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A catalog of BARD1 germline mutations/pathogenic variants (PVs) identified in large cumulative cohorts of ~48,700

breast cancer (BC) and ~20,800 ovarian cancer (OC) cases prepared based on 123 studies published over 20

years of BARD1 gene screening. By comparing the frequency of BARD1 PVs in the cases and ~134,100

noncancer controls from the gnomAD database, the effect of the BARD1 PVs on BC and OC risks is estimated.
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1. Definition

Over the last two decades, numerous BARD1 mutations/pathogenic variants (PVs) have been found in patients

with breast cancer (BC) and ovarian cancer (OC). However, their role in BC and OC susceptibility remains

controversial, and strong evidence-based guidelines for carriers are not yet available.

2. Introduction

Inherited genetic factors are responsible for a substantial portion of breast cancer (BC) and ovarian cancer (OC)

cases. Multigene panel testing has revealed that germline loss-of-function mutations/pathogenic variants (PVs) in

various cancer-associated genes are identified in more than 10% and 20% of patients with BC and OC,

respectively . Attempts have been made to define the genetic/familial risk of BC/OC associated with these

genes, and subsequently, management recommendations for carriers of PVs in some of the high-penetrance

genes have been established . Despite this, several genes in which PVs confer low- or moderate-penetrance

effects still require more evidence and more convincing assessments of BC/OC risk to utilize them in

recommendations for carriers. A group of genes with insufficient and/or conflicting data includes the BRCA1-

associated RING domain 1 (BARD1) gene.

The BARD1 gene encodes a protein of 777 amino acids with several functional domains, including an N-terminal

RING-finger domain, three ankyrin repeats (ANK), and two C-terminal BRCT domains. The protein shows structural

homology with BRCA1 within the BRCT and RING-finger domains, and through the latter domains, the two proteins

form a stable heterodimer. The BARD1-BRCA1 heterodimer has E3 ubiquitin ligase activity and acts in multiple

cellular processes essential for maintaining genomic stability, including DNA double-strand break repair through

homologous recombination . In addition to the well-established role of the BARD1-BRCA1 heterodimer, the

BRCA1-independent function of BARD1 as a tumor suppressor has also been postulated, for example, in
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mediating p53-dependent apoptosis . On the other hand, several BARD1 isoforms resulting from alternative

splicing that lack RING-finger and/or ANK domains were upregulated in different cancers and are suggested to

have an oncogenic effect by antagonizing the function of full-length BARD1 .

Because of the abovementioned BARD1 functions, many mutation screening studies have been carried out to

explore the role of BARD1 in BC and OC susceptibility. As a result, hundreds of PVs were detected, mostly through

the use of high-throughput next-generation sequencing (NGS; panel sequencing) in recent years. However, the

PVs are scattered among many articles, which prevents the drawing of more comprehensive conclusions about

their distribution over the gene, identification of recurrent PVs, and estimation of a more precise effect on cancer

risk. In addition, despite multiple examples of BARD1 PVs in BC/OC patients, attempts to link PVs with BC/OC risk

are often inconclusive and are usually not supported by statistically convincing pieces of evidence. However, these

types of studies are justified due to reduced mutation penetrance and various interactions between the gene and

other genetic, personal, and environmental factors. The lack of proper functional characterization of PVs and the

genetic heterogeneity in different populations may be additional factors of insufficient and/or conflicting data. In

addition, due to the low frequency of BARD1 PVs (<1%), the sample sizes of the studies are still too modest to

achieve sufficient statistical power, although the sizes are constantly increasing. Additionally, as the cost of whole

gene testing is still relatively high and association case-control studies relying on the use of geographically

matched controls are still very rare . Therefore, controls from publicly available databases are frequently

used to assess the risk, allowing to increase the study size and to improve statistical power .

Cosegregation studies can provide additional evidence for or against the association, although they may be

challenging for low or moderate penetrance PVs, especially because large families with multiple BC/OC cases are

becoming less available.

To overcome the limitations mentioned above, the BARD1 PVs identified in a total of ~48,700 BC and ~20,800 OC

patients (from 123 studies examining the whole coding sequence of BARD1) have been cataloged. Using the

collected data, the overall BC and OC risk associated with PVs in BARD1 have been determined with high

confidence.

3. BARD1 Mutational Spectrum

In total, 144 BARD1 PVs (69 distinct PVs), were identified in either BC or OC cases, constituting 120 PVs (60

distinct PVs) in 48,717 BC cases (0.25%) and 24 PVs (17 distinct PVs) in 20,799 OC cases (0.12%). Out of 69

distinct PVs in the BC and OC cohorts, 21 were present in population controls . The distributions of mutation

types were similar in BC and OC, with nonsense, frameshift, splicing, and pathogenic missense variants

accounting for 54%, 33%, 11%, and ~2% in BC and 54%, 38%, 8%, and 0% in OC, respectively. For comparison,

in population controls, nonsense, frameshift, and splicing variants accounted for 47%, 43%, and 10%, respectively.

The distribution of all the PVs in BARD1 detected in the BC and OC cohorts, as well as in population controls, is

presented in Figure 1.
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Figure 1. Maps of deleterious PVs in BARD1. PVs are shown alongside the BARD1 coding sequence with the

indicated exon structure and the protein functional domains. The size of a PV symbol (circle) is proportional to the

number of PVs, and color indicates the type of PV. (A) PVs detected in BC (above) and OC (below) cases. (B) PVs

reported in noncancer gnomAD controls. The total number of detected PVs and the total number of cases and

controls tested for the variants are indicated in parentheses; note that the total number of tested subjects differs

substantially between groups.

Although BARD1 PVs in BC and OC patients are distributed over the entire coding sequence, there are two

regions of increased density of PVs, i.e., from exons 2 to ~230AA in exon 4, overlapping the RING-finger domain

and from exon 5 to exon 10, overlapping the ANK repeat and BRCT I domains.

In the BC cohort, 10 of the PVs were identified in three or more cases (defined here as recurrent), with the highest

occurrence of c.1690C>T (Q564*), c.1935_1954dup20 (E652Vfs*69), c.1652C>G (S551*), c.334C>T (R112*), and

c.1921C>T (R641*) reported in 16, 11, 7, 6, and 6 cases, respectively. R112* and R641* recurrent PVs were

identified in both Caucasian and Asian populations, while the remaining PVs, including the most frequent, Q564*

and E652Vfs*69, were identified only in the Caucasian population. None of the recurrent PVs were specific to the

Asian population. Interestingly, 10 out of 16 Q564* PVs were reported by studies analyzing mainly patients with a

family history of BC/OC. Only one recurrent PV, i.e., Q564*, was reported in the OC cohort (five patients). In

population controls, an additional recurrent PV was observed (not identified in BC/OC cohorts), i.e., c.55G>T

(E19*). However, the PV was characteristic only for the Latino population, which represents a small proportion of

the entire population of BC/OC cohorts.
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4. Association of BARD1 Pathogenic Variants with Breast
Cancer

The prevalence of BARD1 PVs was higher in BC patients (0.25%) than in population controls (0.09%), with a

cumulative OR = 2.90 (95% CIs:2.25–3.75; p < 0.0001), classifying BARD1 as a moderate BC risk gene . The risk

was slightly higher for familial BC patients (OR = 3.67; 95% CI:2.52–5.34; p < 0.0001), evaluated based on data

from studies that mainly analyzed cases with a BC/OC family history. To check whether the mixed population

affected the results, similar association analyses were performed separately for Caucasian and Asian populations.

As shown in Figure 2, BC risk estimates for Caucasians and Asians do not differ substantially, and both are only

slightly lower than the risk estimates for mixed populations (OR = 2.73; 95% CIs:1.94–3.86; p < 0.0001 for

Caucasians and OR = 2.50; 95% CIs:1.43–4.35; p = 0.0012 for Asians). The calculation was repeated excluding

the three large studies from the analysis, which reported results of multigene testing of samples tested in

diagnostic companies , as some small fractions of these samples may represent unrecognized duplicates

of patients analyzed in other studies. Excluding these studies did not change the risk estimates substantially (OR =

3.14; 95% CIs:2.41–4.09; p < 0.0001). Moreover, to estimate the potential bias associated with the use of older

technologies, which may be less sensitive when detecting some variants, the analysis was repeated including only

studies reporting variants detected using NGS; again, the risk estimates showed no substantial difference (OR =

2.83; 95% CIs:2.18–3.67; p < 0.0001).

Figure 2. Summary of the BC and OC risk (OR) associated with BARD1 PVs. (A) The graph showing gene-specific

and variant-specific ORs. The gene-specific OR is provided for all ethnicities combined and separately for

European and Asian populations. “Only NGS studies” and “Without DC studies” demonstrate the results of

repeated association analyses without studies applying older technologies and without studies publishing results of

multigene testing in samples submitted to diagnostic companies, respectively. Diamonds and horizontal lines

indicate the OR values and 95% CIs, respectively. Black and blue symbols represent BC and OC, respectively.

Green, orange, and red vertical lines highlight an OR of 1 (no risk), an OR of 2 (the threshold for moderate risk),
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and an OR of 4 (the threshold for high risk), respectively. * or ** next to the OR symbol indicates a p-value < 0.05

or < 0.01, respectively. (B) The table showing the exact numbers and percentages (in the bracket) of detected PVs

in either BC (black fonts) or OC (blue fonts) cases and in controls, as well as ORs with 95% CIs and p-values (the

values correspond to the particular OR symbols shown in the graph on the left).

The prevalence of BARD1 PVs was only slightly higher in OC patients (0.12%) than in population controls (0.09%),

with a slight non-significantly increased cumulative OR = 1.36 (95% CIs:0.87–2.11; p = 0.1733). Therefore, the

association was insufficient to classify BARD1 as a low-risk gene for OC (see Figure 2 for detailed analysis).
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