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Abstract

Background: BRCA1:c.5017_5019del (p.His1673del) is a founder variant rela-
tively frequent in Northern Italy. Despite previous suggestion of pathogenicity,
variant classification in public databases is still conflicting, needing additional
evidence.

Methods: Maximum likelihood penetrance of breast/ovarian and other cancer
types was estimated using full pedigree data from 53 informative Italian families.
The effect of the variant on BRCA1-ABRAXASI interaction was assessed using
a GFP-fragment reassembly-based PPI assay. Results were combined with addi-
tional data from multiple sources to classify the variant according to ACMG/AMP
classification rules specified for BRCA1/2.

Results: Variant-carriers displayed increased risk for ovarian cancer (HR = 33.0,
95% CI=7.0-155.0; cumulative risk at age 70=27.6%, 95% CI=12.6-40.0%) but
not for breast cancer (HR=0.7, 95% CI=0.2-2.2). An increased risk of uterine
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1 | INTRODUCTION

The Italian founder variant c.5017_5019del (p.His1673del)
of BRCA1 (NM_007294.4) is rare world-wide but is found
in a remarkable proportion of families suspected for he-
reditary breast and ovarian cancer (HBOC) in Italy, partic-
ularly in the Emilia-Romagna region. For this reason, and
given its uncertain clinical significance, in 2017 we per-
formed a first study on this variant, suggesting its patho-
genicity and observing its association with a predominant
ovarian cancer (OC) phenotype.*’

In that work, the assertion of “pathogenic” was based
on a multifactorial likelihood analysis performed accord-
ing to the method first described by Goldgar et al,'’ incor-
porating information on bioinformatic prediction for the
amino acid position, co-segregation in four families, lack
of co-occurrence with another BRCAI pathogenic variant
in 3827 probands, histopathology of five breast cancer
(BC) and nine OC carriers, and tumor loss of heterozygos-
ity (LOH) in four BC and six OC cases. LOH, with likeli-
hood ratios (LR) calculated using the assumed probability
distribution described by Chenevix- Trench et al.' for BC,
provided the highest odds in favor of causality.

Despite this, at July 2023, the BRCAI ¢.5017_5019del
(p.His1673del) variant was still reported as “conflict-
ing” in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).
Further, it had not yet been classified by the Evidence-based
Network for the Interpretation of Germline Mutant Alleles
(ENIGMA) consortium (https://enigmaconsortium.org),
considered the main source for interpretations of BRCAI
and BRCAZ variants according to Italian Scientific Societies
consensus.”’ As such, many Italian laboratories were re-
porting BRCA1 ¢.5017_5019del (p.His1673del) as a variant

cancer (HR=8.0, 95% CI=1.03-61.6) emerged, warranting further evaluation.
Likelihood-ratio in favor of pathogenicity was 98898642.82 under assumption of
standard BRCA1 breast and ovarian penetrance, and 104240832.84 after exclud-
ing breast cancer diagnoses (based on penetrance results). Functional analysis
demonstrated that the variant abrogates the BRCA1-ABRAXASI1 binding, sup-
porting the PS3 code assignment within the ACMG/AMP rule-based model.
Collectively, these findings allowed to classify the variant as pathogenic.
Conclusion: Pathogenicity of BRCAI:c.5017_5019del(p.His1673del) has been
confirmed; however, breast cancer risk in Italian families is not increased, unlike
in families from other countries and in carriers of most BRCAI pathogenic vari-
ants. The knowledge of atypical risk profiles for this and other variants will pave
the way for personalized management based on specific genotype.

BRCALI, breast cancer, cancer risk, classification, clinical management, ovarian cancer,
penetrance, uterine cancer

of uncertain significance (VUS), leading to differences in
management recommendations between and (potentially)
within families. Moreover, the original general observation
that carriers within the families were more likely to pres-
ent with OC than BC* raised the possibility that this variant
may exhibit a penetrance profile different from the average
BRCAI truncating variant, potentially justifying nuanced
clinical management recommendations.

For these reasons, we decided to undertake formal
penetrance analysis to estimate cancer risks associated
with the BRCAI ¢.5017_5019del (p.His1673del) variant,
to experimentally test the effect of the variant on BRCA1
protein function, and to re-assess its clinical significance
using updated classification protocols.

2 | MATERIALS AND METHODS

2.1 | Ascertainment of families

Families were ascertained on the basis of presentation
of at least one individual with personal or family his-
tory suggestive of HBOC, with the index case identified
to be a carrier of the c.5017_5019del (p.His1673del) vari-
ant. The dataset included updated pedigrees from our
previous study,” and new pedigrees. The data were col-
lected from centers located in different Italian hospitals
(Bologna, Modena, Meldola, Milano, Padova, Torino, and
Orbassano) with long-standing experience in cancer ge-
netics, and adopting procedures aimed at increasing ac-
curacy of family history collection, with verification of
cancer diagnoses in all tested cases and, whenever pos-
sible, in affected relatives. Pedigrees and individual data
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were collected from a total of 72 families, 53 of which had
at least one additional person genotyped other than the
index case, and were thus informative for co-segregation
analysis and for estimating cancer risks. Additional details
are reported in Supplementary—Data S1.

2.2 | Penetrance analysis

Penetrance analysis was undertaken for BC, OC, prostate
cancer, pancreatic cancer, colorectal cancer and uterine
cancer, selected based on previous association with BRCA1
(or BRCA2) pathogenic variant status, or the number of
affected individuals with that tumor in the dataset. Risks
were estimated using modified segregation analysis with
the MENDEL package of programs.”® The risks for each
cancer under study were estimated independently, censor-
ing each affected individual at their age at the first occur-
rence of the specific tumor. For BC and OC, the risks were
also calculated considering both tumors simultaneously.
To account for ascertainment bias, the likelihood of the
pedigree phenotypes and c¢.5017_5019del (p.His1673del)
genotypes was calculated conditional on the pedigree phe-
notypes and the variant genotype of the index case.

For BC and OC, we estimated the hazard ratio (HR) as-
sociated with the development of the tumor under the as-
sumption that the HR across age-groups was constant (with
both the simultaneous and independent model), and assum-
ing that the HR was different across the age-groups <50 and
>50years (only with the independent model); this cut-point
was selected as optimal after trying others because it fea-
tured the tightest CIs and the highest log-likelihood values.
For other cancer types, because of lower number of cancer
diagnoses, we calculated risks only assuming a constant HR
across ages. Baseline population incidence rates were set
to be those for the Italian population 2003-2007 (Cancer
Incidence in Five Continents Reports)."> In the main anal-
ysis for OC, population incidence data related to all ovarian
neoplasms were used, but a secondary analysis considering
data related to only epithelial tumors and tubaric cancers
was also performed (Supplementary—Data S1).

From the resulting estimates of relative risk for each
tumor type, age-specific cumulative risk estimates
were calculated based on the cumulative incidence
A(t):F(t) =1 —exp(—A(t)), and the corresponding Cls
were calculated using a parametric bootstrap.

2.3 | Functional assay

We assessed if the BRCA1 c¢.5017_5019delCAC
(p.His1673del) variant affects the interaction of the
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BRCA1-BRCT domains with the binding protein
ABRAXAS]I, as performed in previous studies (rational and
details in Supplementary—Data S1),*’ using the following
methods:

2.3.1 | Plasmids and site-directed
mutagenesis

The pET11a-NfrGFP-BRCA1 and pMRBAD-ABRAXASI-
Cfr Green Fluorescent Protein (GFP) were described in
Caleca and Radice (2023).” The selected BRCAI variants
were introduced by PCR-mediated directed mutagenesis
of pET11a-NfrGFP-BRCA1 using the QuikChange II site-
directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA) according to the manufacturer's instruc-
tions. The presence of variants in recombinant clones
was verified by DNA sequencing (Eurofins Genomics,
Ebersberg, Germany).

2.3.2 | Green Fluorescent Protein
(GFP)-fragment reassembly screening

ArcticExpress (DE3) E. coli competent cells (Agilent,
Santa Clara, CA, USA) were co-transformed by heat-shock
method with the compatible pairs of plasmids (pMRBAD-
ABRAXAS1-CfrGFP and pET11a-NfrGFP-BRCA1, both
as wild-type and mutant forms) and screened for the oc-
currence of the GFP-fragment reassembly, as previously
described.® Fluorescence images were captured after exci-
tation with long-wave (365nm) UV light using Azure 600
Imaging System (Dublin, CA, United States) as specified
by the manufacturer. All pictures were taken with the
same setting of instrument.

2.3.3 | E.coli cell extracts preparation
ArcticExpress (DE3) E. coli cell extracts were derived
as described in Caleca and Radice (2023).” The pro-
tein concentration was determined by the Bradford
method using the Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) according to manu-
facturer's instructions. Equal amounts of protein (20 pg)
were subjected to 4%-20% precast gradient polyacryla-
mide gel (Bio-Rad Laboratories, Hercules, CA, USA)
and visualized by Western blotting using a polyclonal
anti-GFP antibody (#A1026-2, Thermo Fisher Scientific,
Eugene, Oregon, USA) as a primary antibody and goat
anti-chicken IgY(H + L) (#A16054, Invitrogen Rockford,
IL,USA) as a secondary antibody.
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2.4 | Variant classification

We revisited classification using the American-College-
of-Medical-Genetics-and-Genomics and Association-for-
Molecular-Pathology (ACMG/AMP) guidelines®® now in
common usage, and the standard adopted for ClinGen
variant curation expert panels (VCEPs). All data previ-
ously included in our multifactorial likelihood analysis
were assessed for overlap, and consistency/applicability
of weights applied for different evidence types. In particu-
lar, we reassessed the value of breast and ovarian tumor
LOH for predicting variant pathogenicity, by reviewing
publicly available information on the rate of BRCAI LOH
in sporadic OC, and published information on breast and
ovarian tumor BRCA1 LOH as a predictor of variant path-
ogenicity'®***; from this exercise, we decided to discard
use of LOH for both BC and OC in revised multifactorial
analysis (details in Supplementary Data S1, including
Tables S1 and S2). Regarding other factors, we performed
a co-segregation analysis of our updated dataset using the
online tool Co-segregation Online v3 (https://fengbj-labor
atory.org/cool3/analysis.html),” under two different as-
sumptions: (i) a standard analysis considering all tumors
occurring in the individuals present in the dataset; (ii) an
analysis considering individuals affected by BC as unaf-
fected at age at BC diagnosis, as justified by penetrance
analysis results (see “Results” section). In addition, the
analysis was also performed on four French families
from French UnicancerGeneticsGroup (UGG) using up-
dated information for pedigrees as originally published,?
for one family from GeneDX and for five families from
AmbryGenetics. Tumor pathology LRs were calculated as
described in Spurdle et al. for BC* and in O'Mahony et al.
for OC.** These data were combined with other informa-
tion from the literature and from unpublished data col-
lated by ENIGMA consortium members to obtain a total
LR based on multiple independent clinical data types, ei-
ther assuming standard BRCAI cancer penetrance, or by
censoring all results derived or potentially derived from
BC cases.

The combined LR based on clinical data was integrated
with other information to determine the clinical signifi-
cance of ¢.5017_5019del (p.His1673del) through the ap-
plication of BRCA1/2 specified ACMG/AMP classification
rules, developed by the ENIGMA VCEP (Classification
Criteria V1.0 2023-04-27—https://clinicalgenome.org/
affiliation/50087/), as recently performed for all the VUSs
detected in our center.” These classification criteria allow
for use of LR evidence derived from previously reported
multifactorial likelihood analyses, and for application of
LR-based weights for evidence types not formally recog-
nized in the baseline ACMG/AMP criteria.*

3 | RESULTS

3.1 | Italian cohort description and
cancer features

The cohort included 791 individuals from 72 Italian fami-
lies identified to carry the ¢.5017_5019del(p.His1673del)
variant. A summary of cancer history, age distribution,
and carrier status is shown in Table S3.

A total of 243 individuals were genotyped, with 180
confirmed to be carriers of the variant: 150 females and
30 males. No other BRCA1/2 variants were detected in
index cases. Among women, there were 86 cases of BC
(39 carriers, 10 non-carriers, 37 untested), 90 cases of OC
(65 carriers, 25 untested), two cases of pancreatic cancer
(both untested), nine cases of colorectal cancer (2 carriers,
1 non-carrier, 6 untested) and nine cases of uterine can-
cer (4 carriers, 5 untested). Among men, there were three
cases of prostate cancer (1 carrier, 2 untested), four cases
of colorectal cancer (1 carrier, 3 untested), and no cases of
BC or pancreatic cancer.

Main clinical-pathological features of BC and OC in
carriers are summarized in Table S4. BCs were diagnosed
at an average age of 50years and most frequently at an
early stage (stage I 50.0%, stage II 42.3%), and most tu-
mors were ductal type (83.9%), high-grade (55.6%) and
hormone-responsive rather than triple-negative (65.5% vs.
35.7%). OCs were diagnosed at an average age of 56 years
and most frequently at an advanced stage (stage III 57.5%,
stage IV 7.5%), and most tumors were of high-grade
(97.9%) and serous histologic type (95.4%).

3.2 | Risk estimates

Table 1 shows HR and cumulative risk estimates for dif-
ferent cancers in carriers of ¢.5017_5019del(p.His1673del)
calculated assuming constant risk across age groups, and
for BC/OC also modeling risks for <50 and >50years age
groups.

There was no evidence for significantly increased risk
of BC relative to the general population from the con-
stant model or age-dependent analyses. In contrast, ac-
knowledging wide and overlapping CIs for the different
models, the HR for OC was high for the constant model
(simultaneous analysis: HR 33.0, 95% CI 7.0-155.0; inde-
pendent analysis: HR 45.5, 95% CI 8.8-236.1) and the age-
dependent model (<50years: HR 31.1, 95% CI 3.3-292.4;
>50years: HR 71.6,95% CI 7.4-692.8). Based on the simul-
taneous analysis performed with the constant model, the
resulting cumulative risks at 70years of age were calcu-
lated as 6.7% (95% CI1 4.9%-9.3%) for female BC, and 27.6%
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TABLE 1 HRsand cumulative risks estimates for Italian carriers of ¢.5017_5019del (p.His1673del) variant assuming constant risk across
age groups, and modeling risks for <50 and >50years age groups for breast and ovarian cancer.

Tumor Sex Model®

BC F Constant risk (simultaneous analysis)
Constant risk (independent analysis)
Age-dependent risk (independent analysis)
oC F Constant risk (simultaneous analysis)
Constant risk (independent analysis)
Age-dependent risk (independent analysis)
ProC M Constant risk (independent analysis)
CRC M Constant risk (independent analysis)
F Constant risk (independent analysis)
ucC F Constant risk (independent analysis)

<50years: 31.1 (3.3-292.4)
>50years: 71.6 (7.4-692.6)

% Cumulative risk (95% CI)

HR (95% CI) Age 50years Age 70years
0.7 (0.2-2.2) 2.5(1.1-3.9) 6.7 (4.9-9.3)
0.8 (0.3-2.1) 2.6 (1.2-4.0) 6.9 (4.3-9.4)
<50years: 1.3 (0.4-4.5) 4.4(1.2-11.9) 7.8 (2.3-19.0)
>50years: 0.4 (0.1-2.0)
33.0 (7.0-155.0) 9.9 (2.5-16.7) 27.6 (12.6-40.0)

45.5(8.8-236.1)  14.1 (3.0-24.0)

19.8 (3.2-62.8)

38.2 (16.7-54.2)
51.9 (11.1-99.4)

1.5(0.1-17.7) 1.9 (0.0-4.2) 12.1 (0.0-25.9)
3.4(0.5-24.4) 1.9 (1.7-2.2) 15.8 (0.8-28.6)
4.3 (0.6-30.6) 2.2 (0.0-4.7) 12.7 (1.7-22.5)
8.0 (1.0-61.6) 2.8 (0.0-6.0) 12.3 (2.0-21.5)

“In the independent analysis, only individuals with the tumor under examination are considered affected, while in the simultaneous analysis, both individuals

with BC and those with OC are considered affected.

Abbreviations: BC, Breast Cancer; CI, Confidence Interval; CRC, ColoRectal Cancer; HR, Hazard Ratio; OC, Ovarian Cancer; ProC, Prostate Cancer; UC,

Uterine Cancer.

60-

x 40~

fod Cancer

°>>| Breast cancer
lE Ovarian cancer
:E; Uterine cancer
O 4p-

0 20 40 60
Age

FIGURE 1 Cumulative risk (%) estimates for breast, ovarian
and uterine cancer in female Italian carriers of ¢.5017_5019del
(p.His1673del) variant. Estimates were calculated assuming a
constant HR across age groups, with simultaneous analysis for BC
and OC, and with independent analysis for UC.

(95% CI 12.6%-40.0%) for OC. Risk estimates for BC and
OC under alternative assumptions yielded consistent re-
sults (Tables S5 and S6).

Of the other cancer types analyzed, constant model
analysis also estimated statistically significant HR >1.0 as-
sociated with the variant for uterine cancer (HR 8.0, 95%

CI 1.03-61.7), translating to a cumulative risk at 70years
of age of 12.3% (95% CI 2.0%-21.5%).

Cumulative risks for breast, ovarian and uterine cancer
are represented in Figure 1.

3.3 | Functional results

A bright fluorescence, as a result of protein—protein inter-
action (PPI), was observed in bacterial cells co-expressing
ABRAXAS1 together with normal BRCA1 protein,
whereas no fluorescence was observed in bacterial cells
co-expressing ABRAXASI1 together with BRCA1 carrying
the p.His1673del, indicating that the variant affects PPI
(Figure 2). This result is in keeping with that reported in
a previous study that assessed the p.His1673del variant
as functionally impaired, using an extensively validated
transcriptional activity assay.*' To verify the robustness
of our assay in discriminating between functionally profi-
cient and functionally inactivating small in-frame indels,
we tested seven additional BRCAI-BRCT variants of this
type that were examined in the study by Nepomuceno
et al.¥! (Figure 2A), and the results of the two assays were
totally consistent (Table 2).

Specifically, four variants that were previously ob-
served not to significantly alter transcriptional activity
compared to normal control (p.His1746del, p.Asp1757del,
p.Argl758del, p.Lys1759del) did not interfere with
ABRAXASI binding, whereas the three variants showing
strongly reduced transcriptional activity (p.Glul661del,
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(A)

H1673del

normal C-

E1661del A1693del D1733del

H1746del D1757del R1758del

K1759del

(B)

E1661del
D1757del

L1 [A1693del

j

normal
H1673del

ABRAXAS1-CfrGFP
BRCAI1-NfrGFP

11 |D1733del

J1 |H1746del

ABRAXAS1-CfrGFP
[BRCA1-NfrGFP

1 1 |normal
1.1 [R1758del
1 | K1759del

FIGURE 2 Detection of the BRCA1-ABRAXASI interaction. (A) In vitro GFP-reassembly assays. Fluorescence was recovered, under
long-wave UV light (365 nm), after 24 h of growth at 37°C followed by 3 days of incubation at room temperature. Arctic Express (D3) E.coli
bacterial cells were co-transformed twice with each compatible pair of plasmids. C-: Arctic Express (D3) E.coli bacterial cells co-expressing
non-cognate BRCA1 and Leucine zipper fusion pepetides as negative control. (B) Analysis of expression of BRCA1-NfrGFP and ABRAXASI1-
CfrGFP wild-type and mutant forms. Cell extracts from the co-transformed ArcticExpress (DE3) E. coli cells were subjected to SDS-PAGE
and visualized by Western blotting using a polyclonal anti-GFP antibody.

ACMG
Nucleotide variant® HGVS protein® code®
€.5017_5019del p-(His1673del) PS3
€.4981_4983del p-(Glule661del) PS3
¢.5078_5080del p-(Ala1693del) PS3
€.5197_5199del p-(Asp1733del) PS3
€.5238_5240del p-(His1746del) BS3
€.5269_5271del p-(Asp1757del) BS3
€.5272_5274del p.(Argl758del) BS3
€.5275_5277del p-(Lys1759del) BS3

*NM_007294.3.

°NP_009225.1.

“Based on functional assessment by TA assay.*
This study.

p-Alal693del, p.Aspl1733del) prevented PPIL. Similar lev-
els of protein expression from all mutant constructs were
detected, demonstrating that when in the in vitro GFP-
reassembly screening a loss of fluorescence was observed,
this was attributable to the lack of binding between
the proteins and not to poor expression of the mutants
(Figure 2B). The locations of the tested variants in the
BRCAL1 protein model is shown in Figure S1.

TABLE 2 Comparison between
ABRAXAS1

. . d results from Nepomuceno et al (2022)31
interaction'

and those of this study.

3.4 | Variant classification following
ACMG/AMP guidelines

Results of co-segregation analysis and pathology LR
analysis of our expanded Italian dataset are summarized
in Tables S7-S9. Standard co-segregation analysis in our
cohort provided “strong” evidence toward pathogenicity
of the ¢.5017_5019del(p.His1673del) variant (LR 114.61).
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Censoring BC cases as justified by penetrance results
(which showed no associated risk for BC), the LR in-
creased to 3646.25, representing “very strong” evidence.
Tumor pathology, based on 31BCs and 2 high-grade en-
dometrioid OCs (a type that unlike high-grade serous can-
cer is considered informative by O'Mahony et al (2023)*%),
provided contrasting results: evidence against pathogenic-
ity for BC (LR 0.0004), and in favor for OC (LR 8.88).

The results on the expanded Italian dataset were inte-
grated with those of other unrelated datasets available in
literature and/or provided by collegues from outside Italy
in order to obtain a combined LR based on multiple in-
dependent clinical data. For the additional datasets, we
calculated the LR both in a standard way, and also exclud-
ing data relating to BC cases as justified by penetrance re-
sults from Italian families: the total LR was 98898642.82
using the standard approach, and 104240832.84 exclud-
ing BC-related information, both scenarios representing
very strong evidence toward pathogenicity of the variant.
These results, shown in Table 3, were used together with
other types of information for variant classification, as de-
tailed in Table 4.

Overall, the variant satisfied the “PS3”, “PM3” and
“PP4” criteria, with a “strong”, “supporting” and “very
strong” weight respectively (equivalent to 13 points),
reaching classification as “pathogenic” according to the
ACMG/AMP classification rules specified for BRCA1/2."

4 | DISCUSSION

Following our previous publication on the Italian founder
variant ¢.5017_5019del (p.His1673de1),49 the clinical cent-
ers participating in the study started to manage it as likely
pathogenic, offering carriers clinical management as for
carriers of pathogenic BRCA1/2 variants, and perform-
ing cascade testing for family members. However, the
variant has still been reported as VUS by some diagnostic
laboratories within and outside Italy, based on ClinVar re-
ports. In the Italian context there was interest to clarify if
variant-associated risks were similar to those conferred by
classic BRCAI variants, to better inform appropriate clini-
cal management options.

Penetrance analysis estimated for carriers a high risk
for OC with all the different model used (HR 33.0 and
cumulative risk at 70years of 27.6% with the simultane-
ous age-constant analysis), comparable to that associated
with truncating BRCA1 variants®?’; this is also supported
by the fact that the features of OC diagnosed in carriers
of the variant are those typical of BRCA-associated tu-
mors (Table S4).%° In contrast, results indicated no evi-
dence of an increased risk for BC for our Italian cohort
(HR 0.7 and cumulative risk at 70years of 6.7% with the

.. 7 of 13
Cancer Medicine _—WI LEYJ—

simultaneous age-constant analysis), a finding supported
by strong evidence against pathogenicity based on breast
tumor features in these families (LR 0.00038). These data
refer to female cases, as the analysis carried out in male
patients did not show a significant increase in risk for the
tumors analyzed, that is, BC (0 cases), pancreatic cancer (0
cases), prostate cancer (three cases, of which one carrier
of the variant and two untested), and colorectal cancer
(four cases, of which one carrier of the variant and three
untested).

Using updated data from the Italian cohort, plus other
previously published and newly acquired unpublished
data, the variant was classified as pathogenic following
gene-specific ACMG/AMP guidelines for different types
of evidence. First, its impact on protein function was
demonstrated in vitro by a recent functional study’' and
by the GFP-fragment reassembly-based PPI assay per-
formed in this study, which provided experimental evi-
dence that it abrogates the BRCA1-ABRAXASI1 binding
supporting the PS3 code assignment within the ACMG/
AMP rule-based model.>?® Then, its co-occurrence “in
trans” with an established pathogenic variant in an
individual with a clinical phenotype consistent with
Fanconi Anemia (Table 4) confirmed in vivo a func-
tional impairment associated with the variant.* Finally,
the pathogenicity was supported by the results of in-
dependent clinical data analysis performed following
a standard BRCAI penetrance model and also after ex-
cluding data relating to BC diagnoses, as justified by the
penetrance results (Table 3). Interestingly, secondary
analysis considering individuals with BC as unaffected
resulted in increased co-segregation LR for Italian fami-
lies (114.61 to 3646.25) but decreased co-segregation LR
for four large French families (4526.45 to 4.57) and for
five families from Ambry Genetics (1775.08 to 304.41).
In addition, there was a marked difference in the com-
bined LR based on BC features for Italian families (LR
0.0004) compared to that from carriers in families out-
side of Italy (LR 18.65). These observations suggest
need to conduct penetrance analysis of families from
outside Italy, and to consider possible modifying fac-
tors that may contribute to heterogeneous presentation.
Given that Italian families have previously been shown
to occur on a single haplotype,*’ the possibility of cis-
regulatory effects should not be discounted. Regardless,
our findings demonstrate how the unusual presentation
of specific variants can complicate formal classification
using criteria based on “standard” presentations for a
given gene.

It is known that different variants of the same tumor
predisposition gene can confer different levels of risk
and, regarding BRCA1/2 genes, there is robust evidence
that the BRCA1 p.Argl1699GIn variant is associated with
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TABLE 3 Calculation of multifactorial likelihood ratio derived from independent clinical data assuming standard penetrance (Main

analysis) and revised penetrance® (Secondary analysis).

Feature Source

Co-segregation COVAR (Caputo et al 2021,
revised and updated)®
GC-HBOC™
GeneDx (unpublished)

Ambry Genetics (unpublished)

This dataset (Zuntini et al
2017, revised and updated)49

Total Co-segregation

COVAR (Caputo et al 2021,
revised and updated)®

GC-HBOC*
Bang et al, 2022°.2

Pathology

Ambry Genetics (unpublished)

This dataset (Zuntini et al

2017, revised and updated)*
Total Pathology
Personal & Family history COVAR (Caputo et al 2021)°

Total Personal and Family
History

Total

LR
Specifications Main analysis Secondary analysis
4 families 4526.46 4.57
3 families 1.59 1.59
1 family 1.46 1.46
5 families 1775.08 304.41
53 families 114.61 3646.25

66 families

2132877421.28

11738303.77

5BC 0.41 n/a
2BC 1.40 n/a
10BC 13.11 n/a
1BC 3.73 n/a
31BC (LR 0.0004) 0.003 8.88
and 2 OC (LR 8.88)

49BC and 2 OC 0.09 8.88
6 families 0.49 n/a
6 families 0.49 n/a

98898642.82 104240832.84

Abbreviations: BC, Breast Cancer; LR, Likelihood ratio; n/a, Not Applicable; OC, Ovarian Cancer.

As justified by penetrance findings for Italian families, we excluded data related to BC cases in Secondary analysis (for segregation analysis, individuals with

BC were censored as unaffected at age of BC).
"The variant has been described in the Korean population by several papers,

18,23,33,42

to avoid potential data overlap we chose to include data only from Bang

et al (2022)* because it is the most recent publication and the one with the most information.

reduced penetrance of BC and OC, compared to the av-
erage (largely truncating) BRCA1 variants.**” More re-
cently, it has also been reported that BC risk after age
50years (but not at younger ages) was lower for women
with BRCAI pathogenic missense variants as a group,
compared to those with protein termination codon
variants,?’ but there was no evidence for difference in
OC risk between the variant types. The ¢.5017_5019del
(p.His1673del) variant—at least in the Italian context—
appears to represent another presentation, with BC
risk not different to that of the general population, but
OC risk at least comparable to that conferred by trun-
cating BRCAI variants. It is notable that six women in
our study presented with OC prior to BC. At present,
we can only speculate as to the biological explanation
for differing presentation: although the c.5017_5019del
(p.His1673del) variant does not fall into the previously
described OC cluster 1region,35 it is possible that a de-
letion variant has different properties to that of a mis-
sense change at a given residue, for example, if the
protein backbone is impacted by a deletion variant (but

not a missense change). Moreover, its occurrence “in
trans” with a variant predicted to encode a truncated
non-functional BRCA1 protein (c.1116G > A;p.Trp372*)
in a patient with a phenotype suggestive for Fanconi
Anemia® further supports its peculiar biological effect
and differences in penetrance profile, since patients with
biallelic BRCA1 variants have been reported to carry at
least one variant with reduced penetrance or potential
rescue mechanisms resulting in some level of retained
protein function.'***%

It was not possible to compare the risk of other tumors
typically associated with pathogenic BRCA1/2 variants
(particularly pancreatic and prostate cancers) associated
with the ¢.5017_5019del (p.His1673del) variant with
that conferred by other BRCA1/2 variants because of the
limited number of cases with such tumors in this series.
However, penetrance analysis did not show a significantly
increased risk for these tumor types.

Interestingly, penetrance analysis also highlighted a
significant increase of uterine cancer risk in carriers of
the ¢.5017_5019del (p.His1673del) variant (HR: 8.0, 95%
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TABLE 4 Assignment of ACMG/AMP classification criteria toward pathogenicity for ¢.5017_5019del (p.His1673del) variant®.

Criterion
PVS1

PS1

PS3

Assignment

n/a
n/a

A validated functional assay performed by Nepomuceno et al (2022)*! showed
that the ¢.5017_5019del (p.His1673del) variant is associated with abrogation of
transcriptional activity and a marked reduction of BRCA1 protein levels, results

Weight

Strong

supported by the functional study performed in present study (Figure 2 and
Table 2). This evidence strongly supports the pathogenicity of the variant.

PS4 No relevant data.

PM2 Not seen in GnomAD, but PM2_Supporting is not applied for indels, due to poor X /

recall for this variant type'?

PM3 Observed “in trans” with a BRCAI pathogenic variant (c.1116G > A;p. 4

Supporting

Trp372Ter) in a patient with a phenotype consistent with Fanconi Anemia
(small for gestational age, laryngotracheomalacia, hypoglycemia, respiratory
distress, monolateral congenital cataract, postnatal severe growth retardation,
dysmorphic features, malignant brain tumor at 13 months).* Mitomycin C-
induced chromosomal breakage test performed in patient's peripheral blood
lymphocytes showed greatly reduced proliferation but no evidence of increased
chromosomal breakage, which would theoretically be required to meet the
criterion PM3. However, since it is recommended that cases strongly suspected
for Fanconi Anemia with no evidence of chromosomal breakage on blood
should repeat the test on skin fibroblasts (https://www.fanconi.org/explo
re/clinical-care-guidelines),"® we decided to apply the criterion PM3 with a
“supporting” weight based on clinical evidence.

PM5_PTC n/a

PP1 These data, summarized in Table 2 and Table S7, are integrated in the PP4 X /
criterion with other clinical data, as per ClinGen BRCA1/2 VCEP specifications.

PP3 Missense alteration is located inside a (potentially) clinically important X /
functional domain of the BRCA1I gene (C-terminal (BRCT) domain), but
BayesDel score of 0.02 suggests no impact on protein function. Effect on
splicing calculated with SpliceAl provided a non-informative value (0.13), so

bioinformatic criteria could not be applied.

PP4 Multifactorial likelihood ratio derived from independent clinical data (tumor 4 Very
pathology features, segregation and personal and family history data, details Strong
in Table 2), provided a combined LR toward pathogenicity of 98898642.82
assuming standard penetrance, and combined LR of 104240832.84 assuming
association with ovarian cancer only (as justified by penetrance results for
Italian families). In both cases, the criterion PP4 with a “very strong” weight

could be applied.

Abbreviationsa: n/a, criterion not applicable; v/, criterion met; X, criterion not met.

*The variant did not meet any criteria toward benignity.

CI=1.03-61.6; cumulative risk at 70years: 12.3%, 95%
CI=2.0%-21.5%) compared to the general population
(about 3.1%*). This finding is consinstent with several
studies reporting a significant increase of the risk for
endometrial cancer in carriers of BRCA1/2 pathogenic
variants, especially for BRCA1 gene (but not for specific
variants), with some suggesting an association specif-
ically for the serous histotype.'®*24304144 Although
this evidence is not yet clearly established, recommen-
dations exist to consider risk-reducing hysterectomy in
carriers of BRCAI pathogenic variants.'*** However,

the estimates calculated here are based on only 9 cases,
which were actually considered uterine (and not ovar-
ian) tumors for the clinical history of the affected pa-
tient, but of which only two were histologically verified.
Therefore, to provide more definitive conclusions in this
regard, it would be important to study a larger number
of cases and consider information on uterine tumor
subtypes.

To date, in Italy, female carriers of BRCA1/2 patho-
genic variants are clinically managed according to
regional protocols, which follow recommendations
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provided by Italian scientific societies (https://www.
aiom.it) and include intensive breast surveillance (MRI-
based) starting at young age (25/30 yaers) and optional
risk-reducing mastectomy. The findings from this work
have important implications for family handling (all
centres should consider the variant as pathogenic for
cancer risk), and personalized clinical management for
carriers of the variant ¢.5017_5019del (p.His1673del).
The risk estimates from the present study confirm the
appropriateness of current OC risk management, while
questioning the indication for prophylactic breat sur-
gery or particularly intensive breast surveillance. At
least for Italian families, the present results suggest a BC
risk management based on family history through a case
by case evaluation and pave the way for future genotype-
based management. Furthermore, the evidence of an
increased risk for uterine cancer would suggest continu-
ing to remain vigilant on gynecological symptoms even
after eventual prophylactic oophorectomy. However,
caution must be exercised in applying specific clinical
management to carriers of this variant, and case-specific
assessments must be carried out, since there is a large
variability between Italian and non-Italian families, but
also between different Italian families.

Finally, the origin of most of our families further
support the hypothesis that the variant has arisen in a
common ancestor presumably living in Northern Italy.
However, this variant has also been reported in other
populations,>®'®** suggesting that it may fall into a mu-
tational hot-spot; haplotype analysis of carriers from dif-
ferent cohorts would be necessary to further investigate
this hypothesis. Anyway, the fact that this variant is also
present in other populations highlights the importance of
findings from this study, which indicate that the variant
displays evidence toward pathogenicity using multiple ev-
idence types, and can be classified as pathogenic following
the ACMG/AMP system.

For the component of work focused on the Italian co-
hort, the main limitations of this study are: (1) the study
design as a retrospective family-based study, where family
history in some instances could not be verified (however,
51.2% of BCs, 60.0% of OCs and 22.2% of uterine cancers
were verified through clinical records); (2) the lack of age
at diagnosis for some cancers, even if in a limited percent-
age (3.4% of BCs, 2.2% of OCs, 15.4% of colorectal cancers
and 11.1% of uterine cancers), which had to be imputed;
(3) the lack of tumor histopathological data for some car-
riers (21.1% of BC cases and 33.9% of OC cases), with con-
sequent reduction of the sample on which the pathology
LR was calculated, and for cancers generally considered to
be outside the spectrum of BRCAI-related disease, partic-
ularly relevant for uterine cancer analyses. Another con-
cern is the limitation in extent and detail of information

from families from outside Italy. In particular, due to re-
strictions in data sharing, it was not possible to conduct
formal penetrance analysis for non-Italian families; how-
ever, non-Italian collaborators conducted co-segregation
analysis with and without consideration of BC as a cancer
of interest as a means to replicate the Italian findings of
increased OC but not BC risk for this variant. For these
reasons, and given that results in French families and fam-
ilies from Ambry Genetics were contrasting with those
obtained for the Italian cohort, it will be important to col-
lect additional data and unrelated families especially from
outside Italy, and to consider the possibility of haplotype
as a modifier of BC risk, in order to provide more guidance
on clinical management of carrier families.

Further, since it is known that carriers of BRCA1/2
pathogenic variants who develop BC have a different prog-
nosis and clinical outcome compared to non-carriers, ' *8
another aspect that would be interesting to evaluate in
the future is whether the ¢.5017_5019del (p.His1673del)
variant, in addition to being associated with a different
risk of breast cancer compared to other BRCAI variants,
is also associated with a different prognosis. For this rea-
son, it will be important to prospectively collect clinical
data from BC patients carrying this variant.

5 | CONCLUSION

This work, performed with combined methodological ap-
proacheson alarger cohort of families compared to our pre-
vious study on the variant ¢.5017_5019del (p.His1673del),
has provided estimates of variant-associated cancer risks
within Italian families, and formal variant classification
following the ACMG/AMP guidelines considering clini-
cal data from Italian and other families. These findings
indicate the importance of considering variant-specific
differences in cancer risk presentation, and implications
for variant classification and informed practice of person-
alized medicine.
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