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Foreword by Zhi-Ming Shao

Triple-negative breast cancer (TNBC) encompasses a subset of breast 
cancers that lacks significant expression of estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2). TNBC has been increasingly recognized as a 
heterogeneous breast cancer subtype that displays characteristic fea-
tures in terms of gene expression profiles, pathological features, as 
well as clinical behaviors. Since the introduction of chemotherapeutic-
based adjuvant therapy for breast cancer decades ago, advances have 
been made in the treatment of TNBC. Recent developments in poly 
(ADP-ribose) polymerase inhibitors and immunotherapy have shed 
light on the management of a portion of TNBC cases. Despite this, 
precision medicine for individual TNBC patients by means of molecu-
larly targeted therapy is still at its early stage and needs more research. 
Specifically, efforts based on understanding the biology of this specific 
breast cancer subtype, including heterogeneity and biomarkers, 
genetic and epigenetic characteristics, and strategies to enhance thera-
peutic responses are vital to the successful management of this deadly 
disease entity. In this regard, the effort to compile a book that is 
focused on TNBC is a well-timed contribution to the fields of scien-
tific research and clinical practice. Hopefully, the researchers and the 
patients together with their families will benefit from this resourceful 
collection of scholarly works. 

Zhi-Ming Shao, M.D., Ph.D.
Director, Department of Breast Surgery 

Fudan University Shanghai Cancer Center
Director, Fudan University Cancer Institute

China
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Foreword by Yibin Kang 

Breast cancer is the most common female malignancy and the primary 
cause of cancer-related death among women worldwide. Management 
of breast cancer imposes a heavy economic burden on the healthcare 
system and the families involved. Although we have witnessed signifi-
cant technological advances in treating breast cancer as a whole, a 
subset of breast cancers called triple-negative breast cancer (TNBC) 
still poses a major challenge to the care-providers and the sufferers. 
Lack of actionable therapeutic targets and early relapse are the major 
problems in the management of TNBC. 

Since the first description of TNBC in the middle of last decade, it 
has acquired such a degree of scientific interest that, up to now, the term 
TNBC has appeared in more than ten thousand publications in the 
medical literature. This increase in the number of publications reflects 
the growing recognition of the importance of TNBC by the medical 
world. Nowadays, TNBC has become one of the most active fields in 
medical oncology research. This book is dedicated to providing up-to-
date information to medical and research professionals, pharmaceutical 
companies, as well as TNBC patients and their supporters in a timely 
fashion. Although our perception of TNBC may change over time, 
from a professional’s point of view, this book represents the first attempt 
to systematically describe the various aspects of TNBC. Future in-depth 
investigations on this unique disease entity will bring about significant 
improvement in the management of the disease and the quality of life of 
TNBC patients. Together, let’s make TNBC history. 

Yibin Kang, Ph.D.
Warner-Lambert/Parke-Davis Professor  

of Molecular Biology
American Cancer Society Research Professor

Department of Molecular Biology  
Princeton University

USA
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1.1 Introduction
Breast cancer is by far the most common female cancer worldwide, with 
an estimated 2.09 million new cases diagnosed and 0.63 million deaths 
in 2018 globally [1]. These numbers represent a near 50% increase in 
incidence and 40% increase in mortality compared to ten years ago [2]. 
According to the International Agency for Research on Cancer (IARC), 
this trend of increase is expected to continue with an estimate of up to 
3.06 million new cases diagnosed by the year 2040 [3]. In the United 
States, the American Cancer Society (ACS) estimates that more than a 
quarter of million women will be diagnosed with breast cancer each 
year, meaning approximately 1 out of every 8 US women is expected 
to develop breast cancer at some point in their lives [4]. 

Geographically and ethnically, significant differences in both inci-
dence and mortality rates are documented. Notably, breast cancers are 
more common in developed countries than in developing countries. 
The highest incidence of breast cancer occurs in high-income regions 
such as North America, Northern/Western Europe, Australia, and 
New Zealand [4, 5]. Incidence is low throughout Africa, Asia, and 
most of Central and South America [6]. The risk factors behind breast 
cancer are complex but may involve environmental, lifestyle, and 
genetic factors, which collectively work together to determine cancer 
development. 
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Table 1-1.  Histopathological types of invasive breast cancer.

Histopathological type Frequency 10-year survival rate

Invasive ductal carcinoma not otherwise specified 
(IDC NOS)

50–80% 35–50%

Invasive lobular carcinoma (ILC) 5–15% 35–50%

Mixed type, lobular and ductal features 4–5% 35–50%

Medullary carcinoma 1–7% 50–90%

Tubular/invasive cribriform carcinoma 1–6% 90–100%

Neuroendocrine carcinoma 2–5% Unknown

Metaplastic carcinoma <5% Unknown

Invasive micropillary carcinoma <3% Unknown

Mucinous carcinoma <5% 80–100%

Invasive apocrine carcinoma 0.3–4% 35–50%

Adenoid cystic carcinoma 0.1% Unknown

Ref: Nat Rev Cancer. 2005; 5(8):591–602.

Currently, several types of therapies are available to treat breast 
cancer, which include surgery, hormone therapy, chemotherapy, 
radiation therapy, and immunotherapy. Technological advancement 
continues to pave the way for improved therapies for breast cancer 
patients that adopt a targeted and personalized approach. However, 
one of the subtypes of breast cancer, called “triple-negative breast 
cancer (TNBC)”, which is the topic of this book, represents a diffi-
cult-to-treat subtype of breast cancer, due to the lack of defined drug-
gable molecular targets. 

1.2 Classification of Breast Cancer 
1.2.1 Histopathological Classification 

Histomorphologically, at least 18 different types of breast cancer are 
described by the World Health Organization. The histopathological 
types of invasive breast cancer that are commonly encountered by 
pathologists are summarized in Table 1-1. Among these different types, 
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invasive ductal carcinoma (IDC) not otherwise specified (IDC NOS) is 
by far the most commonly encountered type, accounting for 50–80% of 
all breast cancers. Invasive lobular carcinoma is the second most com-
mon type of breast cancer, followed by other less commonly encoun-
tered breast cancer types such as the mixed lobular and ductal type, 
medullary carcinoma, and tubular carcinoma, etc. [7] (Figure 1-1). 

1.2.2 Molecular Classification 

1.2.2.1 Molecular classification based on gene expression profiling 

Although histopathological classification has played some roles in 
defining tumor characteristics, this way of categorizing breast cancers 
fails to separate the tumors into different entities with type-specific 
prognosis and treatment options. In addition, histopathological clas-
sification may not be accurate since it depends largely on the patholo-
gist [8]. Since the beginning of this century, Dr. Perou and colleagues 
at Lineberger Comprehensive Cancer Center, University of North 
Carolina at Chapel Hill adopted a new molecular classification 

Figure 1-1.  Histomorphological images of common types of breast cancer. (A) 
Invasive ductal carcinoma; (B) Invasive lobular carcinoma; (C) Tubular carcinoma. 
Images (H&E-stained, original magnification at 200×) courtesy of Dr. Songqing 
Fan, Department of Pathology, The Second Xiangya Hospital, Central South 
University, Hunan, China. 

(A) (B) (C)
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approach based on gene expression profiling to classify breast cancers 
into “intrinsic” subtypes [9, 10]. 

Gene expression profiling based on cDNA microarray revealed 
that the gene expression differs enormously between tumors that are 
positive for estrogen receptor (ER) and progesterone receptor (PR) 
and tumors that are negative for these hormone receptors. ER/
PR-positive and ER/PR-negative expression is characteristic of lumi-
nal and basal cells, respectively. Correspondingly, ER/PR-positive 
tumors are clustered into two subgroups with expression patterns 
similar to luminal epithelial mammary cells, i.e., luminal A and lumi-
nal B. ER/PR-negative tumors are clustered into three distinct 
molecular subgroups, including tumors with gene expression similar 
to basal/myoepithelial mammary cells, i.e., basal-like; tumors with 
characteristics of gene amplification of human epidermal growth fac-
tor receptor 2 (HER2), i.e., HER2-enriched; and tumors with 
expression patterns related to normal mammary stromal cells, i.e., 
normal-like. Later on, it was discovered that the normal-like breast 
carcinomas do not seem to constitute a true subtype and may be due 
to contamination of normal breast cells. Subsequently, through addi-
tional gene expression analysis, the same group of researchers from 
University of North Carolina at Chapel Hill showed that basal-like 
breast tumors included another subtype, termed claudin-low [11]. 
Both basal-like and claudin-low breast cancers are predominantly 
(but not exclusively) ER−, PR−, and HER2−, so called “TNBC” for 
not expressing any of these receptors. Therefore, the intrinsic sub-
types based upon gene expression profiling include a total of five 
subtypes, which can be grouped into ER+ (luminal A and luminal B), 
HER2+ (HER2-enriched), and triple-negative (basal-like and claudin-
low) [12]. 

Whether or not these intrinsic subtypes reflect different cells of 
origin or different differentiation pathways is a subject of some 
debate. However, they clearly help to explain the differences in the 
behaviors of breast tumors and their responses to treatment despite 
apparent morphological similarity. Notably, these different subtypes 
are indeed associated with distinct prognosis and treatment options. 
While the luminal subtypes are associated with satisfactory outcomes, 
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TNBC patients have a poorer overall survival (OS) compared with 
other subtypes. 

1.2.2.2 Molecular classification based on immunohistochemistry 

Although gene expression profiling has been regarded as the gold stand-
ard for molecular classification of breast cancer, its use in clinical practice 
has been limited by strict tissue requirements and by issues of cost, tech-
nical complexity, and potential batch effect of gene expression profiling 
[13]. In an attempt to develop a molecular classification method that is 
clinically significant, technically simple, reproducible, and readily availa-
ble, investigators have used immunohistochemistry as a surrogate for 
cDNA microarray in performing molecular classification of breast cancer. 
This immunohistochemistry-based molecular classification has proven 
able to provide diagnostic, prognostic, and predictive information in 
breast cancer and is thus widely accepted by pathologists and clinicians. 

For practical immunohistochemistry-based classification, in addition 
to the typical three receptors, i.e., ER, PR, and HER2, immunostaining 
for cytokeratin (CK) and epidermal growth factor receptor (EGFR 
[HER1]) is also performed. Therefore, subtypes of breast cancer based 
upon immunohistochemical marker analysis include (Table 1-2): lumi-
nal A (ER+ and/or PR+, HER2−), luminal B (ER+ and/or PR+, HER2+), 
triple-negative or basal-like (ER−, PR−, HER2−, EGFR (HER1)+ and/or 
CK5/6+), and HER2-enriched (ER−, PR−, HER2+) [14]. 

While molecular classification by gene expression profiling is bur-
densome and costly and, therefore, cannot be used on a daily basis, 

Table 1-2.  Subtypes of breast cancer based on immunohisto-
chemical markers.

Molecular subtype Immunohistochemical profile Frequency

Luminal A ER+ and/or PR+, HER2– 50–60%

Luminal B ER+ and/or PR+, HER2+ or  
HER2–/Ki67 ≥14%

10–20%

HER2-enriched ER–, PR–, HER2+ 10–15%

Triple-negative or 
Basal-like 

ER–, PR–, HER2–, EGFR+  
and/or CK5/6+

10–20%

Refs: Breast Cancer Res Treat. 2008; 109(1):123–139; Cancer Treat Rev. 
2012; 38(6):698–707.
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immunohistochemistry is routinely performed in the pathology lab 
for molecular classification of breast cancer instead. 

1.3 Definition and Diagnosis of TNBC 
By definition, TNBC is characterized by the lack of clinically significant 
levels of ER and PR as well as HER2 amplification or overexpression 
[15]. The levels of ER, PR, and HER2 proteins are assessed by immu-
nohistochemistry. In addition, gene amplification of HER2/neu is 
assessed by fluorescence in situ hybridization (FISH), with or without 
immunohistochemistry. According to the MD Anderson Cancer Center 
pathological diagnosis criteria for TNBC, the status of ER and PR is 
determined using immunohistochemistry, with a cutoff of less than 10% 
for negativity, and HER2/neu status is considered negative either 
immunohistochemistry is 0 to 1+ without FISH or FISH result is nega-
tive. The diagnosis criteria of TNBC are summarized in Table 1-3. 

A typical immunohistochemical staining pattern for TNBC and 
receptor-positive breast cancer is illustrated in Figure 1-2. 

Later on, the American Society of Clinical Oncology (ASCO) and 
the College of American Pathologists (CAP) have recommended a 
change of the cutoff for the two hormone receptors (ER and PR) 
from 10% to 1% [16]. This lower cutoff is based on the observation 
that there is a benefit from endocrine therapy, even for breast tumors 
with very low level of hormone receptors. Accordingly, the number of 
patients with TNBC will be greatly decreased, if this recommendation 
is widely accepted by pathologists and clinicians into routine practice. 
More details about the diagnosis of TNBC by immunohistochemistry 
and/or FISH will be discussed in Chapter 6. 

Table 1-3.  Diagnosis criteria of TNBC.

Protein name Gene Detection method (cutoff)

ER (Estrogen receptor) ESR1 Immunohistochemistry (<10%)

PR (Progesterone receptor) PGR Immunohistochemistry (<10%)

HER2 (Human epidermal 
growth factor receptor 2)

ErbB2/neu Immunohistochemistry (0–1+) or 
FISH (–)

Ref: J Cancer. 2017; 8(11):2026–2032. 
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Figure 1-2.  Immunohistochemical staining of TNBC vs. receptor-positive breast can-
cer. (A, B, C) Typical negative immunohistochemical staining for ER (A), PR (B), or 
HER2 (C) in TNBC. (D, E, F) Positive immunohistochemical staining for ER (D), PR 
(E), or HER2 (F). The nuclei are counterstained with hematoxylin (blue color) to reveal 
the tissue architecture. Images (original magnification at 200×) courtesy of Dr. Liang 
Zeng, Department of Pathology, Hunan Cancer Hospital & The Affiliated Cancer 
Hospital of Xiangya School of Medicine, Central South University, Hunan, China.

(A) (B) (C)

(D) (E) (F)

1.4  Similarities and Differences Between TNBC, 
Basal-Like Breast Cancer, and BRCA-
Associated Breast Cancer 

1.4.1 TNBC vs. Basal-Like Breast Cancer (BLBC)

The term “basal-like” is derived from the similarity of the gene 
expression signature of this molecularly defined subtype with that 
of the normal basal myoepithelial cells of the breast. As the name 
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suggests, basal-like breast cancer (BLBC) expresses genes that are 
expressed in cells of the normal, non-luminal (basal) myoepithe-
lial layer of the mammary ducts and lobules. The basal-like or 
basal-type genes which are normally expressed include those that 
are important for structural integrity and for cell-matrix interac-
tions [17]. According to Lineberger Comprehensive Cancer 
Center, University of North Carolina at Chapel Hill, BLBC is 
defined by immunohistochemistry as ER–, PR−, HER2−, EGFR+ 
and/or CK5/6+ (Figure 1-3) [14]. 

Since BLBC is associated with the triple-negative phenotype, 
TNBC has initially been perceived as a synonym with BLBC. Many 
studies have used the absence of the three receptors, sometimes along 
with positive expression of CK5/6 (or CK17) and/or EGFR, as a 
characteristic feature to define BLBC in immunohistochemical stain-
ing. In the literature, BLBC and TNBC are frequently used inter-
changeably. It should be noted, however, although there is significant 
overlap between TNBC and BLBC, these terms are not synonymous. 
Indeed, a variety of studies have demonstrated that TNBC displays a 
great deal of heterogeneity and that these two definitions are not 
synonymous. The following facts may help to clarify the similarities 
and differences between TNBCs and BLBCs. 

Figure 1-3.  Histopathological and immunohistochemical features of basal-like 
breast cancer. Histopathological features of basal-like breast cancer (A) together with 
positive immunohistochemical staining of cytokeratin 5/6 (B) and EGFR (C) are 
shown. Images (H&E-stained for A and hematoxylin-counterstained for B and C; 
original magnification at 200×) courtesy of Dr. Songqing Fan, Department of 
Pathology, The Second Xiangya Hospital, Central South University, Hunan, China. 

(A) (B) (C)
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Similarities between TNBC and BLBC: 

(1) Most TNBCs fall into the category of the basal-like subtype as dem-
onstrated by the fact that approximately 80% of TNBC overlaps 
with the BL phenotype at the transcriptomic level. 

(2) BLBCs share many features that are associated with TNBC, such as high 
histological grade, elevated mitotic count, and expression of EMT markers. 

(3) BRCA1-mutated breast cancers (described below) demonstrate 
characteristics of both TNBC and BLBC. 

Differences between TNBC and BLBC: 

(1) While most BLBCs are triple-negative, about 1/3 of BLBCs are not; 
conversely, although the majority of TNBCs express basal markers at 
the protein level, a significant proportion (around 10–35%) of 
TNBCs are not basal-like. 

(2) While testing for TNBC has become quite routine in clinical prac-
tice, the identification of the basal-like status remains burdensome 
due to the requirement of cDNA microarray analysis. 

Although TNBC does not form a homogeneous group of disease 
when analyzed by gene expression profiling, it is believed that the 
basal-like subtype does form a homogeneous group of tumors with a 
similar gene expression profile related to prognosis and therapy 
response [18, 19]. This indicates that the poor prognosis of TNBC 
may actually reflect the high percentage of triple-negative tumors that 
are of basal-like. Indeed, a survival analysis of over 900 cases of breast 
cancer illustrated a shorter disease-specific survival among cases that 
expressed the basal markers CK5/6 and 17. In addition, expression 
of EGFR (HER1) has been found to be an independent negative 
prognostic factor for TNBC patients (relative risk [RR] 1.54) [20]. 

1.4.2 TNBC vs. BRCA-Associated Breast Cancer

Breast cancer susceptibility genes (BRCAs) are tumor-suppressor 
genes, carriers of whose mutations are at an increased risk of develop-
ing cancer in the breast, ovary, and others [21]. While BRCA2 
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function is limited to DNA recombination and repair processes, 
BRCA1 seems to have relatively broader cellular functions, which 
involve DNA repair and gene transcription regulation [22]. The func-
tions of BRCA genes in TNBC will be discussed in more detail in 
Chapter 3 and Chapter 5. 

In addition to its close relationship with BLBC, TNBC is also 
highly associated with the BRCA1 status. The following are several 
lines of evidence demonstrating the close relationship between BRCA 
abnormalities and the TNBC phenotype. 

Relationship between TNBC and BRCA abnormalities: 

(1) The majority of BRCA1/2-mutated breast cancers exhibit a triple-
negative phenotype [23]. 

(2) Up to 80% of hormone receptor-negative breast cancers have reduced 
or undetectable BRCA1 expression [24]. 

(3) Although germline mutations in BRCA1/2 are low in TNBC 
patients (10–20%) [25], these mutations can confer a lifetime risk 
of up to 85% of developing breast cancer, with 90% of these being 
triple-negative [26]. 

(4) BRCA1-associated breast tumors share biological similarities with 
TNBC and/or BLBC, including younger age at diagnosis and high 
tumor grade. 

Cancers that lack functional BRCA1 or BRCA2 have a deficiency 
in the repair of DNA double-strand breaks (DSBs) by a process called 
homologous recombination. This deficiency results in genomic insta-
bility and susceptibility to drugs that generate DNA strand breaks, 
which include alkylating agents (e.g., platinum and mitomycin C) and 
PARP inhibitors (PARPi’s) (e.g., olaparib and talazoparib). In cells with 
homologous recombination deficiency, these drugs cause persistent 
DNA damage and consequently, cell death, a phenomenon called “syn-
thetic lethality”, which will be discussed in more detail in Chapter 6. 

1.5 Epidemiology and Risk Factors of TNBC
Although some inconsistencies have been reported in the literature, 
generally speaking, TNBC accounts for 10–20% of all breast cancer 
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cases. Basically, not much epidemiological risk assessment has been 
performed in large population-based studies on the contribution of 
race and other factors to TNBC and/or BLBC. Even so, it is clear 
from the literature that the distribution of TNBC/BLBC differs sig-
nificantly by race and menopausal status. Age, sex, and other factors 
also contribute to the occurrence of TNBC among all population 
groups. 

1.5.1  Distribution of TNBC/BLBC by Race and  
Menopausal Status 

It has been noted by many research groups that the frequency of 
TNBC/BLBC is consistently higher in populations of women of 
African ancestry than in other racial or ethnic groups at all ages. An 
analysis of the US Surveillance, Epidemiology, and End Results 
(SEER) data of women diagnosed with breast cancer in 2010 pro-
vided evidence to show that African American (odds ratio [OR] 1.40 
[1.20–1.60]) and Hispanic women (OR 1.30 [1.20–1.50]) were 
more likely to be diagnosed with TNBC than white women. Studies 
from the US-based cancer databases show that among the different 
races or ethnic groups, African American (non-Hispanic black) 
women have the highest incidence of TNBC followed by Hispanic 
women. Non-Hispanic whites and Asian women in the US have simi-
lar low percentage of TNBC relative to all breast cancer cases [27, 28] 
(Figure 1-4). Similar results are reported from a retrospective cohort 
study of patients with breast cancer in the UK, showing that 22% of 
black women have TNBC compared with 15% of white women who 
have TNBC [29]. 

Reports from Africa further confirmed the high frequency of 
TNBC in women of African ancestry. A study in Nigeria and 
Senegal (507 women, mean age 44.8 years) showed that TNBC, 
including basal-like TNBC, was the predominant type of invasive 
breast cancer (27%) [30]. Of consecutive cases of breast cancer 
reported in a Bamako University hospital in Mali, the mean age of 
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patients was 46 years (range 25–85 years) and 46% of tumors were 
triple-negative. 

Menopausal status has also been considered as a composite factor 
together with race. In a population-based North Carolina Breast 
Cancer cohort of 878 African American women with breast cancer, 
premenopausal African American women had higher rates of BLBC 
(39%) than did white women of similar age (16%) or postmenopausal 
African American women (14%) [31]. Collectively, TNBCs and/or 
BLBCs are more common in premenopausal women of African 
ancestry. 

1.5.2 Distribution of TNBC/BLBC by Age and Sex 

In addition to the above-mentioned race and menopausal status, 
TNBCs have a tendency to occur in younger women than their non-
TNBC counterparts. Data from the California Cancer Registry 
revealed that the odds of a woman having TNBC under the age of 40 
years was 1.53 compared with a woman at an age greater than 40 

Figure 1-4.  Relative rate of TNBC in different ethnic groups in the United States. 
Among the different races or ethnic groups in the USA, non-Hispanic black women 
have the highest incidence of TNBC followed by Hispanic and non-Hispanic white 
women. Women of Asian and other ethnic groups have similar incidence of TNBC  
as non-Hispanic whites. 
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[28]. Considering race and age together, African American women 
under 50 years old have the highest prevalence of TNBC, which 
accounts for almost 40% of all breast cancer cases, compared to about 
15% in Caucasian women with breast cancer in the same age group. 

Basically, breast cancer in males is rare, representing approxi-
mately 1% of all cancers that occur in men and approximately 1% of 
all breast cancers worldwide [32]. Coincidently, TNBC is present in 
fewer cases of male breast cancer, accounting for about 6% of all 
breast cancer cases in males (vs. 10–20% in females) examined in a US 
national cancer database [27]. 

1.5.3 Other Risk Factors of TNBC/BLBC 

Other risk factors have also been identified for TNBC. Millikan 
and colleagues conducted a population-based case-control study 
that involved approximately 1,400 women with invasive breast 
cancer [14]. The authors noted that compared with women with 
luminal A tumors, those with basal-like tumors were more likely 
to have increased parity and younger age at full-term pregnancy. 
Furthermore, unlike women with luminal A tumors, basal-like 
tumors were more likely in women with younger age at menarche, 
who breast fed for shorter durations and had a higher body mass 
index. It is hoped that programs aimed at promoting breast-
feeding and reducing abdominal adiposity would reduce the num-
ber of cases of TNBC/BLBC among women, particularly younger 
African American women. 

In addition, low socioeconomic status is associated with many of 
the shared characteristics of breast tumors that occur in women of 
African ancestry, including high grade, high clinical stage, and 
ER-negative status. Data from the California Cancer Registry showed 
that irrespective of race or ethnic origin, women living in areas of low 
socioeconomic status are more likely to be diagnosed with TNBC 
than women living in areas of high socioeconomic status [28]. This 
observation is in contrast with the association of all-type breast can-
cers with high (rather than low) socioeconomic status, discussed 
above (under Introduction). 
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The risk factors of TNBC/BLBC are summarized in the table 
above (Table 1-4). 

1.6 Characteristics of TNBC  
1.6.1 General Clinical Features of TNBC 

While TNBCs constitute 10–20% of breast cancer incidence, they 
account for almost half of all breast cancer deaths. As discussed above, 
TNBCs are more prevalent in women of African ancestry and more 
frequently strike younger patients. TNBC tumors are generally larger 
in size, are of high grade and less differentiated, and are biologically 
more aggressive. TNBC patients have a higher rate of distant recur-
rence and a poorer prognosis than those with other subtypes. Less 
than 30% of women with metastatic TNBC survive 5 years and almost 
all die of their disease despite adjuvant chemotherapy [33]. 

Compared with other subtypes of breast cancer, TNBC tumors 
are 2.5 times more likely to metastasize within 5 years of diagnosis. 
TNBC preferentially metastasizes to the viscera (including the lungs, 
brain, and liver) in contrast to non-TNBC which disseminates mostly 
to the bone. Resultantly, median time to death is shorter and OS is 

Table 1-4.  Risk factors associated with TNBC/BLBC.

Women of African ancestry 

Premenopausal status 

Younger age at diagnosis (<40 years) 

High parity 

Younger age at first full-term pregnancy

Younger age at menarche 

Shorter duration of breast feeding

Elevated body mass index 

Lower socioeconomic status 

Refs: Clin Breast Cancer. 2009; 9(Suppl 2):S73–S81; Semin Oncol. 
2011; 38(2):254–62; Breast Cancer Res Treat. 2008; 109(1):123–
39; Lancet Oncol. 2014; 15(13):e625–e634.
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poorer for patients with TNBC compared with those with 
non-TNBC. 

Because of the lack of receptor targets existing in other subtypes 
of breast cancer, TNBC patients do not benefit from endocrine or 
anti-HER2 therapy [34]. Although significant advances have been 
made in identifying potential targets that can be used for the develop-
ment of novel therapeutic strategies (discussed in Chapter 7 and 
Chapter 8), chemotherapy remains the only established systemic 
therapeutic option for these patients. In spite of initial responses to 
chemotherapy, drug resistance develops rapidly and the prognosis of 
metastatic TNBC is poor. More details about the general clinical fea-
tures of TNBC will be discussed in Chapter 6.

1.6.2  Immunophenotypic and Molecular Characteristics  
of TNBC 

As discussed above, besides lacking hormone receptors and HER2, 
TNBCs are more likely to express myoepithelial markers, such as 
CK5/6, c-Kit, and less likely to express epithelial markers, such as 
E-cadherin. Since HER2 is negative in TNBC, EGFR (HER1), the 
other member of receptor tyrosine kinase family proteins, is usually 
overexpressed. More than half of TNBCs have protein abnormality or 
gene mutation of p53. The PI3K pathway is commonly activated in 
TNBC, although the mutation rate of PI3K is low. The immunophe-
notypic and molecular characteristics of TNBC/BLBC will be described 
in more detail in Chapter 6. 

1.6.3 Histopathological Characteristics of TNBC 

TNBC patients usually have larger tumors than hormone receptor-
positive patients and are more likely to be of high grade, have lym-
phovascular invasion, and present with clinically metastatic disease. 
Adjusting for tumor size and grade in a multivariable logistic regres-
sion model, TNBCs are found to have a much lower rate of lymph 
node positivity than any other subtype (OR 0.59 [0.57–0.61]). 
Histopathologically, the vast majority (>90%) of TNBC tumors 
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belong to IDC; other types such as invasive lobular carcinoma, meta-
plastic carcinoma with squamous differentiation, spindle-cell meta-
plastic carcinoma, adenoid cystic carcinoma, and secretory carcinoma 
are occasionally seen in TNBC [35]. These non-IDC-type TNBCs 
may have a better prognosis than the usually poor-prognosis TNBC 
in general. 

TNBCs also have been reported to have a high mitotic index, 
high Ki67 expression, central necrosis, pushing margins, and dense 
lymphocytic infiltrate [17, 20]. In addition, high degree of aneu-
ploidy and nuclear pleomorphism are also regarded as characteristics 
of these tumors. More details about the histopathological characteris-
tics of TNBC will be discussed in Chapter 6.  
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2.1 Introduction
Since the response rates for the targeted therapies vary enormously 
from patients to patients, it is postulated that triple-negative breast 
cancer (TNBC) is a heterogenous subtype of breast cancer. Indeed, 
TNBC has been increasingly recognized as a heterogeneous disease 
that exhibits substantial differences in terms of genomic, transcrip-
tomic, and perhaps proteomic profiles. The extreme heterogeneity of 
TNBC has led to difficulties in finding suitable molecular targets in 
preclinical studies. Most targeted agents tested so far, except for 
PARP inhibitors and immune checkpoint blockers (discussed in 
Chapters 6 and 7), have demonstrated low overall activity in unse-
lected TNBC. These limited benefits from targeted therapies further 
highlight the molecular heterogeneity of TNBC and suggest the 
importance of subtype-specific treatment for TNBC patients. 
Therefore, TNBC subtyping based on the biologically and clinically 
relevant characteristics may contribute to the identification of thera-
peutic targets, optimization of clinical trial designs, and patient risk 
stratification [1]. 

This concept of molecular heterogeneity is beginning to be 
accepted by researchers and clinicians and refined by TNBC’s molec-
ular characteristics and clinical response to currently available thera-
pies. The treatment paradigm of “one size fits all” approach for the 
management of TNBC is changing based on histopathological and 
molecular subtyping. The inter-tumoral heterogeneity of TNBC is an 
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important factor accounting for the poor results of many of these 
efforts in unselected TNBC patients. This chapter describes about our 
current understanding of TNBC as a heterogenous disease entity with 
clinically and pathologically significant subtyping. 

2.2 Clinical Heterogeneity of TNBC 
TNBC has been shown to have a high prevalence in the women of 
African and Hispanic descent at an early age (under 40 years) of pres-
entation [2], and has been characterized by aggressive progression and 
poor survival compared with other breast cancer subtypes. Although 
most TNBCs are high-grade tumors with a relatively poor prognosis, 
a subset of low-grade TNBCs display a favorable outcome [3–5]. 

TNBC displays a specific pattern of relapse. These tumors have a 
predilection for visceral, lung and brain metastasis, whereas luminal 
breast cancers favor relapses in bone and skin [6–8]. At the clinical 
level, distant recurrences peak early at 3 years following diagnosis and 
a majority of deaths occur in the first 5 years after initial diagnosis [9]. 
Interestingly, there are similar survival rates between patients with 
TNBC who have not recurred during this time and patients with 
ER-positive breast cancers [10, 11].

Despite rather malignant biological properties of some TNBC 
tumors, patients with TNBC are more sensitive to initial anthracyclines 
(such as doxorubicin) and taxanes (such as paclitaxel) compared with 
other breast cancer subtypes, and the clinical response rates and patho-
logic complete response (pCR) rates can be up to 85% and 30–40%, 
respectively [12]. When the patients were treated with neoadjuvant 
chemotherapy before surgery, the disease-free survival (DFS) and over-
all survival (OS) of patients with pCR have significant improvements 
compared to patients with residual invasive disease [13]. 

2.3 Histopathological Subtyping of TNBC 
2.3.1 Histopathological Subtypes of TNBC

TNBC encompasses a variety of histopathological types. Invasive car-
cinoma of no special type, referred to as NST, is by far the vast 
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majority of TNBC, which accounts for >80% of all TNBC cases. 
Other histologic types, which are referred to as special histologic 
types, account for approximately 10% of all TNBCs [14, 15]. Invasive 
carcinoma of no special type represents a heterogeneous group of 
tumors that fail to exhibit sufficient histopathological features to be 
classified as any special type. The morphological features of this sub-
type vary vastly among different cases. The most common special 
histopathological types of TNBC include metaplastic carcinoma, 
medullary carcinoma, invasive lobular carcinoma, apocrine carcinoma 
and adenoid cystic carcinoma. Several studies have reported the prog-
nostic implications of special histological types in TNBC. Compared 
with invasive carcinoma of no special type, metaplastic and invasive 
lobular carcinomas are associated with a poorer prognosis, while 
medullary, apocrine and adenoid cystic carcinomas dictate a better 
prognosis [1]. 

Although classification of TNBC based on histopathological fea-
tures has been well described in the literature, very little treatment 
recommendations are made in current guidelines according to histo-
pathological typing. The prognostic implications of certain histologic 
types may be valuable in making clinical decisions regarding patient 
follow-up and therapeutic approaches, for example the dose intensity 
and the duration of adjuvant chemotherapy. 

2.3.2 Major Histopathological Subtypes of TNBC 

Histopathologically, TNBC is mainly divided into three categories: 
(1) high-grade invasive ductal carcinomas of no special type; (2) 
high-grade special histologic types of breast cancer, including carci-
nomas with apocrine features, carcinomas with medullary features, 
and MBCs; (3) low-grade TNBC which can be further classified in 
at least two subgroups including salivary gland-like tumors of breast 
and low-grade TN breast neoplasia family. The salivary gland-like 
tumors of breast comprise adenoid cystic carcinoma and secretory 
carcinoma. The low-grade TN breast neoplasia family comprises 
microglandular adenosis, atypical microglandular adenosis and acinic 
cell carcinoma [16]. 
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2.3.2.1 High-grade invasive ductal carcinomas of no special type 

As mentioned above, high-grade invasive ductal carcinomas of no 
special type is the most common type, accounting for the vast major-
ity (>80%) of all TNBC cases. The morphological characteristics are 
high histopathological tumor grade, marked cellular pleomorphism, 
lack of tubule formation, brisk lymphocyte infiltration, scant stromal 
content, pushing edge of invasion, central geographic or comedotype 
necrosis, and central acellularity [17]. The majority of this group of 
TNBC are basal-like (BL) subtype characterized by the expression of 
myoepithelial/basal markers and molecular changes including TP53 
gene mutations, BRCA1 inactivation, and chromosomal alterations 
[18]. The 5-year OS rate for this subtype of TNBC was 62% [19]. 

2.3.2.2 Metaplastic breast carcinomas 

Metaplastic breast carcinoma is the special histologic type accounting 
for 4% of TNBCs [19]. The morphological characteristics are display-
ing differentiation towards squamous epithelium with mesenchymal 
components and cells having spindle, chondroid, osseous, or rhab-
doid morphologies [20]. The hallmark features of metaplastic breast 
carcinoma are worse outcome than conventional TNBC [21], show-
ing significant inter- and intra-tumor heterogeneity [22]. The enrich-
ment of genetic alterations involves Wnt and PI3K pathways [23, 24], 
particularly PIK3CA mutations. 

2.3.2.3 Carcinomas with medullary features 

It is the special histologic type accounting for 2.3% of TNBCs [19]. 
The morphological characteristics are well-circumscribed borders, a 
syncytial growth pattern, and brisk lymphocytic infiltrate. This sub-
type of TNBC is characterized by excellent outcome, although with 
its worrisome cytological features and high mitotic activity [20]. The 
5-year OS rate was 100% for these patients [19]. 

2.3.2.4 Carcinomas with apocrine features 

It is another special histologic type accounting for 1.6–3.7% of TNBC 
[19, 25]. The morphological characteristics are abundant eosinophilic 
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cytoplasm and prominent nucleoli. These tumors are most likely of 
LAR subtype characterized by expressing androgen receptor (AR) 
and displaying a molecular apocrine or LAR gene expression profile 
[26]. The outcome of this subtype of TNBC is uncertain, because 
contradictory data have been published regarding the prognostic 
impact of AR expression in TNBC [27, 28]. 

2.3.2.5 Low-grade TNBC

Low-grade TNBCs can be further classified in at least two subgroups 
including salivary gland-like tumors of the breast and low-grade TN 
breast neoplasia family, encompass microglandular adenosis, atypical 
microglandular adenosis and acinic cell carcinoma. These two sub-
groups have been shown to have low-grade morphology and indolent 
clinical behaviors [16]. Even among metaplastic breast carcinomas 
characterized by high-grade lesions and worse outcome than conven-
tional TNBC [21], low-grade variants exist, such as the low-grade 
spindle and adenosquamous carcinomas, which display relatively bet-
ter clinical outcome [29]. 

2.3.3 The Underlying Pattern of Progression of TNBC 

Conventional high-grade TNBCs usually derive from normal breast 
epithelium when acquiring TP53 and PIK3CA mutations. However, 
there are other potential evolutionary paths of TNBCs. Two subtypes 
of low-grade TNBCs have been known as the basis or precursors of 
TNBCs. Furthermore, both low-grade subgroups can progress to 
high-grade TNBCs. Salivary gland-like tumors of the breast are 
evolved into high-grade TNBCs via the acquisition of additional 
genetic events and/or clonal selection. Notably, high-grade TNBCs 
arising in salivary gland-like tumors are unlike with conventional 
TNBCs at the genetic level, similar to their respective low-grade 
counterparts. There’s a higher chance of transforming into high-
grade TNBCs for the other subgroup, the so-called low-grade TN 
breast neoplasia family, which are similar to conventional TNBCs in 
phenotype and genetic alterations [16] (Figure 2-1). 
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Figure 2-1.  Hypothetical model of potential paths of TNBC progression. 
Conventional high-grade TNBCs are usually derived from normal breast epithelial 
cells when acquiring TP53 and PIK3CA mutations. There are two subtypes of low-
grade TNBCs, which both can progress to high-grade TNBCs. The high-grade 
TNBCs derived from low-grade triple-negative breast neoplasia family accord with 
conventional TNBCs in phenotype and genetic alterations, whereas high-grade 
TNBCs arising in salivary gland-like tumors are different from conventional TNBCs 
at the genetic level. 

2.4 Molecular Subtyping of TNBC
2.4.1 Subtyping Based on Genomic Alterations 

Cancer genomes harbor a large amount of somatic mutations, but 
only a few of them play a role in driving carcinogenesis by conferring 
selective advantage to tumor cell growth. Genomic profiling studies 
of TNBC, including whole-exome and whole-genome analyses, have 
identified several recurrent alterations in the so-called cancer driver 
genes. Somatic mutations and copy number alterations (CNAs) 
account for most genomic alterations in TNBC. TP53 is the most 
frequently mutated gene, followed by PIK3CA, PTEN, KMT2C, and 
RB1. MYC amplification is the most frequent CNA event in TNBC. 
Other genes frequently affected by somatic CNAs include EGFR, 
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PTEN, CCND1, RB1, and CCNE1 [1]. More information about the 
genetic changes in TNBC will be discussed in the next chapter. 

Different mutational processes often generate different combina-
tions of mutation types, which is termed “signature”. Nik-Zainal  
et al. analyzed whole genome sequences of 560 breast cancer samples 
and identified twelve base substitution and six rearrangement signa-
tures [30]. Based on these established signatures, Jiang et al. classified 
TNBC into four mutation subtypes [31]: 1) HRD, characterized by 
HRD-related signature; 2) APOBEC, characterized by APOBEC-
related signature; 3) Clock-like, characterized by clock-like signature; 
and 4) mixed, with no dominant signature identified. 

As mentioned in the previous chapter, defects in BRCA1/2 lead 
to a type of deficiency in the repair of DNA double-strand breaks 
called homologue recombination deficiency (HRD). Previous studies 
reported that 10–20% TNBCs have germline mutations in BRCA1/2 
genes. These tumors typically exhibit HRD, but some sporadic 
(BRCA1/2 germline wild-type) TNBCs can also display functional 
BRCA1/2 deficiency and harbor DNA repair defects. Thus, research-
ers sought to uncover additional biomarkers indicative of HRD 
beyond germline BRCA1/2 mutations. Three quantitative metrics, 
i.e., loss of heterozygosity (LOH) [32], telomeric allelic imbalance 
(TAI) [33], and large-scale state transitions (LST) [34], have been 
developed to measure the genomic instability that is the consequence 
of HRD. A combined HRD score is defined as the arithmetic mean 
of these three scores. In the neoadjuvant setting, either HRD in 
TNBC or a high HRD score in the BRCA1/2 wild-type subgroup 
predicted better response towards platinum [35, 36]. However, in the 
metastatic setting, different groups reported inconsistent results. 

By analyzing the whole genome sequencing data of 560 breast 
cancer samples, Scientists from Wellcome Trust Sanger Institute, 
Hinxton, UK developed a mutational signature-based predictor of 
BRCA1/2 deficiency called HRDetect [37]. Later, the same group 
applied the HRDetect algorithm to 254 TNBC samples and classified 
them into HRDetect-high, -intermediate, and -low subgroups. The 
HRDetect-high subgroup had a high degree of sensitivity to standard 
adjuvant chemotherapy and was associated with a better prognosis 
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[38]. With the advancement in sequencing technology and reduced 
cost, the HRDetect model may be used in the future to inform trial 
stratification and improve clinical outcomes of TNBC. 

2.4.2 Subtyping Based on Gene Expression Profiling

Advances in gene expression analyses and clinical sequencing allow to 
classify TNBCs into further molecular subtypes. Currently, there are 
several transcriptome-based classification methods for TNBC, but the 
major subtyping methods include Vanderbilt subtyping, Baylor sub-
typing, and Fudan subtyping [39, 40]. 

2.4.2.1 Vanderbilt subtyping 

In 2011, Lehmann et al. first initiated molecular subtyping of TNBC 
into six subtypes based on the PAM50 gene expression profiling: 
basal-like 1 (BL1), BL2, immunomodulatory (IM) subtype, mesen-
chymal (M) subtype, mesenchymal stem-like (MSL) subtype, and 
luminal androgen receptor (LAR) subtype [41]. More importantly, 
they identified different cell lines representing corresponding TNBC 
subtypes by analyzing distinct gene expression profiles, and predicted 
that different activated signaling pathways could be pharmacologically 
targeted in cell lines [39]. BL-TNBC is characterized by DNA-repair 
deficiency, and the cisplatin treatment is effective. The M and MSL 
subtypes display higher expression of genes involved in EMT and 
activation of receptor tyrosine kinase pathways, and inhibitors of 
PI3K/mTOR and ABL/SRC are effective in representative cell lines. 
The LAR subtype is characterized by AR signaling and shows luminal 
gene expression pattern. AR antagonists are effective in LAR cell lines 
[42]. In 2016, these subtypes have been refined to four distinct sub-
types: BL1 and BL2, M, and LAR (Figure 2-2), because the tran-
scripts in the previously described IM and MSL subtypes were found 
to be derived from infiltrating lymphocytes and tumor-associated 
stromal cells, respectively [43]. 

In order to determine the potential clinical utility of classifying 
tumors by TNBC subtype, Masuda et al. [44] performed a 
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retrospective analysis on 130 TNBC patients treated with neoadju-
vant chemotherapy (anthracycline and taxane-based). The results 
showed that while the overall pCR rate was 28%, subtype-specific 
responses differed substantially. The BL1 subtype achieved the high-
est pCR rate (52%), whereas the BL2, LAR, and MSL subtypes had 
the poorer response (0%, 10%, and 23%, respectively). Nevertheless, a 
larger number of TNBC cases are needed to ascertain the association 
between the molecular subtypes and clinical outcomes of TNBC. 

2.4.2.2 Baylor subtyping 

Using similar PAM50 gene expression profiling, Burstein et al. from 
Baylor College of Medicine classified TNBCs into four subtypes: 
LAR, M, basal-like immune-suppressed (BLIS), and basal-like 
immune-activated (BLIA) [45]. Further studies demonstrated a high 
correlation between the Vanderbilt BL1/BL2 and the Baylor BLIA/
BLIS subtypes. They also identified putative subtype-specific targets: 
AR, ER (although ER negative by immunohistochemistry), prolactin, 
and cell-surface MUC (MUC-1) for the LAR subtype; platelet-
derived growth factor (PDGF) receptor A, insulin-like growth factor 
1 (IGF1), and c-Kit for the M subtype; Sry-related HMG box (SOX) 
transcription factors as well as V-set domain-containing T-cell activa-
tion inhibitor 1 (VTCN1) for the BLIS subtype; signal transducer and 
activator of transcription (STAT), cytotoxic T lymphocyte-associated 

Figure 2-2.  Molecular subtypes of TNBC stratified by PAM50 gene expression 
profiling. The proportions of the original TNBCtype-6 (left) and the refined 
TNBCtype-4 (right) subtypes of TNBC are depicted.
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antigen 4 (CTLA4) and cytokines for the BLIA subtype. These stud-
ies imply a promising future for personalized therapy in TNBC based 
on molecular subtyping [45] (Figure 2-3).

2.4.2.3 Fudan subtyping 

In 2016, using a novel classification system integrating transcriptome 
profiling of mRNA and lncRNA, Liu et al. from Fudan University 
Shanghai Cancer Center (FUSCC) classified TNBC into four distinct 
clusters: IM, LAR, mesenchymal-like (MES) and basal-like immune 
suppressed (BLIS) subtype. The IM subtype was characterized by 
high expression of immune cell signaling and cytokine signaling 
genes, which is similar to the Baylor BLIA subtype. The LAR subtype 
displayed AR signaling activation. The MES subtype was enriched in 
breast cancer stem cell pathways. The BLIS subtype was featured by 
downregulation of immune response genes, activation of cell cycle 
and DNA repair. Patients with the BLIS subtype had the worst recur-
rence-free survival than other subtypes [46]. 

Figure 2-3.  The genomic landscape of TNBC according to the Baylor subtypes. 
Four distinct subtypes of TNBC with specific molecular targets are shown.
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This classification was further confirmed by Jiang et al. from the 
same cancer center through genomic and transcriptomic analyses of 
465 East Asian TNBC patients [31]. Two aspects of this study dis-
tinguish it from their previous work. First, they analyzed TNBCs 
from an East Asian population, which demonstrated the similarity 
in molecular features among different ethnic groups and at the 
same time identified subtle difference, including a higher frequency 
of PIK3CA mutation and a higher proportion of LAR subtype in 
the East Asian TNBC cohort. This large collection of comprehen-
sively profiled TNBCs with well-documented clinical information 
will be an important supplement to the international compendium 
of molecular information regarding human breast cancer. Second, 
this study laid the foundation for subtype-specific treatment strate-
gies for TNBC patients and a subsequent clinical trial is currently 
underway (NCT3805399) pending publication of preliminary 
results [1]. 

Different biomarkers and treatment strategies were proposed 
for these four subtypes of TNBC. More PIK3CA mutations, acti-
vated HER2/ErbB2 and cell cycle signaling were identified in 
LAR subtype, suggesting that CDK 4/6 inhibitors may be effec-
tive in this subtype. Immune checkpoint blockade is the promising 
therapeutic approach for the IM subtype. Patients with high HRD 
score may benefit substantially from DNA-damaging therapies, 
such as platinum-based chemotherapy or PARP inhibitors, a phe-
nomenon known as “synthetic lethality” (discussed in Chapter 5 
and Chapter 6). Finally, JAK/STAT3 signaling pathway is acti-
vated in the MES subtype, which gives the opportunity for these 
patients to potentially benefit from JAK/STAT inhibitors, such as 
ruxolitinib. 

Additionally, TNBC can be classified according to the tumor 
microenvironment characteristics, such as the abundance of tumor-
infiltrating cells (TILs). Accordingly, TNBCs can be either “immune-
hot” or “immune-cold”, depending on the level of TILs. This will 
be discussed in Chapter 8. The intrinsic connection of the three 
major transcriptome-based TNBC subtyping methods is shown in 
Figure 2-4. 
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2.4.3 Subtyping Based on Immunohistochemistry 

To establish a clinically feasible immunohistochemistry (IHC)-based 
classification of TNBC, Zhao et al. first analyzed the RNA sequencing 
data on TNBCs from FUSCC and The Cancer Genome Atlas (TCGA) 
dataset and determined markers that can be used to identify specific 
molecular subtypes of TNBC [47]. Five subtypes were classified based 
on the immunohistochemical staining results: IHC-LAR (AR+), IHC-
IM (AR−, CD8+), IHC-BLIS (AR−, CD8−, FOXC1+), IHC-MES (AR−, 
CD8−, FOXC1−, DCLK1+), and IHC-UC for unclassifiable samples 
(AR−, CD8−, FOXC1−, DCLK1−) (Table 2-1). The IHC-LAR subtype 
showed relative activation of the HER2 pathway. The IHC-IM subtype 
tended to exhibit an “immune-inflamed” phenotype (refer to Chapter 8 
for description of “immune-inflamed” tumors) characterized by the 
infiltration of CD8+ T cells into tumor parenchyma. The IHC-BLIS 
subtype showed high expression of a VEGF signature. The IHC-MES 
subtype displayed activation of the JAK/STAT3 signaling pathway. 

Figure 2-4.  Correlations between Vanderbilt, Baylor, and Fudan subtyping. 
Intrinsic connection of the three major transcriptome-based TNBC subtyping 
methods.
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This type of classification approach agrees very well with the 
above-mentioned gene expression profiling-based classification. 
Importantly, this classification system provides additional information 
beyond traditional prognostic factors in relapse prediction and allows 
for subgroup-specific targeted therapies of TNBC patients in large-
scale clinical trials [47]. 

2.4.4  Correlation Between Molecular and Histopathological 
Subtypes and Clinical Implications 

Some molecular subtypes have significant correlation with the histo-
pathological subtypes as sharing similar gene expression signatures. 
For example, the majority of high-grade invasive carcinomas of no 
special type are BL subtypes (BL1 and BL2) characterized by the 
expression of myoepithelial/basal markers and molecular changes 
including TP53 gene mutations and BRCA1 inactivation [18]. The 
gene expression of M subtype overlaps largely with the metaplastic 
cancers [48, 49]. In addition, the LAR subtype corresponds with the 
apocrine and rare cancers (Figure 2-5). 

Despite the differences in the classification methods and nomen-
clature in the literature, the classification results showed obvious 
agreement between each other. International effort to sharing and 
merging large-scale data and cross-comparison of different classifica-
tion approaches may lead to a final consensus. Transcriptome-based 
profiling analysis provides great insight into the molecular heteroge-
neity of TNBC and enables robust and unbiased classification to 

Table 2-1.  Five subtypes of TNBC based on immunohistochemistry.

Subtype
Markers

Characteristics
AR CD8 FOXC1 DCLK1

IHC-LAR + Activation of HER2 pathway

IHC-IM – + Infiltration of CD8+ T cells

IHC-BLIS – – + High expression of VEGF signature

IHC-MES – – – + Activation of JAK/STAT3 pathway

IHC-UC – – – –
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direct clinical decision-making efforts. The IHC-based approach can 
be a feasible and easy-to-perform classification system hopefully to 
guide treatment decisions for patients with TNBC in the near future. 
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Genomic alterations occurring in either germline or somatic cells 
and changes in signaling molecules are crucial to cancer develop-
ment and can also provide vulnerabilities to actionable drug tar-
gets. Triple-negative breast cancer (TNBC) is a type of breast 
cancer with poor prognosis. At present, the efficiency of conven-
tional chemotherapy and targeted therapy is not ideal for TNBC 
patients. It is very important to find new therapeutic targets 
through elucidation of genetic and signaling changes. This chapter 
focuses on genomic alterations and the role of key signaling path-
ways in TNBC. The efforts that target these alterations will be the 
topic of Chapter 7. 
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Figure 3-1.  DNA repair defect and its effect on BRCA-deficient cells. (A) In nor-
mal cells, DNA damages are mostly repaired by homologous recombination (HR), 
which is dependent on functional BRCA1/2 proteins. (B) In BRCA-deficient cells, 
DNA damages cannot be repaired by HR, but instead, by potentially mitogenic alter-
native repair pathways, leading to gross genomic instability and/or cell death. 
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3.1  Germline Mutations in TNBC
3.1.1  BRCA1/2 Mutations and Homologous  

Recombination Defects

BRCA1 and BRCA2 belong to a class of genes known as tumor sup-
pressor genes [1]. By helping to repair DNA, BRCA proteins play a 
critical role in maintaining genomic stability and cell survival. In the 
cells that are deficient for BRCA1/2, DNA damages cannot be 
repaired by homologous recombination (HR). Rather, these damages 
are repaired by alternative repair pathways which are error-prone, 
leading to gross genomic instability or cell death (Figure 3-1). 

The majority of BRCA1-mutated breast cancers are so-called 
“triple-negative” or of “basal-type”. In contrast, only a minor pro-
portion (<20%) of TNBC patients have a germline BRCA1/2 muta-
tion. Germline mutations in BRCA1/2 genes are the most 
important cause of hereditary breast cancer [2]. The average 
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cumulative risk of breast cancer in female carriers above 70 years of 
age is estimated to be 57–65% and 45–49% for BRCA1 and BRCA2 
mutation carriers, respectively [3]. Risk of hereditary cancers is 
assessed by taking into account familial and personal factors or clin-
icopathological characteristics of cancers such as TNBC [4]. With 
this information, women with a high risk of developing hereditary 
cancers are recommended to be tested for mutations in BRCA1/2 
genes [5]. Women carrying a pathogenic germline mutation in 
BRCA1 and BRCA2 genes have an increased life-time risk of devel-
oping breast, ovarian, and several other cancers [6]. The identifica-
tion of women harboring mutations in these genes is clinically 
important and has a significant socio-cultural impact. A major chal-
lenge faced by physicians is to identify most appropriate candidates 
for genetic BRCA1/2 testing since the cost of comprehensive 
genetic testing can be high and only 3% of all breast cancers are 
attributed to BRCA1/2 germline mutations. 

The decision to offer genetic testing to a breast cancer patient is 
currently based on family history of breast/ovarian cancer and age of 
disease onset [7]. In addition, histopathological tumor parameters 
can predict the presence of a mutation [4]. A large proportion of 
tumors with BRCA1 mutations are associated with the TNBC pheno-
type [6]. BRCA1/2 mutations have been identified with frequencies 
varying from 9.4–15.4% in unselected, 17.4–49.1% in younger age 
and 11.6–62% in high risk patients with TNBC [8–13].

3.1.2  Resemblance of Familial Breast Cancers with 
Germline BRCA1 Mutations with TNBC 

It was reported that familial BRCA1-mutant tumors segregate 
strongly with basal-like breast cancers (BLBCs). Pathological studies 
support the resemblance of familial BRCA1 breast cancer with spo-
radic BLBCs. This suggests that BRCA1 mutation might impose a 
defined gene expression pattern mandating basal characteristics in 
these tumors. It should be noted that familial BRCA2 tumors have 
features distinct from familial BRCA1 tumors, reflecting the func-
tional difference between these two BRCA genes. 
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The similar features between familial BRCA tumors and BLBCs 
suggest that these tumors may share similar etiology, pathogenesis, 
progression, and may have special therapeutic implications for patients 
with these tumors. 

3.1.2.1  Association of BRCA1/2 germline mutations and 
tumorigenesis of TNBC 

Approximately only 15% of sporadic TNBCs are associated with ger-
mline mutations in BRCA1/2. However, in hereditary TNBCs, a 
high percentage of cases, approximately 73%, were BRCA1/2-
associated [14]. From the reports from different countries and dis-
tricts such as Germany, Japan, and China [15–17], the occurrence of 
TNBC is significantly associated with the BRCA1 mutation carrier 
status, and a different ‘genetic background’ may have a phenotypic 
impact on the onset of breast cancer. 

3.1.2.2  Association of BRCA1/2 germline mutations and  
progression & prognosis of TNBC 

In 194 cases of TNBC patients, 50 (26%) germline mutation carriers 
(78% in BRCA1) and 136 (71%) tumors with somatic mutations (83% 
in TP53) were reported. Tumor mutation patterns differed between 
carriers and non-carriers. PIK3CA mutations were exclusively present 
in non-carriers. Tumors that had lost the germline mutation demon-
strated a higher incidence of somatic TP53 mutations as compared to 
tumors with preserved germline mutations. Germline mutation status 
significantly interacted with tumor TP53 mutations were used for 
patient disease-free survival. In non-carriers, TP53 mutations did not 
affect outcome; in carriers, those with mutated TP53 tumors experi-
enced more relapses compared to those with wild-type TP53 tumors. 
The tumor genotypes with respect to germline status and the prog-
nostic interaction between germline BRCA1-related and tumor TP53 
mutation status prompt combination of germline and tumor genotyp-
ing for the classification of TNBC, particularly in the context of clini-
cal trials evaluating synthetic lethality drugs [18].
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Effects of BRCA germline mutations on multiple survival 
outcomes of breast cancer patients were evaluated in specific sub-
groups, including the patients with TNBC. When all subtypes are 
considered, BRCA1 mutation carriers have worse overall survival 
(OS) and worse breast cancer-specific survival than sporadic/BRCA-
wild-type breast cancer cases. However, among TNBC, BRCA1/2 
mutation carriers have better OS than BRCA-wild-type counterpart. 

The prognosis of BRCA1/2-associated breast cancer partly 
depends on histologic characteristics. Independent prognostic factors 
include tumor size, tumor-associated inflammation, and intratumor 
necrosis. Established prognostic factors as nodal status and differen-
tiation grade were not significantly related to relapse-free survival 
(RFS). Tumor-associated inflammation density was the strongest pre-
dictor for RFS in this series of BRCA1/2 breast cancer patients [19]. 
Bayraktar et al. revealed 50% prevalence of deleterious BRCA1/2 
mutations in high-risk women diagnosed with TNBC. Overall prog-
nosis of TNBC in BRCA carriers and non-carriers is not significantly 
different within the first 5 years following initial diagnosis [20]. 
Afghahi et al. reported that a new BRCA1 mutation was detected in 
the residual disease which resulted in a 14-amino acid deletion and 
restoration of the BRCA1 reading frame. A local relapse biopsy 4 
months later revealed the identical reversion mutation, and the 
patient subsequently died from metastatic breast cancer [21]. 

3.1.2.3  Association of BRCA1/2 germline mutations and  
therapy of TNBC 

Traditionally, BRCA carriers have received conventional systemic 
chemotherapy based on their baseline tumor characteristics, and it is 
generally accepted that after the appropriate treatment the prognosis 
of a mutation carrier is equivalent to that of a patient with sporadic 
breast cancer. With the growing understanding of the functions of 
BRCA1/2 proteins in homologous DNA repair, it is recognized that 
BRCA-associated breast tumors may have distinct biochemical char-
acteristics and thus require tailored treatment strategies. Tumors aris-
ing in the patients with BRCA mutations were shown to be particularly 
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sensitive to poly (ADP-ribose) polymerase inhibitors (PARPi’s)  
(discussed in Chapter 6) or platinum compounds (discussed in 
Chapter 7). In addition, BRCA1-mutation carriers seem to benefit 
from anthracycline-taxane-containing regimens as much as sporadic 
TNBCs do [22]. 

Recent advancements in subclassifying TNBC have paved the way 
for further investigation of more effective systemic therapies, includ-
ing cytotoxic and targeted agents. TNBC is enriched for germline 
BRCA mutation and for somatic deficiencies in HR-mediated DNA 
repair, the so-called “BRCAness” phenotype [1]. Together, germline 
BRCA mutations and BRCAness are promising biomarkers of suscep-
tibility to DNA-damaging therapy. 

3.2 Somatic Gene Mutations in TNBC
Cancer genomes harbor a large number of somatic alterations, but 
only a few of them play a significant role in driving carcinogenesis by 
conferring selective advantage to tumor cell growth [23]. Genomic 
profiling studies of human TNBC, including whole-exome and 
whole-genome analyses, have identified numerous recurrent altera-
tions in these cancer driver genes. Among them, somatic mutations 
and copy number alterations (CNAs) account for the most commonly 
encountered genomic alterations in TNBC. TP53 is the most fre-
quently mutated gene, but at present no drugs targeting TP53 have 
been approved for clinical practice. Aside from TP53, a handful of 
other genes with >5% prevalence of mutation have been identified in 
TNBC (discussed below). MYC amplification is the most frequent 
CNA event in TNBC. Other genes frequently affected by somatic 
CNAs include EGFR, PTEN, CCND1, RB1, and CCNE1 [24]. 

3.2.1 Somatic Gene Mutations and Tumorigenesis of TNBC

Rechsteiner et al. analyzed 32 clinically sporadic breast cancers with 
medullary features for somatic BRCA1/2 mutations. 3 of 32 tumors 
had pathogenic BRCA1 gene alterations. Two of these pathogenic 
variants exhibited deletions leading to frame shift mutations (p.Glu23fs, 
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p.Val1234fs), and the remaining single-nucleotide variant resulted in 
premature STOP codon (p.Glu60Ter). In one patient, the same 
pathogenic BRCA1 mutation was detected (p.Glu23fs) in normal 
breast tissue [25].

KDR, PIK3CA, Akt1, ATM, BRCA1/2, TP53, and KIT were 
among the most frequently mutated genes in TNBC cohort (Figure 3-2). 
The SNP Akt1 (rs3730358) was suggested to modify the risk of breast 
cancer. SNP PIK3CA (rs3729687) is a damaging mutation that was 
found to be correlated with the prognosis of TNBC. The survival curve 
analysis showed that the presence of Akt1, TP53, KDR, KIT, BRCA1, 
and BRCA2 mutations is correlated with a poor prognosis [26]. 

In 194 TNBC patients, 50 (26%) germline mutation carriers (78% 
in BRCA1) and 136 (71%) tumors with somatic mutations (83% in 
TP53) were identified. PIK3CA mutations were exclusively present in 
non-carriers. The germline mutation demonstrated a higher incidence 
of somatic TP53 mutations as compared to tumors with preserved 
germline mutations. In non-carriers, tumor TP53 mutations did not 
affect outcome. In carriers, those with mutated TP53 tumors experi-
enced more relapses compared to those with wild-type TP53 tumors 
[18]. Intratumor heterogeneity (ITH) plays a pivotal role in driving 
breast cancer progression and therapeutic resistance. High T stage, 

Figure 3-2.  Frequency of mutations in specific genes in TNBC. Ref: The Breast. 
2018; 38:30–38.
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African American race, and triple-negative or basal-like subtype were 
associated with a higher mutant-allele tumor heterogeneity (MATH) 
level [27]. 

It was reported that 18/20 of TNBCs contained at least one 
detected somatic mutation. TP53, AURKA, and KDR mutations 
were each present in 6/20 of cases [28]. The two most common 
alterations in breast cancer are TP53 affecting the majority of TNBC 
and PIK3CA mutations affecting almost half of ER-positive cancers 
[29]. Identical TP53 mutations and similar patterns of gene CNAs 
were found in MGA and/or AMGA and in the associated TNBC. In 
the MGA/atypical MGA associated with TNBC lacking TP53 muta-
tions, somatic mutations affecting PI3K pathway-related genes (e.g., 
PTEN, PIK3CA and INPP4B) and tyrosine kinase receptor signaling-
related genes (e.g., ErbB3 and FGFR2) were identified. The hetero-
geneity of MGAs are associated with TNBC, and MGAs are genetically 
advanced, clonal, and neoplastic lesions harboring recurrent muta-
tions in TP53 and/or other tumor genes, supporting the notion that 
a subset of MGAs and AMGAs may constitute non-obligate precur-
sors of TNBCs [30]. 

Somatic mutations in the PI3K p110 catalytic subunit (PIK3CA) 
gene are common. Activating mutations in PIK3CA have been identi-
fied in 18–40% of breast carcinomas. PIK3CA mutations were 
observed in 43/185 of breast tumor samples. PIK3CA mutations 
were common in ER+, PR+ and HER2+ cases (30%), and a compara-
tively low frequency were noted in triple-negative tumors (13.6%) 
[31]. TNBCs with apocrine differentiation less frequently harbored 
TP53 mutations (25%) and displayed a high mutation frequency in 
PIK3CA and other PI3K signaling pathway-related genes (75%).  
A high frequency of PI3K pathway alterations in TNBC was similar 
to luminal subtypes of breast cancer [32].

Although somatic mutations in BRCA1 rarely occur in sporadic 
breast cancer, lower than normal rates of expression of BRCA1 is 
reported to be an important factor that contributes to tumorigenesis 
in sporadic tumors. The epigenetic inactivation of BRCA1 expression 
might thus play an important role in sporadic breast cancer cases. 
BRCA1 promoter methylation was found in 11 tumors and all of 
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these were in 69 TNBC cases and was significantly associated with 
lymphovessel invasion, high nuclear grade, low BRCA1 mRNA 
expression, loss of BRCA1 protein expression and shorter OS [33]. 

The MET receptor tyrosine kinase is elevated in TNBC and trans-
genic Met models develop basal-like tumors. Somatic Trp53 loss, in 
combination with Met abnormality, significantly increased tumor pen-
etrance over Met abnormality or Trp53 loss alone. The majority of 
Met tumors with Trp53 loss displayed spindloid pathology with dis-
tinct molecular signature that resembles the human claudin-low sub-
type of TNBC, including diminished claudins, EMT signature, and 
low expression of microRNA-200 family. Among human breast can-
cers, elevated levels of MET and stabilized TP53, indicative of muta-
tion, correlate with highly proliferative TNBCs of poor outcome [34]. 

Id4, a helix-loop-helix DNA binding factor, blocks BRCA1 gene 
transcription in vitro and downregulates BRCA1 in vivo [35]. 
Although TP53, PIK3CA and PTEN somatic mutations seem to be 
clonally dominant compared to other genes, in some tumors their 
clonal frequencies are incompatible with founder status. Mutations in 
cytoskeletal, cell shape and motility proteins occurred at lower clonal 
frequencies, suggesting that they occurred later during tumor pro-
gression [36]. KRAS mutations are extremely infrequent in TNBC 
and EGFR inhibitors may be of potential benefit in the treatment of 
BLBCs, which overexpress EGFR in about 60% of all cases [37]. 

3.2.2  Somatic Gene Mutations and Progression & Prognosis 
of TNBC

Chromosome 5q loss is detected in up to 70% of TNBCs. Somatic 
deletion of a region syntenic with human 5q 33.2–35.3 was showed 
in a mouse model of TNBC. Mechanistically, KIBRA as a major factor 
contributing to the effects of 5q loss on tumor growth and metastatic 
progression was identified. Reexpression of KIBRA impairs cancer 
metastasis in vivo and inhibits tumor sphere formation of TNBC cells 
in vitro. 5q loss involves the reduced dosage of KIBRA, promoting 
oncogenic functioning of YAP/TAZ in TNBC [38]. CD4+ and HLA-
DRB1 * 1501-restricted TILs isolated from breast cancer were 
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recognized to have a single mutation in RBPJ (recombination signal 
binding protein for immunoglobulin kappa J region). Analysis of 16 
metastatic sites revealed that the mutation was ubiquitously present in 
all samples. Breast cancers can express naturally processed and pre-
sented unique nonsynonymous mutations that are recognized by a 
patient’s immune system. TILs recognizing these immunogenic 
mutations can be isolated from a patient’s tumor, suggesting that 
adoptive cell transfer of mutation-reactive TILs could be a viable 
treatment option for patients with breast cancer [39]. 

It was reported that the TP53 mutation frequency was higher in 
brain metastasis than in primary breast cancer [40]. BRCA1/2 muta-
tions were associated with bilateral breast cancer, and BRCA1 pro-
moter methylation may have a prognostic effect on TNBC [41]. Most 
germline pathogenic variants occurred in BRCA1 gene. BRCA1 pro-
moter hypermethylation was detected in 20.6% of tumors, and none 
of these tumors were in BRCA1/2 pathogenic variant carriers. 
BRCA1 impairment by either germline or somatic events was signifi-
cantly more frequent in young women (55% in those ≤40 years of age; 
33% in those between 41–50 years of age; 22% in those >50 years of 
age), and associated with better OS and DFS rates in breast cancer 
patients [42]. 

Somatic mutation of p53 is rare, suggesting that p53 becomes 
inactivated by other mechanisms. There are several important clinical 
associations, particularly with Δ40p53, which was expressed at levels 
that were ~50-fold higher than the least expressed isoform p53γ. 
Δ40p53 was significantly upregulated in tumor tissue when compared 
with the normal breast, and was significantly associated with an 
aggressive TNBC. Additionally, p53b expression was significantly 
negatively associated with tumor size, and positively associated with 
DFS, where high levels of p53b were protective, particularly in the 
patients with a mutation in p53, suggesting p53b may counteract the 
damage inflicted by mutant p53 [43].

Out of 507 breast cancer patients enrolled in West China Hospital, 
9 patients had somatic variants (3 in BRCA1, 6 in BRCA2) and 1 
patient had concurrent germline/somatic variants in BRCA2. In 
patients with disease stage 0–II, presence of germline or somatic 
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BRCA1 P/LP variant increased the risk of relapse as compared to 
non-carriers. Germline BRCA1 P/LP variants, which were associated 
with aggressive tumor phenotypes, predicted worse DFS in the sub-
group of stage 0–II compared to non-carriers [44]. In 77 TNBC and 
normal tissues, 15 patients (19.5%) had BRCA mutations: 12 (15.6%) 
in BRCA1 (one somatic), and 3 (3.9%) in BRCA2. Patients with 
BRCA mutations tended to be younger and had a significantly better 
RFS than those with wild-type BRCA [45]. 

3.2.3 Somatic Gene Mutations and Therapy of TNBC

Somatic mutations of PIK3CA occur with high frequency in patients. 
In a subset of TNBC cell lines, treatment with a PI3K inhibitor or 
depletion of PIK3CA expression ultimately promoted Akt reactiva-
tion in a manner dependent on the E3 ubiquitin ligase Skp2, the 
kinases IGF-1R and PDK-1 (phosphoinositide-dependent kinase-1), 
and the cell growth and metabolism-regulating complex mTORC2 
(mammalian target of rapamycin complex 2), but was independent of 
PI3K activity or PIP3 production. Resistance to PI3Ki’s are corre-
lated with the increased abundance of Skp2, ubiquitination of Akt, 
cell proliferation in culture and xenograft tumor growth in mice [46]. 

Immune checkpoint inhibitors have emerged as a potent new class 
of anti-cancer therapy (discussed in Chapter 8). Interestingly, immune 
checkpoint inhibition is more effective in those tumors with a high 
mutational load. In general, modest results have been observed in 
breast cancer, where tumors are rarely hypermutated. Because 
BRCA1-muated tumors frequently exhibit a triple-negative pheno-
type with extensive lymphocyte infiltration, the mutational load, 
immune profile, and response to checkpoint inhibition were explored 
in a BRCA1-deficient tumor model. BRCA1-mutated TNBCs exhib-
ited an increased somatic mutational load and great numbers of TILs, 
with increased expression of immunomodulatory genes including 
PD1 and CTLA4, when compared to TNBCs from BRCA1-wild-type 
patients. 

Cisplatin treatment combined with dual anti-PD1 and anti-
CTLA4 therapy substantially augmented anti-tumor immunity in 
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BRCA1-deficient mice, resulting in an avid systemic and intratumoral 
immune response. This response involved the enhanced dendritic cell 
activation, reduced suppressive FOXP3+ regulatory T cells, and con-
comitant increased the activation of tumor-infiltrating CD8+ and 
CD4+ T cells, characterized by the induction of polyfunctional 
cytokine-producing T cells. Dual but not single checkpoint blockade 
together with cisplatin profoundly attenuated the growth of BRCA1-
deficient tumors in vivo and improved survival [47]. 

3.3 Signaling Events in TNBC
Due to the complexity of the genomic landscape, analysis of altera-
tions in single genes is often insufficient for tumor classification. 
Thus, effort has been made to group the aberrations of individual 
genes according to the molecular pathways. Such grouping has 
helped us better understand the tumor biology and facilitated the 
development of drugs targeting these pathways. The detailed altera-
tions in prominent signaling pathways in TNBC are discussed here. 

3.3.1 PI3K/Akt/mTOR Pathway

The PI3K/Akt/mTOR pathway is a prototypic survival pathway that 
is constitutively activated in many types of cancer (Figure 3-3) and 
this pathway is an attractive therapeutic target in cancer because it 
serves as a convergence point for many growth stimuli, and through 
its downstream substrates which controls cellular processes contribut-
ing to the initiation and maintenance of cancer. Moreover, activation 
of the Akt/mTOR pathway confers resistance to many types of cancer 
therapy, and is a poor prognostic factor for many types of cancers. 
Combined mutations of tumor suppressors PTEN and p53 accelerate 
the formation of claudin-low breast cancers and TNBC exhibits 
hyperactivated Akt signaling and more mesenchymal features relative 
to PTEN or p53 single-mutant tumors [48]. PIK3CA mutations were 
detected in 23.7% of TNBC. Deregulation of PI3K/Akt pathways 
was revealed by consistent activation of pAkt and p-p44/42 MAPK in 
all PIK3CA-mutated TNBC [49]. 
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Figure 3-3.  PI3K/Akt/mTOR signaling pathway. When activated, for example, by 
RTK, PI3K converts PIP2 to PIP3 through phosphorylation. PIP3 leads to the acti-
vation of Akt, which induces stepwise phosphorylation events, ultimately leading to 
the activation of mTOR, which plays a central role in the translational machinery 
through 4EBP and S6K pathways. The final outcome of the activation of the PI3K/
Akt/mTOR singling pathway is the regulation of various cellular functions including 
cell growth and survival related to oncogenic phenotypes. As a negative regulator, 
PTEN converts PIP3 back to PIP2, thus dampening the PI3K/Akt/mTOR signaling 
activity. RTK, receptor tyrosine kinase; PIP2, phosphatidylinositol (4,5)P2; PIP3, 
phosphatidylinositol (3,4,5)P3; TSC1/2, tuberous sclerosis complex 1/2; Rheb, 
RAS homologue enriched in brain; mTOR, mammalian target of rapamycin; S6, 
ribosomal S6 protein; S6K, ribosomal S6 protein kinase; eIF4E, eukaryotic initiation 
factor 4E; 4EBP, eIF4E-binding protein. 

b3931_Ch-03.indd   54 13-10-2020   3.49.17 PM

 



b3931  Triple-Negative Breast Cancer 9x6 

Genetics and Signaling Events in TNBC 55

3.3.2 Wnt Pathway

3.3.2.1 Association of Wnt pathway and tumorigenesis of TNBC 

Wnt signaling pathways are a group of signal transduction pathways 
made of proteins that pass signals into a cell through cell surface 
receptors. Three Wnt signaling pathways have been characterized: 
canonical Wnt/b-catenin pathway, non-canonical Wnt planar cell 
polarity pathway, and non-canonical Wnt/calcium pathway. Wnt 
signaling was first identified for its role in carcinogenesis, then for its 
function in embryonic development. In the embryonic processes, it 
controls body axis patterning, cell fate specification, cell proliferation, 
and cell migration [50] (Figure 3-4). 

In TNBC, the elevated levels of transforming growth-interacting 
factor (TGIF) correlate with high Wnt signaling and poor survival of 
patients. Genetic experiments revealed that TGIF1 ablation impeded 
mammary tumor development in MMTV-Wnt1 mice [51]. Wnt sign-
aling appears to be active in both the normal and cancer stem cell 
compartments, although at different levels. By comparing normal 
with cancer mouse mammary compartments, mammary cancer stem 
cells (MaCSCs) gene signature was identified to be able to predict 
outcome in breast cancer. Wnt signaling activation affects self-renewal 
and differentiation of MaCSCs, leading to metaplasia and basal-like 
adenocarcinomas [52]. 

WIF-1 is a secreted antagonist that binds Wnt ligands, and there-
fore inhibits the canonical Wnt/b-catenin pathway. Methylation of 
WIF-1 was detected in 71.3% and 81.8% of sporadic and hereditary 
breast cancer cases, respectively. Aberrant methylation of WIF-1 was 
associated with advanced TNM stage and triple-negative cases in spo-
radic breast carcinoma. In hereditary cases, methylation of WIF-1 was 
correlated with age at diagnosis and the p53 status. Regarding 
patients’ survival, WIF-1 methylated promoter conferred a reduced 
OS rate, and particularly in a group of patients with advanced TNM 
stage. Aberrant CpG methylation of WIF-1 promoter was signifi-
cantly associated with transcriptional silencing of this tumor suppres-
sor gene in sporadic breast cancer tissues [53]. 
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Figure 3-4.  Canonical and non-canonical Wnt signaling pathways. Wnt signals are 
transduced to the canonical pathway for cell-fate determination and to the non-
canonical pathway for the control of tissue polarity and cell movement. Activation of 
the canonical Wnt/b-catenin pathway promotes the accumulation of b-catenin by 
inhibiting the formation of destruction complex (GSK3b/AXIN/APC), resulting in 
the translocation of b-catenin to the nucleus and the expression of cell-fate determi-
nation genes. Activation of the non-canonical Wnt signaling pathway promotes the 
expression of genes involved in tissue polarity control and cell movement. LRP, LDL 
receptor related protein; DVL, dishevelled; PKC, protein kinase C; RYK, receptor 
tyrosine-like kinase; TCF/LEF, T-cell factor/lymphoid enhancer factor; CAMK, 
calcium calmodulin-dependent protein kinase; DAAM, disheveled-associated activa-
tor of morphogenesis; NFAT, nuclear factor of activated T-cells. 

Wnt/b-catenin signaling may play a critical role in breast cancer 
immunity, particularly in HER2-enriched subtype and TNBC. Both 
stromal infiltrated TILs and b-catenin expression were upregulated in 
hormone receptor-negative HER2-enriched and TNBC subtypes, 
and high levels of stromal TILs as well as CD8+ or FOXP3+ TIL sub-
sets were associated with b-catenin overexpression by breast cancer, 
respectively [54]. 
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Analysis of publically available array data sets indicates that 
the tumors with concomitant low expression of Wnt-regulating 
proteins APC (adenomatous polyposis coli) and APC2 occurs 
more frequently in the ‘triple-negative’ phenotype. Upon aging, 
the development of Wnt-activated mammary carcinomas with 
squamous differentiation was accompanied by a significantly 
reduced survival. This novel Wnt-driven mammary tumor model 
highlights the importance of functional redundancies existing 
between APC proteins both in normal homeostasis and in tumo-
rigenesis [55].

Diversin was reported to play roles in Wnt and JNK pathways. 
Significant association was observed between diversin overexpres-
sion and TNM stage, nodal metastasis, negative ER expression and 
triple-negative status. Knockdown of diversin expression in 
MDA-MB-231 cell line decreased cell proliferation and cell inva-
sion [56]. Knockdown of Wnt pathway transcription factor, SOX4 
in triple-negative BT-549 cells, resulted in decreasing cell prolifera-
tion and migration. The combination treatment of Wnt pathway 
inhibitors iCRT-3 with SOX4 knockdown had a synergistic effect 
on inhibition of cell proliferation and induction of apoptosis in 
TNBC cells [57]. 

Wnt10B, a member of the 19 Wnt family ligands, which activates 
the canonical Wnt signaling cascade, induces transcriptionally active 
b-catenin in human TNBC, and predicts survival outcome of patients 
with both TNBC and BL tumors. Wnt10B activates canonical 
b-catenin signaling leading to upregulation of HMGA2, which is nec-
essary and sufficient for proliferation of TNBC cells and predicts RFS 
and metastasis in TNBC patients [58]. 

3.3.2.2  Association of Wnt pathway and progression & prognosis  
of TNBC 

Cancer stem cells (CSCs) are believed to promote the malignant 
transformation of breast cancer, at least partly, via Wnt/b-catenin 
pathway. Leucine-rich repeat-containing G protein-coupled receptor 
5 (LGR5) has been identified as a CSC-associated Wnt-regulated 
target gene. High levels of LGR5 expression were significantly 
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associated with tumor size, lymph node metastasis, and TNBC. 
Patients with high levels of LGR5-b-catenin axis expression exhibited 
poorer RFS compared to patients with low levels of LGR5-b-catenin 
axis expression [59]. MCC (mutated in colorectal cancers) and 
CTNNBIP1 (b-catenin-interacting protein 1) are two candidate 
genes which inhibit the transcriptional activity of nuclear b-catenin. 
The expression of nuclear p-b-catenin (Y654) was significantly high in 
TNBC and HER2+ compared to luminal A/B subtypes. TNBC 
patients in stage III/IV had a reduced expression of MCC in the 
tumors with poor prognosis [60]. A statistically significant interaction 
was shown such that low expression of b-catenin in cell membrane 
was associated with unfavorable DFS of the tumors that expressed 
EGFR, but not in the absence of EGFR expression. A considerable 
number of TNBC co-expresses E-cadherin and P-cadherin, while 
membranous localization of b-catenin may predict patient outcome in 
an EGFR-dependent manner [61]. 

In vivo and in vitro data uncovered that Wnt5B-modulated mito-
chondrial physiology was mediated by MCL1, which was regulated by 
Wnt/b-catenin responsive gene, Myc. Clinic data revealed that both 
Wnt5B and MCL1 are associated with enhanced metastasis and 
decreased DFS [62]. Expression of dickkopf-1 (DKK-1) in TNBCs is 
correlated with cytoplasmic/nuclear b-catenin. Elevated expression of 
DKK1 and cytoplasmic/nuclear b-catenin indicate poor outcome of 
TNBC patients [63]. 

3.3.3 MAPK Pathway

The MAPK/ERK pathway consists of a chain of proteins in the cell 
that communicates a signal from a receptor on cell surface to nuclear 
DNA. The signal starts when a signaling molecule binds to the recep-
tor on the cell surface, and ends when DNA in the nucleus expresses 
a protein and produces some changes in the cell, such as cell division, 
survival, and/or motility/invasion (Figure 3-5). The pathway 
includes many proteins, which communicate by adding phosphate 
groups to a neighboring protein, acts as an “on” or “off” switch. 
When one of the proteins in the pathway is mutated, it can become 
stuck in the “on” or “off” position, which is a necessary step in the 
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development of many cancers. Components of the MAPK/ERK 
pathway were discovered when they were found in cancer cells. Drugs 
that reverse the “on” or “off” switch are being investigated as cancer 
treatments. 

Figure 3-5.  MAPK/ERK signaling pathway. EGFR forms an activated homodi-
mer/heterodimer after ligand binding and is auto-phosphorylated at intrinsic tyros-
ine residues. Then, the phosphorylated EGFR induces Grb2/SOS complex formation 
and elicits cascaded activation of downstream proteins, such as Ras, Raf, MEK, and 
ERK. The signal is ultimately transmitted to the nucleus and initiates gene transcrip-
tion for proliferation, survival, and motility/invasion. EGFR, epidermal growth fac-
tor receptor; Grb2, growth factor receptor-bound protein 2; MEK, mitogen-activated 
protein kinase kinase; ERK, extracellular signal-regulated kinase; SOS, son of seven-
less homolog; Ras, rat sarcoma viral oncogene homolog; Raf, v-raf-1 murine leuke-
mia viral oncogene homolog. 
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Hypoxia-inducible factor (HIF)-1-dependent regulation of 
MAPK signaling pathways contributes to chemotherapy-induced 
breast CSC enrichment. Therapeutic targeting of HIF-1 or the p38 
pathway in combination with chemotherapy will block breast CSC 
enrichment and improve outcome in TNBC [64]. Inhibitor of apop-
tosis proteins (IAPs) constitutes a family of conserved molecules that 
regulate both apoptosis and receptor signaling which are often dereg-
ulated in cancer cells and represent potential targets for therapy. 
TNBC MDA-MB-231 cell line was treated with SM83, a Smac 
mimetic that acts as a pan-IAP inhibitor. SM83 reduced the expres-
sion of Snai2, an EMT factor often associated with increased stem-like 
properties and metastatic potential especially in breast cancer cells. 
Snai2 downregulation prevents cell motility, and its expression is pro-
moted by cIAP1. In fact, the chemical or genetic inhibition of cIAP1 
blocked EGFR-dependent MAPK pathway activation, and caused the 
reduction of Snai2 transcription levels. IAP inhibition displays an anti-
tumor and anti-metastasis effect in vivo [65]. 

Raf and ERK play crucial roles in the apoptosis resistance of breast 
cancer cells and are both important therapeutic targets in the MAPK 
pathway. A Raf/ERK dual inhibitor, CY-9d, was found to suppress 
breast cancer growth, inhibit Raf/ERK activation, and induce mito-
chondrial apoptosis in vivo without remarkable toxicity [66]. Cytotoxic 
and apoptosis-inducing activities of CY-9d were found to be restricted 
to TNBC cells. HSP90 was found to be a potential mediator between 
Raf and ERK in TNBC cells. Simultaneous treatment with HSP90 
inhibitor and CY-9d at sub-therapeutic doses was found to produce 
synergistic therapeutic and apoptosis-inducing effects in TNBC cells. 
Aberrant Ras-MAPK signaling from RTKs, including EGFR and 
HER2, is a hallmark of TNBC. Raf and MEK co-inhibition exhibits 
synergy in TNBC models, and represent a promising combination 
therapy for this aggressive breast cancer type [67]. 

As discussed in Chapter 8, the presence of TILs in TNBC is cor-
related with improved outcomes, particularly in response to immune 
checkpoint-targeted immunotherapy. Ras/MAPK pathway activation 
is associated with significantly low levels of TILs in TNBC and while 
MEK inhibition can promote recruitment of TILs to the tumor. 
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α-4-1BB and α-OX-40 T-cell agonist antibodies can rescue the 
adverse effects of MEK inhibition on T cells in both mouse and 
human T cells, which results in augmented anti-tumor effects in vivo. 
This effect is dependent upon the increased p38/JNK pathway activa-
tion. MEK inhibition in breast cancer is associated with increased 
TILs, MAPK activity is required for T cells function. It shows that 
TILs activity following MEK inhibition can be enhanced by agonist 
immunotherapy, resulting in synergic therapeutic effects [68]. 

MEK pathway is activated in TNBC brain metastases, brain-
penetrant inhibitors against MEK1/2 (selumetinib, AZD6244) or 
phosphatidylinositol-3 kinase (PI3K; buparlisib, BKM120) inhibit 
MEK pathway activation. Exploratory analysis of kinome reprogram-
ming in SUM149 intracranial tumors after MEK and PI3K inhibition 
demonstrates extensive kinome changes with treatment, especially in 
MAPK pathway members. Rational combinations of the clinically avail-
able inhibitors selumetinib with buparlisib or pazopanib may prove to 
be promising therapeutic strategies for TNBC brain metastases [69]. 

The use of selenium-containing heterocyclic compounds as 
potent cancer chemopreventive and chemotherapeutic agents has well 
been documented by a large number of clinical studies. Liang et al. 
demonstrated that benzimidazole-containing selenadiazole deriva-
tives (BSeDs) could cause cell cycle arrest and apoptosis in 
MDA-MB-231 cells by inducing DNA damage, inhibiting Akt, and 
activating MAPK family members through the production of reactive 
oxygen species (ROS) [70]. 

3.3.4 Hedgehog Pathway

Mammals have three Hedgehog homologues, Desert (DHH), Indian 
(IHH), and Sonic (SHH), of which Sonic is the best studied. The 
pathway is equally important during vertebrate embryonic develop-
ment. Recent studies point to the role of Hedgehog signaling in regu-
lating adult stem cells involved in maintenance and regeneration of 
adult tissues. The pathway has also been implicated in the develop-
ment of some cancers. Dysregulation of the Hedgehog signaling 
pathway has been documented in mammary gland development and 
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breast cancer progression. High levels of SHH was observed in a sub-
set of breast tumors with poor prognostic pathological features; 
higher level of SHH expression was correlated with a significantly 
poor OS of patients. These data suggest that SHH could be a novel 
biomarker mediating the aggressive phenotype of breast cancer [71]. 
The major components and the signaling events in the Hedgehog 
signaling pathway are illustrated in Figure 3-6. 

Hedgehog activation has been implicated in breast cancer poor 
prognosis. It was reported that 36 breast cancer patients had varying 
degrees of cytoplasmic sonic Hedgehog and its downstream effector 
glioma-associated oncogene homolog (Gli)-1 staining, which was 

Figure 3-6.  Hedgehog signaling pathway. (A) Patched (Ptc) inhibits the activity of the 
Smoothened (Smo) protein, thereby inhibiting the downstream signaling pathway. At 
this time, the downstream Ci protein is truncated in the protease and enters the nucleus 
in the form of a truncated carboxyl terminus, which inhibits the transcription of the 
downstream target genes. (B) When Ptc and Hedgehog (Hh) are combined, the inhibi-
tory effect on Smo is released, so that the full-length Ci protein gets activated, enters the 
nucleus, and activates transcription of the downstream target genes. 

(A) (B)

b3931_Ch-03.indd   62 13-10-2020   3.49.23 PM

 



b3931  Triple-Negative Breast Cancer 9x6 

Genetics and Signaling Events in TNBC 63

positively correlated with tumor stage [72]. Key regulators of the 
Hedgehog pathway components were significantly overexpressed in 
breast cancer tissues as compared with respective normal mammary 
tissues, overexpression of SHH, DHH and GLI1 were significantly 
related to the patients with early onset and pre-menopausal status [73]. 
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Epigenetics is the study of heritable changes in phenotypes that do 
not involve any change in DNA sequences. In 1942, Conrad H. 
Waddington coined the words “epigenesis” and “genetics” to 
describe the “causal mechanisms” by which “the genes of the geno-
type bring about phenotypic effects” [1]. Due to the lack of experi-
mental tools and overall knowledge, it took over 50 years for 
scientists to understand the underlying mechanisms of Waddington’s 
observations [2]. To date, multiple discoveries have been made 
describing how epigenetics can change a phenotype without altering 
DNA sequences. Epigenetics affects the entire genome but, with 
regards to cancer, it tends to affect key oncogenes, tumor suppres-
sor genes, and transcription factors, leading to cancer initiation and 
progression [3]. Epigenetics is brought about via different heritable 
and reversible mechanisms such as DNA methylation, histone modi-
fication, and chromatin remodeling, as well as the more recently 
discovered epigenetic changes through non-coding RNAs (dis-
cussed later) [4]. Among these epigenetic mechanisms, the most 
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common modifications are DNA methylation, histone lysine meth-
ylation and histone lysine acetylation [5]. 

A large amount of data showed distinct epigenomic profiles that 
distinguish breast cancers from normal and benign tissues. Hence, 
taking advantage of the reversibility of epigenetic modifications, 
drugs that target epigenetic modifiers, given in combination with 
chemotherapies or endocrine therapies, may present promising 
approaches to restoration of therapy responsiveness in cancer [3]. 

There remain many open questions about the mechanisms involved in 
epigenetic control, but it is recognized that epigenetic change can 
occur due to environmental factors such as stress and cell damage. 
However, little is known about why and how genes are activated only 
when they are required. Of note, an increase in the understanding of 
epigenetic mechanisms and their contributions to disease develop-
ment has led to a growing interest in the field of epigenetics [6]. 
Recently, scientists have demonstrated a significant impact of epige-
netic alterations on triple-negative breast cancer (TNBC). 

4.1 Alterations in DNA Methylation in TNBC 
4.1.1 Basics of DNA Methylation 

The first recognized and most well-characterized epigenetic modifica-
tion in mammals is DNA methylation which occurs in the cytosine 
residue in CpG dinucleotides. DNA methylation is a process by which 
methyl groups are added to the DNA molecule (Figure 4-1). The 
covalent addition of a methyl group to the cytosine, which results in 

Figure 4-1.  The process of DNA methylation. Through the action of DNA meth-
yltransferase, a methyl group at the carbon-5 position of the cytosine residue within 
the CpG dinucleotide is added. DNMT, DNA methyltransferase. 
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the formation of 5′-methylcytosine (5mC) in a CpG dinucleotide, is 
catalyzed by a family of enzymes named DNA methyltransferases 
(DNMTs). DNMTs catalyze the addition of a methyl group to the 
carbon-5 position of cytosine bases into 5mC, which generally leads 
to gene silencing [6]. While DNMT1 is involved in the maintenance 
of DNA methylation after replication, DNMT3A and DNMT3B are 
mostly involved in the de novo methylation of DNA. Cytosine meth-
ylation is widespread in both eukaryotes and prokaryotes [7]. 

DNA methylation mostly occurs on CpG islands, which are DNA 
regions with at least 200 bases that consist of at least 50% C+G con-
tent [8]. The majority of human promoters contain CpG islands and 
are usually hypomethylated. Only a few of these CpG islands become 
methylated during development or cell differentiation. Different 
DNMTs are also necessary to maintain DNA methylation after cells 
complete a cell division. DNMT1 will copy methylation patterns and 
replicate it to the daughter DNA strand and is therefore regarded as 
a maintenance enzyme [9]. In mammals, the enzymes DNMT3a and 
DNMT3b are responsible for the initial DNA methylation [10]. 
Importantly, DNA methylation can inhibit gene expression in various 
ways. It can lead to binding of methyl-CpG-binding domain (MBD) 
proteins, which then recruit histone modifying and/or chromatin 
remodeling complexes to the methylated site to compact and inacti-
vate chromatin [11]. DNA methylation can also inhibit the binding 
of transcription factors to promoters, which, nevertheless, does not 
occur frequently [12, 13]. 

Importantly, methylation can change the activity of a DNA seg-
ment without changing its sequence [7]. In general, hypermethyla-
tion in the promoter of genes causes their transcriptional silencing. 
DNA methylation regulates gene expression by recruiting proteins 
involved in gene repression or by inhibiting the binding of transcrip-
tion factor(s) to DNA. 

Feinberg and Vogelstein were the first to report on epigenetic 
change in cancer as they found colorectal cancer cells were hypometh-
ylated compared to normal tissue. DNA hypomethylation leads to 
oncogene activation and chromosome instability, culminating in tumor 
development. Conversely, hypermethylation has been shown to inhibit 
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tumor suppressor genes, thereby releasing cells from their normal con-
trol. DNA methylation is usually associated with genomic stability, but 
is also associated with the control of gene expression via an alteration 
in the accessibility of transcriptional start sites. Hypermethylation of 
tumor suppressor genes, including p16, death-associated protein 
kinase (DAPK), E-cadherin, and O6-methylguanyl DNA methyltrans-
ferase (MGMT) is associated with poorer prognosis in various cancer 
types. In glioblastoma, the methylated promoter of MGMT is a predic-
tive marker of response to alkylating agents such as temozolomide, as 
well as a predictive marker of radiotherapy response in the absence of 
alkylating chemotherapy. Importantly, overexpression of DNMT genes 
has been reported in various cancers [14]. Promoter hypermethylation 
of a number of tumor-associated genes, detected in body fluids of can-
cer patients, has emerged as a promising biomarker for the early detec-
tion of cancers, including breast cancer [5]. Although epigenetic 
profiling is not yet commonly performed, the FDA approved the first 
screening test, Cologuard, based on the analysis of DNA methylation 
for colorectal cancer in August 2014 [15].

4.1.2 DNA Methylation Signatures in TNBC 

In Chapter 2, it has been discussed that current efforts to stratify early 
breast cancer prognosis have primarily focused on multi-gene expres-
sion signatures. Such signatures are most effective at assigning recur-
rence risk to early-stage hormone receptor-positive breast cancer, in 
which the rate of proliferation is closely associated with overall prog-
nosis. However, the majority of TNBCs are highly proliferative and 
therefore cannot be stratified using these multi-gene classifiers [16]. In 
addition to multi-gene expression assays, DNA methylation signatures 
are being assessed as potential molecular biomarkers of cancer. A num-
ber of studies have documented aberrant methylation events in breast 
carcinogenesis and the specifically identified DNA methylation bio-
markers that have significant diagnostic and prognostic potential. 
Several studies have also identified DNA methylation signatures that 
can distinguish between breast cancer subtypes and others that may be 
predictive of treatment response [7]. 
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Analysis of cancer methylomes has dramatically changed the con-
cept of the potential of diagnostic and prognostic methylation bio-
markers in disease stratification [16]. Differentially methylated 
regions (DMRs) are genomic regions with different DNA methyla-
tion status across different biological samples and regarded as possible 
functional regions involved in gene transcriptional regulation. 
Through whole-genome methylation capture-sequencing of TNBCs, 
scientists recently identified DMRs with diagnostic and prognostic 
values that stratify TNBCs for more personalized management. 

By studying the DNA methylation group of TNBC, scientists 
identified 865 DMRs in TNBC tumors compared to matched normal 
samples and showed that these regions were enriched in promoters 
associated with transcription factor binding sites and DNA hypersen-
sitive sites. Strikingly, in this study, researchers found 36 DMRs that 
were specific to TNBC and also showed that these DMRs stratified 
TNBC patients into 3 distinct methylation clusters. Survival analysis 
revealed that the largely hypomethylated cluster was associated with 
better prognosis, whereas the other 2 more methylated clusters were 
associated with worse prognosis. Additional survival analysis identified 
17 DMRs in the cancer genome atlas (TCGA) breast cancer data, 
each harboring 3 or more HM450K probes associated with survival 
in TNBC samples; 14 genomic regions were associated with poor 
survival and 3 regions with longer survival. Kaplan-Meier plots of 
individual CpG sites in each region showed very good survival separa-
tion, highlighting their potential value as prognostic biomarkers. 
Interestingly, most of these regions overlap with DNase I hypersensi-
tive sites and contain many transcription factor binding sites, suggest-
ing that they may harbor important regulatory functions [17]. This 
study has therefore provided the first piece of evidence that DNA 
methylation profiling can be used to classify breast cancer subtypes 
and stratify TNBCs according to patient outcome. 

DNMT inhibitors (DNMTi’s) are able to reverse DNA hyper-
methylation through removing methyl groups from the promoter of 
the target gene, thus reactivating the “silenced” gene. Currently, 
5-azacytidine, a chemical analog of cytidine, and its deoxy derivative, 
decitabine (also known as 5-aza-2′-deoxycytidine), are two commonly 
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used DNMTi’s. These DNMTi’s have been approved for the treat-
ment of myelodysplastic syndrome (MDS) and acute myeloid leuke-
mia (AML). The potential role of DNMTi’s in TNBC treatment will 
be discussed in more detail in Chapter 7. 

4.2  Alterations in Histone Modifications  
in TNBC 

4.2.1 Reversible Histone Acetylation/Deacetylation 

In eukaryotic cells, the organization of DNA into chromatin is neces-
sary for the preservation of genomic integrity and is required for the 
correct transmission of genetic information over generations. In addi-
tion to the physical role of compacting and protecting DNA, the 
chromatin conformation is closely correlated with the expression state 
of the genes within its structure. Genes present in a dense chromatin 
environment are less available to the transcriptional machinery and 
transcribed to a lesser extent than genes found in looser and more 
permissive, chromatin domains. As stated above, chromatin is subject 
to highly dynamic modifications, playing important roles in regulat-
ing the availability of DNA and thus gene expression. This regulation 
includes the exchange of histone variants, nucleosome remodeling by 
ATP-dependent remodeling complexes, as well as post-translational 
modifications of DNA and histones. The basic structural unit of chro-
matin is nucleosome. The nucleosome contains a DNA superhelix of 
about 200 bp and a histone octamer, which ensures that DNA is 
highly concentrated. Post-translational histone modifications 
(PTHMs) will change this structure, thus affecting gene transcription. 
Classically, PTHMs include acetylation, methylation, ubiquitination, 
phosphorylation, and sulfonation. In recent times, several other novel 
PTHMs have been observed, such as neddylation, glycosylation, poly-
ADP ribosylation, as well as transcriptional regulation [18]. Among 
them, the most characteristic is acetylation and it seems more closely 
related to the development of TNBC. 

Histones have a highly dynamic role in the regulation of chroma-
tin structure and gene activity. Histone tails can be modified by 
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acetylation, methylation, phosphorylation, poly-ADP ribosylation, 
sumoylation, ubiquitination, etc. A combination of histone modifica-
tions and histone variants, referred to as the “histone code”, deter-
mines the interaction of histones with DNA and the interaction of 
non-histone proteins with chromatin. Histone acetylation by histone 
acetyltransferases (HATs) neutralizes the positive charge on lysine 
residues in the histones, thereby loosening their interaction with 
DNA, thus rendering the chromatin more accessible to transcription 
factors. Several HATs were found to have an important role in a vari-
ety of cancers [19]. Histone deacetylases (HDACs) remove lysine 
acetyl groups, thus compacting the conformation of chromatin 
(Figure 4-2). Aberrant expressions of HDACs were found in a variety 
of cancers, including breast cancer.

Figure 4-2.  Mechanisms of epigenetic transcriptional regulation involving DNA 
methylation and histone modifications. In euchromatin, CpG islands in the gene 
promoters are unmethylated, thus allowing for HATs to be recruited, which pro-
motes transcriptional activation through elevated histone acetylation, while H3-K4 
methylation blocks DNMTs binding. Condensed heterochromatin contains CpG 
methylation, catalyzed by methylation “writers” DNMTs; methyl-binding proteins 
(MBPs) bind to the methylated DNA, act as methylation “readers” that recruit tran-
scription repression complexes, including HDACs and other histone modifying 
enzymes, and thus gene expression is silenced. DNMT, DNA methyltransferase; 
HDAC, histone deacetylase; HMT, histone methyltransferase; HDM, histone dem-
ethylase; HAT, histone acetyltransferase. 
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Acetylation/deacetylation of histones is regulated by the balanced 
activity of HATs and HDACs. As stated earlier, deacetylated histones 
are more negatively charged, thus binding DNA tightly and this con-
densed heterochromatin is less accessible to transcriptional factors and 
other regulatory transcription machinery proteins. Both histone 
acetylation “writers” — HATs and histone acetylation “erasers” — 
HDACs are required for epigenetic regulation of gene expression 
[14]. The aberrant global and gene-specific histone acetylation pat-
terns and deregulated expression of HATs and HDACs are implicated 
in malignant transformation. In many cancer types, promoter hypoa-
cetylation has been associated with repressed gene expression of 
tumor suppressor genes. 

In humans, eighteen HDACs have been identified and are gener-
ally divided into four classes based on sequence homology to yeast 
counterparts, intracellular localization and enzymatic activity: Class I, 
Class II (divided into Class IIa and Class IIb: HDAC6,10), Class III 
(sirtuins (SIRTs) 1–7) and Class IV (HDAC11) [14]. Although some 
HDACs exert similar biological effects, they may also have highly 
specific roles in specific cancer types. For example, HDAC4 expres-
sion is upregulated in breast cancer samples compared to renal, blad-
der and colorectal cancer, which indicates differential expression of 
the selected HDACs in human solid cancers. These findings sug-
gested that transcriptional repression of tumor-suppressor genes by 
overexpression and aberrant recruitment of HDACs to their pro-
moter regions could be a common phenomenon in tumor onset and 
progression. Thus, HDACi’s emerge as valuable and attractive thera-
peutic agents in cancer treatment. 

4.2.2  Histone Deacetylase Inhibitors and Their Potential 
Applications in TNBC 

Currently used HDAC inhibitors (HDACi’s) include vorinostat 
and romidepsin. Interestingly, plant-derived bioactive compounds 
with anti-cancer properties, which show inhibitory effects on 
DNMTs as mentioned above, have also been found to inhibit 
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HDACs. Due to the promising results in preclinical studies, vori-
nostat and romidepsin are being tested in several clinical trials for 
breast cancer and other solid tumors. Some studies have sought to 
provide detailed information that describes the epigenomic and 
transcriptomic effects of HDACi treatment. These effects include 
genome-wide chromatin accessibility, DNA methylation, and gene 
expression alterations after HDACi treatment of two human TNBC 
cell lines [20]. 

A recent study investigated the synergistic effect of a novel 
HDACi, OBP-801, and eribulin (a microtubule dynamics inhibitor 
used to treat metastatic breast cancer) in TNBC cell lines since OBP-
801 is known to enhance the anti-tumor activities of other chemo-
therapeutic agents. This study showed that the combination treatment 
with OBP-801 and eribulin synergistically inhibited growth and 
increased TNBC cell apoptosis. Moreover, this was the first indication 
that eribulin upregulates the anti-apoptotic protein Survivin, which 
could be remarkably suppressed by OBP-801. Also, this combination 
potently suppressed Bcl-xL and the MAPK pathway compared with 
either agent alone [21]. 

The potential strategy that targets epigenetics in TNBC will be 
discussed in more detail in Chapter 7. It should be noted that the best 
clinical efficacy for epigenetic therapy has been achieved in patients 
with hematologic malignancies. In current epigenetic therapy, how-
ever, treatment with DNMTi’s or HDACi’s as single agents has lim-
ited clinical benefit for patients with solid tumors. Combination of 
DNMTi’s with HDACi’s has been evaluated in cancer therapy and 
has been shown to be effective in overcoming tamoxifen resistance in 
breast cancer [22]. Another trend is the use of epigenetic drugs in 
combination with chemotherapeutic drugs or radiotherapy. This con-
cept has been extended by combining epigenetic therapy with immu-
notherapy. It has been demonstrated that azacytidine that alters the 
epigenome primes the immune system of the patient to respond to 
the immune checkpoint inhibitor, e.g., nivolumab (a monoclonal 
antibody targeting cell surface protein programmed cell death-1 
(PD1)). Immunotherapy of TNBC based on immune checkpoint 
inhibition will be discussed in Chapter 8.  

b3931_Ch-04.indd   80 13-10-2020   3.53.39 PM

 



b3931  Triple-Negative Breast Cancer 9x6 

Epigenetics in TNBC 81

4.3  Alterations in Phosphatidylcholine 
Metabolism in TNBC

4.3.1  Reprogramming of Phosphatidylcholine  
Metabolism in TNBC 

Phospholipids play a dual role of being basic structural components 
of the plasma membrane and acting as substrates of reactions involved 
in key regulatory functions in mammalian cells [23, 24]. 
Phosphatidylcholine (PtdCho), the most abundant phospholipid in 
eukaryotic cell membrane, is synthesized via the Kennedy pathway. 
The initial step in the Kennedy pathway is uptake of choline (Cho) 
into cells through the facilitative transporters, i.e., choline trans-
porter-like protein (CTL), organic cation transporter-2 (OCT2), and 
choline high-affinity transporter-1 (CHT1). An ATP-dependent cho-
line kinase (ChoK) synthesizes phosphocholine (PCho), which is then 
converted to cytidine diphosphate choline (CDPCho) by cytidylyl-
transferase (CCT) [25]. Choline phosphotransferase (CPT) catalyzes 
the synthesis of PtdCho by transfer of the PCho moiety from 
CDPCho to the 3-hydroxyl group of diacylglycerol (DAG) [25]. 
Hydrolysis of PtdCho can generate second messengers, such as DAG, 
phosphatidic acid (PA), and lysophosphatidylcholine (LPtdCho). 
These PtdCho metabolites are produced through three major cata-
bolic pathways, respectively, mediated by phospholipase C (PLC) and 
D (PLD), which act at the two distinct phosphodiester bonds of the 
PtdCho headgroup and by phospholipase A2 (PLA2) and A1 (PLA1), 
which act in the deacylation reaction cascade (Figure 4-3) [26–31]. 

The concerted activation of assembly of molecular complexes in 
cancer cells cooperates to sustain oncogene-induced cell signaling 
through multiple intracellular pathways involved in phospholipid  
biosynthesis and breakdown. Among these, phosphatidylinositol 
4-phosphate 5-kinase Ig (PIPKIg) is overexpressed in TNBC cells 
[32]. Furthermore, two major enzymes involved in the agonist-
induced PtdCho cycle, such as ChoK and PtdCho-specific phospho-
lipase C (PC-PLC), are overexpressed and activated in various breast 
cancer subtypes, including TNBC [27, 33–36]. The present evidence 
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Figure 4-3.  PtdCho cycle in TNBC. In TNBC cells, the activity or expression of 
Cho-metabolizing enzymes (ChoK, PLC, and PLD) and Cho transporters (CTL, 
OCT2, and CHT1) are upregulated and the content of PCho is increased, while the 
content of GPCho is reduced. Cho, free choline; PCho, phosphocholine; CDPCho, 
cytidine diphosphate choline; PtdCho, phosphatidylcholine; LPtdCho, lysophos-
phatidylcholine; GPCho, glycerophosphocholine; ChoK, choline kinase; CCT, phos-
phocholine cytidylyltransferase; CPT, choline phosphotransferase; PLC, phospholipase 
C; PLD, phospholipase D; PLA, phospholipase A; LPL, lysophospholipase; GDPD, 
glycerophosphocholine phosphodiesterase; CTL, choline transporter-like protein; 
OCT2, organic cation transporter-2; CHT1, choline high-affinity transporter-1; 
DAG, diacylglycerol; PA, phosphatidic acid; FFA, free fatty acid; Gro3P, sn-glycerol-
3-phosphate. Red arrows indicate direction of change in metabolite and enzyme 
content, and enzyme activity.

points to the existence of multiple links between enzymes involved in 
the glycolytic gene/protein signature and those responsible for 
enhanced carbon fluxes through oncogene-driven PtdCho biosynthe-
sis and catabolism in breast cancer cells. This biochemical interplay 
may also serve as a key regulator of tumor progression in TNBC [31]. 
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Accumulation of phosphocholine, produced either by ChoK in 
the first reaction of the three-step Kennedy biosynthetic pathway or 
by PLC-mediated PtdCho catabolism, is associated with tumor 
growth and progression. This supports the inclusion of altered phos-
pholipid metabolism as a novel candidate hallmark for cancer and as a 
key regulator in the overall cancer metabolic reprogramming pro-
gram. Aberrant PtdCho metabolism associated with increases in the 
contents of the intracellular total choline (tCho) and PCho were ini-
tially observed in breast cancer cells as they progressed from normal 
to malignant phenotypes, i.e., from non-malignant immortalized cells 
to the highly metastatic cancer cells [37]. 

Several studies have shown altered PtdCho metabolism in TNBC, 
both in patients and in experimental models. Upregulation of ChoKa 
is a major contributor to the increased PCho content detected in 
TNBC. Phospholipase-mediated PtdCho headgroup hydrolysis also 
contributes to the buildup of a PCho pool in TNBC cells. The onco-
gene-driven PtdCho cycle appears to be finely tuned in TNBC cells in 
at least three ways: by modulating the Cho import, by regulating the 
activity or expression of specific metabolic enzymes and by contribut-
ing to the rewiring of the entire metabolic network. 

Notably, a different rate of increase was observed for PCho 
(6-fold) and PtdCho (1.5-fold) in breast cancer cells compared with 
the non-malignant cells [38]. An integration of magnetic resonance 
spectroscopy (MRS) with gene microarray analysis revealed that a 
combination of upregulated ChoK and PLD and/or an increased 
PC-PLC expression/activity caused PCho accumulation in 
MDA-MB-231 cells, while lower levels of glycerophosphocholine 
were consistent with underexpression of cytosolic calcium-dependent 
PLA2 group IV A and lysophospholipase 1 [38]. 

A study conducted by Eliyahu et al. confirmed altered PtdCho 
metabolism in MDA-MB-231 TNBC cells compared with MCF-12A 
human mammary epithelial cells (HMECs) [39]. Interestingly, under 
the adopted experimental conditions, the PCho levels were found to 
correlate with Cho transport in the cells, mainly due to OCT2 and 
CHT1, but not with ChoK activity. The upregulation of Cho trans-
porters and ChoK may be related to a cascade of genetic changes that 
are associated with the multistep process of carcinogenesis [40]. 
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Enzymatic assays showed a 2- to 6-fold increase in the activation of 
PC-PLC in breast cancer of different subtypes compared with the 
non-tumoral counterpart [35]. The activity this enzyme measured in 
TNBC cells was about 2-fold higher than that of non-TNBC cells. 
Metabolic analysis of MDA-MB 231 cells identified a characteristic 
biochemical signature to be relative to the non-tumoral MCF-10A 
cells [41]. The importance of cell membrane lipid profiling to dis-
criminate breast cancer subtypes is receiving increasing attention and 
the data suggest possible links between altered metabolic pathways in 
breast cancer and membrane molecular rearrangement [31]. 

4.3.2  Efforts to Target Phosphatidylcholine Metabolism  
in TNBC

The role of PtdCho cycle enzymes as potential new molecular targets 
in TNBC can be investigated using molecular depletion approaches 
and/or pharmacological inhibitors. Downregulation of ChoKa by 
RNA interference increased PLD expression, while its downregula-
tion increased ChoKa expression, indicating a close relationship 
between ChoK and PLD enzymes [42]. Additionally, ChoKa silenc-
ing resulted in increased PC-PLC protein expression, suggesting that 
breast cancer cells could compensate for the loss of ChoKa protein 
levels with PC-PLC upregulation, thus maintaining an intracellular 
PCho pool size markedly higher than that of non-tumoral breast epi-
thelial cells [31]. 

Interestingly, in TNBC cells, a combination of ChoK silencing 
with conventional treatment using 5-fluorouracil resulted in higher 
cell death rate than when each treatment was applied individually 
[43]. Additionally, there is mounting evidence from the studies on 
experimental TNBC models that the reduction/destabilization of 
ChoK protein levels rather than inhibition of the activity of this 
enzyme are more effective in inhibiting tumor growth. In fact, 
pharmacological inhibitors that were able to reduce the activity of 
ChoK did not reduce cell viability as long as ChoKa protein expres-
sion and PtdCho levels were not reduced in TNBC cells grown  
in vitro [44]. 
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Although evidence of specific metabolic alterations in TNBC is 
accruing, there is a clear need for extending preclinical investigations 
to clinical TNBC models. Clinical investigations have to better eluci-
date the impact of the heterogeneous nature of TNBC lesions on the 
metabolic profiles and their changes in tumor progression. It may also 
prove relevant to assess the links between the tCho profile and molec-
ular features such as EGFR overexpression, p53 status, and other 
biological characteristics of TNBC. The PtdCho cycle may present a 
good point of focus for personalized/precision medicine, offering 
markers that may be used as diagnosis tools for the assessment of 
cancer prognosis and response to therapy [31]. 

The identification of a role for PtdCho metabolism in TNBC 
progression supports the view that some enzymes of this cycle may act 
as key regulators of molecular mechanisms leading to cancer onset, 
invasion, and metastasis, thus representing a new source of potential 
targets to counteract cancer growth and progression [31]. 

4.4 Roles of Non-coding RNAs in TNBC 
We have previously been under the notion that the transcriptome is 
mainly composed of the protein-coding sequences, i.e., mRNAs; 
however, high-throughput sequencing and the encyclopedia of DNA 
Elements (ENCODE) project have found that non-coding RNA is 
actually the principal constituent of the transcriptome. Besides the 
well-known RNAs such as tRNAs and rRNAs, many other regulatory 
RNAs have been identified. In humans and other mammals, protein-
coding gene sequences represent only a minority (less than 2%) of the 
whole genome sequences; in contrast, the majority is represented by 
protein non-coding sequences, such as non-coding RNAs (ncRNAs). 
The ncRNAs can be divided into two categories: house-keeping ncR-
NAs (tRNA, rRNA, etc.) and regulatory ncRNAs (miRNA, lncRNA, 
circRNA, siRNA, piRNA, etc.). 

Most ncRNAs are found to be effective in developing a highly 
complex RNA network important for gene transcription and transla-
tion, cell differentiation, hemogenesis, and heredity. NcRNAs regulate 
all these biological processes via RNA-DNA, RNA-RNA and 
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RNA-protein interactions. NcRNAs participate in almost all epigenetic 
regulations, including DNA methylation, imprinting, transposition, 
position effect variegation, chromatin modification, histone methyla-
tion and acetylation. Intense investigation on ncRNAs could provide 
novel tools for studying and treating human diseases such as cancer. 

As important regulators of gene expression, ncRNAs have been 
found to play broad functions in different oncogenic and tumor sup-
pressive pathways. NcRNAs can act as either oncogenes or tumor-
suppressing regulators in key signaling pathways in tumor cells, 
thereby affecting tumorigenesis and metastasis. Consequently, ncR-
NAs have been proposed as novel biological tumor markers. NcRNAs 
play critical regulatory roles in tumor initiation, progression, and 
resistance to therapies. Understanding the roles of ncRNAs in cellular 
signaling network, particularly their clinical significance in tumorigen-
esis and progression, is the major challenge in cancer biology [45]. 

4.4.1 MicroRNAs 

MicroRNAs (miRNAs or miRs) are small non-coding regulatory 
RNAs that contain roughly 21 to 25 nucleotides and play an essential 
role in cell signaling pathways [45–47]. MiRNAs are endogenously 
expressed small RNA sequences that act as post-transcriptional regu-
lators of gene expression. They have been extensively studied for their 
roles in different cancers, especially for their ability to behave like 
oncogenes or tumor suppressors. 

In 1993, the first miRNA lin-4 was discovered in Caenorhabditis 
elegans, where it was shown to decrease the levels of the Lin-4 protein 
by binding to the 3′-UTR region of its respective mRNA sequence 
[48]. Since that ground-breaking finding, miRNAs have been found 
to be highly conserved between species, suggesting that they play a 
universal role in the regulation of gene expression. 

MiRNAs are generated endogenously through a series of steps, 
RNA polymerase II (or sometimes III) transcribes miRNAs in the 
nucleus as primary transcripts, pri-miRNA (~500–3,000 nucleotides). 
Drosha and DGCR8 shorten the pri-miRNA to ~70 nucleotides and 
build a stem-loop, which is called precursor miRNA (pre-miRNA). 
Exportin 5 transfers the pre-miRNA into the cytoplasm, where Dicer 
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Figure 4-4.  Mechanisms of post-transcriptional regulation of miRNA. (A) In the event 
of perfect pairing between miRNA and the target mRNA, miRNA leads to degradation 
of mRNA. (B) When there is no exact matching between miRNA and the target mRNA, 
miRNA may inhibit translation. (C) MiRNA may transcriptionally regulate the expres-
sion of a target by modifying histone modifications and chromatin remodeling pattern. 

(A) (B) (C)

cuts it into 22-nucleotide RNA duplexes. In most cases, the strand 
with less paired bases on the 5′ end is the mature miRNA, whereas 
the other strand is degraded. The mature miRNA builds a complex 
with the Argonaute 2 protein and the heterodimer of R2D2 & 
Dicer-2 proteins to form the RNA-induced silencing complex (RISC) 
[49–52]. The RISC is able to silence the expression of a target gene, 
by binding to the 3’-UTR of the target gene (mRNA). The binding 
inhibits the ribosome from translating the gene, which leads to 
reduced expression of the target gene. Interested readers may refer to 
excellent reviews on this topic [51, 53]. 

More than 2,500 mature miRNAs have been identified in humans 
(miRBase v.21), but the functionality of most of them is yet to be 
discovered [54]. One miRNA can interact with multiple (>100) tar-
get genes and one gene can be controlled by multiple miRNAs [55]. 
More than 60% of all protein coding genes have conserved miRNA 
binding sites in their 3′-UTR region, which affords them the possibil-
ity of control by their respective miRNAs [56]. 

There are three possible ways that miRNAs can negatively affect 
the expression of its target mRNA (Figure 4-4). First, if the base 

b3931_Ch-04.indd   87 13-10-2020   3.53.41 PM

 



b3931  Triple-Negative Breast Cancer  9x6

88 Triple-Negative Breast Cancer

pairing between mRNA and miRNA is complete, it is most likely that 
degradation of the mRNA follows due to decreased steric hindrance. 
Secondly, by incomplete binding to mRNA, miRNA can inhibit trans-
lation. Thirdly, miRNA may regulate the expression of a target by 
modifying histone modifications and chromatin remodeling pattern. 
It should be noted that in some low-chance cases, some miRNAs can 
contrarily activate translation of their target mRNA when the cell is 
quiescent (not dividing or not preparing to divide). 

In 2002, it was shown for the first time that miRNAs were 
involved in cancer [57]. MiRNAs regulate multiple biological pro-
cesses including proliferation, cell death, development, and genomic 
stability — all essential for tumor development [6]. Calin et al. discov-
ered that miR-15a and miR-16-1 were located in a region that was 
frequently lost in leukemia patients and that both miRNAs were 
deleted or significantly downregulated in almost 70% of all chronic 
lymphocytic leukemia patients [57]. Since that initial discovery, can-
cer-associated miRNAs are classified as either oncogenic miRNAs 
(oncomiR) or tumor-suppressive miRNAs. These miRNAs are usually 
located in cancer-associated gene regions. Whereas oncomiRs are fre-
quently upregulated in cancer, where they target tumor suppressor 
genes for degradation and promote cancer cell growth; tumor sup-
pressor miRNAs are usually downregulated in cancer, since they tar-
get oncogenes for degradation and have an anti-tumor function [58]. 
Inhibition of oncomiRs and overexpression of tumor suppressor 
miRNAs are therefore promising for targeted therapies in cancer. In 
almost all stages of cancer development, dysregulated miRNA expres-
sion has been found when compared to normal tissues [59]. Altered 
miRNA expression profiles have been found in many types of human 
cancers, including colon cancer, brain tumors, lung cancer and breast 
cancer, where they work as tumor suppressor miRNAs or oncomiRs 
[60, 61]. These findings suggest that miRNAs may be potential bio-
markers for cancer detection and therapy [52, 62, 63]. 

Compared to mRNA, analysis of miRNAs offers several advan-
tages: (1) they are small and therefore more stable; (2) they can be 
extracted from frozen tissues, formalin-fixed paraffin-embedded tis-
sues as well as blood, with little or no degradation [6]. 
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4.4.1.1 MicroRNAs in TNBC

The advantages mentioned above make analysis of miRNAs ideal for 
clinical application, which is under active investigation in TNBC diag-
nosis and treatment [6]. Over the last 10 years, there have been mul-
tiple studies identifying miRNA changes associated with TNBC 
(Table 4-1). Scientists summarized the latest miRNA profiling, func-
tional and prognostic findings that have been implicated in the 
pathology of TNBC. A number of miRNAs have been identified and 
validated that target key genes involved in critical cellular functions. 
As an example, the miR-200 family targets ZEB1/ZEB2, Suz 12, 
EphA2, MSN, FN1, TrkB, XIAP, all of which are important for cell 
proliferation, invasion, and migration [64–66]. Multiple studies have 
revealed that various miRNAs specifically target the three receptors 
ER, PR, and HER2 that become missing in TNBC development. In 
addition, the breast cancer susceptibility gene BRCA1 is also a target 
of miRNAs. The study of prognostic miRNAs by Liu et al. identified 
a signature of four miRNAs, i.e., miR-374b-5p ↑, miR-218-5p ↑, 
miR-126-3p ↑, miR-27b-3p ↓, that appeared to be associated with 
good prognosis in TNBC [67]. Despite these encouraging findings, 
there remains a need for better validation and reliability in the experi-
mental conditions and subsequent analysis to define specific miRNAs 
as biomarkers of the disease [6]. 

Medimegh et al. have explored the expression levels of miRNAs 
in TNBC in comparison with non-TNBC cases and have found that 
miR-21, miR-146a, and miR-182 are significantly expressed in 
TNBC and miR-10b, miR-21, and miR-182 are significantly associ-
ated with lymph node metastasis in TNBC [68]. In addition, Cao et al. 
found that high expression of miR-454 is associated with poor prog-
nosis in TNBC [69]. Furthermore, induction of some miRNAs such 
as miR-181a by genotoxic treatments may enhance TNBC survival 
and metastasis [70], which means antagonizing miRNAs may serve as 
a strategy to sensitize TNBC cells to chemotherapy. 

As will be discussed in the next chapter, novel biomarkers or treat-
ment targets are urgently required to improve disease outcomes of 
TNBC. MiRNAs represent attractive candidates for targeted therapies 
against TNBC, due to their natural ability to act as antisense 
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Table 4-1.  Summary of miRNAs associated with TNBC.

MicroRNA Validated miRNA 
targets Main biological function(s)

 D
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su
pp
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 m

iR
N

A
s

miR-200 
family

ZEB1/ZEB2, Suz12, 
EphA2

Stimulation of differentiation & 
inhibition of EMT

miR-205 E2F1, LAMC1 Reduction of proliferation, cell cycle
miR-203 BIRC5, LASP1 Reduction of proliferation and 

inhibition of migration
miR-31 WAVE3, RhoA; Radexin, 

PRKCE
Reduction of metastatic potential; 

induction of apoptosis and 
enhancement of chemosensitivity

miR-34a AXL, NOTCH1, 
TWIST1, ZEB

Impairment of migration. Inhibition 
of EMT signaling pathway

miR-34c MAP3K2 Inhibition of migration, invasion and 
EMT 

miR-145 ARF6, Mucin1 Inhibition of EMT and metastasis
miR-139-5p HRAS, NFKB1, PIK3CA, 

RAF, RHOT
Reduction of metastatic potential

miR-193b u-PA Inhibition of cell invasion
miR-335 SOX4, extracellular matrix Metastasis suppressor
miR-126 StarD10 Metastasis suppressor
miR-17-5p PDCD4, PTEN Inhibition of PDCD4 or PTEN
miR-455-3p SMAD2, LTBR, EI24 Enhancement of cell proliferative, 

invasive and migration abilities 
miR-211-5p SETBP1 Suppression of proliferation, 

invasion, migration and metastasis 

U
pr

eg
ul

at
io

n 
of

 o
nc

og
en

ic
 m

iR
N

A
s miR-181a Bim, ATM Inhibition of anoikisis, impairment of 

DNA double-strand-breaks repair

miR-146 BRCA1 Control of BRCA1-mediated 
proliferation and homologous 
recombination

miR-182 PFN1, FOXF2 Inhibition of cell proliferation and 
invasion & induction of apoptosis

miR-221 Repression of E-cadherin
miR-221 DNMT3b Promotion of stemness of breast 

cancer cells

miR-17, 
miR-20a

Decrease of TIMP2/3 expressions

miR-10b HOXD10 Metastasis inducer
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MicroRNA Validated miRNA 
targets Main biological function(s)

miR-1207 STAT6 Increase of cell proliferation

miR-301 FOXF2, BBC3, PTEN, 
COL2A1

Decrease of cell proliferation, 
clonogenicity, migration, invasion, 
tamoxifen resistance

miR-
103/107

Dicer Metastasis inducer

miR-199a LCOR Enhancement of cancer stem cell 
properties, protection from 
interferon signaling

miR-9 CDH1 Increase of cell motility and 
invasiveness 

Ref: Int J Mol Sci. 2015; 16(12):28347–28376.

interactors and regulators of entire gene sets involved in malignancy 
and their superiority over mRNA profiling to accurately classify dis-
ease [6, 71]. 

4.4.2 Long Non-coding RNAs  

Long non-coding RNAs (lncRNAs) are transcripts longer than 200 
nt in length that are known not to produce any protein product. 
LncRNAs regulate target gene expression in various ways: epige-
netic regulation, transcriptional regulation, and post-transcriptional 
regulation [45]. 

The expression of lncRNA possesses tissue- and cell type-specific-
ity and is regulated during growth. Structurally, lncRNAs are similar 
to mRNAs, have many different types of transcripts and can translate 
into gene-encoding antisense transcripts. LncRNAs have vital regula-
tory functions and are closely linked to the progression of diseases. 
LncRNAs play their role by binding to DNA/RNA or protein. Some 
lncRNAs are actually precursors of other regulatory RNAs such as 
miRNAs or piRNAs. In contrast to miRNAs, lncRNAs do not have a 
general function per se, but instead, regulate gene expression and 

Table 4-1.  (Continued)
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protein synthesis through various ways. Some lncRNAs are involved 
in the basic process of gene regulation, including chromatin modifica-
tion and direct transcriptional regulation. Different forms of lncRNAs 
function via cis- or trans-regulation. 

LncRNAs are emerging as important players in shifting the  
cancer-inducing paradigm. Altered expression of lncRNAs is specifi-
cally associated with tumorigenesis, tumor progression, and metasta-
sis. They are easily, rapidly, and cost-effectively determined in tissues, 
serum and gastric juice, where potential features of ncRNAs make 
them highly versatile for analyses [45]. 

4.4.2.1 LncRNAs in TNBC

A large number of studies have shown evidence that the abnormal 
expression of lncRNA can induce many diseases, including cancer. 
The abnormal expression of lncRNA in tumor tissues has a wide dis-
tribution and may be involved in many types of malignancies, includ-
ing leukemia, liver cancer, lung cancer, colorectal cancer, prostate 
cancer, and breast cancer. 

Studies have begun reporting the relationship between lncR-
NAs and tumor metastasis and invasion in recent years. As described 
in Chapter 2, TNBC is a heterogeneous disease and even though a 
high number of targeted therapies have been clinically tested, this 
has not yet translated into a substantial clinical benefit for TNBC 
patients. Hence, it is necessary to identify highly sensitive biomark-
ers for a better stratification and treatment of these patients. 
Recently, lncRNAs have been reported to drive many important 
cancer phenotypes through their interactions with other cellular 
macromolecules [72, 73]. To date, it has been strongly proposed 
that a deeper functional understanding of lncRNAs will provide 
novel insights into the molecular mechanism of cancer. As such, 
lncRNAs are likely to serve as the basis for many clinical applica-
tions in oncology [74, 75]. 

As mentioned earlier, lncRNAs are regulatory non-coding RNAs 
rather than house-keeping RNAs. New evidence supports that lncR-
NAs have potential, diverse, and deep functional roles at the nuclear 
level, which include acting as a positive (activation) mechanism of 
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transcriptional regulation, as well as inactivating epigenetic mecha-
nisms, for example, X-chromosome inactivation, heterochromatin 
conformation, telomere maintenance, and pluripotency capacity 
modulation. Recently, accumulating evidence indicates that there is 
aberrant expression of lncRNAs in many cancer types including breast 
cancer. Lv et al. found that the expression of lncRNAs ANRIL, 
HIF1A-AS2, and UCA1 was significantly increased in the plasma of 
patients with TNBC [76], suggesting their potential use as TNBC-
specific diagnostic biomarkers and/or molecular prognostic 
predictors. 

In 2015, Shen et al. identified 1,758 lncRNAs and 1,254 mRNAs 
with significant expression differences in TNBC vs. normal adjacent 
tissues based on microarray analysis [77]. Subsequently, Yang et al. 
have been working on the identification and validation of the differ-
ential expression of lncRNAs by RNA-sequencing (RNA-seq) [74]. 
Some lncRNAs have been proposed as competitive endogenous RNA 
(ceRNA) (discussed below) for short ncRNA. LincRNA-RoR (regu-
lator of reprogramming) is upregulated in pluripotent cells, where it 
functions as a ceRNA for miR-145, thereby protecting pluripotency 
factors from miR-mediated silencing, leading to loss of mature miR-
145 expression. Recently, Eades et al. found that in TNBC, loss of 
miR-145 promoted tumor cell invasion. This is mediated via overex-
pression of ARF6, a protein implicated in tumor invasion, through 
disturbance of cell-cell adhesion by endocytosis of E-cadherin. In this 
case, lincRNA-RoR generates a competitive inhibition of miR-145, 
which alters ARF6 expression [78] (Figure 4-5A). The authors also 
reported overexpression of lincRNA-RoR in lymph node positive 
tumors of TNBC patients and reported the first ceRNA network in 
human cancer.

The expression of other lncRNAs, such as HOTAIR, has been 
shown to enhance the growth and metastasis in xenograft mammary 
tumors. Metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1) was found upregulated in TNBC tissues and is associated 
with tumor growth and metastasis, as well as poor OS in breast can-
cer. Downregulation of MALAT1 increased the expression of miR-1, 
while overexpression of miR-1 decreased MALAT1 expression. In 
this sense, MALAT1 exerts its function through the miR-1/Slug axis 
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Figure 4-5.  A model deciphering the molecular mechanism for lncRNAs involved 
in the tumorigenesis of human TNBC. (A) LincRNA-RoR as a miR-145 inhibitor 
(oncogene miRNA). (B) MALAT1 as a competitive endogenous RNA of miR-1 
(tumor suppressor miRNA). ARF6, ADP-ribosylation factor 6; UTR, untranslated 
region; RISC, RNA-induced silencing complex; MALAT1, metastasis-associated lung 
adenocarcinoma transcript 1.

(A) (B)

and thus MALAT1 may be a target for TNBC therapy [75] (Figure 
4-5B). Recently, Lin et al. showed that the long intergenic non-
coding RNA for kinase activation (LINK-A) was critical for growth 
factor-induced normoxic signaling pathway by recruiting breast 
tumor kinase (BRK) activated together with leucine-rich repeat 
kinase 2 (LRRK2) [79]. 

4.4.2.2 Potential clinical applications of lncRNAs in TNBC 

LncRNAs play several roles in TNBC, but their biological participa-
tion is not yet fully understood. Some important advances have been 
reached, such as the study by Wang et al., which described different 
expression patterns of lncRNAs in TNBC vs. non-cancer tissue. This 
may open new avenues for functional studies on lncRNAs that have 
not yet been totally defined as modulators of mRNA coding genes 
[80]. The lack of complete patterns impedes the development of new 
TNBC molecular targets as well as new targeted drugs, which could 
specifically target functional lncRNAs. Despite of this, however, 
lncRNA-based therapy would be a fascinating and novel therapeutic 
strategy. On that note, recently, Xia et al. designed an oligonucleotide 
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with some chemical modifications which improved its half-life in 
serum. This molecule antagonizes the function of one tumorigenic 
lncRNA named ASBEL [81]. In this regard, they have proposed it as 
a new field of research of potential therapeutic tools for the treatment 
of TNBC. 

Notably, lncRNAs could be detected in human body fluids, acting 
as biomarkers. Chen et al. provided useful information for exploring 
potential therapeutic targets for TNBC [82]. LncRNA expression 
could be regulated by conventional chemotherapy agents like recep-
tor tyrosine kinases (RTKs) and non-RTKs by targeting multiple 
genes at once through unknown mechanisms. LncRNAs as biomark-
ers and their associated genetic-epigenetic and transcriptional mecha-
nisms in co-expression patterns of mRNA coding genes open new 
insights for gene expression control and epigenetic events that could 
explain pathophysiology and/or pharmacological actions for clinical 
diagnosis, treatment response and prognosis of TNBC patients. 

4.4.3 Circular RNAs 

Circular RNAs (circRNAs) are a class of ncRNAs that are widely 
expressed in mammals. Plenty of circRNAs have been identified, but 
their potential functions are poorly understood. There are currently 
few reports describing the role of circRNAs in breast cancer. Liang  
et al. reported that circDENND4C was a HIF1a-associated circRNA 
that promoted the proliferation of breast cancer under hypoxia [83]. 
However, the function of circRNAs in TNBC progression is unclear. 
Revealing the role of circRNAs will be critical for understanding 
TNBC pathogenesis and offering a novel insight into identifying new 
biomarkers or therapeutic targets of TNBC. 

It was reported that RNAs could act as ceRNAs to co-regulate 
each other by competing for shared miRNAs [84, 85]. Messenger 
RNAs, pseudogenes, lncRNAs, and circRNAs may all serve as ceR-
NAs. A number of findings indicate that circRNAs could function as 
miRNA sponges to contribute to the regulation of cancers. 

Microarray analysis and qRT-PCR verified a circRNA termed 
circGFRA1 that was upregulated in TNBC. Kaplan-Meier survival 
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analysis showed that upregulated circGFRA1 was correlated with 
poorer survival. Knockdown of circGFRA1 inhibited proliferation 
and promoted apoptosis in TNBC. He et al. showed that circGFRA1 
acted as a ceRNA in TNBC by regulating miR-34a [86]. Via lucif-
erase reporter assays, circGFRA1 was found to directly bind to 
miR-34a. 

4.4.4  Interactions Between MicroRNAs and Other 
Epigenetic Mechanisms in TNBC 

It has been shown that gene inactivation can be controlled by other 
epigenetic processes. Important proteins for the biogenesis of miR-
NAs can be methylated, leading to a decrease in the number of tran-
scribed miRNAs. The majority of miRNAs have been found to be 
located in the intronic regions of protein-coding genes, and, as such, 
they can be co-regulated [87, 88]. Nevertheless, miRNAs also have 
their own promoters, which can be near/within CpG islands within 
the same intron. A study by Wee et al. identified that approximately 
60% of 93 breast cancer-associated miRNAs are within 5 kb of a CpG 
island [89]. This suggests that miRNAs can be transcribed from their 
own promoters and that these promoters might be regulated by 
DNA methylation. 

Lehmann et al. have shown that miR-9-1, miR-124a-3, miR-148, 
miR-152, and miR-663 are epigenetically inactivated through hyper-
methylation in breast cancer [90]. Furthermore, scientists identified 
promoter hypermethylation as one of the major mechanisms for 
silencing miR-31 in breast cancer and in TNBC cell lines. MiR-31 
maps to the intronic sequence of a novel long non-coding RNA 
(lncRNA), LOC554202 and the regulation of its transcriptional activ-
ity is under control of LOC554202. Both miR-31 and LOC554202 
are downregulated in TNBC cell lines of basal subtype and 
overexpressed in the luminal counterpart. Treatment of TNBC cell 
lines with either a demethylating agent alone or in combination with 
a deacetylating agent resulted in a significant increase of both miR-31 
and its host gene, suggesting an epigenetic mechanism for the silenc-
ing of these two genes by promoter hypermethylation. Both methyl-
ation-specific PCR and sequencing of bisulfite-converted DNA 
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demonstrated that the LOC554202 promoter-associated CpG island 
is heavily methylated in TNBC cell lines and hypomethylated in the 
luminal subtypes [91]. Additionally, miR-31 hypermethylation in 
TNBC leads to an increase in the expression of its pro-metastatic tar-
get genes (RhoA and WAVE3) [91]. As mentioned above, miRNAs 
can also control the epigenetic machinery. 

MiRNAs have been shown to target DNMT enzymes and influ-
ence the DNA methylation process. Fabbri et al. were the first to 
identify that the miR-29 family directly targets DNMT3a and 
DNMT3b [92]. This also causes reexpression of methylation-silenced 
tumor suppressor genes (e.g., FHIT, WWOX) [92]. Later, these miR-
NAs were referred to as epi-miRs [90]. The miR-148 family can also 
target DNMT3b, resulting in a decrease in DNA methylation levels 
and altered splicing of DNMT3b [93]. Interestingly, miR-148a is also 
epigenetically regulated through promoter hypermethylation, sug-
gesting an epigenetic feedback loop [94]. In summary, a better 
understanding of the interactions between miRNAs and other epige-
netic control mechanisms will improve the knowledge of cancer 
development and progression, which will lead to improved diagnostic 
and prognostic markers [6]. 
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Triple-negative breast cancer (TNBC) is defined by the lack of clini-
cally significant levels of estrogen receptor (ER), progesterone recep-
tor (PR), and human epidermal growth factor receptor 2 (HER2) 
expression. It has different clinical and pathological features as com-
pared to other subtypes of breast cancer. Moreover, patients with 
TNBC also have inferior disease-free survival (DFS) and overall sur-
vival (OS) [1]. Due to the lack of hormone receptor and HER2 
expression, this special type of breast cancer cannot be treated with 
classical endocrine therapy and HER2-based targeted therapy [2]. 
Although preoperative chemotherapy is effective for some patients, 
TNBC still has the characteristics of higher relapse, higher invasive 
metastasis, and poorer prognosis compared to other subtypes of 
breast cancer [3–6]. Therefore, identification of biomarkers can be of 
particularly importance in directing the diagnosis and treatment deci-
sions of TNBC. In this chapter, we mainly focus on the application of 
circulating tumor cells, circulating tumor DNA, and biomolecules as 
biomarkers in TNBC. The possible roles of epigenetic modulating 
molecules such as microRNA and long non-coding RNA as TNBC 
biomarkers are discussed in Chapter 4. 

5.1 Circulating Tumor Cells in TNBC 
Circulating tumor cells (CTCs) are cancer cells of solid tumor ori-
gin found in the peripheral blood [7, 8] (Figure 5-1). Most CTCs 
undergo apoptosis or phagocytosis after entering blood circulation. 
However, a few can escape and transfer to the distant organs, form-
ing a metastatic focus eventually. Thus, the detection and analysis 
of CTCs have an important role in deciphering tumor 
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Figure 5-1.  CTCs are tumor cells shed into the vasculature. CTCs are generated 
in the primary tumor site and move to a distant location via blood circulation. 

dissemination, progression, and prognosis [9]. Among the com-
mercial detection technologies for CTCs, the Veridex CellSearchTM 
System is US FDA-cleared for use in monitoring patients with 
metastatic breast, colorectal, and prostate cancers [10]. Detection 
of CTCs is achieved via epithelial antigens for immunomagnetic 
bead separation (antibody-based capture of CTCs, based on cell 
surface markers such as the epithelial cell adhesion molecule 
(EpCAM)) or on the physical properties of CTCs including filtra-
tion based on larger CTC size, differences in density and electrical 
properties, etc. Furthermore, molecular assays including immuno-
cytochemistry, immunofluorescence, fluorescence in situ hybridiza-
tion (FISH), and PCR-based techniques, coupled with CTC 
detection approaches allow molecular characterization of CTCs, for 
example, gene expression profiles, DNA methylation, mutations, 
and microRNA (miRNA) expression [10–12].
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Compared with traditional imaging methods, CTCs can predict 
disease status earlier and in real time, and CTC level has a closer cor-
relation with OS. There is a growing body of evidence for the prog-
nostic relevance of the qualitative and quantitative assessment of 
CTCs. In a study of 177 patients with metastatic breast cancer, 
Cristofanilli et al. found a significant reduction in progression-free 
survival (PFS) and OS in patients with CTCs ≥ 5 per 7.5 ml of whole 
blood compared with CTCs < 5 [13]. Several studies indicated that 
CTCs can be used to independently evaluate disease progression and 
predict prognosis in TNBC patients [14–16]. 

5.2 Circulating Tumor DNA in TNBC 
Circulating tumor DNA (ctDNA) is tumor-derived fragmented DNA 
in the bloodstream (Figure 5-2). Therefore, ctDNA might constitute 
potential sources for genetic material for the identification of tumor-
associated molecular alterations [17, 18]. Moreover, ctDNA has a rela-
tively short half-life ranging from 15 minutes to about 2 hours, and can 
therefore be used as a dynamic biomarker providing an accurate and 
possibly real-time monitoring of tumor development [19–21]. 

Various molecular methods, including PCR- and next-generation 
sequencing (NGS)-based techniques, have been developed to detect 
ctDNA from patient samples [21] (Figure 5-3). 

The amount of ctDNA in the plasma is directly correlated to the 
tumor burden and the stage of the disease. Alterations of ctDNA have 
been studied in breast cancer as a surrogate for genetic and epigenetic 
alterations found in primary tumor tissues. Analysis of ctDNA has 
potential applications in the management of TNBC [21]. A series of 
studies of ctDNA in patients with primary breast cancer demonstrated 
that ctDNA monitoring is highly accurate for postsurgical discrimina-
tion between patients with and without eventual clinical recurrence, 
and the ctDNA-based detection is on an average of 11 months earlier 
than clinical detection of metastasis [22]. As far as TNBC is con-
cerned, Madic et al. studied the ctDNA of 40 TNBC patients and 
found that ctDNA levels have no prognostic impact on time to pro-
gression [23]. These results indicated that the prognostic value of 
ctDNA might differ among breast cancer subgroups. 
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Figure 5-2.  CtDNA intravasates from tumors into the bloodstream. CtDNA is 
fragmented DNA released from tumor cells into the bloodstream, which might pro-
vide genetic information for the identification of tumor-associated molecular 
alterations. 

In addition, some studies have shown that ctDNA may be used to 
identify molecular alterations of therapeutic effect, and various suita-
ble targets (such as fibroblast growth factor receptor (FGFR) [24–
26], HER3 [27], PIK3CA [28], protein kinase B (Akt) [29], 
BRCA1/2 [30, 31], etc.) have already been identified and could be 
tracked in the plasma of TNBC patients. 

5.3 Molecular Biomarkers in TNBC 
5.3.1 Cytokeratins 

Cytokeratins (CKs) are keratin proteins found in the cytoskeleton of 
epithelial cells. Different epithelial tissues express different CKs at the 
time of their terminal differentiation. Similarly, different cancers 
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express specific CKs of the epithelium of origin. In breast cancer, 
analysis of the level and type of CKs is a major tool in tumor diagnosis, 
providing molecular parameters to assess its differentiation status. In 
the early stages, CKs are used to distinguish malignant breast lesions 
from benign ones, but later studies found that CKs could be used for 
prognosis prediction [32, 33]. The expression of CK5/6, CK14, and 
CK17 is associated with poor prognosis in breast cancer [34–36]. 

As mentioned in Chapter 1, TNBC has higher CK levels, particu-
larly CK5/6, than non-TNBC. Kim et al. found that basal-like TNBC 
with nodal and distant metastases is significantly associated with a 
higher intratumoral expression of CK5/6 and EGFR compared to 
those in the node-negative group. High level of intratumoral EGFR 
and CK5/6 expression may play a role in the development of nodal 
or distant metastases in the patients with basal-like TNBC tumors and 
may be predictive of metastatic disease [37]. Liu et al. analyzed the 
CK5/6 and CK17 of 112 TNBC patients by immunohistochemistry 
and showed that positive staining for CK5/6 or CK17 was associated 
with worse DFS, OS, high tumor grade, and positive axillary lymph 
nodes [38]. Thike et al. analyzed 653 TNBC patients, and the results 
also showed CK17 positivity impacted adversely on DFS and OS 
[39]. Since the CKs had prognostic implications on survival, possibili-
ties exist for future targeted therapy for CKs in TNBC. 

Figure 5-3.  Techniques for detecting ctDNA in the plasma of patients and its clini-
cal relevance. The colorful arrow represents the amount of ctDNA in the plasma 
directly correlating to the tumor burden and stage of the disease. The molecular 
techniques including polymerase chain reaction (PCR)- and next-generation 
sequencing (NGS)-based techniques are used according to the various detection 
thresholds. ARMS PCR, amplification-refractory mutation system PCR; BEAMing, 
beads, emulsion and amplification technology; dPCR, digital PCR; E-NGS, 
enhanced-NGS; PAP/bi-PAP, pyrophosphorolysis-activated polymerization/bidirec-
tional pyrophosphorolysis-activated polymerization; PNA/LNA: peptide nucleic 
acid/locked nucleic acid. 
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5.3.2 EGFR 

Epidermal growth factor receptor (EGFR), also known as HER1, is a 
transmembrane protein with a relative molecular mass of 170 kDa. 
The EGFR family consists of four members, including EGFR 
(ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4) [40]. 
The EGFR family proteins are composed of three parts: extracellular 
region, transmembrane region, and intracellular region with tyrosine 
kinase activity. EGFR is widely distributed in human epidermal cells, 
stromal cells, some glial cells and smooth muscle cells, and is an 
important regulator of cell growth, differentiation, and survival. 
Although present in normal cells, EGFR is overexpressed in a variety 
of cancers, such as breast cancer, head-and-neck cancer, non-small-
cell lung cancer, renal cancer, ovarian cancer, and colon cancer [41]. 
Such overexpression produces intense signal transduction and activa-
tion of downstream signaling pathways, resulting in more aggressive 
growth and invasiveness characteristics. 

Compared with other subtypes of breast cancer, TNBC is more 
likely to express EGFR (discussed in Chapter 1). This has further 
been confirmed by the fact that there is a negative correlation between 
EGFR and hormone receptor status in breast cancer. EGFR expres-
sion is correlated with a less favorable response to chemotherapy and 
poorer survival [42]. In a study of 284 TNBC patients, it was found 
that 57.4% of patients showed EGFR expression and that patients 
with EGFR expression had worse prognosis [43]. Furthermore, 
Rakha et al. found that EGFR expression was associated with poor 
response to chemotherapy [44]. In addition, EGFR also plays a role 
in resistance to radiation treatment in TNBC [45]. 

5.3.3 Ki67 

Ki67 is a protein that in humans is encoded by the MKI67 gene. Ki67 
is highly associated with cell proliferation [46]. Ki67 can not only 
recognize cells in G1, S, G2 and M phases (except cells in the G0 
phase) to judge the proliferative activity of cells, but also be a marker 
for determining the growth state of benign and malignant tissues. In 
general, the higher level of Ki67 is associated with a higher level of 
malignancy and poorer prognosis, especially in certain types of cancer 
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such as breast cancer and lymphoma [47, 48]. Ki67 is closely related 
to the histological classification, mitotic index, and lymph node 
metastasis of breast cancer. Ki67 is negatively correlated with the 
expression of hormone receptors. Therefore, it is an important refer-
ence indicator for judging tumor prognosis. It should be noted that 
Ki67 is not a good marker for subtyping of breast cancer since its 
expression can vary a lot from very little to ~80%. 

Many studies have confirmed the potential use of Ki67 as a prog-
nostic indicator and in predicting response to treatment in early breast 
cancer. However, Ki67 is not recommended for the management of 
early breast cancer patients due to variation in analytical practice. To 
address this problem, Syed et al. measured the Ki67 index in 119 
patients and found that its significance correlates with known prog-
nostic factors (such as ER, PR, and HER2 receptors) [49]. The 
results showed that the median value of Ki67 index was 20%, which 
was similar to other studies. However, the median Ki67 values were 
significantly increased in TNBC compared to other histologic types 
(70% in TNBC vs. 12.5% in luminal A, 20% in luminal B, and 30% in 
HER2-enriched subtype). 

The optimal cutoff for Ki67 to predict TNBC outcomes was fur-
ther assessed by scientists from Fudan University Shanghai Cancer 
Center using Cutoff Finder [50]. The most relevant cutoff value for 
Ki67 for prognosis was 30%. This cutoff value had early independent 
prognostic and predictive potential for OS and DFS in TNBCs.  
Ki67>30% was significantly associated with worse prognosis, espe-
cially for stage I TNBC patients. Therefore, it is important to measure 
the Ki67 index, which can be used as a marker in the treatment and 
follow-up of breast cancer. 

5.3.4 BRCA1/2  

The breast cancer susceptibility (BRCA) proteins, BRCA1 and 
BRCA2, play a critical role in the repair of DNA double-strand breaks 
through a conserved mechanism called homologous recombination 
(HR) [51]. While BRCA1 seems to have a relatively broader cellular 
functions besides DNA damage repair, such as transcriptional 
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regulation and chromatin remodeling, BRCA2 function is largely 
restricted to DNA recombination and repair processes. Therefore, 
cells that lack functional BRCA1 or BRCA2 have a homologous 
recombination deficiency (HRD) in the repair of DNA (described 
more in Chapter 6). This deficiency results in the repair of DNA 
lesions by non-conservative and potentially mutagenic mechanisms 
such as non-homologous end joining and single strand annealing. 
HRD underlies the cancer predisposition caused by loss-of-function 
mutations of BRCA1 and BRCA2 [52]. 

Compared with the wild-type, BRCA mutations not only tend to 
be seen at younger patients, but also have a significantly better 
relapse-free survival (RFS) [53]. By analyzing BRCA1 and BRCA2 
mutation from 199 patients with TNBC, Hartman et al. found about 
4–5% risk of carrying a mutation if an individual was diagnosed with 
TNBC and did not have any family history of breast or ovarian cancer 
[54]. To determine the frequency of BRCA1 mutations among 
TNBC patients, Fostira et al. screened a large sample size of 403 
women diagnosed with TNBC, independently of their age or family 
history, for germline BRCA1 mutations [55]. Thus, it is suggested 
that women diagnosed with TNBC younger than 50 years should be 
offered BRCA1 testing, regardless of family cancer characteristics. 
Furthermore, it was found that among women with early-onset breast 
cancer (≤35 years old) and with a family history of breast cancer, a 
higher prevalence of BRCA1 mutations was present in women with 
TNBC (42.1%) compared with women with non-TNBC (14.2%). 
The genetic testing of BRCA1/2 mutations is important for TNBC 
patients regardless of age and family history. 

5.3.5 PARPs 

Poly (ADP-ribose) polymerases (PARPs) are a family of proteins 
involved in a number of cellular processes such as DNA repair, 
genomic stability, and programmed cell death [56]. Among the PARP 
family proteins, PARP1 is a widely and abundantly expressed member. 
Some studies have shown that the activity of PARP is significantly 
enhanced in tumors, especially in tumors with BRCA mutation or loss 
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of function [30, 57]. PARP1 plays a critical role in the initiation of 
DNA repair of single strand breaks by base excision repair pathway 
[58, 59]. When PARP1 is inhibited, further DNA damage can be 
induced as single-strand breaks, which can result in double-strand 
breaks during DNA replication. The DNA damage can be repaired 
through the HR mechanism (described above and more in Chapter 6) in 
the cells with normal BRCA functions [60]. However, since the 
BRCA1 and BRCA2 genes encode key components of the HR repair 
pathway, BRCA mutant tumors are inherently deficient in DNA 
repair, ultimately leading to cell death upon exposure to PARP inhibi-
tors (PARPi’s) [61]. Therefore, the PARPi’s might selectively kill 
tumor cells while normal cells are not affected. This phenomenon, 
i.e., inactivation of individual genes does not lead to cell death but 
combining mutation or blockade of two or more genes leads to cell 
death, is called “synthetic lethality” (refer to Chapter 6 for more 
details) [59]. 

Some studies have shown that basal-like TNBC has high inci-
dence of BRCA mutations and exhibits similar clinicopathological 
characteristics to BRCA1-mutated tumors [62–64]. Therefore, this 
high incidence of BRCA1 mutation provides a strategy for the treat-
ment of TNBC with PARPi’s. Hastak et al. found that TNBC cells 
were not only more sensitive to platinum and gemcitabine than non-
TNBC cells, but also exhibited synergy with PARPi’s in basal-like, but 
not in luminal, breast cancer cell lines [65]. Nowadays, PARPi’s, such 
as olaparib, veliparib, and niraparib, have been selected for targeted 
treatment of TNBC [57–59, 66]. More in-depth and extensive 
research on PARP1 and its inhibitors will benefit a wider range of 
patients. 

5.3.6 Androgen Receptor 

Androgen receptor (AR), also known as NR3C4 (nuclear receptor 
subfamily 3 group C member 4), is a type of nuclear receptor that is 
activated by binding any of the androgenic hormones in the cytoplasm 
and then translocating into the nucleus. The main function of AR is as 
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a DNA-binding transcription factor that regulates gene expression. AR 
and its ligand, androgen, are closely related to the development of 
breast cancer. The molecular mechanism of androgen on the develop-
ment of breast cancer is mainly through the regulation of apoptotic 
gene family and growth factor signal transduction pathways. Androgen 
can regulate the expression of Bax and Bcl-2, unbalance the growth 
and apoptosis of cells, leading to rapid cell expansion.

On immunohistochemical analysis, approximately 10–15% of 
TNBC cases express AR [67, 68]. On the mRNA expression level, 
about 12% of TNBC cases express AR [28]. The subset of TNBC that 
expresses AR has been shown to express genes consistent with a lumi-
nal subtype and, therefore, has been subclassified as the luminal 
androgen receptor (LAR) subtype (discussed in Chapter 2). 

The findings regarding the association between AR expression 
and prognostic value are inconsistent. AR-negative TNBC shows sig-
nificantly poorer outcomes with regard to the DFS and OS than the 
AR-positive TNBC [44, 69]. Sutton et al. used immunohistochemis-
try to analyze AR in 121 TNBC patients and revealed that low expres-
sion of AR was associated with distant metastasis in the AR-positive 
TNBC cases [70]. Gasparini et al. analyzed AR expression by immu-
nohistochemistry in 678 breast cancers and found that the expression 
level of AR was associated with better OS in the non-basal-like TNBC 
that had no expression of basal markers [71]. In addition, the associa-
tion of AR status and breast cancer survival was dependent on ER 
expression. Among the women with ER-positive tumors, AR expres-
sion was associated with significantly improved survival [72]. However, 
the expression level of AR was lower in TNBC than non-TNBC [73]. 
Mrklić et al. found that there was no significant association between 
positive AR immunostaining and DFS or OS [74]. Recent investiga-
tions of the AR signaling pathway in breast cancer has rendered AR 
as a significant target for breast cancer therapy with several clinical 
trials currently in progress. 

It should be noted that a subset of TNBC that lacks AR, which is 
termed quadruple-negative breast cancer (QNBC) by some research-
ers [75], predominantly exhibits a basal-like molecular subtype. Some 
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important signaling molecules are being investigated as molecular 
targets in QNBC (discussed in Chapter 7). 

5.3.7 VEGF 

Vascular endothelial growth factor (VEGF), originally known as vas-
cular permeability factor (VPF), is a signal protein produced by cells 
that stimulates the formation of blood vessels [76]. When VEGF 
binds to the receptor, it can stimulate the proliferation of vascular 
endothelial cells, promote blood vessel formation, and increase vascu-
lar permeability, so that tumor cells can not only gain sufficient nutri-
ents to proliferate rapidly but also easily enter the blood through 
vascular endothelial cells to cause distant metastasis [77]. Breast can-
cer patients with high VEGF expression are prone to metastasis and 
recurrence following endocrine therapy and chemotherapy. Therefore, 
VEGF and its receptors can be used as important molecular markers 
for the treatment and prevention of breast cancer.

Compared with non-TNBC, TNBC patients have high VEGF 
expression and the high level of VEGF is associated with poor clinical 
outcome [78, 79]. In addition, VEGF is also significantly correlated 
with the size, grade, and metastasis of TNBC tumors [80]. Linderholm 
et al. analyzed 679 breast cancer patients and found that the median 
value of VEGF expression in the TNBC patients was 8.2 pg/μg DNA, 
while 2.7 pg/μg DNA in non-TNBC patients [81]. Bender et al. ana-
lyzed the expression of VEGF in more than 2,600 patients and found 
that TNBC was highly associated with dysregulation of VEGF-related 
genes. The expression of VEGF genes was altered in a pro-angiogen-
esis direction, and all TNBC groups demonstrated poor prognosis 
than non-TNBC samples [82]. In a study about the value of VEGF in 
patients with metastatic TNBC treated with fluorourcil, adriamycin, 
and cyclophamide (FAC) chemotherapy, Taha et al. found that VEGF 
level did not drop with the continuation of therapy and TNBC patients 
with high VEGF level had a significantly lower PFS but not OS than 
patients with low level. Furthermore, VEGF-targeting treatment is 
worth trying and therapies directed towards VEGF signaling axis to 
alleviate angiogenesis may be an alternative way to improve outcome 
for TNBC patients, which is discussed in Chapter 7. 
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5.3.8 p53 

The p53 gene located on chromosome 17p13.1 encodes a nuclear 
phosphoprotein with a molecular weight of 53 kDa. Normally,  
p53 protein is activated during DNA damage or hypoxia, and 
p53-dependent cyclin-dependent kinase inhibitor p21 and DNA 
repair genes are up-regulated, and cells are arrested in the G1 phase 
for DNA repair. If the repair is successful, the cells enter the S 
phase; if the repair fails, the cells are apoptotic by activating the Bax 
gene to ensure genetic stability of the genome. When the p53 gene 
is mutated or deleted, it will lose the negative regulatory function 
of mammary epithelial growth, leading to the occurrence and 
development of breast cancer. 

At present, it is believed that the emergence of p53 mutant 
products is not only a specific biomarker of breast carcinogenesis, 
but also a very important reference biomarker for poor prognosis of 
breast cancer patients. Roos et al. indicated that p53 can be used as 
an independent prognostic biomarker for local recurrence of breast 
cancer at various stages, providing important reference for clinical 
treatment [83]. In a study by Chae et al., p53 was strongly predic-
tive for RFS and OS in TNBC patients, and p53 status could be a 
specific prognostic factor in TNBC patients treated by adjuvant 
anthracycline-based regimen [84]. However, Ko et al. indicated that 
expression of p53 was correlated with survival rate, patient’s age, 
status of menopause, and tumor size, but it had no significance for 
the prognosis of breast cancer without axillary lymph node metas-
tasis in the early stage [85]. In a study of 197 cases of TNBC 
patients in different races, Davion et al. found that p53 expression 
was more common in African Americans (77.7%) compared to 
Caucasians (57.1%), and TNBC patients younger than 50 (50%) 
were twice as likely to have p53 expression as those older than 50 
(23.4%), suggesting that differences in p53 expression may be 
responsible for poor prognosis in African American TNBC patients 
[86]. Biganzoli et al. comparatively analyzed p53 expression from 
two independent breast cancer case series (total 1,709 patients) and 
found that TNBC patients with higher expression level of p53 
exhibited worse overall and event-free survival compared to patients 
with lower p53 level [87]. 
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5.3.9 Tyrosine Kinases 

Tyrosine kinases (TKs) are a class of enzymes that can transfer a phos-
phate group from ATP to a protein in a cell. In the human genome, 
90 TK genes and 5 presumed TK pseudogenes have been identified. 
These 90 TK genes include 58 receptor TKs and 32 non-receptor 
TKs (more details discussed in Chapter 7) [88]. They play important 
roles in the regulation of fundamental cellular processes such as cell 
development, differentiation, proliferation, survival, growth, apopto-
sis, etc [89]. Since their critical roles in normal cells, it is not surpris-
ing that when TKs are mutated, they will cause unregulated growth 
of the cell and cause cancer eventually. Clinical studies have shown 
that TK levels have a prognostic value in cancer patients [90].

By analyzing 26 TNBC cell lines, Wu et al. found that TK AXL 
(a member of the TAM receptor tyrosine kinase subfamily) is acti-
vated and highly expressed in most aggressive TNBC cell lines, and 
the high level of AXL is correlated with a significant decrease in 
patient survival, suggesting that inhibition of AXL has the potential 
to treat highly aggressive TNBC [91]. Hessel et al. analyzed 31 recep-
tor TK-associated tumor relevant biomarkers in 29 TNBC patients 
using gene expression profiling and immunohistochemistry methods. 
They found that receptor TK expression is associated with survival 
and can be used for subdivision of TNBC into two subtypes where 
receptor TK high expression is associated with superior 3-year survival 
rate of 100% [92]. These studies suggested that TKs may have poten-
tial significance in new therapeutic approaches as an important novel 
biomarker [93, 94]. 

5.3.10 mTOR 

Mammalian target of rapamycin (mTOR), also known as the mecha-
nistic target of rapamycin and FK506-binding protein 12-rapamycin-
associated protein 1 (FRAP1), is a kinase that in humans is encoded 
by the mTOR gene [95]. mTOR is an atypical serine/threonine 
kinase and belongs to the PI3K-related protein family involved in 
regulating major cellular functions including gene expression, cell 
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growth and proliferation [96]. mTOR links with other proteins and 
serves as a core component of two distinct protein complexes, mTOR 
complex 1 (mTORC1) and mTOR complex 2 (mTORC2), which 
induces S-phase kinase association protein causing protein synthesis, 
proliferation, growth, metastasis, and angiogenesis [97, 98]. 
Deregulation of the mTOR signaling pathway is one of the most 
commonly observed pathological alterations in human cancers [99].

Since mTOR is an effector of PI3K signaling pathway regulated 
by Akt and the tumor-suppressor phosphatase and tensin homolog 
(PTEN), the proteins of the PI3K pathway are frequently affected by 
mutations in breast cancer and loss of PTEN is a common finding in 
TNBC, leading to the increased mTOR activation in TNBC [100]. 
Montero et al. observed co-activation of various receptor TKs in 
TNBC, together with frequent activation of PI3K/Akt/mTOR sign-
aling pathway. Further pharmacologic studies showed that targeting 
mTOR signaling pathway is an effective treatment in TNBC than 
targeting receptor TK [101]. Furthermore, there is evidence that 
mTOR inhibitors such as everolimus (also known as RAD001) may 
have a role in TNBC. A phase II study showed that the addition of 
everolimus to standard chemotherapy in TNBC resulted in a small 
improvement in the 12-week response rate and was well tolerated by 
patients [102]. In addition, inhibition of the PI3K/mTOR pathway 
was identified as a promising therapeutic strategy for treating TNBC, 
and a phase II trial demonstrated that everolimus-carboplatin combi-
nation was efficacious in metastatic TNBC [103].
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Defined as a subtype which is negative for ER, PR, and HER2, triple-
negative breast cancer (TNBC) demonstrates a more aggressive clini-
cal behavior and a poorer outcome [1]. Responsible for lots of deaths 
from breast cancer, TNBC predicts a short disease-free survival (DFS) 
and overall survival (OS). In addition, TNBC has some unique path-
ological characteristics with a high heterogeneity, which has pushed 
plenty of studies to be carried out to explore the novel treatment 
modalities of this subtype. A comprehensive understanding of the 
heterogeneous nature of TNBC would assuredly contribute to the 
precision diagnosis and individualized therapy of this difficult-to-treat 
subtype. Some of the features and diagnosis criteria of TNBC/BLBC 
have been described in Chapter 1. This chapter focuses on more clini-
cal aspects of TNBC, regarding its clinicopathological features, diag-
nosis, treatment, prognosis, and nursing implications. 

6.1 Clinicopathological Features of TNBC 
6.1.1 General Clinical Features 

Generally speaking, TNBC is associated with younger age and higher 
probability of relapse and is more prevalent in African American eth-
nicity and BRCA1/2 mutation carriers [2]. The risk of early relapse 
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is substantially high, with the peak recurrence between the first and 
the third year after diagnosis, followed by a decrease of the recurrence 
rate [3]. Compared with ER-positive breast cancer, TNBC experi-
ences a worse survival and a high death rate in the first five years after 
treatment. However, the survival rate approaches that of other breast 
cancer subtypes after five years [4]. 

In terms of its highly malignant and aggressive clinical behaviors, 
rapidly developed drug resistance and metastasis are commonly 
observed in patients with TNBC. Distant metastases are prone to 
develop before locoregional recurrence. As will be discussed under 
Section 6.1.3, of all the organs, lungs and brain are more likely to be 
affected than bone and liver which are the commonly metastasized 
sites for non-TNBC [5]. The risk of distant metastasis increases rap-
idly in the first two years after diagnosis, with the highest between the 
second and third year, then declining after two more years. In addi-
tion, following distant metastasis, the median duration of survival is 
around ½ for basal-like breast cancers (BLBCs) [6, 7]. Different from 
other subtypes, however, recurrence rate decreases sharply after eight 
years [3, 7–9].

Multiple studies have demonstrated that TNBC disproportion-
ately affects women of African ancestry, though there regionally exists 
a variation of TNBC incidence even in the same ethnic group. 
According to the US Surveillance, Epidemiology, and End Results 
(SEER) California Cancer Registry database, the incidence of TNBC 
vs. luminal subtype among African-American women was 1:2, while 
the ratio was significantly lower in other ethnic groups (1:6.9 and 
1:6.1 in white and Asian women, respectively) [10]. Such high inci-
dence of TNBC in women of African ancestry has also been found in 
large population-based studies [11]. Of note, there is evidence show-
ing that in sub-Sahara and West African women, TNBC is more fre-
quently observed than in African-American women, as well as the 
younger age at diagnosis. In spite of the comparably low incidence of 
breast cancer among women of sub-Sahara Africa (10–40 in 100,000), 
the mortality rate (5–20 in 100,000) is high [11]. 

The BRCA1/2 genes are important breast cancer susceptibility 
genes (more discussed in Chapter 5 and Chapter 7). It is reported that 

b3931_Ch-06.indd   135 13-10-2020   3.56.06 PM

 



b3931  Triple-Negative Breast Cancer  9x6

136 Triple-Negative Breast Cancer

nearly 68% patients of breast cancer with BRCA1 mutation fall into 
the category of TNBC, while the percentage for BRCA2 mutation is 
16% [12]. Additionally, distribution of BRCA1 mutation has an ethnic 
disparity, with the incidence of germline mutation being lower in 
women of African origin than those of European origin [13, 14]. The 
general clinical features of TNBC are summarized in Table 6-1. 

6.1.2 Pathological Features and Immunophenotypes 

Compared with hormone receptor-positive patients, TNBC patients 
tend to be of high grade, have lymphovascular invasion, and present 
with clinically metastatic disease. Histologically, the majority of 
TNBC patients present with an invasive ductal feature of no special 
type, but typical or atypical medullary, metaplastic and adenoid cystic 
elements are occasionally observed (discussed in Chapter 2). 
Additionally, basal-like phenotype is also found in most of metaplastic 
and medullary carcinomas. With regard to morphological features, 
central necrosis, a pushing border of invasion and pronounced lym-
phocytic infiltration, as well as apoptotic cells, are also characteristics 
of TNBC, together with high histologic grade (mostly grade 3, some 
grade 2), high mitotic index, and expression of EMT markers [15]. 
In addition, TNBC also has the characteristic of high degree of ane-
uploidy and nuclear pleomorphism. The pathological characteristics 
of TNBC/BLBC are summarized in Table 6-2. 

Table 6-1.  General clinical features of TNBC.

Younger age at presentation 

Aggressive behavior 

Overlap with BLBC 

Association with BRCA1/2 gene defects 

Shorter time to relapse 

Higher risk of visceral metastasis (including lung, liver) 

Drug resistance 

Worse prognosis 

Refs: Nat Rev Clin Oncol. 2010; 7(12):683–692; Pharmacol Ther. 2017; 
175:91–106; Oncologist. 2016; 21(9):1050–1062.
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Table 6-2.  Pathological characteristics of TNBC/BLBC.

High grade 

Lymphovascular invasion

Clinical metastasis

Mostly belonging to IDC

Elevated mitotic count/High proliferation rate 

Central tumor necrosis

Pushing borders of invasion 

Dense lymphocytic infiltration

High degree of aneuploidy 

Nuclear pleomorphism 

Refs: Clin Breast Cancer. 2009; 9(Suppl 2):S73–S81; Semin Oncol. 
2011; 38(2):254–262.

As its name indicates, TNBC is absent of ER, PR, and HER2 
expression revealed by immunohistochemistry and/or fluorescence 
in situ hybridization (FISH) [16]. Because of the overlaps between 
TNBC and BLBC (discussed in Chapter 1), their immunopheno-
types also show a very similar pattern. The staining for EGFR, 
cytokeratins (CKs) 5, 6, 17 and c-Kit are often positive in both 
TNBC and BLBC. In addition, protein abnormality or gene muta-
tion of p53 occurs in more than half of TNBC tumors. Though the 
activating mutation rate of PIK3CA is just about 10% in primary 
TNBC, the PI3K pathway is commonly activated in TNBC. The 
immunophenotypic and molecular characteristics of TNBC/BLBC 
are summarized in Table 6-3. 

6.1.3  Increased Risk of Pulmonary and Brain Metastasis  
in TNBC 

Highly invasive, TNBC develops a distinct locoregional and distant 
metastasis pattern, commonly spreading to the lungs, the brain, and 
the liver. The involvement of bone is relatively less found especially 
compared with non-TNBC [5] (Figure 6-1). While pulmonary 
metastasis is usually not found in luminal A subtype, its presence in 

b3931_Ch-06.indd   137 13-10-2020   3.56.06 PM

 



b3931  Triple-Negative Breast Cancer  9x6

138 Triple-Negative Breast Cancer

Table 6-3.  Immunophenotypic and molecular characteristics 
of TNBC.

ER negative

PR negative 

HER2 negative 

EGFR and/or CK5/6 positive 

c-Kit positive 

Activation of the PI3K pathway 

High expression of stemness and EMT markers 

Refs: Clin Breast Cancer. 2009; 9(Suppl 2):S73–S81; Oncologist. 2016; 
21(9): 1050–1062. 

Figure 6-1.  Common sites of metastasis of TNBC vs. non-TNBC. The percentages 
shown are approximate percentages of breast cancer patients with a first distant recur-
rence among women in whom metastases develop.
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TNBC is comparatively typical. There are several characteristics for 
pulmonary metastasis in medical imaging: solitary or multiple pulmo-
nary nodules, lymphangitic carcinomatosis, endobronchial metasta-
ses, and air-space consolidation. Apart from these, pleural involvement, 
mostly manifesting as a pleural effusion, is frequently unilateral and 
ipsilateral to the breast cancer. Nevertheless, there is no specific char-
acteristic to distinguish this pleural disease from benign effusions aris-
ing from other conditions on either X-ray or CT scan [17]. 

As for brain metastasis, it is reported that in TNBC the risk is 
approximately 6–46% of all the metastases and is conspicuous in 
younger patients [15]. In clinical settings, given the higher resolu-
tion of soft tissue and more accurate delineation of parenchymal and 
leptomeningeal, magnetic resonance imaging (MRI) is better than 
CT in identifying brain metastasis of TNBC. Accompanied with 
manifestations such as headache and mental status changes, brain 
lesions are often observed in the cerebral hemispheres as solitary or 
multiple metastases. In addition, such lesions are inclined to occur-
ring at the grey-white junction and watershed areas of the major 
arterial domains [18]. 

Unlike metastasis in HER2-positive breast cancer, central nervous 
spread arising from TNBC indicates worse or progressive condition 
[19]. Thus, what the diagnosis of intracranial metastasis follows is 
mostly a shorter median survival of 3–5 months in TNBC vs. 7–12 
months in non-TNBC [20]. It should be noted that although a sig-
nificant portion of breast cancers metastasize to the lymph node, 
TNBC does not have increased likelihood of lymph node metastases 
compared with other subtypes of breast cancer [21].

6.2 Diagnosis of TNBC 
6.2.1 Diagnosis Based on the Status of Receptors 

To make a diagnosis of TNBC, the status of the three receptors, i.e., 
ER, PR, and HER2, are tested. As mentioned in Chapter 1, since the 
gene expression microarray analysis is costly and complicated, in the 
clinical setting, immunohistochemistry with or without FISH is usu-
ally performed instead to reveal the status of these receptors. It is 
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worth noting that when immunohistochemical analysis is conducted, 
the cutoffs for ER, PR, and HER2 status were applied to postulate 
the likelihood of response to endocrine and anti-HER2 therapies, 
respectively, but not to determine the “absolute” phenotype. 
Therefore, the cutoffs that were developed to make the diagnosis 
have a significant impact on determining the status of the receptors, 
and therefore, the number of TNBC cases diagnosed. For now, the 
standard procedure most studies have adopted is based on the current 
guidelines recommended by the American Society of Clinical 
Oncology (ASCO) and College of American Pathologists (CAP). 

To determine ER/PR negativity, ER and PR nuclear staining was 
initially set at <10% in terms of positively stained cells. It was later 
found that breast tumors with very low levels of ER/PR (between 1% 
and 10% positive cells) show a significant benefit from hormonal thera-
pies. Therefore, the ASCO/CAP recommended adopting <1% as the 
definition of ER/PR-negative staining. The antibodies recommended 
for ER testing include ID5, 6F11, SP1, or ER.2.123 + 1D5 (cocktail) 
and the antibodies for PR testing include 1294, 1A6, or 312 [22]. 

With regard to HER2 testing, the widely accepted guideline is the 
2013 updates to the ASCO/CAP recommendations for HER2 test-
ing in breast cancer [23, 24]. According to these recommendations, 
HER2-positive status is defined when (on observing within an area of 
tumor that amounts to >10% of contiguous and homogeneous tumor 
cells) there is evidence of protein overexpression determined by 
immunohistochemistry or gene amplification (HER2 copy number) 
determined by FISH. For the samples with equivocal HER2 status in 
immunohistochemistry, further analysis by FISH should be per-
formed in order to confirm the HER2 status and vice versa. 
Furthermore, repeat testing should be considered if the results seem 
discordant with other histopathological findings. 

6.2.2  Medical Imaging as Complementary  
Diagnostic Methods 

Additionally, imaging also contributes to complementary diagnosis of 
TNBC. Magnetic resonance imaging (MRI) is reported to be very 
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sensitive for detection of tumor mass [25]. TNBC presents specific 
characteristics on MRI, such as smooth margin, rim enhancement, 
and very high intratumoral signal intensity on T2-weighted MRIs 
[15–17]. Dynamic contrast-enhanced MRI (DCE-MRI), by compar-
ing the MRI features before and after neoadjuvant chemotherapy, 
could predict the pathologic complete response (pCR) of tumors to 
chemotherapy [26, 27]. Ultrasound is another way to make diagnos-
tic evaluation. In ultrasound, the most characteristic features of 
TNBC are lesions with well-circumscribed margin and posterior 
acoustic enhancement [25]. 

Shear wave elastography and contrast-enhanced ultrasound are 
also under evaluation as tools for discriminating TNBC from other 
subtypes of breast cancer [28, 29]. In addition to MRI and ultra-
sound, mammography is commonly used in breast cancer diagnosis. 
In mammography, the TNBC mass is mostly observed in round or 
oval shape. 

6.3 Treatment of TNBC
Although several recommendations have been proposed for the 
treatment of TNBC, currently, there is no widely accepted guide-
line for TNBC patients [30]. Due to the lack of ER, PR, and 
HER2, TNBC does not respond to hormonal and HER2-targeted 
therapies which are effective in non-TNBC. Treatment modalities 
for TNBC consist of two parts, locoregional treatment (including 
surgery and radiotherapy) and systemic chemotherapy. Hence, 
combined with surgery, chemotherapy lays the foundations for 
TNBC treatment. Despite initial high response rates, unfortunately, 
relapse rates are high in patients who do not achieve a pCR, result-
ing in a worse OS in patients with TNBC and BLBC compared with 
other subtypes of breast cancer. This chapter mainly focuses on the 
currently available treatment modalities of TNBC. Novel therapeu-
tic options under investigation will be discussed in Chapter 7 
(focusing on targeted therapies against signaling pathways and can-
cer stem cells) and Chapter 8 (focusing on immune checkpoint 
inhibition). 
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6.3.1 Surgery

Since TNBC is much more aggressive than other subtypes, many 
studies have been conducted to determine whether mastectomy 
would be superior over breast conservative surgery (BCS) such as 
lumpectomy, in which only the discrete portion is removed. However, 
it has been demonstrated that BCS provides at least equivalent prog-
nosis to mastectomy, i.e., removal of the full breast. As a result, 
instead of TN status, final decision about the surgical method would 
depend more on traditional clinicopathological variables and patients’ 
preference [31]. What is more, though highly malignant and with 
poor OS, it is found that, in TNBC, the local recurrence rate is not 
significantly higher than those of other subtypes after BCS [32]. 
Moreover, using the SEER database enrolling 11,514 TNBC cases, 
Chen et al. found that patients with BCS plus radiotherapy exhibited 
better breast cancer-specific survival and OS than patients who 
received mastectomy [33]. Therefore, when it comes to patients with 
TNBC, BCS might also be taken into consideration [32]. 

6.3.2 Chemotherapy 

Compared with locoregional treatments such as surgery and radio-
therapy, systemic treatment is directed against genetic aberrations and 
the molecular status of the tumor. In general, TNBC is more respon-
sive to chemotherapy than any other subtype of breast cancer. Patients 
with breast cancer including TNBC who achieve pCR after neoadju-
vant treatment have improved long-term outcomes. Even so, TNBC 
is still prone to metastasis and recurrence, especially in those who do 
not achieve pCR. This phenomenon of inconsistency between chem-
otherapy response and clinical outcome has been called a “triple-
negative paradox” [34]. 

Chemotherapeutic agents for the management of TNBC act by 
specific mechanisms: microtubule-interfering (e.g., taxanes), cell pro-
liferation inhibition (e.g., anthracycline-based regimens), and DNA 
damage (e.g., platinum compounds) [31, 35]. Taxanes (paclitaxel and 
docetaxel), which function by interfering mitotic spindle component, 
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are widely used first-line chemotherapeutic drugs for TNBC. 
Accumulated evidence has demonstrated the efficacy of taxanes in 
TNBC rather than non-TNBC. Anthracyclines (doxorubicin and epi-
rubicin) are considered to be among the most active drugs for the 
treatment of breast cancer. Many studies have shown that TNBC is 
sensitive to anthracycline-containing regimens [36]. Platinum-based 
chemotherapy is a commonly used second-line regimen. As DNA 
damaging agents, platinum compounds can cause cell death via inter-
action with DNA. Emerging data has confirmed the association 
between BRCA1 mutation, which could result in DNA repair dys-
function, with increased sensitivity to DNA damaging therapeutics, 
spurring a wave of new exploration in platinum agents both in pre-
clinical and clinical studies [31]. Etoposide and bleomycin could add 
sensitivity to platinum-based regimen by inducing DNA double-
strand breaks. 

In TNBC patients without BRCA mutation, single-agent chemo-
therapy with taxanes has been recommended as a first-line treatment. 
In patients with a high disease burden or who are very symptomatic, 
combinations such as anthracyclines plus cyclophosphamide or plati-
num with taxanes are thought to be valid options. For patients who 
develop resistance or present contraindications to first-line treatments, 
fluorouracil/capecitabine, eribulin, gemcitabine, cisplatin/carboplatin, 
vinorelbine and ixabepilone are considered alternatives [37]. 

6.3.2.1 Neoadjuvant chemotherapy 

Aiming at reducing tumor size or extent to render an inoperable 
tumor operable and even allow more conservative surgery, neoadju-
vant chemotherapy is a new strategy introduced in the late 20th cen-
tury and is being increasingly performed [38]. Unlike traditional 
adjuvant chemotherapy, neoadjuvant chemotherapy is based on 
smaller patient accruals and a shorter period to make a rapid assess-
ment of treatment efficacy by determining in vivo tumor response and 
pCR. It has been shown that neoadjuvant chemotherapy could 
increase response rates in TNBC, and pCR might be regarded as a 
potential predictor indicating a better long-term outcome [39]. 
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Multiple studies have demonstrated that application of platinum 
could improve pCR, rendering platinum-based regimens as a promis-
ing treatment for TNBC. Because of the genetic instability such as 
BRCA1 mutation, TNBC patients might be particularly sensitive to 
platinum agents [31, 40]. In addition, the efficacy of neoadjuvant 
chemotherapy including anthracyclines and taxanes has also been con-
firmed in TNBC with substantially higher pCR rates observed in 
comparison with non-TNBC [41]. However, despite the rapid 
response brought by neoadjuvant chemotherapy, no evidence of sur-
vival benefit has been recognized but a higher rate of local recurrence 
because of the more conservative surgery, which indicates that pCR is 
not a reliable surrogate maker for chemotherapy regimen selection. 
More seriously, along with the tumor shrunk by the therapeutics is a 
more difficult surgery [31, 42]. 

6.3.2.2 Adjuvant chemotherapy 

Currently, multiple studies have confirmed the long-term benefit con-
ferred by adjuvant chemotherapy for patients with TNBC. The regi-
men for moderate-to-high risk TNBC is a sequential anthracycline- 
cyclophosphamide-taxane (ACT) combination. In patients with early-
stage or low-risk TNBC, cyclophosphamide-methotrexate- 
fluorouracil (CMF) is the traditional protocol. Nevertheless, it was 
observed that anthracycline-cyclophosphamide (AC) could be similar 
to the CMF regimen, in terms of efficiency and side effects. 

In addition, consistent with findings in the neoadjuvant setting, 
mutant BRCA1 carriers with TNBC also might benefit from platinum 
compounds [31, 43]. Interestingly, in vitro studies showed that taxa-
nes, unlike platinum compounds, seem to be less effective in treating 
breast cancer with BRCA1 mutations [31]. Nevertheless, currently, 
there are no convincing clinical data that confirm a potential resist-
ance to taxanes in TNBC. In fact, recent studies have demonstrated 
the advantage of using taxanes in adjuvant setting [31]. 

As for anthracyclines, which have been applied to breast cancer 
treatment for several decades particularly because of their substantial 
impact in breast cancer overexpressing HER2, whether there is a supe-
rior efficacy in treating TNBC remains controversial [31]. Intriguingly, 
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it is argued that topoisomerase IIa enzyme might be a potential pre-
dictor for response to anthracyclines. However, anthracyclines are 
found to induce the alterations of topoisomerase IIa enzyme, which 
might eventually drive the anthracycline resistance [44]. In addition, 
for BRCA1-mutated TNBC, whether or not it could gain more ben-
efit from anthracyclines still remains unclear [31]. 

In addition to the chemotherapeutic agents mentioned above, 
with evidence from subgroup analysis, capecitabine, one of antime-
tabolites, might also show activity as an extra addition to regimens 
with anthracyclines and taxanes. In contrast, there are also data show-
ing an inferior effect with capecitabine. Due to the disparity, more 
studies should be carried out to confirm the efficacy of capecitabine 
in the adjuvant setting [31]. 

It should be noted that although numerous large-scale randomized 
trials have been performed and established, the benefit of adjuvant 
chemotherapy for TNBC, several issues still remain unsolved [30]. 
First, there is still no widely accepted optimal or preferred regimen 
using chemotherapeutic agents. Second, it is not known whether add-
ing agents such as platinum will benefit TNBC patients. Third, the best 
duration of adjuvant therapy in TNBC has yet to be determined. 

6.3.2.3 Chemoresistance in TNBC 

Along with the prolonged survival following chemotherapy, the 
resistance to chemotherapeutic agents occurs, which accounts for 90% 
of treatment failures in the metastatic setting. By undergoing alter-
nate mechanisms to escape from cytotoxic chemotherapy, cancer cells 
are able to maintain viability. Therefore, a clear comprehension of the 
underlying mechanisms is needed so as to shed light on development 
of corresponding therapies to overcome the resistance and provide 
better treatment for patients with TNBC. 

Mechanisms of chemoresistance
Currently, a variety of mechanisms have been proposed to confer 
resistance to chemotherapy in TNBC [45]. 

(1) In a broad sense, chemotherapy impairs mitosis by DNA damage 
or microtubule inhibition. Thus, mutations of genes that encode 
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enzymes associated with DNA replication and/or repair or dys-
regulated microtubule-stabilizing proteins would result in insen-
sitivity to chemotherapeutics. 

(2) ATP-binding cassette (ABC) transporters, including breast cancer 
resistance protein (ABCG2), P-glycoprotein (MDR1), and multi-
ple drug-resistant protein-1 (MRP1), have been found to be 
implicated in the efflux of cytotoxic remedies out of TNBC cells. 

(3) Inactivation or detoxification of drugs via aldehyde dehydroge-
nase (ALDH), glutathione (GSH) and glutathione-S-transferase 
(GST) or the cytochrome P450 system, has also been demon-
strated to play a part in inducing resistance in TNBC cells. 

(4) Since signaling pathways are crucial in cell growth, the roles they 
play in chemoresistance are not negligible. It is reported that 
receptor-interacting protein 2 (RIP2)-mediated NF-κB activa-
tion and kinesin family member 14 (KIF14)-mediated AKT 
phosphorylation in TNBC promote resistance to cytotoxic drugs. 

(5) Tumor microenvironment, which has a distinct impact on tumo-
rigenicity, is found to be involved in fostering resistance. Amid 
tumor cells, there exists a subpopulation of cells harboring the 
stem-cell like properties, termed cancer stem cells (CSCs). With 
the ability of self-renewal, chemoresistant CSCs are capable of 
forming a tumor less vulnerable to chemotherapeutic agents. In 
addition, in the niche, hypoxia adaptation is suggested to poten-
tially enable such unresponsiveness in TNBC. The properties of 
CSCs and their roles as therapeutic targets in TNBC will be dis-
cussed in more details in the next chapter. 

Fate of chemoresistance
One thing to be noted is that chemotherapeutic agents promote 
tumor cell death through inducing cell apoptosis. Hence, altered pro-
teins related with apoptosis such as p53, Bcl-2, and Bcl-xL have been 
demonstrated to be correlated with chemoresistance. 

Moreover, rather than apoptosis, cells could sustain in alternative 
cellular fates to such as cell senescence and autophagy. In response to 
the pressure such as DNA damage brought about by drugs, cells turn 
themselves into a senescent state while remaining metabolically active. 
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Although no longer being able to replicate or proliferate, intriguingly, 
these cells could trigger their surrounding cancer cells to proliferate 
and transform, thereby promoting tumor progression. Aside from the 
senescence pathway, autophagy also contributes to cell survival fol-
lowing cytotoxic stresses. As is well known, autophagy can play dual 
roles in mediating a cell’s response to chemotherapeutic drugs. On 
the one hand, autophagy could enhance chemotherapeutic efficacy 
through promoting apoptosis. On the other hand, autophagy could 
assist in keeping cellular viability as well. Sophisticated as autophagy 
is, eventually which way it goes through would rest on both the 
tumor and the agents [45]. 

6.3.3 Targeted Therapy Using PARP Inhibitors 

Poly (ADP-ribose) polymerases (PARPs) are a family of nuclear 
enzymes involved in the detection and repair of DNA damage. PARPs 
are activated by single-strand breaks (SSBs), thus synthesizing poly 
(ADP-ribose) chains that serve as a signal and platform to recruit 
other DNA repair proteins. So far, 17 PARP members have been 
identified in humans [46]. PARP1 is the best-characterized member 
of the PARP family and is responsible for 85–90% of the total PARP 
activity. The reaction catalyzed by PARPs is called poly ADP-
ribosylation or PARylation, which is of great importance in DNA 
damage repair and produces multiple cellular effects, such as DNA 
duplication and transcription. Failure to repair SSBs because of the 
defect in PARylation owing to PARP deficiency or inhibition leads to 
the formation of double-strand breaks (DSBs), which could be 
repaired by homologous recombination (HR).

As mentioned in Chapters 3 and 5, the HR-mediated repair of 
DSBs requires the presence of functional BRCA1 and BRCA2. 
Therefore, BRCA-mutated tumors are sensitive to inhibition of 
PARPs due to combined loss of PARP and HR repair, an effect called 
“synthetic lethality” [47, 48] (Figure 6-2). In the presence of PARP 
inhibitors (PARPi’s), cells with BRCA defects cannot repair the DNA 
damage and die, whereas cells with functional BRCAs (BRCA+/+ or 
BRCA+/–) could perform effective DNA damage repair and survive. 
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As described in the previous chapter, PARPs can be used as bio-
markers for TNBC. These proteins also serve as excellent targets 
that can be used in the treatment of TNBC. In this regard, use of 
PARPi’s as a therapeutic strategy in the treatment of TNBC, includ-
ing basal-like phenotype, may be a promising approach. Various 
PARPi’s have been developed to hamper DNA repair by blocking 
PARP-mediated PARylation. Up to now, four PARPi’s, i.e., olapa-
rib, rucaparib, niraparib, and talazoparib, have been approved by the 
FDA for cancer treatment. Two of them, olaparib and talazoparib, 
have been approved for BRCA-mutated metastatic breast cancer 
[49]. Another PARPi, veliparib, is being actively investigated in 
clinical trials for HER2-negative breast cancer or TNBC. The 

Figure 6-2.  Synthetic lethality induced by PARPi’s and BRCA deficiency. Exposure 
of cells to PARPi’s leads to an accumulation of SSBs that ultimately results in the forma-
tion of DSBs. Cells with intact BRCA function (BRCA+/+ or BRCA+/–) could survive 
since these breaks can be repaired by HR, while cells with BRCA deficiency (BRCA–/–) 
die since DSBs cannot be repaired. This phenomenon is known as “synthetic lethality”. 
PARP, poly (ADP-ribose) polymerase; PARPi’s, poly (ADP-ribose) polymerase inhibi-
tors; SSB, single-strand break; DSB, double-strand break; HR, homologous 
recombination. 
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different PARPi’s and their development stages are summarized in 
Table 6-4. 

While PARPi’s have been evaluated in clinical trials for TNBC as 
monotherapies, combination of PARPi’s with DNA-damaging chemo-
therapy appears to be a more promising approach both to increase effi-
cacy of PARPi’s in BRCA-mutated breast cancer and to sensitize 
wild-type BRCA patients. Furthermore, it has been demonstrated that 
PARP inhibition potentiates the effects of DNA-methylating com-
pounds, topoisomerase  inhibitors, and ionizing radiation [50]. Olaparib 
has been combined with paclitaxel, cisplatin, or carboplatin in BRCA-
mutated or metastatic TNBC [51, 52]. Veliparib has been extensively 
studied in combination with various chemotherapeutic drugs. In a phase 
I clinical trial, the combination of veliparib plus cisplatin and vinorelbine 
(a microtubule-destabilizing agent) gave rise to an overall response rate 
of 73% and 53% in TNBC with mutated and wild-type BRCA1/2, 
respectively [53]. In a phase III trial [54], veliparib has been combined 
with paclitaxel plus carboplatin for the treatment of TNBC in standard 
neoadjuvant chemotherapy [55]. Therefore, PARPi’s have shown great 
promise in TNBC patients with mutated or wild-type BRCA. 

Table 6-4.  PARPi’s and their development stages.

PARPi Development stage Type of cancer

Olaparib FDA-approved Ovarian cancer (BRCA-mutated or 
platinum-sensitive)

Breast cancer (BRCA-mutated 
HER2-negative)

Talazoparib FDA-approved Breast cancer (advanced, BRCA-
mutated, HER2-negative)

Rucaparib FDA-approved Ovarian cancer (advanced, germline 
and somatic BRCA-mutated)

Niraparib FDA-approved Ovarian cancer (unselected 
platinum-sensitive)

Veliparib 
(ABT-888)

Clinical trials Breast cancer (HER2-negative or 
triple-negative)

Ref: Curr Treat Options Oncol. 2018; 19(5):21.
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6.3.4 Radiotherapy 

As with other subtypes, radiotherapy is also performed in patients 
with TNBC after surgery. Interestingly, with the increasingly used 
BCS followed by radiation in early-stage TNBC, the emerging data 
show that patients with TNBC might not benefit from radiotherapy 
as much as those with other breast cancer subtypes. However, as pre-
viously discussed, TNBC patients with mutant BRCA1/2 fail to 
repair DNA DSBs via homologous recombination, thereby rendering 
cancer cells more vulnerable to radiotherapy [31]. 

6.4 Prognosis of TNBC 
High heterogeneity and lack of targeted therapies have contributed to 
the poor prognosis of TNBC. It has been suggested that TNBC 
might be regarded as an independent prognostic variable, apart from 
the clinicopathological factors such as nodal status, tumor size, grade, 
and therapeutic options [56, 57]. Therefore, compared with other 
subtypes of breast cancer, TNBC has poor prognosis. 

It should be noted that TNBC subtyping, both histologically and 
molecularly as described in Chapter 2, is a crucial predictor of prog-
nosis. In addition, there are other variables that could predict the 
prognosis of TNBC, including the status of several biomarkers like 
EGFR, genes such as BRCA1, and other personal or behavioral fac-
tors like obesity [58]. Furthermore, along with more in-depth studies 
that explore the relationship between immune system and TNBC, it 
is believed that factors associated with the patient’s immune status 
might be an important factor to predict prognosis. 

6.5 Nursing Implications 
As TNBC is highly aggressive and has a high risk of recurrence, 
patients with TNBC always experience a distressing life, scared of 
relapse. Thus, those patients could be emotionally disturbed due to 
such an uncertainty. To provide a high-quality and patient-centered 
care, nursing professionals are expected to have a sound grasp of 
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knowledge about TNBC and factors that might impact the outcome 
in particular. Some detailed characteristics including age, ethnicity, 
patient perceptions, and level of education, may serve as choices of 
treatment and prognosis. 

What is more, as required by precision medicine, individual treat-
ment should be taken into consideration, especially mentally. 
Nowadays, more and more therapies for TNBC have been developed, 
ranging from neoadjuvant/adjuvant chemotherapy, surgery methods 
to targeted therapeutics. Along with the benefit brought by various 
agents, however, they also make it much harder for patients to make 
decisions. At such stages, the support from nursing practitioners is 
greatly needed. Additionally, it should be noted that for racial and 
ethnic minority patients with TNBC, their needs and coping styles 
might differ. 

Even when the whole course of treatment is completed, the fol-
low-up care and survivorship still require the involvement of nursing 
professionals to provide support. Since the rate of relapse is higher 
within first three years after diagnosis, it is recommended for nurses 
to integrate the proposal for self-care into routine clinical practice to 
not only ease the anxiety, but also empower those patients with 
TNBC. 
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Triple-negative breast cancer (TNBC) is a complex and aggressive 
subtype of breast cancer which lacks significant levels of ER, PR, and 
HER2, thereby making it difficult to treat clinically. As discussed in the 
previous chapter, TNBC treatment consists of two parts, namely, 
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locoregional treatment including surgery and radiotherapy and systemic 
treatment which is based primarily on chemotherapy. Although many 
patients with early-stage TNBC are cured with chemotherapy, those 
with metastatic or recurrent disease have a median overall survival 
(OS) of 13–18 months with current treatment options [1]. The poor 
OS of TNBC has remained essentially unchanged over the past two to 
three decades due to its aggressive nature and lack of defined molecu-
lar targets. Therefore, targeted therapies for TNBC are urgently 
needed and have become an area of active research and development. 

Although TNBC development involves multiple genetic and epi-
genetic alterations (as discussed in Chapters 3 and 4), targetable 
alterations are not common. This has hindered the development of 
successful targeted therapeutic strategies. However, important 
advances have been made in preclinical and clinical investigations in 
the management of TNBC, especially in recent years, which has 
largely benefited from molecular characterization of TNBC. Emerging 
therapeutic targets for TNBC include PARPs, tyrosine kinases (recep-
tor and non-receptor type), androgen receptor, and more recently, 
immune checkpoint proteins. Key successes stem from the clinical use 
of PARPi’s, which has been shown to significantly increase pathologi-
cal complete response (pCR) in TNBC patients, especially those with 
BRCA1/2 mutations. Targeted therapy based on PARP inhibition 
has been discussed in Chapter 6. Immune checkpoint inhibition will 
be the topic of the next chapter. This chapter focuses other novel 
targeted therapies against TNBC, including strategies that target sign-
aling molecules, epigenetic modifications, and cancer stem cells and 
the efforts to repurpose existing drugs for TNBC. 

7.1 Targeting Signaling Molecules in TNBC 
7.1.1 Tyrosine Kinase Inhibition

Tyrosine kinases (TKs) are protein kinases that transfer a phosphate 
group from ATP to the tyrosine residue on the substrate protein. 
These enzymes switch on/off intracellular signal transduction 
through reversible phosphorylation. Phosphorylation of proteins by TKs, 
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in turn, is an important mechanism in communicating signals within 
a cell and regulating various cellular activities, such as cell growth, 
proliferation, differentiation, adhesion, migration, and cell death. 
TKs can be divided into two families, i.e., receptor TKs (RTKs) and 
non-receptor TKs (NRTKs). 

RTKs are high-affinity cell surface receptors for many humoral 
factors such as growth factors, cytokines, and hormones. Of the 90 
unique TK genes identified in humans, 58 encode RTKs [2]. RTKs 
include epidermal growth factor receptors (EGFRs) such as HER1 
(EGFR), HER2, and HER3, fibroblast growth factor receptors 
(FGFRs) such as FGFR1 and FGFR2, platelet-derived growth factor 
receptors (PDGFRs) such as PDGFRA, vascular endothelial growth 
factor receptor (VEGFR), Kit, and Met. These RTKs are not only key 
regulators of normal cellular processes but also play crucial roles in 
the development and progression of many types of cancers. Important 
RTKs that have been shown to be highly expressed in TNBC include 
EGFR, FGFR, VEGFR, and Met. In particular, EGFR and Met have 
been shown to be promising therapeutic targets for TNBC due to 
their high expression in multiple molecular subtypes of TNBC [3]. 
These RTKs are under active investigation as anti-TNBC targets (dis-
cussed below). 

While RTKs are responsible for transmembrane signaling, NRTKs 
function in signal transduction downstream of RTKs, relaying signals 
eventually to the nucleus to alter gene transcription. Up to now, 32 
NRTKs have been identified in humans. NRTKs that have been impli-
cated in TNBC include the Src family proteins and the Janus kinases 
(JAKs). Interestingly, these NRTKs are related with the cancer stem 
cell (CSC) properties and are therefore regarded as important anti-
CSC targets in cancer treatment. In this section, only RTKs will be 
discussed; NRTKs as novel therapeutic targets will be discussed under 
Section 7.3 (Targeting Cancer Stem Cells). 

7.1.1.1 EGFR inhibition 

As mentioned in Chapter 1 and Chapter 5, overexpression of EGFR 
has been observed in more than half of the TNBC or basal-like breast 
cancers, which is correlated with a poor prognosis and decreased 
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response to chemotherapy. EGFR activation promotes tumorigenesis 
and metastasis by increasing proliferation, epithelial-to-mesenchymal 
transition (EMT), migration, invasion, and angiogenesis. This obser-
vation has prompted a series of clinical trials for the treatment of 
TNBC using anti-EGFR agents, including the monoclonal antibod-
ies, cetuximab and panitumumab, and the small-molecule EGFR 
inhibitors (EGFRi’s), lapatinib and erlotinib [4]. 

Clinical data suggest a modest effect of anti-EGFR antibodies or 
EGFRi’s as mono-therapies in TNBC. Combination therapy with 
other monoclonal antibodies or chemotherapeutics should be theo-
retically more efficacious. Unfortunately, results from clinical studies 
involving anti-EGFR-based combination therapy were unexpectedly 
unsatisfactory and were even less promising. Therefore, novel strate-
gies for improving response to EGFR inhibition, for example, through 
combination of EGFRi’s with other TKi’s or PARPi’s, are warranted. 
In additional effort, antibody-drug conjugates, which combine the 
antigen-specific targeting of monoclonal antibodies with the cytotox-
icity of chemotherapeutics, have shown beneficial effect in treating 
metastatic TNBC in a phase II clinical study [5]. 

In TNBC, EGFR remains phosphorylated in the presence of 
EGFRi’s, and persistent EGFR phosphorylation correlates with TKi 
resistance. Resistance to EGFR inhibition may be mediated by crosstalk 
between EGFR and other TK signaling molecules, such as Met. In con-
sidering the reason for the disappointing results from EGFR inhibition, 
it is important to bear in mind that it is likely that it is the mutation 
rather than the expression level of EGFR that is relevant to treatment 
efficacy. Indeed, in non-small cell lung cancer, two types of EGFR muta-
tions can predict sensitivity to TKi therapy. Similar EGFR alterations 
have been detected in TNBC [6]. Whether these mutations can predict 
TKi sensitivity in TNBC is not known and needs further investigation. 

7.1.1.2 Met inhibition 

Met, the receptor for hepatocyte growth factor (HGF), activates mul-
tiple downstream effectors involved in cell survival, proliferation, and 
migration [4]. Met is highly expressed in TNBC cell lines and Met 
expression in TNBC tissues is associated with poor OS. 
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Unfortunately, a phase II trial of tivantinib, a small-molecule 
inhibitor of Met, in metastatic TNBC produced an overall response 
rate of only 5%, falling short of pre-specified efficacy goal [7]. It is 
hoped that combining Met inhibitors with other signaling pathway 
inhibitors will produce more favorable results. 

7.1.2 PI3K/Akt/mTOR Pathway Inhibition

As discussed in Chapter 3, activation of the PI3K/Akt/mTOR path-
way is a common event in TNBC. Ipatasertib, a highly selective Akt 
inhibitor, was evaluated in a phase II randomized trial in combination 
with paclitaxel as first-line treatment for metastatic TNBC. Ipatasertib 
improved progression-free survival (PFS) in the intent-to-treat popu-
lation [8]. In a phase III trial, the addition of an allosteric Akt inhibi-
tor, MK-2206, to standard chemotherapy in TNBC improved the 
pCR from 22.4% in the control group to 40.2% [9]. 

A phase I study was conducted in patients with the mesenchymal 
subtype of TNBC to evaluate the combination of mTOR inhibitors, 
temsirolimus or everolimus, with liposomal doxorubicin and bevaci-
zumab (an angiogenesis inhibitor). Investigations were limited to 
those patients with aberrations in PIK3CA, Akt, or PTEN [10]. In a 
randomized phase II study, the addition of everolimus to cisplatin and 
paclitaxel did not improve pCR in stage II/III TNBC in the neoad-
juvant setting [11]. 

7.1.3 MAPK Pathway Inhibition

Generally speaking, alterations in genes encoding the components of 
the MAPK pathway are not frequently observed in treatment-naïve 
TNBC. Considering the fact that EGFR is highly expressed in TNBC 
and can lead to upregulation of MAPK signaling [12], MAPK inhibi-
tion has been evaluated in TNBC patients in clinical studies. A rand-
omized trial evaluating the MEK1/2 inhibitor, cobimetinib, with 
paclitaxel as first-line treatment for advanced TNBC showed a mod-
est, though not statistically significant, increase in PFS [13]. 
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7.1.4 Androgen Receptor Inhibition

7.1.4.1 Androgen receptor and its intracellular signaling

Androgens, primarily testosterone and dihydrotestosterone (DHT), 
are steroid hormones that regulate the development and maintenance 
of male characteristics, along with other functions in both men and 
women. In women, androgens are the precursors of estrogens. 
Androgens exert their actions through binding to the androgen 
receptor (AR), also known as nuclear receptor subfamily 3 group C 
member 4 (NR3C4). 

AR is an androgen-inducible member of the nuclear receptor 
superfamily of transcription factors. In its unbound state, AR com-
plexes with heat shock proteins (HSPs), such as HSP90, and 
remains in an inactive form. Upon androgen binding, AR under-
goes a series of conformational changes, dissociates from HSP90, 
and translocates to the nucleus. In the nucleus, the AR complex 
binds to the androgen response element (ARE) and recruits co-
regulatory activators, leading to the activation of transcription of 
the target genes important in CSC maintenance, such as Myc and 
Met [14] (Figure 7-1). 

AR is expressed in about 70–90% of breast cancers and its expres-
sion varies between 10–50% in TNBC [15]. The proportion of 
TNBCs in which AR is expressed are called “luminal AR (LAR)” 
subtype (discussed in Chapter 2). Therefore, AR suppression by AR 
inhibitors represents another viable strategy for TNBC treatment. 
Agents that target the AR signaling pathway have the potential to 
allow a significant number of patients with advanced or metastatic 
TNBC to be treated with more effective, less toxic endocrine agents. 
Patients with AR-positive TNBC do not typically benefit from anti-
estrogen therapy [16]. 

On the contrary, the proportion of TNBCs that lacks AR has been 
termed quadruple-negative breast cancer (QNBC) (discussed in 
Chapter 5). In this special subclass, several related pathway proteins 
are preferentially expressed that may serve as potential targets for 
treatment, such as ACSL4, SKP2, and EGFR [17]. 
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7.1.4.2 Androgen receptor signaling inhibitors

Anti-androgens, also known as androgen antagonists, are a class of 
drugs that prevent androgens from mediating their biological effects 
in the body. They act by blocking AR or inhibiting the production 
of androgens. Anti-androgens include the steroidal and non-steroidal 
anti-androgens. Steroidal anti-androgens (e.g., cyproterone acetate) 
were initially developed for the treatment of prostate cancer; later, 
non-steroidal anti-androgens have been developed as being more 
effective, tolerable, and safe than the steroidal ones. The first-
generation non-steroidal anti-androgens include flutamide and its 
derivatives, bicalutamide and nilutamide. Enzalutamide is a second-
generation non-steroidal anti-androgen. The major difference 

Figure 7-1.  Inhibition of androgen receptor signaling pathway in TNBC. 
Androgens mediate their biological effects through binding to the androgen receptor 
(AR). In its unbound form, AR complexes with HSP90. The binding of androgens 
to AR induces dissociation of AR from HSP90 and subsequent receptor dimerization 
and translocation to the nucleus. Inside the nucleus, AR promotes gene transcription 
by targeting specific nucleotide palindromic sequences termed the androgen response 
element (ARE). Drugs that inhibit AR signaling are indicated. 
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between steroidal and non-steroidal anti-androgens is that the 
steroidal anti-androgens decrease serum levels of testosterone, 
whereas the non-steroidal ones do not [18]. 

Bicalutamide 
Bicalutamide (brand name Casodex), an oral AR inhibitor, is a mem-
ber of the first-generation non-steroidal anti-androgens. Bicalutamide 
was patented in 1982 and approved for medical use in 1995. It is the 
most widely used anti-androgen in the treatment of prostate cancer. 
A phase II study by investigators from Memorial Sloan-Kettering 
Cancer Center evaluated bicalutamide in patients with ER/
PR-negative AR-positive breast cancer, which showed a 19% clinical 
benefit at 24 weeks [19]. While this drug produces side effects in men 
including breast enlargement, feminization, and sexual dysfunction, 
the side effects in women are reported to be few, except for possible 
harm to the baby during pregnancy and liver damage. Although the 
risk of adverse liver changes is small, monitoring the liver function is 
recommended during treatment. 

Enzalutamide 
Enzalutamide (brand name Xtandi), previously known as MDV3100, 
is a second-generation non-steroidal anti-androgen, which is more 
potent than the first-generation anti-androgens. Enzalutamide has at 
least three separate activities: 1) it functions as a potent and irrevers-
ible inhibitor of AR; 2) it impairs the translocation of AR from the 
cytosol into the nucleus; and 3) it blocks the interaction of AR with 
DNA androgen-response elements at the transcription complex [18]. 
Enzalutamide was first described in 2006 and approved for the treat-
ment of prostate cancer in 2012. In patients with AR-positive meta-
static TNBC, enzalutamide yielded a 42% clinical benefit at 16 weeks 
[20]. Based on the encouraging data available in the metastatic set-
ting, a phase II study has been launched to evaluate the effect of 
enzalutamide in patients with early stage, AR-positive TNBC. 
Enzalutamide was found to be well tolerated at 160 mg/day. 
Common treatment-related adverse events include nausea, vomiting, 
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and fatigue. In the more severe form, adverse events may include hot 
flashes, headache, and sexual dysfunction. 

7.1.4.3  Androgen receptor inhibition combined with other  
targeted drugs 

Cyclin-dependent kinase 4 (CDK4) and CDK6 play a crucial role in 
the G1-S phase transition of the cell cycle. Inhibitors of CDK4/6 have 
been successfully used to treat hormone receptor-positive, 
advanced-stage breast cancer [21]. In some breast cancer subtypes, 
elevated expression of cyclin D1 and Rb protein was associated with 
increased sensitivity to CDK4/6 inhibitors such as palbociclib (trade 
name Ibrance). Because AR-positive TNBC has intact Rb protein, a 
target of palbociclib, a phase I/II clinical trial sponsored by Memorial 
Sloan Kettering Cancer Center in collaboration with Pfizer evaluating 
the combination of bicalutamide and palbociclib in women with 
AR-positive TNBC has been launched in November, 2015, pending 
release of trial results. 

PI3K/Akt/mTOR signaling is necessary for cell growth and sur-
vival and has been implicated in breast cancer development. The 
interaction between AR and the PI3K/Akt/mTOR signaling path-
way has been a particular focus of intense research in AR-positive 
TNBC patients as a potential therapeutic target. A multicenter phase 
I/II trial of enzalutamide in combination with taselisib (a PI3K 
inhibitor) sponsored by Vanderbilt-Ingram Cancer Center in collabo-
ration with the NIH is evaluating this combination for the treatment 
of patients with advanced AR-positive TNBC. 

7.1.5 VEGF/VEGFR Signaling Pathway Inhibition

Expression of VEGF is much higher in TNBC compared with non-
TNBC [22]. VEGF exerts its endothelial cell growth-promoting 
action through binding to its cognate receptor, VEGFR, a receptor 
type TK. The angiogenesis inhibitor bevacizumab (Avastin), a mono-
clonal antibody which targets VEGF, has been actively investigated in 
patients with TNBC with encouraging results obtained. When used 
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in combination with first-line chemotherapy, bevacizumab has con-
sistently exhibited improved PFS and response rate in HER2-negative 
breast cancer. A meta-analysis of patients with HER2-negative meta-
static breast cancer (n = 2,447) demonstrated that bevacizumab 
improved efficacy, including 1-year OS rate, both overall and in sub-
groups of poor-prognosis patients [23]. 

7.2 Targeting Epigenetic Modifications in TNBC 
As discussed in Chapter 4, epigenetics is the dynamic regulation of 
gene expression without changes in primary nucleotide sequences. 
This involves a variety of regulatory mechanisms including modifica-
tions on DNA and histones and those mediated by non-coding 
RNAs. Such mechanisms play an important role in TNBC and agents 
targeting epigenetic modifications are being evaluated in TNBC. 

7.2.1 DNMT Inhibition 

DNA methyltransferases (DNMTs) are the enzymes responsible for 
the methylation of the promoters of genes involved in diverse cellular 
functions. DNMT1 is involved in aberrant methylation, and thus 
inactivation, of a variety of genes involved in the pathogenesis of 
TNBC, including BRCA1/2. Aberrant methylation of the BRCA1 
promoter is found in 11–14% of all sporadic breast cancers [24, 25]. 
Given that BRCA1 inactivation contributes to tumorigenesis by accel-
erating genomic instability, BRCA1 methylation would have to be an 
early event that is clinically significant. It has been demonstrated that 
DNMT1 was elevated in TNBC at the gene expression level [26]. 

DNMT inhibitors (DNMTi’s) are small natural or synthetic mol-
ecules able to reverse DNA hypermethylation through inhibition of 
DNMTs. A growing body of evidence demonstrates that plant-
derived bioactive compounds with anti-cancer properties, including 
green tea polyphenols, soy isoflavones, curcumin, and resveratrol, also 
exert inhibitory effects on DNMTs. DNMTi’s used as therapeutics 
could reactivate tumor-suppressor genes and reprogram cancer cells 
towards growth arrest and apoptosis [27]. 
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Two DNMTi’s that have been approved by the FDA to be used 
in the clinic include 5-azacytidine (Vidaza™) and its deoxy derivative, 
decitabine (Dacogen®, also known as 5-aza-2′-deoxycytidine). These 
DNMTi’s have been used to treat other cancers, such as myeloid 
malignancies [28]. Azacytidine inhibits methylation of replicating 
DNA by stoichiometric binding with DNMT1, resulting in DNA 
hypomethylation. Decitabine functions in a similar manner to azacy-
tidine, although decitabine incorporates into DNA strands only, 
while azacytidine incorporates into both DNA and RNA. This cate-
gory of drugs may facilitate lower doses, thus decreasing the toxicity, 
of the conventional cytotoxic drugs, bring about better responses to 
drugs, reduce recurrence, and result in better cure rates and survival 
in cancer. 

A phase I/II clinical trial (NCT01194908) has been launched to 
investigate whether decitabine has the ability to reactivate ER in 
TNBC patients. The rationale for this study is that ER is actually pre-
sent in some TNBCs but is “silenced” because methyl groups are 
attached to it, rendering it in an inactive state. If ER is reactivated in 
the cancer cells, then these patients can be treated with anti-estrogens 
such as tamoxifen. 

Another phase II clinical trial (NCT03295552) was initiated in 
November 2017 to investigate the effect of decitabine together with 
carboplatin for the treatment of metastatic TNBC. This trial is 
expected to be completed by the end of 2020. 

7.2.2 HDAC Inhibition 

As discussed in Chapter 4, the proper functioning of chromatin relies 
on reversible histone acetylation/deacetylation. In general, acetyla-
tion on histones by histone acetyltransferases (HATs) disrupts the 
compacted structure of chromatin to facilitate gene expression, while 
deacetylation by histone deacetylases (HDACs) inhibits gene expres-
sion. HDACs are involved in tumorigenesis of a variety of cancer 
types including TNBC. Specifically, HDACs exert their tumor-
promoting effects by inhibiting the expression of tumor suppressor 
genes, including DNA repair genes. Two HDACi’s under active 
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investigation are vorinostat and romidepsin. HDAC inhibition by 
vorinostat has been shown to induce a homologous recombination  
deficiency-like gene expression profile in BRCA-wild-type TNBC cell 
lines [29]. Therefore, when combined with genotoxic agents such as 
cisplatin or PARPi’s, HDACi’s caused further reductions in cell viabil-
ity in preclinical models [30]. Furthermore, in vivo data suggest that 
HDACi’s caused TNBC cells to express ER and become sensitive to 
endocrine therapy [31]. Clinical trials with HDACi’s in combination 
with aromatase inhibitors in an effort to block both HDAC and ER 
signaling are underway in TNBC patients [32]. 

Short-term single-agent treatment with vorinostat to newly diag-
nosed breast cancer patients was reported to decrease the expression 
of proliferation-associated genes, such as Ki67. Concurrent therapy of 
metastatic breast carcinomas with vorinostat, paclitaxel, and bevaci-
zumab in a phase I/II Study (NCT00368875) reported a response 
rate of 55%. 

7.3 Targeting Cancer Stem Cells in TNBC 
Cancer stem cells (CSCs), which have tumor-initiating potential and 
are thus called tumor-initiating cells, possess self-renewal capacity and 
unlimited proliferative potential. CSCs are thought to be the major 
source of therapy resistance, metastasis, and recurrence, which are 
responsible for the poor outcomes across a variety of cancer types. 
TNBC cells have been consistently reported to display CSC signatures 
at functional, molecular, and transcriptional levels. In recent decades, 
CSC-targeting strategies have shown therapeutic potential on TNBC 
in multiple preclinical studies, and some of these strategies are cur-
rently being evaluated in clinical trials. 

The first CSCs were discovered in human acute myelogenous 
leukemia (AML), in which a small population characterized by hemat-
opoietic progenitor cell antigen CD34+ and CD38− were highly 
enriched and able to transfer disease [33]. Later on, many solid tumor 
types, including breast cancer, are found to possess a small subpopula-
tion of replenishing stem-like cells that can give rise to the differenti-
ated cells that comprise the bulk tumor. Unlike rapidly dividing cancer 
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cells within the tumor mass, CSCs have a slower cycle and can survive 
the conventional cancer therapies that kill rapidly dividing cells. These 
cells are more resistant than the bulk tumor cells and, therefore, need 
to be more specifically targeted and eliminated in order to achieve 
tumor ablation [34]. This notion is beginning to revolutionize the 
approaches to modern cancer therapy and drug design. 

7.3.1 TNBC Cancer Stem Cell Markers

In 2003, Al-Hajj first identified that the cell fraction with the pheno-
type characterized by positive expression of CD44 (hyaluronic acid 
receptor), negative or low expression of CD24 (a ligand for 
P-selectin), and negative expression of Lineage markers in breast can-
cer patient tissues had breast cancer stem cell (BCSC) characteristics 
[35]. As few as 1,000 CD44+/CD24−/low/Lin− cells (10−50 times 
lower cell number compared with unfractionated cells) can give rise 
to 100% tumor formation in NOD/SCID mice. Further enrichment 
of CD44+/CD24−/low/Lin− cell population by isolating the epithelial-
specific antigen (ESA)-positive subset could further enhance tumori-
genic activity in mice by about 5-fold. In 2007, Ginestier et al. 
discovered that a subpopulation of breast cancer cells with high alde-
hyde dehydrogenase 1 (ALDH1) activity could initiate tumors in vivo 
and in vitro [36]. Since then, the CD44+/CD24−/low phenotype and 
high ALDH activity have become the “gold standard” signature for 
BCSCs. In our laboratory, enrichment by mammosphere formation in 
suspension culture combined with magnetic bead-assisted separation 
of the CD44+/CD24−/low subset could give rise to cancer stem-like 
cells with 100-fold enhanced tumorigenicity compared with unfrac-
tionated cells [37]. 

7.3.2  Similarities Between TNBC and Breast Cancer  
Stem Cells 

The CSC theory provides a unique insight into the aggressive nature 
of TNBC. Histopathological analyses of breast cancer patient tissues 
have revealed that compared with non-TNBC tissues, TNBC tissues 
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exhibit enriched ALDH1 and CD44+/CD24− expression signatures. 
Additionally, TNBC cells have been reported to form mammospheres 
at a higher rate than non-TNBC cells. At the transcriptional level, 
stemness-related transcription factors, such as Sox2 and c-Myc, are 
overexpressed in TNBC and are correlated with poor prognosis [38]. 
Microarray data from the GEO database (https://www.ncbi.nlm.nih.
gov/geo) revealed that the gene signature of TNBC cells was remark-
ably similar to that of mammary stem cells and that the stem cell 
signature was significantly enriched in TNBC cell lines [38]. 

The similarities between TNBC and CSC phenotypes might sim-
ply be a reflection of a higher content of CSCs in TNBC. Alternatively, 
TNBC cells, particularly the basal-like subtype, resemble many fea-
tures of BCSCs, including the CD44high, CD24low, and ALDH1-
positive phenotype. These cells contribute to the malignant behavior 
such as aggressive proliferation, drug resistance, high metastatic 
capacity, and poor OS of TNBC patients [39]. Understanding the 
mechanisms that underlie the self-renewal behavior of CSCs is crucial 
for the discovery and development of anti-cancer agents against 
TNBC. Of particular importance are the signaling pathways including 
Wnt/b-catenin, Notch, Hedgehog, and JAK2/STAT3 pathways 
[40]. These pathways may play a crucial role in the recurrence and 
maintenance of CSCs and thus are important potential targets of 
TNBC. 

Furthermore, evidence indicates that EMT is another similarity 
between TNBC and CSC phenotypes. EMT is a cellular process that 
promotes the conversion of adherent epithelial cells into mesenchymal-
like cells. During tumor progression, EMT is thought to be activated 
and ultimately facilitate tumor cell migration through the basement 
membrane and subsequent invasion into adjacent tissues, followed by 
entry into the systemic circulation [41]. In particular, ectopic overex-
pression of EMT-promoting transcription factors, such as Snail, 
Twist, and Zeb1, promotes the transformation of mammary epithelial 
cells to BCSCs, suggesting that EMT may be a key process for the de 
novo generation of BCSCs [42]. 

EMT can be regulated by various stimuli, including oncogenic 
mutations and complex signaling networks that involve the tumor 
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microenvironment; thus, EMT can serve as a key mechanism for bal-
ancing the cell state in which reprogramming to a CSC state enables 
the adaptation of cells to survive harsh conditions [38]. Interestingly, 
TNBC cells highly express the transcription factors that induce EMT, 
with consequent upregulation of mesenchymal proteins and down-
regulation of epithelial proteins. Thus, the EMT signature, which is 
consistently observed in both CSCs and TNBC cells, provides evi-
dence to support the similarities between the TNBC and CSC 
phenotypes. 

7.3.3 Targeting Self-Renewal Capacity 

Mammary stem cells regulate their self-renewal by multiple signaling 
pathways that are under strict regulation by intrinsic and extrinsic 
mechanisms, thus maintaining homeostasis in healthy tissues. In 
BCSCs, the stem-like properties, including self-renewal, treatment 
resistance and aggressiveness, are coordinated by a network of cellular 
signaling pathways, including the Notch, Hedgehog, Wnt/b-catenin, 
and JAK/STAT3 signaling pathways [43, 44]. Alterations in one or 
more of these pathways have been identified in TNBC CSCs. 
Therefore, targeting these signaling pathways is an attractive strategy 
for TNBC therapy. 

7.3.3.1 JAK/STAT3 signaling inhibition 

In BCSCs, activation of JAK/STAT3 signaling has been implicated as an 
important mechanism for self-renewal regulation. IL6, a classic cytokine 
that activates the JAK/STAT3 signaling pathway, was discovered to 
induce the conversion of non-BCSCs into BCSCs by activating Oct4 
transcription, thereby increasing the self-renewal activity of BCSCs [45]. 
In addition, the binding of vascular endothelial growth factor (VEGF) 
to its receptor 2 (VEGFR2) induces STAT3 phosphorylation and pro-
motes the binding of STAT3 to the Sox2 and c-Myc promoter regions 
for their transcriptional activation in breast cancer cells [46]. Through 
this mechanism, VEGF-mediated STAT3 activation increases the in vivo 
tumorigenic potential, mammosphere-forming efficiency, and ALDH 
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activity of BCSCs. Importantly, STAT3 overexpression was determined 
to be highly related to TNBC initiation, progression, metastasis, and 
chemotherapy resistance. In breast cancer patients, the genomic signa-
ture of TNBC conferring JAK2/STAT3 activation, which is required for 
growth of CD44+/CD24– stem cell-like breast cancer cells, was a predic-
tive tool for poor prognosis [47]. 

There are various strategies for blocking STAT3 signaling. First, 
the ligand-receptor interaction can be blocked by antibodies. Second, 
STAT3 phosphorylation can be inhibited by targeting the activity of 
its upstream kinases, such as JAK, or by interfering with the docking 
of STAT3 to its kinases. Third, the transcriptional activity of STAT3 
can be blocked by preventing its dimerization, nuclear trafficking, and 
binding to DNA. 

Ruxolitinib, an ATP-competitive inhibitor of JAK1/JAK2, is cur-
rently in a phase II trial as a preoperative chemotherapy approach for 
inflammatory TNBC and in a phase I trial as a combinatorial drug for 
metastatic TNBC. 

7.3.3.2 Src kinase inhibition 

Src family kinases (SFKs) are members of the NRTK family that regu-
late signal transduction by interacting with a diverse set of cell surface 
receptors under multiple cellular conditions [48]. SFKs play critical 
roles in cell adhesion, invasion, proliferation, and survival during 
tumor development [49]. SFKs have been implicated in the mainte-
nance of self-renewal capacity and chemo-/radioresistance of BCSCs. 
Src is more highly phosphorylated in mammospheres than in mon-
olayer-cultured breast cancer cells, suggesting that BCSCs exhibit 
higher Src kinase activity. Therefore, targeting SFKs might represent 
a promising strategy to inhibit the CSC properties of TNBC. 

Small-molecule Src inhibitors that have been developed and well-
studied include dasatinib, saracatinib, and bosutinib. Unfortunately, 
several phase II clinical trials with these inhibitors in TNBC did not 
produce clinical benefit [50–52]. Dasatinib is an orally available dual 
tyrosine kinase inhibitor that binds to the ATP-binding site of Src 
kinase. Dasatinib was approved for use in patients with chronic 
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myelogenous leukemia (CML). In breast cancer, dasatinib treatment 
reduced the proliferation of TNBC cell lines in vitro as well as their 
tumorigenic potential in vivo [53]. Moreover, dasatinib treatment 
sensitized TNBC cells to paclitaxel by inducing apoptosis [54]. 
Currently, several studies are being carried out to evaluate dasatinib as 
monotherapy or in combination with chemotherapy in treating 
TNBC [55, 56]. SKI-606 is an ATP-competitive dual inhibitor for 
BCR-ABL and Src kinase. A phase I study of SKI-606 is currently 
recruiting patients with HER2-negative and other breast cancer 
subtypes. 

7.3.3.3 Wnt/b-catenin signaling inhibition 

The activation of Wnt/b-catenin signaling can be initiated by the 
binding of Wnt ligands to their receptors, the frizzled (FZD) family 
proteins, and their coreceptors, low-density lipoprotein receptor-
related proteins (LRPs), resulting in Wnt-FZD-LRP complex forma-
tion. Subsequently, b-catenin is released from the APC complex, 
including the AXIN-GSK3-CK1 complex, which phosphorylates and 
degrades b-catenin. This active form of b-catenin translocates into the 
nucleus to regulate gene transcription by binding with multiple tran-
scription factors, including lymphoid enhancer-binding factor (LEF), 
T cell factor (TCF), and cAMP response element-binding protein 
(CREB)-binding protein (CBP). AXIN-GSK3-CK1 is recruited to 
the Wnt-FZD-LRP complex and then phosphorylates LRPs to stabi-
lize the structure, thus amplifying Wnt/b-catenin signaling [57]. 

The importance of Wnt/b-catenin signaling in BCSCs has been 
validated in various experimental models. A set of genes involved in 
Wnt/b-catenin signaling, including Wnt1, FZD1, TCF4, and LEF1, 
were found to be upregulated in BCSC-enriched mammospheres or 
in the ALDH-high subpopulation relative to that in more differenti-
ated bulk cancer cells [58, 59]. When treated with a small-molecule 
Wnt/b-catenin inhibitor, BCSCs exhibited greater growth inhibition 
than did bulk tumor cells. Moreover, Wnt/b-catenin inhibition sen-
sitized BCSCs to docetaxel by reducing their self-renewal activities. 
Genetic silencing of Wnt1 in breast cancer cells reduced the 
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self-renewal activity and invasive potential of BCSCs, resulting in the 
reduction in tumorigenesis and metastasis in orthotropic xenografts 
in mice. 

The nuclear accumulation of b-catenin, characteristic of Wnt/b-
catenin signaling activation, which is evidently increased in TNBC 
compared with that in non-TNBC, has been shown to promote cell 
migration, colony formation, stem-like features, and chemoresistance 
of TNBC cells and drive TNBC tumorigenesis in mouse cancer mod-
els, suggesting that Wnt/b-catenin signaling is a major driving force 
of TNBC tumorigenesis [60]. Furthermore, upregulation of Wnt 
pathway genes, including CBP, FZDs, and LRPs, was observed in 
TNBC tumor tissues [61, 62]. In addition, Wnt coreceptors, LRPs, 
have also been shown to be upregulated more frequently in TNBC, 
favoring cell proliferation, migration, invasion, and tumor growth. 
Increased LRP6 expression was found in TNBC cell lines and patient 
tissues compared with their non-TNBC counterparts [63, 64]. In 
addition to LRP6, LRP8 may play an important role in TNBC CSCs 
and targeting of LRP8 inhibited BCSCs in TNBC [65]. 

There are several strategies to block Wnt/b-catenin signaling 
based on the location of the targets, including nuclear transcription, 
extracellular ligand secretion, and signaling receptors. A phase I clini-
cal trial of LGK-974, a small-molecule inhibitor of Wnt secretion, is 
currently recruiting patients with multiple solid cancer types, includ-
ing TNBC. 

A Wnt pathway antibody, vantictumab (OMP-18R5), which was 
initially isolated by its ability to bind to FZD7, was later discovered to 
bind to FZD2, FZD5, and FZD8. Vantictumab treatment reduced 
tumorigenesis in multiple types of human tumor xenografts and 
inhibited sphere-forming efficiency [66]. A phase I study of vantic-
tumab in combination with paclitaxel treatment has been completed 
in metastatic breast cancer. 

Protein tyrosine kinase 7 (PTK7) is a novel LRP6-interacting 
protein that physically interacts with LRP6 at its transmembrane 
domain and maintains LRP6 protein stability, thereby enhancing the 
Wnt/b-catenin pathway. A PTK7-targeted antibody-drug conjugate 
(PTK7-ADC) was developed, which was able to deplete 
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tumor-initiating cells and induce tumor regression in TNBC patient 
tissue-derived or TNBC cell line-derived xenografts [67]. Currently, 
a phase I study of PTK7-ADC as a combinatorial agent is recruiting 
patients with metastatic breast cancer and TNBC. The strategies for 
targeting the self-renewal capacity of TNBC are summarized in 
Figure 7-2. 

7.3.4 Targeting Metabolic Reprogramming 

CSCs possess the ability to survive the harsh microenvironment by 
obtaining energy from different sources depending on substrate avail-
ability. Accumulating evidence suggests that the preference of CSCs 

Figure 7-2.  Summary of the strategies to target the self-renewal capacity of TNBC 
cancer stem cells. More details are described in the text. APC, adenomatous polyposis 
coli; AXIN, axis inhibitor; CK1, casein kinase 1; FZD, frizzled; GSK3b, glycogen 
synthase kinase-3b; LEF, lymphoid enhancer-binding factor; LRP, low-density lipo-
protein receptor-related protein; PTK7, protein tyrosine kinase 7; PTK7-ADC, 
PTK7-targeted antibody-drug conjugate; TCF, T cell factor. 
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for glycolysis or oxidative phosphorylation (OXPHOS) is context-
dependent. Secondary pathway, such as fatty acid oxidation (FAO), 
serves as an alternative strategy for fueling CSCs under additional 
energy-demanding conditions [68, 69]. Moreover, metabolites from 
CSCs can affect nearby cell populations, such as T cells and mac-
rophages, to help CSCs escape immune surveillance. 

7.3.4.1 Targeting anaerobic glycolysis 

CSCs take advantage of anaerobic glycolysis over oxidative phospho-
rylation (OXPHOS) even in the presence of O2, which is defined as 
the “Warburg effect”. OXPHOS requires mitochondrial complex 
activation and increases O2 consumption. Bypassing OXPHOS ben-
efits CSCs by enabling rapid ATP synthesis and providing various 
types of metabolic intermediates for biosynthesis. Additionally, anaer-
obic glycolysis reduces the generation of reactive oxygen species 
(ROS) derived from the electron transport chain during OXPHOS. 
Accumulating evidence suggests that a set of glycolytic signatures, 
such as the elevation of glucose uptake, lactate production, and 
higher ATP content, are observed in BCSCs relative to those in bulk 
cancer cells [70, 71]. In addition, 2-deoxyglucose (2-DG), a widely 
used glycolytic inhibitor, can potently inhibit CD44+/CD24− BCSCs 
by impairing mammosphere formation and in vivo tumorigenesis 
[72]. Moreover, glycolysis-mediated metabolites, particularly lactate, 
from BCSCs can affect various cellular compartments and thus alter 
the microenvironment to favor proliferation, migration, and immune 
escape of BCSCs [73, 74]. Furthermore, a high rate of tumor glycoly-
sis limits the availability of glucose for tumor-infiltrating lymphocytes, 
which dampens the effector functions of T cells and impairs their traf-
ficking and cytotoxicity [75, 76]. 

Evidence suggests that compared to non-TNBC cells, TNBC cells 
exhibit a glycolytic signature. Several key glycolytic proteins are pref-
erentially overexpressed or activated in TNBC rather than in non-
TNBC. Hexokinase 2 (HK2) is an enzyme in the first step of glycolysis 
and catalyzes the conversion of glucose to glucose-6-phosphate 
(G6P). It was found that TNBC patient tissues express HK2 at a 
higher level than non-TNBC patient tissues. HK2 expression in 
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TNBC was associated with EGFR expression and required for EGF-
induced lactate production, suggesting the essential role of HK2 in 
glycolysis. The combinatorial inhibition of EGFR and glycolysis suc-
cessfully reduced the in vitro and in vivo tumorigenesis of TNBC cells 
with minimal effect on non-TNBC cells [74]. 

Pyruvate kinase (PK), another key enzyme in glycolysis, catalyzes 
the dephosphorylation of phosphoenolpyruvate to pyruvate, which is 
the last irreversible step of glycolysis. The M1 isoform of PK (PKM1) 
is expressed in most adult tissues, whereas the M2 isoform (PKM2) is 
expressed exclusively during embryonic development. PKM2, par-
ticularly the active tetrameric form, is expressed in various types of 
tumor cells, including TNBC. 

A novel mechanism of PKM2 activation was discovered in TNBC. 
In TNBC patient tissues and cell lines, Snail epigenetically silenced 
fructose-1,6-biphosphatase (FBP1) expression. Snail-mediated loss of 
FBP1 increased the concentration of FBP1, which activated PKM2 
enzymatic activity, resulting in the elevation of glycolytic flux and 
ATP production to maintain TNBC cells even under hypoxia. 
Moreover, PKM2-mediated glycolysis was required for TNBC cells to 
sustain the CD44+/CD24− phenotype and BCSC functions, includ-
ing mammosphere formation and in vivo tumorigenesis [77]. 

Pyruvate dehydrogenase kinase 1 (PDK1) phosphorylates the 
pyruvate dehydrogenase (PDH) E1 subunit and inactivates the PDH 
enzyme complex that converts pyruvate to acetyl-coenzyme A (acetyl-
CoA), thereby inhibiting pyruvate oxidation via the tricarboxylic acid 
(TCA) cycle to generate energy. PDK1 level was higher in CD44+/
CD24− BCSCs than in CD44−/CD24+ counterparts. Additionally, 
PDK1 protein and mRNA levels were elevated in MBA-MB-231 
mammospheres and MDA-MB-231 cell subpopulations with high 
ALDH activity. Genetic silencing of PDK1 has been shown to signifi-
cantly reduce mammosphere formation and in vivo tumorigenesis by 
MDA-MB-231 cells [78]. 

Although the number of glycolysis inhibitors is fairly limited, the 
widely used anti-diabetic drug, metformin, has been proposed as a 
potent anti-cancer drug due to its effects on multiple signaling path-
ways, including AMP-activated protein kinase (AMPK) and the 
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mammalian target of rapamycin complex 1 (mTORC1). Indeed, recent 
experimental results have provided new insights into the mechanisms of 
action of metformin as a regulator of cellular metabolism, including 
decreased energy production and inhibited glucose uptake [79]. 
Moreover, metformin directly binds to HK2 to inhibit its enzymatic 
activity and induces the dissociation of HK2 from mitochondria [80]. 

In TNBC, metformin has been demonstrated to target glucose 
metabolism. Metformin is currently being evaluated in phase III clini-
cal trials in patients with diverse cancer types, including TNBC. More 
details of metformin’s potential usage in TNBC will be discussed 
below under the section of “Repurposing Old Drugs for TNBC” 
(Section 7.4). 

Dichloroacetate (DCA) is an effective inhibitor of PDK1. In can-
cer cells, DCA switches glucose metabolism from aerobic glycolysis to 
OXPHOS. DCA increases OXPHOS and ROS production in mito-
chondria, which limits proliferation and increases apoptosis in cancer 
cells. A phase II study evaluating the use of DCA in metastatic breast 
cancer and lung cancer patients was terminated due to higher than 
expected risk/safety concerns. In addition, AR-12 has been devel-
oped as an orally bioavailable small-molecule inhibitor for PDK1, and 
a phase I study of AR-12 has been completed in patients with 
advanced or recurrent solid tumors, pending release of trial results. 

7.3.4.2 Targeting OXPHOS 

In contrast to the view that cancer cells switch to anaerobic glycolysis 
even in the presence of oxygen, Luo and coworkers recently demon-
strated the importance of OXPHOS in BCSCs [81]. They showed 
that mitochondria in BCSCs do not lose their ability to carry out 
OXPHOS. Instead, under conditions of glycolysis inhibition, BCSCs 
are reprogrammed to use OXPHOS with higher ROS levels and 
become more reliant on antioxidant responses. Conversely, by reduc-
ing ROS levels using ROS scavengers, BCSCs can shift towards a 
more glycolytic phenotype instead of undergoing OXPHOS. 

A possible relationship between OXPHOS and the intrinsic resist-
ance of TNBC cells was revealed. The PI3K and mTOR signaling 
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pathways are highly activated in TNBC cells; however, inhibitors of 
PI3K, mTOR, and mTORC1/2 have had only limited success 
because of resistance. Resistant TNBC cells exhibit stem-like proper-
ties, such as CD44 and ALDH1 positivity and mammosphere forma-
tion. TNBC cells were discovered to activate Notch signaling pathway 
following mTORC1/2 inhibition by increasing the expression of 
Notch1, JAG1, and active Notch1 intracellular domain (NICD). This 
Notch1 signaling activation was dependent on mitochondrial 
OXPHOS via the upregulation of certain mitochondrial transcription 
factors and the ATP synthase complex [82]. 

Emerging evidence shows that BCSCs can acquire a hybrid glyco-
lysis/OXPHOS phenotype in which both glycolysis and OXPHOS 
can be used for energy production and biomolecular synthesis. The 
hybrid glycolysis/OXPHOS phenotype facilitates the metabolic plas-
ticity of BCSCs and may be specifically associated with metastasis and 
therapy resistance [83]. 

Despite the importance of OXPHOS, adequate therapeutic strat-
egies are not currently available. Recently, the therapeutic effect of a 
specific small-molecule inhibitor for mitochondrial electron transport 
chain complex I, IACS-010759, is being investigated in multiple 
types of cancer [84]. A phase I clinical trial is ongoing in patients with 
advanced cancer, including TNBC. ME-344 is another mitochondrial 
complex I inhibitor that is currently being evaluated in a phase I clini-
cal trial in HER2-negative breast cancer patients. The strategies for 
targeting metabolic reprogramming in TNBC are summarized in 
Figure 7-3. 

7.4 Repurposing Old Drugs for TNBC 
7.4.1 Statins 

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase, a key enzyme in the cholesterol synthesis 
pathway. Statins reduce the intracellular biosynthesis of cholesterol by 
reversibly inhibiting the conversion of HMG-CoA to mevalonate 
[85] (Figure 7-4). These lipid-lowering drugs are commonly used to 
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Figure 7-3.  Summary of the strategies to target metabolic reprogramming in 
TNBC cancer stem cells. More details are described in the text. DCA, dichloroace-
tate; ETC, electron transport chain; GLUT, glucose transporter; LDHA, lactate 
dehydrogenase A; OXPHOS, oxidative phosphorylation; PKM2, pyruvate kinase M2; 
TCA, tricarboxylic acid. 

treat hypercholesterolemia, thereby reducing the mortality from car-
diovascular disease. Of great interest is the likelihood of developing 
cancer among the cardiovascular disease patients who use statins com-
pared to those who do not. A meta-analysis by Group Health 
Research Institute at Seattle revealed that among all the medications 
prescribed to patients with cardiovascular disease, statins are the only 
class of that consistently reduce the risk of second breast cancer events 
[86]. This observation provides scientific support for repurposing 
statins for common types of cancer, including breast cancer. 

Recently, statins have indeed shown pleiotropic anti-cancer effects 
in a variety of cancers [87]. Preclinical studies have demonstrated 
anti-proliferative, pro-apoptotic, anti-invasive, and radio- and 
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Figure 7-4.  Inhibition of the cholesterol biosynthetic pathway by statins. Statins 
inhibit the enzyme activity of HMG-CoA reductase, which leads to ultimate reduction 
of the cholesterol level, through stepwise inhibition of the intermediates required for 
the biosynthesis of cholesterol. HMG-CoA: 3-hydroxy-3-methyl-glutaryl coenzyme A. 

chemo-sensitizing properties of statins. Given that statins are FDA-
approved, well tolerated, and affordable, they provide the opportuni-
ties for accelerated repurposing as cancer therapeutic agents.

7.4.1.1  Preclinical evidence for the selective action of lipophilic  
statins in TNBC 

Statin sensitivity of TNBC has been associated with NFκB activation 
[88], lack of ERa expression [88, 89], mutation of TP53 [90], and 
the activity of PTEN-PI3K pathway [91]. Campbell et al. studied the 
effect of statins on the growth of breast cancer cells in vitro. Only 
lipophilic statins (fluvastatin, lovastatin, and simvastatin), but not a 
hydrophilic statin (pravastatin) significantly inhibited the proliferation 
of TNBC MDA-MB-231 cells with an IC50 less than 2 μM. However, 
the IC50 was much higher in the HER2-positive SKBr3 cells (26–49 μM) 
and the ER-positive MCF-7 cells (85–138 μM) [88]. Sensitivity to 
fluvastatin, one of the lipophilic statins, was further characterized in a 
panel of 19 breast cancer cell lines of various molecular subtypes and 
it was found that fluvastatin sensitivity was strongly associated with 
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Table 7-1.  Sensitivity of TNBC vs. non-TNBC cell lines to lovastatin.

Subtype Cell line

IC50 (μM, 95% CI)

Normoxia Hypoxia

TNBC MDA-MB-231 4.7 (3.9 to 5.6) 2.5 (2.1 to 2.9)

MDA-MB-468 12.6 (11.3 to 14.1) 5.5 (4.9 to 6.1)

BT-549 17.2 (15.8 to 18.8) 13.4 (12.6 to 14.3)

MX-1 1.98 (1.7 to 2.4) 7.5 (5.3 to 10.6)

Non-TNBC MCF-7 >30 (N/A) 83.8 (48.9 to 143.8)

T47D >30 (N/A) 62.1 (28.2 to 136.8)

MDA-MB-453 N/A (N/A) >30 (N/A)

Ref: Oncotarget 2017; 8(1):1913–1924. 

the ERa-negative status and the basal-like phenotype [92]. Xenografts 
of ERa-negative tumor cells have also been shown to respond to 
treatment with lipophilic statins [88, 90]. 

We extended this observation to TNBC vs. non-TNBC cell lines 
and confirmed that lovastatin preferentially inhibited cell prolifera-
tion of TNBC cells compared with non-TNBC cells (Table 7-1). A 
nude mouse model of orthotopic tumor growth also showed that 
lovastatin, at its clinically relevant concentration (2 or 10 mg/kg 
body weight), inhibited the in vivo tumor growth of TNBC 
MDA-MB-231 cells. An unappreciated molecular mechanism under-
lying lovastatin’s selective effect on TNBC cells may involve induc-
tion of stress responses, such as nucleolar stress, through interaction 
with molecular target(s) distinct from its well-known lipid-lowering 
target. It is possible that while lipophilic statins use HMG-CoA 
reductase to mediate its lipid-lowering effect, they target another 
group of proteins, mostly likely nuclear receptors, for their nucleolar 
stress-inducing effect in TNBC. 

7.4.1.2  Clinical evidence supporting the use of statins as  
anti-TNBC agents 

Consensus regarding the clinical effects of statins on breast cancer has 
not been reached, which has resulted in inconsistency in the relation-
ship between statin use and the occurrence and outcome of breast 

b3931_Ch-07.indd   183 14-10-2020   9.44.01 AM

 



b3931  Triple-Negative Breast Cancer  9x6

184 Triple-Negative Breast Cancer

cancer. A systematic review and meta-analysis was jointly performed 
by Shengjing Hospital of China Medical University and Mayo Clinic 
and found that although statin use may not influence the risk of breast 
cancer, it was associated with a decrease in mortality of breast cancer 
patients [93]. Two further meta-analyses confirmed the overall role of 
statins, particularly lipophilic statins, in reducing breast cancer mor-
tality [94, 95]. In order to ascertain whether statins benefit TNBC 
patients, we conducted a systematic review of the published literature 
regarding statin use and the outcomes of patients with TNBC or hor-
mone receptor-negative breast cancer. We found that lipophilic statins 
have the potential of improving the survival of patients with TNBC 
or ER-negative breast cancer and, therefore, may be used as agents for 
the treatment of these breast cancer subtypes. Since the number of 
TNBC patients using statins is small (869 cases), larger-scale clinical 
investigations on the use of lipophilic statins and TNBC are 
warranted. 

7.4.1.3 Factors affecting statins’ use as anti-TNBC agents 

Although statins have the potential of being repurposed for the treat-
ment of TNBC, several factors affect their effects on TNBC. First, the 
lipophilicity of statins affects their potency in cancer treatment. Only 
lipophilic statins are able to permeate the cell membrane and affect 
cellular functions. This has been demonstrated in the study by Mueck 
et al. in which all lipophilic statins, i.e., lovastatin, atorvastatin, fluv-
astatin, and simvastatin, but not a hydrophilic statin, i.e., pravastatin, 
significantly inhibited the cell proliferation of breast cancer cell lines 
[89]. A meta-analysis by Liu et al. showed that lipophilic statins (but 
not hydrophilic ones) were associated with decreased cancer-specific 
and all-cause mortality in TNBC patients [95]. We confirmed this 
observation by showing that all lipophilic statins similarly induced 
nucleolar stress in TNBC CSCs [unpublished data]. Second, the 
duration of statin use impacts the outcome of patients with TNBC. 
The same group reported that while less than 4 years of statin use had 
a protective effect against cancer-specific and all-cause mortality in 
TNBC, whereas greater than 4 years of statin use did not show a 
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beneficial effect [95]. Thirdly, the timing of statin use is another cru-
cial determinant of its effect. Although there is no systematic study or 
meta-analysis on the relationship between the timing of statin use and 
the outcome of TNBC, it seems that the use of lipophilic statins may 
have a beneficial treatment effect; in contrast, they have an inconsist-
ent or inconclusive effect on prevention of breast cancer. 

7.4.2 Metformin 

AMP-activated protein kinase (AMPK), a crucial metabolic sensor 
that regulates energy homeostasis at the cellular and whole-body 
level, is an important link between metabolism and intracellular sign-
aling networks. The liver kinase B1 (LKB1), a major upstream kinase 
of AMPK, was found to be a tumor suppressor that connects AMPK 
signaling to carcinogenesis [96]. It has been shown that expression of 
AMPK is correlated with TNM staging, distant metastasis, and Ki67 
status in TNBC [97]. Further studies revealed that AMPK phospho-
rylation was related with higher histological grade and axillary node 
metastasis [98]. These results demonstrate that AMPK function is 
compromised in TNBC and that reactivation of AMPK might have 
the potential to treat TNBC. 

Metformin, an AMPK activator, is a first-line drug used for the 
treatment of type 2 diabetes mellitus (T2DM). A large body of evi-
dence supports the positive correlation between T2DM and enhanced 
breast cancer risk [99]. Therefore, patients with T2DM have reduced 
risk of cancer when treated with metformin. Metformin also improves 
the prognosis of several types of cancers, including breast cancer 
[100]. Metformin is found to selectively target BCSCs and prolongs 
remission when combined with chemotherapeutic agent, doxoru-
bicin, in a xenograft tumor mouse model [101]. Interestingly, TNBC 
cells are more sensitive to metformin than non-TNBC cells in terms 
of apoptosis induction [102]. Similar to mifepristone (discussed 
below), scientists at Kunming Institute of Zoology, Chinese Academy 
of Sciences found that metformin inhibits TNBC stem cells through 
targeting KLF5 for degradation [103]. The mechanisms by which 
metformin inhibits TNBC by targeting AMPK include: 1) inhibition 
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of Akt/mTOR signaling; 2) inhibition of the expression of EGFR and 
cyclin D1/E; 3) repression of the phosphorylation of MAPK, Src, and 
STAT3; and 4) targeting KLF5 for degradation. 

Recently, scientists at University of Chicago found that metformin 
has the ability to inhibit the electron transport chain (ETC) in TNBC. 
Further, they found BTB and CNC homology 1 (BACH1) to be a 
regulator of mitochondrial metabolism and a determinant of TNBC 
response to metformin. Combined inhibition of BACH1 by hemin 
and ETC by metformin exhibited greatly enhanced effects in cell line 
models and PDX models of TNBC [104]. These studies highlight the 
importance of repurposing metformin for TNBC. However, it should 
be kept in mind that a high concentration of metformin is required 
for its inhibitory effect (in the mM range). This high concentration 
might be achievable in the gut but not in other organs like the breast 
[105, 106]. This makes metformin a less likely candidate for practical 
clinical application at the current stage. Therefore, other AMPK acti-
vators such as AICAR and fluoxetine [107] are worth exploring as 
anti-TNBC agents. 

7.4.3 Mifepristone and Derivatives 

Mifepristone, one of the essential drugs that are widely used for 
abortion and emergency contraception, suppresses the tumor growth 
of TNBC cells and PDXs. The suppressive effect was found to be due 
to inhibition of Krüppel-like factor 5 (KLF5), a transcription factor 
associated with CSC properties [108]. KLF5 is frequently overex-
pressed in TNBC and is an unfavorable prognostic marker associated 
with decreased survival of breast cancer patients. Although mifepris-
tone displays in vivo anti-tumor efficacy in animal models, its rela-
tively modest potency has limited its further clinical application for 
TNBC. One major reason for this may be that mifepristone 
undergoes rapid metabolism resulting in significant loss of its anti-
proliferative activity. To solve this issue, Lin et al. designed a focused 
compound library by altering the sensitive metabolic region of mife-
pristone and identified a novel mifepristone analog compound 
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(FZU-00004) with a satisfactory anti-cancer profile against TNBC 
[109]. This novel compound may serve as a promising starting point 
for developing mifepristone scaffold-based clinical drug candidates 
for TNBC. 

7.5 Summary 
Considering the unfavorable prognosis and aggressive nature of 
TNBC, many different therapeutic targets are being investigated in 
preclinical and clinical studies, which are summarized in Figure 7-5. 
Although the results of many new trials are encouraging, they should 
be interpreted with caution. Most of the current larger scale clinical 
evidence, if any, is based on small phase I or phase II trials. Therefore, 
more larger-scale trials are needed to make definite conclusions favor-
ing clinical decisions on TNBC treatment.   

We need to keep in mind that TNBC is a heterogeneous disease, 
which has limited the clinical benefit of many therapeutic trials in unse-
lected TNBC patients. For example, the benefit of PARPi’s, which are 
the only class of targeted therapies recommended to treat recurrent or 
metastatic TNBC, is limited to patients with the BRCA-mutated phe-
notype [110]. More recently, the exciting finding of the improvement 
of survival of TNBC patients from PDL1/PD1-targeted immuno-
therapy benefited a significant portion of TNBC patients [111, 112]. 
However, not all TNBC patients benefit from immune checkpoint-
based immunotherapy. Therefore, selection of patient groups that are 
more likely to respond to the individual targeted therapy will help 
improve the clinical benefit of novel therapeutic modalities.

Furthermore, given the initial promising results of targeted thera-
pies, drug resistance develops following the use of many targeted 
monotherapies due to the upregulation of compensatory signaling 
pathways. Combinational use of multiple targeted therapies might 
circumvent this issue. Therefore, future molecular targeted therapies 
should aim at eliminating drug resistance and selection of the group 
of patients that might be more likely to benefit from these novel 
therapeutic options. 
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Figure 7-5.  Summary of the potential agents under development for the treatment 
of TNBC. More details are described in the text above. Agents that target the CSC-
related pathways are shown in Figure 7-2 and Figure 7-3. AMPK, AMP-activated 
protein kinase; AR, androgen receptor; DNMT, DNA methyltransferase; EGFR, epi-
dermal growth factor receptor; HDAC, histone deacetylase; HMG-CoA, 3-hydroxy-
3-methylglutaryl-coenzyme A; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase; KLF5, Krüppel-like factor 5; MAPK, mitogen-activated protein kinase; 
mTOR, mammalian target of rapamycin; VEGF, vascular endothelial growth factor. 
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Triple-negative breast cancer (TNBC) generally has a poor prognosis, 
with high rates of systemic recurrence and refractoriness to conven-
tional therapy regardless of the choice of adjuvant treatment. 
Conventional chemotherapy remains the primary treatment option 
for patients with early and advanced-stage TNBC [1], with anthracy-
cline and taxane-based chemotherapy being the mainstay of the 
therapy. Nevertheless, despite comprehensive and aggressive manage-
ment, over 50% of TNBC patients (stages I–III) recur, and more than 
37% of those patients succumb within 5 years. Immunotherapy is 
being actively explored in TNBC and clinical trials are showing 
encouraging results. This chapter will discuss about the advancement 
in immunotherapy against TNBC focusing on inhibition of several 
eminent immune checkpoint molecules, which has yielded promising 
results in both early and advanced-stage TNBC patients. 

8.1 Cancer Immunotherapy 
The genetic and epigenetic alterations that are characteristic of all can-
cers provide a diverse set of antigens that the immune system can use to 
distinguish tumor cells from their normal counterparts [2]. The evasion 
of immune activation is recognized as a hallmark of cancer and can 
involve down-regulation of tumor-specific antigens and the major histo-
compatibility complex (MHC) on the surface of tumor cells [3], chronic 
activation of humoral immunity, infiltration by cytotoxic T lymphocytes 
(CTLs) and other inflammatory cells, etc. Together, these mechanisms 
act in concert to modulate anti-tumor responses and impose an enor-
mous impact on tumor development and progression. 
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The immune system not only plays a role in tumor initiation and 
progression, but also participates in recognition and destruction of 
cancer cells. The anti-tumor immune response dampens tumor devel-
opment through tumor-directed immune responses. T cells have been 
the major focus of therapeutic efforts to manipulate endogenous anti-
tumor immunity. Two subtypes of T cells are involved in anti-tumor 
immunity: the CD8+ effector T cells (i.e., CTLs), which recognize 
and kill antigen-expressing cells; and the CD4+ helper T cells, which 
orchestrate diverse immune responses [4]. In the case of CTLs, the 
generation and maintenance of immune responses are controlled by 
both co-stimulatory and co-inhibitory signaling in addition to anti-
gen recognition by the T cell receptor (TCR) [5]. 

It should be noted that CTL-mediated cellular immunity plays a 
major role in anti-tumor immune response, and the ultimate ampli-
tude and quality of the immune response is regulated by a balance 
between co-stimulatory and inhibitory signals (i.e., immune check-
points) on CTLs [6]. Both agonists of co-stimulatory receptors and 
antagonists of inhibitory signals result in the amplification of antigen-
specific T cell responses, and are the primary agents in clinical devel-
opment [7]. However, more efforts are currently being placed on 
antagonism of the inhibitory signals, which is among the most promis-
ing approaches to activating therapeutic anti-tumor immunity. 

8.2  Immune Checkpoints as an Important Target 
of Anti-cancer Therapy 

Immune checkpoints refer to a plethora of inhibitory mechanisms 
hardwired into the immune system that are crucial for maintaining 
the self-tolerance and modulating the level and duration of immune 
responses. It is now clear that tumors co-opt certain immune check-
point pathways as a major mechanism of immune resistance, particu-
larly against T cell-mediated immunity [7]. Tumor cells display 
dysregulated expression of immune checkpoint proteins as an impor-
tant mechanism of immune escape. 

Many of the immune checkpoints are initiated by ligand-receptor 
interactions (Figure 8-1). Therefore, they can be readily blocked by 
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Figure 8-1.  Schematic diagram of immune checkpoint blockade. MHC generally 
presents antigen on the surface of the cancer cells for recognition by CD8+ cytotoxic 
T lymphocyte (CTL) via the TCR. The binding of PD1 on the surface of the CTL 
with its ligand PDL1 functions to suppress signals downstream of TCR activation, 
leading to apoptosis of the CTL. CTLA4 is homologous to the T cell co-stimulatory 
protein CD28, both of which bind to CD80 and CD86 on the surface of cancer cell 
but with different affinity. Overall, CTLA4 has a much higher affinity than CD28 to 
CD80/CD86. Antibodies (anti-CTLA4, anti-PD1, anti-PDL1) inhibit these check-
point-targeting proteins to restore the activity of CTLs and kill cancer cells.

antibodies against the ligands or receptors [7]. Current research is 
mainly focused on two pairs of inhibitory signals, i.e., the cytotoxic T 
lymphocyte-associated antigen 4 (CTLA4)/CD80 and PD1/PDL1 
receptor/ligand pair [8]. Notably, these immune checkpoint mole-
cules are capable of suppressing T cell responses and are proven to be 
effective targets in cancer treatment. Blockade of immune check-
points can reinvigorate dysfunctional/exhausted T cells by restoring 
immunity to eliminate cancer cells [9]. A number of studies have 
demonstrated the clinical efficacy of immunotherapy against various 
types of cancer such as melanomas, leukemia, prostate cancer and 
lymphomas. The immune checkpoint blocking antibodies have 
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Figure 8-2.  James P. Allison (left) and Tasuku Honjo (right). The Nobel Prize in 
Physiology or Medicine 2018 was awarded to these two scientists (pictured) for their 
seminal work on cancer immunotherapy targeting the immune checkpoints. 

moved immunotherapy into a new era by targeting the PD1/PDL1 
and CTLA4/B7 pathways [10]. 

In 2018, James P. Allison at the University of Texas MD Anderson 
Cancer Center and Tasuku Honjo at Kyoto University (pictured) 
jointly won the Nobel Prize in Physiology or Medicine for their semi-
nal work on CTLA4 and PD1 and designing the strategies for activat-
ing the immune system in cancer therapy (Figure 8-2). 

8.3 Promise of Immunotherapy in TNBC 
While TNBC lacks any of the targets for existing agents, and because 
of its molecular heterogeneity, patients with TNBC respond very dif-
ferent to conventional treatments. Notably, breast cancers of this 
subtype are found to be immunogenic, and this renders them good 
candidates for immunotherapy. In recent years, exploiting intrinsic 
mechanisms of the host immune system to eradicate cancer cells has 
achieved impressive success, and the advances in immunotherapy have 
yielded potential new therapeutic strategies for the treatment of this 
devastating subtype of breast cancer. It is anticipated that the 
responses initiated by immunotherapeutic interventions will explicitly 
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target and annihilate tumor cells, while at the same time sparing nor-
mal cells [11]. 

The increasing knowledge of cellular immunology and tumor-
host immune interactions has led to exciting developments of new 
immunotherapeutic approaches, including the blockade of immune 
checkpoints, induction of activation of CTLs [12], adoptive cell trans-
fer (ACT)-based therapy [13], tumor vaccination [14], and modula-
tion of the tumor microenvironment to facilitate CTL activity [2]. 

For TNBC which has not seen substantial advances in clinical 
management in recent decades, immunotherapy offers the opportu-
nity for durable response. Unlike other cancer types that respond well 
to immunotherapy such as lung cancer, melanoma, and bladder can-
cer, most breast cancers are not inherently immunogenic and typically 
have a low level of T cell infiltration. However, among the breast 
cancer subtypes, TNBC has greater tumor immune infiltrate, charac-
terized by higher amount of tumor-infiltrating lymphocytes (TILs), a 
predictive marker for response to immunotherapy and more favorable 
survival outcomes [3, 15]. Indeed, increased TILs at diagnosis have 
been significantly associated with pathologic complete responses 
(pCR) in breast cancer [16]. Interestingly, the improved overall sur-
vival (OS) related to increased TILs is only seen in TNBC and HER2-
positive breast cancer. Therefore, manipulation of the immune system 
represents an attractive strategy for the treatment of TNBC. 

In considering immune checkpoint-based immunotherapy, how-
ever, identification of the patient groups who would benefit from 
immunotherapy is a major challenge. Particularly, important consid-
eration should be given to the different subtypes of TNBC (as dis-
cussed in Chapter 2), with immunomodulatory (IM) and basal-like 
(BL) subtypes possessing elevated infiltration of immune cells, and 
hence, more likely to be responsive to immunotherapy [17]. BL 
TNBC is known to have high frequency of BRCA1/2 mutations and 
be genetically unstable, which is another predictor of immunotherapy 
response [18, 19]. 

Using four publicly available TNBC genomics datasets, He et al. 
classified TNBC into three classes, namely, Immunity_H, Immunity_M, 
and Immunity_L [20]. Immunity_H was characterized by greater 
immune cell infiltration and anti-tumor immune activities, and 
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importantly, better survival prognosis compared to other subtypes. Some 
cancer-associated pathways were hyperactivated in Immunity_H, includ-
ing apoptosis, calcium signaling, MAPK signaling, PI3K/Akt signaling, 
and Ras signaling. In contrast, Immunity_L presented low or depressed 
immune signatures and increased activation of cell cycle, Hippo signal-
ing, DNA replication and repair, cell adhesion molecule binding, etc. 

Recently, TNBC was further classified according to the landscape 
of tumor microenvironment by scientists at Fudan University 
Shanghai Cancer Center (FUSCC) using the original multi-omics 
dataset of TNBC [21]. In a similar way as described above, the TNBC 
microenvironment phenotypes in this study were classified into three 
heterogeneous clusters: the “immune-desert”, the “innate immune-
inactivated”, and the “immune-inflamed” cluster. The “immune-
desert” cluster was characterized by low microenvironment cell 
infiltration, which was correlated with Myc amplification. The “innate 
immune-inactivated” cluster was characterized by infiltration of rest-
ing innate immune cells and non-immune stromal cells. In this clus-
ter, chemotaxis but inactivation of innate immunity and low tumor 
antigen burden might contribute to immune escape, and mutations 
in the PI3K/Akt pathway might be correlated with this effect. The 
“immune-inflamed” cluster, with abundant adaptive and innate 
immune cell infiltration, featured high expression of immune check-
point molecules. Therefore, stratification of TNBC based on quanti-
tative TIL evaluation, which distinguishes between immune “hot” 
(high-TIL) and “cold” (low-TIL) tumors, appears to correlate with 
response to immune checkpoint inhibition and has great clinical 
implications. Immune checkpoint inhibitors might be effective for the 
immune “hot” tumors, i.e., the “immune-inflamed” tumors. 
Transformation of immune “cold” tumors into immune “hot” 
tumors should be considered for “immune-desert” and “innate 
immune-inactivated” clusters in order to ensure the efficiency of 
immunotherapy for TNBC. 

8.4 Targeting the PD1/PDL1 Pathway in TNBC 
Programmed cell death-1 (PD1, also known as CD279), is emerg-
ing as a promising target of cancer immunotherapy [22]. The 
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major role of PD1 is to limit the activity of T cells in peripheral 
tissues at the time of an inflammatory response to infection and to 
limit autoimmunity [23]. This translates into a predominant 
immune resistance mechanism within the tumor microenviron-
ment. PD1 is expressed on the surface of T lymphocytes, which is 
induced when T cells become activated. The binding of PD1 on  
T cells by programmed death-ligand 1 (PDL1, also known as 
B7-H1 or CD274) usually found on cancer cells functions to sup-
press signals downstream of TCR activation (inducing apoptosis of 
T cells) [24, 25]. Immunotherapy has shown a great promise in 
recent studies of breast cancer, and several clinical investigations 
have suggested that immunotherapeutic approaches have great 
potential in improving clinical outcomes for patients with this neo-
plasm [26]. Expression of PD1/PDL1 is associated with higher 
histologic grades, larger tumor sizes, and triple-negative status, all 
of which are independent indicators of poor prognosis in breast 
cancer [27–29]. 

With a lower side effect profile compared with the anti-CTLA4 
strategy, agents targeting PD1 or PDL1 have become a focus of mov-
ing immune checkpoint blockade into many tumor types including 
TNBC. Antibodies against PD1/PDL1 have been approved for the 
treatment of melanoma, non-small cell lung cancer, Hodgkin’s lym-
phoma, bladder cancer, gastroesophageal cancer, cervical cancer, etc. 
These include two antibodies against PD1, i.e., pembrolizumab 
(Keytruda, a humanized monoclonal antibody) and nivolumab 
(Opdivo, a humanized monoclonal antibody), and three antibodies 
against PDL1, i.e., atezolizumab (Tecentriq, a humanized monoclo-
nal antibody), avelumab (Bavencio, a humanized monoclonal anti-
body), and durvalumab (Imfinzi, a humanized monoclonal antibody) 
(Table 8-1). 

Particular interest in the clinical management of TNBC would be 
the combination of immunotherapy with radiotherapy or chemo-
therapy. Theoretically and practically, these combinations should 
increase mutational load of tumors, optimize the microenvironment, 
thus priming the tumor for immunotherapy and improving progression-
free survival. 
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8.4.1 Humanized Anti-PD1 Antibodies 

8.4.1.1 Pembrolizumab 

Receiving initial FDA approval for unresectable or metastatic mela-
noma in 2014, pembrolizumab is one of the best studied immune 
checkpoint inhibitory agents [30]. In 2016, the KEYNOTE-012 
trial, Phase Ib study reported the efficacy with acceptable safety pro-
file when pembrolizumab was given to patients with heavily pre-
treated, advanced TNBC [26]. Among the 27 patients evaluated, the 
overall response rate was 18.5%, with median response time of 17.9 
weeks. Further clinical trials were being carried out on metastatic 
TNBC patients. 

Recently, the combination of immunotherapy and chemotherapy 
had yielded satisfactory results in lung cancer patients [31, 32]. The 
combined immunotherapy was also being investigated in breast can-
cer. In locally advanced breast cancer, the addition of pembrolizumab 
to standard neoadjuvant chemotherapy (paclitaxel followed by doxo-
rubicin and cyclophosphamide) increased the rate of pCR approxi-
mately three-fold (60% vs. 20%) [33]. A study presented at American 

Table 8-1.  Summary of immune checkpoint targeting antibodies.

Antibody
Trade 
name Target Category

Approval 
time Cancer types

Pembrolizumab Keytruda PD1 IgG4 Sep 05, 2014 Unresectable or metastatic 
melanoma

Nivolumab Opdivo PD1 IgG4 Jun 22, 2015 Metastatic non-small cell 
lung cancer

Atezolizumab Tecentriq PDL1 IgG1 May 18, 2016 Locally advanced or 
metastatic urothelial 
carcinoma

Avelumab Bavencio PDL1 IgG1 Mar 23, 2017 Metastatic Merkel cell 
carcinoma

Durvalumab Imfinzi PDL1 IgG1 May 1, 2017 Locally advanced or 
metastatic urothelial 
carcinoma

Ipilimumab Yervoy CTLA4 IgG1 Mar 25, 2011 Advanced melanoma

Tremelimumab \ CTLA4 IgG2 Apr 15, 2015 Malignant mesothelioma
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Society of Clinical Oncology (ASCO) in 2017 reported an objective 
response rate of 100% with the combination of pembrolizumab and 
carboplatin vs. 80% in another group (nab-paclitaxel plus pembroli-
zumab) for BRCA1-mutated breast cancer [18]. 

The combination of immunotherapy and PARP inhibitors also pro-
duced exciting results. The TOPACIO (KEYNOTE-162) clinical trial 
(NCT02657889) examined the combination of pembrolizumab with 
niraparib in patients with metastatic TNBC or ovarian cancer. Epacadostat 
(INCB24360), an oral hydroxyamidine, is an inhibitor of indoleam-
ine-2, 3-dioxygenase 1 (IDO1), which is a tryptophan catabolizing 
enzyme that induces immune tolerance through T-cell suppression. By 
inhibiting IDO1 and decreasing kynurenine levels in tumor cells, epaca-
dostat increases and restores the proliferation of immune cells including 
dendritic cells, NK cells, and T lymphocytes, and decreases Treg cells 
[34]. The combination of epacadostat with pembrolizumab is currently 
being tested in a phase I/II study in selected types of cancers including 
TNBC (KEYNOTE-037/ECHO-202, NCT02178722). Other phase I 
clinical trials are investigating the combinations of pembrolizumab with 
kinase inhibitors such as itacitinib, ruxolitinib, binimetinib, or dinaciclib. 
These studies will determine whether combining targeted therapies with 
immune-modulatory approaches to annihilate cancer cells is an effective 
strategy to treat TNBC. 

A similar strategy of the combinational use of pembrolizumab 
with PARP inhibitors yielded an objective response rate of 45% com-
pared to 16.7% in single-agent PARP inhibitor group [35]. 
Additionally, a clinical trial (NCT03184558) was initiated by 
BerGenBio ASA to investigate the objective response rate of combi-
nation of bemcentinib (BGB324) with pembrolizumab. In this trail, 
bemcentinib capsules were administered at 400 mg on days 1–3, and 
200 mg thereafter, and pembrolizumab was administered at a dose of 
200 mg every 3 weeks. Although the study has been completed at 
August 30, 2018, the results have not been released yet. 

8.4.1.2 Nivolumab 

Nivolumab is another humanized anti-PD1 monoclonal antibody. 
Due to its significant clinical efficacy against several types of 
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malignancies, nivolumab has become one of the most eye-catching 
checkpoint inhibitors. A clinical trial (NCT02834247) investigated 
TAK-659, a selective inhibitor of the Syk tyrosine kinase, in combina-
tion with nivolumab in patients with metastatic TNBC. The maxi-
mum tolerated dose and the overall response rate were determined 
after the patients received TAK-659 at 60 mg/day in combination 
with nivolumab at 3 mg/kg. This study has been finished on 
November 30, 2018, pending release of the research findings. The 
TONIC trial is a currently ongoing phase II trial for patients with 
metastatic TNBC who received ≤3 lines of palliative chemotherapy, 
and has progressed on the last line of treatment. This is the first trial 
that has shown promising results using Nivolumab after giving either 
radiation or chemotherapy. This study is estimated to be completed in 
August, 2022 [36]. 

8.4.2 Humanized Anti-PDL1 Antibodies 

8.4.2.1 Atezolizumab 

Initial phase I findings of atezolizumab, the anti-PDL1 antibody, in 
metastatic TNBC were recently reported. Of the 9 patients with 
advanced TNBC evaluated for efficacy, the overall response rate was 
33% [37]. Importantly, the PDL1 expression level is predictive of the 
clinical response: 44.4% in TNBC patients with PDL1-positive 
immune cells vs. 2.6% in those without PDL1-positive cells. 

Recently, a phase III clinical trial evaluating the effects of atezoli-
zumab in combination with nanoparticle albumin-bound (nab)-pacli-
taxel as first-line treatment in TNBC patients yielded exciting results. 
Among patients with PDL1-positive tumors, atezolizumab plus nab-
paclitaxel significantly prolonged the median OS compared with pla-
cebo plus nab-paclitaxel (25.0 vs. 15.5 months) [38]. It should be 
noted that the benefit is likely to be observed in patients with PDL1-
expressing tumors, which account for only a proportion of all TNBC 
cases. Also, there is a report showing that the glycosylation status of 
PDL1 has a major impact on the effect of anti-PDL1 immune therapy 
[39]. Therefore, the selection of TNBC patients that are likely to ben-
efit from immune checkpoint inhibition for optimal outcome would be 
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of great importance. Nonetheless, these findings are expected to lead 
to new treatment options for patients with TNBC. 

8.4.2.2 Avelumab 

The JAVELIN phase I study investigated the anti-PDL1 antibody, 
avelumab, in several types of tumors including 168 breast cancer 
patients who were not selected for PDL1 expression. The response 
rate in the whole breast cancer cohort was 4.8%; however, in the 
TNBC cohort, when patients were selected based on PDL1 expres-
sion using cutoff for positivity of ≥10%, the response attained an 
impressive rate of 44.4%. Two other phase I studies also reported 
encouraging response rates with checkpoint inhibitors for TNBC 
patients who were selected for PDL1 positivity [40]. 

A larger-scale phase Ib study involving 168 patients with 57 being 
TNBC, who previously received taxane and anthracycline-based thera-
pies, was used to evaluate the efficiency of avelumab. Across the entire 
cohort, the objective response rate was 5.4% [41]. Recently, avelumab as 
adjuvant treatment for TNBC was investigated in a phase III randomized trial 
(NCT02926196), which enrolled 335 patients in. The primary endpoint 
of this trial is to determine whether adjuvant avelumab (10 mg/kg IV 
every 2 weeks for 1 year) improves disease-free survival (DFS). The sec-
ondary outcomes include OR and safety profile. This study is currently 
recruiting patients and would be completed in June, 2023. 

8.4.2.3 Durvalumab 

Several trials were also being performed with durvalumab for patients 
with metastatic TNBC in combination therapy [42]. A randomized 
phase II study showed that the addition of durvalumab to an anthra-
cycline taxane-based neoadjuvant therapy in early TNBC significantly 
increases pCR rate [43].

8.5 Targeting the CTLA4 Molecule in TNBC 
CTLA4, also known as CD152, the first co-inhibitory molecule 
identified and the first immune checkpoint receptor clinically 
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targeted [44], is exclusively expressed on T cells where it primarily 
regulates the amplitude of early-stage T cell activation. The ligands 
of CTLA4, i.e., CD80 (also known as B7.1) and CD86 (also 
known as B7.2), could also bind to the co-stimulatory receptor 
CD28. Compared with CD28 [45], CTLA4 has a much higher 
overall affinity for both CD80 and CD86 [46]. Therefore, the 
expression of CTLA4 on the surface of T cells dampens the activa-
tion of T cells by outcompeting CD28’s positive co-stimulatory 
signal. Blocking CTLA4 can reactivate T cells and enhance anti-
tumor immune response [47]. This dominance of negative signals 
from CTLA4-CD80/CD86 interaction results in reduced T cell 
proliferation and decreased IL-2 production [48]. The central role 
of CTLA4 in inhibiting T cell activity is demonstrated by the lethal 
systemic immune hyperactivation phenotype of CTLA4-knockout 
mice [49]. Significantly, recent phase I and phase II clinical trials 
confirm the efficacy of anti-CTLA4 strategy for the treatment of 
cancers. Meanwhile, these studies also indicated an increase in effi-
cacy when combined with PD1 or inhibitors of the Ras/Raf/
MAPK/MEK/ERK pathway [47].

8.5.1 Preclinical Studies of CTLA4 Blockade 

As an important strategy of cancer immunotherapy, CTLA4 blockade 
results in a broad enhancement of immune responses that are depend-
ent on helper T cells [50]. Initially, the general strategy of blocking 
CTLA4 was questioned because there is no tumor specificity of the 
expression of the CTLA4 ligands (other than some myeloid and lym-
phoid tumors) and because the dramatic lethal autoimmune and 
hyperimmune phenotype of CTLA4-knockout mice predicted a high 
degree of immune toxicity associated with blockade of this receptor. 
However, Allison and colleagues used preclinical models to demon-
strate that a therapeutic window was indeed achieved when CTLA4 
was partially blocked with antibodies against CTLA4 [51]. The initial 
studies demonstrated significant anti-tumor responses without overt 
immune toxicities when the mice bearing partially immunogenic 
tumors were treated with CTLA4 antibodies as single agents. Poorly 
immunogenic tumors did not respond to anti-CTLA4 as a single 
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agent but did respond when anti-CTLA4 was combined with a gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF)-transduced 
cellular vaccine [52]. In addition, Liu et al. has found that combina-
tion immunotherapy of MUC1 (a heavily glycosylated type 1 trans-
membrane mucin), mRNA nano-vaccine, and anti-CTLA4 monoclonal 
antibody could significantly enhance anti-tumor immune response to 
inhibit growth of TNBC [53]. 

8.5.2 Humanized Anti-CTLA4 Antibodies 

The above preclinical findings encouraged the development and test-
ing of two humanized CTLA4 antibodies, ipilimumab (trade name 
Yervoy, also known as MDX-010, MDX-101, or BMS-734016) and 
tremelimumab (formerly known as ticilimumab or CP-675206) 
(Table 8-1), which began in 2000. As with virtually all anti-cancer 
agents, initial testing was as a single agent in patients with advanced 
melanoma and ovarian cancer who did not respond to conventional 
therapy [54]. Both antibodies produced objective clinical responses in 
~10% of patients with melanoma, but immune-related toxicities 
involving various tissue sites were observed in 25–30% of patients, 
with colitis being a particularly common event. The first randomized 
phase III clinical trial was for tremelimumab in patients with advanced 
melanoma. In this trial, 15 mg per kg tremelimumab was given every 
three months as a single agent, comparing with dacarbazine, a stand-
ard melanoma chemotherapy treatment agent. The trial showed no 
survival benefit with this dose [55]. Importantly, the stage IV lung 
metastasis TNBC patients received low-dose immune checkpoint 
blockade (concurrent nivolumab and ipilimumab) weekly over  
3 weeks with regional hyperthermia 3 times a week, followed by sys-
temic fever-range hyperthermia induced by interleukin-2 for 5 day, 
which might lead to complete remission of pulmonary metastases 
[56]. Currently, anti-CTLA4 immunotherapy is being tested in non-
small cell lung cancer, breast cancer, and melanoma, with a focus on 
brain metastases, either as monotherapy or in combination with other 
therapeutic agents [57, 58]. Additionally, DZ-2384 is a candidate 
microtubule-targeting agent, which is highly effective in patient-derived 
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taxane-sensitive and taxane-resistant xenograft models of TNBC at 
lower doses and over a wider range relative to paclitaxel. The preclini-
cal trials have demonstrated that DZ-2384 synergistically acts with 
anti-CTLA4 immunotherapy, which is a promising therapeutic agent 
for the treatment of metastatic TNBC [59]. 

8.5.3 Clinical Trials of Anti-CTLA4 Antibody in TNBC 

The presently available information regarding the clinical use of anti-
CTLA4 antibodies in TNBC is limited. One clinical trial 
(NCT02527434, phase II) examined the use of tremelimumab in 
combination with another immune checkpoint inhibitor for the treat-
ment of advanced solid tumors including TNBC, pending release of 
the trial results. Additionally, another clinical phase II (NCT03818685) 
trial is evaluating the clinical benefit of a post-operative adjuvant 
therapy comparing between radiotherapy plus nivolumab and ipili-
mumab vs. radiotherapy plus capecitabine in TNBC patients with 
residual disease after neoadjuvant chemotherapy. 
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Appendix: Online Resources

1. Triple-Negative Breast Cancer: Overview, Treatment, and More 
https://www.breastcancer.org/symptoms/diagnosis/trip_neg 

 This website contains news, informational booklets, online discus-
sion boards, blog, chat rooms, and ask-the-expert conferences 
regarding TNBC. 

2. Susan G. Komen: Triple Negative Breast Cancer Facts 
 https://ww5.komen.org/breastcancer/triplenegativebreastcan-

cer.html 
 This website contains information on TNBC, including fact 

sheets and survivor stories. 
3. Living Beyond Breast Cancer: Guide to Understanding TNBC – 

5th Edition 
 https://www.lbbc.org/get-support/print/guides-to-under-

standing/guide-understanding-triple-negative-breast-cancer 
 This brochure was created in partnership with Triple-Negative 

Breast Cancer Foundation and contains information for those 
diagnosed with TNBC, including facts regarding potential treat-
ments and post-treatment concerns. Experiences of real women 
affected by TNBC and tips from professionals are included. 

4. Triple Negative Breast Cancer Foundation 
 www.tnbcfoundation.org 
 This website contains information for patients, scientists, and 

patient advocacy groups. 
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5. State-of-the-art Treatment for TNBC: Talking with the Experts  
https://tnbc-prd.s3.amazonaws.com/8b74dd9e-b689-4bc6-
afd9-e0942752f89a/State-of-the-Art-Treatment-for-TNBC.pdf 

 This website contains information for patients, scientists, and 
patient advocacy groups. 

6. National Comprehensive Cancer Network: Guidelines for Patients 
with Breast Cancer 

 http://www.nccn.org/patients/guidelines/cancers.aspx#breast 
 This website contains guidelines to help patients better under-

stand their treatment and increase their participation in conversa-
tions with healthcare providers. 

7. National Institutes of Health: ClinicalTrials.gov 
 www.clinicaltrials.gov 
 This is a registry and database of publicly and privately supported 

clinical studies of human participants conducted around the 
world. 

8. National Cancer Institute: Clinical Trials Database 
 www.cancer.gov/clinicaltrials 
 This website contains information on clinical trials, including tri-

als accepting patients with breast cancer. 
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ought to be given to the editors and production team at World Scientific 
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publication of the book. A medical professional or a patient — may the 
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