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Patients with germline pathogenic variants of BRCA1/2 genes have a particular predisposition to develop
breast cancer. No clinical test has been developed to accurately and quantitatively evaluate their risk of
developing breast cancer. We hypothesized that aberrant cell clonal expansion may be initiated in normal
breast tissues without manifesting pathologic changes. To assess the prevalence of clonal expansionin the
normal breast, we collected normal breast tissue from 24 breast cancer patients who had undergone
surgical resection and 5 carriers of pathogenic BRCA1/2 variant who had undergone prophylactic
mastectomy. Whole-exome sequencing (WES) was conducted in 97 specimens from 14 individuals, and
TOP panel, a gene panel targeting 464 genes, was conducted in 321 specimens from 26 individuals,
including 8 individuals with germline pathogenic variants of BRCA1/2 genes. Recurrent oncogenic
mutations within PIKBCA, ARHGAP35, HRAS, and NF1 were identified in normal breast tissue at
considerable variant allelic frequencies (VAF), suggesting clonal expansion. In addition, 937 normal breast
tissues were evaluated using the Breast Cancer Panel (BCP) targeting 25 genes to determine the exact
prevalence and distribution of clonal expansion. To assess the clonal expansion, we developed the clonality
score, which is the mean value of clonal cell fractions for samples obtained from a given breast. The average
clonality score in macroscopically normal breast tissue was 0.95 (0-2.46), with a significant difference
between cases with and without a history of breast cancer of stage 2 or more advanced stage (o = 0.01).
Additional WES on 42 samples with relatively large clone size (VAF > 3%) confirmed that these cell clones
harbored multiple mutations (10.7 mutations/sample), and the number of existing mutations was consistent
with the clone size (R = 0.50). The results suggest that clonal changes occur in normal breast tissue of
women at high risk for breast cancer even before cancer is detected pathologically and/or radiologically,
and the clonality score shows the potential to be a valid method of evaluating clonal expansion for cancer-
risk assessment that provides appropriate preventive options for patients at high risk for breast cancer.

Breast cancer is the most frequently diagnosed cancer and the leading cause  identified that the expansion of cell clones carrying mutated genes is asso-
of cancer-related deaths in women worldwide'. Large cohort studies across ~ ciated with aging and/or in response to environmental insults and chronic
various tumor types have identified somatic driver mutations in respective  inflammation’ among phenotypically normal or non-cancer tissues such as
cancers, such as frequent aberrations within PIK3CA, TP53, MAP3K1, the skin’, esophagus”’, colon*’, bronchus', liver'’, endometrium'’, and
CDH1, AKT1, and RBI for breast cancer”’. Moreover, recent studies have  bladder"’. However, extensive analysis of normal breast tissues have not
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been reported, probably due to the structural complexity of the breast ducts
for genomic analyses. Meanwhile, some studies have identified somatic
genetic alterations in uninvolved mammary glands (histologically normal
glandular tissue distant from the primary tumor site) of patients with breast
cancer' ™",

Hereditary breast and ovarian cancer is a syndrome defined by an
increased risk of developing breast and/or ovarian cancer that is most
commonly caused by germline pathogenic variants of BRCA1/2 genes'.
Approximately 5% of patients with breast cancer may carry germline
BRCAI or BRCA?2 variants that are either or likely pathogenic'**’. For
women at an increased risk for developing breast cancer, effective surveil-
lance strategies and preventive measures, such as risk-reducing surgical
options, are important*"*>. Prophylactic mastectomy could reduce the risk
for breast cancer by >90% among BRCA1/2 variant carriers™.

There are no quantitative assessments to evaluate how “normal”
breast tissue may be prone to tumor formation. Since the presence of
common cancer driver mutations in normal tissues suggests a strong
link to cancer development, we sought to investigate the mutational
profile of breast tissues, including those in BRCA1/2 variant carriers,
and attempted to create a formula that may predict clonal expansion of
precancerous cells.

Results

Patient characteristics

The study cohort comprised of 24 patients with breast cancer who under-
went surgical resection and 5 carriers for pathogenic BRCA1/2 variant who
underwent prophylactic mastectomy without history of cancer. The clinical
data of the patients are summarized in Table 1. The cohort included

Table 1 | Clinical information of 29 breast cancer cases

Case#t Sex Age Diagnosis Treatment TNM staging gBRCA status Clinvar
T N M Stage
#01 F 44 Past Rt BC, RO BRRM 0 0 0 BRCAT p.Q1281* Pathogenic:3
#02 33 No cancer history BRRM 0 0 0 BRCAT1 p.L63* Pathogenic:3
#03 F 39 Rt BC NAC + Rt Bt + 2 0 0 1A BRCAT p.L63* Pathogenic:3
CRRM (Lt)
#04 F 45 Lt BC Lt Bt + CRRM (Rt) 1c 3 0 nc BRCAZ2 p.lle1065fs Pathogenic:3
#05 69 Lt BC Lt Bt + CRRM (Rt) 1c 0 1A BRCA1 Pathogenic/
c.5278-1G>A Likely_pathogenic:2
#06 F 44 Past Lt BC, RO CRRM (Rt) 0 0 0 BRCA2 p.Ser2835*  Pathogenic:3
#07 F 44 Lt BC and Lt Bt + CRRM (Rt) 2 0 A BRCAT1 p.Ser1241fs  Pathogenic:3
Rt DCIS*
#08 F 45 Lt BC Lt Bt 3 1 0 A BRCAWT
#09 M 66 LtBC Lt Bt 2 0 0 1A BRCAWT
#10 F 36 No cancer history  BRRM 0 0 0 BRCA1 p.L63* Pathogenic:3
#11 B 47 RtBCand LtDCIS BM 2 0 0 1A BRCAWT
#12 F 43 Rt BC Rt Bt 1c 1 mi 0 1B BRCA WT
#13 F 49 Rt BC Rt Bt 3 1 0 A BRCAWT
#14 F 81 Rt BC Rt Bt 1c 0 0 1A BRCA WT
#15 F 43 Past Lt BC, RO BRRM 0 0 0 BRCA1 p.Ser1241fs  Pathogenic:3
#16 F 58 Lt BC and Lt Bt + CRRM (Rt) 1c 0 0 1A BRCA2 p.Tyr1710fs  Pathogenic:3
Rt DCIS*
#17 F 39 Past Lt BC, RO CRRM (Rt) 0 0 0 BRCA2 p.Arg2318*  Pathogenic:3
#18 B 43 LtBCand RtDCIS BM 1c 0 0 1A BRCA2 p.Trp194* Pathogenic:3
#19 B 39 Bil BC BM 2 0 0 1A BRCA2 p.Asn43fs Pathogenic:3
#20 F 45 Bil BC BM 1a 0 0 1A BRCAT p.Leu63* Pathogenic:3
#21 F 32 No cancer history BRRM 0 0 0 BRCA2 p.Arg2494* Pathogenic:3
#22 F 39 Lt DCIS Lt Bt + CRRM (Rt) is 0 0 0 BRCA2 p.Ala2864fs  Pathogenic:1
#23 F 45 Lt BC NAC + Lt Bt 1c 0 0 1A BRCA1 Pathogenic:2
c.5278-1G>A
#24 B 46 Rt BC Rt Bt + CRRM (Lt) 1b 0 0 1A BRCAT1 p.GIn1447fs  Pathogenic:3
#25 F 40 Rt BC and past Rt Bt 1b 0 0 1A BRCAT1 p.Leu152fs Pathogenic:3
Lt BC
#26 F 39 Rt BC Rt Bt + CRRM (Lt) 2 1 0 1B BRCAT1 Pathogenic/
c.4485-2A>G Likely_pathogenic:2
#27 F 47 Rt BC Rt Bt + CRRM (Lt) 1b IA BRCA2p.Asp1033fs  Pathogenic:3
#28 40 Past Lt BC, RO BRRM 0 BRCAT1 p.Leu1216* Pathogenic:3
#29 F 40 Rt BC NAC + Rt Bt + 2 0 0 1A BRCA1 Pathogenic:2
CRRM (Lt) c.5278-1G>A

gBRCA status indicates the germline variants of BRCA1 and BRCAZ2. ClinVar column indicates the classification of the germline variant and score of review status. F female, M male, Lt, left, Rt right, BC
breast cancer RO no residual tumor, DCIS ductal carcinoma in situ, DCIS* ductal carcinoma in situ identified by pathological diagnosis after surgery, BRRM bilateral risk-reducing mastectomy, CRRM,

contralateral risk-reducing mastectomy, BM bilateral mastectomy, Bt total mastectomy, NAC neoadjuvant chemotherapy, WT wild type.
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14 (48.3%) individuals with germline BRCA I variants (VBRCA1), 9 (31.0%)
with germline BRCA2 variants (vBRCA2), and 6 (20.7%) with wild-type (wt)
BRCA1/2. The mean age of the patients in each subgroup was 43.1,42.9, and
55.2, years old, respectively; individuals with BRCA1/2 variants were sig-
nificantly younger than those with wt BRCAI/2 (43.0 vs. 55.2, p=0.01,
student’s f test). Treatment performed for the 23 individuals with BRCA1/2
mutations were the following: 6 with curative mastectomy (ipsilateral or
bilateral), 11 with ipsilateral curative mastectomy with contralateral risk-
reducing mastectomy (2 cases with ipsilateral curative mastectomy pre-
viously), and 6 with bilateral risk-reducing mastectomy (1 case with a prior
curative partial mastectomy). Meanwhile, all 6 patients with wt BRCA1/2
underwent curative mastectomy. Macroscopical and microscopical assess-
ment in all section was conducted to determine the precise pathological
diagnosis. Case #03, #23, #29 had neoadjuvant chemotherapy (NAC) one
month before surgery. The pathological staging for the 29 patients who
underwent mastectomy in this study was as follows: 1 (3.4%) with stage 0, 11
(37.9%) with stage I, 7 (24.1%) with stage II, and 3 (10.3%) with stage III, 7
(24.1%) with no stage (no residual tumor after surgery or NAC, or no cancer
observed in BRCA1/2 variant carriers). Case #12 was the only case which
showed the local recurrence after the surgery in the cohort. All tissue
samples were subjected to multisampling for whole-exome sequencing
(WES) and targeted sequencing of cancer-associated genes to evaluate
clonal expansion of normal breast tissues compared with breast cancer
tissues (Fig. 1). The frozen whole section of breast was subjected for multiple
sampling with Torepan biopsy (cat #BP-L30K, Kaijirushi, Japan). Individual
samples were precisely annotated as tumor (T) or normal (N) according to
the microscopic assessment of the section facing to the sampling section as
well as macroscopic assessment by a medically trained clinical pathologist. A
tumor sample is defined as a sample from the tumor lesion by microscopic
or macroscopic assessment, or boundary region of macroscopic tumor with
pathogenic somatic mutations.

Mutational profile of BRCA-mutated breast cancer with WES and
cancer gene panel sequencing

Firstly, the frozen whole section of 20 surgically resected breasts from 12
patients and 2 carriers (6 with vBRCAI, 2 with vBRCA2, and 6 with wt
BRCA1/2) was subjected for sampling. A total of 97 specimens (29 tumor
tissues and 68 normal tissues) were collected to perform WES (Fig. 2a,
Supplementary Figs. 1-14, and Supplementary Data 1). WES of paired-
matched blood samples was performed to call somatic mutations sub-
tracting the germline variant. Somatic nonsynonymous mutations were
recurrently identified across 14 cases in PIK3CA, NCORI, ARHGAP35,
KIF7, CACNAIE, CDH1, GATA3, TP53, KIAA0141, PADI3, KMT2C,
CELSR3, MTMRI12, and CATSPERG. Additionally, normal breast tissues
carried mutations in PIK3CA, NCOR1, RNPEPL1, MSH4, ARHGAP35,
KIF7, KDR, RMDN3, WIPF3, and CLK3. The average tumor mutation
burden (TMB) was 0.85/Mbp for cancer specimens, while that was
4.8 x 107*/Mbp for normal tissues, which were regardless of BRCA1/2 sta-
tus. Of the 29 tumor samples, copy number alterations (CNA) were
observed in 21 samples, whereas the 68 normal breast tissue samples did not
show any CNA (Supplementary Figs. 15 and 16).

To enhance the sensitivity to detect mutations with a variant allelic
frequencies (VAF) of <1%, 321 specimens from 22 patients and 4 carriers
were further sequenced at a higher coverage (843x) with a cancer gene panel
test (TOP panel™), which evaluates somatic single nucleotide variations and
insertions/deletions of 464 genes in the panel as well as TMB and CNA
(Supplementary Figs. 1-14). Microscopical assessment was similarly con-
ducted to distinguish T or N. Interestingly, we discovered that normal breast
tissues of both the vBRCA1/2 and wt BRCA harbored frequent oncogenic
mutations in PIK3CA, NCORI, HRAS, MAP2K4, ARHGAP35, ESR1, and
TP53, albeit at a lower VAF compared to matched tumor specimens
(Figs. 2b, ¢, and Supplementary Data 2). According to the TOP panel
analyses, the average TMB was 0.67/Mbp for tumors and 0.1/Mbp for
normal tissues. However, the TMB was not different between the vBRCA1/2
and wt BRCA samples (Fig. 2d).

Breast cancer panel analyses for 25 breast cancer-related
mutations

Since the VAF of mutations found in normal breast tissues was low, the
number of cells consisting of one clone was expected to be small. To reliably
investigate clonal expansion and their distribution in normal breast tissue,
we constructed a custom-made breast cancer panel (BCP) to examine 25
genes frequently mutated in breast cancer and performed extra-deep
sequencing (average coverage =2865x) on 937 samples obtained from
macroscopically apparent normal breast tissues from 11 patients. Figure 3a
summarizes the mutation profile of the 25 genes in breast cancer from the
GENIE dataset”. Our BCP analyses of normal tissues identified somatic
PIK3CA mutations in 54 samples (5.8%) obtained from 10 (91%) patients,
ARHGAP35 mutations in 27 samples (2.9%) from 9 (82%) patients, and
ARIDIA mutations in 10 samples (1.1%) from 2 (18%) patients. Notably,
TP53 mutations, one of the most frequent mutations in breast cancer, were
only identified in 2 samples (0.21%), and somatic mutations on BRCAI/2
genes were not observed in normal breast tissues (Fig. 3b and Supple-
mentary Data 3).

Clonality score to evaluate the extent of clonal expansion in
individual breasts

To evaluate the clonal expansion of mutation-bearing cells within individual
samples, we developed the clonality score, which is defined as the average of
the clonal cell fraction in multiple samples of individual breast. If the clonal
cell fraction in five samples are 0, 10, 20, 40, and 80%, the clonality score of
the breast is (0 + 10 4 20 + 40 + 80)/5 = 30% (Fig. 3¢). The average clon-
ality score in macroscopically normal breast tissue was 0.95 (0-2.46), with a
significant difference between cases with and without a history of breast
cancer of stage 2 or more advanced stage (average; 1.71 vs. 0.57, p =0.01,
student’s ¢ test) (Fig. 3d), but between breasts with vBRCAI and vBRCA2
(data not shown). NAC might impact on the clonality score of case #03 as
the score is low compared to other cases with past cancer history.

Additional WES of normal samples with somatic mutations
Overall, 42 macroscopically normal samples (4.6%) from 10 patients har-
bored somatic mutations with a relatively high VAF (> 3%). Those speci-
mens were further subjected to WES at a relatively high coverage (442x),
leading to the detection of 451 mutations (10.7 mutations/sample) (Fig. 3e
and Supplementary Data 4). The mutation number detected was con-
cordant with the highest VAF values identified with the BCP (Fig. 3f).
Additionally, the highest VAF values calculated from the WES dataset was
also concordant with those measured with the BCP (Fig. 3f), suggesting that
the clonality score calculated using the representative mutations detected by
BCP may reliably evaluate the clonality expansion in the samples. Notably,
WES detected recurrent mutations in PIK3CA, ARHGAP35, FBXW9, and
FNBPI (Fig. 3g)

Phylogenetic tree of clonal evolution
Case 1 is a 44-year-old woman with a germline BRCAI p.Q1281* variant
who underwent bilateral risk-reducing mastectomy. At 42 years old, she was
diagnosed with right breast cancer and underwent partial mastectomy
followed by adjuvant chemoradiotherapy. In this analysis, 53 samples
obtained from the remaining right breast tissue were subjected to BCP
examination. Surprisingly, 14 specimens revealed mutations in PIK3CA,
ARHGAP35, CDH1, and NFI; the clonality score was 2.43. Likewise, 6 of
58 samples obtained from the left breast were analyzed with the BCP,
detecting mutations in PIK3CA with a clonality score of 1.04 (Figs. 3cand 4a,
b). Based on the WES data from 8 samples, a phylogenetic tree was con-
structed and revealed that some mutations are shared with multiple samples,
suggesting spatially wide-range clonal expansion. Notably, there were no
residual microscopic tumors in the right breast. Tissues from both breasts
did not show pathological changes except for focal sclerosing adenosis
(Fig. 4c).

Both cases 4 and 5 were patients who had left breast cancer who
had undergone total mastectomy of the left breast and had received
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Fig. 1 | Study overview. a Schematic diagram of the study. Resected breasts from
prophylactic mastectomy of BRCA1/2 carriers and curative mastectomy of patients
with breast cancer are subjected to pathological and genomic analysis. Multi-
sampling from breast tissue samples was performed to evaluate the molecular
profiling of the tumor and to identify and assess clonal expansion of normal tissue.

b Study profile. A total of 24 patients with breast cancer and 5 with BRCA1/2
mutations participated in the study. IpM ipsilateral mastectomy, BM bilateral
mastectomy, BRRM bilateral risk-reducing mastectomy, CRRM contralateral risk-
reducing mastectomy.

risk-reducing mastectomy of the right breast. Case 4 was a 45-year-old
woman with a germline BRCA2 p.11065fs variant, and case 5 was a 69-year-
old woman with a germline BRCAI ¢.5278-1 G > A variant; both variants
were reported as pathogenic. In case 4, although cancer was not patholo-
gically identified in the right breast, 16 specimens from 70 right breast tissue
samples had mutations in PIK3CA, ARHGAP35, and PIK3RI, with a
clonality score of 2.25 (Figs. 3¢ and 5a). Similar to case 1, phylogenetic tree
analysis for case 4 showed distant clonal expansion within normal breast
tissues. Interestingly, sample #8 harbored multiple mutations, including an
oncogenic TP53 mutation. In contrast, all 66 samples in the normal breast of

case 5 had no mutations (Fig. 5b). Extensive hyalinization and ductal and
lobular atrophy were observed in the right breast of case 5.

Both cases 10 and 15 were patients who had no history of breast
cancer that had undergone bilateral risk-reducing mastectomy. Case 10 was
a 36-year-old woman with a germline BRCAI p.L63* variant, and case 15
was a 43-year-old woman with a germline BRCAI p.S1241fs variant. In both
patients, pathological analysis of breast tissues following bilateral risk-
reducing mastectomy showed no apparent cancer. In case 10, however,
PIK3CA mutations were identified in 2 of 42 samples of the right breast, and
ARHGAP35 mutations were identified in 2 of 56 samples of the left breast
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Fig. 2 | Mutational profile of macroscopically normal breast tissues and breast
cancer tissues. a Frequently mutated genes by WES with color coding of their
alteration status for each tumor. The case number, BRCA status, sample origin, types
of surgery, and total mutation number are shown at the top. b Frequently mutated
genes by TOP panel with color coding of their alteration status for each tumor. The
case number, BRCA status, sample origin, and types of surgery are shown at the top.
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(Supplementary Fig. 17). In case 15, mutations in PIK3CA, PIK3RI, and
FATI were identified in 5 of 70 samples of the right breast, and mutations in
PIK3CA and PIK3RI were identified in 8 of 73 samples of the left breast
(Supplementary Fig. 17). The clonality scores of the right and left breasts
were 0.54 and 0.22 for case 10, and 1.75 and 0.52 for case 15, respectively.
The photographs of the breast sections of the other cases subjected to BCP
(case 2,3, 6,7, 16, and 17) are shown in Supplementary Figs. 18-20.
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This is the first study to extensively analyze the mutational status of normal
breast tissues, including specimens obtained following risk-reducing mas-
tectomy, in women with no history of breast cancer, and to propose a
method to potentially assess the breast cancer risk for individuals with
germline pathogenic BRCA1/2 variants. Our findings suggest that clonal
changes are present in normal breast tissues of high-risk women even before
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Fig. 3 | Mutational profile using BCP and its correlation with WES. a The
mutation frequency of the 25 breast cancer-related genes in the GENIE database.
The mutation frequencies in the breast cancer cohort in GENIE database are indi-
cated as bar graphs with the variant type categories. b The mutation frequency of the
25 breast cancer-related genes identified in macroscopically normal breast tissues.
The mutation frequencies in macroscopically normal breast tissues of this study are
indicated as bar graphs with the variant type categories. ¢ The scheme depicts the
concept of clonality score, which is defined as the average of the clonal cell fraction in
the samples of individual breast. For instance, the clonality score of the breast in
which the clonal cell fractions in five samples are 0, 10, 20, 40, and 80% is

(0 + 10 + 20 + 40 + 80)/5 = 30%. d The clonality score for 15 individual breasts
from 11 patients is shown as bar graphs on the left. *; this breast was resected one

month after NAC. The clonality scores were compared between samples from
breasts with and without a history of breast cancer, and revealed as violin plots on the
right (average; 1.71 v5.0.57, p = 0.01, student’s ¢ test). e The distribution of the variant
types of 451 mutations identified by WES in 42 macroscopically normal breast
samples from 10 patients harboring mutations with VAF (>3%). f The correlation
between the mutation number identified by WES and highest VAF values identified
by BCP is shown on the left. The correlation between the highest VAF identified by
WES and that by small panel is shown on the right. g Frequently mutated genes
identified by WES in 42 macroscopically normal breast samples with color coding of
their variant types. The case number, BRCA status, and total mutation number are
shown at the top.

cancer is detected pathologically and/or radiologically. Our study supports a
recent study in the literature that have shown similar results regarding
genomic/genetic changes in normal or adjacent normal breast tissue from
patients with cancer and/or at high risk”’. Together with other studies that
have identified somatic mutations in normal tissues, our study further
corroborates the notion that cancer is a stepwise accumulation of genetic/
epigenetic changes. Quantitatively measuring clonality may help evaluate
the cancer risk and provide proper prophylactic options for high-risk
patients. Considering that TP53 mutations and loss-of-heterozygosity in
BRCA1/2 were hardly observed in normal breast tissues, disruption of the
TP53 or BRCA pathway may trigger a cell clone to transform into a
malignancy.

Importantly, seemingly normal breast tissues harbored several somatic
mutations, which may be shared within the cells from the same branch of the
breast duct. These alterations occurred in normal tissue without patholo-
gical hyperplasia or nuclear atypia. Considering that the quantity of DNA
extracted from one sample was around 6 pg, which is roughly equivalent to
1.0 x 10° cells, expanding clones with a VAF of >3% (clone fraction >6%)
may consist of as many as 6 x 10* cells. Since the sensitivity of clone analyses
is severely affected by the quantity/quality of input DNA and the depth of
sequencing, the size of the samples to be analyzed should be optimized.

The clonal score was developed as an index to survey clonal expansion
in the breasts. For the clinical application of the clonality score, less invasive
testing methods need to be considered. Fine needle aspiration from several
sites is an option because it can be used routinely and in clinical trials for
tumor molecular profiling. The method also has the advantages of being
minimally invasive and can preserve tissue materials for diagnostic, prog-
nostic, or therapeutic purposes”. Given the degree of heterogeneity in
clonality scores within each patient, sampling from different sites is needed.
Core needle biopsy from several sites may be needed to analyze more than
10 spots to obtain a valid score.

This method of cancer-risk assessment may be applied to patients at
high risk for breast cancer who carry cancer-predisposing genes, including
BRCA1/2, or those who have a history of breast cancer. However, regarding
the additional burden that multiple biopsies places on patients, the potential
benefit of a substantially increased biopsy schedule may not outweigh the
risks. Therefore, liquid biopsy using cell-free DNA in plasma or urine may be
considered for the potential next step to develop a less invasive test. It is
challenging to evaluate cfDNA from premalignant region because there are
few papers demonstrated the utility of liquid biopsy for the detection of early
stage breast cancer so far. The assays need to be very sensitive as reliably
detecting mutations in as low as 1% of breast epithelial cells is required. To
maximize its sensitivity, it may be better to focus on several frequently
mutated genes, such as PIK3CA and ARHGAP35, than conducting com-
prehensive gene panel testing. Furthermore, not only mutational analysis but
multimodal assays such as methylomics, fragmentomics, copy number, and
end motifs analysis may contribute to develop a highly sensitive assay” ™.

ARHGAP35 encodes Rho GTPase-activating proteins, including
P190A, and is frequently mutated in up to 15% of endometrial cancers and
2% of all tumors in a studied cohort’””. ARHGAP35 is essential for mam-
mary gland branching morphogenesis and mammary epithelial cell
differentiation”. Although ARHGAP35 mutations are not common in

breast cancer, this study showed an unexpectedly high frequency of ARH-
GAP35 mutations in normal breast tissues. It is known that some driver
mutations are unique to normal tissues or have a mutation frequency that is
much higher in normal tissue than in cancer tissue, indicating that the
respective clones may not necessarily be destined for evolution to cancer but
even negatively selected for carcinogenesis depending on the mutated gene”.
Regardless, ARHGAP35 mutations may promote clonal expansion by
preventing terminal differentiation, which is required in recycling the
epithelium.

There are some limitations of the study. First is the small sample size of
the cohort. Especially, this study did not investigate the mammary tissue
from people with wild-type BRCA and no cancer history. Therefore, the
prevalence of clonal expansion in low-risk people is unknown, which make it
difficult to evaluate the performance of the clonality score. Second, it remains
to be identified how the clonality score might change overtime and how often
a patient would need to be assessed, as a single timepoint cannot not rule out
increased risk in the future. Therefore, prospective studies of independent
cohorts should be conducted to validate this proof of concept and to
determine how we could apply this assessment in clinical practice. Third, the
mean age of patients with BRCA mutations and those with wild-type BRCA
is different, which may be a confounding factor in the comparative eva-
luation of the two groups. Forth is the poor resolution of CNA analysis such
as detection of loss of heterozygosity in BRCA, which is known to arise in the
process of breast cancer initiation in BRCA 1/2 mutation carriers. However,
no apparent CNA was observed in macroscopically normal breast tissues. It
is because the sensitivity of CNA analysis is not as high as that of SNV
analysis, and probably because the clonal expansion of the cells with CNA
happens in the late phase of tumorigenesis. Single cell analysis is needed to
elucidate the prevalence of CNA in normal breast tissue.

In conclusion, our discoveries may have the potential for application in
a clinical setting. The clonality score may directly predict the risk of tumor
occurrence in macroscopically normal breasts. Our genomic analyses
highlight the importance of precise premalignant tissue profiling to provide
proper prophylactic options for patients at high risk for breast cancer.

Methods

Study design and patient specimens

The study cohort consisted of 29 patients with breast cancer who underwent
surgical resection between October 2005 and September 2017 at hospitals in
St. Luke’s International Hospital. A board-certified pathologist (NK) spe-
cializing in breast cancer reviewed the histological features based on the
World Health Organization classification. Fresh frozen specimens or
formalin-fixed paraffin-embedded (FFPE) surgically resected tumors were
obtained from all patients. This study was conducted in accordance with the
Declaration of Helsinki and the protocol was approved by the Ethics
Committee of St. Luke’s International Hospital (18-R106) and National
Cancer Center (No. 2019-271). All subjects provided written informed
consent, except for those who could not be reached because of loss of follow-
up or death at registration. In these cases, the Institutional Review Board at
each participating institution granted permission for the existing tissue
samples to be used for research purposes. No samples from the patients who
had opted out of participation were used in this study.
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Fig. 4 | Mutational mapping and phylogenetic tree analysis following bilateral
risk-reducing mastectomy. a Case 1 is an analysis of bilateral risk-reducing mas-
tectomy in a 45-year-old woman with BRCAI p.Q1281*. She has a history of right
breast cancer and underwent partial mastectomy followed by adjuvant chemor-
adiotherapy. In the right breast, 14 specimens from 53 samples had mutations in
PIK3CA, ARHGAP35, CDH1, and NFI, and the clonality score was 2.42. Phyloge-
netic tree analysis of 8 samples (green highlighted) using WES data are shown.

b Overall 6 of 58 samples in the left breast had mutations in PIK3CA, and the
clonality score was 0.99. Phylogenetic tree analysis of 3 samples (green highlighted)
using WES data are shown. ¢ The representative microscopic images of breast tissue
with hematoxylin and eosin (HE) staining. The left picture shows sclerosing ade-
nosis. Magnification, x100. Scale bars represent 200 um. Lt left, Rt right, GL
germline.
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Sample preparation

The frozen whole section of breast was subjected for sampling with Torepan
biopsy (cat #BP-L30K, Kaijirushi, Japan). The approximate size of the
specimen was 21 mm’ (column diameter = 3 mm, height = 3 mm). Geno-
mic DNA was extracted using QIAamp Fast DNA Tissue Kit for fresh
frozen and GeneRead DNA FFPE Kit for FFPE (Qiagen, Hilden, Germany).

40 39 38 37 o3 6o 51 0 50 58
45744 43 42 g9 68 67 B y

WES, including mutation calls and copy number analysis

A total of 500 ng from fresh frozen samples were subjected to target fragment
enrichment using Twist Library Preparation EF Kit (Twist Bioscience, South
San Francisco, CA, USA). Massively parallel sequencing of the isolated
fragments was performed using the paired-end option on a NovaSeq 6000
platform (Illumina, San Diego, CA, USA). Paired-end WES reads that had

npj Breast Cancer| (2024)10:87


www.nature.com/npjbcancer

https://doi.org/10.1038/s41523-024-00693-9

Article

Fig. 5 | Mutational mapping and phylogenetic tree analysis following con-
tralateral risk-reducing mastectomy. a Case 4 was a 45-year-old woman with
BRCA2 p.11065fs who had left breast cancer, underwent total mastectomy of left
breast, and underwent risk-reducing mastectomy of the right breast. and case 5was a
69-year-old woman with BRCA1 ¢.5278-1 G > A. Although no cancer was identified
in the right breast, 14 specimens from 68 samples had mutations in PIK3CA,
ARHGAP35,and PIK3R1, and the clonality score was 2.29. Phylogenetic tree analysis
of 7 samples (green highlighted) using WES data are shown. The representative
microscopic images of breast tissue with HE staining. No pathological finding was
observed in the right breast, while the tumor in the left breast was invasive ductal

carcinoma. Magnification, x100. Scale bars represent 200 um. b Case 5 was a 69-
year-old woman with BRCA1 ¢.5278-1 G > A who had left breast cancer, underwent
total mastectomy of left breast, and underwent risk-reducing mastectomy of the
right breast. In contrast to case 4, all 68 samples from case 5 had no mutation in the
25 genes. The representative microscopic images of breast tissues with HE staining
are shown in the right. Extensive hyalinization and ductal and lobular atrophy were
observed in the right breast. The tumor in the left breast was invasive ductal carci-
noma. Magnification, x100. Scale bars represent 200 um. Lt left, Rt right, GL
germline.

nucleotides masked with a quality score <20 were aligned to the human
reference genome (hg38) using BWA-MEM. Somatic mutations were called
using Genome Analysis Toolkit (https://gatk.broadinstitute.org/hc/en-us)
MuTect2, VarScan2 (http://varscan.sourceforge.net) and our in-house
somatic caller. The concept of our caller is as follows: in general, it is
expected that the distribution of the difference in VAFs between tumor and
normal tissues follows a normal distribution. For each position i, a difference
of VAFs between tumor (#) and normal (n) is defined by
d; = ryréazx £, — 1yl where X is the set of nucleotides {A, C, G, T}. Let H;

and 0; be the mean and the standard deviation of the set

{dilk=j—K,....,j—1,j+1,...,j+ K} for the estimated position j.
Assume that X ~ N(y;, af). Then the somatic mutation for j is defined by

P<X> dj> <0.05, dj >0.05 and n,; <0.01, where y € 2. We used K=75,

which is half the read length. Mutations were discarded if any of the following
criteria were met: read depth was <20, variant allele frequency was <0.05,
mutation occurred in only one strand of the genome, mutant read number in
the germline control samples was >2, or the variant was present in normal
human genomes in either the 1000 Genomes Project dataset (https://www.
internationalgenome.org/) or our in-house database. Gene mutations were
annotated by SnpEff (http://snpeff.sourceforge.net). Copy number status
was analyzed using our in-house pipeline, which determines the logR ratio
(LRR) as follows: (i) we selected SNP positions in the 1000 Genomes Project
database that were homozygous (VAF, <0.05 or 20.95) or heterozygous
(VAF, 0.4-0.6) in the genomes of the white blood cells of the individual cases;
(il) normal and tumor read depths at the selected position were adjusted
based on the GC percentage of a 100-bp window flanking the position;
(iii) we calculated the LRR = log, (t;/#;), where n; and ¢, are the normal and
tumor-adjusted depths at position i, respectively; and (iv) each representative
LRR was determined by the median of a moving window (4 Mb) centered at
position i. The LRR values of the copy number of both alleles, major allele, or
minor allele were determined for every region of the genome.

DNA sequencing with the TOP cancer gene panel and BCP

Fresh frozen or FFPE specimens were analyzed with TOP panel version
3 or BCP, both of which were hybridization-based assay. Top panel
evaluates nucleotide variants and insertions/deletions for 464 genes to
calculate the TMB and to infer the copy number variation®. BCP
evaluates nucleotide variants and insertions/deletions for 25 genes. A
total of 500 ng from fresh frozen samples or FFPE were subjected to
target fragment enrichment using Twist Library Preparation EF Kit
(Twist Bioscience). Massively parallel sequencing of isolated fragments
was conducted with a NovaSeq 6000 (Illumina) using a paired-end
option. The analysis algorithms were similar to WES for both panels;
however, the mutation detection criteria were different. TOP and BCP
discarded mutations that met any of the following criteria: read depth
was <100 or VAF<0.01 (for TOP), and <500 or <0.01 (for BCP),
mutation occurred in only one strand of the genome, mutant read
number in the germline control samples was >2 for TOP, non-
pathogenic mutations shared by across different cases, or the variant
was present in normal human genomes in either the 1000 Genomes
Project dataset or our in-house database. MicroSEC™ was used to
eliminate false-positive mutations related to FFPE derived DNA.

The correctness of detecting mutations are confirmed by manually
checking of each igv image.

Clonality score

Clonality score is defined as the average of the clonal cell fraction in multiple
samples of individual breast. If the clonal cell fraction in five samples are 0,
10, 20, 40, and 80%, the clonality score of the breast is
(04+10+20+ 40+ 80)/5=30%. The clonal cell fraction in individual
sample is calculated as 2x (highest VAF of somatic mutation in the sample),
assuming that the somatic mutation is heterozygous in a copy number-
neutral allele.

Data availability

We deposited the raw sequencing data under accession number
JGAS000368 in the Japanese Genotype-Phenotype Archive, which is hosted
by the DNA Data Bank of Japan.

Code availability

In-house pipelines for somatic calling and copy number analysis are
described in Materials and Methods. The references of all source codes are
included within Materials and Methods.
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