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Background: The clinical implications of specific pathogenic and likely pathogenic variant (LP/PV) types and locations in
the BRCA1 or BRCA2 tumor-suppressor genes remain to be elucidated.

Patients and methods: The BRCA BCY Collaboration (NCT03673306) is an international, multicenter, hospital-based,
retrospective cohort study that included BRCA carriers diagnosed with invasive breast cancer at the age of <40 years
between January 2000 and December 2020. In this analysis, only patients with detailed available information on LP/
PVs in the BRCA genes were included. Clinicopathological features and survival outcomes [disease-free survival (DFS)
and overall survival (OS)] were investigated according to LP/PV type [insertion-deletion (indel) versus single-nucleotide
variants versus copy number variations; truncating versus non-truncating LP/PVs; frameshift versus nonsense versus
splicing versus missense LP/PVs] and location (exon involved and protein domain).

Results: Out of 5660 patients from 109 centers worldwide, 3294 were eligible for the present analysis (2080 BRCA1
and 1214 BRCA2). The distribution of LP/PV types showed no meaningful associations with baseline clinicopathological
features. BRCA1 protein-truncating variants were associated with worse OS compared with non-truncating variants
[hazard ratio (HR) 2.00, 95% confidence interval (Cl) 1.17-3.41]. A similar, though non-significant, trend was
observed for BRCA2. Missense variants were linked to better OS for both BRCAI (HR 0.48, 95% Cl 0.28-0.84) and
BRCA2 carriers (HR 0.17, Cl 0.03-0.96). Regarding variant location, BRCA1 LP/PVs outside exons 2, 10, and 19 were
associated with improved OS. In BRCA2, LP/PVs located in exons 15-26 and other regions were linked to worse DFS
compared with those in exon 10, with no significant differences in OS.

Conclusions: This study advances our understanding of the influence of specific types of BRCA LP/PVs on breast cancer
characteristics and outcomes. A deeper understanding of these variant-specific features will drive future research and
support the development of tailored clinical strategies based on individual BRCA variant.

Key words: hereditary breast cancer, BRCA1, BRCA2, variant type, protein-truncating variant, overall survival

INTRODUCTION

BRCA1 and BRCA2 are tumor-suppressor genes encoding
for multidomain proteins, involved in the error-free repair
of DNA double-strand breaks (DSBs) through homologous
recombination.” BRCAI also plays a role in cell-cycle
regulation, as well as participating in non-homologous
end-joining and single-strand annealing.”

Volume 37 m Issue 3 m 2026

The BRCA1 gene encompasses 24 exons, 22 of which
encode a protein with multiple domains including a RING
finger at its N-terminal region, two nuclear localization
signals (NLS), a coiled-coil domain, and two BRCA1 C-ter-
minal (BRCT) domains.> The BRCA2 gene consists of 27
exons coding for a protein with four main regions: the N-
terminal fragment, the central region containing eight BRC
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repeats that recruit RAD51 at DSB sites (RAD51-binding
domain), the DNA-binding domain (DBD) located in the C-
terminal region with an alpha helical domain followed by
three oligonucleotide/oligosaccharide-binding (OB) folds,
and the NLS located at the extreme C-terminal region.>*

To date, thousands of sequence variants in the BRCA
genes have been identified, with only a few subsets
recognized as likely pathogenic or pathogenic variants (LP/
PVs). The distribution of these LP/PVs varies greatly in
frequency and types among different populations.” Most
known BRCA1 and BRCA2 LP/PVs are small insertions or
deletions (indels), followed by single-nucleotide variants
(SNVs). The most frequent consequence of indels is a
disruption of the reading frame, namely frameshift vari-
ants, usually resulting in premature stop codons. The
consequent transcription termination can trigger nonsense-
mediated messenger RNA decay or produce truncated,
non-functional proteins.® Conversely, the substitution of
one nucleotide for another can result in the replacement of
one amino acid with a different one, known as missense
variants, or the introduction of stop codons, known as
nonsense variants.” The pathogenicity of less common al-
terations, such as splicing variants, can impact structure,
expression, or function of the encoded protein.® Finally,
variations in the number of copies of a particular DNA
segment [copy number variations (CNVs)] are rare, ac-
counting for ~5% of all LP/PVs and being more prevalent
in BRCA1 versus BRCA2.”

LP/PVs in the BRCA1 or BRCA2 genes significantly increase
the risk of developing breast cancer, ovarian cancer, and other
malignancies.'® Particularly, clinicopathological features of
breast cancer may be influenced by the specific gene involved,
with BRCAI more frequently associated with triple-negative
breast cancer and BRCA2 with hormone receptor-positive
tumors.™ ™ Evidence also suggests that the clinical implica-
tions of these LP/PVs may vary depending on the specific
variant type or location within BRCA1 and BRCA2 genes.
Previous studies showed that LP/PVs occurring in distinct
regions of BRCA1 or BRCA2 genes confer varying levels of risk
of developing breast or ovarian cancer.**'*> Moreover, variant
types that result in partially functional BRCA1 or BRCA2 pro-
teins might confer reduced cancer risk and lower tumor
aggressiveness compared with LP/PVs leading to transcript
decay or protein truncation.*®® Additionally, specific BRCA1
or BRCA2 variant types have been shown to influence treat-
ment responses in patients with ovarian cancer, especially to
platinum-based chemotherapy and poly (ADP-ribose) poly-
merase (PARP) inhibitors.>®*° However, no evidence exists in
this regard for patients with breast cancer.

Identifying associations between the type of genetic
variant and specific breast cancer characteristics, such as
age at onset or tumor aggressiveness, may contribute
to optimizing preventive strategies, including the intensifi-
cation of surveillance protocols or the anticipation of risk-
reducing surgical interventions. Furthermore, determining
the prognostic significance of variant type or location could
aid in refining therapeutic approaches, guiding decisions on
treatment escalation or de-escalation. On these grounds,
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the present study aimed to investigate the association
between specific type and location of BRCA1 or BRCA2 LP/
PVs with clinicopathological features and survival outcome
in a global population of BRCA carriers diagnosed with
breast cancer at age <40 years.

PATIENTS AND METHODS

Study design and participants

This is an international, multicenter, hospital-based,
retrospective cohort study including patients diagnosed
with invasive breast cancer between January 2000 and
December 2020, who were <40 years and known to
harbor germline LP/PVs in BRCA1 and/or BRCA2
genes.”’™*> Main exclusion criteria included a history of
non-invasive breast cancer, diagnosis of ovarian cancer or
other malignancies with no history of invasive breast
cancer, or variants of uncertain clinical significance (VUS).
For this specific analysis, patients for whom the specific
variant was not provided and patients with stage IV de
novo disease, unclassifiable variants, unknown uptake or
timing of risk-reducing surgeries, multiple BRCAI1 and
BRCA2 LP/PVs, and previous LP/PVs reclassified as VUS
were also excluded.

Clinicopathological characteristics of patients were
collected, including country of enrollment, year at breast
cancer diagnosis, age at diagnosis, body mass index, timing
of genetic testing, BRCA LP/PVs, tumor histology, grade,
stage at diagnosis, hormone receptor status, human
epidermal growth factor receptor 2 status, type of breast
and axillary surgery, risk-reducing surgeries, systemic anti-
cancer treatments, and survival outcomes.

The study was conducted in accordance with the
Declaration of Helsinki. The Institut Jules Bordet (Brussels,
Belgium) sponsored the study and acted as the central
ethics committee. The study also obtained ethical approval
from local, regional, or national institutional review boards/
ethics committees of the participating centers if requested
by local regulations. The first (AT and EB) and last (CDA and
ML) authors guarantee for the accuracy and completeness
of the data and analyses.

The STrengthening the Reporting of OBservational
studies in Epidemiology (STROBE) statement was followed
to report this work.?*

The study is registered at ClinicalTrials.gov (NCT03673306).

Variant classification

BRCA LP/PVs were categorized as SNVs when a single-
nucleotide change occurred, indels when one or more
bases were lost or duplicated, and CNVs when one-copy
gains and losses of single or multiple exons occurred in
the coding sequence.

The nomenclature of LP/PVs was harmonized to the stan-
dards of the International Human Genome Variation Society
(HGVS) for both SNVs and indels.?**> CNVs were reported
with no exact genomic breakpoints allowing for comparable
data across centers and over time. The annotation and
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classification of LP/PVs were verified by consulting supporting
evidence from the literature, public databases (ENIGMA,
https://enigmaconsortium.org/; BRCA Exchange, https://
brcaexchange.org; ClinVar, https://www.ncbi.nlm.nih.gov/
clinvar/; and LOVD, https://www.lovd.nl/), and annotation
tools such as VarSome®® and Franklin by Genoox (https://
franklin.genoox.com). LP/PVs were further categorized ac-
cording to ClinGene Curation Resource?’ and the American
College of Medical Genetics and Genomics (ACMG)
classification.”®

Genetic information for LP/PVs was compiled, including
coding consequence, exon position, affected protein
domain, and whether the genetic defect was predicted to
truncate the coding sequence of the gene, resulting in a
shorter version of the protein (protein truncation).

The coding consequences were summarized as nonsense
and missense variants (indicating a stop codon or a
different codon), inframe deletions (deletion of triplets
preserving the gene’s reading frame), frameshifts (shifting
and disrupting the reading frame), and splicing (if variants
are predicted to disrupt the RNA splicing).

LP/PVs were defined as protein-truncating variants if
SNVs or indels were predicted to introduce premature stop
codons (nonsense variants) or to disrupt the reading frame
of the transcript (frameshift variants). When protein trun-
cation could not be reliably predicted, the variant classifi-
cation was considered not classifiable, indicating that the
data were not evaluable rather than missing.

The affected exon was determined by the position of each
variant in the coding sequence, according to the transcripts
from the Matched Annotation from the NCBI and EMBL-EBI
(MANE) collaboration®®: NM_007294.4 for BRCAI and
NM_000059.4 for BRCA2. The current exon 10 in the MANE
transcript of BRCA1 is often reported as exon 11 in prior
literature. This miscalculation happened because over time
different transcript models and different databases were
used, employing different counting schemes for the 5’ un-
translated exons (1a, 1b, and sometimes 2) and the tiny exon 4
(21 bp long). Moreover, the BRCA1 transcript was sometimes
numbered starting from exon 2 because exon 1 is non-coding
and does not contribute to the protein sequence. However, in
the current MANE reference transcript (NM_007294.4),
which is the reviewed major transcript, BRCA1 is described as
having 24 exons, named exon 1 to exon 24, with numbering
beginning at the first exon regardless of whether it codes for
protein. The RefSeq/MANE Select transcript NM_007294.4 is
the current standardized reference used for exon numbering
and variant annotation according to the European Molecular
Genetics Quality Network (EMQN) and HGVS guidelines.®*>*

Protein-level positions were inferred based on the DNA-
level information. BRCA1 and BRCA2 protein domains were
considered if well characterized in the literature.”***% In
the absence of a protein domain associated to the position
of the variant, ‘unknown’ was assigned, whereas in the
presence of more than one domain involved, ‘multiple
domains’ or ‘whole protein’ was used.

Volume 37 m Issue 3 m 2026

Objectives

The aim of the present study was to investigate the role of
specific type and location of BRCA LP/PV on the clinical
features and outcomes of breast cancer in young BRCA
carriers. Clinical features and survival outcomes were
separately investigated for patients with BRCA1 and BRCA2
LP/PVs, according to variant category (indels versus SNVs
versus CNVs), protein truncation (protein-truncating versus
protein non-truncating versus unclassified variants), coding
consequence (frameshift versus nonsense versus splicing
versus missense versus inframe deletion variants), and LP/
PV location (exon and protein domain involved).

Statistical analysis

Descriptive statistics were used to summarize continuous
and categorical variables. Continuous variables were re-
ported as median and interquartile range (IQR), while
categorical variables as frequencies and percentages. The
associations between LP/PV types and clinicopathological
features were analyzed using chi-square test or Kruskal—
Wallis—Wilcoxon rank-sum test, for categorical or contin-
uous variables as appropriate. The median follow-up in the
entire cohort and according to the LP/PV type was
computed using the reverse Kaplan—Meier method.

To investigate the association between LP/PV types and
survival outcomes, disease-free survival (DFS) and overall
survival (OS) were considered as endpoints. DFS was defined
as the time from diagnosis until locoregional recurrence,
distant metastases, new contralateral or ipsilateral breast
cancer, second primary malignancy, or death from any cause.
OS was defined as the time from diagnosis until death from
any cause.> DFS and OS event rates were computed as the
ratio between the total number of events and the total
observation time. Unadjusted and adjusted Cox models were
used to estimate the association between each specific type
and location of BRCA LP/PV and survival outcomes. Adjusted
models included country and year at breast cancer diagnosis
as stratification factors and the uptake of risk-reducing sur-
geries (risk-reducing mastectomy and risk-reducing salpingo-
oophorectomy) as time-dependent covariates. Furthermore,
to account for potential immortal time bias (i.e. patients had
to survive to undergo BRCA testing), both unadjusted and
adjusted survival models where observation times were left
truncated at the time of BRCA testing were carried out.
Considering this potential bias, results of the adjusted Cox
model with left truncation were reported as the primary
analysis in the manuscript, and the Kaplan—Meier method,
accounting for left truncation, was utilized to plot the survival
curves. In the figures, a P value <0.05 indicates that at least
one comparison among the groups is statistically significant.

For the comparison of the location of variants in
different exons, for BRCAI1, the three exons with the
highest frequency of LP/PVs (exon 2, exon 10, and exon 19)
were compared with each other and other exons. Specif-
ically, exon 2 contributes to the coding of the RING domain,
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exon 10 to the NLS and the coiled-coil domains, and exon
19 to the BRCT domains. For BRCA2, the two exons with
the highest frequency of LP/PVs (exon 10 and exon 11) and
exons 15-26 were considered for the comparative analysis.
In this gene, exons 10 and 11 encode the BRC repeats,
whereas exons 15-26 encode the DBD.

For the comparison of different protein domains, only
patients with known domain and protein non-truncating
LP/PVs were included. For the comparison of different
exons and type of LP/PVs in terms of frameshift versus
nonsense versus splicing versus missense versus inframe
deletion variants, patients with CNVs were excluded.

For the comparison of frameshift versus inframe deletion
versus nonsense versus splicing versus missense LP/PVs,
and for the comparison of exons, Cox models were
repeated by shifting the reference group in order to iden-
tify any significant comparison.

Considering the explorative nature of the analysis, no
adjustment for multiple tests was carried out. All reported
P values are two-sided, and P < 0.05 was considered sta-
tistically significant. All statistical analyses were carried out
using SAS software, version 9.4 (SAS Institute Inc., Cary,

Table 1. Distribution of LP/PV type and location in BRCA1 and BRCA
genes
BRCA1 BRCA2 Total
n=2080 (%) n=1214 (%) n = 3294 (%)
Variant type
Indel 1248 (60.0) 772 (63.6) 2020 (61.3)
SNV 667 (32.1) 409 (33.7) 1076 (32.7)
CNV 165 (7.9) 33 (2.7) 198 (6.0)
(143 OCDel- (32 OCDel- (175 OCDel-
22 OCDup) 1 OCDup) 23 OCDup)
Protein truncation
Yes 1514 (72.8) 1007 (83.0) 2521 (76.5)
No 227 (10.9) 50 (4.1) 277 (8.4)
NC 339 (16.3) 157 (12.9) 496 (15.1)
Coding consequence® n = 1915 (%) n = 1181 (%) n = 3096 (%)
Frameshift 1158 (60.5) 710 (60.1) 1868 (60.3)
Inframe deletion 14 (0.7) 2 (0.2) 16 (0.5)
Missense 213 (11.1) 48 (4.1) 261 (8.4)
Nonsense 356 (18.6) 299 (25.3) 655 (21.2)
Splicing 174 (9.1) 122 (10.3) 296 (9.6)
Exon® n=1915 (%) n=1181 (%) n = 3096 (%)
Exon 2 243 (12.7) — 243 (7.8)
Exon 10 623 (32.5) — 623 (20.1)
Exon 19 346 (18.1) — 346 (11.2)
Other exons 703 (36.7) — 703 (22.7)
Exon 10 — 107 (9.1) 107 (3.5)
Exon 11 — 564 (47.8) 564 (18.2)
Exon 15-26 — 312 (26.4) 312 (10.1)
Other exons — 198 (16.8) 198 (6.4)
Protein domain® n = 227 (%) n = 50 (%) n = 277 (%)
RING domain 117 (51.5) — 117 (42.2)
BRCT domain 108 (47.6) = 108 (39.0)
OB domain = 44 (88.0) 44 (15.9)
BRC domain = 2 (4.0) 2 (0.7)
Alpha helix — 1(2.0) 1(0.4)
Unknown 2 (0.9) 3 (6.0) 5 (1.8)

BRCT, BRCA1 C-terminal; CNV, copy number variations; indel, small deletions or
insertions; NC, not classifiable; OB, oligonucleotide/oligosaccharide-binding; OCDel,
one-copy deletion; OCDup, one-copy duplication; SNV, single-nucleotide variants.
?Only in patients without CNV.

bOnl\/ in patients with no protein truncation.
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NC), and R software, version 4.3.3 (R Foundation for Sta-
tistical Computing, Vienna, Austria).

RESULTS

Patient population

From a cohort of 5660 patients enrolled across 109 centers
globally in the primary study, 3294 patients were included
in the present analysis (Supplementary Figure S1, available
at https://doi.org/10.1016/j.annonc.2025.11.004). Among
them, 2080 harbored a BRCA1 LP/PV, while 1214 harbored
a BRCA2 LP/PV. The distribution of LP/PV type and location
within the BRCA1 and BRCA2 genes is detailed in Table 1.
The baseline characteristics of patients included in the
present study are summarized in Table 2. Overall, the
median follow-up was 7.9 (IQR 4.5-12.7) years for BRCA1
carriers and 7.9 (IQR 4.5-13.1) years for BRCA2 carriers.
The most common LP/PVs (observed in at least 10 pa-
tients), along with their prevalence and geographic distri-
bution, are included in Supplementary Tables S1 and S2,
available at https://doi.org/10.1016/j.annonc.2025.11.004.

Variant type (indel, SNV, and CNV)

In BRCA1 carriers, the distribution of variant types differed
by geographic region; no other meaningful association be-
tween baseline clinicopathological variables and LP/PV types
was observed (Supplementary Table S3, available at https://
doi.org/10.1016/j.annonc.2025.11.004). The rate and type
of first DFS events and the rate of OS events for BRCA1
patients are detailed in Supplementary Table S4, available at
https://doi.org/10.1016/j.annonc.2025.11.004. No differ-
ence in DFS was found according to the type of LP/PV
(Figure 1A and Supplementary Table S5, available at https://
doi.org/10.1016/j.annonc.2025.11.004). Accordingly, no sig-
nificant difference in OS was observed among SNV, CNV, and
indel variants (Figure 1B and Supplementary Table S6,
available at https://doi.org/10.1016/j.annonc.2025.11.004).

In BRCAZ2 carriers, the distribution of variant types differed
by geographic region; no other meaningful association be-
tween baseline clinicopathological variables and LP/PV types
was observed (Supplementary Table S7, available at https://
doi.org/10.1016/j.annonc.2025.11.004). The rate and type of
first DFS events and the rate of OS events for BRCA2 patients
are detailed in Supplementary Table S8, available at https://
doi.org/10.1016/j.annonc.2025.11.004. No difference in DFS
(Figure 1C) or in OS (Figure 1D and Supplementary Tables S9
and S10, available at https://doi.org/10.1016/j.annonc.2025.
11.004) was found according to the type of LP/PV.

Protein truncation (protein-truncating variants and non-
truncating variants)

In BRCA1 carriers, the distribution of protein-truncating
variants differed according to geographic region. No
other meaningful associations between baseline clinico-
pathological variables and protein truncation were detected
(Supplementary Table S11, available at https://doi.org/10.
1016/j.annonc.2025.11.004). The rate and type of first DFS
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Table 2. Baseline characteristics of patients

BRCA1 n = 2080 (%)

BRCA2 n = 1214 (%)

Total n = 3294 (%)

Patients’ characteristics
Region

Median age (years) at diagnosis (IQR)
Age at diagnosis, years

Median BMI at diagnosis (IQR)
BMI

Central/South America 153 (7.4)
Australia/Oceania 105 (5.1)
Northern Europe 269 (12.9)
Eastern Europe 189 (9.1)
North America 255 (12.3)
Southern Europe 781 (37.5)
Asia 325 (15.6)
Africa 3(0.1)
Year of diagnosis
2000-2004 269 (12.9)
2005-2008 321 (15.4)
2009-2012 419 (20.1)
2013-2016 477 (22.9)
2017-2020 594 (28.6)

35.0 (31.0-37.0)

<30 478 (23.0)
31-35 716 (34.4)
36-40 886 (42.6)

23.0 (20.6-26.2)

Underweight 108 (5.2)
Normal weight 1059 (50.9)
Overweight 423 (20.3)
Obese 201 (9.7)
Unknown 289 (13.9)
Median time (years) to BRCA test (IQR) 0.4 (0.1-2.2)
Timing of BRCA testing®
Test before diagnosis 227 (10.9)
Test at diagnosis 851 (40.9)
Test after diagnosis 919 (44.2)
Unknown date of BRCA testing 83 (4.0)
Tumor characteristics
Tumor histology
Ductal 1775 (85.3)
Other 286 (13.8)
Unknown 19 (0.9)
Tumor grade
G1 21 (1.0)
G2 304 (14.6)
G3 1634 (78.6)
Unknown 121 (5.8)
Tumor size
TO 3(0.1)
T1 741 (35.6)
T2 988 (47.5)
T3/T4 271 (13.0)
Unknown 77 (3.7)
Nodal status
NO 1173 (56.4)
N1 647 (31.1)
N2/N3 207 (10.0)
Unknown 53 (2.5)
Hormone receptor status
Negative 1534 (73.8)
Positive 536 (25.8)
Unknown 10 (0.5)
HER2 status
Negative 1907 (91.7)
Positive 100 (4.8)
Unknown 73 (3.5)

70 (5.8)
74 (6.1)
179 (14.7)
59 (4.9)
131 (10.8)
534 (44.0)
164 (13.5)
3(0.2)

173 (14.3)
180 (14.8)
222 (18.3)
283 (23.3)
356 (29.3)
35.0 (32.0-38.0)

190 (15.7)
446 (36.7)
578 (47.6)
22.8 (20.3-25.9)

71 (5.8)
658 (54.2)
216 (17.8)
105 (8.7)
164 (13.5)
0.7 (0.1-3.3)

90 (7.4)
446 (36.7)
638 (52.6)

40 (3.3)

988 (81.4)
217 (17.9)
9 (0.7)

45 (3.7)
476 (39.2)
628 (51.7)

65 (5.4)

0 (0.0)
470 (38.7)
526 (43.3)
169 (13.9)

49 (4.0)

478 (39.4)

472 (38.9)

217 (17.9)
47 (3.9)

189 (15.6)
1021 (84.1)
4 (0.3)

1031 (84.9)
136 (11.2)
47 (3.9)

223 (6.8)
179 (5.4)
448 (13.6)
248 (7.5)
386 (11.7)
1315 (39.9)
489 (14.9)
6 (0.2)

442 (13.4)
501 (15.2)
641 (19.5)
760 (23.1)
950 (28.8)
35.0 (31.0-38.0)

668 (20.3)
1162 (35.3)
1464 (44.4)
23.0 (20.4-26.0)

179 (5.4)
1717 (52.1)
639 (19.4)
306 (9.3)
453 (13.8)
0.5 (0.1-2.6)

317 (9.6)
1297 (39.4)
1557 (47.3)

123 (3.7)

2763 (83.9)
503 (15.3)
28 (0.9)

66 (2.0)
780 (23.7)
2262 (68.7)

186 (5.6)

3(0.1)
1211 (36.8)
1514 (46.0)

440 (13.4)
126 (3.8)

1651 (50.1)

1119 (34.0)
424 (12.9)
100 (3.0)

1723 (52.3)
1557 (47.3)
14 (0.4)

2938 (89.2)
236 (7.2)
120 (3.6)

Continued
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BRCA2 n = 1214 (%) Total n = 3294 (%)

Table 2. Continued
BRCA1 n = 2080 (%)
Treatment
Breast surgery
None 6 (0.3)
Breast conserving 864 (41.5)
Mastectomy 1201 (57.7)
Unknown 9 (0.4)
Axillary surgery
No axillary surgery 46 (2.2)
Sentinel node biopsy only 971 (46.7)
Axillary dissection 1031 (49.6)
Unknown 32 (1.5)
Use of CT
No 86 (4.1)
Yes 1981 (95.2)
Unknown 13 (0.6)
Type of CT®
Anthra + taxane 1473 (74.4)
Anthra only 300 (15.1)
Other 208 (10.5)
Use of platinum®
No 1023 (73.2)
Yes 317 (22.7)
Unknown 57 (4.1)
Use of ET®
No 51 (9.5)
Yes 477 (89.0)
Unknown 8 (1.5)
Type of ET®
Tamoxifen alone 165 (34.6)
Tamoxifen + LHRHa 131 (27.5)
LHRHa alone 16 (3.4)
Al + LHRHa 90 (18.9)
Tamoxifen — Al 61 (12.8)
Other 7 (1.5)
Unknown 7 (1.5)

5 (0.4) 11 (0.3)
354 (29.2) 1218 (37.0)
850 (70.0) 2051 (62.3)

5 (0.4) 14 (0.4)

39 (3.2) 85 (2.6)
420 (34.6) 1391 (42.2)
741 (61.0) 1772 (53.8)

14 (1.1) 46 (1.4)
132 (10.9) 218 (6.6)

1068 (88.0) 3049 (92.6)

14 (1.1) 27 (0.8)
744 (69.7) 2217 (72.7)
179 (16.8) 479 (15.7)
145 (13.6) 353 (11.6)
105 (69.5) 1128 (72.9)

38 (25.2) 355 (22.9)

8 (5.3) 65 (4.2)

25 (2.4) 76 (4.9)
982 (96.2) 1459 (93.7)

14 (1.4) 22 (1.4)
307 (31.3) 472 (32.4)
259 (26.4) 390 (26.7)

16 (1.6) 32 (2.2)
210 (21.4) 300 (20.6)
166 (16.9) 227 (15.6)

15 (1.5) 22 (1.5)

9 (0.9) 16 (1.1)

Al, aromatase inhibitor; BMI, body mass index; CT, chemotherapy; ET, endocrine therapy; HER2, human epidermal growth factor receptor 2; IQR, interquartile range; LHRHa,

luteinizing hormone-releasing hormone analogue.

*Test before diagnosis, carried out any time up to 2 months before the diagnosis of breast cancer; test at diagnosis, carried out from 2 months before and up to 6 months after
the diagnosis of breast cancer; test after diagnosis, carried out >6 months after the diagnosis of breast cancer.

bOnl\/ patients with use of chemotherapy.

“Only patients with use of chemotherapy and triple-negative breast cancer.
40nly patients with hormone receptor-positive tumors.

€Only patients with hormone receptor-positive tumors treated with ET.

events and the rate of OS events for BRCA1 patients are
detailed in Supplementary Table S12, available at https://
doi.org/10.1016/j.annonc.2025.11.004. No difference in
DFS was found according to protein truncation (Figure 2A
and Supplementary Table S5, available at https://doi.org/10.
1016/j.annonc.2025.11.004). Nonetheless, patients with
BRCA1 protein-truncating variants showed worse OS than
patients with non-truncating variants [hazard ratio (HR) 2.00,
95% confidence interval (Cl) 1.17-3.41; Figure 2B and
Supplementary Table S6, available at https://doi.org/10.
1016/j.annonc.2025.11.004].

In BRCA2 carriers, a different distribution of protein-
truncating variants was observed according to geographic
region. No other meaningful associations between baseline
clinicopathological variables and protein truncation were
observed (Supplementary Table S13, available at https://doi.
org/10.1016/j.annonc.2025.11.004). The rate and type of first
DFS events and the rate of OS events for BRCA 2 patients are
detailed in Supplementary Table S14, available at https://doi.

370 https://doi.org/10.1016/j.annonc.2025.11.004

org/10.1016/j.annonc.2025.11.004. Protein-truncating vari-
ants were associated with numerically worse DFS, without
statistical significance (Figure 2C and Supplementary Table S9,
available at https://doi.org/10.1016/j.annonc.2025.11.004).
Patients with BRCA2 protein-truncating variants exhibited
numerically worse OS than those with non-truncating variants
(HR 6.27, 95% Cl 0.86-45.87; Figure 2D and Supplementary
Table S10, available at https://doi.org/10.1016/j.annonc.
2025.11.004), although not statistically significant.

Coding consequence (frameshift, inframe deletion,
missense, nonsense, splicing variants)

In BRCA1 carriers, a different distribution of coding conse-
quences was observed according to geographic region. No
other meaningful associations between baseline clinico-
pathological variables and coding consequence were detec-
ted (Supplementary Table S15, available at https://doi.org/
10.1016/j.annonc.2025.11.004). The rate and type of first
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Figure 1. Disease-free survival (DFS) and overall survival (OS) according to variant type. (A) DFS in BRCA1 carriers. (B) OS in BRCA1 carriers. (C) DFS in BRCA2

carriers. (D) OS in BRCA2 carriers.

CNV, copy number variations; indel, small deletions or insertions; SNV, single-nucleotide variants.

DFS events and the rate of OS events for BRCA1 patients are
detailed in Supplementary Table S16, available at https://doi.
org/10.1016/j.annonc.2025.11.004. No differences in DFS
were identified according to coding consequence (Figure 3A
and Supplementary Table S5, available at https://doi.org/10.
1016/j.annonc.2025.11.004). Nevertheless, BRCA1 missense
variants were associated with better OS compared with
frameshift variants (HR 0.48, 95% Cl 0.28-0.84; Figure 3B and
Supplementary Table S6, available at https://doi.org/10.
1016/j.annonc.2025.11.004).

In BRCA2 carriers, a different distribution of coding conse-
guences was observed according to geographic region. No
other meaningful associations between baseline clinicopath-
ological variables and coding consequence were detected
(Supplementary Table S17, available at https://doi.org/10.
1016/j.annonc.2025.11.004). The rate and type of first DFS
events and the rate of OS events for BRCA2 patients are
detailed in Supplementary Table S18, available at https://doi.
org/10.1016/j.annonc.2025.11.004. No statistically significant
differences in DFS were observed according to coding conse-
qguence (Figure 3C and Supplementary Table S9, available at
https://doi.org/10.1016/j.annonc.2025.11.004).  Neverthe-
less, BRCA2 missense variants were associated with better OS
compared with splicing variants (HR 0.12, 95% ClI 0.02-0.90;

Volume 37 m Issue 3 m 2026

Figure 3D and Supplementary Table S10, available at https://
doi.org/10.1016/j.annonc.2025.11.004).

Variant location (exon and protein domain)

In BRCA1 carriers, a different distribution of exons involved
was observed according to geographic region. No other
meaningful association between baseline clinicopathological
variables and exons was identified (Supplementary Table S19,
available at https://doi.org/10.1016/j.annonc.2025.11.004).
The rate and type of first DFS events and the rate of OS events
for BRCA1 patients are detailed in Supplementary Table S20,
available at https://doi.org/10.1016/j.annonc.2025.11.004.
No differences in DFS were observed based on variant loca-
tion (Figure 4A and Supplementary Table S5, available at
https://doi.org/10.1016/j.annonc.2025.11.004).  However,
LP/PVs located outside exons 2, 10, and 19 were associated
with better OS compared with patients with variants in exon 2
(HR0.56,95% C10.34-0.94) and exon 10 (HR 0.53,95% CI 0.38-
0.75; Figure 4B and Supplementary Table S6, available at
https://doi.org/10.1016/j.annonc.2025.11.004).

In BRCAZ2 carriers, patients with LP/PV located in exon 10
had earlier diagnosis (<30 years) compared with patients
with variants in exon 11, exons 15-26, and other exons
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Figure 2. Disease-free survival (DFS) and overall survival (OS) according to protein truncation. (A) DFS in BRCA1 carriers. (B) OS in BRCA1 carriers. (C) DFS in BRCA2
carriers. (D) OS in BRCA2 carriers.
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Figure 3. Disease-free survival (DFS) and overall survival (OS) according to coding consequence. (A) DFS in BRCA1 carriers. (B) OS in BRCA1 carriers. (C) DFS in
BRCA2 carriers. (D) OS in BRCAZ2 carriers.
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(26.2% versus 13.7%, 15.4%, 17.2%, respectively)
(Supplementary Table S21, available at https://doi.org/10.
1016/j.annonc.2025.11.004). The rate and type of first
DFS events and the rate of OS events for BRCA2 patients
are detailed in Supplementary Table S22, available at
https://doi.org/10.1016/j.annonc.2025.11.004.

Patients with LP/PV in exons 15-26 showed worse DFS
compared with those with LP/PV in exon 10 (HR 1.74, 95% ClI
1.02-2.98). Patients with LP/PV in the ‘other exons’ showed
worse DFS compared with those with LP/PV in exon 10 (HR
191, 95% Cl 1.09-3.35; Figure 4C and Supplementary
Table S9, available at https://doi.org/10.1016/j.annonc.
2025.11.004). No differences in OS were observed accord-
ing to the exon involved (Figure 4D and Supplementary
Table S10, available at https://doi.org/10.1016/j.annonc.
2025.11.004).

Considering patients with only non-truncating variants, no
differences in terms of baseline characteristics, DFS, or OS
(Supplementary Tables S5, S6, S23, and S24, available at
https://doi.org/10.1016/j.annonc.2025.11.004) were detec-
ted according to the most represented protein domains of
BRCA1 (BRCT domain versus RING domain). Among BRCA2
carriers, most of the patients harbored LP/PVs in the OB
domain (88%); therefore, no comparisons were carried out.

DISCUSSION

In this global study, the specific type and location of BRCA LP/
PV seemed not to influence tumor clinicopathological fea-
tures, although they might have a prognostic role in a cohort
of BRCA carriers affected by early-onset breast cancer.

The distribution of variant type among patients included
in the present study is consistent with that observed in
prior breast cancer studies,®® with the majority being indel,
followed by SNVs. Regarding the coding consequences, the
majority of LP/PVs were frameshift variants in both the
BRCA1 and BRCA2 genes, with protein-truncating variants
being the most common in this study population.
Furthermore, as previously described,® in this study the
majority of LP/PVs were located in BRCA1 exon 10 (formerly
exon 11) and BRCA2 exon 11, which are the largest exons of
both BRCA genes. Overall, the most frequent variants were
the founder mutations BRCA1 c.5266dup, BRCA1
€.68_69del, BRCA2 c.5946del, and BRCA2 c.2808_2811del,
along with BRCA1 c.181T>G and BRCA2 c.6275_6276del.”’
BRCA1 c.5266dup, likely originating from Northern Europe
1500-1800 years ago and then entering the Ashkenazi
Jewish population more recently, was the most common
variant, particularly among carriers from South and East
Europe and Israel.®® BRCA1 c.68 69del was enriched in
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Figure 4. Disease-free survival (DFS) and overall survival (OS) according to exon involved. (A) DFS in BRCA1 carriers. (B) OS in BRCA1 carriers. (C) DFS in BRCA2

carriers. (D) OS in BRCA2 carriers.
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North America and Asia, reflecting both Ashkenazi Jewish-
associated haplotypes and independent origins in pop-
ulations such as Pakistanis and Malaysians.**** BRCA1
¢.181T>G, predominantly observed in South and East
Europe, supports its classification as an Eastern European
founder variant.”* BRCA2 c.5946del was consistent with its
role as a founder variant in Ashkenazi Jewish and Northern
European populations, including Iceland,?”*>*® whereas
BRCA2 ¢.2808_2811del showed a recurrent mutational
origin across geographically distant populations.*’
Finally, BRCA2 c.6275_6276del, previously described in
Western populations,®” was highly represented in Asian
carriers in our dataset. Notably, we found significantly
different distributions of variant type and location across
ethnic and geographic groups. This could be partially
attributable to population characteristics such as founder
effects, but it can also be influenced by the wide hetero-
geneity in the methods of genetic testing available in each
country. It is noteworthy that this study was conducted on
a population diagnosed with breast cancer between 2000
and 2020; during this period, the methods for variant
detection have significantly evolved, shifting from ‘hotspot’
searches to increasingly larger panels, and the detection of
CNVs has spread only in the last decade.

In this large cohort of BRCA carriers with breast cancer,
variant type (indel, SNV, CNV) seemed not to be associated
with differences in prognosis (DFS or OS). Prior studies
showed that BRCA CNVs were correlated to a higher breast
cancer risk versus non-CNV LP/PVs (i.e. small variants such
as nonsense, missense, and frameshift).50 Moreover, in a
small cohort of young women with triple-negative breast
cancer, BRCA1 CNVs were associated with superior OS rates
compared with other LP/PVs.”' Nevertheless, to date, no
other data on their impact on breast cancer phenotype and
outcome have been documented.

To the best of our knowledge, this is the first study
describing a possible correlation between BRCA protein
truncation and worse survival in patients with breast can-
cer. Indeed, the present study showed that patients with
protein-truncating variants of BRCA1 gene display worse OS
compared with patients with non-truncating variants.
Interestingly, despite comparable overall DFS, patients with
BRCA1 truncating variants showed a higher rate of distant
relapses and second primary tumors compared with non-
truncating variants, which might have impacted OS. On
the other hand, the divergence between DFS and OS
among BRCA1 carriers might also suggest a possible role of
BRCA1 truncating variants in influencing other de-
terminants of life expectancy, such as other health condi-
tions. Nonetheless, data on causes of death other than
breast cancer were not collected in the present study;
therefore, further research is needed to confirm this
hypothesis.

Interestingly, the present study showed that patients
with missense variants display better OS compared with
patients with frameshift variants in BRCA1 gene and better
OS compared with patients with splicing variants in BRCA2
gene. In these cases as well, absolute DFS was comparable;
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however, patients with BRCA1 missense LP/PVs showed a
lower rate of distant relapses compared with those with
BRCA1 frameshift LP/PVs. Similarly, BRCA2 missense LP/PVs
were associated with lower rates of both locoregional and
distant relapses compared with BRCA2 splicing LP/PVs. The
favorable prognosis associated with missense variants was
already described by Corso et al.,” who found that
missense and splicing LP/PVs of BRCA1/BRCA2 were inde-
pendently associated with a lower incidence of locore-
gional recurrence after primary surgery, when compared
with indels, nonsense LP/PVs, and structural variants in a
multivariable analysis. However, in this previous research,
no difference in clinicopathological features or in OS was
observed."’

Patients with LP/PVs located in exon 10 of BRCA2
exhibited a higher rate of early-onset diagnosis (<30 years
of age) than patients with variants in the other exons and
these patients also showed better DFS compared with
those with variants in most of the other exons. Additionally,
patients with LP/PVs located in BRCA1 exon 2 and exon 10
had worse OS compared with patients with variants in most
of the other exons. In this case as well, poorer OS is
associated with a higher rate of distant relapses. Studies
investigating the relationship between LP/PV location and
clinicopathological characteristics or prognosis in breast
cancer remain limited. Contrary to the data described here,
Rebbeck et al.'* found that LP/PVs in BRCA1 exon 10
(formerly exon 11) and BRCA2 exon 11 were associated
with earlier ages at breast and ovarian cancer diagnosis. On
the other hand, Bayraktar et al.>” did not find any differ-
ence in age at breast cancer diagnosis and phenotypic
features of breast cancer by ethnicity or variant location.
Bayraktar et al.>* also found no significant differences in 0S
in relation to variant location (exons 2, 11, and 20 among
BRCA1 carriers and 10, 11, and 25 among BRCA2 carriers).
Nevertheless, when the OS was analyzed according to three
combined exon groups, the 10-year OS estimates were
significantly better for BRCA2 carriers with LP/PVs in exon
11 and with LP/PVs in exons 1-10, compared with LP/PVs in
exons 12-25. Further research is needed in order to confirm
and better understand the role of variant position in the
prognosis of these patients.

Several limitations of this study must be considered
when interpreting these results. Firstly, this retrospective
study lacked a control cohort of healthy BRCA carriers. The
study population specifically included patients diagnosed
with breast cancer at a young age, excluding patients with
diagnosis of ovarian cancer or other malignancies with no
history of invasive breast cancer; therefore, these results
may not be generalizable to the entire population of BRCA
carriers. Additionally, family clustering was not collected in
this study; therefore, although being relatively unlikely due
to the special population included, this cohort might
include relatives with the same variant who could also
share other clinicopathological features and prognostic
factors. Moreover, survival outcomes might have also been
influenced by factors that were not included in our inves-
tigation (i.e. lifestyle, environmental factors, or
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comorbidities), particularly given the regional variation
observed in the distribution of BRCA variants. Data on
treatments at relapse or in the metastatic setting were also
not available. However, it is important to note that patients
were enrolled between 2000 and 2020, a period during
which Cyclin-dependent kinase 4/6 inhibitors, PARP in-
hibitors, immune checkpoint inhibitors, and antibody—drug
conjugates were not yet standard of care in the treatment
of patients with early-stage disease. Finally, no correction
for multiple testing was applied with subsequent potential
increased risk of false-positive findings.

In conclusion, this analysis enhances our understanding
of the influence of the specific types of BRCA1/BRCA2 LP/
PVs on the characteristics and outcomes of breast cancer in
young women. Specifically, this study identified young
BRCA carriers affected by breast cancer who may have a
better prognosis (BRCA1 and BRCA2 missense LP/PVs) and a
worse prognosis (BRCA1 protein-truncating variants, BRCA1
exons 2 and 10). Notably, the predicted functional conse-
quence, rather than the variant type per se, appears to
hold greater biological relevance with respect to its impact
on gene function and subsequent phenotypic outcomes. A
deeper understanding of these variant-specific features will
drive future research and support the development of
tailored clinical strategies based on individual BRCA1 or
BRCA2 LP/PV profiles.

ACKNOWLEDGEMENTS

We wish to thank Heather Thorne, Eveline Niedermayr, all
the kConFab research nurses and staff, the heads and staff
of the Family Cancer Clinics, and the Clinical Follow Up
Study (which has received funding from the NHMRC, the
National Breast Cancer Foundation, Cancer Australia, and
the National Institute of Health (USA)) for their contribu-
tions to this resource, and the many families who
contribute to kConFab. kConFab is supported by a grant
from the National Breast Cancer Foundation, and previ-
ously by the National Health and Medical Research Council
(NHMRC), the Queensland Cancer Fund, the Cancer Coun-
cils of New South Wales, Victoria, Tasmania and South
Australia, and the Cancer Foundation of Western Australia.
Part of the graphical abstract was designed by pch.vector/
Freepik.

FUNDING

This work was supported by the Italian Association for
Cancer Research (AIRC) [grant number MFAG 2020 ID
24698]. ML received support from the European Society for
Medical Oncology (ESMO) for a translational research
fellowship at Institut Jules Bordet in Brussels, Belgium, at
the time this study was initiated. KAP is an Australian Na-
tional Health and Medical Research Council leadership
fellow. Data collection for most Australian participants was
through the kConFab Follow-Up Study with support from
Cancer Australia and the National Breast Cancer Founda-
tion [grant number PdCCRS 1100868], Cancer Australia
[grant number 809195], the Australian National Breast

Volume 37 m Issue 3 m 2026

Cancer Foundation [grant number IF 17], the Australian
National Health and Medical Research Council [grant
numbers 454508, 288704, 145684], the United States Na-
tional Institutes of Health [grant number 1RO1CA159868],
the Queensland Cancer Fund, the Cancer Councils of New
South Wales, Victoria, Tasmania, and South Australia, and
the Cancer Foundation of Western Australia (no grant
number). FJC was supported by the United States National
Institutes of Health grant [grant number R35CA253187], a
Specialized Program of Research Excellence in breast can-
cer [grant number P50 CA116201], the Breast Cancer
Research Foundation, and the BRCA Research and Cure
Alliance (cureBRCA) (no grant number). The study sup-
porters had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the
data; preparation, review, or approval of the manuscript; or
decision to submit the manuscript for publication.

DISCLOSURE

AT reports advisory role and/or honoraria from Eli/Lilly,
Novartis, Pfizer, MSD, AstraZeneca, Gilead, Daiichi Sankyo,
Menarini Stemline. EB reports speaker fee from Eli Lilly,
Astrazeneca, and funding to the institution from Gilead
Science. EA reports advisory role and/or honoraria from Eli
Lilly, Sandoz, AstraZeneca, Bayer, Abscint, Gilead, Novartis;
research grant to her institution from Gilead Belux;
meeting/travel grants from Novartis, Roche, Eli Lilly, Daiichi
Sankyo, AstraZeneca, Abscint, Menarini, Gilead (all outside
the submitted work). KP received honoraria for consulta-
tions/lectures/training/clinical trials and payment of con-
ference fees from AstraZeneca, Gilead, Roche, Novartis, Eli
Lilly, Pfizer, MSD, Swixx, all outside the submitted work.
H.C.F.M has research funding paid to Cleveland Clinic from
AstraZeneca, Daiichi Sankyo, Sermonix Pharmaceuticals,
Seattle Genetics, and Pfizer. WC reports honoraria from
AstraZeneca, Pfizer, Merck, Eisai. LDM reports grants or
contracts from Eli Lilly, Novartis, Roche, Daiichi Sankyo,
Seagen, Astrazeneca, Gilead, Pierre Fabre, Pfizer, Menarini
Stemline, MSD, Olema, Exact sciences; Jazz Pharmaceuticals;
Astellas. Consulting fees Eli Lilly, Novartis, Roche, Daiichi
Sankyo, Seagen, Astrazeneca, Gilead, Pierre Fabre, Pfizer,
Menarini Stemline, MSD, Exact sciences, GSK, Ipsen, Eisai.
Support for attending meetings and/or travel Roche, Gilead,
Menarini Stemline, Astrazeneca, Daiichi Sankyo. Participa-
tion on Advisory Board Eli Lilly, Novartis, Roche, Daiichi
Sankyo, Seagen, Astrazeneca, Gilead, Pierre Fabre, Pfizer,
Menarini Stemline, MSD, Exact sciences, GSK, Ipsen, Eisai,
Olema, Signature biosciences. FJC reports an advisory role
for AstraZeneca and research support from GRAIL. FP re-
ports honoraria for advisory boards, activities as a speaker,
travel grants, research grants from Amgen, AstraZeneca,
Daiichi Sankyo, Celgene, Eisai, Eli Lilly, Exact Sciences, Gilead,
Ipsen, lItalfarmaco, Menarini, MSD, Novartis, Pierre Fabre,
Pfizer, Roche, Seagen, Takeda, Viatris; research funding from
AstraZeneca, Eisai, Roche. PAM received consulting fees
from Gilead, GSK, MSD, Novartis, Pfizer; speaker honoraria
from AstraZeneca, Pfizer; travel/meeting grants from Gilead,

https://doi.org/10.1016/j.annonc.2025.11.004 375


https://doi.org/10.1016/j.annonc.2025.11.004

GSK, Pfizer, Roche. AM reports role as speaker (no personal
fees) from Roche, Seagen; consultant (no compensation)
from AstraZeneca, Roche, Veracyte; research funding (to
institution) from AstraZeneca, Veracyte, Novartis, MSD. CG
reports travel grants from Ipsen, Gilead and Pfizer; research
funding (to institution) from Gilead all outside the submitted
work; honoraria from Novartis. RY reports consulting role
with Pfizer, consulting role, invited speaker with Novartis,
consulting role with Rhenium, invited speaker with Medison,
consulting role, invited speaker with MSD, AstraZeneca, and
Eli Lilly, consulting role with Gilead, invited speaker,
consulting role with Stemline. RSB reports advisory/consul-
ting/speaker fees from Roche, AstraZeneca, Novartis, Lilly,
Daiichi Sankyo, Pfizer, Eisai, GlaxoSmithKline, Reveal Geno-
mics, and Gilead; travel expenses from Pfizer, AstraZeneca,
Gilead, Novartis, and Roche. LM reports speaker/consul-
tancy fee from Novartis, Daiichi Sankyo, AstraZeneca, Lilly,
Pfizer, Roche; support for attending medical conferences
from Novartis, Roche, Pfizer, Lilly. AK served as an invited
lecturer for AstraZeneca, Pfizer, and Roche. CS reports
speaker bureau from AstraZeneca, Daiichi Sankyo; travel/
accommodation/expenses from Pfizer, AstraZeneca, Novar-
tis, Lilly. AS reports consulting or advisory role for Eli Lilly,
Pfizer, Novartis, Roche, Gilead, MSD, AstraZeneca, Proge-
netics, Rhenium, Stemline; travel, accommodations, ex-
penses from Neopharm, Celgene, Medison, Roche, MSD,
Gilead, Pfizer; speakers bureau for Gilead, Roche, Pfizer,
Novartis, Eli Lilly; grant support from Novartis, Roche,
Gilead. ML reports advisory role for Roche, Lilly, Novartis,
AstraZeneca, Pfizer, Seagen, Gilead, MSD, Exact Sciences,
Pierre Fabre, Menarini, Nordic Pharma; speaker honoraria
from Roche, Lilly, Novartis, Pfizer, Sandoz, Libbs, Daiichi
Sankyo, Takeda, Menarini, AstraZeneca; travel grants from
Gilead, Daiichi Sankyo, Roche; research funding (to institu-
tion) from Gilead all outside the submitted work. YA reports
consulting fees from AstraZeneca and Pfizer all outside of
submitted work. NH reports honoraria for lectures and/or
consulting: AstraZeneca, Daiichi-Sankyo, Exact Sciences,
Gilead, IQVIA, Lilly, Menarini-Stemline, MSD, Novartis,
Pierre-Fabre, Pfizer, Roche, Sandoz, Viatris, Zuelligpharma
and minority ownership of West German Study Group
(WSG) - all outside the subject area. MKL reports equity and
professional services and activities from Biologica. ET reports
speaker fee and meeting/travel grants from MDS, SOPHIA
Genetics and Devyser. RBM reports honoraria from Astra
Zeneca, Roche, Pfizer; support for attending meetings from
Astra Zeneca, Pfizer, Gilead. ZK declares honoraria for
educational resources and advisory board, AstraZeneca. AF
reports honoraria for advisory boards, invited speaker and
travel grant from AstraZeneca and MSD. HW reports his
institution received financial compensation on his behalf for
advisory boards, lecture fees and/or consultancy fees from
Agendia, AstraZeneca, Augustine Therapeutics NV, Boeh-
ringer Ingelheim int., Daiichi-Sankyo, Eli Lily Benelux N.V.,
Gilead Sciences, Immutep Limited, MediMix bv, Menarini,
Novartis, NV Hict, NV Roche SA, Pfizer SA, PSI Cro AG,
Seagen, Stemline Therapeutics, Syneos Health. He received

376 https://doi.org/10.1016/j.annonc.2025.11.004

A. Toss et al.

travel support from Gilead Sciences. All other authors have
declared no conflicts of interest.

DATA SHARING

Deidentified individual patient data, data dictionary, and
statistical analysis plan will be available for 5 years after
publication upon reasonable request to ML (matteo.
lambertini@unige.it), after proper revision of the data
transfer agreement of each participating center and if ul-
timately allowed by local ethics committees.

REFERENCES

1. Roy R, Chun J, Powell SN. BRCA1 and BRCA2: different roles in a com-
mon pathway of genome protection. Nat Rev Cancer. 2011;12(1):68-78.

2. Fu X, Tan W, Song Q, Pei H, Li J. BRCA1 and breast cancer: molecular
mechanisms and therapeutic strategies. Front Cell Dev Biol. 2022;10:
813457.

3. Shahid T, Soroka J, Kong E, et al. Structure and mechanism of action of
the BRCA2 breast cancer tumor suppressor. Nat Struct Mol Biol.
2014;21(11):962-968.

4. Shailani A, Kaur RP, Munshi A. A comprehensive analysis of BRCA2
gene: focus on mechanistic aspects of its functions, spectrum of
deleterious mutations, and therapeutic strategies targeting BRCA2-
deficient tumors. Med Oncol. 2018;35(3):18.

5. Maxwell KN, Domchek SM, Nathanson KL, Robson ME. Population fre-
quency of germline BRCA1/2 mutations. J Clin Oncol. 2016;34(34):4183-
4185.

6. Lejeune F. Nonsense-mediated mRNA decay at the crossroads of
many cellular pathways. BMB Rep. 2017;50(4):175-185.

7. Petrosino M, Novak L, Pasquo A, et al. Analysis and Interpretation of the
impact of missense variants in cancer. Int J Mol Sci. 2021;22(11):5416.

8. Scotti MM, Swanson MS. RNA mis-splicing in disease. Nat Rev Genet.
2016;17(1):19-32.

9. Pdcza T, Grolmusz VK, Papp J, Butz H, Patdcs A, Bozsik A. Germline struc-
tural variations in cancer predisposition genes. Front Genet. 2021;12:
634217.

10. Kuchenbaecker KB, Hopper JL, Barnes DR, et al. Risks of breast,
ovarian, and contralateral breast cancer for BRCA1 and BRCA2 mu-
tation carriers. J Am Med Assoc. 2017;317(23):2402-2416.

11. Deng M, Chen H-H, Zhu X, et al. Prevalence and clinical outcomes of
germline mutations in BRCA1/2 and PALB2 genes in 2769 unselected
breast cancer patients in China. Int J Cancer. 2019;145(6):1517-1528.

12. Zattarin E, Taglialatela I, Lobefaro R, et al. Breast cancers arising in
subjects with germline BRCA1 or BRCA2 mutations: different biolog-
ical and clinical entities with potentially diverse therapeutic oppor-
tunities. Crit Rev Oncol Hematol. 2023;190:1041009.

13. Lambertini M, Blondeaux E, Tomasello LM, et al. Clinical behavior of
breast cancer in young BRCA carriers and prediagnostic awareness of
germline BRCA status. J Clin Oncol. 2025;43(14):1706-1719.

14. Rebbeck TR, Mitra N, Wan F, et al. Association of type and location of
BRCA1 and BRCA2 mutations with risk of breast and ovarian cancer.
J Am Med Assoc. 2015;313(13):1347-1361.

15. Gayther SA, Mangion J, Russell P, et al. Variation of risks of breast and
ovarian cancer associated with different germline mutations of the
BRCA2 gene. Nat Genet. 1997;15(1):103-105.

16. Li H, Engel C, de la Hoya M, et al. Risks of breast and ovarian cancer
for women harboring pathogenic missense variants in BRCA1 and
BRCA2 compared with those harboring protein truncating variants.
Genet Med. 2022;24(1):119-129.

17. Corso G, Girardi A, Calvello M, et al. Prognostic impact of germline
BRCA1/2 pathogenic variants in breast cancer. Breast Cancer Res
Treat. 2023;197(1):103-112.

18. Pal T, Mundt E, Richardson ME, et al. Reduced penetrance BRCA1 and
BRCA2 pathogenic variants in clinical germline genetic testing. NPJ
Precis Oncol. 2024;8(1):247.

Volume 37 m Issue 3 m 2026


mailto:matteo.lambertini@unige.it
mailto:matteo.lambertini@unige.it
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref1
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref1
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref2
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref2
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref2
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref3
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref3
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref3
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref4
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref4
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref4
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref4
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref5
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref5
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref5
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref6
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref6
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref7
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref7
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref8
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref8
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref9
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref9
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref9
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref10
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref10
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref10
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref11
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref11
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref11
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref12
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref12
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref12
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref12
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref13
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref13
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref13
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref14
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref14
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref14
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref15
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref15
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref15
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref16
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref16
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref16
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref16
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref17
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref17
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref17
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref18
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref18
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref18
https://doi.org/10.1016/j.annonc.2025.11.004

A. Toss et al.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Labidi-Galy SI, Rodrigues M, Sandoval JL, et al. Association of location
of BRCA1 and BRCA2 mutations with benefit from olaparib and bev-
acizumab maintenance in high-grade ovarian cancer: phase |1l PAOLA-
1/ENGOT-0ov25 trial subgroup exploratory analysis. Ann Oncol.
2023;34(2):152-162.

Skof E, Stegel V, Dragos VS, et al. Exploring the impact of BRCA1 and
BRCA2 mutation type and location on olaparib maintenance therapy
in platinum-sensitive relapsed ovarian cancer patients: a single center
report. Gynecol Oncol. 2024;190:104-112.

Lambertini M, Blondeaux E, Agostinetto E, et al. Pregnancy after
breast cancer in young BRCA carriers: an international hospital-based
cohort study. J Am Med Assoc. 2024;331(1):49-59.

Blondeaux E, Sonnenblick A, Agostinetto E, et al. Association between
risk-reducing surgeries and survival in young BRCA carriers with breast
cancer: an international cohort study. Lancet Oncol. 2025;26(6):759-770.
von Elm E, Altman DG, Egger M, et al. The strengthening the reporting of
observational studies in epidemiology (STROBE) statement: guidelines
for reporting observational studies. Lancet. 2007;370(9596):1453-1457.
den Dunnen JT, Dalgleish R, Maglott DR, et al. HGVS recommenda-
tions for the description of sequence variants: 2016 update. Hum
Mutat. 2016;37(6):564-569.

Hart RK, Fokkema IFAC, DiStefano M, et al. HGVS nomenclature 2024:
improvements to community engagement, usability, and comput-
ability. Genome Med. 2024;16(1):149.

Kopanos C, Tsiolkas V, Kouris A, et al. VarSome: the human genomic
variant search engine. Bioinformatics. 2019;35(11):1978-1980.

Rehm HL, Berg JS, Brooks LD, et al. ClinGen-the clinical genome
resource. N Engl J Med. 2015;372(23):2235-2242.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommendation
of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med. 2015;17(5):405-424.
Morales J, Pujar S, Loveland JE, et al. A joint NCBI and EMBL-EBI transcript
set for clinical genomics and research. Nature. 2022;604(7905):310-315.
McDevitt T, Durkie M, Arnold N, et al. Correction: EMQN best practice
guidelines for genetic testing in hereditary breast and ovarian cancer.
Eur J Hum Genet. 2024. https://doi.org/10.1038/s41431-024-01670-3.
HGVS (Human Genome Variation Society). Numbering recommendations.
2025. Available at https://hgvs-nomenclature.org/stable/background/nu
mbering/. Accessed September 1, 2025.

Clark SL, Rodriguez AM, Snyder RR, Hankins GDV, Boehning D.
Structure-function of the tumor suppressor BRCA1l. Comput Struct
Biotechnol J. 2012;1(1):e201204005.

Le HP, Heyer W-D, Liu J. Guardians of the genome: BRCA2 and its
partners. Genes (Basel). 2021;12(8):1229.

Tolaney SM, Garrett-Mayer E, White J, et al. Updated standardized
definitions for efficacy end points (STEEP) in adjuvant breast cancer
clinical trials: STEEP version 2.0. J Clin Oncol. 2021;39(24):2720-2731.
Robson M, Im S-A, Senkus E, et al. Olaparib for metastatic breast
cancer in patients with a germline BRCA mutation. N Engl J Med.
2017;377(6):523-533.

Volume 37 m Issue 3 m 2026

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Karami F, Mehdipour P. A comprehensive focus on global spectrum of
BRCA1 and BRCA2 mutations in breast cancer. Biomed Res Int.
2013;2013:928562.

Rebbeck TR, Friebel TM, Friedman E, et al. Mutational spectrum in a
worldwide study of 29,700 families with BRCA1 or BRCA2 mutations.
Hum Mutat. 2018;39(5):593-620.

Hamel N, Feng B-J, Foretova L, et al. On the origin and diffusion of
BRCA1 c.5266dupC (5382insC) in European populations. Eur J Hum
Genet. 2011;19(3):300-306.

Velez C, Palamara PF, Guevara-Aguirre J, et al. The impact of Converso
Jews on the genomes of modern Latin Americans. Hum Genet.
2012;131(2):251-263.

Weitzel JN, Lagos V, Blazer KR, et al. Prevalence of BRCA mutations
and founder effect in high-risk Hispanic families. Cancer Epidemiol
Biomarkers Prev. 2005;14(7):1666-1671.

Kadalmani K, Deepa S, Bagavathi S, Anishetty S, Thangaraj K,
Gajalakshmi P. Independent origin of 185delAG BRCA1 mutation in an
Indian family. Neoplasma. 2007;54(1):51-56.

Rashid MU, Zaidi A, Torres D, et al. Prevalence of BRCA1 and BRCA2
mutations in Pakistani breast and ovarian cancer patients. Int J Cancer.
2006;119(12):2832-2839.

Qin Z, Li J, Tam B, et al. Ethnic-specificity, evolution origin and deleteri-
ousness of Asian BRCA variation revealed by over 7500 BRCA variants
derived from Asian population. Int J Cancer. 2023;152(6):1159-1173.
Kaufman B, Laitman Y, Gronwald J, Lubinski J, Friedman E. Haplotype
of the C61G BRCA1 mutation in Polish and Jewish individuals. Genet
Test Mol Biomarkers. 2009;13(4):465-469.

Im KM, Kirchhoff T, Wang X, et al. Haplotype structure in Ashkenazi
Jewish BRCA1 and BRCA2 mutation carriers. Hum Genet. 2011;130(5):
685-699.

Thorlacius S, Olafsdottir G, Tryggvadottir L, et al. A single BRCA2
mutation in male and female breast cancer families from Iceland with
varied cancer phenotypes. Nat Genet. 1996;13(1):117-119.

Infante M, Durdn M, Acedo A, et al. The highly prevalent BRCA2 mu-
tation ¢.2808_2811del (3036delACAA) is located in a mutational hot-
spot and has multiple origins. Carcinogenesis. 2013;34(11):2505-2511.
Heramb C, Wangensteen T, Grindedal EM, et al. BRCA1 and BRCA2
mutation spectrum - an update on mutation distribution in a large
cancer genetics clinic in Norway. Hered Cancer Clin Pract. 2018;16:3.
Herzog JS, Chavarri-Guerra Y, Castillo D, et al. Genetic epidemiology of
BRCA1- and BRCA2-associated cancer across Latin America. NPJ
Breast Cancer. 2021;7(1):107.

Hakkaart C, Pearson JF, Marquart L, et al. Copy number variants as
modifiers of breast cancer risk for BRCA1/BRCA2 pathogenic variant
carriers. Commun Biol. 2022;5(1):1061.

Villarreal-Garza C, Ferrigno AS, Aranda-Gutierrez A, et al. Influence of
germline BRCA genotype on the survival of patients with triple-
negative breast cancer. Cancer Res Commun. 2021;1(3):140-147.
Bayraktar S, Jackson M, Gutierrez-Barrera AM, et al. Genotype-
phenotype correlations by ethnicity and mutation location in BRCA
mutation carriers. Breast J. 2015;21(3):260-267.

https://doi.org/10.1016/j.annonc.2025.11.004 377


http://refhub.elsevier.com/S0923-7534(25)06262-3/sref19
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref19
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref19
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref19
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref19
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref20
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref20
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref20
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref20
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref21
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref21
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref21
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref22
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref22
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref22
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref23
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref23
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref23
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref24
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref24
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref24
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref25
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref25
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref25
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref26
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref26
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref27
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref27
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref28
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref28
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref28
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref28
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref29
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref29
https://doi.org/10.1038/s41431%2D024%2D01670%2D3
https://hgvs%2Dnomenclature.org/stable/background/numbering/
https://hgvs%2Dnomenclature.org/stable/background/numbering/
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref32
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref32
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref32
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref33
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref33
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref34
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref34
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref34
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref35
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref35
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref35
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref36
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref36
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref36
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref37
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref37
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref37
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref38
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref38
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref38
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref39
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref39
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref39
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref40
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref40
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref40
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref41
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref41
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref41
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref42
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref42
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref42
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref43
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref43
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref43
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref44
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref44
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref44
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref45
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref45
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref45
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref46
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref46
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref46
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref47
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref47
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref47
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref48
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref48
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref48
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref49
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref49
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref49
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref50
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref50
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref50
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref51
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref51
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref51
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref52
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref52
http://refhub.elsevier.com/S0923-7534(25)06262-3/sref52
https://doi.org/10.1016/j.annonc.2025.11.004

	Association between type and location of germline BRCA1/2 pathogenic or likely pathogenic variants with phenotype and progn ...
	Introduction
	Patients and methods
	Study design and participants
	Variant classification
	Objectives
	Statistical analysis

	Results
	Patient population
	Variant type (indel, SNV, and CNV)
	Protein truncation (protein-truncating variants and non-truncating variants)
	Coding consequence (frameshift, inframe deletion, missense, nonsense, splicing variants)
	Variant location (exon and protein domain)

	Discussion
	Acknowledgements
	Funding
	Disclosure
	Data sharing
	References


