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eMethods. Detailed Methods 

Screening for Monogenic Mutations 

All patients were tested for germline mutations for the following genes:  APC, ATM, BARD1, 

BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, CDK4, CDKN2A (p14ARF, p16), CHEK2, EPCAM, MLH1, MSH2, 

MSH6, MYH, NBN, PALB2, PMS2, PTEN, RAD51C, RAD51D, SMAD4, STK11, TP53. Details of the screening 

process have been described previously.1 Library preparation encompassed custom designed targeted 

next-generation sequencing (NGS) reagents for both exonic segments and additional DNA segments 

carrying informative breast cancer (BC) single nucleotide variants (SNVs). Long-range and nested PCR 

were applied to portions of the CHEK2 gene to exclude pseudogene sequences. Sequencing on 

HiSeq2500 or MiSeq instruments (Illumina Inc., San Diego, CA) identified both sequence variants and 

large rearrangements (deletions and duplications).  

Derivation of the 86-SNV score 

The 86 variants included in the score are a subset of BC-associated SNVs published at the time of 

the start of this study. Coefficients for each SNV were developed from a meta-analysis of literature-

derived coefficients and the analysis of a training cohort using multivariate logistic regression adjusted 

for age, ancestry, personal cancer history and family cancer history. Selection of the 86 SNVs was based 

on their informativeness, a measure combining the effect size and general population frequency of each 

SNV. Explicit details of the selection process are provided in Hughes et al.2 

The final 86 SNVs are combined into a score based on a multiplicative model according to 

general population allele frequencies, so that the odds ratio (OR) for an individual patient represents the 

fold-change in risk relative to the general population. Specifically, the polygenic risk score was defined 

as a linear combination of centered risk alleles: 

Polygenic Risk Score = b1(x1 - u1) + b2(x2 – u2)  +  .... + bN(xN – uN), 
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where N was the total number of SNVs selected, the coefficient bk was the per-allele log OR for breast 

cancer association of the kth SNV estimated from meta-analysis of literature and the development 

cohort; xk was the number of alleles of the kth SNV carried by an individual patient (xk = 0, 1 or 2); and uk 

was the average number of alleles of the kth SNV reported for individuals included in large general 

population studies.3,4 Passing criteria restrict the number of missing SNV calls such that the imputation 

of missing calls by the high or low risk allele(s) does not change the relative risk by more than 10%. 

Statistical Analyses 

Associations with invasive BC were evaluated in terms of p-values and ORs [with 95% confidence 

intervals (CIs)] from multivariate logistic regression models constructed using R version 3.4.4 or higher 

(R Foundation for Statistical Computing, Vienna, Austria). ORs are reported per unit standard deviation 

of the polygenic risk score (PRS) in unaffected controls. P-values were calculated from likelihood ratio 

chi-square test statistics and reported as two-sided.  Using multivariable logistic regression addresses 

the implicit bias in a genetic testing cohort where patients are selected for a qualifying factor (BC 

diagnosis or family history). Prior studies have shown that adjustment for factors related to 

ascertainment in a clinical testing population enables the derivation of unbiased risk estimates.5,6 

All models included independent variables for age of first invasive BC diagnosis or age at genetic 

testing if unaffected, personal history of non-BC, family history of any cancer and ancestry (European 

and/or Ashkenazi Jewish). Cases were women diagnosed with invasive breast cancer, with or without 

ductal carcinoma in situ (DCIS). Controls were BC cancer free at time of testing. Women diagnosed with 

DCIS were excluded from controls. In testing for a relationship between PRS and age, the multivariate 

model included an interaction term for PRS and age. An interaction test was also performed for PRS and 

carrier status, testing for a difference in PRS performance by gene. In this model a categorical variable 

represented the carrier status (non-carrier, BRCA1 pathogenic variant, BRCA2 pathogenic variant, etc.), 



© 2020 Gallagher S et al. JAMA Network Open. 

the PRS was standardized within each carrier group and an interaction term for PRS and carrier status 

was included.  

Clinical Variables 

Models included clinical variables for age, personal cancer history, family cancer history, and 

ancestry. Data were derived from the test request form submitted for hereditary genetic testing. Since 

clinical variables were also used to define eligibility for the study cohort, only women with complete 

clinical data are included in the study. 

Age was coded in years as a continuous variable. We used the age of first diagnosis of invasive 

breast cancer for affected patients and age at the time of genetic testing for unaffected patients. 

Personal cancer variables were coded as binary (ever or never affected). We coded separate variables 

for uterine/endometrial cancer, ovarian cancer, pancreatic cancer, stomach cancer, non-polyposis 

colorectal cancer, and adenomatous polyposis (patients with ≥20 polyps).  

 Familial cancers were coded as numeric counts of diagnoses, weighted according to degree of 

relatedness. We used a weight of 0.5 for each first-degree relative and 0.25 for each second-degree 

relative. Variables included ductal invasive breast cancer, lobular invasive breast cancer , DCIS, male 

breast cancer, prostate cancer, and each of the personal cancer types listed above. Ancestries were 

coded as quantitative variables representing fractions of reported ancestries. For example, a patient 

who listed only Ashkenazi ancestry was coded with an Ashkenazi value of 1.0, and zero for European 

ancestries. A patient who reported European and Ashkenazi ancestries was coded with European and 

Ashkenazi values of 0.5. 
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eTable 1. Numbers of individuals with pathogenic or likely pathogenic (PV) variants in one of eleven 

breast cancer genes.   

 
Gene Number of Women with 

a PVa 
ATM 1,445 
BARD1 331 
BRCA1 2,249 
BRCA2 2,638 
CDH1 92 
CHEK2 2,564 
NBN 440 
PALB2 906 
PTEN 49 
STK11 7 
TP53 131 

aSubjects with more than one PV are excluded from the 86-SNV score risk modification analysis. 
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eFigure 1. Standardized ORs for the association between an 86-SNV score and personal BC history for 
carriers for each gene and non-carriers. 95% CI are reported by lines. 
 

 
*significant difference (p<1 ×10-4) between non-carriers and individuals with a PV in BRCA1/2.  
#significant difference (p<0.01) between individuals with CHEK2 PV and those with a PV in BRCA1/2.
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eFigure 2. Observed (solid lines) versus expected (dashed lines) ORs per percentile of an 86-SNV score by carrier gene. 
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eTable 2. ORs for developing breast cancer for the continuous 86-SNV score in carriers of CHEK2 
1100delC and other CHEK2 PVs.  
 

CHEK2 PV type N OR (95 % CI) p-value 
1100delC 1426 1.38 (1.22-1.56) 1.9x10-07 
Other PV 1138 1.67 (1.46-1.92) 3.9x10-14 
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eTable 3. ORs for developing breast cancer for the continuous 86-SNV score by age bin and by carrier 
status for a PV in a BC-associated gene.  
 

Pathogenic Variant Age 
(years) N OR (95%CI) p-valuea 

None 
(non-carriers) 

<40 44,350 1.43 (1.38 - 1.49) 1.2×10-83  
≥40-<49 39,227 1.52 (1.48 - 1.56) 1.8×10-237 
≥50-<59 33,343 1.45 (1.41 - 1.49) 4.6×10-166 

≥60 24,240 1.44 (1.40 - 1.49) 4.6×10-130 
ATM  <40 448 1.27 (0.96 - 1.70) 0.09 

≥40-<49 431 1.46 (1.17 - 1.82) 5.9×10-4 
≥50-<59 329 1.34 (1.05 - 1.72) 0.02 

≥60 237 1.67 (1.18 - 2.43) 0.004 
BRCA1  <40 1,086 1.22 (1.05 - 1.42) 0.01 

≥40-<49 567 1.30 (1.09 - 1.55) 0.004 
≥50-<59 371 1.20 (0.96 - 1.51) 0.11 

≥60 225 1.02 (0.73 - 1.42) 0.92 
BRCA2  <40 992 1.19 (0.99 - 1.42) 0.06 

≥40-<49 693 1.23 (1.05 - 1.45) 0.009 
≥50-<59 529 1.20 (0.99 - 1.45) 0.06 

≥60 424 1.19 (0.96 - 1.49) 0.11 
CHEK2  <40 817 1.25 (1.01 - 1.54) 0.04 

≥40-<49 753 1.70 (1.44 - 2.01) 1.2×10-9 
≥50-<59 607 1.44 (1.21 - 1.72) 2.6×10-5    

≥60 387 1.42 (1.12 - 1.82) 0.004 
PALB2  <40 255 1.36 (0.97 - 1.93) 0.08 

≥40-<49 271 1.46 (1.13 - 1.91) 0.004 
≥50-<59 217 1.30 (0.96 - 1.77) 0.10 

≥60 163 1.37 (0.94 - 2.04) 0.10 
ap-value tests whether the OR is significantly different from 1.  
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eFigure 3. ORs for the association of an 86-SNV score with the risk of developing breast cancer by age 
bin and carrier gene. 
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eTable 4. ORs for developing breast cancer by BC affected status of a first-degree relative and by 
carrier status for a PV in a BC-associated gene.  
 

PV Gene 
First-Degree Relative without 

Breast Cancer 
First-Degree Relative with 

Breast Cancer 
N OR 95% CI N OR 95% CI 

None (non-carriers) 92,529 1.47 (1.44 - 1.49) 48,631 1.48 (1.44 - 1.51) 
BRCA1 1,308 1.18 (1.05 - 1.34) 941 1.25 (1.09 - 1.44) 
BRCA2 1,493 1.20 (1.06 - 1.36) 1,145 1.27 (1.12 - 1.46) 
CHEK2 1,436 1.65 (1.45 - 1.89) 1,128 1.34 (1.18 - 1.53) 
ATM 809 1.27 (1.07 - 1.52) 636 1.44 (1.21 - 1.73) 
PALB2 461 1.27 (1.01 - 1.59) 445 1.34 (1.10 - 1.65) 
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eFigure 4. ORs for the association of an 86-SNV score with breast cancer risk by family history and carrier gene. 
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eFigure 5. ORs for the association of an 86-SNV score with breast cancer risk by weighted relative count and carrier gene. 
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