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abstract

PURPOSE Breast cancer risks for CHEK2 and ATM pathogenic variant (PV) carriers are modified by an 86-single
nucleotide polymorphism polygenic risk score (PRS) and individual clinical factors. Here, we describe com-
prehensive risk prediction models for women of European ancestry combining PV status, PRS, and individual
clinical variables.

MATERIALS AND METHODS This study included deidentified clinical records from 358,095 women of European
ancestry who received testing with amultigene panel (September 2013 to November 2019). Model development
included CHEK2 PV carriers (n = 4,286), ATM PV carriers (n = 2,666), and women negative for other breast
cancer risk gene PVs (n = 351,143). Odds ratios (ORs) were calculated using multivariable logistic regression
with adjustment for familial cancer history. Risk estimates incorporating PV status, PRS, and Tyrer-Cuzick v7.02
were calculated using a Fixed-Stratifiedmethod that accounts for correlations between risk factors. Stratification
of PV carriers into risk categories on the basis of remaining lifetime risk (RLR) was assessed in independent
cohorts of PV carriers.

RESULTSORs for association of PV status with breast cancer were 2.01 (95%CI, 1.88 to 2.16) and 1.83 (95%CI,
1.68 to 2.00) for CHEK2 and ATM PV carriers, respectively. ORs for PRS per one standard deviation were 1.51
(95% CI, 1.37 to 1.66) and 1.45 (95% CI, 1.30 to 1.64) in CHEK2 and ATM PV carriers, respectively. Using the
combinedmodel (PRS plus Tyrer-Cuzick plus PV status), RLR was low (≤ 20%) for 24.2% of CHEK2 PV carriers,
medium (20%-50%) for 63.8%, and high (. 50%) for 12.0%. Among ATM PV carriers, RLR was low for 31.5%
of patients, medium for 58.5%, and high for 9.7%.

CONCLUSION In CHEK2 and ATM PV carriers, risk assessment including PRS, Tyrer-Cuzick, and PV status has
the potential for more precise direction of screening and prevention strategies.
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INTRODUCTION

Genetic testing for inherited pathogenic variants (PVs)
in breast cancer risk genes is an established tool for
identifying women at increased risk for breast cancer.
Women with PVs in moderate-risk genes, such as ATM
and CHEK2, have an approximately two-fold higher
risk for breast cancer compared with women in the
general population and are candidates for screening at
younger age, with consideration of breast magnetic res-
onance imaging (MRI) in addition to mammography.1,2

PVs in BRCA1, BRCA2, PALB2, and several other
genes confer a higher risk for breast cancer, and
guidelines recommend that carriers be offered the
option of risk-reducing mastectomy in addition to in-
tensified screening incorporating breast MRI.1,2

There is considerable evidence demonstrating that
breast cancer risk in women carrying PVs in both
moderate- and high-risk genes can be modified by
many of the same clinical and family history factors
that influence breast cancer risk in women without
such PVs. For example, hormonal and reproductive
factors may affect breast cancer risk in women with
PVs in BRCA1 and BRCA2.3-6 It has also been
shown that a stronger family history of breast cancer
correlates with higher risks for women with PVs in
CHEK2 and PALB2.7-9 Incorporating these clini-
cal factors into a comprehensive risk assessment
tool for women with PVs in breast cancer risk genes
may allow for more precise individualized risk
estimation.
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In addition to the genetic risk associated with PVs in known
breast cancer risk genes, there is a growing body of evi-
dence highlighting the contribution of common, low-risk
genetic variants (single nucleotide polymorphisms [SNPs])
to inherited breast cancer risk. Individually, these variants
contribute small incremental risks. However, the contri-
butions of multiple low-risk variants can be pooled to create
a polygenic risk score (PRS) capable of stratifying unaf-
fected women into risk categories ranging from below
general population risk to risks equal to, or higher than, that
seen in carriers of PVs in moderate-risk breast cancer
genes.10-12 It has been shown that a PRS can also accu-
rately modify the risks associated with PVs inmoderate- and
high-risk genes,12-14 including a recent study demon-
strating that an 86-SNP PRS significantly modifies breast
cancer lifetime risk for BRCA1, BRCA2, ATM, CHEK2, and
PALB2 PV carriers.15 In this study, we developed and
validated a breast cancer risk model for unaffected women
carrying PVs inATM andCHEK2, using a previously described
86-SNP PRS in combination with the clinical and family
history factors captured by the Tyrer-Cuzick model v7.02.16

MATERIALS AND METHODS

Patient Population

The data set included patients who underwent clinical
testing for hereditary cancer risk with a multigene panel.
Women were eligible if they were 18-84 years old and of
European ancestry (Ashkenazi and non-Ashkenazi), as the
PRS was developed and validated in women of European
ancestry. Two nonoverlapping patient sets including both
PV carriers and noncarriers, separated by time of testing,
were used for model development and evaluation of risk
stratification by the final models (Data Supplement). PV
carriers were patients who tested positive for a PV in CHEK2
or ATM, whereas noncarriers included those who tested
negative for a PV in known breast cancer predisposition
genes (BRCA1, BRCA2, PTEN, ATM, PALB2, CHEK2,
NBN, TP53, CDH1, BARD1, and STK11).

At the time of this analysis, the testing laboratory did not
classify CHEK2 I157T or S428F as pathogenic, and thus,
women carrying these variants were not included as carriers

in this analysis. Women with ATM c.7271T.G were ex-
cluded because of higher penetrance compared with other
ATM PVs. Women were excluded if they were homozygous
for a PV, were compound heterozygous, had a PV in . 1
breast cancer risk gene, or had ductal carcinoma in situ,
lobular carcinoma in situ, or atypical hyperplasia without a
subsequent breast cancer diagnosis. Women were also
excluded if they were submitted from states that disallow the
research use of samples after completion of genetic testing.
This work was performed with a waiver of informed consent
and oversight from an institutional review board (Advarra
Institutional Review Board previously Quorum, #33893/1).

Tyrer-Cuzick variable information was collected using
provider-completed test request forms starting in May
2017. For analyses involving Tyrer-Cuzick and its com-
posite variables, only women tested after this date were
included in the analysis (Data Supplement).

Genetic Testing

Testing was performed using a multigene panel in a Clinical
Laboratory Improvement Amendments–approved and
College of American Pathology–approved laboratory
(Myriad Genetic Laboratories Inc, Salt Lake City, UT) by
next-generation sequencing. Genes were included in the
multigene panel on the basis of evidence of association with
one or more hereditary cancers as described previously.17

The panel consisted of at least 25 genes, with additional
genes being added in July 2016 and February 2019 for a
total panel size of 36 genes by the end of the eligibility
timeframe (Data Supplement). All relevant breast cancer
risk genes listed above were included on the panel for the
duration of the study period. Hybridization probes for 86
SNP markers were also included in the sequencing panel.
Details regarding the composition of the 86-SNP panel
have been previously published.16 Residual samples or test
materials were not stored for later use per state regulations.

Statistical Methods

Associations and interactions between variables.
Associations between PV status (CHEK2 or ATM) and
Tyrer-Cuzick variables were tested using logistic regression,

CONTEXT
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Can amodel combining polygenic risk, pathogenic variant (PV) status, and clinical risk factors further stratify breast cancer risk

for carriers of CHEK2 or ATM PVs?
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adjusting for age and Ashkenazi ancestry. Similarly, as-
sociations between PRS and Tyrer-Cuzick variables were
analyzed using a linear regression, adjusting for age and
ancestry. Other multivariable logistic regression analyses
were adjusted for personal and familial cancer history as
previously described.16 Unless stated otherwise, all re-
gressions were adjusted for age (binned; Data Supple-
ment). Logistic regression analyses were used to determine
if there was a significant interaction between Tyrer-Cuzick
variables and PV status or PRS as a predictor of breast
cancer. Women were excluded if their self-reported infor-
mation (from the test request form) was discrepant or
improbable (Data Supplement). P values were reported as
two-sided without adjustment for multiple testing. Analyses
were completed using R version 3.5.3 or higher.

Combining PV risk with the Tyrer-Cuzick model.
PV-associated and Tyrer-Cuzick–estimated breast cancer
risks were combined according to the Fixed-Stratified
method that prevents double counting of information
from correlated risk factors in a manner equivalent to full
multivariable coestimation.18 A detailed explanation of the
statistical equations used is given in the Data Supplement.

Risk classification. Remaining lifetime risk (RLR) of breast
cancer was calculated according to Tyrer-Cuzick v7.02,
Tyrer-Cuzick plus PV status, and the final combined model
(Tyrer-Cuzick plus PV status plus 86-SNP PRS). No ad-
justments were made for competing mortality. RLR was
classified as low (≤ 20%), medium (20%-50%), or high
(. 50%), determined on the basis of guideline-
recommended thresholds for consideration of enhanced
screening (20%) and risk-reducing mastectomy (50%).2,19

RESULTS

Patient Population

The development data set included 4,286 women with a
CHEK2 PV, 2,666 women with an ATM PV, and 351,143
PV-negative women (Table 1). Age at genetic testing was
similar between these three groups, with the two PV-
carrying data sets containing a greater proportion of
women with a personal and/or family history of breast
cancer than the PV-negative women. The PRS distribution
was similar among PV carriers and noncarriers unaffected
by breast cancer (Data Supplement). We observed no
association between PRS and PV status (Data Supple-
ment). A summary of Tyrer-Cuzick variables for all patients
is presented in the Data Supplement.

Model Development for PV Carriers

A step-wise approach was taken for model development for
each PV-carrying population (CHEK2 and ATM) separately.
To verify that the common founder mutation CHEK2
1100delC was equivalent to other CHEK2 mutations in
relative cancer risk, odds ratios (ORs) were calculated
using multivariable logistic regression for 4,286 CHEK2 PV
carriers (OR 2.01; 95% CI, 1.88 to 2.16), for 681 CHEK2

missense PV carriers (OR 2.09; 95% CI, 1.76 to 2.48),
2,407 CHEK2 1100delC carriers (OR 2.01; 95% CI, 1.83 to
2.20), and 1,198 carriers of other CHEK2 PVs (OR 1.98;
95% CI, 1.74 to 2.26). Comparable ORs between groups
indicated that specific CHEK2 PVs were unlikely to have
variable impact on risk, and therefore, CHEK2 PV status
could be treated as a binomial factor (carrier v noncarrier).
A previous publication indicated that breast cancer risks for
CHEK2 PV carriers could be age-dependent.20 Using the
larger PV carrier and noncarrier population in this study, no
age dependence was observed for breast cancer risk for
CHEK2 PV carriers (data not shown). On the basis of these
findings, no additional corrections were required to account
for specific PV type or age in the model.

Associations between CHEK2 PV carrier status and factors
contained in the Tyrer-Cuzick risk model were evaluated to
determine what adjustments were required (Table 2).
CHEK2 PV status was strongly associated with family history
of breast cancer (P , 10–13, Table 2) and was therefore
combined according to the Fixed-Stratified method to avoid
double counting. CHEK2 PV carriers were more likely to be
premenopausal at the time of testing than noncarriers. No
other factor in the Tyrer-Cuzick model showed evidence of
association with CHEK2 PV status after correcting for
multiple comparisons. Interactions were similarly evalu-
ated, and no risk factors contained in the Tyrer-Cuzick
model showed evidence of interaction with CHEK2 PV
status, indicating that all factors conferred the same risk to
carriers and noncarriers alike.

To develop the model for ATM PV carriers, a similar ap-
proach was taken as for CHEK2 PV carriers. The OR for
association of ATM PV with breast cancer was 1.83 (95%
CI, 1.68 to 2.00). There was no age dependence observed
for relative risk of breast cancer for ATM PV carriers. Family
history of breast cancer was the only factor contained in the
Tyrer-Cuzick model associated with ATM PV status
(P , 10–6) and was combined with Tyrer-Cuzick variables
according to the Fixed-Stratified method. No Tyrer-Cuzick
variables showed evidence of interaction with ATM PV
status after correcting for multiple comparisons.

To compare with previous work showing that the effect size
for breast cancer risk modification by the PRS was similar in
PV carriers and noncarriers,15 standardized ORs were
calculated and compared with the previously published
values for non-carriers. No difference was observed be-
tween noncarriers (OR 1.47; 95% CI, 1.45 to 1.49),15

CHEK2 PV carriers (OR 1.51; 95% CI, 1.37 to 1.66),
and ATM PV carriers (OR 1.45; 95% CI, 1.30 to 1.64; Data
Supplement). To combine the 86-SNP PRS into models
with PV status and Tyrer-Cuzick variables, associations and
interactions between the PRS and Tyrer-Cuzick variables
were also evaluated. For CHEK2 PV carriers, the 86-SNP
PRS was associated with family history of breast cancer
(P = 5.9 × 10–6), but not with any other factors included in
the Tyrer-Cuzick model (Table 3). No significant association
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between the 86-SNPPRS and family history of breast cancer
was observed for ATM PV carriers (P = .10), although the
estimate was in the same direction asCHEK2PV carriers and
noncarriers.21,22 Family history was again combined into the
models for CHEK2 and ATM PV carriers using a Fixed-
Stratified method to avoid double counting of risk informa-
tion. ForCHEK2 PV carriers, there was amarginal interaction
between PRS and family history, although it did not remain
significant after correcting for multiple comparisons. No
other factors from the Tyrer-Cuzick risk model showed ev-
idence of interaction with the 86-SNP PRS for either PV
carrier group, indicating that all factors conferred the same
risk to women with high or low 86-SNP scores.

Risk Stratification: CHEK2 PV Carriers

Using an independent data set of CHEK2 PV carriers un-
affected by breast cancer (n = 459), we evaluated risk
stratification by three models: Tyrer-Cuzick alone, Tyrer-
Cuzick plus CHEK2 PV risk, and the combined model
containing PRS risk, CHEK2, and Tyrer-Cuzick. Using
Tyrer-Cuzick alone, 250 women (54.5%) had low RLR
(≤ 20%), whereas 209 (45.5%) had medium RLR of breast
cancer (20%-50%). No women were categorized as having
high RLR (. 50%) by the Tyrer-Cuzick model alone (Fig 1).
With the addition of CHEK2 risk to the Tyrer-Cuzick model,
average estimated risk increased, with the majority of pa-
tients having medium RLR (Fig 1). In total, 82 women

TABLE 1. Clinical Characteristics
Variable Characteristic CHEK2 PV Carriers (n = 4,286) ATM PV Carriers (n = 2,666) PV-Negativea (n = 351,143)

Age, years Median (range) 48 (18-84) 49 (18-84) 48 (18-84)

PHx of breast cancer No. (%) 1,583 (37) 916 (34) 83,257 (24)

FHx of breast cancer No. (%) with ≥ 1 first-degree relative 1,856 (43) 1,151 (43) 123,915 (35)

NOTE. Age indicates age at genetic testing.
Abbreviations: FHx, family history; PHx, personal history; PV, pathogenic variant.
aNegative for a PV in a breast cancer risk gene.

TABLE 2. Associations Between Mutation Status and Factors in the Tyrer-Cuzick Model, After Adjusting for Age (Bins) and Ashkenazi Ancestry

Clinical Factor

CHEK2 ATM

No. OR (95% CI) P No. OR (95% CI) P

FHx of breast cancer: weighted relative count 158,916 1.62 (1.46 to 1.80) 1.4 × 10–17 158,359 1.54 (1.35 to 1.75) 3.9 × 10–10

First-degree relative with breast cancer 158,916 1.4 × 10–14 158,359 1.59 × 10–7

Yes 52,827 1.47 (1.34 to 1.62) 52,583 1.38 (1.22 to 1.55)

No 106,089 Reference 105,776 Reference

Height, inches 141,540 1.02 (1.00 to 1.04) .09 141,061 1.01 (0.98 to 1.03) .49

Weight, pounds 139,960 1.00 (1.00 to 1.00) .03 139,482 1.00 (1.00 to 1.00) .79

BMI 139,548 1.01 (1.00 to 1.01) .09 139,078 1.00 (0.99 to 1.01) .68

Age of menarche 132,004 1.04 (1.01 to 1.08) .02 131,565 1.00 (0.96 to 1.05) .84

Menopause stage 119,373 5.9 × 10–6 118,992 .76

Pre 64,043 Reference 63,760 Reference

Peri 11,869 0.95 (0.77 to 1.17) 11,810 0.94 (0.71 to 1.22)

Post 43,461 0.58 (0.46 to 0.73) 43,422 0.91 (0.69 to 1.19)

Age of menopause 32,714 1.02 (0.99 to 1.04) .17 32,685 0.98 (0.96 to 1.00) .11

HRT usage 138,104 .75 137,636 .08

Yes 24,387 1.02 (0.88 to 1.19) 24,298 0.85 (0.70 to 1.02)

No 113,717 Reference 113,338 Reference

Parity 140,774 .12 140,298 .32

Nulliparous 33,034 Reference 32,901 Reference

Parous 107,740 0.91 (0.80 to 1.03) 107,397 0.92 (0.79 to 1.08)

Age of first live birth 100,395 1.00 (0.99 to 1.01) .95 100,070 1.01 (1.00 to 1.03) .11

NOTE. Both PV noncarriers (n = 157,195) and PV carriers (CHEK2 [n = 1,721] or ATM [n = 1,164]) without breast cancer were included in these
multivariable logistic regression calculations.
Abbreviations: BMI, body mass index; FHx, family history; HRT, menopausal hormone replacement therapy; OR, odds ratio; PV, pathogenic variant.
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(17.9%) had low RLR, 339 (73.9%) had medium RLR, and
38 (8.3%) had high RLR of breast cancer (Fig 1).

As expected, by using the total combined risk model (Tyrer-
Cuzick plus CHEK2 risk plus 86-SNP PRS), average esti-
mated risk was not substantially different from that with
CHEK2 and Tyrer-Cuzick alone, but the risk range for the
same patient population was wider (Fig 1). Using this
combined model, 111 women (24.2%) had low RLR, 293
(63.8%) had medium RLR, and 55 (12.0%) had high RLR
of breast cancer (Fig 1). The addition of the 86-SNP PRS to
the model substantially increased or decreased RLR esti-
mates for individual patients (Fig 2), sometimes shifting
patients across the different risk thresholds (Data Sup-
plement). In this cohort of CHEK2 PV carriers, 71 women
(15.5%) were categorized as having lower RLR when using
the combined model including the PRS compared with the
Tyrer-Cuzick plus CHEK2 model. Conversely, 59 women
(12.9%) were categorized as having higher RLR.

Risk Stratification: ATM PV Carriers

Using a population of ATM PV carriers unaffected by breast
cancer (n = 216) independent of the model development

population, risk stratification was evaluated using the three
models. Similar to what was observed for CHEK2, the
distribution of risk changed with the addition of each factor
(ATM PV status and PRS) to the Tyrer-Cuzick risk model for
ATM PV carriers. Using the Tyrer-Cuzick risk model alone,
126 women (58.3%) had low RLR, whereas 90 (41.7%)
had medium RLR and none had high RLR of breast cancer
(Fig 1). With the addition of ATM risk, 58 women (26.9%)
had low RLR, 145 (67.1%) had medium RLR, and 13
(6.0%) had high RLR of breast cancer (Fig 1). The addition
of ATM risk to Tyrer-Cuzick shifted risks higher, pushing
some women above the 50% threshold for high RLR.

Using the combined model including the 86-SNP–based
risk, 68 women (31.5%) had low RLR, 127 (58.5%) had
medium RLR, and 21 (9.7%) had high RLR of breast
cancer (Fig 1). Adding the 86-SNP PRS to themodel results
in wider risk distribution. Among ATM PV carriers, 44
women (20.3%) were recategorized when comparing the
Tyrer-Cuzick plus ATM model with the combined model
including PRS (Fig 2, Data Supplement). This included 21
women (9.7%) whose RLR categorization was lower and 23
women (10.6%) whose categorization was higher.

TABLE 3. Associations Between the 86-SNP PRS and Factors in the Tyrer-Cuzick Model, After Adjusting for Age (Bins) and Ashkenazi Ancestry

Clinical Factor

CHEK2 PV Carriers ATM PV Carriers

No. Estimate (95% CI) P No. Estimate (95% CI) P

Age at testing 1,716 0.003 (–0.005 to 0.011) .47 1,158 –0.008 (–0.018 to 0.002) .10

FHx of breast cancer: weighted relative count 1,716 0.114 (0.065 to 0.164) 5.9 × 10−6 1,158 0.047 (–0.009 to 0.103) .10

First-degree relative with breast cancer 1,716 3.6 × 10−4 1,158 .17

Yes 708 0.079 (0.036 to 0.123) 692 0.035 (–0.016 to 0.087)

No 1,008 Reference 466 Reference

Height, inches 1,426 –0.005 (–0.014 to 0.004) .30 947 0.009 (–0.002 to 0.020) .09

Weight, pounds 1,415 –0.000 (–0.001 to 0.000) .13 937 0.001 (0.000 to 0.001) .02

BMI 1,406 –0.002 (–0.005 to 0.001) .20 936 0.003 (–0.001 to 0.007) .09

Age of menarche 1,315 0.004 (–0.011 to 0.020) .58 876 –0.010 (–0.028 to 0.008) .28

Menopause stage 1,184 .63 803 .14

Pre 739 Reference 457 Reference

Peri 136 –0.041 (–0.133 to 0.052) 77 0.012 (–0.107 to 0.130)

Post 309 0.004 (–0.096 to 0.105) 269 0.117 (–0.006 to 0.241)

Age of menopause 226 –0.001 (–0.010 to 0.007) .77 196 0.000 (–0.011 to 0.010) .94

HRT usage 1,394 .55 926 .27

Yes 228 –0.021 (–0.088 to 0.047) 139 0.048 (–0.037 to 0.132)

No 1,166 Reference 787 Reference

Parity 1,417 .68 941 .96

Nulliparous 374 Reference 701 –0.002 (–0.072 to 0.068)

Parous 1,043 –0.013 (–0.072 to 0.047) 240 Reference

Age of first live birth 978 0.002 (–0.004 to 0.007) .58 654 –0.004 (–0.010 to 0.002) .23

NOTE. These multivariable linear regression models were restricted to PV (CHEK2 [n = 1,716] or ATM [n = 1,158]) carriers without breast cancer with
complete 86-SNP data.
Abbreviations: BMI, body mass index; FHx, family history; HRT, menopausal hormone replacement therapy; PRS, polygenic risk score; PV, pathogenic

variant; SNP, single nucleotide polymorphism.
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DISCUSSION

This study presents a novel combination of validated
clinical and molecular risks into models that provide more
precise individualized breast cancer risk estimates for
women of European ancestry carrying CHEK2 or ATM PVs.
Using a large clinical testing population with thousands of
CHEK2 and ATM carriers, substantial stratification of risk
with tight CIs was achieved through combination of the
Tyrer-Cuzick risk model (v7.02), PV-associated risk esti-
mates, and an 86-SNP PRS. When risk thresholds of 20%
and 50% were used for medium and high risk of breast
cancer, respectively, estimated risk categorization changed
for a large proportion of patients. This included patients
who shifted between medium- and high-risk categories
and, possibly more significantly, some whose RLR was no
longer higher than average.

Improved risk stratification should lead to more personal-
ized prevention and screening strategies, on the basis of
current guidelines. For example, patients with a lifetime risk
of breast cancer . 20% are candidates for more intensive
screening starting at an earlier age with consideration of
MRI in addition to mammography.2,19,23-25 Currently, all
women with PVs in CHEK2 and ATM would be considered
appropriate for this enhanced screening, which introduces
increased expense, patient burden, and the potential for
false alarms and overtreatment. The models presented
here demonstrate that a substantial proportion of women
with ATM and CHEK2 PVs might have personalized risk
estimates below the 20% threshold and are therefore less
likely to benefit from enhanced screening. Improved risk
stratification may have an even greater impact for the
fraction of ATM and CHEK2 PV carriers whose risk was
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FIG 1. Stratification of remaining life-
time risk for unaffected patients with
CHEK2 PV (n = 459) on the basis of
(A) the Tyrer-Cuzick model alone, (B)
a combination of CHEK2 and Tyrer-
Cuzick, and (C) the PRS, CHEK2, and
Tyrer-Cuzick combined or for patients
with ATM PV (n = 216) on the basis of
(D) the Tyrer-Cuzickmodel alone, (E) a
combination of ATM and Tyrer-Cuzick,
and (F) the PRS, ATM, and Tyrer-
Cuzick combined. PRS, polygenic risk
score; PV, pathogenic variant.
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shifted above 50%, which, by analogy with recommen-
dations for high-penetrance breast cancer risk genes, is the
point at which risk-reducing mastectomy might be con-
sidered in place of other high-risk screening or chemo-
prevention risk management strategies.19

This study has a number of limitations. First, the present
study includes potential ascertainment bias because it is
based on a clinical testing population cohort. However, it
has been previously shown that this potential bias can be
avoided by accounting for family history in the logistic re-
gression model.1,16,18,26 Second, this study used only
women of European ancestry. Further studies are required
to examine polygenic breast cancer risk for women of non-
European ancestry, including PV carriers and noncarriers.
Additionally, the clinical factors included in this risk as-
sessment include PV carrier status, factors from the Tyrer-
Cuzick model, and a SNP-based PRS. Incorporation of
additional clinical factors such as breast density may be
warranted to further customize risk calculations.27 Finally,
this study was performed using an 86-SNP PRS and a
prospectively tested clinical patient cohort collected as
early as 2013 without storage of residual test materials per
state regulations. The 86-SNP PRS was developed using
the most impactful SNPs published at the time, although
recent studies have reported additional PRSs containing
more SNPs, which may be tested prospectively using large

cohorts in the future. Recent literature has shown that
increasing the number of SNPs in a PRS provides only
incrementally more information than a PRS with a smaller
SNP composition.21,28 Although future work may expand
the SNP profiles for commercially available PRSs, this and
other recent work show that these risk models provide
important clinical information to inform individual patient
cancer risks.15,16,18

This work combined a validated PRS with mutation status
and the Tyrer-Cuzick model according to a previously
validated methodology.18 Validation in an independent
patient cohort would be beneficial but is currently infeasible
because of the rarity of PVs in unbiased study populations.
By incorporating polygenic variant-conferred risk for
moderate penetrance genes such as CHEK2 and ATM into
other clinically accepted risk assessment tools, it is possible
to refine short-term and lifetime risk stratification. Per-
sonalized risk assessment using tools such as presented
here can result in more appropriate targeting of screening
and risk management strategies for breast cancer pre-
vention. Overall, the precise combination of PRS, Tyrer-
Cuzick, and PV status may reduce the overuse of costly
screening and prevention methods while ensuring that
these resources are appropriately considered and priori-
tized for patients at the highest risk for breast cancer.
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FIG 2. Scatterplot of risk distribution for (A) unaffected CHEK2 PV carriers (n = 459) or (B) unaffected ATM PV carriers (n = 216) on the basis of
CHEK2 and Tyrer-Cuzick alone or with the addition of the 86-SNP PRS. PRS, polygenic risk score; PV, pathogenic variant; SNP, polygenic risk
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