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Chapter 1
Translational Research in Surgical
Oncology: Introduction and My Own
Experience as a Surgeon-Scientist

Dong-Young Noh

Abstract Translational research is possible when scientists have broad knowledge
of not only basic research, but also clinical science, which is acquired via experience
in patient care. These requirements cannot always be met by one individual, and,
hence, collaboration between suitably qualified individuals is the key for the pro-
gress of translational research. However, it is vital that translational research is
conducted by an investigator who has knowledge about all fields. I could be a
good conductor in that sense, because as an oncology surgeon, I have considerable
experience in working with patients; in addition, I have a background in biochem-
istry and have started my basic research laboratory. Thus, I can use these qualifica-
tions to my advantage to build a tissue bank as the first step, and initiate small-scale
experiments such as estimating the DNA or protein levels in specific tissues or blood
samples. Once I successfully launch good research products and publish in peer-
reviewed journals, I intend to build a large research group focusing on large-scale
studies on single nucleotide polymorphisms and proteomics. These translational
approaches can overcome several unsolved clinical problems. Many of my research
products, for example, patents and new techniques such as Mastocheck@, are
designed for improving the clinical outcomes in patients.

Keywords Breast cancer · Surgical oncology · Translational research ·
Bioinformatics · Genomics · Proteomics
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1.1 Introduction

Modern medical service has improved considerably due to advancements in medical
science, which has enabled curation of scientific evidence and has allowed physi-
cian’s access to information regarding diseases. In particular, translational research
has a vital role in bridging basic science and patient concerns. One advantage of
being an oncology surgeon specialized in breast cancer is the easy access to normal
or diseased human tissues, along with basic knowledge of human anatomy. I started
building my own human tissue bank in 1990, which now includes both cancer tissue
and adjacent normal tissues. All the tissues are frozen in liquid nitrogen and stored in
�70 �C or�20 �C freezers. Tissue banking is important as a resource for conducting
research using diseased organs and normal tissues. The process of establishing a
tissue bank starts from obtaining permission from Institutional Review Board (IRB)
and patients or from normal healthy individuals. The term “translational research”
had not been coined at the time when I initiated my tissue bank; however, a bed to
bench, bench to bed concept existed. Nonetheless, this tissue bank formed an
important resource for successful translational research.

Combining clinical practice and laboratory work was not easy for a clinician;
however, once I overcame the hurdles, it turned out to be the most appropriate way
of conducting translational research. In the beginning, I was able to start with a
technician and rent a small part of a bench in a biochemistry laboratory owned by my
colleague. My research efforts and small achievements led to the growth and
development of my own laboratory. My postgraduate medical students and gradu-
ates (PhD) from basic research laboratories were the key personnel who developed
ideas and conducted research in the field of translational medicine.

My postgraduate study on biochemistry as the major subject formed the basis of
my translational research. My thesis was on “Purification of membranous 5’ nucle-
otides.” and “Enzyme immunoassay of a-fetoprotein using monoclonal antibodies.”
These studies performed by clinicians were not common in the 1980s, but are now
available in the MD-PhD courses. After PhD, I spent two years in a biochemistry
laboratory in Building 3 at the National Institute of Health (NIH), Bethesda, Mary-
land, USA, as a Fogarty international postdoctoral fellow. I consider myself lucky to
be trained in both basic science and clinical practice in oncology.

During my term as a postdoctoral fellow at NIH, I concentrated only on labora-
tory work, without having to deal with patients or clinical work. Thus, I was able to
dedicate my time completely to basic science and worked toward developing my
project. I also gained the ability to design and troubleshoot my own research.

Translational research was originally defined as follows: To improve human health, scien-
tific discoveries must be translated into practical applications. Such discoveries typically
begin at “the bench” with basic research then progress to the clinical level, or the patient’s
“bedside.”

Source: National Cancer Institute, National Institutes of Health.

Translation research has a broader meaning and has been extended to computer
and cyberspace research at the bench to the bedside. Finally, translation is moving

4 D.-Y. Noh



from a disconnected unidirectional approach to an engaged bidirectional partner
approach between research laboratories to bedside, and from the bedside to the
community. Translational science encompasses many research areas involving
human, animal, organ, tissue, and cell line models. It also requires establishment
of networks between community and industry. All these components should collab-
orate to build good communication and feedback. This concept was also built by
myself, when I started the tissue bank and my laboratory as a surgeon scientist,
which was before the term “translational research” was introduced worldwide. I also
organized a group of patient survivors in 2000, and at the same time, I started a pink
ribbon campaign on the streets of Korea. All these activities were well organized and
has led to many scientific articles and social products. The first clinical aspect to
consider was creation of a patient database. The data should be of good quality with
standardized terms and each valuable should be as numerical as possible. Later we
built a web-based database for all breast cancer patients who were operated and also
followed the condition of the patients over time.

With time, the Laboratory of Breast Cancer Biology (LBCB) has transformed into
a perfect translational research platform. On the clinical side, tissue and blood
banking are performed at the operating room, clinical database is created using
data from clinics, and all pathological data collection and tissue banking were
performed at pathology laboratories; data from bioinformatics, sequencing, proteo-
mics, and other engineering experiments are obtained from collaborators, and
functional studies, animal experiments, and tissue and blood processing are
performed at the Medical College of LBCB’s Cancer Research Institute.

I started by establishing a cancer cell culture system as I was interested in cancer
stem cell biology. Thus, I successfully established a sphere culture system and was
able to generate my own cancer cell lines named SBCC1, 2, and 3, which are of
epithelial origin, and NDY of mesenchymal origin. These are all mammospheres
with different characteristics, expressing the epithelial marker EpCAM, with the
exception of NDY, which has sarcomatous characteristics such as rapidly growing
sarcospheres. All these cells grow as serial cultures and can also be transplanted in
NOD/SCID mice [1, 2].

Since 2001, we are participating in the Genomic Research Center for lung and
breast cancers, sponsored by the Ministry of Health and Welfare, Korea. We are
continuing our genomic studies, including single nucleotide polymorphism (SNP)
analysis and cDNA microarrays at the Genomic Research Center. Later in 2007, we
organized a group named Translational Research Organization for Cancer
(TROICA) for collaborative translational research. TROICA has enabled targeted
studies such as biomarker discovery, mining of prognostic predictors, and targeted
drug discovery. In addition, we were able to expand our basic research area not only
to proteomics, but also to genomics and aptamer development by collaborating with
the best scientists in each area in the country [3–5].

Networking between groups and individuals with the same purpose and aims is
interesting and scientifically satisfying. I aim to form a competent research group in
which the members enjoy their research and can share their experiences and ideas
regarding research in particular and life in general. These are the features of

1 Translational Research in Surgical Oncology: Introduction and My Own Experience. . . 5



translational research. In addition, I wish to transfer this legacy of combining basic
and clinical research to my junior faculties and postgraduate students.

1.1.1 Genomics

I have generated numerous publications from translational research in the field of
genomics related to SNPs, which are variations of single DNA building blocks
called nucleotides in genes. For example, conversion of nucleotide C to A is a
SNP. They occur once in every 300 nucleotides on average and are considered the
most common type of genetic variation. Most SNPs are benign, although some may
contribute to serious conditions such as breast cancer.

SNPs can be categorized into different subgroups similar to a pedigree (Fig. 1.1).
Those that fall in the coding regions are of two types: synonymous SNP and
non-synonymous SNP. Synonymous SNPs result in different codons, which encode
the same amino acid. Hence, synonymous SNPs are ineffective, as the building
blocks for proteins remain unchanged. However, missense or nonsense mutations
are formed when the codon and the amino acid it encodes change.

Studies for identifying the most common non-synonymous genetic variants that
are susceptible to breast cancer are limited [6]. A study showed that a novel SNP,
rs1053338(K264R) in ATXN7 at locus 3p21, is associated with susceptibility to
breast cancer. AKAP9-rs6964587 was also found to be a marker of a breast cancer
risk at 7q21 [7]. Both SNPs are susceptible to estrogen receptor (ER)-positive and
ER-negative disease [7]. Another locus, 2q35 rs 13387042, shows strong evidence
of association between rs13387042 and breast cancer in Caucasian women. This
SNP is also associated with both ER-positive and ER-negative breast cancer in
European women [8]. Another SNP from the same locus 2q35 was scrutinized. By
genotyping 276 SNPs using the 1000 Genomes Project data, the best functional
candidate, rs4442975, was found to be associated with ER+ among Europeans.

TYPES OF SNPs

Non-coding region Coding region

Synonymous SynonymousNon-

Missense Nonsense

Fig. 1.1 Breast cancer exhibits consistent genetic variation
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Evidence shows that the g-allele increases breast cancer susceptibility via down-
regulation of IGFBP5, which is known to play a significant role in breast cancer
biology [9]. Genome-wide association studies (GWAS) has revealed that SNP
rs889312 in the 5q11.2 locus is associated with breast cancer risk in European
women. Functional analysis indicated that the cancer risk alleles of four candidates
(rs74345699, rs62355900, rs16886397, and rs17432750) increased MAP 3K1 tran-
scriptional activity. Cancer risk alleles act to increase MAP 3K1 expression in vivo
and might promote breast cancer cell survival [10]. Out of the 227,876 SNPs that
were estimated to correlate with 77% of the known common SNPs in Europeans, five
novel independent loci signaled strong and consistent evidence of association with
breast cancer. Four of these contain causative genes (FGFR2, TNRC9, MAP 3K1,
and LSP1). A second stage of the same research indicated that more SNPs can act as
susceptibility alleles [11].

Studies have been performed to locate the single nucleotide variation that can be a
critical factor for either inhibiting or accelerating tumor cell growth in breast cancer.
Certain types of SNPs can be found to be significantly associated with the overall
survival of patients due to their differential sensitivities toward certain drugs. Further
studies on these lines will ensure better outcomes for patients with breast cancer.
Initially, we hypothesized that if SNP can affect breast cancer development, it can
also play a role during disease progression and may change clinicopathological
features. We have observed that certain variants of CYP1A1 and CYP1B1 were
related with onset at younger age, and that a certain haplotype of BRCA1 showed less
ER negativity and another was associated more with lymph node-negative
phenotype [12].

Certain SNPs, for example those in HER-2, can affect tumor aggressiveness or
response to therapy, and, as a result, clinical outcome. In this study, the haplotypes
were not related with the risk of breast cancer; however, the most common haplotype
1 was associated with 1.5-times more frequent expression of HER-2 and showed
poorer prognosis than other haplotypes [13]. We have published 23 papers regarding
these SNP association studies in peer-reviewed journals.

The studies in LBCB regarding identification of SNPs for early detection of breast
cancer can be summarized as follows:

• Haplotype analysis of HER-2 polymorphism.
• Correlation between polymorphisms in DNA repair genes and susceptibility to

breast cancer occurrence using SNP chip.
• Breast cancer susceptibility of innate immunity- and non-Hodgkin’s lymphoma–

related genes.
• CASP8 polymorphism and breast cancer risk: A common coding variant in

CASP8 is associated with breast cancer risk.

1 Translational Research in Surgical Oncology: Introduction and My Own Experience. . . 7



1.2 Comparative Genomic Hybridization (CGH) Array
for Prognosticators

• Detecting prognostic factors in ER-positive breast cancer treated with tamoxifen
using the CGH array.

• Discovery of candidate clones associated with breast cancer systemic recurrence
using the CGH array.

1.2.1 Expression chip

• Investigation of differentially expressed genes and proteins during anoikis using
the breast cancer cell line MCF-7.

1.2.2 Immunohistochemistry (IHC)

• Utility of Ki-67 for predicting distant metastasis in node-negative breast cancer.

Among the other examples showing how research on SNPs can translate the
discoveries to the clinic, we investigated the correlation between significant SNPs
in DNA repair genes in breast cancer samples and breast cancer occurrence. We
evaluated the genetic polymorphisms (384 SNPs) in 38 DNA repair genes in a
hospital-based case-control study 480:480). The results were translated and patented
as breast cancer risk diagnosis SNP chip [14, 15]. Table 1.1 shows the results of
analysis of clone with gain or loss observed in more than 50% of the 77 samples in
the study [16]. For the clones selected in the analysis, a literature search, such as
NCBI and PubMed, confirmed their association with cancer and finally selected
eight candidate genes (Table 1.2) [16]. For the development of prognosticators after
treatment of breast cancer, we attempted to identify candidate clones associated with
breast cancer systemic recurrence using the CGH array and 31 pairs of breast cancer
patients matched for clinicopathological characteristics of recurrence cases and
recurrence-free cases after standard treatment [16] (Fig. 1.2).

Another interesting algorithm for predicting distant recurrence involved the use
of clinicopathological multimarkers and a decision tree. We developed a decision
tree for predicting prognosis from the 328 points of lymph node-negative breast
cancer patients and 38 recurrences using clinicopathological characteristics such as
age, tumor size, grade, and ER, PR, p53, c-erbB-2, and Ki-67 levels after adjuvant
treatments. The results were remarkably applicable (Fig. 1.3) [17].
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Table 1.1 Common regions showing gain or loss in more tnan 50% of all 77 samples

Region
Clone
No. Cytoband Start (kb) End (kb)

Number
(%) Cancer related genes

Gain-1 c5784 1p36.33 552,910 563,807 75 (97.4)

Gain-2 c5242 8q24.3 145,647,141 145,761,879 46 (59.7) CYHR1, KIFC2,
FOXH1, PPP1R16A,
GPT, MFSD3,
RECQL4, LRRC14,
LRRC24,
MGC70857,
KIAA1688

Gain-3 c4824 8q24.13 126,947,484 127,030,285 42(54.5)

Gain-4 c1394 8q23.3 116,937,688 117,027,644 41 (53.2)

Gain-5 c1437 8q24.12 119,396,534 119,465,174 41 (53.2) SAMD12

Gain-6 c1433 8q24.21 131,335,147 131,416,013 41 (53.2) DDEF1, DDEF1IT1

Gain-7 c2733 20q13.33 61,387,393 61,535,237 39 (50.6) ARFGAP1,
COL20A1,
CHRNA4, KCNQ2

Loss-1 c5256 8p23.1 7,323,700 7,428,919 57 (74.0) DEFB106B,
DEFB105B,
DEFB107B,
LOC645489,
FAM90A6P,
FAM90A7.
LOC729339,
FAM90A22,
FAM90A23

Loss-2 c4589 8p23.1 7,334,384 7,420,885 56 (72.7) DEFB105B,
DEFB107B,
LOC645489,
FAM90A6P,
FAM90A7,
LOC729339,
FAM90A22

Loss-3 c5126 8p23.1 7,647,665 7,716,751 55 (71.4) FAM90A19,
LOC729394,
FAM90A9.
FAM90A10,
DEFB107A

Loss-4 c5189 10q11.22 46,320,705 46,408,357 43 (55.8) RHEBP1, SYT15

Loss-5 c710 14q32.33 105,821,330 105,907,464 39 (50.6) IGHVIII-25-1,
IGHV2–26, IGHVIII-
26-1. IGHVII-26-2,
IGHV7–27,
IGHV4–28, IGHVII-
28-1, IGHV3–29

kb kilobase

1 Translational Research in Surgical Oncology: Introduction and My Own Experience. . . 9



Another simple and powerful prognosticator involved the use of candidate
expansion using public database, dividing cases into high- and low-risk groups,
which were defined as,

Table 1.2 Candidate gene list from candidate clones in gain and loss group

Gain/
loss Gene

Clone
No. Cytoband Description

Gain NTRK1 c2168 1q21-q22 Neurotrophic tyrosine kinase, receptor, type 1

ARHGEF11 c2168 1q21 Rho guanine nucleotide exchange factor (GEF) 11

AHRR c5262 5p15.3 Aryl-hydrocarbon receptor repressor

SLC9A3 c5262 5p15.3 Solute carrier family 9 (sodium/hydrogen
exchanger), member 3

NBN c301 8q21 Nibrin

PPP1R1B c2096 17q12 Protein phosphatase 1. Regulatory (inhibitor)
subunit 1B (dopamine and cAMP regulated phos-
phoprotein, DARPP-32)

COL18A1 c2806 21q22.3 Collagen, type XVIII, alpha 1

Loss IGHVIII-
25-1

c710 14q32.33 Immunoglobulin heavy variable (III)-25-1

Systemic recurrnce-free survival

C
um

ul
at

iv
e 

su
rv

iv
al

Recurrece interval (months)

c2806 gain (-)

c2806 gain (+)

p=0.008

1.0

0.8

0.6

0.4

0.2

0.0
0 20 40 60 80 100 120

Fig. 1.2 Survival curve of systemic recurrence-free survival analysis for the clone which contains
COL18A1 gene (c2806) by Kaplan-Meier test. The survival of the group with gain of c2806 clone
was better than that without gain of c2806 clone and the difference of survival between two groups
was statistically significant (p ¼ 0.008) by log rank test [16]
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High-risk group

• Ki-67 � 10, Bcl-2 (�).
• Ki-67 � 10, Bcl-2 (+), age < 35 years.
• Ki-67 < 10, ER (�).

Low-risk group

• Ki-67 � 10, Bcl-2 (+), age > 35 years.
• Ki-67 < 10, ER (+).

The prognosticator model was comparable or superior to the multimarker model
NPI and St. Gallen classification. Once this model is validated and applied practi-
cally to the patients, it can be a useful tool similar to oncotype or mammaprint [18].

We also attempted to identify drug responders among patients with breast cancer.
After neo-adjuvant chemotherapy, we divided the responders and non-responders,
identified candidate clones from two groups, and validated them using fluorescent in
situ hybridization (FISH) on FFPE. FISH probes were developed for predicting
chemosensitivity [19, 20].

We also prospectively compared the performance of DCE MR imaging using
pharmacokinetic parameters and parametric response map (PRM) analysis for early
prediction of pathological response to chemotherapy [21].

Fig. 1.3 ADTree model. The final prediction model consisted of five ADTree-based prediction
models. The final prediction was calculated by calculating the mean score of the five ADTree
models

1 Translational Research in Surgical Oncology: Introduction and My Own Experience. . . 11



1.3 Proteomics

Breast tumors are heterogeneous, with epithelial cells neighboring stromal cells
[22]. To eliminate the majority of the stromal component, we collected specific
epithelial cells from fresh frozen breast tissue via manual microdissection. The
collected samples can be used for DNA and protein analyses without interference
from stromal contamination. Another way to avoid the effect of abundant proteins is
to analyze proteins after fractionation. After several steps of fractionation, the
membrane and cytosolic fractions can be used separately to detect small amounts
of significant proteins.

For better analysis we also collaborated with a Stanford group to develop better
platforms for high-content functional proteomics [23]. I was also engaged in ICBC
with Lee Hartwell of Fred Hutchinson Cancer Research Center.

The results of difference gel electrophoresis (DIGE) with membrane fractions of
ER (�) and ER (+) breast cancer cell lines showed that the expression of the group
ones increased 1.5-fold, while those of the others decreased. We have obtained
several candidate proteins of interest, the expression of which increase and decrease
by 1.5-fold in DIGE. We also analyzed the secretions released from cancer cells
speculating that they may be detected in blood. Hence, we analyzed and compared
the media collected from Hs578Bst (normal cell line) with that from Hs578T (cancer
cell line) culture using 2D polyacrylamide gel electrophoresis (PAGE). Comparative
analysis led to the identification of a specific protein, called the endorepellin LG3
fragment. The expression of this protein decreased in cancer cell media. As a next
step, we verified this using plasma from normal individuals and patients with breast
cancer; results showed that the levels of this protein decreased in patients with
cancer.
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These results were further verified using the sera of 186 patients with early breast
cancer and no lymph node metastasis and those of 213 healthy controls. Again, we
observed significant decrease in LG3 fragment expression in the sera of patients with
cancer. We finally translated the early detector to breast cancer screening in selected
cases where dense breast in young women decreased the screening sensitivity of
mammography. We analyzed whether this marker can distinguish females with
dense breast. In an analysis involving 109 healthy women and 142 patients with
breast density grade 3 or 4, those aged below 50 years were tested for the LG3
fragment (Fig. 1.4). Results showed that dense breasts were positive for LG3 and
negative with 98% specificity; although the sensitivity was 21% and accuracy was
55%, the area under the curve (AUC) was 0.6, indicating that this could be a
clinically meaningful approach [24].

We also hypothesized that patients’ urine might contain cancer-specific proteins
that are metabolized and cleared via urine. Hence, we concentrated patients’ urine
and separated them on a 2D gel. The separated urinary proteins were transferred to a
nitrocellulose membrane, which was incubated with the pooled serum from
10 patients with breast cancer or 10 healthy volunteers as the primary antibody.
Finally, reactivity was visualized using horseradish peroxidase-conjugated antihu-
man immunoglobulin as the secondary antibody.

We identified several proteins using comparative analysis, which were verified
and validated using western blotting and detected using normal and cancer patients’
sera. Finally, we identified several autoantibodies such as alpha2-HS glycoprotein
[26]. We expanded the cases to verify the individual reactivity of autoantibodies in
the sera of 73 healthy controls and 81 breast cancer patients using western blotting.
The results were excellent as the sensitivity was 79%, specificity was 90%, and
accuracy was 84%. We attempted to develop an enzyme-linked immunosorbent
assay (ELISA) kit, which is still underway, because the selection of antibody to
autoantibody is challenging [25, 26].

I have successfully identified many biomarkers via genomic and proteomic
approaches at LBCB. These materials have been patented and some have been
further practically applied in clinical trials.

Mastocheck@story
The highlight of the proteomic studies in LBCB was the development of a novel
plasma protein signature using multiple reaction monitoring-based mass spectrom-
etry for breast cancer diagnosis. Based on our previous studies, we selected 124 pro-
teins for MRM. The proteomics signature was then validated; in total, 56 proteins
were optimized for MRM. In the verification cohort, 11 proteins exhibited signifi-
cantly differential expression in plasma. Three proteins (carbonic anhydrase
1 [CAH1], neural cell adhesion molecule L1-like protein [NCHL1], and apolipo-
protein C-1 [APOC1]) with highest statistical significance, which yielded consistent
results for patients of stage I and II breast cancer, were selected, and a 3-protein
signature was developed using binary logistic regression analysis [27]. The 3-protein
signature clearly showed similar performance in independent validation with rela-
tively high sensitivity, specificity, and accuracy (71.6%, 85.3%, and 77.1%,
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Fig. 1.4 Western blot analysis of the endorepellin LG3 fragment in plasma. Before Western
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respectively) [28]. We decided to name the new diagnostic test for this 3-protein
signatureMastocheck@. To evaluate the correlation with other cancers, experiments
were conducted using blood samples from patients with thyroid cancer, lung cancer,
colon cancer, pancreatic cancer, and ovarian cancer. As a result, it was found that
Mastocheck@ is specific to breast cancer diagnosis [28]. Based on these results,
Mastocheck@ was approved for using in early breast cancer diagnosis by the Korean
Food and Drug Administration (FDA) in January 2019. In addition, it has been
recognized for its usefulness as a breast cancer diagnostic marker and has obtained
patents in Japan, China, and the United States as well as in Korea. Reproducibility
was confirmed not only in plasma but also in experiments using serum and repeated
experiments, which gives more confidence in diagnostic capabilities. Following
FDA approval, Mastocheck@ acquired the New Excellent Technology (NET) cer-
tification in September 2019 for the first time in 10 years in the field of medical
science in Korea.

In order to evaluate the usefulness ofMastocheck@ as an adjunct test, an analysis
comparing to the current standard test, mammography, was performed. As a result, it
was found that the use of Mastocheck@ alone was superior to the use of the
mammography alone, and when the mammography and Mastocheck@ were used
together, the sensitivity was improved by 30% and the accuracy was improved by
15% or more [29]. In the case of mammography, the diagnostic accuracy is very low
for dense breasts, but it was confirmed that this limitation can be overcome by
simultaneously performing Mastocheck@ Therefore, in women with dense breasts,
it is expected that the benefit of early diagnosis can be definitely obtained through
Mastocheck@. In Fig. 1.5, ROC curves were used to compare diagnostic values of
the five test combinations. As a result, mammography+Mastocheck@ (AUC 0.846)
was better than mammography alone (AUC 0.641), and it was statistically significant
(p< 0.001) [29]. A study is underway to determine if it is useful as a test for follow-
up observation after treatment of cancer, and this is to confirm how Mastocheck@
value changes according to changes in the cancer state in the body before or after
surgery. Mastocheck@ has reached normal levels in about 70% of postoperatively
and is expected to be useful as a follow-up test. We are also experimenting with
many conditions of cancer and healthy individuals to increase the level of the
accumulated evidence.

1.4 Data

Finally, I will introduce electronic medical record (EMR). EMR and BioEMR
involve development of clinical information and trial system using standard-based
data modeling of integrated biomedical EMR sources. Our strategy involves iden-
tification of not only a single powerful biomarker, but also curation and comparison
of data from patients clinical records and from analyses involving SNPs, chromo-
somes, arrays, proteins, and imaging, to generate a constitutional marker composed
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of various components of separate origin (Fig. 1.6). If the BioEMR is completed in
the future, patient records and laboratory and biological data will be assembled to
generate useful information using bioinformatics tools to select drug and treatment
modalities, and also disease signatures that can be followed up or used for predicting
disease prognosis. This information will also be useful for clinical research and
trials.

LBCB has also transitioned to a platform for next-generation sequencing for
studies on gene panel and mRNA sequencing, which are underway. Clinically, we
have also developed new patient-derived xenograft (PDX) mice from breast cancer
patients; this model will also have an important role in translational research in the
next generation [31].

The key point of translational research is collaboration. Personally, I started my
small laboratory with one technician and assistance from the Department of Bio-
chemistry in 1990. Thereafter, I was in charge of 10-year grants on national cancer
genomic program with Professor Kim and was also involved in the functional
proteomics group led by Prof Ryu. Subsequently, I have collaborated with numerous
scientists from institutes such as SNU, KIST, POSTEC, and UNIST. Translational
research can be practiced in collaboration with biotech companies such as
Bio-Medieng, Macrogen, and Celemics.

I also believe in the philosophy of “deserve then desire.” I had gathered insights
and experience in basic research during my postgraduate and post-doctoral days. I
have allowed my junior colleague and first postgraduate student, Dr. Han, to learn
bioinformatics from S. Jeffrey in Stanford University when the microarray was first
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Fig. 1.5 Comparison of diagnostic accuracy when Mastocheck@ alone, mammography (mmg)
alone, and both tests combined [29]

16 D.-Y. Noh



introduced in the early 1990s. He is one of the best surgeon-scientists to handle
genomics research and precision medicine. I have also sent Dr. Moon to Jackson
Laboratories to better understand the basic science regarding generation of PDX
mice. My youngest staff, Dr. Lee, who has organized the research at LBCB, might
have his own research topic in the field of precision medicine in future. They are
excellent researchers and good models of surgeon-scientists. They deserve it and are
all contributing to the legacy of LBCB.

Fig. 1.6 BioEMR. Architecture of the pilot information system of integrated clinical, histopatho-
logical and genomic information [30]
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Chapter 2
Phospholipase Signaling in Breast Cancer

Yu Jin Lee, Kyeong Jin Shin, Hyun-Jun Jang, Dong-Young Noh,
Sung Ho Ryu, and Pann-Ghill Suh

Abstract Breast cancer progression results from subversion of multiple intra- or
intercellular signaling pathways in normal mammary tissues and their microenviron-
ment, which have an impact on cell differentiation, proliferation, migration, and
angiogenesis. Phospholipases (PLC, PLD and PLA) are essential mediators of intra-
and intercellular signaling. They hydrolyze phospholipids, which are major compo-
nents of cell membrane that can generate many bioactive lipid mediators, such as
diacylglycerol, phosphatidic acid, lysophosphatidic acid, and arachidonic acid. Enzy-
matic processing of phospholipids by phospholipases converts these molecules into
lipid mediators that regulate multiple cellular processes, which in turn can promote
breast cancer progression. Thus, dysregulation of phospholipases contributes to a
number of human diseases, including cancer. This review describes how phospholi-
pases regulate multiple cancer-associated cellular processes, and the interplay among
different phospholipases in breast cancer. A thorough understanding of the breast
cancer–associated signaling networks of phospholipases is necessary to determine
whether these enzymes are potential targets for innovative therapeutic strategies.
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2.1 Introduction

Breast carcinoma is the most common malignancy worldwide after lung cancer, the
fifth most common cause of cancer death, and the leading cause of cancer death in
women [1]. The global burden of breast cancer exceeds that of all other cancers, and
the incidence rates of breast cancer are increasing. Recently, mortality rates have
exhibited a small decline, which more likely is a result of increased public awareness
and early diagnosis, the implementing more affordable and effective screening
programs, and advances in therapeutic techniques [2]. Nevertheless, the heteroge-
neity of breast cancers makes them both a fascinating and a challenging solid tumor
to diagnose and treat. For example, patients with estrogen receptor (ER)-positive
tumor can be treated with adjuvant endocrine therapy to suppress the growth-
promoting actions of estrogen receptor alpha (ERα) [3]. Current ER-targeted phar-
macological interventions include Tamoxifen and fulvestrant. Patients whose tumors
express human epidermal growth factor receptor 2 (HER2) can benefit from treat-
ment with specific antagonists of this receptor, such as Lapatinib and Trastuzumab
(Herceptin) [4]. The majority of patients treated with adjuvant systemic therapy
respond poorly to treatment, or go on to develop acquired resistance to hormonal
therapies or HER2-targeted therapies, rendering the therapy ineffective. For the
subset of patients with tumors that are ER-negative, progesterone receptor (PR)-
negative, and HER2-negative (triple-negative, or basal-like cancers), there is no
standard adjuvant intervention and they can be treated only with conventional
chemotherapy [5]. Therefore, there is a critical need for new systemic therapies.
Over the last decade, in-depth research has focused on the molecular biology of this
disease, and study populations have been selected for clinical trials based on their
molecular markers. Technological breakthroughs and high throughput approaches in
particular have allowed researchers to probe deeply into the nature of breast cancer,
revealing that this disease requires an interconnect-environment, and that the innate
characteristics of the patient influence disease pathophysiology, outcome, and treat-
ment response. Thus, focusing on personalized medicine to target disease manifes-
tation on an individual basis will facilitate the development of more effective
interventions, particularly for later stage malignancies with worse prognoses, and
also in cases where resistance to existing therapies develops over time.

Phospholipases (PLC, PLD, and PLA) comprise a highly diverse group of
enzymes that share the common property of hydrolyzing phospholipids, which are
major components of cell membranes [6, 7]. Phospholipids, including phosphatidyl-
choline (PC), phosphatidylethanolamine, phosphatidylserine, phosphatidylglycerol,
and phosphatidylinositol, can be broken down into various intracellular signaling
moieties, such as diacylglycerol (DAG), phosphatidic acid (PA), lysophosphatidic
acid (LPA), and arachidonic acid (AA) [8]. Through inter- and intracellular
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signaling, bioactive lipid mediators or second messengers regulate a variety of
cellular physiological and pathophysiological functions, including proliferation,
survival, migration, vesicle trafficking, tumorigenesis, metastasis, and inflammation
[9, 10].

Each phospholipase regulates its own specific signaling pathways, but shares
common signaling molecules with other members of its subfamily, acting as
upstream regulators or downstream effectors. Recent findings indicate that phospho-
lipases crosstalk with one another, which influences cell fate via the integration and
fine-tuning of intracellular signals [8, 9]. To understand these complex signaling
systems in the microenvironments of tumors, as well as in individual tumor cells,
systematic analyses of phospholipase functions are required. In this chapter, we
summarize current understanding of the various roles of phospholipases in breast
tumor progression, with a focus on the signaling networks of phospholipases. We
also discuss potential strategies for treating cancer by disrupting these networks,
with a focus on their potential utility for aiding clinical management and prognos-
tication, and for informing therapeutic options.

2.2 Review of Past Studies

2.2.1 Characteristics and Cellular Signaling
of Phospholipases

Phospholipases are common enzymes present in a broad range of organisms,
including bacteria, yeast, plants, animals, and viruses. Phospholipases can be cate-
gorized into three major classes—PLA (consisting of A1 and A2), PLC, and PLD—
which are differentiated by the type of reaction that they catalyze [11, 12] (Fig. 2.1).

Fig. 2.1 Phospholipid structure and the site of actin of phospholipases. Phospholipids are com-
posed of a glycerol-3-phosphate esterified at the sn-1 and sn-2 positions to nonpolar fatty acids
(R1 and R2, respectively) and at the phosphoryl group to a polar head group, X. Phospholipase A1
and phospholipase A2 cleave the acyl ester bonds at sn-1 and sn-2, respectively. Phospholipase C
cleaves the glycerophosphate bond, whereas phospholipase D removes the head group, X. PLA
phospholipase A, PLC phospholipase C, PLD phospholipase D
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2.2.1.1 PLC

Phosphoinositide-hydrolyzing PLC cleaves the glycerophosphate bond that links the
polar head group to the glycerol backbone to produce inositol-1,4,5-triphosphate
(IP3) and DAG in the cellular setting of ligand-mediated signal transduction
(Fig. 2.1). DAG activates protein kinase C (PKC), whereas the binding of IP3 to
its receptor triggers the release of calcium ions from intracellular stores into the
cytosol [13]. Since the first report of PLC, 13 mammal PLC isozymes have been
identified, and they can be divided into six subgroups: PLC-β [1–4], -γ [1 and 2], -δ
[1, 3, 4, and], -ε, -ζ, and –η [1 and 2] [14] (Fig. 2.2). Interestingly, PLC isozymes
have highly conserved X and Y domains which are responsible for PIP2 hydrolysis.
Each PLC contains distinct regulatory domains, including the C2 domain, the
EF-hand motif, and the pleckstrin homology (PH) domain [15]. Notably, each
PLC subtype exhibits a unique combination of X-Y and regulatory domain, so that
each PLC isozyme is regulated differently and has a different function and tissue
distribution; thus, PLC-mediated signaling pathways regulate diverse biological
functions [16].

The X and Y domains are usually located between the EF-hand motif and the C2
domain, and are composed of α-helices alternating with β-strands, with a structure
that is similar to an incomplete triose phosphate isomerase α/β-barrel [17]. Con-
versely, the PH domain, although a membrane phospholipid-binding region like the
C2 domain, has specific functions according to the type of isozyme. For example, he
PH domain of PLC-δ1 binds PIP2 and contributes to the access of PLC-δ1 to the
membrane surface [18]. In contrast, the PH domain specifically binds the
heterotrimeric Gβγ subunit in PLC-β2 and PLC-β3 isozymes [19], and mediates
interactions with phosphatidylinositol-3,4,5-trphosphate (PIP3) in PLC-γ1, where it
is required to induce phosphoinositide 3-kinase (PI3K)-dependent translocation and
activation [20]. As for the latter, it is worth noting that PLC-γ1 and PLC-γ2 isozymes
contain an additional PH domain, which is split by two tandem Src homology
domains, SH2 and SH3, for direct interaction with the calcium-related transient
receptor potential cation channel, thereby providing a direct coupling mechanism
between PLC-γ and agonist-induced calcium entry [21]. Finally, the C2 and EF-hand
motifs are important for calcium regulation: the EF-hand motifs are helix-turn-helix
structural domains that bind calcium ions to enhance PLC enzymatic activity
[22, 23]. Interestingly, among the PLC isoenzymes, PLC-β subtypes also distinguish
themselves by the presence of an elongated C-terminus, consisting of about 450 res-
idues, which contains many of the determinants for the interaction with Gq alpha
subunit as well as for other functions, such as membrane binding and nuclear
localization [24–26].

The activation and regulation of PLC isozymes differ by subtype. For example,
PLC-β subtypes are activated by G protein-coupled receptors (GPCRs) through
several mechanisms. In contrast, PLC-γ subtypes are commonly activated by recep-
tor tyrosine kinases (RTKs) via SH2 domain-phosphotyrosine interactions, and are
subjected to phosphorylation by RTKs after the stimulation of growth factors like
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epidermal growth factor (EGF) and fibroblast growth factor (FGF) [15, 27]. Interest-
ingly, PLC-ε can be activated by both GPCR and RTK systems, via distinct
activation mechanisms [28]. Indeed, several GPCR ligands, such as lipoprotein A,
thrombin, and endothelin, can activate PLC- ε, but PLC- ε also associates with Rap

Fig. 2.2 Schematic structure of phospholipases. (a) Thirteen mammalian PLC isozymes are
subdivided into six groups. All PLC isotypes have X and Y domains, which contain catalytic
activity. Several isoforms have pleckstrin homology (PH) and a calcium-binding (C2) domain,
which can regulate PLC activity. EF-hand domain is responsible for forming a flexible tether to the
PH domain. PLCε has a RAS guanine nucleotide exchange factor (GEF) domain for RAP1A122
and the RA2 domain mediates interaction with GTP-bound Ras and RAP1A. PLCγ has SRC
homology 2 (SH2) and Sh3 domains, which interact with many proteins. (b) In mammals, PLD1
and PLD2 hydrolyze phosphatidyl-choline (PC). PC-PLD has several conserved regions, including
phox homology (PX) and PH domains, and two conserved catalytic domains (HKD). Non-PC-
hydrolyzing PLD3, PLPD4, and mitochondrial PLD (mitoPLD) have recently been described. (c)
The three major types of PLA2 include secretory PLA2 (sPLA2), cytosolic PLA2 (cPLA2), and
calcium-independent PLA2 (iPLA2). Eleven sPLA2, six cPLA2, and nine iPLA2 have been found
in mammals. sPLA2 has a signal sequence to target the extracellular region, a Ca2+-binding loop,
and a catalytic site. cPLA1α, cPLA1β, cPLA1δ, cPLA1ε, and cPLA1ξ have a C2 domain, and a
lysophospholipase-like domain. iPLA2β has Ankyrin repeats, which may mediate its oligomeriza-
tion. Both iPLA2δ and PNPLA7 also have a cyclic AMP-binding domain and a patatin domain that
is implicated in enzymatic activity. PLA1 has not been well characterized and has few links to
cancer. DAG diacylglycerol, IP3 inositol 1,4,5-triphosphate, PA phosphatidic acid
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and translocates to the perinuclear area, where it interacts with activated RTKs
[29]. It has been suggested that overall PLC activity may be amplified and sustained
by both intracellular calcium mobilization and extracellular calcium entry.
PLC-δ1and PLC-η1 are activated via GPCR-mediate calcium mobilization. In
particular, the PLC-δ1 isozyme is one of the most sensitive of the PLC isozymes,
suggesting that its activity is directly regulated by calcium. PLC-η1 specifically acts
as a calcium sensor during the formation and maintenance of the neuronal network in
the postnatal brain. Moreover, several studies have suggested positive feedback
amplification of PLC signaling. Indeed, the overall PLC activity may be amplified
and sustained by both intracellular calcium mobilization and extracellular calcium
entry, through either a negative or a positive feedback amplification of PLC signal-
ing [30, 31]. By these mechanisms, it has been suggested that PLC-β, PLC-γ, and
PLC-ε may be primarily activated by extracellular stimuli. In contrast, activation of
PLC-δ1and PLC-η1 may be secondarily enhanced by intracellular calcium mobili-
zation serving to amplify PLC activity [32]. As for PLC-ζ, its activation and nuclear
translocation mechanisms remain to be revealed.

2.2.1.2 PLD

Phosphatidylcholine-specific phospholipase D (PLD) hydrolyzes PC, the most
abundant membrane phospholipid, to yield choline and the secondary messenger
signaling lipid PA (Fig. 2.1). In mammals, two isoforms found in association with
membrane surfaces in the cytoplasm, PLD1 and PLD2 [33, 34]. PLD3 and PLD4 are
endoplasmic reticulum (ER) integral transmembrane proteins with a short
N-terminal cytoplasmic tail, and the bulk of the protein, including the hypothetical
catalytic domains, is present in the ER lumen [35, 36]. In contrast, PLD6 (MitoPLD)
is anchored by an N-terminal transmembrane tail into the outer surface of mitochon-
dria [37]. PLD5, on which there are no published studies, is most similar to PLD3
and PLD4, but is unlikely to have enzymatic activity because the canonical PLD
enzymatic catalytic motif is not well conserved in its sequence. Enzymatic activities
have also not been identified for PLD3 or PLD4, and it is possible that they have
non-enzymatic functions instead. PLD6 has been reported to both hydrolyze
cardiolipin, a mitochondrial-specific lipid, to PA, and to function as a endonuclease
(phosphodiesterase) to generate a specialized form of micro-RNA known as piwi-
interacting RNA (piRNA) [38]. For different reasons, therapeutic applications are
not immediately apparent for PLD3–6; therefore, this review focuses on PLD1
and PLD2.

PLDs are ubiquitously expressed in almost all of tissues and cells of mice, and
their activity is stimulated in response to various extracellular agonists, such as
hormones, neurotransmitters, extracellular matrixes (ECM), and growth factors [39–
41]. Clarification of the domain structure of PLDs has contributed to the elucidation
of the activation mechanisms and physiological functions of PLD isozymes. Both
PLD1 and PLD2 has several conserved regions, including phox homology (PX) and
PH domains that are important for binding various lipids and proteins, and two
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conserved catalytic domains (HKD), which are essential for enzymatic activity
[42, 43]. However, it has been reported that the PH domains of PLD1 and PLD2
are not required for PLD activation. One interesting domain is the “loop domain,”
which is found in PLD1, but not PLD2. The loop domain seems to be involved in
auto-inhibition of enzymatic activity of PLD1, because deletion of this region
increases basal activity, and insertion of the loop domain into recombinant PLD2
significantly reduces its basal activity [44–46].

PLD1 and -2 are widely expressed in different tissues and cell types, and are
activated by a variety of GPCRs and RTKs [47]. PA generated by PLDs functions
locally as a signaling messenger to regulate diverse cellular functions, including
endocytosis, exocytosis, membrane trafficking, cell proliferation, and actin cytoskel-
eton reorganization [48]. PA can also act as a lipid anchor, recruiting PA-binding
proteins to localized sites of signal transduction, examples of which include the
guanine nucleotide exchange factors (GEFs) DOCK2 and SOS, which activate Rac1
and Ras, respectively [49–51]. In some instances, PA additionally activates the
proteins recruited, s uch as phosphorylating phosphatidylinositol 4-phosphate
(PI4P), to generate phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and mamma-
lian target of rapamycin (mTOR), which regulate many processes including cell
hypertrophy, differentiation, and survival [52]. Finally, PA also functions as an
intermediate for the production of bioactive DAG or LPA [53, 54]. Therefore,
aberrant expression or activation is closely linked to human diseases including
cancer, diabetes, neurodegenerative disorders, and myocardial disease.

2.2.1.3 PLA

PLA hydrolyzes the carboxylic esters at the sn-1 (PLA1) or sn-2(PLA2) positions on
glycerol backbones of phospholipids to produce free fatty acids and 2-acyl
lysophospholipid or 1-acyl lysophospholipid, respectively (Fig. 2.1). PLA1 can be
divided into two groups according to cellular localization: intracellular and extra-
cellular PLA1. Three members of the mammalian intracellular phospholipase A1
subfamily have been identified: PA-preferring phospholipase A1, p125, and
KIAA0725p [55, 56]. These enzymes commonly contain a lipase consensus
sequence. There are 10 mammalian extracellular phospholipase A1 enzymes:
phosphatidylserine-selective phospholipase A1 (PS-PLA1), membrane-associated
PA-selective phospholipase A1α (mPA-PLA1 α), mPA-PLA1β, pancreatic lipase,
lipoprotein lipase, hepatic lipase, endothelial lipase, and pancreatic lipase–related
proteins-1–3 (Fig. 2.2). These PLA1s share multiple conserved motifs, including a
lipase consensus sequence, a catalytic Ser-Asp-His triad, cysteine residues, and a
lipid-binding surface loop [55]. In contrast to other phospholipases, the physiolog-
ical roles of PLA1 remain largely unknown, especially in mammalian.

The PLA2 family of enzymes catalyze the hydrolysis of the sn-2 bond of
membrane phospholipids to release AA and lysophospholipid secondary messengers
under the influence of various stimuli, including circulating hormones and growth
factors. The first PLA2 was identified in snake venom, while other enzymes were
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discovered in other organisms. The growing superfamily of PLA2s is categorized
into 14 groups based on amino acid sequences and these 14 groups are subdivided
into 4 classes in mammals (Fig. 2.2). PLA2s are classified into several major types:
secretory PLA2 (sPLA2), cytosolic PLA2 (cPLA2), calcium-independent PLA2
(iPLA2), platelet-activating factor acylhydrolases (PAF-AHs), lysosomal PLA2s,
and adipose-specific PLA2s. They differ from each other in terms of substrate
specificity, calcium requirement, and lipid modification [56, 57]. The ubiquitously
expressed cPLAα 2 has high selectivity for membrane phospholipids that contain
AA, which can be metabolized to growth-promoting eicosanoids. This has resulted
in a number of studies that link cPLA2α activity to tumorigenesis. cPLA2α has a
cytoplasmic distribution when inactive, but translocates to intracellular membranes
once activated by concurrent Ca2+ binding and phosphorylation at serine residue
505 [58]. cPLA2α -released AA is a potent cytotoxic compound, inducing cell death
through stimulation of mitochondrion-mediated apoptosis and sphingomyelin phos-
phodiesterase (SMase)-ceramide pathways, unless the AA is subjected to further
metabolism [59]. The iPLA2 family is important for membrane homeostasis and
energy metabolism, and the sPLA2 family modulates extracellular phospholipid
environments.

2.2.2 Phospholipases Signaling in Cancer

Phospholipases can be activated by multiple extracellular signals, including hor-
mones (e.g., insulin and growth hormones), growth factors (e.g., EGF and vascular
endothelial growth factor [VEGF]), and lipids (e.g., LPA and sphingosine
1-phosphate [S1P]; Fig. 2.3) [14, 60–62]. These extracellular cues stimulate phos-
pholipases through the direct activation of RTKs or GPCRs [15, 63]. Phospholipases
act as key mediators of many cellular functions by generating bioactive lipids that
transmit signals to a variety of downstream molecules and interactions with their
binding partners. As illustrated in Fig. 2.3, phospholipases and their lipid mediators
underlie complicated, multilayered signaling networks. Furthermore, lipid mediators
are major participants in a variety of cellular processes related to tumorigenesis
and/or metastasis, such as matrix metalloproteinase (MMP) secretion, actin cyto-
skeleton reorganization, migration, proliferation, growth, inflammation, and angio-
genesis [14, 55, 56, 64]. The importance of phospholipases and their products (that
is, lipid mediators) in key cellular functions has been characterized by cell-based
analyses, and by studies using transgenic and knockout mice. Studies using trans-
genic and knockout mice have demonstrated that phospholipases are crucially
involved in various phenotypes. Specifically, many studies on phospholipase trans-
genic and knockout mice have demonstrated tumor-related phenotypes, such as
tumorigenesis, metastasis, and angiogenesis, in a variety of organs, including the
intestine, colon, lung, and ovary (Table 2.1). The following sections discuss what
have been learned from studies of cell lines and mouse models regarding the
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Fig. 2.3 Overview of phospholipase signaling pathways and networks in cancer. Phospholipases
(PLA, PLC, PLD)-related signal pathways are closely connected with each other and essential in
various tumor processes (e.g., growth, differentiation, and migration). Among PLC isozymes, PLCβ
and ε are activated by G protein or small GTPase in GPCR signaling. Activity of PLCδ and η is
controlled by calcium signaling induced by GPCR. PLCγ is directly phosphorylated by RTK
activated by growth hormones such as EGF and VEGF. Activated PLC can cleave PIP2 into
DAG and IP3 which are important second messengers in cellular functions. PLC-mediated signal-
ing, IP3-induced calcium release, and PKC activation can stimulate other phospholipases activity,
PLA, and PLD. Cytosolic PLA2(cPLA2) and intracellular calcium-independent PLA2 (iPLA2) can
generate AA by hydrolyzing various phospholipids (PC, PS, PA). AA is further modified into
eicosanoids, including PGs and LTs by COX and LOX, respectively. PGs and LTs are released
from the cell and act as autocrine and paracrine factors. In extracellular environment, membrane-
associated PA-selective PLA1(mPA-PLA1) and secretory PLA2 (sPLA2) hydrolyze PA into LPA,
which induces GPCR signaling in an autocrine/paracrine manner. PLD, activated by PKC, converts
PC into PA, which can stimulate multiple downstream signal molecules. PL phospholipase, GPCR
G-protein-coupled receptor, RTK receptor tyrosine kinases, EGF epidermal growth factor, PIP2

phosphatidylinositol-4,5-bisphosphate, DAG diacylglycerol, IP3 inositol-1,4,5-trisphosphate, PKC
protein kinase C, AA arachidonic acid, PC phosphatidylcholine, PS phosphatidylserine, PA phos-
phatidic acid, PGs prostaglandins, LTs leukotrienes, COX cyclooxygenase, LOX lipoxygenase, LPA
lysophosphatidic acid, 4EBP1 4E binding protein 1, CASP caspase, GEF guanine nucleotide
exchange factor, MBS myosin binding subunit, MLC myosin light chain, NFAT nuclear factor of
activated T cells, PIP5K phosphatidylinositol 4‑phosphate 5‑kinase, ROCK RHO kinase, S6K S6
kinase, VEGF vascular endothelial growth factor, WASP Wiskottt–Aldrich syndrome protein,
WAVE WASP family protein member
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Table 2.1 Cancer-related phonotypes of phospholipase transgenic and knockout mice

Gene
Types of
mutation Tissue affected Phenotype Refs

sPla2 Spontaneous/
Transgenic

Intestine Increased tumor susceptibility in
Apcmin/+ mice
Reduced tumorigenesis in Apcmin/+

mice

[128, 131]

Spontaneous Colon Inverse correlation of Pla2g2a
expression level with susceptibility
to carcinogen-induced colon tumor

[129]

cPla2 Knockout Intestine Decreased tumor number in small
intestine of Apcmin/+mice

[118]

Knockout Lung Decreased number of carcinogen-
induced lung tumor

[127, 145]

Knockout Colon Increased colonic injury and number
of colon tumor by carcinogen
Impaired colonic eicosanoid
production

[117, 123]

Knockout Angiogenesis Tumor regression and attenuated
vascularity

[130]

iPla2b Knockout Lung metastasis Decreased lung metastasis [132]

Knockout Ovary Reduced tumorigenesis and ascites
formation from injected ovarian
cancer cells

[135]

Plcb3 Knockout Hematopoietic
cells

Developed myeloproliferative dis-
ease, lymphoma, and other tumors

[86]

Plcg Transgenic
(dominant
negative)

Lung metastasis Decreased number of lung metastases
in PyVmT and TRAMP models

[74]

Plcg2 Knockout B cells Lymphoma development in Plcγ2-/-;
Eμ-Myc transgenic mice

[65]

Plcd1 Knockout Skin Developed spontaneous skin tumor [84]

Plce1 Knockout Skin Delayed onset and markedly reduced
incidence of carcinogen-induced skin
squamous tumors

[85]

Knockout Colon Alleviates the colitis and suppresses
tumorigenesis

[66]

Plcz1 Transgenic Ovary Developed benign ovarian teratomas [67]

Pld1 Transgenic/
Knockout

Intestine Accelerates tumorigenesis in Apcmin/+

mice
Loss of PLD1 suppresses the intesti-
nal tumorigenesis in ApcMin/+ and
AOM/DSS mice models

[110, 109]

Knockout Tumor
microenvironment

Suppressed tumor growth, metastasis,
and angiogenesis

[94]

Pld2 Knockout Angiogenesis Reduced tumor growth and tumor
blood vessel formation

[111]

Knockout Lung metastasis Inhibited invadopodia formation in
breast cancer cells

[106]

APC adenomatous polyposis coli, Pl phospholipase, PyVmT polyomavirus middle T antigen, TRAMP
transgenic adenocarcinoma of the mouse prostate
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functions of various phospholipases in breast cancer–associated processes and
signaling pathways.

2.3 Current Evidence and Concepts

2.3.1 PLC and Breast Cancer

A role for PLC has recently been identified in the regulation of a number of cellular
behaviors, and in the promotion of tumorigenesis by regulating cell motility, trans-
formation, and cell growth, partly by acting as signaling intermediates for cytokines
such as EGF and interleukins in cancer cells [65–67]. Aberrant expression and
activation of PLC isozymes are observed in a variety of human cancers, and are
related to tumor progression.

Previous studies have highlighted alteration in PLC expression levels in breast
tumor cells. It has been reported that PLC-β2 is abnormally elevated in breast cancer
and correlates with poor clinical outcomes, suggesting its role as a marker for breast
cancer severity [68]. In addition, PLC-β2 provokes the transition from G0/G1 to
S/G2/M cell cycle phase, which is important in cancer progression and inositol lipid–
related modifications of the cytoskeleton architecture occurring during tumor cell
division, motility, and invasion [69]. PLC-β isozymes can be activated by GPCRs,
indicating that most chemokines secreted in the tumor microenvironment can acti-
vate PLC-β to increase cell migration and invasion; indeed, gain- and loss-of-
function studies in tumor cells have demonstrated the functional importance of
PLC-β in tumor cell migration and invasion. Recently, PLC-β1 was shown to be
highly expressed in breast cancer tissues in comparison with normal mammary gland
tissues. Also, there are significant differences in PLC-β1 expression between metas-
tasis and recurrence tumor tissue, which may indicate its role in promoting migration
in breast cancer [70, 71]. However, further experimental verification is necessary.

Among the PLC isozymes, PLC-γ is important because it plays a specific and key
role in cell proliferation, and in migration and invasion, therefore contributing to
tumorigenesis and/or metastasis [72–74]. Compared with normal mammary gland
tissue, moderately or poorly differentiated breast tumors (grade 2 or 3) express
higher levels of PLC-γ1. Expression is at marginally low levels in low-grade tumors
compared with normal tissues. A significant association was found between PLC-γ1
expression and the risk of metastatic relapse in T1/T2, N0-stage breast cancer
patients treated with chemotherapy [75]. As expected from its expression pattern,
PLC-γ1 is involved in the migration and metastatic potential of breast cancer
[76]. Growth factor receptors (e.g., EGFR and HER2) and their downstream mole-
cules are associated with increased cancer proliferation and motility. The epithelial
growth factor receptor (EGFR)/ErbB family is among the most notable cancer
molecular targets in many epithelial tumors. ErbB2 (also known as HER2/neu) in
particular is overexpressed in approximately 25% of breast cancers, and trastuzumab
(Herceptin), a well-established breast cancer drug, targets ErbB2. Major downstream

2 Phospholipase Signaling in Breast Cancer 33



signaling pathways of ErbB are the mitogen-activated protein kinase (MAPK)
pathway, PI3K pathway, and PLC-γ1 pathway, which lead to gene expression
changes.

EGF-induced migration of breast cancer cells mainly depends on the transient
activation of PLC-γ1 via ErbB2 activation. Correlatively, downregulation of
PLC-γ1expression blocked Rac1 and CDC42 GTPases via IP3-induced calcium
release activation, resulting in the suppression of human breast cancer cell–derived
lung metastasis in a mouse model [77, 78]. In addition, PLC-γ1 has been shown to
mediate the cell motility effects of growth factors including PDGF, EGF, insulin-like
growth factor (IGF), and hepatocyte growth factor (HGF). A dominant-negative
PLC-γ1 fragment reduced the metastatic potential of breast cancer in a transgenic
mouse model. Metastasis assays also demonstrated that nude mice with PLC-γ1
knockdown exhibited inhibition of breast cancer–derived lung metastasis [79]. This
result suggests that PLC-γ1 is a potential therapeutic target in the clinical treatment
of tumor metastasis.

Moreover, PLC-γ1 is a target of the micro RNA (miR)-200bc/429 cluster that
suppresses EGF-driven cell invasion, viability, and cell cycle progression in breast
cancer [80]. The miR-200 family consists of five members. They are expressed as
two separate polycistronic pri-miRNA transcripts, with miR200b-200a-429 at chro-
mosomal location 1p36 and miR-200c-141 at chromosomal location 12p13. This
shared seed sequence suggests that the clusters may share some common target
genes. The miR-200 family is downregulated to undetectable levels in breast cancer
cell lines with invasive and generally mesenchymal phenotypes compared with well-
differentiated breast cancer cell lines. Consistent with its expression in breast cancer
cell lines, the levels of the miR-200 family are approximately 10- to 22-fold lower in
mesenchymal sarcomatoid regions of human primary breast cancers compared with
epithelial epithelioid regions [81], and loss of the miR-200 family contributes to
breast cancer progression [82]. In breast cancer, position 4915–4921 on the 3-
0-untranslated region (UTR) of PLCG1 is a direct target of miR-200bc/429, and
the downregulation of PLC-γ1 by miR-200bc/429 inhibits EGF-driven cell invasion.
These reports suggest the mechanism by which PLC-γ1 is overexpressed in breast
cancer (Table 2.2).

Furthermore, PLC-δ4 is upregulated in breast tumor cells, and its overexpression
enhances cell proliferation in breast cancer cells with lower oncogenicity
[83]. Patients with tumor metastasis expressed higher levels of PLC-δ4 than those
with local recurrence. Significantly, breast cancer patients with higher expression
levels of PLC-δ4 experience a shorter disease-free survival period, which may
indicate a correlation between PLC-δ4 and recurrence in breast cancer patients.

Unlike PLC-γ and PLC-ε, the PLC-β and PLC-δ isoforms are known tumor
suppressors [84, 85]. Loss of PLC-β3 in mice can result in myeloproliferative
diseases, lymphoma, and other types of cancer through the regulation of signal
transducer and activator of transcription 5 (STAT5) phosphorylation. Consistent
with this, PLC-β3 downregulation has been observed in human chronic lymphocytic
leukemia samples [86]. Furthermore, monoallelic deletion of PLCB1 (which
encodes PLC-β1) increases the risk of developing acute myeloid leukemia in patients
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with myelodysplastic syndrome. The loss of PLC-δ1 expression is highly associated
with its role as a tumor suppressor in esophageal squamous cell carcinoma (ESCC).
In addition, decreased PLC-δ1 expression is correlated with poor clinical outcomes
in patients with acute or chronic myeloid leukemia [87, 88]. Also, PLC-δ1 is
downregulated via hypermethylation in breast cancer. PLC-δ1 suppressed cell
migration by regulating cytoskeletal reorganization proteins [89]. Although some
mechanistic details remain unclear, the position of PLCs in the vicinity of cell
surface receptors that relay signals from the extracellular microenvironment may
enable them to amplify downstream signals through the generation of second
messengers, activating effectors such as PKC and other phospholipases to continue
the propagation of mitogenic signals.

2.3.2 PLD and Breast Cancer

PLD-mediated signaling pathways are highly complicated; therefore, its physiolog-
ical functions are diverse. Recently, increased expression of PLD enzymes, their
subcellular mislocalization, and altered PLD catalytic activity have been implicated
as contributing factors in several types of human cancer, such as colon, gastric,
kidney, and thyroid cancers. PLD is increasingly recognized as a critical regulator of
cancer progression and tumorigenesis. In malignant breast cancer, PLD activity is
increased, as is the expression of PLD1 and -2 [90, 91]. PLD1 tends to be
overexpressed in tumors that show high expression of cytokeratins 5/17, which are
frequently associated with poor prognosis [92]. In addition, elevated PLD2 expres-
sion suppresses apoptosis and also promote tumor growth rate and chemoresistance
in breast cancer [93]. PLD1 has a critical function not only in the cancer cell itself but
also in the tumor microenvironment. Studies in PLD1-deficient mice showed that

Table 2.2 Aberrant expression and mutation of phospholipases in breast cancer

Gene Expression Correlation Refs

sPLA2 Increased Poor prognosis [112, 116]

cPLA2A Increased Poor prognosis Her2 subtype [113, 114, 115]

PLCB1 Increased Invasiveness [71]

PLCB2 Increased Poor prognosis with breast cancer malignancy [68, 69]

PLCG1 Increased ND [72, 73, 75]

PLCD1 Decreased With ER status and tumor grade [89]

Increased ND [88]

PLCD3 Increased ND [88]

PLCD4 Increased ND [83]

PLCE Increased ND [71]

PLD1 Increased ND [91]

PLD2 Increased ND [93]

ND not determined, PL phospholipase
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PLD1 promotes tumor growth and metastasis through enhanced angiogenesis and
decreased tumor cell-platelet interactions [94]. Recent genomic analyses of human
cancers have revealed several unique PLD2 mutations in breast, stomach, and brain
cancers, although most of the reported mutations remain to be functionally charac-
terized [95, 96]. These studies provide initial evidence that increased PLD activity is
linked to oncogenic signals and tumorigenesis.

Several mitogenic signals (such as EGF, EDGF, and FGF) and oncogenic acti-
vation (such as v-ras, v-raf, and v-src) stimulate PLD-mediated oncogenic signaling
pathways [39–41, 97–99]. The oncogenic signaling network is mediated by the
interaction between PLDs and Ras, and facilitates the activation of MAPK
[100]. Furthermore, recent work has revealed that PLD2-generated PA recruits
SOS1 to the plasma membrane and activates RAS, promotes cell proliferation and
anti-apoptosis of cancer cells [50]. Another critical downstream target of PLD in
cancer cells is the mTOR, a serine/threonine kinase known to be a key regulator in
cell growth and survival signaling pathways. Because PA binds to and activates
mTOR, overexpression of PLD1 or PLD2 stimulates mTOR activity, which was
monitored by the phosphorylation of the mTOR enzymatic substrate S6 kinase in
breast adenocarcinoma or rat fibroblasts, through PA production. PLD activation
also induces c-Myc expression, which is regulated by mTOR activity, in breast
adenocarcinoma, indicating the involvement of PLD-mTOR signaling pathway in
cancer cell growth and survival signals [101, 102]. The mTOR inhibitor rapamycin
has been used as an anti-cancer drug. However, rapamycin-based therapeutic strat-
egies are unsuccessful in some cancer patients. Interestingly, it has been demon-
strated that PA competes with rapamycin in mTOR regulation, and activation of
PLD inhibits the effect of rapamycin in human breast cancer cell line. Therefore,
inhibition of PLD may provide the strategy for suppressing the survival signal of
rapamycin-resistant cancer cells. In normal proliferating cells, DNA-damaging
agents cause apoptosis through a mechanism that involves increased expression of
p53. In rat fibroblasts and MDA-MB-231 breast cancer cells, overexpression of
PLD1 decreased p53 levels and apoptosis after treatment with DNA-damaging
agents, suggesting that PLD activity promotes p53 degradation [103].

Many studies have detected a positive correlation between PLD activity and
invasive potential. Overexpression of PLD in breast, glioblastoma, or lymphoma
cells stimulates invasion, whereas expression of dominant-negative PLD prevents
invasion [104]. Similarly, small-molecule PLD inhibitors (FIPI: 5-fluoro-2-indolyl
des-chlorohalopemide;NOPT:N-[2-(4-oxo-1-phenyl-1,3,8-triazaspiro[4,5]dec-8-yl)
ethyl]-2-naphthalenecarboxamide) and PLD siRNA also decrease tumor size and
breast cancer cell metastasis formation in vivo [94]. PLD2 stimulates cell protrusion
in v-src-transformed cells and is required for EGF-induced membrane ruffling.
Elevated PA levels can reorganize actin by its regulation of RAC complexes and
phosphoatidylinositol 4-phosphate 5-kinase (PIP5K). In addition to lipid-mediated
activation of downstream effectors, the PX domain of PLD2 shows RHO GEF
activity, which induces actin reorganization. Thus, PLD2 induces stress fiber for-
mation by mediating nucleotide exchange for RHOA [105]. A recent study showed
that PLD2 knockout inhibited lung metastases in the mammary tumor virus
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(MMTV)-Neu transgenic mouse breast cancer model [106]. PLD2-generated PA
binds to and regulates the motor protein KIF5B, which controls membrane type1
metalloproteinases (MT1-MMP, also known as MMP14) surface localization and
invasion. Furthermore, increased PLD activity enhanced the ability of MDA-MB-
231 breast cancer cells to migrate and invade matrigel, and PLD2 overexpression
increased the invasion and metastasis of EL4 mouse lymphoma cells. In contrast,
inactive PLD2 inhibited metastasis in a syngeneic mouse model [107, 108]. Taken
together, these results demonstrate that PLD1 and PLD2 promote tumor progression
through distinct mechanisms.

PLD2-dependent cancer metastasis is intrinsic to cancer cells, whereas PLD1 is
critical for both cancer and stromal cells [94, 109, 110]. Phenotypic analysis of
PLD1 knockout mice, which are otherwise viable and normal, revealed that PLD1
expression in tumor microenvironment plays important roles in tumor growth
metastasis. The tumor microenvironment consists of various types of cells, such as
vascular and lymphatic endothelial cells, mesenchymal cells, and immune cells. The
soluble factors, signaling cues, ECM, and mechanical cues provided by tumor
microenvironmental cells can promote tumor progression by supporting tumor
growth and invasion, and by protecting the tumor from host immune system attack.
Angiogenesis, which is required to supply oxygen and nutrients, is one of the major
aspects of tumor microenvironment contributing to tumor progression; inhibition of
angiogenesis in tumors prevents tumor growth. Ghim et al. found that the ablation of
PLD2 from endothelial cells led to the suppression of hypoxia-induced HIF-1α
expression and VEGF secretion, and also reduced proximal tumor
neovascularization [111]. Additionally, when mouse melanoma or lung cancer
cells were implanted into wild-type or PLD1 knockout mice exhibited a much
lower density of microvascular cells. When VEGF-coated matrigel plugs were
inserted into the same mice, endothelial cells failed to migrate to the plugs in the
PLD1 knockout mice, suggesting inherent defects in the migration of PLD1
knockout-derived endothelial cells. Consistent with this observation, PLD1 knock-
out mice showed impaired integrin signaling, manifested in a failure to properly
adhere to ECM integrin ligands, such as fibronectin, vitronectin, and collagen.
Therefore, PLDs in the tumor microenvironmental cells are required for both
primary tumor growth and metastasis.

2.3.3 PLA and Breast Cancer

Phospholipase A2 has a role in many biological processes, including inflammation,
cell growth, and cancer development. Yamashita et al. were the first to report that
PLA2 levels were highly elevated in patients with various malignant tumors, and
especially in breast cancer [112]. Their study indicated a possible role of PLA2 in
breast cancer progression. In particular, the role of EGFR/HER2 transactivation in
estrogen-induced cPLA2α activation in breast carcinoma cell lines suggests that
cPLA2α activity and expression may be coupled with HER2 over-expression in
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tumor cells [113, 114]. Previous investigations found a correlation between the
expression of intermediates in the eicosanoid signaling pathway, particularly
COX-2, and the abundance of HER2 in breast carcinomas. cPLA2α expression
was correlated with worse prognostic indicators, which also characterize more
invasive tumors of the HER2-positive and basal-like subtypes. Elevated cPLA2α
expression was associated with decreased survival in patients with luminal breast
cancers, and also correlated with a reduced efficacy of endocrine therapy. This study
found that cPLA2α expression was an independent predictive marker of a poor
response to endocrine therapy over the first 5 years of post-treatment follow-up
[113, 115]. In addition, PLA is synchronously overexpressed, and participates, in
tumorigenesis by producing sufficient substrates for the metabolic cascade of COX2/
PEG2 and other pathways, and is significantly correlated with a poor prognosis.
Recently, higher plasma PLA2 and sPLA2 activity was detected in patients with
breast cancer, particularly at late disease stages, than in healthy controls
[112, 116]. Thus, plasma PLA2 activity may be a potential prognostic biomarker
for patients with breast cancer. However, the functions and underlying molecular
mechanisms of PLAs in breast cancer remain to be elucidated.

PLA2 has been shown to have both growth-inhibiting and growth-promoting
effects [117, 118]. Its metabolite, AA, also has opposing functions in different tumor
microenvironments. AA can be converted into various biologically active eicosanoid
mediators including prostaglandins (PGs), hydroxyeicosatetraenoic acids (HETEs),
and epoxyeicosatrienoic acids (EETs) by cytochrome P450 monooxygenase, COX
isoforms, and lipoxygenases (LOXs) [119, 120]. The metabolism of AA by 15-LOX
produces 15-S-hydroxyeicosatetraenoic acid (15-(S)-HETE) and prevents the pro-
liferation of cell in culture [120, 121]. In contrast, PGE2 contributes to cell prolif-
eration; consequently, the AA-based eicosanoid signaling pathway has been
implicated in the development and progression of cancer in different human tissues,
including the breast [121–123]. PGE2 stimulates the expression of growth-
promoting genes, such as c-fos and VEGF [124], and promotes COX-2 expression
in colorectal cancer, breast cancer, and normal epithelial cells [124, 125]; this leads
to a positive feedback effect on downstream growth-promoting signaling. PGE2 can
functions in both autocrine and paracrine manner to stimulate aromatase expression
in breast cancer and normal tissue [126]. Consequently, COX-2 upregulates the
production of the most biologically active estrogen 17-β-estradiol (E2), and the
subsequent stimulation of proliferative signaling pathways. cPLA2α can generate
AA to produce PGEs and enhance tumorigenesis, but sPLA2 has tumor-suppressive
functions [127–129]. Thus, the requirement to balance PLA2 activity with the
metabolism of its products may be responsible for some inconsistencies in published
data regarding whether PLA2 supports or suppresses breast carcinoma progression.

The PLA family may promote tumor progression via extracellular regulation of
the tumor microenvironment, to trigger cell migration and invasion [130–132]. The
lipid mediators of PLAs involved in tumor metastasis and angiogenesis are LPA,
AA, leukotrienes, and prostaglandins [133–135]. Serum LPA is a well-established
indicator of tumor initiation and progression in breast cancer [136], ovarian cancer
[137] and multiple myeloma [138]. LPA receptors, which show deregulated
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expression in cancer cells and tissues [139–141], activate RHO family small
GTPases to drive cell migration and invasion. Furthermore, AA induces the expres-
sion and surface exposure of GalT-1, which acts as a membrane receptor for ECM
proteins and cell-to-cell interactions in MDA-MB-231 breast carcinoma cells, pro-
viding another mechanism by which PLA2 activity impacts the invasive capacity of
breast carcinoma cells [142].

The altered metabolism of AA by COX and LOX in cancer cells has also been
shown to play a role in cancer progression. In a mouse xenograft model, breast
cancer cells overexpressing LPA1 has enhanced subcutaneous growth and bone
metastasis [143]. Tumor cells stimulated LPA release from circulating platelets. The
resulting pro-inflammatory PGs and leukotrienes are key mediators of intracellular
crosstalk between tumor cells and stromal cells, and they induce the migration and
proliferation of stromal cells such as immune cells, tumor-associated fibroblasts, and
endothelial cells, which produce additional inflammatory cytokines and chemokines
to establish the tumor microenvironment [144, 145]. The cooperation of phospho-
lipases is important for angiogenesis because cell-cell communication must be
tightly integrated and regulated. Malignant tumor cells express high levels of
PLA2 and AA metabolic enzymes, resulting in the production of eicosanoid metab-
olites. These molecules mediate endothelial cell recruitment, proliferation, migra-
tion, and tube formation. Various studies have shown a correlation between COX2
overexpression and enhanced production of PGE2 by cancer cells. Through auto-
crine and paracrine pathways in tumor cells and stromal cells, PGE2 stimulates the
production of VEGF and the chemokines CXCL1 to recruit endothelial cells.
Moreover, cPLA2α-deficient endothelial cells are defective in tumor vascularization
[134, 146, 147]. Therefore, the role of LOX signaling in proliferation, metastatic
invasion and angiogenesis is emerging. The balance between COX and LOX activity
in determining the nature of the AA metabolites produced is not only important
establishing their respective and interacting roles in breast cancer progression, but
also for potential novel therapeutic interventions.

2.3.4 A Multicellular Phospholipase Network

Invasion and metastasis is a multicellular and multistep process, and phospholipases
contribute to this process by affecting both inter- and intracellular signal. First,
overexpressed PLA2 and eicosanoid metabolic enzymes generate PGs and leukotri-
enes, which can activate stromal cells to migrate towards tumor cells. The recruited
stromal cells secrete growth factors, cytokines, chemokines, and eicosanoids that
coordinate the tumor microenvironment. Second, factors that are secreted from
stromal cells probably go on to potentiate tumor cell migration and invasion by
activating PLC and PLD (Fig. 2.3), as well as many other factors. This suggests that
the phospholipase signal circuit could have crucial inter- and intracellular roles
during metastasis.
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Although many reports have suggested the functional association of phospholi-
pases in physiological angiogenesis, the precise mechanism underlying tumor-
associated angiogenesis remains unclear. The majority of such studies have used
in vitro experiments, which do not consider the tumor microenvironment or cell-cell
communication. As noted above, tumor microenvironments are complex and
dynamically regulated by intracellular signaling evets. However, further investiga-
tion is needed to fully understand the roles of phospholipases in the context of tumor
microenvironment.

2.3.5 Phospholipases as Anticancer Drug Targets

Despite strong evidence implicating phospholipases in tumorigenesis and progres-
sion, developing effective therapeutic strategies to inhibit phospholipases has been
difficult for a number of reasons. In general, phospholipases are considered
“undruggable” targets [148]. One of the major concerns that phospholipases regu-
lates many key cellular processes, and therefore their inhibition would inevitably
lead to severe side effects. Some phospholipases, such as iPLA2s, control normal
brain and heart functions by remodeling phospholipids [149, 150]. On the other
hand, abnormal hyperactivity, which is induced by the dysregulation of phospholi-
pases, may be a potential therapeutic targets in cancer. Therefore, current challenges
include developing therapeutics with optimal pharmacokinetic parameters that min-
imize side effects and maximize anticancer effects. In addition, isoform-specific
inhibition of phospholipases has proven difficult. Historically, compounds that were
structurally unrelated to PI(4,5)P2, such as aminosteroid U73122, were identified as
potential candidates, but they showed great non-specificity. In fact, U73122 was
suggested to have other targets, including calcium pumps and unrelated enzymes
regulating lipid metabolism [151–153]. Furthermore, depending on the environmen-
tal stimulus, some phospholipase isozymes have oncogenic roles and others have
tumor-suppressive roles. Therefore, the development of isozyme-specific inhibitors
may improve our ability to target these enzymes. Second, although many reports
have addressed the prognostic value of phospholipases in different tumor types, the
number of studies has been small and detection methods have been limited. Addi-
tionally, breast cancer is a complex disease with very distinct clinical, morpholog-
ical, and molecular entities. This heterogeneity cannot be explained only by clinical
parameters like tumor size, histological grade, and ages. To evaluate the clinical and
prognostic value of phospholipases as anticancer therapeutics, more careful clinical
studies and integrated research approaches are needed [154]. Third, there are no
reports on constitutively active mutations of the phospholipases in specific cancers,
and few spontaneous animal models for cancer have been developed. In other words,
phospholipases may be modulators of tumorigenesis and cancer progression by
interacting each other. Finally, because lipid second messengers generated by
phospholipases are quickly converted to the next metabolite, measuring the activa-
tion status of phospholipases in cancer tissue has proven impossible. Moreover,
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downstream targets of lipid mediators are not specific to phospholipase-mediated
signaling. Therefore, identification of predictive biomarkers is crucial for drug
development.

Although phospholipases themselves are not strong oncogenes or tumor suppres-
sors, phospholipases and lipid mediators strongly interact with their binding part-
ners, including oncogenes and tumor suppressors, in a complex tumor
microenvironment. Furthermore, phospholipases can interact with other signaling
pathways depending on the surrounding environment or cell type, implying that
specific drugs could potentially be designed to target tumor-associated phospholi-
pases. In this respect, blocking the eicosanoid signaling pathway through the
deactivation of COX enzymes has been tested in clinical studies. The inhibition of
COX enzymes using non-steroidal anti-inflammatory drugs (NSAIDs) had thera-
peutic effects on several tumors [155]. However, their therapeutic efficacy is insuf-
ficient because NSAIDs cannot block the generation of leukotrienes by PLA2.
Therefore, the use of PLA2 inhibitors might be considered an attractive alternative.
Varespladib, a sPLA2-specific inhibitor, was under clinical evaluation as an anti-
inflammatory agent; unfortunately, this trial was halted in 2012 due to inadequate
efficacy [156]. Thus, inhibitors of other PLA2 isozymes have to be developed as
anticancer drugs, and their efficacy improved to reduce side effects [157]. Further
development of isozyme-specific inhibitors of PLA2 may lead to novel therapeutic
strategies.

Interest in targeting PLD isozymes with small-molecule inhibitors has grown
steadily since PLD family members were implicated in a variety of human diseases,
including cancer. The dual-PLD inhibitors FIPI and halopemide (more effective
against PLD2) effectively block PA production and several biological processes that
have been known to be mediated by PLD activation, such as cytoskeleton reorgani-
zation, cell spreading, and chemotaxis, in vitro [158]. Although isozyme selectivity
remained elusive, this discovery represented an important advance. Recent advances
in the development of isozyme-selective PLD inhibitors, and in molecular genetics,
have suggested that PLD isozymes in mammalian cells and pathogenic organisms
may be valuable targets for the treatment of several human disease. Isozyme-
selective inhibitors of PLD have been generated that inhibit the migration of breast
cancer cell lines [159, 160]. In different settings, it may be advantageous to use
PLD1-specific or PLD2-specific inhibitors rather than a dual PLD1/2 inhibitor,
depending on the extent of redundancy of the individual PLD isoforms in the process
that is being inhibited. However, this remains an unexplored topic that will be
important to address as therapeutic approaches are developed, in particular in the
context of cancer.

Pharmacological inhibitors of PLC activity, selective small molecules, or other
selective probes are crucial for elucidating physiological and aberrant functions of
specific proteins in cells and whole organisms. Notably, however, PLCs not only
lack potential drug molecules but also appear to lack even a reliable, direct small-
molecule inhibitor. Based on structural insights and a detailed understanding of the
catalytic mechanism of PIP2 hydrolysis, PLC proteins are not intrinsically intracta-
ble. The main limitations to inhibitor development have been related to a lack of
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suitable high-throughput screening, difficulties in generating chemical probes based
on PIP2 substrate, and insufficient evidence linking changes in PLC function to
disease development.

As mentioned above, several binding proteins of phospholipases and their lipid
mediators may determine the role of phospholipases in cancer, and whether they act
as cancer-promoting genes. For example, PLC-γ1 interacts with SOS1 to activate
RAS, thereby increasing cell proliferation, and PLC-γ1 induces cell migration by
interacting with the GUT1-Beta-Pix complex [161, 162]. These interactions are
mediated by specific motifs and domains, suggesting that interaction blockers
could be used as more specific anticancer therapies. However, no such blockers
have developed to date. Therefore, understanding the mechanism of action of a
specific domain-containing superfamily, as well as the roles of specific phospholi-
pase isozymes in cellular signaling, metabolism, and cellular function, is paramount
for the development of optimal therapeutic compounds.

Although some reagents that can block phospholipase signaling are available, we
are far from developing anticancer therapies. By using integrated information (e.g.,
genomics, proteomics, and lipidomics) and animal experiments, the functional roles
and regulatory mechanisms of phospholipases in tumorigenesis will be further
defined. These efforts may lead to the generation of phospholipase-specific antican-
cer therapies.

2.4 Future Research Direction

Lipid signaling in pathology is an emerging field of investigation, and metabolite
intermediates are a major lipid class involved in all of the crucial cell signaling
pathways. Although phospholipases can regulate the pathways involved in tumori-
genesis and cancer progression, and the signaling mechanisms of each phospholi-
pase have been fairly well established, the functional roles of phospholipases in
breast cancer are poorly understood. One of the major challenges to overcome this
gap is to understand the complexity of the tumor microenvironment and intracellular
signaling pathways. Tumor microenvironments generate various extracellular sig-
nals depending on the surrounding situation, which can trigger multiple signaling
pathways, and different phospholipases can be simultaneously activated. Further-
more, phospholipases distributed throughout the signaling network can interact with
one another and regulate each other’s activities. Therefore, understanding the
phospholipase-mediated signaling network within tumor microenvironments may
be helpful for evaluating their functional importance in cancer. As shown in Fig. 2.3,
phospholipases and their lipid mediators induce hierarchical pathways as well as
complex networks that have feedback loops and crosstalk. For example, PLC is
located in the immediately adjacent to the signaling receptors (e.g., RTKs and
GPCRs) and generates two major second messengers (DAG and IP3) on activation.
Thus, PLC serves as “generator” of second messengers and functions during the
early stages of signaling transduction. Additionally, PA and PLD comprise a
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complex network with a variety of binding partners, and they have dynamic inter-
relationships with their binding partners that can, in turn, simultaneously or sequen-
tially interact [31]. Hence, PLD act as a “signal mediator,” which can finely regulate
multiple signals as they pass downstream. PLAs generate LPA, an extracellular
ligand for receptors, and AA, the intracellular precursor of extracellular PG and
leukotriene ligands. On the basis of these characteristics, PLA2 is a “signal ampli-
fier” that can transmit signals into the extracellular environment in an autocrine
and/or paracrine manner. In this viewpoint, these signaling roles of phospholipases
are supported by the localization of phospholipase binding partners, as well as the
localization of the phospholipases themselves.

For the development of future therapeutic strategies, one of the main contribu-
tions of this breakthrough in cancer research is the integration of molecular studies
into clinical trials. Despite evidence demonstrating the involvement of phospholi-
pases in tumor-associated signaling in cells, there are few clinical studies presenting
phospholipases as oncogenes or tumor suppressors. Recently, many bioinformatics
data sets have been made available, including those derived from genomic and
transcriptomic studies, as well as from the interactomes of phospholipases and
their-associated signaling pathways. These combined analysis data can be used to
assess the overall involvement of phospholipases in cancer. Interestingly, most
experimental animal tumor models involving phospholipases were not established
by single knockout or the overexpression of a single phospholipase molecule, but
rather by a combination of knockouts or transgenic animals expressing different
oncogenes or tumor suppressors. These results suggest that drugs that target phos-
pholipases may be effective when combined with other drugs that target different
cellular signaling pathways. It is possible that inhibitors of phospholipases could be
developed to improve the efficacy of other targeted therapies, and to diminish
toxicity arising from the inhibition of a physiologically important housekeeping
enzyme. Thus, this integrated approach has provided valuable information on the
nature of the disease, explaining in part the different responses to treatment and the
disparate prognoses. Knowing the pathways regulating the processes involved in
neoplastic development should help in the design of clinical trials aimed at patients
with specific characteristics that are candidates to benefit from specific treatment.

Although many key questions remain regarding the development of isozyme-
specific inhibitors and signal pathway blockers, phospholipases are considered as
attractive targets for anticancer therapy. Targeting distinct phospholipases may have
broad therapeutic potential, and it is likely that small molecule inhibitors of phos-
pholipases will be tested for efficacy in diseases for which there is currently an
unsatisfactory conventional therapy. The absence of toxic effects in animal models is
highly encouraging. With current advances in mass spectrometry-based
metabolomics, lipidomics, and phosphoproteomic analyses, new participants in
established signaling and metabolic pathways are being revealed, which provide
exciting opportunities for therapeutic targeting. The challenges for the future will be
elucidating the complexity and variability of the phospholipase network in the tumor
microenvironment, and understanding the tumor-specific roles of each phospholi-
pase and its corresponding regulatory mechanisms.
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2.5 Summary

• Phospholipases are essential mediators for many physiological processes; how-
ever, aberrant signaling is involved in carcinogenesis and cancer progression.

• Phospholipases are the link between two major pathways, HER2/HER3/PI3K and
EGFR/HER2/PLC, and play an active role in breast cancer cell proliferation,
migration, invasion, and angiogenesis.

• Phospholipases are not an easy target for therapy, so attention needs to be given to
interacting partners, or cross-talk signaling pathways in tumor microenvironment.

• The integrated analyses of phospholipases are important for developing innova-
tive therapeutic strategies or the comprehension of new molecular processes.
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Chapter 3
HER2 Signaling in Breast Cancer

Incheol Shin

Abstract HER2 gene amplification occurs in many breast cancer patients and is
associated with poor clinical prognosis. Trastuzumab is a therapeutic monoclonal
antibody binding to HER2 and inhibits growth of HER2-positive breast cancer cells
and used as a principal treatment for HER2-positive breast cancer. Unfortunately,
some HER2-positive breast cancers eventually relapse after trastuzumab treatment.
To investigate the molecular mechanism of trastuzumab resistance, we generated
trastuzumab-resistant cells using a mouse model and found ECM1 protein is
increased in trastuzumab-resistant cells. ECM1 was shown to increase EGFR sig-
naling via upregulated matrix metalloproteinase 9/galectin-3/mucin pathway. To
further find the novel mediators of HER2-driven signaling pathways in breast
cancer, we investigated the upregulated proteins in HER2-overexpressing breast
cancer cells using a proteomics approach and found that KRT19 is strongly
upregulated in HER2-positive breast cancer cells and it activates HER2 signaling
by binding to HER2 and stabilizes the receptor on the cell membrane. Moreover, we
found that treatment of KRT19 antibody resulted in reduced cell viability of
trastuzumab-resistant HER2-positive breast cancer cells as well as trastuzumab-
sensitive cancer cells both in vitro and in vivo.

Keywords HER2 · Trastuzumab · ECM1 · KRT19 · EGFR

3.1 Introduction

Breast cancer can be classified into four well-established subtypes according to gene
expression profiling and hierarchical clustering analysis: luminal A, luminal B,
basal-like, and human epidermal growth factor receptor 2 (HER2) subtypes
[1]. Luminal A breast cancer is estrogen receptor (ER) and/or progesterone receptor
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(PR) positive and has low level of Ki-67, a cell proliferation marker. Luminal B is
also ER and/or PR positive and HER2 negative or HER2 positive with high
expression level of Ki-67 with worse prognosis than luminal A [2]. Basal-like breast
cancer is ER, PR, and HER2 negative and hence often referred as triple-negative
breast cancer with the most poorly characterized mechanism of pathogenesis
[3]. HER2 subtype is ER and PR negative and HER2 positive and can have a
worse clinical outcome than luminal subtypes. However, HER2 breast cancer
patients are successfully treated by specific targeted therapies directed against
HER2 [4].

HER2 belongs to the epidermal growth factor receptor (EGFR) family consisting
of four receptor tyrosine kinases, EGFR (ErbB1 or HER1), HER2 (ErbB2, c-neu or
CD340), HER3 (ErbB3), and HER4 (ErbB4) [5]. EGFR family receptors are
expressed in various types of tissues and involved in the control of various biological
processes including cell proliferation and differentiation. The receptors exert their
effect via their tyrosine kinase activities upon ligand binding and subsequent dimer-
ization with other family members [6]. Tyrosine residues on the intracellular domain
of the receptors are transphosphorylated after dimerization and serve as docking sites
for various signaling molecules [7].

By recruiting the docking molecules, EGFR family receptors can activate
mitogen-activated protein kinase (MAPK) pathway [8]. In many cell types, activa-
tion of this pathway regulates cell proliferation, cell cycle progression, differentia-
tion, migration, cell adhesion, and cell death [9]. The cytoplasmic tail domain of
transphosphorylated EGFR family receptors recruit growth factor-bound protein
2 (GRB2), which then binds son of sevenless (SOS), the guanine nucleotide
exchange factor [10]. The recruitment of SOS in turn activates membrane-bound
Ras, which next leads to activation of Raf kinase [11, 12]. Raf kinase activates
mitogen-activated protein kinase kinase (MAPKK) by phosphorylation and the
activated MAPKK subsequently phosphorylates and activates MAPK [13]. The
activation of MAPK can then activate various transcription factors such as Elk1,
Myc, and Fos to regulate the expression of MAPK target genes [14–16].

EGFR family receptors can also activate phosphatidylinositol-30 kinase (PI3K)/
Akt pathway [6]. The Ser/Thr kinase Akt is a central signaling molecule acting by
phosphorylating many downstream effector molecules [17]. Activation of Akt could
promote cell survival by inhibition of proapoptotic pathways [18]. Akt can phos-
phorylate FOXO transcription factors resulting in the nuclear exclusion of the
transcription factor culminating in downregulation of FOXO-dependent
proapoptotic transcripts such as BH3-only protein B-cell lymphoma 2 interacting
mediator of cell death (BIM) and Fas ligand [19, 20]. Akt can also phosphorylate
Bcl-2 associated death promoter (BAD) and renders BAD separated from BCl-2
complex and loses proapoptotic function [21]. In addition to the inactivation of
proapoptotic factors, Akt could also upregulate antiapoptotic genes such as Bcl-2,
Bcl-X, and inhibitor of apoptosis (IAP) via regulation of IκB kinase (IKK)/NFκB
signaling [22, 23]. Regulation of cell cycle can also be achieved by Akt signaling.
Akt-mediated phosphorylation of p27 leads to cytosolic localization of the
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cyclin-dependent kinase inhibitor via binding to 14-3-3 proteins and this leads to cell
cycle progression beyond G1/S checkpoint [24].

Akt is also involved in angiogenesis and control of cellular metabolism. Akt can
activate endothelial nitric oxide synthase (eNOS) [25]. eNOS induces NO release
which leads to vascular rearrangement and angiogenesis [26]. Akt/mammalian target
of rapamycin complex 1 (mTORC1) can also induce hypoxia-inducible factor alpha
(HIF-α)-dependent induction of glucose transporter (GLUT) gene expression lead-
ing to efficient transport of glucose to the cancer cells [26]. Akt/mTORC1-induced
HIF-α increases secretion of vascular endothelial growth factor (VEGF) which in
turn increases angiogenesis [27]. In addition to its effect on GLUT gene expression,
Akt can also activate glycolysis rate-determining enzyme phosphofructokinase-1
(PFK-1) by activation of phosphofructokinase-2 (PFK-2) through phosphorylation
[28]. Fructose-2,6-bisphosphate generated by PFK-2 acts as a potent allosteric
activator of PFK-1, a key enzyme in glycolytic pathway [29]. FOXO-dependent
suppression of glycolytic gene expression is also relieved by activation of Akt [30].

Given the plethora of EGFR family downstream signaling pathways involved in
important biological phenomena such as cell proliferation, cell cycle regulation,
tumorigenesis, angiogenesis, and control of metabolism as listed above, the dereg-
ulation of EGFR family receptors could lead to human diseases. Indeed, the abnor-
mal activation and expression of these receptors have been reported to be associated
with many different kinds of human cancers [31]. Among these receptors, HER2
gene amplification occurs in 25–30% of breast cancers and confers worse clinical
and biological behaviors [32]. Among EGF family ligands, none has been previously
reported to directly bind to HER2, suggesting that HER2 is an orphan receptor
[33]. However, HER2 is a preferred dimerization partner for all other EGFR family
members (EGFR or HER1, HER3 and HER4) rendering HER2 as a versatile
co-receptor [34]. The structure of extracellular region of HER2 without bound ligand
resembles a ligand-bound status of other EGFR family receptors, suggesting that the
orphan receptor does not require ligand to release from an autoinhibited conforma-
tion [35]. Among HER2-containing homo- and heterodimers, HER2-HER3
heterodimer is the strongest stimulator of the receptor downstream pathways [36].

Direct targeting of HER2 was first challenged with trastuzumab (Herceptin), a
humanized monoclonal antibody directed against extracellular subdomain IV of
HER2 [37]. Upon binding to the orphan receptor, trastuzumab inhibits HER2
homo- and heterodimerization and HER2-downstream signaling pathways including
MAPK pathway and PI3K/Akt pathway, blocking proliferation of the trastuzumab-
treated cells [38]. HER2 can also be downregulated from the plasma membrane by
trastuzumab-mediated internalization and subsequent degradation via ubiquitin
ligase c-Cbl [39]. Trastuzumab also exhibits in vivo cytotoxicity by inducing an
immune response of patients to cancer cells via antibody-dependent cellular cyto-
toxicity (ADCC) [40]. Xenograft study also revealed that natural killer cells target
HER2-overexpressing cells by CD16-dependent ADCC [41]. These results suggest
that ADCC is one of the possible in vivo action mechanism of trastuzumab.
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3.2 Review of Past Studies

Although trastuzumab has been used as a therapeutic monoclonal antibody against
HER2-positive breast cancer, significant portion of patients who initially respond to
trastuzumab exhibited cancer relapse within 1 year of treatment [42, 43]. In addition,
some of the metastatic HER2-positive breast cancer patients do not initially respond
to trastuzumab treatment [44]. The elucidation of trastuzumab resistance mechanism
has been difficult mainly due to obtained trastuzumab-resistant tumor samples but
hyperactivation of HER2-downstream PI3K/Akt pathway was frequently observed
in trastuzumab-resistant breast cancer biopsy samples [44]. Activation of PI3K/Akt
is presumed to be resulted from reduced expression of PTEN, an antagonistic
effector of PI3K, and activating mutations in PI3K [44]. The correlation between
loss of PTEN tumor suppressor and lack of trastuzumab responsiveness is also
implicated in cell culture and animal model systems [45, 46]. Trastuzumab resis-
tance also shown to be associated with increased level of EGFR signaling [47] and
heterotrimerization of HER2, HER3, and insulin-like growth factor receptor (IGFR)
[48]. Co-expression of EGFR indeed attenuates the growth inhibitory effect of
trastuzumab in HER2-overexpressing cell lines [49].

In addition to the activation of HER2-downstream signaling pathways and/or
perturbation in other receptor tyrosine kinase signaling, trastuzumab resistance is
also attributable to the reduced capacity of trastuzumab binding to HER2. In JIMT-1,
a cell line derived from a trastuzumab-resistant HER2-amplified patient, MUC4, a
membrane-associated mucin masks trastuzumab binding to HER2 rendering the cell
line refractory to trastuzumab treatment [50]. Overexpression of MUC4 in breast
cancer and melanoma cell line also reduces binding of series of antibodies against
HER2 including trastuzumab [51]. Expression of p95HER2, a truncated form of
HER2 retaining kinase activity, is strongly associated with trastuzumab resistance in
patients because p95HER2 cannot bind to trastuzumab [52]. Shedding of HER2
extracellular domain in serum and culture media may also titrate trastuzumab away
from HER2, resulting in resistance toward trastuzumab [53].

Due to the molecular heterogeneity of cancer cells and their surrounding micro-
environment, there might be other molecular signatures associated with trastuzumab
resistance in addition to the mechanisms listed above. To determine other signaling
pathway that might be involved in conferring trastuzumab resistance, my colleagues
generated trastuzumab-resistant BT-474 (BT-474 TR) cells using in vivo xenograft
system from parental HER2-overexpressing BT-474 cells [54]. BT-474 TR clones
exhibited in vitro resistance to trastuzumab (Fig. 3.1a).

To identify differentially expressed proteins in BT-474 TR and wild-type BT-474
cells (BT-474 WT), two-dimensional LC-MS/MS analyses were performed with the
lysates obtained from the two cell lines. Several proteins were shown to be
upregulated in BT-474 TR cells as compared to the parental cells (Table 3.1).
Among these, ECM1, a glycosylated secretory protein was selected because high
levels of ECM1 were previously reported in aggressive tumor cells and its expres-
sion is correlated with adverse patient outcome in some cancer types
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Fig. 3.1 ECM1 confers resistance toward trastuzumab. (a) 5 � 104 cells were plated on soft agar
andMatrigel In Matrigel, trastuzumab (20 μg/mL) was treated every 3 days. The number of colonies
(20 μm diameter) was counted at 12 days. The number of colonies is quantified in right panels. Error
bars represent mean � SD of triplicate experiments (*P < 0.05, **P < 0.005). (b) mRNAs were
analyzed by RT-PCR using primers specific for ECM1 and GAPDH. Secreted ECM1 was obtained
from trichloroacetic acid-precipitated cell supernatant medium. Each cell lysate was analyzed by
western blotting using ECM1- and actin-specific antibodies. (c) BT-474 vector and ECM1 cells and
BT-474 TR control (Cont) short-hairpin (shRNA; shC) and ECM1 shRNA (shE) cells were
passaged by subcutaneous injection into the lower flank of each mouse. When the tumor size
increased up to 250 mm3, trastuzumab at 20 mg/kg was administered to each mouse by intraper-
itoneal injection twice per week (n ¼ 5 or 6 for each group). (d) Each cell line was treated with
200 ng/mL recombinant human extracellular matrix protein 1 (rhECM1) or 5 μg/mL anti-ECM1
antibodies, and cells were counted with a hemocytometer over the course of 3 days (*P < 0.05,
**P < 0.005). Cont, control; shC, control short-hairpin RNA; shE/shECM1, short-hairpin extra-
cellular matrix protein 1 RNA; TR, trastuzumab-resistant; Vec, vector. (e) Cell lysates were
analyzed by western blotting using indicated antibodies. Anti-actin antibody was applied as a
loading control (Adapted from Lee et al., Breast Cancer Res. 2014)
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[55, 56]. Overexpression of ECM1 in BT-474 TM cells was validated in the cell lines
as well as in the conditioned medium, confirming that ECM1 is a secretory protein
(Fig. 3.1b). Levels of ECM1 in serum from trastuzumab-resistant and trastuzumab-
responsive breast cancer patients revealed that ECM1 is more abundant in
trastuzumab-resistant patients’ serum than serum from control patients (data not
shown).

To further investigate the role of ECM1 in breast cancer cells, effects of recom-
binant human ECM1 (rhECM1) and ECM1 knockdown in BT-474 TR and BT-474
WT cells were monitored (Fig. 3.1a, b). Treatment with rhECM1 alleviated the
antiproliferative effect of trastuzumab while ECM1 knockdown further increased the
effect of trastuzumab. Xenograft studies also revealed the suppressive effect of
ECM1 on trastuzumab effect (Fig. 3.1c).

Since it was previously confirmed that BT-474 TR cells grow faster than BT-474
WT cells in Matrigel (data not shown), it was tested whether ECM1 may promote
cell proliferation per se. Treatment with rhECM1 or forced expression of ECM1
resulted in enhanced cell proliferation both in BT-474 WT and MCF-7 cells
(Fig. 3.1d left panel), while treatment of anti-ECM1 antibodies (N-17 and P-27)
and silencing of ECM1 resulted in a decreased cell proliferation rate (Fig. 3.1d right
panel). In vivo xenograft experiments also indicated that ECM1-expressing tumors
grow faster (data not shown), confirming the growth promoting effect of ECM1.

Then what is the mechanism by which ECM1 could potentiate proliferation rate
of breast cancer cells? To answer this question, one of the HER2-downstream
signaling pathways, MAPK pathway, was investigated. Interestingly, all the signal-
ing molecules in MAPK pathway are activated in BT-474 TR cells compared to
BT-474 WT cells and protein levels of EGFR and HER3 but not HER2 are also
upregulated in BT-474 TR cells (Fig. 3.1e). Neutralizing ECM1 by ECM1 antibody
treatment resulted in reduced EGFR and ERK phosphorylation (Fig. 3.2a) and
co-treatment with EGF and ECM1 additively increased EGFR and ERK

Table 3.1 Liquid chromatography-tandem mass spectrometry identification of proteins differen-
tially secreted by BT-474 WT and BT-474 TR cellsa (Adapted from Lee et al., Breast Cancer Res.
2014)

UniProt
accession number Protein name

Gene
name SI WT SI TR

Log 2(SI TR/
SI WT)

Q16610 Extracellular matrix protein
1

ECM1 0.0762 153.8420 8.94

P27797 Calreticulin CALR 8.5510 32.8933 1.3853

P07339 Cathepsin D CTSD 27.7801 168.2733 2.0520

P00338 L-lactate dehydrogenase A
chain

LDHA 55.1457 171.2111 1.0651

P04626 Receptor tyrosine protein
kinase erbB-2

ERBB2 12.7955 33.2680 0.7694

P17931 Galectin-3 LGALS3 0.4470 9.4270 3.7263
aSI spectral index, TR trastuzumab-resistant, WT wild type
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Fig. 3.2 ECM1 augments epidermal growth factor signaling. (a) At 24 h after seeding, BT-474 TR
and BT-474 extracellular matrix protein 1 (ECM1)-expressing cells were treated with anti-ECM1
antibodies (ab; 5 μg/mL). Ten minutes later, cell lysates were analyzed on western blots. (b) After
serum starvation for 24 h, cells were treated with recombinant human extracellular matrix protein
1 (rhECM1; 200 ng/mL) and epidermal growth factor (EGF; 10 ng/mL). Cell lysates were prepared
at the indicated time points and analyzed on western blots. (c) Total cell lysates were incubated with
epidermal growth factor receptor (EGFR) antibodies overnight, and immunoprecipitates (IP) were
analyzed on western blots. IgG, immunoglobulin G; shC, control short-hairpin RNA; shE, extra-
cellular matrix protein 1; Vec, vector. (d) Cells were incubated with 0.5 mg/mL EZ-Link NHS-SS-
Biotin for 30 min at 4 �C. The biotinylated proteins were precipitated by streptavidin, and the
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phosphorylation (Fig. 3.2b). These results suggest ECM1 may increase proliferation
rate of breast cancer cells by enhancing EGFR/MAPK signaling.

Since ECM1 was previously known to modulate cellular signaling via association
with cell surface receptors, the association between ECM1 and EGFR was checked
(Fig. 3.2c, d). ECM1 was found to be physically associated with EGFR. Moreover,
the addition of rhECM1 additively increased EGF-induced EGFR and downstream
ERK phosphorylation (Fig. 3.2b). Since it was found that EGFR and HER3 levels
were upregulated in BT-474 TR as compared to BT-474 WT, the effects of ECM1
antibody and rhECM1 on EGFR and HER2 levels were tested. Interestingly, ECM1
antibody treatment resulted in downregulation of EGFR, HER3, and ERK phos-
phorylation while rhECM1 increased EGFR, HER3, and ERK phosphorylation
(Fig. 3.3a). Since it was found that ECM1 could not significantly modulate mRNA
levels of EGFR and HER3 (data not shown), the possibility that ECM1 may
modulate the protein stability of EGFR was tested. As indicated in Fig. 3.3b,
expression of ECM1 was strongly correlated with increased protein stability of
EGFR and HER3 as determined by cycloheximide decay assays.

It was previously reported that galectin-3 and mucin1 (MUC1) are associated
with EGFR trafficking [57]. We found that galectin-3 level was increased in BT-474
TR cells (Table 3.1). We have also found that galectin-3 in the conditioned medium
and cellular MUC1 levels were increased (data not shown). As expected, treatment
with rhECM1 or overexpression of ECM1 both strongly upregulated secreted
galectin-3 and MUC1 (Fig. 3.4a). Moreover, knockdown of galectin-3 or MUC1
in BT-474 TR cells resulted in decreased levels of EGFR, HER3, and downstream
ERK phosphorylation (Fig. 3.4b). To test whether the effect of galectin-3/MUC1 on
the receptor tyrosine kinases is attributable to the physical association of galectin-3/
MUC1 on the receptors, series of co-immunoprecipitation experiments were
performed (Fig. 3.4c, d). It was found that ECM1 overexpression and rhECM1
treatment increased the interaction between MUC1 and EGFR/HER3, while knock-
down of ECM1 in BT-474 TR cells decreased the interaction between MUC1 and
EGFR/HER3, suggesting that ECM1 promotes stabilization of EGFR and HER3 by
inducing the interaction between galectin-3/MUC1 and EGFR/HER3.

To determine the mechanism of increased levels of secreted galectin-3 in BT-474
TR cells, the involvement of matrix metalloproteinase (MMP) on galectin-3 secre-
tion was tested because some MMPs were known to proteolytically cleave galectin-3
[58]. It was found that ECM1 was also associated with increased MMP-9 activity in
the cell lines tested (Fig. 3.5a) and the promoter activity of MMP-9 was also induced
by ECM1 (Fig. 3.5b). Treatment with recombinant human MMP9 also resulted in
increased levels of MUC1, EGFR, and HER3 (Fig. 3.5c). Taken all these results

Fig. 3.2 (continued) precipitates were analyzed on western blots (IB) using ECM1 antibody (left).
Cell surface labeling of ECM1 was conducted by immunostaining without permeabilization (right).
Extracellular signal-regulated kinase (ERK) was used as an endogenous negative control protein.
DIC differential interference contrast, GSH glutathione (Adapted from Lee et al., Breast Cancer
Res. 2014)
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together, ECM1 may increase EGFR/HER3 signaling by enhancing the stability of
these receptors by inducing galectin-3/MUC association, which resulted from the
ERK-downstream induction of MMP-9 and this ECM1-induced feedback activation
of EGFR/HER3 signaling may contribute to trastuzumab resistance (Fig. 3.5d).

To further assess the role of ECM1 in breast cancer, my colleagues also inves-
tigated the role of ECM1 in regulating tumor metastasis and cancer stem cell (CSC)-
like property [59]. It was found that ECM1 serum levels are upregulated in recurring
patients after trastuzumab treatment (Fig. 3.6a) and ECM1 also contributes to the
enhanced lung metastasis of MDA-MB-231 cells in mouse tail vein injection models
(Fig. 3.6b). Similar to the ECM1-mediated stabilization of EGFR/HER3 in the
previous set of experiments (Fig. 3.3a, b), ECM1 was also shown to be causally
associated with the increase in β-catenin stabilization (Fig. 3.7a). Indeed, β-catenin
was upregulated in both ECM1-expressing cells and BT-474 TR cells (Fig. 3.7b).

Fig. 3.3 ECM1 activates extracellular signal-regulated kinase signaling by upregulating epidermal
growth factor receptor and HER3. (a) At 24 h after cell seeding, each cell line was treated with
recombinant human extracellular matrix protein 1 (rhECM1; 200 ng/mL) or anti-ECM1 antibodies
(5 μg/mL) and further incubated for 48 h. Cells lysates were then analyzed by western blotting.
Cont, control; ERK, extracellular signal-regulated kinase; shC, control short-hairpin RNA; shE,
extracellular matrix protein 1 short-hairpin RNA; TR, trastuzumab-resistant; Vec, vector; WT, wild
type. (b) Each cell line was treated with 100 μg/mL cycloheximide (CHX). Cell lysates were
prepared at the indicated time points and analyzed on western blots. Band intensities on the blots
were quantified using 1DScan software (Scanalytics, Milwaukee, WI) and plotted versus time as the
ratios of EGFR/actin and HER3/actin intensities (*P < 0.05) (Adapted from Lee et al., Breast
Cancer Res. 2014)
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Fig. 3.4 ECM1 stabilizes epidermal growth factor receptor and HER3 proteins through galectin-3/
mucin 1. (a) Lysates from each cell line were analyzed by western blotting. shC, control short-
hairpin RNA; shE, ECM1 short-hairpin RNA; Vec, vector; WT, wild type. (b) At 24 h after seeding,
BT-474 TR cells were transfected with each small interfering RNA (siRNA: siC, control; sigal-3,
galectin-3; siMUC1, mucin 1), incubated further for 48 h and analyzed on western blots. (c) At 24 h
after seeding, cells were treated with recombinant human ECM1 (rhECM1; 200 ng/mL) and
incubated further for 48 h. Cell lysates were then incubated with mucin 1 (MUC1), epidermal
growth factor receptor (EGFR) and HER3 antibodies overnight. Immunoprecipitates (IP) were
analyzed on western blots. IgG, immunoglobulin G. (d) Total cell lysates were incubated with
MUC1, EGFR and HER3 antibodies overnight, and immunoprecipitates were then analyzed on
western blots (Adapted from Lee et al., Breast Cancer Res. 2014)
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Silencing of β-catenin in ECM1 overexpressing cells including BT-474 TR resulted
in downregulation of epithelial to mesenchymal transition (EMT) as well as
stemness-related transcripts, suggesting that ECM1-regulated β-catenin may be
responsible for ECM1-induced modulation of EMT and CSC-like capacity
(Fig. 3.8a-c). These results further indicate that trastuzumab resistance biomarker

Fig. 3.5 ECM1 induces matrix metalloproteinase 9 transcription. (a) At 24 h after seeding, cells
were incubated with serum-free medium for a further 24 h. Supernatant medium from each cell line
was reacted with matrix metalloproteinase 9 (MMP9) substrate, and relative fluorescence units were
determined at 480–620 nm. Cont, control; shC, control short-hairpin RNA; shE, extracellular matrix
protein 1 short-hairpin RNA; TR, trastuzumab-resistant; Vec, vector. (b) MMP9 mRNA levels were
determined by real-time PCR using primers specific for MMP9 (*P < 0.05). Each cell line was
transfected with an MMP9 promoter luciferase reporter construct. After 48 h, cells were harvested,
and the lysates were analyzed by dual-luciferase assay (*P< 0.05, ***P< 0.0005). (c) At 24 h after
seeding, each cell line was treated with recombinant human MMP9 (rhMMP9; 20 ng/mL),
incubated further for 48 h, and lysates from each cell were analyzed by western blotting. EGFR
epidermal growth factor receptor, ERK extracellular signal-regulated kinase, MUC1 mucin 1, WT
wild type. (d) Schematic model showing the role of extracellular matrix protein 1 (ECM1) in cell
signaling. EGF epidermal growth factor (Adapted from Lee et al., Breast Cancer Res. 2014)
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Fig. 3.6 Effect of ECM1 on cell migration and invasion in breast cancer cells. (a) ELISA showing
circulating levels of ECM1 in plasma from breast cancer patients. (b) Lung metastatic nodules
driven by tail vein injection of MDA-MB-231 control shRNA (shC, n¼ 5) and ECM1 shRNA (shE,
n ¼ 4) cells were counted with the naked eye. Bar graph represents the number of nodules on the
lung surface. Error bars represent mean � s.d. of all experiments (*P < 0.05) (Adapted from Lee
et al., Oncogene 2015)

Fig. 3.7 ECM1 stabilizes β-catenin protein and induces the accumulation of nuclear β-catenin via
MUC1. (a) Each cell was treated with CHX at 100 μg/mL. The cell lysates were obtained at the
indicated time points and subjected to western blot analysis with the indicated antibodies. The
intensities of the bands were quantified using 1DScan software and plotted as time versus the ratio
of β-catenin/actin intensity. Error bars represent mean � s.d. of triplicate experiments (*P < 0.05,
**P < 0.005). (b) Each cell was fractionated into cytoplasmic and nuclear fractions. The lysates
were analyzed by western blotting with the indicated antibodies (Adapted from Lee et al., Oncogene
2015)
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ECM1 also contributes to EMT and CSC-like phenotype which may culminate in
development of resistance toward cancer therapeutics including trastuzumab.

In another attempt to further find another cell surface targetable molecule in
HER2-positive breast cancer, my colleagues used MCF-7 cells stably expressing
HER2 (MCF-7 HER2) and vector control cells (MCF-7 vec) for differential

Fig. 3.8 Expression of β-catenin causes the modulation of gene expression toward EMT progres-
sion and CSC maintenance. (a) The cells were transfected with β-catenin siRNA and then mRNA
levels of each gene were determined by real-time PCR using specific primers (VM ¼ vimentin,
E-cad ¼ E-cadherin). Error bars represent mean � s.d. of triplicate experiments (*P < 0.05,
**P < 0.005, ***P < 0.0005). (b) Each cell was transfected with pcDNA-β-catenin or β-catenin
siRNA and then each cell lysate was subjected to western blot analysis using indicated antibodies.
(c) Schematic model showing the role of ECM1 in regulation of EMT and CSC capacity (Adapted
from Lee et al., Oncogene 2015)
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proteomics analysis [60]. Expression levels of several keratin (KRT) proteins were
significantly increased in MCF-7 HER2 cells as compared to MCF-7 vec cells as
determined by LC-MS/MS analysis (data not shown). Among these KRT isoforms,
my colleagues were particularly interested in KRT19, the smallest (40 kDa) among
known intermediate filament protein [61], because KRT19 is used as a marker for
RT-PCR-based detection of tumor cells in peripheral blood [62] and bone
marrow [63].

By using breast cancer tissue samples from patients, cell lines and HER2-
overexpressing MMTV-neu mouse models, we have confirmed a strong correlation
between HER2 and KRT19 expression (Fig. 3.9). It was found that KRT19
overexpression is mediated by HER2-downstream ERK activity and
ERK-mediated control is exerted at transcriptional level (Fig. 3.10a–e). HER2
expression increased KRT19 both at mRNA and protein levels and KRT19 promoter
activity was also increased by HER2. Other KRT isoforms, which are also
upregulated in MCF-7 HER2 cells, are not inhibited by kinase inhibitors of HER2
and downstream MEK (Fig. 3.10f), suggesting that upregulation of KRT19 by
HER2/ERK is isoform-specific.

Another HER2-downstream kinase, Akt was also shown to regulate KRT19
protein posttranslationally. Sequence motif analyses (http://scansite.mit.edu)
revealed two Akt phosphorylation sites, S10 and S35 in KRT19. It was found that
S35 residue of KRT19 is efficiently phosphorylated by Akt (Fig. 3.11a-d). Interest-
ingly, it was observed that KRT19 subcellular localization and appearance were
varied dramatically different between MCF-7 HER2 and MCF-7 vec. In MCF-7
HER2 cells, KRT19 showed granulated morphology while KRT19 in MCF-7 vec
cells appeared as filamentous (Fig. 3.11e, f). When HER2, or constitutively active
Akt was co-expressed with KRT19 with functional Akt phosphorylation site on S35,
KRT19 appeared as granules, suggesting that Akt-mediated phosphorylation of
KRT19 on S35 is responsible for the granulated morphology of KRT19 (Fig. 3.11g).

In addition to having granulated morphology, S35 phosphorylated KRT19 also
appeared to be co-localized on the cell membrane with HER2 (Fig. 3.12). Appar-
ently, Akt-mediated phosphorylation on KRT9 resulted in depolymerization of
KRT10 fibers into granules and transportation of KRT19 to cell membrane to be
associated with HER2 or exported in exosomes (data not shown). Then what is the
function of KRT19 bind to HER2 on cell membrane? It was found that KRT19 can
increase the protein stability of HER2 as revealed by cycloheximide chase assays
(Fig. 3.13a, b). KRT19 lacking Akt phosphorylation site, KRT19 S35A, failed to be
localized in the membrane (data not shown) and could not stabilize HER2 on cell
membrane. It was found that KRT19 blocks degradation of HER2 by inhibiting
ubiquitin-mediated degradation of HER2 (data not shown).

My colleagues finally tested if KRT19 can be used as a therapeutic target for
HER2-positive breast cancer. When HER2-overexpressing cells were treated with
antibody raised against KRT19, HER2 was degraded by ubiquitin-mediated process
(Fig. 3.14a, b). Treatment with KRT19 antibody to HER2-overexpressing cells
resulted in dosage-dependent inhibition of cell proliferation, presumably due to
downregulation of HER2 and its downstream signaling (Fig. 3.14c). Interestingly,
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the growth of trastuzumab-resistant JIMT-1 cells was also decreased by KRT19
antibody treatment, suggesting that KRT19 antibody can be used as a novel thera-
peutic antibody for trastuzumab-resistant patients. When xenograft experiments
were performed using HER2-positive KPL-4 cells, KRT19 could effectively inhibit
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Fig. 3.9 Expression of KRT19 is strongly correlated with HER2 levels in cultured breast cancer
cells, transgenic mouse tissues, and patient tumor samples. (a) Total cell lysates were prepared from
MCF-7 vec and MCF-7 HER2 cells and subjected to the indicated western blot analyses with
HER2, KRT9, KRT1/10, or KRT18 antibodies. Actin was used to verify equal loading. (b) Total
cell lysates were prepared from human breast cancer cell lines. The samples were resolved by
SDS-PAGE and subjected to western blot analyses with HER2 or KRT19 antibodies. RNA was
extracted from human breast cancer cell lines and the samples were subsequently analyzed by
RT-PCR using KRT19-specific primers. Actin primers were used as loading controls. (c) Paraffin-
embedded sections from the #4 mammary gland tissues of MMTV-HER2/neu transgenic mice and
wild-type littermates were subjected to immunohistochemistry with a KRT19 antibody. MMTV-
HER2/neu transgenic mice and wild-type littermates (16 weeks, n ¼ 4 each) #4 mammary gland
tissues were analyzed by RT-PCR using mouse KRT19 primers, and western blot analyses with
HER2 or KRT19 antibodies. (d) Western blot analysis showing expression levels of HER2 and
KRT19 protein in primary tumor lysates from breast cancer patients (n ¼ 21). The positive
relationship between HER2 and KRT19 expression level is indicated (R2 ¼ 0.9108) (Adapted
from Ju et al., Cell Death Differ. 2014)
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Fig. 3.10 Expression of KRT19 is mediated by HER2 downstream of ERK at the transcriptional
level. (a) MCF-7 vec and MCF-7 HER2 cells were treated with kinase inhibitors (0, 5, 10 μM
ZD1839; 0, 2, 5 μM U0126; 0, 5, 10 μM Akt inhibitor #8; 0, 5, 10 μM SB203580; 0, 5, 10 μM
LY294002 or 0, 2, 5 μM Wortmannin) for 24 h. mRNA from samples were analyzed by RT-PCR.
(b) MCF-7 vec and MCF-7 HER2 cells were transfected with pK19-1970-Luc reporter constructs,
collected after 48 h and analyzed by dual luciferase assays. 293T cells were transfected with pK19-
1970-Luc and pcDNA-vec, pcDNA-HER2-WT (wild type), pcDNA-HER2-CA (constitutive
active), pcDNA-HER2-KD (kinase dead), pcDNA-HA-Akt1-CA, pcDNA-HA-Akt1-KD,
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in vivo tumor formation (Fig. 3.14d). On the basis of these experimental findings, it
was assumed that HER2-downstream ERK induces KRT19 expression and HER2-
downstream Akt phosphorylates, disassembles, and translocates KRT19 to the cell
membrane. Membrane-translocated KRT19 associates with HER2 to stabilize the
receptor tyrosine kinase resulting in the formation of positive-feedback loop that
amplifies HER2-induced cell proliferation and survival (Fig. 3.14e).

3.3 Current Evidence and Concepts

Although trastuzumab has been used as first-line therapy in HER2-positive meta-
static breast cancer patients, other therapeutic drugs are currently used to target
HER2 signaling. Lapatinib is a dual tyrosine kinase inhibitor (TKI) which inhibits
tyrosine kinase activities of EGFR and HER2 [64]. Combined treatment of lapatinib
and trastuzumab was reported to be effective in old metastatic breast cancer patients
[65]. Hormone receptor and HER2-positive tumors were shown to be effectively
treated with lapatinib and aromatase inhibitor [66].

Another humanized monoclonal antibody, pertuzumab binds to the extracellular
domain II of HER2, while trastuzumab binds to extracellular domain IV [67]. Since
domain II is essential for dimerization of HER family member receptor tyrosine
kinases, pertuzumab preferentially inhibits ligand-induced HER2/HER3
heterodimerization while trastuzumab effectively inhibits ligand-independent dimer-
ization of HER2 and has only marginal inhibitory effect on dimerization when
ligands are present [67]. Since heregulin, a ligand for HER3, plays very important
roles in tumorigenesis and metastasis [68], pertuzumab is shown to be superior to
trastuzumab in inhibiting heregulin-induced cancer cell signaling [69]. These differ-
ent mechanisms of action of two different antibodies may help to enhance treatment
efficacies. Indeed, CLEOPATRA (Clinical Evaluation Of Pertuzumab And
Trastuzumab), a phase III randomized double-blind study showed that combination
of pertuzumab plus docetaxel plus trastuzumab significantly prolonged progression-
free survival [70].

Trastuzumab derivative of maytanzine (trastuzumab emtansine, TDM-1) is the
first drug conjugated antibody approved for HER2-positive breast cancer patients

⁄�

Fig. 3.10 (continued) pcDNA-MEK1-CA, pcDNA-MEK2-CA, pcDNA-ERK1-WT, pcDNA-
ERK2-WT, pcDNA-p38 MAPK-WT, or pcDNA-p38 MAPK-KD. After 48 h, cells were analyzed
by dual luciferase assays (*P< 0.05, **P< 0.005). (c) BT-474 and SKBR-3 cells were treated with
kinase inhibitors for 24 h. mRNA from samples were analyzed by RT-PCR. (d) MCF-7 vec and
MCF-7 HER2 cells were treated with kinase inhibitors for 24 h, and the cell lysates were resolved
by SDS-PAGE and subjected to western blot analyses with the indicated antibodies. (e) BT-474 and
SKBR-3 cells were treated with kinase inhibitors for 24 h. The cell lysates were subjected to western
blot analyses with the indicated antibodies. (f) MCF-7 vec and MCF-7 HER2 cells were treated with
kinase inhibitors for 24 h. The cell lysates were subjected to western blot analyses with KRT9,
KRT1/10, or KRT18 antibodies (Adapted from Ju et al., Cell Death Differ. 2014)
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Fig. 3.11 KRT19 is phosphorylated by HER2 downstream of Akt at Ser35, resulting in remodeling
of KRT19 from filamentous to granulous form. (a) Total cell lysates were incubated with KRT19
antibody overnight. Immunoprecipitates were subjected to western blot analysis with Akt substrate
antibody or KRT19 antibody. (b) GST-KRT19 was prepared as described. HA-Akt precipitates
were used as a kinase source for in vitro kinase assays. After the reaction, the samples were
subjected to SDS-PAGE and subsequent autoradiography. Equal loading of KRT19 per reaction
was confirmed by Coomassie brilliant blue staining. (c) In vivo phosphorylation of KRT19 was
assessed by labeling 293 T cells transfected with KRT19 with 32P-orthophosphate. 32P-labeled
KRT19 was precipitated with KRT19 antibody and analyzed by autoradiography. To normalize for
transfection sufficiency, precipitates were subjected to KRT19 immunoblotting. (d) BT-474 and
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[71]. TDM-1 binds to HER2-positive cancer cells and active DM-1 is endocytosed
into the cancer cell cytoplasm by receptor-mediated endocytosis, leading to cell
death by microtubule toxicity [72]. Through some clinical trials, TDM-1 remains as

⁄�

Fig. 3.11 (continued) SKBR-3 cells were treated with various kinase inhibitors. The cell lysates
were then subjected to immunoprecipitation and western blotting. (e) KRT19 shape in MCF-7 cells
was monitored by immunostaining. MCF-7 vec and MCF-7 HER2 cells were fixed and stained with
KRT19 antibody. (f) Quantification of the results in (e). More than 100 cells per each independent
microscopic field were observed and counted in triplicate (***P< 0.0005). (g) Quantification of the
transient transfection results. More than 100 stained cells per each independent microscopic field
were observed and counted in triplicate (**P< 0.005, ***P< 0.0005) (Adapted from Ju et al., Cell
Death Differ. 2014)

Fig. 3.12 KRT19 is physically associated with HER2 in the plasma membrane and HER2/Akt-
induced phosphorylation of KRT19 at Ser35 can induce membrane localization of KRT19. (a)
MCF-7 vec, MCF-7 HER2, and BT-474 cells were fractionated into membrane and cytosol
fractions. The resulting fractions were subjected to western blot analysis with HER2, KRT19,
AQP4 (aquaporin4) (as membrane marker) or actin (as cytosol marker) antibodies. (b) MCF-7
HER2 and BT-474 cell lysates were incubated with HER2 or KRT19 antibodies overnight.
Immunoprecipitates were subjected to western blot analysis with KRT19 or HER2 antibodies. (c)
Cell surface labeling of KRT19 was conducted by cell surface immunostaining. ERK was used as
an endogenous negative control protein. (d) Cell surface labeling of KRT19 was conducted by the
cell surface biotinylation assay. The labeled proteins were precipitated by streptavidin and analyzed
by western blot with KRT19, HER2, and ERK antibodies. ERK was used as an endogenous
negative control protein. (e) KRT19 constructs were co-transfected with HER2 full-length or
truncated mutant constructs in 293T cells. After 48 h, cells were lysed and the supernatant was
incubated with KRT19 or myc antibodies and protein A sepharose. The immunoprecipitates were
analyzed by western blot with myc or KRT19 antibodies (Adapted from Ju et al., Cell Death Differ.
2014)
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an optional therapeutics for older patients with advanced HER2-positive breast
cancer who progressed after treatment with trastuzumab [65].

Fig. 3.13 HER2/Akt-induced phosphorylation of KRT19 at Ser35 is essential for maintaining
HER2 stability at the membrane. (a) We transfected 293T cells with various combinations of HER2,
Akt, and KRT19 as indicated. At 48 h post-transfection, 20 μg/mL CHXwas treated to block further
protein synthesis. Cells were collected at each of the indicated time points and subjected to western
blot analysis. The intensity of the bands was quantified using 1DScan software (CSP Inc., Billerica,
MA, USA) and plotted as time versus ratio of HER2/actin intensity (***P < 0.0005). (b) Control
shRNA and KRT19 shRNA cells were treated with CHX at 100 μg/mL. The cell lysates were
obtained at the indicated time points and prepared for western blot analysis. The intensity of the
bands was quantified using 1DScan software and plotted as time versus the ratio of HER2/actin
intensity for MCF-7 HER2 control shRNA and KRT19 shRNA cells (**P< 0.005, ***P< 0.0005)
(Adapted from Ju et al., Cell Death Differ. 2014)
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3.4 Future Research Directions

Since the advent of trastuzumab, the development of targeted therapies for HER2-
postive breast cancer evolved as a successful example of precision clinical oncology.
Unfortunately, many patients eventually progress or relapse. The resistance

Fig. 3.14 KRT19 inhibits ubiquitin-mediated degradation of HER2, and treatment with KRT19
antibody induces a decrease in cell proliferation via HER2 downregulation. (a) BT-474, SKBR-3,
and KPL-4 cells were treated with 20 μg/mL KRT19 antibodies for 24 h and lysed. The samples
were resolved by SDS-PAGE and subjected to western blot analyses with indicated antibodies. (b)
BT-474 and SKBR-3 cells were treated with 20 μg/mL KRT19 antibodies and 10 μM MG132 for
24 h and lysed. The supernatant was incubated with HER2 antibody and protein A sepharose. The
immunoprecipitates were analyzed by western blot with each of the indicated antibodies. (c)
BT-474, SKBR-3, JIMT-1 (0, 5, 10, 20 μg/mL), MCF-7 HER2 and KPL-4 cells (20 μg/mL) were
treated with KRT19 antibody. Normal IgG and Trastzumab were treated at a dose of 20 μg/mL.
After 72 h, cell viability was assessed by the proliferation assay. The value from normal IgG-treated
cells was set to 100% and relative decreases in cell viability after KRT19 antibodies treatment were
expressed as a percent of the control (*P< 0.05, **P< 0.005, ***P< 0.0005). (d) HER2-positive
KPL-4 cells were injected in 8-week-old BALB/C nude mice by subcutaneous injection of 5� 106
cells into both sides of the lower flank of mice (n¼ 5 per group). At day 10 after inoculation, normal
IgG, Trastzumab or KRT19 antibodies were i.p. injected at the dose of 20mg/kg (*P < 0.05). (e) A
schematic model showing the mechanism of stabilization of HER2-induced KRT19 on the cell
membrane. KRT19 binds HER2 via Akt-mediated phosphorylation in a Ser35-dependent manner
and stabilizes HER2 on the cell membrane
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mechanism(s) might be present in the HER2-positive cancer cells de novo, or
induced by anti-HER2 therapeutics.

In addition to the HER family receptor tyrosine kinases that confer resistance to
HER2-targeted therapies, other receptors like insulin-like growth factor 1 (IGF-1R)
renders HER2-positive SKBR3 cells resistant to trastuzumab [73]. Tyrosine kinase
c-Met is also reported to be overexpressed in HER2-positive breast cancer cell lines
and a quarter of HER2-postivie breast cancer patient’s samples [74]. Therefore,
combined targeting of other receptors is currently under consideration to overcome
trastuzumab resistance.

Moreover, the intracellular pathways are often selected as targets for combined
therapeutic approaches. Everolimus, which inhibits PI3K/Akt/mTOR pathway, has
been clinically tested for HER2-positive breast cancer patients [75]. PI3K inhibitors,
IGF-1R inhibitors, and check point inhibitors are also currently under clinical trials
to overcome resistance to HER2-targeted therapies [65].

Since HER2/HER3 is the most potent transducers of oncogenic signaling, several
novel bispecific antibodies targeting HER2/HER3 heterodimer are under develop-
ment. MM-111 is an antibody specifically targeting HER2/HER3 heterodimer
[76]. Margetuximab is an Fc-engineered antibody made from a prototype of
trastuzumab, a mouse monoclonal antibody 4D5 [77]. MCLA-128 is a HER2/
HER targeting antibody with enhanced ADCC and currently under phase I/II clinical
studies [65]. In addition to TDM-1, another novel drug-conjugated antibody is also
considered. MM-302, a HER2-targeted antibody conjugated with doxorubicin, has
been clinically tested in randomized phase II HERMIONE trial in anthracycline-
naïve patients who progressed after treatment with pertuzumab and TDM-1
[78]. Regarding development of newer HER2-targeted therapies, further basic stud-
ies are urgently required to distinguish between de novo and acquired resistance. The
information gathered will help in designing novel drugs and new combination
therapeutics.

3.5 Summary

1. The bench.
Novel proteomics approaches were employed to find a novel HER2-specific
protein biomarkers and trastuzumab resistance protein biomarkers. These will
help to find a new targetable proteins to overcome resistance to anti-HER2
therapeutics.

2. Translation.
The newly found therapeutic targets will be validated for preclinical trials for

HER2-positive patients.
3. The bedside.

New studies are needed to establish a standard care protocols regarding the
safety and tolerability for HER2-positive patients.
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Chapter 4
Ras Signaling in Breast Cancer

Aree Moon

Abstract Ras proteins mediate extracellular and cytoplasmic signaling networks
via receptor tyrosine kinase. The Ras pathway induces activation of signaling
molecules involved in cell proliferation and growth, cell survival and apoptosis,
metabolism, and motility. Although Ras mutations in breast cancer are not fre-
quently reported, hyperactivation of Ras signaling plays an important role in breast
cancer growth and progression. Oncogenic Ras activation occurs via loss of Ras
GTPase-activating proteins, overexpression of growth factor receptor, and stimula-
tion by various cytokines. Effective control of oncogenic Ras is one of the thera-
peutic strategies in breast cancer. The mechanisms of intracellular localization,
activation, and signaling pathway of Ras in cancer have been used to develop
therapeutic candidates. Recent studies have reported an effective therapy for breast
cancer by inhibition of enzymes involved in the posttranslational modification of
Ras, such as farnesyltransferase and geranylgeranyltransferase 1, and anti-cancer
therapies targeting the epidermal growth factor receptor (EGFR). Emerging targets
involved in EGF-mediated Ras activity in breast cancer have shed new insight into
Ras activation in breast cancer progression. These alternative mechanisms for Ras
signaling pathway may suggest novel therapeutic approaches for targeting Ras in
breast cancer. In spite of the difficulties in targeting Ras protein, important discov-
eries highlight the direct inhibition of Ras activity. Further studies may elucidate the
effects of targeting Ras protein and the clinical relevance thereof.
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4.1 Introduction

The Ras family members including H-Ras, K-Ras (A and B), and N-Ras are small
GTPases, and the first discovered human oncogenes that regulate a variety of
biological responses [1]. Ras proteins relay extracellular signals to the cytoplasmic
signaling network via receptor tyrosine kinase (RTK)/Ras pathway to the nucleus,
inducing transcriptional activation of genes involved in cell proliferation, growth,
metabolism, and motility. RTK activates the canonical Ras-Raf-MEK1/2-ERK1/2
mitogen-activated protein kinases (MAPK) signaling cascade, which is the best
characterized Ras downstream pathway [2]. Noncanonical MAPK pathways,
MKK4/7-JNKs, MKK3/6-p38, MEK5-ERK5, are also activated downstream of
Ras [2]. Currently, more than 10 defined Ras effectors such as Raf, phosphoinositide
3-kinase (PI3K), RalGDS, and p120GAP trigger distinct signaling cascades [3].

Activated mutant forms of all three Ras genes are found in 27% of all human
cancers [4]. The K-Ras mutation is the most frequent (85%), whereas N-Ras and
H-Ras mutations constitute 11% and 4%, respectively, of all cancers [4]. Although
the frequency of the mutant Ras gene is less than 2% of breast cancers [5, 6],
mounting evidence suggests that hyperactive Ras signaling plays an important role
in breast cancer growth and progression [7]. Ras oncogene is efficient not only for
tumorigenicity but also for metastatic dissemination in breast cancer. Ras signaling
correlates with reduced survival of patients with luminal breast cancer [8].

Epidermal growth factor receptor (EGFR) 1 and HER (human epidermal growth
factor receptor) 2, responsible for Ras/MAPK signaling pathway, are largely
overexpressed in human breast cancer [9]. The loss of Ras GTPase-activating pro-
teins (RasGAPs), which are the negative regulators of Ras activation, is frequently
observed in breast cancers [10–12]. Recently, a lipid raft protein, flotillin-1, has been
reported for EGF-induced H-Ras activation and is associated with breast cancer
aggressiveness [13]. These studies suggest that the hyperactive Ras pathway signal-
ing contributes to breast cancer growth and progression.

Increasing experimental evidence shows the functional diversity of Ras isoforms
in breast cancer [4, 14–16]. Both H-Ras and N-Ras promote phenotypic transfor-
mation of breast epithelial cells, while only H-Ras induces the invasive/migratory
phenotype via Rac1-MKK3/6-p38 MAPK pathway [14–16]. In addition, H-Ras
induced zinc finger E-box-binding homeobox 1 (ZEB1) and repressed discoidin
domain receptor 1 (DDR1) in breast cells, leading to epithelial-to-mesenchymal
transition (EMT) and invasion [17]. In this chapter, we will summarize the biological
function of Ras isoform-specific pathway and emerging insights into Ras activation
in breast cancer.
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4.2 Review of Past Studies

4.2.1 Biological Function of Ras in Breast Cancer

4.2.1.1 Cell Proliferation and Growth

Ras proteins are well-known mediators of mitogenic stimuli. Overexpression of
oncogenic H-Ras induces re-entry of cells in the G0 phase into the cell cycle and
initiates cell division without growth factor stimulation [18, 19]. Active Ras
enhances the proliferative capacity of cells by inducing transcriptional upregulation
of growth factors such as heparin-binding epidermal growth factor-like growth
factor (HBEGF), transforming growth factor-α (TGFα), and amphiregulin (AREG)
[20, 21]. In addition, it alters the expression of growth factor receptors and integrins,
which promote cell proliferation [20–23].

Oncogenic Ras-induced proliferative signals result in overexpression of transcrip-
tional factors, which are necessary for cell cycle entry and cell progression, such as
c-Fos, c-Jun, ETS domain-containing protein ELK1, serum response factor (SRF),
activating transcription factor (ATF) 2, and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) [24–27]. They affect the expression of cyclin
D1, the cyclin protein in G1 phase [28]. Oncogenic H-RasG12V mutant also influ-
ences the metabolic stability of cyclin D1 via inhibition of glycogen synthase kinase
(GSK) 3β, which is associated with continuous ubiquitination and proteosomal
degradation of cyclin D1, via phosphoinositide 3-kinase (PI3K)-dependent phos-
phorylation [29]. Oncogenic Ras promotes cell cycle progression by attenuating
inhibition by anti-growth signaling pathways, which inhibit cyclin-dependent kinase
inhibitors (CKIs) such as p27 and p21 ([30, 31], Fig. 4.1). In cells with defective
DNA damage checkpoints, such as loss of p53, DNA replication induced by
oncogenic Ras leads to abnormal chromosomal aberrations, resulting in inadequate
chromosome segregation and subsequent cell division [32, 33]. Oncogenic
H-RasG12V may contribute to gene instability observed in Ras-induced cancers via
promotion of G2/M phase transition, inhibition of the activation of G2 DNA check-
points, and induction of defects in mitotic spindle checkpoints, which may contrib-
ute to gene instability observed in Ras-induced cancers [33].

4.2.1.2 Cell Survival and Apoptosis

Apoptosis is a defense mechanism of cells against carcinogenesis. The collapse of
the apoptotic mechanism is one of the characteristic features of cancer cells. Apo-
ptosis is a balanced molecular behavior initiated by a wide range of signals and is
regulated by positive or negative modulators. Apoptotic cell death occurs following
the activation of death receptors by extracellular signals such as growth factor
withdrawal or substrate separation, or by mitochondrial-mediated pathways acti-
vated by signals such as nutrient deficiency and DNA damage. Oncogenic Ras
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mediates both proapoptotic and antiapoptotic functions depending on the status of
Ras effector pathway or apoptotic machinery ([34], Fig. 4.1). Ras signaling in the
MAPK/ERK pathway (also known as the Ras-Raf-MEK-ERK pathway) leads to
apoptotic response via p53 and Ras effectors, such as Ras association domain-
containing protein 1 (encoded by the RASSF1 gene), NORE1, MST (mammalian
sterile 20–like kinase) 1, and JNK (c-Jun N-terminal kinase). It induces apoptotic
cell death via activation of caspase 3 and proapoptotic proteins such as BAX (Bcl-2
associated X protein) and BAK (Bcl-2 homologous antagonist/killer) 1 [35, 36].

Phosphorylation of BAD, mediated via Ras-Raf pathway, leads to overexpression
of antiapoptotic proteins BCL-2 and apoptosis repressor ARC and downregulation
of proapoptotic transcriptional repressor prostate apoptosis response 4 (PAR4)
[37, 38]. Ras-PI3K pathway induces antiapoptotic effects through downregulation
of proapoptotic protein BAK1 and inhibitors of apoptosis proteins (IAPs) ([39, 40],
Fig. 4.1). The survival or death of RAS-transformed cells depends on the shift in
balance of the Ras signal toward prosurvival or proapoptotic outcomes. In cancer,
the function of oncogenic Ras is biased towards prosurvival [41].

4.2.1.3 Metabolism

Cancer cells are highly dependent on the metabolic pathway to product building
blocks necessary for the production of new cells via rapid proliferation [42]. As

Fig. 4.1 Effects of oncogenic Ras signaling on breast cancer progression
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described by Warburg in the 1920s, cancer cells require increased glucose uptake to
meet their energy needs [43].

Oncogenic Ras affects metabolic reprogramming of cancer cells through
upregulation of hypoxia-inducible factor (HIF)1α (Fig. 4.1). Activation of MAPK
and PI3K pathway, induced by oncogenic Ras, leads to accumulation of mammalian
target of rapamycin (mTOR) activity and translation of HIF1α [44, 45]. Upregulation
of HIF1α by Ras leads to an increase in the transport of glucose by transcription of
GLUT1 (glucose transporter) and glycolytic capture by increasing the level of
important glycolytic enzymes [46–48]. In addition, oncogenic Ras contributes to
metabolic reactions favoring glucose as an anabolic substrate for direct production of
substances for cell growth [42].

Autophagy is another mechanism of oncogenic Ras in intracellular metabolism.
Although autophagy is known to affect both tumor-suppressive and tumor-
promoting qualities, several studies have emphasized the role of oncogenic Ras in
upregulation of autophagy such as maintenance of mitochondrial function and
support for tumor growth in vivo [49, 50].

4.2.1.4 EMT, Invasion, and Metastasis

Many metastatic tumors, such as lung, pancreatic, and colorectal cancer, carry Ras
mutations. The onset of metastatic cascade involves local tumor cell invasion and
escape of the tumor cells from the primary tumor. Oncogenic Ras contributes to
changes underlying cell–cell or cell–matrix interaction and acquisition of migratory
phenotype. Changes in cell–cell contacts by oncogenic Ras ensure intercellular
adhesion junctions via calcium-dependent E-cadherin receptor and related cytoplas-
mic protein, β-catenin [51–53]. Expression of oncogenic Ras reduces the expression
of E-cadherin by increasing the expression of SNAIL and SLUG, which are tran-
scriptional repressors of E-cadherin. Proteolytic degradation of E-cadherin and
methylation of E-cadherin promoter suppress the levels of E-cadherin [54–
56]. With the decrease in cell–cell interactions, oncogenic Ras expression decreases
the interaction with extracellular matrix (ECM) by downregulating the integrin
subunits that promote the formation and maintenance of stable adhesion complexes
[57–59]. In addition, oncogenic Ras contributes directly to the motility of cancer
cells by affecting the polymerization, organization and contraction of actin, the
polymerization and stability of microtubules, and the transcriptional regulation of
mitogenic gene products [60].

The progression of metastasis involves intravasation in which cancer cells enter
the blood vessels or lymphatic vessels out of range of the primary tumor. The ability
to invade the physical barrier, such as the basement membrane, is important in this
process. The expression of oncogenic Ras regulates the invasive phenotype via ECM
degradation. In particular, the downstream signaling pathways of activated RAS
increase the expression and activity of various ECM proteases and reduce the
expression of proteases inhibitors. It also prevents matrix deprivation-induced apo-
ptosis when cancer cells are translocated through the circulatory system
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[61, 62]. Ras-dependent signaling in metastasis occurs via Ras-MAPK, Ras-PI3K,
Ras-Ral GTPase, Ras-Rho GTPase pathways [60]. For example, activation of Rho
GTPases induces changes in cell adhesion and motility. Ras-dependent signals that
promote metastasis induce changes in tissue morphology and genetic background
([63, 64], Fig. 4.1). Tumor metastasis may be induced as a result of interaction
between oncogenic Ras and other metastasis-promoting pathways such as the
transforming growth factor (TGF)-β pathway [54, 65].

4.2.2 Ras-Specific Pathway

4.2.2.1 Differential Signaling Between H-Ras and N-Ras

The varying effect of H-Ras and N-Ras in the induction of the invasive phenotype of
human breast cells was investigated ([14, 16], Fig. 4.2). H-Ras, but not N-Ras,
induced the invasive phenotype of MCF10A human breast epithelial cell line.
H-Ras-induced invasive phenotype is associated closely with upregulation of matrix
metalloproteinase (MMP)-2 via Rac-MKK3/6-p38 MAPK in MCF10A cells, rather
than MMP-9 expression. In contrast, both H-Ras and N-Ras activate Raf-MEK-ERK
and PI3K-Akt pathways [14]. P38 kinase is a key signaling molecule that is
differentially regulated by H-Ras and N-Ras [14, 15]. In human breast epithelial
cells, p38 MAPK upregulates MMP-2 through the transcription factor ATF2,

Fig. 4.2 Differential signaling between H-Ras and N-Ras in breast cells
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indicating the crucial role of ATF2 in malignant phenotypic changes occurring in
human breast epithelial cells [66]. In a study identifying the major regions of the H-
Ras-specific invasive phenotype, two consecutive proline residues Pro 173 and Pro
174 in the hypervariable region (HVR) consisting of amino acids 166 to 189 of
H-Ras were found to be important in the H-Ras-induced invasive phenotype of
breast cells [67]. The wild-type N-Ras was overexpressed in basal-like breast
cancers (BLBC), but not in other breast cancer subtypes. Inhibition of N-Ras pre-
vents transformation and tumor growth, whereas its overexpression enhances this
process in preinvasive BLBC cells. In addition, most of the genes that react with
N-Ras encode chemokines such as IL8 acting on both cancer cells and interstitial
fibroblasts. Expression levels of these chemokines and N-Ras in tumors appear to
correlate with the outcome. Thus, BLBC progression is involved in the autocrine/
paracrine signaling of chemokines that affects both cancer and stromal cells. The
process is promoted by increased activity of wild-type N-Ras [68].

4.2.2.2 K-Ras Signaling

K-Ras is a member of the cellular signaling pathway, such as the EGFR/Ras/MAPK,
and is involved in physiological and pathological processes. Increased expression of
K-Ras is associated with various cancer progression including breast cancer. Most of
K-Ras mutations are located on codon 12 and rarely on codon 61 in breast cancer.
Oncogenic K-Ras (G12V) or PI3K (H1047R) in MCF10A breast epithelial cells
induces de novo lipogenesis via downstream signaling target of rapamycin complex
1 (mTORC1) [69]. The expression of K-Ras (V12) using retrovirus induced
autophagic vacuole formation and malignant transformation in human breast epi-
thelial cells [70]. Galectin-3 (Gal-3), a β-galactoside-binding protein, selectively
binds activated K-Ras-GTP and activates wild-type K-Ras. Overexpression of Gal in
breast cancer increases oncogenic subversion of cell membrane nanostructure by
increasing the K-Ras signal output [71]. A preferential activation of K-Ras occurs in
basal-like breast cancer cells compared with luminal type, and requires K-Ras for
maintenance of mesenchymal phenotype and metastasis. Therefore, K-Ras plays an
important role in the mesenchymal characteristics and metastatic behavior of breast
cancer cells, suggesting K-Ras as an important therapeutic target in breast
cancer [72].

4.2.2.3 Ras Isoform-Induced EMT

EMT is a process in which epithelial cells lose differentiation of cellular polarity and
dissociate from each other, resulting in invasion, intravasation, and metastatic spread
of breast cancer cells [73]. Accumulating evidence suggests that Ras/MAPK path-
way induces metastasis via EMT. Recent studies including our group showed that
oncogenic H-Ras induces EMT leading to breast cell invasion [17, 74, 75]. H-Ras-
induced EMT involves upregulation of ZEB1, a transcription factor [17]. ZEB1 is a
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transcription factor that initiates EMT by directly suppressing the transcription of a
key epithelial gene, E-cadherin [76]. Interestingly, H-Ras represses the expression of
DDR1, a unique RTK, which interacts with E-cadherin in breast epithelial cells.
ZEB1 acts as a transcriptional repressor of DDR1, and ectopic expression of DDR1
decreases the invasive phenotype of triple-negative breast cancer (TNBC) cells
[17]. Consistently, induction of active H-Ras mutant leads to EMT by increasing
vimentin, a mesenchymal marker [74]. Recently, it has been found that the activated
form of the H-Ras and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) oncogenes induces EMT of breast cells through inhibition
of p53-related transcription factor p63 [75].

4.2.2.4 Regulation of Ras Isoform-Specific Signaling by Cytokines

Various cytokines contribute to increase the H-Ras-induced invasive phenotype of
breast cells. TGF-β affects various intracellular processes including cell prolifera-
tion, differentiation, and death [77, 78]. TGF-β is a potent inhibitor of the growth of
normal epithelial cells and stimulates tumor invasion in advanced cancer cells.
TGF-β signaling pathway enhances the invasive and migratory properties of
H-Ras MCF10A cells via p38-mediated upregulation of MMP-2 and MMP-9
[79]. The downstream signaling molecule of TGF-β, a Smad2, cooperates with
H-Ras signaling to regulate EMT and tumor metastasis [80]. In particular, activation
of H-Ras in mammary epithelial cells induces EMT through autocrine production of
TGF-β and leukotriene B4 receptor-2-linked signaling [81, 82]. The transcription
factor NF-kB is a major factor in TGF-β-induced EMT regulation of Ras oncogene
overexpression in mammary epithelial cells [82]. Increased TGF-β signaling pro-
motes p21-dependent premature senescence and promotes oncogenic Ras-mediated
metastatic transformation in human mammary epithelial cells [83]. Ras and TGF-β
signaling enhances cancer progression by promoting the transcriptional activation of
p63 isoform ΔNp63 [84].

EGF and its receptor EGFR exert important roles in the abnormal growth of
various tumor cell types including breast, lung, and colorectal cancers [85]. EGF
signaling is involved in tumor invasion and metastasis via activation of the Ras
downstream pathway, with the Ras-MEK1/2-ERK and Ras-Cdc42-Rac signaling
pathways playing a predominant role in EGF-induced invasion and motility
[86, 87]. EGF-induced Grb7 activation recruits and activates Ras-GTPases and
promotes tumor growth through phosphorylation of ERK1/2 in Sk-Br3 breast cancer
cells [88]. EGF-promoted oncogenesis occurs via tissue transglutaminase-dependent
signaling leading to Src activation in SKBR3 and BT20 breast cancer cell lines
[89]. Differential activation of Ras isoforms by EGF has been studied in breast
cancer models [90]. EGF treatment significantly increased the active form of H-Ras
in Hs578T cells, in which H-Ras was initially activated, whereas K-Ras and N-Ras
were not activated by treatment of EGF. In MDA-MB-231 cells originally
containing an active mutant of K-Ras, EGF treatment markedly increased activation
of H-Ras as well as activation of K-Ras and N-Ras. Although EGF activated all of

88 A. Moon



the Ras isoforms, only H-Ras and K-Ras were involved in EGF-induced invasion of
breast cells [90]. It was suggested that NgBR, a Nogo-B specific receptor, was a
unique receptor that promoted prenylated H-Ras accumulation in the cell membrane,
activating EGF pathway [91].

Granulocyte-colony stimulating factor (G-CSF) is an extracellular regulator of
hemopoiesis required for the proliferation and differentiation of granulocytic pro-
genitor cells and mature neutrophils [92]. G-CSF plays a crucial role in H-Ras-
induced invasive and migratory phenotypes of MCF10A cell [92]. H-Ras, but not
N-Ras, specifically increases the expression of G-CSF, and the increased G-CSF
enhances the invasiveness of H-Ras via upregulation of MMP-2 in the Rac-MKK3/
3-p38 pathway [93]. In human breast tissues and serum derived from breast cancer
patients, the expression of G-CSF is strongly correlated with pathologically diag-
nosed breast cancer. These data provide a molecular basis supporting the crucial role
of G-CSF in promoting invasiveness of human breast epithelial cells. The
RAS/RAF/MEK pathway is constitutively active in many cancer cells with elevated
G-CSF expression. Treatment with a Ras signaling inhibitor, a MEK inhibitor,
reduced G-CSF production in a mouse model of pancreatic adenocarcinoma [94].

4.2.3 Inhibition of Ras Signaling Pathway

4.2.3.1 EGFR Inhibitor

Anticancer therapy targeting EGFR is popular in clinical oncology. EGFR is a
member of the HER/ErbB family of transmembrane growth factor receptors with
tyrosine kinase activity. Activation of EGFR induces phosphorylation of down-
stream signaling molecules of Ras signaling pathway. Anti-EGFR monoclonal
antibodies (mAbs) are frequently used in chemotherapy. The most widely used
mAbs are cetuximab and panitumumab [96]. The K-Ras mutation is strongly
correlated with EGFR and is resistant to cetuximab and panitumumab
[97]. EGFR-TKIs (tyrosine kinase inhibitors), such as erlotinib and gefitinib, are
chemotherapeutic agents approved in clinical trials [98, 99]. They prolong survival
or show prominent anticancer activity in patients with non-small cell lung cancer
(NSCLC) and solid tumors following treatment with single agent and with mono-
clonal antibody (bevacizumab), respectively [99, 100].

4.2.3.2 Farnesyltransferase Inhibitors (FTIs)

Oncogenic Ras, which is a frequent target in cancer, is a significant molecule of
interest in anticancer therapy. The most effective way to control oncogenic Ras is to
inhibit enzymes involved in the posttranslational modification of Ras proteins. The
most commonly targeted enzymes include farnesyltransferase and
geranylgeranyltransferase 1, which are involved in the prenylation of Ras proteins
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[95]. FTIs are anticancer drugs acting as prominent inhibitors of CAAX processing
of Ras proteins [101–103]. FTIs exhibit anti-H-Ras and antitumor activity in pre-
clinical cell culture [104, 105] and mouse models of H-Ras-driven mammary tumor
[106]. FTI-277 inhibits proliferation and invasiveness of H-Ras-MCF10A cells, and
Hs578T breast cancer cells expressing an active mutant of H-Ras. FTI-277 treatment
reduced H-Ras activation and increased invasiveness following exposure to EGF,
indicating that FTI-277 inhibits the invasion and migration of breast cells by
blocking H-Ras activation [107]. FTIs show a tumor suppressor effect in TNBC
cells. FTIs inhibit the aggressive phenotype of TNBC by inhibiting the HIF-1α-Snail
pathway in MDA-MB-231 cells [108]. The combination of farnesyltransferase and
Akt inhibitor shows synergy in MDA-MB-231 cells and a significant tumor sup-
pression in ErbB2 transgenic mice [109]. FTI-R115777 (tipifarnib) in combination
with tamoxifen shows synergistic effects on the suppression of MCF-7 breast cancer
cells and cell cycle progression [110]. Several studies of FTI in clinical trials have
shown a noticeable effect on the active Ras-MAPK pathway. For example, FTI
SCH66336 (Lonafarnib) is active against metastatic breast cancer following treat-
ment with a single agent [111].

FTIs are effective against H-Ras and N-Ras, but do not affect activated K-Ras
mutations that do not undergo CAAX processing. Chemotherapy for K-Ras-induced
malignancy is still a challenge clinically. Since K-Ras4B isoform represents essen-
tially geranylgeranylation, the use of geranylgeranyltransferase 1 inhibitors (GGTIs)
can inhibit K-Ras4B isoform very effectively. Antisense K-Ras therapy using
oligonucleotide inhibitor may be another solution [112].

A few FTIs are ineffective because of their nonspecificity and target closely
related molecules in the Ras-MAPK pathway. In order to overcome these limita-
tions, combinational therapies have been proposed and are under investigation in
clinical trials. Farnesyl thiosalicylic acid (FTS, Salirasib) inhibits Ras-mediated
signaling, which acts to dissociate Ras from the cell membrane and inhibits the
action of Ras via a counter-mechanism to FTI [113, 114]. Combinations of FTS and
glycolysis inhibitors or FTS and VEGF receptor inhibitors have been used as
combination therapies [115].

4.2.3.3 Statins

Isoprenylation of Ras involves the activity of 3-hydroxy 3-methylglutaryl (HMG)-
CoA reductase, a major enzyme in the synthesis of mevalonate, which is the
precursor for the production of farnesylpyrophosphate and
geranylgeranylpyrophosphate. The HMG-CoA reductase inhibitors, simvastatin
and lovastatin, are statins used to lower cholesterol in patients with hypercholester-
olemia to reduce the risk of cardiovascular disease [116]. Simvastatin and/or lova-
statin exhibit antimetastatic and antitumorigenic effects in breast [117, 118],
pancreatic [119], and colorectal cancer [120]. Simvastatin and lovastatin reduce
the amount of isoprenylated H-Ras in the cell membrane and increase the amount of
unprenylated H-Ras in the cytosol. These drugs inhibit cellular invasiveness by
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inhibiting the level of MMP-9 in H-Ras MCF10A cells [121]. Recently, a combi-
nation of statins and anticancer drugs including NF-κB inhibitor [122], atorvastatin
[123], exemestane [124], and metformin [125] has shown synergistic antitumor
effects.

4.2.3.4 Natural Compounds Inhibiting Ras Signaling Pathway

Curcumin

Curcumin is an edible pigment found in turmeric, and exhibits anticarcinogenic and
antimetastatic properties [126] in prostate [127] and breast [128] cells. Curcumin
induces apoptosis of H-Ras MCF10A cells through redox signaling and caspase-3
activation [129]. Curcumin induces paraptosis by promoting vacuolation due to
swelling and fusion of mitochondria and/or endoplasmic reticulum in Hs578T
cells carrying a mutated Ras gene (Q61L HRAS) with constitutively active H-Ras
[130, 131]. In particular, paraptotic events following exposure to curcumin did not
occur in MCF10A normal breast epithelial cells. Curcumin-induced paraptosis pro-
vides novel insights into the anticancer mechanisms of curcumin in malignant cancer
cells [132]. Curcumin decreased anchorage-independent growth as well as increased
the percentage of cells from G0/G1, and decreased Rho-A and RasGRF1 expression
in transformed breast cancer cells [133]. A novel curcumin derivative, RL91,
exhibits a synergistic effect with raloxifene, a member of the class of selective
estrogen receptor modulators (SERM), in inducing apoptosis of Hs578T and
MDA-MB-231 cells [134].

Capsaicin

Capsaicin, an active component of red pepper, exhibits antitumorigenic and chemo-
preventive properties [135, 136]. Capsaicin has been known to suppress the growth
of several tumor cells [137, 138], including leukemic [139], gastric [140], hepatic
[141], glioma [142], and prostate cells in humans [143]. Treatment of capsaicin
markedly activated c-Jun-1 and p38 MAPK and deactivated ERKs in H-Ras
MCF10A cells. The use of kinase inhibitors and overexpression of dominant-
negative forms of MAPKs demonstrated the role of JNK-1 and p38, but not that of
ERKs, in capsaicin-induced apoptosis of H-Ras-transformed MCF10A cells
[144]. Capsaicin also induced apoptosis by inhibition of H-Ras-induced reactive
oxygen species (ROS) and Rac activation in breast cells. Pretreatment of H-Ras
MCF10A cells with an antioxidant N-acetylcysteine markedly reversed capsaicin-
induced growth inhibition, suggesting that ROS may mediate the apoptosis of H-
Ras-transformed cells induced by capsaicin [145].
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4.2.3.5 Other Inhibitors

Competitive inhibitors targeting Ras downstream signaling molecules represent
another strategy to treat Ras-induced oncogenesis. The most potent targets include
Raf kinase, MEK, and PI3K [146]. PI3K inhibitors target PI3K in the PI3K/AKT/
mTOR pathway that induces apoptosis [147]. Anthrapyrazolone inhibitors such as
SP600125 inhibit JNK [148].

4.3 Current Evidence and Concepts

4.3.1 Genetic Aspects of Ras Activity in Breast Cancer

Active mutations in the canonical Ras/MAPK pathway are very rare in breast cancer.
Next-generation sequencing reveals that the frequency of mutations in the Ras and
Raf families is less than 2% of all primary breast tumors [5, 6]. Instead, PI3K/Akt
pathway is frequently associated with breast cancer, mainly in ER+ subtype [5, 6,
149]. Overexpression of RTKs such as EGFR and HER2 in the hyperactive
Ras/MAPK signaling pathway explains the clinical significance of Ras activation
in breast cancer [9].

Recent reports of novel mechanisms for activation of Ras pathway in breast
cancer demonstrated that mutations/deletions of RasGAPs such as NF1, RASAL2,
DAB2IP, and RASA1 act as negative regulators of Ras pathway in breast cancer
[10–12, 150, 151]. Loss of NF1 gene occurs in 28–31% of invasive BC, increasing
to 40–62% of triple-negative and HER2-enriched subtypes [10]. The RasGAP genes,
RASAL2 and DAB2IP, are mutated or suppressed in breast cancer and suggest poor
prognosis of luminal B type [11, 151]. Allelic loss of RASA1, another RasGAP, is
frequent in triple-negative and ER-negative subtypes, supporting the loss of negative
regulators of RAS in breast cancer [11]. RASAL2 ablation promotes breast tumor
development and metastasis of luminal mouse tumors [151]. Further, RASAL2
promotes Rac1 signaling independent of its RAS-GAP catalytic activity in TNBC,
resulting in invasion and metastasis of breast cancer [150].

4.3.2 Emerging Strategies Targeting Ras

Numerous studies have elucidated molecular mechanisms for intracellular localiza-
tion, activation, and signaling pathway of Ras in cancer. Efforts to develop thera-
peutic drugs targeting Ras signaling include direct and indirect approaches.
Druggable targets include the membrane association and activation of Ras,
farnesyltransferase, kinases, which is crucial for membrane association and activity
of H-Ras [152]. However, FTIs did not increase the survival of patients with K-Ras-
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mutated pancreatic cancer in clinical trials. The alternative prenylation for membrane
association of K-Ras abrogates anticancer effects of FTIs [153, 154]. In clinical trials
associated with metastatic breast cancer, tipifarnib, another FTI, demonstrated
clinical activity, which warrants further study [155]. Novel regulatory enzymes
such as Rce1, Icmt, and Pdeδ involved in membrane association of Ras suggest a
promising strategy for targeting Ras in breast cancer [4].

Recent attempts to develop small molecules targeted Ras protein. Although the
challenges relate to difficulties in identifying druggable pockets on the surface of Ras
protein, recent studies represent important breakthroughs and discoveries [156–
158]. A specific inhibitor to active mutant RasG12C was identified [156]. A small
molecule, rigosertib, interacts with the Ras-binding domains of RAF kinase and
disrupts Ras-RAF-MEK pathway [157]. Another group reported a human IgG1

antibody targeting oncogenic Ras mutants, resulting in inhibition of in vivo tumor
growth in xenograft models [158].

Novel emerging targets involving EGF-mediated Ras signaling pathway in breast
cancer include flotillin-1, a lipid raft protein, upregulated in human breast cancer
tissues and inversely correlated with disease-free survival [13]. Flotillin-1 is an
important regulator of H-Ras activation and breast cell invasion. Flotillin-1 is
required for EGF-induced activation of H-Ras, cell invasion and migration in
TNBC cells. In mouse tumor models with TNBC xenografts, knockdown of
flotillin-1 significantly inhibited the tumor growth, suggesting that targeting
flotillin-1 may be a novel strategy for breast cancer treatment [13]. Nogo-B receptor
interacts with prenylated H-Ras, promoting Ras plasma membrane association and
activation. Knockdown of Nogo-B receptor inhibits EGF-stimulated Ras signaling
and tumor growth of breast cancer in vivo [91].

4.4 Future Research Directions

In this chapter, we review important aspects of Ras activity and its impact on breast
cancer. Recent studies show genetic and epigenetic mechanisms of Ras activation in
breast cancer, where RAS mutations are rarely reported. The loss of RasGAPs,
negative regulators for Ras activation, plays an important role in the development,
progression, and metastasis of breast cancer and is associated with poor survival of
patients. The tumor microenvironment including IL-4 and reduced tumor-infiltrating
lymphocytes promotes tumor growth of breast cancer. Emerging targets including
flotillin-1 regulate EGF-mediated Ras activity in breast cancer, shedding new insight
into Ras activation in breast cancer progression. These alternative mechanisms in the
Ras signaling pathway may suggest novel therapeutic approaches for targeting Ras
in breast cancer. In spite of the difficulties of targeting Ras, recent breakthroughs and
discoveries have directly inhibited Ras activity. Further studies may elucidate the
effects of targeting Ras protein for clinical relevance.
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4.5 Summary

Oncogenic Ras plays an important role in the proliferation, survival, metabolism,
and motility of breast cancer cells through hyperactivation of downstream signaling
molecules in canonical or noncanonical MAPK signaling pathways. H-, N-, and K-
Ras-specific signaling pathways contribute to breast cancer progression through
overlapping or differential signaling regulation. Cytokines activate Ras signaling
in breast cells to enhance cellular invasion and oncogenic signaling pathways. Novel
mechanisms for Ras activity, genetic alterations of RasGAPs, and emerging targets
for Ras activation are unveiled, informing new strategies to inhibit Ras signaling in
breast cancer.
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Chapter 5
Epigenetic Regulation in Breast Cancer

Hye Jin Nam and Sung Hee Baek

Abstract Aberrant epigenetic alteration has been associated with development of
various cancers, including breast cancer. Since epigenetic modifications such as
DNA methylation and histone modification are reversible, epigenetic enzymes,
including histone modifying enzymes and DNA methyltransferases, emerge as
attractive targets for cancer therapy. Although epi-drugs targeting histone
deacetylation or DNA methylation have received FDA approval for cancer therapy,
a very modest anti-tumor activity has been observed with monotherapy in clinical
studies of breast cancer. To improve efficacy of epi-drugs in breast cancer, combi-
nation of epi-drugs with other therapies currently has been investigated. Addition-
ally, basic researches to elucidate molecular causes of cancer should be extensively
and intensively conducted in order to find novel epigenetic druggable targets. In this
chapter, we summarize how epigenetic regulation affects the development of breast
cancer and how to control cancer phenotype by modulating abnormal epigenetic
modifications, and then suggest future research directions in epigenetics for breast
cancer treatment.
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5.1 Introduction

Epigenetics refers to heritable changes in gene expression without altering DNA
sequence. DNA methylation, one of the well-characterized modifications in epige-
netic regulation, is written by DNA methyltransferases (DNMTs) and leads to gene
silencing. Since DNA methylation patterns are different in cancer compared to
normal counterpart, many researchers have studied how DNA methylation patterns
in cancer can be restored to those in normal counterpart in order to treat cancer.
Especially in breast cancer cells, DNA methylation levels are high in the loci of
proapoptotic genes (HOXA5, TMS1), cell cycle inhibitor genes (p16, RASSF1A),
and DNA repair genes (BRCA1), which are related to inappropriate gene silencing
[1–3].

Post-translational modification of histones also affects chromatin structure and
function, leading to altered gene expression. Since DNA is packaged with histone
H2A, H2B, H3, H4 octamer to form chromatin, post-translational modifications of
histone tails alter chromatin structure and induce recruitment of coactivators or
corepressors complex [4]. For example, histone lysine acetylation reduces the
binding affinity between histone and DNA by neutralizing the positive charge on
histones, thereby creating more open and accessible chromatin structure. In addition
to acetylation, gene expression is controlled by various post-translational modifica-
tions such as methylation, ubiquitination, phosphorylation, and SUMOylation
[5]. Among them, histone methylation has emerged as an important mechanism
that regulates chromatin structure and function. Unlike acetylation, histone methyl-
ation can either activate or repress transcription, depending on the locations and
degrees (mono-, di-, and tri-methylation). For instance, methylation on H3K4 is
associated with transcriptional activation, whereas H3K9 methylation is associated
with transcriptional repression [4]. Epigenetic enzymes also control gene expression
by modulating post-translational modifications of non-histone proteins as well as
histones. How post-translational modifications of non-histone proteins control gene
expression and ultimately regulate cancer phenotype are summarized and discussed
in this review. Since transcriptional dysregulations and altered epigenetic functions
are observed in many types of cancers, including breast cancer, modulating abnor-
mal enzymatic activity of epigenetic enzymes in cancer is expected to be an effective
cancer therapy.

5.2 Review of Roles of Epigenetic Enzymes in Cancer

Among various post-translational modifications, we have focused on how lysine
methylation or ubiquitination of proteins regulates breast cancer progression or
suppression depending on various signals. In this section, we describe how epige-
netic regulation affects breast cancer progression or suppression.
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5.2.1 Methylation of Chromatin Remodeling Factors
in Breast Cancer

Reptin and Pontin are chromatin remodeling factors that possess both AAA+
ATPase and DNA helicase activities [6]. Reptin and Pontin perform a variety of
functions, including transcriptional regulation, chromatin remodeling, DNA damage
signaling, and telomerase biogenesis processes [7–10]. Since Reptin and Pontin
form a complex and usually work together, comparing how Reptin and Pontin are
differentially regulated by upstream signal is helpful to understand their roles in
breast cancer.

5.2.2 Methylation of Reptin Chromatin Remodeling Factor

Reptin is methylated on lysine 67 site by G9a, a histone H3K9 methyltransferase
[11]. Hypoxic signal induces Reptin methylation by G9a in breast cancer. Hypoxia
(a state of low oxygen) occurs under several physiological and pathological condi-
tions, such as ischemia and solid tumors [12, 13]. Many hypoxic responses are
mediated by hypoxia-inducible factor 1 (HIF-1), a heterodimeric transcription factor
that is comprised of an oxygen-regulated α subunit (HIF-1α or HIF-2α) and a
constitutively expressed β subunit (HIF-1β) [14]. Under low oxygen conditions,
stabilized HIF-1α translocates to the nucleus and activates target gene expression
through binding to hypoxia response element (HRE, RCGTG DNA sequence).
HIF-1 regulates numerous downstream target genes involved in tumor angiogenesis,
glycolysis, invasion, metabolism, and survival [15, 16]. Since hypoxia is induced in
many types of solid tumors, Reptin methylation by hypoxic conditions turns out to
affect tumor progression. Using genome-wide analysis from RNAs isolated in breast
cancer cells, Reptin methylation-dependent target genes that are involved in regu-
lating tumor growth properties are identified having HIF-1 as a major transcription
factor of these genes. At early time in hypoxia, methylated Reptin fails to be
recruited to the target promoters, whereas at late time in hypoxia, methylated Reptin
recruitment with concurrent reduction in RNA polymerase II recruitment and induc-
tion in HDAC1 recruitment is observed, indicating that Reptin methylation is crucial
for negative regulation of hypoxic responsive genes via binding to HDAC1. In vitro
cell migration assay and in vivo xenograft assay using human breast cancer cells
reveal that Reptin methylation is crucial for negative regulation of tumorigenic
properties, such as proliferation and migration. These findings identify an important
signaling axis by which HIF-1 transcription activity can be repressed by Reptin
methylation, thereby affecting metabolic, cell death, and survival pathways that are
important for the development and progression of breast cancer. Although previous
studies by many other researchers have extended lysine methylation of histone to
that of non-histone proteins, underlying molecular mechanisms of how upstream
signal induces lysine methylation and modulates downstream target genes have not
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been extensively elucidated. This study uncovers not only molecular mechanism but
also in vivo functions of hypoxia-dependent Reptin methylation in breast cancer, and
is recognized as a milestone study revealing the biological roles of methylation of
non-histone proteins induced by upstream signal.

5.2.3 Methylation of Pontin Chromatin Remodeling Factor

To identify methyltransferase that causes Pontin methylation, in vitro methylation
assay using various methyltransferases is conducted, and G9a and GLP turned out to
induce Pontin methylation [17]. Since G9a protein levels are increased by hypoxia
[11], protein levels of GLP are induced as in the case of G9a under hypoxic
conditions, and increased expression levels of G9a and GLP cause Pontin methyl-
ation. In contrast to Reptin methylation, Pontin methylation is responsible for
transcriptional activation of a subset of hypoxia-responsive genes by recruiting
p300 acetyltransferase to the target promoters. In addition, Pontin methylation
enhances proliferative and invasive potential of breast cancer cells, and Ets1 gene
is important for exerting cell motility upon hypoxia. These findings shed light on a
potential therapeutic targeting of Pontin methylation in tumor progression and
metastasis upon hypoxia.

Although Pontin and Reptin share high structural homology, they have distinct
functions in regulating their specific target genes as a coactivator and as a corepres-
sor, respectively [8, 9, 18]. Hypoxia-induced G9a methylates both Reptin and
Pontin, but the outcome for cancer cell mobility and growth is in the opposite
direction. The overall data suggest that Pontin methylation is induced at an early
time point in hypoxia to promote HIF-1α-dependent transcriptional activation,
whereas Reptin methylation is induced at a later time point for negative regulation
(Fig. 5.1).

5.2.4 Methylation-Dependent Degradation of Transcription
Factors in Breast Cancer

5.2.4.1 Methylation-Dependent Degradation of Retinoic Acid-Related
Orphan Nuclear Receptor α (RORα).

RORα is a member of the orphan nuclear receptor family for which no cognate
ligands have been identified thus far [19]. RORα inhibits colon cancer growth,
enhances p53 stability, and reduces the migration and invasiveness of androgen-
independent prostate cancer [20–22]. These findings suggest that RORα plays a
critical role in tumor suppression. Enhancer of zeste homolog 2 (EZH2), a SET
domain-containing protein is responsible for histone H3K27 methylation and forms
a polycomb group repressive complex 2 (PRC2) with EED and SUZ12 [23–
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25]. EZH2 plays an important role not only in stem cell development but also in
cancer cell proliferation. It is reported that overexpression of EZH2 in breast and
prostate cancers correlates with poor prognosis [26, 27]. Since upregulation of EZH2
in cancer induces abnormal epigenetic changes in histone, it is predicted that
abnormal methylation could be induced on non-histone substrates of EZH2 and
finally affect cancer phenotype. To find non-histone substrates of EZH2, the sub-
strate specificity of EZH2 for histones was compared to non-histone proteins.
Through in silico screening of proteins having similar amino acid sequence to
histone H3K27 that is methylated by EZH2 (R-K-S sequence), RORα was selected
for further study. RORα is mono-methylated on K38 site by EZH2 [28]. To identify
the functional consequence of the EZH2-mediated RORα methylation, RORα pro-
tein and mRNA levels in WT and EZH2-deficient (Ezh2�/�) mouse embryonic
fibroblasts (MEFs) were compared. The mRNA levels of RORα were not affected
by EZH2, whereas the protein levels of RORα in Ezh2�/� MEFs were significantly
higher than those in WT MEFs. Additionally, reconstitution of EZH2 WT in Ezh2�/

�MEFs reduced RORα protein expression levels, whereas EZH2 enzymatic inactive
mutant failed to do so, indicating that RORα methylation by EZH2 induces its
proteasomal degradation. RORα-interacting proteins were identified in the presence
of MG132, an inhibitor of proteasomal degradation. DDB1 and DCAF1 were
identified, which were previously reported to be components of a CUL4 E3 ligase-
containing complex, as binding partners of RORα. Knockdown of DDB1 or DCAF1
induced ubiquitin-dependent RORα degradation, indicating that these CUL4-
binding proteins are highly involved in RORα methylation-dependent degradation.
Since DCAF1 has putative chromo domain which can recognize methylated pro-
teins, it is hypothesized that methylated RORα is degraded by DCAF1/DDB1/CUL4

Fig. 5.1 Distinct roles of Reptin and Pontin methylation in hypoxia
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E3 ubiquitin ligase complex. Indeed, DCAF1 recognized mono-methylated RORα
through its chromo domain and DCAF1/DDB1/CUL4 E3 ubiquitin ligase complex
induced RORα methylation-dependent degradation. Given that RORα degradation
is triggered by DCAF1 binding, how histone H3K27 methylation escapes from
DCAF1/DDB1/CUL4 E3-dependent degradation was investigated. Although
EZH2 is responsible for tri-methylation in H3K27, RORα is mono-methylation by
EZH2. Unlike binding pockets of chromo domain of Pc or HP1, which recognize
tri-methylated histone H3, DCAF1 possesses a smaller binding pocket, which cannot
accommodate for the tri-methylated histone H3. Indeed, DCAF1 reads only mono-
methylated RORα peptide but not H3K27 tri-methylated peptide despite their R-K-S
sequence similarity. As it has been reported that EZH2 is overexpressed and
oncogenic in breast cancer [26], whether there is an inverse correlation between
EZH2 and RORα in breast cancer and whether introduction of RORα to breast
cancer ultimately inhibits cancer cell growth are explored. The inverse correlation
between EZH2 and RORα expression was found in breast tumor tissue specimens
compared to the normal counterpart. RORα protein levels are very low in tumors
with high levels of EZH2, strongly supporting the idea that elevated levels of EZH2
in tumors might facilitate RORα methylation-dependent degradation. Furthermore,
overexpression of RORα, knockdown of DCAF1, or treatment with DZNep, an
inhibitor of EZH2, in breast cancer cells diminish anchorage-independent cancer cell
growth.

Although phosphorylation-dependent ubiquitination is well known for the regu-
lation of protein stability, methylation-triggering ubiquitination is not fully under-
stood. DCAF1 has a chromo domain with a restricted pocket size such that only
mono-methylated substrate can bind (Fig. 5.2). By understanding the mechanism by
which mono-methylation of substrate can serve as a mark for protein degradation, it
has been proposed that a post-translational modification can modulate protein
turnover, gene expression, and ultimately cancer progression.

5.2.4.2 Dynamic Regulation of HIF-1α Stability by Methylation
and Demethylation

In order to prompt adaption to hypoxia, HIF-1α protein level is tightly regulated by
post-translational modification. The primary post-translational modification of
HIF-1α is hydroxylation in the cytoplasm by prolyl hydroxylase domain (PHD)-
containing protein 1/2/3, which is recognized and degraded by von Hippel-Lindau

Fig. 5.2 Mono-methylation-dependent RORα ubiquitination and degradation
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(VHL)-Culllin2 ubiquitin E3 ligase complex under normoxic conditions [29–
33]. Since PHDs use oxygen as a cofactor, low oxygen levels reduce enzymatic
activity of PHDs, leading to HIF-1α stabilization. Besides, HIF-1α protein stability
is controlled by other means of regulation such as SUMOylation, acetylation, and
phosphorylation [34–36]. Near the lysine 32 site in HIF-1α amino acids sequences, a
SET7/9 methyltransferase recognition motif designated by [K/R]-[S/T/A]-K (meth-
ylated lysine site is underlined) is found. Indeed, HIF-1α methylation occurs on
lysine 32 site in the nucleus by SET7/9 and leads to HIF-1α degradation, which is
independent of the VHL-dependent cytosolic destabilization of HIF-1α [37]. Lysine-
specific demethylase 1 (LSD1) is identified as a HIF-1α binding protein in the
presence of MG132. HIF-1α protein levels are significantly decreased in Lsd1-
deficient MEFs compared to WT MEFs in hypoxia. Reconstitution of LSD1 WT,
but not enzymatic inactive LSD1 mutant, in Lsd1-deficient MEFs restores HIF-1α
protein levels, suggesting that LSD1 demethylase activity is required for regulating
HIF-1α stability. The physiological significance of this mechanism was evaluated
with a Hif1aKA/KA methylation-defective knock-in mouse model. These mice are
normal from birth until adulthood and largely indistinguishable from their WT
littermates in viability, growth, and fertility. The distinct phenotype was observed
after DMOG injection to eliminate the hydroxylation effects or mimic hypoxic
conditions. Hif1aKA/KA knock-in mouse display increases hematocrit, red blood
cell count, and hemoglobin levels. HIF-1α target genes involved in angiogenesis,
glucose metabolism, and erythrocytosis are upregulated in Hif1aKA/KA knock-in
mouse by elevated protein expression levels of HIF-1α. Both renal and tumor-
associated angiogenesis are significantly increased in Hif1aKA/KA knock-in mouse
along with elevated expression level of VEGF. Another intriguing characteristic of
Hif1aKA/KA knock-in cells and mice is an increased tendency for tumorigenesis. Cell
migration and colony formation ability of Hif1aKA/KA MEFs are enhanced due to
higher expression levels of HIF-1α protein. To identify in vivo function of HIF-1α
methylation in human breast cancer, MDA-MB231 cells stably expressing either
HIF-1αWT or K32A mutant were injected subcutaneously into athymic nude mice.
Methylation-resistant HIF-1α K32A mutant-expressing cells result in the increased
tumor formation, weight, and volume. To determine whether the identified mecha-
nism has any relevance to human cancers, HIF-1α somatic mutations in human
cancers are examined. Although a mutation of HIF-1α at the methylation site is not
detected in the database, mutations near the K32 methylation site such as S28Y and
R30Q HIF-1α mutants in human cancers are found. Indeed, S28Y and R30Q are
highly resistant to methylation by SET7/9 and following methylation-dependent
degradation. How HIF-1α is regulated in physiological and pathological conditions
by its methylation using in vitro cell-based assay, in vivo mouse model, and database
of cancer patient mutations is summarized (Fig. 5.3).
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5.2.4.3 Ubiquitination of Important Modulators in Breast Cancer

Many proteins implicated in tumorigenesis and metastasis show high or low expres-
sion levels in breast cancer. Therefore, properties of cancer cell can be changed by
modulating the expression of these tumor promoting proteins, that are good candi-
date targets for cancer therapy. In this section, how stability of proteins involved in
tumorigenesis or metastasis of breast cancer are regulated is summarized.

5.2.4.4 Ubiquitination of Brest Cancer Metastasis Suppressor
1 (BRMS1)

BRMS1 functions as an inhibitor of metastasis without affecting tumorigenesis in
breast cancer, bladder cancer, and melanomas [38, 39]. However, the detailed
mechanism on how BRMS1 protein stability is controlled remained unclear. To
elucidate the regulatory mechanism of BRMS1, BRMS1 complex purification was
conducted. As complex components, Cul3 and SPOP were identified [40]. SPOP,
Speckle-type POZ protein acts as an adaptor which recruits several substrates to
Cul3 for degradation [41, 42]. Indeed, SPOP overexpression increased the binding
between BRMS1 and Cul3, suggesting that SPOP mediates interaction between
Cul3 and BRMS1. To clarify, three different mutants of Cul3, SPOP, and BRMS1
were generated. Cul3 Y62G mutant loses its binding affinity to SPOP. SPOP D130A
mutant failed to bind substrates. Since putative SPOP binding consensus sequences

Fig. 5.3 Schematic model of regulation of HIF-1α stability by post-translational modification
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in BRMS1 (residues 189-193, GSSRS amino acids sequences) were reported, SPOP
binding consensus sequences were changed to GSAAA to block binding to SPOP.
SPOP mediates interaction between Cul3 and BRMS1 and regulates ubiquitin-
dependent degradation of BRMS1 (Fig. 5.4). Normal breast cells show high expres-
sion levels of BRMS1 protein but low expression levels of Cul3-SPOP protein,
whereas breast cancer cell lines display opposite expression patterns between them.
This suggests that downregulation of BRMS1 by Cul3-SPOP has biological signif-
icances in breast cancer. Furthermore, SPOP-mediated BRMS1 protein stability
altered gene expression patterns associated with metastasis. Therefore, blocking
Cul3-SPOP-mediated degradation of BRMS1 could be a new therapeutic strategy
for the treatment of metastatic breast cancer.

5.2.4.5 Bcl3-Dependent Stabilization of CtBP1 for Breast Cancer
Progression

Bcl3 is a proto-oncogene as a member of IκB family, and its expression levels are
elevated in many cancers, including breast cancer [43, 44]. Bcl3 confers a survival
advantage to cancer cells due to its anti-apoptotic functions [45]. Since Bcl3 is
critical for cancer cell survival, Bcl3-interacting partners that contribute to the proto-
oncogenic function of Bcl3 were searched for. Through Bcl3-complex purification
and LC-MS/MS analysis, CtBP1 exerting anti-apoptotic effects was identified as a
binding molecule. Intriguingly, both Bcl3 and CtBP1 protein expression levels were
higher in various breast cancer cell lines and breast cancer patient samples, but lower
in normal breast cell and normal breast tissue counterparts, suggesting the biological
significance of their positive correlations in breast cancer [46]. As a molecular
mechanism for how mutual Bcl3 and CtBP1 expression is regulated, Bcl3 blocks
CtBP1 ubiquitination through binding between Bcl3 and CtBP1, resulting in CtBP1
stabilization (Fig. 5.5). Since Bcl3 possesses a PXDLS/R sequence, a consensus
motif that allows to associate with CtBP1, a Bcl3 binding mutant, in which PVDLR
sequence is substituted with PVASR sequence to clarify the importance of mutual
binding was generated. Although the E3 ligase complex to mediate Bcl3 degradation

Fig. 5.4 SPOP-Cul3 E3 ligase complex for BRMS1 degradation
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was not found, binding between Bcl3 and CtBP1 turns out to contribute CtBP1
stabilization. In addition, apoptotic genes which are dependent on Bcl3-CtBP1
binding were determined by comparing the effects of Bcl3 WT or mutant form
under genotoxic stress. Introduction of Bcl3 WT to the cell escapes from apoptosis,
whereas Bcl3 binding mutant-expressing cells failed to do it due to unstable CtBP1.
These findings provide a novel link between two anti-apoptotic molecules, Bcl3 and
CtBP1, and their biological significance in breast cancer. Given that elevated levels
of Bcl3 have been reported in other human cancers [47, 48], it is tempting to
speculate that combinatorial proto-oncogenic role of Bcl3 and CtBP1 might be
applied to other types of cancers.

5.2.4.6 Transcriptional Regulation by Histone Demethylase in Breast
Cancer

RORα has four different isoforms in human by alternative splicing. These isoforms
have common DNA binding domain, but have different N-terminal domains (NTD)
which confers different DNA binding specificities and transcriptional activities
[49]. Among isoforms of RORα, only RORα2 interacts with LSD1 demethylase
through NTD of RORα2 [50]. LSD1 activates RORα2-mediated transcription
through its demethylase activity. Since RORα2 binds to a distinct DNA sequence
(RORα2E:WWAWNTAGGTCA) as compared to other RORα isoforms, genes
harboring RORα2E in the promoter were searched from the whole genome of
human and mouse to identify RORα2-dependent target genes. Nineteen genes
were found to be the common genes harboring RORα2E both in human and
mouse. Among them, it was validated that CTNND1 gene was activated by coop-
eration of RORα2 and LSD1. Since CTNND1 induces cell migration and invasion,
regulating RORα2 levels in breast cancer affects cell migration or invasion mediated
by CTNND1. Indeed, knockdown of RORα2 reduced the migration potential of
breast cancer cells, while overexpression of RORα2 increased cell migration. Protein
levels of RORα2 and LSD1 are significantly elevated in human breast cancer

Fig. 5.5 Stabilization of CtBP1 through interaction with Bcl3
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patients and many breast cancer cell lines. This study suggests that RORα2 and
LSD1 may be powerful therapeutic targets for human breast cancer.

5.3 Current Evidence and Concepts

Dysregulation of epigenetic enzymes and the subsequent aberrant epigenetic mod-
ifications are highly associated with cancer progression and development. In addi-
tion, the reversibility of epigenetic modifications makes epigenetic enzymes more
attractive therapeutic targets of cancer. Therapeutic strategies for restoring the
abnormal epigenetic modifications in cancers are currently under preclinical and
clinical investigations. Although methylation of histone and non-histone proteins
has emerged as attractive epigenetic drug targets for cancer treatment, these inhib-
itors of methylation-related enzymes are currently under development. In the near
future, epi-drugs targeting histone methylation–related enzymes are expected to be
preclinical or clinical trials to treat breast cancer. Epi-drugs, targeting DNA meth-
ylation (DNMT inhibitors) or histone acetylation (HDAC inhibitors), are currently in
clinical trials or United States Food and Drug Administration (FDA)-approved. In
this section, the efficacy and mechanism of action of several DNMT inhibitors and
HDAC inhibitors for cancer treatment will be discussed.

5.3.1 DNA Methyltransferase Inhibitors

The best-studied epigenetic alterations in cancer are the changes in DNA methyla-
tion that occur within CpG islands. Abnormal methylation in CpG island is observed
in various cancers. Besides, recurrent mutations in DNMT3A, which functions as a
de novo DNA methyltransferase, are observed in about 25% of patients with acute
myeloid leukemia [51]. Two well-known DNMT inhibitors are azacitidine (5azaC,
marketed as Vidaza) and decitabine (5azadC, marketed as Dacogen), which are
chemical analogs of cytidine, a nucleotide in DNA [52]. Azacitidine is a ribonucle-
oside that can be incorporated into both DNA and RNA. In contrast, decitabine is a
deoxyribonucleoside, which can only be incorporated into DNA. In animal exper-
iments, treatment with azacitidine results in tumor size reduction in xenograft mice
transplanted with breast cancer cells or patient-derived tumors [53]. Decitabine
treatment also reduces tumor size in animals with orthotopically implanted breast
cancer cells [54]. Both are approved by FDA for the treatment of myelodysplastic
syndrome.
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5.3.2 HDAC Inhibitors

HDACs are subdivided into four major classes, depending on sequence homology:
class I (HDAC1-3 and HDAC8), class II (HDAC4-7 and HDAC9-10), class III
(sirtuin 1-7), class VI (HDAC11) [4]. Since class I, II and IV HDACs require a zinc
metal ion, HDAC inhibitors chelate the zinc ion to block HDACs catalytic activity.
Among several HDAC inhibitors, vorinostat and romidepsin were granted FDA
approval for clinical use in patients with cutaneous T cell lymphoma [55, 56]. Since
treatment with HDAC inhibitors showed antitumor effects on various cancer both
in vivo and in vitro [57, 58], HDAC inhibitors could be used clinically in a broad
range of tumors including breast cancer.

5.3.3 Efficacy of DNMT Inhibitors or HDAC Inhibitors
in Breast Cancer

The efficacy of DNMT inhibitors and HDAC inhibitors in breast cancer was
evaluated in clinical phase I and II studies [59]. Treatment with epi-drugs in breast
cancer shows very limited anti-tumor efficacy. Epi-drugs monotherapy is effective in
only 10% of breast cancer patients, suggesting that monotherapy is not suitable for
breast cancer treatment. However, a combination of epi-drug with cytotoxic thera-
pies or targeted therapies, such as ER-targeted therapy, improved progression-free
survival and overall survival in phase I and II studies [59]. Therefore, current clinical
trials mainly focus on the combination of epi-drugs with conventional therapies.

5.4 Future Research Direction

Our understanding of epigenetics has dramatically expanded over the last few years
with the advancement of global proteomics and whole genome sequencing technol-
ogies. Next generation sequencing (NGS) technologies such as chromatin
immunoprecipitation-sequencing (ChIP-seq), RNA-seq, and GRO-seq have
revealed a new insight of the epigenome and transcriptome [60]. These quantitative
methods have allowed us to generate comprehensive epigenetic maps with gene
expression patterns including histone modifications, DNA modifications, RNA
modifications, and recruitment of transcription factors/cofactors and chromatin
modifiers. In addition, recent technological advances in labeling methods of mass
spectrometry (MS) such as Stable Isotope Labeling by Amino acids in Cell culture
(SILAC), Isobaric Tags for Relative and Absolute Quantification (ITRAQ), Isotope-
Coded Affinity Tag (ICAT), and Tandem Mass Tag (TMT) have enabled quantita-
tive measurement of proteins expression and modifications [61]. Deep sequencing of
epigenome and quantitative measurement of proteome would reveal the fundamental
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causes of epigenetic abnormalities in cancer and enable the development of novel
potent epigenetic drugs.

Recently, small molecules targeting the BET family (BRD2, BRD3, BRD4, and
testis-specific BRDT) have emerged as new epigenetic drugs. BET family recog-
nizes and binds acetylated lysine through bromodomain and plays important roles in
transcriptional elongation and cell cycle progression. The efficacy of BET inhibitors
was initially explored in NUT-midline carcinoma [62] and hepatological malignan-
cies [63–66]. Later on, the anti-tumor activity of BET inhibitors in other solid tumors
like prostate, non-small cell lung cancer, pancreatic, and breast cancer was evaluated
[67–70] in preclinical research. In breast cancer, BET inhibitors show the efficacy in
triple negative breast cancer (TNBC) alone, in combination with chemotherapies or
PLK1 inhibitors, or in resistance to conventional therapies [71]. However, since
these researches are currently pre-clinical, the efficacy of BET inhibitors in breast
cancer should be confirmed in clinical settings.

Nowadays, cancer immunotherapy has been actively and intensively investigated
to cure various cancers. Although cancer immunotherapy is a very powerful and
effective method to cure cancers, the efficacy of this therapy is limited in some types
of cancer. For instance, about 15–20% of advanced non-small cell lung cancer
(NSCLC) patients, 30–40% of advanced melanoma patients, 20–30% renal cell
carcinoma patients, 30% bladder urothelial carcinoma patients, and 80–90%
Hodgkin’s lymphoma patients showed effective responses to PD-1 blockade
monotherapy [72]. Therefore, applying and expanding cancer immunotherapy in
more types of cancer is considered to be an important breakthrough in cancer
treatment. Recently, remarkable two studies were reported that T cell exhaustion, a
state of impaired effector function, is highly associated with extensive changes in
chromatin, especially enhancer and transcription factor binding regions
[73, 74]. Since T cell exhaustion occurs in cancer by persistent antigen stimulation,
reinvigoration of exhausted T cell contributes to treatment of cancer through
improving its effector functions [75]. Although blocking immune checkpoint mol-
ecules (PD-L1, PD-1) can reinvigorate exhausted T cell, reinvigorated T cell became
reexhausted if antigen concentration remains high due to distinct epigenetic profile
[73]. Since successful cancer immunotherapies might be determined by the degree of
epigenetic changes in T cells, combination treatment with epigenetic drug is
expected to enable the application of a broad spectrum of immunotherapies. In the
near future, more interesting and attractive targets for epigenetic drugs to improve
cancer immunotherapies would be provided by intensive biological studies and
clinical trials.

5.5 Summary

Extensive studies on how epigenetic modifications occur during breast cancer
progression will help to understand the cause of breast cancer and lead to the
development of powerful epi-drugs to treat cancer.
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Chapter 6
Role of tRNAs in Breast Cancer Regulation

Nam Hoon Kwon, Jin Young Lee, and Sunghoon Kim

Abstract Increased proliferation and protein synthesis are characteristics of
transformed and tumor cells. Although the components of the translation machinery
are often dysregulated in cancer, the role of tRNAs in cancer cells has not been well
studied. Nevertheless, the number of related studies has recently started increasing.
With the development of high throughput technologies such as next-generation
sequencing, genome-wide differential tRNA expression patterns in breast cancer–
derived cell lines and breast tumors have been investigated. The genome-wide
transcriptomics analyses have been linked with many studies for functional and
phenotypic characterization, whereby tRNAs or tRNA-related fragments have been
shown to play important roles in breast cancer regulation and as promising prog-
nostic biomarkers. Here, we review their expression patterns, functions, prognostic
value, and potential therapeutic use as well as related technologies.
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6.1 Introduction

Transfer RNAs (tRNAs), aminoacyl-tRNA synthetases (ARSs), and amino acids are
essential elements for protein synthesis. ARSs ligate tRNAs with cognate amino
acids, after which aminoacyl-tRNAs participate in translation by transporting pre-
cursor amino acids to the ribosome [1]. Although a tRNA is usually charged with
only one of the 20 different amino acids, the human tRNAome is very complicated
and consists of >500 interspersed tRNA genes and 51 anticodon families, consti-
tuting 4–10% of total cellular RNA (Fig. 6.1) [2, 3]. According to the nomenclature
of tRNAs, tRNALeu refers to the tRNA type to be charged with Leucine (Leu). When
tRNALeu is aminoacylated with Leu, it is represented as Leu-tRNALeu. Most tRNA
types incorporate isoacceptors that are charged with the same type of amino acid but
have different anti-codons. For example, tRNALeu(CAG) and tRNALeu(UAG) are
isoacceptors of each other, which recognize CTG and CTA codons in a messenger
RNA (mRNA) and incorporate Leu into the growing polypeptides, respectively,
during translation. In addition, functional equivalence or expression patterns of
tRNAs have been revealed to be irrespective of their sequence similarity [4, 5].

For a long time, tRNAs had been considered as mere house-keeping RNAs;
however, recent studies have suggested that tRNAs and their fragments may have
diverse roles. For example, Mey et al. reported that several tRNAs can bind to
cytochrome C, inhibiting caspase activation and apoptosis upon apoptotic stimuli
[6]. Initiator tRNA (tRNAi

Met) is unique in the sense that it can initiate translation;
overexpression of tRNAi

Met has been reported to change the translational efficiency
of specific genes and alter the global tRNA expression, resulting in various cellular
responses such as proliferation, enhanced invasion, and metastasis [7, 8]. Various
stimuli have been reported to cause digestion of tRNAs, generating small tRNA-
derived fragments (tRFs) [9]. These fragments can be derived from precursor tRNAs
(pre-tRNAs) or mature tRNAs and are similar in size to microRNAs. Our

Fig. 6.1 Number of tRNA (transfer RNA) genes in the human genome. Numbers of tRNA genes
per amino acid are presented. Different anticodons per amino acid mean isoacceptors of tRNA. Data
were based on the high confident set of Homo sapiens (GRCh37/hg19) chromosome, in tRNA
database (http://gtrnadb.ucsc.edu/) with a total of 416 tRNAs with a selenocysteine (SelCys) tRNA
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understanding of the diverse functions of tRFs has recently improved. They are now
known to participate in translational regulation, neuroprotection, cell proliferation,
tumorigenesis, and RNA silencing like microRNAs [10–14].

In addition, overexpression of tRNAs has been observed in various cancer cell
lines and tissues, although their biogenesis and translational requirements remain
obscure [5, 15, 16]. Given that tRNA abundance is correlated with protein synthesis
[17], it has been hypothesized that tRNA content may affect the rate of translation
globally or for a subset of proteins based on codon usage [18]. A recent study has
revealed that breast cancer metastasis is promoted by tRNAGlu(UUC) and
tRNAArg(CCG) (Table 6.1) [5]. This study has demonstrated that overexpression
of specific tRNAs can modulate protein expression in a codon-dependent manner,
resulting in metastatic behavior. It has also shed light on the importance of quanti-
tative changes in tRNAs. However, it is still debated whether tRNA abundance and
codon usage are under concerted regulation of translation rate and efficiency [19–
21]. In fact, several studies have suggested that preferentially used codons are not
translated faster, and that tRNA variation might play an adaptive role in coping with
environmental changes. Analyses of human tRNA expression patterns using
microarrays have revealed that tRNA expression is modulated according to the
cell cycle, such as during proliferation and differentiation [21, 22]. Taken together,
these observations suggest that more studies are required for understanding the
relationship between tRNAs and the translational need.

Even with this uncertainty, many reports have suggested important roles of
tRNAs and tRFs in cancer as translational and signaling modulators as well as
possible biomarkers. Here, we review tRNAs and tRFs reported in breast cancer
and their potential as biomarkers, and discuss the future prospects.

6.2 Review of Past Studies

6.2.1 Expressional Analysis of tRNAs and tRFs

6.2.1.1 Generation of tRNAs and tRFs

In eukaryotic cells, tRNA genes are transcribed by RNA polymerase III (RNA Pol
III), and pre-tRNAs undergo further processing to generate mature tRNAs. During
this process, RNase P and RNase Z remove the 50 leader and 30 trailer sequences,
respectively, and then CCA trinucleotide is added to the 30 end of the tRNA for
maturation (Fig. 6.2) [23].

tRFs can be generated from pre-tRNAs as well as mature tRNAs (Fig. 6.2). While
30 trailer of pre-tRNAs is called tRF-1 and identified in itself, 50 leader is not
observed as an independent tRF. Two groups of tRNA halves, namely 50 and 30

halves, can be created by digestion of the anticodon loop by RNase T2 or RNase A
superfamily, which is released by stress stimuli [24, 25]. It is known that endogenous
5’ tRNA halves generally inhibit translation via diverse mechanisms. In addition,
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Table 6.1 Functions of representative tRNAs and tRFs in breast cancer

tRNA Type
Function or
characteristics

Naming in the
original article References

tRNALeu Mature
tRNA

Association between
estrogen receptor alpha
(ERα) and Brf1 in
ER-positive breast
cancer

– [53]

tRNALeu, tRNATyr Pre-
transcript

Positive correlation with
the expression of telo-
merase reverse tran-
scriptase (TERT)

– [50, 51]

tRNALeu Mature
tRNA

Enhanced proliferation
of ErbB2-positive breast
cancer

– [54]

tRNAArg(UCU),
tRNAArg(CCU),
tRNAThr(CGU),
tRNASer(CGA),
tRNATyr(GUA)

Mature
tRNA

Overexpression in breast
cancer

– [15]

tRNASer, tRNAArg,
tRNAGlu, tRNAGly

Mature
tRNA

Differential expression
in breast cancer and cor-
relation with overall or
recurrence-free survival

– [34]

tRNAGlu(UUC),
tRNAArg(CCG)

Mature
tRNA

Enhanced ribosome
occupancy and stability
of transcripts enriched
with their cognate
codons for Glu and
Arg to enhance
metastasis

– [5]

tRNAVal(CAC),
tRNAVal(ACC),
tRNAGly(GCC),
tRNAGly(CCC),
tRNAGlu(CUC),
tRNALys(CUU),
tRNAHis(GUG)

Mature
tRNA

High expression in
triple-negative breast
cancer cells

– [52]

tRNASer Mature
tRNA

Less expression in basal-
like 1 subtype of triple-
negative breast cancer
cells

– [52]

tRNAiMet(CAU) Precursor
tRNA

Target of tumor sup-
pressive miR-34a

– [48]

tRNAGlu(Y*UC),
tRNAAsp(GUC),
tRNAGly(UCC)

i-tRF Suppression of cell pro-
liferation and cancer
metastasis via destabili-
zation of YBX-1-bound
oncogenic transcripts

tRFGluYTC,
tRFAspGTC,
tRFGlyTCC

[27, 62]

tRNATyr(GUA) Intron
region

tRFTyrGTA [27, 62]

tRNAAsp(GUC),
tRNAHis(GUG),
tRNALys(CUU)

tRF-5 Promotion of cell prolif-
eration via sex hormone-
dependent induction

5’-SHOT-
RNAAspGUC,
5’-SHOT-

[12, 62]

(continued)
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many tRFs are induced by sex hormones in breast cancer [12]. To date, 3 types of
tRFs originating from mature tRNAs have been identified: tRF-5s, tRF-3s, and
i-tRFs, which correspond to 50, 30, and internal fragments of tRNAs, respectively.
tRF-5 s and tRF-3 s are generated by cleavage of tRNAs by Dicer and/or members of
the RNase A superfamily. The anticodon loop is usually contained in i-tRFs, which
were first identified in breast cancer cells, but biogenesis of i-tRFs is not entirely
clear [26]. While the mechanism of tRF-mediated regulation of gene expression
remains elusive, involvement of tRFs in the regulation of transcript stability and
signaling pathways has been suggested. These assumptions are supported by the fact
that tRFs have been shown to associate with Argonautes as siRNAs and miRNAs do,
and tRFs interact with several transcription-regulating and RNA-binding
proteins [27].

6.2.1.2 Detection of tRNAs and tRFs

The size of a tRNA and tRF ranges from 76 to 90 nucleotides and 14 to 50 nucle-
otides, respectively. The most conventional detection method for tRNAs and tRFs is

Table 6.1 (continued)

tRNA Type
Function or
characteristics

Naming in the
original article References

RNAHisGUG,
5’-SHOT-
RNALysCUU

tRNAAsp(GUC) i-tRF High expression in
cancer

i-tRF from the
AspGTC
anticodon

[62, 84]

tRNAHis(GUG),
tRNAArg(UCG)

tRF-1 Upregulation by muta-
tions in the oncogenic
KRAS, or PIK3CA

Ts-46, and ts-47 [62, 63]

mtRNAAsp Alteration of mtRNA
metabolism by the
mutation of T7581C in
mtRNAAsp

Mt-tRNAAsp [42]

tRNAThr, tRNALys,
tRNALys, tRNALeu

High level in extracellu-
lar vesicles of breast
cancer cells

miR-720,
miR-1274a,
miR-1274b, and
miR-1260

[58, 59]

tRNAThr, tRNALeu tRF-3 High level in the blood
from patients of ER+/
HER2—Breast cancer

miR-720,
miR-1260 and
miR-1280

[61]

tRNACys(GCA) i-tRF Significant increase in
trastuzumab-resistant
breast cancer

tRF-30-
JZOYJE22RR33,
tRF-27-
ZDXPHO53KSN

[81]

*Y in tRNAGlu(YUC) represents C or U, that is, tRNAGlu(CUC) and tRNAGlu(UUC)
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northern blotting. By using specific nucleotide probes labeled radioactively or
non-radioactively [28], the size of tRNAs and tRFs can be identified, and even
tRNAs loaded with an amino-acid can be distinguished from the unloaded tRNAs
based on size [29]. However, northern blotting is a labor-intensive and quantitatively
imperfect procedure, which makes northern blotting be considered inadequate to
analyze huge amount of samples. To overcome these limitations, Pavon-Eternod
et al., for the first time, developed a microarray platform to profile tRNAs in breast
cancer [15]. This microarray platform enabled simultaneous analysis of tRNAs in
multiplex conditions, but it is still labor-intensive and difficult to be generalized
because it is still based on specialized probing techniques. Owing to the

3’ trailer

tRF-5s

tRF-3s

i-tRFs

Anticodon loop

pre-tRNA

Mature tRNA

Fig. 6.2 tRNA processing and generation of tRFs (tRNA-derived fragments). Mature tRNAs are
generated from precursor tRNA (pre-tRNA) transcripts by digestion of the 50 leader and 30 trailer,
and then CCA is added to the 30-end by CCA enzymes. Several kinds of tRFs, tRF-1 (30 trailer of
tRNA), tRF-5 (50 fragment of tRNA), tRF-3 (30 fragment of tRNA), and i-tRF (internal fragment of
tRNA) can be generated by cleavage of pre-mature or mature tRNAs under stimuli such as stress
response. Intronic sequences, depicted as the dotted gray line in the pre-tRNA, exist in several
tRNAs such as tRNATyr, tRNALeu, tRNAIle, tRNAPro, and tRNAArg, and part of them are also
identified as tRFs
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revolutionary development of next-generation sequencing (NGS) techniques,
numerous small non-coding RNAs, including tRNAs and tRFs, can be massively
analyzed in large and complex datasets at single nucleotide resolution in a rather
unbiased way [30]. Recently, several NGS methodologies have been developed to
find the optimal conditions for the analysis of mature tRNAs and/or tRFs [31]. Con-
sequently, the sequences of numerous tRFs detected in human samples in various
contexts are currently available in several databases [9, 32, 33]. For example,
tRFinCancer shows the expression patterns of tRFs in multiple cancer types [32],
tRFdb is a relational database of tRFs and other tRNA-related RNA fragments [9],
and MINTbase is a database for tRFs of mitochondrial or nuclear origin [33].

6.2.1.3 tRNA Overexpression in Breast Cancer

Pavon-Eternod et al. analyzed the expression levels of individual tRNAs in breast
cancer cells using a microarray platform and revealed an unexpected selectivity that
is based on cognate amino acid properties and isoacceptor identities [15]. Each
breast cancer cell line generates unique tRNA profiles that are markedly different
from that of non-cancer breast epithelial cell lines. Overall, the results of Pavon-
Eternod et al. highlight the potential of using both genomic DNA- and mitochondrial
DNA-encoded tRNAs as biomarkers for malignancy, tumor type, or tumor progres-
sion. Remarkably, tRNAArg(CCU), tRNASer(GCU), tRNAThr(CGU), and
tRNATyr(GUA) are among the most overexpressed tRNAs in the breast cancer cell
lines and breast tumors analyzed (Table 6.1). Since the amino acid residues Ser, Thr,
and Tyr are targets for protein kinases and phosphatases, this observation suggests
that these tRNAs might be part of a potential mechanism for potentiating post-
translational regulation of proteins involved in signal transduction. Significant
differences in the relative expression levels of tRNA isoacceptors have also been
observed. For example, tRNAArg(CCU) and tRNALys(UUU) were more
overexpressed than tRNAArg(ICG) and tRNALys(CUU). Differential expression of
tRNA isoacceptors may provide an additional level of translational regulation for
key genes involved in tumorigenesis. Initiator tRNAMet has been found
overexpressed in all cancer-derived breast cell lines compared with the healthy
controls. However, tRNAi

Met is not overexpressed as much as a few other tRNAs,
such as tRNASer, tRNAThr, and tRNATyr in the breast cancer cells. Therefore, further
studies are needed to elucidate the regulatory relationship between tRNA expression
and cancer.

Krishnan et al., for the first time, investigated the differential expression patterns
of tRNAs in breast tumor tissues using NGS to determine if these patterns had any
prognostic significance for breast cancer [34]. They profiled 571 tRNAs from
11 normal breast and 104 breast tumor tissues and found that 76 tRNAs were
differentially expressed, among which several tRNAs, including tRNASer, tRNAArg,
tRNAGlu, and tRNAGly, showed a positive correlation with the overall or recurrence-
free survival (Table 6.1). Although the analysis results were dependent on the
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controls used, this observation suggests the global tRNA upregulation and differen-
tially expressed tRNAs as potential novel prognostic markers in breast cancer.

6.2.1.4 tRF Detection in Breast Cancer

It is known that 321 tRNA genes out of 625 total human tRNA genes generate
diverse forms of tRFs, and the most common form is tRF-3, which consists of the
C-terminal half of a tRNA (http://genome.bioch.virginia.edu/trfdb/statistics.php).
Various kinds of tRFs have been identified in breast cancer cells and tissues, and
they seem to be involved in breast cancer regulation and progression. An interesting
report has indicated that levels of several tRFs may be associated with racial
disparities in triple negative breast cancer, which is characterized by marked differ-
ences between white and black/African-American women [35]. These tRFs include
nuclear tRNAGly and tRNALeu, and mitochondrial tRNAVal and tRNAPro. The
functions of tRFs identified in breast cancer will be discussed later.

Small noncoding RNAs circulating in the blood may serve as signaling molecules
because of their ability to carry out a variety of cellular functions. Dhahbi et al. have
previously described tRFs and other small RNAs circulating as components of larger
complexes in the blood of humans and mice, implying that these small RNAs may
specifically be processed, secreted, and regulated [36]. Recently, deep sequencing
and informatics analysis revealed that 50 tRNA halves were abundant and signifi-
cantly different in the serum of clinicopathologic breast cancer patients, showing the
potentials of 50 tRNA halves as circulating biomarkers of breast cancer. Larger
studies with multiple types of cancer are needed to adequately evaluate their
potential use for the development of noninvasive cancer screening.

6.2.2 Modifications of tRNAs in Breast Cancer

6.2.2.1 Genetic Alterations of tRNAs

In addition to genomic 625 tRNA genes, mitochondrial DNA encodes its own
22 mitochondrial tRNA (mtRNA) genes. mtDNAs are known to be more vulnerable
to mutation than their genomic counterparts due to the lack of protective histones,
introns, and efficient DNA repair mechanisms [37]. Polymorphism or mutations of
mtRNAs, therefore, are more frequently reported to be associated with various
diseases than those in genomic tRNAs. There have been indications that mitochon-
drial function and polymorphisms are involved in the carcinogenic process and
increased risk of cancer [38].

tRNA genes do not appear to be hot spots in breast cancer given that trials to find
any changes in chromosomal tRNA genes have not revealed any mutations
[38, 39]. However, depletion and mutation of mtRNA have been reported in the
increased tumorigenic and invasive phenotype [40–42]. An example would be the
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case of mtRNAAsp mutation which has been shown to be involved in the carcino-
genesis of breast cancer (Table 6.1) [42]. The mutation of T7581C in mtRNAAsp

gene creates a new conserved base-pairing (G4-C69), which presumably causes a
failure in mtRNAAsp metabolism. It implies that mutations may cause alterations in
the tertiary structure of mtRNAs resulting in impairment of mitochondrial protein
synthesis.

Other polymorphisms in mtRNAs have also been identified in breast cancer
patients [38]. The authors have analyzed all the 22 genes encoding mtRNAs in
breast cancer carcinoma as well as blood. Polymorphism of mtRNAAsp, mtRNALys,
mtRNAGly, mtRNAArg, mtRNALeu, and mtRNAThr have been found in 6–12% of
patients. Distinguishing the polymorphisms or mutations in mt-tRNA genes is still
puzzling for the clinicians and geneticists when confronted with breast cancer.
Although it is unclear whether these polymorphisms are connected with the pathol-
ogy or not, it cannot be excluded that mutations in tRNA genes in breast cancer may
impact the cell physiology, and cause its dysfunction.

6.2.2.2 tRNA Modifications in Breast Cancer

On average, 13 bases in a tRNA molecule are modified after transcription (Fig. 6.3)
[43]. These modifications play multifaceted roles in decoding genetic information as
well as in other cellular processes. Abundance, modification, and aminoacylation
levels of tRNAs contribute to the translation and differ in different cell types and/or
cellular environment [44]. To date, a complete compilation of tRNA modifications
and the corresponding modification enzymes have not been determined. Among the
predicted and known human tRNA modification enzymes, those linked to breast
cancer are listed in Table 6.2 [44].

In fact, base modification itself and the enzymes in charge of tRNA modifications
play an important role in the pathogenesis of breast cancer [26, 40]. Studies have
indicated that increased tRNA modifications in anticodon swinging bases enhance
the translational efficiency due to the increased decoding power of the tRNA
[45]. Methyltransferase Misu (NSUN2) and tRNA methyltransferase homolog
12 (TRMT12) have been shown to be significantly increased in breast cancer cell
lines and tissues, and they are presumably involved in the proliferation of cancer
cells [26, 46]. In human breast cancer, the elevated expression of U34-modifying
enzymes directly promotes the translation of oncoprotein DEK, which in turn
increases the translation of the oncogenic LEF-1 (lymphoid enhancer binding factor
1) mRNA, promoting the invasion and metastasis of breast cancer cells [47]. Given
that extensive base modifications in tRNAs are crucial for their function, future
studies should address the potential role of tRNA modifications in breast cancer.

Recent studies suggest that tRNA modifications can increase the stability of
tRNAs. Wang et al. observed that miRNA-34a targets pre-tRNAi

Met and induces
Argonaute 2 (AGO2)-mediated degradation resulting in reduction of mature
tRNAi

Met [48]. Overexpression of tRNAi
Met promotes proliferation and cell cycle

transition. Given that mature tRNAi
Met is not a substrate for miRNA-34a-mediated

degradation, modification of mature tRNAi
Met may protect it from AGO2-mediated
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Anticodon loop

Fig. 6.3 Modification site
of tRNAs. Representative
modification sites and the
number of bases in tRNAs
are depicted in red. Base
modifications usually
happen after the removal of
the 50- and 30-ends from
pre-tRNAs and before the
splicing

Table 6.2 tRNA modification genes known or predicted to be linked with breast cancer

Enzyme Modification References

THUMPD1 (THUMP domain containing 1) ac4C [85]

METTL6 (methyltransferase like 6) m3C [86]

NSUN2 (NOP2/Sun RNA methyltransferase 2) m5C [46, 87,
88]

ELP3 (elongator complex protein 3) cm5U, ncm5U, mcm5U,
mcm5s2U

[47]

CTU1 (cytosolic thiouridylase subunit 1) s2U, mcm5s2U [47]

CTU2 (cytosolic thiouridylase subunit 2) s2U, mcm5s2U [47]

TRMT12 (tRNA methyltransferase 12 homolog) o2yW, yW [89]

CDKAL1 (CDK5 regulatory subunit associated
protein 1 like 1)

ms2t6A [90]

TRMT2A (tRNA methyltransferase 2 homolog A) m5U [91]

MTO1 (mitochondrial tRNA translation optimiza-
tion 1)

tm5U [92]

TRIT1 (tRNA isopentenyltransferase,
mitochondrial)

i6A [93]

TRMT61B (tRNA methyltransferase 61B) m1A [94]

Most enzymes are expressed in the cytotosol. TRIT1 and TRMT61 are in mitochondria. Ac4C,
N4-acetylcytidine; m3C, 3-methylcytosine; m5C, 5-methylcytosine; cm5U,
5-carboxymethyluridine; ncm5U, 5-carbamoylmethyluridine; mcm5U,
5-methoxycarbonylmethyluridine; mcm5s2U, 5-methoxycarbonylmethyl-2-thiouridine; s2U,
2-thiouridine; o2yW, peroxywybutosine; yW, wybutosine; ms2t6A, 2-methylthio-N6-threonyl
carbamoyladenosine; m5U, 5-methyluridine; tm5U, 5-taurinomethyluridine; i6A,
N6-isopentenyladenosine; and m1A, 1-methyladenosine
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degradation. It has also been reported that BCDIN3D (bicoid interacting 3 domain
containing RNAmethyltransferase) monomethylated 50 monophosphate of cytoplas-
mic tRNAHis in vivo and in vitro [49]. BCDIN3D is highly overexpressed in breast
cancer and is associated with poor prognosis. BCDIN3D specifically modified
cytoplasmic tRNAHis, without affecting the aminoacylation of tRNAHis by
histidyl-tRNA synthetase. The exact function of tRNAHis in breast cancer was not
investigated in this study, but it suggests another link between tRNA modifications
with the tumorigenic phenotype of breast cancer beyond translation.

6.2.3 Functions of tRNAs in Breast Cancer

Since tRNAs are principally involved in protein synthesis, their abundance, modi-
fication, and mutation are all closely related to protein expression. Synthesis of
tRNA is controlled by many oncogenes and tumor suppressors, such as Ras, c-myc,
Rb, and p53, all of which affect RNA Pol III-mediated transcription, causing serious
dysregulation of tRNA levels [40]. Due to this relation, the alteration of proteins
regulating RNA Pol III-mediated transcription also affects the level of tRNAs. In
addition, tRNAs can bind to other proteins containing RNA-binding domains and
control the function of these proteins they bind to. Accumulating evidence has
identified that certain tRNAs and tRFs are involved in the control of proliferation,
metastasis, and angiogenesis in human cancers, including breast cancer.

6.2.3.1 tRNA Over-expression in the Subtypes of Breast Cancer

It seems that there are specific tRNA expression patterns, depending on the subtype
of breast cancer. In triple-negative breast cancer (TNBC), there is a positive corre-
lation between the expression of telomerase reverse transcriptase (TERT) and
pre-transcripts of tRNALeu and tRNATyr in the aggressiveness of cancer
(Table 6.1) [50, 51]. In another report, 7 tRNAs, tRNAVal(CAC), tRNAVal(ACC),
tRNAGly(GCC), tRNAGly(CCC) tRNAGlu(CUC), tRNALys(CUU), and
tRNAHis(GUG), have been found to be highly expressed in 26 TNBC cells
[52]. All these tRNA types are equally proportional in all the TNBC subtypes,
while tRNASer is significantly less expressed in the basal-like 1 subtype. It has
been reported that tRNALeu is regulated by the interaction between estrogen receptor
alpha (ERα) and Brf1 in estrogen receptor (ER)-positive breast cancer (Table 6.1)
[53]. Additionally, it has been suggested that tRNALeu plays a role in the prolifer-
ation of erythroblastic oncogene B (ERBB2)-positive breast cancer (Table 6.1)
[54]. Kwon et al. showed that overexpressed tRNALeu interacted with EBP1
(ERBB3-binding protein 1), reinforcing ERBB2/ERBB3 signaling pathway and
enhancing phosphorylation of RSK1 (ribosomal S6 kinase 1) and MSK2
(mitogen-and stress-activated protein kinase 2) [54]. These results suggest that
overexpression of any type of tRNALeu isoacceptors can improve cell proliferation
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and apoptotic resistance, showing the possible link between tRNALeu

overexpression and several signaling pathways, such as the RSK1, MSK2, and
ERBB2/ERBB3 pathways. All these results suggest that tRNA expression patterns
differ in different contexts of breast cancer.

It has been reported that increased tRNAi
Met(CAU) levels in carcinoma-

associated fibroblasts promote tumor growth and angiogenesis [40, 55]. According
to Clarke et al., increased levels of tRNAi

Met(CAU) promote growth and angiogen-
esis of melanoma and lung cancer allografts. They used a mouse model that
expressed additional copies of the tRNAi

Met(CAU) gene and observed that growth
and vascularization of subcutaneous tumor allografts were enhanced in the mice
compared with wild-type littermate controls. Elevated expression of
tRNAi

Met(CAU) was also investigated in the breast cancer–associated fibroblasts
obtained from patients; however, due to the small number of samples, the high
expression of tRNAi

Met(CAU) level was not validated in the breast cancer–associ-
ated fibroblasts. The function of tRNAi

Met(CAU) in the stroma of breast cancer
needs to be studied further. Although the link between upregulation of
tRNAi

Met(CAU) and breast cancer is obscure at this point, this research shows that
tRNAi

Met(CAU) may have the ability to generate pro-migratory extracellular matrix
for cancer growth and invasion.

6.2.3.2 tRNA Over-expression Promotes Breast Cancer Metastasis

Goodarzi et al. found that specific tRNAs were upregulated in human breast cancer
cells resulting in increased metastasis [5]. They found that tRNAGlu(UUC) and
tRNAArg(CCG) were promoters of breast cancer metastasis, and this observation
was corroborated by loss-of-function and gain-of-function analyses as well as
clinical-association studies (Table 6.1). Upregulation of these tRNAs enhances the
ribosome occupancy and stability of transcripts enriched with the cognate codons of
these tRNAs for Glu and Arg. Expression of tRNAGlu(UUC) directly upregulates
EXOSC2 (exosome component 2) and GRIPAP1 (glutamate receptor-interacting
protein 1-associated protein 1), which have high Glu contents. Reduced levels of
tRNAGlu(UUC) and tRNAArg(CCG) exhibited significantly reduced colonization in
the lungs in mice. Consistently, higher levels of these tRNAs were detected in
patients with metastatic breast cancer compared with that in the patients without
metastasis. These observations suggest that specific tRNAs can induce specific
pathways where proteins enriched for their cognate codons are actively involved.
Such target transcripts become stabilized in the context of their favored tRNAs and
can be more effectively translated, resulting in a greater protein output. Thus, it
appears that tRNAs can dynamically regulate gene expression, and the tRNA codon
landscape can specifically affect disease progression.
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6.2.4 Functions of tRFs in Breast Cancer

6.2.4.1 Tumor Suppressive Roles of tRFs

While overexpression of tRNAs usually shows a positive correlation with poor
prognosis of breast cancer [5, 50, 51, 53, 54], tRFs show more diverse effects than
tRNAs in many cases. It may be due to the characteristics of full-length tRNA, which
support translation and are required under nutritious conditions. Fragmentation of
tRNAs can be induced in periods of cellular stress, such as when cells cannot be
supported for global translation anymore. Under such conditions, cells should sense
the status of their environment, and tRFs may work as regulators to suppress the cell
growth since there are already plenty full-length tRNAs that can be processed to
generate additional regulators. Of course, there are several clues that tRFs may
modulate cancer progression via inhibition of global translation. Thomson and
Parker have proposed several possible roles of tRNA halves [56]: [1] translation
inhibition via GCN2-mediated stress response activated by nicked tRNAs, [2]
formation of a repression complex with other unknown binding partners that should
be investigated further, [3] guiding small RNA-mediated translational repression or
mRNA destabilization by interacting with Argonaute or PIWI proteins, resulting in
silencing of specific transcripts, and [4] guiding mRNA destabilization by
interacting with tRNA processing enzymes, such as RNase Z or RNase P
[56]. These functions may be linked to breast cancer regulation.

tRFs can also control cancer independently of translation. Upon exposure to
stress, tRNAs are enzymatically degraded, yielding distinct classes of tRFs. A
novel class of tRFs, derived from tRNAGlu, tRNAAsp, tRNAGly, and tRNATyr, shares
a common motif that matches the oncogenic RNA-binding protein YBX1 (Y-box
binding protein 1) recognition sequence (Table 6.1) [27]. YBX1 is expressed in
various kinds of cancers and stabilizes diverse oncogenic transcripts. The fragments
derived from tRNAGlu, tRNAAsp, and tRNAGly appear to be i-tRFs since they map to
the anticodon loops, whereas the tRNATyr-derived fragment matches to the intronic
region (Fig. 6.2). Association of these tRFs with YBX1 displaces the 30 UTRs of
oncogenic transcripts, such as HMGA1 (high mobility group AT-hook 1), CD151
(cluster of differentiation 151), CD97, and TIMP3 (tissue inhibitor of
metalloproteinases-3) from YBX1, destabilizing multiple oncogenic transcripts in
breast cancer cells. These tRFs are upregulated under hypoxic conditions
suppressing breast cancer metastasis. Loss-of-function and gain-of-function studies
by using antisense locked nucleic acids (LNAs) and synthetic RNA mimics,
respectively, have revealed that these fragments suppress cell growth under serum-
starvation, cancer cell invasion, and metastasis of breast cancer cells in vivo. Inter-
estingly, highly metastatic breast cancer cells do not show significant overexpression
of these tRFs, implying that a mechanism to attenuate induction of these tRFs exists
to evade the tRF-mediated modulation of cancer metastasis. These findings have
revealed a tumor-suppressive role of specific tRFs, which can be expanded to other
tRFs, non-coding RNAs, or small RNAs.
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6.2.4.2 Tumor Proliferative Roles of tRFs

There are also several tRFs which are positively involved in tumorigenesis. Honda
et al. reported that a novel type of tRFs that was responsive to sex hormones
[12]. These tRFs are specifically and abundantly expressed in ER-positive breast
cancer as well as androgen receptor (AR)-positive prostate cancer cell lines. The
authors also observed that these tRFs are abundant in human patient tissues, desig-
nating these tRFs as sex-hormone-dependent tRNA-derived RNAs (SHOT-RNAs).
As expected, SHOT-RNAs are not abundant in other hormone-insensitive cancers,
including ER-negative breast cancer and AR-negative prostate cancer, among many
others. These SHOT-RNAs are largely identified as the 50 halves of mature tRNAs
by a sort of specific RNA sequencing method. These 50 halves are generated by
angiogenin, a type of RNase A family enzyme, and they increase cell proliferation,
strongly suggesting a novel pathway that engages tRNA halves in the development
and growth of sex hormone-dependent cancers.

6.2.4.3 MicroRNA (miRNA)-like Role of tRFs

Due to the rapid release of new data from NGS sequencing, numerous novel small
non-coding RNAs have been identified expanding our understanding of their char-
acteristics and functions. Yet, experimental data to verify this information are still
scarce, causing mis-annotation of some small non-coding RNAs. In fact, there are
several small non-coding RNAs that were first recognized as miRNAs but finally
proven to be tRFs [57]. Some examples of these RNAs are listed in Table 6.3
(Table 6.3). Among these mis-annotated miRNAs, several of them have been
reported to be linked to breast cancer.

Extracellular vesicles (EV), such as exosomes and membrane-shed vesicles, have
been implicated in inter-cellular communication. Additionally, their possible use as
biomarkers has been being pursued. Guzman et al. investigated the small RNAs in
the EVs derived from the breast cancer cell line MCF7 and non-cancerous cell line
MCF10A and observed unique miRNA profiles in these secreted vesicles [58]. There
was a high abundance of “miRNA-like” tRFs specifically in the EVs of MCF7 but
not in the EVs of MCF10A. Whereas the cellular levels of miR-125b, miR-100, and
let-7a were correlatively mirrored in the EVs, several small RNAs were only
detected in the MCF7 EVs. Interestingly these small RNAs comprised 65% of the
total number of small RNAs in MCF7 EVs. The authors reported the four most
abundant MCF7 EV miRNAs, such as miR-720, miR-1274a, miR-1274b, and
miR-1260 (also known as miR-1260a), which share high sequence homology with
tRNAThr, tRNALys, tRNALys, and tRNALeu, respectively (Tables 6.1 and 6.3)
[58, 59]. Among them, miR-720, miR-1274a, and miR-1274b have been withdrawn
from the miRNA database (miRBase) since they are now regarded to originate from
the corresponding tRNAs (Table 6.3). It has been reported that tRFs can be induced
and secreted under starvation conditions [60], but the small RNA-containing EVs
mentioned above were identified under nutritious conditions [58]. Therefore, the
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mechanisms underlying induction and secretion of the miRNA-derived tRFs
detected in this study [58] may be different than those in the study of Lee et al.
[60]. These observations imply that high tRF content of tumor-derived EVs along-
side the tumor-specific miRNA signatures in them can be used to distinguish these
EVs from those of other sources in the circulation.

Another study has also observed that miR-720, miR-1260, and miR-1280 are
upregulated in the blood of patients with ER-positive/HER2-negative breast cancer
[61]. As mentioned above, miR-720 and miR-1260 are tRF-3s processed from
tRNAThr and tRNALeu, respectively. Additionally, miR-1280 is also a
mis-annotated miRNA, and it is actually a tRF-3 derived from tRNALeu

(Table 6.3). In particular, the miR-1280 level is significantly elevated in breast
cancer patients, and it is positively correlated with the severity of the disease; the
level is the highest in metastatic breast cancer, reduced after systemic treatment.
These observations suggest that circulating tRFs, such as miR-1280, may serve as
biomarkers for ER-positive breast cancer.

6.2.4.4 Mutations of tRFs in Breast Cancer

Several tRF mutations and their roles have been identified in other cancers. For
example, ts-53 and ts-101 are often found to be mutated in chronic lymphocytic

Table 6.3 Probable mis-annotation of human miRNA genes and the corresponding tRNAs

miRNA Sequence tRNA tRF References

miR-720 UCUCGCUGGGGCCUCCA Human
tRNAThr(UGU)

tRF-
3

[57]

miR-1260 AUCCCACCUCU*GCCACCA Human
tRNALeu(AAG)

tRF-
3

[95]

miR-
1260b

AUCCCACCACUGCCACCAU** Human
tRNALeu(UAG)

tRF-
3

[95]

miR-
1274a

GUCCCUGUUCAGGCGCCA Human
tRNALys(UUU)

tRF-
3

[57]

miR-
1274b

UCCCUGUUCGGGCGCCA Human
tRNALys(UUU)

tRF-
3

[57]

miR-1280 UCCCACCGCUGCCACCC Human
tRNALeu(AAG)

tRF-
3

[57]

miR-1308 GCAUGGGUGGUUCAGUGG Human
tRNAGly(GCC)

tRF-
5

[57]

miR-3182 GCUUCUGUAGUGUAGUC* Human
tRNAVal(CAC)

tRF-
5

[96]

miR-4286 ACCCCACUCCUGGUACC Human
tRNALeu(UAA)

tRF-
3

miR-4284 GGGCUCACAUCACCCCAU Human mtRNAPhe tRF-
3

[96]

miR-1260 is also known as miR-1260a. *There are single-base mismatches. Both U and C in
miR-1260 and miR-3182 are G in the corresponding tRNA sequences, **U in the miR-1260b does
not exist in the corresponding tRNA sequence
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leukemia and lung cancer samples suggesting a key role of these tRFs in tumori-
genesis [62]. They are derived from tRNAThr(AGU) and tRNASer(GCU) but
mis-annotated as miR-3676 and miR-4521, respectively. These tRFs associate
with PIWI-2 protein to form PIWI-ribonucleoprotein complexes, but the mutations
hamper this association. Additionally, these mutations are located in a region
required for the interaction of the tRFs with the promoter of ZAP-70 (Zeta-chain–
associated protein kinase 70). Consequently, these mutations impair targeting of
ZAP-70 promoter by PIWI like protein 2 [63, 64].

It seems that there are no tRFs whose mutations have been identified in breast
cancer. However, it has been suggested that tRFs can be key effectors in the
pathways regulated by oncogenic mutations. In the MCF7 and MDA-MB-231 breast
cancer cells carrying oncogenic mutants of HRAS, KRAS, or PIK3CA genes, the
tRNAArg(UCG)-derived tRF, ts-47, is upregulated in KRAS mutant cells, and the
tRNAHis(GUG)-derived tRF, ts-46, is upregulated in PIK3CA mutant cells
(Table 6.1) [63]. Since mutations of KRAS and PIK3CA have pivotal roles in
carcinogenesis, [65–67], tRFs might also function as key effectors in these path-
ways. Future research is expected to reveal the types and functions of tRF mutants in
breast cancer.

6.3 Current Evidence and Concepts

6.3.1 Global Upregulation of tRNA Levels in Cancer

Recently, Zhang et al. have analyzed expression of tRNAs in the uniquely compre-
hensive data resource from The Cancer Genome Atlas [68]. According to the
analysis, almost all cancers express similar overall average expression levels and
patterns of tRNAs, while the expression levels of tRNA for each amino acid varies
greatly. Among the tRNAs, tRNAHis is the most highly expressed, and tRNATrp,
tRNALeu, tRNAPhe, tRNAAsn, or tRNASec are not included in the high-expression
cluster. Breast cancer is among the 9 cancers that show predominant upregulation of
tRNAs across the 31 cancer types analyzed. This study suggests that tRNA
overexpression in tumors might increase the translational efficiency in favor of
cancer development. They also analyzed other molecules related to tRNAs including
ARSs, tRNA-modifying enzymes, and translation factors, including ribosomes. It
seems that overexpressed tRNAs may be stabilized by overexpressed tRNA-
modifying enzymes, and the increased level of ARSs and translational factors may
accelerate the translation in cancers. The merit of this study is that it provides the
groundwork for an integrated functional interpretation by covering a broad set of
various cancers. By doing so, the authors found that tRNAArg was overexpressed in
multiple cancer types in addition to breast cancer, where tRNAArg had been reported
to promote breast cancer metastasis [5].
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6.3.2 Function of tRFs as miRNAs or piRNAs
(PIWI-Interacting RNAs)

Since tRFs were first detected in the urine and serum of patients with cancers in the
1970s [62, 69–71], various tRFs have been identified, expanding the roles of tRFs as
regulators but not as mere by-products of tRNA degradation. Many reports have
suggested the involvement of tRNAs and tRFs in the regulation of transcription,
translation, proliferation, cell cycle, apoptosis, and cell signaling. Breast cancer is
one of the major cancers where the important implication of tRFs in the regulation of
cancer has been shown. As mentioned before, several tRFs have been mis-annotated
as miRNAs, suggesting that tRFs may work like miRNAs. However, this relation-
ship between tRFs and miRNAs has not conclusively been clarified. A recent study
has shown the interaction of tRFs with the miRNA- and piRNA-related proteins via
meta-analysis [72]. Kumar et al. analyzed 50 small RNA datasets and found that
tRFs might play a major role in RNA silencing via a microRNA-like mechanism. It
is worth noting that tRFs appear to be an abundant class of small RNAs with a
distinct biogenesis mechanism different from that of miRNAs. Similarly, several
studies have demonstrated that tRFs can also function as piRNAs [64, 73]. A few
tRFs have been found in the complexes containing Argonaute proteins, such as
AGO1 and AGO2, as well as in complexes containing PIWI proteins. Unlike tRFs,
miRNAs are only loaded onto protein complexes containing AGO1 and AGO2. This
finding supports that some tRFs could act as piRNAs involved in the epigenetic and
post-transcriptional control, such as histone methylation. More evidence, supporting
the role of tRFs as an independent group of small non-coding RNAs may come from
the breast cancer field with deep mechanistic analyses of the biogenesis and function
of tRFs.

6.3.3 tRNAs as Substrates of miRNAs

While tRFs may work as miRNAs or piRNAs do, an interesting report has suggested
that pre-tRNAs can be substrates of miRNAs. Wang et al. demonstrated that a tumor-
suppressive miRNA, miR-34a, degraded the precursor of tRNAi

Met through AGO2-
mediated destabilization [48]. The reduced level of tRNAi

Met inhibited proliferation
of breast cancer cells and induced cell cycle arrest resulting in apoptosis. The
expression level of miR-34a shows an inverse correlation with that of tRNAi

Met in
breast cancer cells, and the cell phenotypes induced by miR-34a are restored by
overexpression of tRNAi

Met. These observations suggest that tRNAi
Met precursor is

a functional target of miR-34a. Accordingly, this study supports the pro-oncogenic
role of tRNAi

Met as reported elsewhere [55] and also suggests the protective role of
tRNAi

Met modification against cleavage by reducing the interaction of mature
tRNAi

Met with miR-34a and AGO2.
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6.3.4 Progress in the Detection Methods for tRNAs and tRFs

As mentioned before, recent studies have used NGS to detect small RNAs including
tRNAs and tRFs, rather than conventional methods such as northern blotting.
However, tRNAs and tRFs have their own characteristics which make their detection
more challenging. First, tRNAs and tRFs are post-translationally modified (Fig. 6.3)
making the mapping of their deep sequencing reads more challenging [74, 75]. Sec-
ond, their strong folding characteristics decrease their hybridization onto DNA
chips. Overcoming these features can increase the curative and correct detection
and interpretation of tRNAs and related fragments. Currently, one of the most
reliable approaches for measuring tRNA levels is by DNA chips designed specifi-
cally for this purpose by Prof. Tao Pan [15, 76]. Recent studies have utilized the
sequencing methods specialized for tRNAs. Several methods have been suggested to
overcome the strong self-hybridization tendency of tRNAs via employing novel
ligation strategies. For example, a two-step ligation strategy [77], addition of a poly-
A tail to the deacylated 3΄-ends of mature tRNAs for RT-PCR (real-time-PCR)
amplification of tRNAs [78], and Y-shaped adapter application [31]. Furthermore, a
DM-tRNA-seq (demethylase tRNA-seq) is intended to reduce the sequence bias
from tRNA post-transcriptional methylations by treating tRNAs with AlkB
demethylase, followed by a template-switching reaction of thermostable group II
intron reverse transcriptase for adapter attachment to tRNAs [79]. There are other
methods available for measuring tRNA levels, such as liquid chromatography-mass
spectrometry and signature digestion products [80].

6.3.5 The Diagnostic Potential of tRNAs

There is increasing evidence that the expression levels of tRNAs and tRFs may be
implicated in disease progression including cancer since their expression is changed
or dysregulated in the specific context of diseases.

Recently, several papers have suggested tRFs as predictive markers for breast
cancer. Sun et al. investigated tRF profiles in trastuzumab-sensitive and
trastuzumab-resistant breast cancer cells via high-throughput sequencing and
qRT-PCR and found that two tRFs originated from tRNACys(GCA) were signifi-
cantly upregulated in trastuzumab-resistant patients with a positive correlation of
ROC (receiver operating characteristic) curve with trastuzumab resistance
(Table 6.1) [81].

There are still several challenging points to be considered for the development of
tRNAs and tRFs as diagnostic markers. First, robust and efficient approaches to
measure tRNA and tRF levels are required. Recent developments in the tools to
detect them may shed a light on this field. It is worth noting that tRNAs are relatively
stable than other RNAs owing to their self-folding characteristics. This feature
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protects tRNAs from being digested by RNA-degrading enzymes and can be
advantageous considering that sample-processing time is usually the limiting factor.

Second, there are >500 interspersed tRNA genes, and some of them share the
same mature tRNA sequence despite the difference in pre-tRNA sequence. If a
tRNA transcribed from a specific locus of a chromosome is to be used as a diagnostic
marker, there should be a strategy to differentiate it from the other copies. In
addition, a diagnostic tool should consider the adaptation of the mutations or single
nucleotide polymorphisms to the human tRNA pool [75].

6.4 Future Research Direction

Based on the reports that have been published in the field of cancer and tRNAs,
major studies have focused on the expression levels of these RNA molecules in a
specific context of cancer, showing their positive correlations. Deeper and more
thoroughly done studies are required to solve the biogenesis and functions of tRNAs
and tRFs in breast cancer. It should not be fragmental but comprehensive to give a
concrete understanding of tRNAs and tRFs to be used for therapeutic or diagnostic
uses. tRNAs and their derivatives are abundant in human body fluids, including
serum [62, 69–71, 82]. Therefore, detection of tRNAs and tRFs from EVs in body
fluids from cancer patients can be performed via minimally invasive methods. Since
they can work as regulatory molecules, widely involved in the pathogenesis of
cancers, application of tRNAs and tRF-based non-invasive biomarkers in tumor
diagnosis is expected to have broad prospects [83].

There are several things to be solved in basic research. First, the nomenclature of
tRFs is still inconsistent. There are >500 tRNA genes in the human genome, and
theoretically, all the tRNAs could be cleaved by different types of ribonucleases to
produce various tRFs. However, these tRFs have not been categorized with a unified
name yet. Many factors should be considered for the unification: the origins and
types of tRFs, their chromosomal locations, and inclusion of intron sequences. Li
et al. proposed a naming scheme in the form of X-tsRNAAA-NNN, where tsRNA
represents the species; X represents the subtypes of tsRNAs based on the mapped
location of tRNAs; superscript AA represents the abbreviation of amino acid carried
by the mapped tRNAs; superscript NNN represents the anticodon of the mapped
tRNAs. For example, 5’-tiRNA and 3a-tRF derived from tRNAGlu-CTC can be named
as 5’-tiRNAGlu-CTC and 3a-tRFGlu-CTC, respectively [3]. This proposal can be con-
sidered as an option before a consensus among the researchers is reached.

Second, the biogenesis process of tRFs is not clearly understood. RNase families
and Dicer are known to be involved in the biogenesis of tRFs [3, 26]; however, the
understanding of ribonucleases is not very comprehensive. Therefore, the exact
biogenesis mechanism of many tRFs remains elusive.

Third, animal models focusing on tRNAs or tRFs would aid to understand the
function of tRNAs and tRFs as well as to investigate the phenotypic significance of
these RNAs [83]. Animal models are promising tools for analyzing the function and
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effect of targets on diseases; therefore, animal model studies with specific tRNAs
and tRFs can decrease the gap between in vitro and in vivo studies. Transgenic mice
expressing additional copies of tRNAi

Met(CAU) will be a good example showing the
importance of the animal models [55], where the pro-oncogenic function of
tRNAi

Met(CAU) for the tumor growth and angiogenesis can be successfully
validated.

6.5 Summary

6.5.1 The Bench

An increasing number of reports have revealed that tRNAs and tRFs are involved in
various biological processes, such as transcription, translation, proliferation, apo-
ptosis, and metastasis. tRFs are small RNAs working as miRNA and piRNAs do, but
they have different biogenesis mechanisms as an independent pool of cell-regulating
small RNAs. However, information regarding their expression profiles is
fragmented, and the molecular basis behind their biogenesis and function remains
still elusive. In accordance with the informatics-based studies, more mechanistic
studies will be required to understand the diverse role of tRNAs and tRFs.

6.5.2 Translation and the Bedside

There is growing evidence that tRNAs and tRFs may work as diagnostic markers.
The involvement of tRFs and tRNAs in cancers provides fresh perspectives for the
exploration and development of new biomarkers and novel therapeutic strategies.
The stage of tRNA-based translational research is just at the conceptual step;
therefore, active translational research will be on full track in future in accordance
with deeper studies.
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Chapter 7
Fusion Genes in Breast Cancer

Jisun Kim and Wonshik Han

Abstract Fusion gene is a hybrid form of two distinct genes resulting in broad
spectrum of downstream pathway alterations. Gene fusion events are mostly from
genomic rearrangements though diverse mechanisms have now been identified from
in-depth analyses of next generation sequencing data. While profound level of
genomic, transcriptomic driver alterations have been identified, till now, not many
gene fusions are found to be the ‘driver’ of cancer development nor progression.

ESR1 gene is a protein coding gene, encoding estrogen receptor, a transcription
factor which is a key pathway in hormone sensitive breast cancers. Several hotspot
mutations of this ESR1 gene have recently been associated with resistance to
endocrine therapy. ESR1 gene fusion with diverse partner genes have also been
identified recently, and are suggested to be acquired during previous endocrine
therapy. Recurrent ESR1 gene fusions are indicative of ligand-independent hyper-
activity according to 30 partner gene found among 1%~ of metastatic hormone
sensitive metastatic breast cancers.
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7.1 Introduction

Gene fusions have long been recognized among hematologic malignancies and
sarcomas. Philadelphia chromosome, a reciprocal translocation of chromosomes
9 and 22 creating BCR-ABL1 fusion gene, serves as both diagnostic marker and
therapeutic target for chronic myeloid leukemia [1]. EWSR1-FLI1 fusion gene is a
characteristic translocation of Ewing sarcoma. In breast carcinomas, gene fusions
have been reported among rare histologic types of tumors, e.g., ETV6-NTRK3 in
salivary carcinoma by in situ hybridization. While not commonly found among
normal tissues, profound level of gene fusion events is observed among cancers.
Recently reported recurrent fusions among epithelial tumors, TMPRSS2-ERG fusion
was found in 50% of prostate tumors and EML4-ALK fusion was observed in 6.7%
of nonsmall cell lung cancer (NSCLC) [2, 3].

7.2 Review of Past Studies

7.2.1 Mechanism of Gene Fusions

Advances in sequencing technology have enabled illustrating an overview of geno-
mic, transcriptomic repertoire in cancers. While single nucleotide variants, insertion/
deletions, and copy number variations comprise large fraction of somatic alterations,
analyses of RNA-sequencing data revealed a number of fusions across cancer types.
Fusion genes commonly arise from a genomic rearrangement, or during transcrip-
tion, or through a cellular catastrophe called ‘chromothripsis’. Though most are
known to be passengers, fusion genes may lead to downstream pathway alterations,
thereby potentially be oncogenic.

Genomic rearrangements do not occur randomly across the genome; however, up
to 50% are found in chromosomes 17, 8, 1, 20, 6, and 11. Fusions were rarely found
in chromosome 15 or 18. Hotspots for fusions were found at 17q21, 17q12, 17q11.2,
17q23, 8q24, and 20q13. Previous studies have shown that fusion breakpoints
colocalize with copy number aberration site [4]. These fusions have been noted as
‘amplicon-associated gene fusions,’ which are predominantly a by-product meaning
passenger aberrations. Fimereli et al. have recently reported that 26% percent of
fusions had at least one copy number breakpoint located within 100 Kb from fusion
breakpoint [5]. Similarly, the number of fusions positively correlated with the
number of amplifications, while not associated with the number of deletions espe-
cially with when analyzed separately.

Fusion genes can be categorized according to the type of genomic rearrangement,
whether it is located at the amplicon, if not, whether it is interchromosomal trans-
location or intrachromosomal fusions. Within intrachromosomal fusions, whether it
results in tandem duplication, deletion, or inversion [6]. Intrachromosomal fusion
genes outnumbered interchromosomal fusion genes among breast cancers, and
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tandem duplication was most commonly observed. Interestingly, a majority of
fusion junctions were found at coding regions and more likely to be seen at
50-UTR than 30-UTR. This may be due to 50-UTR having more open chromatin
though 30-UTR is generally longer.

7.2.2 Fusion Detecting Algorithms

As substantial portion of detected fusions results from false positive calls, discrim-
inating true positive fusions from false positive calls has long been great interest. In
an effort to increase accuracy of detecting fusion genes, many bioinformatics
algorithms have been introduced and been applied, yet with substantial level of
disagreement. Fusion detecting tools are available in the OMICtools portal (www.
omictools.com). More than 20 fusion detecting tools utilizing whole genome, RNA
sequencing have been introduced [7]. Each tool varies in performance depending on
quality of dataset, e.g., number of reads and read length, suggesting that fusion
detecting tool should be decided upon those factors, especially given that no single
method showed best performance across multiple datasets [6, 8–12].

7.2.3 Number of Fusion Genes

Initial studies have focused on a number of fusion genes with the understanding that
genomic rearrangement represents genomic instability and in part contributes to
have greater mutational burden. The total number of fusions within each sample
varies for different types of cancers. For tumors arising in kidney (clear cell
carcinoma and papillary cell carcinoma), low-grade gliomas, pheochromocytoma,
paraganglioma, and thyroid carcinoma displayed a least number of fusion genes.
Other types of carcinomas including breast cancers showed a range between 0 and
5 fusions in each sample. Regardless of the number of fusions detected, for most of
the tumors, if any, only one in-frame oncogenic fusion was found. From our
previous study of primary breast cancers, HER2-enriched tumors harbored a greater
number of fusion genes compared to other subtypes and HER2 negative breast
cancers [13]. Similar observation was recently reported from an analysis of 55 pri-
mary breast cancer samples [5]. With a median of 6.7 fusions, HER2-enriched
tumors displayed a greater number of fusions, 12.6/sample followed by triple
negative, luminal A and B tumors (7.1, 1.8, and 5.8 per sample, respectively).
This could be in part with the previously described colocalization of fusion and
copy number breakpoint, and therefore, hotspot of fusion location exists, among
which HER2 gene is located.
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7.2.4 Mechanisms of How it Drives Tumor Progression

Gene fusion can result in downstream pathway alteration depending on the involved
genes, and thus, its breakage junction is of importance. Recently, from a compre-
hensive systematic review of large-scale public data, Gao and colleagues analyzed
the expression of the fusion genes in regard to its known function of involved genes
[1]. Samples with fusions involving kinases and/or oncogenes, e.g., EGFR, RET, and
ERBB2, displayed oncogene overexpression, while samples with fusions involving
tumor suppressor genes displayed decreased expression. (Fig. 7.1) Of note, TP53,
the master tumor suppressor gene commonly mutated in solid tumors, fusions
involving this gene were rarely found (TCGA). Fusions involving kinase genes or
oncogenes should be in-frame fusions to be driver alteration, while tumor suppressor
gene fusion could be either in-frame or out-of-frame. Yoshihara et al. have analyzed
1019 breast cancers and found 3.7% harboring in-frame fusions involving chromatin
modifier genes, some of which encode histone demethylase [14]. As chromatin
remodeling has been revealed to have tumor suppressor role, these subsets of
fusions, resulting in loss of function, may induce tumorigenesis or tumor progres-
sion. A comprehensive review of currently reported gene fusions across breast

Fig. 7.1 (a) KIF5B-RET fusion gene, B. Overexpression of 3’ fusion partner gene, RET kinase.
Mechanisms of how gene fusions promote, drive tumorigenesis and/or tumor progression. A, A
oncogene, RET fusion in lung cancer is driven by overexpression of 3’ RET gene and its’
downstream pathway. (b) PMID: 22194472 KIF5B-RET lung Figure 2B, 2E https://www.ncbi.
nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title¼Click%20on%
20image%20to%20zoom&p¼PMC3&id¼3290779_436fig2.jpg
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cancers was done by Kim and colleagues [15]. Diverse gene fusions across breast
cancers have also been revealed. Though with growing amount of accumulated data,
it has not been long since the oncogenic functions of specific fusion genes came into
our understanding. Similarly, while next generation sequencing method has gener-
ated millions of fusion genes throughout cancers, not many are found to be recurrent
among breast cancers.

7.2.5 Rare Recurrent Fusions in Breast Cancers; Fusion
Gene Confers Genotypic-Phenotypic Correlation

Breast cancer displays a profound level of inter- and intratumor heterogeneity.
Understandings of genomic and transcriptomic repertoire have revealed diverse
spectrum of mutations including fusion genes. As mentioned previously, while a
great number of fusion genes were identified, not many are found to be recurrent.
Recent analyses of 560 breast cancer genome revealed rare recurrent fusions among
breast cancers [16]. Robinson et al. have reported fusions with MAST kinase family
genes, and although not ‘recurrent’, this adds to the previous notions that individual
fusion partner gene may play critical role as oncogenic driver [17]. Rather, recurrent
fusions were represented in rare subset of breast cancers. While most breast cancers
are, ductal/lobular carcinoma of no special type (IDC-NSTs), there are subsets of
rare histologic types of breast cancers. Among these rare types of breast cancers,
characteristic fusion genes have been recognized. ETV6-NTRK3 fusion has known to
be a causative alteration found in 90% of secretory breast carcinoma since the 1990s
[13]. This in-frame fusion encodes a dimerization domain of the transcription factor
ETV6 joined with kinase domain of NTRK3 enabling ligand-independent activation,
thus causing oncogenic transformation [18]. Therapeutic benefit of NTRK inhibitors
for solid tumors harboring this fusion is being evaluated in phase II clinical
trials [19].

Adenoid cystic carcinoma (AdCC) of the breast is also a rare type of triple
negative breast cancers displaying a distinct phenotype of dual luminal and basaloid
ductal linings. Unlike typical triple negative breast cancers (TNBCs), it shows
favorable clinical outcome. At molecular level, genomic repertoire is relatively
quiescent, with less mutational burden, absence of TP53, PIK3CA mutation, 5q
losses, and 8q, which are commonly observed alterations found in TNBC-NSTs.
Rather, AdCCs are known to be driven by MYB pathway activation mostly
underpinned by MYB-NFIB fusion gene [20, 21]. Recent in-depth analyses
performed in a series of breast AdCCs revealed MYB-NFIB fusion in 83%, if not,
MYBL1 fusions or MYB amplification also converging into MYB family activation
[20, 21]. These observations demonstrated that at molecular level, breast AdCCs are
similar to salivary gland AdCCs distinct from TNBC-NSTs, illustrating a clear
example of genotypic-phenotypic correlation, typical histological characteristics
even across different anatomic site.
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7.3 Current Evidence and Concepts

There are emerging evidences of fusion genes as ‘driver alteration’ in breast cancers.
Though not many, some are found recurrently across several datasets. ESR1 fusion
gene has now come into our understanding as one of the alterations that drive
endocrine resistance among hormone receptor positive breast cancers. ESR1 gene
encodes estrogen receptor protein, a transcription factor that serves as a key molecule
in hormone receptor breast cancers. ESR1 gene mutation is a known driver mutation
in advanced hormone receptor (HR) positive breast cancers. It is found approxi-
mately in 20% of advanced HR positive breast cancers, while observed in only<1%
of endocrine therapy naïve primary tumors [22]. ESR1 gene mutation mostly occurs
at ligand-binding domain (LBD), resulting in estrogen-independent tumor growth
mostly acquired during endocrine therapy by clonal selection. Well-known hotspot
mutations are illustrated in Fig. 7.2.

Genomic rearrangements involving ESR1 gene and ESR1-YAP1 fusion were first
identified by Li and colleagues from patient-derived xenograft [22, 23]. In both
ESR1-YAP1 fusion positive and subsequently identified ESR1-CCDC170 fusion-
harboring tumors, ligand binding domain (LBD) is absent, leading to ligand-
independent tumor growth and endocrine resistance in similar manner found in
ESR1 hotspot mutations [24]. Recently, other ESR1 gene rearrangements have
been reported with multiple partner genes [25]. Though 30 partner genes differ, the
break junctions were all between exon 6.7, leading to loss of ligand binding domain
(LBD), which drives estrogen-independent tumor growth and resistance to endo-
crine therapy. (Figure 7.3a) Most cases exhibited co-occurrence of ESR1 missense

Fig. 7.2 (a) ESR1 gene hotspot mutation, (b) Functional alteration of the ESR1 mutant protein.
PMID: 28374222 Jeselsohn R, Curr Oncol Rep 2017 https://media.springernature.com/original/
springer-static/image/art%3A10.1007%2Fs11912-017-0591-8/MediaObjects/11912_2017_591_
Fig1_HTML.gif Estrogen receptor α (ER) structural/functional domains and the distribution of the
somatic ESR1 ligand-binding domain (LBD) point mutations identified in tissue specimens of
ER-positive breast tumors
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mutations suggesting the polyclonal resistance. ESR1 fusion genes with different
partner genes are illustrated in Fig. 7.3b.

Matissek et al. have recently applied a new methodology, anchored multiplex
PCR (AMP), and identified driver fusion genes among 14% (24/173) of advanced
HR positive BCs [26]. Among fusion positive cases, fusions were observed exclu-
sively in 75% (18/24), while six cases were found to have PIK3CA mutation.
(Fig. 7.4a) One third of these fusions were ESR1 fusions, and others included
known driver genes, e.g., PIK3CA, AKT3, and RAF1.(Figure 7.4b) Genomic
rearrangements were confirmed by in situ hybridization method, and these kinase
fusions promoted oncogenic phenotype when induced in mammary epithelium.
AKT3 fusions induced increased activity of downstream PIK3/mTORC1 pathway
along with estrogen-independent proliferation. In the same context, patients harbor-
ing these fusions displayed worse outcome than fusion-negative patients and con-
ferred resistance to AKT inhibitor. In vivo experiments have demonstrated the
benefit of adding CDK4/6 inhibitor, Palbociclib for this AKT3 fusion-expressing
tumors [26]. These findings demonstrate that fusion genes in breast cancer can also
be predictive to therapy or potentiate resistance to therapy.

More recently, for metastatic breast cancers, ESR1 rearrangements were found in
plasma DNA. Chung et al. have performed MPS for 254 metastatic HR positive
patients and three were found to have ESR1 rearrangement resulting in loss of ligand
binding domain [27]. All three cases exhibited co-occurrence with ESR1 missense
mutations. By applying copyshift method, MPS of rearrangement could be identified
with increased sensitivity for analyzing circulating tumor DNA. Genomic profiling
of ctDNA has proven to provide a complementary and possibly alternative approach
to tissue-based genomic testing. High sensitivity of detecting fusions in ctDNA may
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Fig. 7.3 ESR1 fusion genes with multiple partner genes found in advanced hormone receptor
positive breast cancers. PMID: 30089255, https://www.sciencedirect.com/science/article/pii/
S2211124718310866?via%3Dihub. (a) ESR1 fusion genes resulting in loss of ligand binding
domain results in endocrine resistance, (b) ESR1 fusion genes with different 3’ partner genes
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even lead to greater opportunity for clinical application especially for patients with
estrogen receptor-positive metastatic breast cancer.

7.4 Future Research Direction

Large-scale sequencing data revealed numerous fusion genes among breast cancers.
As most are assumed to be passenger alterations, further studies incorporating both
whole genome and transcriptome are required to discriminate true driver alteration and
fully understand its’ biologic nature and role in oncogenesis, especially given that
RNA sequencing doesn’t necessarily cover fusions involving promoters or enhancers.
Validation using RT-PCR or other methods, e.g., Whole-genome sequencing, is
critical due to high false positivity. Also intervalidation of various fusion calling
algorithms achieve higher accuracy along with concordance between each algorithm.
For fusions with known functional impact, e.g., ESR1 fusion genes, as noninvasive,
most commonly circulating tumor DNA is becoming a promising tool.

7.5 Summary

7.5.1 The Bench

Numerous fusion genes have been identified from thousands of breast cancer
samples, and yet not much has been accomplished in understanding its oncogenic
functions. In order to achieve clinical relevance of these numerously identified

Fig. 7.4 Novel fusion genes found in advanced hormone receptor positive breast cancers. PMID:
29242214. http://cancerdiscovery.aacrjournals.org/content/8/3/336.long (a) Summary of mutations
and fusions identified in primary and metastatic hormone receptor positive breast cancers, (b) Novel
fusions, other than ESR1 fusions
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fusion genes, the ultimate downstream pathway alterations should deeply be inves-
tigated. Also as outputs of fusion gene detecting tools vary substantially, effort for
standardization aiming to minimize false positivity and to choose fusions with higher
impact should be accompanied.

7.5.2 Translation

While a number of recurrent driver fusion genes were found among other solid
cancers, e.g., ALK fusion in lung adenocarcinoma, most fusion genes are thought to
be passengers in breast cancers. Recently, along with hotspot mutations, ESR1 gene
fusions were found in advanced hormone receptor positive breast cancers. These
fusions were demonstrated to be drivers of endocrine resistance, and yet polyclonal,
display ligand-independent estrogen pathway activation as fusion event leads to loss
of ligand binding domain. The presence of the ESR1 fusions represents resistant to
endocrine therapy, especially aromatase inhibitors, and could guide in making
decisions for patient management. Similarly, with newly developed methods,
fusions of PIK3CA, AKT3, and RAF1 genes were found among advanced hormone
receptor positive BCs. These fusions, along with ESR1 fusion genes, were found in
14% of displaying worse outcome than fusion negative cases; yet, validations in
larger cohorts should be preceded to achieve evidence for clinical trials.

7.5.3 The Bedside

Several fusion genes have demonstrated their role as oncogenic driver, mainly
among hormone receptor positive breast cancers, and data suggest that the subset
of patients harboring these fusion genes may benefit from additional combination
therapy, e.g., CDK4/6 inhibitors with estrogen deprivation. The fusions were also
found in patients’ plasma, exemplifying the possibility to overcome spatial and
temporal heterogeneity of the tumor during treatment. While data seem promising
to take part in the ultimate goal of precision medicine, many steps are ahead to
achieve clinical application in real world. First, analytical validity should be
obtained across samples of tumors, and plasma DNA that is sensitive in detection
of fusion genes should be reproducible throughout methods and institutes. Estab-
lishment of evidences by randomized trials should be preceded whether it is bene-
ficial to guide therapy depending on the presence of fusion genes, along with
consideration of socioeconomic issues to confirm its’ clinical utility.
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Chapter 8
DNA Damage Repair Inhibitor for Breast
Cancer Treatment

Ahrum Min, Kyung-Hun Lee, and Seock-Ah Im

Abstract Cancer has been defined as a genetic disorder caused by the accumulation
of genetic alterations, which result from various internal and external DNA damage
that is left unrepaired. One of the main characteristics of cancer is a partial loss of
DNA damage repair (DDR) pathway, resulting in increased DNA damage levels and
replication stress. DDR inhibitors have been suggested as a new anticancer strategy,
under the concept of synthetic lethality. The poly-(ADP-ribose) polymerase (PARP)
inhibitor is the first DDR inhibitor to be used in clinical practice. PARP inhibitors
have been tested in patients with BRCA1/2 germline mutations (gBRCA1/2mt) and
shown robust clinical benefits in breast cancer with gBRCA1/2mt and serous ovarian
cancer patients. The concept of synthetic lethality is not limited to gBRCAmt for
PARP inhibitor, and discovering homologous recombination deficiency (HRD)
markers beyond BRCA1/2 and identifying best candidates for DDR inhibitors are
the active research areas. At the same time, various combinations of DDR inhibitors
and other anticancer drugs are being tested in both preclinical and clinical studies. In
addition, based on recent evidence of the immune-modulatory effect of PARP
inhibitors, the combination of DDR inhibitors and immune checkpoint inhibitors is
being actively investigated. Acquired resistance mechanism of DDR inhibitors, as
well as defining best candidates and best combinations, would be future research
topics for DDR inhibitors. Furthermore, it would also be crucial to establish a
clinically relevant standardized method to detect HRD for future clinical use.

A. Min
Cancer Research Institute, Seoul National University, Biomedical Research Institute, Seoul
National University Hospital, Seoul, South Korea

K.-H. Lee
Department of Internal Medicine, Seoul National University Hospital, Cancer Research
Institute, Seoul National University, Seoul, South Korea

S.-A. Im (*)
Department of Internal Medicine, Seoul National University Hospital, Cancer Research
Institute, Seoul National University College of Medicine, Seoul National University, Seoul,
South Korea
e-mail: moisa@snu.ac.kr

© Springer Nature Singapore Pte Ltd. 2021
D.-Y. Noh et al. (eds.), Translational Research in Breast Cancer, Advances in
Experimental Medicine and Biology 1187,
https://doi.org/10.1007/978-981-32-9620-6_8

159

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9620-6_8&domain=pdf
mailto:moisa@snu.ac.kr
https://doi.org/10.1007/978-981-32-9620-6_8#DOI


Keywords DNA damage repair · Homologous recombination deficiency · PARP
inhibitor · Synthetic lethality · BRCAness

8.1 DNA Damage Repair Pathway

Every cell undergoes more than tens of thousands of events everyday that damage
DNA in various ways, including single-base mismatches, bulky adducts on DNA
bases, intra- and interstrand DNA crosslinks, single-strand breaks (SSBs), and
double-strand breaks (DSBs). Increased levels of DNA damage cause genomic
instability, which is an underlying hallmark of cancer [1, 2]. The DNA damage
response (DDR) refers to the overall cellular signaling pathways that aim to detect
and reverse various types of DNA damage in cells, and it can be broadly classified
into four mechanisms [3]. First, DNA lesions can be repaired by delaying or
stopping the cell cycle after DNA damage or unstable DNA replication by activating
a cell cycle checkpoint pathway. Second, the transcription of repair molecules or
proapoptotic molecules can be activated to induce overexpression of the relevant
molecules. Third, chromatid instability can be induced by severe DNA damage,
which in turn leads to apoptosis to remove the damaged cell [4]. Finally, DNA
damage can be repaired by three different types of DNA repair pathways that are
independently activated depending on the type of DNA damage (Fig. 8.1).

First, when a base is damaged by radiation, oxidation, or hydrolysis, the damage
is repaired by a direct reversal mechanism. When irradiation induces the formation
of thymidine dimers, the dimer is typically removed by photolyase. When guanine is
methylated, the MGMT enzyme removes the methyl-guanine directly, and when
adenine or cytosine is methylated, the dealkylating protein removes the methylated
base [1, 2].

Fig. 8.1 DNA damage and DNA damage repair pathways
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Second, when a base mismatch occurs between two completely replicated DNA
strands, MSH2 and MSH6 detect the mismatched bases and activate mismatch repair
(MMR) by MLH1 (an endonuclease), PMS2, a DNA helicase, and an exonuclease
[5, 6]. If a base mismatch is caused by a single-base excision, DNA glycosylase
recognizes the mismatch and hydrolyzes the bond by flipping the incorrect base.
Base excision repair (BER) can also occur, which involves the excision of the abasic
site by AP endonuclease, removal of deoxyribose phosphate by DNA phosphodies-
terase, and repair by DNA polymerase and ligase [7, 8]. Nucleotide excision repair
(NER) is activated in response to the presence of a bulky base: XPC recognizes the
damage, while TFIIH and XPD/B/G/F cut the damaged DNA strand and repair
according to the complementary strand [9].

Third, DSBs are repaired via the nonhomologous end joining (NHEJ) and
homologous recombination (HR) repair pathways [3, 10]. NHEJ is well known as
an error-prone repair mechanism in which repair occurs without regard to the
sequence of the original chromatin structure. For sticky ended DSBs, Ku70/80
molecules bind to the DSB, and the Ku-DNA complex recruits the DNA-PK
catalytic subunit. The sticky ends are cleaned by nucleases, such as Artemis and
Metnase, followed by direct ligation of the exposed blunt ends of DNA [11]. On the
other hand, HR is a process of repairing DSBs that depends on an intact sister
chromatid sequence template. During HR, the Mre11/Rad50/Nbs1 (MRN) complex
recognizes the damage and repairs it by activating kinases such as ATR and ATM
and forming RAD51 filaments. During HR, DNA synthesis typically occurs using
the sister chromatid as a template, and so it can only occur after DNA replication,
that is, only in the S/G2/M cell cycle phases; on the other hand, NHEJ frequently
occurs in the G0/G1 phase [3, 10, 12]. The NHEJ pathway is further classified into
classic and alternative NHEJ. This has been reported to be mainly determined by
53BP1 expression. Alternative NHEJ induces large deletions or translocations
compared to classic NHEJ because a greater amount of free DNA ends is resected
before ligation to search for microhomology between the complementary DNA
strand sequences. In such cases, PARP1 is bound to the free DNA ends instead of
the Ku complex, leading to ligation by ligase III and XRCC1, and 53BP1 suppresses
this process [11, 13]. HR is also divided into two subpathways. The first pathway is
RAD51-dependent HR, which is also known as accurate HR. In this pathway,
single-strand ends are exposed through end resection, to which RPA then binds
and is replaced with RAD51 by BRCA2. This forms a RAD51 nucleoprotein
filament, which searches for a homologous template and mediates strand invasion
to synthesize new DNA [14, 15]. The second pathway is single strand annealing
(SSA), which is also known as inaccurate HR. SSA is activated when a DSB occurs
between two repeated sequences oriented in the same direction. The single-stranded
region exposed by RAD52 through end resection is annealed to the other sequence in
the complementary strand of repeated sequence, after which the remaining part is
synthesized. This process is an inaccurate pathway because the sequence of one of
the repeats may be deleted or a chromosomal translocation may occur if separate
DSBs have occurred in repeated sequences on different chromosomes [16].

8 DNA Damage Repair Inhibitor for Breast Cancer Treatment 161



Diverse DNA damage responses occur by different mechanisms, which also vary
in relation to the type of damage, their cell-cycle dependence, and DDR molecule
activity. However, evidence supporting the presence of significant functional over-
lap among these DDR pathways has emerged as studies continue to investigate DDR
[12, 17]. Furthermore, normal DDR activation is highly important in maintaining
genomic stability. Aberrant DDR induces an accumulation of mutations, and an
accumulation of unrepaired DNA damage ultimately induces mitotic catastrophe or
cell death [1, 18]. What is interesting is that cancer oftentimes involves a defect in
the accurate DDR pathway, and thus, cancer is associated with a tolerance for
unrepaired, under-replicated DNA caused by the inaccurate DDR pathway and
with elevated genomic instability caused by increased mutations. Thus, paradoxi-
cally, making the inaccurate DDR pathway defective to induce cell death caused by
an accumulation of unrepaired DNA damage has been introduced as an attractive
cancer therapeutic strategy, as cancer cells have defective accurate DDR and are only
capable of initiating the inaccurate DDR pathway [19–21].

The concept of synthetic lethality was first introduced 20 years ago in order to
identify a novel anticancer drug [22–24]. A synthetic lethal interaction is identified
when cell death is induced by a genetic alteration in the presence of another genetic
alteration (Fig. 8.2). For example, cell death increases as a result of an accumulation
of unrepaired damage when the poly (ADP-ribose) polymerase (PARP)-dependent

Fig. 8.2 The concept of synthetic lethality
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pathway is inhibited by PARP inhibitors, which inhibit an enzyme that recognizes
various types of DNA damage (e.g., NER and SSBs) and are recruited to the damage
site to induce recruitment of DDR molecules in other DDR pathway defective cells.
Synthetic lethality is thought to be the explanation for the anticancer effects of DDR
inhibitors and has become a promising new cancer treatment strategy [25–27].

8.2 HR Deficiency (HRD) in Breast Cancer (BC)

Olaparib, a PARP inhibitor, has been proven to be more effective than conventional
anticancer agents for breast cancer (BC) patients who have a germline mutation in
the BRCA1 or BRCA2 gene, which is known to be key molecules in the HR pathway.
Therefore, PARP inhibitors, which inhibit DDR, have become standard treatment for
patients with a BRCA1/2 germline mutation (gBRCAmt) [28–31]. In other words,
when PARP is inhibited, the endogenous SSB repair pathway is inhibited; further-
more, as a result of a BRCA1 or BRCA2 defect, when unrepaired SSBs are converted
to DSBs by the passage of the replication fork, the resulting DSBs cannot be repaired
by the HR repair pathway for DSBs and instead are repaired by the inaccurate DDR
pathway, which increases cell death due to elevated genomic stability and the
accumulation of DSBs [25, 27]. The inactivation of the HR repair pathway caused
by germline or somatic alterations in genes involved in the HR pathway, such as
BRCA1/2, is called HR deficiency (HRD), and there is evidence suggesting that
HRD may respond favorably to DDR targeting therapy.

Hereditary BRCA1/2 mutation occurs in about 7% of all BC cases and in about
11–15% of triple-negative breast cancer (TNBC) subtypes. When somatic alterations
were included, 10% of BC patients were reported to have a BRCA1 or BRCA2
mutation [32]. A tumor that lacks a BRCA mutation but results in HRD with similar
responses to DNA damaging agents and clinicopathologic features is referred to as
having “BRCAness”. The classic genetic alterations that induce BRCAness are
mutations in RAD51C, PALB2, BARD1, RAD51D, and CHEK2, with recent reports
suggesting that germline mutations such as ATM, BAP1, CDK12, and FANCM also
cause HRD [33]. In our previous study, we used immunohistochemistry (IHC) to
assess the level of HR protein expression in BC tissues from 419 Korean patients
who underwent a mastectomy. The results showed that loss of BRCA1, BRCA2, or
ATM was high, at about 33.7%, 89.9%, and 30.8%, respectively. From 399 cases
that were evaluated for these three genes plus p53 and NBS1, at least one of the
molecules was lost in 258 cases (64.7%). When DDR gene expression was
suppressed, the 5-year disease-free survival was markedly lower by 10.8%,
confirming that a deficiency of DDR genes other than BRCA affects the prognosis
of BC (unpublished data). In addition, recent reports have presented evidence
suggesting that biallelic alterations of HR genes cause HRD [32, 34, 35]. As the
importance of HRD in cancer treatment has become highlighted, various efforts have
been made to identify the phenotype of HRD, and the mutational signature in general
cancers has been analyzed using a large-scale cancer genome dataset [36]. The
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results confirmed that a mutation signature with a particular pattern, defined as
signature 3, is highly correlated with breast, pancreatic, and ovarian cancer with
BRCA mutation. Signature 3, characterized by large insertions and deletions at
breakpoint junctions, was strongly associated with biallelic inactivation of BRCA1,
BRCA2, and PALB2. Serena Nik-Zainal et al. analyzed the Cancer Genome Atlas
(TCGA) dataset of 560 BC patients and reported that less than 50% of cases showed
signature 3 with BRCAmutation, signifying that the remaining 50% of cases involve
another HRD marker and that developing a method to detect HRD is crucial, as it
enables the prediction of response to platinum drug or DDR inhibitor therapies in
cancer treatment [37]. In fact, Myriad’s BRACAnalysis™ CDx and
FoundationFocus™ CDxBRCA are used to predict the response to drugs that target
PARP and HRD, and these FDA-approved drugs are currently used in clinics for
patients with gBRCAmt. In addition to these methods, various other methods have
been developed to detect HRD.

Methods to detect tumors with HRD can be broadly divided into several catego-
ries, including identification of genomic instability through integrated genomic
analysis, evaluation of tumor genome loss of heterozygosity (LOH), telomeric allelic
imbalance (TAI) and large-scale state transition, analysis of recombination profi-
ciency score using gene expression profiles, and ex vivo examination of RAD51 foci
formation to confirm HR function. The most common method by genomics
approach is BROCA gene panel, which performs 320-1000x targeted sequencing
for about 70 HRD-related genes, and the Foundation medicine T5 NGS assay, a
targeted sequencing method with a depth of greater than 500x. Although these
assays are limited to identifying known pathogenic variants in germline BRCA1/2
and a limited number of known relevant genes, they can be used for patient selection,
as they can identify good candidates with HRD for platinum drugs and others
[33]. Seoul National University Hospital (SNUH) also developed a targeted panel
sequencing tool with prognostic and predictive purposes. Using this panel, SNUH
strives to predict response to platinum drugs and DDR inhibitors, including multiple
HR genes, and to apply this information into clinical care for patients. In addition to
the methods of screening HRD tumors by identifying the genetic alterations of HR
genes as shown above, the Sanger Institute group suggested that ‘mutational signa-
tures 3 and 8’, which were presented based on the analysis of the deletion or
substitution patterns through microhomology, can best predict HRD [38]. Using
this method, there were biallelic losses of BRCA1 or BRCA2 in 88 out of 247 cases
within the top quartile for signature 3 features among 992 patients with breast cancer,
whereas the remaining 159 cases exhibited BRCA-like features so-called
‘BRCAness’ [32]. Moreover, Connor AA et al. analyzed 249 pancreatic ductal
adenocarcinoma (PDCA) cases and reported that 11 tumors out of 27 tumors
exhibiting signature 3 had a biallelic loss of BRCA1, BRCA2, or PALB2 and
12 cases showed BRCAness [39]. These results suggest that signature 3 successfully
predicts HRD, and some argue that this method is more effective than the conven-
tional targeted gene panel sequencing methods. Furthermore, Myriad HRD analysis
to analyze LOH and TAI and large-scale state transitions (also known as HRD
scores), allele-specific copy number analysis from SNP microarray analysis, and
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array comparative genomic hybridization (aCGH) have also been suggested to detect
HRD in TNBC and serous ovarian cancer. However, both LOH-based HRD score
computation method and Foundation Medicine T5 NGS assay failed to predict
PARP inhibitor response in a large phase III clinical trial, and the binary cutoffs
failed to distinguish PARP inhibitor responders in both methods, necessitating
incorporation of multiple genomic features between structural alteration and
germline or somatic alterations [40]. In addition to these methods, using gene
expression profiles was suggested to be useful for predicting PARP inhibitor
responses in vitro, and a functional analysis that could assess HRD by observing
the nuclear localization of RAD51, an essential component of HR response (HRR),
was presented [41, 42]. The accurate detection of HRD would play a crucial role in
accurate treatment strategy by enabling the prediction of interactions between DNA
damage agents, such as platinum drugs, and DDR inhibitors, such as PARP inhib-
itors, and would provide a tool for tailored therapy. Hence, the appropriate method-
ology needs to be developed and implemented for the treatment of cancer.

8.3 Clinical Development of DDR Inhibitors for Breast
Cancer and Ovarian Cancer

Cancer cells with DDR deficiency are dependent on a particular DDR pathway, and
when that pathway is disrupted, cell death is increased as described by the concept of
‘synthetic lethality’. Based on this concept, several PARP inhibitors have been
developed and recently approved for use in serious ovarian cancer and BC [30, 43,
44]. PARP is a crucial protein for DNA repair that recognizes SSBs, recruits repair
proteins through PARylation, and then dissociates to enable normal repair. When
PARP is inhibited, SSBs cannot be recognized, and unrepaired SSBs progress to
DSBs during the replication process. When this occurs, DSBs in tumors with HRD
cannot be repaired, resulting in cell death (Fig. 8.3). In addition, by blocking the
PARylation enzymatic activity of PARP, the PARP protein is trapped at SSBs due to
an inhibition of PARP dissociation. This stalls or collapses the replication fork,
blocking cellular replication and ultimately inducing more deleterious DSBs [26].

The most well-defined HRD tumors are ovarian, breast, pancreatic, and prostate
cancers with gBRCAmt. Olaparib, a PARP inhibitor, has been reported to induce
cell death caused by synthetic lethality in BRCA-deficient ovarian, breast, and
prostate cancers. Olaparib is currently approved for clinical use in ovarian cancer.
In a phase II trial for olaparib in platinum-sensitive relapsed ovarian cancer, main-
tenance olaparib had an improved median progression-free survival (PFS) at 8.4 vs
4.8 months in the placebo group (HR¼ 0.35; 95% CI: 0.25–0.49; P< 0.001), with a
longer time to progression [45]. This led to the approval of olaparib in Europe by the
EMA as maintenance treatment in patients with platinum-sensitive, relapsed,
germline, or somatic BRCA1/2 mutation-associated ovarian cancer, who have
received 2 or more platinum-based regimens with a response in the last regimen
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[46]. In the United States, the FDA approved olaparib as a single agent for the
treatment of patients with germline BRCA1/2-mutated advanced ovarian cancer who
have received three or more prior lines of chemotherapy [46]. This was based on a
phase II study in 298 patients with germline BRCA1 or BRCA2 mutations. Of the
patients, 193 patients with ovarian cancer showed a response rate of 31.1% (95% CI:
24.6–38.1) and PFS of 7 months [47]. Moreover, olaparib was additionally approved
by United States FDA as a maintenance treatment for patients with recurrent,
epithelial ovarian, fallopian tube, or primary peritoneal adult cancer who are in
response to platinum-based chemotherapy, regardless of BRCA status. This was
based on both phase III SOLO-2 trial [31] and Study 19, which showed 65–70%
reduced risk of disease progression or death in this setting [48].

In addition to olaparib, other PARP inhibitors, such as rucaparib and niraparib,
were approved for clinical use. Rucaparib has proven efficacy in relapsed

Fig. 8.3 Synthetic lethality of PARP inhibition in cancer cells
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platinum-sensitive ovarian cancers, after at least two prior lines of platinum-based
chemotherapy in a phase II study, and was approved by FDA for this indication
[49]. Recently, FDA also approved rucaparib for the maintenance treatment of
patients with recurrent epithelial ovarian, fallopian tube, or primary peritoneal cancer
who are in a complete or partial response to platinum-based chemotherapy, based on
a phase III trial [50]. Niraparib was approved by FDA for the maintenance treatment
of adult patients with recurrent epithelial ovarian, fallopian tube, or primary perito-
neal cancer who are in complete or partial response to platinum-based chemother-
apy, based on a phase III trial [40].

Olaparib is the first PARP inhibitor that proved efficacy in breast cancer in phase
III randomized trial. In the OlympiAD study in 302 patients with germline BRCA1 or
BRCA2 mutant, HER2-negative metastatic breast cancer patients were randomized
in a 2:1 ratio to receive olaparib tablets (300 mg twice daily) or standard therapy with
single-agent chemotherapy of the physician’s choice (capecitabine, eribulin, or
vinorelbine in 21-day cycles) [30]. Median progression-free survival (7.0 months
vs 4.2 months; hazard ratio 0.58; P< 0.001) and the response rate (59.9% vs 28.8%)
were significantly better in the olaparib group. The rate of grade three or higher
adverse events was lower in the olaparib group (36.6% vs 50.5%). The most
common adverse reactions reported in at least 20% of patients taking olaparib in
clinical trials were anemia, nausea, fatigue (including asthenia), vomiting, neutro-
penia, leukopenia, nasopharyngitis/upper respiratory tract infection/influenza, respi-
ratory tract infection, diarrhea, arthralgia/myalgia, dysgeusia, headache, dyspepsia,
decreased appetite, constipation, and stomatitis. This led to the first approval of
PARP inhibitor by FDA in breast cancer. FDA also granted marketing authorization
for the BRACAnalysis CDx® test (Myriad Genetic Laboratories, Inc.) for use as an
aid in identifying patients with breast cancer with deleterious or suspected deleteri-
ous gBRCAm who may be eligible for olaparib.

Talazoparib, the most potent PARP inhibitor, also proved efficacy in patients with
germline BRCA1 or BRCA2 mutant, HER2-negative metastatic breast cancer. In
phase III EMBRACA trial, talazoparib was compared to physician’s choice standard
of care chemotherapy in a 2:1 ratio [51]. Median PFS was 8.6 months (95% CI: 7.2,
9.3) for patients treated with talazoparib and 5.6 months (95% CI: 4.2, 6.7) for those
treated with chemotherapy [HR: 0.54 (95% CI: 0.41, 0.71), p< 0.0001]. In addition,
objective response rate in the talazoparib group was more than twice that of the
control arm (62.6% for talazoparib vs 27.2% for chemotherapy [OR: 4.99 (95% CI:
2.9–8.8), p < 0.0001]). Neoadjuvant treatment with talazoparib in operable breast
cancer patients with a gBRCAmt was reported recently in the 2018 Annual meeting
of American Society of Clinical Oncology. Twenty patients with �1 cm tumor and
gBRCAmt (16 patients with BRCA1, 4 with BRCA2) received 6 months of once
daily oral talazoparib 1 mg, followed by definitive surgery. Among 19 patients who
completed the treatment, 10 patients (53%) achieved pathologic complete response
or a score of RCB 0. This high pCR rate seems promising and warrants further
investigation [52].

gBRCAmt and other HRD markers determine the response to olaparib and that
PARP inhibitors could be applied to patients with other HRD markers as well. Our
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in vitro data also confirm that olaparib has antitumor effects in BC and gastric cancer
cell lines with wild-type gBRCA, based on which we suggested that RAD51C
deficiency caused by promoter methylation can serve as a sensitive marker for
olaparib responsiveness [53]. Furthermore, ATM is a key sensor of the DNA damage
response pathway and ATM expression deficiency is frequently observed in gastric
cancer [54]. A Phase II study (Study 39, NCT01063517) showed that the oral PARP
inhibitor olaparib combined with paclitaxel provided a statistically significant
improvement in overall survival (OS) versus paclitaxel alone as second-line therapy
in Asian patients with advanced gastric cancer. A greater OS benefit was seen in
patients whose tumor was ATM protein negative by immunochemistry (ATM)
[55]. In a global phase III GOLD trial, advanced gastric cancer patients who failed
first line treatment randomly assigned 1:1 to receive 80 mg/m2 IV paclitaxel (days
1, 8, 15 per 28-day cycle) with placebo (n ¼ 262; ATM negative, n ¼ 46) or with
100 mg of olaparib twice daily (n ¼ 263, ATM negative, n ¼ 47), median OS was
8.8 months among patients assigned olaparib and 6.9 months among patients
assigned placebo (HR 0.79, p-0.0262). Although the addition of olaparib to pacli-
taxel demonstrated a trend toward an OS benefit independent of ATM protein status,
p-value did not meet the study’s predefined criteria for significance of p < 0.025
[56]. Olaparib tended to demonstrate a benefit in terms of PFS, ORR (37.5% vs
16.1%, p ¼ 0.0309), and time to deterioration of health-related quality of life among
ATM patients. The pitfall in this trial was only 18% (94/525) ATM, which was much
lower than phase II study 39 (50% ATM) [55, 56]. The study generated informative
efficacy and safety data regarding the use of olaparib in combination with a chemo-
therapeutic agent and provides a foundation for future studies on patients with
non-gBRCA tumors who might get benefit from adding PARP inhibitor to chemo-
therapy [56]. A TOPARP-1 trial conducted on metastatic castrate-resistant prostate
cancer with BRCA1/2 or ATM mutation proved that olaparib is effective on ATM
mutation in addition to BRCA [57].

In addition to efforts to discover HRD markers other than gBRCAmt, there are
active efforts underway to develop combinatorial treatment strategies using PARP
inhibitors (Table 8.1).

A combination study for iniparib with platinum and gemcitabine in metastatic
TNBC has been conducted to develop a combination strategy with platinum agents
[58, 59]. For gastric cancer, olaparib is used with paclitaxel [55, 56]. Since PARP
inhibitors or platinum-based regimens were proven to be effective in patients with
HRD, combination strategies with HRD induction therapy have been proposed as an
effort to expand responders to PARP inhibitors, DDR inhibitors, and DNA damag-
ing agents. First, based on in vitro data suggesting that inhibition of the PI3K/AKT/
mTOR pathway suppresses DDR, it has been reported that everolimus, an mTOR
inhibitor, increases the effects of talazoparib, a PARP inhibitor, by lowering HRR
capacity in BRCA proficient BC cells [60]. The findings of this study demonstrated
that mTOR inhibition sensitizes cells to PARP inhibitors despite the fact that mTOR
inhibition does not suppress the protein expression of multiple HR genes, including
BRCA1 and RAD51. A phase I study on the combination of olaparib with PI3K
inhibitors BKM120 or BYL719 for recurrent TNBC patients, a phase Ib trial on
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olaparib and mTORC1/2 or AKT inhibitors AZD2014 or AZD5363, and a phase II
trial on advanced solid tumors, including BC, is underway [61]. We have studied the
possibilities of PARP inhibitors in various combinations and reported that
suberoylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor, increases
the antitumor effects of olaparib by suppressing DDR-related protein expression and
RAD51 foci formation in a TNBC cell line [62]. We also reported that androgen
receptor inhibition suppresses HR capacity and increases the efficacy of olaparib by
inactivating ATM in an androgen receptor (AR)-expressing BC cell line. Using
HRD induction as a strategy is meaningful in that it not only increases the utility of
PARP inhibitors but also uncovers novel biological functions of signaling pathways
on DDR pathways. Furthermore, we expect this could also broaden clinical appli-
cation of multiple DDR inhibitors that are currently under development.

Table 8.1 Ongoing clinical trials of PARP inhibitors in breast cancer

Drug Tumor type Strategy Phase Trial

Olaparib Recurrent TNBC With PI3K inhibitors
(BKM120 and
BYL719)

I NCT01623349

TNBC mTORC1/2 inhibitor
(AZD2014) or AKT
inhibitor (AZD5363)

Ib NCT02208375

Metastatic TNBC With carboplatin
and/or paclitaxel

II NCT00516724

TNBC with gBRCA mutation With antiangiogenic
agent (cediranib)

Ib NCT01116648

Breast cancer, ovarian, SCLC,
and gastric cancer

With PDL-1 inhibitor
(MEDI4736)

I/II NCT02734004

Niraparib HER2 and gBRCA mutation Niraparib versus
chemotherapeutics

III NCT01905592

Rucaparib TNBC with gBRCA1/2
mutation

With cisplatin II NCT01074970

Veliparib HER2-metastatic or locally
advanced unresectable
gBRCA associated BC

With carboplatin and
paclitaxel

III NCT02163694

Metastatic and gBRCA1/2
mutation

With temozolomide II NCT01009788

Locally advanced or meta-
static BC

With
cyclophosphamide

I NCT01351909

Stage III-IV BC and gBRCA1/
2 mutation

With/without
carboplatin

II NCT01149083

Stage III TNBC with gBRCA
mutation

With carboplatin I NCT01251874

Metastatic BC with gBRCA
mutation

With temozolomide or
carboplatin plus
paclitaxel

II NCT01506609

Talazoparib Advanced cancer with somatic
or germline BRCA 1/2 muta-
tion, PTEN loss, or HRD

Monotherapy II NCT02286687
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With PARP inhibitors successfully combining with DDR inhibitors, diverse DDR
inhibitors that target various molecules and mechanisms have been developed based
on the concept of synthetic lethality, and preclinical validation and clinical trials are
underway (Table 8.2).

The ATR-CHK1 pathway plays an essential role in replication fork repair and
stabilization. ATR inhibitors and CHK1 inhibitors have been developed as a strategy
to aggravate DNA damage due to replication, and preclinical as well as clinical phase
I and II trials have been conducted [21]. Our team also confirmed the antitumor
effects of ATR inhibitors in gastric cancer and breast cancer; particularly, we
confirmed that sensitivity to ATR inhibitors is altered in relation to CHK1 localiza-
tion in HER2-positive BC and reported that ATR inhibitors sensitize cells to

Table 8.2 Targeting DNA damage response beyond PARP inhibitors

Target Agents Company Development stage

ATR AZD6738 AstraZeneca Phase I in refractory cancer with palclitaxel
(NCT02630199)
Phase II in NSCLC with durvalumab
(NCT03334617)

VX-970 Vertex Phase I in refractory solid tumor with/without
olaparib or cisplatin
(NCT02723864)

BAY1895344 Bayer Phase I in advanced solid tumors and lympho-
mas (NCT03188965)

ATM AZD0156 AstraZeneca Phase I in advanced solid tumors
(NCT02588105)

AZD1390 AstraZeneca Phase I in brain tumor with radiation
(NCT03423628)

CHK1/2 Prexasertib
(LY2606368)

Lilly Phase II in TNBC, ovarian, and prostate cancer
(NCT02203513)

CHK1 SRA737 Sierra
oncology

Phase I in advanced solid tumors or
Non-Hodgkin’s lymphoma (NCT02797964)

CHK1 SCH900776 Merck Phase II in acute myeloid leukemia
(NCT01870596)

CHK1 AZD7762 AstraZeneca Phase I termination in advanced solid tumor
with irinotecan (NCT00473616)

DNA-PK CC-115 Celgene Phase I in prostate cancer with enzalutamide
(NCT02833883)

DNA-PK MSC2490484A Merck Phase I in advanced solid tumor
(NCT02516813)

Wee 1 AZD1775 AstraZeneca Phase II in breast cancer with cisplatin
(NCT0301247)

PARP,
ATR, and
Wee1

Olaparib,
AZD6738, and
AZD1775

AstraZeneca Phase II randomized study in metastatic triple-
negative breast cancer stratified by alterations
in homologous recombination repair (HRR)-
related genes (including BRCA1/2)
(VIOLETTE)
(NCT03330847)
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cisplatin and paclitaxel [63]. Importantly, we found that cells with ATM dysfunction
were more sensitive to ATR inhibitor and inhibition of ATM in ATM proficient cells
sensitizes to ATR inhibitor, which proved synthetic lethality between ATR inhibi-
tion and ATM deficiency [64]. Furthermore, Chris T. Williamson et al. suggested
that ATR inhibitors are effective in a BC cell line with ARID1A mutation in their
2016 study published in Nature Communications [65]. An in vitro study found that
ATR inhibition increases the antitumor effects of DNA damaging agents, topoisom-
erase inhibitors (SN38, etoposide, doxorubicin, and topotecan), platinum drugs such
as cisplatin, and radiation. Currently, a phase I study is being conducted to investi-
gate the effects of niraparib and an ATR inhibitor (VX-970) plus cisplatin regimen in
refractory solid tumors [19]. According to recent study findings, IGF1R inhibition
sensitizes BC cells to the effects of ATR inhibitors by increasing CHK1 phosphor-
ylation and H2AX phosphorylation [66]. In addition, based on a report that replica-
tion origin firing is regulated by CDKs and Wee1 kinase activity, a strategy was
developed in which DSBs are elevated by increasing replication firing and inducing
nucleotide shortening by accelerating entry into an abnormal S phase by blocking
Wee1, which inhibits CDK1/2 [67, 68]. A Wee1 inhibitor is currently being inves-
tigated in a phase II trial as a combination strategy with cisplatin in metastatic
TNBC, and a phase I study investigating a combination of Wee1 inhibitor and
olaparib on refractory solid tumors, including BC, is also underway [69, 70]. DDR
inhibitors can be used alone or in combination with DNA damaging agents and
radiation therapy or treatment with PARP inhibitors to induce synthetic lethality by
blocking other DDR pathway mechanisms, and these strategies are being clinically
tested.

Immune checkpoint inhibitors have emerged as promising therapeutic agents in
oncology in recent years. Cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed
cell death-1 (PD-1), and programmed cell death ligand-1 (PD-L1) are clinically
proven immune checkpoint inhibitors, and it has been suggested that severe genomic
instability could be correlated with the effects of these drugs. Furthermore, multiple
NGS studies have reported that HRD phenotype-related, ‘mutational signature 3’
tumors have elevated expression of CTLA-4, PD-L1, and Indoleamine
2,3-dioxygenase 1 (IDO-1) [39]. Currently, the argument that immune checkpoint
inhibitors would be effective on patients with HRD is being accepted [39, 71,
72]. Specifically, those exhibiting BRCA1 or BRCA2 germline mutation had signif-
icantly higher expression of immunogenic and tumor- infiltrating lymphocytes
(TILs) than those who did not have a BRCA1 or BRCA2 germline mutation
[73]. Nolan et al. reported that BRCA1-associated TNBC cohorts showed higher
TILs and mutation burden than those with wild-type BRCA TNBC [74]. Recently,
immune checkpoint inhibitors are being actively investigated in breast cancer in
combination with other agents with various mechanisms. PARP inhibitors have
immunomodulatory effects in a BRCA1-deficient ovarian cancer mouse model,
and talazoparib, a potent PARP inhibitor, has been found to increase cytotoxic
CD8+ T cells. Furthermore, olaparib and talazoparib have been confirmed to
increase PD-L1 expression, while combination therapy with PD-L1 blockade and
PARP inhibitors has been confirmed to be effective in BC [75–77]. Based on these
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preclinical data, phase I/II trials on the combination of PD-L1 inhibitor durvalumab
with olaparib and phase I/II trials on the combination of PD-L1 inhibitors
pembrolizumab and niraparib are underway. In our institution, we start to recruit
patients in a window of opportunity trial to investigate olaparib and durvalumab
treatment prior to standard neoadjuvant chemotherapy in TNBC or low ER+ Stage
II/III BC patients (NCT03594396). We expect that olaparib might increase the
immune modulation efficacy of durvalumab by increasing genomic instability in
BC patients. Owing to the development of diverse DDR inhibitors and the identifi-
cation of new mechanisms, active research is ongoing to expand the utility of novel
anticancer strategies and maximize antitumor effects.

8.4 Future Perspectives

DDR inhibitors have opened up possibilities of DNA damage pathway-driven
treatment of intractable BC. Furthermore, DDR inhibitors offer great merits for
cancer treatment in that they can overcome resistance and maximize antitumor
effects in cases of resistance to the conventional targeted therapies or chemothera-
peutics caused by elevated DDR activity. However, with the clinical application of
DDR inhibitors, the problems of acquired resistance to DDR inhibitors are emerging.
With regard to PARP inhibitors, the most well-known resistance mechanism
involves the gain of HR function as a result of an indirect additional mutational
event in a tumor [78–80]. More specifically, it has been discovered that acquired
reversion mutations of BRCA1 and BRCA2 or loss of BRCA1 promoter methylation
lead to the recovery of HR function, which in turn results in a loss of response to
PARP inhibitors and platinum drugs. Moreover, some BRCA-deficient cells have
also been reported to be resistant to PARP inhibitors, as ATR controls RAD51
independent of BRCA. In such cases, combination therapy with ATR inhibitors and
PARP inhibitors is expected to overcome the resistance. Yazinski et al. suggested
that resistance in PARP inhibitor-resistant BRCA-deficient cancer cells can be
overcome by inhibition of ATR inhibition owing to ATR’s induction of HRR that
bypasses BRCA1/2 [81]. Similarly, it is expected that resistance to PARP inhibitors
caused by the restoration of DDR activity can be overcome with a combination
strategy with other DDR inhibitors. Because ATR inhibitors and PARP inhibitors
have been reported to be effective in cancers with ATM loss, the response may be
enhanced when combined with ATM inhibitors [17]. In particular, a combination of
ATM and ATR inhibitors could also be considered to overcome resistance and
maximize antitumor effects, as the resistance mechanisms of ATR inhibitors include
crosstalk with ATM signals.

Overexpression/amplification of c-MET, which regulates PARP activity, has also
been reported to suppress the response to PARP inhibitors in BC cells by increasing
PARP1 enzymatic activity [82]. In fact, c-MET amplification is observed in BC,
particularly after treatment. When cotreated with a c-MET inhibitor and PARP
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inhibitors, tumor growth was markedly inhibited in a TNBC xenograft model
compared to treatment with either inhibitor alone, suggesting that c-MET
overexpression may be another resistance mechanism for PARP inhibitors
[82]. Another mechanism involves an increase of PARP inhibitor efflux through
upregulation of the gene that encodes the P-glycoprotein (P-gp) efflux pump. In a
BRCA1-deficient metastatic BC mouse model, continuous administration of olaparib
induced resistance as a result of increased P-gp drug efflux transporter expression
[83]. A novel PARP inhibitor called AZD2461 overcame this resistance with a low
affinity for P-gp.

Although it is important to understand the mechanism of resistance, it is more
important in clinical practice to define optimal treatment sequences after confirming
resistance in patients using PARP inhibitors. In the recent TOPARP-A study on
prostate cancer patients, a circulating cell-free DNA (cfDNA) analysis was
performed to detect resistant clones, and the results showed that the aberration of
cfDNA subclone was altered in tumor with germline BRCA2 or somatic BRCA2 and
PALB2 mutation [84]. Based on these results, cfDNA analysis was proposed as a
method of detecting real-time changes in resistance mechanisms without excessively
straining patients. Furthermore, our team is currently conducting a genomic analysis
of patients with PARP inhibitor resistance and attempting to discover effective
therapies using patient-derived xenograft (PDX) models. We are investigating
methods that offer a more durable response in cancer patients, such as identifying
the resistance mechanism and discovering selective treatment regimens through
genomic analysis in relation to the treatment process. In addition to overcoming
resistance, we are seeking to identify methods to assess the efficacy of multiple novel
DDR inhibitors including PARP inhibitors and maximize benefits by expanding the
application of DDR inhibitors that target BC cells, which have high genomic
instability and intracellular heterogeneity. Potential combination partners include
other DDR inhibitors, immune checkpoint inhibitors, and signal pathway inhibitors
of growth signals. Identification of the best candidates for these combination strat-
egies remains to be investigated. The ultimate goal of these researches with DDR
inhibitors would be the contribution to improve the quality of life and survival of
patients who are suffering from breast cancer.

8.5 Summary

8.5.1 The Bench

Every cell undergoes more than tens of thousands of events everyday that damage
DNA in various ways, including single-base mismatches, bulky adducts on DNA
bases, intra- and interstrand DNA crosslinks, SSBs, and DSBs. Increased levels of
DNA damage cause genomic instability, which is an underlying hallmark of cancer
[1, 2]. DNA damage can be repaired by three different types of DNA repair pathways
that are independently activated depending on the type of DNA damage. DSBs are
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repaired via the nonhomologous end joining (NHEJ) and homologous recombina-
tion (HR) repair pathways [3, 10]. Synthetic lethality is thought to be the explanation
for the anticancer effects of DDR inhibitors and has become a promising new cancer
treatment strategy [25–27]. Cell death increases as a result of an accumulation of
unrepaired damage when the PARP-dependent pathway is inhibited by PARP
inhibitors, which inhibit an enzyme that recognizes various types of DNA damage
and is recruited to the damage site to induce recruitment of DDR molecules in other
DDR pathway defective cells. PARP inhibitors including olaparib, rucaparib, and
talazoparib showed dramatic antitumor effect in vitro and in vivo in gBRCAmt cell
lines and cells with HRDs through defective DNA damage repair. Talazoparib
showed the most potent PARP trapping activity. ATR inhibitors, ATM inhibitors,
and DNA-PK inhibitors also showed antitumor efficacy as monotherapy and com-
bination with PARP inhibitors and other immune checkpoint inhibitors. Mechanisms
of acquired resistance against DDR inhibitors would be an important research topic.

8.5.2 Translation

Hereditary BRCA1/2 mutation occurs in about 7% of all BC cases and in about
11–15% of triple-negative breast cancer (TNBC) subtypes. A tumor that lacks a
BRCA mutation but results in HRD with similar responses to DNA damaging agents
and clinicopathologic features is referred to as having “BRCAness”. The classic
genetic alterations that induce BRCAness are mutations in RAD51C, PALB2,
BARD1, RAD51D, and CHEK2, with recent reports suggesting that germline muta-
tions such as ATM, BAP1, CDK12, and FANCM also cause HRD. Functional
analysis that could assess HRD by observing the nuclear localization of RAD51,
an essential component of HR response, was developed.

8.5.3 The Bedside

PARP inhibitors have demonstrated robust clinical benefit in patients with
gBRCAmt. First-in-class PARP inhibitor, olaparib, and best-in-class talazoparib
are approved for treating gBRCAmt breast cancer. Olaparib was also approved for
maintenance treatment for platinum-sensitive serous ovarian cancer. The best molec-
ular markers for determining HRD beyond BRCA1/2 mutations, however, remain to
be investigated. Active research is underway to develop various combination strat-
egies to maximize the effect of DDR inhibitors. Moreover, combinations of DDR
inhibitors and immune checkpoint inhibitors are being actively tested in clinical
trials, based on the immune modulatory effect of DDR inhibitors. Acquired resis-
tance mechanisms of DDR inhibitors, as well as defining best candidates and best
combinations, would be future research topics for DDR inhibitors. It would also be
crucial to establish a standardized method to detect HRD that is clinically relevant.
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Chapter 9
Breast Cancer Metastasis

Mi Young Kim

Abstract Owing to increased awareness of the importance of mammogram and
advances in surgical technology, survival rate of patients with primary breast cancer
has dramatically increased. Despite all these advances in breast cancer treatment,
there are no currently available treatments for this disease once it metastasizes to
distant organs including bones, lungs, brain, and liver. This is mainly attributed to
the complexity of metastatic process. Recent advances in technology enabled cancer
biologists to dissect each step of the metastatic process, and this led to discovery of
major players and molecules in this process. In this section, we will discuss recent
discovery and advances in the field of breast cancer metastasis research.

Keywords Breast cancer metastasis · Metastasis model · Metastasis mechanisms ·
Pre-metastatic niche · Immune cells

9.1 Introduction

Breast cancer metastasis to distant organs is a deadly process and accounts for a
majority of breast cancer-related deaths. This is mainly because (1) it is hard to
perform a surgery once it is metastasized and (2) there are no effective drugs that can
be used for the treatment of metastatic breast cancer. Thus, it is essential to identify
prognostic markers that can accurately predict potential risks of metastasis and
therapeutic targets that can be used to treat patients with metastatic breast cancer.
A prerequisite achieving these goals is to gain a comprehensive understanding of the
process of breast cancer metastasis.

Like in other cancers, breast cancer metastasis starts from invasion of cancer cells
into the surrounding tissue, followed by dissemination, survival in circulation, arrest
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at the distant site, extravasation, and formation of micro- and macro-metastasis. Each
of these steps is a rate-limiting process for the successful formation of metastasis and
requires functions of various genes. Breast cancer metastasizes to bones, lungs,
brain, and liver [1–3], and accumulating evidence indicates that metastatic breast
cancer cells possess different molecular and cellular characteristics compared to the
primary breast cancer cells. Furthermore, many studies have reported that different
sets of genes are used for organ-specific metastasis [4–7] and this is because
metastatic cancer cells, once they land on a secondary organ, must adapt to different
environments presented by each organ. The expression of these sets of genes in
primary tumor could be used as possible prognostic markers for predicting risks for
metastasis [4, 5, 8]. Also, pharmacological inhibition of these genes has potential to
be used in clinic alone or in combination with traditional chemotherapy [4, 5, 8, 9].

Recently, technological development such as single cell sequencing allowed us to
investigate the heterogeneity of the metastatic cancer cells. In addition, improvement
of live imaging technology enabled us to monitor metastatic processes in animal
models.

Our understanding of the breast cancer metastasis has dramatically improved in
the past 10 years, and some potentially promising targets have been identified. In the
below sections, we will discuss recent studies that have provided insights into the
process of metastasis and potential therapeutic targets.

9.2 Review of Past Studies

9.2.1 Mouse Models of Breast Cancer Metastasis

The use of various mouse models has significantly advanced our understanding of
breast cancer metastasis. Each model presents advantages and disadvantages. Thus,
it is recommended to choose appropriate models for a study depending on the
questions to be addressed. In the below section, we will discuss some of the
mouse models used in the field of breast cancer metastasis research.

9.2.1.1 Tumor Implantation Models

Tumor implantation models include xenograft and syngeneic mouse model. Both
these models involve transplantation of cancer cells into mice except that human
cancer cells were injected into immuno-deficient mice in xenograft, whereas mouse
cancer cells are introduced into immuno-competent mice (xenograft) in syngeneic
mouse model [10, 11]. While syngeneic model allows investigation of cancer cell-
microenvironment interaction including immune cells, this does not accurately
recapitulate human cancer. On the other hand, xenograft overcomes the shortcome
of syngeneic model, but interaction between cancer cells and immune cells cannot be
studied in this model [10, 11]. The major advance in field of breast cancer metastasis

184 M. Y. Kim



was achieved by the in vivo selection in xenograft model use of xenograft in in vivo
selection. This method allows isolation of more homogeneous population of cancer
cells with enriched organ-tropic metastatic ability. The use of in vivo selection
enabled us to investigate genetic and biological differences of breast cancers with
different organ-tropic metastatic activity [4, 5, 7].

Recent efforts to overcome the shortcome of a xenograft model include develop-
ment of humanized mice. In addition, direct implantation of human tumor biopsies,
which is referred to as patient-derived xenograft (PDX), has been attempted in order
to minimize potential issues such as changes in characteristics of cancer cells, caused
by the use of in vitro cultured cancer cell lines [12, 13]. However, the rate of
metastasis in PDX is variable, and thus, it requires a large number of cohorts. At
current stage, PDX is mainly used in studying primary breast cancer such as
investigation of cancer cell heterogeneity [14].

9.2.1.2 Genetically Engineered Mouse Model (GEMM)

Several GEMM models have been used to study breast cancer metastasis including
oncogene-derived (MMTV-neu, myc, wnt, and pyMT) [15] or in combination
deletion of tumor suppressor (BRCA1/2, p53) [16]. A major limitation of conven-
tional GEMM is that the expression of oncogene or tumor suppressor genes cannot
be controlled. To resolve this issue, next generation of GEMM has been developed,
which enables temporal and/or spatial regulation of oncogenes or TSG, therefore
allowing study of metastatic process in more controlled manner [17, 18]. In addition,
CRIPR/Cas9 technology is broadly used for rapid generation of GEMM [19].

9.2.2 Mechanisms Involved in Breast Cancer Metastasis

9.2.2.1 Local Invasion

Invasion of surrounding tissue by breast cancer cells is the first step of metastatic
process, which involves changes in a variety of migration and cell adhesion mole-
cules. One of the most extensively studied mechanisms that lead to local invasion is
a phenomenon called “epithelial to mesenchymal transition” or EMT. The EMT
process comprises loss of cell-cell adhesion between epithelial cells and acquisition
of mesenchymal characteristics [20–22]. Early studies of EMT have revealed that
EMT plays a critical role in various steps of developmental process such as gastru-
lation, neural crest cell formation, and etc. [20–22]. In addition, EMT is known to be
associated with inflammation-induced fibrosis [20–22]. Furthermore, several studies
suggest that EMT contributes to local invasion [23, 24]. EMT can be initiated by
activation of several pathways including TGF-b, wnt, Notch, etc., and several studies
have reported that stromal cells (e.g., cancer associated-fibroblasts or myeloid-
derived suppressor cells), comprising tumor microenvironment contribute to
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activation of these pathways [25]. Subsequently, activation of aforementioned
pathways induces EMT regulators such as TWIST1, ZEB1/2, and SNAIL, which
leads to downregulation of epithelial markers (e.g, E-cadherin and ZO-1) as well as
overexpression of mesenchymal markers (e.g., vimentin, fibronectin, and
N-cadherin) [20–22]. As a consequence, cancer cells acquire invasiveness. How-
ever, it should be noted that previous notion that EMT is required for the metastatic
process has been challenged. For example, a recent study by Fischer et al., by using
elegant mouse models, have suggested that EMT process is not required for breast
cancer metastasis to the lung, but leads to chemoresistance [26].

Interaction between stromal cells and breast cancer cells can also promote local
invasion by secreting several proteases, which degrade cell adhesion molecules and
extracellular matrix (ECM) and activate cyto/chemokine [27, 28]. One of the well-
studied stromal cells that play such functions is macrophage [29]. In addition,
mesenchymal stem cell (MSC) has been reported to contribute to the local invasion.
Furthermore, recent studies have indicated that myeloid-derived suppressive cells
(MDSCs) also promote cancer cell invasion through secretion of MMPs [30].

While prometastatic roles of macrophages are well-established, the underlying
molecular mechanisms are still unclear. Some recent studies have shed light on this
process. Cyclooxygenase 2 (COX2) has been shown to inhibit expression of
prometastatic factors such as VEGFa and MMPs from macrophages [31]. In addi-
tion, GM-CSF also promotes production of M2-like macrophages [32].

In summary, constant communication between stromal cells and breast cancer
cells can lead to activation of EMT program or other mechanisms, which eventually
allows breast cancer cells to invade surrounding tissue.

9.2.2.2 Intravasation and Survival in Circulation

Cancer cell dissemination has been considered a very late event in cancer progres-
sion [33]. However, studies with transgenic mouse models and patient samples have
revealed that dissemination can take place at very early stage of cancer progression
[34, 35]. Breast cancer cells can be disseminated by lymphatic and/or hematogenous
route. Lymphatic vessels, unlike the blood vessels, lack tight interendothelial junc-
tions and have discontinuous basement membrane, making it easier for cancer cells
to enter the lymphatic circulation. Indeed, the lymph node is often the first site of
metastasis and the lymph node metastasis is an important marker for staging of
breast cancer and increases risks for the distant metastasis [36, 37]. On the other
hand, intravasation into blood vessel requires help of several non-cancer cells
including perivascular macrophages [29]. These cells first secrete EGF and promote
cancer cell migration as well as secretion of colony stimulating factor 1(CSF-1) by
cancer cells [38]. Subsequently, cancer cell-derived CSF-1 recruits and stimulates
the growth macrophages [38]. These macrophages then secrete proteases and
degrade vascular base membrane, enabling cancer cells to enter the blood circulation
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[38]. Other examples include pericytes that secrete CXCL12 to direct cancer to the
blood vessel [39].

Once cancer cells intravasate into circulation, referred to as circulating tumor
cells (CTCs), they now confront three major obstacles: (1) anoikis (detachment-
induced apoptosis), (2) immune attack, and (3) physical damage by shear force. To
survive under this hostile condition in the blood circulation, breast cancer cells
employ several mechanisms. First, in order to overcome anoikis, breast cancer
cells activate several signaling pathways including TrKB, EMT, PI3K, etc.
[40]. In addition, platelet forms aggregates with cancer cells to protect them, and
this is mediated by the interaction between coagulation factors VIIa and X in platelet
and their receptor expressed in cancer cells [41, 42]. In addition, platelets protect
cancer cells by bringing cancer cells and macrophages together and form microclot
[41, 42]. The close association between high platelet counts and decreased survival
in breast cancer patients further supports the importance of platelet in the metastasis
process [41, 42].

As close association between number of CTCs and the risks in distant metastasis
is well-accepted phenomenon, detecting the accurate numbers of CTCs in the patient
blood has been a focus of recent technical development. Detection of CTCs is based
on the physical and molecular characteristics of CTCs [43–45]. The first generation
of CTC detection method uses antibodies against epithelial cell markers including
EpCAM (epithelial cell adhesion molecule) and cytoketatin that are absent in blood
and immune cells. Cell Search by Veridex (Raritan, NJ) is the only CTC detection kit
that is currently used in clinic [46]. Briefly, this method uses 7.5 mL of patient blood
sample, which is subject to negative selection with CD45 (leukocyte marker) and
positive selection with EpCAM and cytoketatin [46]. More than 5 CTCs in 7.5 mL of
blood are considered as a high-risk group for distant metastasis [46].

In addition to its use as a diagnostic/prognostic marker, CTCs can also be used to
evaluate the efficacy of treatment in a given patient, allowing personalized medicine.

9.2.2.3 Arrest and Extravasation

Once CTCs are arrested at the distant organ, each organ presents different barriers.
One of these barriers is the different structure of vasculature. For example, lung
capillary is very tight compared to the leaky nature of primary tumors. Therefore,
breast cancer cells must actively disrupt tight junction between endothelial cells and
this is mediated by the function of several proteins. For example, angiopoietin-like
4 (ANGPTL4) has been shown to contribute to extravasation of breast cancer cells
into lung parenchyma by disrupting endothelial layers [47]. In addition, COX2/
MMP1,2/Epiregulin in combination also helps extravasation into the lung [9]. On
the other hand, blood brain barrier (BBB) is the major barrier for the brain metastasis
and it can be overcome by several genes including ST6GalNac5, COX2, HBEGF,
MMP2, and cathepsin S [4, 48]. In contrast to these two organs, the existence of
sinusoid in bones provides more permissive environment for cancer cells to
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extravasate into the bones, and thus, it is considered that extravasation is not a rate-
limiting step in bone metastasis.

The role of macrophages in cancer extravasation has also been demonstrated in
breast cancer. The association between macrophages and extravasating breast cancer
cells has been observed, and depletion of macrophage significantly reduces number
of extravasating breast cancer cells [49]. Studies have suggested VEGFa as one of
the major macrophage-derived factors, which promotes cancer cell
extravasation [50].

9.2.2.4 Formation of Micro- and Macrometastasis

Once breast cancer cells extravasate into the parenchyma of the secondary organ,
they need to reinitiate the colonies against several obstacles presented by each organ.
It includes (1) secretion of anti-metastatic signals from the stromal cells, (2) attack by
immune cells, and (3) different microenvironment from the primary site. To over-
come this, breast cancer cells must be able to survive against the anti-metastatic
signals and to modify the microenvironment to hospitable for their growth. Several
studies have revealed various genes that contribute to organ-specific metastasis of
breast cancer, which is summarized below.

Lung Metastasis

Several genes have been identified to contribute to the formation of micro- and
macrometastasis in the lung. These genes include Coco, ID1/3, Tenascin C, CXCL1,
VCAM, miR-200, periostin, etc. [51–57].

A recent study has shown that BMP is one of the major anti-metastatic signals in
the lung. This study also revealed that Coco, the inhibitor of BMP pathway, is
overexpressed in lung metastatic breast cancer cells and allows breast cancer cells to
overcome the inhibitory effect of BMP in self-renewal, therefore promoting
reinitiation of new colonies in the lung environment [57].

On the other hand, some molecules confer BCCs with stem cell-like properties
through exploiting the microenvironment such as ECM and stromal cells. Evidence
suggests that the interaction between ECM of the lung parenchyma and the incoming
breast cancer cells is essential in initiation of new colonies in the lung. In this regard,
a recent study showed that breast cancer cells with lung metastasis-initiating ability
secrete TGFb to promote the production of periostin, an ECM protein, from lung
fibroblast. This then activates WNT signaling in the breast cancer cells that eventu-
ally promotes lung metastasis initiation [54].

In addition, glycoprotein Tenascin C increases stem cell-like properties of breast
cancer cells by activating NOTCH pathway and also plays a role in interaction
between cancer cells and lung fibroblast to support the initial growth of breast cancer
cells [55]. On the other hand, VCAM1 promotes the interaction between breast
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cancer cells and macrophages, which subsequently protects breast cancer cells from
apoptosis [52].

The last class of genes contributes to lung colonization by promoting MET
(mesenchymal-epithelial transition), a reverse process of EMT. Recently, MET has
been proposed to be an important step for the formation of full-grown lung metas-
tases and several genes (e.g., inhibitor of differentiation1 (ID1)) have been shown to
contribute to this process [51].

Brain Metastasis

As described in the previous section, brain presents a specialized environment
including BBB and the presence of specialized cells such as astrocytes, microglia,
etc. It has been observed that breast cancer cells escape from astrocyte-induced
apoptosis by expressing molecules that neutralize the apoptotic molecules. For
example, astrocyte secretes plasminogen activator (PA) that releases apoptotic
FAS ligand from the membrane, which promotes apoptosis of incoming breast
cancer cells [58]. To overcome this, breast cancer cells with brain metastatic activity
secrete Serpin to inhibit the function of PA, sparing breast cancer cells from
apoptosis [58]. Once breast cancer cells survive the astrocyte-induced death, they
modify brain microenvironment to be more favorable for the growth of new colo-
nies, in which astrocytes and microglia play essential roles.

The brain metastasis-promoting role of astrocytes and the underlying molecular
mechanisms have been uncovered by several studies. First, a recent study showed
that astrocytes play a role in self-renewal of breast cancer cells within the brain. In
this study, the authors showed that brain-metastatic breast cancer cells secrete IL-1b,
which upregulates JAG-1 expression in the astrocytes. Subsequently, this protein
binds to its receptor NOTCH on the surface of brain-metastatic breast cancer cells
and activates the downstream pathway, promoting the self-renewal of breast cancer
cells [59].

In another study, it was demonstrated that astrocytes produce exosomes
containing PTEN-targeting miRNAs. These exosome are then taken into the extrav-
asated breast cancer cells and lead to the reduction of PTEN. Subsequently, PTEN
loss increases the production of CCL2, which recruits myeloid cells to the metastatic
sites. Finally, these myeloid cells promote the outgrowth of metastatic colonies
[60]. In another study, it was reported that brain metastatic breast cancer cells
express connexin 43 and protocadherin 7 (PCDH7), which promotes the formation
of gap junction with astrocytes. This interaction triggers production of several
inflammatory cytokines, which in turn activate STAT1 and NF-KB pathways in
breast cancer cells. Ultimately, this not only enhances metastatic growth of breast
cancer cells within the brain but also increases chemoresistance of the breast cancer
cells [61]. While most studies have been focused on the role for astrocytes in brain
metastasis, the contributions of other types of brain-specific stromal cells in this
process still remain to be investigated.
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Bone Metastasis

It has been shown that bone-resident cells secrete chemokine CXCL12 and this
molecule functions to attract breast cancer cells expressing CXCR4, the receptor of
CXCL12, promoting recruitment of breast cancer cells. Supporting this, CXCR4 is
highly expressed in bone metastatic breast cancer cells in experimental models and
associated with a higher risk for the bone metastasis in breast cancer patients [7].

Once breast cancer cells extravasate into the bone marrow, they also encounter
several apoptotic signals including TRAIL (tumor necrosis factor (TNF)-related
apoptosis inducing ligand). To escape the TRAIL-induced apoptosis, bone meta-
static cancer cells activate SRC signaling, which turns on the survival pathways to
promote their survival [8, 62].

Bone microenvironment is composed of several types of cells including osteo-
blasts and osteoclasts [63]. Under normal physiological conditions, osteoblasts and
osteoclasts mediate a remodeling process, during which bone matrix is dissolved by
osteoclast-derived acids and collagenases, while osteoblasts deposit organic matrix
as well as minerals, completing a remodeling cycle [64].

Osteoclasts and osteoblasts also play critical roles in bone metastasis of breast
cancer. These cells are known to secrete several factors that can promote the
formation of bone metastases, and this is modulated by communication with bone
metastatic breast cancer cells.

Studies support that bone metastatic breast cancer cells secrete several factors
including PTHrP, IL11, IL6, and TNFa, which promote the release of RANKL from
the osteoblasts that in turn binds to its receptor RANK [1, 65]. Activation of RANK
pathway in osteoclasts stimulates bone resorption, which leads to the secretion of
several growth factors such as TGFb and IGFs that promotes the growth of bone
metastases. These factors stimulate cancer growth and further release of osteolytic
factors, creating a vicious cycle [66].

Some of the newly identified players in breast cancer metastasis to the bones
include JAG1, VCAM-1 [67, 68], as well as a set of miRNAs including miR-16,
141, 219, and 378 [69]. JAG1, a ligand of NOTCH1, has been shown to be
overexpressed breast cancer cells with high bone metastatic activity and clinically
associated with increased risk for bone metastasis. Mechanistically, JAG1 presented
by breast cancer cells activates NOTCH pathway in osteoblast, which induces
production of IL6 from osteoblast and subsequent differentiation of osteoclast.
This series of events ultimately promotes bone metastasis [67]. As described
above, VCAM-1 has been shown to play a role in lung metastasis of breast cancer.
In addition, this molecule also promotes bone metastasis by recruiting osteoblast
progenitors and thus activating osteoclast, indicating multifaceted roles of VCAM-1
in breast cancer [68].

Cancer-derived soluble ICAM1 has been shown to cause global miRNA expres-
sion changes, some of which promote osteoblast differentiation. Among these
miRNAs, miR-141 and 219 were demonstrated to promote bone metastasis in
experimental metastasis [7].
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9.3 Current Evidence and Concept

9.3.1 Pre-metastatic Niche

Pre-metastatic niche refers to a tissue environment of the destination organ that has
undergone changes to provide a supportive environment for the metastatic growth
even prior to the cancer cell arrival [70–72]. The primitive concept of pre-metastatic
niche was first formulated by Paget who suggested “Seed and soil” hypothesis in
which tumor cells and the destination organs were referred to as “seeds’ and “soil,”
respectively [33, 73]. This theory has been further expanded and supported by recent
experimental evidence, which we will summarize below.

9.3.1.1 Process of Pre-metastatic Niche Formation

The formation of pre-metastatic niche is initiated by tumor-derived secreted factors
as well as extracellular vesicles (e.g., exosomes and microvesicles). Hypoxia and
inflammation within the primary breast cancer have been suggested as major causes
for production of these factors [74, 75]. These factors then cause vascular leakiness
and alter properties of ECM and the resident cells (e.g., fibroblasts) in the secondary
organs. In addition, tumor-derived factors mobilize bone marrow-derived cells
(BMDCs) to the destination organ [70, 71]. Pre-metastatic niche formed by the
aforementioned events contributes to attraction and extravasation of CTCs to the
destination organs and provides hospitable environment for the growth of incoming
cancer cells.

9.3.1.2 Major Players in Formation of the Pre-metastatic Niche

As described above, tumor-derived factors, recruited BMDCs as well as immune
cells, and changes in properties of local stromal cells play important roles in the
formation of pre-metastatic niches [70, 71]. Recent studies have identified tumor-
derived factors that contribute to the recruitment of BMDC to the secondary organs
[72, 76, 77]. First, Osteopontin (OPN) has been shown to promote recruitment of
several types of BMDCs [78], while P2Y2R contributes to recruitment of
CD11b+ BMDCs to the pre-metastatic lung [79]. Secretion of lysyl oxidase (LOX)
by breast cancer cells also promotes accumulation of CD11b+ cells [80]. In addition,
tumor-derived factors induce stromal changes in the secondary organ to produce
soluble factors, which in turn promotes infiltration of BMDCs and CTCs to the
destination organ. For example, lung epithelial cells have been shown to produce
chemokines upon the activation by tumor-derived RNAs and this leads to recruit-
ment of BMDCs and breast cancer cell adhesion to the lung [81].

9 Breast Cancer Metastasis 191



Mobilized BMDCs and immune cells are the second major players of pre-
metastatic niche formation. Several types of BDMCs and immune cells contribute
to the alteration of stromal components to prepare for the arrival of CTCs. These
cells include VEGFR1-expressing hematopoietic progenitor cells, CD11b+-myeloid
cells, CD11b+Ly6C+ monocytes, and CD11b+Ly6C+Ly6G+granulocytes [50, 82,
83]. In addition, several regulatory and immune suppressive cells such as macro-
phages, Treg, and neutrophils have been suggested to contribute to CTC extravasa-
tion and/or growth of incoming CTCs [84–86].

The final players in the formation of pre-metastatic niches are resident stromal
cells in the destination organ. One of the most studied stromal cells are fibroblasts,
which have been shown to be educated by tumor-derived factors and subsequently
produce several inflammatory cytokines, chemokines, and ECM remodeling
enzymes to shape a pre-metastatic niche [87]. Some studies have also shown that
endothelial cells and osteoclasts are also involved in the formation of pre-metastatic
niche [69, 85, 87].

9.3.1.3 Hallmarks of Pre-metastatic Niche

As the ultimate goal of pre-metastatic niches is to prepare the “soil” for the incoming
“seeds”, pre-metastatic niche exhibits common characteristic regardless of the des-
tination organs. First, pre-metastatic niche creates an immune-suppressive environ-
ment so that incoming CTCs can escape attack by immune cells [70, 71, 88]. Second,
pre-metastatic niches provide inflammatory environment, which can foster the
growth of disseminated cancer cells [70, 71, 88]. Third, increased angio and/or
lymphangiogenesis is another characteristic of pre-metastatic niches, and these
changes have been linked to the increased extravasation of CTCs as well as
BMDCs [70, 71, 88]. For example, it has been shown that accumulation of
CD11b+ BMDCs has been indicated in inhibition of NK cells’ cytotoxic function
in pre-metastatic lung [89].

9.3.2 Metastatic Cancer Stem Cells

Cancer stem cells have received tremendous attention because they exhibit drug
resistance [90–92]. In primary breast cancer, the CD44 high/CD24 low cells have
been first shown to possess stem cell properties: (1) self-renewal abilities, (2) expres-
sion of specific cell surface markers, and (3) high tumorigenic abilities [93]. In
addition to CD44 and CD24, ALDH has also been identified as breast CSC markers,
indicating heterogeneity of breast CSC population [94].

Similar to CSC, metastatic cancer stem cell (MCSC) was originally defined as a
subpopulation of CSCs with metastatic ability. However, more broad definition has
been used, that is, “cancer cells with an ability to reinitiate metastatic colonies in a
secondary organ”. This is often referred to as “metastatic stem cells (MetSCs)”
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[95, 96]. Compared to the CSCs in primary breast cancer, the information on MCSC
is very limited. Thus, in this section, we will use more broad definition of MetSC.

There are several studies that support the role of MetSC in the initiation of
metastasis. First, it has been shown that CD44 high/CD24 low cells are enriched
in the population of disseminated cancer cells (DTCs) [35]. In addition, CD44+ cells
isolated from breast tumors were shown to be highly metastatic [97, 98]. Additional
molecules suggested as MetSC markers include TAZ1 and ANTXR1
[92, 99]. Recently, analysis of single cells from breast cancer PDX model reported
that early stage metastatic cells exhibit stem cell-like signature including increased
expression of LGR5, NOTCH4, BMI1, and JAG1 and downregulation of CD24,
MUC1, and EMP1 [14].

Currently, two models regarding the origin of MetSCs exist. The first one is CSCs
in primary breast tumors pre-possess metastatic abilities. The second model involves
acquiring metastasis-initiating abilities by several mechanisms. Experimental data
supporting this model include the observation of transition from non-stem to stem
cell population in breast cancer and TGF and WNT pathways have been shown to
contribue to this process (For example, [95, 96, 100, 101]). However, the mecha-
nisms by which MetSCs contribute to the initiation of metastasis still warrant further
investigation.

9.3.3 Noncoding RNAs

Noncoding RNAs such as microRNAs and long noncoding RNAs (LncRNAs) have
been shown to contribute to numerous cellular processes, and deregulation of
noncoding RNAs is associated with several diseases such as cancers. In breast
cancer, microRNAs and lncRNAs contribute to the general and/or organ-specific
metastasis. Especially, the role of lncRNAs in breast cancer metastasis has been one
of the recent focuses in the field.

LncRNAs function to regulate gene expression both in cis and trans via various
mechanisms. The first class of lncRNAs transcriptionally controls their target genes
by recruiting epigenetic modifiers. For example, HOTAIR, one of the lncRNAs
transcribed from HOXC locus, has been shown to recruit polycomb repressive
complex 2 (PRC2) to their target genes and change their expression. As a conse-
quence, breast cancer cells acquire invasive ability, one of the first steps in the
metastatic process. The metastasis-promoting role of HOTAIR was supported by the
increased metastatic ability of HOTAIR-overexpressing breast cancer cells to the
lung [102].

Action of the second class of lncRNAs also involves chromatin modification.
However, instead of recruiting histone modifiers, they modulate the activities of
histone modifiers and lncRNA BCAR4 is one of the well-studied examples. BCAR4
has been shown to bind to SNIP1, which originally functions as the inhibitor of
histone acetyltransferase p300. Binding of BCAR to SNIP1 suppresses the inhibi-
tory effects of SNIP1 on p300, thus leading to the histone acetylation. At the same
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time, BCAR also interacts with PNUT1, which eventually results in the dephos-
phorylation of RNA polymerase II at ser5. These two events lead to the transcrip-
tional activation of GLI 2 target genes, which then promotes cancer cell migration.
Interestingly, this study also demonstrated that interaction between BACR and its
binding partners is induced by chemokine CCL21 [103].

In addition to modulating the transcription, some lncRNAs have been shown to
regulate metastasis via affecting translation of target genes. One of the first lncRNAs
identified to be involved in translational control and contribute to metastasis is
treRNA (translational regulatory lncRNAs). TreRNA is implicated in suppression
of E-cadherin translation, an epithelial marker, thus promoting EMT process. Con-
sistent with this, TreRNA-overexpressing breast cancer cells possess increased
migratory/invasive and metastatic abilities to the lung in vivo. Furthermore, clinical
sample analysis revealed that TreRNA is overexpressed in lymph-node metastases
compared to the matched primary breast cancer.

The final class of lncRNAs regulates expression of target genes by modulating
protein-protein interaction. A recent study has elegantly demonstrated that NKILA
(NF-kB interacting long noncoding RNA) interacts with NF-KB/IkB complex and
interferes with IkB phosphorylation, which leads to the suppression of NF-kB
pathway. As activation of NF-kB pathway plays an important role in breast cancer
metastasis, inhibition of the pathway by NKILA results in the decreased breast
cancer metastasis. Supporting the metastasis-suppressive role NKILA in breast
cancer, decreased NKILA is correlated with poor outcome in breast cancer patients.

Adding more complex NKILA is regulated by microRNA 103/107. Thus,
reduced expression of NKILA in aggressive breast cancer is attributed to the
overexpression of miRNA 103/107 [104]. This strongly supports the interplay
between microRNAs and lncRNAs in the process of breast cancer metastasis.
Another example includes MAYA, which functions as a scaffold between MST1
and NSUN6. The formation of ternary complex leads to the methylation of MST1
and subsequent inactivation of the protein. This then activates the YAP target genes
including CTGF and CYT61, which are known to contribute to the breast cancer
metastasis to the lung [105].

While most of the studies on lncRNA and breast cancer metastasis have focused
on the properties of cancer cell themselves such as their migratory ability and
proliferation, recent studies have started to uncover the role of lncRNAs in the
interaction between cancer cells and microenvironment of the secondary organ. A
very recent study by Wang et al has identified lncRNA called LNC-BM, which is
associated with brain metastasis of breast cancer. The authors have revealed that
LNC-BM plays a role in vascular co-option and macrophage recruitment in brain.
LNC-BM executes this by associating with JAK2, which then activates STAT3
pathway. Subsequently, transcription of CCL2 and ICAM1, STAT3 target genes,
induces the infiltration of macrophages and vascular co-option, respectively [106].

Taken together, the studies on lncRNAs have provided a broader spectrum of
players in the breast cancer metastasis.
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9.3.4 Immune Cells in Breast Cancer Metastasis

9.3.4.1 Role of Immune-Suppressive Cells in Breast Cancer Metastasis

In the above section, we have described a few examples of contributions that
immune cells make to promote breast cancer metastasis. In this section, we will
review the role of specific types of cells in creation of immune-suppressive
environment.

As discussed above, one of the prerequisites for the successful formation of
metastasis is evading immune attack. Several types of immune-suppressive cells
including myeloid, TReg, and other adaptive immune cells contribute to this process.
Myeloid cells includng macrophages and neutrophils are a type of cells with very
well-established immune suppressive function. Specifically, macrophages interfere
with CD8+T cell functions by producing inhibitor ligands or by recruiting TReg cells
[107]. Tumor-associated NK cells are also suggested to function in a similar way,
while the molecular mechanisms warrant further investigation [108]. In addition to
these fully differentiated myeloid cells, immature population of myeloid cells also
plays a role in inhibition of T cell cytotoxicity [109].

TReg cells like in other types of cancers have shown to play an important role in
immune suppression and thus promote metastasis of breast cancer. Metastasis-
promoting roles of TReg cell have been supported by many studies. For example,
positive correlation between number of TReg and lung metastatic burden was
observed. In addition, increased TReg causes T cell death and is associated with
increased bone metastasis [110, 111]. One of the molecules identified to play a role
in increased number of TReg in breast cancer is galectin 1, which promotes expansion
of TReg cells [112].

In addition to myeloid and TReg cells, TH17 and BReg cells have also been shown
to be involved in breast cancer metastasis by promoting MDSC recruitment and
conversion of TReg cells, respectively [113, 114]. Depletion or coinjection of these
cells with breast cancer cells has been shown to reduce and promote lung metastasis
in breast cancer, respectively [113, 114].

9.3.4.2 Immunotherapy in Breast Cancer

Immunotherapy is being intensively studied and successful in treatment of metastatic
cancers such as metastatic melanoma, non-small cell lung carcinoma (NSCLC), and
renal cell carcinoma [115–117]. Nivolumab and pembrolizumab are two FDA
approved antiPD1 antibodies used in treatment of the aforementioned cancers
[115–117]. The use of immunotherapy in treating breast cancer has not been actively
pursued until recently because breast cancer is generally not considered as immu-
nogenic. However, several recent studies indicated that PD-1 inhibitors may benefit
patients with aggressive breast cancer and several PD-1 inhibitors are currently
under clinical trial phases I and II [118].
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9.3.5 Glycosylation

Glycosylation is one of the most ubiquitous protein modifications in the cells.
However, the role of protein glycosylation in breast cancer metastasis has been
very limited.

A recent study has shown that GALNT14 (polypeptide
N-acetylgalactosaminyltransferase 14), a member of O-linked glycosylation-initiat-
ing enzymes, contributes to the lung metastasis by modulating communication
between breast cancer cells and lung microenvironment [119]. This study demon-
strated that GALNT14 promotes lung metastasis at the later stage of lung metastasis,
which includes (1) overcoming inhibitory effects of BMPs, an anti-metastatic signal
from the lung, (2) recruitment of macrophages by inducing production of cancer cell-
derived chemokines, and (3) exploiting macrophage-secreted growth factors (e.g.,
FGFs) by breast cancer cells. During these processes, BMP receptor1A (BMPR1A)
and FGF receptor 1 (FGFR1) are the O-glycosylated by GALNT14, which inhibits
and promotes the activation of BMP and FGF pathway, respectively
[119]. (Fig. 9.1).

Another recent study has shown that targeting glycosylation of PD-L1 could be
used to eliminate TNBCs. This study has demonstrated that EGFR pathway pro-
motes N-linked glycosylation by inducing expression of β-1,3-N-
acetylglucosaminyltransferase (B3GNT3). Subsequently, this stimulates interaction
between interaction between PD-L1 and PD1, which leads to immune suppression.
Interestingly, administration of antibody against glycosylated PD-L1 not only
inhibits immune suppression by promoting PD-L1 internalization but also leads to
cancer cell death lacking PD-L1 receptor as a bystander effect [120]. This indicates
that targeting glycosylated-protein may be used as a potential therapeutic strategy for
breast cancer treatment.

Fig. 9.1 Proposed model of
GALNT14-mediated lung
metastasis in breast cancer
(modified from 119)
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9.4 Future Research Direction

Accurate prediction and effective treatment of metastasis are the two ultimate goals
of the metastasis research. The issue with currently reported prognostic markers is
that their use is often very limited to the specific cohort of patients used in the study.
Thus, systematic approach to identify prognostic markers is warranted.

In addition to analysis of primary breast cancer aimed for discovery of prognostic
markers, early detection of CTCs will benefit breast cancer patients. While signifi-
cant advances have been made in the detection of CTCs, plasticity and heterogeneity
of CTCs make CTC detection very complicated. In order to improve the sensitivity
and the specificity in CTC detection, further investigation of biological properties of
CTCs should be proceeded.

Despite the decade of active metastasis research, we have no effective treatment
for the metastatic breast cancer. This is mainly attributed to the fact that metastatic
breast cancer cells possess different biological characteristics compared to the major
population of the cancer cells comprising the primary cancer. Thus, drugs that are
based on the properties of primary cancer cells are destined to fail. In addition,
cancer cells are very heterogeneous and develop drug resistance. One solution for
this issue could be targeting the stromal cells with pro-metastatic functions. As
accumulating evidence supports that the close communication between stromal
cells and breast cancer cells is required for the successful metastasis, drugs that
can intervene this communication have potential to be used in treatment of breast
cancer metastasis. Major advantages of targeting stromal cells are these cells (1) are
more homogenous than cancer cells and (2) have lower mutation rate. Experimental
results in a limited number of preclinical studies support the possibility of controlling
metastasis by targeting stromal-cancer interaction [121]. However, our understand-
ing of the molecular mechanisms governing the crosstalk between stromal cells and
breast cancer cells is still very limited. Therefore, further investigations to identify
mediators of cancer-stromal interaction are warranted.

9.5 Summary

• Breast cancer metastasis is very complicated process, and metastatic breast cancer
cell-stroma interaction is required in each step of the metastatic process.

• Intervention of metastatic breast cancer cell-stromal interaction could provide
new therapeutic drugs for effective treatment of patients with metastatic breast
cancer.

• Identification and systematic use of prognostic markers as well as early detection
will provide opportunity for the personalized therapy.

• Drugs based on cancer cell-stromal interaction may lead to significant advance in
treatment of breast cancer metastasis.
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Chapter 10
Single Cell Genomics for Tumor
Heterogeneity

Hae-Ock Lee and Woong-Yang Park

Abstract Single cell genomics became a universal and powerful tool to study
cellular diversity at genomic levels in normal and disease conditions. Cancer is a
disease of genomic instability which instigates clonal evolution and intra-tumoral
heterogeneity. Cancer progression also accompanies gross alterations in the micro-
environment, and the stromal or immune cell types comprising the tumor microen-
vironment can be explored by single cell genomics. So far, breast cancer has been
analyzed by single cell genomic tools for the clonal evolution, inter- and intra-
tumoral heterogeneity in molecular signatures, and tumor microenvironment. We
will briefly go over those studies and discuss the potential application of single cell
genomics for the diagnostics and management of cancer.

Keywords Single cell genomics · Tumor heterogeneity · Breast cancer · Tumor
evolution · Treatment resistance

10.1 Introduction

Cancer is a disease of genomic instability and heterogeneity. Tumor heterogeneity
and its importance in tumor progression have been recognized for a long time and
extensively studied at morphological and molecular level [1]. Artlessly, single cell
genomics is the most comprehensive tool, currently available, to study the identity
and function of heterogeneous subpopulations in cancer. Both DNA and RNA
materials are targets of genomic analysis at single cell level. For DNA, genetic
aberrations have qualitative characteristics, its diversity can be analyzed with bulk
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deep sequencing, and single cell DNA analysis can provide complementary infor-
mation. On the other hand, transcriptome analysis in RNA measures quantitative
characteristics. Therefore, bulk transcriptome analysis averages transcriptomes of
diverse subpopulations within sample, and the heterogeneity within cannot be
assessed. This quantitative nature of transcriptome data makes single cell analysis
an essential and powerful tool for gene expression analysis on heterogeneous sub-
populations in both normal and disease conditions.

Heterogeneity in cancer may be found between patients, which is defined as
intertumoral heterogeneity and forms the basis for current practice of personalized
cancer medicine. In recent years, precision medicine targeting genetic mutations,
fusions, or copy number aberrations has expanded treatment choices and improved
patient outcomes [2]. The cancer genome changes over time, and intratumoral
heterogeneity may arise during cancer evolution. The intratumoral heterogeneity in
advanced cancer and metastasis may evoke treatment resistance [3]. Through single
cell DNA analysis, diverse tumor clones can be identified and clonal evolution of
cancer genome is reconstructed. In addition, detection of genetic aberrations with
small number of tumor cells or tumor DNAs can be used for screening and
monitoring purposes. Gene expression pattern also has important prognostic or
predictive values for the tumor progression and drug sensitivity. Single cell RNA
sequencing can be adopted to resolve the cellular gene expression heterogeneity.
Further, single cell analysis would sort out contaminating nontumor cells, allowing
more accurate characterization of tumor cells, and even provide transcriptome
landscape for tumor microenvironment. Breast cancer is one of the prototype cancers
that single cell genomics has been applied for, to address genetic and gene expres-
sion heterogeneity in the hope of monitoring, finding better treatment targets, and
overcoming the treatment resistance.

10.2 Review of Past Studies

In the past, intratumoral heterogeneity in cancer has been studied by low throughput
methods such as histology, immunohistochemistry (IHC), fluorescence in situ
hybridization (FISH), and flow cytometry. In many cancers, studies of intratumoral
heterogeneity have focused on the potential mechanisms of treatment resistance.
Estrogen receptor (ER) positive tumor is the most prevalent subtype in breast cancer,
and adjuvant endocrine therapy is recommended for patients with as low as 1–2%
ER positivity [4]. This criterion introduces broad range of ER expression within a
tumor, and the presence or outgrowth of ER negative tumor cells may cause
treatment resistance to the endocrine therapy. HER2 (human epidermal growth
factor receptor 2) subtype comprises 15–20% breast cancer and shows aggressive
clinical behavior [5]. HER2 amplification is also tested by IHC, and complementary
FISH is performed for those with borderline staining results. Similar to ER, HER2
staining or FISH signals differ between tumor cells, and the presence or outgrowth of
HER2 negative tumor cells may confer treatment resistance to HER2-targeted
therapy. Despite continuous expression of ER or HER2, treatment resistance
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developed for the targeted therapies [6, 7] and search for the underlying mechanisms
required systematic tools, genomics.

Large-scale sequencing analysis enabled comprehensive understanding of cancer
genome [8] and revealed diverse mechanisms for treatment resistance. Mutations in
ER coding gene (ESR1) were found to confer acquired endocrine resistance in
metastatic breast cancer [9, 10]. Mutations in PIK3CA gene or pathway were
associated with treatment resistance in HER2-targeted therapies [11, 12]. Moreover,
computational methods were developed to infer intratumoral genetic heterogeneity
from bulk sequencing data. Clonal heterogeneity in cancer cells could be inferred by
frequencies of mutations and copy number aberrations (CNA) at DNA level [13–
17]. Cellular composition could be inferred by deconvolution of gene expression
data from tissues [18, 19]. Formerly, direct evidence for the genetic intratumoral
heterogeneity in a large scale came from multiregional genome array and sequencing
analysis [20, 21]. In breast cancer, macrodissection and array-based copy number
analysis revealed different regional pattern of crude copy number aberrations
[21]. Based on the heterogeneous multiregional CNA, phylogenetic tree could be
reconstructed and clonal evolution inferred. Application of sequencing further
extended the scope of regional heterogeneity. In renal cell carcinoma sampled
from different primary cancer sectors, whole exome sequencing demonstrated
intratumoral heterogeneity in mutation profiles and linked them with heterogeneity
in gene expression and ploidy levels [20]. Finally, single cell DNA sequencing
elaborated the heterogeneity to the cellular resolution [22].

While tumor DNA analysis is utilized to find genetic alterations and to reconstruct
the paths of tumor evolution, gene expression analysis gives information more
directly related to the tumor phenotype. In breast cancer, expression of ER, PR,
and HER2 is the only decision criteria for specific treatment choices [23]. Use of
gene expression profiling to determine ER/PR or HER2 positive breast cancer
subtypes or to provide prognostic information has gained positive feedbacks, yet
has not reached to a consensus of making absolute clinical decisions [24]. The
concordance of breast cancer subtype analysis between using IHC and transcript
expression is >90% [25]. Multigene expression profiling such as Oncotype DX,
Mammaprint, and Prosigna can be used to tailor adjuvant endocrine and chemother-
apy [26]. When the breast cancer subtype was analyzed by single cell RNA sequenc-
ing, mixed subtype cells were present with variable ER/PR/HER2 gene expression
and downstream signaling pathway activation [27]. Intratumoral heterogeneity was
also found in many cancer-related pathway gene expressions such as for prolifera-
tion, stemness, and metastasis.

Tumor tissues inherently contain stromal and immune cells, and these nontumor
cells in the tumor microenvironment play critical roles in tumor progression. Stromal
cells such as cancer-associated fibroblasts (CAF) may promote tumor growth and
metastasis by stimulating growth factor signaling and tissue remodeling
[28]. Tumor-infiltrating immune cells can control tumor progression in opposite
direction by activating or suppressing the antitumor immunity [29]. Tumor-
associated macrophages are known to possess immune suppressive characteristics,
whereas cytotoxic T cells may target and kill tumor cells. Immune cell types, their
numbers, and functional status have been studied by histology and inference from
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bulk data and linked with patient survival [30, 31]. In breast cancer, a high number of
tumor infiltrating lymphocytes (TILs) were associated with good prognosis in TNBC
subtype [32] and with good treatment response in HER2 subtype [33]. However,
some cell types such as FOXP3-positive lymphocytes were associated with poor
survival. In ER subtype, numbers of TILs were small and showed negative correla-
tion with overall survival [34]. These reports demonstrated the necessity of deter-
mining specific immune cell types and status to properly define the immune status of
cancer. Through single cell RNA sequencing, genome-wide characterization of
individual TILs could be accomplished [27].

10.3 Current Evidence and Concepts

Detection of genetic aberrations in individual cells has important practical implica-
tions, as real-time screening or monitoring for cancer genome can be made using
circulating tumor cells (CTCs) from liquid biopsies in noninvasive manner
[35]. Monitoring of CTCs has relied on the immunomagnetic antibody staining of
the epithelial cell adhesion molecule (EpCAM), and the number of CTCs gave
predictive values for patient survival in multiple cancer including breast [36–
38]. Single cell genomics even enabled genome-wide characterization of CTCs for
their mutational, CNA, and gene expression profiles. CTCs recapitulated the genetic
aberrations found in the primary tumor tissues, acting as surrogate biomarkers for
tumor heterogeneity [39–41]. Single CTC RNA sequencing also revealed prognostic
gene expression signatures [42]. These results suggested that genome profiling of
CTCs may reveal genetic and gene expression heterogeneity associated with drug
sensitivity or resistance. However, CTCs can be detected in relatively small propor-
tion of cancer patients, and the low sensitivity limits their use for disease monitoring
purposes. This limitation may be overcome by the complementary use of circulating
tumor DNAs (ctDNA) [35]. Research progress on ctDNAs has paralleled CTCs as
technical challenges in the detection of small amount of genomic materials are
similar in both targets.

The technical development in single cell RNA sequencing is allowing genome
wide characterization of tumor phenotype in association with tumor microenviron-
ment. In breast cancer, single cell dissociation and RNA sequencing allowed isola-
tion and characterization of tumor infiltrating immune cells [27]. In colon cancer,
similar method allowed characterization of cancer-associated fibroblasts [43]. Both
immune cells and fibroblasts play critical roles in tumor progression. Use of high-
throughput single cell capture platform is allowing more thorough characterization
of tumor microenvironment [44]. Characterization of tumor microenvironment is
necessarily related to the paired assessment of normal cellular compartment. Use of
single cell genomics to define cell types and status improves our understanding of
normal human body, which is fundamental to detail damaged cellular phenotype in
many disease conditions including cancer.

Large-scale RNA sequencing allows identification of subpopulations with gene
expression features important in tumor progression, metastasis, and drug resistance
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[44–47]. For most single cell genomic studies, freshly obtained tissues were enzy-
matically digested to get single cell suspension. The requirement of freshly prepared
tissues is limiting the use of single cell genomics in archived tumor tissues. Analyz-
ing archived tissues can facilitate longitudinal studies, which are crucial for the
understanding of tumor evolution for extended periods. In DNA analysis, nuclei
isolation technique has enabled the use of frozen or formalin-fixed paraffin-embed-
ded tissues for single cell genomics [22]. In a similar manner, using nuclear RNAs
for gene expression profiling would facilitate longitudinal analysis, which may
demonstrate the changes of gene expression profiles along with tumor progression.
The technique has been broadly adopted for the neuronal single cell analysis
[48, 49]. In a recent publication, scientists at MD Anderson applied nanogrid nuclear
RNA sequencing to demonstrate phenotypic diversity in archived frozen breast
cancer [50]. Results of nuclear RNA sequencing revealed gene expression profiles
comparable to total RNA sequencing, suggesting that the technique can be used for
the frozen-archived tumor tissues.

Single cell or nuclei isolation and sequencing inevitably destroy the tissue
architecture, and the spatial characteristics of tumor become lost. Low throughput
methods such as immunohistochemistry or FISH preserve the spatial information yet
have limitations by the number of molecules that can be detected. Therefore,
combining the spatial information and high-throughput detection methods is being
explored, on genetic aberrations, gene expression profiles, and protein expression. In
situ RNA sequencing explores the genome wide gene expression analysis directly on
preserved tissue sections [51, 52]. Targeted sequencing allows detection of genetic
aberrations as well. In breast cancer tissue sections, targeted in situ RNA sequencing
allowed gene expression profiling for as many as 31 transcripts including 21 tran-
scripts used in a breast cancer prognostic expression panel [52]. At protein level,
both multiplexed ion beam imaging (MIBI) and a CYTOF instrument adopt mass
cytometry utilize antibodies labeled with rare lanthanide metals with a unique mass
[53, 54]. With these techniques, up to a 100 of protein expression can be detected
with spatial information in a similar way to the IHC. With MIBI, Garry Nolan’s
group at Stanford has demonstrated intratumoral heterogeneity using ten different
antibodies in formalin fixed primary breast cancer tissues. Introduction of high-
throughput genome/proteome detection methods in the spatial context is expected to
bring up new findings in cancer research.

Simultaneous analysis of DNA and RNA enables tracking of clonal evolution
together with gene expression pattern, which may provide causal relationship
between genotype and gene expression phenotype [55–59]. Overall, heterogeneity
in CNAs affected gene expression profiles in various cell lines and hepatocellular
carcinoma. In a Trio-seq study where single cell genome, methylome, and
transcriptome were simultaneously analyzed [58], CNAs had direct impact on
gene expression but no impact on the methylation pattern. In the study, tumor cell
heterogeneity was conferred at genetic, epigenetic, and transcriptomic levels. Com-
bining antibody staining together with gene expression profiling allows better
characterization of tumor phenotype as proteins are the ultimate functional unit of
cells. Recently developed methods such as CITE-seq (Cellular indexing of
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transcriptomes and epitopes by sequencing) and REAP-seq (RNA expression and
protein sequencing) allow more accurate characterization of cellular phenotypes
[60, 61]. These methods have been used in the characterization of immune cells,
due to antibody availability for surface molecules on immune cells and predefined
immune cell phenotypes with protein markers. Thus, these methods will be exten-
sively used for the characterization of tumor-associated immune microenvironment.

10.4 Future Research Directions

In recent years, new methods and platforms have been developed to realize single
cell genomics, and their application in cancer expanded our knowledge on tumor
heterogeneity in genome, transcriptome, and proteome level. Through these devel-
opments, we are equipped with single cell genomic tools to make new discoveries
and to assess useful information that can directly improve patient outcome in cancer.
However, most single cell genomics data production remains at the proof-of-concept
level and the new methods and platforms need improvements for the clinical
implementation. In the next step, we are expecting ample production of single cell
genomic data from diverse clinical settings, in normal and disease conditions, as well
as improvements or fine tuning of single cell genomics tools. The fulfillment will
lead us to direct application of single cell genomics to cancer management.

Massive production of single cell genomics data has already begun. The human
cell atlas [62], an international collaborative effort of building a human cellular
reference map, is at the center of it, as normal human cell data would be a
cornerstone to understand any disease conditions. The largest number of data
production is expected to be made by commercial easy-to-use platforms like 10X
genomics gemcode system [63] and to be supplemented by other multidimensional
methods. Development of new methods is ongoing; yet, researchers in this field have
reached a consensus that generation and standardization of human cell reference is
an impending subject that can be accomplished with currently available technolo-
gies. Based on these, parallel data production in cancer will be directed toward tumor
populations as well as stromal and immune cells in the tumor microenvironment.
Surgical specimens from adjacent normal and tumor sites, small biopsies, and liquid
biopsies from early to advanced stages of cancer will be analyzed. Experimental
designs will encompass tumors of the primary or metastatic sites, of good or bad
prognosis, and of responders or nonresponders to particular drugs including chemo-
therapeutic and immunotherapeutic agents. Based on the findings, our efforts will be
directed to find therapeutic targets and ways to improve current practice of cancer
medicine.

There are much to be done to improve current technologies or invent new ones to
implement single cell genomics to clinical diagnosis and management of cancer.
Fields closely awaiting for the direct use of single cell genomics would be related to
the blood or body fluids and diagnosis and monitoring of diseases exploiting blood/
fluid cells or related materials. Detection of malignant cells in the blood or body
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fluids has been diagnostic criteria for many hematologic cancers. For the diagnostic
purposes, cell smears and suspensions from the blood, bone marrow aspirates, and
body fluids are examined for their morphology and antibody staining of disease
markers. These processes can be replaced by single cell genomics as gene expression
profiling has potential to identify cell types and functional status more accurately and
thoroughly compared to the conventional diagnostics that utilize small number of
molecular parameters. To reach a goal of replacing current diagnostic methods, cost,
turnaround time, and throughput need to be improved. With the conventional
diagnostic methods using microslides or flow cytometry tubes, millions of cells
can be examined for the presence of malignant cells. Current single cell genomics
platform easily detects thousands of cells, but for more cell detection, linear increase
in number of tests and cost is required. Even after those issues resolved, well-
designed clinical trials would be required for each specific cancer cell type, validat-
ing single cell genomic profiling as a superior method compared to the conventional
diagnostics. For solid tissue malignancies like breast cancer, routine diagnosis would
rely on the examination of tissue biopsies as current single cell dissociation methods
may not faithfully capture cell populations of diagnostic interest. Detection of
circulating tumor cells or tumor DNAs may be utilized instead, if detection sensi-
tivity and specificity are guaranteed. Capture and identification of one CTC in over
millions of white blood cells or ctDNAs over a pool of normal cell-free DNAs still
remain a challenge. Resolving this limitation will open up a new era of cancer
management in screening, monitoring disease progression and recurrence, and
matching best drug combinations, with the aid of single cell genomics.
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Chapter 11
Advances in Tumor Sampling
and Sequencing in Breast Cancer and their
Application in Precision Diagnostics
and Therapeutics

Amos Chungwon Lee, Han-Byoel Lee, Huiran Yeom, Seo Woo Song,
Su Deok Kim, Ahyoun Choi, Sumin Lee, Yongju Lee, Wonshik Han, and
Sunghoon Kwon

Abstract Intra- and Inter-tumoral heterogeneity is one of the main hurdles in
diagnosing and treating breast cancer. Selecting, sampling, and sequencing the
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samples appropriately provide unique opportunities in realizing precision medicine.
This chapter reviews some of the past landmarks, state-of-the-art technologies, and
future directions of translational research in terms of tumor sampling technologies
and sequencing in breast cancer. In the state-of-the-art technologies section, the
technologies are categorized in terms of scientific, precision diagnostic, and preci-
sion therapeutic tools. Finally, limitations and future directions regarding various
translational research for clinical applications using these technologies will be
discussed.

Keywords Tumor heterogeneity · Single-cell sequencing · Liquid biopsy · Spatially
resolved sequencing · Laser-induced cell sorting · Circulating tumor cells ·
Circulating tumor DNA · Drug screening

11.1 Introduction

Advances in next-generation sequencing (NGS) technologies have revolutionized
oncology, especially in terms of understanding genetic composition of cancer.
Extensive research in cancer began with The Cancer Genome Atlas (TCGA), a
project that began in 2005 to categorize different genomic alterations of different
cancers in a comprehensive atlas of cancer genomes [1–3]. TCGA has now produced
over 2.5 petabytes of cancer genomes of 11,000 patients typing 33 different cancers.
It provided insights into inter-tumoral genetic heterogeneity, indicating the need for
precision medicine. The analysis of patient-specific genetic alterations harbored in
the tumor has gained interests for their potential to be used as precision diagnostics
for effective treatment of cancer. However, the complexity in precision medicine due
to intra-tumoral genetic heterogeneity impeded translating these researches directly
into clinical practice. The intra-tumoral genetic heterogeneity in breast cancer was
first reported by Navin et al. where they sequenced single cells [4]. This study by
Navin et al. first revealed tumor evolution of different subclones with different
genetic alterations in a single tumor, raising a technological need for single-cell
analysis and rare mutation detection. In other words, simply sequencing the bulk
tumor will produce averaged out genetic information, in which the rare but clinically
important mutations could be buried, hindering the realization of precision medicine
(Fig. 11.1a). To disentangle and extract out the clinically important mutations from
the complex nature of cancer, several strategies were reported to address the issue of
tumor sampling (Fig. 11.1b). In this chapter, we categorized various state-of-the-art
technologies according to three different sampling sources in breast cancer: tumor,
peripheral blood, and primary cells. Technologies that utilize the tumor have poten-
tial to reveal tumorigenesis and tumor development. Those that utilize the blood
show promise in liquid biopsy for precision diagnosis of breast cancer. Furthermore,
those that use primary cells can screen the right drug precisely to the breast cancer
patients. Altogether, these translational researches will bring breast cancer research
from bench to bedside.
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In contrast to traditional approaches that explored and analyzed the overall
genomic landscape of a heterogeneous mass [5], emerging technologies that can
specifically select samples for precise analysis of cancer were developed to unravel
the heterogeneity of tumors. The most conventional approaches are technologies that
utilize needle and surgical biopsy, invasive methods that remove parts of biological
mass. Using these methods, a solid tumor can be analyzed both in bulk and at single-
cell level. Genetic alterations detection from a bulk tumor is sufficient for quantita-
tive analysis of non-rare variations [6]. On the other hand, single-cell sequencing
methods provide a useful tool to discover rare tumor activating mutations that can be
clinically actionable and have been extensively used for studying tumor evolution in

Fig. 11.1 Advances in tumor sampling and sequencing in breast cancer and their application in
precision diagnostics and therapeutics. (a) Acquirable samples from breast cancer patients. (b)
Translational research strategies in breast cancer. (c) Genomic research in breast cancer. (d)
Precision diagnostics using liquid biopsy. (e) Drug screening for precision medicine

11 Advances in Tumor Sampling and Sequencing in Breast Cancer and their. . . 217



breast cancer [4, 7–9]. Recent studies showed its potential to be used practically in
the clinic for diagnosis, prognosis, and therapeutics [10]. Furthermore, studies
exploring the transcriptome have revealed functional and immune landscape of
breast cancer, and others have shown relationships between these single-cell RNA
sequencing data and drug sensitivity [11–14].

However, pathological analysis is the basis of modern cancer medicine, and
connecting the histopathological information to the molecular profile of the tumor
is becoming increasingly important for practical use of molecular profiling technol-
ogies. Later in this chapter, some technologies that integrate morphological and
spatial information of a single tumor cell or a cluster of cells are introduced [15, 16]
(Fig. 11.1c). Likewise with further advancements in multi-omics technologies, more
studies involving tissue sampling are necessary to fully understand tumorigenesis
and the evolution of tumor, and eventually provide enough evidence for their
translation to the clinic.

In addition to the conventional tissue biopsy methods mentioned above, other
sampling modalities to detect and analyze various sources of breast cancer are
available. Because cancer leaves its traces inside and throughout the patient’s
body, it is important to understand different sampling strategies to detect clinically
significant genetic alterations. For the solid tumor to grow, it must acquire vascula-
ture for the delivery of nutrition to the neoplastic cells that the tumor harbors. When
the tumor outgrows, some of the cells from the primary tumor are disseminated and
circulate throughout the body [17] (Fig. 11.1a). When these circulating tumor cells
(CTCs) go through epithelial-to-mesenchymal transition (EMT), they may acquire
the potential to become a seed for metastasis to distant organs [18, 19]. Tumors also
shed out circulating tumor DNA (ctDNA) which can also represent the originating
primary tumor [20–23]. Hence, CTCs and ctDNAs provide unique opportunities in
the diagnosis, monitoring, and prognostication of cancer. Also, because CTCs and
ctDNAs can be simply obtained from peripheral blood of the patients, they have the
advantage of less invasiveness and increased accessibility to molecular information.
The term liquid biopsy describes the method that extracts peripheral blood from the
cancer patients, as an alternative to the invasive tissue biopsy methods. However,
one limitation that impedes the translation of liquid biopsy is that CTCs are very rare
(approximately 5 in 1 ml of peripheral blood) and clinically important genetic
aberrations can be buried in ctDNAs, below frequency of 1%. In the next section,
we discuss some strategies in translational medicine that can be used for liquid
biopsy (Fig. 11.1d).

Primary tumor cells of breast cancer patients are another source of sampling that
can be used in translational research. Although discovering genetic heterogeneity
and tumor evolution in a solid tumor will reveal several important target genetic
markers in applying the findings to precision diagnostics using liquid biopsy, tools
that can screen the appropriate drug for the patient need to be developed for full
realization of translational medicine in breast cancer.

When these different sources of sampling breast cancer meet appropriate tech-
nologies, various types of translational researches can be performed. In this chapter,
we discuss translational researches in breast cancer from spatially resolved
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sequencing technologies to sequential drug screening methods that were applied
using different sampling methods.

11.2 Review of Past Studies

11.2.1 Sampling Solid Tumor: Single-Cell Sequencing
to Spatially Resolved Sequencing in Breast Cancer

Navin et al. reported intra-tumoral heterogeneity in breast cancer by sequencing
single-cell genomes and revealed complex evolution in breast cancer [4]. They used
flow cytometry to sort out single nuclei of cells in a tumor and analyzed their
genomes using NGS. After the tumor was macro-dissected into individual portions
of the mass, each went through fluorescence-activated cell sorting (FACS) tech-
nique. FACS uses laser beams to sort out differently marked fluorescence tags
according to their emission spectrum [24]. It is now one of the most widely used
technologies to sort out single cells from a mass, allowing differentiation of four to
tens of different cells according to its characteristics. In case of the study by Navin
et al., DAPI staining was used to select out nuclei in a mixture of lysed cells. The
genomic DNA (gDNA) inside the nuclei is then fragmented and amplified using
polymerase chain reaction (PCR)-based whole genome amplification (WGA)
methods. Among several types of WGA methods, the degenerate oligonucleotide-
primed PCR (DOP-PCR) used in this particular study was shown to be efficient in
analyzing the copy number alterations (CNA) of the genomes, which are inferred
from the NGS read counts of the gene fragments. DOP-PCR uses oligonucleotide
primers which have partial degenerate sequences to effectively amplify the genome
[25]. By analyzing the CNAs of the single cells in breast cancer, cell types can be
determined and categorized into different subclones. By measuring the genetic
distance between the subclones, the evolution of the tumor can be inferred, providing
clues to understanding tumor development. Navin et al. claimed that subclones
evolved in punctuated evolution and that the same applied to metastasis by compar-
ing the genetic distances between the subclones of the primary breast tumor and the
metastatic liver tumor. This work not only showed that tumors in breast cancer
patients evolve with punctuated evolution, but also produced a basis for understand-
ing the molecular biology of breast cancer. Similar work was done in mouse
xenografts of human breast cancer. Eirew et al. analyzed the dynamics of genomic
clones in breast cancer patient xenografts at single-cell resolution by applying
targeted-amplicon deep sequencing [9].

The science behind tumor evolution in breast cancer using single-cell analysis is
further elaborated by Gao et al. in their study of punctuated evolution in triple-
negative breast cancer (TNBC) [26]. Using the same FACS and DOP-PCR platform,
they successfully isolated single nuclei inside TNBC tumor samples and analyzed
their CNAs to explore the tumor development within. TNBC is a subtype of breast
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cancer that is characterized by the lack of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2) amplification
[27]. TNBC is also notorious for poor survival rates of the patients [28]. Gao et al.
analyzed the CNAs to categorize subclones and observed clues of punctuated
evolution in TNBC. Similar efforts to molecularly differentiate different subtypes
of breast cancer have shown the possibility of applying tumor sampling in the
diagnosis and treatment of patients [9, 28, 29]. For example, the relationship
between the pathological subtypes of ductal carcinoma in situ (DCIS) and invasive
ductal carcinoma (IDC) has long been an issue of interest [31, 32]. Especially, there
has been substantial debate on whether DCIS precedes IDC or not. There are patients
who develop both in the same mass, and sampling the tumor mass in these cases
provides opportunity to differentiate the two subclones independently. However,
because the subtyping system of DCIS and IDC is based on their histopathological
information, simply sequencing single-cell genomes cannot explicitly explore the
genomic relationships between the two. Instead, it requires a special technique that
can connect the histopathological information and the genomic information in these
subclones. Recently, Casasent et al. reported that genomic evolution occurred prior
to invasion in DCIS-IDC patients [31]. To do so, they developed spatially resolved
single-cell genome sequencing by combining laser catapulting technique and
DOP-PCR, and analyzing CNAs and single nucleotide variations (SNVs) of the
single cells. Laser catapulting is a similar technique to laser capture microdissection
(LCM) techniques, which use laser to micro-dissect parts of interest and catapult the
portion to the conventional PCR tubes. Casasent et al. used the laser catapulting
system to dissect out single cells that are not interconnected to other parts of the
tissue and analyzed their genomes. They used both CNAs and SNVs and connected
to the pathological information and discovered how subclones evolved during
invasion in ten breast cancer patients.

To unveil molecular footprints in the development of breast cancer, solid tumor
has been sampled by FACS, LCM, and other sampling techniques. Although we are
just beginning to understand the relationship between different subtypes of breast
cancer, multimodal analyses of breast cancer in relation to the histopathological
information will advance our knowledge. An example of translational research was
done by Yates et al., in which 303 samples from tumors in 50 patients went through
multiregion sequencing [30]. They investigated the landmarks of disease progres-
sion, such as resistance to chemotherapy and the acquisition of invasive or metastatic
potential, through multiregion sequencing of breast cancer and connecting them to
histopathological information.
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11.2.2 Sampling Blood: CTC Enumeration to Single CTC
Characterization in Breast Cancer

Circulating tumor cells reflect the characteristics of the primary tumor from which
they originated. Accordingly, efforts to capture these rare cells have propagated the
development of various techniques. The most famous platform to enrich CTCs from
the peripheral blood is the CellSearch system, which utilizes magnetic beads coated
with anti-epithelial cell adhesion molecule (EpCAM) antibodies. For epithelial
cancers like breast cancer, it was thought that the CTCs, which are disseminated
from the primary tumor, will retain its epithelial-like characteristics. EpCAM is one
of the most common surface proteins that epithelial cells possess while blood cells
do not. CellSearch is currently the only platform that has been approved by the Food
and Drug Administration (FDA). An example of translational research in breast
cancer using the CellSearch system is a study by Baccelli et al. [33]. Using the
CellSearch system, they isolated EpCAM-positive CTCs and found that metastasis-
initiating cells containing CTC populations expressed EpCAM, CD44, CD47, and
MET. They show that the number of CTCs that express these four molecules were
highly correlated with lower survival rates in breast cancer patients. However, it is
reported that the false positive rates (i.e., capture rate of white blood cells, etc) are
too high, hindering the purity of CTC during enrichment [34]. Enumerating CTCs
was originally believed to be related to the patient survival of breast cancer.
However, the study by Cristofanilli et al. proved this theory to be wrong by
observing the relationship between the number of CTCs detected and the survival
rate of breast cancer patients [35]. Although this study has debunked the hype in
enumeration of CTCs, a new interest in CTC characterization in terms of their
genomic and transcriptomic landscape grew.

The CTC chip developed by Nagrath et al. was proposed to overcome the purity
issue of CellSearch by integrating microfluidics technology [36]. Nagrath et al.
designed and built a microfluidic device, namely CTC chip, comprised of hundreds
of micropillars (100 μm in diameter and height) that are coated with anti-EpCAM
antibodies. Taking advantages of fluid mechanics in microscale, they aimed to
increase the capture rate and the true positive rates of captured epithelial cells
from whole blood samples. This effort was further shown in a study by Stott et al.
from the same group, where they designed a herringbone structured micro biochip in
which the micro-grooves were coated with anti-EpCAM antibodies [37]. Similar to
the micropillars, the herringbone grooves generate microvortex, causing CTCs to
interact more with the antibodies. The chip showed better efficiency in capturing
epithelial CTCs than the CTC chip developed by Nagrath et al. One example of
translating this technology to medicine is a study by Aceto et al. [38]. Using the
herringbone CTC chip, they captured single and clustered CTCs, and observed
whether they have metastatic potential in mouse models. Also, they investigated
that the abundance of CTC clusters in patients denoted adverse outcome for the
patients.
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However, because these anti-EpCAM antibody-based CTC capturing methods
cannot capture non-epithelial CTCs, which seem to have higher potential in metas-
tasizing (especially when they go through EMT), researchers began to seek other
CTC capturing methods [18, 39]. Some researchers have isolated EpCAM-negative
CTCs using FACS technology by targeting CD45-negative cells (i.e., white blood
cells). One example is a study by Zhang et al. in which they identified and
characterized breast cancer CTCs that are competent for brain metastasis
[40]. They isolated and enriched EpCAM-negative CTCs overexpressing the
“brain metastasis selected markers (BMSMs),” cultured them in long-term, and
found the BMSM protein signature that is suggestive of CTC metastatic competency
to the brain. As mentioned earlier, FACS can be very useful in isolating single cells
from a large pool of cells and isolating the specific single cells of interest by
fluorescently labeling them. However, because CTCs are already rare and have
various surface markers, FACS is an inefficient and a non-universal way of isolating
CTCs. Accordingly, more efficient and universal methods for isolating CTCs were
designed and investigated.

One method uses the physical properties of CTCs to enrich them. Sollier et al.
developed a microfluidic device that utilizes inertial flow, taking advantage of the
meniscus in laminar flow [41]. Because CTCs are usually larger and heavier than any
other types of blood cells, they tend to slide to the sides of the channels and are
captured in the micro-chambers located in the perimeter. This technology was
commercialized by Vortex Biosciences and currently has specifications of 60–70%
recovery of CTCs that are unlabeled, intact, and viable [42–44]. This technology was
translated in a study by Ramani et al. [45], where they developed patient-derived
orthotopic xenograft models of TNBC that have potential to be used in drug
screening, etc.

Parsortix is another platform developed by ANGLE Inc. (Surrey, United King-
dom) that utilizes the physical properties of CTCs. The system is comprised of
micro-filters that can filter out larger cells (i.e., CTCs) while other smaller blood cells
pass through. A notable work from Gkountela et al. used the Parsortix system to
isolate CTCs and CTC clusters [46]. They showed that CTC clustering shapes DNA
methylation, which enables metastasis seeding in breast cancer. This
hypomethylation profile of the CTC clusters is a promising target and the study
also tested the potential of FDA-approved Na+/K+-ATPase inhibitors for their ability
to dissociate CTC clusters. Another work by Vetter et al. showed that denosumab
treatment is associated the absence of CTCs in breast cancer [47]. Through analyzing
the blood counts of single CTCs and CTC clusters that are enriched by the Parsortix
system, they found that patients treated with denosumab lacked CTCs, possibly
indicating that it may prevent CTC generation.

Although CTC enrichment methods that utilize physical properties of CTCs have
strength in capturing EpCAM-negative CTCs, it also has its own disadvantages of
low specificity and low capture rate for small CTCs. Consequently, various types of
CTC separation methods are being developed and translated to realize precision
medicine through CTC liquid biopsy. They could be categorized into (1) immune-
affinity selection, (2) size selection, (3) deformability selection, (4) dielectrophoresis
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selection, (5) hydrodynamics selection, and (6) selection through nanostructured
surface [36, 41, 48–51]. However, all CTC separation platforms categorized above
are usually suitable for separation or enumeration, not for extensive multi-omics
analysis after they are collected. Additionally, platforms to retrieve the CTCs and
also analyze their genomes have been developed, such as the reverse flow and the
stimulus responsive polymers [51–54]. However, using these technologies, the
captured CTCs must be pooled into a solution, hindering single-cell analysis in
multi-omics. In addition to the efforts to enrich CTCs and analyze them in single-cell
level, it is necessary to develop multi-omics approach in single CTC analysis.

11.2.3 Sampling Blood: ctDNA Fragment Enumeration
to Ultrarare Variant Detection in Breast Cancer

In addition to CTCs, ctDNAs also provide an important source for liquid biopsy,
especially when monitoring the status of a cancer patient in a less-invasive manner
[21, 55]. ctDNAs can constitute as low as 0.01% of cell-free DNAs (cfDNAs) in a
cancer patient [56]. In contrast to CTCs that have unique properties compared to
normal blood cells, ctDNAs are DNA fragments with clinically valuable sequences
that have properties very similar to other cfDNAs. Therefore, strategies to extract
ctDNAs usually are associated with molecular technologies such as PCR, digital
PCR, SNP array, and NGS, and technologies that can complement them
[20, 56]. One landmark study by Dawson et al. is a proof-of-concept analysis of
ctDNA in metastatic breast cancer, showing that the ctDNA levels were in greater
correlation with tumor burden than the CTCs in 30 patients [21]. They used tagged-
amplicon deep sequencing for PIK3CA and TP53 to quantify ctDNA fragments.
Deep sequencing generates more reads to the DNA clusters of cfDNA, providing
higher chances of generating reads for ctDNAs. However, to sequence with higher
depths, the number of samples or the sites of the genomes to be analyzed must be
traded-off. Droplet digital PCR (ddPCR) is another tool that can accurately quantify
ctDNA levels. ddPCR utilizes droplets, which is an individual picoliter chamber for
PCR reactions. Due to the ultra-low volume of each partition, the sensitivity in PCR
increases with less PCR bias. The ctDNA fragments can be quantified by assessing
the fluorescent signals in the droplets. After performing whole genome sequencing
of breast cancers to identify tumor-specific chromosomal rearrangements, or molec-
ular “fingerprints” of each tumor, Olsson et al. used ddPCR to identify ctDNA and
monitor breast cancer patients [23]. The study demonstrated the potential of ctDNA
identified by ddPCR for detecting asymptomatic metastasis in breast cancer patients.
In contrast to deep sequencing methods, ddPCR allows analysis of structural vari-
ation of the genome, but many of the clinically important genetic aberrations for
breast cancer have been reported to be single nucleotide variations [6].

Instead of simply identifying and enumerating the abundance of ctDNA frag-
ments, digging out rare mutations from the mixture of DNA fragments provides
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more insight into the status of cancer patients. Cohen et al. developed CancerSEEK,
a blood test comprised of multiplex PCR primers that were optimally designed to
detect rare mutations in the cfDNA, and therefore identify the presence of cancers
and localize them [22]. This is a very useful tool that can inform us on different types
of cancer present in a patient, whom may have asymptomatic early-stage tumor or
even metastasis. However, variants are often insufficient to be able to identify and
localize the cancer. Kinde et al. developed a technique using Safe-Sequencing
System (Safe-SeqS) to analyze rare variants using unique identifiers (UIDs) and
solid phase capture. After UIDs are assigned to the DNA fragments, adapters for
universal PCR are ligated to the fragments with UIDs. Then fragments of interests
are captured via a solid phase containing complementary DNA of interest. Using
NGS, these captured fragments are amplified to analyze variants of interest in the
fragments. Using Safe-SeqS, Bettegowda et al. showed the potential of ctDNA
liquid biopsy for early detection of localized cancers by sequencing clinically
important mutation in metastatic breast cancer [57]. They claimed that ctDNA is a
broadly applicable biomarker that has clinical potential in various types of cancers.
Similarly, McDonald et al. developed targeted digital sequencing (TARDIS) for
multiplexed analysis of ctDNA in breast cancer [58]. TARDIS uses barcoding
methods similar to Safe-SeqS, but instead uses hairpin adapters with UMIs and
target-specific primers to increase specificity in ctDNA analysis. The authors claim
that they have achieved 100-fold better sensitivity than the current limit of detection
of ctDNAs. They showed that TARDIS-detected rare variant burden was associated
with residual disease after neoadjuvant therapy in breast cancer. However, the DNA
barcode-based methods have limitations that when an NGS error occurs in approx-
imately 1%, additional methods for distinguishing the true variant from false ones
must be complemented.

11.2.4 Sampling Primary Cells: Drug Screening
Technologies in Breast Cancer

Advances in sequencing technology have contributed in detecting somatic mutations
in tumors for sophisticated target identification and discovering effective targeted
therapies. However, only a small percentage of cancer patients are treated according
to the identification of specific genetic mutations [59]. Furthermore, responses to
targeted therapies among genetically defined patients are inconsistent. Since the
causality and correlation between tumor genetics and drug responses is yet to be
understood in detail, there are limitations in matching appropriate treatment with
genetic mutations. Functional screening of primary cancer cells biopsied from the
tumor of patients may have the potential to overcome current limitation of predicting
drug response if it can be utilized together, not just depending on genetics-based
strategies [60]. In leukemia and other hematological malignancies, for example,
functional drug screening using primary cancer cells from patients offers a tractable
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clinical value for predicting response since it is relatively easy to obtain a large
number of viable cancer cells. Several groups have reported high-throughput screen-
ing using primary cancer cells from leukemia patients for translational approaches
and, in some cases, correlated them to patient responses [61].

In addition, combinatorial drug screening with patient-derived cells is considered
as one of only few solutions for patients with highly progressive disease with
acquired resistance [62]. Treating diseases with multiple drugs leads to more com-
plex and elaborate cellular pathway regulation. For patients who no longer show
therapeutic response to conventional single drug, it is important to find drug com-
binations showing therapeutic effect and it is mostly done by large-scale screening of
the candidate library of anticancer drugs with patient-derived cells. However, it is
currently not generally utilized in the clinic due to low accessibility and technical
limitations of current screening technologies. Although personalized drug screening
is considered as one of the primary objectives for next-generation cancer therapy,
following reasons are hindering its widespread use.

Patients presenting with metastatic disease mostly undergo a diagnostic needle
biopsy rather than surgical resection. However, the number of cells from biopsy
samples, typically 106 cells or less, is insufficient to obtain clinically meaningful
screening results, which would be a major hurdle to test drug response especially
when using the conventional 96-well plate based platform [63]. With such small
number of samples, the number of drug candidates that can be screened with 96-well
plate is normally under ten. Accordingly, it is hard to draw meaningful results
because there are numerous combinations to be tested. Furthermore, the 2–6 months’
time that is required for the procedure of expanding cell number with established cell
lines is not feasible, considering the disease condition of the patient and the
possibility of additionally acquired mutations. It is important to screen as many
drug candidates as possible using small amount of primary samples with low
passage.

Many lab-on-a-chip-based platforms have been developed to find technical
solution for the demands to screen with a small quantity of primary cancer cells. It
has enabled the screening of many drug candidates with a limited number of cells,
but the low accessibility of those platforms makes it difficult for them to be widely
used by clinicians or researchers in a clinical laboratory [64]. Lab-on-a-chip-based
screening platforms are mainly categorized into two types: microfluidic-based and
microarray-based platforms. Microfluidic-based platforms require complex tubing,
valves, and microfluidic controllers. These operating systems are usually unfamiliar
to clinicians, and the system becomes tremendously complicated as the scale of
screening becomes larger. Practically, this type of platform is rarely used for drug
screening. In the case of microarray-based platforms, most recently developed
technologies have employed a method combining a cell microarray and a drug
microarray chip. In most cases, preparing such a microarray demands a number of
liquid handling operation steps, and the tiny structures on the chip require highly
accurate liquid handling equipment. Therefore, conventional microarray-based
screening platforms all need elaborate, automated liquid handling machines, which
are difficult to operate and expensive. For these reasons, the majority of worldwide
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hospitals and small-scale laboratories with limited resources are unable to implement
large-scale screening, resulting in slow adoption of these miniaturized drug screen-
ing platform.

11.3 Current Evidence and Concepts

11.3.1 Science Behind Translational Research in Breast
Cancer, Enabled by Image-Linked Genomics

Understanding the sampled solid tumor is perhaps the most important hurdle to
overcome for full realization of translational research in breast cancer. NGS-based
single-cell sequencing methods allowed the generation of enormous amount of
molecular data in breast cancer, and the efforts to connect the molecular data to
the histopathological information have produced many scientific findings, as
discussed earlier in this chapter. Especially, because modern oncology lies its
basis in histopathological studies, it is important to develop spatially resolved
sequencing methodologies to connect the missing link between the histopathological
knowledge and the newly generated molecular data. Because histopathological
image is often an overview snapshot of a biological process, the molecular data
can provide information on what exactly is going on at the genetic level. To link
image information to the genomic information, Kim et al. developed a method that is
very similar to laser capture microdissection (LCM) technologies [15]. (Fig. 11.2).
Phenotype-based high-throughput laser-aided isolation and sequencing (PHLI-seq)
utilizes the pulsed laser device to isolate target cells directly from the stained tissue
for genomic analysis. The whole genomes within the isolated cells are amplified and
analyzed through NGS. Although LCM technologies serve as a powerful tool in
dissecting out cells and linking the genetic information to the histopathological
information, extensive image-linked genomics with LCM technologies was hindered
by two main technological issues. First, for LCM technologies that utilize lasers with
low wavelength (i.e., near ultraviolet to ultraviolet (UV)), artifacts are generated in
sequencing results. These LCM machines cut out the boundaries of the regions of
interest by burning them and the region within is catapulted with the UV beam. The
non-ionizing radiation with UV lasers has been reported to cause thymine dimers by
forming covalent bonds between the thymine bases [65]. The thymine dimers result
in “kinks” and fragmentations in the genome, by which the artifacts in sequencing
are generated. Second, for LCM technologies that utilize lasers with high wave-
length (i.e., near infrared to infrared (IR)), additional polymeric films are required to
melt out regions of interests. Then, the regions of interest are stamped and transferred
for analysis. This contact-based transferring method often causes cross-
contaminations, hindering precise analysis of single cells or small number of cells.
Overall, both types of LCMs require expertise in running the equipment and the
selecting process is low throughput. PHLI-seq overcomes the two issues in
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conventional LCM methodologies by introducing pulsed laser with near-IR wave-
length and indium tin oxide (ITO) sacrificial layer to robustly retrieve single cells in
high-throughput (single target isolated in 1 s). The ITO layer serves as a protection
layer against thermal damage and a vaporization source to generate light pressure
onto the target region of interest. The authors used conventional cell lines to isolate
single cells and performed low-depth whole genome sequencing (0.5x) to generate
CNAs to validate the sequencing quality. When they compared the CNAs of the
single cells isolated by PHLI-seq to those isolated by conventional LCM techniques,
PHLI-seq outperformed the conventional LCM techniques. To demonstrate further,
the authors applied PHLI-seq to a HR-positive/HER2-positive IDC. The tumor
section was fixed with ethanol and stained via hematoxylin and eosin (H&E).
With the help of pathologist and a trained pathology informatics algorithm, the
tissue section was analyzed and categorized. Then the genomes from the target cells

Fig. 11.2 Phenotype-based high-throughput laser-aided isolation and sequencing (PHLI-seq)
method by Kim et al. (a) Overall workflow for preparation of PHLI-seq. (b) Main principle of
PHLI-seq. (c) Post-processing workflow of PHLI-seq. (d) PHLI-seq applied to differently stained
tissues. Figure adopted from Kim et al. [15]
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were amplified. The amplified genome samples were divided for three different
sequencing purposes: low-depth whole genome sequencing, whole exome sequenc-
ing, and high-depth targeted sequencing. The low-depth whole genome sequencing
was used to analyze the CNA landscape of the tumor, and whole exome sequencing
and high-depth targeted sequencing were used to analyze the SNV landscape. Along
with several driver and passenger mutations found from the samples, CNAs were
used to discover three different subclones and their evolutionary relationships.
Finally, the authors demonstrated application of PHLI-seq in serial tumor sections
to display genetic hallmarks within histopathological images that were rendered in
3 dimensions. The H&E stained tissue sections showed evidences of mixed
populations of IDC, DCIS, and atypical ductal hyperplasia (ADH). This further
supported the theory that DCIS and IDC were developed in a separate divergent

Fig. 11.3 PHLI-seq applied to depict a 3D map of a tumor from a breast cancer patient. (a) Serial
sections from a tumor mass went through PHLI-seq. (b) Copy number alteration profiles of different
regions of the tumor. (c) Information from single nucleotide variants revealed three intra-tumoral
subclones. (d) Representative images of the three clones. Figure adopted from Kim et al. [15]
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manner from a common subclonal ancestor (Fig. 11.3). PHLI-seq therefore effec-
tively analyzes the genomes of small number of cells and links the genetic informa-
tion to the image information. Serving as the bridge between the molecular biology
to image analysis, PHLI-seq has potential to be developed in both ways, especially
because novel molecular biology and image analysis methodologies that serve
different purposes are explosively increasing.

Laser-induced isolation of micro-structure on optomechanically-transferrable-
chip and sequencing (LIMO-seq) developed by the same group that developed
PHLI-seq is a tool that analyzes single CTCs (Fig. 11.4) [16]. LIMO-seq also
links the image information to the genomic information of the CTCs. Kim et al.
fabricated microstructures on top of the ITO glass, building an array of thousands of
100 μm sized micropillars. Then, the micropillars are coated with anti-EpCAM
antibodies, on which the CTCs from whole blood sample of a breast cancer patient
were captured. The whole chip was imaged in three different fluorescence channels
to analyze protein expression levels of cytokeratin (CK) and cluster of differentiation
45 (CD45) and adenine level with 40,6-diamidino-2-phenylindole (DAPI). This
linkage has several advantages in sorting out false positives and connecting protein
expression levels to the genome of single CTCs. EpCAM-based enrichment of CTCs
is notorious for the high false positive rates. Therefore, if CK and CD45 levels are
analyzed, the captures can be distinguished between CTCs and leukocytes. CK
levels are highly expressed in cancerous cells while CD45 is a marker for leukocytes.
Kim et al. applied LIMO-seq to a whole blood sample from a treatment-naïve
53-year-old metastatic breast cancer patient who was diagnosed with invasive
lobular carcinoma with negative ER, PR, and HER2 (Fig. 11.5). The patient had
multiple bone metastases to the rib, scapulae, spine, and pelvic bones, as well as
intraabdominal lymph nodes that were suggested on positron emission tomography-
computed tomography (PET-CT) scan. 44 CTCs were enriched from 5 mL of whole
blood and each and every single cells went through LIMO-seq. It produced
low-depth whole genome sequencing results from which CNAs were inferred.
Also, some of the CTCs went through targeted sequencing to infer SNV data.
Although the authors demonstrated LIMO-seq with a simple micropillar array, the
strength in this platform lies in the flexibility of the chip design. When the chip
design is substituted with that of a different function, rare cells can be enriched via
strategies different from immunoaffinity-based capture. Also, the potential for
LIMO-seq when combined with different image analysis and molecular biology
techniques is even larger. PHLI-seq and LIMO-seq are two examples of other image-
linked genetic analyses technologies currently reported [66–68]. These are bimodal
analysis techniques (image analysis plus genomic analysis), and when combined
with other multi-omics strategy, the modality can be increased, providing larger
insights into discovering science of breast cancer.
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11.3.2 Precision Diagnostics Using Molecular Analysis
of CTCs

By sampling peripheral blood, or in other words, by performing liquid biopsy, a less-
invasive and therefore more frequent monitoring of cancer patients can be realized.
Various strategies that can enrich and analyze CTCs and ctDNAs floating around the
vasculature have been proposed by many research groups. One of them is a study by
Lee et al., where the authors used immunoaffinity-based CTC capturing strategy and
assessed clinically actionable genetic aberrations [69]. As we are beginning to
understand some of the relationships between genetic aberrations and clinical infor-
mation thanks to advances in sequencing technologies, some clinically actionable
genetic aberrations are being tested in treating primary and metastatic tumors, and
sometimes used in selecting drugs [6]. Therefore, Lee et al. adopted padlock probe-
based rolling circle amplification (RCA) strategy to assess DNAmutations and RNA
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Fig. 11.5 Copy number alteration profiles of CTCs analyzed through LIMO-seq. Figure adopted
from Kim et al. [16]
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expressions simultaneously in situ (Fig. 11.6). After the CTCs are captured on the
micropillars via immunoaffinity, the CTCs are fixed on chip for simultaneous in situ
analysis of DNA variant and RNA expressions. Padlock probes, which are single
stranded DNA fragments that can hybridize to a target of interest, are attached to
mRNAs or genomic DNAs and if the padlock probes are connected, the phi29
polymerase repeatedly amplifies the target region via RCA. If there is a variant at
a certain site and therefore bars the padlock probes to be linked, the RCA will not be
performed. Therefore, one can test whether there is a DNA variant. Counting the
rolling circle amplification product (RCP) will indicate RNA expression levels. To
demonstrate, Lee et al. tested for PIK3CA variant and HER2 expression level in
CTCs that were captured from whole blood from two breast cancer patients. They
first designed the clinically actionable padlock probes and tested tin various cell

Fig. 11.6 Scheme of on-chip post-processing enabling chip (OPENchip). (a) Overall workflow of
OPENchip. (b) Clinically actionable padlock probe set design for breast and pancreatic cancer
patients. (c) In situ molecular profiling. (d) Rolling circle products (RCP) generated can indicate
DNA mutation and RNA expression. (e) CTC capturing principle. Figure adopted from Lee et al.
[69]
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lines. The results indicated that the epithelial CTCs can represent the primary tumor,
from which the CTCs were disseminated. Using this monitoring system will provide
a useful tool for precision diagnostics, especially when frequent monitoring can be
important for patients with complicated metastasis status.

11.3.3 Precision Diagnostics Using Ultrarare Variant
Detection in ctDNAs

The strategy for analyzing ctDNA by NGS is to filter out sequencing error and
distinguish true variants (Fig. 11.7). Since NGS error rate is high (0.1–1%), rare
variants at a frequency below 1% can be buried by the miscalled bases from NGS
error. The source of the NGS is mostly from systematic errors such as de-phasing
signal detection, signal cross-talk among DNA clusters, and overlap of emission
frequency spectra [70]. It means that when the systematic error occurred during
signal detection, the original DNA clusters on the NGS substrate remain unchanged.
Therefore, one group approached to validate NGS error by isolating the DNA
clusters from NGS substrate and amplifying to perform re-sequencing [71]. They
used spike-in DNA libraries (variant frequency ranged from 0.002% to 90%) to
verify the erroneous NGS reads, which have unintended variation compared to a
reference sequence. Then they isolate the DNA clusters corresponding to the target
reads through the laser retrieval system, which separates microscale objects through
radiation pressure of a focused pulse laser. As a result, they verified that the true
variant of frequency was as low as 0.003% by removing the systematic NGS error.
Compared to conventional methods including molecular barcoding deep sequenc-
ing, this method could validate selectively only the reads of interest with low depth
and reduce sequencing cost by excluding redundant consumption of non-interest
NGS reads. In addition, conventional NGS error filtering methods depend on
bioinformatics algorithm with the quality score (Q-score) generated by the NGS
system itself. However, since the Q-score does not completely reflect NGS errors, a
few important reads including critical variants of ctDNA can be removed during data
quality control. In this manner, this method does not depend on Q-score because any
DNA clusters corresponding to the erroneous reads before data trimming can be
isolated and amplified before sequencing. Therefore, this method will be more
effective in cases where there are few variant sites with ultrarare frequency such as
in ctDNA analysis.
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11.3.4 Precision Therapeutics Using Sequential Treatment
Drug Screening

Great advancement on cancer therapy was achieved by genotype-based selection of
targeted drugs for precision medicine. For example, tyrosine kinase inhibitors (TKIs)
are now well-known and effective targeted drugs for cancers with mutations in
EGFR (epidermal growth factor receptor) or ALK (anaplastic lymphoma kinase)
translocations [72, 73]. Within few years, however, the tumor becomes
non-responsive to the targeted therapy due to acquired resistance resulting from a
variety of mechanisms [62]. For the patients with such a highly resistant cancer,
combinatorial drugs enabling more complex and elaborate cellular pathway regula-
tion can be one of the few solutions [74]. Therefore, screening drug combinations
with primary cells or patient-derived tumor models from the biopsy samples and
prescribing precision medicine based on the screening result has been of interest
lately [75–79]. The major challenge here is that such screening generally requires
unbiased large-scale screening, while the number of primary cells in the biopsy
samples, typically under 106 cells, is not enough to test sufficient number of
combinations [80]. Song et al. developed a lab-on-a-chip-based drug screening
platform which only requires less than a hundred cells and 0.1 microliter of reagents
per one reaction [81–83] (Fig. 11.8). They demonstrated a new method for drug
treatment by utilizing self-assembly of drug-laden microparticles on the large-scale
microarray, thereby removing thousands of pipetting steps and needs for the auto-
mated liquid handling machine [81, 84]. This can significantly lower the required
cost for installing the high-throughput screening (HTS) platform. The authors
demonstrated screening of sequential drug combinations against the highly resistant
TNBC cells. Sequential administration of multiple drugs has received much atten-
tion recently, because concurrent application of combinatorial drugs increases dose
exposure in patients and has potential for serious side effects [85]. Furthermore,
recent findings that sequential application of drugs can dynamically modulate the
intracellular pathways brighten the way for more powerful and elaborate treatment of
resistant cancer with smaller incidence of side effects [74, 86]. Based on the
knowledge that pre-treatment with EGFR inhibitors makes TNBC cells vulnerable
to DNA-damage, the authors investigated the effect of 45 different combinations of
DNA damaging drugs administered following EGFR inhibitor. From the screening
results, the combination of erlotinib (ERL) followed by mitoxantrone (MTX) was
revealed as the most synergistic sequential combination among the screened com-
binatorial library. With the technical advantages of the platform, 1600 independent
assays on a single chip were possible with only two pipetting steps of drug-laden
microparticles and a single step of the drug chip replacement, instead of numerous
repeats of pipetting operations. The development of such low-cost and miniaturized
HTS platform for primary cell drug screening will pave the way for the precision
medicine based on the “personalized-optimal drug screening [87, 88].”
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11.4 Future Research Direction

Development in various molecular analysis strategies in genomics, transcriptomics,
epigenomics, epitranscriptomics, proteomics, metabolomics, connectomics, and
phenomics has exponentially increased since the development of NGS. We are
beginning to understand breast cancer better as researchers are beginning to integrate
two or three of these techniques. In the future, more integrated techniques with smart
strategies should be developed in order to investigate and reveal the complexly
entangled secrets in breast cancer. scTrio-seq is one example of a futuristic method
for analyzing solid tumor in breast cancer [89]. Integrating single-cell whole genome
bisulfite sequencing to transcriptome sequencing, Bian et al. reported CNAs, DNA
methylation, and transcriptome information in multiregional sequencing of colorec-
tal cancer. Also, Reyes et al. reported simultaneous profiling in gene expression and
chromatin accessibility in single cells by integrating assay for transposase-accessible
chromatin using sequencing (ATAC-seq) to single-cell RNA sequencing [90]. Alike
these efforts, previous arts in integrating epigenomics to RNA expressions and
genomic information have revealed intra-tumoral heterogeneity [91, 92]. If these
efforts can further be integrated with spatially resolved technologies such as
sequencing-based [66, 93] or in situ-based [67, 94, 95] techniques, our understand-
ing in breast cancer in terms of its development, evolution, metastasis, diagnosis, and
therapeutics will be augmented. As a specific example, assessing function and
development of tumor-infiltrating lymphocytes [12, 96] that exist among different
subclones in breast cancer will not only lead to development of tumor-targeting
drugs (e.g., chimeric antigen receptor T cells), but also open up novel liquid biopsy
target for breast cancer patients.

Along with the development in molecular technologies, liquid biopsy is emerging
as a precise sampling method as an alternative to solid tumor biopsy. In the near
future, thorough investigation in relationship between CTCs and their metastatic
propensity will aid in targeting CTCs with metastatic potential. Few translational
researches have begun to touch on EMT, mesenchymal-to-epithelial transition
(MET), mechanical induction of stemness of CTCs, and CTC clustering [18, 19,
39, 97–99]. It seems that various cues work together to induce the metastatic
potential of the disseminated CTCs, and when integrated with the solid tumor
development studies, these investigations will provide powerful insights into how
we can prevent metastasis. Also, capturing CTCs in a non-specific way will have to
be developed [100]. A specific example of high potential is the use of VAR2CSA
protein, originally expressed on the surface of malaria-causing plasmodium. These
bacteria are known to have affinity against cancer cells, and few reports have
investigated the use of VAR2CSA protein in capturing CTCs [101, 102]. For
ctDNAs, more thorough clinical investigations must take place for interventional
clinical trials [103]. Araujo et al. describe few examples of clinical trials concerning
subjects without cancer but are at high risk, subjects with minimal residual disease
post curative treatment, and subjects with advanced cancer. Although we mainly
discussed CTC and ctDNA as possible candidates for translational medicine,
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miRNA, exosomes, tumor-educated platelets or immune cells also need to be
investigated further for possibly better sources for clinical use [20, 99, 104,
105]. Taken together, a simple draw of blood will produce maximal insights into
the subject status regarding breast cancer.

Making treatment decisions for cancer patients, or drug screening, by utilizing
patient primary cells will also need to be integrated with the cutting-edge molecular
analysis methods. As many strategies in combinatorial and sequential treatment on
breast cancer are being developed, finding effective drugs in vitro by simply
screening live or dead cells will be insufficient. Therefore, the next step toward
drug screening methods lies in monitoring the changes in functional level by
observing gene expression pattern changes. In situ sequencing methods enable
observing the genetic effect of the small molecule drugs and therefore will provide
insights into how the drugs work fundamentally, in terms of cellular mechanism. In
situ profiling methods enable the genetic analysis of small molecule drugs in parallel.
When combined with biochip, drug screening through high-throughput gene expres-
sion analysis on patient-derived cells would be possible and therefore provide
insights into how drugs work fundamentally (i.e., mechanism of action (MOA)) in
terms of cellular mechanism. This will guide better understanding of the biology of
breast cancer.

11.5 Conclusion

Breast cancer can be devastating and is one of the most important issues in women’s
health. However, breast cancer is a very complex disease with many secrets not yet
revealed. Advances in sequencing technologies and their strategic applications in
scientific investigations, diagnostic tools, and therapeutic decision are actively being
translated into the clinic and more are yet to come. In this chapter, we discussed
different strategies for the translational medicine in breast cancer in terms of solid
tumor, peripheral blood, and primary cell sampling methods. When these methods
meet cutting-edge molecular analysis methods, experimental findings that were not
discovered before the advancement of sequencing technologies can be realized on a
daily basis. As discussed in future directions section of this chapter, a great variety of
experimental methods and tools are available, enabling researchers to customize
their studies according to their interests. Through development and integration of
sequencing-based tools, we envision that the innovational translational researches in
breast cancer will significantly contribute in promoting women’s health and even-
tually human health.
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Chapter 12
Cancer Stem Cells in the Immune
Microenvironment

Dong-Sup Lee and Keunhee Oh

Abstract Cancer stem cells are a subpopulation of cancer cells responsible for the
most demanding and aggressive cancer cell phenotypes: therapy resistance, a self-
protective feature of stem cells; distant metastasis, requiring anchorage indepen-
dence for survival in the circulation; and recurrence, which is related to the dormant-
active cycling of stem cells. Normal tissues are composed of parenchymal cells,
supportive connective components, and cellular disposal systems for removing the
products of physiological wear and tear. Cancer stem cells develop from normal
counterparts and progressively interact with their microenvironments, modifying
and conditioning the cancer microenvironment. Cancer-associated myeloid cells
constitute a major element of the cancer microenvironment. During the process of
carcinogenesis, cancer stem cells and their intimately associated myeloid cells
mutually interact and evolve, such that the cancer cells potentiate the activity of
the myeloid cells and, in return, the myeloid cells increase cancer stem cell charac-
teristics. Normal myeloid cells function as key accessory cells to maintain homeo-
stasis in normal tissues and organs; in cancers, these cells co-evolve with the
malignant parenchymal cells and are involved in every aspect of cancer cell biology,
including proliferation, invasion, distant metastasis, and the development of resis-
tance to therapy. In this way, cancer-associated myeloid cells provide two of the key
hallmarks of cancer: evasion of immune destruction and cancer-promoting
inflammation.
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12.1 Introduction

Ever since the series of seminal papers by John Dick, which sequentially and
systematically evaluated and proved the existence of leukemic stem cells in human
acute myelogenous leukemia [1–3], the cancer stem cell hypothesis/theory has been
tested in every solid cancer [4]. The cancer stem cell theory originally sought to
explain cancer heterogeneity [5], and unlike the clonal evolution and stochastic
models, which postulated the progressive development and existence of parallel
heterogenic cancer cell subpopulations in cancers, the cancer stem cell theory stated
that cancers are composed of a hierarchy of cells differentiated from rare cancer stem
cells [6–8]. The two key features of stem cells are self-renewal, which maintains the
cell entity (permanently), and differentiation, which produces serially differentiated
progenitors and mature functioning cells. The criteria for proving the cancer stem
cell theory in human cancer involve validating these two key characteristics of stem
cells [9]. There are four essential criteria for cancer stem cells: (1) they involve a rare
subpopulation among heterogeneous cancer cells; (2) they possess the capacity of
in vivo tumorigenesis and correlated characteristics such as the capacity to form
tumor spheres, side populations, and drug- and radiation-resistant cells, (3) they
repopulate as original heterogeneous cancer cells when reconstituted in an in vivo
(model); and (4) they possess the ability to be serially transferred, with a long-lasting
(i.e., for generations) self-renewal capacity [9, 10]. Using these criteria, many groups
have explored the existence of cancer stem cells in various human cancers. Leuke-
mic stem cells, which completely reveal themselves, even have the long-term
repopulating stem cells and short-term repopulating stem cells, as their internal
hierarchy among leukemic stem cells [3]. Many studies have attempted to identity
the cancer stem cells of solid cancers lacking at least one of the key criteria of cancer
stem cells, typically the capacity for serial transfer, which could not be completely
reconstituted in an in vivo model system [11–13].

Nevertheless, the cancer stem cell hypothesis/theory is still valid and has pro-
vided insight into in vivo cancer biology and led to the development of novel
therapeutic interventions [14]. The characteristics of transformed cells, according
to the well-known textbook of Weinberg, include loss of contact inhibition (the
ability to grow over one another), the ability to grow without attachment to a solid
substrate (anchorage independence), the ability to proliferate indefinitely (immortal-
ization), a reduced requirement for mitogenic growth factors, a high saturation
density (the ability to accumulate large numbers of cells in a culture dish), the
inability to halt proliferation in response to the deprivation of growth factors, and
finally and most importantly, the ability to form in vivo tumors [15]. These essential
characteristics of cancer cells are reminiscent of the criteria for cancer stem cells, as
follows: the most demanding and aggressive cancer cell phenotypes, such as those
that are (1) therapy-resistant, which is the self-protective feature of stem cells,
(2) distant metastasis, which requires anchorage independence for survival in the
circulation, and (3) recurrence, which is related to the dormant-active cycling of stem
cells [16–18]. Thus, we herein will consider cancer stem cells as a subpopulation of
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cancer cells, which show demanding and aggressive phenotypes that need to be
treated using innovative interventions.

Because cancer is a malignant counterpart of an organ/tissue, it also consists of
key tissue components involving the parenchyma and the connective tissue (i.e., the
microenvironment) [19]. Among the essential components of the microenvironment
of normal organs/tissues, fibroblasts are prototype connective tissue cells, and
extensive interactions between parenchymal epithelial cells and fibroblasts are thus
important for tissue organization. The basement membrane, which separates the
epithelial and connective tissues and is an essential component of epithelial stem cell
niche, is comprised of both components [20]. Cancer stem cells develop from normal
counterparts that progressively interact with the microenvironment; this modifies
and conditions them, resulting in a cancer microenvironment [21]. Thus, cancer-
associated fibroblasts constitute the major element of the cancer microenvironment
and have, thus far, been studied most intensively [22, 23].

For organ/tissue homeostasis, proper disposal of wear and tear products of tissue
components is crucial [24]. Through the evolution of metazoan, progressive division
of labor leads to the emergence of multiple specialized cell types. Further
partitioning of primary and supportive functions of a given tissue leads to the
appearance of accessory cell types [25]. Sertoli cells in the testis, Schwann cells in
the peripheral nervous system, and tissue-resident macrophages, such as osteoclasts
in the skeletal system and macrophages in various tissues, are typical examples
[26]. Thus, like fibroblasts, tissue macrophages co-evolve with parenchymal epithe-
lial cells, and these intimate interrelationships continue during the process of cancer
formation. Thus, myeloid cells function as key accessory cells to maintain the
homeostasis of normal organs/tissues [24–26]. In cancer tissues, these cells
co-evolve with a malignant counterpart of parenchymal cells and intimately interact
with each other during every cancer cell biology process, such as proliferation,
invasion, distant metastasis, and the development of resistance to therapy
[27, 28]. Inflammatory/immune cancer microenvironments are therefore mainly
composed of myeloid cells and incoming adaptive components of the immune
system.

12.2 Epithelial Cancer Stem Cells Actively Modulate
Immune Microenvironments by Secreting Cytokines

12.2.1 Cytokine-Producing Parenchymal Epithelial Cells
Initiate and Control Tissue Inflammatory/Immune
Responses

Immune microenvironments are comprised of two key components involving solu-
ble mediators, such as cytokines and chemokines, and inflammatory/immune cells.
Interleukins (ILs), the prototypes of cytokines, were first shown to be expressed by
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white blood cells (leukocytes). Leukocytes were considered the main producers and
effectors of cytokine networks; however, this paradigm has changed [29, 30]. Fol-
lowing parenchymal tissue damage by bleomycin, pulmonary epithelial cells initiate
inflammatory responses by secreting the key inflammatory cytokine, IL-6, in a
transglutaminase 2 (TG2)-NF-κB-dependent manner (Fig. 12.1a) [31]. This
response represents a key step in the in situ differentiation of IL-17-producing T
cells in the lung, with subsequent inflammatory amplification achieved by recruiting
secondary neutrophilic infiltration into the lung, which leads to fibrosis (Fig. 12.1b).
The critical role of epithelial cells, but not inflammatory cells, in initiating the
inflammatory cascade through secreting cytokine IL-6 was confirmed in a bone
marrow chimera study. Chimeras made in TG2-deficient recipients, i.e., lacking the
TG2-NF-κB-IL-6 axis in epithelial components, showed reduced inflammation and
fibrosis compared with those in wild-type mice, regardless of the bone marrow cell
phenotype (Fig. 12.1c) [31].

12.2.2 Cytokine-Producing Malignant Epithelial Cells Show
Cancer Stem Cell Characteristics

The critical role of cytokine mediators produced by epithelial cells also applies to the
pathogenesis of malignant epithelial cells. Among the human breast cancer subtypes,
TG2 expression was confined to some basal A, and all basal B, breast cancer cells
tested. The most biologically aggressive types exhibited breast cancer stem cell
phenotypes (CD44+CD24�), which were not present in ER+ or ER+/�Her-2+ luminal
cell types or Her-2 overexpressing breast cancer cells (Fig. 12.2a) [32]. The
TG2-NF-κB-IL-6 axis was also found in breast cancer stem cells. Breast cancer
cells expressing a high level of TG2 secreted large amounts of IL-6 (Fig. 12.2a). IL-6
production was compared between control empty vector-transfected TG2 high-
expressing basal B MDA-MB-231 breast cancer cells (MB231_Cont) and their
TG2-knocked-down cells (MB231_shTG2); MB231_shTG2 cells showed reduced
IL-6 production compared with MB231_Cont cells (Fig. 12.2b). Inhibition of TG2
activity using cysteamine reduced IL-6 production from TG2 high-expressing cells.
IL-6 knockdown of basal B breast cancer cells (MB231_shIL-6) showed reduced
IL-6 secretion, but TG2 expression levels were comparable to those of control cells,
indicating TG2 activity was upstream of IL-6 production (Fig. 12.2c) [32]. These
findings indicated that TG2-NF-κB-IL-6 signaling pathways were also critical in
breast cancer stem cell cytokine production.

Cancer stem cell characteristics of TG2-IL-6 overexpressing breast cancer cells
were evaluated. Cancer sphere formation decreased markedly both in
TG2-knockdown and IL-6-knockdown breast cancer cells (MB231_shTG2 and
MB231_shIL-6 cells) when compared with empty vector-transfected control cells
(Fig. 12.3a) [32]. Both the numbers and sizes of spheres were reduced in
TG2-knockdown and IL-6-knockdown cells. Control cancer cells (MB231_Cont)
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Fig. 12.1 Bleomycin-mediated pulmonary injury triggers a Th17 response. (a) Immunofluores-
cence staining of IL-6 production (green) from pro-SP-C (red)-expressing type II epithelial cells in
the lungs of BLM-exposed wild-type B6 mice. Nuclei were counterstained with DAPI (blue) (left
panel). Lung epithelial cells expressing pro-SP-C were sort-purified (upper panel). IL-6 levels in
culture supernatants of sort-purified primary mouse lung epithelial cells (MLECs) and primary
mouse lung fibroblasts (MLFs) from wild-type B6 mice as determined by ELISA. Cells (2 � 104)
were treated with BLM (5 μg/mL) for the times indicated (right panel). (b) Neutrophils in BALF
from wild-type B6 and TG2�/� mice were analyzed by flowcytometer on the indicated days
following BLM treatment (upper panel). The percentages of CD4+ cells producing IL-17 or
IFN-γ in BALF and draining lymph nodes (DLN) of wild-type B6 and TG2�/� mice were
determined 10 days after BLM exposure. Dot plots are gated on CD4+ T cells (lower panel). (c)
Bone marrow chimeras were prepared by irradiation of wild-type B6 or TG2/ mice, followed by T
cell-depleted bone marrow cell reconstitution. Lung tissues were prepared 21 days after BLM
instillation and stained with Masson’s trichrome
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cultured in sphere medium expressed more anti-apoptotic molecules, such as cIAP2
and Bcl-2, when compared with TG2-knockdown cells (MB231_shTG2)
(Fig. 12.3b). Thus, TG2 supported cell survival via an anchorage-independent
condition. Moreover, control cancer cells expressed more epithelial-to-mesenchymal
transition (EMT)-related molecules such as N-cadherin and vimentin, compared
with either TG2-knockdown (MB231_shTG2) or IL-6-knockdown cells
(MB231_shIL-6) (Fig. 12.3c). When in vivo tumorigenic activity was measured
using xenogeneic orthotopic transplantation in NOD-scid-IL2Rγc�/� (NSG) mice,
breast cancer cells with high TG2 levels (MB231_Cont) showed rapid growth of
primary tumor masses in the mammary fat pads when compared with
TG2-knockdown cells (MB231_TG2) and IL-6-knockdown cells (MB231_shIL-6)
(Fig. 12.3d). Notably, NSG mice inoculated with TG2 high-expressing
MB231_Cont cells showed spontaneous distant hematogenous metastases, indicated
by multiple visible metastatic nodules in the lung (Fig. 12.3e). In contrast, mice
injected with TG2 knockdown cells (MB231_shTG2) showed reduced lung metas-
tases. There was no metastasis in mice injected with IL-6-knockdown cells
(MB231_shIL-6) (Fig. 12.3e) [32].

The clinical implications of the TG2-IL-6 axis in human breast cancer primary
tumor tissues were assessed with a tissue microarray in 412 patients with operable

A MB231_Cont
MB231_shTG2#1 
MB231_shTG2#2 

MB231
_Cont

MB231
_shIL-6

B

C

Fig. 12.2 TG2 expression levels in cancer cells correlated with IL-6 production. (a) TG2 expres-
sion in the 13 indicated human breast cancer cell lines was analyzed by Western blot (upper panel).
IL-6 levels in culture supernatants of breast cancer cells were determined by ELISA (lower panel).
Data represent mean� SD. (b) IL-6 levels in the culture supernatants of control and TG2-knocked-
down MDA-MB-231 cells were determined by ELISA. (c) IL-6 levels in the culture supernatants of
control and IL-6-knocked-down MDA-MB-231 cells were determined by ELISA. TG2 expression
was determined by RT-PCR analysis
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Fig. 12.3 TG2-mediated IL-6 allows anchorage-independent survival of cancer cells. (a) Control,
TG2-knocked-down, and IL-6-knocked-down MDA-MB-231 cells were cultured in serum-free
medium consisting of a 1:1 mixture of Ham’s F-12 and DMEM, supplemented with growth factors.
Visible spheres were counted under a microscope on day 8 post-plating. (b) cIAP2 and Bcl-2
expression was analyzed by Western blot after culture for indicated time in sphere medium. (c)
TG2, fibronectin (FN), N-cadherin (N-Cad), and vimentin expression of control, TG2-knocked-
down, and IL-6-knocked-down MDA-MB-231 cells analyzed by Western blot. (d) Control,
TG2-knocked-down, and IL-6-knocked-down MDA-MB-231 cells (2 � 105 cells/each mouse)
were injected in the fat pads of NSG mice. The growth of primary tumors was measured. Data are
given as mean � SD of 14 mice for each group. (e) Lung sections from mice xenografted with
MDA-MB-231 cells at 45 days after the inoculation of cancer cells were analyzed
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breast cancer treated at Seoul National University Hospital. The mean follow-up
duration of these patients was 83.6 � 29.8 months. Forty-two patients (10.2%)
showed strong TG2 expression (Fig. 12.4a). Patients with high TG2-expressing
tumors had significantly shorter recurrence-free survival and distant metastasis-free
survival (DMFS) ( p ¼ 0.019 and p ¼ 0.006, respectively; Fig. 12.4b). After
adjusting for known prognostic factors using a Cox proportional hazard model, the
expression level of TG2 remained an independent prognostic factor predicting
recurrence and distant metastasis. These findings suggested that TG2 in human
breast cancer primary tumors plays a critical role in metastasis and recurrence. To
further validate the TG2-IL-6 signaling pathways in breast cancer progression,
public datasets including a total of 684 breast cancer patients were collected, and

A B

C D E

Fig. 12.4 Expression of TG2 and IL-6 in patients with breast cancer, and their relationship to
distant metastasis-free survival. TG2 expression was analyzed by immunohistochemistry in a tissue
microarray of primary tumors from patients with advanced breast cancer. (a) Immunohistochemical
staining for TG2 in the primary tumors of patients with breast cancer showing negative (upper) and
strong expression (lower) (�200). (b) Recurrence-free survival (left panel) and distant metastasis-
free survival (right panel) according to TG2 expression adjusted for tumor size (�2 cm vs.>2 cm),
histological grade (1, 2 vs. 3), lymph node status (positive vs. negative), and hormone receptor
status (positive vs. negative). The mean follow-up duration for patients after surgery was
83.6� 29.8 months. (c–e) In total, 684 human breast cancer gene expression profiles were obtained
from three public datasets, and the association between the expression of TG2/IL-6 and distant
metastasis-free survival (DMFS) was analyzed. The distributions of the log2 expression levels of
IL-6 (C) and TG2 (d). (e) DMFS according to TG2 expression in the patients with high IL-6
expression
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the association between DMFS and TG2/IL-6 expression was investigated. The
patients were classified into three groups based on the levels of IL-6 expression:
high (patients with �67% IL-6 expression), medium (33~67%), and low IL-6
(�33%) (Fig. 12.4c). The patients in each group were further stratified into two
groups according to the expression level of TG2: the low TG2 group included
patients with a �33% expression level of TG2, and the high TG2 group included
all other patients (Fig. 12.4d). The results showed that among the high IL-6 group,
most patients expressed high levels of TG2 (n ¼ 181); only 20% of the patients
(n¼ 45) expressed low levels of TG2 (Fig. 12.4e), suggesting that the TG2-IL-6 axis
is also involved in human breast cancer primary tumors. In addition, high TG2
expression was associated with a significantly shorter DMFS compared with low
TG2 in this group. The percentage of patients with low TG2 expression increased as
the expression of IL-6 decreased (Fig. 12.4e), indicating that the expression levels of
TG2 and IL-6 were also correlated in human breast cancer patients [32]. In conclu-
sion, combined high expression of TG2 and IL-6, which conferred breast cancer
stem cell characteristics, was related to a poor DMFS outcome in human breast
cancer patients.

12.2.3 Microenvironmental Inflammatory Cytokines
Supplement Cancer Stem Cell Characteristics

The signaling pathways involved in TG2-dependent IL-6 expression, which con-
ferred breast cancer stem cell characteristics, were evaluated by overexpressing the
whole sequence of human TG2 in otherwise TG2- and IL-6-negative luminal-type
breast cancer cells (MCF7). The expression of E-cadherin was decreased and Snail2,
an EMT inducer, as well as tissue inhibitors of metalloproteinases (TIMPs) 1, 2, and
3, was increased in MCF7_TG2 cells compared with control cells (Fig. 12.5a)
[33]. MCF7_TG2 cells were CD44+CD24+, showing a partial gain of this breast
cancer stem cell marker (Fig. 12.5b). In contrast to basal B breast cancer stem cells,
which showed TG2-dependent IL-6 production, simple overexpression of TG2 in
otherwise TG2- and IL-6-negative luminal-type breast cancer MCF7 cells
(MCF7_TG2 cells) did not result in increased IL-6 expression (Fig. 12.5c). The
behavior and gene expression of cancer cells were affected by the microenvironment
surrounding the tumor, which included cytokines and growth factors released by
stromal cells such as leukocytes and fibroblasts. To evaluate the effect of paracrine
signals, MCF7 cells were treated with IL-1β, tumor necrosis factor (TNF)-α,
transforming growth factor (TGF)-β, and epidermal growth factor (EGF). IL-1β
treatment induced expression of IL-6 in breast cancer cells, and
TG2-overexpressing cells expressed over 20 times more IL-6 than control cells
after IL-1β treatment (Fig. 12.5c). Treating cells with TGF-β or EGF alone did not
increase IL-6 expression, but TNF-α slightly increased IL-6 expression (Fig. 12.5c).
Treatment with TGF-β, EGF, and TNF-α after IL-1β treatment further increased IL-6
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Fig. 12.5 IL-1β induced hormone-independent tumor growth of luminal-type breast cancer cells in
a TG2-dependent manner. (a, b) MCF7 luminal-type breast cancer cells were stably transfected
with TG2 (TG2) and control vector (Cont) and EMT and stem cell markers were compared using
RT-PCR (a) and flow cytometry (b). (c) TG2-overexpressing MCF7 cells (TG2) and control vector-
transfected MCF-7 cells (Cont) were treated with various cytokines (10 ng/mL) for 48 h, and IL-6
levels in culture supernatants were measured by ELISA. (d) MCF7_Cont and MCF7_TG2 cells
were allowed to invade through Matrigel for 48 h in the presence or absence of IL-1β (10 ng/mL)
(crystal violet). (e) MCF7_Cont and MCF7_TG2 cells were grown in 3D culture conditions in the
presence or absence of IL-1β (10 ng/mL). (f) MCF7_TG2 cells were grown in 3D culture conditions
in the presence or absence of IL-1β (10 ng/mL) and anti-IL-6 monoclonal antibody (10 μg/mL). (g)
MCF7_Cont and MCF7_TG2 cells (1 � 106 cells/each mouse) were injected into the fat pads of
NSG mice. Primary tumor growth was measured. Blocking anti-IL-6 antibody (100 μg/mouse) or
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expression in MCF7_TG2 breast cancer cells. Other proinflammatory reagents,
including lipopolysaccharide, Pam3Cys, peptidoglycan, CpG, and bleomycin, did
not induce IL-6 expression in either MCF7_Cont or MCF7_TG2 breast cancer
cells [33].

Breast cancer cell behavior following TG2 overexpression and IL-1β stimulation
was evaluated. MCF7_TG2 breast cancer cells showed increased invasiveness
compared with MCF7_Cont cells, and IL-1β treatment further increased the inva-
siveness of MCF7_TG2 cells in a two-dimensional Matrigel® invasion assay
(Fig. 12.5d) [33]. The synergistic effects of TG2 overexpression and IL-1β treatment
on the invasion of MCF7 breast cancer cells were also revealed using a three-
dimensional (3D) Matrigel® assay. MCF7_TG2 cells grew more rapidly and formed
a larger spheroid in the 3D Matrigel® assay compared with MCF7_Cont cells, and
IL-1β treatment further increased growth and conferred invasiveness in MCF7_TG2
cells (Fig. 12.5e). These cancer stem cell-like phenotypes were ameliorated by anti-
IL-6 antibody treatment (Fig. 12.5f). Moreover, an in vivo tumorigenesis assay in
NSG mice revealed that, unlike estrogen-dependent MCF7_Cont cells, MCF7_TG2
breast cancer cells obtained a tumorigenic capability in vivo without the addition of
exogenous estrogen (Fig. 12.5g). This estrogen-independent growth was reduced in
the presence of blocking anti-IL-6 or anti-IL-1β antibodies or the TG2 inhibitor,
cysteamine (Fig. 12.5g) [33]. Together, the results showed that a microenvironment
of IL-1β increased stem cell-like phenotypes, invasion, and estrogen-independent
tumor growth of luminal-type breast cancer cells, thus completing the TG2-IL-6-
STAT3 signaling axis of breast cancer stem cells.

12.3 Mutual Activation of Cancer Stem Cells
and Microenvironmental Myeloid Cells Increase
Cancer Stem Cell Characteristics and Distant
Metastasis

12.3.1 Cytokine-Producing Cancer Stem Cells Showed
Massive Myeloid-Derived Suppressor Cell (MDSC)
Recruitment that Led to Distant Metastasis
in Syngeneic Immunocompetent Hosts

High IL-6-secreting human breast cancer cells exhibit cancer stem cell phenotypes
with enhanced distant metastasis and recruitment of more inflammatory cells when

⁄�

Fig. 12.5 (continued) blocking anti-IL-1β antibody (100 μg/mouse) was injected intraperitoneally
every third day, starting 1 day after tumor inoculation. The TG2 inhibitor cysteamine (CyM, 40 mg/
kg/day) was injected intraperitoneally starting 1 day after tumor inoculation. Data are given as
mean � SEM of six mice for each group
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compared with low IL-6 expressing cells. Implementation and confirmation of these
relationships in normal immunocompetent hosts was obtained by creating in vivo
models using syngeneic murine breast cancer cells with differential IL-6 expression
levels. IL-6 high-expressing 4T1 and low-expressing EMT6 cells were
orthotopically grafted into the mammary fat pads of syngeneic BALB/c mice.
Primary tumor growth was slightly greater for EMT6 cells when compared with
4T1 cells (Fig. 12.6a) [34]. At 26 days of grafting, 4T1 cancer cells showed
extensive lung metastasis, while EMT6 cancer cells showed no distant metastasis
in the lung, liver, or brain (Fig. 12.6b). IL-6 expressing 4T1 cell-bearing mice
showed extensive recruitment of CD11b+Gr-1+ MDSCs in the lymphoid organ
(spleen), metastasizing organs (lung and liver), and primary tumor masses. The
number of MDSCs recruited was 2~8 times higher in 4T1 cell-bearing mice than
in EMT6 cell-bearing mice (Fig. 12.6c). The critical role of MDSCs in distant
metastasis was evaluated by depleting the MDSCs in 4T1 cell tumor-bearing mice,
which resulted in reduced lung metastasis compared with the non-depleted controls
(Fig. 12.6d) [34]. Together, these results showed that MDSCs expansion and
recruitment in tumor-bearing mice were critically associated with the distant metas-
tasis of IL-6-expressing breast cancer stem cells.

EMT6

4T1

A DB

C

Fig. 12.6 Metastatic cancer cells facilitate recruitment of MDSCs. (a, b) EMT6 and 4T1 cells were
injected into the mammary fat pads of BALB/c mice. (a) Primary tumor growth (n ¼ 8). (b)
Representative photographs of lungs 26 days after cell injection (H&E). (c) The absolute numbers
of MDSCs (CD11b+Gr-1+) at 19 days (n ¼ 4). (d) 4T1 cell-bearing mice were treated intraperito-
neally with anti-Gr-1 antibodies. Numbers of tumor nodules in the lungs from 4T1 cell-bearing
mice at 26 days (n ¼ 8)
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12.3.2 Metastasizing, But Not Non-metastasizing Breast
Cancer Cells, Activate MDSCs

Whether IL-6-mediated MDSC recruitment promoted the metastasis of EMT6
cancer cells was evaluated using stably transfected EMT6 cells (EMT6_IL-6).
EMT6_IL-6 cancer cell-bearing mice recruited more MDSCs to the spleen, lung,
liver, and primary tumor masses when compared with the control EMT6_Con cell-
bearing mice (Fig. 12.7a) [34]. The percentages and numbers of recruited MDSCs of
EMT6_IL-6-bearing mice were comparable to 4T1 cell-bearing mice. However,
distant lung metastasis was only slightly increased in EMT6_IL-6 cell-bearing
mice when compared with EMT6_Con cell-bearing mice and was less than that
seen in 4T1 cell-bearing mice (Fig. 12.7b). Thus, IL-6 secreted from breast cancer
cells was important and sufficient for MDSC recruitment, but additional factors were
required to fully induce the metastasis of cancer cells by recruited MDSCs. To
reconstitute a local microenvironment that more closely resembled that of 4T1
cell-bearing mice, splenic MDSCs from 4T1 cell-bearing mice were adoptively
transferred into EMT6 cell-bearing mice. The 4T1 splenic MDSC-transferred
EMT6 cell-bearing mice showed only slightly increased lung metastases, compared
with vehicle-treated control mice (Fig. 12.7c). Thus, neither repeated transfer of
splenic MDSCs from metastatic 4T1-bearing mice nor IL-6 overexpression was
sufficient to confer a metastasizing capacity on non-metastasizing EMT6 cancer
cells comparable to that of 4T1 breast cancer cells [34]. Metastasizing cancer cells
therefore produced additional components to potentiate the recruited MDSCs,
thereby leading to distant metastasis.

To evaluate whether metastasizing, but not non-metastasizing, cancer cells fur-
ther activated recruited MDSCs, splenic MDSCs from naïve and tumor-bearing mice
were collected and co-cultured with 4T1 and EMT6 cells. Splenic MDSCs from
naïve, EMT6 cell-bearing, or 4T1 cell-bearing mice co-cultured with 4T1 cells
showed increased production of IL-6, irrespective of their source, when compared
with those co-cultured with EMT6 cells (Fig. 12.7d) [34]. Splenic MDSCs became
activated in co-cultures with 4T1 cells, either in the same chamber (lower) or a
different chamber (upper) in a Transwell® culture assay (Fig. 12.7e), suggesting that
contact-independent mediators were important for activation of these cells. The
critical role of soluble factors was confirmed by incubating conditioned medium
(CM) from breast cancer cells (4T1-CM and EMT6-CM) with splenic MDSCs. The
4T1-CM, but not the EMT6-CM, enhanced IL-6 production by splenic MDSCs
(Fig. 12.7f). The 4T1-CM significantly increased IL-6 transcription in splenic
MDSCs from both 4T1 cell- and EMT6 cell-bearing mice, while EMT6-CM and
recombinant IL-6 only slightly induced IL-6 transcription. Splenic MDSCs treated
with 4T1-CM showed activation of Stat3, NF-κB, JNK, ERK, and p38 signaling
pathways. A signaling inhibitor study showed that the NF-κB, JNK, and p38
signaling pathways were important in IL-6 production by activated MDSCs
(Fig. 12.7g). Importantly, 4T1 cell-bearing mice showed that MDSCs inside the
primary tumor and lung strongly expressed IL-6, while those in the spleen from the
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Fig. 12.7 Induction of recruitment and reconstitution of MDSCs in non-metastasizing EMT6 cell-
bearing mice enhanced cancer cell metastasis. (a, b) EMT6_Con and EMT6_IL-6 cells were
injected into the mammary fat pads of BALB/c mice. MDSCs were analyzed at 21 days. (a)
Flowcytometric analysis of MDSCs at 21 days. (b) Numbers of metastatic nodules in the lungs at
26 days (n ¼ 7) and lung sections at 26 days (H&E). (c) EMT6 cells were injected into the
mammary fat pads. Three days later, mice were intravenously injected with splenic MDSCs
(5 � 106/mouse) from 4T1 cell-bearing mice, a total of nine times. Primary tumor growth
(n ¼ 5) and representative photographs of lungs at 26 days. (d) Splenic MDSCs (4 � 105) were
co-cultured with 4T1 cells (1 � 104) or EMT6 cells (1 � 104) for 48 h. IL-6 levels in the culture
supernatants were measured by ELISA. (e, f) Splenic MDSCs from 4T1 cell-bearing mice were
co-cultured with 4T1 cells in Transwell systems (e) or exposed to conditioned media (CM) for 24 h
(f). (g) Splenic MDSCs were cultured with 4T1-CM in the presence of signaling inhibitors for 24 h.
(h) Immunofluorescence staining of Gr-1 (red), IL-6 (green), and DAPI (blue) in the spleen, tumors,
and lungs of 4T1 cell-bearing mice. Scale bar ¼ 30 μm (original magnification, �1000)
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same mice expressed only small amounts of IL-6, and MDSCs in the primary tumor
site of EMT6-bearing mice did not show increased IL-6 expression (Fig. 12.7g)
[34]. Taken together, the results indicated that metastasizing, but not
non-metastasizing, tumor-derived factors induced MDSCs to produce more IL-6,
and full activation of recruited MDSCs occurred in the primary tumor site and
metastatic organs in the vicinity of metastasizing cancer cells.

12.3.3 Activated MDSCs Increase Breast Cancer Stem Cell
Characteristics and Stimulate Distant Metastasis
Through IL-6 Trans-Signaling

Whether activated MDSCs in the metastasizing tumor microenvironment affect
breast cancer cell behavior was evaluated by culturing 4T1 in CM from splenic
MDSCs cultivated in the presence of 4T1-CM or EMT6-CM (4T1/MDSC-CM and
EMT6/MDSC-CM, respectively) (Fig. 12.8a) [34]. The 4T1 cells cultured with
4T1/MDSC-CM, but not EMT6/MDSC-CM, showed significantly increased Stat3
phosphorylation within 10 min (Fig. 12.8b). Stat3 phosphorylation levels were
increased for 48 h in 4T1 cells cultured with 4T1/MDSC-CM (Fig. 12.8c). Unlike
4T1/MDSC-CM, neither 4T1-CM nor recombinant IL-6 induced persistent activa-
tion of STAT3 (Fig. 12.8d) [34]. These results suggested that IL-6 is important for
inducing Stat3 phosphorylation in 4T1 cells, but that soluble mediators other than
IL-6 from tumor-infiltrating MDSCs are needed for persistent Stat3 phosphorylation
of 4T1 cells.

Even though gp130, the common receptor chain for the IL-6 family of cytokines,
was expressed ubiquitously, IL-6Rα was mainly expressed on hematopoietic cells
[35]. To provide a strong signaling input leading to persistent STAT3 phosphoryla-
tion in 4T1 breast cancer cells, either IL-6Rα was expressed on these cells, which
was not the case, or soluble IL-6Rαwas provided in trans. To investigate which cells
in the tumor microenvironment provided soluble IL-6Rα, the levels of soluble
IL-6Rα secreted from ex vivo-cultured splenic MDSCs from naïve, EMT6 cell-
bearing, and 4T1 cell-bearing mice were measured [34]. Splenic MDSCs from 4T1
cell-bearing mice produced more soluble IL-6Rα in ex vivo cultures compared with
those from naïve and EMT6 cell-bearing mice (Fig. 12.8e). In contrast, the expres-
sion levels of the surface IL-6Rα chain on splenic MDSCs were similar between
naïve, EMT6 cell-bearing, and 4T1 cell-bearing mice (Fig. 12.8f) [34].

Production of soluble IL-6Rα involves cell surface-associated proteases, such as
the ADAM family proteases [36]. Among these proteases, Adam10 and Adam17
have been implicated in IL-6 trans-signaling [37, 38]. Non-stimulated splenic
MDSCs from 4T1 cell-bearing mice expressed increased levels of both ADAM10
and ADAM17 when compared with splenic MDSCs from naïve and EMT6 cell-
bearing mice (Fig. 12.8g) [34]. When splenic MDSCs from 4T1 cell-bearing mice
were treated with broad spectrum protease inhibitors, the levels of soluble IL-6Rα
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Fig. 12.8 Stimulation of MDSCs with metastasizing 4T1 cell-derived factors induced persistent
Stat3 phosphorylation in cancer cells. (a) Splenic MDSCs from 4T1 cell-bearing mice were
cultivated in the presence of 4T1-CM or EMT6-CM. The conditioned media (MDSC-CM,
4T1/MDSC-CM, EMT6/MDSC-CM) were harvested and applied to 4T1 and EMT6 cancer cells.
(b, c) Phospho-Stat3 and Stat3 levels in 4T1 cells exposed to each CM for 10 min (b) and for the
indicated periods of time (c). (d) 4T1 cells (1 � 104) were co-cultured with splenic MDSCs
(4 � 105) from 4T1 cell-bearing mice or recombinant mouse IL-6 (1 ng/mL). Phospho-Stat3 and
Stat3 levels in 4T1 cells were determined by Western blotting after the removal of MDSCs. (e)
Soluble IL-6Rα levels in culture supernatants of splenic MDSCs were measured by ELISA and (f)
surface IL-6Rα levels on splenic MDSCs were measured by FACS. (g) The mRNA expression of
Adam10 and Adam17 in splenic MDSCs of naïve and tumor-bearing mice were determined by
qRT-PCR. (h, i) Protease inhibitor cocktails were applied to cultures of splenic MDSCs from 4T1
cell-bearing mice for 6 or 24 h. (h) Membrane-bound IL-6Rα was detected by FACS and (i) soluble
IL-6Rα levels were measured by ELISA. (j) Tissue sections were stained for Adam17 (green), Gr-1
(red), and DAPI (blue) to compare their localizations. Scale bar ¼ 30 μm (original magnification,
�1000)
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decreased and those of the membrane-bound form of IL-6Rα increased (Fig. 12.8h,
i). To further evaluate the critical role of ADAM family proteases in IL-6Rα
shedding, TAPI-2, a specific inhibitor of ADAM family proteases, was used.
TAPI-2 treatment decreased shedding of surface IL-6Rα, as well as that of broad
spectrum protease inhibitors. Confocal microscopy showed that MDSCs in the
spleen, primary tumor mass, and lung metastatic lesions expressed increased levels
of ADAM17 and IL-6Rα on their surfaces in 4T1 cell-bearing mice when compared
with those in EMT6 cell-bearing mice (Fig. 12.8j) [34]. Thus, MDSCs that were
recruited in the metastasizing 4T1-bearing mice were already capable of soluble
IL-6Rα production, even in the spleen, a site remote from the metastasizing cancer
cells. Because IL-6 levels of MDSCs were significantly increased only in the vicinity
of metastasizing tumor cells, IL-6 trans-signaling occurred preferentially in primary
tumor sites and the metastatic lung, but not in the spleen.

To evaluate whether IL-6 trans-signaling is important for activation of 4T1 breast
cancer cells, 4T1 cells were cultivated in the presence of IL-6 and/or soluble IL-6Rα
and were treated with an anti-IL-6R antibody (which blocks both conventional IL-6
signaling and IL-6 trans-signaling) or a gp130-Fc fusion protein (which blocks only
IL-6 trans-signaling). IL-6, but not soluble IL-6Rα, increased Stat3 phosphorylation
in 4T1 cells, and treatment with both IL-6 and soluble IL-6Rα further increased the
phosphorylation of Stat3, suggesting that IL-6 trans-signaling functioned in 4T1 cell
activation (Fig. 12.9a) [34]. Inhibition of IL-6 trans-signaling with gp130-Fc ame-
liorated Stat3 phosphorylation as efficiently as IL-6R blocking antibody (Fig. 12.9a).
Treatment with gp130-Fc inhibited Stat3 phosphorylation in 4T1 cells cultured with
4T1/MDSC-CM, to an extent comparable to IL-6R antibody treatment (Fig. 12.9b).
The significantly enhanced IL-6 trans-signaling of 4T1 cells resulted in increased
invasiveness in a Matrigel® invasion assay, a response that was blocked by gp130-Fc
treatment (Fig. 12.9c). The critical role of IL-6 trans-signaling in in vivo metastasis
was confirmed by administration of gp130-Fc using osmotic pumps, which reduced
primary tumor growth (Fig. 12.9d) and lung metastasis in a dose-dependent manner
(Fig. 12.9e). Finally, whether the strong and persistent Stat3 phosphorylation in
MDSC-potentiated cancer cells was crucial to spontaneous tumor metastasis was
confirmed. Stat3 knockdown 4T1 (4T1_shStat3) cells showed similar levels of IL-6
production and MDSC recruitment, but markedly decreased invasiveness when
compared with 4T1_Con cells (Fig. 12.9f). Primary tumor growth in the mammary
fat pads was reduced in 4T1_shStat3 cell-bearing mice when compared with
4T1_Con cell-bearing mice (Fig. 12.7g), while the reduction in distant lung metas-
tasis was greater in 4T1_shStat3 cell-bearing mice (Fig. 12.7h) [34]. Together, the
results showed that cytokine-producing breast cancer stem cells and MDSCs formed
a synergistic mutual feedback loop, and that the potentiated MDSCs directly
increased cancer stem cell characteristics, leading to spontaneous metastasis.
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12.4 The Immunogenicity of Cancer Stem Cells

During the progress of carcinogenesis, cancer stem cells and their intimately related
myeloid cells mutually interact and evolve, so that cancer cells potentiate the
myeloid cells, and in return, the myeloid cells increase their cancer stem cell
characteristics [34, 39]. In addition to these direct contributions to cancer formation,
invasion, distant metastasis, and therapy resistance, cancer stem cells possess the
ability to manipulate host immunosurveillance [40]. For example, the
abovementioned cytokine-producing breast cancer stem cells recruit MDSCs, and
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Fig. 12.9 Activated MDSCs contributed to tumor invasiveness through IL-6 trans-signaling. (a, b)
4T1 cells were treated with recombinant IL-6 plus soluble IL-6Rα (a) or 4T1/MDSC-CM (b) for
30 min in the presence of anti-IL-6R blocking antibody or gp130-Fc. (c) 4T1 cells were allowed to
invade through Matrigel for 18 h in the presence or absence of 4T1/MDSC-CM and/or gp130-Fc
(crystal violet). (d, e) 4T1 cells were injected into the mammary fat pads. Some mice underwent
continuous administration using osmotic mini-pumps (5 or 10 μg for 14 days). (d) Primary tumor
growth and (e) numbers of metastatic masses in the lungs at 26 days. (f) 4T1_Con and 4T1_shStat3
cells were allowed to invade through Matrigel for 18 h in the presence or absence of 4T1/MDSC-
CM. (f) Invaded 4T1 cells (crystal violet) (left panel). Invaded cells were counted using ImageJ
software (right panel). (g, h) 4T1_Con and 4T1_shStat3 cells were injected into the mammary fat
pads. (g) Primary tumor growth. (h) Numbers of metastatic masses in the lungs at 26 days. Values
are the means � SEM of each group. *P < 0.05, **P < 0.01, ***P < 0.001
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these cells are well-characterized suppressor cells of the adaptive immune responses
involving several effector mechanisms, including induction of regulatory T (Treg)
cell development or expansion of existing Treg cell populations, deprivation of T
cells of amino acids that are essential for their growth and differentiation, and direct
nitration and nitrosylation of components of the T cell receptor signaling complex
and chemokines [27, 41, 42].

Recent advances in our knowledge of immunosuppressive cancer microenviron-
ments have resulted in the identification of responsible effector cells and mediators
[43]. Surrounded by the full repertoire of immunosuppressive mediators, cancer-
specific T cells managing to reach tumor sites have difficulty in completely activat-
ing and thus performing all their effector cytotoxic functions, resulting in subsequent
exhaustion [44, 45]. Negative immune regulators frequently expressed on exhausted
T cells are PD-1, Tim-3, LAG3, and TIGIT [46]. The revival of exhausted cancer-
specific T cells using specific blocking antibodies against these immune checkpoint
molecules has been intensely studied [46, 47]. The leading antibodies, anti-CTLA-4
and anti-PD-1, provide dramatic improvements in long-term patient survival for
several types of cancers, such as melanoma, non-small cell lung cancer, bladder
cancer, and renal cell carcinoma [46–49]. However, the overall response rate for
immune checkpoint blockade was rather low and varied by tumor type [50]. In terms
of the reactivity of cancer-specific T cells, further mention should be made of the
immunogenicity of cancer cells. The majority of cancer antigens are also expressed
on their normal counterparts, and high-affinity T cells against these antigens are
efficiently removed in the thymus through the mechanism of negative selection,
thereby avoiding harmful autoimmune diseases [51]. Thus, the remaining tumor-
specific T cells in the periphery are mostly of low-to-intermediate affinity and can
easily be tolerized or exhausted [52]. The response rate to immune checkpoint
inhibitors is higher in carcinogen-related tumors, such as sun exposure-associated
melanoma and smoking-related lung and bladder carcinomas. These tumors are
characterized by an increased burden of nonsynonymous DNA mutations, which
are associated with the major molecular basis of anti-cancer T cell reactivity [52–
54]. Somatic gene mutations resulting in single changes in amino acids can lead to
the expression of mutated peptides on the major histocompatibility complex mole-
cules, and these “neoepitopes” will attract high-affinity T cells that were never
checked in the thymus during their development. Such T cell reactivity specific for
either driver or passenger mutations can be characterized in cancer patients
[52, 55]. Importantly, the mechanism of action of both anti-CTLA-4 and anti-PD-
1 blocking antibodies has been linked to recurrence of neoepitope-specific high-
affinity T cells in melanoma and lung cancer [56–58]. In this respect, characteriza-
tion of the full antigenic repertoire of cancer stem cells is required, and novel
therapeutic interventions, such as actively inducing neoepitopes on the cancer
stem cells, are promising for successful and long-lasting precision cancer immuno-
therapy targeting cancer stem cells.
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12.5 Summary

1. The bench
Cytokine-producing breast cancer stem cells and their associated myeloid cells
mutually interact and synergize through TG2/NF-κB/IL-6/STAT3 signaling path-
ways, leading to therapy resistance and distant metastasis.

2. Translation
Combined high expression of TG2 and IL-6, which conferred stem cell

characteristics, was associated with a poor DMFS outcome in human breast
cancer patients.

3. The bedside
Intervention in key cytokine pathways of breast cancer stem cells, such as IL-6

and downstream STAT signaling, using recently developed therapeutics, together
with the depletion of tumor-promoting myeloid cells using novel therapeutics,
will be critical to regulating both cancer stem cells and their microenvironments
in patients with advanced, inoperable cancer.
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Chapter 13
Theranostics for Breast Cancer Stem Cells

Woo Kyung Moon and Hoe Suk Kim

Abstract Effectively targeting and treating breast cancer stem cells (BCSCs),
which have been linked to tumor development and metastasis, and recurrence still
remains a challenging issue in preclinic and clinic. Screening and identifying
characteristic BCSC biomarkers is important for distinguishing BCSCs from differ-
entiated tumor cells within the tumor mass. Molecular imaging and nanotechnology
are evolving as new fields that have a potentially high research and clinical impact.
Developing the biocompatible contrast agents conjugated with high-affinity bio-
marker to selectively target BCSCs and is one of the key prerequisites for image-
guided diagnosis and monitoring therapy of BCSCs. Very recently, we documented
the extra domain-B fibronectin (EDB-FN), which is considered as a new putative
biomarker for BCSCs (NDY-1 cell) derived from human breast carcinosarcoma. We
here review BCSC-targeted theranostics in vitro and in vivo by delivering siRNA or
drug using the nanoparticles conjugated with a small peptide specific to EDB-FN.

Keywords Breast cancer stem cell (BCSC) · Magnetic resonance imaging (MRI) ·
Thermally cross-linked superparamagnetic iron oxide nanoparticles (TCL-SPION) ·
extra domain-B fibronectin (EDB-FN) · Theranostics

13.1 Introduction

Advances in molecular imaging and nanotechnology allow us to explore the
non-invasive diagnosis and monitoring therapy of cancers in living systems. Mag-
netic resonance imaging (MRI), because of its extremely high sensitivity in detecting
cancer, can diagnose breast cancer without any radiation dose, and enhanced MRI
can make earlier and differential diagnosis to evaluate equivocal mammographic
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findings [1]. Nanotechnological platform including clinically approved iron oxide
nanoparticles has generated a great deal of attention for translational research, due to
emerging applications for non-invasive imaging and therapy. Magnetic iron oxide
nanoparticles, which are a well-known T2 contrast agents for MRI [2], can combine
active drug compounds with selective targeting moieties and offer biomedical
applications in clinic.

The science of cancer stem cells is still evolving and, despite the many unknowns,
holds significant promise for the next phase of oncology therapeutics. Since cancer
stem cells, a rare subpopulation of undifferentiated cells with embryonic stem cell
characteristics within the tumor were first documented in patient samples with
myeloid leukemia [3–5], such cells have been found in various types of human
solid tumors [6, 7]. The self-renewal properties of cancer stem cells underlie the
mechanisms of tumor initiation and recurrence and are implicated in the dissemina-
tion of the primary tumor to metastatic sites [6–8]. The cancer stem cell model
accounts for important forms of the phenotypic and functional heterogeneity in
cancer [9, 10]. Preclinical stem cell-based strategies show great promise for use in
targeted anticancer therapy applications [2, 11, 12]. Since breast cancer stem cells
(BCSCs), which displaying CD44+CD24� phenotype, were first documented by
Al-Hajj et al. [13]; several findings have reported that BCSCs exhibiting additional
biomarkers such as CD133+, integrins (CD29+, CD49+, and CD61+), and ALDH
activity are key contributors to the development and heterogeneity of the breast
cancer [14–19].

Very recently, Dr. Noh’s group reported the BCSC population (designated
NDY-1) exhibiting CD44+CD24�CD49+ALDH+ phenotype marker in self-
renewing sarcospheres derived from human breast carcinosarcoma [20]. More inter-
estingly, in NDY-1 cells highly express the extra domain-B fibronectin (EDB-FN).
We here review our recent studies regarding the extra domain-B fibronectin
(EDB-FN), which considered as a putative additional BCSC marker and EDB-FN-
targeted theranostics for BCSCs in cultured NDY-1 cells and xenograft tumor
model.

13.2 Review of Past Studies

13.2.1 Heterogeneous Phenotype Markers for Breast Cancer
Stem Cell (BCSC)

Like all stem cells, cancer stem cells, which are also called “tumor-initiating cells,”
represent a rare population of cells within a tumor and are defined by their ability for
self-renewal; they are considered to be responsible for cancer progression, recur-
rence, and therapeutic resistance [21]. Cancer stem cells have been identified in a
variety of human tumors, as assayed by their ability to initiate tumor growth in
immunocompromised mice [3–9]. The attempts to identify, isolate, and characterize
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cancer stem cell populations in diverse types of tumors are mostly dependent on cell
surface markers [7], sphere-forming abilities, aldehyde dehydrogenase (ALDH)
activities [14], and Hoechst 33342 side population [22].

Breast cancer is a complex heterogeneous disease, and its management is tailored
to the individual woman’s cancer. Breast cancer stem cells (BCSCs) with
CD44+CD24�/low phenotype identified from metastatic pleural effusions of breast
carcinoma patients are first reported by Al-Hajj et al. [13]. The combination of the
BCSC markers CD44 and CD24 is by far the most extensively studied and undeni-
ably the most contentious. However, different groups, together with the widespread
expression of CD44, strongly suggest that the CD44+CD24�/low phenotype maker is
not sufficient to characterize BCSC [16, 17]. Aldehyde dehydrogenase (ALDH)
which highly expressed in specific stem cells at several tissues is documented as
another candidate marker of BCSCs [14, 15]. In addition to CD44+CD24�/low and
ALDH+, CD133+ sorted cells harbor BCSC properties [18, 23, 24]. CD24+CD29+

cells in BRCA1 related mammary tumors retain their capacity for self-renewal and
tumor formation [25, 26]. In aforementioned evidences (Table 13.1), BCSCs are a
heterogeneous population similar to the heterogeneity seen in breast cancer; it is
comprised of various histological subtypes, with variable clinical presentations and
different underlying molecular signatures. Despite the many studies to demonstrate
the presence of BCSCs based on cell surface marker profiles, there still remains a
need for a universal marker or combination of markers able to identify and isolate
BCSC from all breast cancers.

13.2.2 Translational Research for BCSC-Targeted Imaging
and Therapy Using Magnetic
Nanoparticle-Based MRI

Molecular imaging provides a powerful tool for patient-tailored therapy planning,
therapy monitoring, and disease follow-up, as well as targeting non-invasive diag-
nostics and treatments, especially with the increasing use of theranostics in precision
medicine. Advances of nanotechnology have led to the development of
nanomaterials with both potential diagnostic and therapeutic applications. Commer-
cially available magnetic iron oxide nanoparticles are most commonly used for

Table 13.1 Aforementioned
heterogeneous BCSC markers

BCSC markers Reference

CD44+CD24�/low [3, 13, 19, 27]

Sphere-forming [17, 27, 28]

Hoechst 33342 Side population [22, 29]

Aldehyde dehydrogenase (ALDH) [14, 30]

CD133+ [18, 23, 24]

CD29+CD49f+CD61+ [25, 26]

PROCR+/ESA+ [31]
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biomedical application in clinic (Table 13.2) because of their excellent properties of
biocompatibility and biodegradability [32, 33]. Active targeting, as opposed to
passive targeting, should add value to selective and site-specific treatment. In
order to be able to actively and specifically target BCSCs to a solid tumor, a
pre-requisite is the presence of a target molecule, a tumor-specific epitope, expressed
at the membrane surface of the tumor cells [12]. In most cases, the
superparamagnetic iron oxide nanoparticles (SPIOs) are equipped with certain
agents that recognize various BCSC surface proteins have received particular atten-
tion as nanotechnological platform to identify and treat image-guided BCSC within
tumors.

13.3 Current Evidence and Concepts

13.3.1 A Novel Putative BSCS Marker, EDB-FN
and BCSC-Targeted Therapy by Liposomal Delivery
of EDB-FN siRNA

In breast cancer, several putative BCSC markers have already been reported, but the
agreement on their phenotypic characterization is still absent. Lee et al. [20] first
reported that CD49d+/high population (designated NDY-1 cells) derived from pri-
mary breast carcinosarcoma tissue of Korean patient displays long-term self-
renewing spheres, high tumor-initiating ability in limiting dilution transplantation
to NOD/SCID mice, low response rate to docetaxel treatment (Fig. 13.1). Sun Y
et al. [34] demonstrated that NDY-1 cells express BCSC-related genes such as
BCSC phenotype markers (CD44+/CD24�/ALDH+) and self-renewal (KLF-4,
c-Myc, Oct-4, and Nanog), and intriguingly, high level of EDB-FN (Fig. 13.2).
EDB-FN is not found in normal adult tissues, but it is highly expressed in the blood
vessels and extracellular matrices of aggressive solid tumors, which makes it a

Table 13.2 Magnetic iron oxide nanoparticles currently approved or in clinical trial

Preclinical
agent Commercial name MR target Status

AMI-25 Ferumoxide, Feridex,
Endoderm

Liver Approved

OMP Abdoscan Bowel Approved

AMI-121 Gastromark, Ferumoxsil,
Lumirem

Bowel Approved

SHU555A Resovist Liver Approved (EU, Japan,
Australia)

AMI-227 Combidex, Sinerem,
Ferumoxtran

Lymph node
metastases

Phase III

CODE 7228 Feraheme, Ferumoxytol Vasculature Phase II
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promising tumor-associated biomarker [35–38]. In very recent study [39], siRNA-
mediated EDB-FN knockdown NDY-1 cells display the significant reduction in the
gene expression levels related with BCSC phenotype markers (CD44+/CD24�/
ALDH+), the self-renewal genes (KLF-4, c-Myc, Oct-4, and Nanog), drug resistance
(ABCG-2), and mesenchymal marker (N-cadherin, Slug, Twist) and sphere-forming
ability (Fig. 13.3). EDB-FN-specific peptides (APTEDB) to preferentially target
EDB-FN-positive BCSCs and EDB-FN targeting liposomes (APTEDB-LS-
siRNAEDB) that encapsulate EDB-FN siRNA for the BCSC-targeted therapy were
produced (Fig. 13.4a–d). The tumor volumes in the siRNAEDB- and LS-siRNA-
treated groups were slightly lower than those of saline-treated mice whereas those of
the APTEDB-LS-siRNA

EDB-treated group were much lower (Fig. 13.4e, f). Histo-
logical analysis further showed that treatment with APTEDB-LS-siRNA

EDB mark-
edly reduced the expression of CD44 and KLF-4 and induced the translocation of
integrin-α5 into the nucleus of the tumor (Fig. 13.4g). Collectively, our findings
suggest that EDB-FN is an additional marker of BCSCs when combined with
CD44+/CD24�/ALDH+ for targeting and treating BCSCs, and a targeted delivery

Fig. 13.1 In vitro and in vivo characterization of NDY-1 cells (a) Sphere-forming ability of
NDY-1 cells in anchorage-independent conditions (b) Flow cytometric analysis for phenotypic
markers. NDY-1 cells exhibit CD44high, CD24�, CD49fhigh, CD90high, EpCAM�, and CD34�.
(c) Tumor formation in a non-obese diabetic-severe combined immunodeficiency (NOD/SCID)
injected with NDY-1 cells in the mammary fat pads. NDY-1 cells populations induced tumor
formation, even when as few as 200 cells were injected. (d) Comparative MRI and R2* value
distribution analysis for therapeutic response to docetaxel treatment on NDY-1 xenograft tumors.
NDY-1 xenograft tumors display low response rate to docetaxel treatment
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of EDB-FN siRNA to BCSCs may be a conceivable option for treatment of the
aggressive breast tumors.

13.3.2 MRI-Guided Diagnosis of BCSCs Using the EDB-FN
Targeting SPIOs

The non-invasive targeted imaging of BCSCs is important for the diagnosis and
therapy of breast cancers. Our collaborator developed the thermally cross-linked
superparamagnetic iron oxide nanoparticles (TCL-SPION) achieving lower cytotox-
icity and better tumor MR contrast than commercially available SPIONs, monocrys-
talline iron oxide nanoparticles (MION-47), and clinically approved SPIONs,
Feridex, and Resovist [40], suggesting that TCL-SPION may be used as a new
platform for tumor imaging and therapy monitoring. Recently, we prepared EDB-FN

Fig. 13.2 Analysis of heterogeneous phenotype markers expressed in NDY-1. (a) RT-PCR
analysis of the self-renewal- and phenotype marker-related genes in NDY-1 and MCF-7. Specific
phenotype markers of BCSCs and self-renewal genes were highly expressed in NDY-1 cells but not
in MCF-7 cells. (b) Flow cytometry analysis of the surface markers CD44 and CD24. NDY-1
exhibited a CD44+/CD24� BCSC phenotype. (c) ALDEFLUOR assay for ALDH1 activity and
immunostaining analysis for ALDH1 expression. NDY-1 cells exhibited ALDH1 activity and
NDY-1 spheroids strongly expressed the ALDH1 protein
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targeting TCL-SPION (APTEDB-TCL-SPIONs) conjugated with EDB-FN-specific
peptides to evaluate whether could be applied for BSCS imaging in vitro and in vivo
(Fig. 13.5a, b). In the in vitro MRI of cell phantoms, selective binding of APTEDB-
TCL-SPION to NDY-1 cells was evident (Fig. 13.5c). After the intravenous injec-
tion of APTEDB-TCL-SPION into the NDY-1 mouse tumor xenograft model, a
significant decrease in the signal within the tumor was observed in the T2*-weighted
images; however, there was only a marginal change in the signal of non-targeting
SPIONs such as APTscramble-TCL-SPION (Fig. 13.5d). EDB-FN proteins (dark
brown) were abundantly detected in the NDY-1 tumor cells as well as the tumor
vasculature and interstitium and prussian blue staining revealed that a large number

Fig. 13.3 Analysis of BCSC phenotype markers and sphere formation in EDB-FN knockdown
NDY-1 cells (a) RT-PCR analysis of genes related with BCSC phenotype markers (CD44, CD24,
and ALDH1A), self-renewal (KLF-4, c-Myc, Oct-4, and Nanog), mesenchymal marker
(N-cadherin, Slug, and Twist), and drug resistance (ABCG-2) in EDB-FN knockdown NDY-1
cells. EDB-FN siRNA strongly silenced EDB-FN expression, as well as suppressing the expression
of CD44, ALDH1A1-3, KLF-4, c-Myc, Oct-4, Nanog, N-cadherin, Slug, Twist, and ABCG-2
mRNAs. (b) Flow cytometry analysis of EDB-FN knockdown cells. EDB-FN knockdown resulted
in decreasing CD44+/CD24 population. (c) Immunofluorescence images of EDB-FN, CD44,
KLF-4, and integrin-α5 expression. EDB-FN knockdown downregulated expression of EDB-FN,
CD44, and KLF-4 and caused integrin-α5 to localize to the nucleus. (d) Sphere formation of
EDB-FN knockdown NDY-1 cells. The EDB-FN knockdown cells failed to form spheres efficiently
in anchorage-independent conditions
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of blue dots were observed in the tumors obtained from mice injected with APTEDB-
TCL-SPION relative to APTscramble-TCL-SPION (Fig. 13.5e). Taken together, we
report for the first time that APTEDB-TCL-SPION could be used as an MRI contrast
agent for non-invasive BSCS imaging.

Fig. 13.5 Preparation of APTEDB-TCL-SPION and in vitro and in vivo EDB-FN-targeted MRI (a)
Schematic illustration of APTEDB-TCL-SPIONs. (b) A TEM image of APTEDB-TCL-SPION. (c) In
vitro T2-weighted images of cell treated with APTEDB-TCL-SPION and APTscramble-TCL-SPION
(11.2 μg Fe/mL) for 12 h at 37 �C after blocking with EDB-FN aptides (APTEDB, 0.1 mg/mL) for
1 h. Hypointense signals were clearly detected in NDY-1 cells treated with APTEDB-TCL-SPIONs
but were reduced by pre-incubation with APTEDB. (d) In vivo T2*-weighted multi-slice images and
signal intensity of the NDY-1 tumor in the mouse obtained prior to injection and at 4 h and 24 h after
the injection of APTEDB-TCL-SPION or APTscramble-TCL-SPION (20 mg Fe/kg). Multifocal
hypointense spots and An apparent signal intensity decrease were observed in tumors obtained
from mice injected with APTEDB-TCL-SPION. (e) Hematoxylin and eosin (H&E) staining, Prus-
sian blue staining, and EDB-FN immunostaining in tumor sections. EDB-FN proteins (dark brown)
were abundantly detected in the NDY-1 tumors. Prussian blue staining showed that a larger number
of accumulated SPIONs were detected as blue dots in the tumors obtained from mice injected with
APTEDB-TCL-SPION compared with APTscramble-TCL-SPION
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13.3.3 Delivery of Doxorubicin-Loaded Theranostics
to BCSCs

Functionalized nanoparticles are ideal platform for successful BCSCs-specific ther-
apies because they possess the properties of high drug loading capacity solubility
enhancement effects, site-specific delivery mechanism that avoids drug deposition in
normal tissues, and provides effective drug doses to the target site. Finally, we
produced the doxorubicin (Dox)-loaded APTEDB-TCL-SPIONs (Dox@APTEDB-
TCL-SPIONs) [41] (Fig. 13.6a), which can be employed for MRI-guided simulta-
neous diagnosis and therapy. The Dox@APTEDB-TCL-SPIONs had a nine to ten
fold higher area under the curve (AUC) and a lower clearance rate (CL) compared to
free Dox (Fig. 13.6b). Dox@APTEDB-TCL-SPIONs enabled more efficient delivery
of Dox, thus exhibiting higher cytotoxic activity than non-targeted Dox@TCL-
SPIONs (Fig. 13.6c). The therapeutic responses of individual BCSC tumors to
doxorubicin (Dox) in 21 mice were evaluated by MRI finding and histological
features. Because the mean SI ratio of the post-contrast to pre-contrast MR images
of the tumor masses was 0.61 � 0.94 after three injections of the Dox@APTEDB-
TCL-SPIONs, a cutoff value of 0.6 for the signal intensity (SI) ratio based on the
predictive value for MRI-guided theranostic agents was selected. The decrease in
tumor volume after 14 days (calculated as a ratio of the post-treatment volume
compared to pre-treatment volume) was greater in the SI < 0.6 group compared to
the SI > 0.6 group (Fig. 13.6d). The relative SI enhanced by Dox@APTEDB-TCL-
SPIONs on T2*-weighted images of tumors was significantly correlated with the
scores of EDB-FN and TUNEL staining at histology, thus demonstrating the ability
of Dox@APTEDB-TCL-SPIONs to identify the presence of a BCSC population
within tumors and predict great therapeutic efficacy in tumors with high level of
EDB-FN expression (Fig. 13.6e). Our data indicate Dox@APTEDB-TCL-SPIONs
can detect and treat BCSCs within tumors by targeting EDB-FN-expressing cells.
These nanoparticles thus have MRI-guided theranostic potential in breast cancer.

13.4 Future Research Direction

Combination with molecular imaging and nanomedicines now represents an effec-
tive approach to accelerate the development of potential drugs against cancer.
BCSCs markers are instable and substantially heterogeneous between patients.
The recent advent of high-throughput sequencing platforms including single-cell
RNA-sequencing opened a new window in identifying additional BCSC markers,
understanding of BCSC heterogeneity, and the development of precision medicine
for individual cancer patient. Before designing novel anti-BCSC strategies, most of
all, available markers should be further tested in combination; additional markers, or
specific gene signatures, are definitely needed to define, and possibly target, BCSC
populations of the different breast cancer subtypes. Thus, taking a precision
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medicine approach to individual patients with different BCSCs markers, “personal-
ized” nanoparticles conjugated with BCSCs marker-specific ligands/antibodies
should be developed and approved in clinic. The distinct nano-scale material
formulations to enhance co-delivery of chemotherapy drugs against conventional

Fig. 13.6 Preparation of Dox@APTEDB-TCL-SPION loaded with doxorubicin (Dox) and evalu-
ation of the anti-tumor efficacy of the Dox@APTEDB-TCL-SPIONs in vivo (a) Schematic illustra-
tion of Dox@APTEDB-TCL-SPIONs. (b) In vivo pharmacokinetics of the Dox@APTEDB-TCL-
SPIONs. The total Dox concentration in blood samples of female BALB/c nude mice was quantified
following administration of free Dox (2 mg/kg DOX) or Dox@APTEDB-TCL-SPIONs (2 mg/kg
Dox; 20 mg Fe/kg APTEDB-TCL-SPIONs). The Dox@APTEDB-TCL-SPIONs had a nine to tenfold
higher area under the curve and a lower clearance rate compared to free Dox. (c) Evaluation of the
anti-tumor efficacy of the Dox@APTEDB-TCL-SPIONs in vivo. Dox@APTEDB-TCL-SPIONs or
Dox@TCL-SPIONs containing 2 mg Dox/kg and Dox were intravenously administered on days
0, 3, and 6. The greatest inhibition of tumor growth was observed after treatment with the
Dox@APTEDB-TCL-SPIONs. (d) Representative T2*-weighted MR images of tumors (red circle)
with the indicated signal intensity (SI) ratios 7 days after treatment with Dox@APTEDB-TCL-
SPIONs according to a cut-off value of 0.6 for the SI ratio based on the predictive value for
MRI-guided theranostic agents. The changes in tumor volume after 14 days (calculated as a ratio of
the post-treatment volume compared to pre-treatment volume) was greater in the SI < 0.6 group
compared to the SI > 0.6 group. (e) Correlation between the MRI SI ratio and the histological
characteristics (EDB-FN and TUNEL staining) of tumors in mice treated with Dox@APTEDB-TCL-
SPIONs. As the SI ratio decreased, an increase in EDB-FN and TUNEL staining was observed
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cancer cells and BCSC-targeting drugs and combine with thermal, radiation, and
immunotherapeutic strategy may have great potential in facilitating BCSC therapy.

13.5 Summary

1. The bench
NDY-1 cells derived from primary breast carcinosarcoma tissue exhibit BCSC
characteristics including CD44+CD24�ALDH+ markers, long-term self-
renewing spheres, and high tumor-initiating ability. Most importantly, EDB-FN
highly expressed in NDY-1 cells is considered as a putative additional marker for
BCSC derived from human breast carcinosarcoma.

2. Translation
A liposomal system (APTEDB-LS-siRNA

EDB) that enables simultaneous
targeting and knockdown of EDB-FN shows potent therapeutic efficacy in the
BCSC-derived tumors in vivo. The doxorubicin-loaded APTEDB-TCL-SPIONs
(Dox@APTEDB-TCL-SPIONs) can detect and treat BCSCs within tumors by
efficiently targeting EDB-FN and show MRI-guided theranostic potential to
predict individual treatment responses.

3. The bedside
Image-guided theranostics using these nanoparticles can offer clinicians a

novel way to non-invasively analyze intra- or inter-different features of tumors
and predict the therapeutic potency of anticancer medicines in a personalized
manner. The emerging field of theranostics can improve precision medicine.
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Chapter 14
Patient-Derived Xenograft Models in Breast
Cancer Research

Deukchae Na and Hyeong-Gon Moon

Abstract Patient-derived xenograft (PDX) model can be used as a platform to study
the individual patient’s sensitivity to targeted agents as well as its ability to guide our
understanding in various aspects of tumor biology including the tumor’s clonal
evolution and interaction with microenvironment. In this chapter, we review the
history of PDX models in various tumor types. Additionally, we highlight the key
studies that suggested potential value of PDX models in cancer treatment. Specifi-
cally, we will briefly introduce several studies on the issue of PDX models for
precision medicine. In latter part of this chapter, we focus on the studies that used
PDX models to investigate the molecular biology of breast cancer that underlies the
process of drug resistance and tumor metastasis. Also, we will address our own
experience in developing PDX models using breast cancer tissues from Korean
breast cancer patients.

Keywords Patient-derived xenograft model · Breast cancer · Genetics · Precision
medicine · Drug resistance · Microenvironment

14.1 History of Establishing PDX Models Using
Immunodeficient Mice

Patient-derived xenograft (PDX) models can be generated with the implantation of
fresh pieces of the tumor in immunodeficient mice, subcutaneously or in a place that
more closely resembles the original tumor location to expand and preserve individ-
ual tumors from cancer patients [1]. PDX models provide a powerful tool and have

D. Na
Institute of Convergence Medicine, Ewha Womans University Mokdong Hospital, Seoul, South
Korea

H.-G. Moon (*)
Department of Surgery, Seoul National University College of Medicine, Seoul, South Korea

© Springer Nature Singapore Pte Ltd. 2021
D.-Y. Noh et al. (eds.), Translational Research in Breast Cancer, Advances in
Experimental Medicine and Biology 1187,
https://doi.org/10.1007/978-981-32-9620-6_14

283

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9620-6_14&domain=pdf
https://doi.org/10.1007/978-981-32-9620-6_14#DOI


been widely used for studying cancer biology, assisting personalized cancer therapy
and drug screening in a preclinical setting. As human cancer models for anticancer
drug testing, PDX models receive attention compared with mouse tumors or human
cancer cell lines transplanted into mice. Previous anticancer drug screening methods
such as in vitro cell culture and organoid culture models are beneficial in genetic
modification and high-throughput screening. However, these methods have limita-
tions such as selective proliferation and adjustment to culture condition [2]. PDX
models can preserve key characteristics of patient’s tumors including histologic
features, genomic signatures, and the heterogeneity of cancer cells [3]. Therefore,
they highly recapitulate the original patient tumor and can serve as a predictive
platform for therapeutic outcomes [4].

PDX models can be generated using a variety of immunodeficient mice: severely
compromised immune deficient (SCID) mice, athymic nude mice, nonobese diabetic
(NOD)–SCID mice, and recombination-activating gene 2 (Rag2)-knockout mice
[5]. PDX models are generated by implantation of fresh human tumor tissues into
immunodeficient mice. Tumors are generally dissected into fragments no larger than
10 mm3 and are implanted 1–2 tumor tissues per mouse. For solid tumors the cells
are grown to approximately 1000 mm3 size and then can be cryopreserved or can be
dissected again and reimplanted into new mice for next passaging (Fig. 14.1). The
early success rate of PDX establishment is extremely low, which is largely due to the
rejection of grafts by the host immune system. In 1968, Pantelouris reported a mutant
mouse (BALB/c nu/nu) suitable for xenografting of human cancer tissue [6]. These
nude mice have the Foxn1mutation, are athymic, and therefore lack the functional T
cells. The take rate of immortalized cell lines in nude mice ranges from 50 to 100%,
the take rate of tumor tissue implants is generally low and varies largely among
tumors of different origins. Nude mice are still commonly used as hosts for xeno-
transplantation of human tumors. In 1983, Bosma et al. [7] reported the severe
combined immunodeficiency (scid) mutant CB17 mice. The mice that were homo-
zygous for the mutant Prkdcscid (protein kinase, DNA activated, catalytic polypep-
tide) were designated C.B-17 scid. Further crossing of SCID mice with the nonobese
diabetic (NOD) strain led to the development of NOD-SCID mice, which lack both
T- and B-lymphocytes [8]. Recently, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ(NSG) mice
have become the mouse strain of choice for such PDX studies because this mouse
has no IL2 receptor gamma, which is an important component of the surface receptor
of immune cells that transduce signals from six kinds of interleukins. Since the
signaling pathway of IL2 receptor gamma is needed for the differentiation and
function of many hematopoietic cells, absence of this receptor leads to dysfunction
of innate immunity including natural killer (NK) cells. Therefore, it is considered to
be a very effective model for the engraftment of primary tumor tissue or tumor cells
(Table 14.1) [9, 10].

284 D. Na and H.-G. Moon



14.2 Patient-Derived Xenografts as Cancer Models
for the Drug Efficacy and Mechanism of Resistance

PDX models in breast, lung, colorectal, and renal cancers have been already widely
used in diverse research projects and preclinical trials. Some studies have suggested
that drug efficacy data obtained with PDX models correlates well with clinical data
outcome [11]. For example, a study showed high correlation between PDX models
and clinical trials for over 3300 drug response datasets [12]. In other study, PDX
models of colorectal cancers treated with the epidermal growth factor receptor

Pa�ent 
tumor

PDX mice (P0)

PDX banking
(Cryopreserva�on)

Ex-vivo analysis
(H&E staining, 
WES, RNA-seq, 
CNA analysis, 
Proteomics)

PDX mice (P2)
expansion

Control Drug A Drug B Drug A+ B

PDX model establishment

An�-cancer drug efficacy test

PDX �ssue

PDX mice (P1)

In vivo studies
(Tumor growth assessment, 
Drug screening and efficacy 
test, Metastasis evalua�on)

Fig. 14.1 Generation of the PDX models and anticancer drug efficacy testing. Tumor tissues from
cancer patients are implanted into immunodeficient mice (P0) subcutaneously or orthotopically.
After growth of tumor tissues in P0 mice, these tissues are used for genomic analysis such as whole
exome sequencing (WES), RNA sequencing (RNA-seq) and copy number alteration analysis and
then can be preserved or reimplanted into new mice for next passage. After more expanding tumor
xenografts (P1 and more passages), diverse in vivo anticancer drug response will be tested in these
models
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inhibitor, cetuximab, showed similar responses to that of the patients where tumor
originated [13]. Similarly, responses to sirolimus and sunitinib and dovitinib, but not
to erlotinib, were largely correlated between PDXmodels and corresponding clinical
outcome results for renal cell cancer [14]. Moreover, rapamycin inhibitors showed a
poor response in the PDX models of RAS-mutant colorectal carcinomas, which was
identical to the results obtained in clinic [15].

Having good correlation between PDX models and clinical trials provides a
chance to find novel biomarkers for drug reactivity. For example, in a melanoma
PDX model introducing vemurafenib resistance, the resistant tumors showed depen-
dency on BRAF signaling due to the elevated BRAF(V600E) expression [16]. These
data suggest the possibility that elevated BRAF expression would be a biomarker for
vemurafenib resistance. Another study found a molecular mechanism of gemcitabine
resistance through the use of PDX models of pancreatic cancer [17]. Likewise, other
prognostic biomarkers of drug reactivity could be identified by diverse drug sensitive
and resistant PDX models. Systematic analysis of PDX models enables biobanking
of genomically well-defined tumors. These biobanks are valuable resources for
developing new predictive or prognostic biomarkers and individualized treatment
strategies, thereby potentially guiding personalized medicine (Table 14.2) [18].

Table 14.1 Comparison of immunodeficient mouse strains for PDX models

Mouse
strain

Immune system
deficiency Advantage Disadvantage

BALB/
c nude

No mature T cells Hairless phenotype Functional B and NK
cell

NOD/
SCID

No mature T, B cells Low leakiness with age
Engrafts hematopoietic cancer cell
lines

Relatively short life
span (~36 weeks)
Sensitive to irradiation
and genome toxic drugs

NSG,
NOG

No mature T, B cells,
functional NK cells

Support engraftment of malignant
hematopoietic cells, solid tumors

Sensitive to irradiation
and genome toxic drugs

NOD nonobese diabetic, SCID severely compromised immune deficient, NSG NOD-SCID mice
with Il2rgtm1Wjl, NOG NOD-SCID mice with Il2rgtm1Sug

Table 14.2 Representative commercial PDX models resources

Companies Country Homepage

Aveo Oncology USA http://www.aveooncology.com

Charles River Laboratories USA http://www.criver.com

The Jackson Laboratory USA https://www.jax.org

Champions Oncology USA https://championsoncology.com

Taconic USA http://www.taconic.com

Crownbio USA http://www.crownbio.com

WuXi AppTec China http://www.wuxiapptec.com

Oncodesign France http://www.oncodesign.com

Oncotest Germany http://www.oncotest.com
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Co-clinical trials are preclinical research studies that can be in parallel with
human patients in clinical trials. In this application, PDX models are generated
from cancer tissues of patients in clinical trials and the PDXs are treated with the
same and possibly additional therapies to follow clinical response [19]. Response to
new agents, mechanisms underlying responses to the treatment, and exploring
prognostic biomarkers can all be studied by using established PDXs from patients
in clinical trials. Co-clinical trials have been designed, in which PDX models are
treated with anticancer therapies in parallel with the same treatment of patients in
clinical trials [20, 21]. The co-clinical trial concept allows integration of preclinical
and clinical data, facilitating personalized treatment selection for patients, discovery
of predictive biomarkers, and identification of resistance mechanisms. Whether
responses to chemotherapy observed in PDX models resemble the response rates
of patients in clinical trials still remain to be elucidated [22, 23]. Based on this,
strategies for new combinations can also be suggested. For example, a phase II
co-clinical trial of arsenic trioxide in relapsed small cell lung cancer revealed that
PDX modeling reliably reproduced clinical outcome [24]. Another recent study
revealed that the response to dovitinib in lung squamous cell carcinomas could be
predicted by signatures of FGFR gene expression [25]. Such co-clinical trials give us
a chance to evaluate drug efficacy in a cost-effective and efficient manner.

Although PDX models are excellent in vivo platforms for precision oncology
medicine, there are several limitations that should be noted. The first disadvantage is
the variable success rate of tumor engraftment [26]. Therefore, the variation
observed in the cancer patient population may not be recapitulated faithfully in
PDX models due to this selective engraftment rate [19]. Clinically aggressive tumors
with many proliferative cancer cells have the highest engraftment rate [27, 28].

A second disadvantage is the long generation time of PDX models, which limits
their use in personalized medicine. The time between implantation and progressive
growth of the xenograft tumor can range from 2 to 9 months [29]. In general, those
tumors that are further advanced tend to grow faster and are easier to establish. In
addition, certain tumor types, such as prostate cancers, are difficult to establish as
PDX models. In the case of metastasized disease, patients may not even survive the
PDX generation time [30]. PDX models may have limited use in diagnostics due to
their low-throughput character and relatively high costs. In addition to these practical
problems for use of PDX models in personalized medicine, their use is also some-
what limited because of fundamental imperfections of the model. Although they
retain intratumor heterogeneity, they fail to maintain the heterogeneity in the human
tumor microenvironment, as the tumor stroma is slowly substituted by mouse stroma
upon passaging. Therefore, the contribution of tumor–stroma interaction cannot be
deduced faithfully from PDX models for drug screening.

Those tumors that have genetic heterogeneity cannot always be recapitulated in
serial passages if the genetic heterogeneity is not all represented in the dissected
tumor that is passaged. There is controversy in whether PDX mimics the clinical
outcome in patients. Todd Golub et al. [31] have tracked 1110 PDXmodels covering
24 types of cancers, transferring tumor tissue from one mouse to the next and
collecting the relevant genetic data. The results show that there is some variation
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in the data of mice compared to the genetic data of the tumor cells in the human body
as the tumor tissue is delivered in mice. The researchers suppose that this change
may be due to the different response of the PDX model to cancer drugs. On the
contrary to this, David Sidransky et al. [32] have established PDX models of
92 patients with various solid cancers and conducted a dosing study, the results
showed that the correlation is up to 87% between the response to drugs of patients
and the associated PDX models.

PDX formation requires tumor implantation in severely immunocompromised
host animals, complicating the evaluation of tumor immunology and drugs targeting
the immune system [33]. This problem could be circumvented by using mice
carrying a humanized immune system, although problems with graft-versus-host
disease limit this approach severely [34]. Therefore, when studying immunother-
apies or tumor–stromal interactions there is a need for alternative model systems that
allow exploration of the tumor microenvironment.

Overall, PDX models have been exploited for drug screening, biomarker discov-
ery, identification of resistance mechanisms, and preclinical evaluation of personal-
ized treatment strategies. PDX models maintain several characteristics of the in vivo
tumor, including histopathological features, gene expression profiles, copy number
variation, and metastatic behavior. PDX models harbor more intratumor complexity
because the tumor is not dissociated. Since the generation time of PDX models is
rather long, this model is less suitable for drug screening and personalized medicine
but is still important for drug validation, investigation of therapy resistance mech-
anisms and biomarker development.

14.3 Recent Development of PDX Models in Breast Cancer
Research

During the last decades, there has been a wide scientific interest in developing PDX
models from breast cancer tissues [1, 35–39]. Major studies reporting their experi-
ence of developing breast cancer PDX models are listed in the Table 14.1. Based on
the advances in developing immunodeficient mouse models that can increase the
engraftment rates of human cancer tissues, many studies have reported high numbers
of stably maintained breast cancer PDX models more than 30 cases (Table 14.3).

There has been a shift of trends among the past PDX studies that more researchers
now use highly immunodeficient mouse strains for developing PDX models, and
many researchers focus on developing PDX models from primary tumor rather than
metastatic tumors. Zhang et al. [40] have compared the effects of various transplant
conditions including the types of mouse strains, the use of supplementary estradiol,
and the use of co-injection of fibroblasts in developing successfully engrafted breast
cancer PDX models. Using SCID mice, they have observed that while the initial
engraftment rates do not vary (47.4% vs 40.0%), there was a significant increase in
stable PDX model rates when the estradiol supplementation was used (2.6% vs
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21.4%). Interestingly, the concomitant use of immortalized human fibroblasts
negated the pro-engraftment effect of estradiol suggesting potential tumor-
suppressor effect of human fibroblasts in immunodeficient mice. However, the
pro-engraftment effect of estradiol is still controversial since Zhang et al. used
different tumors for different transplant conditions rather than randomizing same
tumor tissues, and most of the successfully engrafted tumors were estrogen receptor
negative tumors. Furthermore, other research groups show comparable success rates
of PDX engraftment despite the use of concomitant use of the fibroblasts suggesting
that the role of fibroblast requires further clarifications [41, 42].

14.4 Prognostic Implication of PDX Models in Breast
Cancer

DeRose et al. [49] have reported the pivotal paper reporting their successful estab-
lishment of 12 breast cancer PDX models in 2013. Among the 24 patients with
newly diagnosed breast cancer, only four resulted in viable xenograft tumors in
NOD/SCID mouse. The patients whose tumors were successfully engrafted into
mammary fat pads showed significant worse clinical outcome suggesting that the
PDX engraftment can be used as a potential surrogate for tumor aggressiveness and
poor clinical outcomes. However, since the authors did not stratify the patients
according to the molecular subtypes, the poor clinical outcome in successful PDX
engraftment tumors might be confounded by other features of tumor biology such as
molecular subtypes. Du Manoir et al. [55] have reported their series of 20 breast
cancer PDX models derived from diverse molecular subtypes of breast cancer with
the engraftment rate of 15.4%. They have also observed that ER+ tumors showed
significantly slower growth rate and successful engraftment rate. In their survival
analysis, the PDX engraftment was significantly associated with the relapse-free
survival in the breast cancer patients and this association was also observed after
stratifying the patients according to the molecular subtypes.

Our initial experience with the PDX models of TNBC tumors included 84 breast
cancer patients with different clinical characteristics [28]. When the transplanted
cases were stratified according to the clinical and molecular parameters, we observed
that the known clinical and molecular parameters, such as clinical presentation or
molecular subtypes, which represent the biologic aggressiveness of breast cancer are
significantly associated with the successful engraftment rates (Fig. 14.2a, b). The
TNBC subtype, which is known to be the most aggressive breast cancer subtype
[58], showed not only increased rate of engraftment but also more rapid in vivo
tumor growth after transplantation (Fig. 14.2c).

After observing the association between the factors representing tumor aggres-
siveness and PDX engraftment rates, we sought to find a gene signature that is
associated with successful PDX engraftment within the TNBC cases (Fig. 14.2d).
Firstly, we observed that the PDX engraftment was associated with higher risk of

14 Patient-Derived Xenograft Models in Breast Cancer Research 291



F
ig
.1

4.
2

P
D
X
en
gr
af
tm

en
t
in

br
ea
st
ca
nc
er

292 D. Na and H.-G. Moon



tumor recurrence in TNBC patients (Fig. 14.2e). We were able to identify a gene
signature that represents the TNBC tumor’s likeliness to be successfully engrafted in
the PDX models. The gene signature of PDX engraftment was significantly associ-
ated with patients’ prognosis when it was examined in independent mRNA datasets
of TNBC patients (Fig. 14.2f). After our initial report on the breast cancer PDX
model [28], we have expanded our cases to more smaller and early-stage breast
cancer patients, and our experience shows continuous findings that the successful
PDX engraftment in TNBC tumors is significantly associated with worse clinical
outcomes (Fig. 14.2g).

We then performed an in vitro screening to examine the effect of the PDX
engraftment-related upregulated genes on the behaviors of the breast cancer cells.
PHLDA2, which showed significant upregulation in TNBC tumors with successful
engraftment (Fig. 14.3a), had significant impact on breast cancer cell’s proliferation
and invasion (Fig. 14.3b, c). Similar findings were shown for other PDX
engraftment-related upregulated genes suggesting that the phenomenon of PDX
engraftment can be used as an effective surrogate for tumor aggressiveness in
TNBC tumors. The association between the successful PDX engraftment and the
biologic aggressiveness of the primary tumor has also been reported in other tumor
types such as pancreatic cancer or brain tumors [59, 60]. These observations suggest
that the PDX engraftment process can be a useful translational platform for devel-
oping clinically relevant biomarkers and novel therapeutic targets.

14.5 Research on Breast Cancer Metastasis Using PDX
Models

Distant metastatic lesions are the major causes of deaths in breast cancer patients.
Although the survival of the stage IV breast cancer patients who carry distant
metastasis has been improved due to the recent development in systemic therapies

Fig. 14.3 Engraftment-related genes and breast cancer cell phenotype
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[61], the efforts to understand the biologic mechanisms of metastasis remain to be a
major research field in solid tumors [62]. Traditionally, researchers used archived
tissue samples that correspond to primary tumor and metastasis from same patients
to define the molecular changes occurring during the process of metastasis
[63, 64]. Researchers have also used animal models of distant metastasis using
established cancer cell lines. For example, Massagué and colleagues have shown a
set of gene expression signatures associated with the lung or bone metastasis by
enriching the cell population that drives the metastasis process [65]. In this approach,
researchers usually repeat the process of in vivo metastasis to specific organs to
detect the distinct molecular features of metastatic cells [66, 67]. While the above
approaches resulted in improved insights into the process of metastasis in solid
tumors, they also carried certain limitations such as the limited availability of
primary and metastatic tumor tissues obtained from patients and the fact that the
cell line models cannot fully represent the heterogeneity of human tumors.

PDX models can provide a unique opportunity to address the mechanisms of
breast cancer metastasis since some of the models successfully develop distant
metastasis in mouse. Sakakibara et al. [44] have shown that, among the twelve
rapidly growing breast cancer PDX models, eight showed visible metastasis in
distant organs. Marangoni et al. [46] have reported that six out of seventeen breast
cancer PDX models showed metastatic lesions in the lung and DeRose et al. [49]
have reported even higher rates of in vivo metastasis in their PDX models. Powell
et al. [68] have also shown that in their model of a HER2-enriched case, the
dissociated PDX tumor cells were able to develop metastasis to the lung, bone,
liver, and brain.

Our experience with breast cancer PDX models has also demonstrated that the
PDX models of triple negative breast cancers can successfully develop spontaneous
metastasis to distant organs [28]. Many of our models showed the presence of
metastatic lesions in distant organs such as the lung, liver, or lymph nodes
(Fig. 14.4a). The cancer cells in the metastatic lesions showed similar histologic
and cytologic features when compared to the cells in the primary transplanted
tumors. Furthermore, when the primary tumors and the metastatic sites were profiled
for their transcriptomic features, the lesions showed highly correlated profiles of
gene expression patterns (Fig. 14.4b). However, some of the genes showed differ-
ential expression levels between the primary tumor and metastatic tumors suggesting
these genes may play different roles according to the specific sites of tumor growth.
These findings suggest that PDX models may provide novel molecular findings that
can advance our insights on the process of metastasis.

Powell et al. [69] have used this approach to demonstrate the value of PDX model
in identifying a novel CEACAM5 in breast cancer cell’s metastasis to lungs. They
have obtained lung metastasis cells using orthotopic PDX models and enriched the
driver cells of lung metastasis by reimplanting the lung metastatic cells onto mam-
mary fat pads. Genomic profiling of the lung metastatic tumor cells has suggested
CEACAM5 as a potent regulator of breast cancer lung metastasis via mesenchymal–
epithelial transition mechanisms. It is expected that the PDX model will continue to
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serve as a valuable translational platform in exploring the underlying mechanism of
breast cancer metastasis.

14.6 Limitations of the Breast Cancer PDX Models

Despite the potential advantages of PDX models for preclinical cancer research, the
adoption of the PDX model is still limited. Obviously, the need for the fresh cancer
tissues, the higher cost of the model, and the longer time required for initial model
establishment are major factors behind the limited use of the PDXmodels [37]. Espe-
cially, in hormone receptor-positive breast cancers, the initial engraftment rate is
quite low and the initial engraftment period can be longer than 12 months in some
tumors [28]. Considering the high incidence of hormone receptor-positive breast
cancers [70], further technical advances that improve the engraftment rate and
growth rate are required.

Another important issue for PDX model is the possibility of ongoing genomic
evolution of PDX tumors that are not seen in the primary tumor of the originating
patients. Bergamaschi et al. [30] have reported the changes in the mutational profiles
of PDX tumors including various cancer-driver genes such as TP53. Furthermore,
the PDX tumors also showed higher prevalence of structural alterations and gene
expression profiles. Our experience with PDX models has also suggested that while
the gene expression profiles are generally maintained in PDX tumors, there are small
subsets of mutational profiles and structural alterations that are specific to the PDX
tumors (unpublished data).

Eirew et al. [71] have extensively analyzed the patterns of the genomic evolution
occurring during the PDX engraftment and serial passages. Their findings suggest
that breast cancer PDX models show either rapid clonal evolution during the early
passages stages or moderate but sustained gain of genomic variations during the
serial passages. Additionally, they suggest the possibility that these genomic alter-
ations in PDX models are not stochastic events but rather biologically meaningful
determinants of fitness since different PDX models originating from a same tumor
show reproducible patterns of genomic evolution.

While the above findings suggest the need for more sophisticated methods for
evaluating the authenticity of the PDX models as the PDX models may harbor
different genetic characteristics compared to the primary tumors, the findings may
also provide a unique window of opportunities to elucidate the process of tumor
progression and metastasis in a group of heterogeneous human tumor cells. Indeed,
Ding et al. [72] have shown that PDX tumors carry genomic alterations similar to
those of metastatic sites that are not detected in the primary tumor.

Finally, the tumor-host interactions that are critical during the development of
human solid tumors are not properly reproduced in PDX models due to the lack of
adequate tumor-immune responses [73, 74]. This lack of physiologic tumor-immune
interactions in the immunodeficient mice has become a more important challenge in
the current era of solid tumor immunotherapies [75]. One effort to overcome this
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limitation is to develop a humanized PDX model by transplanting human hemato-
poietic stem cells which results in active human immune systems in mice. Wang
et al. have showed that the humanized PDX models of triple negative breast cancer
patients can be a valuable tool to test the in vivo efficacy of pembrolizumab and to
understand the molecular mechanisms of resistance to the immunotherapy
[76]. However, the humanized mouse models carry certain limitations according to
the specific methods and cell types of transplantation [77]. Further research is needed
to determine the optimal methods of humanized PDXmodels for tumor immunology
studies.
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Biomarkers for Precision Medicine in

Breast Cancer Patients



Chapter 15
Proteomic Interrogation in Cancer
Biomarker

Un-Beom Kang

Abstract Biomarkers factor into the diagnosis and treatment of almost every patient
with cancer. The innovation in proteomics follows improvement of mass spectrom-
etry techniques and data processing strategy. Recently, proteomics and typical
biological studies have been the answer for clinical applications. The clinical
proteomics techniques are now actively adapted to protein identification in large
patient cohort, biomarker development for more sensitive and specific screening
based on quantitative data. And, it is important for clinical, translational researchers
to be acutely aware of the issues surrounding appropriate biomarker development, in
order to facilitate entry of clinically useful biomarkers into the clinic. Here, we
discuss in detail include the case research for clinical proteomics. Furthermore, we
give an overview on the current developments and novel findings in proteomics-
based cancer biomarker research.

Keywords Cancer · Biomarker · Proteomics · Proteogenomics · Clinical application

15.1 Introduction

A biomarker refers to a factor that can be measured objectively as a response to an
exposure or intervention in a pathology environment. It is recognized that discover
appropriate cancer biomarker is essential to classify cancers for therapy, predict
responses to treatments, and support treatment-related decision making [1]. The
biomarker encompasses from small molecule such as blood glucose to polymer
substance like proteins and nucleic acids. Blood glucose as a diagnosis method for
diabetes is the most typical biomarker, and blood cholesterol or prostate-specific
antigen is good example developed as biomarker. As the proteome is made through
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“central dogma” and functionally regulates cell behavior, proteomics is expected to
expand our knowledge of the biology and disease mechanisms underlying carcino-
genesis and cancer progression [2]. Moreover, the typical advantage of studying
proteome including alternative splicing, post-translational modification, and flexible
conversion through protein-protein interaction makes higher expectation for bio-
marker discovery.

Cancer biomarker, especially protein marker has become a vocation for the
application of proteomic technologies [3, 4]. Protein discovery that should be related
with canonical pathway for disease occurrence and progress, and adaptation as
biomarker to classify the response to treatment and identify potential targets for
development of drug and novel therapies has been actively thrusted in oncology by
proteomic approaches. Indeed, proteomics tools are continuously enhanced to meet
the needs for high-throughput and high sensitivity for convergence of a proteomics
to cancer research. These methodological innovations and great improvement in
mass spectrometry(MS) need particular attention to be paid to the study design and
the data analysis, in order to minimize the chance of identifying associations that are
subsequently determined to be false positives. Key aspects of biomarker develop-
ment include careful study design to avoid bias, comprehensive testing and valida-
tion, and accurate reporting of the results.

Proteomics approaches were largely consisted with three different steps. The first
step is the sample preparation represented as digestion and separation process using
2-dimensional electrophoresis gel or liquid chromatography. In the mass operation
step, prepared samples were analyzed by various type of mass spectrometry as the
purpose. Then, protein is identified through database searching with or without
modifications. In this review, we will rather concentrate on the sample preparation
step relevant to cancer biomarker which is the first and the most informants during
the entire courses to guarantee a promising result. As well, for the purposes of this
review, we would read future direction of proteomics in cancer biomarker by
thinking current evidence and concepts.

15.2 Translate Proteomic Research into Cancer Biomarker

Biomarker development is one of the most efficient and valuable objective of
proteomics studies. There was pioneer study of translational research in clinical
proteomics. N.L. Anderson and N.G. Anderson reported in 2002 about an alternative
and more comprehensive classification of the protein content in plasma [5]. They
applied several categories to classify plasma proteome; (1) Proteins secreted by solid
tissues that act in plasma, (2) Immunoglobulins, (3) “Long-distance” receptor
ligands, (4) “Local” receptor ligands, (5) Temporary passengers, (6) Tissue leakage
products, (7) Aberrant secretion, (8) Foreign proteins. Consequently, 289 plasma
proteins were listed from public source in which concentrations of 70 proteins were
estimated and plotted. The dynamic range across the high abundance end, serum
albumin (35–10 mg/ml) protein and the low abundance end, interleukin 6 (0–5 pg/
ml) protein covered a factor of 1010. They mentioned that detection of disease

306 U.-B. Kang



marker in plasma, using mass spectrometry is probably challenging because of
limitations associated with detection. The author suggested that further development
of rational approach coupled with significantly collected clinical samples for devel-
oping disease biomarkers.

15.2.1 Biomarker Discovery with Unbiased Proteomics

Typically, a biomarker pipeline takes mainly two distinct steps from laboratory
development to clinic: discovery as a first step and following confirmation step
including qualification, verification, and validation phases (Fig. 15.1) [1]. In prote-
omics, biomarker development starts with comparative proteome profiling with
small number of samples. As many different types of samples, such as tissue,
body fluids, or even model cell line, are necessary to subtract a weighted output.
On the contrary, hundreds to thousands of samples are evaluated for the clinical
assessment of the biomarker candidate in the latest clinical validation stage. Putative
biomarker candidates should be validated in specimens obtained by less invasive
techniques are more desirable [1, 6].

In general, proteomic approach in biomarker discovery step takes two main
tracks; unbiased low- throughput screening or high-throughput approach in the
targeted analysis. The latter strategy is now being promoted as the preferred
approach because of defining an intended use for the tumor marker at the early
stages of the discovery process allows better control of the variables that may
influence measured levels of the marker during the discovery process. However, it
has to keep in mind that the candidates for targeted analysis should be from unbiased
screening which is frequently used in proteomics.

15.2.1.1 Gel-Based Proteomics Approach

Different proteomics technologies have been developed to detect putative candidate
for cancer biomarker. In the early days of proteomics, proteome was separated and
identified in combination with two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) and MALDI-TOF/TOF MS [7]. The nature of technology, it has been
applied for direct compare of cancer cells proteins and is still preferred from many
laboratories [8–10]. An example of application of this basic proteomics technique
involving analysis on conditioned media of cultured breast cancer (BC) cell lines
was obtained and validated on plasma from cancer patients [8]. Independently
secreted proteins obtained from Hs578Bst (nontumor breast cell line) and Hs578T
(malignant breast cell line) were resolved by 2D-PAGE and visualized with silver
staining. A comparison of the 2D-PAGE images revealed that eight protein spots
were changed in their expression levels more than two-fold. The eight proteins were
identified by MALDI-TOF/TOF MS analysis and a database searching. One
decreased protein spot was identified from the database search as perlecan, a huge
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membrane protein of molecular weight 480 kDa. There was a gap between theoret-
ical and real protein size, since the protein migrated to around 25 kDa on 2D-PAGE.
The author made suspicion if the protein could be a specific proteolytic fragment or a
nonspecific degradation product of perlecan. Targeted mass analysis to the
n-terminus tryptic peptide of the 25 kDa protein revealed that it was the endorepellin
LG3 fragment from large protein perlecan liberated by the action of BMP-1. The
follow-up verification study based on western blot analysis demonstrated that
plasma level of the endorepellin LG3 fragment was significantly lower in BC
patients compared to healthy controls.

LC-MS/MS
semi-quantitative analysis

Discovery
candidate identification

Gel-based proteomics

Gel-free proteomics

2D-PAGE 2D-DIGE

Unbiased Survey

light heavy

label-free SILAC

ICAT
mTRAQ

iTRAQ TMT

MRM
absolute quantitative analysis

Confirmation
proof-of-concept

Targeted Screening

multiple reaction monitoring
(precursor ion / product ion pair)

Qualification
confirmation expression level

Verification
laboratory assessment

Validation
clinical assessment

Fig. 15.1 Proteomic pipeline of biomarker discovery. A biomarker pipeline takes mainly two
distinct steps which are discovery and confirmation. The first step takes unbiased survey scan based
on semiquantification to identify disease specific proteins (left panel). The latter step is performing
for proof of concept. In proteomics, MRM workflow is usually taken for selective and sensitive
quantification in absolute protein level. Generally, large sample set is necessary to provide clinical
assessment (right panel)
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2D-PAGE provides direct visual confirmation of changes in protein or post-
translational modifications (PTMs) abundance. These evidences make it easy to
decide follow-up experimental steps because genomic analysis could not provide
information about post or cotranslational modification. Despite this advantage there
is inherent limitation as follows poorly reproducible and insufficient protein detec-
tion sensitivity. With the development of image technology, differential imaging gel
electrophoresis (DIGE) technique has been introduced into proteomics. This method
was designed in an attempt to figure out the limitation of 2D-PAGE using
multiplexed fluorescent dyes. Proteins from different samples labeled with individ-
ual dye would be running on a single gel at once to address the issue of gel-to-gel
variability. Moreover, it adds a quantitative component to conventional 2D-PAGE
analyses [11]. Therefore, DIGE technology has been a good choice to biomarker
discovery. For example, five proteins, Fatty acid-binding protein 1, Intelectin-1,
Transitional endoplasmic reticulum ATPase, Transgelin, and Tropomyosin 2, were
demonstrated as the proteins associated with high-risk recurrence of colorectal
cancer (CRC) by using 2D-DIGE approach [12]. To investigate cancer prognostic
marker, protein samples obtained from two different groups of stage IV CRC
patients were separately labeled with cyanine fluorescent dyes. Good prognostic
group (GPG) who had survived more than 5 years after palliative surgery and
subsequent chemotherapy treatment was labeled with Cy3 fluorescent dye. The
other poor prognostic group (PPG) who had died within 25 months was applied to
Cy5 fluorescent dye. Each labeled protein samples were mixed together for running
on a single gel. Around 1500 protein spots were detected in which differentially
expressed 40 protein spots were picked for identification with mass analysis. Several
proteins such as Actin, Desmin, and Transgelin were identified at multiple spots. The
spots identified as same protein were migrated to similar molecular size but different
isoelectric point. This pattern is usually shown when a protein has PTM. Take all
together, the author emphasized that gel-based approach can be used to readily
extract information on PTMs.

15.2.1.2 Gel-Free Comparative Proteome Profiling

Advancement in MS facilitated not only deep digging for plasma and other biofluids
proteins that span more than six logs of protein abundance, but also systematically
characterization of the proteome dynamics under quantity changing conditions.
Quantitative proteome analysis accompanies the comparison of same sequences
peptide across different samples. One can compare the intensities of respective
peptide chromatographic peaks from one chromatogram to another, so-called
label-free quantification. The others, peptides/proteins can be metabolically or
chemically labeled prior to MS analysis then compare the intensities of each peptide
against labeling moiety.

Shotgun proteomics and direct peak intensity comparison is a convenient
approach for relative-quantitative profiling across large sample sets. The approach
named as label-free is one of the widely applied for cancer biomarker research.
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Accumulated experience of MS analysis demonstrated that protein abundancy is
correlated with a larger number of MS2 spectra for peptides, thus relative quantita-
tion of the identified proteins can be achieved. Untreated peptides are analyzed
separately, and peak areas directly compared between runs for relative quantifica-
tion. In order to quantify the proteins from complex biological mixture, sophisticated
normalization methods are used to remove systematic artefacts in the peptide
intensity values between MS measurements [13, 14]. By applying a label-free
LC-MS/MS technique based on spectral counting to use urine as a source and
identify the proteins for diagnosis and monitoring progression, Beretov et al.
found altered expression of 59 urinary proteins in BC patients, in which significantly
elevated expression of three proteins-Extracellular matrix protein 1 (ECM1),
Microtubule-associated serine/threonine-protein kinase 4, and Filaggrin in a panel
of human BC were subsequently validated in cell lines by western blotting
[15]. Chen and coworkers implemented a label-free quantitative study to develop
plasma protein biomarkers for distinguishing lymph node metastasis in breast
cancer. They selected two representative proteins (RARB and FBLN5) out of
33 differentially expressed proteins and indicated that protein expression level
resulting from label-free quantification is highly consistent with immunoblotting
assay [16].

It is needless to say that the label-free is affordable proteomic technique for
comparative profiling of clinical samples. However, MS has common problems
something like the difficulty in predicting ionization efficiencies of peptides during
electrospray makes reproducibility issues. Of course the reproducibility is a main
caveat of label-free quantitative proteomic [17]. The pioneer researcher introduced
stable isotope to a protein and compared two or more samples by MS. Because of the
stable isotope-labeled peptides possess similar physical and chemical properties as
their unlabeled counterparts that make equivalent movement during chromato-
graphic separation. But the isotope introduced samples are recognized by mass
spectrometry with a mass difference. Quantification is achieved by comparing
their respective signal intensities [18, 19]. Labeling strategies can be subdivided
into metabolic (stable isotope labeling in cell culture/SILAC) and chemical
(isotope-coded affinity tag/ICAT, mass differential tags for relative and absolute
quantification/mTRAQ, isobaric tags for relative and absolute quantitation/iTRAQ,
and tandem mass tag/TMT) reactions.

The SILAC involves incorporation of isotopically stable amino acids into pro-
teins during active cell proliferation. For the SILAC experiment, usually, two
different culture conditions were taken with the medium containing light or heavy
arginine/lysine. The latter is labeled with carbon-13 atoms (13C) instead of the
normal carbon-12 (12C). When the cells are growing in this conditioned medium,
they incorporate the heavy arginine/lysine into all of their proteins [20, 21]. SILAC
has become an important method in secreted protein analysis especially for quanti-
tative proteomics. It can be used to discriminate proteins secreted by cells from
serum contaminants [22]. Originally, clinical samples and most animal-based sam-
ples would not be applicable for labeling based on metabolic reaction. Alternative
SILAC technique, super-SILAC, was demonstrated to un-culturable sample.
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Super-SILAC is a kind of internal standard which is a mixture of several cell lines
cultured in heavy-SILAC condition and serves for normalization across different
samples [23]. By performing quantitative profiling using the super-SILAC tech-
nique, Boersema et al. compared the N-glycosylated secretome of BC cell lines. To
make super-SILAC mixture, BC cell lines-HCC1143, HCC1937, and HCC2218,
were metabolic labeled by culturing in heavy isotope containing amino acid and
culture media were collected together. Primary human mammary epithelial cells
from two different sources were selected as control cell lines. MCF-10a and
HMT-3522-S1 cells represent premalignant cells, HCC1143 and HCC1937 cells
stage II tumors, HCC202, HCC2218, and HCC1599 cells stage III tumors, and
finally, MFM223 and MDA-MB-453 are metastatic cells from pleural effusions. The
secretome of these different cell lines was collected as conditioned medium. These
conditioned medium of the control cell lines and the super-SILAC were then mixed.
Proteins were digested with trypsin and N-glycosylated peptides were captured by
two broad spectrum lectins—concanavalin A and wheat germ agglutinin on a
30 kDa filter. The N-glycosylated peptides were thereby separated from
nonglycosylated peptides that were analyzed by highly sensitive LC-MS. In total,
1398 unique N-glycosylation sites were identified and quantified. They also applied
this N-glyco secretome analysis strategy by super-SILAC to human plasma from
female donor and demonstrated that the super-SILAC approach can distinguish
classical plasma proteins from tissue leakage proteins by their SILAC ratios [24].

The stable isotope can be simply introduced by chemical reaction which would be
affordable with mammalian samples in particular clinical purpose. Isotope-coded
affinity tagging (ICAT) technique is the first commercial approach for engaging
isotope containing label tag to quantitative analysis. The ICAT reagent consists of
three elements: biotin affinity tag used to isolate ICAT-labeled peptides; a linker
containing stable isotope signatures which can be differentiated by mass spectrom-
etry; and a reactive group with specificity toward thiol groups [25]. This method has
been developed to analyze relative amounts of cysteine containing peptides in tryptic
digests of protein extracts. In-silico analysis indicates that cysteine is found in more
than 90% of human proteins, in other words, most human proteins should be
quantified by ICAT approach with reduced sample complexity [26]. For breast
cancer biomarker discovery, the ICAT method was applied to screening of differ-
entially expressed protein in plasma obtained from normal healthy controls and
breast cancer patients. Plasma is the most popular clinical sample for biomarker
discovery because it communicates cells, tissues, and organs in human body,
however, the large dynamic range of this clinical relevant sample precludes a deep
proteome coverage [5]. In the global proteomics, limited dynamic range of detection
method is a prime issue. Indeed, just few hundreds of the most abundant plasma
proteins can be analyzed in a single proteomic experiment [27]. To overcome this,
mainly two strategies has been applied: the depletion of the highly abundant plasma
proteins and the extensive sample fractionation. There are any single methods yet to
remove high abundance proteins perfectly and to enrich low abundance proteins
completely. But, antibody-based negative enrichment system has preferred to
remove the specifically targeted proteins as well as both reproducibility and
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selectivity [28–30]. Depleted plasma was subjected to ICAT labeling and intensively
fractionated with strong-cation exchange chromatography, then adapted tandem MS
in search of new serological biomarkers for breast cancer. A total of 155 proteins
were identified and quantified by ICAT method. Among them, 33 proteins showed
abundance changes by more than 1.5-fold between the plasmas of breast cancer
patients and healthy women. The two biomarker candidates, BTD and GPX3, were
next tested with immunoblot assay in a blinded set of breast cancer and control to
ascertain the markers ability to differentiate the two groups. Finally, BTD was a
potential serological biomarker for the detection of breast cancer [31].

The ICAT technology basically provides quantitative information at MS1 spectra
of each peptides. There is another approach for comparative profiling through full
MS scans, mTRAQ method. The term has similar concept with super-SILAC, that is
to serve as internal standard not for semiquantification but to measure absolute
amount of protein in a sample [32]. There is a triplex mTRAQ set (Δ0, Δ4, Δ8) of
nonisobaric (differing mass) reagents, three individual reagents are based on the
same chemical structure but the mTRAQ Δ0 contains no isotopes and Δ8 has two
15N and six 13C isotope atoms, while Δ4 has one 15N and three 13C isotope atoms.
Standard peptides for target proteins would be labeled with one or several mTRAQ
reagents and the mixed labeled peptides added into sample, thus it can be distin-
guished by MS from endogenous peptide of sample. Interestingly, Kang et al.
applied the method for a systematic study to evaluate the unconventional use of
mTRAQ as an MS1-quantification tag in comparative profiling where chemical
isotopic labeling is needed [33, 34]. Although ICAT method can detect low abun-
dance proteins by reducing sample complexity, it would miss identification of
proteins with few or no cysteine residues, and frequently lose information for post-
translational modifications. These limitations have been somewhat solved by the
mTRAQ method. They are labeled at lysine residue and N-terminal which should
cover any peptides of a particular protein [35]. An example in cancer biomarker
discovery using this reagent was when mTRAQ was used to measure changes in the
proteome of plasma from breast cancer [36]. Peptides processed from depleted
plasma of healthy control and breast cancer patients were labeled with mTRAQ
Δ0 and Δ4, respectively. For the deep proteome coverage, the mTRAQ-labeled
tryptic peptides were separated against isoelectric point of each peptide, OFFGEL
fractionation technique, and analyzed by LC-MS/MS. The total numbers of unique
peptides identified were 6984 mapping to 204 proteins. The data were compared
with the previous report in which 155 proteins were identified by analyzing same
plasma sample set in ICAT labeling [31]. There was intersection of only 86 proteins
in both datasets. The author suggested that the low percentage of proteins shared was
probably attributed to the difference of property in each labeling strategy, but it also
strongly demonstrated that diverse technology can be adapted in complementary
manner. Even though it was not detected through ICAT method, two proteins
(THBS1 and BRWD3) showed significant increase in breast cancer plasma was
evaluated by western-blot assay to confirm for their diagnostic value as serum
markers.
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The introduction of Isobaric tags such as TMT and iTRAQ enables more accurate
quantification at MS2 spectra. These reagents are typically composed of a mass
reporter, a mass normalizer and an amine reactive group. The mass reporter and mass
normalizer moieties incorporate stable isotopes in multiple configurations such that
each mass reporter’s mass can be resolved in a MS2 spectrum. Resulting from
substitution of 13C and 15N, TMT method has 16 individual channels and iTRAQ
method is consisted with eight distinct channels to meet the demand for multiplexed
experiment [37, 38]. The intact mass of each isobaric tag variant, however, is same.
With this labeling technique, digested peptides from multiple samples are labeled in
parallel, then mixed and simultaneously acquired fragment ions and reporter ions
from tandem mass spectrum. Intensity of mass reporter ion is relevant amount of
peptide quantity in corresponding sample [39]. The isobaric tags ensure same
chemical property of labeled peptides derived from different sample will have the
same chromatographic elution profile. This leads to improvement in the signal-to-
noise ratio of MS2 spectrum and often makes enhanced identification. Labidi-Galy
and her colleagues presented a desirable application of iTRAQ method to elucidate a
mitogenic effect of Elafin protein in basal-like breast cancer (BLBC) [40]. They,
recently, reported that Elafin is overexpressed by high-grade serous ovarian carci-
noma (HGSOC) and it is associated with poor overall survival. Interestingly,
HGSOC and BLBC share many features including TP53 mutations, genomic insta-
bility and poor prognosis. iTRAQ- based experiment was implemented to clarify
differential phosphoproteome in BLBC cell line (BT549) stimulated with rElafin.
Phosphopeptides were enriched by using affinity of metal ion to the phosphate group
then analyzed with LC-MS/MS. In total, 7130 distinct phosphopeptides were quan-
tified that mapped to 2742 unique gene IDs. There were observed changes in
phosphorylation on 386 peptides, which mapped to 316 unique gene IDs. Elafin-
mediated signaling appeared to target multiple pathways, including MAPK
(P < 0.001, 12 genes).

15.2.2 Proteomic Approach for Clinical Validation
in Biomarker Development

Once biomarker candidates were discovered, targeted analysis is always taken for
verification and validation in necessarily large clinical sample cohorts (Fig. 15.1,
right panel). In a targeted workflow, the MS is programmed to detect specific peptide
ions which represent proteins of interest. Unlike the unbiased discovery-phase
experiments, targeted analysis requires up-front investment to optimize assay con-
dition against each target protein. In recent year, a kind of algorithm was introduced
to support method optimization which accompanies triple quadrupole MS (QQQ)
has been the most widespread instrument to measure concentrations of candidate
biomarker proteins in plasma and cell lysates [41, 42]. Target peptide ions are
selected to pass through the first quadrupole mass filter, which can be referred to

15 Proteomic Interrogation in Cancer Biomarker 313



as “precursor” ions for fragmentation in the second quadrupole. In the third mass
filter, certain fragment ions referred to as “product” ions are selected and then guided
to the detector for quantification. Finally, a signal intensity versus retention time is
traced resulting in a selected (or single) reaction monitoring (SRM) workflow for
each precursor ion/product ion pair represented as an ion transition. When multiple
transitions are monitored, the overall process is termed multiple reaction monitoring
(MRM). This workflow is a highly specific and sensitive MS technique that can
selectively quantify compounds without interference from other components in the
sample.

Lee and Kang et al. have adopted MRM workflow to develop a protein signature
for breast cancer diagnosis, by screening hundreds of candidate proteins in human
plasma [43]. Based on their previous works and literature review on breast cancer
specific biomarkers [8, 31, 36, 44], 124 proteins were selected in verification phase
of biomarker development. The optimization algorithm and synthetic peptide stan-
dard help to generate reliable MRM assay, resulting 56 proteins were implemented
to investigate into plasma from 80 patients with breast cancer and 80 healthy women.
Verification experiment revealed that binary regression analysis with three proteins
(neural cell adhesion molecule L1-like protein, apolipoprotein C-1, and carbonic
anhydrase-1) illustrated highest statistical significance, the sensitivity, specificity,
and area under the curve (AUC) of the diagnostic model was 78.75%, 78.75%, and
0.831, respectively. The proteomic signature was then validated in plasma samples
from 100 patients with breast cancer and 100 healthy women. The 3-protein model
was capable of detecting breast cancer when tested in an independent large cohort,
and its performance was higher in patients with stage I and stage II breast cancer,
who may benefit from breast cancer screening by detecting tumors in the asymp-
tomatic period.

Clinically available biomarker needs to build cut-off criteria to discriminate
disease. The three proteins signature was optimized to a unique algorithm for
blood-based test yield from absolute quantification. Weighted score against each
protein is interpolated to reference value and guide to make a disease decision. The
diagnostic algorithm, Mastocheck@, has meaning in terms of the first case of
clinically approved blood test for breast cancer diagnosis with mass spectrometry
by measuring absolute protein amount on disease condition.

Clinical validation in a relatively large cohort of cancer patients is an essential
stage during cancer biomarker development. In the context of throughput, MRM
workflow is commendable clinical proteomic choice. Kim and her colleagues have
demonstrated that an MRM-based proteomic assay can be a useful tool for breast
cancer screening and its accuracy is specific to breast cancer [45]. They measured
amount of three proteins (neural cell adhesion molecule L1-like protein, apolipo-
protein C-1, and carbonic anhydrase 1) present in human plasma by MRM
workflow. An independent cohort of 1129 blood samples from 575 breast cancer
patients, 454 healthy controls, and 100 patients with other malignancies were used to
verify and optimize the assay. Each quantity data of three candidate proteins were
applied to mass spectrometry-based breast cancer blood test algorithm and the output
value clearly clarified breast cancer patients (Table 15.1).
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15.3 Translation in Clinical Application of Proteomics

Many proteomic researches in cancer biomarker presuppose through examination of
proteome from whole individual. Tremendous improvement on the instrumental
power makes it practical to identify hidden proteins beyond dynamic range with
high confidence. It draws a hope that clinically promising biomarker will be iden-
tified someday. Anderson NL presented 109 unique protein targets in plasma or
serum which have been cleared for clinical test from US Food and Drug Adminis-
tration (FDA) since 1993. The rate of introduction of new protein-based tests
approved by the FDA has fallen to an average of one per year [46]. Many labora-
tories make great effort and a lot of proteins were presented their promise as cancer
biomarker. But, they have been hardly contributed to an improvement in clinical
outcomes. Recently, a multiple MS search was used to produce the PTM-patterns for
FDA-approved plasma proteins in glioblastoma multiforme (GBM) patients.
Petushkova and coworker implemented LC-MS analysis in the context of proteomic
profiling of PTM peptides of plasma proteins. They found one hundred unique PTM
peptides proteotypic for FDA plasma markers in the control plasma samples includ-
ing 33 phosphorylated, 38 acetylated, and 29 ubiquitinated peptides [47]. This
evidence leads that quantitative monitoring PTM changes are useful biomarker to
diagnose certain cancers and provide insight into therapeutic progress.

Post-translational modifications (PTMs) of proteins affect pathways linked to
cellular lifespan and the affinity alteration cause serious health consequences includ-
ing cancer. More than 100 different PTMs are reported in human [48], among the
rest, several PTMs including phosphorylation, acetylation, methylation, glycosyla-
tion, and ubiquitination were routinely found in cancer [49]. It is well established
that changes in gene expression levels may not fully reflect the true state of cancer
progression or development [50, 51]. The clinical data have shown that the quantity
of genomic and transcriptomic aberrations levels do not fully represent the structural
variations such as PTM at the protein level. Further, recent studies in breast cancer
suggested that PTM profiles can be used as alternative readout that reflect the
function and activity of signaling pathways [52–54].

Being complexity and low stoichiometric nature of PTMs in whole proteome,
PTM analysis is still an analytical challenge. Most PTMs are present at low levels in
cells and tissues, and are therefore difficult to detect by MS. For this reason,
characterization of cancer correlated PTMs typically involves enrichment step
based on affinity isolation to separate and concentrate a specific type of PTM of

Table 15.1 Biomarker effectiveness for breast cancer diagnosis

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Current protein marker (CA15-3) 23.2 95.3 83.3 55.4

Current protein marker (CEA) 17.4 83.7 51.7 50.3

Mass spectrometry-based breast cancer
blood test

71.6 85.2 82.9 75.0
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interest from the rest in complex biological samples [55]. Moreover, enrichment
methods can be combined with semiquantitative techniques with or without stable
isotope labeling for determining changes of specific PTM on a proteome-wide [26].

Immobilized metal affinity chromatography (IMAC) using Fe(III) was initially
used to isolate O-phosphopeptides for mapping phosphorylation sites [56]. This
successful analytical strategy for enriching O-phosphopeptides takes a chemical
feature of the phosphate group. Negative charge of phosphate group is ability to
participate in covalent bonding with immobilized metal ions. A titanium dioxide
(TiO2)-based solid matrix or combined use with IMAC has also applied to enrich
phosphopeptides [57, 58].

A traditional biochemical experiments are widely used antibodies for the detec-
tion of PTMs in a protein. Immunoaffinity isolation of peptides of interest using an
antibody are widely used for the detection of protein lysine acetylation [59], arginine
methylation [60], ubiquitination [61], and tyrosine phosphorylation [62]. In addition,
antibodies recognize specific PTM motifs sequence have been used to identify
downstream target for kinase and trace the alteration of PTM-mediated signaling
pathway [63].

Many proteomics studies of glycoproteins have been reported, however, only a
few type can be routinely identified presumably by N-glycosylation. It is mainly
affinity-based enrichment methods using lectin or chemical derivatization. Lectin-
based affinity enrichment [64], in particular, combinations of different types of
lectins provide comprehensive analysis of the N-glycosylated proteome [65]. Chem-
ical derivatization involving oxidation of the carbohydrate side chain and coupling
to hydrazide resin through hydrazone bond is another approach to enrich
glycosylated peptides. In this case, N-glycopeptides are released by PNGase F and
analyzed by MS [66].

The enriched PTM peptides are subjected to MS analysis and implemented to
PTM peptide sequences, sites mapping, and even quantification. During the MS
analysis, multidimensional MS techniques that further simplify PTM peptide mix-
tures can enhance the yield in modified peptide identification. Identification of PTMs
commonly evaluated by preset with specific PTM moiety as variable modification
during database searching [67]. But, specialized bioinformatics tools ensure the
accuracy and statistical significance of the identification [68, 69].

15.4 Convergence of Proteomics for Cancer Genomics

The heterogeneity of cancer has tremendously concealed understanding of what is
under pinnings of cancer signaling and its phenotypic manifestation. Although,
genomic studies have allowed us evidence about the polygenetic nature of cancer,
but its effect at the proteomic level is not fully understood. When the microarray is a
primary technology in genomic research, an approach to understand the reciprocal
action of genomic and proteomic alterations has been presented. However, micro-
array depends on hybridization between nucleic acid is not sufficient to cover the
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overall information of DNA or RNA. Consequently, a multidisciplinary conver-
gence of genomic and proteomic observation was hindered beyond complementary
strategy of each area with innate advantages and/or disadvantages.

Proteogenomics is the systematic and comprehensive integration of proteomics
with genomics and so much as transcriptomics. Several studies have demonstrated
the relevance of proteogenomics in cancer research. Proteogenomic approach in
cancer research is starting from generation of whole exome sequencing (WES) and
transcriptome RNA-seq data. The WES data are mapping to reference genome to
find cancer-specific single nucleotide variant (SNV) and insertion deletion (Indel) by
applying some variant calling pipeline. Once, exclude synonymous mutation unaf-
fected to protein sequence, customized searching database for separate types of
cancer sample can be generated [70]. The total variants are over tens of thousands,
but, proteogenomics narrows it into hundreds to thousands results reducing driver
gene candidates. In this context, proteogenomics has emerged as a useful tool in
cancer research because it integrates genomic and transcriptomic data and tests with
mass spectrometry.

A distinction of proteogenomic strategy in cancer research was successfully
demonstrated when the proteomics data with exome sequences were integrated to
identify genomic aberrations in triple-negative BC. Further, the combined approach
successfully identified markers for drug sensitivity and understands the mechanisms
of drug resistance [71]. Clearly, the proteogenomic approach will provide the basic
molecular diagnostics toolbox for precision cancer medicine [72]. Using The Cancer
Genome Atlas (TCGA) network data, Li et al. [73] integrated genomic,
transcriptomic, and proteomic dataset to classify patients with nonsmall cell lung
cancer by prognosis, and this approach has the ability to identify new cancer
biomarkers. In another proteogenomic integration study, researchers found thera-
peutic targets from drug treatment experiment based on HER2 or the PI3K pathway
in patient-derived xenograft (PDX) models [74]. This proteogenomic strategy in
cancer research, also known as onco-proteogenomics, takes advantage of how the
information as a whole can guide the understanding of physiologies and pathologies
of cancer through identification of alterations in protein–protein interactions and
protein kinases functional switches at the genomic-based proteome level, which are
responsible for modifying cellular phenotypes. Furthermore, it provides a unified
vision of proteome-wide understanding of cellular functions.

This convergence concept will increasingly exploit the unique possibilities of
synergizing genomic, transcriptomic, proteomic, metabolomic, and lipidomic
datasets. National Cancer Institute (NCI) has been progressed The Clinical Proteo-
mic Tumor Analysis Consortium (CPTAC) for extensive survey in onco-
proteogenomics. More recently, the NCI Office of Cancer Clinical Proteomics
Research (OCCPR), part of the National Institutes of Health (NIH), and the FDA
have signed a Memorandum of Understanding (MOU) in proteogenomic regulatory
science. This will engage in scientific and programmatic collaborations in clinical
proteomics and onco-proteogenomics. It may imply whenever another large coordi-
native groups or consortium will be undertaken for not only other widespread
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diseases but also rare diseases which precision personal medicine is desperately
needed.

15.5 Summary

Biomarker paradigm has been unconverted in a generic frame, discovery cancer
specific targets, and validates the clinical significance. The general thought is that
MS and its proteomic applications will play a major role in cancer biomarker
discovery. Indeed, a number of MS-based methods have been introduced for mon-
itoring protein biomarkers and still in progress. Together with newer proteomic
technologies could significantly contribute to the discovery and development of
clinically efficient cancer biomarkers with diagnostic/prognostic values for monitor-
ing the disease state and for drug discovery, but at the same time the limitation of
single field is also clearly appeared. Nowadays, scientific research is also in conver-
gence era, in other words, multilateral study underlying multiomics including DNA,
RNA, proteins, epigenetics, and metabolites will be essential matters in cancer
biomarker development.
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Chapter 16
Next-Generation Sequencing-Based
Biomarkers in Breast Cancer

Wonshik Han and Woosung Lim

Abstract For the realization of precision medicine in cancer treatment, discovery,
and validation of clinically useful biomarker is the most important prerequisite.
Biomarkers are needed and used for evaluation of cancer susceptibility, cancer
screening (early detection), cancer subtyping, prediction of prognosis, decision of
appropriate adjuvant therapy and duration of therapy, and for monitoring of recur-
rence. Biomarkers are also needed for decision of target therapy in metastatic cancer
and monitoring of their response during follow-up. Now is the era of Next-
Generation Sequencing (NGS). NGS technology can detect almost all kind of
genomic changes that occur in cancer that is different from normal condition. The
cost also is now reasonably low to use in routine clinical practice.

This chapter will review four kinds of NGS-based biomarkers that are already
being used in clinical practice although the routine use is controversial, and that are
promising and under active investigation focusing on studies done in Seoul National
University Hospital (SNUH).
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sequencing · Gene expression profiling · Molecular-targeted therapy · Precision
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W. Han (*) · W. Lim
Department of Surgery, Seoul National University College of Medicine, Seoul, South Korea

Biomedical Research Institute, Seoul National University Hospital, Seoul, South Korea

Cancer Research Institute, Seoul National University, Seoul, South Korea
e-mail: hanw@snu.ac.kr

© Springer Nature Singapore Pte Ltd. 2021
D.-Y. Noh et al. (eds.), Translational Research in Breast Cancer, Advances in
Experimental Medicine and Biology 1187,
https://doi.org/10.1007/978-981-32-9620-6_16

323

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9620-6_16&domain=pdf
mailto:hanw@snu.ac.kr
https://doi.org/10.1007/978-981-32-9620-6_16#DOI


16.1 Biomarkers for high-hereditary cancer risk

Cancers that run in families can be caused by an abnormal gene that is passed from
generation to generation. Although this is often referred to as inherited cancer, what
is inherited is the abnormal gene that can lead to cancer. Only about 5% to 10% of all
cancers are thought to result directly from gene mutations inherited from a parent.
Many hereditary cancer syndromes and the causative genes are already known such
as, Cowden syndrome (PTEN), hereditary breast-ovarian cancer syndrome (BRCA1
and BRCA2), and Li-Fraumeni syndrome (TP53). The most famous one of them is
HBOC syndrome due to BRCA1 or BRCA2 mutations. The population incidence of
this syndrome is about 1/500 to 1/1000 and the lifetime risk of breast cancer in
affected women is about 50 to 85%. Usually BRCA1 and BRCA2 mutation tests
using direct sequencing of the two genes have been done for women suspicious of
hereditary cancer. Now due to the advancement in Next-Generation Sequencing
(NGS) technology and decreasing cost of it, panel tests of multiple known hereditary
cancer genes are available. The established breast cancer susceptibility genes are
ATM, BRCA1, BRCA2, CDH1, CHEK2, NBN, NF1, PALB2, PTEN, STK11, and
TP53. Genes with undefined risk of breast cancer but frequently included on
multiplex sequencing panels are BARD1, BLM, BRIP1, FAM175A, FANCC,
MRE11A, RAD50, RAD51C, RAD51D, and XRCC2 [1]. The NCCN guideline is
now recommending management strategies for breast and ovarian cancer based on
genetic tests: Discussion of risk-reducing mastectomy with the patients who carry
CDH1, PALB2, PTEN, TP53, BRCA1, and BRCA2mutation; Regular screening with
breast magnetic resonance imaging (MRI) for women with ATM, CHEK2, and
STK11 mutation; Risk-reducing salphingo-oophorectomy for BRIP1, RAD51C,
and RAD51D carriers.

Companies like Myriad, Invitae, and Ambry Genetics are providing their own
hereditary cancer panel services. The number of genes included in the NGS panels
are about 25 to 50 and most of the genes are overlapped between the services of each
company. A hereditary cancer gene panel (64 genes) was also developed in SNUH
and now is used in Hereditary Cancer Clinic of the hospital (Table 16.1).

The advantages of the panel test are (1) they provide broader picture of cancer
risk, (2) it can find unexpected mutation associated with the familial cancer,

Table 16.1 Hereditary Cancer Gene Panel (64 genes) developed in Seoul National University
Hospital

ALK APC ATM ATR BAP1 BARD1 BLM BMPR1A

BRCA1 BRCA2 BRIP1 CDH1 CDK4 CDKN2A CHEK2 EPCAM

FAM175A FANCA FACB FANCC FANCD2 FANCE FANCF FANCG

FANCI FANCL FH FLCN GSTP1 HOXB13 KRAS LIG4

MEN1 MET MLH1 MRE11A MSH2 MSH6 MUTYH NAT

NBN NF1 PALB2 PALLD PMS2 PRKAR1A PRSS1 PTEN

RAD50 RAD51 RAD51C RAD51D RB1 RET SDHB SDHC

SDHD SLX4 SMAD4 SPINK1 STK11 TP53 VHL XRCC2
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(3) convenience, time and cost saving compared to multiple single-syndrome tests,
(4) it provide critical information when the family history is imperfect. Multigene
panel test increases the yield of detection of deleterious mutation compared to
targeted gene sequencing [2]. In a study of 10,000 patients referred for NGS panel
testing (GeneDx), pathogenic or likely pathogenic variant prevalence was 9.0% in all
patients [3]. The high frequency of positive results in a wide range of cancer genes
shows genetic heterogeneity of hereditary cancer and the usefulness of multigene
panels over genetic tests of one or two genes. The limitations of the NGS gene panel
tests are 1) too many variants of unknown significance (VUS) are found and little
information is available in many genes, 2) lack of clinical/screening guidelines for
mutation carrier in many of the genes, 3) sometimes the result may increase anxiety
for the patients. In a study Prospective Registry of Multiplex Testing (PROMPT),
they collected data from commercial laboratories such as Ambry Genetics, Color
Genomics, GeneDx, Invitae, Myriad Genetics, Pathway Genomics, and Quest Diag-
nostics, etc., and showed that 37% of the variants were VUS. Moreover, there were
conflicting interpretations between the labs for up to 26% of the results [4].

In summary, recent advances in NGS technology have enabled far more rapid,
less expensive sequencing of multiple genes than past. Multigene panel has about
twice the yield of finding pathogenic mutation compared to conventional gene test.
However, higher diagnostic yield comes with greater uncertainty. Expert counseling
and tailoring to patient’s preference is required. Adequate screening program and
prophylactic treatment for the detected mutation carriers have to be established in the
near future.

16.2 Biomarkers for Early Detection

Early detection of cancer in asymptomatic individuals with blood biomarker is the
most challenging field in the cancer biomarker studies. As yet, there is no universal
ctDNA signature for use in screening for any stage or type of cancer. This is due to
the inability to detect low concentrations of ctDNA, and this limitation could be
overcome with a more sensitive test. But increased sensitivity can lead to increased
genetic noise, which in turn, can make it difficult to differentiate between tumor-
associated DNA mutations and nontumor-associated DNA mutations, leading to an
increased risk of false positives. Grail is an innovative company that is leading this
technology using NGS-based circulating tumor DNA (ctDNA) detection. In the
2018 AACR meeting, they presented the initial findings of Circulating Cell-Free
Genome Atlas (CCGA) study. They used blood samples from 878 participants with
newly diagnosed treatment-naive cancer spanning 20 tumor types and across all
clinical stages. Additionally, 580 participants with no clinical cancer diagnosis were
enrolled and 169 technical assay controls were utilized. After isolating the cell-free
DNA, samples were analyzed using three distinct sequencing methods: targeted
sequencing, to measure nonsynonymous single nucleotide variants (SNVs) and
indels in particular stretches of the genome; whole-genome sequencing, to measure
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changes in copy number across the genome; and whole-genome bisulfite sequenc-
ing, to measure aberrant methylation patterns. A “cancer-like” signal was found in
less than 1% of participants who entered the study with no clinical diagnosis of
cancer, suggesting the possibility of developing a test with specificity higher than
99%. They showed that major source of false-positive variants is clonal hematopoi-
esis, a common age-related process that results in variations in the DNA of the white
blood cell (WBC) population. Further, optimization of the assay and large-sized
validation study are needed to use this technology in cancer screening.

In Seoul National University Hospital, we developed a ctDNA NGS gene panel
consisting of 27 genes (Table 16.2). Feasibility study is ongoing using patients’
blood sample who are planned to receive neoadjuvant chemotherapy with stage II/III
breast cancer.

The critical issue of screening in asymptomatic unselected populations is
overtreatment that can severely worsen quality of life, such as seen in the cases of

Table 16.2 Gene list of ctDNA NGS panel developed in SNUH

Genes No. of target region Target size (bp) Cumulative size (bp)

1 ESR1 9 1877 1877

2 ERBB2 28 3800 5677

3 PIK3CA 20 3207 8884

4 TP53 12 1263 10,147

5 AKT1 13 1443 11,590

6 BRCA1 23 5658 17,248

7 BRCA2 26 10,257 27,505

8 FGFR1 19 2635 30,140

9 CCND1 5 888 31,028

10 PTEN 9 1732 32,760

11 MDM2 11 1494 34,254

12 IGF1R 21 4104 38,358

13 KIT 21 2931 41,289

14 EGFR 30 3889 45,178

15 NF1 58 8581 53,759

16 MYC 3 1365 55,124

17 GATA3 5 1335 56,459

18 MAP3K1 20 4539 60,998

19 CDH1 16 2649 63,647

20 MAP2K4 12 1233 64,880

21 PIK3R1 17 2297 67,177

22 AR 9 2783 69,960

23 APC 16 8697 78,657

24 TOP2A 35 4596 83,253

25 KRAS 5 687 83,940

26 FGFR2 22 2774 86,714

27 RB1 27 2787 89,501
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thyroid cancer and prostate cancer. And a further paradox could arise for those
cancers detected that have no curative treatment.

16.3 Biomarkers for Prognosis and Needs
for Chemotherapy in ER-Positive Breast Cancer

Since the pivotal study published by Sorlie and Perou in 2000 about “Molecular
portraits of breast cancer” using microarray and gene expression profiling of breast
cancer [5], we have known that there must be important information of patients’
long-term clinical outcome printed in the primary tumor. Now there are commer-
cially available multigene expression signatures in breast cancer aiming to identify
patients with disease of sufficiently good prognosis to allow the safe omission of
adjuvant chemotherapy: MammaPrint (70-gene signature), Veridex 76-gene,
Oncotype DX (21-gene signature), Breast Cancer Index (HoxB13:IL17BR,
Theros™), Genomic grade index (MapQuantDx), PAM50 (Prosigna™), etc. Despite
differences in the genes that compose each of the signatures, they largely identify the
same group of patients as having poor prognosis disease [6], and the unifying
characteristic is the high expression of proliferation-related genes for the high-risk
group. Almost invariably the signatures classify ER-negative cancers as of poor
prognosis disease. Clinicopathologic information such as, tumor size and lymph-
node status provide prognostic information that is independent of that offered by
prognostic signatures. Of them, 21-gene recurrence scores (Oncotype DX) have
level I evidence, and incorporated in the NCCN guideline and also recommended in
the ASCO guideline. In a recent publication of the TAILORx trial using the 21-gene
assay, adjuvant endocrine therapy and chemoendocrine therapy had similar efficacy
in women with hormone-receptor-positive, HER2-negative, axillary node-negative
breast cancer who had a midrange 21-gene recurrence score, although some benefit
of chemotherapy was found in some women 50 years of age or younger [7].

In Seoul National University Hospital, a NGS-based multigene prognostic tool,
named Oncofree™ (DCGen, Inc. Seoul, Korea) was developed. It has distinct
149 gene panel for NGS target-gene RNA sequencing. These genes are involved
in cell cycle, p53 signaling, DNA replication, and cell proliferation pathways. They
are selected from public gene expression database that is highly correlated with
21-gene Recurrence Score. A prognosis prediction model was developed using
Artificial Neural Network and Lasso regression analysis in a training set of
250 patients. In a validation set of 93 patients, prediction accuracy of our assay
with high vs. low risk of Oncotype DX was 92.5%, and the correlation coefficient
was 0.875. In the second validation set of 482 patients who received hormonal
therapy and their long-term follow-up data are available, hazard ratio for distant
metastasis-free survival of the patients with low vs. high score of our assay was
5.776 (95% CI 3.295–10.126, p < 0.001). This assay is the first one developed and
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tested in Asian country and the only one in the world using NGS technology. It is
promising because it can decrease the assay cost significantly (Table 16.3).

16.4 Biomarkers for Selection of Therapy in Metastatic
Breast Cancer

As our understanding of breast cancer improves, and our treatment options continue
to expand, it is critical to recognize the tremendous heterogeneity in breast cancer
that requires us to tailor treatments more effectively to spare patients from over-
whelming toxic effects and costs. After the introduction of NGS technology, it was
postulated that somatic and germline mutations in a number of genes would be a rich
source of biomarkers to drive new treatment pathways. As a result of different
international initiatives such as The Cancer Genome Atlas (TCGA) or the Interna-
tional Cancer Genome Consortium (ICGC), the use of NGS has helped define the
genomic landscape of early stage breast cancer. These studies have revealed the high
level of tumor heterogeneity for each breast tumor that consists of several molecular
subsets, which are driven by distinct molecular alterations, indicating that tumors
could be treated according to their individual molecular landscape.

Targetable genomic alterations in breast cancer are listed in Table 16.2. These
alterations can be detected by use of pan-cancer NGS panel or breast cancer-specific
panel. SNUH FIRST panel is a pan-cancer panel (v3.1). It can detect SNV/Indel/
CNV for 183 genes including fusion change for 23 genes. Total target region is
1.95 Mb. It is now commercialized and used in practice through Molecular Tumor
Board of SNUH. In addition to the pan-cancer panel, we developed a breast cancer-
specific NGS panel (SNUH breast cancer panel) consisting of 121 genes that were
reported to have high frequency of somatic mutation or gene amplification in TCGA

Table 16.3 Summary of assay characteristics commercially available multigene expression sig-
natures in breast cancer

Product Oncofree™
Oncotype
DX MammaPrint Prosigna Endopredict

Service
company

DCGen,
Korea

Genomic
Health,
USA

Agendia, USA NanoString
Technologies,
USA

Myriad Genet-
ics, USA

Number of
genes

149 21 70 58 11

Sample
type

FFPE FFPE FFPE/Fresh FFPE FFPE

Regulatory
approval

N/A CLIA FDA cleared for
centralized lab
testing

FDA cleared for
decentralized
testing

CE marking for
decentralized
testing

Technology NGS
RNA-seq

RT-PCR Microarray nCounter RT-PCR
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data and METABRIC data. Targetable genes are considered with priority in the gene
selection.

One of the most important actionable genes is ESR1 mutation. Several studies
have investigated the genomic landscape of breast cancer from early to metastatic
disease, identifying ESR1 mutations as one of the genomic alterations that mediate
resistance to aromatase inhibitors (AI). ESR1 mutations are rarely found in primary
tumor but occur in 10–30% of ER-positive metastatic breast cancer that are resistant
to AIs, and lead to ligand-independent activation of the ER. Whether ESR1 muta-
tions are present as a minor subclone when the cancer arises or are acquired during
the treatment are still unknown. The best-understood mutations are localized in the
ligand-binding domain (LBD) of ESR1 with the common mutant alleles being
Y537S, Y537N, Y537C, and D538G. Tamoxifen and fulvestrant can inhibit these
mutant forms, but at higher drug concentrations that may not be achievable clini-
cally. New antiestrogens that have activity against this ESR1 mutant breast cancer
are under development. Recent clinical results also showed that circulating tumor
DNA (ctDNA)-based ESR1 mutation analysis is more useful [8].

Another actionable mutation is ERBB2 somatic mutation in patients with HER2
nonamplified breast cancer. These ERBB2/HER2-activating mutations increase
tumor growth in vitro and in xenograft models. The frequency of this mutation in
primary breast cancer was 1.6%. The two most common mutations were L755S and
del 755–759. Neratinib, which is an irreversible pan-HER tyrosine kinase inhibitor
was shown to be active in all ERBB2 mutant forms. Clinical trials are undergoing to
explore the efficacy of neratinib in breast cancer with ERBB2 mutation.

PARP (poly ADP [adenosine diphosphate] ribose polymerase) inhibitors have
also shown promise in triple-negative, BRCA-associated breast cancer. PARP1 is an
enzyme involved in the process of base excision repair, which fixes single-strand
DNA breaks. When PARP is inhibited, the cell is largely dependent on BRCA1- and
BRCA2-dependent homologous recombination. Thus, in patients with germline
BRCA1 or BRCA2mutation, PARP inhibition will likely result in cell death. Patients
with other newly discovered germline mutations that affect DNA repair such as,
PALB2, ATM, CHK2, and RAD51 mutations may also be sensitized to PARP
inhibition.

In Seoul National University, we did both whole-exome and whole-transcriptome
sequencing of 78 normal-paired primary breast cancer. We used a novel systems
biology approach to identify driver mutations escalating the risk of metastasis [9]. As
a result, we identified driver mutations in ADPGK, NUP93, PCGF6, PKP2, and
SLC22A5, which are verified to enhance cancer cell migration and prompt metastasis
with in vitro experiments. These novel somatic mutations may be used for thera-
peutic target or for identifying patients who are likely to develop distant metastasis.
We also tried to identify recurrent fusion genes from data of 120 patients’ whole-
transcriptome sequencing using three different fusion-detecting tools (deFuse,
Chimerascan, and TopHatFusion) [10]. Notably, a novel read-through fusion,
EEF1DP3-FRY, was identified and validated in 6.7% (8/120) of the breast cancer
samples. This off-frame fusion results in early truncation of the FRY gene, which
plays a key role in the structural integrity during mitosis.
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Another issue using the metastatic tissue sample for the NGS gene analysis is the
availability of suitable biospecimen. We compared the sensitivity of fine-needle
aspiration (FNA) with gross surgical sampling (GSS) from surgical specimens for
the detection of somatic mutations in breast cancer using whole-exome sequencing
(WES) [11]. In this study, we showed that FNA is feasible for the collection of tumor
samples sufficient for WES analysis and that the higher purity obtained using this
method may make it more reliable for genomic studies. This information is valuable
to decide biopsy method for the future study design incorporating metastatic tumor
sequencing (Table 16.4).

16.5 Biomarkers for Immunotherapy in HER2-Positive
and Triple-Negative Breast Cancer

Tumor-associated antigens, such as HER-2 and Mucin 1 (MUC1), are observed in
the breast cancer. These antigens have been the successful targets of new drug
development for cancer vaccine and monoclonal antibody over the past decade,
which have been translated into tumor-specific immune responses and are proven to
be clinically beneficial.

By recent advancements in cancer therapy using novel mechanisms involving
cancer mutations and the body’s immune system, many successes in immunotherapy
have been in melanoma, renal cancer, lung cancer, and others that have traditionally
been known to be immunogenic. Breast cancer is also immunogenic and immuno-
therapy becomes a promising new field in breast cancer therapies.

Immunohistochemistry, gene expression profiling, and RNA sequencing have
been used to assess the immunogenicity of breast cancer. Recent advances in
genomics allow the detection of new targets that underlie immunogenicity in breast
cancer. Immunogenicity of breast cancer is evaluated by the assessment of its
antigenicity and antigenicity is evaluated by assessing its mutagenicity. Mutational
load, the average number of somatic mutations per cancer cell, is associated with
antigenicity and is lower in breast cancer compared with other tumors such as
melanoma or lung cancer. However, the differences exist between different subtypes
of breast cancer; TNBC has the highest mutational load compared with HR-positive
breast cancers [12] and high-mutational load is associated with better prognosis in
TNBC and HER2+ breast cancer compared with low-mutational load in breast
cancer. High-mutational load is associated with high rates of immunotherapeutic
antigens, which predict better survival and response to checkpoint inhibitors [13].

PD-L1 is one of the targets for immunotherapy and PD-L1 expression is different
among breast cancer subtypes. Data from TCGA have confirmed higher PD-L1
mRNA expression in TNBC than nonTNBC and PD-L1 is not detected in normal
breast tissue but is expressed in approximately 20% to 30% of TNBC. Analysis of
gene expression profiles of TNBC identified six distinct subtypes and an immune-
modulatory subtype was characterized by high expression of immune-related genes
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Table 16.4 Targetable genomic alterations in breast cancer

Gene Alteration Frequency (%)
Candidate
drug

Level of
evidence for
the target

Growth factor receptors

ERBB2 Amplifications
mutations

>10 HER2
inhibitor

13

FGF3 Amplifications 5–10 FGFR
inhibitor

4

FGFR1 Amplifications 5–10 FGFR
inhibitor

2

FGFR2 Amplifications 1–5 FGFR
inhibitor

2

IGF1R Amplifications 1–5 IGFR
inhibitor

4

EGFR Amplifications 1–5 EGFR
inhibitor

2

PI3K/AKT/mTOR

PIK3CA Amplifications
mutations

>10 PI3K
inhibitor

1–2

PIK3R1 Mutations 1–5 Not known 4

PTEN Mutations
deletions

5–10 AKT
inhibitor

3

AKT1 Amplifications
mutations

1–5 AKT
inhibitor

2

AKT2 Amplifications 1–5 AKT
inhibitor

2

AKT3 Amplifications 1–5 AKT
inhibitor

4

INPP4B Deletions 1–5 AKT
inhibitor

NA

MEK pathway

NF1 Mutations 1–5 MEK
inhibitor

2c

KRAS Amplifications 1–5 MEK
inhibitor

2c

BRAF Amplifications 1–5 MEK
inhibitor

2c

JNK pathway

MAP2K4 Mutations
deletions

5–10 Not known NA

MAP3K1 Mutations
deletions

5–10 Not known NA

GPS2 Mutations 1–5 Not known NA

Cell cycle

CCND1 Amplifications >10 CDK4
inhibitor

4

(continued)
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Table 16.4 (continued)

Gene Alteration Frequency (%)
Candidate
drug

Level of
evidence for
the target

CDKN2A Deletions 5 Not known NA

CDKN1B Alterations 1–5 Not known NA

CDK4 Amplifications 1–5 CDK4
inhibitor

4

Rb Mutations
deletions

5–10 Resistance to
CDK4
inhibitor

3

DNA repair

BRCA1 Mutations
deletions

1–5 PARP
inhibitor

1

Gene Alteration Frequency (%) Candidate
drug

Level of evi-
dence for the
target

BRCA2 Mutations
deletions

1–5 PARP
inhibitor

1

ATM Mutations 1–5 PARP
inhibitor

3

ATR Mutations 1–5 PARP
inhibitor

3

MDM2 Amplifications 1–5 MDM2
inhibitor

4

P53 Mutations >10 Not known NA

ER signaling

ESR1 Mutations ampli-
fications
translocations

>10% in metastatic ER+
MBC resistant to endocrine
therapy

Not known 2

GATA3 Mutations 5–10 Endocrine
therapy

3

FoxA1 Mutations 1–5 Endocrine
therapy

3

Epigenetics

KMT2C Mutations 5–10 Drug
targeting
epigenetics

4

KMT2B Mutations 1–5 Drug
targeting
epigenetics

4

KDM6A Mutations 1–5 Drug
targeting
epigenetics

4

SETD2 Mutations 1–5 Drug
targeting
epigenetics

4

(continued)
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[14]. RNA sequencing showed this subtype to have substantially higher expression
of PD-L1, PD-1, and CTLA-4. These and other data provide evidence that there may
be a subset of TNBC in which checkpoint inhibitors may have particular efficacy.

With a better understanding of the heterogeneity of TNBC and immune targets,
checkpoint inhibitors, vaccines, and immune antagonists could be used as therapeu-
tic options in breast cancer. Large randomized clinical studies of atezolizumab
(PD-L1 inhibitor) and pembrolizumab (PD-1 inhibitor) are ongoing in TNBC and
SNUH also have participated in clinical trial of PD-L1 inhibitor. Cancer tissue from
these studies will clarify the relation of response and resistance to PD-1 and PD-L1.
First-line atezolizumab plus nab-paclitaxel improved PFS compared with placebo
among patients with metastatic or unresectable locally advanced triple-negative
breast cancer, according to interim results from the IMpassion130 trial released.
Researchers observed prolonged PFS in both the intention-to-treat population and
the PD-L1-positive population. Investigators observed prolonged PFS in the
intention-to-treat population and the PD-L1-positive population. The OS analysis
is ongoing; however, researchers observed encouraging survival results among
patients who are PD-L1 positive.

Human epidermal growth factor receptor 2 (HER2)-positive breast cancer is
generally associated with high levels of tumor infiltrating lymphocytes (TILs), and
tumors with high levels of TILs have better outcomes on HER2-targeted therapy and
chemotherapy. While resistance to trastuzumab is associated with poor immune
responses, preclinical data indicate that trastuzumab resistance can be overcome
by adding immune checkpoint blockades to antiHER2 therapy. At the 2017 San
Antonio Breast Cancer Symposium, the results of the phase Ib/II PANACEA study
were presented, which evaluated the combination of pembrolizumab and
trastuzumab in patients with HER2-positive metastatic breast cancer who had
progressed on a prior trastuzumab-based therapy. Metastatic HER2+ breast cancer
in heavily pretreated patients is poorly immunogenic. Therefore, future directions of
immunotherapy in metastatic HER2+ breast cancer should focus on combinations
with effective antiHER2 therapy, particularly in patients with low TIL metastases.

Many clinical trials of immunotherapy are ongoing in adjuvant or metastatic
setting of TNBC and HER2+ breast cancer. Immunotherapies have shown great
success already in treating other cancers such as melanoma, but their progress for
breast cancer has proven more difficult. However, the results of ongoing trials and
discovery of response-related genes by NGS could provide a successful therapeutic

Table 16.4 (continued)

Gene Alteration Frequency (%)
Candidate
drug

Level of
evidence for
the target

Others

NOTCH3 Amplifications 1–5 NOTCH
inhibitor

4

Arnedos, M. et al. (2015) Precision medicine for metastatic breast cancer—limitations and solu-
tions. Nat. Rev. Clin. Oncol. doi:https://doi.org/10.1038/nrclinonc.2015.123
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approach in TNBC and HER2+ cancer. Other targeting genes for immunotherapy
and vaccination for breast cancer are listed in Table 16.5.

16.6 Future of NGS-Based Biomarkers in Breast Cancer

As genetic information becomes increasingly integrated into clinical practice, there
are several limitations to the use of NGS. Variation in results between NGS may be
the result of cancer heterogeneity and difference in the number of genes evaluated,
extent of coverage within those genes, types of mutations, and limits of detection
between NGS analysis. Genetic alterations identified by NGS might not be clinically
actionable; detection of mutations does not guarantee therapeutic response. How-
ever, rapid increase in global understanding of the cancer genome has enabled us to
further refine the molecular classification of cancers based on the combination of
genetic and transcriptomic alteration data and trans-omics data (epigenomics, pro-
teomics, and metabolomics). Technical and bioinformatical advances make the NGS
technology increasingly more powerful. NGS-based biomarker detection could
bring a new paradigm of breast cancer treatment as well as cancer vaccination and
realize the true precision medicine by classification of cancer and personalized
treatments.
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Chapter 17
Liquid Biopsy in Breast Cancer: Circulating
Tumor Cells and Circulating Tumor DNA

Tae-Kyung Yoo

Abstract Cancer is associated with gene mutations, and the analysis of tumor-
associated mutations is increasingly used for diagnostic, prognostic, and treatment
purposes. These molecular landscapes of solid tumors are currently obtained from
surgical or biopsy specimens. However, during cancer progression and treatment,
selective pressures lead to additional genetic changes as tumors acquire drug resis-
tance. Tissue sampling cannot be performed routinely owing to its invasive nature
and a single biopsy only provides a limited snapshot of a tumor, which may fail to
reflect spatial and temporal heterogeneity. This dilemma may be solved by analyzing
cancer cells or cancer cell-derived DNA from blood samples, called liquid biopsy.
Liquid biopsy is one of the most rapidly advancing fields in cancer diagnostics and
recent technological advances have enabled the detection and detailed characteriza-
tion of circulating tumor cells and circulating tumor DNA in blood samples.

Liquid biopsy is an exciting area with rapid advances, but we are still at the
starting line with many challenges to overcome. In this chapter we will explore how
tumor cells and tumor-associated mutations detected in the blood can be used in the
clinic. This will include detection of cancer, prediction of prognosis, monitoring
systemic therapies, and stratification of patients for therapeutic targets or resistance
mechanisms.
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17.1 Introduction

Tissue biopsy is a necessity in breast cancer diagnosis, regarded as the gold standard.
Along with histologic definition, tissue biopsy also provides identification of impor-
tant prognostic and predictive factors such as estrogen receptor, progesterone recep-
tor, and human epidermal growth factor receptor-2 (HER2). More recently, genetic
profiling of the tumor enables patient stratification for prognostication and prediction
of recurrence and resistance to treatment. Cancer treatment is evolving from a
one-size-fits-all strategy to a precision medicine strategy, meaning that patient
selection is important more than ever before.

Standard tissue biopsy, such as surgical biopsy or image-guided gun biopsy, is an
invasive process including many difficulties in its process. Patients suffer from pain
during the procedure and potential complications exist, meaning multiple or serial
biopsies are impractical. Also, some tumors are anatomically inaccessible for biopsy.
Furthermore, standard biopsy only provides a single snapshot of the tumor, which is
limited in time and space, not being able to reflect the evolving characteristics of the
cancer cells.

The recent advance of next-generation sequencing (NGS) techniques has enabled
us to analyze cancer tissue more minutely, revealing the extensive intertumoral and
intratumoral heterogeneity [1, 2]. Beyond spatial heterogeneity, temporal heteroge-
neity also exists as tumors evolve under selection pressure of treatment. However,
the limitations of standard biopsy are restraints in evaluating tumor evolution, likely
underestimating the complexity of the genomic landscape of the tumor. The concept
of liquid biopsy has emerged in the need to observe tumor genetics and dynamics in
new ways.

Liquid biopsy in cancer research can be defined as a minimally invasive test done
on a sample of body fluid to look for circulating tumor cells (CTCs) and cell-free
circulating nucleic acids (especially, circulating tumor DNA (ctDNA) and
exosomes) released from the primary tumor and/or metastatic deposits
[3, 4]. Blood is the most commonly used body fluid for liquid biopsy approaches.
In addition to blood, urine, stool, cerebrospinal fluid (CSF), saliva, pleural fluid, and
ascites are potential sources of tumor-derived material. Obtaining a liquid biomarker
from body fluids is a quick, minimally invasive procedure that can be easily obtained
with minimal pain and risk (Table 17.1). Serial testing and real-time sampling are
possible, reflecting treatment responses and temporal heterogeneity. Biologically
liquid biopsies are also more likely to represent the whole tumor, reflecting spatial
heterogeneity.

The principle sources for liquid biopsies are represented by CTCs, ctDNAs,
exosomes, and circulating cell-free nucleic acids (such as, microRNA, mRNA, and
long noncoding RNAs). The analysis of liquid biopsy specimens is, however,
challenging because CTC count is limited, and ctDNA are fragmented and contam-
inated with germline cell-free DNA making it hard to isolate tumor-derived genetic
material in high quantities with a pure fraction [7]. Thus, highly sensitive assays are
needed, and recent technological advances have enabled the detection and detailed
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characterization of CTC and ctDNA in blood samples from cancer patients. Liquid
biopsy is a very active research field, and despite of important advances, several
technical challenges remain to be solved and the clinical utility of liquid biopsy is
still under debate [8]. Research on exosomes and cell-free RNA are still premature to
seek into their clinical implications.

In this chapter, we will explore the current concepts and future of liquid biopsies
from a clinical practice point of view. In particular, CTCs and ctDNA analyses have
opened new diagnostic avenues that may change clinical practice in breast cancer,
and we will focus on these perspectives.

17.2 Review of Past Studies

The presence of CTCs was first reported by the Australian physician Thomas
Ashworth in 1869 from an autopsy, within the blood of a patient with extensive
breast cancer [9]. After its first description, several case reports have followed, but
only until recently has CTCs become a widespread topic in cancer research [10–
12]. The recent development of modern technologic platforms has made it possible
to capture and characterize CTCs. In 2004, the CellSearch® system was introduced,
and the prognostic value of CTC enumeration was proven in metastatic breast cancer
patients [13]. This led to the clearance of the CellSearch® system by the FDA and

Table 17.1 Comparison between tissue biopsy and liquid biopsy [3–6]

Tissue biopsy Liquid biopsy

Advantage • Histopathological diagnosis
and staging

• Gold standard for tumor char-
acterization

• Validated tissue processing
and handling

• Prognostic, predictive
• Localized sampling of tissue

– Specific mutations for
target therapy

• Minimally invasive
– Minimal pain and risk
– Serial testing, real-time sampling is
possible

• Quick
• Comprehensive tissue profile

– Reflects tumor heterogeneity

Disadvantage • Invasive procedure
– Pain and risk
– Multiple sampling is fre-
quently impractical

– Serial testing is difficult
– Sometimes anatomically
inaccessible

• Time-intensive procedure
• Not real-time
• Localized sampling of tissue

– Not always representative
of tumor heterogeneity

• Staging not possible
• Special processing and handling are needed
• Low amounts of ctDNA, CTC ! need
considerable amount of blood sample

•Variations in levels according to cancer type
and individual patient

• Limited prognostic feature
• Predictive value not proven yet
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also was the start of intensive CTC research. The CellSearch® system is still the only
medical device currently approved for CTC selection and enumeration in various
cancers.

The term of cell-free DNA (cfDNA) was first reported by Mandel and Metais in
1948, referring to fragmented DNA found in the noncellular component of the blood
[14]. In healthy individuals, cfDNA are discovered with a concentration of 1–10 mg/
mL in plasma [15, 16]. This level is increased under conditions of tissue stress,
including exercise, inflammation, surgery, or tissue injury [17]. In 1977, Leon and
colleagues reported that cancer patients had a higher level of cfDNA in the serum
compared to healthy individuals [18]. Further research was triggered and in 1989,
Stroun and colleagues demonstrated that some of these cfDNA in the plasma of
cancer patients originate from cancer cells [19]. Specific mutations were soon found
from urinary, stool, and sputum samples of various cancer patients [20]. Sorenson
and colleagues were the first to report mutated KRAS in the plasma cfDNA of
patients with pancreatic cancer in 1994 [21]. The KRAS mutation found in the
plasma was identical to that found in the patient’s tumor, confirming that the plasma
cfDNA originated from the tumor. Mutations in cfDNA are highly specific markers
for cancer, and these gave rise to the term of circulating tumor DNA (ctDNA).

17.3 Current Evidence and Concepts

17.3.1 The Biology Behind CTCs and ctDNA

CTCs are tumor cells that are shed into the periphery blood from solid tumors of
primary or metastatic sites. The process of the release of CTCs into the bloodstream
is not fully understood yet. Whether the process is an active invasion or a passive
shedding of cells and whether it is a random process or predetermined by a biologic
program is still on debate [22, 23]. Although thousands of cancer cells are released
into the circulation, few survive to become a source of metastasis [24]. The half-life
of CTCs is short, reported to be only 1–2.4 h in breast cancer patients [25]. Also
apoptotic CTCs or fragmented CTCs are frequently found in the bloodstream
[23, 26]. Strong evidence exists that CTCs are capable of metastasis, but CTCs
have to endure a strong selection process to obtain their target of metastasis
formation [27, 28]. It is still unclear of how CTCs contribute to metastatic spread
and progression.

The key technical challenge in CTC research is its rarity in the bloodstream, with
estimates of just one CTC per ~107 white blood cells per milliliter of blood. Vast
array of technologies have been developed to isolate CTCs, by enrichment and
detection [29–32]. CTC enrichment is the process of capturing CTCs amongst the
vast array of normal blood cells. It is achieved using the physical properties of the
cells, such as size, density or charge, or biological properties, such as tumor cell
surface marker expression. After enrichment, CTCs must be detected to isolate pure
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CTCs from leukocyte contamination. CTCs are detected using immunologic, molec-
ular, or functional assays [33] (Fig. 17.1).

The release of tumor DNA into the blood circulation is from all sources of tumor
cells, including primary tumors, metastatic lesions, micrometastasis, and even CTCs.
The majority of ctDNA are released passively from necrotic and apoptotic cells in
the process of cellular destruction but, active DNA release is also reported [34–
36] (Fig. 17.2). However, the biology behind the release of ctDNA into the circu-
lation is still unknown. Once in the circulation, clearance of cfDNA (including
ctDNA) is rapid and occurs via the kidneys, liver, and spleen [37]. Observation
studies show that the half-life of cfDNA in the circulation is between 16 min and
2.5 h, which enables ctDNA analysis to be considered as a “real-time” snapshot of
disease burden [37, 38].

Pharmocological treatments, inflammation, and circardian rhythms are known to
influence cfDNA clearance but its mechanism is not entirely understood. In normal
physiological conditions, cellular debris, including cfDNA, are cleared by infiltrat-
ing phagocytes, but in tumorous conditions clearance is less efficient, increasing the
fraction of ctDNA in overall cfDNA [39]. In cancer patients, the fraction of ctDNA
in overall cfDNA varies between 0.1% to over 90% [40]. The fraction of patients
with detectable ctDNA differs by cancer types. Substantial variability is also
observed among patients with the same cancer type, but still has the tendency to
be parallel with tumor burden [40].

ctDNA are detected in low levels and its half-life is short, which means special-
ized approaches are needed to isolate and analyze them. The key issues in detecting
ctDNA are the stability of cfDNA itself and contamination of wild-type DNA from
lysis of normal blood cells. Plasma must be centrifuged and separated within 1 to
4 hours after blood collection to limit these effects. However, rapid processing has
practical challenges and also has the potential of preanalytical variability due to
differences in processing time [41, 42]. This prompted the development of

Fig. 17.1 Schematic for the process of enrichment and detection of circulating tumor cells (CTCs)
[32]
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specialized preservative-containing tubes that stabilize cfDNA and intact cells for up
to 7–14 days at room temperature [43].

In principle, technologies for mutation detection in ctDNAs can be divided into
targeted and untargeted approaches. Targeted approaches aim to detect mutations in
a set of predefined genes, whereas untargeted approaches aim to screen the genome
and discover new genomic aberrations [17, 23, 44]. Targeted approaches use
mutation-specific techniques mainly based on polymerase-chain-reaction (PCR)
analysis, such as BEAMing (beads, emulsion, amplification, and magnetics) or
droplet digital PCR (ddPCR) analysis [45, 46]. These techniques have high analyt-
ical sensitivity, detecting, and quantifying individual point mutations present at
allele frequencies of 0.01% or less in ctDNA. However, targeted approaches are
only applicable to limited cancer patients where preliminary tumor analysis is
already done or only for hotspot mutations (e.g., PIK3CA mutations). NGS methods
are mainly used for untargeted approaches which range from whole-genome or
whole-exome sequencing to targeted sequencing of a limited gene panel
[47, 48]. Untargeted approaches have the main advantage of being applicable to
all patients and discovery of novel mutations, but still have limited sensitivity and
specificity due to error rate of DNA polymerase and the sequencing reaction.
Various techniques are being developed to improve these limits of detection [49, 50].

17.3.2 Comparison Between CTCs and ctDNA

Molecular analysis of CTCs and ctDNAs provides distinct but, complementary
information (Table 17.2). CTC analysis is not limited to enumeration but can be

Fig. 17.2 The origins and range of alterations in cell-free DNA [20]
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characterized by DNA, RNA, and proteins. ctDNA analysis is limited to DNA
mutations, but has the advantage of easier and more sensitive detection and the
potential of reflecting treatment responses more accurately [6, 40, 51].

Table 17.2 Comparison between CTCs and ctDNA [4, 6, 7, 28, 29]

Circulating tumor cells Circulating tumor DNA

Tissue/cell source Tumors Apoptotic tumor cells/
necrotic

Isolation Difficult Easy

Half-life 1–2.4 h <1.5 h

Concentration in blood 1–10 CTC/1 mL 30 ng/1 mL

Size 9–30 μm 100–200 bp

Applications

• Prognostic marker Yes Yes

• Predictive marker Not yet Not yet

• Potentially addresses spa-
tial and temporal tumor
heterogeneity

Yes Yes

• Detection of somatic
mutations, indels, copy-
number alterations, and
gene fusions

Yes Yes

• Evaluation of methylation
patterns

Yes Yes

• Analysis of mRNA/
miRNA/lncRNA/RNA
splice variants

Yes Yes

• Analysis of RNA
expression

Yes No

• Cell morphology and
functional studies

Yes No

• In breast cancer Harvesting difficulties, false-
negatives

A few single genes, low
rate of hotspot mutations;
screening of multiple genes

Advantage Molecular characterization and
functional studies are possible

Relatively stable and easier
to detect

Disadvantage • CTC heterogeneity
• Low abundance and fragility
• Multiple different technologies
for CTC isolation

• Lack of validation and qualifi-
cation of assays (more sensitive
technologies and flexibility for
characterization are needed)

• False-positive and false-
negative

• Lack of standardization of
techniques

• False-positive and false-
negative
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The analysis of CTC has remarkable depth by allowing analysis of the whole cell.
Starting with simple enumeration, characterization by DNA, RNA, and proteins is
also possible. Along with the development of single cell technologies, measurements
of cancer heterogeneity and subclonal populations are anticipated. Functional studies
using ex vivo culture are also expected to allow real-time studies of drug sensitivity
and individual therapeutics. However, currently CTC detection is technically chal-
lenging, and its concentration is very low [52]. In contrast, ctDNA analysis has the
notable attribute of ease of collection and high-throughput analysis. ctDNA
genotyping is expected to be rapid, economic, and reliable for clinical application.
However, the limitation of ctDNA analysis is its restriction of DNA mutations.

Currently CTC and ctDNA approaches are competing biomarkers. The informa-
tion obtained through these approaches is different but also complementary. Syner-
gistic, not competitive, applications are expected in the future of clinical oncology. A
possible plot is using ctDNA analysis for disease burden monitoring and limited
molecular analysis. When increased disease burden is recognized, CTC analysis for
comprehensive characterization of tumor DNA, RNA, and protein can help to
optimize treatment selection [53].

17.3.3 Clinical Applications in Breast Cancer

Many studies have illustrated the potential of liquid biopsy approaches to determine
its prognostic and predictive value, establish a tumor’s genomic profile, monitor
treatment response and quantify minimal residual disease, and assess treatment
resistant. However, research on CTC and ctDNA analysis is still at its starting
point and up to present status, there are currently no approved applications in clinical
practice for breast cancer patients. Nevertheless, recent studies demonstrate prom-
ising results and ongoing research holds expectation for the future of CTCs and
ctDNAs for clinical application (Fig. 17.3).

17.3.4 Screening and Early Detection of Cancer

In the early stage, breast cancer is confined to the breast and locoregional lymph
nodes, presenting with limited tumor burden. Consequently, CTCs or ctDNAs are
likely to be present at a low concentration in the blood. The presence of CTCs in
early breast cancer range from 9.4 to 48.6% from previous studies [54–57]. The
detection rate is still too low to replace current protein biomarkers or to be consid-
ered as a screening tool. Although the Cellsearch® system is established as the gold
standard of CTC analysis in metastatic breast cancer, it is still a matter of debate on
how to detect CTCs in early breast cancer.

The potential of ctDNA detection as a screening process is suggested in recent
preliminary studies. In a prospective study of 29 early breast cancer patients, Beaver
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and colleagues analyzed presurgery plasma samples for PIK3CA mutations
[58]. Among the 29 patients, ten had PIK3CA mutations in their tumor, and were
detected in plasma samples with 93.3% sensitivity and 100% specificity. Whereas
this approach was performed by matching with primary tumor mutations, Phallen
and colleagues applied an untargeted approach using deep sequencing (~30,000�)
of 58 genes in 200 cancer patients [59]. Among the 45 breast cancer patients who
participated in this study, 56% were detected through this method, without any
significant difference according to cancer stage (stage I 67%, stage II 59%, stage III
46%).

A clinical study on cancer screening requires large study population and long
follow-up times. An alternative strategy to speed up this process would be to focus
on patients with high risk of developing cancer. An ongoing French prospective
study (CirCA01) is an example of this strategy, testing the screening value of TP53
ctDNA detection in BRCA carriers [60]. After recruiting germline BRCA1 carriers,
blood samples will be obtained at every visit to the hospital. Plasma TP53 mutations
will be detected from ctDNAs, to evaluate the sensitivity and specificity for detection
of any tumor growth (relapse and/or new tumor).

The greatest technical challenge in applying ctDNA as screening tool is the
detection of the low amount of ctDNA and the choice of the right panel of cancer-
specific genomic aberrations [23]. Unfortunately, the genomic alterations that drive
tumor growth in breast cancer are not specific and still unknown, thus untargeted

Fig. 17.3 The clinical applications of CTC and ctDNA in breast cancer [52]
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detection techniques may be preferred. In the USA and Korea, the umbrella LUNAR
trial is expected to enroll thousands of individuals to demonstrate the feasibility and
efficacy of early detection of breast, ovarian, lung, colorectal, and pancreatic cancers
[7]. Targeted sequencing assay for genomic and epigenomic variations is used and
preliminary results for stage I–III colorectal cancer were recently reported showing
94% detection rate and 94% specificity [61]. The feasibility of this test in breast
cancer must be awaited.

Implementing liquid biopsies as a screening tool is quite an attractive approach,
but the risk of over-diagnosis and false-positive is a hurdle to be solved. Many
precancerous benign conditions have been shown to carry common mutations shared
with malignant tumors. Also, cancer-associated mutations occur with increasing age
in individuals with no cancer over lifetime. Thus, detection of cancer-related muta-
tions in ctDNA might not indicate that the individual has cancer or might have
cancer in the future, leading to extensive anxiety and unnecessary diagnostic pro-
cedures with side effects like radiation exposure [23].

17.3.5 Risk for Metastatic Relapse (Prognostic Factor)

The expectations of CTC as a prognostic factor in metastatic breast cancer were
raised when Cristofanilli and colleagues published the results of a prospective,
multicenter study that enrolled 177 metastatic breast cancers to evaluate the prog-
nostic value of CTCs using the CellSearch® system [13]. Patients with�5 CTCs per
7.5 mL blood at baseline had a shorter median progression-free survival compared to
patients with<5 CTCs (2.7 months vs. 7.0 months, p< 0.001). Furthermore, overall
survival also differed according to CTC level (�5 CTCs, 10.1 months vs.<5 CTCs,
>18 months; p < 0.001). This study led to the FDA approval of the CellSearch®

system for metastatic breast cancer in 2007. The same group performed additional
follow-up with subsequent CTC evaluation at each follow-up visit, reporting that
detection of elevated CTCs at any time during therapy predicts rapid disease
progression and mortality in metastatic breast cancer patients [62]. The prognostic
significance of CTCs in metastatic breast cancer has been confirmed in the SWOG
S0500 randomized trial [63]. The change of CTCs was analyzed in metastatic breast
cancer receiving first-line chemotherapy, and overall survival differed according to
baseline CTC level and CTC number change after first dose of chemotherapy.
Patients with <5 CTCs at baseline had a median overall survival of 34.8 months,
patients who had �5 CTCs at baseline but decreased to less than 5 CTCs had a
median survival of 22.9 months and patients who persistently had �5 CTCs had a
median survival of only 13.1 months ( p <0.001). Subsequently, the prognostic
value of CTC in metastatic breast cancer was proven by many other groups [64–66].

Whereas the treatment is palliative in nature in metastatic breast cancer, the use of
liquid biopsies as a prognostic and predictive marker might be more important for
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patients with early breast cancer whom undergo curative treatment. The prognostic
value of CTCs in patients with nonmetastatic breast cancer was suggested in
preliminary prospective clinical trials [55, 67–70]. The individual data from these
trials were gathered by Janni and colleagues for a pooled analysis of 3173 patients
with stages I–III breast cancer [71]. All studies used the CellSearch® system for CTC
analysis, and at least one CTC being detected, regardless of the initial blood volume,
was assessed as CTC-positive. CTC detection rate was 20.2% and the number of
detected CTCs ranged from 1 to 827. The summary estimate for overall survival and
disease-free survival hazard ratio (HR) according to the presence of CTCs was 2.444
(95% CI, 1.811–3.298, p < 0.001) and 2.080 (95% CI, 1.688–2.563, p < 0.001).
The prognostic relevance of CTC detection was independent of tumor grade and
stage, nodal stage, hormone receptor, and HER2-receptor expression and persisted in
any CTC cut-off value from 1–20. Subgroup analysis demonstrated the prognostic
value of CTCs varied among breast cancer subtypes also. The clinical validity of
CTC detection as a prognostic marker has also been demonstrated in patients
undergoing neoadjuvant chemotherapy by Bidard and colleagues [72]. A meta-
analysis of individual patient data from 21 studies was performed in which CTC
detection by CellSearch® system was performed before treatment initiation. CTC
detection rate was 25.2% and detecting two or more CTCs before starting treatment
increased the prognostic ability of multivariable prognostic models for overall
survival (HR 3.93, 95% CI 2.81–5.45), distant disease-free survival (HR 3.73,
95% CI 2.82–4.90), and locoregional relapse-free interval (HR 3.02, 95% CI
1.88–4.75).

Alongside with CTCs, ctDNA detection has also been investigated as a prognos-
tic factor in both advanced and early breast cancer. Whereas the data on CTCs are
mainly focused on data from the CellSearch® system, the methods for ctDNA
detection have various technical differences. Also, ctDNA studies are reported
with relatively limited sample sizes.

In metastatic breast cancer patients, the largest study about the prognostic role of
ctDNA detection is the data from the BOLERO-2 clinical trial [73]. This phase III
study randomized patients to exemestane plus placebo or exemestane plus
everolimus. A total of 541 patients had baseline plasma samples and ddPCR was
performed to analyze for the two most frequent mutations in ESR1 (Y537S and
D538G). ESR1 mutation from ctDNA was detected in 28.2% of the patients, and
both mutations were associated with shorter overall survival (wild-type, 32.1
months, 95% CI 28.09–36.40 months; both mutations, 15.5 months, 95% CI
10.87–27.43 months). In contrary of detecting specific mutations, cfDNA tumor
fraction can also be considered as a prognostic factor. Stover and colleagues
performed low coverage whole-genome sequencing of cfDNA from metastatic
triple-negative breast cancer patients to determine cfDNA tumor fraction [74]. A
total of 164 patients were evaluated and cfDNA tumor fraction was determined in
96.3% of them. A cfDNA tumor fraction threshold of �10% was associated with
significantly worse metastatic survival (median, 6.4 vs. 15.9 months) and remained
significant independent of clinicopathologic factors (HR 2.14, 95% CI 1.4–3.8, p <
0.001).
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The prognostic role of ctDNA in early breast cancer patients is demonstrated in
relatively small sample studies. In a prospective study of 147 early breast cancer
patients, Garcia and colleagues detected loss of heterozygosity (six markers) and
TP53 mutations from plasma DNA using PCR and Sanger sequencing [75]. Among
them, 42.9% (61/142) were detected of molecular changes, and these patients
presented with poor OS and DFS compared to negative cases. Oshiro and colleagues
used ddPCR assay to detect PIK3CA mutations among early breast cancer patients
[76]. PIK3CA mutations were detected in 110 primary cancers and 23% of these
patients had corresponding mutations in ctDNA analysis. Patients with a high level
of mutant ctDNA exhibited significantly shorter recurrence-free survival and overall
survival rates compared to patients with low or no mutant ctDNA [76]. Most
recently, Garcia-Murillas and colleagues analyzed two prospective ctDNA sample
collection studies (the ChemoNEAR study and the Plasma DNA study), recruiting
170 early breast cancer patients [77]. In blood samples obtained at diagnosis before
any treatment, ctDNA was detected in 41 of 80 patients (51.2%), at a median allele
frequency of 0.36%. Detection of ctDNA at diagnosis was associated with poor
relapse-free survival (HR 5.8, 95% CI 1.2–27.1). A prospective study for stages II–
III invasive HER2-positive or triple-negative breast cancer patients is undergoing to
evaluate the predictive value of ctDNA in patients undergoing neoadjuvant therapy
[78]. A total of 229 patients are planned to be enrolled and survival analysis is also
planned, expecting to add-on data for the prognostic significance of ctDNA detection
in early breast cancer patients.

The prognostic value of liquid biopsies in early breast cancer might be limited, as
a sample of the tumor itself is usually available and provides valuable prognostic
information [79]. However, stratification of patients into high-risk and low-risk
groups would enable adjuvant therapy to be given to patients who are likely to
benefit more [20]. Under this concept, the on-going TREAT-CTC trial is a random-
ized phase II trial to evaluate the efficacy of additional trastuzumab in HER2-
negative breast cancer patients with detectable CBC after completion of adjuvant
therapy [80]. The usefulness of liquid biopsy in treatment stratification will be dealt
with in detail in the later part of this chapter.

17.3.6 Early Detection of Recurrence

The detection of CTC or ctDNA during surveillance of early breast cancer patients
after curative therapy can be considered as a biomarker for early detection of
recurrence. Garcia-Murillas and colleagues performed mutation tracking using per-
sonalized tumor-specific ddPCR assay for 144 early breast cancer patients with
210 trackable mutations [77, 81]. After a median follow-up of 36.3 months, molec-
ular residual disease was detected in 29 patients which was highly prognostic
(HR 17.4, 95% CI 6.3–47.8). The median lead time between ctDNA detection and
relapse was 10.7 months (95% CI 8.1–19.1 months). These results were consistently
demonstrated in all major breast cancer subtypes. Similar results were demonstrated
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in the interim analysis of the EBLIS study [82]. In this multicenter, prospective
cohort study, breast cancer patients completed of adjuvant therapy but considered
high risk for relapse were enrolled and obtained of serial plasma samples. Among the
18 patients who relapsed, plasma ctDNA was detected in 89% (16 patients) with a
median lead time of 8.9 months (range 14–721 days). The presence of ctDNA in
postsurgical plasma samples or follow-up samples was all associated with poorer
prognosis (postsurgical, HR 11.8, 95% CI 4.3–32.5; follow-up, HR 35.8, 95% CI
8.0–161.3).

Larger validation studies will be needed to further clarify the validity of ctDNA
monitoring in early breast cancer. Also, clinical trials will be needed to determine the
clinical utility of liquid biopsies for early detection of molecular recurrence by
means of intervening with treatment according to CTC or ctDNA detection.

17.3.7 Real-Time Monitoring of Therapies in Metastatic
Breast Cancer

During treatment for metastatic breast cancer, the patient and physician’s most
significant concern is whether the disease has progressed. Currently, imaging studies
are applied to evaluate treatment response, but they are often noninformative or slow
to reflect progression. The issue of radiation exposure related to imaging studies is
also a hazard. On the other hand, liquid biopsies are noninvasive, feasible for
repetitive sampling and respond to treatments instantly. Treatment monitoring is
one of the most promising clinical utility of liquid biopsies in advanced cancer
patients. However, perceiving progression before change of clinical symptoms may
not prolong survival or quality of life, which will be needed to be investigated in
future studies with any biomarkers, including liquid biopsies.

As mentioned before, the prognostic value of CTC in metastatic breast cancer is
not only related to its count at baseline but also related to CTC count change after
initiating a new systemic therapy [13]. Patients who had a high CTC count (�5 CTC
per 7.5 mL, CellSearch®) before treatment initiation and persisted with a high count
after initiating a new systemic therapy performed with the worse survival. This poor
prognostic outcome presumably reflects resistance to the therapy. This assumption
was the rationale of the SWOG 0500 trial, hypothesizing that when patients failed to
reduce CTCs to less than five per 7.5 mL by first follow-up after starting a new first-
line chemotherapy, an early change to an alternative chemotherapy regimen might
benefit patient survival [63]. However, this strategy did not improve overall survival
or even progression-free survival. A more effective treatment than standard chemo-
therapy will be needed for these patients, with consideration of participation in
prospective trials of novel therapies.

The on-going CirCe01 trial is another attempt in changing chemotherapy in
patients with persistently elevated CTC count after one cycle of chemotherapy
[73, 83]. An additional idea is that the CTC test must be repeated at every initiation
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of a new treatment to show clinical improvement. Metastatic breast cancer patients
starting a third line of chemotherapy will be randomized between the standard arm
and CTC-arm. In the CTC-arm, CTC count change will be checked after the first
cycle of every new therapy. If CTC count decreases to <5/7.5 mL, treatment will be
maintained and managed by standard clinical/radiological tools. If CTC count fails
to decrease, treatment will be changed and evaluated by CTC count again. The
primary outcome is overall survival, with a medico-economic study as a coprimary
endpoint. In patients with chemo-resistant tumor, chemotherapy change will be
quick and gives support to discontinuation of chemotherapies and start of palliative
care, whereas, a subgroup of patients will benefit by finding effective therapy
quickly.

The short half-life of cfDNA in circulation can be advantageous for measuring
real-time tumor burden in response to therapy. Dawson and colleagues collected
serial plasma specimens from 30 metastatic breast cancer patients, to compare
radiographic imaging with ctDNA, CA15-3, and CTCs assay [51]. The dynamic
change in ctDNA levels correlated well with tumor burden, performing better
compared to CA15-3 and CTCs. Treatment response was also detected earliest by
the ctDNA level change. This proof-of-principle study demonstrated the possibility
of ctDNA as a real-time monitoring biomarker. O’Leary and colleagues underwent a
retrospective analysis of samples from the PALOMA-3 trial, analyzing the predic-
tive value of early ctDNA change in metastatic breast cancer [84]. A relative change
in PIK3CA ctDNA level from baseline to 15 days of treatment was strongly
predictive to sensitivity to palbociclib, a CDK 4/6 inhibitor. This data supports trials
testing the hypothesis that a change in treatment strategy based on early ctDNA
dynamics may improve outcome, by switching treatment regimen for patients with
inadequate ctDNA suppression.

17.3.8 Real-Time Monitoring of Treatment Response
in Neoadjuvant Therapy

Neoadjuvant chemotherapy is a standard treatment for patients with locally
advanced breast cancer. Recently its application has widened to early breast cancer
for tumor downsizing to allow breast-conserving surgery. However, the monitoring
of response to neoadjuvant therapy is not easy, with limited accuracy of radiologic
studies. A repeated biopsy is also impracticable in clinical practice, not only because
of the patient’s discomfort but also due to tumor shrinkage. CTC and ctDNAs have a
short half-life in the bloodstream, so changes in these levels are expected to be
observed earlier than radiologic images. This approach can overcome the problems
of current monitoring tools and allows real-time monitoring of tumor burden.

The clinical validity of CTCs for response monitoring in neoadjuvant therapy has
not been validated yet. Bidard and colleagues performed a meta-analysis in
nonmetastatic breast cancer patients treated by neoadjuvant chemotherapy to assess

350 T.-K. Yoo



the clinical validity of CTC detection [72]. In this meta-analysis, a total of 2156
patients from 16 centers and 21 studies were collected. CTC detection (�1 CTC)
before neoadjuvant treatment was related to a slightly lower rate of pathological
complete response compared to patients with no CTC (17.4% vs. 24.2%, p ¼ 0.01).
However, this was not significant after multivariable logistic regression analysis.
Also, CTC detection of other cut-offs or time points had no association with
pathological complete response.

The correlation between ctDNA level change and response to neoadjuvant
therapy was investigated in two studies. Kim and colleagues enrolled 20 breast
cancer patients undergoing neoadjuvant chemotherapy [85]. Among them, ctDNA
were collected from 15 patients and serial sampling was done at diagnosis, after the
1st cycle of neoadjuvant chemotherapy and before and after surgery. Targeted ultra-
deep sequencing of 82 genes was performed of the plasma DNAs. In two patients,
ctDNA disappeared after the 1st cycle of neoadjuvant chemotherapy, and both
patients achieved a pathologic complete response. Also, the amount of ctDNA
correlated with residual cancer volume detected by breast MRI. Riva and colleagues
also performed a similar study with triple-negative breast cancer patients [86]. Cus-
tomized ddPCR assays were used to track TP53 mutations for 46 patients. TP53
mutations were identified in 40 tumor tissues. Only one patient had increased ctDNA
level after the first cycle of treatment, and this was the only patient who progressed
during neoadjuvant chemotherapy. A slow decrease of ctDNA level during
neoadjuvant chemotherapy was also strongly associated with shorter survival.
These two studies suggest the possibility of using ctDNA level change as a tool
for early response evaluation during neoadjuvant chemotherapy. A prospective
study is undergoing to validate this concept, currently enrolling 229 HER2-positive
or triple-negative breast cancer patients planning neoadjuvant therapy
(NCT02743910) [78]. The results of this study will give us more clues to the role
of ctDNA in real-time monitoring of neoadjuvant therapy.

17.3.9 Stratification and Therapeutic Intervention

Blood-based stratification of targeted therapies in clinical intervention trials is one of
the most anticipating roles for CTC and ctDNA analysis. Many clinical trials are
planned or on-going to prove the clinical utility of blood-based stratification, mainly
in metastatic diseases. We discuss some studies based on CTC and ctDNA analysis
that will exemplify this issue.

The concept of using CTC enumeration for treatment guidance is used in the
STIC CTC METABREAST clinical trial [87]. Baseline CTC count is an indepen-
dent prognostic marker in metastatic breast cancer and is hypothesized to be a better
criterion in choosing treatment regimen in this study. This large phase III trial
randomizes 996 hormone receptor-positive metastatic breast cancer patients between
the clinician choice and CTC count-driven choice. In the CTC arm, patients with�5
CTC/7.5 mL will receive chemotherapy whereas patients with a CTC count lower
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than 5 will undergo endocrine therapy as first line therapy. The primary endpoint is
progression-free survival to prove the noninferiority of the CTC arm. The results are
anticipated, hoping to demonstrate the clinical utility of baseline CTC count in
metastatic breast cancer patients.

CTCs can be exploited to investigate the presence of drug targets as more-
comprehensive molecular characterization gets possible. In this regard, clinical trials
using HER2 phenotyping of CTCs for treatment stratification is a starting point of
liquid biopsy-based therapeutic intervention. In Greece, Georgoulias and colleagues
performed a single-center phase II study of 75 women with HER2-negative early
breast cancer and detectable CTCs after adjuvant chemotherapy [88]. These women
were randomized between six cycles of trastuzumab or observation for a primary
endpoint of 3-year DFS. Double staining for HER2+ was performed in 57 patients
and 51 (90%) of them had CK+/HER2+ CTCs. The trastuzumab arm had signifi-
cantly lower CTC count after trastuzumab administration compared to the observa-
tion arm along with a significantly reduced risk of relapse. In contrary, the
multicentric phase II CirCe T-DM1 study failed in proving the efficacy of T-DM1
in HER2-negative metastatic breast cancer patients with HER2-amplified CTCs
[89]. A total of 155 heavily pretreated metastatic breast cancer patients were
screened for HER2-amplified CTC. Among them 14 patients had HER2-amplified
CTCs and after treatment of T-DM1, only one patient presented with partial
response. The DETECT III trial is designed with a similar concept, screening
HER2-negative metastatic breast cancer patients for HER2-positive CTCs, to be
randomized between standard therapy or standard therapy plus lapatinib [90]. A total
of 282 patients are planned to be enrolled for a primary endpoint of PFS. The results
are still anticipated.

Assessment of clinical utility of ctDNA analysis for treatment stratification is
mainly demonstrated by specific point mutations. In a prospective-retrospective
analysis, plasma ESR1 mutations were assessed in baseline plasma samples from
the SoFEA and PALOMA3 trial [91]. Multiplex ddPCR assay was used to analyze
seven most common ESR1 mutations. The SoFEA trial compared
exemestane vs. fulvestrant vs. fulvestrant with anastrozole in a population previously
sensitive to aromatase inhibitors, resulting in no significant difference in its primary
endpoint of progression-free survival. However, ctDNA analysis demonstrated that
patients with plasma ESR1 mutations had improved PFS after taking fulvestrant
compared with exemestane (HR 0.52, 95% CI 0.30–0.92), whereas patients with
plasma wildtype ESR1 had similar PFS after both treatments. These results provided
the first evidence of potential clinical utility of plasma ESR1 mutation analysis in
selecting endocrine therapy regimen. Unfortunately, plasma ESR1 mutation analysis
did not prove as a predictive factor for CKD4/6 inhibitors in the PALOMA-3 trial
dataset. The BOLERO-2 trial dataset was also analyzed for plasma ESR1 mutations,
but also failed to prove any stratification role for everolimus [73].

Prospective trials are needed to assess the clinical utility of ctDNA screening for
treatment stratification in metastatic breast cancer, which will be demonstrated by the
ongoing multiple parallel cohort phase II clinical trial, plasmaMATCH trial from the
UK [92, 93]. Patients will be screened for hotspot mutations in ESR1, HER2, AKT1,
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and PIK3CA, with HER2 copy number assessment using ddPCRctDNA assays.
Patients with mutations identified will enter the matching treatment cohort; ESR1—
extended dose fulvestrant 500 mg every 2 weeks, HER2—neratinib � fulvestrant,
AKT1—AZD5363 � fulvestrant. The study will screen over 1000 women,
expecting to enter approximately 20% of these patients into treatment cohorts. The
trial is aiming to provide proof of principle efficacy for designated targeted therapies
using objective response rate as the primary endpoint.

17.3.10 Monitoring of Resistance and Tumor Heterogeneity

The challenge of precision medicine is the eventual emergence of acquired resistance
[92]. Under selective pressure of therapy, acquired resistance develops gradually
within the population of tumor cells. Tumor subclones that conceal preexisting
resistance alterations emerge and dominate the population of the tumor. These
resistant subclones may coexist in the same lesion or in distinct metastatic sites
[17]. Therefore, a single-lesion tumor biopsy can underestimate the molecular
heterogeneity present. However, multiregional and repeated metastatic tumor biop-
sies are impractical due to its complications and costs. In contrast, analysis of liquid
biopsies is a less-invasive tool for the identification of molecular alterations and is
also effective as CTCs and ctDNAs are shed from tumor cells throughout the body.

The key in using liquid biopsies to evaluate tumor heterogeneity is to show
detection of multiple unique resistance alterations from different metastatic sites in
liquid biopsy samples. Murtaza and colleagues presented extensive analysis of
multiple tumor samples and plasma samples from one patient during treatment
with sequential targeted therapies over a 3-year clinical course [94]. ctDNA analysis
from plasma samples reflected the size and activity of distinct tumor subclones. For
example, during lapatinib treatment, a rapid increase in several mutations exclusive
to the chest mass was observed in plasma samples, coinciding with disease progres-
sion seen on imaging at this site. ctDNA analysis also identified an actionable
hotspot mutation in PIK3CA, that was not detected in tumor biopsies, but was
detected with an allele frequency of 3.5% at the time of progression on trastuzumab
and tamoxifen. After lapatinib treatment started, the plasma levels dropped to 1.1%
and then became undetectable.

Tumor heterogeneity limits treatment response rates, especially after tumor
progression or relapse. Exposure to targeted therapy can lead to selection of a
specific molecular phenotype that may be the molecular target of other drugs.
Detection of this selective pressure of therapy can lead to the choice of sequential
target drugs. In principle, tracking the emergence of resistance-associated genetic
aberrations could be applied to provide the early initiation of alternate therapies
before progression or relapse is detected by clinical or radiological examination [79].

The results from Murtaza et al study is from a single patient and needs confir-
mation in a larger cohort of patients with multiregional biopsies and serial plasma
samples. Molecular treatment stratification and tracking of resistant clones in
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patients treated with targeted therapies may inform the choice of targeted treatments
for individual patients. Integration of real-time ctDNA analysis into clinical trials
and eventually into standard clinical management heralds a new era for precision
cancer medicine.

17.4 Future Research Direction

Liquid biopsies are promising tools for precision cancer medicine. However, to date
most studies are proof of concept studies and it is still a matter of speculation to what
extent liquid biopsies will replace tumor biopsies in the future. More solid clinical
data are needed for liquid biopsies to change clinical practice. There are many
limitations to overcome and these will be the direction of future researches.

The major limitation for further clinical application of CTC assays is the low
detection rate in current detection technologies. The only FDA-approved test for
CTC assessment is the CellSearch® system which has been proven of its prognostic
value in breast cancer. However, the detection rate of CTCs using CellSearch® in
stage I–III early breast cancer is only 20% [71]. Novel CTC detection methods are
being developed to enrich and detect CTC more efficiently presenting with detection
rate 100-fold higher compared to previous methods [95]. However, further methods
have not been approved for routine clinical use because of the limited benefit of
CTCs in treatment-decision making. This reflects the methodological problems
related to the nature of CTCs, especially their heterogeneity and diverse metastatic
potential, leading to limited clinical significance. Development of novel technology
and extended validation would be needed to overcome this barrier.

Recently, CTC research shows a trend of shifting from CTC enumeration to a
more detailed molecular and functional characterization of single CTCs
[28, 95]. Only a limited number of CTCs are captured in most CTC assays and it
is important to expand the isolated CTCs in order to perform subsequent functional
analyses. After isolating proliferative and viable CTCs, in vivo models can be used
to investigate the functions of these cells. The use of patient-derived CTCs for an
ex vivo functional study of chemotherapeutic efficacy monitoring is an appealing
approach for immediate treatment decision regarding drug resistance. Current tech-
nology on CTCs does not differentiate between apoptotic and viable CTCs. An
emerging approach to identify viable cells is detecting protein secreted, released or
shed by functional single epithelial cancer cells [96]. RNA extraction from CTCs
ispossible and high throughput technology, such as NGS, has made it possible to
analyze whole genomes and transcriptomes of individual CTCs [97].

One of the major concerns in ctDNA assays is the lack of standardization of
techniques [7, 79]. This lack of standardization extends to each step in the process
starting from preanalytical variability; which material will be used (plasma versus
serum), what collecting tube to use, what optimal time period between blood draws
and processing is needed. Techniques used for the quantification of tumor-associated
genetic mutations, for example, ddPCR, NGS, BEAMing, must be defined also.
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Analytical variabilities will include intrinsic PCR errors and technological errors
related to NGS platforms. Spatial and temporal tumor heterogeneity is needed to be
taken into account as biological variabilities. Another obstacle is the fact that it is
challenging to determine the clinical sensitivities of ctDNA assays owing to vari-
ability among clinical studies. The tumor stages and types assessed, the sample-
processing techniques and targeted molecular alterations differ across different
studies. Improving assay sensitivity is also important as rare molecular alterations
must be detected to anticipate drug resistance.

Interpretation of clinical studies are also hindered owing to the fact that the
dynamic biology of CTC and ctDNA release is poorly understood [23]. ctDNA
mainly represents the genome of dying cells, but cancer progression and therapy
resistance are driven by viable tumor cells. Thus, the time point of blood sampling
during the course of treatment will be important in discovering genetic alterations
from resistant tumor cell clones. Moreover, it is unclear whether all tumor subclones
contribute proportionally to ctDNA or CTC pools, or whether biological factors,
such as tumor vascularity or metabolic activity, influence their representations in the
bloodstream. Studies about the origin, biology, and dynamics of CTCs and ctDNAs
are important as clinical trials aim to interpret liquid biopsy assays in response to
clinical treatment.

The integration of liquid biopsy assays into clinical practice will only be possible
when the clinical utility is demonstrated in interventional clinical trials. Randomized
clinical intervention studies in which therapy decisions are based on liquid biopsy
analysis, investigating the effect on survival outcome are needed. Currently there are
no liquid biopsy assays that have proven clinical utility in breast cancer. Only in
nonsmall cell lung cancer has liquid biopsy entered into clinical practice. The
European Medicine Agency (EMA) and US FDA have approved diagnostic kits
that detect EGFR mutations in plasma ctDNA for blood-based companion diagnos-
tics of erlotinib, an EGFR inhibitor. The detection rate of EGFR mutations from
plasma ctDNA had comparable accuracy to Sanger sequencing of DNA from tumor
tissue specimens, established from large clinical trials [98, 99].

Liquid biopsies have great potential to be applied in oncology clinical practice.
Proof-of-concept studies show that liquid biopsies are promising research tools for
drug development, and for the study of tumor heterogeneity and clonal evolution.
Despite the extremely high level of current enthusiasm, there is still little evidence of
clinical validity and clinical utility to deploy liquid biopsies in routine clinical
practice. Clear understanding of the biological limitations of CTC and ctDNA assays
is needed and robust research is needed to enable development of clinical practice
recommendations. Over time, it is likely that evidence will emerge to better assess
the clinical validity and utility of liquid biopsies and eventually achieve widespread
use of CTC and ctDNA assays in routine clinical practice.

17 Liquid Biopsy in Breast Cancer: Circulating Tumor Cells and Circulating Tumor. . . 355



17.5 Summary

1. The bench
More research about the origin, biology, and dynamics of CTCs and ctDNAs is
needed to understand them and apply liquid biopsies in the clinic.

2. Translation
Recent technological advances have enabled the detection and detailed char-

acterization of CTCs and ctDNAs, but many hurdles are left to be cleared.
3. The bedside

Current clinical studies are only proof-of-concept studies and there is still little
evidence of clinical validity and utility to apply liquid biopsies in clinical practice.
Comprehensive clinical trials are needed.
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Chapter 18
Current Biomarkers for Precision Medicine
in Breast Cancer

Soo kyung Ahn and So-Youn Jung

Abstract Breast cancer has become the prototypical solid tumor where targets have
been identified within the tumor allowing for personalized approach for systemic
therapy. Biomarkers are beginning to play an important role in preparing the way for
precision treatment. Mandatory biomarkers for every newly diagnosed case of breast
cancer are estrogen receptors and progesterone receptors in selecting patients for
endocrine treatment and HER2 for identifying patients likely to benefit from
antiHER2 therapy. Although methodological problems exist in the determination
of Ki67, because of its clearly established clinical value, wide availability, and low
costs relative to the available multianalyte signatures, Ki67 may be used for deter-
mining prognosis, especially if values are low or high. Also, the androgen receptor
(AR) pathway is emerging as a potential therapeutic target in breast cancer.
AR-targeted treatments for breast cancer are in development and have shown
promising preliminary results. While, most established biomarkers in breast cancer
require tissue samples, serum tumor markers are easily accessible and require a less
invasive procedure. Among them, tissue polypeptide-specific antigen (TPS), a
specific epitope structure of a peptide in serum associated with human cytokeratin
18, is linked to the proliferative activity of tumors. TPS may be a valuable and
independent prognostic biomarker for breast cancer.

In order to accelerate progress towards precision treatment for women with breast
cancer, we need additional predictive biomarker, especially for enhancing the
positive predictive value for endocrine and antiHER2 therapies, as well as bio-
markers for predicting response to specific forms of chemotherapy.
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18.1 Introduction

Following a diagnosis of breast cancer, the most immediate challenges in patient
management are the determination of prognosis and identification of the most
appropriate adjuvant therapy. While, prognostic biomarker predicts the risk of
disease recurrence, predictive biomarker helps identify upfront those patients that
are likely to respond or be resistant to specific therapies.

Traditionally, determining patient outcome was based on a series of histopatho-
logical and clinical criteria such as the number of lymph node metastasis, tumor size,
and tumor grade. Although these factors all supply independent prognostic infor-
mation in newly diagnosed breast cancer, it is widely accepted that these factors
alone are inadequate for optimum management, especially as we move towards the
era of precision treatment.

Consequently, in recent years, an enormous amount of research has been devoted
to the discovery and validation of molecular biomarkers for breast cancer. This aim
of article is to discuss mandatory biomarkers for breast cancer which are used in
current clinics.

18.2 Estrogen and Progesterone Receptor (ER and PR)

In the early 1970s, Jensen and coworkers [1] discovered the presence of ER in
extracts of primary breast cancers and showed that over half of the women
expressing ER in their tumor responded to the then available forms of hormone
therapy (i.e., ovariectomy, adrenalectomy, hypophysectomy), while patients lacking
the receptor generally failed to benefit. This study was one of the first to show the
importance of a biomarker in guiding cancer treatment and the first opening of the
door for application of precision treatment to patients with breast cancer.

Estrogens are believed to stimulate breast cancer cell growth by associating with
regulatory elements in the genome, thereby enhancing the transcription of genes
such as MYC and cyclin D (CCND1) [2]. Since estrogens stimulate tumor growth
via binding to and activating ER, it was hypothesized that ER status might be used as
a predictor of response to endocrine therapy in advanced breast cancer. Meta-
analysis showed that 50–60% of ER-positive patients underwent objective response
to first-line hormonal therapy; in contrast, only 5–10% of ER-negative tumors
responded [3].

The current main use of ER is in identifying patients with early breast cancer for
adjuvant treatment with drugs such as selective estrogen receptor modulators
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(tamoxifen), aromatase inhibitors (AI) (anastrozole, letrozole, or exemestane),
LH-RH agonists (leuprolide, goserelin), pure selective estrogen downregulators
(SERDS) (fulvestrant), and oophorectomy. All these therapy ultimately targets ER,
preventing it from stimulating breast cancer proliferation. Since they act via different
mechanisms, resistant to a specific drug does not necessarily result in resistance to
related compounds [2]. Thus, different classes of endocrine therapy may be used
sequentially for treatment of ER-positive breast cancers. In an overview analysis of
randomized trials, administration of adjuvant tamoxifen to ER-positive patients with
early breast cancer for about five years reduced recurrence rate by almost 50% [4]. In
contrast to ER-positive patients, those with absent or low levels of ER failed to
benefit from receiving tamoxifen.

Moreover, the receptor status of metastasis may be more predictive of response. It
does not always correlate with that of the primary tumor with approximately 20-30%
conversion rate from ER-positive to ER-negative and much less frequently from
ER-negative to ER-positive at relapse [5]. Although 74% of patients with
ER-positive primary tumors whose recurrent tumors retained ER expression
responded to endocrine therapy, only 12% of patients with ER-positive primaries
and ER-negative metastases responded. Loss of ER significantly associated with
shorter median survival.

Although, ER is routinely used as predictive factor, it can also be used as
prognostic biomarker. Women with ER-positive tumors not receiving systemic
therapy after surgery have rates of recurrence at 5 years, which area 5–10% lower
than in those with ER- negative tumors. However, ER may be a time-dependent
variable, and studies with longer follow-up suggest that, with time, different rates of
relapse and death significantly diminish and eventually disappear [6]. It is possible
therefore that ER status is associated with indolent, slowing growing tumors and less
metastatic potential. PR as a prognostic factor in the absence of endocrine therapy is
still an area of debate.

Progesterone receptors are normally measured alongside ER. It has been regarded
as an indicator of an intact ER signaling axis. Some large nonrandomized studies
suggest that the detection of PR, in addition to ER, increases the endocrine therapy
predictive impact [7, 8] but evidence from the overview analyses of randomized
studies failed to find an independent predictive value [9].

Expert panels therefore recommend measurement of both ER and PR in all newly
diagnosed cases of breast cancer [10, 11]. Furthermore, most also recommend
measurement of these receptors in recurrent/metastatic lesions when feasible.

18.3 Human Epidermal Growth Factor Receptor 2 (HER2)

The second most commonly described target in breast caner is the HER2 protein.
Measurement of HER2 is now mandatory on all new cases of invasive breast cancer
and when feasible, also an recurrent/metastatic lesions. HER2 is a member of the
human epidermal growth factor family of receptors. The family consists of four
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transmembrane proteins (HER 1–4) each of which has different properties.
Overexpression of HER2 drives tumor growth by constitutive activating the
MAPK and PI3K/AKT signaling pathways, which in turn enhances cell prolifera-
tion, invasion, and metastasis [12].

There are two common methods used to test for the HER2 status of a breast
cancer cell. Immunohistochemistry (IHC) is used to measured as 0, 1+, 2+, or 3+,
depending on the percentage of cells staining. IHC 3+ usually corresponds to gene
amplification, whereas 0 or 1+ rarely does. Tumors with 2+ expression are usually
tested by fluorescent in situ hybridization. Alternatively, the tumor cells can be tested
by the fluorescent in situ hybridization method, which directly stains both the HER2
gene and the centromeres on chromosome 17. The HER2 ratio is the expression of
the HER2 gene copies/chromosome 17 centromere copies. A ratio �2.0 is consid-
ered amplified.

HER2 gene is amplified or overexpressed in only 15–20% of invasive breast
cancer. In Overexpression/amplification of HER2 is a prognostic marker of poor
outcome in the absence of adjuvant treatment and an important predictive marker of
responsiveness to certain treatments. The HER2 alteration has been associated with
an increased rate of metastasis, decreased time to recurrence, and decreased overall
survival [13–15]. HER2 is a prognostic marker independent of nodal status, tumor
size, grade, and hormone receptor status [16].

Although HER2 was originally proposed as a prognostic biomarker for breast, its
current utility is mainly for predicting response to antiHER2 therapy in the
neoadjuvant, adjuvant, and advanced disease setting. Currently, four forms of
antiHER2 therapy are approved; humanized antibodies directed against the extra-
cellular domain of the HER2 memebrane protein (trastuzumab, pertuzumab, and
trastuzumab emtansine) and dual tyrosine kinase inhibitor of EGFR and HER2
(lapatinib). HER2gene overexpression/amplification appears to be necessary for
response to all these treatments. Thus, at present only patients that are HER2-
positive can receive antiHER2 therapies.

In the last decade, several randomized controlled trials have shown that combined
treatment with trastuzumab and chemotherapy is superior to chemotherapy alone in
inducing pathological complete response (pCR) in neoadjuvant setting, extending
disease-free interval and overall survival in the adjuvant setting and inducing
response, increasing progression-free survival, and extending overall survival in
the metastatic setting. In the neoadjuvant setting, administration of trastuzumab
plus chemotherapy to HER2-positive patients was found to induce pathological
complete response in 26–65% of HER2-positive patients compared to 19–27%
response rate with chemotherapy alone [17]. In adjuvant setting, administration of
trastuzumab in combination with chemotherapeutic drugs decreases recurrence rates
by approximately 50% and mortality by about 30%. Overall survival rates at
8–10 years of follow-up are 70–80% [18]. In the metastatic setting, combined
administration of trastuzumab plus chemotherapy resulted in response rates of
30–85%, median times to progression periods of 5–18 months, and overall survival
peroids of 11–39 months [19]. Ten to 15% of HER2-positive breast cancer patients
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with advanced disease treated with trastuzumab and chemotherapy derive long-term
benefit with progression-free survival periods >3 years [20].

Despite success of antiHER2 therapy in extending overall survival, the vast
majority of pateints develop resistance. In an attempt to minimize resistance and
enhance response, a number of trials have investigated dual antiHER2 therapy in
HER2-posirive patients, especially in the neoadjuvnt and metastatic setting. In the
neoadjuvant setting, combined ttreatment with trastuzumab, lapatinib, and chemo-
therapy led to a superior pCR than trastuzumab and chemotherapy
(55.8% vs. 38.4%, p ¼ 0.0007) [18]. Similarly, combined treatment with
trastuzumab, pertuzumab, and chemotherapy led to significantly better pCR
(45.8%) compared to those receiving trastuzumab and chemotherapy (29%) or
those receiving pertuzumab and chemotherapy (24%) ( p ¼ 0.01) [21]. In the
metastatic setting, combined treatment with trastuzumab and pertuzumab has been
shown to be superior to single agent treatment, also. In the CLEOPATRA trial,
administration of trastuzumab, pertuzumab, and docetaxel resulted in a median
overall survival of 56.5 months, in contrast to only 40.8 months in the group without
pertuzumab (HR, 0.68; p < 0.001). Unlike the situation in the neoadjuvant and
metastatic settings, dual antiHER2 treatment (i.e., trastuzumab and lapatinib) was
not shown to be superior to trastuzumab in the adjuvant setting [22].

As with ER and PR, measurment of HER should now be performed on all newly
diagnosed patients with invasive breast cancer and used for selecting for treatment
with anti HER2 therapy in the neoadjuvant, adjuvant, and metastatic setting. How-
ever, with the increasing use of dual antiHER2 therapies in the adjuvant and
metastatic settings, additional biomarkers are now urgently required to identify
those patients that do not require the dual antiHER2 treatment. It would also be
desirable to identify biomarkers for selecting patients in the neoadjuvant setting for
treatment with antiHER2 therapy without any chemotherapy.

18.4 Ki-67

Uncontrolled proliferation is one of the hallmarks of cancer, thought to be prognos-
tic, and has been assessed by a variety of methods. The most common proliferative
marker is Ki-67, which is known as a nuclear marker of cell proliferation that is
expressed in all phases of the cell cycle except for G0 and early G1 [23]. It was first
identified by Gerdes et al. in 1983 in a Hodgkin lymphoma cell line and named after
the Kiel University and 67 after the clone number of the antibody able to detect
it [24].

Ki-67 expression is typically detected by IHC and reported as Ki-67 index (often
reported as “Ki-67”), which represents the percentage of stained tumor cells within
the investigated tumor cells. Lack of standardization impacts the analytic validation
of Ki-67. International Ki-67 Breast Cancer Working Group was convened to
examine data available on Ki-67 as a biomarker in early breast cancer and to propose
guideline [25]. Several antibody clones, such as MIB-1, MM-1, Ki-S5, and SP6,
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have been tested for Ki-67 detection by IHC on formalin-fixed paraffin-embedded
(FFPE) tissue sections. The most popular and most widely used antibody is the
MIB-1 clone. A multicenter study carried out by the International Ki67 Breast
Cancer Working Group concluded that good interlaboratory agreement was achiev-
able using centrally stained core needle biopsies when scores were higher or lower
than intermediate scores (i.e., <10% or >20% cell staining) [26].

Ki-67 is associated with several histopathologic factors in breast cancer. Breast
cancer with higher histologic grade, higher tumor stage, and nodal metastasis
showed higher Ki-67 expression [27–29]. ER status was inversely correlated with
Ki-67 [27]. Jung et al. showed that Ki-67 expression was found to be correlated with
tumor size, tumor grade, p53 expression, and HER-2 expression (P < 0.001), and
inversely correlated with ER, PR, and bcl-2 expression (P < 0.001) in 1080 Korean
breast cancer patients [30]. In addition, Ki-67 level increased significantly with
decreasing age in retrospective analysis of 9321 Korean Women [31]. Ki-67 could
be used to distinguish between the Luminal A- and B-like [32]. As a clinical “short-
hand”, tumors are often classified as “luminal A like” or “luminal B-like” based on
routine pathology. Luminal A-like tumors are typically low grade, strongly ER/PR+,
HER2- and have low proliferative fraction. Luminal-B-like tumors are ER+ but may
have variable degrees of ER/PR expression, are higher grade, and have higher
proliferative fraction [33].

Many studies have shown that Ki-67 is an important predictive and prognostic
marker in breast cancer. In first meta-analysis, Azambuja et al. collected the data of
12,000 patients with 46 studies and concluded that a high Ki-67 confers a higher risk
of relapse and a worse survival rate in patients with early breast cancer [34]. The
limitation of this analysis is that a discriminant cut-off point was not established, and
the majority of the included studies reported hazard ratios (HRs) calculated as a
univariate analysis. As a consequence, a strong and true independent prognostic
value of Ki-67 could not be established. In other of the largest meta-analysis studies,
Petrelli et al. performed a systematic review of the literature which was followed by a
meta-analysis of the individual studies [35], In total 41 studies with 64,196 patient,
the threshold displaying the strongest prognostic significance for overall survival
(OS) was found to be>25% cell staining (HR 2.05; 95% CI, 1.7–2.5; p< 0.00001).
It shows that a high Ki-67 cut-off level (at least 10%), evaluated using IHC methods,
is associated with more than 50% risk of death among patients with early breast
cancer, particularly in those with ER+, node-disease, where the risk of death
increases by a similar magnitude. In Korean study with 1080 breast cancer patients,
Ki-67 (>10%) was statistically significant for both OS and distant metastasis-free
survival (DFS) [30].

As a predictive marker, a study of European Institute of Oncology showed that
high Ki-67 predicts the benefit from cytotoxic chemotherapy in addition to luminal
breast cancer and 1–3 axillary lymph nodes [36]. Nevertheless, other studies showed
either a modest predictive value for chemotherapy benefic in node-positive patients
[37, 38]. In neoadjuvant setting, high Ki-67 predicted for complete pathological
response (pCR) in many studies [34]. Korean study also showed that TNBC with
high Ki-67 expression (�10%) had a higher pCR rate to neoadjuvant chemotherapy
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than TNBC with low Ki-67 expression [39]. Furthermore, postneoadjuvant chemo-
therapy Ki-67 also has prognostic power [40, 41]. In GeparTrio study, low Ki-67
patients had a favorable outcome comparable to the pCR group, while high Ki-67
group experienced higher recurrence and death [42].

In the review of clinical guideline for Ki-67 in breast cancer, although the
American Society of Clinical Oncology did not recommend Ki-67 use in clinical
practice for newly diagnosed breast cancer patients, because of the lack of analytic
validity [43], the St. Gallen International Expert Consensus Conference panel agreed
that either grading or Ki-67 could be used to distinguish between the Luminal A- and
B-like [33]. In European Group on Tumor Markers (EGTM) recommendation, Ki-67
may be used in combination with established prognostic factors for determining
prognosis, especially if values are low (e.g., <10% cell stating) or high (e.g., >25%
cell staining), although methodological problems exist in the determination of
Ki-67 [11].

18.5 Androgen Receptor (AR)

Steroid hormones, androgens, and estrogen, are involved in the development and
differentiations of normal breast tissue [44]. Androgens are synthesized from cho-
lesterol, and produced by adrenal glands and ovaries in women. Particularly testos-
terone and dihydrotestosterone (DHT) bind to androgen receptor (AR) and modulate
gene transcription [45] (Fig. 18.1). AR is a steroid hormone receptor, encoded by AR
gene on the long arm of X-chromosome. When androgens bind AR, AR which is
present in the cytoplasm, can translocate to the nucleus and regulates transcription of
androgen-responsive genes [47]. In addition, AR can also be activated by
nongenomic signaling pathways such as PI3kinase, Akt, m-TOR [48], HER2/
HER3 [49], and MAPK signaling pathway [50].

Because of crosstalk with ER, AR has been known to play different roles in breast
cancer. In ER+/AR+ breast cancer cell lines, ligand-bound AR binds to estrogen-
related element in the nucleus, which leads to cell apoptosis [51], whereas in ER-/AR
+ breast cancer cell lines, AR binds to androgen-related element in the nucleus,
leading to cell proliferation [52]. In ER+ breast cancer cell, the direct interaction
between the AR and ERα leads to the inhibition of both transcriptional activity
[51]. In other interaction model between ER, PR, and AR, AR showed different role
[53]. In ER+/PR+ BC, when AR binds to the ligand, it moves into the nucleus where
it competes with ERα and PR to bind to EREs. As a result, it inhibits the estrogen-
dependent signal. However, in ER+/PR- breast cancer, ERβ probably acts by
downregulating the ERα target gene transcription. Therefore, AR shows a
protumorigenic role, enhancing the effect of ERα gene transcription [53].

AR is reported to be expressed in more than 60% of breast cancer and up to 90%
of ER+ breast cancer [54]. Clinical observation studies have showed that AR+ breast
cancer had better outcome in ER+ cancer patients, but not in ER- tumors
[55, 56]. Interestingly, LAR (Luminal Androgen Receptor) subtype in TNBC is
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characterized by overexpression of AR and hyperactivation of this pathway
[49, 57]. Compared to the rest of the TNBC subtypes, the LAR subtype seems
especially resistant to various chemotherapies and highly responsive to
antiandrogens in preclinical studies and clinical trials [58, 59].

AR seems to have associations with resistance of antihormonal therapy in breast
cancer patients. Expression micro-arrays and qRT-PCR analysis of cancerous breast
tissues have shown increased mRNA levels of AR in tamoxifen-resistant tumors
compared to tamoxifen-responsive tumors [60]. Furthermore, in vitro studies of
AR-overexpressing MCF-7 cells showed increased resistance to tamoxifen, with
tamoxifen having AR-agonistic effects. Treatment with the antiandrogen
bicalutamide restored tamoxifen-sensitivity, alluding to the underlying interaction
between AR and ERα signaling as a key mechanism regulating the response to
tamoxifen [60]. MCF-7 cells with overexpression of both AR and aromatase showed
resistance to anastrozole in contrast to the nonAR overexpressing cells
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[61]. Recurrent breast cancer tissues showed decreased ER and PR, but increased
AR expression, in AI-treated recurrent lesions, suggesting an AR- dependent growth
of AI-resistant lesions [62].

As AR targeted therapies, Selective AR modulators (SARM) are a potential
treatment option for breast cancer. In the cell line MDA-MB-231, TNBC cells stably
expressing wild-type AR, treatment with the selective AR modulator enobosarm
showed inhibition of metastasis-promoting paracrine factors such as interleukin-6
and matrix metalloproteinase 13 and subsequent migration and invasion
[45]. Clinical trials of selective AR modulators, enobosarm, are ongoing in ER+/
AR+ metastatic BC and AR+ TNBC. AR antagonists, Bicalutamide, a nonsteroidal
first-generation AR antagonist, interrupts DNA-binding domain binding to the
androgen-related element [63]. A phase 2 clinical trial of bicalutamide in breast
cancer showed a clinical benefit rate (CBR) at 6 months of 19% (95% CI, 7–39%)
and a median progression-free survival duration of 12 weeks (95% CI, 11–22 weeks)
but no objective responses [64]. However, acquired mutations in the ligand-binding
domain of AR or an increase in AR protein concentration causes resistance to
bicalutamide [65]. Enzalutamide, a second-generation AR antagonist, inhibits
nuclear translocation, chromatin binding, and interactions with AR coregulators
[66]. In a phase 2 study of 75 patients with metastatic AR-positive TNBC,
enzalutamide showed a CBR of 35% (95% CI, 24–46%) at 16 weeks, a CBR of
29% (95% CI, 20–41%) at 24 weeks, and median progression-free survival of 14.7
weeks [67]. Although enzalutamide is overall safe and well tolerated, a clinical trial
in patients with prostate cancer showed that it was associated with central nervous
system adverse events, such as seizures and posterior reversible encephalopathy
[68]. A phase 1 study showed no drug interaction between enzalutamide and
fulvestrant and between enzalutamide and exemestane [67]. A phase 2 trial of
enzalutamide and exemestane is ongoing (NCT02007512). Several other AR antag-
onists are under development, such as AZD3514 (a selective AR downregulator)
[69] and EPI-001 (inhibitor of the AF-1 region in the N-terminal domain of AR)
[70]. CYP17A inhibitors, such as abiraterone acetate, orteronel (TAK700), and
VT-464 (Viamet), are also currently under investigation in breast cancer. These
drugs block androgen production by inhibiting 17α-hydroxylase or 17,20-lyase
activity [71].

18.6 Tissue Polypeptide-Specific Antigen (TPS)

Despite numerous studies worldwide, a limited number of single biomarkers have
been identified for use in breast cancer management over several years, including
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2). These established markers in breast cancer require tissue
samples. The majority of research on cancer prognostic markers to date has focused
on tissue, although serum is more readily available than tumor tissue.
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Serum tumor markers are easily accessible and require a less invasive procedure
than biopsy or surgery. Thus, serum tumor markers that afford independent prog-
nostic information are of significant value. The most widely used serum markers in
breast cancer, CA 15-3 and carcinoembryonic antigen (CEA), do not reflect prolif-
erative activity. In contrast, cytokeratin tumor markers measure proliferative activ-
ity, one of the most important phenotypic characteristics of tumor aggressiveness,
and may thus be more beneficial as a prognostic indicator than the serum tumor
markers reported earlier.

The most widely applied cytokeratin tumor markers include tissue polypeptide
antigen (TPA), CYFRA 21-1, and tissue polypeptide-specific antigen (TPS). TPA
may be effectively applied to estimate cytokeratin 8, 18, and 19 in serum samples
[72] which was initially described by Bjorklund and Bjorklund [73]. The group
additionally developed a monoclonal antibody (M3) specific for TPA. TPS detects a
defined epitope structure on human cytokeratin 18 using the M3 monoclonal anti-
body, while CYFRA 21-1 measures soluble keratin 19 fragments in the
circulation [74].

Tissue polypeptide-specific antigen (TPS) was originally identified in human
carcinomas and tumor cell lines using antibodies directed toward insoluble tumor
material shown to stain cytoskeletal intermediate filaments in HeLa cells. Interme-
diate filament types I and II constitute cytokeratins (acidic and basic proteins,
respectively). To date, 20 distinct cytokeratins have been identified in the cytoskel-
eton of epithelial tissue, and further subdivided into types I and II, based on sequence
homology. Cytokeratins 1–8 constitute the type II group (53–68 kDa, neutral to
basic protein components), while cytokeratins 9–20 constitute the type I group
(40–56 kDa, acidic proteins). The cytokeratins are paired into heterodimers, each
containing one type I and one type II, which are further organized into filamentous
structures via side-by-side alignment to form tetramers and higher cytokeratin poly-
mers with coiled-coil dimeric structures through further end-to-end associations
[75].

Tissue polypeptide antigen is proposed to be immunologically related to a
mixture of nonepidermal cytokeratins 8, 18, and 19. Earlier monoclonal mapping
of a fraction of tissue polypeptide antigen revealed the presence of 35 antigenic
determinants. Two epitopes were shown to be related to tumor cell activity. Mono-
clonal antibodies against these epitope structures were raised in mice with human
carcinoma preparations. The monoclonal antibody specific for TPS was raised
against the M3 epitope of tissue polypeptide antigen that is related to tumor
proliferative activity. TPS is a well-documented cytokeratin tumor marker found
in various epithelial cell-associated carcinomas, such as breast, ovarian, prostate, and
gastrointestinal cancer.

Conflicting results on the value of TPS as a serum tumor marker in breast cancer
have been documented to date. Given et al. [76] showed that TPS fails to act as an
effective predictive factor in breast cancer, compared to CA 15-3. In patients
receiving neoadjuvant chemotherapy, TPS was inversely associated with histologic
grade, and only pretreatment CA 15-3 levels were correlated with higher recurrence
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rate. On the other hand, other published reports suggest that TPS acts as a marker of
recurrence and metastasis.

TPS appears to have utility as a marker of recurrence and metastases, according to
published reports. O’Hanlon et al. [77] demonstrated that TPS is elevated
with disease stage in breast cancer, and levels are significantly higher in patients
with loco-regional recurrence and increased to an even greater extent in patients with
metastases. Patients with elevated TPS during follow-up were more likely to expe-
rience disease progression on further follow-up. In a recent study, Ahn et al. [78]
suggested that elevated preoperative serum TPS is associated with poor breast cancer
outcomes. The group assayed preoperative serum TPS levels in 1477 breast cancer
patients. Age (>45 years), tumor size (>2 cm), nodal metastasis, negative proges-
terone receptor, and human epidermal growth factor receptor 2 were associated with
elevated TPS. Moreover, elevated TPS was related to poor disease-free survival ( p
< 0.001) and overall survival ( p < 0.001). Preoperative TPS was identified as a
significant prognostic marker for survival, especially in luminal A subtype patients.
The researchers proposed that highly proliferative tumors expressing elevated pre-
operative TPS in the luminal A subtype are more aggressive, and result in increased
risk of recurrence or death.

Bjorklund et al. [79] conducted a large review including 3000 cases. Compared to
CEA, MCA (mucinous carcinoma-associated antigen), and CA15-3, TPS was the
only marker that exhibited an immediate decrease when therapy was effective and
increases upon inadequate treatment response. Specifically, upon decrease in TPS to
normal levels, applied therapy was effective and tumor activity growth was
decreased. However, both CEA and CA15-3 remained elevated due to the continued
presence of tumor mass.

Additionally, TPS appeared to indicate clinical outcomes (remission, progres-
sion) faster than either CA 15-3 or CEA in metastatic breast cancer patients with
different types of routine treatments, and combined determination of CA 15-3 and
TPS in monitoring therapy in metastatic breast cancer was recommended. In a
European multicenter study, TPS, CA15-3, and CEA were serially measured in
129 metastatic breast cancer patients during a six-month treatment period. After
6 months of follow-up, patients were divided into four groups according to the UICC
criteria for treatment response. Forty-six patients with a more favorable prognosis
(complete remission, partial remission or stable disease) were followed up for an
extended period. In 30 of the 46 patients, at least one marker had increased at the end
of the 6-month period by at least 25% (TPS in 54%, CA 15-3 in 20%, CEA in 20%).
These 30 patients subsequently developed disease progression. Prognostic sensitiv-
ity for TPS, CA 15-3, and CEA was 83%, 30%, and 30%, respectively. The
combination of TPS and CA 15-3 increased overall sensitivity to 96% [80]. In two
retrospective studies, TPS was evaluated as a marker for clinical follow-up of
patients subjected to chemotherapy and/or interferon-based immunotherapy. The
results suggest that TPS is a sensitive marker with a longer lead time to recurrence
than both CA15-3 and CEA. The prognostic information imparted by circulating
TPS levels at the beginning of the study before treatment correlated significantly
with longer survival times [81]. In a prospective study, Barak et al. [81] evaluated the
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utility of TPS in predicting response to Taxol administered as second-line treatment
in 87 advanced breast cancer patients. TPS, as well as CEA and CA15-3, were
measured before, during and after Taxol treatment. The three-marker combination
provided higher sensitivity than each single marker. Significant correlations of TPS
levels with response and prognosis were observed. Specifically, 29%, 41%, and 60%
of the patients showed a decrease of at least 50% in CEA, CA15-3, and TPS,
respectively. Survival was significantly correlated with low pretreatment TPS levels.
Pre-Taxol levels for TPS and CEA were further analyzed with multivariate Cox
regression analysis, where the difference in relative risk was statistically significant
only for TPS (2.1 vs. 1). TPS provides important reliable information in advanced
breast cancer regarding Taxol treatment efficacy and survival prognosis [82].

A potential problem with TPS is that it is a recognized nonspecific marker. TPS is
elevated in inflammatory conditions, particularly liver cirrhosis. In addition, TPS
may be markedly elevated at the time of ovulation, and serum TPS levels are altered
according to menopausal status [83].

18.7 Challenges for Future Research

Although substantial progress has been made in the identification and validation of
prognostic and predictive biomarkers for breast, several major challenges remain.
These include identification and validation biomarker for:

– Predicting response to specific forms of chemotherapy
– Identifying patients likely to develop severe chemotherapy-related toxicity
– Predicting response to radiotherapy
– Enhancing positive predictive value of ER and HER2
– Validate biomarkers for selecting patients who do not need extended adjuvant

endocrine therapy
– Selecting patients that preferentially benefit from an aromatase inhibitor vis-à-vis

tamoxifen or vice-versa
– Selecting pateints likely to particulary benefit from dual-antiHER2 therapy as

opposed to single-agent antiHER2 therapy.
– Establish whether patients with equivocal scores should or should not receive

antiHER2 therapy
– Impove interlaboratory variation with assay standarization of Ki-67
– Establish an optimum cut-off point or evaluate the use of ki67 as a continous

variable
– Establish if different cut-off points of Ki67 are necessary for prognosis and

therapy prediction
– Identify significant interaction of AR with other signaling pathways and potential

predictive markers for AR-targeted therapies,
– Identify additional biomarkers to increase value of TPS as prognostic marker
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18.8 Summary

Breast cancer has led the way in the introduction of prognostic and predictive
biomarkers for cancer patients. Over 40 years ago, ER and PR were first introduced
for predicting response to endocrine therapy. Twenty years later, HER2 became
available for identifying patients likely to benefit from trastuzumab and later to other
forms of anti HER2 therapy. Currently, a considerable research is focusing on Ki67,
AR, and TPS, with the aim of identifying new prognositc and predictive biomarkers.
However, these emerging biomarkers will have to undergo both anlaytical and
clinical validation prior to entering clinical use.
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Chapter 19
The Potential Predictors in Chemotherapy
Sensitivity

Eun-Kyu Kim and Hee-Chul Shin

Abstract Monitoring of patient and tumor during chemotherapy is important to
determine whether the chemotherapy is effective to the patient. Variants affect drug
enzyme activities and altered enzyme activities can be potential predictors for
chemotherapeutic agents including cyclophosphamide and paclitaxel. Response to
chemotherapy is primarily based on somatic mutations but germline variants may
predict cancer cell sensitivity to chemotherapeutic agents. Furthermore, patient’s
genetic variation of immune system was reported to be associated with drug
response and toxicity. Recently, the somaric and germilne genomic variation influ-
ences the pharmacokinetics of chemotherapy and these variation can be biomarkers
for chemotherapy.

Keywords Breast oncology · Biomarkers · Cancer cell sensitivity ·
Pharmarcogenetic · Chemotherapy

19.1 Introduction

Monitoring of patient condition and tumor burden during chemotherapy is important
to determine whether the chemotherapy is effective to the patient. Currently, mon-
itoring includes periodic assessment of patient symptoms, physical examination,
laboratory studies, imaging studies, and serum tumor markers. Tumor markers
including CEA, CA15-3, and CA 27.29 are elevated in tumor progression, but
may also be elevated in another condition such as benign ovarian cysts, benign
breast disease, and benign liver disease. Furthermore, the test of these tumor markers
is not reliable for diagnosing cancer or as a screening test for early detection of
cancer. Most of the tumor markers do not result in a high level in early stage.
However, they may be helpful in the metastatic setting. Tumor markers correlate
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well with clinical disease course in 60–70% of patients in metastatic setting. There
are few data on the use of these serum biomarkers and careful interpretation in
context with of other clinical and radiologic findings is required.

The introduction of genome-wide microarray analysis of gene expression led to
the recognition of the intrinsic molecular subtypes of breast cancer: luminal A,
luminal B, HER2-enriched, and basal-like [1]. Furthermore, each subtype of breast
cancer was associated with different prognosis, a poor prognosis for the basal-like
subtype and a significant difference in long-term outcome for the luminal A and
luminal B [2]. Since then, several RNA-based multigene assays, including Oncotype
Dx, MammoPrint, Prosigna, BCI, EndoPredict, etc., have been introduced in the
clinical practice to categorize ER-positive breast cancer into different risk groups of
recurrence. Based on the results of Oncotype Dx, the multigene assay for breast
cancer, breast cancer patients with low recurrence score had very low recurrence rate
with endocrine therapy alone and with high recurrence score had a large benefit from
chemotherapy [3, 4]. Patients in the low-risk category by BCI, EndoPredict, or
Prosigna also have shown to have extremely low risk of distant late recurrence.
These assays each showed ability to provide added prognostic information and are
most helpful in patients who are classified in the low-risk category for whom
chemotherapy could be avoided. While the application of these multigene assays
led to a change in recommendation of adjuvant chemotherapy, the application of
assays limited to ER positive and early stage of breast cancer. Non-ER positive
breast cancer and advanced or recurrent breast cancer had different biology with
early-stage ER-positive breast cancer. An understanding of tumor biology is needed
to set treatment strategy.

Given the limitation of conventional measures, novel approaches to detect disease
progression and response have been proposed. It has been proposed that the mea-
surement of circulating tumor cells (CTCs) may predict prognosis and response to
chemotherapy. In a prospective study, the number of CTCs at the time of treatment
initiation was found to be an independent predictor of prognosis. In addition,
continued elevation of CTCs at follow-up after initiation of first-line therapy was
associated with treatment failure [5, 6]. Recently, pharmacogenetics attempts to
predict treatment response using gene analysis. The patient’s genomes (germline)
and the tumor genomes (somatic) are relevant with cancer. Variation in these
genomes can influence the patient’s risk of developing cancer and prognosis.
Furthermore, these variations can influence the response of chemotherapy and
toxicity of chemotherapy. It is critically important that patients receive effective
chemotherapy and avoid treatment-related morbidity and sometimes mortality. The
Cancer Genome Atlas (TCGA) catalogued the somatic genomes of many tumor
types including breast cancer [7]. This study identified the genetic variations that can
cause oncogenic transformation and defined a number of pathways for effective
cancer treatment [8].
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19.2 Drug Pharmacokinetic Pharmacogenetic

There are a few notable pharmacokinetic pharmacogenetic associations for breast
cancer drug.

Cyclophosphamide is one of the most commonly used chemotherapeutic agent in
breast cancer. Cyclophosphamide is prodrug requiring enzymatic bioactivation. The
main active metabolite is 4-hydroxycyclophosphamide. Several cytochrome P450
(CYP) enzymes have been reported to mediate this reaction. Roy et al. found that
CYP2B6 metabolized cyclophosphamide in vitro study [9]. Xie et al. found that
ciprofloxacin suppressed gene expression of CYP2C11 and CYP3A1 in mRNA
level and the metabolic ratio was significantly lower in animals treated with cipro-
floxacin compared with control group, which suggested CYP2C11 and CYP3A1
altered the pharmacokinetics of cyclophosphamide in animal study
[10]. Griskevicius et al. found that 4-hydroxylation of cyclophosphamide had
significant correlation with CYP2C19 activity in human liver microsomes [11]. Pre-
vious studies have analyzed the effect of single nucleotide polymorphisms (SNPs)
on cyclophosphamide bioactivation or efficacy. Xie et al. reported the genotype of
CYP2B6 G516T variant allele influences cyclophosphamide clearance about twice
compared with the wild-type gene [12]. In a Japanese study, they found that the
homozygotes of CYP2B6*6 (Q172H and K262R) showed higher clearance and
shorter half-life of cyclophosphamide than heterozygotes and homozygotes of
CYP2B6*1. On the other hand, SNPs of the CYP2B6 gene including g.�2320 T>C,
g.-750 T > C (50-flanking region), g.15582C > T (intron 3), or g.18492 T > C
(intron 5) had decreased cyclophosphamide 4-hydroxylation [13]. Another study
showed that patients with CYP3A4 *1B*/*1A genotype had significantly worse
disease-free survival (DFS) than those who were CYP3A4 *1A/*1A wild-type
[14]. Haruoun et al. reported that CYP2B6 *5/*6, *6/*9, or *6/*6 haplotypes were
associated with a significantly shorter time to recurrence of the disease in patients
receiving cyclophosphamide therapy [15].

Paclitaxel which is used for ovarian cancer, breast cancer, lung cancer, and other
types of solid tumor cancer is metabolized in the liver by CYP2C8 and CYP3A4 and
transported by P-glycoprotein. The main toxicities are neuropathy and neutropenia.
Non-synonymous CYP2C8 variants with decreased paclitaxel metabolite activity
compared with wild-type have been reported [16]. Bergmann et al. studied
93 women with ovarian cancer treated with paclitaxel. They reported that patients
with CYP2C8*3 were associated with 11% lower clearance of unbound paclitaxel
[17]. However, large analyses including 270 paclitaxel-treated patients have failed to
replicate this association between genetic variability and paclitaxel clearance
[18]. Recently, the association between genetic variation and paclitaxel-induced
neuropathy has been reported. A Genome-wide association study identified SNP in
FGD4 was associated with paclitaxel-induced neuropathy [19]. Based on these
studies, we can hypotheses that reduced enzyme activity leads a poorer outcome.
Variants that affect these enzyme activities can be potential predictors for a certain
type of drug.
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19.3 Cancer Cell Sensitivity

Response to chemotherapy is primarily based on the somatic (tumor) genetics.
Somatic genome is associated with the sensitivity of the cancer cell to the particular
mechanism of action of drugs. Chemotherapeutic agents have a variety of mecha-
nism of action including damaging DNA, disruption of microtubule function, anti-
estrogenic effect, and HER2 targeting agents. Variants that affect the signaling
pathway or the target of drug could dictate sensitivity of these drugs. These variants
can be validated by comparing treatment response in genetically modified cancer
cells or animal models. The typical retrospective research to identify variants
relevant to the mechanism of drug is limited. For example, paclitaxel has been
used with a putative mechanism of disruption of microtubule function causing
mitotic arrest [20]. However, a recent study reported that mitotic arrest was not
responsible for the efficacy of paclitaxel but a new mechanism of action that
chromosome missegregation on multipolar spindles was [21] Similarly, the mecha-
nism of action for trastuzumab continues to be debated. Our limited understating of
drug mechanism precludes effective selection of candidate genes associated with
sensitivity of chemotherapy. During past few decades, the cellular biology and
oncology have tremendously evolved with the development of genomics. Drugs
with specific mechanisms which are vulnerable to cancer cell are under develop-
ment. Some of these mechanisms exist in germline genome including BRCA. These
germline pharmacogenic biomarkers can be candidates of drug targets.

The BRCA1/2 genes are very well known for susceptibility to several tumors
including breast and ovarian cancer. The BRCA1/2 genes are responsible for
homologous recombination, the repair pathway of damaged DNA. Germline
BRCA variation increases cancer risk because loss of homologous recombination
increases DNA replication error. If BRCA 1/2 is damaged by a BRCA mutation,
damaged DNA is not repaired properly, and this increases the risk for cancer
[22]. Furthermore, the predominant allele of BRCA1/2 has a normal tumor suppres-
sive function whereas BRCA1/2 mutation causes a loss of function of tumor
suppressive function, which induces an increased risk of cancer, especially breast
and ovarian cancer [23]. The importance of BRCAmutations are not only cancer risk
but also informative of cancer prognosis, and prediction of treatment
effectiveness [24].

When germline BRCA genes are mutated, cells are unable to perform homolo-
gous recombination and repair damaged DNA that can eventually cause cancer. The
function of Poly(ADP-ribose) polymerase (PARP) is to assist the repair of single-
strand DNA breaks: base-excision repair. When drugs that inhibit PARP cause
multiple double-strand breaks in cancer cell that lacks homologous recombination,
these double-strand breaks cannot be efficiently repaired, leading to the cell death. In
preclinical study, BRCA mutant cell lines are highly sensitive to PARP inhibition
[25]. Clinical trials of the PARP inhibitor olaparib showed positive proof for breast
cancer patients with BRCA mutation [26]. In randomized phase III trial with
metastatic breast cancer patients with germline BRCAmutation and HER2-negative,
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olaparib showed a progression-free survival benefit compared with conventional
chemotherapy [27]. Based on this trial, olaparib is approved for metastatic breast
cancer patients with germline BRCA mutation and HER2-negative. Olaparib proves
the potential efficacy of agents designed to target cell vulnerabilities caused by
germline genetic variation.

Possible strategy for breast cancer that cannot perform DNA repair is to use a
DNA-damaging agent such as platinum. In retrospective studies, BRCA mutations
are biomarkers of effectiveness of platinum containing regimens [28, 29]. Several
studies reported that variants associated with DNA repair predict sensitivity to
DNA-damaging agents. The survival rate was significantly different depending on
the ERCC1 genotype in non-small-cell lung cancer and breast cancer patients treated
with platinum-based chemotherapy [30, 31]. In meta-analysis, polymorphism of
ERCC1/2 was associated with response and survival rate in oxaliplatin-treated
gastric and colorectal cancer patients [32]. Non-small-cell lung cancer patients
with polymorphisms in the XRCC1 and XPG gene had higher response rate to
platinum-based chemotherapy and had longer disease-free survival and overall
survival [33–35]. Gallagher et al. reported that germline single nucleotide poly-
morphisms (SNPs) in IL1B, CCND1, and PARD6B genes were associated with
response of uroepithelial carcinoma to platinum-based chemotherapy [36]. Although
there are relatively little data for these genes and response in breast cancer specif-
ically, the sensitivity to platinum-based chemotherapy can be theoretically general-
ized regardless of tumor types.

There are other examples of germline genetic variants that may predict cancer cell
sensitivity to drug. TEKT4 germline variations are reported to be associated with the
mechanism of resistance to paclitaxel. Tektin4 encoded by TEKT4 associates with
tubulin in doublet microtubules and helped stabilize these structures. The expression
of variant TEKT4 deregulates the microtubule stability, antagonizes the paclitaxel-
induced stabilizing effect of microtubules, and increases paclitaxel resistance
[37]. Another study has shown that the polymorphisms of NQO2 and GSTM1
may affect chemotherapy sensitivity in breast cancer patients treated with cyclo-
phosphamide or anthracycline-based regimens [38].

19.4 Immune System Activation

The previous subsections described genetic variations that influence the amount of
active drug that reaches the cancer call and the senility of the cancer cell to the drug.
Recently, there has been a huge progress in understating of patient’s immune system.
Some rare treatment-related reactions were not previously explainable but now can
be predicted based on patient’s genotype. One example is the germline variation of
the HLA system. Recently, the germline variation in the HLA system was reported to
be associated with treatment-related hypersensitivity reactions [39, 40]. Also, the
genetic variations of HLA system were associated with lapatinib-induced
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hepatotoxicity [41, 42]. These results demonstrate that the response to immune
activation can be varied according to the patient’s genome.

Despite limited understanding of the interaction between the immune system and
the cancer, the immune therapy is likely to be the next evolution in cancer treatment.
There is a large amount of knowledge about the intercell signaling and immune
system activation. With this information, candidate genes for pharmacogenetic
biomarker can be developed. Pharmacogenetic predictors of breast cancer response
to immunotherapy are now under development.

In HER2-positive breast cancer, HER2-directed therapy including trastuzumab is
the standard practice. Trastuzumab works through antibody-dependent cell cytotox-
icity as well as inhibition of HER2 dimerization and prevention of cellular signaling.
Antibody-dependent cell cytotoxicity occurs when monoclonal antibody attaches on
one end to HER2 and the other end with the effector cell of the immune system.
Several effector cells of the immune system bind to the Fc fragment of antibodies
including natural killer cells, dendritic cells, and macrophages. This interaction
activates the effector cell, which signals other immune cells to locate cancer cells
expressing the antigen and destroy cancer cells. Binding of the effector cells to
trastuzumab occurs via the fragment-c gamma receptor (FcγR) [43]. FcγR has
several subtypes including non-synonymous polymorphism of FCGR. There were
several reports that the FCGR polymorphisms predict efficacy of trastuzumab
[44, 45]. However, another prospective study showed that FCGR genotypes and
trastuzumab efficacy was not associated in HER2-positive breast cancer [46].

Other relevant pharmacogenetic biomarkers of immune therapy are likely to be
found in the germline genome. Immunotherapy includes Programmed cell death-1
(PD-1) inhibitors, such as nivolumab, which was approved in malignant melanoma
[47]. Nivolumab showed clinical efficacy in non-small-cell lung cancer and renal
cell carcinoma is currently being tested in many tumor types including breast cancer
(NCT02129556).

19.5 Conclusions and Further Research

The genomic variation influences the pharmacokinetics of chemotherapy. However,
the discovery, validation, and translation of such biomarkers for chemotherapy have
limited the clinical usefulness in prediction of breast cancer response. Further studies
are required for concentration of active metabolites of prodrugs to find which
genomic variations are likely to be clinically useful. Biomarkers of efficacy for
chemotherapy may be associated with somatic genome, but some of these originate
in the germline genome. The predictors of chemotherapy and immunotherapy are
likely to exist in the patient’s genome. Systematic analysis of germline genetics and
biomarkers of immune activation will ensure efficient discovery and validation of
biomarkers in well-designed retrospective and prospective analyses. A more detailed
study for selecting and identifying candidate genes or variants would be instrumental
for pharmacogenetic analyses. Development of cellular and animal models for
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genetic variation on pharmacokinetics, cancer cell sensitivity, and effector cell
activation would be able to validate the pharmacogenetic discoveries for clinical
translation. As treatment strategy for cancer cell has changed from carpet bombing to
precision targeting, the age of somatic genome may well be the age of germline
genome.
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Chapter 20
Hormone Resistance

Jonghan Yu

Abstract Hormone therapy is a major therapy for hormone receptor-positive breast
cancer that improves survival. However, despite these hormone treatments, there are
de novo or acquired resistance of breast cancer. Many studies revealed these
resistance mechanisms, which are related to hormonal receptors including low
expression or mutation of estrogen receptor alpha(ERα), co-factors and progesterone
receptor, and with activation of growth signaling pathways such as PIK3A/Akt/
mTOR pathway or cell cycle pathway. To overcome endocrine resistance based on
these mechanisms, there have been many efforts in clinical studies of new agents
which are representative of steroidal selective estrogen receptor down-regulator,
cyclin-dependent kinase (CDK) 4/6 inhibitors, inhibitors of the PI3K/AKT/mTOR
Pathway and histone deacetylase (HDAC) Inhibitors. Our studies at LBCB focused
the endocrine resistance in young age and showed that age under 35 years is poor
prognostic factor on not only single-center data but also Korean Breast Cancer
Registry Data and that women with hormone receptor-positive breast cancer who
were younger than 35 years of age had less response to anti-hormonal therapy. Also,
a study for gene expression in hormone receptor-positive breast cancer at a very
young age (<35) revealed that expression of cell cycle-related genes increased
higher than that of premenopausal women in their forties. There have been a lot of
studies and clinical trials to investigate the mechanisms of resistance to endocrine
treatment and to overcome them with new drugs. However, many still do not know
the precise mechanism of recurrence of breast cancer after endocrine treatment. In
particular, the identification of the mechanism of endocrine resistance in young
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women, and the combination of drugs and clinical trials to overcome this require
much effort.

Keywords Breast neoplasm · Hormones · Resistance · Age · Young

Hormone therapy is a major therapy for hormone receptor-positive breast cancer that
improves not only disease-free survival but also overall survival (OS). From tamox-
ifen, aromatase inhibitors and ovarian ablation (GnRH agonist, oophorectomy, and
ovarian radiation) have been used as hormone therapy. However, despite these
hormone treatments, there are cases of recurrence of breast cancer. Any patient
with hormone receptor-positive tumors do not respond to endocrine treatment
(de novo resistance) or those who responded to endocrine treatment initially become
the refractory to the treatment later (acquired resistance). Moreover, hormone
receptor-positive breast cancer does not lower its risk compared with recurrent
hormone receptor-negative breast cancer after 5 years. This recurrence pattern is
the basis for a decade of hormone therapy.

In this section, we review the basic mechanisms and clinical factors related to the
resistance to hormone therapy, and also describe the studies in LBCB that have been
conducted in relation to this.

20.1 Bench: Molecular Mechanism and Conquest
of Endocrine Therapy Resistance

20.1.1 Hormone Receptor

20.1.1.1 Estrogen Receptor (ER)

ERα low expression: lack of ERα expression is the primary mechanism for de novo
endocrine resistance.

ERα mutation (ESR1 mutation): The mutation of the ESR1 gene, which matches
the estrogen receptor, activates estrogen receptor function with or without estrogen,
and induces the expression of genes related to cell proliferation. Therefore, endo-
crine treatment, especially the treatment of postmenopausal breast cancer in a way
(aromatase inhibitor(AI)-treated breast cancer) that lowers estrogen level, is not
effective in breast cancer with ESR1 gene mutation, resulting in endocrine
resistance.

Cofactors: In order to activate estrogen receptors, various cofactors are involved,
and their response to antihormonal therapy may vary depending on their action and
degree. Typical cofactors activate the estrogen receptor-related pathway through its
mechanism of action so that inhibitors to these can be used to overcome endocrine
resistance.
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20.1.1.2 Progesterone Receptor (PR)

PR, estrogen-related receptor, is expressed in about 50% of ER+ breast cancer. ER+/
PR+ breast cancer is generally more responsive to endocrine treatment than ER+/
PR- breast cancer. PR- in ER+ breast cancers was able to serve as a poor predictor of
endocrine treatment outcome [1]. Previous study showed that PR and Her1-3 status
could be a predictor of early recurrence in ER+ tamoxifen-treated breast cancer
[2]. So, more studies for relation of PR with growth factor activities are needed to
solve the resistance on endocrine treatment and to overcome the endocrine-
resistance breast cancer.

20.1.2 Growth Signaling Pathway

20.1.2.1 RTK (GF) Signaling Pathway (PIK3A/Akt/mTOR Pathway)

If SERM or SERD block the estrogen receptor-related pathway, another growth
factor-related RTK signaling pathway may be activated at the opposite end. The
most representative pathway is the PIK3A/Akt/mTOR pathway. Many molecules
targeting Akt and mTOR have been developed and undergoing clinical trials. In
particular, mTOR inhibitors have already been shown to be effective in recurrence or
metastasis of hormone receptor-positive breast cancer in clinical trials and have been
used for treatment with exemestane and combination therapies. Many candidate
drugs targeting PIK3A and Akt are currently in clinical trials.

20.1.2.2 Cell-Cycle Regulators

Another pathway that increases expression when estrogen receptor activation is
blocked is the cell-cycle pathway. Several regulators have been identified and
inhibitors that target them are currently being used in clinical trials and others
being in clinical trials. In particular, the CDK4/6 inhibitors (palbociclib, ribociclib,
abemaciclib, etc.) are now being used as second-line aromatase inhibitors or GnRH
agonists and AI in recurrent or metastatic hormone receptor positive breast cancer. In
particular, clinical trials showed that the addition of these agents extended the
progression-free survival (PFS) by more than two times compared with the use of
antihormonal agents alone.
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20.2 Bed: Clinical Trials—Overcoming Endocrine
Resistance

There have been many efforts and new drugs for overcoming the endocrine resis-
tance. We will classify them according to the mechanism.

20.2.1 Fulvestrant

Fulvestrant is a steroidal selective estrogen receptor down-regulator that blocks ER
and degrades its function. This drug was given intramuscularly and did not show
superior results when compared with conventional tamoxifen and anastrozole at a
dose of 250 mg [3–6].

It is known that the dosage of 250 mg once a day for the first time after loading
with 500 mg reaches the concentration for 250 mg for 3–6 months within 28 days
[7]. A loading dose fulvestrant alone showed similar median time to progression
(TTP) in the EFFECT trial compared with exemestane in postmenopausal breast
cancer patients who progressed in taking nonsteroidal aromatase inhibitors [8]. The
results of SOFEA and FACT trial, which compared the loading dose fulvestrant in
combination with an aromatase inhibitor with fulvestrant alone or with AI alone, did
not show superior results in acquired resistance to prior endocrine therapy
[9, 10]. However, SWOG 0226 trial involving tamoxifen therapy with approxi-
mately 40% with de novo metastatic disease and 60% without prior adjuvant
therapy, fulvestrant–anastrozole combination, showed better median time
progression-free survival than anastrozole alone or sequential anastrozole and
fulvestrant [11]. CONFIRM trial comparing this use with 250 mg showed high
progression-free survival(PFS) in the high-dose group (500 mg) in postmenopausal
patients with recurrent breast cancer in whom previous endocrine therapy had failed
[12]. Subsequent data analysis also showed a median overall survival (OS) of
4.1 months longer in the high-dose group [13].

20.2.2 CDK 4/6 Inhibitors

The CDK 4/6 inhibitors inhibit cell growth by stopping the cell cycle. Here are
studies showing the combination of CDK 4/6 inhibitor and AI for postmenopausal
women with metastatic breast cancer. The CDK 4/6 inhibitors inhibit cell growth by
stopping the cell cycle. PALOMA-1 and PALOMA-2 trials have shown that com-
bination of palbociclib and letrozole improves median PFS compared with letrozole
alone [14, 15]. The MONALEESA-2 trial showed that the combination of ribociclib
and letrozole is better than letrozole alone [16]. The PALOMA-3 trial showed that
the combination of palbociclib and fulvestrant was more than twice as likely to
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improve PFS as compared with fulvestrant alone. In addition, luteinizing hormone-
releasing hormone agonist goserelin was added to premenopausal women, and the
results showed the same high PFS [17].

Studies using a variety of CDK 4/6 inhibitors have been conducted. There is the
study of the use of ribociclib–fulvestrant which included patients with advanced
breast cancer who had progressed on only 1 prior line of endocrine therapy
(MONALEESA-3 trial). MONARCH-2, -3 trials are about abemaciclib in combi-
nation with fulvestrant or a nonsteroidal AI for patients with pretreated HR-positive
breast cancer [18].

20.2.3 Inhibitors of the PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR signaling pathway is a very important pathway in many
diverse cellular processes. Therefore, aberrations of this pathway have been impli-
cated in cancer development and resistance to cancer treatment [19]. However, these
aspects have developed the new therapeutic modalities to treat breast cancer with
endocrine resistance.

Inhibition of mTOR activation has been often involved in cancer-cell resistance
to treatment [20]. In BOLERO-2 trial, everolimus in combination with steroidal AI
(exemestane) showed significantly better PFS in postmenopausal patients who had
progressed on prior nonsteroidal AIs, compared with AI alone [21]. Furthermore, in
the phase II TAMRAD study, tamoxifen–everolimus was assessed in postmeno-
pausal patients who had progressed on prior nonsteroidal AIs. Combination arm was
better than tamoxifen alone in time to progression (TTP) and OS [22]. In the most
recent phase II study (PRECOG 0102), the addition of everolimus to high-dose
fulvestrant, compared with fulvestrant–placebo, doubled the median PFS in post-
menopausal metastatic breast cancer resistant to AI therapy [23].

Alterations in the PI3k/AKT pathway are frequently associated with resistance to
endocrine therapy in breast cancer. Somatic mutations in the PI3K catalytic subunit
p110α(PIK3CA) are the most common genetic alterations in that pathway [24]. The
results of the pan-PI3K inhibitor (buparlisib) with fulvestrant in BELLE-3 trial and
BELLE-2 trial are waiting. In the phase III SOLAR-1 trial, alpelisib, an α-specific
PI3K inhibitor, in combination with fulvestrant in patients with disease progression
on prior AI therapy is ongoing. Another ongoing phase III trial, SANDPIPER, is
combining taselisib, another α-specific PI3K inhibitor, with fulvestrant in postmen-
opausal patients with PIK3CA-mutant who progressed on prior AIs.

20.2.4 Histone Deacetylase (HDAC) Inhibitors

The repression of ER is affected by HDAC at a transcriptional level. This is a
potential mechanism of resistance. Inhibitors of HDAC therefore potentially offer
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a way to overcome endocrine resistance. So, the efficacy of adding a HDAC
inhibitor (entinostat, vorinostat) to AI therapy in women whose breast cancer has
progressed is being evaluated (NCT00828854, NCT01720602 at http://
ClinicalTrials.gov).

20.3 LBCB Studies Related with Young Age Breast Cancer

20.3.1 Bed

The study for Korean breast cancer patients also showed the same result as that of
previous western study and that age under 35 years is poor prognostic factor
independently by multivariate analysis on single center data (Fig. 20.1) and Korean
Breast Cancer Registry Data (Fig. 20.2) [25, 26].

The analysis for relation between age at diagnosis and death revealed that hazard
ratio was increased by 5% according to decreasing of 1 year from 35 years in contrast
to that there was no significant change of hazard ratio in patients over 35 years
(Fig. 20.3) [27].

Women with hormone receptor-positive breast cancer who were younger than
35 years of age had a worse prognosis than women with hormone receptor-positive

Fig. 20.1 (a) Disease-free survival curves for women <35 vs. �35 years old. Patients younger
than 35 had significantly worse outcomes than their older counterparts (p < 0.001). (b) Overall
survival curves showing patients younger than 35 had significantly worse outcomes than their older
counterparts (p ¼ 0.002)
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breast cancer in their forties of the same premenopausal age and had less response to
antihormonal therapy (Fig. 20.4) [28].
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20.3.2 Bench to Bed: Translational Area in LBCB

20.3.2.1 Study for Gene Expression in Hormone Receptor-Positive
Breast Cancer with Very Young Age (<35)

Expression of cell cycle-related genes through cDNA microarray was increased in
breast cancer in women younger than 35 years of age compared with premenopausal
women in their forties. Based on this, 40 genes were selected, which were associated
with the cell cycle gene, CCNB1 (Table 20.1). In silico validation based on the
expression of these 40 gene set, the prognosis was poor when the expression of these
40 gene set was high (Fig. 20.5). In the future, it is necessary to validate the
expression in breast cancer tissues under 35 years old and breast cancer tissues in
women in their forties.

20.4 Conclusion

There are a lot of studies and clinical trials to investigate the mechanisms of
resistance to endocrine treatment and to overcome them with new drugs. However,
many still do not know the precise mechanism of recurrence of breast cancer after
endocrine treatment. In particular, the identification of the mechanism of endocrine
resistance in young women and the combination of drugs and clinical trials to
overcome this require much effort.
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Table 20.1 40 genes correlated with CCNB1

Gene Correlation coeff. Gene Correlation coeff.

CCNB1 1 NDC80 0.702598

DEPDC1B 0.775522 UBE2C 0 701318

BTJB1B 0.770129 FAM83D 0.695056

CKS2 0.754076 PLK4 0.69184

PBK 0.750199 CDCA5 0.687702

CDK1 0.745293 KIF2C 0.687533

MELK 0.743334 NCAPG 0.684262

SKA3 0.740616 HJURP 0.683499

CCNB2 0.739845 PCNA 0.68234

GINS1 0.736509 TOP2A 0.681719

KIF11 0.730844 NEK2 0.679521

DLGAP5 0.729363 BIRC5 0.673604

PTTG1 0.726934 NUF2 0.666893

MAD2L1 0.720674 TTK 0.662272

KIF15 0.718614 CCDC99 0.658729

FBXO5 0.712902 KIF23 0.6573

TPX2 0.711182 CENPF 0.655939

SPC25 0.71081 CCNA2 0.654745

MYBL2 0.709569 PLK1 0.654105

BUB1 0.708197 AURKA 0 645461
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Chapter 21
High-Risk Population Based on BC Risk
Factors

Sue K. Park and Keun-Young Yoo

Abstract Breast cancer (BC) is the second leading cause of female cancers world-
wide in 2018, followed by lung cancer, and the fifth fatal cancer, followed by lung,
colorectal, gastric, and liver cancers. The incidence and mortality rates of breast
cancer in Western women have been shown to decrease for a long period of time,
while the incidence and mortality rates of Asian women are rapidly increasing. The
incidence and mortality rates of BC in Western women have been changing to a
recent decrease from a fluctuation in rates for a long time, while in Asian women, the
incidence and mortality rates have increased rapidly. The secular changes in rates are
mainly related to medical advancement in treatment or diagnosis for BC, and
preventive management and policy in each country, but also to the change of risk
factors in the population.

In this chapter, we briefly review the epidemiologic characteristics of breast
cancer reported so far and summarize the results for various risk factors of breast
cancer. Moreover, we summarize the potential for risk modification in high-risk
population of breast cancer with various risk factors.

Keywords Breast neoplasm · Epidemiology · Risk factors · Risk modification ·
Prevention
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21.1 Introduction

Breast cancer (BC) is the second leading cause of cancer among women worldwide,
followed by lung cancer. The rates of BC can be mostly attributed to changes in
environmental factors such as westernization of lifestyles, dietary intake, and the
changes of reproductive factors. Family history and genetic predisposition, including
BRCA1 and 2 mutations, are also important risk factors for BC. BC with a family
history of BC or ovarian cancer, early BC diagnosed before age 40, or other cancers
that may be caused by BRCA mutations, since it is highly probable to have a genetic
predisposition, it is necessary to consult with experts on whether they are subject to
genetic testing such as BRCA1, 2 mutations, etc.

Finding the epidemiologic features and risk factors of BC is important for
predicting the probability of individual BC development and establishing guidelines
for BC prevention and intervention. In this chapter, we will look at the risk factors of
BC, BC risk assessment models, and BC prevention methods based on BC risk
factors.

21.2 Epidemiology of BC

In 2018, BC incidence rates are 46.3 per 100,000 women and more than two million
new BC cases (N ¼ 2,088,849) of 18,078,957 cancer cases worldwide occurred. BC
has geographical variation in incidence rates and mortality rates (Fig. 21.1) [1, 2].

Age-standardized (World) incidence rates (ASR) of breast cancer 

Graph production: IARC 

Data source: GLOBOCAN 2018. International Agency for Research on 

Cancer (IARC), World Health Organization (WHO). Global Cancer 

Observatory, Cancer today. Available at: [http://gco.iarc.fr/today]

Fig. 21.1 Geographical variation in age-standardized (World) incidence rates (ASIR) of BC
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The highest incidence rates were found among women in Oceania, North Amer-
ica, most of western and northern Europe but mortality rates in those regions were
low, while the lowest incidence rates were found among those in middle and Eastern
Africa but the highest mortality rates area were found. Although BC is the most
common cancer among most Asian women as well as Western women, BC inci-
dence in Asian women is still low compared to Western women in 2012.

The mortality rates of BC were 13.0 per 100,000 women in the world in 2018,
followed by lung, colorectal, gastric, liver cancers, and 626,679 (6.6%) BC deaths
occurred among total 9,555,027 deaths. BC also has geographical variation in
mortality rates (Fig. 21.2) [1, 3].

Over the past two decades, the mortality rates of BC have continued to increase in
Asian countries, but mortality has declined in Western countries.

The 5-year survival rates of BC in Korea and Japan are similar to those in USA
(Korea, 92.7% in 2012–2016; Japan, 91.1% in 2006–2008; USA, 91.1% in
2006–2010). Therefore, it is expected that BC mortality rate will slow down and
then return to a declining trend in the future in Japan and Korea [4, 5, 6].

The incidence and mortality rates of BC have been increasing steadily in Asian
women over the past two decades, whereas the incidence rates have been decreasing
or very slightly increasing pattern and the mortality rates have been dramatically
decreasing in Western women, except brazilian women (Figs. 21.3 and
21.4) [2, 3]. The secular changes in rates are mainly related to medical advancement
in treatment or diagnosis for BC, and preventive management and policy in each
country, but also to the change of risk factors in the population.

Age-standardized (World) mortality rates (ASR) of breast cancer 

Graph production: IARC 

Data source: GLOBOCAN 2018. International Agency for Research on 

Cancer (IARC), World Health Organization (WHO). Global Cancer 

Observatory, Cancer today. Available at: [http://gco.iarc.fr/today]

Fig. 21.2 Geographical variation in age-standardized (World) mortality rates (ASMR) of BC
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21.3 Risk Factors of BC

The BC is defined as multifactorial disease, including hormonal factors, genetic
factors, family history, medications, personal diseases, environmental factors includ-
ing internal environmental factors such as lifestyle, dietary factors, and external
environmental factors such as occupational exposures, pesticides, pollutants, etc.
Among them, the exposure of cumulative sex hormones (major: estrogen and
progesterone, and minor: testosterone) is known to be the most important factor
of BC.

The International Agency for Research for Cancer (IARC) in the World Health
Organization (WHO) selected exogenous synthetic sex hormones (including
estrogen–progesterone (E-P) combined postmenopausal hormone replacement ther-
apy (HRT), E-P combined oral contraceptives, and diethylstilbestrol (DES)) as
carcinogenic to BC with sufficient evidence for the human body (Table 21.1) [7].

The risk of BC increases gradually with longer use of HRT in current or recent
users (recent users defined as past users within 5 years from BC diagnosis). Current

Fig. 21.3 Secular trend in age-standardized (World) incidence rates (ASIR) of BC

408 S. K. Park and K.-Y. Yoo



users of combined HRT are associated with at least 1.5 times higher risk for BC
compared to nonusers, which is consistently observed in the Women’s Health
Initiative (WHI) clinical trial and its extended cohort study. The risk of BC among
past users are near RR ¼ 1 and even excess risk among current users disappear after
2 years from the last use. E-only HRT, selected as group 2A carcinogenic agent to
BC by the IARC (probable carcinogen in human) [7], increases BC risk by 1.3-fold.

Ever use of oral contraceptives (OC), relative to nonuse, has very low risk of BC
(1.1-fold). Total current users have 1.2-fold higher risk of BC. Current users who use
OC for 1–4 years slightly increases BC risk by 1.3-fold and increasing duration of
OC use correlates increasing BC risk, while recent users who use OC for at least
5–9 years have at same BC risk (1.3-fold). There was no correlation between
duration of use and risk of BC in non-recent past users. Women who have started
OC use (age < 20) are at a moderately increased risk (RR ¼ 1.5) for BC.

Diethylstilbestrol (DES) is a legendary drug used in the past that relates to
subsequent BC in users and vaginal clear cell carcinoma in users’ daughters [7]. It
was developed as a synthetic estrogen in 1938 and was approved by the US Food and
Drug Administration (FDA) in 1947 for the treatment of threatening or habitual

Fig. 21.4 Secular trend in age-standardized (World) mortality rates (ASMR) of BC
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abortions. However, its use was reduced after two studies reported no efficacy in the
prevention of miscarriage, premature birth, and preeclampsia in 1953. Nevertheless,
it had been continually used in the USA and Europe until early and late 1970s,
respectively. DES-exposed women relative to non-exposed women had a slightly
increased risk of BC (RR¼ 1.4); and excess risk was observed at least 20 years after
DES administration. DES was not used in women before in Asian countries includ-
ing Korea and Japan.

The risk of individual BC increases with age due to the lifetime effects of female
hormones and the exposure of environmental factors to female hormones. Therefore,
women’s age is an important demographic factor because not only female hormones
but also the related risk factors are affected by age (Table 21.2). Family history of
BC among families with first or second degree relatives, accounting for approxi-
mately 6–19% of all BC patients, is associated with increased risk for BC, and as the
number of BC family history increases, the risk of BC increases (Table 21.2). In the
SEBCS (Seoul BC Study), a population-based case–control study composed of
about 5000 BC cases and 6500 controls, the family history of BC among families
at first and second relatives is observed in 7–10% of cases and 2–3% of controls and
it is associated with 1.5–2.3 fold higher risk for BC in prior studies [9].

Hereditary BC caused by specific genes. The best known of these is the genes
from BRCA1 and 2 mutations. Although the prevalence of BRCA1 and BRCA2
gene in the general population is rare (<0.1%), women who have BRCA1 and
2 mutations have increased risk of BC, hereditary breast-ovarian cancer syndromes,
as well as increase risk of BRCA-relating cancers such as pancreatic, colorectal, and
larynx cancers. The lifetime risk of BC in women with BRCA 1/2 mutations is

Table 21.1 Environmental risk factors for BC

‘Sufficient evidence’ in
human carcinogen (IARC)
[7]

Strong evidence in ‘convincing’ or ‘probable’ causal
relation (WCRF/AICR) [8]

BC risk
increased

Alcoholic drinks
E-P combined HRT
E-P combined contraceptives
Diethylstilbestrol (DES)
x- or γ-radiation

Alcoholic drinks
Tall height
Body fatness throughout adulthood (measured by
BMI, WC, WHR) [in postmenopausal women]
Adult weight gaina [in postmenopausal women]
Greater birth weight [in premenopausal women]

BC risk
decreased

Lactation
Body fatness at age 18–30
Vigorous physical activity
Physical activity (total, recreational, occupational,
and household activity) [in postmenopausal women]

aThe results were associated with reduced risk of premenopausal breast cancer in the meta-analysis
of the WCRF/AICR. The results were consistent among Western women but among Asian women,
were rather opposite, showing increased risk
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substantially increased compared to the general population regardless of ethnic
groups [10, 11, 12]. High penetrance genes including BRCA1/2 mutations, and
moderate and low penetrance genes for BC (Table 21.2) [10, 11], will be described
in detail in the next chapters.

Benign breast diseases are also risk factors for BC under pathologic classification
and radiologic classification. Dense breast showing fibroglandular breast tissue,
found in mammograms as a radiological classification, is associated with increasing
BC risk (Table 21.2). Of pathologically benign epithelial breast diseases (which are
classified into three categories such as non-proliferative breast disease including
breast cysts, apocrine change, epithelial calcifications, and mild hyperplasia, similar
terms of fibrocystic disease, chronic cystic mastitis, and mammary dysplasia,
non-atypical breast proliferation, and atypical hyperplasia), non-atypical breast
proliferation and atypical hyperplasia are associated with BC risk (Table 21.2).
The BC risk progressively increases from non-atypical breast proliferation to atyp-
ical hyperplasia. According to BC subtype, both non-atypical breast proliferation
and atypical hyperplasia are associated with only ER + BC subtype.

Women with breast carcinoma in situ (BCIS) are at higher risk of subsequent
invasive BC relative to general population. In the analysis by BC molecular sub-
types, triple negative BC (TNBC) subtype has an elevated risk of subsequent
invasive BC, relative to other subtypes.

Table 21.2 Individual predisposing or precipitating risk factors of BC

Factors Individual risk factors

Age Age increase

Benign breast
status

Benign breast diseases
Proliferative diseases without atypia
Proliferative diseases with atypia

Dense breast on mammography
(Fibroglandular breast tissue)

Past BCs Breast carcinoma in situ
Triple negative BC

Familial factors Family history (FH) of BC
FH of BC among families of first degree relatives
FH of BC among families of first/second degree relatives
The number of family members with BC FH

Genetic factors High penetrance genes (very rare–rare prevalence and high risk)
BRCA1, BRCA2: Major in hereditary breast and ovarian cancer (HBOC)

syndrome
Tumor suppressors such as TP53, CDH1, STK11, PTEN, NBS1

Moderate penetrance genes (rare prevalence and moderate risk)
DNA repair genes such as ATM, CHEK2, RAD50,
FANCJ, ATR

Low penetrance genes (common prevalence and low risk using polygenic risk
score (PRS))
FGFR2, LSP1, MAP3K1, TGFB1, TOX3, VEGF,
PGR, KRAS, etc.
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The distribution of reproductive factors in women with BC will change to longer
life-time exposure to estrogen and progesterone. Thus, theoretically, earlier menar-
che and later menopause may be associated with a higher risk of BC, while factors
such as pregnancy, childbirth, and breastfeeding, which interfere with repeated
female hormone exposure, are associated with lower risk of BC (Table 21.3).

Women’s early menarche and late menopause are associated with an increased
risk of BC. The first delivery of baby at late age increases the risk of BC. Parous
women have a reduced risk of BC, relative to nulliparous women; and as the number
of live births increases, the risk of BC decreases gradually. Most reproductive risk
factors commonly show much stronger association with ER+ subtypes [13]. But
there are a few results for BC subtypes, such as luminal A, B, HER2-enrinched, and
TNBC, up to date and less consistent across the studies.

As the duration of breastfeeding increases, the risk of BC decreases gradually.
The World Cancer Research Fund/American Institute for Cancer Research (WCRF/
AICR) categorizes that breastfeeding is a preventable risk factor with probable
evidence in causal relation with BC (Table 21.1) [8]. The BC risk per 5-month
breastfeeding decreases 2%.

Premenopausal women taking BSOH (bilateral salpingooophorectomy with hys-
terectomy) and even only hysterectomy without oophorectomy have a 20–40%
reduced risk of BC. The effect is strongly pronounced at earlier age (age < 45)
but is not observed at old postmenopausal ages.

The IARC categorizes ionizing radiation exposure as a carcinogenic agent with
sufficient evidence for human BC (Table 21.1) [7]. Radiation therapy due to specific
cancers or diseases taking repeated radiation therapy in children and adolescent
before puberty increases BC risk, compared to general population. The evidence of
diagnostic radiation exposures, such as CT, before puberty, is not clearly confirmed
up to date. Thus, research for the hazards of the repeated diagnostic radiation
exposures before puberty should be further conducted.

The IARC, WHO and the WCRF/AICR, the two accredited official bodies that
assess causal links to cancer, have been already reporting the bad effect by higher

Table 21.3 Reproductive risk factors of BC

Factors Individual risk factors

Menstrual history Earlier menarche
Later age at menopause

Pregnancy, delivery history Later age at first full-term pregnancy
Nullipara
Higher number of paritya

Breastfeeding history Breastfeedinga

Longer duration of breastfeedinga

Surgical histories Oophorectomya

Hysterectomy (regardless of oophorectomy)a

aRisk decreased
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alcohol intakes in relation to cancer (Table 21.1) [7]. BC risk for women who drink
alcohol is 10–20% higher than women who do not drink. Among women who drink
alcohol, women who drink alcohol 10 g/day have an excess risk of about 10%. For
use of this information, we can estimate the BC risk increase by alcohol dose using
the excess risk. If a glass contains 8 grams of alcohol in Korea, the BC risk is 8%
higher for women who drink 2 glasses/day than for women who drink 1 glass/day
(In Korea, 1 glass of Beer (¼ 200 mL of Beer; 1 glass of Soju ¼ 50 mL of Soju)
contains 8 g of alcohol (¼ 10 mL of alcohol)). The risk of BC by heavy alcohol
drinking is increased by nearly 50%.

The WCRF/AICR classifies that excess body fatness and its increasing change in
postmenopausal women are a convincing risk factor for BC (Table 21.1) [8]. Over-
weight (25–29.9 kg/m2) and obese (�30 kg/m2) postmenopausal women are at
increasing BC risk relative to those with normal BMI (<25 kg/m2). The higher the
BMI, the higher the risk of BC is in postmenopausal women only, especially only
women with no HRT. In premenopausal women, the higher the BMI, the lower BC
risk was shown in Western premenopausal women. However, in Asian
premenopausal women, the decreasing BC risk by higher BMI is not clearly
demonstrated.

Increased abdominal fatness, like the direction in association with BMI, is
associated with an increased risk of BC in postmenopausal women and a reduced
risk of BC in premenopausal women. Adult weight gain is only associated with an
increased risk of BC risk in postmenopausal women; but weight gain at age 18–30 is
associated with decreased risk of BC in both pre- and post-menopausal women.

Increasing women’s height is associated with an increased risk of BC, regardless
of menopausal status. The greater the weight at birth, the greater the likelihood of BC
when it becomes an adult, which is seen only in premenopausal women.

Physically inactive or low active women are at higher risk for BC, relative to
highly active postmenopausal women [8]. Higher total physical activity (any phys-
ical activities including household, occupational, walking, moderate, or vigorous
physical activity) relative to no physical activity or low physical activity is associ-
ated with lower risk of BC (at least 10% decreased risk). The vigorous physical
activity has a reduced risk for BC in both pre- and post-menopausal women.

Cigarette smoking is classified as a carcinogenic agent by the IARC but it is a
limited carcinogen in the carcinogenic classification for BC (with limited evidence in
human studies but confirmed evidence in experimental in vivo and in vitro stud-
ies) [7]. The BC risk of past smokers and current smokers is known to be 8–10%
higher than that of nonsmokers, and women who start smoking before the first
delivery may have a BC risk as high as 20%.

As the other risk factors of BC, the IARC suggests several limited carcinogenic
agents for BC such as digoxin, shiftwork (circadian disruption), polychlorinated
biphenyls (PCBs), and ethylene oxide.
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21.4 BC Prevention Recommendations for High-Risk
Population of Breast Cancer based on risk factors

Based on risk factors for BC, the risk-based intervention method is a noninvasive
method that can be used to prevent BC as well as high-risk individuals. Although
further studies are needed because there are few clinical trials for lifestyle modifi-
cation and intervention with high risk of developing BC, the following suggests
possible lifestyle modification based on the evidence of BC risk factors in observa-
tional studies.

1. Risk modification for the risk factors with “Sufficient evidence” or “Strong
evidence (convincing or probable)”

(a) Control of obesity and overweight
Overweight and obesity, abdominal fatness, and adult weight gains are

associated with an increased risk for BC in postmenopausal women.
Although body fatness or weight gain in premenopausal women or young
women is effective in reducing the risk of BC for a while, it is not clearly
observed in Asian women. Moreover, the risk of BC in women increases with
age. Therefore, we should encourage women to maintain optimal weight
when considering women’s entire lifespan and to do risk modification for
preventing overweight and obesity.

(b) Recommended for high physical activity
Although total physical activity (occupational, household, walking, etc.)

has limited evidence for premenopausal BC risk, it has been reported to
reduce the risk of only postmenopausal BC. Vigorous intensity physical
activity can reduce BC risk in both premenopausal and postmenopausal
women. Vigorous physical activity is defined as physical activity that requires
a large amount of effort and causes rapid breathing and a substantial increase
in heart rate, including running, walking/climbing briskly up a hill, fast
cycling, aerobics, fast swimming, competitive sports (i.e., football, volley-
ball, hockey, basketball), heavy shoveling/digging ditches, and carrying/
moving heavy loads (>20 kg), etc.

Although there is no evidence of minimal exercise frequency and duration
or intensity to prevent BC, moderate to vigorous physical activity should be
recommended to women.

(c) Strongly recommended for breastfeeding
Breastfeeding is modifiable and probable preventable factors in the evi-

dence evaluation of the WCRF/AICR. Breastfeeding has the other beneficial
effect, such as decreased risk for ovarian cancer, and decreased postpartum
weight and blood pressure. Therefore, breastfeeding should be strongly
recommended to all women. The WHO recommends exclusive breastfeeding
(not-combined milk-feeding) at least for the first 6 months and more continual
breastfeeding up to 2 years or beyond.
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(d) Limitations on alcohol drinking
The WCRF/AICR reported that there is no minimum threshold for alcohol

drinking in female BC risk and the risk continues to increase with increasing
dose. Drinking alcohol of 10 g increases about 10% BC, regardless of types of
alcohol drinking and various ethnic groups. Therefore, we should encourage
women to limit alcohol consumption to prevent BC.

(e) Individualized recommendation to restrict radiation exposures
Low-dose ionizing radiation is still arguable for whether it has a

nonharmful effect by homeostasis or harmful effect. But repeated low-dose
exposure to radiation or radiotherapy, especially during early ages (childhood
or adolescents), can increase the risk of BC. It is suggested as the Group
1 carcinogen in human with sufficient evidence by the IARC. It is not
possible to fully protect from inevitable repeated radiation exposure before
puberty. Annual radiation exposure doses of individuals should be monitored.

(f) Individualized recommendation to balanced use of oral contraceptives and
postmenopausal HRT

The use of E-P combined HRT in postmenopausal women without hys-
terectomy can increase risk for BC and cardiovascular disease relative to
nonuse. But it can prevent bone mineral loss and fracture and improve
metabolic profile in women if HRT is started under the age of 60 years.

The use of estrogen-only HRT in postmenopausal women with hysterec-
tomy does not increase the risk for BC; but it still increase the risk for ovarian
and endometrial cancers. It is debatable for whether E-only HRT is safe for
hysterectomized postmenopausal women because hysterectomy itself partly
contributes to reduce risk of BC.

Although OC has the drawback of slightly increasing BC risk, it has lots of
beneficial effects, such as prevention of unwanted pregnancy several cancers
(including endometrial, ovarian, and colon cancers), and treatment effect for
some diseases (including postmenopausal syndrome, endometriosis, etc.).

It is therefore necessary to make individualized optimal clinical decisions
taking into account of the balance between the risk and benefits for the use of
postmenopausal HRT and premenopausal OC.

2. Risk modification for healthy living and risk factors that are limited evidence

(a) Control of cigarette smoking
Although smoking has been reported to increase the incidence of

premenopausal BC, it is still controversial because the evidence in Asian
women is not confirmed due to low smoking prevalence in Asian women.
Nonetheless, BC risk of female smokers should be warned.

(b) Maintaining healthy eating habits and choosing healthy foods
The WCRF/AICR meta-analyzed the association of various foods and

diets with BC risk. Although the evidence of the underlying causality of
BC is weak, it is necessary to encourage healthy eating (such as consuming a
lot of vegetables and fruits, and eating less red meats and processed meats), in
terms of preventing obesity and maintaining hormone balance.
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3. The impact of risk modification
The US Prevent ive Service Task Force (USPSTF, ht tps: / /

uspreventiveservicestaskforce.org/uspstf/) recommends risk assessment and
genetic counseling, including genetic testing if indicated, to high-risk women,
where high-risk women means those with a personal or family history of breast,
ovarian, tubal, or peritoneal cancer, who have an ancestry with breast cancer
susceptibility 1 and 2 (BRCA1/2) gene mutations. In the case of the risk assess-
ment tool, it is the joint score generated by the various risk factors including
familial risk described above. The more exposure to risk factors, the higher the
scores, which means that breast cancer is likely to develop in the future. In the
case of behavior modification for breast cancer prevention, it is a part that needs
to be further researched in order to generate the evidence for the population area,
but if the risk factors of individuals are well understood and exposure to risk
factors is reduced, it can be predicted that the incidence of breast cancer will
decrease in the future have. Therefore, the impact of prevention for risk interven-
tion is here. For women at increased risk for BC in risk assessment, the USPSTF
recommends chemoprevention by SERM (selective estrogen receptor medica-
tion) (Grade B). Moreover, the USPSTF strongly recommends intensive and
multicomponent behavioral interventions for women with BMI �30 kg/m2

(Grade B), which is also important in preventing BC because obesity is a strong
risk factor for postmenopausal BC.

21.5 Conclusion

There are various alleged risk factors for BC, such as sex hormone relating factors
such as exogenous hormones including postmenopausal HRT, oral contraceptives,
and endogenous hormonal changes including reproductive-pregnancy-related fac-
tors, lifestyle factors such as overweight/obesity, physical activity, alcohol consump-
tion, cigarette smoking, environmental factors such as radiation exposure, shiftwork,
PCBs, etc. These alleged risk factors explain only about 40–50% of BC etiology. Of
the remaining half, 5–10% are familial and/or genetic predispositions including
BRCA1, 2 mutations, yet 30–40% still are not known yet. The still unknown risk
factors appear to be related to genetic–environmental interactions, gene–gene inter-
actions, and proteomics and metabolic studies.

Clear understanding of the risk factors for BC is essential for risk modification
and intervention for prevention of BC in patients as well as healthy general women.
Therefore, we should be aware of BC risk factors and be prepared to recommend
individualized risk modification and intervention methods based on this information.
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Chapter 22
Breast Cancer-Related Low Penetrance
Genes

Daehee Kang and Ji-Yeob Choi

Abstract Susceptibility genes involved in disease etiology and prognosis are cate-
gorized into two groups: high penetrance genes (i.e., BRCA1, CHEK2, ATM, etc.)
and low penetrance genes (i.e., NATs, GSTs, CYPs, etc., and variants identified by
genome-wide association studies). Since low penetrance genes have high population
attributable risk, the usefulness of those genes to research on breast cancer preven-
tion is not small. In this chapter, the previous studies on low-penetrance genetic
susceptibility through a candidate gene approach and genome-wide association of
breast cancer were summarized. The contribution of low-penetrance susceptibility
genes to the breast cancer risk prediction models will also be discussed on the utility
in clinical or public health application.

Keywords Genetic susceptibility · Low-penetrance genes · High-penetrance genes ·
Genome-wide association study · Polygenic risk score · Risk assessment · Prediction
model

22.1 Genetic Susceptibility of Breast Cancer

Indicators of genetic susceptibility to breast cancer can be grouped into two catego-
ries: high susceptibility loci and low penetrance [1] (Table 22.1). Penetrance is
defined by the proportion of individuals in a population with a genetic variant who
develop the disease associated with that variant. High penetrance genes are usually
caused by some mutation in one or a few cells and these mutations then lead to the
onset of a disease state, such as the malignant transformation of the affected cell.
Among the recognized susceptibility loci, genes such as BRCA1/2 and p53 muta-
tions are widely known as major susceptibility genes in breast cancer, and research
focuses on aspects of breast cancer cluster ability in high-risk families. Overall,
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5–10% of all breast cancer patients have a family history [3] and it was reported that
22.3% of patients with a family history of breast cancer had a BRCA mutation in a
survey of BRCA mutations in Koreans [4].

Common single-nucleotide polymorphisms (SNPs) are referred to as
low-penetrant, as risk alleles typically confer modest risk. Low penetrance genes
in which somatic mutations are rarely if ever seen, and genetic variation is found
throughout the population at these loci. These polymorphic genes may be involved
in risk as either homozygotes or heterozygotes vs. wild type, considering the most
common allele arbitrary. Genes involved in carcinogen metabolism including NATs,
GSTs, CYPs, and others are observed in breast tissue in putative susceptibility loci.
They are interacting with environmental risk factors, and many of the population
have variations in these genes. Thus, the low-penetrance susceptibility genes are
important in understanding the basis of both individual differences in susceptibility
and the mechanisms of gene–environment interactions in cancer [1].

22.2 Hypothesis-Driven Candidate SNPs

Before Genome-wide association studies (GWAS) has become a growing body of
results in the risk of breast cancer, candidate-gene association studies were the most
prevalent type of investigation to identify common breast-cancer susceptibility
alleles. Earlier genetic epidemiology studies have investigated a specific number,
typically a few down to several hundreds, of candidate genes located throughout the
genome. Selected common SNP in genes involved in the metabolism of carcinogens
(activation, detoxification) and genes involving DNA repair, cell cycle control, and
nutrient metabolism are widely studied to discover the role of these genes on breast
carcinogenesis.

Table 22.1 Characteristics of two categories of susceptibility genes (modified from [2])

Penetrance High Low

Frequency Rare Common (<1%)

Family history High Low

Population attributable risk Low High

Role of environmental
exposure

Secondary and variable Critical

G–E interaction Low High

Study subjects Family Population

Study type Linkage Association

Role for disease
development

Necessary and sufficient
condition

Neither necessary nor sufficient
condition

Genes Recognized Putative

Example BRCA1/2 6q25
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Candidate gene studies were often producing non-reproducible results due to lack
of proper study designs (e.g., small sample size, mutant allele frequency in different
ethnic groups, etc.). The first reported SNP associations were often the largest and
the subsequent investigators reported smaller or nonsignificant associations when
larger studies were undertaken and more genetic material was available [5]. In the
review of Zhang et al. [6], meta-analyses were done for 279 genetic variants in
128 candidate genes or chromosomal loci that had at least three data sources
published before Feb, 2010. Whereas most genetic variants assessed in previous
candidate-gene studies showed no association with breast cancer risk in meta-
analyses, 14 variants in nine genes (strong for ten variants in six genes (ATM,
CASP8, CHEK2, CTLA4, NBN, and TP53), moderate for four variants in four
genes (ATM, CYP19A1, TERT, and XRCC3)) had evidence for an association
(Table 22.2).

The survival of breast cancer patients is largely influenced by tumor characteris-
tics, such as TNM stage, tumor grade, and hormone receptor status. The studies of
SNPs on prognosis are fewer than those of the association of risk because of
difficulty to follow-up the patients and define the event or response. However,
there is growing evidence that inherited genetic variation might affect the disease
prognosis and response to treatment. The most promising candidate gene approach
on breast cancer prognosis is the prediction of chemotherapy response according to
the SNPs of transporter genes and the hazards of recurrence or death. Kim et al. [7]
reviewed the studies of the genetic polymorphisms of the ATP-binding cassette
(ABC) and solute carrier (SLC) genes as the subfamilies of transporters and the
prognosis of various cancers published from January 2000 to December 2016 as
showing the summary of the studies of associations between the genetic polymor-
phisms of transporters and breast cancer prognosis. Although ABCB1 rs1045642
(C > T) was associated with poor PFS (HR ¼ 1.33, 95% CI: 1.07–1.64) overall, the
result of meta-analysis limited to breast cancer did not find a significant association.
Table 22.3 summarizes the association of variants of transporter genes (including
ABCs and SLCs) and breast cancer prognosis.

22.3 Genome-Wide Association Study (GWAS)

GWAS, a hypothesis-free study design to associate complex disease to particular
genotypes, were succeeded in breast cancer. They offer a more efficient strategy for
identifying disease genes and overcoming bias in the more traditional candidate gene
approach. The statistical power to detect associations between DNA variants and a
trait depends on the experimental sample size, the distribution of effect sizes of
(unknown) causal genetic variants that are segregating in the population, the fre-
quency of those variants, and the linkage disequilibrium between observed
genotyped DNA variants and the unknown causal variants (reviewed in [12]).
GWAS have identified SNPs associated with breast cancer risk [13–29]
(Table 22.4). After one of the very first large GWAS reported five significant loci
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Table 22.4 Summary of the breast cancer susceptibility loci identified by a GWAS approach
(adopted from [30])

Study Year SNP Locus Genesd ORe P-value

Easton et al. [16] 2007 rs889312 5q11.2b,c Intergenic 1.13 7.00 � 10�20

rs13281615 8q24.21b,
c

CASC21,
CASC8

1.08 5.00 � 10�12

rs2981582 10q26.13c FGFR2 1.26 2.00 � 10�76

rs3817198 11p15.5b,
c

LSP1 1.07 3.00 � 10�9

rs3803662 16q12.1c CASC16 1.2 1.00 � 10�36

Stacey et al. [25] 2007 rs13387042 2q35b,c Intergenic 1.2 1.30 � 10�13

Stacey et al. [26] 2008 rs10941679 5p12c Intergenic 1.19 2.90 � 10�11

Zheng et al. [29] 2009 rs2046210 6q25.1b,c Intergenic 1.29 2.00 � 10�15

Ahmed et al. [13] 2009 rs4973768 3p24.1b,c SLC4A7 1.11 4.10 � 10�23

rs6504950 17q22c STXBP4 0.95 1.40 � 10�8

Thomas et al. [27] 2009 rs11249433 1p11.2c EMBP1 1.16 6.74 � 10�18

rs999737 14q24.1b,
c

RAD51B 0.94 1.74 � 10�7

Turnbull et al. [28] 2010 rs3757318 6q25.1b,c CCDC170 1.3 2.90 � 10�6

rs1562430 8q24.21b CASC21,
CASC8

1.17 5.80 � 10�7

rs1011970 9p21.3c CDKN2B 1.09 2.50 � 10�8

rs2380205 10p15.1 Intergenic 0.94 4.60 � 10�7

rs10995190 10q21.2b,
c

ZNF365 0.86 5.10 � 10�15

rs704010 10q22.3c ZMIZ1 1.07 3.70 � 10�9

rs909116 11p15.5b TNNT3 1.17 7.30 � 10�7

rs614367 11q13.3c Intergenic 1.15 3.20 � 10�15

Antoniou et al. [31] 2010 rs8170 19p13.11b BABAM1 1.26f 2.30 � 10�9

rs2363956 19p13.11b ANKLE1 0.84f 5.50 � 10�9

Fletcher et al. [32] 2011 rs9383938 6q25.1b ESR1 1.18 1.41 � 10�7

rs865686 9q31.2b,c Intergenic 0.89 1.75 � 10�10

Cai et al. [33] 2011 rs10822013 10q21.2b ZNF365 1.12 5.87 � 10�9

Ghoussaini et al.
[34]

2012 rs10771399 12p11.22c Intergenic 0.85 2.70 � 10�35

rs1292011 12q24.21c Intergenic 0.92 4.30 � 10�19

rs2823093 21q21.1c Intergenic 0.94 1.10 � 10�12

Siddiq et al. [24] 2012 rs17530068 6q14.1c Intergenic 1.12 1.10 � 10�9

rs2284378 20q11.22 RALY 1.08 1.30 � 10�6

Long et al. [22] 2012 rs9485372 6q25.1b TAB2 0.9 3.86 � 10�12

Kim et al. [20] 2012 rs13393577 2q34 ERBB4 1.53 8.80 � 10�14

Michailidou et al.
[35]

2013 rs616488 1p36.22 PEX14 0.94 2.00 � 10�10

rs11552449 1p13.2 DCLRE1B 1.07 1.80 � 10�8

rs4849887 2q14.2 Intergenic 0.91 3.70 � 10�11

rs2016394 2q31.1b Intergenic 0.95 1.20 � 10�8

rs1550623 2q31.1b Intergenic 0.94 3.00 � 10�8

rs16857609 2q35b DIRC3 1.08 1.10 � 10�15

rs6762644 3p26.1 ITPR1 1.07 2.20 � 10�12

rs12493607 3p24.1b TGFBR2 1.06 2.30 � 10�8

(continued)
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Table 22.4 (continued)

Study Year SNP Locus Genesd ORe P-value

rs9790517 4q24 TET2 1.05 4.20 � 10�8

rs6828523 4q34.1 ADAM29 0.9 3.50 � 10�16

rs10472076 5q11.2b Intergenic 1.05 2.90 � 10�8

rs1353747 5q11.2b PDE4D 0.92 2.50 � 10�8

rs1432679 5q33.3 EBF1 1.07 2.00 � 10�14

rs11242675 6p25.3 Intergenic 0.94 7.10 � 10�9

rs204247 6p23 Intergenic 1.05 8.30 � 10�9

rs720475 7q35 ARHGEF5 0.94 7.00 � 10�11

rs9693444 8p12 Intergenic 1.07 9.20 � 10�14

rs6472903 8q21.11b CASC9 0.91 1.7 � 10�17

rs2943559 8q21.11b HNF4G 1.13 5.7 � 10�15

rs11780156 8q24.21b Intergenic 1.07 3.4 � 10�11

rs10759243 9q31.2b Intergenic 1.06 1.2 � 10�08

rs7072776 10p12.31b Intergenic 1.07 4.30 � 10�14

rs11814448 10p12.31b Intergenic 1.26 9.30 � 10�16

rs7904519 10q25.2 TCF7L2 1.06 3.10 � 10�8

rs11199914 10q26.12 Intergenic 0.95 1.90 � 10�8

rs3903072 11q13.1 Intergenic 0.95 8.60 � 10�12

rs11820646 11q24.3 Intergenic 0.95 1.10 � 10�9

rs12422552 12p13.1 Intergenic 1.05 3.70 � 10�8

rs17356907 12q22 Intergenic 0.91 1.80 � 10�22

rs11571833 13q13.1 BRCA2 1.26 4.90 � 10�8

rs2236007 14q13.3 PAX9 0.93 1.70 � 10�13

rs2588809 14q24.1b RAD51B 1.08 1.40 � 10�10

rs941764 14q32.11 CCDC88C 1.06 3.70 � 10�10

rs17817449 16q12.2b FTO 0.93 6.40 � 10�14

rs13329835 16q23.2 CDYL2 1.08 2.10 � 10�16

rs527616 18q11.2b Intergenic 0.95 1.60 � 10�10

rs1436904 18q11.2b CHST9 0.96 3.20 � 10�8

rs4808801 19p13.11b ELL 0.93 4.60 � 10�15

rs3760982 19q13.31 Intergenic 1.06 2.10 � 10�10

rs132390 22q12.2 EMID1 1.12 3.10 � 10�9

rs6001930 22q13.1 MKL1 1.12 8.80 � 10�19

Cai et al. [36] 2014 rs4951011 1q32.1b ZC3H11A 1.09 8.82 � 10�9

rs10474352 5q14.3 Intergenic 1.09 1.67 � 10�9

rs2290203 15q26.1 PRC1 1.08 4.25 � 10�8

Milne et al. [37] 2014 rs1053338 3p14.1 ATXN7 1.07 1.00 � 10�8

rs6964587 7q21.2 AKAP9 1.05 2.00 � 10�10

aIndependent associated variant
bLocus mapped by more than one independent variant
cLocus replicated in Michailidou et al. [32] at a GWAS significance level
dName of the gene where the variant lies (intronic, exonic, or at 5’ or 3’UTR regions). Note that not
always the gene where the variant is placed is the one affected by the causal variant within the
associated locus
ePer allele OR
fBreast cancer risk for BRCA1 mutation carrier
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associated with breast cancer risk among 26,258 cases and 26,894 control in three-
stage in 2007 [16], 78 new loci have been identified (reviewed in [30]).

There have been studies limited to GWAS in breast cancer survival. Several
studies reported the associations of breast cancer risk loci with breast cancer survival
and identified little overlap between the breast cancer risk SNPs and the SNPs with
associated with breast cancer prognosis [38, 39]. Guo et al. [40] conducted a large
meta-analysis of studies in populations of European ancestry and identified
rs148760487 at 2q24.2 associated with breast cancer-specific survival in all breast
cancer (HR ¼ 1.75, 95% CI ¼ 1.39–2.20, P ¼ 1.44 � 10�6

) and rs2059614 at
11q24.2 associated with breast cancer survival in ER-negative case patients
(HR ¼ 1.95, 95% CI ¼ 1.55–2.47, P ¼ 1.91 � 10�8).

Kim et al. [20] conducted a three-stage GWAS in Korean women (6322 cases and
5897 controls) in Seoul Breast Cancer Study (SEBCS) in Table 22.4. They not only
confirmed previously identified loci in Europeans or Chinese populations or both but
also found rs13393577 at 2q34/ERBB4 as a new breast cancer susceptibility variant
with combined odds ratios (95% CI) of 1.53 (1.37–1.70) (combined P for
trend ¼ 8.8 � 10�14). SEBCS is a multicenter-based case–control study and case–
cohort study on breast cancer [7, 41–45] from four major teaching hospitals and
community health screening programs in Seoul between 2001 and 2007. In a case–
cohort design of SEBCS, a two-stage GWAS on disease-free survival (DFS) in
breast cancer stratified by tumor subtypes based on hormone receptor and human
epidermal growth factor receptor 2 was conducted. Rs166870 and rs10825036 were
consistently associated with DFS in the HR+ HER2- and HR- HER2-breast cancer
subtypes, respectively (Prs166870¼ 2.88� 10�7 and Prs10825036 ¼ 3.54� 10�7 in the
combined set). When patients were classified by the recursive partitioning analysis
(RPA) in each subtype, genetic factors contributed significantly to differentiating the
high risk group associated with DFS in breast cancer (Table 22.5) [46].

22.4 Use of Polygenic Risk Score for Individual Risk
Assessment

With an increasing number of genetic susceptibility loci being identified for breast
cancer, it is critical to examine whether genetic information could have utility in
clinical or public health applications. The individual risks conferred by GWAS-
discovered loci are low but their combined effects, when summarized as a polygenic
risk score (PRS) are useful for population-based risk stratification [47]. Possible
applications include risk stratified prevention and screening strategies targeted to
susceptible subgroups of the population at elevated risk, or conversely defining
subgroups at a low risk that would benefit least from interventions [48]. Mavaddat
et al. [49] developed and validated. PRS among Europeans with 313 SNPs. While
the odds ratio for overall disease per 1 standard deviation was 1.61 (95%CI:
1.57–1.65) with the area under receiver-operator curve (AUC) ¼ 0.630 (95%CI:
0.628–0.651), the lifetime risk of overall breast cancer in the top centile of the PRSs
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was 32.6%. Compared with women in the middle quintile, those in the highest 1% of
risk had 4.37- and 2.78-fold risks and those in the lowest 1% of risk had 0.16- and
0.27-fold risks, of developing ER-positive and ER-negative disease, respectively.

SNP profiles could be added to existing individual risk models developed by
known risk factors including demographical, lifestyle factors, reproductive, and family
history. The addition of PRS substantially improved existing breast cancer risk
prediction models including age at menarche, parity, age at first birth, combined
MHT, body mass index, benign breast disease, alcohol intake, smoking, and family
history of breast cancer in first-degree relatives [48, 50, 51]. For example, Garcia-
Closas et al. [48] showed questionnaire-based risk factors and mammographic breast
density could identify 5.6% of the population at moderate-to-high risk that would
account for 14.9% of the cases for 50-year-old women in the population. The 76-SNP
PRS by itself could identify 4.0% of the population at moderate-to-high risk, capturing
9.6% of the cancers. When combining the 76-SNP PRS with questionnaire-based risk
factors and density, one could identify 8.5% of the population capturing 24.5% of the
cancers. This could increase to 10.2% of the population capturing 32.2% of cases for
the improved PRS. Maas et al. [51] evaluated combined risk stratification utility of
common low penetrant SNPs and epidemiologic risk factors in the Breast and Prostate
Cancer Cohort Consortium (BPC3) and in the 2010 National Health Interview Survey.
For women in the highest decile of risk owing to nonmodifiable factors with PRS,
those who had low BMI, did not drink or smoke, and did not use MHT had risks

Table 22.5 Associations between different combined groups of clinical and genetic factors and
disease-free survival (DFS) among breast cancer patients (adopted from [46])

Discovery set Replication set

HRa (95% CI) P HRa (95% CI) P

Group by RPA among HR+ HER2-breast cancer patients

Group 1: TNM
stage 0-II and
rs166870CC + CT

1.00 Ref. 1.18 � 10�8 1.00 Ref. 2.08 � 10�5

Group 2: TNM
stage 0-II and
rs166870TT

5.52 (2.00–15.28) 2.01 (0.90–4.47)

Group 3: TNM
stage III and
rs166870CC + CT

3.61 (2.29–5.68) 3.07 (0.64–14.83)

Group 4: TNM
stage III and
rs166870TT

10.50 (1.43–77.06) 7.26 (2.95–17.88)

Group by RPA among HR- HER2-breast cancer patients

Group1:
rs10825036TT + TG

1.00 Ref. 2.35 � 10�4 1.00 Ref. 2.60 � 10�2

Group2:
rs10825036GG

3.45 (1.78–6.67) 2.17 (1.10–4.28)

Abbreviations: DFS disease-free survival, HR hazard ratio, CI confidence interval, RPA recursive
partitioning analysis, HR hormone receptor, HER2 human epidermal growth factor receptor 2
aCox proportional hazard model adjusted for age and recruiting center, additional TNM stage for
group by tumor subtypes and selected SNPs
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comparable to an average woman in the general population. The model can identify
subsets of the population at an elevated risk that would benefit most from risk-
reduction strategies based on altering modifiable factors.

The analysis of gene–environment interaction (G�E) may hold the key for
further understanding the etiology of breast cancer and identification of the certain
high-risk population. Based on GWAS data, wide-range of types of environmental
data, and the design of consortiums of multiple studies, the methodologies of G�E
studies have been suggested [52, 53]. As reviewed in [54], several comprehensive
large-scale GxE studies conducted, however, associations between common variants
and breast cancer risk are only weakly modified by environmental factors.

22.5 Future Research Direction

The GWAS is used to detect associations between common variants with low
penetrance and breast cancer risk or prognosis. The primary goal of them is to better
understand the biology of disease, and a better understanding will lead to prevention
or better prognosis. GWASs have been successfully implemented for defining the
role of genes and the environment in breast cancer risk, assisting in risk prediction
(enabling preventive and personalized medicine). Personalized preventive research
will have a pivotal role in future medicine particularly, in individual risk assessment
using genetic and nongenetic information. In order to achieve this goal, well-
designed epidemiologic studies are required to provide comprehensive preventive
medical care [55].

The next steps will need to include the assessment of variants with lower
frequencies and smaller effect sizes interacting with environmental factors.
GWASs to date have been based on SNP arrays designed to tag common variants
in the genome. These arrays do not cover all genetic variants in the population, and
most GWASs to date have been conducted on individuals of European descent,
although there is a growing number of studies on populations of Asian and African
ancestry. It would seem natural that future GWASs will be based on fine mapping or
whole genome sequence to identify the causal variant across ethnicities and under-
stand functional mechanisms (reviewed in [12]). These will necessitate even larger
cohorts of breast cancer patients, as well as the development of new statistical
methods, to comprehensively evaluate combinations of variants conferring low to
moderate increases in risk.

22.6 Summary

Understanding the role of low-penetrance susceptibility genes on breast cancer
development leads us to improve the usefulness of the polygenic risk score com-
bined with already known risk factors to clinical practice and preventive research in
the future.
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Chapter 23
Rare Coding Variants Associated
with Breast Cancer

Mi-Ryung Han

Abstract Breast cancer is the most common invasive cancer in females worldwide
and in Asian countries. Common variants found by genome-wide association studies
(GWAS) only explain approximately 16% of the heritability of breast cancer:
therefore, it is important to examine rare/low-frequency variants in GWAS-identified
loci which may also contribute to breast cancer risk. Previous studies have reported
that genetic variants with lower allele frequency are more likely to be functional than
common variants in coding regions. In future studies, the contribution of observed
rare variants will be estimated more clearly when additive and recessive genetic
variants will be investigated using sequencing technology, eQTL studies, and
improved statistical methods in large samples.

Keywords Breast cancer · Rare coding variant · Genome-wide association studies
(GWAS)

23.1 Introduction

Genome-wide association studies (GWAS) have identified novel and known loci
associated with breast cancer risk. Although GWAS continue to reveal new associ-
ations, each newly associated variant has a smaller effect size and contributes only
marginally to the cumulative variation of complex diseases. This suggests that
GWAS of population-based subjects may be reaching the limits of their ability to
reveal genetic variation underlying complex traits. Then, a question has arisen
whether additional forms of genetic variation, such as rare variants with large
individual effects, could contribute to the heritability of complex traits such as breast
cancer.
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23.1.1 Impact of Genome-Wide Association Studies

In the last 10 years, GWAS have been extremely successful in mapping suscepti-
bility loci for complex diseases and quantitative traits [1]. As of 20 February 2015,
the National Human Genome Research Institute’s (NHGRI) GWAS catalog listed
2111 publications and 15,396 single nucleotide polymorphisms (SNPs) that showed
significant or suggestive association with one or more of over 900 different pheno-
types, including disease states, drug responses, behavioral traits, and physiological
measures [2]. The associations found by GWAS implicated many genes that were
not considered a priori to be good candidates for the traits of interest. Thus, GWAS
have made an important contribution in finding many novel variants in many
clinically relevant phenotypes.

So far, association studies of individual common variants are often referred to as
GWAS since GWAS systematically evaluate common variants, typically with a
minor allele frequency (MAF) > 5%. In contrast, association studies of sets of rare
variants in coding regions are often referred to as exome- or whole genome-
sequencing studies. GWAS are designed to detect associations through linkage
disequilibrium (LD) between genotyped (or imputed) common SNP markers and
unknown causal variants. There has been impressive increase in the number of
common susceptibility loci identified via GWAS, and this has made us take an
important step forward in our understanding of cancer biology. The rate of discovery
of new susceptibility loci for cancer through GWAS has increased dramatically. For
example, one of the very first large GWAS has found five significant loci to be
associated with breast cancer risk in 2007 [3]. Since then, more than 180 new loci
have been identified through genome-wide approaches [4–9].

One of the important findings through GWAS is that the majority of risk variants
and their proxies are located in non-protein-coding sequences. The etiologic mech-
anisms at noncoding susceptibility loci have also been found using epigenetic
information such as chromatin histone modifications. For instance, Rhie et al.
conducted functional characterization of 71 breast cancer susceptibility loci and
they found only 21 SNPs in exon region among 1005 SNPs in LD with the index
SNPs (r2 � 0.5) [10]. They found 76 SNPs in predicted transcription start-site
regions and 921 SNPs in putative enhancers at 60 of the 71 breast cancer risk loci
[10]. GWAS have also discovered pleiotropic associations, defined as a single
genotype or locus of the genome being associated with risk of different cancers
[3]. This association has also been found between cancer and non-cancer pheno-
types, for example, endometrial and prostate cancers and type 2 diabetes at HNF1B
gene on 17q12 [11, 12]. Even though we already know that cancers generally evolve
from a common sequence of events such as proliferation and altered DNA repair
capacity, GWAS have started to suggest common mechanisms of carcinogenesis or
disease susceptibility pathways across different disease phenotypes. So far, GWAS
have delivered meaningful biologically relevant knowledge since the combination of
large sample sizes (meta-analysis) and stringent significance testing have discovered
a large number of replicable associations between complex traits and genetic variants
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[13, 14]. A number of variants or different variants at the same loci have been found
to be associated with the same disease in different ethnic groups. This implies that
combination of multiple variants with small effect sizes can predict disease status in
independent samples. Therefore, GWAS have led to huge advances in genetic
research area by discovering the role of known cancer pathways and unknown
biological significance of noncoding regions of the genome involved in common
diseases and other complex traits.

23.1.2 Limitations of GWAS

Despite the success of GWAS in identifying common variants that contribute to
complex diseases, the majority of genetic variants contributing to disease remain
unknown. The GWAS field focused on the simple common disease-common variant
(CDCV) hypothesis which argues that genetic variations with appreciable frequen-
cies in the population at large, but relatively low “penetrance,” are the major
contributors to genetic susceptibility to common diseases [15]. As an alternative to
CDCV, common disease rare variant (CDRV) hypothesis has been proposed since
common diseases could be influenced by numerous rare or low-frequency variants
with large effects on disease risk [15]. At least part of the “missing heritability”
might be explained by a cumulative effect of multiple rare variants (MAF < 1%).
This “missing heritability” from GWAS has been issued since the variance contrib-
uted by the causal variants would be higher than the variance explained by the
associated genotyped SNP, because the genotyped SNPs will not tag the causal
variants with great precision. The source of “missing heritability” remains unclear,
and it is unlikely to be captured in current GWAS which focus on common variants.

The importance of rare and common variants is one of the topics that leads an
intense debate. Some researchers suggested “synthetic associations” where associa-
tion signals detected for common variants could, in fact, be caused by rare variants
with large effects (Odds Ratio ~ 10) [16]. Recently, Saunders et al. revealed
evidence for the nature of causal variation at GWAS hits in the HOXB13 gene and
their contribution to the heritability of prostate cancer [17]. They found synthetic
associations by fine mapping the HOXB region and detected common variants
tagging a rare coding allele [18]. Although examples of synthetic associations cannot
explain all GWAS results, if rare variants influencing a disease are disproportion-
ately located at the same loci as the common variants already identified, then targeted
resequencing of GWAS regions in large samples could be fruitful in discovering
causal rare variants.

One of the limitations of current GWAS technology is its limited chip design to
detect rare, low-frequency variants. In order to overcome this limitation, tag-SNP
analyses have been increased using a genotype imputation method in which data
analysis is not restricted to SNPs that have been experimentally genotyped. Siu et al.
revealed that GWAS coverage of rare variants was still inadequate despite using
improved chips designed to detect them [19]. They found that the quality of imputed
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low-frequency and rare variants is generally lower than that for common variants
[19]. Also, it has been estimated that previous GWAS have found less than 20% of
all independent GWAS-detectable SNPs in chronic diseases that have been recorded
in the NHGRI Catalog of Published GWAS [20]. However, recently, the Haplotype
Reference Consortium (HRC) creates a large reference panel of human haplotypes
by combining together sequencing data from multiple cohorts (http://www.
haplotype-reference-consortium.org/). Their first release in early summer 2015 will
consist of 64,976 haplotypes at 39,235,157 SNPs, all with an estimated minor allele
count of�5 from 32,914 samples. With this large reference panel, we can extend the
reach of imputation into low-frequency variants and improve imputation accuracy
for both common and rare variants. We would expect that future GWAS can
potentially detect more SNPs through improved coverage with increased sample
sizes.

GWAS is based on the theory that a causal, functional variant is located on a
haplotype, and therefore a marker allele in LD with the causal variant (proxy SNP)
will show an association with a disease. However, GWAS have identified only a
small number of the causal variants for recently identified genetic loci, which
interpret only a small portion of the genetic contribution to diseases [16, 18, 21,
22]. Most variants identified through GWAS are noncoding and located in intronic
or intergenic regions. Although causal variants can be identified, the ability to
interpret their biological role in a genome is still limited by incomplete knowledge
of noncoding regulatory elements, their unknown function in the cellular states and
processes, and their mechanisms of action.

In addition, reproducibility of GWAS findings is crucial to provide convincing
statistical evidence of novel associations and to rule out associations due to biases
[23]. However, GWAS sometimes do not replicate across different populations or
ethnic groups [24]. There are several reasons for this non-replication including false
positives of the original observations, insufficient power of the follow-up studies,
true etiologic heterogeneity in subsequent studies, and differences in design or trait
definitions [23]. Large replication studies in different populations are required in
order to validate whether the same association is commonly found in human
populations regardless of the differences in environmental and genetic factors.

In medical genetics, the ultimate goal is to identify causal functional variants and
explain the biological mechanisms through which they exert their effects on disease.
In order to fill out gap between GWAS findings and identification of causal variants,
new approaches to isolate and define causal variants are necessary to investigate
genetic variants that affect disease. These new methods, including improved impu-
tation algorithms for rare variants, would explain the “missing heritability” issue of
the GWAS.
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23.1.3 Genotype Imputation

In addition to the sequencing technology, imputed SNP analysis has been widely
used in the post-GWAS era especially when many studies are combined (meta-
analysis) in efforts to find associations that are too small to be detectable in any
single study. Imputation is useful when not all studies used the same genotyping
platform, and Hidden Markov Model (HMM) that describes the haplotype pair as an
imperfect mosaic of the other haplotypes is widely used for fast and very large-scale
SNP imputation in a number of programs [25, 26]. Imputation can also be used to
examine rare variants associated with complex traits. For example, recent study
identified novel associations between rare variants in APP gene and Alzheimer’s
disease and between rare variants in PDX1 gene and T2D through sequencing the
whole genomes of 2630 Icelanders, followed by imputation into large sets of GWAS
data [27, 28].

23.1.4 Gene Regulatory Effects of GWAS SNPs

It has been increasingly suggested that SNPs associated with complex traits are more
likely to be expression quantitative trait loci (eQTLs) which is a region of the
genome harboring a genetic variant contributing to gene expression variation.
Currently, eQTL data in multiple tissues have been made publicly available, and it
becomes possible to investigate if any of the variants within the association have
transcriptional effects through association mapping (eQTL mapping) of variable
transcription levels among individuals [29, 30]. Recently, gene expression eQTL
studies using direct sequencing of mRNA (RNA-seq) have emerged due to known
problems with the hybridization method of arrays and the decrease in cost of
RNA-seq [31–33]. RNA-seq can detect expression at the gene, exon, transcript,
and coding DNA sequence levels unlike microarray technology which is limited to
the gene level for most arrays and the exon level for specially designed exon arrays.

It has been shown that GWAS signals are enriched with eQTL variants in a tissue-
specific manner, providing insight into biology of transcription regulation
[34, 35]. For example, eQTL analyses of 15 previously reported breast cancer risk
loci resulted in the discovery of three variants (at 2q35 (IGFBP5), 5q11 (C5orf35),
and 16q12 (TOX3)) that are significantly associated with transcript levels [36]. For
rare variant studies using cis-eQTL mapping, Cheng et al. discovered rare variants
associated with autism spectrum disorders in the GWAS candidate gene (SEMA5A)
[37]. It is important to use appropriate eQTL data since some eQTL data come from a
tissue or cell line of limited pathophysiological relevance to the condition of interest.

Rapid advances of genotyping technologies built on GWAS have made it possi-
ble to discover a large number of genetic variants at low cost. There should be a
careful consideration of utilizing many available resources elucidating the role of
common and rare variants in diseases and complex traits. Although imputation
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methods has been suggested with increased reference genome, challenges remain
with imputation techniques such as distinguishing between missing data for biolog-
ical reasons and those arising from sampling variation. By combining information
from multiple sources and new statistical approaches specifically designed to study
rare alleles, we will be able to uncover the genetic architecture of complex traits
including breast cancer.

23.2 Review of Past Studies

23.2.1 Current Status of Genetic Research on Breast Cancer

Breast cancer is the most common malignancy among women in the United States
and many other countries around the world [38]. It is a complex disease in which
genetic factors play an important role [39, 40]. In the 1990s, the two major suscep-
tibility genes for breast cancer, BRCA1 [41] and BRCA2 [42], were identified
through family-based linkage studies. Due to the limitation of linkage studies
which aimed at identifying rare and high-risk disease-associated mutations based
on multiple individuals in a family, a large number of candidate gene studies were
conducted over the following decade. Candidate gene approaches have focused on
selecting genes based on their known biological function and aimed at identifying
moderate and low-penetrance alleles believed to be responsible for the remaining
familial risk. Several DNA repair genes including ATM [43], CHEK2 [44], BRIP1
[45], and PALB2 [46] and an apoptosis gene, CASP8 [47, 48], have been implicated
in susceptibility to breast cancer. However, the majority of reported SNP associa-
tions in candidate genes could not be replicated.

Extensive genetic studies have identified high-penetrance genes (BRCA1,
BRCA2, PTEN, and TP53), moderate-penetrance genes (CHEK2, ATM, BRIP1,
PALB2, RAD51C, STK11, CDH1, RAD50, and NBN), and more than
180 low-penetrance loci that contribute to the risk of breast cancer over the past
20 years [4, 6, 39, 49–51]. It has been shown that pathogenic mutations in the
BRCA1 and BRCA2 genes are associated with a 10- to 20-fold increased risk of
breast cancer which corresponds to a cumulative risk of breast cancer by age
70 years of 55–65% for BRCA1 mutation carriers and 45–47% for BRCA2 mutation
carriers [52]. Recently, it has been reported that female PTENmutation carriers have
an 85% lifetime risk of developing breast cancer with 50% penetrance by 50 years of
age [53]. These findings were subsequently confirmed by two other studies
[54, 55]. Mutations in the TP53 gene are associated with at least a ten-fold increased
risk of breast cancer and account for 2–7% of early-onset breast cancer [56, 57]. It is
estimated that the cumulative risk of breast cancer by 70 years is approximately 14%
for women who carry CHEK2 1100delC, and a subsequent meta-analysis based on
29,154 cases and 37,064 controls from 25 case–control studies reported a significant
association between CHEK2 1100delC heterozygotes and breast cancer risk with OR
(95% CI) of 2.75 (2.25–3.36) [58, 59]. Similarly, the approximate risk of breast
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cancer is 15% for those who carry ATM mutations [60]. It is estimated that the eight
confirmed high and moderate-penetrance genes (BRCA1, BRCA2, PTEN, TP53,
CHEK2, ATM, BRIP1, and PALP2), explain approximately 20% of the familial
risk of breast cancer [61].

Since 2005, GWAS have made an important contribution to find many novel
variants for human diseases that were not found by the candidate gene approach.
GWAS are designed to detect associations through linkage disequilibrium
(LD) between genotyped (or imputed) common SNP markers and unknown causal
variants. Approximately 180 common genetic susceptibility loci for breast cancer
risk have been found, including those identified in studies among Asian women
[4, 9, 49, 62, 63].

In 2008, the Asia Breast Cancer Consortium (ABCC) has been initiated, a GWAS
in East Asians to search for novel genetic susceptibility loci for breast cancer risk.
Over the years, this consortium has grown into a large collaboration involving cases
and controls recruited in studies conducted in multiple Asian countries [8]. Using
data generated from ABCC, Dr. Wei Zheng’s group from Vanderbilt University
have identified ten novel susceptibility loci for breast cancer risk [4, 6, 8, 64–68], and
many of these loci were subsequently replicated in studies of European descendants
[4, 8, 64, 69]. Recently, Han et al. (author of this chapter) identified two novel breast
cancer susceptibility loci in Ease Asians using ABCC data [70]. We conducted a
two-stage genome-wide association study (GWAS) including 14,224 cases and
14,829 controls of East Asian women to search for novel genetic susceptibility
loci for breast cancer. SNPs in two loci (1p22.3 near the LMO4 gene and
21q22.12 near the LINC00160 gene) were found to be associated with breast cancer
risk at the genome-wide significance level [70]. Association of SNP rs12118297 at
1p22.3 was replicated in another study, DRIVE GAME-ON Consortium, including
16,003 cases and 41,335 controls of European ancestry. Functional annotation using
the ENCODE data indicates that rs12118297 at 21q22.12 might be located in a
repressed element and locus 21q22.12 may affect breast cancer risk through regu-
lating LINC00160 expressions and interaction with estrogen receptor signaling. Our
findings provide additional insights into the genetics of breast cancer.

Despite the recent success of GWAS, the majority of the genetic component of
many complex traits remains unexplained. In addition, although the statistical
evidence for an association between SNP and breast cancer risk is overwhelming,
the biologically relevant variants and the mechanism by which they lead to increased
risk are unknown and require further genetic and functional characterization. As rare
variants have been comparatively less well-studied than common variants, attention
has shifted to identifying additional risk factors.

23 Rare Coding Variants Associated with Breast Cancer 441



23.2.2 Breast Cancer Susceptibility: The Role of Rare
Variants

GWAS are designed to evaluate common genetic variants, typically with a
MAF > 0.05; therefore, examining only a portion of the genomic landscape of
complex traits. GWAS identified more than 100 common genetic susceptibility loci
associated with breast cancer so far; however, these loci collectively explain approx-
imately 16% of the heritability of breast cancer [51]. It is reasonable to assume that
most common and highly penetrant susceptibility genes have already been discov-
ered for breast cancer. Currently, many studies are investigating rare (MAF < 0.01)
variants which have been more challenging to assess.

23.2.3 Missing Heritability

More than 20 years ago, the identification of the two high-penetrance genes in breast
cancer, BRCA1 and BRCA2, launched a sustained effort to uncover new genes
explaining the “missing heritability” in the disease. The best known high or
moderate-penetrance genes include BRCA1, BRCA2, TP53, PTEN, STK11,
PALB2, and ATM, and these genes globally account for around 35% of the familial
breast cancer cases [71]. Many explanations, such as rare variants, epistatic interac-
tions, gene–environment interactions, structural variants, heritable epigenetic fac-
tors, parent-of-origin effects, or inflated heritability estimates have been proposed to
illustrate the “missing heritability” that the GWAS loci and high-penetrance genes
could not explain [72–75]. The major debates over the nature of the genetic
contribution to individual susceptibility to common complex diseases are common
disease-common variant (CDCV) and common disease rare variant (CDRV) hypoth-
eses. The CDCV hypothesis argues that genetic variations with appreciable frequen-
cies in the population at large, but relatively low penetrance (or the probability that a
carrier of the relevant variants will express the disease), are the major contributors to
genetic susceptibility to common diseases [15]. CDRV argues that multiple rare
DNA sequence variants, each with relatively high penetrance, could account for the
genetic variance in disease susceptibility [15].

Many investigators have tried the alternative CDRV hypothesis. Pritchard argued
that the notion that multiple, very recent rare variations contributing to disease
arising in the last two centuries is more consistent with human population pathobi-
ology than the notion that older, common variations are contributing to disease
[76]. This is because rare variants are often evolved from more recent mutations and
subjected to less natural selection. Leal pointed out that rare variants, although
individually rare, are collectively frequent, and even though their effect sizes are
greater than those observed for common variants, they are not large enough to
produce familial aggregation [75]. In this light, reports on the frequency of human
alleles and their likely “functional” or phenotypic effects suggest that rare coding
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variants are enriched for functional importance [77]. We are in the era of investigat-
ing rare variants that might play an important role in explaining the “missing
heritability” of complex traits including breast cancer.

23.2.4 Rare Variants Associated with Breast Cancer
and Other Diseases

It has been increasingly recognized that the “missing heritability” for breast cancer
could be partially explained by low-frequency (MAF 0.01–0.05) and rare
(MAF < 0.01) variants. There is strong evidence that rare genetic variation is
important in breast cancer predisposition [78]. In the 1990s, genome-wide linkage
analysis and positional cloning led to the identification of the DNA repair genes
BRCA1 and BRCA2, and rare mutations of those genes in noncoding region confer
substantial risks to breast cancer [78]. More recently, through case–control
resequencing studies of candidate genes, several rare coding variants have been
shown to be associated with breast cancer risk such as ERBB2, CHEK2, ATM,
BRIP1, PALB2, RAD51C, RAD51D, and PPM1D genes [79–85]. Rare protein-
truncating variant (PTV) mutations in the p53-inducible protein phosphatase gene
PPM1D are associated with predisposition to breast cancer [81]. In addition, a
known moderate susceptibility indel variant (CHEK2 1100delC) and a catalog of
11 rare variants in other genes (FANCM, WNT8A, MAPKAP1, TNFSF8, PTPRF,
UBA3, AXIN1, TIMP3, SLBP, CNTROB, and S1PR3), presenting signs of associa-
tion with breast cancer, were identified through whole-exome sequencing [71].

23.3 Current Evidence and Concepts

Recently, multiple papers reported that low-frequency or rare variants in GWAS loci
have been identified for other diseases through target sequencing or fine mapping
[86–88]. Beaudoin et al. have used a targeted sequencing approach in 200 ulcerative
colitis cases and 150 healthy controls, all of French Canadian descent, to study
55 genes in regions associated with ulcerative colitis [86]. They found significant
association with rare non-synonymous variants in both IL23R and CARD9, previ-
ously identified from sequencing of Crohn’s disease loci, as well as a novel associ-
ation in RNF186 [86]. Fine mapping of GWAS loci associated with low-density
lipoprotein cholesterol also led to the discovery of several low-frequency or rare
variants [87]. In addition, Johansen et al. reported that an accumulation of rare
variants is present in GWAS-identified genes and that these contribute to the
heritability of complex traits among individuals at the extreme of a lipid phenotype
[88]. These studies support the hypothesis that rare coding variants in GWAS loci
may contribute to breast cancer risk.
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Zhang et al. recently investigated rare missense/nonsense variants with
MAF � 0.05 located in flanking 1 Mb of each of the index SNP in 67 GWAS loci
from the Shanghai Breast Cancer Study including 3472 cases and 3595 controls
[89]. Notably, five rare variants in different genes (BRCA2, EDEM1, EFEMP2, and
FBXO18) were associated with breast cancer risk at P-value <0.01 [89]. Han et al.
(author of this chapter) found two novel missense variants with minor allele fre-
quency (MAF) < 0.01 that were associated with breast cancer risk: rs201870990
(Val498Met) in the ANO1 gene and rs139163400 (Ile2029Thr) in the ZFYVE26
gene [90]. Compared to Zhang’s study, we included an increased number of Chinese
(5766 cases and 5703 controls) and investigated other ethnic groups, European
Americans (2204 cases and 5240 controls) and African Americans (1034 cases
and 1053 controls) as well. We performed more comprehensive functional and
eQTL analyses to prioritize candidate genes in the 1 Mb regions flanking the breast
cancer GWAS loci using three major databases (the Cancer Genome Atlas (TCGA)
[63], the Genotype-Tissue Expression (GTEx) [91], and Molecular Taxonomy of
Breast Cancer International Consortium (METABRIC) [92]), and assessed rare
recessive variants in addition to additive models. With increased number of
populations and improved statistical methods, we had more power to detect rare
variants associated with breast cancer risk compared with Zhang’s study.

For rare coding variant studies, it is important to use appropriate eQTL data,
statistical method, and algorithms for treatment of confounding factors. These are
explained in below paragraphs.

23.3.1 eQTL Analysis

GWAS have identified thousands of variants that are associated with complex traits
and diseases. However, because most variants are noncoding and located in intronic
or intergenic regions, it is difficult to identify causal genes. Polymorphisms associ-
ated with messenger RNA (mRNA) levels are typically referred to as eQTLs. eQTLs
have provided key insights into genes and pathways as well as the genetic architec-
ture of gene expression [36]. Several eQTL-mapping studies have shown that
disease-predisposing variants often affect the gene expression levels of nearby
genes (cis-eQTLs) [93–95]. Cis-acting regulation is due to DNA variation that
directly influences the transcription process in an allele-specific manner. Alterna-
tively, trans-acting regulation affects the gene expression by modifying the activity
(or abundance) of the factors that regulate the gene [96]. Regarding rare variant
studies, Cheng et al. discovered rare variants associated with autism spectrum
disorders in the GWAS candidate gene (SEMA5A) using cis-eQTL mapping
[37]. Recently, eQTL analyses of 15 previously reported breast cancer risk loci
resulted in the discovery of three variants (at 2q35 (IGFBP5), 5q11 (C5orf35), and
16q12 (TOX3)) that are significantly associated with transcript levels [36].

The eQTL approach is valuable when causal variants exert remote regulatory
effects on genes whose coding regions lie outside the region of association, and this
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approach has potential to find candidate genes and their functional variants. To
investigate rare variants in the eQTL genes might be particularly informative since
the associated rare variants for complex diseases will be more facile to evaluate for
functional impact.

23.3.2 Statistical Issues and Functional Annotation of Rare
Variants

The standard approach in GWAS to testing for association between genetic variants
and complex traits is a single-variant test under an additive genetic model. However,
the single-marker-based analysis on each of the rare variants will lead to severe loss
of power due to the low frequency of rare variants. To address this issue, researchers
tried to evaluate cumulative effects of multiple variants in a biologically relevant
region, such as a gene, instead of testing the effects of single variants which is
commonly done in GWAS. Several methods for testing association by combining
rare variants have already been developed [97–101]. Recently, Lee et al. provided a
systematic review of recently developed methods for rare-variant association test
[99]. They suggested that omnibus tests that combine different tests can provide an
attractive alternative for balancing power and robustness since it is hard to have a test
that is optimal for all scenarios [99]. In addition to these methods that have been
developed for population-based rare-variant analysis, several statistical methods
have also been released in the last 3 years for family-based rare-variant analysis
[102–105]. Family-based studies enable us to collect multiple copies of rare variants
in smaller sample sizes and powerful for studying de novo mutations.

One of the major challenges for rare-variant analysis includes limited available
information for prioritizing and annotating functional variants, which is important
for grouping variants for multi-marker tests and interpreting results. There are a
variety of computational resources available to annotate DNA sequence variants for
both coding and noncoding variants (e.g., PolyPhen-2, SIFT, VEP, ENCODE,
FANTOM5, RegulomeDB, etc.). Using these tools, rare variants can be prioritized
for a group-based analysis, and most coding variants that are probably detrimental,
including nonsense, splice site, frameshift, and stop-gain/stop-loss, are selected.
However, researchers are currently investigating strategies to catalog all loss-of-
function alleles in the human genome and to distinguish missense variants between
phenotypically active and neutral alleles as population genetic theory and empirical
observations showed that even functional missense variants will mostly have small
effect sizes [106–108].
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23.3.3 Treatment of Confounding

Population stratification refers to differences in allele frequencies between cases
and controls due to systematic differences in ancestry rather than association of
genes with disease. In GWAS, population stratification is a major confounding
factor for case–control association studies and can result in false-positive associ-
ations since the association found could be due to the underlying structure of the
population and not a disease-associated locus [109, 110]. Therefore, population
stratification can be confounders depending on which data people used in
their GWAS.

When analyzing rare variants, it is especially important to adequately control
for population substructure since rare variants tend to have occurred more
recently and therefore have greater population diversity than common variants.
Figure 23.1 shows that the rarer a genetic variant is within a population, the less
likely it is to be found in all ethnic groups [111]. If a GWAS-identified genetic
marker is linked to a mixture of common and rare causal alleles, some of the rare
ones are likely to differ in frequency in different populations, or even be
completely absent in some populations [111]. In GWAS, principal component
analysis (PCA) and linear mixed models are commonly used to adjust for
population stratification [112].
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Fig. 23.1 Rare alleles more likely population-specific (100 people were sampled from each
population). Figure reprinted from Bustamante et al. Genomics for the world. Nature 2011;475
(7355):163–5 [16]
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23.4 Future Research Direction

Due to many successful results from GWAS, researchers are able to use resources of
GWAS-identified loci associated with breast cancer. Studies previously evaluating
rare coding variants associated with breast cancer have been limited to their sample
sizes. However, it remains possible that rare variants in GWAS-identified genes may
contribute significantly to breast cancer risk [86–88, 113].

If a rare variant is predicted to have a functional effect according to several
functional prediction algorithms, further biological validation is required to prove
any suspected functional effect. Specifically, LOF variants are expected to be found
at lower frequencies in the genome due to evolutionary pressure which results in an
enrichment for false positives among such variants [106, 114]. Therefore, proper
biological validation of these variants is especially important.

Although the classic dominant inheritance model is still useful for rare variant
evaluation, recessive patterns of compound heterozygotes (CH) of rare variants can
also expose the function altering effects of rare variants. For validation of CH
findings and explanation of the functional effect of rare variants, family-based
sequencing studies will serve as valuable resources. Therefore, further studies
including experimental validations are necessary to explain rare variant findings in
the genetics of breast cancer.

23.5 Summary

From GWAS results, researchers are able to investigate rare variants associated with
breast cancer risk using various statistical methods and eQTL studies. It is now
important to examine rare variants as other studies have proven that rare coding
variants in GWAS loci contribute to breast cancer risk. However, researchers should
pay attention to their study design and statistical power since rare variant studies
require large sample sizes for detecting low-frequency (MAF < 0.01 or 0.001) ones.

Funding This research was supported by Incheon National University Research Grant in 2019.
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Chapter 24
Multigene Panel Testing for Hereditary
Cancer and Genetic Counseling

Eun-Shin Lee, Jongjin Kim, and Wonshik Han

Abstract As sequencing technology and information of the genomic causes for
cancer development expand, multi-gene panel testing for hereditary cancer is
increasing in clinical practice. In this chapter, we reviewed the application of
multi-gene panel with pre-/post- testing considerations and summarized genetic
counseling based on panel testing results in clinical field. In addition, we introduce
multi-gene panel for hereditary cancer developed in Seoul National University
Hospital.

Keywords Hereditary/familial breast cancer · Breast cancer susceptibility ·
Multigene panel testing · Next-generation sequencing · High penetrance gene ·
Genetic counseling · BRCA1/2 gene mutation

As sequencing technology advances and next-generation sequencing increases with
cost effectiveness, the application of assaying large panels of genes, called
“multigene panel” or “panel testing”, for hereditary cancer risk assessment is
becoming commonplace in clinical practice. Gene panel testing simultaneously
analyzes a set of genes associated with a specific family cancer phenotype or
syndrome of cancer. Gene panel included low to moderate penetrance genes like
as PALB2, ATM, CHEK2, NBN, NF1, RAD50, and so on as well as high penetrance
mutations in BRCA1/2, TP53, PTEN, STK11, and CDH1, even though the clinical
meaning of these genes is not yet completely defined. (Fig. 24.1).

In the early stage of the widespread use with NGS-based multigene panel,
Stephen E. Lincoln et al. [1] estimated reliability of the multigene panel testing.
They compared between traditional (previously received clinical testing in several
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genes including BRCA 1/2) and NGS-based multigene panel testing with 29-gene for
hereditary breast and ovarian cancer genes in more than 1000 patients. They showed
that NGS can achieve high-analytic sensitivity and specificity in comparison with
traditional genetic testing methods, even for some technically challenging (e.g.,
CNVs and large indels) classes of genetic variation that make up a significant
fraction of the pathogenic variants in HBOC. Interpretation concordance for
BRCA1 and BRCA2 was also high, demonstrating that broadly available resources
combined with recent guidelines can produce results similar to those of an
established laboratory using a large proprietary database. Furthermore, half (372 of
750) of the variants were in genes other than BRCA1 or BRCA2, and most (607 of
750) of these variants were reported by the previous tests, providing the most
unbiased view of sensitivity for the NGS panel (607 of 607 Z 100%; 95% CI,
100% e99.59%). Thus, they concluded gene panels can be a viable replacement for
traditional tests in appropriate circumstances. The additional pathogenic variants
uncovered by panel testing appeared clinically relevant, albeit with the caveat of
identifying many additional VUSs. Another group of research, Nimmi S. Kapoor
et al. [2], presented similar result about validation of multigene panel. Multigene
panel testing comparing traditional test detected pathogenic BRCA1/2 mutations at
equivalent rates (4.0 vs. 3.6%, p ¼ 0.86) with increasing proportion of the VUS. An
additional 3.9% (n ¼ 13) in nonBRCA pathogenic mutations and 13.4% (n ¼ 45)
had nonBRCA VUSs identified in patients who underwent panel testing. The most
common nonBRCA mutations were in PALB2, CHEK2, and ATM gene. They
recommended multigene panel testing for the patients at risk for hereditary breast
cancer as a safe, more beneficial, and efficient modality.

Recently, many researchers from various countries have released large-scale
result about hereditary cancer risk and multigene panel testing. Fergus J. Couch
et al. [3] evaluated the associations between nonBRCA1/2 predisposition genes and

Fig. 24.1 Genetic architecture of relative cancer risk and allele frequency. This figure depicts
finding of rare, high-penetrance variants, such as pathogenic mutations in BRCA1/BRCA2 genes
associated with hereditary breast and ovarian cancer, moderate-penetrance variants, and
low-penetrance alleles identified in genome-wide association studies
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breast cancer in over than 65,000 patients. They showed there are a total of 10.2%
frequency of pathogenic variants in 21 panel genes including BRCA1, BRCA2,
syndromic breast cancer genes (CDH1, PTEN, and TP53), and high or moderate
penetrance genes (ATM, BARD1, CHEK2, PALB2, and RAD51D) and 6.2% fre-
quency of women with breast cancer after exclusion of BRCA1 and BRCA2. This
study established several panel genes as high- and moderate-risk breast cancer; most
commonly mutated nonBRCA1/2 genes among white women with breast cancer
were CHEK2 (1.73%), ATM (1.06%), and PALB2 (0.87%) and provided estimates of
breast cancer risk associated with pathogenic variants in these genes with relative
risk from high (OR 7.46 in PALB2) to moderate (OR 3.07, 2.78, and 2.16 in RAD
51D, ATM, and CHEK2, respectively). In another study conducted by Saundra
S. Buys et al. [4], the authors analyzed about 35,000 women with 25-gene panel
testing and stratified to high risk for hereditary cancer who met NCCN guideline for
HBOC testing regarding age at diagnosis and family history of ovary/pancreas
cancer or not. Among the women who met NCCN testing criteria, 9.6% (316 of
32,993) had a deleterious mutation, compared with 5.9% (143 of 2416) of those who
did not meet NCCN criteria. Nearly one-half of the pathogenic variants
(PV) identified during testing were in the BRCA1 (24.0%) and BRCA2 (24.4%)
genes. An additional 40.9% of the PVs were in other genes associated with breast
cancer, including CHEK2 (11.7%), ATM (9.7%), and PALB2 (9.3%). Other genes on
the panel accounted for 10.7% of mutations, including those associated with Lynch
syndrome (7.0%).

As the application of multigene panel expands beyond breast cancer, the result on
the outcomes of testing to identify inherited risks for colorectal, endometrial, gastric,
pancreatic, prostate, and melanoma cancers as well as breast and ovary cancer was
reported [5]. In this study, multigene hereditary cancer testing detected >1 patho-
genic variants (PVs) in 6.7% of individuals and they showed up to 50% of all
clinically significant findings would have been missed by single-syndrome testing.

Now, several companies offer panel tests composed of various cancer suscepti-
bility genes, and it is commercially available to use in clinical practice with the
purpose of personalized management for whom had a genetic predisposition to
hereditary cancer. Clinicians or even individual oneself who wants the test can
choose genetic test services among companies, list of genes, and number of gene-
set range from single to dozens of genes. The companies provided the information
online including available gene list-associated familial cancer type, clinical meaning
of each gene, indications of the test based on individual’s risk, cautions of the test,
and process to the genetic test for both the medical staff and patients/patients’ family
members.

There are some issues in multigene panel testing: (1) lack of evidence for clinical
application in several genes especially moderate-penetrant genes, which had limited
data on the degree of cancer risk and failed to provide guidelines on risk manage-
ment for carriers of pathogenic variants, (2) not all genes included on available
multigene panel are clinically actionable, and (3) increased likelihood of finding
variants of unknown significance (VUS). Many reports, previously mentioned,
established the finding of a number of VUS with multigene panel testing in large
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cohort, and it ranged from about 10–70%. Thomas Paul Slavin et al. [6] reported
only 6.2% of pathogenic variants in high-risk genes included in the panels (BRCA1,
BRCA2, MSH6, PMS2, TP53, APC, and CDH1). Instead, they identified variants of
uncertain significance (VUS) in 42%. They insisted that adequate pretest counseling
is more important in anticipation of higher percentages of positive, unexpected, and
ambiguous test results including VUSs. Test result ambiguity can be limited by the
use of phenotype-specific panels. Furthermore, for pathogenic variants in low and
moderate risk genes, the researchers said adequate risk modeling based on the
patient’s personal and family history of cancer can be better than gene-specific
risk. They stressed further research efforts will be needed to better classify variants
and reduce clinical ambiguity of multigene panels.

Most important issue among these is clinical validity; the decision to test with
multigene panel is focused on identifying a mutation known to be clinically action-
able, that is, whether the management of an individual with a risk for hereditary
cancer is altered based on the presence or absence of a mutation. Additionally, it
needs to determine with discretion which group with a specific condition would get
the crucial benefit from the application of multigene panel. LeifW. Ellisen et al. in
Massachusetts General Hospital Cancer Center [7] designed interesting research to
define the potential clinical effect of multigene panel testing for HBOC in a clinically
representative cohort. They evaluated the likelihood of (1) a posttest management
change and (2) an indication for additional familial testing, considering gene-specific
consensus management guidelines, gene-associated cancer risks, and personal and
family history. Among mutation-positive patients, about half (33 [52%] of 63)
considered additional disease-specific screening and/or prevention measures beyond
those based on personal and family history alone. Furthermore, additional familial
testing would be considered for those with first-degree relatives (42 [72%] of 58;
95% CI, 59.8–82.2%) based on potential management changes for mutation-positive
relatives. They concluded multigene testing is more likely to alter near-term cancer
risk assessment and management recommendations for mutation-affected individuals.

Multigene testing may play a role in individuals with negative result in a single or
just two genes but whose personal or familial history reveals suggestive of an
inherited susceptibility or developed multiple phenotypes in a family. With all this
in mind, the new NCCN committee suggested that multigene panel testing is offered
in the context of professional genetic expertise with elaborate pre- and posttest
counseling [8].

As the risk of cancer in carriers identified genetic mutations are stratified to
several factors, the genetic expertise must evaluate the risk of inherited cancer
based on individuals’ needs and concerns as well as cancer history of the detailed
personal/family/relatives. Based on reliable risk assessment compounding history
and genetic results, the expert should provide appropriate guidelines to the carrier
with information of lifetime cancer risks, adequate screening test, and risk-reducing
procedure. Though a major dilemma regarding multigene testing is that there are
limited evidence and a lack of clear guidelines, several countries suggested similar
guidelines for managing the care of individuals with predisposition to hereditary
cancer (NCCN; United States, NICE; United Kingdom; GC-HBOC–; Germany,
eviQ Cancer Treatments Online; Australia, and so on).
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As a result, since identification of abnormality in BRCA1/2 genes has made
contribution to the care of hereditary cancer patients and their families, further
progress in our understanding of the genetic factors with cancer phenotype still
continues. But the penetrance and phenotype of mutations are different among
individuals, that is, there are not sufficient data about association between cancer
development and detection of a pathogenic mutation. In addition, a negative result
from genetic testing even in a large number of genes does not mean an individual has
no risk of cancer. It is also another challenge to share information with the patients as
well as the interpretation adequately of the result on germline mutations. Further-
more, gene testing can give rise to psychosocial consequences of all individuals and
their families and may also have effect on social community. As the genetic test
expands, the role of experts is more important; the integrated approach of clinicians
and genetic counselors is indispensable. They should carefully access to better
clarify counseling and management for the patient and family. The adequate predic-
tion of the risk for hereditary cancer through enough risk assessment process and
consideration of the patients’ need and concern with regarding the impact on patients
and their families of the gene test result should be preceded in pretest counseling. In
addition, in the analysis and transmission of the meaning of gene results, they should
strive to provide comprehensive conclusions about the risk of cancer development
considering the patient’s personal and family history and educate tailored risk-
reducing guidelines.

24.1 Development and Application of Multigene Panel
for Hereditary Cancer in SNUH

All of this section was currently published in Cancer Research Treatment (copyright
by Korean Cancer Association) [9]. This is an Open-Access article distributed
under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted non-
commercial use, distribution, and reproduction in any medium, provided the original
work is properly cited.

24.1.1 Introduction

Though many commercial multiple-gene panels provide genetic information for
hereditary cancer risk assessment, there is insufficient information on differences
among ethnicities in cancer-susceptible germline mutations, and the assessment of
germline mutations in all ethnic groups with clinical data is mandatory especially in
Korea and Asia. We applied multiple-gene panel testing to 64 cancer-susceptibility
genes to examine the frequency of mutations and to assess the clinical value of
NGS-based multiple-gene panel testing in Korean breast cancer patients with clinical
features of hereditary breast and ovarian cancer syndrome (HBOC). (Table 24.1).
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24.1.2 Materials and Methods

The study population included 496 breast cancer patients with the following features
of HBOC: (1) diagnosed with breast cancer and another primary cancer; (2) a family
history that included at least two cases of breast cancer in first- or second-degree
relatives; (3) bilateral breast cancer; or (4) breast cancer diagnosis before the age of
40 years. Of the patients, 349 patients were admitted to Seoul National University
Hospital, Korea, and 147 patients were admitted to National Cancer Center, Korea,
between 2002 and 2017. The medical records were reviewed and personal and
family histories and pathologic data of cancer were recorded. Genomic DNA was
extracted from the participants’ peripheral blood samples. Our panel included
64 hereditary cancer predisposing genes (ALK, APC, ATM, ATR, BAP1, BARD1,
BLM, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, CDK4, CDKN2A, CHEK2,
EPCAM, FAM175A, FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF,
FANCG, FANCI, FANCL, FH, FLCN, GSTP1, HOXB13, KRAS, LIG4, MEN1,
MET, MLH1, MRE11A, MSH2, MSH6, MUTYH, NAT, NBN, NF1, PALB2,
PALLD, PMS2, PRKAR1A, PRSS1, PTEN, RAD50, RAD51, RAD51C, RAD51D,
RB1, RET, SDHB, SDHC, SDHD, SLX4, SMAD4, SPINK1, STK11, TP53, VHL, and
XRCC2).

For mutation analysis, 64 gene-containing DNA fragments were enriched by
solution-based hybridization capture followed by sequencing with an Illumina
NextSeq platform (Illumina, San Diego, CA, USA) with the 150-bp paired end
read module. The target region included all coding exons. Capture probes were
generated by Celemics, Inc. (Seoul, Korea). The hybridization capture procedure
was also performed according to the manufacturer’s standard protocol. Genomic
DNA was sheared via sonication. Biotynilated RNA oligonucleotide probes were
hybridized with sheared DNA. Captured fragments were removed from solution via
streptavidin-coated magnetic beads and subsequently eluted. The enriched fragment
library was then subjected to polymerase chain reaction (PCR) amplification using
primers specific to the linked Illumina adaptors. Resulting libraries were quantified
via Agilent 2200 TapeStation before proceeding to Illumina NextSeq platform. All
samples were pooled into a single lane on a flow cell and sequenced together. Raw
FASTQ files were filtered using Trimmomatic (Version 0.33) and aligned with the
genome of reference (GRCh37/hg19) using Burrows-Wheeler Aligner (Version
0.7.10). PCR duplicates, overrepresented sequences, and low-quality reads were
removed. Realignments of insertions and deletions were performed using GATK.
Reads with mapping quality of 0 were filtered out. If a read was able to be mapped at
two different places with an identical percentage, the mapping quality equaled zero.
Otherwise, the read was mapped to the most identical region. Variant calling was
performed using Samtools (Version 1.1) and Varscan (Version 2.4.0).

Variants were described according to the nomenclature recommendations of the
Human Genome Variation Society (http://www.hgvs.org/mutnomen) and classified
according to the following American College of Medical Genetics and Genomics
recommendations: pathogenic (P), likely pathogenic (LP), variants of unknown
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significance (VUS), likely benign, and benign/polymorphism [7]. We used online
databases, including the Human Gene Mutation Database, the Single Nucleotide
Polymorphism Database, the 1000 Genome project, ClinVar, the Sorting Intolerant
From Tolerant, Polymorphism Phenotyping-2, and the Korean Reference Genome
Database, for in silico prediction of identified variants. Variants classified as P or LP
were considered deleterious mutations.

24.1.3 Results

24.1.3.1 Study Population

The clinical characteristics of the patients are shown in Table 24.2. The median age
at diagnosis of cancer was 48 years (range, 19–80 years). In these patients,
390 patients (78.6%) had stage I or II disease. More than half of the patients

Table 24.2 Characteristics of patients with and without deleterious mutations

Characteristics
Total
(%)

No deleterious
mutation (%)

Deleterious
mutation (%)

P-value
(χ2)

Number of patients 496
(100)

401 (80.8) 95 (19.2)

Age at diagnosis (years),
median (range)

48
(19–80)

49 (19–80) 45 (22–72) 0.027*

Breast cancer stage

0 32 (6.5) 30 (7.5) 2 (2.1) 0.078

I 209
(42.1)

170 (42.4) 39 (41.1)

II 181
(36.5)

138 (34.4) 43 (45.3)

III 62
(12.5)

52 (13.0) 10 (10.5)

IV 10 (2.0) 10 (2.5) 0 (0)

Unknown 2 (0.4) 1 (0.2) 1 (1.1)

Risk factors for HBOC

Breast cancer with another pri-
mary cancer

250
(50.4)

211 (52.6) 39 (41.1) 0.052

Family history of breast cancer
(�2 relatives)

169
(34.1)

131 (32.7) 38 (40.0) 0.187

Bilateral breast cancer 57
(11.5)

41 (10.2) 16 (16.8) 0.075

Breast cancer diagnosis at
<40 years old

84
(16.9)

60 (15.0) 29 (30.5) 0.022

two or more risk factors 64
(12.9)

42 (10.5) 22 (23.2) 0.002

*Statistical significance was evaluated by Student’s t test
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(N ¼ 250, 50.4%) had another primary cancer, including ovarian cancer, stomach
cancer, colon cancer, lung cancer, or other malignancy. In all, 169 patients (34.1%)
reported that they had two or more first- or second-degree relatives with breast
cancer. Fifty-seven patients (11.5%) had synchronous or metachronous bilateral
breast cancer, and 84 patients (16.9%) were diagnosed with breast cancer at an age
younger than 40 years. Sixty-four patients had two or more risk factors for HBOC
(e.g., bilateral breast cancer and breast cancer diagnosis <40 years old).

24.1.3.2 Frequency of Deleterious Mutations

A total of 95 (19.2%) among all 496 patients were found to have deleterious
germline mutations of cancer-susceptibility genes. The proportions of risk factors,
including breast cancer with another primary cancer, family history of breast cancer,
and bilateral breast cancer were also not different between the groups with or without
deleterious mutations. However, the proportion of patients with deleterious muta-
tions were higher in patients who were diagnosed with breast cancer at younger than
40 years old than patients with another risk factors (P¼ 0.022). Furthermore, having
two or more risk factors for HBOC was also associated with a higher rate of
deleterious mutations (P ¼ 0.001). Table 24.3 and Fig. 24.2 summarize 48 deleteri-
ous mutations found in 95 patients.

Of these patients with deleterious mutations, 60 patients (63.2%) had BRCA1
(31) and BRCA 2 (30) mutations. Patients _309 and _502 had 2 BRCA1 mutations,
and patient HOPE_57 carried both BRCA1 and BRCA2 mutations. In addition,
38 patients (40.0%) had cancer-susceptibility gene mutations other than BRCA1/2:
35 patients (36.8%) had nonBRCA1/2 mutations and 3 patients had both a BRCA1/2
mutation and a nonBRCA1/2 mutation (Patient_14 had BRCA2 and SPINK1 muta-
tions; Patient_33 had BRCA2, CDH1, and TP53 mutations; and patient_421 had
BRCA1 and NBNmutations). Most of the deleterious mutations were found in CDH1
(N ¼ 8, 8.4%), RAD51 (N ¼ 7, 7.4%), SPINK1 (N ¼ 6, 6.3%), TP53 (N ¼ 5, 5.3%),
and NBN (N ¼ 3, 3.2%). The remaining patients had deleterious mutations in
CHEK2, FANCA, MLH1 (N ¼ 2 of each, 2.1%), BRIP1, MRE11A, MSH2, and
MUTYH (N ¼ 1 of each, 1.1%).

The proportion of deleterious mutations varied according to risk factors. The
deleterious mutations were found in 39 of 250 patients (15.6%) who had breast
cancer and another primary cancer, 38 of 169 patients (22.5%) who had a family
history (�2 relatives) of breast cancer, 16 of 57 patients (28.1%) who had bilateral
breast cancer, and 29 of 84 patients (34.5%) who were diagnosed with breast cancer
at younger than 40 years old (Fig. 24.3). Furthermore, the distributions of the cancer-
susceptibility genes were different according to risk factors (Fig. 24.4). In breast
cancer patients with another primary cancer, BRCA1/2 and nonBRCA1/2 mutations
accounted for 52.3% and 47.7% of mutations, respectively. The nonBRCA1/2
mutations comprised CDH1 (11.4%), SPINK1 (9.1%), RAD51 (6.8%), and TP53
(6.8%) mutations. In breast cancer patients with a family history of breast cancer,
65.8% carried a BRCA1/2 mutation. In 34.2% of nonBRCA1/2 mutations, 7.9% had
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RAD51 and TP53 mutations and 5.3% had CDH1 and SPINK1 mutations. In
bilateral breast cancer patients, 68.4% carried a BRCA1/2 mutation.

Among 31.6% who had nonBRCA1/2 mutations, CHEK2 (10.5%) was found
frequently and 5.3% of patients had CDH1, TP53, NBN, andMRE11A mutations. In
patients diagnosed with breast cancer at younger than 40 years old, 62.1% carried
BRCA1/2 mutations and 37.9% carried nonBRCA1/2 mutations including RAD51,
NBN, CHEK2, CDH1, TP53, PTEN, FANCA, and MRE11A mutations.
In 64 hereditary cancer predisposing genes, we found deleterious mutations in
16 genes, including BRCA1/2. However, we did not find deleterious mutations in
the remaining 48 genes.

Fig. 24.2 Summary of 48 deleterious mutations in 95 patients

Fig. 24.3 The proportion of deleterious mutations according to risk factors of hereditary
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24.1.3.3 Novel Deleterious Mutations

We detected two novel deleterious mutations that were not previously reported:
c.3096_3111del (p. K1032Nfs) in BRCA2 and c.849T>A (p.Y283*) in MLH1. The
p. K1032Nfs mutation in BRCA2 is identified in patient_468. This mutation encodes
a truncated nonfunctional protein in the domain of the BRC repeats, interfering with
cellular response to DNA damage (Fig. 24.5a). The p.Y283* mutation in MLH1 is

Fig. 24.4 The distributions of the cancer-susceptibility genes according to risk factors of hereditary
cancer syndrome
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identified in patient_378 and is also predicted to encode a nonfunctional protein,
leading to the disruption of an important functional domain, such as the MutL
C-terminal domain (Fig. 24.5b). The impact of both mutations was predicted
deleterious mutations in in silico prediction.

24.1.3.4 Frequency of VUS

A total of 333 missense mutations were identified in 64 genes. After in silico
prediction by database and bioinformatics analysis to evaluate pathogenicity, most
of the missense mutations were classified as benign or likely benign. Mutations with
conflicting interpretations of pathogenicity but suspicion of being deleterious were
classified as VUS. A total of 20 VUS were identified in 67 patients (13.5%)
(Table 24.4). In 15 patients, deleterious mutation and VUS were found concurrently.
The proportion of VUS differed among the risk factors for HBOC (Fig. 24.3). VUS
was identified in 11.6% of breast cancer patients with another primary cancer, 14.8%
of patients with a family history of breast cancer, 15.8% of bilateral breast cancer
patients, and 17.0% of patients who were diagnosed with breast cancer younger than
40 years old. Additionally, 13 patients with VUS also had a concurrent deleterious
mutation (patient_33, 66, 105, 115, 133, 182, 222, 233, 264, 280, 454, 468, and 501).

Table 24.4 Variants of uncertain significance strongly suspected of being deleterious mutations

Gene Mutation Transcript HGVS cDNA Amino acid change

ALK Missense mutation NM_004304.4 c.3260C > T p.T1087I

ATR Missense mutation NM_001184.3 c.3637A > G p.S1213G

BLM Missense mutation NM_000057.3 c.2371C > T p.R791C

BRCA1 Missense mutation NM_007294.3 c.154C > T p.L52F

Missense mutation NM_007294.3 c.3448C > T p.P1150S

BRCA2 Missense mutation NM_000059.3 c.7522G > A p.G2508S

CDH1 Missense mutation NM_004360.4 c.1018A > G p.T340A

CHEK2 Missense mutation NM_001005735.1 c.1240C > T p.H414Y

FANCD2 Missense mutation NM_001018115.2 c.2480A > C p.E827A

FANCD2 Nonsense mutation NM_001018115.1 c.1318C > T p.Q440*

FANCE Missense mutation NM_021922.2 c.991C > G p.L331V

FANCI Missense mutation NM_001113378.1 c.1111A > G p.S371G

FH Missense mutation NM_000143.3 c.302G > A p.R101Q

LIG4 Missense mutation NM_001098268.1 c.2586 T > A p.H862Q

MSH2 Missense mutation NM_000251.2 c.14C > A p.P5Q

Missense mutation NM_000251.2 c.1255C > A p.Q419K

MSH6 Missense mutation NM_000179.2 c.3772C > G p.Q1258E

Missense mutation NM_000179.2 c.2503C > G p.Q835E

PALB2 Missense mutation NM_024675.3 c.2509G > A p.E837K

PTCH1 Start lost NM_001083603.2 c.1A > G p.M1V

TP53 Missense mutation NM_001126114.2 c.847C > T p.R283C
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24.2 Conclusion

To the best of our knowledge, this is the largest study to include Korean breast
cancer patients with clinical features of HBOC and examine the frequency and
characteristics of germline mutations in BRCA1/2 and nonBRCA1/2 cancer-
susceptibility genes.

We analyzed germline mutations from 496 breast cancer patients of Asian
ethnicity with clinical features of HBOC using NGS-based multigene panel testing.
Overall, 95 patients (19.2%) were found to carry 48 deleterious germline mutations
in 16 cancer-susceptibility genes. The NGS-based multigene panel test improved the
detection rates of deleterious mutations and provided a cost-effective cancer risk
assessment compared with a gene-by-gene approach.
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Chapter 25
BRCA and Breast Cancer-Related
High-Penetrance Genes

Sang-Ah Han and Sung-Won Kim

Abstract Genetic susceptibility explains 5–10% of all breast cancer cases. High-
penetrance breast cancer susceptibility genes deliberate a greater than tenfold rela-
tive risk of breast cancer. BRCA1 and BRCA2 genes are the most common cause of
hereditary breast cancer, and TP53, PTEN, and SKT11 (LKB1) are rarely present.
The prevalence of BRCA1 and BRCA2 genetic alterations differ in various ethnic
groups. The Korean Hereditary Breast Cancer (KOHBRA) Study, nationwide-scale
study, was established to acquire evidence for the accurate risk assessment and
management of hereditary breast and ovarian cancer (HBOC) in Korea prospectively
since 2007. In this chapter, we review previous research related to hereditary breast
cancer and summarize the present concepts and research results centered on
the Korean Hereditary Breast Cancer Research at this time.

Keywords Breast cancer · Genetic susceptibility · BRCA1/2 · TP53 · PTEN ·
STK11 · KOHBRA study

25.1 Introduction

Genetic susceptibility is an important risk factor for breast cancer, accounting for
5–10% of all breast cancer [1]. Sporadic breast cancer with no family history
accounts for 75–85% of breast cancer, and familial breast cancer caused by exposure
to the same environment and risk factors accounts for 10–15% of total breast cancer.
Clinically, hereditary breast cancer has an early onset compared with sporadic breast
cancer, and they are characterized by bilateral breast cancer and multiple cancers.
Most of them are autosomal dominant.
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BRCA1 and BRCA2 genes are the most common cause of hereditary breast
cancer. Since BRCA1 and BRCA2 have been identified in 1994 [2] and 1995 [3],
respectively, studies have been undertaken on experimental biochemical techniques
to identify the function of BRCA1/2 and related proteins in the biochemical domain
and to detect such mutations [4]. Scientists tried to figure out the function of each
mutation and its relationship to disease. Epidemiologists researched the prevalence
of the genetic mutation in each ethnic group, identified new problematic genetic loci,
increasing the risk of disease [5, 6]. They expanded the area of study into gene-gene
interactions and gene-environment interactions [5].

The breast cancer susceptibility factors identified to date can be stratified by risk
profile into three levels [7]. High-Penetrance breast cancer susceptibility genes
confer a greater than tenfold relative risk of breast cancer [8]. At present, discovered
high-penetrance genes are BRCA1, BRCA2, TP53, PTEN, and LKB1 [9–11]. ATM,
BRIP1, CHEK2, and PALB2 are intermediate penetrance gene [12–14]. Mutations in
these genes are rare and confer a relative risk of breast cancer of 2–4. There is
currently strong evidence for the association with breast cancer of diverse
low-penetrance loci (rs3803662, rs889312, rs3817198, and rs13281615), which
each confers a relative risk of breast cancer of <1.5 [15–17].

In the clinical field, there are BRCA1/2, TP53, and PTEN genes that need to be
noted in the medical setting environment because they are frequently found and/or
have high penetration rates, and the main medical guidelines involving hereditary
breast and ovary cancer syndrome target these genes [8, 18]. Clinical researchers are
studying appropriate management, treatment, and prophylactic interventions in
a carrier and genetic alteration in mostly BRCA1/2 associated breast ovarian cancer
patients [18].

Though many studies have been active over the last 20 years, most of them are of
the Western population. According to previous studies, the prevalence of BRCA1/2
genetic alterations varies in different ethnicities. The penetrance of BRCA mutations
is different among ethnic groups as well, and this might be associated with the
potential interactions of environmental and genetic backgrounds. In 1995, BRCA1
mutation was reported in Korea, firstly [19], but few studies of BRCA1 and BRCA2
genetic alteration followed until the early 2000s. The opportunity for BRCA1 and
BRCA2 gene test and preventive management for breast and ovary cancer were
unnoticed in Korea.

In 2007, the Korean Hereditary Breast Cancer (KOHBRA) Study, a large,
prospective study, was performed to assess the accurate risk and management
strategy of hereditary breast and ovarian cancer (HBOC) in Korea [20–23].

In this chapter, we review previous research related to hereditary breast cancer
and summarize the present concepts and research results centered on the Korean
Hereditary Breast Cancer Research at this time (Fig. 25.1).
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25.2 Review of Past Studies

25.2.1 Five High-Penetrance Genes and Function

25.2.1.1 BRCA1 and BRCA2

BRCA1 gene was found in 1994 on chromosome 17 [2]. BRCA1 gene consists of
24 exons. BRCA1, the protein product of translation of BRCA1 gene, consists of
1863 amino acids. BRCA2 gene was found in 1995 on chromosome 13 [3]. BRCA2
gene consists of 27 exons. BRCA2 protein consists of 3418 amino acids. Critically,
the BRCA1 and BRCA2 proteins are involved in maintaining genomic stability.
BRCA1/2 proteins promote repair of double-strand breaks, acting as a tumor
suppressor gene. BRCA1 proteins are involved in the early stages of the reaction
after damage to DNA, making damage aware, making it easier to get access to the
damage, and regulating cell cycle checkpoints [24]. BRCA2 proteins mainly engage
in double-helix DNA recovery, and they combine and adjust directly with RAD51,
which is essential as a catalyst for homologous recombination [25]. BRCA1 and
BRCA2 mutations are the most powerful genetic variation responsible for 15% of
hereditary breast cancers (HBCs). Flaws in DNA repair associated with the BRCA1/2
mutations could be used to develop a new targeted therapy approach for cancer in the
mutation carrier.

Fig. 25.1 Genetic variants that predispose to breast cancer [17]. The pie chart on the left shows the
estimated percentage contribution of mutations in high-penetrance (BRCA1/2, TP53, CDH1, LKB1,
and PTEN) and moderate-penetrance (e.g., CHEK2, ATM, and PALB2) genes and common low-
penetrance genetic variants to familial relative risk. Common genetic variants are denoted as SNPs.
“Known SNPs” are SNPs associated with breast cancer through GWAS, as listed on the right. The
odd ratios refer to the increase (or, in some cases, the reduction) in risk conferred by the rare allele of
the variants. “Other predicted SNPs” refer to the estimated contribution of all SNPs, other than
known loci, which were selected for replication of breast cancer GWAS [15, 16]

25 BRCA and Breast Cancer-Related High-Penetrance Genes 475



25.2.1.2 BRCA Chronology

In 1971, Henry Lynch first associated hereditary breast and ovarian cancer in the
same family [26].

Mary-Claire King demonstrates that a gene on chromosome 17 may be respon-
sible for breast cancers in some families [27].

Mark Skolnick and colleague discovered BRCA1 gene on chromosome 17, asso-
ciated with breast and ovarian cancer, in 1994.

Wooster et al. identified BRCA2 in 1995 [3].
The effectiveness of preventive breast surgery in BRCA mutation carriers was

shown in 2001 [28, 29], effectiveness of risk-reducing ovarian surgery was
documented in 2002 [30]. The safety of lumpectomy and radiation therapy in
BRCA-related breast cancer cases was proved in 2005 and 2007 [31].

In 2006, the role of preimplantation genetics in preventing transmission of
hereditary cancer was reported firstly [32].

Genome-wide association studies of low-risk common genetic variants with very
mildly increased risk of breast cancer were published during 2007 and 2008 [15, 16].

In 2010, Susan Domcheck demonstrated that preventive ovarian surgery
improves mortality in women with BRCA mutations [33]. Genome-wide association
study was performed to define “genetic-modifiers” of breast cancer risk in 2010. In
2013, the Myriad BRCA1 gene patent was overturned in the US supreme court [34].

A series of events in Korea led to changes in BRCA-related breast cancer care
settings.

National health insurance benefits for BRCA testing began by starting reimburse-
ment for familial breast cancer patients in 2005. The KOHBRA (Korean Hereditary
Breast Cancer study) I was conducted during 2007–2010. The KOHBRA study II
was conducted during 2010–2013. According to the core findings from
the KOHBRA study, reimbursement of BRCA testing was expanded to nonfamilial
high-risk breast cancer patients [35].

25.2.1.3 TP53

Li-Fraumeni syndrome (LFS) is a condition that early-onset breast cancer, associated
sarcoma and childhood cancer involving the adrenal cortex, brain, and other systems
is highly frequent in the family [36]. The TP53 is a universal tumor suppressor gene
that is involved in multiple pathways in a cell, and its genetic defects lead to the
development of multiple cancers [37].

While the rate of penetrance is high, the rarity of the condition makes epidemi-
ologic data rare. Recently, Bougeard et al. updated the description of this condition
from 1730 French patients and reported that the 322 affected carriers developed
552 tumors, and 43% had developed multiple malignancies. The mean age of first
tumor onset was 24.9 years, with 41% have developed a tumor by age 18 [38]. In
childhood, the LFS tumor spectrum was characterized by osteosarcomas,
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adrenocortical carcinomas, CNS tumors, and soft tissue sarcomas (STS) observed in
30%, 27%, 26%, and 23% of the patients, respectively. In adults, the tumor distri-
bution was characterized by the predominance of breast carcinomas observed in 79%
of the females, and STS observed in 27% of the patients. This study has confirmed
the clinically aggressive behavior of this syndrome and extremely high
penetrance [38].

25.2.1.4 PTEN

Cowden syndrome is an autosomal dominant inherited condition. It is characterized
by multiple hamartomas and benign and malignant tumors of the breast, thyroid, and
endometrium. This higher-penetrance clustered disease includes mucocutaneous
lesions, macrocephaly, and hamartomatous intestinal polyps. PTEN on chromosome
10q was identified as a causative gene through linkage analysis, 12 Cowden syn-
drome families. PTEN gene is translated into lipid phosphatase. Lipid phosphatase
has functioned as a tumor suppressor involving in negative regulation of a cell-
survival signaling pathway. It is known that cross-talk exists between this PTEN-
related pathway and Ras-, p53-, and TOR-related pathways [39].

25.2.1.5 STK11

Serine/threonine kinase 11 (STK11) is a protein kinase that inhibits cellular prolif-
eration, controls cell polarity, and interacts with the TOR pathway. Deleterious
alteration of STK11 on chromosome 19p is characterized by hamartomatous intes-
tinal polyps, mucocutaneous pigmentation, and increased incidence of several
malignancies. The complex of these diseases is called Peutz-Jeghers syndrome.
The lifetime risk of breast cancer is also elevated with this syndrome at 15 times
than the average population [40].

25.3 Current Evidence and Concepts

25.3.1 KOHBRA Study

Primary aims of KOHBRA Study I (May 2007–May 2010) were to assess the
prevalence of BRCA1 and BRCA2 mutations in breast cancer patients and their
families at elevated risk of HBOC. Secondary aims of the KOHBRA study I were
to classify Korean founder mutations and found a BRCA1/2 mutation carrier cohort.
KOHBRA Study II was conducted from June 2010 to May 2013. Primary aims of
KOHBRA study II were to identify the clinical and pathological characteristics and
prognostic factors of BRCA-associated breast cancer and environmental and genetic

25 BRCA and Breast Cancer-Related High-Penetrance Genes 477



modifiers of BRCA mutations and to develop a Korean BRCA risk prediction model
and nationwide genetic counseling network for HBC in Korea [35, 41].

25.3.2 Inclusion Criteria

Through the KOHBRA study I and II, 3015 subjects were enrolled between May
2007 and December 2013 from 36 institutions. The eligible subjects for enrollment
are as follows: (1) breast cancer patients with a family history of breast or ovarian
cancer (familial); (2) breast cancer patients without a family history of breast or
ovarian cancer (nonfamilial) who were 40 years and younger at diagnosis, diagnosed
with bilateral breast cancer or another primary malignancy, or male; (3) family
members of BRCA1/2 mutation carriers. The risk of carrying a deleterious BRCA
mutation among these high-risk populations generally satisfies greater than 10%, the
classic cutoffs for offering a BRCA genetic testing (Fig. 25.2).

25.3.3 Prevalence of BRCA Mutations [35]

The overall prevalence of BRCA1/2 mutations was 22.3% in breast cancer patients
with a family history of breast or ovarian cancer. Prevalence was recalculated by
subgroup according to the strength and type of family history. The prevalence was

Fig. 25.2 The Korean Hereditary Breast Cancer (KOHBRA) Study [21]. The KOHBRA Study
was planned as a 10-year project to develop Korean clinical practice guidelines (CPGs)
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20.6% in patients with a family history of only breast cancer and 29.4% in patients
with a family history of only ovarian cancer. In breast cancer patients with a family
history of ovarian cancer, mutation prevalence (range, 26.3–100.0%) was very high
in all subgroups regardless of type and number of family history of breast cancer. In
breast cancer patients without a family history of ovarian cancer, the more the breast
cancer family history, the higher the BRCA1/2 mutation prevalence rate is. The
prevalence of BRCA1/2 mutations according to the number of relatives with breast
cancer was 17.8, 30.2, and 43.2% in patients with 1 relative, 2 relatives, and
3 relatives with breast cancer, respectively. There was no statistical difference in
mutation prevalence (range, 14.1–21.7%) according to the closest degree of relatives
with breast cancer.

The overall prevalence of BRCA1/2 mutations was 8.9% in nonfamilial breast
cancer patients at high risk of HBOC: 7.1% in early-onset breast cancer patients
(�40 years), 16.3% in bilateral breast cancer patients, 37.5% in patients with both
breast and ovarian cancer, 4.8% in male breast cancer patients, 4.1% in patients with
multi-organ cancer including breast cancer, and 16.7% in patients with two or more
of these forms.

In the early-onset breast cancer subsets, BRCA1/2 mutation rates varied
depending on whether other risk factors are present. The age at diagnosis of breast
cancer also had a significant impact on the prevalence of this subset (Table 25.1).

In 845 patients without other risks, BRCA1/2 mutations were observed in 39 of
441 (8.8%) patients who were diagnosed with breast cancer and were less than
35 years old and in 21 of 404 (5.2%) patients who were diagnosed with breast cancer
between 35 and 40 years old. In addition, we had further analysis to determine the
difference between BRCA1/2 prevalence according to breast cancer subtype in
441 young breast cancer patients (<35 years) without other risk factors. The rates
of BRCA1/2 mutations showed a difference depending on the presence of the triple-

Table 25.1 The prevalence of BRCA1/2 mutation in 2403 probands up to 2013 [35]

Risk
Total
number

BRCA1/2
mutation (+)

Prevalence
(%)

Breast cancer patients
+FH

FH of BC 1085 224 20.6

FH of OC 102 30 29.4

FH of BC and OC 41 20 48.8

Total 1228 274 22.3

Breast cancer
patients–FH

Early-onset BC 845 60 7.1

Bilateral BC 209 34 16.3

BC and OC in same
patient

8 3 37.5

Multiple organ
cancers

74 3 4.1

Male BC 21 1 4.8

Risks �2 18 3 16.7

Total 1175 104 8.9

BC breast cancer, OC ovary cancer, FH family history.
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negative subtype. The prevalence in patients with triple-negative breast cancer was
12.5% (13/104), and the rates of BRCA1/2 mutations in breast cancer patients with
non triple-negative subtype and unknown subtype were 7.8% (24/308) and 6.9%
(2/29), respectively [35].

Among 91 patients with breast and other cancers, BRCA1/2 mutations were
observed in 2 (3.3%) of 60 patients with thyroid cancer, in 1 of 12 (8.3%) patients
with uterine cancer, in 1 of 6 (16.7%) patients with renal cell carcinoma, and in 1 of
1 (100%) patient with osteosarcoma.

25.3.4 Mutation Spectrum and Founder Mutation in Korea
[21, 35]

From an analysis of the mutation spectra, 63 BRCA1 and 90 BRCA2 different
mutations, including 44 novel mutations, were identified in 378 index cases
(154 BRCA1, 221 BRCA2, and 3 with both BRCA1 and BRCA2). The c.7480 (p.
Arg2494Ter) mutation in BRCA2 (10.1%) was the most commonly identified in this
cohort. Among 345 patients whose mutations were analyzed by both direct sequenc-
ing and multiplex ligation-dependent probe amplification, 62 BRCA1/2 small muta-
tions and only one large genomic deletion (BRCA1 whole gene deletion) were found
(Table 25.2).

25.3.5 Breast and Ovarian Cancer Risks Associated
with BRCA Mutations

BRCA1/2 mutation carriers are 10–20 times more likely to have breast cancer and
ovarian cancer than the average population to receive systematic care, including
intensive cancer screening surveillance and preventative surgery. The probability of
genotype expression into phenotype is defined as the penetrance rate. The risks of
breast and ovarian cancers in BRCA1 and BRCA2 mutation carriers by the age of
70 years were 57% (95% confidence interval [CI], 47–66%) and 40% (95% CI,
35–46%) for BRCA1 mutation carriers and 49% (95% CI, 40–57%) and 18% (95%
CI, 13–23%) for BRCA2 mutation carriers, respectively [42]. The penetrance of
BRCA1 and BRCA2 mutations is different between countries and races. This is
because diverse genetic modifiers and environmental influences have combined
effects on breast cancer development.

The cumulative risk of breast and ovarian cancers among 61 BRCA1 and
47 BRCA2 mutation carrier families is calculated using Kaplan-Meier analyses.
The average cumulative risk of breast and ovarian cancers by age 70 years was
72.1% (95% CI, 59.5–84.8%) and 24.6% (95% CI, 0–50.3%) for BRCA1 carriers
and 66.3% (95% CI, 41.2–91.5%) and 11.1% (95% CI, 0–31.6%) for BRCA2
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carriers, respectively [21]. The results are comparable to those of western studies.
This study is limited to a small number of subjects, a high incidence of the proband,
short follow-up periods, and large confidence intervals; however, it became clear
that Korean BRCA1/2 carriers also need to be properly managed for the increased
risk of breast and/or ovary cancer. KOHBRA study group hopes to complement its
limits to produce more conclusive penetrance data of Korean BRCA1/2 carriers
(Table 25.3).

25.3.6 Breast Cancer Survival in BRCA1/2 Mutation
Carriers

Several studies have suggested different answers to the different outcomes for
BRCA1/2-related breast cancer and sporadic breast cancer.

While breast cancer with a BRCA1 mutation is reported to have a poorer prog-
nosis than sporadic breast cancer [43], some literature suggests that the prognosis is
similar between BRCA1 related and sporadic [44].

In a large population study, 10-year survival rates between BRCA1/2 carriers and
noncarriers are reported to be similar [45]. Based on this report, breast cancer in
BRCA1/2 carriers is considered a similar prognosis to noncarriers. It might be
interpreted by the differences between BRCA1 and BRCA2, the relatively small
number of BRCA carriers, and the different primary outcomes and follow-up periods
for these inconsistent findings.

The KOHBRA study group conducted a meta-analysis to overcome these limi-
tations and see the prognosis for BRCA1/2-related cancers.

Through the meta-analysis of 11 studies dealing with mortality and relapse rate in
BRCA1/2 related cancer, overall survival (OS), and disease-free survival (DFS) rates
were obtained [46]. BRCA1-related cancer had significantly lowered short-term and
long-term OS rates than noncarriers (hazard ratio [HR], 1.92 [95% CI, 1.45–2.53];
HR, 1.33 [95% CI, 1.12–1.58]). On the contrary, short-term and long-term OS rates
were similar in BRCA2 mutation carriers and noncarriers (HR, 1.30 [95% CI,
0.95–1.76]; HR, 1.12 [95% CI, 0.86–1.45]). BRCA1 mutation carriers had a signif-
icantly worse short-term DFS rate than noncarriers (HR, 1.54; 95% CI, 1.12–2.12),
whereas the short-term DFS rate was similar for BRCA2 mutation carriers and
noncarriers (HR, 1.23; 95% CI, 0.96–1.58). These findings show that BRCA1-related
cancers have poor short and long-term OS rates and short-term DFS rates, and
oncologic outcomes do not vary based on the presence of BRCA2.
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25.3.7 Genetic Counseling in Korea and the Influence
of KOHBRA Study

During the KOHBRA Study, professional genetic consultants from the headquarters
provided genetic counseling to all participants [41]. After the study period, we
analyzed practice patterns of HBOC, including genetic counseling, to show that the
KOHBRA study provides proper standards guidelines for the management of
hereditary breast cancer and improved perception and education of health care
providers. However, the problem was that it was difficult to continue providing
relevant genetic counseling in Korea because of the absence of certified genetic
consultants. The KOHBRA study group deployed standardized genetic counseling
systems in Korea, forming genetic counseling networks in conjunction with major
hospitals nationwide, publishing genetic counseling textbooks and manuals, and
creating a training course and certification under the supervision of the Korean breast
cancer society.

25.3.8 Risk Assessment for HBOC in KOREA

Accurate risk measurement as base data is crucial to diagnosing HBOC and
implementing its first step, genetic counseling.

Arithmetic and empirical models are being used to predict the probability of
individuals having mutations. The most broadly used models are the Myriad II [47],
BRCAPRO [48], BOADICEA (Breast and Ovarian Analysis of Disease Incidence
and Carrier Estimation Algorithm) [49], and Manchester models [50], which were
developed from western population data. BRCAPRO and Myriad II have been
validated for various racial groups, and these models have a problem to underesti-
mate the proportion of BRCA1/2 mutation carriers among Asians [51].

Evaluation of the accuracy of the BRCAPRO andMyriad II models in 236 Korean
female breast cancer patients who underwent BRCA1/2 mutation testing resulted in
both models underestimating the overall number of BRCA1/2 mutations signifi-
cantly. The observed mutation rate was 19.5%, whereas BRCAPRO predicted
9.0% and Myriad II predicted 5.6% as mutation rate, respectively. It is concluded
that western models are inappropriate to find a candidate for the BRCA mutation test
in Korean [52].

Based on the KOHBRA data of 1600 female participants, Kang et al. developed a
mutation prediction model suitable for Koreans.

Logistic regression analysis was used to identify the predictive clinical factors for
pathogenic BRCA1 and BRCA2 mutations. Familial and nonfamilial models were
separately built named KOHCal (KOHBRA BRCA Risk Calculator). Ages at breast
cancer diagnosis, bilateral breast cancer, triple-negative breast cancer (TNBC), and
the number of relatives with breast or ovarian cancer were included in the familial
model. A breast cancer diagnosis at age under 35 years, bilateral breast cancer, both
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breast and ovarian cancers, and TNBC were included in the nonfamilial model.
Using the information input, the estimated probability of BRCA1/2mutations and the
observed prevalence data were calculated and presented in percent. Internet link to
KOHcal was posted on the KOHBRA Study website (www.kohbra.kr) to assist
in selection of proper subjects for BRCA mutation testing and help in the decision to
accept genetic tests in the Korean population.

25.3.9 Carrier Management and Korean CPG Guideline

In 2013, when the fifth Korean clinical practice guideline for Breast cancer was
compiled, it was first published jointly with clinical practice guidelines for hereditary
breast cancer, making it one of the ultimate goals of the KOHBRA Study’s 10-year
project. Following the second clinical practice guidelines (CPG) for hereditary breast
cancer compiled in conjunction with the seventh Korean clinical practice guideline
for Breast cancer in 2015, the third CPG was compiled in 2017, reflecting the latest
developments in the NCCN guideline, ASCO guideline, and St. Galen guideline.

Genetic breast cancer accounts for 5% of all breast cancer cases. So rarely do
researchers design large-scale studies that are credible enough to be commonly used
as a basis for clinical guidance. International major guidelines also reflect evidence
level 2–4 not only evidence level 1 for the hereditary breast cancer field.
The KOHBRA study has produced basic data about prevalence, penetrance, risk
assessment, oncologic outcome, and so on, but present the basic data on the carrier
management, especially for risk-reducing options. In Korea, the first case underwent
a contralateral risk-reducing mastectomy and RRSO in a BRCAmutation carrier with
breast cancer was reported in 2008 [53], and the first bilateral risk-reducing double
mastectomy in an asymptomatic BRCA mutation carrier [54] was reported in 2010.
However, chemoprevention using Tamoxifen and RRSO was not widely practiced in
Korea. According to the result of an evaluation of factors affecting the decision to
undergo RRSO among women with BRCA1/2 mutations in a single institution,
the uptake rate of RRSO was 29.6% among 71 carriers suitable for RRSO
[55]. The uptake rate of RRSO in this institution was higher than in other hospitals
in Korea, but it was lower than the uptake rates in Western reports. The rate of RRSO
was different according to the age of the carrier. The fifth decade of life (52.6%)
presents the highest uptake rate. The fourth decade of life (33.3%) and sixth and later
decades of life (10.7%) were followed. Person who had breast cancer presented
higher RRSO uptake rate (39.2% vs. 5.0%, p ¼ 0.004). A person who had a family
history of breast or ovarian cancer showed a higher rate of RRSO uptake in
univariate analysis.

Age (fourth and fifth decades of life) and personal history of breast cancer were
independent factors affecting the uptake of RRSO after multivariate analysis. There-
fore, age, personal history of breast cancer, and other factors affecting the decision to
undergo RRSO should be closely monitored when genetic counseling is performed.
Despite the limitations of the small sample size and the single-institution design, this
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is the first study to address the RRSO uptake rate and factors affecting the decision to
undergo RRSO in BRCA1/2 carriers in an Asian country.

Even if high level of evidence is a difficult fact to achieve in the hereditary breast
cancer field, it is necessary to share the latest knowledge in HBOC and apply it to the
Korean care environment.

The latest Korean CPG for HBC centers on BRCA1/2 mutation as there are few
reports about other high penetrance genetic syndrome in Korea. Clinical recommen-
dations are based on KOHBRA data and major international guidelines.

Management options for women with BRCA mutations include close surveil-
lance, chemoprevention, and risk-reducing surgery (RRS). According to the NCCN
guideline [18], “monthly breast self-examinations beginning at age 18, clinical
breast examinations twice annually beginning at age 25, and annual mammography
and breast magnetic resonance imaging screening beginning at age 25 are
recommended for breast cancer surveillance. Biannual ovarian cancer screening
with transvaginal ultrasonography and CA-125 serology beginning at age 35 are
recommended for ovarian cancer surveillance. Because ovarian cancer screening is
not sufficiently sensitive to detect ovarian cancer at an early stage, the preferred
option for ovarian cancer prevention is risk-reducing salpingo-oophorectomy
(RRSO). RRSO is recommended for BRCA mutation carriers aged between 35 and
40 years (after the completion of childbearing) and reduces the risk of ovarian and
breast cancers by 95% and 50%, respectively.” In BRCA2 carrier, RRSO can be
delayed until the age of 40–45. RRSO has also been associated with a reduction of
all-cause, breast cancer-specific, and ovarian cancer-specific mortality. The NCCN
guidelines recommend discussing risk-reducing mastectomy (RRM) with BRCA1/2
mutation carriers, and reconstructive surgery and psychological consultation should
also be considered in the decision-making process for RRM. Chemopreventive
agents such as tamoxifen for breast cancer and oral pills for ovary cancer may be
considered to reduce cancer risk, and the benefits and risks of these agents should be
discussed.

Korean CPG further described that the test subjects might include patients with
triple-negative breast cancer before the age of 60 years old base on findings that
BRCA 1/2mutations in 13.1% of overall patients and 14.5% of patients� 60 years in
unselected patients [56]. It said the multigene panel could be introduced by attaching
a hint that new aspects of care are needed when assessing its efficacy and making
clinical applications.

25.4 Future

25.4.1 Collaborative Study

The KOHBRA Study group is participating in IBCCS (International BRCA1/2
Carrier Cohort Study) and CIMBA (the Consortium of Investigators of Modifiers
of BRCA1/2 to identify epidemiologic factors and genetic modifiers of cancer risk in
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BRCA1 and BRCA2 mutation carriers) in terms of international collaboration.
Research in conjunction with KOHBRA and CIMBA has found new genetic sus-
ceptibility loci of hereditary breast cancer. KOHBRA Study group starts up Asian
BRCA (ABRCA) Consortium as a leading member in 2011. Korea, Malaysia, Hong
Kong, Japan, China, Indonesia, and Singapore were initial starting member countries
to share knowledge and quality of care about HBOC in Asia. After the annual
meeting for 7 years, India, the Philippines, and Vietnam have joined. The ABRCA
working groups are collaborating in studies to review the BRCA mutation spectrum
and founder mutations in Asia and to evaluate the status of genetic counseling and
genetic testing for HBOC in Asian countries [57–59]. ABRCA groups are going to
assess lifestyle modifiers of breast cancer and estimate the penetrance of BRCA
mutations in Asian populations.

Collaborative studies represented by IBCCS and CIMBA have enabled the
formation of the largest cohort in the limited area of genetic breast cancer across
borders and races. Collaborative studies figured out the optimal risk reduction
strategy and the clinical effectiveness of each measure, the GWAS (genome-wide
association study) uses a large enough cohort sample to find out new susceptibility
loci, and different cancer development risk depends on different genetic locus
involved. A personalized strategy that knows and approaches an individual’s risk
correctly forms the basis for selecting the subject of the risk prevention surgery,
which is inevitably disruptive when adapting to the wrong target.

Figuring out the genetic potential of the variant unknown significance is among
the unknown. This is also a task to be addressed in the future by sharing international
cohort data. Finding the best therapeutic agent in the knowledge of its function is
already done in the clinical trial and is a representative of the PARP inhibitor.

Already at the point where multigene panels are introduced as a result of the
development of genetic technology, understanding the genetic information of the
fetus before giving birth and choosing the embryos that have no genetic problems
before birth is no longer impossible in technic. With a solution to the complex
ethical, moral, and philosophical problems that are introduced in the clinical adop-
tion, many researchers are continuing to implement the development of gene
therapy.

25.5 Summary

According to the KOHBRA study, the prevalence of BRCA1/2 mutation and pene-
trance were similar to those of the western population. Since risk estimation models
of Western underestimate the probability of having genetic alteration, KOHcal is
highly recommended in Koreans.

As a result of the KOHBRA study, which has produced data that are unique to
Koreans, Korean CPG for HBC is now available for clinical use. However, interna-
tional cooperative studies are also underway to find solutions to problems that are
difficult to solve at the national scale for relatively few study populations. Efforts to
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apply the breakthroughs in the past decade in the field of genetics into the clinical
field and patients will continue.
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Part VI
Next Generation Clinical Research



Chapter 26
Clinical Databases for Breast Cancer
Research

Ki-Tae Hwang

Abstract

• Clinical database is a collection of clinical data related to patients, which can be
used for analysis and research. Clinical data can be classified into several
categories: patient-related, tumor-related, diagnostics-related, treatment-related,
outcome-related, administration-related, and other clinical data. Clinical data-
bases can be classified according to the data types of clinical databases, ranges
of institutes, and accessibility to data.

• The numbers of papers and clinical trials are rapidly increasing. Recently, more
than 9000 papers related to breast cancer have been published annually, and more
than 7000 papers related to human breast cancer are published annually. The
speed of increase is expected to be faster and faster in future. Now, almost 8000
clinical trials are registered world widely.

• Main research areas of breast cancer can be classified into followings; epidemi-
ology, screening and prevention, diagnosis, treatment, and prognosis. Clinical
databases that are available for breast cancer research are also introduced in this
chapter.

• The analysis of big data is expected to be the mainstream of breast cancer research
using clinical databases. As the technology of artificial intelligence (AI) is rapidly
evolving, the technology of deep learning starts to be applied for breast cancer
research. In near future, AI technology is predicted to penetrate deeply the field of
breast cancer research.
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26.1 Introduction

26.1.1 Definition of Clinical Database

‘Data’ is information that can be stored and used by a computer program. A
‘database’ is a collection of data that is stored in a computer and that can easily be
used and added to. ‘Clinical’ means involving or relating to the direct medical
treatment or testing of patients [1]. ‘Clinical data’ is a staple resource for most health
and medical research. Clinical data is either collected during the course of ongoing
patient care or as part of a formal clinical trial program [2]. ‘Clinical database’ can be
defined as a collection of clinical data related to patients, which can be used for
analysis and research. Sometimes, clinical database is used as the antonym of
biological database that is collected from scientific experiments including genomics,
proteomics, metabolomics, microarray gene expression, phylogenetics, and so on.

26.1.2 Classification of Clinical Data

Numerous clinical data can be generated during the course of health care services.
Clinical data can be classified into one of the following categories (Table 26.1).

26.1.3 Classification of Clinical Databases

Clinical database can be classified according to the various viewpoints. Table 26.2
shows classification of clinical database according to the data types of clinical
databases, ranges of institutes, and accessibility to data.

26.1.4 Research Databases and the HIPAA Privacy Rule

The website of Department of Health and Human Services (HHS) describes the
following statements [3, 4].

The Health Insurance Portability and Accountability Act (HIPAA) Privacy Rule establishes
national standards to protect individuals’ medical records and other personal health
information and applies to health plans, health care clearinghouses, and those health care
providers that conduct certain health care transactions electronically. The Rule requires
appropriate safeguards to protect the privacy of personal health information, and sets limits
and conditions on the uses and disclosures that may be made of such information without
patient authorization. The Rule also gives patients rights over their health information,
including rights to examine and obtain a copy of their health records, and to request
corrections.
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Researchers in medical and health-related disciplines require access to many sources of
health information, from archived medical records and epidemiological databases to disease
registries, tissue repositories, hospital discharge records, and government compilations of
vital and health records. As the Privacy Rule is implemented, researchers are asking how
these rules might affect research that uses records within databases and repositories. In
response to a congressional mandate in HIPAA of 1996, HHS issued regulations entitled,
Standards for Privacy of Individually Identifiable Health Information. For most covered
entities, compliance with these regulations, known as the Privacy Rule, was required as of
April 14, 2003. The Privacy Rule was not intended to impede research using records within
databases and repositories that include individuals’ health information, but the Privacy Rule
does place new conditions on the use and disclosure of protected health information (PHI) by
covered entities for research. The creation of a research database or repository, and the use or
disclosure of PHI from a database or repository for research, may each be considered a
research activity under the Privacy Rule.

Table 26.2 Classification of clinical databases

Classification Categories Description

Data typea Electronic
health record

The purest type of electronic clinical data which is obtained at
the point of care at a medical facility, hospital, clinic or
practice

Administrative
data

Primarily hospital discharge data reported to a government
agency, often associated with electronic health records

Claims data Data describing the billable interactions (insurance claims)
between insured patients and the healthcare delivery system

Patient/disease
registry

Clinical information systems that collect clinical data for
targeted disease entities

Health surveys Health surveys of the targeted chronic conditions, generally
conducted to provide prevalence estimates

Clinical trials
data

Clinical data which is collected during the course of clinical
trials

Other data
types

Other data types

Institute Single institute A database collected from a single institute

Multiple
institutes

A database collected from multiple domestic institutes

Nation-wide A database collected from nation-wide institutes

International A database collected from international multiple institutes

Global A database collected from global institutes

Access Open Open access to database

Limited Limited access to database
aAccording to classification by Health Sciences Library (University of Washington) [2]

496 K.-T. Hwang



26.2 Review of Past Studies

26.2.1 Quantitative Volume of Published Papers in Breast
Cancer Research

The number of papers that have been registered in PubMed is rapidly increasing
annually [5]. The trend of increasing number of papers regarding breast cancer
research is depicted in Fig. 26.1.

Fig. 26.1 The number of annual papers searched by PubMed (access date: Dec. 13th, 2017). (a)
Search conditions: breast cancer[title] (number of total papers: 143,039), (b) search conditions:
breast cancer[title] and humans (number of total papers: 123,709)
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26.2.2 Quantitative Volume of Clinical Trials in Breast
Cancer Research

The number of clinical trials that have been registered in clinicaltrials.gov is also
rapidly increasing [6]. It is depicted in Fig. 26.2.

26.3 Current Evidence and Concepts

26.3.1 Breast Cancer Research Using Clinical Databases

Breast cancer research has been performed to elaborate new knowledges, and the
main areas of breast cancer research are described in Table 26.3.

26.3.2 Clinical Databases for Breast Cancer Research

The main clinical databases available for breast cancer research are listed with
description and reference websites in Table 26.4.

Especially, the Surveillance, Epidemiology, and End Results (SEER) database is
open database and many studies using this database were published. SEER Data
(1973–2014) were released on March 31th, 2017, and the number of all cases is
9,675,661 (8,662,369 patients for malignant cases and 9,429,379 patients for malig-
nant and in situ cases) [7]. Case numbers of patients according to cancer types and
data files are described in Table 26.5.

26.3.3 Examples of Breast Cancer Research Using Clinical
Databases

Examples of breast cancer research using clinical databases are summarized in
Table 26.6.

26.3.3.1 Clinical Database of a Single Institute

The influences of peritumoral lymphatic invasion and vascular invasion on the survival and
recurrence according to the molecular subtypes of breast cancer [13]

• Data type: electronic health records.

498 K.-T. Hwang
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• Main clinical data: tumor-related clinical data (peritumoral lymphatic invasion
and vascular invasion) and outcome-related clinical data (overall survival and
disease-free survival).

• Institute: a single institute (Seoul National University Boramae Medical Center).

Fig. 26.2 The number of clinical trials by clinicaltrials.gov (access date: Dec. 22th, 2017). (a) All
studies: 7891 (Interventional studies + Observational studies), (b) Interventional studies: 6411
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• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 820.
• Conclusion: Both peritumoral lymphatic invasion and vascular invasion were

significant, unfavorable prognostic factors of overall survival and disease-free
survival, especially in the luminal A and triple negative breast cancer subtypes.
Although lymphatic invasion was a significant independent predictor of overall
survival and disease-free survival, vascular invasion was not after the multivariate
analyses.

Prognostic influence of preoperative fibrinogen to albumin ratio on breast cancer [14]

• Data type: electronic health records.
• Main clinical data: diagnostics-related clinical data (laboratory test: preoperative

serum fibrinogen and albumin level) and outcome-related clinical data (overall
survival).

• Institute: a single institute (Seoul National University Boramae Medical Center).
• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 793.

Table 26.3 Main areas of breast cancer research using clinical databases

Category Subcategory Note

Epidemiology Incidence

Prevalence

Mortality

Risk factor

Others

Screeng and prevention Screening

Prevention

Diagnosis Radiology Current diagnositcs

Pathology New diagnostics

Laboratory test Companion diagnostics

Tumor markers Other diagnostics

Other diagnosis

Treatment Current treatment Surgery

New treatment method Chemotherapy

Predictive factor Anti-Her2 therapy

Others Radiation therapy

Endorine therapy

Other treatments

Prognosis Prognostic factor

Prognostic modeling

Others

Her2 human epidermal growth factor receptor 2
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Table 26.4 Representative clinical databases for cancer research including breast cancer

Clinical
databases Description Reference

SEER The surveillance, epidemiology, and end results (SEER) program of
the National Cancer Institute (NCI) is an authoritative source of
information on cancer incidence and survival in the United States.
SEER currently collects and publishes cancer incidence and survival
data from population-based cancer registries covering approximately
28 percent of the US population

[7]

NCTN On march 1, 2014, after several years of extensive consultation and
coordination with many stakeholders, NCI transformed its
longstanding cooperative group program into the new National
Clinical Trials Network (NCTN). After approval of a signed data use
agreement (DUA), researchers can download patient level clinical
datasets and their associated data dictionaries

[8]

NCORP The NCI Community oncology research program (NCORP) is a
national NCI-supported network that brings cancer prevention clini-
cal trials and cancer care delivery research (CCDR) to people in their
communities. NCORP is comprised of 7 research bases and 46 com-
munity sites, 12 of which are designated as minority/underserved
(MU) community sites. NCORP MU Community sites have a patient
population comprised of at least 30% racial/ethnic minorities or rural
residents

[9]

CCTG The Canadian Cancer trials group (CCTG) is a cooperative oncology
group which carries out clinical trials in cancer therapy, supportive
care and prevention across Canada and internationally. It is one of the
national programmes and networks of the Canadian Cancer Society
Research Institute (CCSRI), and is supported by the Canadian Cancer
society (CCS). After approval of a signed data use agreement (DUA),
researchers can download patient level clinical datasets and their
associated data dictionaries

[10]

DBCG The Danish breast Cancer cooperative group (DBCG) was initiated
by the Danish surgical society in 1976 and has since 1977 prepared
guidelines for diagnostic and therapeutic procedures in primary
invasive breast cancer later supplemented with guidelines for in situ
carcinomas and hereditary breast cancer on a nationwide basis in
Denmark

[11]

KBCR Since 1996, the Korean Breast Cancer Society has collected nation-
wide data for breast cancer patients in the Republic of Korea by
developing the Korean Breast Cancer Registry (KBCR) program and
retrospective data collection was also allowed when a participating
hospital had its own breast cancer database. The total number of
patients registered in the Korean Breast Cancer Registry (KBCR) is
172,515 (access date: Dec. 18th, 2017). Data access is limited for
patient data to members of KBCS

[12]

SEER surveillance, epidemiology, and end results, NCTN National Clinical Trials Network,
NCORP NCI Community Oncology Research Program, CCTG Canadian Cancer Trials Group,
DBCG Danish Breast Cancer Cooperative Group, KBCR Korean Breast Cancer Registry
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• Conclusion: Preoperative fibrinogen to albumin ratio was a strong independent
prognostic factor in breast cancer. Its prognostic effect was more prominent in the
stage II/III subgroup and in the luminal A-like subtype. Therefore, preoperative
fibrinogen to albumin ratio can be utilized as a useful prognosticator for breast
cancer patients. Further studies are needed to validate its applications in clinical
settings.

26.3.3.2 Clinical Database of Multiple Institutes

Prognostic influence of BCL2 expression in breast cancer [15]

• Data type: electronic health records.
• Main clinical data: tumor-related clinical data (other immunohistochemical

markers: BCL2) and outcome-related clinical data (overall survival and disease-
free survival).

• Institute: multiple institutes (Seoul National University Boramae Medical Center
and Seoul National University Hospital).

• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 7230.
• Conclusion: BCL2 had a strong influence on the established prognostic models,

including the St. Gallen model, the Nottingham prognostic index model, and the
TNM model. BCL2 was a powerful independent prognostic factor for breast
cancer and had a strong influence on the current prognostic models. Favorable
clinicopathologic features and a strong correlation with the hormonal receptor are
suggested as the causes of superior survival in patients with BCL2 positive breast
cancer.

Prognostic Influence of BCL2 on Molecular Subtypes of Breast Cancer [16]

• Data type: electronic health records.
• Main clinical data: tumor-related clinical data (other immunohistochemical

markers: B-cell CLL/lymphoma 2 (BCL2)) and outcome-related clinical data
(overall survival and breast cancer-specific survival).

• Institute: multiple institutes (Seoul National University Boramae Medical Center
and Seoul National University Hospital).

• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 9468.
• Conclusion: The prognostic influence of BCL2 was different across molecular

subtypes of breast cancer, and it was largely dependent on hormonal receptor
(HR), human epidermal growth factor receptor 2 (HER2), Ki-67, and the stage of
cancer. BCL2 had a strong favorable prognostic impact only in HR(+)/HER2(�)
or luminal A and luminal B/HER2(�) subtypes, particularly in advanced stages.
Further investigations are needed to verify the prognostic influence of BCL2 on

504 K.-T. Hwang



molecular subtypes of breast cancer and to develop clinical applications for
prognostication using BCL2.

26.3.3.3 Clinical Database of Nation-Wide Clinical Database

Education Level is a Strong Prognosticator in the Subgroup Aged More Than 50 Years
Regardless of the Molecular Subtype of Breast Cancer: Study Based on the Nationwide
Korean Breast Cancer Registry Database [17]

• Data type: patient/disease registry (Korean Breast Cancer Registry database).
• Main clinical data: patient-related clinical data (education level) and outcome-

related clinical data (overall survival).
• Institute: nation-wide.
• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 64,129.
• Conclusion: The education level is a strong independent prognostic factor for

breast cancer in the subgroup aged >50 years regardless of the molecular
subtype, but not in the subgroup aged �50 years. Favorable clinicopathologic
features and active treatments can explain the main causality of the superior
prognosis in the high education level group.

Poor Prognosis of Lower Inner Quadrant in Lymph Node Negative Breast Cancer Patients
Who Received No Chemotherapy: a Study Based on Nationwide Korean Breast Cancer
Registry Database [18]

• Data type: patient/disease registry (Korean Breast Cancer Registry database).
• Main clinical data: patient-related clinical data (tumor location) and outcome-

related clinical data (overall survival).
• Institute: nation-wide.
• Access: limited.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 63,388.
• Conclusion: Lower inner quadrant showed a worse prognosis despite having

more favorable clinicopathologic features than other tumor locations, and it was
more prominent for lymph node-negative patients who received no chemother-
apy. The hypothesis of possible hidden internal mammary node metastasis could
be suggested to play a key role in lower inner quadrant lesions.

26.3.3.4 Clinical Database as a Part of Biological Database

BCL2 Regulation According to the Molecular Subtypes of Breast Cancer by Analysis of The
Cancer Genome Atlas Database [19]
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• Data type: other data types (clinical database as a part of biological database; The
Cancer Genome Atlas database).

• Main clinical data: outcome-related clinical data (overall survival) and biological
data (reverse phase protein array (RPPA), mRNA sequencing (mRNA-seq),
mRNA microarray, methylation, copy number alteration (CNA) linear, CNA
nonlinear, and mutation data).

• Institute: multiple institutes.
• Access: open.
• Main areas of breast cancer research: prognostic factor.
• Number of enrolled patients: 1096.
• Conclusion: The regulation of BCL2 was mainly associated with methylation

across the molecular subtypes of breast cancer, and luminal A and luminal B
subtypes showed upregulated expression of BCL2 protein, mRNA, and
hypomethylation. Although CNA may have played a minor role, mutation status
was not related to BCL2 regulation. Upregulation of BCL2 was associated with
superior prognosis than downregulation of BCL2.

26.4 Future Research Direction

26.4.1 Big Data

Along with the development of science and technology, the volume of data with
which the researcher can deal is also rapidly increasing. Advancement of electronic
medical record systems enables us to generate, store, and process the huge amount of
clinical data. The various projects of nation-wide registry, survey, and clinical trials
are being initiated in many countries. Huge amount administrative data claims data
are being accumulated. Standardization of clinical trials enables the researcher to
combine many independent clinical trials into single entity, which could be analyzed
as a whole. International or global clinical trials are being initiated in many places in
the world. A large number of biological databases are generated, processed, and
analyzed in research field, and clinical data are also merged in the analysis of
biologic data. Wearable devices will constantly generate data of vital signs of breast
cancer survivors or healthy people [20]. Social network services are producing huge
amount of information, which may be useful to study life patterns of breast cancer
survivors [21–24]. The analysis of big data is one of the major keywords in future
breast cancer research using clinical databases.

The Observational Health Data Sciences and Informatics (or OHDSI, pronounced
“Odyssey”) tries to collect all possible health information of the world by adoption
of a Common Data Model (CDM) known as the Observational Medical Outcomes
Partnership (OMOP) CDM [25]. Recently, they reported that

At last count, 52 databases, with a total of 682 million patient records, had been created
using the CDM; this number may include duplicate records for databases with overlapping
populations. This study used 11 of those databases with more than 250 million records [26].
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26.4.2 Artificial Intelligence

Now that the technology of artificial intelligence (AI) is rapidly evolving, the
technology of deep learning starts to be applied for breast cancer research. As
deep learning algorithm is a kind of machine learning techniques based on pixel-
by-pixel evaluation of the data from images, it can be easily applied in the fields of
diagnostic radiology and diagnostic pathology [27]. Wang et al. evaluated the
performance of deep learning-based models for the diagnostic accuracy of
microcalcifications, and they reported that deep learning model achieved a discrim-
inative accuracy of 87.3% if microcalcifications were characterized alone, compared
to 85.8% with a support vector machine [28]. Recently, Ehteshami et al. assessed the
performance of automated deep learning algorithms at detecting metastases in
hematoxylin and eosin-stained tissue sections of lymph nodes of women with breast
cancer and compare it with pathologists’ diagnoses in a diagnostic setting. For the
whole-slide image classification task, the best algorithm (AUC, 0.994; 95% CI,
0.983–0.999) performed significantly better than the pathologists with time con-
straint in a diagnostic simulation (mean AUC, 0.810; range, 0.738–0.884;
P < 0.001), and that algorithm performance was comparable with an expert pathol-
ogist interpreting whole-slide images without time constraints [29]. These studies are
regarded as just the beginnings of AI research in breast cancer. In near future, AI
technology is predicted to penetrate deeply the field of breast cancer research.

26.5 Summary

• Clinical database is a collection of clinical data related to patients, which can be
used for analysis and research. Clinical database can be classified according to the
data types of clinical databases, ranges of institutes, and accessibility to data.

• The numbers of papers and clinical trials are rapidly increasing. The speed of
increase is expected to be faster and faster in future.

• Main research areas of breast cancer are listed in this chapter, and clinical
databases that are available for breast cancer research are also introduced in this
chapter.

• “Big data” and “artificial intelligence” are two important key words for future
direction of breast cancer research using clinical databases.
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Chapter 27
Care for Breast Cancer Survivors

Su Min Jeong and Sang Min Park

Abstract The number of cancer survivors is increasing globally. More than 15.5
million Americans in 2016 and 1.3 million Koreans in 2013 were living with cancer
history. This growing population is expected to increase due to marked development
of cancer treatment and early detection. Especially, breast cancer is the second most
common cancer in Korean women with relatively favorable 5-year survival rate.
Cancer survivors generally face various physical, psychological, and social prob-
lems including late-effect or long-term effect after cancer treatment and high risk for
second primary cancer and comorbid chronic diseases such as cardiovascular disease
and bone health. Breast cancer survivors also encounter wide range of health
problems. To satisfy their complex needs, comprehensive supports are required.
We categorized the strategy of comprehensive care for breast cancer survivors into
(1) Surveillance for primary cancer, (2) Screening of second primary cancer,
(3) Management of comorbid health condition, (4) Promoting healthy lifestyle
behaviors, and (5) Preventive care. In the future, studies for providing best compre-
hensive care for breast cancer survivors are needed according to the individuals’
demand.

Keywords Breast cancer survivors · Comprehensive care · Surveillance ·
Comorbidity · Lifestyle behaviors

27.1 Introduction

The term ‘cancer survivor’ refers to a person who has been diagnosed with cancer in
any time of his or her life [1]. The number of cancer survivors is increasing globally.
More than 15.5 million Americans in 2016 and 1.3 million Koreans in 2013 were
living with cancer history [2, 3]. Cancer survivors are expected to grow because of
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advanced aging population as well as marked advance of treatment and early
detection. Especially, breast cancer is the second most common cancer in Korean
women, next to thyroid cancer. According to the statistics of the National Cancer
Registration, the age-standardized incidence rate of breast cancer is rapidly growing
from 24.5 in 1999 to 55.9 per 100,000 people in 2015 among Korean women
[4]. Meanwhile, 5-year relative survival rate and 10-year survival rate in breast
cancer reached 92.3% and 86.6% in 2015, which is steadily improving. Therefore,
the number of people with long-term breast cancer significantly increased.

Cancer survivors generally face various physical, psychological, and social
problems including late-effect or long-term effect after cancer treatment, comorbid
chronic diseases such as cardiovascular disease (CVD), high risk for second primary
cancer (SPC), and anxiety and depression. The 2006 Institute of Medicine report
suggested four essential components of survivorship care: [1] Prevention of new
cancers, [2] Surveillance for cancer recurrence or secondary cancers, [3] Intervention
for consequences of cancer or its treatment, and [4] Coordination between specialists
and primary care [5]. In addition, American Cancer Society/American Society of
Clinical Oncology Breast Cancer Survivorship Care Guideline provided recommen-
dations aligned to these four components [6].

However, most cancer survivors receive limited care that does not extend beyond
primary cancer-related surveillance for recurrence. Previous randomized clinical
trials in United Kingdom and Canada have demonstrated the equivalent outcomes
of early stage breast cancer survivors with follow-up of either an oncologist or a
primary-care physician in terms of recurrence [7]. Furthermore, breast cancer survi-
vors were more satisfied when they were followed by general practice than hospital
clinics [8]. In this context, shared-care models for cancer survivorships were
suggested (Fig. 27.1) [9]. Shared-care model means complementary role between
primary care physician and oncologist according to the timing of cancer journey.

As a consequence, it is necessary to provide comprehensive care to satisfy
demand of cancer survivors according to the cancer journey as the survival of cancer
improves. However, it is still insufficient to adopt cancer survivorship care in
primary care [10].

Based on literature review and our experience of practice in cancer survivorship
clinic, we can categorize following five health care areas (Table 27.1): (1) Surveil-
lance for primary cancer, (2) Screening of second primary cancer, (3) Management
of comorbid health condition, (4) Promoting healthy lifestyle behaviors, and (5) Pre-
ventive care. In this chapter, we will discuss comprehensive care for breast cancer
survivors.
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27.2 Review of Past Studies

27.2.1 Surveillance for Primary Cancer

Surveillance for primary cancer can be individualized based on age, diagnosis, and
treatment history through history taking, physical examination, and annual test.

Pre-cancer
Cancer 

diagnosis
1-2 years after 

cancer treatment
5 years after 

cancer treatment
Completion of 

cancer treatment

A B C C

Fig. 27.1 Delivering survivorship care: shared care model caption: Solid line indicates primary
responsibility and dashed line indicates secondary responsibility for cancer survivors between
oncologist and primary care physician

Table 27.1 Strategy for providing comprehensive care to cancer survivors

Area Contents

1. Surveillance for primary cancer History taking, physical examination, and regular
checkup including test

2. Screening of second primary cancer Recommendation for general population at least

3. Management of comorbid health
condition

3.1 Physical Cardiovascular disease, bone health, and late-effect
of cancer treatment

3.2 Psychosocial Psychologic distress (anxiety and depression), social
support, and occupational problems

4. Promoting healthy lifestyle behaviors Diet, alcohol, physical activity, and weight

5. Preventive care Vaccination
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Guidelines for surveillance for breast cancer recurrence commonly recommend
annual mammography [6, 11]. While, breast sonography is more sensitive than
mammography (91–97% vs 45–87%), most guidelines do not state the use of breast
sonography because of insufficient evidence that improves the long-term survival of
breast cancer survivors [12]. Breast magnetic resonance imaging (MRI) shows high
sensitivity (95–100%). Breast MRI is recommended when life-time risk of develop-
ing secondary breast cancer (>20%) [6].

27.2.2 Screening of Second Primary Cancer

Cancer that occurs in cancer survivors after primary cancer treatment is called
second primary cancer (SPC), which is different from recurrence or metastasis of
original cancer [13]. The number of patients experiencing SPC is increasing as the
cancer treatment is developing. In the United States, 8.1% of cancer survivors
developed SPC [14], and in Korea, SPC risk of cancer survivors is known to be
2.3-fold higher than that of general population [15]. The risk of SPC is expected to
be high due to genetic predisposition, behavioral risk factors, and long term side
effects of chemotherapy, radiotherapy, and hormone therapy. Prediagnosis smoking
history, obesity, and insulin resistance were associated with SPC [15]. A large cohort
study for 239,615 Korean male cancer survivors suggested that magnitude of
prediagnosis obesity was stronger in cancer survivors (adjusted hazard ratio [HR],
1.41; 95% confidence interval [CI], 1.15–1.74) than in the general population
(adjusted HR, 1.12; 95% CI, 1.09–1.16).

High risks of SPC were reported as standardized incidence ratio (SIR) 1.2 ~ 1.4
[16–19]. In Korea, incidence of SPC in breast cancer survivors was 2.8% with high
SIR (1.56; 95% CI, 1.26–1.91) in all sites in Korea [20]. Endometrial cancer (5.65;
95% CI 2.06–12.31), biliary tract cancer (3.96; 95% CI 1.19–8.60), and thyroid
cancer (2.29; 95% CI 1.67–3.08) were associated with higher incidence in breast
cancer survivors. Especially, tamoxifen treatment of breast cancer is associated with
2.4-fold increased endometrial cancer due to estrogenic effect on uterus [21]. In the
case of BRCA 1 or BRCA 2 mutation, 10-year risk of ovarian cancer was 6.8–12.7%
after breast cancer [22]. Radiotherapy in breast cancer is related to approximately
two-fold high risk of lung cancer [23]. In addition, breast cancer survivors are
recommended to adhere guidelines for SPC screening as recommendation in general
population [6].

However, lack of physicians’ advice for SPC screening and limited knowledge of
cancer survivors could be barrier for screening of SPC [24]. Only 37% of cancer
survivors had undergone appropriate SPC screening tests [25]. Thus, physicians as
well as cancer survivors need proper education for SPC and SPC screening so that
SPC screening can be provided with considering of individuals risk.
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27.2.3 Management of Comorbid Health Condition

27.2.3.1 Risk for Cardiovascular Disease

The most common cause of noncancer death in long-term cancer survivors was
disease of the circulatory system [26]. Breast cancer survivors are at increased risk of
death from CVD after the treatment of breast cancer such as radiotherapy, chemo-
therapy, target therapy, and use of aromatase inhibitors (AI) [27]. A population-
based study in United Kingdom confirmed that breast cancer survivors had an
elevated incidence of heart failure (HR, 1.95; 95% CI, 1.27–3.01) and coronary
artery disease (HR, 1.27; 95% CI, 1.11–1.44) [28]. Hypertension, diabetes, and
dyslipidemia are representative risk factors for CVD and are known to be of high
prevalence in breast cancer survivors [29]. However, management of diabetes in
cancer survivors was not optimal compared to general population [30]. In particular,
AI use was associated with increase in the odds of hypercholesterolemia (odds ratio
[OR], 2.36; 95% CI, 2.15–2.60) [31] and increase risk of coronary artery disease
(HR, 3.23; 95% CI, 1.26–8.25) [32] compared with tamoxifen use. Anthracycline
and trastuzumab are known to have cardiotoxicity [33]. Therefore, lifestyle modifi-
cation to lower cardiovascular risk should be encouraged in breast cancer survivors
and examination such as blood lipid profile should be considered, if necessary.

27.2.3.2 Bone Health

Chemotherapy and endocrine treatment can induce the early menopause in
premenopausal women and estrogen depletion in postmenopausal women, which
accelerates the bone loss and increases the fracture risk [34]. About 80% of breast
cancer survivors experience the bone loss [35]. Tamoxifen treatment had different
effect according to the menopausal state, bone loss in premenopausal women, and
against bone loss in postmenopausal women [36]. Guidelines also recommend the
biennial dual-energy x-ray absorptiometry scan for women who are taking an
aromatase inhibitor, premenopausal women who are taking tamoxifen and/or a
gonadotropin-releasing hormone agonist, and women who have chemotherapy-
induced premature menopause [6].

27.2.3.3 Psychosocial Effects

Psychologic distress refers to unpleasant emotional, psychological, social, or spiri-
tual experience. Prevalence of high level of stress and depressive symptoms was
25% and 16% in cancer survivors, which are higher than general population
[37]. Especially, depression occurrence was high those who had cancer diagnosis
within past 5 years [38]. In addition, 29% of breast cancer survivors complained of
fear of cancer recurrence [39]. Positive psychologic intervention can promote
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positive changes such as enhanced quality of life and well-being in breast cancer
survivors [40]. Therefore, it is desirable to provide appropriate support to breast
cancer survivors who need to help.

27.2.4 Promoting Healthy Lifestyle Behaviors

Lifestyle factors including diet, physical activity, and body weight have been closely
associated with development of many cancers, prognosis of cancers, and health
consequences for cancer survivors [41].

27.2.4.1 Diet

Dietary pattern and nutrient components could be linked to breast cancer survival. A
High intake of prudent diet pattern (high in fruits, vegetables, whole grains, legumes,
poultry, and fish) and lowWestern diet pattern was associated with low relative risks
of death from causes other than breast cancer [42]. Furthermore, a study of post-
menopausal breast cancer survivors in Germany suggested that ‘healthy’ dietary
pattern was inversely associated with breast cancer recurrence [43].

A review study revealed that high dietary fat intake was inversely associated with
breast cancer survival [44]. In addition, high intakes of saturated fat before cancer
diagnosis were associated with worse prognosis of breast cancer [45]. Some of the
studies found the vegetable intakes or nutrient (beta-carotene and vitamin C) sup-
plied by fruit and vegetables may have protective effect [45–47] There were two
representative diet intervention trials on whether dietary change toward low-fat [48]
or increased vegetable and fruit intake [49] can influence the prognosis of breast
cancer. Intervention through reducing fat intake with decreased body weight showed
significantly better disease-free survival of breast cancer [48].

High protein intake was associated with better breast cancer survival regardless of
amino acid types [46, 50, 51]. The association between soy intake and breast cancer
risk is inconclusive, since soy foods have known to be both antiestrogenic and
estrogen-like properties. A large population-based cohort study reported that [52]A
meta-analysis reported that high soy intake was associated with modest reduction of
breast cancer risk (OR, 0.86; 95% CI, 0.75–0.99) [53]. In addition, higher dietary
isoflavone intake was associated with 21% decreased all-cause mortality in breast
cancer survivors [54]. Effect of pomegranates on breast cancer was limited to animal
studies or in vitro studies [55, 56]. There was potential to prevent breast cancer
through reducing tumor proliferation [57].

In conclusion, healthy diet pattern with high intake of vegetables and fruits and
limited intake of saturated fat is recommended to breast cancer survivors.
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27.2.4.2 Alcohol

Alcohol consumption even light to moderate dose has been linked to increased risk
of many cancers [58]. Moderate alcohol (5.0 ~ 9.9 g alcohol per day) was associated
with increased breast cancer risk (relative risk [RR], 1.15; 95% CI, 1.06–1.24)
[59]. A 10-g increase in alcohol intake significantly increased the relative risk of
hormone receptor-positive breast cancer by 10% [60]. Acetaldehyde, a toxic metab-
olite of ethanol, can act as a carcinogen, and breast tissue may be more susceptible to
it than other organs [58]. Alcohol also increases the secretion of estrogens and
androgens in the body [59], which may increase the incidence of breast cancer.
The life after cancer epidemiology (LACE) study in breast cancer survivors inves-
tigated that intake of �6 g alcohol a day increased the risk of breast cancer
recurrence [61]. Therefore, it is desirable to limit alcohol consumption in breast
cancer survivors.

27.2.4.3 Physical Activity

Physical activity after breast cancer diagnosis has benefit from breast cancer death as
well as all-cause mortality [62–64]. The Nurses’ Health study (NHS) demonstrated
that breast cancer survivors who engaged in 9 or more metabolic equivalent task
[MET] hours per week of physical activity, the equivalent of walking 3–5 h per week
at an average pace had 50% lower risk of death from breast cancer death compared to
breast cancer survivors who engaged in less than 3-MET-hours per week of physical
activity [62]. A population-based Shanghai Cancer Registry suggested that exercise
was inversely associated with 40% decreased risk of breast cancer recurrence [65]. In
addition, a systemic review indicated that exercise may have positive effects on
health-related quality of life including cancer-specific concerns, body image/self-
esteem, emotional well-being, sexuality, sleep disturbance, social functioning, anx-
iety, fatigue, and pain [66]. Thus, regular physical activity at least 150 min per week
in breast cancer survivors is recommended consistent with the guidelines for cancer
survivors [67].

27.2.4.4 Weight

Obesity is a well-established risk factors for breast cancers and associated with high
mortality or poor prognosis of breast cancer [68]. A meta-analysis found that weight
gain (�5% of body weight) compared to maintenance (< �5% of body weight) was
associated with increased all-cause mortality (HR, 1.12; 95% CI, 1.03–1.22) [69]. A
retrospective study in Korea, mean weight gain was 0.32 kg and 21.3% of breast
cancer survivors had gained more than 5% of body weight at diagnosis [70]. Obese
patients with a body mass index (BMI) >30 kg/m2 are more likely to have postop-
erative lymphedema (OR, 2.93; 95% CI, 1.03–8.31) compared with those with a
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BMI of <25 kg/m [2] [71]. Furthermore, obesity in breast cancer survivors is
associated with increased risks of contralateral breast (RR, 1.37), endometrial (RR,
1.96), and colorectal (RR, 1.89) SPC [72]. However, direct evidence of weight loss
intervention on breast cancer prognosis is insufficient [73, 74]. Maintenance of
healthy and proper weight should be achieved.

27.2.5 Preventive Care

27.2.5.1 Vaccination

Cancer survivors are considered to be vulnerable to infectious disease owing to
reduce immunity after cancer treatment. The National Comprehensive Cancer Net-
work (NCCN) recommended that following vaccines should be considered and
encouraged for all cancer survivors: influenza vaccine; pneumococcal vaccine;
tetanus, diphtheria, and pertussis; and human papilloma virus (in survivors aged
�26 years) [75].

Influenza in cancer survivors is associated with high mortality [76]. Breast cancer
survivors are much susceptible to influenza than general population free of cancer,
and elder breast cancer survivors were relate to long stay of hospitalization [77]. In
particular, influenza infection could be prevented through influenza vaccination. In
Korea, 55% of cancer survivors were vaccinated for influenza [78], in spite of annual
recommendation for annual influenza vaccination in cancer survivors [79]. Even
though cancer survivors more than 65 years old showed high rate of vaccination,
more than 76%, only 36% of cancer survivors aged less than 65 years old was
vaccinated [80]. Among cancer survivors, those with chronic condition, elderly and
rural dwellers were more likely to receive influenza vaccination [80].

Pneumococcal vaccines should be administrated to newly diagnosed cancer
patients and elderly (� 65 years old) [79]. In the US, 48.3% of cancer survivors
reported ever receiving a pneumococcal vaccination [81]. 13-valent pneumococcal
conjugate vaccine (PCV13) and pneumococcal polysaccharide vaccine-23 (PPSV
23) should be combined with proper interval.

In terms of live attenuated vaccine, such as zoster vaccine, it could be considered
for cancer survivors, unless they have received chemotherapy or radiation within the
past 3 months or at least 4 weeks before initiation of cancer treatment [75].

27.3 Current Evidence and Concepts

27.3.1 Prognosis of Breast Cancer Survivors

Late recurrence rate of breast cancer is substantial, a prospective study reported that
late recurrence accounts for 5.8% at �10 years of follow-up [82]. The
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well-established factors related to recurrence are known to be cancer stage (positive
lymph node or tumor size), molecular type, and hormonal receptor status. Mean-
while, multigene expression profiling assays, such as Oncotype Dx, have been
recently used to assess prognosis to stratify the groups that are beneficial from
additional treatment or extended treatment in early breast cancer [83]. However,
these assays have limitation to predict late recurrence. Meanwhile, circulating tumor
cells (CTCs) detected in blood can be associated with late recurrence after 5 years of
diagnosis as independent prognostic information according to the recent ECOG-
ACRIN cancer research group [84]. A single positive CTC assay was associated
with increased recurrence risk after 5 years of treatment (HR, 18.3; 95% CI
5.7–58.2). As precise medicine is developing, comprehensive cancer survivorship
plans could be individualized according to the results.

On the other hand, individuals with SPC could have genetic susceptibility.
Multiple complex genetic pathways such as DNA damage repair, oxidative stress,
and cell cycle control likely contribute to the development of SPC. For example,
BRCA1 and BRCA2 mutation carriers in breast cancer survivors have increased risk
for second ovarian cancer or contralateral breast cancer [85, 86]. NCCN guidelines
also recommend test for BRCA1 and BRCA2mutation in breast cancer survivors who
are diagnosed with ovarian cancer and diagnosed with breast cancer before 45 years
old. Besides, the genes which increase the risk of SPC include PTEN, CHEK2, and
p53 [87]. Practical approach to screen SPC can reflect individual genetic suscepti-
bility as genetic alteration that may contribute to risk of SPC has been identified.

27.4 Future Research Direction

Survivorship care plan contains the summary of treatment course, recommendation
for subsequent cancer surveillance, management of late effects, and strategies for
health promotion [88]. Clinically, optimal cancer survivorship care models are
uncertain and require further researches. Powered randomized controlled interven-
tion for each element and cancer survivorship care model itself can be conducted.

27.5 Summary

27.5.1 The Bench

Individualized risk assessment, such as multigene profiling assays or circulating
tumor cell detection, can be applied to cancer survivorship plan.
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27.5.2 Translation

Precise strategy for cancer survivorship care should be provided encompassing
comprehensive area such as surveillance for primary cancer, screening of second
primary cancer, management of comorbid health condition, promoting healthy
lifestyle behaviors, and preventive care.

27.5.3 The Bedside

To meet complex needs of breast cancer survivors, coordinated and collaborative
care models are needed considering diverse practical settings.
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Chapter 28
Considerations in Oncoplastic Surgery

Min Kyoon Kim and Jaihong Han

Abstract The development of oncoplastic surgery (OPS) is one of the greatest
achievements for the treatment of breast cancer. OPS combines oncological resec-
tion with plastic surgery techniques in a single procedure to allow the excision of
tumors without compromising cosmetic outcome. It allows better aesthetic–func-
tional outcomes and consequently an improvement of the psychological aspects of
patients with breast cancer.

OPS begins with preoperative design considering breast volume, tumor size, and
location and distance from nipple of the tumor, with clinical breast examination and
image studies. Various techniques of volume replacement and volume displacement
methods described here can help the decision-making process so the best results
concerning the aesthetic–functional aspects can be achieved.

The outcome measurement of the oncoplastic breast surgery consisted of local
recurrence, cosmesis, and patients satisfaction. In OPS for breast cancer patients,
aesthetic assessment could be performed by various methods. And questionnaires on
quality of life can be applied as a scientific method to assess results. In this chapter,
we introduced our results of assessment of both aesthetic and QOL outcomes in OPS
patients.
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28.1 Introduction

Breast-conserving surgery followed by radiotherapy is standard treatment in breast
cancer. The aim of surgeons doing breast-conserving surgery is to acquire acceptable
cosmesis and secure adequate safety margins [1]. With the advance of radiotherapy
and systemic therapies, the local recurrence rate is very low with less than 5%.
Therefore, demand for good cosmetic result is increasing with quality of life of the
breast cancer survivors are getting more and more important [2].

Oncoplastic surgery (OPS) is a well-established approach that combines conserv-
ing treatment for breast cancer and plastic surgery techniques. It allows wide
excisions and prevents breast deformities by the immediate reconstruction of large
resection defects, improving cosmetic outcomes even in case of large
quadrantectomies. Compared with standard quadrantectomy or lumpectomy, OPS
achieves more accurate tumor resection and free resection margins. Therefore, OPS
might be useful to extend the indications for breast conservation [3].

There are various techniques for OPS regarding tumor location or breast shape.
Also, there should be considerations for patients’ perspective. Because of that, it is
important not simply to preserve life but also to preserve a good quality of life for the
patients. For those women who are deemed suitable candidates for whole or partial
breast reconstruction, both the timing and the options for reconstructive surgery
should be considered and discussed with the patient.

This chapter will deal with considerations and practical techniques for
oncoplastic surgery in breast cancer, in order to achieve the best oncologic and
aesthetic outcomes and to reduce errors. And we will introduce our analysis of
aesthetic and quality of life evaluation after oncoplastic breast-conserving surgery.

28.2 Review of Past Studies

28.2.1 Definition of Oncoplastic Surgery

Oncoplastic surgery (OPS) is reconstruction of defect using various plastic surgical
techniques after resection of the tumor with adequate margins [4]. It usually makes
possible to acquire wider resection margins than standard BCS and to improve
cosmetic result [5]. However, OPS is more complex and time-consuming than
lumpectomy and quadrantectomy. Thus, the selection of patients from the oncologic,
aesthetic, and psychological point of view is critical.

OPS includes

1. Excision of the cancer with adequate wide free margins.
2. Immediate remodeling of the defect to improve cosmetic result.
3. Contralateral breast symmetrization and reconstruction of the nipple-areola com-

plex, when needed.
4. Immediate and late reconstruction after mastectomy.
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28.2.2 Advantages and Oncological Safety of OPS
(Table 28.1).

A number of studies have shown that OPS techniques are oncologically safe. But,
there is no prospective randomized study comparing OPS vs conventional BCS for
this issue. So it is hard to say that OPS is “better” than conventional BCS to decrease
local recurrence after breast cancer surgery and adjuvant therapies.

Anyway OPS could achieve resection of larger breast volumes, wider tumor-free
margins, lower re-excision rate, lower conversion rate to secondary mastectomy, and
lower rate of secondary reconstruction [6].

On the other hand, the disadvantages of OPS are longer surgery time, more visible
scars due to bigger incision, and requirement of experienced breast surgeon and/or
plastic surgeon. There are some studies that OPS techniques such as aggressive
glandular mobilization can increase fat necrosis of the breast especially in diabetes
patients and heavy smokers [7, 8].

28.2.3 Indications of OPS

The general principles of doing OPS are same as those of conventional BCS. Tumor-
free resection margin is mandatory, and the patients are able to get adequate radiation

Table 28.1 Studies reporting oncologic safety of oncoplastic surgery for breast cancer patients

Reference
(Year)

No.
patients

Mean age, y
(range)

Median follow-
up, mo (range)

Mean tumor size in
mm (range)

Margin
involvement

Clough et al.
(2003)

101 53 (31–91) 46 (7–168) 32(10–70) 7%

Rietjans
et al.(2007)

148 50 (31–71) 74 (10–108) 22 (3–100), 2.02%

Gulcelik
et al.(2007)

101 52.2 Every 3 mo, first
year

Stage I and II 6%

Giacalone
et al.(2007)

31 51.3 Not reported 5–20 mm ¼ 20

20–30 mm ¼8

30–40 mm ¼ 1

>40 mm ¼2

21%

Fitoussi et al.
(2010)

540 52(28–90) 49(6–262) 29.1(4 ~ 100) 18.9%

Bong et al.
(2010)

167 55.6
(33–85)

Not reported <2 cm ¼ 74
(55.2%)

>2 cm ¼ 60
(44.8%)

22.2%

Chan et al.
(2013)

162 52(20–96) 1–3 Not reported Not
reported
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therapy. And the final result of the OPS should be cosmetically acceptable. How-
ever, with OPS technique, breast conservation can be done for larger size tumor.
Unfavorable tumor locations that expected poor cosmetic result, such as lower part
of breast and periareolar area, are good indication of OPS rather than conventional
BCS. Especially, patients who have ptotic breast and who should consider reduction
mammoplasty can be a best candidate for OPS than standard BCS.

28.2.4 Preoperative Consideration

There are various kind of oncoplastic procedures available, but basic principles are
similar across the techniques. The more familiar with each technique and the more
experiences the surgeon has, the more choices and indications will be possible.
Tumor size, tumor location, and breast size of the patients should be considered
[9]. Table 28.2 is showing the preferred procedures according to the location of
tumor [10].

28.2.5 Technical Details of OPS Procedures in BCS

1. Volume Displacement Techniques: Rearrangement of local (dermo)glandular
flaps into the defect (advancement, rotation, or transposition)

1. Round block.
2. Grisotti flap.
3. Batwing incision.
4. Tennis racket incision.
5. Matrix rotation flap.
6. S-shape oblique reduction mammoplasty.
7. Sup pedicle mammoplasty, Inf. Pedicle mammoplasty.
8. B-Plasty, J-mammoplasty V-mammoplasty. Etc.

Table 28.2 OPS procedures according to tumor location

Tumor location Preferred procedure

Center Grisotti flap, purse string suture

Periareolar Round block, batwing technique

Upper Inf. Pedicle mammoplasty, S-shape oblique reduction mammoplasty

Upper outer, outer Latissimus dorsi flap or mini-flap, tennis racket incision

Upper inner Matrix rotation, tennis racket incision

Lower Sup pedicle mammoplasty

Lower inner Omental flap
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2. Volume replacement techniques: Use of distant autologous tissue flaps for tissue
defect (LD flap, mini-LD flap, thoracodorsal artery perforator flap, Intercostal
artery perforator flap, etc).

1. Latissimus dorsi mini-flap(Mini-LD flap).
2. Omental flap (laparoscopically harvested omental flap).

28.2.6 General Principles of OPS

OPS combines oncological resection with plastic surgery techniques in a single
procedure to allow the excision of larger tumors without compromising cosmetic
outcome. It begins with preoperative design considering breast volume, tumor size,
and location and distance from nipple of the tumor, with clinical breast examination
and image studies. OPS allows wide excision of the lesion with free margins, usually
with larger length of incision. In this perspective, OPS is different from minimal
invasive surgery. Sufficient mobilization of the gland is a key component of breast
reshaping after wide excision in OPS.

General procedure of OPS are as follows:

1. Preoperative design.
2. Skin incision.
3. A full-thickness glandular excision with free margin.
4. Rearrangement of glandular flaps into the defect.
5. De-epithelialization and the NAC repositioning.
6. Skin closure.

28.2.7 Round block (Doughnut mastopexy)

The round block technique can be used in patients with any size of breast and tumors
of any location only if not too far from NAC and not invading nipple [11]. It is
relatively simple and easy technique with fair result.

Preoperatively, surgeon draws two circular skin markings surrounding the NAC.
The inner circle is made on the areolar border. It would be better to make the circle
smaller than real areolar line because the areola would become larger than original
one after round block procedure. The external circle should be made at 1–2 cm
distant from inner one. The distance between the two circles varies depending on the
tumor size and location, the relationship of mass and nipple, and the degree of ptosis
and size of breast. The distance would be wider in patients with higher grade ptosis
and larger size breast. Sometimes they are not concentric to remove skin overlying
tumor. After incisions are made along skin markings, de-epithelialization of skin
between the two lines is done. During the de-epithelialization, surgeons must be
careful not to injure vessels of dermis, because the blood supply of NAC is from the
dermal vessels. Also, full-thickness incision of skin should not be larger than 50% of
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the NAC circumference. Tumor and surrounding parenchyma are removed securing
adequate resection margins. Subareolar tissue can be removed without threatening
the NAC blood supply, but wide subareolar tissue removal would result in poor
cosmetic outcome. After undermining and mobilization of remaining breast tissues,
the defect can be closed. The dermis of two skin incisions is closed with some
interrupted sutures. Final skin closure is done using a subcuticular running suture
with 4-0 or 5-0 monocryl (Fig. 28.1).

28.2.8 Grisotti Flap

The Grisotti flap technique can be used for tumors requiring nipple sacrifice in
patients with moderate to large-sized breasts. The skin marking is done outlining the
NAC. A circle for new NAC is drawn just below the original NAC. After drawing
the inframammary fold, both sides of two circles (native and new NAC) are extended
and connected to inframammary fold (IMF). Central lumpectomy including tumor
and native NAC is done. Then, de-epithelize the flap excluding skin island preserved
for reconstruction of new NAC. Full-thickness skin incision is done at the medial
border of the skin flap. The defect is filled using rotation of the flap, and areolar is
replaced with the skin island that is mobilized (Fig. 28.2).

28.2.9 Batwing Technique (Inverted V or Omega Plasty)

Batwing technique may be used for lesions in the upper breast around the nipple.
This procedure uses a semicircular incision at the upper margin of the NAC. After
measuring the height of the skin resection, another semicircular incision which is

Fig. 28.1 Round block (a) Concentric circle incision around the NAC. (1–2 cm distance between
two circles) (b) De-epithelization of the skin between two incisions. Resection with adequate
margins. (c) The skin is closed with interrupt absorbable suture and finally closed with subcuticular
suture
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parallel to the previous incision is made. Two triangular incisions are made at both
sides of the two semicircular incisions. After resection of the tumor and overlying
skin, the defect is filled by pulling up the inferior breast and the both side of angled
incisions is sutured vertically side by side. It is very simple and easy technique.
However, in small non-ptotic breast, it makes hyper-elevation of nipple (Fig. 28.3).

28.2.10 Tennis Racket Incision

Tennis racket incision is simple and very effective method for tumors in upper outer
quadrant and lateral region of the breast, when the tumor size is rather large that
simple lumpectomy would make serious defect. For segmentally distributed cancer
(or DCIS) in a large breast, long resection (tumor size 5–10 cm, even larger than
10 cm) is possible. Sometimes, this method can be used for tumor in upper inner
quadrant.

Concentric incisions are made around NAC just like the round block method
described above. Then, long wedge-shaped resection including lesion and skin is
done. De-epithelization between the two circular incisions is done. The defect is

Fig. 28.2 Grisotti flap (a) Circumareolar skin incision and new NAC marking. (b) Excision of
NAC and central quadrantectomy. (c) De-epithelization of the flap and a skin island preservation.
(d) Glandular mobilization & Skin (new NAC circle) closure
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closed with absorbable sutures by approximating the surrounding breast tissues after
undermining and mobilization. Sometimes intramammarian flap technique should be
used. Final skin closure is done using a subcuticular suture with 4-0 or 5-0 monocryl
(Fig. 28.4).

28.2.11 Matrix Rotation Flap

This rotation flap technique uses lateral pedicle to fill the defect in UIQ. Two lines
connecting between outer circumareolar incision and its arc indicate the range of
resection. Burow’s triangle incision near axilla should be made and used also for
axillary lymph node surgery. After resection, de-epithelialization of periareolar skin
is required, and then, the outer portion of breast tissue is extensively mobilized from
deep fascia and rotated to fill in the defect. This method is useful for large tumor in

Fig. 28.3 Batwing mastopexy. (a) Skin marking with batwing form. (b) Resection of the tumor. (c)
Reshaping by pulling up the inferior breast tissue. (d) Suture the incision vertically
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upper inner area of medium to large-sized breast. Large visible scar is a weakness of
this technique. However, there are few choices for UIQ lesion (Fig. 28.5).

28.2.12 S-Shape Oblique Reduction Mammoplasty

S-shape oblique reduction mammoplasty allows removing tumor widely located in
upper portion of breast. This technique can be applied for multifocal lesions hori-
zontally located along the incision line. Moderate to large breast with ptosis is the
best candidate for this technique. Two curved (S-shaped) lines are made from axilla
toward medio-inferior portion of the breast. The distance between two incision lines
is decided by the width of tumor resection and breast size. If the distance is too large,
NAC can be elevated to too high position. Resection of the skin and tumor with
adequate margins is done. Then, some area which is still covered with skin in lateral
and medial side is de-epithelized. The upper and lower portion of excised tissue is
dissected and mobilized to fill the defect. The wound is closed (Fig. 28.6).

Fig. 28.4 Tennis racket incision. (a) Skin marking of racket shape. (b) Resection the tumor (c)
glandular mobilization and de-epithelization. (d) NAC reposition was performed by interrupt suture
with absorbable suture material (e) Finally skin closure with a subcuticular suture.
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28.2.13 Sup. Pedicle Mammoplasty (Inverted T Incision)

This technique is indicated for inferior area tumor (5–7 o’clock). It is best for large
ptotic breast. However, because tumor in lower pole of breast usually makes worst
breast contour and nipple dislocation, this technique can be applied to moderate-
sized breast to prevent severe depression in lower pole. It needs several anatomical
remarks the same as routine superior pedicel reduction mammoplasty. There should
be a vertical line from midclavicular point to the nipple and extending to
inframammary fold (IMF). A new nipple position should be marked with a new
areolar line of about 4 cm diameter. Two vertical lines from areolar to new IMF
make a mosque-like figure at the inferior end of breast. In a common Asian women
with moderate-sized breast, the elevation of nipple is not needed, and in that case,
two circumferential lines around nipple are enough. Skin is incised along the
drawings, and skin of superior pedicle and around areola is de-epithelialized. The
subdermal plexus should be preserved cranially while they can be incised medially
and laterally. Resection of tumor is done with normal tissues within the lines.

Fig. 28.5 Matrix rotation flap. (a) skin marking (b) resection and glandular tissue dissection (c)
flap rotation and closure
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Glandular mobilization is usually required to make better shape. Skin is closed in
two layers (Fig. 28.7).

28.2.14 Latissimus Dorsi Mini-Flap (Mini-LD Flap)

Originally, latissimus dorsi (LD) myocutaneous flaps are used to fill the wide defects
incorporating overlying skin, but this conventional LD flap leaves a scar on the back
and requires time and effort to change patient’s position during operation. Mini-LD
flap is a useful volume replacement method for tumors in upper or outer portion of
breast irrespective of size of the breast. It is especially useful for diffuse in situ cancer
and invasive cancer when the skin removal is not required. Skin drawing is made in
upright position before operation. All operation procedure is done in lateral position
of the patient. Skin incision is made along mid-axillary line from axilla to lower
outer part of breast. Extensive dissection through breast parenchyme and pectoralis
fascia is done. Then, superficial dissection through subcutaneous fat and breast

Fig. 28.6 S-shape oblique (a) skin marking (b) resection and dissection the flap (c) mobilization
and filling the defect and closure
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parenchyme is done to over the tumor site. It would be helpful to insert localization
hook wire or inject charcoal at the inner and lower margin of the resection plane
before operation. After removal of tumor and breast tissue, sentinel lymph node
biopsy is done and identify thoracodorsal vascular bundle being careful not to injure
it. Dissection of LD muscle can be easily done through the same incision. Preserving
the pedicle, dissected LD muscle is repositioned to the breast resection defect and
loosely sutured to breast parenchymal cavity wall. After meticulous hemostasis and
drain insertion, skin closure is done (Fig. 28.8).

Fig. 28.7 Sup. pedicle mammoplasty (a) tumor location, (b) Skin marking. (c) Resection and
glandular mobilization (pedicle elevation), (d) Transposition and closure
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28.2.15 Omental Flap (Laparoscopically Harvested
Omental Flap)

Omental flap is a useful volume replacement technique for large tumor in inferior or
medial region of the breast. It is especially good for diffuse in situ or invasive cancer
not requiring removal of overlying skin. When breast size is not too large and
expected omental volume is enough, total mastectomy and total replacement are
also possible. The best skin incision is along inframammary fold, but radial incision
on the tumor is also possible. After resection of the entire inferomedial quadrant of
breast or wide local excision, dissection is done to the xiphoid and subcostal angle.
Laparoscopy for harvesting greater omentum was then performed. Omental dissec-
tion is done using one umbilical camera port and three 5-mm ports. Harmonic

Fig. 28.8 Mini-LD flap. (a) Skin incision, (b)–(c) resection of breast tumor, (d) The mini-LD flap
harvest, (f) fill the defect with the flap and closure, (g) postoperative status
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Scalpel (Ethicon Endo-Surgery Inc., Cincinnati, OH) is useful as other laparoscopic
surgery. It is important to preserve the roots of the gastroepiploic vessels as a pedicle.
About two-finger width tunnel is made just lateral to xiphoid process connecting into
the abdominal cavity. It is important to make enough size of tunnel not to strangulate
the pedicle. Omental flap is carefully brought into breast cavity avoiding twist.
Anchoring suture of the omental flap to cavity wall or muscle is not usually required.
The wound of breast is closed in two layers, and laparoscopy wound is closed as
routine manner. Be careful not to press pedicle with compression dressing or Surgi-
Bra (Fig. 28.9).

28.3 Current Evidence and Concepts

There are many gaps concerning satisfaction and quality of life between patients
undergoing breast cancer treatment and surgeons.

Fig. 28.9 Omental flap. (a) Inframammary skin incision (b)–(d) Resection of breast tumor (e) An
omental flap harvest (f) Fill the defect with the flap. (g) Closure

538 M. K. Kim and J. Han



The essential and central element of the breast surgeon is the duty to obtain a good
aesthetic outcome without compromising oncologic control. The outcome measure-
ment of the OPS consisted of local recurrence, cosmesis, and patients satisfaction.
We will discuss the three aspects of outcome measures after oncoplastic breast-
conserving surgery here.

28.3.1 Local Recurrence Rate After OPS

Lorenz et al. reported local and distant recurrence rate after OPS recently
[12]. Between 2000 and 2008, in the European Institute of Oncology (IEO) Breast
Cancer Institutional Database, they identified 454 consecutive patients who
underwent an oncoplastic approach for primary invasive breast tumors. They
described the events in both groups, with a median follow-up of 7.2 years. The
overall survival is similar within the two groups, being 91.4% and 91.3% at 10-year
in the OPS group and in the control group respectively. The disease-free survival is
slight lower in the OPS group (69% vs.73.1% at 10-year). The difference is not
statistically significant.

The incidence of local events is slightly higher in the OPS group (3.2% vs. 1.8%
at 5-year, 6.7% vs. 4.2% at 10-year); the incidence of regional events (3.1% vs. 2.8%
at 10-year) and distant events (12.7% vs.11.6% at 10-year) is similar in the two
groups. Lymphovascular infiltration and in situ component, both of which may have
an influence on locoregional recurrence rates, were present respectively in 39.6%
and in 66.7% of the relapsed patients.

They also reported that, in the OPS group, early complication occurred within
3 months from surgery at the side of quadrantectomy and in the healthy breast in
10.3% and 2.8%, respectively. They included infection (2.8% vs. 0.4%), wound
dehiscence (3.5% vs. 0.6%), hematoma formation (2.4% vs. 1.3%), skin necrosis
(1.3% vs. 0.4%), liponecrosis (2.6% vs. 1.1%), and others (3.7% vs. 0.8%). This
difference seemed quite acceptable considering their larger tumor size compared to
conventional BCS.

Another study compared local recurrence rate between OPS group and matched
total mastectomy group in pT2-patients(larger than 2 cm tumors) [13]. The OS is
similar within the two groups: 87.3% and 87.1% at 10 years in the OPS group and
control group, respectively ( p ¼ 0.74, adjusted for multifocality and tumor size).
The DFS also is similar in both groups: 60.9% and 56.3% at 10 years in the OPS
group and control group, respectively. The incidence of local events is slightly
higher in the OPS group (7.3% vs. 3% at 10 years), whereas the incidence of regional
events is slightly higher in the mastectomy group (8% vs. 2.2% at 10 years). These
differences are not statistically significant. The cumulative incidence of distant
events is similar within the two groups (18.9% vs. 19.6% at 10 years in the OPS
group and mastectomy group, respectively).

These results showed slightly higher local recurrence rate compared to earlier
studies which reported that rate around 3% [7].
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However, these results provided the best available evidence to suggest that OPS is
a safe and reliable treatment for managing invasive pT1-2 breast cancers.

28.3.2 Cosmesis Measurement After OPS

Differences of contour, shape, position, or volume of the breast are the most
important factors which define breast symmetry and influence cosmesis and patient
satisfaction after breast surgery. There are three categories of cosmesis evaluation.
First one is the patients’ self-evaluation, which has several advantages like reflecting
more psychosocial adaptation of patients to aesthetic result. But the reproducibility
of self-evaluation is low. They are depended on patients’ age and socioeconomic
status. Observer’s evaluation is the second one, which is like Harvard scale or Harris
four-point scale. Patients’ scar visibility, breast size, breast shape, nipple position,
and skin color would be measured directly by one or several observers.

Conventional methods for aesthetic evaluation of breast-conserving surgery
include assessment of patient’s appearance directly, or through photographs, by
one or more observers. Direct observation allows not only global appreciation but
also other factors not visualized in captured images (skin atrophy, edema of breast
and arm). However, Indirect evaluation through photographs has several advantages
that the images can be saved permanently, visualized when necessary, and easily
analyzed by different observers.

The third method is objective evaluation by specific tools. Objective methods
attempt to measure differences between the right and the left breast according to
linear distances like anthropomorphic measurements [14] or volume measurements
using techniques like water displacement, [15] casting techniques, mammography or
CT and MRI measurements. In addition, two software systems called breast analyz-
ing tool (BAT) [16] and the Breast Cancer Conservative Treatment cosmetic result
(BCCT.core) [17] were developed to objectively evaluate the aesthetic surgical
outcome using patient’s frontal two-dimensional (2-D) photographs. The BAT
evaluates breast symmetry by comparing breast area, breast circumference, and
nipple position between the breasts. The BCCT.core analyzes color differences
and scar appearance in addition to calculate asymmetry.

A recent comparison of them on the same set of cases showed a similar perfor-
mance on low-quality images and a superior performance of the BCCT.core soft-
ware on higher quality images. This was attributed to the inclusion of color and scar
features.

28.3.3 Patients Satisfaction and Quality of Life.

The impact of the disease and interventions on quality of life (QoL) in cancer
patients has been increasingly recognized. Post-treatment QoL is particularly
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important for breast cancer patients, whose 5-year survival rates exceed 88%
[18, 19]. Factors that impact patient QoL are multidimensional and difficult to
define. For example, breast-specific concerns, such as altered sense of femininity,
feelings of decreased attractiveness, and changes in body image and sexuality, as
well as factors associated with many types of cancer, including pain, fear of
recurrence, and fatigue, could affect general QoL [20, 21].

We attempted to clarify the relationships among aesthetic results and patient QoL
in women who have undergone breast cancer surgery [22]. The impact of objectively
measured breast cosmetic results and patient reported body image on QoL was
analyzed a median 2.1 years after BCS or TMIR (total mastectomy with immediate
reconstruction). We found that breast symmetry, measured objectively by BCCT.
core software and panel judgment, did not correlate with patients’ general QoL. In
contrast, patient self-reported body image scale (BIS) was significantly associated
with almost all general QoL outcomes.

In our study, the mean BIS among the 531 patients in the BCS and TMIR groups
was 17.9 � 5.4. Dichotomization relative to mean score showed that 365 patients
(67.0%) could be classified as having good and 166 (34%) as having poor BIS. As
expected, BIS was significantly better in the BCS and TMIR groups than in the total
mastectomy (TM) group. Objectively measured cosmetic results, using both the
BCCT.core and panel score, however, did not correlate significantly with BIS.
However, BIS was significantly associated with almost all QoL factors of the
QLQ-C30, QLQ-BR23, and HADS. This correlation was observed not only in the
BCS and TMIR groups, but in the TM group, indicating that body image perception
differs among individuals in all three groups.

Surgeons usually assume that patients want better cosmetic outcomes after
surgery and that outcomes directly correlate with QoL. Thus, efforts are underway
to develop oncoplastic and reconstructive surgical techniques. However, our results
do not strongly indicate that superior surgical cosmetic outcomes translate into
improved QoL. These findings support previous reports advocating TM over BCS
on the basis of lower fear of the future and mood disturbances in patients who
underwent mastectomy [23–25].

There is no consensus about whether postoperative QoL differs according to type
of surgery (e.g., BCS vs. TM vs. TMIR). [26–28] Our study found that patient body
image perception was better following BCS than following TMIR or TM. Also,
patient QoL was better in the BCS or TMIR group than in the TM group, as shown
by multiple QLQ factors.

28.4 Future Research Direction

The introduction of three-dimensional (3-D) surface imaging enabled quantitative
linear distance measurements, surface and volumetric calculations of the breast
region [29] and objective breast symmetry evaluations between the left and the
right breast by virtually superimposing the mirrored breasts over each other.
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The benefit of this 3-D evaluation protocol for breast surgeons can be easily
expanded to other clinical applications: short and long lasting results after fat
grafting to determine the resorption rate for reconstruction purposes over time, the
temporal effect on skin envelope enlargement and volume increase after expander
inflation for breast implant reconstruction, comparison between competitive surgical
techniques in breast reduction (short scar vs. inverted T, central
pedicled vs. superior�/medial or inferior pedicled) or breast augmentation
(round vs. anatomical implants, choice of pocket, incision techniques) could be
quantified. Actual clinical studies demonstrated the innovative character and clinical
benefit of the technique, especially in plastic and reconstructive breast surgery. The
3-D application for objective breast symmetry evaluation is easily applicable,
sufficiently fast, observer independent, and more precise than 2-D
measurements [30].

Also, there are many research opportunities to be explored in oncoplastic surgery,
such as how improve oncoplastic surgery training, how to decrease re-excision rates,
how to decrease complication rates, how to decrease recurrence rates, how to
optimize operating room time, how to optimize aesthetic outcomes, how to reduce
costs of treatment, and analysis of the aesthetic and psychological benefits of the
techniques.

It has become evident that surgeons working to aid the woman with breast cancer
must become sensitive to the potential for a negative impact of the breast cancer
experience on any one of many domains of quality of life and must discuss
sufficiently with the patients about the results and appearance of breast cancer
surgery.

28.4.1 The Bench

• Oncoplastic BCS requires combined skills, knowledge, and understanding of
both oncological and plastic surgeries, which may be optimally delivered by a
single oncoplastic surgeon.

• Proper surgery type should be selected by considering breast size, tumor location,
and patient’s opinion about contralateral breast surgery.

28.4.2 Translation

• Cosmetic result and satisfaction of oncoplastic BCS was very good, almost
80-90% patients were scored high with acceptable oncologic results.

• Oncoplastic BCS could be considered preferentially than SSM with reconstruc-
tion if it is possible.
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28.4.3 The Bedside

• Beyond the original OPS techniques, new attempts like minimal invasive surgery
or fat transplantation should be further developed.

• Further research regarding cosmesis and quality of life in breast cancer patients
could help breast cancer patients’ early recovery to their daily life.
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Chapter 29
Diet Before and After Breast Cancer

Jung Eun Lee

Abstract The incidence of breast cancer has dramatically increased recently in
several Asian countries. This region has experienced rapid economic growth and
demographic and environmental changes. Breast cancer rates vary substantially
among countries, with a lower incidence in developing countries than that in
Western countries. Given the upward trend of breast cancer incidence in Asian
countries and the large variation in incidence around the world, dietary changes
may contribute to breast cancer development. In particular, nutrients and foods from
animal sources have drawn attention as potential causes of breast cancer given that
obesity and energy balance appear to be important factors associated with breast
cancer risk. However, prospective cohort and intervention studies do not support the
hypothesis that diet in middle life influences breast cancer development. However,
recent studies have provided better insight into the roles of dietary factors in specific
types of breast cancers, such as estrogen receptor-negative (ER-) breast cancer.
Some studies suggest that diet in early life may play a substantial role in breast
cancer development, but data and evidence remain limited.

Although etiologic and epidemiologic studies have long studied modifiable risk
factors for breast cancer incidence, much remains to be explored regarding the role
of diet after a breast cancer diagnosis. Several epidemiologic studies have explored
the factors that improve breast cancer survival rates, including diet, physical activity,
and body mass index (BMI). While there is evidence of the effect of BMI on breast
cancer mortality, the effects of changing dietary habits after a breast cancer diagnosis
on survival or recurrence are less clear. A report of the World Cancer Research Fund
stated that evidence was not sufficient to draw firm conclusions about the effect of
diet and nutrition on breast cancer prognosis, but it did suggest a link between diet
and breast cancer survival.

The global burden of breast cancer is increasing and breast cancer is a major and
emerging health problem in both developed and developing countries. For example,
the five-year survival rate for Korean breast cancer patients has improved from
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78.0% in 1993–1995 to 92.7% in 2012–2016. This improvement emphasizes the
importance of supportive care, diet, and quality of life for breast cancer survivors.
However, we have limited data of non-Western breast cancer survivors. There is a
need to examine the role of diet in breast cancer survival in both Western and
non-Western regions.

Keywords Diet · Breast cancer incidence · Breast cancer survival · Cohort study ·
Intervention study

29.1 Introduction

The incidence of breast cancer has dramatically increased in recent years in several
Asian countries, where there has been rapid economic growth and demographic and
environmental changes. In Korea, the incidence of breast cancer is the highest in
women in 2016. The age-standardized incidence rate of breast cancer has steadily
increased, reaching 54.9 per 100,000 in 2016 with an average annual increase of
7.8% from 1999 to 2016 [1]. However, the incidence rate in Korea remains still
lower than that of Western countries. The age-standardized incidence rates of breast
cancer (per 100,000) were 105.0 in Denmark, 95.0 in U.K., 92.9 in the US, and 86.0
in Australia in 2012 [2]. This large international variation in incidence, with inci-
dence lower in developing countries than in Western countries, and the rapid upward
trend in parts of Asia may suggest the important roles of dietary factors in breast
cancer development.

The association between dietary factors and breast cancer risk has long been
studied in epidemiologic research. Accumulating evidence suggests that maintaining
healthy body weight and abstaining from alcohol can help to prevent breast cancer
[3]. However, there is limited evidence regarding the association of diet in adult-
hood, including intake of fruit and vegetables, dairy products, and micronutrients.
Future research should examine the role of soy products, vitamin D, diet during
childhood and adolescence, and the interaction of diet with genetic and microbio-
logical effects. In particular, dietary exposure in early life is of great interest.

Early detection, treatment improvement, and social support have contributed to
improvement of breast cancer outcomes. The global comparison of population-based
cancer survival (CONCORD)-2 study showed that five-year survival from breast
cancer has increased steadily in most developed countries and the age-standardized
5-year survival from breast cancer was 80% or higher in 34 countries in women
diagnosed between 2005–2009, including Korea [4]. Survival statistics based on the
Korea Central Cancer Registry data linked to mortality data from Ministry of the
Interior and Safety reported that five-year survival rate for Korean breast cancer
patients has improved from 78.0% in 1993–1995 to 92.7% in 2012–2016 [1]. Global
survival improvements emphasize the importance of supportive care, diet, and
quality of life for breast cancer survivors. However, although evidence that
maintaining a healthy weight and engaging in regular physical activity improved
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breast cancer prognosis, the association between diet after breast cancer diagnosis
and survival or recurrence of breast cancer is less clear.

29.2 Diet before Breast Cancer and Breast Cancer Risk

29.2.1 Fat Intake

Ecologic studies suggested that dietary fat was associated with an increased risk of
breast cancer, and several case-control studies supported this hypothesis [5]. How-
ever, total fat intake did not appear to prevent breast cancer in several prospective
cohort studies [6], which are less prone to recall bias and selection bias than case-
control studies. In a pooled analysis of seven prospective cohort studies, including
4980 cases from studies involving 337,819 women, RR (95% CI) for comparing the
highest and the lowest quintiles was 1.05 (0.94–1.16) [6]. When different latencies
between total fat intake and occurrence of breast cancer (0–4, 4–8, 8–12, 12–16, and
16–20 years) were taken into account, there was still no association between total fat
intake and breast cancer in a cohort study [7]. TheWomen’s Health Initiative Dietary
Modification Trial found that reducing dietary fat did not reduce the risk of breast
cancer in 48,835 postmenopausal women, randomly assigned to the dietary modifi-
cation intervention group (n ¼ 19,541) or the comparison group (n ¼ 29,294) [8].

Regarding types of fat, the Pooling Project, an international consortium of
prospective cohort studies, reported a weak positive association between saturated
fat and breast cancer risk (RR ¼ 1.09; 1.00–1.19 for 5% energy increment from
saturated fat), but no such association for monounsaturated or polyunsaturated fat
intake [9]. When investigators in the Nurses’ Health Study analyzed diet only during
premenopausal period, animal fat intake was associated with increasing risk of breast
cancer (RR ¼ 1.33 for the highest vs. the lowest quintiles), but vegetable fat intake
was not [10].

In summary, considerable evidence supports that fat intake in middle life does not
increase the risk of breast cancer, but fat from animal sources in early adulthood may
be associated with breast cancer risk. The important effects of diet in early adulthood
warrant further research.

29.2.2 Fruits and Vegetables

Prospective cohort studies indicate that total fruit and total vegetable intake in
adulthood do not appear to prevent breast cancer [11, 12]. However, a recent cohort
study found that this association might vary by type of breast cancer. A pooled
analysis of 20 cohort studies including 993,466 women followed for 11 to 20 years
found an inverse association between total fruit and vegetable intake and risk of
ER�breast cancer, but there was no association with risk of breast cancer overall or
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estrogen receptor (ER) + tumors [13]; RRs (95% CIs) for the highest vs. the lowest
quintiles of total vegetable intake were 0.82 (0.74–0.90) for ER� breast cancer and
1.04 (0.97–1.11) for ER+ breast cancer. In the European Prospective Investigation
into Cancer and Nutrition (EPIC) cohort, including 10,197 incident invasive breast
cancers with a median follow-up of 11.5 years, total vegetable intake had a stronger
association with a lower risk of ER� progesterone receptor (PR)-breast cancer
(RR ¼ 0.74; 95% CI ¼ 0.57–0.96 for the highest vs. the lowest quintiles) than ER
+PR+ breast cancer [14].

29.2.3 Carbohydrate and Carbohydrate Quality

The hypothesis that cancer arises partly through insulin and the insulin-like growth
factor axis has inspired research on the associations of carbohydrate and carbohy-
drate quality, as measured by glycemic index and glycemic load, with breast cancer
risk. Although individual cohort studies have reported contradictory findings, a
recent meta-analysis suggested a potential link of carbohydrate intake and glycemic
load with ER-breast cancer [15]. As part of the World Cancer Research Fund/
American Institute for Cancer Research Continuous Update Project, Schlesinger S
et al. conducted a systematic review and meta-analysis and found that glycemic load
and carbohydrate intake were positively associated with breast cancer in postmen-
opausal women with ER� tumors; summary RRs (95% CIs) were 1.28 (1.08–1.52)
for per 50 units/day of glycemic load and 1.13 (1.02–1.25) for per 50 g/day of
carbohydrate intake [15].

29.2.4 Soy Product

Soy products have potential anti- and pro-estrogenic effects due to isoflavones, the
major flavonoids of soy products. Isoflavones have been suggested to stimulate
tumor growth [16, 17] because of their structural similarity to estrogen and high
affinity for the estrogen receptor [18]. In vitro and in vivo studies suggested that
isoflavones might exert anti-estrogenic effects on breast tissue by competing with the
estrogen receptor, therefore blocking the action of endogenous estrogens, or other
mechanisms including antioxidative potency [19] or inhibition of angiogenesis [20]
or inhibition of tyrosine kinase [21]. Several cohort studies examined whether
isoflavones were associated with breast cancer risk; however, the results were not
consistent [22–24]. A recent report from the World Cancer Research Fund con-
cluded that there is limited evidence to support the benefit or harm of soy products
for breast cancer prevention [3].
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29.2.5 Dietary Patterns

Dietary patterns have been attractive for both researchers and public because it deals
with the effects of diet as a whole rather the effects of individual nutrients or foods.
People often want to hear how to eat overall to improve their health, and dietary
pattern analysis identifies overall diets that lower the risk of poor health outcomes
[25]. The US Nurses’ Health Study observed no significant association for either
Prudent or Western dietary patterns in relation to overall breast cancer risk. How-
ever, when investigators categorized breast cancers into ER� and ER+ breast
cancers, they found an inverse association between the Prudent dietary pattern and
ER� breast cancer risk [26]. Likewise, a priori dietary quality indices (Alternate
Healthy Eating Index, Recommended Food Score, and the alternate Mediterranean
Diet Score) were inversely associated with ER� breast cancer risk; RRs for the
highest vs. the lowest quintiles ranged from 0.69 to 0.79 for these indices with
a statistically significant trend [27]. The PREDIMED study, a randomized, single-
blind, controlled trial conducted in Spain, found that a Mediterranean diet lowered
primary breast cancer risk [28]. The association between dietary patterns and breast
cancer incidence remains to be explored in terms of the effect modification by other
health-related behaviors, histological types, genetic and metabolic profiles.

29.2.6 Micronutrients

Dietary calcium has been suggested to prevent breast cancer as intake of dairy
products showed an inverse association with breast cancer [29]. Also, dietary intake
and circulating levels of vitamin D, which is often added to dairy products in the US,
were associated with a lower risk of breast cancer in some observational studies [30–
32], but not in others [33, 34]. The World Cancer Research Fund suggested that diets
high in calcium may be inversely associated with the risk of premenopausal breast
cancer, but there is limited evidence to draw conclusions about vitamin D [3]. In the
Women’s Health Initiative trial, calcium and vitamin D supplementation did not
reduce breast cancer incidence among postmenopausal women [35].

Carotenoids, known for their antioxidant properties, are abundant in fruits and
vegetables. Many observational studies have examined the role of carotenoids in
cancer prevention. A pooled analysis of 18 prospective cohort studies found that
inverse associations for α-carotene, β-carotene, and lutein/zeaxanthin intakes were
limited to ER� breast cancer, whereas no associations were noted for ER+ breast
cancer risk [36]. In a pooled analysis of prospective data, circulating levels of
carotenoids were inversely associated with overall breast cancer risk and inverse
associations were more apparent for ER� breast cancer than ER+ breast cancer for
α-carotene and β-carotene [37]. Similarly, the European Prospective Investigation
into Cancer and Nutrition cohort showed that higher concentrations of plasma
β-carotene and α-carotene were associated with a lower risk of ER� breast cancer
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[38]. Other antioxidant nutrients, including vitamins C and E and selenium, did not
show consistent results in prospective cohort studies [3].

29.2.7 Diet in Early Life

In the 1980s, Willett [39] and DeWaard and Trichopoulos [40] proposed a relation-
ship between breast cancer risk with an energy-rich diet during puberty and adoles-
cence. Taller height, which reflects childhood nutrition, is an independent risk factor
for breast cancer [41]. The potential plausible explanation is that early life around the
time of mammary gland development may be a critical period in breast cancer
development. A prospective cohort study in Denmark found that high stature at
14 years of age and peak growth at an early age were associated with the risk of
breast cancer [42], suggesting that growth during adolescence is an important factor
for breast cancer.

Limited prospective cohort studies have reported a potential link between diet in
early life and breast cancer risk. Red meat intake in adolescence was significantly
associated with a higher premenopausal breast cancer risk (RR ¼ 1.43; 95%CI,
1.05–1.94 for the highest vs. the lowest quintiles), but not with postmenopausal
breast cancer risk [43]. Total fruit intake [44] and dietary fiber intake [45] in
adolescence lowered the risk of breast cancer. Whole-grain intake during adolescent
and early adulthood was inversely associated with premenopausal breast cancer
risk (RR ¼ 0.74; 95% CI 0.56–0.99 for the highest vs. the lowest quintiles), but
not with overall or postmenopausal breast cancer risk [46]. A comparison of the
findings on dietary factors in adolescence and adulthood in relation to breast cancer
incidence in the Nurses’ Health Study I and II is presented in Table 29.1.

29.3 Diet after Breast Cancer and Breast Cancer Survival

Several prospective cohort and intervention studies have investigated the role of diet
in breast cancer prognosis (Table 29.2). Although evidence regarding diet and breast
cancer survival has been accumulating, the data are mainly from studies of Western
populations. Few Asian studies have explored the association between diet and
breast cancer survival.

29.3.1 Dietary Patterns

Recent prospective cohort studies reported that dietary patterns are an important
component in addressing a healthy diet for breast cancer survivors (Table 29.3).
Relatively consistent findings showed that healthy dietary patterns lowered the risk
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Table 29.1 Comparison of the results; dietary factors during adolescence and during adulthood in
relation to breast cancer incidence in the Nurses’ Health Study I and II

Dietary
factors

Study
Characteristics

Dietary intake during mid-life or
later adulthood

Dietary intake during
adolescence

Meat First author Holmes MD [47] Farvid MS [43]

No. of
participants

88,647 women 44,231 premenopausal women

No. of breast
cancer cases

4107 cases 1132 cases

Follow-up
period

1980–1998 1998–2011

Results • RR (95% CI) for the
highest vs. the lowest quintile of
red meat intake ¼ 0.94
(0.84–1.05)

• RR (95% CI) for the
highest vs. the lowest of red
meat intake ¼ 1.43 (1.05–1.94)
for premenopausal breast can-
cer
• RR (95%CI) for replace-
ment of one serving/day of total
red meat with one serving of
combination of poultry, fish,
legumes, and nuts ¼ 0.85
(0.74–0.96) for overall breast
cancer and 0.77 (0.64–0.92) for
premenopausal breast cancer

Fruit and
vegetable

First author Smith-Warner SA [11] Farvid MS [44]

No. of
participants

89,046 women in the NHS I
(a) and 68,817 women in the
NHS I (b)

44,223 premenopausal women

No. of breast
cancer cases

1023 cases in the NHS I (a) and
1638 cases in the NHS I (b)

1347 cases

Follow-up
period

1980–1986 in the NHS I (a) and
1986–1996 in the NHS I (b)

1998–2013

Results • RR (95% CI) for 100 g/day
intake increment of total
fruits ¼ 0.98 (0.95–1.02) NHS I
(a) and 0.98 (0.95–1.01) NHS I
(b)
• RR (95% CI) for 100 g/day
intake increment of total vegeta-
bles ¼ 1.01 (0.95–1.07) NHS I
(a) and 1.01 (0.98–1.05) NHS I
(b)

• RR (95% CI) for the
highest vs. the lowest of total
fruit intake ¼ 0.75 (0.62–0.90).
• RR (95% CI) for the
highest vs. the lowest of total
vegetable intake ¼ 0.85
(0.71–1.01)

Dietary
fiber

First author Holmes MD [48] Farvid MS [45]

No. of
participants

88,678 women 44,263 premenopausal women

No. of breast
cancer cases

4092 cases 1118 cases

Follow-up
period

1980–1998 1998–2011

(continued)
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of non-breast cancer deaths in observational studies of breast cancer survivors. The
US Nurses’ Health Study (NHS), a large cohort study of female nurses from 11 US
states, found that adherence to healthy dietary guidelines, the Dietary Approaches to
Stop Hypertension (DASH) and the Alternative Healthy Eating Index (AHEI)-2010,
after breast cancer diagnosis was associated with reduced risk of non-breast cancer
mortality in women with breast cancer, but not with the risk of breast cancer death or
recurrence [52]. Similarly, other cohort studies found a lower risk of death from
non-breast cancer causes with healthy dietary pattern [58, 61, 62]. Inflammatory
potential of diet after breast cancer diagnosis was associated with mortality from
cardiovascular disease, but not with breast cancer-specific mortality or all-cause
mortality among women diagnosed with invasive breast cancer in the Women’s
Health Initiative (WHI) [67]; compared to high inflammatory diet, low inflammatory
diet (low vs. high quartile) had a 56% lower risk of cardiovascular disease mortality
among breast cancer survivors.

29.3.2 Soy Products

A recent pooled analysis of three cohort studies (Life After Cancer Epidemiology,
Shanghai Breast Cancer Survival Study, and Women’s Healthy Eating and Living)
suggested a potential benefit of consuming soy products for breast cancer survival;
hazard ratio (HR)s (95% CIs) for comparing �10 mg/day of isoflavones vs. <4 mg/
day were 0.87 (0.70–1.10) for all-cause mortality, 0.83 (0.64–1.07) for breast
cancer-specific mortality, and 0.75 (0.61–0.92) for breast cancer recurrence
[68]. In that study, the inverse association was slightly stronger among women
with ER� breast cancer. When stratified by tamoxifen use, although the test for
interaction was not statistically significant, an inverse association between isofla-
vone intake and breast cancer recurrence was stronger for tamoxifen users than
non-users. The Breast Cancer Family Registry, containing 6235 women with breast
cancer enrolled, found that post-diagnostic isoflavone intake reduced the risk of
all-cause deaths [69]. Two Chinese cohort studies of breast cancer survivors in
which investigators examined a larger contrast of soy product intake compared to
Western studies observed an inverse association of isoflavone intake with breast

Table 29.1 (continued)

Dietary
factors

Study
Characteristics

Dietary intake during mid-life or
later adulthood

Dietary intake during
adolescence

Results • RR (95% CI) for the
highest vs. the lowest quintile of
total fiber intake ¼ 0.98 (95%
CI: 0.87, 1.11)

• RR (95% CI) for the
highest vs. the lowest quintile
of total fiber intake ¼ 0.84
(0.70–1.01)

Investigators divided Nurses’ Health Study (NHS) I into two studies; NHS I (a) and NHS I (b)
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Table 29.2 Intervention and prospective cohort studies regarding post-diagnostic diet and breast
cancer survival

Intervention study

Study name Location Design arti-
cle or exam-
ple article

Baseline number of
breast cancer
survivors

Intervention

Women’s Interven-
tion Nutrition Study
(WINS)

US Chlebowski
RT et al. [49]

2437 Reduction in fat intake

Women’s Healthy
Eating and Living
(WHEL)

US Pierce JP
et al. [50]

3088 Increase in vegetable,
fruit, and fiber intake
and a decrease in die-
tary fat intake

Prospective cohort study

Study name Location Design arti-
cle or exam-
ple article

Baseline number of
breast cancer
survivors

Method and timing of
dietary assessment

DietCompLyf UK Swann R
et al. [51]

3159 FFQ at baseline for pre
and post-diagnosis
FFQs at 1-year, 1.5-
year, and every year
up to 6-year post-
diagnosis

Nurses’ Health
Study (NHS)

US Izano MA
et al. [52]

More than 2000
(increasing across
time because new
cases occur during
follow-up)

FFQs at various time
points before and after
diagnosis

Health, Eating,
Activity, and Life-
style (HEAL)

US Belle FN
et al. [53]

1183 FFQ at 24 months after
diagnosis

Shanghai Breast
Cancer Survival
Study (SBCSS)

China Shu XO et al.
[54]

5042 FFQs at 6-, 18-, 36-,
and 60-month post-
diagnosis

Women’s Healthy
Eating and Living
(WHEL)

US Caan BJ
et al. [55]

3088 FFQ at baseline post-
diagnosis

Life After Cancer
Epidemiology
Study (LACE)

US Caan B et al.
[56]

2321 FFQs at baseline post-
diagnosis

Collaborative
Women’s Longev-
ity Study (CWLS)

US Beasley JM
et al. [57]

5791 FFQ (42% of women
completed within
5 years of diagnosis of
breast cancer; range:
1–16 years)

Women’s Health
Initiative

US George SM
et al. [58]

More than 2000
(increasing across
time because new
cases occur during
follow-up)

FFQs administered, on
average, 1.5 years after
diagnosis

(continued)

29 Diet Before and After Breast Cancer 553



cancers-specific mortality [70] or with breast cancer recurrence among postmeno-
pausal patients [71]. A summary of the results is presented in Table 29.4.

29.3.3 Fruits and Vegetables and their Components

Total fruit and vegetable intake was not associated with breast cancer survival in
observational [57, 61, 72] and intervention studies [73]. A recent meta-analysis of
nine cohort studies and one randomized trial reported no associations between pre-
or post-diagnostic intake of vegetables and fruits and overall survival among breast
cancer survivors; HRs (95% CIs) of overall survival comparing the highest vs. the
lowest categories were 1.01 (0.72–1.42) for vegetables and fruits combined, 0.96
(0.83–1.12) for vegetables alone, and 0.99 (0.89–1.11) for fruit alone [74]. In a
randomized controlled trial of the Women’s Healthy Eating and Living Study,
an intervention that promoted a diet high in vegetables, fruits, and fiber and low in
fat did not improve breast cancer prognosis [50]. Also, the After Breast Cancer
Pooling Project did not support any association between cruciferous vegetable intake
after diagnosis and breast cancer prognosis [75].

Although the evidence does not suggest benefit of overall fruit and vegetable
intake for breast cancer prognosis, the results regarding components abundant in
fruits and vegetables are mixed. The Women’s Healthy Eating and Living (WHEL)
study found that plasma levels of total carotenoids, measured from blood samples
during the baseline visit, were inversely associated with breast cancer recurrence
among women with a history of early-stage breast cancer [73]; HR (95% CI) was
0.57 (0.37–0.89) for the highest vs. the lowest quartiles of plasma total carotenoid
levels. However, intakes of carotenoids were not associated with breast cancer
prognosis in other observational studies [57, 72].

The association between dietary fiber intake and breast cancer survival was
examined in several cohort studies of breast cancer survivors. These studies reported

Table 29.2 (continued)

The Pathways
Study

US Kwan ML
et al. [59]

1539 FFQs at baseline,
6 and 24 months after
baseline

After Breast Cancer
Pooling Projecta

US and
China

Nechuta SJ
et al. [60]

More than 18,000
(increasing across
time because new
cases occur during
follow-up)

FFQs after diagnosis

American Cancer
Society’s Cancer
Prevention Study-II
(CPS-II) Nutrition
Cohort

US McCullough
ML et al.
[61]

2152 FFQs after diagnosis

aAfter Breast Cancer Pooling Project is a collaborative work of SBCSS, LACE, WHEL, and NHS
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Table 29.3 The association between dietary patterns and breast cancer survival

Authors,
year

Study
name Location

Baseline
number of
women with
breast cancer

Follow-up
period Results

Kwan ML
et al. [62]

LACE US 1901 Median
follow-up
of
3.17 years

Healthy dietary pattern
was associated with
improved overall survival
and non-breast cancer
survival

Kroenke CH
et al. [63]

NHS US 2619 Median
follow-up
of 9 years

A higher intake of the
prudent pattern and a
lower intake of the West-
ern pattern were associated
with lower risk of death
from causes other than
breast cancer

Izano MA
et al. [52]

NHS US 4103 Median
follow-up
of
112 months

Healthy dietary choices
after breast cancer were
associated with reduced
risk of non-breast cancer
mortality

Kim EH
et al. [64]

NHS US 2729 1978–1998
to 2004

A higher alternate Medi-
terranean Diet Score was
associated with a lower
risk of non-breast cancer
death in women with low
physical activity

George SM
et al. [65]

HEAL US 670 6 years Women consuming better
quality diets, as defined by
higher Healthy Eating
Index-2005 scores, had a
reduced risk of death from
any cause and a reduced
risk of death from breast
cancer

George SM
et al. [58]

WHI US 2317 Median
follow-up
of 9.6 years

Better quality diet had a
lower risk of death from
any cause and death from
non-breast cancer causes

Vrieling A
et al. [66]a

N/A Germany 2522 Median of
5.5 years

Increasing consumption of
an unhealthy dietary pat-
tern was associated with an
increased risk of
non-breast cancer
mortality

McCullough
ML et al.
[61]

CPS-II
nutrition

US 2152 Mean of
3.3 years

Diets consistent with
guidelines for cancer pre-
vention were associated
with non-breast cancer
mortality

Study abbreviations: LACE Life After Cancer Epidemiology Study, HEAL Health, Eating, Activity,
and Lifestyle, NHS Nurses’ Health Study; and CPS-II Nutrition American Cancer Society’s Cancer
Prevention Study-II Nutrition Cohort
aA follow-up of cases from a case-control study
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no statistically significant association with overall survival [53, 57] or with breast
cancer-specific survival [76], and a statistically significant inverse association with
overall survival [72, 77] or with recurrence among women with late stage breast
cancer [78].

29.3.4 Fats

The possible link between total fat intake and breast cancer survival has long been the
focus of attention. However, the evidence remains inconclusive [79]. For types of
fat, several cohort studies examining the associations between intakes of saturated
fat, unsaturated fat, and trans-fat and breast cancer-specific and overall mortality
among breast cancer survivors had inconsistent findings. The Collaborative
Women’s Longevity Study reported an increased risk of overall mortality with
increasing intakes of saturated fat and trans-fat, but no association for mono- or
polyunsaturated fat intake [57]. Other studies have reported no statistically signifi-
cant associations [72, 76] or increased risk of all-cause mortality for increasing
saturated fat intake [77, 80], A U-shaped association has been reported for the poly-
unsaturated to saturated ratio [81]. Marine fatty acids from food were associated with
a reduced risk of recurrences and deaths in the in the Women’s Healthy Eating and
Living (WHEL) Study. Women with higher intakes of EPA and DHA from food had
a 28% lower risk of breast cancer recurrence (HR comparing top vs. bottom
tertiles ¼ 0.72 (95% CI ¼ 0.57–0.90)) and 41% lower risk of all-cause mortality
(HR comparing top vs. bottom tertiles ¼ 0.59 (95% CI ¼ 0.43–0.82) [82]. Further
research is warranted on omega-3 fatty acids.

29.3.5 Vitamin D

Vitamin D has been hypothesized to decrease cancer risk from ecologic [83] and
observational studies [84] because of its anti-carcinogenic properties, including
inhibition of angiogenesis and proliferation and promotion of differentiation and
apoptosis. Goodwin PJ et al. reported that breast cancer survivors with low prog-
nostic levels of 25-hydroxyvitamin D (<50 nmol/L), a good indicator of vitamin D
status, had 1.71 times higher risk of distant recurrence and 1.60 times higher risk of
death compared to those with sufficient levels (�72 nmol/L) [85]. A meta-analysis
involving five studies of 4413 women with breast cancer reported that pooled hazard
ratios (95% confidence intervals) comparing the highest with lowest categories were
0.62 (0.49–0.78) for all-cause mortality and 0.58 (0.38–0.84) for breast cancer-
specific mortality [86].
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29.3.6 Dietary Supplement

Cancer survivors tended to use dietary supplements more than general populations,
and the prevalence of dietary supplement use was relatively higher in breast cancer
survivors than survivors of cancer in other sites [87, 88]. The American Cancer
Society guidelines suggests that taking a dietary supplement should be considered
only when there is a nutrient deficiency and cancer survivors need to obtain nutrients
mainly from dietary sources [89]. Evidence for dietary supplements improving
prognosis after a cancer diagnosis is lacking. For example, the After Breast Cancer
Pooling Project suggested a better prognosis with vitamins C and E, but an attenuated
association of vitamins C and E with recurrence after mutual adjustment [90].

29.4 Research in Asia

Breast cancer in Asian individuals has a different profile than breast cancer in West-
ern individuals. For example, the incidence of newly diagnosed breast cancer was
the highest among women aged 40–49 years and the median age at diagnosis was
50 years in Korea, which is younger than Western women [91]. Given that Asian
women have different patterns of breast cancer compared to Western women and
breast cancer incidence is predicted to continue to increase in Asian regions, it is
important to identify a healthy diet after diagnosis that is customized to Asian
women.

However, evidence on the effect of diet on breast cancer survival in Asia is
limited. The Shanghai Breast Cancer Survival Study [54] and a few Chinese [70, 71]
and Japanese hospital-based study [92] have examined the relationship between
dietary factors and breast cancer prognosis among breast cancer survivors. Soy
products and isoflavones are of particular interest in Asian studies because these
foods are widely consumed in Asia. This research has contributed to the under-
standing of the roles of soy products and isoflavones in breast cancer prognosis
[54, 70, 71]. A few cross-sectional studies or small scale intervention studies
reported on diet and quality of life among breast cancer survivors in Korea [93–
95]. However, these studies warrant further prospective cohort and large-scale
intervention studies to provide evidence on how Korean diet and dietary behaviors
affect breast cancer survival.

29.5 Future Research Direction

Breast cancer is a major and emerging health problem in both developed and
developing countries. The high incidence and prevalence of breast cancer and
improved cancer treatment require a better understanding of breast cancer risk
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factors and lifestyle management for breast cancer survivors. Given that a few,
limited cohort studies suggest that diet in early life may play a critical role in breast
cancer development, further long-term follow-up studies are needed. The effects of
pre- and post-diagnostic diet on quality of life, recurrence, and mortality among
breast cancer survivors need to be characterized. In particular, little is known about
dietary guidelines for Asian breast cancer survivors, who have different diagnostic,
genetic, and anthropometric profiles from Western women. Survival strategies for
breast cancer survivors may differ by genetic profiles and treatment type, but data on
interaction factors are sparse. In conclusion, identifying the role of diet in breast
cancer prevention and prognosis and its interaction with clinical and genetic factors
remain important as the global burden of breast cancer is increasing.

29.6 Summary

The global burden of breast cancer is increasing and it is a major and emerging health
problem in both developed and developing countries. Therefore, identifying the role
of diet in breast cancer prevention and prognosis and its interaction with clinical and
genetic factors are of great importance.
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Chapter 30
Current Trends in and Indications
for Endoscopy-Assisted Breast Surgery
for Breast Cancer

Hyukjai Shin

Abstract Endoscopic oncoplastic breast surgery represents a minimal invasive
approach with the aim of both safe excision of cancer and preserving the breast
shape. It has less noticeable scar, excellent cosmetic outcomes, high patient satis-
faction rate. Recently, relative long-term follow-up results have been reported to be
very safe (Soybir and Fukuma, J Breast Health 11:52–58, 2015; Fan et al., Chin Med
J 122:2945–2950, 2009; Jiang, Zhonghua Wai Ke Za Zhi 45:439–441, 2007).

Operative techniques for both endoscopic breast-conserving surgery and endo-
scopic nipple/areola/skin-sparing mastectomy have been described in detail. Two
different working planes in which one of them is subcutaneous and the other one is
sub-mammary planes are being used during the surgery. Surgical technique needs
some instruments such as endoscopic retractor, light guided specific mammary
retractor, wound protector, and energy device such as bipolar scissor, Harmonic
Scalpel, LigaSure, Thunderbeat. Endoscopic breast retractors provide magnified
visualization and extensive posterior dissection facility. Tunneling method and the
hydro-dissection simplify the technique in the subcutaneous field (Soybir and
Fukuma, J Breast Health 11:52–58, 2015; Fan et al., Chin Med J 122:2945–2950,
2009). Oncoplastic reconstruction techniques are also applied after the tumor resec-
tion by endoscopic method. The complication rate of endoscopic breast surgery is
similar with the rate of open breast surgery. Quite successful local recurrence, distant
metastasis, and overall survival rates have been declared. However, it looks reason-
able to wait for the results with longer follow-up before having a judgement about
oncologic efficiency and safety of the endoscopic breast cancer surgery (Tamaki
et al., Nihon Geka Gakkai Zasshi 103(11):835–838, 2002; Leff et al., Breast Cancer
Res Treat 125(3):607–625, 2011; Fukuma, Nihon Geka Gakkai Zasshi 116
(5):316–319, 2015).

Recently some surgeons reported about robotic nipple sparing mastectomy and
immediate breast reconstruction with Gel implant procedure. Nevertheless, experi-
ence with application of a robotic surgery platform in the management of breast
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cancer is limited. From the preliminary experiences, R-NSM and IBR with Gel
implant is a safe procedure, with good cosmetic results, and could be a promising
new technique for breast cancer patients indicated for mastectomy (Lai et al., Ann
Surg Oncol 26(1):42–52, 2019).

Keywords Breast cancer · Endoscopic-assisted breast surgery · Oncoplastic
surgery · Nipple sparing mastectomy · Robotic nipple sparing mastectomy ·
Immediate breast reconstruction

30.1 Introduction

Historically, modified radical mastectomy was the preferred method for treating
operable.

Sentinel lymph node biopsy is now performed in most patients thereby sparing
the need for axillary lymph node dissection in clinical node negative patients.
Another important advancement in the field of breast surgery has been the develop-
ment of oncoplastic breast surgery, a breast-conserving technique that combines
wide tumor excision with immediate partial breast reconstruction using either
volume displacement or volume replacement techniques [1–3].

Sentinel lymph node biopsy is now performed in most patients thereby sparing
the need for axillary lymph node dissection in clinical node negative patients.
Another important advancement in the field of breast surgery has been the develop-
ment of oncoplastic breast surgery, a breast-conserving technique that combines
wide tumor excision with immediate partial breast reconstruction using either
volume displacement or volume replacement techniques.

Nonetheless, mastectomy is still indicated for some patients, especially for
women with large tumors or multi-centric lesions. Fortunately, recent advances in
the field now allow for nipple sparing mastectomy with immediate breast recon-
struction to be performed, which results in much better cosmetic outcome and
quality of life than conventional mastectomy. Endoscopic surgery, a technique that
optimizes cosmetic outcome because it is performed through small wounds hidden
in inconspicuous areas, is widely used in the gastrointestinal, urologic, and thoracic
surgical fields. Endoscopy-assisted breast surgery, which is performed through
minimal axillary and/or peri-areolar incisions, was initially developed to facilitate
breast augmentation, but is now increasingly used to excise benign breast tumors,
resect malignant breast tumors, and to assist in SLNB. EABS has been shown to be
an effective breast-conserving technique for early breast cancer. In addition, endo-
scopic approaches can be used to perform skin-sparing mastectomy and NSM
followed by IBR with implants or autologous flaps. EABS is used as an alternative
to conventional surgery in select patients with early stage breast cancer in a few
Western countries and in some Asian countries, such as Japan, China, and Korea.
However, the use of EABS in the management of breast cancer has yet to become a
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mainstream treatment modality mainly because there is an absence of randomized
level I clinical evidence showing that EABS achieves oncologic outcomes equiva-
lent to open surgery [2, 4–7].

30.2 Endoscopy-Assisted Breast Surgery

30.2.1 Indication and Patient Selection

Breast-Conserving Surgery is performed for T1–T2 tumors. The skin, pectoral
muscle, and chest wall invasions are contraindications. It cannot be performed in
cases of multifocal tumors [8]. The exclusion criteria include tumor close to skin,
thoracic deformity, hemorrhagic diathesis, elderly age, poor health condition, and
patient’s reluctance towards this method. The other limitations of breast-conserving
surgery are applicable for this, as well. Some studies cited clinically positive axilla as
a contraindication. There are also studies limiting the technique to cases that would
have less than 20% of volume loss. If the potential loss of volume in the breast is
estimated at 20–40%, volume replacement techniques may be more appropriate in
place of volume displacement method.

EAO-BCS is rather targeted at Cup A and Cup B breasts. Also, the location of
tumor is important, too. For tumors located in the inner or lower part of the breast,
the spaces to emerge following excision have to be filled in via volume displace-
ments [9] through peri-areolar and axillary incision. Oil necrosis may be frequent
especially when reconstruction is performed with wide-ranging mobilization and
volume displacement in old patients with low breast density [2, 3].

Mastectomy Skin-sparing mastectomy and nipple�/areola-sparing mastectomy
can be performed with the assistance of endoscopy. Both techniques can be
employed in breast cancer, ductal carcinoma in situ, risk-reducing mastectomy,
large Phyllodes tumor, and benign breast diseases that would require mastectomy.
When mastectomy is required, EA-NSM is preferred with priority. The patient
selection criteria are the same as in open surgery [10, 11].

For endoscope-assisted subcutaneous mastectomy, the skin, pectoral muscle, and
chest wall invasions are contraindications. Tumor that is close to skin, inflammatory
cancer, thoracic deformity hemorrhagic diathesis, elderly age, poor health condition,
and the patient’s reluctance towards the method are accepted as exclusion criteria.
Large <Cup C or above> breast and breasts that are too flabby are not eligible for
EASM. As for EA-NSM, the other exclusion criteria reported in the literature are as
follows: tumor larger than 3 cm, tumor that is more than 2 cm near the tumor,
bleeding nipple, tumor near the area under the nipple, Paget’s disease, and large
central tumor. Furthermore, clinically positive axilla, local recurrence and tumor
with negative estrogen and progesterone receptors with a high potential for distant
metastasis are accepted as exclusion criteria in many clinics. No consensuses are
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present for patients that would receive preoperative or post-operative radiotherapy.
The results indicate that this technique can be performed in such patients [7, 11, 12].

30.2.2 Marking

30.2.2.1 Breast-Conserving Surgery

The projections of tumors or lesions on the skin are marked before surgery under
ultrasound guidance (Fig. 30.1). The excision margins are determined at 1–2 cm
away from the tumor margins. At the beginning of surgery, all-round color stain
injections are performed at the excision margins (Fig. 30.2). Since the blue stain is
generally used for marking sentinel lymph nodes, the marking should be done using
a stain that is not mixed with the blue stain in EAO-BCS. The stains used according
to the literature include Gentian Violet, Diagnogreen, Indigo Carmine, and

Fig. 30.1 Marking and
drawing on the breast. The
tumor margins (innermost),
excision margins (middle
ring), margins of dissection
and mobilization to be
performed in the anterior
and posterior sites
(outermost) and the lymph
node incision in the axilla
are shown

Fig. 30.2 Subcutaneous
stain injections at several
points on the excision
margins are seen
reconstruction
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Pyoctanin. Furthermore, these stains are used by being mixed with gel <1%
Lidocaine Gel or Xylocaine Gel> at a ratio of 1/1 in order to prevent the injected
stain from being absorbed and spreading [13].

30.2.2.2 Mastectomy

The projections of tumors or lesions on the skin are marked by drawings prior to
surgery. The all-round margins of breast tissue are also included in marking.
Furthermore, the marking of internal thoracic and artery branches on the breast in
the parasternal area would be beneficial for the preservation of blood flow during
dissection [6].

30.2.3 Incision

Axillary and peri-areolar incisions are the most frequently used incisions in both
mastectomy and breast-conserving surgery. The incision used in axilla is a generally
an incision that is 2 cm, which is made for sentinel lymph node, and it is used for
dissection performed in the posterior part of the breast. To create a skin flap, a peri-
areolar incision is used. In addition to this incision, an additional skin excision in the
shape of half moon is used to enlarge the incision, thereby facilitating the removal of
excised tissue through here. The site for peri-areolar incision is determined on the
basis of the location of tumor in the breast. The incision is kept at a size that is
approximately 2/5 of the perimeter of areola. Since work is done through a small
incision with EAO-BCS, the skin around the incision during the procedure may be
injured. To prevent this, a wound protector (Alexis; Hakko Co; Johnson & Johnson)
is used (Fig. 30.3) [14].

Although there are recommendations in the literature for mastectomy such as
long (5–10 cm), single axillary incision and lateral breast incision, these are not
currently used at an extensive rate. A comparative series demonstrated that 5.5 cm
axillary incision had superiority over open skin-conserving mastectomy. Peri-areolar
incision is performed laterally on the breast. This ensures facilitation in the place-
ment of implant or expander and in the creation of a pocket.

Another technique used in EASM is the endoscopic technique where trocars are
also used. With this technique, the working area is created via insufflation over a
single-port entry on a single axillary incision of 4–6 cm, and then an anterior site
dissection is performed followed by a posterior site dissection. In this series of
10 cases, the average operation time was reported as 250 min, rate of partial nipple
necrosis corrected with medical treatment as 30%, hematoma as 10%, and infection
as 10%.
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30.2.4 Posterior Dissection

Dissection in the retromammary space is performed between the posterior face of the
breast and the pectoral muscle (Fig. 30.4). Retractors with optical systems (Vein
Harvest, Ultra Retractor, Vein Retractor) are also used for blunt dissection while
bipolar scissors or electro-cautery is used for coagulation (Figs. 30.5 and 30.6).
Techniques for creating the work area using pre-peritoneal dissection balloon or
insufflation were used in the past as part of posterior dissection; however, they are
not preferred today [6, 14, 15].

In cases of Breast-Conserving Surgery, mobilization is performed in such a way
as to cover an area further beyond the tumor margins in order to facilitate especially
volume displacements. In cases that will undergo mastectomy, the dissection site is
consistent with the anatomic margins of the breast [2].

Fig. 30.3 The dissection
performed using special
lighted breast retractor in
deep sites while the skin flap
is prepared in the posterior
site is observed. Wound
protective material is also
used for areola dissection

Fig. 30.4 Endoscope
(retractor) is inserted
through the axillary incision
and the posterior site is
dissected with electro-
cautery as seen. Here,
endoscope is also used as a
retractor
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30.2.5 Anterior Dissection (Creation of a Skin Flap)

This dissection is performed between the breast and skin and peri-areolar incision is
used (Fig. 30.7). Before the dissection, injections of physiological saline solution
with Epinephrine at a ratio of 1/1,000,000 (approximately 150 cc) are administered
in this plane (Fig. 30.8). This technique is termed the “Tumescent Technique” or
“Hydro-dissection” and it not only facilitates dissection, but also ensures that they
are performed with less bleeding. Following the hydro-dissection, the dissection is
completed by using an optical system and bipolar scissors between the subcutaneous

Fig. 30.5 Dissection in the
posterior site is seen in the
monitor. Sharp dissection is
performed with a pair of
bipolar scissors in the plane
between the breast tissue
and pectoral muscle under
imaging guidance and the
breast tissue is mobilized

Fig. 30.6 Dissection using
a pair of bipolar scissors
under endoscopic guidance
in the posterior site is seen in
the monitor. The breast
tissue is mobilized in the
space between the breast
tissue and pectoral muscle
and at the edge of the
pectoral muscle in the outer
lateral side
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plane and the breast tissue (Fig. 30.9). Attention should be shown during dissection
to make sure that the flap is not too thin. Very thin flaps increase the potential for
ischemia and necrosis in the skin. For dissection, “harmonic scalpel” or electro-
cautery may also be used (Fig. 30.10). The flap is gently retracted using a special
lighted breast retractor (Mamma Retractor-Four Medics, Tokyo; Cold Light

Fig. 30.7 The periareolar
incision line is drawn before
anterior site dissection is
started. The incision
entrance will have been
slightly enlarged with a skin
incision in a half moon
shape

Fig. 30.8 Before starting
dissection in the anterior
site, injections of
physiological saline solution
with epinephrine at a ratio of
1/1.000.000 are performed
in the previously marked
mobilization area. This
procedure would ensure a
dissection that is not only
easy, but also causes
relatively less bleeding
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Retractor-Komagowa, Spain; Oral Retractor- TISE) in order to facilitate the
dissection.

Subcutaneous dissection is made easier by the tunnel method. With this tech-
nique, a multiple tunnel is opened using scissors on the subcutaneous plane in a
radial way towards the periphery from the nipple. Then, the septa between tunnels
are cut. One of the different methods employed as part of the tunnel method is the
creation of tunnels using bladeless trocars “Optiview, Bladeless Trocar, Endopath,
Visiport Plus” [1, 2, 8, 13, 14, 16].

One of the techniques for subcutaneous dissection, which is recommended in the
literature, yet has not been widely adopted in practice, is the use of traction sutures

Fig. 30.9 Working through
the periareolar incision, the
skin traction is ensured,
advancement in the
subcutaneous plane is made
and the breast tissue is
separated from the skin

Fig. 30.10 After the
completion of the
mobilization of skin flap in
the anterior site, the tumor
tissue has been excised in
line with the margins and
hemostasis control is
achieved in the tumor bed as
accompanied by endoscopy.
At the same time, breast
tissue with enough
mobilization for the volume
displacement procedure is
prepared
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placed on the skin to facilitate dissection or the use of needles stuck on the skin in
order to delineate the excision margins.

30.2.6 Specimen Excision and Reconstruction

Breast-Conserving Surgery The tissue that has been excised is removed through
the peri-areolar incision. Some surgeons use “Endo-catch” in order to remove the
specimen. The cavity is marked using clips. All the oncoplastic techniques used in
reconstruction can be employed here, as well. The most commonly used techniques
include the volume displacement, volume replacement, and filling techniques [1, 2, 13].

Volume Displacement This is the most commonly used technique. The breast
tissue that is mobilized by being removed over the pectoral muscle posteriorly and
from the skin anteriorly is pulled from both sides towards the cavity in the middle
under the guidance of imaging and stitched together using sutures. If plication
develops on the skin following volume displacement, skin mobilization is performed
on a wider area.

Volume Replacement If the excised tissue is 30% of the total breast or more or the
cavity that emerged cannot be closed with volume displacement, the latissimus dorsi
flap or lateral thoracic adipose tissue flap mobilized with endoscopic technique can
be brought to the cavity by working through the axillary incision [9, 17, 18].

Mastectomy For reconstruction after EASM, the methods that are employed in the
open technique are used. Reconstruction with implant is performed with priority. A
technique with dual or single procedure is preferred depending on the case or the
surgeon. During the EASM procedure, mastectomy is completed and then work is
done through the peri-areolar incision. An endoscopic retractor is used to start
dissection of the pectoralis major muscle from its lateral margin with the aid of
imaging, the area under the muscle is entered with sharp dissection and a pocket for
implant is created using an expander. An implant or expander is inserted in the
pocket through the axillary incision [1, 10, 11].

30.2.7 Operation Time

In general, longer times are reported for the endoscopic surgeries of the breast. The
operation times are closely related with the reconstruction technique that is used. The
endoscopic procedures performed at the beginning bring about an additional
30–40 min on average to the conventional surgical times. However, this time is
associated with the learning curve. Operation times equal to those of open surgery
when the learning process was completed have been reported.
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30.2.8 Cost

The increased cost is associated with the materials that are used. Single-use instru-
ments increase the cost. Re-usable instruments reduce the average cost. A study
reported that the essential setup cost of the system to be able to start endoscopic
breast surgery in addition to open surgery was $10,000. In another study where a
rough cost analysis was performed, the cost of endoscopic lumpectomy was reported
as $1150 and open lumpectomy as $500 [19, 20].

30.2.9 Cosmetic Results

Generally speaking, reasonable aesthetic results are reported with EAO-BCS. Two
studies reported better results as compared to open surgery. A significant difference
is achieved especially in terms of scars. For a comprehensive and objective assess-
ment, a 4-point-scoring aesthetic evaluation should be made, and the quality of life
should also be questioned. The assessment methods appropriate for this include the
“Breast Cancer-Specific Quality of Life Questionnaire” (EORTC-QLQ-BR23) or
“Patient Satisfaction Rate” (FACT-B) by EORTC (European Organization for
Research and Treatment).

In the “5-item” system, which is commonly used in cosmetic assessment
(ABNSW), the important assessment parameters include asymmetry, breast shape,
nipple shape, skin condition, and wound scar. The scoring is done using a 4-points
scoring system (excellent ¼ 3, good ¼ 2, moderate ¼ 1, poor ¼ 0). A score of
11 points in total or above is considered as good or excellent breast aesthetics.

The Japanese Breast Cancer Society, on the other hand, uses an 8-item classifi-
cation. The themes used include the breast size, breast shape, breast scar, breast
hardness, nipple and areola size, nipple and areola shape, nipple and areola color,
nipple and areola position, and inframammary groove condition. Every theme is
scored according to a 3-point system (good: 2 points, moderate: 1 point, poor:
0 points). In total, a score of 11–12 points is considered an excellent cosmetic result,
8–10 points good, 5–7 points moderate, and 0–4 points a poor cosmetic result. The
results of endoscopic-assisted breast surgeries are generally reported as minimal scar
and excellent cosmetic results. Kitamura reported an excellent result of 85% with the
endoscopic technique and of 60% with the open technique in a study comparing this
technique with open surgery. As for the questionnaire studies related to patient
satisfaction, it is seen that the majority of patients receiving EOSM are pleased
with the result [20, 21].
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30.2.10 Complications

The complications reported with endoscopic breast surgery are generally the same in
type and equal in rate with open surgery. Fan reported in his comparative series that
the complication rates were equal for endoscopic and open technique and that they
varied according to the surgical technique and type of reconstruction performed. The
most frequently encountered complication is the development of seroma. Superficial
or deep skin burns and ecchymoses due to the inadequate protection of skin are also
often encountered. The wound site infection rates range between 1% and 9% and
they are not higher than in open breast surgery. The infection rates are higher for
mastectomy and implant procedures. The requirement to remove the prosthesis due
to infection develops in approximately 10% cases where implants were used. When
the insufflation technique is used to create a surgical working area, subcutaneous
emphysema is often seen in the breast and surrounding tissues. Furthermore, asym-
metry, deformity, and skin plication may develop in the breast and nipples
depending on the reconstruction technique and procedure. There are no studies
comparing endoscopic breast surgery with open surgery in relation to post-operative
pain and the use of analgesics [14].

Nipple Necrosis It is one of the serious complications developing with EA-NSM.
The rates reported in the literature are in the range of 0–20%. Full or partial necrosis
may develop. The ratio of complete necrosis is below 10%. The reason why different
rates are seen in the literature is that the tissue left in the tissue with EA-NSM is
variable. No standard tissue thicknesses exist on which consensus has been
achieved. Leaving a tissue with a thickness of 5 mm on an area with a width of
2 cm has been recommended. Another factor influencing the rate of complications is
the use of cautery in dissection. For the dissection of the area below the nipple, the
use of scissors rather than cautery is recommended [11].

An important factor in nipple necroses that develop following EA-NSM is the
incision performed. Radial or lateral incisions should be preferred rather than medial
incisions. For transareolar incisions, nipple necrosis develops at the highest fre-
quency with a rate of 80%. Partial or full necrosis develops at a rate of 17% in peri-
areolar incisions and a rate of 4–8% in radial or inframammary incisions.

One of the factors effective in the development of nipple necrosis following
EA-NSM is the “coring” technique which is performed in certain centers. The tissue
under the nipple is completely excised by being cored with oncological concerns and
only the nipple skin is left behind. The rates of necrosis in cases where the nipple is
cored amounts to 40% and nearly 24% of them are complete necrosis.

The most important factors influencing nipple necrosis are the ones that pertain to
the patient. Patients who have diabetes, vascular disease, and smoke have higher
rates of nipple necrosis. Nipple necrosis secondary to perfusion disturbance in large
(Cup C and above) and overly flappy breasts also have higher rates. Most of the
nipple necrosis, especially partial ones, improve with medical treatment and do not
require excision.
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30.2.11 Loss of Sensation in the Nipple/Areola

The loss of sensation in the skin, nipple, and areola following endoscopic breast-
conversing surgery is rare. It is reported to generally improve in a period of 6 months
to 1 year in patients receiving mastectomy [14].

30.2.12 Loss of Blood

In the initial periods when endoscopic technique entered into use, Kitamura reported
that the endoscopic mastectomy group had more bleeding in his study where he
reported the early results. In the consequent years, three different studies were
performed in relation to intraoperative bleeding and post-operative drainage with
the EASM technique and no differences were found between endoscopic and open
methods. A study where reconstruction was made using the filling method following
EAO-BCS found that bleeding was lower than with the open method.

30.2.13 Oncological Results

Breast-Conserving Surgery Rates that are equal to those of open surgery are
reported with respect to local recurrence, distant metastasis, and overall survival
while certain studies report better oncological results. However, the average follow-
up durations are between 12 and 40 months and this is a rather short period to make a
clear decision about oncological results [7].

Local Recurrence There are six studies assessing local recurrence following
EAO-BCS. The studies where local recurrence is cited in the range of 0–4% have
average follow-up durations of 12–38 months. Nakajima specified tumor size as a
risk factor for local recurrence in EAO-BCS with local recurrence rates of 3.7% for
T1 tumors and 5.1% for T2 tumors in his series. To date, local recurrence on peri-
areolar or axillary incision in any of the EAO-BCS cases has not been reported [22].

Distant Metastasis Three studies related to the development of distant metastasis
in patients who received EAO-BCS have been reported. In the study with an average
follow-up period of 40 months, it was reported that the distant metastasis rate was
associated with the tumor diameter. In a study with 244 cases, no differences were
found in terms of distant metastasis among patients undergoing EAO-BCS and open
surgery. Another study citing a metastasis rate of 10%, distant metastasis was
attributed to the high axillary involvement ratio (41%) and high tumor load was
blamed [22].

Overall Survival Five studies related to overall survival in patients undergoing
EAO-BCS have been reported. The follow-up periods of the studies are short, but the
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results look excellent. A study citing data sorted by the tumor diameter reported an
overall survival rate of 97.3% for T1 tumors and 95.7% for T1 tumors. Another
study demonstrated that there were no differences in terms of survival among State I
and Stage II patients who underwent EAO-BCS [22].

Mastectomy As in the open nipple-conserving mastectomy technique, discussions
on the oncological risk of breast tissue left behind the nipple with EAO-BCS are also
ongoing [9]. The collection and examination of biopsy from the tissue under the
nipple during EAO-BCS constitutes a method that is rather widely implemented.
However, suspicion of tumor or marginal positivity at the nipple are identified at
rates amounting to 9% in the paraffin wax cross-sections in post-operative period in
spite of this procedure, which may require these cases to undergo nipple excision in
the aftermath. There are also studies recommending radiotherapy during or after
surgery for the breast tissue remaining behind the nipple.

Local Recurrence Eight of the published papers cited the local recurrence rates. No
recurrences were reported in studies with an average follow-up period of 2 years on
average and in non-prospective studies. It is obvious that studies with longer follow-
up periods are required in the light of studies indicating that recurrence is increased
especially after the third year. A non-randomized study compared EASM and open,
skin-conserving mastectomy cases in terms of local recurrence and it was reported
that none of the cases had recurrence. Another study compared EASM and open
breast-conserving surgery and no was demonstrated with the rate being 1.9% for
open breast-conserving surgery and 8% for EASM [14].

Distant Metastasis Three studies in the literature cited distant metastasis rates and a
rate in the range of 4.5–10% with the longest follow-up period being 38 months was
reported. No differences in terms of distant metastasis were identified among EASM
and open skin-conserving mastectomy patients in 2 studies with 143 patients in
total [14].

Overall Survival One of the studies where EASM was performed and overall
survival was reported, no significant differences were identified between EASM
and open skin-conserving mastectomy. In other studies, a survival rate of 100% was
reported for EASM with an average follow-up period of 12 months to 4 years [19].

30.2.14 Advantages

The most important advantages of endoscopically assisted breast surgery are “less
scar,” “better cosmetic,” and “more patient satisfaction” [8].
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30.2.15 Disadvantages

Longer Operation Time The reason behind is that work is done on a more limited
surgical site. Furthermore, an influencing factor is that it is a new technique and
requires training. The learning period also influences the learning period. The
“Tumescent Technique” reduced the operation time.

Additional Cost EASM technique requires a new group of instruments and mate-
rials. The single-use instruments used in other laparoscopic surgeries have not yet
been approved for endoscopic breast surgery. This deficiency creates a cost- and
legislation-related problem in the implementation of this technique. For the solution,
simple and re-usable instruments should be developed for the field of endoscopic
breast surgery. In five studies reported in the literature, re-usable endoscopic retrac-
tors were used [4, 6, 15, 22, 23].

30.3 Robotic Nipple Sparing Mastectomy

Robotic surgery, which incorporates a three-dimensional imaging system, as well as
flexibility of the robotic arm and instruments, has been increasingly used in different
fields of surgeries. Robotic nipple sparing mastectomy (R-NSM), which introduces
the da Vinci surgical platform through a small axillary wound to perform NSM with
or without IBR, was reported to have the potential to overcome the technique
difficulty of E-NSM, showed promising cosmetic outcome. In Hung-Wen Lai’s
study, they report on the preliminary experience and clinical outcome of the
R-NSM and IBR with Gel implant procedure in breast cancer patients [24].

In their results, a total of 22 patients who received 23 R-NSM and IBR with Gel
implant procedures were analyzed. The mean operation time for R-NSM was
118.8 � 50.6 min, and 74.5 � 26.6 min for Gel implant reconstruction. Docking
time quickly dropped from 20 to 6–8 min, and the time needed to complete R-NSM
was usually completed within 100 min after accumulation of case experience. Mean
blood loss was 37 � 38.2 mL, and the positive surgical margin rate was 0%. Three
(13%) patients had transit nipple ischemia change, and no total nipple-areolar
complex necrosis cases were observed. No local recurrence or mortality was found
during a mean 6.9� 3.5 months of follow-up. All 22 patients were satisfied with the
post-operative aesthetic outcome.

From their preliminary experience, R-NSM and IBR with Gel implant is a safe
procedure, with good cosmetic results, and could be a promising new technique for
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breast cancer patients indicated for mastectomy. Women with small- to medium-
sized breasts, node negative, and tumor located in the upper outer quadrant, with
adequate skin to tumor distance (3 mm), are good candidates for R-NSM
(Fig. 30.11).

The two main limitations of R-NSM were the longer operation time and the
higher cost of robotic surgery. We observed that 10–12 cases were needed to
decrease the robotic mastectomy time and, after that, R-NSM could usually be
completed within 100 min, which was close to the conventional NSM operation

Fig. 30.11 Cartoon pictures to depict robotic nipple-sparing mastectomy and immediate breast
reconstruction with Gel implant. (a) Hydrodissection with subcutaneous injection of saline solution
(containing adrenaline and lidocaine) was performed in the whole breast to minimize bleeding. A
physiological saline solution containing lidocaine 0.05% and epinephrine 1:1,000,000 was used in
the current study. (b) Injection of jelly containing methylene blue as a guide to mark the boundary
of resection. (c) Insertion of a single port, and robotic surgical platform with the da Vinci Si system
(video camera, monopolar scissor, and ProGrasp forceps). (d) Subcutaneous skin flap dissection
was performed by dissection between the skin flaps and breast glandular tissue. The septa between
the skin flap and parenchyma were dissected using monopolar scissors. (e) Intraoperative
sub-nipple biopsy was performed by taking two separate specimens (inner and outer part) under
the nipple-areolar complex, which were sent for frozen section pathologic analysis. (f) Peripheral
dissection was performed using ProGrasp forceps and monopolar scissors for dissection of breast
tissue, and detached from the peripheral skin flap and chest wall. (g) Posterior subglandular
dissection was performed using ProGrasp forceps and monopolar scissors for dissection of the
plane between the pectoral muscle fascia and deep (inferior) part of the breast parenchyma. The
penetrating vessels were coagulated and cut with monopolar scissors to ensure a clear visual field
and to maintain hemostasis. (h) After completion of all the dissections, the entire breast specimen
was removed through the axillary wound. (i) Breast reconstruction was performed with dissection
of the subpectoral muscular pocket, which was formed by the pectoralis major, serratus anterior, and
fascia of the external oblique muscle, using ProGrasp forceps and monopolar scissors. The Gel
implant was inserted from the axillary wound and placed in the muscular pocket
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time. There is inevitable increase in cost when performing R-NSM compared with
conventional mastectomy. According to their estimation, it would cost US
$10,000–12,000 to perform an R-NSM and IBR with Gel implant procedure. The
cost of using the da Vinci surgical platform varied according to different institutions;
however, in his institution, approximately US $6000 per use was required. None-
theless, the cost effectiveness of robotic surgery in the management of breast disease
remains to be analyzed [24].

30.4 Conclusion

Endoscopy is commonly used in the gastrointestinal, thyroid and endocrine surgery,
urologic, and thoracic surgical fields but has yet to become a mainstream technique
in the field of breast surgery. This is mainly because of the limited working space, the
superficial nature of breast lesions, the low morbidity rate, and low levels of pain
associated with breast surgery. The longer operation time than conventional surgery
and the fact that breast tumors can commonly be accessed through small incisions
were also the reasons why EABS is not widely performed.

Although those are valid reasons for not performing EABS for early stage breast
cancer, which can be easily managed with partial breast excision followed by
radiotherapy, in patients for whom mastectomy is indicated, EABS is an ideal
surgery for cosmetic reasons because the wounds required for endoscopic surgery
are much smaller than those needed for conventional surgery and can be hidden in
inconspicuous locations.

The benefits of EABS with regard to incision size were more apparent in EATM
than EPM.

BCS for patients with early stage breast cancer typically does not result in large
scars. This might explain why EABS was more frequently performed in the setting
of total mastectomy than partial mastectomy over the past 6 years in Taiwan
(Fig. 30.13). However, compared with some oncoplastic breast surgery techniques
(e.g., racket incision, batwing incision, and the round block technique), EAPM
combined with volume displacement repair results in a smaller scar and better
cosmetic outcome (Fig. 30.12) [5, 7, 14, 16].

EATM can be performed through a minimal incision without removing the skin
envelope and NAC when there is no evidence of cancer cell invasion. This makes
immediate, one-stage breast reconstruction feasible in most circumstances.

In Taiwan’s EATM program, E-NSM was feasible in 74% of patients. Breast
reconstruction after mastectomy is becoming more common worldwide. We found a
similar increase in the use of EATM combined with IBR in their study (Fig. 30.13)
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Fig. 30.12 Operative photos taken for representative techniques for robotic nipple-sparing mas-
tectomy and immediate breast reconstruction with Gel implant. (a) An approximately 2.5–4 cm
oblique axillary incision was made for lymph node surgery and insertion of a port. The axillary skin
incision length depended on the size of the breast to be removed and the size of the Gel implant to be
inserted. From our experience, when a breast specimen weighs 300 g (approximate breast cup size
B), a 3.5 cm wound was usually sufficient; a breast specimen weighing 400 or 500 g (approximate
breast cup size C or D) would require a 4 or 5 cm wound to retrieve the specimen. (b) After creation
of the working space, the single port (Glove Port) was inserted over the operating axilla, and carbon
dioxide (CO2) inflation with air pressure was kept at 8 mmHg to create space for mastectomy. (c)
The robotic side cart (da Vinci) is positioned posterior to the patient, with the two robotic arms and
the endoscope extending over the patient in proximity to the ports. In this position, the arms are
aligned with the plane of the breast, nearly parallel to the floor, and the ports are docked to the
robotic arms. To prevent conflict during dissection, the elbows of robotic arms were opened as
much as possible. (d) Anterior skin flap dissection was performed by dissection between the skin
flaps and breast glandular tissue using the monopolar scissors. Intraoperative sub-nipple biopsy was
performed by taking two separate specimens (inner and outer parts) under the nipple-areolar
complex, which were then sent for frozen section pathologic analysis. (e) After mastectomy, the
specimen was removed from the axillary wound, and the submuscular pocket, which was formed by
the pectoralis major, serratus anterior, and fascia of the external oblique muscle, was then dissected
for prosthesis breast reconstruction. The ProGrasp forceps were used to lift the pectoralis major
muscles, and monopolar scissors were used for dissection of the submuscular space. By using the
single port with one-way gas inflation and gas deflation in the opposite direction, a circulation air
flow zone is created, which efficiently drains the smoke created when using monopolar scissors
during dissection. (f) Immediately post-mastectomy before reconstruction, the wound was small
and was hidden in the inconspicuous axilla region. (g) Immediate post-breast reconstruction
outcome result, front view. The cohesive Gel implant (or tissue expander when indicated) used
for breast reconstruction was inserted from the axillary wound and left in the subpectoral muscular
pocket. Two drains were usually left (one beneath the skin flap and the other over the submuscular
pocket).The drains were removed during the outpatient clinic follow-up, within 2 weeks
postoperation
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[7]. Breast reconstruction following EATM normally involves the use of a tissue
expander or implants (cohesive Gel or saline). E-NSM or E-SSM combined with
IBR involving autologous pedicle TRAM flap is uncommon. In Taiwan’s previous
study, they found that EATMwith autologousTRAMflap is a safe procedure and that it
results in acceptable cosmetic outcome in women with early stage breast cancer.

During the six-year study period, we found a marked increase in the number of
E-NSM procedures combined with reconstruction with Gel implants (Fig. 30.13).
For women with small- to medium-sized breasts, BCS followed by radiotherapy, in
some conditions, may not render a satisfying cosmetic result. E-NSM with IBR
(Fig. 30.12) might provide an alternative option for patients because it does not
involve radiotherapy and sometimes can result in better cosmetic outcome. This
might explain why the number of EPM procedures decreased and the number of
E-NSM procedures combined with Gel implant or TRAM flap for reconstruction
increased during the study period (Fig. 30.13) [7].

Surgical margin, locoregional recurrence, distant metastasis, and overall survival
are the major concerns regarding the oncologic safety of EABS in the management
of breast cancer. Previous studies have demonstrated that EABS, either for BCS
(E-PM) or total mastectomy.

(EATM), with or without preservation of the NAC, combined with delayed or
immediate breast reconstruction, is associated with good cosmetic results and is
oncological safe.

Nonetheless, larger patient numbers and longer follow-up are needed to establish
the oncologic safety of the EABCS and E-NSM. Those from previous studies should
help promote this under-used surgical technique in the field of breast cancer
(Tables 30.1 and 30.2) [5–7, 10–15, 22, 24, 35].

Fig. 30.13 (continued) cancer of the left breast. R-NSM and SLNB were performed. Frozen biopsy
revealed metastatic carcinoma, and axillary lymph node dissection was performed. Left R-NSM and
IBR with Gel implant was performed. (e) Front view of the patient 3 months’ postoperation,
revealing bilateral breast symmetry. The nipple was well perfused, without sign of ischemia, and
the wound was well hidden over the axilla. (f) Left lateral view, taken 11 months postoperation and
after completion of a course of radiotherapy, showing that the wound was small and well hidden in
the inconspicuous axillary region. (g) Relation of operation time and case experience accumulation
in R-NSM and IBR with Gel implant. The ‘time for docking’ was defined as the time from the start
of the insertion of a single port to completion of the set-up of a da Vinci surgical platform. The ‘time
for R-NSM’ was defined as the time from set-up of a robotic surgical platform and starting skin flap
dissection with monopolar scissors to the completion of robotic mastectomy and removal of the
mastectomy specimen. The ‘time for breast reconstruction’ was defined as the time from removal of
the mastectomy specimen to completion of the Gel implant insertion. The ‘overall operation time’
was defined as the time from the start of the skin incision to the end of the wound closure. The
‘specimen weight’ was the weight of the removed mastectomy specimen. R-NSM robotic nipple-
sparing mastectomy, IBR immediate breast reconstruction, SLNB sentinel lymph node biopsy
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Chapter 31
Minimal Invasive and Individualizing
Management of the Axillary Nodes

Jun Won Min and Jihyoung Cho

Abstract The status of the axillary lymph nodes is one of the most important
prognostic factors for patients with breast cancer. For over 100 years, axillary
lymph node dissection was the standard approach to obtain and manage axillar
lymph node, but now, sentinel lymph node biopsy has become a standard approach
with less morbidity and equal accuracy in clinical node-negative patients. In addi-
tion, numerous studies are on the way to omit axillary lymph node dissection in
specific patient subgroups. The recent trials like the ACOSOG Z0011 showed the
evidence that omitting an ALND in patients with low burden nodal disease is safe in
patients receiving whole-breast radiation. To reduce the use of ALND is the goal to
consider when selecting an axillary management strategy.

Keywords Breast cancer · Axillary lymph node · Axillary lymph node dissection ·
Sentinel lymph node biopsy · Neoadjuvant chemotherapy

31.1 Introduction

In patients with breast cancer, the surgical management divides as breast and axillar
part. The surgical management of breast cancer has undergone continuous and
profound changes over the half decades. The recent trends have shifted from morbid
radical resections to conservative multimodal approaches. The goals of axillary
surgery are staging to decide the use and type of systemic therapy, and the
locoregional control. Axillary lymph node dissection (ALND) was the standard
approach of breast cancer throughout the last century, but has been largely replaced
over the past decade by sentinel lymph node (SLN) biopsy [1, 2]. SLN biopsy for
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breast cancer was first reported by Krag et al. in 1993 and Giuliano et al. in 1994
[3, 4]. Since SLN biopsy was developed, management of the axilla has been
evolving rapidly in recent years. Numerous studies have demonstrated that aggres-
sive surgical management of the axilla can be omitted for some breast cancer patients
with not only negative SLNB results but also positive SLNB results.

31.2 Sentinel Lymph Node Biopsy

The sentinel lymph node is defined by the first lymph node which receives lymphatic
drain from the anatomic site of the primary tumor [5]. The concept of SLN biopsy is
based on that the tumor status of the SLN reflects the tumor status of the nodal basin.
SLN biopsy was first introduced in the penile cancer and malignant melanoma
[6]. The feasibility of identifying SLN and the capability of SLN biopsy to accu-
rately predict the status of the entire axillary basin was demonstrated in 1994
[4]. SLN biopsy is performed using a blue dye or radioisotope, and the most
commonly used agents are isosulfan blue dye and filtered technetium sulfur colloid.
Numerous studies have shown that the combination of blue dye and radioisotope
increases the SLN identification rate. However, in only one prospective randomized
trial comparing the method, the number of cases done by an individual surgeon was a
most significant predictor of SLN identification regardless of the method [7].

31.3 Clinically Negative Axilla (cN0)

In AJCC cancer staging, clinical categorization of cancer is based on findings of
history, physical examination, and any imaging studies that are done [8]. Routine
preoperative axillary ultrasonography for staging of clinical lymph node is contro-
versial. Meta-analyses suggest that among patients who prove to have positive
nodes, clinically occult axillary nodal metastases can be detected in about half on
preoperative ultrasound evaluation [9, 10]. However, other studies suggest that
abnormal node appearance on ultrasonography did not meet criteria for ALND in
70% of cases [11], and a needle biopsy specimen found to be positive tumor triggers
an unnecessary ALND in 33% to 59% of cases [12]. Therefore, most guidelines do
not recommend routine preoperative ultrasound evaluation, and clinical trials exam-
ining alternatives to ALND have defined eligibility based on physical examination
alone.

In the clinically node-negative patient with invasive breast cancer, SLN biopsy
should routinely be performed for axillary staging. Multiple randomized controlled
trials have compared the overall and disease-free survival with the rate of identifi-
cation rate of SLN and false negative rate (FNR) between SLN biopsy along with
SLN biopsy plus ALND in patients with pathologically negative axilla. In most of
these trials, the rate of identification of SLN was � 95%, and the FNR ranging from
6.7% to 9.8% [2, 13–15]. The survival statistics from these trials showed the
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equivalent overall and disease-free survival rate to ALND, but associated with much
less morbidity [2, 13, 15–18]. These studies led to SLN biopsy replacing ALND as
the standard procedure in staging the axilla in clinically negative axilla patients.

31.3.1 Neoadjuvant Chemotherapy in cN0

The use of neoadjuvant chemotherapy (NAC) is increasing for patient with operable
breast cancer to allow less invasive surgery in the breast and axilla [19]. In early
studies about SLN biopsy after NAC, the accuracy of SLN biopsy was low,
identification rates ranging from 63% to 100%, as well as FNR ranging from 0%
to 33% [20, 21]. However, recently, various methods such as the use of dual tracer
have been developed and the accuracy has increased. Also, many studies examining
the accuracy of SLNB after NAC in patients with cN0 reported similar identification
rates and FNRs to those seen in the upfront surgery setting [22, 23]. A single
institution retrospective study of patients with cN0 and cN1 from Seoul National
University Hospital (SNUH) include 281 patients who underwent SLN biopsy
following NAC. The identification rate of SLNB after NAC was 93.6% and the
false negative rate was 10.4% [24].

The timing of SLN biopsy when the patients have the plan of NAC has been
debated extensively, with each approach having its advantages and disadvantages.
The strongest advantage of SLN biopsy before NAC is to provide accurate axillary
staging, which can be helpful to determine the loco-regional treatment, mainly
radiotherapy (RT). There is a population-based study, which compared SLN biopsy
in patients with cN0 axilla before NAC (n ¼ 980) and after (n ¼ 203) [25]. They
reported that a higher proportion of patients had a negative SLN biopsy when
assessed after NAC compared to before (67% vs. 54%, p ¼ 0.001) and had lesser
chance of undergoing ALND (33% vs. 45%, p ¼ 0.006). These results indicate that
SLN biopsy after NAC in patients with cN0 axilla is a feasible treatment option, and
additional axillary treatment is not necessary in those with negative SLN [25].

31.3.2 Positive Sentinel Lymph Node

In the clinically negative axilla patients, SLN biopsy is considered the gold standard
surgery for axillar management. If the SLN biopsy is positive for metastasis, then
axillary lymph node dissection is warranted, and if it is negative, no additional
axillary surgery is needed. However, many clinicians founded that the additional
metastatic lymph node was often not founded when ALND was subsequently
performed [26]. So, they designed the prospective randomized studies to investigate
whether ALND can also be omitted for some breast cancer patients with positive
SLN biopsy results. There were five randomized clinical trials with T1 or T2
clinically node negative breast cancers and one or two metastases in SLN that
compared with [1] ALND or no further axillary treatment (ACOSOG Z0011,
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IBCSG 23-01, AATRM) [27–30] or [2] ALND or axillary radiotherapy (AMAROS,
OTOASOR) [31, 32] (Table 31.1).

ACOSOG Z0011, OTOASOR, and AMAROS trials recruited patients with
limited macro-metastasis to the axilla. ACOSOG Z0011 study that was a phase
3 trial in which T1 or T2 patients undergoing breast-conserving surgery with one or
two positive sentinel nodes were randomized either to completion ALND (n ¼ 445)
or observation (n¼ 446). ACOSOG Z0011 reported no additional benefit in regional
control of the axilla for completion of ALND in this specific group of patients with
low recurrence risk (1.5% vs. 0.5%, p> 0.05) [28]. The study was criticized because
of lack of homogeneity in the whole breast radiotherapy tangents, early accrual
closure, and too many ER-positive patients. However, it remains a very well-
designed trial and the trial led to practice changing. AMAROS trial enrolled a patient
population similar with ACOSOG Z0011. The difference with ACOSOG Z0011 was
that mastectomy patients were included in AMAROS trial. They compared treating
SLN biopsy-positive patients with ALND versus radiation treatment to the axilla.
Five-year axillary recurrence was 0�43% ALND versus 1.19% after axillary radio-
therapy. This trial also reported no additional benefit of ALND compared to RT in
DFS (86.9% in the ALND group vs. 82.7% in the RT group, p ¼ 0.18) [31]. The
OTOASOR (Optimal Treatment Of the Axilla - Surgery Or Radiotherapy) trial
compared ALND to regional nodal irradiation in patients with SLN metastasis in
stage I or II breast cancer. Mean follow-up was 97 months. Axillary recurrence was
2.0% in ALND group vs. 1.7% in RTx group. Overall survival at 8 years was
77.9% vs. 84.8%, and DFS was 72.1% in ALND group and 77.4% after RTx group
[32]. In conclusion, these trials have provided data that SLN biopsy alone in patients
undergoing breast-conserving surgery found to have minimal disease burden in the
axilla (micrometastases, one or two positive lymph nodes) is not inferior to a
complete ALND. So, we can omit ALND in patients with low-burden axillary
disease undergoing breast-conserving therapy with adjuvant whole-breast radiation.

Table 31.1 Studies of axillary lymph node dissection versus other treatment (observation or Ax
RT) in cT1-2 N0 with one or two sentinel lymph node metastases

ACOSOG
Z0011 [28]

IBCSG 23-01
[29] AATRM [30]

AMAROS
[31]

OTOASOR
[32]

No. of patients 856 933 233 1425 474

Randomization Observation
vs ALND

Observation
vs ALND

Observation
vs ALND

Ax RT vs
ALND

Ax RT vs
ALND

Breast
conservation

100% 91% 88% 83% 84%

Size of SLN
mets (%)

50%
macromets

100%
micromets

100%
micromets

60%
macromets

68%
macromets

Follow-up 9.25 years 5 years 5.1 years 6.1 years 8 years

Additional
positive nodes

27.3% 13% 13% 32.8% 38.5%

Axillary
recurrence

ALND 0.5%
observation
1.5%

ALND 0.2%
observation
1%

ALND 1.0%
observation
1.7%

ALND
0.4%
Ax RT
1.2%

ALND 2%
Ax RT 1.7%

594 J. W. Min and J. Cho



However, an ALND should still be performed in patients who have three or more
positive sentinel lymph nodes, or have fixed matted nodes, and in patients who are
undergoing a mastectomy with any positive axillary lymph nodes. The POSNOC
trial is now recruiting patients with limited axillary disease and will provide more
reliable evidence on the comparison of axillary clearance vs. no further surgery to
axilla [33]. The trial contained the patients who undergo either breast conservation or
mastectomy. The trial can resolve the question whether ACOSOG Z0011 outcomes
are reproducible to patients undergoing mastectomy.

31.4 Clinically Positive Axilla

Patients with palpable and suspicious appearing lymph nodes on imaging at the time
of diagnosis should undergo needle biopsy or aspiration biopsy to confirm the
presence of cancer. Patients with lymph node proven as metastasis by core biopsy
or FNA are considered as clinically node-positive patients. In the presence of
palpable nodal metastases, the only option to avoid ALND is the use of neoadjuvant
chemotherapy (NAC). Although NAC does not improve survival compared with
adjuvant therapy, one of the significant benefits of NAC is to preserve the breast and
avoid the ALND after down-staging of the tumor [34]. The use of NAC has rapidly
increased in operable breast cancer, and the rate of nodal response to NAC has
reached up to 50–75% by the improvement of chemotherapy and targeted therapy
[24, 35]. The increasing use of NAC has raised the question about the accuracy for
patients who were clinically positive before NAC but became clinically negative.
There are three clinical trials that investigated the validity of SLNB after NAC for
those patients (Table 31.2). The ACOSOG-Z1071 trial enrolled 756 patients to
investigate the validity of SLN biopsy after NAC and the primary endpoint was to
determine the false negative rate of SLN biopsy with resection of at least two SLNs
[36]. The predetermined threshold for the trial was a FNR of <10%, and they failed

Table 31.2 Prospective studies of sentinel node biopsy after neoadjuvant chemotherapy in cN+
axilla

ACOSOG Z1071 [36] SENTINA [37] SN FNAC [38]

No. of patients 649 592 (cN+)a 153

Mapping Dual tracer (79%) Technetium required Technetium required

Pre-OP biopsy Yes Not required (25%) Yes

Nodal Pcr 41% 52% ypN0 35%

Identification rate (%) 92.7% 80.1% 87.6%

False negative rate (%) 12.6% 14.2% 9.6%

1 SLN 31.5% 24.3% 18.2%

2 SLN 21.1% 18.5% 4.9%

�3 SLN 9.1% 7.3%
a1737 patients enrolled in four-arm multicenter trial. 592 ARM C were cN+ to cN
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to meet the threshold by the overall FNR was 12.6%. However, in further subgroup
analysis, a significant reduction in the FNR was seen with the use of dual tracer
mapping (11% vs 20%) and with the removal of at least three SLNs (9%). The
SENTINA trial was the second prospective multicenter trial investigating SLNB
after NAC in patients, who were clinically positive in Germany and Austria between
2009 and 2012 [37]. The trial had four study arms, and one of them (arm C) had
592 clinically node-positive patients that converted to a clinically and ultrasound
node-negative axillar after NAC. They found an IR of 80.1% and an FNR of 14.2%.
They showed a lower FNR with the use of dual agents (8.6% vs 16.0%) and when
more SLN were removed (24.3% with one node, 18.5% with two nodes, and 4.9%
with at least three nodes). The last prospective multicenter trial was the SN-FNAC
study in Canada [38]. The difference from the two previous studies was that they
included patients with isolated tumor cells (ITCs) on immunohistochemistry in the
SLN as node positive. In this study, an IR of 87.6% and an overall FNR of 8.4% was
reported. They also showed that removing more SLNs was associated with a lower
FNR (18.2% with one SLN vs 4.9 with at least two SLNs). The use of dual tracers
decreased the FNR. These three studies demonstrated that SLNB can be safely
performed in patients who converted from node positive to clinically negative
after NAC with usage of dual tracer and removal of at least two SLNs. Additional
methods have been investigated to improve the FNR after NAC like [1] pre-NAC
clipping and removing the clip-bearing node [39] and [2] marking the axillary nodes
with radioactive seeds (MARI procedure) [40].

The last remaining question when performing only SLN biopsy after NAC was
the long-term outcome, especially local recurrence, in patients who convert from
clinically node positive to negative (SLN). All prospective studies required a back-
up ALND to calculate the FNR, the information on nodal recurrence was not
available from these studies. There is a multicenter retrospective study that we can
address the issue [41]. They reviewed the records of 1247 patients who had breast
cancer with clinically axillary lymph node-positive status and negative conversion
after NAC. They compared the axillary node recurrence and distant recurrence-free
survival with patients who underwent axillary operations with SLN biopsy-guided
decision (Group A, 428 patients) and who underwent complete ALND without
sentinel lymph node biopsy (Group B, 819 patients). The recurrence-free survivals
were not significantly different between Groups A and B (4-year axillary recurrence-
free survival: 97.8 vs. 99.0%; p ¼ 0.148).

At present, SLN biopsy after NAC for clinical node-positive patients is being
considered across dedicated breast units and is implemented in the last edition of the
NCCN guidelines (Level 2b) [42].
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31.5 Conclusion

The trend of management of axillar in breast cancer is moving toward less aggressive
surgery in the axilla and individualizing the surgical approach to the axilla. The
optimal approach to achieve this goal will depend on the type of breast surgery,
nodal status, tumor biology (hormone receptor and ERBB2/HER2 status), and
response to therapy.
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Chapter 32
Malignant Phyllodes of Breast

Cha Kyong Yom

Abstract Phyllodes tumors of breast (PTB) have been known to an uncommon and
particular disease to handle owing to diagnostic ambiguity and unpredictable clinical
outcome. Malignant phyllodes tumors (MPT) are diagnosed when there are marked
stromal hypercellularity, atypia, increased mitoses of �10/10 HPFs, permeative
tumor borders, and stromal overgrowth. The presence of a malignant heterologous
element (MHE) places the tumor into the malignant category regardless of other
histological features. Excision with negative margins should be achieved for recur-
rent and malignant phyllodes tumor. An ideal margin width remains to be deter-
mined, and may need to be considered in relation to factors such as tumor size and
cosmesis. Without the convincing evidence of survival benefit, adjuvant RT has
revealed more favorable local control rate compared with observation group. Stro-
mal expression of Twist and Foxc2, epithelial–mesenchymal transition marker, was
associated with high tumor grade and poor prognosis. Tumor-associated macro-
phage drives myoblast differentiation and malignant progression of PTB through a
CCL18-driven signaling cascade amenable to antibody disruption. Recent targeted
sequencing on PTBs provided insights into the molecular pathogenesis and genetic
characterization with potential clinical implications.

Keywords Malignant phyllodes tumors (of breast) · (Factors associated with)
distant metastasis · Risk stratification

32.1 Introduction

The term “phyllodes” originates from the latin root “Phyllodium”meaning leaf-like
depicting its appearance on microscopy. Its days would fade away like a leaf,
unfortunately, the reality to be faced tells a different story. Phyllodes tumor of breast
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(PTB) constitutes an uncommon but complex group of mammary fibroepithelial
lesions and is a biphasic breast tumor composed of cellular spindle stroma with
epithelial elements. Accurate and reproducible grading of these tumors has long
been challenging, owing to the need to assess multiple stratified histological param-
eters, which may be weighted differently by individual pathologists. Characteristics
of malignant phyllodes tumor of breast (MPT) different from benign and borderline
diseases can cause metastasis to other organs and there is no convincing adjuvant
treatment modality. One-fourth of PTBs are classified as malignant. However, the
clinical behavior of PTBs can be difficult to predict, as some MPT may never exhibit
metastatic behavior, while those that do metastasis have an extremely poor clinical
outlook. Therefore, well catch and organization of property and propensity of MPT
will make it possible to obtain treatment direction and policy. From a diagnostic and
management perspective, it is important to accurately recognize MPT, which should
be surgically eradicated and effectively treated at diagnosis, as these tumors have a
well-established but relatively infrequent risk of metastasis and death.

32.2 Review of Past Studies

32.2.1 Clinicopathological Features

The World Health Organization in 2012 revisited the division of subtypes of PTB. A
MPT shows marked stromal cellularity and atypia, has permeative margins, and has
mitotic activity of at least 10/10 HPFs. Stromal overgrowth is usually easily iden-
tified (Table 32.1) [1]. The perceived clinical relevance of grading PTBs is to predict
clinical behavior. Clinical presentations are often preceded by a rapid increase in size
but the growth rate has not been firmly associated with malignancy [2]. Although the

Table 32.1 Histologic features of phyllodes tumors (adopted fromWHO classification book 2012)

Benign Borderline Malignant

Tumor border Well-defined Well-defined, may be focally
permeative

Permeative

Stromal
cellularity

Cellular, usually mild, may
be non-uniform or diffuse

Cellular, usually moderate,
may be non-uniform or
diffuse

Marked

Stromal atypia Mild or none Mild or moderate Marked

Mitotic activity Usually few (<5 per
10 HPF)

Usually frequent (5–9 per
10 HPF)

Usually abun-
dant (>10 per
HPF)

Stromal
overgrowth

Absent Absent or very focal Often present

Malignant het-
erologous
elements

Absent Absent May be present
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guidelines may appear straightforward, their application can be fraught with
equivocacy. Furthermore, how the subdivisions for each microscopic parameter
interact to constitute the final grade is subjective. It is also not uncommon for PTB
to show intratumoral heterogeneity, and harbor features that typify benign lesions in
some areas, and characteristics of borderline and malignant lesions in other foci. (For
instance, a PTB with marked stromal atypia and brisk mitotic activity, but without
permeative margins or stromal overgrowth, may be considered by some pathologists
to be borderline, whereas others may regard the tumor as malignant, owing to
different weighting of the relevance of each feature, with prioritization of stromal
atypia.) A practical approach is to grade a phyllodes tumor as malignant when it
shows all of the histological changes of malignancy, and as borderline when not all
malignant characteristics are present [3]. Unexpectedly, grade progression during
local recurrence of PTB can occur. There have been several suggestions regarding
why this happens, including a lack of representative sampling of the initial tumor,
tumor heterogeneity with the presence of stromal subclones, and loss of stromal–
epithelial interdependency. Recurrence rates for MPT alone are reported as 23–30%
in the literature [4]. The mean time to recurrence of MPT is reported as
20.3 � 19.0 months [5]. PTBs show commonly hematogenous spread not
lymphogenic. The majority of the tumors metastasize to the lungs, followed by the
skeleton, heart, and then liver. It has been reported to involve almost all other organs.
Most patients with metastatic diseases dye within 3 years of initiation of treatment
regardless of the regimen [6]. How often do PTB metastasize, and do benign tumors
ever do so? Table 32.2 shows metastatic rates according to phyllodes tumor grades
that have been described by various authors. It may be reasonably inferred that
metastatic disease is a vanishingly rare occurrence in benign PTB, with the

Table 32.2 Metastatic rates in phyllodes tumors according to grade [3]

Authors (case number), publication year

Tumour grade, % (no.)

Benign Borderline Malignant

Chaney et al. (n ¼ 101), 2000 1.7 (1/59) 0 (0/12) 26.7 (8/30)

Chen et al. (n ¼ 172), 2005 0 (0/131) 0 (0/12) 10.3 (3/29)

Sotheran et al. (n ¼ 50), 2005 0 (0/29) 0 (0/12) 11.1 (1/9)

Abdalla et al. (n ¼ 79), 2006 3.2 (1/31) 11.1 (3/27) 28.6 (6/21)

Tan et al. (n ¼ 37), 2006 0 (0/22) 0 (0/9) 50 (3/6)

Cheng et al. (n ¼ 182), 2006 0 (0/138) 7.7 (1/13) 9.7 (3/31)

Belkacémi et al. (n ¼ 443), 2008 0 (0/284) 2.5 (2/80) 16.5 (13/79)

Lenhard et al. (n ¼ 33), 2008 0 (0/13) 0 (0/9) 27.3 (3/11)

Guillot et al. (n ¼ 165), 2010 0 (0/114) 0 (0/37) 14.3 (2/14)

Tan et al. (n ¼ 605), 2012 0 (0/440) 0 (0/111) 13 (7/54)

Jang et at. (n ¼ 164), 2012 0 (0/82) 0 (0/42) 10 (4/40)

Sawalhi et al. (n ¼ 42), 2013 0 (0/16) 0 (0/9) 35.3 (6/17)

Wang et al. (n ¼ 227), 2014 0 (0/125) 1.8 (1/55) 10.6 (5/47)

Bumpers et al. (n ¼ 50), 2015 0 (0/40) 0 (0/3) 28.5 (2/7)

Total 0.13 (2/1524) 1.62 (7/431) 16.71 (66/395)
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qualification that all tumors should be adequately sampled to account for
intratumoral heterogeneity. Conversely, metastatic behavior is an established risk
for MPT, albeit still uncommon, and pathological diagnosis should focus on accu-
rately identifying this group of tumors [3].

32.2.2 Surgery

The recommended NCCN guideline treatment of MPT is complete surgical excision
with 1 cm margins without sentinel lymph node biopsy. Mastectomy at the index
surgery is only recommended in the cases if the inability to adequately obtain 1 cm
margins or if changes in the cosmetics of the breast would be unacceptable to the
patient [7]. The backbone of PTB management has generally consisted of surgical
excision with wide margins of at least 10 mm. As convincing evidence for an
appropriate margin width in surgically excised PTB remains elusive, it may be
pragmatic to consider tumor on ink, or <1 mm as positive margin. Literature review
from 2009 to 2016 of 12 studies with overall 1702 patients shows that there is no
difference in recurrence rates between a 1 and a 10 mm margin. One millimeter is an
acceptable margin for benign PTBs. The recurrence rate increases if there is focal
margin involvement [8]. Taira et al. reported that a positive surgical stump was the
only independent predictor of local recurrence (LR) in multivariate analysis
(RR 0.086; 95% CI 0.01–0.743, p ¼ 0.012). Stromal overgrowth was a predictive
factor for LR in cases with a positive surgical margin ( p ¼ 0.014) [9].

To ensure a surgical margin of �1 cm for the effective treatment of all PTBs, a
second resection has been recommended, but is it indispensible to obtain negative
margins in all cases? PTB is still a problematic entity to identify those patients who
need reoperation to obtain negative margins to avoid LR. Our recent study about
reappraisal of conventional risk stratification for LR and optimal treatment based on
clinical outcomes gave a proposal to draw paradigm shift in the treatment of PTB.
We set out to determine the most appropriate surgical approach to PTB, especially
with regard to aspects involving the question of eliminating the need for reoperation.
Yom et al. retrospectively analyzed data on all 285 cases resected between June 1989
and December 2008 at the Department of Surgery of Seoul National University
Hospital and affiliated hospital. Surgical treatment was categorized as the vacuum-
assisted biopsy system (VABS), wide local excision, or mastectomy. The surgical
margin was defined as positive if the tumor was present at or close to (<0.1 mm) the
inked tissue edge on histological evaluation. The results show that mitoses
( p < 0.001) and tumor size ( p ¼ 0.021) were independent prognostic factors for
LR in multivariate analysis (Table 32.3). Neither margin status ( p¼ 0.758) nor type
of surgery ( p ¼ 0.922) had any significance for LR. In the risk stratification for LR,
PTB � 5 cm in size with �10 mitoses/10 HPF had the highest LR rate (55.6%)
compared with all other subgroups (p < 0.001) (Table 32.4). Our results also show
that margins <0.1 mm were not associated with greater LR ( p ¼ 0.773 for LR-free
survival compared with the �0.1 mm group). That is, a clear surgical margin of

604 C. K. Yom



0.1 mm is not inferior to a margin of 1 cm. Therefore, it is recommended a wide
excision and clear margin of 1 cm be ascertained in only small PTB with frequent
mitoses, if necessary by means of a second surgery, which could be considered in
order to avoid the risk of LR in this distinct and limited group [10].

Because of the infrequency of nodal disease in PTBs, most investigators do not
recommend routine axillary dissection [3]. Clinical lymphadenopathy has been said
to be present in 20% of patients, but true metastatic locally advanced disease in the
axilla is very rare although distant metastatic disease has been reported in up to 20%
of MPT [11].

Table 32.3 Local recurrence-free survival of phyllodes tumor of breast by Cox-regression

Subgroup of patients No recurrence Recurrence Univariate Multivariate

n % n % HR p value HR p value

Mitoses 0.012 <0.001

1–9/10 HPF 225 93.8 15 6.2

>10/10 HPF 20 80.0 5 20.0 3.647 10.282

Size (cm) 0.160 0.021

�5 212 87.9 19 12.1 4.237 12.500

>5 51 98.1 1 1.9

Operation 0.957 0.922

WLE 229 93.1 17 6.9

VABS 23 92.0 2 8.0 1.247 0.768 1.230 0.865

Mastectomy 13 92.9 1 7.1 1.055 0.959 0.658 0.709

Margin 0.886 0.758

Clear 202 93.1 15 6.9

Close/involvement 42 93.3 3 6.7 0.983 0.979 1.223

Yom et al. [10]
HR hazard ratio, HPF high-power fields, WLE wide local excision, VABS vacuum-assisted biopsy
system

Table 32.4 Local recurrence rate according to subgrouping by tumor size and mitoses (p< 0.001)
[10]

Tumor size (cm)

Mitosis

0–9/10 HPF �10/10 HPF

�5 Group 1 Group 2

N ¼ 204 LRR ¼ 6.9% N ¼ 9 LRR ¼ 55.6%

(14/204) (5/9)

>5 Group 3 Group 4

N ¼ 36 LRR ¼ 2.8% JV ¼ 15 LRR ¼ 0.0%

(1/36) (0/15)
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32.2.3 Radiation Therapy (RT)

Patients with MPT are routinely treated with surgery alone. Complete surgical
excision has high rates of local control and disease-free survival [11, 12]. However,
surgical resection alone yields long-term local control for the large majority of MPT
patients. Richard et al. reported that five-year actuarial local control rates for patients
with MPT treated by surgery alone were 91.2% in mastectomy and 79.4% in
lumpectomy. This study demonstrated that local control was related to tumor size
and type of surgery (Table 32.5). For mastectomy patients, local control rates exceed
85% for all patients except those with tumors >10 cm. For lumpectomy patients,
local control rates exceeded 85% only for those with tumors <2 cm [13]. Analyses
of LR for other malignancies such as breast cancer suggest that a 15% risk of LR
would seem an appropriate level of concern to consider adjuvant RT. Based on these
data, adjuvant RT should be evaluated for MPT patients if they underwent lumpec-
tomy for tumors at least 2 cm in size or mastectomy for tumors at least 10 cm in size.
The most persuasive role of RT is the adjuvant treatment for patients with positive or
close resection margin. One study demonstrated that the 5-year disease-free survival
rates were not different between BCS plus RT (tumor-free margin <1 cm) and BCS
only (tumor-free margin 1 cm) groups [14]. In a recent meta-analysis of updated
SEER 18 data (1983–2013), a total of 1974 patients with MPT were reviewed. Of
these, 825 (42%) and 1149 (58%) patients underwent mastectomy and BCS, respec-
tively. In each group, 130 (16%) and 122 (11%) patients with adverse risk factors
including high grade and large tumor size received postoperative RT. Age
(>50 years old), black ethnicity, tumor size (>5 cm), tumor invasion depth, and
LN positivity were significantly correlated with cancer specific death in the mastec-
tomy group while age and grade were significant in the BCS group. Neither
postoperative RT impact on cancer-specific survival (CSS) in multivariate analysis,
nor RT group was inferior to non-RT group on CSS even though RT group
contained more adverse clinicopathologic features than the counterpart regardless
the type of surgery [15]. Without the convincing evidence of survival benefit,
however, the administration of postoperative RT for MPT has increased, and
postoperative RT has revealed more favorable local control rate compared with the
observation group [16, 17]. If adjuvant RT is recommended, it would be reasonable
to use RT guidelines for soft tissue sarcomas. This might typically involve treatment
of the breast or chest wall to approximately 50 Gy in 5–5.5 weeks followed by a local
boost to the tumor bed (or mastectomy scar) for an additional 10–15 Gy in
1–2 weeks [13].

Table 32.5 Five-year actuar-
ial local control rates for
patients with malignant phyl-
lodes tumors of the breast
treated by surgery alone based
on tumor size and type of sur-
gery [13]

Tumor size Lumpectomy Mastectomy

0–2 cm 91% (n ¼ 23) 100% (n ¼ 16)

2–5 cm 85% (n ¼ 84) 95% (n ¼ 59)

5–10 cm 59% (n ¼ 24) 88% (n ¼ 51)

10–20 cm None 85% (n ¼ 32)

All cases 79.4% (n ¼ 169) 91.2% (n ¼ 207)
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32.2.4 Systemic Therapy

ER and PR positivity have been described in 58% and 75% of PTB, respectively, but
no defined benefit has been derived from hormone therapy [3]. Hormone receptors
have confirmed their presence in epithelial tissue of all types of PTB. Unfortunately,
the ER-β is the predominant receptor present rather than ER-α that is the most
common ER present in typical invasive ductal carcinoma of the breast. At this point,
hormone therapy has no role in the treatment of MPT and should be omitted [18–20].
Chemotherapy for MPT is controversial and there are no randomized clinical trials
assessing the role of adjuvant chemotherapy with the poor prognosis of metastatic
disease. In a large MPT, preoperative chemoembolization permits avoidance of skin
graft after surgery [21].

32.3 Current Evidence and Concepts

Tumor size has been shown to be associated with distant metastasis in several studies
that tumor size of >10 cm correlated with the development of distant metastases
[22]. Koh et al. reported that a combination of large tumor size (�90 mm) and the
presence of malignant heterologous elements (MHE) had a statistically significant
association with the development of distant metastasis. MHE were defined as
malignant mesenchymal components such as liposarcoma, rhabdomyosarcoma,
osteosarcoma, and chondrosarcoma. On multivariate analysis, large tumors harbor-
ing MHE are independently associated with poorer metastasis-free survival
(HR 2.434, 95% CI 1.041–12.517, p ¼ 0.049). The most common MHE was also
liposarcoma being documented in this series [23]. Heterologous sarcomatous differ-
entiation is a rare occurrence in PTB; its presence, however, immediately qualifies a
PTB as malignant, even in the absence of other malignant histologic features
[24]. The presence of a MHE such as liposarcoma, chondrosarcoma, or osteosar-
coma relegates the tumor into the malignant category regardless of whether other
histological parameters (stromal hypercellularity, atypia, mitotic rate, overgrowth,
and nature of tumor borders) show changes characteristic of MPT.

The stroma is the most important aspect of the pathologic characteristics as it
predicts the behavior pattern and metastatic potential of PTB. That is, the potentially
recurring and metastatic behavior of PTB is attributed to the characteristics of
stromall cells, mainly fibroblasts. Activated fibroblasts express the α-smooth muscle
actin (α-SMA) as a hallmark and is so-called as myofibroblasts. Myofibroblasts were
the major malignant component of PTB. The increased myofibroblast population
drives the tumorigenicity of PTB. In addition, α-SMA can serve as an independent
prognostic factor for PTB with better predictive values than histologic classification.
The fibroblasts–myofibroblasts transition in PTB is driven by the elevated miR-21,
whereas the mechanism of miR-21 upregulation and how it drives tumorigenicity of
PTB remain unknown [25].
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Epithelial–mesenchymal transition (EMT), an important process during embry-
onic development, is reportedly exploited during tumor progression. Aberrant
expression of EMT-related molecules has been shown in many malignancies. Lim
et al. reported that Twist and Foxc2 stromal nuclear expression was associated with
tumor grade ( p ¼ 0.038 and 0.012). Foxc2 stromal nuclear expression was posi-
tively correlated with tumor relapse and metastasis ( p ¼ 0.037). Furthermore,
stromal nuclear immunoreactivity of Twist and Foxc2 was interrelated
(p < 0.001). Tumors expressing Foxc2 and those co-expressing both Twist and
Foxc2 revealed a shorter time to recurrence (p < 0.001 and 0.001) and death
( p ¼ 0.044 and 0.015). Twist and Foxc2 stromal expression in PTB was signifi-
cantly correlated with tumor grade and worse histological features. In addition,
expression of Foxc2 and co-expression of Twist and Foxc2 in the stroma of PTs
contributed to poorer prognosis [26]. Other recent study supported these results that
expression of E-cadherin, Snail, Slug, and Twist were higher in epithelial cells from
borderline and malignant tumors than those in benign tumors, where the expression
of N-cadherin was apposite [27].

It is well established that tumor-associated macrophages (TAM) are one of the
most abundant cell type in tumor microenvironment, which are involved in tumor
metastasis and progression and a strong correlation between the increased TAMs
density and poor prognosis in several types of cancer including breast cancer
[28, 29]. Nie et al. report that TAMs induce myofibroblast differentiation and
promote the proliferation and invasion of the phyllodes tumor cells and CCL18 is
responsible for TAM-induced myofibroblast differentiation, proliferation, and inva-
sion. CCL18 upregulates miR-21 expression, thus inducing myofibroblast differen-
tiation via activating NF-kB, that is, promotes AKT activation in myofibroblasts
through NF-kB/miR-21/PTEN axis. M2 macrophage-secreted CCL18 accelerates
tumor growth, induces myofibroblast differentiation, and promotes metastasis of
PTB xenografts. TAMs are essential for driving myofibroblast differentiation (fibro-
myofibroblasts transition) in the malignant progression of PTB via the CCL18/NF-κ
B/miR-21/PTEN/AKT axis and targeting CCL18 is a promising strategy for treating
PTB (Fig. 32.1). In this study, in vivo findings show that blocking CCL18 with

Fig. 32.1 The working model of how macrophages release CCL18 to promote phyllodes tumor
tumorigenesis via NF-kB/miR-21/PTEN axis [30]
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neutralizing antibody effectively shrinks phyllodes tumors in mouse xenograft
models, which suggests that antagonizing the CCL18 signaling may emerge as a
promising strategy to treat phyllodes tumors. Together, these data suggest that the
intercellular communication between TAMs and myofibroblasts via CCL18/NF-kB/
miR-21/PTEN/AKT axis plays a central role in the tumorigenesis of PTB. Monitor-
ing CCL18 level and targeting this pathway raise the possibility of precision
diagnosis and treatment for breast phyllodes tumors [30].

Tan et al. reported genomic landscapes of breast fibroepithelial tumors by
performing whole-exome sequencing of 22 matched tumor and normal fairs of
PTBs and identified 333 nonsynonymous splice-site somatic mutations in
310 genes. These results show highly recurrent mediator complex subunit
12 (MED12) somatic mutation in exon 2 (73%) with most mutations occurring in
codon 44 and RARA (32%) mutations in both fibroadenomas and PTB, emphasizing
the importance of these mutations in fibroepithelial tumorigenesis. PTB exhibited
mutations in FLNA, SETD2, and KMT2D that were rarely present in fibroadenomas,
suggesting a role in driving phyllodes tumor development. In comparison to benign,
borderline and malignant PTBs exhibited additional mutations coupled with putative
CNAs in NF1, RB1, TP53, PIK3CA, ERBB4, and EGFR, which are known cancer
driver genes that have transforming ability. These show canonical activating muta-
tions in PIK3CA and high-level amplifications of EGFR exclusively in higher-grade
phyllodes tumors, identifying a potential therapeutic opportunity for EGFR- and
PI3K-targeted treatments. RARA mutations exhibited clustering in the portion of the
gene encoding the ligand-binding domain, functionally suppressed RARA-mediated
transcriptional activation and enhanced RARA interactions with transcriptional
co-repressors. They investigated whether fibroadenomas might progress to malig-
nant phyllodes tumors in a linear fashion. They sequenced paired concurrent
fibroadenoma-like and phyllodes tumor regions isolated from the same patients
(n ¼ 3) also analyzed paired longitudinally acquired tumor samples from two
more patients with initial fibroadenomas and subsequent phyllodes tumor recur-
rences. Even in the same patient, higher-grade phyllodes tumors harbored more
mutations in cancer-associated genes than the paired fibroadenoma-like regions in
concurrent samples. Taken collectively, these observations suggest that the devel-
opment of these tumors may not always follow a strict linear progression from
fibroadenomas to phyllodes tumors, but these tumors may also arise de novo [31].

In a recent study, a total of 17 PTBs including 13 MPTs were collected between
2001 and 2012 on targeted deep sequencing of PTB showing that the most fre-
quently detected genetic alteration occurred in the TERT promoter region (70.6%),
followed by MED12 (64.7%), as in previous genetic studies. MPTs without genetic
alterations in MED12 and TERT promoter regions had variant genetic alterations.
EGFR amplification and TP53 and DNMT3A mutations were repeatedly observed,
and they suggest that these mutations were possibly initiate tumorigenesis in the
absence of TERT and MED12 alterations. Genetic alterations of RARA and ZNF703
were repeatedly found in PTB with local recurrence, and genetic alterations of
SETD2, BRCA2, and TSC1 were detected in PTB with distant metastasis. Especially,
one case of MPT harboring PTEN and RB1 copy number deletion showed rapid
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disease progression despite exertive treatment including repeated metastatectomy,
palliative chemotherapy, and RT. Target agents for these genetic alterations already
exist. PARP inhibitor targeting BRCA2 and mTOR/AKT inhibitor for TSC1 would
be potential target agents for the treatment of metastatic MPTs (Fig. 32.2) [32].

32.4 Future Research Direction

Interpretive subjectivity, overlapping histological diagnostic criteria, suboptimal
correlation between histological classification and clinical behavior and the lack of
robust molecular predictors of outcome make further investigation of the pathogen-
esis of these fascinating tumors a matter of active research. Further work in inves-
tigating predictive factors of distant metastasis will help in identifying the group of
patients who are at higher risk of developing metastasis. That is, evaluation of EMT
marker, tumor-associated macrophage, and α-SMA can serve the prognostic and
predictive information of MPT. The intercellular communication between TAMs
and myofibroblasts via CCL18/NF-kB/miR-21/PTEN/AKT axis plays a central role
in the tumorigenesis of PTB. Therefore, monitoring CCL18 level and targeting this
pathway raise the possibility of precision diagnosis and treatment for PTB. Canon-
ical activating mutations in PIK3CA and high-level amplifications of EGFR exclu-
sively in higher-grade PTB, identifying a potential therapeutic opportunity for
EGFR- and PI3K-targeted treatments. Notable genetic alterations associating local
recurrence and metastasis exhibiting malignant potential were detected. Therefore,
large-scale comprehensive genetic studies and functional validation will provide a
fundamental understanding of the genetic characteristics of PTB and clues to
effective therapeutic strategies for this rare and potentially lethal disease.

Fig. 32.2 Frequency of genetic alterations identified in phyllodes tumors (N ¼ 17) [32]
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32.5 Summary (the Bench—Translation—The Bedside)

Clinical relevance of expression of EMT-related molecules, evaluation of TAM with
CCL18 and targeting this pathway, and to identify and validate the specific genes
associated with tumor progression including metastasis and recurrence may be
worthy of further investigation in PTB. These comprehensive approaches with
clinical features can illuminate current murky condition and raise the possibility of
precision diagnosis and treatment of PTB, especially for risky patients facing high-
grade tumors.
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Chapter 33
Next-Generation Clinical Trials
and Research with Successful
Collaborations

Masakazu Toi and Ravi Velaga

Abstract While clinical trials have evolved and improved over time, fundamental
changes are needed to reflect the outcomes of great relevance to the institutions
where they are performed, by integrating scientific rationale and society’s movement
to increase efficiency, accountability, and transparency by fast integrating the next-
generation advances offered by omics technology and artificial intelligence. Several
global clinical and exploratory collaborative studies that achieved successful out-
comes in terms of patients’ survival, drug toxicity, efficacy, safety, biomarkers, and
consensus reached to improve good clinical practices are addressed in this article.
Going forward, through collaborations, cooperation, and intellectual curiosity many
more advances can be made in clinical trial approaches that can bring transparency,
accountability, best outcomes, and develop friendship with trust among all the
involved.

Keywords Breast cancer · Next generation · Clinical trial paradigm · Toxicity ·
EBCTCG · NSABP · BIG · APHINITY CREATE-X · BEATRICE · BOLERO-3 ·
FALCON · ADTree · Biomarker · Watson · Deep Mind · Hanover · KBCCC ·
Collaboration

33.1 Introduction

Next-generation clinical trial paradigms and systems that are more transparent and
enterprising for novel translational research could be the way going forward to
improve and achieve the best breast cancer management. Recent advances in
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diagnosis and treatment along with using qualified and standardized systemic and
local treatments have influenced and dramatically changed the common practice of
breast cancer, which enabled us to detect cancers in the very early stages and to
achieve more than 80% overall survival (OS) rates by 10 years. With the paradigm
shift in clinical trial approaches, gradual but progressive trend could be achieved
further in a decade or two with more favorable survival outcomes. Though clinical
trials have evolved and improved over the time, in order to further establish good
clinical practices and develop novel diagnostics and therapeutics, not only for
increasing drug efficacy and quality of life but also for decreasing treatment burden
and toxicity, future paradigms should be reengineered so as to increase the values in
life across the trial participants (Fig. 33.1). In this regard, collaborations, particularly
international collaborations, are indispensable to make the approach more account-
able, comprehensive, efficient, and transparent.

33.2 Collaboration Experiences

33.2.1 Global Clinical Trials with Improved Clinical
Outcomes

Over the past two decades, we have participated in global clinical trial consortiums
such as the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), the
National Surgical Adjuvant Breast and Bowel Project (NSABP), and the Breast
International Group (BIG). A series of meta-analyses and its overview of prospective
randomized clinical trials data particularly from adjuvant study results encouraged
us to construct qualified platforms for good clinical practice and persuaded the
standardized treatments for each individual patient, which in fact have improved
survival outcomes enormously across the globe. Adjuvant study involving 88 clinical
trials data from 62,923 estrogen receptor-positive women participants was published

Fig. 33.1 Basis for clinical
trial collaborations

614 M. Toi and R. Velaga



in 2017 by the EBCTCG group concluded that after 5 years of adjuvant endocrine
therapy, breast-cancer recurrences continued to occur steadily throughout the study
period from 5 to 20 years [1]. Improved outcomes were found in another global
clinical investigation, APHINITY trial in which pertuzumab significantly improved
the rates of invasive-disease-free survival among patients with HER2-positive,
operable breast cancer when it was added to trastuzumab and chemotherapy
[2]. Since the benefit of adjuvant chemotherapy in patients with residual invasive
carcinoma who had poor prognosis after receiving neoadjuvant chemotherapy for
human epidermal growth factor receptor 2 (HER2)-negative breast cancer remained
questionable, CREATE-X trail was carried out [3]. CREATE-X trail concluded that
disease-free and overall survivals among the patients can be prolonged after the
standard neoadjuvant chemotherapy containing anthracycline, taxane, or both by
safe and effective addition of adjuvant capecitabine therapy. BEATRICE phase
3 trial involving 2591 triple negative breast cancer patients across 360 sites in
37 countries was carried out and consensus was reached that, bevacizumab cannot
be recommended as adjuvant treatment in unselected patients with triple-negative
breast cancer [4]. In BOLERO-3 trail, scientific rationale that, disease progression in
patients with HER2-positive breast cancer receiving trastuzumab might be associ-
ated with activation of the PI3K/Akt/mTOR intracellular signaling pathway formed
the basis in performing a phase 3 trial among women with trastuzumab-resistant,
human epidermal growth factor receptor 2 (HER2)-positive advanced breast cancer
patients [5]. From the BOLERO-3 trail, the authors interpreted that the addition of
everolimus to trastuzumab plus vinorelbine significantly prolongs progression-free
survival in patients with trastuzumab-resistant and taxane-pretreated, HER2-posi-
tive, advanced breast cancer patients. Breast cancer patients from Asian countries
have also participated in other ground-breaking global clinical trials like HERA trial
[6] and FALCON study [7] which have been successfully carried out. Significant
improvements in disease-free and progression-free survivals have been shown in a
11-year follow-up of trastuzumab after adjuvant chemotherapy in HER2-positive
early breast cancer (HERA trial) and in a randomized, double-blind, phase 3 trial
involving fulvestrant 500 mg versus anastrozole 1 mg for hormone receptor-positive
advanced breast cancer (FALCON). Many such advanced clinical trials addressed
drug efficacy and improved survival rates using CDK4/6 inhibitors like palbociclib,
ribociclib, and abemaciclib in advanced or metastatic breast cancer patients that
resulted in improvements of patient care.

33.2.2 Studies to Elucidate Drug Toxicity Profiling, Efficacy,
and Safety

Since drug approval rates have increased in the past two decades, it remains
paramount to assess the adverse effects, toxicity, and efficacy of the drugs used
during the clinical trials. Still, information is lacking about racial differences in
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treatment-related toxicities. Racial disparities in breast cancer outcomes stems from
the differences in baseline tumor characteristics and biology, stage, age, ethnic
background, and socioeconomic factors. To that effect, a recent study has empha-
sized that there is a need to validate safety of chemotherapeutic regimens in patients
of different ethnicities by enhancing the participation of minorities in clinical trials
[8]. Having achieved remarkable outcomes by being part of global clinical consor-
tiums, the experience has motivated us to expand our collaborative activities further
and beyond. Current and ingenious work flows (Fig. 33.2) have been followed and
developed through these activities and a few new approaches have been
implemented in clinical and translational research settings.

Several exploratory studies have been carried out by the Organisation for Oncol-
ogy and Translational Research (OOTR) and Celecoxib Antiaromatase Neoadjuvant
(CAAN) studies to evaluate and understand the drug safety and efficacy. In 2013,
OOTR carried out a prospective study in which the efficacy and safety of the
concurrent use of celecoxib (CXB) with 5-fluorouracil, epirubicin, and cyclophos-
phamide (FEC), followed by docetaxel (T) in the neoadjuvant setting was investi-
gated [9]. The study concluded that the neoadjuvant use of FEC-T with concurrent
CXB is active and safe for treatment of operable invasive breast cancer. Another
OOTR study in 2017 tested the efficacy of neoadjuvant palbociclib therapy and
evaluated its impact on cell cycle arrest and changes in EndoPredict (EP) scores
before and after treatment [10]. The study concluded that, effective clinical response

Fig. 33.2 Current collaboration scheme
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was demonstrated by neoadjuvant letrozole in combination with palbociclib. Also,
the authors proposed that between the preoperative endocrine prognostic index
(PEPI) and EndoPredict (EPclin), EPclin might serve as a better parameter to
estimate prognosis after neoadjuvant therapy.

Owing to the significant role of Her2/neu in neoadjuvant endocrine therapy, an
earlier CAAN study during 2004 determined whether the level of Her2/neu expres-
sion in advanced breast cancer changes after antiaromatase neoadjuvant treatment, as
well as identified the relationship between Her2/neu expression and response to this
kind of therapy [11]. In line with the previous findings, the study also suggested that
Her2/neu expression and its change during the treatment might be predictive markers
for this kind of therapy. Though, anti-aromatase therapy is considered as an impor-
tant treatment approach for breast cancer in postmenopausal women, it leaves a long-
standing effect on the bone mineral density (BMD) and osteoporosis. Combined
efficacy of anti-aromatase therapy (exemestane) and COX-2 inhibitors
neoadjuvantly in postmenopausal women with breast cancer was investigated and
published as a proof of principle study [12], in which the groups showed significant
difference among themselves ( p ¼ 0.007) for BMD at femur. Potential role of
Cyclooxygenase-2 (COX-2) inhibitors in association with Ki-67 and p53 in breast
cancer patients [13] was proposed and demonstrated.

33.2.3 Clinical Trials with Opportunity to Develop New
Surgical Tools and Algorithms

Multiple new diagnostics and drugs have been developed successfully which con-
tributed to increase diagnostic accuracy and prognostic outcomes significantly. It not
only helps in patients having primary diseases but also in those having advanced
diseases. Furthermore, studies on therapeutic and diagnostic algorithms or on the
therapy guidelines have also been executed as part of collaborative activities that can
also help to make practical platforms smarter and to promote standardization of the
treatments. New algorithm for predicting positive resection margins in breast-
conserving surgery [14] was one such proposed outcome resulted from collabora-
tion. The study has shown that nomogram is useful to reduce frozen section biopsies
(FSBs) without increasing reoperation rate for surgeons who perform routine FSBs
and it can give useful information to most surgeons about the possibility of tumor-
positive resection margins. A new data-mining model to predict axillary lymph node
(AxLN) metastasis in primary breast cancer was successfully developed by using a
decision tree-based prediction method—the alternating decision tree (ADTree)
[15]. The authors demonstrated near-perfect accuracy levels in predicting nodal
metastatsis in patients with breast cancer and commonly recorded clinical variables.
A successful application of these tools and algorithms can permit the study of large
samples of breast cancer patients as well as save time of the oncologists in the
decision-making process before starting the treatment and cost to the patients.
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33.3 Indispensable Role of Biomarkers in Breast Cancer
Management

Precision medicine in oncology relies on rapid associations between unique
patient-specific variations and targeted therapeutic efficacy. With the advances in
technology, huge amount of literature characterizing cancer-associated molecular
aberrations and therapeutic relevance has been published in the past decade. Geno-
mic era has offered clinicians and researchers the ability to explore and utilize the
clinical potential of the patients’ molecular data and identify genetic markers that
may have an impact on the clinical outcome and treatment choices. With the big
clinical and molecular data banks generated and made available across the globe,
accessing relevant information in a clinically acceptable time frame has turned out to
be a daunting task, hampering the link between data available, clinicians, and
patients to make an informed decision. Hence, clinical trials have formed to be an
important therapeutic avenue for oncology patients to assess the strengths and
weaknesses of the trials. To assist and improve the breast cancer management,
biomarkers currently play an indispensable role in guiding and deciding the type
of systemic therapy to be administered. Markers like, ER, PR, Her2, Ki67, and
multigene signatures like Oncotype DX, MammaPrint, EndoPredict, Breast Cancer
Index (BCI), and Prosigna (PAM50) which are developed using omics technology
are being extensively used to predict the outcome and help adjunct therapy decision-
making in breast cancer patients. Most of these markers are made by the normal cells
as well as by cancer cells. Through a multicenter randomized trial of preoperative
docetaxel with or without capecitabine after 4 cycles of 5-fluorouracil–epirubicin–
cyclophosphamide (FEC) in early-stage breast cancer, we also identified Ki67 as a
predictive biomarker for response to neoadjuvant chemotherapy [16]. Exploratory
analyses during the same trial suggested that assessment of pretreatment Ki67LI may
be a useful tool in the identification of responders to preoperative docetaxel/
capecitabine in early-stage breast cancer. Though multigene signature biomarkers
are proposed, there is still a large gap between initial biomarker discovery studies
and their clinical translation due to the challenges in the process of cancer biomarker
development. Also, regulatory issues and future perspectives in the era of big data
analysis and precision medicine should be taken into consideration to before con-
sensus is reached among the experts.

33.4 International Consortium and Kyoto Breast Cancer
Consensus Conference (KBCCC)

To highlight and agree the contradictory or current best clinical practices, and for
clinicians to interpret the guidelines, a consensus meeting was carried out among the
international clinical experts and Kyoto Breast Cancer Consensus Conference
[17]. During the meeting, the reviewed data showed that preoperative systemic
therapy increases the likelihood of patients receiving localized surgery and
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individualized treatment regimens. Also, a consensus was reached to recognize
nomograms that are used for predicting nodal status and drug sensitivity as a tool
to support decision-making in the selection of surgical treatment. Likewise, in 2014,
breast cancer international experts and KBCCC met again in two sessions
[18, 19]. First, to discuss and reach an agreement on the loco-regional management
of breast cancer is increasingly complex with application of primary systemic
therapies, oncoplastic techniques, and genetic testing for breast cancer susceptibility.
During the second session meeting, consensus were discussed and recommendations
were made for radiation treatment, primary systemic therapies, and management of
genetic predisposition.

33.5 Clinical Trial Paradigm

With collaborations among global clinicians, pharmaceutical companies, coopera-
tion from the participating patients, intellectual curiosity among the clinicians and
researchers involved made all the above studies and achievements possible
(Fig. 33.3).

Clinical
trial

Friendship Outcome

Transparency

Accountability

Collaboration

Cooperation

Intellectual
Curiosity

Fig. 33.3 Clinical trial paradigm
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Along with trying to improve the quality and efficiency of clinical trials, the
probability of success (POS) of a clinical trial in a time span is also critical for
clinical researchers and investors to evaluate while making scientific and economic
decisions. Accuracy and transparency among all the participants had been the corner
stones while assessing the risk and value of drug development, leading to gain
opportunities for both investors and patients. On one hand, with the next-generation
optimism among all the clinical trial participants, an active and trustworthy relation-
ships among the participants could help improve clinical trial outcomes. On the other
hand, artificial intelligence (AI) is maturing into multiple disciplines that could result
in a constellation of methods which can enable and improve our perception, learning,
reasoning, and natural language understanding. Nonprofit organizations like the
Partnership on AI, formed in 2017, by representatives from industry, academia,
and civil society can discuss, frame, and recommend the best practices for develop-
ing and fielding AI technologies in all walks of life, including clinical trials. In the
same breath, companies like IBM (Watson for Oncology), Google (Deep Mind–
Deep Variant), and Microsoft (Hanover) have already developed oncology-related
AI tools which are being widely used by oncologists across the globe to carry out
modern-day clinical trials. AI when developed, guided, and used with care, collab-
oration, intellectual curiosity, and cooperation can be a powerful tool that can bring
the clinical trial paradigm shift.
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Chapter 34
Transformation of the Patient and Society:
A Patient Survivors’ Group and Breast
Cancer Awareness Campaign

Dong-Young Noh

Abstract Most biomedical research has the same goal: to make human lives better
and healthier. However, sometimes doctors forget their own mission while treating
disease. Physicians should remember the old adage to treat the patient, not the
disease. The doctor–patient relationship used to be a one-way affair, going from
the doctor to the patient. Compared with doctors, society expects relatively little in
terms of roles and duties from patients as well as the rest of the population. Thus,
society could be a foundational place in which doctors, patients, and research can
communicate with one another, or society itself could transform each of these
components. The best way for physicians to provide better care is to listen to the
needs of patients and society more broadly. We must reflect on whether this kind of
transformation is happening in our current society.

Keywords Breast cancer · Survivor · Awareness · Good doctor · Pink Ribbon
Campaign

34.1 The Venus Association

In 2000, I established a breast cancer survivors’ group, the Korea Venus Associa-
tion. This was not only a matter of patient need, but also a response to an increased
number of breast cancer cases in Korea, which were associated with the growth of
the economy at that time. I saw a need for better individual communication between
patients and doctors as well as among patients themselves so that they could better
help one another. The purpose of the survivors’ group is to help patients understand
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breast cancer better, to support one another, and to have a social impact through
volunteering, such as in awareness campaigns and fundraising for poorer patients.

A couple of years later, in order to promote the website (koreavenus.com), I
opened my own Questions and Answers corner [1]. I have continued to work on this
every day, so that by the end of 2020 we had almost 50,000 Q&As. Questions come
from all over the world—the USA, Europe, Japan—from Asian women who speak
Korean, but of course, most are from Korea. The Q&A content is very valuable, not
only because of the answers it provides, but also because it offers vital insights about
patients’ needs and experiences to doctors and society at large.

Several research articles were published based on the Q&As. The first was
“Needs of Women with Breast Cancer as Communicated to Physicians on the
Internet” by Juhee Cho et al., published in Supportive Care in Cancer in 2011
[2]. The researchers found that the information requested by site users covered a
broad range of topics, from treatment (38.4%) and physical condition (31.7%), to
lifestyle/self-care (24%). Requests for emotional support were often embedded
in requests for information, with over 63% of women expressing concern and
worry in their posts. Cho et al. concluded that online Q&A boards can be a valuable
tool in assisting breast cancer patients to manage their physical and psychosocial
needs, and also to communicate these needs to physicians. In other words, this kind
of online interactive forum is a good means of bringing about transformation.

The informational needs of Korean women with breast cancer were strongly
stressed by Myungsun Yi et al. in an earlier article published in Asian Nursing
Research in 2007 [3]. There, they demonstrated that, to plan and execute educational
interventions effectively, healthcare professionals must understand the domains of
information that these women perceive to be important.

One picture in particular shows to me the kind of close patient–doctor relationship
that can be achieved. The Venus Association used to hold an annual camp at a
famous resort or beach, to which I was always invited. I remember posing for a photo
with the patients group by the children’s swimming pool at one of the resorts. I was
the only man invited to take a group photo all in swimming suits there. Whenever I
look back on this moment, I wonder if such relationships exist between patients and
doctors in any other country. For me, the photo is a symbol of the closeness of my
relationships with my patients, as well as the open-mindedness I have sought to
maintain to their complaints, their welfare, and even their sorrows.

I think as time goes by, this kind of relationship has become more difficult to
foster, especially in the very personalized and individualized society of the so-called
Fourth Industrial Revolution. Now more than ever, however, physicians need to
keep in mind the importance of the humanity of patients who suffer from disease or
disability, and cultivate sympathy, basic affection, and consideration toward them.

The Venus Association has been involved in philanthropic activities such as
fundraising through bazaars, Pink Ribbon activities to teach breast self-examination,
and supplying free wigs for patients undergoing chemotherapy. They also organize a
lot of activities, from their own choir group and yoga school, to mountain-climbing,
group tutoring, and even laughing therapy. In this way, the Venus Association is a
good example of a survivors’ group, not only in the activities they organize but also
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in how they demonstrate ways of overcoming a devastating disease and making a
new life.

I hope this model can spread all over the nation and be a positive influence on
society to support the human rights of women with breast cancer. I say this because
of the significant negative impact that diagnosis and treatment can have on patients
within their family or workplace. In 2009, Eunmi Ahn et al. reported that the
employment of their study subjects decreased from 47.6% to 33.2% after a breast
cancer diagnosis [4]. Fatigue and exhaustion were frequent difficulties encountered
by women during occupational work and housework. In addition, women who lived
with a spouse were more likely to quit working after treatment than those without
spouses. In other words, sociocultural factors as well as certain clinical characteris-
tics influence Korean women’s decisions to return to work or not after surviving
breast cancer.

Some of the most memorable activities since 2000 have been a salsa dance
performance with patients after 3 months of lessons to celebrate 10th anniversary,
and also climbing high mountains with them, including Paektu in China (2774 m),
Mount Tateyama in Japan (3000 m), and the Himalayas (5000 m). We shared and
made many memories together—some very funny, some very dangerous and fraught
with difficulties. Whenever I joined the group, I was like a team doctor and a good
friend or brother.

We studied whether these kinds of activities influence the lifestyle or quality of
life of breast cancer survivors, and found that those who are hopeful and have a clear
purpose in life are more likely to be happy than those who do not [5]. We also
concluded that setting proper life goals might be beneficial to help breast cancer
survivors who experience persistent quality of life issues.

34.1.1 The Korea Breast Cancer Foundation and the Pink
Ribbon Campaign

Officially, my greatest contribution to the patients and society more generally was
my work to establish the Korea Breast Cancer Foundation (KBCF). After more than
2 years of engagement with business and government, and thanks to the motivation
and support of Kyung-Bae Suh, CEO of Amorepacific, KBCF was finally launched
in 2000. Its mission, like that of Susan G. Komen in the USA, is to improve women’s
health by fighting breast cancer.

KBCF, the first nonprofit organization of its kind, was established under the
direction of a businessman, Mr. Suh, who had a love and hope for women with breast
cancer, and a doctor who had both a calling and an affection for his patients.
Prominent people in the fields of medicine, law, journalism, and politics joined the
mission to eradicate breast cancer, and health seminars were held nationwide to
spread information about breast cancer and raise public awareness. KBCF also
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provides funding for academic research and support for education and training to
eliminate breast cancer.

In Seoul, Korea, in 2000, I also founded the Pink Ribbon Campaign, a breast
cancer awareness campaign aimed at raising public awareness of breast cancer and
the importance of early detection. KBCF initiatives include the annual Pink Ribbon
Marathon (now Pink Run) in five major regions, as well as The Global Landmark
Illuminations Initiative with Estée Lauder Korea, in which first Namsan Tower, and
then later most landmark bridges and buildings (like the 123-floor Lotte World
Tower) in major cities were symbolically lit in bright pink lights.

The results of these awareness campaigns and the promotion of early detection
have been outstanding: the detection rate of early-stage breast cancer is high, and, as
a result, Korea now has the world’s highest rate of breast cancer survival. A 2015
national report cited the five-year survival rate of the whole treated group as over
90%. Moreover, the annual incidence of new cases between 2000 and 2015
increased from around 4000 to over 20,000 [6].

34.1.2 What Makes for a Good Doctor–Patient Relationship?

To summarize, then, in terms of transforming the doctor–patient relationship, how
should the ideal relationship be characterized? First, there should be admiration from
patients and affection from doctors. Second, doctors must do their best and ensure
that patients benefit from their efforts. Third, in terms of cancer patients, the doctor
must have a patient’s life-long care in mind, even if there is no regular contact
through the Outpatient Department. In other words, care should be provided through
appropriate education, events, or social activities. Fourth, patients should respect and
trust their physician and the hospital with which they are registered. Fifth, in order to
encourage better doctor–patient relationships, individuals on both sides, and the
societies in which they are involved, should engage in active communication with
each other, sharing their opinions along with any difficulties or misunderstandings.

In my essay “Good Doctor and Good Patient,” I ask, “What is a good doctor?”
My answer is that, in general, a good doctor is one who is equipped with superior
knowledge and skills, listens carefully to patients, and treats patients kindly. If I had
to say which is the most important of these qualities, I would say that it varies
according to individual circumstances. Occasionally, I wonder: do I qualify as a
good doctor? It often bothers me to think that the answer could be “No.”

Some say that what a person needs in life is a skillful doctor, lawyer, and a friend
who will come whenever they are called. This indicates that health and disease are
among our biggest concerns, affecting us throughout our lifetime. In fact, a doctor
should study all his life to keep up-to-date with new information and technology, and
professors like me cannot maintain their jobs if they neglect to conduct research and
work on self-improvement continuously.

That said, I believe that a good doctor is also made by a good patient. Westerners
tend to believe firmly that doctors are next to God. Of course, they are treated that
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way because their behavior encourages patients’ and society’s confidence and
esteem. What, then, is a good patient? In short, a good patient is a person who
firmly believes in and faithfully follows the doctor’s words, and cultivates their own
affection for the doctor.

From the standpoint of the doctor, the patient does not have to be “good,” since
the doctor has to see the patient no matter what. However, a good patient can in fact
produce a good doctor. For instance, some patients go against their doctor’s advice
by simultaneously seeking alternative (or even conflicting) treatments; some refuse
to listen to doctors’ explanations; and some ask prying questions about the doctor’s
weaknesses. There have been many cases from which I would have shied away had I
not been serving as a doctor. Once or twice a year, I get fractious and lose my temper
in front of a patient, which I regret afterward. As might be expected, the most
important qualities I desire in my patients are confidence and faith. Of course, in
order to gain the esteem and confidence of my patients, I should first become a good
doctor.

The most wonderful thing happens when a good doctor and a good patient meet.
What I am describing is a kind of joie de vivre, in which they share warm and
generous exchanges with each other that transcend disease. I have kept letters from
previous patients that I treasure, which I think I will collect in a book when I retire.
Among these letters, one in particular made me resolve to become a good doctor. I
would like to share it here:

I had a hunch that you were a good doctor.
While facing pain and anxiety, and looking at this flower that is about to blossom into

hardship and suffering, it is said that the one who knows pain is the noblest. Do you know
what disease it is? Breast cancer. . . This one phrase was clearly the herald of a big event that
could either kill me or save me. However, I was aware of who, although tearing parts of me
off, would also heal me by stitching the tear. All of a sudden, I was looking at the hidden
workings of the Lord, who also disciplined himself to this great extent.

I yield the decisions regarding all treatments to my favorite professor, who was appointed
by the Lord. It would be wonderful if the healer and the patient could forge an alliance to
destroy these cunning enemies. I think we would make the “perfect duo,” and work in total
harmony.

After passing through a long tunnel of pain, there may be an untreatable disease but no
such “untreatable” patient. I feel confident that my hunch will prove right and I will give
thanks to the Lord of hosts that my doctor is the nicest and the greatest in the world.
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