized 
as biomarkers and therapeutic targets. Currently, 
it is very desirable to investigate the mechanism 
of ncRNA regulating CSCs and translate the 
knowledge into clinical practice. Since the human 
genome expresses an enormous number of 
ncRNAs, precision medicine should take all the 
genomic information into account.

The characterization of breast CSC driver 
gene and therapy targets is still in its infancy, and 
a huge repertoire of ncRNAs is still unexplored. 
Comprehensive understanding of the breast CSC 
regulation, improved technologies in identifica-
tion of molecular alterations, and high- throughput 
drug screenings may provide strong impetus for 
developing and applying precision medicine in 
breast cancer.
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Disrupting Tumor Angiogenesis 
and “the Hunger Games” for Breast 
Cancer
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Abstract

Angiogenesis, one of the hallmarks of cancers, has become an attractive 
target for cancer therapy since decades ago. It is broadly thought that 
upregulation of angiogenesis is involved in tumor progression and metas-
tasis. Though tumor vessels are tortuous, disorganized, and leaky, they 
deliver oxygen and nutrients for tumor development. Based on this knowl-
edge, many kinds of drugs targeting angiogenesis pathways have been 
developed, such as bevacizumab. However, the clinical outcomes of anti- 
angiogenesis therapies are moderate in metastatic breast cancer as well as 
in metastatic colorectal cancer and non-small cell lung cancer, even com-
bined with traditional chemotherapy. In this chapter, the morphologic 
angiogenesis patterns and the key molecular pathways regulating angio-
genesis are elaborated. The FDA-approved anti-angiogenesis drugs and 
current challenges of anti-angiogenesis therapy are described. The strate-
gies to overcome the barriers will also be elucidated.
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8.1  Introduction

Seventy years ago, tumor development relying 
on neovascularization was postulated for the 
first time. In the 1960s, Dr. Judah Folkman and 
his colleagues began to search for factors pro-
moting angiogenesis. A decade later, Folkman 
published the classic paper formulating three 
momentous hypotheses: (1) angiogenesis is a 
critical factor for tumor progression; (2) tumors 
secrete “tumor angiogenesis factor” (TAF) to 
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initiate angiogenesis; (3) anti-angiogenesis 
therapy would be a promising strategy to treat 
cancers. Thirty years later, Folkman proposed 
the concept of “angiogenic switch” (the conver-
sion from a dormant to an active tumor state), 
which has been listed as one of the hallmarks of 
cancers nowadays [1]. The contribution of 
Folkman and his colleagues laid the ground-
work for the further exploration of anti-angio-
genesis therapies. Considerable studies proved 
that angiogenesis is an early event during tumor 
development and is thought to precede the pro-
gression and metastasis [2]. The tumor vessels 
are tortuous, disorganized, and leaky, which 
facilitates tumor dissemination [3]. Though the 
studies of angiogenic regulators and anti- 
angiogenic molecules have been lasted for many 
years, the in-depth mechanism underlying tumor 
angiogenesis is still unclear. Hypoxia and cyto-
kines may play a great role in tumor angiogen-
esis and may be a reasonable explanation for 
drug resistance and treatment failure. In this 
chapter, we briefly review main morphogenesis 
of vacuolization and significant signaling path-
ways, followed by the success and challenges of 
anti-angiogenic treatment.

8.2  The Cancerous Angiogenesis 
and Vascular Morphogenesis

Angiogenesis plays a critical role in both physi-
ological and malignant events, such as the forma-
tion of granulation tissue and tumorigenesis. The 
typical angiogenesis is a process that sprouts new 
blood vessels from pre-existing vessels [1–4], the 
de novo formation of endothelial cells from 
mesoderm cell precursors. As one of the hall-
marks of cancer, angiogenesis has several mor-
phologic features, which will be elaborated as 
follows.

8.2.1  Sprouting Angiogenesis

The typical angiogenesis is a process that sprouts 
new blood vessels from pre-existing vessels [1–
4], which is the de novo formation of endothelial 

cells from mesoderm cell precursors. The sprout-
ing angiogenesis was the first main form of 
angiogenesis discovered in tumor. Generally, 
sprouting angiogenesis is initiated from the acti-
vation of endothelial cells by the angiogenic 
growth factors. Then, the activated endothelial 
cells begin to release enzymes called proteases 
that degrade the basement membrane to allow 
endothelial cells to escape from the original (par-
ent) vessel walls, following which endothelial 
cells proliferate into the surrounding extracellu-
lar matrix (ECM) and extrude form solid sprouts 
connecting neighboring vessels, forming lumen 
within the vascular sprouts and creating vascular 
tubes. Finally, the nascent vascular tubes are cov-
ered with mature basement membrane related to 
supporting pericyte [5, 6]. During sprouting 
angiogenesis, the endothelial cell-ECM interac-
tion plays a critical role in regulating endothelial 
cell moving, proliferation, lumen formation, and 
vessel formation.

In addition to the sprouting angiogenesis, 
tumor angiogenesis may occur through other 
mechanisms: (1) recruitment of bone marrow- 
derived endothelial progenitor cells (EPCs) to 
form new vessels (postnatal vasculogenesis) [7], 
(2) vasculogenic mimicry (the transdifferentia-
tion of cancer cells allowing them to form tubular 
structures themselves) [8], (3) mosaic vessel for-
mation (the incorporation of cancer cells into the 
vessel wall or vascular cooption) [9], and (4) 
intussusceptive microvascular growth (IMG) 
[10]. These mechanisms add to the complex of 
the tumor angiogenesis and may lead to the resis-
tance of targeting tumor angiogenesis.

8.2.2  Endothelial Progenitor Cells

The endothelial progenitor cells (EPCs) promote 
tumor neovascularization by vasculogenesis, the 
embryonic process of de novo formation of blood 
vessels, which is distinguished from angiogene-
sis, the sprouting process of formation of new 
blood vessels from pre-existing ones. EPCs are 
derived from stem cells in the bone marrow and 
migrate to the tumor niche under chemotaxis, 
accelerating tumor growth, metastasis, and drug 
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resistance by vascular development. The co- 
expression of CD34, CD309 (VEGFR2/KDR), 
and CD133 on the membrane defines the EPCs 
[11]. Recently, a considerable amount of evi-
dence suggests that EPCs would play a signifi-
cant role in tumor occurrence and progression, as 
higher levels of EPCs in circulation have been 
detected in both breast cancer xenograft model in 
mice [12, 13] and breast cancer patients [14, 15]. 
An increased number of EPCs was observed in 
advanced breast cancer patients in comparison 
with early-stage breast cancer patients [16]. Kuo 
et al. also found that breast cancer patients 
responding well to chemotherapy had more dra-
matic EPC reduction in circulation [17]. Besides, 
Dome B and his coworkers have published that 
higher levels of circulating EPCs before the treat-
ment indicate higher death incidence [18]. 
Because EPCs paralleled with clinical prognosis 
and therapeutic effects, EPC might be a useful 
and noninvasive marker for antitumor therapy. 
Interestingly, a strong relationship between the 
quantity of circulating EPCs and the efficacy of 
various metronomic chemotherapy regimens has 
been observed according to several preclinical 
breast cancer models and recent studies [19–22]. 
This correlation demonstrates that EPCs might 
become a potential marker reflecting the effect of 
metronomic therapies and thus determine the 
optimal dose of metronomic therapies [23]. 
Furthermore, EPCs might help tumor cells escape 
from chemotherapy, the mechanism of which lies 
in that these chemotherapeutic agents may induce 
EPCs from the bone marrow to the tumor site, 
forming new vessels to support tumor survival 
and spread [24]. EPCs could be mobilized not 
only by chemotherapy but also by anti- 
angiogenesis agents. In breast cancer patient, the 
mobilization of EPCs from the bone marrow 
might be a reasonable explanation for the contro-
versial effect of anti-angiogenic drugs, especially 
for drug resistance [25].

The reason why tumor could mobilize EPCs 
has been highlighted these days. Among consid-
erable hypotheses of EPCs homing to the tumor 
sites, hypoxia is one of the most pivotal explana-
tions. Hypoxia regulates HIF1-α translocating 
into nucleus and activates the transcription of 

VEGF-A, PDGF, stromal cell-derived factor 
(SDF1-α), and C-X-C chemokine receptor type 4 
(CXCR4, the receptor of SDF-1) [26, 27]. The 
released cytokines in hypoxia and chronic inflam-
matory tumor sites attract EPCs, pericyte pro-
genitors, and CD45+ vascular modulatory cells 
from the bone marrow to the tumor site [28]. 
Vascular endothelial growth factor (VEGF), one 
of the most strong factors promoting angiogene-
sis, can also stimulate EPC proliferation via acti-
vating the phosphatidyl-inositol-3-kinase 
(PI3K)-AKT/eNOS signaling pathway to 
increase NO level [29]. At the production of 
endothelial nitric oxide synthase (eNOS), NO 
stimulates matrix metalloproteinase 9 (MMP-9), 
which then cleaves the membrane Kit ligand 
(mKitL) into the soluble form (sKitL). The sKitL 
binds on the EPC membrane and contributes to 
its release and migration. Moreover, VEGF along 
with Ang-1 facilitates EPC mobilization by 
remodeling vascular architecture in the bone 
marrow [30]. Additionally, tumor-associated 
macrophages (TAMs), which have a negative 
correlation with patient prognosis, have an impact 
on EPC function and behavior in hypoxia micro-
environment [31, 32]. It is thought that TAM 
could secrete transforming growth factor β (TGF- 
β), tumor necrosis factor α (TNF-α), interleukins, 
and other cytokines to influence the migration, 
proliferation, and survival of EPCs [33–37]. 
Particularly, TNF is one of the activators of Notch 
signaling pathway in the stem cells including 
EPCs [38–40]. The Notch receptors on EPCs 
linking with Notch ligands on the osteoblasts 
permit the revival of EPCs. The Notch pathway 
activation mainly leads to Jagged1 (JAG1, 
CD339) activation. The interaction between 
Jagged1 and Notch triggers a proteolytic cascade, 
resulting in the transcription of endothelial lin-
eage genes and leading to EPC colony formation, 
migration, and the capability of vasculogenesis 
[40]. After the EPCs home to the chronic hypoxia 
and inflammatory state, EPCs not only form new 
vessel but also release proangiogenesis factors 
and inflammatory cytokines to maintain the 
angiogenesis and inflammation state in tumor site 
[1, 41]. Furthermore, the interaction between 
EPCs and its microenvironment provides a 
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 pre- metastatic niche before the arrival of the met-
astatic tumor cells [42, 43].

As EPCs play a critical role in tumor progres-
sion and metastasis, the possibility of targeting 
EPCs as therapeutic strategies would be raised. 
Additional administration of anti-CXCR4 anti-
body to weaken EPC mobilization capability 
enhances the efficacy of docetaxel, which has 
been proved in murine breast cancer model [44]. 
Another strategy aiming at EPCs is to reduce 
EPC quantity and alter phenotype via delivering 
therapeutic compounds using nanoparticles. 
Transplantation of modified bone marrow pro-
genitors transduced by lentiviral vectors express-
ing genes from transcription-regulatory elements 
of Tie-2/Tek gene decreases the formation of new 
vessels in tumor sites [45]. Though the studies of 
using nanoparticle to target stem cells, including 
BM-derived EPCs, have been proved successful 
in vivo, they are still at preclinical stage and need 
more effective evidence and improvement to be 
translated into clinical practice [46, 47].

8.2.3  Mosaic Blood Vessels

Many studies have found that cancer cells partici-
pate in the walls of tumor blood vessels over the 
past five decades. This phenomenon was first 
reported in 1948, and the ultrastructural evidence 
of tumor-lined vessels was presented by Warren 
and Shubik and others in the 1960s. Since then, 
mosaic vessels have been highlighted for its great 
impact on tumor biological features. For exam-
ple, the presence of cancer cells in the blood ves-
sel wall could be an indication of tumor 
aggressiveness or metastasis. The absence of 
detectable CD31 and CD105 might be accompa-
nied by other alterations in protein expression in 
tumor endothelial cells, possibly induced by the 
hostile tumor microenvironment. All these patho-
logic changes could influence barrier functions of 
endothelial growth factor and angiogenesis [48]. 
However, the occurrence and outcomes of mosaic 
blood vessels remain unclear for lack of further 
studies. There are several potential explanations 
of mosaic vessels. First, the rapid vessel growth 
would cause insufficient endothelial cells to 

cover the vessel lining, leaving tumor cells 
exposed to the lumen. Second, endothelial cells 
could drop from the vessel lining, leaving under-
lying cancer cells being explosive. Third, migrat-
ing malignant tumor cells would invade into the 
vessel walls, replacing endothelial cells from the 
lining [48]. Nevertheless, some studies doubt the 
claim that tumor cells mix into endothelial cells 
to form mosaic blood vessels, because the hetero-
geneity of blood vessel cells is detected by 
expression of endothelial markers (such as CD31 
and CD105). It is possible that these regions 
could be lined by endothelial cells that do not 
express common endothelial markers, which 
have been consequently mistaken as tumor cells. 
Chang YS and his coworkers found that the 
majority (92%) of the mosaicism was explained 
by undetectable CD31 and CD105 expression 
rather than by missing endothelial cells in colon 
carcinoma xenografts implanted orthotopically. 
Though there is a forceful evidence supporting 
the non-tumor cell mosaicism hypothesis, differ-
ent tumor cells are likely to present different 
mosaic vessel pattern [47–50]. Perhaps the devel-
opment of new markers to distinct endothelial 
cells from tumor cells could figure out this 
problem.

Although many issues remain unclear in the 
basic research, some experimental results may 
shed light on preclinical studies. For instance, 
Yong S. Chang et al. proposed that the antivascu-
lar effects of some anticancer therapies could be 
explained by mosaic vessels, for killing exposed 
cancer cell could impair blood flow in 14% of the 
vessels, which caused significant antivascular 
effect [49]. This antitumor drug effect on antivas-
cularity might also explain the anti-angiogenesis 
effects of metronomic chemotherapy, which is 
based on more frequent and low-dose drug 
administrations. Since tumor cells on mosaic ves-
sels are directly exposed to chemotherapeutic 
agents, lower doses of administration may kill 
these tumor cells. The cancer cells in mosaic ves-
sels might be shed much more quickly with more 
frequent administration, which would break the 
function of vessels. Additionally, holes of mosaic 
blood vessels due to missing endothelial cells 
might be responsible for the leakiness of tumor 
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vessels, which can hinder uniform drug delivery 
[50, 51]. Since mosaic blood vessel is a special 
character of malignant cancer, mosaicism could 
be developed into a potentially useful biomarkers 
for early diagnosis before being detected by con-
ventional imaging techniques [52], which might 
help earlier intervention and better prognosis.

Stephenson J. published a paper explaining 
the role played by mosaic vessels during trans-
plantation of autologous hematopoietic progeni-
tor cells (HPC) in breast cancer patient [53]. In 
the autologous HPC transplantation therapy, 
HPCs are mobilized by G-CSF into peripheral 
blood. Surprisingly, two studies evaluating breast 
cancer cell contamination in HPC collections 
found that patients receiving high-dose chemo-
therapy (cyclophosphamide) plus G-CSF tended 
to have higher contamination by neoplastic cells 
compared with patients mobilized by G-CSF 
alone [54, 55]. The explanation for this interest-
ing finding is that tumor cell would be shed from 
mosaic vessels and thus contaminate the HPC 
collections. Previous data also offered strong 
support for this explanation. Chang [49] and his 
colleagues showed that nearly 15% of leaky ves-
sels in a xenograft carcinoma were mosaic ves-
sels and that replaced tumor cells occupied about 
4% of the total vascular surface area, which used 
antibodies and green fluorescent protein to iden-
tify endothelial cells and xenograft carcinoma 
cells, respectively. These data conformed to the 
fact that about 10 × 106 cancer cells shed from 
neoplasia regions contained mosaic tumor ves-
sels per gram every day, which indicates the anti-
vascular prosperity of chemotherapeutic drugs, 
especially cyclophosphamide, and provides a 
possible calculational method for the mobiliza-
tion of neoplastic cells in patients administrated 
with high-dose chemotherapy supported by 
autologous HPC transplantation [56].

8.2.4  Vasculogenic Mimicry

Vasculogenic mimicry (VM) is the formation of 
microvascular channels by aggressive, meta-
static, and genetically deregulated tumor cells 
rather than endothelial cells [57, 58]. Maniotis 

et al. first reported this patterned network con-
taining red blood cells without identifying endo-
thelial cells from aggressive human intraocular 
and metastatic cutaneous melanomas in 1999 [8]. 
Later on, VM has been discovered in many other 
cancers, such as malignant mesothelioma [59], 
prostate cancer [60], and breast cancer [61]. With 
further studies on VM, three main characters of 
VM have been put forward: (1) VM specifically 
exists in aggressive and metastatic solid tumors, 
not poorly invasive ones, and these mimicry ves-
sels are surrounded by highly invasive tumor 
cells [62]. (2) Endothelial cells cannot be detected 
in the mimicry lining using light microscope, 
electron microscope, and immunochemical tech-
nique, but basement membrane-like structure 
could be found. (3) VM is a tubular and network 
structure with periodic acid-Schiff staining, and 
the lumen of VM network could be linked to the 
vein cavity at tumor margin [63].

The finding of VM was a great contribution to 
understanding the biologic behavior of cancer 
cells and identifying diagnostic indicators and 
potential therapeutic targets. VM is considered to 
perfuse the rapidly growing tumors with remark-
able efficiency. The formation of VM was found 
to be linked with some of the characteristics of 
highly invasive tumors, such as tumor cell plas-
ticity. Tumor cells capable of VM indicate a mul-
tipotent phenotype with an extreme degree of 
plasticity. These tumor cells exhibit upregulated 
expression of genes related to embryonic progen-
itors, endothelial cells, vessel formation, matrix 
remodeling, and coagulation inhibitors, as well 
as downregulated gene expression associated 
with lineage-specific phenotype markers [64]. 
However, the difference between VM tumor cells 
and embryonic progenitors is that the former lack 
critical regulatory checkpoints, express multipo-
tent stem cell markers, and thus characterize 
unregulated growth and aggressive features of 
malignancies [65]. Recent studies have found 
that the hypoxic microenvironment, which is a 
common and significant feature of malignant 
tumors, facilitates the phenotype switch from 
tumor mass to VM in human melanoma models 
[66]. The important initiator of hypoxia-related 
signaling pathway is hypoxia-inducible factor 
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(HIF) complex [67, 68]. HIF-1α is separated 
from von Hippel-Lindau protein (pVHL, a ubiq-
uitin ligase) in the cytoplasm and binds to 
hypoxia response elements on gene regulatory 
regions [69]. Then HIF-1α activates transcription 
of hypoxia-target genes—VEGF-A, VEGFR1, 
EPHA2, Twist, Nodal, osteopontin, and COX-2 
gene expression. Hypoxia can also influence 
Notch signaling pathway, the activation of which 
is thought to promote tumor cell plasticity and 
then underlie VM [70]. Besides, hypoxia can 
influence Notch signaling pathway, the cross talk 
between what are thought to promote tumor cell 
plasticity and then underlie VM [71]. Another 
mechanism of hypoxia-promoting VM is the 
increased mitochondria ROS in hypoxia stabiliz-
ing HIF-1α and activating Met oncogene, which 
has been demonstrated to induce VM in mela-
noma [72, 73]. Since hypoxia plays a critical role 
in VM, the resistance of anti-angiogenesis ther-
apy and invalidation might be explained by 
VM. Therefore, anti-VM would become a prom-
ising target for killing tumor cells. Moreover, 
bevacizumab, sorafenib, and sunitinib have 
begun to reveal little benefit to the overall sur-
vival in breast cancer patients. According to pre-
clinical and clinical results, the development of a 
hypoxic microenvironment within the tumor due 
to administration of the above medications, 
which contributes to the thriving of cancer stem 
cell, might account for the failure of anti- 
angiogenesis therapy [74]. The good news is that 
compounds affecting several vascular perfusion 
pathways could inhibit tumor growth. In recent 
studies, the nanostructured targeting epirubicin 
plus celecoxib liposomes could eliminate inva-
sive human breast cancer (MDA-MB-435S 
in vitro cells and MDA-MB-435S xenografts in 
nude mice) along with the VM channels [75]. 
Isoxanthohumol, which inhibits TGF-β-inducible 
genes associated with angiogenesis and metasta-
sis, has been proved to degenerate breast cancer 
VM in vitro model [76]. VM has been reported to 
exist across a wide range of malignant and 
aggressive tumors, specifically in those associ-
ated with metastasis. In this sense, detection of 
VM in tumor samples may assist in precise diag-
nosis and prognosis. Indicators related to VM, 

such as MMP-9, VE-Cad, FAK, EphA2, and 
HIF-1α, may reflect the activity of VM formation 
in tumors [75]. ABCB5, a chemoresistance gene, 
was observed to be expressed on tumor cells 
engaged in VM. Therefore, it is noteworthy to 
mark VM in cancer samples [77]. Nevertheless, 
more forceful and specific VM markers in differ-
ent types of cancers should be further studied 
before VM analysis is accepted as a routine 
method for histopathology reports [71].

8.3  The Angiogenetic Pathways 
in Cancer

Folkman first raised the concept of “angiogenic 
switch” in 1971, proposing that once the balance 
between proangiogenesis and anti-angiogenesis 
breaks, the tumoral angiogenesis occurs and sup-
ports tumor growth and metastasis. The common 
proangiogenesis factors are VEGF family, Ang-1/
Tie-2, platelet-derived growth factors, fibroblast 
growth factors (FGFs), neuropilin, transforming 
growth factor, insulin-like growth factor, chemo-
kines, semaphorins/plexins/neuropilins, and slits/
robo hedgehog. The anti-angiogenesis factors are 
endostatins, thrombospondin-1, angiostatin, and 
interferon-α. In breast cancers, VEGF, Ang-1/
Tie-2, PDGF, and bFGF pathways are most 
actively involved [78].

8.3.1  VEGF Pathway

Vascular endothelial growth factor (VEGF) is the 
most common and potent proangiogenic protein 
in tumors. VEGF is usually secreted by tumor 
cells and binds to its receptor (VEGFR) on the 
endothelial cells. Senger and Dvorak intended to 
find out why ascites in pleural, pericardial, and 
peritoneal cavities is characteristic of most malig-
nant solid tumors and worked to purify factors 
contributing to vascular hyperpermeability. In 
1983, they reported vascular permeability factor 
(VPF) [79], which was found out to be identical 
with vascular endothelial growth factor (VEGF) 
later [80].
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VEGFs are among the most important players 
in the regulation of blood and lymphatic vessel 
formation during physiological and pathological 
processes, such as embryonic development, 
wound healing, cancer, and macular degeneration 
[81]. VEGF family has five members: VEGF-A, 
VEGF-B, VEGF-C, VEGF-D (also known as 
FIGF), and placental growth factor (PIGF). 
VEGF-A, being the mostly studied molecule, 
plays the most important role in angiogenesis 
among these five factors and is thus referred to as 
VEGF commonly [82].

There are three receptors of VEGF family: 
VEGFR1, VEGFR2, and VEGFR3. VEGFRs are 
dimerized tyrosine kinases signaling through 
mitogen-activated protein kinases (MAPKs) and 
AKT. The kinase domains, splitting into two 
functional domains, give rise to the original name 
kinase domain insert receptor (KDR). Each kind 
of the receptors distributes over different tissues 
and binds several VEGF ligands with different 
specificities. VEGFR2, also known as kinase 
domain insert receptor (KDR), is the main recep-
tor stimulated by VEGF-A and expressed on 
almost all endothelial cells. VEGFR2 mediates 
microvascular permeability and endothelial cell 
proliferation, invasion, migration, and survival 
[83, 84]. The critical role of VEGFR2 not only 
lies in malignancies but also in normal embry-
onic development. Studies found that heterozy-
gous and homozygous VEGFR2 knockout mice 
would die in utero because of failure of vasculo-
genesis and blood island formation [85]. 
Phosphorylation of tyrosine residues is a key 
mediator in the signaling pathway of VEGFR2. 
Several phosphorylation sites have been identi-
fied to possess important functions. 
Phosphorylated Tyr1175 has been shown to bind 
to PLC-gamma directly, mediating activation of 
MAPK/ERK2 (extracellular signal-regulated 
kinase2) and endothelial cell migration [86]. 
Tyr951, a binding site for T-cell-specific adaptor 
(TSAd), has been shown to play an essential role 
in endothelial migration [87, 88] . Other phos-
phorylation sites including Tyr1054 and Tyr1059 
are required for maximal kinase activity [89]. 
VEGFR1, expressed on endothelial cells as well 
as on several other cell types, is a receptor for 

VEGF-A, VEGF-B, and PIGF. In spite of its 
important role in developmental angiogenesis, 
the exact function of VEGFR1 on the endothe-
lium of tumor remains unclear. In contrast, sflt1, 
a secreted soluble extracellular domain of 
VEGFR1, has been showed to negatively regu-
late angiogenesis by acting as a decoy receptor 
for VEGF or by downregulating VEGFR2- 
mediated signaling [82, 90, 91]. VEGFR3 (flt4) 
binds to VEGF-C and VEGF-D preferentially. It 
is expressed throughout the vasculature of embry-
onic development. In adults, it is thought to 
mainly regulate lymphangiogenesis. Activated 
VEGFR3 and upregulated VEGF-C and VEGF-D 
have been observed in many tumors on both lym-
phatic endothelium and blood vessels [92–95]. 
They have been verified to be associated with 
tumor lymphangiogenesis and lymph node 
metastasis [96]. Besides, VEGFR3 can promote 
endothelial cell migration and survival in the 
lymphatic system via protein kinase (PKC)-
dependent activation of MAPK [97, 98].

8.3.2  Ang/Tie-2 Pathway

Ang/Tie-2 signaling pathway also plays an 
important role in angiogenesis, which provides a 
new targeting strategy to move beyond anti- 
VEGF therapies [99]. There are several signaling 
pathways that Ang-1/Tie-2 can affect, such as 
NF-κB [100, 101], ERK1/ERK2 [101, 102], 
focal adhesion kinase (FAK), [103] and PI3K- 
AKT pathways [104, 105]. Activation of Ang-1/
Tie-2 prolongs endothelial cell survival, encour-
ages endothelial cell migration, and increases 
interaction between perivascular cells and endo-
thelial cells. However, the potential of Ang/
Tie-2 in angiogenesis may not be very clear 
because studies have found that it may be pro- or 
anti-angiogenesis depending on the context [99]. 
Generally, in the presence of other proangiogenic 
factors, such as VEGF [106], Ang-1/Tie-2 con-
tributes to endothelium proliferation and migra-
tion, forming new sprouting, distorted vessels. 
On the contrary, in the absence of proangiogenic 
factors, Ang-2 signaling leads to endothelial cell 
apoptosis and regression [107]. Tie-1, the other 
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Ang receptor, also presents contrary effect. Tie-1 
can be activated by autophosphorylated Tie-2. 
The extracellular domain of Tie-1 in turn inter-
feres with Ang-1/Tie-2 and then contributes to 
antagonism of Ang-2 signaling [108, 109]. The 
Ang-2 expression has been revealed to correlate 
with VEGF expression and microvessel density 
(MVD) among a series of 198 breast cancer sam-
ples. A high MVD induced by high VEGF and 
Ang-2 expression has a strong prognostic signifi-
cance in breast cancer [110]. Higher levels of 
Ang-1, Ang-2, and VEGF mRNA suggested bet-
ter responses to anti-angiogenesis therapy, par-
ticularly in familiar breast cancer patients 
carrying BRCA mutations and triple-negative 
breast cancer (TNBC) patients [111].

Strong evidences have suggested a key role of 
Ang in tumor angiogenesis, especially the role of 
Ang-2 in the control of tumor angiogenesis [99, 
104, 105, 112–114]. Overexpression of Ang-2 
correlates with cancer progression and poor out-
come [112]. Ang-2 has been shown to stimulate 
breast cancer metastasis. The Ang-Tie pathway is 
crucial for the angiogenic switch in tumors and 
participates in the breast cancer metastasis 
through the avβ1 integrin-mediated pathway 
[113]. The Ang-Tie system together with 
VEGF-A (VEGF) promotes the initiation of 
angiogenesis and enhances the maturation of new 
vessels. The Ang-2/Tie-2 system also works 
beyond the tumoral angiogenesis. It is involved in 
inflammation and lymphangiogenesis which pro-
mote metastasis [112, 113]. In this regard, target-
ing Ang-2/Tie-2 pathway may represent a 
valuable therapeutic approach, which inhibits 
both angiogenic switch and inflammatory path-
ways [99].

Nevertheless, targeting this pathway is chal-
lenging for the following reasons: (i) The effi-
cacy of tyrosine kinase inhibitor targeting both 
ligands or the receptor itself is likely to depend 
on the balance between Ang-1 and Ang-2, given 
the presence of the receptor agonist and its natu-
ral antagonist. (ii) Medications targeting the 
pathway may act as a double-edged sword with 
the possibility of either pro- or anti-angiogenesis 
effect depending on the context. In fact, preclini-
cal models have demonstrated conflicting results 

from what has been anticipated [115–121]. In 
order to deal with this dilemma, several solutions 
have been put forward: (i) One is to use combina-
tion of inhibitors targeting the Ang-Tie-2 and 
inhibitors targeting VEGF receptor pathways, for 
VEGF plays a major role on the angiogenesis and 
VEGF also greatly affects the proangiogenic 
effect of Ang-2 [99]. (ii) Another is to develop 
Ang-2-specific agents rather than anti-Ang-1 
drug, because recent studies have suggested that 
Ang-2 might be a more potential target for angio-
genesis inhibition. Further on, dual Ang-1/Ang-2 
blocker may bring more benefits to patients in 
some cases [122, 123].

8.3.3  PDGFR Pathway

Platelet-derived growth factors (PDGF) belong to 
a four-member family (PGDF A, B, C, and D). 
PDGF was first identified as a constituent of 
blood serum. It is produced by different types of 
cells, including fibroblasts. PDGF activates two 
tyrosine kinase receptors—PDGFR-α and 
PDFGR-β. PDGF signaling pathway is overac-
tive in various malignancies, such as soft tissue 
sarcoma (except well-differentiated/dedifferenti-
ated liposarcomas), gastrointestinal stromal 
tumor (GIST), and high-grade glioma [124]. In 
most common solid tumors, PDGF signaling 
appears to be most important for the pericytes of 
the tumor vessels and for the fibroblasts of the 
tumor stroma [125]. Some studies in breast can-
cer highlight the prognostic value of PDGF and 
its receptor. High PDGFR expression in stroma 
associates with remarkably shorter recurrence- 
free time and breast cancer-specific survival, 
especially in premenopausal women [126]. 
Patients with recurrence also have higher PDGF 
level in blood serum, suggesting that it may be a 
candidate of recurrent marker [127]. Besides, 
stromal PDGFR expression is correlated with 
other less favorable parameters, such as high his-
topathological grade, estrogen receptor negativ-
ity, and high HER2 expression [126].

In breast cancer, PDGF plays a critical role in 
the interaction between tumor cells and stroma. 
PDGF/PDGFR signaling pathway initiated by 
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TGF-β is significant for epithelial-mesenchymal 
transition and tumor metastasis [128]. Breast 
cancer desmoplasia, a myofibroblast-mediated 
fibrosis response exhibiting progression poten-
tial, is initiated mainly by breast cancer-secreted 
PDGF [129]. Luminal, a subtype of estrogen 
receptor-positive breast cancer, has been studied 
to uncover the function of PDGF during tumor 
progression. Tumor proliferation, hormone inde-
pendence, and angiogenesis are thought to inter-
act with each other. PDGF is suggested to be 
involved in paracrine fashion by stromal cells and 
promote tumor recurrence, estrogen-independent 
proliferation, and tumor angiogenesis. This effect 
can be suppressed by anti-PDGF agent like ima-
tinib [127]. In addition, PDGF secreted by breast 
cancer cells can mobilize vascular smooth mus-
cle cells (VSMCs) through NRP-1 signaling 
pathway. NRP-1, a coreceptor of VEGF and a 
transmembrane protein, is essential for normal 
angiogenesis and involved in tumor angiogene-
sis. The migration of VSMCs under the recruit-
ment of PDGF participates in the process of 
angiogenesis and vessel remodeling, which in 
turn nourishes tumor growth [130].These find-
ings promote ongoing clinical development of 
PDGF pathway inhibitors. Additionally, anti- 
PDGFR agents combined with anti-VEGFR 
agents have been demonstrated to force 40% of 
tumor vessels into regression [131]. There are 
several agents proved by FDA showing anti- 
PDGF capacity, most of which are tyrosine 
kinase inhibitors. Sorafenib, a broad-spectrum 
TKI, was approved for the treatment of advanced 
renal cell carcinoma, unresectable hepatocellular 
carcinoma, and progressive differentiated thyroid 
carcinoma refractory to radioactive iodine treat-
ment [132 133]. Sunitinib is a multitargeted and 
potent TKI approved for the treatment of 
imatinib- resistant or imatinib-intolerant GIST, 
advanced renal cell carcinoma, and advanced 
pancreatic neuroendocrine tumors [134, 135]. 
Pazopanib as a second-generation, multitargeted 
TKI has received approval for the treatment of 
advanced renal cell carcinoma and advanced soft 
tissue sarcoma [136, 137]. Regorafenib is a 
small-molecule TKI and approved for the treat-
ment of previously treated metastatic colorectal 

carcinoma and GIST [138]. Some drugs are still 
under clinical trials. Olaratumab, the monoclonal 
antibody selectively blocking PDGFRα, showed 
well toleration and preliminary antitumor effi-
cacy. Twelve among nineteen patients had a best 
response of stable disease. Phase II studies of 
olaratumab as monotherapy or in combination 
with other agents are ongoing in some solid 
tumors [139]. PDGF has been reported as the 
biomarker indicating the efficacy of anti-PDGFR 
drugs. PDGFR A and B indicate the efficacy of 
regorafenib and sunitinib in cancer treatment 
[124].

8.3.4  FGF Pathway

Fibroblast growth factors (FGFs) are a family of 
growth factors with at least 20 members identi-
fied in human. There are four members of FGF 
receptors (FGFRs), including FGFR1, FGFR2, 
FGFR3, and FGFR4. The FGF-FGFR pathway is 
involved in angiogenesis, wound healing, embry-
onic development, and inflammation [140–142]. 
FGF1 and FGF2 are the classical FGFs, which 
lack cytoplasmic motif for extracellular export 
from their producer cells. However, there are sev-
eral working models for FGF to be transported 
out of the cell rather than via the classical secre-
tory apparatus [143]. In fact, basic fibroblast 
growth factor (bFGF, also known as FGF2) was 
the first identified proangiogenic molecule [144]. 
FGF1 and FGF2 can promote endothelial cell 
proliferation and the tube-like structure forma-
tion of endothelial cells, thus promoting angio-
genesis [145]. FGF1 has been shown in clinical 
experimental studies to induce angiogenesis in 
the heart [146]. Several intracellular signaling 
pathways are activated by FGF-FGFR system, 
including the Ras pathway, Src family tyrosine 
kinases, phosphoinositide 3-kinase (PI3K), and 
the PLC pathway [147]. A recent study has also 
shown that FGF can enhance glycolysis to pro-
mote endothelial cell proliferation and migration 
via c-MYC glycolytic enzyme hexokinase 2 
(HK2) pathway [148]. Besides directly promot-
ing angiogenesis, FGF has cross talk with VEGF 
family during angiogenesis, lymphangiogenesis, 
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and vasculogenesis. Evidence refers to the possi-
bility that FGF2 induces neovascularization indi-
rectly by activation of the VEGF/VEGFR system. 
FGF2 can modulate VEGF expression in endo-
thelial cells [149]. On the other hand, anti-VEGF-
 A antibody dramatically reduces FGF2-induced 
vascularization [149].

FGF2 expression has been found in various 
tumor cell lines [150]. In a transgenic mouse 
model, the export of FGF2 from fibrosarcoma 
correlated with the appearance of an angiogenic 
phenotype [151]. Several studies have estab-
lished a correlation between tumor FGF2 levels 
and intratumoral microvessel density (MVD) in 
cancer patients [147]. A positive correlation 
between MVD and cerebrospinal fluid FGF2 was 
also observed in children with brain tumors 
[152]. Anti-FGF2-neutralizing antibodies and the 
soluble FGFRs have been showed to suppress 
tumor growth under experimental conditions 
[153–155]. Targeting FGF-binding protein 
(FGF-BP) inhibits the growth and vasculariza-
tion of xenografted tumors in mice in spite of the 
high levels of VEGF production in the tumors 
[156, 157]. Targeting FGF-FGFR system also 
inhibits tumor growth in an angiogenesis- 
independent manner. The inhibition of FGF- 
FGFR system by dominant negative FGFR 
transfection or by fgf2 gene knockout results in a 
decrease of tumor growth by both angiogenesis- 
dependent and angiogenesis-independent mecha-
nisms in glioma cells or prostate cancer [158, 
159]. Genome-wide studies have revealed that 
FGFR2 gene is a breast cancer-susceptibility 
gene [160], while variants in the other FGF 
receptors are not associated with risk of breast 
cancer [161]. The dual inhibitor lenvatinib, which 
targets VEGFR/FGFR, has shown broad antitu-
mor activity in human tumor xenograft models 
[162]. There are also FGFR-specific inhibitors in 
clinical trials of breast, lung, and gastric cancers.

8.3.5  Angiogenesis in Breast Cancer

Tumor angiogenesis plays an essential role in 
breast cancer development, invasion, and metas-
tasis [163–165]. The transplantation of breast 

cancer cells with angiogenic stimulatory factors 
increases tumor growth, invasion, and metastasis 
[166]. Conversely, transplantation of tumor can-
cer cells with anti-angiogenic stimulatory factors 
decreases tumor growth and metastasis [167]. 
The angiogenic switch is one of the key compo-
nents that contributes to breast cancer progres-
sion. A number of factors in breast cancers have 
been shown to alter the angiogenic balance to 
promote cancer progression [168, 169]. The 
angiogenic growth factors include the activation 
of VEGF, Ang/Tie-2, PDGF, FGF, and MMPs or 
the inactivation of TSP-1, sVEGF receptors, and 
TIMPs. The angiogenic switch can be driven by 
the expression of oncogene or the loss of function 
of tumor suppressors [169, 170]. The anti- 
angiogenesis therapies have been widely tried in 
breast cancer in clinical trials.

The majority of breast cancers are endocrine- 
dependent diseases. Sex steroids have been 
proved to play a critical role in angiogenesis 
switch and the process of angiogenesis [171]. 
Clinical studies have revealed that the hormone 
replacement therapy (HRT) in postmenopausal 
women brings significant benefits on their car-
diovascular system [172]. Expression of VEGF 
by the vascular epithelium can be induced by 
estradiol [173]. Furthermore, estradiol can induce 
endothelial proliferation and migration [174] 
through activation of estrogen receptor expressed 
in endothelial cells [174, 175]. Evidence also 
shows that progesterone plays a role in breast 
angiogenesis [173, 176]. Thus, both estrogen and 
progestin have positive effects on angiogenesis in 
breast cancer.

8.4  Discovery of Anti- 
angiogenetic Drugs 
and Challenge of Anti- 
angiogenetic Therapy

8.4.1  Discovery of Anti- 
angiogenetic Drugs

Rapid tumor growth requires a steady supply of 
nutrients, and blood vessel formation provides 
the growing tissue with nutrients to facilitate 
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tumor development. Since the realization that 
tumor growth depends on angiogenesis, there has 
been a consistent interest in developing angio-
genic drugs for cancer treatment. Judah Folkman 
raised the concept that anti-angiogenesis was a 
potential therapeutic strategy for treating cancer 
decades ago. Since then, studies have further 
proved anti-angiogenesis to be an effective strat-
egy to target cancers. In this regard, the VEGF 
pathway and Ang/Tie-2 pathway are the most 
frequently targeted pathways.

VEGF is the most studied angiogenic factor 
and plays a significant role in the development of 
breast cancer. The anti-angiogenetic potential of 
several targets on VEGF/VEGFR axis has been 
examined. The ligand blockade has been studied 
most extensively. Bevacizumab is a recombinant 
humanized monoclonal antibody that targets all 
known isoforms of VEGF-A. It was the first and 
so far the most widely studied anti-angiogenic 
drug in breast cancer clinical trials [177]. 
Ramucirumab, the monoclonal antibody against 
the VEGFR2 external domain, has been investi-
gated as well [178]. VEGFRs belong to a family 
that is closely related to receptor tyrosine kinase 
(TK) followed by a signal transduction cascade. 
Small-molecule TK inhibitors (TKIs) that block 
VEGFR intercellular catalytic activity are also 
developed in clinical trials. TKIs, such as axitinib, 
pazopanib, sorafenib, and sunitinib, have been 
shown to have anti-angiogenic effects. Some of 
the angiogenesis inhibitors have dual roles of 
anticancer effects. Cetuximab, vandetanib, and 
erlotinib target both VEGF and EGF pathways. 
More than ten angiogenesis inhibitors have been 
approved and widely used in clinical treatment 
(Table 8.1 shows the FDA-proved angiogenesis 
inhibitors).

Besides the targeting therapies, metronomic 
chemotherapy has shown antitumor effects 
through interfering with neoangiogenesis [179]. 
Metronomic chemotherapy is a low-dose chemo-
therapy, which is administered frequently for a 
long time. Low-dose administration of oral 
cyclophosphamide and methotrexate daily previ-
ously showed anti-angiogenic and antitumor 
effect in advanced breast cancer [180].

Bevacizumab has been approved by FDA for 
treating patients with advanced-stage colon can-
cer, non-small cell lung cancer, and breast cancer 
since 2008.This is the first anti-angiogenesis drug 
designed to “starve tumors.” The effective proof 
of breast cancer was based on three randomized 
trials in the first-line HER2-negative metastatic 
breast cancer settings: E2100, AVADO, and 
RIBBON-1 [181]. All the settings met their pri-
mary endpoint of prolonging progression-free 
survival (PFS). However, the meta-analysis only 
confirmed a PFS of 2.5 months, which did not 
result into an overall survival (OS) benefit. FDA 
revoked the accelerated approval in 2011 because 
of the lack of an OS benefit and increased toxic-
ity [182]. Then, there were several trails tying to 
apply bevacizumab into breast cancer treatment, 
including hormone receptor-positive subset 
(NSABP B-40) [182] and triple-negative breast 
cancer subset (GeparQuinto, CALGB 40603) 
[183, 184], which did not lead to an improvement 
in outcomes. The BEATRICE [185] and BETH 
studies in TNBC- and HER2-positive breast can-
cer using the adjuvant setting also did not improve 
the disease-free survival (DFS) or OS with the 
addition of bevacizumab. These trials of bevaci-
zumab raise the critical question whether anti- 
angiogenesis therapy can benefit treatment for 
breast cancer. If so, how do we select patients 
from those who cannot take advantage from this 
treatment?

An encouraging progress is that the next- 
generation anti-angiogenesis inhibitor, ramuci-
rumab, has been approved by the FDA for use in 
advanced gastric cancer on the basis of the 
REGARD [186] and RAINBOW [187] trials. 
Meanwhile, bevacizumab in the phase III 
AVAGAST trial for advanced gastric cancer did 
not improve overall survival and was not approved 
by FDA. Other next-generation anti-angiogenesis 
inhibitors are now in other trials for breast cancer. 
Interestingly, HER2 signaling is associated with 
induction of angiogenesis in breast cancers [188]. 
Trebananib (AMG 386), the recombinant pep-
tide- Fc fusion protein that acts on the angiopoi-
etin axis in angiogenesis, has shown primary 
effect on Her2-positive advanced breast cancer 
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Table 8.1 The FDA-approved anti-angiogenesis drugs

Drug Class Mechanism (cellular targets)
Year of 
approval Indications

Bevacizumab 
(Avastin)

Anti-VEGF mAB VEGF 2004 First- and second- 
line metastatic CRC

2006 First-line NSCLC

2009 Second-line GBM

2009 Metastatic RCC

2013 Second-line 
metastatic CRC

Ziv-aflibercept 
(Zaltrap, VEGF trap)

Anti-VEGF mAB VEGF-A,VEGF-B, PlGF1, 
PlGF2

2012 Metastatic CRC 
(after prior 
oxaliplatin- 
containing regimen)

Sorafenib (Nexavar, 
BAY439006)

Small-molecule 
TKI

VEGFR2, VEGFR3, 
PDGFR, FLT3, c-kit

2005 Advanced RCC

2007 Unresectable HCC

2013 RAI-refractory DTC

Sunitinib (Sutent, 
SU11248)

Small-molecule 
TKI

VEGFR1, 
VEGFR2,VEGFR3, 
PDGFR,FLT3, c-kit, RET

2006 Imatinib-resistant or 
imatinib-intolerant 
GIST

2006 Advanced RCC

2011 Advanced pNET

Pazopanib (Votrient) Small-molecule 
TKI

VEGFR1, VEGFR2, 
VEGFR3, PDGFR, Itk, Lck,  
c-Fms

2009 Advanced RCC

2012 Advanced soft tissue 
sarcoma

Vandetanib 
(Caprelsa)

Small-molecule 
TKI

Ret, VEGFR, EGFR, BRK, 
TIE2

2011 Advanced MTC

Axitinib (Inlyta) Small-molecule 
TKI

VEGFR1, VEGFR2, 
VEGFR3

2012 Advanced RCC 
(after failure of prior 
therapy)

Cabozantinib 
(XL184, Cometriq)

Small-molecule 
TKI

Met, VEGFR2, ret, kit, 
AXL, FLT3

2012 Progressive, 
metastatic MTC

Regorafenib 
(Stivarga)

Small-molecule 
TKI

Ret, VEGFR1, VEGFR2, 
VEGFR3, TIE2, kit, 
PDGFR

2012 Previously treated 
metastatic CRC

2013 GIST

Temsirolimus 
(Torisel)

mTOR inhibitor mTOR 2007 Advanced RCC

Everolimus (Afinitor, 
RAD001)

mTOR inhibitor mTOR 2009 Second-line 
advanced RCC 
(after VEGFR TKI 
failure)

2010 SEGA associated 
with TSC

2011 pNET

2012 Advanced HR+, 
HER2-breast cancer

2012 AML associated 
with TSC

Endostatin (Endostar) Endogenous 
anti-angiogenic 
factors

Endogenous anti-angiogenic 
factors

2005 First-line advanced 
NSCLC

Z. Zhou et al.



183

[189]. Perhaps the next-generation 
 anti- angiogenesis inhibitors represent a new 
opportunity of anti-angiogenesis therapies in 
breast cancer.

8.4.2  Defining the Challenges 
of Anti-angiogenetic Therapy

The anti-angiogenesis drugs have provided ben-
eficial effects of cancer treatment. However, the 
striking benefits of anti-angiogenic treatment 
observed in mouse tumors have not been trans-
lated to clinical benefits. Only modest effects on 
human cancers have been observed by applying 
anti-angiogenic drugs. FDA revoked the approval 
for the clinical use of bevacizumab in metastatic 
breast cancer, because of the low gain and rela-
tive high risk in several randomized phase III tri-
als [190]. Although combination of 
anti-angiogenic drugs and chemotherapy has 
shown improvement of clinical outcome, survival 
benefits of anti-angiogenic drugs in combination 
settings remain modest in most cancer types 
[191]. This situation suggests that there are still 
several challenges that need to be overcome. To 
enhance the efficacy of anti-angiogenesis therapy 
for cancer treatment, more efforts must be made 
to address various complex issues for designing 
anti-angiogenic strategies. Insights into the 
molecular mechanisms of angiogenesis in differ-
ent contexts of cancers provide new opportunities 
for drug discovery. Moreover, anti-angiogenic 
therapies in combination with existing drugs 
open windows for cancer treatment. Therefore, 
understanding the combination mechanistic 
effects of anti-angiogenic and cytotoxic drugs 
will optimize the efficacy of treatment strategy.

8.4.2.1  Mechanistic Insights of Tumoral 
Angiogenesis

The limited effects of anti-angiogenesis therapy 
in clinic indicate the limited knowledge of the 
mechanism of angiogenesis. Unlike tumor cells, 
ECs are expected to be genetically stable. Thus, 
the resistance to anti-angiogenesis therapy would 

not be expected to occur. However, the observa-
tion that the majority of cancer patients display 
intrinsic resistance to VEGF inhibitors has chal-
lenged this hypothesis. Even though a proportion 
of cancer patients initially responded to the 
VEGF inhibitors, they subsequently developed 
apparent resistance. Both preclinical and clinical 
studies have shown the significant remodeling of 
tumor blood vessels in the presence of anti-VEGF 
drugs. Tumor becomes resistant to anti- 
angiogenic drugs, especially when only one 
angiogenic pathway is targeted (e.g.,, VEGF) 
[192]. Although VEGF is the mainly expressed 
angiogenesis factor, there are several other angio-
genic factors being expressed. For example, up to 
six angiogenic proteins can be expressed in 
human breast cancers. The high-grade giant-cell 
tumors and angioblastomas produce bFGF 
instead of VEGF as the predominant angiogenic 
factors and do not benefit from the anti-VEGF 
drugs. Currently, most FDA-approved angiogen-
esis inhibitors target VEGF pathway. Developing 
angiogenesis inhibitors that target beyond VEGF 
pathway will provide solutions to anti-VEGF 
drug resistance. It also needs to be clarified 
whether inhibitors targeting broad-spectrum 
angiogenesis factors would develop less drug 
resistance than targeting a single angiogenic fac-
tor. For example, TNP-470, a synthetic analogue 
of fumagillin and caplostatin [193], did not 
induce drug resistance when administered to 
mice for prolonged periods of time [194].

Angiogenesis is now recognized as the prod-
uct of evolving cross talk between different cell 
types within the tumor and its stroma [195]. 
Understanding the underlying mechanism of the 
interaction among tumor, stroma, and endothe-
lium will provide new opportunity for anti- 
angiogenesis drug design. On the other hand, 
drugs that remodel tumor microenvironment 
would reduce the benefit of using anti- 
angiogenesis drug. Treatment of tumor with anti- 
G- CSF antibody recruits bone marrow-derived 
CD11b+Gr1+ myeloid cells and alters tumor envi-
ronment, thus decreasing the benefit of anti- 
angiogenesis drugs.
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8.4.2.2  Predictive Biomarkers for Anti- 
angiogenesis Therapy

Biomarkers for predicting the efficacy of targeted 
therapy have been wildly used in clinic. However, 
there are few reliable markers to direct the anti- 
angiogenesis treatment. Many studies have been 
performed to find predictive markers indicating 
clinical benefit, which allows more accurate 
patient selection for anti-angiogenic therapies. 
The biomarkers include those which are able to 
distinguish patients who are likely to benefit from 
anti-angiogenic therapy from nonresponders, 
those which accurately monitor the therapeutic 
efficacy and adverse effects and those which pro-
vide information for anti-angiogenetic drug 
selection. The levels of tumor-associated VEGF 
or circulating plasma VEGF have been used to 
predict patient outcome. In the trial of evaluating 
vinorelbine with bevacizumab, plasma VEGF 
levels were measured [196]. The patients with 
higher VEGF level had significantly shorter time 
to progression (TTP) than those with lower level 
of VEGF (3.7 months vs 9.3 months). The 
VEGFR level is also used as a biomarker, as 
plasma VEGF and VEGFR2 analysis in 
BEATRICE trial has shown that high baseline 
plasma VEGFR2 has a potentially predictive 
value for bevacizumab efficacy [185]. The 
genetic polymorphisms of the VEGF and 
VEGFR2 genes have been associated with the 
outcome of advanced breast cancer in the trial of 
paclitaxel compared with paclitaxel plus bevaci-
zumab [197]. The gene polymorphism of 
VEGF-A and VEGFR2 also correlated with the 
treatment outcome following imatinib therapy, 
which is a tyrosine kinase inhibitor of BCR-ABL, 
c-Kit, and PDGFR [198]. Candidate markers 
may also include urinary metalloproteinases 
(MMPs), which are correlated with the brain 
tumor presence and response to therapy when 
combined with VEGF [199, 200]. Soluble KIT 
(sKIT) was found to have the potential to predict 
clinical outcome of sunitinib treatment. In a 
phase II trial evaluating the efficacy of sunitinib 
with an anthracycline and a taxane, decreases of 
sKIT levels by more than 50% from the start of 
the treatment to the end of the last treatment cycle 
showed significant longer TTP [201].

8.4.2.3  Combination of Anti- 
angiogenic Therapy 
with Cytotoxic Chemotherapy

Since 2008, bevacizumab has been approved by 
FDA for treating patients with advanced-stage 
colon cancer or non-small cell lung cancer, all in 
combination with chemotherapy. Angiogenesis 
inhibitors sensitize tumors, which brings an 
unexpected benefit to conventional chemother-
apy. Studies have shown that anti-VEGF drugs 
induce the remodeling of tumor blood vessels, 
leading to a more normalized vasculature [51]. 
Bevacizumab has been shown to decrease tumor 
vascular leakage, lower the intratumoral-tissue 
pressure, and increase the delivery of chemother-
apy to tumors [202]. Teicher et al. showed that 
anti-angiogenic treatment decreased the intratu-
moral pressure and resulted in increased oxygen-
ation delivering to the tumor tissues, thus 
increasing the sensitivity of cancer tissue to ion-
izing radiation [203]. Therefore, a potential way 
to improve the efficacy of anti-angiogenic ther-
apy for cancer patients is to combine various 
anti-angiogenic inhibitors with different 
chemotherapies.

Since the development of angiogenesis inhibi-
tors has met bottleneck, considerable work is 
needed for future breakthrough. Drug resistance 
is one of the main barriers limiting the use of 
anti-angiogenesis agents. Activation of cancer 
signaling pathways, autoactivation of proangio-
genesis pathways, tissue hypoxia, and vascular 
mimicry may explain the dilemma of drug resis-
tance [204]. Administration of anti-angiogenesis 
agents is also a challenging issue. Problems such 
as how often should the drug be given, or how to 
combine the administration of drug with chemo-
therapies, should be settled via further studies. 
Besides, there is an urgent demand for biomark-
ers evaluating the efficacy of angiogenic inhibi-
tors. VEGF and VEGFR levels could correlate 
with the outcome of bevacizumab treatment. 
VEGF and VEGFR2 genetic polymorphisms also 
correlate with the clinical outcomes in patients 
with metastatic breast cancer [205, 206]. Other 
conundrums needed to be overcome are adverse 
effects, pharmacokinetic changes of the drugs, 
the expense of life-long therapy, and the 
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 underlying mechanism of tumor angiogenesis. In 
all, collaboration between clinical oncologists 
and translational scientists is essentially impor-
tant for the improvement of anti-angiogenic ther-
apy [204].
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Key Factors in Breast Cancer 
Dissemination and Establishment 
at the Bone: Past, Present 
and Future Perspectives
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Andrew J. Sanders, Chang Gong, 
and Wen G. Jiang

Abstract

Bone metastases associated with breast cancer remain a clinical challenge 
due to their associated morbidity, limited therapeutic intervention and lack 
of prognostic markers. With a continually evolving understanding of bone 
biology and its dynamic microenvironment, many potential new targets 
have been proposed. In this chapter, we discuss the roles of well- established 
bone markers and how their targeting, in addition to tumour-targeted thera-
pies, might help in the prevention and treatment of bone metastases. There 
are a vast number of bone markers, of which one of the best-known fami-
lies is the bone morphogenetic proteins (BMPs). This chapter focuses on 
their role in breast cancer-associated bone metastases, associated signalling 
pathways and the possibilities for potential therapeutic intervention. In 
addition, this chapter provides an update on the role receptor activator 
of nuclear factor-κB (RANK), RANK ligand (RANKL) and osteoprote-
gerin (OPG) play on breast cancer development and their subsequent influ-
ence during the homing and establishment of breast cancer- associated bone 
metastases. Beyond the well-established bone molecules, this chapter also 
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explores the role of other potential factors such as activated leukocyte cell 
adhesion molecule (ALCAM) and its potential impact on breast cancer
cells’ affinity for the bone environment, which implies that ALCAM could
be a promising therapeutic target.

Keywords
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9.1  Introduction

The propensity of breast cancer to metastasise to 
bone is a well-noted phenomenon. In 1889, 
through post-mortem study, Paget [1] identified 
that breast cancer cases were associated with 
bone metastasis. In spite of this observed occur-
rence, clinical intervention remains limited and 
palliative. Breast cancer is the leading cancer in 
females in the UK and the USA and is a common
cause of cancer-related deaths. The most com-
mon metastatic site is the bone, and 50–70% of 
patients develop bone metastases [2]. Though the 
survival rate of breast cancer patients diagnosed 
with bone metastases varies greatly in the litera-
ture, depending on if it is bone metastases alone 
or in combination with visceral metastasis (up to 
72 months [3]), only 30% of these women are 
expected to achieve 5-year survival after their 
bone metastasis diagnosis [4].

The metastatic cascade is not a new concept, 
and the process is highly inefficient, with only 
0.001–0.02% of cancer cells forming metastatic 
foci [5] of which, our understanding of the bio-
logical drivers remains poor. With the success of 
first-line therapies, breast cancer patients are sur-
viving longer. However, the bone marrow pro-
vides a niche for metastasising breast cancer 
cells, which can be activated many years later. 
Evidence has shown that tumour cells are detect-
able in patient bone marrow, but these do not 
always result in metastatic foci due to a variety of 
factors including tumour cell dormancy or host 
response [6, 7]. A better understanding of what 
reactivates these cancer cells and their interplay, 
both mechanically and biologically, which occurs 
between the bone environment and these cells, is 
fundamental to future identification of patients 

most at risk of developing bone metastases and 
development of novel therapeutic interventions.

The bone is a dynamic tissue which not only 
provides structural support and protection but 
also acts as a reservoir for haematopoietic 
cells and an elaborate blood supply. As meta-
static breast cancer cells colonise the bone envi-
ronment utilising growth factors, such as 
transforming growth factor β (TGF-β) and 
insulin- like growth factors, to stimulate tumour 
growth and they also feedback into the bone envi-
ronment through direct cell-to-cell contact and 
paracrine influence. Tumour cells secrete a range 
of factors, including interleukins, tumour necro-
sis factor (TNF)-alpha and parathyroid hormone-
related protein (PTHrP), both osteo-inductive 
factors, which influence the physiological bone 
environment, enable tumour growth and stimu-
late osteoclastogenesis [8]. This bidirectional 
signalling and co-operation are referred to as the 
‘vicious cycle’ and involve bone remodelling 
cells such as osteoclasts and osteoblasts, as well 
as the recruitment and modulation of other cell 
types including platelets, immune and nerve 
cells, which can further facilitate pro-tumorigenic 
processes, including angiogenesis [9–11].

The nature of bone metastases are heteroge-
neous ranging from bone destructing (osteolytic) 
to bone forming (osteoblastic), with potential for 
both cases to also occur at the same time (mixed 
lesions). Within breast cancer, it is the osteolytic 
phenotype which is frequently observed. 
Bisphosphonates, which bind to bone mineral 
and result in osteoclast apoptosis, and receptor 
activator of NF-κB ligand (RANKL)-targeted 
antibodies remain the main standard of care for 
skeletal-related events (SREs) occurring in 
breast cancer patients with bone metastases [12]. 
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These interventions currently reduce the mor-
bidities which are associated with bone metasta-
ses, including debilitating pain, fractures and 
hypercalcaemia. However, they do not target the 
tumorigenic process and only inhibit osteoclast 
function and osteoclastogenesis. Approximately 
half of patients continue to develop new bone 
metastases, and breast cancer patients who 
develop pathological fracture have a 32% 
increased risk of death compared to those who 
do not [13, 14]. Therefore, novel therapies aimed 
at recently identified targets are required to influ-
ence both the metastatic tumour cells and the 
bone environment.

It is vital to understand the molecular and cel-
lular events involved in bone modelling and 
remodelling and the effects tumour cells have on 
the skeleton and vice versa. The key cells, osteo-
clasts and osteoblasts, from their two distinct lin-
eages, haematopoietic and mesenchymal 
respectively, were heavily investigated in the 
1980s and 1990s to elucidate their roles in bone 
remodelling, after Epker and Frost (1965) [15] 
demonstrated an interaction between these cru-
cial cells in the remodelling process. This resulted 
in the subsequent identification of a trio of key 
molecules in the 1990s, receptor of activator of 
NF-κB (RANK), RANKL and osteoprotegerin 
(OPG), whose interplay is fundamental to the 
regulation of bone homeostasis [16–18]. Since 
then, these molecules have been under intense 
investigation in bone-related conditions, includ-
ing bone metastases.

9.2  OPG, RANK and RANKL 
in Bone Metastasis 
Associated with Breast 
Cancer

RANKL, its receptor RANK and its naturally 
secreted decoy OPG are all members of the TNF
receptor superfamily. Originally linked to bone 
remodelling and immunity, they have since been 
extensively studied in a wide range of solid can-
cers, including breast cancer, particularly focus-
ing on their effects on the bone microenvironment. 
Furthermore, recent studies in breast cancer have

shown that these bone-related molecules could 
be potential prognostic and therapeutic targets 
beyond the bone.

9.2.1  RANK/RANKL Signalling 
in Mammary Gland 
Development 
and Carcinogenesis

In the last decade, the RANK/RANKL pathway 
has come to prominence in breast cancer research 
beyond the bone environment due to several key 
observations. RANK and RANKL along with 
several hormones, including sex hormones, pro-
lactin and PTHrP, have been linked with both 
normal mammary gland development and lacta-
tion, including ductal side branching, alveolar 
differentiation and lumen formation during preg-
nancy and carcinogenesis [19–22]. The interac-
tion of progesterone and RANKL signalling has 
been particularly relevant given that this can 
occur in both progesterone-positive and 
progesterone- negative cells. In progesterone- 
responsive luminal cells, RANKL is upregulated, 
which helps stabilise RNA. Furthermore, evi-
dence has shown that through paracrine RANKL 
signalling on oestrogen and/or progesterone 
receptor-negative breast cancer cells, prolifera-
tion can also be induced [23–27].
Further evidence has shown that RANK loss

or overexpression contributes to disrupted mam-
mary gland development and impaired lactation 
during pregnancy [28]. Furthermore, RANK has
been shown to promote proliferation and survival 
of mammary epithelial cells as well as expansion 
of mammary stem and luminal progenitor cells 
[29]. Thus, RANK signalling, through enhanced 
activation of protein kinase B (PKB/AKT) and 
extracellular signal-related kinase (ERK) 1/2, 
causes mammary progenitor populations, which 
are potentially supported by the paracrine signal-
ling of RANKL, in either its membrane bound or 
soluble forms, to promote breast tumour forma-
tion [30].

Beyond the role that RANK/RANKL signal-
ling plays in mammary gland development, Blake 
et al. [31] demonstrated that MDA-MB-231 
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breast cancer cells overexpressing RANK 
resulted in greater bone colonisation and growth. 
Furthermore, Casimiro et al. [32] identified that 
RANK expressing bone-seeking subclones of 
MDA-MB-231 cells exhibited increased cell 
migration and invasion through RANKL- 
mediated c-jun N-terminal kinase (JNK) and
ERK 1/2 signalling. We have previously demon-
strated that the targeting of RANK expression in 
breast cancer cells in vitro reduced cell-matrix 
adhesion, migration and invasion [33]. Whilst 
Jones et al. [34] reported that mice with RANK 
deletion, specifically in mammary gland epithe-
lial cells, exhibited decreased cell proliferation 
under progesterone stimulation compared to the 
wild-type mice. However, in spite of these obser-
vations, no RANK targeting agents currently 
appear to be in clinical trials for the treatment of 
primary breast tumours.

Denosumab, which targets osteoclastogenesis 
by blocking the actions of RANKL, is effective 
in the treatment of SREs. Literature shows that 
in vitro cocultured breast cancer cell lines devoid 
of RANKL could still stimulate RANKL expres-
sion in stromal osteoblasts, thus driving osteo-
clastogenesis and highlighting the relevance in 
targeting changes which occur in the microenvi-
ronment as well as the tumour cells and their 
related factors [19, 35].

9.2.2  The Pros and Cons of OPG 
in Breast Cancer

Given that OPG is the natural decoy of RANKL 
and a negative regulator of bone metabolism, the 
reversal of its downregulation has been consid-
ered for the treatment of breast cancer-associated 
bone metastasis. Studies have found that basal 
levels of OPG are expressed in breast cancer cells 
and tissues. Van Poznak et al. [36] has further 
demonstrated that in 55% of breast cancer cases 
studied, OPG expression was detected and cor-
related with oestrogen and progesterone recep-
tors. However, subsequent functionality tests 
have suggested a negative correlation between 
OPG and the oestrogen receptor (ER), whereby 
activation of the ER results in a decrease in OPG 

expression. This was demonstrated in the 
ER-positive cell line MCF-7 when it was treated
with 17β-oestradiol, which inhibited OPG at both 
mRNA and protein levels. The effect was reversed 
with the addition of the selective ER downregula-
tor Fulvestrant (ICI-182,780) [37]. OPG also has 
a weak affinity for TNF-related apoptosis induc-
ing ligand (TRAIL), which is believed to aid 
breast cancer cell survival by evasion of death 
receptor-induced apoptosis, as has been demon-
strated in vitro but not in vivo [38]. It may be less 
effective in vivo due to evidence suggesting that 
excessive RANKL can reverse the effect of OPG 
on TRAIL-induced apoptosis [39, 40]. The iden-
tification of OPG in breast cancer and its associ-
ated metastasis in vivo appears mixed, potentially 
due to differing effects between the whole and 
truncated protein versions of OPG and its 
response to other factors such as hepatocyte 
growth factor (HGF) [33, 41–44]. It seems that 
outside of the bone microenvironment, OPG 
might have a tumour-proliferating effect and thus 
be a driver for metastasis to occur in other parts 
of the body [45].

Implications of OPG and breast cancer have 
also been conflicting, potentially due to different 
breast cancer subtypes [44, 46–49]. Therefore, 
OPG as a direct target may not provide the best 
solution for the treatment of breast cancer- 
associated bone metastasis. As Croft et al. high-
lighted in 2013, all clinical trials targeting OPG 
had been discontinued [50]. Perhaps modulation 
of OPG as an indirect consequence of other ther-
apeutic intervention could be beneficial. If it is 
contained to the bone environment, its utilisation 
for breast cancer-associated bone metastasis 
treatment may be more advantageous.

9.3  Targeting Aberrant BMP 
Signalling in Bone 
Metastasis of Breast Cancer

Bone morphogenetic proteins (BMPs) belong to 
the TGF-β superfamily which play pivotal roles 
in embryonic and postnatal development as well 
as the homeostasis of tissues and organs by coor-
dinating differentiation, proliferation, apoptosis 
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and motility of cells in tissue and organ-specific 
structures. BMP signalling is relayed through a 
heteromeric receptor complex comprising two 
types of serine-threonine kinase transmembrane 
receptors. Type I receptors mediating BMP sig-
nalling include activin receptor-like kinase-1 
(ALK-1), BMP receptor type IA (BMPR-IA, also 
known as ALK-3), BMP receptor type IB 
(BMPR-IB, or ALK-6), ALK-4, ALK-5 and
activin A receptor type I (ActRI). The type II 
receptors include BMP receptor type II 
(BMPR-II), activin A receptor type IIA (ActRIIA) 
and activin A receptor type IIB (ActRIIB). Upon
binding of BMP ligands, the type II receptors 
phosphorylate the glycine-serine (GS) domain of 
type I receptors, leading to the recruitment of the 
pathway-restricted Smads (R-Smads, Smads1, 5 
and 8) to the complex. With assistance from 
Smad 4, the R-Smads intracellular signalling
complex is translocated into the nucleus, leading 
to the induction of BMP-responsive genes. 
Smads 6 and 7 negatively regulate this Smad- 
dependent signalling. On the other hand, the 
Smad-independent pathways, such as mitogen- 
activated protein kinase (MAPK) pathway and 
the RAS pathway, also relay signals into cells. 
Thus, these diverse pathways orchestrate cellular 
responses to BMP ligands [51].

As a group of important regulators for bone 
formation and turnover, the possible implication 
of these proteins in bone metastasis of certain 
solid tumours has been investigated [51]. The 
attention to BMPs and their role in breast cancer 
arose nearly a decade ago, with a number of key 
findings being made in this area.

9.3.1  Aberrant Expression of BMPs 
in Breast Cancer

Our previous studies have shown that expression 
of BMPs, including BMP-2, BMP-4, BMP-6,
BMP-7, BMP-12, BMP-15 and GDF9a, is
reduced in breast cancer. The decreased expres-
sion of BMP-2, BMP-7, GDF9a and BMP-15 is
associated with poor prognosis [52–54], which 
has also been found in other studies [55, 56]. 
BMP-7 is reduced in primary tumours with bone 

metastasis [57]. However, other studies have 
linked overexpression of BMP-2, BMP-4, BMP-5
and BMP-7 with breast cancer [52, 58–61]. These 
contrasting findings suggest that BMPs may play 
different roles during the development and pro-
gression of breast cancer.
Certain BMP receptors have been assessed for

their involvement in breast cancer. An increased 
expression of BMPR-IB has been observed in 
poorly differentiated tumours, with a higher rate 
of proliferation and cytogenetic instability. The 
overexpression of BMPR-IB was also associated 
with poor prognosis in ER-positive carcinomas 
[62]. This suggests that the expression of this 
type I receptor may be associated with the ER 
status and is regulated by oestrogen. Moreover, 
our previous study in a breast cancer cohort from 
the University Hospital of Wales showed that a
decreased expression of BMPR-IB was associ-
ated with poor prognosis [63]. Differences in the 
ER status may be a reason for these conflicting 
findings. Activated Smad1/5/8 and Smad 2 were 
observed in nuclei of breast cancer cells from 
both primary tumours and bone metastases. This 
is supported by findings from an in vivo murine 
model [64]. TGF-β3 and BMP-2 promoted inva-
sion of MDA-231-D cells, where a blockage of 
the TGF-β and/or BMP signalling by expression 
of domain-negative receptors eliminated the 
TGF-β3- and BMP-2-induced invasion and TGF-
β3- and BMP-2-associated bone metastasis. It 
suggests that BMPs and TGF-ß may synergisti-
cally work together to promote the invasion and 
bone metastasis of breast cancer [64].

9.3.2  Regulatory Aspects of BMP 
Signalling

The diversity of BMP expression and signalling 
occurs in malignancies throughout their develop-
ment and progression, reflecting the temporal and 
contextual nature of BMP influence. The addi-
tional complexity is both the regulatory machin-
ery for BMPs and their interactions with other 
factors. A number of hormones and growth fac-
tors have been indicated within the BMP signal-
ling networks.
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9.3.2.1  Crosstalk with Oestrogen 
Receptor Signalling

Hormone receptor status may have great influ-
ence on aberrations in BMP phenotype and sig-
nalling with self-adjustment by tumour cells 
themselves, according to their needs for devel-
opment and progression at different stages. 
Indeed, epigenetic regulation of BMPs and 
BMPRs in breast cancer is associated with ER 
status [65]. Oestrogen represses the expression 
of BMPR-IA, BMPR-IB, ActRIIA and ActRIIB 
but not ActRI and BMPR-II [66]. The expres-
sion of BMP-7 has been found to highly cor-
relate with the expression levels of ER, 
although BMP-7 expression is reduced in 
response to oestrogen [67, 68] and BMP-2 
expression is significantly higher in 
ER-negative tumours [69].

Oestrogen and BMPs can influence each oth-
er’s function through interactions between recep-
tors and downstream signalling [70, 71]. For
example, oestrogen interferes with the biological 
function of BMP-2 by inhibiting the activation of 
Smad, as a result of biochemical interaction 
between Smad and ER [70]. Conversely, BMP
signalling can affect ER function, as Smad 4 pre-
vents the transcriptional regulation mediated by 
cytoplasmic ER [71], and BMP-2 inhibits 
oestradiol- induced proliferation of ER-positive 
breast cancer cells via upregulation of cyclin 
kinase inhibitor p21, which in turn inhibits the 
oestradiol-induced cyclin D1-associated kinase 
activity [72].

Hypermethylation of BMP-6 and its reduced 
expression have been observed in ER-negative 
breast cancer tissues [65]. Methylation of the 
BMP-6 gene promoter has been detected in 
ER-negative cell lines, whilst in ER-positive 
cells, the BMP-6 gene promoter remains demeth-
ylated. Studies show overexpression of BMP-6 
particularly in ER-positive cell lines and tumour 
samples [65, 73]. Further in vitro study has dem-
onstrated the interaction of ER with sites on the 
BMP-6 promoter region [65]. This suggests that 
ER status is linked with BMP expression at epi-
genetic level.

9.3.2.2  Crosstalk with Androgen 
Receptor Signalling

In breast cancer, the androgen receptor (AR) has 
received increasing attention related to treatment 
resistance, and its expression has been linked to 
both good and poor prognosis [74]. In tumours 
responsive to neoadjuvant endocrine therapy, AR 
mRNA and protein expression is decreased, 
whilst this is not seen in treatment-resistant 
tumours. In a clinical cohort, a high AR/ER ratio 
was shown as an independent risk for failure of 
tamoxifen treatment and poor survival. The find-
ing has been corroborated by both in vitro and 
in vivo studies on breast cancer models, whereby 
AR overexpression is shown to increase tamoxi-
fen resistance [75]. The underlying mechanisms 
regarding interactions between BMP signalling 
and AR are not yet clear in breast cancer. 
However, it would be a novel area to explore for 
possible targeted therapy particularly for endo-
crine treatment-resistant breast cancers.

9.3.2.3  Crosstalk with Growth Factor 
Signalling

Several other factors and pathways have been 
indicated in the regulation of BMP expression 
and function. BMP-4 generally inhibits breast
cancer cell growth but enhances proliferation of 
breast cancer cells induced by fibroblast growth 
factor (FGF), epidermal growth factor (EGF) and
HGF [76]. EGF treatment of breast cancer cells
in vitro upregulates BMP-4 signalling, leading to
suppression of matrix metalloprotease (MMP) 9. 
This effect was reduced when treated with 
BMP-4 antagonists Gremlin or Smad 6 [77]. In 
addition, BMP-6 in breast cancer cells can be 
upregulated by EGF and other EGF receptor
(EGFR) ligands [55]. Conversely, EGF-, FGF-
and HGF-activated MAPK/ERKs phosphorylate
a linking region of Smad1/5/8, resulting in 
reduced nuclear translocation and transcription 
of BMP target genes [78, 79]. BMPs also exert 
reciprocal effects, suppressing EGF-induced
gene transcription through MAPK/ERK-1 sig-
nalling [80]. BMP-9 decreases human epidermal 
growth factor receptor 2 (HER2) expression, 
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inactivating ERK1/2 and phosphoinositide 
3-kinase (PI3K)/AKT signalling pathways and 
leading to reduced proliferation and metastasis of 
SK-BR-3 breast cancer cells [81].

There is also interaction between Wnt and 
BMP signalling. SOSTDC1, a secreted regulator
of both pathways, is under-expressed in breast 
cancer tissue and breast cancer cells. SOSTDC1
increases Wnt3a signalling and decreases BMP-7 
signalling whilst eliciting little effect on BMP-2- 
induced signalling [82].

Nacamuli et al. demonstrated that BMP-3 
expression can be controlled by recombinant 
human FGF in calvarial osteoblasts [83]. Retinoid 
has been shown to induce expression of BMP-2 in 
the retinoid-sensitive cell lines [84]. Rapamycin 
induces BMP-4 and downregulates BMP antago-
nist Follistatin expression in a prostate cancer
cell line (PC3) [85]. Our previous studies showed 
that HGF upregulated the expression of BMP-7
and BMP receptors in prostate cancer cells. 
These upregulations were blocked by NK4, an
antagonist of HGF [86, 87]. HGF-regulated BMP
and BMP signalling may form a part of its contri-
bution to the disease progression and bone metas-
tasis. These studies collectively indicate that 
BMPs, together with other growth factors, form a 
collaborative interacting network during the 
development and progression of cancer, which 
would be worthy of further study, particularly 
given how important receptor status has become 
in breast cancer prognosis and treatments.

9.3.3  BMP Signalling 
in the Predisposition 
of Metastasis to Bone 
and Formation of Osteolytic 
Lesions

BMPs are the most powerful bone inductive fac-
tors which are abundant in bone matrix. In a bone 
metastatic lesion, BMPs can be synthesised by 
osteoblasts and stored in bone matrix. In addi-
tion, cancer cells can release BMPs and their 
antagonists to coordinate their functions. Secreted 
from cancer cells, BMPs contribute to bone 
lesion by targeting bone cells and in turn enhance 

aggressiveness of cancer cells. BMPs can also 
indirectly support the colonisation and develop-
ment of bone metastasis by promoting tumour- 
associated angiogenesis, which makes them key 
factors in the ‘vicious cycle’ of bone metastasis. 
Both clinical and experimental studies have sug-
gested profound roles for BMPs in the bone 
metastasis of breast cancer.

9.3.3.1  Profile of BMPs in Bone 
Dissemination 
and the Metastatic Bone 
Microenvironment

Decreased expression of BMP-7 in primary 
tumours correlates with bone metastases, whilst 
BMP-7 is capable of inhibiting the growth of 
breast cancer tumours in bone in vivo [57]. Other 
studies have shown BMP-7 overexpression in 
primary tumours is associated with bone metasta-
ses [68]. In murine 4T1E/M3 mammary cells,
which are highly metastatic to bone, expression 
of BMP-7, BMPR and phosphorylated Smad1/5/8 
are upregulated. These highly invasive features 
are attenuated when BMP-7 is inhibited [57].

Other studies have found that BMP-induced 
transcriptional pathways are active in bone meta-
static lesions in vivo, and xenograft tumours with 
dominant negative BMP receptors have fewer 
bone metastases [64].

BMP-9 suppresses the growth of breast 
tumour cells in bone, mediated by BMP-9- 
induced downregulation of connective tissue 
growth factor (CTGF) [88, 89]. Orthotropic 
implant of tumours with silk scaffolds coupled 
with BMP-2 and seeded with bone marrow stro-
mal cells (BMSC), contributed to bone metasta-
sis of breast cancer cells in vivo [90].

Breast cancer cells themselves can display an 
osteoblast-like phenotype by expressing bone 
matrix proteins such as bone sialoprotein (BSP), 
osteopontin (OPN), OPG and osteoblast-specific 
cadherins [91–93]. Breast cancer cells with 
induced epithelial-to-mesenchymal transition 
(EMT) exhibited an elevated level of bone-related 
genes (BRGs) and osteoblast-like features when 
exposed to BMP-2. Breast cancer cells express-
ing these BRGs favoured spread and survival in 
the bone. Interestingly, the cells were also more 
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resistant to chemotherapy [93]. The BMP antago-
nist Noggin reversed these effects, as did 
 knockdown of runt-related transcription factor 2 
(RUNX2), which regulates bone remodelling and
osteogenic differentiation [68, 93, 94]. This 
‘bone signature’ induced by BMPs may be one of 
the reasons breast cancer cells home to bone tis-
sue. Once the breast cancer cell is established in 
the bone, BMPs and their antagonists continue to 
influence survival of the tumour within the micro-
environment [95].

9.3.3.2  Regulation of BMPs in Bone 
Microenvironment

Local factors such as sexual hormones may play 
a role in regulation and adaptable expression of 
BMPs in bone metastases. The selective oestro-
gen receptor modulator (SERM) raloxifene 
increases BMP-4 promoter activity in U-2 OS
osteoblast-like cells. ER is thought to be indis-
pensable for this effect [96]. In addition, oestra-
diol enhances BMP-4-induced expression of
osteoblastic markers (RUNX2, osterix, osteocal-
cin) in osteoprogenitor cells [97].

In osteoblasts, BMP-6 reporter activity is 
increased with antioestrogen treatment and 
decreased with oestradiol treatment, which pro-
vides evidence that ER regulates BMP-6 differ-
entially in the breast and bone. Patients with 
ER-positive breast tumours are more likely to 
develop skeletal metastases [73], and this interac-
tion between ER and BMP signalling may be the 
key influence on skeletal secondary formation in 
breast cancer.

BMP antagonists also appear to have a signifi-
cant role in bonemetastasis. Conditionedmedium
(CM) from breast cancer cells (HT-39) resulted
in upregulation of BSP mRNA expression in 
osteoprogenitor cells (MC3T3-E1 cells) and a
promotion of their osteoblastic behaviour. This 
effect was blocked by the addition of BMP antag-
onist Noggin [98]. High expression levels of 
Noggin are associated with bone metastases in 
both cell line/murine models and clinical samples 
of breast cancer bone metastases [99]. 
Upregulation of Noggin and another antagonist
Follistatin, by zinc finger E-box-binding homeo-
box 1 (ZEB1) in breast cancer cells, induces dif-

ferentiation of osteoclasts in vitro, which suggests 
an osteolytic influence in the bone microenviron-
ment [100].

Another recent study has also demonstrated 
that lack of Noggin expression in both breast and 
prostate cancer cells is associated with osteoblas-
tic activities in bone metastases. Overexpression 
of Noggin in an osteo-inductive prostate cancer 
cell line (C4-2B) inhibited osteoblastic activities
but had little effect on bone resorption and tumour 
growth [101]. BMPs and their antagonists evi-
dently play a role in coordinating the osteoblastic 
and osteolytic activities in bone metastatic lesions 
and thus necessitate further study, particularly in 
regard to therapeutic potential.

9.3.4  Therapeutic Potential 
of Targeting BMPs

We require agents that act to prevent or resolve 
bone metastasis, and in this respect, BMPs/
BMP antagonists are largely underexplored. 
Both clinical and experimental studies suggest 
profound potential for targeting BMPs in treat-
ing breast cancer and bone metastasis. BMPs 
not only directly affect cancer cells to coordi-
nate their abilities during disease progression 
and bone metastasis but also indirectly contrib-
ute to bone metastasis through regulating 
tumour-related angiogenesis and the bone 
microenvironment.

In an in vivo bone tumour model, exposure of 
tumour-bearing subjects to Noggin, an antagonist 
of BMPs, reduces the size of bone lesions by a
mechanism that involves both osteoblastic and 
osteolytic processes. The BMP antagonists, 
Noggin and Follistatin, are also determining fac-
tors of the cells response to BMPs. Expression of 
these antagonists can be regulated by BMPs 
themselves probably through an autocrine or 
paracrine feedback loop. A good example is 
BMP-7, whose endogenous expression is inti-
mately linked to the levels of Noggin and 
Follistatin in the same cell [102]. These findings 
collectively indicate the value of BMPs and their 
antagonists in the management of tumour pro-
gression and bone metastasis.
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9.3.4.1  BMP Receptor Inhibitors
The BMP type I receptor small molecule inhibi-
tors dorsomorphin and LDN 193189 have been 
used in several breast cancer studies to abrogate 
BMP signalling, appearing to reverse stemlike 
features in breast cancer cells and reduce inva-
siveness. Their clinical testing is yet to be further 
developed, and targeting the pathway down-
stream of the receptors still needs to be explored.

However, clinical trials are already underway 
for blocking ALK-1. ALK-1 inhibitors block the 
interaction of BMP-9 and BMP-10 with ALK-1, 
interrupting the subsequent intracellular signal-
ling pathway. PF-03446962 is an ALK-1-specific
neutralising antibody currently being evaluated 
in Phase II trials for solid tumours as an anti- 
angiogenic treatment [103]. Dalantercept is a 
soluble chimeric ALK-1 receptor-like protein 
(ALK1-Fc), which displays high-affinity binding
with BMP-9 and BMP-10, resulting in inhibition 
of angiogenesis and suppression of tumour 
growth [104]. Initial studies showed that 
ALK1-Fc decreased metastasis formation in a
breast cancer model [105]. In mice, treatment 
with ALK1-Fc seemed to remodel tumour vascu-
lature, with increased perfusion and reduced 
hypoxia. A temporary improvement of tumour 
perfusion could result in a better delivery and 
efficacy of chemotherapy. Indeed, pretreatment 
with ALK1-Fc allowed tumours to be more sen-
sitive to cisplatin, which could repress disease 
progression [104].

9.3.4.2  BMP/DKK1 Inhibitors
Within the bone environment, Dickkopf 1 
(DKK1) is a downstream molecule of BMP sig-
nalling that inhibits canonical Wnt signalling and 
therefore negatively regulates bone mass. Tumour 
production of DKK1 is thought to contribute to 
osteolytic bone lesions [14, 106]. A DKK1- 
neutralising antibody is in clinical trials for mul-
tiple myeloma. Bortezomib is a proteasome
inhibitor which inhibits osteoclast formation and 
bone resorption whilst enhancing osteoblastic 
differentiation and mineralisation in vitro. The 
detailed mechanisms are unclear but may result 
from decreased DKK1. The fact that BMP sig-
nalling acts upstream makes BMP antagonism 

and interaction with Wnt signalling a future area 
of exploration for bone metastases therapeutics 
[14, 107].

9.3.4.3  mTOR Inhibitors
Another area of therapeutic interest more recently 
is the PI3K-Akt-mechanistic target of rapamycin 
(mTOR) pathway – a key mediator of cellular 
proliferation, apoptosis, migration and angiogen-
esis, which is commonly activated in breast can-
cer, conferring resistance to hormonal therapy 
and trastuzumab. In breast cancer models, BMP-2
induces PI3K in osteoblasts to regulate differen-
tiation. Blocking the PI3K-Akt-mTOR pathway 
suppresses RANKL and increases OPG secretion 
by the bone marrow stroma, which reduces osteo-
clast activity. mTOR inhibitors are part of ongo-
ing trials regarding hormone receptor-positive, 
treatment-resistant tumours. The relationship of 
BMPs with this pathway and the apparent 
involvement of PI3K/mTOR in the bone provide 
intriguing prospects for the treatment of bone 
metastasis [108, 109] .

9.4  Activated Leukocyte Cell 
Adhesion Molecule (ALCAM) 
in Bone Metastasis

Current projects within our laboratories have
highlighted a number of proteins and pathways 
involved in regulating metastatic characteristics 
and their potential importance in the develop-
ment of bone metastasis. One such candidate is 
activated leukocyte cell adhesion molecule 
(ALCAM).

9.4.1  Discovery 
and Characterisation 
of ALCAM

Bowen et al. first identified and characterised 
ALCAM in 1995 and subsequently mapped it to
chromosome 3q13.1–q13.2 [110]. ALCAM has
been reported to be identical to MEMD, a cell 
adhesion molecule found to be preferentially 
expressed in metastasising melanoma cell lines 
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compared to non-metastasising lines [111]. 
ALCAM, also known as CD166, is a member of
the immunoglobulin superfamily and is involved 
in mediating homophilic (ALCAM-ALCAM)
and heterophilic (ALCAM-CD6) interactions
[110, 111]. Members of this family are character-
ised by the presence of five NH2 terminals, extra-
cellular immunoglobulin domains comprising 
two membrane distal variable (V)-type folds and 
three membrane proximal constant (C2) folds, a
transmembrane region and a short cytoplasmic 
region [112]. The membrane distal domain 1 
appears to be important for homophilic binding, 
whilst the membrane proximal (C2 fold) domain
4 and 5 appear to be important for avidity and
ALCAM clustering on the membrane [112, 113]. 
As with other cell adhesion molecule, ALCAM
has been linked with a number of physiological 
functions but has also been implicated in cancer 
progression, attracting considerable scientific 
attention.

9.4.2  Metastatic Potential of ALCAM 
and Clinical Implications 
in Breast Cancer

The role played by ALCAM in cancer progres-
sion appears to be highly complex. Despite sig-
nificant research into its expression profile in 
cancer progression, it still remains unclear as to 
the precise function or expressional alterations of 
ALCAM in cancer progression. One factor
potentially influencing this complexity is the 
capacity for ALCAM to exist at a number of cel-
lular and extracellular locations. None the less, 
there are many contrasting reports highlighting 
the prognostic potential of ALCAM expression.
Such examples, focusing on cellular expression 
of ALCAM in breast cancer reports, have been
summarised in Table 9.1, though similar observa-
tions are made within a number of other cancer 
types as well. Hence, it is apparent from such 
studies that ALCAM plays a significant, if some-
what unclear, role in breast cancer progression, 
and with further understanding, it could hold 

potential as a biomarker or therapeutic strategy. 
The potential of ALCAM as a prognostic factor is
also strengthened due to the capacity of a shed/
secreted form being detectable in patient serum. 
ALCAM can be proteolytically shed into the sur-
rounding extracellular environment by proteases 
such as A disintegrin and A metalloproteinase 17/
tumour necrosis factor-alpha-converting enzyme
(ADAM17/TACE) [114]. Unlike cellular
ALCAM, a clear trend has emerged within the
literature, and elevated serum ALCAM has been
detected in breast cancer patients. Serum 
ALCAM has also been shown to be enhanced in
higher-grade breast cancers, and current data 
indicates it may be a more suitable serum marker 
than the current established markers, CA15-3
and CEA in breast cancer [115–117].

A number of cell-based studies have also 
explored the functional significance of ALCAM
in breast cancer cell lines. ALCAM has been sug-
gested as an important player in programmed cell 
death and apoptosis. A previous study has identi-
fied a protective effect of ALCAM against pro-
grammed cell death in breast cancer cells and 
demonstrated that the overexpression of BCL2
could enhance ALCAM expression and induce
apoptosis/autophagy following the silencing of 
ALCAM. Furthermore, the study highlighted that
ALCAM expression might be inhibited by
tamoxifen and enhanced by 17-β oestradiol in 
MCF-7 cells [118]. A further study characterised 
ALCAM in MDA-MB-231 and MCF-7 breast
cancer cell lines and generated knockdown and 
overexpression models, respectively. The study 
did not detect any differences in growth rates of 
such cells, though ALCAM did appear to influ-
ence apoptosis. The study also described an 
enhanced migratory potential of ALCAM-
suppressed MDA-MB-231 cells and, in keeping, 
a reduced level of migration in MCF-7 cells over-
expressing ALCAM. However, the invasive
potential of MDA-MB-231 knockdown cells was 
reduced, and no significant impact on invasion 
was shown in the MCF-7 overexpression line
[119]. Another study isolated a human monoclo-
nal antibody, recognising ALCAM (scFv173),
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Table 9.1 Potential prognostic implication of ALCAM expression in clinical breast cancer tissues

Key finding/prognostic value References

IHC and qPCR analysis was used to examine ALCAM expression in breast cancer (n = 120) and 
normal breast (n = 32) tissues. Stronger membranous and cytoplasmic ALCAM staining intensity
were seen in normal tissue compared to breast tumour tissue. Transcript analysis suggested slightly 
higher ALCAM levels in tumour vs. normal breast samples. Low ALCAM transcript analysis in
primary tumour was associated with higher grade and NPI stage, nodal involvement, local recurrence, 
death due to breast cancer and poorer disease-free survival

[129]

IHC staining of breast carcinomas (n = 162) indicated higher ALCAM expression in invasive and
intraductal cancers compared to normal breast tissues. High ALCAM cytoplasmic staining was
associated with reduced patient disease-free survival times and earlier disease progression. High 
ALCAM membranous staining was associated with reduced overall patient survival

[130]

Laser scanning cytometry and confocal microscopy analysis of breast cancer samples (n = 56) 
indicating high ALCAM expression was significantly correlated with small tumour diameter, low
grade and oestrogen and progesterone receptor positivity. Low ALCAM expression tended to
associate with HER2 amplification. ALCAM/MMP-2 ratio may hold potential indicator of
progression, with higher ratios seen in low-grade and small tumour diameter samples

[131]

ALCAM protein (n = 160) and mRNA (n = 162) expression in primary mammary carcinomas was 
analysed. ALCAM protein expression correlated with ER status. In patients treated with adjuvant
chemotherapy, high ALCAM protein expression was generally associated with longer disease-free
and overall survival, and this observation was more apparent at the mRNA level, where the 
association with overall survival was significant. Cox regression analysis indicated high ALCAM
mRNA was a predictor of longer overall survival in chemotherapy-treated patients

[132]

IHC and qPCR analysis were used to assess ALCAM expression in primary breast cancer (n = 243)
and non- neoplastic mammary tissues (n = 34). ALCAM staining was reduced in cancerous tissue and
tissue from patients who developed skeletal metastasis compared to normal tissues. Lower ALCAM
transcript expression was also associated with poorer patient prognosis, poor NPI, local recurrence, 
metastasis, skeletal metastasis and death

[124]

IHC analysis of FFPE tissues from 29 autopsy cases (primary n = 25 and related distant metastasis 
n = 84) demonstrated that ALCAM staining intensities in primary tumour and metastasis of the same
patient were similar, and ALCAM expression in the primary tumour was prognostic for ALCAM
staining in metastasis of the patient

[133]

mRNA analysis of ALCAM, osteopontin, HER2 and ER in breast cancer tissues (n = 481) identified
that in low or negative HER2/ER samples, high osteopontin and low ALCAM transcript expression
aided in identification of high-risk patients with shorter disease- free and overall survival rates

[134]

IHC staining on breast cancer patient samples (n = 347) demonstrated ALCAM was associated with
oestrogen and progesterone receptor status. ALCAM overexpression significantly correlated with
nodal involvement and tended to be associated with the presence of disseminated tumour cells in the 
bone marrow. Strong ALCAM expression also correlated with reduced recurrence and overall
survivals in ductal carcinomas

[119]

Significant association was noted between ALCAM polymorphism (rs6437585T > C in ALCAM
promoter) and risk of developing breast cancer in a Chinese population

[135]

IHC ALCAM staining intensity in tissue obtained from breast cancer metastasis (n = 117) was found 
to be higher in skin metastasis than in any other metastatic tissues examined (bone, liver, brain and 
lung), and ALCAM staining was also found to be higher in primary tumours which metastasised to
the skin

[136]

Protein analysis of ALCAM expression in breast cancer patients (n = 150) indicated high expression 
of ALCAM at the membrane was associated with metastatic dissemination and lymph node
metastasis, whereas increased ALCAM expression in the cytoplasm was associated with short-term
local recurrence and shortened disease-free patient survival

[137]

Two SNPs within the ALCAM gene (re1044243 and rs1157) were associated with breast cancer-
specific survival when analysed in a Swedish population-based series (n = 783) of breast cancer 
cases. However, no association was observed within a Polish population of familial/early-onset breast 
cancer cases (n = 506)

[138]

(continued)
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which could bind ALCAM on both cancer cell
lines and in tumour tissues. It reported that the 
addition of scFv173 could inhibit the invasive
potential of MDA-MB-231 in vitro and reduce 
tumour development of a colorectal carcinoma 
cell line (HCT116) in vivo [120].
To further understand the role of ALCAM in

breast cancer, a number of studies have explored 
the potential mechanisms responsible for control-
ling ALCAM expression. King et al. have
reported that DNA methylation of the ALCAM
promoter is one such mechanism influencing 
ALCAM expression and that this may be signifi-
cant factor in regulating ALCAM expression in
tumour tissue. Furthermore, such a loss may
inhibit adherence between circulating tumour 
cells, therefore supporting a role for ALCAM
loss in enhancing metastatic potential [121]. 
Recently, the regulation of ALCAM expression
by microRNAs has been reported in breast can-
cer. ALCAM was found to be one of a panel of
genes whose expression was altered following 
expression of miR-125b. Expression of miR- 
125b enhanced both ALCAMmRNA and protein
levels, which was found to influence MCF-7
growth using a further shRNA study [122]. It has 
also recently been reported that inhibition of 
miR-214, overexpression of miR-148b or a com-
bination can inhibit tumour cell crossing of the 
vessel endothelium through a negative regulation 
of ALCAM and integrin α5 [123].

9.4.3  Potential Role for ALCAM 
in Bone Metastasis

Though complex, the literature supports a role 
for ALCAM in the progression and metastatic
dissemination of cancer. To elucidate the poten-
tial of ALCAM in influencing the development
of bone metastasis, our laboratories further 
explored ALCAM in a larger, combined breast
cancer cohort and examined the association 
between ALCAM expression and the develop-
ment of bone metastasis [124]. In keeping with 
our previous findings, through immunohisto-
chemical analysis, lower ALCAM cytoplasmic
expression was noted in breast cancer tissues and 
in tissue sections from patients who went on to 
develop skeletal metastasis compared to normal 
breast tissue. Furthermore, quantitative PCR
analysis similarly indicated that significantly 
lower ALCAM transcript expression was associ-
ated with patients with poorer prognostic indica-
tors and that low ALCAM expression was
associated with those patients who went on to 
develop skeletal metastasis. This trend was simi-
larly observed when focusing on ductal carci-
noma cases alone [124]. To further explore this 
potential link, our laboratories examined 
ALCAM overexpression and knockdown models
in MDA-MB-231 and ZR-751 cell lines, respec-
tively, and explored the in vitro impact of cultur-
ing such cells in the presence of a bone matrix 

Key finding/prognostic value References

IHC analysis of ALCAM in 173 cases (African American n = 78 and Caucasian n = 95) of breast 
cancer indicated that, in both ethnic groups, lower ALCAM expression at intercellular junctions
correlated with grade, ER, PR and triple negative status and contributed to a more aggressive 
phenotype. Ethnicity also significantly contributed to ALCAM expression after accounting for other
factors, with the African American group more likely to have low ALCAM expression than the
Caucasian ethnic group

[139]

IHC analysis of TMA (n = 2197) demonstrated membranous ALCAM expression in both normal and
cancerous breast tissues. A decreased expression of ALCAM was found to be associated with
negative ER and PR status, high Ki67 index, advanced tumour size and grade and cancers with loss
of ALCAM expression resulted in significantly poorer disease-free and overall survival rates

[140]

IHC analysis of primary ER-positive breast cancer tissues from tamoxifen responders (n = 16) and 
nonresponders (n = 20) suggested higher ALCAM staining in the nonresponders

[141]

Table 9.1 (continued)
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extract (BME) generated from ground and soni-
cated femoral heads. Such experiments high-
lighted a role for ALCAM expression in
negatively regulating cell growth and matrix 
adhesion and migration and underscored a poten-
tial relationship between ALCAM expression
and the responsiveness of MDA-MB-231 cells to 
the bone extract, particularly in terms of growth 
and migratory responses where ALCAM overex-
pression in the presence of bone matrix extracts 
brought about greater reductions in such traits 
[125]. Taken together, these two studies by 
Davies et al. suggest a potential inhibitory role 
for ALCAM in the development of bone metasta-
sis. However, an additional study by Hein et al. 
examining ALCAM immunostaining in a tissue
microarray suggested that high ALCAM staining
correlated with ER positivity, nodal involvement 
and the presence of disseminated tumour cells 
within the bone marrow environment. 
Furthermore, alteration of ALCAM levels in
MDA-MB-231 and MCF-7 cells caused differen-
tial expression of a number of molecules includ-
ing cathepsin D and RUNX2 [119], both of which 
have implications in bone malignancies and 
metastasis [126, 127]. Further evidence support-
ive of a regulator role for ALCAM in bone dis-
semination was recently reported in a study by 
Hansen et al. in a prostate cancer model [128]. In 
their study, Hansen et al. reported that the shed-
ding and detection of tumour-derived ALCAM
was significantly elevated in tumour-bearing 
mice and that reduced ALCAM levels could sig-
nificantly reduce the incident and metastatic bur-
den of bone metastasis following intracardiac 
seeding of cells [128].

Given the significant impact of metastatic 
dissemination and establishment of tumour 
cells in the bone on patient well-being and ulti-
mately survival, there is a great need to identify 
and utilise the responsible mechanisms for the 
development of new therapeutic strategies. 
ALCAM, a molecule linked to cancer progres-
sion and metastasis, though in a somewhat 
complex fashion, represents an interesting 
example of one such novel strategy. From early
indications, ALCAM is likely to play a role in
cancer cell metastasis and development in the 

bone environment, though additional work is 
required to further determine the effect of this 
molecule on this process. Furthermore, the
detection of secreted or shed ALCAM in the
serum of cancer patients may potentially pres-
ent a relatively non-invasive biomarker to mon-
itor patients. Therefore, further large-scale 
study is required to identify and utilise the full 
potential of ALCAM to monitor cancer dissem-
ination to the bone.

9.5  Concluding Remarks

Targeting bone-associated molecules in the 
treatment of breast cancer-associated metasta-
ses is not a simple or quick fix. With such a 
rich and diverse environment for molecular 
targets, opportunities to target bone metastasis 
are vast. Consideration has been given to treat
breast cancer patients in the first-line treatment 
with denosumab, in the hope of targeting any 
breast cancer cells which have already become 
resident in the bone environment. However, 
such a sledge hammer approach is not sustain-
able in the long term, as potentially identified 
targets such as OPG have demonstrated that 
the anti-tumorigenic benefits it exert on one 
area of the body may result in detrimental 
effects elsewhere. Therefore, ongoing efforts 
are essential for seeking factors which could 
identify patients at greatest risk of developing 
bone metastasis or a serum marker which could 
provide insight into the development of bone 
metastasis. The answers may not lie in classi-
cally identified molecules but in newly identi-
fied agents such as miRNAs or emerging 
regulators such as ALCAM. Complete elucida-
tion of the molecules associated with the devel-
opment of breast cancer-associated bone 
metastasis, their interactions and effects on the 
bone microenvironment is critical to achieve 
success of developing any future prognostic 
and therapeutic approach.
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Perspectives of Reprogramming 
Breast Cancer Metabolism

Yi-Ping Wang and Qun-Ying Lei

Abstract

Reprogramming of cellular metabolism is one of the hallmarks of breast 
cancer. Breast cancer cells remodel metabolic network to maintain their 
transformed state and survive in a harsh tumor microenvironment. 
Dysregulated metabolism further interacts with cellular signaling and epi-
genetics to promote breast cancer development. Meanwhile, breast cancer 
stem cells exhibit unique metabolic features, which are critical for thera-
peutic resistance and tumor recurrence. Besides, aberrant metabolism of 
breast cancer cells reshapes tumor microenvironment, such as promoting 
cancer vascularization and sabotaging tumor immunity, to accelerate 
tumor progression. These special metabolic traits not only open vulnera-
bilities of breast cancer by targeting essential metabolic pathways but also 
provide promising diagnostic and prognostic biomarkers to facilitate clini-
cal investigations. Studies in the last few decades have significantly 
advanced our understanding of mechanisms underlying the reprogram-
ming of breast cancer metabolism and metabolic regulation of breast can-
cer biology. Targeting tumor metabolism serves as a potentially effective 
therapeutic approach to suppress breast cancer.
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10.1  Introduction

The last few decades have witnessed a marvelous 
prosperity in our understanding of cancer metab-
olism. Remodeling of cellular metabolism repre-
sents a fascinating hallmark of cancers, including 
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breast tumor [1]. Living in a nutrient-deprived 
and hypoxic microenvironment, breast cancer 
cells vividly absorb and utilize nutrients with a 
remodeled metabolic network to maintain their 
transformed state and enhance cell proliferation 
[2]. Genetic alterations in oncogenes and tumor-
suppressive genes deregulate metabolic pathways 
to support the initiation of cancer [3]. 
Dysregulated metabolism further intersects with 
signaling pathways and cellular epigenetics to 
promote cancer development [4]. A subset of 
cancer cells in breast tumor is cancer initiative 
and referred to as breast cancer stem cells [5]. In
concordance with the remodeling of cancer 
metabolism, breast cancer stem cells also display 
unique metabolic features, which are critical for 
the contribution of cancer stems cells to therapy 
resistance and tumor recurrence [5]. Remodeled 
cellular metabolism not only provides sufficient 
building blocks for biosynthesis but also facili-
tates cancer cells to survive a harsh microenvi-
ronment by promoting tumor vascularization and 
sabotaging cancer immunity [6]. The unique 
metabolic phenotype opens vulnerabilities of 
breast cancer and allows us to selectively elimi-
nate cancer cells by targeting essential metabolic 
pathways. Besides, during the reprogramming of 
cancer metabolism, the landscape of cancer 
metabolome is simultaneously reshaped. Breast 
cancer-specific metabolites serve as potential 
diagnostic and prognostic biomarkers.

Recent studies have provided tremendous 
insights in the reprogramming of metabolism and 
metabolic regulation of breast cancer biology. 
Targeting metabolism acts as a potentially effective 
therapeutic approach to suppress breast cancer.

10.2  Overview of Metabolic 
Alterations in Breast Cancer

In breast tumor, a reprogrammed metabolic net-
work is essential for sustaining macromolecular 
biosynthesis and energy production. Aerobic gly-
colysis, designated as Warburg effect, is a princi-
pal metabolic characteristic shared by most types 
of cancers. In addition, breast cancer cells are
addicted to glutamine, an anaplerotic precursor 

replenishing TCA cycle. Breast cancer cells also
consume acetate and folate to support biosynthesis 
of lipids, nucleotides, etc. As shown in Fig. 10.1, 
dysregulation in metabolic processes of glucose, 
amino acids, lipids, and other carbon sources com-
prises the metabolic landscape of breast cancer.

10.2.1  Glucose Metabolism

Enhanced glucose uptake and aerobic glycolysis 
are shared features of almost all cancer cells. The 
primitive and committed reaction of glycolysis is 
catalyzed by hexokinase. Human hexokinases 
contain three members, HK1, HK2, and HK3 [7]. 
The expression hexokinase 2 (HK2) is limited to 
some specific normal adult tissues [8]. However, 
HK2 is markedly overexpressed in breast cancer 
cells. Conditional knockout of HK2 in the animal 
model of ErbB2-driven mammary tumor disrupts 
the initiation and maintenance of cancer. Both 
in vitro assays and in vivo models demonstrate 
that depletion of HK2 suppresses the neoplastic 
phenotype of breast cancer cells [9]. Collectively,
glucose metabolism is necessary for the tumori-
genesis and development of breast cancer.

10.2.2  Glutamine Metabolism

In addition to glucose, glutamine belongs to the
most sufficient circulating amino acid and func-
tions as another key carbon/energy source for 
cancer cells. It has been observed for a long time
that the consumption of glutamine exceeds other 
amino acids by more than tenfold, indicating that 
glutamine is not solely a proteogenic amino acid 
or nitrogen donor [10]. Subsequent isotope- 
tracing studies suggest that glutamine-derived 
carbon is secreted as lactate, i.e., glutaminolysis. 
While the citrate produced in TCA cycle is trans-
ported into the cytosol, α-KG produced from glu-
taminolysis replenishes the truncated TCA cycle.
Thus, glutamine acts as an anaplerotic precursor 
to support energy production and biosynthesis.

After entering into cells, glutamine is 
deaminated by glutaminases into glutamate. 
Glutaminases are overexpressed in advanced-
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stage breast cancer. Screening for chemical 
inhibitors of Rho GTPases-induced transforma-
tion reveals that a small-molecule inhibitor 
against glutaminase efficiently suppresses the 
transformation and proliferation of breast cancer 
cells, suggesting that glutamine metabolism is 
necessary for the malignant transformation and 
growth of mammary tumor [11].

10.2.3  Acetate Metabolism

Besides the reliance on glycolysis and glutamine 
metabolism, cancer cells exhibit increased lipid 
demands to maintain membrane construction 
during rapid proliferation. However, cancer 
microenvironment is nutrient-lacking and poor- 
oxygenized. Certain types of cancer, including
breast tumor and glioma, utilize acetate as com-
pensatory source of carbon to support de novo 
lipogenesis [12]. Acetyl-CoA synthetase (ACSS)
is responsible for the first step of acetate utiliza-
tion. Through catalyzing the conversion of ace-
tate to acetyl-CoA, ACSS provides the building
block of fatty acids. In breast cancer, ACSS is

overexpressed or even amplified in the genome. 
ACSS expression is correlated with breast cancer
progression. Mechanistically, ACSS2 supports
de novo lipogenesis by using acetate as a carbon 
source, especially in hypoxic and lipid-depleted 
conditions. The knockdown of ACSS delays the 
proliferation of multiple cancer cells [13]. 
Besides, acetyl-CoA generated by ACSS can be
utilized as a donor of acetyl group to mediate his-
tone acetylation and epigenetically regulate the 
expression of metabolic genes [14]. Thus, acetate 
functions as both a precursor and an epigenetic 
metabolite to support de novo lipogenesis.

10.2.4  Folate Metabolism

Folate belongs to water-soluble B vitamins and is
a carbon donor for one-carbon metabolism. 
Folate supports NADPH production, nucleotide
biosynthesis, and methylation reactions [15]. 
Cancer cells overexpress folate receptors, which
are presumably linked to increased DNA synthe-
sis and cell growth. In a cross-cancer profiling of
metabolic gene expression, one carbon 

Fig. 10.1 Metabolic 
alterations in breast 
cancer
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metabolism is identified as the highest-scoring 
pathway. Mitochondrial protein MTHFD2
(bifunctional methylenetetrahydrofolate dehy-
drogenase/cyclohydrolase) is the key enzyme for 
folate metabolism. Notably, both the mRNA and 
protein expressions of MTHFD2 are significantly
enhanced in breast cancer. MTHFD2 expression
links to poor survival of breast cancer patients, 
suggesting a fundamental role of folate catabo-
lism in the development of breast cancer [16]. Of 
note, supplementation of folate may increase 
cancer risk and promote cancer growth in late 
stages of tumor [15].

10.2.5  Fatty Acid Metabolism

Cancer cells require large amounts of lipid and
cholesterol, which are satisfied by either uptak-
ing more exogenous lipids and lipoproteins or 
activating de novo lipogenesis and cholesterol 
biosynthesis. Lipid synthesis is critical for satis-
fying anabolic demands of cancer cells. 
Sufficient supply of lipids is particularly vital for 
the survival and proliferation of cancer cells in 
disadvantageous environment. An acyl-chain-
targeted high- resolution profiling of specific 
lipid species in hypoxic cells reveals an increase 
in acyl chains with less carbon atoms and higher 
degree of saturation. The production of more 
saturated fatty acyl-CoA is a mark for increased
de novo lipogenesis [17, 18]. Transcriptomic 
analysis of in vitro MCF-10A transformation
model suggests that multiple genes related to 
lipid metabolism are upregulated. Depletion of 
these genes reduces morphological transition, 
anchorage- independent growth, and cell motility 
of transformed MCF-10A cells [19], but not 
untransformed cells [20].

In mammals, acetyl-CoA acts as a carbon
precursor in the biosynthetic pathways produc-
ing lipid and cholesterol. Production of lipids 
depends on the cytosolic acetyl-CoA pool,
which is supplied by two metabolic enzymes 
ACLY and ACSS. ACLY cleaves citrate into

oxaloacetate and acetyl-coA, while ACSS
ligates acetate and coenzyme A to produce ace-
tyl-CoA. Both ACLY and ACSS are essential
for lipogenesis, especially in nutrient-poor con-
ditions. Inhibition of ACLY using chemical
inhibitors or siRNAs markedly delays tumor 
growth. Interestingly, fatty acid synthase
(FASN), the rate-limiting player in de novo lip-
ogenic pathway, had been found to be strongly 
correlated with breast cancer recurrence, metas-
tases, and survival in the early 1990s [21]. De 
novo lipogenesis is critical in maintaining the 
proliferative potential and the transformed state 
of breast cancer [22, 23].

10.2.6  Serine and Glycine 
Metabolism

Glucose-derived metabolic fluxes are not only
directed toward lactate but also other meta-
bolic processes. An isotope-labeling metabolo-
mic study demonstrates that breast tumor cells 
divert a substantial amount of glycolysis-
derived carbon to the pathways of glycine and 
serine metabolism. Phosphoglycerate dehydro-
genase (PHGDH) functions in the branching
point of glycolysis-dependent serine and gly-
cine metabolism. Unlike normal mammary cell
MCF-10A, breast tumor cells are dependent on
PHGDH for rapid proliferation. Increased pro-
tein expression of PHGDH is linked with unfa-
vorable outcome in clinical investigations of 
breast cancer [24]. Clinical breast cancer array
data shows that PHGDH expression specifi-
cally associates with triple-negative and basal 
subtypes, but not other clinical parameters 
such as metastases and tumor size. 
Reconstituted basement membrane (Matrigel) 
model demonstrates that PHGDH expression
promotes glucose-dependent glycine/serine 
metabolism, disrupts acinar morphogenesis, 
and supports anchorage-independent growth of 
MCF-10A cells, which potentiates cells to
transformation [25].
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10.3  Control of Metabolism 
Reprogramming 
by Oncogenic Signals

Gain of function of oncogenes and loss of func-
tion of tumor suppressor genes are key driving 
factors during tumorigenesis and development. 
Oncogenic events promote cancer development 
through not only activating cellular signaling 
pathways but also rewiring metabolic network. In
particular, glucose metabolism and mitochondria 
function are modulated by multiple oncogenic 
signals to support malignant transformation, cell 
proliferation, and tumor progression.

10.3.1  SIRT3 Modulates Cellular 
Metabolism and the 
Expression of HIF1-α  
Target Genes

Sirtuins, which are evolutionarily homologous to 
Sir2 gene of yeast, mediate calorie-restriction- 
induced longevity. Sirtuins are potentially 
involved in tumorigenesis as cancer is a disease 
of aging. SIRT3, a mitochondrial member of
human sirtuins, exerts tumor-suppressive func-
tions in breast cancer. IHC staining demonstrates
that SIRT3 mainly locates in normal mammary
ductal cells. In contrast to normal mammary tis-
sue, SIRT3 protein expression is statistically
lower expressed in breast cancer specimen. 
Moreover, SIRT3 gene is frequently deleted in 
breast cancers [26]. Clinically, the mRNA expres-
sion of SIRT3 is significantly reduced in high- 
grade malignant mammary tumors [27]. 
Knockout mice model suggests that the loss of 
SIRT3 results in the development of ER-/
PR-positive breast cancer. Although SIRT3 
knockout is unable to induce spontaneous immor-
talization, the depletion of SIRT3 in mouse 
embryonic fibroblasts (MEF) is linked to aber-
rant mitochondrial function and genome instabil-
ity. Interestingly, the expression of either Myc or
Ras oncogene promotes in vitro transformation 
of SIRT3-null MEF cells, indicating that deletion
of SIRT3 creates an immortalization-permissive 
phenotype. Transformed SIRT3 knockout MEFs

exhibit enhanced glycolysis and suppressed 
oxidative phosphorylation, i.e., Warburg effect, 
to support cell proliferation. In addition, SIRT3
modulates transcription regulatory program dur-
ing tumorigenesis. Deletion of SIRT3 exagger-
ates ROS production, which stabilizes HIF1-α 
and thereby activates the transcription of glyco-
lytic genes. In clinical breast tumor samples,
downregulation of SIRT3 correlates with overex-
pression of HIF1 target genes [28].

10.3.2  SKP2 Mediates AKT Activation 
and Promotes Aerobic 
Glycolysis

As a key player promoting tumorigenesis, in par-
ticular cancer metabolism, AKT kinase is a major 
driver for Warburg effect in various cancers [29]. 
Diverse growth factors signal through different 
E3 ligases to activate AKT. In response to epider-
mal growth factor (EGF), AKT is activated by
ErbB receptors and Skp2 SCF ubiquitin ligase
complex-induced ubiquitination-dependent mem-
brane translocation. In HER2-positive breast can-
cers, SKP2 overexpression associates with the 
hyperactivation of AKT and tumor metastasis. 
Importantly, targeting SKP2 results in a more pro-
nounced effect of Herceptin therapy in eliminat-
ing HER2-positive breast cancer [30]. Numerous 
downstream targets are regulated by AKT to pro-
mote aerobic glycolysis. For example, activated
AKT upregulates the transcription of glucose 
transporters and enhances their membrane trans-
location to enhance glucose uptake. Moreover, 
AKT directly activates hexokinase and phospho-
fructokinase to boost glycolytic flux [31].

10.3.3  Pro-inflammatory MiRNA 
Upregulates Glycolytic 
Enzymes

In tumor microenvironment, pro-tumorigenic
inflammation enhances glycolysis of cancer cells.
microRNAs (miRNAs) serve as a new group of 
regulators that promotes inflammation.
Pro-inflammatory cytokines, including IL-1β, 
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IL-6, IFN-γ, and TNFα, upregulate glycolytic 
activity of breast tumor cells. Activation of gly-
colysis by these cytokines is at least in part 
dependent on the posttranslationally regulatory 
role of miR-155, an inflammation-induced
microRNA. miR-155 promotes STAT3-induced
hexokinase 2 (HK2) transcription and suppresses 
C/EBPβ, a negative regulator of HK2. Of note, 
overexpression of miR-155 is frequently observed 
in multiple cancers, supporting the oncogenic 
role of mir-155 during malignant transformation 
and cancer metabolism [32].

10.3.4  TAp73 Enhances Pentose 
Phosphate Pathway

p73 belongs to p53-family proteins. p73 gene is 
majorly expressed as two isoforms, TAp73 and
ΔNp73. Unlike p53, which is frequently inacti-
vated in cancers, TAp73 is overexpressed in vari-
ous cancers. TAp73 promotes breast cancer
proliferation by activating pentose phosphate 
pathway (PPP). Pentose shunt supports the pro-
duction of ribose-5-phosphate, a precursor for de 
novo RNA and DNA biosynthesis [33], and 
NADPH, a reducing equivalent to support bio-
synthetic reactions and maintain redox homeo-
stasis [34]. G6PD is the key enzyme catalyzing
the first reaction of PPP and directs glucose to 
multiple biosynthesis pathways and the clearance 
of toxic reactive oxygen species (ROS). TAp73
enhances G6PD mRNA expression.G6PD over-
expression has been shown to be a negative prog-
nostic indicator in metastasis-free survival 
analysis of breast cancer patients [35].

10.3.5  Estrogen-Related Receptors 
Promote Warburg Effect

Orphan nuclear receptors belong to nuclear 
receptor superfamily. Estrogen-related receptors 
(ERRs), a subgroup of orphan receptors, modu-
late gene transcription in response to physiologi-
cal signals [36]. Although ERRs are homologous 
to estrogen receptors, they do not bind to estro-

gens or other steroid hormones. In breast cancer,
ERRs transcriptionally regulate the expression of 
metabolism-related genes that participate in gly-
colysis, glutaminolysis, pentose phosphate path-
way, ROS detoxification, and de novo lipogenesis. 
Specifically, ERBB2 upregulates the expressions 
of glycolytic enzymes and glucose transporters to 
promote Warburg effect. Inhibition of ERBB2
sensitizes ERBB2-postive breast cancer cells to 
trastuzumab treatment. Besides, ERRα regulates 
the expressions of ERBB2 and Myc to induce 
metabolic reprogramming, which makes ERRα a 
potential marker for breast cancer prognosis.

10.3.6  P53 Suppresses Pyruvate 
Dehydrogenase Kinase 2 
at Transcriptional Level

Pyruvate dehydrogenase (PDH) links glycolysis 
and TCA cycle through converting pyruvate to
acetyl-CoA. However, cancer cells prefer to
transform pyruvate into lactate, but not acetyl- 
CoA, to promote aerobic glycolysis. In cells,
PDH is phosphorylated and inhibited by pyru-
vate dehydrogenase kinase. mRNA level of 
pyruvate dehydrogenase kinase 2 (PDK2) is 
downregulated by tumor suppressor p53, lead-
ing to inhibition of pyruvate-lactate conversion 
[37]. In breast cancer cells, p53 potentially
inhibits PDK2 through both downregulating 
PDK2 transcription in an E2F-dependent man-
ner and destabilizing PDK2 protein. Inhibition
of PDK2 is necessary for the function of p53 on
early apoptotic events.

10.3.7  Wnt Snail Signaling Modifies 
Mitochondria Respiration 
and Glucose Utilization

Wnt signaling pathway regulates multiple physi-
ological events, such as epithelial-to- 
mesenchymal transition (EMT) and embryonic 
development. Aberrant Wnt signaling has been 
found in specific cancers, including colorectal 
cancer and breast tumor. In addition, cellular
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metabolic activity is regulated by Wnt pathway. 
Wnt signaling inhibits multiple key components 
of mitochondria respiration. On the other hand, 
Wnt signaling upregulates pyruvate carboxylase 
(PC), the rate-limiting enzyme in anaplerotic
reactions, to promote aerobic glycolysis of breast 
cancer cells [38]. Reshaping of metabolism by 
Wnt pathway cooperates with snail-dependent 
EMT to promote tumor growth.

10.3.8  PGC-1α Mediates 
Mitochondria Biogenesis 
and Promotes Breast Cancer 
Metastasis

Bioenergetic profile of cancer cells is coupled 
with not only cell proliferation but also migra-
tion and invasion. While cancer cells divert met-
abolic fluxes into biosynthetic pathways to
promote cell growth, enhanced mitochondrial 
respiration and ATP production support cell 
migration and invasion. PGC-1α is a transcrip-
tional coactivator which upregulates oxidative 
phosphorylation and mitochondrial biogenesis 
through transcriptionally activating related 
genes [39]. In clinical breast cancer samples,
PGC-1α expression strongly correlates with dis-
tal metastases. Depletion of PGC-1α suppresses 
cell migration, but not cell proliferation and 
tumor growth. Noteworthy, gene expression pro-
filing reveals that transcripts related to oxidative 
phosphorylation are significantly increased in 
circulating breast cancer cells compared to the 
primary tumor. High expression of PGC-1α is 
indicative of EMT in breast cancer [40].

10.4  Metabolic Regulation 
of Cellular Signaling 
in Breast Cancer

Recent evidence suggests that reprogrammed 
metabolism serves as both the cause and the con-
sequence of tumorigenesis. Dysregulation of 
metabolism intersects with cellular signaling to 
promote breast cancer. Aberrations in metabo-

lites or metabolic enzymes modulate the activities 
of nutrient sensing, signal transduction, and gene 
transcription, to facilitate the survival and growth 
of breast tumor cells.

10.4.1  Nutrient Sensor OGT 
Coordinates Glucose 
Availability with Cell Cycle 
and Hypoxia Response

Hexosamine biosynthetic pathway (HBP) gener-
ates multiple nucleotide hexosamines, which are 
donors for protein O-GlcNAc modification.
O-GlcNAc transferase (OGT) is responsible for
O-GlcNAc modification reactions. In this regard,
OGT functions as a nutrient sensor to regulate the
activity of target proteins. In breast cancer cells, a
substantial fraction of glucose is directed into 
HBP. Consequently, hexosamine synthesis is
enhanced [41]. While the expression of OGT is
upregulated in breast cancer, O-GlcNAcase
(OGA), a counterpart of OGT mediating removal
of O-GlcNAc modification, is decreased in breast
cancer cells. Elevated OGT expression and
decreased OGA expression result in hyper-O-
GlcNAcation of many cytoplasmic and nuclear
proteins. Specifically, OGT-mediated hyper-O-
GlcNAcation suppresses cell cycle inhibitory
FoxM1-SKP2-p21 pathway, thereby supporting
the transformation and proliferation of breast 
cancer cells. These findings demonstrate that cell 
cycle progression is coupled with glucose avail-
ability through nutrient sensor OGT.

In contrast, hypo-O-GlcNAcation inhibits the
initiation and progression of breast cancer 
through modulating HIF signaling. Reduction in
O-GlcNAcation suppresses glycolysis of cancer
cells, leading to an increase in α-ketoglutarate 
(α-KG). Accumulation of α-KG further causes
hydroxylation and VHL-induced degradation of 
HIF-1. Decreased HIF signaling is incapable of
sustaining the expression of GLUT1, thereby
leading to ER stress and apoptosis of breast can-
cer cells. Collectively, O-GlcNAcation modu-
lates HIF signaling to regulate hypoxia adaptation
of cancer cells [42].
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10.4.2  JMJD5 Modulates PKM2 
Subcellular Localization 
and Remodels Glycolysis

Metabolic enzymes possibly involve in cellular 
signaling through moonlighting functions. 
Pyruvate kinase PKM2, a key glycolytic 
enzyme, is specifically enriched in cancer cells 
[43]. PKM2 remodels glycolysis to promote 
Warburg effect and moonlights as a protein 
kinase to modulate epigenetics. It also interacts
with JMJD5 to enhance hypoxia response in 
breast cancer cells. JMJD5 is an epigenetic 
modifying enzyme that regulates histone meth-
ylation. Interestingly, JMJD5 exerts demethyl-
ase-independent effect on metabolism. JMJD5 
associates with PKM2 and suppresses PKM2 
enzymatic activity through disrupting PKM2 
tetramerization. Furthermore, through promot-
ing PKM2 nuclear localization and HIF1α-
mediated transactivation, JMJD5 enhances 
glucose uptake and glycolytic activity of breast 
tumor cells [44].

10.4.3  Glycogen Accumulation 
Contributes to p53-Induced 
Senescence

Hypoxic microenvironment drives metabolic 
reprogramming of breast cancer cells to sustain 
energy production. Glycogen is a polysaccharide
and serves as the principal energy storage in 
human cells. Strikingly, glycogen metabolism is 
enhanced in both breast tumor models and 
hypoxic cultured cancer cells [45]. Glycogen
synthase (GS) and glycogen phosphorylase (GP)
are responsible for the synthesis and breakdown 
of glycogen, respectively. Glycogen metabolism
signals through AMPK pathway and p53 to regu-
late cell viability. Inactivation of PYGL, an iso-
form of GP, leads to deficient glycogen
degradation and accumulation of glycogen. 
Furthermore, loss of function of PYGL stimu-
lates cellular ROS generation, which potentially 
modulates AMPK signaling to promote 
p53-mediated senescence [45].

10.4.4  Mevalonate Pathway 
Modulates Hippo Signaling

Hippo pathway regulates cell growth and organ 
size. To coordinate the metabolic state and tissue 
proliferation, Hippo signaling potentially acts in 
concert with cellular metabolism. Interestingly,
the activity of YAP and TAZ, the key components 
of Hippo pathway [46], is coordinated with meva-
lonate synthesis. Depleting HMG-CoA reductase,
the key enzyme of mevalonate synthesis, sup-
presses the activity of YAP/TAZ. Mechanistically, 
the activation of YAP/TAZ by Rho GTPases is
dependent on geranylgeranyl pyrophosphate, a 
specific metabolite from mevalonate biosynthesis 
[47, 48]. The intersection of mevalonate biosyn-
thesis and Hippo pathway promotes cell prolifera-
tion and self- renewal of breast cancer. Elevation 
of mevalonate synthesis enzymes links to poor 
breast cancer prognosis, highlighting the thera-
peutic potential of mevalonate synthesis pathway 
in treating breast cancer.

10.5  Metabolism of Breast Cancer 
Stem Cell

In breast tumor, a subgroup of cells is termed as
breast cancer stem cells, due to their stem cell- like 
properties, such as self-renewal, tumorigenicity, 
and potential of differentiation. Breast cancer 
stem cells are proposed to be involved in relapse, 
metastases, and chemoresistance/radioresistance 
of breast tumor [49]. Breast cancer stem cells 
establish their cell identity by expressing unique 
pattern of proteins and surface markers as finger-
prints. Accordingly, breast cancer stem cells have 
distinctive metabolic properties to sustain their 
stemness and promote cancer progression.

10.5.1  Reduced ROS Level Promotes 
Radioresistance and EMT 
Phenotype of Cancer Stem Cells

Mammalian cells consume oxygen by mitochon-
drial respiratory chain to produce energy. Oxygen 
consumption or respiration is coupled with ROS 
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production. In breast cancer stem cells
(CD44+CD24−/lowLin−), enhanced expression of 
ROS-clearing enzyme system leads to a signifi-
cant reduction in cellular ROS level compared to 
adjacent non-tumorigenic cells. Enhanced ROS 
scavenging system protects breast cancer stem 
cells from DNA damage, which is critical in the 
radioresistance of breast cancer [50]. In addition,
Snail-G9a-Dnmt1 complex regulates redox
homeostasis and supports the EMT feature of 
breast cancer stem cells [51]. Snail-G9a-Dnmt1
complex suppresses E-cadherin expression and 
promotes DNA hypermethylation of FBP1 
(fructose- 1,6-bisphosphatase 1), an important 
gluconeogenic gene. Specifically, FBP1 expres-
sion is significantly decreased in basal-like breast 
tumor, to promote glycolysis and suppress ROS 
production, contributing to breast cancer stem 
cell phenotype [52].

10.5.2  Notch Signaling Interacts 
with Cellular Metabolism 
to Promote Cancer Stem Cell

Hyperactive aldehyde dehydrogenase (ALDH) 
discriminates breast cancer stem cells from their 
non-tumorigenic counterparts. ALDH activity is 
closely related to the physiological properties of 
breast cancer stem cells. ALDH1A1, a key mem-
ber of ALDH family, is the major enzyme respon-
sible for converting retinaldehyde to retinoic 
acid. The catalytic activity of ALDH1A1 is con-
trolled by lysine acetylation. PCAF-mediated
acetylation of ALDH1A1 inhibits its activity, 
leading to decreased self-renewal ability and 
reduced population of breast cancer stem cells 
[53]. Notably, Notch pathway regulates the stem 
cell property of breast cancers by modulating 
ALDH1A1 acetylation.

Sphingolipid metabolism is involved in Notch 
signaling and cancer stem cell function. By using 
a cancer stem cell model with high-ALDH activ-
ity, metabolite profiling of these cells demon-
strates that sphingosine-1-phosphate (S1P) is 
critical for cancer stem cell expansion [54]. 
Through S1P receptor 3 (S1PR3), S1P activates
Notch signaling. Overexpression of sphingosine 

kinase 1 (SphK1), which generates S1P, 
remarkably enhances the tumorigenic ability of 
cancer stem cell in mice. SphK1+/ALDH1+ cells 
or S1PR3+/ALDH1+ cells also present in patient- 
derived mammospheres, supporting the notion 
that SphK1-SIPR3-Notch signaling regulates
breast cancer stem cell [54].

10.6  Breast Cancer Metabolism 
and Microenvironment

Deregulated metabolism within cancer cells 
modulates the activities of multiple cells residing 
in malignant tissue, such as endothelial cells, 
inflammatory cells, and immune cells, to remodel
tumor microenvironment. Metabolic remodeling 
of cancer microenvironment by cancer metabo-
lism further regulates tumor angiogenesis, 
inflammation, and cancer immunity to promote
cancer development.

10.6.1  Breast Cancer Cells Release 
Lactate to Promote Tumor 
Vascularization

Aerobic glycolysis is coupled with increased lac-
tate production and secretion, which eventually 
leads to acidification of cancer microenviron-
ment. The release of lactate into the tumor micro-
environment further promotes cancer progression 
[55]. Studies using xenograft models suggest that 
MCT4, which transports monocarboxylate across
cell membrane, mediates lactate secretion of 
breast tumor cells. The secreted lactate is further 
transported into endothelial cells that express 
monocarboxylate transporter MCT-1, triggering a
NF-κB/IL-8 autocrine pathway. Afterward, lac-
tate signaling in endothelial cell induces cell 
migration and tube formation, promoting tumor 
vascular morphogenesis and perfusion. 
Interestingly, lactate signaling can be blocked by
2-oxoglutarate and reactive oxygen species (ROS) 
inhibitors [56], suggesting that the proangiogenic 
effect of lactate connects with cellular redox 
homeostasis. In conclusion, metabolic remodel-
ing of cancer cell reprograms the metabolism and 
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signaling of endothelial cells in the tumor micro-
environment to promote cancer development.

10.6.2  Breast Cancer Metabolism 
and Tumor Immunity

Cancer cells compete for nutrients with other cells
in the microenvironment. Thus, dysregulated can-
cer metabolism potentially regulates the metabo-
lism and function of inflammatory and immune
cells [57, 58]. Several unfolded protein response 
(UPR) signaling components are activated in
breast cancer, among which is glucose- regulated 
protein 78 (GRP78) [6]. Inhibition of GRP78 sup-
presses the mitochondrial transportation of fatty 
acids. Consequently, fatty acid oxidation is atten-
uated, leading to accumulation of essential poly-
unsaturated fatty acids in intracellular space. 
Alterations in intracellular fatty acids further 
increase serum level of MCP-1, a chemoattractant
cytokine, and decrease expression of self-recogni-
tion identifier CD47 in tumor. Besides, suppres-
sion of GRP78 enhances macrophage infiltration,
suggesting a potential link between fatty acid 
metabolism and cancer immunity [6].

10.7  Metabolism as a Target 
for Breast Cancer

As a hallmark of cancer, reprogrammed meta-
bolic network exerts unique features which can 
be utilized as diagnostic targets. Deregulation of 
cancer metabolism also results in specific changes 
in local or systemic metabolites, serving as indic-
ative biomarkers during cancer prognosis. More 
importantly, targeting metabolic reprogramming 
is evolving as a promising strategy for therapeu-
tic intervention of breast cancer.

10.7.1  Therapeutically Targeting 
Breast Cancer Metabolism

10.7.1.1  Glucose Metabolism
Inhibiting glycolysis potentially leads to system-
atic toxicity, which makes anti-glycolytic drugs 
unfavorable for clinical cancer treatment. 

However, dual targeting of glycolysis, using 2-DG
and mitochondria-targeted drugs, serves as a 
potential strategy to eliminate breast cancer cells 
[59]. Acquired resistance of Herceptin, an ErbB2-
targeted antibody, hinders the clinical treatment of 
breast cancer. ErbB2 signaling upregulates LDHA 
in a HSF1-dependent manner, resulting in
enhanced glycolysis. Targeting glucose metabo-
lism can facilitate overcoming Herceptin resis-
tance of breast cancer. Combined treatment with
glycolytic inhibitors in ErbB2- positive breast 
 cancer overcomes the resistance and leads to 
more potent inhibition of glycolysis [60].

10.7.1.2  Glutamine Metabolism
Rho GTPases promote malignant transformation
and cell proliferation of human breast cancer. 
Interestingly, glutaminase, the enzyme responsi-
ble for glutamine hydrolysis, is remarkably 
upregulated in transformed breast cancers, com-
pared with normal untransformed cells. 
Glutaminase inhibitor efficiently suppresses Rho
GTPases-induced transformation of fibroblasts
[11]. Glutamine metabolism is coupled with
malate-aspartate shuttle. Aspartate aminotrans-
ferase (GOT) is a key component in malate-
aspartate shuttle, which mediates the 
transportation of NADH between mitochondria 
and cytoplasm. GOT inhibitor oxamate and
amino oxyacetate suppress TCA cycle and oxy-
gen consumption without affecting lactate pro-
duction. More importantly, aspartate 
aminotransferase inhibitors profoundly inhibit 
the proliferation of breast cancer cells [61].

10.7.1.3  Mevalonate Metabolism
Farnesyl pyrophosphate synthase (FPPS) locates
at the first branching point of mevalonate path-
way from lipid synthesis. FPPS is a well-
established therapeutic target. Inhibitors of FPPS,
i.e., bisphosphonates, have potential 
 antiproliferative effects [62]. However, previous 
FPPS inhibitors, such as zoledronic acid, are
highly affinitive to bone mineral, hindering its 
application in the treatment of tumors. Currently,
allosteric non-bisphosphonate FPPS inhibitors
have been developed to evaluate their antitumor 
effects [63].
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10.8  Metabolites as Biomarkers: 
Opportunities 
and Challenges

10.8.1  Cancer Metabolism-Based 
Tumor Imaging

Fluorodeoxyglucose (FDG) positron emission
tomography (PET) imaging has been serving as a 
powerful tool for monitoring cancer development 
(growth, staging, metastasis, therapy response) in 
clinical practice. Although hypoxia induces a 
higher rate of glycolysis, the overall metabolism 
is potentially decreased in a hypoxia microenvi-
ronment. The glucose uptake and oxygen avail-
ability can be monitored by 18F-labeled
fluorodeoxyglucose (FDG) and 18F-labeled fluo-
romisonidazole (FMISO), respectively.
Interestingly, positron emission tomography of
cancer patients indicates that hypoxia broadly 
correlates with enhanced glucose metabolism. 
However, a proportion of hypoxic tumors display 
moderate glycolytic activity, while some highly 
glycolytic tumors are well oxygenated [64], sug-
gesting a subpopulation-specific metabolic activ-
ity or a heterogeneous metabolic phenotype.

Of note, 18F-fluorodeoxyglucose positron
emission tomography significantly correlates 
with basal-like breast cancers that are overex-
pressing MYC [65]. A transcriptome enrichment 
analysis reveals that the uptake of 18FDG radio-
tracer is linked to enhanced glycolysis and bio-
synthetic pathways, i.e., pentose shunt and 
one-carbon/folate metabolism. This FDG signa-
ture partially overlaps with the gene transcrip-
tional signature of basal-like breast cancer and 
MYC-induced mouse tumor model. Moreover,
human breast cancer with MYC overexpression
or amplification shows strong 18FDG uptake.
Thus, subtypes of breast cancer should be taken 
into consideration during PET imaging.

In addition to PET imaging, optical metabolic
imaging (OMI) serves as a noninvasive approach
to monitor glycolytic levels of breast cancer cell 
lines and xenograft tumors. It can detect the fluo-
rescence intensities of autofluorescent coenzymes
within cells and rapidly assess the metabolic 
response at cellular cells, assisting studies on drug 
response and chemoresistance [66].

10.8.2  Metabolites as Diagnostic 
and Prognostic Markers

10.8.2.1  Urine Metabolome 
Facilitates Early Diagnosis 
of Breast Cancer

Nuclear magnetic resonance spectroscopy-based 
comparison of the urine metabolomes from 
early-/late-stage breast cancer patients and nor-
mal individuals indicates that breast cancer 
patients have unique pattern of metabolites. 
Interestingly, metabolites derived from TCA
cycle, amino acid metabolism, and gut microbial 
metabolism are most significantly changed, 
which may aid in the clinical diagnosis of breast 
cancer [67].

10.8.2.2  Serum Metabolites Derived 
from Cholesterol 
and Vitamin D as Predictive 
Biomarkers

Some metabolites from the serum, including 
25-hydroxyvitamin D and 27- hydroxycholesterol, 
correlate with tumor grade, endocrine therapy 
response, and overall survival of breast cancer 
patients [68]. Vitamin D metabolism is poten-
tially related to cancer development. A perspec-
tive study of postmenopausal breast cancer 
patients suggests that reduced post-diagnostic 
serum 25-hydroxyvitamin D concentration is 
linked to both poor distant disease-free and over-
all survival.

Estrogen promotes ER-positive breast tumor 
growth. Hypercholesterolemia serves as a poor 
prognosis factor of ER-positive breast cancer 
patients. ER-positive tumors with 
 hypercholesterolemia exhibit decreased response 
to endocrine therapies. Promotion of caner pro-
gression by cholesterol depends on its conversion 
to 27-hydroxycholesterol (27HC). 27HC abun-
dance is upregulated in both normal mammary 
tissue and malignant tissue of ER-positive 
patients. Elevated 27HC is possibly caused by
increased expression of CYP27A1, a
27HC-generating enzyme, and decreased expres-
sion of CYP781, a 27HC-metabolizing enzyme.
CYP27A1 correlates with tumor grade and over-
all survival, while CYP781 links to reduced sur-
vival of breast cancer patients. 27HC promotes
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breast cancer growth through both ER-dependent 
and ER-independent mechanisms [69]. Inhibiting
CYP27A1 or reducing serum cholesterol levels
acts as a promising strategy to suppress breast 
cancer [70].

10.8.2.3  Breast Cancer-Specific 
Metabolites Link to Cancer 
Development

Metabolic profiling of breast tumors reveals  
an accumulation of oncometabolite 2HG.
Interestingly, elevated 2HG level correlates with
Myc activation and global DNA hypermethyl-
ation [71]. 2HG accumulation is frequently
observed in African-American patients with poor 
prognosis. Specific accumulation of 2HG is also
observed in ER-negative and basal-like tumors. 
Besides, breast tumor with higher 2HG has a stem
cell-like transcriptional landscape, which overex-
presses glutaminase and incorporates glutamine 
into 2HG. Importantly, 2HG accumulation sig-
nificantly correlates with poor prognosis [72].

Additionally, global lipid profiling of breast 
cancer samples reveals that de novo lipid biosyn-
thesis has a greater contribution to membrane 
phospholipids in tumors than in normal breast tis-
sues. And this contribution correlates with cancer 
development and overall survival. Estrogen recep-
tor-negative and grade 3 tumors have the highest
concentration of lipids derived from de novo lipo-
genesis, suggesting the diagnostic values of clini-
cal tumor sample-derived phospholipids [17].

10.8.3  Diet and Breast Cancer 
Development

Diet is a vital factor modulating cell metabolism 
and cancer development. In particular, obesity is
a highly risky factor for cancer. In animal breast
cancer model, diet-derived cholesterol acceler-
ates tumorigenesis and promotes breast tumor 
growth. Besides, cholesterol-rich diet increases 
angiogenesis and promotes tumor progression 
[73]. Thus, cholesterol-reduced or cholesterol- 
depleted diet is possibly applicable to breast can-
cer patients.

10.9  Concluding Remarks 
and Future Perspectives

In conclusion, recent investigations have
immensely expanded our understanding of the 
relation between metabolic remodeling and can-
cer development. Technical breakthroughs in 
high-throughput genomic, proteomic, and 
metabolomic approaches would further help us 
to discover the metabolic identity of breast can-
cer and develop new metabolic targets for preci-
sion cancer medicine. It is worthy to mention
that a vast majority of metabolic characteristics 
of breast cancer remain unknown. Unveiling key
regulatory events would further sharpen our 
knowledge during understanding breast cancer 
metabolism.

 1. The spectrum of essential nutrients for 
breast cancer cells: acetate is employed by 
cancer cells to be an additional carbon 
source under hypoxic conditions. This meta-
bolic plasticity possibly hinders therapeutic 
interventions against a specific metabolic 
pathway, due to the existence of compensa-
tory mechanisms. Thus, identification of key 
nutrients for breast cancer would help us to 
develop more effective strategies for breast 
cancer therapy.

 2. How breast cancer cells sense different nutri-
ents and adapt to metabolic fluctuations of
cancer microenvironment: to survive in a met-
abolically dynamic microenvironment, cancer 
cells need to efficiently sense nutrient status 
and correspondingly remodel its metabolic 
activities to sustain their proliferation. Thus, 
delineating the sensing/signaling pathway of 
different nutrients is a fundamental key ques-
tion in this burgeoning field.

3. Understanding metabolic heterogeneity of
breast cancer: the metabolic feature of differ-
ent cells within a tumor is highly plastic, mak-
ing it almost impossible to eliminate all cancer 
cells with a same metabolic target. The origin 
and regulatory mechanism of metabolic het-
erogeneity/plasticity remain open questions in 
cancer metabolism.
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Metabolic Changes During Cancer 
Cachexia Pathogenesis

Ng Shyh-Chang

Abstract

Wasting of adipose tissue and skeletal muscle is a hallmark of metastatic 
cancer and a major cause of death. Like patients with cachexia caused by 
other chronic infections or inflammatory diseases, the cancer subject man-
ifests both malnutrition and metabolic stress. Both carbohydrate utiliza-
tion and amino acid incorporation are decreased in the muscles of cancer 
cachexia patients. Cancer cells affect host metabolism in two ways: (a) 
their own metabolism of nutrients into other metabolites and (b) circulat-
ing factors they secrete or induce the host to secrete. Accelerated glycoly-
sis and lactate production, i.e., the Warburg effect and the resultant increase 
in Cori cycle activity, are the most widely discussed metabolic effects. 
Meanwhile, although a large number of pro-cachexia circulating factors 
have been found, such as TNFa, IL-6, myostatin, and PTHrp, none have 
been shown to be a dominant factor that can be targeted singly to treat 
cancer cachexia in humans. It is possible that given the complex multifac-
torial nature of the cachexia secretome, and the personalized differences 
between cancer patients, targeting any single circulating factor would 
always be insufficient to treat cachexia for all patients. Here we review the 
metabolic changes that occur in response to tumor growth and tumor- 
secreted factors during cachexia.

Keywords

Cachexia • Cancer • Metabolism • Circulating factors

11.1  Introduction to Cancer 
Cachexia

Involuntary weight loss, or cachexia, is a compli-
cation frequently observed in cancer. During can-
cer progression, the patient’s muscle mass and 
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adipose mass are often depleted, while other 
organs tend to be spared. Concurrently, the 
patient develops severe muscle weakness and 
becomes bedridden due to loss of mobility and 
normal cardiopulmonary muscle function. In the 
late stage, when anorexia becomes severe, the 
patient’s total body weight will decline rapidly 
with immune functions being severely compro-
mised. Even though cachexia has been exten-
sively studied in both humans and rodents for its 
impact on quality of life and survival of cancer 
patients, the topic remains poorly understood [1].

About 90% of cancer patient deaths are caused 
by metastasis [2, 3], and cachexia is found in 
80% of late-stage cancer patients, frequently co- 
occurring with metastasis [4–6]. Cachexia weak-
ens the body, which may worsen metastatic 
disease. Since cachectic patients cannot tolerate 
the side effects of chemotherapy, curative chemo-
therapies have to be terminated prematurely [7]. 
Conversely, metastatic tumors may promote 
cachexia by increasing the production of pro- 
cachexia factors. In oncology practice, cachexia 
is widely considered as a late-stage complication 
in lung or breast cancer (typically detected at 
early stages) and an early complication in gastric 
or pancreatic cancer (typically detected at late 
stages), which reflects the association between 
cachexia and metastasis in late-stage cancers. 
Generally, cachexia is correlated with late-stage 
cancer and thought to directly cause 20–40% of 
cancer deaths [8, 9].

At the point of diagnosis, 54% of cancer 
patients lost some weight, and 32% lost >5% 
weight within half a year. The incidence rate of 
cachectic weight loss ranges from 30% (non- 
Hodgkin’s lymphoma) to 87% (gastric carci-
noma) [10]. However, it is very likely that the 
true incidence rate of cancer cachexia is being 
underestimated in many types of cancer, includ-
ing breast cancer [9]. In a study of over 8000 can-
cer patients, only 2.5% were documented with 
the ICD-9 code for cachexia, but a retrospective 
investigation revealed that 23% of the patients 
conformed to the clinical definition of cachexia, 
which indicates a tenfold underestimation [9].

Almost a century ago, Warren [11] attempted 
to determine the cause of mortality in half a thou-

sand cancer patients that he autopsied. In 23% of 
these patients, the data demonstrated progressive 
wasting and weakness, and no other cause of 
death was presented upon autopsy. Warren con-
cluded that these 23% patients had died directly 
from cachexia [11]. Cachexia was also diagnosed 
in many of the other cancer patients and thus 
could have compounded other causes of mortal-
ity. While some investigators failed to mention 
cachexia as a cause of mortality [12], others 
listed cachexia as the cause of death in about two 
thirds of cancer patients [13]. Regardless, 
cachexia is known to compromise the immune 
system, wound repair, heart, lung, liver, and kid-
ney functions, all of which are likely to directly 
worsen the prognosis of cancer patients.

By relative proportions, cachexia is often doc-
umented in lung, head and neck, pancreatic, gas-
tric, and colorectal cancers [14] but rarely in 
breast cancer. However, recent studies have 
shown that cachexia does develop in breast can-
cer patients [15], and it is closely correlated with 
bone metastases [7, 16]. By absolute numbers, 
breast cancer is actually the most common cancer 
(31%) among cancer cachexia patients, which is 
due to the high frequency of breast cancer patients 
[9].

It should be noted that cachexia is prevalent 
not only in cancer but also in many other chronic 
diseases. About 30–50% of hospital patients 
manifest some degree of undernutrition and 
weight loss [17], and most nonneoplastic chronic 
diseases terminate in cachexia, such as chronic 
disseminated infections and chronic cardiac, pul-
monary, hepatic, or renal diseases.

11.2  Cancer Cachexia 
as a Degenerative Metabolic 
Syndrome

As mentioned above, skeletal muscle mass 
decreases progressively during the course of can-
cer growth and dissemination. Fast-twitch glyco-
lytic myofibers usually undergo wasting more 
severely than slow-twitch oxidative myofibers, 
and myofibrillar proteins tend to be lost more 
rapidly than the sarcoplasmic proteins [18].
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Incorporation of radioactively labeled amino 
acids [18, 19] into muscle proteins tends to be 
much lower in tumor-bearing animals than con-
trol animals. This occurs regardless of whether 
the animals were ad lib fed [19] or pair-fed [18], 
suggesting that the depressed anabolic flux of 
amino acids is independent of food intake. This 
depression is more marked in the fast-twitch 
muscles than in the slow-twitch muscles and 
more marked in myofibrillar than in sarcoplasmic 
proteins [18].

Glucose catabolism is also impeded in the 
skeletal muscles of cachectic cancer patients. The 
rates of uptake and subsequent conversion of glu-
cose to glycogen, lactate, or CO2 are all slowed 
down, and multiple enzymes involved in glycoly-
sis and glucose oxidation are also suppressed [19, 
20].

Another hallmark of cancer cachexia is the 
rapid loss of adipose mass, which even exceeds 
the rate observed during uncomplicated starva-
tion [21]. Lipogenesis is lower in tumor-bearing 
animals with cachexia but normal in tumor- 

bearing animals without cachexia [22]. Lipolysis 
and fatty acid oxidation rates are similar in can-
cer patients and normal controls during fasting 
[23]. However, after a glucose infusion, cancer 
patients showed a much lower decrease in free 
fatty acid oxidation than in controls, suggesting a 
continuously high, fasting-like rate of fatty acid 
oxidation even in fed conditions. In fact, many 
clinical studies have suggested or indicated a 
higher basal rate of metabolism in cancer patients, 
than in undernourished patients, who show a 
lower basal rate of metabolism compared to nor-
mal subjects [24, 25] (Fig. 11.1).

Nevertheless, in most of these studies, it is 
impossible to rule out the contributions of recent 
surgery, infection, or fever to basal metabolism, 
all of which are also frequently observed in can-
cer patients. Thus the effect of cancer cachexia 
per se on whole-body basal metabolism has 
remained unclear.

glucose

Glycolysis lactate

glycogen

Mitochondrial
OxPhos

amino acids

myosins

Proteolysis
Protein synthesis 

triglycerides
& fatty acids

ROS   +  CO 2

O 2

Pro-cachexia Circulating Factors

Fig. 11.1. Metabolic dysfunction in skeletal muscles 
during cancer cachexia. A complex mixture of pro- 
cachexia circulating factors converges to induce excessive 
lipolysis and fatty acid β-oxidation in myofibers. In con-
trast, glucose uptake and oxidation are suppressed. The 
net result is a higher basal rate of metabolism due to 

increased mitochondrial oxidative phosphorylation 
(OxPhos). Increased reactive oxygen species (ROS) and 
oxidative stress lead to decreased protein synthesis and 
increased proteolysis and specific loss of the myosin pro-
teins and result in skeletal muscle wasting during cancer 
cachexia
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11.3  Mechanisms for Cancer 
Cachexia

11.3.1  Protein Homeostasis

In the normal adult human, without environmen-
tal insults or stimuli such as exercise, skeletal 
muscle mass remains constant because protein 
degradation and synthesis are kept in balance. 
But during cancer cachexia, muscle wasting 
manifests rapidly. This must be due to increased 
protein degradation, decreased protein synthesis, 
or both. An early study suggested that the cachec-
tic muscle wasting is primarily due to decreased 
protein synthesis [26]. Another study agrees with 
this conclusion, after quantifying myofibrillar 
protein degradation in cachectic and non- 
cachectic patients in vivo and finding no signifi-
cant differences [27]. Yet other studies have 
ascribed the cachectic muscle wasting to an 
increased rate of protein degradation, by quanti-
fying the amino acids released [28].

Findings from animal models of cachexia sug-
gest that both protein synthesis and degradation 
are important, so any treatment of cachexia will 
need to address both processes. Fast-twitch mus-
cles, such as gastrocnemius, undergo atrophy 
more rapidly than slow-twitch oxidative muscles 
in animal models of cachexia [29]. This is thought 
to be due to increased protein degradation in fast- 
twitch fibers [30]. The myosin isoform also 
undergoes a switch, as the slow-twitch isoform 
decreases and the fast-twitch isoform increases 
during cachexia in animal models [31]. However, 
human cancer cachexia patients manifest a loss 
of both slow- and fast-twitch myofibers [32–34], 
contradicting these findings in animal models.

Nonetheless, both animal models and human 
patient findings suggest that the dysfunctional 
homeostasis of specific muscle proteins plays an 
important role in cachectic muscle wasting. 
Indeed, myofibrillar proteins, which constitute 
nearly 50% of the total muscle protein, are lost 
most rapidly during muscle wasting. In cachectic 
muscle wasting, myosins are selectively lost, 
while other myofibrillar proteins such as sarco-
meric actin A, troponins, and tropomyosins 
remain relatively constant [29].

11.3.1.1  Protein Synthesis
In muscles, protein synthesis is mainly controlled 
by the translation initiation phase. There are two 
primary control mechanisms. The first is via the 
40S ribosomal subunit binding to the initiator 
methionyl-tRNA, a step that is controlled by 
eIF2. The eIF2B subunit can be inhibited by 
phosphorylation by four different kinases, includ-
ing the double-stranded RNA-dependent protein 
kinase (PKR) which responds to extrinsic stim-
uli, leading to inhibition of protein translation 
initiation [35].

The second mechanism is controlled by eIF4F 
complex, which controls the binding of 40S ribo-
somal subunit to mRNA containing the 5′-cap 
and m7GpppX motif [36]. The eIF4E subunit 
binding the 5′-cap is one of the main regulatory 
factors. Its concentration is regulated via seques-
tration by its binding proteins (4EBP1/2; 163). 
Phosphorylation of 4EBP1/4EBP2 releases 
eIF4E for assembly of the eIF4F complex. 4EBP1 
and 4EBP2’s phosphorylation is mediated by 
PI3K and mTOR signaling [35, 36]. The mTOR 
kinase also activates the ribosomal protein S6 
kinase (S6 K) to enhance the translation of 
5′-poly-pyrimidine tract (5′-TOP) mRNAs. 
5′-TOP mRNAs often encode proteins involved 
in protein translation [37]. Thus the PI3K-mTOR 
pathway regulates several mechanisms to control 
protein synthesis.

While some murine models of cachexia sug-
gest that the decreased muscle protein synthesis 
is due to anorexia, it is also decreased in other 
cachexia models without anorexia [38]. This sug-
gests a fundamental defect in protein synthesis 
during cachexia. When mice bearing the cachec-
tic MAC16 tumor lose > 15% weight, their gas-
trocnemius muscles also show PKR 
phosphorylation, thus increasing phospho-eIF2B 
to decrease translation initiation [39]. In cachec-
tic esophagogastric cancer patients, both PKR 
and eIF2B phosphorylations are also increased, 
compared with healthy controls [33]. The 
increased phospho-eIF2B could partially explain 
the loss of myofibrillar proteins, since the myosin 
abundance is linearly correlated withphospho- 
eIF2B. Weight loss in MAC16-bearing mice is 
also associated with decreased mTOR signaling, 
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leading to a decrease in phospho-4EBP1, result-
ing in a decreased concentration of the active 
eIF4F complex for protein translation [40].

In addition to contributing directly toward 
protein synthesis, branched-chain amino acids 
(BCAAs) can also promote protein synthesis by 
inducing the mTOR pathway. Leucine is the most 
potent BCAA and could ameliorate the weight 
loss in MAC16-bearing mice, via increased 
mTOR signaling and muscle mass [40]. These 
results support the supplementation of leucine or 
other mTOR agonists in the diets of cancer 
cachexia patients, to boost protein synthesis and 
treat muscle atrophy, assuming the patients’ can-
cers are not dependent on mTOR for growth.

However the counterargument to a simple pro-
tein synthesis theory is that, with a long half-life 
of 2–4 weeks in rodents, myofibrillar myosins are 
very stable [41, 42]. The half-life of human myo-
sins is likely to be even longer, due to their longer 
lifespan and lower metabolic rate than rodents. 
Thus a decrease in protein synthesis is not consis-
tent with the rapid muscle loss in cachexia. 
Furthermore, inhibition of protein synthesis via 
rapamycin, which inhibits mTOR-enhanced 
hypertrophy, did not cause muscle atrophy in 
mice [43, 44]. These findings suggest a complex 
interplay between protein synthesis and protein 
degradation exists to control muscle atrophy.

11.3.1.2  Proteasomes and Protein 
Degradation

The ubiquitin-proteasome system disassembles 
and degrades protein complexes in all cells [45, 
46]. Results from murine models of cancer 
cachexia suggest that the ubiquitin-proteasome 
system plays an important role in myofibrillar 
protein degradation [47] and that the PI3K-AKT- 
FoxO3 pathway controls the ubiquitin- 
proteasome pathway in muscles [48].

In the ubiquitin-proteasome pathway, proteins 
are marked for degradation by the proteasome via 
a chain of ubiquitin. Ubiquitination occurs 
through the ubiquitin protein ligase (E3), which 
catalyzes the covalent attachment of ubiquitin to 
specific protein targets. Ubiquitinated proteins 
will then be transferred to the 26S proteasome, 
where they undergo degradation. Thus E3 ligases 

are the factors that recognize specific structural 
motifs and mediate target specificity. Two 
muscle- specific E3 ligases, muscle RING finger 
1 (MuRF1) and atrogin-1/muscle atrophy F-box 
(MAFbx), are highly expressed in a wide range 
of muscle atrophy conditions [49, 50]. MAFbx 
overexpression causes myotube atrophy in vitro, 
while MAFbx and MuRF1 knockout mice are 
resistant to atrophy in vivo. These E3 ligases are 
also highly upregulated in murine models of can-
cer cachexia [51]. MAFbx targets sarcomeric 
proteins, including desmin, vimentin, and myo-
sins, as well as protein translational machinery, 
glycolysis enzymes, mitochondrial proteins, and 
transcription factors such as MyoD [52]. MuRF1 
ubiquitinates several myofibrillar proteins, 
including myosin heavy and light chains, sarco-
meric actin A, and troponins [53–57].

However, the two E3 ligases’ broad spectrum 
of targets is actually inconsistent with the specific 
loss of myosins, not other myofibrillar proteins, 
during cancer cachexia. Furthermore, no defini-
tive data exists to prove their roles in causing can-
cer cachexia. In fact, although MuRF1 and 
MAFbx knockout mice are available, and even if 
they are protected from certain forms of atrophy, 
nobody has demonstrated that these knockout 
mice are protected from cancer cachexia [58]. 
Most importantly, several studies have shown 
that the ubiquitin-proteasome system is not acti-
vated in human cachexia patients [59, 60]. This 
would suggest that the ubiquitin-proteasome sys-
tem is less important in human cachexia.

11.3.1.3  Lysosomes and Autophagy
The lysosomal system of protein degradation 
includes the aspartate protease cathepsin D and 
the cysteine proteases cathepsins B, H, and L. In 
some cancer cachexia patients, muscle biopsies 
showed increased lysosomal cathepsin B and no 
change in the ubiquitin-proteasome system [61]. 
Another early study showed that increased lyso-
somal cathepsin D in the muscle biopsies of can-
cer patients correlated with increased weight loss 
[62].

Although lysosomal protein degradation is 
well characterized in muscle wasting, the impor-
tance of autophagy was poorly understood until 
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recently [63–66]. Autophagy is a conserved pro-
cess whereby macromolecules and organelles are 
degraded with lysosomes and recycled for cellu-
lar survival. Autophagy proceeds through six 
specific steps: (1) induction, (2) commitment to 
phagophore formation, (3) elongation for 
autophagosome formation, (4) fusion of autopha-
gosome with lysosomes, (5) lysosomal degrada-
tion and recycling, and (6) lysosomal 
regeneration.

As expected, autophagy is increased in the 
cachectic muscles of tumor-bearing rodents [67, 
68] and in many other contexts [69–81]. In 
human patients, autophagy is activated in the 
muscles of esophageal cancer patients [82], 
whereas Atg5 and beclin1, both critical factors in 
autophagy activation, are upregulated in the 
cachectic muscles of gastrointestinal and pancre-
atic cancer patients [34]. Gabarap, which regu-
lates autophagosome elongation and fusion [83], 
is also upregulated in the muscles of gastrointes-
tinal cancer patients [84].

Intriguingly, aging-induced muscle wasting, 
or sarcopenia, is often characterized by a down-
regulation in autophagy instead [66, 70, 85, 86]. 
The extant literature suggests that autophagy is 
activated during cancer but has not addressed if 
autophagy is a cause or a consequence of 
cachexia. Indeed autophagy induction in cachec-
tic muscles could be simply a metabolic response 
to the bioenergetic stresses induced in muscles 
during cancer. It was found that a downregulation 
of autophagy, by tamoxifen-inducible knockout 
of Atg7 in mouse models of lung cancer, greatly 
suppressed cancer cell proliferation. But it failed 
to block muscle and adipose wasting [87]. In fact, 
muscle-specific Atg7 deletion caused an accumu-
lation of oxidative stress in muscle mitochondria, 
muscle wasting, and ultimately premature death 
[86–88]. Thus, autophagy is actually required for 
the survival and optimal metabolic function of 
myofibers. Seen in this light, the induction of 
lysosomal autophagy in the muscles of various 
cachexia models and human cancer patients is 
more likely to be an adaptive response, a conse-
quence not a cause of cachexia, to preserve 
energy and ameliorate dysfunctional metabolism 
during cancer cachexia.

11.3.2  Circulating Factors

The myriad effects on muscle metabolism, pro-
tein synthesis, and degradation during cancer 
cachexia are likely due to extrinsic circulating 
factors. Some of these factors originate from the 
cancer cells themselves, while others originate 
from the host tissues’ inflammatory response to 
cancer. The existence of circulating factors that 
influence host metabolism was first demonstrated 
by Lucke et al. in the 1950s through parabiosis 
experiments between tumor-bearing rats and 
tumor-free rats [89]. However, the list of new fac-
tors has been growing ever since and likely 
remains incomplete to this day.

11.3.2.1  TNFα
TNFα or tumor necrosis factor alpha is a pro- 
inflammatory cytokine that was originally named 
“cachectin” [90]. TNFα plays a critical role in 
regulating muscle regeneration and muscle pro-
tein degradation [91–97]. TNFα is required to 
activate muscle regeneration, but TNFα also 
appears to prevent normal myoblast differentia-
tion [98, 99].

There is significant evidence that TNFα causes 
cachectic muscle wasting in animal models, even 
though its role in humans has remained contro-
versial. Transplantation of TNFα-overexpressing 
cells produces a cachexia-like syndrome in ani-
mals [100]. Acute injection of recombinant 
TNFα into rats led to increased muscle protein 
degradation and decreased muscle protein syn-
thesis [101]. TNFα receptor knockout mice 
showed reduced muscle wasting in response to 
Lewis lung carcinoma, compared to control mice, 
despite equivalent levels of plasma TNFα [93]. 
TNFα is known to activate NFKB, which also 
induces the ubiquitin-proteasome system [102]. 
Moreover, TNFα has been found to increase ROS 
and p38 MAPK activation, to induce expression 
of the E3 ligase MAFbx [102]. p38 MAPK has 
been found to regulate muscle catabolism and 
myogenesis [103–106].

However, the relevance of TNFα to human 
cachexia remains unclear, as questions remain 
over whether the levels of TNFα actually do 
increase in cachectic cancer patients [107]. 
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Recent clinical trials of anti-TNFα antibodies for 
cancer cachexia have shown little to no efficacy 
[108]. It is possible that TNFα induces cachexia 
in only a specific subgroup of cancer patients and 
that effective treatment is only possible after per-
sonalized diagnosis of TNFα levels. An even 
more likely scenario is that cancer cachexia is 
due to multiple circulating factors, and inhibiting 
any particular factor singly will always be 
insufficient.

11.3.2.2  Interleukins
Many cancer types can produce pro- inflammatory 
interleukins (e.g., IL-1a/IL-1b, IL-6, IL-8), and 
their effects can synergize with the host immune 
system’s interleukins as well. One prominent 
candidate that cooperates with TNFα to drive 
inflammation during cancer is IL-6. Serum levels 
of IL-6 are correlated with weight loss in cancer 
patients and, importantly, patient survival [109, 
110]. Gain-of-function and loss-of-function stud-
ies also demonstrate that IL-6 is necessary to 
induce cachexia in murine models [111–113]. In 
rats, IL-6 injections induce both total and myofi-
brillar proteolyses in muscles [114].

However, IL-6 injection experiments suggest 
that only supraphysiological doses of IL-6 can 
induce muscle wasting [115]. Some other studies 
have failed to induce muscle wasting with IL-6 
injections in mice, even after repeated adminis-
tration [116]. Moreover, recent clinical trials of 
an anti-IL-6 antibody in cachectic lung cancer 
patients failed to protect against muscle wasting 
[117].

11.3.2.3  Myostatin, Activin, 
and GDF11

Myostatin, or GDF8, is a member of the TGFβ 
super family of ligands that causes muscle wast-
ing [118–122]. Myostatin binds and activates the 
activin receptor IIb (ActRIIB) to drive its effects 
on muscle wasting [123]. Myostatin suppresses 
myocellular growth, as loss-of-function muta-
tions lead to muscle hypertrophy whereas gain- 
of- function leads to muscle atrophy [124]. 
Myostatin’s effects on muscular hypertrophy are 
mediated via its effects on synthesis and degrada-
tion of muscle protein [123]. Moreover, myo-

statin also inhibits muscle regeneration. 
Specifically, myostatin blocks MyoD expression 
in muscle stem cells and myoblasts [125]. 
Without MyoD activation, muscle regeneration is 
suppressed because myoblasts cannot commit to 
fuse and differentiate into myofibers to repair 
injured muscles. Few studies have found myo-
statin to increase during cancer cachexia, but one 
study has found that myostatin expression 
increases in pre-cachectic gastric cancer patients 
[126], and others have found that myostatin 
increases in other types of cachexia due to chronic 
heart failure, COPD, and HIV/AIDS [127, 128]. 
Interestingly, many homologues of myostatin and 
ligands of ActRIIB, such as activin A and GDF11, 
have been found to change during the course of 
cancer cachexia and aging, respectively 
[129–132].

Several drugs have been developed to inhibit 
myostatin/ActRIIB signaling, mostly via 
ActRIIB decoys or antibodies [133–137]. 
Specifically in cancer cachexia, multiple studies 
have shown that ActRIIB inhibition can prevent 
muscle atrophy [133–137]. However, a Phase IIb/
PhaseIII clinical trial for a promising anti-ActRII 
antibody failed recently, unable to meet its pri-
mary end point for a rare but severe form of mus-
cle atrophy [138]. Several clinical trials for 
myostatin inhibitors have all failed earlier as well 
[138]. Further work will be required to determine 
if the myostatin/ActRIIB pathway still represents 
a viable therapeutic target in cachexia.

11.3.2.4  Proteolysis-Inducing Factor
Proteolysis-inducing factor (PIF) is a small gly-
coprotein first derived from the cachectic mouse 
MAC16 cell line [139]. The mouse C26 adeno-
carcinoma was found to produce PIF, whereas a 
variant of C26 which had lost its PIF gene became 
non-cachectic [140]. PIF injection induces an 
extraordinarily rapid 10% weight loss within 
24 h. Unlike TNFα, PIF-induced cachexia occurs 
without anorexia and directly affects muscle 
mass, via a 50% increase in protein degradation 
and a 50% decrease in protein synthesis [141]. In 
murine myotube cultures, PIF causes specific 
loss of myosin proteins, whereas sarcomeric 
actin A remains constant [142]. PIF also leads to 
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an upregulation of ubiquitin-proteasome system 
via NFKB signaling [142].

All the findings above are based on studies of 
mouse PIF. Some labeling studies and enzymatic 
deglycosylation studies have suggested that the 
PIF produced by the cachectic human G361 cell 
line is identical to the mouse PIF in mass and 
contains similar N- and O-glycosylation chains 
[143]. Subsequent studies have uncovered the 
existence of human PIF in other metastatic 
human cell lines and the urine of cancer cachexia 
patients [144]. Nevertheless, the role and exis-
tence of human PIF in cancer cachexia patients 
remain controversial [145].

11.3.2.5  Parathyroid Hormone-
Related Peptide

In the 1940s, Fuller Albright postulated the exis-
tence of a tumor factor that caused cancer- 
induced hypercalcemia [146]. Nearly 50 years 
later, several groups discovered a parathyroid 
hormone-like peptide (PTHrp) that was secreted 
from tumors and caused the hypercalcemia of 
malignancy [147–150]. Later studies showed that 
PTHrp correlated with cancer cachexia, and it 
was suggested that severe hypercalcemia caused 
muscle wasting [151].

A recent study suggested that during cancer 
cachexia, “browning” of white adipose tissue 
occurred to increase total energy expenditure and 
futile cycles of thermogenic oxidation [152]. In 
the Lewis lung carcinoma model of cachexia, 
PTHrp directly activated the thermogenesis genes 
in adipose tissues to cause “browning,” while 
blocking of PTHrp prevented “browning” [153]. In 
lung and colorectal cancer patients, serum PTHrp 
correlated with muscle wasting and energy 
expenditure [153]. Although an anti- PTHrp anti-
body ameliorated cancer cachexia, it did not 
completely inhibit it, suggesting that other circu-
lating factors synergize with PTHrp to cause 
browning and cachectic wasting [153].

11.3.2.6  Hypermetabolism
Total energy expenditure (TEE), estimated via 
oxygen consumption, can be subclassified into 
physically active energy expenditure (AEE), diet- 
induced energy expenditure (DEE), and resting 

energy expenditure (REE). In most sedentary 
people, ~70% of the TEE can be ascribed to 
REE. About half of cancer patients are consid-
ered hypermetabolic (REE > 110% of expected), 
and weight-stable patients tend to have a lower 
REE [154]. The REE of cancer patients is highly 
dependent on the cancer type. REE is signifi-
cantly higher in both lung cancer and pancreatic 
cancer patients, but not as much in gastrointesti-
nal cancer patients [155, 156]. Because malnour-
ished patients near death show a higher REE 
[157], these REE correlations might be con-
founded by the patients’ cancer stage and prox-
imity to death at the time of diagnosis. Similarly, 
REE varies widely between different animal 
models of cachexia and different stages of obser-
vation, with several manifesting high REE during 
early stages of cancer cachexia, but which 
decreases with disease progression [158, 159].

The mechanisms causing hypermetabolism in 
cancer cachexia are very complex. 
Hypermetabolism has been linked to systemic 
inflammation [155] or an elevated adrenergic 
state [160]. Human tumors are known to manifest 
high glucose uptake, glycolysis, and lactate pro-
duction even in the presence of oxygen, i.e., the 
Warburg effect [161]. Excess lactate produced by 
the tumor can be converted back to glucose via 
the Cori cycle in the liver, which consumes 
ATP. Cancer cachexia patients are known to man-
ifest higher rates of ATP-consuming Cori cycle 
activity, although the effects are variable [162, 
163].

Another major cause for a higher REE in can-
cer cachexia patients is the increased fatty acid 
oxidation in the brown adipose tissue (BAT) and 
skeletal muscles. Normally, BAT controls both 
body temperature and energy balance in many 
mammals, including humans, but generally there 
is little BAT remaining in humans by adulthood. 
However, an early study has shown that peri- 
adrenal BAT is present in 80% of cancer cachexia 
patients, compared with only 13% of age- 
matched controls [164]. And as mentioned above, 
mouse models of cancer cachexia also manifest 
adipose browning, in part due to increased PTHrp 
secretion by cachectic tumors [152, 153]. 
Nevertheless, it remained unclear how adipose 
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browning could cause muscle wasting. In most 
studies, hypermetabolism and energy wasting 
were regarded as undesirable consequences of 
cancer cachexia.

Most recently, we have found that excessive 
fatty acid oxidation in skeletal muscles induces 
muscle atrophy during cancer cachexia [106]. 
Previous studies showed that fatty acid oxidation 
was increased during cachexia, but it was never 
considered a driving cause of cachexia [1, 4–6]. 
We found that complex pro-inflammatory factors 
converged to trigger excessive catabolism of fatty 
acids in muscles, causing excessive mitochon-
drial ROS (Fig. 11.1), and thus activation of the 
aging-associated p38 MAPK signaling pathway 
[104, 105], which led to progressive muscle wast-
ing. In fact, many previous studies have already 
shown that multiple pro-inflammatory factors 
such as TNFα, IL-1, IL-6, IL-8, prostaglandins, 
and the zinc-alpha2-glycoprotein ZAG can 
induce lipolysis and fatty acid oxidation [165–
168]. Moreover, it is well known that ROS can 
potently activate the stress-inducible p38 MAPK 
[169]. Pharmacological inhibition of fatty acid 
oxidation rescues p38 MAPK activation and pre-
vents muscle atrophy during cancer cachexia 
[106].

ROS may be a common agent for inducing 
muscle atrophy under other conditions too 
(Fig. 11.1). Mice deficient in superoxide dis-
mutase (SOD), the major Cu-/Zn-dependent anti-
oxidant enzyme, show accelerated muscle 
wasting due to increased oxidative stress [170]. 
Hydrogen peroxide is also known to increase 
muscle protein degradation in murine myotubes 
[171].

11.4  Conclusions

Wasting of adipose tissue and skeletal muscle is a 
hallmark of metastatic cancer and a major cause 
of death. Like patients with cachexia caused by 
other chronic infections or inflammatory dis-
eases, the cancer subject manifests both malnutri-
tion and metabolic stress. Both carbohydrate 
utilization and amino acid incorporation are 
decreased in the muscles of cancer cachexia 

patients. However, the cancer cells’ rapid prolif-
eration alone is insufficient to cause cachexia, as 
fetal cells are also rapidly proliferating during 
uncomplicated pregnancy. The truly unique fea-
ture of cancer is the cancer cells themselves, 
which affect host metabolism in two ways: (a) 
their own metabolism of nutrients into other 
metabolites and (b) circulating factors they 
secrete or induce the host to secrete. Accelerated 
glycolysis and lactate production, i.e., the 
Warburg effect, and the resultant increase in Cori 
cycle activity are the most widely discussed met-
abolic effects. Meanwhile, although a large num-
ber of pro-cachexia circulating factors have been 
found, such as TNFα, IL-6, myostatin, and 
PTHrp, none have been shown to be a dominant 
factor that can be targeted singly to treat cancer 
cachexia in humans.

It is possible that given the complex multifac-
torial nature of the cachexia secretome, and the 
personalized differences between cancer patients, 
targeting any single circulating factor would 
always be insufficient to treat cachexia for all 
patients [1, 4–6]. Another approach would be to 
use broad-spectrum, anti-inflammatory drugs 
such as NSAIDs. However, owing to their chronic 
gastrointestinal and cardiovascular toxicity pro-
files, and weak efficacies, NSAIDs have been 
ineffective for treating cachexia [172]. One final 
approach would be to target the hypermetabolism 
and oxidative stress that these circulating factors 
convergently produce in skeletal muscles, to treat 
muscle wasting (Fig. 11.1). Our preclinical 
results [106] suggest that this approach might be 
feasible.
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Cell Cycle Regulation in Treatment 
of Breast Cancer

Zijie Cai and Qiang Liu

Abstract

Cell cycle progression and cell proliferation are under precise and orches-
trated control in normal cells. However, uncontrolled cell proliferation 
caused by aberrant cell cycle progression is a crucial characteristic of can-
cer. Understanding cell cycle progression and its regulation sheds light on 
cancer treatment. Agents targeting cell cycle regulators (such as CDKs) 
have been considered as promising candidates in cancer treatment. 
Although the first-generation pan-CDK inhibitors failed in clinical trials 
because of their adverse events and low efficacy, new selective CDK 4/6 
inhibitors showed potent efficacy with tolerable safety in preclinical and 
clinical studies. Here we will review the mechanisms of cell cycle regula-
tion and targeting key cell cycle regulators (such as CDKs) in breast can-
cer treatment. Particularly, we will discuss the mechanism of CDK 
inhibitors in disrupting cell cycle progression, the use of selective CDK4/6 
inhibitors in treatment of advanced, hormone receptor (HR)-positive post-
menopausal breast cancer patients, and other clinical trials that aim to 
extend the utilization of these agents.
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Cell cycle • CDK inhibitors • Breast cancer

12.1  Introduction

As the basic structural and functional unit of liv-
ing organisms, cells reproduce themselves by 
means of cell cycle process, during which they 
duplicate their genetic materials and distribute 
their DNAs equally into two equal cells (also 
called daughter cells). In eukaryotic cells, cell 
cycle progression takes place in steps. The first 
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step is called G1 phase, followed by the chromo-
somes replication in S phase. Then comes the G2 
phase which is followed by chromosomes segre-
gation in M phase [1]. Each step of cell cycle pro-
gresses in sequence, which is controlled by the 
actions of cyclins and their counterpart cyclin- 
dependent kinases (CDKs). Human cells contain 
a large family of CDKs and cyclins. However, 
only a few certain subsets of CDK-cyclin com-
plexes are involved in cell cycle regulation [2]. 
The kinase activity of CDKs is controlled mainly 
by three different ways: the binding to their coun-
terpart cyclins, the binding to negative regulators 
(CDK inhibitors, CKI), and phosphorylation/
dephosphorylation of CDKs. The cell cycle is 
also supervised by checkpoints, which detect 
mistakes during DNA synthesis and chromosome 
segregation. CDKs activity interacts with check-
points, which halts cell cycle progression and 
causes cell cycle arrest. This cell cycle progres-
sion brake enables cells to fix these mistakes, 
thus preventing defected DNA from transmitting 
to daughter cells [3]. Deregulation of CDKs leads 
to uncontrolled proliferation and increases 
genomic and chromosomal instability, which 
plays a significant role in carcinogenesis [4].

Deregulation of cell cycle, leading to aberrant 
cell proliferation, is a characteristic of cancer. 
Deranged CDK4/6 axis in the G1/S transition 
and perturbations in G2/M transition mediated by 
CDK1/2 are pivotal carcinogenesis events. Given 
their important role in cell cycle regulation, 
CDKs could be promising targets in cancer treat-
ment. However, the first-generation pan-CDK 
inhibitors failed in preclinical/clinical trials 
because of the adverse events and low efficacy [3, 
5]. In recent years, new selective CDK 4/6 inhibi-
tors, including ribociclib, abemaciclib, and pal-
bociclib, have been proved to be promising 
anticancer drugs with remarkable effects and 
manageable toxicity. Among these agents, palbo-
ciclib was the first CDK4/6 inhibitor that received 
FDA approval for treating postmenopausal 
women with estrogen receptor (ER)-positive, 
HER2-negative advanced breast cancer in combi-
nation with letrozole (February 2015) or with ful-
vestrant (February 2016) [6, 7].

In this review, we will introduce the mecha-
nism of cell cycle progression, especially the 
aberrant cell cycle regulation in the development 
of breast cancer. We will also review the advan-
tage and disadvantage of the first-generation pan- 
CDK inhibitors and the selective CDK4/6 
inhibitors. Because of the high efficacy and toler-
able adverse events of selective CDK4/6 inhibi-
tors in treating advanced ER-positive breast 
cancer patients, we will also discuss the potential 
use of CDK4/6 inhibitors in treatment beyond 
current indication, with an aim to extend the uti-
lization of these agents.

12.2  Cell Cycle and Its Regulation

Pioneer works by Lee Hartwell, Paul Nurse, and 
Tim Hunt demonstrated the mechanisms of mam-
malian cell division [1]. The well-established cell 
cycle regulation came from studies in yeast. Only 
one CDK (Cdc28 in Saccharomyces cerevisiae 
and Cdc2 in Schizosaccharomyces pombe) coop-
erated with its counterpart cyclins to regulate cell 
cycle progression in these simple cells. Although 
many new members of CDKs and cyclins have 
been identified in other species, only certain sub-
sets of CDKs and cyclins are responsible for cell 
cycle regulation in human cells [2].

During cell cycle progression, each of the 
main events takes place sequentially. After cyto-
kinesis is completed, daughter cells can either 
enter into the next stage of cell cycle or stay qui-
escence (also called G0). Cells initiate entry into 
cell cycle with the presence of extracellular sig-
nals such as growth factors. The cells that con-
tinue to divide need to go through the first stage 
(G1 phase) of the new cycle.

12.2.1  G1–S Phases

When cells enter into the cell cycle, mitogenic 
signals facilitate the synthesis of D-type cyclins 
(cyclin D1, D2, and D3) and relocation of 
CDK4/6 to nucleus, forming CDK4/6-cyclin D 
complexes. The interaction between CDK4/6 and 
cyclin D significantly enhances the kinase  activity 
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with a broader spectrum of substrate than other 
CDKs [8]. CDK4/6-cyclin D complexes phos-
phorylate retinoblastoma (Rb) protein family 
(including pRb, p107, and p130), which plays an 
important role in target gene suppression. 
Hypophosphorylated pRb prevents G1-S transi-
tion by blocking transcriptional activation of E2F 
and recruiting histone deacetylases to promoters 
of S-phase entry genes [9]. Once phosphorylated, 
inactivated pRb is released from E2F, which can 
then promote the transcription of E-type cyclins 
and other genes necessary for S-phase entry and 
DNA synthesis. Cyclin E binds to CDK2 and 
forms active CDK2-cyclin E complexes. At the 
end of G1, activated CDK2-cyclin E complexes 
facilitate Rb phosphorylation and cause the irre-
versible inactivation of Rb. This process, called 
the restriction point, is pivotal in carcinogenesis 
because alteration of the key regulators could 
lead to cell division without mitogenic stimuli 
[10]. In addition to Rb phosphorylation, CDK2- 
cyclin E complexes participate in phosphoryla-
tion of other substrates that involve DNA 
replication, histone modification, DNA repair, 
and centrosome duplication and maturation [11].

Inactivation of Rb also promotes expression of 
A-type and B-type cyclins. Once cells enter into 
S phase, cyclin E is rapidly degraded by SCF- 
Fbxw 7 ubiquitin ligase and then cleavage by 
proteasome, which leads to the inactivation of 
CDK2-cyclin E complexes [11]. With the accu-
mulation of cyclin A during S phase, CDK2, 
detached from cyclin E, interacts with the newly 
synthesized cyclin A. CDK2-cyclin A complexes 
can phosphorylate numerous proteins necessary 
for finishing S phase, including transcription fac-
tors, proteins relevant to DNA synthesis, DNA 
repair, histone modification, and cell cycle check-
points. After the completion of mitosis, CDK2 
activity might still exist. Pre-mitotic levels of 
CDK2 and p21CIP1 activity partially predict 
whether the postmitotic daughter cells continue 
to divide or become quiescent [12].

Another kinase, CDK3, which binds to cyclin 
C, may also be involved in Rb phosphorylation 
during G0-G1 transition. Considering that cyclin 
C expression is prior to cyclin D, Rb phosphory-
lation could be initiated by CDK3-cyclin 
C. CDK3 also interacts with cyclin E and cyclin 

A, but the role of CDK3 and its counterparts 
remains unclear [13] .

Cyclin-dependent kinase inhibitors (CKIs) also 
play a pivotal role in G1-S transition. The inhibitor 
of CDK4 (INK4) includes four structurally related 
proteins, p16INK4A, p15INK4B, p18INK4C, and p19INK4D, 
which consist of numerous ankyrin repeats. The 
INK4 proteins exclusively bind to CDK4/6 rather 
than other CDKs or cyclin D [14–18]. The cyclin-
dependent kinase inhibitor 1/kinase inhibitory pro-
teins (CIP/KIP), including, p21CDKN1A/CIP1, 
p27CDKN1B/KIP1, and p57CDKN1C/KIP2, can bind to all 
CDKs in varying degree, which have an alterna-
tive positive or negative regulatory role.

The INK4 proteins disrupt the interaction 
between CDK4/6 and cyclin D, by binding to the 
catalytic domains of CDK4/6, which subse-
quently inhibits the kinase activity [19]. For 
example, diverse oncoproteins prevent neoplastic 
transformation by inducing p16INK4A, which 
results in G1 arrest of the cell cycle and facilitates 
oncogene-induced senescence [20]. Similarly, 
p15INK4B suppresses epithelial cell proliferation 
with the presence of transforming growth factor-
 B [21]. Therefore, in the development of cancer, 
cells must evade the oncogene-induced senes-
cence, which may occur through the loss of 
p16INK4A or loss of Rb [22, 23]. The loss of 
p16INK4A releases the CDK4/6 and subsequently 
activates Rb phosphorylation, leading to onco-
genic proliferation, whereas the loss of Rb causes 
dysregulation of downstream signaling in the cell 
cycle. Therefore, Rb is necessary for the p16INK4A- 
mediated cell cycle arrest, and Rb-negative can-
cer has intrinsic resistance to p16INK4A or the 
agents of CDK4/6 inhibitors [24].

In contrast to INK4 proteins in control of 
CDK4/6, the CIP/KIPs family binds to CDK2- 
cyclin E complexes, which potently inhibit kinase 
activity and thus stabilize cyclin E [11, 18]. p21CIP1, 
one of the most important target genes of p53, 
serves as a DNA damage checkpoint which blocks 
DNA synthesis, whereas p27KIP1 responses to mito-
genic signaling and relates to deregulated prolifera-
tion [25, 26]. At the basal level, both p21CIP1and 
p27KIP1 can bind to and stabilize CDK4/6-cyclin D 
complexes without inhibiting their kinase activity. 
The sequestered p21CIP1and p27KIP1 released from 
CDK4/6-cylin D complexes indirectly inhibit 
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CDK2-cyclin E complexes, which form an interac-
tion network between the cyclins and CDK inhibi-
tors [18, 27]. In addition, the inhibitory function of 
p27 was confirmed to rescue cyclin D1-null mice 
that displayed defects without p27 ablation [18]. 
However, different studies showed that p21CIP1and 
p27KIP1 proteins had no direct inhibitory effects on 
CDK4/6-cyclin D complexes. Instead, they were 
found to promote the assembly and proper nuclear 
translocation of the complexes [28, 29]. The role of 
p21CIP1and p27KIP1 in carcinogenesis remains 
elusive.

12.2.2  G2–M Phases

In late S phase, cyclin A binds to CDK1, forming 
CDK1-cyclin A complexes. Sharing similar sub-
strates with CDK2-cyclin B, CDK1-cylin A phos-
phorylates numerous proteins involved in DNA 
synthesis and cell cycle regulators [30, 31]. The 
precise roles of CDK1-cyclin A and CDK2- cyclin 
B in S to G2 transition and their difference still 
need further study. After the nuclear envelope 
breakdown, cyclin A is degraded via ubiquitin- 
mediated proteolysis, whereas cyclin B becomes 
evident. The newly synthesized cyclin B binds to 
CDK1, forming CDK1-cyclin B complexes that 
may control G2-M transition and trigger mitosis 
[32]. CDK1-cyclin B is presumed to phosphorylate 
abundant substrates including microtubule-binding 
proteins, proteins relevant to translation, ubiquitin-
dependent proteolysis, replication, and other mito-
sis regulators. Cytoplasmic CDK1-cyclin B 
complexes also facilitate centrosome segregation 
through the phosphorylation of the centrosome-
associated motor protein Eg5 during prophase. In 
order to exit from mitosis, CDK1-cylin B com-
plexes are decomposed by the degradation of 
cyclin B regulated by the anaphase-promoting 
complex [33, 34].

12.2.3  Biological Function 
of Other CDKs

CDK5 Primarily active in postmitotic neurons, 
CDK5 interacts with p35 and p39, which are spe-
cific in brain tissue. CDK5-p35 and CDK5-p29 

complexes can phosphorylate numerous sub-
strates, which are relevant to neuronal cell cycle 
arrest and differentiation and apoptosis in neuro-
nal diseases. These substrates are involved in 
transcription, neuronal function, migration, and 
synaptic transmission [35–38].

CDK7 As a component of the CDK-activating 
kinase (CAK), CDK7 interacts with cyclin H, 
forming CDK7-cyclin H complexes. The CDK7- 
cyclin H complexes are presumed to phosphory-
late and facilitate all cell cycle CDKs. Given its 
interaction with TFIIH and RNA polymerase III, 
CDK7-cyclin H may also function in the regula-
tion of transcription [39, 41].

CDK8 and CDK9 CDK8 and CDK9 cooperate 
with cyclin C and cyclin T, respectively. CDK8- 
cyclin C and CDK9-cyclin T complexes regulate 
transcription by phosphorylating the large sub-
unit of RNA polymerase II. CDK8-cyclin C com-
plexes can also inhibit CAK activity by 
phosphorylating cyclin H. Increased CDK8 
kinase activity is relevant to expression of 
β-catenin transcriptional targets and the inhibi-
tion of E2F1 targets apoptotic genes [41]. On the 
other hand, CDK9 interacts with cyclin H and 
cyclin K, forming P-TEFb transcription factors 
that regulate transcriptional elongation [42].

CDK10 and CDK11 Although its cyclin part-
ner has not been identified yet, CDK10 may 
function in the regulation of G2-M transition. 
CDK10 also modulates the trans-activation activ-
ity of Ets2 transcription factors, a regulator of 
CDK1 expression [43]. CDK11 binds to cyclin L 
and interacts with the general precursor mRNA 
splicing factors RNAPS1 and 9G8 and RNA 
polymerase II [44]. In addition to RNA process 
regulation, CDK11 is relevant to the duplication 
and maturation of centrosome, the assembly of 
spindle, the binding of chromatid, and the 
 division of the cytoplasm at the end of mitosis 
[45–48].

CDK12 and CDK13 CDK12 (also called Crkrs) 
and CDK13 (also called CDC2L5) are involved 
in alternative splicing regulation by binding to 
cyclin L [45, 46].
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12.3  Cell Cycle Dysregulation 
in Breast Cancer

Breast cancer is a heterogeneous disease gener-
ated from various genetic and epigenetic muta-
tions of oncogenes and tumor suppressor genes 
that ruin homeostasis maintenance of prolifera-
tion, differentiation, and apoptosis in mammary 
epithelial cells. Under cell cycle dysregulation, 
decreased CDKs activities result in defective 
homeostasis, whereas hyperactivation of CDKs 
favors carcinogenesis by inducing uncontrolled 
cell division with subsequent development of 
malignant phenotypes. The mutations in CDKs 
and their regulators have been under extensive 
study. Dysregulation of the CDK4/6 axis and 
CDK2 has been emphasized in many human can-
cers including breast cancer due to its distinct 
mechanisms [49].

12.3.1  Cyclin D1 in ER-Positive Breast 
Cancer

Cyclin D1, encoded by CCND1 gene, was first 
described in carcinogenesis due to gene rear-
rangement—the chromosome 11p15:q13 inver-
sion in parathyroid adenoma [50]. Overexpression 
of cyclin D1, with an incidence of 45–50% in 
primary ductal carcinomas, is one of the most 
common oncogenic events in breast cancer [51]. 
In patients with luminal estrogen receptor(ER)-
positive breast cancer, activated ER signaling 
boosts the CCND1 transcription and leads to 
cyclin D1 overexpression [52]. In breast cancer 
cells, cyclin D1 is a direct target of estrogen sig-
naling and enhances cell proliferation [53]. 
Cyclin D1 can also bind to ER and enhance tran-
scriptional activity of ER through its CDK- 
independent function, which probably reinforces 
the interaction of cyclin D1 and ER signaling in 
ER-positive luminal breast cancer [54]. 
Additional dysregulation in ER-positive breast 
cancers includes cyclin D1 gene amplification 
and gene translocation [5, 55]. In patients with 
primary breast cancer, cyclin D1 overexpression 
is restricted to specific pathological subtypes. For 

example, cyclin D1 overexpression exists in 
almost exclusively estrogen receptor-positive 
ductal carcinoma and in vast majority of lobular 
carcinoma [56, 57].

In mouse mammary tumor virus (MMTV)-
cyclin D1 transgenic mice model, overexpression 
of cyclin D1 results in mammary hyperplasia and 
development of mammary adenocarcinomas, 
implicating that cyclin D1 plays an important 
role in the development of breast cancer [58]. 
The distinction of cyclin D1 mRNA expression 
levels between benign and malignant lesion indi-
cates that cyclin D1 overexpression is pivotal in 
the transition from ductal carcinoma in situ to 
invasive breast cancer [59]. Cyclin D1 protein 
overexpression in mammary hyperplasia and 
intraductal breast carcinoma suggests that cyclin 
D1 protein is important at the very early stage of 
breast carcinogenesis and continues to have a 
crucial role throughout the development of 
malignancy [60]. In human breast cancer cells, 
induction of cyclin D1 accelerates G1 phase, 
which makes it possible for the arrested cells to 
complete the cell cycle [61]. Cyclin D1 knockout 
mice are protected from breast cancer induced by 
Ras or Neu oncogenes, rather than c-myc or 
Wnt-1 oncogenes, revealing that cyclin D1 is a 
mediator in carcinogenesis [62]. The oncogenic 
action of Neu oncogenes seems to reflect a 
requirement for the cyclin D1-CDK4/6 interac-
tions, since overexpression of p16 blocks carci-
nogenesis by Neu [63]. Taking together, cyclin 
D1 overexpression plays a critical role in evolu-
tion of breast cancer, and targeting cyclin D1 may 
be a feasible strategy in breast cancer treatment, 
specifically in patients with activated Neu-Ras 
pathways.

In addition to the CDK4/6-dependent activi-
ties, cyclin D1 has non-cell cycle-associated 
CDK-independent function, acting as 
 transcriptional regulator in ER-positive breast 
cancer [64]. Cyclin D1 binds to the hormone-
binding domain of ER and subsequently facili-
tates the interaction between ER and its 
coactivators, leading to upregulation of 
ER-mediated transcriptional activity through a 
CDK4/6-independent mechanism [65, 66].
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12.3.2  Cyclin E in HER2-Positive 
Breast Cancer

In ER-positive breast cancer, cyclin E expression 
is at a low level. On the contrary, HER2-positive 
breast cancer is characterized by overexpression 
of cyclin E [67, 68]. Cyclin E overexpression also 
associates with poor differentiation [69], poor 
endocrine response [70], poor prognosis [71], 
and predicting sensitivity to cisplatin/Taxol che-
motherapy and trastuzumab [72, 73]. In mouse 
model, cyclin E overexpression results in mam-
mary hyperplasia and tumor formation at low 
incidence after long latency [74]. In breast cancer 
cell line, amplification of cyclin E results in a 
64-fold increase of cyclin E mRNAs that express 
cyclin E throughout all stages of cell cycle [75]. 
In addition to the overexpression of full-length 
50kD cyclin E, these cell lines overexpress other 
low molecular weight isoforms of cyclin E. These 
isoforms, lacking the amino terminus, are hyper-
active in activating substrates and accelerating 
the cell cycle progression through G1/S phase. 
The level of cyclin E and the summation level of 
cyclin E isoforms are shown to be strongly asso-
ciated with breast cancer patient survival [71]. 
Cyclin E overexpression coexists with HER2 
gene amplification in some patients with HER2- 
positive breast cancers, which is generally asso-
ciated with poor survival and probably 
trastuzumab resistance [76]. Previous studies 
showed contradictory prognostic effects of cyclin 
E in breast cancer patients, which was possibly 
due to the use of varying breast cancer pheno-
types, different methods, and threshold values to 
evaluate the expression of cyclin E [77]. A recent 
study of 2494 patients with breast cancer shows 
that cytoplasmic cyclin E is a predictor of recur-
rence with the highest likelihood consistently 
across different patient cohort and subtypes, sug-
gesting cyclin E as a critical target in breast can-
cer treatment [78].

Cyclin E and HER2 interact with each other 
by various mechanisms in patients with HER2- 
positive breast cancer. HER2 receptor-mediated 
carcinogenesis was shown to shorten G1 phase, 
resulting in aberrant cell cycle and subsequently 

uncontrolled proliferation, probably through 
upregulation of CDK2 activity [79]. Other stud-
ies demonstrated that HER2 straightly enhanced 
cyclin E activity since decreased HER2 signaling 
resulted in lower cyclin E expression, particularly 
the low molecular weight (LMW) isoforms, 
which in turn had prognostic and predictive roles 
in HER2-overexpressing breast cancer [80]. 
LMW-cyclin E binds to and activates CDK2 
more strongly, leading to increased CDK2 activ-
ity and decreased sensitivity of the LMW- 
cyclinE- CDK2 complexes to inhibition by p21 
and p27 [81]. The mammary tumorigenesis 
caused by LMW-cyclin E requires CDK2 activ-
ity, indicating that anti-CDK2 therapy may have 
potential role in LMW-overexpressing human 
breast tumors [82].

12.3.3  CKIs in Breast Cancer

Cyclin-dependent kinase inhibitors (CKIs) func-
tion as tumor suppressors predominately in the 
end of G1 phase, which trigger DNA damage 
checkpoint to block impaired cells and initiate 
repair progression or apoptosis. Despite distinct 
mechanisms of tumor suppressor genes, the inter-
ferences of these genes lead to accumulation of 
mutation and eventually cause carcinogenesis. 
The INK4 proteins play a pivotal role in carcino-
genesis for the high incidence of p16INK4A and/or 
p15INK4B inactivation in various human cancers, 
including breast cancer [83].

p16INK4A In normal breast tissue, the absence of 
p16INK4A is associated with hyper-methylation of 
p16INK4A gene, whereas hypo-methylation of 
p16INK4A is associated with expression of p16INK4A 
mRNA in breast cancer [84]. Overexpression of 
p16INK4A occurs in both grade 1 and grade 2 breast 
carcinomas with a marked decline in grade 3 
tumors [85]. A study in 14 breast cell lines 
showed that p16INK4A defect existed in 4 (29%) 
breast cell lines, 2 (14%) of which had p16INK4A 
gene methylation [86].These data suggest the 
role of p16INK4A is much more complex than pre-
viously hypothesized.
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p15INK4B In 14 breast cancer cell lines, 3 (21%) 
have p15INK4B gene mutation, whereas no methyl-
ated one is found in primary breast carcinomas 
[86, 87]. Although the methylation of p15INK4B 
gene is common in leukemia and glioma, this 
mutant was rare in breast cancer, which suggests 
that the mechanism of p15INK4B gene inactivation 
may be more complicated in different organs 
[88].

p21CIP1 p21CIP1 has been long considered as a 
potential tumor suppressor gene, because p21CIP1- 
null mice develop mammary tumor with the pres-
ence of Ras expression [89]. Nevertheless, the 
expression of p21CIP1 is suppressed in normal 
breast tissue, whereas the accumulation of p21CIP1 
is observed in breast tumor tissues [85]. Clinical 
study implicates that the cytoplasmic localization 
of p21CIP1 is relevant to HER2-overexpression, 
both of which predict poor prognosis in breast 
cancer patients [90].

p27KIP1 The p27KIP1 acts as another important 
tumor suppressor gene for mice with deficient 
p27KIP1 generated pituitary adenomas and dis-
plays higher risk of carcinoma when exposed to 
carcinogens [91]. The expression of p27KIP1 is at 
relatively high levels in normal breast, whereas 
the expression of p27KIP1 is decreased in tumor 
tissues, particularly in high-grade tumors [85, 
92].

12.4  Targeting CDKs in Breast 
Cancer Treatment

Breast cancer treatment is a combination of sur-
gery, chemotherapy, endocrine therapy, radio-
therapy, targeted therapy, and other therapies 
[93]. The critical role of CDKs and their counter-
parts in cell cycle regulation and carcinogenesis 
raises the possibility of targeting these molecules. 
The therapeutic value of targeting CDKs has 
been intensively investigated, especially the 
interphase CDKs (CDK1, CDK2, CDK4, CDK5, 
and CDK6). Nevertheless, their usages in breast 
cancer treatment as pharmaceutical targets still 
need further study [93]. The ideal CDK-targeted 

therapy requires interruption of specific CDKs 
signaling in malignant cells but spares other 
CDKs activities that are critical in normal cell 
cycle progress to achieve high efficacy and low 
toxicity. As mentioned above, dysregulation of 
the cyclin D-CDK4/6-Rb pathways may lead to 
acceleration of G1-S progression and uncon-
trolled proliferation. These observations enable 
the development of CDK4/6 inhibitors for spe-
cific transformed cells. Feasible CDK4/6 inhibi-
tors are supposed to decrease Rb phosphorylation 
and block cell cycle progression in cells with Rb 
persistent activation. In cells that lose Rb func-
tion, these agents may be ineffective. Thus, selec-
tion of appropriate patients for specific 
anti-CDK4/6 therapy depends on whether the 
cancer mainly relies on CDK4/6 axis dysregula-
tion to accelerate G1/S transition. Luminal 
ER-positive breast cancer, but not basal-like 
ER-negative breast cancer, is the subtype with 
amplication/overexpression of cyclin D1 and is 
suitable for anti-CDK4/6 therapy. Even for 
women with advanced ER-positive breast cancer 
who have developed resistance to endocrine ther-
apy, most of them still rely on cyclin D1-CDK4/6 
complexes to initiate the G1/S transition.

12.4.1  The First-Generation Pan-CDK 
Inhibitors

In the past two decades, numerous CDK inhibi-
tors have been discovered as potential therapeutic 
agents and evaluated in preclinical/clinical trials 
in different tumor models. However, none of the 
first-generation pan-CDK inhibitors, including 
flavopiridol, olomoucine, and roscovitine, 
achieved permission in clinical application. 
These agents fail to meet the expectation in 
 preclinical/clinical studies, exhibiting limited 
activity and severe toxicity.

Among these first-generation inhibitors, flavo-
piridol, also known as alvocidib, has been exten-
sively investigated in more than 60 clinical trials 
up to now [49]. Flavopiridol derived from chro-
mone alkaloid inhibits kinase activities of several 
CDKs (CDK1, CDK2, CDK4, CDK6, CDK7, 
and CDK9). Although flavopiridol has limited 

12 Cell Cycle Regulation in Treatment of Breast Cancer



258

clinical effects in patients with hematological 
malignancies, including chronic lymphocytic 
leukemia, adverse events come out when the dose 
increases [94, 95]. Previous studies about flavo-
piridol showed disappointing results for the treat-
ment of breast cancer. No evident antitumor 
response was observed in two patients (6%) with 
advance breast cancer in a phase I trial [96]. 
Another phase I trial showed that only one patient 
(5%) with breast cancer might benefit from the 
combination of flavopiridol with 5-fluorouracil, 
leucovorin, and oxaliplatin (FOLFOX) [97].The 
most common adverse events, including hypo-
tension, neutropenia, fatigue, diarrhea, and nau-
sea, often lead to discontinuation of the trials. 
Since flavopiridol did not achieve expected suc-
cess as an ideal CDK inhibitor, no phase III trial 
was carried out, and the development of flavopiri-
dol was given up.

In parallel with flavopiridol, a phase I trial was 
carried out to evaluate roscovitine (also called 
R-roscovitine, CY-202, or seliciclib), which had 
an inhibitory effect on CDK1, CDK2, CDK5, 
and CDK7. Of the 56 patients receiving roscovi-
tine treatment, only one patient with hepatocel-
lular carcinoma achieved a partial response and 
sustained tumor stabilization [98]. In breast can-
cer cell line MCF-7, roscovitine was shown to 
suppress cell proliferation and reduce cell sur-
vival of endocrine-resistant breast cancer cells 
[99]. In vivo model of MCF-7 cell line, roscovi-
tine can synergize with the antitumor effect of 
doxorubicin without increasing toxicity [100]. 
These results reveal the potential therapeutic role 
of CDK2 inhibition in abrogating growth of 
endocrine-resistant breast cancer cells.

SNS032 (also called BMS-387032), with an 
inhibitory effect on CDK2, CDK7, and CDK9, 
has been shown to sensitize hypoxic and quies-
cent non-small cell lung cancer cells to radiation 
therapy. The inhibitory activity may rely on cell 
cycle independent of CDKs, including CDK7 
and CDK9, which are presumed to modulate 
DNA double-strand break repair [101]. Other 
studies show that AML cells treated with SNS- 
032 are more susceptible to the cytotoxic effects 
of Ara-C, whereas SNS-032 fails to achieve 
expected clinical outcomes in patients with 

chronic lymphocytic leukemia and multiple 
myeloma [102, 103]. In a phase I trial of 21 
patients with metastatic solid tumors, only 3 
patients (15%) achieved a response of stable dis-
ease, while the results of 2 patients (10%) with 
advanced breast cancer were not published [104].

Dinaciclib (also called MK-7965 and 
SCH727965) is a potent pan-CDK inhibitor, with 
higher inhibitory effect on CDK1, CDK2, CDK5, 
and CDK9. It exhibits better inhibition of Rb 
phosphorylation, compared with flavopiridol 
[105]. Dinaciclib has been well tolerated in initial 
trials, and patients with advanced solid malignan-
cies, myeloma, and chronic lymphocytic leuke-
mia have received profitable clinical efficacy 
[105–107].However, a few studies on patients 
with advanced breast cancers showed disappoint-
ing outcomes. For example, a phase I trial in 
patients with metastatic triple-negative breast 
cancer revealed that the combination of dinaci-
clib and epirubicin might result in massive 
adverse events and failed to be an effective ther-
apy for metastatic triple-negative breast cancer 
[108]. Randomized phase II trial also received 
disappointing results, which compared the thera-
peutic efficacy of dinaciclib with the chemother-
apy drug capecitabine in patients with advanced 
breast cancer. Although dinaciclib monotherapy 
suppressed tumor progression with generally tol-
erated adverse events, its efficacy was inferior to 
capecitabine [109].

The reasons why the first-generation pan- 
CDK inhibitors fail in clinical trials may be 
explained by the following. Firstly, the first- 
generation pan-CDK inhibitors, with low speci-
ficity, may influence cell cycle progression in 
different aspects. It remains unknown what kind 
of CDKs are actually blocked in vivo and whether 
one may interfere with another. Secondly, the 
biomarkers for anti-CDKs therapy are unclear. 
Because of the inter- and intra-tumor heterogene-
ity of breast cancer, different subpopulations may 
respond totally differently to an identical agent. 
Therefore, the identification of sensitive subpop-
ulations and the selection for appropriate agents 
need to be further optimized. Thirdly, some of 
these CDKs inhibitors can also target proteins 
(such CDK9) that are crucial in cellular tran-
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scription and thus influence cell proliferation and 
apoptosis in both cancer cell and normal cells. 
The inhibition of transcriptional CDKs may pre-
vent carcinogenesis by inducing apoptosis of 
cancer cells. However, it limits the therapeutic 
dose of these nonselective agents because they 
fail to distinguish transformed cells from normal 
cells. As a result, severe adverse effects arise, 
such as hypotension, neutropenia, fatigue, diar-
rhea, and nausea [49, 93].

12.4.2  The Selective CDK4/6 
Inhibitors

Since cyclin D-CDK4/6 pathways alteration pro-
vides a proliferative and survival advantage to 
various cancers, including breast cancer, target-
ing CDK4/6 may achieve more therapeutic ben-
efits than targeting other CDKs. For example, 
CDK4/6 gene amplification and cyclin D1 gene 
amplification/translocation mainly exist in 
ER-positive breast cancer. Estrogen-mediated 
signaling can also lead to cyclin D1 overexpres-
sion. Preclinical studies in cell lines and xeno-
grafts have revealed that selective CDK4/6 
inhibitors have potent inhibitory effects on malig-
nancies with limited cytotoxicity [110].

Understanding the molecular structure of 
CDKs leads to the development of more selective 
CDK4/6 inhibitors [55].And up to now, three 
selective CDK4/6 inhibitors (palbociclib, riboci-
clib, and abemaciclib) have been widely studied 
in preclinical and clinical trials, with promising 
efficiency and manageable adverse events.

12.4.2.1  Palbociclib
Palbociclib (PD0332991) is one of the most well- 
known selective CDK4/6 inhibitors discovered 
from a subset of pyridopyrimidine compounds 
according to its unprecedented levels of selectiv-
ity for CDK4 as well as its superior physical and 
pharmaceutical properties. In vitro, it has a prior 
selectivity for CDK4 and CDK6 
(IC50 = 0.011 μmol/L, 0.016 μmol/L, respec-
tively) but has limited activity against other 
CDKs or tyrosine kinases. In preclinical studies, 
palbociclib was shown to arrest cells exclusively 

in G1, decrease phospho-Rb and Ki-67, and 
reduce expression of E2F target genes in 
Rb-positive tumors. Consistent with its mecha-
nism of action, palbociclib failed to inhibit the 
growth of triple-negative breast cancer cell line 
with the feature of Rb deficiency [111]. Later 
study found that palbociclib might have inhibi-
tory activity in Rb-deficient cells, probably 
because of the supplementary function of other 
phosphorylate retinoblastoma (Rb) proteins like 
p107 or p130 [112].

Two phase I studies investigating the dose- 
limiting toxicities (DLTs) and the maximum tol-
erated dose (MTD) of palbociclib were conducted 
in patients with relapsed or refractory cancer, 
including Rb-positive advanced solid tumors and 
non-Hodgkin’s lymphoma [113, 114]. A phase I 
study of 33 patients, who received palbociclib in 
2/1 schedule (palbociclib once daily for 2 weeks 
on treatment; 1 week rest), gained therapeutic 
benefits. A case of partial response was reported 
in the patient with testicular cancer, who received 
palbociclib 200 mg/d. Additional nine cases were 
reported to achieve stable disease for more than 
two cycles, and three cases maintained stable dis-
ease for more than ten cycles. Although 
treatment- related adverse events happened in 29 
cases (88%), most of them were manageable 
[114]. Another study of 41 patients that adminis-
tered palbociclib once daily for 21 of 28 days 
(3/1 schedule) revealed that 10 (27%) patients 
maintained stable disease for more than 4 cycles 
and 6 of them achieved prolonged benefit for 
more than 10 cycles with tolerated toxicities 
[113]. Similar dose-limiting adverse events were 
observed, and the most common adverse event 
was neutropenia. Based on these studies, the 
MTD, 200 mg/d and 125 mg/d, respectively, was 
recommended for phase II study.

A phase II study of palbociclib for monother-
apy (125 mg/d; 3/1 schedule) was performed in 
37 patients with Rb-positive advanced breast 
cancer [115]. Most of these patients had hormone 
receptor (HR)-positive disease and were pre-
treated with two or more prior hormonal therapy 
or chemotherapy. The overall median progression- 
free survival was 3.7 months, which was signifi-
cantly related to HR level as well as progression 
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on prior hormone treatment. Patients with 
HR-positive tumor had significantly longer 
progression- free survival than those with 
HR-negative tumors (4.5 months versus 
1.5 months). The progression-free survival in 
those with progression disease was associated 
with the number of previous prior hormone treat-
ment. As for the overall response rate, partial 
response (PR) was reported in two cases, and 
stable disease (SD) for more than 6 months 
existed in five cases. The clinical benefit rate 
(CBR = PR + 6 months SD) was 19% overall, 
21% in HR positive, and 29% in patients with 
progress disease who previously received more 
than two prior hormone treatments. Notably, 
none of the markers (including Rb in nuclear, 
Ki67, p16 defect, and cyclin D1 overexpression) 
was relevant to either clinical benefit rate or 
progression- free survival. As for the safety and 
tolerability, 59 grade 3/4 adverse events were 
observed because of myelotoxicity. In addition, 
grade 3/4 neutropenia and leukopenia were 
observed in 19 cases (51%), grade 3/4 lymphope-
nia in 11 cases (30%), grade 3/4 thrombocytope-
nia in 7 cases (19%), and grade 3/4 anemia in 2 
cases (5%). Nine patients (24%) suspended treat-
ment, and 19 (51%) reduced drug dose due to 
cytopenias. Only one patient (3%) quitted the 
treatment after two cycles due to a moderate 
fatigue [115]. Taking together, this study has 
revealed that single-agent palbociclib is potent in 
patients with Rb-positive advanced breast cancer, 
particularly in HR-positive and endocrine- 
resistant patients, with manageable adverse 
events.

An open-label randomized phase I/II study 
(NCT00721409, also known as PALOMA-1/
TRIO-18) aimed to verify the effect and safety of 
the combination of palbociclib and letrozole in 
women with estrogen receptor (ER)-positive and 
HER2-negative breast cancer [116]. Previous 
phase I study demonstrated tolerable treatment- 
related adverse events and no significant drug- 
drug interaction, suggesting a dose of oral 
palbociclib 125 mg/d on 3/1 schedule in combi-
nation with letrozole 2.5 mg/d orally [117]. The 
phase II study included 165 patients from 50 sites 
in 12 countries, who were divided into two sepa-

rate cohorts. In cohort I, 66 women were recruited 
according to their estrogen receptor-positive and 
HER2-negative biomarker status alone. They 
received the combination of palbociclib 
(125 mg/d; 3/1 schedule) and letrozole (2.5 mg/d; 
continuously), compared with letrozole mono-
therapy. Meanwhile, in cohort II, 99 women with 
CCND1 amplification, loss of p16, or both were 
selected to receive the same treatment alloca-
tions. The primary intention of this study was to 
explore and analyze progression-free survival in 
cohort I. Unexpectedly, a remarkable improve-
ment of progression-free survival was shown in 
cohort I with no evident association between 
prognosis and status of CCND1 or p16, leading 
to a combined analysis for both cohorts. Final 
analysis showed that median progression-free 
survival in combination therapy group versus 
monotherapy group was 20.2 months versus 
10.2 months. In concert with previous studies, 
neutropenia, leucopenia, and fatigue had higher 
incidence in combination therapy group. 
Although slight increased incidence of adverse 
events was reported in combination therapy 
group, most of them were low grade [116]. The 
promising results from PLAOMA-1/TRIO 18 
study allow FDA to speed up palbociclib 
approval. The combination therapy of palbociclib 
and letrozole is recommended as the prior 
endocrine- based therapy in postmenopausal 
women with estrogen receptor-positive, HER2- 
negative advanced breast cancer [115].

A randomized, multicenter phase III study 
PALOMA-2 (NTC01740427) was carried out to 
validate the results in a larger population. In this 
double-blinded study, 666 patients with estrogen 
receptor-positive, HER2-negative breast cancer, 
who had not received prior treatment, were 
recruited. These patients were randomly divided 
into two groups in a 2:1 ratio, with 444 patients to 
receive palbociclib plus letrozole and 222 patients 
to receive placebo plus letrozole for the same 
treatment allocations as PLAOMA-1/TRIO18. 
The progression-free survival was assessed, as 
well as other indexes such as overall survival and 
clinical benefit response. In combination therapy 
group (palbociclib plus letrozole), the median 
progression-free survival was 24.8 months com-
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paring with 14.5 months in the monotherapy 
group (placebo plus letrozole). Neutropenia, leu-
kopenia, and anemia mainly occur in palbociclib 
plus letrozole group with a higher incidence. 
Results from PALOMA-2 verified that in post-
menopausal patients with ER-positive and 
HER2-negative advanced breast cancer, the com-
bination therapy of palbociclib and letrozole sig-
nificantly improved progression-free survival 
when compared with letrozole monotherapy. 
These findings indicate that selective CDK4/
CDK6 inhibitor can be used as first-line treat-
ment for the above patient group [118].

Another double-blinded, randomized phase 
III study PALOMA-3 (NCT01942135) con-
firmed the safety and efficacy of the combination 
of palbociclib and fulvestrant (a selective estro-
gen receptor degrader) in women with hormone 
receptor-positive, HER2-negative advanced 
breast cancer who were relapsed or refractory. 
Five hundred twenty-one patients were randomly 
divided in a 2:1 ratio into the combination ther-
apy group of palbociclib plus fulvestrant and the 
fulvestrant monotherapy group. The median 
progression- free survival was 9.2 months in the 
combination therapy group versus 3.8 months in 
the fulvestrant monotherapy group. The most 
common adverse events in the combination ther-
apy group were neutropenia, leukopenia, and 
anemia, with a much higher incidence than pla-
cebo plus fulvestrant group. PALOMA-3 was the 
first large trial to testify efficacy and safety of a 
selective CDK4/6 inhibitor in endocrine-resistant 
breast cancer [119, 120].

An increasing number of trials are assessing 
the safety and efficacy of palbociclib in different 
clinical conditions (including adjuvant therapy 
and neoadjuvant chemotherapy) and combining 
other drugs like trastuzumab with palbociclib in 
breast cancer treatment [121]. Given that palbo-
ciclib was synergistic with trastuzumab in HER2- 
positive breast cancer cell, addition of palbociclib 
to HER2 targeted therapy has raised great interest 
[122]. Preclinical breast cancer models revealed 
that CDK4/6 controlling downstream of HER2 
served as a feasible therapeutic target in HER2- 
positive breast cancer. Selective CDK4/6 inhibi-
tor palbociclib was synergistic with multiple 

HER2-targeted agents, which provided an addi-
tional mechanism to potently suppress the propa-
gation of T-DM1-resistant HER2-positive cancer 
cells [123]. A phase 1b trial is ongoing to evalu-
ate the combination therapy of palbociclib plus 
T-DM1.

12.4.2.2  Ribociclib
Ribociclib (LEE011) is another orally adminis-
tered small molecular with high selectivity to 
inhibit CDK4/6 at nanomolar concentrations, 
which reduces Rb phosphorylation, blocks cell 
cycle progression, and induces G1 arrest. In pre-
clinical studies, ribociclib was shown to have 
inhibitory activity in cancer cell lines and xeno-
graft models of neuroblastoma, liposarcoma, and 
ER-positive breast cancer [124, 125].

In a phase I trial, ribociclib was tested as a 
monotherapy in 132 patients with Rb-positive 
malignancies, including 20 patients with breast 
cancer. This trial explored the maximum toler-
ated dose (MTD), recommended dose for expan-
sion (RDE), and safety of ribociclib. The 
maximum tolerated dose (MTD) and the recom-
mended phase 2 dose (RP2D) were 900 and 
600 mg/day, respectively, on a 3/1 schedule. 
Among the 70 patients evaluated for MTD/RDE 
determination, 9 DLTs were observed during 
cycle 1. The most common DLTs were neutrope-
nia and thrombocytopenia. The Ki67 levels of 
skin and tumor tissues were decreased due to the 
ribociclib-mediated antiproliferative activity. 
Stable disease was reported in 43 cases (includ-
ing 8 progression-free cases for more than 
6 months). Partial response was observed in three 
cases (including one patient with ER-positive, 
PIK3CA-mutant, and CCND1-amplified breast 
cancer) [126].

In a recent phase Ib/II study involving patients 
with ER-positive, HER2-negative advanced 
breast cancer, ribociclib (600 mg/d;3/1 schedule) 
in combination with letrozole showed an accept-
able safety profile and exhibited promising clini-
cal activity, particularly in patients who had never 
received previous systemic treatment for 
advanced disease. Between previously untreated 
patients and previously treated patients, the over-
all response rate (ORR) was 83% versus 5%, 
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while the clinical benefit rate (CBR) was 73% 
versus 32% [127]. Since preclinical studies 
showed that ribociclib and the alpha-specific 
PI3K inhibitor alpelisib (BYL719) had synergis-
tic activity in PIK3CA-mutant breast cancer, a 
phase 1b/2 study was carried out to access the 
safety and efficacy of the combination with ribo-
ciclib and PI3K inhibitors [128]. A triplet combi-
nation with ribociclib, letrozole, and alpelisib 
was administered in patients with HR-positive, 
HER2-negative advanced breast cancer 
(NCT01872260). There were 41 patients receiv-
ing ribociclib (300–500 mg QD in 3/1 schedule) 
plus letrozole (2.5 mg QD continuous), 21 
patients receiving alpelisib (200–250 mg QD 
continuous) plus letrozole (2.5 mg QD continu-
ous), and 36 patients receiving ribociclib (300–
500 mg QD in 3/1 schedule) plus alpelisib 
(200–250 mg QD continuous) plus letrozole 
(2.5 mg QD continuous). Of the 27 patients eval-
uated for response, 2 (7%) patients had confirmed 
partial response, 4 (15%) patients had uncon-
firmed partial response, and 6 (22%) patients had 
stable disease with response of mild adverse 
events [129]. Another phase II study evaluated 
the biological activity of ribociclib plus letrozole 
compared with single-agent letrozole in the pre-
surgical condition of breast cancer 
(NCT01919229). The combination of ribociclib 
and letrozole reduced Ki67-positive cell fraction 
potently with tolerate adverse event [130]. To 
explore potential inhibitory effect of CDK4/6 
inhibitors in HER2-positive breast cancer, an 
ongoing open-label, phase 1b/2 clinical trial 
accesses the safety and efficacy of the combina-
tion of ribociclib and trastuzumab in comparison 
with T-DM1 monotherapy for patients with 
HER2-positive advanced or metastatic breast 
cancer (NCT02657343).

Three large, international, double-blinded, 
placebo-controlled phase III trials are evaluating 
the addition of ribociclib to endocrine therapy in 
patients with HR-positive, HER2-negative breast 
cancer. The MONALEESA-2 confirmed the 
combination therapy (ribociclib plus letrozole) as 
the prior treatment in patients with previously 
untreated HR-positive, HER2-negative advanced 
breast cancer (NCT01958021). A total of 668 

patients were randomly divided in a 1:1 ratio into 
the combination therapy group (ribociclib plus 
letrozole) and the letrozole monotherapy group. 
The trial met its primary end point, with the 
median duration of progression-free survival not 
reached in the combination therapy group versus 
14.7 months in the monotherapy group. The 
overall response rates were 40.7% in the combi-
nation therapy group and 27.5% in the monother-
apy group, including 9 (2.7%) complete response 
versus 7 (2.1%) and 127 (38%) partial response 
versus 85 (25.4%). The clinical benefit rates were 
79.6% in the combination therapy group versus 
72.8% in the monotherapy group. As for safety, 
more grade 3/4 adverse events arise in the combi-
nation therapy group (81.2%) than in the mono-
therapy group (32.7%). The most common 
adverse events were neutropenia (74.3% versus 
5.2%), nausea (51.5% versus 28.5%), infections 
(50.3% versus 42.4%), fatigue (36.5% versus 
30.0%), and diarrhea (35.0% versus 22.1%). The 
MONALEESA-3 (NCT02422615) is another 
ongoing phase III trial, which accesses the effi-
cacy and safety of the combination therapy of 
ribociclib plus fulvestrant for treatment of 
patients with untreated HR-positive, HER2- 
negative advanced breast cancer. The primary 
end point of the study is progression-free sur-
vival, and the secondary end points include over-
all survival, overall response rate, and safety. The 
MONALEESA-7 (NCT02278120) is another 
ongoing phase III trial, which aims to assess the 
safety and efficacy of ribociclib or placebo in 
combination with tamoxifen and goserelin or a 
nonsteroidal aromatase inhibitor (NSAI) and 
goserelin for the treatment of premenopausal 
women with HR-positive, HER2-negative 
advanced breast cancer.

12.4.2.3  Abemaciclib
Abemaciclib (LY283521), another oral selective 
CDK4/6 inhibitor characterized with its clinical 
safety profile, is currently in clinical develop-
ment. At low nanomolar, abemaciclib strongly 
inhibits CDK4 and CDK6 and therefore reduces 
Rb phosphorylation, leading to cell cycle arrest 
in G1 and proliferation suppression, particularly 
in Rb-proficient breast cancer cell lines. Oral 
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administration of abemaciclib suppressed tumor 
growth in human tumor xenografts including 
various tumor subtypes in tumor-bearing mice 
[131, 132].

The first-in-human phase I study evaluated the 
safety and efficacy of abemaciclib for the treat-
ment of patients with solid tumors including 
breast cancer. In this trial, abemaciclib demon-
strated promising single-agent activity, and lim-
ited toxicities occurred with the increase of drug 
dose. A total of 225 patients were recruited, 
including 33 patients in dose escalation and 192 
patients in tumor-specific cohorts. The median 
progression-free survival was 8.8 months in 
HR-positive patients versus 1.1 months in 
HR-negative ones. Similarly, disease control rate 
could be associated with the HR status in patients 
who had been previously treated (HR positive, 
29 in 36 cases (81%) versus HR negative, 3 in 9 
cases (33%)). Based on the Rb inhibition and cell 
cycle arrest in normal cells and tumor cells, the 
maximum tolerated dose was 200 mg every 
12 hours. Among the most common treatment- 
related toxicities, fatigue was manageable. 
Meanwhile, other toxicities occurred in gastroin-
testinal system, renal system, and hematopoietic 
system. A subgroup of 19 patients with 
HR-positive breast cancer received the combina-
tion therapy of abemaciclib plus fulvestrant. 
Partial responses were observed in four patients 
(21%) with no different adverse events compared 
to single-agent cohorts. The antitumor activity of 
abemaciclib in patients with HR-positive breast 
cancer was probably associated with TP53 rather 
than PIK3CA [133]. These results inspired the 
idea to test the combination of different therapies 
(letrozole, anastrozole, tamoxifen, exemestane, 
exemestane plus everolimus, trastuzumab) for 
patients with metastatic breast cancer in a phase 
1b multiple cohorts study (NCT02057133). A 
total of 65 patients were assigned into 6 cohorts 
to receive the combination therapy of abemaci-
clib and other drugs (such as letrozole, anastro-
zole, tamoxifen, and trastuzumab). This study 
indicates that the combination of abemaciclib 
and different therapies is promising for patients 
with metastatic breast cancer [134].

The phase II study MONARCH-1 
(NCT02102490) evaluated the safety and effi-
cacy of abemaciclib as monotherapy for patients 
with previously treated, advanced, or metastatic 
HR-positive/HER2-negative breast cancer who 
had progressive disease on or after endocrine 
therapy and chemotherapy. In 132 eligible 
patients, the confirmed overall response rate was 
19.7%, the clinical benefit rate was 42.4%, and 
the median PFS was 6.0 months, with a higher 
response rate than other CDK4/6 inhibitors [135]. 
Considering that abemaciclib can cross the 
blood-brain barrier, abemaciclib is supposed to 
have potential antitumor activity in patients with 
central nervous system metastases [136]. A cur-
rently ongoing phase II study (NCT02308020) is 
evaluating the efficacy of abemaciclib in patients 
with brain metastases from different solid pri-
mary tumors including HR-positive breast can-
cer. Another ongoing phase II study 
(NCT02675231) is exploring the efficacy of abe-
maciclib plus trastuzumab with or without ful-
vestrant or chemotherapy in patients with 
HR-positive, HER2-positive locally advanced or 
metastatic breast cancer. NeoMONARCH 
(NCT02441946) is a randomized, multicenter, 
open-label phase II neoadjuvant study comparing 
the biological effects of abemaciclib plus anas-
trozole, abemaciclib monotherapy, and anastro-
zole monotherapy in patients with early-stage 
HR-positive/HER2-negative breast cancer. Two 
hundred twenty-three patients were stratified by 
progesterone receptor status and tumor size and 
randomized into three groups at a ratio of 1:1:1 to 
receive abemaciclib (150 mg orally Q12H) plus 
anastrozole (1 mg orally QD), abemaciclib 
(150 mg orally Q12H), and anastrozole (1 mg 
orally QD) for 2 weeks followed by administra-
tion of abemaciclib (150 mg orally Q12H) plus 
anastrozole (1 mg QD) for the next 14 weeks. In 
a 9-month interim analysis, a single agent of abe-
maciclib or in combination with anastrozole 
exhibited significantly greater suppression of 
Ki67 after 2 weeks of dosing than anastrozole 
alone. Further results including safety, clinical 
efficacy, final Ki67, and RNA expression at sur-
gery are not reported yet [137].
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Two large, randomized, double-blinded, 
placebo- controlled, phase III studies are cur-
rently ongoing to confirm the effects of adding 
abemaciclib to fulvestrant and aromatase inhibi-
tors, respectively. MONARCH-2 (NCT02107703) 
aims to compare progression-free survival for 
women with HR-positive (HR+)/HER2-negative 
advanced breast cancer who are randomized in a 
2:1 ratio to receive either abemaciclib plus ful-
vestrant or fulvestrant alone. Another trial 
MONARCH-3 (NCT02246621) is to evaluate the 
effect of nonsteroidal aromatase inhibitors (anas-
trozole or letrozole) plus abemaciclib or placebo 
in postmenopausal women with breast cancer. 
Both trials use progression-free survival as pri-
mary end point and overall survival/ objective 
response rate as secondary end points.

12.5  Future Direction

Cell cycle dysregulation has been one of the most 
important therapeutic targets in cancer for many 
years. Selective CDK4/6 inhibitors have been 
recently approved by FDA to treat ER-positive 
advanced breast cancer, which takes more than 
two decades after the discovery of cyclin 
D1-CDK4/6 interaction. Many questions remain 
to be answered, including the biomarker, indica-
tion, and drug combination of anti-CDK4/6 ther-
apy. Anti-CDK4/6 therapy could be a promising 
strategy for treating high-risk early breast cancer 
patients, HER2-positive patients, or even triple- 
negative breast cancer patients with functional 
Rb. More selective CDK2 inhibitors may also be 
useful in disrupting cyclin E-CDK2 function and 
treating a broader spectrum of cancer than 
CDK4/6 inhibitors.
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and Poly(ADP-Ribose) Polymerase 
Inhibitors in Triple-Negative Breast 
Cancer
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Abstract

Breast cancer is the most common cancer in women worldwide. Treatment 
is chosen according to its hormone receptor status and human epidermal 
growth factor receptor 2 (HER2) status. Among the four main clinically 
set subtypes, hormone receptor-negative/HER2-negative subtype, also 
called triple-negative subtype (TNBC), is the most aggressive type with 
limited choices of therapy. However, recent research has provided impor-
tant new insights into effective treatments for this subtype. One molecular 
target that has gained attention is the BRCA gene. BRCA proteins are 
involved in the maintenance of genomic integrity, therefore playing an 
important role as a “caretaker” DNA repair protein. Approximately 5% of 
all breast cancer patients are BRCA mutation carriers, and among the 
patients with BRCA mutations, 57.1% have the clinical TNBC subtype, 
showing a high association between BRCA mutations and TNBCs. When 
cells lack either BRCA1 or BRCA2, all types of homology-directed 
repairs are compromised, and poly(ADP-ribose) (PAR) polymerase 
(PARP) acts as a backup system to maintain the genome, consequently 
making the cells highly sensitive to PARP1 inhibitors. PARP inhibitors 
have shown promising activity in preclinical and early clinical trials, and 
today, phase III trials are ongoing. In this chapter, we discuss the mecha-
nism and the role of PARP inhibitors in BRCA-mutated breast cancers and 
further elaborate the clinical potential of PARP inhibitors as well as their 
barriers.
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13.1  Introduction

Recent researches have provided new insights 
into the effective treatments for breast cancer, 
which is the most common cancer in women 
worldwide. Clinically treated according to its 
subtype, breast cancer has four subtypes identi-
fied as follows: (1) hormone receptor positive/
human epidermal growth factor receptor 2 
(HER2) negative, (2) hormone receptor positive/
HER2 positive, (3) hormone receptor negative/
HER2 negative, and (4) hormone receptor nega-
tive/HER2 negative. The last subtype is also 
called triple-negative breast cancer (TNBC), one 
of the most aggressive types of breast cancer. 
Unlike hormone receptor-positive (luminal-like) 
subtypes, there are no targeted therapies available 
for patients with TNBC, which shows aggressive 
behaviors. Therefore, many researchers are 
investigating the molecular background of 
TNBCs, with a particular focus on BRCA1/
BRCA2 mutations.

In this chapter, we will discuss TNBC and the 
effects of BRCA mutations in this type of cancer. 
The roles of poly(ADP-ribose) polymerase 
(PARP) inhibitors in breast cancer treatment will 
also be elucidated.

13.2  TNBC

TNBC is defined based on immunohistochemical 
staining criteria. In the clinical setting, TNBC is 
defined to be estrogen receptor (ER) negative, pro-
gesterone receptor (PgR) negative, and human epi-
dermal growth factor receptor 2 (HER2) negative. 
However, TNBC remains a heterogeneous disease 
that includes several intrinsic subtypes. Moreover, 
TNBC is known for its highly aggressive behavior 
and poor prognosis compared with other breast 

cancer subtypes [1], such as ER-positive, PgR-
positive, and/or HER2-positive diseases.

13.2.1  Molecular Biological Features 
of TNBC

TNBC accounts for approximately 15% of all 
breast cancers. Compared with other subtypes, 
TNBC tends to occur in younger patients and 
exhibit large tumor burden, high nuclear grade, 
low BCL-2 expression, and high p53 and/or 
Ki-67 expression.

In 2000, Perou et al. performed a complemen-
tary DNA microarray gene profiling analysis in 
breast cancer and identified different molecular 
patterns, called “molecular portraits,” among 
breast cancers [2]. In this analysis, they classified 
breast cancers into five different intrinsic sub-
types: luminal A, luminal B, HER2-enriched, 
basal-like, and normal. Seventy-five percent of 
clinically proven TNBC can be classified into the 
basal-like subtype. In a later publication, 
researchers confirmed that among TNBCs, 80% 
were the basal-like subtype, 3% were the luminal 
subtype, and 9% were the HER2-enriched sub-
type [3].

Among basal-like subtypes, molecules such as 
cytokeratin 5/6, vimentin, and laminin have been 
shown to be highly expressed, whereas Bcl-2 has 
been shown to exhibit low expression [4]. 
Moreover, loss of phosphatase and tensin homo-
log (PTEN) and the disappearance of 
phosphatidylinositol- 4,5-bisphosphate 3-kinase 
catalytic subunit alpha (PIK3CA) expression, 
retinoblastoma (RB) 1 mutations, or KRAS 
mutations are commonly observed in basal-like 
TNBC [5, 6].

Mutations or deletions in the BRCA gene 
(BRCA1 and BRCA2) are also found in TNBCs. 
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Among basal-like subtypes, 75% have been 
reported to be BRCA1-associated breast cancers 
[7], whereas 19.5% of all TNBCs show BRCA 
germ line mutations [8].

13.2.2  Optimal Strategies 
for Treatment with Currently 
Approved Agents

Despite the findings of molecular subtypes 
among TNBC, no predictive values of the molec-
ular subtypes have been established. Treatment is 
therefore selected from currently recommended 
agents that are approved in general breast cancer 
population.

Anthracyclines and taxanes remain the pri-
mary therapeutic approaches for TNBC, although 
there is limited evidence of success in patients 
treated with anthracycline- and/or taxane- 
containing regimens in the perioperative setting 
[9]. Patients who show primary or acquired resis-
tance to key drugs may be given further chemo-
therapeutic agents that are not crossresistant, 
such as capecitabine, eribulin, gemcitabine, or 
vinorelbine [10–12]. The use of multidrug regi-
mens in patients with metastatic cancer is contro-
versial, and guidelines, such as those issued by 
European Breast Cancer Conference [13], rec-
ommend sequential monotherapy for advanced 
breast cancer. In cases where the aggressive 
nature of the disease calls for the need to stabilize 
the symptoms and reduce the risk of inner organ 
dysfunction, which is often noted in patients with 
TNBC, a multidrug regimen may be recom-
mended rather than a single-drug regimen. Other 
agents that are sometimes used in TNBC therapy 
include platinum-based regimens [14–16] and 
PARP inhibitors (which are being investigated). 
The use of these agents has been supported by the 
strong association of TNBC with germ line 
BRCA1 mutations.

Nonetheless, TNBC shows an aggressive 
behavior and very poor prognosis with limited 
treatment options. A biomarker-based under-
standing of molecular targets is required to facili-
tate further improvements in treatment strategies 
for TNBC.

13.3  BRCA Mutations

13.3.1  Functions and Mechanisms 
of BRCA

BRCA was first discovered in the 1990s and has 
been one of the most notorious and well-known 
cancer-related genes identified to date. It was 
originally considered as a tumor-suppressor gene 
[17]. However, further evidence shows that 
BRCA proteins are involved in the maintenance 
of genomic integrity. Therefore, instead of func-
tioning as “gatekeeper” proteins of tumor sup-
pressor, the BRCA family of proteins acts as 
“caretaker” proteins of DNA repair. Moreover, 
BRCA proteins are known to function in concert 
with other proteins, such as RAD50/Mre11 and 
RAD51, which play important roles in repairing 
DNA breaks caused by ionizing radiation [18].

During DNA replication, DNA molecules are 
particularly vulnerable to breakage in the single- 
stranded molecule portions that have not yet 
undergone replication near the replication fork. 
When an accidental breakage of the still unrepli-
cated single-stranded DNA occurs at the replica-
tion forks, the resulting breaks are functionally 
equivalent to double-stranded breaks occurring in 
an already formed double helix. These double- 
stranded breaks are usually fixed by homology- 
directed repair (HDR). At sites of stalled 
replication forks where double-stranded breaks 
are observed, BRCA1 is located along with pro-
liferating cell nuclear antigen (PCNA) and other 
DNA repair proteins, including RAD50 and 
RAD51 [19]. BRCA2 protein is also found at the 
same location, providing evidence of its collabo-
ration in the DNA repair process [20]. When cells 
lack either BRCA1 or BRCA2, all types of HDR 
are compromised.

In mice, genetic disruption of BRCA1 func-
tion causes death during early embryogenesis, 
whereas mutant germ line alleles of BRCA2 
cause only partial loss of function, which results 
in susceptibility to lymphoid malignancies and 
unusual chromosomal aberrations [18]. In 
humans, mutant germ line alleles of either 
BRCA1 or BRCA2 lead to a natural susceptibility 
to breast and ovarian carcinomas [21]. In ovarian 
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cancer, an estimated 70–80% of cases are caused 
by BRCA mutations. Some somatic mutations in 
BRCA2 are associated with prostate and colon 
carcinomas. Additionally, female cells lacking 
BRCA1 function cannot properly inactivate one 
of the two X chromosomes. The mechanism of 
X-inactivation is essential in cells of early female 
embryos and must persist in all linear descen-
dants. How this loss of BRCA function intersects 
with its DNA repair functions and how BRCA1 
mutation inclines to generate cancer primarily in 
women remain unknown.

13.3.2  BRCA Mutations in TNBCs

According to an analysis published by the 
International Breast Cancer Linkage Consortium, 
0.12% of the general population carries BRCA1 
germ line mutations [22]. In patients with breast 
cancer, approximately 5% of patients are BRCA 
mutation carriers. According to a retrospective 
study, among patients with BRCA mutations, 
57.1% have the clinical TNBC subtype [23]. 
Additionally, 19.5% of TNBCs have been shown 
to have germ line BRCA mutations [8]. When the 
population is narrowed down to those who have 
familial breast cancers, defined as breast cancer 
with a family history of one or more first- or 
second- degree relatives with breast cancer that 
does not fit the hereditary breast cancer defini-
tion, almost half of cancers are associated with 
germ line transmission of BRCA1 or BRCA2 
mutations. In addition to germ line mutations, 
methylation of BRCA1 is also known to be fre-
quently found in TNBCs [24]. In all, the findings 
have shown that BRCA mutations are highly 
associated with TNBCs.

13.4  Function of PARP1

Among the many backup mechanisms required 
for proper repair or maintenance of the genome, 
poly(ADP-ribose) (PAR) synthesis is one of the 
earliest responses to DNA strand breakage. 
PARP1 is an abundant and stable component of 
chromatin and facilitates DNA repair by binding 

to DNA breaks and attracting other repairing pro-
teins [25–29]. It is comprised of three functional 
domains: the amino-terminal DNA-binding 
domain which is important for binding of PARP1 
to DNA breaks, the central automodification 
domain which allows the enzyme to PARate 
itself, and the C-terminal catalytic domain which 
transfers ADP-ribose subunits from NAD+ to 
protein acceptors (Fig. 13.1) [30]. Among the 
seven main pathways used for DNA repair, PARP 
plays an important role in base excision repair 
(BER). At sites of single-stranded DNA breaks in 
which PARP binds to the DNA, PARP is acti-
vated and converts nicotinamide adenine dinucle-
otide (NAD) into ADP-ribose polymers (PAR) 
by attracting XRCC1, a scaffold protein that 
interacts with and recruits, stabilizes, or stimu-
lates multiple enzymatic components involved in 
single-stranded breakage. For short patch repair 
and long patch repair at lesions that are more dif-
ficult to repair, the breakage goes through a 
single- stranded break intermediate and then 
arrives at a ligation stage to yield repaired 
DNA. PARP1 and PARP3 are among the 17 
PARP isoforms that are also involved in double- 
stranded break repair [31].

For cells that lack BRCA1 or BRCA2 func-
tion, PARP acts as a backup system to maintain 
the genome and plays a critical role following 
accidental breaks that occur at replication forks 
during the S phase. Consequently, the cells 
become highly sensitive to killing by pharmaco-
logic inhibitors of PARP1 [32]. However, 
Parp−/− mice are viable and fertile, which 
explains the redundant DNA repair systems. 
Therefore, PARP inhibition has little if any effect 
on normal tissues.

13.5  PARP Inhibitors and Their 
Effects on Cancer

PARP inhibitors exhibit competitive inhibition 
with NAD by blocking the catalytic PARP 
domain. PARP inhibitors show single-stranded 
DNA breakage repair activity, inducing apoptosis 
through accumulation of damaged DNA in the 
cells. By inhibiting PARP1, the repair 
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 phenomenon can be trapped at the single-stranded 
intermediate state, thereby blocking ligation. 
PARP inhibitors bind to the catalytic site and pre-
vent the release of PARP1 from DNA by 

 “trapping” PARP1 at the site and removing 
PARP1 from the normal catalytic cycle [27, 28, 
33]. When BER does not function properly, sin-
gle-stranded breaks are left unrepaired, leading to 
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Fig. 13.1 Function of PARP1 in DNA repair (Reprinted 
by permission from Macmillan Publishers Ltd: Nat Rev 
Cancer. (10(4): 293–301), copyright (2010))
Abbreviations: ATM, ataxia telangiectasia mutated; BER, 
base excision repair; BRCT, BRCA1 carboxy-terminal 

repeat motif; DNA-PKcs, DNA-protein kinase catalytic 
subunit; DSB, double- stranded break; HR, homologous 
recombination; NHEJ, nonhomologous end joining; NLS, 
nuclear localization signal; PPi, inorganic pyrophosphate; 
SSB, single-stranded break; Zn, zinc finger [30]
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the formation of double-stranded breaks due to 
stalling of the replication fork. Since double-
stranded breaks are repaired by either nonhomol-
ogous end joining or homologous recombination, 
inhibition of PARP alone does not lead to effi-
cient cell death. Therefore, for PARP inhibitors 
to exert beneficial effects on DNA repair, another 
repair pathway other than BER must be function-
ally damaged by PARP inhibition.

13.5.1  Synthetic Lethality

Synthetic lethality was introduced nearly a cen-
tury ago by geneticists. It involves the com-
bined knockout of two genes, which leads to a 
lethal form of genetic interactions that can 
selectively kill cancer cells while sparing nor-
mal cells [34]. The concept of synthetic lethal-
ity involving PARP and BRCA is related to the 
observation that both proteins are normally 
nonessential but critical for the survival of can-
cer cells. The most striking evidence of syn-
thetic lethality is the use of PARP inhibitors in 
homologous recombination- defective tumors 
[32, 35]. As BRCA1 and BRCA2 are associated 
with homologous recombination, PARP inhibi-
tors have been used for monotherapy in treating 
patients with BRCA1- or BRCA2-mutated can-
cers. Other genes associated with homologous 
recombination are RAD51, RAD54, DSS1, 
PRA1, NBS, ATR, ATM, CHK1, CHK2, 
FANCD2, FANCA, and FANCC. Cells with a 
deficiency in one of these genes show sensitiv-
ity to PARP inhibitors, confirming the concept 
of synthetic lethality [33].

13.6  Clinical Application of PARP 
Inhibitors in Cancer

In PARP1-knockout mice, deficiencies in 
PARP1 function result in impaired DNA repair, 
which consequently leads to a higher sensitivity 
to anticancer agents. It indicates that PARP1 
inhibition may induce sensitivity to DNA dam-
age by anticancer agents and therefore act as a 

radiosensitizer or chemosensitizer in the treat-
ment of cancers. PARP1 is also known for its 
strong activation by radiotherapy or DNA meth-
ylating anticancer agents. Based on available 
evidence, along with the development of PARP 
inhibitors in patients with germ line BRCA 
mutations, new therapeutic approaches using 
PARP inhibitors combined with DNA-damaging 
anticancer agents have been evaluated. 
Approximately 30 years ago, small-molecule 
nicotinamide analogs were found to enhance the 
cytotoxicity of dimethyl sulfate, a DNA-
damaging agent, by inhibiting PARylation [36–
38]. Subsequently, clinical PARP inhibitors, 
including veliparib, rucaparib, olaparib, and 
niraparib, were developed. A more potent sec-
ond-generation PARP inhibitor, talazoparib, has 
also been developed [39]. The difference among 
these agents is the ability to “trap” PARP1, an 
essential mechanism of PARP inhibitors. 
Talazoparib is approximately 100 times more 
potent than niraparib and is therefore more 
potent than olaparib and rucaparib [40]. The 
chemical structures of clinical PARP inhibitors 
and the ability of each PARP inhibitor to “trap” 
PARP1 is thought to broadly correlate with its 
cytotoxic potency [33]. Among currently avail-
able PARP inhibitors, olaparib (Lynparza) was 
the first to be approved by the US Food and 
Drug Administration (FDA) for treating patients 
with germ line BRCA mutations in advanced 
ovarian cancer in February 2014. The develop-
ment of olaparib in breast cancer will be further 
discussed in this chapter.

13.7  PARP Inhibitors in the Field 
of Breast Cancer

During clinical development, PARP inhibitors 
have been investigated in combination with 
DNA-damaging anticancer agents or radiother-
apy, or as monotherapy, in cancers that show 
decreased BRCA1 or BRCA2 functions, mainly 
TNBC. In the field of breast cancer, BSI-201 was 
the first PARP1 inhibitor to be reported [41]. In a 
phase I (and Ib) trial, this compound showed 
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safety and effectiveness and was later tested in a 
randomized phase II trial, which compared com-
bined treatment of gemcitabine plus carboplatin 
(GC) plus BSI-201 and GC alone in patients with 
metastatic TNBC with two or less prior regimens 
[42, 43]. The progression-free survival (PFS) was 
6.9 months versus 3.3 months, and overall sur-
vival was 9.2 months versus 5.7 months, indicat-
ing a statistically longer survival for the GC plus 
BSI-201 arm. The overall response rate was also 
higher in the GC plus BSI-201 arm (48% versus 
16%, p = 0.002). There were high expectations 
for the phase III trial, but the primary endpoint 
was not achieved.

Alternatively, olaparib has been developed as 
another promising PARP inhibitor for the treat-
ment of breast cancer, which will be discussed 
below.

13.8  Development of Olaparib 
(Lynparza) in Breast Cancer

Olaparib is a PARP1 inhibitor first discovered 
during a screening test for agents that induce sen-
sitivity of cells to cytotoxic agents, such as topoi-
somerase I inhibitors and alkylating agents. It has 
showed antitumor activity in cells with homolo-
gous recombination deficiency, which implies its 
role as a promising agent for the treatment of 
BRCA-mutated cancer. Moreover, olaparib was 
first approved by the FDA for treatment of BRCA- 
mutated ovarian cancers. In this section, we will 
discuss the development of olaparib studies in the 
field of breast cancer.

13.8.1  Preclinical Study

Through an in vitro study, olaparib monother-
apy demonstrated strong antitumor activity in 
breast cancer cells with BRCA1 mutations [44]. 
In an in vivo study of BRCA1−/− tumor-bear-
ing mice, olaparib inhibited tumor growth with-
out signs of toxicity, which significantly 
increased the survival rate. In a similar analysis 
with BRCA2−/− murine mammary epithelium, 

daily exposure to olaparib for 28 days caused 
significant regression or growth inhibition in 46 
of 52 tumors [45]. The same analysis was 
 conducted with olaparib in combination with 
carboplatin. Although no advantage over carbo-
platin monotherapy was observed, a significant 
increase in time to tumor relapse or death was 
observed if PARP inhibitors were continuously 
administered [46]. In combination therapy, 
temozolomide or dacarbazine plus olaparib was 
shown to have antitumor activity. Similarly, 
olaparib with topoisomerase I inhibitors or 
platinum agents also showed activity in vitro 
and in vivo.

13.8.2  Clinical Phase I Monotherapy 
Trials

Olaparib was first tested in early phase clinical 
trials for advanced solid tumors with no further 
standard therapy [47]. However, as the activity 
of this agent against BRCA-mutated cancers 
became clearer, the protocol was amended to 
include patients with BRCA mutations. Later, 
during the expansion phase, patients with BRCA 
mutations were specifically enrolled, and a total 
of 60 patients were eventually included. The 
dose of oral administration started at 10 mg 
either once daily or twice daily for 14 consecu-
tive days in a 21-day cycle. During the higher 
dose phase, the drug was taken twice daily for 28 
consecutive days. Dose-limiting toxicity was 
confirmed at doses of 400 and 600 mg twice 
daily. In the cohort receiving 400 mg, one patient 
experienced grade 3 agitation and grade 3 
fatigue, and in the cohort receiving 600 mg, one 
patient experienced grade 4 thrombocytopenia 
and another patient experienced grade 3 somno-
lence. Overall, 21 patients with BRCA mutations 
were enrolled, and among the 19 patients with 
breast, ovarian, or prostate cancers, nine patients 
(47%) achieved a partial response, and 12 
patients (63%) achieved a clinical benefit (par-
tial response or stable disease). This was a sur-
prisingly high response rate for a cohort that 
included patients with relapsed breast, ovarian, 
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or prostate cancer. Furthermore, patients with 
BRCA mutations did not show higher incidences 
of adverse events than patients having wild-type 
BRCA.

13.8.3  Clinical Phase II Monotherapy 
Trials

To date, three phase II trials of olaparib mono-
therapy have been published in the field of breast 
cancer. The first trial was an international collab-
orative trial undertaken in six countries. This trial 
included patients with advanced breast cancer 
with BRCA1 or BRCA2 mutations who had been 
given at least one prior chemotherapy regimen 
[48]. The study was comprised of two different 
dosage cohorts: 400 mg twice daily (phase I max-
imum tolerated dose) and 100 mg twice daily (a 
dose that showed activity in the phase I trial). 
Objective responses were observed in 11 of 27 
patients (41%; 95% confidence interval [CI]: 
25–59) in the first cohort and 6 of 27 patients 
(22%; 95% CI: 11–41) in the latter cohort. The 
toxicities were mainly at low grade. Therefore, 
these results provided positive evidence for the 
concept of PARP inhibition in BRCA-deficient 
breast cancers. The second trial was a multicenter 
trial conducted in Canada and included patients 

with recurrent high-grade serous or poorly differ-
entiated ovarian carcinoma or TNBC, regardless 
of BRCA1 or BRCA2 mutation status [49]. 
Patients received olaparib 400 mg twice daily. 
Ninety-one patients were enrolled (65 with ovar-
ian cancer and 26 with breast cancer), and among 
the 63 evaluable patients, objective responses 
were observed in 7 of 17 patients (41%; 95% CI: 
22–64) with BRCA1 or BRCA2 mutations and 11 
of 46 patients (24%; 95% CI: 14–38) without 
mutations. Although no objective responses were 
reported in patients with breast cancer, 30% of 
patients achieved stable disease for at least 
8 weeks, with a median PFS of 54 days. The third 
phase II trial was an international collaborative 
trial that enrolled patients with germ line BRCA1 
or BRCA2 mutations with recurrent breast, ovar-
ian, pancreatic, or prostate cancer [50]. Patients 
with breast cancer had to have at least three prior- 
chemotherapy regimens for metastatic disease. 
Olaparib was administered at 400 mg twice daily. 
Among the 298 patients treated and evaluated, an 
objective response was achieved in 78 of 298 
patients (26.2%; 95% CI: 21.3–31.6) and in eight 
of 62 patients (12.9%; 95% CI: 5.7–23.9) with 
breast cancer. Stable disease was observed in 
47% (95% CI: 34.0–59.9) of patients with breast 
cancer. Table 13.1 summarizes the phase II trials 
that included patients with breast cancer.

Table 13.1 Clinical phase II studies of olaparib monotherapy in breast cancer

Published 
year Author Eligibility

Olaparib
dose
(twice daily) N

Response 
rate PFS Notes

2010 Tutt et al. Advanced, 
BRCA mutation

400 mg 27 41% 5.7 months

100 mg 27 22% 3.8 months

2011 Gelmon
et al.

Advanced, 
BRCA mutation
or TNBC

400 mg 23 0% 54 days Stable disease of 
over 8 weeks: 30%

2015 Kaufman
et al.

Advanced, 
BRCA mutation

400 mg 62 13% 3.7 months Partial response + 
stable disease of over 
8 weeks: 60%

PFS progression-free survival
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13.8.4  Clinical Phase III Monotherapy 
Trials

Three phase III trials of olaparib monotherapy 
have been initiated in patients with germ line 
BRCA mutation-positive breast cancer. They 
are OlympiA (NCT02032823), Neo-Olympia 
(D081EC00005), and OlympiAD (NCT0000622). 
OlympiA is a randomized double-blind study 
which assesses the efficacy of olaparib at a dose 
of 300 mg twice daily. In this study, olaparib was 
administered with and without placebo as adju-
vant treatment in patients with BRCA1/BRCA2 
mutations and high-risk HER2-negative breast 
cancer. The patients were divided into two 
groups, with one completing definitive local 
treatment and the other undergoing either neoad-
juvant or adjuvant chemotherapy. Neo-Olympia 
is a randomized three-arm trial comparing olapa-
rib monotherapy at a dose of 300 mg twice daily, 
placebo therapy plus weekly paclitaxel (80 mg/
m2), and olaparib therapy at a dose of 100 mg 
twice daily plus weekly paclitaxel (80 mg/m2) in 
the neoadjuvant setting in patients with BRCA1/
BRCA2 mutations and operable, locally advanced, 
or inflammatory breast cancer. OlympiAD is a 
randomized open-label trial which assesses the 
efficacy of olaparib at a dose of 300 mg twice 
daily. It compares olaparib monotherapy with 
treatment of physician’s choice (TPC) of 
capecitabine, vinorelbine, or eribulin in patients 
with BRCA1/BRCA2 mutations and metastatic 
breast cancer. Two of the trials began enrolment 
in 2014, and findings from the OlympiAD trial 
were recently reported at the 2017 ASCO Annual 
Meeting [51]. At 77% data maturity, PFS was 
significantly longer in the olaparib arm [7.0 vs 
4.2 months, hazard ratio (HR) 0.58; 95% CI: 
0.43–0.80; p = 0.0009] with a higher objective 
response rate of 59.9% in the olaparib arm com-
pared to 28.8% in the TPC arm (HR 0.57; 95CI: 
0.40–0.83). The safety profile of olaparib was 
consistent with prior studies. These promising 
results were the first to demonstrate improved 
outcomes with a PARP inhibitor in breast cancer. 
Table 13.2 summarizes the phase III trials that 
included patients with breast cancer.

13.8.5  Combination Therapy

Olaparib has been tested with several other 
agents, such as paclitaxel, temozolomide, dacar-
bazine, topotecan, bevacizumab, paclitaxel plus 
carboplatin, and newer agents (e.g., phosphoino-
sitol 3-kinase [PI3K] inhibitors).

13.8.5.1  Paclitaxel Plus Olaparib
In a phase I/II trial, patients with advanced 
TNBC were treated with olaparib at a dose of 
200 mg twice daily in combination with pacli-
taxel (90 mg/m2, days 1, 8, and 15) on a 28-day 
cycle [52]. Patients were treated with either first-
line or second-line chemotherapy. The response 
rate was high, with seven (37%) out of 19 
patients achieving an objective response. 
Although the toxicities were relatively well tol-
erated, severe neutropenia was observed at a 
greater frequency than expected. In the second 
cohort, the dose intensity of paclitaxel was not 
retained, even with the use of prophylactic gran-
ulocyte colony-stimulating factor.

13.8.5.2  Paclitaxel Plus Carboplatin 
Plus Olaparib

In a cohort of patients with advanced solid tumors 
including breast cancer, a phase I study was con-
ducted to investigate the treatment of olaparib 
with either paclitaxel (80 mg/m2, days 1, 8, and 
15) or carboplatin (AUC 4–5, day 1) or both 
paclitaxel (90–175 mg/m2, day 1) plus carbopla-
tin (AUC 4–5, day 1; TC). Olaparib was given at 
a dose of 50–200 mg twice a day every day or 
200–400 mg twice a day for 5 or 10 consecutive 
days [53]. The hematological toxicities were too 
strong to maintain the dose in the cohorts taking 
olaparib every day plus carboplatin or taking 
olaparib everyday plus TC. However, olaparib 
given at a dose of 100 mg twice a day every day 
in combination with PTX was well tolerated, as 
was olaparib given at 200 mg twice a day for 10 
consecutive days plus TC. The overall objective 
response rate was 16.1% (14/87 patients), 
whereas the response rate in patients with 
BRCA1/BRCA2 mutations was 50% (6/12 
patients).
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13.8.5.3  Eribulin Plus Olaparib
Eribulin mesylate is a nontaxane inhibitor of 
microtubule dynamics of the halichondrin class 
of antitumor agents. Eribulin is currently recog-
nized as a global standard treatment for meta-
static or recurrent breast cancer following the 
use of anthracyclines and taxanes. Pooled analy-
ses of two phase III trials of eribulin monother-
apy in patients with metastatic or recurrent breast 
cancer suggested favorable survival benefits, 
particularly in patients with TNBC [11, 12]. In a 
cohort of patients with TNBC, a phase I/II trial 
was conducted in Japan to investigate the safety 
profiles and efficacy of olaparib in combination 
with eribulin under the assumption that this 
combination may be a favorable regimen for 
patients with metastatic or recurrent TNBC [54]. 
Patients who had received both anthracycline- 
and taxane- containing regimens were enrolled to 
be treated with eribulin at a dose of 1.4 mg/m2 
(days 1 and 8) plus olaparib twice daily every 
day at a dose of 25–300 mg. The recommended 
phase II dose of olaparib was 300 mg twice daily. 
Pharmacokinetic (PK)/pharmacodynamic (PD) 
analysis also showed that the Cmax and area under 
the curve (AUC) of olaparib were dose depen-
dent and that both parameters of eribulin and 
olaparib were not influenced by each other. An 
objective response was observed in seven of the 

18 evaluable patients, indicating a relatively high 
response rate of 38.9% (95% CI: 17.3–64.3). Six 
patients maintained their responses for over a 
year, and the median PFS was 4.22 months (95% 
CI: 2.99–7.36). The most frequent adverse events 
were the occurrences of neutropenia (grade 3 or 
more: 83.3%), but the drug was overall well 
tolerated.

13.9  Development of Other PARP 
Inhibitors: Talazoparib

Talazoparib has a much higher potency for 
“trapping” PARP inhibitors than olaparib. In a 
recent phase I study, talazoparib has shown 
some promise in treating 13 early-stage patients 
with germ line BRCA1 or BRCA2 mutations. 
The patients were treated for 2 months with tal-
azoparib before neoadjuvant chemotherapy and 
surgery [55]. Decreased tumor volume was 
observed in all 13 patients following the 
2-month treatment with talazoparib, and the 
average volume reduction was 78% (range: 
30–98%). The toxicity of this drug also proved 
to be well tolerated, as no grade 4 toxicities 
were observed, and only one patient required 
dose reduction due to grade 3 neutropenia. The 
study is ongoing, and researchers will next 

Table 13.2 Clinical phase III studies of olaparib monotherapy in breast cancer

Trial Eligibility Setting
Olaparib 
monotherapy arm Comparator arm(s) Primary endpoint

OlympiA High-risk after 
definitive local 
treatment, 
BRCA 
mutation

Adjuvant 300 mg twice 
daily

Placebo Invasive 
disease-free 
survival

Neo-Olympia Operable, 
BRCA 
mutation

Neoadjuvant 300 mg twice 
daily (arm A)

Placebo + weekly 
PTX (arm B)

Pathological 
complete 
responseOlaparib 100 mg 

twice daily + weekly 
PTX (arm C)

OlympiAD Advanced, 
BRCA 
mutation

Metastatic 300 mg twice 
daily

Capecitabine or 
vinorelbine or 
eribulin (physician’s 
choice)

PFS

PTX paclitaxel, PFS progression-free survival
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investigate the pathological response to tala-
zoparib alone for 4–6 months.

Although talazoparib can kill BRCA-mutated 
cells in vitro at a 200-fold lower dose than 
olaparib or rucaparib, the in vitro therapeutic 
ratio achieved in BRCA1-/BRCA2-defective 
cells is similar with that in wild-type cells for all 

three PARP inhibitors. Therefore, it is still too 
early to draw any conclusion regarding which 
PARP inhibitor is most effective. Table 13.3 
shows the clinical trials conducted with PARP 
inhibitors in patients with breast cancer (exclud-
ing the clinical trial of olaparib monotherapy 
discussed above).

Table 13.3 Clinical studies of PARP inhibitors including breast cancer

Drug Phase Eligibility Concomitant therapy Notes

Olaparib I Breast cancer or 
ovarian cancer

Carboplatin BRCA1 or BRCA2 
mutation

I Breast cancer or 
women’s cancer

Carboplatin

I TNBC or ovarian 
cancer

BKM120

I Solid tumors, 
including TNBC

Carboplatin and/or PTX

I/II TNBC PTX

I/II TNBC or ovarian 
cancer

Cediranib

Iniparib II TNBC with brain 
lesion

Irinotecan

II TNBC Gemcitabine and carboplatin Iniparib twice weekly 
versus weekly

II TNBC PTX Neoadjuvant

Veliparib I Solid tumors TMZ BRCA1- or 
BRCA2-mutated 
breast cancer

I TNBC or 
gynecologic cancer

Pegylated liposomal 
doxorubicin

I Breast cancer Radiation therapy Loco-regionally 
recurrent

II Breast cancer TMZ BRCA1- or 
BRCA2-mutated 
breast cancer

II TNBC or ovarian or 
non-Hodgkin’s 
lymphoma

Cyclophosphamide

Talazoparib I Solid tumors

III Breast cancer BRCA1 or BRCA2 
mutation (versus 
physician’s choice)

Rucaparib II TNBC Cisplatin BRCA1 or BRCA2 
mutation (versus 
cisplatin)

E7449 I/II Solid tumors, 
including TNBC

Alone or plus TMZ or plus 
carboplatin and PTX

TNBC triple-negative breast cancer, PTX paclitaxel, TMZ temozolomide
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13.10  Acquired Resistance to PARP 
Inhibitors

Multiple potential mechanisms of resistance 
have been identified through in vitro experi-
ments. Even though homologous recombination 
repair is defective, the restoration of homolo-
gous recombination repair in BRCA1-mutant 
tumor cells has been identified through loss of 
53BP1 and REV7 proteins [56, 57]. Moreover, 
the loss of PARP1 [58] has been proposed to 
cause resistance, as with other proteins that are 
important for maintaining replication fork stabil-
ity [59]. Secondary mutations in BRCA1 or 
BRCA2 can also occur, leading to restoration of 
sufficient homologous recombination repair 
function and resulting in PARP inhibitor resis-
tance [60, 61]. Additionally, this secondary 
mutation is known to cause clinical resistance to 
platinum-based chemotherapy [62, 63].

13.10.1  Genetic Deficiencies Other 
Than BRCA1/BRCA2

Not long after the discovery that BRCA1 and 
BRCA2 mutant cells were highly susceptible to 
PARP inhibitors, deficiencies in a number of 
tumor-suppressor genes, such as ATM, ATR, 
PALB2, and FANC, which are all involved in 
homologous recombination repair, have been 
shown to confer sensitivity to PARP inhibitors 
[63, 64].

In an in vitro experiment, wild-type BRCA1/
BRCA2 breast cancer cells (i.e., MCF-7 and 
ZR-75–1 cells) that were genetically manipulated 
to knockdown ATM expression were treated with 
olaparib [65]. ATM depletion sensitized both cell 
lines, as assessed by short- and long-term sur-
vival assays. These data indicated that ATM 
depletion could sensitize breast cancer cells to 
PARP inhibitors and that cancers, such as those 
arising in mutant ATM heterozygous carriers, 
may be potential targets for PARP inhibitors. A 
similar phenomenon has been discovered for 
other tumor cells, such as gastric cancer cell lines 
and colorectal cell lines, and studies have high-
lighted the clinical utility of ATM expression as a 

predictive marker for the sensitivity of gastric 
cancer cells to PARP inhibitors [66].

The Fanconi anemia (FA) repair pathway is 
also known to play a collaborative role with 
BRCA genes. Patients with FA have a high inci-
dence of malignancies, and their cells show 
hypersensitivity to DNA cross-linking agents, 
such as mitomycin C (MMC) and cisplatin. 
Cancers with defective FA/BRCA pathways are 
likely to be more sensitive to these types of ther-
apy or to treatments in which an additional repair 
mechanism is targeted, such as treatment with 
PARP inhibitors. In a recent study, researchers 
developed a new assay to identify patients with 
FA functional defects using FA triple-stain 
immunofluorescence (FATSI, FancD2/DAPI/
Ki67) [67]. The study was also conducted to ver-
ify the safety and feasibility of veliparib as mono-
therapy and in combination with MMC. According 
to FATSI screening, 28.7% (185/643) of patients 
were FATSI-negative, demonstrating that a sub-
stantial number of tumors exhibited FA func-
tional deficiency. Among the 61 FATSI-negative 
patients who received treatment, six antitumor 
responses were observed with five in the combi-
nation arm. However, some clinical benefits were 
observed, and a better understanding of this 
mechanism is needed.

13.11  Concluding Remarks 
and Future Perspectives

Many studies have investigated the use of PARP 
inhibitors in breast cancer, with a particular focus 
on TNBC with BRCA mutations. So far, one trial 
of olaparib monotherapy has shown promising 
results for breast cancer. However, given the rela-
tively small size of the study, it is difficult to tell 
which subset of patients would benefit the most 
from olaparib. Determining the optimal use of 
PARP inhibitors within drug combinations has 
been challenging, and new biomarkers may be 
needed to identify appropriate populations who 
may benefit most from PARP inhibitors. In addi-
tion, resistance to PARP inhibitors can arise in 
advanced disease, and further studies are needed 
to elucidate the related mechanisms.
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Abstract

Breast cancer is one of complex diseases that are influenced by environ-
ment. Various genetic and epigenetic alterations are provoking causes of 
breast carcinogenesis. Dynamic epigenetic regulation including DNA 
methylation and histone modification induces dysregulation of genes 
related to proliferation, apoptosis, and metastasis in breast cancer. DNA 
methylation is strongly associated with the repression of transcription 
through adding to the methyl group by DNA methyltransferases (DNMTs), 
and tumor suppressor genes such as CCND2 and RUNX3 have been inves-
tigated to undergo hypermethylation at promoter region in breast cancer. 
In addition, histone deacetylases (HDACs) contribute to transcriptional 
repression by removing acetyl group at lysine residues leading to tumori-
genesis. Since epigenetic changes are reversible, therapeutic approaches 
have been applied with epigenetic modification drugs such as DNMT 
inhibitors and HDAC inhibitors. In this chapter, we will summarize the 
feature of epigenetic markers in breast cancer cells and the effect of single 
or combination of epigenetic reagents for breast cancer therapy.

Keywords
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14.1  Introduction

Breast cancer is a heterogeneous disease charac-
terized by levels of hormone receptors, including 
estrogen receptor (ER), progesterone receptor 
(PR), and human epidermal growth factor recep-
tor 2 (HER2). Depending on the presence or 
absence of hormone receptors, breast cancer is 
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subdivided into the luminal A, luminal B, HER2- 
enriched, and basal-like subtypes [1]. These dif-
ferent subtypes of breast cancer have distinct 
prognoses and responses to therapies [2]. 
However, various combinations of these molecu-
lar markers have been found in patients with 
breast cancer. This diversity makes it difficult to 
identify the individual progress of the disease and 
to select the appropriate treatment. Therefore, it 
is necessary to identify a clearer basis for preci-
sion therapies.

Breast cancer is known to have a genetic com-
ponent, such as BRCA1 and BRCA2 [3–19], but 
epigenetic alterations frequently occur to change 
gene expression, which could be a cause of breast 
cancer symptoms [20–48]. Tumorigenesis is 
actually a multistep process involving both 
genetic and posttranslational changes, the latter 
of which corresponds to independent gene 
expression without mutation of the DNA 
sequence. Epigenetic alterations are commonly 
involved in DNA methylation and histone modi-
fication at promoter regions of target genes.

DNA methylation is an inherited epigenetic 
mark that is mainly associated with the repres-
sion of gene expression through transferring to 
the covalent bond of the methyl group on the C-5 
of the cytosine ring of DNA by DNA methyl-
transferases (DNMTs) [49, 50]. DNA methyla-
tion is rare in the mammalian genome, but it has 
often been found in CpG islands typically located 
in the promoter region of genes. In mammals, 
there are three active DNMTs: DNMT1, 
DNMT3A, and DNMT3B [51–53]. DNMT1 
methylates hemimethylated DNA during the S 
phase, while DNMT3A and DNMT3B are asso-
ciated with de novo methylation during develop-
ment. DNA methylation is important during 
development, such as X chromosome inactiva-
tion and imprinting. When DNA methylation is 
dysregulated, it results in the inappropriate 
silencing of genes and contributes to cancer 
development. The global distribution of methyla-
tion in mammals has posed a challenge to 
researchers in terms of determining whether 
methylation is a default state or is targeted  
at specific gene sequences. Hypermethylation of 
the promoters of genetic factors and tumor  

suppressor genes in breast cancer cells has been 
reported [54–56].

Histone modification plays another key role in 
epigenetics, and the status of histone is main-
tained through a balance between modifying 
enzymes, which can modulate specific modifica-
tions. In general, histone acetylation is associated 
with the open chromatin structure inducing tran-
scriptional activation [57–60]. Histone deacety-
lases (HDACs) remove the acetyl group at lysine 
residues, whereas histone acetyltransferases 
(HATs) add the acetyl group to lysine residues. In 
mammals, 11 HDAC proteins have a highly con-
served deacetylase domain, and they can be sub-
divided into four groups (Class I, Class IIa, Class 
IIb, and Class IV) depending on enzymatic func-
tion, structure, and pattern of localization and 
expression [61–65]. Class I consists of HDAC1, 
HDAC2, HDAC3, and HDAC8, and their local-
ization is mainly detected at nuclei with high 
enzymatic activity. Class IIa includes HDAC4, 
HDAC5, HDAC7, and HDAC9, which have con-
served binding sites for the transcription factor 
myocyte enhancer factor 2 (MEF2) and chaper-
one protein 14-3-3. Their expression is identified 
in specific tissues. For example, HDAC4 is highly 
expressed in the brain, whereas HDAC is signifi-
cantly expressed in thymocytes. HDAC6 and 
HDAC10 belong to Class IIb. Cytoskeletal pro-
teins and transmembrane proteins are direct tar-
gets of HDAC6, which is mainly located in the 
cytoplasm. HDAC11 belongs to Class IV and has 
been identified in the brain, heart, skeletal mus-
cle, and kidney.

Epigenetic therapy is defined as the use of 
drugs or other epigenome-influencing techniques 
to treat medical conditions. Breast cancer is also 
influenced by epigenetic mechanisms, and epi-
genetic therapy offers a potential way to influ-
ence those pathways directly. Here, we will 
discuss the epigenetic aberrations and the dys-
regulation of genes that control the epigenome in 
breast cancers. DNA methylation and histone 
modification patterning and next-generation 
sequencing (NGS) have vastly increased our 
understanding of epigenetic deregulation. 
Epigenetic alterations, in contrast to genetic 
lesions, are themselves pharmacologically 
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reversible and therefore represent strategies for 
novel therapeutic approaches to breast cancer.

14.2  DNA Hypermethylation 
in Breast Cancer

Since breast cancer has various causes, new sig-
natures are required for therapy. The DNA meth-
ylation pattern could be used as a biomarker for 
cancer diagnosis and treatment selection. Whole 
genome approaches have been applied to dis-
cover the specific DNA methylation status, while 
hypermethylation and hypomethylation of CpG 
at the promoter have been investigated in genes 
related to proliferation, apoptosis, and 
metastasis.

The reduced expression of CyclinD2, which is 
important to cell cycle regulation, was detected in 
breast tumors. Many studies revealed that hyper-
methylated CpG islands at the promoter of the 
CCND2 gene were reversely correlated with their 
gene expression [8–12, 14–16, 19]. For example, 
Truong et al. identified that a total of nine CpG 
islands of the CCND2 promoter and four CpG 
islands were hypermethylated in breast cancer 
[66]. Approximately 62% of Vietnamese patients 
with breast tumors had hypermethylated CpG 
islands at these regions. In addition, it has been 
identified that changes of the CyclinD2 methyla-
tion pattern are more related to the late stage of 
breast cancer cell transformation, suggesting that 
it might be a biomarker for early detection [67].

Alterations of the estrogen receptor (ER) and 
progesterone receptor (PGR) are usually used as 
prognostic markers for breast cancer. DNA meth-
ylation of ER and PGR promoters was investi-
gated in various breast cancer types [68–75]. 
Maekawa et al. have investigated whether or not 
the DNA methylation of the tissue-dependent and 
differentially methylated region (T-DMR) at the 
ESR1 gene affects their gene expression in breast 
cancer [69]. They found two T-DMRs, T-DMR1 
and T-DMR2, at the ESR1 locus. The hypermeth-
ylation of T-DMR1 located far from TSS was 
highly related to downregulated gene expression, 
whereas that of T-DMR2 located close to TSS 
had only a modest effect on gene repression. 

However, the methylation status of ESR1 and 
PGR promoters was not significantly associated 
with histological subtypes based on the presence 
of hormone receptors [68, 76, 77]. Ramezani 
et al. confirmed that there was no difference in 
the DNA methylation pattern between non-triple- 
negative cells and triple-negative cells [68]. Even 
though hypermethylations of ESR1 and PGR 
were detected in ERα- and PR-negative breast 
cancers, a strong correlation between low expres-
sion and hypermethylation at the ESR1 and PGR 
locus could not be detected. It should be consid-
ered that the methylation status of these genes 
could be used for the diagnosis of breast cancer.

Runt-related transcription factor 3 (RUNX3), 
known as a tumor suppressor in various cancers 
including breast cancers, is involved in cell sur-
vival, proliferation, and differentiation. The con-
tribution of hypermethylated RUNX3 to breast 
cancer progression has been identified [78–85]. 
Stronger hypermethylation of RUNX3 was 
observed in ductal carcinoma in situ (DCIS) and 
invasive ductal carcinoma (IDC) compared to 
non-breast tumors and benign tumors. However, 
researchers confirmed that the DNA methylation 
statuses of DCIS and IDC were not significantly 
different, suggesting this hypermethylation might 
not be involved in the progression from DCIS to 
IDC [79]. In addition, the hypermethylation of 
the RUNX3 promoter was frequently detected in 
patients with ER-positive breast cancer, and 
RUNX3 mRNA levels corresponded with their 
methylation status [80]. This suggests that 
RUNX3 methylation could be an early biomarker 
and therapeutic target for breast cancer.

Even though it has been identified that approx-
imately 50% of cases of familial breast cancer are 
related to BRCA1 mutations, only a small per-
centage of sporadic breast cancer cases with 
BRCA1 mutations have been detected. However, 
expression of the BRCA1 gene was clearly 
decreased in sporadic breast cancer. Many stud-
ies have identified the relationship between gene 
expression level and methylation status at the 
promoter of BRCA1 [8–12, 14–16, 19, 86]. 
Hypermethylation of the BRCA1 promoter 
region was detected in over 50% of sporadic 
breast cancer cases, but it was not strongly 
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 correlated with clinicopathological characteris-
tics. Rather, it was more associated with ER and 
PR status [19]. Interestingly, it has been reported 
that patients with hypermethylated BRCA1 have 
a good prognosis, suggesting it could be a poten-
tial therapeutic target for epigenetic treatment.

14.3  Global Analysis of Histone 
Modification in Breast 
Cancer

As mentioned above, histone modification is crit-
ical to the regulation of gene expression. It can be 
altered by DNA methylation patterns and is asso-
ciated with the characterization of the chromatin 
structure [10, 19–21, 25, 35, 37, 47, 56, 81, 87–
128]. Moreover, histone modification may cause 
the differentially regulated gene expression and 
different phenotypes between individuals with 
and without cancer and/or among cancer types 
[26, 129, 130]. Notably, research has revealed 
that the activity of enzymes known as histone 
modifiers is correlated with the regulation of 
gene expression [131, 132]. The most popular 
breast cancer drugs are also related with the alter-
ation of the modification of histones, especially 
HDACs. The drugs and their effects are discussed 
in Sect. 4. Even in breast cancers, histone modifi-
cations differ depending on cancer subtypes, 
which are defined by ER, PR, and HER2 status 
[37, 93, 133–137].

Since the NGS technique was developed, it 
has become possible to discover the differences 
in histone modification not only in nearby regu-
lated genes but also in unexpected regions in 
individuals with and without cancer. The method 
of chromatin immunoprecipitation sequencing 
(ChIP-Seq) has been used to show histone modi-
fication by detecting protein-DNA interactions 
globally. Published NGS experimental data, 
including ChIP-Seq and RNA-Seq, which will be 
referred to in the below sections, can be down-
loaded from the Gene Expression Omnibus 
(GEO). In addition, RNA-Seq data on cancer 
cells are deposited in The Cancer Genome  
Atlas (TCGA). Below, previous studies using 
global analysis, especially ChIP-Seq, for identi-

fying the alteration of histone modification are 
presented.

14.3.1  Previous Studies

Cancers have both common and specific features. 
The first study introduced here focused on explor-
ing the common features between two wide-
spread types of cancers, breast cancer and ovarian 
cancer, which were associated with high mortal-
ity in women in the US. TCGA dataset were 
applied to compare and find common carcino-
genesis factors between these two cancers. Gene 
expression level, miRNA expression level, and 
histone modification alteration were also investi-
gated in the study. TP53, which was responsible 
for anti-proliferation or apoptosis, and BRCA1 
were found to be highly mutated in both cells. 
Moreover, the study demonstrated similar pat-
terns of abnormally expressed microRNAs and 
alteration of histone modification in two cancer 
types, implicating oncogene regulation in both 
cancer cells. Therefore, it was concluded that dif-
ferent tissue types can share a common epigene-
tic carcinogenesis mechanism [48].

Even though cancers have shared characteris-
tics, the goal of most cancer-related studies is to 
discover cancer-specific features for a novel ther-
apy target. In human mammary epithelial cells 
(HMECs) and MDA-MB-231 cells, a positive 
correlation between cell type-specific chromatin 
structures and gene expression was discovered. 
H3K4me1, which was considered as an enhancer 
marker, was utilized to identify enhancer regions 
by histone modification in HMECs and 
MDA-MB-231 cells. Nearby genes were then 
matched from the identified specific enhancers. 
Enhancers were classified as active and poised 
sites by the co-localization of H3K27ac, an acti-
vation marker. As a result, it has been confirmed 
that most highly expressed genes have cell type- 
specific and active enhancers and that they are 
involved in the gene functions of proteolysis, epi-
dermis development, mitosis, and cell cycle.

Using specific enhancers, a motif search was 
performed to predict the transcription factors 
binding to the enhancers to determine cell 
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 type- specific characteristics. Consequentially, 
most of the revealed transcription factors were 
known as breast cancer target genes, such as 
TP63 [138]. Histone methyltransferase and 
demethylase, such as H3K9me2 and H3K9me3, 
are repressive markers in the genome, and 
KDM3A/JMJD1A is the enzyme for the demeth-
ylase of H3K9me1 and H3K9me2. These histone 
modification markers were shown to have a 
reversed correlation with KDM3A/JMJD1A in 
in vivo and in vitro experiments. In MCF7 and 
T47D, KDM3A/JMJD1A was progressively 
increased during cancer transformation com-
pared to non-breast cancer cell lines. In KDM3A/
JMJD1A knockdown cells, decreased regulated 
genes were known oncogenes, such as MYC and 
PAX3, in KDM3A/JMJD1A. Moreover, the defi-
ciency of KDM3A/JMJD1A was implicated in 
tumor growth and increasing cancer cell migra-
tion [33]. The association of RACK7, which was 
considered as a pioneer binder for the activated 
protein kinase C-binding protein, and H3K4me3-
specific demethylase KDM5C was recognized at 
active enhancers. The co-localization of two pro-
teins was observed in active enhancer regions, 
including those of super-enhancers. Their general 
function was revealed to be negatively regulatory 
for enhancer. In ZR-75-30, an ER-positive breast 
cancer cell line, the relation between RACK7 and 
KDM5C was shown to be such that a deficiency 
of RACK7 led to a decrease of KDM5C at active 
enhancers. The loss of RACK7 and KDM5C was 
implicated in an increase of H3K4me3 and 
enhancer RNA (eRNA) transcription and a 
decrease of H3K4m, at active enhancers in 
ZR-75-30 and MCF7. Consequentially, the tran-
scriptional activity of RACK7-bound genes was 
enhanced. Upregulated genes were classified as 
cell adhesion genes by gene ontology (GO) anal-
ysis in RACK7 and KDM5C knockout cells. 
Among differentially expressed genes, the S100A 
gene family, one of the well-known tumor sup-
pressor families, was suggested as the indicator 
of RACK7-related tumor genesis. Interestingly, 
between the S100A genes in Clusters I and II, 
only members of Cluster I genes had RACK7 and 
KDM5C occupation at enhancers and reacted to 
ablated RACK7 and KDM5C in ZR-75-30 [27].

The above studies have indicated that the 
pathogenesis mechanism is caused by different 
types of histone modification, which would help 
predict fundamental targets for cancer therapies.

14.3.2  Public Database for Genomic 
Study

As mentioned above, several databases have 
released published experimental data for 
researchers. Published data can be downloaded 
with/without permission and used for reanalysis 
by comparing other samples. Of the many data-
bases, we will introduce three well-known data-
bases: GEO, TCGA, and ENCODE.

14.3.2.1  GEO
The Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) is the biggest data-
base for sharing genomic data. This database is 
managed by the National Center for 
Biotechnology Information (NCBI), in which is 
affiliated to the National Institutes of Health 
(NIH). From the website, researchers can easily 
search for and download published data by key-
words. In addition, all researchers are able to 
upload data. When high-throughput sequencing 
data, like RNA-Seq data, is uploaded, permission 
from GEO managers is needed to obtain GSE 
permission/access numbers of experimental data 
series. As with the group number, the GSE, each 
sample has its own GSM number. According to 
the policy of GEO, uploaded data should be 
released to all researchers. However, the upload-
ers can determine the data release date. Nowadays, 
a GEO accession number on the deposited data 
must be specified for paper submissions to most 
journals containing genomic studies.

14.3.2.2  TCGA
The Cancer Genome Atlas (TCGA; https://can-
cergenome.nih.gov) has been launched to share 
high-throughput data, especially on cancer dis-
ease tissues/cells. It is also funded by the NIH 
and the National Cancer Institute and National 
Human Genome Research Institute (NHGRI). 
The purpose of the database is to share cancer 
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genomic data to investigate the genomic causes 
or differences in cancer diseases. Therefore, it 
contains many genomic sequencing samples, like 
Exome-seq and whole genome sequencing sam-
ples. To download raw data, rather than processed 
sequencing data, permission is required. Data 
types are divided into tiers related with permis-
sion level. Only tier 3, processed data and a few 
tier 1 samples are public in this database. Ways of 
obtaining permission are not described here.

14.3.2.3  ENCODE
The Encyclopedia of DNA Elements (ENCODE; 
https://www.encodeproject.org) Consortium has 
contributed to the generation of various types of 
NGS data for epigenetic study using comprehen-
sive platforms, especially ChIP-Seq in humans. 
More than 7500 ChIP-Seq samples have been 
released. Samples include histone modification 
and transcription factor DNA-binding samples. 
Only a few groups have conducted experiments 
to generate ENCODE data based on their strin-
gent experimental process. All ENCODE data is 
accessible to anyone, and it is deposited in GEO.

14.3.3  Example Analysis Using 
ENCODE Data

Histone modification can be examined globally 
by ChIP-Seq experiments. In ENCODE, 145 
ChIP-Seq samples in MCF7 are now available, 
among which 14 are histone modification sam-
ples. In MCF7, RNA-Seq, ChIP-Seq, H3K27ac, 
H3K4me1, H3K4me3, and H3K27me3 were 
downloaded and analyzed for the global analysis 
example. Each mark is known as activator, 
enhancer, promoter, and deactivator, respectively. 
However, a detailed analysis process will not be 
described in this section.

Each histone tail status reflects different his-
tone modification status, and the result of analy-
sis is shown in Fig. 14.1. Figure 14.1a–e heatmap 
represents each marker’s density from ±20 kb of 
the promoter or peak center. Figure 14.1a illus-
trates the gene promoter sites sorted by gene 
expression level. H3K27ac and H3K4me3 were 
clearly enriched in highly expressed genes. The 

occupancy of each histone modification was 
identified using the HOMER (http://homer.ucsd.
edu/homer/) peak-calling method, one of the 
ChIP-Seq analysis programs. Among the total 
peaks identified, 90% were included in 
Fig. 14.1b–e. Of the peaks, even though 
H3K4me1 and H3K27me3 occupied many of the 
genome sites, H3K4me1 and H3K27me3 were 
shown to have different DNA-binding patterns 
compared with the others (Fig. 14.1b–e). While 
almost all of H3K27ac and H3K4me3 occupied 
each other and/or H3K4me1 (Fig. 14.1d, e), 
approximately half of H3K4me1 and more than 
80% of H3K27me3 were localized alone 
(Fig. 14.1b, c). In only H3K4me1-occupied 
regions, 95% were intron or intergenic, which 
could be putative enhancer sites since H3K4me1 
had been considered as enhancer marker 
(Fig. 14.1b). Figure 14.1c, d shows that H3K27ac 
and H3K4me1 co-occupied the sites suspected as 
active enhancer sites, and H3K27ac, H3K4me1, 
and H3K4me3 enriched regions supposed to be 
active promoter sites. Figure 14.1f shows one of 
the breast cancer target genes, BRCA1. By visu-
alizing the experimental data, we confirmed 
that H3K27ac and H3K4me3 were extremely 
enriched, and H3K4me1 was occupied. 
Meanwhile, H3K27me3 did not exist in the pro-
moter sites of highly expressed genes. This result 
indicates that the complexity of the histone modi-
fication mark signifies a different genomic struc-
ture. Hence, an understanding of the histone 
modification mechanism can promote the devel-
opment of a compatible disease-targeted therapy.

14.4  Epigenetic Regulators 
as Therapeutic Targets

14.4.1  DNMT Inhibitors

DNMT inhibitors are widely used as epigenetic 
drugs for the treatment of tumorigenic diseases 
including breast cancer [139]. However, for pre-
cision therapy, specific inhibitors of DNMTs 
must be used due to their toxicity, side effects, 
and chemical instability [128]. The  overexpression 
of DNMTs has been identified in breast cancers. 
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In particular, DNMT3B is highly expressed in 
breast carcinoma, and more than 30% of patients 
with breast cancer show an increase in DNMT3B 
[56, 128, 140]. Here, we will summarize the 
effects of DNMT inhibitors in breast cancer cells.

14.4.1.1  5-Azacytidine
The effect of combination therapy with the 
DNMT inhibitor, 5-azacitidine, and the HDAC 
inhibitor, entinostat, has been investigated in 
patients with advanced hormone-resistant or 
triple- negative breast cancer (TNBC) [136]). 
Only a limited portion of the hormone-resistant 
group responded to the combination therapy, and 
there was no effect in the TNBC group. It sug-
gests that combination epigenetic therapy could 
benefit patients with hormone-resistant diseases.

The effect of 5-azacitidine on the GPER1 
(seven-transmembrane G-protein-coupled estro-

gen receptor) locus was investigated in MCF7 
and MDA-MB-231 cells [141]. They checked the 
methylation status of the 3′ region and coding 
region CpG islands at the GPER1 locus, and dif-
ferent methylation patterns were observed at the 
3′ region of GPER1 between MCF7 and 
MDA-MB-231 cells. Hypomethylation of this 
region was identified in MCF7 cells, and their 
expression was higher than that in MDA-MB-231 
cells. Conversely, MDA-MB-231 cells showed 
hypermethylation of the 3′ region CpG islands of 
GPER1, and its expression remained at low lev-
els. RNA-Seq data from TCGA also revealed that 
the GPER1 mRNA level was downregulated in 
primary breast tumors compared to normal  
tissues. Thus, 5-azacitidine affects GPER1 
expression in MDA-MB-231 cells, suggesting a 
potential mechanism of GPER1 repression in 
TNBCs.

Fig. 14.1 Global analysis of H3K27ac, H3K4me1, 
H3K4me3, and H3K27me3 in MCF-7. (a–e) Heatmap 
representing DNA-binding density of histone modifica-
tion ±20 kb around promoters or peak centers. (a) 
Enriched H3K27ac and H3K4me3 in all promoter sites of 
human genome sorted by gene expression level but not 
H3K4me1 and H3K27me3. (b) Most of peak sites were 
detected by only H3K4me1 in whole genome. (c) No 

detection of H3K27ac, H3K4me1, or H3K4me3 in almost 
of 80% of H3K27me3 peaks sites. (d) Considered as 
active enhancers by the occupancy sites of H3K27ac and 
H3K4me1. (e) Detected peaks as active promoters by 
H3K27ac, H3K4me1, and H3K4me3. (f) Genome browser 
snapshots on MCF-7. Enriched H3K4me1, H3K4me3, 
and H3K27ac marks in the promoter sites of BRCA1
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Sadikovic et al. identified genome-wide meth-
ylation patterns in breast cancer cell lines, MCF7, 
HCC1806, MDA-MB-231, and MDA-MB-468, 
with treatment of 5-azacytidine using amplifica-
tion of intermethylated sites (AIMS) [142]. 
Approximately 50 different bands were identified 
in cells treated with 5-azacytidine compared to 
untreated cells. Among them, 12 sites appeared 
to have common susceptible regions that could 
be targeted to other carcinomas, such as chorio-
carcinoma and melanoma cells, and over 60% of 
them were associated with genomic instability in 
carcinomas. For example, hypomethylation events 
within SANP190, BC13982 loci were observed in 
MCF7, MDA-MB-231, and MDA-MB-468 cells. 
It indicates that 5- azacytidine targets genes 
related with genomic instability and could affect 
therapy by changing the DNA methylation pat-
terns of these target loci [142].

The in vivo and in vitro effects of 5- axacytidine 
in ERBB2-positive breast cancers have been 
investigated [143]. PTPRO (PTP receptor type 
O) has a role in tumor suppressor genes in several 
tumors, and the hypermethylation of this gene 
was observed in ERBB-positive breast cancers. 
Physical interaction between PTPRO and ERBB2 
was investigated, and the activation of PTPRO 
reduced ERBB2 activity through increased endo-
cytotoxic degradation. After 5-azacytidine treat-
ment, the expression of PTPRO was increased by 
hypomethylation, and cell proliferation was 
reduced in ERBB2-overexpressed breast cancer 
cells. This suggests that PTPRO is a potential 
therapeutic target regulated by 5-azacytidine for 
the HER2-positive subtype of breast cancer.

The relationship between DNA methylation 
and RNA Pol II stalling in tumor suppressor 
genes was identified in TNBC cells, 
MDA-MB-231 [144]. The hypermethylation of 
CLDN6, MAL, RIN1, PRA, and VGF was found, 
and their expression was significantly recovered 
after 5-azacytidine treatment. Furthermore, it 
was discovered that RNA Pol II stalling was 
released in MDA-MB-231 cells treated with 
5-azacytidine corresponding to their gene expres-
sion. It was identified that a change of RNA Pol 
II stalling could affect the modification of the his-
tones H3K27me3 and H3K4me3. Occupancy of 

EZH2 and SUZ12, which are polycomb proteins, 
was critically decreased, whereas H3K4me3 lev-
els were increased at tumor suppressor genes. 
Thus, 5-azacytidine treatment influences RNA 
Pol II stalling and histone modification as well as 
DNA methylation in breast cancer.

High doses of 5-azacytidine lead to cytotox-
icity in MDA-MB-435 cells, so proper doses of 
this epigenetic drug need to be obtained for ther-
apy [145]. Hellreich et al. identified that a low 
concentration (1.95 ug/mL) did not have a cyto-
toxic effect and generated resistant populations. 
This study has demonstrated the potential use of 
5-azacytidine in breast cancer therapy.

14.4.1.2  5-Aza-2′-Deoxycytidine
According to a genome-wide association studies 
(GWAS) analysis, single-nucleotide polymor-
phisms (SNPs) at 16q12 could contribute to 
breast cancer [39]. There are two genes, TOX3 
and CASC16, at this locus. TOX3, known as a 
nuclear protein, negatively controls BRCA1 
genes by binding to the promoter of BRCA1. Han 
et al. confirmed the expression of TOX3 and 
CASC16 genes in luminal, basal-like subtypes 
and normal breast tissues. TOX3 was more highly 
expressed in luminal subtypes compared to nor-
mal tissues and basal-like subtypes. In addition, a 
TCGA analysis revealed that an inverse correla-
tion between DNA methylation and gene expres-
sion was observed in basal-like breast tumors. 
5-aza-2′-deoxycytidine treatment contributed to 
TOX3 gene regulation through the demethylation 
of the CpG region of the TOX3 gene. However, 
there is no strong correlation between SNPs and 
DNA methylation to regulate the TOX3 gene, 
suggesting that genetic and epigenetic mecha-
nisms have distinct influences on the expression 
of TOX3.

Xiang et al. investigated the effect of 5-aza-2′-
deoxycytidine on DACT2 genes, which are antag-
onists of Wnt signaling, and their loss was 
frequently related to carcinogenesis [146]. The 
expression of DACT2 was confirmed in breast 
cancer cell lines and tissues, and their expression 
was significantly decreased in breast cancers. 
Moreover, approximately 90% of cell lines and 
70% of tissues showed hypermethylation of the 

S. Oh et al.



295

promoter region of DACT2 in breast cancers. 
Upon 5-aza-2′-deoxycytidine treatment, DACT2 
expression was recovered by demethylation of 
the promoter in BT549 and T47D cell lines. This 
resulted in induced apoptosis, decreased cell pro-
liferation, migration, and EMT by blocking Wnt 
signaling. These epigenetic changes caused by 
5-aza-2′-deoxycytidine could control breast 
carcinogenesis.

In addition, miRNA expression levels are reg-
ulated by 5-aza-2′-deoxycytidine [147]. The 
expression of miR-31 is significantly increased in 
MDA-MB-231 cells treated with 5-aza-CdR, and 
it has an effect on inhibition of invasion through 
decreased SATB2, which is a target of miR-31.

14.4.1.3  Zebularine
More effective and less toxic DNMT inhibitors 
and zebularine were tested in two breast cancer 
cell lines, MCF-7 and MDA-MB-231 [148], and 
the effect of zebularine on cell growth and apop-
tosis was confirmed. After zebularine treatment 
at different concentrations, the inhibition of pro-
liferation was observed in both cell lines through 
upregulated P21, downregulated cyclin D, and 
induced S-phase arrest. However, the apoptosis 
pathway regulated by zebularine treatment dif-
fered in a cell line-specific manner. MDA-MB-231 
cells showed activation of both the extrinsic and 
intrinsic pathways through decreased BCL2 and 
increased BAX and caspase-3, while decreased 
BCL2 and caspase3 were observed in MCF-7 
cells. In addition, DNA demethylation and his-
tone acetylation occurred after low levels of zeb-
ularine treatment, and it led to the depression of 
ER mRNA levels in ER-negative cells, 
MDA-MB-231.

The effect of zebularine in vivo has also been 
investigated [149], and mice treated with 5 mg/
ml in drinking water showed significantly delayed 
tumor growth. In general, DNMT1 and DNMT3b 
expressions were decreased after zebularine 
treatment, indicating their involvement in epi-
genetic regulation. A microarray analysis indi-
cated that the expression of Twist2, Becn1, Sfrp1, 
Cdkn1a, and H9 genes was increased in mice 
with zebularine treatment, and pyrosequencing 
results revealed demethylation of the Twist2 pro-

moter region. In addition, the expression of 
genes, such as CCND2, Sfrp1, and Gsn, which 
has hypermethylated regions at the promoter, was 
upregulated in mice treated with zebularine, sug-
gesting that zebularine could be a potential drug 
for effective breast cancer treatment.

14.4.2  HDAC Inhibitors

HDAC inhibitors affect transcriptional silencing 
through the removal of the acetyl groups at the 
lysine residues, which results in condensed chro-
matin. Based on their chemical structures, HDAC 
inhibitors are divided into four groups: 
hydroxamic acids, cyclic tetrapeptides, short- 
chain fatty acids, and benzamides [150–153]. 
Even though HDAC inhibitors are nonselective, 
some inhibitors are targeting the zinc cofactor at 
HDAC’s active site and selectively regulate gene 
expression. For this reason, they have been 
applied to cancer therapy field and produced 
encouraging results in the clinic for breast cancer 
treatment.

14.4.2.1  Suberoylanilide Hydroxamic 
Acid (SAHA)

Suberoylanilide hydroxamic acid (SAHA) is 
clinically approved for the treatment of T-cell 
lymphoma, and there are continuing attempts to 
study the anticancer effect of SAHA on breast 
cancer. The responsiveness to SAHA was identi-
fied in various breast cancer cell lines [154]. 
BT474 cells were resistant to SAHA, while 
MCF7 cells were sensitive. After SAHA treat-
ment, GSH levels were increased, and the expres-
sion of genes related with antioxidant enzymes, 
selenoprotein P plasma 1 (SEPP1), and nicotin-
amide nucleotide transhydrogenase (NNT) was 
upregulated in BT474 cells. However, all gluta-
thione pathway genes were downregulated in 
MCF7 cells, indicating that the glutathione meta-
bolic pathway is important for acquired resis-
tance in SAHA treatment.

The effect of SAHA in TNBC cells has also 
been studied [155]. Interestingly, epithelial- 
mesenchymal transition (EMT) was induced in 
MDA-MB-231 and BT-549 cells with SAHA 
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treatment supported by the aberrant expression of 
E-cadherin (E-cad), N-cadherin (N-cad), 
Vimentin (Vim), and fibronectin (FN). In addi-
tion, FOXA1, a critical transcription factor for 
hormone response, was downregulated, and 
nuclear transition was impaired in cells in which 
EMT was induced after SAHA treatment. These 
data suggest that side effects should be reviewed 
before SAHA is used as a therapeutic approach 
for breast cancer.

Feng et al. investigated the effect of SAHA in 
leptin-induced breast cancer cells, which led to 
enhanced proliferation and stimulated cells’ entry 
into the S phase [156]. Obviously, inhibition of 
cell growth and increased apoptosis were 
observed in MCF-7 and MDA-MB 231 cells after 
SAHA treatment. In addition, SAHA influenced 
the transcription activity of p21WAF1/CIP1, which is 
a negative regulator of the cell cycle, in both cell 
lines. However, SAHA affected CDK4 and 
Cyclin E expression in MCF-7 cells, whereas 
CDK2 and Cyclin E were affected in 
MDA-MB-231 cells. This indicates that distinct 
regulatory signaling is required for the G1-S tran-
sition in each type of cell. Histone acetylation 
patterns at H3 or H4 were checked upstream of 
p21WAF1/CIP1, and only H3K27ac was affected by 
SAHA in MCF-7 cells, while MDA-MB-23a 
cells showed altered acetylation levels at H3 and 
H4 at the promoter region of p21WAF1/CIP1. This 
suggests that SAHA regulates p21WAF1/CIP1 
through epigenetic modification, but the mecha-
nism differs in a cell type-specific manner.

14.4.2.2  Trichostatin A
The effect of trichostatin A (TSA), known as an 
HDAC inhibitor treatment for several cancer cell 
lines, including breast cancer cells, has been 
elucidated [157]. TSA treatment induces 
mesenchymal- like morphological changes in 
both the human breast cancer cell line MCF-7 
and the human gastric cancer cell line BGC-823. 
In addition, inhibition of cell migration and can-
cer cell colony formation were observed in TSA- 
treated MCF-7 and BGC-823 cells coupled with 
the alteration of β-catenin expression, suggesting 
that TSA has a dual function: a negative effect in 
cancer cells and EMT induction.

Chang et al. evaluated distinct sensitivities to 
HDAC inhibitors, pan-inhibitor TSA, and the 
Class I selective inhibitor depsipeptide, in vari-
ous cancer cells [158]. A cell viability assay 
showed that breast, lung, and melanoma cell lines 
have different responses to TSA compared to 
depsipeptide. In addition, the authors showed 
that while purified recombinant HDAC 1, 2, and 
5 were sensitive to TSA treatment, depsipeptide 
was inhibited in cellular extracts but not in puri-
fied HDACs. Despite the similar activities of 
these HDAC inhibitors, TSA and depsipeptide, 
these HDAC modulators exert distinct activity 
and selectivity on cancer cells.

In general, aberrantly expressed microRNAs 
(miRNAs) are involved in cancer development 
and drug resistance, so it is important to identify 
the function of dysregulated miRNAs in cancer. 
Liu et al. identified that TSA induced ERa expres-
sion in breast cancer cell lines, MCF-7 and 
MDA-MB-231, through the reduction of miR- 
204 [159]. In addition, decreased miR-204- 
enhanced sensitivity to tamoxifen (TAM) was 
observed in breast cancer cells. Furthermore, the 
combination treatment of TSA and TAM exerted 
a synergistic effect to inhibit tumor size in vivo 
compared to TSA treatment alone, indicating that 
miR-204 plays a key role in regulating drug resis-
tance and may be an effective target for cancer 
therapy related to TSA.

The effect of TSA on the apoptosis of breast 
cancer cell lines, MCF-7 and MDA-MB-231, 
was studied [160]. It was found that TSA induced 
the apoptosis of MCF-7 and MDA-MB-231 cell 
lines via cell cycle arrest in the G2/M phase, and 
apoptosis suppressed by TSA treatment is depen-
dent on mitochondrial reactive oxygen species 
(ROSs) derived from the reduced activity of the 
mitochondrial respiratory chain. Overall, these 
results suggest that TSA plays a role in inhibiting 
breast cancer cells via the induction of apoptosis.

ER is a critical factor for breast cancer devel-
opment and endocrine therapy resistance. In 
addition to ER, hypoxia is a crucial physiological 
condition in tumorigenesis. Therefore, molecular 
mechanism studies in hypoxic microenvironments 
are essential for understanding breast cancer 
development and progression. Accumulating evi-
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dence has shown the effect of TSA on ERa 
repression in breast cancer cells under hypoxia 
conditions. Noh et al. have found that TSA affects 
ESR1 mRNA and ERa protein expression of 
ER-positive MCF-7 cells under hypoxia condi-
tions and that the ubiquitin proteasome-mediated 
pathway is involved in ERa degradation induced 
by TSA treatment [161]. Their study also demon-
strated that TSA treatment suppressed the cell 
proliferation of MCF-7 cells under normal and 
hypoxia conditions, indicating the effect of TSA 
on cell proliferation via the regulation of ERa.

14.4.2.3  Suberoyl Bis-Hydroxamic 
Acid (SBHA)

Suberoyl bis-hydroxamic acid (SBHA), one of 
the HDAC inhibitors, exerts an anticancer effect 
in several cancer types, including breast cancer. 
Zhuang et al. studied the effect of SBHA on the 
apoptosis of breast cancer cell line MCF-7 [162]. 
The results showed that SBHA treatment pro-
moted apoptosis via the increased expression of 
p53, p24, PUMA, and Bax in MCF-7 cells. 
Interestingly, the authors demonstrated that the 
knockdown of p53 using siRNA attenuated 
SBHA-induced apoptosis and p53, p24, PUMA, 
and Bax, indicating that SBHA has an anticancer 
effect on breast cancer through the p53 pathway.

There is other evidence showing the effect of 
SBHA on the cell proliferation and apoptosis of 
breast cancer cells from a study conducted by 
Yang et al. [163]. The suppression of cell prolif-
eration and cell cycle arrest in the G0/G1 phase 
were observed in SBHA-treated MCF-7 cells in 
an SBHA concentration-dependent manner. In 
addition to the inhibition of cell proliferation, 
SBHA treatment increased apoptotic cell death 
and the expression of Bax and decreased the 
expression of Bcl-2. Taken together, the above 
findings demonstrate that SBHA plays an anti-
cancer role in breast cancer cells via the induc-
tion of cell cycle arrest and apoptosis.

14.4.2.4  Panobinostat
TNBC, a highly aggressive subtype of breast 
cancer, is correlated with decreased levels of 
E-cadherin due to the epigenetic inactivation of 

the CDH1 gene and the lack of ERa-regulated 
signaling. It has been reported that panobinostat, 
known as an antiproliferative agent, increases the 
membrane expression of E-cadherin without sig-
nificantly affecting ERa and ERa-related signal-
ing in TNBC cells and inhibits cell migration and 
invasion ability [164]. In addition, increased pro-
moter activity of CDH1 was observed in 
panobinostat- treated TNBC cells. In conclusion, 
these results show the potential therapeutic role 
of panobinostat in aggressive breast cancer via 
repressing cell survival and invasiveness. There is 
other evidence showing the anticancer effect of 
panobinostat in TNBC. Tate et al. have found that 
panobinostat treatment inhibits cell proliferation 
via blockage of the G2/M phase and induces 
apoptosis [165]. In an in vivo study, panobinostat 
significantly reduced tumor volume and induced 
cell morphology change accompanied by the 
increased expression of CDH1, indicating the 
potential role of panobinostat in TNBC therapy.

Although aromatase inhibitors (AIs) are 
known as effective drugs for curing hormone 
receptor-positive breast cancer patients, acquired 
AI resistance has emerged as a serious problem 
in breast cancer therapy. According to a study 
conducted by Kubo et al., panobinostat treatment 
inhibits AI-resistant cell proliferation via induc-
ing cell cycle arrest in the G2/M phase and apop-
tosis and decreases levels of NF-jB1 commonly 
overexpressed in AI-resistant cells [166]. In addi-
tion to these in vitro findings, the authors con-
firmed the anticancer effect of panobinostat 
treatment on AI-resistant tumors accompanied by 
the decreased expression of NF-jB1 in vivo, sug-
gesting the use of panobinostat as a novel thera-
peutic agent for AI-resistant breast cancer 
patients.

One study focused on the effect of panobino-
stat on metastatic ability in TNBC cells [167]. 
Panobinostat treatment in TNBC cells induced 
changes in cell morphology and repressed the 
expression of several genes involved in 
EMT. Interestingly, panobinostat had a more 
inhibitory effect on EMT compared to other 
HDAC inhibitors, such as SAHA and TMP269. 
Panobinostat also reduced the metastatic ability 
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of MDA-MB-231 cells in vivo, indicating its 
inhibitory effect on the metastasis of TNBC via 
regulating EMT.

14.4.2.5  Entinostat
The effect of the Class I selective HDAC inhibi-
tor, entinostat, on TNBC cells was confirmed 
[168, 169]. Entinostat treatment reduced the pop-
ulation of CD44high/CD24low, which were consid-
ered as a tumor-initiating cell (TIC) marker, in 
TNBC cell lines, such as MDA-MB-231, BT-549, 
and MDA-MB-436, and led to the reduction of 
mammosphere formation. In addition to the 
decreased TIC population, the expression of TIC 
markers, including Bmi-1, Nanog, and Oct-4, 
was reduced in entinostat-treated TNBC cells. To 
determine the effect of entinostat on tumor for-
mation and metastasis in vivo, entinostat was 
used to treat MDA-MB-231-inoculated NSG 
mice, and the treatment significantly inhibited 
tumor development and lung metastasis. Overall, 
these pieces of evidence demonstrate that the 
HDAC inhibitor entinostat may help inhibit 
breast cancer formation and metastasis.

14.4.2.6  Valproic Acid (VPA)
The effect of different concentrations of VPA on 
the cell viability of MCF-7 was examined, and a 
significant correlation between VPA treatment 
and MCF-7 viability was confirmed [170]. 
MCF-7 cell viability was found to be decreased 
in a VPA dose-dependent manner, suggesting that 
VPA has an anticancer effect in human breast 
cancer cell lines. Artacho-Cordón et al. evaluated 
whether ionizing radiation (IR) exposure would 
affect matrix metalloproteinase (MMP) activity 
and breast cancer cell invasion [171]. After IR 
exposure, compared to controls, the breast cancer 
cell line MDA-MB-231 significantly increased 
its invasion ability and mRNA levels of MMP-1, 
MMP-3, and MMP-13 along with their regula-
tors, which resulted in the induction of the colla-
genolytic and gelatinolytic activity of 
MDA-MB-231. Interestingly, in this group, VPA 
treatment was found to inhibit IR-induced MMP 
expression and invasion ability. Taken together, 
the results of this study demonstrate that VPA has 

an anti-invasive effect on human breast cancer 
cell lines under IR exposure.

Accumulating evidence has showed the effect 
of VPA treatment on telomerase activity and Bax/
Bcl-2 ratio in a human breast cancer cell line 
[172]. As telomerase activity is induced in most 
cancer types, researchers begin to examine 
whether VPA has an effect on not only cell viabil-
ity and apoptosis but also telomerase activity. 
They found that VPA treatment reduced the cell 
viability and telomerase activity of MCF-7 and 
increased the Bax/Bcl-2 ratio, which indicates 
that VPA functions as a negative regulator of cell 
proliferation by reducing telomerase activity and 
increasing the Bax/Bcl-2 ratio. Therefore, this 
study suggests that the reduced activity of telom-
erase may be used as an indicator to predict 
VPA’s anticancer effect on breast cancer cells.

Mawatari et al. investigated the antiprolifera-
tive effect of VPA on human breast cancer cell 
lines with different subtypes: SKBR3, BT474, 
MDA-MB-231, and MCF-7. VPA treatment 
inhibited the cell growth of four breast cancer 
cell lines, but the HER2-overexpressed, 
ER-negative breast cancer cell line, SKBR3, 
exhibited a dramatic antiproliferative effect after 
VPA treatment [173]. This antiproliferative effect 
of VPA on SKBR3 via cell cycle arrest and the 
induction of apoptosis was accompanied by the 
increased expression of p21WAF and cleaved cas-
pase- 3 and heat shock protein (Hsp) 70 acetyla-
tion, which indicated the anticancer effect of 
VPA on human breast cancer cells. The biologi-
cal function of the chromatin remodeling action 
of VPA on HMECs and breast cancer cell lines, 
MCF7 (ERa-positive) and MDA-MB-231 (ERa- 
negative), was also studied [174]. VPA treatment 
induced cell differentiation and cell cycle arrest 
in the G0/G1 phase accompanied by decreased 
phosphorylated Rb and increased expression of 
p21. In addition, decreased expression of ERa 
and pS2, which is known as an invasive breast 
cancer prognostic marker, was observed in MCF- 
7. However, HMECs and MDA-MB-231 cells 
exhibited re-expression of ERa without an 
increase of pS2 under VPA treatment. These 
results illustrate that in both ERa-positive and 
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ERa-negative breast cancer cells, VPA induces 
cell cycle arrest and the physiological phenotype 
to enhance sensitivity to endocrine and chemo-
therapeutic agents.

14.4.2.7  Sodium Butyrate
Chopin et al. have reported that sodium butyrate 
(NaB) inhibits cell growth and induces differen-
tiation via its activity of deacetylase inhibition 
[175]. After studying the effect of NaB on the 
growth of breast cancer cells, they found that the 
treatment of butyrate significantly reduced cell 
growth in various breast cancer cell lines cultured 
in monolayer, collagen gel and soft agar. In addi-
tion, butyrate induced G1 cell cycle arrest and 
apoptosis in MCF-7, MCF-7ras, T47-D, and 
BT-20 cells and G2/M phase arrest in 
MDA-MB-231 cells, indicating that butyrate acts 
as a negative regulator of cell growth in both 
hormone- dependent and hormone-independent 
breast cancer cells. Moreover, the study demon-
strated that butyrate-induced growth inhibition 
occurred in a P53-independent manner and Fas/
FasL signaling was involved in butyrate-induced 
apoptosis. In summary, the authors have identi-
fied the wide-spectrum anticancer effects of 
sodium butyrate in breast cancer cell lines.

Louis et al. have also examined whether 
sodium butyrate has an effect on apoptosis in the 
caspase-3-deficient breast cancer cell line MCF-7 
[176]. It was found that sodium butyrate treat-
ment suppressed the cell viability of MCF-7, but 
restoration of sodium butyrate in MCF-7 did not 
change sodium butyrate-induced apoptosis, indi-
cating that sodium butyrate regulates cell prolif-
eration in a dose-dependent fashion independent 
of caspase-3. This antiproliferative effect of 
sodium butyrate was caused by the arrest in the 
G2/M phase accompanied by the increased level 
of P21. Sodium butyrate treatment in MCF-7 
increased pro-apoptotic Bax and reduced anti- 
apoptotic Bcl-2 expression. In addition to the 
changes in levels of apoptotic proteins, several 
antioxidant enzymes were shown to be involved 
in sodium butyrate-induced apoptosis, suggest-
ing that the pro-apoptotic effect induced by 
sodium butyrate treatment is related to oxidative 
stress.

14.4.2.8  SK7041 and FTY720
The antitumor effect of SK-7041, known as a 
novel HDAC inhibitor in human lung and breast 
cancer cell lines and normal human bronchial 
epithelial (NHBE) cells, was compared with that 
of SAHA treatment [177]. SK-7041 treatment 
reduced more cell proliferation accompanied by 
histone hyperacetylation than SAHA treatment. 
In addition, the authors showed that SK-7041 had 
an antiproliferative effect via the induction of 
apoptotic cell death and selectively inhibited 
more cell proliferation of lung cancer cells than 
that of NHBE cells, suggesting that SK-7041 
may be considered a potential anticancer drug.

Hait et al. have indicated that FTY720 (fingo-
limod, Gilenya), previously known as the Food 
and Drug Administration (FDA)-approved pro-
drug for the treatment of multiple sclerosis, has 
an anticancer effect in breast cancer cells [178]. 
The authors found that the nuclear accumulation 
of FTY720-P produced by sphingosine kinase 2 
(SphK2) in breast cancer cells inhibited Class I 
HDACs and regulated gene expression indepen-
dently of S1PRs. To validate the anticancer effect 
of FTY720 treatment, the authors used high-fat 
diet (HFD)-induced breast tumors in MMTV- 
PyMT transgenic mice that had increases of 
advanced lesions of breast tumors and triple- 
negative spontaneous breast tumors. As a result, 
FTY720 treatment reduced tumor volume and 
HDAC activity and induced estrogen receptor 
alpha (ERa) and PR expression. In addition, 
FTY720 treatment induced ERa expression and 
sensitivity to TAM in ERa-negative breast cancer 
in vitro and in vivo more efficiently than a known 
HDAC inhibitor. Taken together, these results 
suggest that FTY720 has an anticancer effect in 
ERa-negative breast cancer via the reactivation of 
epigenetic ERa.

14.4.2.9 N-(2-Hydroxyphenyl)-2- 
Propylpentanamide

N-(2-hydroxyphenyl)-2-propylpentanamide is a 
VPA aryl derivative. Prestegui-Martel and 
 colleagues designed this drug in silico [179]. It 
was experimented in three cell lines, HeLa, rhab-
domyosarcoma, and breast cancer, in vitro. Its 
inhibition level of the tumor cell proliferation 
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was more efficient than that of reported  
drugs, such as VPA, a hepatotoxic drug,  
in vivo. In particular, N-(2-hydroxyphenyl)-2-
propylpentanamide has showed a significant 
antiproliferative effect in TNBC.

14.4.2.10  Scriptaid
Previous studies have revealed that the expres-
sion of ERa is controlled by the DNMT inhibitor 
and the HDAC inhibitor to regulate its promoter 
using epigenetic mechanisms in breast cancer. 
Scriptaid, which is a novel HDAC inhibitor, has 
showed positive effects on the induction of cell 
growth and increased ER expression level in 
ER-negative breast cancer cells. In three TNBCs, 
MDA-MB-231, MDA-MB-435, and Hs578T, it 
was confirmed that Scriptaid induced cell growth, 
increased ER expression, and increased acety-
lated H3 and H4 proteins. In those cell types, 
5-azacytidine 2′-deoxycytidine (5-aza) contrib-
uted to the powerful effect on increased ER 
expression when used in combined treatment 
with Scriptaid compared to Scriptaid or 
5- azacytidine alone [180]. In another study, the 
effects of Scriptaid were shown to significantly 
induce not only growth inhibition (only anti- 
proliferation) but also apoptosis in breast cancer 
cells (MCF-7, SK-BR-3, and MDA-MB-231). 
Even though TAM was not effective in 
MDA-MB-231 and SK-BR-3, those cells could 
obtain the responsibility of TAM by Scriptaid 
treatment. Apoptosis was obviously increased in 
treated cells using the combination of Scriptaid 
and TAM compared to Scriptaid alone [181].

14.4.2.11  YCW1
Bcl-2/adenovirus E1B 19 kDa protein-interacting 
protein 3 (BNIP3) is a breast cancer-specific 
upregulated gene. A previous study demonstrated 
that YCM1, which is one type of HDACi devel-
oped for cancer therapy, is a potential target drug 
for TNBC by controlling BNIP3 regulation. The 
expression level of BNIP3 was downregulated in 
4 T1 treated with YCM1, especially with the 
combination of YCW1 and IR. The additional 
effect of the combination treatment altered the 
growth inhibition of 4 T1 and MDA-MB-231 sig-
nificantly. It could be the reason why the effect of 

downregulated BNIP3 is related with autophagy 
and cytotoxicity increases [182].

14.4.2.12  Santacruzamate A
Santacruzamate A (SCA) is a natural bioactive 
product that is extracted from Panamanian marine 
cyanobacterium. As with most HDAC inhibitors, 
SCA is also constructed with a zinc-binding 
group (ZBG), a cap terminus, and a linker region. 
It was found that two analogues were associated 
with anti-proliferation and immune reaction in 
MCF7. Their inhibition of cell growth and 
immune response level was correlated with the 
degranulation of cytotoxic T-cells (CTLs). 
However, the effective activity was not observed 
in MDA-MB-231. A compound with the reversed 
functional role of prior compounds was also 
detected as a suppressor of immune response 
[183].

14.4.2.13  Ferrocenyl
The capability of ferrocenyl to regulate tumor 
growth using synthesized formation with known 
effectible drugs, especially in TNBC, was inves-
tigated. A series of ferrocenyl catechols were 
synthesized, and its antiproliferative activity was 
inspected in MDA-MB-231. Novel compounds 
had a similar or greater ability to induce anti- 
proliferation by comparison with their phenolic 
analogues through chemical oxidization [184]. 
To develop an effective drug for regulating ER 
activity, TAM, ferrocenyl, and selective ER 
modulators (SERMs) were synthesized as novel 
compounds. In MCF7 and MDA-MB-231, cell 
proliferation was evaluated depending on their 
ERα- and ERβ-binding affinities, respectively. A 
cell proliferation assay was used to prove the 
antiproliferative effects of the compounds. As a 
result, a significantly induced antiproliferative 
ability was demonstrated in both cells through 
ligand activity caused by the cytotoxic process 
[185]. In TNBC, modified ferrocenyl, ferrocenyl 
tamoxifen derivative (FcOHTAM), which has a 
strong antiproliferative effect in MDA-MB-231, 
was investigated. Laine and colleagues devel-
oped stealth FcOHTAM loaded lipid nanocap-
sules (LNCs). To confirm the effects of these 
FcOHTAM-LNCs in vitro, TNBC cells were 
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injected into mice for a xenograft mouse model. 
The result showed that tumor growth was signifi-
cantly decreased in FcOHTAM-treated mice. In 
the treated group, the tumor volume was evalu-
ated as 36%, which was less than that of the 
untreated group after 38 days [186].

Li et al. have found that SERMs are efficient 
for antitumor growth in ER-positive breast can-
cer but not ER-negative breast cancer. They also 
designed a novel hybrid ferrocenyl complex 
(FcOBHS-HDACi) by synthesizing compounds 
of dual-acting ER and HDAC inhibitors and 
incorporating the ferrocenyl unit for the antipro-
liferative influence in both ER-positive and 
ER-negative breast cancer cells. Cell prolifera-
tion was more significantly inhibited by the sul-
fonate unit of FcOBHS-HDACi in MDA-MB-231 
than that in MCF7 and DU145 (metastatic pros-
tate cancer cell line) [187]. Atmaca et al. investi-
gated the effects of antitumor activity of two 
different synthesized ferrocenyl pyrazole (FP) 
derivatives, 5-ferrocenyl-1-phenyl-1Hpyrazole 
(FP-Ph) and 5-ferrocenyl-1H-pyrazole (FP-H), in 
MCF7 and MDA-MB-231. FP-Ph and FP-H 
treatment inhibited cell viability in both cell lines 
and increased apoptosis and necrotic cells in 
MCF7 and MDA-MB-231, respectively [76].

14.5  Synergistic Effect 
of Combination Treatment

14.5.1  Combination with DNMT 
Inhibitor

5-azacytidine and ING1 Satbir et al. studied 
the synergistic effect of a combination therapy, 
an HDAC inhibitor and a DNMT inhibitor, in 
breast cancer cells [188], by comparing the effect 
of two HDAC inhibitors (LBH589 and ING1) 
and 5-azacytidine. They showed that LBS589 
and 5-azacytidine did not have a significant 
effect. However, ING1 and 5-azacytidine showed 
a better effect in terms of increasing apoptosis 
and decreasing DNA damage as well as inhibit-
ing cell growth. This suggests that the combina-
tion effect of epigenetic regulators should be 
considered for therapeutic targets.

5-aza-2′-deoxycytidine and DZNep Yu et al. 
demonstrated the effect of an EZH2 inhibitor and 
DNA methylation inhibitor on RASSF2A in 
breast cancer cells [78]. Upon treatment with the 
EZH2 inhibitor, DZNep, RASSF2A expression 
was decreased, and EZH2 expression was down-
regulated. However, in cells treated with 5-aza- 
2′-deoxycytidine, RASSF2A was induced 
approximately by 20-fold, while EZH2 levels 
were not significantly affected. Hypomethylation 
of CpG at the RASSF2A locus was also detected 
after inhibitor treatment. They showed that 
DZNep and 5-aza-2′-deoxydytidine reduced cell 
proliferation, migration, and invasion in breast 
cancer cells. This suggests that these epigenetic 
regulators are involved in the robust induction of 
RASSF2A through a synergistic effect.

14.5.2  Combination with HDAC 
Inhibitors

SAHA and TRAIL The combination effect of 
SAHA and tumor necrosis factor-related 
apoptosis- inducing ligand (TRAIL) was evalu-
ated in two different types of breast cancer cells, 
MCF-7 (ER-positive) and MDA-MB-231 
(ER-negative) [189]. The researchers identified 
that ER-negative breast cancer cells were sensi-
tive to TRAIL, whereas ER-positive cells were 
resistant. They then determined whether the sen-
sitivity of TRAIL was recovered in resistant cells 
with SAHA treatment. Cells treated with SAHA 
or TRAIL alone showed only a minimal effect on 
the inhibition of cell proliferation and cell viabil-
ity, but the combination of SAHA and TRAIL 
significantly decreased cell numbers in MCF-7 
and MDA-MB-231 cell lines. This combination 
treatment can regulate the cell cycle through the 
inhibition of entry into the S phase. Cells in the 
G0/G1 phase were observed after treatment with 
SAHA and TRAIL. In addition, this combination 
treatment induced apoptosis through increased 
BAX protein in both cell lines. MDA-MB-231 
cells treated with SAHA and TRAIL additionally 
induced caspase-3 and CDKN1A. Even though 
SAHA or TRAIL alone has a distinct effect on cell 
proliferation and apoptosis, the combinatorial 
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treatment of SAHA and TRAIL has a synergistic 
effect, suggesting this is a suitable therapy for 
breast cancer.

SAHA and Olaparib The effect of a poly 
(ADP-ribose) polymerase (PARP) inhibitor 
(olaparib) has been studied in various cancers tar-
geting the therapeutic effect on DNA repair- 
defective tumors. Min et al. determined whether 
SAHA could enhance the antitumor effects of 
olaparib in breast cancer cell lines using a cyto-
toxic assay and cell cycle analysis [190]. A com-
bination treatment of SAHA and olaparib 
contributed to the inhibition of cell proliferation 
in TNBC cell lines. The PARP inhibitor was sen-
sitive to the absence of PTEN, but a significant 
relationship between PARP inhibitor and PTEN 
deficiency was not confirmed in two TNBC 
cell lines, HCC70 and MDA-MB-468. However, 
after the combination treatment, PTEN was 
reactivated, and AKT and ERK signaling was 
decreased, suggesting that the proliferation path-
way was modulated by this combination treat-
ment. This suggests that SAHA and olaparib 
offer a therapeutic target for TNBC through 
recovered PTEN.

TSA and BEZ235 Chen et al. determined the 
anticancer effect of the combination treatment of 
TSA and PI3K/mTOR dual inhibitor BEZ235 on 
breast cancer cells [191]. They showed that this 
combination treatment exerted a synergistic 
effect on the growth inhibition of breast cancer 
cell lines via the induction of apoptosis in a 
caspase- dependent manner. Moreover, they 
observed that the combination treatment induced 
autophagic cell death through the increased 
expression of Beclin-1 and LC3B-II. An in vivo 
breast cancer xenograft model indicated that the 
combined treatment of TSA and BEZ235 com-
pletely inhibited the growth of tumors, which was 
unlike those treated with TSA or BEZ235 alone. 
Taken together, these data demonstrate that the 
combination treatment of TSA and BEZ235 has a 
synergistic effect on breast cancer inhibition, and 
it is suggested as a new selective strategy for 
breast cancer therapy.

SBHA and Bortezomib Yang et al. examined 
the effect of SBHA-only treatment and the com-
bination treatment of SBHA and other agents to 
enhance the anticancer effect of SBHA on breast 
cancer cells [192]. They discovered the synergis-
tic effect of the combination of SBHA and pro-
teasome inhibitors, such as bortezomib and 
MG-132, in the breast cancer cell lines MCF-7 
and MDA-MB-231. The co-treatment of this 
agent’s potentiated suppression of cell prolifera-
tion and colony formation was accompanied by 
the increased expression of p53, Bax, Bcl-xS, 
and Bak and the decreased expression of Bcl-2 in 
breast cancer cells compared to single agent- 
treated cells, indicating the synergic antitumor 
effect of the combination treatment of SBHA and 
proteasome inhibitors.

Panobinostat and Mevastatin Lin et al. exam-
ined the synergic effect of the combination treat-
ment of a 3-hydroxy-3-methylglutaryl-CoA 
reductase (HMGCR) inhibitor, mevastatin, and 
HDAC inhibitor, panobinostat (LBH-589), on 
TNBC cells [193]. Inhibited autophagic flux by 
preventing Vps34/Beclin1 complex formation 
was observed in mevastatin and panobinostat co- 
treated TNBC cells. In addition, they showed that 
this combination treatment inhibited mTOR via 
the activation of LKB1/AMPK signaling and 
resulted in cell cycle arrest in the G2/M phase. 
Furthermore, MDA-MB-231 xenograft mice 
treated by panobinostat plus mevastatin exhibited 
increased cell death, resulting in decreased tumor 
size in vivo. These findings strongly support a 
future therapeutic strategy using a combination 
treatment with an HDAC inhibitor to enhance the 
anticancer effect in breast cancer.

Panobinostat and Salinomycin Another study 
showing the effect of a combination treatment 
with panobinostat was conducted by the research 
group of Kai et al. [194]. The authors evaluated 
the efficacy of a combination of panobinostat and 
salinomycin, known as a breast cancer stem cells 
(BCSC)-targeting agent, on TNBC. In this study, 
TNBC cell proliferation and mammosphere for-
mation were inhibited by the combination treat-
ment in TNBC cells. In addition, this combination 
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treatment induced cell cycle arrest, apoptosis, 
and the alteration of EMT in TNBC BCSCs, indi-
cating the synergistic anticancer effect of panobi-
nostat and salinomycin co-treatment.

Panobinostat and Letrozole Tan et al. gathered 
the clinical data of a phase I study showing the 
effect of the combination of panobinostat and 
letrozole on metastatic breast cancer patients 
[195]. They demonstrated that this combination 
therapy was clinically effective in endocrine- and 
chemotherapy-resistant metastatic breast cancer 
patients. Furthermore, they found a tolerable and 
safe dose of this combination treatment for 
patients and recommended panobinostat 20 mg 
orally three times weekly and oral letrozole 
2.5 mg daily as a phase II starting dose.

Entinostat and Rapamycin Single-drug treat-
ments have exhibited a limited ability to reduce 
tumor size, because various types of oncogenic 
signaling occur in many cancer types. To enhance 
the antitumor activity of drugs or agents, syner-
gistic combination treatments have been devel-
oped. Ou et al. used the loss-of-function RNAi 
screening method of rapamycin, known as an 
mTOR inhibitor, to maximize the clinical poten-
tial of rapamycin and identified six candidate 
genes, AURKB, PLK1, PIK3R1, MAPK12, 
PRKD2, and PTK6, as sensitizers of rapamycin 
[196]. The authors used the HDAC inhibitor enti-
nostat to reduce the expression of these 
rapamycin- sensitizing genes and examined the 
effect of the combination treatment of rapamycin 
and entinostat on in vivo tumor growth in an 
MDA-MB-231 xenograft model. This combina-
tion treatment dramatically inhibited the growth 
of MDA-MB-231 xenografts compared to the 
treatment of rapamycin or entinostat alone, 
thereby indicating that the combination treatment 
of rapamycin and the HDAC inhibitor enhances 
the anticancer effect of rapamycin compared to 
the single treatments in breast cancer.

Entinostat and All-Trans Retinoic Acid 
(ATRA) In addition to the combination treat-
ment research reported by Ou et al., an additional 
study showed the anticancer effect of entinostat 

in combination with all-trans retinoic acid 
(ATRA) in breast cancer [196]. Schech et al. 
found that the combination of entinostat and 
ATRA inhibited the expression of HER2 involved 
in resistance to AIs and proliferation in 
AI-resistant cells [169]. In addition, this combi-
nation treatment inhibited the mammosphere for-
mation of letrozole-resistant cells, LTLT-Ca, and 
reduced the expression of TIC markers. 
Letrozole-resistant MCF-7Ca cell-inoculated 
xenograft tumor size and TIC characteristics 
were more significantly inhibited by the treat-
ment with entinostat, ATRA, and letrozole com-
pared with those treated with a single agent or the 
combination of entinostat and ATRA, suggesting 
that the combination treatment of entinostat and 
ATRA synergized the anticancer effect through 
TIC inhibition in breast cancer.

VPA and Capecitabine Terranova-Barberio 
et al. demonstrated the effect of the combination 
treatment of an HDAC inhibitor and anticancer 
agent in breast cancer [197]. Among the various 
HDAC inhibitors and anticancer agents, they 
evaluated the synergistic antitumor effect of VPA 
and capecitabine, known as the oral prodrug 
5-fluorourcacil (5-FU). They found that HDAC 
inhibitors including VPA increased the expres-
sion of thymidine phosphorylase (TP), which 
functions in the conversion of 5′-deoxy-5- 
fluorouridine (5′-DFUR) into active 5-FU in 
breast cancer cells but not in the non-tumorigenic 
cell line MCF10A. Furthermore, they confirmed 
that the combination treatment with VPA and 
capecitabine showed a powerful anticancer effect 
in breast cancer cells and that TP was a critical 
factor for the synergistic antitumor effect of the 
HDAC inhibitor and anticancer agent.

Sodium Butyrate and Etoposide Li et al. eval-
uated the effect of sodium butyrate alone and in 
combination with etoposide, known as a DNA- 
damaging agent, on breast cancer cells MCF-7 
and normal human embryonic kidney 293 
(HEK293) cells [198]. Sodium butyrate treat-
ment suppressed the proliferation of both cell 
lines, but it had a more dramatic antiproliferative 
effect in MCF-7 cells than in HEK293 cells. 
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Sodium butyrate more effectively inhibited cell 
proliferation in combination with etoposide in 
both cell lines, but this synergic effect was more 
obvious in MCF-7. In addition, sodium butyrate 
induced the formation of γ-H2AX foci under the 
treatment of etoposide to a greater lesion in 
MCF-7 compared to those in HEK293 cells and 
differential patterns of nuclear expression of dou-
ble strand break (DSB) repair-related protein. 
Taken together, these studies suggest that sodium 
butyrate increases sensitivity to the etoposide- 
induced cytotoxic effect and reduces DSB repair 
capacity in cancer cells but not in non-cancer 
cells.

Sodium Butyrate and MET siRNA Sun et al. 
identified a specific breast cancer cell population 
that showed resistance to sodium butyrate treat-
ment [199]. These cells had cancer stem cell 
characteristics, such as self-renewal and high 
tumor initiation ability, and expressed CD133, 
known as a cancer stem cell marker. In addition, 
endogenous c-MET was found to be critical to 
the survival of breast cancer cells after sodium 
butyrate treatment and highly expressed in 
CD133-positive cells. Based on these findings, 
the effect of the combination treatment of MET 
siRNA and sodium butyrate was examined. As a 
result, this combination treatment efficiently 
inhibited the breast cancer incidence rate and 
progression. Taken together, the results of this 
study suggest the novel therapeutic strategy of a 
combination treatment with sodium butyrate and 
the regulation of cancer stemness in breast 
cancer.

14.6  Concluding Remarks 
and Future Perspectives

Breast cancer is a heterogeneous disease result-
ing from the ablation of various genetic and epi-
genetic factors. Epigenetic alteration has been 
investigated for therapeutic targets of prognostic 
and predictive factors in breast cancer [20, 22–
24, 26, 34, 200]. Targeting epigenetic changes 
such as DNA methylation and histone modifica-
tion focuses on current standard-of-care therapies 

for breast cancer. NGS techniques allow us to 
understand epigenetic deregulation in whole 
genome, and the effect of epigenetic drugs could 
be investigated easily and accurately. Here, we 
have summarized the landscapes of DNA meth-
ylation and histone modification and described 
the therapeutic effects of epigenetic drugs in 
breast cancer, especially DNMTs and HDACi.

Development of epigenetic therapies is 
expected to be of great help in the treatment of 
breast cancer. However, there are issues to be 
addressed in the future. Since, in part, aberrant 
epigenetic modification is not strongly correlated 
with gene expression, identification of influential 
epigenetic target as a biomarker for diagnosis and 
prognostication should be required for epi-drug 
therapies. In addition, in vivo studies are essen-
tial for checking the effect of epi-drugs with 
microenvironmental issue. Finally, epigenetic 
targets should be considered for precision care.

References

 1. Dai X, Xiang L, Li T, Bai Z (2016) Cancer hall-
marks, biomarkers and breast cancer molecular 
subtypes. J Cancer 7(10):1281–1294. doi:10.7150/
jca.13141

 2. Schnitt SJ (2010) Classification and prognosis of 
invasive breast cancer: from morphology to molecu-
lar taxonomy. Mod Pathol 23(Suppl 2):S60–S64. 
doi:10.1038/modpathol.2010.33

 3. Weitzel JN, Lagos VI, Cullinane CA, Gambol PJ, 
Culver JO, Blazer KR, Palomares MR, Lowstuter 
KJ, MacDonald DJ (2007) Limited family struc-
ture and BRCA gene mutation status in single 
cases of breast cancer. JAMA 297(23):2587–2595. 
doi:10.1001/jama.297.23.2587

 4. Ferrone CR, Levine DA, Tang LH, Allen PJ, Jarnagin 
W, Brennan MF, Offit K, Robson ME (2009) BRCA 
germline mutations in Jewish patients with pancre-
atic adenocarcinoma. J Clin Oncol 27(3):433–438. 
doi:10.1200/JCO.2008.18.5546

 5. Chen S, Parmigiani G (2007) Meta-analysis of 
BRCA1 and BRCA2 penetrance. J Clin Oncol 
25(11):1329–1333. doi:10.1200/JCO.2006.09.1066

 6. Tai YC, Domchek S, Parmigiani G, Chen S (2007) 
Breast cancer risk among male BRCA1 and BRCA2 
mutation carriers. J Natl Cancer Inst 99(23):1811–
1814. doi:10.1093/jnci/djm203

 7. Antoniou A, Pharoah PD, Narod S, Risch HA, Eyfjord 
JE, Hopper JL, Loman N, Olsson H, Johannsson O, 
Borg A, Pasini B, Radice P, Manoukian S, Eccles 
DM, Tang N, Olah E, Anton-Culver H, Warner E, 

S. Oh et al.

https://doi.org/10.7150/jca.13141
https://doi.org/10.7150/jca.13141
https://doi.org/10.1038/modpathol.2010.33
https://doi.org/10.1001/jama.297.23.2587
https://doi.org/10.1200/JCO.2008.18.5546
https://doi.org/10.1200/JCO.2006.09.1066
https://doi.org/10.1093/jnci/djm203


305

Lubinski J, Gronwald J, Gorski B, Tulinius H, 
Thorlacius S, Eerola H, Nevanlinna H, Syrjakoski 
K, Kallioniemi OP, Thompson D, Evans C, Peto 
J, Lalloo F, Evans DG, Easton DF (2003) Average 
risks of breast and ovarian cancer associated with 
BRCA1 or BRCA2 mutations detected in case series 
unselected for family history: a combined analysis 
of 22 studies. Am J Hum Genet 72(5):1117–1130. 
doi:10.1086/375033

 8. Archey WB, Arrick BA (2017) Transactivation of 
the estrogen receptor promoter by BRCA1. Cancer 
Cell Int 17:33. doi:10.1186/s12935-017-0401-2

 9. Li Q, Wei W, Jiang YI, Yang H, Liu J (2015) Promoter 
methylation and expression changes of BRCA1 in 
cancerous tissues of patients with sporadic breast 
cancer. Oncol Lett 9(4):1807–1813. doi:10.3892/
ol.2015.2908

 10. Al-Moghrabi N, Nofel A, Al-Yousef N, Madkhali 
S, Bin Amer SM, Alaiya A, Shinwari Z, 
Al-Tweigeri T, Karakas B, Tulbah A, Aboussekhra 
A (2014) The molecular significance of meth-
ylated BRCA1 promoter in white blood cells 
of cancer-free females. BMC Cancer 14:830. 
doi:10.1186/1471-2407-14-830

 11. Rice JC, Ozcelik H, Maxeiner P, Andrulis I, Futscher 
BW (2000) Methylation of the BRCA1 promoter is 
associated with decreased BRCA1 mRNA levels in 
clinical breast cancer specimens. Carcinogenesis 
21(9):1761–1765

 12. Hsu NC, Huang YF, Yokoyama KK, Chu PY, Chen 
FM, Hou MF (2013) Methylation of BRCA1 
promoter region is associated with unfavorable 
prognosis in women with early-stage breast can-
cer. PLoS One 8(2):e56256. doi:10.1371/journal.
pone.0056256

 13. Jing F, Zhang J, Tao J, Zhou Y, Jun L, Tang X, 
Wang Y, Hai H (2007) Hypermethylation of tumor 
suppressor genes BRCA1, p16 and 14-3-3sigma in 
serum of sporadic breast cancer patients. Onkologie 
30(1–2):14–19. doi:10.1159/000096892

 14. Birgisdottir V, Stefansson OA, Bodvarsdottir SK, 
Hilmarsdottir H, Jonasson JG, Eyfjord JE (2006) 
Epigenetic silencing and deletion of the BRCA1 
gene in sporadic breast cancer. Breast Cancer Res 
8(4):R38. doi:10.1186/bcr1522

 15. Otani Y, Miyake T, Kagara N, Shimoda M, Naoi Y, 
Maruyama N, Shimomura A, Shimazu K, Kim SJ, 
Noguchi S (2014) BRCA1 promoter methylation of 
normal breast epithelial cells as a possible precur-
sor for BRCA1-methylated breast cancer. Cancer Sci 
105(10):1369–1376. doi:10.1111/cas.12506

 16. Snell C, Krypuy M, Wong EM, kConFab investi-
gators, Loughrey MB, Dobrovic A (2008) BRCA1 
promoter methylation in peripheral blood DNA of 
mutation negative familial breast cancer patients 
with a BRCA1 tumour phenotype. Breast Cancer 
Res 10(1):R12. doi:10.1186/bcr1858

 17. Niwa Y, Oyama T, Nakajima T (2000) BRCA1 
expression status in relation to DNA methylation of 

the BRCA1 promoter region in sporadic breast can-
cers. Jpn J Cancer Res 91(5):519–526

 18. Pirouzpanah S, Taleban FA, Mehdipour P, Atri M 
(2015) Association of folate and other one-carbon 
related nutrients with hypermethylation status and 
expression of RARB, BRCA1, and RASSF1A 
genes in breast cancer patients. J Mol Med (Berl) 
93(8):917–934. doi:10.1007/s00109-015-1268-0

 19. Zhang L, Long X (2015) Association of BRCA1 
promoter methylation with sporadic breast can-
cers: evidence from 40 studies. Sci Rep 5:17869. 
doi:10.1038/srep17869

 20. Fucito A, Lucchetti C, Giordano A, Romano G 
(2008) Genetic and epigenetic alterations in breast 
cancer: what are the perspectives for clinical prac-
tice? Int J Biochem Cell Biol 40(4):565–575. 
doi:10.1016/j.biocel.2007.10.018

 21. Lo PK, Sukumar S (2008) Epigenomics and breast 
cancer. Pharmacogenomics 9(12):1879–1902. 
doi:10.2217/14622416.9.12.1879

 22. Dworkin AM, Huang TH, Toland AE (2009) 
Epigenetic alterations in the breast: implications for 
breast cancer detection, prognosis and treatment. 
Semin Cancer Biol 19(3):165–171. doi:10.1016/j.
semcancer.2009.02.007

 23. Jovanovic J, Ronneberg JA, Tost J, Kristensen V 
(2010) The epigenetics of breast cancer. Mol Oncol 
4(3):242–254. doi:10.1016/j.molonc.2010.04.002

 24. Byler S, Goldgar S, Heerboth S, Leary M, Housman 
G, Moulton K, Sarkar S (2014) Genetic and epigen-
etic aspects of breast cancer progression and therapy. 
Anticancer Res 34(3):1071–1077

 25. Karsli-Ceppioglu S, Dagdemir A, Judes G, Ngollo 
M, Penault-Llorca F, Pajon A, Bignon YJ, Bernard- 
Gallon D (2014) Epigenetic mechanisms of breast 
cancer: an update of the current knowledge. 
Epigenomics 6(6):651–664. doi:10.2217/epi.14.59

 26. Basse C, Arock M (2015) The increasing roles of 
epigenetics in breast cancer: implications for patho-
genicity, biomarkers, prevention and treatment. Int 
J Cancer 137(12):2785–2794. doi:10.1002/ijc.29347

 27. Shen H, Xu W, Guo R, Rong B, Gu L, Wang Z, He C, 
Zheng L, Hu X, Hu Z, Shao ZM, Yang P, Wu F, Shi 
YG, Shi Y, Lan F (2016) Suppression of enhancer 
Overactivation by a RACK7-histone demethyl-
ase complex. Cell 165(2):331–342. doi:10.1016/j.
cell.2016.02.064

 28. Leroy G, Dimaggio PA, Chan EY, Zee BM, 
Blanco MA, Bryant B, Flaniken IZ, Liu S, Kang 
Y, Trojer P, Garcia BA (2013) A quantitative atlas 
of histone modification signatures from human 
cancer cells. Epigenetics Chromatin 6(1):20. 
doi:10.1186/1756-8935-6-20

 29. McCullough LE, Chen J, Cho YH, Khankari NK, 
Bradshaw PT, White AJ, Teitelbaum SL, Terry MB, 
Neugut AI, Hibshoosh H, Santella RM, Gammon 
MD (2017) Modification of the association between 
recreational physical activity and survival after 
breast cancer by promoter methylation in breast 

14 Targeting the Epigenome as a Novel Therapeutic Approach for Breast Cancer

https://doi.org/10.1086/375033
https://doi.org/10.1186/s12935-017-0401-2
https://doi.org/10.3892/ol.2015.2908
https://doi.org/10.3892/ol.2015.2908
https://doi.org/10.1186/1471-2407-14-830
https://doi.org/10.1371/journal.pone.0056256
https://doi.org/10.1371/journal.pone.0056256
https://doi.org/10.1159/000096892
https://doi.org/10.1186/bcr1522
https://doi.org/10.1111/cas.12506
https://doi.org/10.1186/bcr1858
https://doi.org/10.1007/s00109-015-1268-0
https://doi.org/10.1038/srep17869
https://doi.org/10.1016/j.biocel.2007.10.018
https://doi.org/10.2217/14622416.9.12.1879
https://doi.org/10.1016/j.semcancer.2009.02.007
https://doi.org/10.1016/j.semcancer.2009.02.007
https://doi.org/10.1016/j.molonc.2010.04.002
https://doi.org/10.2217/epi.14.59
https://doi.org/10.1002/ijc.29347
https://doi.org/10.1016/j.cell.2016.02.064
https://doi.org/10.1016/j.cell.2016.02.064
https://doi.org/10.1186/1756-8935-6-20


306

cancer-related genes. Breast Cancer Res 19(1):19. 
doi:10.1186/s13058-017-0811-z

 30. Messier TL, Gordon JA, Boyd JR, Tye CE, Browne 
G, Stein JL, Lian JB, Stein GS (2016) Histone H3 
lysine 4 acetylation and methylation dynamics define 
breast cancer subtypes. Oncotarget 7(5):5094–5109. 
doi:10.18632/oncotarget.6922

 31. Monteiro FL, Vitorino R, Wang J, Cardoso H, 
Laranjeira H, Simoes J, Caldas M, Henrique R, 
Amado F, Williams C, Jeronimo C, Helguero LA 
(2017) The histone H2A isoform Hist2h2ac is 
a novel regulator of proliferation and epithelial- 
mesenchymal transition in mammary epithelial 
and in breast cancer cells. Cancer Lett 396:42–52. 
doi:10.1016/j.canlet.2017.03.007

 32. Damaskos C, Valsami S, Kontos M, Spartalis E, 
Kalampokas T, Kalampokas E, Athanasiou A, Moris 
D, Daskalopoulou A, Davakis S, Tsourouflis G, 
Kontzoglou K, Perrea D, Nikiteas N, Dimitroulis D 
(2017) Histone deacetylase inhibitors: an attractive 
therapeutic strategy against breast cancer. Anticancer 
Res 37(1):35–46. doi:10.21873/anticanres.11286

 33. Zhao QY, Lei PJ, Zhang X, Zheng JY, Wang HY, 
Zhao J, Li YM, Ye M, Li L, Wei G, Wu M (2016) 
Global histone modification profiling reveals the 
epigenomic dynamics during malignant transfor-
mation in a four-stage breast cancer model. Clin 
Epigenetics 8:34. doi:10.1186/s13148-016-0201-x

 34. Huang Y, Nayak S, Jankowitz R, Davidson NE, 
Oesterreich S (2011) Epigenetics in breast can-
cer: what's new? Breast Cancer Res 13(6):225. 
doi:10.1186/bcr2925

 35. Atalay C (2013) Epigenetics in breast cancer. Exp 
Oncol 35(4):246–249

 36. Connolly R, Stearns V (2012) Epigenetics as a ther-
apeutic target in breast cancer. J Mammary Gland 
Biol Neoplasia 17(3–4):191–204. doi:10.1007/
s10911-012-9263-3

 37. Vo AT, Millis RM (2012) Epigenetics and breast 
cancers. Obstet Gynecol Int 2012:602720. 
doi:10.1155/2012/602720

 38. Lustberg MB, Ramaswamy B (2011) Epigenetic 
therapy in breast cancer. Curr Breast Cancer Rep 
3(1):34–43. doi:10.1007/s12609-010-0034-0

 39. Lustberg MB, Ramaswamy B (2009) Epigenetic 
targeting in breast cancer: therapeutic impact and 
future direction. Drug News Perspect 22(7):369–
381. doi:10.1358/dnp.2009.22.7.1405072

 40. Ai L, Kim WJ, Kim TY, Fields CR, Massoll NA, 
Robertson KD, Brown KD (2006) Epigenetic silenc-
ing of the tumor suppressor cystatin M occurs during 
breast cancer progression. Cancer Res 66(16):7899–
7909. doi:10.1158/0008-5472.CAN-06-0576

 41. Boyanapalli SS, Li W, Fuentes F, Guo Y, Ramirez 
CN, Gonzalez XP, Pung D, Kong AN (2016) 
Epigenetic reactivation of RASSF1A by phenethyl 
isothiocyanate (PEITC) and promotion of apopto-
sis in LNCaP cells. Pharmacol Res 114:175–184. 
doi:10.1016/j.phrs.2016.10.021

 42. Sinha S, Shukla S, Khan S, Tollefsbol TO, Meeran 
SM (2015) Epigenetic reactivation of p21CIP1/
WAF1 and KLOTHO by a combination of bioactive 
dietary supplements is partially ERalpha-dependent 
in ERalpha-negative human breast cancer cells. 
Mol Cell Endocrinol 406:102–114. doi:10.1016/j.
mce.2015.02.020

 43. Klarmann GJ, Decker A, Farrar WL (2008) 
Epigenetic gene silencing in the Wnt pathway in 
breast cancer. Epigenetics 3(2):59–63

 44. Perri F, Longo F, Giuliano M, Sabbatino F, Favia 
G, Ionna F, Addeo R, Della Vittoria Scarpati G, Di 
Lorenzo G, Pisconti S (2017) Epigenetic control of 
gene expression: potential implications for cancer 
treatment. Crit Rev Oncol Hematol 111:166–172. 
doi:10.1016/j.critrevonc.2017.01.020

 45. Connolly RM, Rudek MA, Piekarz R (2017) 
Entinostat: a promising treatment option for 
patients with advanced breast cancer. Future Oncol. 
doi:10.2217/fon-2016-0526

 46. Deb M, Sengupta D, Kar S, Rath SK, Parbin S, 
Shilpi A, Roy S, Das G, Patra SK (2014) Elucidation 
of caveolin 1 both as a tumor suppressor and metas-
tasis promoter in light of epigenetic modulators. 
Tumour Biol 35(12):12031–12047. doi:10.1007/
s13277-014-2502-z

 47. Ambatipudi S, Horvath S, Perrier F, Cuenin C, 
Hernandez-Vargas H, Le Calvez-Kelm F, Durand G, 
Byrnes G, Ferrari P, Bouaoun L, Sklias A, Chajes V, 
Overvad K, Severi G, Baglietto L, Clavel-Chapelon 
F, Kaaks R, Barrdahl M, Boeing H, Trichopoulou A, 
Lagiou P, Naska A, Masala G, Agnoli C, Polidoro S, 
Tumino R, Panico S, Dolle M, Peeters PH, Onland- 
Moret NC, Sandanger TM, Nost TH, Weiderpass 
E, Quiros JR, Agudo A, Rodriguez-Barranco M, 
Huerta Castano JM, Barricarte A, Fernandez AM, 
Travis RC, Vineis P, Muller DC, Riboli E, Gunter 
M, Romieu I, Herceg Z (2017) DNA methylome 
analysis identifies accelerated epigenetic ageing 
associated with postmenopausal breast cancer sus-
ceptibility. Eur J Cancer 75:299–307. doi:10.1016/j.
ejca.2017.01.014

 48. Longacre M, Snyder NA, Housman G, Leary M, 
Lapinska K, Heerboth S, Willbanks A, Sarkar S 
(2016) A comparative analysis of genetic and epi-
genetic events of breast and ovarian cancer related 
to tumorigenesis. Int J Mol Sci 17(5). doi:10.3390/
ijms17050759

 49. Schubeler D (2015) Function and information con-
tent of DNA methylation. Nature 517(7534):321–
326. doi:10.1038/nature14192

 50. Jin B, Li Y, Robertson KD (2011) DNA meth-
ylation: superior or subordinate in the  epigenetic 
hierarchy? Genes Cancer 2(6):607–617. 
doi:10.1177/1947601910393957

 51. Cheng X, Blumenthal RM (2008) Mammalian 
DNA methyltransferases: a structural perspec-
tive. Structure 16(3):341–350. doi:10.1016/j.
str.2008.01.004

S. Oh et al.

https://doi.org/10.1186/s13058-017-0811-z
http://dx.doi.org/10.18632/oncotarget.6922
https://doi.org/10.1016/j.canlet.2017.03.007
http://dx.doi.org/10.21873/anticanres.11286
https://doi.org/10.1186/s13148-016-0201-x
https://doi.org/10.1186/bcr2925
https://doi.org/10.1007/s10911-012-9263-3
https://doi.org/10.1007/s10911-012-9263-3
https://doi.org/10.1155/2012/602720
https://doi.org/10.1007/s12609-010-0034-0
https://doi.org/10.1358/dnp.2009.22.7.1405072
https://doi.org/10.1158/0008-5472.CAN-06-0576
https://doi.org/10.1016/j.phrs.2016.10.021
https://doi.org/10.1016/j.mce.2015.02.020
https://doi.org/10.1016/j.mce.2015.02.020
https://doi.org/10.1016/j.critrevonc.2017.01.020
https://doi.org/10.2217/fon-2016-0526
https://doi.org/10.1007/s13277-014-2502-z
https://doi.org/10.1007/s13277-014-2502-z
https://doi.org/10.1016/j.ejca.2017.01.014
https://doi.org/10.1016/j.ejca.2017.01.014
https://doi.org/10.3390/ijms17050759
https://doi.org/10.3390/ijms17050759
https://doi.org/10.1038/nature14192
https://doi.org/10.1177/1947601910393957
https://doi.org/10.1016/j.str.2008.01.004
https://doi.org/10.1016/j.str.2008.01.004


307

 52. Okano M, Xie S, Li E (1998) Cloning and char-
acterization of a family of novel mammalian 
DNA (cytosine-5) methyltransferases. Nat Genet 
19(3):219–220. doi:10.1038/890

 53. Bestor TH (2000) The DNA methyltransferases of 
mammals. Hum Mol Genet 9(16):2395–2402

 54. Szyf M (2012) DNA methylation signatures for 
breast cancer classification and prognosis. Genome 
Med 4(3):26. doi:10.1186/gm325

 55. Martens JW, Margossian AL, Schmitt M, Foekens J, 
Harbeck N (2009) DNA methylation as a biomarker 
in breast cancer. Future Oncol 5(8):1245–1256. 
doi:10.2217/fon.09.89

 56. Brooks J, Cairns P, Zeleniuch-Jacquotte A (2009) 
Promoter methylation and the detection of breast 
cancer. Cancer Causes Control 20(9):1539–1550. 
doi:10.1007/s10552-009-9415-y

 57. Sterner DE, Berger SL (2000) Acetylation of his-
tones and transcription-related factors. Microbiol 
Mol Biol Rev 64(2):435–459

 58. Bannister AJ, Kouzarides T (2011) Regulation 
of chromatin by histone modifications. Cell Res 
21(3):381–395. doi:10.1038/cr.2011.22

 59. Chervona Y, Arita A, Costa M (2012) Carcinogenic 
metals and the epigenome: understanding the effect 
of nickel, arsenic, and chromium. Metallomics 
4(7):619–627. doi:10.1039/c2mt20033c

 60. Lawrence M, Daujat S, Schneider R (2016) 
Lateral thinking: how histone modifications regu-
late gene expression. Trends Genet 32(1):42–56. 
doi:10.1016/j.tig.2015.10.007

 61. Dokmanovic M, Clarke C, Marks PA (2007) Histone 
deacetylase inhibitors: overview and perspectives. 
Mol Cancer Res 5(10):981–989. doi:10.1158/1541-
 7786.MCR-07-0324

 62. Marks PA, Xu WS (2009) Histone deacetylase inhib-
itors: potential in cancer therapy. J Cell Biochem 
107(4):600–608. doi:10.1002/jcb.22185

 63. Yang XJ, Seto E (2008) The Rpd3/Hda1 family of 
lysine deacetylases: from bacteria and yeast to mice 
and men. Nat Rev Mol Cell Biol 9(3):206–218. 
doi:10.1038/nrm2346

 64. Longworth MS, Laimins LA (2006) Histone deacet-
ylase 3 localizes to the plasma membrane and is 
a substrate of Src. Oncogene 25(32):4495–4500. 
doi:10.1038/sj.onc.1209473

 65. Valenzuela-Fernandez A, Cabrero JR, Serrador 
JM, Sanchez-Madrid F (2008) HDAC6: a key 
regulator of cytoskeleton, cell migration and cell- 
cell interactions. Trends Cell Biol 18(6):291–297. 
doi:10.1016/j.tcb.2008.04.003

 66. Truong PK, Lao TD, Doan TP, Le TA (2015) 
Loss of expression of cyclin d2 by aberrant DNA 
methylation: a potential biomarker in vietnamese 
breast cancer patients. Asian Pac J Cancer Prev 
16(6):2209–2213

 67. Lewis CM, Cler LR, Bu DW, Zochbauer-Muller S, 
Milchgrub S, Naftalis EZ, Leitch AM, Minna JD, 
Euhus DM (2005) Promoter hypermethylation in 

benign breast epithelium in relation to predicted 
breast cancer risk. Clin Cancer Res 11(1):166–172

 68. Ramezani F, Salami S, Omrani MD, Maleki D (2012) 
CpG island methylation profile of estrogen receptor 
alpha in Iranian females with triple negative or non- 
triple negative breast cancer: new marker of poor 
prognosis. Asian Pac J Cancer Prev 13(2):451–457

 69. Maekawa R, Sato S, Okada M, Lee L, Tamura I, 
Jozaki K, Kajimura T, Asada H, Yamagata Y, Tamura 
H, Yamamoto S, Sugino N (2016) Tissue-specific 
expression of estrogen receptor 1 is regulated by 
DNA methylation in a T-DMR. Mol Endocrinol 
30(3):335–347. doi:10.1210/me.2015-1058

 70. Gao L, Qi X, Hu K, Zhu R, Xu W, Sun S, Zhang 
L, Yang X, Hua B, Liu G (2016) Estrogen receptor 
beta promoter methylation: a potential indicator of 
malignant changes in breast cancer. Arch Med Sci 
12(1):129–136. doi:10.5114/aoms.2016.57588

 71. Zhang W, Chang Z, Shi KE, Song L, Cui LI, Ma Z, 
Li X, Ma W, Wang L (2016) The correlation between 
DNMT1 and ERalpha expression and the methyla-
tion status of ERalpha, and its clinical significance 
in breast cancer. Oncol Lett 11(3):1995–2000. 
doi:10.3892/ol.2016.4193

 72. Dewi DL, Mohapatra SR, Blanco Cabanes S, Adam 
I, Somarribas Patterson LF, Berdel B, Kahloon M, 
Thurmann L, Loth S, Heilmann K, Weichenhan D, 
Mucke O, Heiland I, Wimberger P, Kuhlmann JD, 
Kellner KH, Schott S, Plass C, Platten M, Gerhauser 
C, Trump S, Opitz CA (2017) Suppression of 
indoleamine- 2,3-dioxygenase 1 expression by pro-
moter hypermethylation in ER-positive breast can-
cer. Oncoimmunology 6(2):e1274477. doi:10.1080/
2162402X.2016.1274477

 73. Mao X, Qiao Z, Fan C, Guo A, Yu X, Jin F (2016) 
Expression pattern and methylation of estrogen 
receptor alpha in breast intraductal proliferative 
lesions. Oncol Rep 36(4):1868–1874. doi:10.3892/
or.2016.4988

 74. Piva R, Rimondi AP, Hanau S, Maestri I, Alvisi A, 
Kumar VL, del Senno L (1990) Different meth-
ylation of oestrogen receptor DNA in human breast 
carcinomas with and without oestrogen receptor. Br 
J Cancer 61(2):270–275

 75. Hori M, Iwasaki M, Yoshimi F, Asato Y, Itabashi M 
(1999) Hypermethylation of the estrogen receptor 
alpha gene is not related to lack of receptor protein 
in human breast cancer. Breast Cancer 6(2):79–86

 76. Medina-Jaime AD, Reyes-Vargas F, Martinez- 
Gaytan V, Zambrano-Galvan G, Portillo-Delcampo 
E, Burciaga-Nava JA, Reyes-Romero M, Sifuentes- 
Alvarez A (2014) ESR1 and PGR gene promoter 
methylation and correlations with estrogen and 
 progesterone receptors in ductal and lobular breast 
cancer. Asian Pac J Cancer Prev 15(7):3041–3044

 77. Gaudet MM, Campan M, Figueroa JD, Yang XR, 
Lissowska J, Peplonska B, Brinton LA, Rimm DL, 
Laird PW, Garcia-Closas M, Sherman ME (2009) 
DNA hypermethylation of ESR1 and PGR in breast 

14 Targeting the Epigenome as a Novel Therapeutic Approach for Breast Cancer

https://doi.org/10.1038/890
https://doi.org/10.1186/gm325
https://doi.org/10.2217/fon.09.89
https://doi.org/10.1007/s10552-009-9415-y
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1039/c2mt20033c
https://doi.org/10.1016/j.tig.2015.10.007
https://doi.org/10.1158/1541-7786.MCR-07-0324
https://doi.org/10.1158/1541-7786.MCR-07-0324
https://doi.org/10.1002/jcb.22185
https://doi.org/10.1038/nrm2346
https://doi.org/10.1038/sj.onc.1209473
https://doi.org/10.1016/j.tcb.2008.04.003
https://doi.org/10.1210/me.2015-1058
https://doi.org/10.5114/aoms.2016.57588
https://doi.org/10.3892/ol.2016.4193
https://doi.org/10.1080/2162402X.2016.1274477
https://doi.org/10.1080/2162402X.2016.1274477
https://doi.org/10.3892/or.2016.4988
https://doi.org/10.3892/or.2016.4988


308

cancer: pathologic and epidemiologic associations. 
Cancer Epidemiol Biomark Prev 18(11):3036–3043. 
doi:10.1158/1055-9965.EPI-09-0678

 78. Jiang Y, Tong D, Lou G, Zhang Y, Geng J (2008) 
Expression of RUNX3 gene, methylation status and 
clinicopathological significance in breast cancer and 
breast cancer cell lines. Pathobiology 75(4):244–
251. doi:10.1159/000132385

 79. Lu DG, Ma YM, Zhu AJ, Han YW (2016) An early 
biomarker and potential therapeutic target of RUNX 
3 hypermethylation in breast cancer, a system review 
and meta-analysis. Oncotarget. doi:10.18632/
oncotarget.13125

 80. Song XY, Li BY, Zhou EX, Wu FX (2016) The 
clinicopathological significance of RUNX3 hyper-
methylation and mRNA expression in human breast 
cancer, a meta-analysis. Onco Targets Ther 9:5339–
5347. doi:10.2147/OTT.S77828

 81. Yu YY, Chen C, Kong FF, Zhang W (2014) 
Clinicopathological significance and potential drug 
target of RUNX3 in breast cancer. Drug Des Devel 
Ther 8:2423–2430. doi:10.2147/DDDT.S71815

 82. Kang HF, Dai ZJ, Bai HP, Lu WF, Ma XB, Bao 
X, Lin S, Wang XJ (2013) RUNX3 gene promoter 
demethylation by 5-Aza-CdR induces apoptosis in 
breast cancer MCF-7 cell line. Onco Targets Ther 
6:411–417. doi:10.2147/OTT.S43744

 83. Subramaniam MM, Chan JY, Omar MF, Ito K, 
Ito Y, Yeoh KG, Salto-Tellez M, Putti TC (2010) 
Lack of RUNX3 inactivation in columnar cell 
lesions of breast. Histopathology 57(4):555–563. 
doi:10.1111/j.1365-2559.2010.03675.x

 84. Subramaniam MM, Chan JY, Soong R, Ito K, Ito Y, 
Yeoh KG, Salto-Tellez M, Putti TC (2009) RUNX3 
inactivation by frequent promoter hypermethylation 
and protein mislocalization constitute an early event 
in breast cancer progression. Breast Cancer Res Treat 
113(1):113–121. doi:10.1007/s10549-008-9917-4

 85. Hwang KT, Han W, Bae JY, Hwang SE, Shin 
HJ, Lee JE, Kim SW, Min HJ, Noh DY (2007) 
Downregulation of the RUNX3 gene by promoter 
hypermethylation and hemizygous deletion in breast 
cancer. J Korean Med Sci 22(Suppl):S24–S31. 
doi:10.3346/jkms.2007.22.S.S24

 86. Li Y, Melnikov AA, Levenson V, Guerra E, Simeone 
P, Alberti S, Deng Y (2015) A seven-gene CpG- 
island methylation panel predicts breast cancer 
progression. BMC Cancer 15:417. doi:10.1186/
s12885-015-1412-9

 87. Cho YH, McCullough LE, Gammon MD, Wu 
HC, Zhang YJ, Wang Q, Xu X, Teitelbaum SL, 
Neugut AI, Chen J, Santella RM (2015) Promoter 
Hypermethylation in white blood cell DNA 
and breast cancer risk. J Cancer 6(9):819–824. 
doi:10.7150/jca.12174

 88. Chen ST, Lin SY, Yeh KT, Kuo SJ, Chan WL, Chu 
YP, Chang JG (2004) Mutational, epigenetic and 
expressional analyses of caveolin-1 gene in breast 
cancers. Int J Mol Med 14(4):577–582

 89. Hong CP, Choe MK, Roh TY (2012) Characterization 
of chromatin structure-associated histone modi-
fications in breast cancer cells. Genomics Inform 
10(3):145–152. doi:10.5808/GI.2012.10.3.145

 90. Costello JF, Fruhwald MC, Smiraglia DJ, Rush LJ, 
Robertson GP, Gao X, Wright FA, Feramisco JD, 
Peltomaki P, Lang JC, Schuller DE, Yu L, Bloomfield 
CD, Caligiuri MA, Yates A, Nishikawa R, Su Huang 
H, Petrelli NJ, Zhang X, O'Dorisio MS, Held 
WA, Cavenee WK, Plass C (2000) Aberrant CpG- 
island methylation has non-random and tumour- 
type- specific patterns. Nat Genet 24(2):132–138. 
doi:10.1038/72785

 91. Esteller M (2007) Cancer epigenomics: DNA meth-
ylomes and histone-modification maps. Nat Rev 
Genet 8(4):286–298. doi:10.1038/nrg2005

 92. Lo PK, Mehrotra J, D'Costa A, Fackler MJ, Garrett- 
Mayer E, Argani P, Sukumar S (2006) Epigenetic 
suppression of secreted frizzled related protein 1 
(SFRP1) expression in human breast cancer. Cancer 
Biol Ther 5(3):281–286

 93. Dagdemir A, Judes G, Lebert A, Echegut M, Karsli- 
Ceppioglu S, Rifai K, Daures M, Ngollo M, Dubois 
L, Penault-Llorca F, Bignon YJ, Bernard-Gallon D 
(2016) Epigenetic modifications with DZNep, NaBu 
and SAHA in luminal and mesenchymal-like breast 
cancer subtype cells. Cancer Genomics Proteomics 
13(4):291–303

 94. Agathanggelou A, Dallol A, Zochbauer-Muller S, 
Morrissey C, Honorio S, Hesson L, Martinsson T, 
Fong KM, Kuo MJ, Yuen PW, Maher ER, Minna 
JD, Latif F (2003) Epigenetic inactivation of the 
candidate 3p21.3 suppressor gene BLU in human 
cancers. Oncogene 22(10):1580–1588. doi:10.1038/
sj.onc.1206243

 95. Asiaf A, Ahmad ST, Aziz SA, Malik AA, Rasool Z, 
Masood A, Zargar MA (2014) Loss of expression 
and aberrant methylation of the CDH1 (E-cadherin) 
gene in breast cancer patients from Kashmir. Asian 
Pac J Cancer Prev 15(15):6397–6403

 96. Alvarez C, Tapia T, Cornejo V, Fernandez W, Munoz 
A, Camus M, Alvarez M, Devoto L, Carvallo P (2013) 
Silencing of tumor suppressor genes RASSF1A, 
SLIT2, and WIF1 by promoter hypermethylation in 
hereditary breast cancer. Mol Carcinog 52(6):475–
487. doi:10.1002/mc.21881

 97. Askari M, Sobti RC, Nikbakht M, Sharma SC (2013) 
Promoter hypermethylation of tumour suppres-
sor genes (p14/ARF and p16/INK4a): case- control 
study in north Indian population. Mol Biol Rep 
40(8):4921–4928. doi:10.1007/s11033-013-2592-5

 98. Bachman KE, Herman JG, Corn PG, Merlo A, 
Costello JF, Cavenee WK, Baylin SB, Graff JR 
(1999) Methylation-associated silencing of the tis-
sue inhibitor of metalloproteinase-3 gene suggest a 
suppressor role in kidney, brain, and other human 
cancers. Cancer Res 59(4):798–802

 99. Bae YK, Shim YR, Choi JH, Kim MJ, Gabrielson E, 
Lee SJ, Hwang TY, Shin SO (2005) Gene promoter 

S. Oh et al.

https://doi.org/10.1158/1055-9965.EPI-09-0678
https://doi.org/10.1159/000132385
http://dx.doi.org/10.18632/oncotarget.13125
http://dx.doi.org/10.18632/oncotarget.13125
https://doi.org/10.2147/OTT.S77828
https://doi.org/10.2147/DDDT.S71815
https://doi.org/10.2147/OTT.S43744
https://doi.org/10.1111/j.1365-2559.2010.03675.x
https://doi.org/10.1007/s10549-008-9917-4
https://doi.org/10.3346/jkms.2007.22.S.S24
https://doi.org/10.1186/s12885-015-1412-9
https://doi.org/10.1186/s12885-015-1412-9
https://doi.org/10.7150/jca.12174
https://doi.org/10.5808/GI.2012.10.3.145
https://doi.org/10.1038/72785
https://doi.org/10.1038/nrg2005
https://doi.org/10.1038/sj.onc.1206243
https://doi.org/10.1038/sj.onc.1206243
https://doi.org/10.1002/mc.21881
https://doi.org/10.1007/s11033-013-2592-5


309

hypermethylation in tumors and plasma of breast 
cancer patients. Cancer Res Treat 37(4):233–240. 
doi:10.4143/crt.2005.37.4.233

 100. Bagadi SA, Prasad CP, Kaur J, Srivastava A, Prashad 
R, Gupta SD, Ralhan R (2008) Clinical signifi-
cance of promoter hypermethylation of RASSF1A, 
RARbeta2, BRCA1 and HOXA5 in breast cancers 
of Indian patients. Life Sci 82(25–26):1288–1292. 
doi:10.1016/j.lfs.2008.04.020

 101. Ballestar E, Paz MF, Valle L, Wei S, Fraga MF, 
Espada J, Cigudosa JC, Huang TH, Esteller M 
(2003) Methyl-CpG binding proteins identify novel 
sites of epigenetic inactivation in human cancer. 
EMBO J 22(23):6335–6345. doi:10.1093/emboj/
cdg604

 102. Boily G, Saikali Z, Sinnett D (2004) Methylation 
analysis of the glypican 3 gene in embryonal 
tumours. Br J Cancer 90(8):1606–1611. doi:10.1038/
sj.bjc.6601716

 103. Celebiler Cavusoglu A, Sevinc AI, Saydam S, Canda 
T, Baskan Z, Kilic Y, Sakizli M (2010) Promoter 
methylation and expression changes of CDH1 and 
P16 genes in invasive breast cancer and adjacent nor-
mal breast tissue. Neoplasma 57(5):465–472

 104. Chekhun VF, Kulik GI, Yurchenko OV, Tryndyak 
VP, Todor IN, Luniv LS, Tregubova NA, Pryzimirska 
TV, Montgomery B, Rusetskaya NV, Pogribny IP 
(2006) Role of DNA hypomethylation in the devel-
opment of the resistance to doxorubicin in human 
MCF-7 breast adenocarcinoma cells. Cancer Lett 
231(1):87–93. doi:10.1016/j.canlet.2005.01.038

 105. Chen CM, Chen HL, Hsiau TH, Hsiau AH, Shi H, 
Brock GJ, Wei SH, Caldwell CW, Yan PS, Huang TH 
(2003) Methylation target array for rapid analysis 
of CpG island hypermethylation in multiple tissue 
genomes. Am J Pathol 163(1):37–45. doi:10.1016/
S0002-9440(10)63628-0

 106. Chimonidou M, Tzitzira A, Strati A, Sotiropoulou 
G, Sfikas C, Malamos N, Georgoulias V, Lianidou 
E (2013) CST6 promoter methylation in circu-
lating cell-free DNA of breast cancer patients. 
Clin Biochem 46(3):235–240. doi:10.1016/j.
clinbiochem.2012.09.015

 107. Crucianelli F, Tricarico R, Turchetti D, Gorelli G, 
Gensini F, Sestini R, Giunti L, Pedroni M, Ponz 
de Leon M, Civitelli S, Genuardi M (2014) MLH1 
constitutional and somatic methylation in patients 
with MLH1 negative tumors fulfilling the revised 
Bethesda criteria. Epigenetics 9(10):1431–1438. doi
:10.4161/15592294.2014.970080

 108. Dallol A, Forgacs E, Martinez A, Sekido Y, Walker 
R, Kishida T, Rabbitts P, Maher ER, Minna JD, Latif 
F (2002) Tumour specific promoter region meth-
ylation of the human homologue of the drosophila 
roundabout gene DUTT1 (ROBO1) in human can-
cers. Oncogene 21(19):3020–3028. doi:10.1038/
sj.onc.1205421

 109. Dimitrakopoulos L, Vorkas PA, Georgoulias V, 
Lianidou ES (2012) A closed-tube methylation- 
sensitive high resolution melting assay (MS-HRMA) 

for the semi-quantitative determination of CST6 pro-
moter methylation in clinical samples. BMC Cancer 
12:486. doi:10.1186/1471-2407-12-486

 110. Virmani A, Rathi A, Heda S, Sugio K, Lewis C, 
Tonk V, Takahashi T, Roth JA, Minna JD, Euhus 
DM, Gazdar AF (2003) Aberrant methylation of 
the cyclin D2 promoter in primary small cell, non-
small cell lung and breast cancers. Int J Cancer 
107(3):341–345. doi:10.1002/ijc.11393

 111. Virmani A, Rathi A, Sugio K, Sathyanarayana UG, 
Toyooka S, Kischel FC, Tonk V, Padar A, Takahashi 
T, Roth JA, Euhus DM, Minna JD, Gazdar AF 
(2003) Aberrant methylation of TMS1 in small cell, 
non small cell lung cancer and breast cancer. Int 
J Cancer 106(2):198–204. doi:10.1002/ijc.11206

 112. Virmani AK, Rathi A, Sathyanarayana UG, Padar A, 
Huang CX, Cunnigham HT, Farinas AJ, Milchgrub 
S, Euhus DM, Gilcrease M, Herman J, Minna JD, 
Gazdar AF (2001) Aberrant methylation of the 
adenomatous polyposis coli (APC) gene promoter 
1A in breast and lung carcinomas. Clin Cancer Res 
7(7):1998–2004

 113. Wang S, Ding YB, Chen GY, Xia JG, Wu ZY 
(2004) Hypermethylation of Syk gene in promoter 
region associated with oncogenesis and metasta-
sis of gastric carcinoma. World J Gastroenterol 
10(12):1815–1818

 114. Wang S, Dorsey TH, Terunuma A, Kittles RA, Ambs 
S, Kwabi-Addo B (2012) Relationship between 
tumor DNA methylation status and patient character-
istics in African-American and European-American 
women with breast cancer. PLoS One 7(5):e37928. 
doi:10.1371/journal.pone.0037928

 115. Weissenborn C, Ignatov T, Nass N, Kalinski T, Dan 
Costa S, Zenclussen AC, Ignatov A (2017) GPER 
promoter methylation controls GPER expression in 
breast cancer patients. Cancer Investig 35(2):100–
107. doi:10.1080/07357907.2016.1271886

 116. Widschwendter M, Jones PA (2002) DNA meth-
ylation and breast carcinogenesis. Oncogene 
21(35):5462–5482. doi:10.1038/sj.onc.1205606

 117. Worm J, Kirkin AF, Dzhandzhugazyan KN, 
Guldberg P (2001) Methylation-dependent silenc-
ing of the reduced folate carrier gene in inherently 
methotrexate-resistant human breast cancer cells. 
J Biol Chem 276(43):39990–40000. doi:10.1074/
jbc.M103181200

 118. Wu HC, Southey MC, Hibshoosh H, Santella 
RM, Terry MB (2017) DNA methylation in breast 
tumor from high-risk women in the breast cancer 
family registry. Anticancer Res 37(2):659–664. 
doi:10.21873/anticanres.11361

 119. Xiang YY, Ladeda V, Filmus J (2001) Glypican-3 
expression is silenced in human breast can-
cer. Oncogene 20(50):7408–7412. doi:10.1038/
sj.onc.1204925

 120. Xu J, Shetty PB, Feng W, Chenault C, Bast RC Jr, 
Issa JP, Hilsenbeck SG, Yu Y (2012) Methylation of 
HIN-1, RASSF1A, RIL and CDH13 in breast cancer 
is associated with clinical characteristics, but only 

14 Targeting the Epigenome as a Novel Therapeutic Approach for Breast Cancer

https://doi.org/10.4143/crt.2005.37.4.233
https://doi.org/10.1016/j.lfs.2008.04.020
https://doi.org/10.1093/emboj/cdg604
https://doi.org/10.1093/emboj/cdg604
https://doi.org/10.1038/sj.bjc.6601716
https://doi.org/10.1038/sj.bjc.6601716
https://doi.org/10.1016/j.canlet.2005.01.038
https://doi.org/10.1016/S0002-9440(10)63628-0
https://doi.org/10.1016/S0002-9440(10)63628-0
https://doi.org/10.1016/j.clinbiochem.2012.09.015
https://doi.org/10.1016/j.clinbiochem.2012.09.015
https://doi.org/10.4161/15592294.2014.970080
https://doi.org/10.1038/sj.onc.1205421
https://doi.org/10.1038/sj.onc.1205421
https://doi.org/10.1186/1471-2407-12-486
https://doi.org/10.1002/ijc.11393
https://doi.org/10.1002/ijc.11206
https://doi.org/10.1371/journal.pone.0037928
https://doi.org/10.1080/07357907.2016.1271886
https://doi.org/10.1038/sj.onc.1205606
https://doi.org/10.1074/jbc.M103181200
https://doi.org/10.1074/jbc.M103181200
http://dx.doi.org/10.21873/anticanres.11361
https://doi.org/10.1038/sj.onc.1204925
https://doi.org/10.1038/sj.onc.1204925


310

RASSF1A methylation is associated with outcome. 
BMC Cancer 12:243. doi:10.1186/1471-2407-12-243

 121. Yamamoto N, Nakayama T, Kajita M, Miyake T, 
Iwamoto T, Kim SJ, Sakai A, Ishihara H, Tamaki 
Y, Noguchi S (2012) Detection of aberrant pro-
moter methylation of GSTP1, RASSF1A, and 
RARbeta2 in serum DNA of patients with breast 
cancer by a newly established one-step methylation- 
specific PCR assay. Breast Cancer Res Treat 
132(1):165–173. doi:10.1007/s10549-011-1575-2

 122. Yang J, Niu H, Huang Y, Yang K (2016) A system-
atic analysis of the relationship of CDH13 promoter 
methylation and breast cancer risk and prognosis. 
PLoS One 11(5):e0149185. doi:10.1371/journal.
pone.0149185

 123. Yang ZQ, Liu G, Bollig-Fischer A, Haddad R, Tarca 
AL, Ethier SP (2009) Methylation-associated silenc-
ing of SFRP1 with an 8p11-12 amplification inhib-
its canonical and non-canonical WNT pathways 
in breast cancers. Int J Cancer 125(7):1613–1621. 
doi:10.1002/ijc.24518

 124. Yazici H, Terry MB, Cho YH, Senie RT, Liao Y, 
Andrulis I, Santella RM (2009) Aberrant methyla-
tion of RASSF1A in plasma DNA before breast can-
cer diagnosis in the breast cancer family registry. 
Cancer Epidemiol Biomark Prev 18(10):2723–2725. 
doi:10.1158/1055-9965.EPI-08-1237

 125. Yeo W, Wong WL, Wong N, Law BK, Tse GM, 
Zhong S (2005) High frequency of promoter 
hypermethylation of RASSF1A in tumorous and 
non-tumourous tissue of breast cancer. Pathology 
37(2):125–130

 126. Yu P, Guo Y, Yusufu M, Liu Z, Wang S, Yin X, 
Peng G, Wang L, Zhao X, Guo H, Huang T, Liu C 
(2016) Decreased expression of EZH2 reactivates 
RASSF2A by reversal of promoter methylation in 
breast cancer cells. Cell Biol Int 40(10):1062–1070. 
doi:10.1002/cbin.10646

 127. Zurita M, Lara PC, del Moral R, Torres B, Linares- 
Fernandez JL, Arrabal SR, Martinez-Galan J, Oliver 
FJ, Ruiz de Almodovar JM (2010) Hypermethylated 
14-3-3-sigma and ESR1 gene promoters in serum 
as candidate biomarkers for the diagnosis and treat-
ment efficacy of breast cancer metastasis. BMC 
Cancer 10:217. doi:10.1186/1471-2407-10-217

 128. Zwergel C, Valente S, Mai A (2016) DNA methyl-
transferases inhibitors from natural sources. Curr 
Top Med Chem 16(7):680–696

 129. Elsheikh SE, Green AR, Rakha EA, Powe DG, 
Ahmed RA, Collins HM, Soria D, Garibaldi JM, 
Paish CE, Ammar AA, Grainge MJ, Ball GR, 
Abdelghany MK, Martinez-Pomares L, Heery 
DM, Ellis IO (2009) Global histone modifications 
in breast cancer correlate with tumor phenotypes, 
prognostic factors, and patient outcome. Cancer 
Res 69(9):3802–3809. doi:10.1158/0008-5472.
CAN-08-3907

 130. Dalvai M, Bystricky K (2010) The role of his-
tone modifications and variants in regulating 
gene expression in breast cancer. J Mammary 

Gland Biol Neoplasia 15(1):19–33. doi:10.1007/
s10911-010-9167-z

 131. Yoo KH, Hennighausen L (2012) EZH2 methyl-
transferase and H3K27 methylation in breast cancer. 
Int J Biol Sci 8(1):59–65

 132. Tsai WW, Wang Z, Yiu TT, Akdemir KC, Xia W, 
Winter S, Tsai CY, Shi X, Schwarzer D, Plunkett 
W, Aronow B, Gozani O, Fischle W, Hung MC, 
Patel DJ, Barton MC (2010) TRIM24 links a non- 
canonical histone signature to breast cancer. Nature 
468(7326):927–932. doi:10.1038/nature09542

 133. Li Y, Li S, Chen J, Shao T, Jiang C, Wang Y, Chen H, 
Xu J, Li X (2014) Comparative epigenetic analyses 
reveal distinct patterns of oncogenic pathways acti-
vation in breast cancer subtypes. Hum Mol Genet 
23(20):5378–5393. doi:10.1093/hmg/ddu256

 134. Droog M, Nevedomskaya E, Dackus GM, Fles R, 
Kim Y, Hollema H, Mourits M, Nederlof PM, van 
Boven HH, Linn SC, van Leeuwen FE, Wessels LF, 
Zwart W (2017) Estrogen receptor alpha wields 
treatment-specific enhancers between morphologi-
cally similar endometrial tumors. Proc Natl Acad 
Sci U S A 114(8):E1316–E1325. doi:10.1073/
pnas.1615233114

 135. Bustos MA, Salomon MP, Nelson N, Hsu SC, 
DiNome ML, Hoon DS, Marzese DM (2017) 
Genome-wide chromatin accessibility, DNA meth-
ylation and gene expression analysis of histone 
deacetylase inhibition in triple-negative breast 
cancer. Genom Data 12:14–16. doi:10.1016/j.
gdata.2017.01.002

 136. Connolly RM, Li H, Jankowitz RC, Zhang Z, 
Rudek MA, Jeter SC, Slater SA, Powers P, Wolff 
AC, Fetting JH, Brufsky A, Piekarz R, Ahuja N, 
Laird PW, Shen H, Weisenberger DJ, Cope L, 
Herman JG, Somlo G, Garcia AA, Jones PA, Baylin 
SB, Davidson NE, Zahnow CA, Stearns V (2016) 
Combination epigenetic therapy in advanced breast 
cancer with 5-Azacitidine and Entinostat: a phase 
II National Cancer Institute/stand up to cancer 
study. Clin Cancer Res. doi:10.1158/1078-0432.
CCR-16-1729

 137. Oshiro MM, Futscher BW, Lisberg A, Wozniak 
RJ, Klimecki WT, Domann FE, Cress AE (2005) 
Epigenetic regulation of the cell type-specific gene 
14-3-3sigma. Neoplasia 7(9):799–808

 138. Rhie SK, Hazelett DJ, Coetzee SG, Yan C, 
Noushmehr H, Coetzee GA (2014) Nucleosome 
positioning and histone modifications define rela-
tionships between regulatory elements and nearby 
gene expression in breast epithelial cells. BMC 
Genomics 15:331. doi:10.1186/1471-2164-15-331

 139. Gnyszka A, Jastrzebski Z, Flis S (2013) DNA meth-
yltransferase inhibitors and their emerging role 
in epigenetic therapy of cancer. Anticancer Res 
33(8):2989–2996

 140. Girault I, Tozlu S, Lidereau R, Bieche I (2003) 
Expression analysis of DNA methyltransferases 
1, 3A, and 3B in sporadic breast carcinomas. Clin 
Cancer Res 9(12):4415–4422

S. Oh et al.

https://doi.org/10.1186/1471-2407-12-243
https://doi.org/10.1007/s10549-011-1575-2
https://doi.org/10.1371/journal.pone.0149185
https://doi.org/10.1371/journal.pone.0149185
https://doi.org/10.1002/ijc.24518
https://doi.org/10.1158/1055-9965.EPI-08-1237
https://doi.org/10.1002/cbin.10646
https://doi.org/10.1186/1471-2407-10-217
https://doi.org/10.1158/0008-5472.CAN-08-3907
https://doi.org/10.1158/0008-5472.CAN-08-3907
https://doi.org/10.1007/s10911-010-9167-z
https://doi.org/10.1007/s10911-010-9167-z
https://doi.org/10.1038/nature09542
https://doi.org/10.1093/hmg/ddu256
https://doi.org/10.1073/pnas.1615233114
https://doi.org/10.1073/pnas.1615233114
https://doi.org/10.1016/j.gdata.2017.01.002
https://doi.org/10.1016/j.gdata.2017.01.002
https://doi.org/10.1158/1078-0432.CCR-16-1729
https://doi.org/10.1158/1078-0432.CCR-16-1729
https://doi.org/10.1186/1471-2164-15-331


311

 141. Manjegowda MC, Gupta PS, Limaye AM (2017) 
Hyper-methylation of the upstream CpG island 
shore is a likely mechanism of GPER1 silencing in 
breast cancer cells. Gene 614:65–73. doi:10.1016/j.
gene.2017.03.006

 142. Sadikovic B, Haines TR, Butcher DT, Rodenhiser DI 
(2004) Chemically induced DNA hypomethylation 
in breast carcinoma cells detected by the amplifi-
cation of intermethylated sites. Breast Cancer Res 
6(4):R329–R337. doi:10.1186/bcr799

 143. Dong H, Ma L, Gan J, Lin W, Chen C, Yao Z, Du L, 
Zheng L, Ke C, Huang X, Song H, Kumar R, Yeung 
SC, Zhang H (2017) PTPRO represses ERBB2- 
driven breast oncogenesis by dephosphorylation and 
endosomal internalization of ERBB2. Oncogene 
36(3):410–422. doi:10.1038/onc.2016.213

 144. Tao Y, Liu S, Briones V, Geiman TM, Muegge K 
(2011) Treatment of breast cancer cells with DNA 
demethylating agents leads to a release of pol II 
stalling at genes with DNA-hypermethylated regions 
upstream of TSS. Nucleic Acids Res 39(22):9508–
9520. doi:10.1093/nar/gkr611

 145. Hellreich J, Gasparek J, O'Donnell R (2014) Effects 
of 5-azacytidine on the in vitro colony growth of 
the MDA-MB 435 cancer cell line (1047.11). The. 
FASEB J 28(1 Suppl)

 146. Xiang T, Fan Y, Li C, Li L, Ying Y, Mu J, Peng W, 
Feng Y, Oberst M, Kelly K, Ren G, Tao Q (2016) 
DACT2 silencing by promoter CpG methylation 
disrupts its regulation of epithelial-to- mesenchymal 
transition and cytoskeleton reorganization in breast 
cancer cells. Oncotarget 7(43):70924–70935. 
doi:10.18632/oncotarget.12341

 147. Luo LJ, Yang F, Ding JJ, Yan DL, Wang DD, Yang SJ, 
Ding L, Li J, Chen D, Ma R, Wu JZ, Tang JH (2016) 
MiR-31 inhibits migration and invasion by target-
ing SATB2 in triple negative breast cancer. Gene 
594(1):47–58. doi:10.1016/j.gene.2016.08.057

 148. Billam M, Sobolewski MD, Davidson NE (2010) 
Effects of a novel DNA methyltransferase inhibi-
tor zebularine on human breast cancer cells. Breast 
Cancer Res Treat 120(3):581–592. doi:10.1007/
s10549-009-0420-3

 149. Chen M, Shabashvili D, Nawab A, Yang SX, Dyer 
LM, Brown KD, Hollingshead M, Hunter KW, Kaye 
FJ, Hochwald SN, Marquez VE, Steeg P, Zajac- 
Kaye M (2012) DNA methyltransferase inhibi-
tor, zebularine, delays tumor growth and induces 
apoptosis in a genetically engineered mouse model 
of breast cancer. Mol Cancer Ther 11(2):370–382. 
doi:10.1158/1535-7163.MCT-11-0458

 150. Ceccacci E, Minucci S (2016) Inhibition of histone 
deacetylases in cancer therapy: lessons from leu-
kaemia. Br J Cancer 114(6):605–611. doi:10.1038/
bjc.2016.36

 151. Miller L, Abdalla A (2003) The role of endoscopy 
in the treatment of esophageal varices, 2002-2003. 
Curr Opin Gastroenterol 19(5):483–486

 152. Yoshida M, Shimazu T, Matsuyama A (2003) 
Protein deacetylases: enzymes with functional diver-
sity as novel therapeutic targets. Prog Cell Cycle Res 
5:269–278

 153. Marks PA, Breslow R (2007) Dimethyl sulfoxide 
to vorinostat: development of this histone deacety-
lase inhibitor as an anticancer drug. Nat Biotechnol 
25(1):84–90. doi:10.1038/nbt1272

 154. Chiaradonna F, Barozzi I, Miccolo C, Bucci G, 
Palorini R, Fornasari L, Botrugno OA, Pruneri G, 
Masullo M, Passafaro A, Galimberti VE, Fantin 
VR, Richon VM, Pece S, Viale G, Di Fiore PP, 
Draetta G, Pelicci PG, Minucci S, Chiocca S (2015) 
Redox-mediated Suberoylanilide Hydroxamic acid 
sensitivity in breast cancer. Antioxid Redox Signal 
23(1):15–29. doi:10.1089/ars.2014.6189

 155. Wu S, Luo Z, Yu PJ, Xie H, He YW (2016) 
Suberoylanilide hydroxamic acid (SAHA) promotes 
the epithelial mesenchymal transition of triple nega-
tive breast cancer cells via HDAC8/FOXA1 signals. 
Biol Chem 397(1):75–83. doi:10.1515/hsz-2015-0215

 156. Feng X, Han H, Zou D, Zhou J, Zhou W (2017) 
Suberoylanilide hydroxamic acid-induced specific 
epigenetic regulation controls leptin-induced pro-
liferation of breast cancer cell lines. Oncotarget 
8(2):3364–3379. doi:10.18632/oncotarget.13764

 157. Han RF, Li K, Yang ZS, Chen ZG, Yang WC (2014) 
Trichostatin a induces mesenchymal-like morpho-
logical change and gene expression but inhibits 
migration and colony formation in human cancer 
cells. Mol Med Rep 10(6):3211–3216. doi:10.3892/
mmr.2014.2594

 158. Chang J, Varghese DS, Gillam MC, Peyton M, 
Modi B, Schiltz RL, Girard L, Martinez ED (2012) 
Differential response of cancer cells to HDAC inhib-
itors trichostatin a and depsipeptide. Br J Cancer 
106(1):116–125. doi:10.1038/bjc.2011.532

 159. Liu J, Li Y (2015) Trichostatin a and tamoxi-
fen inhibit breast cancer cell growth by miR-204 
and ERalpha reducing AKT/mTOR pathway. 
Biochem Biophys Res Commun 467(2):242–247. 
doi:10.1016/j.bbrc.2015.09.182

 160. Sun S, Han Y, Liu J, Fang Y, Tian Y, Zhou J, Ma D, 
Wu P (2014) Trichostatin a targets the mitochondrial 
respiratory chain, increasing mitochondrial reactive 
oxygen species production to trigger apoptosis in 
human breast cancer cells. PLoS One 9(3):e91610. 
doi:10.1371/journal.pone.0091610

 161. Noh H, Park J, Shim M, Lee Y (2016) Trichostatin 
a enhances estrogen receptor-alpha repression 
in MCF-7 breast cancer cells under hypoxia. 
Biochem Biophys Res Commun 470(3):748–752. 
doi:10.1016/j.bbrc.2016.01.022

 162. Zhuang ZG, Fei F, Chen Y, Jin W (2008) 
Suberoyl bis-hydroxamic acid induces 
p53-dependent apoptosis of MCF-7 breast can-
cer cells. Acta Pharmacol Sin 29(12):1459–1466. 
doi:10.1111/j.1745-7254.2008.00906.x

14 Targeting the Epigenome as a Novel Therapeutic Approach for Breast Cancer

https://doi.org/10.1016/j.gene.2017.03.006
https://doi.org/10.1016/j.gene.2017.03.006
https://doi.org/10.1186/bcr799
https://doi.org/10.1038/onc.2016.213
https://doi.org/10.1093/nar/gkr611
http://dx.doi.org/10.18632/oncotarget.12341
https://doi.org/10.1016/j.gene.2016.08.057
https://doi.org/10.1007/s10549-009-0420-3
https://doi.org/10.1007/s10549-009-0420-3
https://doi.org/10.1158/1535-7163.MCT-11-0458
https://doi.org/10.1038/bjc.2016.36
https://doi.org/10.1038/bjc.2016.36
https://doi.org/10.1038/nbt1272
https://doi.org/10.1089/ars.2014.6189
https://doi.org/10.1515/hsz-2015-0215
http://dx.doi.org/10.18632/oncotarget.13764
https://doi.org/10.3892/mmr.2014.2594
https://doi.org/10.3892/mmr.2014.2594
https://doi.org/10.1038/bjc.2011.532
https://doi.org/10.1016/j.bbrc.2015.09.182
https://doi.org/10.1371/journal.pone.0091610
https://doi.org/10.1016/j.bbrc.2016.01.022
https://doi.org/10.1111/j.1745-7254.2008.00906.x


312

 163. Yang X, Zhang N, Shi Z, Yang Z, Hu X (2015) 
Histone deacetylase inhibitor suberoyl bis- 
hydroxamic acid suppresses cell proliferation and 
induces apoptosis in breast cancer cells. Mol Med 
Rep 11(4):2908–2912. doi:10.3892/mmr.2014.3076

 164. Fortunati N, Marano F, Bandino A, Frairia R, 
Catalano MG, Boccuzzi G (2014) The pan-histone 
deacetylase inhibitor LBH589 (panobinostat) alters 
the invasive breast cancer cell phenotype. Int J Oncol 
44(3):700–708. doi:10.3892/ijo.2013.2218

 165. Tate CR, Rhodes LV, Segar HC, Driver JL, Pounder 
FN, Burow ME, Collins-Burow BM (2012) 
Targeting triple-negative breast cancer cells with the 
histone deacetylase inhibitor panobinostat. Breast 
Cancer Res 14(3):R79. doi:10.1186/bcr3192

 166. Kubo M, Kanaya N, Petrossian K, Ye J, Warden C, 
Liu Z, Nishimura R, Osako T, Okido M, Shimada 
K, Takahashi M, Chu P, Yuan YC, Chen S (2013) 
Inhibition of the proliferation of acquired aroma-
tase inhibitor-resistant breast cancer cells by histone 
deacetylase inhibitor LBH589 (panobinostat). Breast 
Cancer Res Treat 137(1):93–107. doi:10.1007/
s10549-012-2332-x

 167. Rhodes LV, Tate CR, Segar HC, Burks HE, Phamduy 
TB, Hoang V, Elliott S, Gilliam D, Pounder FN, 
Anbalagan M, Chrisey DB, Rowan BG, Burow 
ME, Collins-Burow BM (2014) Suppression of 
triple- negative breast cancer metastasis by pan-DAC 
inhibitor panobinostat via inhibition of ZEB family 
of EMT master regulators. Breast Cancer Res Treat 
145(3):593–604. doi:10.1007/s10549-014-2979-6

 168. Schech A, Kazi A, Yu S, Shah P, Sabnis G (2015) 
Histone deacetylase inhibitor Entinostat inhib-
its tumor-initiating cells in triple-negative breast 
cancer cells. Mol Cancer Ther 14(8):1848–1857. 
doi:10.1158/1535-7163.MCT-14-0778

 169. Schech AJ, Shah P, Yu S, Sabnis GJ, Goloubeva 
O, Rosenblatt P, Kazi A, Chumsri S, Brodie A 
(2015) Histone deacetylase inhibitor entinostat in 
combination with a retinoid downregulates HER2 
and reduces the tumor initiating cell population in 
aromatase inhibitor-resistant breast cancer. Breast 
Cancer Res Treat 152(3):499–508. doi:10.1007/
s10549-015-3442-z

 170. Fortunati N, Bertino S, Costantino L, Bosco O, 
Vercellinatto I, Catalano MG, Boccuzzi G (2008) 
Valproic acid is a selective antiproliferative agent in 
estrogen-sensitive breast cancer cells. Cancer Lett 
259(2):156–164. doi:10.1016/j.canlet.2007.10.006

 171. Artacho-Cordon F, Rios-Arrabal S, Olivares-Urbano 
MA, Storch K, Dickreuter E, Munoz-Gamez JA, 
Leon J, Calvente I, Torne P, Salinas Mdel M, Cordes 
N, Nunez MI (2015) Valproic acid modulates 
radiation- enhanced matrix metalloproteinase activ-
ity and invasion of breast cancer cells. Int J Radiat 
Biol 91(12):946–956. doi:10.3109/09553002.2015.
1087067

 172. Vafaiyan Z, Gharaei R, Asadi J (2015) The correla-
tion between telomerase activity and Bax/Bcl-2 ratio 

in valproic acid-treated MCF-7 breast cancer cell 
line. Iran J Basic Med Sci 18(7):700–704

 173. Mawatari T, Ninomiya I, Inokuchi M, Harada S, 
Hayashi H, Oyama K, Makino I, Nakagawara H, 
Miyashita T, Tajima H, Takamura H, Fushida S, 
Ohta T (2015) Valproic acid inhibits proliferation 
of HER2-expressing breast cancer cells by inducing 
cell cycle arrest and apoptosis through Hsp70 acety-
lation. Int J Oncol 47(6):2073–2081. doi:10.3892/
ijo.2015.3213

 174. Travaglini L, Vian L, Billi M, Grignani F, Nervi C 
(2009) Epigenetic reprogramming of breast cancer 
cells by valproic acid occurs regardless of estrogen 
receptor status. Int J Biochem Cell Biol 41(1):225–
234. doi:10.1016/j.biocel.2008.08.019

 175. Chopin V, Toillon RA, Jouy N, Le Bourhis X (2002) 
Sodium butyrate induces P53-independent, Fas- 
mediated apoptosis in MCF-7 human breast cancer 
cells. Br J Pharmacol 135(1):79–86. doi:10.1038/
sj.bjp.0704456

 176. Louis M, Rosato RR, Brault L, Osbild S, Battaglia 
E, Yang XH, Grant S, Bagrel D (2004) The histone 
deacetylase inhibitor sodium butyrate induces breast 
cancer cell apoptosis through diverse cytotoxic 
actions including glutathione depletion and oxida-
tive stress. Int J Oncol 25(6):1701–1711

 177. Lee KW, Kim JH, Park JH, Kim HP, Song SH, Kim 
SG, Kim TY, Jong HS, Jung KH, Im SA, Kim TY, 
Kim NK, Bang YJ (2006) Antitumor activity of 
SK-7041, a novel histone deacetylase inhibitor, in 
human lung and breast cancer cells. Anticancer Res 
26(5A):3429–3438

 178. Hait NC, Avni D, Yamada A, Nagahashi M, Aoyagi T, 
Aoki H, Dumur CI, Zelenko Z, Gallagher EJ, Leroith 
D, Milstien S, Takabe K, Spiegel S (2015) The phos-
phorylated prodrug FTY720 is a histone deacety-
lase inhibitor that reactivates ERalpha expression 
and enhances hormonal therapy for breast cancer. 
Oncogene 4:e156. doi:10.1038/oncsis.2015.16

 179. Prestegui-Martel B, Bermudez-Lugo JA, Chavez-
Blanco A, Duenas-Gonzalez A, Garcia-Sanchez 
JR, Perez-Gonzalez OA, Padilla M, II, Fragoso- 
Vazquez MJ, Mendieta-Wejebe JE, Correa- 
Basurto AM, Mendez-Luna D, Trujillo-Ferrara J, 
Correa-Basurto J (2016) N-(2-hydroxyphenyl)-2- 
propylpentanamide, a valproic acid aryl derivative 
designed in silico with improved anti-proliferative 
activity in HeLa, rhabdomyosarcoma and breast 
cancer cells. J Enzyme Inhib Med Chem 31(Suppl 
3):140–149. doi:10.1080/14756366.2016.1210138

 180. Keen JC, Yan L, Mack KM, Pettit C, Smith D, 
Sharma D, Davidson NE (2003) A novel histone 
deacetylase inhibitor, scriptaid, enhances expression 
of functional estrogen receptor alpha (ER) in ER neg-
ative human breast cancer cells in combination with 
5-aza 2′-deoxycytidine. Breast Cancer Res Treat 
81(3):177–186. doi:10.1023/A:1026146524737

 181. Giacinti L, Giacinti C, Gabellini C, Rizzuto E, Lopez 
M, Giordano A (2012) Scriptaid effects on breast 

S. Oh et al.

https://doi.org/10.3892/mmr.2014.3076
https://doi.org/10.3892/ijo.2013.2218
https://doi.org/10.1186/bcr3192
https://doi.org/10.1007/s10549-012-2332-x
https://doi.org/10.1007/s10549-012-2332-x
https://doi.org/10.1007/s10549-014-2979-6
https://doi.org/10.1158/1535-7163.MCT-14-0778
https://doi.org/10.1007/s10549-015-3442-z
https://doi.org/10.1007/s10549-015-3442-z
https://doi.org/10.1016/j.canlet.2007.10.006
https://doi.org/10.3109/09553002.2015.1087067
https://doi.org/10.3109/09553002.2015.1087067
https://doi.org/10.3892/ijo.2015.3213
https://doi.org/10.3892/ijo.2015.3213
https://doi.org/10.1016/j.biocel.2008.08.019
https://doi.org/10.1038/sj.bjp.0704456
https://doi.org/10.1038/sj.bjp.0704456
https://doi.org/10.1038/oncsis.2015.16
https://doi.org/10.1080/14756366.2016.1210138
https://doi.org/10.1023/A:1026146524737


313

cancer cell lines. J Cell Physiol 227(10):3426–3433. 
doi:10.1002/jcp.24043

 182. Chiu HW, Yeh YL, Wang YC, Huang WJ, Ho SY, Lin 
P, Wang YJ (2016) Combination of the novel histone 
deacetylase inhibitor YCW1 and radiation induces 
autophagic cell death through the downregulation of 
BNIP3 in triple-negative breast cancer cells in vitro 
and in an orthotopic mouse model. Mol Cancer 
15(1):46. doi:10.1186/s12943-016-0531-5

 183. Gromek SM, deMayo JA, Maxwell AT, West AM, 
Pavlik CM, Zhao Z, Li J, Wiemer AJ, Zweifach 
A, Balunas MJ (2016) Synthesis and biological 
evaluation of santacruzamate a analogues for anti- 
proliferative and immunomodulatory activity. Bioorg 
Med Chem 24(21):5183–5196. doi:10.1016/j.
bmc.2016.08.040

 184. Tan YL, Pigeon P, Top S, Labbe E, Buriez O, Hillard 
EA, Vessieres A, Amatore C, Leong WK, Jaouen 
G (2012) Ferrocenyl catechols: synthesis, oxida-
tion chemistry and anti-proliferative effects on 
MDA-MB-231 breast cancer cells. Dalton Trans 
41(25):7537–7549. doi:10.1039/c2dt30700f

 185. Zheng Y, Wang C, Li C, Qiao J, Zhang F, Huang 
M, Ren W, Dong C, Huang J, Zhou HB (2012) 
Discovery of novel SERMs with a ferrocenyl entity 
based on the oxabicyclo[2.2.1]heptene scaffold and 
evaluation of their antiproliferative effects in breast 
cancer cells. Org Biomol Chem 10(48):9689–9699. 
doi:10.1039/c2ob26226f

 186. Laine AL, Adriaenssens E, Vessieres A, Jaouen 
G, Corbet C, Desruelles E, Pigeon P, Toillon 
RA, Passirani C (2013) The in vivo perfor-
mance of ferrocenyl tamoxifen lipid nanocap-
sules in xenografted triple negative breast cancer. 
Biomaterials 34(28):6949–6956. doi:10.1016/j.
biomaterials.2013.05.065

 187. Li C, Tang C, Hu Z, Zhao C, Li C, Zhang S, 
Dong C, Zhou HB, Huang J (2016) Synthesis and 
structure-activity relationships of novel hybrid fer-
rocenyl compounds based on a bicyclic core skel-
eton for breast cancer therapy. Bioorg Med Chem 
24(13):3062–3074. doi:10.1016/j.bmc.2016.05.019

 188. Thakur S, Feng X, Qiao Shi Z, Ganapathy A, Kumar 
Mishra M, Atadja P, Morris D, Riabowol K (2012) 
ING1 and 5-azacytidine act synergistically to block 
breast cancer cell growth. PLoS One 7(8):e43671. 
doi:10.1371/journal.pone.0043671

 189. Zhou W, Feng X, Han H, Guo S, Wang G (2016) 
Synergistic effects of combined treatment with 
histone deacetylase inhibitor suberoylanilide 
hydroxamic acid and TRAIL on human breast can-
cer cells. Sci Rep 6:28004. doi:10.1038/srep28004

 190. Min A, Im SA, Kim DK, Song SH, Kim HJ, Lee KH, 
Kim TY, Han SW, Oh DY, Kim TY, O'Connor MJ, 
Bang YJ (2015) Histone deacetylase inhibitor, suber-
oylanilide hydroxamic acid (SAHA), enhances anti- 
tumor effects of the poly (ADP-ribose) polymerase 
(PARP) inhibitor olaparib in triple-negative breast 
cancer cells. Breast Cancer Res 17:33. doi:10.1186/
s13058-015-0534-y

 191. Chen L, Jin T, Zhu K, Piao Y, Quan T, Quan C, Lin 
Z (2017) PI3K/mTOR dual inhibitor BEZ235 and 
histone deacetylase inhibitor Trichostatin A syner-
gistically exert anti-tumor activity in breast cancer. 
Oncotarget. doi:10.18632/oncotarget.14442

 192. Yang X, Shi Z, Zhang N, Ou Z, Fu S, Hu X, Shen Z 
(2014) Suberoyl bis-hydroxamic acid enhances cyto-
toxicity induced by proteasome inhibitors in breast 
cancer cells. Cancer Cell Int 14:107. doi:10.1186/
s12935-014-0107-7

 193. Lin Z, Zhang Z, Jiang X, Kou X, Bao Y, Liu H, Sun 
F, Ling S, Qin N, Jiang L, Yang Y (2017) Mevastatin 
blockade of autolysosome maturation stimulates 
LBH589-induced cell death in triple- negative 
breast cancer cells. Oncotarget. doi:10.18632/
oncotarget.14868

 194. Kai M, Kanaya N, Wu SV, Mendez C, Nguyen 
D, Luu T, Chen S (2015) Targeting breast cancer 
stem cells in triple-negative breast cancer using a 
combination of LBH589 and salinomycin. Breast 
Cancer Res Treat 151(2):281–294. doi:10.1007/
s10549-015-3376-5

 195. Tan WW, Allred JB, Moreno-Aspitia A, Northfelt 
DW, Ingle JN, Goetz MP, Perez EA (2016) Phase 
I study of Panobinostat (LBH589) and Letrozole in 
postmenopausal metastatic breast cancer patients. 
Clin Breast Cancer 16(2):82–86. doi:10.1016/j.
clbc.2015.11.003

 196. Ou O, Huppi K, Chakka S, Gehlhaus K, Dubois W, 
Patel J, Chen J, Mackiewicz M, Jones TL, Pitt JJ, 
Martin SE, Goldsmith P, Simmons JK, Mock BA, 
Caplen NJ (2014) Loss-of-function RNAi screens in 
breast cancer cells identify AURKB, PLK1, PIK3R1, 
MAPK12, PRKD2, and PTK6 as sensitizing targets 
of rapamycin activity. Cancer Lett 354(2):336–347. 
doi:10.1016/j.canlet.2014.08.043

 197. Terranova-Barberio M, Roca MS, Zotti AI, Leone A, 
Bruzzese F, Vitagliano C, Scogliamiglio G, Russo 
D, D'Angelo G, Franco R, Budillon A, Di Gennaro 
E (2016) Valproic acid potentiates the anticancer 
activity of capecitabine in vitro and in vivo in breast 
cancer models via induction of thymidine phos-
phorylase expression. Oncotarget 7(7):7715–7731. 
doi:10.18632/oncotarget.6802

 198. Li L, Sun Y, Liu J, Wu X, Chen L, Ma L, Wu P 
(2015) Histone deacetylase inhibitor sodium butyr-
ate  suppresses DNA double strand break repair 
induced by etoposide more effectively in MCF-7 
cells than in HEK293 cells. BMC Biochem 16:2. 
doi:10.1186/s12858-014-0030-5

 199. Sun B, Liu R, Xiao ZD, Zhu X (2012) C-MET pro-
tects breast cancer cells from apoptosis induced 
by sodium butyrate. PLoS one 7 (1):e30143. 
doi:10.1371/journal.pone.0030143

 200. Cava C, Bertoli G, Castiglioni I (2015) Integrating 
genetics and epigenetics in breast cancer: biologi-
cal insights, experimental, computational methods 
and therapeutic potential. BMC Syst Biol 9:62. 
doi:10.1186/s12918-015-0211-x

14 Targeting the Epigenome as a Novel Therapeutic Approach for Breast Cancer

https://doi.org/10.1002/jcp.24043
https://doi.org/10.1186/s12943-016-0531-5
https://doi.org/10.1016/j.bmc.2016.08.040
https://doi.org/10.1016/j.bmc.2016.08.040
https://doi.org/10.1039/c2dt30700f
https://doi.org/10.1039/c2ob26226f
https://doi.org/10.1016/j.biomaterials.2013.05.065
https://doi.org/10.1016/j.biomaterials.2013.05.065
https://doi.org/10.1016/j.bmc.2016.05.019
https://doi.org/10.1371/journal.pone.0043671
https://doi.org/10.1038/srep28004
https://doi.org/10.1186/s13058-015-0534-y
https://doi.org/10.1186/s13058-015-0534-y
http://dx.doi.org/10.18632/oncotarget.14442
https://doi.org/10.1186/s12935-014-0107-7
https://doi.org/10.1186/s12935-014-0107-7
http://dx.doi.org/10.18632/oncotarget.14868
http://dx.doi.org/10.18632/oncotarget.14868
https://doi.org/10.1007/s10549-015-3376-5
https://doi.org/10.1007/s10549-015-3376-5
https://doi.org/10.1016/j.clbc.2015.11.003
https://doi.org/10.1016/j.clbc.2015.11.003
https://doi.org/10.1016/j.canlet.2014.08.043
http://dx.doi.org/10.18632/oncotarget.6802
https://doi.org/10.1186/s12858-014-0030-5
https://doi.org/10.1371/journal.pone.0030143
https://doi.org/10.1186/s12918-015-0211-x


315© Springer Nature Singapore Pte Ltd. 2017 
E. Song, H. Hu (eds.), Translational Research in Breast Cancer, Advances in Experimental 
Medicine and Biology 1026, https://doi.org/10.1007/978-981-10-6020-5_15

Progress in Vaccine Therapies 
for Breast Cancer

Xiaoyu Li and Xia Bu

Abstract

Therapeutic cancer vaccines aim to treat pre-existing cancer by boosting 
the patient’s own immune system, which is an attractive strategy for can-
cer treatment. The cancer vaccines have mainly been designed to elicit 
antitumor T-cell immune responses that recognize and eradicate cancer. 
The advantages of cancer immunotherapy with cancer vaccines include a) 
high specificity of tumor antigen, b) minimal vaccine-related adverse 
events, and c) long-lasting immunity boosted by cancer vaccine which is 
important to control tumor relapse. In this chapter, we discuss identifica-
tion of tumor antigens in breast cancer (e.g., cancer-testis antigens, neoan-
tigens, HER2/neu, MUC1), the vaccine delivery systems utilized in breast 
cancer treatment (e.g., peptide vaccines, dendritic cell-based vaccines, and 
whole tumor cell-based vaccines), as well as clinical trials with therapeu-
tic breast cancer vaccines. Moreover, new-generation clinical trials of 
breast cancer vaccines will aim at employing personalized vaccines 
designed to harness robust immune response to a custom-made neoantigen 
in the patient with breast cancer. Combination of vaccination and other 
forms of cancer therapy such as chemotherapy, radiotherapy, targeted ther-
apy with monoclonal antibody, or immune checkpoint blockade will be 
required to achieve potent and durable antitumor clinical benefits.
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15.1  Introduction

Cancer immunotherapy aims to harness and 
enhance immune response in order to eradicate 
cancer. Recent dramatic clinical successes with 
agents targeting cytotoxic T-lymphocyte antigen-
 4 (CTLA-4) and programmed death-1 (PD-1) co- 
inhibitory molecules have provoked a significant 
increase in enthusiasm for cancer immunothera-
peutic methods such as cancer vaccine therapy. 
There are many forms of cancer immunotherapy 
that are currently being used to treat cancer: 
immune checkpoint blockade, adoptive T-cell 
transfer, monoclonal antibody (mAb) immuno-
therapy, and cancer vaccines.

The objective of therapeutic cancer vaccines is 
to treat pre-existing cancer by enhancing a 
patient’s own immune system against cancer, 
which is an attractive approach to treat cancer. 
Therapeutic cancer vaccines can be designed to 
specifically activate (a) T lymphocytes including 
CD8 + cytotoxic T lymphocytes (CTLs) as well as 
CD4+ T helper cells and direct them to recognize 
and attack cancer and (b) B cells to elicit humoral 
immune response and professional antigen- 
presenting cells (APCs) to induce both cellular 
and humoral antitumor immunity [1]. T-cell- 
mediated antitumor immune response can be 
elicited directly either by peptide-based vaccines, 
dendritic cell (DC)-based vaccines that are loaded 
with tumor-associated antigens (TAA)/tumor- 
specific antigens (TSA), or genetically modified 
whole tumor cells secreting GM-CSF or other 
cytokines. The US FDA has approved sipuleucel-
 T for prostate therapeutic cancer vaccine since 
2011. Sipuleucel-T is an autologous active immu-
notherapy. The use of sipuleucel-T vaccine can 
elongate overall survival periods and activate 
T-cell immunity against tumor for the patients 
with metastatic castration-resistant prostate 
cancer.

The advantages of cancer immunotherapy 
with cancer vaccines are as follows: a) cancer 
vaccines have high tumor antigen specificity, thus 
inducing a robust immune response against anti-
gens specifically expressed by tumor cells; b) 
cancer vaccines cause minimal immune-related 
adverse events; c) the elicited immunity by can-
cer vaccine is long-lasting due to the induction of 
immunological memory response, which is 
important to control tumor relapse. A large num-
ber of breast cancer vaccine strategies are under 
active clinical evaluation for their efficacy, safety, 
and toxicity, even though no vaccine for breast 
cancer therapy is currently approved by the US 
FDA.

15.2  Selection of Tumor Antigens 
in Breast Cancer

Identification of breast cancer antigens can 
enhance the development of either passive immu-
notherapy or active immunotherapy for the treat-
ment of breast cancer. In general, tumor antigens 
used for tumor vaccines are derived from tumors. 
Therapeutic tumor vaccines have mainly been 
designed to provoke T-cell-mediated immune 
response that can recognize and eradicate exist-
ing tumors. The strategy is different from the pro-
phylactic vaccines for infectious disease, which 
stimulate B-cell immunity. Thus, the objective of 
tumor vaccines is to elicit a cellular immune 
response mediated by T cells.

Tumor antigens can be broadly categorized 
into two classes: a) tumor-specific antigens 
(TSA), which are expressed exclusively in tumor 
cells, such as cancer-testis antigens and neoanti-
gens that are mutated tumor antigens and tumor 
virus antigens, and b) tumor-associated antigens 
(TAA), which are overexpressed in tumors but 
can also exist in normal tissues, such as overex-
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pressed antigens and differentiation antigens. 
The majority of breast tumor antigens are tumor- 
associated antigens such as HER2/neu, MUC1, 
p53, carbohydrate antigens, CEA, and hTERT 
antigens, some of which are commonly expressed 
in various types of tumors such as hTERT.

15.2.1  Cancer-Testis Antigens

Cancer-testis (CT) antigens are also known as 
cancer-germline antigens. These protein antigens 
are aberrantly expressed in a wide variety of 
human cancers, and they are normally silenced in 
normal tissues except in germ cells of testis. The 
CT antigens such as MAGE-1 and NY-ESO-1 
have been demonstrated to be recognized by the 
immune system of cancer patients and to elicit a 
spontaneous cytotoxic T-cell response as well as 
humoral immune response in the patients, indi-
cating that they are immunogenic and highly spe-
cific to tumors [2–4]. Thus, the identification of 
the CT antigens, which can be used as therapeu-
tic cancer vaccine targets, has led to the develop-
ment of antigen-specific cancer vaccines.

The first human tumor antigen recognized by 
antitumor cytotoxic T lymphocytes (CTL) was 
revealed in 1991, when Dr. Boon’s group cloned 
the gene encoding melanoma-associated antigen, 
MAGE-1 [5] (later renamed MAGE-A1), which 
is a member of cancer-testis antigens family. One 
year later, the first epitope of tumor antigen rec-
ognized by tumor-specific CD8+ cytotoxic T 
lymphocytes (CTLs) was identified from the 
tumor antigen MAGE1 by the same research 
group [6]. The results from this study also showed 
that when the peptide was presented by mouse 
cells transfected with an HLA-A1 gene, it can be 
recognized by CTL as well, suggesting that 
tumor antigen MAGE-1 is associated with the 
HLA-A1 molecule. The sequence of the CTL- 
specific epitope was EADPTGHSY. Since then, a 
large amount of cancer-testis tumor antigens 
have been successfully identified in various can-
cers by T-cell epitope cloning, serological analy-
sis of expression cDNA libraries (SEREX) 
technique, gene expression profiling, and com-

parative proteome analysis including NY-ESO-1, 
MAGE-A2, MAGE-A3, BAGE, and GAGE-1 
[7–10].

A growing number of cancer-testis tumor anti-
gens were also identified in human breast can-
cers, including MAGE tumor antigen [11], BAGE 
tumor antigen [12], GAGE tumor antigen [9], 
XAGE tumor antigens [13], etc. Several studies 
demonstrated that multiple cancer-testis antigens 
were preferentially expressed in triple-negative 
breast tumors (TNBC), and significantly higher 
expression of cancer-testis antigens such as 
NY-ESO-1 was detected in triple-negative breast 
cancers when compared with estrogen-sensitive 
tumors [14–16]. Thus, cancer-testis antigen vac-
cines can be a promising strategy for the treat-
ment of TNBC.

15.2.2  Antigens Overexpressed 
in Breast Cancer

15.2.2.1  HER2/Neu Antigens
Human epidermal growth factor receptor-2/neu 
(HER2/neu, ERBB2), the most well-studied 
tumor-associated antigens for breast cancer vac-
cines in clinical trials, is a 185 kDa transmem-
brane tyrosine kinase molecule in the HER 
family. HER2/neu is overexpressed in one quar-
ter of all primary breast cancers [17]. It is also 
overexpressed in many epithelial tumors includ-
ing the stomach, ovarian, colorectal, and pancre-
atic carcinomas.

HER2/neu was originally thought to be less 
immunogenic in human breast cancers because 
this oncogene was only amplified but not mutated 
in breast cancers. Subsequently, the concept has 
been changed. Patients with HER-2/neu-positive 
tumors [18–20] have shown to have spontaneous 
cellular and humoral immunity, thus suggesting 
that HER2/neu is highly immunogenic. This 
finding further proves that HER2/neu is a poten-
tial tumor antigen for active vaccination. The 
intracellular domain (hICD) of human HER-2/
neu oncogenic protein, homologous to rat neu 
ICD that is less immunogenic to rats, was used  
to immunize rats in a rat animal model by  
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Disis et al. [21]. The results from this study 
showed that the potent neu-specific humoral and 
cellular immune responses were elicited in the rats 
immunized with hICD, suggesting that vaccina-
tion with foreign antigens might be an effective 
therapeutic strategy for “self” tumor antigens.

Multiple HER-2 /neu peptides containing 
extracellular domain (ECD)/intracellular domain 
(ICD) were evaluated for antitumor immunity in 
a pilot clinical study. In this study, granulocyte 
macrophage colony-stimulating factor (GM-CSF) 
was used as an adjuvant. The results indicated 
that the mixture of peptides were capable of pro-
voking HER2/neu antigen-specific CD4+ T-cell 
immunity, suggesting that the human body vac-
cinated with peptide vaccines could develop 
immunity to recognize and attack self-tumor 
antigens such as HER2/neu [22].

15.2.2.2  MUC-1 Antigens
Mucin 1 (MUC1), a member of mucin family, is 
a membrane-associated glycoprotein overex-
pressed in many types of epithelia carcinomas, 
including the pancreas, breast, lung, and gastro-
intestinal carcinomas [23–25]. It plays an impor-
tant role involved in immune modulation and 
multiple biological processes including prolifera-
tion, differentiation, apoptosis, and metastasis. 
The biological function of MUC1 is defined by 
the posttranslational modification of the protein. 
In normal epithelial cells, MIC1 is hyperglyco-
sylated, whereas in malignant cells lacking lumi-
nal polarity, MUC1 is underglycosylated, thus 
making the protein highly immunogenic.

More than 70% of tumors express MUC1, 
suggesting this tumor antigen an attractive target 
for vaccination [26, 27]. Several preclinical stud-
ies demonstrated that tumor cells overexpressing 
MUC-1 protein could elicit antitumor immunity 
[28–31]. Due to its highly repetitive and multiva-
lent structure, the mucin epitope has been con-
cluded to be an effective target antigen for 
cytotoxic T cells. This claim is founded on the 
ability of the mucin epitope to bind and stimulate 
the T-cell receptor without MHC presentation. 
The MUC-1 tumor vaccines have been tested in 
patients with breast cancer in several clinical tri-
als and are discussed in the following section.

15.2.3  Neoantigens

Tumor-specific neoantigens are actively being 
explored as targets for personalized cancer vac-
cines. It has been reported that high mutational 
loads are strongly associated with increased 
tumor antigenicity (or immunogenic neoanti-
gens) as well as high frequency of tumor- 
infiltrating lymphocytes such as CD8+ T cells 
[32–35]. Sjoblom T et al. [36] determined genetic 
alterations in more than 10 breast and colorectal 
cancers to identify somatic gene mutations 
including passenger mutations and driver muta-
tions, and the data revealed that mutation of about 
11 genes occurred in each tumor. Two years later, 
Allison’s group screened over one thousand pep-
tides derived from these mutations to identify 
MHC class I T-cell epitopes. They found that an 
average of ten and seven unknown HLA-A0201 
epitopes existed in breast cancer and colorectal 
cancer, respectively. This study provides an 
encouraging strategy for the individualized can-
cer vaccines [37].

An ongoing clinical feasibility study is under-
way to identify MHC class I and MHC class II 
tumor neoepitopes in breast cancer lymph nodes. 
Two different approaches have been employed. 
One is an elution HPLC method to be conducted 
in tumor cell lines. The second one is to use pre-
dictive algorithms on tumor sequencing data. 
This clinical trial will also investigate the fre-
quency of the identified neoantigen-specific 
CD4+ and CD8+ T lymphocytes in the blood and 
tumor of breast cancer patients (ClinicalTrials.
gov identifier: NCT02831634).

Two phase I clinical trials for personalized 
cancer vaccines in patients with triple-negative 
breast cancer following neoadjuvant chemother-
apy are being performed by William E. Gillanders. 
One trial is to determine immune-related adverse 
events and antigenicity of individualized naked 
plasmid DNA vaccines (ClinicalTrials.gov 
 identifier: NCT02348320 (see Table 15.1)). 
Another trial is to determine the safety and 
immunogenicity of a personalized synthetic long 
peptide breast cancer vaccine (Poly ICLC) strat-
egy (ClinicalTrials.gov identifier: NCT02427581 
(see Table 15.2)). The personalized cancer 
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Table 15.1 Ongoing clinical trials of DNA-/RNA-based vaccines in breast cancer

Phase Study BC subtype Trial ID PI

I Personalized Polyepitope DNA 
vaccine +chemo

TNBC NCT02348320 Gillanders

I Mammaglobin-A DNA vaccine BC NCT02204098 Gillanders

I CD105/Yb-1/SOX2/CDH3/
MDM2-polyepitope plasmid DNA 
vaccine

HER2-BC NCT02157051 Disis

I pUMVC3-IGFBP2-HER2-IGF1R 
plasmid DNA vaccine

HER2-BC NCT02780401 Wisinski

I/II PolyICLC in situ 
vaccine + PD-L1 + CTLA-4 
blockade

BC NCT02643303 Slingluff, 
Bhardwaj

I IVAC_W_bre1_uID and IVAC_M_
uID RNA vaccine

TNBC NCT02316457 Sahin

TNBC Triple-negative breast cancer, BC Breast cancer, Chemo Chemotherapy.

Table 15.2 Ongoing clinical trials of peptide-based vaccines in breast cancer

Phase Study BC subtype Trial ID PI

I Personalized synthetic long peptide 
vaccine +chemo

TNBC NCT02427581 Gillanders

I/II HER2 peptide 
vaccine + GM-CSF + chemo
+adoptive HER2-specific T cells

HER2 + BC NCT00791037 Disis

I Ad-sig-hMUC-1/ecdCD40L vaccine BC NCT02140996 Toh

II Folate receptor alpha + GM-CSF TNBC NCT02593227 Kenney

II E75 + GM-CSF DCIS NCT02636582 Mittendorf

I hTERT/survivin multi-peptide vaccine + 
Basiliximab (anti-CD25)

BC NCT01660529 Fox

I PVX-410 + PD-L1 inhibitor TNBC NCT02826434 Multiple PI

II E75 + GM-CSF + Herceptin HER2 low 
BC

NCT01570036 Peoples

I HER2 peptide vaccine BC NCT01376505 Kaumaya

I/II HER2 ICD peptide vaccine + trastuzumab HER2 + BC NCT01922921 Salaar

I HER2 
peptide + GM-CSF + chemo + imiquimod

HER2 + BC NCT02276300 Krackhardt

II E75 + GM-CSF + trastuzumab HER2 + BC NCT02297698 Peoples

I Sialyl Lewisª-KLH + QS21 BC NCT00470574 Gilewski + Dickler

I MUC-1 peptide vaccine + PolyICLC TNBC NCT00986609 Baar

I/II Folate-binding protein peptide vaccines 
(E39 and J65) + GM-CSF

BC NCT02019524 Peoples

II GP2Z + GM-CSF vs AE37 + GM-CSF vs 
GM-CSF

BC NCT00524277 Peoples

I HER2 ECD + TM protein vaccine BC NCT01526473 Lyerly

TNBC Triple-negative breast cancer, BC Breast cancer, DCIS Ductal carcinoma in situ.
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 vaccines are proposed to be feasible for human 
immunization and to have capacity to boost CD8 
cytotoxic T-cell immunity against neoantigens. 
In addition, these studies hypothesize that clini-
cal responses could be correlated with immune 
responses elicited by the personalized cancer 
vaccines.

15.2.4  Other Types of Tumor 
Antigens

Other types of cancer antigens include oncofetal 
antigens such as CEA and AFP and differentia-
tion antigens such as NY-BR-1 and Wilms’ tumor 
antigen (WT1). Carcinoembryonic antigen 
(CEA) is a membrane glycosylated protein that is 
expressed in 50% of patients with breast carcino-
mas [38]. Numerous clinical trials with CEA 
therapeutic cancer vaccines have been conducted 
for breast cancer patients. WT1 plays an impor-
tant role in various cellular functions such as pro-
liferation, differentiation, and apoptosis in tumors 
including breast cancer [39]. Several WT1 anti-
genic HLA class I-restricted peptides have been 
identified. In a phase I/II clinical trials enrolling 
116 patients with various types of WT1+ tumors, 
the therapeutic efficacy of WT1 peptide vaccine 
was evaluated, and the enhanced immune 
response and favorable clinical outcome were 
observed in 50% of patients receiving immuniza-
tion [40].

15.3  Vaccine Delivery Systems 
in Breast Cancer

15.3.1  Peptide-/Protein-Based 
Vaccines

Peptide-based vaccines utilize immunogenic epi-
topes derived from TAA/TSA to enhance activa-
tion of CD8 + cytotoxic T lymphocytes (CTLs) 
and CD4 + helper T cells and production of anti-
bodies by B cells. The activated CTLs are able to 
recognize and fight tumor cells. Two major fac-
tors that control the elicited T-cell immune 

response by TAA/TSA peptides are 1) the capa-
bility of the peptide to bind to MHC complex and 
2) the ability of the peptide-MHC class I/II mol-
ecule to bind to the T-cell receptor (TCR). While 
minor subsets of TAA epitopes are presented by 
MHC class II molecules to CD4+ T helper cells, 
more common TAA peptides are presented to 
tumor-specific CD8+ cytotoxic T cells by MHC 
class I molecules [41–45]. Many clinical trials 
using different peptide-/protein-based vaccines 
for breast cancer patients have been attempted. 
Some of these trials have been completed, while 
others are under investigation (see Table 15.2).

15.3.1.1  Multi-peptide Vaccines
A large number of clinical studies have investi-
gated the therapeutic efficacies of tumor peptide 
vaccines derived from ECD and ICD of HER2/
neu oncoprotein [46–49]. Disis et al. [46] con-
ducted a phase I clinical trial enrolling 64 
patients with HER2/neu + breast cancer, non-
small cell lung cancer, or ovarian cancer, which 
detected tumor antigen-specific T-cell immune 
response using three distinct HER2/neu vac-
cines: the first vaccine consists of ECD peptides, 
p42 (aa 42–56), p98 (aa 98–114), and p328 (aa 
328–345); the second vaccine is composed of 
ICD-peptides, p776 (aa 776–790), p927 (aa 
927–941), and p1166 (aa 1166–1180); and the 
third vaccine consists of MHC class I HLA-A2 
binding motifs, p369 (aa 369–386), p688 (aa 
688–703), and p971 (aa 971–984), which is 
directed to provoke CD8+ cytotoxic T cells. 
GM-CSF as an immune adjuvant was used in 
combination with each vaccine. The results of 
vaccination in most immunized patients showed 
that the peptide vaccines described above were 
able to boost potent and durable antigen-specific 
T-cell responses [46].

The cytokine GM-CSF is widely used as a 
potent immune adjuvant in a variety of cancer 
vaccines. It is an important immune modulator 
which can promote differentiation, maturation, 
and recruitment of dendritic cells and enhance 
antigen presentation to CD4+ helper T cells and 
cross-presentation to CD8+ cytotoxic T cells 
[50–54].
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15.3.1.2  NeuVax Peptide Vaccine
NeuVax, comprised of the E75 HER2/neu pep-
tide and immune adjuvant GM-CSF, is engi-
neered to lower the relapse of HER2-negative 
breast cancer patients not eligible for trastuzumab 
treatment. Peoples’s group has performed two 
concurrent phase II trials [55] with 168 patients 
(HLA-A2 and HLA-A3) in an effort to reduce 
relapse in patients with breast cancer including 
both node + and node –. At a median of 20-month 
follow-up, research data illustrated that relapse 
rate of patients who received vaccination was 
much lower than that of control patients. NeuVax 
showed an acceptable safety profile and ability to 
stimulate E75-specific immune responses. The 
clinical trial with NeuVax alone has been recently 
completed [54]. Two clinical trials investigating 
NeuVax vaccine in combination with trastu-
zumab are currently underway. One is a phase IIb 
trial enrolling patients with triple-negative HER2 
IHC1+/2+ and node + (ClinicalTrials.gov identi-
fier: NCT01570036), and another one is a phase 
II clinical trial recruiting patients with high-risk, 
negative HER2 IHC 3+ or node + (ClinicalTrials.
gov identifier: NCT02297698).

15.3.1.3  GP2 Peptide Vaccine
GP2 (aa 654–662, epitope: IISAVVGIL), the sec-
ond HER2-derived peptide, is made up of 9 
amino acids and HLA-A2/A3-restricted. 
Moreover, it is a MHC class I peptide derived 
from the transmembrane domain of HER2/neu. 
GP2 was initially believed to bind to human leu-
kocyte antigen A2 with less affinity than E75 
peptide [20]. However, years later, studies 
depicted that GP2 peptide was highly immuno-
genic to the immune system [56]. To elucidate 
whether HLA-A2-restricted GP2 peptide had 
high tumor immunogenicity, an in vitro study 
using prevaccination peripheral blood mononu-
clear cell (PBMC) was performed. The PBMC 
were isolated from breast cancer patients with 
HLA-A2 positive. CD14+ monocytes were puri-
fied for preparation of myeloid-derived dendritic 
cells. Meanwhile, highly pure CD8+ T cells were 
isolated from HLA-A2 healthy individuals. The 
PBMC were triggered with dendritic cells pulsed 
with GP2 peptide, and the Cr-51 cytotoxicity 

assays with HER2/neu-positive tumor cells were 
conducted. The results of this study demonstrated 
that the potent cytotoxic activity of GP2 peptide- 
boosted PBMC from breast cancer patients was 
detectable when compared to the control. 
Moreover, GP2-peptide-elicited antigen-specific 
CD8 T cells were cytotoxic to HER2/neu tumor 
targets. These findings clearly showed that GP2, 
similar to E75, is highly immunogenic. Strong 
evidence was also provided to support GP2 pep-
tide as an effective vaccine strategy for HLA-A2- 
expressing breast cancer patients.

15.3.1.4  AE37 Peptide Vaccine
Clinical trials showed that MHC class II-restricted 
tumor antigen presentation to CD4+ T helper 
cells could induce the activation of both antigen- 
specific CD4+ T helper cells and CD8+ cytotoxic 
T cells, promoting long-lasting immune responses 
[57, 58].

The third HER2-derived peptide is the hybrid 
AE37 (aa776–790 + Ii-Key [LRMK] to enhance 
its immunogenicity). Derived from HER2 ICD, 
this peptide is MHC class II-restricted tumor 
antigen engineered to activate CD4 + Th cell 
immunity. Helmos et al. [59] published the results 
of the AE37 peptide vaccine in 15 patients with 
breast cancer, which was the first human phase I 
trial. They found that the hybrid AE37 vaccine 
along with GM-CSF was safe and tolerable with 
minimal toxicity. Moreover, the vaccine is capa-
ble of stimulating AE37-specific, long-lived 
CD4+ T-cell-mediated immunity, even in the 
absence of an immune adjuvant. Early clinical 
data illustrate that AE37 vaccination might pre-
vent breast cancer relapse [52, 59, 60].

15.3.1.5  sTn-KLH Peptide Vaccine
Sialyl-Tn (sTn), a carbohydrate epitope identi-
fied on various glycoproteins, is expressed in a 
wide variety types of tumor cells including 
breast cancer. sTn plays an important role in 
tumor cell proliferation and metastasis [61]. The 
sTn antigen is conjugated to the keyhole limpet 
hemocyanin (KLH) to formulate a vaccine. 
Immunization of mice with either synthetic sin-
gle sTn-KLH or clustered sTn-KLH [sTn(c)-
KLH] conjugates coupled with immune adjuvant 
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QS-21 induced IgM and IgG antibodies reactive 
with OSM and the respective synthetic antigens 
[62]. sTn(c)-KLH plus QS-21was evaluated in a 
phase I clinical trial with 27 high-risk breast can-
cer patients. This trial aimed to determine (a) 
side effects of sTn antigen and (b) humoral 
immune response specific for sTn and sTn-over-
expressing tumor cells such as IgM and 
IgG. According to the study results, all patients 
enrolled in the trial generated high titers of IgM 
and IgG antibodies specific to sTn(c). These 
findings demonstrated that sTn(c)-KLH peptide-
based vaccine was highly immunogenic and had 
acceptable safety profile in patients with 
advanced breast cancer [63]. This clinical trial is 
currently under investigation (ClinicalTrial.gov 
identifier: NCT00470574).

15.3.1.6  MUC-1 Peptide Vaccine
MUC1, a cell wall-based mucin protein with high 
immunogenicity, is ubiquitously expressed across 
many types of tumors [64, 65]. Given this, MUC1 
has been well studied as an attractive vaccine tar-
get. Overexpression of aberrantly glycosylated 
MUC1 on breast cancer cells can elicit a cyto-
toxic T-cell immune response and B cell- 
mediated antibody production in patients with 
early-stage breast cancer. MUC1-elicited immune 
responses are correlated with favorable clinical 
outcome [66]. And MUC1 could be used as an 
immunogenic tumor antigen in cancer patients 
with any HLA genotype [67, 68].

One study reported that majority of early- 
stage, high-grade triple-negative breast cancer 
(TNBC) expressed high levels of MUC1 [69], 
suggesting that these tumors might be sensitive 
to MUC-1 peptide vaccine-induced immune 
attack. A pilot phase III study in patients with 
early- stage ER+ breast cancer has demon-
strated that administration of MUC-1 vaccine 
successfully extends patients’ survival rate 
[70]. One active clinical trial is underway to 
determine the efficacy of MUC-1 peptide vac-
cine coupled with poly-IC in boosting the 
immune response to MUC1 in patients with 
triple-negative breast cancer (ClinicalTrial.gov 
identifier: NCT00986609).

15.3.2  Dendritic Cell-Based Vaccines

Dendritic cells (DCs), the professional antigen- 
presenting cells, have high capacity to capture, 
process, and present antigens to T cells and play 
critical roles in protective immunity [71, 72]. 
DCs express HLA class I and class II molecules, 
co-stimulatory proteins such as CD80 and CD86, 
and produce cytokines such as IL-12 that are nec-
essary for T-cell activation [73, 74]. The strategy 
of DC-based vaccines involves the loading of 
whole tumor cells or defined antigen to autolo-
gous DCs ex vivo followed by inoculation into 
patients. Murine models have provided evidence 
that antitumor activity induced by DC-based vac-
cination is associated with the approach of DC 
administration [75–77]. DCs are involved in the 
stimulation of innate and adaptive immunity. The 
DC vaccine-mediated tumor rejection has been 
observed in many cancer patients receiving vac-
cination [78].

Numerous ongoing therapeutic DC-based can-
cer vaccines are being tested in clinical trials in 
breast cancer patients (see Table 15.3). A pilot 
clinical study in ten patients with advanced breast 
and ovarian cancer was performed [79]. Mature 
DC cells pulsed with HLA-A2-restricted MUC1 
or HER2 peptides were administered subcutane-
ously to the patients for a total of three times. Fifty 
percent of patients who received the immunization 
developed HER2-specific CTLs, which efficiently 
inhibited HER2-expressing cancer cell line.

In a phase I clinical trial study, DCs pulsed 
with HER2 peptide vaccine were employed to 
immunize patients with ductal carcinoma in situ 
(DCIS), a preinvasive breast cancer. DC1 polar-
ization culture techniques, including TLR ago-
nist exposure, were also employed to study IL-12 
secretion at the time of vaccination. Vaccination 
was administered by injecting the vaccines 
directly into lymph nodes of breast cancer 
patients. Vaccinated patients developed antigen- 
specific immunity and presented high levels of 
peptide-specific CD4 + Th cells and CD8+ cyto-
toxic T cells. This vaccination strategy has gener-
ated complement-fixing, tumor-lytic antibodies. 
Reductions in extent of DCIS and levels of 
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expression of HER2 after vaccination were 
observed. Furthermore, HER2/neu-pulsed DC 
vaccines led to accumulation of lymphocytes in 
the breast and changes in residual DCIS and 
induced complement-dependent antibody- 
mediated cell cytotoxicity [80]. A randomized 
selection clinical trial enrolling 54 patients with 
metastatic HER2-positive breast cancer or DCIS 
was recently conducted using HER2 peptide- 
pulsed dendritic cell vaccine [81]. Patients were 
randomized to intralesional (IL), intranodal (IN), 
or both intralesional and intranodal (ILN) injec-
tion. Vaccination by all injection routes was well 
tolerated. The result of the study suggests that 
anti-HER2 DC vaccination is a safe and immuno-
genic treatment to induce tumor-specific T-cell 
immune responses in HER2-positive patients. 
Similar clinical investigation with autologous 
DC-based vaccine administered to 27 breast can-
cer patients supports previous reports [82].

15.3.3  Whole Tumor Cell-Based 
Vaccines

The use of whole tumor cells-based vaccines is 
another strategy to induce immune responses via 
TAAs/TSAs in tumor cells. The tumor cells can 
be derived from either patient (autologous cells) 
or cell-line culture (allogeneic cells). To generate 
whole tumor cell-based cancer vaccines, the cells 
are usually genetically modified via virus- 
mediated transduction to express immune- 
activating cytokines or co-stimulatory molecules 

to enhance the effect of vaccination. GM-CSF 
has been the most potent protein in augmenting 
protective antitumor immunity [83–85]. 
Vaccination using irradiated, genetically modi-
fied GM-CSF-secreting tumor cells (GVAX) 
consistently enhanced antitumor immunity across 
a wide range of experimental tumor models [84]. 
Phase I/II clinical trials with GVAX have been 
conducted in various types of tumors [86–88]. 
The feature of whole tumor cell-based vaccines is 
to offer an entire pool of multiple tumor- 
associated antigens that can boost CD4+ and 
CD8+ T-cell immunity directed against these 
antigens. Emens et al. [89]conducted a phase II 
trial using an allogeneic breast tumor vaccine 
engineered to secrete GM-CSF in combination 
with chemotherapy for 28 patients with HER-2/
neu-overexpressing metastatic breast cancer. The 
results have revealed two main findings: a) the 
administration of DC vaccine alone or in combi-
nation with chemotherapy is safe; and b) the vac-
cine provokes HER2-antigen-specific immune 
response in patients [89]. There are two clinical 
trials with whole tumor cell-based cancer vac-
cines currently being conducted in breast cancer 
patients (see Table 15.4).

15.3.4  DNA-/RNA-Based Vaccines

DNA-/RNA-based vaccine strategy has been 
increasingly recognized as an attractive cancer 
immunotherapy approach due to its cost- 
effectiveness, safety, and stability. DNA/RNA 

Table 15.3 Ongoing clinical trials of dendritic cell-based vaccines in breast cancer

Phase Study BC subtype Trial ID PI

I Tumor blood vessel 
antigen peptide- 
pulsed DC

BC NCT02479230 Baar

I Ad HER2-pulsed DC Her2/neu + BC NCT01730118 Wood

III DC + Chemo TNBC NCT02018458 Shaughnessy

I HER2-pulsed DC Her2/neu + BC NCT02063724 Czerniecki

I HER2-pulsed 
DC + Chemo

Her2/neu + BC NCT02061423 Czerniecki

I/II HER2-pulsed DC DCIS NCT02061332 Czerniecki

TNBC Triple-negative breast cancer, BC Breast cancer, DCIS Ductal carcinoma in situ, Chemo Chemotherapy, DC 
Dendritic cells
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vaccines contain the genetic information for TAA 
or TSA, which can be injected alone into a patient 
as a naked nucleic acid vaccine. DNA-/RNA- 
based vaccines represent an inspiring strategy to 
harness specific and potent immune responses, 
including humoral and cellular immunity 
[90–94].

Several ongoing clinical trials with therapeu-
tic DNA vaccines are being actively carried out in 
patients with breast cancer (see Table 15.1). 
Gillanders’s group have recently completed a 
phase I clinical trial investigating immunogenic-
ity and safety of a DNA vaccine directed to 
express the human mammaglobin-A antigen 
(SCGB2A2), which is used as a marker to detect 
metastatic breast cancer [95]. In this trial, the 
plasmid mammaglobin-A DNA vaccine is for-
mulated as a naked plasmid DNA vaccine 
(WUSM-MGBA-01). Altogether 14 patients 
were vaccinated. Following the DNA vaccina-
tion, the frequency of mammaglobin-A-specific 
CD8+ T cells and the numbers of IFN-gamma- 
producing CD8+ T cells were significantly 
increased. Furthermore, the results of the clinical 
trial showed that the breast cancer patients who 
received mammaglobin-A DNA vaccination had 
improved progression-free survival rate when 
compared to the control patients. The mamma-
globin- A DNA vaccine was safe due to its mini-
mum toxicities [96].

An ongoing phase I clinical trial, the first clin-
ical study with RNA-based vaccines (the combi-
nation of IVAC_W_bre1_uID and IVAC_M_uID) 
for personalized therapy in patients with TNBC 
(see Table 15.1), is currently being conducted. 
The Mutanome Engineered RNA Immunotherapy 
(MERIT) trial combines two RNA vaccine strate-
gies: the IVAC® WAREHOUSE and the IVAC® 
MUTANOME. This combinatorial therapy pro-

duces two individualized IVAC® investigational 
medicinal products (IMPs) (IVAC_W_bre1_uID 
and IVAC_M_uID) for each patient.

The IVAC_W_bre1_uID (also known as IVAC 
Warehouse), an individualized, therapeutic can-
cer vaccine (IVAC), is composed of liposomes 
that contain RNA-encoding TAAs expressed in 
patient’s cancer, which are selected from a ware-
house and p53 RNA. These antigens have been 
demonstrated by immunogenicity testing. 
IVAC_M_uID (also known as IVAC 
MUTANOME) is founded on the characteriza-
tion of mutations specific to tumors by next- 
generation sequencing (NGS). This mechanism 
is used to identify several neoantigens from 
mutant epitopes. Upon administration of RNA 
vaccines, the RNA is translated by APCs and the 
protein is presented by MHC class I/II molecules, 
leading to the activation of CTL and memory 
T-cell immune responses directed against tumor- 
specific antigens.

15.4  Conclusions and Future 
Perspectives

Vaccines have been traditionally employed as a 
preventive strategy in infectious diseases by pro-
ducing neutralizing antibodies against foreign 
pathogens. More recently, therapeutic vaccines 
have been designed to induce the immune system 
to elicit tumor antigen-specific T-cell-mediated 
immune responses against infected cells and 
tumors. An optimal therapeutic cancer vaccine is 
intended to eradicate established tumors and gen-
erate immune memory responses to prevent 
future recurrence. Although various strategies of 
therapeutic breast cancer vaccines have been rap-
idly developed to mount effective antitumor 

Table 15.4 Ongoing clinical trials of whole tumor cell-based vaccines in breast cancer

Phase Study BC subtype Trial ID PI

II Allogeneic whole tumor cell 
vaccine +GM-CSF + chemo

BC NCT00971737 Emens

I/II Whole tumor cell BriaVax 
vaccine +Chemo + IFNa

BC NCT03066947 Peoples

BC Breast cancer., Chemo Chemotherapy
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immune responses, the issues of immune toler-
ance, immunosuppression (e.g., Tregs, MDSCs), 
and tumor escape need to be overcome for the 
development of more efficient cancer vaccines.

By far, several cancer vaccines have received 
US FDA approval, including two preventive can-
cer vaccines against hepatitis B and the human 
papilloma virus for prevention of hepatocellular 
carcinoma and cervical cancer, respectively, and 
one therapeutic vaccine sipuleucel-T for treat-
ment of metastatic prostate cancer. Such suc-
cesses will spark an interest in the generation of 
preventive vaccine for primary immunopreven-
tion of breast cancer, because approved preven-
tive cancer vaccines would induce antigen-specific 
immune response to prevent initiation and pro-
gression of cancer. The development of breast 
cancer preventive vaccine will require optimal 
factors including antigen selection, strategy for 
immune stimulation, surrogate for vaccine effi-
cacy, and most importantly, informative biomark-
ers. Moreover, new generations of clinical trials 
of breast cancer vaccines will aim at designing 
and employing personalized vaccines to boost a 
robust immune response to a custom-made neo-
antigen in the patient with breast cancer.

Chemotherapy is believed to suppress the 
immune system in cancer patients. However, 
certain chemotherapy can trigger an immuno-
logic response [97]. Accumulating evidence 
indicates that conventional cancer therapy not 
only exerts direct cytotoxic effects but also 
impacts on antitumor immune responses. 
Chemotherapy can facilitate immunity by 
increasing the immunogenicity of tumor cells, 
suggesting a potential combinatorial strategy 
with immunotherapeutic agents [97, 98]. Thus, 
combining vaccination and other forms of can-
cer therapy, such as chemotherapy, radiother-
apy, targeted therapy with monoclonal antibody, 
or immune checkpoint blockade, is suggested as 
a promising approach to achieve potent and 
durable antitumor benefit.
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Abstract

Tumor-associated macrophages (TAMs) are the most abundant inflamma-
tory infiltrates in the tumor stroma. TAMs promote tumor growth by sup-
pressing immunocompetent cells, including neovascularization and 
supporting cancer stem cells. In the chapter, we discuss recent efforts in 
reprogramming or inhibiting tumor-protecting properties of TAMs, and 
developing potential strategies to increase the efficacy of breast cancer 
treatment.
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16.1  Introduction

Macrophages, originally identified by 
Metchnikoff for their phagocytic capacity, are 
pivotal and plastic components of the innate 

immune system, which play essential roles in 
pathogen elimination, homeostasis maintenance 
and tissue repair [1]. In adult mammals, resident 
macrophages in a variety of tissues display 
marked transcriptional and functional diversity 
[2]. In spite of their antimicrobial effects in acute 
infectious and inflammatory diseases, macro-
phages adopt a suppressive phenotype at the late 
stages of inflammation that limits the inflamma-
tory activities while facilitating wound healing 
and tissue growth, which counteracts the tissue 
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impairing potential of immune response [3–5]. 
Accordingly, macrophages are the mainstays for 
maintaining the delicate balance between tissue 
destruction and restoration and exhibit striking 
heterogeneity and plasticity in response to envi-
ronmental challenges.

Early seminal work by Rudolf Virchow in 
1863 has elegantly linked chronic inflammation 
to tumorigenesis [6]. It has subsequently been 
confirmed and extended by numerous studies that 
pro-inflammatory cytokines and growth factors 
produced by macrophages create a mutagenic 
microenvironment and triggered tumor initiation 
[7, 8]. A study in the 1970s demonstrated that 
after tumor establishment, intratumoral macro-
phages exerted cytotoxic effects on cancer cells 
[9], which was soon overturned [10]. Considered 
as “wounds that never heal”, tumors are abun-
dantly populated by reparative macrophages 
which suppress antitumor immunity and promote 
tumor growth [11]. The seed-and-soil hypothesis 
of Paget proposed the central role of interactions 
between tumor cells and surrounding microenvi-
ronment in tumor survival and metastatic poten-
tial [12]. Various studies have remarkably 
advanced our understanding of tumor associated 
macrophages (TAMs), which are polarized into a 
protumoral phenotype [5] and facilitate tumor 
cell survival, immune evasion, vascular genera-
tion, systemic dissemination and therapeutic 
refractoriness [13–16]. In fact, the enrichment of 
TAMs correlates with poor prognosis [15].

Here we describe and discuss the dynamic 
interplay between tumor cells and diverse macro-
phage subpopulations that display tumorigenic 
potential in malignant progression, immune sup-
pression and metastasis in breast cancer. Attention 
is paid to the significant alterations that TAMs 
undergo in response to various anticancer agents 
and their profound effects on the therapeutic effi-
cacy. We also discuss anticipated or clinical ther-
apeutic strategies deleting or reprogramming 
TAMs within tumor microenvironment(TME) as 
monotherapies or complemental approaches to 
improve patient prognosis.

16.2  Macrophage Accumulation 
in Breast Cancer

16.2.1  The Origins of TAMs

The historical assumption that tumor infiltrating 
macrophages originated exclusively from bone 
marrow derived monocytes was called into ques-
tion. Indeed, despite some exceptions, resident 
macrophages in various organs like the brain, 
liver and lung, are yolk-sac or fetal liver-derived, 
which are seeded before birth and maintained by 
self-renewal [17, 18]. Inversely, transient mono-
cytic input from the blood stream occurs in 
inflammatory settings [3, 19]. Herein, mammary 
gland comprises embryonic and recruited macro-
phages from circulating monocytes to replenish 
the pool [20], both of which undergo functional 
and phenotypic switch during carcinogenesis in 
response to stimulating signals in TME [21]. (see 
Fig. 16.1). Studies in mice unveiled that the onto-
genetic source of TAM precursors had little influ-
ence on macrophage activities [22]. Nevertheless, 
additional investigation is needed to determine 
the molecules and downstream signaling that 
mediate the changes in these resident macro-
phages and their effects on tumor progression.

In fact, the recruitment of circulating precur-
sors and their differentiation into tumor-boosting 
phenotype have a pivotal role [20]. These pre-
cursors include myeloid-derived suppressor 
cells (MDSCs), which arise from bone marrow- 
derived immature myeloid cells that are attracted 
by factors produced in the TME [23]. Monocytic 
(M)-MDSCs are able to convert into macro-
phages within tumors, where MHCII and F4/80 
are progressively upregulated while Ly6C and 
Gr1 are downregulated [24]. Low level of Stat3 
activity was found in MDSCs in breast cancer, 
which represented a key process in mediating 
their transition into TAMs [25]. Notably, the 
major TAM population originates from 
Ly6ChiCCR2+ inflammatory monocytes, whose 
maturation is dependent on recombination signal 
binding protein for the immunoglobulin kappa J 
(Rbpj), a transcriptional regulator of Notch sig-
naling [20]. On the contrary, Ly6C−/CX3CR1+ 
nonclassical monocytes patrol the lung micro-

L. Lao et al.



333

vasculature and hamper metastatic tumor cell 
seeding [26]. In addition to circulating mono-
cytes, M-MDSCs, embryonic precursors and 
self- renewal of TAMs via colony-stimulating 
factor 1 (CSF1) [27] also contribute to intratu-
moral macrophage accumulation in mouse mam-
mary tumor [2]. Accordingly, the TAM pool 
depends less on peripheral monocytic input as 
compared with resident macrophages [20].

16.2.2  Macrophage Recruitment 
to Tumor

A variety of cytokines and chemokines are 
involved in the recruitment of circulating mono-
cytes and M-MDSCs into neoplastic lesions. The 

major macrophage lineage regulator CSF1 has 
long been recognized as one of the paramount 
chemoattractants for monocytes in the blood-
stream [28]. Destruction of CSF-1/CSF-1R activ-
ity serves as a primary approach of TAM depletion 
in diverse tumor models, which could restrain 
tumor progression to malignancies and their met-
astatic capacities [29]. Indeed, upregulation of 
CSF1 or CSF-1R in human breast carcinomas 
correlates with poor prognosis [28, 29]. In PyMT-
induced mouse mammary tumors, genetic gain of 
function of VEGFA rescues the delayed tumor 
growth and angiogenesis induced by CSF1 abla-
tion, through its effects on the formation of high-
density vascular network and massive influx of 
macrophages [30]. Actually, these growth factors 
probably reinforce the recruitment and retention 

Fig. 16.1 The origin of tumor-associated macrophages 
and their programming in the tumor microenvironment. In 
response to cytokines, chemokines, and growth factors, 
such as CSF-1, VEGF, CCL2, CXCL12, and Sema3A, 
inflammatory monocytes and monocytic myeloid-derived 
suppressor cells (M-MDSCs) are attracted into the neo-
plastic region. The recruited precursors of hematopoietic 
stem cell origin and tissue-resident macrophages derived 
from either embryonic progenitors or monocytes undergo 
functional and phenotypic transition in the tumor micro-
environment and constitute tumor-associated macro-
phages (TAMs) in breast cancer. Herein, IL-4 and IL-13 

from CD4+T cells, as well as IL-10 and TGF-β from regu-
latory T cells, induce the angiogenic and immune-evasive 
capacities in macrophages. Neoplasm-derived stimuli 
such as PGE2, CSF-1, and VEGF synergize with Th2- 
type immune cells to reinforce the protumoral properties 
of TAMs. Exposure to hypoxia and accumulation of lactic 
acid and superoxide have a profound impact on macro-
phage differentiation. On the stimulation of extrinsic sig-
nals, transcriptional regulation through JAK-STAT6 
pathway, IRF4 and 5, PPARγ, KLF4, mTORC1, and 
PI3Kγ signaling, as well as epigenetic and RNA changes, 
is responsible for macrophage phenotypic conversion
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of TAMs by working collaboratively with locally 
synthesized chemokines. CCL2 synthesized by 
metastatic breast cancer cells (BCCs) and tissue 
stroma facilitates the infiltration of Gr1+ CCR2+ 
inflammatory monocytes [20] and correlates with 
poor outcome in human breast cancers [31]. 
Inhibition of CCL2-CCR2 signaling impedes 
intratumoral macrophage accumulation, tumor 
cell extravasation, and pulmonary seeding, lead-
ing to prolonged survival of tumor- bearing mice 
[32]. Besides, TIE2HiCXCR4Hi TAMs rapidly 
infiltrate mammary tumor following chemother-
apy or radiotherapy under the chemoattractive 
gradient of CXCL12, a ligand of CXCR4 [33, 34]. 
CXCR4 blockade dramatically reduces neovascu-
lar density and extends therapeutic efficacy [33, 
34]. CXCL1 and 2 produced by BCCs precipitate 
tumor growth, pulmonary metastasis and thera-
peutic unresponsiveness through the recruitment 
of CD11b+Gr1+ myeloid cells [35]. Attraction and 
migration of macrophages into the hypoxic tumor 
regions involve Semaphorin 3A (Sema3A), 
a ligand of Neuropilin-1 (Nrp1), whereas loss of 
Nrp1 on TAMs curbs the growth and dissemina-
tion of orthotopic tumors [36]. Dissecting mecha-
nisms of the expansion and retention of 
tumor-educated macrophages paves the way for 
therapies aiming to limit the protumoral activities 
of TAMs by inhibiting macrophage infiltration in 
tumor stroma.

16.3  Macrophage Plasticity 
in Tumor Microenvironment

A key feature of macrophages is their functional 
and phenotypic diversity and plasticity in 
response to environmental cues. The alternatively 
activated macrophages, M2 macrophages, 
induced by interleukin-4 (IL-4) were first discov-
ered in the 1990s [37]. Mills et al. proposed a 
dichotomy between classically activated macro-
phages (M1) that facilitated T helper 1 (Th1) 
response and alternatively activated macrophages 
(M2) that enhanced Th2 activities [38]. 
Mantovani et al. subgrouped the M2 phenotype 
into M2a, M2b, and M2c on the basis of the acti-
vating stimuli [39]. The M1/M2 classification 
acquires a comprehensive extension, where the 

two populations differ in cytokine and chemo-
kine repertoire, metabolism, and surface recep-
tors [40]. Herein, lipopolysaccharide (LPS), 
interferon-γ (IFN-γ), and TNF-α induce an 
inflammatory M1 phenotype of macrophages that 
express inducible nitric oxide synthase (iNOS), 
IL-1, and IL-12 and participate in antigen presen-
tation and tumoricidal immunity. In contrast, M2 
macrophages are polarized by IL-4, IL-13, and 
IL-10, which produce arginase 1 (ARG1), VEGF, 
and prostaglandin E2 (PGE2), and are involved 
in inflammation resolution and tumorigenic 
activities [38, 41]. However, tumor-infiltrating 
macrophages in breast cancers exhibit neither 
M1 nor M2 phenotype [20] and display func-
tional adaptability upon exposure to distinct 
stimuli [42]. Gene expression profiles and 
the transcriptome network analysis reveal that 
M1 and M2 phenotypes represent two extremes 
of a continuum of macrophage activation states 
[43, 44]. In fact, the heterogeneity and plasticity 
of TAMs indicate remarkable limitations in their 
assignment to invariant specific phenotypes 
according to homogeneous cell cultures in vitro 
[41]. Considering their diverse effects on tumors, 
Qian and Pollard classified TAMs into six func-
tional subpopulations: activated, angiogenic, 
immunosuppressive, invasive, perivascular, and 
metastasis-associated macrophages (MAM) [29]. 
Currently, a multidimensional insight into mac-
rophage activation suggests a more precise sys-
tem to link oncology, microenvironment signals, 
and insult-induced stress signals to macrophage 
phenotypes [17]. Exploring TAM diversity tak-
ing advantage of high-resolution, single-cell, and 
deep phenotyping technologies presents a hope-
ful and challenging approach to advance our 
knowledge on and provide foundations for thera-
peutic targeting of TAMs [17, 45].

In early-stage autochthonous mammary 
tumors, an intermediate profile is detected in 
macrophages [20]. However, after the establish-
ment of malignancies, intratumoral macrophages, 
resident or continuously recruited, are polarized 
by integrated multiple signals from the microen-
vironment away from the pro-inflammatory phe-
notype toward protumoral M2-like population 
[14]. These cues include regulatory factors from 
immune cells, cytokines produced by neoplastic 
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cells, and signals from homeostatic imbalance 
[41, 46]. In the MMTV-PyMT transgenic mice, 
IL-4 and IL-13 produced by Th2-polarized 
CD4+T lymphocytes expedite tumor dissemina-
tion and reemergence after irradiation through 
the reinforcement of tumor-favorable properties 
of TAMs [47, 48]. In addition to IL-4 and IL-13 
from CD4+T cells, immunoregulatory factors like 
IL-10 and TGF-β from regulatory T cells (Tregs) 
exert significant modulation on tumorigenic 
activities of TAMs [41, 49]. Intriguingly, these 
cytokines are also synthesized by cancer cells 
[46]. Likewise, neoplasm-derived stimuli such as 
PGE2, CSF-1, and VEGF synergize with Th2- 
type immune cells to induce angiogenic and 
immune-evasive capacities of macrophages [40, 
50]. CSF-1R signaling blockade in mammary 
tumor-bearing mice, in addition to eliciting 
an evident reduction in TAM number, shifts mac-
rophage phenotypic balance in favor of tumor- 
promoting MHC-IIhi subtype [51]. PGE2 renders 
BCCs the immunomodulatory effects on bone 
marrow-derived mononuclear cells and fuels 
tumor-promoting inflammation [50]. Besides, 
disruption of homeostatic balance in TME leads 
to hypoxia, accumulation of lactic acid and 
superoxide. Exposure to poorly vascularized 
tumor regions modulates TAM enrichment and 
functions through the upregulation of hypoxia- 
inducible factors (HIF)-1α and HIF-2α [52]. 
Reactive oxygen species (ROS) production is 
crucial for macrophage differentiation into anti- 
inflammatory population through late-phase 
ERK activation [53]. Loss of HIF-1α or elimina-
tion of ROS restrains ARG1 expression and the 
immunosuppressive activities of TAMs in 
MMTV-PyMT mice [53, 54].

These extrinsic signals dictate the signaling 
cascades, transcriptional responses, and epigene-
tic changes that shape the activation and proper-
ties of the macrophages. Transcriptional 
regulation through JAK-STAT6 pathway, IRF4, 
PPARγ [55], KLF4 [40], and MerTK signaling 
[56] in TAMs evokes a bias away from inflamma-
tory cytokine synthesis toward wound healing 
cytokines and thus favors tumor survival. The 
transcription factor IRF5 is a critical factor in 
macrophage polarization which equips macro-
phages with an IL-12hiIL-23hiIL-10lo cytokine 

profile and promotes human Th1-Th17 responses 
[57]. Indeed, nitric oxide (NO) derived from 
inducible nitric oxide synthase (iNOS) presents a 
hurdle to classical macrophage activation by 
facilitating nitration of IRF5 and leads to the 
impairment of IRF5-targeted activation of 
M1-subtype signature gene [58]. Lysosomal 
adaptor protein Lamtor1 is part of the amino acid 
sensing complex that serves as a scaffold for the 
activation of mechanistic target of rapamycin 
complex 1 (mTORC1) in response to IL-4. 
Lamtor1 and mTORC1 have an essential effect 
on macrophage phenotypic conversion by stimu-
lating their downstream transcription factor liver 
X receptor (LXR) [59]. Moreover, PI3Kγ abla-
tion reinforces a CD8+ T-cell response and ham-
pers mammary tumor growth by provoking a 
critical switch of TAMs into a pro-inflammatory 
phenotype. Herein, PI3Kγ signaling attenuates 
NF-κB phosphorylation but stimulates C/EBPβ 
activation in a mTOR-dependent manner, thereby 
inducing a conversion of macrophage transcrip-
tional program [60]. Emerging evidence suggests 
a consequential role for epigenetic mechanisms 
and small and long noncoding RNAs in modulat-
ing signaling pathways and gene expression dur-
ing macrophage programming and redirection 
[61–63]. Dynamic reorganization of the chroma-
tin landscape is the mainstay for macrophage 
maturation and functional transition, where 
chemical modification of lysine 4 in histone H3 
(H3K4) and H3K27 regulates the open or poised 
state of massive enhances and transcriptional 
activities [64]. In addition, small RNAs like miR- 
146a, miR-222 [65], and miR-19a-3p [66], and 
long noncoding RNAs like THRIL, are involved 
in TAM polarization [62].

TAMs educated by tumor cells are character-
ized by increased production of IL-10, CCL18, 
EGF, VEGF, and TGF-β and serve as tumor pro-
moters through their support for neovasculariza-
tion, immunosuppression, invasion, as well as 
therapeutic resistance of breast cancer [14, 40]. 
The resemblance of TAMs to tissue-repairing 
macrophages in homeostasis suggests that the 
innate wound healing mechanisms are utilized by 
tumors to their own advantage [3]. Intratumoral 
macrophages are misdirected in the TME to be 
accomplices for breast malignancies, exploiting 
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their tissue-remodeling and anti-inflammatory 
capacities [15]. Collectively, our current under-
standing of the molecular mechanisms of TAM 
polarization, the predominant signals, and the 
role of epigenetic regulation and RNAs in macro-
phage phenotypic regulation is still limited and 
there are plenty of exciting areas for future inves-
tigation. Furthermore, a large proportion of our 
knowledge comes from studies performed in 
mouse models. Species-specific differences 
between human and mouse macrophage 
responses might contribute to distinct conclu-
sions. Inspiringly, the functional diversity and 
phenotypic plasticity of TAMs highlight promis-
ing therapeutic strategies to reeducate TAMs into 
tumoricidal populations and abrogate their bol-
ster for tumor progression.

16.4  Macrophage-Mediated 
Immune Suppression

Recognition of tumor-specific antigens triggers 
immunologic regression and eradication of the 
incipient tumors, making it conceivable that 
engagement of immune system may set a criti-
cal barrier for malignant progression [67]. 
Antitumor efficacy of effector T lymphocytes is 
an active process under the modulation of cell 
surface inhibitory receptors, soluble factors, 
metabolic reprograming, and immunoregulatory 
cell types [68].

Escape of neoplastic cells from T-cell- 
dependent tumoricidal activities is typically 
linked to soluble anti-inflammatory cytokines 
derived from TAMs. Programmed by the local 
milieu, macrophages are possessed of impaired 
immunostimulatory capacities characterized by 
reduced production of IL-12, IL-1, TNF-α, and 
IFNs, as well as potentiated immunosuppressive 
potential with increased secretion of IL-10, 
TGF- β, and PGE2 [50, 69–72]. In particular, 
tumor- educated macrophages are the predomi-
nant provenience of IL-10 in mammary carcino-
mas, which accounts for the restraint of 
cytotoxic functions of effector T cells caused by 
TAMs. Herein, the suppressive effects of IL-10 
are indirectly related to the hindrance of IL-12 

production by dendritic cells, which results in 
CD8+ T-cell inactivation [73]. In addition, high 
expression of cyclooxygenase2 (COX2) is 
found in TAMs isolated from mammary tumor 
tissue, which indicates its correlation with poor 
survival outcome in breast cancer patients [74, 
75]. Sustained increase of PGE2 expression pro-
vokes a tumor-promoting inflammatory profile 
and compromises the tumoricidal activities of T 
lymphocytes, dampening immunological con-
trol of tumor growth [50, 76]. In line with these 
data, ablation of TAMs through interference of 
CSF1- signaling pathway refuels antitumor 
immunity, resulting in delayed malignant pro-
gression and pulmonary metastasis following 
chemotherapy [77].

Inhibitory receptors on functional effector T 
cells, including programmed cell death protein 1 
(PD-1) and cytotoxic T-lymphocyte antigen 4 
(CTLA-4), induce self-tolerance and protect 
the host against autoimmunity under physiologi-
cal conditions. Nevertheless, in malignancies, 
one of the prevalent mechanisms of immune eva-
sion is through the expression of ligands of these 
negative regulators [78]. The CTLA-4 ligands 
B7-1 and B7-2 are ubiquitous on antigen- 
presenting cells like macrophages. Binding of 
CTLA-4 to B7-1 or B7-2 precludes the activation 
of T-cell costimulatory CD28 and delivers sup-
pressive signals to effector T cells [68]. Likewise, 
the interaction between PD-1 and its ligands, 
PD-L1 and PD-L2, restrains TCR and BCR sig-
naling, impedes lymphocyte proliferation and 
functions, and leads to T-cell exhaustion or apop-
tosis [79]. In TAMs and MDSCs, activation and 
direct binding of HIF-1α to hypoxia-response 
element (HRE) in the PD-L1 proximal promoter 
result in selective upregulation of PD-L1 in the 
low-oxygen-concentration microenvironment 
[80]. The engagement of Siglec-9, a sialic acid- 
binding protein on macrophages, by the aber-
rantly glycosylated mucin MUC1-ST on BCCs 
exerts a profound influence over macrophage dif-
ferentiation and TAM formation through MEK- 
ERK signaling. MUC1-ST-educated 
macrophages show higher expression of surface 
receptors like PD-L1, CD206, and CD163 and 
secrete factors favorable to tumor progression. 
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The increase of PD-L1 ranges from 1.5-fold to 
over 7-fold, which plays a crucial role in the 
immune tolerance triggered by TAMs [81]. 
Furthermore, the protumoral macrophages are 
responsible for COX2 induction in cancer cells 
[74], which augments sialyltransferase  production 
and MUC1-ST formation, generating a positive 
feedback loop in the subversion of immune sys-
tem and acceleration of tumor development. 
Besides, nuclear translocation of c-MYC, the 
pleiotropic transcription factor, was observed in 
TAMs and involved in the induction of a series of 
molecules including VEGF, MMP9, and HIF-1α 
[82].  MYC is a direct regulator of CD47 and 
PD-L1 by binding to their gene promoters in leu-
kemia and lymphomas [83]. However, it remains 
unclear whether other cancers share similar 
mechanisms. In contrast, the epigenetic “reader” 
protein BRD4 modulates PD-L1 expression in an 
MYC-independent manner in various cancers, 
including breast cancers. Mechanisms of check-
point regulation in TAMs and mammary tumor 
cells are yet to be determined, and further inves-
tigation is required. Notably, blockade of PD-L1 
and CTLA-4 damages tumor progression and 
dissemination by restoring proliferative capaci-
ties and tumoricidal functions of CD8+T cells in 
breast cancer [80]. These studies provide arrest-
ing rationales for administration of checkpoint 
blockade to combat the immune-impeding mech-
anisms and facilitate robust antitumor responses 
in patients with breast cancer. At present, immune 
checkpoint inhibitors have shown promising 
results in some cancers, although their applica-
tion to breast cancer patients is still in clinical 
trials.

A myriad of studies has highlighted the contri-
butions of metabolic regulation to tumor escape 
of immune surveillance, through nutrient depri-
vation and accumulation of immunosuppressive 
metabolites [84]. In early-stage mammary tumor 
patient samples, elevated level of ARG1 is detect-
able in tumor-infiltrating CD14+ myeloid cells 
[85]. Polarized TAMs augment the production of 
a variety of protumor molecules, among which is 
ARG1 [54, 69, 86], the critical enzyme that 
catabolizes L-arginine into urea and L-ornithine. 
Overexpression of ARG1 disarms the tumori-

cidal activity of T cells by decreasing arginine 
supply in the surrounding microenvironment. 
Extracellular L-arginine depletion causes dam-
age to the host defense system by abating the 
expression of CD3 ζ chain of TCR and inducing 
cell cycle arrest in tumor infiltrating T cells [87]. 
Paradoxically, arginine deficiency triggers mito-
chondrial fragmentation and autophagy- 
dependent death of BCCs devoid of 
argininosuccinate synthetase 1, the enzyme in 
low abundance in a large proportion of breast 
cancer bio-samples [88]. Although it might par-
tially be a consequence of different experimental 
conditions, the complex role of arginine auxotro-
phy in tumor immune unresponsiveness and cell 
death brings confusion in therapeutic utility of 
manipulating arginine abundance for tumor con-
trol. Intriguingly, L-arginine is also a substrate of 
iNOS, which is co-expressed with ARG1 on 
TAMs albeit it is considered as one of the hall-
marks of M1 phenotype. In the TME, ARG1- 
mediated L-arginine paucity facilitates the 
functional switch of iNOS from NO synthesis to 
production of superoxide, including ROS and 
reactive nitrogen oxide species (RNOS) [76, 89]. 
Indeed, TAMs and MDSCs are the major sources 
of free radical peroxynitrite in breast cancer sam-
ples, which induces modification of MHC class I 
molecules on tumor cells and brings huge hin-
drance to the presentation and recognition of 
tumor-specific antigens, driving the escape of 
neoplastic cells from antitumor immunity [90]. 
In human tissues of triple-negative breast cancer, 
high level of endogenous iNOS is associated with 
worse survival, whose inhibition significantly 
reduces tumor development and pulmonary colo-
nization [91]. Similarly, indoleamine 
2,3- dioxygenase (IDO) is crucial to the rate- 
limiting step in tryptophan metabolism by con-
verting tryptophan into kynurenine. Mammary 
tumor cells elevate the expression of IDO by 
macrophages through MUC1-ST-Siglec-9 inter-
action [81], limiting the availability of tryptophan 
to immune cells. Tryptophan starvation triggers 
the activation of GCN2 kinase and growth retar-
dation of T lymphocytes, while kynurenine accu-
mulation dampens the cytotoxic functions of 
effector T cells and bolsters Treg cell differentia-
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tion [92, 93]. Accordingly, IDO ablation by 
small-molecule inhibitors fuels immune response 
against neoplastic cells and augments chemother-
apeutic efficacy [94]. As the TORC1 pathway is 
essential for both amino acid sensing and regula-
tion of T-cell activation [95], it is tempting to 
determine the effects of TORC1 in metabolic 
reprogramming for T-cell-dependent tumor erad-
ication. Moreover, hypoxia recapitulates the 
microenvironmental modulating functions of 
metabolic changes in regard to immune resis-
tance of breast cancers. Inhibition of hypoxic 
response by HIF-1α blockade profoundly reduces 
the production of immunosuppressive enzymes 
like ARG1 and iNOS and restores T-cell prolif-
erative capacity and tumoricidal activities [54].

Rather than directly evoking immunological 
unresponsiveness, TAMs recruit and interact with 
other immunoregulating cell types, which pres-
ents efficacious strategies for cancer treatment. 
Although TAMs recruit circulating Tregs by che-
mokines in ovarian cancer and macrophages may 
cooperate with BCCs to drive CCL22 production 
and Treg infiltration [96], the main source of 
intratumoral Treg cells has been recently identi-
fied in breast cancer. Herein, Tregs within mam-
mary tumors display TCR repertoire resembling 
naive CD4+ T cells instead of periphery Tregs. 
The abundance of intratumoral naive CD4+ T 
cells is associated with the expansion of tumor- 
infiltrating Tregs as well as poor patient progno-
sis, suggesting that Tregs in human breast cancer 
primarily arise from naive CD4+ T cells that con-
vert into Tregs in situ [97, 98]. In agreement, 
CCL18 derived from TAMs is responsible for the 
chemotaxis of naive CD4+ T cells toward the neo-
plastic region through its receptor PITPNM3, 
whose knockdown significantly hinders Treg 
infiltration and tumor progression in human mam-
mary tumor xenografts in humanized mice [97]. 
Differentiation of naive T cells is dependent on 
exposure to autologous dendritic cells and tumor 
conditioned medium [97], where TGF-β, IL-2, 
and retinoic acid may play a part [98]. However, 
the mechanism is yet to be completely under-
stood. Tregs subvert the antitumor immune 
responses not only by IL-2 deprivation, CTLA-4 
expression, and IL-10 production but also by 

modulating the effector activities of NK cells, 
dendritic cells, and macrophages [98, 99]. 
Besides, a variety of chemokines derived from 
TAMs, such as PGE2, VEGF, IL-6, and CSF-1, 
facilitate the proliferation and recruitment of dis-
tinct leukocytes including MDSCs into the neo-
plastic region [23, 39]. In an interesting twist, 
MDSCs not only have the capacity to differentiate 
into TAMs but also synergize with TAMs with 
respect to immune-exhausting mechanisms, such 
as IL-10 secretion [100]. The immune- subverting 
activity of MDSCs depends on PD-L1, ARG1, 
and iNOS expression and IL-10, ROS, and RNOS 
production [24], which is similar to that of TAMs. 
Intriguingly, MDSCs are involved in Treg induc-
tion [23]. The complex interaction among TAMs, 
MDSCs, and Tregs may build up positive feed-
back loops in the immune refractoriness of tumor 
cells, providing a rationale for therapeutically 
breaking the vicious circle.

An increased understanding of the dominant 
mechanisms of immune regulation by TAMs and 
deconstruction of the modulating signaling and 
underlying network will undoubtedly pose addi-
tional opportunities for therapeutic immunologi-
cal interventions. However, the distinction 
between murine and human immune system and 
the immunogenicity of transplanted tumor mod-
els may bring extra limitations in the studies. For 
the important role of host immune defense in pri-
mary tumor elimination, metastasis prevention, 
and therapeutic efficacy like abscopal effect, 
immunotherapy targeting the aforementioned 
mechanisms will refuel the tumoricidal activities 
of the immune system and improve patient 
prognosis.

16.5  Tumor Angiogenesis

Neovascular generation is essential for oxygen 
and nutrient supply and metabolic waste disposal 
to address the growing need of cancer cells for 
sustenance, without which tumor may succumb 
to dormancy. Actually, the “angiogenic switch” is 
necessary for malignant conversion and consid-
ered as one of the most important biological 
capabilities acquired by tumor cells during the 
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multistep development [101]. The contributions 
of TAMs to neovasculature in breast cancer have 
been confirmed and extended by a plethora of 
studies [102]. TAM abundance is associated with 
high microvascular density and poor prognosis in 
human breast cancer [103].

TAMs exert great influence on the process of 
angiogenesis and lymphangiogenesis by produc-
ing a variety of angiogenic growth factors and 
proteinases. These factors have crucial effects on 
distinct aspects of neovascularization and include 
EGF, FGF2, TNF-α, COX2, PDGF-β, PIGF, 
matrix metalloproteinases (MMP-2, MMP-9, and 
MMP-14), and cysteine cathepsin proteases 
[104–108]. In the MMTV-PyMT murine model 
of mammary carcinoma, TAMs accelerate malig-
nant progression by modulating angiogenic 
switch and VEGF secretion [103]. Herein, WNT 
family ligand WNT7B produced by TAMs in the 
microenvironment acts on vascular endothelial 
cells and enhances their production of VEGFA 
through Wnt/β-catenin signaling, leading to neo-
vascularization and tumor progression. In fact, 
substantial upregulation of WNT7B is detectable 
in human mammary carcinomas and TAMs iso-
lated from human breast cancer samples, indicat-
ing the therapeutic significance of WNT7B 
signaling [109]. Anti-VEGF treatment combin-
ing CCL2 inhibition protects tumor-bearing mice 
from substantial blood vessel formation and met-
astatic tumor cell proliferation [110]. A subset of 
MMPs, especially MMP-9 and MMP-3, cleave 
matrix-bound isoforms of VEGFA and regulate 
its bioavailability, promoting capillary dilation 
[108, 111]. Evidence suggests that TAMs pro-
duce and release lipocalin 2 (LCN2) in response 
to sphingosine-1-phosphate (S1P) secreted by 
apoptotic tumor cells. Macrophage-derived 
LCN2 induces the production of VEGFC in lym-
phatic endothelial cells (LEC) through PI3K sig-
naling, generating an autocrine loop and 
activating VEGFR3 on the endothelium, which 
results in lymphatic vessel formation and tumor 
metastasis [112].

Cell-to-cell interaction with endothelial cell is 
instrumental in the proangiogenic functions of 
TAMs. A unique subset of macrophages, which 

express angiopoietin 2 (ANG2) receptor Tie2 and 
align along the blood vessel through expression 
of ANG2 on endothelial cells [113], are endowed 
with proangiogenic properties to induce tumor 
blood vessel formation [114]. In the MMTV- 
PyMT mouse model, targeting ANG2/Tie2 axis 
by anti-ANG2 monoclonal antibody impairs the 
proangiogenic activity of Tie2-expressing mono-
cytes and their cross talk with endothelial cells, 
leading to neovasculature regression and inhibi-
tion of tumor progression and dissemination 
[115]. Moreover, Tie2+-expressing monocytes/
macrophages (TEMs) are the predominant popu-
lation of TAMs that aggressively infiltrate the 
metastatic lymph nodes in the biopsies of human 
breast cancer, but not the reactive lymph nodes 
[116]. Evidence shows that the TEMs identified 
in untreated human breast cancer express lym-
phatic markers like LYVE-1, VEGFR-3, and 
podoplanin and insert into lymphatic vessels. A 
combination of Tie2 and VEGFR kinase inhibi-
tors abrogates the in vitro lymphangiogenic 
activity of TEMs sorted from dissociated human 
breast tumor [117].

During development and interaction with the 
environment, tumor and myeloid cells have 
evolved to harness low oxygen tension to their 
own advantage through HIF transcription factors 
that orchestrate metabolic and vascular accom-
modation. Hypoxia is a key regulator of neovas-
culature formation that modulates expression of 
various proangiogenic factors like VEGF, PIGF, 
and ANG2 [104]. The interaction of hypoxia- 
induced Sema3A with Nrp1 on macrophages 
leads to activation of VEGFR1 signaling and 
migration of TAMs to low-oxygenated region, 
where they boost vessel formation through the 
secretion of VEGF and MMP9 [36]. In addition, 
increasing evidence suggests that monocyte/mac-
rophage may possess the ability to directly dif-
ferentiate into blood or lymphatic endothelial 
cells [118–120]. The mechanism of the transdif-
ferentiation of TAMs and their structural contri-
butions to vasculature, as well as the 
communication between the macrophages and 
endothelium and the evolution of the mixed net-
work, remain to be elucidated in breast cancer.
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16.6  Tumor Invasion 
and Intravasation

16.6.1  Effects of Soluble Factors 
on TAM-Mediated Invasion

A combination of researches in mouse model and 
breast cancer cell xenografts has confirmed the 
crucial role of macrophages in breast cancer cell 
invasion and migration [121] (see Fig. 16.2). In 
this process, TAM-derived EGF stimulates EGFR 

on tumor cell surface and enhances neoplastic 
mobility and their production of CSF1. In turn, 
CSF1 expedites macrophage infiltration and their 
secretion of EGF, establishing a dangerous posi-
tive feedback loop between TAMs and tumor 
cells [121, 122]. Attracted by EGF-producing 
perivascular macrophages, breast tumor cells 
migrate along the collagen fibers in a high veloc-
ity to the blood vessels in a lockstep manner 
[123]. A 3D individual cell-based model directs 
co-migration of tumor cells and macrophages, 

Fig. 16.2 Macrophage-dependent tumor invasion and 
intravasation in breast cancer. In response to tumor- 
derived CSF1, macrophage production of EGF enables 
cancer cells to release CSF1 in turn and migrate along the 
collagen fibers to the blood vessels in a lockstep manner. 
Tissue remodeling and stiffening of extracellular matrix 
accompany tumor invasion. TGF-β from TAMs drives the 
activation of cancer-associated fibroblasts (CAFs) and 
their production of LOX, the collagen cross-linking 
enzyme. SPARC from macrophages amplifies deposition 
of fibronectins and aggregation of integrin, while cathep-
sins and MMP9 pave the path through the microenviron-
ment for tumor cell migration. The EGF/CSF-1 paracrine 
signaling loop has an essential effect on invadosome for-
mation and cancer expression of MT1-MMP, enhancing 
tumor penetration through the adjacent stroma and base-
ment membrane. Epithelial-to-mesenchymal transition 
(EMT) is a critical step that endows cancer cells with 

intensive migratory capacity and stem-like properties. 
CCL18 from TAMs is fundamental in mesenchymal con-
version of tumor cells, whose secretion of GM-CSF pro-
grams macrophages to a TAM-like population. Binding to 
EphA4 of cancer cells and the synthesis of TGF-β, NOS2 
and SPARC are significant strategies for macrophage- 
dependent EMT. TGF-β-induced mesenchymal transition 
involves stepwise activation of the several double- negative 
feedback loops. At the intravasating site, the cooperation 
among macrophages, cancer cells, and endothelial cells 
forms tumor microenvironment for metastasis (TMEM). 
Herein, VEGFA signaling in Tie2Hi macrophages facili-
tates transient vascular permeability. Non-TMEM tumor 
cells undergo transendothelial migration with the help of 
the nonmigratory TMEM-tumor cell and the immobile 
TAM. In the circulation, cancer cells coated with platelet 
and fibrin escape from NK cell-mediated immune 
elimination
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which sheds light on the role of this paracrine 
interaction [124]. Mechanistically, Wiskott- 
Aldrich syndrome protein (WASP) activation in 
TAMs in response to CSF-1R stimulation 
enhances macrophage migration toward cancer 
cells under the chemoattractive gradient and pro-
motes release of EGF in a metalloprotease- 
dependent shedding manner [125]. In fact, 
macrophages are the dominant source of EGF in 
primary breast cancer [126]. EGFR-activated ste-
roid receptor coactivator-1 (src-1) in cancer cells 
plays an intrinsic role in pulmonary metastasis of 
mammary tumor by mediating the Ets-2- 
dependent elevation of HER2 and increasing pro-
duction of CSF-1 for macrophage recruitment 
[127]. At single-cell level, a real-time 3D migra-
tion test has observed morphological and cyto-
skeletal changes in EGF-treated mammary tumor 
cells, which display enhanced migratory activity 
and a more invasive phenotype [128]. Meanwhile, 
TAMs induce phosphorylation of Stat3 and 
upregulation of Sox-2 in neoplastic cells through 
EGF/EGFR axis, converting tumor cells to a can-
cer stem cell phenotype with increased viability 
and metastatic property [129]. Ablation of either 
EGFR or CSF-1R attenuates tumor invasiveness 
and aggressiveness induced by HRGβ1 or 
CXCL12, suggesting that the EGF/CSF-1 para-
crine invasion loop exerts influence on other pro- 
invasive factors [130]. Accordingly, EGFR 
overexpression serves as a poor prognostic factor 
in HER2+ breast cancer [131].

The CCL18/PITPNM3 axis has a profound 
impact on multiaspects of breast cancer angio-
genesis and metastasis. By stimulating its recep-
tor PITPNM3 on tumor cells, CCL18 provokes 
integrin aggregation and their adherence to extra-
cellular fibronectins, thereby sustaining direc-
tional migration of invasive tumor cells [132]. 
Herein, Pyk2 forms a stable complex with 
CCL18-binding PITPNM3 and activates Src 
kinase, resulting in tumor cell α5/β1 clustering 
[133]. Moreover, activated PITPNM3 bolsters 
actin filament polymerization within tumor cells 
in response to CCL18 and subsequently raises 
their migratory capacities through LIMK/cofilin 
phosphorylation [134].

16.6.2  Tissue Remodeling in Tumor 
Migration

The extracellular matrix (ECM) orchestrates cel-
lular structure and functions through biophysical 
and biochemical interactions between cells and 
the microenvironment [135]. Accumulating evi-
dence suggests that matrix stiffness and tissue 
remodeling play a crucial role in breast cancer 
invasion and intravasation [136]. Contrary to 
their influence on cells in two dimensions, higher 
collagen cross-linking and ECM stiffness 
potently increase the migration and spreading 
speed of mammary tumor cells in 3D collagen 
gels [137]. Analysis of both murine tumors and 
human breast cancer samples reveals that tumor 
development is accompanied by an incremental 
elevation in collagen deposition and thickening 
of interstitial matrix [138, 139]. In turn, stroma 
remodeling and stiffening are associated with an 
increase in macrophage infiltration and TGF-β 
signaling [139]. Enrichment of myeloid cells and 
their secretion of TGF-β drive the activation of 
fibroblasts and the production of lysyl oxidase 
(LOX) [140]. The collagen cross-linking enzyme 
LOX facilitates ECM stiffening and focal adhe-
sions, accelerating mammary tumor progression 
in vivo. Tissue fibrosis extends integrin cluster-
ing and activates PI3K signaling to promote cel-
lular migration and invasion [138]. Pharmacologic 
deletion of LOX tempers matrix thickening and 
causes a significant reduction in circulating 
tumor cells and lung metastases in murine breast 
cancers [140]. Besides, macrophage-derived 
osteonectin, an important glycoprotein in cell- 
ECM interaction, augments deposition of fibro-
nectin fiber and aggression of mammary tumor 
cells along the fibers through αvβ5 integrin, 
which contributes to cancer metastasis [141]. 
IL-4-induced elevation of cathepsin proteases in 
tumor-educated macrophages has pivotal effects 
on breast cancer progression and dissemination 
[142]. Cathepsins are involved in cleavage of 
cell-cell junction and ECM degradation in favor 
of tumor invasion and intravasation [143]. 
Macrophages show an increase in the production 
of the proteolytic enzyme MMP9 in tumor con-
text, which remodels the ECM and paves a path 
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through the microenvironment for tumor cell 
migration and spreading [107]. In addition, 
fibrotic environment retains chemokines and 
growth factors more easily, prolonging their act-
ing duration and serving as an extra force for 
tumor aggression and invasion [144].

Cancer cells migrate through the neighboring 
stroma and basement membrane in a manner 
dependent on cytoskeleton rearrangement and 
invadosome formation, the actin-rich membrane 
protrusions which promote cell-matrix adhesion, 
matrix degradation, and cell invasion [145, 146]. 
With invadosomes anchoring the forefront of the 
cell, breast cancer cells migrate along the colla-
gen fibers toward blood vessels as single cells or 
collectively as ensembles [147, 148]. The afore-
mentioned EGF/CSF-1 paracrine signaling loops 
are involved in the formation of invadopodia in 
cancer cells and podosomes in macrophages 
[123] through the N-WASP-Arp2/3 pathway 
[149]. N-WASP is an important component of 
invadosomes that not only enhances the actin- 
nucleating activity of Arp2/3complex but also 
traffics MT1-MMP from endosomes to invado-
podia and stabilizes it by tethering the tail to 
F-actin [150, 151]. EFGR stimulation also 
induces PLCγ-mediated release of cofilin in 
breast cancer cells. By binding to the cofilin- 
severed actin, MenaINV expedites actin filament 
elongation and invadopodia formation [152]. 
Interestingly, Rho GTPase signaling, activated 
either by soluble factors or direct contact, plays a 
role in the process of invadosome formation. 
Upon physical contact, TAMs activate RhoA 
pathway in breast cancer cells and modulate inva-
dopodia formation, supporting tumor aggression 
through matrix barriers [153]. Cytokines and 
growth factor produced by TAMs like IL-6, IL-8 
and EGF are also stimuli for Rho GTPase signal-
ing, which enhance migratory capacity of breast 
cancer cells [154].

16.6.3  TAMs and Epithelial-to- 
Mesenchymal Transition

During invasion and intravasation, tumor cells 
undergo a reversible phenotypic change, losing 

their epithelial characteristics and intercellular 
adherence and acquiring mesenchymal traits and 
migratory properties. Epithelial-to-mesenchymal 
transition (EMT) not only endows cells with 
mobility and aggressiveness but also induces 
stem cell-like properties, including resistance to 
senescence and apoptosis, immune tolerance, and 
insensitivity to chemotherapy [155, 156]. It’s elu-
cidated that, in coculture research and humanized 
mice, TAMs induce EMT of mammary tumor 
cells through CCL18 production and activation 
of PITPNM3, which is a receptor for CCL18 on 
cancer cells. On the other hand, mesenchymal- 
like tumor cells program and educate the sur-
rounding macrophages to a TAM-like phenotype 
by secreting granulocyte-macrophage colony- 
stimulating factor (GM-CSF). The abundance of 
lactate in the microenvironment attenuates the 
pro-inflammatory potential of GM-CSF in induc-
ing M1 phenotype of macrophages. This forms a 
positive feedback loop between TAMs and 
mesenchymal- like cancer cells [157, 158]. 
Activated by TAM-derived CCL18, PITPNM3 
induces mesenchymal properties of breast cancer 
cells through stabilization of Snail via Pyk2/Src/
PI3K/Akt signaling pathway [133] or PI3K/Akt/
GSK3β pathway [134]. Besides, CCL18 down-
regulates miR98 and miR27b in tumor cells at 
posttranscriptional level through N-Ras/ERK/
PI3K/NF-κB/Lin28b signaling, resulting in 
enhanced tumor invasion and lung metastasis 
[159].

TGF-β is identified as the major inducer of 
mesenchymal markers, β-catenin signal, and 
tumor invasiveness in breast cancer [160–162]. 
TGF-β can either be directly secreted by TAMs 
[161] or produced by cancer cells in response to 
macrophage-derived cytokines like TNF-α, 
IL-1β, and IL-6 [163]. Transcription factors 
Snail, ZEB, and bHLH families are involved in 
TGF-β-induced EMT in a Smad-dependent 
mechanism [164–166]. Snail activity deprives 
E-cadherin expression and enhances vimentin 
production and cell mobility through upregula-
tion of ZEB and downregulation of miR-34 
[162]. Furthermore, phenotypic change in 
response through non-Smad signaling has a piv-
otal role in cancer metastasis. TGF-β1 activates 
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the Ras effector Blimp-1 via c-Raf/Erk/AP-1 
pathway. Subsequently, Blimp-1 elicits the 
repression of BMP-5 and upregulation of Snail, 
enhancing EMT signaling and tumor migration 
[167]. Forkhead transcription factor (Foxq1) acti-
vation induced by TGF-β1 interacts with E-box 
in its promoter region and endows mammary 
tumor cells with mesenchymal properties and 
invasiveness [168].

Direct contact between mesenchymal-like 
cancer cells and TAMs is observable in xenograft 
tumors and patient sections of breast tumor. 
Enrichment of CD90 and EphA4 protein on the 
stem-like cancer cells serves as an anchor for 
macrophage binding and delivers significant sig-
nals. TAMs trigger nuclear translocation of 
NF-κB by stimulating EphA4, which leads to the 
production of robust cytokines such as IL-6, IL-8, 
and GM-CSF and thus maintains the stem cell 
phenotype of tumor cells [169].

16.6.4  Tumor Transendothelial 
Migration

In addition to invading along collagens and 
through basement membranes, translocation of 
cancer cells from subluminal side of endothelium 
into the circulation is the next rate-limiting step 
of metastasis [170]. Circulating tumor cells are 
identified in non-metastatic breast cancer or 
early-state mammary tumor, suggesting that 
intravasation may occur early in tumor progres-
sion [171, 172]. Multiphoton intravital imaging 
studies have demonstrated that interaction 
between tumor cells and macrophages promotes 
breast cancer metastasis [122]. Wyckoff and col-
leagues directly visualized that TAMs were dis-
tributed in tumor margin and perivascular region 
subluminal to the endothelial cells. Tie2+ perivas-
cular macrophages assisted the transendothelial 
migration of mammary tumor cells in an EGF- 
CSF1- dependent mechanism [113]. At the intrav-
asating site, tripartite interaction between cancer 
cells, macrophages, and endothelial cells is 
essential for tumor dissemination and forms 
tumor microenvironment for metastasis (TMEM) 
[173]. Herein, VEGFA signaling in Tie2Hi macro-

phages mediates localized interruption of vascu-
lar junctions and transient vascular permeability 
in TMEM [174]. Non-TMEM tumor cells 
undergo transendothelial migration with the help 
of the nonmigratory TMEM-tumor cell and 
the immobile TAM [173]. Moreover, direct con-
tact between macrophages and tumor cells turns 
on Notch1-dependent MenaINV expression in 
breast cancer cells and provokes invadopodia- 
mediated transendothelial migration [175]. 
Genetic ablation of macrophages or macrophage- 
specific deletion of vegfa impairs blood vessel 
permeability and intravasation of mammary 
tumor cells in TMEM [173]. Currently, it is 
widely accepted that the TMEM score in primary 
breast carcinomas, which means the total number 
of TMEMs in ten high-power fields, is predictive 
of the risk of distant metastasis [176, 177].

16.7  Tumor Extravasation 
and Metastatic Outgrowth

16.7.1  Tumor Survival 
in the Circulation

After intravasation, breast cancer cells in the cir-
culation are exposed to the immune system, oxi-
dative stress, and mechanical shear forces, where 
they need to not only survive but also dissemi-
nate. In fact, only 0.01% of tumor cells that enter 
the bloodstream establish metastasis at distant 
sites. Tissue factors (TF) derived from circulating 
tumor cells (CTC) trigger the aggregation of 
platelet with tumor cells and deposition of fibrin, 
which gives rise to CTC/platelet/fibrin clots and 
protects CTC from shear stresses and immune 
tolerance through inhibiting recognition by NK 
cells in the blood vessels.

16.7.2  Seeding Distant Metastatic 
Sites

The process of CTC seeding at distant target 
organ is strongly repressed when CD11b+Gr1- 
macrophages are depleted in genetic or pharma-
cologic manner, highlighting the important roles 
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that TAMs play in tumor cell extravasation [32, 
178]. CTC/platelet/fibrin clots arrest at the capil-
lary of target organs by attaching the vascular 
endothelium through adherence and signal trans-
duction among tumor cells, endothelial cells, and 
platelet [179]. In fact, after lodging in the capil-
lary, intravascular tumor cells proliferate and 
form metastatic foci without exiting the vessels 
until they outgrow and breach the vascular walls 
[180] (see Fig. 16.3). CCR2-expressing inflam-
matory monocytes in bloodstream are recruited 
to the micrometastatic niche under the CCL2 
chemoattractive gradient produced by breast can-
cer cells or other stromal cells, to take part in the 
seeding and growth of tumor cells [32]. In a 
TF-dependent mechanism, the formation and 
attachment of cancer cell clots also activate endo-
thelial cells and induce their expression of vascu-
lar cell adhesion molecule-1 (VCAM-1) and 
vascular adhesion protein-1 (VAP-1) that are sig-
nificant for macrophage recruitment and breast 
cancer metastasis [181]. CCL2 stimulation sets 
off a chemokine cascade in macrophages and 
induces their secretion of CCL3, which acts on 
CCR1+ macrophages in an autocrine manner and 
promotes the accumulation and prolonged reten-
tion of macrophages in the mouse lung [182]. In 
the context of metastatic cancer cells, recruited 
monocytes or macrophages differentiate into 
MAMs with CCR2, VEGFR1, Ly6C, and F4/80 
expression. Through direct contact or in a para-
crine mechanism, these macrophages facilitate 
breast cancer transendothelial migration and sub-
sequent survival in the lung. Moreover, 3D recon-
structed confocal images have demonstrated that 
physical interaction between breast cancer cells 
and macrophages is essential for the pulmonary 
seeding of extravasating metastatic cells and their 
persistent growth [178]. Activated by α4 integrins 
on TAMs, VCAM-1 in BCC clusters upon the 
cell surface and downregulates the expression of 
pro-apoptotic cytokine TRAIL via Ezrin/PI3K/
Akt pathway, thereby supporting extravasation 
and seeding of mammary cancer cells [183]. 
Macrophage-specific deletion of vegfa gene 
abrogates the permeability of vascular walls and 
the seeding potential of breast cancer, suggesting 

that CCL2-recruited CD11b+Gr1- macrophages 
promote tumor cell extravasation partly by 
increasing the endothelial permeability via 
VEGFA [32]. As mentioned above, TAM-derived 
EGF plays a role in the augmentation of inva-
dosome formation in breast tumor cells. Intravital 
imaging experiments illuminate that during 
extravasation, tumor cells project invadopodia to 
lung interstitial through endothelial junctions 
[184], which underlies another strategy for TAMs 
to support tumor extravasation.

16.7.3  Colonization and Overt 
Metastasis Formation

Even if cancer cells succeed in seeding the target 
organ, most of them succumb [185] or stay in 
quiescence in the perivascular niches because of 
lack of proliferative signals (cellular dormancy), 
inability to produce sufficient vasculature (angio-
genic dormancy), and tumor clearance by 
immune surveillance (immunological dormancy) 
[186, 187].

Recruited by a variety of chemokines secreted 
by breast cancer cells, macrophages infiltrating the 
micrometastases undergo differentiation and play 
a significant role in the process of cancer recur-
rence and overt metastasis formation. The expres-
sion of transcription factor Sox2 in breast cancer 
promotes metastatic growth in a macrophage- 
dependent manner, which recruits TAMs into 
tumor microenvironment through upregulation of 
several cytokines such as CCL2, CCL3, and 
ICAM-1 via NF-κB and Stat3 signaling pathways 
[188]. Tumor cell-derived CCL5 extends the infil-
tration of TAMs and their secreting activity of 
cytokines like EGF and TGF-β indirectly, by aug-
menting Gfi1 expression in CD4+ T cells and their 
polarization toward a Th2 phenotype, which mod-
ulates the metastasis of MMTV-PyMT transgenic 
tumors [189]. The enhanced production of the 
enzyme N-acetyl- galactosaminyltransferases 
(GALNTs) in breast cancer cells provokes TAM 
influx to the metastatic sites. GALNTs promote 
macrophage- stimulated tumor growth by trans-
forming FGFR1 on cancer cells, which results in 
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augmentation of the proliferative effect of TAM-
derived FGF [190]. In a metastasis dormancy 
model in the bone, tumor expression of VCAM-1 
through NF-κB pathway interacts with integrin 

α4β1- expressing monocytic progenitors and 
enhances osteoclast activity, contributing to the 
formation of overt skeletal metastases of mam-
mary tumor [191].

Fig. 16.3 Seeding of breast cancer cells at distant meta-
static sites and their formation of overt metastases. 
Intravascular tumor cells lodge the capillary at distant 
metastatic site and attract CCR2+ inflammatory mono-
cytes through CCL2 synthesis. CCL2 stimulation induces 
macrophage release of CCL3, which amplifies the accu-
mulation of macrophages in an autocrine manner. On 
tumor attachment, endothelial cells express VCAM-1 and 
VAP-1 in support of macrophage enrichment. Recruited 
monocytes or macrophages differentiate into MAMs, 
whose binding to VCAM-1 of BCCs precipitates their 
extravasation. MAMs mediate vascular permeability via 
VEGFA and tumor invadosome formation via EGF. After 

extravasation, GALNT14 in BCCs provokes the influx of 
macrophages through CXCL1 synthesis and potentiates 
the proliferative effect of MAM-derived FGF. Macrophage- 
derived CSF1 creates an autocrine pathway and modu-
lates their expression of miR-21 and miR-29a. MAMs 
induce mesenchymal to epithelial transition (MET) of 
neoplastic cells via versican synthesis and initiate tumor 
outgrowth through tenascin C production. In the pulmo-
nary microenvironment, CCL5 from cancer cells mediates 
the Th2 polarization of CD4+ T cells, which extends mac-
rophage infiltration and their secretion of EGF and 
TGF-β
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After their recruitment, bone marrow-derived 
CD11b+Ly6Chigh monocytes produce a large 
amount of versican, an extracellular matrix pro-
teoglycan that induces mesenchymal to epithelial 
transition (MET) of tumor cells through down-
regulation of Smad2 levels at the metastatic sites 
[192]. In the MMTV-PyMT model, TH2 CD4+ T 
lymphocytes infiltrating the metastatic niches 
produce IL-4 and IL-13, polarize 
CD11b+Gr1-F4/80+ macrophages to a tumori-
genic phenotype, and enhance tumor cell prolif-
eration through EGFR activation [47]. The 
expression of miR-21 and miR-29a is upregu-
lated in MAMs by the CSF1-ETS2 signaling 
pathway but not in the primary tumors. Inhibiting 
these microRNAs in TAMs with Dicer inhibitors 
strongly abrogates angiogenesis and viability of 
metastatic breast cancer cells by activating anti- 
angiogenic genes [193]. CD11b+Gr1+ myeloid 
cells are attracted into the metastatic microenvi-
ronment by tumor cell-derived CXCL1 and 2, 
serving as an important source of the calprotectin 
S100A8/9 and exerting pro-survival effect 
through MAPK signaling [35]. Once permitted in 
the bone marrow, the gene-expression signature 
of c-Src provides support for survival of indolent 
tumor cells and metastatic outgrowth by potenti-
ating PI3K-AKT signaling in breast cancer acti-
vated by macrophage-derived CXCL12 [194]. 
Tenascin C from cancer cells or stroma initiates 
tumor outgrowth in the pulmonary parenchyma 
through Notch and WNT pathway [195]. More 
importantly, TAMs have a profound effect on 
metastatic tumor colonization and transition from 
indolent micrometastases to overt metastases by 
promoting proliferative signaling, phenotypic 
change, angiogenesis, and immune evasion, even 
after long-term dormancy.

16.8  Macrophage Regulation 
of Therapeutic Efficacy

In addition to their involvement in tumor growth 
and dissemination, TAMs interact with antican-
cer therapies, such as chemotherapy, radiother-
apy, immunotherapy, and targeted therapy. These 
therapeutic approaches induce functional and 

phenotypic alteration in intratumoral macro-
phages, while the latter play a role in modulating 
the efficacy of various forms of anticancer 
therapies.

16.8.1  Chemotherapy

The contribution of TAMs in chemotherapy 
resistance has been studied for many years. An 
early study demonstrated that host defense mech-
anisms, including macrophages, enhanced the 
therapeutic efficacy of doxorubicin in a leukemia 
or lymphoma transplant model [196]. In patients 
with primary invasive ductal breast cancer, tumor 
infiltration by macrophages correlates with 
improved cancer-specific survival and overall 
survival after adjuvant chemotherapy [197]. 
Indeed, the therapeutic efficacy of docetaxel, in 
4T1-Neu mammary tumor implants, involves the 
selective elimination of M2-like TAMs through 
Stat3 signaling and expansion of tumoricidal 
macrophages, with induction of IL-12 and reduc-
tion of IL-10 [198]. Similarly, doxorubicin treat-
ment in 4T1 mammary cancer-bearing mice 
triggers apoptosis of Gr-1+CD11b+MDSCs and 
potentiates the antitumor activity of perforin, 
granzyme B, and IFNγ producing cytotoxic T 
cells (CTL) and NK cells. Concomitantly, resid-
ual MDSCs exhibit curtailed immune-inhibiting 
potential with decreased ARG-1, IDO, and ROS 
level, which suggests myeloid cell reprogram-
ming [199]. The infiltration of IFN-γ-producing 
effector T cells in tumor and the alteration of 
TAMs from an immunosuppressive phenotype to 
pro-inflammatory macrophages are also detect-
able following treatment with doxorubicin and 
lapatinib, the HER2 inhibitor to MMTV-neu 
mice [200]. Collectively, the cytotoxic macro-
phages within the tumor induced by chemother-
apy play a part in immunogenic cell death (ICD), 
as they exhibit antigen-presenting capacity and 
reinforce the tumoricidal effect of T cells to 
acquire durable success in tumor control [201].

The opposite effects of TAMs on chemothera-
peutic efficacy have been evidenced in a growing 
body of the literature. Paulus and colleagues have 
elucidated that TAM depletion by anti-CSF1 
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antibodies in immunodeficient mice implanted 
by human breast cancer xenografts reverses 
tumor resistance to CMF chemotherapy (cyclo-
phosphamide, methotrexate, and 5-fluorouracil) 
[202]. Mechanistically, macrophage expansion 
following cytotoxic agents drives tumor cells to 
escape from the therapy-induced cell death by 
delivering survival signals. EGF produced by 
TAMs endows EGFR+ cancer cells with stem- 
like phenotypes characterized not only by 
increased tumor viability and metastatic potential 
but also by enhanced drug-efflux capacity and 
post-chemotherapeutic tumorigenicity in vivo 
[129]. In addition to damaging cancer cells, che-
motherapy agents induce TNF-α production of 
endothelial cells, which boosts the metastasis- 
promoting CXCL1/2-S100A8/9 axis, as dis-
cussed above. Herein, synthesis of S100A8/9 by 
recruited CXCR2+ macrophages bolsters tumor 
regrowth and chemotherapeutic tolerance [35]. In 
the MMTV-PyMT model, Taxol treatment elicits 
an influx of Iba1+TAMs, which protects tumor 
cells from Taxol-induced cell death by producing 
the lysosomal enzymes cathepsins B and 
S. Consistent intervention of Taxol combined 
with cathepsin inhibition in vivo potently 
improves late-stage survival [203].

Another important mechanism of chemore-
sistance is subverting immune clearance of 
tumor cells. Macrophage enrichment in the 
MMTV- PyMT model, in response to CSF1 pro-
duction by neoplastic cells under cytotoxic 
stress of paclitaxel, blunts tumor chemosensitiv-
ity via impairing CTL infiltration and antitumor 
response [77]. In line with these findings, IL-10 
derived from chemotherapy-recruited macro-
phages is essential in T-cell suppression by 
curbing IL-12 production of dendritic cells. 
Indeed, elevation of IL-12A in patients with 
breast cancer correlates with an improved path-
ological response to chemotherapy [73]. 
Vascular alterations after cytotoxic agents 
within tumor attenuate chemotherapeutic effi-
cacy. Myeloid cells, including macrophages, 
infiltrate the transgenic mammary tumor through 
a stromal CCL2-CCR2 axis. MMP9 produced 
by the myeloid cells decreases vascular perme-
ability, inhibits intratumoral distribution of 

doxorubicin, and contributes to tumor reemer-
gence [204]. Intriguingly, decreased vascular 
leakage has been associated with a better prog-
nosis in other tumor models. TIE2HiCXCR4Hi 
macrophages accumulate after administration of 
paclitaxel and doxorubicin in perivascular 
region in 4T1 and MMTV-PyMT tumor and 
mediate revascularization and tumor recurrence, 
in part, through the production of VEGFA [33].

These important findings show different 
effects of TAMs on chemotherapy through dis-
tinct mechanisms, in part depending on tumor 
subtypes and therapeutic agents. Actually, intra-
tumoral macrophages may induce a mixture of 
different signaling and alterations to modulate 
the efficacy of the same therapeutic agent. The 
complex interaction between infiltrating macro-
phages and chemotherapeutic agents provides a 
compelling rationale for targeting tumorigenic 
population of TAMs while sparing tumoricidal 
ones in breast cancer combined with cytotoxic 
therapeutic agents.

16.8.2  Radiotherapy

As one of the mainstays of treatment for breast 
cancer, radiotherapy has a profound effect on 
tumor stroma beyond its antitumor activity 
through DNA damaging. Radiation-induced 
impairment of cancer and vascular cells triggers 
damage-associated molecular pattern (DAMP) 
signaling, which can stimulate pattern recogni-
tion receptor (PRR) on macrophages. Activated 
macrophages exhibit phagocytic and antigen- 
presenting properties critical in effective ICD of 
tumor cells even in distant organs (abscopal 
effect), which is synergistic with radiotherapy 
[205–207].

In contrast, increasing data suggest that TAM 
infiltration after irradiation contributes to tumor 
reoccurrence and metastasis [208]. Radiotherapy- 
triggered vascular destruction exacerbates 
hypoxia, creating a protumor microenvironment 
[209]. In MCa8 mouse mammary carcinomas, 
hypoxia-induced CXCL12 recruits a mass of 
myeloid cells, primarily macrophages, in the irra-
diated tumor, which precipitate tumor regrowth 
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through their paracrine response on vasculature. 
CXCR4 blockade or bone marrow depletion by 
whole-body irradiation shows inhibitory effect 
on tumor relapse after local radiotherapy [34]. In 
MMTV-PyMT tumors, radiation-damaged mam-
mary epithelial cells and subsequent influx of 
protumorigenic macrophages elevate the 
production of CSF-1 and IL-34, which results in 
reduction of CD8+ T cells and tumor reemer-
gence [48]. Immunologic or pharmacologic dele-
tion of TAMs by neutralizing the CSF-1/CSF-1R 
pathway delays breast cancer revascularization 
and recurrence [48, 206]. Intratumoral macro-
phages provide a plethora of molecules and sig-
naling to establish a tumor-protective 
microenvironment, especially via vascular recov-
ery [210]. In transplantable MT1A2 mammary 
tumors, radiotherapy induces an influx of 
BM-derived CD11b+ myelomonocytic cells, 
whose production of MMP9 has pivotal roles in 
neovascularization by enhancing colonization of 
BM-derived circulating endothelial cells. Indeed, 
the transplanted tumor fails to grow in MMP-9 
KO mice, while transplantation of wild-type BM 
abrogates this effect [210, 211]. Data shows that 
in the 4T1 model, MMP14 blockade utilizing 
DX-2400 synergizes with radiotherapy in attenu-
ating tumor growth and progression. Indeed, 
DX-2400 intervention triggers macrophage 
expansion and phenotypic conversion to tumori-
cidal subtypes with downregulation of TGF-β 
and SMAD2/3 signaling [212].

16.8.3  Vascular-Targeted Therapies

Anti-angiogenic tumor therapies show limited 
efficacy in dampening tumor growth and metas-
tasis in patients with breast cancer. Inasmuch as 
their strong support for tumor neovasculariza-
tion, TAM enrichment counteracts the therapeu-
tic interception of angiogenesis through their 
interaction with endothelial cells and induction 
of compensatory proangiogenic factors [213].

Sorafenib, which targets VEGFR2, PDGFR, 
and Raf kinases, exerts dinky effect on 4T1 
tumors. Macrophage influx is visualized by near- 

infrared fluorescence (NIRF) imaging in the 
sorafenib-resistant tumor, whereas TAM dele-
tion restrains tumor growth and lung metastasis 
[214]. Selective destruction of the vessel net-
work and breast cancer necrosis triggered by 
combretastatin A4 phosphate (CA4P), the 
vascular- targeting agent, creates a hypoxic 
microenvironment and consequent upregulation 
of CXCL12. CXCR4+ TEMs rapidly infiltrate 
subcutaneous N202 (Neu+) mammary carcino-
mas and abrogate the vascular damage and 
necrosis induction of this archetypal VDA. The 
efficacy of CA4P treatment is dramatically 
increased by either CXCR4 antagonist or genetic 
TEM depletion [215]. Accumulating evidence 
suggests that anti-angiogenesis strategies that 
normalize vasculature and alleviate tumor 
hypoxia provide more benefit and longer sur-
vival for the patients [216].

Ang2 exhibits proangiogenic activity by acti-
vating Tie2 and limits the antitumor efficacy of 
VEGF blockade. Indeed, Ang2 blockers poten-
tiate the antivascular effect of aflibercept, a 
VEGF inhibitor, and lead to effective reduction 
in tumor vascularity and perfusion [115, 217]. 
Mechanistically, Ang2 endows endothelial cells 
with a pro-inflammatory phenotype character-
ized by upregulation of chemoattractant CCL2 
and subsequent induction of CCR2+ TAM infil-
tration. In the presence of Ang2, endothelium 
shows potentiated response to the myeloid cell- 
derived angiogenic cytokine Bv8. Combining 
Ang2 inhibitor and low-dose metronomic che-
motherapy strongly delays the metastatic growth 
and enhances overall survival in the 4T1 ortho-
topic breast cancer [218]. Recent data shows 
that ABTAA, an Ang2-binding and Tie2-
activating antibody, suppresses mammary tumor 
growth and metastasis not only by decreasing 
the infiltration of TAMs and reprogramming 
macrophages toward antitumor phenotype but 
also through its effect on vascular normaliza-
tion. Restoration of structural integrity of vascu-
lature characterized by improved pericytes and 
basement membrane leads to decreased leakage 
and hypoxia, enhanced perfusion, and antican-
cer drug delivery [219].
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16.8.4  Monoclonal Antibodies 
and Immunotherapy

A growing body of literature has shown that 
antitumor activity of monoclonal antibody 
(mAb) therapy depends on the intratumoral 
macrophages. Interaction of the Fc fragment of 
mAbs with Fcγ receptors (FcγRs) on macro-
phages triggers the engagement of the FcγRs 
and leads to the activation of antibody-depen-
dent cellular cytotoxicity/phagocytosis (ADCC/
ADCP) [220, 221]. FcγR polymorphism in mac-
rophage is associated with distinct affinity to 
mAbs and thus predicts the antitumor efficacy 
of targeted therapies in breast cancer and lym-
phoma [222, 223]. Early studies showed that Fc 
receptor-dependent macrophage cytotoxicity 
contributed substantially to the efficacy of 
trastuzumab against breast cancer [224]. Park 
and colleagues also demonstrated that in 
MMTV-neu tumors, besides interrupting onco-
genic HER2 signals, trastuzumab released a sig-
nificant amount of HMGB-1, which was an 
endogenous danger signal enhancing the FcR-
mediated phagocytosis and promoting tumor-
specific CD8+ T-cell responses [225]. Mammary 
tumor conditioning endows macrophage with 
not only expression of M2a markers but also 
M1-associated markers and activating FcγRs. 
The transition of TAMs from the invasion pro-
moter to an antitumor phenotype successfully 
eradicates Ab-bound tumor cells in the presence 
of CD142, a mAb directed against tissue factor 
[42]. In MDA-MB-231 xenograft model, mac-
rophage depletion significantly reduces the effi-
cacy of anti-CD142 to restrain primary tumor 
growth and lung metastasis [42]. Consequently, 
engineering Fc domains of mAb to reinforce 
FcγR binding and subsequent recruitment of 
macrophages to mediate ADCC, such as the 
anti-HER2 “grababody” [226], show promise in 
strengthening the efficacy of targeted therapy 
for cancer [220].

Since the antitumor activities of chemother-
apy, radiotherapy, and targeted therapy all 

depend on effective immune clearance and sur-
veillance to obtain long-term efficacy, it’s key 
to overcome the immunosuppressive tumor 
microenvironment and enhance the immune 
response [227]. MAbs targeting checkpoint 
blockade CTLA-4, PD1, or PD-L1, T-cell 
immunoglobulin and mucin domain-containing 
protein-3 (TIM-3), and lymphocyte activation 
gene (LAG-3) strengthen antitumor immunity 
[227, 228]. The antitumor efficacy of anti-
CTLA-4 antibodies depends on ADCC medi-
ated by tumor-infiltrating CD11b+ macrophages. 
These antibodies bind to the high- density 
CTLA-4 on Treg cells and activate FcγRIV on 
macrophages, resulting in elimination of Treg 
cells and subsequent potentiated T-cell response 
[221]. Furthermore, blocking PD-L1 that is 
expressed on TAMs and serves as an important 
immunosuppressive mechanism will no doubt 
reduce the protumor properties of TAMs and 
expand T effector cell response.

Cancer cell destruction induced by various 
modalities of therapeutic agents triggers tumor- 
specific immune response, during which macro-
phages display antigen-presenting activity and 
potent T-cell stimulating capacity. However, a 
plethora of tumorigenic factors in local microen-
vironment provide confusing information for 
these recruited monocytes/macrophages and pro-
gram them into an anti-inflammatory phenotype, 
which facilitates tumor regrowth and therapeutic 
resistance. There may be an equilibrium and 
competition between the protumor and antitumor 
strengths in the sophisticated cancer microenvi-
ronment following therapeutic intervention, 
which may account for the paradoxical roles that 
TAMs play in cancer treatment. Additional inves-
tigation is in demand to evaluate the potential 
mechanism and biomarker of the therapy- 
associated macrophage modulation. These find-
ings provide a rationale for combining 
TAM-targeting approaches to potentiate the 
tumoricidal activity and reduce refractoriness of 
the conventional therapies (see Table 16.1).
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Table 16.1 Therapeutic targeting of macrophages in breast cancer

Compound Target Mechanism
Clinical 
phase

Combination 
compound(s) References

Inhibition of TAM recruitment

Carlumab (CNTO 
888)

Anti-CCL2 
antibody

Targeting 
CCL2-CCR2 axis

Phase I Systemic therapy [230, 231]

Pf-04136309 CCR2 
small-molecule 
antagonist

Targeting 
CCL2-CCR2 axis

Phase I Standard 
chemotherapy

[232]

Plerixafor (AMD3100) CXCR4 
antagonist

Targeting 
CXCL12-CXCR4 
axis

Phase III G-CSF [235]

Pexidartinib 
(PLX3397)

CSF1R 
small-molecule 
inhibitor

Targeting 
CSF1-CSF1R axis

Phase I Paclitaxel [238]

AMG 820 Anti-CSF-1R 
mAb

Targeting 
CSF1-CSF1R axis

Phase I Standard treatment [240]

Depletion of TAMs or their progenitors

Bisphosphonate TAMs or their 
progenitors

Decrease in TAM 
number and 
function

Phase IV As adjuvant 
treatment

[253]

Zoledronic acid See above See above Phase IV Endocrine therapy [254, 255]

Clodronate See above See above Phase IV As adjuvant 
treatment

[256]

Reprogramming macrophages toward a tumoricidal phenotype

Imiquimod TLR7 agonist Activation of 
an antitumor 
phenotype of 
macrophages

Phase I As adjuvant 
treatment

[259]

Imiquimod See above See above Phase II Albumin-bound 
paclitaxel

[261]

MGN1703 TLR9 agonist Inducing 
pro- inflammatory 
polarity

Phase I As adjuvant 
treatment

[262]

Aspirin COX inhibitor Reducing PGE2 
secretion

Cohort 
study

Prediagnostic use [263].

Impeding the protumor functions of TAMs

MPDL3280A Anti-PD-L1 
mAb

Alleviating 
immune 
suppression

Phase I Systemic regimens [282]

Pembrolizumab Anti-PD-1 
antibody

See above Phase Ib Single agent [271, 272]

Tremelimumab Anti-CTLA-4 
antibody

Alleviating 
immune 
suppression

Phase I Exemestane [273]

IPI549 PI3Kγ 
small-molecule 
blocker

Switching 
macrophage 
phenotype

Phase I Alone and 
combined with 
nivolumab

Indoximod Broad IDO 
pathway 
blocker

Blocking 
IDO-mediated 
immune 
suppression

Phase I Docetaxel [275]

Indoximod See above See above Phase II Chemotherapy [276]

(continued)
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16.9  Therapeutic Targeting 
of Macrophages

16.9.1  Inhibition of TAM Recruitment 
by CCL2-CCR2 Axis

In light of the increasing evidence for TAMs sup-
porting tumor growth and metastasis, attempts 
have been made to curb their protumor activities 
by suppressing TAM infiltration into breast can-
cer. Diverse factors including chemokines, cyto-
kines, and complement components are involved 
in macrophage recruitment in mammary tumor, 
among which CCL2-CCR2 axis plays a predomi-
nant part [32]. Preclinical studies have corrobo-
rated that interference of CCL2-CCR2 signaling 
through genetic manipulation or pharmacologic 
inactivation decreases TAM influx, lowers meta-
static burden, and prolongs the survival of mice 
in different breast cancer models [32, 182, 204, 
218, 229]. Administration of CCL2 or CCR2 
blockade in combination with conventional ther-
apeutic regimens significantly improves the effi-
cacy of treatment [32, 204, 218, 229].

An increasing number of experimental medi-
cines targeting CCL2-CCR2 axis have entered 
clinical trials. In spite of being well tolerated, the 
anti-CCL2 antibody carlumab (CNTO 888) 
shows, in a phase I trial, limited antitumor effi-
cacy in patients with solid tumors [230]. 
Combinations of carlumab and standard-of-care 
chemotherapy agents elicit rapid but transient 
reduction in serum-free CCL2 in patients with 
advanced solid tumors, which is followed by con-
tinued increase [231]. Meanwhile, interruption of 
antibody-mediated CCL2 blockade precipitates 

an overshoot of pulmonary metastases and accel-
erates death of tumor-bearing mice by yielding an 
unexpected influx of monocytes from the bone 
marrow into the metastatic niches. Excessive 
monocytes have pivotal roles in generation of 
neoplastic vasculature, proliferation of metastatic 
cells, and the lethal rebound through the upregu-
lation of IL-6 and VEGFA [110]. It reveals that 
compensatory production of CCL2 by tumor or 
stromal cells and worsened monocyte infiltration 
are main challenges for the antitumor effect of 
carlumab. Notably, targeting the receptor may be 
an attractive device to circumvent the limitations 
resulted from the reactive CCL2 excess. Recently, 
the preliminary therapeutic effect and safety of 
PF-04136309, an oral CCR2 small-molecule 
antagonist, in combination with standard chemo-
therapy, have been demonstrated in a phase Ib 
clinical trial conducted on pancreatic patients. 
Herein, the addition of PF-04136309 elicited a 
higher objective response rate than expected and 
a reduction in the infiltration of TAMs [232]. 
However, the antitumor efficacy, safety, and tol-
erability of anti-CCR2 drugs in patients with 
breast cancer remain to be elucidated in clinical 
trials.

The feedback mechanisms and the unexpected 
tissue remodeling in microenvironment can abro-
gate the therapeutic efficacy of drugs targeting 
CCL2-CCR2 signaling and evoke a deteriorated 
prognosis for cancer patients, especially in the 
case of sudden cessation of monotherapy. Besides 
CCL2, a great diversity of chemokines, cyto-
kines, and growth factors are involved in macro-
phage recruitment, such as CSF1 and a series of 
CXC chemokines [233, 234], which presents 
another challenge for translating the strategies 

Table 16.1 (continued)

Compound Target Mechanism
Clinical 
phase

Combination 
compound(s) References

Nesvacumab Anti-Ang2 
mAb

Angiogenesis 
blockade

Phase Ib Ziv-aflibercept [281]

MNRP1685A Anti-NRP1 
antibody

Angiogenesis 
blockade

Phase I As adjuvant 
treatment

[280]

Abbreviation: Ang-2 angiopoietin-2, COX cyclooxygenase, CSF colony-stimulating factor, CTLA-4 cytotoxic 
T-lymphocyte-associated protein 4, IDO indoleamine 2,3-dioxygenase, IL interleukin, MDSC myeloid-derived suppres-
sor cell, NRP1 Neuropilin-1, PD-1 programmed cell death protein 1, PD-L1 programmed cell death 1 ligand 1, PGE2 
prostaglandin E2, TAM tumor-associated macrophage, TLR Toll-like receptor
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targeting CCL2-CCR2 into clinical benefit in 
patients with neoplastic diseases. The confined 
mobilization of monocytes from the bone mar-
row, which is triggered by interference with 
CCL2-CCR2 axis, may be partially responsible 
for some drug-related adverse events [110]. In 
addition, other chemokines emerge as hopeful 
targets for abating intratumoral macrophage 
accumulation. For example, genetic deletion of 
CCL3 or its receptor CCR1 confines pulmonary 
retention of MAMs and metastatic seeding of 
breast cancer cells [182]. CXCR4 has a pivotal 
role in the trafficking of monocytes or macro-
phages to CXCL12-rich tumor sites, leading to 
tumor reoccurrence and therapeutic bluntness 
[33, 34]. Antitumor efficacy of plerixafor, a 
CXCR4 antagonist, in combination with G-CSF, 
has been proved in patients with non-Hodgkin’s 
lymphoma [235].

16.9.2  Inhibition of TAM Recruitment 
by CSF1-CSF1R Axis

As the major orchestrator for monocyte- 
macrophage lineage, CSF-1 has profound effects 
on macrophage growth, differentiation, and 
recruitment to the tumor region [29, 236]. In 
patients with breast cancer, CSF-1 is abundantly 
expressed and associated with poor prognosis 
[28]. Interruption of CSF1-CSF1R signaling in 
preclinical studies breaks the EGF-CSF1-positive 
feedback loop, curbs tumor metastasis, and 
increases the therapeutic sensitivity of cytotoxic 
agents and irradiation in mammary tumors [121, 
123, 202].

Studies have shown tissue-specific reduction 
of TAMs and enrichment of intratumoral CD8+ T 
cells in the MMTV-PyMT model following the 
administration of PLX3397 [77] or BLZ945 
[237], which are both selective small-molecule 
inhibitors of CSF1R. In a phase Ib study, combi-
nation of PLX3397 and paclitaxel is generally 
well tolerated, which raises plasma CSF-1 level 
and reduces circulating CD16+CD14+monocytes 
in breast and other solid tumors [238]. Unlike 
PLX3397 and BLZ945, emactuzumab (RG7155) 
is a monoclonal antibody that represses CSF1- 

dependent or CSF1-independent activation of 
CSF-1R by obstructing receptor dimerization 
[239]. In a phase I clinical trial, comparison of 
pretreatment and on-treatment biopsy samples 
from patients with mammary and other solid 
malignancies shows that administration of 
RG7155 attenuates CSF-1R+CD163+ TAM infil-
tration and reconstructs intratumoral T-cell com-
position by increasing CD8/CD4 ratio [239]. 
Besides, the monoclonal anti-CSF-1R antibody 
AMG 820 boosts secretion of serum CSF-1 and 
reduces skin macrophages in patients with vari-
ous advanced solid tumors [240]. A recent study 
elucidates that Pexidartinib (PLX3397) mediates 
prolonged regression in tumor volume in patients 
with tenosynovial giant cell tumors, a rare type of 
sarcoma characterized by overexpression of 
CSF1R [241]. Albeit the validity of CSF1R abla-
tion has been confirmed in several tumors, clini-
cal trials investigating the efficacy of these drugs 
on tumor growth and metastasis in breast cancer 
are ongoing.

Unexpectedly, in 4T1.2 and EMT6.5 breast 
carcinomas, blockade of CSF-1R/CSF-1 elicits 
neutrophil expansion and accelerates spontane-
ous metastasis to the lung and spine, which is 
reversed by neutralizing anti-G-CSFR antibody 
treatment [242]. Although the detrimental out-
come occurs in specific tumor models, the com-
pensatory upregulation of other signals like 
G-CSF and infiltration of tumor-associated neu-
trophils may rescue anti-CSF1R treatment- 
mediated tumor repression. Furthermore, 
continuous CSF-1R inhibition results in enhanced 
IGF-1 secretion by TAMs into the extracellular 
microenvironment in response to IL-4/IL-4R 
pathway. Activation of IGF-1R on tumor cells 
sustains tumor growth and induces acquired 
resistance to anti-CSF-1R treatment in gliomas 
[243]. The mechanisms of CSF-1R blockade tol-
erance in breast cancer are yet to be determined, 
as well as whether a rise of IGF-1 production 
occurs during the process. Unlike CCR2 inhibi-
tion working upon CCR2+ monocytes in the 
bloodstream or bone marrow [232], the efficacy 
of anti-CSF1R drugs is dependent on and limited 
by their ability to access the neoplastic region. In 
addition, macrophage depletion in the non-tumor 
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tissue and organs is observed in nonhuman pri-
mates following CSF1R ablation, suggesting that 
the off-target activity can be a significant concern 
for this kind of agents moving forward. Thanks to 
its tumor-depleting effects [48, 77, 206, 244], 
ablation of CSF1/CSF1R may be a promising 
therapeutic strategy to complement the standard- 
of- care therapeutic regimens by compromising 
the recruitment of tumor-promoting TAMs.

16.9.3  Depletion of TAMs or Their 
Progenitors

Depletion of TAMs or their progenitors is an 
attractive and promising therapeutic option to 
lessen their support for tumor growth, distant dis-
semination, and therapeutic tolerance. For 
instance, chemotherapeutic agents such as 
docetaxel [198] and doxorubicin [199, 245] can 
confine tumor progression partially through TAM 
eradication in breast cancer.

Bisphosphonates (BPs) are antiresorptive 
drugs for osteoporosis and skeletal complications 
related to metastatic cancers, which can be 
engulfed by and lead to apoptosis of bone macro-
phages [246]. Plentiful evidence, both in vitro 
and in vivo, shows that BPs exert great influence 
over TAMs by inducing apoptotic cell death, 
dampening their proliferation, impairing their 
protumoral functions, and even reprogramming 
TAMs to tumoricidal phenotype [247], among 
which zoledronic acid is the most potent one 
[248]. Early seminal work by Diel and coworkers 
elucidated the extraskeletal effect of clodronate 
which caused a significant reduction in both bony 
and visceral metastases in patients with primary 
breast cancer and detectable cancer cells in the 
bone marrow [249]. In accordance, tumor- 
infiltrating CD11b+F4/80+macrophages and 
MDSCs were significantly reduced in amino- 
bisphosphonate- treated BALB-neuT mice, along 
with dropped serum pro-MMP-9 and VEGF and 
impaired tumor growth [250]. Furthermore, zole-
dronic acid hampers the initiation and growth of 
ErbB-2-driven mammary carcinomas by decreas-
ing intratumoral macrophages and VEGF release. 

Residual macrophages show recovery in the pro- 
inflammatory properties with reduced IL-10 but 
augmented IFN-γ secretion [251]. A study utiliz-
ing real-time intravital microscopy provides 
unequivocal evidence that BPs access extraskel-
etal breast cancer via highly leaky tumor vascula-
ture, where they initially bind to granular 
micro-calcifications. These BP-coated micro- 
calcifications undergo rapid and efficient inter-
nalization in vivo by TAMs, which leads to their 
functional subversion and depletion [252].

Accumulating evidence indicates that BPs 
improve the survival of breast cancer patients, 
independent of their antiresorptive effects on the 
skeleton. Collaborative meta-analyses found sig-
nificant reductions not only in bone recurrence 
but also in extraskeletal distant relapse and breast 
cancer mortality in a subgroup of postmeno-
pausal women from 18,766 patients with early- 
stage breast cancer randomized in trials of 
adjuvant BPs. However, the treatment had no 
apparent effect on distant reemergence or cancer 
mortality among premenopausal women [253]. 
In another clinical trial with a 94.4-month median 
follow-up, the addition of zoledronic acid to 
endocrine therapy improved disease-free survival 
in premenopausal patients with endocrine- 
responsive early-stage breast cancer, who 
received ovarian suppressive therapy simultane-
ously [254, 255]. Similar results were observed 
in a 1:1 randomized trial in 3323 women with 
breast cancer receiving daily oral clodronate as 
adjuvant therapy, whereas the subpopulation of 
postmenopausal women showed postponement 
in bone and non-bone metastasis and tumor 
reemergence [256]. These findings highlight the 
influence of reproductive hormones on the antitu-
mor efficacy of BPs. Even though they offer no 
overall benefit in a mixed group of breast cancer 
patients [257], BPs delay extraskeletal recurrence 
and improve survival outcome in patients with a 
naturally or medically induced menopause. 
Inasmuch, it is tempting to consider BPs as adju-
vant agents in the administration of early breast 
cancer in a broader range of postmenopausal and 
ovarian-suppressed premenopausal women to 
reduce mortality and extend survival.
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16.9.4  Reprograming Macrophages 
Toward a Tumoricidal 
Phenotype

As mentioned above, invasion-promoting TAMs 
regain Fc-dependent phagocytic and tumoricidal 
capacities in the presence of mAb [42]. The plas-
ticity of TAMs provides a compelling rationale to 
reeducate intratumoral macrophages and exploit 
their antitumor properties rather than TAM deple-
tion or destruction, for developing therapeutic 
approaches.

Functional skewing of macrophages from anti-
inflammatory M2-like population toward a tumor-
icidal phenotype has been achieved via activation 
of Toll-like receptors (TLRs) on TAMs. In pre-
clinical studies, topical administration of imiqui-
mod, a TLR7 agonist, synergizes with local 
irradiation and low-dose cyclophosphamide in 
tumor regression and metastasis abrogation in 
both the local region and distant field (abscopal 
effect) [258]. A phase II trial unveiled that imiqui-
mod treatment achieved a partial response rate of 
20% in women with refractory breast cancer cuta-
neous metastases. The posttreatment increased 
tumor-infiltrating T lymphocytes and induced a 
Th1 cytokine profile, suggesting an immune-
mediated response [259]. A case report described 
that the addition of topical imiquimod to systemic 
therapy successfully led to a partial regression of 
cutaneous metastases in the patient with refractory 
breast cancer [260]. Application of imiquimod in 
combination with albumin-bound paclitaxel elicits 
an overall objective response rate of 72% in 
treatment- resistant breast cancer with chest wall 
metastases, though the duration of response is lim-
ited [261]. Meanwhile, pretreatment elevation of 
PD-1+ T lymphocytes and M-MDSCs predicts 
suboptimal or no response, raising arguments for 
the efficacy of combining immunotherapy with 
inhibition of MDSC recruitment to TLR7 agonist 
[261]. Similarly, the TLR9 agonist MGN1703 is 
effective in the retardation of disease progression 
in patients with various metastatic solid tumors 
[262]. These results support TLR stimulation as a 
viable therapeutic strategy to recover the antineo-
plastic activities of TAMs and render immune- 
dependent tumor growth control.

PGE2 is an instrumental prostanoid lipid in 
breast cancer that is associated with induction and 
maintenance of M2-like macrophage polarity and 
supports tumor evasion of immune surveillance 
[50]. Among TAMs isolated from breast cancer 
tissue, COX-2 is abundantly expressed and cor-
related to poor prognosis [74]. The use of COX 
inhibitors, particularly aspirin, is associated with 
protection against tumor progression and metasta-
sis in patients with cancer. In a cohort study in 
women with stage I–III breast cancer, prediagnos-
tic application of aspirin elicited dose- dependent 
protection against lymph node metastasis and a 
significant reduction in 5-year breast cancer-spe-
cific mortality among lymph node- negative sub-
group of patients [263]. Moreover, aspirin 
administration in mammary tumors with mutant 
PIK3CA, which encodes catalytic subunit of 
PI3K, attenuates tumor viability and growth inde-
pendent of the effect on COX-2 and NF-κB but 
via activation of AMPK pathway and restraint of 
mTORC1. The addition of a PI3K inhibitor syner-
gizes with aspirin and further damages tumor pro-
gression, suggesting a combination therapeutic 
regimen for patients with breast cancer [264].

With the aim of circumventing unwarranted 
robust macrophage activation and systemic 
inflammation, a novel and attractive strategy to 
subvert the protumoral microenvironment is 
developed by taking advantage of the tumor- 
homing ability of TAMs. Genetically engineered 
TEMs are capable of mediating preferential 
transgenic expression of inflammatory stimuli 
within the tumor. In distinct breast cancer mod-
els, tumor-specific IFN-α delivery by transgenic 
TEMs blunts the angiogenic properties of macro-
phages and advances the recruitment of effector 
T cells into neoplastic sites, leading to repression 
of tumor development and abrogation of metasta-
sis with limited systemic toxicity [265, 266].

Redirection of intratumoral macrophages has 
been achieved through manipulation of a variety of 
molecules or signaling. Targeted loss of MerTK 
from tumor-educated macrophages, which is a sig-
nificant member of the  TYRO3/AXL/MerTK 
receptor tyrosine kinase family, favors the pro-
inflammatory properties of macrophage and CD8+ 
T-cell infiltration [56]. The host-produced histidine-
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rich glycoprotein (HRG) in tumor stroma combats 
tumor progression by redirecting TAMs away from 
the tumor protectors, wherein deletion of TAMs 
counteracts the antitumor effects of HRG [267]. By 
hampering ROS generation, BHA triggers reduc-
tion in M2-like TAM infiltration and hinders tumor-
igenesis in MMTV-PyMT models [53]. Tumor 
local delivery of IL-21 fuels the cytotoxic proper-
ties of macrophages and subsequently reverses the 
extrinsic resistance of anti-Her2/Neu treatment, 
highlighting its therapeutic significance [268]. 
Conventional tumoricidal agents like DTX and 
DOX damage the angiogenic and pro-metastatic 
activities of TAMs while restoring their production 
of pro-inflammatory cytokines, which may partially 
account for the therapeutic efficacy of these regi-
mens [198, 199, 269].

The efforts to change TAM polarization are 
still in their infancy, and further investigations are 
demanded to alleviate off-target effects. 
Nevertheless, the above findings imply that reed-
ucation of TAMs and exploitation of their tumor-
icidal potentials present promising therapeutic 
approaches against both primary cancer and met-
astatic malignancies. Attempts are therefore 
prompted to further evaluate the efficacy and 
safety of the TAM-resetting therapies.

16.9.5  Impeding the Protumor 
Functions of TAMs

It’s a promising therapeutic approach to selec-
tively target the precise tumor-promoting mecha-
nisms of macrophages while sparing the 
antitumor and homeostatic functions of cells 
within the tumor or throughout the body.

Interference of interaction between immune 
checkpoints and their ligands on macrophages 
sets up a significant and potent obstacle to the 
immune-blunting activities of TAMs. It’s clini-
cally proved that PD-1 blockade by MPDL3280A 
is efficient in 19% of patients with PD-L1- positive 
TNBC [270]. A phase Ib study has described the 
anti-PD-1 antibody pembrolizumab as an effica-
cious and tolerated regimen with an overall 
response rate of 18.5% and long-lasting response 
in women with refractory advanced TNBC [271, 

272]. However, the anti-CTLA-4 antibody treme-
limumab is less effective in patients attacked by 
metastatic ER-positive breast cancer in combina-
tion with exemestane [273]. Selective targeting of 
PI3Kγ isoform in preclinical data impedes the 
progression of checkpoint blockade-resistant 
mammary tumor by switching the suppressive 
phenotype of myeloid cells toward pro-inflamma-
tory population [274]. The safety and antitumor 
activity of IPI549, a selective small-molecule 
PI3Kγ blocker, alone and in combination with 
PD-1 inhibitor, are currently being tested in a clin-
ical trial (clinicaltrials.gov identifier 
NCT02637531).

The ubiquitous expression of IDO has a criti-
cal role in the immune evasion of cancer cells 
with the assistance of TAMs. Preclinical studies 
demonstrated that IDO ablation combined with 
cytotoxic agents was synergistic in murine breast 
cancer. Indoximod, a broad IDO pathway blocker 
tested in a phase I clinical trial for metastatic 
solid tumors, showed tolerability and therapeutic 
activity in combination with docetaxel [275]. A 
phase II randomized trial of indoximod combin-
ing chemotherapy demonstrates safety data com-
patible with that of docetaxel and paclitaxel 
without immune-specific serious adverse events. 
The trial research is now ongoing to examine the 
anticancer efficacy of indoximod in metastatic 
breast cancer [276].

ADCC and ADCP are essential in tumor erad-
ication. Nevertheless, the transmembrane glyco-
protein CD47, which is highly expressed on 
BCCs [277], delivers a “don’t eat me” signal 
through its receptor signal-regulatory protein α 
(SIRPα) on macrophages. Blockade of CD47- 
SIRPα interaction with anti-CD47 mAbs potenti-
ates macrophage phagocytosis and tumor 
suppression in an orthotopic mouse mammary 
tumor model as well as a xenotransplantation 
model established with BCCs from patient sam-
ples [277]. In concert with it, the CD47-binding 
recombinant fusion protein TTI-621(SIRPαFc) 
boosts macrophage cytotoxicity in breast and 
other cancers, with limited interaction with 
human erythrocytes [278].

The surface molecule Nrp1 on TAMs is criti-
cal for the transactivation of VEGFR1 in a 
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PlexinA1/4-dependent mechanism [36]. Genetic 
or pharmacologic ablation of Nrp1 on macro-
phages retains their entrapment in oxygen-rich 
areas and restrains their proangiogenic and 
immune-evading potential, leading to suppres-
sion of tumor development and dissemination 
[36, 279]. The human mAb MNRP1685A, which 
effectively blocks the VEGF-binding domain of 
Nrp1, is currently under clinical evaluation and 
found to be well tolerated in patients with 
advanced solid tumors in a phase I study [280].

In the murine transgenic model, targeting the 
Ang2/Tie2 axis compromises the angiogenic 
property of TAMs and normalizes the neoplastic 
vasculature, bringing great hindrance to tumor 
development and spreading [115, 219]. 
Preliminary anticancer efficacy and safety profile 
of combining nesvacumab, a selective Ang-2 
mAb, to anti-VEGF therapy has also been 
described in a clinical study in patients with 
advanced solid malignancies [281].

Although many novel TAM-targeting agents 
display preliminary efficacy in clinical trials, it 
remains a significant challenge to identify consis-
tent biomarkers and select patients who will ben-
efit from the appropriate use of drugs modulating 
macrophage function. Development of nanopar-
ticulate formulations might offer an opportunity 
to interfere the expression of protumoral gene for 
they can cross the membrane barrier while mAbs 
and small-molecule inhibitors cannot. With 
growing knowledge of neoplasm and TAMs, new 
regulatory node will continuously be discovered, 
which will give rise to the emergence of novel 
targeted therapies.

16.10  Conclusions 
and Perspectives

With ongoing attempts to decipher TAMs, their 
roles in tumor development and therapeutic 
response begin to emerge. Cells of the monocyte- 
macrophage lineage are key players in inflamma-
tion regulation. Intratumoral macrophages have 
multiple origins, while recruitment of circulating 
monocytes in response to a variety of chemoat-
tracting molecules represents the predominant 

source. In the context of breast cancer, TAMs 
undergo reprogramming and adopt tumorigenic 
phenotype, which indicates their pivotal effects 
on tumor angiogenesis, immune evasion, distant 
metastasis, and therapeutic tolerance.

The findings discussed above provide compel-
ling rationales for therapeutic targeting of TAMs 
and serve as preclinical experimental data for 
new drug exploitation. Indeed, some TAM- 
targeting agents have already been proved effec-
tive in tumor control, especially in melanoma. A 
plethora of clinical trials are underway testing 
drugs designed to inhibit TAM infiltration, delete 
tumor-educated macrophages, or block their pro-
tumoral activities. However, further studies are 
still in need to address the definition of macro-
phage subpopulations and the key factors regu-
lating their various protumoral functions in 
different subtypes of breast cancer. The advent of 
single- cell analysis techniques will facilitate 
studies on cell heterogeneity and cellular-specific 
response patterns to environmental cues and ther-
apeutic agents.

It remains a significant challenge to selectively 
target the protumor population of TAMs or their 
tumorigenic mechanisms without serious impact 
on tissue-resident macrophages and systemic 
inflammation. In addition to TAMs, tumor- 
associated neutrophils and mesenchymal stem cells 
play critical roles in neovascularization, immuno-
suppression, and metastasis. These cells may limit 
the antitumor efficacy of therapeutic agents target-
ing TAMs, probably through a compensatory 
influx. Studies are warranted to determine the ther-
apeutic response of TAM-targeting agents in breast 
cancer in combination with various standard-of-
care treatment or other novel interventions repro-
gramming the microenvironment.
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New Approaches in CAR-T Cell 
Immunotherapy for Breast Cancer

Jinghua Wang and Penghui Zhou

Abstract

Despite significant advances in surgery, chemotherapy, radiotherapy, 
endocrine therapy, and molecular-targeted therapy, breast cancer remains 
the leading cause of death from malignant tumors among women. 
Immunotherapy has recently become a critical component of breast cancer 
treatment with encouraging activity and mild safety profiles. CAR-T ther-
apy using genetically modifying T cells with chimeric antigen receptors 
(CAR) is the most commonly used approach to generate tumor-specific T 
cells. It has shown good curative effect for a variety of malignant diseases, 
especially for hematological malignancies. In this review, we briefly intro-
duce the history and the present state of CAR research. Then we discuss 
the barriers of solid tumors for CARs application and possible strategies to 
improve therapeutic response with a focus on breast cancer. At last, we 
outlook the future directions of CAR-T therapy including managing tox-
icities and developing universal CAR-T cells.
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17.1  Introduction

Breast cancer is the most diagnosed cancer in 
women. Despite significant advances in surgery, 
chemotherapy, radiotherapy, endocrine therapy, 
and now molecular-targeted therapy, breast can-
cer remains the leading cause of death from 
malignant tumors among women [1, 2]. After 
decades of researches and trials, it seems that 
manipulation and utilization of antitumor proper-
ties of the immune system have begun to show 
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promise for a variety of tumors [3, 4]. Through 
the years, many advances have been made in the 
immunotherapy of breast cancer. Immunotherapy 
has become an important part of breast cancer 
treatment, along with encouraging activity and 
mild safety.

Immunotherapy for breast cancer involves a 
wide range of therapies including monoclonal 
antibodies (mAbs), vaccinations, immune check-
point inhibition, and adoptive T-cell transfer 
immunotherapy. HER-2/neu monoclonal anti-
body has been successfully used in treatment for 
breast cancer patients. However, overexpression 
of HER-2/neu accounts for only 25–30% of 
breast cancer patients. Vaccinations induce spe-
cific antitumor immunity, but objective tumor 
regression is rarely observed in clinic [5]. 
Cytotoxic T cells play a key role in immune- 
mediated control of cancer [6–12]. Plenty of 
studies have proved that the extent of cytotoxic T 
cell-infiltrating tumors is a key factor in deter-
mining the natural progression of a variety of 
cancers [6–9, 13–15]. Over the past two decades, 
T-cell-based immune therapy has gained general 
acceptance with its curative potency for several 
types of malignant diseases [16]. Current T-cell- 
based immune therapies are generally based on 
two methods. The first involves the isolation of 
antitumor T lymphocytes from the primary tumor 
tissues of the patients, which is called tumor- 
infiltrating lymphocytes (TILs). However, due to 
the difficulties of TIL isolation and culture, TIL 
therapy is limited to a few types of tumors with 
high number of TIL [17]. Another way is to gen-
erate T cells with a predetermined antitumor 
specificity via gene therapy-based approaches. 
There are two gene modification strategies, 
including TCR gene transfer and chimeric anti-
gen receptor (CAR) gene transfer, which are used 
to endow polyclonal T cells with an antigen spec-
ificity of choice. We highlight the CAR-T cell 
therapy in this review.

17.2  Present State of CAR-T 
Therapy

Genetically modifying T cells with CARs is the 
most common method of producing tumor- 
specific T cells. CARs usually consist of an extra-
cellular ligand-binding domain of a single-chain 
antibody (scFv), a hinge, a transmembrane 
domain, a cytoplasmic signaling chain, and/or 
costimulatory molecules. CAR-engineered T 
cells combine the specificity of mAbs with the 
homing and killing capacity of T cells. 
Specifically, CAR-T cell therapy is considered to 
have several advantages when compared with 
other cellular immunotherapies. Firstly, CAR-T 
cells are generated using nonspecifically acti-
vated polyclonal T cells. Therefore, they over-
come the difficulty of isolation and amplification 
of natural tumor-specific CD4+ and CD8+ T 
cells [18, 19]. Secondly, CAR-T cells recognize 
the target antigens in a MHC-independent man-
ner. This property enables CAR-T cells to recog-
nize target cells with reduced HLA expression or 
antigen processing, which are considered as an 
important factor in tumor immunological escape 
[20–22]. Thirdly, CAR-T cells can home to tumor 
sites actively and specifically and possess the 
capacity to expand and persist over a long term 
after tumor recognition in vivo. Therefore, 
CAR-T cells targeted to tumor-associated anti-
gens (TAAs) may be more effective than mAbs in 
producing long-lasting tumor responses [23]. 
Another particular advantage of CAR-T cells is 
the capacity to cross the blood–brain barrier [24]. 
This characteristic is highly useful for treating 
malignant tumors that involve in or have been 
transferred to the central nervous system, though 
adverse reactions relevant to central nervous sys-
tem must be considered as well.

The concept of the CAR was put forward by 
Gross and colleagues in 1989, who fused the anti-
body-binding domain Fab with the TCR signaling 
domain CD3ζ and named it as T body. Since then, 
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different generations of CAR-T cells have been 
claimed with confusing definition. In our opinion, 
based on the three signals required for T-cell acti-
vation, which are TCR, costimulation, and cyto-
kine, CAR-T cells could be divided into three 
generations (Fig. 17.1). The first generation of 
CARs contained scFv and only a single signaling 
domain derived from CD3ζ [25]. However, the 
effect of the first-generation CAR trials was dis-
appointing. Both complete T-cell activation and 
prevention of apoptosis required a costimulatory 
signal [26]. The second-generation CARs were 
subsequently developed, which contained two or 
three costimulatory signal domains of CD28 and/
or 4-1BB, or other costimulatory molecules, to 
complete the activation signal of the CAR-T cells 
[27, 28]. The third-generation CARs were embed-
ded into a cytokine cassette which endowed the 
CAR-T cells with a better function or survival 
environment. Other features such as migration, 
homeostatic proliferation, suppression resistance, 
etc. were subsequently embedded into CAR-T 
cells, which were described as TRUCK CAR-T 
cells [29, 30]. For example, the transgenic cyto-
kine IL-12 produced by TRUCK T cells not only 
improves T-cell activation and modulates the 
immunological environment but also recruits 
other immune cells for the fight against those anti-
gen-negative cancer cells that are not recognized 
by CAR-T cells. Other cytokines like IL-23, 
IL-27, and IL-15 are alternative payload for 
TRUCK T cells. In treatment for solid cancer, 

such TRUCK T cells might have an advantage to 
modulate the tumor environment, thus enhancing 
the T-cell antitumor response [31, 32].

T cells engrafted with CAR recognize a wide 
variety of TAAs expressed on a broad range of 
tumors, representing both solid and hematologic 
malignancies. One of the most impressive clinical 
results ever achieved by CAR-T cells is that poly-
clonal T cells express CD19-specific CARs with 
CD28-CD3ζ or 41BB-CD3ζ as signaling domains 
[24, 33–37]. Complete responses were achieved 
after infusion of 2nd generation CAR-T cells in 
patients with CD19+ hematological malignancies 
including NHL, acute lymphoblastic leukemia 
(ALL) and chronic lymphocytic leukemia (CLL). 
There are also clinical studies with 2nd generation 
CAR-T cells specific for the κ-light chain of 
human immunoglobulin or for CD30. Clinical 
responses including CRs have been observed [38, 
39]. In contrast to B-cell malignancies, clinical 
experiences of CARs in treatment of T-cell or 
myeloid-derived malignancies are limited.

17.3  CAR-T Therapy for Breast 
Cancer: Problems 
and Solutions

CAR-based therapy for solid tumors involves the 
use of CARs targeting colorectal cancer [40, 41], 
ovarian cancer [42], prostate cancer [43], 
metastatic renal cell carcinoma, and so on [44]. 

1° VH VL TM CD3ζ

2° VH VL TM CD3ζCO

3° VH VL TM CO CD3ζ Cytokine

Fig. 17.1 The evolution of chimeric antigen receptors 
(CARs). CARs are classified into first-generation (one), 
second-generation (two), or third-generation (three) 

CARs. Abbreviation: VH heavy chain variable region, VL 
light chain variable region, TM transmembrane domain, 
CO costimulatory signaling domain
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There are also studies targeting HER-2, Lewis Y, 
mesothelin, folate receptor alpha (FR-α), and 
Muc1 for breast cancer in vitro and in animal 
models [28, 40, 45–55]. HER-2 expression is 
known to impact breast cancer recurrence and 
ultimately survival [56]. The use of anti-HER2 
mAbs has significantly improved breast cancer 
prognosis. HER-2-targeted therapies are now a 
main component of HER-2 overexpressing breast 
cancer treatment [57, 58]. There are several clini-
cal trials of CAR-T cells targeting HER-2 in 
progress, such as a phase I/II study of HER-2-
targeted CAR-T cells in chemotherapy or HER-2 
antibody inhibitor therapy for refractory HER-2- 
advanced breast cancer (NCT01935843) and a 
phase II study of anti-CD3 x anti-HER2/Neu- 
armed activated T cells after second-line chemo-
therapy in women with HER2/Neu (0, 1+ or 2+) 
metastatic breast cancer (NCT01022138). 
Moreover, clinical trials of CAR-T-cell therapy 
targeting other antigens for patients with breast 
cancer are ongoing, including a phase I study of 
CAR-T cells targeting cMet, which is aberrant 
activation in cancer and correlates with poor 
prognosis, in metastatic breast cancer refractory 
to at least one standard treatment or newly diag-
nosed patients with operable triple-negative 
breast cancer (TNBC) (NCT03060356), and a 

phase I study of CAR-T cells targeting mesothe-
lin, a tumor antigen associated with TNBC, in 
metastatic HER2-negative breast cancer 
(NCT02580747). Despite the successes in treat-
ing hematological malignancies, CAR-T cells 
have encountered significant challenges for treat-
ment of solid tumors [44, 59–62]. Some of the 
key problems are the rarity of target antigens, 
limited persistence of the CAR-T cells, ineffi-
cient homing of T cells to tumor sites, and less 
cytotoxicity in the local tumor immunosuppres-
sive microenvironment [63]. The preclinical and 
clinical studies on treatment for breast cancer 
with CAR-T therapy are summarized in 
Table 17.1.

17.3.1  Target Antigen

Antigens currently targeted in clinical studies 
include HER2, mesothelin, CEA, carbonic 
anhydrase IX (CAIX), FR-α, CD171, GD2, 
EGFRvIII, fibroblast activation protein (FAP), 
and vascular endothelial growth factor receptor 
2 (VEGF-R2) [64]. Like other forms of cancer 
immunotherapy, CARs should ideally target 
antigens that are expressed only on cancer cells 
but not on normal tissues. Besides, unlike the 

Table 17.1 Preclinical and clinical studies on treatment for breast cancer with CAR-T therapy

Antigen Gene transfer
Signaling 
domain Clinical trial identifier Phase References

ERBB2 γ-retrovirus CD28, 
4-1BB, CD3ζ

– – [31]

ErbB Retrovirus CD28, CD3ζ – – [36]

ErbB2 Retrovirus CD28, 
4-1BB, CD3ζ

– – [37]

ErbB2 Retrovirus CD28, CD3ζ – – [38]

Mesothelin Lentivirus 4-1BB, CD3ζ – – [51]

Lewis-Y Retrovirus CD28, CD3ζ – – [43]

MUCI Retrovirus CD28, OX40, 
CD3ζ

– – [55]

FRα Lentivirus CD27, CD3ζ – – [46]

Her-2 4-1BB, CD3ζ NCT01935843 I/II –

CD3 × HER2 NCT01022138 II –

cMet RNA electroporated 4-1BB, CD3ζ NCT03060356 I –

Mesothelin Retrovirus 4-1BB, CD3ζ NCT02580747 I –
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native TCR, the CARs containing scFv only rec-
ognize target antigens expressed on the cell sur-
face, rather than internal antigens which are 
processed and rendered by the cells’ 
MHC. Consequently, only few solid tumor anti-
gens are available, though numerous antigens 
are being actively explored for CAR-T cell ther-
apy. An alternative approach is to target antigen-
MHC complex, which could make intracellular 
antigens available, though the generation of this 
kind of antibody is quite difficult. Conventional 
T cells only recognize single antigens, but 
CAR-T cells could be genetically modified to 
recognize multiple antigens, which should allow 
the recognition of unique antigen expression 
patterns on tumor cells. One example is the 
“split signal CARs,” which limit full T-cell acti-
vation to tumors that express multiple antigens 
[43, 65, 66]. Other strategies for recognizing 
multiple antigens include tandem CARs, 
ectodomains of which are 2 scFvs [67], and so-
called universal ectodomain CARs that incorpo-
rate avidin or a fluorescein isothiocyanate-specific 
scFv to identify tumor cells incubated with 
labeled monoclonal antibodies [43, 65, 68, 69]. 
Another possible concern is immune escape. 
Antigenic shift may cause tumor cells to pro-
duce new tumor antigens that may not be identi-
fied by the original CAR-T cells. Such escape 
variants are not rare because most of the cancer 
cells are genetically unstable [70]. Immune 
escape, previously described as a drug resis-
tance mechanism in chemotherapy, may become 
a dilemma in cell-based therapies. The risk of 
immune escape can be reduced by targeting 
multiple antigens. Another solution is to target 
antigens that are expressed on the tumor stroma. 
The tumor stromal compartment supports tumor 
growth directly by secreting cytokines and 
growth factors, providing nutrients, and contrib-
uting to tumor-induced immunosuppression 
[71]. Moreover, tumor stroma is demonstrated 
to be genetically more stable by studies target-
ing FAP expressed on cancer- associated fibro-
blasts or VEGFR-2 expressed on the endothelial 
cells of the tumor vasculature [72–75].

17.3.2  Persistence

It is important to achieve high levels of CAR-T 
cells persisting in the peripheral circulation of 
patients, in order to ensure sufficient cells are 
available to penetrate into tumor sites. Early trials 
using the first generation of CAR-T cells target-
ing ovarian [76] and renal cell antigens [44] indi-
cated that the lack of persistence might be 
induced by lack of patient preconditioning or 
anti-CAR immune responses. CARs were then 
added with costimulatory signals to improve per-
sistence in vivo, particularly when administered 
to lymphodepleted hosts [36, 77, 78]. Another 
effort to improve the persistence of CAR-T cells 
focuses on the range of cytokines that are used to 
culture the T cells. IL-2 has been selected as an 
essential cytokine to drive the expansion of T 
cells in vitro. There are other cytokines including 
IL-15, IL-7, and IL-21 that can result in cultured 
T cells preferential to IL-2-expanded T cells. 
Studies show that IL-15 can promote the prolif-
eration of T lymphocytes, prevent apoptosis and 
exhaustion [79, 80], reverse anergy [79], stimu-
late long-lasting antigen-experienced memory 
cells [81], and overcome Treg-mediated inhibi-
tion [82–85]. IL-7 plays an important role in 
maintaining the homeostasis of mature T cells 
and the maintenance of memory T cells [86]. 
Meanwhile, CAR-T cells can be genetically 
modified to produce cytokines to improve the 
expansion and persistence in vivo while avoiding 
systemic toxicity [30, 82, 84, 87]. The function of 
CAR-T cells may be enhanced not only by add-
ing stimulatory signals (costimulation, cytokines/
cytokine receptors) but also by blocking down 
regulatory signals. Antibodies that block the pro-
grammed death-1 (PD-1) receptor or the PD-L1 
ligand or the cytotoxic T-lymphocyte-associated 
antigen 4 (CTLA-4) have produced encouraging 
clinical results as single agents [3, 88]. 
Convincing evidence also demonstrates their 
benefit for triple-negative breast cancer [89]. The 
combination of these antibodies with CAR-T 
cells prolongs the effector function of CAR-T 
cells at tumor sites, which is a logical evolution 
of current clinical strategies.

17 New Approaches in CAR-T Cell Immunotherapy for Breast Cancer



376

Besides, the source and phenotype of T cells 
used to generate CAR-T cells will affect the lat-
ter’s persistence. Selecting T cells that express 
naive markers such as CD62L before the genetic 
modification may produce CAR-T cells that 
possess better persistence ability than effector 
or more differentiated T cells [90]. Alternatively, 
virus-specific cytotoxic T lymphocytes (CTLs) 
have the potential for life-long persistence, and 
the CTLs contain both CD4+ and CD8+ subsets, 
with the latter being a critical compartment for 
the former’s long-term persistence [91, 92]. 
Virus-specific CTLs also feature expression of 
homing/chemokines receptors commensurate 
with their capacity for trafficking to and resid-
ing in the designated lymphoid or non-lymphoid 
tissues [93]. Memory T-stem cell could differ-
entiate into memory T cells, leading to a con-
tinuous supply of CAR-T cells. On the other 
hand, hematopoietic stem cells could be engi-
neered with CARs to produce CAR-T cells in a 
sustained way [94].

17.3.3  Homing

Since the direct binding of tumor antigen is the 
primary condition of CAR to display its func-
tion, the efficient migration of CAR-T cells into 
tumor sites is essential to the success of the 
CAR-based therapeutic approach. The success 
of CAR-T cell therapy for B-cell malignancies 
is probably caused by the fact that the target B 
cells are readily accessible to CAR-T cells and 
express a variety of costimulatory receptor 
ligands that can promote CAR-T cell function 
[95]. Chemokines play an important role in the 
migration of lymphocytes [96], as typified by 
recent studies [97–99]. However, the chemokine 
system is complex. Therefore, it is important to 
develop a strategy to make use of the important 
homing chemokines and avoid the potential reg-
ulatory effect of other tumor-expressed chemo-
kines, in order to achieve efficient targeting of 
CAR-T cells [17].

17.3.4  Tumor Microenvironment

The tumor microenvironment possesses a variety 
of pro-tumorigenic and immunosuppressive 
qualities that are consistent with supporting 
tumor growth and proliferation and with prevent-
ing the antitumor effects of the immune system. 
The tumor microenvironment comprises several 
factors such as immunosuppressive cytokines, 
regulatory modulators, and coinhibitory recep-
tors [100]. The immunosuppressive cell popula-
tions include regulatory T cells, immature 
myeloid cell populations, and tumor-associated 
macrophages [9, 101–103]. As highly complex 
interactions among different components in the 
tumor microenvironment contribute to clinical 
outcomes, CAR-T cells must be armed and thrive 
in the environment. Genetically engineering of 
the CAR vector to include dominant negative 
TGFβ receptors to overcome the adverse effects 
of tumor-derived TGFβ [104], and to adopt 
knockdown strategies to avoid apoptosis medi-
ated by Fas/Fas ligand [105] or the expression of 
survival genes such as BCL-XL [106], may pro-
tect the CAR-T cells against the tumor immuno-
suppressive microenvironment. Besides, 
transgenic expression of cytokines such as IL-15 
or IL-12 can reverse the immunosuppressive 
tumor environment. In an alternate strategy, 
silencing of genes that inhibit the function of T 
cells in the tumor microenvironment or the trans-
genic expression of constitutively active signal-
ing molecules may improve CAR-T cell function 
[105, 107]. Lastly, a combined treatment of 
agents that propagate cell-based immunothera-
pies and agents that circumvent antitumor mech-
anisms may be beneficial for CAR-T cells to 
overcome the tumor microenvironment.

17.4  Toxicities and Management

As the potency of CARs was enhanced, toxicity 
induced by this immunotherapeutic approach 
was unfortunately observed. The continued 
expansion of CAR-T cells implies that the 

J. Wang and P. Zhou



377

associated toxicities may show corresponding 
persistence and deterioration with time. “On tar-
get, off tumor” toxicity is currently a major con-
cern, which results from the activation of CAR-T 
cells by targeting antigen within healthy tissues. 
This is a well-recognized phenomenon and has 
led to several different side effects. Prevention of 
on- target toxicity requires accurate selection of 
antigens that are more restricted in their expres-
sion. Another approach is to infuse CAR-T cells 
with transient expression of the CARs only. Thus, 
the expression level decreases with the cell divi-
sion, and the transcription becomes diluted grad-
ually [108–110]. Another well-documented 
clinical side effect is systemic inflammatory 
response syndrome (SIRS) or cytokine storm, 
which is driven by a variety of cytokines, includ-
ing IFN-γ, TNF-α, IL-2 [33, 77], and the most 
important IL-6 [24]. To reduce the onset or sever-
ity of SIRS, researchers are modifying the dose 
escalation of T cells and have introduced the 
prompt use of antibodies that block the effects of 
IL-6. In addition, there are genetically modified 
T cells expressing a suicide or safety switch 
along with the CAR. These cells would retain 
their long- term expansion and expression capac-
ity, but could be eliminated by activating the sui-
cide genes once toxicity occurs [111–113]. 
Although the expression of multiple CARs in T 
cells is likely to increase safety [43, 65, 66], it 
remains to be proved whether the benefits can be 
summarized within heterogeneous human malig-
nancies, as the patterns and levels of antigen 
expression may vary between different 
malignancies.

17.5  Universal CAR-T Cells

The current standard CAR-T cell therapy requires 
autologous adoptive cell transfer, which is expen-
sive and time-consuming. For newborns and 
elder patients, it is often difficult to obtain enough 
T cells with good quality to generate patient- 
specific CAR-T cells. To make CAR-T therapy 
more accessible, it is highly desirable to develop 
an allogeneic adoptive transfer strategy, in which 

universal CAR-T cells derived from healthy 
donors can be applied to treat multiple patients 
circumventing the inherent variability of individ-
ualized patient. For this strategy to work, human 
leukocyte antigens class I (HLA-Is) on CAR-T 
cells need to be removed to minimize their immu-
nogenicity, and the T-cell receptor (TCR) on allo-
geneic CAR-T cells needs to be eliminated to 
avoid graft-versus-host disease (GVHD) [114]. 
There have been studies to efficiently generate 
CAR-T cells with TCRα subunit constant 
(TRAC) and beta-2 microglobulin (β2M) genes 
disrupted. However, these TRAC/β2M-negative 
CAR-T cells need to be further tested for their 
efficacy and safety in clinical studies [114–116].

17.6  Combinatorial CAR-T Cell 
Therapy

It may be better to fight a war with a well- 
orchestrated army than a “single bullet,” so com-
bining CAR-T cells with other therapies offers 
the potential to improve antitumor effects. For 
example, combining blocking antibodies (CTLA- 
4, PD-1, and PD-L1) to the coinhibitory recep-
tors, epigenetic modifiers that upregulate the 
expression of TAA [117], or targeted therapies 
that inhibit tumor cell growth without impairing 
T cells may be beneficial [118]. In the future, 
experimental treatment will be needed to deter-
mine how the CAR-T cell approach will be com-
bined with other therapies for solid tumors, such 
as breast cancer.

17.7  Conclusions

The general concept of CAR-T cell was invented 
about 20 years ago. CAR-T cells are changing 
from being simply “promising” to being “effec-
tive” regimens for treating hematological malig-
nancies. As we continue to improve the function 
of CAR-T cells in tumor microenvironment, 
broader application can be expected beyond 
hematological tumors and into solid tumors. 
Clinical trials comparing different genetic modi-
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fication strategies will be important in the future 
for optimizing CAR-T cell therapy, which would 
be a potentially effective method to cure breast 
cancer disease.
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Abstract

Cancer immunotherapy is emerging as the most promising novel strategy 
for cancer treatment. Cancer immunotherapy is broadly categorized into 
three forms: immune checkpoint modulation, adoptive cell transfer, and 
cancer vaccine. Immune checkpoint blockade is demonstrated as the most 
clinically effective treatment with low immune-related adverse events 
(irAE). Blockade of PD-1/PD-L1 and CTLA-4 has achieved remarkable 
success in treating various types of tumors, which sparks great interests in 
this therapeutic strategy and expands the role of immune checkpoint 
blockade in treating tumors including breast cancer. Based on the notable 
results obtained from clinical trials, the United States’ Food and Drug 
Administration (FDA) has approved multiple CTLA-4 monoclonal anti-
bodies as well as the PD-1/PD-L1 monoclonal antibodies for treatment of 
different types of tumors. The theories of immunoediting, T-cell exhaus-
tions, and co-stimulatory/co-inhibitory pathways are immunological foun-
dations for immune checkpoint blockade therapy. Breast cancers such as 
triple negative breast cancer and HER-2 negative breast cancer respond to 
immune checkpoint blockade therapy due to their high immunogenicity. 
PD-1/PD-L1 blockade has just received FDA approval as a standard can-
cer therapy for solid tumors such as breast cancer. Development of immune 
checkpoint blockade focuses on two directions: one is to identify proper 
biomarkers of immune checkpoint blockade in breast cancer, and the other 
is to combine therapies with PD-1/PD-L1 blockade antibodies to achieve 
optimal clinical outcomes.
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18.1  Introduction

Breast cancer is one of the leading causes of 
death around the world. Localized breast cancer 
can become metastatic in about 30% of patients 
[1]. Even though the improvements in radiother-
apy, surgery, chemotherapy, hormone therapy, 
and HER-2-targeted therapy have increased the 
efficacy of treatment for breast cancer, no opti-
mal option exists for treating metastatic breast 
cancer or triple negative breast cancer. Therefore, 
new approaches to treatment of these breast 
tumors are urgently needed. Over the past few 
years, immune checkpoint blockade has been 
attractively recognized as a promising novel 
strategy for cancer immunotherapy, as immune 
checkpoint inhibitors, such as PD-1-blocking 
antibodies, are capable to restore potent antitu-
mor T-cell immunity, resulting in tumor inhibi-
tion or eradication [2].

In the current era of cancer immunotherapy, 
three strategies have been conducted to treat 
patients with a wide variety of cancer types 
including breast cancer. The first one is using 
immune checkpoint blockade to unleash the anti-
tumor activity of the patients’ immune system 
such as cytotoxic T-lymphocyte-associated anti-
gen 4(CTLA-4) antibody, programmed death-1 
(PD-1) antibody, and programmed death-ligand 1 
(PD-L1) antibody. The second strategy is using 
adoptive immune cell transfer to facilitate the 
killing of tumor cells by active immune cells. The 
third one is using therapeutic vaccines to elicit 
immune responses against tumor-associated anti-
gens (TAA) or tumor-specific antigens (TSA).

18.1.1  Immune Checkpoint Blockade

Breast cancer was originally thought to be poorly 
immunogenic and thus gained little attention 
from studies on cancer immunotherapy. Recently, 

immunotherapy with immune checkpoint block-
ade targeting PD-1/PD-L1 and CTLA-4 has 
achieved remarkable success in various cancer 
treatments, arising great interests in utilizing this 
promising therapeutic strategy to compensate 
current therapies for different types of tumors 
including breast cancer.

The US Food and Drug Administration (FDA) 
has approved drugs of humanized monoclonal 
blocking antibodies against CTLA-4 [3], PD-1 
[4–6], and PD-L1 [7, 8] for cancer treatment. 
According to the data obtained from clinical tri-
als with specific, potent, and long-lasting immune 
responses in the tumors, a total of six immune 
checkpoint inhibitors have received FDA 
approval:

 1. Ipilimumab (Yervoy, Bristol-Myers Squibb), 
a human anti-CTLA-4 blocking antibody, was 
approved in 2011 for treatment of metastatic 
or unresectable melanoma patients [3, 9, 10].

 2. Nivolumab (Opdivo, Bristol-Myers Squibb) is 
a human anti-PD-1 blocking antibody 
approved in 2014 to treat different types of 
metastatic tumors [4, 5, 11].

 3. Pembrolizumab (Keytruda, Merck), a human 
anti-PD-1 blocking antibody, was initially 
approved for treatment of melanoma in 2014 
and then approved in 2016 as the first-line 
treatment for non-small cell lung cancer 
(NSCLC) according to the results from clini-
cal trials KEYNOTE-024 (ClinicalTrials.gov 
Identifier: NCT02142738) [6].

 4. Atezolizumab (Tecentriq, Genentech) is a 
human anti-PD-L1 blocking antibody that 
received approval in 2016 for treatment of 
bladder cancer as well as NSCLC based on 
the results from OAK and POPLAR of two 
clinical trials.

 5. Avelumab (Bavencio, EMD Serono, Inc), a 
human anti-PD-L1 antibody, was approved in 
2017 for treatment of bladder cancer based on 
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the results from a phase II clinical trial 
JAVELIN Merkel 200 (ClinicalTrials.gov 
Identifier: NCT02155647).

 6. Durvalumab (IMFINZI, AstraZeneca), a 
human anti-PD-L1 blocking antibody, was 
approved in 2017 for treating bladder cancer 
based on the results from a clinical trial CD- 
ON- MEDI4736-1108 (ClinicalTrials.gov 
Identifier: NCT01693562).

All these blocking antibodies have also been 
evaluated for their efficacy and safety in multiple 
clinical trials for patients with breast cancers 
such as HER2/neu-positive tumor and triple neg-
ative breast cancer, which will be discussed in the 
section of clinical trials below.

The blockade of PD-1/PD-L1 pathway is 
found to be the most effective treatment for vari-
ous tumors with favorable clinical outcomes and 
low immune-related adverse events in clinical tri-
als. Thus far, FDA has approved the application 
of PD-1/PD-L1 blockade immunotherapy for a 
total of seven types of cancers. They are mela-
noma, non-small cell lung cancer, renal cell car-
cinoma, urothelial carcinoma, classical Hodgkin’s 
lymphoma, head and neck squamous carcinoma, 
and Merkel cell carcinoma. Moreover, more than 
1000 clinical trials with single agent treatment or 
combination therapy are currently under investi-
gation in patients with various types of cancer.

18.1.2  Adoptive Cell Transfer

The goal of the adoptive cell transfer (ACT) is to 
enhance antitumor immunity medicated by 
antigen- specific immune cells [12, 13]. Chimeric 
antigen receptor-engineered T-cell (CAR-T) 
therapy is emerging as a novel strategy for adop-
tive cell transfer in cancer [14–16]. CAR-T cell 
transfer involves modification of patients’ T cells 
to destroy their tumors. Host T cells isolated from 
patients are genetically engineered to generate 
chimeric antigen receptors (CAR) specific for the 
tumor-associated/tumor-specific antigens ex vivo 
after expansion in culture. The CAR-T cells are 
infused back to the patients, allowing the modi-

fied T cells to specifically recognize and elimi-
nate cancer cells in vivo. These T cells possess 
the capability to sustain as memory cells in vivo.

A CAR structure consists of an extracellular 
single-chain variable fragment (scFv) of TAA-/
TSA-specific antibody, transmembrane domain, 
and intracellular T-cell-derived activation 
sequences. ScFv sequence is designed to specifi-
cally bind to a target of tumor-associated/tumor- 
specific antigen expressed on tumor cell surface. 
The first-generation CAR contains only CD3- 
zeta (CD3ζ) chain within the intracellular part 
without a co-stimulatory receptor domain, which 
mediates inefficient antitumor immunity [17, 18]. 
The second-generation CAR adds one co- 
stimulatory molecule sequence derived from 
CD28, OX40, or 4-1BB in the intracellular 
domain based on the structure of the first- 
generation CAR, resulting in augmented T-cell 
cytotoxicity, extended T-cell persistence in vivo, 
and elevated production of cytokines [19–22]. 
The third- or fourth-generation CAR adds two or 
more different co-stimulatory receptor domains 
[23, 24]. The clinical impact of these constructs 
is currently unclear. CD19 is currently the best 
studied antigen in CAR-T cell therapy in B-cell 
malignancies [25]. CD19-targeted CAR-T cell 
therapy has made great progress in B-cell lym-
phoblastic leukemia in clinical studies [26–29], 
prompting researchers to investigate therapeutic 
effect of CAR-T cell transfer in other types of 
tumor including breast cancer. An ongoing clini-
cal trial is being conducted to evaluate the safety 
and antitumor activity of CAR-T therapy for 
TNBC (ClinicalTrials.gov Identifier: 
NCT02706392). Another one for HER+ breast 
cancer is also under investigation (ClinicalTrials.
gov Identifier: NCT00228358).

18.1.3  Cancer Vaccines

Breast cancer is an immunogenic neoplasia. 
Cancer vaccines aim to eliminate tumors by stim-
ulating the patient’s immune system to fight can-
cer on its own. Therapeutic cancer vaccines are 
used to elicit cellular immune responses and 
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humoral immune responses, leading to recogni-
tion and destruction of tumor cells [30]. 
Sipuleucel-T for prostate therapeutic cancer vac-
cine received approval from the US Food and 
Drug Administration (FDA) in 2011. It is the 
only cancer therapeutic vaccine approved by 
FDA (see Fig. 18.1).

18.2  Immunologic Basis of Cancer 
Immunotherapy

18.2.1  The Concept 
of Immunoediting

The host immune system can be considered as a 
double-edged sword in cancer. On the one hand, 
immune cells mediate antitumor immunity, pro-
tecting the body from cancer. On the other hand, 
the immune system can promote tumor progres-
sion, shaping malignant disease. Tumors derived 
from RAG2-deficient mice (NKT, B and T cells 
are absent in the mouse strain) have higher immu-
nogenicity than those generated in immunocom-
petent mice [31]. The “three Es” phases during 
the interactions between the immune microenvi-
ronment and tumor cells have been proposed by 
Dr. Schreiber with the concept of cancer immu-

nosurveillance (also known as cancer immunoed-
iting): elimination, equilibrium, and escape 
[32–34]. This concept suggests that cancer 
immunosurveillance by both innate and adaptive 
arms can eradicate highly immunogenic cancer 
cells but cannot reject poorly immunogenic can-
cer variants, resulting in the immune escape of 
cancer cells.

In the process of elimination phase, the innate 
immune effector cells, such as macrophages,  
natural killer cells (NK), dendritic cells (DC), 
gamma-delta T cells, and natural killer T cells 
(NKT), provide immediate responses to the 
tumor cells by producing pro-inflammatory cyto-
kines such as IFN- gamma, which in turn induces 
a variety of cells to release chemokines including 
CXCL9, CXCL10, and CXCL11 in the tumor 
microenvironment, attracting macrophages, den-
dritic cells (DC), and natural killer cells (NK), etc 
to the tumor spot. Then, the immune system’s 
innate immunity is followed by the adaptive 
immunity. Mature  dendritic cells (also known as 
professional antigen- presenting cells, APC) 
uptake dead tumor cells, process the tumor-spe-
cific/tumor-associated antigens, and present these 
antigens to T cells by MHC class I or MHC class 
II molecules upon migrating to tumor-draining 
lymph node, educating the naïve T cells to 
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become tumor-specific CD8+ cytotoxic T cells or 
CD4+ T helper cells, respectively.

During the process of equilibrium phase, can-
cer cell variants escape from the first phase of 
elimination. A mouse model of chemical carcino-
genesis was employed in a study. The results 
from this study have showed that tumor cells are 
highly immunogenic (unedited) in the equilib-
rium phase. However, when the tumor cells are 
progressively growing, they become less immu-
nogenic [35]. Another study has demonstrated 
that formation of carcinogen-driven sarcomas 
could be prevented by the synergy of IFN-gamma 
and T cells and that the tumor cells have greater 
ability to sustain in an immunocompetent host 
[36]. These findings prove the hypothesis of can-
cer immunoediting for tumor generation in the 
body with intact immune system. Furthermore, 
multiple investigations indicate that chemical 
carcinogen methylcholanthrene (MCA)-driven 
sarcomas induced in severe combined immuno-
deficiency (SCID) mice have higher immunoge-
nicity than those arising in immunocompetent 
mice [33, 36–38], suggesting an immunoselec-
tion mediated by T cells in the immunocompe-
tent host where the tumor is derived. In other 
words, tumor cells with great immunogenicity 
are destructed by the immune system, while 
tumor variants with low immunogenicity can 
develop multiple strategies for evading immune- 
mediated tumor rejection. No correlation between 
tumor antigenicity and lack of MHC class I 
expression was observed in these studies.

In the third phase of escape process, tumor 
cell variants that have been edited by immune 
cells in the second phase of equilibrium prolifer-
ate in an ungoverned manner in the immunocom-
petent host. Genetic and epigenetic changes in 
tumor cells may dampen host immune defenses, 
which enable tumor cells to be resistant to the 
immune attack. In order to achieve tumor pro-
gression and outgrowth, tumor cells may utilize 
diverse mechanisms to evade immune-mediated 
antitumor activity [33]. Various strategies of can-
cer immune escape are exploited by tumors 
including breast cancer [31, 39–42], such as (1) 
downregulation of major histocompatibility com-
plex (MHC) class I molecules expressed on the 

surface of tumor cells; (2) upregulation of PD-L1 
protein expressed on the surface of tumor cells, 
inducing T cell tolerance; (3) lack or mutation of 
tumor-specific/tumor-associated antigens, lead-
ing to the generation of tumor cell variants with 
low antigenicity that bypass detection by host 
immune system; (4) upregulation of co- inhibitory 
receptors that negatively regulate T-cell activa-
tion such as PD-1, CTLA-4, TIM3, and LAG3 on 
the exhausted tumor-specific T cells; (5) anti- 
inflammatory tumor microenvironment such as 
elevated levels of interleukin 10 (IL-10), trans-
forming growth factor-b (TGF-b), and indole-
amine 2,3 dioxygenase (IDO); and (6) 
immunosuppressive network, including myeloid- 
derived suppressor cells (MDSC) and regulatory 
FoxP3+ T cells (Treg cells).

18.2.2  T-Cell Exhaustion

The first evidence for T cell exhaustion resulted 
from studies of mice infected with lymphocytic 
choriomeningitis virus (LCMV), where 
exhausted virus-specific CD8+ T cells were iden-
tified using tetrameric MHC class I peptide com-
plexes [43, 44]. Exhausted virus-specific CD4+ T 
cells were also observed during persistent viral 
infection [45–48].

Various studies on features of T-cell exhaus-
tion have revealed that (a) exhausted CD4+ and/
or CD8+ T cells lose effector functions [45, 49] 
and fail to produce cytokines such as IL-2 [50, 
51], TNF-alpha, and IFN-gamma [51–56]; (b) 
exhausted nonfunctional T cells lose highly pro-
liferative capability; (c) elevated expression of 
co-inhibitory receptors on the cell surface of 
exhausted T cells such as PD-1, CTLA-4, TIM3, 
LAG3, etc., seems to be a key player involved in 
the T-cell dysfunction during chronic viral infec-
tion [57–59]; and (d) the extent of T-cell 
 exhaustion correlates positively with duration of 
chronic viral infection, viral burden, low CD4+ 
T-cell level, and the expression levels of co-
inhibitory molecules [51, 60]. Subsequently, 
T-cell exhaustion was detected in human cancers. 
In the tumor microenvironment, the effector 
CD4+ helper T and CD8+ cytotoxic T cells are 
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modulated by an anti-inflammatory network. The 
T cells progressively lose effector function and 
proliferative capacity, express high levels of co-
inhibitory molecules such as PD-1, TIM3, LAG3, 
and CTLA4, secret low levels of effector cyto-
kines, and differentiate into exhausted T cells 
[61–67]. Targeting immune checkpoint inhibi-
tory receptors such as PD-1 and LAG3 can 
reverse the exhausted state and restore antitumor 
T cell immunity [62, 63, 68, 69].

The molecular mechanisms by which immune 
checkpoint molecules induce T-cell dysfunction 
remain to be clarified. Numerous studies in mice 
and humans have revealed that multiple inhibi-
tory immune checkpoint receptors exhibit 
increased co-expression on exhausted tumor- 
specific CD8+ T cells and that the expression lev-
els of these molecules are associated with the 
severity of T-cell exhaustion [70–73]. Results of 
a clinical study [70] in patients with advanced 
melanoma demonstrated that the level of T-cell 
exhaustion on Tim-3 + PD-1+ tumor antigen- 
specific CD8+ T cells was higher than that on 
Tim-3 - PD-1- or Tim-3-PD-1+ CD8+ T cells in 
peripheral blood and tumor-infiltrating lympho-
cytes. The Tim-3/PD-1 double positive dysfunc-
tional CD8+ T cells secret less IL-2, TNF-alpha, 
and IFN-gamma when compared to the single 
positive (either Tim-3+ or PD-1+) CD8+ T cells. 
Furthermore, blockade of Tim-3 in combination 
with blockade of PD-1 signaling can synergisti-
cally reverse tumor-mediated T-cell exhaustion 
by augmenting proliferation and cytokine pro-
duction of tumor antigen-specific CD8+ T cells.

A mouse model of HER2/neu-positive breast 
cancer was used to evaluate the role of CD4+ 
helper T cells in modulating the effector function 
of neu-specific CD8+ memory T cells and 
exhaustion of the CD8+ T cells during primary 
tumor challenge. The results showed a higher fre-
quency of the exhausted helpless CD8+ T cells 
with upregulated expression of PD-1 when com-
pared to helped CD8+ T cells. CD8+ T cell 
exhaustion can be suppressed by CD4+ helper T 
cells during priming phase of the antitumor 
immune responses [74].

18.2.3  T-Cell Co-stimulation 
and Co-inhibition

To fully activate T cells triggered by antigen, two 
signals are required. One signal is the interaction 
between antigens (such as peptides) bound to 
major histocompatibility complex (MHC) mole-
cules on antigen-presenting cells (APC) and 
T-cell receptor (TCR) on T cells. The TCR anti-
gen recognition informs specificity in the immune 
response which functions in a MHC-dependent 
manner. A second signal, called co-stimulatory 
signal or co-stimulation, is provided by the mol-
ecules of B7-CD28 ligand-receptor family on 
APC cells (e.g., CD80, CD86) that bind to co- 
stimulatory receptors on (e.g., CD28, OX-40, 
4-1BB) T cells, inducing expansion of the pri-
mary signal and promoting effector response. 
Co-stimulation pathway is antigen-independent. 
It plays an essential role in determining the out-
come of antigen-driven T-cell activation [75, 76]. 
TCR-medicated T-cell activation (the first signal) 
is regulated not only by co-stimulatory pathways 
but also by co-inhibitory pathways (also known 
as co-inhibition). Both pathways are second sig-
nals. Co-inhibition plays a critical role in keeping 
up peripheral tolerance and thus inhibits autoim-
munity [77–79].

Multiple co-stimulatory and co-inhibitory mol-
ecules have been discovered in the immune sys-
tem. The best characterized co-stimulatory and 
co-inhibitory pathways involve CD28 receptor and 
CTLA-4 receptor, respectively, which bind to their 
shared co-stimulatory ligands B7-1(CD80) and 
B7-2 (CD86) [80, 81]. Based on the structural 
characteristics, the molecules of these pathways 
are classified into two families, which are the 
TNF/TNF receptor superfamily and the immuno-
globulin (Ig) superfamily such as B7-CD28, TIM 
family, LAG3, and CD226- TIGIT- CD96) [82, 83]. 
Co-stimulatory pathway and co-inhibitory path-
way are antigen- independent. They are key  
players in controlling antigen-driven T-cell activa-
tion, T-cell exhaustion, and immune tolerance. 
Modulating these pathways provides basis for 
cancer immunotherapy [81].
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18.2.3.1  CTLA-4/CD28 Pathway
Cytotoxic T-lymphocyte-associated antigen-4 
(CTLA-4, CD152), the second member of the 
B7/CD28 family, is a negative regulator of T-cell 
activation (co-inhibitory receptor). It is homolo-
gous to the CD28 co-stimulatory receptor and 
competes with CD28 for binding to co- 
stimulatory ligands B7-1 (CD80) and B7-2 
(CD86). CTLA-4 binds to B7-1 and B7-2 with a 
greater affinity and avidity over CD28, leading to 
the inactivation of TCR signaling [77, 79, 84–
88]. CTLA-4 is constitutively expressed on the 
surface of naïve Treg cells [89–91]. However, it 
is upregulated on activated CD4+ and CD8+ T 
cells upon TCR signaling-mediated T-cell activa-
tion [92–94].

CTLA-4 is also expressed on B cells, mono-
cytes, dendritic cells (DCs), granulocytes, and 
more [95–98]. In addition, CTLA-4 is capable of 
removing protein kinase C-theta and CARMA1 
from the immune synapse [80] and limiting the 
time for T cells to stay in the synapse. Moreover, 
CTLA-4 triggers the transendocytosis of B7 [82] 
and promotes the function of Treg. Antibodies 
directed against CTLA-4 can block the interac-
tion between CTLA-4 and CD80/CD86 and 
unleash the function of the immune system. Thus 
far, more than 240 clinical trials have been or are 
being conducted using CTLA-4 monoclonal anti-
body or combination therapy in various cancer 
types.

18.2.3.2  PD-1/PD-L1/PD-L2 Pathway
Programmed cell death 1 (PD-1, CD279) and its 
ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7- 
DC, CD273) are components of co-inhibitory 
pathways in the immune system. PD-1 is 
expressed on T cells, B cells, NKs, NKTs, mac-
rophages, and some DC subsets during immune 
activation and chronic inflammation through 
induction of cytokines (such as IL-2, IL-7, IL-15, 
IL-21, etc.) [57, 99–101]. Transcriptional regula-
tion of PD-1 expression in T cells is controlled by 
transcription factors NFATc1, FoxO1, Notch, 
IRF9, and T-bet [102–105]. PD-L1 and PD-L2 
are expressed by different cells. PD-1-deficient 
mice develop spontaneous autoimmune diseases 
such as dilated cardiomyopathy [106] and lupus- 

like autoimmune diseases [107]. These pheno-
types suggest that PD-1, by serving as a negative 
immune modulator, plays a critical role in the 
maintenance of peripheral self-tolerance. PD-L1 
is expressed on T cells, B cells, dendritic cells 
(DC), macrophages, mesenchymal stem cells, 
and bone marrow-derived mast cells [108]. 
PD-L2 is expressed on DCs, macrophages, bone 
marrow-derived mast cells, and peritoneal B1 
cells [109]. Once bound by its ligand PD-L1 or 
PD-L2, PD-1 prevents T-cell activation and trig-
gers immune tolerance of tumor cells in periph-
eral tissues. In addition, the interaction 
downregulates expression levels of certain tran-
scription factors in effector cells such as T-bet, 
GATA-3, and Eomes [110]. The cytoplasmic tail 
of the PD-1 molecule is followed by two struc-
tural motifs: an immunoreceptor tyrosine-based 
inhibition motif (ITIM) and an immunoreceptor 
tyrosine-based switch motif (ITSM). The two 
tyrosine residues within ITIM or ITSM motif are 
phosphorylated by Src family protein tyrosine 
kinases (PTKs) upon TCR stimulation, which in 
turn activate and recruit cytoplasmic tyrosine 
phosphatases Src homology 2 (SH2) domain- 
containing PTPs, SHP-1 and SHP-2. The activa-
tion of phosphatases following binding to the two 
phosphorylated tyrosine kinases results in the 
phosphorylation and recruitment of signaling 
molecules involved in the downstream signaling 
pathways.

The ITSM motif plays a crucial role in the 
inhibitory function mediated by PD-1. Cancer 
cells expressing high levels of PD-L1 take advan-
tage of this PD-1/PD-L1 signaling pathway for 
immune escape by binding with PD-1-expressing 
T cells in the tumor microenvironment [111]. 
Thus, blockade of PD-1 signaling pathway could 
be an effective antitumor therapeutic strategy, 
which releases a brake in the immune system, 
restoring T-cell-mediated tumor attack in the 
tumor milieu [4, 5, 112, 113].

A phase II clinical trial was conducted by 
Salazar et al. [114] in 15 patients with metastatic 
breast cancer to investigate the objective response 
rates of toll-like receptor (TLR)-7 alone and in 
combination with chemotherapy. The findings 
showed that non-responder patients had increased 
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levels of preexisting circulating PD-1 + CD4+ 
and PD-1 + CD8+ T cells compared to the 
responders, suggesting that T-cell exhaustion 
could be used as a biomarker for predicting the 
clinical response.

18.2.3.3  MSI-High and MMR-Deficient 
Statuses as the Biomarkers 
of PD-1/PD-L1 Blockade 
Immunotherapy in Breast 
Cancer

In May 2017, pembrolizumab received FDA 
approval for treatment of metastatic microsatel-
lite instability-high (MSI-high) or mismatch 
repair-deficient (MMR-deficient) solid tumors 
that progressed following chemotherapy. This is 
the first time that FDA has approved a cancer 
therapy based on a tumor’s genetic feature rather 
than the type of original tissue/location. The 
favorable clinical outcome of patients with MSI- 
high and MMR-deficient tumors is correlated 
with the high frequency of tumor-infiltrating 
lymphocytes in the tumor microenvironment 
with high immunogenicity, where the tumors are 
responsive to PD-1/PD-L1 immune blockade. 
The most common tumor type with MSI-high 
and MMR-deficient statuses is colorectal cancer 
with Lynch syndrome (hereditary nonpolyposis 
colorectal carcinoma, HNPCC). Other MSI-high 
and MMR-deficient tumors include endometrial 
and gastrointestinal tumors, breast cancer, pros-
tate cancer, bladder cancer, and thyroid tumor, etc 
[115].

The risk of breast cancer is associated with 
genomic instability such as double-stranded 
DNA break (DSBR)-targeted damage. In addi-
tion to DSBR, mismatch repair (MMR) proteins 
are a genome surveillance complex associated 
with BRCA1 to detect and repair replication- 
associated DNA damage that has escaped the 
DNA polymerase proofreading mechanism 
[116]. These damages include point mutations 
caused by single-base mismatches and then the 
incorrect incorporation of a nucleotide and 
frame-shift mutations induced by errors in the 
number of bases incorporated at repetitive 
sequences, which result in insertions/deletions 

loops (IDLs). Such mutations tend to occur in 
regions containing microsatellites, simple repeat 
sequences scattered throughout the genome. 
Therefore, the deficiency of MMR can be identi-
fied through detection of alterations in the num-
ber of such repeats [117].

Another very important genomic aberration is 
MSI (microsatellite instability), which is an early 
event of carcinogenesis promoted by mutation 
phenotype through the event of genomic instabil-
ity and further gains more essential mutations to 
enhance tumor progression [118]. Microsatellites 
are defined as repeat DNA sequences consisting 
of two to five base pairs, which usually occur 
10–60 times and are scattered throughout coding 
and noncoding regions of the genome. MSI refers 
to the replicative error phenotype caused from 
MMR and is subdivided into three groups: MSI- 
High (MSI-H), MSI-Low (MSI-L), or 
Microsatellite Stable (MSS) [119] Defects in the 
DNA mismatch repair (MMR) pathway underlie 
the development of MSI in colorectal can-
cer (CRC). Currently, neoantigen-based vaccina-
tion is being studied in a clinical trial for Lynch 
syndrome and in a trial for sporadic MSI CRC of 
advanced stage [120]. MSI testing could have an 
expanded role as a tool in the armamentarium of 
precision medicine [121]. Studies have already 
shown increased levels of MSI within tumors, 
including breast cancer, compared to normal tis-
sues derived from the same individual, implicat-
ing defective MMR with many tumor types 
including breast cancer [122, 123]. Significant 
activity associated with mismatch repair (MMR) 
deficiency has been observed in hypermutated, 
microsatellite unstable (MSI) metastatic colorec-
tal cancer (CRC). The evidence supports the 
development of immune checkpoint inhibitors in 
this specific subgroup of CRC patients [124, 125].

The approval of PD-1/PD-L1 blockade for 
treatment of MSI-high and MMR-deficient 
tumors makes PD-1/PD-L1 blockade a potential 
standard therapy for MSI-high and MMR- 
deficient breast cancers. It is urgently important 
to develop novel predictive and prognostic bio-
markers to select appropriate patients for PD-1/
PD-L1 blockade therapy.
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18.3  Clinical Trials of Immune 
Checkpoint Blockade 
in Breast Cancer

18.3.1  Antibody Blockade of CTLA-4

In the preclinical animal models, the ability of 
CTLA-4 blocking antibody to eliminate tumor 
with low immunogenicity has been demonstrated 
to promote T-cell stimulation, inducing potent 
antitumor immune responses that can recognize 
and eliminate tumors [126, 127].

Based on this preclinical rationale, two CTLA- 
4- specific blocking antibodies including ipilim-
umab and tremelimumab have been extensively 
investigated in clinical trials in solid tumors 
including breast cancer [3, 128–133]. Ipilimumab 
and tremelimumab are fully humanized mono-
clonal antibodies directed against CTLA-4. The 
isotypes of the two antibodies are IgG1 and IgG2, 
respectively. Both agents are shown to stimulate 
immune system by blocking the binding of 
CTLA-4 to B7-1 and B7-2 and induce T-cell- 
mediated tumor rejection.

In a phase I clinical trial [133] conducted in 26 
patients with advanced estrogen positive breast 
cancer, antitumor activity of tremelimumab was 
evaluated in combination with exemestane, a 
potent steroidal aromatase inhibitor that impeded 
synthesis of estrogen. Tremelimumab (3–10 mg/
kg) was administered every 90 days plus exemes-

tane 25 mg orally daily. The study showed that 11 
patients (42%) had stable disease following treat-
ment. Combination therapy correlated with ele-
vated peripheral CD4+ and CD8+ T cells 
expressing inducible co-stimulator (ICOS) and a 
marked increase in the ratio of ICOS+ T cells to 
FoxP3+ regulatory T cells [133], indicating elic-
ited antitumor T-cell immunity. Minor immune- 
related adverse events were observed, including 
fatigue, pruritus, diarrhea, and constipation, sug-
gesting that tremelimumab plus exemestane was 
safe and tolerable in patients with estrogen- 
sensitive advanced breast cancer.

In another clinical study, combination therapy 
of ipilimumab and cryoablation has been investi-
gated in 19 patients with early-stage breast can-
cer [132]. Cryoablation, a process that freezes 
tumor and induces tumor cell lysis, is considered 
to physically disrupt tumor via augmenting anti-
gen presentation. ICOS-overexpressing CD4+ 
and CD8+ T cell subpopulations with enhanced 
proliferation were observed in the peripheral 
blood among the cohort of combination therapy. 
Moreover, the results showed that the increased 
ratio of CD8+ T cells over Tregs in tumor- 
infiltrating lymphocytes and elevated Th1 cyto-
kines were correlated with the combination 
treatment. Currently, there are five ongoing clini-
cal trials of anti-CTLA-4 antibody for breast can-
cer. They are listed in Table 18.1.

Table 18.1 Ongoing clinical trials of anti-CTLA-4 antibody in breast cancer

Phase CTLA-4 antibody In combination with BC subtype

Trial ID

II Tremelimumab Durvalumab HER2-BC

NCT02536794

I Tremelimumab Durvalumab HER2-BC

NCT03132467

I Ipilimumab Nivolumab/entinostat HER2-BC

NCT02453620

Pilot Ipilimumab Nivolumab/ cryoablation Early BC

NCT02833233

I/II Ipilimumab BBI608 Malignancies

NCT02467361

BC breast cancer
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18.3.2  Antibody Blockade of PD-1/
PD-L1 in Breast Cancer

Tumors derived from 20% TNBC patients over-
express PD-L1 [134], indicating PD-1/PD-L1 
signaling as a promising therapeutic target in 
breast cancer.

Nivolumab is a human IgG4 monoclonal anti-
body that inhibits interaction between PD-1and 
PD-L1, thereby restoring antitumor immunity. 
This agent is currently under investigation in four 
ongoing clinical trials for patients with breast 
cancer (see Table 18.2). For example, one of the 
clinical trials is being conducted to evaluate the 
safety of combination cryoablation and 
nivolumab in patients with early-stage breast 
cancer (ClinicalTrials.gov Identifier: 
NCT02833233). In a phase II trial with triple 
negative breast cancer patients, nivolumab is 
being tested in combination with chemotherapy/
radiation therapy. Triple negative breast cancer is 
highly heterogeneous and has a high relapse rate. 
Currently, no effective therapies targeting TNBC 
are available. Several lines of evidence indicate 
that chemotherapy stimulates the activation of 
the immune system against cancer [64, 135–141]. 
Thus, it is proposed that a synergistic efficacy 
could be obtained with combination of nivolumab 
and chemotherapy in women with TNBC 
(ClinicalTrials.gov Identifier: NCT02499367).

Pembrolizumab is another anti-PD-1 antibody 
that has received the FDA approval for treatment 
of melanoma and non-small cell lung carcinoma 
(NSCLC). It is a monoclonal IgG4 designed to 
block the interaction between PD-1 and PD-L1/
PD-L2. In a phase Ib clinical trial KEYNOTE-012 
study, safety and antitumor activity of pembroli-
zumab has been investigated in the patients with 
advanced triple negative breast cancer 
(ClinicalTrials.gov identifier: NCT01848834). 
The agent was i.v. administered (10 mg/kg) every 
2 weeks to patients with advanced PD-L1- 
positive solid tumors including TNBC. The group 
of TNBC recruited 32 patients. Minor immune- 
related advert events were observed, such as nau-
sea, myalgia, and fatigue. This clinical trial 
showed evidence of a tolerable safety profile and 

antitumor activity of pembrolizumab patients 
with advanced TNBC [142].

Numerous clinical trials with anti-PD-1 anti-
bodies and PD-L1 antibodies for patients with 
breast cancer are currently under investigation, 
which are listed in Table 18.2 and Table 18.3, 
respectively. At the 2017 ASCO Annual Meeting, 
the phase II I-SPY 2 trial results were reported 
for the study of pembrolizumab (PD-1 monoclo-
nal antibody) in combination with standard che-
motherapy (paclitaxel followed by doxorubicin 
and cyclophosphamide) as a neoadjuvant treat-
ment for patients with locally advanced triple 
negative breast cancer or hormone receptor- 
positive/HER2-negative breast cancer (ASCO 
2017 Abstract 506) [143]. The results showed 
that the combination of pembrolizumab with 
standard chemotherapy increased the estimated 
pathologic complete response rate from 20% to 
60% in patients with triple negative breast cancer 
and from 13% to 34% in patients with hormone 
receptor-positive/HER2-negative breast cancer 
compared to standard chemotherapy only. 
Overall, based on Bayesian predictive probability 
of success in a confirmatory phase III trial, pem-
brolizumab has yielded favorable outcomes in 
the I-SPY 2 trial for all signatures in which it has 
been tested (triple negative breast cancer, all 
HER2-negative, and hormone receptor-positive/
HER2-negative).

18.4  Conclusions and Future 
Perspectives

Immune checkpoint blockade therapy is cur-
rently the major type in cancer immunotherapy 
and will potentially be a standard therapy in solid 
tumors including breast cancer. Breast cancer 
subtypes of triple negative breast cancer and 
HER2-negative breast cancer are highly immu-
nogenic and thus suitable for immune checkpoint 
blockade therapy. The results obtained from clin-
ical trials evaluating PD-1/PD-L1 blockade single 
agent and in combination with standard chemo-
therapy have shown very promising outcome in 
the TNBC and HER2-negative breast cancer. 
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Table 18.2 Ongoing clinical trials of anti-PD-1 antibody in breast cancer

Phase PD-1 antibody In combination with BC subtype

Trial ID

I Humanized anti-PD-1 antibody Solid tumors

NCT02838823

I /II PDR001 TNBC

NCT02404441

I JS001 Radiation therapy TNBC

NCT03151447

I Pembrolizumab Radiation therapy BC

NCT02303366

I/II Anti-PD-1 antibody Chemotherapy Malignancies

NCT02961101

I/II Anti-PD-1 antibody D-CIK immunotherapy Solid tumors

NCT02886897

I Pembrolizumab HER2+ BC

NCT02129556

I PDR001 FAZ053 TNBC

NCT02936102

I/II Intratumorally dosed INT230-6 (IT-01) Solid tumors

NCT03058289

I PDR001 LCL161, everolimus or panobinostat TNBC

NCT02890069

II Pembrolizumab Chemotherapy BC

NCT03139851

I PDR001 NIS793 Solid tumors

NCT02947165

II Pembrolizumab Chemotherapy HER2-BC

NCT02752685

II Pembrolizumab Chemotherapy TNBC

NCT02648477

I Pembrolizumab JAK2 inhibition TNBC

NCT03012230

II Pembrolizumab TNBC

NCT02644369

II Pembrolizumab Radiation therapy TNBC

NCT03004183

I Nivolumab Chemotherapy BC

NCT02309177

I Nivolumab Ipilimumab/entinostat HER2-BC

NCT02453620

Pilot Nivolumab Ipilimumab/cryoablation Early BC

NCT02833233

II Pembrolizumab TNBC

NCT02447003

II Nivolumab Radiation therapy/chemotherapy TNBC

NCT02499367

I Pembrolizumab TNBC

NCT01848834

TNBC triple negative breast cancer, BC breast cancer
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Table 18.3 Ongoing clinical trials of anti-PD-L1 antibody in breast cancer

Phase PD-L1 antibody In combination with BC subtype

Trial ID

I Durvalumab Tremelimumab (CTLA-4 antibody) HER2-BC

NCT03132467

III Avelumab TNBC

NCT02926196

I-III Durvalumab Chemotherapies TNBC

NCT02489448

I Durvalumab Taxane-anthracycline TNBC

NCT02685059

III Atezolizumab Nab-paclitaxel/ placebo TNBC

NCT02425891

I Atezolizumab Pertuzumab/trastuzumab HER2+ and 
HER2-BC

NCT02605915

III Atezolizumab Chemotherapy TNBC

NCT03125902

I FAZ053 PDR001 TNBC

NCT02936102

I/II Durvalumab Chemotherapy TNBC

NCT02628132

III Durvalumab Tremelimumab + poly ICLC Solid tumors

NCT02643303

I/II Durvalumab Olaparib Solid tumors

NCT02734004

III Durvalumab Bevacizumab HER2-BC

NCT02802098

II Durvalumab Tremelimumab HER2-BC

NCT02536794

II Atezolizumab Veliparib TNBC

NCT02849496

II Durvalumab Olaparib TNBC

NCT02484404

I Atezolizumab Carboplatin-cyclophosphamide Solid tumors

NCT02914470

IiIII Durvalumab Adjuvant PVX-410 vaccine TNBC

NCT02826434

II Atezolizumab Paclitaxel, pertuzumab/trastuzumab HER2 + BC

NCT03125928

I Avelumab Solid tumors

NCT01772004

I/II Atezolizumab Entinostat/placebo TNBC

NCT02708680

II Avelumab Utomilumab/PF-04518600/PD 
0360324

Solid tumors

NCT02554812

II Durvalumab Vigil BC

(continued)
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The PD-1 blocking antibody pembrolizumab has 
been recently approved by the FDA for treatment 
of MSI-high and MMR-deficient solid tumors, 
rendering it as the standard therapy for this sub-
type of breast cancer. The future directions are 
geared toward identifying reliable biomarkers of 
immune checkpoint blockade in breast cancer 
and combining immune checkpoint modulators 
with more traditional therapies such as standard 
chemotherapy and radiation therapy to achieve 
optimal clinical outcomes.

References

 1. Newman LA (2009) Epidemiology of locally advanced 
breast cancer. Semin Radiat Oncol 19(4):195–203. 
doi:10.1016/j.semradonc.2009.05.003

 2. Ribas A, Puzanov I, Dummer R, Schadendorf D, 
Hamid O, Robert C, Hodi FS, Schachter J, Pavlick 
AC, Lewis KD, Cranmer LD, Blank CU, O’Day 
SJ, Ascierto PA, Salama AK, Margolin KA, Loquai 
C, Eigentler TK, Gangadhar TC, Carlino MS, 
Agarwala SS, Moschos SJ, Sosman JA, Goldinger 
SM, Shapira-Frommer R, Gonzalez R, Kirkwood 
JM, Wolchok JD, Eggermont A, Li XN, Zhou W, 
Zernhelt AM, Lis J, Ebbinghaus S, Kang SP, Daud 
A (2015) Pembrolizumab versus investigator-choice 
chemotherapy for ipilimumab-refractory melanoma 
(KEYNOTE-002): a randomised, controlled, phase 
2 trial. Lancet Oncol 16(8):908–918. doi:10.1016/
S1470-2045(15)00083-2

 3. Hodi FS, O’Day SJ, McDermott DF, Weber RW, 
Sosman JA, Haanen JB, Gonzalez R, Robert C, 
Schadendorf D, Hassel JC, Akerley W, van den 
Eertwegh AJ, Lutzky J, Lorigan P, Vaubel JM, 
Linette GP, Hogg D, Ottensmeier CH, Lebbe C, 
Peschel C, Quirt I, Clark JI, Wolchok JD, Weber 
JS, Tian J, Yellin MJ, Nichol GM, Hoos A, Urba 
WJ (2010) Improved survival with ipilimumab in 
patients with metastatic melanoma. N Engl J Med 
363(8):711–723. doi:10.1056/NEJMoa1003466

 4. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, 
Smith DC, McDermott DF, Powderly JD, Carvajal 
RD, Sosman JA, Atkins MB, Leming PD, Spigel DR, 
Antonia SJ, Horn L, Drake CG, Pardoll DM, Chen 
L, Sharfman WH, Anders RA, Taube JM, McMiller 
TL, Xu H, Korman AJ, Jure-Kunkel M, Agrawal S, 
McDonald D, Kollia GD, Gupta A, Wigginton JM, 
Sznol M (2012) Safety, activity, and immune corre-
lates of anti-PD-1 antibody in cancer. N Engl J Med 
366(26):2443–2454. doi:10.1056/NEJMoa1200690

 5. Topalian SL, Drake CG, Pardoll DM (2012) 
Targeting the PD-1/B7-H1(PD-L1) pathway to 
activate anti-tumor immunity. Curr Opin Immunol 
24(2):207–212. doi:10.1016/j.coi.2011.12.009

 6. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, 
Csoszi T, Fulop A, Gottfried M, Peled N, Tafreshi 
A, Cuffe S, O’Brien M, Rao S, Hotta K, Leiby MA, 
Lubiniecki GM, Shentu Y, Rangwala R, Brahmer 
JR, Investigators K (2016) Pembrolizumab versus 
chemotherapy for PD-L1-positive non-small-cell 
lung cancer. N Engl J Med 375(19):1823–1833. 
doi:10.1056/NEJMoa1606774

 7. Krishnamurthy A, Jimeno A (2017) Atezolizumab: 
a novel PD-L1 inhibitor in cancer therapy with a 
focus in bladder and non-small cell lung cancers. 
Drugs Today (Barc) 53(4):217–237. doi:10.1358/
dot.2017.53.4.2589163

 8. Farina MS, Lundgren KT, Bellmunt J (2017) 
Immunotherapy in urothelial cancer: recent results 
and future perspectives. Drugs. doi:10.1007/
s40265-017-0748-7

 9. Sharma P, Allison JP (2015) Immune checkpoint tar-
geting in cancer therapy: toward combination strat-
egies with curative potential. Cell 161(2):205–214. 
doi:10.1016/j.cell.2015.03.030

 10. Robert C, Thomas L, Bondarenko I, O’Day S, Weber 
J, Garbe C, Lebbe C, Baurain JF, Testori A, Grob 
JJ, Davidson N, Richards J, Maio M, Hauschild A, 
Miller WH Jr, Gascon P, Lotem M, Harmankaya K, 
Ibrahim R, Francis S, Chen TT, Humphrey R, Hoos 
A, Wolchok JD (2011) Ipilimumab plus dacarba-
zine for previously untreated metastatic melanoma. 
N Engl J Med 364(26):2517–2526. doi:10.1056/
NEJMoa1104621

 11. Robert C, Long GV, Brady B, Dutriaux C, Maio 
M, Mortier L, Hassel JC, Rutkowski P, McNeil C, 

Table 18.3 (continued)

Phase PD-L1 antibody In combination with BC subtype

NCT02725489

II Atezolizumab Chemotherapy TNBC

NCT03164993

II Durvalumab Solid tumors

NCT02669914

I Atezolizumab CPI-444 TNBC

NCT02655822

TNBC triple negative breast cancer, BC breast cancer

18 Immune Checkpoint Blockade in Breast Cancer Therapy

https://doi.org/10.1016/j.semradonc.2009.05.003
https://doi.org/10.1016/S1470-2045(15)00083-2
https://doi.org/10.1016/S1470-2045(15)00083-2
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1016/j.coi.2011.12.009
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1358/dot.2017.53.4.2589163
https://doi.org/10.1358/dot.2017.53.4.2589163
https://doi.org/10.1007/s40265-017-0748-7
https://doi.org/10.1007/s40265-017-0748-7
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.1056/NEJMoa1104621


396

Kalinka-Warzocha E, Savage KJ, Hernberg MM, 
Lebbe C, Charles J, Mihalcioiu C, Chiarion-Sileni 
V, Mauch C, Cognetti F, Arance A, Schmidt H, 
Schadendorf D, Gogas H, Lundgren-Eriksson 
L, Horak C, Sharkey B, Waxman IM, Atkinson 
V, Ascierto PA (2015) Nivolumab in previously 
untreated melanoma without BRAF mutation. 
N Engl J Med 372(4):320–330. doi:10.1056/
NEJMoa1412082

 12. June CH (2007) Adoptive T cell therapy for can-
cer in the clinic. J Clin Invest 117(6):1466–1476. 
doi:10.1172/JCI32446

 13. June CH (2007) Principles of adoptive T cell can-
cer therapy. J Clin Invest 117(5):1204–1212. 
doi:10.1172/JCI31446

 14. Kalos M, Levine BL, Porter DL, Katz S, Grupp 
SA, Bagg A, June CH (2011) T cells with chimeric 
antigen receptors have potent antitumor effects and 
can establish memory in patients with advanced leu-
kemia. Sci Transl med 3 (95):95ra73. doi:10.1126/
scitranslmed.3002842

 15. Kershaw MH, Westwood JA, Darcy PK (2013) 
Gene-engineered T cells for cancer therapy. Nat Rev 
Cancer 13(8):525–541. doi:10.1038/nrc3565

 16. Hay KA, Turtle CJ (2017) Chimeric antigen recep-
tor (CAR) T cells: lessons learned from targeting of 
CD19 in B-cell malignancies. Drugs 77(3):237–245. 
doi:10.1007/s40265-017-0690-8

 17. Till BG, Jensen MC, Wang J, Chen EY, Wood BL, 
Greisman HA, Qian X, James SE, Raubitschek 
A, Forman SJ, Gopal AK, Pagel JM, Lindgren 
CG, Greenberg PD, Riddell SR, Press OW (2008) 
Adoptive immunotherapy for indolent non- Hodgkin 
lymphoma and mantle cell lymphoma using 
genetically modified autologous CD20-specific 
T cells. Blood 112(6):2261–2271. doi:10.1182/
blood-2007-12-128843

 18. Savoldo B, Ramos CA, Liu E, Mims MP, Keating 
MJ, Carrum G, Kamble RT, Bollard CM, Gee AP, 
Mei Z, Liu H, Grilley B, Rooney CM, Heslop HE, 
Brenner MK, Dotti G (2011) CD28 costimulation 
improves expansion and persistence of chimeric anti-
gen receptor-modified T cells in lymphoma patients. 
J Clin Invest 121(5):1822–1826. doi:10.1172/
JCI46110

 19. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter 
DL, Rheingold SR, Teachey DT, Chew A, Hauck B, 
Wright JF, Milone MC, Levine BL, June CH (2013) 
Chimeric antigen receptor-modified T cells for acute 
lymphoid leukemia. N Engl J Med 368(16):1509–
1518. doi:10.1056/NEJMoa1215134

 20. Porter DL, Hwang WT, Frey NV, Lacey SF, Shaw 
PA, Loren AW, Bagg A, Marcucci KT, Shen A, 
Gonzalez V, Ambrose D, Grupp SA, Chew A, Zheng 
Z, Milone MC, Levine BL, Melenhorst JJ, June CH 
(2015) Chimeric antigen receptor T cells persist and 
induce sustained remissions in relapsed refractory 
chronic lymphocytic leukemia. Sci Transl med 7 
(303):303ra139. doi:10.1126/scitranslmed.aac5415

 21. Turtle CJ, Hanafi LA, Berger C, Hudecek M, Pender 
B, Robinson E, Hawkins R, Chaney C, Cherian S, 
Chen X, Soma L, Wood B, Li D, Heimfeld S, Riddell 
SR, Maloney DG (2016) Immunotherapy of non- 
Hodgkin’s lymphoma with a defined ratio of CD8+ 
and CD4+ CD19-specific chimeric antigen receptor- 
modified T cells. Sci Transl med 8 (355):355ra116. 
doi:10.1126/scitranslmed.aaf8621

 22. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, 
Bunin NJ, Chew A, Gonzalez VE, Zheng Z, Lacey 
SF, Mahnke YD, Melenhorst JJ, Rheingold SR, Shen 
A, Teachey DT, Levine BL, June CH, Porter DL, 
Grupp SA (2014) Chimeric antigen receptor T cells 
for sustained remissions in leukemia. N Engl J Med 
371(16):1507–1517. doi:10.1056/NEJMoa1407222

 23. Till BG, Jensen MC, Wang J, Qian X, Gopal AK, 
Maloney DG, Lindgren CG, Lin Y, Pagel JM, Budde 
LE, Raubitschek A, Forman SJ, Greenberg PD, 
Riddell SR, Press OW (2012) CD20-specific adop-
tive immunotherapy for lymphoma using a chimeric 
antigen receptor with both CD28 and 4-1BB domains: 
pilot clinical trial results. Blood 119(17):3940–3950. 
doi:10.1182/blood-2011-10-387969

 24. Chmielewski M, Abken H (2015) TRUCKs: the 
fourth generation of CARs. Expert Opin Biol Ther 
15(8):1145–1154. doi:10.1517/14712598.2015.104
6430

 25. Kalos M, June CH (2013) Adoptive T cell transfer 
for cancer immunotherapy in the era of synthetic 
biology. Immunity 39(1):49–60. doi:10.1016/j.
immuni.2013.07.002

 26. Ruella M, June CH (2016) Chimeric antigen recep-
tor T cells for B cell neoplasms: choose the right 
CAR for you. Curr Hematol Malig Rep 11(5):368–
384. doi:10.1007/s11899-016-0336-z

 27. Ruella M, Barrett DM, Kenderian SS, Shestova O, 
Hofmann TJ, Perazzelli J, Klichinsky M, Aikawa 
V, Nazimuddin F, Kozlowski M, Scholler J, Lacey 
SF, Melenhorst JJ, Morrissette JJ, Christian DA, 
Hunter CA, Kalos M, Porter DL, June CH, Grupp 
SA, Gill S (2016) Dual CD19 and CD123 targeting 
prevents antigen-loss relapses after CD19-directed 
immunotherapies. J Clin Invest 126(10):3814–3826. 
doi:10.1172/JCI87366

 28. Ruella M, Kenderian SS, Shestova O, Fraietta JA, 
Qayyum S, Zhang Q, Maus MV, Liu X, Nunez-Cruz 
S, Klichinsky M, Kawalekar OU, Milone M, Lacey 
SF, Mato A, Schuster SJ, Kalos M, June CH, Gill S, 
Wasik MA (2016) The addition of the BTK inhibitor 
Ibrutinib to anti-CD19 chimeric antigen receptor T 
cells (CART19) improves responses against mantle 
cell lymphoma. Clin Cancer Res 22(11):2684–2696. 
doi:10.1158/1078-0432.CCR-15-1527

 29. Lee DW, Kochenderfer JN, Stetler-Stevenson M, 
Cui YK, Delbrook C, Feldman SA, Fry TJ, Orentas 
R, Sabatino M, Shah NN, Steinberg SM, Stroncek D, 
Tschernia N, Yuan C, Zhang H, Zhang L, Rosenberg 
SA, Wayne AS, Mackall CL (2015) T cells express-
ing CD19 chimeric antigen receptors for acute lym-

X. Bu et al.

https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1172/JCI32446
https://doi.org/10.1172/JCI31446
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1038/nrc3565
https://doi.org/10.1007/s40265-017-0690-8
https://doi.org/10.1182/blood-2007-12-128843
https://doi.org/10.1182/blood-2007-12-128843
https://doi.org/10.1172/JCI46110
https://doi.org/10.1172/JCI46110
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1126/scitranslmed.aaf8621
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1182/blood-2011-10-387969
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1016/j.immuni.2013.07.002
https://doi.org/10.1016/j.immuni.2013.07.002
https://doi.org/10.1007/s11899-016-0336-z
https://doi.org/10.1172/JCI87366
https://doi.org/10.1158/1078-0432.CCR-15-1527


397

phoblastic leukaemia in children and young adults: a 
phase 1 dose-escalation trial. Lancet 385(9967):517–
528. doi:10.1016/S0140-6736(14)61403-3

 30. Greten TF, Jaffee EM (1999) Cancer vaccines. 
J Clin Oncol 17(3):1047–1060. doi:10.1200/
JCO.1999.17.3.1047

 31. Schreiber RD, Old LJ, Smyth MJ (2011) 
Cancer immunoediting: integrating immuni-
ty’s roles in cancer suppression and promotion. 
Science 331(6024):1565–1570. doi:10.1126/
science.1203486

 32. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD 
(2002) Cancer immunoediting: from immunosur-
veillance to tumor escape. Nat Immunol 3(11):991–
998. doi:10.1038/ni1102-991

 33. Dunn GP, Old LJ, Schreiber RD (2004) The 
three Es of cancer immunoediting. Annu Rev 
Immunol 22:329–360. doi:10.1146/annurev.
immunol.22.012703.104803

 34. Dunn GP, Old LJ, Schreiber RD (2004) The immu-
nobiology of cancer immunosurveillance and immu-
noediting. Immunity 21(2):137–148. doi:10.1016/j.
immuni.2004.07.017

 35. Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig 
SJ, Old LJ, Smyth MJ, Schreiber RD (2007) 
Adaptive immunity maintains occult cancer in 
an equilibrium state. Nature 450(7171):903–907. 
doi:10.1038/nature06309

 36. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson 
PE, Old LJ, Schreiber RD (2001) IFNgamma and 
lymphocytes prevent primary tumour develop-
ment and shape tumour immunogenicity. Nature 
410(6832):1107–1111. doi:10.1038/35074122

 37. Engel AM, Svane IM, Rygaard J, Werdelin O (1997) 
MCA sarcomas induced in scid mice are more 
immunogenic than MCA sarcomas induced in con-
genic, immunocompetent mice. Scand J Immunol 
45(5):463–470

 38. Svane IM, Engel AM, Nielsen MB, Ljunggren HG, 
Rygaard J, Werdelin O (1996) Chemically induced 
sarcomas from nude mice are more immunogenic 
than similar sarcomas from congenic normal mice. 
Eur J Immunol 26(8):1844–1850. doi:10.1002/
eji.1830260827

 39. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ 
(2011) Natural innate and adaptive immunity to can-
cer. Annu Rev Immunol 29:235–271. doi:10.1146/
annurev-immunol-031210-101324

 40. Smyth MJ, Dunn GP, Schreiber RD (2006) Cancer 
immunosurveillance and immunoediting: the roles 
of immunity in suppressing tumor development 
and shaping tumor immunogenicity. Adv Immunol 
90:1–50. doi:10.1016/S0065-2776(06)90001-7

 41. Zitvogel L, Tesniere A, Kroemer G (2006) Cancer 
despite immunosurveillance: immunoselection and 
immunosubversion. Nat Rev Immunol 6(10):715–
727. doi:10.1038/nri1936

 42. Khong HT, Restifo NP (2002) Natural selec-
tion of tumor variants in the generation of “tumor 

escape” phenotypes. Nat Immunol 3(11):999–1005. 
doi:10.1038/ni1102-999

 43. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive 
DJ, Suresh M, Altman JD, Ahmed R (1998) Viral 
immune evasion due to persistence of activated 
T cells without effector function. J Exp Med 
188(12):2205–2213

 44. Gallimore A, Glithero A, Godkin A, Tissot AC, 
Pluckthun A, Elliott T, Hengartner H, Zinkernagel 
R (1998) Induction and exhaustion of lymphocytic 
choriomeningitis virus-specific cytotoxic T lympho-
cytes visualized using soluble tetrameric major his-
tocompatibility complex class I-peptide complexes. 
J Exp Med 187(9):1383–1393

 45. Brooks DG, Teyton L, Oldstone MB, McGavern DB 
(2005) Intrinsic functional dysregulation of CD4 T 
cells occurs rapidly following persistent viral infec-
tion. J Virol 79(16):10514–10527. doi:10.1128/
JVI.79.16.10514-10527.2005

 46. Oxenius A, Zinkernagel RM, Hengartner H (1998) 
Comparison of activation versus induction of unre-
sponsiveness of virus-specific CD4+ and CD8+ T 
cells upon acute versus persistent viral infection. 
Immunity 9(4):449–457

 47. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders 
JJ, Mackey EW, Miura T, Palmer S, Brockman M, 
Rathod A, Piechocka-Trocha A, Baker B, Zhu B, 
Le Gall S, Waring MT, Ahern R, Moss K, Kelleher 
AD, Coffin JM, Freeman GJ, Rosenberg ES, Walker 
BD (2007) Upregulation of CTLA-4 by HIV-specific 
CD4+ T cells correlates with disease progression 
and defines a reversible immune dysfunction. Nat 
Immunol 8(11):1246–1254. doi:10.1038/ni1515

 48. Urbani S, Amadei B, Fisicaro P, Tola D, Orlandini 
A, Sacchelli L, Mori C, Missale G, Ferrari C (2006) 
Outcome of acute hepatitis C is related to virus- 
specific CD4 function and maturation of antiviral 
memory CD8 responses. Hepatology 44(1):126–
139. doi:10.1002/hep.21242

 49. Kahan SM, Wherry EJ, Zajac AJ (2015) T 
cell exhaustion during persistent viral infec-
tions. Virology 479-480:180–193. doi:10.1016/j.
virol.2014.12.033

 50. Fuller MJ, Khanolkar A, Tebo AE, Zajac AJ 
(2004) Maintenance, loss, and resurgence of T cell 
responses during acute, protracted, and chronic viral 
infections. J Immunol 172(7):4204–4214

 51. Wherry EJ, Blattman JN, Murali-Krishna K, van der 
Most R, Ahmed R (2003) Viral persistence alters 
CD8 T-cell immunodominance and tissue distri-
bution and results in distinct stages of functional 
impairment. J Virol 77(8):4911–4927

 52. Virgin HW, Wherry EJ, Ahmed R (2009) Redefining 
chronic viral infection. Cell 138(1):30–50. 
doi:10.1016/j.cell.2009.06.036

 53. Wherry EJ, Ahmed R (2004) Memory CD8 
T-cell differentiation during viral infec-
tion. J Virol 78(11):5535–5545. doi:10.1128/
JVI.78.11.5535-5545.2004

18 Immune Checkpoint Blockade in Breast Cancer Therapy

https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1200/JCO.1999.17.3.1047
https://doi.org/10.1200/JCO.1999.17.3.1047
https://doi.org/10.1126/science.1203486
https://doi.org/10.1126/science.1203486
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1146/annurev.immunol.22.012703.104803
https://doi.org/10.1146/annurev.immunol.22.012703.104803
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1038/nature06309
https://doi.org/10.1038/35074122
https://doi.org/10.1002/eji.1830260827
https://doi.org/10.1002/eji.1830260827
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1016/S0065-2776(06)90001-7
https://doi.org/10.1038/nri1936
https://doi.org/10.1038/ni1102-999
https://doi.org/10.1128/JVI.79.16.10514-10527.2005
https://doi.org/10.1128/JVI.79.16.10514-10527.2005
https://doi.org/10.1038/ni1515
https://doi.org/10.1002/hep.21242
https://doi.org/10.1016/j.virol.2014.12.033
https://doi.org/10.1016/j.virol.2014.12.033
https://doi.org/10.1016/j.cell.2009.06.036
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://doi.org/10.1128/JVI.78.11.5535-5545.2004


398

 54. Fuller MJ, Zajac AJ (2003) Ablation of CD8 and 
CD4 T cell responses by high viral loads. J Immunol 
170(1):477–486

 55. Agnellini P, Wolint P, Rehr M, Cahenzli J, Karrer 
U, Oxenius A (2007) Impaired NFAT nuclear trans-
location results in split exhaustion of virus-specific 
CD8+ T cell functions during chronic viral infec-
tion. Proc Natl Acad Sci U S A 104(11):4565–4570. 
doi:10.1073/pnas.0610335104

 56. Mackerness KJ, Cox MA, Lilly LM, Weaver CT, 
Harrington LE, Zajac AJ (2010) Pronounced 
virus-dependent activation drives exhaustion but 
sustains IFN-gamma transcript levels. J Immunol 
185(6):3643–3651. doi:10.4049/jimmunol.1000841

 57. Petrovas C, Casazza JP, Brenchley JM, Price DA, 
Gostick E, Adams WC, Precopio ML, Schacker T, 
Roederer M, Douek DC, Koup RA (2006) PD-1 is 
a regulator of virus-specific CD8+ T cell survival 
in HIV infection. J Exp Med 203(10):2281–2292. 
doi:10.1084/jem.20061496

 58. Trautmann L, Janbazian L, Chomont N, Said EA, 
Gimmig S, Bessette B, Boulassel MR, Delwart E, 
Sepulveda H, Balderas RS, Routy JP, Haddad EK, 
Sekaly RP (2006) Upregulation of PD-1 expression 
on HIV-specific CD8+ T cells leads to reversible 
immune dysfunction. Nat Med 12(10):1198–1202. 
doi:10.1038/nm1482

 59. Day CL, Kaufmann DE, Kiepiela P, Brown JA, 
Moodley ES, Reddy S, Mackey EW, Miller JD, 
Leslie AJ, DePierres C, Mncube Z, Duraiswamy 
J, Zhu B, Eichbaum Q, Altfeld M, Wherry EJ, 
Coovadia HM, Goulder PJ, Klenerman P, Ahmed 
R, Freeman GJ, Walker BD (2006) PD-1 expres-
sion on HIV-specific T cells is associated with 
T-cell exhaustion and disease progression. Nature 
443(7109):350–354. doi:10.1038/nature05115

 60. Wherry EJ (2011) T cell exhaustion. Nat Immunol 
12(6):492–499

 61. Baitsch L, Fuertes-Marraco SA, Legat A, Meyer C, 
Speiser DE (2012) The three main stumbling blocks 
for anticancer T cells. Trends Immunol 33(7):364–
372. doi:10.1016/j.it.2012.02.006

 62. Schietinger A, Greenberg PD (2014) Tolerance and 
exhaustion: defining mechanisms of T cell dysfunc-
tion. Trends Immunol 35(2):51–60. doi:10.1016/j.
it.2013.10.001

 63. Pauken KE, Wherry EJ (2015) Overcoming T cell 
exhaustion in infection and cancer. Trends Immunol 
36(4):265–276. doi:10.1016/j.it.2015.02.008

 64. Mellman I, Coukos G, Dranoff G (2011) 
Cancer immunotherapy comes of age. Nature 
480(7378):480–489. doi:10.1038/nature10673

 65. Kim PS, Ahmed R (2010) Features of respond-
ing T cells in cancer and chronic infection. Curr 
Opin Immunol 22(2):223–230. doi:10.1016/j.
coi.2010.02.005

 66. Crespo J, Sun H, Welling TH, Tian Z, Zou W (2013) 
T cell anergy, exhaustion, senescence, and stemness 
in the tumor microenvironment. Curr Opin Immunol 
25(2):214–221. doi:10.1016/j.coi.2012.12.003

 67. Fourcade J, Kudela P, Sun Z, Shen H, Land SR, 
Lenzner D, Guillaume P, Luescher IF, Sander 
C, Ferrone S, Kirkwood JM, Zarour HM (2009) 
PD-1 is a regulator of NY-ESO-1-specific CD8+ 
T cell expansion in melanoma patients. J Immunol 
182(9):5240–5249. doi:10.4049/jimmunol.0803245

 68. Pardoll DM (2012) The blockade of immune check-
points in cancer immunotherapy. Nat Rev Cancer 
12(4):252–264. doi:10.1038/nrc3239

 69. Nguyen LT, Ohashi PS (2015) Clinical blockade of 
PD1 and LAG3--potential mechanisms of action. 
Nat Rev Immunol 15(1):45–56. doi:10.1038/nri3790

 70. Fourcade J, Sun Z, Benallaoua M, Guillaume P, 
Luescher IF, Sander C, Kirkwood JM, Kuchroo V, 
Zarour HM Upregulation of Tim-3 and PD-1 expres-
sion is associated with tumor antigen-specific CD8+ 
T cell dysfunction in melanoma patients. J Exp Med 
207(10):2175–2186

 71. Fourcade J, Sun Z, Pagliano O, Guillaume P, Luescher 
IF, Sander C, Kirkwood JM, Olive D, Kuchroo V, 
Zarour HM (2012) CD8(+) T cells specific for 
tumor antigens can be rendered dysfunctional by 
the tumor microenvironment through upregula-
tion of the inhibitory receptors BTLA and PD-1. 
Cancer Res 72(4):887–896. doi:10.1158/0008-5472.
CAN-11-2637

 72. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, 
Kuchroo VK, Anderson AC Targeting Tim-3 
and PD-1 pathways to reverse T cell exhaus-
tion and restore anti-tumor immunity. J Exp Med 
207(10):2187–2194

 73. Jin HT, Anderson AC, Tan WG, West EE, Ha SJ, 
Araki K, Freeman GJ, Kuchroo VK, Ahmed R 
(2010) Cooperation of Tim-3 and PD-1 in CD8 
T-cell exhaustion during chronic viral infection. 
Proc Natl Acad Sci U S A 107(33):14733–14738. 
doi:10.1073/pnas.1009731107

 74. Kmieciak M, Worschech A, Nikizad H, Gowda M, 
Habibi M, Depcrynski A, Wang E, Godder K, Holt 
SE, Marincola FM, Manjili MH (2011) CD4+ T cells 
inhibit the neu-specific CD8+ T-cell exhaustion dur-
ing the priming phase of immune responses against 
breast cancer. Breast Cancer Res Treat 126(2):385–
394. doi:10.1007/s10549-010-0942-8

 75. Sharpe AH, Abbas AK (2006) T-cell costimulation-
-biology, therapeutic potential, and challenges. 
N Engl J Med 355(10):973–975. doi:10.1056/
NEJMp068087

 76. Appleman LJ, Boussiotis VA (2003) T cell anergy 
and costimulation. Immunol Rev 192:161–180

 77. Grosso JF, Jure-Kunkel MN (2013) CTLA-4 block-
ade in tumor models: an overview of preclinical and 
translational research. Cancer Immun 13:5

 78. Egen JG, Kuhns MS, Allison JP (2002) CTLA-4: 
new insights into its biological function and use in 
tumor immunotherapy. Nat Immunol 3(7):611–618. 
doi:10.1038/ni0702-611

 79. Collins AV, Brodie DW, Gilbert RJ, Iaboni A, 
Manso-Sancho R, Walse B, Stuart DI, van der 
Merwe PA, Davis SJ (2002) The interaction proper-

X. Bu et al.

https://doi.org/10.1073/pnas.0610335104
https://doi.org/10.4049/jimmunol.1000841
https://doi.org/10.1084/jem.20061496
https://doi.org/10.1038/nm1482
https://doi.org/10.1038/nature05115
https://doi.org/10.1016/j.it.2012.02.006
https://doi.org/10.1016/j.it.2013.10.001
https://doi.org/10.1016/j.it.2013.10.001
https://doi.org/10.1016/j.it.2015.02.008
https://doi.org/10.1038/nature10673
https://doi.org/10.1016/j.coi.2010.02.005
https://doi.org/10.1016/j.coi.2010.02.005
https://doi.org/10.1016/j.coi.2012.12.003
https://doi.org/10.4049/jimmunol.0803245
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nri3790
https://doi.org/10.1158/0008-5472.CAN-11-2637
https://doi.org/10.1158/0008-5472.CAN-11-2637
https://doi.org/10.1073/pnas.1009731107
https://doi.org/10.1007/s10549-010-0942-8
https://doi.org/10.1056/NEJMp068087
https://doi.org/10.1056/NEJMp068087
https://doi.org/10.1038/ni0702-611


399

ties of costimulatory molecules revisited. Immunity 
17(2):201–210

 80. Yokosuka T, Kobayashi W, Takamatsu M, Sakata- 
Sogawa K, Zeng H, Hashimoto-Tane A, Yagita H, 
Tokunaga M, Saito T (2010) Spatiotemporal basis of 
CTLA-4 costimulatory molecule-mediated negative 
regulation of T cell activation. Immunity 33(3):326–
339. doi:10.1016/j.immuni.2010.09.006

 81. Schneider H, Valk E, da Rocha DS, Wei B, Rudd 
CE (2005) CTLA-4 up-regulation of lymphocyte 
function- associated antigen 1 adhesion and cluster-
ing as an alternate basis for coreceptor function. 
Proc Natl Acad Sci U S A 102(36):12861–12866. 
doi:10.1073/pnas.0505802102

 82. Qureshi OS, Zheng Y, Nakamura K, Attridge K, 
Manzotti C, Schmidt EM, Baker J, Jeffery LE, Kaur 
S, Briggs Z, Hou TZ, Futter CE, Anderson G, Walker 
LS, Sansom DM (2011) Trans-endocytosis of CD80 
and CD86: a molecular basis for the cell-extrinsic 
function of CTLA-4. Science 332(6029):600–603. 
doi:10.1126/science.1202947

 83. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi 
T, Miyara M, Fehervari Z, Nomura T, Sakaguchi 
S (2008) CTLA-4 control over Foxp3+ regula-
tory T cell function. Science 322(5899):271–275. 
doi:10.1126/science.1160062

 84. Chuang E, Lee KM, Robbins MD, Duerr JM, 
Alegre ML, Hambor JE, Neveu MJ, Bluestone JA, 
Thompson CB (1999) Regulation of cytotoxic T 
lymphocyte-associated molecule-4 by Src kinases. 
J Immunol 162(3):1270–1277

 85. Carreno BM, Bennett F, Chau TA, Ling V, Luxenberg 
D, Jussif J, Baroja ML, Madrenas J (2000) CTLA-4 
(CD152) can inhibit T cell activation by two differ-
ent mechanisms depending on its level of cell sur-
face expression. J Immunol 165(3):1352–1356

 86. Cinek T, Sadra A, Imboden JB (2000) Cutting edge: 
tyrosine-independent transmission of inhibitory sig-
nals by CTLA-4. J Immunol 164(1):5–8

 87. van der Merwe PA, Bodian DL, Daenke S, Linsley P, 
Davis SJ (1997) CD80 (B7-1) binds both CD28 and 
CTLA-4 with a low affinity and very fast kinetics. 
J Exp Med 185(3):393–403

 88. Acuto O, Michel F (2003) CD28-mediated co- 
stimulation: a quantitative support for TCR signal-
ling. Nat Rev Immunol 3(12):939–951. doi:10.1038/
nri1248

 89. Alegre ML, Noel PJ, Eisfelder BJ, Chuang E, Clark 
MR, Reiner SL, Thompson CB (1996) Regulation 
of surface and intracellular expression of CTLA4 on 
mouse T cells. J Immunol 157(11):4762–4770

 90. Harper K, Balzano C, Rouvier E, Mattei MG, 
Luciani MF, Golstein P (1991) CTLA-4 and CD28 
activated lymphocyte molecules are closely related 
in both mouse and human as to sequence, message 
expression, gene structure, and chromosomal loca-
tion. J Immunol 147(3):1037–1044

 91. Lindsten T, Lee KP, Harris ES, Petryniak B, 
Craighead N, Reynolds PJ, Lombard DB,  

Freeman GJ, Nadler LM, Gray GS et al (1993) 
Characterization of CTLA-4 structure and expres-
sion on human T cells. J Immunol 151(7):3489–3499

 92. Freeman GJ, Lombard DB, Gimmi CD, Brod SA, 
Lee K, Laning JC, Hafler DA, Dorf ME, Gray GS, 
Reiser H et al (1992) CTLA-4 and CD28 mRNA 
are coexpressed in most T cells after activation. 
Expression of CTLA-4 and CD28 mRNA does not 
correlate with the pattern of lymphokine production. 
J Immunol 149(12):3795–3801

 93. Linsley PS, Greene JL, Tan P, Bradshaw J, Ledbetter 
JA, Anasetti C, Damle NK (1992) Coexpression and 
functional cooperation of CTLA-4 and CD28 on acti-
vated T lymphocytes. J Exp Med 176(6):1595–1604

 94. Walunas TL, Bakker CY, Bluestone JA (1996) 
CTLA-4 ligation blocks CD28-dependent T cell 
activation. J Exp Med 183(6):2541–2550

 95. Kaufman KA, Bowen JA, Tsai AF, Bluestone 
JA, Hunt JS, Ober C (1999) The CTLA-4 gene is 
expressed in placental fibroblasts. Mol Hum Reprod 
5(1):84–87

 96. Ling V, Munroe RC, Murphy EA, Gray GS (1998) 
Embryonic stem cells and embryoid bodies express 
lymphocyte costimulatory molecules. Exp Cell Res 
241(1):55–65. doi:10.1006/excr.1998.4055

 97. Pioli C, Gatta L, Ubaldi V, Doria G (2000) 
Inhibition of IgG1 and IgE production by stimu-
lation of the B cell CTLA-4 receptor. J Immunol 
165(10):5530–5536

 98. Pistillo MP, Tazzari PL, Palmisano GL, Pierri I, 
Bolognesi A, Ferlito F, Capanni P, Polito L, Ratta M, 
Pileri S, Piccioli M, Basso G, Rissotto L, Conte R, 
Gobbi M, Stirpe F, Ferrara GB (2003) CTLA-4 is not 
restricted to the lymphoid cell lineage and can func-
tion as a target molecule for apoptosis induction of 
leukemic cells. Blood 101(1):202–209. doi:10.1182/
blood-2002-06-1668

 99. Nakamoto N, Kaplan DE, Coleclough J, Li Y, 
Valiga ME, Kaminski M, Shaked A, Olthoff K, 
Gostick E, Price DA, Freeman GJ, Wherry EJ, 
Chang KM (2008) Functional restoration of HCV- 
specific CD8 T cells by PD-1 blockade is defined 
by PD-1 expression and compartmentalization. 
Gastroenterology 134(7):1927–1937, 1937 e1921–
e1922. doi:10.1053/j.gastro.2008.02.033

 100. Liu Y, Yu Y, Yang S, Zeng B, Zhang Z, Jiao G, Zhang 
Y, Cai L, Yang R (2009) Regulation of arginase I 
activity and expression by both PD-1 and CTLA-4 
on the myeloid-derived suppressor cells. Cancer 
Immunol Immunother 58(5):687–697. doi:10.1007/
s00262-008-0591-5

 101. Nishimura H, Agata Y, Kawasaki A, Sato M, 
Imamura S, Minato N, Yagita H, Nakano T, Honjo 
T (1996) Developmentally regulated expression of 
the PD-1 protein on the surface of double-negative 
(CD4-CD8-) thymocytes. Int Immunol 8(5):773–780

 102. Oestreich KJ, Yoon H, Ahmed R, Boss JM (2008) 
NFATc1 regulates PD-1 expression upon T cell acti-
vation. J Immunol 181(7):4832–4839

18 Immune Checkpoint Blockade in Breast Cancer Therapy

https://doi.org/10.1016/j.immuni.2010.09.006
https://doi.org/10.1073/pnas.0505802102
https://doi.org/10.1126/science.1202947
https://doi.org/10.1126/science.1160062
https://doi.org/10.1038/nri1248
https://doi.org/10.1038/nri1248
https://doi.org/10.1006/excr.1998.4055
https://doi.org/10.1182/blood-2002-06-1668
https://doi.org/10.1182/blood-2002-06-1668
https://doi.org/10.1053/j.gastro.2008.02.033
https://doi.org/10.1007/s00262-008-0591-5
https://doi.org/10.1007/s00262-008-0591-5


400

 103. Staron MM, Gray SM, Marshall HD, Parish IA, Chen 
JH, Perry CJ, Cui G, Li MO, Kaech SM (2014) The 
transcription factor FoxO1 sustains expression of 
the inhibitory receptor PD-1 and survival of antiviral 
CD8(+) T cells during chronic infection. Immunity 
41(5):802–814. doi:10.1016/j.immuni.2014.10.013

 104. Mathieu M, Cotta-Grand N, Daudelin JF, Thebault 
P, Labrecque N (2013) Notch signaling regulates 
PD-1 expression during CD8(+) T-cell activa-
tion. Immunol Cell Biol 91(1):82–88. doi:10.1038/
icb.2012.53

 105. Kao C, Oestreich KJ, Paley MA, Crawford A, 
Angelosanto JM, Ali MA, Intlekofer AM, Boss 
JM, Reiner SL, Weinmann AS, Wherry EJ (2011) 
Transcription factor T-bet represses expression of the 
inhibitory receptor PD-1 and sustains virus-specific 
CD8+ T cell responses during chronic infection. Nat 
Immunol 12(7):663–671. doi:10.1038/ni.2046

 106. Nishimura H, Okazaki T, Tanaka Y, Nakatani K, 
Hara M, Matsumori A, Sasayama S, Mizoguchi A, 
Hiai H, Minato N, Honjo T (2001) Autoimmune 
dilated cardiomyopathy in PD-1 receptor-deficient 
mice. Science 291(5502):319–322. doi:10.1126/
science.291.5502.319

 107. Nishimura H, Nose M, Hiai H, Minato N, Honjo T 
(1999) Development of lupus-like autoimmune dis-
eases by disruption of the PD-1 gene encoding an 
ITIM motif-carrying immunoreceptor. Immunity 
11(2):141–151

 108. Yamazaki T, Akiba H, Iwai H, Matsuda H, Aoki M, 
Tanno Y, Shin T, Tsuchiya H, Pardoll DM, Okumura 
K, Azuma M, Yagita H (2002) Expression of pro-
grammed death 1 ligands by murine T cells and 
APC. J Immunol 169(10):5538–5545

 109. Zhong X, Tumang JR, Gao W, Bai C, Rothstein 
TL (2007) PD-L2 expression extends beyond den-
dritic cells/macrophages to B1 cells enriched for 
V(H)11/V(H)12 and phosphatidylcholine binding. 
Eur J Immunol 37(9):2405–2410. doi:10.1002/
eji.200737461

 110. Nurieva R, Thomas S, Nguyen T, Martin-Orozco N, 
Wang Y, Kaja MK, Yu XZ, Dong C (2006) T-cell 
tolerance or function is determined by combinatorial 
costimulatory signals. EMBO J 25(11):2623–2633. 
doi:10.1038/sj.emboj.7601146

 111. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, 
Minato N (2002) Involvement of PD-L1 on tumor 
cells in the escape from host immune system and 
tumor immunotherapy by PD-L1 blockade. Proc Natl 
Acad Sci U S A 99(19):12293–12297. doi:10.1073/
pnas.192461099

 112. Kantarjian HM, DeAngelo DJ, Stelljes M, Martinelli 
G, Liedtke M, Stock W, Gokbuget N, O’Brien 
S, Wang K, Wang T, Paccagnella ML, Sleight B, 
Vandendries E, Advani AS (2016) Inotuzumab 
Ozogamicin versus standard therapy for acute lym-
phoblastic leukemia. N Engl J Med 375(8):740–753. 
doi:10.1056/NEJMoa1509277

 113. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, 
Topalian SL, Hwu P, Drake CG, Camacho LH, 
Kauh J, Odunsi K, Pitot HC, Hamid O, Bhatia S, 

Martins R, Eaton K, Chen S, Salay TM, Alaparthy 
S, Grosso JF, Korman AJ, Parker SM, Agrawal S, 
Goldberg SM, Pardoll DM, Gupta A, Wigginton JM 
(2012) Safety and activity of anti-PD-L1 antibody 
in patients with advanced cancer. N Engl J Med 
366(26):2455–2465. doi:10.1056/NEJMoa1200694

 114. Salazar LG, Lu H, Reichow JL, Childs JS, Coveler 
AL, Higgins DM, Waisman J, Allison KH, Dang 
Y, Disis ML (2017) Topical Imiquimod plus nab- 
paclitaxel for breast cancer cutaneous metastases: 
a phase 2 clinical trial. JAMA Oncol. doi:10.1001/
jamaoncol.2016.6007

 115. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling 
H, Eyring AD, Skora AD, Luber BS, Azad NS, 
Laheru D, Biedrzycki B, Donehower RC, Zaheer 
A, Fisher GA, Crocenzi TS, Lee JJ, Duffy SM, 
Goldberg RM, de la Chapelle A, Koshiji M, Bhaijee 
F, Huebner T, Hruban RH, Wood LD, Cuka N, 
Pardoll DM, Papadopoulos N, Kinzler KW, Zhou 
S, Cornish TC, Taube JM, Anders RA, Eshleman 
JR, Vogelstein B, Diaz LA Jr (2015) PD-1 block-
ade in tumors with mismatch-repair deficiency. 
N Engl J Med 372(26):2509–2520. doi:10.1056/
NEJMoa1500596

 116. Wang Y, Cortez D, Yazdi P, Neff N, Elledge SJ, 
Qin J (2000) BASC, a super complex of BRCA1- 
associated proteins involved in the recognition 
and repair of aberrant DNA structures. Genes Dev 
14(8):927–939

 117. Parsons R, Li GM, Longley MJ, Fang WH, 
Papadopoulos N, Jen J, de la Chapelle A, Kinzler KW, 
Vogelstein B, Modrich P (1993) Hypermutability 
and mismatch repair deficiency in RER+ tumor 
cells. Cell 75(6):1227–1236

 118. Loeb LA (1994) Microsatellite instability: marker 
of a mutator phenotype in cancer. Cancer Res 
54(19):5059–5063

 119. Devaud N, Gallinger S (2013) Chemotherapy of 
MMR-deficient colorectal cancer. Familial Cancer 
12(2):301–306. doi:10.1007/s10689-013-9633-z

 120. Westdorp H, Fennemann FL, Weren RD, Bisseling 
TM, Ligtenberg MJ, Figdor CG, Schreibelt G, 
Hoogerbrugge N, Wimmers F, de Vries IJ (2016) 
Opportunities for immunotherapy in microsatel-
lite instable colorectal cancer. Cancer Immunol 
Immunother 65(10):1249–1259. doi:10.1007/
s00262-016-1832-7

 121. Dudley JC, Lin MT, Le DT, Eshleman JR (2016) 
Microsatellite instability as a biomarker for 
PD-1 blockade. Clin Cancer Res 22(4):813–820. 
doi:10.1158/1078-0432.CCR-15-1678

 122. Yee CJ, Roodi N, Verrier CS, Parl FF (1994) 
Microsatellite instability and loss of heterozygosity 
in breast cancer. Cancer Res 54(7):1641–1644

 123. Shaw JA, Walsh T, Chappell SA, Carey N, Johnson 
K, Walker RA (1996) Microsatellite instabil-
ity in early sporadic breast cancer. Br J Cancer 
73(11):1393–1397

 124. Bourdais R, Rousseau B, Pujals A, Boussion H, 
Joly C, Guillemin A, Baumgaertner I, Neuzillet 
C, Tournigand C (2017) Polymerase proofreading 

X. Bu et al.

https://doi.org/10.1016/j.immuni.2014.10.013
https://doi.org/10.1038/icb.2012.53
https://doi.org/10.1038/icb.2012.53
https://doi.org/10.1038/ni.2046
https://doi.org/10.1126/science.291.5502.319
https://doi.org/10.1126/science.291.5502.319
https://doi.org/10.1002/eji.200737461
https://doi.org/10.1002/eji.200737461
https://doi.org/10.1038/sj.emboj.7601146
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.1056/NEJMoa1509277
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1001/jamaoncol.2016.6007
https://doi.org/10.1001/jamaoncol.2016.6007
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1007/s10689-013-9633-z
https://doi.org/10.1007/s00262-016-1832-7
https://doi.org/10.1007/s00262-016-1832-7
https://doi.org/10.1158/1078-0432.CCR-15-1678


401

domain mutations: new opportunities for immuno-
therapy in hypermutated colorectal cancer beyond 
MMR deficiency. Crit Rev Oncol Hematol 113:242–
248. doi:10.1016/j.critrevonc.2017.03.027

 125. Bupathi M, Wu C (2016) Biomarkers for immune 
therapy in colorectal cancer: mismatch-repair defi-
ciency and others. J Gastrointest Oncol 7(5):713–
720. doi:10.21037/jgo.2016.07.03

 126. Leach DR, Krummel MF, Allison JP (1996) 
Enhancement of antitumor immunity by CTLA-4 
blockade. Science 271(5256):1734–1736

 127. van Elsas A, Hurwitz AA, Allison JP (1999) 
Combination immunotherapy of B16 melanoma 
using anti-cytotoxic T lymphocyte-associated anti-
gen 4 (CTLA-4) and granulocyte/macrophage 
colony-stimulating factor (GM-CSF)-producing 
vaccines induces rejection of subcutaneous and met-
astatic tumors accompanied by autoimmune depig-
mentation. J Exp Med 190(3):355–366

 128. Hodi FS, Mihm MC, Soiffer RJ, Haluska FG, 
Butler M, Seiden MV, Davis T, Henry-Spires R, 
MacRae S, Willman A, Padera R, Jaklitsch MT, 
Shankar S, Chen TC, Korman A, Allison JP, 
Dranoff G (2003) Biologic activity of cytotoxic T 
lymphocyte- associated antigen 4 antibody blockade 
in previously vaccinated metastatic melanoma and 
ovarian carcinoma patients. Proc Natl Acad Sci U S A 
100(8):4712–4717. doi:10.1073/pnas.0830997100

 129. Hodi FS, Butler M, Oble DA, Seiden MV, Haluska 
FG, Kruse A, Macrae S, Nelson M, Canning C, 
Lowy I, Korman A, Lautz D, Russell S, Jaklitsch 
MT, Ramaiya N, Chen TC, Neuberg D, Allison JP, 
Mihm MC, Dranoff G (2008) Immunologic and 
clinical effects of antibody blockade of cytotoxic T 
lymphocyte-associated antigen 4 in previously vac-
cinated cancer patients. Proc Natl Acad Sci U S A 
105(8):3005–3010. doi:10.1073/pnas.0712237105

 130. Phan GQ, Yang JC, Sherry RM, Hwu P, Topalian 
SL, Schwartzentruber DJ, Restifo NP, Haworth LR, 
Seipp CA, Freezer LJ, Morton KE, Mavroukakis 
SA, Duray PH, Steinberg SM, Allison JP, Davis 
TA, Rosenberg SA (2003) Cancer regression and 
autoimmunity induced by cytotoxic T lymphocyte- 
associated antigen 4 blockade in patients with 
metastatic melanoma. Proc Natl Acad Sci U S A 
100(14):8372–8377. doi:10.1073/pnas.1533209100

 131. Ribas A (2008) Overcoming immunologic tolerance 
to melanoma: targeting CTLA-4 with tremelim-
umab (CP-675,206). Oncologist 13(Suppl 4):10–15. 
doi:10.1634/theoncologist.13-S4-10

 132. McArthur HL, Diab A, Page DB, Yuan J, Solomon 
SB, Sacchini V, Comstock C, Durack JC, Maybody 
M, Sung J, Ginsberg A, Wong P, Barlas A, Dong 
Z, Zhao C, Blum B, Patil S, Neville D, Comen EA, 
Morris EA, Kotin A, Brogi E, Wen YH, Morrow 
M, Lacouture ME, Sharma P, Allison JP, Hudis 
CA, Wolchok JD, Norton L (2016) A pilot study 
of preoperative single-dose Ipilimumab and/or 
Cryoablation in women with early-stage breast 
cancer with comprehensive immune profiling. Clin 

Cancer Res 22(23):5729–5737. doi:10.1158/1078-
0432.CCR-16-0190

 133. Vonderheide RH, LoRusso PM, Khalil M, Gartner 
EM, Khaira D, Soulieres D, Dorazio P, Trosko JA, 
Ruter J, Mariani GL, Usari T, Domchek SM (2010) 
Tremelimumab in combination with exemestane in 
patients with advanced breast cancer and treatment- 
associated modulation of inducible costimula-
tor expression on patient T cells. Clin Cancer 
Res 16(13):3485–3494. doi:10.1158/1078-0432.
CCR-10-0505

 134. Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao 
N, Wu Y, Harrington S, Su X, Wang Y, Gonzalez- 
Angulo AM, Akcakanat A, Chawla A, Curran M, 
Hwu P, Sharma P, Litton JK, Molldrem JJ, Alatrash 
G (2014) PD-L1 expression in triple-negative 
breast cancer. Cancer Immunol Res 2(4):361–370. 
doi:10.1158/2326-6066.CIR-13-0127

 135. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, 
Apetoh L, Perfettini JL, Castedo M, Mignot G, 
Panaretakis T, Casares N, Metivier D, Larochette N, 
van Endert P, Ciccosanti F, Piacentini M, Zitvogel 
L, Kroemer G (2007) Calreticulin exposure dictates 
the immunogenicity of cancer cell death. Nat Med 
13(1):54–61. doi:10.1038/nm1523

 136. Kroemer G, Galluzzi L, Kepp O, Zitvogel L 
(2013) Immunogenic cell death in cancer ther-
apy. Annu Rev Immunol 31:51–72. doi:10.1146/
annurev-immunol-032712-100008

 137. Bracci L, Schiavoni G, Sistigu A, Belardelli F 
(2014) Immune-based mechanisms of cytotoxic 
chemotherapy: implications for the design of novel 
and rationale- based combined treatments against 
cancer. Cell Death Differ 21(1):15–25. doi:10.1038/
cdd.2013.67

 138. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, 
Ortiz C, Criollo A, Mignot G, Maiuri MC, Ullrich E, 
Saulnier P, Yang H, Amigorena S, Ryffel B, Barrat 
FJ, Saftig P, Levi F, Lidereau R, Nogues C, Mira JP, 
Chompret A, Joulin V, Clavel-Chapelon F, Bourhis J, 
Andre F, Delaloge S, Tursz T, Kroemer G, Zitvogel 
L (2007) Toll-like receptor 4-dependent contribu-
tion of the immune system to anticancer chemother-
apy and radiotherapy. Nat Med 13(9):1050–1059. 
doi:10.1038/nm1622

 139. Apetoh L, Obeid M, Tesniere A, Ghiringhelli F, 
Fimia GM, Piacentini M, Kroemer G, Zitvogel L 
(2007) Immunogenic chemotherapy: discovery of a 
critical protein through proteomic analyses of tumor 
cells. Cancer Genomics Proteomics 4(2):65–70

 140. Obeid M, Panaretakis T, Tesniere A, Joza N, Tufi 
R, Apetoh L, Ghiringhelli F, Zitvogel L, Kroemer 
G (2007) Leveraging the immune system dur-
ing chemotherapy: moving calreticulin to the cell 
surface converts apoptotic death from “silent” to 
immunogenic. Cancer Res 67(17):7941–7944. 
doi:10.1158/0008-5472.CAN-07-1622

 141. Tesniere A, Panaretakis T, Kepp O, Apetoh L, 
Ghiringhelli F, Zitvogel L, Kroemer G (2008) 
Molecular characteristics of immunogenic  

18 Immune Checkpoint Blockade in Breast Cancer Therapy

https://doi.org/10.1016/j.critrevonc.2017.03.027
http://dx.doi.org/10.21037/jgo.2016.07.03
https://doi.org/10.1073/pnas.0830997100
https://doi.org/10.1073/pnas.0712237105
https://doi.org/10.1073/pnas.1533209100
https://doi.org/10.1634/theoncologist.13-S4-10
https://doi.org/10.1158/1078-0432.CCR-16-0190
https://doi.org/10.1158/1078-0432.CCR-16-0190
https://doi.org/10.1158/1078-0432.CCR-10-0505
https://doi.org/10.1158/1078-0432.CCR-10-0505
https://doi.org/10.1158/2326-6066.CIR-13-0127
https://doi.org/10.1038/nm1523
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1038/cdd.2013.67
https://doi.org/10.1038/cdd.2013.67
https://doi.org/10.1038/nm1622
https://doi.org/10.1158/0008-5472.CAN-07-1622


402

cancer cell death. Cell Death Differ 15(1):3–12. 
doi:10.1038/sj.cdd.4402269

 142. Nanda R, Chow LQ, Dees EC, Berger R, Gupta S, 
Geva R, Pusztai L, Pathiraja K, Aktan G, Cheng JD, 
Karantza V, Buisseret L (2016) Pembrolizumab in 
patients with advanced triple-negative breast can-
cer: phase Ib KEYNOTE-012 study. J Clin Oncol 
34(21):2460–2467. doi:10.1200/JCO.2015.64.8931

 143. Rita Nanda MCL, Yau C, Asare S, Hylton N, Van’t 
Veer L, Jane Perlmutter, Wallace AM, Chien AJ, 
Forero-Torres A, Ellis E, Han H, Clark AS, Albain 
KS, Boughey JC, Elias AD, Berry DA, Yee D, 
DeMichele A, Esserman L; I-SPY Network, The 
University of Chicago, Chicago, IL; The University 
of Texas MD Anderson Cancer Center, Houston, 
TX; Mayo Clinic, Rochester, MN; Masonic Cancer 
Center, University of Minnesota, Minneapolis, MN; 
Abramson Cancer Center, Philadelphia, PA; Buck 

Institute for Age Research, Novato, CA; Quantum 
Leap Health Care Collaborative, San Francisco, CA; 
UC San Francisco, San Francisco, CA; University 
of California, San Francisco, San Francisco, CA; 
Gemini Group, Ann Arbor, MI; University of 
California San Diego Moores Cancer Center, La 
Jolla, CA; University of Alabama at Birmingham, 
Birmingham, AL; Swedish Cancer Inst, Seattle, 
WA; H. Lee Moffitt Cancer Center & Research 
Institute, Tampa, FL; Hospital of the University of 
Pennsylvania, Philadelphia, PA; Loyola University 
Chicago Stritch School of Medicine, Cardinal 
Bernardin Cancer Center, Maywood, IL; University 
of Colorado Comprehensive Cancer Center, Aurora, 
CO (2017) Pembrolizumab plus standard neoadju-
vant therapy for high-risk breast cancer (BC): results 
from I-SPY 2. Paper presented at the 2017 ASCO 
annual meeting, Chicago, June 5

X. Bu et al.

https://doi.org/10.1038/sj.cdd.4402269
https://doi.org/10.1200/JCO.2015.64.8931


403© Springer Nature Singapore Pte Ltd. 2017 
E. Song, H. Hu (eds.), Translational Research in Breast Cancer, Advances in Experimental 
Medicine and Biology 1026, https://doi.org/10.1007/978-981-10-6020-5_19

Strategies and Progress 
of Endocrine Therapy for Patients 
with Metastatic Breast Cancer

Hope S. Rugo, Huiping Li, and Xinyu Gui

Abstract

Breast cancer is one of the most prevalent cancers and the leading causes 
of cancer mortality in women worldwide and in China. For hormone 
receptor-positive (HR+) breast cancer, accounting for approximately 
60–80% of breast cancer, endocrine therapy (ET) is the primary treatment 
strategy. For patients with HR+ metastatic breast cancer (MBC), there are 
many endocrine-based treatment options that can improve long-term out-
comes and optimize quality of life. With the emergence and availability of 
new and effective agents, the options for ET have expanded in the last two 
decades. Although hormone therapy has been a standard of care for many 
decades, treatment must be individualized based on tumor biology and 
extent of disease. For example, the patients with impending organ failure 
may be treated with induction chemotherapy to improve organ function, 
followed by ET. For the patients who develop metastatic disease while on 
adjuvant ET, particularly when associated with organ failure, or for those 
with low expression of hormone receptors or expression of HER2, chemo-
therapy again may be a preferred initial treatment. ET blocks estrogen-
driven tumor growth through different mechanisms; however, HR+ MBC 
can be intrinsically resistant or may acquire resistance to the treatment. 
Several targeted agents have been approved to use in combination with ET 
to improve response and delay development of resistance.

H.S. Rugo (*) 
University of California San Francisco Helen Diller 
Family Comprehensive Cancer Center,  
San Francisco, CA, USA
e-mail: Hope.Rugo@ucsf.edu 

19

H. Li • X. Gui 
Key laboratory of Carcinogenesis and Translational 
Research (Ministry of Education), Department of 
Breast Oncology, Peking University, Cancer Hospital 
& Institute, Beijing 100142, China

mailto:Hope.Rugo@ucsf.edu


404

Keywords

HR+ Breast cancer • Endocrine therapy • ER-expressing breast cancer

19.1  Common Agents for ET 
of Breast Cancer

The endocrine-based treatment options for 
patients with HR+ MBC include selective estro-
gen receptor modulators, aromatase inhibitors, 
and selective estrogen receptor degraders.

19.1.1  Selective Estrogen Receptor 
Modulators (SERMs)

SERMs bind competitively to the estrogen recep-
tor (ER) and alter the biologic actions of the recep-
tor complex through changing conformation. 
Tamoxifen was the first SERM in clinical practice 
and has been used extensively for treatment of 
patients with both early- and late-stage breast can-
cer for decades. A review of 86 clinical trials 
involving over 5000 patients with MBC treated 
with tamoxifen concluded an overall response rate 
(ORR) of 34% with an additional 19% of patients 
achieving stable disease for at least 6 months [1].

19.1.2  Aromatase Inhibitors (AIs)

AIs reduce estrogen levels by blocking the con-
version of androgens to estrogens by the aroma-
tase enzyme in tissues other than the ovaries. 
Third-generation AIs include letrozole and anas-
trozole (nonsteroidal AIs which bind reversibly 
to the enzyme) and exemestane (a steroidal AI 
which binds irreversibly to aromatase) [2, 3]. 
Switching between nonsteroidal and steroidal 
AIs produces modest additional clinical benefits 
(primarily stable disease), suggesting that the two 
types of AIs are not fully cross-resistant [4]. A 
large meta-analysis including 8504 patients com-
pared the survival benefits with standard hor-
monal treatment and several generations of AIs in 
patients with MBC. Statistically significant sur-
vival benefits with third-generation AIs have 
been found in published data [5].

19.1.3  Selective Estrogen Receptor 
Degraders (SERDs)

Fulvestrant is the only US Food and Drug 
Administration (FDA)-approved SERD, which 
blocks ER dimerization and DNA binding, inhib-
its nuclear uptake, increases the turnover and 
degradation of ER, and decreases estrogen- 
independent signaling. Fulvestrant (250 mg 
monthly) given by intramuscular injection (IM) 
was at least as effective as anastrozole (1 mg 
daily) in the second-line treatment of postmeno-
pausal women with ABC [6]. However, the time 
to steady-state levels of fulvestrant with 250 mg 
monthly dosing was at least 3 months. Subsequent 
studies employed a loading dose, using 500 mg 
every 2 weeks for three doses, followed by 
500 mg a month. The CONFIRM study com-
pared fulvestrant 500 mg to 250 mg (with a load-
ing dose in both arms) in postmenopausal women 
with ER+ ABC and demonstrated a significant 
improvement in both PFS and OS with the 
500 mg dose [7]. This study led to FDA approval 
of fulvestrant at 500 mg monthly with a loading 
dose. More recent data suggests that higher dose 
of fulvestrant improves disease control and has a 
survival advantage compared with anastrozole in 
a specific subpopulation of patients with advanced 
disease. The phase II FIRST trial compared anas-
trozole to 500 mg fulvestrant and demonstrated 
similar results for clinical benefit rate, which was 
the primary endpoint [8]. With longer follow-up, 
time to progression (TTP) and overall survival 
(OS) were improved with fulvestrant compared 
to anastrozole. Median OS was 54.1 months for 
fulvestrant versus 48.4 months for anastrozole 
(hazard ratio 0.70; 95% CI: 0.50–0.98; p = 0.04). 
The phase III FALCON study compared fulves-
trant with anastrozole as the first ET treatment in 
patients with HR+ locally advanced or MBC who 
had not received previous hormonal therapy. 
Progression-free survival (PFS) was significantly 
longer in fulvestrant group than in anastrozole 
group (hazard ratio 0.797; 95% CI: 0.637–0.999; 
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p = 0.0486; median PFS, 16.6 versus 13.8 months) 
[9]. Subset analysis demonstrated that improved 
PFS with fulvestrant was seen only in patients 
without visceral disease (PFS 22.3 versus 
13.8 months, HR 0.59, 95% CI 0.42, 0.84), com-
pared to no difference in those with visceral dis-
ease (PFS 13.8 versus 15.9 months, HR 0.99, 
95% CI 0.74, 1.33). To date, there is no differ-
ence in OS. These findings raise the question 
about differential efficacy with hormone thera-
pies based on disease setting and exposure to 
prior hormone therapy, although 34% of patients 
in FALCON were exposed to prior chemother-
apy. Fulvestrant monotherapy may be a preferred 
option for patients without prior ET therapy or 
visceral disease. The currently approved standard 
dose of fulvestrant is 500 mg, and it should be 
administered twice in the first month and then 
once a month after that [10].

19.2  Improving Response to ET 
with Targeted Therapies

Essentially all patients with MBC receiving ET 
will eventually experience disease progression. 
Although sequential lines of ET are employed 
with success in many cases, resistance may 
develop at any time [11]. Research focusing on 
explaining the mechanism behind resistance to 
ET has led to a rapidly expanding understanding 
of the genomic and biochemical pathways, 
including the phosphatidylinositol 3-kinase 
(PI3K)/Akt/mammalian target of rapamycin 
(mTOR) pathway [12] as well as others.

19.2.1  Everolimus

Everolimus is an orally selective inhibitor of 
mTOR complex one which interferes with activa-
tion of the PI3K/Akt/mTOR pathway and has 
been demonstrated to improve antitumor efficacy 
when combined with ET in patients with 
advanced breast cancer. BOLERO-2, a random-
ized phase III study, compared exemestane and 
everolimus to exemestane and placebo in 724 
postmenopausal patients with HR+ ABC recur-
ring or progressing while receiving a nonsteroi-

dal AI for ABC, or within 12 months of 
completing adjuvant nonsteroidal AI treatment. 
The addition of everolimus improved median 
PFS from 3.2 months to 7.8 months (HR 0.45, 
95% CI 0.38, 0.54, p < 0.0001) [13]. Based on 
this data, everolimus plus exemestane was 
approved by the FDA for treatment of patients 
with HR+/HER2- (human epidermal growth fac-
tor receptor 2-negative) ABC recurring or pro-
gressing on prior nonsteroidal AIs. Everolimus 
has shown benefits with additional combinations. 
The phase II TAMRAD study evaluated the 
hypothesis that combining an mTOR inhibitor 
and antiestrogen could reestablish endocrine sen-
sitivity. Tamoxifen plus everolimus increased 
clinical benefit rate (CBR), TTP, and OS com-
pared with tamoxifen alone in postmenopausal 
women with AI-resistant MBC [14]. PrECOG 
0102 is a randomized phase II trial that evaluated 
fulvestrant plus everolimus or placebo in 129 
postmenopausal women with HR+ ABC pro-
gressing on AI therapy [15]. Investigator-assessed 
PFS was improved with the addition of everoli-
mus from 5.1 to 10.4 months (HR 0.6, 95% CI 
0.40, 0.92, p < 0.02). In all trials, the addition of 
everolimus was associated with more toxicity 
than that seen with hormone therapy alone, 
including a higher proportion of treatment dis-
continuation and grade >3 adverse effects [13]. 
Class-specific toxicities include stomatitis, pneu-
monitis, and hyperglycemia. The incidence and 
severity of stomatitis are markedly reduced with 
the use of a dexamethasone mouthwash during 
the first 8 weeks of therapy [16].

19.2.2  Cyclin-Dependent Kinase 
(CDK)4/CDK6 Inhibitors

CDK4 and CDK6 are serine/threonine kinases that 
bind to partner cyclins and regulate G1-S phase 
transition when phosphorylated. The  activation 
of CDK4/CDK6 by cyclin D induces the phos-
phorylation of retinoblastoma protein (Rb) and 
the progression of the cell cycle into S phase 
[17]. Blockade of Rb hyperphosphorylation by 
CDK4/CDK6 inhibitors leads to G1 arrest in 
luminal breast cancer cells [18]. Preclinical stud-
ies in well-defined cell lines found that luminal- 
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type cell lines were the most sensitive to CDK4/
CDK6 inhibition, whereas basal-like subtypes 
were resistant [18]. In addition, synergistic activ-
ity was demonstrated when a CDK4/CDK6 
inhibitor was combined with tamoxifen [19]. 
These data set the scene for combination studies 
with CDK4/CDK6 inhibitors and endocrine ther-
apy to improve response and delay resistance in 
hormone receptor-positive breast cancer.

Palbociclib is an oral, highly selective small- 
molecule inhibitor of CDK4/CDK6, which has 
been approved for the treatment of postmeno-
pausal ER+/HER2- ABC in combination with a 
nonsteroidal AI or fulvestrant [20, 21]. The 
PALOMA-1 trial was a randomized phase II 
study that randomized 165 postmenopausal 
women with advanced HR+/HER2- tumors with 
no previous systemic treatment for ABC to 
receive a combination of palbociclib (125 mg by 
mouth daily for 21 days, followed by 1 week off, 
then repeated) and letrozole versus letrozole 
alone [22]. Combination therapy improved PFS 
from 10.2 to 20.2 months (hazard ratio 0.488; 
95% CI: 0.319–0.748; p = 0.0004). The primary 
toxicity was neutropenia (all grade 73%, grade 
3/4 54%) without an increase in febrile neutrope-
nia. Other toxicities were primarily grade 1 and 2 
and included alopecia 22%, fatigue 24%, and 
thrombocytopenia 16%. Overall survival was 
similar between the two arms, at 37.5 and 
34.5 months for the combination versus single- 
agent arms, respectively, although the trial was 
not powered for this secondary endpoint [23].

Based on the encouraging PFS data from 
PALOMA-1 combined with a modest toxicity 
profile, the combination of palbociclib plus letro-
zole received accelerated approval from the US 
FDA as treatment for HR+ MBC in 2015 [24]. 
Two-phase III trials were subsequently conducted 
in the first- and later-line ABC settings. 
PALOMA-3 randomized 521 patients with HR+ 
MBC progressing on prior endocrine therapy in a 
2:1 ratio to receive fulvestrant with palbociclib or 
placebo [21]. Eligibility included progression on 
or within 12 months of adjuvant therapy, on ther-
apy for metastatic disease, and up to one prior 
chemotherapy regimen was allowed for advanced 
disease. Of the enrolled population, 21% were 

pre- or perimenopausal, about 60% had visceral 
disease, and between 31 and 36% had received 
one line of chemotherapy for advanced disease. 
The addition of palbociclib improved PFS (9.5 vs 
4.6 months; HR 0·46, 95% CI 0·36–0·59, 
p < 0·0001); the most common toxicity was neu-
tropenia without an increase in febrile neutrope-
nia. Neither the presence of PI3K mutations nor 
HR expression level impacted response, and the 
addition of palbociclib was effective regardless 
of visceral involvement [25].

PALOMA-2 randomized 666 postmenopausal 
women without prior exposure to endocrine ther-
apy for HR+ MBC in a 2:1 ratio to receive letro-
zole with either palbociclib or placebo [26]. 
Again, the addition of palbociclib significantly 
improved PFS (24.8 vs 14.5 months; HR 0.58, 
95% CI 0.46–0.72); P < 0.000001), without new 
toxicities compared to prior studies. Dose reduc-
tions for palbociclib occurred in 36% of patients 
without apparent impact on efficacy. Palbociclib 
is now approved in both the first- and later-line 
settings in combination with an AI or 
fulvestrant.

Ribociclib is the second oral CDK4/CDK6 
inhibitor to be approved as first-line therapy for 
HR+ MBC in combination with an AI in post-
menopausal women, based on data from the 
phase III MONALEESA-2 trial [27]. Updated 
data is now available for the 668 patients ran-
domized in a 1:1 ratio to letrozole with either 
ribociclib (300 mg by mouth for 21 days fol-
lowed by a 7-day break, then repeated) or pla-
cebo [28]. The addition of ribociclib to letrozole 
increased PFS (35.3 vs 16 months; HR 0.568, 
95% CI 0.457–0.704, p = 0.0000001). Efficacy 
was seen in all subgroups, regardless of the pres-
ence of visceral metastases or prior adjuvant 
endocrine or chemotherapy. The most common 
toxicity was neutropenia (grade 3/4 in 59.6%) 
without an increase in the risk of febrile 
 neutropenia, 51% of patients had at least one 
dose reduction of ribociclib, and 8% of patients 
discontinued therapy largely due to increase in 
liver enzymes or emesis. Unique toxicities of 
ribociclib include self-limited increase in trans-
aminases (grade 3/4 in 9–10%) and QTcF inter-
val prolongation >480 msec in 3.3%, with one 
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on- treatment death attributed to hypokalemia 
with grade 2 QT prolongation. Interestingly, both 
palbociclib and ribociclib cause grade 1–2 alope-
cia in about a third of patients.

Abemaciclib is the third highly specific oral 
small-molecule CDK4/CDK6 inhibitor and was 
approved by the US FDA in September of 2017 
in combination with fulvestrant as second or 
later-line therapy for hormone receptor positive 
advanced breast cancer based on the results of the 
MONARCH-2 trial, and as a single agent after 
progression on hormone and chemotherapy based 
on the results of MONARCH-1. Based on 
encouraging single- agent activity in the phase I 
setting, the phase II MONARCH 1 trial evaluated 
abemaciclib as monotherapy in patients with 
HR+ MBC who had received at least two prior 
lines of chemotherapy with at least one line 
occurring in the advanced setting [29]. 
Abemaciclib was given at a dose of 200 mg twice 
a day continuously to 132 patients, 90% of whom 
had visceral metastases, with a single-agent con-
firmed response rate of 19.7%, a median duration 
of response 8.6 months, a median PFS of 
6.0 months, and a median OS of 22.3 months 
[29]. Grade 3/4 neutropenia occurred in only 
26.9%, but diarrhea occurred in 90%, and grade 
3/4 diarrhea was reported in 19.7%.

The phase III MONARCH-2 trial random-
ized 669 postmenopausal women in a 2:1 ratio 
to fulvestrant combined with either abemaciclib 
or placebo [30]. Abemaciclib was dose reduced 
from 200 mg twice daily to 150 mg twice daily 
after 179 patients were enrolled due to unac-
ceptably high rates of diarrhea. Eligibility was 
different than that used for PALOMA-3; patients 
could not have received chemotherapy and 
could only have received one line of prior hor-
mone therapy for MBC; 59–60% of patients had 
received endocrine therapy only in the early 
stage setting. The addition of abemaciclib to 
fulvestrant improved PFS (16.4 vs 9.3 months; 
HR 0.553, 95% CI 0.449–0.681, p < 0.0000001). 
Similar to the phase III studies with palbociclib 
and ribociclib, benefit was seen in all subgroups. 
Combining both doses of abemaciclib, grade 3 
diarrhea was reported in 13.4% and grade 2 in 
31.7%, whereas grade 3/4 neutropenia was seen 
in only 26.5%. Following the dose reduction, 

the incidence of diarrhea decreased, with grade 
3 seen in 11.3%.

MONARCH-3 is a phase III trial that random-
ized 493 post-menopausal women with untreated 
hormone receptor positive metastatic breast can-
cer at least 12 months from last adjuvant endo-
crine therapy to receive abemaciclib (150 mg 
twice a day) with letrozole or placebo in a 2:1 
ratio. At a median follow-up of 17.8 months, 
results from the interim analysis were presented 
at the European Society of Medical Oncology in 
September of 2017 [31]. The primary endpoint of 
PFS was met at the interim analysis with a median 
PFS for the placebo arm of 14.7 months, and a 
median PFS not reached in the abemaciclib arm 
(HR 0.543; 95% CI 0.409, 0.723, p = 0.000021). 
The ORR was also significantly increased. 
Exploratory analyses of PFS suggested that ben-
efit from the addition of abemaciclib was limited 
to patients with a treatment free interval of less 
than 36 months, and that benefit was greater in 
patients without bone-only disease than in those 
with bone only disease. These analysis are lim-
ited by the short follow-up in good risk subsets, 
as the median PFS was not yet reached.

Toxicity was similar to MONARCH 2, with a 
lower rate of grade 3 diarrhea at 9.5%. Follow-up is 
ongoing.

Ongoing Trials
A number of CDK4/CDK6 inhibitor trials are 
ongoing in both metastatic and early-stage dis-
eases. These trials are evaluating ribociclib with 
fulvestrant in the second- or greater-line setting 
(MONALEESA-3; data to be presented at San 
Antonio in December of 2017), ribociclib in pre-
menopausal women with chemical ovarian sup-
pression (MONALEESA-7), palbociclib and 
exemestane vs capecitabine (PEARL), and abe-
maciclib in HR+. All three agents are clinical tri-
als combined with hormone therapy in the 
adjuvant setting, and there are a number of studies 
that have been presented or are soon to be reported 
in the neoadjuvant setting (for NeoMonarch, see 
section on immunotherapy). The abovementioned 
CDK4/CDK6 inhibitor trials are summarized in 
Table 19.1 with the exception of MONARCH 3, 
which was presented only when this chapter was 
in proof, with results summarized above.
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19.2.3  Vascular Endothelial Growth 
Factor (VEGF) Inhibitor

The VEGF inhibitor bevacizumab has been eval-
uated in combination with endocrine agents in 
several clinical trials, based on data that high 
VEGF levels in breast cancer are associated with 
a decreased response to ET and worse outcome 
[32]. A recent systematic review of 14 phase III 
trials evaluating bevacizumab including over 
4400 MBC patients showed reduced relapse rate 
(RR) and improvement in PFS, without OS ben-
efit [33]. The phase III randomized LEA trial 
evaluated ET (letrozole or fulvestrant) with beva-
cizumab vs AI alone as first-line therapy in 374 
patients with HR+ MBC; the addition of bevaci-
zumab failed to produce a statistically significant 
increase in PFS, although PFS was numerically 
longer in the bevacizumab arm (19.3 vs 
14.4 months; HR 0.83; 95% CI, 0.65–1.06; 
P = 0.126) [34]. However, CALGB 40503 trial 
employed a similar design in 343 women and 
found a significant improvement in PFS with the 
addition of bevacizumab (20.2 vs 15.6 months; 
HR 0.75; 95% CI, 0.59 to 0.96; P = 0.016) [35]. 
Neither trial showed an improvement in OS with 
the addition of bevacizumab, and toxicity includ-
ing hypertension and proteinuria was increased 
in the combination arms. Based on these data, 
bevacizumab is not being pursued as treatment 
for HR+ breast cancer, although alternative anti-
angiogenic therapies are under development.

19.2.4  HER2-Targeted Therapy

HER2 positivity has been shown to be associated 
with relative resistance to endocrine therapy [36], 
sparking interest in the combination of HER2- 
targeted therapy and ET. Two-phase III trials 
have evaluated this approach, using either the 
antibody trastuzumab or the oral tyrosine kinase 
inhibitor lapatinib, in combination with an AI as 
first-line therapy for HR+/HER2+ MBC. The 
phase III TAnDEM trial randomized 207 women 
to receive anastrozole with or without trastu-
zumab and demonstrated improved PFS with the 
addition of trastuzumab (4.8 vs 2.4 months; HR 

0.63, 95% CI, 0.47 to 0.84, p = 0.0016) [37]. A 
second phase III compared letrozole plus lapa-
tinib to letrozole plus placebo in 219 women with 
HR+/HER2+ MBC and found a significant 
improvement in PFS with the addition of lapa-
tinib (8.2 vs 3.0 months; HR 0.71; 95% CI 0.53 to 
0.96; p = 0.019) [36], although toxicity including 
diarrhea and rash was modestly increased with 
lapatinib. Neither trial showed an improvement 
in OS, and the combination of taxanes, trastu-
zumab, and pertuzumab has demonstrated the 
most significant improvement in OS ever demon-
strated in a phase III trial in breast cancer [38]. In 
addition, the PERTAIN trial demonstrated 
improved PFS when pertuzumab was added to 
the combination of trastuzumab and an AI as 
first-line therapy for HR+/HER2+ MBC [15]. 
Therefore, the primary utilization of hormone 
therapy combined with HER2-targeted therapy 
for MBC is generally in the maintenance setting, 
although patients with limited metastatic disease 
or who are not candidates for chemotherapy can 
clearly benefit.

19.2.5  Emerging Therapies

PI3K Inhibitors
Two-phase III studies have evaluated the addition 
of the pan-PI3K inhibitor buparlisib to fulves-
trant as second- or greater-line therapy for HR+ 
MBC. BELLE-2 randomized 1147 patients with 
HR+ MBC progressing on an AI and with up to 
one line of prior chemotherapy for advanced dis-
ease to receive fulvestrant with either buparlisib 
or placebo [39]. In the overall trial population, 
there was no difference in PFS, but in the 372 
patients with known activation of the PI3K path-
way, PFS was modestly improved with buparlisib 
(6.8 vs 4.0 months, HR 0.76, 95% CI 0·60–0·97, 
one sided p = 0·014). Treatment with buparlisib 
was associated with an increase in hepatic 
enzymes, hyperglycemia, and rash. The BELLE-3 
trial utilized a similar study design with a 2:1 ran-
domization in 432 women, but all patients had to 
have progressed on an mTOR inhibitor [15]. PFS 
was again only modestly improved with buparl-
isib (3.9 vs 1.8 months; HR 0.67 (0.53–0.84), 
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<0.001). PI3K mutation status was assessed in a 
subset of patients in both primary tumor tissue 
and blood with 34 and 39%, respectively, having 
mutations. Interestingly, the presence of a muta-
tion was associated with a significant improve-
ment in PFS, but there was no difference in PFS 
in those with wild-type PI3K. Again, buparlisib 
was associated with an increase in hepatic 
enzymes, with one case of Hy’s law, and an 
increase in depression, with three cases of suicide 
attempts. A phase II randomized trial with 
another pan-PI3K inhibitor (the FERGI trial, 
pictilisib) showed increased toxicity without an 
improvement in PFS [40].

Due to toxicity and limited efficacy, further 
development of the pan-PI3K inhibitors has been 
discontinued. However, encouraging data with 
less toxicity has been seen with the addition of 
the more alpha-specific PI3K inhibitors to endo-
crine therapy, including alpelisib and taselisib. 
Phase III studies have completed accrual with 
PI3K mutation status assessed in all patients; 
data is expected to be presented in late 2017 or 
2018, and data from neoadjuvant trials will be 
presented in late 2017.

Histone Deacetylase (HDAC) Inhibitors
Based on preclinical data suggesting that the oral 
HDAC inhibitor entinostat could inhibit ER+ 
tumor growth and restore hormone sensitivity 
[41], a phase II trial compared the exemestane plus 
entinostat to exemestane plus placebo in 130 
patients with HR+ MBC progressing on a nonste-
roidal AI [42]. Entinostat improved PFS (4.3 vs 
2.3 months; HR 0.73; 95% CI, 0.50–1.07, one 
sided P = 0.055; two sided P = 0.11), as well as the 
exploratory endpoint of OS (28.1 vs 19.8 months; 
HR 0.59, 95% CI, 0.36–0.97, P = 0.036). Toxicity 
included grade 3/4 fatigue and neutropenia. A ran-
domized phase III trial is ongoing with a similar 
study design (ECOG 2112).

Immunotherapy
Hormone receptor-positive breast cancer has tra-
ditionally been thought of as less immunogenic, 
but there may be significant differences in sub-
sets based on proliferation. The KEYNOTE-028 
basket trial treated 25 patients with single-agent 

pembrolizumab (a PD-1 inhibitor) and reported 
an overall response rate (ORR) of just 12% [43]. 
The NeoMonarch trial evaluated the CDK4/
CDK6 inhibitor abemaciclib alone or in combi-
nation with anastrozole as neoadjuvant therapy 
for HR+ breast cancer and demonstrated a sig-
nificant increase in the number of patients with 
complete cell cycle suppression defined as a 
Ki-67 of ≤2.7% with abemaciclib compared to 
anastrozole alone [44]. Interestingly, this trial 
also demonstrated a marked increase in tumor 
bed infiltration with CD8 T cells in patients 
treated with abemaciclib. These data have stimu-
lated interest in combination therapies that can 
enhance the host antitumor immune response. 
One small phase II study is evaluating the combi-
nation of abemaciclib and pembrolizumab.

19.3  The Strategies of ET for ABC

It is widely accepted that HR+ breast cancer may 
in some cases be treated as a chronic disease with 
reasonably long survival, although identifying 
relatively better prognosis disease may be diffi-
cult. ET has been associated with significant clin-
ical benefits in the majority of patients with HR+ 
disease, and international guidelines recommend 
sequential ET as the primary treatment strategy 
for this disease [45]. Patients with immediately 
life-threatening disease or with pending organ 
failure should be treated with chemotherapy first, 
and hormone therapy can be used as maintenance 
after the disease control is achieved. The combi-
nation of chemotherapy with endocrine therapy 
is not recommended, as there is no data to sug-
gest that this is a beneficial approach, and it could 
result in both increased toxicity and worse out-
come. The main treatment objective for the 
patients with ABC is to palliate symptoms and 
prolong survival while minimizing the adverse 
effects of the therapy.

19.3.1  Menopausal Status and ET

Menopausal status should be considered when 
choosing ET, although menopause has been 
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defined differently in various breast cancer clini-
cal trials. One set of definitions is provided by the 
NCCN guidelines: (1) bilateral ovariectomy; (2) 
≥60 years old; (3) <60 years old, last menstrual 
period occurring >12 months ago without prior 
chemotherapy, tamoxifen, toremifene, or ovarian 
suppression therapy, and FSH and estradiol levels 
in the postmenopausal range; (4) <60 years old, 
taking tamoxifen or toremifene, FSH and estradiol 
levels in the postmenopausal range; (5) receiving 
a LHRH agonist or antagonist to induce chemical 
menopause; (6) for premenopausal women 
receiving adjuvant chemotherapy, cessation of 
menstruation cannot be defined as menopause; 
and (7) although patients may stop ovulation and 
menstruation after chemotherapy, estrogen pro-
duction may continue, and ovarian function may 
still recover. If AIs are considered as endocrine 
therapy for patients with chemotherapy- induced 
menopause, oophorectomy or continuous moni-
toring of estradiol levels (and FSH as indicted) is 
needed to ensure that the patients remain in 
menopause [46]. The chance of ovarian function 
recovery from chemotherapy- induced meno-
pause is dependent on the chemotherapy regi-
men, patient age, and ovarian reserve [47, 48]. 
Therefore, the use of AIs in young patients should 
be undertaken with caution and with careful 
monitoring of ovarian function, with consider-
ation given for concomitant use of chemical ovar-
ian suppression with LHRH agonists.

19.3.2  Selection of ET with or 
Without Targeted Agents

ET is the preferred first-line therapy for HR+ 
metastatic breast cancer without immediately 
life-threatening disease. Depending on response 
and extent of disease, sequential hormone ther-
apy should be employed. The choice of specific 
treatment depends on prior treatment and 
response as well as exposure to endocrine ther-
apy in the early-stage setting [47].

In general, first-line therapy for HR+ MBC 
should be an AI, combined with ovarian suppres-
sion in premenopausal women. Tamoxifen can be 

considered in premenopausal women with lim-
ited extent of disease, where ovarian suppression 
after diagnosis of MBC is not feasible. Based on 
the FALCON data, patients with HR+ MBC 
without prior exposure to ET and without vis-
ceral disease could be considered for treatment 
with fulvestrant, with AI used in the second-line 
setting.

The use of targeted therapies has to involve 
consideration of prior treatment, treatment goals, 
financial burden, and extent of disease. 
Interestingly, the randomized phase III trials that 
have evaluated targeted agents combined with 
ET have failed to identify a subgroup of patients 
with either more or less benefit; all patient sub-
groups have had improved PFS from the addition 
of the targeted agent to ET. Indeed, it is difficult 
to determine which patients will have prolonged 
PFS without targeted therapy. In the first-line 
setting, two CDK4/CDK6 inhibitors have dem-
onstrated improved PFS with modest toxicity 
which is relatively easily managed by dose 
delays and dose reductions. However, the cost of 
therapy is substantial, and given the availability 
of these agents in countries contributing to the 
phase III trials, widespread crossover on pro-
gression makes the detection of survival benefits 
unlikely.

The majority of patients with HR+ MBC 
should be considered for treatment with com-
bined ET and targeted therapy, at least at some 
point during their treatment course. In the first-
line setting, the choice is an AI with a CDK4/
CDK6 inhibitor versus fulvestrant alone in the 
subset of patients without prior exposure to ET 
and no evidence of visceral disease. There is not 
yet data with the combination of fulvestrant and a 
CDK4/CDK6 inhibitor in the first-line setting, 
but this approach could be utilized in patients 
intolerant of AIs. Following progression on an 
AI, fulvestrant (with a CDK4/CDK6 inhibitor if 
not previously used) or exemestane and everoli-
mus are the next treatment options, and these 
options can be used in sequence. Everolimus can 
also be given in combination with fulvestrant 
based on the data from the recent prECOG study. 
Everolimus should be given in combination with 
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a dexamethasone-based mouthwash to prevent 
stomatitis.

For HER2+ disease, generally chemotherapy 
plus trastuzumab and pertuzumab is the preferred 
first-line therapy, with endocrine therapy used in 
combination with antibodies as maintenance. 
Patients with limited soft tissue or bone disease, 
or those intolerant of chemotherapy, could be 
considered for first-line therapy with an AI plus 
HER2-targeted therapy.

Primary resistance to ET is defined as recur-
rence within the first 2 years of adjuvant therapy 
or progressive disease within 6 months of starting 

ET in MBC, while secondary resistance is defined 
as a recurrence after the first 2 years of adjuvant 
ET or disease progression more than 6 months 
after initiation of ET in ABC [49]. These defini-
tions are practical and useful for the therapy 
 process of patients. Although the presence or 
absence of resistance to ET did not predict  
differential benefit to any targeted therapy, this 
could be used in a resource-limited setting to 
determine timing of use of targeted agents.

The diagram below summarizes suggested 
sequencing alternatives in ET for patients with 
HR+/HER2-negative MBC.

1ST LINE
Nonsteroidal AI with or 
without a CDK 4/6 inhibitor
•Fulvestrant (in patients 
without prior exposure to ET 
and without visceral disease 
as a single agent, or in those 
progressing on adjuvant AI 
with or without a CDK 4/6 
inhibitor)
•Exemestane or fulvestrant 
and everolimus (in patients 
progressing on AI and 
aduvant CDK4/6 inhibitor) 

2ND LINE
•Fulvestrant (with a CDK 
4/6 inhibitor if not 
previously given, or with 
everolimus)
•Exemestane with or without 
everolimus
•AI with a CDK 4/6 inhibitor 
if treated in the first-line
setting with fulvestrant alone 

3RD and later LINES 
•Exemestane and everolimus 
(if not previously given, 
preferred)
•Tamoxifen or toremifene
•Megestrol acetateDefine 
according to the previous 
two lines and response
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