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ABSTRACT
Background  Penetrance of breast cancer (BC) among 
women who carry pathogenic variants (PVs) in BRCA1 
is incomplete, and the age at BC diagnosis varies 
considerably, even among carriers of the same PV, 
suggesting the involvement of genetic and non-genetic 
risk modifying factors. Polygenic Risk Score (PRS) models 
based on common sequence variants account for less 
than 10% of the total risk variability among BRCA1 PV 
carriers, indicating that further genetic modifiers remain 
to be identified.
Methods  Here, for the first time, we applied whole-
exome sequencing for this challenge, investigating 
a cohort of 321 Israeli women carrying the BRCA1 
185delAG founder PV.
Results  In our cohort, we found that harbouring additional 
putatively damaging missense variants in genes involved 
in innate immunity was significantly associated with earlier 
BC onset. The HR for carrying a missense variant in genes 
annotated to the top-scoring immune-related gene set 
NATURAL_KILLER_CELL_ACTIVATION was 3.62 (95% CI 
1.96 to 6.67; p=3.8×10-5).
Conclusion  These findings highlight a potential role 
for innate immune pathways as modifiers of BRCA1 
penetrance and support the development of more 
refined, personalised risk prediction models.

INTRODUCTION
BRCA1 (MIM# 113705) is one of the two prom-
inent breast cancer (BC) susceptibility genes. 
Women harbouring a pathogenic variant (PV) in 
BRCA1 have an estimated 60–80% lifetime risk of 
developing BC, along with a substantially elevated 
risk (30–40%) of ovarian cancer.1 2 Current risk 
mitigation options for female BRCA1 carriers 
range from intensive early-age (25–30 years) BC 
screening, primarily by MRI, to chemoprevention 
and active risk-reducing surgical removal of the 
breasts (risk-reducing mastectomy (RRM)) and 
of the fallopian tubes and ovaries (risk-reducing 
salpingo-oophorectomy (RRSO)).3 Critical clin-
ical decisions include the decision to opt for RRM 
and determining the optimal age for RRSO. These 
surgical options are invasive, irreversible, associ-
ated with substantial life-changing effects and may 
have adverse psychological impacts.4 Although 
penetrance for BC in BRCA1 carriers is high, it 
is incomplete, and age at BC diagnosis among 
BRCA1 carriers varies widely, even among carriers 

of identical PV in the same families.5 Combined, 
this variability suggests the effects of modifying 
factors—genetic and non-genetic—that affect 
BRCA1-associated BC risk. Our limited under-
standing of these risk-modifying factors hampers 
personalised clinical decision-making, including 
decisions regarding surveillance and the appro-
priate type and timing of risk-reducing strategies. 
Therefore, there is a major clinical need for refined, 
personalised risk models for BRCA1 carriers. This 
need is particularly important in Israel, where a 
predominant founder PV in BRCA1 (c.68_69del; 
p.Glu23fs, also known as 185delAG-rs80357914) 
makes Ashkenazi Jews (AJ) the ethnic group with 
the highest population-wide prevalence of BRCA1 
carriers worldwide. The prevalence of BRCA1 
carriers among AJ is approximately five to six times 
higher (~1:1002) compared with ~1:500–1:600 in 
most other genetically heterogeneous populations.6

Efforts to identify genetic variants that modify 
cancer risk in BRCA1 carriers have been ongoing 
for the past two decades, led primarily by the large 
international Consortium of Investigators of Modi-
fiers of BRCA1/2 (CIMBA).7 Several recent studies 
have demonstrated the utility of Polygenic Risk 
Score (PRS) models in stratifying BC risk in BRCA1 
carriers.8–11 Notably, a recent CIMBA study showed 
that a PRS model incorporating 313 BC risk SNPs 
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(BC PRS313) is significantly associated with BC risk in BRCA1 
carriers of European ancestry. For example, BRCA1 carriers in 
the 5th and 95th percentiles of BC PRS313 showed an approx-
imately twofold difference in absolute BC risk by age 50 (31% 
vs 58%, respectively).12 Despite this notable difference, the PRS 
model explains less than 10% of the overall variation in BRCA1 
carrier risk, highlighting the likely existence of many additional 
risk modifying factors.11 13

Current PRS models, including BC PRS313, are based on 
genome-wide association studies (GWAS) findings, which are 
limited by design to common variants (minor allele frequency 
(MAF) >1%). Pioneering studies have begun to explore the 
roles of other forms of genetic variation, not captured by GWAS, 
in modifying BC risk among BRCA carriers. For example, the 
potential contributions of low-frequency germline CNVs,14 vari-
able number of tandem repeats15 and sequence variants within 
candidate modifier genes16 have been investigated. In particular, 
given the role of BRCA1 protein product in DNA repair, a recent 
study hypothesised that reduced activity of additional genes 
involved in DNA damage repair (DDR) may further increase 
BRCA1 PV penetrance, as manifested in earlier age at BC diag-
nosis.17 Focusing on a curated set of 311 genes known to func-
tion in DDR pathways—and using extreme-phenotype sampling 
of BRCA1 PV carriers with either early BC onset (before age 35) 
or who remained cancer-free by age 60—their results suggested 
that carrying additional PTVs in DDR genes might be associated 
with earlier BC onset in BRCA1 PV carriers (OR 3.1; 95% CI 
0.92 to 11.5; p=0.07).17

In this study, we further hypothesised that—given the pivotal 
role the immune system plays in cancer pathogenesis and surveil-
lance18–22—impaired immune function may also modify BC risk 
among BRCA1 PV carriers. Leveraging a large whole-exome 
sequencing (WES) cohort of Israeli women carrying the BRCA1 
185delAG AJ founder PV, we examined whether carrying addi-
tional putatively damaging variants in genes involved in distinct 
arms of the immune system was associated with age at BC 
diagnosis.

METHODS
Cohort
Our study included a cohort of 321 Israeli women carrying 
the BRCA1 185delAG PV, 98 of whom were diagnosed with 
BC (online supplemental table S1). The cohort was recruited 
through the Meirav High-Risk Clinic at Sheba Medical Center 
(SMC), where participants are enrolled in a clinical surveillance 
programme that includes biannual breast clinical examinations 
and breast MRI alternating with ultrasound and/or mammog-
raphy. Recruitment was conducted under an ethically approved 
protocol, carried out in collaboration with Regeneron at SMC, 
and each participant provided written informed consent.

Whole-exome sequencing
WES was carried out at the Regeneron Genetics Center following 
previously published protocols.23 In brief, genomic DNA was 
sheared and used to prepare 75 bp paired-end libraries for 
exome sequencing. Samples were captured using the IDT XGen 
exome capture reagent and sequenced on an Illumina NovaSeq 
instrument. Captured fragments were sequenced to achieve a 
minimum of 85% of the target bases covered at 20× or greater. 
Following sequencing, data were processed using a DNAnexus 
implemented cloud-based pipeline that runs standard tools for 
sample-level data production and analysis. Sequence reads were 
aligned to the GRCh38/hg38 human genome reference assembly 

using BWA-mem, and SNP and InDel variants were called using 
GATK’s HaplotypeCaller in accordance with the best practices 
for germline short variant discovery.

Principal Component Analysis (PCA)
PCA was performed using PLINK V.1.9 on genotype data, 
including only variants with no missing genotypes (geno=0). 
The top five principal components (PCs) were extracted for 
downstream analyses.

Variant annotation and filtering
All variants were annotated with the Ensembl Variant Effect 
Predictor (VEP, cache V.109).24 Variants were filtered by popu-
lation frequency using gnomAD.25 Variants with a general or 
AJ-specific MAF greater than 0.05 were excluded. In addi-
tion, variants whose MAF in our study’s cohort was greater 
than 0.2 were excluded too. For VEP annotations, only 
protein-coding transcripts (ie, transcripts annotated with the 
protein_coding, TR genes or IG genes biotypes) were consid-
ered, using ENSEMBL annotations. For each variant, the most 
impactful annotation was selected according to the following 
hierarchy: loss-of-function (LoF)>missense>inframe insertion/
deletion>synonymous>non-coding annotations (eg, down-
stream, intronic).

Association tests with BC age at diagnosis
We used multivariate Cox regression models to assess the asso-
ciation between age at BC diagnosis and mutational status in the 
examined genes or gene sets. The model controlled for the top 
five PCs and for the total number of damaging alleles across the 
exome of each woman. Specifically, we applied the following 
Cox proportional hazards model for the hazard function h(t):

	﻿‍
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where i is an index for individuals, Xin is the number of puta-

tively damaging variants in the tested gene or gene set and Xtot 
is the total number of putatively damaging variants in all the 
protein-coding genes. Time was either the age at BC diagnosis or 
censoring age at last follow-up. To appropriately account for the 
impact of risk-reducing surgeries, for women who underwent 
such procedures, we considered the timing of cancer diagnosis in 
relation to the surgical intervention. Specifically, (1) if a woman 
underwent RRM or bilateral salpingo-oophorectomy (BSO) 
and had not been diagnosed with cancer, the age at surgery was 
used as the age of censoring. (2) If cancer developed prior to 
surgery, the age at diagnosis was used. (3) In cases where surgery 
preceded a subsequent cancer diagnosis, the age at surgery was 
taken as the relevant event age, reflecting the preventive intent 
of the operation.

We ran the model separately for the low frequency LoF vari-
ants and low frequency putatively damaging missense variants 
(alphaMissense score >0.85).

Gene set-level control tests with synonymous variants
As a negative control, we ran the same analysis using low-
frequency synonymous variants. In each run, for every woman, 
we randomly sampled synonymous variants in the same number 
as her damaging variants (LoF or missense). We repeated these 
control runs 100 times.

In the gene set-level tests, overlaps between Gene Ontology 
Biological Process (GOBP) gene sets create dependencies between 
tests, leading to substantial deviations of the observed p value 
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distribution from the expected null. To construct a null distri-
bution of p values that accounts for these dependencies (used 
for comparison with the observed p values in the QQ plots), we 
permuted the assignment of genes to GOBP gene sets. This gene 
permutation preserves both the sizes of the gene sets and their 
overlaps. We ran the Cox model on 100 such random iterations 
and constructed the null p value distribution by averaging the 
ranked p values across iterations.

RESULTS
We analysed a cohort of 321 Israeli women carrying the BRCA1 
185delAG AJ founder PV. Most participants were of AJ ancestry 
(207/321; 64%), but Israeli women of other Jewish ethnic back-
grounds were also included: Middle Eastern, Balkan, North 
African and admixed ancestries (online supplemental figure S1). 
Of the participants, 84 women (26%) developed BC (excluding 
the 14 women who developed BC after undergoing BSO), with a 
mean age at diagnosis of 41.5 years (median 40.0 years). Age at 
BC onset showed considerable variation, with an SD of 10.7 years 
and a range of 26–75 years (figure 1). After filtering by MAF, 
we identified 111 627 unique protein-coding variants (485 413 
variants in total): 42 966 unique synonymous (201 623 in total), 
64 861 unique missense (270 251 in total) and 3800 unique LoF 
(13 539 in total) variants. We evaluated the potential functional 
impact of the missense variants using the alphaMissense score,26 
identifying 3113 unique variants having a putatively damaging 
effect (9004 in total, alphaMissense score >0.85).

First, we performed gene-level tests to identify genes whose 
mutational status may be associated with BRCA1 penetrance. We 
applied a multivariate Cox regression model to assess the asso-
ciation between carrying additional low-frequency, putatively 
damaging variants in each tested gene and BC age at diagnosis 

in our BRCA1 carriers cohort. The model controlled for the top 
five PCs and the total protein-coding mutational burden of each 
woman (see the Methods section). We conducted separate anal-
yses for missense and LoF variants and tested all protein-coding 
genes that harboured at least 10 damaging variants (153 genes 
for missense; 247 genes for LoF). Only one gene, KMT2C, in 
the missense variant analysis—and none in the LoF variant anal-
ysis—was identified at a 5% false discovery rate (FDR) (online 
supplemental table S2 and figure S2). KMT2C, a gene that 
encodes a nuclear protein involved in histone methylation and 
transcriptional activation, has previously been implicated in BC 
pathogenesis.27

Next, we conducted gene-set level analyses. We first tested 
the previously reported association between LoF variants in 
DDR genes and earlier age at BC diagnosis among BRCA1 PV 
carriers.17 However, this association could not be replicated 
in our cohort (online supplemental figure S3). Given the crit-
ical role the immune system plays in the tumour microenvi-
ronment and its pivotal effect on tumour progression, we then 
investigated whether carrying additional damaging variants 
in immune-related genes was associated with age at BC diag-
nosis. To this end, we queried GOBP categories containing the 
terms ‘innate_immune’ or ‘adaptive_immune.’ This yielded four 
innate immunity–related gene sets and four adaptive immunity–
related gene sets. Notably, multivariate Cox regression analysis 
revealed a significant association between carrying additional 
putatively damaging missense variants in genes involved in the 
innate immune response and age at BC onset among BRCA1 PV 
carriers in our cohort (table 1). The estimated HR for carrying 
a missense variant in genes from the GOBP category REGULA-
TION_OF_INNATE_IMMUNE_RESPONSE was 1.55 (95% CI 
1.15 to 2.08; p=0.0037) (figure 2; online supplemental figure 
S4). This association was unique to genes involved in the acti-
vation of the innate immune response and was not observed for 
genes involved in its negative regulation (table 1) None of the 
individual genes within the set reached statistical significance, 
indicating that, given the current cohort size, the observed effect 
becomes apparent only when the innate immune genes are anal-
ysed collectively. Furthermore, the associations were specific to 
innate immunity gene sets and were not detected for gene sets 
related to adaptive immunity (table 1). Additionally, no signifi-
cant associations were found in the gene set-level analysis of LoF 
variants (table 2).

Finally, we extended the gene set-level analysis by performing 
a hypothesis-free exploration of biological processes that may 
be associated with BC risk in BRCA1 PV carriers. We tested 

Figure 1  Distribution of age at breast cancer (BC) diagnosis among 
women in our cohort who developed BC and did not undergo bilateral 
salpingo-oophorectomy surgery (n=84).

Table 1  Low-frequency putatively damaging missense variants

GOBP gene set GOBP ID (# of genes) P value HR (95% CI)

Innate immune

 � Regulation of innate immune response GO:0045088 (428) 0.0037 1.55 (1.15 to 2.08)

 � Activation of innate immune response GO:0002218 (280) 0.012 1.5 (1.1 to 2.05)

 � Innate immune response activating cell-surface receptor signalling GO:0002220 (93) 0.028 1.72 (1.06 to 2.8)

 � Negative regulation of innate immune response GO:0045824 (91) 0.86 1.1 (0.4 to 3)

Adaptive immune

 � Negative regulation of adaptive immune response GO:0002820 (64) 0.15 0.5 (0.195 to 1.28)

 � Regulation of adaptive immune response GO:0002819 (208) 0.3 0.8 (0.51 to 1.23)

 � Positive regulation of adaptive immune response GO:0002821 (130) 0.13 0.42 (0.14 to 1.3)

 � Adaptive immune response based on somatic recombination of immune receptors 
built from immunoglobulin superfamily domains

GO:0002460 (371) 0.85 0.97 (0.68 to 1.37)

GOBP, Gene Ontology Biological Process.
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approximately 1500 GOBP gene sets—each containing between 
50 and 500 genes and including at least 20 low-frequency 
missense or LoF variants in our cohort—to assess whether 
carrying additional damaging variants in genes within a given 
set was associated with age at BC diagnosis. These analyses 
were conducted separately for putatively damaging missense 
variants and LoF variants. As a negative control, we repeated 
the analysis using low-frequency synonymous variants (see the 
Methods section). The distribution of the observed p values 
from the damaging variant analysis, compared with that from 
the synonymous variants control, indicated that the missense 
variant analysis (figure  3A), but not the LoF variant analysis 
(online supplemental figure S5), captured genuine association 
signals with age at BC onset. While no gene set passed the 5% 
FDR threshold in the LoF variant analysis, two gene sets were 
identified in the missense variant analysis (online supplemental 
table S3). The top-scoring gene set in this analysis was POS_
REG_TRANSM_RECEPTOR_SER_THR_KINASE_SIGPATH, 
which comprised 104 genes (online supplemental figure S6). 
Notably, the second gene set was related to natural killer (NK) 

cells, which are a pivotal arm of the innate immune system, and 
was NATURAL_KILLER_CELL_ACTIVATION (p=3.82×10⁻⁵; 
figure 3B). The estimated HR for carrying an additional missense 

Figure 2  Carrying additional low-frequency putatively damaging 
missense variants in innate immunity genes is associated with earlier 
breast cancer (BC) diagnosis among BRCA1 carriers. Kaplan-Meier plot 
comparing age at BC diagnosis between BRCA1 PV carriers who do (group 
1) or do not (group 0) carry such variants in any gene included in the Gene 
Ontology Biological Process (GOBP) ‘REGULATION_OF_INNATE_IMMUNE_
RESPONSE’ gene set. P value and HR were calculated using a multivariate 
Cox regression model, controlling for the top five principal components and 
the total number of low-frequency putatively damaging missense variants 
each woman carries.

Table 2  Low-frequency LoF variants

GOBP gene set GOBP ID (# of genes) P value HR (95% CI)

Innate immune

 � Regulation of innate immune response GO:0045088 (428) 0.27 0.9 (0.76 to 1.08)

 � Activation of innate immune response GO:0002218 (280) 0.62 0.95 (0.77 to 1.17)

 � Innate immune response activating cell-surface receptor signalling GO:0002220 (93) 0.52 1.15 (0.75 to 1.76)

 � Negative regulation of innate immune response GO:0045824 (91) 0.64 0.95 (0.76 to 1.18)

Adaptive immune

 � Negative regulation of adaptive immune response GO:0002820 (64) 0.47 0.86 (0.56 to 1.3)

 � Regulation of adaptive immune response GO:0002819 (208) 0.4 0.9 (0.72 to 1.14)

 � Positive regulation of adaptive immune response GO:0002821 (130) 0.43 0.93 (0.7 to 1.16)

 � Adaptive immune response based on somatic recombination of immune receptors 
built from immunoglobulin superfamily domains

GO:0002460 (371) 0.19 0.88 (0.72 to 1.07)

GOBP, Gene Ontology Biological Process; LoF, loss-of-function.

Figure 3  (A) QQ plot for the gene set-level tests assessing the 
association of low-frequency putatively damaging missense variants with 
breast cancer (BC) age at diagnosis among BRCA1 PV carriers. For the 
expected p values under the null (x-axis), we used random sampling of 
low-frequency synonymous variants and permutations of gene assignments 
to gene sets (see the Methods section). The x-axis represents the average 
ranked p values over 100 iterations. (B) Kaplan-Meier plot comparing BC 
age at diagnosis between BRCA1 PV carriers who do (group 1) or do not 
(group 0) carry additional low-frequency putatively damaging missense 
variants in any gene included in the Gene Ontology Biological Process 
(GOBP) ‘NATURAL_KILLER_CELL_ACTIVATION’ gene set. P value and HR 
were calculated using a multivariate Cox regression model.
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variant in genes within this set was 3.62 (95% CI 1.96 to 6.67). 
This gene set comprised 100 genes; among them, the gene most 
frequently carrying a damaging missense variant was IFNA10—a 
member of the type I interferon family—detected in 13 women 
(online supplemental table S4). The overlap between the two 
top-scoring gene sets was minimal (only one gene—JAK2), indi-
cating that they captured distinct association signals with age at 
BC diagnosis in our cohort.

DISCUSSION
To the best of our knowledge, our study is the first large-scale 
WES analysis aimed at identifying genetic modifiers of BC risk in 
BRCA1 PV carriers. All participants in our cohort carry an iden-
tical BRCA1 185delAG AJ founder PV, which facilitates the detec-
tion of modifiers by avoiding confounding from variant-specific 
effects.28 We found that the presence of additional putatively 
damaging missense variants in genes involved in innate immu-
nity was significantly associated with earlier BC diagnosis. This 
effect was noted for several overlapping gene sets; the strongest 
one was for the genes annotated as involved in the activation of 
NK cells. It remains to be determined whether these preliminary 
findings can be replicated in independent, ethnically diverse, 
larger cohorts of carriers of heterogeneous PVs in BRCA1.

Previous studies have demonstrated that PRS models can 
stratify BC risk in BRCA1 carriers. Specifically, the 313-SNP PRS 
model for estrogen receptor (OR)-negative BC showed a HR per 
SD of 1.29 (95% CI 1.25 to 1.33).12 Assuming approximate 
normality of the standardised PRS, the implied HR comparing 
individuals at the 95th versus 5th percentile is ~2.3, and the 
HR comparing the 99th versus 1st percentile is ~3.3. Thus, the 
HR of 3.62 that we observed for carriers of damaging missense 
variants in genes related to NK cell activation is comparable in 
magnitude to, and even larger than, the risk difference associ-
ated with the extreme tails of the PRS distribution. However, 
due to the small cohort size, the margins of our estimation are 
wide (95% CI 1.96 to 6.67). It will be of interest to investigate 
whether the effects of common risk SNPs, as captured by PRS, 
and those of rare missense variants in immunity-related genes are 
additive. Since most PRS SNPs are non-coding, they were not 
captured by our WES analysis. Assessing the combined impact 
of common non-coding and rare coding variants will require 
large cohorts of BRCA1 carriers with available whole-genome 
sequencing data.

The risk-modifying effect observed in the current study was 
specific to genes involved in innate immunity, with no signif-
icant association detected for genes related to the adaptive 
immune system. However, although not statistically significant 
after correction for multiple testing, the top-scoring gene set 
in our LoF variant analysis was GOBP_REGULATION_OF_B_
CELL_ACTIVATION (p=0.0003; online supplemental table S3), 
suggesting that compromised activity of the adaptive arm might 
also increase BC risk in BRCA1 PV carriers. As for the innate 
immunity genes, the strongest signal was observed for genes 
implicated in the activation of NK cells. Prior studies provide 
biological plausibility for this association between impaired 
NK cell activation and increased BC risk in BRCA1 PV carriers. 
First, triple-negative breast cancer (TNBC)—the predominant 
BC subtype in BRCA1 carriers29—exhibits a significantly higher 
frequency of major histocompatibility complex class I (MHC 
I) loss compared with other BC subtypes.30 Second, the loss of 
MHC I likely shifts the burden of immune surveillance from cyto-
toxic T cells to NK cells, which function as ‘missing self ’ sensors; 
their activity is enhanced in response to cells with reduced MHC 

I expression.31 Therefore, if BRCA1-deficient tumours rely more 
heavily on NK cells for immune control, then NK cell dysfunc-
tion could promote immune escape and development of these 
tumours, as suggested by our findings. Furthermore, it would 
be interesting to examine whether our observation can also be 
generalised to BC risk modulation in the general population, 
and whether this effect is specific to, or stronger in, the TNBC 
subtype.

Interestingly, while our manuscript was under review, a related 
study by Kuligina et al was published.32 In that work, the authors 
specifically investigated potential modifying effects of damaging 
variants in immune-related genes on BC risk in BRCA1 carriers. 
Their analysis identified a missense variant in PRF1 (PRF1 
p.Ala91Val; rs35947132) as a candidate associated with an 
earlier age at BC diagnosis in carriers. Notably, PRF1 encodes 
a pore-forming protein that is essential for immune function in 
cytotoxic T lymphocytes and NK cells, enabling these cells to 
eliminate infected or tumour cells by creating pores in target cell 
membranes.33 The PRF1 p.Ala91Val variant was also detected 
in our cohort; however, its predicted AlphaMissense deleteri-
ousness score (0.70) was below the threshold applied in our 
analyses (0.85). Evaluation of this specific variant in our data 
suggested an effect consistent with that reported by Kuligina et 
al. Nevertheless, because it was observed in only 17 carriers in 
our cohort, it did not approach statistical significance (p=0.20; 
online supplemental figure S7) and therefore can be considered 
only weak supportive evidence.

In summary, our findings in the Israeli cohort of identical 
BRCA1 PV carriers highlight a potential role for innate immune 
pathways as modifiers of BRCA1 penetrance and may support 
the development of more refined, personalised BC risk predic-
tion models for BRCA1 PV carriers. Future studies should assess 
whether these observations replicate in independent, ethnically 
diverse cohorts.
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