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1  |  INTRODUC TION

In the past 30 years, there have been significant improvements in 
cancer management, particularly in the treatment of certain types of 
cancer.1 This management promotes pairing individuals with cancer 
with drugs that target specific somatic variants in their tumor, aiming 
to produce long- lasting remission and extend their survival.2 In ad-
dition, germline variants, naturally possessing individual variations, 

also play essential roles in cancer management. Developing risk re-
duction and surveillance strategies based on germline variants for 
both those who have not yet developed the disease and those for 
which it has been developed would improve cancer management.1

Many genetic analyses have identified thousands of germline 
variants associated with cancer; however, most variants with com-
mon allele frequencies confer relatively small increments in risk (1.1-  
to 1.5- fold).3 By contrast, rare germline variants have a high impact 
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Abstract
Rare germline pathogenic variants in cancer- predisposing genes have a high impact 
and potential for clinical utility. In the last 30 years, based on evidence of cancer risk 
associated with germline pathogenic variants, several measures have been suggested 
for personalized medicine, including the development of novel treatments, treat-
ment stratification, risk reduction by surgical measures, chemoprevention, removal 
of environmental factors, and surveillance for early detection among specific high- 
risk individuals. However, this evidence is mainly based on evaluations of European 
populations. Our large- scale analyses of more than 100,000 individuals, including 
14 disease cases and non- cancer controls in the Japanese population, suggest some 
discrepancies in the associations between cancer- predisposing genes and diseases, 
expansion of the targeted diseases of BRCA1 and BRCA2, and a potential novel risk- 
reduction measure for gastric cancer. They are likely to be explained by population 
and region variations; therefore, more population- wide and region- wide research 
could provide improved personalized medicine as well as a better understanding of 
disease mechanisms. This review summarizes current personalized medicine and dis-
cusses the potential use of germline pathogenic variants.
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(two- fold or more) and potential for high clinical utility.3 In this re-
view, we summarize current personalized medicine and discuss the 
potential use of GPVs.

2  |  CURRENT PERSONALIZED MEDICINE 
THROUGH GPVs

The first step toward personalized medicine based on germline vari-
ants is to identify genes that are associated with the onset of dis-
ease and to clarify the risk, prevalence, and clinical characteristics of 
GPV carriers in cancer- predisposing genes. Based on this evidence, 
further studies have been performed to develop novel treatment 
strategies and risk- reduction methods using preventive surgery, 
chemoprevention, removal of environmental factors, and surveil-
lance. Some measures have already been established with sufficient 
evidence and clinically used, whereas evidence is still accumulating 
for other strategies.

2.1  |  Estimation of cancer risk and GPV prevalence

Most cancer- predisposing genes, such as BRCA1/2, have been iden-
tified by linkage analyses, a traditional genome- wide scan with many 
families, including affected individuals, and functional candidate 
gene studies from decades ago. The risk of disease has been esti-
mated from prospective cohort studies that follow individuals with 
GPVs, and case– control studies that compare the prevalence of 
GPVs among patients and individuals without the disease. In 1994, 
BRCA1/2 were identified as breast cancer susceptibility genes.4– 6 
Relationship between BRCA1/2 and the risk of breast cancer have 
received widespread attention because of the celebrity work done 
in 2013.7 The latest established evidence was reported as follows: 
in 2017, from a prospective cohort study including ~10,000 GPV 
carriers in BRCA1/2 of mainly European populations, the cumu-
lative risks for breast cancer to age 80 were 72% for BRCA1 and 
69% for BRCA2.8 In 2021, two population- based studies, contain-
ing approximately 30,0009 and 60,00010 women with breast cancer 
in mainly European populations, provided prevalence and genetic 
risk in BRCA1/2 and other cancer- predisposing genes (ATM, BARD1, 
CDH1, CHEK2, RAD51C, RAD51D, PALB2, and TP53).9,10 In an analysis 
of 10,000 patients with cancer across 33 diseases, 8% had GPVs 
and 21 genes were found to be associated with one or multiple dis-
eases.11 Evidence has been still accumulating over the past 30 years 
since the use of genetic identification, even in well known relation-
ships, such as that of breast cancer, although BRCA1/2 is already in 
clinical use as described below.

These reports are based mainly based on data from European 
populations in the USA and Europe, and it is difficult to apply them 
without precise examination to Japan because of the differences in 
GPV prevalence across populations12 and incidence rates of the dis-
ease across regions.13 Therefore, we started a comprehensive new 
project in 2015 to reveal the associations between cancer risk and 

GPVs in cancer- predisposing genes in more than 100,000 Japanese 
individuals, including 14 disease cases and non- cancer controls.14– 22 
The summary of the associations in our previous study is shown in 
Figure 1. The prevalence of GPVs in BRCA1/2 was especially large, 
and the odds ratios for many diseases were mostly 4.0 or more. To 
compare our results with global evidence, the current evidence of 
NCCN guidelines23– 25 in May 2023 is summarized in Figure 2. We 
observed only half of the associations in the Japanese population 
among those with strong or very strong evidence according to 
the NCCN guidelines and vice versa. This can be explained by two 
main reasons. First, the associations described in the NCCN guide-
lines are biologically true; however, their prevalence is very low in 
patients. CDH1 and STK11 cause syndromes whose GPVs show a 
higher incidence of breast cancer.26,27 However, the prevalence of 
GPVs was very low in the Japanese population (0.03% and 0.01%)14 
among breast cancer patients, and association analysis did not show 
significant differences. This is also applicable to European popula-
tions (0.02% and 0.01%).10 Second, the associations may be identi-
fied in diseases that are common in a specific population or region. 
We found that GPVs in BRCA1 and/or BRCA2 were associated with 
biliary tract, esophageal, and gastric cancer risk, which have several- 
fold higher incidence rates in East Asian countries.13,19 These results 
suggest that information on the prevalence and risk observed in 
each population and region is indispensable for better personalized 
medicine.

2.2  |  Changing treatment strategies

Identifying the association between the onset of disease and GPVs 
has also changed treatment strategies. By the beginning of the 21st 
century, BRCA1/2 was shown to play a key role in homologous re-
combination repair.28 Following studies demonstrated the synthetic 
lethality of PARP inhibitors in homologous recombination- deficient 
cells.29– 31 When homologous recombination is disrupted and PARP 
is inhibited, replication fork collapse cannot be repaired, and the cell 
undergoes cell death.29– 31 These findings led to a novel paradigm 
shift in cancer treatment. After the first clinical trials,32 many clinical 
trials have reported the efficacy of PARP inhibitors and widely rec-
ommend the treatment in a variety of neoplasms— breast, ovarian, 
pancreatic, and prostate cancer.24 This is a great example of how the 
identification of cancer- risk genes could clarify the pathogenesis and 
introduce a novel treatment agent.

In addition to the development of therapeutic agents, treatment 
stratification may change based on the clinical characteristics of 
GPV carriers. Prostate cancer risk is associated with GPVs in ho-
mologous recombination genes.15 Patients with GPVs in BRCA1/2 
showed more aggressive prostate cancer phenotypes with a higher 
probability of nodal involvement and distant metastasis.33 Regarding 
the Japanese population, GPV carriers in homologous recombina-
tion genes were also associated with a short time to castration 
resistance and poor overall survival.34 These studies indicate that 
GPVs may also have potential as prognostic factors, not only as 
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cancer- predisposing risk factors. Depending on the prognosis, bet-
ter timing for genetic testing, more optimal treatment intensity, and 
more optimal post- treatment follow- up can occur.

Thus, the accumulation of clinical characteristics of GPV carriers 
might lead to further development of personalized medicine in terms 
of novel treatments and treatment stratification.

2.3  |  Risk reduction

Based on risk estimation among GPV carriers, some surgical meas-
ures are being considered for GPV carriers of some genes, including 
bilateral mastectomy for breast cancer,24 salpingo- oophorectomy 
for ovarian cancer risk,24 colectomy for colorectal cancer,25 and 
gastrectomy for gastric cancer23 with various evidence for levels 
of recommendation (Table 1). Such surgical measures reduce the 
risk of developing cancer in the relevant organs and might improve 
prognosis.35 However, several points should be considered. First, 
there is insufficient evidence on whether such surgical measures 
can improve the prognosis of some cancers. Even in breast cancer, 
a meta- analysis showed that risk- reducing bilateral mastectomy re-
duces the development of breast cancer; however, it was not clearly 
shown to reduce all- cause mortality.36 This might be due to limited 
long- term follow- up or evaluation. Second, careful decisions must be 

made regarding the appropriate timing and side effects. Regarding 
salpingo- oophorectomy, it induces premature menopause with po-
tential short- term effects (hot flushes and impaired sexual function-
ing)37 and long- term effects (risk of osteoporosis, cardiovascular 
disease, and cognitive decline).38 Fertility preservation is also an 
important theme.39 Finally, it is also important to address the psy-
chosocial effect and quality- of- life aspects of undergoing such risk- 
reducing surgical measures. A previous study in the USA reported 
that 70% of women were satisfied with risk- reducing mastectomy 
and would choose it again; by contrast, 11% of women were neu-
tral in their response, and 19% of women were dissatisfied with this 
procedure.40 Healthcare professionals need to provide GPV carriers 
with the available information and encourage them to take time to 
consider all options currently available.40

Another approach is chemoprevention. A double- blinded, 
randomized controlled trial reported that individuals with Lynch 
syndrome who received a daily 600 mg aspirin developed lower 
rates of colorectal cancer than ones who received a placebo.41 
Therefore, in the NCCN guidelines, all individuals with Lynch 
syndrome who have a risk of future colorectal cancer are recom-
mended to consider using aspirin daily.25 There may be some other 
candidates such as a selective estrogen receptor modulator for 
invasive breast cancer in postmenopausal individuals with GPVs 
in BRCA1/2 and non- steroidal anti- inflammatory drugs for polyp 

F I G U R E  1  Summary of associations of germline pathogenic variants in 27 cancer- predisposing genes among BioBank Japan. The 
associations of germline pathogenic variants in 27 cancer- predisposing genes and cancer risk identified in our previous studies (breast 
cancer,14 prostate cancer,15 colorectal cancer,16 pancreatic cancer,17 renal cancer,18 lymphoma,20 biliary tract cancer,21 gastric cancer,22 and 
14 diseases for BRCA1/219) from BioBank Japan are shown. Unanalyzed associations are indicated by empty fields and associations that did 
not reach P < 0.05 are indicated by gray squares.
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regression in individuals with GPVs in APC although the evidence 
is insufficient.24,25 The accumulation of evidence about effective-
ness among GPV carriers and long- term evaluation is also required 
for application in clinical settings.

Risk reduction can also be achieved by removing certain envi-
ronmental factors, due to the excess risk from the interaction be-
tween germline variants and environmental factors. One instance 
is that of alcohol consumption and an East Asian specific common 
variant (rs671) in ALDH2 showing heterozygotic (Glu/Lys) and ho-
mozygotic (Lys/Lys) individuals of the derived allele have lower 
than 50% and <1– 4% of the wild- type enzymatic activity.42 Alcohol 
consumption and rs671 in ALDH2 interact with upper aerodiges-
tive tract cancer and lead to excess risk; estimated cumulative 
risks through 80 years among individuals with heavy drinking hab-
its were 20.2% in Glu/Lys genotype and 2.9% in the wild- type; by 
contrast, they were less than 3% among individuals with moder-
ate drinking habits regardless of genotype status.43 This suggests 
that modification of alcohol consumption according to the ALDH2 
genotype has a large impact on upper aerodigestive tract cancer- 
risk reduction.43 Another recent instance we reported is H. pylori 
infection and GPVs in homologous recombination genes in gastric 
cancer.22 H. pylori infection is a well known gastric cancer risk. In 

our recent study, GPVs in homologous recombination genes inter-
acted with H. pylori infection to excessively increase the risk of 
gastric cancer.22 The estimated cumulative risks through 85 years 
among individuals with H. pylori infection were 45.5% in GPV car-
riers in homologous recombination genes and 14.4% in GPV non- 
carriers, while they were less than 5% among individuals without 
H. pylori infection regardless of GPV carrier status, indicating that 
GPVs in homologous recombination genes seems to boost the risk 
of H. pylori infection- related gastric cancer.22 This is probably due 
to genome instability caused by H. pylori infection that contrib-
utes to gastric carcinogenesis.22,44 By contrast, there was no ap-
parent interaction of GPVs with other environmental factors such 
as smoking habits or sodium intake.22 These indicate that GPV 
carriers in homologous recombination genes need more atten-
tion, especially for H. pylori infection. The above excess risks could 
have been clarified because of evaluations in East Asia, where the 
fact that the genetic variation largely influencing acetaldehyde- 
oxidizing capacities is polymorphic45 contributes to the former 
and a region- specific highly virulent type of H. pylori46 to the lat-
ter. These examples illustrate the importance of population-  and 
region- wide analyses to provide better personalized medicine and 
to elucidate the novel pathogenesis of the disease.

F I G U R E  2  Summary of evidence of germline pathogenic variants in 27 cancer- predisposing genes in the National Comprehensive Cancer 
Network guidelines in May 2023. The evidence of germline pathogenic variants in 27 cancer- predisposing genes has been extracted from 
the National Comprehensive Cancer Network (NCCN) guidelines.23– 25 The evidence level in the NCCN guidelines is as follows: very strong: 
prospective cohort studies in a population- based setting have demonstrated risk; strong: traditional case– control studies or more than three 
case– control studies including those with cases ascertained by commercial laboratories or those without controls from the same population 
(traditional case– control study: a retrospective study that compressed patients with a disease or specific outcome with patients without the 
disease or outcome).23– 25
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It is crucial to accumulate evidence regarding risk- reduction 
measures and share information with the individuals concerned so 
that they can make informed decisions.

2.4  |  Surveillance

Surveillance is considered for early detection among specific high- 
risk individuals. There is accumulating evidence concerning the 
surveillance of GPV carriers. First, GPV carriers in BRCA1/2 are 
recommended for surveillance of breast cancer for early detection 
using MRI.24 This recommendation is based on the largely increased 
risk of breast cancer and the sensitivity with MRI that is significantly 
higher than mammography in females with GPVs in BRCA1/2.47 
Second, GPV carriers in MLH1, MSH2, MSH6, and PMS2 are recom-
mended regular colonoscopies from young ages.25 In particular, GPV 
carriers in MLH1 or MSH2 are considered for high- quality colonosco-
pies from their twenties because of their high risk.25 In these ways, it 
is necessary to accumulate evidence on the sensitivity and specific-
ity of surveillance that is established in the general population for 
high- risk individuals, and evidence on risk and age of presentation 
according to gene should be accumulated.

Although many evaluations have attempted to improve survival 
rates through early detection, there are some cautions to con-
sider in surveillance. Even if surveillance improves survival rates, it 
should be carefully evaluated to determine whether it truly reduces 
excess mortality.48,49 This is because it can be biased by earlier di-
agnosis without postponing the time of death (lead- time bias) or 
increased detection of indolent cancers (length bias), although the 

survival rate is undoubtedly an essential parameter of prognosis.48,49 
Furthermore, excessive surveillance recommendations may not only 
add to the burden in terms of cost but may also exacerbate the phys-
ical and psychological burden of GPV carriers. Thus, it is essential to 
remember, “All screening programs do harm; some do good as well, 
and, of these, some do more good than harm at a reasonable cost.”50 
Balanced discussions based on evidence should be continued.

3  |  CHALLENGES FOR BROADENED 
PERSONALIZED MEDICINE

Here, we describe the use of personalized medicine in GPVs. 
Expansion of the evaluation for each population or region would 
provide more insight into personalized medicine. Several remaining 
challenges need to be addressed, especially from the perspective of 
author expertise, genetics, expansion of other genes that establish 
evidence to be associated with cancer risk, better annotation of the 
clinical importance of variants, and optimization of target individuals 
who would benefit from genetic testing.

3.1  |  Identification of further cancer- risk genes

Only a small number of genes among ~20,000 genes are still being 
utilized in personalized medicine. These genes were mainly iden-
tified using traditional linkage analyses with limited statistical 
power and subsequent functional candidate gene studies. Because 
the prevalence of GPVs is very low, GPVs cannot be identified by 

TA B L E  1  Evidence of surgical measures for risk reduction in the National Comprehensive Cancer Network guidelines in May 2023.

Cancer Gene Measures Evidence level Age

Breast BRCA1 Mastectomy Discuss – 

Breast BRCA2 Mastectomy Discuss – 

Breast CDH1 Mastectomy Discuss – 

Breast PALB2 Mastectomy Discuss – 

Breast STK11 Mastectomy Discuss – 

Ovarian BRCA1 Salpingo- oophorectomya Recommend 35– 40 years oldb

Ovarian BRCA2 Salpingo- oophorectomya Recommend 35– 45 years oldb

Ovarian BRIP1 Salpingo- oophorectomya Recommend 45– 50 years old

Ovarian PALB2 Salpingo- oophorectomya Consider >45 years old

Ovarian RAD51C Salpingo- oophorectomya Recommend 45– 50 years old

Ovarian RAD51D Salpingo- oophorectomya Recommend 45– 50 years old

Colorectal APC Colectomy Consider– Recommend – 

Gastric CDH1 Gastrectomy Recommend 18– 40 years old

Note: Extracted from the National Comprehensive Cancer Network guidelines in May 2023.23– 25

aRisks and benefits of premature surgical menopause versus the risk of cancer and family history should be carefully considered, and the guidelines 
recommend that patients seek expert care.24

bSalpingo- oophorectomy is typically recommended at 35– 40 years of age and upon completion of childbearing. Because ovarian cancer onset in 
patients with pathogenic variant in BRCA2 is an average of 8– 10 years later than that in patients with pathogenic variant in BRCA1, it is reasonable to 
delay salpingo- oophorectomy for the management of ovarian cancer risk until the age of 40– 45 years in patients with pathogenic variant in BRCA2 
unless the age at diagnosis in the family warrants earlier age for consideration of surgery.24
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genome- wide association studies, and sequencing analyses are 
needed. In addition, ~18,000 and 10,000 cases are required to de-
tect an odds ratio of 2.0 and 4.0, respectively (simulated: a case– 
control ratio 1:3, power 0.80, a prevalence of GPVs in the controls 
0.1%, and P = 1.0 × 10−4 in burden tests).51 Therefore, whole- genome 
or whole- exome sequencing with tens of thousands of samples is 
required to identify new genes. However, only a few diseases have 
been analyzed on this scale.52 An alternative efficient approach 
would be to analyze only candidate genes found in genome- wide 
association studies in a higher number of samples because the en-
richment of rare variants is mainly identified in such genes, although 
whole- exome sequencing is conducted.53 Also, because of founder 
variants or gene– environmental interactions, there may be a possibil-
ity that population- wide and region- wide evaluation would increase 
detection power and identify important genes, as the importance of 
CHEK2 was raised by a European- specific founder pathogenic vari-
ant (c.1100delC).

3.2  |  Better annotation of the clinical 
importance of variants

Sequencing analysis identifies genetic variants, but not all of them 
are GPVs. It is critical to identify GPVs; however, many germline 
variants remain VUS. One of the greatest challenges in person-
alized medicine for germline variants is the annotation of non- 
synonymous variants. In addition, loss- of- function variants are not 

always GPVs (ex. c.4068_4071dupGATT in MSH6), nor all ClinVar 
interpretations were not true (ex. c.1744C>G in MLH1), which we 
have experienced in our study with Japanese population.16 Even 
among the GPVs, there are variants with ambiguous functional 
defects that show intermediate cancer risk (ex. c.5096G>A in 
BRCA1)54 and variants in a specific location of the amino acid se-
quence showing different characteristics of the disease (ex. pro-
moter 1B in APC).25,55

To overcome these challenges, functional and in silico assays have 
been conducted to evaluate VUS,56– 61 and guidelines or consensuses 
have been developed for determining the clinical interpretation of 
variants. According to the American College of Medical Genetics 
and Genomics and Association for Molecular Pathology guidelines, 
which provides interpretative categories of sequence variants and 
an algorithm for interpretation.62 In addition, there are classification 
criteria developed by members of the consortium according to the 
Clinical Genome Resource,63 such as the Evidence- based Network 
for the Interpretation of Germline Mutant Alleles Consortium for 
BRCA1/2.64 These guidelines or criteria allow us to separate variants 
into clinical significance (Figure 3A,B). Nevertheless, most germ-
line variants remain uncertain (among 4804 variants in 27 cancer- 
predisposing genes in approximately 36,000 individuals: 84.8%16; 
among 1810 variants in BRCA1/2 in approximately 100,000 individ-
uals: 54.4%).19

Any ambiguity or misclassification of the significance of variants 
may lead to incorrect medical care. Further evaluation of these vari-
ants will provide valuable information for personalized medicine.

F I G U R E  3  Difference in clinical importance detected by three methods. The annotation of germline variants in our previous studies is 
shown.16,19 (A) In total, 4804 variants in 27 cancer- predisposing genes in ~36,000 individuals were annotated using ACMG/AMP guidelines, 
information on ClinVar interpretation, and IMPACT of amino acid sequences. (B) In total, 1810 variants in BRCA1/2 in ~100,000 individuals 
were annotated using the ENIGMA consensus criteria, information on ClinVar interpretation, and IMPACT of the amino acid sequence. 
ACMG/AMP, American College of Medical Genetics and Genomics and Association for Molecular Pathology; ENIGMA, Evidence- based 
Network for the Interpretation of Germline Mutant Alleles.
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3.3  |  Optimization of target individuals benefit 
from genetic testing

In the United States Consensus Conference, germline testing has 
been expanding for metastatic prostate cancer or for all patients 
with a personal history of breast cancer.65,66 These expansions 
might be extended to individuals unaffected by the disease. In ad-
dition, risk elaboration combining GPVs with other factors, such as 
the polygenic risk score, family history, and environmental factors, 
has also been considered.67,68 This will allow for more detailed risk 
estimation of the disease (Figure 4). The average risk estimated for 
all GPV carriers may divide individuals into relatively high- risk and 
low- risk groups by risk elaboration. CanRisk,69 an online tool that 
enables healthcare professionals to calculate an individual's future 
risk of breast and ovarian cancers, has been developed for use in 
clinical research, although the current version is only applicable to 
European populations. Thus, personalized medicine that considers 
GPVs is being optimized for individuals who can benefit from it and 
will continue to expand.

Several ethical, social, and legal challenges remain to be ad-
dressed. When receiving the genetic result, concerns and poten-
tial harms include increased emotional burden on the individual 
and family, information complexity, and difficulty communicating 

probabilistic information.70 Moreover, we should focus on the proper 
and just use of genetic data for both the individual and society, rec-
ognizing how the data might be used to discriminate unfairly now or 
in the future.71 Counseling and education systems that enable peo-
ple to return genomic information are also desirable. It is necessary 
to establish a system to ensure that benefits are widely and equally 
available, rather than only to a limited number of individuals.

4  |  POSSIBILIT Y FOR FURTHER 
PERSONALIZED MEDICINE

Here, we discussed current and future topics about personalized 
medicine from the perspective of common cancers from GPVs. 
Genetic testing and risk reduction measures have received wide-
spread attention because of the celebrity work done in 2013.7 
However, most of the current genetic evidence has been established 
mainly in European populations. Expansion of the evaluation for 
each population or region may clarify novel associated diseases and 
risk- reduction measures.19,22 Although caution should be exercised 
in dealing with a harmful response to GPVs overreaction, germline 
evaluation could be an effective approach to developing further per-
sonalized medicine.

F I G U R E  4  Scheme of detailed risk 
stratification among germline pathogenic 
variant carriers. The average risk 
estimated for all germline pathogenic 
variant carriers may divide individuals into 
relatively high- risk and low- risk groups by 
risk elaboration.
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