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Supplementary Methods

Gene selection for target panel analysis

Based on the significance of causality in hereditary breast and ovarian cancer (HBOC) syndrome,

we focused on a combination of 119 genes selected from the following three groups (Supplementary

Table 1): 1) Well-recognized, disease-causing genes, described as actionable genes in the NCCN

guidelines, ver. 3.2019, for Genetic/Familial High-Risk Assessment: Breast and Ovarian (tier 1, 20

genes): BRCAI, BRCA2, STK11, PTEN, CDHI, NF1, TP53, NBN, ATM, CHEK2, PALB2, BRIPI,

BARDI, RAD51C, RAD51D, EPCAM, MLHI, MSH2, MSH6 and PMS2;'? 2) Genes reported as

disease-causing (tier 2, 10 genes): RAD50, XRCC2, RAD51B, MRE1IA, FANCC, BLM, FAMI175A4,

RINTI, FANCM and RECQL;** 3) Genes that constitute the homologous recombination (HR)

pathway>¢ and driver genes on miscellaneous academic and commercial NGS panels relevant to breast,

ovarian, and other cancer types’?® (tier 3, 89 genes; Supplementary Table 1). A custom panel of these

119 genes was designed with SureDesign (Agilent Technologies). Among the 119 genes, variants on

28 genes other than BRCA 1 and BRCA?2 of the tier-1 and -2 categories were subjected to pathogenicity

classification, as described below.



Supplementary Note 1

Validity of the 2-level criteria for inclusion

The 2-level (HBOC history level) criteria for eligibility in the current study was validated by

comparing against the National Comprehensive Cancer Network (NCCN) genetic testing criteria?

(Supplementary Figures 1A and 1B). If the patient met the criteria, the number of categories was

counted and tallied. Among the 24 categories, we did not use 11 categories that were based on or

around the following data: patient or family member Gleason score; presence or absence of prostate

cancer metastasis (the database we used for clinical information did not contain the detailed prostate

cancer information); Ashkenazi Jew diaspora (all study subjects were Japanese); tumor testing (all

subjects did not receive any panel test for their tumors); and a lack of family history (all subjects had

family history). All individual patients in this study met 2 to 6 of the 13 categories. BRCA/-mutant

patients had significantly more categories than BRCA2-mutant and BRCA 1/2-wildtype cases (Fisher

exact tests; p < 0.01 and p < 0.01, respectively). More BRCA1/2-positive patients were allocated as

HBOC history level 1 than level 2, consistent with the strength of the family history (Fisher exact test;

p=0.01, Figure 2A).



Supplementary Note 2

Development of pathogenicity classification pipeline

As per a previous method and based on the guidelines developed by the American College of

Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP),%!0

we constructed a S-category pathogenicity classification pipeline to determine “true” deleterious

variants from variable SNVs and indels detected among 28 disease-causing genes (Supplementary

Table 1, Supplementary Figure 2 and Methods). To assess the reliability of the methodology, we

applied the pipeline to 39 and 68 variants in BRCAI and BRCA?2 alleles, respectively, identified from

the exome-sequenced data of 14 BRCA[-mutated, 5 BRCA1 variant of uncertain significance (VUS),

13 BRCA2-mutated, 5 BRCA2 VUS, and 67 BRCA1/2-wildtype patients (Figure 1). After manual

adjustment, the resultant calls by the pipeline were then compared with those called by commercial

companies. In the assessments with the 5-categorical system (P, LP, VUS, LB and B) between the

“ACMG-AMP calls” and “commercial company calls”, only 9 (23.1%) of 39 BRCAI variants and 7

(10.4%) of 67 BRCA?2 variants matched. However, the concordance improved to 24 (61.5%) of 39

BRCA1 variants and 48 (71.6%) of 67 BRCA?2 variants when we used the 3-level classification (P/LP,

VUS and LB/B, see Methods). Of particular interest, there was a 100% match for all of the 14 BRCA1



and 13 BRCA2 P/LPs between the ACMG-AMP and commercial company calls. Whereas 5 BRCA1

and 31 BRCA2 LB/B ACMG-AMP calls were LB/B in commercial company calls, 15 BRCA1 and 19

BRCA2 LB/B commercial company calls were assigned as VUS in the ACMG-AMP calls. From these

assessments, we concluded that our pathogenicity classification system following the ACMG-AMP

guidelines could produce sufficiently reliable calls for P/LP variants but not for LB/B assignments.



Supplementary Note 3

Patient and tumor features associated with P/LP other gene (non-BRCA1/2) variants

To identify factors that could possibly distinguish between patients with a non-BRCAI1/2

pathogenic variant and those without such a mutation, we performed logistic regression analyses for

pathogenic variants against multiple clinicopathological parameters (age at onset, first tumor histology,

first tumor molecular subtype, first tumor nuclear grade, HBOC history level, laterality, and type of

additional cancer). The analyses revealed a significant correlation between pathogenic variant and age

at onset: a younger onset was associated with these other gene (non-BRCA 1/2) mutations (univariate

model: p = 0.02 and z-value = -2.3; multivariate model: p = 0.03 and z-value = -2.2). However, the

accuracy in the predictive model based on this association was low (AUC [area under the curve] =

0.61 by the receiver operating characteristic analysis), which implies that the age at onset cannot be

used as a predictor.



Supplementary Note 4

Family member analysis

Thirty-four family member germline samples were available for 13 index cases, and these samples

were subjected to targeted re-sequencing analysis with the 119-gene panel (Supplementary Figure 6).

Pedigree charts were drawn with family member history for cancer and mutational status for 28 HBOC

syndrome disease-causing genes. In 4 families, the mutant and wildtype alleles showed exact

concordance with breast cancer occurrence (PALB2 p.P1086* of A0139, BLM p.G512fs of B0187,

ATM c.4776+2T>A of B0242 and BRIPI p.A1081fs of B0285 in Supplementary Figure 6). The

remaining 9 families did not perfectly match with the presence of breast or ovarian disease.

Specifically, in the A0277 family, a CHEK?2 p.L486fs mutation was detected not only for the proband

but also for her younger sister, who had not exhibited cancer by the age of 33 when she was tested.

B0273, E0237, and B0288 families showed a similar pattern: mutant carrier females had not developed

breast or ovarian cancer by the age at testing, which may be due to the low penetrance of these variants.

In the C0120 family, a RADS51D deleterious mutation (RADS5 1D p.K111fs) found in the proband was

associated with her father (who had gastric cancer) but not with her mother (who had breast cancer).

The BARD1 exon 5-7 deletion in the EO114 family was associated with the proband but not with her



mother or her daughter, both of whom presented with a history of breast cancer. This type of

discordance was also observed in the D0231 and B0288 families, possibly because of the coincident

occurrence of sporadic breast cancer in the families. In the A0281 family, the proband and her older

sister had different mutant alleles in BRIPI p.R356* and MRE 114 p.N511fs in an exclusive manner.

The small sizes of the families (median: 3, range: 2—6 family members, including the proband) and

the small number of affected and unaffected individuals hampered performing an accurate linkage

analysis. Based on the assumption that HBOC syndrome is inherited in an autosomal dominant mode,

paramlink (ver. 1.1.2)!" was used to run MERLIN'? for computation of the LOD (logarithm of the

odds) score per variant per family. Penetrance and recombination rates were simultaneously estimated

by maximizing LOD score'? using the constrOptim function on R (ver. 3.3.1). The LOD scores for the

13 families ranged from 0 to 0.6 (median: 0), which were far below the significance threshold of 3.

These family member analyses provided an imperfect match between the mutational status of genes

and the affected or unaffected family members; a mutant gene was not necessarily shared by a family

member with breast or ovarian cancer, and an unaffected member or a member with non-breast and

non-ovarian cancer often retained the same mutation as the index patient. Such complexity has been

consistently observed'#!’ and is perhaps derived from the low penetrance of a gene with multiple



individual gene involvement in HBOC syndrome. These discrepancies could critically impact any

future preventive medical care for family members. For example, in our cohort, affected sisters had

different genes with mutations (BRIP1 and MRE11A). This implies a need to test a panel of genes and

not just a single site on the gene of interest. Additionally, because the risk of developing breast, ovarian

or other cancer is largely unknown for many variants of genes other than BRCAI/2, there is no

definitive preventive medical care program for carriers, including males. As such, there is a need to

follow up these carriers for the detection of future cancers. Family member analyses in the current

study are thus useful for providing a biological basis for future clinical intervention.
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Supplementary Figures
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Supplementary Figure 1. Diagnostic criteria and BRCA 1/2 positivity.

a. Two-level diagnostic criteria used in this study of hereditary breast and ovarian cancer (HBOC)
(history levels 1 and 2). See also the definitions described in the Methods. b. Comparison of the 2-
level criteria with the National Comprehensive Cancer Network (NCCN) genetic test criteria. Graphs
show the number of NCCN criteria for BRCA1/2 mutational status versus wildtype (left) and the
number of NCCN criteria at the HBOC history levels (1 and 2; right). For each patient that met the
criteria, the number of NCCN criteria was counted. Numbers were tallied for each group. Data are
presented as box and whisker plots, with the box indicating the 25th and 75th percentiles, the middle

bar indicating the median, and the whiskers indicating the minimal and maximal numbers.
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BRCA1/2-negative 568 Cases Total Variants on 28 Genes
(Detected Cases)

No Filter: 259,742 Variants (568 Cases)
| |

Depth 2 20, Mutant Allele Frequency = 0.2: 73,173 Variants (568 Cases)
| |

Exon + Splice Site (*2): 15,206 Variants (568 Cases)
| |

Removal of Synonymous SNV: 7,819 Variants (568 Cases)

\ 4 \ 4
MAF = 0.01 in EXAC, ESP6500 and 1000 Genomes : 524 Variants (345 Cases)

Supplementary Figure 2. Filters and number of variants used in the analysis of 28 genes among 568
BRCA1/2 mutation-negative (wildtype) cases. The number of cases with the detected variants is shown

in parentheses.
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Supplementary Figure 3. Pathogenicity classification algorithm following the American College of

Medical Genetics and Genomics—Association for Molecular Pathology (ACMG-AMP) guidelines.
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Supplementary Figure 4. Thirty-eight pathogenic or likely pathogenic variants identified in the
previously known 28 disease-causing genes (excluding BRCA1/2) for HBOC in 37 of 568 patients.

The variants included: 19 frameshift indels, 3 CNVs, 13 stopgain SNV/indels, and 3 splice site SNVs.
The results from the pathogenicity classification according to the ACMG-AMP guidelines is shown.
Presence (code = 1; graded green or pink) or absence (code = 0; white) of classification codes is shown.
Grey was used when the code information was not available. Pathogenicity classifications are shown
as pink (P: pathogenic), light pink (LP: likely pathogenic), grey (VUS: variant of uncertain
significance), light green (LB: likely benign) and green (B: benign). Since the ACMG-AMP guidelines
do not cover CNVs, 3 copy number loss variants have neither ACMG-AMP codes nor ACMG-AMP
raw calls. “Pathogenicity” indicates the final call after manual inspection. ACMG-AMP, American
College of Medical Genetics and Genomics and the Association for Molecular Pathology; HBOC,

hereditary breast and ovarian cancer syndrome.
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Supplementary Figure 5. Locations of the variants in each gene in the lollipop mutation diagram.

Locations of 19 frameshift indels, 13 stopgain SNV/indels and 3 splice site SN'Vs in the gene with

Pfam domain'® are shown.
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Supplementary Figure 6. Pedigree charts of patients with pathogenic or likely pathogenic variants,
who also have family member variant information. Females and males are represented as circles and
squares, respectively. A diagonal line through the shape indicates a deceased person at the time the
pedigree chart was drawn. Red, purple, orange, sky-blue, blue, olive, and black are used to indicate
breast, ovarian, pancreas, prostate, gastric, endometrial and the other tissue cancers. The number at
the bottom indicates the age of onset of cancer if the family member had cancer history, or age when
the member received a genetic test for the variant. Genetic information is shown beneath each family
member when the member received a genetic test for the variant. Red and sky-blue fonts are used to

indicate the mutant and wildtype alleles for the variant, respectively.
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Supplementary Table 1. List of 119 HBOC-related genes*

NCCN

NCCN

Miscellaneous

No. Gene Guidelines: Guidelines:  Easton 2015* N|e|se4n HR 6 Academia E.md Tier
Breast? Ovary? 2016 Pathway® Commercial
Panelst™*
1 BRCA1 YES YES YES YES YES YES 1
2 BRCA2 YES YES YES YES YES YES 1
3 STK11 YES YES YES YES 1
4 NBN YES YES YES YES YES 1
5 ATM YES YES YES YES 1
6 CHEK2 YES YES YES YES 1
7 PALB2 YES YES YES YES 1
8 TP53 YES YES YES YES 1
9 PTEN YES YES YES YES 1
10 BARD1 YES YES YES YES 1
11 CDH1 YES YES YES 1
12 NF1 YES YES YES 1
13 RADS1D YES YES YES YES 1
14 RAD51C YES YES YES 1
15 BRIP1 YES YES YES 1
16 EPCAM YES YES 1
17 MLH1 YES YES 1
18 MSH2 YES YES 1
19 MSH6 YES YES 1
20 PMS2 YES YES 1
21 RAD50 YES YES YES 2
22 XRCC2 YES YES YES 2
23 RADS51B YES YES YES 2
24 MRE11A YES YES YES 2
25 FANCC YES YES YES 2
26 BLM YES YES YES 2
27 FAM175A YES YES 2
28 RINT1 YES YES 2
29 FANCM YES YES 2
30 RECQL YES YES 2

18



Miscellaneous

NCCN NCCN Nielsen HR Academia and .
No. Gene Guidelines: Guidelines: Easton 2015! 20164 Pathway®® - ier

Breast? Ovary? y Commercial

Panelst’%

31 RADS1 YES YES 3
32 XRCC3 YES YES 3
33 FANCA YES YES 3
34 FANCI YES YES 3
35 FANCL YES YES 3
36 RBBPS YES YES 3
37 CDKNIA YES 3
38 ATR YES 3
39 TP53BP1 YES 3
40 FANCB YES YES 3
41 FANCD?2 YES YES 3
42 FANCE YES YES 3
43 FANCF YES YES 3
44 FANCG YES YES 3
45 GEN1 YES YES 3
46 SHFM1 YES YES 3
47 RADS52 YES 3
48 EMEI] YES 3
49 EME2 YES 3
50 MUS81 YES 3
51 C1901140 YES 3
52 MSH4 YES 3
53 MSHS5 YES 3
54 RADS54B YES 3
55 RADS4L YES 3
56 DMCI YES 3
57 SLX1A4 YES 3
58 SLXIB YES 3
59 CCNAI YES 3
60 CCNA2 YES 3
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Miscellaneous

No. Gene Peitt}jv:;:lyf"6 Acggrier:]n;c?z;d
Panels'’?

61 CCNBI YES 3
62 CCNB2 YES 3
63 CCNB3 YES 3
64  CDC25C YES 3
65 CDK1 YES 3
66 CDK2 YES 3
67 CDK6 YES 3
68  CSNK241 YES 3
69 CSNK242 YES 3
70 CSNK243 YES 3
71 CSNK2B YES 3
72 MDCI YES 3
73 MORF4LI YES 3
74 PLKI YES 3
75 MUTYH YES 3
76 SMARCA4 YES 3
77 CDK4 YES 3
78 PC YES 3
79 BMPRIA YES 3
80 CDKN24 YES 3
81 POLDI YES 3
82 SMAD4 YES 3
83 GREM1 YES 3
84 POLE YES 3
85 AKTI YES 3
86 AXIN2 YES 3
87 BAPI YES 3
88 CDC73 YES 3
89 DICERI YES 3
90 HOXBI3 YES 3




Miscellaneous

No. Gene Gu,\il(iclinNes: GL:\ilé:e?iwes: I\lzigllsee‘ln P HR 56 Academia ?nd ier
Breast? Ovary? athway™ Commercial
Panelst™?
91 MENI YES 3
92 PIK3CA YES 3
93 PMS1 YES 3
94 SDHB YES 3
95 SDHD YES 3
96 VHL YES 3
97 CTNNBI YES 3
98 H2AFX YES 3
99 RPAI YES 3
100 RPA2 YES 3
101 RPA3 YES 3
102 RPA4 YES 3
103 SLX4 YES 3
104 BUBIB YES 3
105 KIT YES 3
106 LIG4 YES 3
107 MET YES 3
108 MLH3 YES 3
109 PALLD YES 3
110 PPMI1D YES 3
111 PRSS1 YES 3
112 PTCHI YES 3
113 RECQL4 YES 3
114 RECQLS YES 3
115 RET YES 3
116 RIF1 YES 3
117 SPINK1 YES 3
118 UIMC1 YES 3
119 WRN YES 3

*HBOC-related genes refers to well-recognized HBOC-causing genes, genes reported as HBOC-

causing, and other relevant cancer genes.
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