Supplementary Figures and Tables
Table S3. List of the variants detected in cancer patients and cancer-free controls, Table S7.  Genotype-phenotype correlations in cancer patients, and Table S8. Changes in ACMG criteria attributes for reclassified variants were provided as spreadsheets.b.
a.
n=530      n=215      n=1078                      n=914       n=172      n=198

Figure S1. Multigene panel testing outcomes and number of variants detected across study groups. a. Distribution of multigene panel test outcomes classified as positive (≥1 pathogenic or likely pathogenic variant), inconclusive (≥1 variant of uncertain significance), or negative (only benign/likely benign variants or no reportable variants), across BC, CRC and cancer-free control groups. b. Number of detected pathogenic (P), likely pathogenic (LP), and variants of uncertain significance (VUS) across study groups.
Figure S2.  The total number of PVs and VUS in cancer susceptibility genes in all participants (n=2569). Variants are depicted in different colors by their molecular effects. a. PVs and b. VUS.a.
b.


Figure S3. Reclassified VUS across genes (n=415). The final classification of the variants are shown in red (PV), yellow (VUS), and green (benign). 








Figure S4. Genetic test outcomes after initial classification in 2020 and reclassification in 2025.
















Table S1. Clinical characteristics of the study population
	Clinical characteristics
	n
	%

	BC patients
	1293a
	100

	Sex
	
	

	
	Female
	1275
	98.6

	
	Male
	18
	1.4

	Age at diagnosis
	
	

	
	≤30
	43
	3.3

	
	30 to 40
	344
	26.6

	
	40 to 50
	537
	41.5

	
	50 to 60
	236
	18.3

	
	>60
	133
	10.3

	Bilateral or multicentric BC
	42
	3.3b

	Ovarian cancer in personal history
	18
	1.4b

	Triple negative BC ≤60 years
	107
	8.3

	Receptor status
	
	

	
	ER+ / ER-
	833 / 226
	64.4 / 17.5

	
	PR+ / PR-
	749 / 310
	57.9 / 24.0

	
	HER2+ / HER2-
	325 / 666
	25.1 / 51.5

	Family History
	
	

	
	Positive
	293
	22.7

	
	Negative
	1000
	77.3

	CRC patients
	370a
	100

	Sex
	
	

	
	Female
	173
	46.8

	
	Male
	197
	53.2

	Age at diagnosis
	
	

	
	≤40
	55
	14.9

	
	40 to 50
	90
	24.3

	
	50 to 60
	111
	30.0

	
	60 to 70
	78
	21.1

	
	>70
	36
	9.7

	Mismatch Repair (MMR) statusc
	
	

	
	MMR-proficient
	162
	43.8

	
	MMR-deficient
	44
	11.9

	Family History
	
	

	
	Positive
	62
	16.8

	
	Negative
	308
	83.2

	Healthy controls
	914
	100

	Sex
	
	

	
	Female
	530
	58.0

	
	Male
	384
	42.0

	Age at testing
	
	

	
	65 to 70
	215
	23.5

	
	70 to 80
	557
	60.9

	
	80 to 90
	127
	13.9

	
	>90
	15
	1.6

	a Including eight patients with both BC and CRC.
b Percentage in female BC cases.
c MMR status as determined by immunohistochemistry 

	



Table S2. High-risk criteria for hereditary cancer predisposition
	High-risk criteria for BC patients

	Personal history

	1.
	diagnosed ≤50 years old

	2.
	two BC primaries

	3.
	triple negative BC (TNBC) diagnosed ≤ 60 years old

	4.
	ovarian or pancreatic cancer history

	5.
	male BC

	Family history a,b

	6.
	≥1 relative with BC diagnosed ≤45 years old

	7.
	≥2 relatives with BCc

	8.
	≥1 relative with BCd and >=2 relatives with pancreatic or prostate cancer

	9.
	≥1 relative with male BCd

	10.
	≥1 relative with ovarian cancer

	11.
	≥3 relatives with cancers/phenotypes related to Li Fraumeni, Cowden, Peutz-Jeghers or Hereditary Diffuse Gastric Cancer syndromec 

	High-risk criteria for CRC patients

	Personal history

	1.
	polyposis syndrome

	2.
	diagnosed ≤50 years old

	3.
	tumor pathology showing evidence of mismatch repair deficiency

	Family history a,d

	4.
	≥1 relative with CRC or endometrial cancer diagnosed ≤50 years old

	5.
	≥2 relatives with Lynch syndrome-related cancers, at least one being CRC or endometrial cancer

	aRelatives on the same side of the family are considered for criteria with multiple relatives. b1st, 2nd and 3rd degree relatives, if otherwise specified. cAt least one case in a 1st or 2nd degree relative. d1st and 2nd degree relatives















Table S4. Distribution of pathogenic variants by clinical characteristics
	
	Individuals with PVs, n (%)
	Affected genes (n)

	BC patients (1293)

	High-risk (1078)
	200 (18.5)
	BRCA1 (57)a,b, CHEK2 (43)c, BRCA2 (40)a,c,d,e,f, ATM (19)d, PALB2 (11), TP53 (7), BRIP1 (6), MLH1 (5), MSH6 (4)e,g,  MSH2 (3)f, NBN (3)f,g, RAD51C (3), PMS2 (2), BARD1 (1), biallelic MUTYH (1)b, CDH1 (1),  MRE11 (1), STK11 (1), XRCC2 (1), 

	Low-risk (215)
	15 (7.0)
	CHEK2 (6), RAD50 (2), XRCC2 (1), BARD1 (1), BRCA1 (1), CDH1 (1), MSH2 (1), MSH6 (1), PALB2 (1)

	Age at diagnosis (dx) ≤50 (924)
	167 (18.1)
	BRCA1 (47)a,b, CHEK2 (38)c, BRCA2 (32)a,c,d,f, ATM (17)d, PALB2 (9), TP53 (7), BRIP1 (5), MLH1 (4), RAD51C (3),   MSH6 (2)e,g, NBN (2)g, PMS2 (2), BARD1 (1), biallelic MUTYH (1)b, MRE11 (1), MSH2 (1), XRCC2 (1)

	Multiple BC primaries (42)
	14 (33.3)
	BRCA1 (4), CHEK2 (4), ATM (2), BRCA2 (2), TP53 (2) 

	Triple-negative BC dx ≤60 y (107)
	34 (31.8)
	BRCA1 (23)a, BRCA2 (4)a, RAD51C (3), PALB2 (2), TP53 (2), CHEK2 (1)

	Male BC (18)
	3 (16.6)
	CHEK2 (2), BRCA2 (1)

	Personal OC history (18)
	8 (44.4)
	BRCA1 (7), CHEK2 (1)

	≥1 relative with OC (38)
	10 (26.3)
	BRCA1 (5), BRCA2 (3), ATM (1), TP53 (1) 

	≥1 relative with BC dx ≤45 y or ≥2 relatives with BC (219)
	51 (22.8)
	BRCA1 (16), BRCA2 (13)c,f, CHEK2 (9), ATM (4)d, PALB2 (3), MSH2 (2)f, MSH6 (2), TP53 (2), BRIP1 (1), MLH1 (1),   NBN (1)f

	CRC patients (370)

	High-risk (198)
	49 (24.7)
	MLH1 (12), MSH2 (10), biallelic MUTYH (8), CHEK2 (6), MSH6 (3), ATM (2), PALB2 (2), APC (1), BRCA1 (1),         BRCA2 (1), BRIP1 (1), MRE11 (1), PMS2 (1)

	Low-risk (172)
	14 (8.1)
	biallelic MUTYH (5), ATM (2), BRCA2 (2), MLH1 (2), BRCA1 (1), CHEK2 (1), XRCC2 (1)

	Age at diagnosis (dx) ≤50 (145)
	36 (24.8)
	MLH1 (10), MSH2 (9), biallelic MUTYH (7), CHEK2 (6), APC (1), BRIP1 (1), MRE11 (1), PMS2 (1)

	MMR-deficient (44)
	15 (34.1)
	MLH1 (5), MSH2 (4), MSH6 (2), ATM (1), BRCA2 (1), PALB2 (1), PMS2 (1)

	≥1 relative with CRC/EC dx ≤50 y or ≥2 relatives with CRC (61)
	26 (42.6)
	MSH2 (8), MLH1 (8), CHEK2 (4), biallelic MUTYH (2), ATM (1), BRCA1 (1), MSH6 (1), PALB2 (1)

	Cancer-free controls (914)

	female (530)
	22 (4.1)
	BRIP1 (8)h, CHEK2 (6), RAD50 (3), BRCA2 (2), ATM (1), BARD1 (1)h, MRE11 (1), PMS2 (1)

	both sexes (914)
	37 (4.0)
	CHEK2 (11), BRIP1 (8)h, ATM (5), RAD50 (4), BRCA2 (2), NBN (2), BARD1 (1)h, BRCA1 (1), MLH1 (1), MSH6 (1), MRE11 (1), PMS2 (1)

	Letters indicate individuals with more than one pathogenic variants (a: BRCA1 and BRCA2, b: BRCA1 and biallelic MUTYH, c: BRCA2 and CHEK2,
d: BRCA2 and ATM, e: BRCA2 and MSH6, f: BRCA2 and NBN and MSH2, g: NBN and MSH6, h: BRIP1 and BARD1)







Table S5. Case-control analysis of pooled high, moderate and low penetrance genes in high and low risk cancer groups
	Group
	n
	PVs in high-penetrance genes
	PVs in moderate-penetrance genes
	PVs in low-penetrance and/or limited-evidence genes

	
	
	n
	OR (p-adj)
	n
	OR (p-adj)
	n
	OR (p-adj)

	BC high-risk
	1078
	114
	31.22 (p =0)
	60
	4.4 (p=2.6E-05)
	15
	0.61 (p=0.218)

	BC low-risk
	215
	3
	3.75 (p=0.148)
	6
	2.14 (p=0.214)
	4
	0.82 (p=1)

	Female controls
	530
	2
	-
	7
	-
	12
	-

	CRC high-risk
	198
	35
	65.20 (p =0)
	-
	-
	8
	2.36 (p=0.057)

	CRC low-risk
	172
	7
	12.88 (p=1.8E-04)
	-
	-
	3
	1 (p=1)

	Controls
	914
	3
	-
	-
	-
	16
	-

	Males are excluded from BC patients groups for this analysis.
BC high-penetrance genes: BRCA1, BRCA2, PALB2, TP53, STK11, CDH1, moderate-penetrance genes: ATM, CHEK2, low-penetrance and/or limited-evidence genes: BRIP1, RAD51C, RAD51D, MRE11, NBN, BARD1, RAD50, XRCC2.
CRC high-penetrance genes: MLH1, MSH2, MSH6, PMS2, APC, biallelic MUTYH, limited-evidence genes: ATM, CHEK2.



Table S6.  Case-control analysis of affected genes for BC and CRC risk
	
	BC patients (n=1268)a, b
	Controls in this study (n=529)a, b
	OR (95% CI)
	p-adj
	BC patients w/o CNVs (n=1243)a, b
	# of carriers / non carriers in ExAC controls w/o CNVsc 
	OR (95% CI) 
	p-adj

	BRCA1
	55
	0
	48.43 (2.986-785.512)
	0
	32
	74 / 26837 
	9.58 (6.098-14.756)
	0

	BRCA2
	34
	2
	7.26 (1.848-62.605)
	0.0196
	33
	105 / 26686 
	6.93 (4.519-10.385)
	0

	PALB2
	12
	0
	10.54 (0.623-178.261)
	0.0464
	12
	25 / 26846 
	10.47 (4.778-21.676)
	1.20E-07

	TP53
	7
	0
	6.30 (0.359-110.436)
	0.1694
	7
	13 / 26776 
	11.66 (3.932-31.514)
	2.64E-03

	ATM
	18
	1
	7.60 (1.194-316.973)
	0.0464
	18
	82 / 26633 
	4.77 (2.686-8.048)
	9.36E-07

	CHEK2
	43
	5
	3.68 (1.448-11.957)
	0.0121
	43
	158 / 25138 
	5.7 (3.950-8.076)
	0

	CHEK2*
	46
	6
	3.28 (1.385-9.454)
	0.0121
	46
	419 / 24877 
	2.28 (1.636-3.118)
	4.08E-06

	BRIP1
	6
	7
	0.35 (0.098-1.239)
	0.1143
	6
	71 / 28465
	1.94 (0.689-4.458)
	0.1524

	RAD51C
	3
	0
	2.93 (0.151-56.800)
	0.5599
	3
	28 / 26669
	2.3 (0.448-7.476)
	0.1579

	MLH1
	5
	0
	4.61 (0.254-83.515)
	0.4399
	5
	6 / 26638 
	17.14 (4.13-67.25)
	0.0001

	MSH2
	3
	0
	2.93 (0.151-56.800)
	0.5599
	3
	6 / 25457
	10.64 (1.72-49.831)
	0.0083

	MSH6
	3
	0
	2.93 (0.151-56.800)
	0.5599
	3
	22 / 26397
	2.8 (0.536-9.338)
	0.1298

	
	CRC patients (n=362)b
	Controls in this study (n=913)b
	OR (95% CI)
	p-adj
	CRC patients w/o CNVs (n=357)
	# of carriers / non carriers in ExAC controls w/o CNVsc
	OR (95% CI) 
	p-adj

	MLH1
	14
	1
	36.69 (5.528-1540.887)
	7.4E-07
	13
	6 / 26638 
	167.78 (59.05-534.95)
	0

	MSH2
	10
	0
	54.42 (3.181-931.179)
	7.26E-06
	9
	6 / 25457
	109.73 (34.61-379.21)
	0

	MSH6
	3
	1
	7.62 (0.609-399.589)
	0.1255
	2
	22 / 26397
	6.76 (1.584-28.856)
	NA

	MUTYH-biallelic
	13
	0
	70.57 (4.184-1190.321)
	4.9E-07
	13
	-
	NA
	NA

	ATM
	4
	5
	2.03 (0.4-9.481)
	0.3050
	4
	82 / 26633 
	3.68 (0.974-9.869)
	0.0271

	CHEK2
	7
	11
	1.62 (0.527-4.608)
	0.3050
	7
	158 / 25138 
	3.18 (1.249-6.78)
	0.0114

	BRCA2
	3
	2
	3.81 (0.434-45.691)
	0.1988
	2
	105 / 26686 
	1.43 (0.352-5.824)
	NA

	a: Males were excluded. b: Subjects with more than one pathogenic variant were excluded.  c: as reported in Couch et.al., 2017 (PMID: 28418444). *: Includes CHEK2 p.I157T
Genes with ≥3 PVs in cases were considered for association with BC. Genes with ≥2 PVs in cases were considered for association with CRC.
OR: odds ratio, CI: confidence interval




Distribution of total number of VUS by genes in all patients 
synonymous	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	0	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	missense / inframe indel	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	92	87	59	57	42	39	35	32	30	29	31	27	26	20	20	17	15	13	12	14	9	9	5	3	1	splice site	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	8	3	1	0	2	2	1	2	2	3	0	2	0	1	0	1	2	0	1	0	3	0	0	0	1	frameshift	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	nonsense	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	large duplication	ATM	CHEK2	MSH6	APC	BRCA2	MRE11	PALB2	BRIP1	MSH2	CDH1	RAD50	MLH1	BARD1	MUTYH	ABRAXAS1	RAD51D	NBN	BRCA1	PMS2	STK11	RAD51C	PIK3CA	XRCC2	TP53	PTEN	0	0	3	0	2	0	0	0	2	0	0	1	0	0	0	0	0	1	1	0	0	0	0	0	0	

number of variants 


Distribution of total number of PVs by genes in all participants 
synonymous	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	0	0	0	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	missense / inframe indel	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	70	35	3	2	9	12	0	3	0	2	4	0	0	0	0	0	0	0	0	0	0	0	0	0	0	splice site	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	2	22	3	5	6	3	0	5	0	2	1	1	0	0	0	0	0	0	0	1	0	0	0	0	0	frameshift	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	3	4	20	24	5	1	11	3	12	1	1	4	3	2	1	2	0	1	2	0	0	0	0	0	0	nonsense	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	5	6	11	10	8	2	4	2	2	2	1	1	2	1	2	1	3	1	0	0	0	0	0	0	0	large deletion	MUTYH	CHEK2	BRCA1	BRCA2	ATM	MLH1	BRIP1	MSH2	PALB2	MSH6	TP53	RAD50	NBN	PMS2	BARD1	MRE11	RAD51C	CDH1	XRCC2	APC	STK11	ABRAXAS1	PIK3CA	PTEN	RAD51D	0	0	24	3	0	2	0	1	0	2	0	0	0	1	0	0	0	0	0	0	1	0	0	0	0	
number of variants 


Changes in the classification of VUS in 2025

Pathogenic	
XRCC2 (2)	TP53 (4)	RAD51D (6)	PIK3CA (6)	BRCA1 (7)	STK11 (8)	RAD51C (8)	PMS2 (9)	NBN (10)	ABRAXAS1 (10)	MUTYH (11)	BRIP1 (13)	BARD1 (15)	MLH1 (17)	PALB2 (20)	CDH1 (20)	RAD50 (21)	MRE11 (24)	CHEK2 (24)	MSH2 (26)	MSH6 (31)	BRCA2 (36)	APC (37)	ATM (50)	0	0	0	0	1	0	0	0	0	0	2	0	0	3	0	0	1	0	4	2	1	0	0	2	VUS	
XRCC2 (2)	TP53 (4)	RAD51D (6)	PIK3CA (6)	BRCA1 (7)	STK11 (8)	RAD51C (8)	PMS2 (9)	NBN (10)	ABRAXAS1 (10)	MUTYH (11)	BRIP1 (13)	BARD1 (15)	MLH1 (17)	PALB2 (20)	CDH1 (20)	RAD50 (21)	MRE11 (24)	CHEK2 (24)	MSH2 (26)	MSH6 (31)	BRCA2 (36)	APC (37)	ATM (50)	2	1	6	6	2	7	6	7	7	9	8	10	12	11	13	14	17	21	20	13	20	27	25	37	Benign	
XRCC2 (2)	TP53 (4)	RAD51D (6)	PIK3CA (6)	BRCA1 (7)	STK11 (8)	RAD51C (8)	PMS2 (9)	NBN (10)	ABRAXAS1 (10)	MUTYH (11)	BRIP1 (13)	BARD1 (15)	MLH1 (17)	PALB2 (20)	CDH1 (20)	RAD50 (21)	MRE11 (24)	CHEK2 (24)	MSH2 (26)	MSH6 (31)	BRCA2 (36)	APC (37)	ATM (50)	0	3	0	0	4	1	2	2	3	1	1	3	3	3	7	6	3	3	0	11	10	9	12	11	
number of variants




Genetic test outcomes in 2020 vs 2025 

Positive	2020	2025	2020	2025	2020	2025	109	136	30	33	12	14	Inconclusive	2020	2025	2020	2025	2020	2025	223	160	65	49	162	115	Negative	2020	2025	2020	2025	2020	2025	400	436	94	107	316	361	



Number of variants by study groups

VUS	LP	P	VUS	LP	P	VUS	LP	P	Controls 
(n=914)	CRC patients 
(n=370)	BC patients 
(n=1293)	245	12	26	98	19	45	330	73	145	


Pathogenic Variants	1	Likely Pathogenic Variants 	1	VUS	1	

Germline genetic test outcomes
negative	Female controls	BC
low-risk	BC
high-risk	Controls	CRC
low-risk	CRC
high-risk	22	15	200	37	14	49	inconclusive	Female controls	BC
low-risk	BC
high-risk	Controls	CRC
low-risk	CRC
high-risk	135	47	235	237	37	45	positive	Female controls	BC
low-risk	BC
high-risk	Controls	CRC
low-risk	CRC
high-risk	373	153	643	640	121	104	
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