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A R T I C L E I N F O
Article history:
Received 6 June 2021
Received in revised form
12 September 2021
Accepted 12 November 2021
Available online 18 November 2021

Keywords:
Breast cancer
Family history
Polygenic risk score
Prostate cancer
Rare pathogenic variants
Dheeraj Reddy Bobbili and Carlo Maj contri
*Correspondence and requests for materials s

Venusberg-Campus 1, 53127 Bonn, Germany. E

doi: https://doi.org/10.1016/j.gim.2021.11.009
1098-3600/© 2021 The Authors. Published by El
under the CC BY-NC-ND license (http://creative
A B S T R A C T

Purpose: We aimed to investigate to what extent polygenic risk scores (PRS), rare pathogenic
germline variants (PVs), and family history jointly influence breast cancer and prostate cancer
risk.
Methods: A total of 200,643 individuals from the UK Biobank were categorized as follows: (1)
heterozygotes or nonheterozygotes for PVs in moderate to high-risk cancer genes, (2) PRS
strata, and (3) with or without a family history of cancer. Multivariable logistic regression
and Cox proportional hazards models were used to compute the odds ratio across groups and
the cumulative incidence through life.
Results: Cumulative incidence by age 70 years among the nonheterozygotes across PRS strata
ranged from 9% to 32% and from 9% to 35% for breast cancer and prostate cancer, respectively.
Among the PV heterozygotes it ranged from 20% to 48% in moderate-risk genes and from 51%
to 74% in high-risk genes for breast cancer, and it ranged from 30% to 59% in prostate cancer
risk genes. Family history was always associated with an increased cancer odds ratio.
Conclusion: PRS alone provides a meaningful risk gradient leading to a cancer risk stratification
comparable to PVs in moderate risk genes, whereas acts as a risk modifier when considering
high-risk genes. Including family history along with PV and PRS further improves cancer risk
stratification.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Breast cancer and prostate cancer represent 2 of the most
common cancers in women and men, respectively. Within
the UK Biobank (UKB) cohort, breast cancer is the most
prevalent cancer diagnosis in females, and prostate cancer is
the most prevalent cancer diagnosis in males (https://
biobank.ctsu.ox.ac.uk/~bbdatan/CancerSummaryReport.
html). Along with several other factors, predisposing genetic
variants (constitutional/germline variants) play a crucial role
in the risk of developing breast cancer and prostate cancer.

Both breast cancer and prostate cancer are characterized
by a high heritability, estimated to be around 31% for breast
cancer1 and 58% for prostate cancer.2 Within breast cancer
cases, approximately 5% to 10% are monogenic forms
caused by moderate to high penetrant pathogenic germline
variants.3 Similarly, in prostate cancer familial subtypes
following a Mendelian inheritance have been identified.4 It
is noteworthy that in 17% of the patients with family history
for prostate cancer, who were referred for genetic testing, a
pathogenic germline variant could be identified.5 Breast
cancer and prostate cancer share some susceptibility genes
suggesting a potential shared genetic predisposition between
the 2 cancer types.6 It has also been observed that family
history in first-degree relatives for prostate cancer increases
women’s risk of developing breast cancer by 14%.7 Simi-
larly, having a first-degree relative with breast cancer in-
creases the chance of developing prostate cancer by 18%,8

which further underpins the hypothesis of shared genetic
risk factors.

Several studies have shown the crucial role of predis-
posing germline variants in the etiology of breast cancer:
rare high-risk variants in BRCA1 and BRCA29; rare inter-
mediate-/moderate-risk variants in PALB2, CHEK2, and
ATM10; and various common low risk variants.11 In partic-
ular, BRCA1/2 pathogenic variants are most commonly
linked to monogenic breast cancer, usually designated as
hereditary breast cancer and ovarian cancer.3

In addition to the risk conferred by rare pathogenic var-
iants in the strongly associated genes, different genome-
wide association studies (GWAS) have identified hundreds
of single-nucleotide variations associated with breast cancer
risk. Although each single-nucleotide variation has a
negligible effect size, their cumulative effect calculated as
polygenic risk score (PRS) contributes significantly to the
cancer risk, and it can improve disease risk stratification in
the general population.12 Although it is well-established that
both rare and common constitutive variants are associated
with breast cancer, only few studies have explored their
combined effect and specifically to what extent the poly-
genic background acts as a risk modifier of monogenic
variants of breast cancer.

For instance, the Breast and Ovarian Analysis of Disease
Incidence and Carrier Estimation Algorithm model is a
comprehensive breast cancer prediction tool incorporating
BRCA1, BRCA2, PALB2, ATM, and CHEK2 variants, along
with other risk factors such as family and medical history,
lifestyle, and, recently, also PRS.13 In a recent study, the
impact of PRS on the penetrance of the breast cancer risk
variants was assessed for NM_024675.3:c.1592del
(rs180177102) in PALB2 and NM_007194.3:c.1100del
(rs555607708) in CHEK2 in Finnish population14 and for
BRCA1/2 cancer-associated variants in a previous release of
UKB including a smaller cohort of 49,960 individuals with
exome-sequencing data.15

Similarly, different genes are associated with the eti-
ology of prostate cancer, in particular BRCA1/2, ATM,
CHEK2, and HOXB13.16-18 Moreover, several studies
have shown that for prostate cancer also the cumulative
risk driven by the presence of common variants as sum-
marized by PRS models is strongly associated with the
cancer risk.19 Few studies showed the effect of PRS
stratification among heterozygotes for p.G84E in
HOXB13,20 and heterozygotes for BRCA1/2 pathogenic
variant.21 However, those studies focused only on specific
variants or genes.

In this work, we compared the prevalence and the life-
time risk of breast cancer and prostate cancer among
200,643 individuals from the UKB. Individuals were cate-
gorized into heterozygotes and nonheterozygotes of rare
pathogenic or likely pathogenic (P/LP) variants (hereafter
defined as PV) in moderate or high susceptibility genes;
low, intermediate, and high PRS; and with or without a
family history for the respective cancer.
Material and Methods

Data source

This study was performed using genetic and phenotypic data
from UKB (application number 52446). UKB is a long-term
prospective population-based study, and the volunteers are
being recruited mainly from England, Scotland, and Wales;
it involves more than 500,000 participants aged between 40
and 69 years at recruitment. An abundant diversity of
phenotypic and health-related information is available on
each participant; for 487,410 samples, genotyping data are
available, and for 200,643 individuals, exome sequencing
(ES) data are also available. The data set is accessible for
research purposes, and all participants provided documented
consent.22

Study participants

Breast cancer cases were defined on the basis of self-
reported code 1002 (in data field 20001), International
Classification of Diseases (ICD)-10 code C50.X, or ICD-9
code 174.X in hospitalization records. For prostate cancer,
cases with self-reported code 1044 (in data field 20001),
ICD 10 code C61 and D075, or ICD-9 code 185 in

https://biobank.ctsu.ox.ac.uk/~bbdatan/CancerSummaryReport.html
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hospitalization records were included. The remaining sam-
ples with no other cancer diagnosis were considered as
controls. Individuals of all ancestries were included in the
analysis. Only individuals with both genotyping and ES data
were included (N = 200,643). On the basis of the available
genotype data, we excluded outliers for heterozygosity or
genotype missing rates, putative sex chromosome aneu-
ploidy, and discordant reported sex vs genotypic sex. In the
analysis, we included only females for breast cancer and
only males for prostate cancer. We excluded 1 from each
pair of related individuals if the genetic relationship was
closer than the second degree, defined as kinship coefficient
> 0.0884 as calculated by the UKB (https://biobank.ctsu.ox.
ac.uk/crystal/crystal/docs/ukbgene_instruct.html).

Variant selection

Annovar23 was used to annotate the variant call format files
per chromosome from the 200,643 ES data. Variant fre-
quencies were retrieved from the Genome Aggregation
Database (gnomAD),24 whereas ClinVar25 annotations were
considered to interpret the pathogenicity of germline
variants.

The following inclusion criteria were applied to select rare
PV in the UKB data: (1) only variants in protein-coding re-
gions of the BRCA1/2, CHEK2, ATM, and PALB2 genes for
breast cancer and BRCA1/2, CHEK2, ATM, and HOXB13
genes for prostate cancer; (2) allele frequency < 0.005 in at
least 1 ethnic subpopulation of gnomAD and also allele fre-
quency < 0.005 in gnomAD overall; (3) not annotated as
synonymous, nonframeshift deletion, and nonframeshift
insertion; and (4) annotated as P/LP on the basis of ClinVar,
ie, if the variant is consistently classified as such or, in case of
a conflicting interpretation, if at least 3 P/LP annotations were
available without any benign/likely benign classification. A
similar variant filtering approach has been applied in a recent
analysis aimed at identifying disease causing monogenic
variants.15 Individuals carrying any of the identified variants
in the moderate to high penetrant genes in heterozygous or
homozygous state were classified as PV heterozygotes. We
use the term nonheterozygote to refer to individuals who are
not heterozygous for a PV variant.

PRS

To generate the PRS, we used a previously validated PRS
for breast cancer and prostate cancer containing 313 and
103 variants, respectively.21,26 The PRS was calculated
from the UKB genotype data using the PLINK 2.027

scoring function. We applied a previous approach to
minimize variance in PRS distributions across genetic
ancestries.28 Specifically, we fit linear regression model
using the first 4 ancestry principal components (PCs) in
the controls (PC_PRS = PC1 + PC2 + PC3 + PC4). The
derived model was applied to predict the PC_PRS over
the entire data set. The PC adjusted PRS was calculated
by subtracting PC_PRS from the raw PRS (ie, the re-
sidual PRSs were computed) and used for the subsequent
analyses.
Statistical analysis

Individuals were stratified on the basis of the PRS percen-
tile, presence or absence of PV (ie, heterozygous or non-
heterozygous), and family history. We considered the
corresponding family history of cancer in parents and sib-
lings as reported by participants (UKB Data-fields: 20110,
20107, 20111). We assigned individuals to low (<10%),
intermediate (10%-90%), and high (>90%) PRS where the
definition of a high PRS (above the 90th percentile) fol-
lowed a previous study.18 The rationale to stratify PRS into
3 risk classes was in line with the hypothesis that PRS is
associated with a nonlinear decrease of risk for extremely
low PRS and nonlinear increase of risk for extremely high
PRS as observed in other studies.12

Intermediate PRS, nonheterozygote, and an absent family
history corresponded to the large majority of individuals
(69.9% and 72.1% for breast cancer and prostate cancer,
respectively); therefore, this group was used as a reference
to assess cancer prevalence in the population (ie, to compute
the odds ratios [ORs]). We performed the analysis consid-
ering all genes (ie, heterozygotes of variants in any of the
susceptibility genes) and also performed gene-specific
analysis. For breast cancer, we stratified between PV het-
erozygotes in genes characterized by moderate/intermediate
penetrance (ie, ATM, CHEK2, PALB2, in the following
summarized as moderate) and heterozygotes in highly
penetrant genes (ie, BRCA1/2) to assess the effect of PRS in
the 2 risk groups. In contrast, for prostate cancer, we defined
only a single group because there is no clear difference in
the penetrance of the included genes. For each group, we
computed the OR using a logistic regression model adjusted
for age at recruitment and the first 4 PCs. We then predicted
the cancer ORs across PRS percentiles from a logistic
regression model by considering nonheterozygotes without
family history with intermediate PRS as reference
and conditioning on the mean of covariates (age and the first
4 PCs).

We estimated the lifetime risk by age 70 years resulting
from PV status and the PRS. We fit a Cox proportional
hazards model using the R package survival. We used age as
the time scale representing the time-to-event, considering
age at diagnosis in cases and age of last assessment in
controls. The model included PV heterozygote status, PRS
strata (ie, low, intermediate, high), age, and the first 4
ancestry PCs, whereas adjusted survival curves were plotted
with the R package survminer. For all statistical analyses,
we used R 3.6.3.

https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/ukbgene_instruct.html
https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/ukbgene_instruct.html
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Results

Stratification of UKB cohort individuals for cancer
prevalence, family history, and genetic risk factors

Within the 200,643 UKB individuals with available geno-
typing and exome data, we identified 6288 breast cancer
cases (3838 prevalent cases and 2450 incident cases) with a
mean age at diagnosis of 55.6 years. The remaining 85,903
women with no other cancer diagnosis were considered as
controls, and the mean age at last visit was 56.8 years
(Supplemental Table 1).

For prostate cancer, a total of 4021 cases (1331 prevalent
cases and 2690 incident cases) were identified with a mean
age at diagnosis of 64.4 years. The remaining 73,053 men
with no other cancer diagnosis were considered as controls,
and the mean age at last visit was 57.0 years (Supplemental
Table 2).

It is noteworthy that both in breast cancer and prostate
cancer, there was a significantly higher proportion of in-
dividuals with a family history for cancers not only among
heterozygotes of PV in the selected cancer susceptibility
genes (OR = 2.09 and 1.62, P < .01) but also among in-
dividuals with high-PRS (OR = 1.38 and 1.37, P < .01)
(Tables 1 and 2).

Distribution of PV heterozygotes within the UKB
cohort

We identified 1622 heterozygotes of 309 PV in the 5
analyzed breast cancer susceptibility genes ie, BRCA1/2,
PALB2, CHEK2, and ATM.

In addition, 1492 heterozygotes of 259 PV were found in
the 5 considered prostate cancer susceptibility genes, ie,
BRCA1/2, ATM, CHEK2, and HOXB13. The list of the
considered variants, annotations, and number of heterozy-
gotes are available in the Supplementary File 2.

Among the study participants, homozygous PVs were not
identified either in breast cancer or in prostate cancer.

PRS distribution within the UKB cohort

The breast cancer and prostate cancer PRSs followed a
normal distribution (raw and PC-adjusted PRS are shown in
Supplemental Figure 1) and were significantly higher in
cases than in controls (P < .01) (Supplemental Figure 2).

We observed a nonlinear increase of cancer risk for in-
dividuals in the extreme right tail of the PRS distribution
and a less evident nonlinear decrease in the left tail
(Supplemental Figure 3–disease prevalence by PRS
percentile for both breast and prostate cancer). This cor-
roborates the hypothesis that PRS can be used to stratify
individuals into risk classes according to a liability threshold
model29 (ie, low, intermediate, and high risk).
Interplay between PV heterozygosity and PRS

None of the selected PV was included in the PRS, and thus,
they represent an independent genetic signal. We observed
that the mean and median of PRS was significantly higher in
affected heterozygotes than in unaffected heterozygotes
(Supplemental Figure 4).

For breast cancer, we performed a separate analysis for
the high-risk genes BRCA1/2 and the moderate-risk genes
PALB2, CHEK2, and ATM. We estimated how breast cancer
risk is influenced by PRS and the heterozygous status for PV
in cancer susceptibility genes by computing the ORs for
cancer across groups with respect to nonheterozygotes with
intermediate PRS because they represent the major group in
the population. Heterozygotes with intermediate PRS
represent the heterozygotes population, and therefore, they
are designated as heterozygotes for simplicity. The high-risk
genes PV heterozygotes had a higher OR than individuals
with only a high PRS (5.9 vs 2.0, Figure 1A). Instead, PV
heterozygotes in the moderate risk genes had an OR com-
parable with the OR in case of nonheterozygotes with high
PRS (OR = 2.2 vs 2.0), but the number of nonheterozygote
women with high PRS was considerably larger than the
number of heterozygotes (Figure 1A). Notably, women
heterozygous for PV in moderate risk genes
(ie, ATM, CHEK2 and PALB2) with low PRS had a lower
risk than nonheterozygote women with only high PRS (OR
1.2 vs 2.0).

In general, PRS modifies the penetrance of PVs in both
moderate- and high-risk genes. Of note, PV heterozygote
women with low PRS in case of both high-risk and
moderate-risk genes had lower ORs (ie, 2.9 and 1.2,
respectively), whereas heterozygote women with high PRS
had the largest absolute ORs (OR = 8.6 and 3.3, respec-
tively; Figure 1A).

For prostate cancer, PV heterozygotes with intermediate
PRS had OR comparable with that of nonheterozygotes with
high-PRS (OR = 2.3 vs 2.2) and even lower in case of low
PRS (OR = 1.6). Notably, similar to the number observed in
women for breast cancer, the number of nonheterozygote
men with high PRS was considerably larger than the number
of heterozygotes (Figure 1C). As expected, among PV
heterozygotes, men with low PRS had the lowest ORs and
the men with high PRS had the highest ORs (1.6 and 6.1,
respectively, Figure 1C).

Similarly, analysis of the lifetime cancer risk showed a
joint effect of PV and PRS. The cumulative incidence by
age 70 years in heterozygotes was the lowest in case of low
PRSs and the highest in the case of high PRS. In breast
cancer, values ranged from 51% to 74% for high-risk genes
and from 20% to 48% for moderate-risk genes (Figure 1B),
whereas for prostate cancer the incidence ranged from 30%
to 59% (Figure 1D). Notably, for nonheterozygotes the
cumulative incidence ranged between 9% and 32% for
breast cancer and between 9% and 35% for prostate cancer.



Table 1 Characteristics of the participants categorized by PV heterozygosity status and PRS strata in prostate cancer

Heterozygote
and High PRS

Heterozygote
and

Intermediate
PRS

Heterozygote
and Low PRS

Nonheterozygote
and High PRS

Nonheterozygote
and Intermediate

PRS
Nonheterozygote
and Low PRS

Participants, n 187 1185 120 7520 60,474 7588
Cases, n (%) 42 (22.46) 118 (9.96) 8 (6.67) 728 (9.68) 2971 (4.91) 154 (2.03)
Controls, n 145 (77.54) 1067 (90.04) 112 (93.33) 6792 (90.32) 57,503 (95.09) 7434 (97.97)
Age,a mean (SD) 57.89 (8.92) 57.19 (8.68) 56.31 (8.41) 57.31 (8.73) 57.43 (8.7) 57.31 (8.75)
Family history of

prostate cancer, n (%)
33 (17.65) 135 (11.39) 19 (15.83) 798 (10.61) 4880 (8.07) 455 (6)

PRS, polygenic risk score; PV, pathogenic variant.
aAge at diagnosis for cases and age at last visit for controls.
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Inclusion of family history on the cancer risk
stratification

A family history of the corresponding cancer was present in
19% and 16% of cases and 10.7% and 7.8% of controls
(OR = 2.0 and 2.3, P < .01) for breast cancer and prostate
cancer, respectively (Supplemental Tables 1 and 2).
Considering individuals with no family history and inter-
mediate PRS as reference, we found that both family history
and PRS were associated with higher risk (see ORs in
Supplemental Figures 5 and 6). The risk was lowest for low
PRS and no family history (ORs of 0.45 and 0.42 for breast
cancer and prostate cancer, respectively) and the highest in
the presence of both family history and high PRS (ORs of
3.5 in breast cancer and 4.6 in prostate cancer).

The full models considering the underlying continuous
distribution of PRS by computing the predicted ORs across
PRS percentiles in individuals stratified for family history
and PV status in moderate-risk and high-risk genes showed
that the cancer risk is strongly influenced by PRS in all
groups (Figure 2). Considering the nonheterozygotes with
no family history and median PRS percentile group as
reference, the predicted breast cancer ORs in the lower tail
of PRS was 0.36 for nonheterozygotes with no family his-
tory, whereas in the upper tail of PRS, for PV heterozygotes
with family history, the OR reached 6.6 and 10.3 in
Table 2 Characteristics of the participants by PV heterozygosity statu

Heterozygote
and High PRS

Heterozygote
and

Intermediate
PRS

Heterozy
and Low

Participants, n 222 1279 121
Cases, n (%) 56 (25.23) 241 (18.84) 16 (1
Controls, n 166 (74.77) 1038 (81.16) 105 (8
Age,a mean (SD) 55.51 (8.83) 56.03 (8.7) 54.74 (9
Family history of

breast cancer, n (%)
56 (25.23) 260 (20.33) 20 (1

PRS, polygenic risk score; PV, pathogenic variant.
aAge at diagnosis for cases and age at last visit for controls.
moderate-risk and high-risk genes, respectively. A similar
trend was observed for prostate cancer in which the lowest
predicted OR of 0.3 was reached for PV nonheterozygotes
without family history and OR of 13.1 for heterozygotes
with family history and high PRS.

The effect of PRS in single gene heterozygotes

We estimated how PRS influences breast cancer prevalence
among PV heterozygote women in each of the analyzed
susceptibility genes.

The gene-specific analysis revealed a strong variability in
risk conferred by rare PV in different genes. In particular,
for breast cancer, the largest effect sizes were attributable to
BRCA1/2, a comparably lower effect size was present for
PALB2 and ATM, and the lowest effect size was observed
for CHEK2 (Supplemental Figure 7). Gene-specific analysis
in prostate cancer also showed heterogeneity across gene
effect sizes with the largest effect observed for HOXB13 and
the smallest effect observed for BRCA1 (Supplemental
Figure 8). Despite having single genes, both breast and
prostate cancers were characterized by different effect sizes,
and the PRS modifies the relative risk across all genes.

Similar to the overall analysis, the gene-specific analysis
showed that family history, PV, and PRS are associated with
increased cancer risk. Despite the genes characterized by
s and PRS strata in breast cancer

gote
PRS

Nonheterozygote
and High PRS

Nonheterozygote
and Intermediate

PRS
Nonheterozygote
and Low PRS

8997 72,473 9099
3.22) 1068 (11.87) 4634 (6.39) 273 (3)
6.78) 7929 (88.13) 67,839 (93.61) 8826 (97)
.52) 56.52 (8.35) 56.75 (8.4) 57.08 (8.31)
6.53) 1317 (14.64) 8023 (11.07) 710 (7.8)



Figure 1 Cancer odds ratio and cumulative incidence among individuals categorized according to the presence of PV heterozygotes
and PRS. Heterozygotes and nonheterozygotes were categorized into 3 strata on the basis of their PRS: low (<10 percentile), intermediate
(10-90 percentile), or high (>90 percentile) PRS. The odds ratio was calculated from a logistic regression model with age, and the first 4
principal components of ancestry as covariates for breast cancer (A), and prostate cancer (C). The reference group was nonheterozygotes with
intermediate PRS. The adjusted odds ratio is indicated by the colored boxes. The numbers next to the odds ratios indicate the sample size of
the corresponding group. The 95% CI are indicated by the vertical lines around the boxes. Cumulative incidence was estimated from a Cox
proportional hazards model using age, and the first 4 ancestry principal components for breast cancer (B), and prostate cancer (D). PRS,
polygenic risk score; PV, pathogenic variant.
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different risk levels, family history lead to larger ORs, and this
trendwas observed across different PRS strata (Figure 3A and
B for breast and prostate cancer, respectively).
Discussion

In this study, we analyzed how breast and prostate cancer
prevalence and cumulative incidence within the UKB cohort
is affected by genetic susceptibility and family history. We
considered both the genetic component driven by rare PV in
genes associated with hereditary forms of cancer and the
polygenic background present in all individuals.
Our results support the hypothesis of cumulative genetic
risks caused by both rare PV and the polygenic background.
We observed a higher prevalence of cancer in PV hetero-
zygotes with high PRS (ie, individuals with suspected he-
reditary forms of breast cancer and prostate cancer). This
result corroborates the role of the polygenic background as a
modifier of the breast cancer and prostate cancer risk among
PV heterozygotes unselected for specific clinical criteria (as
the UKB cohort), and this is in line with that observed in
other studies focused on specific genes or variants.14,15

Lifetime risk analysis of breast cancer and prostate cancer
indicated that the cumulative disease incidence can be
jointly influenced by the presence of PV and the polygenic
contribution over the course of life.



Figure 2 Interplay of PV, family history, and polygenic risk score (PRS). Predicted odds ratios for cancer were estimated from logistic
models adjusted for age and first 4 ancestry principal components for breast cancer (A), and for prostate cancer (B). Nonheterozygotes with
median PRS and no family history served as the reference group. PRS, polygenic risk score; PV, pathogenic variant.
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Single-gene analysis revealed heterogeneous effects
across genes, and therefore, the modifier role exerted by
PRS should be framed within the absolute risk attributable
to individual genes. This is in line with a recent study
suggesting that PRS inclusion in risk stratification may
prevent excess of surveillance for breast cancer in PV het-
erozygotes in moderate-risk genes such as CHEK2 and
ATM, whereas the cancer risk for PV heterozygotes in high-
risk genes such as BRCA1/2 is clinically relevant irre-
spective of the PRS.30 Another recent work showed that
there is a wide-range of absolute risks for breast cancer and
prostate cancer in PV heterozygotes in terms of different
genes and across PRS stratification.31

Our results showed that the PRS acts as a risk modifier
for breast cancer and prostate cancer among both the general
population and PV heterozygotes in all the well-known
cancer susceptibility risk genes. PRS can define a signifi-
cant proportion of the general population that is at a risk
comparable with PV heterozygotes for moderate-risk genes
or even more when considering family history. According to
these findings, there should be a potential benefit including
PRS in health care prevention policies for both the general
population and at-risk individuals carrying PVs because
risk-stratified surveillance might improve early disease
detection and prevention.32,33

In particular, we observed that women with PVs in
moderate-risk genes ATM, CHEK2, or PALB2 with a high
PRS had a cumulative incidence comparable with women
with PV in high-risk genes BRCA1/2 with a low PRS. On
the contrary, women heterozygous for PV in moderate-risk
genes with a low PRS had a cumulative incidence compa-
rable to the general population. These results suggest that
for women with PV in moderate-risk genes, the addition of
PRS can optimize the risk stratification, which is often based
on the life-time risk. Therefore, especially in the presence of
PV in moderate-risk genes for breast cancer, intense sur-
veillance programs and potential preventive measures can
be better assessed when including the modifier role of PRS.

Moreover, with increasing population-based cohort sizes,
PRS can better define a small group of very high-risk
nonheterozygote individuals in the extreme tail of the PRS
distribution characterized by even larger ORs and cumula-
tive incidences than the ones observed in the current
analysis.

In addition, our results showed that the inclusion of
family history can further and independently improve the
risk stratification along with genetic factors. Previous
studies have discussed that family history is mainly asso-
ciated with monogenic variants and minimally with
PRS.34,35 However, the PRS predictions are affected by
estimation errors in variant effect sizes from the reference
GWAS; thus, it can be expected that more accurate PRS
models will be developed with the increased availability of
population-based data.36 Moreover, the additional effect of
family history can be caused by unconsidered variants in the
genetic risk models (eg, copy number variations), but it can
also capture nongenetic contributors such as environmental/
lifestyle factors.

Our study has different limitations. First, there is evi-
dence of a healthy volunteers selection bias of the UKB
cohort, and thus, the results might not be generalizable in
terms of effect sizes.37 Second, our risk assessment was
based solely on genetic variants and family history and did
not include other risk factors. Previous studies with UKB
showed that lifestyle modifiable risk factors play a pivotal
role in cancer prevalence,38 and a shared lifestyle within
families could influence family history with the disease.39

This might explain the additional effect of family history



Figure 3 Interplay of pathogenic variant, family history, and PRS in single genes. Odds ratios for cancer were estimated from logistic
models adjusted for age and first 4 ancestry principal components for breast cancer (A), and prostate cancer (B). Nonheterozygotes with 40%
to 60% PRS and no family history served as the reference group. PRS, polygenic risk score.
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of cancer with respect to the genetic risk. Finally, although
we performed the analysis on the whole UKB cohort, we
could not test the risk stratification generalizability across
different populations because of the limited sample size.
PRS could be biased toward the European population
because PRS was constructed on the basis of European
reference GWAS. Thus, PRS might be a worse predictor in
non-European or admixed individuals, as previously dis-
cussed in different studies.40

In conclusion, we showed the significant role of PRS in
both general population and heterozygotes of rare patho-
genic germline variants in moderate to high-risk cancer
genes. PRS strongly alters the penetrance of moderate-risk
and high-risk variants and influences the lifetime disease
risk. The data suggest that stratification of individuals based
solely on the PRS can reach ORs comparable with those
associated with heterozygotes of PV in moderate-risk genes
that are currently subject to risk-adapted tailored surveil-
lance programs. Consequently, PRS can identify a relatively
large group of individuals within the general population for
whom intense surveillance measures such as those offered
to heterozygotes of moderate-risk genes should be consid-
ered. These findings highlight the potential usefulness of
PRS in the context of cancer risk stratification. Our analysis
shows that family history along with rare PV and PRS
represents an additional stratification level to the
cancer risk.
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