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Preface

All cancers are caused by genetic alterations, but not all are hereditary. In the USA 
or in Europe, about 5–10% of breast cancer and 10–15% of ovarian cancer are 
thought to be hereditary. Nowadays, the incidence of breast cancer in Japan has 
rapidly increased up to 100000 cases per year. The proportion of HBOC cases is 
assumed to be almost the same in Japan. Therefore, we have established the Japanese 
Organization for Hereditary Breast and Ovarian Cancer (JOHBOC) since July 2016. 
The mission of the JOHBOC is (1) HBOC data registry, (2) education about HBOC 
to medical professionals, patients, and their families, and (3) clinical research 
related to the management of HBOC such as screening method including breast 
MRI, the significance of risk reducing mastectomy (RRM) or risk reducing salpingo-
oophorectomy (RRSO), chemoprevention (tamoxifen or AI for prevention of breast 
cancer and oral contraceptive for ovarian cancer), and the positioning of new agents 
specific to BRCA mutations (PARP inhibitors). In the era of next-generation 
sequencing, we may encounter unexpected rare hereditary disease such as 
Li-Fraumeni syndrome (P53 mutation) or Cowden disease (PTEN mutation), and 
we should not miss them and send them to the specialist of each rare disease. And 
one of the hot topics of basic research for HBOC is to detect new genetic alterations 
related to carcinogenesis.

This book was originally planned for medical professionals who are interested in 
HBOC practice from a variety of aspects. And it was recommended to distribute to 
not only Japan but also other countries. Because we anticipate this book will con-
tribute to collaborative works worldwide.

Lastly, we deliver an address of thanks to editors Ms. Machi Sugimoto and Ms. 
Kripa Guruprasad of Springer Nature.

Tokyo, Japan� Seigo Nakamura 
Tokyo, Japan � Daisuke Aoki 
Tokyo, Japan � Yoshio Miki  
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1History, Advancements, and  
Future Strategies

Reiko Yoshida

Abstract

Since the recognition of the genetic predisposition to breast and ovarian cancers, 
researchers have verified their genetic involvement and causative genes. 
Furthermore, treatment strategies and prevention care options to reduce the 
overall risk for hereditary cancers have been established based on rapid 
advancements in gene sequencing. Owing to the great efforts of our predecessors, 
the quality of life of patients diagnosed with hereditary tumors has been 
improved. This chapter introduces the history, advancements, and future 
strategies on hereditary breast and ovarian cancer (HBOC), which has a high 
prevalence of breast and ovarian cancer. In any field of medicine, first, clinical 
questions that foresee the truth arise; researchers then seek the truth, and 
clinicians deploy their knowledge in the medical field.

Management of hereditary breast and ovarian cancer (HBOC) is a typical 
model for other hereditary tumor syndromes.
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1.1	 �History of Hereditary Breast Cancer (Fig. 1.1)

1.1.1	 �How It All Started

In 1866, Paul Broca, a French surgeon, was the first to describe a family with a high 
prevalence of breast cancer [1]. He tracked the causes of death of 38 people in his 
wife’s family for 5 generations from 1788 to 1856 and identified that 10 of the 24 
women died of breast cancer. He thus speculated that the predisposition to cancer is 
hereditary. In addition, he documented all other types of malignant neoplasms that 
included an excess of cancer of the gastrointestinal tract [2]. Jacobsen Oluf, who 
was one of the first investigators to question the inheritance of breast cancer as 
being solely site-specific, reported an increased frequency of cancer of all parts in 
the first-degree relatives in a series of 200 breast cancer patients [3]. In 1971, the 
autosomal dominant inheritance of a predisposition to both breast and ovarian 
cancers was first described by David E. Anderson [4]. Breast cancer patients with a 
family history have been reported to be associated with juvenile-onset, bilateral 
breast cancers and ovarian tumors compared with those without a family history. 
Since then, several clinical studies on familial breast and ovarian cancers have been 
conducted. In 1990, linkage analysis in 23 families of 146 early-onset familial 
breast cancers revealed an association with the D17S74 locus (CMM86) on the long 
arm of chromosome 17 [5]. This study used the positional cloning method to ana-
lyze DNA of multiple family members, and the authors used gene polymorphism 
markers, as well as the information from chromosomal recombination yielding a 
logarithm of the likelihood ratio for linkage during meiosis and germ-cell formation. 
They were thus able to limit the chromosomal region where the causative gene was 
located. Furthermore, in 1994, Yoshio Miki et  al. succeeded in cloning BRCA1 
using reverse genetics to elucidate its function and determine its complete structure 
[6]. However, because there were few male breast cancer patients among BRCA1 
mutation carriers, another causative gene is implicated. As with BRCA1, using 
linkage analysis of multiple families with breast, ovarian, and male breast cancers, 
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Fig. 1.1  Timeline of HBOC discovery and clinical setting. AD autosomal dominant, NCCN 
National Comprehensive Cancer Network, NYS New  York State, ACMG American College of 
Medical Genetics, CIMBA Consortium of Investigators of Modifiers of BRCA1/2
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Richard Wooster et al. identified BRCA2 on the long arm of chromosome 13 [7, 8] 
in 1995. In 1994, Henry Lynch collectively referred to hereditary ovarian cancer 
(HOC), hereditary breast cancer (HBC), and hereditary syndrome that causes both 
breast and ovarian cancers as hereditary breast and ovarian cancers (HBOC) [9].

1.1.2	 �BRCA1 and BRCA2 in the Clinical Setting

After BRCA1 and BRCA2 were identified, they have been immediately applied in 
the clinical setting. In 1996, clinical genetic testing for BRCA1 and BRCA2 was 
patented by Myriad Genetics and made available worldwide. Various clinical studies 
were conducted by multiple research groups to increase the understanding of 
BRCA1 and BRCA2 cancers. The Breast Cancer Linkage Consortium, founded in 
1989, reported that other cancers, such as prostate cancer, pancreatic cancer, and 
melanoma, are associated with BRCA1/BRCA2 mutations [10]. Meanwhile, the 
Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA), a collaborative 
group of researchers in Europe, North and South Americas, Australia, Asia, and 
Africa founded in 2005, has described the clinicopathological features of BRCA-
associated cancers [11], the genotype–phenotype correlations from a prospective 
study [12], the characteristics of BRCA male breast cancer [13], and analysis of the 
risk of multiple single nucleotide polymorphisms (SNPs) in BRCA mutation carriers 
[14]. Moreover, this group has phenotypic data of about 80,000 female and male 
BRCA1 and BRCA2 mutant carriers; so far about 43,000 have been genotyped in 
the CIMBA project, and an additional 25,000 will have been genotyped in 2020.

Currently, the ClinVar, a database provided by the National Center for 
Biotechnology Information, has recognized more than 3400 germline variants of 
BRCA1 and 3900 of BRCA2 as pathogenic or likely pathogenic (20/October/2020 
assessed). The majority (80%) of which are truncating variants that form immature 
stop codons, such as frameshifts and nonsense, whereas missense mutations account 
for approximately 10%. Pathogenic missense variants tend to be concentrated in 
functionally essential sites, such as the really interesting new gene (RING) finger 
domain and BRCA1 C terminus (BRCT) domains of BRCA1 or the regions spanning 
the oligosaccharide-binding folds and helical domains of BRCA2 [15]. Abnormal 
copy number variants (CNVs) detected by deletion or duplication analysis account 
for approximately 10% and vary among populations [16].

A founder mutation is defined by the National Institutes of Health as follows: “A 
genetic alteration observed with high frequency in a group that is or was 
geographically or culturally isolated, in which one or more of the ancestors was a 
carrier of the altered gene.” Particularly, in Ashkenazi Jews, three common mutations 
of BRCA1, namely, c.68_69delAG, c.5266dupC, and BRCA2 c.5946delT, account 
for 98–99% of the pathogenic variants. Thus, targeted analysis of these three 
variants is recommended. However, in other ethnic groups, full-sequence analysis 
and CNV analysis are necessary [16]. Various cohort studies and clinical trials have 
also been conducted for the medical management for BRCA1and BRCA2 carriers. 
Retrospective studies have reported the usefulness of prophylactic surgery and 
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breast magnetic resonance imaging (MRI) surveillance [17, 18]. Since 2010, the 
findings of prospective cohort studies have provided guidance on improving the 
quality of life of patients using these medical interventions [19–21].

With the increasing interest on clinical BRCA genetic testing and the accumula-
tion of information about BRCA1 and BRCA2-mutation carriers, HBOC clinical 
guidelines have been established and are widely used globally. Moreover, the 
American Society of Clinical Oncology (ASCO) published its own guidelines in 
1996, and the National Comprehensive Cancer Network (NCCN) in 1999. In 
addition, the New York State and the American College of Medical Genetics (NYS/
ACMG) guidelines were posted on the New  York State website in 1999. These 
guidelines were developed under the close collaboration of numerous health 
professionals, including oncologists, geneticists, genetic counselors, primary-care 
physicians, and public health specialists, and contribute to the determination of a 
series of HBOC practices: genetic testing criteria, testing methods, interpretation of 
test results, and medical management [22].

The association between BRCA mutation location and breast and ovarian cancer 
risk has also been reported. In both BRCA1 and BRCA2 carriers, ovarian cancer 
cluster regions (OCCR) have been confirmed to be located within or adjacent to 
exon 11 [12]. Carriers with pathogenic variants in the OCCR possessed a higher risk 
of ovarian cancer, unlike those with pathogenic variants located elsewhere. Similarly, 
several breast cancer cluster regions (BCCRs) have been observed in BRCA1 and 
BRCA2, respectively, and are associated with a relative increase in breast cancer risk 
but a relative decrease in ovarian cancer risk. However, in this previous study, each 
hazard ratio for cancer development owing to the difference in mutation locations 
was at most 2. Therefore, without additional information, it may be premature to use 
correlation between genotype location and cancer risk phenotype for individual risk 
assessment and management.

Immediately after cloning of BRCA1 and BRCA2, new findings, including the 
role of BRCA in carcinogenesis and the genomic aberrations in BRCA-mutated 
cancers, have been reported. DNA repair mechanisms include DNA single-strand 
break (dsDNA) repair, double-strand break (dsDNA) repair, base mismatch repair 
(MMR), base excision repair (BER), and nucleotide repair (NER). BRCA1 and 
BRCA2 are cancer-suppressor genes that maintain genomic stability by repairing 
dsDNA via homologous recombination (HR) [23]. In addition to HR repair (HRR), 
BRCA1 and BRCA2 regulate centrosome dynamics, chromosome distribution, and 
cytokinesis and temporally and spatially stabilize the genome during cell cycle. 
Moreover, a hormone-dependent carcinogenic environment is speculated to 
contribute to genome instability via the disruption of these BRCA functions and the 
accelerated activation of survival signals and the mammary gland cells are converted 
to malignant traits [24]. In addition to its DNA-damage repair function, the 
involvement of BRCA1 on normal embryogenesis, centrosome replication, spindle 
pole synthesis, heterochromatin-satellite RNA expression, estrogen metabolite 
synthesis, splicing, brain size regulation, and transcriptional co-activation have 
been reported [16]. Because the loss of BRCA function has been associated with HR 
defects, the concept “BRCAness” has been proposed in 2004 [25]. It refers to 

R. Yoshida
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sporadic breast cancers exhibiting similar clinicopathological features and charac-
teristic genomic aberrations as BRCA-related cancers; thus, BRCAness can be con-
sidered as a therapeutic biomarker.

1.2	 �Current Developments (Fig. 1.2)

1.2.1	 �Multi-gene Panel Testing and Non-BRCA Genes

BRCA1/BRCA2 genetic testing achieved a major transformation in 2013. In the liti-
gation of the BRCA gene patent against Myriad Genetics from 2009 to 2013, the US 
Supreme Court ruled in 2013 as follows: because separating that gene from its sur-
rounding genetic material is not an act of invention, isolated human genes cannot be 
patented. Furthermore, owing to the development of next-generation sequence 
(NGS) technology in 2005 and its plummeting cost since 2007, genetic testing has 
become more powerful and generated tremendous data compared with the 
conventional Sanger sequence method. Subsequently, multiple genetic testing 
companies have started to provide multi-gene panel (MGP) testing, including 
BRCA1and BRCA2. In the United States, it has been reported that the number of 
MGP testing performed has exceeded that of BRCA alone testing since 2014 [26]. 
In addition, numerous MGP testings of large cohorts have been developed, resulting 
in the accumulation of information on genes that cause breast and ovarian cancer 
other than BRCA. Among all breast cancer patients without selection bias, the 
BRCA1/BRCA2 mutation detection rate was 4–5%, whereas the total mutation 
detection rate of MGP was 6–9%, a 1.4- to 2-fold increase. Similarly, in ovarian 
cancer patients without selection bias, the BRCA1/BRCA2 mutation detection rate 
was approximately 20%, whereas that of MGP was 26–31%, a 1.5-fold increase 
[27–31]. Because “nearly all known HBOC susceptibility genes encode tumor 
suppressors that participate in genome stability pathways—in particular HRR, and 
to some extent mismatch repair (MMR) and interstrand DNA crosslink repair via 
the Fanconi anemia pathway” as reported by Nielsen et al. [32], the detection of 
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Fig. 1.2  Timeline of HBOC development. NGS next-generation sequence, PARP poly ADP ribose 
polymerase, MGP multi-gene panel, FDA US Food and Drug Administration
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known susceptibility genes for breast and ovarian cancers other than HR-related 
genes is possible via MGP.  In addition, hereditary cancer syndromes other than 
BRCA1- and BRCA2-related cancers, which could not be identified using one-panel 
testing, can be diagnosed using MGP testing. Thus, the utilization of MGP testing 
provides opportunities to discover genetic diseases that were not expected from 
family and individual medical histories and to take new measures for additional 
preventive medical management depending on the constitution of each genetic 
disorder. Figure 1.3 shows the results of MGP testing in a Japanese biobank cohort, 
including 11 breast cancer-susceptibility genes (BRCA1, BRCA2, PALB2, TP53, 
PTEN, CHEK2, NF1, ATM, CDH1, NBN, and STK11) [27]. Compared with MGP 
testing results in unaffected group with no familial cancer (the control group), breast 
cancer patient group without selection bias, and high-risk group comprising breast 
cancer patients meeting the BRCA testing criteria based on NCCN guideline, the 
overall mutation detection rate of MGP testing was the highest in the high-risk 
group; however, the highest frequency of pathogenic mutations other than BRCA1 
and BRCA2 was identified in the control group. Thus, clients except high-risk group 
they were more likely to benefit from MGP testing than BRCA testing alone. It has 
been suggested that the benefits of MGP testing have been extended to all subjects 
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considering cancer preventive medicine, not just cancer patients with sus-
pected HBOC.

1.2.2	 �Target Therapy

In 2005, tumor cells lacking BRCA1 and BRCA2 and key tumor-suppressor proteins 
involved in DSB repair via HR were found to be selectively sensitive to small-
molecule inhibitors of the enzyme poly ADP ribose polymerase (PARP) family of 
DNA repair enzymes [33, 34]. Subsequently, a new cancer therapeutic strategy 
based on synthetic lethality was conducted in 2009 in the first phase I clinical trial 
of this PARP inhibitor in BRCA1- and BRCA2-positive individuals [35]. Then, 
clinical trials involving PARP inhibitors targeting ovarian and breast cancers with 
germline BRCA mutations showed good results [36, 37]. The PARP inhibitor 
olaparib has been approved by the FDA for treatment of metastatic ovarian cancer 
with germline BRCA mutations in 2016, and in 2018, it was approved to treat 
metastatic breast cancer. Currently, indications for prostate and pancreatic cancers 
are being expanded, and those for cancers using characteristic genomic aberrations 
representing the HR deficiency (HRD) of tumors as biomarkers, like “HRD score” 
[38], are being expanded.

As advances in NGS technology allow more precise analysis of changes in the 
cancer genome, it turns out that individual disease causes and cancer status are more 
complex than expected; in order to provide realistic medical practice, it is necessary 
to divide patients into subgroups, and in 2015, “Precision Medicine” was announced 
with the aim of establishing treatment methods and providing preventive medical 
care for each subgroup. Cancer medicine using genomic information is rapidly 
being developed for this subgrouping. Although the main purpose of these tumor 
tissue profiling tests is to select cancer drugs, at the same time, germline pathogenic 
variant in 4% to 12% was also found. The detection of pathogenic germline 
mutations is often a critical step in initiation of the cascade of genetic testing in 
relatives, which can clarify the patient’s own cancer risk and translate into life-
saving surveillance and risk reduction interventions for family members [39].

Owing to the abovementioned developments, MGP testing, companion diagnos-
tics targeting PARP inhibitors, and cancer genomic medicine, the possibility of 
detecting genes other than germline BRCA1 and BRCA2 has increased rapidly in the 
clinical setting. In response, the 2013 version of the NCCN guidelines [40] had a 
new section titled “Additional genetic mutations associated with breast/ovarian can-
cer risk” in addition to the conventional HBOC syndrome, Li–Fraumeni syndrome, 
and Cowden syndrome. It listed 21 genes related to breast and ovarian cancers. In 
the 2014 version, a section on “Multi-gene Testing” was released. Particularly, it 
stated that when patients meeting the HBOC testing criteria are found negative for 
BRCA1 and BRCA2, multi-gene testing should be considered. In its 2015 version, 
for 15 genes, including BRCA1 and BRCA2, recommendations, considerations, and 
insufficient evidenced medical management for breast MRI surveillance and pro-
phylactic surgery were presented. In 2017, risk and management options for patients 
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with breast cancer, ovarian cancer, and other cancers were described in detail, 
including high- and moderate-risk genes widely used in MGP testing. Furthermore, 
patients with BRCA1 and BRCA2 mutation detected via tumor profiling have been 
added to the BRCA testing criteria. Finally, the latest 2020 edition has radically 
shifted away from the BRCA gene toward a broad screening of other genes, consis-
tent with current practice. Hereditary pancreatic cancer has also been added to this 
guideline, and the two-step approach, “Further Genetic Risk Evaluation” and 
“Testing Criteria,” has been changed to “comprehensive approach to cancer history 
for all patients” (Fig. 1.4). Moreover, the “BRCA testing criteria” have been changed 
to the “High-penetrance Breast and/or Ovarian Cancer Susceptibility Genes Testing 
Criteria.” When there are no known pathological gene mutations in relatives, com-
prehensive MGP testing should be performed from the beginning. It suggested that 
it is now time to handle and manage beyond BRCA genes in general practice.

However, the use of multiple genes with lower allele frequencies and lower pen-
etrance than BRCA1 and BRCA2 has some challenges. First, this results in an 
increased number of variants of uncertain significance (VUSs). As the number of 
genes searched by MGP testing increases, the number of VUSs also increases. The 
VUS rates of other genes are generally higher than that of BRCA and higher than 
pathogenic mutation rates [41]. Second, the variant is examined based on the 
ACMG/AMP variant classification guideline [42]; however, because each genetic 
testing company makes the final judgment by its own method, some disagreement 

Criteria ForFurther 
Genetic Risk Evaluation

Testing criteria

BRCA1/2 testing 
or Multi-Gene Testing

TP53 testing
or Multi-Gene Testing

PTEN testing
or Multi-Gene Testing

Breast 
Ovarian
Prostate   

Pancreatic

Specific
SyndromeAll Cancer 

Patients

~2019

Testing criteria

Genetic Testing

BRCA1/2 

TP53

PTEN

2020~

High-penetrance Breast 
and/or Ovarian Cancer 
Susceptibility Genes

Exocrine Pancreatic 
Cancers All Individuals

TP53
PTEN

Multi-Gene Testing

Multi-Gene Testing

TP53 or Multi-Gene Testing
PTEN or Multi-Gene Testing

Genetic Testing

Fig. 1.4  Changes in genetic risk assessment and testing criteria in NCCN guideline. NCCN 
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this guideline, and the two-step approach, “Further Genetic Risk Evaluation” and “Testing 
Criteria,” has been changed to “comprehensive approach to cancer history for all patients”
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on the interpretation of certain variants may exist. To address this, the Evidence-
Based Network for the Interpretation of Germline Mutant Alleles (ENIGMA) [43] 
and BRCA ShareTM [44] have been established to provide a critical evaluation of the 
risk and assess the clinical importance of VUSs.

1.3	 �Future Strategies (Fig. 1.5)

Reverse genetics is an approach in molecular genetics that elucidates gene function by 
examining the changes in phenotypes via the suppression or enhancement of the gene 
expression. On the other hand, forward genetics is the technique of identifying genes 
from phenotypes, which existed before the concept of genes was reported. At the time 

BRCA

Hereditary Cancer 
Syndrome

Polygenic Risk

Unknown Cancer susceptibility genes

Surgery

Surveillance

Cancer Target 

Therapy

Cancer Preventive 

Therapy

Past

Current

Future

Fig. 1.5  HBOC strategy past, current, future. Targets for considering the risk of cancer suscepti-
bility and effective medical practices are expanding
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of the discovery of BRCA1 and BRCA2, many causative genes for hereditary diseases, 
including hereditary cancer syndromes, were discovered using reverse genetics. 
However, since around 2000, reports of the discovery of the causative genes using 
reverse genetics have gradually decreased although there still exist hereditary diseases 
of unknown causative genes. Because gene identification by this method has reached 
its limit, with the innovative progress of genome sequence analysis technology, the 
following new methods have been used to report the discovery of multiple genes.

New methods, including whole-exome sequencing (WES) and whole-genome 
sequencing (WGS), can now be utilized at a relatively low cost and achieve fast results. 
Currently, WES is used to elucidate the causes of hereditary diseases for which the caus-
ative gene has not been identified. Both WES and WGS are already clinically available. 
However, the differences between these new sequencing technologies and MGP testing 
should be considered. The main difference is the amount of data generated. Whereas 
WGS yields sequence information of all regions in the genome, WES focuses on less 
than 2% of the genome. MGP testing selects and searches several to dozens of genes 
from more than 20,000 types of genes. WES and MGP testing read only the protein-
coding regions and exclude the promoter or regulatory regions. For example, many 
commercially available MGP assays analyze the exon–intron border regions with a 
range of 2–5 bp. However, in case of a variant located in the deep intron region affecting 
the activity of the target gene, MGP testing and WES could not identify the said variant 
[45]. Notably, the required sample amount and cost for analysis do not tremendously 
differ among these methods. In addition, the VUS rate is expected to increase using new 
methods. Variants found using WES and WGS have indicated that validation using tra-
ditional Sanger sequencing is required [46].

While WES and WGS are expected to find a rare single causative gene that dis-
rupts specific pathways and functions, cancer development is a multifactorial dis-
ease. More recently, polygenic risk score (PRS) that integrates the joint effects of 
common genetic variants on disease risk has been developed. PRS is a score that 
calculates the overall risk of developing a disease based on the dozens to thousands 
of single nucleotide polymorphisms (SNPs) suggested to be associated with each 
disease or trait derived from genome-wide association studies (GWAS). While com-
mon variants have small individual effects on disease risk, cumulatively, they can 
have large effects—in some individuals, risks equivalent to the strong monogenic 
variants such as BRCA1 and BRCA2 [14, 47]. Owing to monogenic mutations and 
PRS, the risk of breast cancer by age 75 ranges from 12.7% to 75.7% in BRCA1 and 
BRCA2 mutation carriers, whereas that in non-carriers ranges from only 3.3% to 
29.6%. Higher PRS correlates with higher risk, whereas the risks of the carrier 
group with low PRS and that of the non-carrier group with high PRS are the same. 
Thus, the PRS-based approach to patient stratification based on cancer risk may 
further improve screening methods and prevention strategies compared with 
methods targeting a single gene.

In addition to the development of treatments for cancers following diagnosis, 
prophylactic surgery, and the early detection of cancer, evidence for chemoprevention 
of HBOC has been established. Although there are limited large prospective clinical 
studies involving only women with BRCA mutations who have not developed breast 
cancer, reports on breast cancer prevention using selective estrogen-receptor 
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modulators (SERMs) are available. The two largest studies (National Surgical 
Adjuvant Breast and Bowel Project-P1 (NSABP-P1) [48] and International Breast 
cancer Intervention Study-1 (IBIS-1) [49]) found that tamoxifen reduced the 
incidence of breast cancer by approximately 40%, and its protective effect extended 
beyond the treatment period. Among the 288 cases, there were 8 BRCA1 and 11 
BRCA2 mutation carriers [48]. Although it was a result of a small sample size only 
for BRCA mutation carriers, a potential reduction in BRCA2- but not BRCA1-
associated breast cancer was observed following tamoxifen use [50]. In addition, a 
meta-analysis report of four case–control studies have analyzed the risk reduction of 
CBC due to tamoxifen [51]. In the previous report, although tamoxifen did not 
exhibit protective effects in women with BRCA1 mutations who had a high 
proportion of triple-negative breast cancer cells, it was protective for women with 
BRCA2 mutations. In addition, tamoxifen reduced the risk of contralateral breast 
cancer in BRCA1 mutation carriers. However, these studies are not limited to BRCA 
and their sample sizes were small. Adverse effects (thrombosis, endometrial cancer, 
early menopause, etc.) due to SERMs have also been reported.

Chemoprevention is a promising preventive option for BRCA mutation carriers. 
A chemopreventive drug, i.e., a monoclonal antibody (denosumab) targeting 
RANKL, has been recently identified. Denosumab is used for the treatment of 
osteoporosis and bone metastasis. Various studies have demonstrated that the 
progesterone-mediated upregulation of the RANK/RANKL pathway plays a critical 
role in mammary epithelial proliferation, mammary stem cell expansion, and 
carcinogenesis [52]. In Brca1-mutant mice, the loss of RANKL reduced mammary 
tumors and suppressed tumor progression, and its inhibition prevented mammary 
tumor development [53]. Moreover, previous studies have reported that the 
circulating level of osteoprotegerin (OPG) is significantly lower correlated with 
higher progesterone levels in premenopausal BRCA mutation carriers than in non-
carrier controls. This suggests a significant dysregulation of circulating OPG and 
sex hormone levels [54]. A chemopreventive clinical trial of denosumab involving 
unaffected BRCA mutation carriers is underway.

1.4	 �Conclusion

Through the collaboration among experts in many fields, such as basic science, 
bioinformatics, statistics, pharmacology, diagnostic imaging, surgery, clinical 
medicine, politics, genetics, and genetic clinical practice, increased understanding 
of HBOC can be achieved, thereby improving the quality of life of HBOC patients.
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Abstract

Mutations in BRCA1 and BRCA2 cause hereditary breast and ovarian cancer 
(HBOC) syndrome, and these genes play multiple critical roles in maintaining 
genomic stability. One particularly important function of these genes is the 
homologous recombination (HR) repair of DNA. HR repair is an essential error-
free repair mechanism for DNA double-strand breaks that utilizes an intact sister 
chromatid as a template. In addition to its role in HBOC oncogenesis, HR 
dysfunction is a target for treatment with poly (ADP-ribose) polymerase (PARP) 
inhibitors. Germline mutations of BRCA1/BRCA2 cause breast, ovarian, fallopian 
tube, and peritoneal cancers with high rates of genomic alterations accompanied 
by poor prognoses. The mechanism underlying this tissue specificity has not yet 
clearly been explained, but several studies have examined its possible association 
with estrogen signaling. In this review, we first introduced the molecular 
mechanisms of HR mediated by BRCA1 and BRCA2 in the context of PARP 
inhibitor sensitivity. We also discussed several hypotheses describing estrogen- 
and HR deficiency-dependent genomic instability. Understanding these 
mechanisms is crucial for the adequate treatment and prevention of HBOC-
related cancers.

Keywords

BRCA1 · BRCA2 · PARP inhibitor · Homologous recombination · Non-
homologous end-joining · Alternative end-joining · Tissue specificity · Estrogen

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4521-1_2&domain=pdf
https://doi.org/10.1007/978-981-16-4521-1_2#DOI
mailto:to@marianna-u.ac.jp
mailto:wuwenwen@marianna-u.ac.jp


16

2.1	 �Introduction

Hereditary breast and ovarian cancer (HBOC) syndrome is attributable to germline 
mutations in genes encoding DNA repair proteins and cell cycle checkpoints, the 
two most prominent being BRCA1 and BRCA2 [1, 2]. The primary function of the 
BRCA1 and BRCA2 is maintaining genomic stability. In this role, BRCA1 and 
BRCA2 critically control a broad range of cellular processes including DNA repair, 
cell cycle checkpoints, apoptosis induction, chromatin modification, and centrosome 
duplication. In addition to BRCA1 and BRCA2, germline mutations in PALB2 (also 
called FANCN), RAD51C, ATM, CHEK2, and TP53, which participate in 
homologous recombination (HR) repair and cell cycle checkpoint regulation, cause 
HBOC [3, 4]. This indicates that HR deficiency (HRD) is a crucial cause of 
HBOC. In addition to its importance in oncogenesis, HRD is also critical for the 
treatment of HBOC-related cancers using poly (ADP-ribose) polymerase (PARP) 
inhibitors, which induce synthetic lethality in cancers with HRD [5, 6].

HBOC is one of the most well-studied inheritable gene mutation-derived and 
tissue-specific cancers. Other inheritable tissue-specific cancers include 
gastrointestinal cancers and skin cancers caused by mutations in mismatch repair 
genes and xeroderma pigmentosum (XP) genes, respectively [7, 8]. This tissue 
specificity is likely the consequence of the combination of the vulnerability of 
specific DNA repair pathways caused by the mutations and the tissues that 
particularly require the pathways for their genetic stability. For example, each XP 
gene is required for the nucleotide excision repair of DNA adducts generated by 
ultraviolet light exposure [9]. However, the mechanisms underlying the tissue 
specificity of gastrointestinal cancers caused by mismatch repair gene mutations 
and breast and ovarian cancer caused by BRCA1/BRCA 2 mutations have not been 
clearly explained. Oxidative stresses induced by bacterial exposure could be 
implicated in gastrointestinal carcinogenesis caused by mismatch repair gene 
mutations [10]. Concerning HBOC, several studies attempted to reveal the 
mechanisms underlying its tissue specificity. HRD is involved in the process, and 
estrogen signaling likely plays important roles.

In this review, we first introduced the fundamental mechanism of HR mediated 
by BRCA1 and BRCA2 to illustrate the mechanism by which PARP inhibitors 
induce synthetic lethality. We also discussed several hypotheses describing estrogen- 
and HRD-dependent genomic instability including tissue-specific DNA damage 
induced by estrogen receptor α (ERα)-mediated transcription, the tissue-specific 
paracrine effect of receptor activator of nuclear factor kappa-Β ligand (RANKL) 
secreted from mammary glands, and tissue-specific cancer cell survival associated 
with the stress-responsive transcription factor NRF2 activated by estrogen.

2.2	 �Structure and Binding Partners of BRCA1/
BRCA2 Proteins

BRCA1 comprises functional domains including an N-terminal RING finger, exon 
11, a coiled-coil domain, and C-terminal tandem BRCT repeats, whereas BRCA2 
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possesses BRC repeats and single-stranded DNA (ssDNA) binding domains 
(Fig. 2.1). BRCA1 constitutes a RING heterodimer ubiquitin E3 ligase with another 
structurally similar RING finger protein BARD1 [11–13] that participates in 
heterochromatin formation by ubiquitinating histone H2A [14–16]. The BRCT 
repeats of BRCA1 interact with the phosphorylated forms of CtIP, FANCJ (also 
called BRIP1 or BACH1), or Abraxas (also called ABRA1) [17–23]. FANCJ is a 
DNA helicase that is critical for the repair of DNA damage including DNA 
crosslinking, and homozygous mutation of this gene causes Fanconi anemia [24]. 
Abraxas is an adopter protein connecting BRCA1 with RAP80, which interacts 
with ubiquitin chains generated at DNA double-strand breaks (DSBs) [21–23]. 
Whereas BRCA1 complexed with CtIP and FANCJ performs HR through DNA end 
resection, BRCA1 complexed with Abraxas antagonizes and fine-tunes HR [25–
27]. The coiled-coil domain of BRCA1 recruits BRCA2 to sites of DNA damage. 
This domain interacts with PALB2, which bridges BRCA1 and BRCA2 [28, 29]. 
BRCA2 interacts with ssDNA through the ssDNA binding domain in its C-terminus, 
and it comprises eight repeats of the BRC domain, each of which is capable of 
interacting with one RAD51 molecule [30–33]. BRCA1, BRCA2, PALB2, and the 
RAD51 homolog RAD51C are also known as the Fanconi anemia genes FANCS, 
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FANCD1, FANCN, and FANCR, respectively, and homozygous mutations in these 
genes cause Fanconi anemia [34–38].

2.3	 �BRCA1/BRCA2 Functions in HR and the Synthetic 
Lethality of PARP Inhibitors

2.3.1	 �HR Mediated by BRCA1/BRCA2 and a Backup Pathway 
Mediated by PARP1/PARP2

DNA damage can be broadly classified as two types: single-strand breaks and more 
cytotoxic DSBs. There are at least four mechanisms of DSB repair: non-homologous 
end-joining (NHEJ), single-strand annealing (SSA), alternative end-joining (Alt-EJ, 
also called Alt-NHEJ or microhomology-mediated EJ), and HR (Fig.  2.2). Most 
DSBs are repaired by NHEJ. NHEJ is available throughout all cell cycle phases, but 
it is most important during G1 phase when HR is not available [39]. NHEJ simply 
joins the blunt ends of DSBs via a process mediated by the heterodimer Ku70/Ku80 
complexed with DNA-dependent protein kinase catalytic subunit (DNA-PKcs), 
XRCC4, and DNA ligase 4 (Lig4) (Fig. 2.2a) [40–41]. NHEJ is therefore relatively 
error-prone, and despite the deletion of residues at the broken ends in some instances, 
such deletions in most genetic regions do not affect cellular viability.

Contrarily, HR is an error-free process that is ideal for genetic stability, but it is 
only available during S and G2 phases when sister chromatids are accessible as 
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templates for recombination [39]. Directed by CtIP, a protein capable of interacting 
with the C-terminal BRCT domain of BRCA1, DSBs are first processed by the 
MRN complex consisting of MRE11, RAD50, and NBS1 for endonucleolytic clip-
ping, in which the nuclease activity of MRE11 removes small amounts (∼20 bp) of 
DNA at the broken ends (Fig. 2.2b) [42–44]. Once the DNA end is clipped, DNA is 
no longer a substrate for NHEJ, and it should be repaired by HR. One of most criti-
cal functions of BRCA1  in HR is extending DNA resection by supporting CtIP, 
which is phosphorylated in S phase and is therefore capable of binding to BRCA1, 
to generate ssDNA of sufficient length for strand invasion of the sister chromatid 
(Fig. 2.2c) [45, 46]. Another critical role of BRCA1 is the recruitment of BRCA2 to 
DSB sites via PALB2 [28, 29, 47]. While BRCA2 directed to DSBs interacts with 
ssDNA, multiple RAD51 molecules on BRCA2 are transferred onto ssDNA to cre-
ate ssDNA-RAD51 filaments that invade the sister chromatid and execute homol-
ogy searching via the recombinase activity of RAD51 [30–33].

The end-clipped DSBs in cells with HRD caused by BRCA1/BRCA2 dysfunc-
tion cannot be repaired by NHEJ, and they are cytotoxic if they are left unprocessed. 
Therefore, such lesions are repaired by the alternative backup pathways SSA and 
Alt-EJ (Fig. 2.2d and e). The majority of such DNA lesions are repaired by Alt-EJ, 
the most mutagenic repair pathway that anneals the broken ends with minimal 
homologous sequences (called microhomology), whereas SSA anneals DNA 
regions with longer homologous repeated sequences [48, 49]. Hence, SSA and 
Alt-EJ are beneficial for cancer cell survival but disadvantageous for individuals 
because they lead to genetic alterations and cancer. The genetic alteration created in 
this process can be detected as signature 3 genetic scars by next-generation 
sequencers, which are often used to assess HRD in cancer specimens for therapeutic 
purposes [50]. Importantly, PARP1/PARP2 is required for Alt-EJ in addition to 
DNA single-strand break repair (SSBR) [48, 51]. Therefore, PARP inhibitors inhibit 
the backup pathway required for the survival of cells with HRD.

HR and NHEJ are antagonistically regulated by BRCA1 and 53BP1 in response 
to DSBs. Whereas 53BP1 protects the DSB ends from CtIP-MRN-mediated end-
clipping and consequently directs DSB repair toward the NHEJ pathway, BRCA1 
blocks the action of 53BP1 by protecting CtIP [52, 53]. Interestingly, suppression of 
53BP1 or its functional partners RIF1, Rev7, and Shieldin dramatically restores HR 
in BRCA1-/BRCA2-deficient cells and therefore causes PARP inhibitor resistance 
[54–62]. As described previously, the two major functions of BRCA1, namely, 
ssDNA elongation and BRCA2-RAD51 recruitment, are mediated through the 
CtIP-MRN complex and PALB2, which interact with BRCT and the coiled-coil 
region of BRCA1, respectively. In addition, a recent analysis revealed that exon 11 
of BRCA1 is required for the suppression of 53BP1 [63]. Deletion of this exon 
coupled with TP53 knockout leads to breast cancer in mice [64]. Interestingly, 
whereas homozygous deletion of the coiled-coil domain (BRCA1CC/CC) or exon 11 
(BRCA1Δ11/Δ11) induces a Fanconi anemia-like phenotype with a low birth frequency 
or embryonic lethality, respectively, compound heterozygous mice possessing a 
combination of each deletion (BRCA1CC/Δ11) were born at Mendelian frequencies 
indistinguishable from those of wild-type mice [63]. Hence, the 53BP1 counteraction 
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and BRCA2 recruitment, namely, DNA end resection and RAD51 loading, are 
individually essential functions for BRCA1.

2.3.2	 �Essential Role of BRCA1/BRCA2 in DNA Replication 
with PARP Trapping

DSBs are generated by exogenous insults, such as ionizing irradiation and topoi-
somerase II inhibitors, and endogenous insults accompanied by DNA replication 
(Fig.  2.3). DNA adducts represent a common cause of stalled replication. DNA 
adducts are generally removed by base excision repair followed by SSBR performed 
by PARP1 and to a lesser extent by PARP2 (Fig. 2.3a) [65–67]. When this pathway 
fails to function, for example, in the presence of PARP inhibitors, replication is 
maintained by either translesion synthesis (Fig. 2.3b), template switching (Fig. 2.3c), 
or HR (Fig.  2.3d). There are at least four pathways to continue replication, and 
therefore, HRD does not greatly affect cell viability in this situation. However, the 
situation differs if fork stalling is prolonged. In cases of prolonged stalling, forks are 
cleaved by the MUS81-EME1 nuclease complex, generating one-ended DSBs that 
absolutely require HR to restart break-induced replication (Fig.  2.3e) [68–70]. 
Prolonged fork stalling is caused by DNA secondary structures such as R-loops and 
G-quadruplexes, as well as PARP trapping, a phenomenon in which PARP 
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persistently interacts with damaged DNA sites while its enzymatic activity is sup-
pressed by PARP inhibitors [71]. Because one-ended DSBs are highly toxic, the 
ability of PARP inhibitors to induce PARP trapping is important for the induction of 
synthetic lethality in BRCA1- or BRCA2-mutated cancers with HRD. In addition to 
HR, BRCA1 and BRCA2 play additional essential roles in this process. BRCA1 
and BRCA2 protect stalled replication forks against nucleolytic degradation by 
nucleases including MRE11, EXO1, and DNA2, thereby preventing fork collapse 
[72–78]. BRCA1 and BRCA2 are also required for preventing DNA damage driven 
by R-loops [79, 80], which are DNA-RNA hybrids that often accumulate at sites of 
DNA secondary structures including G-quadruplexes [81]. Collisions between the 
DNA replication machinery and R-loops result in fork collapse and subsequent 
DSBs. BRCA1 and BRCA2 associate with the DNA-RNA hybrid helicase SETX 
and mRNA export factor TREX-2, respectively, to resolve R-loops [79, 80]. 
G-quadruplexes are stacked structures built in guanine-rich DNA regions, such as 
rDNA, telomeres, and promoter sequences, with DNA motifs containing four 
stretches of three or more consecutive guanines [82–85]. Importantly, G-quadruplex-
interacting compounds that stabilize G-quadruplex formation and therefore cause 
stalled replication forks sensitize cells to PARP inhibitors in PARP inhibitor-
resistant BRCA1-/BRCA2-deficient tumors [81, 86, 87]. The G-quadruplex 
stabilizer CX-5461 is currently in a clinical trial of patients with BRCA1-/BRCA2-
deficient tumors [87].

2.4	 �Hypotheses for Tissue-Specific Carcinogenesis

Germline mutation of BRCA1 or BRCA2 causes breast and ovarian cancers includ-
ing ovarian cancer-related fallopian tube and peritoneal cancers. Although such 
mutations also cause other cancers such as prostate and pancreatic cancers, the inci-
dence of cancer is much higher in the breasts and ovaries. The mechanism by which 
this tissue specificity occurs is not completely understood at present. However, 
accumulated evidence indicates that estrogen signaling is an important factor con-
tributing to tissue specificity.

Clinically, the incidence of BRCA1/BRCA2 mutation-derived breast cancer is 
significantly reduced by the suppression of estrogen signaling by treatment with the 
anti-estrogen tamoxifen or risk-reducing salpingo-oophorectomy [88–90]. BRCA1 
mutation-derived breast cancer was also prevented by oophorectomy in a mouse 
model [91]. Interestingly, complementation of estrogen, but not progesterone, in 
these mice resulted in breast cancer development. These estrogen-dependent 
phenotypes support the hypothesis that the tissue specificity of HBOC is ascribed to 
its estrogen dependency. However, the mechanism by which HRD or other functional 
deficiencies attributed to germline mutation of BRCA1/BRCA2 contribute to 
estrogen-dependent carcinogenesis is not completely understood. HBOC carriers 
possess heterozygous germline mutations of BRCA1/BRCA2, and a second hit in the 
intact allele, such as loss of heterozygosity, triggers carcinogenesis [92–94]. 
Because the total loss of function caused by homozygous BRCA1/BRCA2 mutation 
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leads to apoptosis induced by p53 activation, inactivation of the apoptosis pathway 
via the simultaneous mutation of TP53 or by other conditions is required for cells to 
survive and develop into cancer [64, 95, 96]. Hence, tissue-specific carcinogenesis 
may be caused by a tissue-specific second hit, tissue-specific survival, or both 
(Fig. 2.4). In the next sections, representative evidence supporting these mechanisms 
induced by estrogen signaling is introduced.

2.4.1	 �Tissue-Specific DNA Damage Induced by 
ERα-Mediated Transcription

Estrogen-bound ERα translocates to the nucleus and functions as a transcription 
factor. The ERα-conducted transcription process requires topoisomerase IIβ 
(TopIIβ)-mediated transient truncation and rejoining of double-stranded DNA 
(dsDNA) to relax dsDNA distortion [97]. ERα and androgen receptor (AR) both 
control this process. In the case of AR, DSBs are generated via incomplete rejoining 
of the truncated ends of dsDNA, leading to the fusion gene TMPRSS2-ERG, the 
most common driver mutation of prostate cancer [98, 99]. Importantly, HRD, 
including that induced by BRCA1 depletion, accelerates the production of 
TMPRSS2-ERG [98]. This strongly suggests that AR-mediated transcription causes 
prostate cancer in BRCA mutation carriers. It is possible that a similar mechanism 
underlies the development of estrogen- and HRD-generated breast and ovarian 
cancers (Fig. 2.4a). In addition, it has been reported that TopIIβ frequently fails to 
rejoin truncated dsDNA ends in the presence of estrogen and remains attached to 
the 5′ ends of DNA [100]. BRCA1 complements this process by removing TopIIβ 
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adducts from the DSB ends and completing the rejoining. BRCA depletion leads to 
the remarkable accumulation of TopIIβ-DNA cleavage complex intermediates upon 
estrogen treatment. These findings suggest that BRCA1 dysfunction or HRD 
specifically exacerbates genomic instability in tissues expressing ERα or AR, 
thereby promoting carcinogenesis.

One possible contradiction for this scenario is that ovaries produce, but are not 
affected by, estrogen, and the ovarian epithelium does not express ERα. However, it 
has been suggested that the origin of BRCA1/BRCA2 mutation-derived ovarian 
cancer could be the fallopian tubes opposed to the ovaries. The typical subtype of 
ovarian cancers attributed to BRCA1/BRCA2 mutations is high-grade serous ovarian 
cancer (HGSC), which is the most aggressive phenotype of ovarian cancers and is 
normally detected in its advanced stage, making it impossible to distinguish its 
origin. However, as risk-reducing salpingo-oophorectomy has become widely 
performed in BRCA1/BRCA2 mutation carriers, cancers are more likely to be 
detected in the early stage. Interestingly, fallopian tube cancer is more common than 
ovarian cancer in such early-stage cancers [101–104], suggesting that the majority 
of advanced cancers that were previously recognized as ovarian cancer could 
actually have been fallopian tube cancer. In addition ovarian cancer detected in the 
early stage could have originated in the fallopian tube because the fimbria cells of 
the fallopian tube physiologically move to the ovaries during ovulation. In a mouse 
model, Cre-mediated conditional inactivation of BRCA1 or BRCA2, together with 
TP53 and PTEN, which are frequently altered in ovarian cancers, in the fallopian 
tube led to the development of HGSC and peritoneal metastases, in addition to 
serous tubal intraepithelial carcinomas [105]. Importantly, inactivation of these 
genes in the ovarian epithelium did not promote the development of such cancers. 
Thus, the fimbriae of the fallopian tubes have been recognized as principal sites for 
HGSC in the pelvis. Because the fimbriae strongly express ERα, the DNA damage 
induced by ERα-mediated transcription is compatible for the tissue specificity of 
BRCA1/BRCA2 mutation-induced carcinogenesis.

2.4.2	 �Tissue-Specific Growth Signaling by Estrogen in BRCA1-
Defective Progenitor Cells

Breast cancers caused by germline BRCA1 mutation are commonly the triple-
negative subtype, which lacks ERα, progesterone receptor (PR), and human epider-
mal growth factor receptor 2 expression, and most of them are classified as basal-like 
cancer, which exhibits a similar gene expression profile as mammary basal stem 
cells. However, basal-like breast cancer caused by germline BRCA1 mutation origi-
nates in ERα- and PR-negative luminal progenitor cells but not in basal stem cells. 
BRCA1 inactivation in basal stem cells leads to adenomyoepithelioma, but not to 
basal-like breast cancer, whereas that in the luminal progenitor cells leads to basal-
like breast cancer [106, 107]. Interestingly, BRCA1-defective luminal progenitor 
cells are hypersensitive to estrogen and progesterone despite being negative for ERα 
and PR.  The mechanism underlying the contradiction is the paracrine effect of 
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neighboring luminal cells. ERα- and PR-positive mature luminal cells secrete 
RANKL in response to estrogen signaling, thereby promoting the growth of 
BRCA1-defective and ERα- and PR-negative luminal progenitor cells and resulting 
in the development of basal-like cancer [108–111] (Fig. 2.4b). Of note, it has been 
reported that the RANK inhibitor denosumab prevented BRCA1 mutation-derived 
breast cancer in a mouse model [111].

2.4.3	 �Tissue-Specific Survival Mediated by Estrogen

In addition to a tissue-specific second hit, it has been proposed that estrogen-
mediated survival in BRCA1-deficient cells may be the basis for tissue-specific 
carcinogenesis [112]. In support of this hypothesis, estrogen-induced NRF2 
reactivation in BRCA1-defective cells has been revealed to generate tissue specificity 
(Fig.  2.4c). NRF2 is a master transcription factor of antioxidant pathways that 
protects cells against oxidative stress-induced DNA damage [113, 114]. BRCA1 
physically interacts with NRF2 and promotes its stability and activation by blocking 
its interaction with the ubiquitin ligase KEAP1 [115]. Thus, BRCA1 deficiency 
suppresses NRF2 responses and leads to cell death with reactive oxygen species 
accumulation. Notably, estrogen increases NRF2 protein expression and activity 
through activation of the PI3K-AKT-mTOR pathway [116]. In vivo, the survival 
defect of BRCA1-deficient mammary epithelial cells is rescued by pregnancy, and 
estrogen administration stimulates the growth of BRCA1-deficient mammary 
tumors in male mice.

2.5	 �Perspectives

The mechanisms underlying the biology of carcinogenesis induced by BRCA1/
BRCA2 deficiency have intensively been studied for more than two decades. 
Although the initial questions have not been entirely clarified, tremendous progress 
has been achieved in the basic understanding of the responsible mechanisms, 
leading to many benefits in the treatment and prevention of HBOC. This includes 
synthetic lethality mediated by PARP inhibitors. Future works may focus on the 
mechanisms of acquired resistance and strategies to overcome this resistance. In 
addition, surgical and medical prevention strategies should also be improved on the 
basis of the mechanisms revealed by those efforts.
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Abstract

Genetic testing for HBOC can be a life-determining event for clients. Therefore, 
it is very important when, to whom, and by which method the genetic testing is 
performed. Genetic testing has a variety of purposes, including HBOC diagnosis, 
companion diagnosis, relative diagnosis, carrier diagnosis, and confirmation of 
secondary findings. Who is the best test candidate depends on the purpose of the 
test. Various sizes of BRCA1/BRCA2 variants have been reported, from single 
nucleotide substitutions and small indels to large-sized structural abnormalities. 
The locus of variants is distributed not only in exons but also in splice sites and 
deep introns. There are various tests depending on the variant size, from the 
specific variant detection by Sanger sequencing to multi-gene panel using next-
generation sequencing, and there are also several companion diagnostics to 
determine the indications for molecular targeted drugs. It also introduces the 
accuracy control required for clinical diagnosis and the limitations of 
interpretation of results. After reading this chapter, you will be able to choose the 
genetic testing that best suits your purpose.
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3.1	 �Introduction

Genetic testing includes various types of analysis:

•	 Testing for exogenous pathogens (e.g., microorganisms such as viruses and bac-
teria) that cause infectious diseases in humans

•	 Testing for somatic variants in human cancers
•	 Testing for germline variants in human genome

Testing for germline variants includes a test that reveals the lifelong genetic 
information that an individual inherently possesses in her genome and mitochondria. 
Testing involves the diagnosis of monogenic diseases, risk assessment of 
multifactorial diseases, drug effects/side effects/metabolism, and personal 
identification.

This section refers to genetic testing for germline BRCA1/BRCA2, which are 
associated with hereditary breast and ovarian cancer syndrome (HBOC).

Based on linkage analysis of familial breast cancer, the BRCA1 and BRCA2 
genes were cloned in 1994 and 1995, respectively [1, 2]. Myriad Genetics started 
clinical BRCA1/BRCA2 germline testing on November 27, 1996, and had conducted 
more than 1.5 million tests worldwide in 20 years. Around 2000, Lynx developed 
the technology of massively parallel signature sequencing, which is the basis of 
next-generation sequencing (NGS) [3]. The decoding of the human genome was 
completed on April 14, 2003 [4]. In 2005, 454 Life Sciences launched the next-
generation sequencer GS20 [5]. NGS analysis has expanded its use from genomic 
research to clinical testing. On June 13, 2013, the US Supreme Court ruled that the 
patent rights for the human BRCA1/BRCA2 genes owned by Myriad et al. were 
invalid [6]. It was determined that the DNA fragment was a product of nature and 
was ineligible for protection because it was isolated. Hours after the Supreme 
Court’s ruling, a biotech company has announced that they will test BRCA1/BRCA2 
for about one-third the price of Myriad. Due to lower prices for NGS analysis and 
differentiation from Myriad, BRCA1/BRCA2 genetic testing has been increasingly 
used with multi-gene panel (MGP) since this ruling.

3.2	 �Aim of the Genetic Testing

The main purposes of genetic testing performed in clinical practice are as follows:

•	 Diagnosis of hereditary cancer and companion diagnostics for certain drugs in 
cancer patients

•	 Carrier diagnosis to relatives
•	 Confirmation of germline findings in examinations using cancer tissues for 

detecting somatic mutations in cancer patients
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3.2.1	 �Diagnosis of Hereditary Cancer and Companion 
Diagnostics for Certain Drugs in Cancer Patients

For three main purposes, cancer patients take genetic testing for HBOC diagnosis.

3.2.1.1	 �Appropriate Medical Care for Cancer
	1.	 Diagnosis of HBOC is useful for selecting the operative procedure.

For patients with preoperative breast cancer, choosing breast-conserving sur-
gery for HBOC has been reported to increase the risk of developing the second 
breast cancer in the preserved breast [7, 8].

	2.	 Long-term and precise follow-up is provided even for early-stage cancer.
In the case of breast cancer, it is recommended to continue follow-up with 

contrast-enhanced MRI of the preserved and contralateral breasts until at least 
75 years of age [8–10].

	3.	 Companion diagnostics for PARP inhibitors.

In breast cancer, ovarian cancer, pancreatic cancer, and prostate cancer, PARP 
inhibitors are effective in patients with pathogenic/likely pathogenic variants (P/
LPVs) of BRCA1/BRCA2 [11].

3.2.1.2	 �Prevention Against Cancer Risk of Other Organs That Are Not 
Currently Affected

Surveillance for HBOC includes annual contrast breast MRI for breast cancer, 
transvaginal ultrasound and serum CA-125 for ovarian cancer, serum PSA for 
prostate cancer, and MRCP for pancreatic cancer. To prevent cancer, risk-reducing 
mastectomy and risk-reducing salpingo-oophorectomy can be selected [12–15].

3.2.1.3	 �Clarify the Possibility of Inheritance to Relatives
Many cancer patients say, “I already have cancer, so I get medical care, whether 
genetic or not. I do not want my daughter to have the same experience as me. The 
purpose of taking a genetic test is to know if my daughter is HBOC and to allow her 
to have an early screening for her cancer risk” [16, 17].

3.2.2	 �Diagnosis of Relatives

The pathogenic variant information of the proband allows relatives to diagnose 
HBOC by analyzing only their variant site. However, if the relative has a cancer to 
which a PARP inhibitor is applied (i.e., breast cancer, ovarian cancer, prostate 
cancer, pancreatic cancer) and is expected to be treated with a PARP inhibitor in the 
future, it is better to choose a genetic testing that is accepted as a companion 
diagnostic. For example, in a country like Japan where BRACAnalysis is the only 
germline genetic test accepted as a companion diagnostic for olaparib, their relatives 
can use PARP inhibitors only by the BRACAnalysis test, which analyzes the full-
length BRCA1/BRCA2 sequence.
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In the case of a client without cancer, the age and gender of the client should be 
taken into consideration. If the client is a minor, the test is postponed until adulthood. 
HBOC rarely develops cancer in childhood, so there is no benefit to having the test 
done in childhood. After the client has grown up, the healthcare professional will 
assist the client in deciding whether or not to undergo the genetic testing at his or 
her will [18].

3.2.3	 �Secondary Findings (SF) (Germline Findings)

In tumor-only MGP, the detection rate of SF is reported to be about 4–8% [19, 20]. 
Of these, BRCA1/BRCA2 was the most common, accounting for about 60%. 
Additionally, about 80% of the P/LPVs detected in BRCA1/BRCA2 by cancer 
MGP are reported to be of germline origin. Therefore, if a P/LPV of BRCA1/
BRCA2 is detected in tumor-only cancer MGP, it is highly recommended to suspect 
that the P/LPV is a germline origin and to confirm by blood test.

3.3	 �Best Test Candidate

In a family that is diagnosed with HBOC for the first time, the person who is suit-
able for the first test is called “the best test candidate.” Examples are young breast 
cancer patients and ovarian cancer patients. See “Genetic/familial high-risk assess-
ment: Breast, ovarian, and pancreatic” in the NCCN guidelines (Fig. 3.1) [16]. The 
NCCN guidelines are frequently updated, so download the latest from the website. 
The NCCN guidelines were significantly revised in 2019. Because the application 
of PARP inhibitors has been greatly expanded from breast cancer and ovarian 

For all patients with
personal or family
cancer history

Breast cancers Testing criteria for high-
penetrance breast and/or
ovarian cancer susceptibility
genes

Ovarian cancers

Prostate cancers

Pancreatic cancers Testing criteria for
pancreatic cancer
susceptibility genes

NCCN Guidelines for
genetic/familial high-risk
assessment: colorectal

Testing criteria for Li-
Fraumeni syndrome

Testing criteria for Cowden
syndrome/PTEN hamartoma
tumor syndrome

Exocrine pancreatic
cancers

All individuals

MEN1
CDKN2B
NF1
TSC1/2
VHL

Multi-gene testing

Multi-gene testing
(TP53)

Multi-gene testing
(PTEN)

Multi-gene testing
(ATM, BRCA1/2, CDKN2A,
MLH1, MSH2/6, EPCAM,
PALB2, STK11, TP53)

Multi-gene testing
(ATM, BRCA1/2, CDKN2A,
MLH1, MSH2/6, EPCAM,
PALB2, STK11, TP53)

NCCN Guidelines for
Neuroendocrine
and Adrenal tumors

Neuroendocrine
pancreatic tumors

Colorectal cancers

Specific cancers

Fig. 3.1  Cancer risk assessment
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cancer to prostate cancer and pancreatic cancer, germline MGP has become wide-
spread as a clinical genetic testing. The main points of the revision are the following:

•	 Pancreatic cancer had been added to the title.
•	 The assessment candidates had been expanded to all patients with a personal or 

family cancer history.
•	 The germline MGP was recommended as the first choice in most genetic testing.

As shown in Fig. 3.1, candidates are for all patients, and testing criteria are indi-
cated for each cancer type in the patient’s medical history or family history. Germline 
MGP is the first choice when met to testing criteria.

Even if none of the testing criteria are met, genetic testing is also recommended 
or considered if the probability of BRCA1/BRCA2 pathogenic variants exceeds 
5.0% or 2.5%–5.0%, respectively.

Probability models of BRCA1/BRCA2 pathogenic variants come in many variet-
ies. There are two ways to create a probability model. One is an empirical model, 
such as Myriad II [21], which mainly consists of Western data, and KOHCal [22], 
which mainly consists of East Asian data. The other is a statistical model for calcu-
lating genetic risk using the Bayesian method, such as BRCAPRO [23] and CanRisk 
[24]. CanRisk uses a polygenic risk model, formerly BOADICEA.

3.4	 �Variants of BRCA1/BRCA2 Genes

The functions of BRCA1/BRCA2 are homologous recombination repairs for DNA 
damage and act as tumor suppressor genes (TSGs) in carcinogenesis. Since BRCA1 
and BRCA2 are TSGs, there are no hot spots of variants, and genotype-phenotype 
correlation is unclear, however breast and ovarian cancer cluster regions have been 
reported [25].

BRCA1 is located at 17q21.31 and consists of 24 exons and 1863 amino acids. 
The coding region starts with exon 2, and the main transcript skips exon 4. The 
breast cancer cluster regions (BCCRs) of BRCA1 are reported within c.179–505, 
c.4328–4945, and c.5261–5563, and ovarian cancer cluster region (OCCR) is within 
c.1380–4062.

BRCA2 is located at 13q13.1 and consists of 27 exons and 3418 amino acids. 
The coding region starts with exon 2. BCCRs of BRCA2 are reported within 
c.1–596, c.772–1806, and c.7394–8904, and OCCRs are within c.2831–6401 and 
c.6645–7471.

The frequency of BRCA1/BRCA2 variants in the non-Ashkenazi Caucasian 
population in the United Kingdom and the United States is estimated to be 
approximately 1  in 400 [26, 27]. According to Myriad Genetics, there are about 
19,000 BRCA1/BRCA2 variants; however, the database is not publicly available. 
Approximately 80% of BRCA1/BRCA2 variants are detected by whole gene 
sequencing and approximately 10% are detected by copy number analysis [28–31].
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The size of variants detected by whole gene sequencing ranges from 1 to several 
bases and includes:

•	 Nonsense variant
•	 Missense variant
•	 Small indel
•	 Splice site variant
•	 Deep intronic variant

Large genome rearrangements that are difficult to detect by whole gene sequenc-
ing include loss, amplification, translocation, and inversion.

Nonsense variants are pathogenic because they create unplanned stop codons by 
single nucleotide substitutions. However, in the case of the flanking carboxyterminal 
variant, deletion of the last few amino acids may not affect function. If the frameshift 
caused by the small indel is not a multiple of 3, it is pathogenic because stop codons 
are created early.

In missense variants and small indels that are multiples of 3, mRNA is translated 
to the 3′ end. In this case, it is not easy to predict the functional changes of the 
mutant protein. Refer to various public databases and interpret variants based on the 
ACMG guideline [32]. Amino acid changes at special sites, such as the first 
methionine, are pathogenic, even if they are missense variants or one amino acid 
deletions. A splice site is a consensus sequence at both ends of an intron near the 
exon-intron junction. The 5′ end of the intron is called the donor site, the 3′ end is 
called the acceptor site, and GT and AG are the respective consensus sequences. 
When this sequence is mutated, intron removal becomes incomplete, exon skipping 
occurs, and the splice pattern changes, so it is pathogenic. Myriad tests 20 bp from 
the 5′ end and 10 bp from the 3′ end, and Ambry tests 5 bp from both ends, as 
variants can affect splicing even if they are more than 2 bases away from the exon-
intron junction.

A mechanism called secondary epimutation has also been reported in which the 
promoter is methylated by the deep intron variant c.-107A > T of BRCA1 and the 
expression of BRCA1 is reduced [33].

Large-sized genomic structural abnormalities, copy number loss, translocation, 
etc. result in loss of function.

3.5	 �Analytical Methods

Table 3.1 shows a list of US FDA-approved in vitro diagnostics (IVD) including 
BRCA1/BRCA2.

3.5.1	 �Sanger Sequencing

Suitable variant size for detection is about 1–500 bases. We can read exon and exon-
intron boundaries base substitutions or small indels. The ddNTP labeled with the 
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four-color fluorescent dye is mixed with the dNTP to amplify the target DNA region, 
and the fluorescent signal is read by capillary electrophoresis.

3.5.2	 �Fragment Analysis

The PCR product size suitable for detection is about 200–500 bases, but by tiling 
several PCR products, the analysis length becomes 10 M base. We can analyze the 
number of repeats in the repeat sequence and copy number aberrations. In this 
method, the DNA region of interest is PCR amplified and capillary-electrophoresed 
along with a size standard to identify differences in the size of PCR products. 
Fragment analysis can be used to analyze the loss of heterozygosity (LOH), 
multiplex ligation-dependent probe amplification (MLPA) [34], and microsatellite 
instability (MSI). LOH detects allelic imbalance by comparing the number of repeat 

Table 3.1  FDA-approved human genetic tests including BRCA1/BRCA2

Type of test Trade name Manufacturer
Tumor 
tissue

Normal 
sample Plasma

Germline 
Sanger 
sequencing and 
fragment 
analysis

BRACAnalysis CDx Myriad Genetic 
Laboratories, 
Inc.

○

Germline DNA 
chip

23andMe PGS genetic 
health risk report for 
BRCA1/BRCA2 
(selected variants)

23andMe ○

Germline 
whole-exome 
sequencing

Helix laboratory platform Helix OpCo, 
LLC

○

Matched-pair 
MGP

MSK-IMPACT Memorial 
Sloan-Kettering 
Cancer Center

○ ○

Omics Core NantHealth, Inc. ○ ○
Tumor-only 
MGP

FoundationFocus 
CDxBRCA

Foundation 
Medicine, Inc.

○

FoundationOne CDx Foundation 
Medicine, Inc.

○

Myriad myChoice CDx Myriad Genetic 
Laboratories, 
Inc.

○

PGDx elio tissue 
complete

Personal 
Genome 
Diagnostics

○

Liquid biopsy FoundationOne® Liquid 
CDx

Foundation 
Medicine, Inc.

○

Guardant360® CDx Guardant Health, 
Inc.

○
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sequences in the paternal and maternal alleles. MLPA detects genomic 
rearrangements such as exonic deletions and duplications. MSI compares the 
number of repetitions of the microsatellite region between tumor DNA and normal 
DNA to detect genomic stability.

3.5.3	 �Array Comparative Genomic Hybridization (Array-CGH)

A method for detecting DNA copy number aberrations from about 1000 bases to the 
chromosome level in the entire genomic region at once [35]. Patient DNA and con-
trol DNA are labeled with different fluorescence and hybridized competitively on 
the chip to detect the ratio of the two-color fluorescence signals. We can detect copy 
number variations from exon size to chromosomal size for the entire genomic region.

3.5.4	 �Next-Generation Sequencing (NGS)

NGS is a massively parallel sequencing method that analyzes 10G base or more. 
There are short-read sequencers (SRSs) with a read length of 100–200 bases and 
long-read sequencers (LRSs) with a read length of 10 k base or more. LRS developed 
by Oxford Nanopore and Pacbio can be expected to analyze complex genomic 
structural abnormalities, but is currently for research use only. MGP using SRSs has 
become widespread as a clinical test. Illumina’s NGS detects a fluorescence signal 
by incorporating fluorescently labeled dNTPs one base at a time by DNA poly-
merase on the flow cell. Thermo’s NGS does not use fluorescence and detects the 
potential change of H+ during the elongation reaction. In genetic testing, the number 
of MGPs exceeded the number of Sanger sequencing in 2014. Currently, various 
MGPs containing the high-risk and moderate-risk genes are being produced [36]. 
Using MGP, it is possible to analyze not only BRCA1/BRCA2 but also many genes 
at the same time in one analysis. This improves the diagnostic rate of genetic testing, 
but increases the frequency of a variant of uncertain significance (VUS) per test. 
MGP analysis of 42 genes reported that an average of 2.1 VUS per person was 
observed (Kurian AW, 2014). Additionally, unexpected hereditary diseases may be 
diagnosed. MGP has already been widely used in clinical tests as a tumor-only 
panel and liquid biopsy. These tests require an evaluation of germline findings.

3.6	 �Companion Diagnostics (CDx)

3.6.1	 �CDx

Regulatory approvals for CDx vary from country to country. Alternatively, the num-
ber of international clinical trials is increasing today, and the same CDx as clinical 
trials is being adopted increasingly. Table  3.2 shows the US FDA-approved 
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companion diagnostics, including BRCA1/BRCA2. Five types of CDx have been 
adopted as four types of PARP inhibitors for four types of cancer:

•	 BRACAnalysis analyzes BRCA1/BRCA2 of blood genomic DNA by the Sanger 
method and fragment analysis. The Sanger sequencing primer is designed on the 
basis of GenBank data, avoiding easily variable regions, and has an M13 tail 
added. The BRACAnalysis large rearrangement test detects large rearrangements 
by fragment analysis. If PV is detected, it is confirmed to be HBOC.

•	 Myriad myChoice HRD CDx analyzes cancer tissue by NGS, sequences total 
BRCA1/BRCA2, and determines HRD based on the genomic instability score 
(GIS) calculated from LOH, telomeric allelic imbalance (TAI), and large-scale 
state transitions (LST).

•	 FoundationFocus CDxBRCA sequences total BRCA1/BRCA2 in cancerous tis-
sue using NGS.

•	 FoundationOne CDx sequences 324 cancer-related genes, including BRCA1/
BRCA2, and calculates MSI, TMB, and LOH for cancer tissues using NGS.

•	 FoundationOne® Liquid CDx sequences 324 cancer-related genes using NGS 
for circulating tumor DNA (ctDNA) from the blood.

If PV is detected on BRCA1/BRCA2 in this testing, inform the patient that PV 
may be germline findings.

3.6.2	 �HRD

PARP inhibitors are effective in HRD-positive tumors [37]. HRD is determined from 
the cause and result. The cause of HRD is loss of function variants in DDR and HRR 
genes, and the result of HRD is that genomic scar occurs due to decreased homolo-
gous recombination repair activity (Fig.  3.2). The variants are detected by whole 
gene sequencing. However, there are various methods for detecting genomic scars, 
and neither the detected phenomenon nor the quantification algorithm is the same 
(Table 3.3). Figure 3.2 shows where and how the four different HRD tests detect the 
process from genetic mutations to genomic scars. FoundationOne CDx and myChoice 
HRD assay determine HRD based on both sides of the cause and result.

3.7	 �Quality Control

The main process of quality control of genetic testing is shown by taking NGS 
analysis using peripheral blood as an example.

3.7.1	 �Preanalytic Phase

In the sample collection, patient misidentification, insufficient blood collection vol-
ume, incorrect blood collection tube, hemolysis, infusion solution contamination, 
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insufficient inversion and miscibility, improper transportation/storage temperature, 
etc. may occur. In nucleic acid extraction, quantity deficiency, fragmentation, con-
tamination, etc. may occur.

3.7.2	 �Analytic Phase

NGS wet-lab process. In library creation, check steps such as DNA fragmentation, 
barcode addition, target enrichment, etc. In sequencing, check the read depth and 
uniformity.

(ATM, ATR, CHK1, CHK2)

(BRCA1, BRCA2, RAD51C, RAD51D, PALB2)

myChoice HRD assay

HRDetect BRCAness

FoundationOne CDx

DNA damage

HRD

Genomic scars

DDR genes

HRR genes

LOH TAI LST

GIS
II

the HRD index

Microhomology-
mediated indels

Substitution
signatures 3, 8

Rearrangement
signatures 3, 5 CNV

Integrated genomic signatures

Fig. 3.2  HRD assay. DDR DNA damage response, HRR homologous recombination repair, HRD 
homologous recombination deficiency, LOH loss of heterozygosity, TAI telomeric allelic 
imbalance, GIS genomic instability status, LST large-scale state transition, CNV copy number variant

Table 3.3  HRD assay

BRCAness myChoice FoundationOne CDx HRDetect
Index Copy number 

abberation
BRCA1/BRCA2 
sequencing and 
genomic instability 
score

DDR and HRR gene 
sequencing and LOH 
score

Integrated 
genomic 
signatures

Analysis MLPA MGP MGP WGS
Purpose Predicting the 

BRCA1-deficient 
breast cancer

Predicting the 
effects of PARP 
inhibitors

Detect pathogenic 
variants of genes and 
LOH

Predicting the 
BRCA1 and 
BRCA2 
deficiency

3  Genetic Testing



42

3.7.3	 �Postanalytic Phase

NGS dry-lab process. For mapping, variant call, and annotation, which are bioinfor-
matics pipelines, also check the type and version of the database used. In preparing 
the report, describe the interpretation of the variant and match the anonymiza-
tion code.

3.7.4	 �Validation

Evaluate accuracy, repeatability, reproducibility, sensitivity, specificity, robustness, 
reportable range, and reference interval for the test. If you use IDV, you can omit it 
because it has already been done.

3.7.5	 �Internal Quality Control

Regularly measure quality control materials that mimic patient samples. Use artifi-
cially created reference materials by introducing known variants.

3.7.6	 �External Quality Assessment

Participate in an interlaboratory comparison program and undergo proficiency test-
ing. The US College of American Pathologists (CAP) survey is conducting NGS 
proficiency testing to detect SNVs and indels in 28 genes.

3.7.7	 �Certification Programs

3.7.7.1	 �Clinical Laboratory Improvement Amendments (CLIA)
It is a US law that sets out quality assurance standards for clinical laboratories. In 
the United States, all clinical laboratories that handle human specimens are required 
to be certified.

3.7.7.2	 �Laboratory Accreditation Program (LAP)
It is a clinical laboratory accreditation program by CAP. Laboratories outside the 
United States can also be certified.

3.7.7.3	 �ISO15189
The International Organization for Standardization/Technical Committee 212 (ISO/
TC212) is a nongovernment organization founded in 1947 and promotes international 
standardization of products and services. ISO15189 is an international standard for 
quality and competence in the medical laboratory. Laboratories around the world 
can be certified.
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3.8	 �Interpretation

Variant pathogenicity is classified into the following five categories according to the 
ACMG variant classification guideline 2016 v2 [32].

•	 Pathogenic
•	 Likely pathogenic
•	 Variant of uncertain significance (VUS)
•	 Likely benign
•	 Benign

Of these, pathogenic and likely pathogenic have pathological significance, and 
the diagnosis of HBOC is confirmed, and PARP inhibitors are applied. In the case 
of benign and likely benign, HBOC can be almost denied and PARP inhibitors are 
not applicable. In the case of VUS, PARP inhibitors are not applicable, but HBOC 
cannot be denied.

These five main databases are useful for interpretation of germline BRCA1/
BRCA2 variants.

•	 ClinVar
•	 HGMD (the Human Genome Mutation Database)
•	 BRCA Share (UMD)
•	 BRCA Exchange
•	 Leiden Open Variation Database (LOVD)

The interpretations of variants in these databases do not always match. 
Disagreement rate between five databases (ClinVar, HGMD, UMD, BIC, LOVD) is 
3–14% [38].

3.9	 �VUS

The VUS rate in Myriad is as high as 2% for all patients, but 5% for Asian and 
Middle Eastern.

The NCCN guideline recommends that high-risk individuals with a lifetime can-
cer risk of 20% or higher should undergo surveillance. The lifetime cancer risk 
model is a model that predicts the risk of developing cancer based on epidemiological 
data, pregnancy and childbirth, cancer history, gene mutation information, family 
history, and the like. BRCAPRO, CanRisk, and Tyrer-Cuzick [39] are also 
probability models of BRCA1/BRCA2 pathogenic variants. The Gail model [40] 
and Claus model [41] are models that predict the development of breast cancer in 
average or high-risk women, respectively, and the probability of BRC1/BRCA2 
pathological variant is not possible. Additionally, there are two main things that 
healthcare professionals can clarify VUS interpretation. One is segregation analysis. 
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The presence of genotype-phenotype correlation in the history of associated cancers 
provides strong evidence for pathogenicity. This information cannot be obtained 
without a trusting relationship between the patient/family and the healthcare 
professionals. The other is the functional analysis of the variant. Since both BRCA1/
BRCA2 have a homologous recombination repair function, analysis for detecting 
homologous recombination activity is useful. The cells are treated with X-ray, 
ultraviolet light, PARP inhibitors, mitomycin C, cisplatin, topoisomerase inhibitor, 
alkylating agent, etc. to induce DNA recombination, and the following phenomena 
are detected:

•	 DNA damage sensitivity assay.
•	 Measure cell survival for dose.
•	 γH2AX foci.
•	 Phosphorylated histone H2AX (γH2AX) accumulates around double-

strand breaks.
•	 HRR protein foci.
•	 HRR proteins such as RAD51 accumulate at the recombination site.
•	 BrdU incorporation: Detects DNA repair synthesis.
•	 Sister chromatid exchange (SCE) assay.
•	 Sister chromatid exchange in metaphase spread.
•	 Chromosome breakage assay.
•	 Chromosomal breakage in metaphase spread.
•	 Homologous recombination (HR) assay.

After the induction of artificial double-strand breaks with endonuclease I-SceI, 
the percentage of cells repaired by HR is measured using GFP.

3.10	 �Summary

Genetic testing is expanding to MGP for all patients. The purpose of the test has been 
extended to companion diagnostics of PARP inhibitors in addition to the diagnosis of 
HBOC. Medical professionals who perform the test understand the analysis method, 
control the quality, interpret the results, and respond to germline findings.

References

	 1.	Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, Liu Q, Cochran 
C, Bennett LM, Ding W, et  al. A strong candidate for the breast and ovarian cancer sus-
ceptibility gene BRCA1. Science. 1994 Oct 7;266(5182):66–71. https://doi.org/10.1126/
science.7545954.

	 2.	Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, Collins N, Gregory S, Gumbs 
C, Micklem G. Identification of the breast cancer susceptibility gene BRCA2. Nature. 1995 
Dec 21-28;378(6559):789–92. https://doi.org/10.1038/378789a0.

	 3.	Brenner S, et al. Nat Biotechnol. 2000;18:630.

S. Yokoi

https://doi.org/10.1126/science.7545954
https://doi.org/10.1126/science.7545954
https://doi.org/10.1038/378789a0


45

	 4.	 International Human Genome Sequencing Consortium. Nature. 2001;409:860.
	 5.	Ronaghi M, et al. Science. 1998;281:5375.
	 6.	Association for Medical Pathology v. Myriad Genetics, Inc., 569 U.S.___. 133 S.Ct.2107 (2013).
	 7.	Seynaeve C, Verhoog LC, van de Bosch LM, van Geel AN, Menke-Pluymers M, Meijers-

Heijboer EJ, van den Ouweland AM, Wagner A, Creutzberg CL, Niermeijer MF, Klijn JG, 
Brekelmans CT.  Ipsilateral breast tumour recurrence in hereditary breast cancer following 
breast-conserving therapy. Eur J Cancer. 2004;40:1150–8.

	 8.	Valachis A, Nearchou AD, Lind P. Surgical management of breast cancer in BRCA–mutation 
carriers: a systematic review and meta–analysis. Breast Cancer Res Treat. 2014;144(3):443–55.

	 9.	Gao X, Fisher SG, Emami B. Risk of second primary cancer in the contralateral breast in 
women treated for early-stage breast cancer: a population-based study. Int J Radiat Oncol Biol 
Phys. 2003;56:1038–45.

	10.	Waener E, et al. J Clin Oncol. 2011;29:1664–9.
	11.	Lord CJ, Ashworth A. BRCAness revisited. Nat Rev Cancer. 2016 Feb;16(2):110–20. https://

doi.org/10.1038/nrc.2015.21.
	12.	Li X, You R, Wang X, Liu C, Xu Z, Zhou J, et al. Effectiveness of prophylactic surgeries in 

BRCA1 or BRCA2 mutation carriers: meta–analysis and systematic review. Clin Cancer Res. 
2016;22(15):3971–81.

	13.	Rebbeck TR, Kauff ND, Domchek SM. Meta–analysis of risk reduction estimates associated 
with risk–reducing salpingo–oophorectomy in BRCA1 or BRCA2 mutation carriers. J Natl 
Cancer Inst. 2009;101(2):80–7.

	14.	Domchek SM, Friebel TM, Singer CF, Evans DG, Lynch HT, Isaacs C, et al. Association of 
risk–reducing surgery in BRCA1 or BRCA2 mutation carriers with cancer risk and mortality. 
JAMA. 2010;304(9):967–75.

	15.	 Ingham SL, Sperrin M, Baildam A, Ross GL, Clayton R, Lalloo F, et al. Risk–reducing surgery 
increases survival in BRCA1/2 mutation carriers unaffected at time of family referral. Breast 
Cancer Res Treat. 2013;142(3):611–8.

	16.	National Comprehensive Cancer Network. NCCN clinical practice guidelines in oncology. 
Genetic/familial high-risk assessment: Breast and ovarian, and pancreatic. ver1. 2020.

	17.	https://www.nytimes.com/2013/05/14/opinion/my-medical-choice.html?_r=2&
	18.	https:/ /www.nsgc.org/Policy-Research-and-Publications/Position-Statements/

Position-Statements/Post/genetic-testing-of-minors-for-adult-onset-conditions
	19.	Bryce A. Seifert et al. germline analysis from tumor-germline sequencing dyads to identify 

clinically actionable secondary findings. Clin Cancer Res. 2016 Aug 15;22(16):4087–94. 
https://doi.org/10.1158/1078-0432.CCR-16-0015.

	20.	Mandelker D, Donoghue M, Talukdar S, Bandlamudi C, Srinivasan P, Vivek M, Jezdic S, 
Hanson H, Snape K, Kulkarni A, Hawkes L, Douillard JY, Wallace SE, Rial-Sebbag E, Meric-
Bersntam F, George A, Chubb D, Loveday C, Ladanyi M, Berger MF, Taylor BS, Turnbull 
C. Germline-focussed analysis of tumour-only sequencing: recommendations from the ESMO 
precision medicine working group. Ann Oncol. 2019 Aug 1;30(8):1221–31. https://doi.
org/10.1093/annonc/mdz136.

	21.	Frank TS, Manley SA, Olopade OI, Cummings S, Garber JE, Bernhardt B, Antman K, Russo 
D, Wood ME, Mullineau L, Isaacs C, Peshkin B, Buys S, Venne V, Rowley PT, Loader S, 
Offit K, Robson M, Hampel H, Brener D, Winer EP, Clark S, Weber B, Strong LC, Thomas 
A. Sequence analysis of BRCA1 and BRCA2: correlation of mutations with family history and 
ovarian cancer risk. J Clin Oncol. 1998;16:2417–25.

	22.	Kang E, Park SK, Lee JW, Kim Z, Noh WC, Jung Y, Yang JH, Jung SH, Kim SW. KOHBRA 
BRCA risk calculator (KOHCal): a model for predicting BRCA1 and BRCA2 mutations in 
Korean breast cancer patients. J Hum Genet. 2016 May;61(5):365–71. https://doi.org/10.1038/
jhg.2015.164.

	23.	Parmigiani G, Berry D, Aguilar O.  Determining carrier probabilities for breast cancer-
susceptibility genes BRCA1 and BRCA2. Am J Hum Genet. 1998;62:145–58.

	24.	Lee A, Yang X, Tyrer J, Gentry-Maharaj A, Ryan A, Mavaddat N, Cunningham AP, Carver T, 
Archer S, Leslie G, Kalsi J, Gaba F, Manchanda R, Gayther S, Ramus S, Walter F, Tischkowitz 

3  Genetic Testing

https://doi.org/10.1038/nrc.2015.21
https://doi.org/10.1038/nrc.2015.21
https://www.nytimes.com/2013/05/14/opinion/my-medical-choice.html?_r=2&
https://www.nsgc.org/Policy-Research-and-Publications/Position-Statements/Position-Statements/Post/genetic-testing-of-minors-for-adult-onset-conditions
https://www.nsgc.org/Policy-Research-and-Publications/Position-Statements/Position-Statements/Post/genetic-testing-of-minors-for-adult-onset-conditions
https://doi.org/10.1158/1078-0432.CCR-16-0015
https://doi.org/10.1093/annonc/mdz136
https://doi.org/10.1093/annonc/mdz136
https://doi.org/10.1038/jhg.2015.164
https://doi.org/10.1038/jhg.2015.164


46

M, Jacobs I, Menon U, Easton D, Pharoah P, Antonio A. A comprehensive epithelial Tubo-
ovarian cancer risk prediction model incorporating genetic and epidemiological risk factors. 
medRxiv. 2020;12(04):20244046. https://doi.org/10.1101/2020.12.04.20244046.

	25.	Timothy R. Rebbeck, et al. association of type and location of BRCA1 and BRCA2 muta-
tions with risk of breast and ovarian cancer. JAMA. 2015 Apr 7;313(13):1347–61. https://doi.
org/10.1001/jama.2014.5985.

	26.	Whittemore AS, Gong G, John EM, et  al. Prevalence of BRCA1 mutation carriers among 
U.S. non-Hispanic whites. Cancer Epidemiol Biomark Prev. 2004;13(12):2078–83.

	27.	Prevalence and penetrance of BRCA1 and BRCA2 mutations in a population-based series of 
breast cancer cases. Anglian Breast Cancer Study Group. Br J Cancer. 2000;83(10):1301–8.

	28.	Palma MD, Domchek SM, Stopfer J, Erlichman J, Siegfried JD, Tigges-Cardwell J, Mason 
BA, Rebbeck TR, Nathanson KL. The relative contribution of point mutations and genomic 
rearrangements in BRCA1 and BRCA2  in high-risk breast cancer families. Cancer Res. 
2008;68:7006–14.

	29.	Ewald IP, Ribeiro PL, Palmero EI, Cossio SL, Giugliani R, Ashton-Prolla P. Genomic rear-
rangements in BRCA1 and BRCA2: a literature review. Genet Mol Biol. 2009;32:437–46.

	30.	Kang P, Mariapun S, Phuah SY, Lim LS, Liu J, Yoon SY, Thong MK, Mohd Taib NA, Yip CH, 
Teo SH. Large BRCA1 and BRCA2 genomic rearrangements in Malaysian high risk breast-
ovarian cancer families. Breast Cancer Res Treat. 2010;124:579–84.

	31.	Judkins T, Rosenthal E, Arnell C, Burbidge LA, Geary W, Barrus T, Schoenberger J, Trost J, 
Wenstrup RJ, Roa BB. Clinical significance of large rearrangements in BRCA1 and BRCA2. 
Cancer. 2012;118:5210–6.

	32.	Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon 
E, Spector E, Voelkerding K, Rehm HL.  ACMG laboratory quality assurance committee. 
Standards and guidelines for the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and Genomics and the associa-
tion for molecular pathology. Genet Med. 2015 May;17(5):405–24. https://doi.org/10.1038/
gim.2015.30.

	33.	Evans DGR, van Veen EM, Byers HJ, Wallace AJ, Ellingford JM, Beaman G, Santoyo-Lopez 
J, Aitman TJ, Eccles DM, Lalloo FI, Smith MJ, Newman WG. A. Dominantly inherited 5' 
UTR variant causing methylation-associated silencing of BRCA1 as a cause of breast and 
ovarian cancer. Am J Hum Genet. 2018 Aug 2;103(2):213–20. https://doi.org/10.1016/j.
ajhg.2018.07.002.

	34.	Hömig-Hölzel C, Savola S. Diagn. Multiplex ligation-dependent probe amplification (MLPA) 
in tumor diagnostics and prognostics. Mol Pathol. 2012 Dec;21(4):189–206. https://doi.
org/10.1097/PDM.0b013e3182595516.

	35.	 Inazawa J, Inoue J, Imoto I. Comparative genomic hybridization (CGH)-arrays pave the way 
for identification of novel cancer-related genes. Cancer Sci. 2004 Jul;95(7):559–63. https://
doi.org/10.1111/j.1349-7006.2004.tb02486.x.

	36.	Harris TJ, McCormick F.  The molecular pathology of cancer. Nat Rev Clin Oncol. 
2010;7(5):251–65. https://doi.org/10.1038/nrclinonc.2010.41. Epub 2010 Mar 30

	37.	Santana Dos Santos E, Lallemand F, Petitalot A, Caputo SM, Rouleau E. HRness in breast 
and ovarian cancers. Int J Mol Sci. 2020 May 28;21(11):3850. https://doi.org/10.3390/
ijms21113850.

	38.	Vail PJ, Morris B, van Kan A, Burdett BC, Moyes K, Theisen A, Kerr ID, Wenstrup RJ, 
Eggington JM.  Comparison of locus-specific databases for BRCA1 and BRCA2 variants 
reveals disparity in variant classification within and among databases. J Community Genet. 
2015 Oct;6(4):351–9. https://doi.org/10.1007/s12687-015-0220-x.

	39.	Yrer J, Duffy SW, Cuzick J. A breast cancer prediction model incorporating familial and per-
sonal risk factors. Stat Med. 2004;23(7):1111–30.

	40.	Bondy ML, Newman LA.  Breast cancer risk assessment models: applicability to African-
American women. Cancer. 2003;97(1 Suppl):230–5.

	41.	Claus EB, Risch N, Thompson WD. Autosomal dominant inheritance of early-onset breast 
cancer. Implications for risk prediction. Cancer. 1994;73(3):643–51.

S. Yokoi

https://doi.org/10.1101/2020.12.04.20244046
https://doi.org/10.1001/jama.2014.5985
https://doi.org/10.1001/jama.2014.5985
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1016/j.ajhg.2018.07.002
https://doi.org/10.1016/j.ajhg.2018.07.002
https://doi.org/10.1097/PDM.0b013e3182595516
https://doi.org/10.1097/PDM.0b013e3182595516
https://doi.org/10.1111/j.1349-7006.2004.tb02486.x
https://doi.org/10.1111/j.1349-7006.2004.tb02486.x
https://doi.org/10.1038/nrclinonc.2010.41
https://doi.org/10.3390/ijms21113850
https://doi.org/10.3390/ijms21113850
https://doi.org/10.1007/s12687-015-0220-x


47© Springer Nature Singapore Pte Ltd. 2021
S. Nakamura et al. (eds.), Hereditary Breast and Ovarian Cancer, 
https://doi.org/10.1007/978-981-16-4521-1_4

Y. Yoshino · N. Chiba (*) 
Department of Cancer Biology, Institute of Development, Aging and Cancer (IDAC), Tohoku 
University, Sendai, Japan 

Laboratory of Cancer Biology, Graduate School of Life Sciences, Tohoku University, 
Sendai, Japan 

Department of Cancer Biology, Tohoku University Graduate School of Medicine, 
Sendai, Japan
e-mail: natsuko.chiba.c7@tohoku.ac.jp

4Variants of Uncertain Significances 
in Hereditary Breast and Ovarian Cancer

Yuki Yoshino and Natsuko Chiba

Abstract

Hereditary breast and ovarian cancer syndrome is a BRCA1- or BRCA2-linked 
genetic disorder associated with a high risk of developing breast, ovarian, and 
other cancers. Detection of a BRCA1 or BRCA2 pathogenic variants by genetic 
testing triggers several clinical management approaches, such as surveillance 
and prophylactic surgery for healthy carriers, and chemotherapy using poly 
(ADP-ribose) polymerase (PARP) inhibitors for patients with cancer. Therefore, 
accurate diagnoses are critical for clinical decision-making and improvement of 
prognosis.

BRCA1 and BRCA2 variants, whose pathogenicity can be inferred from the 
genetic code, are classified as pathogenic, likely pathogenic, variants of uncertain 
significance (VUS), likely benign, or benign. Most variants established to be 
pathogenic are premature truncation variants, including nonsense or frameshift 
alterations. VUS are primarily missense and splicing variants and are sequence 
changes whose impact on function cannot be inferred. Recently, next-generation 
sequencing has been broadly applied in research and clinical diagnostics to aid 
both basic research and clinical patient management, where it has led to 
identification of a vast number of VUS that require interpretation. The 
pathogenicity of VUS can be evaluated by multifactorial likelihood models that 
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use personal and family history of cancer, segregation data, functional assays, 
and in silico prediction tools.

Here, we focus on classification of variants in BRCA1 and BRCA2, and the 
use of functional assays in attempts to classify VUS, with the aim of improving 
the clinical management and prognosis of carriers and patients.

Keywords

Variants of uncertain significance (VUS) · Hereditary breast and ovarian cancer 
(HBOC) · BRCA1 · BRCA 2 · Germline mutation · Variant classification · 
Functional assay

4.1	 �Introduction

Inherited disorders have historically been diagnosed based on direct clinical evi-
dence, such as patient phenotype, segregation of genomic markers or variants with 
the disorder, or personal and family history. The advent of gene sequencing has 
clarified the roles of genetic variants in inherited disorders, including hereditary 
cancer syndromes. Inherited variation in the BRCA1 and BRCA2 genes can indicate 
genetic predisposition to breast, ovarian, and other cancers [1, 2]. Hereditary breast 
and ovarian cancer (HBOC) syndrome is a BRCA1- or BRCA2-linked genetic 
disorder, diagnosis of which is by genetic testing for germline mutations of BRCA1 
or BRCA2. Identification of a pathogenic BRCA1 or BRCA2 variant is critical for 
medical management of individuals, which can include intensified screening 
programs for early detection of cancer, prophylactic surgery, and preventive 
medication. In addition, genetic testing can identify individuals in HBOC families 
who are not carriers of the pathogenic variant and therefore not at elevated risk of 
cancer. Such individuals can be discharged from intensive follow-up and avoid 
unnecessary surgery to reduce cancer risk.

Genetic testing of BRCA1 or BRCA2 is also becoming relevant for the cancer 
chemotherapy. Homologous recombination (HR) is a major pathway for repair of 
DNA double-strand breaks. Because both BRCA1 and BRCA2 are essential for HR, 
BRCA1- or BRCA2-linked cancers result in HR deficiency [3]. Cancer cells with HR 
deficiency are sensitive to DNA-damaging agents and poly (ADP-ribose) polymerase 
(PARP) inhibitors, which cause synthetic lethality in HR-deficient cells [4]. Since 
carriers of pathogenic variants in BRCA1 or BRCA2 will benefit from treatment with 
DNA-damaging agents and PARP inhibitors, identification of pathogenic BRCA1 or 
BRCA2 variants is also critical for stratification of cancer patients for chemotherapy 
[5]. Thus, accurate variant classification is especially important for actionable genes, 
such as BRCA1 and BRCA2, which are important in clinical practice [6].

Currently, the pathogenicity of BRCA1 and BRCA2 variants are classified using 
multifactorial likelihood models, as benign, likely benign, variants of uncertain 
significance (VUS), likely pathogenic, or pathogenic. Most variants established as 
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pathogenic are premature truncation variants, including nonsense or frameshift 
variants. VUS are primarily missense and splicing variants, whose impact on 
function cannot be inferred from the genetic code.

Next-generation sequencing (NGS) is massively parallel sequencing technology 
that allows simultaneous sequencing of hundreds of DNA fragments. NGS analyses 
have created opportunities to collect information about variants derived from 
sporadic cancers and allowed deep molecular characterization of various tumors. 
Simultaneously, NGS of tumor tissues is driving a paradigm shift in genetic testing 
and identification of potential germline mutations, leading to an exponential 
expansion of VUS.

Established pathogenic variants are considered in standard clinical processes; 
however, when genetic testing reveals VUS, this creates confusion for clinicians and 
patients. Counseling patients with VUS results is challenging, because the test 
results cannot be used to quantify risk and guide management. Thus, it is important 
to decrease the number of VUS and differences in interpretation of variants among 
laboratories. Here, we describe VUS, with a particular focus on the HBOC-related 
genes, BRCA1 and BRCA2, and functional assays to classify VUS for better clinical 
management.

4.2	 �Guidelines for Variant Classification

Variability of gene sequences among individuals is common within the general 
population and between those of different ethnic backgrounds. These variabilities 
can lead to difficulties in interpretation of VUS. Guidelines to define the pathogenicity 
of variants in inherited disorders and classification of VUS have been established by 
the American College of Medical Genetics (ACMG) and the Association for 
Molecular Pathology (AMP) [7]. The guidelines provide a five-tier nomenclature 
for assertions about gene variants with respect to Mendelian disorders: pathogenic 
(P), likely pathogenic (LP), uncertain significance (VUS), likely benign (LB), and 
benign (B). Moreover, the recommendations describe a process for classifying 
variants based on various types of evidence, such as population, computational 
predictive, functional, and co-segregation data.

The International Agency for Research on Cancer (IARC) classification also 
subdivides gene variants into five classes (Table 4.1) [8, 9]. Classes 5 and 4 include 
pathogenic and likely pathogenic variants, respectively; Class 3 comprises VUS; 
and Classes 2 and 1 represent likely benign and benign variants, respectively. 
Although the interpretation of genetic findings from investigation of inherited 
cancer susceptibility genes is frequently conflicting, Class 3 (VUS) is the most 
numerous, comprising approximately 40% of all variants in inherited cancer 
susceptibility genes [6].

To classify BRCA1 and BRCA2 VUS, the IARC Unclassified Genetic Variants 
Working Group developed a multifactorial likelihood classification model, together 
with other groups, such as the Breast Cancer Information Core (BIC) [10, 11]. The 
clinical inference of the IARC classification is based on variants that are associated 
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with high risk, comparable to that associated with a truncating variant in BRCA1 or 
BRCA2 [8]. They present variant frequency in cases and controls, co-occurrence 
with a known pathogenic variant in the same gene, co-segregation with disease in 
pedigrees, personal and family history, species conservation, functional studies, loss 
of heterozygosity, and pathological classification, as potentially useful evidence for 
classification of variants. Furthermore, based on these pieces of evidence, IARC 
provides standards for classification of VUS, with the addition of in silico 
assessments of sequence and structure variation, based on evolutionary conservation 
and assessment of the potential for a variant to influence splicing [8, 12, 13].

The development of these models and guidelines required the formation of 
curated databases containing integrated information about variants. The Clinical 
Genome (ClinGen) Resource is a National Institutes of Health (NIH)-supported 
program dedicated to producing a publicly available database that assesses the 
clinical association of variants with specific diseases (Table 4.2) [16]. The gene–
disease relationships for genes commonly found on hereditary breast and ovarian 
cancer panels were analyzed using the ClinGen clinical validity framework. BRCA1 
and BRCA2 were the only genes that could be definitively linked to predisposition 
to both breast and ovarian cancers, while ATM, BARD1, CDH1, CHEK2, and PALB2 
were only definitively associated with breast cancer, and BRIP1, RAD51C, and 
RAD51D only with ovarian cancer [22].

A major clinically oriented database currently used by the global scientific and 
clinical community is ClinVar (Table  4.2) [14, 15]. ClinVar is a key partner of 
ClinGen and an international, submission-driven archive of variant-condition 
interpretations hosted by the National Center for Biotechnology Information 
(NCBI), based on query-search engine technology. ClinVar represents a wide 
genetic data collection, allowing exploration, interpretation, and sharing of single 
variants. Furthermore, to better understand the impact of variants and achieve a 
wider perspective, a working group from Utah University developed the ClinVar 
Miner website [17].

Table 4.1  The IARC classification system for genetic variants

The five-tier classification system recommended by IARC 
and endorsed by ENIGMA

Class Description
Probability of being 
pathogenic Surveillance recommendation

1 Benign <0.001 Consider as if no mutation detected
2 Likely 

benign
0.001–0.049 Consider as if no mutation detected

3 Uncertain 0.05–0.949 Survey depending on family history 
and other risk factors

4 Likely 
pathogenic

0.95–0.99 Full high-risk surveillance

5 Pathogenic >0.99 Full high-risk surveillance

The five-tier classification system recommended by IARC and endorsed by ENIGMA
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Table 4.2  Disease and function databases

Tools Description Website References
ClinVar ClinVar is a freely available public archive of 

reports of the relationships between human 
variations and phenotypes presented with 
supporting evidence and an indication of likely 
clinical significance. Interpretations of the 
clinical significance of variants are submitted by 
clinical testing and research laboratories. The 
database includes germline and somatic variants 
of any size, type, or genomic location

https://www.
ncbi.nlm.nih.
gov/clinvar/

[14, 15]

ClinGen The Clinical Genome, ClinGen, resource is 
supported by NIH and intended to be an 
authoritative central resource that defines the 
clinical relevance of genomic variants for use in 
precision medicine and research. ClinGen is 
developing several resources for the community, 
such as ClinVar

https://
clinicalgenome.
org/

[16]

ClinVar 
Miner

ClinVar Miner is an interface for viewing 
ClinVar data. It complements the existing 
ClinVar database by enabling exploration of the 
data at different levels of granularity and from 
different perspectives. Statistics for current and 
historical data can be viewed relative to all 
submissions, submitters, conflicting submissions, 
and genes

https://
clinvarminer.
genetics.utah.
edu/

[17]

LOVD Leiden Open (source) Variation Database. This is 
a flexible, freely available tool for gene-centered 
collection and display of DNA variants. LOVD 
allows both patient-centered and gene-centered 
views

http://www.lovd.
nl/3.0/home

[18]

HGMD The public version of the Human Gene Mutation 
Database (HGMD) is a freely available, 
comprehensive collection of germline mutations 
in all known genes underlying human inherited 
disease together with disease-associated/
functional polymorphisms published in the 
peer-reviewed literature

http://www.
hgmd.cf.ac.uk/
ac/index.php

[19]

BRCA 
Exchange

BRCA Exchange is a freely available tool for 
displaying BRCA1 and BRCA2 variants drawn 
from global sources and to enable BRCA1 and 
BRCA2 variants to be expertly reviewed, 
interpreted, classified, and aggregated in an 
integrated data system. The publicly accessible 
display of these classifications, with supporting 
evidence, advances accurate understanding of the 
clinical relevance of BRCA1 and BRCA2 
variants. The website is a product of the BRCA 
Challenge project, a driver project of the Global 
Alliance for Genomics and Health (GA4GH)

https://
brcaexchange.
org/

[20]

(continued)
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In response to the increase in BRCA1 and BRCA2 VUS, the need for interpreta-
tion of test results became apparent, since identification of VUS complicates genetic 
test reporting and counseling. The Evidence-based Network for the Interpretation of 
Germline Mutant Alleles (ENIGMA) international consortium was established to 
address this issue (https://enigmaconsortium.org/) [23]. ENIGMA is a research-
based international collaborative group, recognized as an expert panel by ClinVar, 
that aims to encourage and improve research efforts and methods for the classifica-
tion of variants in BRCA1 and BRCA2 and other breast–ovarian cancer susceptibil-
ity genes. The consortium has developed variant classification criteria that 
incorporate both quantitative (statistical) and qualitative (rules-based) methods to 
assess the clinical significance of variants in BRCA1 and BRCA2. The quantitative 
classification of variants is derived from the multifactorial likelihood models that 
include population and clinical evaluation, as well as bioinformatic predictions, and 
the consortium promotes data sharing from large-scale projects with variant annota-
tions [10, 11, 24].

Furthermore, the BRCA1 Challenge is a data-sharing project initiated within the 
Global Alliance for Genomics and Health (GA4GH) to aggregate BRCA1 and 
BRCA2 data for collaborative research activities and created the BRCA Exchange 
database (Table  4.2) [20]. The goal of the BRCA1 Challenge is to improve 
understanding of the impact of variants in BRCA1 and BRCA2 and provide updated 
variant classifications and revised reports of variant interpretations. The data set is 
based on shared information from existing clinical databases, including BIC, 
ClinVar, and Leiden Open Variation Database (LOVD) (Table 4.2) [18], as well as 
population databases. The BRCA1 Challenge brought together the existing 
international ENIGMA consortium expert panel with expert clinicians, 
diagnosticians, researchers, and data providers [20]. The ENIGMA approach has 
been exemplary for BRCA1 and BRCA2 classification for clinical utility and is used 

Table 4.2  (continued)

Tools Description Website References
BIC The Breast Cancer Information Core. A database 

that acted for BRCA1 and BRCA2 variants 
deposited by submitters from research and 
clinical sites internationally. A copy of all BIC 
data has been shared with several other variation 
databases, such as ClinVar and BRCA Exchange. 
BIC database is no longer actively curated

https://research.nhgri.nih.gov/
projects/bic

BRCA1 
Circos

BRCA1 Circos is a visualization resource that 
compiles and displays functional data on all 
documented BRCA1 missense variants. BRCA1 
Circos consists of data derived from functional 
assays and bioinformatic predictions for BRCA1 
missense variants present in the BIC database. 
This resource provides an interactive display of 
data from published BRCA1 functional studies 
that will aid researchers in interpreting the 
functional consequences of BRCA1 variants

https://research.
nhgri.nih.gov/
bic/circos/

[21]
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as a model for the implementation of genetic testing and variant classification in 
other tumor-related genes [3, 25].

4.3	 �VUS in BRCA1 and BRCA2

Generally, classification of VUS is difficult, due to insufficient population-based 
statistical evidence. When VUS are novel or rare, clinical information for correlation 
is scarce. Further, variants are often identified in different pathological conditions 
and populations, interfering with statistical evaluation. Moreover, differences in 
evaluation of variants by clinicians and researchers can confuse their classification.

Genes implicated in HBOC, including BRCA1 and BRCA2, are tumor suppressor 
genes; therefore, variants leading to functional deficiency are considered pathogenic. 
Genetic alterations that cause loss of function include frameshift and nonsense 
variants leading to protein truncation in functionally critical regions of the protein, 
alteration of donor and acceptor splice sites, and large genomic rearrangements that 
alter the coding region. Synonymous changes that do not influence mRNA splicing 
are considered non-pathogenic.

VUS are mainly missense variants or in-frame insertions/deletions. They may be 
found in non-coding regions, at less conserved residues, at splicing boundaries, or 
in less functionally relevant domains, relative to pathological variants. The impact 
of these VUS on protein function and expression is difficult to evaluate, compared 
with nonsense or frameshift mutations that cause protein truncations. Therefore, 
there is a critical need to classify variants according to their pathogenicity.

In genetic testing for familial breast and ovarian cancers, up to 20% of BRCA1 
and BRCA 2 variants are classified as VUS [26–28]; however, the frequency of VUS 
is generally lower in well-characterized ethnic populations. For example, in Japan, 
the frequency of VUS in BRCA1 and BRCA2 is 6%–7% [29, 30]. In ClinVar, as of 
July 2020, 2853 and 5132 variants of BRCA1 and BRCA2, respectively, are recorded 
as VUS, comprising 32.4% and 40.2% of BRCA1 and BRCA2 variants. The most 
frequently reported class of VUS is single-nucleotide variants, with missense 
alteration representing the majority, comprising 79.9% and 86.1% of all BRCA1 and 
BRCA2 VUS, respectively.

Distinct pathogenic variants in the same gene may confer significantly different 
levels of risk. Indeed, there are BRCA1 and BRCA2 variants that cause a relatively 
moderate risk of cancer, compared with deleterious variants. Recently, it was 
reported that some pathogenic missense variants of BRCA1 (R1699Q and V1736A) 
and BRCA2 (G2508S and Y3035S) confer only moderate breast cancer risk [23, 
31–33]. Of these variants, V1736A has been reported as a biallelic pathogenic 
variant in BRCA1 [31]. Further, the BRCA2 variant, K3326X, which was initially 
classified as non-pathogenic, is associated with a mild increase in risk of breast and 
ovarian cancer [34, 35]. There are currently no consensus guidelines regarding 
clinical management of patients with these variants, except R1699Q, for which the 
EGNIMA consortium has made recommendations for clinical management [33]. 
Interestingly, the association of the BRCA2 G2508S variant with a moderate risk of 
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breast cancer was observed in Asian women, but a comparable risk was not found in 
the Caucasian population [32]. Genetic and environmental modifiers in the Asian 
population might affect the influence of this variant on breast cancer risk.

Some functional assays may contribute to estimation of risk level by evaluating 
specific biological activity. Recent advances in computational technology enable 
evaluation of large numbers of variants using computational variant-effect prediction 
algorithms; however, these are not sufficiently accurate for routine clinical use. By 
contrast, functional assays are considered strong evidence, according to the ACMG 
guidelines and multifactorial likelihood models to evaluate variant pathogenicity 
[7]. Therefore, the role of functional data is important in supporting VUS 
classification.

4.4	 �Functional Assays to Evaluate the Effects of VUS

4.4.1	 �Functional Assays of BRCA1

BRCA1 has a RING domain (amino acids (aa) 8–98) at its amino (N)-terminal 
region that binds to BARD1, and the BRCA1/BARD1 heterodimer shows E3 
ubiquitin ligase activity (Fig.  4.1). Further the BRCA1 coiled-coil motif (aa 
1367–1437) binds to PALB2 and two BRCT domains (aa 1646–1859) at its carboxy 
(C)-terminal region bind to BRIP1, CtIP, and ABRAXAS1. BARD1, PALB2, BRIP1, 
and ABRAXAS1 are also breast cancer susceptibility genes [3, 36]. Most pathogenic 
missense variants of BRCA1  in ClinVar are located in the RING and BRCT 
domains.

BRCA1 1863 aa
BRCTs

BRCA2 3418 aa

BRC repeats

RING Coiled-coil

Helical 
domain OBOBOB

PALB2-
Binding

RAD51-Binding

NTD

DNA
Binding 
Domain

DNA
Binding 
Domain

RAD51-
Binding

CTRB

PALB2-
Binding

BARD1-
Binding

BRIP1, CtIP, and 
ABRAXAS1-Binding

Fig. 4.1  Structures of BRCA1 and BRCA2. BRCA1 has a RING domain in the N-terminal 
region, and a coiled-coil domain and two BRCT domains in the C-terminal region. BRCA1 forms 
a heterodimer with BARD1 via the RING domain. A coiled-coil domain of BRCA1 mediates 
complex with PALB2. Two BRCT domains bind to BRIP1, CtIP, and ABRAXAS1. BRCA2 has 
PALB2 binding domain in the N-terminal region, eight BRC repeats in the middle portion, and a 
helical domain, three oligonucleotide/oligosaccharide binding (OB) folds, and a RAD51-binding 
domain, (C-terminal RAD51-binding; CTRB) in the C-terminal region. The middle portion, which 
includes eight BRC repeats, also functions in binding to RAD51. The DNA-binding domain in the 
C-terminal domain is composed of a helical domain and three OB folds. There is also another 
DNA-binding domain, the N-terminal DNA-binding domain (NTD)
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BRCA1 functions in multiple cellular processes, and functional assays have been 
proposed to evaluate the impact of BRCA1 variants on its biological and biochemical 
roles, such as HR, transcriptional activation, restoration of radiation resistance, 
centrosome amplification, cell cycle control, subcellular localization, E3 ubiquitin 
ligase activity, protease sensitivity, and phosphopeptide binding [21, 37]. The results 
of various functional assays for BRCA1 variants are catalogued on the BRCA1 
Circos Web tool, which aggregates data from published functional studies of 
BRCA1 missense variants to facilitate visualization of complex data [21].

Monteiro et al. established a transcriptional activation assay based on fusion of 
the GAL4 DNA-binding domain to the C-terminal region of BRCA1 (aa 1396–1863) 
[38–40] and used it to assess 347 missense variants in the BRCA1 C-terminal 
region, where transcriptional activation activity is located. Furthermore, they 
combined the results of this transcriptional activation assay with VarCall, a Bayesian 
integrative statistical model, to determine the likelihood of pathogenicity, given the 
functional data.

By contrast, assays to evaluate HR and cellular resistance to DNA damage have 
the potential to assess variants across the entire BRCA1 gene. The direct-repeat GFP 
(DR-GFP) assay has been used to measure HR activity in cells [41]. The RING 
domain, coiled-coil motif, and BRCT domains are all important for HR and cellular 
resistance to DNA damage [42–44]. The RING domain is important for binding to 
BARD1 [45] and recruitment of BRCA1 to DNA double-strand breaks [46]. The 
coiled-coil motif is required for recruitment of PALB2/BRCA2/RAD51 to initiate 
strand invasion, and the BRCT domains are required for binding to CtIP nuclease, 
to promote end resection of DNA double-strand breaks [36]. In addition to these 
domains, deletions of the middle portion of BRCA1 decrease the HR activity; 
hence, these middle portions are also involved in the repair of DNA double-strand 
breaks [42].

Recently, two saturation mutagenesis-based high-throughput approaches suc-
ceeded in evaluating thousands of BRCA1 missense variants using distinct func-
tions of BRCA1. Findlay et al. assayed the effects of BRCA1 variants on viability 
of the haploid human cell line, HAP1, in which HR factors are essential for cell 
viability [47], while Starita et  al. evaluated the role of BRCA1  in HR [48]. 
Interestingly, the results of the assays were consistent with the data in the ClinVar 
data base, and catalogues of these functional data will provide valuable information 
for clinical annotation.

4.4.2	 �Functional Assays of BRCA2

BRCA2 also binds to PALB2 via its N-terminal region (aa 10–40), while eight BRC 
motifs (aa 1008–2082) in its middle portion and C-terminal region (aa 3270–3305) 
bind to the RAD51 recombinase (Fig. 4.1). A helical domain (aa 2402–2668) and 
three oligonucleotide/oligosaccharide binding (OB) folds (aa 2670–3102) in the 
C-terminal region bind to single-strand DNA, and the N-terminal DNA-binding 
domain (NTD) also has DNA-binding activity.
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BRCA2 also has multiple functions, such as HR, protection of stalled replication 
forks, G2 checkpoint arrest, restoration of DNA damage resistance, cytokinesis, 
centrosome amplification, and transcriptional activation, and functional assays of 
BRCA2 have been developed to analyze these functions [49]. BRCA2 plays critical 
roles in HR by recruitment of RAD51 to sites of DNA damage and oligomerization 
of RAD51 with single-strand DNA. As these activities are considered critical for the 
role of BRCA2 as tumor suppressor, functional assays for this protein are mainly 
performed by evaluation of HR activity, RAD51 foci formation after DNA damage, 
and cellular resistance to DNA damage. Similar to BRCA1, these functions of 
BRCA2 require entire regions of BRCA2. Furthermore, binding of the N-terminal 
region to PALB2 and of the C-terminal region DNA-binding domain is used to help 
evaluate missense variants in these regions.

Guidugli et al. performed a comprehensive functional assay for BRCA2 variants 
in the DNA-binding domain (aa 2460–3170) by evaluating HR activity [50]. They 
compared the results of this assay with predictions of probability of pathogenicity 
from the Align-GVGD protein-sequence-based prediction algorithm [51] and 
combined functional and Align-GVGD prediction results in VarCall to determine 
the overall probability of pathogenicity for BRCA2 VUS. Furthermore, they used 
the endophenotype-Optimized Sequence Ensemble (ePOSE) algorithm to train 
classifiers for BRCA2 variants according to HR activity.

Recently, Ikegami et al. developed a high-throughput functional assay to evalu-
ate HR activity of BRCA2 variants via sensitivity to PARP inhibitors, using BRCA2-
deficient cells [52]. They classified the functional impact of 186 BRCA2 VUS and 
the results showed high concordance with IARC and ACMG classifications. In 
addition, they presented a simplified, on-demand annotation system that can be used 
as a companion diagnostic tool for application of PARP inhibitors for patients with 
BRCA2 VUS.

4.4.3	 �Perspective on Functional Assays of BRCA1 and BRCA2

Because both BRCA1 and BRCA2 have critical domains for their functions at or 
near their C-terminal regions, almost all nonsense and frameshift mutations causing 
protein truncations are classified as pathogenic. Functional assays have been 
developed to assess their likelihood of pathogenicity of VUS of missense variants. 
Understanding of how the multiple functions of the BRCA1 and BRCA2 proteins 
relate to cancer predisposition is limited. Therefore, it remains unclear which assays 
are most biologically appropriate for assessing variant pathogenicity.

To maximize the possibility of identification of pathogenic variants, researchers 
have focused on domain and motifs important for their tumor suppressor functions. 
Therefore, most assays have focused on variants of the RING and BRCT domains 
of BRCA1 and the DNA-binding domain of BRCA2.

Many functional assays have been reported for BRCA1 and BRCA2, and most 
of these have classified variant using a binary system (functional or nonfunctional), 
whereas some assays have revealed variants with intermediate function. Several 
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missense variants exhibit intermediate effects in functional assays. Indeed, the 
BRCA1 variants, R1699Q and V1736A, and the BRCA2 variants, G2508S and 
Y3035, which are associated with moderate cancer risk (as described above), have 
intermediate effects on protein function [23, 31, 32, 44]; however, it is difficult to 
choose a specific activity threshold that separates pathogenic from non-pathogenic 
variants. Several functional assays use arbitrary thresholds. Integration of well-
established functional data can also be achieved using the ACMG/AMP classifica-
tion model.

Furthermore, evaluation in rodent cells may have limited reliability or capacity 
to assess variants, because of the relatively low conservation of certain BRCA1 and 
BRCA2 domains between humans and rodents. Moreover, a relatively neglected 
issue in the development of functional assays for BRCA1 and BRCA2 is tissue 
specificity. BRCA1 and BRCA2 are important for DNA repair across tissue types; 
however, carriers of these mutations exhibit specificity in the organs and cells at 
highest risk for developing tumors. Therefore, tissue-specific factors are likely to 
modulate the context in which these mutations influence cancer development. 
Hence, it may be important to perform assays in human cell lines relevant to 
particular tumor types.

4.4.4	 �Utility of BRCA1 and BRCA2 Functional Assays

The introduction of PARP inhibitors in cancer therapy has led to major changes in 
the framework for genetic testing of patients with cancer. PARP inhibitors induce 
synthetic lethality of cells with HR deficiency caused by BRCA1 or BRCA2 dys-
function [4, 53–55]. In general, BRCA1 and BRCA2 mutation carriers are heterozy-
gous for the pathogenic allele, whereas tumor cells frequently also lose the wild-type 
allele; therefore, tumor cells are not viable in the presence of PARP inhibitors, 
whereas normal cells survive. PARP inhibitors improve progression-free survival in 
several types of BRCA-related cancer such as ovary, breast, pancreas, and prostate 
and have been approved in the USA, Europe, and Japan for treatment of advanced 
and metastatic breast and ovarian cancers [56]. At present, the results of genetic 
testing of BRCA1 and BRCA2 are used clinically as surrogate markers to detect HR 
deficiency in cancer cells. Therefore, in addition to the classification of germline 
variants to estimate cancer risk, the classification of germline and somatic variants, 
to predict the response of cancer cells that express these variants to PARP inhibitors, 
has become useful and required in the clinic.

As described above, the DR-GFP assay has been used to measure HR activity in 
cells and evaluate the functions of BRCA1 and BRCA2 variants. Indeed, BRCA1 
variants resulting in HR deficiency result in elevated sensitivity to PARP inhibitors 
and the DNA-damaging agent, cisplatin [43, 44]. Recently, we developed a novel 
assay to evaluate HR activity in cells [57], the Assay for Site-specific HR Activity 
(ASHRA), in which cells are transiently transfected with a CRISPR/Cas9 expression 
vector and an HR donor sequence containing a marker gene. DSBs are created by 
Cas9 and then repaired by HR, using donor vector sequences homologous to the 
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target gene. The level of genomic integration of the marker gene is then quantified 
by quantitative PCR. We found that ASHRA could predict the sensitivity of cells 
that express BRCA1 variants to PARP inhibitors more precisely than the DR-GFP 
assay (unpublished data).

Nevertheless, it remains unclear whether HR activity measured by functional 
assay can reliably predict the sensitivity of tumor cells that express a BRCA1 or 
BRCA2 variant to PARP inhibitors and DNA-damaging agents. The C61G variant 
in the BRCA1 RING domain is one of the most frequently reported pathogenic 
variants in HBOC. This variant abolishes binding to BARD1 and abrogates BRCA1/
BARD1 heterodimer E3 ubiquitin ligase activity [58–60]. Furthermore, we and 
other groups have reported that C61G variant also lose HR activity [42, 43]. 
Genetically engineered mice carrying the BRCA1 C61G variant developed tumors, 
whereas the variant does not render tumors sensitive to PARP inhibitors or platinum 
agents [61].

Furthermore, HR is not only impaired by alteration of not only BRCA1 and 
BRCA2 but also by dysfunction of other HR factors. Indeed, as much as half of the 
HR deficiency in ovarian cancers is caused by alteration of factors other than BRCA1 
and BRCA2 [62]. Cells with HR deficiency are also sensitive to other DNA-
damaging agents. Therefore, evaluation of HR activity itself is useful to predict 
sensitivities to platinum agents and other DNA-damaging agents, in addition to 
PARP inhibitors. Several approaches for estimating cellular HR activity in cancer 
have been developed. One example is the HRD score, which is calculated from the 
number of genetic alterations caused by HR deficiency [63]. High HRD scores are 
associated with sensitivity of breast cancers to platinum agents [64].

4.5	 �In Silico Prediction Tools

The effects of rare VUS can be predicted by a wide variety of publicly available in 
silico tools with variable performance [65, 66] (Table 4.3). The most commonly 
used prediction tools, such as SIFT [67], Polyphen-2 [68, 70], Align-GVGD [51], 
and MutationTaster2 [69] (Table 4.3), were developed using large-scale databases 
such as the Human Gene Mutation Database (HGMD) [19] or ClinVar (Table 4.2). 
Although they have some limitations, the algorithms are constantly improving and 
the data resulting from analyses with these tools are sufficiently consistent with 
those from functional assays [71]; however, functional data is still necessary for 
clinical annotation of rare variants lacking sufficient clinical information.

Recent studies suggest that a combination of functional assays with sequence-
based predictors can contribute to the clinical classification of VUS in the absence 
of the family information currently used in multifactorial probability models of 
pathogenicity. VarCall is a Bayesian hierarchical model to estimate the likelihood of 
pathogenicity using direct functional measurements. ​​​Established in silico prediction 
methods for missense variants were recalibrated using results from BRCA1 and 
BRCA2 functional assays, and these classifications outperformed individual in 
silico models [38, 39, 50, 66].
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Recently, Hart et al. trained and evaluated hundreds of machine learning (ML) 
algorithms, based on data from validated functional assays of BRCA1 and BRCA2. 
They developed an optimal BRCA-ML model that can accurately predict the 
pathogenicity of missense variants in these factors [72].

4.6	 �Multi-gene Panel Testing

The development of NGS has enhanced the ability to test many genes concurrently 
and significantly lowered the cost of genetic testing. We have gained greater insights 
into hereditary cancer, with the identification of additional genes found to confer 

Table 4.3  In silico prediction tools

Tools Description Website References
SIFT Sorting Intolerant From Tolerant (SIFT) is 

used to predict whether an amino acid 
substitution affects protein function, based 
on sequence homology and the physical 
properties of amino acids, and classifies 
substitutions as tolerated or deleterious

https://sift.
bii.a-star.edu.sg/

[67]

PolyPhen-2 Polymorphism Phenotyping v2 
(PolyPhen-2) is available as software and 
via a web server from Harvard University. 
It predicts the possible impact of amino 
acid substitutions on the stability and 
function of human proteins using 
structural and comparative evolutionary 
considerations

http://genetics.
bwh.harvard.edu/
pph2/

[67, 68]

Align-GVGD Align Grantham Variation and Grantham 
Deviation (Align-GVCG) is a web-based 
program that combines the biophysical 
characteristics of amino acids and protein 
multiple sequence alignments to predict 
where missense substitutions in genes of 
interest fall in a spectrum from enriched 
deleterious to enriched neutral. Align-
GVGD is an extension of the original 
Grantham difference to multiple sequence 
alignments and true simultaneous multiple 
comparisons

http://agvgd.hci.
utah.edu/
agvgd_input.php

[51]

MutationTaster2 MutationTaster2 predicts the functional 
consequences of amino acid substitutions, 
intronic and synonymous alterations, short 
insertion and/or deletion (indel) 
mutations, and variants spanning 
intron-exon borders. It includes all 
publicly available single-nucleotide 
polymorphisms and indels from the 1000 
genomes project, as well as known disease 
variants from ClinVar and HGMD public

http://www.
mutationtaster.
org/

[69]
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significant risk for either breast or ovarian cancer. Including genes listed in ClinGen 
whose variants are associated with cancer predisposition [22], there are nine genes 
with established associations between protein-truncating variants and breast cancer 
risk (BRCA1, BRCA2, PALB2, ATM, CHK2, CDH1, PTEN, TP53, and STK11) and 
several more (BARD1, RAD51D, MSH2, and MSH6) where associations are 
suggested, but not yet firmly established [71, 73, 74]. Twelve genes are implicated 
in ovarian cancer risk (BRCA1, BRCA2, BRIP1, MSH6, MSH2, RAD51C, ATM, 
RAD51D, PALB2, MLH1, and PMS2) [75, 76]. These genes are listed in multi-gene 
panels used to diagnose these hereditary cancers.

Multi-gene panel testing is clinically beneficial for patients suspected to have 
hereditary cancer; however, the frequency of VUS results from such tests is 
considerable, because the association of several genes with disease is not established 
and the clinical impact of rare variants cannot be determined.

4.7	 �Conclusions

Advances in DNA sequencing have enabled rapid, accurate, and cost-effective 
genetic testing of cancer-related genes, including BRCA1 and BRCA2, and improved 
cancer patient management by informing diagnosis and treatment decisions for 
patients with HBOC; however, VUS in BRCA1 and BRCA2 identified because of 
these improvements in sequencing continue to pose a challenge for the management 
of patients and their relatives. Most VUS will not be associated with a high risk of 
cancer; however, misinterpretation of VUS has the potential to lead to mismanagement 
of both patients and their relatives. Thus, accurate interpretation of these variants is 
critical for appropriate clinical decision-making.

Due to recent progress in computational science, in silico prediction tools may 
facilitate classification by predicting the potential impact of variants on protein 
function; however, to develop a mature in silico system which can accurately predict 
the effects of diverse variants requires integrated functional data related to the 
variants. Thus, development of accurate functional assays will provide additional 
data that could lead to reclassification of some variants, resulting in different 
recommendations for surveillance and therapy in clinical practice.

It has become evident that the use of integrated databases including clinical, in 
silico prediction, and functional data is preferred; however, due to insufficient 
availability of functional assays at present, variant classification is still influenced 
more by clinical information than by the effects of gene alteration on protein 
function. In addition, optimization of genome data management will improve 
reference clinical databases and help to reclassify VUS into specific pathological 
classes.

NGS and multi-gene panel tests improve our knowledge of diseases, while also 
providing new challenges related to the increased frequency of VUS. These advances 
have revealed that many other genes implicated in HBOC are involved in DNA 
damage responses, DNA repair, and the DNA damage checkpoint. Thus, basic 
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research in these fields will contribute to development of better functional assays for 
accurate classification of VUS to improve patient outcomes.
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Abstract

Those with mutations in BRCA1 or BRCA2 germlines are diagnosed with heredi-
tary breast and ovarian cancer (HBOC). BRCA1/BRCA2 genetic testing could 
facilitate the selection of a surgical method, early detection of related lesions, 
early treatment, or preventive intervention; thus, its clinical utility is high. In 
recent years, it has become even more important to identify patients with BRCA1/
BRCA2 mutations because of the potential of chemotherapy with platinum for-
mulations and poly ADP ribose polymerase (PARP) inhibitors. In contrast, 
genetic information obtained through such a test could cause unexpected confu-
sion and mental conflict; therefore, the role of genetic counseling before and 
after genetic testing is significant. In this chapter, we will discuss an outline of 
genetic counseling associated with HBOC and important points that providers of 
genetic counseling need to know.
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5.1	 �Introduction

Those with mutations in BRCA1 or BRCA2 germline are diagnosed with hereditary 
breast and ovarian cancer (HBOC). HBOC patients are known to have a higher risk 
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of breast cancer, ovarian cancer, prostate cancer, and pancreatic cancer compared to 
the general population. BRCA1/BRCA2 genetic testing could facilitate the selection 
of a surgical method, early detection of related lesions, early treatment, or preven-
tive intervention; as a result, the clinical utility of this test is high. HBOC is of 
autosomal dominant inheritance, where a carrier of a genetic mutation passes the 
mutation to the next generation with a probability of 50%. BRCA2 gene is known to 
cause Fanconi anemia, which is a genetic disease of autosomal recessive inheri-
tance. Genetic information obtained from BRCA1/BRCA2 genetic testing is crucial 
because it is associated with health management of not only patients themselves but 
also their relatives. However, a genetic testing also has a chance of causing unex-
pected confusion and mental conflict; thus, it is important for the patient to decide 
whether to have a genetic testing or not. After a genetic testing, the patient must 
make various decisions associated with the genetic testing, such as whether to have 
risk-reducing surgeries and share the result with their family. Medical staff must 
gather and evaluate appropriate information, offer information, and provide psycho-
logical support so that the patient can make the right decision.

The National Society of Genetic Counselors (NSGC) defines genetic counsel-
ing as follows: “Genetic counseling is the process of helping people understand 
and adapt to the medical, psychological and familial implications of genetic con-
tributions to disease” [1]. Genetic counseling for HBOC identifies potential 
patients and their families, appropriately assesses the risk, and discusses about 
genetic testing, medical management, and psychological challenges. In addition, 
it is important to discuss ethical issues and legal/social issues. In any case, the 
latest information must be provided. Even for the same disease, each client’s 
choice will vary based on their own values, social status, situation at the time, 
and family relationship; thus, the goal is to aim for the ideal choice for the client 
based on scientific evidences. For BRCA1/BRCA2 genetic testing and medical 
management, the timing of choice including an option of not making a choice 
must take therapeutic policy of the cancer that the patient has, the patient’s age, 
their financial burden, and their family planning into consideration, but there is 
no right answer that works for everyone. It should not be forced by healthcare 
providers, and clients’ wishes must be respected. For continuous follow-up, not 
only their medical history and family history but also their psychological and 
social changes must be understood.

5.2	 �Subjects of Genetic Counseling and BRCA1/BRCA2 
Genetic Testing

Subjects of genetic counseling for HBOC likely have various backgrounds and 
reasons, such as worries over inheriting breast cancer or ovarian cancer for them-
selves or for their family, or interest in genetic testing. There is no limit in motiva-
tion for taking genetic counseling, and anyone interested in undergoing genetic 
counseling can become the client; however, from the perspective of a healthcare 
provider, a common point of discussion is which type of patients should be referred 
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to genetic counseling and BRCA1/BRCA2 genetic testing. Because there is no sim-
ple screening for HBOC, there are various criteria and guidelines for genetic coun-
seling and testing for subjects who are considered at risk of HBOC based on 
clinical information. According to the guideline jointly prepared by the American 
College of Medical Genetics and Genomics (ACMG) and NSGC and published in 
2015 [2], criteria for referral of HBOC genetic counseling are summarized in 
Table  5.1. Some characteristics of medical and family histories of patients are 
closely associated with the possibility of hereditary tumors; therefore, various risk 
assessment models have been developed. With the National Institute for Health and 
Care Excellence (NICE) [3], in cases when the pre-test probability with Manchester 
Scoring System or BOADICEA is 10% or higher, subjects are indicated for genetic 
testing and counseling where pre-test probability is assumed. With the US 
Preventive Services Task Force (USPSTF) [4], women with personal or family his-
tory of breast cancer, ovarian cancer, fallopian tube cancer, and peritoneal cancer, 
or women with families with BRCA1/BRCA2 mutation, should be assessed. Women 
with a positive result from an appropriate familial risk assessment tool, such as 
Ontario Family History Assessment Tool, Manchester Scoring System, Tyrer–
Cuzick model, and BRCAPRO, should receive genetic counseling, as well as a 
genetic testing, if indicated after the counseling [4]. As such, many guidelines 
focus on identification of high-risk patients.

However, in recent years, limitations of basing on clinical criteria/family history 
have been noted [5]. With the potential efficacy of chemotherapy with platinum 
formulations [6] and poly ADP ribose polymerase inhibitors [7], identification of 
patients with BRCA1/BRCA2 mutations has become even more important. A study 
pointed out the possibility that patients with BRCA1/BRCA2 mutations may be 
overlooked if it is only based on clinical criteria and family history [8]; thus, how 
wide the range of subjects needs to be is a subject of discussion. The American 

Table 5.1  The criteria for HBOC genetic consultation referral

Referral should be considered for:
  •  Any individual with a personal history of or first-degree relative with:
 ��   –  Breast cancer diagnosed at or before age 50
 ��   –  Triple-negative breast cancer diagnosed at or before age 60
 ��   –  Two or more primary breast cancers in the same person
 ��   –  Ovarian, fallopian tube, or primary peritoneal cancer
 ��   –  Ashkenazi Jewish ancestry and breast or pancreatic cancer at any age
 ��   –  Male breast cancer
  • � Individuals with a family history of three or more cases of breast, ovarian, pancreatic, 

and/or aggressive prostate cancer (Gleason score ≥7) should also be referred. Note that 
this should not include families in which all three cases are aggressive prostate cancer

Adapted from Hampel H, Bennett RL, Buchanan A, Pearlman R, Wiesner GL, Guideline 
Development Group, American College of Medical Genetics and Genomics Professional Practice 
and Guidelines Committee and National Society of Genetic Counselors Practice Guidelines 
Committee. A practice guideline from the American College of Medical Genetics and Genomics 
and the National Society of Genetic Counselors: referral indications for cancer predisposition 
assessment. Genet Med. 2015 Jan;17(1):70–87
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Society of Breast Surgeons stated in the 2019 Consensus Guidelines on Genetic 
testing for Hereditary Breast Cancer [9] that for patients who are newly diagnosed 
with breast cancer, identification of genetic mutation could impact localized treat-
ment. They recommend the following: “genetic testing should be made available to 
all patients with a personal history of breast cancer” [9]. Globally, genetic risk 
assessment criteria by the National Comprehensive Cancer Network (NCCN) 
Guidelines [10] are well known; however, these guidelines can be revised up to 
several times a year and the latest changes should thus be confirmed at all times. In 
recent years, it is recommended that genetic counseling and testing should also be 
considered if a BRCA1/BRCA2 pathogenic/likely pathogenic variant is detected 
through tumor profiling [10]. The criteria for subjects of genetic counseling and 
testing for HBOC have changed over time due to factors such as relationship to 
treatment and cost-effectiveness. However, in any case, a report shows that, in a 
systematic review of international guidelines on screening and management of 
BRCA1/BRCA2 mutation breast cancer patients, the 15 related guidelines that 
touched on recommendations for genetic counseling had a consensus with regard 
to the importance of genetic counseling before and after BRCA1/BRCA2 genetic 
testing [11].

5.3	 �Contents in Genetic Counseling

The Practice Guideline published by the NSGC in 2013 describes the steps that 
must be included in cancer risk assessment and HBOC genetic counseling, as shown 
in Table 5.2 [12]. However, because contents of genetic counseling change based on 
the chief complaints and conditions of the client, all the contents may not necessar-
ily be covered in one session of counseling. When a provider of genetic counseling 
prepares a case for genetic counseling, it is important to check the information to be 
provided, points to be emphasized, manner of providing information to promote 
understanding by patients, and available counseling aids that support this process 
[13]. Below, we will discuss several points that genetic counselors should be mind-
ful of when providing genetic counseling.

Table 5.2  The process of cancer risk assessment and genetic counseling for HBOC

1. Gathering personal medical and family history data
2. Psychosocial assessment
3. Discussion of cancer and mutation risk and how personalized risk estimates are derived
4. �Facilitation of the informed consent process through discussion of the risks, benefits, 

limitations, and likelihood of identifying a mutation with genetic susceptibility testing
5. Result disclosure (if applicable)
6. Discussion of medical management options
7. Review of issues related to genetic discrimination

Adapted from Berliner JL, Fay AM, Cummings SA, Burnett B, & Tillmanns T. NSGC practice 
guideline: risk assessment and genetic counseling for hereditary breast and ovarian cancer. J Genet 
Couns. 2013;22:155–163
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5.3.1	 �Family History and Risk Assessment

When assessing the risk in genetic counseling, the patient’s pedigree is evaluated, 
genetic etiology of the condition is determined, and the risks for the patient and 
other relevant family members are calculated [13]. Accounting for the patient’s fam-
ily history in genetic counseling is useful in making an accurate diagnosis and treat-
ment. Taking accurate family history into account is, therefore, an important element 
in HBOC genetic counseling. It can help in accurately assessing the amount of risk 
for the client and can provide insight with regard to important decisions such as 
whether there is a need undergo a genetic testing or the identifying the specific type 
of test required by the client. When performing risk assessment assuming HBOC, 
the possibility of other hereditary tumors may arise. Assuming onset and prognosis 
for not only the affected patient but also their family members may allow for a diag-
nosis before onset and prevention of onset. Some beneficial byproducts can be 
expected from taking a family history including the following: a trust relationship 
can be built between providers of genetic counseling and clients, family relationship 
other than medical and treatment history can be understood, and those who need 
information and psychological support can be identified. However, it should be 
noted that medical and family history may not be accurate as clients’ memory may 
be vague. According to a study, only 87% could accurately report the site of cancer 
in first-degree relatives, which decreased to 67% for second-degree relatives and 
60% for third-degree relatives [14]. As such, when taking a family history of clients 
presenting with a hereditary tumor, the importance of family history should be 
explained to clients first to gain their understanding. In addition, it is important to 
note that family history may change with time. With new information, contents of 
risk assessment and genetic counseling of the patient will change; thus, information 
in changes to family history should be updated regularly.

When taking family history into consideration during genetic counseling for 
hereditary tumors, specialized questions on hereditary tumors are asked in addition 
to questions on general family history. In cases of hereditary tumors, useful infor-
mation is as follows: within the patient’s family, multiple members have related 
cancers, a member has cancer that developed earlier than the typical age of onset, 
and a member has multiple cancers. In HBOC genetic counseling, the counselor 
must pay attention to the timing and number of breast cancers; subtype of breast 
cancer; treatment details of breast cancer; surgical method for breast cancer; pathol-
ogy result for ovarian cancer; treatment history for benign conditions; pathology 
result for prostate cancer; presence or absence of family or medical history of male 
breast cancer, peritoneal cancer, pancreatic cancer, or melanoma; racial background 
with high incidence of mutations (e.g., Ashkenazi Jews); and presence or absence of 
wish to become pregnant in the case of young people. Furthermore, providers of 
genetic counseling must consider characteristics of hereditary diseases where dif-
ferentiation is necessary, such as mode of inheritance, penetrance, and mutation, 
during assessment. Moreover, history of radiation treatment, pregnancies and deliv-
eries, hormone use, and breast biopsy needs to be included. To examine the possibil-
ity of founder mutation and autosomal recessive inheritance, consanguineous 
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marriages should be confirmed. Appropriate questions should be asked with atten-
tion to these issues, so that necessary information would not be missed.

5.3.2	 �First Person in the Family to Be Tested

In genetic counseling, it may be necessary to discuss who should have the test first 
in a family. When considering a genetic testing for a family with a suspected heredi-
tary tumor, those with cancers related to the hereditary tumor become the first can-
didate for the screening test. When there are multiple patients who should be tested, 
those presenting with conditions in which there is a relatively higher probability of 
detecting mutations, such as younger age at the time of diagnosis, multiple primary 
cancers, and being more closely related to the proband, should be prioritized [10]. 
In cases where all family members with related cancers have died, or cancer patients 
do not wish to undergo genetic testing, subjects without any onset of cancer may 
receive a screening test. Generally, someone who is genetically closest to the person 
with related cancer would be chosen for such screening. When someone without an 
onset of cancer has a screening test, interpretation of the result has limitations. For 
example, if someone without an onset of cancer in a family suspected of HBOC has 
a negative result in a screening test, it cannot be determined if the person did not 
inherit the mutations in a HBOC family (true negative) or if the family did not have 
HBOC to begin with. Thus, this point needs to be adequately explained before a test.

5.3.3	 �Interpretation of BRCA1/BRCA2 Genetic Testing Results

Providing information regarding interpretation of the outcomes of BRCA1/BRCA2 
genetic testing is extremely important for genetic counseling. The ACMG [15] 
assessed genetic variations and presented rules for the classification into five types: 
pathogenic, likely pathogenic, benign, likely benign, and uncertain significance. 
Basically, variants are interpreted according to this classification. Medical manage-
ment proposed based on the test result and its limitations, including cases of variant 
of uncertain significance (VUS), must be discussed thoroughly before and after 
the test.

Pathogenic/likely pathogenic result is a basis for providing definitive diagnosis 
of HBOC and appropriate medical management, such as planned surveillance, che-
moprevention, risk-reducing salpingo-oophorectomy, and risk-reducing mastec-
tomy. It also allows for a survey to find out if any family member has the same 
pathogenic variant. When a pathogenic variant is confirmed, subsequent specific 
medical management and provision of information to family members must be dis-
cussed during genetic counseling sessions before and after the test. During the dis-
cussion, providers of genetic counseling must sufficiently understand the difficulty 
of interpreting penetrance and provide adequate explanations. At present, accurate 
determination of penetrance per family is not possible, and the accurate relationship 
between genotype and phenotype is also unclear [16]. Due to the limitations, 
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providers of genetic counseling should remember that it is important to present the 
range of cancer onset risks to patients and to explain that their risk probably falls 
somewhere within the range [16]. Benign/likely benign result indicates that there is 
no pathogenic variant or VUS in the BRCA1/BRCA2 gene, the causal gene of 
HBOC. When conducting BRCA1/BRCA2 genetic testing for a proband or for the 
first person in a family to have a test, it is recommended to inform the patient that 
the possibility of the cancer being hereditary cannot be ruled out and propose a 
surveillance plan that is individualized based on the patient’s medical and family 
history [10, 17]. Patients undergoing genetic counseling should also be well 
explained and understand that there may be variants that may not be detected with 
the implemented method and that other tests may be added. VUS merely indicates 
that the significance of the detected variant is unclear. Because a possibility of 
pathogenic variant cannot be denied, careful surveillance is required. Thus, exis-
tence of VUS is a major limitation of genetic testing. Though the rate of VUS varies 
between ethnicities of patients, it is observed in approximately 7% of patients who 
undergo BRCA1/BRCA2 genetic testing [18]. When diagnosed as a VUS carrier, the 
genetic information cannot be used to determine medical management strategies 
such as surveillance; thus, similar to before genetic testing, it is recommended that 
an individualized surveillance plan should be proposed based on medical and family 
history of each patient [10, 17]. Information of VUS is difficult to understand accu-
rately without appropriate genetic counseling; thus, its possibility must be discussed 
before the test and even after the test. Adequate information must be provided while 
confirming the level of patient’s understanding of the significance of VUS diagnosis.

5.3.4	 �Sharing Genetic Information with Relatives

With hereditary tumors, if a mutation is identified in the proband during genetic 
testing, relatives who may have the same variant may also need to undergo. This is 
primarily done to identify relatives at risk and use the information for their health 
management. Possibility of sharing genetic conditions with relatives, significance 
of sharing that with relatives, and explaining the benefits to relatives are important 
elements of genetic counseling. Inadequate understanding by subjects could prevent 
transmission of the information to relatives; thus, it is important to evaluate if sub-
jects accurately understand the result and its significance and are capable of convey-
ing it accurately to relatives. In addition, disclosure of information to others 
including relatives requires the consent of the subject in principle. Information 
obtained from genetic testing may be useful for onset prevention and treatment for 
the subject and their relatives; however, if the subject does not consent to disclosure 
of the information to relatives, it could create various ethical dilemmas. The impor-
tance of encouraging subjects to share the genetic information with relatives as their 
moral duty is emphasized [19]. In genetic counseling before and after the test, the 
counselor discusses the meaning of genetic information for the client and their fam-
ily, anxieties and troubles, concerns for the family, and future directions, while 
respecting the wishes of the client. The process of carefully supporting clients’ 
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emotional changes is important. Underage patients with HBOC hardly ever have an 
onset of HBOC-related cancer before adulthood; thus, it is desirable that they 
undergo genetic testing once they are of age where they can make their own deci-
sions and have a test by their own free will. ACMG states the following: “if the 
medical or psychosocial benefits of a genetic test will not accrue until adulthood, as 
in the case of carrier status or adult-onset diseases, genetic testing generally should 
be deferred” [20].

5.3.5	 �Risk of Discrimination

In genetic counseling, it is essential to discuss the risk of discrimination in employ-
ment and insurance because of the genetic information. In 2003, the United Nations 
Educational, Scientific and Cultural Organization, in its International Declaration 
on Human Genetic Data, mentions that human genetic data have a special status for 
the following four reasons: “(1) they can be predictive of genetic predispositions 
concerning individuals; (2) they may have a significant impact on the family, includ-
ing offspring, extending over generations, and in some instances, on the whole 
group to which the person concerned belongs; (3) they may contain information the 
significance of which is not necessarily known at the time of the collection of the 
biological samples; (4) they may have cultural significance for persons or groups” 
[21]. In the USA, to broadly protect genetic information of individuals, discrimina-
tion in employment and health insurance based on genetic information has been 
prohibited through the Genetic Information Nondiscrimination Act (GINA, 2008) 
[22]. Such laws vary between countries and the risk of discrimination in life insur-
ance and accident insurance exists; thus, patients must be informed of such risks 
before genetic testing.

5.3.6	 �Presenting an Option of Not Undergoing Genetic Testing

In genetic counseling before the test, it is important to inform the patients that their 
free will is respected, there is an option of not undergoing a genetic testing, and they 
can take a genetic testing at any time if they change their minds. In a report, reasons 
for which individuals did not receive HBOC genetic counseling and/or BRCA1/
BRCA2 genetic testing included having no children of their own and fear of know-
ing the test result [23]. Clients who initially decided against BRCA1/BRCA2 genetic 
testing may change their minds several years later when situations change, such as 
onset of cancer that occurred to themselves or a family member, or through life 
events such as new job, marriage, and childbirth. Clients who are strongly suspected 
of HBOC even without genetic testing should have a long-term surveillance that 
suits HBOC. The NCCN Guidelines [10] state that if mutation had already con-
firmed for the family of a subject who does not wish for a genetic testing, surveil-
lance for HBOC should be proposed and adequate follow-up should be continued. 
If mutation had not been confirmed in the family, depending on the subject and 
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family history, along with individually appropriate surveillance, continuous survey 
of the family should be proposed [10].

5.3.7	 �Psychosocial Assessment

Eijzenga W et al. [24] surveyed specific psychosocial issues experienced by sub-
jects who had genetic counseling for cancer and aimed to determine a unifying 
theme underlying these issues. In this review, they presented the following specific 
issues within six themes: “(a) coping with cancer risk, (b) practical problems, (c) 
family-related problems, (d) children-related problems, (e) living with cancer, and 
(f) emotions.” In genetic counseling, clients provide personal information in various 
ways, and a provider of genetic counseling carefully reads into clients’ attitudes and 
comments. In this manner, the counselor assesses the relationship with the family; 
psychological impact such as anxiety, stress, and guilt; and whether clients are in 
any condition to make decisions calmly. Psychosocial assessments should specifi-
cally include the following: “(1) anticipated reaction to results and coping strate-
gies, (2) timing and readiness for testing, (3) family dynamics and relationships, and 
(4) preparing for result disclosure” [25]. Considering that the client’s state of mind 
may change over time owing to changes in life stages and life events, continuous 
psychological evaluation should be performed while paying attention to at-risk fam-
ily members. Support should also be provided in a way that does not impose an 
excessive psychological burden. Peer support groups and their activities also play a 
part in psychosocial support.

5.3.8	 �Reproductive Issues

There are various views on whether consider HBOC with adult onset and appropri-
ate methods of response as a disease that requires prenatal diagnosis or preimplanta-
tion genetic diagnosis; however, in an American survey on women with BRCA1/
BRCA2 mutation, 41% experienced an impact on the decision about childbearing 
[26]. In genetic counseling, the counselor must understand such anxieties of clients 
and explain risks and limitations of options. In addition, when BRCA2 mutation car-
riers decide to bear a child, the risk of Fanconi anemia must be sufficiently dis-
cussed. It is important to assess if the spouse also has BRCA2 mutations.

5.4	 �Risk Communication

Risk communication in genetic counseling refers to the discussion between the pro-
vider of genetic counseling and patients/family regarding hereditary diseases [27]. 
When presenting risks, three concrete and basic methods are the presentation of 
numerical format, the explanation with verbal terms, and graphical presentations 
with figures and tables [28]. When verbal terms (e.g., “high risk”) are used to 
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express risks, messages could be vague as interpretation of verbal terms varies nota-
bly between people [29]. By graphically or visually presenting risk information, 
risk communication can be improved especially for people with poor literacy and 
numeracy skills [30]. Lautenbach DM et al. [31] listed the following as evidence-
based strategies to present various types of risk information: “(a) presenting risk 
information in multiple formats while avoiding qualitative modifiers, (b) being con-
scious of framing biases and framing risk in multiple ways, (c) using carefully cho-
sen graphics, (d) using a small denominator (from 50 to 100) when possible, (e) 
remembering that less is more, (f) paying attention to emotions that may influence 
perception and adoption of risk figures, and (g) engaging recipients in communica-
tion.” Providers of genetic counseling must understand the effects and limitations of 
each method and pay careful attention to how risks are conveyed.

For appropriate risk communication within genetic counseling, clients’ recogni-
tion of risks related to genetics must be understood. Each client recognizes the 
same risk information differently. There is a close relationship between risk recog-
nition and decision making, but clients’ choices of genetic testing and treatment 
that reduces risk are influenced more by subjective risk recognition and emotions 
than by the actual degree of risk [32]. Factors that influence clients’ risk recogni-
tion are personality factors, such as age, family history with cancer, previous pro-
phylactic tests and treatments, cognitive/emotional traits, and numerical information 
processing skills [31, 33]. Women at high risk of HBOC may experience emotional 
stress such as experiences of cancer in the family, multiple experiences of previous 
bereavement, and the fear of their own disease onset [34]. For these reasons, 
cancer-related suffering and individual characteristics could also prevent adequate 
understanding of individualized genetic risk information [34]. In genetic counsel-
ing, it is quite important to understand that there is individual risk perception of 
each client at the same time as objective risks. It is important to confirm the ideas 
of clients by first confirming their understanding of genetics before genetic coun-
seling and interviewing about their experiences with the disease and personal sig-
nificance of the disease.

5.5	 �Future Outlook for Genetic Counseling

With the arrival of multigene panel testing, genetic counseling has notably changed. 
In 2013, the US Supreme Court determined that “a naturally occurring DNA seg-
ment is a product of nature and not patent eligible merely because it has been iso-
lated” [35]. Hooker GW et al. [36] reported that after the court’s decision against 
Myriad and introduction of multigene panel testing, genetic counselors felt that they 
experienced a notable change in the contents of pre-test counseling. Genetic coun-
selors not only incorporated discussion on possible use of multigene panel testing in 
a session but also had less time to talk about implications of each gene/syndrome 
and had more time to discuss a range of information obtained from genetic testing, 
such as management and unknown penetrance of “newer” genes on the panel and 
increased possibility of VUS [36]. There is a report of performing a multigene panel 

M. Inuzuka



75

testing on cases without detection of mutation in BRCA1/BRCA2 genetic testing, 
and the result showed that a pathogenic variant was detected in 11% [37]. For 
women with a 10% or higher probability of BRCA1/BRCA2, it is more cost-effective 
to perform a multigene panel testing instead of performing BRCA1/BRCA2 genetic 
testing alone [38]. In a case where hereditary tumor syndrome other than HBOC, 
including hereditary breast cancer and ovarian cancer, is suspected based on medi-
cal and family history, multigene panel testing that simultaneously analyzes a series 
of genes related to a single or multiple phenotypes increases the effectiveness. 
However, there is also a report that VUS was detected in 30–40% of cases where 
multigene panel testing was performed [39]. In addition, if there is a change in mod-
erate risk genes, data on penetration has limitations, and there are cases where there 
is no clear guideline for medical management. Therefore, when performing multi-
gene panel testing, the NCCN Guidelines [10] recommend that the multigene test-
ing should be performed within the context of professional expertise and pre- and 
post-counseling. As such, multigene panel testing is expected to fulfill a certain role, 
but its advantages and issues should be explained during genetic counseling, and the 
patients should be treated with utmost caution.

In recent years, identification of genetic mutation in high- and moderate-
penetrance breast and/or ovarian cancer susceptibility genes other than BRCA1/
BRCA2 has also been considered to have a potentially important role in cancer treat-
ment [40]. As the options available to patients in genetic testing increase, it can be 
considered that the importance of genetic counseling will continue to increase. 
Furthermore, it will be increasingly important for providers of genetic counseling to 
be knowledgeable about cancer treatment. However, in any case, building mutual 
trust with patients is a fundamental of genetic counseling. Each client has different 
beliefs, levels of sensitivity, prior knowledge, understanding, degree of anxiety, and 
trust in medicine; thus, it is important to understand that no single type of counsel-
ing fits all even in counseling patients with the same disease.
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Abstracts

In hereditary breast cancer, the different strategies from sporadic cancer might be 
required due to its vulnerable feature. We reviewed the published data of breast 
cancers with germline BRCA1/BRCA2, TP53, PTEN, CDH1, PALB2, CHEK2, 
ATM, and STK11 focusing on the treatment. The standard of locoregional treat-
ment including surgery and radiation therapy (RT) should be considered in 
hereditary breast cancer except for TP53-related breast cancer as in sporadic 
breast cancer. Mastectomy is recommended without RT for germline TP53 muta-
tion carriers. Because there is a lack of reliable data about treatment of hereditary 
breast cancer, the discussion about the risk of both recurrence and new breast 
cancer is encouraged. Chemotherapy including platinum is recommended for 
metastatic breast cancer with BRCA1/BRCA2 mutation. However, there is no 
data supporting the use of platinum in (neo)adjuvant settings for early breast 
cancer with BRCA1/BRCA2 mutation. More researches about treatment for 
hereditary breast cancer are considered indispensable.

Keywords

Hereditary breast cancer · BRCA1/BRCA2 · TP53 · PTEN · CDH1 · PALB2 · 
CHEK2 · ATM · STK11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4521-1_6&domain=pdf
https://doi.org/10.1007/978-981-16-4521-1_6#DOI
mailto:atihsayim8m8@med.tohoku.ac.jp
mailto:takanori@med.tohoku.ac.jp
https://orcid.org/0000-0002-4151-8725


80

6.1	 �Introduction

Breast cancer is one of the most important health problems for women throughout 
the world, reporting woman’s lifetime risk of developing breast cancer at 1  in 8. 
About 5% to 10% of breast cancer cases are thought to be hereditary so that the 
multidisciplinary approach is demanded. Because of the vulnerable feature of 
hereditary breast cancer, the different strategies from sporadic cancer might be 
required. Here, we reviewed the published data of breast cancers with germline 
BRCA1/BRCA2, TP53, PTEN, CDH1, PALB2, CHEK2, ATM, and STK11 focus-
ing on the treatment.

6.2	 �BRCA1-/BRCA2-Related Breast Cancer

The rate of germline BRCA1/BRCA2 mutations in all patients with breast cancer is 
around 4% [1, 2], and the incidences are particularly higher in patients with triple-
negative breast cancer and Jewish women with breast cancer which are around 15% 
in both populations [3–5]. The prognostic risk is reported to vary based on the 
objective population [6, 7]. According to the study which included Japanese female 
breast cancer having strong family history of breast cancer based on the NCCN 
guidelines, the rates of germline BRCA1 and BRCA2 mutations among 260 breast 
cancer are 17.7% and 13.5%, respectively [8] (Fig. 6.1).

BRCA1 positive BRCA1 and 2 positive BRCA2 positive

BRCA1 uncertain BRCA2 uncertain Negative

Fig. 6.1  Result of 
BRCA1/BRCA2 genetic 
testing of 260 Japanese 
female breast cancer 
having strong family 
history of breast cancer 
based on the NCCN 
guidelines. Modified 
from [8]
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Treatment decisions for BRCA1-/BRCA2-related breast cancer might be influ-
enced by the genetic instability. Here, we comprehensively reviewed the treat-
ments and prognosis of breast cancer with BRCA1/BRCA2 mutation carriers. We 
refrained from describing about therapeutic endocrine therapy because of the lack 
of evidence.

6.3	 �What Is the Appropriate Surgical Management 
for BRCA1-/BRCA2-Related Breast Cancer?

6.3.1	 �Breast Conserving Surgery or Mastectomy

One of the clinical questions we need to address is whether or not breast conserv-
ing surgery (BCS) is safe for BRCA1/BRCA2 mutation carriers as a part of treat-
ment because of the higher incidence of breast cancer. Van den Broek AJ, et al. 
evaluated the effects comparing among BCS by radiotherapy, mastectomy with-
out radiotherapy, and mastectomy followed by radiotherapy in terms of overall 
and breast cancer-specific survival as well as local recurrence rates and ipsilateral 
new primary breast cancer [9]. After adjusting the confounders affecting the treat-
ment choice, both BRCA1 mutation carriers (N = 191) and non-carriers (N = 5820) 
had a similar overall survival regardless of the type pf local treatment, BCS or 
mastectomy. In their study, numbers for BRCA2 mutation carriers (N = 70) were 
insufficient to reach conclusions. Interestingly, the 10-year risk of local recur-
rence rates after BCS did not differ between BRCA1 mutation carriers and non-
carriers (7.3% and 7.9%, respectively). In contrast, Nilsson MP, et al. reported the 
increment of local recurrence rates in BRCA1/BRCA2 mutation carriers receiv-
ing BCS.  They investigated local recurrence and overall survival of BRCA1/
BRCA2 mutation carriers in the comparison between BCS (N = 45) and mastec-
tomy (N = 118) [10]. The cumulative local recurrence risk in 5, 10, and 15 years 
was 15%, 25%, and 32% in patients with BCS although it was 9% throughout 
15 years in patients with mastectomy. No significant difference of distant recur-
rence or overall survival between the groups was observed. As the largest study, 
Pierce LJ, et al. examined long-term outcome of 655 breast cancer patients with 
BRCA1/BRCA2 mutation. Cumulative local recurrence rate in 15 years was sig-
nificantly higher in patients who underwent BCS compared to mastectomy, 23.5 
vs. 5.5%, respectively [11]. There were no differences in both distant recurrences 
and overall survival between two groups.

Throughout the literature review of this clinical question, BCS is considered to 
be feasible in breast cancer with BRCA1/BRCA2 mutation carriers based on the 
survival data. However, discussion about the increasing risk of local recurrence is 
mandatory between patients and physicians. No randomized control trial exists so 
that we have to make a clinical decision following the observational studies having 
the selection bias.
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6.3.2	 �Nipple-Sparing Mastectomy

Nowadays, nipple-sparing mastectomy (NSM) is widely performed with breast 
reconstruction. A few studies examined the option of NSM for breast cancer patients 
with BRCA1/BRCA2 mutation carriers. Yao K, et al. retrospectively analyzed the 
clinical data of BRCA1/BRCA2 mutation carriers (N = 51) who underwent NSM 
for newly diagnosed breast cancer [12]. Three patients experienced the cancer 
events including one patient with local and distant recurrence and two patients with 
axillary recurrences. There was no patient with BRCA1/BRCA2 mutation who had 
a recurrence at the nipple-areolar complex.

Manning AT, et  al. identified 26 breast cancer patients with BRCA1/BRCA2 
mutation who underwent NSM, while analyzing details of patient demographics, 
surgical procedures, complications, and relevant disease stage and follow-up [13]. 
There was no event of local recurrence and two cancer-related deaths were observed; 
one patient had distant metastases after NSM and another patient had ovarian cancer 
after NSM for DCIS.

In the field of therapeutic NSM in BRCA1/BRCA2 mutation carrier, limited 
reports are available to the best of our knowledge. Although the mentioned studies 
suggested the acceptable rates of local recurrence after NSM, the median follow-up 
period was not enough: 32.6 months in the study of Yao K, et al. and 28 months in 
the study of Manning AT, et al. The safety of therapeutic NSM in BRCA1/BRCA2 
mutation carrier remains unclear due to the unavailability of the reliable data with 
larger sample size and longer follow-up time. Shared decision making with clinico-
pathological factors and patients’ preference should be thoroughly done for the 
optional surgical procedure.

6.3.3	 �Contralateral Risk-Reducing Mastectomy

High risk of contralateral event is well known among breast cancer patients with 
BRCA1/BRCA2 mutation. For these women, contralateral risk-reducing mastec-
tomy (CRRM) decreases the newly diagnosed contralateral breast cancer, whereas 
whether CRRM improves overall survival needs to be clarified. Heemskerk-
Gerritsen BAM, et al. evaluated the role of CRRM on survival in BRCA1/BRCA2 
mutation carriers with a history of primary breast cancer [14]. Out of patients 
receiving CRRM (N = 242), 4 patients developed contralateral breast cancer (2%) 
with the median follow-up period of 11.4 years after primary breast cancer, which 
was fewer than 64 patients (19%) out of the surveillance group (N = 341). The mor-
tality was also lower in the CRRM group than in the surveillance group (9.6 and 
21.6 per 1000 person-years of observation, respectively).

Metcafe K, et al. studied 390 BRCA1/BRCA2 mutations carriers with stage I or 
II breast cancer including 181 patients who had CRRM [15]. In the median follow-
up time of 14.3 years, 18 women died in the CRRM group and 61 in the unilateral 
mastectomy group.
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The survival rates at 20 years were 88% and 66% in the CRRM and the unilateral 
mastectomy group, respectively. In a multivariable analysis, CRRM was signifi-
cantly associated with a 48% reduction in breast cancer death. Soenderstrup IM, 
et al. analyzed 237 breast cancer patients with BRCA1/BRCA2 mutation according 
to the types of surgery, treatments, and characteristics [16]. The results showed that 
CRRM was associated with reduced risk of death, but not with disease-free survival. 
Evans DG, et al. investigated the impact of CRRM on survival in unilateral breast 
cancer with BRCA1/BRCA2 mutations [17]. In a matched case–control analysis 
designed to control for potential confounding factors (BPO, stage, and tumor char-
acteristics), overall survival in the 105 CRRM cases was significantly higher, which 
was 89% versus 73% in 105 controls who did not have CRRM.

Contrary, Van Sprundel TC et al., reported the opposite result that CRRM for 79 
breast cancer patients with BRCA1/BRCA2 mutation reduced the risk of contralat-
eral breast cancer by 91%. At 5-year follow-up, overall survival was 94% for the 
CRRM group against with 77% for the surveillance group. After adjustment for 
bilateral prophylactic oophorectomy (BPO) in a multivariate analysis, however, 
CRRM was not significantly prognostic for overall survival.

Overall, CRRM clearly decreases the incidence of contralateral breast cancer in 
BRCA1/BRCA2 mutation carriers, whereas the benefit of CRRM for survival dif-
fers among the studies and the analytic methods. There is insufficient evidence we 
can utilize whether CRRM improves survival so that various factors around patients 
should be taken into consideration to decide the indication of CRRM for BRCA1/
BRCA2 mutation carriers having a history of unilateral breast cancer.

6.4	 �Can RT Be Recommended for BRCA1-/BRCA2-Related 
Breast Cancer?

6.4.1	 �Breast Radiation After BCS

To plan a series of treatment for women with BRCA1-/BRCA2-related breast can-
cer, revealing the benefit and the risk of RT is necessary. The meta-analysis includ-
ing ten studies which investigated the safety of RT after BCS in breast cancer 
patients with BRCA1/BRCA2 mutation was conducted by Valachis A, et al. [18]. 
The results suggested no significant difference between carriers and controls in 
terms of ipsilateral breast recurrence, which was 17.3% in BRCA1/BRCA2 muta-
tion carriers and 11.0% in non-carriers (RR 1.45, 95% CI 0.98–2.14). Additionally, 
use of adjuvant chemotherapy and oophorectomy decreased the incidence of ipsilat-
eral breast recurrence for BRCA mutation carriers. However, a significant higher 
risk for IBR in BRCA mutation carriers was observed when only studies with a 
median follow-up of 7 years were analyzed (RR 1.51, 95% CI 1.15–1.98). Therefore, 
further follow-up time is required. RT after BCS can be considered as a reasonable 
option and should not be withheld only due to mutation status based on the currently 
available evidence.
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6.4.2	 �Postmastectomy Radiation Therapy

Limited studies reported the data about the efficacy of postmastectomy radiation 
therapy (PMRT) in BRCA1/BRCA2 mutation carriers. Pierce LJ, et al. compared 
the local recurrence rates of patients with mastectomy and PMRT (N = 103) with 
that of patients with mastectomy only (N = 250) among BRCA1/BRCA2 mutation 
carriers [11]. Despite higher stage among with PMRT, the local recurrence rates 
were similar between two groups. Median time to local failure was 9.4 years for 
patients with mastectomy. Drooger JC, et al. performed multivariate analysis of the 
subgroups under 40 ages as a part of entire cohort of BRCA1/BRCA2 mutation car-
riers [19]. The risk of contralateral breast cancer did not differ among groups, RT 
after BCS, RT after mastectomy, and mastectomy alone. In this study, ipsilateral 
local recurrence after mastectomy was not evaluated. The decision regarding PMRT 
should not be based predominantly on BRCA1/BRCA2 mutation status.

6.4.3	 �RT-Related Toxicity

By the time we searched, three studies were reported about their investigation about 
RT-related toxicity in breast cancer patients with BRCA1/BRCA2 mutations. Pierce 
LJ, et al. reported no differences about the incidence rates of chronic skin, subcuta-
neous tissue, lung, or bone complications between BRCA1/BRCA2 mutation carri-
ers (N = 71) and sporadic cohorts (N = 213) [20]. Park H, et al. also reported no 
increased risk in acute skin toxicity in BRCA1/BRCA2 mutation carriers (N = 46) 
receiving BCS and RT compared with women with sporadic breast cancer [21]. 
Shanley S, et al. reported the similar finding about acute and late radiation effects 
between BRCA1/BRCA2 mutation carriers (N  =  55) and sporadic breast cancer 
(N = 55) in a matched case–control study of patients treated with RT [22]. Although 
further studies are required to identify genetic effects to normal tissue responses 
after RT, there is no evidence of a significant increase of RT-related toxicity among 
breast cancer patients with BRCA1/BRCA2 mutation.

6.5	 �What Is the Role of Chemotherapy (Platinum) 
for BRCA1-/BRCA2-Related Breast Cancer?

6.5.1	 �Early Breast Cancer

Although several studies investigated the efficacy of platinum for early breast can-
cer (EBC) with BRCA1/BRCA2 mutation in (neo)adjuvant settings, there are only 
two randomized controlled trials. The exploratory analysis of 50 BRCA1/BRCA2 
mutation carriers from GeparSixto trial was reported by Hahnen E, et al. [23]. The 
pathological complete response (pCR) rate was 66.7% (16 of 24) for BRCA1/
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BRCA2 mutation carriers and 36.4% (44 of 121) for non-carrier patients (OR, 3.50; 
95% CI, 1.39–8.84; P = 0.008) without carboplatin. However, the addition of carbo-
platin to the neoadjuvant chemotherapy regimen did not increase the pCR rate of 
BRCA1/BRCA2 mutation carriers (17 of 26 [65.4%]). Disease-free survival of 
patients with BRCA1/BRCA2 mutation carriers did not differ between the treat-
ment regimens with and without carboplatin. Loibl S, et al. performed the subgroup 
analysis of 92 BRCA1/BRCA2 mutation carriers from BrighTNess trial [24]. 
Overall, the pCR rate was 51% (47 of 92 patients) with BRCA1/BRCA2 mutation 
carriers and similar with that of non-carrier patients, 48% (262 of 542). The pCR 
rates of each regimen in BRCA1/BRCA2 mutation carriers were 57% (26 of 46), 
50% (12 of 24), and 41% (9 of 22) in paclitaxel + carboplatin + veliparib group, 
paclitaxel + carboplatin group, and paclitaxel group, respectively. Although adding 
carboplatin increased the pCR rate to some degree, the stratified analysis showed 
that additive benefit of carboplatin was observed for non-carrier patients rather than 
BRCA1/BRCA2 mutation carriers.

The meta-analysis including non-randomized controlled trial indicated that 93 of 
159 (58.4%) patients with BRCA1/BRCA2 mutation achieved pCR, while 410 of 
808 (50.7%) with non-carrier patients by the platinum-containing regimens [25]. 
The result did not show statistical significance (OR 1.459 CI 95% [0.953–2.34] 
P = 0.082). As shown, platinum to current standard regimens of anthracycline and 
taxane is not recommended as the routine addition for breast cancer patients with 
germline BRCA mutation.

6.5.2	 �Metastatic Breast Cancer

Two prospective studies addressed the efficacy of platinum in metastatic breast can-
cer patients who have BRCA1/BRCA2 mutation. Tutt A, et al. reported the result of 
TNT trial which evaluated the efficacy of two single-agent chemotherapies, carbo-
platin or docetaxel, in metastatic TNBC [26]. In the preplanned subject with 43 
germline BRCA1/BRCA2 mutated patients from entire cohort, carboplatin had 
more than double the objective response rate of docetaxel (68% vs. 33%, respec-
tively). Progression-free survival of patients with BRCA1/BRCA2 mutation was 
longer than that of non-carrier patients (6.8  months vs. 4.4  months, P  =  0.002). 
Zhang J, et al. reported the result of CBCSG006 trial which included 14 BRCA1/
BRCA2 mutation carriers [27]. Patients with germline BRCA1/BRCA2 mutation 
had suggestively higher objective response rate by cisplatin-containing regimen 
(83.3% in cisplatin plus gemcitabine group vs. 37.5% in paclitaxel plus gemcitabine 
group, P = 0.086). Cisplatin plus gemcitabine regimen also prolonged progression-
free survival compared to paclitaxel plus gemcitabine regimen (8.9  months vs. 
3.2 months, P = 0.459). Although there is no randomized controlled trial focusing 
on only BRCA mutation carriers, platinum could be an optional regimen for meta-
static breast cancer patients with BRCA1/BRCA2 mutation.
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6.6	 �BRCA1-/BRCA2-Related Breast Cancer Has 
Worse Prognosis?

According to the reports from retrospective studies which investigated the progno-
sis of breast cancer patients with BRCA1/BRCA2 mutation, there are conflicting 
results of the contribution by the germline mutation. However, Templetion AJ, et al. 
reported that BRCA mutation of 1325 patients was not associated with worse prog-
nosis by the systematic review which consists of 16 studies comprising 10,180 
patients [28].

Two large-scale prospective studies found no clear evidence that germline 
BRCA1/BRCA2 mutations significantly affect overall survival. Goodwin PJ, et al. 
conducted an international population-based cohort study of 3220 women with inci-
dent breast cancer observed prospectively, which included 93 BRCA1 mutations 
and 71 BRCA2 mutations: 1, both mutations [29]. With mean follow-up of 7.9 years, 
distant disease recurrence survival and overall survival did not differ between 
BRCA1 mutation carriers and non-carriers. Although distant disease recurrence sur-
vival and overall survival was worse in BRCA2 mutation carriers compared with 
non-carriers in univariable analysis, no difference was observed in both endpoints 
after adjustment for age, tumor stage and grade, nodal status, hormone receptors, 
and year of diagnosis. Copson ER, et al. performed a prospective cohort study of 
2733 breast cancer patients aged 40 years or younger at histological diagnosis of 
invasive breast cancer [30]. Survival of 338 breast cancer patients with BRCA muta-
tion (201 with BRCA1, 137 with BRCA2) was compared to that of sporadic breast 
cancer patients within a median follow-up of 8·2 years. The results showed no sig-
nificant difference in overall survival between BRCA mutation carriers and non-
carrier patients in multivariable analysis at any follow-up timepoint. Conversely, 
triple-negative breast cancer with BRCA mutation had better overall survival than 
non-carriers at 2 years. However, this better outcome was not observed at 5 and 
10 years. Following the high-evidence studies, there was no data showing the worse 
prognosis of breast cancer with BRCA1/BRCA2 mutation.

6.7	 �TP53-Related Breast Cancer

TP53 gene is one of the most common tumor suppressors among cancers, providing 
its function to suppress tumor growth through making a protein p53. Li–Fraumeni 
syndrome (LFS) related to germline alterations of TP53 causes the early-onset of 
cancers among adolescent and young adult, especially soft-tissue sarcomas, breast 
cancers, central nervous system tumors, and so on. Currently, breast cancer with 
germline TP53 variants is more identified due to the more availability of multigene 
tests. At the review about germline TP53 variants in breast cancer patients outside 
the strict clinical criteria for LFS testing, the incidence rate of TP53 carriers was 
from 0% to 7.7% among the 59 studies [31]. TP53 carrier rate outside LFS was from 
3.8% and 7.7% when the tests were performed for selected patients based on early-
onset but not family history.
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When offering treatments for breast cancer patients with germline TP53 muta-
tion, RT particularly should be paid attention. Because of the function of TP53 gene 
to repair DNA damage, RT to breast tissue, chest wall, and other region would cause 
unfavorable effects in breast cancer patients. Heymann S. et  al. studied 8 breast 
cancer patients diagnosed as the first tumor event of LFS among 47 documented 
Li–Fraumeni families [32]. Median age at the diagnosis was 30  years and six 
patients had received RT (three for conserving breast and three for chest wall). With 
median follow-up of 6 years, three ipsilateral breast recurrences, three contralateral 
breast cancers, two radio-induced cancers, and three new primaries (one of which 
was an in-field thyroid cancer with atypical histology) were diagnosed among six 
patients receiving RT. Other case reports suggested the unfavorable outcomes of 
TP53-related breast cancers as well [33–35]. Based on the current available data, 
BCS and RT for breast tissue should not be indicated for breast cancer patients with 
germline TP53 mutation. Although an alternative option does not exist except mas-
tectomy, PMRT should be considered only in patients with higher risk of recurrence.

6.8	 �PTEN-Related Breast Cancer

PTEN gene is known as a tumor suppressor which produces the enzyme regulating 
cancer cells in various ways. Among hereditary breast cancer, Cowden syndrome 
(CS) is well known as a germline PTEN mutation causing multi-system disorder 
including malignant tumors of the breast, endometrium, thyroid, and so on. The 
lifetime risk of breast cancer associated with a mutation in PTEN is estimated from 
77% to 85% for women [36, 37]. Unfortunately, there are few reports about what 
treatment is recommended for women with PTEN-related breast cancer. The only 
thing we could mention is that breast cancer patients with germline PTEN mutation 
are at increased risk of not only second breast cancer but endometrial, thyroid, renal, 
and colorectal cancers. Therefore, the active screening and prophylactic surgery 
could be considered. Even if breast cancer patients without germline PTEN muta-
tion meet the CS diagnostic criteria, a comprehensive approach to those women is 
necessary as well as mutation carriers [38].

6.9	 �CDH1-Related Breast Cancer

CDH1 gene provides a protein E-cadherin which functions as an adhesion factor in 
the cell membrane and characterizes especially the morphological feature of lobular 
breast cancer (LBC). Hereditary invasive lobular breast-diffuse gastric cancer 
related to germline CDH1 mutations is one of the genetically high-penetration 
breast cancers. The International Gastric Cancer Linkage Consortium reported that 
the estimated risk for diffuse gastric cancer was from 67% to 83% [39, 40]. On the 
other hand, the estimated risk for LBC was around 40% by age 80 years. Corso G, 
et al. reported the results of their literature review which included 483 IBCs from 9 
studies outside the pedigrees of diffuse gastric cancer [41]. Mean age at the 
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diagnosis of LBC was 46 years. Out of 483 patients, 14 novel deleterious alterations 
(2.9%) have been reported. Apart from prophylactic surgery, appropriate manage-
ment of surgery and RT remains unclear. The clinical decision should be made tak-
ing into account the various factors, like the extent of tumor, the quality of imaging, 
the preference of patient, and so on.

6.10	 �PALB2-Related Breast Cancer

PALB2 gene encodes a protein which helps genome maintenance, especially 
double-strand break repair of BRCA2. While biallelic germline mutation (loss-of-
function) in PALB2 is related to the onset of Fanconi’s anemia, monoallelic muta-
tions (loss-of-function) increase the risk of breast cancer and pancreatic cancer [42]. 
Antoniou AC, et al. analyzed the information of 362 members in 154 families who 
had deleterious PALB2 mutations [43, 44]. The estimated absolute risks of breast 
cancer for PALB2 mutation carriers were 33% and 58% for those without and with 
family history of breast cancer. Cybulski C, et al. reported the result of their retro-
spective study to evaluate the incidence rate of mutation and prognosis [45]. Out of 
12,529 women with breast cancer, 116 patients (0.93%) were detected as the PALB2 
mutation carriers. As controls, 10 participants were positive of PALB2 mutation in 
4730 women who were free from cancer. The authors suggested that breast cancer 
patients with PALB2 mutations had worse prognosis than non-carrier patients. 
However, the adjustment of variable seems not to be done thoroughly. In this study, 
the 5-year cumulative incidence of contralateral breast cancer was reported to be 
10% in PALB2 mutation carriers. Although the appropriate therapeutic approach for 
breast cancer patients with PALB2 mutation is unclear, the standard management 
should not be withheld for the reason of germline mutation in PALB2.

6.11	 �CHEK2-Related Breast Cancer

CHEK2 gene is one of tumor suppressors among cancers, providing its function to 
induce cell death through producing a protein CHK2. CHEK2 (1100delC) is gener-
ally classified into moderate risk category and the lifetime risk is estimated from 
25% to 30% [46]. Lee A, et al. newly proposed the risk prediction model of heredi-
tary breast cancer using both genetic and non-genetic risk factors [47]. Based on 
their risk mode, the cumulative incidence of breast cancer among CHEK2 mutation 
carriers varied from 20% to 35% depending on the questionnaire-based risk factors, 
mammographic density, and polygenic risk scores. Several studies reported the 
increasing risk of second breast cancer in breast cancer patients with CHEK2 muta-
tion [48–51]. This information of CHEK2 1100delC about the risk of second breast 
cancer, especially contralateral breast cancer, should be shared when discussing the 
therapeutic options.
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6.12	 �ATM-Related Breast Cancer

ATM gene codes a protein which is a key regulator of cellular pathways protecting 
cells from DNA double-strand break. The lifetime risk of breast cancer related to 
germline ATM mutation is approximately 30% which changes due to the other non-
genetic risks [46, 47]. When considering BCS and RT for breast cancer patients 
with ATM mutation, ipsilateral cancer recurrence and the toxicity of RT need to be 
taken into account. Meyer A, et al. studied 135 breast cancer patients treated with 
RT after BCS including 20 ATM mutation carriers [52]. The results showed no sig-
nificant difference between carriers and non-carriers in terms of local recurrence 
and metastatic-free survival by multivariate analysis. Regarding the toxicity of RT 
especially ones related to skin and subcutaneous tissues, the conflict results exist 
[53–55]. Some studies reported the data about the incidence of CBC after RT to 
breast tissue in breast cancer patients with ATM mutation.

Bernstein JL, et  al. suggested that RT was significantly associated the risk of 
CBC in breast cancer patients with ATM deleterious missense variant compared to 
non-carriers [56]. In contrast, the other two studies reported no increase of CBC 
among breast cancer patients with ATM mutation who received RT after BCS [57, 
58]. The evidence on hand is limited so that more research is required. The current 
practice including BCS and RT should be offered for breast cancer patients with 
ATM mutation if indicated. The physician also needs to discuss about the toxicity of 
RT and the potential CBC.

6.13	 �STK11-Related Breast Cancer

STK11 gene which is sometimes called LKB1 suppresses cell growth by producing 
the enzyme. The gene is also known to lead to Peutz–Jeghers syndrome (PJS) com-
posing a wide spectrum of cancers, gastrointestinal cancers, breast cancers, ovary 
cancers, and so on. The cumulative risks of breast cancer in PJS patients are 8%, 
13%, 31%, and 45% at the age of 40, 50, 60, and 70  years, respectively [59]. 
Unfortunately, there was no available data to decide what treatment is indicated for 
breast cancer patients with STK11 mutation. The standard of care should be offered 
for the population while discussing the risk caused by STK11 mutation.

6.14	 �Conclusion

In this field, there are few reliable evidences about treatment of hereditary breast 
cancer so that we need to discuss about the balance between benefit and risk of treat-
ment, adapting to each patient. More researches about treatment for hereditary 
breast cancer are considered indispensable.
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Abstract

The treatment of ovarian cancer has changed significantly over the past few 
years, particularly in the case of hereditary breast and ovarian cancer (HBOC) 
syndrome. Genetic testing for BRCA1 and BRCA2 is used not only for a diagno-
sis for HBOC but also a biomarker for PARP inhibitors, which is of great impor-
tance in the treatment of ovarian cancer. The characteristics of ovarian cancer in 
HBOC have been reported of the highest prevalence in high-grade serous carci-
noma subtype, high sensitivity to platinum salt chemotherapies and PARP inhibi-
tors, and a better prognosis compared to BRCA-negative ovarian cancer. It is 
important to note that ovarian cancer with a family history is also associated with 
Lynch syndrome, although less frequently than HBOC. In addition, recent multi-
panel genetic analysis has led to the identification of genes other than HBOC that 
are involved in the development of ovarian cancer, which may require further 
clinical practice.
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7.1	 �Overview of Ovarian Cancer

Ovarian cancer is the most lethal gynecologic malignancy with more than 200,000 
cases every year [1]. Due to the lack of effective screening methods, most patients 
are diagnosed at advanced stages. Less than 40% of women with ovarian cancer can 
be cured.

7.1.1	 �Symptoms

Symptoms associated with ovarian cancer were reported as pelvic/abdominal pain, 
urinary urgency/frequency, increased abdominal size/bloating, and difficulty eating/
feeling full when they were frequently present for <1 year [2]. However, the screen-
ing by these symptoms, especially in patients with early-stage ovarian cancer, did 
not show enough sensitivity or specificity [3, 4]. Thus, ovarian cancer is still called 
as “a silent killer.”

7.1.2	 �Histologic Subtypes

Epithelial ovarian cancer has four main histologic subtypes, including serous, endo-
metrioid, mucinous, and clear cell. High-grade serous carcinoma (HGSC) charac-
terized by TP53 mutations is the most common and aggressive subtype. This 
subtype is related to hereditary breast and ovarian cancer (HBOC) syndrome, and its 
origin is said to be the fallopian tube or ovarian epithelium. Low-grade serous, 
mucinous, clear cell, and endometrioid tumors are believed to have developed from 
inclusion cysts or implants in the ovarian surface epithelium. They also have KRAS, 
BRAF, or PTEN mutations [5, 6]. Clear cell carcinoma has characteristics of being 
resistant to anticancer drugs, contrary to its slow growth, and is more common in 
Japan [7].

7.1.3	 �Risk Factors

The risk factors of developing ovarian cancer are age, nulliparity, and age (>35 years) 
at first pregnancy or first birth. Thirty percent to sixty percent decreased risk for 
cancer, in contrast, is associated with younger age at first pregnancy or first birth 
(≤25 years), the use of oral contraceptives, and history of breastfeeding [5]. As we 
will discuss later, having a family cancer syndrome is the most relevant risk of 
developing ovarian cancer.

7.1.4	 �Screening

Screening for ovarian cancer did not reduce mortality in two large screening trials. 
The Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial by 
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annual screening with serum CA125 and ultrasound showed no reduction in mortal-
ity [8]. The other result from the UK Collaborative Trial of Ovarian Cancer 
Screening (UKCTOCS) based on serum CA125-based screening seemed encourag-
ing, but the mortality reduction was not significant [9].

7.1.5	 �Treatment

For epithelial ovarian cancer, primary treatment consists of appropriate surgical 
staging and debulking surgery, followed by systemic chemotherapy in most, but not 
all, patients. For most patients, initial surgery includes total abdominal hysterec-
tomy and bilateral salpingo-oophorectomy with comprehensive staging with omen-
tectomy, pelvic and para-aortic lymphadenectomy, and peritoneal biopsy [5, 10]. 
Debulking surgery is recommended for patients at stage II, III, or IV, because the 
maximal cytoreduction improves survival [11, 12]. Neoadjuvant chemotherapy fol-
lowed by interval debulking surgery is recommended for patients diagnosed as 
advanced disease and the optimal surgery is difficult [10]. Regarding systematic 
lymphadenectomy, one recent RCT has shown that systematic pelvic and paraaortic 
lymphadenectomy after maximal cytoreduction did not improve survival and might 
cause postoperative complications when lymph nodes have no suspicious find-
ings [13].

Most patients with epithelial ovarian cancer receive postoperative systemic che-
motherapy. The combination of platinum and taxane agents is typically adminis-
tered as a first-line chemotherapy for ovarian cancer. The effect of bevacizumab, 
anti-angiogenesis agent, was assessed by two RCTs, ICON7 and GOG218. These 
trials showed that the addition of bevacizumab to upfront chemotherapy with carbo-
platin/paclitaxel followed by bevacizumab as maintenance therapy improved PFS 
(hazard ratio[HR] 0.72, 0.81) and is recommended for patients at stage III or IV 
[14, 15].

The effect of poly(ADP-ribose) polymerase (PARP) inhibitors as maintenance 
therapy was assessed by several RCTs. The SOLO1 study demonstrated that PFS 
was prolonged substantially by using olaparib as a maintenance therapy in patients 
with a germline or somatic BRCA1/BRCA2 variant (HR 0.30) [16]. In Japan, olapa-
rib is currently available for advanced ovarian cancer patients with BRCA1/BRCA2 
variants as maintenance therapy. Furthermore, the three RCTs of PARP inhibitors—
veliparib, niraparib, and olaparib plus bevacizumab—have recently been shown to 
improve PFS [HR 0.68, 0.62, 0.59] when used after primary treatment regardless of 
BRCA1/BRCA2 variant, but the better outcome was seen in homologous recombina-
tion deficiency (HRD)-positive patients [17–19].

The recurrent disease is categorized by platinum-sensitive disease (if the patients 
have the disease ≥6  months after completion prior platinum-based therapy) or 
platinum-resistant disease (if the patients have the disease <6 months after comple-
tion prior platinum-based therapy). For platinum-sensitive disease, six  cycles of 
platinum-based chemotherapy are preferred. The addition of bevacizumab to stan-
dard chemotherapy and maintenance therapy until progression improved PFS for 
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platinum-sensitive recurrent ovarian cancer. OS was also improved in GOG213 [20, 
21]. PARP inhibitors as maintenance therapy improved PFS of platinum-sensitive 
disease with germline BRCA1/BRCA2 variant, platinum-sensitive recurrent HGSC, 
and HRD positive [22–25]. For platinum-resistant disease, non-platinum-based 
agents or regimens are preferred. The prognosis is poor, but adding bevacizumab to 
chemotherapy improved PFS [26].

7.2	 �Hereditary Ovarian Cancer

It is now known that at least 10% of epithelial ovarian cancer have germline patho-
genic variant in ovarian cancer-susceptibility genes, commonly BRCA1/BRCA2 and 
DNA mismatch repair (MMR) genes. Of 1915 ovarian cancer patients, 347 (18%) 
carried a germline mutation in a gene associated with ovarian cancer risk [27]. In 
Japan, of 230 unselected women with ovarian cancer, 17.8% women had pathogenic 
germline variant. The variants include genes associated with BRCA1 (prevalence; 
8.3%), BRCA2 (3.5%), and mismatch repair genes (2.6%) [28]. Patients with HGSC 
may have germline variants in other genes involved in HR, including BRIP1, 
BARD1, RAD51C, and RAD51D, but the frequency is less compared to BRCA1 and 
BRCA2 [29]. In addition, some large studies using multiple-gene, next-generation 
sequencing panels and whole-exome sequencing were conducted, and gene-pheno-
type associations were examined. Table 7.1 shows the list of genes related to heredi-
tary ovarian cancer and their risks of ovarian cancer reported in NCCN guidelines, 
and these studies [30, 31, 37]. Detailed personal and family history of cancer is 
important for cancer risk assessment and choice of gene testing. Comprehensive 
testing with multigene panel for BRCA1-/BRCA2-negative patients and individuals 
without a known familial pathogenic variant should be considered. In gynecological 
clinics, a self-administered questionnaire would be a useful tool for screening 
patient’s medical history and familial cancer history [38].

7.2.1	 �Ovarian Cancer in HBOC

7.2.1.1	 �Frequency of HBOC in Ovarian Cancer
The frequency of germline BRCA1/BRCA2 variants in ovarian cancer patients was 
reported to be 13–15% in some large studies [39, 40]. In Japan, one multicenter 
analysis reported that the overall prevalence of germline BRCA1/BRCA2 variants 
was 14.7% (93/634), where germline BRCA1 mutations (9.9%) were more common 
than germline BRCA2 mutations (4.7%) [41]. In another report, of 230 unselected 
Japanese women with ovarian cancer, 11.7% women had pathogenic germline vari-
ants of BRCA1/BRCA2 [28].

7.2.1.2	 �Germline Testing for Ovarian Cancer Patients
Based on personal and familial cancer history, germline BRCA1/BRCA2 testing 
should be considered for individuals from a family without a known BRCA1/BRCA2 
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variant. NCCN guidelines recommend testing should be considered for patients at 
any age with a personal history of ovarian cancer (including fallopian tube cancer or 
peritoneal cancer) and those with a first- or second-degree blood relative of ovarian 
cancer [42]. Since 2020, Japanese public health insurance has covered 70% of 
germline BRCA1/BRCA2 testing costs for cancer patients suspected of HBOC, and 
this includes ovarian cancer patients, too.

Detailed personal and family history of cancer is important for cancer risk assess-
ment and choice of gene testing. For those without a known familial pathogenic 
variant or BRCA1-/BRCA2-negative patients, comprehensive testing with multigene 
panel should be considered. BRCA-related ovarian cancers are associated with epi-
thelial, non-mucinous histology as discussed below; however, bear in mind that 
Lynch syndrome or other syndromes could be associated with both non-mucinous 
and mucinous histology.

7.2.1.3	 �Penetrance of BRCA1/BRCA2 Variant Carriers 
in Ovarian Cancer

Women with a BRCA1/BRCA2 pathogenic variant are at increased risk of ovarian 
cancers (including fallopian tube cancer and primary peritoneal cancer). The reli-
able prediction of developing ovarian cancer (the penetrance) is critical in genetic 
counseling and a gynecological practice for BRCA1/BRCA2 variant carriers. A 
meta-analysis showed the mean cumulative ovarian cancer risks for BRCA1/BRCA2 
variant carriers at age 70 years were 40% (95% CI, 35% to 46%) for BRCA1 and 
18% (95% CI, 13% to 23%) for BRCA2 variant carriers [43]. A large prospective 
cohort study of 6036 BRCA1 and 3820 BRCA2 female variant carriers showed that 
the cumulative ovarian cancer risks to age 80 years were 44% (95% CI, 36%–53%) 
for BRCA1 and 17% (95% CI, 11%–25%) for BRCA2 carriers [44]. The risk of 
ovarian cancer is not the same for all BRCA1/BRCA2 mutations. A large observa-
tional study from data collected by the Consortium of Investigators of Modifiers of 
BRCA (CIMBA) initiative revealed that women with a variant in the central part of 
BRCA1/BRCA2, especially in exon11 where ovarian cancer cluster regions (OCCRs) 
were identified, will have a higher lifetime risk of ovarian cancer [45]. The esti-
mated penetrance of ovarian cancer can be influenced by allelic heterogeneity, mod-
ifier genes, and environmental and hormonal cofactors, such as oral-contraceptive 
use or parity and nationality [46].

7.2.1.4	 �Histology of Ovarian Cancer in HBOC
There are four main histologic subtypes of epithelial ovarian cancer: serous carci-
noma (low-grade and high-grade), mucinous carcinoma, endometrioid carcinoma, 
and clear cell carcinoma. Germline BRCA1/BRCA2 variants were reported in all 
histologic subtypes except mucinous carcinoma (Table 7.2). In several large studies, 
high-grade serous carcinoma had the highest prevalence of BRCA1/BRCA2 variant 
[27, 39]. In Japan, a multicenter analysis reported that 28.5% of high-grade serous 
carcinoma has germline BRCA variants [41]. Another multivariate analysis showed 
that the high-grade serous carcinoma subtype is an independent predictive factor for 
pathogenic germline BRCA1/BRCA2 variants [28]. It should be noted that the 
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prevalence of germline BRCA1/BRCA2 variants differs between studies, especially 
in clear cell carcinoma. This is because the frequency of germline BRCA1/BRCA2 
variants has not been clarified, due to the low incidence of clear cell carcinoma in 
Western countries. Large-scale studies will be necessary in the future.

7.2.1.5	 �Ovarian Cancer Initiation in HBOC
After risk-reducing salpingo-oophorectomy (RRSO), a precursor lesion called tubal 
intraepithelial carcinoma (TIC) was detected in 5–10% of cases in women with 
BRCA variants [47–50]. The distal fallopian tube is suspected to be the dominant 
origin of early malignancies found in RRSO samples [47, 50, 51]. TICs and their 
associated ovarian carcinomas share identical mutations of TP53 [52]. Although the 
idea of fallopian tube to be the origin of many serous carcinomas of ovary for 
BRCA1/BRCA2 variant carriers is now generally accepted, there is a subset of 
HGSC with no apparent precursor lesion in the fallopian tube, so further study is 
needed to understand how these cancers develop [29]. It is not clear whether surgi-
cal staging and/or adjuvant chemotherapy is beneficial for women with STIC.

7.2.1.6	 �Prognosis of BRCA1/BRCA2 Variant Carriers 
with Ovarian Cancer

Recently, meta-analysis of women’s survival with ovarian cancer was done. This 
study was based on 26 reports including data from 1213 epithelial ovarian cancer 
patients with germline BRCA1/BRCA2 variants and 2666 noncarriers. Germline 
variants in BRCA1 or BRCA2 are associated with higher 5-year overall survival 
among patients with ovarian cancer. After adjusting the methods of studies and 
years of diagnosis, BRCA1/BRCA2 variant carriers showed better survival than non-
carriers (for BRCA1, hazard ratio [HR], 0.78; 95% CI, 0.68–0.89, and for BRCA2, 
HR, 0.61; 95% CI, 0.50–0.76) [53]. However, other reports suggested a positive 
effect of germline BRCA1/BRCA2 variant, where mortality in patients with ovarian 
cancer decreased to 10 years [54].

7.2.1.7	 �Chemosensitivity and HRD of Ovarian Cancer in HBOC
Both BRCA1 and BRCA2 take part in DNA repair such as homologous recombina-
tion (HR) and the maintenance of genomic integrity. Cells with defective BRCA1 or 

Table 7.2  Prevalence of germline BRCA1/BRCA2 variants in each histological subtype of ovar-
ian cancer

Prevalence of germline BRCA1/2 variants
Enomoto et al. [41] 
(Japan)

Hirasawa et al. [28] 
(Japan) Norquist et al. [27] Alsop et al. [39]

Overall 14.7%(93/634) 11.7%(27/230) 15%(280/1915) 14.1%(141/1001)
HGSC 28.5%(78/274) 29.7%(22/74) 16.1%(241/1498) 22.6%(98/433)
LGSC 20%(1/5) 0%(0/3) 5.7%(4/70) NA
endometrioid 6.7%(8/120) 3.4%(2/58) not shown 8.4%(10/119)
clear 2.1%(4/187) 2.8%(2/71) 6.9%(4/58) 6.3%(4/63)
mucinous 0%(0/19) 0%(0/18) 0%(0/16) NA
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BRCA2 are hypersensitive to agents that crosslink DNA strands. These are also 
sensitive to agents that produce breaks in double-stranded DNA, such as platinum 
salt chemotherapies [46]. Multiple case-control studies compared the effect of pri-
mary therapy between ovarian cancer patients with and without BRCA1/BRCA2 
variants. These studies revealed that BRCA-related ovarian cancer showed better 
survival outcomes and platinum sensitivity [39, 55, 56]. However, one study showed 
that, among women with high-grade serous ovarian cancer, BRCA2 mutation, but 
not BRCA1 deficiency, was associated with improved survival and chemotherapy 
response [57]. Not only germline BRCA1/BRCA2 variant but also germline variants 
of other cancer-associated genes such as BRIP1, RAD51C, RAD51D, PALB2, and 
BARD1 were more frequent in patients with ovarian cancer than in the general pop-
ulation. There wasn’t a significant difference in survival rate between women with 
mutations in BRCA1 and other ovarian cancer-associated genes [27]. In addition to 
germline variant, ovarian cancer with somatic BRCA1/BRCA2 variants or somatic 
variants in other homologous recombination DNA repair genes, such as ATM, 
BARD1, BRIP1, CHEK1, CHEK2, FAM175A, MRE11A, NBN, PALB2, RAD51C, 
and RAD51D, had higher primary platinum sensitivity and improved overall sur-
vival than those without variants [39, 58].

Almost 50% of epithelial ovarian cancers exhibit defects within the homologous 
recombination DNA repair (HRR) pathway. As cells with double-strand break 
repair deficiency have synthetic lethality to PARP inhibitors (PARPi), ovarian can-
cer with homologous recombination repair deficiency (HRD) exhibits a sensitivity 
to PARPi and platinum salt chemotherapies [58]. HRD is often caused by loss of 
function mutations in HRR genes, such as BRCA1, BRCA2, RAD51C, RAD51D, or 
PALB2, promoter hypermethylation of the BRCA1 and RAD51C gene promoter 
(leading to reduced expression), or unknown mechanisms. HRD testing is hoped to 
be a predictive biomarker for PARPi sensitivity. A wide range of assays, referred as 
“HRD tests,” have been developed to define which cancers have HRD. These HRD 
tests fall into three main categories: (1) HRR pathway, which is related to genes that 
identify specific causes of HRD, (2) genomic “scars” or mutational signatures 
which identify the patterns of somatic mutations that accumulate in HRD cancers 
irrespective of the underlying defect, and (3) functional assays that have the poten-
tial to provide a real-time readout of HRD or homologous recombination profi-
ciency (HRP) [59]. A commercially available assay, Myriad MyChoice®, can now 
be used as a biomarker for PARPi in Japan. This test is the combination of BRCA1/
BRCA2 variant and genomic instability scores (GIS). GIS includes loss of heterozy-
gosity (LOH), telomeric allelic imbalance (TAI), and large-scale state transitions 
(LST), which is categorized by the genomic scar assay. Although there are several 
clinical benefits of HRD testing on PARPi response in ovarian cancer, HRD testing 
is not completely overlapped to PARPi sensitivity, where HRP ovarian cancer has 
sensitivity to PARPi. Better biomarkers are needed for HGSC management [59] 
(Fig. 7.1). When analyzing cancer genome by next-generation sequencing like HRD 
testing, we should bear in mind that mutations in DNA of a tumor may reveal germ-
line variants with clinical significance [60]. Further detail about significance of 
PARPi for ovarian cancer is described in another section.
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7.2.1.8	 �Surveillance for Ovarian Cancer
Women with a BRCA1/BRCA2 pathogenic variant are at increased risk of having 
ovarian cancers. Several studies on significance of ovarian cancer screening had 
been conducted. Phase II study of the UK Familial Ovarian Cancer Screening Study 
(UK FOCSS) included 4348 women with an estimated lifetime ovarian cancer risk 
of ≥10% and did not choose risk-reducing salpingo-oophorectomy (RRSO). They 
were assessed by serum CA-125 tests (every 3 months, with using the risk of ovar-
ian cancer algorithm [ROCA]) and TVUS (annually or within 2 months of an abnor-
mal ROCA result). Thirteen ovarian cancer patients were screen-detected, and 5 
(38.5%) of the 13 patients were diagnosed at an early stage (stages I to II). Sensitivity, 
positive predictive value, and negative predictive value for detecting ovarian cancer 
within 1 year were 94.7%, 10.8%, and 100%, respectively [61].

In another study, 3692 women with a strong family history of breast/ovarian 
cancer or BRCA1/BRCA2 variant were assessed by serum CA125 (every 3 months, 
with using the risk of ovarian cancer algorithm [ROCA]) and transvaginal ultra-
sound (TVUS) (if ROCA increased above a baseline). Three (50%) of six incidental 
ovarian cancers were at early stage. ROCA flagged 50% of incidental cases. This 
method had better early-stage sensitivity at high specificity, but low PPV compared 
with CA125 every 6 months or annually [62].

Given its high sensitivity and significance in stage shift, these surveillance meth-
ods could be an option for BRCA1/BRCA2 variant carriers who did not choose 
RRSO. However, significance of these strategies to improve survival rate in screened 
BRCA1/BRCA2 variant carriers remains unknown. In NCCN guidelines, RRSO is 

PARPi sensitive

HRD
testing

Platinum
sensitive

Fig. 7.1  Venn diagram showing the relation between HRD testing, platinum sensitivity, and 
PARPi sensitivity. Although HRD testing is approved as a clinical biomarker for PARPi sensitivity, 
patients with positive for HRD testing are not completely overlapped to responses of PARPi
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the standard method of ovarian cancer risk management in BRCA1/BRCA2 carriers. 
For those patients who did not select RRSO, regular checkup by transvaginal ultra-
sound and serum CA-125 for ovarian cancer screening may be considered from the 
age of 30 to 35, although its benefit is not certain [42]. Further details about RRSO 
and chemoprevention for ovarian cancer are described in other sections.

7.2.2	 �Ovarian Cancer in Lynch Syndrome

Lynch syndrome is a hereditary syndrome associated with familial cancers, includ-
ing colorectal cancer and Lynch syndrome-related cancers, such as endometrial 
cancer. The cause of the disease is the germline variant of DNA mismatch repair 
(MMR) genes, such as MLH1, MSH2, MSH6, and PMS2, characterized by autoso-
mal dominant inheritance. Women with Lynch syndrome are also at increased risk 
of ovarian cancer.

The histological types of ovarian cancer were mixed type (mucinous/endometri-
oid/clear cell carcinomas) 33%, endometrioid carcinoma 25%, serous carcinoma 
22%, clear cell carcinoma 12%, and mucinous carcinoma 4%. Most tumors (65%) 
were diagnosed at an early stage [63].

Microsatellites are short DNA repeat sequences that increase or decrease in num-
ber when MMR is dysfunctional. An MSI test is recommended before examining 
germline mutation when a patient is suspected of suspected Lynch syndrome. 
Screening of ovarian cancer specimens by MSI may be an efficient way to diagnose 
Lynch syndrome [64].

There is no definite evidence to support routine screening for ovarian cancers in 
Lynch syndrome. Total abdominal hysterectomy and bilateral salpingo-
oophorectomy are options that may be considered for risk reduction in women with 
Lynch syndrome who have completed childbearing [5].

7.2.3	 �Other Germline Variants Associated with Ovarian Cancer

7.2.3.1	 �RAD51C, RAD51D, BRIP1
DNA recombinase RAD51 protein is a central player in homologous recombination 
and DNA repair. BRIP1 encodes the BRCA1-interacting protein C-terminal heli-
case 1 protein, which is required for the normal double-strand break repair function 
of BRCA1. RAD51C and RAD51D, genes in the RAD51 protein family, and BRIP1 
have been shown to be associated with increased risk for ovarian cancer [32–36].

The frequency of germline RAD51C/RAD51D variants and BRIP1 variants in 
ovarian cancer patients was reported to be about 1% [30, 31].

In carriers of a RAD51D variant or BRIP1 variant, the cumulative risk of ovarian 
cancer approaches 2.6% around 50 to 54 years of age, which is the expected lifetime 
risk for a woman with a BRCA-negative family history of ovarian cancer [65]. The 
NCCN guidelines recommend that RRSO in carriers of RAD51C, RAD51D, or 
BRIP1 pathogenic or likely pathogenic variants be considered beginning at 45 to 
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50 years of age. In women with variants in these genes who also have a family his-
tory of ovarian cancer in a first-degree relative, the risk threshold might cross earlier 
and the timing for RRSO should be considered [42].

7.2.3.2	 �NBN, ATM, PALB2
Some studies suggest that there may be a moderately increased risk for ovarian 
cancer in carriers of an NBN, ATM, or PALB2 variant, but there is currently insuffi-
cient evidence to recommend RRSO in these carriers [27, 30, 31].
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Abstract

In Japan, the current definition of women at high risk for breast cancer is limited 
to those with hereditary breast and ovarian cancer (HBOC) syndrome. In con-
trast, many other countries have a broader definition of “high risk” and have 
screening guidelines tailored to such high-risk groups of women, as prevention 
of breast cancer development is the goal. In Japan, national healthcare insurance 
was instituted in April 2020 for clinical management of women with established 
breast or ovarian cancer who are later determined to have HBOC; this approach 
is not focused on prevention.
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In this chapter, we discuss issues to be considered in Japan based on studies 
of risk-based imaging screening in other countries. We believe there are three 
major issues for high-risk breast cancer screening in Japan: (1) the need to estab-
lish a breast cancer risk model based on the data of Japanese women, (2) the 
preparation of a screening system suitable for each risk-stratified group, and (3) 
the need to create breast radiologist positions and team-based care for high-risk 
women and breast cancer patients. We hope that this chapter will contribute to 
the creation of such guidelines for high-risk groups in Japan in the near future.

Keywords

BRCA1/BRCA2 mutation carrier · Family history · Lifetime risk · Breast cancer 
screening · High-risk screening · Risk-based screening · Mammography · 
Ultrasound · Magnetic resonance imaging · Japanese women

Abbreviations

ADH	 Atypical ductal hyperplasia
ALH	 Atypical lobular hyperplasia
BI-RADS	 Breast Imaging Reporting and Data System
BPE	 Background parenchymal enhancement
CESM	 Contrast-enhanced spectral mammography
DCIS	 Ductal carcinoma in situ
LCIS	 Lobular carcinoma in situ
MRI	 Magnetic resonance imaging
NCCN	 National Comprehensive Cancer Network

8.1	 �Introduction

In April 2020, the approval of national healthcare insurance coverage for risk-
reducing mastectomy, breast reconstruction, and risk-reducing salpingo-
oophorectomy (RRSO) for patients with hereditary breast and ovarian cancer 
(HBOC) syndrome was an important first step in cancer prevention in women at 
high risk for breast and ovarian cancers in Japan. It is expected that treatment needs 
will increase for those who have already developed breast cancer as well as for those 
who have not. At present, even university hospitals and major hospitals cannot pro-
vide comprehensive clinical follow-up to asymptomatic HBOC patients without 
cancer because of out-of-pocket health expenses and the absence of organized teams 
of specialists from relevant departments to provide care. Therefore, data about these 
women are still lacking due to an immature clinical management system and non-
mandatory data registry. In addition, it should be noted that these HBOC patients 
are only one part of the high-risk population for breast cancer.
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In this chapter, we would like to propose risk assessment, risk-based imaging 
screening, and management guidelines for women at high risk of breast cancer for 
the Japanese population based on previous breast cancer risk studies in Japan and 
modeled after the screening system in the USA.

8.2	 �Comparison Between Japan and the USA

8.2.1	 �Definition of “High Risk”

Many risk factors for breast cancer have been identified, loosely classified into the 
following three categories: (1) hereditary, (2) personal/hormonal, and (3) breast dis-
ease/histopathological predisposition (Table 8.1).

Table 8.2 delineates which subjects are considered “high risk” for breast cancer 
per the Japanese Association of Breast Cancer Screening, the American Cancer 
Society, and the American College of Radiology. “Lifetime risk” per the American 
Cancer Society is calculated by validated risk assessment models, such as the Tyrer-
Cuzick model,1 BRCAPRO,2 and Gail model.3 Among these, the Tyrer-Cuzick 
model is a cross-sectional coverage of the above three categories and is used in 
many American facilities. The Tyrer-Cuzick model includes age, BMI, age at men-
arche, age at menopause, age of first childbirth (if any), use of hormone replacement 
therapy, BRCA1/BRCA2 testing results, history of breast biopsy, history of lobular 
carcinoma in situ (LCIS), atypical ductal hyperplasia (ADH), or atypical lobular 

1 International Breast Cancer Intervention Study (IBIS) Breast Cancer Risk Evaluation Tool ver-
sion 8. Centre for Cancer Prevention, London. www.ems-trials.org/riskevaluator/
2 CancerGene with BRCAPRO, MMRpro, PancPRO, and MelaPRO. www4.utsouthwestern.edu/
breasthealth/cagene/
3 Breast Cancer Risk Assessment Tool. National Cancer Institute and National Surgical Adjuvant 
Breast and Bowel Project. www.cancer.gov/bcrisktool/

Table 8.1  Breast cancer risk factors

Hereditary Personal/hormonal
Breast disease/
histopathological

  • � Family history of 
breast cancer

  • � Family history of 
ovarian cancer

  •  Male breast cancer
  •  Mutation carrier
  •  Ethnicity

  •  Age at menarche
  •  Age at menopause
  •  Parity
  •  Age at first live birth
  •  Obesity
  •  Alcohol use
  •  Exercise
  • � Hormone replacement therapy 

with years used
  •  Tumor makers
  • � Breast density on 

mammography
  •  Chest radiation therapy

  • � Lobular carcinoma in 
situ (LCIS)

  • � Atypical lobular 
hyperplasia (ALH)

  • � Atypical ductal 
hyperplasia (ADH)

  •  Number of biopsies

8  Risk-Based Breast Cancer Screening
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hyperplasia (ALH), breast density on mammography, and family history (including 
history of breast or ovarian cancer with age at diagnosis, Ashkenazi Jewish ancestry, 
and presence of deleterious mutations in BRCA1/BRCA2) as risk factors for assess-
ment of 10-year risk and lifetime risk. None of these risk assessment tools is perfect, 
but they are useful for reference when teaching women about breast cancer risk 
factors and for designing a treatment plan.

The National Comprehensive Cancer Network (NCCN) Guidelines Version 
1.2021, which is used as a clinical practice guide worldwide, includes many breast 
cancer-associated genes in addition to deleterious mutations in BRCA1/BRCA2. The 
lifetime risk of developing breast cancer in female carriers of deleterious germline 
mutations in BRCA1 and BRCA2 is approximately 40–87% and 18–88%, respec-
tively [3–6]. Regarding other genes, it was reported that those with deleterious 
germline mutations in ATM are at lifetime risk of approximately 27%, CHEK2 29%, 
NBN 23%, NF1 26%, PALB2 45%, PTEN 85%, STK11 32%, TP53 95%, and CDH1 
53% [7, 8] (Table 8.3).

In terms of histopathological risks, atypical epithelial hyperplasias (including 
LCIS, ADH, and ALH) are considered high-risk lesions. Women with lobular neo-
plasias (LCIS and ALH) have the risk for subsequent invasive breast cancer over 
15–20 years of 10–20% [9]. For women diagnosed with LCIS, both breasts are at 
risk for invasive carcinoma, with more than 50% of subsequent cancers occurring 
more than 15 years after the original diagnosis of LCIS [9]. Women with ADH are 
also at risk for invasive breast cancer. During follow-up for 17 years, the relative 
risk for invasive cancer is six- to tenfold for women with a history of LCIS, and 
four- to fivefold for those with a history of ADH. The American College of Radiology 
and NCCN Guidelines recommend that supplemental MRI screening be considered 
after taking into account other risk factors (family history, past medical history, 
dense breasts, etc.). Those with a personal history of chest radiation therapy (cumu-
lative dose of 10 Gy or greater) before age 30 are also considered to be at high risk 
of breast cancer about 8 years after treatment [10, 11].

The 2010 the Japan Breast Cancer Society Group Study published “Research on 
Countermeasures for Hereditary Breast Cancer/Ovarian Cancer Patients and Pre-
clinical Patients in Japan” (Nakamura Group). In 2015, the clinicopathologic differ-
ences in malignancies in BRCA1 versus BRCA2 mutation carriers in Japan were 
reported [12]. Among 260 Japanese proband cases with strong family history of 
breast cancer according to the NCCN guidelines, 17.7% were positive for BRCA1 
and 13.5% were BRCA2. The most prevalent relevant site of mutation on BRCA1 
was L63X, which might be a founder mutation unique to the Japanese population. 

Table 8.3  Gene associated with breast cancer per NCCN Guidelines

Risk Gene
Increased risk of breast cancer BRCA1, BRCA2
Increased risk of female breast cancer ATM, CHEK2, NBN, NF1, PALB2, PTEN, SKT11, 

TP53
Increased risk of female lobular breast 
cancer

CDH1

8  Risk-Based Breast Cancer Screening
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62.2% of BRCA1 mutation carriers with breast cancer were triple negative, while 
82.9% among BRCA2 mutations developed luminal, hormone-driven cancers. This 
research led to the establishment of the Japanese HBOC Consortium in 2012, with 
its main task being the transfer and registration of individual data of the HBOC 
families to the Japanese Organization of Hereditary Breast and Ovarian Cancer 
(JOHBOC), established in 2016. Based on non-Japanese guidelines, “Guidebook 
for Diagnosis and Treatment of Hereditary Breast and Ovarian Cancer Syndrome 
2017” was published in Japan. At present, there is a tendency for only BRCA1/
BRCA2 mutation carriers to be treated as “high risk” in Japan. Since genetic testing 
for BRCA1/BRCA2 has become more commonplace in Japan, assessment criteria to 
select subjects who should be tested have been created. However, the criteria and 
risk prediction tools are quite different from “lifetime risk” in worldwide guidelines 
and are insufficient for Japanese women because comprehensive evaluation has 
been rarely discussed in Japan.

8.2.2	 �Role of Breast Imaging Radiologists in the USA

In Japan, there are very few radiology facilities with sub-specialized, dedicated 
breast imaging radiologists, and even fewer with sub-specialized breast radiologists 
engaged in mammography, ultrasound, MRI interpretation, and image-guided 
biopsies.

In the USA and Europe, breast imaging is a subspecialty within radiology, com-
plete with its own Society of Breast Imaging (SBI) in the USA and the European 
Society of Breast Imaging (EUSOBI) in Europe. In the USA, academic radiology 
departments at most hospitals are frequently subdivided by organ system into spe-
cialties such as neuroradiology, breast imaging, and musculoskeletal radiology. 
Breast radiologists often staff dedicated breast imaging centers as outpatient clinics. 
Reading rooms for breast imaging are located near imaging examination rooms at 
hospitals with breast imaging centers. The roles required of a breast radiologist are 
as follows (although there are minor differences depending on institution):

•	 Oversee imaging technologists and provide input as needed.
•	 Interpret mammograms, breast ultrasounds, and breast MRIs according to 

American College of Radiology Breast Imaging and Data Reporting System 
(BI-RADS).

•	 Supervise and discuss results of diagnostic imaging with patients to provide 
immediate communication and follow-up recommendations and to answer ques-
tions directly.

•	 Report BI-RADS assessment category with a management recommendation 
(e.g., annual screening by mammogram, second-look diagnostic ultrasound, or 
MRI-guided biopsy).

•	 Report breast density, which is required by law in many states.
•	 Send summary letters or reports to patients in simple language with their breast 

cancer risk noted.

W. Murakami et al.
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•	 Act as expert consultants to referring clinical physicians, including aiding in 
the choice of the proper imaging and presenting imaging for patients at 
tumor board.

•	 Conduct diagnostic image-guided procedures such as stereotactic, ultrasound-
guided, or MRI-guided core biopsies, wire localization for excisional biopsy, or 
surgery using all imaging modalities.

•	 Report concordance/discordance with pathology result to clinical physicians.
•	 Ensure national quality standards are met for all equipment.
•	 Perform yearly audit of radiologist’s screening mammogram callback rate 

(<10%), recall, and biopsy recommendation to ensure that relevant positive pre-
dictive values are within society guidelines.

•	 Train residents and dedicated breast imaging fellows in the art of breast imaging.

8.2.3	 �High-Risk Program Clinic in the USA

The high-risk program based in an outpatient clinic platform is still unfamiliar in 
Japan, but it is expected that care will be provided to all high-risk women who have 
not already developed cancer once national reimbursement for patients with cancer is 
available.

We introduce an American outpatient high-risk program as a model below.

Clinic Goals

•	 Promote preventive care.
•	 Provide genetic counseling and education by experts.
•	 Evaluate individual risk.
•	 Stratify risk and tailor management according to risk level.
•	 Establish research collaborations.

Team Management
High-risk breast clinic management is supported by a multidisciplinary team with 
patient-centered care focusing on the needs of patients. The multidisciplinary team 
includes surgical breast oncologists, medical oncologists, radiation oncologists, 
radiologists, pathologists, nurse practitioners, genetic counselors, psychologists, 
and social workers. These experts regularly conduct multidisciplinary conferences 
multiple times per week.

Services Provided
In the USA, women usually meet their primary care physicians (PCPs) or gyne-
cologists first. These providers determine which specialists to consult. The 
high-risk breast clinic is managed mainly by medical oncologists, surgical 
oncologists, nurse practitioners, and genetic counselors. The service is as 
follows:

8  Risk-Based Breast Cancer Screening
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	1.	 Risk assessment and guidelines for high-risk women in the USA.
Lifetime risk is usually first assessed according to the Tyrer-Cuzick model 

and/or the Gail model.
Many expert groups have offered their recommendations for breast cancer 

screening, and much of the controversy lies in the fact that there is not a consen-
sus about when to begin and end screening, how often to screen, and by which 
modality. These groups include the following:
•	 American Cancer Society (ACS)
•	 American College of Obstetricians and Gynecologists (ACOG)
•	 American College of Physicians (ACP)
•	 American College of Radiology (ACR)
•	 American Academy of Family Physicians (AAFP)
•	 American Medical Association (AMA)
•	 American Society of Breast Surgeons (ASBrS)
•	 National Cancer Institute (NCI)
•	 National Comprehensive Cancer Network (NCCN)
•	 National Consortium of Breast Centers (NCBC)
•	 Society of Breast Imaging (SBI)
•	 United States Preventive Services Task Force (USPSTF)

Breast radiologists follow ACR, SBI, or NCCN Guidelines.
	2.	 Genetic counseling and education.

If a patient has a lifetime risk of breast cancer of 20% or more or if the patient 
wishes, physicians may recommend individual assessment by genetic counsel-
ors. By the end of the visit, each patient gains a thorough understanding of what 
it means to be high risk through personalized discussions of the genetic and 
lifestyle variables that affect breast cancer risk and the emotional impact of a 
high-risk designation. Counselors listen to patients’ concerns and help them 
weigh their options and develop plans.

	3.	 Clinical breast exam.
Routine breast physical exams are typically provided by PCPs, gynecologists, 

and any of the providers in the high-risk clinic. They perform breast exams on 
asymptomatic women every 6 months.

	4.	 Imaging-based screening.
According to lifetime risk, the above experts may advise additional screening 

imaging for patients. In particular, imaging management is supported by breast 
imaging radiologists, who are familiar with all modalities related to breast imag-
ing and appropriate clinical management for women at increased risk of breast 
cancer. At the breast imaging center, radiologists provide explanations and dis-
cuss the result of imaging examinations or the clinical indication for next steps 
with patients at increased breast cancer risk in addition to interpreting imaging 
and performing diagnostic procedures.

	5.	 Counseling in lifestyle modification.
Physicians or nurse practitioners work with women at increased risk of breast 

cancer to develop personalized risk-management plans. Plans might include 
additional screening or close surveillance. These include options to reduce risk, 
including prophylactic mastectomy and oophorectomy. Preventive chemother-
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apy by tamoxifen could be also considered for such patients to reduce the risk of 
invasive breast cancer whether or not they’ve gone through menopause.

	6.	 Personalized surveillance plans.
A common high-risk screening protocol includes annual screening mammog-

raphy and annual supplemental MRI, staggered at 6-month intervals so the 
woman undergoes imaging every 6 months.

8.3	 �Appropriate Clinical Management for High-Risk Women 
in Japan

8.3.1	 �The New Era of Personalized, Risk-Based Screening

Why do we need to use risk models in the general population? First, it is to identify 
women that may be at high risk, second to educate women about their own risk, and 
third to provide appropriate risk-based screening. For women at high risk of breast 
cancer, early and more intensive screening should be pursued compared with the 
average-risk group. From the perspective of preventive medicine, we must eventu-
ally discuss intensive surveillance versus chemoprevention versus prophylactic sur-
gery based on scientific data. Personalized cancer screening and clinical management 
will be in high demand in the future. In Japan, in addition to genetic predisposition, 
personal and histopathological predispositions should be taken into consideration 
with outcomes data to develop stratified risk models for Japanese women. With such 
tools, formal risk assessment, genetic counseling, risk-based imaging management, 
and risk reduction strategies should be applied.

8.3.2	 �Risk-Based Imaging Management

8.3.2.1	 �Clinical and Imaging Features of Women at High Risk 
for Breast Cancer

Features of BRCA1/BRCA2 Germline Mutation Carriers
Imaging features of cancers sometimes differ among risk categories [13]. The image 
feature comparison of BRCA1 and BRCA2 mutation carriers is listed below with 
reference to past reports [12–15].

•	 BRCA1
–– Absence of microcalcifications [13, 15]
–– Lower sensitivity of mammography [14]
–– Lower proportion of ducal carcinoma in situ (DCIS) [13–15]
–– High prevalence of tumors with benign morphologic features, fibroadenomas, 

or even cysts [13]
–– Higher proportion of triple-negative breast cancer [12]
–– Younger age at diagnosis [14]
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–– Larger incidence of interval cancer (cancers that are diagnosed within a year 
after a negative screening mammogram) [14]

–– Larger tumor size at diagnosis [14]
•	 BRCA2

–– Approximately half of cases have microcalcifications [13, 15].
–– Larger proportion of luminal, hormone receptor-positive cancers [12].

•	 BRCA1 and BRCA2
–– Tendency to occur toward a posterior portion (prepectoral region) [13, 15]

Cancers in women with BRCA may have benign features such as round shape 
and the radiologist must be wary.

In addition, radiologists must carefully assess when reporting BI-RADS [16] 
category 3 for such high-risk populations. The previous study by Chikarmane et al. 
found that the cancer rate in patients with a BI-RADS category 3 lesion and with a 
genetic mutation or personal history of breast cancer was 3.8% (11/288), whereas 
no malignancies were found in those without family history or personal history [0% 
(0/147)] [17]. Caution is advised when assigning BI-RADS 3 category assessment 
to women with BRCA1 or BRCA2 due to higher likelihood of cancer.

Breast Density
Breast density is a known risk factor for developing breast cancer. As of July 17, 
2020, 38 out of 50 states in the USA had state patient notification laws mandating 
that radiologists inform women of their breast density. Reasons for this include the 
masking effect associated with increased breast density as well as the increased risk 
of developing breast cancer. Dense breast tissue does not carry the same degree of 
cancer as predisposing genetic mutations or a strong family history, but breast den-
sity is included as a risk factor in the Tyrer-Cuzick model. The BCRAT model, 
BCSC model, and Rosner and Colditz model risk assessment tools include breast 
density as one of the risk evaluation items [18]. Previous reports indicate that those 
with heterogeneously dense breasts have a 3.39-fold increased risk of developing 
breast cancer [19] and those with extremely dense breasts have a 4.7-fold [20] com-
pared to those with almost entirely fatty breasts. In addition, in women with hetero-
geneously dense or extremely dense breasts, an overall 16% increase in diagnosis of 
breast cancer was demonstrated, a 40% increase in interval cancers was noted, and 
a 12% increase in screen-detected cancer was observed [20]. In this study, it is 
expected the reason for the increase in the risk of breast cancer is because of the 
masking effect rather than the rapid growth of tumors and that a more personalized 
schedule of screening could improve this issue.

In Japan, there has been a strong correlation between dense breasts and the risk 
of developing breast cancer as reported by a multicenter population-based case-
control study by Nishiyama et al. in 2019 [21] in postmenopausal women and obese 
women. The odds ratio for development of breast cancer in those with extremely 
dense breasts compared to almost entirely fatty breasts was 2.85 (Table 8.4) in post-
menopausal women and 11.89 in obese women [21].
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Asian women have a significantly higher prevalence of increased breast den-
sity compared to other ethnicities [22]. Physicians in future high-risk clinics 
should comprehensively evaluate risk, including breast density. It is also impor-
tant for women to be informed of their breast density and cancer risks. In this 
process, it is essential to have a shared decision-making conversation taking into 
account the health literacy of the patient. Some of the report notification letters 
in the USA are working on improving readability for their patients [23, 24]. 
Supplemental screening modalities should be reviewed based on Japanese data. 
Kuhl et al. state that the MRI is useful as supplemental screening even for women 
at average risk with dense breasts in terms of higher detection rate and greater 
sensitivity compared with ultrasound and the interval cancer rate of zero in MRI 
screening [25].

Background Parenchymal Enhancement (BPE)
BPE is the enhancement degree of normal fibroglandular tissue on breast MRI, 
which has been included in the BI-RADS lexicon since the latest version. The most 
typical pattern of normal BPE is bilateral, fairly symmetric, and diffuse, with slow 
minimal or mild early enhancement and persistent delayed enhancement [26]. BPE 
could affect MRI interpretations with both false-positive and false-negative results. 
The level of BPE is hormone-sensitive, particularly to serum estrogen concentra-
tions [27], and affected by menopausal status, hormonal treatment, breast density, 
and prior breast radiation therapy [28]. Efforts should be made to schedule pre-
menopausal patients for breast MRIs during the optimal time period in their men-
struation cycles. Tamoxifen, aromatase inhibitors, and a personal history of 
risk-reducing salpingo-oophorectomy (RRSO) reduce the level of BPE [28–31]. 
Recently, BPE has been reported as one of the independent risk factors associated 
with breast cancer development [32–34]. In high-risk women, the odds ratio of high 
BPE to low BPE is 2.1–9 [33, 35–37]. This is in accord with the correlation of 
RRSO with a reduction in the incidence of breast cancer [38]. We should be cau-
tious in reading MR images of women with a high level of BPE, understanding that 
small malignant lesions might be masked. A disclaimer should be added to the 

Table 8.4  Odds ratio of mammographic density for breast cancer adjusted for age, body mass 
index, parity and breast feeding for all patients, and according to menopausal status; study from 
Japan [21]

Mammographic 
densitya All (n = 1572) Premenopausal (n = 534) Postmenopausal (n = 1038)
C1 1.00 (Ref) 1.00 (Ref) 1.00 (ref)
C2 1.54 (1.15–2.06) 0.96 (0.53–1.72) 1.90 (1.34–2.70)
C3 1.08 (0.77–1.53) 0.65 (0.36–1.17) 1.31 (0.82–2.06)
C4 2.05 (1.17–3.58) 1.06 (0.49–2.31) 2.85 (1.10–7.16)
P for trend 0.17 0.37 0.03

aEach mammogram was assessed for breast density according to the BI-RADS breast density cat-
egories: C1, almost fatty (<25% glandular); C2, scattered fibroglandular densities (25–50% glan-
dular); C3, heterogeneously dense (51–75% glandular); C4, extremely dense (>75% glandular)
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reports for women with marked BPE as is done on mammogram reports in women 
with dense breast tissue.

8.3.2.2	 �Imaging Modality Choice

Mammography: Limitations of Mammography
The NCCN Guidelines recommend starting mammographic screening at an age 
younger than 40 years for many high-risk women. The ACR indicates that while 
BRCA2 carriers are more frequently detected only by mammographic calcification, 
BRCA1 carriers may have less benefit from mammography before age 40 [2]. In the 
Netherlands, it has been suggested that BRCA1 mutation carriers should primarily 
be screened with breast MRI with mammogram added at 40 years old [39]. The 
same has been suggested for all women at high risk due to the limited added value 
of cancer detection with mammography [40]. A study by Schrading and Kuhl pro-
posed different management plans for BRCA1 and BRCA2 mutation carriers. For 
young BRCA1 mutation carriers, they proposed MRI (with or without ultrasound) as 
opposed to mammography due to lack of calcifications seen in BRCA1-associated 
cancers. For BRCA2 mutation carriers and other women at increased risk for breast 
cancer, they proposed mammography to evaluate for the microcalcifications typi-
cally seen in BRCA2-associated cancers [13].

In Japan, mammography once every 2 years is generally recommended for all 
women aged 40 and over as population-based screening by the Ministry of Health, 
Labour and Welfare. Surveillance guidelines for high-risk women have not yet been 
developed. Compared to Europe and the USA, there is a higher proportion of dense 
breasts among Japanese women [41], and considering that the subjects of high-risk 
groups are younger, the proportion of dense breasts inevitably become higher. Thus, 
the question remains whether mammography is essential systemically for the whole 
high-risk group in Japanese women. It should be noticed that mammography may 
be beneficial in Japanese females with BRCA2 mutations as in other countries [15]. 
We need more scientific evidence based on data in Japanese women with and with-
out breast cancer [42].

Since its approval by the Food and Drug Administration (FDA) in 2011, tomo-
synthesis has been gaining rapid popularity and is set to replace mammography [43, 
44]. Per an ACR statement issued in November 2014:

The ACR position on digital breast tomosynthesis (DBT) is that it is no longer investiga-
tional. Tomosynthesis has been shown to improve key screening parameters compared to 
digital mammography. The College has assembled information to assist members in work-
ing with private payers to secure coverage of this important technology.

Tomosynthesis is not yet a common screening modality due to lack of national 
health insurance coverage in Japan and clinician preference for ultrasound. It may 
be essential for Japanese women to learn the pros and cons of tomosynthesis [45].

Contrast-enhanced spectral mammography (CESM), which was approved by the 
FDA in 2011 and has been gradually expanding into clinical practices, is expected 
to be a valuable alternative method for high-risk screening [46]. Since it reflects 
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increased blood supply from pathologic neoangiogenesis similarly to contrast-
enhanced MRI, diagnostic performance of CESM provides comparable results to 
MRI [47–50] although specificity for lesion detection is also limited due to BPE 
[51]. It is not widely available due to non-coverage of CESM by health insurance in 
both Japan and the USA. In addition, there are concerns about increased ionizing 
radiation dose of 20–80% above a standard mammogram [46] and the requirement 
for iodinated contrast, with the potential for nephrotoxicity and contrast reactions.

Ultrasound: Differences Between Japan and the USA
In the USA, ultrasound is rarely used as a primary breast cancer screening modality, 
but rather for diagnostic purposes or supplemental screening with mammography. The 
superiority of mammogram screening over ultrasound screening was demonstrated in 
seven large, randomized, controlled studies showing an average of 30% reduced mor-
tality using mammography for screening. The ACR announced that ultrasound is not 
suitable as an independent screening tool based on the ACRIN 6666 study [52, 53] in 
women in the USA with heterogeneously or extremely dense breasts and at least one 
other risk factor (such as family history, history of high risk lesions, history of chest 
radiation therapy, etc.) [2]. Compared to mammography, reasons include higher false-
positive rates (8.1% with ultrasound vs. 4.4% with mammography), lower positive 
predictive value (baseline prevalence round of 8.9% in ultrasound vs. 22.6% in mam-
mography and subsequent incidence rate of 11.7% for ultrasound vs. 38.1% in mam-
mography), high dependency on the operator, and the burden of time and labor.

Regarding automated whole-breast ultrasonography (ABUS) approved by the 
FDA in 2012, it seems that the limitations include the high false-positive rates, the 
need to obtain additional handheld ultrasounds for indeterminate results, the large 
volume of imaging data, the interpretive time by radiologists, and artifacts [54]. 
Further improvement of artifact issues is necessary [55, 56].

On the other hand, ultrasound could be of great significance to Japanese women, 
as shown by the results of J-START in which the combination of ultrasound with 
mammography increased the cancer detection rate by 1.5 times that of mammogra-
phy alone [57]. The proportion of women with dense breasts in Japan is higher than 
in the USA and Europe [41]. In addition, considering that the size of the breasts of 
the average Japanese woman is smaller than that of US women [41] and that ultra-
sound is a cost-effective and convenient examination compared to MRI, it is reason-
able to add ultrasound to mammography to provide a comprehensive assessment. 
However, in Japan, some clinicians believe that ultrasound is sufficient without MRI 
even in high-risk populations. MRI screening for high-risk women without cancer 
is still a big hurdle due to out-of-pocket expenses. We should not deviate from 
worldwide guideline standards without collecting data about high-risk Japanese 
women. Until scientific data is collected to prove otherwise, it would be appropriate 
to provide MRI for such patients until Japanese data is available.

Pursuit of Quality-Assured MRI
Until the 1990s, MRI screening was not popular for breast cancer screening. In 
1994 and 1995, BRCA1 and BRCA2 mutations were identified [58, 59]. 
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Mammography was considered inadequate for BRCA carriers, who not only have 
high lifetime risk but also are diagnosed at a younger age. Kuhl et al. began studying 
MRI screening for women with BRCA1/BRCA2 mutations shortly thereafter in 
Germany [60]. As a result of studies accumulated in a large number of facilities 
after the publication of the group’s research in 2000, MRI screening was rapidly 
introduced for women with BRCA1/BRCA2 mutations [61–63]. In the USA, annual 
MRI screening is recommended by the American Cancer Society guidelines not 
only for BRCA mutation carriers but also for women with a lifetime risk of breast 
cancer of 20% or more [64]. Other international guidelines such as ACR, ASBrS, 
EUSOBI [65], National Institute for Health and Care Excellence (www.nice.org.uk/
guidance/cg164), and Cancer Australia (gov/au/clinical-best-practice/breast-cancer/
screening-and-early-detection/mri-high-risk-women) have also recommended sup-
plemental annual screening breast MRIs in addition to mammography for women at 
high risk for breast cancer. However, screening guidelines such as the recommended 
starting age, supplemental imaging modality(ies), schedule of screening, and the 
definition of “high risk” vary based on country [66]. Kuhl et al.’s EVA trial screened 
687 women with a lifetime breast cancer risk of >20% with clinical breast exam, 
mammography, ultrasound, and/or MRI in various combinations. Of the 27 women 
diagnosed with breast cancer, 11 were diagnosed with ductal carcinoma in situ and 
16 developed invasive breast cancers, including 3 with node-positive disease. The 
“cancer yield” of mammogram was determined to be 5.4/1000, 6.0/1000 for ultra-
sound, 7.7/1000 with mammogram plus ultrasound, and 14.9/1000 for MRI [63]. 
The frequency of breast cancer identified by MRI alone in BRCA mutation carriers 
was 3.0% (7/236) [67] in a Canadian female study and 9.1% (2/22) [67] in a 
Japanese female study.

High-quality MRI screening is a pre-requisite for diagnosing women at high risk 
for breast cancer. Per NCCN Guidelines, “the criteria for high-quality breast MRI 
includes a dedicated breast coil, the ability to perform biopsy under MRI guidance, 
radiologists experienced in breast MRI, and regional availability. Breast MRI is 
preferably performed on days 7–15 of a menstrual cycle for premenopausal women.” 
The EVA trial for women at elevated familial risk of breast cancer pursued quality-
assured MRIs by requiring (1) radiologist experience with at least 200 breast MRI 
studies per year, (2) verifiable radiologist experience with MR-guided biopsies 
(wire localization and/or MR-guided vacuum biopsy), and (3) a preliminary version 
of the MR-BIRADS lexicon to organize interpretation and reporting, including 
training in the proper application of MR-BIRADS terminology, including for DCIS 
[63]. In order to carry out high-risk screening in Japan, it is essential to make efforts 
to increase the number of facilities nationwide that meet these criteria for high-
quality breast MRI. In particular, MRI-guided biopsy, which tends to be sparingly 
used in Japan, plays a very important role for high-risk women in other countries, 
and it will be necessary to popularize and train practitioners in Japan [68].

Kuhl et al. proposed an abbreviated MRI in 2014 to compensate for issues such 
as high cost and long imaging times associated with MRI screening. They reported 
achieving a negative predictive value of 99.8% with their updated screening tech-
nique, which costs an MRI acquisition time of 3  min and an expert radiologist 
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maximum-intensity projection (MIP) image reading time of 3 s [69]. For high-risk 
women, Kuhl proposes that the conventional full diagnostic protocol be applied for 
the first (prevalent) MRI, with a possible switch to abbreviated protocols during 
later screening, when a comparison with previous examination findings could assist 
interpretation [70].

8.3.2.3	 �Suggestions for Risk-Based Screening Management
In a particularly informative clinical correlation study performed by Vreemann 
et  al., MRI and mammography screening were retrospectively analyzed for evi-
dence of malignancy after prophylactic bilateral mastectomy in women with BRCA1 
and BRCA2 mutations, a significant family history, or a personal history of breast 
cancer [71]. Imaging sensitivity for cancers found on pathology after prophylactic 
mastectomy was 81.3% for women with BRCA1 mutations, 92% for women with 
BRCA2 mutations, 95% for women at high risk for breast cancer due to family his-
tory, and 91% for women with a history of breast cancer. More intensive screening 
and prophylactic surgery are recommended for BRCA1 carriers due to this relative 
lack of imaging sensitivity. Rijnsburger et al. have suggested MRI screening twice 
a year as one of possible options for BRCA1 mutation carriers [14]. At some US 
medical institutions, screening mammogram is omitted from the screening regimen 
for women with BRCA1 mutation, and MRI is the main screening modality for these 
women. In women with germline BRCA2 mutations, annual MRI and mammogra-
phy alternating every 6 months with or without the addition of prophylactic therapy 
(e.g., bilateral salpingo-oophorectomy or tamoxifen) might be more appropriate 
[72]. When to perform imaging and which type should be reviewed based on the 
most recent available scientific literature and guidelines. For Japanese high-risk 
women, we propose a baseline MRI (unabbreviated) be performed with supplemen-
tal diagnostic ultrasound if necessary, followed by ultrasound screening 6 months 
later with mammogram if indicated, followed by abbreviated MRI screening alter-
nating with ultrasound every 6 months (Fig. 8.1).

For screening in an intermediate-risk group (lifetime risk between 13% and 
19%), we consider a study of MRI screening performed on 2181 average-risk 
women (40–70 years old, lifetime risk 6–12% in the Gail model) [25]. This study 
demonstrated that (1) 60 out of 61 cancers were detected only by MRI (all 48 lesions 
identified in the initial screening could only be detected by MRI), (2) no cancer was 
detected by mammography or ultrasound alone, (3) no interval cancers were 
observed, (4) the average time until occurrence of incident cancer was 34.9 months, 
(5) no one was diagnosed with cancer during the 2-year follow-up period, (6) addi-
tional cancer yield by supplemental MRI screening was 15.5 per 1000, which was 

Initial

MRI MRIwith full protocol with abbreviated protocol

(+ US) (+ US)
US

(+ MMG)
US

(+ MMG)

6 months 1 year 1.5 years

Fig. 8.1  A proposed screening algorithm for high-risk Japanese women. US Ultrasound, MMG 
Mammography
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substantially higher than tomosynthesis (1.2/1000) and ultrasound (3.5–4.4/1000), 
(7) MRI-detected lesions were very small with a median of 8 mm, and 93.4% were 
lymph node negative. For the average-risk group, it was implied that MRI examina-
tion every 3 years might be sufficient. Considering the abovementioned high-risk 
group that requires annual MRI screening, MRI screening every 1–3 years may be 
sufficient for the intermediate-risk group.

We also would like to discuss high-risk lesions (LCIS, ADH, and ALH). These 
lesions are included as a risk factor in the Tyrer-Cuzick model, and they often con-
tribute to a lifetime breast cancer risk of >20%. NCCN Guidelines recommend that 
MRI screening be considered. In a study by Sung et al. evaluating MRI follow-up in 
women with a history of LCIS [73], the cancer detection rate was 2.0% (17 can-
cers/840 screening rounds). Two reports of MRI screening for women with ADH or 
ALH showed a cancer detection rate of 0–1.5% [74, 75]. Since the cancer detection 
rate with supplemental MRI screening in women with average risk [25] was 1.6% 
(61 cancers/3861 screening MRI studies), annual supplemental MRI screening for 
women with a history of atypia hyperplasia lesions may not be useful. However, 
since these two reports were performed between 1999–2005 and 2005–2011, 
respectively, the low detection rate might depend on the quality of MRI devices at 
that time. In addition, according to our literature review, there were no studies 
shown about specific morphologic kinetic and other imaging features of high-risk 
lesions to predict malignancy upgrade [76–79]. We believe that there is room for 
further consideration.

Lastly, we would like to discuss screening for patients with a history of therapeu-
tic radiation therapy to the chest (e.g., previous treatment for Hodgkin’s lymphoma 
in the mediastinum of a 30-year-old woman) [80]. In a total of 247 screenings of 91 
radiation-treated women, 10 cancerous lesions were identified (of which 4 were 
identified on MRI, 3 on mammogram, and the remaining 3 on both). The addition 
of MRI to mammography increased the cancer detection rate by 4.4%, which is 
estimated to be in line with the cancer detection rate of the first prevalence round in 
other high-risk groups [60, 61, 81]. Considering the overall risk of each individual 
would be helpful for women with elevated risk in terms of the tailored screening 
system for them.

8.4	 �Training of Breast Imaging Experts in Japan

8.4.1	 �Necessity of Breast Imaging Specialists

Since insurance coverage of MRI surveillance began in April 2020 in Japan, radi-
ologists in Japan are under higher demand. Recommended follow-up timing and 
biopsy protocols should be written, as well as assessment of BI-RADS categoriza-
tions. Radiologists should be able to give appropriate advice to each patient after 
understanding and weighing the imaging modalities described above and familiar-
izing themselves with the patient’s clinical status and breast pathology, if any. 
Training of breast imaging radiologists is a pressing task, especially in facilities 
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with high-risk breast cancer program clinics. The authors think the Japan 
Radiological Society should support facilities nationwide that provide breast cancer 
screening and clinics for high-risk patients. It is an important responsibility of the 
radiologist to make efforts for comprehensive and appropriate image management. 
Surgeons, oncologists, and genetic counselors depend on radiologists to provide 
ideal high-risk screening.

8.4.2	 �Communication with Patients via Outpatient Clinics 
and Reporting

Although it is very common for breast imaging radiologists in the USA to commu-
nicate directly with patients, how many Japanese radiologists communicate with 
patients at outpatient clinics? The most comprehensive outpatient management 
should be done by clinicians, but the radiologist should be responsible for detailed 
explanation of the diagnostic imaging results and decisions such as short-term fol-
low-up and biopsy recommendations to high-risk patients, particularly if dealing 
with sensitive genetic information. In reporting, radiologists are also required to 
have interpretation skills to take into account the risks of each individual. Context 
about risk in reports is also very important. It is essential for patients to be aware of 
their own risk of breast cancer in order to make educated decisions regarding screen-
ing and to follow an appropriate screening program.

8.4.3	 �Team-Based Care for Women at High Risk 
for Breast Cancer

One of the most important factors in patient care is a team-based care system. 
Management of patients at high risk for breast cancer needs professional support 
not only in medical care but also in meeting psychosocial needs. In Japan, the num-
ber of facilities that have introduced the multidisciplinary tumor board seems to be 
gradually increasing. Multidisciplinary care is also important in the prevention of 
breast cancer in women at high risk.

8.5	 �Conclusion

Japan lags behind Europe and the USA in screening women at high risk for breast 
cancer. It is important to keep in mind that the Western system does not fully apply 
to Japan, and so we must construct our own high-risk screening system. First, we 
need to include other women at high risk for breast cancer in addition to those with 
deleterious germline mutations in BRCA. Management strategies for all women at 
increased risk of breast cancer may have to be tailored in accordance with their 
stratified risk category. In addition, advances in diagnostic imaging and care man-
agement are expected to contribute greatly to a future of personalized screening and 
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preventive medicine. The authors urge radiologists in Japan to seriously discuss 
these pressing issues for the future of our patients.

References

	 1.	Saslow D, Boetes C, Burke W, Harms S, Leach MO, Lehman CD, et al. American Cancer 
Society guidelines for breast screening with MRI as an adjunct to mammography. CA Cancer 
J Clin. 2007;57(2):75–89. http://www.ncbi.nlm.nih.gov/pubmed/17392385

	 2.	Monticciolo DL, Newell MS, Moy L, Niell B, Monsees B, Sickles EA. Breast cancer screen-
ing in women at higher-than-average risk: recommendations from the ACR. J Am Coll Radiol. 
2018;15(3):408–14.

	 3.	Kuchenbaecker KB, Hopper JL, Barnes DR, Phillips K-A, Mooij TM, Roos-Blom M-J, et al. 
Risks of breast, ovarian, and contralateral breast cancer for BRCA1 and BRCA2 mutation car-
riers. JAMA. 2017;317(23):2402–16. http://jama.jamanetwork.com/article.aspx?doi=10.1001/
jama.2017.7112

	 4.	Engel C, Fischer C.  Breast cancer risks and risk prediction models. Breast Care (Basel). 
2015;10(1):7–12. http://www.ncbi.nlm.nih.gov/pubmed/25960719

	 5.	Mavaddat N, Peock S, Frost D, Ellis S, Platte R, Fineberg E, et al. Cancer risks for BRCA1 and 
BRCA2 mutation carriers: results from prospective analysis of EMBRACE. J Natl Cancer Inst. 
2013;105(11):812–22. http://www.ncbi.nlm.nih.gov/pubmed/23628597

	 6.	Rebbeck TR, Mitra N, Wan F, Sinilnikova OM, Healey S, McGuffog L, et al. Association of 
type and location of BRCA1 and BRCA2 mutations with risk of breast and ovarian cancer. 
JAMA. 2015;313(13):1347–61. http://www.ncbi.nlm.nih.gov/pubmed/25849179

	 7.	Easton DF, Pharoah PDP, Antoniou AC, Tischkowitz M, Tavtigian SV, Nathanson KL, 
et  al. Gene-panel sequencing and the prediction of breast-cancer risk. N Engl J Med. 
2015;372(23):2243–57. http://www.ncbi.nlm.nih.gov/pubmed/21900617

	 8.	Shiovitz S, Korde LA.  Genetics of breast cancer: a topic in evolution. Ann Oncol. 
2015;26(7):1291–9. https://doi.org/10.1093/annonc/mdv022.

	 9.	Arpino G, Laucirica R, Elledge RM.  Premalignant and in situ breast disease: biology and 
clinical implications. Ann Intern Med. 2005;143(6):446–57. http://www.ncbi.nlm.nih.gov/
pubmed/16172443

	10.	Bhatia S, Yasui Y, Robison LL, Birch JM, Bogue MK, Diller L, et al. High risk of subsequent 
neoplasms continues with extended follow-up of childhood Hodgkin’s disease: report from the 
late effects study group. J Clin Oncol. 2003;21(23):4386–94. http://www.ncbi.nlm.nih.gov/
pubmed/14645429

	11.	Kenney LB, Yasui Y, Inskip PD, Hammond S, Neglia JP, Mertens AC, et  al. Breast cancer 
after childhood cancer: a report from the childhood cancer survivor study. Ann Intern Med. 
2004;141(8):590–7. https://linkinghub.elsevier.com/retrieve/pii/S0084395407702683

	12.	Nakamura S, Takahashi M, Tozaki M, Nakayama T, Nomizu T, Miki Y, et  al. Prevalence 
and differentiation of hereditary breast and ovarian cancers in Japan. Breast Cancer. 
2015;22(5):462–8. https://doi.org/10.1007/s12282-013-0503-1.

	13.	Schrading S, Kuhl CK. Mammographic, US, and MR imaging phenotypes of familial breast 
cancer. Radiology. 2008;246(1):58–70. https://doi.org/10.1148/radiol.2461062173.

	14.	Rijnsburger AJ, Obdeijn IM, Kaas R, Tilanus-Linthorst MMA, Boetes C, Loo CE, et  al. 
BRCA1-associated breast cancers present differently from BRCA2-associated and 
familial cases: long-term follow-up of the Dutch MRISC screening study. J Clin Oncol. 
2010;28(36):5265–73.

	15.	Murakami W, Tozaki M, Nakamura S, Ide Y, Inuzuka M, Hirota Y, et al. The clinical impact 
of MRI screening for BRCA mutation carriers: the first report in Japan. Breast Cancer. 
2019;26(5):552–61. https://doi.org/10.1007/s12282-019-00955-6.

W. Murakami et al.

http://www.ncbi.nlm.nih.gov/pubmed/17392385
http://dx.doi.org/10.1001/jama.2017.7112
http://dx.doi.org/10.1001/jama.2017.7112
http://www.ncbi.nlm.nih.gov/pubmed/25960719
http://www.ncbi.nlm.nih.gov/pubmed/23628597
http://www.ncbi.nlm.nih.gov/pubmed/25849179
http://www.ncbi.nlm.nih.gov/pubmed/21900617
https://doi.org/10.1093/annonc/mdv022
http://www.ncbi.nlm.nih.gov/pubmed/16172443
http://www.ncbi.nlm.nih.gov/pubmed/16172443
http://www.ncbi.nlm.nih.gov/pubmed/14645429
http://www.ncbi.nlm.nih.gov/pubmed/14645429
https://linkinghub.elsevier.com/retrieve/pii/S0084395407702683
https://doi.org/10.1007/s12282-013-0503-1
https://doi.org/10.1148/radiol.2461062173
https://doi.org/10.1007/s12282-019-00955-6


125

	16.	 Ishibashi H, Miyamoto M, Shinnmoto H, Murakami W, Soyama H, Nakatsuka M, et  al. 
Cervical varicosities may predict placenta accreta in posterior placenta previa: a magnetic 
resonance imaging study. Arch Gynecol Obstet. 2017;296(4):731–6.

	17.	Chikarmane SA, Birdwell RL, Poole PS, Sippo DA, Giess CS. Characteristics, malignancy 
rate, and follow-up of BI-RADS category 3 lesions identified at breast MR imaging: implica-
tions for MR image interpretation and management. Radiology. 2016;280(3):707–15. http://
www.ncbi.nlm.nih.gov/pubmed/17392385

	18.	Louro J, Posso M, Hilton Boon M, Román M, Domingo L, Castells X, et al. A systematic 
review and quality assessment of individualised breast cancer risk prediction models. Br J 
Cancer. 2019;121(1):76–85. https://doi.org/10.1038/s41416-019-0476-8.

	19.	Yaghjyan L, Colditz GA, Collins LC, Schnitt SJ, Rosner B, Vachon C, et al. Mammographic 
breast density and subsequent risk of breast cancer in postmenopausal women according to 
tumor characteristics. J Natl Cancer Inst. 2011;103(15):1179–89. https://academic.oup.com/
jnci/article-lookup/doi/10.1093/jnci/djr225

	20.	Boyd NF, Guo H, Martin LJ, Sun L, Stone J, Fishell E, et al. Mammographic density and the 
risk and detection of breast cancer. N Engl J Med. 2007;356(3):227–36. www.nejm.org

	21.	Nishiyama K, Taira N, Mizoo T, Kochi M, Ikeda H, Iwamoto T, et  al. Influence of breast 
density on breast cancer risk: a case control study in Japanese women. Breast Cancer. 
2020;27(2):277–83.

	22.	Tice JA, Cummings SR, Smith-Bindman R, Ichikawa L, Barlow WE, Kerlikowske K. Using 
clinical factors and mammographic breast density to estimate breast cancer risk: development 
and validation of a new predictive model. Ann Intern Med. 2008;148(5):337–47. http://www.
ncbi.nlm.nih.gov/pubmed/18316752

	23.	Nguyen DL, Ambinder EB, Jones MK, Mullen LA, Harvey SC.  Improving state-mandated 
breast density notifications. J Am Coll Radiol. 2020;17(3):384–90. https://doi.org/10.1016/j.
jacr.2019.08.023.

	24.	Saraiya A, Baird GL, Lourenco AP. Breast density notification letters and websites: are they too 
“dense”? J Am Coll Radiol. 2019;16(5):717–23. https://doi.org/10.1016/j.jacr.2018.11.007.

	25.	Kuhl CK, Strobel K, Bieling H, Leutner C, Schild HH, Schrading S.  Supplemental 
breast MR imaging screening of women with average risk of breast cancer. Radiology. 
2017;283(2):361–70. http://www.ncbi.nlm.nih.gov/pubmed/28221097

	26.	Giess CS, Yeh ED, Raza S, Birdwell RL. Background parenchymal enhancement at breast 
MR imaging: normal patterns, diagnostic challenges, and potential for false-positive and false-
negative interpretation. Radiographics. 2014;34(1):234–47. http://www.ncbi.nlm.nih.gov/
pubmed/24428293

	27.	Brooks JD, Sung JS, Pike MC, Orlow I, Stanczyk FZ, Bernstein JL, et al. MRI background 
parenchymal enhancement, breast density and serum hormones in postmenopausal women. Int 
J Cancer. 2018;143(4):823–30. http://www.ncbi.nlm.nih.gov/pubmed/29524207

	28.	Sogani J, Morris EA, Kaplan JB, D’Alessio D, Goldman D, Moskowitz CS, et al. Comparison 
of background parenchymal enhancement at contrast-enhanced spectral mammography and 
breast MR imaging. Radiology. 2017;282(1):63–73.

	29.	DeLeo MJ, Domchek SM, Kontos D, Conant E, Chen J, Weinstein S.  Breast MRI fibro-
glandular volume and parenchymal enhancement in BRCA1 and BRCA2 mutation carriers 
before and immediately after risk-reducing salpingo-oophorectomy. AJR Am J Roentgenol. 
2015;204(3):669–73. http://www.ncbi.nlm.nih.gov/pubmed/25714301

	30.	Price ER, Brooks JD, Watson EJ, Brennan SB, Comen EA, Morris EA. The impact of bilat-
eral salpingo-oophorectomy on breast MRI background parenchymal enhancement and 
fibroglandular tissue. Eur Radiol. 2014;24(1):162–8. http://link.springer.com/10.1007/
s00330-013-2993-9

	31.	Schrading S, Schild H, Kühr M, Kuhl C. Effects of tamoxifen and aromatase inhibitors on 
breast tissue enhancement in dynamic contrast-enhanced breast MR imaging: a longitudinal 
intraindividual cohort study. Radiology. 2014;271(1):45–55. http://www.ncbi.nlm.nih.gov/
pubmed/24475835

8  Risk-Based Breast Cancer Screening

http://www.ncbi.nlm.nih.gov/pubmed/17392385
http://www.ncbi.nlm.nih.gov/pubmed/17392385
https://doi.org/10.1038/s41416-019-0476-8
http://dx.doi.org/10.1093/jnci/djr225
http://dx.doi.org/10.1093/jnci/djr225
http://www.nejm.org
http://www.ncbi.nlm.nih.gov/pubmed/18316752
http://www.ncbi.nlm.nih.gov/pubmed/18316752
https://doi.org/10.1016/j.jacr.2019.08.023
https://doi.org/10.1016/j.jacr.2019.08.023
https://doi.org/10.1016/j.jacr.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/28221097
http://www.ncbi.nlm.nih.gov/pubmed/24428293
http://www.ncbi.nlm.nih.gov/pubmed/24428293
http://www.ncbi.nlm.nih.gov/pubmed/29524207
http://www.ncbi.nlm.nih.gov/pubmed/25714301
http://dx.doi.org/10.1007/s00330-013-2993-9
http://dx.doi.org/10.1007/s00330-013-2993-9
http://www.ncbi.nlm.nih.gov/pubmed/24475835
http://www.ncbi.nlm.nih.gov/pubmed/24475835


126

	32.	King V, Brooks JD, Bernstein JL, Reiner AS, Pike MC, Morris EA. Background parenchymal 
enhancement at breast MR imaging and breast cancer risk. Radiology. 2011;260(1):50–60.

	33.	Dontchos BN, Rahbar H, Partridge SC, Korde LA, Lam DL, Scheel JR, et al. Are qualita-
tive assessments of background parenchymal enhancement, amount of fibroglandular tissue 
on MR images, and mammographic density associated with breast cancer risk? Radiology. 
2015;276(2):371–80. http://www.ncbi.nlm.nih.gov/pubmed/25965809

	34.	Telegrafo M, Rella L, Stabile Ianora AA, Angelelli G, Moschetta M. Breast MRI background 
parenchymal enhancement (BPE) correlates with the risk of breast cancer. Magn Reson 
Imaging. 2016;34(2):173–6. https://linkinghub.elsevier.com/retrieve/pii/S0730725X15002519

	35.	Grimm LJ, Saha A, Ghate SV, Kim C, Soo MS, Yoon SC, et al. Relationship between background 
parenchymal enhancement on high-risk screening MRI and future breast cancer risk. Acad 
Radiol. 2019;26(1):69–75. https://linkinghub.elsevier.com/retrieve/pii/S1076633218301260

	36.	Sippo DA, Rutledge GM, Burk KS, Mercaldo SF, Dontchos BN, Edmonds CE, et al. Effect of 
background parenchymal enhancement on cancer risk across different high-risk patient pop-
ulations undergoing screening breast MRI. Am J Roentgenol. 2019;212(6):1412–8. https://
www.ajronline.org/doi/10.2214/AJR.18.20566

	37.	Bermot C, Saint-Martin C, Malhaire C, Sebbag-Sfez D, Mouret-Fourme E, Carton M, et al. 
Background parenchymal enhancement and fibroglandular tissue on breast MRI in women 
with high genetic risk: are changes before and after risk-reducing salpingo-oophorectomy 
associated with breast cancer risk? Eur J Radiol. 2018;109(September):171–7. https://doi.
org/10.1016/j.ejrad.2018.10.030.

	38.	Xiao Y-L, Wang K, Liu Q, Li J, Zhang X, Li H-Y. Risk reduction and survival benefit of risk-
reducing salpingo-oophorectomy in hereditary breast cancer: meta-analysis and systematic 
review. Clin Breast Cancer. 2019;19(1):e48–65. https://doi.org/10.1016/j.clbc.2018.09.011.

	39.	Obdeijn IM, Winter-Warnars GAO, Mann RM, Hooning MJ, Hunink MGM, Tilanus-Linthorst 
MMA.  Should we screen BRCA1 mutation carriers only with MRI? A multicenter study. 
Breast Cancer Res Treat. 2014;144(3):577–82.

	40.	Vreemann S, van Zelst JCM, Schlooz-Vries M, Bult P, Hoogerbrugge N, Karssemeijer N, et al. 
The added value of mammography in different age-groups of women with and without BRCA 
mutation screened with breast MRI. Breast Cancer Res. 2018;20(1):84. http://www.ncbi.nlm.
nih.gov/pubmed/30075794

	41.	Maskarinec G, Meng L, Ursin G.  Ethnic differences in mammographic densities. Int J 
Epidemiol. 2001;30(5):959–65. http://www.ncbi.nlm.nih.gov/pubmed/11689504

	42.	Tozaki M, Nakamura S. Current status of breast cancer screening in high-risk women in Japan. 
Breast Cancer. 2020; https://doi.org/10.1007/s12282-020-01103-1.

	43.	Friedewald SM, Rafferty EA, Rose SL, Durand MA, Plecha DM, Greenberg JS, et  al. 
Breast cancer screening using tomosynthesis in combination with digital mammography. 
JAMA. 2014;311(24):2499–507. http://www.ncbi.nlm.nih.gov/pubmed/25058084

	44.	Lee CI, Cevik M, Alagoz O, Sprague BL, Tosteson ANA, Miglioretti DL, et al. Comparative 
effectiveness of combined digital mammography and tomosynthesis screening for women 
with dense breasts. Radiology. 2015;274(3):772–80. http://www.ncbi.nlm.nih.gov/
pubmed/25350548

	45.	Rafferty EA, Durand MA, Conant EF, Copit DS, Friedewald SM, Plecha DM, et al. Breast can-
cer screening using tomosynthesis and digital mammography in dense and nondense breasts. 
JAMA. 2016;315(16):1784–6. http://www.ncbi.nlm.nih.gov/pubmed/27115381

	46.	Phillips J, Miller MM, Mehta TS, Fein-Zachary V, Nathanson A, Hori W, et  al. Contrast-
enhanced spectral mammography (CESM) versus MRI in the high-risk screening setting: 
patient preferences and attitudes. Clin Imaging. 2017;42:193–7. https://doi.org/10.1016/j.
clinimag.2016.12.011.

	47.	Lee-Felker SA, Tekchandani L, Thomas M, Gupta E, Andrews-Tang D, Roth A, et al. Newly 
diagnosed breast cancer: comparison of contrast-enhanced spectral mammography and breast 
MR imaging in the evaluation of extent of disease. Radiology. 2017;285(2):389–400. http://
www.ncbi.nlm.nih.gov/pubmed/28654337

W. Murakami et al.

http://www.ncbi.nlm.nih.gov/pubmed/25965809
https://linkinghub.elsevier.com/retrieve/pii/S0730725X15002519
https://linkinghub.elsevier.com/retrieve/pii/S1076633218301260
http://dx.doi.org/10.2214/AJR.18.20566
http://dx.doi.org/10.2214/AJR.18.20566
https://doi.org/10.1016/j.ejrad.2018.10.030
https://doi.org/10.1016/j.ejrad.2018.10.030
https://doi.org/10.1016/j.clbc.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30075794
http://www.ncbi.nlm.nih.gov/pubmed/30075794
http://www.ncbi.nlm.nih.gov/pubmed/11689504
https://doi.org/10.1007/s12282-020-01103-1
http://www.ncbi.nlm.nih.gov/pubmed/25058084
http://www.ncbi.nlm.nih.gov/pubmed/25350548
http://www.ncbi.nlm.nih.gov/pubmed/25350548
http://www.ncbi.nlm.nih.gov/pubmed/27115381
https://doi.org/10.1016/j.clinimag.2016.12.011
https://doi.org/10.1016/j.clinimag.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28654337
http://www.ncbi.nlm.nih.gov/pubmed/28654337


127

	48.	Wang Q, Li K, Wang L, Zhang J, Zhou Z, Feng Y.  Preclinical study of diagnostic perfor-
mances of contrast-enhanced spectral mammography versus MRI for breast diseases in China. 
Springerplus. 2016;5(1):763. http://www.ncbi.nlm.nih.gov/pubmed/27386249

	49.	Jochelson MS, Pinker K, Dershaw DD, Hughes M, Gibbons GF, Rahbar K, et al. Comparison 
of screening CEDM and MRI for women at increased risk for breast cancer: a pilot study. Eur 
J Radiol. 2017;97(August):37–43. https://doi.org/10.1016/j.ejrad.2017.10.001.

	50.	Ghaderi KF, Phillips J, Perry H, Lotfi P, Mehta TS. Contrast-enhanced mammography: current 
applications and future directions. Radiographics. 2019;39(7):1907–20. http://www.ncbi.nlm.
nih.gov/pubmed/31697627

	51.	Patel BK, Naylor ME, Kosiorek HE, Lopez-Alvarez YM, Miller AM, Pizzitola VJ, et  al. 
Clinical utility of contrast-enhanced spectral mammography as an adjunct for tomosynthesis-
detected architectural distortion. Clin Imaging. 2017;46:44–52. https://doi.org/10.1016/j.
clinimag.2017.07.003.

	52.	Berg WA, Zhang Z, Lehrer D, Jong RA, Pisano ED, Barr RG, et al. Detection of breast cancer 
with addition of annual screening ultrasound or a single screening MRI to mammography in 
women with elevated breast cancer risk. JAMA. 2012;307(13):1394–404.

	53.	Berg WA, Bandos AI, Mendelson EB, Lehrer D, Jong RA, Pisano ED.  Ultrasound as the 
primary screening test for breast cancer: analysis from ACRIN 6666. J Natl Cancer Inst. 
2016;108(4):djv367. https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djv367

	54.	Lee CI, Chen LE, Elmore JG. Risk-based breast cancer screening: implications of breast den-
sity. Med Clin North Am. 2017;101(4):725–41.

	55.	Vourtsis A. Three-dimensional automated breast ultrasound: technical aspects and first results. 
Diagn Interv Imaging. 2019;100(10):579–92. https://doi.org/10.1016/j.diii.2019.03.012.

	56.	Kim SH. Image quality and artifacts in automated breast ultrasonography. Ultrasonography. 
2019;38(1):83–91. http://e-ultrasonography.org/journal/view.php?doi=10.14366/usg.18016

	57.	Ohuchi N, Suzuki A, Sobue T, Kawai M, Yamamoto S, Zheng Y-F, et al. Sensitivity and spec-
ificity of mammography and adjunctive ultrasonography to screen for breast cancer in the 
Japan strategic anti-cancer randomized trial (J-START): a randomised controlled trial. Lancet. 
2016;387(10016):341–8. https://doi.org/10.1016/S0140-6736(15)00774-6.

	58.	Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, et  al. A 
strong candidate for the breast and ovarian cancer susceptibility gene BRCA1. Science. 
1994;266(5182):66–71. http://www.ncbi.nlm.nih.gov/pubmed/7545954

	59.	Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, et al. Identification of the breast 
cancer susceptibility gene BRCA2. Nature. 1995;378(6559):789–92.

	60.	Kuhl CK, Schmutzler RK, Leutner CC, Kempe A, Wardelmann E, Hocke A, et al. Breast MR 
imaging screening in 192 women proved or suspected to be carriers of a breast cancer suscep-
tibility gene: preliminary results. Radiology. 2000;215(1):267–79. http://www.ncbi.nlm.nih.
gov/pubmed/10751498

	61.	Morris EA, Liberman L, Ballon DJ, Robson M, Abramson AF, Heerdt A, et al. MRI of occult 
breast carcinoma in a high-risk population. AJR Am J Roentgenol. 2003;181(3):619–26. http://
www.ncbi.nlm.nih.gov/pubmed/12933450

	62.	Kuhl CK, Schrading S, Leutner CC, Morakkabati-Spitz N, Wardelmann E, Fimmers R, et al. 
Mammography, breast ultrasound, and magnetic resonance imaging for surveillance of women 
at high familial risk for breast cancer. J Clin Oncol. 2005;23(33):8469–76.

	63.	Kuhl C, Weigel S, Schrading S, Arand B, Bieling H, König R, et al. Prospective multicenter 
cohort study to refine management recommendations for women at elevated familial risk of 
breast cancer: the EVA trial. J Clin Oncol. 2010;28(9):1450–7. http://www.ncbi.nlm.nih.gov/
pubmed/20177029

	64.	Saslow D, Boetes C, Burke W, Harms S, Leach MO, Lehman CD, et al. American Cancer 
Society guidelines for breast screening with MRI as an adjunct to mammography. Obstet 
Gynecol Surv. 2007;62(7):458–60. http://journals.lww.com/00006254-200707000-00021

	65.	Mann RM, Balleyguier C, Baltzer PA, Bick U, Colin C, Cornford E, et  al. Breast MRI: 
EUSOBI recommendations for women’s information. Eur Radiol. 2015;25(12):3669–78.

8  Risk-Based Breast Cancer Screening

http://www.ncbi.nlm.nih.gov/pubmed/27386249
https://doi.org/10.1016/j.ejrad.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/31697627
http://www.ncbi.nlm.nih.gov/pubmed/31697627
https://doi.org/10.1016/j.clinimag.2017.07.003
https://doi.org/10.1016/j.clinimag.2017.07.003
http://dx.doi.org/10.1093/jnci/djv367
https://doi.org/10.1016/j.diii.2019.03.012
http://dx.doi.org/10.14366/usg.18016
https://doi.org/10.1016/S0140-6736(15)00774-6
http://www.ncbi.nlm.nih.gov/pubmed/7545954
http://www.ncbi.nlm.nih.gov/pubmed/10751498
http://www.ncbi.nlm.nih.gov/pubmed/10751498
http://www.ncbi.nlm.nih.gov/pubmed/12933450
http://www.ncbi.nlm.nih.gov/pubmed/12933450
http://www.ncbi.nlm.nih.gov/pubmed/20177029
http://www.ncbi.nlm.nih.gov/pubmed/20177029
http://journals.lww.com/00006254-200707000-00021


128

	66.	Heller SL, Moy L. MRI breast screening revisited. J Magn Reson Imaging. 2019;49(5):1212–21. 
http://www.ncbi.nlm.nih.gov/pubmed/30693603

	67.	Warner E, Plewes DB, Hill KA, Causer PA, Zubovits JT, Jong RA, et  al. Surveillance of 
BRCA1 and BRCA2 mutation carriers with magnetic resonance imaging, ultrasound, mam-
mography, and clinical breast examination. JAMA. 2004;292(11):1317–25. http://www.ncbi.
nlm.nih.gov/pubmed/15367553

	68.	Takahama N, Tozaki M, Ohgiya Y.  Current status of MRI-guided vacuum-assisted breast 
biopsy in Japan. Breast Cancer. 2020;0123456789:1–5.

	69.	Kuhl CK, Schrading S, Strobel K, Schild HH, Hilgers RD, Bieling HB. Abbreviated breast 
magnetic resonance imaging (MRI): first postcontrast subtracted images and maximum-
intensity projection  - a novel approach to breast cancer screening with MRI. J Clin Oncol. 
2014;32(22):2304–10.

	70.	Kuhl CK. Abbreviated magnetic resonance imaging (MRI) for breast cancer screening: ratio-
nale, concept, and transfer to clinical practice. Annu Rev Med. 2019;70:501–19. http://www.
ncbi.nlm.nih.gov/pubmed/30691370

	71.	Vreemann S, Gubern-Mérida A, Schlooz-Vries MS, Bult P, van Gils CH, Hoogerbrugge N, 
et  al. Influence of risk category and screening round on the performance of an MR imag-
ing and mammography screening program in carriers of the BRCA mutation and other 
women at increased risk. Radiology. 2018;286(2):443–51. http://pubs.rsna.org/doi/10.1148/
radiol.2017170458

	72.	King MC, Wieand S, Hale K, Lee M, Walsh T, Owens K, et al. Tamoxifen and breast can-
cer incidence among women with inherited mutations in BRCA1 and BRCA2: national 
surgical adjuvant breast and bowel project (NSABP-P1) breast cancer prevention trial. 
JAMA. 2001;286(18):2251–6. http://www.ncbi.nlm.nih.gov/pubmed/11710890

	73.	Sung JS, Malak SF, Bajaj P, Alis R, Dershaw DD, Morris EA. Screening breast MR imaging 
in women with a history of lobular carcinoma in situ. Radiology. 2011;261(2):414–20. http://
www.ncbi.nlm.nih.gov/pubmed/21900617

	74.	Port ER, Park A, Borgen PI, Morris E, Montgomery LL.  Results of MRI screening for 
breast cancer in high-risk patients with LCIS and atypical hyperplasia. Ann Surg Oncol. 
2007;14(3):1051–7. http://link.springer.com/10.1245/s10434-006-9195-5

	75.	Schwartz T, Cyr A, Margenthaler J. Screening breast magnetic resonance imaging in women 
with atypia or lobular carcinoma in situ. J Surg Res. 2015;193(2):519–22. https://doi.
org/10.1016/j.jss.2014.08.059.

	76.	Malhaire C, El Khoury C, Thibault F, Athanasiou A, Petrow P, Ollivier L, et al. Vacuum-assisted 
biopsies under MR guidance: results of 72 procedures. Eur Radiol. 2010;20(7):1554–62. 
http://www.ncbi.nlm.nih.gov/pubmed/20119729

	77.	Crystal P, Sadaf A, Bukhanov K, McCready D, O’Malley F, Helbich TH. High-risk lesions 
diagnosed at MRI-guided vacuum-assisted breast biopsy: can underestimation be predicted? 
Eur Radiol. 2011;21(3):582–9. http://www.ncbi.nlm.nih.gov/pubmed/20839000

	78.	Heller SL, Moy L. Imaging features and management of high-risk lesions on contrast-enhanced 
dynamic breast MRI. AJR Am J Roentgenol. 2012;198(2):249–55. http://www.ncbi.nlm.nih.
gov/pubmed/22268165

	79.	Okamoto S, Chen ST, Covelli JD, DeMartini WB, Daniel BL, Ikeda DM. High-risk lesions 
diagnosed at MRI-guided vacuum-assisted breast biopsy: imaging characteristics, outcome of 
surgical excision or imaging follow-up. Breast Cancer. 2020;27(3):405–14.

	80.	Sung JS, Lee CH, Morris EA, Oeffinger KC, Dershaw DD. Screening breast MR imaging in 
women with a history of chest irradiation. Radiology. 2011;259(1):65–71. http://www.ncbi.
nlm.nih.gov/pubmed/21325032

	81.	Warner E, Plewes DB, Shumak RS, Catzavelos GC, Di Prospero LS, Yaffe MJ, et  al. 
Comparison of breast magnetic resonance imaging, mammography, and ultrasound for surveil-
lance of women at high risk for hereditary breast cancer. J Clin Oncol. 2001;19(15):3524–31. 
http://www.ncbi.nlm.nih.gov/pubmed/11481359

W. Murakami et al.

http://www.ncbi.nlm.nih.gov/pubmed/30693603
http://www.ncbi.nlm.nih.gov/pubmed/15367553
http://www.ncbi.nlm.nih.gov/pubmed/15367553
http://www.ncbi.nlm.nih.gov/pubmed/30691370
http://www.ncbi.nlm.nih.gov/pubmed/30691370
http://dx.doi.org/10.1148/radiol.2017170458
http://dx.doi.org/10.1148/radiol.2017170458
http://www.ncbi.nlm.nih.gov/pubmed/11710890
http://www.ncbi.nlm.nih.gov/pubmed/21900617
http://www.ncbi.nlm.nih.gov/pubmed/21900617
http://dx.doi.org/10.1245/s10434-006-9195-5
https://doi.org/10.1016/j.jss.2014.08.059
https://doi.org/10.1016/j.jss.2014.08.059
http://www.ncbi.nlm.nih.gov/pubmed/20119729
http://www.ncbi.nlm.nih.gov/pubmed/20839000
http://www.ncbi.nlm.nih.gov/pubmed/22268165
http://www.ncbi.nlm.nih.gov/pubmed/22268165
http://www.ncbi.nlm.nih.gov/pubmed/21325032
http://www.ncbi.nlm.nih.gov/pubmed/21325032
http://www.ncbi.nlm.nih.gov/pubmed/11481359


129© Springer Nature Singapore Pte Ltd. 2021
S. Nakamura et al. (eds.), Hereditary Breast and Ovarian Cancer, 
https://doi.org/10.1007/978-981-16-4521-1_9

R. Watanuki · A. Nagayama · T. Hayashida (*) · Y. Kitagawa 
Department of Surgery, Keio University School of Medicine, Shinjuku, Tokyo, Japan
e-mail: rurina.w.629@keio.jp; anagayama@keio.jp; tetsu@keio.jp; kitagawa@a3.keio.jp

9Chemoprevention for Breast Cancer

Rurina Watanuki, Aiko Nagayama, Tetsu Hayashida, 
and Yuko Kitagawa

Abstract

Cancer chemoprevention is defined as the use of natural, synthetic, or biochemi-
cal agents to reverse, suppress, or prevent carcinogenic processes in neoplastic 
diseases. Although the precise mechanisms that promote breast cancer are not 
fully understood, several recent clinical trials suggest that chemoprevention is a 
rational and attractive strategy for selected high-risk populations in a prophylac-
tic setting. Conventionally, endocrine interventions using selective estrogen 
receptor modulators and aromatase inhibitors have already been applied clini-
cally in high-risk populations. In particular, the chemoprevention approach for 
BRCA germline mutation carriers is drawing attention as an alternative option to 
invasive prophylactic mastectomy. Although the evidence from prospective clini-
cal studies was limited, this review aims to provide an up-to-date overview of the 
biological mechanisms and the efficacy of various chemopreventive agents, 
including new promising candidates that target BRCA deficiency, and discuss 
future challenges and prospects for breast cancer chemoprevention.
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9.1	 �Introduction

Given the increasing incidence and mortality of cancer worldwide as well as the 
rising cost of medical treatment, there is a growing interest in developing strategies 
for disease prevention. One of the approaches with enormous potential is chemopre-
vention. In 1976, Sporn defined the term “chemoprevention” as the use of natural, 
synthetic, or biological agents to reverse, inhibit, or prevent either the initial phases 
of carcinogenesis or the progression of premalignant cells to invasive disease [1]. 
The process of breast carcinogenesis begins with the accumulation of an unspeci-
fied number of genetic events, followed by the emergence of progressive dysplastic 
cells with genotypic and phenotypic alterations that lead to deregulated cell growth. 
Chemoprevention aims to reduce the incidence of disease by arresting or modifying 
these mechanisms.

Those at increased risk for developing breast cancer could benefit from preven-
tive therapy, as it is the most prevalent malignancy in women. The risk factors for 
breast cancer are described in various available risk calculation models, including 
the Tyrer-Cuzick and Gail models, to provide a numeric risk that can be used to help 
quantify the level of individual risk. Other individual risk factors for the selection of 
candidates for preventive therapy include the presence of premalignant diseases, 
such as lobular carcinoma in situ (LCIS), atypical ductal hyperplasia (ADH), and 
atypical lobular hyperplasia (ALH); high mammographic density; use of hormone 
replacement therapy; and presence of either high-risk penetrant genes, including 
BRCA1/BRCA2 mutation carriers or less penetrant genes, but higher-frequency 
polygenic risk score SNPs [2, 3]. The National Comprehensive Cancer Network 
(NCCN) guidelines and the United States Preventive Services Task Force (USPSTF) 
have stated and recommended the use of breast cancer risk-reducing agents in high-
risk populations. However, there is insufficient evidence showing the efficacy of 
chemopreventive agents in women who are carriers of pathogenetic BRCA1/BRCA2 
mutations. Hence, herein, we reviewed the current risk-reducing agents for breast 
cancer and pathogenetic BRCA1/BRCA2 mutation carriers suitable for chemopre-
ventive therapy.

9.2	 �Chemopreventive Drugs for Breast Cancer

9.2.1	 �Selective Estrogen Receptor Modulators

Hormones play a significant role in almost 70% of breast cancer cases [4], and cur-
rent chemopreventive strategies have targeted hormonally responsive breast can-
cers. The two major classes of antiestrogenic drugs, selective estrogen receptor 
modulators (SERMs) and aromatase inhibitors (AIs), have been recently used for 
breast cancer prevention. A list of prospective trials regarding the use of SERMs and 
AIs as primary preventive treatments for breast cancer is provided in Table 9.1 [5–14].

Estrogen is the main factor that stimulates the development and growth of breast 
cancer. Deprivation of estrogenic signaling has been the primary form of hormonal 

R. Watanuki et al.
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therapy for patients with estrogen receptor (ER)-positive and/or progesterone 
(PgR)-positive disease. Over the past three decades, tamoxifen, a type of SERM, is 
an antiestrogen drug that inhibits the binding of estrogen to its receptors and has 
become the mainstay of hormone therapy [15]. Figure 9.1 illustrates the mechanism 
of estrogen deprivation [15].

Four large historical studies [5–8] evaluating the efficacy of tamoxifen as a pri-
mary chemopreventive drug have been conducted, and long-term follow-up data are 
available. An integrated analysis of tamoxifen primary prevention trials, including 
these studies, showed a 38% (95% confidence interval [CI] = 28–46; P < 0.0001) 
reduction in breast cancer incidence [16]. However, this drug was not effective in 
patients with ER-negative breast cancers (hazard ratio [HR] = 1.22, 95% CI = 
0.89–1.67; P = 0.21); nonetheless, tamoxifen prevention trials reported that the inci-
dence of ER-positive cancers decreased by 48% (95% CI = 36–58; P < 0·0001) [16]. 
The data from these studies, particularly the National Surgical Adjuvant Breast and 
Bowel Project (NSABP) Breast Cancer Prevention trial (P-1 trial), led to the US 
Food and Drug Administration (FDA) approval of tamoxifen in 1998 for breast 
cancer risk reduction in high-risk women. A large-scale study on tamoxifen and 
raloxifene (STAR) trial, which directly compared tamoxifen with raloxifene, found 
that tamoxifen was more effective in reducing the breast cancer risk than raloxifene 
after a long-term follow-up [17]. Data from the STAR trial and the other raloxifene/
placebo trial (MORE-CORE and RUTH) resulted in the approval of raloxifene by 
the US FDA for risk reduction of invasive breast cancer in postmenopausal women 
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with osteoporosis as well as for risk reduction of invasive breast cancer in post-
menopausal women at high risk of invasive breast cancer. Cuzick et al. performed a 
meta-analysis using individual data from nine randomized double-blind trials com-
paring the efficacy of four SERMs with placebo or another drug in women with no 
history of breast cancer. They showed a 38% reduction in the overall breast cancer 
incidence, including that of ductal carcinoma in situ (DCIS) [18]. Interestingly, the 
impact of reduction was larger in the first 5 years of follow-up than in the 5–10 years 
of follow-up (42% vs. 25%). Treatment with all types of SERMs increased the inci-
dence of venous thromboembolic events, whereas treatment with tamoxifen alone 
resulted in an increase in the incidence of endometrial cancers. Despite a 10–20% 
reduction in LDL cholesterol after treatment with SERMs, no reduction in cardio-
vascular disease was noted. Moreover, a significant reduction of 34% in the inci-
dence of vertebral fractures was reported in this analysis.

Only a subgroup analysis of the NSABP P-1trial evaluated the effect of tamoxi-
fen on breast cancer risk in women with BRCA1/BRCA2 pathogenic variants [19]. 
Tamoxifen reduced the breast cancer risk by 62% in BRCA2 carriers (relative risk 
[RR]: 0.38, 95% CI: 0.06–1.56), but not in BRCA1 carriers (RR: 1.67, 95% CI: 
0.32–10.07). However, this analysis is limited by the small number of participants 
carrying pathogenic variants; among 288 women with breast cancer, only 8 had 
BRCA1 pathogenic variants and 11 had BRCA2 pathogenic variants. To date, no 
primary prevention trials using tamoxifen or raloxifene have been conducted among 
women with BRCA1/BRCA2 mutations. Although not validated as a chemopreven-
tive agent for primary breast cancer in BRCA1/BRCA2 mutation carriers, tamoxifen 
prevents contralateral breast cancer by up to 50% [20–22]. In a recent meta-analysis, 
tamoxifen was significantly associated with a reduced risk of contralateral breast 
cancer among BRCA1/BRCA2 mutation carriers (summary RR, 0.56; 95% CI, 
0.41–0.76) [23]. Similar findings were observed in BRCA1 mutation carriers (sum-
mary RR, 0.47; 95% CI, 0.37–0.60) and BRCA2 mutation carriers (summary RR, 
0.39; 95% CI, 0.28–0.54), respectively [23]. Gronwald et al. demonstrated that the 
use of tamoxifen for 1 year was associated with a 63% reduction in the risk of con-
tralateral breast cancer (95% CI, 0.37–0.75; P = 0.003) [22]. They suggested that 
short-term use of tamoxifen for chemoprevention in BRCA1/BRCA2 mutation car-
riers may be as effective as a conventional 5-year course of treatment.

Previous data suggest a role for tamoxifen in estrogen receptor blockade and the 
prevention of contralateral breast cancer, even among BRCA1 mutation carriers who 
have a tendency to develop hormone receptor-negative disease. Although the under-
lying mechanisms mediating the protective role of tamoxifen in contralateral breast 
cancer remain unclear, a reduction in mammary cell proliferation [24], the number 
of mammary stem cells, and mammographic density [25] have been proposed. 
Premenopausal carriers of BRCA1/BRCA2 mutations usually exhibit higher titers of 
estradiol and progesterone [26], which is one of the reasons for developing cancer 
prevention strategies in premenopausal women.

De Censi et al. conducted a multicenter randomized phase III trial evaluating the 
effectiveness of 5 mg/day tamoxifen or placebo administered for 3 years in women 
with breast intraepithelial neoplasia, including those with ADH, DCIS, and LCIS 
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[27]. Low-dose tamoxifen reduced the risk of breast cancer development by 52%, 
and the incidence of side effects in the tamoxifen arm was not higher than that in the 
placebo arm [27]. This study indicated that low-dose tamoxifen may be an effective 
chemopreventive method with good tolerability.

9.2.2	 �Aromatase Inhibitors

In premenopausal women, aromatase and estrogen are produced by the granulosa 
cells in the functional ovaries and are also present in other normal tissues, including 
the mesenchymal cells of subcutaneous fat, breast, and bone [15, 28]. After meno-
pause, estrogen is no longer produced in the ovaries, but aromatase activity and 
production of estrogen persists in all the other sites [15].

Tamoxifen competes with estradiol for ER binding, whereas AIs reduce the syn-
thesis of estrogens from androgenic precursors (Fig. 9.1). A significant association 
exists between breast cancer risk and plasma levels of the common circulating 
estrogens in postmenopausal women [29], and AIs achieve almost complete inhibi-
tion of aromatase in vivo and suppression of plasma estrogen levels. The significant 
reduction in contralateral breast cancer in adjuvant AI clinical trials [30] has led to 
the increased interest in the use of these agents for primary prevention, especially 
due to the less incidence of toxicities, such as thrombotic events and endometrial 
cancer compared with SERMs. Two landmark studies were conducted to evaluate 
the efficacy of AI for the primary prevention of breast cancer (Table 9.1).

In the National Cancer Institute of Canada Mammary Prevention 3 (MAP.3) trial, 
after 35 months of follow-up, treatment with exemestane reduced the breast cancer 
risk by 65% in high-risk postmenopausal women [13]. Similarly, the European 
IBIS-II trial reported a 53% reduction in the breast cancer risk in women at increased 
risk of breast cancer after treatment with anastrozole [14]. Neither exemestane nor 
anastrozole was associated with an increased risk of thromboembolic or cardiovas-
cular events or other cancer types. The MAP.3 trial showed that short-term use of 
exemestane exacerbated the age-related bone loss despite calcium and vitamin D 
supplementation, but long-term follow-up is needed to assess its impact on the risk 
of fracture in the prevention population [31]. The side effects of exemestane, includ-
ing vasomotor, sexual, and musculoskeletal symptoms, had limited impact on 
patients’ quality of life [32]. In addition to vasomotor symptoms, musculoskeletal 
events were more common in the anastrozole arm [14]. In the NCCN guidelines and 
the USPSTF, AI is recommended as a risk-reducing agent for breast cancer. 
However, it remains unclear whether SERMs or AIs are preferred agents for the 
prevention of breast cancer because of the absence of head-to-head comparisons 
and differences in patient characteristics between studies.

Retrospective data suggested that AIs could reduce the risk of ER-positive 
contralateral breast cancer in BRCA1/BRCA2 mutation carriers who are receiv-
ing AIs as adjuvant therapy [33]; however, data on the effectiveness of AIs as 
well as tamoxifen for primary prevention in BRCA mutation carriers are 
insufficient.
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9.2.3	 �Denosumab

The receptor activator of nuclear factor κB (RANK), its cytokine ligand (RANKL), 
and the soluble receptor osteoprotegerin (OPG) form a functional triad in the tumor 
necrosis factor (TNF) and TNF receptor superfamily [34, 35]. RANK and RANKL 
are known for their involvement in bone metabolism [34]. The binding of RANKL 
to RANK on osteoclast precursors induces osteoclast maturation and activation, 
thereby promoting bone resorption, whereas the binding of RANKL by OPG inhib-
its RANKL-mediated signaling pathways, resulting in the inhibition of bone resorp-
tion and maintenance of bone density (Fig.  9.2) [34, 36]. Denosumab, a human 
anti-RANKL monoclonal antibody, is approved for the treatment of osteoporosis 
and for the prevention of skeletal damage due to bone metastases in patients with 
breast cancer and other types of solid tumors [37]. Various experimental data have 
demonstrated that progesterone-mediated upregulation of RANK/RANKL may 
also play a critical role in mammary gland epithelial cell proliferation, mammary 
stem cell expansion, and carcinogenesis, particularly in BRCA1 mutation carriers 
[38–42].

A precancerous BRCA1mut/+ tissue harbors an aberrant population of luminal pro-
genitor cells [43], and deregulated progesterone signaling has been implicated in 
BRCA1-associated oncogenesis [44–46]. Nolan et al. showed that a highly prolif-
erative subset of luminal progenitor cells that gives rise to basal-like breast cancer, 
constitutively expresses RANK and is hyper-responsive to RANKL (Fig. 9.3) [47]. 
They proposed that this finding suggests an exciting opportunity for the precision 
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Fig. 9.2  Mechanism of action of denosumab
Binding of RANKL to RANK on osteoclast precursors induces osteoclast maturation and activa-
tion, thereby promoting bone resorption. Conversely, the binding of RANKL by osteoprotegerin 
inhibits the RANKL-mediated signaling pathway, thereby inhibiting bone resorption. Denosumab 
binds to RANKL and reduces osteoclasts by directly inhibiting the RANK-RANKL signal-
ing pathway

9  Chemoprevention for Breast Cancer



138

cancer prevention in BRCA1 mutation carriers [47, 48]. Important preclinical stud-
ies relevant to women with BRCA1 mutations demonstrated that genetic or pharma-
cological inhibition of RANKL significantly suppressed mammary tumorigenesis 
in BRCA1-deficient mice [47, 49]. In BRCA1-deficient mice, the loss of RANKL 
reduced the progression of mammary tumors, and the inhibition of RANKL sup-
pressed the development of mammary tumor [47]. Furthermore, the proliferation of 
mammary progenitor cells in BRCA1-mutant mice was suppressed by inhibiting 
RANK, supporting the paracrine activity of RANKL on RANK expression in 
ER-negative and PR-negative cells [50, 51]. Evidence from studies using human 
breast cells of BRCA1 mutation carriers consistent with the data of animal trials 
supports the inhibition of the RANK pathway as a new target for prevention. Among 
the mammary progenitor cells of BRCA1 mutation carriers, RANK-positive cells 
had significantly higher clonogenic potential than RANK-negative cells [47]. In a 
three-dimensional organoid model constructed using BRCA1 mutant breast cancer 
cells, exposure to progesterone increased the expression of Ki67, but treatment with 
denosumab inhibited this progesterone-induced increased expression of Ki67 [47]. 
A pilot window study was conducted in three women within this research, and biop-
sies taken before and after denosumab treatment showed a significant decrease in 
Ki67 expression after treatment [47].

OPG is an endogenous decoy receptor of RANKL that antagonizes RANK/
RANKL-mediated signaling [34]. Interestingly, women with BRCA1 mutations 
may have inherently lower circulating OPG levels than those with baseline risk. 
Widschwendter et  al. reported significantly lower free serum OPG levels among 
premenopausal BRCA mutation carriers compared with non-carrier controls 
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Fig. 9.3  Progression of BRCA1mut/+ RANK+ luminal progenitor cells to basal-like tumors
BRCA1mut/+ RANK+ subset of mammary luminal progenitor cells give rise to basal-like tumors. 
Progesterone-dependent RANK signaling in luminal progenitor cells is responsive to RANKL 
inhibition. Denosumab abrogates progesterone-dependent signaling of RANK+ BRCA1mut/+ lumi-
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throughout the menstrual cycle [52]. In addition, the difference was more pro-
nounced in BRCA1 mutation carriers than in BRCA2 mutation carriers. Oden et al. 
conducted a prospective study in 206 BRCA mutation carriers with an average fol-
low-up period of 6.5  years [53]. They found a significant inverse relationship 
between circulating OPG levels and breast cancer risk among women with either a 
BRCA1 or BRCA2 mutation. Women with high plasma OPG levels had a signifi-
cantly decreased risk of developing breast cancer compared with women with low 
OPG levels (HR: 0.25; 95% CI: 0.08–0.78; P = 0.02) [53]. These data suggest that 
OPG may be a promising biomarker to help identify women who are at a higher risk 
of developing breast cancer and who would be ideal candidates for RANKL-based 
chemopreventive therapy.

As a clinical trial, the ABCSG 18 study provided important results supporting 
that targeting the RANKL pathway improves the outcomes for breast cancer 
patients. In this prospective, double-blind, placebo-controlled phase III trial, 3420 
postmenopausal breast cancer patients with early hormone receptor-positive disease 
were treated with an aromatase inhibitor and randomized to receive denosumab 
60 mg or placebo biannually [54]. The study reported a reduction in clinical frac-
tures in the denosumab group compared with the placebo group, with no additional 
toxicities [54]. Moreover, a follow-up analysis showed improved disease-free sur-
vival in women who received adjuvant denosumab with an acceptable safety profile 
[55]. Following the preclinical study that revealed the role of the progesterone/
RANK/RANKL pathway in mammary carcinogenesis, which is thought to be par-
ticularly relevant in women with BRCA1 mutations, a randomized, double-blind, 
placebo-controlled, multicenter, international phase III trial (BRCA-P trial) is now 
underway to determine the primary preventive effect of denosumab on breast cancer 
in healthy women with mutations in the BRCA1 gene. Osteonecrosis of the jaw is 
one of the adverse events of denosumab treatment, although it is less frequent. In the 
ABCSG 18 trial, none of the participants reported osteonecrosis of the jaw. If the 
safety of denosumab can be demonstrated in the BRCA-P trial, in which denosumab 
is administered to healthy BRCA1 mutation carriers, it could be used for RAKL-
based chemoprevention, which represents a plausible, non-surgical prevention of 
breast cancer in BRCA mutation carriers.

9.2.4	 �Poly ADP-Ribose Polymerase Inhibitors

Poly ADP-ribose polymerases (PARPs) are a family of enzymes that play a key 
role in the repair of DNA damage [56]. In particular, PARP-1 and PARP-2 are the 
most important enzymes used in the treatment for BRCA1 or BRCA2 mutation 
carriers [57, 58]. An important role of PARP-1 and PARP-2 is to maintain genomic 
integrity, particularly through base excision repair of single-stranded DNA dam-
age [59]. The inhibition of these enzymes leads to the accumulation of DNA sin-
gle-strand breaks, which can result in the occurrence of DNA double-strand 
breaks at replication forks [60]. In BRCA mutant cells, the function of BRCA 
protein, which is required for homologous recombination repair against 
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double-strand breaks, is lost. Therefore, when PARPs are inhibited in BRCA 
mutant cells, the DNA repair mechanism is disrupted and cell death is selectively 
induced (Fig. 9.4), resulting in an antitumor effect [61, 62]. The concept of syn-
thetic lethality has paved the way for the development of PARP inhibitors for 
cancer patients with defects in homologous recombination repair, particularly 
those with BRCA1 and BRCA2 bi-allelic loss [63, 64]. This new strategy has led 
to major advances in the treatment of patients with ovarian cancer and, subse-
quently, in those with pancreatic, prostate, and breast cancers. Currently, there are 
two PARP inhibitors approved for treatment in HER2-negative metastatic breast 
cancer patients with BRCA1/BRCA2 mutations: olaparib and talazoparib. Both 
have demonstrated improvements in progression-free survival compared with 
chemotherapy, overall better tolerability, and low discontinuation rates docu-
mented in the trials that led to the approval of these agents [65, 66]. The results of 
the OlympiA trial, a double-blind, randomized controlled, phase III trial that 
aimed to evaluate the efficacy of olaparib as adjuvant therapy in patients with 
high-risk HER2-negative breast cancer and germline BRCA mutations, are 
underway.

Thus, PARP inhibitors have emerged as promising agents for the treatment of 
cancer patients with BRCA mutations via synthetic lethality, but their role in chemo-
prevention has not been elucidated. Although preclinical data showed that veliparib 
and olaparib are effective in delaying mammary tumor development and extending 
the lifespan of BRCA1-deficient mice [67], the possible long-term effect of PARP 
inhibitor treatment on normal tissues in a patient without any cancer or even a high-
risk individual needs further clinical evaluation [68].
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Fig. 9.4  Mechanism of synthetic lethality in BRCA1/BRCA2-deficient tumor cell
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9.2.5	 �Nonsteroidal Anti-inflammatory Drugs

In experimental animal models, nonsteroidal anti-inflammatory drugs (NSAIDs) 
inhibit tumor growth [69, 70]. Aspirin may influence the cancer risk primarily 
through its effect on the cyclooxygenase (COX) activity. Like other NSAIDs, aspi-
rin inhibits the COX enzyme that converts arachidonic acid into prostaglandins 
[71]. Aspirin is presumed to have an effect on the tumor growth due to the inhibition 
of the cyclooxygenase-2 (COX-2) enzyme, which is associated with inflammation, 
apoptosis, cell migration, and angiogenesis [72]. Aspirin is also thought to be an 
effective antioxidant [71] and helpful in modulating estrogen biosynthesis [73].

Aspirin and NSAIDs are reported to be effective in preventing colon cancer [74, 
75]. Epidemiological studies showed accumulating evidence regarding the cancer-
preventive effects of these agents, and the long-term use of aspirin could also reduce 
the risk of breast cancer by approximately 14% [76, 77]. However, the efficacy of 
aspirin in the primary prevention of cancer remains controversial, because results 
from a large-scale, randomized control study suggested that alternate-day use of 
low-dose aspirin (100 mg) within a period of 10 years did not lower the risk of total, 
breast, colorectal, or other site-specific cancers [78]. Recently, a prospective study 
examined the association between regular NSAID use and breast cancer risk in a 
large cohort of women with a family history of breast cancer, including 1054 BRCA1 
or BRCA2 mutation carriers [79]. This study found that regular use of aspirin and 
COX-2 inhibitors was associated with a reduced risk of breast cancer (39% and 
61%, respectively) in women with either familial or genetic risk [79]. However, in a 
series of subgroup analyses, the strength of these associations did not differ by fam-
ily risk profile or mutation status; although not nominally significant, negative asso-
ciations were found for both BRCA1 and BRCA2 mutation carriers [79]. Similarly, 
the association was not modified by ER status [79].

The use of aspirin and other NSAIDs for primary breast cancer prevention can be 
an attractive strategy because they are inexpensive and widely available, but the 
benefits of NSAIDs need to be weighed against the potential harm of long-term use. 
Secondary prevention trials in women affected by breast cancer, such as the Aspirin 
for Breast Cancer (ABC) trial and the Add-Aspirin trial [80, 81], are ongoing and 
the results are awaited.

9.2.6	 �Retinoids

Retinoids have been studied as chemopreventive agents due to their role in regulat-
ing cell growth, differentiation, and apoptosis in preclinical models [82]. Fenretinide 
(N-(4-hydroxyphenyl) retinamide), a synthetic derivative of all-trans-retinoic acid, 
has been the most studied retinoid in clinical trials of breast cancer chemopreven-
tion owing to its selective accumulation in breast tissue and its unique ability to 
inhibit cell growth proliferation through the induction of apoptosis rather than dif-
ferentiation [83, 84]. A multicentric phase III randomized trial evaluating the effi-
cacy of fenretinide was initiated in 1987. The participants were stage I breast cancer 
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patients aged 33–70 years who had undergone surgery for breast cancer within the 
previous 10 years. Women were randomly assigned to receive either no treatment or 
200 mg/day of fenretinide orally for 5 years. The main outcome measure was the 
occurrence of contralateral breast cancer as the first malignant event. A statistically 
significant beneficial trend was observed in premenopausal women with contralat-
eral and those with ipsilateral breast cancer (HR: 0.66 and HR: 0.65, respectively), 
compared with an opposite trend in postmenopausal women (contralateral breast 
cancer HR: 1.32; ipsilateral breast cancer HR: 1.19), when the analysis was strati-
fied by menopausal status [85]. This result was confirmed after a 15-year follow-up. 
Fenretinide has demonstrated a favorable toxicological profile, which mainly 
includes reversible skin dryness and rashes and dark adaptation difficulties, often 
overcome by a regular 3-day/month suspension of the drug. However, teratogenicity 
remains a major issue, and contraception is required [86].

This agent has shown antitumor activity in ovarian cancer animal models [87]. In 
the phase III breast cancer prevention trial, the incidence of ovarian cancer during 
the 5-year intervention period was significantly lower in the fenretinide group (no 
cases vs. six in the control group) [85, 88], although no significant difference was 
shown in the long-term follow-up [89]. Moreover, fenretinide was highly effective 
in inhibiting the growth of BRCA1 mutant breast cancer cell lines [90]. Considering 
the protective effect of fenretinide in young women with second breast cancer and a 
similar trend in ovarian cancer, it can be used for chemoprevention in women with 
BRCA1 or BRCA2 mutations [83].

9.3	 �Future Challenges

We reviewed the current candidate drugs for the chemoprevention of breast can-
cer. Among them, endocrine intervention is considered as the standard of care for 
breast cancer with relatively few side effects; thus, it is most likely considered as 
a starting point for chemoprevention in high-risk breast cancer populations. 
However, despite the recommendation of chemopreventive therapy for breast can-
cer in some guidelines, many women do not prefer to take chemopreventive 
agents, and chemoprevention strategies are not widely used in clinical practice. In 
terms of primary prevention for breast cancer, the most important consideration is 
the balance between adverse events and their effects. A recent retrospective study 
in the United States indicated that the use of chemoprevention among women at 
increased risk for breast cancer remains low, especially among those aged below 
50 years, largely because of the fear of adverse events [91]. In particular, terato-
genic drugs, such as tamoxifen, may not be a good option for young women of 
childbearing age who are well aware of the possibility of chemoprevention. Given 
the low chemoprevention uptake among high-risk populations, healthcare provid-
ers must be encouraged to provide appropriate counseling to women who are eli-
gible for chemoprevention, which includes further education about the adverse 
effects and recruitment of women to participate in a trial regarding chemopreven-
tion when appropriate [91].
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Given the aforementioned limitations, chemoprevention options should be 
offered to women who have a significantly higher risk of breast cancer with germ-
line BRCA mutations. This is because prophylactic mastectomy is still the gold 
standard risk reduction method for women with BRCA mutations, but it is an inva-
sive procedure and requires psychological considerations because of its impact on 
cosmetic appearance. Therefore, further evidence regarding the specific chemopre-
vention options for these women should be obtained. A particularly promising 
approach is to focus on the differences in the mechanisms of carcinogenesis and 
phenotypes between BRCA1-deficient and BRCA2-deficient breast cancers, and to 
develop strategies for chemoprevention in BRCA1 and BRCA2 mutation carriers. 
Considering these differences, subtype-based approaches are expected, such as 
endocrine therapy for BRCA2 mutation carriers and denosumab for BRCA1 muta-
tion carriers. In addition, PARP inhibitors may be suitable agents for both BRCA1 
and BRA2 mutation carriers.

There is insufficient evidence to confer an optimal duration of administration in 
chemoprevention. However, the administration of chemopreventive treatment may 
require the suspension of prophylactic mastectomy, thus avoiding the potential 
harm from surgery in healthy women with BRCA mutations.

Although several steps must be overcome to ensure the feasibility of chemopre-
vention in the clinical setting, an individualized treatment using the recently devel-
oped molecularly targeted drugs will help improve the efficacy of chemopreventive 
strategies in both research and clinical settings. The development of rational, effec-
tive, and minimally toxic prophylactic drugs with the ability to modify carcinogen-
esis at an early stage is needed to improve the clinical outcome of 
chemoprevention.
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10Chemoprevention for Ovarian Cancer

Hiroshi Kobayashi

Abstract

Objectives: This chapter describes the effects and precautions of chemopreven-
tion of ovarian cancer.

Methods: We have collected literature searches reported in English from 
PubMed and Embase databases between 1990 and 2002.

Results: One of the important risk factors for ovarian cancer is a family his-
tory of ovarian and breast cancer. There is no clear evidence that screening tests 
with transvaginal ultrasonography or serum CA125 alone or in combination can 
reduce ovarian cancer incidence and mortality. Prophylactic risk-reduction 
salpingo-oophorectomy is an effective risk management option for ovarian can-
cer in high-risk populations. Chemoprevention is another option. We investigated 
the chemopreventive strategies by dividing the subjects into the general popula-
tion and BRCA1/BRCA2 gene mutation carriers. OC significantly reduces the 
risk of ovarian cancer in the general population because there is an inverse rela-
tionship between the duration of OC use and risk reduction of ovarian cancer, 
with long-lasting protective effects even after OC is discontinued. In BRCA 
mutation carriers, several studies, including systematic review, meta-analysis of 
case-control studies, and case-control studies and review articles, have shown 
that OC reduces the risk of ovarian cancer, and that the longer OC is used, the 
lower the risk of ovarian cancer. Relative risk is expected to decrease by over 
20% with every 5 years of use. OC significantly reduces ovarian cancer risk in 
both the general population and BRCA mutation carriers. On the other hand, OC 
has a modest but significant increased risk of breast cancer in certain BRCA 
mutation carriers when taking OC from under the age of 20 (or 30) or when using 
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long-term OC before delivery. Use of natural progesterone or dydrogesterone is 
preferred to avoid increased breast cancer risk. The impact of OC on breast can-
cer risk is still controversial, so it is essential to consider some details: patient 
age, duration of use, and progesterone components.

Conclusion: In conclusion, OC shows a clear chemopreventive effect on ovar-
ian cancer, but slightly increases the risk of breast cancer.

Keywords
Chemoprevention · Oral contraceptives · Ovarian cancer · Breast cancer · 
BRCA1/BRCA2 mutation carriers

10.1	 �Introduction

Epithelial ovarian cancer is one of the most common gynecologic cancers. Ovarian 
cancer is typically diagnosed at a late stage, mainly due to limitations in effective 
screening strategy and early diagnosis. 5-year overall survival rate in stage IIIC is as 
low as 44.4% in Japan [1]. The overall incidence and mortality rate from ovarian 
cancer are declining (29% and 33% in 30 years, respectively) in the United States, 
while the number of ovarian cancer patients is increasing in Japan (approximately 
doubled in 30 years) [2]. Ovarian cancer comprises a heterogeneous group of tumors 
[3] and is known to have distinct clinical and biological behaviors, including epide-
miology; different identifiable risk factors; cellular origins; morphologic, immuno-
phenotypic, and molecular features; genetic complexity; and driver mutations [4]. 
The common histological subtypes of epithelial ovarian cancer are serous, endome-
trioid, clear cell, and mucinous carcinoma, with the presence of specific driver 
mutations allowing further risk stratification [3]. Serous cancer is the most common 
in Western countries, but Asians have a higher incidence of clear cell and endome-
trioid carcinomas [2]. Ovarian cancer, especially high-grade serous cancer, has 
unique biological features that reflect the effects of germline BRCA1/BRCA2 
mutations or somatic TP53 variants [5]. In particular, BRCA genetic mutation car-
riers are prone to breast cancer and ovarian cancer so it is necessary to take preven-
tive measures against carcinogenesis throughout life. This chapter describes the 
effects and problems of chemoprevention of ovarian cancer.

10.2	 �Methods

10.2.1	 �Literature Search

We have collected literature searches reported in English from PubMed and Embase 
databases between January 1990 and March 2002, combining the keywords “che-
moprevention” and “oral contraceptives” combined with “ovarian cancer,” “breast 
cancer,” “estrogen,” “progesterone,” “progestin,” “risk,” “general population,” and 
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“BRCA mutation carriers.” A variety of combinations of these terms were used. 
Furthermore, the references of each article were searched to identify potentially 
relevant studies. Publications of original studies, review papers, and some guide-
lines were included, while those documenting opinions, points of view, or anecdotes 
were excluded.

10.3	 �Results

10.3.1	 �Risk Management Options for Ovarian Cancer

Epidemiological studies to date have identified risk factors for ovarian cancer. 
Several reproductive and hormonal factors may lower risk, including parity, lacta-
tion (breastfeeding), oral contraceptive (OC) use, the use of an intrauterine device 
(IUD), a hysterectomy, tubal ligation, or prophylactic bilateral salpingo-
oophorectomy, while others, such as early age at menarche, older age at menopause, 
infertility, obesity, hormone replacement therapy (HRT), and a personal history of 
endometriosis, polycystic ovarian syndrome, or pelvic inflammatory disease, confer 
increased risks [6]. In clinical practice, it is necessary to identify the subgroups that 
are most effective in chemoprevention. The most important risk factor for ovarian 
cancer is a family history of ovarian and breast cancer [7]. Hereditary breast and 
ovarian cancer (HBOC) syndrome has pathogenic BRCA1 and BRCA2 gene muta-
tions and accounts for 5–15% [8] and 15–20% [9] of all breast cancers and ovarian 
cancers, respectively. The rates of BRCA1/BRCA2 variants and variants of uncer-
tain significance (VUS) were 19.7% and 6.5%, respectively, in 830 Japanese fami-
lies who underwent BRCA1/BRCA2 genetic testing [10]. HBOC is frequently 
diagnosed in Japan as in the West [5]. Pathogenic variants in the BRCA genes 
greatly increase lifetime risk of breast cancer (40–80%, up to 85%) and ovarian 
cancer (11–50%, up to 60%) [11].

In general, three strategies are promising to reduce the incidence of cancer: pre-
vention of carcinogenesis in gene mutation carriers, effective treatment after the 
onset of cancer, and reduction of future cancer risk for survivors. First, we outline 
the primary (lifestyle improvement), secondary (early detection and early treat-
ment), and tertiary prevention (prevention of recurrence after cancer treatment) of 
cancer [12]. Primary prevention efforts include the lifestyle improvement, promo-
tion of physical activity, and elimination of factors that increase the risk of cancer. 
Smoking cessation, a balanced diet, and moderate exercise are effective preventa-
tive measures, but they do not completely prevent the development of cancer. 
Secondary prevention includes early detection and early treatment of cancer. For 
example, cervical cancer has primary prevention with HPV vaccination and second-
ary prevention with cervical cancer screening. Combining primary and secondary 
prevention can reduce the incidence of cervical cancer. Finally, tertiary prevention 
is comprised of follow-up to prevent and delay recurrence and improve prognosis. 
Prevention efforts and their effectiveness in reducing risk factors have been demon-
strated in breast, prostate, and colon cancers [13–15]. Selective estrogen receptor 
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modulators (SERMs) have been proposed for the primary prevention of estrogen 
receptor-positive breast cancer of postmenopausal women [14]. The prognosis of 
patients with colorectal cancer can be improved by tertiary prevention efforts with 
low-dose aspirin [13]. Green tea catechins may reduce the incidence of prostate 
cancer from precancerous lesions [15]. Epidemiological studies have revealed that 
the risk of ovarian cancer is reduced by childbirth, lactation, and fallopian tube liga-
tion in both the general population and BRCA1 mutation carriers [16].

Next, we discuss management options to reduce ovarian cancer risk. For breast 
cancer, there are three options for risk-reducing management: close surveillance 
with clinical examinations and imaging studies, chemoprevention with drugs, and 
risk-reducing mastectomy (RRM) [5]. However, there is no evidence that screening 
tests, such as transvaginal ultrasonography, serum CA125 measurements, or their 
combination, can reduce the incidence and mortality of ovarian cancer [17]. Risk 
management options for ovarian cancer are limited, and prophylactic risk-reducing 
salpingo-oophorectomy is an effective strategy in high-risk populations [5]. NCCN 
and other guidelines recommend prophylactic surgery at ages 35–40. In actual prac-
tice, some patients at risk are not willing to undergo prophylactic surgery, so they 
choose surveillance. Chemoprevention is another option [5].

10.3.2	 �Impact of Chemoprevention on Ovarian Cancer Risk

The ideal chemopreventive agent is a natural or synthetic molecule that prophylacti-
cally and safely reduces the incidence or recurrence of malignancy. One of the most 
widely used chemopreventive agents for ovarian cancer is combined oral contracep-
tive (OC). Recently, OC combined with low-dose estrogen (ethinylestradiol <50 μg) 
and progestins is often used. Naturally synthesized in the body is called progester-
one, and artificially synthesized is called progestin or progestogen. Medical care in 
Japan is divided into self-pay and insurance, and medical insurance is provided 
under the universal health insurance system. The terms “OC” and “low-dose estro-
gen and progestin (LEP)” in the narrow sense are used for contraception (self-
payment) and treatment of endometriosis and dysmenorrhea (paid by insurance), 
respectively.

We investigated the chemopreventive strategies by dividing the subjects into the 
general population and BRCA1/BRCA2 gene mutation carriers. The results of each 
study are summarized in Table 10.1. In the general population, OC markedly reduces 
ovarian cancer risk [18–25]. There is a consistent inverse relation between duration 
of OC use and ovarian cancer risk [23]. The protective effect of OC against ovarian 
cancer persists for many years after stopping OC use [24]. Furthermore, OC use was 
shown to significantly prolong progression-free survival among patients with ovar-
ian cancer [22]. However, a lack of randomized controlled trials limits the strength 
of evidence [21].

In addition, a literature search was conducted to determine whether OC use is 
recommended to reduce the risk of developing ovarian cancer in BRCA mutation 
carriers. In BRCA mutation carriers, several studies [26, 28, 30, 31, 34, 35], 
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including systematic review, meta-analysis of case-control studies, and case-control 
studies and review articles [36–40], have shown that OC reduces the risk of ovarian 
cancer, and that the longer OC is used, the lower the risk of ovarian cancer. Recently, 
Kathawala et al. published an elegant paper on current status and future directions 
on chemopreventive strategies for ovarian cancer [36]. The relative risk is expected 
to decrease by more than 20% for each 5 years of OC use. The latest 2020 system-
atic review also revealed that OC clearly reduces ovarian cancer risk in BRCA 
mutation carriers [35]. As a chemoprevention of ovarian cancer in BRCA mutation 
carriers, OC may be an alternative strategy for young women who do not accept 
prophylactic risk-reducing salpingo-oophorectomy [28, 31]. OC is recommended 
for reducing the risk of developing ovarian cancer, but has not been extensively and 
prospectively tested [22, 41]. Taken together, in all studies, OC significantly reduces 
ovarian cancer risk in both the general population and BRCA mutation carriers.

Besides OC, there are several reports on chemopreventive drugs for ovarian can-
cer. Chemoprevention with SERM, tamoxifen and raloxifene, not only reduces can-
cer risk [42] but also delays the onset of cancer in BRCA mutation carriers [43]. 
Meanwhile, long-term HRT may increase the risk of ovarian cancer [43].

First, we summarize the impact of OC on breast cancer risk. A later age at men-
arche, one full-term pregnancy, breastfeeding, and oophorectomy might be protec-
tive for BRCA1-associated breast cancer [44–46]. Nulliparous BRCA mutation 
carriers developed breast cancer about 5 years earlier than those who have given 
birth (36.4 vs. 40.9; p = 0.001) [47]. In a case-control study of BRCA1 mutation 
carriers, ever OC users were reported to have a 40% (odds ratio [OR] = 1.40; 0.95% 
CI 1.14–1.70) increased risk of early-onset breast cancer diagnosed before age 40 
compared to never users [48]. The increased risk was greatest for women who 
started taking OC prior to age 20 (OR ever vs. never = 1.45; 95% CI 1.20–1.75) 
[48]. As shown in Table  10.2, several papers [21, 28, 49–54] reported that OC 
showed a modest but significant increase in breast cancer risk not only in the general 
population but also in BRCA mutation carriers, while others [16, 30, 31, 55–58] 
stated that OC did not increase the risk. According to the ACOG statement, “OC is 
not contraindicated in patients with a family history of breast cancer or in those with 
BRCA mutations” [62]. OC clearly reduces the risk of ovarian cancer, but taking 
OC for more than 5  years before age 30 can increase breast cancer risk [62]. 
Regarding OC use and breast cancer risk, various biases make it difficult to compare 
results between studies. The following factors are relevant: differences in study 
design used in case-control studies, differences in criteria for family history of 
breast cancer or ovarian cancer, and differences in criteria defining the control popu-
lation of the study, such as BRCA mutation carriers who are not currently diagnosed 
with cancer, age of use, age distribution of population, age at onset of ovarian cancer 
or breast cancer, duration of use, OC dosage used, moderate- or low-dose ethinyl-
estradiol, questionnaire survey method, the nationality, region, and ethnicity of the 
examined group. In summary, OC has a modest but significant increased risk of 
breast cancer in certain BRCA mutation carriers when taking OC from under the 
age of 20 (or 30) or when using long-term OC before delivery [47]. Thus, OC shows 
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a clear chemopreventive effect on ovarian cancer, but slightly increases the risk of 
breast cancer.

Next, we investigate the chemopreventive effect of OC on cancers other than 
breast cancer. OC reduces risk of colorectal cancer (OR = 0.86; 95% CI, 0.79–0.95) 
[21, 50] and endometrial cancer (OR = 0.57; 95%CI, 0.43–0.76) [21, 28, 50], while 
it increases the risk of cervical cancer [21, 28, 50] and liver cancer [26]. A signifi-
cant increase in the risk of both cervical intraepithelial neoplasia grade 3 (CIN3)/
carcinoma in situ (CIS) and invasive cervical cancer was correlated with the dura-
tion of OC use (HR = 1.6 and HR = 1.8, respectively, for ≥15 years) versus never 
use [63]. OC use was associated with a significantly increased risk for hepatocel-
lular carcinoma (relative risk 3.8, 95% CI, 1.0 to 14.6), with use over 8 years show-
ing a marked increased risk (RR 20.1, [2.3 to 175.7]) [64].

Finally, we review the impact of chemopreventive agents other than OC on breast 
cancer risk. There are interesting reports regarding the risk of breast cancer caused 
by HRT [56]. Some papers have reported that HRT increases breast cancer risk [60], 
while others do not [61]. In the general population, current HRT use was signifi-
cantly associated with higher risk of breast cancer compared to never users (hazard 
ratio 1.87, 95% CI 1.40–2.48) [60]. BRCA1/BRCA2 mutation carriers who undergo 
HRT after RRSO did not have an increased risk of breast cancer [65]. Intrauterine 
administration of levonorgestrel significantly increased risk of lobular breast cancer 
(standardized incidence ratio (SIR) 1.33, 95% CI 1.20–1.46) and ductal breast can-
cer (SIR 1.20, 95% CI, 1.14–1.25) [59]. On the other hand, chemoprevention with 
tamoxifen and raloxifene significantly reduced the risk of breast cancer in high-risk 
women [42].

10.3.3	 �Biological Diversity of OC

The mechanism by which OC reduces the risk of developing ovarian cancer is 
mainly due to three factors: inhibition of ovulation, suppression of excessive gonad-
otropin levels, and elimination of precancerous cells by progesterone [34]. First, the 
development of ovarian cancer may result from persistent ovulation-induced inflam-
mation in fallopian tube epithelial cells or ovarian surface epithelial cells [33]. In 
vitro study has shown that the addition of follicular fluid to fallopian tube epithelial 
cells causes overexpression of the inflammatory cytokine interleukin-8, DNA 
double-strand breaks, induction of DNA repair pathways, and TP53 accumulation 
[66]. The accumulation of DNA damage through misrepair or incomplete repair 
during ovulation may lead to mutagenesis and consequently ovarian carcinogenesis. 
Thus, suppression of ovulation by OC may explain the chemopreventive effect on 
ovarian cancer [33, 67].

Second is the gonadotropin hypothesis that excessive gonadotropin exposure 
may induce ovarian carcinogenesis [68]. In vitro experiments clearly showed that 
FSH promotes cell proliferation, invasion, and angiogenesis via upregulation of 
vascular endothelial growth factor (VEGF) expression [69]. Also, FSH inhibits cell 
apoptosis via overexpression of the organic cation/carnitine transporter4 (OCT4)/

10  Chemoprevention for Ovarian Cancer



162

Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signal-
ing pathway [70]. However, serum FSH levels did not differ between women with 
ovarian cancer (median, 44.0 mIU/mL; range, 13.8–101.2) and controls (median, 
43.4 mIU/mL; range, 13.5–109.5; p = 0.17) [71]. Furthermore, a nested case-control 
study revealed that women with high serum FSH levels were less likely to develop 
future ovarian cancer (p = 0.005) [72]. Serum gonadotropin levels are unlikely to 
reflect local concentrations in the ovary, but these clinical findings do not appear to 
actively support the gonadotropin hypothesis for ovarian carcinogenesis.

Finally, there are two issues to solve: one is to elucidate the mechanism by which 
progesterone suppresses or promotes carcinogenesis depending on the type of can-
cer, and the other is to investigate the effect of different types of progesterone (syn-
thetic or natural) on cell proliferation. Progesterone can exert different hormonal 
effects on the ovary and breast. Progesterone induces apoptosis in normal and 
malignant human ovarian epithelial cells via upregulation of tumor suppressor gene 
p53 expression, resulting in inhibition of cell proliferation [73, 74]. Therefore, pro-
gesterone acts as a growth inhibitor on the fallopian tube and ovarian epithelial 
cells. Brisken et al. reported that progesterone is a key regulator of cell proliferation 
and stem cell activation in adult mammary gland [75]. Natural progesterone may 
either promote or inhibit the growth of mammary gland epithelial cells [49]. 
Synthetic progestins (particularly the combination of conjugated equine estrogens 
and medroxyprogesterone acetate) are always growth promoting [49]. In postmeno-
pausal women, long-term medical treatment options including estrogen-progestin 
oral contraceptives may promote the growth of the terminal duct lobular units and 
subsequently enhance breast density [49].

Some paper reported that OC significantly increases the risk of breast cancer, 
while others do not. Why are the results of clinical trials different from study to 
study? The reason is probably because the risk of breast cancer depends on the type 
of progestin used [56]. The relative risk of breast cancer was 1.00 (95% CI, 
0.83–1.22) for estrogen-natural progesterone, 1.16 (0.94–1.43) for estrogen-
dydrogesterone, and 1.69 (1.50–1.91) for estrogen combined with other progestins 
[56]. The fact that synthetic progesterone has a higher carcinogenic potential than 
natural progesterone suggests that the progestin component may affect breast can-
cer risk. Use of natural progesterone or dydrogesterone is preferred to avoid 
increased breast cancer risk [49, 56].

10.4	 �Discussion

This chapter summarizes the effects and problems of chemoprevention of ovarian 
cancer in the general population and BRCA mutation carriers. There was no differ-
ence in chemopreventive effect on ovarian cancer between the two groups. The most 
frequently used chemopreventive agent is OC, and there was an inverse relationship 
between the duration of OC use and the risk reduction of ovarian cancer, and the 
protective effect persisted for many years after stopping OC use (Tables 10.1 and 
10.2). On the other hand, taking OC from under the age of 20 or using long-term OC 
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before delivery gives a small but significant risk of breast cancer [47]. Use of natural 
progesterone or dydrogesterone does not increase breast cancer risk [49, 56]. The 
impact of OC on breast cancer risk is still controversial, so it is necessary to con-
sider patient age, duration of use, and type of progesterone.
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11Risk-Reducing Mastectomy (RRM)
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Abstract

Hereditary breast and ovarian cancer (HBOC) syndrome comprises breast and 
ovarian cancer at exceptionally high rates in patients who have genetic mutations 
in BRCA 1 and/or BRCA 2 genes. Risk-reducing mastectomy (RRM) and bilat-
eral salpingo-oophorectomy are effective preemptive strategies for women with 
BRCA mutations. Bilateral RRM (BRRM) decreases the incidence of breast can-
cer but is a radical surgical procedure; thus, it should be considered only for 
individuals at high risk and should not be routinely considered for those with low 
to average risk of breast cancer. Contralateral RRM (CRRM) can also reduce the 
incidence of contralateral breast cancer, but its effect on survival is difficult to 
determine owing to the concurrent risk-reducing salpingo-oophorectomy 
(RRSO) performed; thus, further studies that control for possible confounding 
variables are recommended.

RRM may reduce anxiety in high-risk individuals who think that developing 
breast cancer is inevitable, but understanding its true risk through genetic coun-
seling may also reduce anxiety and perception of inevitability. Physical morbid-
ity, lifestyle choices, and postoperative surgical complications are factors that 
should be considered when planning RRM since satisfaction with one’s decision 
is generally high among individuals who underwent the procedure, although not 
with the cosmetic outcome brought about by surgical complications or recon-
struction. Psychiatric morbidity owing to a negative body image and lack of 
sexual feelings are observed in individuals who undergo RRM. Psychological 
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support should thus also be a part of the process from decision-making to post-
operative follow-up.

The decision to undergo RRM is highly personal. High-risk individuals must 
be provided with all available information on the merits and demerits of the pro-
cedure as well as alternatives and other risk management strategies such as 
RRSO, chemoprevention, and breast screening.

Keywords

Breast cancer · BRCA · Hereditary · Genetic · Prophylactic surgery

11.1	 �Introduction

Owing to advancements in genomic medicine, cancer care has shifted from curative 
medicine to preemptive medicine. We can now offer genetic testing to estimate an 
individual’s cancer risk and consider preemptive interventions. One such preemp-
tive strategy is risk-reducing surgery. Patients eligible for the procedure are well 
informed and provided with the choice of undergoing the procedure after weighing 
all possible options.

Hereditary breast and ovarian cancer syndrome (HBOC) comprises breast and 
ovarian cancer at exceptionally high rates in patients who have genetic mutations 
in BRCA 1 and/or BRCA 2 genes. To protect this population from developing the 
disease, it is critical to identify and encourage them to undergo genetic counseling 
and intensive screening. While other preventive strategies for women with HBOC 
are chemoprevention with tamoxifen and oral contraceptives, risk-reducing mas-
tectomy (RRM) and bilateral salpingo-oophorectomy are effective strategies for 
women with BRCA mutations. Since RRM is an invasive and irreversible proce-
dure that results in physical and emotional morbidity, women who are contem-
plating this procedure should be able to make informed decisions based on 
currently available evidence and weigh the benefits and limitations of the proce-
dure with the benefits and limitations of other alternatives. Guiding and support-
ing a woman’s decision entails the physician and other healthcare professionals to 
have the appropriate knowledge of the available evidence and establish a consen-
sus to design a sustainable support system for risk-reducing procedures in the 
Asian community.

11.2	 �History of RRM

A study conducted by Hartmann et al. in 1999 described the efficacy of bilateral 
prophylactic mastectomy in women with a family history of breast cancer. The sub-
jects of the study were classified as high risk and moderate risk based on family 
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history. Prophylactic mastectomy was subsequently performed, and the incidence of 
breast cancer in respective groups was compared with that of their sisters as the 
control group. At the time the study was conducted, specific indications for prophy-
lactic mastectomy included a family or personal history of breast cancer, multiple 
previous breast biopsies, unreliable results on physical examination of nodular 
breasts, findings of dense breast tissue on mammography, mastodynia, and cancer 
phobia. Genetic testing was not necessarily performed to opt for bilateral RRM 
(BRRM). This study concluded that in women with a high risk of breast cancer 
based on family history, prophylactic mastectomy can significantly reduce the inci-
dence of breast cancer.

Tuttle et  al. [1] reported in 2007 that their study on patient data from the 
Surveillance, Epidemiology, and End Results database in the United States showed 
an increasing trend of contralateral prophylactic mastectomy among patients with 
unilateral breast cancer during a 6-year period from 1998 to 2003. Increased rates 
were observed in all cancer stages. The authors concluded that there was a trend 
toward more aggressive surgical treatment for these patients.

In 2010, Domchek et al. [2] published a study on the association of risk-reducing 
surgery in BRCA1/BRCA2 mutation carriers with cancer risk and mortality. This 
study showed that among a cohort of women with BRCA1/BRCA2 mutations, the 
use of RRM was associated with a lower risk of breast cancer and RRSO was asso-
ciated with a lower risk of ovarian cancer, breast cancer, and overall breast- and 
ovarian-cancer-specific mortality. The results of this study emphasized the reduced 
incidence and potential survival benefit of performing prophylactic surgery in 
patients with BRCA1/BRCA2 mutations.

11.3	 �Risk Reduction of Developing Breast Cancer

The following sections will be discussed in two parts: bilateral RRM (BRRM) for 
individuals with no personal history of breast cancer and contralateral RRM 
(CRRM) for those with a history of unilateral breast cancer.

11.3.1	 �BRRM

High-risk women who do not have a personal history of breast cancer may be pro-
vided the option of undergoing BRRM as a primary prevention strategy for the 
disease. A woman’s decision to opt for BRRM is strongly correlated with her 
BRCA1 or BRCA2 mutation test results, as well as the recommendation of her 
physician.

The latest update of the Cochrane review by Carbine et al. [3] on RRM for the 
prevention of primary breast cancer revealed that 21 BRRM studies had consistent 
results showing a reduced incidence of breast cancer, reduced cancer mortality, or 
both. These studies showed a risk reduction ranging from 94% to 100%. One study 
showed that the incidence of breast cancer was 0.8% in the BRRM group in contrast 
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to 1.7% in the non-BRRM group; this indicated a protective effect, although not 
significant.

Risk-reducing surgery is not perfect, and complete removal of the breast tissue is 
not technically possible. However, the data from the studies in the Cochrane review 
add biological plausibility to the theory that reducing the amount of breast tissue 
reduces the risk of breast cancer.

11.3.2	 �CRRM

Women who have a personal history of unilateral breast cancer and are at a higher 
risk of developing a second primary cancer in the contralateral breast may consider 
RRM of the unaffected breast as a preventive strategy.

The Cochrane reviewed 26 CRRM studies and consistently reported a reduction 
in the incidence of contralateral breast cancer. However, there is a continuing risk of 
recurrence or metastasis from primary cancers. Healthcare professionals must con-
sider other options to reduce breast cancer risk in addition to CRRM, such as bilat-
eral risk-reducing salpingo-oophorectomy (BRRSO) and chemoprevention, for 
high-risk individuals.

11.4	 �Survival Benefit

11.4.1	 �BRRM

Studies have shown that BRRM not only decreases the incidence of breast cancer 
but also decreases the mortality rate due to breast cancer. Table 11.1 shows a sum-
mary of selected studies that examined the effect of BRRM on overall survival 
measured as hazard ratios.

However, Ingham et al. showed that when BRCA1/BRCA2 carriers who under-
went BRRM were compared with those who did not, a borderline significant result 
was obtained: BRRM with BRRSO showed a significant survival advantage, and 
only BRRSO alone was significantly associated with improved survival. Therefore, 
the survival advantage could be attributed to BRRSO and not BRRM.

Arguments on the ethical aspect of removing the breast without disease were 
raised by Rookus et al., emphasizing that even BRCA 1/BRCA2 mutations have 
incomplete penetrance estimated at 70%; thus, 30% of BRRMs in carriers may 
be non-therapeutic and unnecessary. However, the authors further argued that 
the ineffectiveness of surveillance and the high lethality of late diagnosis of 
breast cancer make the recommendation of risk-reducing surgery a reasonable 
strategy.

R. Kotake et al.



173

Ta
bl

e 
11

.1
 

L
ite

ra
tu

re
 o

n 
ov

er
al

l s
ur

vi
va

l a
m

on
g 

su
bj

ec
ts

 w
ho

 u
nd

er
w

en
t B

R
R

M

R
ef

er
en

ce
St

ud
y 

de
si

gn
In

te
rv

en
tio

n
O

ut
co

m
e

Su
bj

ec
ts

 #
E

ve
nt

#
H

az
ar

d 
ra

tio
C

on
fid

en
ce

 
in

te
rv

al
H

ee
m

sk
er

k-
G

er
ri

ts
en

 e
t a

l. 
[4

]
C

oh
or

t s
tu

dy
B

R
R

M
O

ve
ra

ll 
su

rv
iv

al
B

R
R

M
: n

 =
 1

12
8

(B
R

C
A

1 
n 

=
 7

22
, 

B
R

C
A

2 
n 

=
 4

06
)

Su
rv

ei
lla

nc
e:

 n
 =

 1
72

9 
(B

R
C

A
1 

n 
=

 9
90

, 
B

R
C

A
2 

n 
=

 7
39

)

B
R

R
M

: n
 =

 1
4 

(B
R

C
A

1 
n 

=
 1

0,
 

B
R

C
A

2 
n 

=
 4

)
Su

rv
ei

lla
nc

e:
 

n 
=

 8
1 

(B
R

C
A

1 
n 

=
 5

2,
 B

R
C

A
2 

n 
=

 2
9)

B
R

C
A

1;
 0

.4
, 

B
R

C
A

; 0
.4

5
B

R
C

A
1;

 9
5%

 
C

I 
0.

20
–0

.9
0,

B
R

C
A

2;
 9

5%
 

C
I 

0.
15

–1
.3

6

L
i e

t a
l. 

[5
]

M
et

a-


an
al

ys
is

 a
nd

 
sy

st
em

ic
 

re
vi

ew

B
R

R
M

O
ve

ra
ll 

su
rv

iv
al

N
A

N
A

0.
23

95
%

 C
I 

0.
05

–1
.0

2,
 

p 
=

 0
.8

85

In
gh

am
 e

t a
l. 

[6
]

C
oh

or
t s

tu
dy

B
R

R
M

O
ve

ra
ll 

su
rv

iv
al

B
R

R
M

: n
 =

 1
26

(o
f 

w
hi

ch
 n

 =
 5

8 
ha

d 
B

R
R

M
 o

nl
y,

 n
 =

 6
8 

ha
d 

B
R

R
M

+
R

R
SO

)
N

o 
ri

sk
-r

ed
uc

in
g 

su
rg

er
y:

 n
 =

 4
57

B
R

R
M

: n
 =

 2
 (

no
t 

sp
ec

ifi
ed

)
N

o 
ri

sk
-r

ed
uc

in
g 

su
rg

er
y:

 n
 =

 7
1 

(n
ot

 s
pe

ci
fie

d)

0.
25

95
%

 C
I 

0.
03

–1
.8

1,
 

p 
=

 0
.1

4

H
ee

m
sk

er
k-

G
er

ri
ts

en
 e

t a
l. 

[7
]

C
oh

or
t s

tu
dy

B
R

R
M

O
ve

ra
ll 

su
rv

iv
al

B
R

R
M

: n
 =

 2
12

 
(B

R
C

A
1 

n 
=

 1
56

, 
B

R
C

A
2 

n 
=

 5
6)

Su
rv

ei
lla

nc
e:

 n
 =

 3
58

(B
R

C
A

1 
n 

=
 2

49
, 

B
R

C
A

2 
n 

=
 1

09
)

B
R

R
M

: n
 =

 1
Su

rv
ei

lla
nc

e:
 n

 =
 6

0.
22

95
%

 C
I 

0.
02

–1
.6

8

11  Risk-Reducing Mastectomy (RRM)



174

Ta
bl

e 
11

.2
 

L
ite

ra
tu

re
 o

n 
ov

er
al

l s
ur

vi
va

l a
m

on
g 

su
bj

ec
ts

 w
ho

 u
nd

er
w

en
t C

R
R

M

R
ef

er
en

ce
St

ud
y 

de
si

gn
In

te
rv

en
tio

n
O

ut
co

m
e

Su
bj

ec
ts

 #
E

ve
nt

#
H

az
ar

d 
ra

tio
C

on
fid

en
ce

 
in

te
rv

al
H

ee
m

sk
er

k-
G

er
ri

ts
en

 
et

 a
l. 

[8
]

C
oh

or
t s

tu
dy

C
R

R
M

O
ve

ra
ll 

su
rv

iv
al

C
R

R
M

: n
 =

 2
42

 (
B

R
C

A
1 

n 
=

 1
93

, B
R

C
A

2 
n 

=
 4

9)
Su

rv
ei

lla
nc

e:
 n

 =
 3

41
 

(B
R

C
A

1 
n 

=
 2

61
, B

R
C

A
2 

n 
=

 8
0)

C
R

R
M

: n
 =

 1
9 

(n
ot

 
sp

ec
ifi

ed
)

Su
rv

ei
lla

nc
e:

 
n 

=
 6

5 
(n

ot
 

sp
ec

ifi
ed

)

0.
49

95
%

 C
I 

0.
29

–0
.8

2

M
et

ca
lf

e 
et

 a
l. 

[9
]

C
oh

or
t s

tu
dy

C
R

R
M

B
re

as
t 

ca
nc

er
-

sp
ec

ifi
c 

su
rv

iv
al

C
R

R
M

a : 
n 

=
 1

81
 (

B
R

C
A

1 
n 

=
 1

03
, B

R
C

A
2 

n 
=

 7
6b )

N
o 

C
R

R
M

c : 
n 

=
 2

09
 (

B
R

C
A

1 
n 

=
 1

23
, B

R
C

A
2 

n 
=

 8
2d )

C
R

R
M

: n
 =

 1
8 

(n
ot

 
sp

ec
ifi

ed
)

N
o 

C
R

R
M

: n
 =

 6
1 

(n
ot

 s
pe

ci
fie

d)

0.
55

95
%

 C
I 

0.
27

–1
.1

3 
(p

 =
 0

.1
0)

va
n 

Sp
ru

nd
el

 e
t a

l. 
[1

0]
C

oh
or

t s
tu

dy
C

R
R

M
O

ve
ra

ll 
su

rv
iv

al
C

R
R

M
: n

 =
 7

9 
(n

ot
 s

pe
ci

fie
d)

Su
rv

ei
lla

nc
e:

 n
 =

 6
9 

(n
ot

 
sp

ec
ifi

ed
)

C
R

R
M

: n
 =

 3
 (

no
t 

sp
ec

ifi
ed

)
Su

rv
ei

lla
nc

e:
 

n 
=

 1
1 

(n
ot

 
sp

ec
ifi

ed
)

0.
35

95
%

 C
I 

0.
09

–1
.3

9 
(p

 =
 0

.1
4)

L
i e

t a
l. 

[5
]

M
et

a-
an

al
ys

is
 

an
d 

sy
st

em
at

ic
 

re
vi

ew

C
R

R
M

O
ve

ra
ll 

su
rv

iv
al

C
R

R
M

: n
 =

 5
45

Su
rv

ei
lla

nc
e:

 n
 =

 1
12

7
N

A
0.

51
2

95
%

 C
I 

0.
36

8–
0.

71
4

So
en

de
rs

tr
up

 e
t a

l. 
[1

1]
C

oh
or

t s
tu

dy
C

R
R

M
O

ve
ra

ll 
su

rv
iv

al
C

R
R

M
: n

 =
 1

47
 (

B
R

C
A

1 
n 

=
 9

5,
 B

R
C

A
2 

n 
=

 5
2)

N
o 

C
R

R
M

: n
 =

 9
0 

(B
R

C
A

1 
n 

=
 4

6,
 B

R
C

A
2 

n 
=

 4
4)

N
A

0.
42

95
%

 C
I 

0.
21

–0
.8

4 
(p

 <
 0

.0
1)

a T
he

 te
rm

 u
se

d 
in

 th
e 

te
xt

 is
 “

bi
la

te
ra

l m
as

te
ct

om
y”

b T
ho

se
 w

ho
 d

id
 n

ot
 u

nd
er

go
 th

e 
ex

am
in

at
io

n 
ar

e 
in

cl
ud

ed
; t

hu
s,

 th
e 

to
ta

l n
um

be
r 

is
 le

ss
 th

an
 1

81
c T

he
 te

rm
 u

se
d 

in
 th

e 
te

xt
 is

 “
un

ila
te

ra
l m

as
te

ct
om

y”
d T

ho
se

 w
ho

 d
id

 n
ot

 u
nd

er
go

 th
e 

ex
am

in
at

io
n 

ar
e 

in
cl

ud
ed

; t
hu

s,
 th

e 
to

ta
l n

um
be

r 
is

 le
ss

 th
an

 2
09

R. Kotake et al.



175

11.4.2	 �CRRM

Improving survival for women who have already been diagnosed with breast cancer 
is the most important point to be considered in CRRM since the procedure itself 
does not alter the primary breast cancer outcome. However, conducting research 
studies on this group of individuals is difficult owing to various confounding factors 
such as selection bias, including age and/or other concurrent treatments undertaken.

Table 11.2 shows a summary of the selected studies, which examined the effect 
of CRRM on overall survival measured as hazard ratios.

Three studies [12–14] found evidence from analyzing survival data that the sur-
vival advantage may be due to selection bias with healthier, younger women select-
ing CRRM.  These women may have had fewer comorbidities. Therefore, it is 
possible that the observed survival benefits may be a result of healthier people 
choosing or being recommended for CRRM rather than the actual benefit of CRRM 
over unilateral mastectomy of the affected breast.

There were three other studies [15–17], which assessed at the impact of tumor 
size and breast cancer stage on survival results. One study [15] found that CRRM 
was associated with improved disease-specific survival among participants with 
stage I to III breast cancer and that survival declined with age. The group of partici-
pants older than 60 years had no risk reduction from the procedure, showing that the 
risk of mortality due to contralateral disease should be weighed against the risk of 
mortality due to primary tumor metastases. A study by Peralta et al. controlled for 
prognostic factors, such as features of the primary tumor, when assessing whether 
CRRM improves survival. The study found no overall survival benefit at 15 years, 
but when they assessed breast cancer (disease-specific) survival, there was a signifi-
cant benefit for the subgroup of participants with early stages of the disease (stages 
0, I, and II). A study by Zeichner et al. had major differences in tumor size and fol-
low-up period between the CRRM and no CRRM groups; thus, the results showed 
a detection bias.

We cannot overemphasize the fact that it is difficult for studies to be conducted 
to determine whether CRRM improves survival because in a real clinical setting 
RRSO is concurrently performed in individuals undergoing CRRM.  It would be 
unethical to design a study in which RRSO is deliberately omitted in the treatment 
of an individual. Therefore, we cannot determine the effect of CRRM alone on sur-
vival since RRSO is a confounding factor that cannot be controlled for in the statis-
tical analysis.

11.5	 �Occult Cancer

A study conducted by [18, 19] showed that among the 53 prophylactic mastectomy 
specimens examined, 6 (11.3%) were found to have occult cancer despite extensive 
preoperative imaging assessment studies, which included mammography, ultra-
sound, and magnetic resonance imaging. This was a higher percentage than that in 
previous studies, as summarized by the authors (Table 11.3). They reviewed the 
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possible factors that were thought to influence occult cancer occurrence, including 
rates of bilateral prophylactic mastectomy, preoperative examination methods, 
BRCA1/BRCA2 mutation rates among subjects, and pathological methods. 
However, the study design and methods of the previous studies varied; therefore, a 
conclusive factor was not identified. It is notable, however, that occult cancers were 
diagnosed despite extensive preoperative examinations; thus, surveillance with sim-
ilar examinations would not have been sufficient for these individuals.

11.6	 �Psychological Relief

Anxiety and fear brought about by the results of genetic testing or the diagnosis of 
unilateral breast cancer is considered to be addressed by risk-reducing surgeries. 
Informed decision-making by high-risk individuals can be made through proper and 
thorough education about the risks and nature of the disease, as well as the merits 
and demerits of each possible option.

Twenty studies assessed psychological measures. Most studies reported high lev-
els of satisfaction with the decision to undergo RRM but had variation in satisfac-
tion with cosmetic outcomes. Cancer anxiety or worry over breast cancer was 
significantly lower after BRRM than before BRRM and for the groups who opted 
for surveillance rather than BRRM.  However, satisfaction with body image and 
sexual feelings diminished.

The healthcare team can facilitate or guide the individual in the decision-making 
process, but each individual is unique in their values, priorities, and expectations. 
What may be considered as the “best option” clinically by healthcare professionals 
may not be the “best” for the individual. Therefore, it is inevitable to cater to the 
needs of the individual and pay attention to what can provide them satisfaction.

11.7	 �Cost Effectivity

A systematic review by Petelin et al. [30] showed that RRSO with bilateral RRM 
was associated with the greatest increase in life expectancy and, therefore, the dom-
inant strategy in terms of cost-effectiveness. In this study, combined RRSO/BRRM 
was less effective after adjusting for quality of life; therefore, RRSO alone may be 
a cost-effective alternative. In addition, this systematic review showed that follow-
ing a primary breast cancer diagnosis, CRRM with or without RRSO was the more 
effective for managing secondary breast cancer risk and cost savings than breast 
cancer screening. Lastly, for breast cancer risk management after a diagnosis of 
ovarian cancer, BRRM was only cost-effective in younger BRCA1 carriers between 
40 and 50 years of age and needed to be performed at least 5 years after the original 
ovarian cancer diagnosis. The authors expressed that the major limiting factor in all 
studies included in this systematic review was the lack of direct mortality data 
owing to the absence of conclusive longitudinal studies on BRCA risk management 
strategies. In addition, the studies were based on a small selection of high-income 

11  Risk-Reducing Mastectomy (RRM)



178

Organisation for Economic Co-operation and Development countries, and these 
countries have a range of different healthcare systems, leading to potential differ-
ences in access and service delivery.

A study conducted by Yamauchi et al. in Japan showed that preventive strategies 
(RRM, RRSO, RRM, and RRSO) were more cost-effective than surveillance, with 
RRSO, RRM, and RRSO being preferable for BRCA1 mutation carriers and RRM, 
RRM, and RRSO for BRCA2 mutation carriers; quality adjustment was based on 
preference ratings. Analysis of the four strategies, including surveillance, using 
preference ratings, identified RRM and RRSO as the most cost-effective strategy for 
BRCA1 mutation carriers and RRM for BRCA2 mutation carriers. They also found 
that RRM was the optimal strategy for BRCA2 mutation carriers with quality-
adjusted life years based on preference ratings, while RRM and RRSO were optimal 
when analyzed by life years. This suggests that RRM would be preferable if quality 
of life was emphasized, while RRM and RRSO would be preferred for survival.

Zendejas et al. [31] conducted a study on the cost-effectiveness of CRRM com-
pared with routine surveillance in patients with a personal history of unilateral 
breast cancer in the USA. This study showed that CRRM was more cost-effective 
than surveillance for patients with breast cancer who were younger than 70 years of 
age. The results were sensitive to the BRCA-positive status and assumptions of 
quality of life differences between CRRM and surveillance patients, emphasizing 
the importance of tailoring the treatment for individual patients.

11.8	 �Disadvantages

11.8.1	 �Surgical Procedure Risk

Risk-reducing surgery, similar to any other surgical procedure, has procedural risks. 
Surgical site infection, hemorrhage, and postoperative pain are among the most 
common surgical complications. Additional procedures, such as breast reconstruc-
tion after mastectomy, may also add procedural risks. Seventeen case series report-
ing on adverse events due to RRM with or without reconstruction were reviewed by 
the Cochrane, and the reported rates of unanticipated reoperations ranged from 4% 
in those without reconstruction to 64% in participants who underwent 
reconstruction.

11.8.2	 �Morbidity and Physical Consequences

The physical condition at the time of RRM may affect morbidity. One study [32] 
found that women with a BMI of 25 to 30 kg/m2 had a higher proportion of infec-
tions after RRM than women with a BMI < 25 kg/m2, and the proportion of implant 
loss increased with increasing weight. Arver et al. also found that wound necrosis or 
epidermolysis was more common among smokers than nonsmokers, making smok-
ing history one of the factors associated with postoperative morbidity.
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A review of the literature by Alaofi et al. [33] stated that though RRMs have low 
morbidity, decrease cancer-specific distress, and improve symmetry, women still 
experience long-term effects in cosmetic, psychological, and social domains. 
Despite seemingly high satisfaction rates after undergoing the procedure, body 
image issues were significantly affected, especially with bilateral mastectomies. 
Many factors contribute to this, such as self-consciousness, feeling less sexually 
attractive, and dissatisfaction with scars. In addition, reconstruction may be associ-
ated with less satisfaction in the long term owing to more frequent surgical compli-
cations and concerns regarding the implants.

11.8.3	 �Psychological Consequences

A study by Van Dijk et al. [34] showed a significant decrease in perceived risk of 
breast cancer after genetic counseling, especially for women at relatively low risk as 
opposed to very high-risk women. RRM may help women feel more in control of 
their health and reassure themselves that they did everything possible to reduce their 
risk of developing breast cancer.

According to the Cochrane review, women generally reported satisfaction with 
their decision to undergo BRRM but were less consistent in satisfaction with cos-
metic outcomes. Diminished satisfaction was often due to surgical complications. 
Two studies in the review showed that dissatisfaction with the decision to undergo 
BRRM correlated with either the discussion being initiated by the physician or the 
physician’s advice to undergo BRRM being the primary deciding factor for high-
risk individuals. This correlation between regret and the physician’s role was not 
found to be true in the CRRM study by Montgomery et  al., which investigated 
regret. A CRRM study by Nekhlyudov et al., who investigated satisfaction, showed 
that women who made the decision alone with or without their physician’s opinions 
were twice more likely to be satisfied with their CRRM 6 months postoperatively 
than those who shared decision-making with their physician.

A study by Unukovych et al. [35] reported that more than 50% of women from 
families with a history of breast cancer who underwent CRRM had problems with 
appearance and scars and felt less attractive and feminine 2 years after the proce-
dure. Den Heijer et al. [36] found that among women at a high risk of breast or 
ovarian cancer or both, who had undergone RRM, their general and breast cancer-
specific stress levels were significantly diminished; however, their breast body 
image was diminished as well when preoperative and postoperative responses were 
compared.

11.9	 �Conclusion

RRM is an effective preemptive strategy for reducing the risk of breast cancer 
among women with BRCA mutations. BRRM decreases the incidence of breast 
cancer but is a radical surgical procedure that may be considered only for 
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high-risk individuals. CRRM can also reduce the incidence of contralateral 
breast cancer, but its effect on survival is difficult to determine because of the 
concurrent RRSO performed. Physical morbidity, lifestyle choices, and postop-
erative surgical complications should be considered when deciding on 
RRM. Psychological support should also be a part of the process from decision-
making to postoperative follow-up. The healthcare team must evaluate and 
understand the true risk for each individual before recommending BRRM/
CRRM to avoid over-treatment. High-risk individuals must be provided all the 
available information on the merits and disadvantages of the procedure, as well 
as alternatives and other risk management strategies such as RRSO, chemopre-
vention, and breast screening.
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Abstract

Risk-reducing salpingo-oophorectomy (RRSO) is performed for the primary 
prevention of ovarian cancer in patients with hereditary breast–ovarian cancer 
(HBOC) syndrome. When HBOC is diagnosed without ovarian cancer, surveil-
lance is performed using transvaginal ultrasound and serum CA125 assessment, 
and chemoprophylaxis is administered using oral contraceptives (OCs) or low-
dose estrogen–progestin (LEP); however, RRSO is the most reliable treatment 
for ovarian cancer prevention. While RRSO is expected to gain popularity, due 
attention must be paid to the fact that this procedure is not easy to perform. 
Performing RRSO requires a deep understanding of the biological and anatomi-
cal characteristics of the structures surrounding ovarian cancer, paying attention 
to important points while performing surgical procedures, and taking precautions 
to facilitate pathology examination; moreover, a thorough understanding of 
gynecologic oncology and female reproductive medicine, such as treatment for 
surgical menopause, is required. Furthermore, following RRSO, minute ovarian 
cancers, which cannot be identified on preoperative evaluation, and occult can-
cers, which are serous tubal intraepithelial carcinoma (STIC) lesions of the fal-
lopian tubes, can become apparent. To detect occult cancer, pathological 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4521-1_12&domain=pdf
https://doi.org/10.1007/978-981-16-4521-1_12#DOI
mailto:kobax@a2.keio.jp
mailto:aoki@z7.keio.jp


184

examination is inadequate in cases of benign disease, and it is important to pro-
ceed with the sectioning and extensively examining the fimbriated end (SEE-
FIM) protocol in collaboration with pathologists. Moreover, for RRSO to 
perform its original role, which is primary prevention, it should be kept in mind 
to introduce the procedure at the end of childbirth between the age of 35 and 
40 years, as recommended in the guidelines, and at an appropriate time based on 
the earliest age of ovarian cancer onset among individuals in the patient’s family. 
To provide the maximum benefit to patients with HBOC, individuals involved in 
the care of such patients must deepen their knowledge not only in their own field 
of expertise but also in genetic medicine and incorporate this knowledge into 
routine medical care.

Keywords

Risk-reducing salpingo-oophorectomy (RRSO) · Hereditary breast–ovarian can-
cer (HBOC) syndrome · Ovarian cancer · Breast cancer · Peritoneal cancer  
Concurrent hysterectomy · Two-stage surgery · Sectioning and extensively exam-
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12.1	 �Significance of RRSO

Among patients with HBOC, the risk of ovarian cancer onset before the age of 
80 years is high at 44% among those harboring BRCA1 gene variant and 17% among 
those harboring BRCA2 gene variant [1]. Prophylactic treatments against this risk 
include RRSO and chemoprophylaxis using low-dose oral contraceptives (OCs) or 
low-dose estrogen–progestin (LEP). When RRSO cannot be performed, surveillance 
is performed using transvaginal ultrasound and serum CA125 assessment. Reportedly, 
the use of OC/LEP significantly reduces the risk of ovarian cancer by approximately 
50% even in patients harboring BRCA1/BRCA2 gene variants [2]. However, regard-
ing the relationship between OC/LEP usage and breast cancer onset, some reports 
indicate an increased risk [3–5], whereas others indicate no relationship [6, 7]; thus, 
these issues should be fully explained when prescribing prophylactic agents. 
Regarding surveillance, it has been reported that screening using transvaginal ultra-
sound and serum CA125 assessment does not contribute to reducing mortality due to 
ovarian cancer [8, 9]. Nevertheless, the National Comprehensive Cancer Network 
(NCCN) guidelines recommend the following for patients who opt not to undergo 
RRSO and patients for whom the period until RRSO is long: commence surveillance 
via transvaginal ultrasound and serum CA 125 assessment from 35 years of age or 
5–10 years before the earliest age of ovarian cancer diagnosis within the patient’s 
family. However, there is no clear evidence to support these recommendations, and 
under such circumstances, attention has been recently drawn to RRSO, which actu-
ally helps prevent ovarian cancer onset. Many reports have described the effect of 
RRSO on lowering the risk of ovarian cancer onset in patients harboring BRCA gene 
variant; in a meta-analysis of 2840 individuals harboring BRCA gene variants, it was 
found that the risk of ovarian cancer onset (including fallopian tube cancer and 
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peritoneal carcinoma) was reduced by 79% following RRSO [10]. Furthermore, 
RRSO reportedly increases the overall survival rate and reduces the risk of onset of 
breast cancer and high-grade serous carcinoma (HGSC) [11]; thus, prophylactic 
treatment with RRSO is the most effective option for patients with HBOC. However, 
there are contradictory reports negating the effects of RRSO in reducing the risk of 
breast cancer onset [12]. Conversely, it has been reported that the probability of peri-
toneal carcinoma development following RRSO is 0.3% [13]; thus, surveillance for 
peritoneal carcinoma is necessary even after undergoing RRSO.

12.2	 �Standard RRSO Procedure

From the perspective of healthy organ resection, it is preferable to perform mini-
mally invasive surgery. Reportedly, epithelial ovarian cancer, fallopian tube cancer, 
and peritoneal carcinoma are detected from RRSO specimens in 2.2–4.6% cases 
[10, 14–16], and if peritoneal findings are observed while performing RRSO, thor-
ough observation of the peritoneal cavity, peritoneal lavage cytology, and biopsy 
must be performed. Although there are no reports of ovarian cancer developing 
from the residual ovary following oophorectomy among individuals harboring 
BRCA variants, there are reports of benign illness [17]; therefore, care must be taken 
to achieve total removal of the ovary or ovaries. In a prospective study of 20 patients 
whose uterine specimens were pathologically examined upon the excision of the 
fallopian tubes at the uterine horns using a procedure resembling RRSO, residual 
fallopian tubes with a median length of 6 mm and median surface area of 14 mm2 
were found at 29 out of 40 uterine horn sites (73%) [18]. Considering these reports, 
the following recommendations are suggested for performing RRSO [19–21]:

•	 Perform minimally invasive surgery (laparoscopy).
•	 Observe upper abdomen, bowel surface, greater momentum, appendix, and pel-

vic organs, and if peritoneal findings are present, perform a biopsy.
•	 Obtain pelvic washing for cytology.
•	 Surgically remove 2 cm of proximal ovarian the suspensory ligament, the entire 

fallopian tube up to cornua, the entire peritoneum covering the ovary and fallo-
pian tube, and particularly, the peritoneum beneath adhesions between the fal-
lopian tube and ovary and the pelvic wall.

•	 To avoid cell loss caused by operative manipulations, minimize manipulations of 
the fallopian tube and ovary.

•	 Collect resected specimens from within the peritoneal cavity using an endobag.

12.3	 �Surgical Options when Performing RRSO: Concurrent 
Hysterectomy and Two-Stage Surgery

The suitability of concurrent hysterectomy during RRSO has long been an ongo-
ing debate [19, 22] and remains controversial. It is thought that concurrent hyster-
ectomy is advantageous during hormone therapy for breast cancer and hormone 
replacement therapy (HRT) such as that for ovarian deficiency syndrome [23, 24]. 
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In a prospective cohort study of 1083 individuals harboring BRCA variants who 
underwent RRSO only, uterine cancer developed in eight individuals during the 
median follow-up period of 5.1 years, with there being no clear increase in the 
observed risk following RRSO [25]. Conversely, in individuals harboring BRCA1 
gene variants, the risk of uterine body serous cancer increased (0.18 expected 
[O:E ratio, 22.2; 95% CI, 6.1–56.9; P < 0.001]). Reportedly, in women aged 
40 years, longer overall survival (4.9 months) with higher cost-effectiveness was 
observed among those who underwent RRSO and total hysterectomy than among 
those who underwent RRSO alone [26]. Therefore, the advantages and disadvan-
tages of performing concurrent hysterectomy should be fully explained 
preoperatively.

RRSO is recommended at the end of childbirth between the age of 35 and 
40  years or at the earliest age of ovarian cancer onset among individuals in the 
patient’s family [27]. It is considered to delay RRSO until age 40–45  years in 
patients with BRCA2 variant [27]; however, it has been reported that performing 
RRSO in women of reproductive age results in surgical menopause and increases 
the risk of osteoporosis, coronary heart disease, and cognitive dysfunction, which 
shortens the survival period compared with that among women who experience 
natural menopause [28]. Therefore, we examined two-stage prophylactic salpingec-
tomy with delayed oophorectomy, whereby risk-reducing salpingectomy alone is 
performed while ovarian function is still present and risk-reducing oophorectomy is 
performed at menopause. Based on the report indicating that HGSC originates from 
the fallopian tube epithelium [29], HGSC occurrence in the fallopian tube is pre-
vented by surgically removing the fallopian tubes, thereby preserving the ovaries 
and avoiding surgical menopause. While the aim is to prevent HGSC originating in 
the fallopian tubes and avoid premature menopause, outcomes such as the remain-
ing risk of ovarian cancer and the impact on breast cancer have not been fully eluci-
dated; thus, two-stage surgery is not recommended at this stage, and the results of 
ongoing current clinical trials are awaited.

12.4	 �Pathological Examination of RRSO Samples

During postoperative pathological examination, due caution must be exercised to 
detect minute ovarian cancers, which cannot be detected on preoperative evaluation, 
and occult cancers, which are STIC lesions of the fallopian tubes [16, 30, 31]. 
Regarding the histopathological diagnosis of RRSO-resected specimens, pathologi-
cal examination is inadequate to detect occult cancer in cases of benign illness. 
Therefore, it is preferable to perform diagnosis after preparing specimens in accor-
dance with the SEE-FIM protocol, whereby the fimbriae of the fallopian tubes are 
sectioned longitudinally and slices of the ovaries and fallopian tubes are prepared at 
2–3-mm intervals and evaluated as serial sections [32]. At institutions that provide 
genetic counseling and have a collaboration system with pathologists, it is recom-
mended that gynecologic oncologists perform RRSO in cooperation with clinical 
genetic specialists [16].
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12.5	 �Post-RRSO Health Care

Care should be paid to various conditions that might arise following RRSO, such as 
climacteric disturbance, dyslipidemia, and osteoporosis (seen after natural meno-
pause) as well as severe urogenital symptoms and psychological and/or somatoveg-
etative symptoms seen in young women who undergo RRSO prior to natural 
menopause [33]. In particular, in many cases, ovarian dysfunction symptoms fol-
lowing RRSO such as palpitations, constipation, and shoulder stiffness are observed 
to be more severe compared with those observed after natural menopause [34]; 
moreover, sexuality can be disturbed [35]. Furthermore, regarding lipid profile and 
cardiovascular illness, high total cholesterol levels and metabolic syndrome are 
more common in women who have undergone RRSO [36, 37]. Regarding bone 
mass, it is unlikely that RRSO decreases bone mass and increases the incidence of 
bone fractures compared with natural menopause [34]. However, it has been 
reported that following RRSO, women experience reduced bone mass postopera-
tively from an earlier age while they are still young and bone mass decreases more 
rapidly after surgical menopause than after natural menopause [38]. For these rea-
sons, regular assessment of patient’s bone mass is important during postoperative 
follow-up. Health care following RRSO includes traditional Chinese medicine for 
ovarian insufficiency, statin therapy for dyslipidemia, and administration of calcium 
and bisphosphonate preparations for osteoporosis; however, HRT is considered for 
women with no history of breast cancer. HRT has been found to improve sexuality 
in women after RRSO [39, 40] and is useful for maintaining cognitive function for 
up to 45 years after RRSO [41]. Conversely, women harboring BRCA variant are at 
a high risk for breast cancer onset; therefore, risk elevation owing to HRT is a cause 
for concern among women in general. However, in a recent meta-analysis, HRT fol-
lowing RRSO was not found to increase the risk of breast cancer [42], and it is 
considered that HRT does not increase this risk in a short period [43].

12.6	 �Current State of RRSO and Future Prospects

The state of implementation of risk-reducing surgery differs between the Western 
and Asian countries. Reportedly, the proportion of individuals harboring a BRCA1/
BRCA 2 gene variant who have undergone RRSO ranges from 10% to 78% in the 
Western countries and an overwhelming majority of women (86.4%–97%) were 
satisfied with the decision to undergo surgery [44]. The results of this study showed 
that RRSO has gained popularity as an option among Western patients. Conversely, 
the number of studies including Asian patients is limited, and in a recent Japanese 
study including 488 individuals diagnosed with HBOC, it was reported that of all 
the participants, 153 (31.4%) underwent RRSO; however, the RRSO implementa-
tion rate is lower in Japan than in the Western countries, and its use is less wide-
spread in Japan [45]. This is due to the fact that, in Japan, a limited number of 
institutions perform genetic screening for BRCA1/BRCA2 and that RRSO has not 
gained popularity as it is not covered by public health insurance; moreover, medical 
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staff still have insufficient knowledge and experience for performing genetic diag-
nosis [46]. There have been several events that drew public attention to HBOC in 
Korea. First, the Korean Hereditary Breast Cancer Study was started in 2007 with 
support from the Ministry of Health and Welfare of Korea and the Korean Breast 
Cancer Society [47]. Second, the strategy of BRCA testing coverage by the National 
Health Insurance system was promoted in May 2012. Later, American actress 
Angelina Jolie announced that she harbored the BRCA1 gene variant and had under-
gone bilateral risk-reducing mastectomy, which subsequently drew increased atten-
tion to risk-reducing surgery. This has been called the “Angelina effect.” Following 
her disclosure, the rate of risk-reducing surgery increased from RRSO performed in 
27 patients at 25 institutions in 2009 to 75 patients at 27 institutions in 2015 [48]. In 
Japan, RRSO has been covered under insurance for HBOC patients with a history 
of breast cancer since April 2020 and is expected to gain popularity in future. 
Conversely, the peak age for undergoing RRSO has been delayed to the late 40s or 
older in Japan [31, 45]; thus, some individuals develop occult cancer by the time of 
surgery, and consequently, the original role of RRSO, i.e., primary prevention, can-
not be achieved. We must reconfirm the role of RRSO and firmly bear in mind that 
RRSO should be performed at the recommended appropriate time. Furthermore, 
more number of individuals are expected to undergo RRSO in future. Apart from 
BRCA, there are genes that cause HBOC, and because BRIP1 [49], RAD51C [50], 
and RAD51D [51] increase the risk of ovarian cancer onset, RRSO should be con-
sidered at 45–50 years of age [27]. Other genes that might increase the risk of ovar-
ian cancer onset include ATM [52] and PALB2 [53]; however, further study is needed 
to determine whether RRSO should be performed in patients harboring these 
genes [27].
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Abstract

In order to provide optimal treatment options for each patient, genetic panel tests 
with genomic profiling, which can detect diverse genetic abnormalities found in 
tumors and provide medical interpretation, have been implemented in routine 
clinical practice. For standard treatment-resistant solid tumors, two panel tests 
were authorized in Japan. Although the primary outcome of these panel tests is 
to find a way for possible treatment options, in some cases secondary findings for 
germline mutation could be suggested or pointed out, in which percentage has 
been reported in range from 3.3 to 10.7%. In clinical practice, it is essential to 
refer cases that are considered to require genetic counseling based on the results 
of the expert panel to genetic specialists and genetic counselors as appropriate.

There are no insured genetic multigene panel tests for germline mutations yet 
in Japan. However, tests for germline mutations including less common syn-
dromes will be used more frequently in clinical practice for cases of potential 
hereditary diseases. Alongside the process of developing management for 
BRCA1/2 pathogenic variant, the most frequent gene mutation associated with 
breast and ovarian cancer, the development of high-quality guidelines for com-
prehensive germline mutations is warranted in the near future.
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13.1	 �Introduction

In order to provide optimal treatment options for each patient, genetic panel tests 
with genomic profiling, which can detect diverse genetic abnormalities found in 
tumors in a multiplex fashion and provide medical interpretation and meaningful-
ness, have been implemented in routine clinical practice. For standard treatment-
resistant solid tumors, two panel tests were authorized in June 2019, in Japan. 
Although the primary outcome of these panel tests is to find a way for possible 
treatment options, in some cases secondary findings for germline mutation could be 
suggested or pointed out.

This article describes the system cancer genome panel test, the results obtained, 
and how they are interpreted, including secondary findings, and also mentions 
briefly about panel tests for germline mutations.

13.2	 �Cancer Genome Panel Tests

Two gene panel tests covered by Japanese national health insurance are 
FoundationOne Companion Diagnostics (hereinafter, “F1CDx”) and OncoGuide™ 
NCC Oncopanel System (hereinafter, “NCC Oncopanel Test”).

These cancer genome profiling tests were offered at specific institutions that 
have a system to conduct the test, such as “core center hospitals,” “center hospitals,” 
and “collaborative hospitals.”

The “Guidelines for the Development of Core Cancer Genome Center Hospitals” 
issued by the Health Bureau of the Ministry of Health, Labor and Welfare lists the 
following seven requirements for core center hospitals: (1) the hospital must have a 
specimen laboratory and pathology laboratory certified by a third party and must be 
able to properly conduct gene panel tests in accordance with the procedures, and 
must be able to medically interpret the results, and a panel of experts to meet at least 
once a month to interpret the results; (2) having a system to ensure that the treatment 
of secondary findings is clearly documented and that genetic counseling can be 
conducted appropriately; (3) having a system that can appropriately collect and 
manage genomic information and register it with the Center for Cancer Genomics 
and Advanced Therapeutics (C-CAT); (4) having a system that can appropriately 
store the biological materials; (5) having a department that oversees cancer genome 
medicine; (6) having a system that can provide information on cancer genome med-
icine to patients and their families; and (7) having a system as a core clinical research 
hospital or equivalent to it.

In order to implement genomic medicine, pathologists, specialists in molecular 
genetics, and genetic counselors are required to work for and have a proven track 
record in the field.

As of April 2020, 12 core center hospitals, 33 center hospitals, and 161 collabo-
rating hospitals, altogether 206 facilities, have been designated.

Currently, only about 10–15% of patients who undergo cancer genome profiling 
are actually found to have the recommended treatment [1, 2].
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13.3	 �Types of Panel Tests

With the development of genetic analysis equipment, we are now able to examine a 
large number of genes in a single test. The generic term for the genes to be searched 
is called panel. There are several types of panel tests, and the specimens used for 
each test are different depending on the purpose. Panel tests for detecting genetic 
abnormalities in cancer include those for tumor cells only, those for both tumor 
cells, and peripheral blood. The panel test to detect germline mutation is intended 
for peripheral blood only. In the current situation, there are many kinds of panel 
tests are available on the market for different purposes.

The F1CDx is provided by Foundation Medicine Inc. (Massachusetts, USA) and 
is the first FDA-approved tissue-based broad companion diagnostic for all solid 
tumors. The NCC Oncopanel Test is a gene panel testing designed specifically for 
Japanese solid tumor genome mutations, including childhood cancers, which was 
developed jointly by the National Cancer Center Japan and Sysmex Corporation 
(Kobe, Japan) [3, 4].

Next-generation sequencers are used in both gene panel tests: the F1CDx uses 
Illumina’s HiSeq4000 targeting in 324 genes and selects gene rearrangements 
(Table  13.1), as well as genomic signatures including microsatellite instability 
(MSI) and tumor mutational burden (TMB); on the other hand, the NCC Oncopanel 
uses Illumina’s NextSeq 550Dx to test 114 genes where Japanese people are prone 
to express cancer mutations (Table 13.2). Both target all exons and are examined 
using sequential synthetic sequencing on next-generation sequencers after library 
preparation using hybrid capture methods.

With the advent of next-generation sequencers, the number of nucleotide 
sequences and regions that can be analyzed at a time has been dramatically increased, 
enabling the analysis of multiple genes at a time and enabling cancer gene panel 
testing. Extraction of nucleic acids used for panel testing is obtained from formalin-
fixed paraffin-embedded (FFPE) samples.

The percentage of tumor content on the section is important, and a tumor content 
of 20% or more is recommended for both testing. If the tumor content in the speci-
men is low, genetic analysis cannot be performed adequately, and the opportunity to 
obtain useful information from the expensive tests performed may be lost.

Specimens provided for panel testing include not only the tumor but also sur-
rounding normal cells. The range of the targeted sequence region and the detection 
accuracy, that is, the read depth, is set in each test. Unlike whole genome sequenc-
ing, which reads a large amount of sequence information, the cancer gene panel test 
is designed to read only specific genes related to cancer with high accuracy. 
Therefore, the types of gene abnormalities, base substitutions, insertions, deletions, 
amplifications, gene fusions, etc. that can be analyzed differ depending on the type 
of test.

Based on the data detected by the sequencer, sequenced data are generated as 
FASTQ files. Based on this data, mapping is performed by referring to reference 
sequences of human genes in open public databases, and BAM files are generated. 
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Then, based on the BAM files, each gene mutation location was mapped on the 
chromosomes, and VCF files are generated to show the results.

The F1CDx targets only tissue sample for genetic analysis, while the NCC 
Oncopanel Test also collects peripheral blood sample for the analysis to detect 
genetic changes in tumors. Thus, there are two types of panel tests used in cancer 
genome medicine, and the specimens handled by the panel tests are different from 
test to test. From normal cells obtained from blood samples, information on patient-
specific genetic polymorphisms can be obtained, which can be used as a control for 
higher test accuracy. Both panel tests can determine or detect the possibility of 
germline genetic variants, and especially in cases with germline genetic variants, 
clinical genetic considerations are required.

13.4	 �Purpose of the Gene Panel Test

The purpose of an oncogene panel test is to detect cancer-derived somatic mutations 
and to realize personalized medicine that can be used to select more specific effec-
tive cancer drugs based on the genetic mutation information (Fig. 13.1). F1CDx has 
also been used as a companion diagnostic for some genes (lung cancer, EGFR muta-
tion, ALK fusion, ROS1 fusion; malignant melanoma, BRAF mutation; breast can-
cer, ERBB2 amplification; colorectal cancer, KRAS, NRAS wild type; solid tumors, 
NTRK1/2/3 fusion; ovarian cancer, BRCA1/2 mutation).

The European Society for Medical Oncology (ESMO) Precision Medicine 
Working Group published recommendations for the use of next-generation sequenc-
ing (NGS) for patients with metastatic cancers. Based on the current evidence, 
ESMO recommends routine use of NGS on tumor samples in advanced 

Explanation of the panel tests 
and secondary findings

Obtain Consent form

Gene 
Panel Test

Expert panel
in Center 
Hospital

Explanation of the 
results from 

attending physician

Tumor           Normal
sample          sample

results

Fig. 13.1  Flow of genomic medicine
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non-squamous non-small-cell lung cancer (NSCLC), prostate cancers, ovarian can-
cers, and cholangiocarcinoma. In these tumors, large multigene panels could be 
used if they add acceptable extra cost compared with small panels. In colon cancers, 
NGS could be an alternative to PCR.  In addition, based on the KN158 trial and 
considering that patients with endometrial and small-cell lung cancers should have 
broad access to anti-programmed cell death 1 (anti-PD1) antibodies, it is recom-
mended to test tumor mutational burden (TMB) in cervical cancers, well- and mod-
erately differentiated neuroendocrine tumors, salivary cancers, thyroid cancers, and 
vulvar cancers, as TMB-high predicted response to pembrolizumab in these can-
cers [5].

There is no drug approved in Japan for selective treatment of breast cancer for 
PIK3CA hotspot mutation, the relatively frequent detection of HER2 can be deter-
mined by immunohistochemical staining, and no other genetic mutation informa-
tion is routinely useful for treatment selection for breast cancer. According to this 
guideline, it is not recommended that cancer gene panel testing be performed in 
routine clinical practice for breast cancer and limited to circumstances where 
patients can find opportunity to participate in clinical trials targeting some genetic 
mutations, such as AKT1E17K, PTEN, ERBB2, ESR1, and NF1, at certain hospi-
tals, such as the aforementioned center hospitals.

13.5	 �Report Structure of the F1CDx

F1CDx consists of two sets of report for a result. First, CDx Associated Findings 
and Other Alterations & Biomarkers Identified report includes detected genetic 
variants and corresponding drug names related to the companion diagnosis and 
detected genetic variants which are not related to the companion diagnosis, as well 
as other biomarkers such as MSI status and TMB score. Japanese version of this 
report also includes “Approved Therapeutic Options in Japan.”

On the other hand, Professional Services report includes information of detected 
biomarkers and genetic mutations, as well as information of the corresponding ther-
apeutic agents and ongoing clinical trials, including indications, recommendations 
based on NCCN guideline, and drug resistance with some available reference infor-
mation. The report has not been approved by the FDA or the Ministry of Health, 
Labor and Welfare and is a supporting document.

13.6	 �Report Structure of the NCC Oncopanel Test

The NCC Oncopanel Test consists of three reports (summary report, sequencing 
report, and QC report). The summary report contains (1) gene abnormality 
information, (2) somatic mutation numbers and mutation occurrence rates, and 
(3) annotation information. First, the mutated genes and mutant allele frequen-
cies, amplified genes, and fusion genes detected will be listed in the gene abnor-
mality information section. Mutations suspected to be pathogenic variants 
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among the germline mutation information will also be described here. Second, 
the number and frequency of single nucleotide variants (SNVs) and insertion/
deletion mutations (InDel), as well as the total number and frequency of each 
mutation for the exon and non-exon regions, will be described for each somatic 
mutation. The total mutation rate is used to determine the tumor mutation bur-
den (TMB). Third, annotation information obtained by referring to databases 
such as Expert Panel Data Base (EPDB), COSMIC, and ClinVar will be 
described.

The sequencing report contains detailed sequencing analysis information of 
tumor and non-tumor cells. The types of mutation detected and their locations will 
be described, and variant of unknown significance (VUS) will also be included here. 
Details of the detected germline gene mutations are also described in the column of 
germline mutation information.

The NCC Oncopanel Test includes 13 of the genes recommended by the 
American College of Medical Genetics and Genomics (ACMG) guidance to be 
informed to their personnel. If pathogenic variants are detected for APC, BRCA1/2, 
MLH1, MSH2, PTEN, RB1, RET, STK11, SMAD4, TP53, TSC1, and VHL, the 
results will be reported. Currently, results from other germlines obtained from 
peripheral blood samples are not returned; results other than the ACMG59 gene are 
reported as a difference between tumor sample and peripheral blood sample, which 
means that the germline variant may be present but masked and in most cases not be 
able to even be suspected. However, the format of the report may change as neces-
sary in the future. The expert panel then should fully consider how and whether to 
disclose the information.

13.7	 �C-CAT Report Structure

C-CAT is a new center for cancer genome medicine established in accordance with 
the Cancer Control Act Law and provides a mechanism for collecting and storing 
information on cancer genome medicine from all over Japan. C-CAT supports can-
cer genome medicine in Japan not only by returning the “C-CAT reports” with the 
annotated genetic alterations to the expert panels at the Cancer Genome Center 
Hospitals but also by understanding or using the genome and medical information 
of cancer patients for secondary purpose such as the development of policies for 
cancer control. For patients who have not consented to secondary use, C-CAT will 
accept the information if they agree to provide it to C-CAT and will not delete the 
patient’s information after the patient’s death and will retain the patient’s informa-
tion [6].

Not only NCC Oncopanel Test but also for F1CDx, if consent is obtained from 
the patient, the test data are sent to C-CAT, and the C-CAT report is generated. The 
report format for the Japanese version of the CDx Associated Findings and Other 
Alterations & Biomarkers Identified report, “Approved Therapeutic Options in 
Japan,” is based on the information on approved drugs at the time of F1CDx approval 
in Japan.
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The C-CAT report is based on the Cancer Knowledge Data Base (CKDB), which 
was developed by C-CAT, and consists of survey results, candidate drugs and clini-
cal trials, detailed information on mutated genes and references, and evidence lev-
els. In the matched pair test, the following items are also reported for germline 
mutations: the names of mutant genes and mutation information, allele frequency, 
evidence type (predictive, predisposing), clinical significance and disease name, 
evidence level, and corresponding drug and availability.

13.8	 �Expert Panel Configuration

The reports need to be reviewed by a multidisciplinary panel of experts in order to 
provide patients with the appropriate treatment, which is the purpose of the panel 
tests. To this end, an expert panel meets to discuss and finalize all of the test reports 
before returning the results to the attending physician. The expert panel consists of 
the following eight items:

	1.	 Include several full-time physicians in different fields of practice who have spe-
cialized knowledge and skills in anticancer drug treatment.

	2.	 Include at least one physician with specialized knowledge and skills in genetic 
medicine.

	3.	 Include at least one person with specialized genetic counseling skills in genetic 
medicine.

	4.	 Include more than one physician with specialized knowledge and skills in 
pathology.

	5.	 One or more experts with sufficient knowledge of molecular genetics and 
genomic medicine should be included. The expert should have written a peer-
reviewed paper in English on cancer genome medicine or cancer genome 
research within the past 3 years prior to the time of application.

	6.	 If the sequencing will be carried out at the institution, at least one expert with 
sufficient knowledge of bioinformatics for electronic analysis using next-
generation sequencers should be included. The expert should have written a 
peer-reviewed English-language paper on cancer genome medicine or genome 
research within 3 years prior to the time of application.

	7.	 In an institution that handles pediatric oncology cases, at least one pediatric 
oncology physician with some experience of participating in expert panels must 
be included.

	8.	 Include the attending physician or alternate physician of the subject patient to be 
reviewed by the expert panel.

The final report consists of not only the reviewed summary of the presence and 
content of recommended treatments, or other treatment options, but also the pres-
ence and content of secondary findings that are recommended to be explained to 
patients. A secondary finding is defined as a genetic mutation in the germline that 
can be confirmed as a pathogenic variant in the cancer gene panel test.
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The term “secondary findings” is used because they are considered important 
incidental findings for patients and their families, even though they are not the pri-
mary purpose of the test. Recently, it has been proposed that these findings be called 
germline findings. A pathogenic variant of a germline mutation may not be consid-
ered an incidental finding when a patient undergoes a paired-specimen cancer gene 
panel test, bearing in mind that a patient’s medical history and family history indi-
cate that he or she may have a hereditary tumor. Furthermore, it is possible that a 
genetic variant such as BRCA1 or BRCA2, for example, that is called by the cancer 
gene panel test, may be a genetic variant that also defines a treatment approach.

13.9	 �Handling of Germline Findings in Panel Testing

The evaluation of germline findings is based on five levels of ACMG/AMP criteria: 
pathogenic, likely pathogenic, variant of uncertain significance, likely benign, and 
benign. The classification is based on information such as variant frequency infor-
mation in the general population; functional prediction; functional analysis data; 
databases such as ClinVar, HGMD, and MGeND; and reported articles.

The possibility of germline findings should be explained to the patient during the 
explanation of the panel test, and consent should be obtained before having the test. 
Among the germline findings, genetic mutation findings will only be disclosed to 
patients for those variants that are determined to be pathogenic or likely pathogenic 
and that are related to hereditary tumors for which management methods have been 
established. Disclosing findings related to a disease for which there is no established 
treatment or surveillance would only cause anxiety and confusion for patients and 
families. It should be confirmed that the gene is an eligible gene for disclosure in the 
guidelines developed by each society. In Japan, a proposal on the information trans-
fer process in genomic medicine has been published, and which describes which 
secondary findings should be picked up and how they should be disclosed [7].

Among the target genes included in the NCC Oncopanel Test, the following 13 
genes (APC, BRCA1/2, MLH1, MSH2, PTEN, RB1, RET, STK11, SMAD4, TP53, 
TSC1, and VHL) correspond to the gene groups to be reported by ACMG.

Although the actual test results will be somewhat scattered with results that 
would be assessed as mutations of unknown significance, we should be cautious in 
disclosing such results. Therefore, a genetic medicine specialist or a genetic coun-
selor is required for the expert panel. Cases that should be carefully evaluated for 
pathogenicity based on a detailed family history and other information should be 
handled in an outpatient genetic counseling clinic.

The frequency of detection of somatic or germline pathogenic variants using 
paired specimens varies by gene [8]. For instance, TP53 somatic variants were 
much more common: 337 patients had somatic and 10 had germline TP53 vari-
ants. The same trend was observed for RB1 and PTEN.  In TSC2 and MSH2, 
approximately 80% of the patient had somatic variants. In comparison, BRCA1/2 
was commonly seen as germline variants: there were 3 patients with somatic and 
11 with germline BRCA1 variants and 3 with somatic and 10 with germline 
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BRCA2 variants. In PALB2 variants, the frequency of germline and somatic vari-
ants was even, and in MSH6 variants, less than 60% of the patients had germline 
variants.

Among several panel testing, the percentage of secondary findings found in the 
ACMG gene has been reported to range from 3.3 to 10.7% [8–11].

Pathogenic variants of germline mutation may be suspected in panel tests such 
as F1CDx, which only targets tumor tissue. For example, BRCA1/2 is most likely 
pathogenic variant of the germline origin, as mentioned above, and germline con-
firmation testing should be performed regardless of its allele frequency. When 
dealing with genes other than BRCA1/2, it is important to consider the primary 
organ, duplicated or multiple cancers, family history, as well as tumor content of 
the specimen, copy number alterations, and variant allele frequency (VAF). It is 
known that VAF is often high when the detected gene mutation is a germline 
mutation and VAF is often low when the mutation is of tumor origin for genes 
such as CHEK2, ATM, and PALB2. ESMO Precision Medicine Working Group 
addressed a guideline for management of tumor-detected pathogenic variants of 
potential germline origin [12]. They found that crude “pan-tumor” VAF thresh-
olds (20% for small insertions/deletions, 30% for SNVs) enabled reduction by 
54% (9222/17075) the number of tumor-detected variants requiring follow-up 
while losing only 3.5% (52/1494) proportion of true germline variants. After 
excluding variants from germline-focused tumor analysis of gene/context/age 
scenarios in which the germline conversion rate is <10%, 27 genes remained. As 
a result, these 27 genes (at any age, any tumor type, BRCA1, BRCA2, BRIP1, 
MLH1, MSH2, MSH6, PALB2, PMS2, VHL, RAD51C, RAD51D, RET, SDHA, 
SDHAF2, SDHB, SDHC, SDHD, TSC2, MUTYH; at any age with associated 
tumor type only, FLCN, FH, BAP1, POLE; tumor arising age < 30 only with any 
tumor type, RB1, APC; tumor arising age < 30 with associated tumor type only, 
TP53, NF1) are recommended to be included for germline-focused analysis and 
triggering of germline sample laboratory confirmation.

The similar operational guideline is also used in Japan (Fig. 13.2, Table 13.3) [7, 
13]. Within the guideline, BRCA1, BRCA2, MLH1, MSH2, MSH6, PMS2, APC, 
MEN1, RET, RB1, and VHL are the genes recommended to be disclosed to patients. 
The criteria for this are the existence of Japanese guidelines for surveillance of unaf-
fected patients, the ability to outsource single-site tests to a registered laboratory 
from any center or affiliated hospital, and variants that are included in several gene 
panel tests. However, it is possible that other genes may be found in addition to 
these genes that are associated with hereditary tumors and should be thoroughly 
examined by expert panels.

If the possibility of pathogenic variants is considered, it is necessary to confirm 
the results with another single-site genetic test using normal tissues, such as 
blood, and it is recommended to disclose this fact in the report [14]. In clinical 
practice, it is essential to refer cases that are considered to require genetic counsel-
ing by the expert panel to a clinical geneticist and certifiedgenetic counselors as 
appropriate.
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13.10	 �Gene Panel Testing for Germline Variants

In Japan, there are no insured genetic panel tests for the detection of germline muta-
tions, so we must pay for them at our own expense. There are already many multi-
gene panel tests for cancer predisposition mutations available overseas, for example, 
those provided by Ambry Genetics such as “CancerNext, BreastNext, and 

Secondary finding:
Pathogenic variant2) of
genes in the secondary

findings to be disclosed1)

Other genes

Other genes

Propose confirmatory
test for germlines

No Yes

1) Refer to the ACMG SF v2.0 59 genes and recommendations for the return of SF

Determine based on public database (e.g. ClinVar, MGeND) and ACMG/AMP2015

Evaluate based on the GeneReviewsJapan, Actionability Working Group-J
Possible germline genes regardless of allele frequency (BRCA1 and BRCA2, as of Dec 2019)

2)
3)
4)

Do not
disclose

APC, RB1, TP53Assessment of
phenotypes4)

(medical, family history)

Variant allele frequency
Single nucleotide
sbstitutions: <30%

Insertions/deletions: <20%

Variant allele frequency
Single nucleotide

substitutions: >=30%
Insertions/deletions: >=20%

Specific genes 3)

Fig. 13.2  Operational guidelines for germline tests to confirm secondary findings from tumor 
profiling test of tumor cells [7]
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Table 13.3  Disclosure recommendations list for secondary findings of cancer genetic panel 
test [13]

Potentially actionable secondary findings 
gene list

NCC Oncopanel 
Test F1CDx

Disclosure 
recommendation*

Necessity 
of 
germline 
testing 
for 
T-only 
panel**Gene Major phenotype Tumor Germline Tumor

APC FAP O O O AAA D
ATM Breast ca O O A A
BAP1 Malignant mesothelioma, 

etc.
O O B C

BMPR1A Juvenile polyposis AA C
BRCA1 HBOC O O O AAA A
BRCA2 HBOC O O O AAA A
BRIP1 Ovarian ca O A A
CDH1 Diffuse gastric ca O AA B
CDK4 Melanoma O O B B
CDKN2A Melanoma/pancreatic ca O O A B
CHEK2 Breast ca O O A B
EPCAM Lynch Deletion AA C
FH Hereditary leiomyomatosis 

and renal cell ca
O B B

FLCN Birt-Hogg-Dube syndrome O B B
MAX HPPS B C
MEN1 MEN1 O AAA B
MET GIST O O B C
MLH1 Lynch O O O AAA A
MSH2 Lynch O O O AAA A
MSH6 Lynch O AAA A
MUTYH MAP Biallelic O AA A
NBN Breast ca O A C
NF1 NF1 O O A D
NF2 NF2 O AA B
PALB2 Breast ca O O AA A
PMS2 Lynch O AAA A
POLD1 Colon ca O O B C
POLE Colon ca O O B B
POT1 Malignant melanoma B C
PTEN PTEN 

hamartoma
O O O AA D

RAD51C Ovarian ca O O A A
RAD51D Ovarian ca O A A
RB1 Retinoblastoma O O O AAA D
RET MEN2 O O O AAA A
SDHA HPPS O A C
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Table 13.3  (continued)

Potentially actionable secondary findings 
gene list

NCC Oncopanel 
Test F1CDx

Disclosure 
recommendation*

Necessity 
of 
germline 
testing 
for 
T-only 
panel**Gene Major phenotype Tumor Germline Tumor

SDHAF2 HPPS O AA A
SDHB O AA A
SDHC HPPS O AA A
SDHD HPPS O AA A
SMAD3 Loeys-Dietz Non-

tumor
A C

SMAD4 Juvenile polyposis O O O AA B
STK11 Peutz-Jeghers O O O AA D
TERF2IP B C
TERT Acute myeloid leukemia B C
TGFBR1 Loeys-Dietz Non-

tumor
A C

TGFBR2 Loeys-Dietz Non-
tumor

O A C

TMEM127 Pheochromocytoma B C
TP53 Li-Fraumeni O O O AA D
TSC1 Tuberous sclerosis O O O AA B
TSC2 Tuberous sclerosis O AA A
VHL VHL O O O AAA A
WT1 WT1-related Wilms O AA B
*Grades of disclosure recommendation
AAA Guidelines exist in our country for medical policies for mutation 

carriers
AA Hereditary tumor-causing gene included in ACMG 59 genes 

(ACMG SF v2)Genes listed in the NCCN guidelines with 
consistent disclosure recommendation in major papers

A Genes listed in the NCCN guidelines with inconsistent disclosure 
recommendation in major papersNon-hereditary tumor-causing 
gene included in ACMG SF v2

B Genes with disclosure recommendations in only one paper
**Grades of necessity of germline testing for T-only panel
A Recommended in either major paper and must be 

tested
B Conditionally recommended in either major paper and 

test as much as possible
C Test if possible
D Not proactively tested, but only if there is clinical 

suspicion
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BRCAplus”; “Comprehensive Cancer Panel, Breast Cancer High/Moderate Risk, 
and BreastOvarian Cancer” from GeneDx; and “MyRisk, Breast and Ovarian, 
Breast Cancer” from Myriad, which are developed by commercial companies or by 
medical centers such as MSK-IMPACT, Color, Counsyl Reliant Cancer Screen, and 
University of Washington BROCA Cancer. The number of genes included in a test 
is so varied that it is difficult to decide which test to choose, even for breast and 
ovarian cancer. As a pretest probability model, Myriad II [15], BRCAPRO [16], 
IBIS [17], and others have been used, but these models only cover BRCA1/2; pre-
dictive model for other less frequent pathogenic mutations is limited to BOADACEA 
[18], now including ATM, CHEK2, and PALB2; all of these panel tests were devel-
oped on the basis of a small number of data or a biased cohort. Recently, a model 
has been developed by the Mayo Clinic in collaboration with Ambry Genetics that 
can predict larger numbers of genetic variations based on a larger number of 
data [19].

NGS can detect many genetic variants at one time, and the challenge that always 
accompanies such tests is that some variants of unknown clinical significance may 
be detected which must be treated with caution. In a study of 1085 BRCA1/2-
negative breast cancer patients, O’Leary et al. [20] found that the higher the number 
of genes included in a panel test, the more the frequency of finding genetic muta-
tions which are considered to be pathogenic or likely pathogenic would increase. 
Buys et al. [21] reported that pathogenic variants were found in about 10% of the 
total and about half were BRCA1/2. In addition, one or more VUS was detected in 
about 37% of all cases.

In light of this current situation, guidelines have been released. For example, 
American Society of Breast Surgeons (ASBrS) presented consensus guideline on 
genetic testing for hereditary breast cancer. Although BRCA1/2 is the most frequent 
pathogenic variant associated with the development of breast and ovarian cancer, 
more comprehensive panel tests, including other less common syndromes, have 
become widely available. The most frequently reported variants other than BRCA1/2 
are PALB2, CHEK2, and ATM [22–24]. The addition of MRI with contrast to 
annual surveillance is supported when there is a lifetime breast cancer risk of 20% 
or more, including these genetic variants. In this way, panel testing can contribute to 
more efficient and cost-effective risk assessment and recommended management of 
patients for whom hereditary breast cancer testing is recommended than conven-
tional sequential gene testing. There is a report examining the performance of the 
NCCN genetic testing criteria for BRCA-related breast and/or ovarian cancer syn-
drome and Lynch syndrome (version 1.2018) in 165,000 patients who underwent 
hereditary cancer predisposition testing [25]. Within the report, among the female 
BRCA1/2 pathogenic variant carriers not meeting BRCA1/2 testing criteria, 59.1% 
(143/242) had a personal history of breast cancer. Meanwhile, of patients with PVs 
in Lynch syndrome genes failing to meet Lynch criteria, 41.5% had a personal his-
tory of a Lynch syndrome-related cancer. Therefore, genetic testing is recommended 
that “should be made available to all patients with a personal history of breast 
cancer.”
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Furthermore, for VUS, the ASBrS states in its recommendations that variants of 
uncertain significance are DNA sequences that are not clinically actionable in its 
recommendations. It is said that a VUS take several years to reclassify its uncer-
tainty [26]. Until then, the variant should be considered as inconclusive and should 
be managed based on the patient’s own risk factors.

Although there are issues that need to be resolved, it is clear that multigene panel 
tests will be used more frequently in clinical practice for cases of potential heredi-
tary diseases, and by accumulating evidences flexibly, the development of high-
quality international guidelines is warranted in the near future.
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Abstract

Precision oncology has the potential to identify germline pathogenic variants in 
genes known to be associated with hereditary diseases; these data are called 
“germline findings.” They could have implications in the assessment and man-
agement of future primary cancer risk, family risk assessment and guidance, and 
personalized treatment determination. Approximately 25% of all ovarian cancers 
are caused by an inherited genetic condition, and medical societies recommend 
germline genetic testing for all women diagnosed with ovarian cancer. Tumor 
genomic profiling and germline findings could allow the use of more personal-
ized diagnostic, predictive, prognostic, and therapeutic strategies for patients 
with ovarian cancer. Additionally, this information could have clinical implica-
tions for the family members of the patients.

Keywords
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14.1	 �Introduction

In the early 1990s, scientists began to reveal the molecular basis of hereditary 
breast and ovarian cancer (HBOC) through advanced molecular biological tech-
nologies and the genetic linkage approach [1, 2]. Genes involved in 
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predisposition to cancer possess their own biological functions, such as DNA 
repair, cell proliferation, cell death, or signaling pathways [3]. Although the 
mechanisms underlying cancer predisposition are not fully understood, accumu-
lated data indicate that cancer susceptibility genes could serve as prognostic or 
predictive response biomarkers during treatment. In addition, advances in preci-
sion medicine have led to new approaches for care in patients with cancer, such 
as genomic profiling of an individual’s tumor [4]. With the evolution of next-
generation sequencing (NGS) technology, which permits the characterization of 
large amounts of DNA sequence, tumor genomic profiling is being integrated 
into oncology practice.

14.2	 �Germline Findings when Targeting the Tumor Genome

Nussbaum et al. have described the idea that “Cancer is fundamentally a genetic 
disease,” which means that the malignant phenotype is affected by the alteration 
of genetic pathways in the tumor [3]. Sequence variants detected in the tumor 
include both somatic variants acquired during cancer development and germline 
sequence variants. Tumor genomic profiling can potentially detect germline 
pathogenic variants in genes known to be associated with hereditary diseases; 
these data are called “germline findings”; however, the major goal of tumor 
genomic profiling is identification of tumor-specific variants with potential thera-
peutic implications [5].

Recent studies have revealed that 3–17% of tumor genomic profiling tests 
carry germline pathogenic variants (Table 14.1) [6–12]. The American Society of 
Clinical Oncology (ASCO) guidelines state that oncology providers should 
explain the potential of germline findings to patients and carefully ascertain 
patient preferences regarding the receipt of germline findings before conducting 
tumor genomic profiling [13]. The increased detection of potential clinically sig-
nificant germline pathogenic variants has given rise to important medical issues, 
which indicate the need for an optimal approach for obtaining germline find-
ings [4].

Table 14.1  Frequency of germline pathogenic variants detected in tumor genomic profiling tests

No. of 
samples

No. of genes included in the 
panel

Frequency of germline pathogenic 
variants (%) Ref.

815 111 3.3 [6]
1566 341 15.7 [7]
1000 202 4.3 [8]
439 247 4.3 [9]
1040 410 17.5 [10]
17,152 410 8.7 [11]
1000 202 8.7 [12]
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14.3	 �Why Are Germline Findings Important?

Germline findings potentially affect the treatment of the current cancer. Some germ-
line variants are highly predictive of response to specific cancer-directed therapies. 
BRCA1 and BRCA2 (BRCA1/2) are part of the BRCA-Fanconi anemia DNA repair 
pathway and play key roles in homologous recombination [14]. Patients with patho-
genic variants in BRCA1/2 or homologous recombination deficiency (HRD) who 
develop ovarian, breast, pancreatic, or prostate cancers showed higher response 
rates and longer survival when treated with poly(ADP-ribose) polymerase (PARP) 
inhibitors. The US Food and Drug Administration (FDA) approved olaparib, nirapa-
rib, rucaparib, and talazoparib for these cancers (Table 14.2) [15–30]. Patients with 
germline pathogenic variants in DNA mismatch repair genes (MLH1, MSH2, MSH6, 
and PMS2), which cause Lynch syndrome, respond to immune checkpoint blockade 
with antibodies to programmed death 1 (PD-1), regardless of the tumor origin [31]. 
Pembrolizumab, an anti-PD-1 inhibitor, induced a high response rate in patients 
with high-level microsatellite instability (MSI-H) or mismatch-repair-deficient 
(dMMR) solid tumors and was approved by the FDA for the treatment of unresect-
able or metastatic cancer in these patients [32–35].

Additionally, germline findings have critical implications for the assessment and 
management of the risk of future cancers. They can provide information regarding 
the risk of second primary cancer. Furthermore, the detection of germline patho-
genic variants is often a critical step in initiating a cascade of genetic testing in rela-
tives for determining their cancer risk. For at-risk individuals, lifesaving surveillance 
and risk-reduction interventions can be instituted [36, 37]. For example, women 
harboring pathogenic variants in genes implicated in the inherited risk of ovarian 
cancer, such as BRCA1/2, BRIP1, RAD51C, and RAD51D, are recommended to 
consider risk-reducing salpingo-oophorectomy [36]; women harboring pathogenic 
variants in mismatch repair genes are recommended to undergo surveillance for 
colorectal, gastric, urothelial, endometrial, and ovarian cancer [37].

14.4	 �Candidates for Germline Genetic Testing

Personal and family history is essential for the identification of an individual with a 
risk of inherited predisposition to malignancy or other diseases. The US Preventive 
Services Task Force (USPSTF) recommends that primary care clinicians assess 
women with a personal or family history of breast or ovarian cancer or those who 
have an ancestry associated with BRCA1/2 pathogenic variants using an appropriate 
brief familial risk assessment tool [38]. Moreover, ASCO recommends that the fam-
ily history of patients with cancer should be assessed at the initial visit and reas-
sessed periodically [39]. Any patient whose personal and/or family histories meet 
the criteria of germline genetic testing is recommended for referral to genetic spe-
cialists, regardless of the patient’s likelihood of undergoing tumor genomic profil-
ing [39]. Oncology providers play an important role in the identification of 
individuals at risk of hereditary cancer syndromes.

14  Germline Findings Through Precision Oncology for Ovarian Cancer
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Table 14.2  FDA approvals for PARP inhibitors (as of October 7, 2020)

Tumor type
PARP 
inhibitor Biomarker Treatment setting

Pivotal trials 
supporting the 
approval

Ovarian 
cancer

Olaparib Germline or 
somatic 
BRCAm

Maintenance treatment of patients 
with advanced OC who are in CR/
PR to first-line platinum-based CT

SOLO-1 [15]

Tumor 
BRCAm or 
genomic 
instability

Combination with bevacizumab 
for first-line maintenance 
treatment of patients with 
advanced OC who are in CR/PR to 
first-line platinum-based CT

PAOLA-1 
[16]

N/A Maintenance treatment of patients 
with recurrent OC who are in CR/
PR to platinum-based CT

Study19 [17]
SOLO-2 [18]

Germline 
BRCAm

Patients who have been treated 
with three or more prior CT 
regimens

Study42 [19]

Niraparib N/A Maintenance treatment of patients 
with advanced OC who are in CR/
PR to first-line platinum-based CT

PRIMA [20]

N/A Maintenance treatment of patients 
with recurrent OC who are in CR/
PR to platinum-based CT

NOVA [21]

Tumor 
BRCAm or 
genomic 
instability

Patients who have been treated 
with three or more prior CT 
regimens and with disease 
progression greater than 6 months 
after response to the last platinum-
based CT

QUADRA 
[22]

Rucaparib Tumor 
BRCAm or 
high LOH

Maintenance treatment of patients 
with recurrent epithelial OC who 
are in CR/PR to platinum-based 
CT

ARIEL3 [23]

Germline or 
somatic 
BRCAm

Patients who have been treated 
with two or more prior CT 
regimens

ARIEL2 [24]
Study10 [25]

Breast 
cancer

Olaparib Germline 
BRCAm

Patients with HER2-negative 
metastatic BC who have been 
treated with CT either in the 
neoadjuvant, adjuvant, or 
metastatic setting

OlympiAD 
[26]

Talazoparib Germline 
BRCAm

Patients with HER2-negative 
locally advanced or metastatic BC

EMBRACA 
[27]

Pancreatic 
cancer

Olaparib Germline 
BRCAm

Maintenance treatment of patients 
with metastatic pancreatic 
adenocarcinoma whose disease 
has not progressed with at least 
16 weeks of a first-line platinum-
based CT

POLO [28]
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Hereditary cancer predisposition is considered if the patient displays an early age 
of cancer onset, multiple affected relatives with cancer on the same side of the fam-
ily, or multiple primary tumors. In addition, patients with specific tumor types are 
considered for germline genetic testing, regardless of family history. Recent guide-
lines and statements demonstrate that germline genetic testing for BRCA1/2 should 
be conducted for all patients with epithelial ovarian cancer at initial diagnosis 
(Table  14.3) [36, 38, 40–44]. Importantly, the most recent ASCO guideline for 
patients with ovarian cancer recommended that germline sequencing of BRCA1/2 
be performed as part of a multigene panel that includes genes associated with inher-
ited risk of ovarian cancer, including at least RAD51C, RAD51D, BRIP1, MLH1, 
MSH2, MSH6, PMS2, and PALB2 [44].

14.5	 �Report of Germline Findings

Recent advances in NGS have expanded tumor sequencing modalities to whole-
genome sequencing (WGS) and whole-exome sequencing (WES) [5]. Recognizing 
the potential for the integration of WGS and WES into clinical practice, in 2012, the 
American College of Medical Genetics and Genomics (ACMG) published a policy 
statement on genomic sequencing that highlighted the importance of germline find-
ings [45]. The ACMG additionally proposed a minimum list of genes for which 
germline variants should be reported by clinical laboratories, regardless of the indi-
cation for which the sequencing test was ordered [46]. In 2015, the list was updated 
to include 59 genes, of which 25 were cancer susceptibility genes [47]. Recently, 
the ACMG guideline broadened the scope to targeted analysis of multiple genes of 
interest simultaneously using NGS [48]. Moreover, the European Society for 
Medical Oncology (ESMO) and the French Society of Predictive and Personalized 

Table 14.2  (continued)

Tumor type
PARP 
inhibitor Biomarker Treatment setting

Pivotal trials 
supporting the 
approval

Prostate 
cancer

Olaparib Germline or 
somatic 
HRR 
gene-
mutated

Patients with mCRPC whose 
disease progressed following prior 
treatment with enzalutamide or 
abiraterone

PROfound 
[29]

Rucaparib Germline or 
somatic 
BRCAm

Patients with mCRPC who have 
been treated with androgen 
receptor-directed therapy and a 
taxane-based CT

TRITON2 
[30]

BRCAm BRCA1/2 mutation; OC ovarian cancer; CR complete response; PR partial response; CT 
chemotherapy; LOH loss of heterozygosity; BC breast cancer; HRR homologous recombination 
repair; mCRPC metastatic castration-resistant prostate cancer; N/A not applicable. HRR genes 
include ATM, BRCA1, BRCA2, BARD1, BRIP1, CDK12, CHEK1, CHEK2, FANCL, PALB2, 
RAD51B, RAD51C, RAD51D, and RAD54L
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Medicine (SFMPP) have recommended lists of genes for inclusion in reports for 
germline findings [11, 49]. In addition, the NCCN guidelines specify genes for 
which the presence of germline pathogenic variants requires specific management 
[36, 37]. The lists of genes recommended in the ACMG, ESMO, SFMPP, and 
NCCN guidelines are compared in Fig. 14.1.

14.6	 �Testing Methods for Germline Pathogenic Variants 
and Presumed Germline Pathogenic Variants

Currently, there are three types of testing approaches for tumor genomic profiling: 
tumor-normal paired testing with germline variant subtraction, tumor-normal paired 
testing with established analyses of genes associated with germline cancer predis-
position, and tumor-only testing (Table 14.4) [48].

Table 14.3  Recent guidelines and statements on risk assessment, genetic counseling, and genetic 
testing for patients with ovarian cancer

Year Stakeholder Recommendations Ref.
2017 ACOG and 

SGO
Genetic counseling is recommended for all women with ovarian 
epithelial cancer and for individuals who have a personal or 
family history of breast cancer or ovarian cancer

[40]

2017 SGO All women with epithelial ovarian cancer should be offered and 
strongly encouraged to undergo genetic testing for hereditary 
ovarian cancer risk

[41]

2019 ESGO and 
ESMO

Testing for BRCA1/2 mutations is recommended for all patients 
with non-mucinous ovarian cancer

[42]

2019 NCCN Patients with ovarian cancer should undergo genetic risk 
evaluation and germline and somatic testing

[43]

2019 USPSTF Primary care clinicians assess women with a personal or family 
history of breast and ovarian cancer or those who have an 
ancestry associated with BRCA1/2 mutations using an appropriate 
brief familial risk assessment tool. Women with a positive result 
on the risk assessment tool should receive genetic counseling 
and, if indicated after counseling, genetic testing

[38]

2020 ASCO All women diagnosed with epithelial ovarian cancer should 
undergo germline genetic testing for BRCA1/2 and other ovarian 
cancer susceptibility genes. In women who do not carry a 
germline pathogenic BRCA1/2 variant, somatic tumor testing for 
BRCA1/2 pathogenic variants should be performed. Women 
diagnosed with clear cell, endometrioid, or mucinous ovarian 
cancer should be offered somatic tumor testing for mismatch 
repair deficiency

[44]

2020 NCCN Testing criteria for high-penetrance breast and/or ovarian cancer 
susceptibility genes: epithelial ovarian cancer at any age

[36]

ACOG American College of Obstetricians and Gynecologists; SGO Society of Gynecologic 
Oncology; ESGO European Society of Gynaecological Oncology; ESMO European Society for 
Medical Oncology; NCCN National Comprehensive Cancer Network; USPSTF US Preventive 
Services Task Force; ASCO American Society of Clinical Oncology
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14.6.1	 �Tumor-Normal Paired Testing with Germline 
Variant Subtraction

In this method, tumor and normal DNA are analyzed simultaneously, and germline 
variants detected in the normal DNA are subtracted from the variants detected in the 
tumor DNA.  Although this approach can detect somatic variants specific to the 
tumor, it renders germline pathogenic variants invisible [48]. Furthermore, because 
there is a lack of information on the comparison between the germline sequence and 
a reference, this approach cannot identify germline variants without additional dedi-
cated analysis [48].

ESMO

ACMG
SFMPP

CDH1
CDKN2A
EPCAM
CDK4
MAX
MET
POT1
TERF2IP
TERT
TMEM127

BMPR1A
MEN1
PTEN
SDHAF2
SMAD4
STK11
TSC1

ACTC1
ACTA2
APOB
ATP7B
CACNA15
COL3A1
DSG2
DSC2
DSP
FBN1
GLA
KCNQ1
KCNH2
LDLR
LMNA
MYCBPC3
MYH11

APC
BRCA1
BRCA2
MLH1
MSH2
MSH6

BRIP1
RAD51C
RAD51D
FH
FLCN
POLE

RB1
BAP1
NF1
PALB2
SDHA

MYH7
MYL2
MYL3
NF2
OTC
PCSK9
PKP2
PRKAG2
RYR1
RYR2
SCN5A
SMAD3
TGFBR1
TGFBR2
TMEM43
TNNI3
TNNT2
TPM1
WT1

MUTYH (homozygote)
PMS2
RET
SDHB
SDHC
SDHD
TSC2
TP53
VHL

ATM
BARD1
CHEK2
NBN

NCCN

Fig. 14.1  Genes recommended for return of results. The lists of genes that are recommended 
for the return of results in ACMG [47], ESMO [11], SFMPP [49], and NCCN guidelines [36, 
37] are compared. The genes shown in the SFMPP part of this figure are “class 1 genes,” which 
are defined as those for which information given to patients is recommended by SFMPP [49]. 
Genes for which germline pathogenic variants have specific management by NCCN are shown 
in bold in the parts of ACMG, ESMO, SFMPP, and NCCN. SFMPP, French Society of Predictive 
and Personalized Medicine; ACMG, American College of Medical Genetics and Genomics; 
ESMO, European Society for Medical Oncology; NCCN, National Comprehensive 
Cancer Network
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14.6.2	 �Tumor-Normal Paired Testing with Established Analyses 
of Genes Associated with Germline Cancer Predisposition

In this approach, additional germline testing is not needed for the patient but is 
needed as a positive control when the family members undergo germline genetic 
testing for the same variant [48].

14.6.3	 �Tumor-Only Testing

Germline pathogenic variants can be inferred from tumor sequencing results with-
out direct analysis of germline DNA. Tumor-detected pathogenic variants of poten-
tial germline origin are called presumed germline pathogenic variants (PGPVs) [11, 
48]. The germline status of variants can be deduced but must be confirmed with 
additional germline testing in the tumor-only genomic profiling. Clinicians should 
carefully evaluate all variants detected through the test for PGPV recognition [50].

14.7	 �Recognition of PGPVs Through Tumor-Only Testing

The first step in the recognition of PGPVs is the determination of the pathogenicity 
of variants detected within genes associated with inherited predisposition to malig-
nancy or other diseases [50]. The ACMG and the Association for Molecular 
Pathology have established practice guidelines for the interpretation of genetic vari-
ants using a five-tier classification system: benign, likely benign, variant of uncer-
tain significance, likely pathogenic, and pathogenic [51]. Only pathogenic or likely 
pathogenic variants are actionable. Several public databases catalog the clinical 
impact of previously reported somatic or germline variants: Catalog of Somatic 
Mutations in Cancer (COSMIC) [52], cBioPortal [53], and Clinical Interpretations 
of Variants in Cancer (CIViC) [54] for somatic variants and ClinVar [55] for the 
relationship between germline variants and diseases.

Second, a reassessment of the patient’s clinical presentation and family history is 
needed when a pathogenic/likely pathogenic variant is identified in a gene associ-
ated with inherited predisposition to malignancy or other diseases [50]. Generally, 

Table 14.4  Testing methods and germline findings

Testing method Germline findings
Tumor-normal paired testing
- With germline variant subtraction Any germline pathogenic variants may 

be invisible
- With established analyses of genes associated 
with germline cancer predisposition

Germline pathogenic variants are 
detected based ontest design

Tumor-only testing Germline pathogenic variants can be 
inferred as PGPVs

PGPV presumed germline pathogenic variant
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somatic pathogenic variants are commonly detected in APC, NF1, PTEN, RB1, 
STK11, and TP53 but less frequently detected in BRCA1/2, PALB2, MSH2, and 
MSH6 through tumor genomic profiling [8, 11]. If the gene is commonly mutated in 
cancer, the reassessment of personal and family history is crucial for referral to a 
genetic specialist [50]. Conversely, when BRCA1/2 pathogenic/likely pathogenic 
variants are identified through tumor-only testing, a genetic specialist should be 
considered regardless of the tumor type and the presence of personal and family 
history that meets the criteria for germline genetic testing because almost 80% of 
these variants are of germline origin [8, 11].

Finally, the variant allele frequency (VAF) has been considered as an important 
factor in the detection of variants of true germline origin through tumor-only testing 
[11]. The VAF of heterozygous PGPVs is generally proposed to range from 30 to 
70% [5, 11, 48]. However, because the VAF depends on the tumor purity, the tumor 
ploidy, and the local copy number [56], it is not always within this range. There are 
no established cutoffs of the VAF, and the exclusion or confirmation of germline 
origin using the VAF alone is not recommended for tumor-only testing [48].

Currently, there is no established guideline for clinicians on determining which 
somatic findings may be PGPVs and on the optimal clinical practice for referral to 
genetic specialists [48]. Figure 14.2 summarizes the algorithm described in this sec-
tion, based on personal and family history and results of tumor-only testing.

14.8	 �Clinical Utility of Tumor Genomic Profiling 
for Ovarian Cancer

Currently, genetic testing for germline and/or somatic BRCA1/2 is an essential part 
of the care for patients with ovarian cancer [36, 43, 44, 57]. BRCA1/2 germline 
pathogenic variants and somatic BRCA1/2 mutations are present in approximately 
10–18% and 7% of unselected ovarian cancer [58–65]. For first-line therapy in epi-
thelial ovarian cancer, randomized phase III clinical trials demonstrated the benefit 
of maintenance therapy with PARP inhibitors or a combination of a PARP inhibitor 
and bevacizumab among patients with germline or somatic BRCA1/2 pathogenic 
variants (Table 14.2) [15, 16, 18, 22–25]. These results endorse the testing for germ-
line and/or somatic BRCA1/2 status in all patients with ovarian cancer at initial 
diagnosis [44].

Germline genetic testing has revealed a high frequency of heritable genetic 
conditions—approximately 18–24% of all ovarian cancers [59–62]. A large num-
ber of germline pathogenic variants were detected in genes associated with 
homologous recombination repair, such as BRCA1/2, ATM, BARD1, BRIP1, 
CHEK1, CHEK22, FAM175A, MRE11A, NBN, PALB2, RAD51C, and RAD51D, 
and DNA mismatch repair (Fig.  14.3) [59]. Beyond BRCA-mutated tumors, 
patients with ovarian cancer harboring HRD exhibit high sensitivity to platinum, 
PARP inhibitors, or experimental agents targeting DNA repair or cell-cycle path-
ways [14, 60, 66]. Meanwhile, the frequency of MSI-H or dMMR in ovarian 
cancer is not very high, ranging from 3 to 12% [67–70]. A meta-analysis revealed 
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an overrepresentation of non-serous histology in ovarian cancer harboring dMMR 
[67]. These data support the testing for the status of microsatellite instability or 
mismatch repair determined from tumor tissue in patients with ovarian cancer, 
especially for those with non-serous histology [44]. The presence of MSI-H or 
dMMR in ovarian cancer provides an opportunity for treatment with pembroli-
zumab and also supports a referral to genetic specialists to confirm germline test-
ing for mismatch repair genes [37]. Considering these clinical benefits of tumor 
genomic alterations, ESMO recommends the routine use of tumor genomic profil-
ing in daily practice for ovarian cancer [71].

Finally, it should be noted that a normal/negative result for tumor sequencing is 
not equivalent to a normal/negative germline result [11]. Sequencing of germline 
DNA is the most sensitive approach, and sequencing of tissue DNA possibly misses 
almost 5% of germline pathogenic variants [15]. Germline genetic testing is still 
recommended for patients with ovarian cancer, even if tumor-only testing shows no 

Assessment of personal and family history

Patients meet criteria 
for germline genetic 

testing

Patients are 
recommended for 
referral to genetic 

specialists.

Patients do not meet 
criteria for germline 

genetic testing

Pathogenic/likely pathogenic 
variants in genes recommended 
by various guidelinesa for return

of results

No Yes

Patients are not 
recommended for referral 

to genetic specialists.

BRCA1/2

Patients are 
recommended for 
referral to genetic 

specialists.

Genes other than 
BRCA1/2

The reassessment of 
personal and family 
history is needed for 

decision for referral to 
genetic specialists.

Fig. 14.2  Algorithm for referral to genetic specialists based on personal and family history and 
results of tumor-only testing. First, any patients for whom personal and/or family history meets the 
criteria of germline genetic testing are recommended for referral to genetic specialists. Second, 
when BRCA1/2 pathogenic/likely pathogenic variants are detected, genetic specialists should be 
considered regardless of the tumor type and the variant allele frequency (VAF). Lastly, when 
pathogenic/likely pathogenic variants in genes on the lists of guidelines for return of results except 
for BRCA1/2, the reassessment of personal and family history is needed for decision for referral to 
genetic specialists, especially APC, NF1, PTEN, RB1, STK11, and TP53. The exclusion or confir-
mation of germline origin by using the VAF alone is not recommended. a indicates ACMG [47], 
ESMO [11], SFMPP [49], and NCCN guidelines [36, 37]
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BRCA1/2 pathogenic variant [44]. Multigene panel testing for germline sequencing 
that includes BRCA1/2, other homologous recombination repair genes, and mis-
match repair genes will serve as a standard tool for ovarian cancer [36, 44].

14.9	 �Summary

Germline findings identified through tumor genomic profiling could have implica-
tions in the assessment and management of future primary cancer risk, family risk 
assessment and guidance, and personalized treatment determination. Oncology pro-
viders must understand that somatic DNA analysis may reveal PGPVs that could 
have important implications not only for the patient but also for the patient’s family 
members.

Till date, a systematic approach has not been established for the assessment of 
PGPVs when tumor-only testing is performed [48, 50]. Somatic genetic findings 
through tumor genomic profiling must be interpreted carefully, especially in patients 
with ovarian cancer. Determination of germline findings using tumor genomic 
information is an urgent task in the era of precision oncology.

In conclusion, HBOC is the most common cause of genetic predisposition to 
cancer; it has become one of the best characterized hereditary syndromes in terms 
of diagnosis, treatment, and prevention [72], which indicates that HBOC is the most 
suitable model for precision oncology.

BRCA2

BRCA1
46.3 %

19.5 %

MLH1

MSH2

MSH6

PMS2

RAD51D

ATM

MRE11A
FANCC

GABRA2

Unselected Japanese women 
with ovarian cancer (n=230)

0.18

Mismatch 
repair genes

14.6 %

0

1

Fig. 14.3  Proportion of patients with germline pathogenic variants in cancer susceptibility genes 
in ovarian cancer. Two hundred and thirty unselected Japanese women with ovarian cancer were 
screened for pathogenic germline variants in 75 or 79 cancer susceptibility genes. Pathogenic vari-
ants of 11 genes were identified in 41 (17.8%) women, including 19 (46.3%) in BRCA1, 8 (19.5%) 
in BRCA2, and 6 (14.6%) in mismatch repair genes. Source: Oncotarget. 2017 Nov 
28;8(68):112258–112267
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Abstract

Five to 10 percent of breast cancers are hereditary tumors caused by pathogenic 
germline mutations in a responsible gene. Hereditary breast and ovarian cancer 
(HBOC), caused by loss-of-function germline mutation of tumor suppressor 
genes BRCA1 and BRCA2 (BRCA1/2), is the best known, but many other caus-
ative genes of hereditary breast cancer are also recognized. Accurate diagnosis of 
hereditary cancer not only provides patients with more appropriate surveillance 
and treatment options but also allows for early intervention in relatives at the 
same risk.

In Japan, genetic tests, surveillance, and risk reduction surgery for HBOC 
patients have finally been covered by public health insurance in 2020. 
Presymptomatic mutation carriers may be the best candidates to provide preemp-
tive intervention; however such management is not covered by insurance, which 
is a major issue to be amended.

The partial coverage of HBOC treatment will provide an opportunity to reex-
amine Japan’s public health insurance system and illustrate future medi-
cal system.
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15.1	 �Breast Cancer in Japanese Women

The incidence of breast cancer in Japanese women has been increasing every year. 
In Japan, there had been no nationwide cancer registration system until 2016. Thus, 
we had to estimate cancer incidence from data of regional registry. According to 
those data, the estimated number of newly diagnosed breast cancer patients in 2005 
was about 48,000, and that number was almost doubled to about 92,000 in 2017. 
The lifetime risk of breast cancer in Japanese women is 10.6%, which has been 
increased every year, and as is the case with other developed countries, breast can-
cer is the most frequent cancer in Japanese women. The peak incidence is between 
the ages of fifth to seventh decade. The incidence is increasing in all age groups, and 
a loose bimodal pattern is observed (Fig. 15.1) [1].

Hereditary tumors associated with mutations in a responsible gene have been 
estimated to account for 7–10% of breast cancers. In the United States, mutations of 
either BRCA1 or BRCA2 (BRCA1/2) are found in about 5% of breast cancer patients 
aged 35–64 years [2]. Similar data have recently been reported in Japanese breast 
cancer patients, suggesting that there is no significant difference in the frequency of 
pathogenic variant of BRCA1/2 genes [3].

In this chapter, the genetic background of breast cancer in Japanese women and 
current status of clinical issues in Japan will be overviewed.

15.2	 �Patients Suspected of Having Hereditary Breast Cancer

Table 15.1 shows the clinical importance of accurately diagnosing hereditary breast 
cancer among a large number of breast cancer patients. The diagnosis enables better 
medical care for the patient, i.e., individualized surveillance, treatment selection, 
and risk-reducing treatment. Because genetic information remains unchanged 
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Fig. 15.1  Incidence of breast cancer in Japanese women. Graphs are breast cancer incidence rates 
per 100,000 population by age group in 2005, 2010, and 2015. The graph is created based on the 
National Cancer Center’s database (Ref. [1])
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throughout life and is shared by relatives at a certain rate, it also allows early inter-
vention for at-risk relatives or avoids unnecessary medical intervention for relatives 
who are identified as not at risk.

In general, conditions that raise suspicion of HBOC include young age of onset; 
pathological feature, i.e., triple-negative breast cancer; multiple or recurrence of 
tumors; and a family history of breast or ovarian cancer (family history of prostate 
and pancreas cancer may also be considered). To pick up suspicious patients with 
HBOC, relevant societies such as NCCN (National Comprehensive Cancer 
Network) [4], NICE (National Institute for Health and Care Excellence) [5], and US 
Preventive Services Task Force [6], as well as guidebook published in Japan [7], 
have developed and proposed criteria to whom genetic testing of BRCA1/2 should 
be provided.

Applications for estimating the probability that the patient carries pathogenic 
variants of BRCA1/2 are widely used in clinical settings. Those applications include 
BRCAPRO (https://projects.iq.harvard.edu/bayesmendel/brcapro), IBIS (https://
ibis-risk-calculator.magview.com/), BOADICEA (https://ccge.medschl.cam.ac.uk/
boadicea/), Myriad Mutation Prevalence Table (https://s3.amazonaws.com/myriad-
library/brac/brca-prevalence-tables.pdf), KOHCal (http://www.kohbra.kr/
KOHCal/BRCA_en.html), etc. Those are based on epidemiological data to predict 
the probability that a patient or a blood relative carries a pathogenic variant. Some 
studies validated the performance of those models [8–10]. In the United States and 
Europe, genetic risk assessment has been recommended for patients who are 
assumed to have more than 5–10% chance of having a BRCA1/2 germline patho-
genic variant [11].

Recently, however, a broader view of who should be offered genetic testing has 
become the norm. In fact, in a recent revision of the NCCN guidelines, the recom-
mendation was changed from a two-step pick-up approach to suggest genetic test-
ing basically for all patients. The American Society of Breast Surgeons has also 
announced that genetic testing should be made available to all breast cancer 
patients [12].

In Japan, genetic testing for BRCA1/2 has not been covered by the public health 
insurance system for a long time, and patients who wanted to have the test had to 

Table 15.1  Importance of diagnosing hereditary breast cancer

For the proband
Enables personalized medical care
    • More accurate prediction of course and prognosis
    • Appropriate periodic surveillance
    • Choose better treatment option
    • Prophylactic intervention to reduce future health risk
Genetic counseling and psychosocial support
For relatives
Genetic counseling, pre-onset genetic testing
    • At risk → early response including surveillance and prophylactic treatment
    • No risk → avoid unnecessary surveillance
Genetic counseling and psychosocial support
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pay approximately 200,000–300,000 yen out-of-pocket. This high cost was a sig-
nificant burden for many patients, and that was part of the reason BRCA1/2 genetic 
testing has not been widely performed in Japan. Since 2020, BRCA1/2 genetic test-
ing has been covered by public health insurance for patients who have breast or 
ovarian cancer and meet the conditions listed in Table 15.2. In fact, it is estimated 
that nearly half of all breast cancer patients meet one of these conditions. Cost of 
surveillance by MRI, mammography, ultrasonography, and tumor markers for 
patients with HBOC who have already been diagnosed of breast or ovarian cancer 
(including fallopian tube and peritoneal cancer) is also covered. In addition, risk-
reducing surgeries for the contralateral breast, fallopian tubes, and ovaries of HBOC 
patients are also covered. Breast reconstruction is covered as well, but simultaneous 
hysterectomy during tubo-ovarian surgery is not covered. Surveillance and risk 
reduction surgery for presymptomatic relatives diagnosed as BRCA1/2 mutation 
carriers are not covered.

15.3	 �Japanese BRCA1/2 Database

The HBOC Consortium, a research group on HBOC in Japan, established a system 
to register data of patients who have genetic testing of BRCA1/2, and the registra-
tion started in 2015. Currently, this registration project has been taken over by the 
Japan Organization for Hereditary Breast and Ovarian Cancer (JOHBOC), and data 
accumulation and analysis are being conducted continuously [13]. The JOHBOC 
also conducts open research using the collected database.

The first analysis of this database was reported in 2018 for 830 cases of origina-
tors [14]. Of the cases tested, 19.7% had pathogenic variants in BRCA1/2. The 
result of variant of unknown significance (VUS) was reported in 6.5% which was 
higher compared to overseas data. This may be because that the number of East 
Asians tested is still low compared to North America and Europe. Regarding the 
pathogenic variants identified, the most frequent BRCA1 variant was p.L63*, 

Table 15.2  Conditions for public health coverage of BRCA1/2 genetic testing in Japan

    • Has breast or ovarian cancer and has already been found to have a pathogenic variant of 
BRCA1 and/or BRCA2 in the family
    • Has developed breast cancer and any of the following apply
    • Developed breast cancer at age 45 years or younger
    • Triple-negative breast cancer at age 60 years or younger
    • Two or more primary breast cancers
    • One or more third-degree relatives with breast cancer or ovarian cancer
    • Has developed ovarian cancer, fallopian tube cancer, or peritoneal cancer
    • Has developed male breast cancer
    • Has breast or ovarian cancer and meet the eligibility criteria for companion diagnosis for 
PARP inhibitors
    • Has breast or ovarian cancer, and presumed germline pathogenic variants are found in the 
BRCA1 and/or BRCA2 on tumor tissue profiling
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which is considered to be a founder mutation in the Japanese population. This vari-
ant accounts for 26% of the BRCA1 pathogenic variants identified in the Japanese 
population, and among patients with this variant, 89% had triple-negative breast 
cancers.

Recently, a study about frequency of hereditary breast cancer in Japanese women 
with breast cancer was reported [3]. They examined hereditary breast cancer-related 
genes (BRCA1, BRCA2, PALB2, TP53, PTEN, CHEK2, NF1, ATM, CDH1, NBN, 
STK11) using blood DNA samples from BioBank Japan that include 7093 Japanese 
women with breast cancer and 11,260 women over 60 years of age without a family 
history of cancer and 53 men with breast cancer and 12,520 men over 60 years of 
age without a family history of cancer. The frequency of pathogenic variant in 
BRCA1 or BRCA2 was 1.45% and 2.71%, respectively. Table 15.3 shows a compari-
son of the clinical findings between the pathogenic variant-positive and variant-
negative groups. Factors associated with an odds ratio (OR) > 2 for retention of the 
pathogenic variants were previous ovarian cancer, bilateral breast cancer, triple-
negative breast cancer, and family history of breast cancer, ovarian cancer, bone 
tumor, and bladder cancer.

About 15% of patients under 39 years of age had pathogenic variants in one of 
those genes, while about 3% of patients over 80 years of age had pathogenic vari-
ants, suggesting that the possibility of hereditary breast cancer should be considered 
regardless of age of onset. In addition, 0.6% of the control group with no history of 
breast or ovarian cancer or family history of breast or ovarian cancer had a patho-
genic variant in one of these genes.

Table 15.3  Comparison of clinical findings between the group with and without pathogenic vari-
ants in the breast cancer high-risk 11 genes including BRCA1/2 [3]

Variable Yes No P value OR (95% CI)
No. of subjects 404 6647
Age at entry 51.4 ± 12.8 56.1 ± 11.9 1.00 × 10−10

History of ovarian cancer 1.7% 0.6% 0.017 2.9 (1.1–6.6)
Bilateral breast cancer 7.1% 2.4% 6.11 × 10−5 3.1 (1.8–5.1)

ER positive 66.9% 73.3% 0.028 0.7 (0.6–1.0)
PR positive 47.7% 61.8% 8.45 × 10−6 0.6 (0.4–0.7)

Triple negative 22.0% 10.1% 2.16 × 10−5 2.5 (1.6–3.7)

Family history
Breast cancer 23.3% 11.1% 3.14 × 10−11 2.4(1.9–3.1)

Ovarian cancer 4.7% 1.0% 1.42 × 10−7 5.1 (2.8–8.7)

Pancreas cancer 5.9% 3.3% 0.011 1.8 (1.1–2.9)
Gastric cancer 25.0% 20.4% 0.027 1.3 (1.0–1.7)
Liver cancer 9.4% 6.3% 0.017 1.5 (1.1–2.2)
Bone tumor 1.0% 0.2% 0.014 5.1 (1.2–16.6)
Bladder cancer 3.7% 1.5% 3.18 × 10−3 2.5 (1.4–4.5)

This table is referred and modified with permission of the author from [3]
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15.4	 �Multigene Testing (MGT)

The NCCN guidelines are widely referred to in Japan. In this guideline, the section 
“Genetic/Familial High-Risk Assessment: Breast and Ovarian” has been referred 
for management of HBOC for a long time, and it is frequently revised to introduce 
updated knowledge. This guideline had a major revision in 2019. In the revised ver-
sion, the title was changed to “Genetic/Familial High-Risk Assessment: Breast, 
Ovarian and Pancreatic.” The primary approach to patients was changed to be as 
comprehensive as possible and to be performed for all cancer patients. In the previ-
ous version, the first step was to evaluate and assess those who needed detailed 
genetic risk assessment and then to assess whether they meet the testing criteria for 
BRCA1/2, TP53 (Li-Fraumeni syndrome), and PTEN (Cowden disease). In the 
revised version, it is recommended that all cancer patients should be assessed to 
determine whether they meet the testing criteria and that a multigene panel test 
should be performed instead of a single gene analysis of BRCA1/2. In fact, in the 
United States, more MGTs had become performed than BRCA1/2 genetic tests. In 
Japan, meanwhile, MGTs are not yet widely used mainly because of high cost 
patients have to pay.

The advantage of MGT is, without mentioning it again, that it increases the like-
lihood of diagnosing hereditary tumor syndromes that would not have been identi-
fied by genetic testing of a single gene. There are reports from Japan, the United 
States, and China, respectively, on MGP of low to high risk of breast cancer, includ-
ing BRCA1/2, for a large cohort of more than 7000 breast cancer patients without 
selection bias [3, 15, 16]. The detection rate of BRCA1/2 pathogenic variants was 
4.16%, 4.64%, and 5.34%, respectively, while the detection rate of pathogenic vari-
ants of all genes including genes other than BRCA was 5.7%, 9.3%, and 9.2%, 
respectively. Compared to genetic testing of BRCA1/2 alone, the detection rate was 
1.4 to 2 times higher.

A meta-analysis of 48 MGP reports for breast and ovarian cancers, including 
cohorts from various backgrounds, showed that BRCA1/2 accounted for 36% of the 
detected pathogenic variants in breast cancer and 62% in ovarian cancer. Identified 
pathogenic variants in genes other than BRCA1/2 were CHEK2 (14%), ATM (8%), 
and PALB2 (8%) in breast cancer and FANCM (6%), BRIP1 (5%), and ATM/
CHEK2/RAD51C/RAD51D (3% each) in ovarian cancer [17]. Beitsch et  al. also 
reported that only about half of the patients who had pathogenic variants in breast 
cancer-related genes after MGT met the criteria of the NCCN guidelines. These tri-
als also provide evidence for the superiority of MGT [18]. Although the genes being 
searched for vary from report to report, it seems certain that MGP will improve the 
detection rate of pathogenic variants. However, it should be noted that the detection 
rate of pathogenic variants in Asian patients with breast cancer and ovarian cancer 
is higher for BRCA2 and lower for CHEK2 compared to Western population and 
that the detection rate of pathogenic variants for all genes does not increase signifi-
cantly even if the number of low-risk genes searched is increased [19].

On the other hand, the weakness of MGT is the increase in frequency of detect-
ing VUS [20]. In general, as the number of genes to be analyzed increases, the 
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positive rate of pathogenic variants increases, but the increase gradually slows down 
after reaching a certain level. In contrast, the detection rate of VUS increases as the 
number of genes increases (as it should), and this rate remains proportional. In fact, 
when the detection rates of pathogenic variants and VUS in MGT are examined on 
a gene-by-gene basis, genes other than BRCA1/2 are more likely to detect VUS than 
to detect pathogenic variants, which is not easy to disclose the test results concisely 
and correctly to patients and their families [21].

Another weakness of MGT is that many of the causative genes detected in MGT 
have low penetrance and clinical data are scarce, making it difficult to provide 
evidence-based post-diagnostic management. However, the identification of muta-
tions other than BRCA1/2 has been reported to lead to changes in risk management 
and treatment for the majority of cases [22, 23]. In an analysis comparing 2000 
cases in the HBOC high-risk group and 1997 cases in the healthy control group, 
mutations other than BRCA1/2 were found in 1.6% of cases in the control group and 
4.0% in the high-risk group [24]. However, only PALB2 (26 cases vs. 4 cases, 
P < 0.001) and TP53 (5 cases vs. 0 case, P < 0.03) were found to have significantly 
higher rates of mutations in the high-risk group, and there were many genes with no 
difference in detection rates between the two groups, suggesting that mutations in 
those genes may not largely affect the risk of breast cancer.

15.5	 �Breast Cancer-Related Genes Other Than BRCA1/2

The MGT developed for hereditary breast cancer can analyze the causative genes of 
the hereditary tumor syndromes shown below. Most of these syndromes are rare and 
occur in an autosomal recessive manner, but breast and ovarian cancers are more 
frequently observed because they are often caused by a single-allele mutation alone, 
which may lead to the identification of affected families. Therefore, it is worthwhile 
to consider the use of MGT in patients with symptoms suggestive of these heredi-
tary tumor syndromes, after careful consideration of the benefits and disadvantages 
for each patient:

	1.	 Fanconi’s anemia: This disease is transmitted in an autosomal recessive manner. 
Aplastic anemia, acute myelogenous leukemia, and myelodysplastic syndromes 
occur in childhood, and a wide variety of cancers develop in adulthood. Among 
genetic subtypes, D1 is the same gene as BRCA2, J is BRIP1 (BACH1), N is 
PALB2, O is RAD51C, R is RAD51, and S is BRCA1. The function of the trans-
lated protein is mainly DNA repair.

	2.	 Telangiectatic ataxia: Inherited in an autosomal recessive manner. It is character-
ized by cerebellar ataxia and telangiectasia with onset in childhood, followed by 
lymphoma and acute lymphoblastic leukemia in later childhood. The responsible 
gene is ATM which encodes a kinase protein, involved in cell cycle control and 
DNA repair by phosphorylation signals.

	3.	 Li-Fraumeni syndrome: An autosomal dominant genetic disorder caused by 
mutations in TP53. It is associated with a high incidence of a wide variety of 
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malignant tumors, including sarcoma, breast cancer, brain tumor, adrenocortical 
carcinoma, and leukemia, beginning at a young age.

	4.	 Bloom syndrome: Autosomal recessive inheritance. In addition to short stature, 
sun-sensitive erythema, and immunodeficiency, a variety of carcinomas occur at 
a high rate. BLM has been identified as the responsible gene, and the translated 
protein is a DNA helicase that is essential for DNA repair. Excess sister chroma-
tid exchange in patient cells is used for diagnosis.

	5.	 Nijmegen syndrome: Autosomal recessive inheritance. In addition to microceph-
aly, short stature, avian-like facial expression, and immunodeficiency, it is asso-
ciated with a high incidence of lymphoid malignancies and a variety of solid 
tumors. The responsible gene is NBS1 (Nibrin), which is essential for DNA repair.

	6.	 Hereditary diffuse gastric carcinoma syndrome: An autosomal dominant inher-
ited disease caused by mutations in CDH1, resulting in a high incidence of 
young-onset diffuse gastric cancer and breast cancer (lobular carcinoma). The 
translation protein is E-cadherin, a molecule that regulates cell adhesion.

Other genes known to cause familial malignancies of the digestive organs include 
MLH1, MSH2, MSH6, PMS1, and PMS2, the mismatch repair-related genes respon-
sible for Lynch syndrome; PTEN, the gene responsible for Cowden syndrome; 
LKB1/STK11 responsible for Peutz-Jeghers syndrome; NF1, the causative gene of 
neurofibromatosis; APC, the causative gene of familial adenomatous polyposis; and 
MUTYH, the causative gene of MUTYH-related polyposis. These genes can be 
simultaneously analyzed by the MGT.

MGT may improve the detection rate of genetic mutations. However, when 
mutations are identified, few have been proven to correlate with risk, and VUS are 
also identified at a high rate [22, 25, 26]. Individuals without expertise may suffer 
from unnecessary anxiety and disadvantage due to excessive testing and treatment. 
Therefore, the use of MGT to identify genetic variants other than BRCA1/2 should 
only be recommended for experienced clinical geneticists at this time. However, it 
may be considered on a case-by-case basis in high-risk groups with a family history 
and symptoms of hereditary tumor syndromes other than HBOC, after seeking 
expert opinion.

15.6	 �Companion Diagnosis

As already mentioned, the conventional diagnosis of hereditary tumors has mainly 
consisted of extracting suspected patients and proposing genetic testing. Recently, 
an increasing number of patients have been diagnosed with HBOC through other 
means. One of them is a “companion diagnosis.”

The enzyme PARP (poly(ADP-ribose) polymerase) is involved in DNA repair, 
cell death, and differentiation regulation. When DNA is damaged by single-strand 
breaks, PARP repairs this damage by base excision repair. On the other hand, when 
the damage is double-strand break, homologous recombination repair is carried out, 
and BRCA and some other proteins are involved. When single-strand break repair 
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is inhibited by PARP inhibitors, cells normally convert the break into a double-
strand break and then repair it. In HBOC breast cancers with loss of BRCA protein 
function, double-strand break repair is impaired, so it is expected to lead to more 
cell death by PARP inhibitors, and its usefulness has been confirmed in clinical tri-
als [27–30].

Olaparib, a PARP inhibitor, was approved in Japan in 2017 for the treatment of 
breast cancer in patients with BRCA1/2 germline mutation, HER2-negative, recur-
rent, or inoperable cancer. In addition, the BRCA1/2 genetic test to determine drug 
coverage was also covered by insurance. At the time of 2018, the BRCA1/2 genetic 
test for companion diagnostic purposes was covered, but the same test for HBOC 
diagnostic purposes was not, an unnatural situation that has continued until 2020.

Patients suspected of having HBOC will be offered pre-diagnosis genetic coun-
seling, and once the diagnosis is confirmed by testing, standard HBOC care will be 
provided. In addition, genetic counseling and presymptomatic test will be provided 
to at-risk relatives, and if they are carriers of the mutation, surveillance and risk-
reducing treatment will be provided as in the case of the originator (at present, such 
treatment for carriers of the mutation who have not yet developed the disease is not 
covered by public medical insurance). On the other hand, if a person is found not to 
carry a mutation, her risk can be considered to be the same as that of the general 
population, even if there is a strong family history, and unnecessary surveillance can 
be avoided.

In contrast, in companion diagnostics, the attending physician is basically in 
charge of explaining the test and obtaining consent. Issues include how to provide 
advance information to patients for whom treatment is the top priority, the timing of 
genetic counseling for positive patients, and how to approach blood relatives in the 
absence of sufficient advance information.

15.7	 �Cancer Genome Profiling

Several types of cancer genome profiling (cancer gene panel tests) had already been 
introduced in Japan, and in 2019, two of these tests, OncoGuide™ NCC Oncopanel 
(NCC-OP) and FoundationOne® CDx (F-One), became covered by insurance. The 
purpose of these tests is to characterize the molecular genetics of cancer and select 
drugs based on these characteristics, but they may secondarily lead to the diagnosis 
of hereditary tumors. In particular, NCC-OP also analyzes blood samples as paired 
specimens, so if pathogenic variants are detected in the genes that cause hereditary 
tumors in blood, the patient will be confirmed as a carrier of hereditary tumor vari-
ants at that point. On the other hand, as F-One analyzes only tumor tissue, detected 
pathogenic variants can be either germline or somatic. It is not possible to determine 
unless variants are reexamined by blood sample.

The probability of having a pathogenic variant in BRCA1/2 is about 0.2% in the 
general population in Japan, and the probability is higher if it is limited to cancer 
patients. In addition, if a pathogenic variant in BRCA1/2 is identified by profiling 
using only tumor tissue, it is likely to be of germline origin, regardless of whether it 
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is a syndrome-related tumor (i.e., breast, ovarian, prostate, and pancreas cancer) or 
not (such as lung cancer) [31]. Therefore, regardless of allele frequency, it is recom-
mended that the results be disclosed and confirmatory tests using blood be per-
formed when a pathogenic variant in BRCA1/2 is identified.

With regard to these issues as well, we can raise the following questions: to what 
extent should the possibility of a diagnosis of hereditary tumor be communicated in 
the pretest information, how should the information related to the diagnosis of 
hereditary tumor detected be interpreted and handled, and what should the genetic 
counseling be in the overall cancer genome profiling?

15.8	 �Problems in Japan’s Genetic Medicine System

In the 2020 revision of Japan’s public health insurance system, some of HBOC-
related testing, surveillance, and risk-reducing procedures have become covered by 
the insurance for the first time. However, at present, there are still many inconsisten-
cies and extra burdens to be placed on the patients due to institutional restrictions. 
Among these, the following three points are discussed.

15.8.1	 �Repeat Genetic Testing

It has already been mentioned that the BRCA1/2 genetic test is now being used as a 
companion diagnostic test for the PARP inhibitor olaparib, but only the BRCA1/2 
genetic test provided by SRL, Inc. (Tokyo, Japan). This is the “BRACAnalysis 
Diagnostic System” from Myriad, Inc., of the United States, which has been 
approved for use in Japan. The sample is sent to the United States for analysis.

By the way, even before Myriad’s “BRACAnalysis Diagnostic System” was 
approved in Japan, many Japanese patients have already been diagnosed with HBOC 
after undergoing BRCA1/2 genetic testing at their own expense. The majority of 
these patients have been tested using the contract testing service provided by FALCO 
Holdings, Co., Ltd. Their test was originally transferred from Myriad’s analysis sys-
tem, and its performance is naturally considered to be equivalent to that of Myriad.

For this reason, the three genetics-related societies (the Japanese Society of 
Human Genetics, the Japanese Society for Genetic Counseling, and the Japanese 
Society for Gene Diagnosis and Therapy), the National Liaison Conference for 
Genetic Medicine, the Japanese Society of Gynecologic Oncology, and the Japanese 
Society of Hereditary Tumors jointly submitted a letter to the Minister of Health, 
Labor and Welfare, requesting to avoid unnecessary duplication of genetic testing. 
However, this issue has not yet been resolved.

15.8.2	 �Additional Charge for Genetic Counseling

The implementation of BRCA1/2 genetic testing, which was insured as a companion 
diagnosis in 2018, is required to be performed at a facility that has submitted a 
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notification pertaining to the facility criteria for additional genetic counseling 
charge (notified facility) or has a system of collaboration with a notified facility. If 
the test is performed at the latter (collaborating facility) and genetic counseling is 
then requested at the notifying facility, the cost of genetic counseling could not be 
charged at either facility.

In the 2020 revision of Japan’s public health insurance system, some point has 
changed. If the test is performed at a collaborating facility and patient is referred to 
notified facility for genetic counseling, the collaborating facility that performed the 
genetic test can charge an additional fee for genetic counseling. In addition, it was 
left to a consensus among the institutions to decide how to allocate the reimburse-
ment between the collaborating institution and the notifying institution that actually 
performed the genetic counseling.

This is an inconvenient, unnatural, and unreasonable rule, but it is because that 
the fee for genetic counseling is considered as a judgment fee for genetic testing, not 
as a technical charge for genetic counseling itself. Genetic counseling is not neces-
sarily performed only in cases involving genetic testing, and we have been lobbying 
for genetic counseling fees to be recognized as a technical fee, mainly through 
related academic societies, but this has not yet been achieved.

15.8.3	 �Providing Medical Care to Presymptomatic 
Mutation Carriers

In the case of Mendelian genetic diseases, such as hereditary tumors, which mostly 
develop after adulthood and for which effective interventions are available, medical 
care for presymptomatic mutation carriers can be expected to be the most cost-
effective as a preemptive intervention. On the other hand, there is an institutional 
constraint that those who have not yet developed the disease are not likely to be 
covered by public health insurance.

For example, let us assume a family as shown in Fig. 15.2, where the medical 
history of I-2 and I-3 raises the suspicion that HBOC is present in the background 
of the family. If prostate cancer is found in II-1, the doctor will assume that this 
could be caused by HBOC, but BRCA1/2 genetic test for patients with prostate can-
cer is not covered (male breast cancer is covered because of higher positive predic-
tive value, although the absolute risk of developing breast cancer in male carrier of 
BRCA1/2 pathogenic variant is lower than that of prostate cancer). And even if II-1 
is mutation-positive, he will still have to pay out-of-pocket for breast cancer surveil-
lance as recommended by the NCCN (National Comprehensive Cancer Network) 
guidelines.

When II-2 is found to have breast cancer, public health insurance system will 
cover genetic testing, surveillance of the contralateral breast and ovary when result 
of genetic testing is positive, as well as risk-reduced contralateral mastectomy and 
risk-reduced oophorectomy. If breast cancer is found in III-1, a daughter of II-2, her 
genetic testing, surveillance, and risk-reducing treatment would all be covered if 
genetic test result is positive, as would II-2. However, she would not have to have 
full BRCA1/2 sequencing; rather a less expensive and domestically available 
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single-site test based on her mother’s test results should be sufficient, which is not 
covered by public health insurance.

Furthermore, if II-3 wants to know her own genetic status due to a strong family 
history, she would have to pay for genetic testing (single-site testing is enough). And 
if she also turns out to be mutation-positive, surveillance and risk-reducing surgery, 
if desired, will all be at her own expense since she has not yet developed breast or 
ovarian cancer. It is not unreasonable for her to think, “If this is the case, why can’t 
they just find me with early breast cancer?” A system that makes healthy citizens 
expect to be diagnosed with cancer must be corrected immediately.

The reason why II-3 is not covered by insurance is because Article 63 of the 
Health Insurance Law stipulates that the object of medical treatment benefits is “ill-
ness or injury.” Of course, carrying the mutation is not a disease, and II-3 is a healthy 
population, but on the other hand, presymptomatic mutation carriers are also a pop-
ulation that can be expected to benefit from early intervention.

15.9	 �The Future of Hereditary Tumor Treatment Under 
Japan’s System

Although it is still not enough, partial inclusion of HBOC in the public health insur-
ance system is a major development in Japan, but it has also revealed a number of 
issues as can be seen in this case study. These facts suggest that this revision will be 
a turning point not only for management of HBOC but also for the future develop-
ment of genetic medicine in Japan.

Until now, genetic medicine has focused on chromosomal abnormalities and 
Mendelian inherited diseases, but multifactorial diseases will account for a larger 
proportion of genetic medicine in the future. In the field of cancer, the scope of 
genetic medicine will expand from germline-only information to somatic informa-
tion and also information of expression/epigenetics. In the future, comprehensive 
genome analysis will be commonly introduced to general practice in different fields 
such as cancer, intractable diseases, and multifactorial diseases.
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When we envision such a future, it is doubtful that it makes sense to separate 
those who have developed the disease from those who have not, at least from the 
perspective of genetic medicine, in a field with high actionability such as hereditary 
tumors. Of course, the purpose of the Health Insurance Law is valuable and needs 
to be respected.

For example, a person with high blood pressure or high LDL cholesterol level 
does not have any complaint of its own (except for severe hypertension). The pur-
pose to control blood pressure and blood LDL cholesterol levels is the “prevention” 
of cardiovascular disease. Primary prevention is not originally covered by Japan’s 
public health insurance, but by naming the disease “hypertension” or “dyslipid-
emia,” insurance covers the cost for preventive intervention of more serious diseases 
in the future.

One more thing to consider is infertility. Infertility is a situation in which a 
healthy man or woman who wants to conceive does not conceive for a certain period 
of time (usually 1 year), despite the fact that he or she is not using contraception. 
Infertility in itself is not a disease, but when a couple seeks medical attention for it, 
the infertility becomes the disease name. Although infertility treatment is not cov-
ered by public health insurance (a study has recently been started for future insur-
ance coverage), the cost is currently covered by the public through a system called 
the Specific Treatment Support Project. This system could be one of answers to 
provide public support for presymptomatic mutation carriers to receive personal-
ized preemptive medical care. In any case, it is expected that the genetic predisposi-
tion of individuals will be clarified through various opportunities (genetic testing of 
hereditary tumors, MGT, companion diagnoses, and cancer genome profiling), and 
as a result, there will be more opportunities to identify presymptomatic mutation 
carriers in blood relatives. It is urgently necessary to establish a system in which 
those who have not yet developed the disease can receive appropriate health care at 
the same expense burden as those who have already developed the disease. The 
partial coverage of HBOC treatment will provide an opportunity to think about the 
significance of Japan’s public health insurance and the public burden of medical 
costs in the coming era of genomic medicine, and we need to consider the future 
medical system from such a perspective.
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Abstract

In Japan, individuals who underwent BRCA genetic testing were first registered in 
2015 under a registry project by the Japanese Hereditary Breast and Ovarian 
Cancer Consortium. In 2019, the Japanese Organization of Hereditary Breast and 
Ovarian Cancer (JOHBOC) became the parent organization of this nationwide 
effort, and the data center was transferred to the National Clinical Database. 
BRCA-related data, namely, cancer family history including second-degree rela-
tives; clinicopathological characteristics of breast, ovarian, and other cancers; 
BRCA sequencing results; and risk-reducing surgeries, are registered and are sum-
marized and released annually in August. Data collected from cancer screenings 
performed in non-cancer diagnosed BRCA mutation carriers are also included in 
the database. By August 2020, 7780 registered individuals underwent the BRCA 
test across 93 medical institutions nationwide (index cases), among whom 726, 
645, and 7 were identified as BRCA1, BRCA2, and BRCA1 + BRCA2 mutation-
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positive, respectively, which represented a twofold higher registered BRCA muta-
tion carriers since 2019. In addition to companion diagnostics and confirmatory 
secondary cancer assessment, BRCA testing is covered under the national health 
insurance since 2020, which has contributed for the recent marked increase in 
BRCA testing frequency with diverse purposes. In the future, cooperation between 
the JOHBOC registry and foreign international databases will be explored.

Keywords

JOHBOC registry · BRCA1 · BRCA2 · Clinical database · Nationwide database

16.1	 �Introduction: Importance of a Registry 
in Hereditary Tumors

The prevalence of hereditary breast and ovarian cancer (HBOC) in the general pop-
ulation is low, for which a definitive diagnosis can be made by BRCA genetic test-
ing. Thus, the cooperation of medical institutions nationwide is necessary to study 
HBOC prevalence and characteristics through their shared clinical data. Moreover, 
new specific founder mutations and characteristic findings that are different from 
those in Western countries may be possible in isolated countries such as Japan. 
Therefore, it is clinically essential to build a nationwide registry system to elucidate 
the clinical and genetic characteristics of Japanese BRCA mutation carriers.

The first effort to register hereditary tumors in Japan dates back to 1975, when the 
Polyposis Center for the registry of familial adenomatous polyposis (FAP) was estab-
lished in the Tokyo Medical and Dental University. In 1993, 1104 FAP and 183 Peutz-
Jeghers syndrome patients from 722 and 173 families, respectively, were registered [1]. 
The nationwide registry system revealed new findings on the natural course of FAP, such 
as low mortality, the possibility of thyroid cancer spontaneous regression as a FAP com-
plication (only one recorded death), and the high recurrence rate of surgically removed 
desmoids, which have contributed to improving the vital prognosis of this disease.

HBOC is one of the most common hereditary tumors, and HBOC syndrome is 
defined as individuals who are predisposed to breast and ovarian cancers due to 
germline mutations in BRCA1 or BRCA2 [2]. Hence, the Japanese HBOC database 
was designed with the aim of elucidating the clinical and genetic characteristics of 
HBOC in the Japanese population, as well as to improve the health management of 
BRCA mutation carriers [3].

16.2	 �History of the HBOC Registry in Japan

For 2 years, starting in July 2010, Nakamura and collaborators conducted the proj-
ect “Management for patients with HBOC and unaffected BRCA mutation carriers 
in our country” as a study group of the Japanese Breast Cancer Society with the aim 
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of investigating the details of HBOC in Japan. They found that among breast cancer 
patients with family history of breast or ovarian cancer who underwent BRCA test-
ing in eight Japanese facilities, 30.7% had a BRCA1 or BRCA2 mutation. Moreover, 
of the breast cancers that developed in BRCA1 mutation carriers, up to 62.2% were 
triple-negative breast cancers (TNBCs), which was consistent with foreign 
reports [4].

The Japanese HBOC Consortium (JHC) was established in October 2012 as a 
co-project of breast oncologists, gynecologists, and clinical geneticists for the 
improvement of HBOC clinical practice. The main activities of the JHC are (1) 
building a Japanese HBOC database, (2) research to support and define HBOC 
management and treatment guidelines, and (3) increasing awareness of HBOC [5]. 
Initiatives to draft the protocol for the nationwide HBOC registry project started in 
the registry committee meeting in October 2013, which was finalized and approved 
by the ethics committee of the JHC in December 2014. Afterward, before conduct-
ing an official nationwide registry, a trial registration was conducted in four medical 
institutes to which the registry committee members were affiliated to test the online 
entry system and procedures related to the collection of data [3]. The data center 
was established in the Division of Breast Surgical Oncology of the Showa University 
Hospital. Minor modifications have been made to the system since then, and data 
have been compiled once a year since 2016.

Parallel to the activities of the JHC, the Japanese Organization of Hereditary 
Breast and Ovarian Cancer (JOHBOC) was established in August 2016 [6], and the 
BRCA registry was taken over as a project of the JOHBOC Registration Committee 
in 2019. The JOHBOC data center was moved to the National Clinical Database 
(NCD), with cases registered by the JHC that provided consent for registration in 
future registries also being transferred to the JOHBOC registry. Since 2015, regis-
tered cases were increased, but a temporary decrease was observed in 2019 due to a 
delay in the ethical review procedures regarding the approval of moving registered 
data in some institutes (Table 16.1).

Nationwide data were compiled for the fifth time in August 2020. The number of 
BRCA tests conducted is increasing dramatically as the HBOC gene testing is cov-
ered by the national health insurance since April 2020 and because many are taking 
it to use as companion diagnostics for PARP inhibitors and germline mutations of 
BRCA are incidentally found in cancer panel testing (Table 16.1).

16.3	 �Outline of the Current Japanese Registry System

The targets of this registry are individuals who underwent BRCA genetic testing [3], 
who are defined as “subjects.” The registry does not ask subjects to specify whether 
the testing was performed by Sanger sequencing or panel, out-of-pocket or 
insurance-covered costs, the company that performed the test, or whether it was 
performed for companion diagnostics or cancer panel testing. However, when a 
BRCA mutation was suspected in a cancer panel testing, it had to be confirmed by 
BRCA genetic testing as a germline mutation in the registry. Data on the 

16  Hereditary Breast and Ovarian Cancer (HBOC) Database in Japan



246

Ta
bl

e 
16

.1
 

T
ra

ns
iti

on
 o

f 
re

gi
st

er
ed

 c
as

es
 f

ro
m

 2
01

5 
to

 2
02

0

T
ri

al
 r

eg
is

tr
at

io
n

N
at

io
nw

id
e 

re
gi

st
ra

tio
n

Fe
b 

20
15

A
ug

 2
01

6(
fir

st
)

A
ug

 2
01

7(
se

co
nd

)
A

ug
 2

01
8(

th
ir

d)
A

ug
 2

01
9(

fo
ur

th
)

A
ug

 2
02

0(
fif

th
)

1 
Pa

rt
ic

ip
at

in
g 

m
ed

ic
al

 
in

st
itu

te
s

4
7

35
69

62
93

2 
R

eg
is

tr
ee

s
39

35
71

18
11

,7
11

16
,5

30
(+

48
19

)
15

,6
12

(−
91

8)
28

,8
46

(+
13

,2
34

)

3 
Su

bj
ec

ts
96

5
17

18
27

47
39

94
(+

12
47

)
39

29
(−

65
)

77
80

(+
38

51
)

4 
Pe

di
gr

ee
84

6
15

57
24

33
35

86
(+

11
53

)
36

29
(+

43
)

72
25

(+
35

96
)

5 
B

R
C

A
1

13
5

21
8

26
5

42
9(

+
16

4)
39

8(
−

31
)

72
6(

+
32

8)

6 
B

R
C

A
2

11
9

19
7

21
4

31
9

(+
10

5)
29

9
(−

20
)

64
5

(+
34

6)
7 

B
R

C
A

1 
+

 B
R

C
A

2
1

1
3

6
6

7

N
ot

e:
 V

al
ue

s 
w

ith
in

 p
ar

en
th

es
is

 r
ep

re
se

nt
 th

e 
di

ff
er

en
ce

 f
ro

m
 th

e 
pr

ev
io

us
 y

ea
r

M. Arai and 



247

clinicopathological findings related to breast or ovarian cancer and results of genetic 
testing were stored (Fig. 16.1a). The entry items are shown in Table 16.2.

Clinical family history, including information within the second-degree relatives 
and cousins, who had cancer, was also entered. Most of the data about cancer in 
relatives are based on information reported by the subjects. For BRCA1/2 mutation 
carriers without cancer, results of cancer screening tests such as magnetic resonance 
imaging or mammography are also entered. Therefore, data on individuals who 
underwent BRCA testing (subjects) and their family members were entered into the 
unit of families (Fig. 16.1b).

Deadline for annual registry is the last day of August. From September, the 
JOHBOC Registration Committee Office contacts medical institutions on entered 
data items that are suspected to be erroneous or incomplete to ensure data accuracy. 
Subsequently, the basic data are analyzed and presented at the JHC Conference held 
in January the following year. Starting in 2021, the basic data compiled in the previ-
ous year is scheduled to be presented at the JOHBOC Conference.

The basic data from the 2018 registry year were the following:

	1.	 Overall, 3477 index cases (the first individuals who underwent BRCA testing in 
a family) were recorded, among whom 423, 312, and 6 individuals had muta-
tions in BRCA1, BRCA2, and both genes, respectively, representing an overall 
BRCA mutation-positive rate of 21.3%. Variants of uncertain significance (VUS) 
were observed in BRCA1, BRCA2, and both genes in 94, 144, and 5 tests, respec-
tively, indicating a 7.0% risk of detecting VUS in BRCA testing (Fig.  16.2). 
BRCA mutation-positive rate was summarized according to the format of Myriad 
Table (Table  16.3), which revealed that the BRCA mutation-positive rate was 
high for all cells compared to the US Myriad Table [7].

	2.	 A total of 164 pathogenic or likely pathogenic BRCA1 mutations were regis-
tered, with c.188T > A (p.L63X) being the most common variant (109 cases). 
This variant has already been confirmed to be a founder mutation in haplotype 
analyses [8]. The second most frequent variant was c.2800C > T (p.Q934X), 
which accounted for 50 cases, while 106 variants were reported only once. A 
total of 129 pathogenic or likely pathogenic variants of BRCA2 were registered. 
The most frequent variant was c.6952C > T (p.R2318*) in 32 cases, followed by 
c.5576_5579del (p.I1859Kfs*3) in 30 cases. Seven BRCA1 rearrangements and 
two BRCA2 rearrangements could only be diagnosed by multiplex ligation-
dependent probe amplification, both of which were exon deletions.

	3.	 Overall, 71 VUS in BRCA1 were registered, including c.152C > T (p.L52F) in 14 
cases and c.5558A > G (p.Y1853C) in 13 cases. Currently, the former is classi-
fied as likely benign and the latter as likely pathogenic [9]. For BRCA2, 102 VUS 
were recorded, including c.53G  >  A (p.R18H) in 19 cases and c.4854T  >  A 
(p.D1618E) in 8 cases. Of these, the former is classified as benign. Among the 
VUS, three BRCA1 and one BRCA2 VUS were determined to be inconclusive. 
These variants cannot be diagnosed by the standard method of analysis by 
Myriad. The frequency of VUS in BRCA testing has not decreased since 2010 
and is fairly stable at 5–8%.

16  Hereditary Breast and Ovarian Cancer (HBOC) Database in Japan
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b

a

Fig. 16.1  Data registration input screen (a) for individuals and (b) of the front cover. (a) 1, Basic 
information; 2, Information on breast cancer; 3, Information on ovarian cancer; 4, Other cancers; 
5, Information on genetic test; 6, Risk-reducing surgery. (b) Registered data  group based on the 
pedigree in each medical institute
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Table 16.2  Registration items in the hereditary breast and ovarian cancer (HBOC) registra-
tion system

Basic information for the subject or other family members
1. Family relationship, 2. Gender, 3. Race
4. Father’s individual number, 5. Mother’s individual number (number issued by this system)
6. Date of birtha

7. Date of death, 8. Age at death, 9. Cause of death, 10. History of cancers
11. Menopausal state, 12. Menopausal age, 13. Age at menarche, 14. Times of childbirth, 
15. Age at first childbirth
Information on breast cancerb

16. Onset age of breast cancer
17. Single or multiple, unilateral or bilateral, 18. Site (right or left), distant metastasis
19. Modality of diagnosis (trigger of finding a lesion)
20. Medical treatment (surgery, preoperative chemotherapy, postoperative 
chemotherapy, preoperative hormone therapy, postoperative hormone therapy, 
molecular targeted drug, radiotherapy, no treatment)
21. Operation procedure, 22. Operation date
23. Histology, 24. Pathological tumor size (clinical tumor size), 25. Number of lymph 
nodes positive for cancer, 26. ER, 27. PGR, 28. HER2 (IHC), 29. HER2 (FISH)
30. Ki67 score, 31. Epithelial marker, 32. Nuclear grade (NG)
Information on ovarian cancer
33. Onset age of ovarian cancer
34. Ovarian cancer, tubal cancer, peritoneal cancer
35. Histology, 36. Stage, 37. Degree of differentiation for cancer, 38. Metastatic sites
Other cancers than breast and ovary (all cancers should be described if patients have a history 
of multiple cancers)
39. Type of other cancers, 40. Onset age
41. Other history associated with HBOC
Information on genetic tests
42. Date of genetic test for BRCA, 43. Type of examination, source of genetic test 
(company, medical institute, etc.), 44. Purpose of genetic test
45. Mutation of BRCA1, mutation sited (DNA and protein), 46. Mutation of BRCA2, 
mutation sited (DNA and protein)
Information on prophylactic surgery of the breast and the ovary
47. Risk-reducing mastectomy (RRM), 48. Operation procedure for RRM, 49. 
Pathological findings of the resected specimen, 50. Date of RRM, 51. Execution age of 
RRM
52. Risk-reducing salpingo-oophorectomy (RRSO), 53. Operation procedure for RRSO, 
54. Pathological findings of the resected specimen, 55. Date of RRSO, 56. Execution age 
of RRSO
Information on visiting a hospital
57. First consultation at the hospital, 58. Final consultation at the hospital
Information on surveillance examination
59. Examination for breast cancer (date of examination, inspection and palpation, MRI, 
US, MMG, cytology, biopsy)
60. Examination for ovarian cancer (date of examination, TVUS, CA-125, MRI, use of 
oral contraceptives)

Note 1: Characteristics in bold represent essential registration items for all subjects
Note 2: Items no. 1, 16, 33, 39, and 40 are essential registration items for registrees within the 
second relatives of the subject or uncles, who suffered from any cancers and registered by 
interview-based information
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	4.	 About 76.8% of breast cancers in BRCA1 mutation-positive individuals were 
triple-negative. The BRCA1 mutation-positive rate was 26.8% in TNBCs, but the 
pathogenic mutation rate increased dramatically to 39.8%, 38.1%, and 65.5% in 
people with additional conditions such as breast cancer onset at <40 years, one 
or more other family members with breast cancer, and family history of ovarian 
cancer, respectively. In turn, TNBC accounted for 21.2% of breast cancers in 
BRCA2 mutation-positive individuals. The BRCA2 mutation-positive rate was 
only 5.5% in TNBC, and the mutation-positive rate remained under 10% even in 
patients with additive factors such as onset at a young age and family history of 
breast or ovarian cancer.

	5.	 Additionally, 12.9% of breast cancers in BRCA mutation-positive individuals 
were ductal carcinoma in situ. However, stages III and IV accounted for 80.4% 
(160 cases) of the total 199 cases with registered disease stage of ovarian cancer 
in BRCA mutation carriers, whereas the percentage was 65.0% in BRCA 
mutation-negative individuals. Regarding histological subtypes of ovarian can-
cer, serous carcinoma was observed in 137 of 164 (83.5%), 30 of 34 (88.2%), 
and 144 of 252 (57%) of BRCA1 mutation-positive, BRCA2 mutation-positive, 

Table 16.2  (continued)
Note 3: Items no. 59 and 60 are essential registration items for unaffected BRCA mutation carriers
aThe date is deleted at submission (only month and year are registered) for protection of individual 
information
bWe can register up to the third breast cancer, if patients had suffered from it
cWe can register up to the third regimen, if patients had received one
dBased on the Myriad notation or HGVS notation

Total 3,477 cases

Negative
2,493 cases

(71.7%)

BRCA2-uncertain 144 cases (4.1%)

BRCA1-uncertain  94 cases (2.7%)

BRCA2-positive 312 cases (9.0%)

BRCA1/2-positive 6 cases (0.2%)

BRCA1-positive 423 cases (12.2%)

Positive
741 cases
(21.3%)

Uncertain
243 cases

(7.0%)*

*：Uncertain alleles + 33 cases
BRCA1:Positive + BRCA1:Uncertain・3 cases
BRCA1:Positive + BRCA2:Uncertain・16 cases
BRCA2:Positive + BRCA1:Uncertain・7 cases
BRCA2:Positive + BRCA2:Uncertain・2 cases
BRCA1:Double Uncertain・2 cases
BRCA2:Double Uncertain・2 cases
BRCA1-2:Uncertain + BRCA1:Uncertain・1 case

BRCA1/2-uncertain 5 cases (0.1%)

Variant Allele 

Positive Uncertain

BRCA1 429 112

BRCA2 318 169

Fig. 16.2  Data Collection Study in Japan (2018). Adapted from [3, 4]
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and BRCA mutation-negative individuals, respectively, among those with dis-
tinct histologic types.

	6.	 A total of 113 risk-reducing mastectomies (RRMs) were registered: 103 cases 
consisted of contralateral and 10 of bilateral RRMs (including 2 cases after 
partial mastectomy). The mean age at RRM was 42.6 years (26–63 years), and 
the mean time from the surgical treatment of the first breast cancer to RRMs 
was 3.5  years (0–23  years). The mean follow-up period after RRM was 
23.7 months, and post-RRM onset of breast cancer was observed in two cases. 
The risk of post-RRM breast cancer onset was 0.9% per year. A total of 216 
risk-reducing salpingo-oophorectomies (RRSOs) were registered. The mean 
age at RRSO was 49.7 years (34–78 years), and the mean post-RRSO follow-up 
period was 28 months, during which onset of peritoneal cancer was observed in 
one case (0.3% per year). Occult cancer was detected in the resected specimens 
of risk-reducing surgery in six cases of RRM (5.3%) and nine cases of 
RRSO (4.2%).

	7.	 A total of 111 cases of unaffected BRCA mutation carriers were registered. The 
mean follow-up period after BRCA testing was 2.7 years (0–16.4 years), and the 
mean age at genetic testing was 38.8 years (20–67 years). Of these, breast can-
cer, ovarian cancer, and other cancer onset were observed in nine cases (3.0% per 
year), one case (0.3% per year), and three cases (1.0% per year), respectively.

Family history Among 1st- or 2nd-degree relatives

No family history 
of

breast or ovarian 
cancer

Family history in

only 3rd-degree 
relatives

Breast cancer < 50 years − + − +

Ovarian cancer (at any age) − − + +

Proband history
Breast cancer ≥ 50 years 

16/243
6.6%

35/220
15.9%

18/87
20.7%

5/20
25.0%

10/212
4.7%

3/37
8.1%

Breast cancer < 50 years
95/511
18.6%

175/527
33.2%

79/193
40.9%

46/84
54.8%

71/636
11.2%

6/75
8.0%

Ovarian cancer at any age, no breast 
cancer

8/26
30.8%

9/21
42.9%

58/78
74.4%

6/8
75.0%

21/165
12.7%

2/11
18.2%

Breast cancer and ovarian cancer at 
any age

13/28
46.4%

6/12
50.0%

15/16
93.8%

6/6
100%

10/46
21.7%

1/8
12.5%

Male breast cancer at any age
1/3

33.3%
2/5

40.0%
0/2

0.0%
1/10
10.0%

0/2
0.0%

No breast cancer or ovarian 
cancer at any age

2/39
5.1%

10/67
14.9%

5/41
12.2%

3/19
15.8%

2/19
10.5%

0/1
0.0%

Table 16.3  Prevalence of deleterious mutations in BRCA1 or BRCA2 according to 2018 records
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16.4	 �Research Using Registry Data

The JOHBOC Registration Committee uses registered data from each year to select 
a medical institution that contributed to the registry and requested it to summarize 
and present the data in an article along with a contemporary topic. Some published 
manuscripts are introduced below.

Yoshimura et al. investigated the incidence of contralateral breast cancer follow-
ing initial breast cancer after mastectomy and ipsilateral breast cancer (including 
primary cancer and recurrence) following breast-conserving surgery in BRCA muta-
tion carriers [10]. They found that, over a mean follow-up period of 3 years, the 
incidence of contralateral breast cancer was 4.0%, 2.9%, and 1.9% per year in 
BRCA1 mutation carriers, BRCA2 mutation carriers, and BRCA mutation-negative 
individuals, respectively, while the risk of ipsilateral recurrence after conservative 
surgery was 2.7%, 1.4%, and 1.1% per year, respectively. This investigation showed 
that the risk of contralateral breast cancer or ipsilateral recurrence in BRCA1 muta-
tion carriers was significantly higher than in BRCA mutation-negative individuals; 
however, no significant difference was observed compared with BRCA2 mutation 
carriers. Since the follow-up period was short, a longer-term observation is still 
required.

Okano et al. focused on the age of onset of breast cancer with BRCA1/2 muta-
tions to investigate the positive rate of BRCA testing [11] and found that the mean 
age at breast cancer onset in BRCA1 mutation-positive, BRCA2 mutation-positive, 
and BRCA mutation-negative individuals were 43.6, 45.2, and 48.8 years, respec-
tively. Although no significant difference between BRCA1- and BRCA2-positive 
individuals was observed, they were significantly younger than breast cancer 
patients without BRCA mutations. Furthermore, they evaluated the BRCA mutation-
positive rate in cancer patients without a family history of breast or ovarian cancer 
and found higher BRCA1 mutation-positive rates in TNBC. In particular, the BRCA1 
mutation-positive rate was 21.1% in patients in their 30s and 12.5% in BRCA2 
mutation carriers younger than 30  years, suggesting the medical significance of 
BRCA testing in TNBC with early onset under 40 years, even without a family his-
tory of HBOC-associated cancers.

Inuzuka et al. investigated how the results of preoperative BRCA testing condi-
tioned the surgical approach [12]. Among 318 candidates for breast-conserving sur-
gery who underwent BRCA testing preoperatively, 45 of 59 BRCA mutation-positive 
patients (76.3%) elected total mastectomy. In turn, only 99 of 250 patients without 
BRCA mutations choose total mastectomy (38.2%). No patients aged 50 years or 
older at the time of breast cancer onset elected contralateral RRM. According to the 
National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology, 
BRCA pathogenic mutations are considered relative contraindications for conserva-
tive therapy with radiotherapy. However, the recent American Society of Clinical 
Oncology guidelines state that BRCA germline mutations are not necessarily contra-
indications for breast-conserving therapy [13]. The availability of data on the long-
term prognosis of conservative therapy in Japan should also allow patients to make 
decisions based on more accurate information.
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Yamauchi et al. reported a high rate of occult cancer in resected specimens in 6 
of 53 patients who underwent RRM (11.3%). Pathological cutting methods for 
resected specimens and standardization of preoperative imaging tests are 
needed [14].

Yoshida et al. conducted a clinicopathological investigation of breast cancer in 
individuals with L63X, which is a founder mutation of BRCA1 in Japanese [15].

Mitamura et al. investigated the characteristics of lymph node metastasis of ovar-
ian cancer in BRCA mutation-positive individuals. Although the metastasis-positive 
rate was 20–26% in BRCA1 mutation-positive and BRCA1 mutation-negative indi-
viduals, ovarian cancer in BRCA1 mutation-positive individuals without a family 
history of cancer had a significantly higher incidence of lymph node metastasis [16].

Nomura et al. analyzed the current status of RRSO in Japan. Of 488 individuals 
diagnosed with HBOC through BRCA testing that resulted in the identification of a 
pathogenic mutation, 153 (31.4%) underwent RRSO. The mean age of patients who 
underwent RRSO was 49.5 years, and the mean age of individuals who underwent 
genetic testing was 48.5 years. Significant factors for electing RRSO included birth 
history, history of breast cancer, and history of RRM. As RRSOs are covered under 
the national health insurance program since April 2020, the number of BRCA muta-
tion carriers who elect RRSO is expected to grow further in the upcoming years [17].

Taken together, these studies demonstrate that the JOHBOC registry database 
may pave the way for additional findings related to HBOC original to Japan.

16.5	 �Future Perspectives

Since April 2020, BRCA genetic testing has been covered under the national medi-
cal insurance for patients with breast and ovarian cancers. The diagnostic criteria for 
testing indication covered by the medical insurance and the BRCA detection rates 
are presented in Table 16.4. For breast cancer patients who satisfy only one item 
(and do not meet any other criteria), the detection rate frequently does not reach 
10%, but for breast cancer patients who meet either criterion, the detection rates all 
exceed 20%; thus, the criteria can be considered valid. However, the Myriad Table 
data were also higher in Japan compared to the United States, most likely due to 
negative cases that tend to be skipped at the time of registration. In other words, it 
may be possible that mutation-positive cases are being entered with priority. 
Henceforth, it is necessary to maintain compliance to continue registration so that 
the registry project accurately reflects the prevalence of BRCA mutations in Japan. 
In order to respond to the expected rapid increase in BRCA testing in the 2022 reg-
istry project, registrations are planned to be restricted to individuals with variants 
that have been classified as BRCA mutation-positive or VUS.

Aside from VUS, “inconclusive” is seen occasionally in Myriad reports of 
registered cases, even though there is no such result in the 2015 trial registry. 
Four kinds of inconclusive variants are registered, i.e., exon14–19, exon15–18, 
exon21–24 in BRCA1, and exon14–18 in BRCA2 in 2018 registration. Myriad 
company explained that an atypical pattern, suggestive of a large 
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rearrangement, was observed, which could be due to genetic or technical rea-
sons. As such, the interpretation of these regions remains limitations and chal-
lenges. There may be common mechanism under these findings and further 
analysis has to be required.

The data from the JOHBOC registry should also be registered in other registries 
such as the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA) to 
contribute to international databases [18].

To date, Japanese criteria for national health insurance coverage and clinical 
management of HBOC have been based on foreign data. Gathering more data to the 
JOHBOC database is essential to guide the future of clinical management and 

Table 16.4  Mutation frequency of each clinical condition in which BRCA genetic testing is rec-
ommended and public health insurance covers, based on 2019 JOHBOC Registration data and 
according to the “Guidebook for Diagnosis and Treatment of HBOC Syndrome 2017” [2]

Mutation frequency in subjects who satisfy at least one of the following items

Clients who satisfy at 
least one of the 
following conditions

BRCA1/2+ BRCA1+ BRCA2+ BRCA1/2− Total Mutation 
rate (%)

Patients 
with breast 
cancer of 
the 
following 
conditions

Onset 
<45 years

5 214 169 1218 1606 24.2

Onset of 
triple-
negative 
breast 
cancer 
<60 years

1 188 38 531 758 29.9

Double or 
more 
primary 
lesions

1 60 67 425 553 23.1

Family 
history of 
breast or 
ovarian 
cancer 
within 
third-
degree 
relatives

6 226 207 1429 1868 23.5

Patients with ovarian, 
tubal, or peritoneal 
carcinoma

0 128 30 231 389 40.6

Patients with male 
breast cancer

0 0 4 16 20 20.0

Mutation frequency in subjects who satisfy only one of the following conditions
Clients who satisfy at 
least one of the 
following conditions

BRCA1/2+ BRCA1+ BRCA2+ BRCA1/2− Total Mutation 
rate (%)

M. Arai and 
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policies in light of the clinicopathological characteristics of HBOC in the Japanese 
population.
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Table 16.4  (continued)

Mutation frequency in subjects who satisfy at least one of the following items

Patients 
with breast 
cancer of 
the 
following 
conditions

Onset 
<45 years

0 6 17 307 330 7.0

Onset of 
triple-
negative 
breast 
cancer 
<60 years

0 9 4 126 139 9.4

Double or 
more 
primary 
lesions

0 2 2 73 77 5.2

Family 
history of 
breast or 
ovarian 
cancer 
within 
third-
degree 
relatives

1 21 47 550 619 11.1

Patients with ovarian, 
tubal, or peritoneal 
carcinoma

0 0 89 23 198 36.1

Patients with male 
breast cancer

0 0 0 0 10 0.0
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17Ethical Issues: Overview in Genomic 
Analysis and Clinical Context
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Abstract

This chapter discusses ethical, legal, and social issues (ELSI) centered around 
hereditary breast and ovarian cancer syndrome (HBOC). In the first half, we 
discuss ethical considerations in the context of decision-making on genetic test-
ing, debates on incidental/secondary findings (IFs/SFs), and global trends in 
clinical and/or genetic data sharing, including with patients and their family 
members. In the second half, from the perspective of clinical ethics of cancer 
diagnosis and treatment, we introduce the importance of decision-making and 
care based on the shared decision-making (SDM) approach and practical points 
in prophylactic surgery. We also discuss dilemmas that arise regarding confiden-
tiality between medical professionals and their patients. This includes disclosure 
of genetic information with genetic relatives, and challenges in family communi-
cation, in which carefully assessed and encouraging support may be needed for 
patients and family members.
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17.1	 �Introduction: Genomic Medicine/Research 
and Ethical Issues

From an ethical perspective, genetic and genomic analyses may evoke certain 
dilemmas, since genetic data are characterized such that they are partially shared 
among genetic relatives, for not only the diagnosis of current health conditions but 
also the assessment of future disease risk among individuals. Although “respect for 
autonomy” is one of the fundamental principles in medical ethics,1 potential con-
flicts of interest exist between patients and their family members. Furthermore, 
diagnosis, treatment, and prevention options may highly influence personal life 
plans, and various values may depend on individuals, cultural/social context, and 
historical backgrounds. Multidisciplinary collaborations are required to unravel 
such questions with no correct answers. Indeed, genetic/genomic studies have 
always promoted the ethical and psychosocial viewpoint.

The Human Genome Project (HGP) was a remarkable achievement by interna-
tional collaboration groups from 1990 to 2003, which aimed to determine the com-
plete sequence of the human genome at nucleotide-level resolution. The US 
Department of Energy (DOE) and National Institutes of Health (NIH) devoted 
3–5% of their annual HGP budgets toward studies on ethical, legal, and social issues 
(ELSI) [1], which consider the policies and examine the implications of genomic 
analysis technology with respect to individuals, families, and communities. Such 
studies include various issues, i.e., fairness in the use of genetic data among insur-
ers, employers, and courts; privacy and confidentiality issues; psychological 
impacts; and stigmatization owing to an individual’s genetic differences and repro-
ductive issues. Furthermore, the NIH National Human Genome Research Institute 
(NHGRI) continued to fund the ELSI program [2].

Today, over 30 years have elapsed since the initiation of the HGP, and genetic 
testing and genome sequencing have become increasingly popular in basic research 
and the clinical setting. Although the basic ELSI remains unchanged, numerous 
technological advantages and changes in the social environment have been brought 
about. In this chapter, highlighting our research results conducted in Japan, we over-
view several ethical topics surrounding HBOC (hereditary breast and ovarian can-
cer) from research and clinical perspectives.

1 Four ethical principles of medical ethics consisting of “respect for autonomy,” “beneficence,” 
“non-maleficence,” and “justice,” which were advocated by T. L. Beauchamp and J. F. Childress in 
their book Principles of Biomedical Ethics in 1979 (Beauchamp TL and Childress JF. Principles of 
biomedical ethics. New York: Oxford University Press; 1979.) After decades, although these tradi-
tional principles were updated by numerous researchers, their framework still seems applicable to 
present medicine because of their simplicity and practicality, including genetic and genomic 
medicine.

I. Ri and K. Muto
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17.1.1	 �The Right to Know/the Right Not to Know: A Basic Ethical 
Principle in Genetic/Genomic Analysis

Individuals undergoing genetic testing not only have “the right to know” but also 
“the right not to know” his/her genetic information. This concept is derived from an 
argument in the 1990s by Dr. Nancy Wexler, who had been at risk of Huntington’s 
disease (HD; a progressive brain disorder without definitive treatment) and had con-
tributed to the assessment of the predisposition to HD on the basis of the HTT gene. 
The great success of Wexler and her colleagues in detecting HTT gene facilitated the 
diagnosis of patients and the prediction of future risk of HD among asymptomatic 
individuals [3]. There was a debate as to whether at-risk individuals had the “duty 
to know” their carrier states [4, 5]. Wexler insisted that patients and their family 
members had the right not to undergo genetic testing, and presymptomatic genetic 
testing should be accompanied by a careful genetic counseling process with trained 
counselors [6, 7].

At that time, this discussion also influenced the rules and ethical issues regarding 
disorders with early onset and with potential preventive and treatment strategies. 
For instance, the American Society of Human Genetics (ASHG) recommended that 
predictive genetic testing for hereditary breast and ovarian cancer syndrome 
(HBOC) and career testing for cystic fibrosis (CF) should be voluntary, with appro-
priate education and counseling [8, 9].

As one of the global consensuses, The Universal Declaration on the Human 
Genome and Human Rights (1997) of the UNESCO stated the following: “(c) The 
right of each individual to decide whether or not to be informed of the results of 
genetic examination and the resulting consequences should be respected” (B. Rights 
of the persons concerned, Article 5), with the emphasis on respecting human dignity 
regardless of genetic characteristics [10]. The same principles were included in the 
Convention on Human Rights and Biomedicine by the Council of Europe [11], and 
the International Declaration on Human Genetic Data (2003) by UNESCO con-
firmed “the right to decide whether or not to be informed” [12].

After the several decades, the germline BRCA variant is considered a medically 
“actionable” finding, i.e., “there is a recognized therapeutic or preventive interven-
tion or other available actions that have the potential to change the clinical course of 
a disease or condition” [13], or “druggable” for molecular-targeted drugs including 
PARP (poly(ADP)-ribose polymerase) inhibitors.

Certainly, BRCA is a medically actionable variant; hence, it is crucial to carefully 
assess and balance both risks and benefits of genetic testing of individuals.2 While 

2 For instance, the US Preventive Services Task Force (USPSTF) revised its recommendation state-
ment on BRCA-Related Cancer: Risk Assessment, Genetic Counseling, and Genetic Testing in 
August 2018: They concluded that with moderate certainty, the net benefits of risk assessment, 
genetic counseling, and genetic testing outweigh the harms among women whose family or per-
sonal history is associated with an increased risk for BRCA1/2variants, while the harms outweigh 
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undergoing genetic testing may relieve a woman’s anxiety and uncertainty about 
whether she has a hereditary cancer risk, especially those with a strong fear for 
developing cancer, studies have reported that BRCA-positive women without a can-
cer diagnosis may experience long-term uncertainty [14, 15]. A longitudinal study 
from the life course perspective (LCP) showed how lives were changed among 
women after knowing that they carried BRCA variant, and different emphases on 
concepts have emerged across different age groups (i.e., 20s, 30s, 40–50s) [16]. A 
large, prospective analysis performed in 2008–2012 in the USA revealed that nearly 
one-third of patients did not pursue BRCA genetic testing after genetic counseling, 
with insurance coverage and out-of-pocket cost concerns being the top nonmedical 
reasons for declining the test [17].

Furthermore, since HBOC is often recognized as a “women’s disease,” the diag-
nosis of breast or prostate cancer among male at-risk persons or patients may be 
confounding or be met with low interest toward such information.

17.1.2	 �Shared Decision-Making Model: Collaboration of Medical 
Professionals and Patients for Better Decision-Making

What would be the most effective approach to support the decision-making of 
patients on matters that significantly affect their way of life?

Shared decision-making (SDM) is a model of decision-making in clinical prac-
tice for procedures such as genetic testing [18]. SDM is characterized by having at 
least both the physician and patient involved in the decision-making process and 
having both parties share information, take steps to build a consensus, and reach 
agreement [19]. Of course, one physician and one patient is the most simplified 
model of SDM. In practice multiple physicians may be included or consulted, and 
the patient may include or consult with his/her family, friends, counselors, and 
nurses [20].

In general, informed consent (IC) is aimed at allowing patients or clients to 
decide whether to consent or dissent (reject) after receiving a complete explanation 
and understanding of the best-possible treatment plan, as deemed by the clinician. 
However, SDM emphasizes the process of consensus building wherein the clinician 
and patient or client collaborate and share information. In this bidirectional process, 
the clinician provides all potential options from the medical perspective, while the 
patient shares thoughts on the effect of the illness and treatment on his or her life 
and cherished values. Although IC and SDM have numerous similarities, IC is a 
clinician-centered process wherein the patient is relatively passive, whereas SDM 
requires collaboration between the clinician and patient in decision-making. That is, 

the benefits among women whose family or personal history is not associated with an increased 
risk (U.S. Preventive Services Task Force (USPSTF). BRCA-Related Cancer: Risk Assessment, 
Genetic Counseling, and Genetic Testing. In: Recommendation Topics. 2019. https://www.uspre-
ventiveservicestaskforce.org/uspstf/recommendation/brca-related-cancer-risk-assessment-
genetic-counseling-and-genetic-testing. Accessed 15 Feb 2021)

I. Ri and K. Muto

https://www.uspreventiveservicestaskforce.org/uspstf/recommendation/brca-related-cancer-risk-assessment-genetic-counseling-and-genetic-testing
https://www.uspreventiveservicestaskforce.org/uspstf/recommendation/brca-related-cancer-risk-assessment-genetic-counseling-and-genetic-testing
https://www.uspreventiveservicestaskforce.org/uspstf/recommendation/brca-related-cancer-risk-assessment-genetic-counseling-and-genetic-testing


263

the concept of SDM is consistent with the “interpretive” or “deliberative” models, 
which are situated in-between the “paternalistic” and “informative,” in the four 
models of the physician-patient relationships advocated by Emanuel and Emanuel 
[21, 22].

SDM is particularly important in a situation with high uncertainty (i.e., lack of 
clear evidence regarding the best-possible outcomes) and variability in patient val-
ues and preferences [23]. It was suggested that SDM would help women make deci-
sions about BRCA genetic testing, cancer prevention, and treatment decisions, as 
there is no single correct plan [24]. As in “anticipatory guidance” in genetic coun-
seling, SDM requires the clinician and patient to collaborate in making the best-
possible life plan by considering the potential positive and negative effects of 
genetic testing, work (employment), marriage plans, plans on conceiving children, 
and relationships with relatives. Some tools called decision aids (DAs) are used to 
support an individual in making a shared and informed decision about BRCA testing 
and to clarify values and preferences [25].

17.1.3	 �Incidental/Secondary Findings (IFs/SFs)

Genomic analysis involving next-generation sequencing (NGS) approaches has 
been widely introduced in the clinical setting. This technology helps determine the 
sequence of DNA more rapidly and at a lower cost than conventional Sanger 
sequencing, and it is used for analyzing panels of multiple genes, exomes, and 
whole genomes. One of the controversial issues is the management of “incidental 
findings (IFs)” or “secondary findings (SFs).”

This issue was originally derived from a discussion on whether researchers have 
a duty to disclose an unexpected finding to research participants of a study, using 
structural magnetic resonance imaging (MRI) of the brain or computed tomography 
(CT) colonography, and the discussion extended to the field of genomic research 
[26, 27]. Wolf et al. defined an IF as a “finding concerning an individual research 
participant that has potential health or reproductive importance and is discovered in 
the course of conducting research but is beyond the aims of the study” [28] and led 
the controversial debates. Since NGS has been widely used in the clinical setting, 
the discussion also applies to a medical professional’s duty to patient and family.

The American College of Medical Genetics and Genomics (ACMG) issued the 
first clinical recommendations for the return of IFs from whole-genome/whole-
exome sequencing and provided a list of a minimum of 56 genes associated with 24 
health conditions, which would be extensively screened clinically and reported to 
the attending physicians, irrespective of the patient’s preference [29]. This recom-
mendation emerged controversial, especially regarding mandatory analysis and 
infringement of the patient’s autonomy [30]; consequently, ACMG updated the rec-
ommendation that patients should be able to opt out of the analysis of genes unre-
lated to the indication for testing during the obtainment of informed consent [31].

After the ACMG recommendation and related controversies, the US Presidential 
Commission for the Study of Bioethical Issues (PCSBI) issued a report called 
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ANTICIPATE and COMMUNICATE: Ethical Management of Incidental and 
Secondary Findings in the Clinical, Research, and Direct-to-Consumer Contexts in 
2013 [32]. The report verified the taxonomy of IFs/SFs and provided context-
specified recommendations for their management in the clinical setting, basic 
research, and direct-to-consumer (DTC) genetic testing. While the “primary find-
ings” are the results obtained as the primary target of a test or procedure, IFs and 
SFs are the results that are obtained outside of the original purpose. IFs are unin-
tended discoveries, which can be categorized as “anticipatable” or “unanticipat-
able” IFs, considering the current state of scientific knowledge. In contrast, SFs 
refer to a finding which is actively and intendedly sought by a practitioner but is not 
the primary finding. Furthermore, PCSBI reflects a clinician’s ethical and profes-
sional responsibilities as to the following points: informed consent, to convey 
clearly to patients the possibility of discovering IFs/SFs and communicate with 
their patients regarding follow-up alternatives; shared decision-making, to encour-
age patients to ask questions, state reservations, and express preferences about the 
return and management of IFs/SFs; clear communication, to consider incorporating 
graphs and other visual displays to enhance patient comprehension of risk in medi-
cal decision-making; and clinical judgment, to minimize the likelihood of IFs 
through communication with patients to better understand symptoms and help nar-
row the list of potential diagnoses [33]. Table 17.1 summarizes the classification of 
IFs/SFs by the PCSBI, along with suitable examples, which we modified.

Table 17.1  Classification of incidental findings/secondary findings

Type of result 
discovered Primary finding

Incidental 
finding:
anticipatable

Incidental 
finding:
unanticipatable Secondary finding

Description Practitioner aims 
to discover A, and 
result is relevant 
to A

Practitioner 
aims to 
discover A, but 
learns B, a 
result known to 
be associated 
with the test or 
procedure at 
the time it 
takes place

Practitioner aims 
to discover A, but 
learns C, a result 
not known to be 
associated with 
the test or 
procedure at the 
time it takes place

Practitioner aims to 
discover A and also 
actively seeks D per 
expert 
recommendation

Examples Obtaining positive 
findings for BRCA 
variants after 
conducting 
diagnostic or 
presymptomatic 
genetic testing for 
BRCA

Discovering 
brain tumor 
when 
conducting 
magnetic 
resonance 
imaging (MRI)

DTC genetic 
testing company 
identifying 
genetic variants 
that are not 
currently 
associated with 
the disease

Detecting 
possibility of 
germline variants 
which ACMG 
recommends that 
any laboratories 
conducting genome 
sequence in clinical 
purpose should 
actively screen

See p. 27 in [32]; “Examples” were modified by authors
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ACMG revised the terminology to “secondary findings” since the updating of the 
policy statement in 2016 (ACMG SF v2.0) because the enlisted genes are intention-
ally being analyzed, as opposed to genetic variants found incidentally or acciden-
tally [34]. ACMG released an updated policy statement and minimum list for 
reporting of secondary findings (SF v3.0), which include 73 genes in May 2021, and 
the working group noted its plan to update the list annually [35–37].

In clinical oncology, such genomic analysis may lead to identification of inher-
ited susceptibility to cancer or other diseases through either somatic mutation profil-
ing or germline multigene (multiplex) panel testing, which is also referred to as 
“germline findings” instead of “incidental” or “secondary findings.”

The updated Policy Statement Update: Genetic and Genomic Testing for Cancer 
Susceptibility (2015) of the American Society of Clinical Oncology (ASCO) [38] 
requires oncology practitioners to communicate the potential for incidental and sec-
ondary germline information to patients before conducting somatic mutation profil-
ing (genomic tumor profiling test) and review the potential benefits, limitations, and 
risks before testing.3 Furthermore, a patient’s preferences regarding the receipt of 
germline information, including the choice of declining it, should be carefully 
ascertained.

In practice, a report of IFs/SFs may include complex considerations, including 
results returned to whom, how much information to disclose, results returned by 
whom, and what actions (i.e., follow-up testing and/or care) will take place after 
disclosure of results [39]. For instance, a disclosure framework as a flowchart in the 
context of clinical treatment was suggested, which would enable physicians and 
patients to discuss preferences for receiving IFs/SFs and follow-up options (see 
p. 290 in [39]).

17.1.4	 �Secondary Germline Findings in Genomic Tumor Profiling 
and Public Attitudes

As explained in the previous section, cancer patients undergoing genomic tumor 
profiling have to make decisions on whether or not to learn about germline SFs and 
when, to whom, and how to convey the information to their family members, along 
with decision-making on their own treatment options. This leads to the question of 
what the attitude is of the cancer patient toward germline findings in such testing. 
Some qualitative studies have reported that advanced cancer patients were highly 
interested in learning about secondary germline findings, and they perceived both 
various benefits and concerns regarding the limitations in clinical utility and the 
emotional burden or distress derived from such information [40, 41].

3 The ASCO Policy Statement also suggests that oncologists should discuss the possibility of detec-
tion of high-penetrance variants among their patients, which has not been suggested by personal 
and/or family history; less well-understood or lesser-penetrance variants; and variants of uncertain 
significance (VUS) in multigene (multiplex) panel testing.

17  Ethical Issues: Overview in Genomic Analysis and Clinical Context



266

We would like to share data obtained from a survey in Japan, where genomic 
tumor profiling tests to identify tumor-specific genomic changes and find molecular-
targeted drugs among patients with advanced cancer have been covered by the 
national health insurance scheme since June 2019. Some of the tests can identify 
germline variants including BRCA or TP53, which are putative candidates owing to 
their actionable natures, per the recommendations of the ACMG [29, 31]. A cross-
sectional survey including Japanese cancer patients, family members of cancer 
patients, and general adults in 2018 revealed that family members and cancer 
patients highly evaluated the potential benefits of tumor profiling tests. This was 
expected to facilitate diagnoses and treatment of patients and their family members, 
and the detection of any heritable oncogene would facilitate the development of 
future plans [42]. On the contrary, approximately 20% of respondents in each group 
did not wish to know whether they had a hereditary disease, and >30% of them wor-
ried about the possibility of being discriminated against owing to their genetic con-
dition. However, irrespective of the results, the family members were more willing 
to share information regarding germline findings than the patients. Owing to con-
cerns regarding anxiety and stress among family members, 3.8% of cancer patients 
preferred not to share this information. Only 1.8% of family members agreed with 
this notion, with the most common reason being “It is better for me not to know.”

Informed consent forms for the tests provide alternatives for patients regarding 
whether or not they want to know the test results, including the possibility of heredi-
tary cancers as SFs, and whether or not they would be willing to share this informa-
tion with their family members. Furthermore, a column is available to provide the 
names and contact information of the family members, in case the patient is unable 
to share information with the family members for any reason, including changes in 
physical conditions.

Since patients tended to overestimate the benefits of tumor profiling for personal-
ized treatments and potentially ended up disappointed, information and decision 
aids (DAs) are needed to support medical professionals in communicating the real-
istic benefits and risks associated with the results [43].

17.1.5	 �Data Sharing and Privacy Issues in Genomic Research 
and Public Attitudes

The previous sections primarily focused on genomic analysis in the clinical setting; 
however, here, we discuss this in the context of basic research. Sharing of clinical 
and genomic data among researchers has been a standard practice in genomic 
research. Some platforms for global sharing of clinical and genomic data have been 
developed, such as the Global Alliance for Genomics and Health (GA4GH), where 
more than 600 organizations and companies from more than 90 countries partici-
pate [44]. BRCA Exchange aims to advance understanding of the genetic basis of 
breast, ovarian, pancreatic, and other cancers by pooling data on BRCA1/2 variants 
and corresponding clinical data worldwide [45].
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Data operators may adopt an approach such as collecting data in a temporarily 
closed location within the database for the same disease and releasing it after find-
ings from several studies have accumulated. Institutional review boards (IRBs) also 
play important roles, and they should require researchers to show their data-sharing 
plan and check whether the data have been submitted to a database as planned. 
Furthermore, since social and public understanding is indispensable, ideas are 
needed to get research participants and the public interested in how genomic and 
clinical data are used and shared in genetic research. In the USA, the National 
Institutes of Health (NIH) issued Genomic Data Sharing Policy (GDS Policy) in 
2014, which defined responsibilities of investigators, data submission expectations, 
as well as conditions for research use of controlled-access data (available for users 
meeting specific requirements, including an approval from a data-access commit-
tee) and unrestricted-access data. The data submitter needs to take measures to 
lower the risk of reidentification by not adding identifiable information to a database 
initially. The idea of the GDS Policy has been adopted by data repositories in other 
countries.

In genomic studies on cancer and rare diseases, not only patients but also their 
family members may provide valuable information. Therefore, protocols to pro-
tect both patients and their family members are needed in such studies and on 
data-sharing platforms. This leads to the question of the concerns regarding shar-
ing data including those of family members. For instance, since cumulative data 
from both patients and their family members are valuable for genomic analysis, 
some participants may feel implicit or explicit pressure from researchers or other 
family members. Although the participant’s right to withdraw consent is crucial, 
withdrawal from the study by certain family members may be difficult when data 
and samples are already shared internationally. There is risk of identifiability not 
only for identifying the individual who provided the data but also for his/her fam-
ily members, especially when family trees are published in the article. In such 
situations, existing data-sharing policies may not be enough to protect family 
members.

As data sharing has become increasingly important, confidentiality and privacy 
issues involved therein have also gained increasing importance. A questionnaire 
survey in Japan indicated that public (especially patients, compared to healthy 
adults) concerns were higher with respect to the sharing of their own data with those 
of their family members, and they expected stronger protection mechanisms, com-
pared with only their own data being shared [46]. A systematic review revealed that 
research participants and the public attitudes toward genomic data sharing were 
influenced by various factors, such as their perceptions of sensitivity and controlla-
bility of genomic data, perception of potential risk and benefit of genomic data 
sharing, sensitivity and controllability of genomic data, and governance-level con-
siderations [47]. Global empirical studies showed that general public were most 
likely to donate their genomic and health data for clinical and research use, but 
unwilling to donate them to for-profit researchers or company researchers, com-
pared to medical doctors and nonprofit researchers [48, 49]. In a study in the UK, 
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the public raised concerns about managing flows of information to protect patient 
confidentiality and guard against unauthorized access to data by third parties, such 
as employers, marketing companies, and insurers [50].

Cloud computing, a model whereby users rent computers and storage from large 
data centers, has been expected to promote large-scale collaboration in cancer 
genomic medicine. We need to argue the challenges of managing genomic data in 
the cloud and be ready to inform patient and family about data safety and privacy 
[51, 52].

17.2	 �Clinical Ethics in the Diagnosis and Treatment 
of Hereditary and Other Cancers

We further discuss ethical perspectives in the clinical setting with respect to the 
diagnosis and treatment of HBOC and other hereditary cancers.

17.2.1	 �Clinical Ethics in Cancer Treatment: Perspective Based 
on Quality of Life

In making decisions during cancer treatment, careful assessment and improve-
ment of the quality of life (QOL) of the patients are highly significant. Clinical 
ethics in cancer and oncology nursing have further emphasized the impact of 
cancer and cancer care on sexuality, sexual behavior, and fertility and on changes 
in body image resulting from the dissection of organs including the breasts and 
ovaries [53]. Therefore, the SDM approach is effective here again for patients 
and medical professionals to predict long-term outcomes of surgery or 
pharmacotherapy.

In SDM, clinicians and patients are encouraged to use various decision aids 
(DAs), such as leaflets, video clips, and websites. DAs are not intended to encour-
age a patient to select or consent to a particular course of action, but rather to sup-
port patients and clinicians in identifying and implementing the healthcare options 
most aligned with the patient’s individual preferences and values [54]. The Ottawa 
Personal Decision Guide (OPDG) was developed as a tool to be used in healthcare 
[55]. A decision-maker fills out the OPDG form to organize his/her opinions regard-
ing specific treatment options or testing and their merits and demerits, along with 
his/her knowledge and values, the availability of support, and certainty. The form 
may be used to promote discussion between the decision-maker and the clinician 
supporting the decision-making process. Furthermore, DAs have been developed 
for specific diseases (e.g., a DA is available for decision-making regarding surgery 
for breast cancer patients).

It is important that the discussion process itself is the means, not the end, for the 
patient to make a confident decision. The SDM approach may predict patient expec-
tations and concerns, along with long-term effects, not only regarding medical out-
comes but also life, work, and QOL.
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17.2.2	 �Prophylactic Surgery: Decision-Making and Follow-Up

Based on the SDM approach and the perspective of QOL, the specific care required 
for patients with HBOC with a genetic predisposition to breast and ovarian cancer 
can be evaluated. This information would potentially support decision-making 
regarding prophylactic surgery and postoperative follow-up among patients. Risk-
reducing mastectomy (RRM) and risk-reducing salpingo-oophorectomy (RRSO) are 
cost-effective preventive strategies in BRCA1/2 mutation carriers [56]. While pro-
phylactic surgery is an effective lifesaving measure and helps alleviate the fear of 
developing cancer among women, it may also have a great impact on their QOL and 
self-image. A systematic review reported that women’s decision-making regarding 
RRSO was affected by demographic, clinical, and psychological factors, as well as 
family history of cancer, rather than an objective cancer risk [57]. Another systematic 
review reported that most studies assessing psychosocial aspects reported high levels 
of satisfaction among women deciding to undergo RRM; however, greater variation 
was observed in satisfaction levels from a cosmetic perspective, and satisfaction with 
body image was diminished along with sexual feelings, especially after bilateral risk-
reducing mastectomy (BRRM) [58]. An interview-based study in Canada reported 
that nearly one-half of the women who underwent RRSO did not believe that they 
were well-informed about postoperative outcomes including anesthetic effects, phys-
ical symptoms, menopause symptoms, or return to daily activities, despite fully 
receiving pre-surgery counseling [59]. Deliberated assessment and support in deci-
sion-making before surgery and during postoperative follow-up are required.

According to the HBOC registration system in Japan, only a few BRCA1/2 carri-
ers have undergone RRM and RRSO in Japan, compared to their European and 
American counterparts [60]. The guidelines of the Japanese Breast Cancer Society 
(2018) and Japanese Society of Gynecologic Oncology (2020) recommend that pro-
phylactic surgery for women carrying BRCA variants who have not developed can-
cer, which is not covered by public health insurance (as of 2020), is desirable for the 
approval of the clinical ethics committee at each institution, although no such 
requirements are specified in the National Comprehensive Cancer Network (NCCN) 
guidelines. In clinical conferences, medical professionals have to assess the “benefi-
cence” and “non-maleficence” for prophylactic surgery in each case. In addition, in 
terms of respect for autonomy, they have to provide a patient with complete expla-
nations of both the benefits and risks of prophylactic surgery and respect the patient’s 
autonomous decision.

17.2.3	 �What Method May Be Useful in the Clinical Setting? 
Four-Quadrant Approach of Clinical Ethics

In clinical conference or case studies, the four-quadrant approach for clinical ethics, 
which was originally introduced by Jonsen et  al. (1992) [61], may be a useful 
approach to better understand the complexities and ethical dilemmas of a case. The 
method comprises four aspects, medial indication, patient preference, QOL, and 
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contextual features; several inquiry-based checkpoints are provided for each topic. 
Muto and Takashima (2017) [62] suggested adapting this approach in considering 
ethical issues associated with prophylactic surgery. Table 17.2 summarizes illustra-
tive checkpoints for prophylactic surgery.

Regarding “medical indication,” medical conditions including diagnosis, 
prognosis, the aims of intervention and care, and the balance of risk and benefit 
should be considered. To respect “patient preference,” it is important to under-
stand what explanations have been provided to the patients and their under-
standing of them. It would be helpful for physicians to check casual remarks and 
questions from the patient. QOL encompasses various components including 
physical, psychological, social, and spiritual. “Objective QOL” may be mea-
sured using certain scales, whereas “subjective QOL” may be better understood 
through mutual communication with patients. Furthermore, “contextual fea-
tures,” such as family members or other stakeholders, financial aspects, 

Table 17.2  The four-quadrant approach of clinical ethics: checkpoints for prophylactic surgery

Medical indication Patient preference
What evidence and data are available 
worldwide?

Does the patient have a capacity for decision-
making or expressing will?

What is the best timing for the patient? Does the patient fully understand the positive 
outcomes of BRCA variants and RRM or 
RRSO? Do they have a strong desire and 
motivation to undergo surgery?

What are the benefits and risks/disadvantages 
of the surgery?

What is the patient’s sexual orientation and 
gender identity (SOGI)?

Is there a provision for physical/psychosocial 
care after surgery?

Does the patient intend to become pregnant?

Are follow-up options (surveillance, cost, 
and medical institution) available for both 
patients who undergo the surgery and those 
who do not opt for surgery?

Has the patient been informed of the effects of 
surgery on sexual activity and gender identity, 
and how much do they value them?

QOL Contextual features
Subjective QOL: What is the status of the 
breast and ovarian cancer among the 
patients?

What intentions do the patient’s family or 
stakeholders have? How do they evaluate the 
surgery?

What do patients wish to deal with regarding 
the illness, and how do they want to live their 
lives?

What are the institution’s and medical team’s 
policies? What is the system for research and 
education?

Objective QOL: What scale and measures 
should be used to evaluate?

What are the financial aspects of surgery and 
postsurgical care? Are costs incurred by the 
patients themselves or public medical services?

By whom should QOL be evaluated and 
what criteria should it be based on?

What are the religious beliefs and cultural 
customs, and is there a potential influence on 
other patients and society?

How would the QOL of the patients change 
with time and as a consequence of medical 
intervention?

What are the other factors or concerns (e.g., 
timing, social background, and communication 
strategy with the patient’s genetic relatives)?
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institutional policies, and any other points potentially influencing decisions, 
should be considered. From the point of diversity, patients’ views of cancer or 
preferences toward prevention strategies may depend on cultural background, 
ethnicity, socioeconomic status, religious belief, and generation [63]. This 
method would help medical professionals collect information and understand 
the types of conflicts occurring in different cases.

17.2.4	 �Patient Confidentiality and Disclosure of Genetic 
Information to At-Risk Relatives

Another challenging controversial debate concerns patient confidentiality and the 
disclosure of genetic information to their at-risk relatives, since genetic information 
is partially shared among the genetic relatives of patients. Medical professionals are 
required to maintain the confidentiality of their patients or clients, and they may 
face dilemmas of whether they have a duty or are permitted to disclose genetic 
information with the patient’s relatives, especially when patients do not provide 
consent. Laws and principles vary among different countries, and several lawsuits 
have emerged regarding this issue.

In the USA, two lawsuits in the mid-1990s yielded different judgments. In the 
Pate v. Threlkel case in Florida (1995), the court concluded that a physician’s “duty 
to warn” a patient’s (medullary thyroid carcinoma) relatives could be satisfied by 
simply notifying the patient. However, in the Safer v. Pack case in New Jersey 
(1996), the court held that a physician had a duty to warn those known to be at risk 
of avoidable harm from a genetically transmissible condition (multiple polyposis) 
[64]. However, since the Health Insurance Portability and Accountability Act 
(HIPAA) of 1996 Privacy Rule came into effect in 2003, healthcare providers are 
neither required nor permitted to warn relatives without the consent of their patients 
[65]. ASCO updated policy statements (2003; 2015), which indicated that oncolo-
gists should explain the importance of sharing test results with at-risk relatives, such 
that they may benefit from this information during the obtainment of informed con-
sent and pretest education [38]. Similarly, the American Medical Association 
(AMA) Code of Medical Ethics states that physicians should discuss with the patient 
the medical and psychological implications for the individual’s biological relatives, 
and they will be available to assist in communication with the patient’s relatives 
(Opinion 4.1.1) [66].

A recent case, ABC v. St George’s Healthcare NHS Trust & Ors (2020), was the 
first lawsuit that argued patient confidentiality and the duty of medical professionals 
to disclose genetic information to genetic relatives in the UK [67–69]. Although the 
High Court concluded that the claimant ABC (a daughter of a male patient diag-
nosed with Huntington’s disease) lost the case, it also added that it was reasonable 
to impose a duty on the medical teams to balance the daughter’s interest in being 
informed of her genetic risk against her father’s interest in preserving confidential-
ity in relation to his diagnosis and the public interest in generally maintaining 
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medical confidentiality [69]. This duty does not require physicians to directly dis-
close genetic information to the daughter, nor are the medical professionals gener-
ally responsible for the genetic relatives, but rather this duty encourages them to 
carefully balance the interests of family members.

In Europe, laws and principles are different, i.e., in France, a bioethics law 
revised in 2011 requires the patient provide information regarding the diagnosis of 
a pathogenic variant associated with a serious disease that is preventable or treatable 
among at-risk relatives. This is to be done either directly or by providing consent to 
healthcare professionals to contact relatives (although in practice, patient disclosure 
is preferred and it is rare that physicians directly disclose information to the rela-
tives) [70, 71].

In Australia, although state laws differ, healthcare professionals have no legal 
duty to inform genetic relatives. However, disclosure is allowed under the Federal 
Privacy Act 1988 as an exception if there is “reasonable belief that disclosure is 
necessary to lesson or prevent a serious threat to life, health or safety of a genetic 
relative” (i.e., disclosing the sister of a woman receiving a positive test result on 
BRCA variant analysis) [72]. This exception was further corroborated by a National 
Health and Medical Research Council (NHMRC) guideline (2014), which provides 
a framework and specific steps for healthcare professionals to use or to disclose 
genetic information (i.e., advise patients to contact relatives, appropriate expertise 
to assess whether the threat to genetic relatives is serious and disclose as necessary) 
[73]. Such a practical framework in exercising discretion may also help healthcare 
professionals to better balance patient confidentiality and benefits of at-risk relatives.

In summary, there is no conclusive evidence regarding the worldwide uncondi-
tional invalidity of patient confidentiality. Disclosure to at-risk relatives without 
patient approval is limited to particular situations, e.g., when a genetic variant is 
associated with serious and actionable health conditions. In the practical context, 
patients or index persons may usually take on the primary role of communication 
among their family members.

17.2.5	 �Communication of Genetic Risk Within the Family

From the perspective of genetic relatives, being informed about an increased risk of 
hereditary cancer may be useful for early cancer detection, the choice of whether 
“to know or not to know” their genetic information, risk management, and future 
life planning. However, patients or index persons in the family usually face difficul-
ties in communicating with their genetic relatives, which may also lead to conflict 
among them.

Numerous empirical qualitative and quantitative studies have revealed dilemmas 
and practices for familial communication about HBOC. Several studies indicated 
that BRCA carriers (both patients and asymptomatic carriers) or at-risk persons 
often feel responsible for communicating with their genetic relatives [74, 75]; 
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however, their decision-making of whether to tell, whom to tell, and what and how 
to tell depends on the case and is dependent on various factors. Situations are differ-
ent in communicating with offspring (especially young children and adolescents) 
and with other genetic relatives including siblings, cousins, and parents. Patients 
may decline to have such communication with their family members in an effort to 
protect their relatives (e.g., from painful knowledge or potential discrimination), 
due to difficulties in overcoming preexisting conflicts or rifts within the family or 
due to feeling that certain relatives did not “need” to be provided such information 
(e.g., believing that boys and other male relatives do not need to be provided such 
information) [76]. Studies have reported that sex is an influential factor, since 
numerous patients speculated that the risk of cancer associated with BRCA1/2 vari-
ants was higher among women than among men [77]. Furthermore, physical/emo-
tional distance (i.e., having no contact) with the relatives matters. Quantitative 
analysis revealed that the information dissemination rate depended on the type of 
relative; information dissemination rates were the highest among siblings, followed 
by parents and children (first-degree relatives), aunts/uncles, nieces/nephews (sec-
ond-degree relatives), and lowest among cousins (third-degree relatives) [78, 79].

Regarding parent-children relationships, the age of the children, maturity, cogni-
tion, personality, and emotional readiness influenced parental decision-making, and 
sometimes parents decided that it was not the right time to tell their children at least 
at that point [80].

Based on previous studies of hereditary diseases including those associated 
with BRCA variants and our studies in Japan, we found various factors associated 
with decision-making related to communication within the family. Views and 
experiences of the teller (individuals who attempt to share information with their 
family member, either the patient having undergone genetic testing, at-risk indi-
viduals, or sometimes their partners) matter (Table 17.3), as well as the teller’s 
presumption with the listener (e.g., children, siblings, parents, cousins, and aunt/
uncle) (Table 17.4).

Table 17.3  Factors associated with the teller’s view and experience

Categories Examples
Value and norm It is beneficial to know everything, ignorance is bliss, openness in the 

family, the importance of a relationship based on trust, responsibility or 
the sense of a mission to share information

Knowledge and 
experience

Medical and genetic literacy, experience with health and illness, 
educational background, occupation

Health and 
psychological 
conditions

Current physical and mental health, disease course, perception of the 
family history and one’s own genetic risk

Benefit/concern Feeling relieved in keeping the information concealed, sharing one’s 
feelings and worries, providing or gaining support from family members
Psychological burden of communication, difficulties in the timing of 
communication, possibility of receiving a negative response
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Therefore, difficulties in and the optimal timing for communication with family 
members may differ in a case-specific manner. Medical professionals may not only 
directly contact relatives or encourage clients to share information with their rela-
tives, but they may also assist clients in communicating their relatives and provide 
psychoeducational guidance or written information aids. Genetic counselors could 
introduce the topic and discuss the pros and cons of communicating them with chil-
dren [80]. Furthermore, local programs and books and videos serve as supportive 
resources for children to learn about cancer [77, 78].
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Abstract

Synthetic lethal therapy with poly(ADP-ribose) polymerase (PARP) inhibitors 
continues to attract attention as an effective treatment for hereditary breast and 
ovarian cancer (HBOC) with reduced DNA repair function because the treatment 
specifically causes high sensitivity in tumors. This effect is caused by the combi-
nation of PARP inhibitor-induced DNA double-strand break (DSB) formation 
and functional deficiency of homologous recombination (HR) repair, which is 
the main repair pathway for DNA damage. On the other hand, the clonal evolu-
tion in tumors as a tumor heterogeneity causes functional changes at each stage 
of the synthetic lethal pathway, resulting in the emergence of cancer cells with 
acquired resistance to PARP inhibitors. Various molecular mechanisms of the 
acquired resistance have been clarified. This chapter describes the synthetic 
lethal mechanism of PARP inhibitors, the mechanism of acquired resistance to 
PARP inhibitors, and the development of various PARP inhibitors.
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18.1	 �Introduction

Induction of DNA damage is one of the main mechanisms of action of anticancer 
drugs in cancer treatment. There are various types of damage, such as base dam-
age, DNA cross-linking, and DNA strand breaks, and the accumulation of these 
damages in the cell causes cell death. However, most cells, including cancer cells, 
have mechanisms for repair of DNA damage and maintenance of genomic homeo-
stasis. Understanding DNA repair mechanisms is important for effective cancer 
treatment.

Hereditary breast and ovarian cancer syndrome (HBOC) may be caused by 
DNA repair dysfunction due to mutations in genes such as breast cancer suscepti-
bility gene 1 or 2 (BRCA1 or BRCA2) [1, 2]. These genes play a critical role in 
homologous recombination (HR) repair, which is a major repair pathway for DNA 
double-strand breaks (DSBs) [3, 4]. In other words, it is indicated that disruption 
of genome homeostasis by abnormal DNA repair-associated genomic instability 
increases the risk of carcinogenesis. In contrast, cells with dysfunctional DNA 
repair are highly sensitive to DNA damage. Accordingly, tumor cells with abnor-
malities in DNA repair can be selective targets for treatment because the sur-
rounding normal tissues with normal DNA repair capacity are relatively less 
sensitive to DNA damage. Synthetic lethal therapy with poly(ADP-ribose) poly-
merase (PARP) inhibitors is a strategy which may reduce side effects by causing 
lethal damage specific to cancer cells [5, 6]. Clinical studies using PARP inhibi-
tors for HBOC have progressed steadily, and novel PARP inhibitors have been 
developed.

Although synthetic lethal therapy has been developed as an effective treatment 
method, reduced therapeutic effect has been reported in several cases. One of the 
causes of the reduced therapeutic effect is tumor heterogeneity, as a small number 
of cancer cells acquire resistance to anticancer drugs due to various factors, eventu-
ally resulting in cancer recurrence and metastasis [7]. Multiple therapeutic strate-
gies are being proposed to overcome chemoresistance in these tumors.

This chapter explores the entire landscape of events related to treatment with 
PARP inhibitors, the mechanism of synthetic lethality, the acquisition of chemore-
sistance, and the development of PARP inhibitors in the market.

18.2	 �Synthetic Lethality with PARP Inhibitors

Reduction of side effects of anticancer drugs is an important issue in molecular 
targeted therapy. HBOC with reduced HR repair activity demonstrate higher sen-
sitivity to DNA-damaging anticancer agents such as PARP inhibitors. This spe-
cific sensitivity is called synthetic lethality, and several PARP inhibitors have 
gained attention and have been approved as therapeutic agents for HBOC. The 
detailed mechanism leading to synthetic lethality with PARP inhibitors is 
described here.
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18.2.1	 �Function of PARPs

The PARP family of genes consists of 17 genes and is involved in various cell func-
tions including DNA damage repair [8]. PARPs play an important role in the repair 
of DNA single-strand breaks (SSBs) [9–11]. Oxidative stress that spontaneously 
occurs due to the metabolic process in cells frequently causes endogenous DNA 
damage, and the most typical damage is base damage. The damaged base is removed 
by base excision repair (BER), and an SSB is formed in the process (Fig.  18.1). 
PARPs participate in the repair process of these breaks and contribute to maintenance 
of genome homeostasis. Specifically, when a base damage occurs, DNA glycosylase 

DNA glycosylase

Base damage

AP site

Nick (SSB)

PARylation

PARP1

PARP1

XRCC1

LIG3

APE1

Fig. 18.1  Base excision 
repair mechanism. 
Poly(ADP-ribose) 
polymerase 1 (PARP1) 
participates in the 
single-strand break (SSB) 
repair process after a nick 
in the DNA is formed
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removes the base from the nucleotide, resulting in an apurinic/apyrimidinic (AP) 
site. The AP site is excised by AP endonuclease 1 (APE1) to form a nick (SSB). 
PARP1, which is the first cloned and most analyzed PARP family member, is then 
focused here [12]. In the SSB repair pathway, PARP1 binds to a nicked DNA sub-
strate and poly(ADP-ribose) (PAR) generated using nicotinamide adenine dinucleo-
tide (NAD+) as substrate links to PARP1 in a chained manner to form a PAR chain 
(PARylation). This branch structure serves as a marker for recruitment of SSB repair 
factors like X-ray repair cross-complementing protein 1 (XRCC1), DNA ligase III, 
and DNA polymerase β, thereby facilitating SSB repair [13].

18.2.2	 �PARP Inhibitor-Induced DNA Double-Strand Break

Inhibition of PARylation and PARP trapping are the major modes of inhibition of 
PARP function by PARP inhibitors. Benzamide suppresses PARylation as an NAD+ 
analog, but does not significantly induce DNA damage, while other PARP inhibitors 
like olaparib with an NAD+ structure induce DNA damage [14, 15]. These PARP 
inhibitors bind to PARP1 and change its conformation, resulting in a DNA-PARP1 
complex called PARP trapping [16, 17]. PARP1 binding to nicked DNA substrate 
collides with the replication fork and blocks its progression. Furthermore, the stalled 
replication fork causes activation of endonucleases to form DNA DSB because of 
the replication fork collapse [18]. The mechanism causing PARP trapping-induced 
DSB is clinically utilized for synthetic lethal therapy with PARP inhibitors.

18.2.3	 �DSB Repair Inhibition After Replication Fork Collapse

DSBs in DNA are mainly repaired by either HR or nonhomologous end joining 
(NHEJ) pathways. HR functions specifically in the S to G2 cell cycle phases where 
sister chromatids are present. This repair is considered an error-free repair mecha-
nism as it repairs DNA accurately using the homologous DNA sequence in sister 
chromatids as a template. In contrast, NHEJ is a repair pathway that binds the 
cleaved DNA ends directly and hence is considered an error-prone repair mecha-
nism. The cleaved ends formed in the paired DNA due to DNA-damaging factors 
such as radiation, are rejoined with small DNA scrapes to blunt them, resulting in 
some base deletions. However, NHEJ is an essential repair mechanism for mainte-
nance of genome homeostasis as a rapid repair pathway [19] and as most parts of the 
DNA contain noncoding genetic information.

DSBs caused by PARP inhibitors form due to replication stress and continu-
ous replication fork collapse. A DSB formed in the process is characterized as a 
single-ended DSB (seDSB) as there are no paired DNA cleaved ends. 
Accordingly, seDSB returns to the original DNA sequence when repaired by 
HR; however, seDSB rejoining with an unpaired DNA end by NHEJ causes 
chromosomal aberrations like chromosome rearrangement, leading to cell death 
[20]. Thus, HR repair is essential for accurate repair of DSB caused by replica-
tion stress for cell survival.
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In summary, PARP inhibitors induce PARP trapping which inhibits BER and 
SSB repair and form seDSB with high HR repair requirements for accurate DNA 
repair. HBOC with dysfunctional HR repair cannot repair the DNA damage, result-
ing in synthetic lethality (Fig. 18.2). Normal tissues around the tumor with normal 
HR repair functions are less sensitive to PARP inhibitors. Synthetic lethal therapy 
utilizes this difference in DNA damage sensitivity to reduce side effects.

18.3	 �Mechanisms of Resistance to PARP Inhibitors

Recent genome analyses have revealed that a large number of subclones form 
tumors. This phenomenon is called tumor heterogeneity and is known to contribute 
to cancer chemotherapy resistance. It has been hypothesized that the plasticity of 
the genome causes cancer recurrence and metastasis by proliferation of a small 
number of clones that acquire treatment resistance factors [7]. Clinical cases have 
elucidated mechanisms of treatment resistance in synthetic lethal therapy with 
PARP inhibitors for HBOC. In this context, various mechanisms by which cancer 
cells with higher sensitivity to PARP inhibitors acquire chemoresistance have been 
reported. The mechanisms of acquired resistance in synthetic lethal therapy and 
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Fig. 18.2  Mechanisms of synthetic lethality with PARP inhibitors. Cell death event selective to 
tumor cells is caused by a combined phenomenon of PARP inhibitor-induced double-strand break 
(DSB) formation and dysfunctional HR repair-induced DNA repair inhibition
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their classification based on HR repair dependence or independence are described 
here (Fig. 18.3).

18.3.1	 �Restoration of HR Repair

Synthetic lethal therapy with PARP inhibitors mainly targets dysfunctional HR 
repair in cancer cells. Therefore, the mechanism by which loss of HR repair func-
tion is restored reduces sensitivity to PARP inhibitors and leads to acquisition of 
resistance.

18.3.1.1	 �Secondary Mutation
A mutation, additional to the deleterious mutant of the HR repair function, causes 
resistance to PARP inhibitors or other DNA-damaging agents. A frequently reported 
example is the mechanism by which a secondary mutation in a frameshift functional 
deletion mutation causes return to the functional gene. Several studies found that 

Fig. 18.3  Acquisition of PARP inhibitor resistance in synthetic lethality. Resistance to PARP 
inhibitors is acquired via homologous recombination (HR)-independent or HR-dependent 
mechanisms
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secondary mutations in dysfunctional BRCA2 caused resistance to DNA-damaging 
agents such as cisplatin and PARP inhibitors [21, 22]. Most cases of resistance were 
due to the functional restoration of the DNA-binding domain, nuclear localization 
signal, and RAD51-binding domain, which are important protein domains in the 
HR repair function of BRCA2. Subsequently secondary mutation-induced restora-
tion of DNA repair function was observed in clinical studies for genes that play 
critical roles in the HR repair pathway, such as BRCA1 and RAD51 [23, 24]. These 
results indicate that the same phenomenon may also be observed for factors includ-
ing partner and localizer of BRCA2 (PALB2) [25] and BRCA1-associated RING 
domain protein 1 (BARD1) [26], which interact with BRCA2 and BRCA1 in the 
HR repair process.

18.3.1.2	 �Loss of DNA End Protection Potential
Defective p53-binding protein 1 (53BP1) in BRCA1 mutant cells was reported as a 
potential acquired resistance mechanism for synthetic lethal therapy [27, 28]. The 
choice of DSB repair pathway is involved in the background of this phenomenon. 
DSB is repaired mainly via the HR or NHEJ repair pathways through a controlled 
mechanism. DNA end resection, which is the gateway to the HR repair pathway, is 
considered an important turning point in the selection of a repair pathway [29, 30]. 
The major regulators are 53BP1 and Rap1-interacting factor 1 (RIF1), which pro-
tect cleaved ends of the DNA from resection [31], while BRCA1 and C-terminal-
binding protein-interacting protein (CtIP) promote resection [32]. When a DSB is 
formed, 53BP1 immediately attaches in the vicinity of the cleaved end, and the 
53BP1-binding factor, RIF1, forms a complex with 53BP1 to prevent resection. In 
contrast, the complex of CtIP and BRCA1 promotes resection by causing the 
removal of RIF1 and repositioning of 53BP1. Resection activity is suppressed in 
cells lacking BRCA1 function, but further deletion of 53BP1 function restores the 
activity. Hence, the HR repair capacity is restored, resulting in resistance to PARP 
inhibitors. Interestingly, dysfunctional 53BP1 does not cause resistance in cells 
lacking BRCA2 function, which is another gene responsible for HBOC [33]. This 
indicates that BRCA1 plays an important role in HR repair but is mainly involved 
in the upstream repair pathway of HR repair, while BRCA2 is an indispensable fac-
tor in HR repair.

18.3.2	 �HR Repair-Independent Acquired Resistance

DSB formation due to inhibition of PARP function is a major factor in the synthetic 
lethality of PARP inhibitors. Recently, various HR repair-independent mechanisms 
of acquired resistance that avoid DSB formation have been reported.

18.3.2.1	 �Replication Fork Stability
PARP inhibitors trap PARP on the DNA strand and cause replication stress that 
arrests the replication fork, resulting in the formation of DSB. Stabilization of the 
replication fork contributes to the acquisition of resistance in synthetic lethality as a 
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mechanism for avoiding replication stress [34]. When replication is stalled due to 
PARP trapping, replication fork reversal forms a four-way junction, as DNA dam-
age tolerance occurs to bypass the damage. On the other hand, BRCA1/2 function 
to prevent the degradation of nascent DNA during replication stress-induced fork 
reversal [35]. Meiotic recombination 11 (MRE11) nuclease was activated in 
BRCA1/2-deficient cells, and the replication fork was degraded. In other words, 
reduced function of the factor involved in the degradation stabilizes the replication 
fork and causes resistance to PARP inhibitors. Stabilization of replication forks by 
inhibition of MRE11 nuclease activity due to dysfunction of PAX transactivation-
domain-interacting protein (PTIP) and subsequent methyl methanesulfonate and 
ultraviolet-sensitive gene clone 81 (MUS81) nuclease activity due to dysfunction of 
enhancer of zeste homolog 2 (EZH2) in BRCA-deficient cells have been reported 
[36, 37].

18.3.2.2	 �Loss of PARP Trapping
Trapping of PARPs on DNA strands is a critical step in induction of DSBs. Several 
mechanisms of blocking PARP trapping are reported to cause resistance to synthetic 
lethality. One such mechanism includes a decrease in the binding ability of PARP1 
to DNA due to mutations in PARP1 itself. Point mutations in the zinc finger, DNA-
binding domain, WGR, and HD domains of PARP1 reduce PARP1 binding to the 
DNA strand and inhibit PARP trapping [38]. On the other hand, the loss of ubiquitin 
ligase function targeting PAR reduces PARP1 turnover and promotes PARP trap-
ping, thereby causing a sensitizing effect to PARP inhibitor [39]. This phenomenon 
indicates that activation of proteasome-mediated PARP1 degradation suppresses 
PARP trapping and causes resistance to PARP inhibitors.

18.3.2.3	 �Drug Efflux
Although drug efflux is not unique to PARP inhibitors, it is a known drug resistance 
mechanism. The drug transporter gene ATP-binding cassette subfamily B member 
1 (ABCB1) is upregulated in anticancer drug-resistant cells [14]. A study has dem-
onstrated a significant relation between drug efflux by ABCB1 and the resistance 
acquired against PARP inhibitors in breast and ovarian cancers [40].

18.4	 �Development of PARP Inhibitors

Various PARP inhibitors have been developed, with approval of some inhibitors 
achieved after clinical research as therapeutic agents for various types of cancers 
including HBOC (Table 18.1). Currently, the FDA has approved four PARP inhibi-
tors. The first PARP inhibitor approved was olaparib in December 2014 for the 
treatment of patients with germline BRCA-mutated advanced ovarian cancer. Since 
then, the scope of its clinical use has expanded, and it has been approved for meta-
static breast cancer with BRCA mutation (January 2018) and metastatic 
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castrate-resistant prostate cancer with HR repair gene mutation (May 2020). High 
efficacy has been demonstrated by synthetic lethal therapy in treatments targeting 
HR repair function. Other PARP inhibitors approved include rucaparib (December 
2016) for advanced ovarian cancer treatment; niraparib (March 2017) for recurrent 
epithelial ovarian, fallopian tube, or primary peritoneal cancer maintenance treat-
ment; and talazoparib (October 2018) for BRCA mutation human epidermal growth 
factor receptor 2 (HER2)-negative locally advanced/metastatic breast cancer. In 
addition to these four PARP inhibitors, veliparib has been reported to be a PARP 
inhibitor and has been well investigated. It is currently under clinical trials as a treat-
ment for non-small cell lung carcinoma (NSCLC), breast, and ovarian cancers. 
Remarkably, some PARP inhibitors are expected to have therapeutic effects on can-
cer cells with no BRCA mutations.

The effectiveness of PARP inhibitors as therapeutic agents may be strongly 
dependent on the PARP trapping potency. For the five representative PARP inhibi-
tors mentioned above, the relationship between PARP trapping potency and 
inhibitor-induced cytotoxicity has been well studied. These trapping potencies can 
be roughly divided into three categories, with talazoparib showing the highest trap-
ping potency, veliparib exhibiting the lowest trapping potency, and niraparib, olapa-
rib, and rucaparib demonstrating relatively moderate trapping potencies; and 
cytotoxicities corresponding to these orders have been confirmed in vitro [41–43]. 
Interestingly, the IC50 for PARP1 enzyme did not differ in the dose range of action 
for each PARP inhibitor [44]. In other words, the results indicate that there may be 
a small correlation between the PARP trapping potency and the inhibitory activity 
of PARP. Therefore, it may be difficult to predict the PARP trapping potency only 
by examining the inhibitory activity of PARP, when exploring PARP inhibitors for 
synthetic lethal therapy for drug discovery. There points remain unclear; however, it 
is expected that the details will be clarified and more various inhibitors will be 
developed in the future.
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18.5	 �Perspective

As described above, synthetic lethal therapy with PARP inhibitors for HBOC has 
attracted attention as an effective treatment, and many PARP inhibitors have been 
developed. However, the acquisition of resistance through the evolution of cancer 
cells and tissue is a serious issue which ought to be overcome in the future. Recently, 
a clinical study against the resistance mechanism causing re-restoration of HR 
repair capacity, such as secondary mutation, has been reported. The study is based 
on the strategy of regaining sensitivity of PARP inhibitors combined with a phos-
phoinositide 3-kinase (PI3K) inhibitor targeting the restored HR repair pathway 
[45]. To summarize, it is necessary to clarify various resistance mechanisms and 
establish strategies to overcome chemoresistance.
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Abstract

Breast cancer (BC) with germline pathogenic variants of BRCA1 or BRCA2 is 
found in approximately 5% of Japanese BC patients. BRCA1/2-associated BC 
with homologous recombination (HR) deficiency is potentially sensitive to DNA 
damage agents, including platinum agents and PARP (poly(ADP-ribose) poly-
merase) inhibitors. In this chapter, we will summarize the clinical evidence sup-
porting the efficacy of chemotherapy and PARP inhibitors (PARPis), as single 
agents or in combination, in the (neo)adjuvant setting or in the advanced setting 
of BRCA1/2-associated BC. Moreover, we will discuss resistance to PARPi and 
the development of further approaches to improve the therapeutic efficacy 
of PARPi.
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19.1	 �Introduction

Pathogenic germline variants of BRCA1 or BRCA2 have been found in 1.4% and 
2.7%, respectively, of Japanese breast cancer (BC) patients [1].

The prognosis of BRCA1/2-associated BC patients who received traditional 
standard treatment was similar to that of sporadic breast cancer patients after 
adjustment for age, tumor stage, nodal status, and hormone receptors, based on the 
literature [2, 3]. The result of a meta-analysis also showed that the status of 
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germline BRCA1/2 (gBRCA1/2) pathogenic variants does not influence the prog-
nosis [4].

The BRCA1 and BRCA2 proteins play a role in the repair of DNA double-strand 
breaks (DSBs) by intervening in homologous recombination (HR).

In functional HR repair-deficient cells, nonconservative forms of DNA repair 
such as nonhomologous end joining (NHEJ) became dominant [5]. Therefore, 
BRCA1/2-deficient BC is potentially sensitive to DNA damage agents such as plati-
num agents and PARP (poly(ADP-ribose) polymerase) inhibitors (PARPis) [6, 7].

19.2	 �Traditional Anthracycline- and Taxane-Based Regimens

The anthracyclines used in the treatment of BC are either epirubicin or doxorubicin. 
The commonly used anthracycline-containing regimens include cyclophosphamide. 
Anthracyclines can induce DSBs by inhibiting the enzyme topoisomerase 
II.  Anthracyclines stabilize the topoisomerase II complex after the enzyme has 
induced a break in the DNA chain for replication, thus preventing the DNA double 
helix from being resealed; this inhibits the process of replication. In vitro data sug-
gest that cells without functional BRCA1 or BRCA2 proteins are particularly sensi-
tive to agents causing DSBs including doxorubicin, with a subsequent increased 
level of apoptosis [8, 9].

On the other hand, taxanes are anti-microtubule agents which work by inhibiting 
the depolymerization of the mitotic spindle and by inhibiting the polymerization of 
tubulin during cell division. Several preclinical studies showed that the inhibition of 
BRCA1 leads to increased chemoresistance to microtubule-interfering agents [10, 
11]. The BRCA1 protein is involved in facilitating apoptosis in cells with disrupted 
mitotic spindle formation. Deficiency of the BRCA1 protein may lead to paclitaxel 
resistance through premature inactivation of the spindle checkpoint in BC cells [12].

19.2.1	 �Neoadjuvant Setting

Studies conducted at the MD Anderson Cancer Center (MDACC) have reported on 
the pathological complete response (pCR) rate after anthracycline- and taxane-
based regimens in BRCA1/2 pathogenic variant carriers and noncarriers. Twenty-six 
(46%) of 57 BRCA1 carriers achieved a pCR, compared with 3 (13%) of 23 BRCA2 
carriers and 53 (22%) of 237 BRCA noncarriers (P < 0.001). BRCA1 status and ER 
negativity were independently associated with a higher pCR rate in patients with 
BC [13].

In a retrospective study involving triple-negative breast cancer (TNBC) patients 
receiving neoadjuvant AC (doxorubicin and cyclophosphamide) followed by pacli-
taxel, 34 BRCA1 carriers had pCR rate of 68%, compared with that of 37% among 
43 noncarriers (P = 0.01). However, this did not translate into superior survival [14].

More recently, another prospective cohort study from MDACC reported the pCR 
rate after AC or AC-T (AC followed by taxane) in TNBC with and without gBRCA 
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pathogenic variants. The pCR rates in BRCA-associated tumors and non-BRCA-
associated tumors were 58.3% (28/48) and 51.1% (43/84), respectively [15].

Furthermore, the GeparQuinto phase III trial evaluated the efficacy of the addi-
tion of bevacizumab on neoadjuvant EC-docetaxel for 493 TNBC patients.

Germline BRCA1/2 pathogenic variants were detected in 18.3% of patients with 
TNBC. Overall, the pCR rate was higher in BRCA1/2 pathogenic variant carriers 
than in noncarriers (50% vs. 31.5%, P = 0.001), and the pCR rate among patients 
treated with bevacizumab was 61.5% for BRCA1/2 pathogenic variant carriers and 
35.6% for those without pathogenic variants (P  =  0.004). Disease-free survival 
(DFS) was also better in those without the BRCA1/2 pathogenic variants (HR, 
0.644; P = 0.047) [16].

19.2.2	 �Advanced or Metastatic Setting

Kriege et al. investigated the sensitivity to standard first-line chemotherapy of 121 
metastatic BRCA1/2-associated BC patients (93 with BRCA1 and 28 with BRCA2 
pathogenic variants), compared to 121 matched sporadic BC patients in a retrospec-
tive study from the Family Cancer Clinic database. The chemotherapy regimens 
most frequently used were anthracycline-based (n = 147) and also included cyclo-
phosphamide, methotrexate, and fluorouracil (CMF) (n = 68). As compared to spo-
radic patients, BRCA2-associated BC patients had a significantly higher OR (89% 
vs. 50%; P < 0.001) and a longer PFS (HR, 0.64; P = 0.04) and OS (HR, 0.53; 
P = 0.005) after start of first-line chemotherapy for metastatic breast cancer (MBC). 
Statistically significant increase in sensitivity was not observed for BRCA1-
associated BC [17].

Kriege et al. also assessed the efficacy of either paclitaxel or docetaxel for 48 
MBCs with gBRCA1/2 pathogenic variants (35 with BRCA1 and 13 with BRCA2 
pathogenic variants), compared to 95 sporadic MBCs. BRCA1-associated, hormone 
receptor-negative MBC patients were less sensitive to taxane chemotherapy than 
sporadic HR-negative patients (OR 23% vs. 38%, PD 60% vs. 19%, P < 0.001; PFS 
2.2 vs. 4.9 months, P = 0.04). The sensitivity of BRCA1- and BRCA2-associated, 
HR-positive MBC patients to taxane chemotherapy was similar to that of sporadic 
MBC patients [18].

Clinical data suggest that breast cancer with gBRCA1/2 pathogenic variants may 
be more sensitive to anthracyclines and may be less sensitive to taxane monother-
apy, which supports preclinical studies. However, these data are not definitive.

19.3	 �Alkylating Agents

Cyclophosphamide affects the alkylation of DNA and inhibits DNA replication by 
cross-linking guanine nucleobases in DNA double-helix strands.

Byrski et al. reported that pCR was observed in only 1 patient (7%) among 14 
gBRCA1 pathogenic variant carriers receiving neoadjuvant CMF [19].
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From a retrospective study, the status of gBRCA1/2 pathogenic variants did not 
influence the sensitivity to first-line CMF for MBC [17]. The specific impact of 
cyclophosphamide also remains unclear in BRCA1/2-associated BC.

19.4	 �Platinum Agents

Recent evidence suggests that BRCA-related BC is particularly sensitive to treat-
ment with inter-strand cross-linking agents such as platinum-based chemotherapy 
[20, 21].

The cytotoxic actions of platinum drugs involve the binding of platinum to DNA, 
which interferes with DNA replication and transcription. It seems likely that cross-
links cause replication fork stalling when encountered by the DNA replication 
machinery; this may result in DSBs. BRCA1/2 are critical genes in the HR repair of 
DSBs. Hence, BRCA1/2-deficient BC may be more sensitive to platinum drugs 
[22, 23].

Representative clinical trials of platinum agents in BRCA1/2-associated BC are 
summarized in Table 19.1.

19.4.1	 �Neoadjuvant Setting

Byrski et al. in a retrospective study conducted in 2010 were the first to report a 
greater sensitivity of gBRCA1 pathogenic variant carriers to neoadjuvant platinum 
agents [19]. Among 102 patients with gBRCA1 pathogenic variants including 12 
patients who received cisplatin from the Poland registry, a higher rate of pCR (83%) 
was seen after treatment with cisplatin (75 mg/m2 every 3 weeks for 4 cycles) com-
pared to the pCR (22%) for AC (doxorubicin and cyclophosphamide) or FAC (fluo-
rouracil, doxorubicin, and cyclophosphamide). In a larger study of 107 patients with 
BRCA1-related BC treated with neoadjuvant cisplatin, pCR was observed in 65 
patients (61%) [24].

On the other hand, the GeparSixto trial assessed the efficacy of adding neoadju-
vant carboplatin to a regimen consisting of anthracycline, taxane, and bevacizumab 
for 291 patients with TNBC including 50 gBRCA1/2 pathogenic variant carriers. 
Under the nonstandard GeparSixto polychemotherapy regimen, the high pCR rate 
observed in BRCA1/2 pathogenic variant carriers in the non-carboplatin arm (66.7%) 
was not increased further by adding carboplatin (65.4%) [20, 25].

A secondary analysis of the GeparOcto trial reported an association of germline 
variant status with therapy response. For TNBC, a positive gBRCA1/2 variant status 
was associated with therapy response in both the PMCb arm (74.3% vs. 47.0%; OR, 
3.26; 95% CI, 1.44–7.39; P = 0.005) and the iddEPC arm (64.7% vs. 45.0%; OR, 
2.24; 95% CI, 1.04–4.84; P = 0.04). Differences between treatment arms were not 
significant (74.3% vs. 64.7%; OR, 1.58; 95% CI, 0.56–4.43; P = 0.39). Interaction 
between the gBRCA1/2 variant and the study arm was not significant (P = 0.51). In 
gBRCA1/2-associated TNBC, iddEPC also appears to be effective, though with a 
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pCR rate approximately 10 percentage points lower than that observed in the PMCb 
arm. Whether this difference is associated with survival outcome is yet unclear [26].

A randomized phase II study of neoadjuvant cisplatin (CDDP) versus 
doxorubicin-cyclophosphamide (AC) in gBRCA pathogenic variant carriers with 
HER2-negative BC (TBCRC 031) demonstrated that the pCR or residual cancer 
burden (RCB) 0/1 was not significantly higher with CDDP than with AC in BRCA 
carriers for both TNBC and ER+/HER2-negative disease [27].

A meta-analysis showed that the addition of platinum to chemotherapy regimens 
in the neoadjuvant setting increases the pCR rate in BRCA-associated (58.4%, 
93/159) as compared to wild-type TNBC patients (50.7%, 410/808). However, this 
trend did not achieve statistical significance [21].

19.4.2	 �Advanced or Metastatic Setting

In a phase II single-arm study, 20 patients with BRCA1-asscoated MBC, 55% of 
whom had prior chemotherapy for MBC, were treated with cisplatin at 75 mg/m2 
every 3 weeks for 6 cycles [28]. The overall response rate (ORR) was 80%, includ-
ing complete clinical response (45%) and partial response (35%). A complete 
response was achieved in 8 of 15 ER-negative patients (53%), compared to only 1 
of 5 ER-positive patients (20%). The median time to progression was 12 months.

The TBCRC009 trial was also a single-arm phase II clinical trial of single-agent 
platinum for 86 metastatic TNBC patients, including 11 patients with gBRCA1/2 
pathogenic variants. Patients received either cisplatin (75  mg/m2) or carboplatin 
(AUC6) as first- or second-line therapy by physician’s choice once every 3 weeks. 
Individuals with BRCA1/2 mutations were more likely to achieve a response than 
were those without mutations (54.5% vs. 19.7%, P = 0.022). However, PFS was not 
significantly different between carriers and noncarriers (median 3.3 vs. 2.8 months; 
P = 0.92) [29].

Although there are no randomized controlled trials investigating the efficacy of 
platinum alone in patients with BRCA1/2-associated advanced breast cancer, the 
randomized phase III CBCSG006 and TNT trials conducted in TNBC patients 
included patients with gBRCA1/2 pathogenic variants.

The TNT trial compared first-line carboplatin (AUC6 every 3 weeks) with 
docetaxel (100 mg/m2 every 3 weeks) in BRCA1/2-associated BC or TNBC patients 
[30]. In 376 patients, carboplatin was not more efficacious than docetaxel (ORR, 
31.4% vs. 34.0%; P  =  0.66). In subgroup analysis by patients with gBRCA1/2 
pathogenic variants (n  =  43), carboplatin showed double the ORR compared to 
docetaxel (68% vs. 33%, P = 0.03). PFS also favored carboplatin (6.8 months vs. 
4.4 months, interaction P = 0.002), but no difference was found in overall survival, 
which may be due to the crossover design. This trial provided evidence that the 
platinum agent was better than the current standard chemotherapies for a selected 
population in whom gBRCA1/2 pathogenic variants were detected early.

The CBCSG006 trial reported the superior efficacy of cisplatin plus gemcitabine 
(GP) regimen compared to the paclitaxel plus gemcitabine (GT) regimen (HR. 0.692; 

19  PARPi: Efficacy in Hereditary Breast Cancer
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95% CI, 0.523–0.915) as first-line treatment of metastatic triple-negative breast 
cancer (mTNBC) [31]. In additional biomarker assessment, patients with gBRCA1/2 
mutations (n = 12) had numerically higher ORR and prolonged PFS in the GP arm 
than in the GT arm (83.3% vs. 37.5%, P = 0.086; 8.90 vs. 3.20 months, P = 0.459).

In summary, the efficacy of platinum in patients with BRCA1/2-associated MBC 
is promising, but there are no randomized controlled trials of platinum limited to 
patients with BRCA1/2 germline pathogenic variants; this needs to be studied 
further.

19.5	 �PARP Inhibitors

As described in Chap. 18, several PARP inhibitors have been developed based on 
the concept of “synthetic lethality” and with the expectation of an antitumor effect 
based on PARP trapping. PARP inhibitors including olaparib, talazoparib, veliparib, 
niraparib, and rucaparib have undergone clinical investigation for the treat-
ment of BC.

PARPi, either as monotherapy or in combination with cytotoxic chemotherapy, 
improved efficacy compared to conventional chemotherapy. However, PARPi com-
bination therapy showed increased hematological toxicity as well as fatigue and 
gastrointestinal toxicities. Adverse events have been a challenge for further 
development.

Here, we briefly review the clinical data of PARPi in BRCA1/2-associated BC 
(Table 19.2).

19.5.1	 �Olaparib

Olaparib, a PARP-1, PARP-2, and PARP-3 inhibitor, is the first FDA-approved 
PARPi for the treatment of BRCA-associated ovarian cancer.

In Japan, olaparib was approved in 2018 for maintenance therapy in patients with 
platinum-sensitive relapsed serous ovarian cancer and was subsequently approved 
for MBC patients with a gBRCA pathogenic variant based on the results of the 
OlympiAD study [36].

19.5.1.1	 �Neoadjuvant Setting
The GeparOLA study was a randomized phase II trial conducted to assess the effi-
cacy of paclitaxel and olaparib (PwO) in comparison to paclitaxel and carboplatin 
(PwCb) followed by EC as neoadjuvant chemotherapy in patients with HER2-
negative early BC with homologous recombination deficiency (HRD). Here, HRD 
was defined as score high tumors +/− germline (g) or tumor (t) BRCA pathogenic 
variants. The pCR rate with PwO was 55.1% (90% CI, 44.5%–65.3%) vs. that of 
PwCb which was 48.6% (90% CI, 34.3%–63.2%). An analysis of the stratified sub-
groups showed higher pCR rates with PwO in the cohorts of patients aged <40 years 
and hormone receptor-positive tumors [32].
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19.5.1.2	 �Adjuvant Setting
The presence of residual invasive disease after neoadjuvant chemotherapy is a 
strong predictive factor for survival in TNBC.

A study evaluating the benefit of experimental postoperative PARPi therapy in 
patients with a high risk of recurrence is being planned.

The OlympiA (NCT02032823) study is a randomized, placebo-controlled phase 
III trial enrolling BRCA1/2-associated, high-risk HER2-negative BC, after comple-
tion of local treatment and (neo)adjuvant chemotherapy. Patients were randomized 
between olaparib (300 mg) and placebo for 12 months. The primary endpoint is 
invasive DFS. Approximately 1500 patients were randomized, and recruitment was 
closed in 2019. The result of this study is awaited.

19.5.1.3	 �Advanced or Metastatic Setting
The first phase 1 trial of the clinical evaluation of olaparib in humans was reported 
in 2009 [33] and was conducted in 60 patients with advanced solid tumors including 
22 gBRCA1/2 pathogenic variant carriers. The olaparib dose and schedule were 
increased from 10 mg daily for two of every 3 weeks to 600 mg twice daily continu-
ously. The manifestations of dose-limiting toxicity led to the establishment of a 
maximum tolerated dose of 400  mg of olaparib twice daily. Clinical response 
according to three MBC patients with gBRCA1/2 pathogenic variants was as fol-
lows: one patient had CR, and another showed PR.

Tutt et al. assessed the efficacy of olaparib monotherapy in 54 MBC patients with 
gBRCA1/2 pathogenic variants in a phase II trial. The first cohort (27 patients) was 
treated with 400 mg twice daily, and the second cohort (27 patients) was treated 
with 100 mg twice daily [34]. Most patients had already received anthracycline and 
taxane regimens. The overall response rate was 41% in the first cohort and 22% in 
the second cohort.

Kaufman et al. reported that the ORR was 12.9% (8/62) in heavily pretreated 
BRCA1/2-associated MBC. The most common adverse events (AEs) were fatigue, 
nausea, and vomiting. Severe anemia (grade > 3) was seen in 17% of the patients [35].

In 2017, Robson et  al. reported the first randomized, open-label, phase III 
OlympiAD trial which compared olaparib monotherapy with standard single-agent 
chemotherapy (eribulin, capecitabine, or vinorelbine) of the physician’s choice in 
patients with HER2-negative MBC carrying gBRCA1/2 pathogenic variants [36, 
37]. Patients had received no more than two previous chemotherapy regimens for 
MBC and had received anthracycline and a taxane for (neo)adjuvant or metastatic 
disease. A total of 302 patients were randomized, 205 being assigned to receive 
olaparib and 97 to receive standard therapy. Olaparib was clinically superior to the 
standard therapy with mPFS (7.0 months vs. 4.2 months; HR, 0.58; P ≤ 0.001) and 
RR (59.9% vs. 28.8%).

While there was no statistically significant improvement in OS with olaparib 
compared to TPC, a trend of meaningful OS benefit among patients who had not 
received chemotherapy for metastatic disease was observed. The rate of grade 3 or 
higher AEs was 36.6% in the olaparib group and 50.5% in the standard-therapy 
group; the quality of life data were significantly better in the olaparib group. 
Olaparib was generally well-tolerated.
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19.5.2	 �Niraparib

Niraparib, a high-selective PARP-1 and PARP-2 inhibitor, was approved by the 
FDA for unselected platinum-sensitive recurrent ovarian cancer patients. It has 
recently been approved in Japan for ovarian cancer.

In a phase 1 dose-escalation trial evaluating niraparib in 100 solid tumors includ-
ing 22 MBC patients, 2 MBC patients had PR among 4 MBC patients with gBRCA 
pathogenic variants. The maximum tolerated dose was established to be 300 mg/
day [38].

19.5.3	 �Rucaparib

Rucaparib, a PARP-1, PARP-2, and PARP-3 inhibitor, is a second FDA-approved 
PARPi for the treatment of patients with BRCA (germline and/or somatic)-associ-
ated advanced ovarian cancer.

19.5.3.1	 �Advanced or Metastatic Setting
A phase II trial of rucaparib was conducted in proven BRCA1/2 mutation carriers 
with advanced breast and/or ovarian cancer [47]. Rucaparib was well-tolerated in 
patients up to doses of 480 mg per day. There were no responders to rucaparib as per 
ORR among the BC patients.

A phase I dose-escalation trial of rucaparib in combination with standard chemo-
therapy (carboplatin, carboplatin and paclitaxel, cisplatin, and pemetrexed, or epiru-
bicin and cyclophosphamide) has been conducted for the treatment of 85 solid 
tumors including 22 MBC cases. Maximum tolerated dose for the combination was 
240 mg per day of oral rucaparib and carboplatin. Clinical activity (one CR and one 
PR) was observed among seven cases of heavily pretreated MBC with gBRCA 
pathogenic variants. Neutropenia and thrombocytopenia were the most common 
grade ≥ 3 toxicities [39].

A randomized phase II trial assessed the efficacy of cisplatin with or without 
low-dose rucaparib after preoperative chemotherapy (anthracycline and/or taxane) 
in 128 patients with TNBC or BRCA-associated BC (n = 22) with residual disease. 
The addition of rucaparib did not improve the 2-year DFS (58.3% with cisplatin vs. 
63.1% with cisplatin and rucaparib, P = 0.43). The variant status had no impact, 
which was thought due to the low-dose schedule of rucaparib [40].

19.5.4	 �Talazoparib

Talazoparib is an inhibitor of PARP-1 and PARP-2 and shows powerful PARP 
trapping.

An in vitro comparison of the effects of talazoparib, olaparib, and rucaparib on 
PARP-1 and PARP-2 showed that talazoparib has the highest efficacy in trapping 
the PARP-DNA complex [41]. Clinical data supports that the strength of DNA-
PARP trapping effect may be associated with enhanced toxicity.
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19.5.4.1	 �Neoadjuvant Setting
In the neoadjuvant setting, the use of the PARPi as a single-agent was reported to 
minimize toxicity. Litton et al. evaluated the pathologic response and tolerance of 
talazoparib alone for 6 months in patients with gBRCA pathogenic variants [48]. A 
total of 20 patients were enrolled, including 16 patients with gBRCA1 and 4 patients 
with gBRCA2 pathogenic variants. Fifteen patients had TNBC. The rate of pCR was 
53%, and the RCB 0/1 was 63%. Eight patients (40%) had grade 3 anemia and 
required a transfusion, three patients had grade 3 neutropenia, and one patient had 
grade 4 thrombocytopenia. Common grade 1 or 2 toxicities were nausea, fatigue, 
neutropenia, alopecia, dizziness, and dyspnea. Toxicities were managed by dose 
reduction and transfusions. Nine patients required dose reduction. Neoadjuvant 
single-agent oral talazoparib at 1 mg once per day for 6 months without chemo-
therapy produced a substantial RCB-0 rate with manageable toxicity. Talazoparib 
monotherapy may be a novel strategy for developing and de-escalating therapy in 
the neoadjuvant setting.

19.5.4.2	 �Advanced or Metastatic Setting
The EMBRACA was a randomized, open-label, phase III trial which compared tala-
zoparib (1 mg once daily) or standard single-agent therapy of the physician’s choice 
(capecitabine, eribulin, gemcitabine, or vinorelbine in continuous 21-day cycles) in 
MBC patients with gBRCA1/2 pathogenic variants. The median PFS was signifi-
cantly longer in the talazoparib arm than in the chemotherapy arm (8.6 months vs. 
5.6 months; HR, 0.54; P < 0.001). The ORR was also better in the talazoparib arm 
compared to the chemotherapy arm (62.6% vs. 27.2%; P < 0.001). Hematologic 
grade 3–4 AEs occurred in 55% of participants in the talazoparib arm and in 38% of 
participants in the chemotherapy arm. Patient-reported outcomes favored the tala-
zoparib arm [42].

The results of two RCTs (the OlympiAD and EMBRACA studies) were assessed 
in a meta-analysis. A total of 733 patients were included, of whom 492 received 
single-agent PARPi therapy (olaparib in the OlympiAD trial and talazoparib in the 
EMBRACA trial) and 241 received mono-chemotherapy as per the physician’s 
choice [43]. As compared with mono-chemotherapy, single-agent PARPi therapy 
significantly improved PFS (HR, 0.56; 95% CI, 0.45–0.70) and ORR (OR, 4.15; 
95% CI, 2.82–6.10), with no difference in OS (HR, 0.82; 95% CI, 0.64–1.05). 
Patients treated with PARPi therapy experienced a significant delayed time to QoL 
deterioration (HR, 0.40; 95% CI 0.29–0.54). Single-agent PARPi therapy was 
observed to be an effective, well-tolerated, and useful treatment in maintaining the 
QoL of patients with BRCA-mutated HER2-negative MBC.

19.5.5	 �Veliparib

Veliparib is an inhibitor of PARP-1 and PARP-2, with the weakest PARP trapping 
among the clinically tested PARPis, and has been considered as the weakest 
PARPi. Therefore, this drug has been essentially developed for use in combination 
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with platinum-based chemotherapy, which is more feasible and is more 
advantageous.

19.5.5.1	 �Neoadjuvant Setting
The I-SPY2 trial was the first trial to assess carboplatin-veliparib therapy in a neo-
adjuvant setting. I-SPY2 is an open-label, adaptive randomized phase II trial for the 
evaluation of new agents combined with standard neoadjuvant therapy for the treat-
ment of BCs that have a high risk of recurrence. Patients were randomized to com-
bined veliparib-carboplatin and standard chemotherapy (paclitaxel, followed by 
AC) or standard chemotherapy alone. A total of 72 patients were randomly assigned 
to receive veliparib-carboplatin including 17% with a deleterious variant in BRCA1 
or BRCA2. The rate of pCR in the TNBC population was 51% in the veliparib-
carboplatin group, versus 26% in the control group. The toxicity of veliparib-
carboplatin was greater than that of the control. This trial showed that 
veliparib-carboplatin added to standard therapy resulted in higher rates of pCR than 
standard therapy alone, specifically in TNBC [49].

Based on these results, in the same population, the phase III BrighTNess trial 
evaluated the addition of carboplatin with and without veliparib to the standard 
neoadjuvant combination of paclitaxel followed by AC in 634 TNBC patients 
including 92 patients with a deleterious gBRCA mutation [44]. The pCR rates for 
patients treated with paclitaxel alone, those treated with paclitaxel plus carboplatin, 
and those treated with paclitaxel plus carboplatin plus veliparib were 31%, 58%, 
and 53%, respectively. Addition of carboplatin to standard chemotherapy increased 
the pCR, while veliparib had no further benefit to pCR. The subgroup analyses of 
patients with a deleterious gBRCA mutation showed the pCR rates for paclitaxel 
alone, paclitaxel plus carboplatin, and paclitaxel plus carboplatin plus veliparib 
were 41%, 50%, and 57%, respectively.

19.5.5.2	 �Advanced or Metastatic Breast Cancer
A randomized phase II study (BROCADE) examined the safety and efficacy of 
carboplatin/paclitaxel (CP) with or without veliparib (VCP) or a third arm with 
veliparib plus temozolomide (VT) in 290 gBRCA-associated advanced/metastatic 
breast cancer patients. The median PFS and OS were similar for VCP and CP (PFS, 
14.1 months vs. 12.3 months, respectively, P = 0.227; OS, 28.3 vs. 25.9 months, 
respectively, P = 0.156). The ORR was higher for the VCP regimen compared to 
that for the CP regimen (77.8% vs. 61.3%; P = 0.027). The VT arm was inferior to 
the CP arm in PFS, OS, and ORR [45].

19.5.6	 �Potential Mechanisms of Resistance to PARP

Germline BRCA1/2 pathogenic variants are predictive biomarkers for PARPi 
response in BC patients; however, the majority of patients had primary and acquired 
resistance to PARPi. It is essential to identify the mechanism of resistance, to help 
overcome such resistance.
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Several studies have suggested the potential mechanisms of resistance to PARPi 
in preclinical models and clinical reports. One of the resistance mechanisms in 
HRR-deficient tumors is associated with a reversion mutation which can cancel the 
HRR deficiency and restore HRR function. Moreover, increased gene activity such 
as that of RAD51 that restores the HRR mechanism and genes involved in resis-
tance to PARPi without restoration of the HRR has also been reported. However, we 
will not describe the mechanisms in detail here, though further information is avail-
able in other publications [46]. Combination therapies would be the next options to 
overcome such resistance.

19.5.7	 �Combination with Immune Checkpoint Inhibitors

PARPi upregulated PD-L1 expression in BRCA1/2-associated BC cell lines and 
xenograft models. The combination of PARPi and anti-PD-L1 therapy com-
pared with each agent alone significantly increased the therapeutic efficacy 
in vivo [50].

Meanwhile, BRCA1-associated tumors frequently exhibit a triple-negative phe-
notype with extensive lymphocyte infiltration, with the increased expression of 
immunomodulatory genes including PD-1 and CTLA4, when compared to TNBCs 
from BRCA1 wild-type patients [51].

In these contexts, trials of combination PARPi and immune checkpoint inhibitors 
(ICIs) have been conducted (Table 19.3).

19.5.7.1	 �Advanced or Metastatic Setting
The results of two preliminary phase II studies for MBC are already available, and 
there are several ongoing studies. The phase II, single-arm MEDIOLA basket trial 
evaluated the efficacy and safety of olaparib in combination with durvalumab (anti-
PD-L1 inhibitor) in patients with solid tumors, including ovarian cancer, breast can-
cer, and gastric cancer. In BRCA-associated HER2-negative MBC (n  =  30), the 
12-week DCR (disease control rate) was 24/30 (80%), and the 28-week DCR was 
15/30 (50%). The ORR was 63%. The most common AEs of ≧grade 3 were anemia, 
neutropenia, and pancreatitis [52].

Another phase II, single-arm TOPACIO trial assessed the clinical activity 
and safety of niraparib combined with pembrolizumab (anti-PD-1 inhibitor) for 
TNBC (n = 55), irrespective of BRCA status or PD-L1 expression. In patients 
with BRCA pathogenic variants (n = 15), the ORR was 47% (7/15), DCR was 
80% (12/15), and the median PFS was 8.3 months. In 27 patients with BRCA 
wild-type tumors, the ORR was 11% (3/27), DCR was 33% (9/27), and the 
median PFS was 2.1  months. Numerically higher response rates in BRCA-
associated tumors were observed in a BC cohort. The most common treatment-
related AEs of grade 3 or higher were anemia (18%), thrombocytopenia (15%), 
and fatigue (7%). Immune-related adverse events were reported in 15% (grade 
3 in 4%) of patients [53].

A. Yoshimura



309

19.6	 �Future Direction

In HER2-negative BRCA-associated BC, the benefit of PARPi has been validated, 
and further combination trials are ongoing. In contrast, in HER2-positive BRCA-
associated BC, the efficacy of PARPi is still unclear. Although data on HER2 
expression in BRCA-associated tumors vary from series to series, Honrado et al. 
reported that HER2 positivity was 7% in tumors with BRCA1 variants and 6% in 
those with BRCA2 variants. Using data from the Japanese hereditary breast and 
ovarian cancer syndrome registry, we confirmed that HER2 positivity was 4.6% in 
tumor with BRCA1 pathogenic variants and 11.3% in those with BRCA2 pathogenic 
variants.

Han et al. reported the efficacy of the combination of olaparib and neratinib in 
HER2-positive, BRCA wild-type ovarian cell lines and xenografts in the 2019 SGO 
Annual Meeting. Olaparib is approved for the treatment of HER2-negative BRCA-
associated BC, and neratinib is approved for HER2-positive BC. The effectiveness 
of PARPi for the treatment of HER2-positive, BRCA-associated BC needs to be 
assessed [54].

Combinations of PARPi with other targeted therapies have the potential to fur-
ther increase their benefit. PARPis are associated with several oncogenic pathways 
such as EGFR, IGF, VEGF, or PI3K, and trials evaluating the combination of PARPi 
with inhibitors of these pathways have been initiated [55].

Table 19.3  Clinical trials of combinations of PARPi and ICIs

Clinical trial
Type of 
study Patients

PARPi and ICIs 
combination regimen Result

Advanced or metastatic setting
Domchek 
2019
MEDIOLA
[52]

Ph. II
Single 
arm

30 HER2-negative BC 
pts with gBRCA 
pathogenic variant

Olaparib 300 mg twice 
daily
Durvalumab 
(1500 mg) once every 
4 weeks

12-week 
DCR = 80%
28-week 
DCR = 50%
ORR was 63%
mPFS = 8.2mo
mOS = 20.5mo

Vinayak 
2019
TOPACIO
[53]

Ph. II
Single 
arm

mTNBC (n = 55) 
including 15 pts with 
tBRCA pathogenic 
variant
27 pts with tBRCA wild 
type
5 pts with tBRCA 
unknown

Niraparib 200 mg once 
daily
Pembrolizumab 
(200 mg) once every 
3 weeks

BRCA-
associated BC
ORR = 47%
DCR = 80%
mPFS = 8.3mo
BRCA wild-type 
BC
ORR = 11%
DCR = 33%
mPFS = 2.1 mo

PARPi PARP inhibiter, ICIs immune checkpoint inhibitors, gBRCA germline BRCA, tBRCA tumor 
BRCA, Ph phase, mTNBC metastatic triple-negative breast cancer, pts patients, ORR overall 
response rate, DCR disease control rate, mPFS median progression-free survival, mOS median 
overall survival
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PARPis are also known to act as radiosensitizing agents, and combination ther-
apy with radiation has been validated in various preclinical models [56].

Moreover, PARPi may potentially have the ability to penetrate the blood-brain 
barrier, which increases their possible clinical utility in patients with brain metasta-
ses [57].

Lastly, pathogenic variants of gBRCA1/2, as well as ER, PR, and HER2, have 
become major, indispensable biomarkers for treatment decisions in BC. In the com-
ing years, further developments in this field will greatly improve the prognosis of 
hereditary BC and may also lead to improvements in the prognosis of sporadic 
breast cancer.
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Abstract

This chapter describes the efficacy of poly(ADP-ribose) polymerase (PARP) 
inhibitors, especially in patients with hereditary ovarian cancer. Biomarkers of 
ovarian cancer (e.g., BRCA mutation [both germline and somatic] or homolo-
gous recombination deficiency assays) are also reviewed here. The mechanisms 
of action are reviewed in Chap. 18. Key events, including the publication of 
important clinical trials and Food and Drug Administration (FDA) approval of 
each PARP inhibitor, are summarized in one figure. The clinical development of 
PARP inhibitors for patients with ovarian cancer began in the late-line setting. 
Then, the development continued to platinum-sensitive recurrence and, finally, to 
the first-line setting. For better understanding, data on first-line, platinum-
sensitive, and platinum-resistant recurrences are reviewed in this order. In each 
setting, the efficacy results of clinical trials that evaluated PARP inhibitors, as 
either monotherapy or in combination, with approval by the FDA and 
Pharmaceuticals and Medical Devices Agency are reviewed. The efficacy end-
points focusing on hereditary ovarian cancer are tabulated in each setting. 
Ongoing clinical trials evaluating PARP inhibitors with other targeting agents 
such as antiangiogenic agents and/or immune checkpoint inhibitors are also 
reviewed at the end of this chapter.
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20.1	 �About this Chapter

This chapter describes the efficacy of poly(ADP-ribose) polymerase (PARP) inhibi-
tors, especially in patients with hereditary ovarian cancer. Biomarkers of ovarian 
cancer (e.g., BRCA mutation [both germline and somatic] or homologous recombi-
nation deficiency [HRD] assays) are also reviewed here. The mechanisms of action 
are reviewed elsewhere.

Key events, including the publication of important clinical trials and Food and 
Drug Administration (FDA) approval of each PARP inhibitor, are summarized in 
Fig. 20.1. In short, the clinical development of PARP inhibitors for patients with 
ovarian cancer began in the late-line setting. Then, the development continued to 
platinum-sensitive recurrence and, finally, to the first-line setting. For better under-
standing, data on the first-line, platinum-sensitive, and platinum-resistant recur-
rences are reviewed in the order they have been stated.

In each setting, the efficacy results of clinical trials that evaluated PARP inhibi-
tors, as either monotherapy or in combination, with approval by the FDA and 
Pharmaceuticals and Medical Devices Agency (PMDA) are reviewed. The efficacy 
endpoints which focused on hereditary ovarian cancer are also tabulated in each 
setting. Ongoing clinical trials evaluating PARP inhibitors with other targeting 
agents such as antiangiogenic agents and/or immune checkpoint inhibitors are also 
reviewed at the end of this chapter.
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Fig. 20.1  Timeline of the publication of important clinical trials and FDA approval of each PARP 
inhibitor for ovarian cancer. Abbreviations: PARPi PARP inhibitor; mono Tx monotherapy; 2+ 
prior two or more previous lines of chemotherapy; PSOC platinum-sensitive ovarian cancer; 3+ 
prior three or more previous lines of chemotherapy; w/BEV with bevacizumab
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20.2	 �First Line

20.2.1	 �Monotherapy

In the SOLO1 trial [1], 2-year olaparib was compared with a placebo as a switch 
maintenance therapy after response to platinum-combination chemotherapy for 
patients with advanced ovarian cancer harboring a germline or somatic BRCA 
mutation. Among 391 randomized patients, 388 (99.2%) had a germline BRCA 
mutation. Olaparib significantly improved the 3-year progression-free survival 
(PFS) from 27% to 60% (hazard ratio [HR] for PFS, 0.30; 95% confidence inter-
val [CI], 0.23–0.41). On December 19, 2018, the FDA gave accelerated approval 
of olaparib for use in women with advanced ovarian cancer associated with 
defective BRCA1/2 genes. The PMDA also approved olaparib for the same indi-
cation on June 19, 2019. At the European Society for Medical Oncology (ESMO) 
2020 Annual Conference, results of a 5-year follow-up were reported. The 
5-year PFS was 48.3% in the patients who received olaparib and 20.5% in those 
who received the placebo (HR for PFS, 0.33; 95% CI, 0.25–0.43).

In the PRIMA trial [2], 3-year niraparib was compared with a placebo as a 
switch maintenance therapy after response to platinum-combination chemother-
apy for patients with advanced ovarian cancer. In this trial, all eligible patients 
provided tumor samples to identify HRD using the myChoice test. This test 
assessed tumor BRCA mutation and determined the genomic instability score 
(GIS), which consists of loss of heterozygosity (LOH), telomeric allelic imbal-
ance, and large-scale state transitions. The GIS ranges from 1 to 100, with a 
score of ≥42 defined as HRD. The presence of somatic BRCA mutation was also 
considered as HRD. A hierarchical testing method was performed for the pri-
mary endpoint, which was PFS in the population with HRD, followed by a test 
in the overall population. Among 733 patients who underwent randomization, 
373 (50.9%) and 223 (30.4%) had HRD and BRCA mutation, respectively. 
Niraparib significantly improved the median PFS (mPFS) from 10.4 months to 
21.9 months (HR for PFS, 0.43; 95% CI, 0.31–0.59) as compared with a placebo 
in the primary endpoint population whose tumor had HRD.  The efficacy of 
niraparib therapy was better in the patients with BRCA mutation (HR for PFS, 
0.40; 95% CI, 0.27–0.62) but preserved in the patients with homologous recom-
bination-proficient tumors (HR for PFS, 0.68; 95% CI, 0.49–0.94). April 29, 
2020, the FDA approved niraparib as a first-line monotherapy maintenance 
treatment for women with platinum-responsive advanced ovarian cancer regard-
less of biomarker status. The PMDA also approved niraparib for the same indi-
cation on September 25, 2020.

20.2.2	 �Combination

In the VELIA trial [3], veliparib combined with carboplatin plus paclitaxel (TC) 
with or without veliparib maintenance therapy administered for 2  years was 
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compared with a placebo for patients with advanced ovarian cancer. All the eligible 
patients submitted blood and tumor samples for the assessment of germline BRCA, 
somatic BRCA, and HRD status. The primary endpoint was PFS in the veliparib-
throughout group as compared with the placebo group and analyzed sequentially in 
the BRCA-mutant (whether germline or somatic), HRD, and intention-to-treat (ITT) 
groups. Among 1140 patients who underwent randomization, 627 (55%) and 298 
(26%) had HRD and BRCA mutation, respectively. In the BRCA mutation group, 
214 patients (71.8%) had a germline BRCA mutation. Veliparib as a continuation 
maintenance therapy compared with the placebo significantly improved the mPFS 
from 22.0 months to 34.7 months (HR for PFS, 0.44; 95% CI, 0.28–0.68) in the 
patients with BRCA mutation and from 20.5 months to 24.7 months (HR for PFS, 
0.57; 95% CI, 0.28–0.68) in the patients with HRD. Although the trial met the pri-
mary endpoint, veliparib was yet to be approved.

Combining PARP inhibitors with antiangiogenic agents is promising owing to 
the conceptual synthetic lethality, especially for tumors with HRD without BRCA 
mutation [4]. In the PAOLA-1 trial [5], olaparib plus bevacizumab (BEV) during 
maintenance therapy after TC plus BEV was compared with a placebo plus BEV for 
patients with advanced ovarian cancer. All eligible patients submitted tumor sam-
ples for the assessment of HRD status. The primary endpoint was PFS in the ITT 
population. Among 806 patients who underwent randomization, 387 (48%) and 237 
(29%) had HRD and BRCA mutation, respectively. In the French cohort of the trial 
[6], concordance of somatic BRCA and germline BRCA was investigated. Among 
451 patients who submitted both tumor and germline BRCA samples, 6.6% had an 
inconclusive tumor testing. Except for those patients, 391 patients had concordant 
results (306 had both positive, and 85 had both negative results). Only 30 patients 
had discordant results. Twenty-nine patients with negative germline results had 
positive somatic results, and one patient with positive germline result (large genomic 
rearrangement in exons 1 and 2 in the BRCA1 gene) had a negative tumor result. For 
the primary endpoint, 2-year olaparib significantly improved the mPFS from 
16.6 months to 22.1 months (HR for PFS, 0.59; 95 CI, 0.49–0.72) in the ITT popu-
lation. In the pre-planned subgroup analysis, the superiority of the combination with 
BEV monotherapy was demonstrated regardless of tissue BRCA mutation but was 
limited in patients with HRD. In the BRCA mutation and wild-type/unknown sub-
group, the HRs for PFS were 0.31 (95% CI, 0.20–0.47) and 0.71 (95% CI, 
0.58–0.88), respectively. In the HRD-positive and HRD-negative subgroup, the 
HRs for PFS were 0.33 (95% CI, 0.25–0.45) and 1.00 (95% CI, 0.75–1.35), respec-
tively. The FDA approved this combination as first-line maintenance treatment for 
advanced ovarian cancer with HRD on May 8, 2020. The PMDA also approved this 
combination for the same indication on December 28, 2020.

The efficacy data for hereditary ovarian cancer are summarized in Table 20.1.
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20.3	 �Platinum-Sensitive Recurrence

20.3.1	 �Monotherapy as Switch Maintenance Therapy

In the Study 019 [7], olaparib as a switch maintenance therapy was compared with a 
placebo for patients with platinum-sensitive, relapsed, high-grade serous ovarian 
cancer after response to platinum-combination chemotherapy. Olaparib improved 
the mPFS from 4.8 months to 8.4 months (HR for PFS, 0.35; 95% CI, 0.25–0.49). At 
the time of first publication, only 36.6% (97/265) of the patients reported their germ-
line BRCA status. In the follow-up study [8], additional testing for germline and/or 
somatic BRCA revealed the status in 96% (254/265) of the patients. Among 165 
patients with both germline and somatic samples, 87% (144/165) had concordant 
results (71 had both positive and 73 had both negative results). Eighteen patients had 
negative germline results with positive somatic results. Three patients had positive 
germline results with negative somatic results. In the subgroup analysis for patients 
with BRCA mutation defined in this follow-up study, olaparib markedly improved the 
mPFS from 4.3 months to 11.2 months (HR for PFS, 0.19). In the subgroup analysis 
of the final overall survival (OS) follow-up [9], the efficacy of olaparib was observed 
in the patients with both germline BRCA mutation (HR for OS, 0.62; 95% CI, 
0.42–0.93) and wild-type BRCA (HR for OS, 0.84; 95% CI, 0.57–1.25). The numeri-
cally better efficacy in the BRCA-mutant subgroup led to patient enrichment in the 
next pivotal phase 3 trial, SOLO2. Biomarker analysis of the Study 019 was per-
formed [10]. Among 95 patients with wild-type BRCA1/2, 21 had at least 1 loss-of-
function gene alteration in one of the homologous recombination-related (HRR) 
genes such as BRIP1 (n = 5), CDK12 (n = 3), RAD54L (n = 3), RAD51B (n = 2), 
FANCL (n = 2), ATM (n = 1), FANCA (n = 1), FANCD2 (n = 1), RAD51C (n = 1), 
RAD52 (n = 1), and XRCC3 (n = 1). The subgroup analysis results suggested that 
olaparib administration was associated with greater PFS benefit (HR for PFS, 0.21; 
95% CI, 0.04–0.86) in these patients than in those with no detectable BRCA or HRR 
mutation (HR for PFS, 0.71; 95% CI, 0.37–1.35) who received olaparib.

In the SOLO2 trial [11], olaparib as a switch maintenance therapy was compared 
with a placebo for patients with platinum-sensitive recurrent ovarian cancer harbor-
ing a BRCA mutation after response to platinum-combination chemotherapy. 
Olaparib significantly improved the mPFS from 5.5 months to 19.1 months (HR for 

Table 20.1  Efficacy of PARP inhibitors for hereditary ovarian cancer in the first-line setting

Trial PARPi CTR (m) INT (m) HR (PFS) BRCA

SOLO1 Olaparib 13.8 NR 0.3 g only
PRIMA Niraparib 22.1 10.9 0.4 t or g
VELIA Veliparib 22 34.7 0.44 t or g
PAOLA-1 Olaparib 21.7 37.2 0.31 t only

Abbreviations: PARPi PARP inhibitor; CTR median PFS in the control arm; INT median PFS in the 
intervention arm; NR not reached; g only germline BRCA mutation only; t or g germline or somatic 
BRCA mutation included; t only somatic BRCA mutation only
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PFS, 0.30; 95% CI, 0.22–0.41). Based on the data from the Study 019 and SOLO2 
trials, the FDA approved olaparib as a maintenance therapy for patients with recur-
rent ovarian cancer who have attained complete or partial response to platinum-
based chemotherapy, regardless of BRCA status, on August 17, 2017. PMDA also 
approved olaparib for the same indication on January 19, 2018.

In the NOVA trial [12], niraparib as a switch maintenance therapy was com-
pared with a placebo for patients with platinum-sensitive recurrent ovarian can-
cer after response to platinum-combination chemotherapy was attained. This 
study evaluated two independent cohorts, the germline BRCA-mutant cohort 
(gBRCA cohort) and the nonmutant cohort (non-gBRCA cohort). A hierarchical 
testing was pre-planned for the non-gBRCA cohort in which statistical analysis 
was first performed in the patients with HRD-positive tumors, and if the results 
were significant, a test for the overall non-gBRCA cohort was performed. Among 
553 patients who underwent randomization, 203 (36.7%) had germline BRCA 
mutation and 350 did not. Of the 350 patients in the non-gBRCA cohort, 162 
(46%) had HRD. In the gBRCA cohort, niraparib therapy significantly improved 
the mPFS from 5.5 months to 21.0 months (HR for PFS, 0.27; 95% CI, 0.17–0.41). 
In the HRD-positive subgroup of the non-gBRCA cohort, which was pre-speci-
fied as the primary analysis population, niraparib also significantly improved the 
mPFS from 3.8 months to 12.9 months (HR for PFS, 0.38; 95% CI, 0.24–0.59). 
Niraparib proved to have a consistent efficacy in the overall non-gBRCA cohort 
(HR for PFS, 0.45; 95% CI, 0.34–0.61). The FDA approved niraparib as a main-
tenance therapy for patients with recurrent ovarian cancer who have attained 
complete or partial response to platinum-based chemotherapy, regardless of 
BRCA status, on March 27, 2017. The PMDA also approved niraparib for the 
same indication on September 25, 2020.

In the ARIEL3 trial [13], rucaparib as a switch maintenance therapy was com-
pared with a placebo for patients with platinum-sensitive recurrent ovarian cancer 
after response to platinum-combination chemotherapy. All the randomized patients 
submitted blood and tumor tissue samples for assessments of germline BRCA muta-
tion, somatic BRCA mutation, and HRD. In this study, HRD was determined on the 
basis of genomic LOH by using the Foundation Medicine T5 NGS assay. Based on 
the results of the preceding phase 2 study, ARIEL2 part 1, a cutoff of ≥16% was 
determined as high LOH. Among 564 patients who underwent randomization, 130 
(23%) and 66 (11%) from the BRCA-mutation cohort had germline and somatic 
BRCA mutations. Among 368 patients with wild-type BRCA, 158 (42.9%) had 
HRD. Patients with HRD plus BRCA mutation were included in the HRD cohort. 
Rucaparib significantly improved the mPFS from 5.4 months to 16.6 months (HR 
for PFS, 0.23; 95% CI, 0.16–0.34) in the BRCA-mutation cohort. Rucaparib also 
proved to have consistent efficacy in the HRD cohort (HR for PFS, 0.32; 95% CI, 
0.24–0.42) and ITT population (HR for PFS, 0.36; 95% CI, 0.30–0.45). In the sub-
group analysis, the PFS benefit of rucaparib was almost identical in the germline 
(HR, 0.25) and somatic BRCA-mutation cohorts (HR, 0.23). The FDA approved 
rucaparib as a maintenance therapy for patients with recurrent ovarian cancer who 
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have attained complete or partial response to platinum-based chemotherapy, regard-
less of BRCA status, on April 6, 2018 (Table 20.2).

20.3.2	 �Monotherapy as Salvage Treatment for Patients 
with Multiple Sensitive Relapses

In the pooled analysis of two phase 1 and four phase 2 studies of olaparib mono-
therapy for patients with ovarian cancer who had germline BRCA mutation, the 
objective response rate (ORR) and duration of response (DoR) were 48% and 
7.8 months, respectively, for the subgroup of 75 patients with platinum-sensitive 
relapse [14].

In the SOLO3 trial [15], olaparib was compared with non-platinum chemother-
apy such as pegylated liposomal doxorubicin for patients with platinum-sensitive 
relapsed ovarian cancer harboring a germline BRCA mutation. Olaparib signifi-
cantly improved the ORR from 51.4% to 72.2% (odds ratio [OR], 2.53; 95% CI, 
1.4–4.58) and PFS from 9.2 months to 14.3 months (HR for PFS, 0.62; 95% CI, 
0.43–0.91).

Regarding rucaparib, in the integrated analysis of two phase 2 studies (Study 10 
and ARIEL2) for patients with ovarian cancer with BRCA mutation [16], the ORR 
and mPFS were 65.8% and 11.1 months, respectively, in the platinum-sensitive sub-
group. Based on these data, the FDA granted accelerated approval of rucaparib on 
December 19, 2016, for patients with BRCA-mutant ovarian cancer treated with two 
or more lines of chemotherapy.

In the QUADRA trial [17], a single-arm phase 2 study of niraparib monotherapy, 
patients with ovarian cancer had received three or more lines of chemotherapy. All 
the patients underwent a blood test for germline BRCA mutation and a tumor test for 
HRD. Among the 463 patients enrolled in this study, 222 (47.9%) and 87 (19%) had 
HRD and BRCA mutation, respectively. Niraparib monotherapy had ORRs of 39%, 
26%, and 4% for patients with germline BRCA mutation, HRD, and no/unknown 
HRD, respectively. The FDA approved niraparib on October 23, 2019, for patients 
with HRD-positive ovarian cancer treated with three or more prior lines of chemo-
therapies (Table 20.3).

Table 20.2  Efficacy of the PARP inhibitors as maintenance therapy for platinum-sensitive recur-
rence of hereditary ovarian cancer

Trial PARPi CTR (m) INT (m) HR (PFS) BRCA

Study 019 Olaparib 4.3 11.2 0.18 t or g
SOLO2 Olaparib 5.5 19.1 0.3 g only
NOVA Niraparib 5.5 21.0 0.27 g only
ARIEL3 Rucaparib 5.4 16.6 0.23 t or g

Abbreviations: PARPi PARP inhibitor; CTR median PFS in the control arm; INT median PFS in the 
intervention arm; t or g germline or somatic BRCA mutation included; g only germline BRCA 
mutation only
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20.3.3	 �Combination

Olaparib plus cediranib, a multi-VEGF receptor inhibitor, showed an intriguing 
efficacy in a randomized phase 2 study [18] for patients with recurrent platinum-
sensitive ovarian cancer. Among the 90 patients who underwent randomization, 
47 (52.2%) had a germline BRCA mutation. Compared with olaparib monother-
apy, olaparib plus cediranib prolonged the mPFS from 9.0 months to 17.7 months 
(HR for PFS, 0.42; 95% CI, 0.23–0.76). In a post hoc subgroup analysis, the PFS 
benefit in the subgroup with germline BRCA mutation (HR for PFS, 0.55) seemed 
smaller than that in the subgroup of wild-type or unknown BRCA status (HR for 
PFS, 0.32).

In the following phase 3 study, the NRG GY-004 trial [19], the combination 
therapy failed to improve the PFS (HR, 0.856) for the patients with platinum-
sensitive recurrent ovarian cancer, as compared with the standard chemotherapy. 
However, in the subgroup analysis for patients with germline BRCA mutation, this 
combination showed a promising efficacy, with an HR for PFS of 0.55 (95% CI, 
0.73–1.30), as compared with the standard chemotherapy.

In the e-Volve trial [20], the same combination was tested in a single-arm, multi-
cohort phase 2 trial, for patients with platinum-sensitive ovarian cancer after pro-
gression with PARP inhibitors. Among the 11 patients in cohort 1 (platinum-sensitive 
recurrence), no response was observed.

Another combination of a PARP inhibitor and antiangiogenic agent, niraparib plus 
BEV, was tested in the AVANOVA-2 study [21] for patients with platinum-sensitive 
relapsed ovarian cancer. Among 97 patients who underwent randomization, 33 (34%) 
had a BRCA mutation. Fifteen patients (15.4%) had a germline BRCA mutation. 
Niraparib plus BEV improved the mPFS from 5 months to 11.9 months (HR for PFS, 
0.35; 95% CI, 0.21–0.57), as compared with niraparib alone. In a pre-planned sub-
group analysis of patients with BRCA mutation, the combination therapy showed the 
same trend (mPFS 14.4 months vs. 9.0 months; HR for PFS, 0.49; 95% CI, 0.21–1.15).

As PARP inhibitors have immunoregulatory effects [22], a combination 
therapy of PARP and immune checkpoint inhibitors (ICI) is also being 

Table 20.3  Efficacy of PARP inhibitor monotherapy for hereditary ovarian cancer as a salvage 
treatment after multiple platinum-sensitive relapses

Trial PARPi ORR (%) DoR (m) PFS (m) BRCA

6 trials Olaparib 48 7.8 – g only
SOLO3 Olaparib 72.2 9.4 14.3 g only
2 trials Rucaparib 65.8 – 11.1 g or ta

QUADRA Niraparib 39 9.2 – g only

Abbreviations: PARPi PARP inhibitor; ORR objective response rate; DoR duration of response; g 
only germline BRCA mutation only; g or t germline or somatic BRCA mutation included
aOf the patients, 83% (88/106) from the integrated efficacy population had a germline BRCA muta-
tion, and the rest had a somatic BRCA mutation
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developed. In the MEDIOLA study, the effectiveness of olaparib plus dur-
valumab was evaluated in patients with platinum-sensitive relapsed ovarian 
cancer harboring a germline BRCA mutation. At the presentation of the 
ESMO2019, the ORR, mDoR, and mPFS were 71.9%, 10.2  months, and 
11.1 months, respectively.

Adding both antiangiogenics and ICI to PARP inhibitors is also promising. In 
another triplet cohort of the MEDIOLA trial, patients with platinum-sensitive 
relapsed ovarian cancer with wild-type gBRCA received olaparib, durvalumab, and 
bevacizumab as triplet therapy. The preliminary results of 31 patients were pre-
sented at the ESMO2020. The ORR and disease control rate at 24 weeks were 87% 
and 77%, respectively.

20.4	 �Platinum-Resistant Recurrence

20.4.1	 �Monotherapy

In the platinum-resistant subgroup included in the pooled analysis of the aforemen-
tioned six trials [14], the ORR and DoR of olaparib monotherapy were 28% and 
7.4 months, respectively. Study 042 was one of four phase 2 trials for patients with 
advanced solid tumor with a germline BRCA mutation. The ovarian cancer cohort 
included 193 patients, most of whom were platinum resistant, and the remaining 
were intolerant to platinum agents, typically owing to hypersensitivity reactions. 
The ORR of olaparib monotherapy was 26.2% for the whole cohort [23] and was 
34% for patients with measurable disease who had received three or more lines of 
chemotherapy [24]. Based on this data, the FDA granted accelerated approval of 
olaparib on December 19, 2014, for patients with advanced ovarian cancer associ-
ated with the BRCA gene mutation who had received three or more lines of 
chemotherapy.

In the platinum-resistant subgroup included in the integrated analysis of the 
aforementioned two trials [16], the ORR and mPFS of rucaparib monotherapy were 
25% and 7.4 months, respectively. In the QUADRA trial, niraparib monotherapy 
showed ORRs 27%, 10%, and 3% for patients with BRCA mutation, HRD, or no/
unknown HRD, respectively [17].

20.4.2	 �Combination

In the CONCERTO study, olaparib plus cediranib showed an ORR of 15.3% for 
patients without gBRCA who had received three or more previous lines of chemo-
therapy [25]. In the TOPACIO study, niraparib plus pembrolizumab, a PD-1 inhibi-
tor, was tested. The ORR and mDoR were 18% and not reached, respectively. The 
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ORRs of the patients with and without somatic BRCA mutation were similar (18% 
and 19%, respectively) [26] (Table 20.4).

20.5	 �Ongoing Studies

Many studies are ongoing to evaluate the efficacy of the combination of PARP 
inhibitors with immune checkpoint inhibitors, antiangiogenic agents, or both 
(Table 20.5). Other important trials include OReO (NCT03106987) and ARIEL4 
(NCT02855944).

OReO (NCT03106987) is a phase 3 study that evaluated whether olaparib as 
maintenance therapy after progression with PARP inhibitors further improves the 
PFS in patients with platinum-sensitive recurrent ovarian cancer.

ARIEL4 (NCT02855944) is a phase 3 trial which compares rucaparib with a 
standard chemotherapy for patients with platinum-resistant/sensitive recurrent 

Table 20.4  Efficacy of PARP inhibitors as salvage treatment for hereditary ovarian cancer in the 
platinum-resistant setting

Trial PARPi ORR (%) DoR (m) PFS (m) BRCA

6 trials Olaparib 28 7.4 – g only
2 trials Rucaparib 25 – 7.4a g or t
QUADRA Niraparib 27 – – g only

Abbreviations: PARPi PARP inhibitor; ORR objective response rate; DoR duration of response; g 
only germline BRCA mutation only; g or t germline or somatic BRCA mutation included
aExcluding platinum-refractory patients (n = 7) whose median PFS was 5.3 months

Table 20.5  Ongoing studies evaluating the efficacy of adding ICI and/or antiangiogenics to 
PARP inhibitors

Trial PARPi ICI aAngio Setting NCT
KEYLINK-001 Olaparib Pembrolizumab First line 03740165
ATHENA Rucaparib Nivolumab First line 03522246
FIRST Niraparib Dostarlimab First line 03602859
JAVELIN-100 Talazoparib Avelumab First line 03642132
MITO-25 Rucaparib BEV First line 03462212
ANITA Niraparib Atezolizumab PSOC 03598270
NItCHE-
MITO33

Niraparib Dostarlimab PSOC 04679064

NRG-GY021 Olaparib Tremelimumab PSOC 04034927
ICON9 Olaparib Cediranib PSOC 03278717
COCOS Olaparib Cediranib PROC 02502266
DUO-O Olaparib Durvalumab BEV First line 03737643
AVATAR Niraparib Dostarlimab BEV PSOC 03806049
NRG-GY023 Olaparib Durvalumab Cediranib PROC 04739800

Abbreviations: PARPi PARP inhibitor; ICI immune checkpoint inhibitor; aAngio antiangiogenic 
agent; PSOC platinum-sensitive ovarian cancer; PROC platinum-resistant ovarian cancer
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ovarian cancer whose tumor is a germline or somatic BRCA mutant. These stud-
ies will clarify the optimal strategy for using PARP inhibitors in patients with 
hereditary ovarian cancer.
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