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Background: The BRCA proteins play a key role in the homologous recombination (HR) pathway. Beyond BRCA1/2,
other genes are involved in the HR repair (HRR). Due to the prominent role in the cellular repair process,
pathogenic or likely pathogenic variants (PV/LPVs) in HRR genes may cause inadequate DNA damage repair in
cardiomyocytes.

Patients and methods: This was a multicenter, hospital-based, retrospective cohort study to investigate the heart
toxicity from anthracycline-containing regimens (ACRs) in the adjuvant setting of breast cancer (BC) patients
carrying germline BRCA PV/LPVs and no-BRCA HRR pathway genes. The left ventricular ejection fraction (LVEF) was
assessed using cardiac ultrasound before starting ACR therapy and at subsequent time points according to clinical
indications.

Results: Five hundred and three BC patients were included in the study. We predefined three groups: (i) BRCA cohort;
(ii) no-BRCA cohort; (iii) variant of uncertain significance (VUS)/wild-type (WT) cohort. When baseline (TO) and post-ACR
(T1) LVEFs between the three cohorts were compared, pre-treatment LVEF values were not different (BRCA1/2 versus
HRR-no-BRCA versus VUS/WT cohort). Notably, during monitoring (T1, median 3.4 months), patients carrying BRCA or
HRR no-BRCA germline pathogenic or likely pathogenic variants showed a statistically significant reduction of LVEF
compared to baseline (T0). To assess the relevance of HRR on the results, we included the analysis of the subgroup
of 20 BC patients carrying PV/LPVs in other genes not involved in HRR, such as mismatch repair genes (MUTYH,
PMS2, MSH6). Unlike HRR genes, no significant differences in TO-T1 were found in this subgroup of patients.
Conclusion: Our data suggest that deleterious variants in HRR genes, leading to impaired HR, could increase the
sensitivity of cardiomyocytes to ACR in early BC patients. In this subgroup of patients, other measurements, such as
the global longitudinal strain, and a more in-depth assessment of risk factors may be proposed in the future to
optimize cardiovascular risk management and improve long-term survival.
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INTRODUCTION

Breast cancer susceptibility gene 1 (BRCA1) and breast
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cancer susceptibility gene 2 (BRCA2) play a prominent role
in homologous recombination repair (HRR). HRR is a high-
fidelity system involved in the DNA repair pathway that
acts on DNA double-strand breaks (DSBs)." In the absence
of functional HRR, for example, when either BRCA1 or
BRCA2 is defective, the preferential use of error-prone
systems to repair DSBs leads to an increased burden of
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genomic alterations. When these alterations occur in key
tumor driver genes, they may result in the promotion of
tumorigenesis, thus amplifying the loss of the cancer-
suppressive effects of BRCA1/2 genes.2

BRCA pathogenic or likely pathogenic variants (PV/LPVs)
account for the most identifiable hereditary breast cancer
(BC) and increase the risk of developing various other
cancers, mainly ovarian, but also prostate and pancreatic
cancers.’ For women who carry a germline PV, the cumu-
lative risk of developing BC by age 70 years is 45%-66%."

Following technological progress and deeper knowledge
of BRCA-related cancers, the demand for genetic testing is
rapidly increasing.” BRCA mutational status provides useful
information on prognostic, preventive, and therapeutic
value.® Despite germline BRCA1/2 being currently the main
genetic biomarkers of homologous recombination defi-
ciency (HRD), other HRR pathway genes are now recognized
to contribute to hereditary BC risk, including ataxia telan-
giectasia mutated (ATM), partner and localizer of BRCA2
(PALB2), checkpoint kinase 2 (CHEK2), RAD51 recombinase
(RAD51), BRCA1 interacting helicase 1 (BRIP1), and BRCA1
associated RING domain 1 (BARD1) genes.”

Although the exact magnitude of HRR-associated gene
cancer risk has not yet been defined, these genes are often
included in multi-gene panel testing,” leading to the recent
dramatic shifts that occurred in the genetic testing land-
scape while impacting the clinical management of BC pa-
tients carrying PV/LPVs in BRCA and no-BRCA HRR pathway
genes.>®

Due to the important role in the cellular repair process,
deleterious variants in HRR genes may cause inadequate
DNA damage repair in cardiomyocytes.” In preclinical
studies using murine models, loss of cardiomyocyte BRCA1
or BRCA2 has resulted in impaired DNA DSB repair, with
subsequent accumulation of DNA damage, increased car-
diomyocyte apoptosis, and heart dysfunction following
genotoxic (doxorubicin) stress.'** These observations in
animal models highlighted the role of BRCA genes as
‘caretakers’ of genome stability, but also as ‘gatekeepers’ of
cardiac function, and suggested the potential predisposition
of human BRCA mutation (BRCAm) carriers to
anthracycline-induced cardiac failure.'®

Despite limited subsequent studies testing this hypothe-
sis in women with BRCA1/2-associated BC treated with
anthracycline-based chemotherapy,'*** the role of BRCA1/
2 deleterious variants as a predisposing condition to cardiac
dysfunction is still debated, and the contribution by no-
BRCA genes is unknown.

PATIENTS AND METHODS

Study design and population

This was a multicenter, hospital-based, retrospective cohort
study to investigate the heart toxicity from anthracycline-
containing regimens (ACRs) in the adjuvant setting of BC
patients carrying germline BRCA PV/LPVs and no-BRCA HRR
pathway genes.

2 https://doi.org/10.1016/j.esmoop.2023.102196
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The study population included patients diagnosed at age
>18 years with invasive early BC (stage I-lll), who under-
went hereditary cancer genetic testing between January
2016 and December 2021. All included patients had a
known genetic testing result, completing at least four cycles
of neoadjuvant or adjuvant chemotherapy, and received
ACR. Women with in situ or stage IV de novo BC or lacking
information on genetic testing and/or cardiac ultrasound
were excluded from the present analysis.

Procedures

Genetic, pathological, and cardiovascular data were
assessed locally at each participating center.

The eligibility for genetic counseling and testing was in
agreement with national and international guidelines, tak-
ing into account the personal and family history of cancer:
age at diagnosis, multiple primary tumors, number of
affected relatives, and molecular characteristics of
tumors.*®

The pathological information collected on primary BC
included the histological subtype, estrogen receptor (ER),
progesterone receptor (PgR), human epidermal growth
factor receptor 2 (HER2) status, and the tumor grade
(grades 1, 11, and Ill) from pathology reports for clinical use.
Hormone receptor positivity was defined by the expression
of ER and/or PgR in >1% of invasive tumor cells. The clinical
data on disease stages (I-lll), breast surgery, previous risk-
reducing surgery, and type, dose, duration of ACRs and
any other antineoplastic treatments were abstracted from
the clinical records.

The left ventricular ejection fraction (LVEF) was assessed
using cardiac ultrasound/echocardiography before starting
ACR therapy and at subsequent time points according to
clinical indications, including at least one evaluation after
the end of ACR and within 21 days of the last cycle. Ac-
cording to the American Society of Echocardiography (ASE)
and the European Association of Cardiovascular Imaging
(EACVI), anthracycline-associated cardiotoxicity was defined
as a decrease in the LVEF >10% to an absolute value of
<53% by echocardiography.

The University Hospital AOUP ‘Paolo Giaccone’ (Palermo,
Italy) coordinated the study. The study has been carried out
in accordance with the Declaration of Helsinki. The study
protocol was approved by the ethical committee of the
coordinating center (Comitato Etico Palermo 1; Study Pro-
tocol ‘BReast CArdioncology’, approval number: 0821-
15092021) and by the institutional review boards of other
participating centers.

Predisposition gene mutation screening. Predisposition
gene mutation screening was assessed locally at each
participating center as part of routine clinical care. Germline
testing was carried out using next-generation sequencing
(NGS) analysis on peripheral blood samples from BC pa-
tients who met the national eligibility criteria for genetic
testing for the diagnosis of HRR-related hereditary cancer
predisposition.”” PVs and LPVs identified by NGS were
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validated using Sanger sequencing, according to the local
manufacturers’ protocols.

Genetic variant classification and interpretation. The
detected BRCA and other HRR gene variants were locally
categorized according to the criteria developed by the
Evidence-based Network for the Interpretation of Germline
Mutant  Alleles  (ENIGMA)  consortium  (https://
enigmaconsortium.org/) and the International Agency for
Research on Cancer (IARC) recommendations.> The gene
variants were classified into five classes: benign (class 1),
likely benign (class Il), variant of uncertain significance (VUS,
class Ill), likely pathogenic (class 1V), and pathogenic (class
V). The databases used were BRCA Exchange, LOVD, Var-
some, and Clinvar.'® The detected variants were named
based on the recommendations for the description of
sequence variants supplied by the Human Genome Varia-
tion Society.'”

The presence/absence of deleterious gene variants, and
the mutated gene (BRCA1/BRCA2 or HRR-gene no-BRCA),
was the criterion used to distinguish three cohorts of pa-
tients: (i) individuals carrying germline PV/LPVs (classes IV
and V) on BRCA1 or BRCA2 genes (BRCA cohort); (ii) in-
dividuals carrying germline PV/LPVs (classes IV and V) on
HRR pathway genes beyond BRCA1 and BRCA2 (HRR-no-
BRCA cohort); (iii) individuals carrying VUS (class Ill), or
showing uninformative genetic test results and referred as
wild type (VUS/WT cohort).

Statistical considerations

Descriptive analyses were used to assess patients’ charac-
teristics. The prevalence of HRR gene variants, the clinico-
pathological characteristics of patients, and the LVEF by
cardiac ultrasound were assessed for each cohort of pa-
tients. The differences between subgroups were evaluated
by Fisher’s exact test, Pearson’s correlation coefficient, and
analysis of variance test. P values <0.05 were considered
statistically significant. Statistical analysis was carried out
using IBM SPSS Statistics for Windows Version 27.0 (IBM
Corporation, Armonk, NY).

RESULTS

Patient population

Five hundred and three BC patients, aged 21-82 years, were
included in the study. We predefined three groups within
our population: (i) BRCA cohort; (ii) no-BRCA cohort; (iii)
VUS/WT cohort. A summary of the patient and tumor
cohort characteristics is reported in Table 1.

Among BC subgroups, triple-negative breast cancer was
more frequent in the BRCA cohort [BRCA cohort versus no-
BRCA cohort versus VUS/WT cohort: n = 60 patients
(40.0%) versus n = 12 (23.5%) versus n = 81 (26.8%)] (P =
0.009). Indeed, in the VUS/WT cohort, an increased rate of
ER-positive (ER and/or PgR positive) and HER2-positive BC
was observed than in the mutated cohorts. As expected,
more patients in the VUS/WT cohort were treated with
adjuvant trastuzumab (P < 0.001) and/or endocrine therapy
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(P = 0.02). At the same time, when analyzing the type of
chemotherapy, patients in the BRCA and no-BRCA cohorts
showed a higher number of taxane treatment, along with
ACR, rather than ACR alone (P = 0.008). No difference
between three cohorts was observed in radiation therapy
(no versus yes) (P = 0.05) and laterality of BC (left versus
right) (P = 0.4); notably, the number of bilateral BC was
statistically higher in the BRCA and no-BRCA cohorts than in
the VUS/WT cohort (P < 0.001).

Significant difference was observed in rates of risk-
reducing salpingo-oophorectomy (RRSO) between patients
carrying BRCA or no-BRCA PVs and VUS/WT patients [n =
51 (34.0%), n = 3 (5.9%), n = 12 (3.9%), respectively; P <
0.001]. In terms of comorbidities and risk factors, as shown
in Table 2, patients with germline BRCA or no-BRCA PVs had
a history of diabetes, dyslipidemia, hypertension, and
smoking more frequently than those without PVs. However,
only the differences in diabetes and history of
cigarette smoking were statistically significant (P < 0.001
and P = 0.02, respectively). Conversely, the use of oral
contraceptives was more frequent in the VUS/WT cohort
(P = 0.006), as well as the number of pregnancies (P <
0.001).

Genetic landscape

Four hundred and eighty-three BC patients were included in
the analysis. Two hundred and one patients were carriers of
germline PV/LPVs: 150 patients were in the BRCA cohort
(29.8%), and 51 patients were in the no-BRCA cohort
(10.2%). Twenty BC patients in the no-BRCA cohort (39.2%)
were excluded from the analysis as carriers of germline PV/
LPVs in no-HRR genes, including MUTYH, PMS2, MSHS,
CDH1, STK11, and EpCAM. In the cohort of 302 BC patients
without PV/LPVs, 57 showed a VUS (11.3%), and 245 had
genetic testing not informative (48.7%).

In the BRCA cohort, 77 patients were carriers of BRCA1
PV/LPVs (51.3%), and 73 were carriers of BRCA2 PV/LPVs
(48.7%). The most frequent PVs identified in BRCA1-positive
carriers were c.514del; p.GIn172fs, observed in five BC pa-
tients, and c.4964_4982del; p.Ser1655fs, observed in four
patients, and known as potential Sicilian founder muta-
tion.*® The most frequent PV in BRCA2-mutated BC patients
is named c.1238del; p. Leu413fs, detected in five probands.
Other PVs were observed with lower recurrence, as a result
of heterogeneous geographic areas of the BC included in
the study.

In the group of no-BRCA patients, 31 (60.8%) were car-
riers of PV/LPVs in the HRR genes. The highest prevalence of
HRR-no-BRCA gene alterations was in CHEK2, PALB2, and
ATM. The most represented variants in the HRR-no-BRCA
cohort were c.1229delC PV in the CHEK2 gene (NM
001005735), and c.(3113+1_3114-1)_(3201+1_3202-1)del
in the PALB2 gene. Regarding the type of PV/LPVs identi-
fied in this setting of patients, more than a third"* were
nonsense mutations. The second type more presents were
frameshift mutations (n.11). The remaining variants
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Table 1. Patient and tumor characteristics
Characteristics BRCA cohort No-BRCA cohort VUS/WT cohort P value
n (%) n (%) n (%)
Total patients 150 (29.8) 51 (10.2) 302 (60.0) =
Median age, years (IQR) 45 (21-80) 52 (29-81) 49 (24-82) 0.2
Histology
Ductal carcinoma 121 (80.7) 46 (90.3) 241 (79.8) 0.6
Lobular carcinoma 10 (6.7) 3 (5.9) 23 (7.7)
Others 4 (2.6) 1(1.9) 9 (2.9)
Missing 15 (10.0) 1(1.9) 29 (9.6)
Tumor size
T1 (<2 cm) 55 (36.7) 24 (47.1) 121 (40.1) 0.4
T2-T3-T4 (>2 cm) 66 (44.0) 19 (37.2) 145 (48.0)
Missing 29 (19.3) 8 (15.7) 36 (11.9)
Nodal status
Negative 57 (38.0) 21 (41.2) 137 (45.4) 0.1
Positive 68 (45.3) 23 (45.1) 110 (36.4)
Missing 25 (16.7) 7 (13.7) 55 (18.2)
Receptor status
Negative (ER and PgR negative) 67 (44.7) 18 (35.3) 97 (32.1) 0.005
Positive (ER and/or PgR positive) 70 (46.7) 30 (58.8) 182 (60.3)
Missing 13 (8.6) 3 (5.9) 23 (7.6)
HER2 status
HER2 negative 115 (76.7) 35 (68.6) 183 (60.6) <0.001
HER2 positive® 22 (14.7) 11 (21.6) 96 (31.8)
Missing 13 (8.7) 5 (9.8) 21 (6.9)
TNBC
No 85 (56.7) 37 (72.6) 209 (69.3) 0.009
Yes 60 (40.0) 12 (23.5) 81 (26.8)
Missing 5(3.3) 2 (3.9) 12 (3.9)
Type of chemotherapy
Anthracycline-containing regimen (ACR) 40 (26.7) 16 (31.4) 121 (40.2) 0.008
ACR and taxane 101 (67.3) 32 (62.7) 157 (51.9)
Missing 9 (6.0) 3 (5.9) 24 (7.9)
Trastuzumab
No 109 (72.3) 39 (74.5) 180 (59.6) <0.001
Yes 21 (14.0) 10 (19.6) 91 (30.1)
Missing 20 (13.3) 2 (3.9) 31 (10.3)
Adjuvant endocrine therapy
No 67 (44.7) 13 (35.3) 101 (33.5) 0.02
Yes 69 (46.0) 32 (62.7) 181 (59.9)
Missing 14 (9.3) 1 (2.0) 20 (6.6)
Radiation therapy
No 48 (32.0) 8 (15.7) 81 (26.9) 0.05
Yes 76 (50.7) 35 (68.6) 172 (56.9)
Missing 26 (17.3) 8 (15.7) 49 (16.2)
Laterality of breast cancer
Left 40 (26.7) 18 (35.3) 101 (33.4) 0.002°
Right 53 (35.3) 14 (27.5) 112 (37.1)
Bilateral 43 (28.7) 19 (37.2) 45 (14.9)
Missing 14 (9.3) 0 (0.0) 44 (14.5)

BC, breast cancer; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; IQR, interquartile range; PgR, progesterone receptor;

TNBC, triple-negative breast cancer; VUS, variant of uncertain significance; WT, wild type.

?IHC+ or amplified by FISH.
bLeft versus right BC: P = 0.4; bilateral BC, yes versus no: P < 0.001.

identified were eight intronic variant sequences and three
missense mutations (Table 3).

The overall genetic landscape of the three cohorts is
shown in Figure 1.

Left ventricular ejection fraction

We examined associations between the presence of dele-
terious variants and LVEF decline by cardiac ultrasound.
LVEFs before starting ACR therapy, and at subsequent time
points, were collected.

4 https://doi.org/10.1016/j.esmoop.2023.102196

When baseline (T0) and post-ACR (T1) LVEFs between the
three cohorts were compared, pre-treatment LVEF values
were not different (BRCA1/2 versus HRR-no-BRCA versus
VUS/WT cohort). Post-ACR LVEFs were available for n = 321
patients. Notably, during monitoring (T1, median 3.4
months), patients carrying BRCA or HRR no-BRCA germline
pathogenic or likely pathogenic variants showed a statisti-
cally significant reduction of LVEF compared to baseline
(TO). In the BRCA1/2 cohort, median LVEF (%) TO versus T1
was 62 (50-74) versus 58 (37-67) (P < 0.001) (Figure 2A); in
the HRR genes no-BRCA cohort, median LVEF (%) TO versus
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Table 2. Risk factors between the three BC cohorts

Characteristics BRCA cohort No-BRCA cohort VUS/WT cohort P value
n (%) n (%) n (%)

Median body mass index (range), kg/m? 23.1 (15.2-39.2) 23.7 (17.6-41.1) 22.0 (16.1-41.0) ns

Comorbidities and risk factors (%)
Diabetes 14 (9.3) 14 (27.4) 5 (4.9) <0.001
Dyslipidemia 14 (9.3) 3 (5.9) 15 (4.9) ns
History of smoking 49 (32.7) 12 (23.5) 64 (21.2) 0.02
Hypertension 34 (22.7) 13 (25.5) 59 (19.5) ns
Oral contraceptives 8 (5.4) 4 (7.8) 5 (14.9) 0.006
Pregnancies 53 (35.3) 10 (19.6) 147 (48.7) <0.001
Before BC diagnosis 53 (35.3) 9 (17.6) 146 (48.3) —
After BC diagnosis 0 (0.0) 1(1.9) 1(0.3) —
Missing 35 (23.3) 7 (13.7) 5 (21.5)

Bilateral salpingo-oophorectomy
Yes 51 (34.0) 3 (5.9) 12 (3.9) <0.001
Missing 59 (39.3) 12 (23.5) 97 (32.1)

BC, breast cancer; ns, not significant; VUS, variant of uncertain significance; WT, wild type.

T1 was 62 (55-68) versus 56 (40-62) (P < 0.001) (Figure 2B).
Conversely, in the VUS/WT cohort, median LVEF TO versus
T1 was not statistically significant [LVEF (%) 61 (45-77)
versus 60 (43-76) (P = not significant)] (Figure 2C).

To assess the relevance of HRR on the results, we
included the analysis of the subgroup of 20 BC patients
carrying PV/LPVs in other genes not involved in HRR, such
as mismatch repair genes (MUTYH, PMS2, MSH6), and
genes involved in pathways not directly associated with
genome maintenance (CDH1, STK11, EpCAM). Unlike HRR
genes, no significant differences in TO-T1 were observed in
this subgroup of mutated BC patients (Figure 2D).

Finally, as expected, a marked LVEF reduction was
observed in mutated patients treated with risk-reducing
bilateral salpingo-oophorectomy before 40 years of age,
body mass index >25 kg/m?, and type Il diabetes mellitus.
The latter risk factor was probably related to the increased
risk of developing insulin resistance in BRCA-mutated

patients.

DISCUSSION

Germline genetic testing for women with BC will be
increasingly part of clinical practice, requiring physicians to

integrate genetic information into decision

Table 3. PV/LPVs in HRR-no-BRCA genes by multi-gene panel testing

Gene HGVS nomenclature Protein change Variant interpretation Patients n
CHEK2 c.1229delC p.Thr410fs PV 3
CHEK2 c.7214+3A>T / LPV 2
PALB2 c.661_662delGTinsTA p.Val221Ter PV 2
PALB2 c.(3113+1_3114-1)_(3201+1_3202-1)del / PV 3
PALB2 c.758dupT p.Ser254llefs PV 1
PALB2 c.1424dup p.Arga76fs PV 1
PALB2 c.3556del p.Ser1186HisfsTer5 PV 1
PALB2 €.2566C>T p. GIn856Ter PV 1
CHEK2 €.922-1G>A PV 1
CHEK2 c.85C>T p.GIn29Ter PV 1
CHEK2 c.636del p.Phe212fs PV 1
ATM c.2413C>T p.Arg805Ter PV 1
ATM c.81477>C p.Val2716Ala PV 1
ATM ¢.1065+1G>C / LPV 1
ATM c.(2838+1_2839-1)_(4109+1_4110-1)del / PV 1
ATM c.7792C>T p.Arg2598Ter PV 1
ATM c.1463G>A p.Trp488Ter PV 1
ATM c.6154G>A p.Glu2052Lys LPV 1
RAD51C c.773G>A p.Arg258His LPV 1
RAD51C €226_227insAT p.Ala76Metfs26 PV 1
RAD51D c.694C>T p.Arg232Ter PV 1
RAD50 €.3598C>T p.Arg1200Ter PV 1
NBN ¢.156_157del p.Ser53fs PV 1
BARD1 c.1325del p.Pro442fs PV 1
NBN c.2140C>T p.Arg714Ter PV 1
RAD51D c.898C>T p.Arg300Ter LPV 1
PALB2 €.2167_2168del p.Met723fs PV 1
ATM €.5932G>T p.Glu1978Ter PV 1

HGVS, Human Genome Variation Society; HRR, homologous recombination repair; LPV, likely pathogenic variant; PV, pathogenic variant.
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Figure 1. The genetic landscape of the 483 BC patients included in the study. A total of 181 patients were carriers of germline PV/LPVs: 77 patients were carriers of
BRCA1 PV/LPVs (42.6%), 73 were carriers of BRCA2 PV/LPVs (40.3%), and 31 patients were carriers of germline PV/LPVs in no-BRCA HRR genes (17.1%). In the cohort of
302 BC patients without PV/LPVs, 57 showed a variant of uncertain significance (VUS) (18.9%), and 245 had genetic testing not informative (81.1%). Further 20 BC

patients were excluded from analysis as carriers of germline PV/LPVs in no-BRCA, no-HRR genes, including MUTYH, PMS2, MSH6, CDH1, STK11, and EpCAM.
BC, breast cancer; HRR, homologous recombination repair; PV/LPVs, pathogenic or likely pathogenic variants.
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making. BRCA1/2 deleterious variants confer high-
penetrance susceptibility to breast and ovarian can-
cers.>?>*? However, the wider use of gene panels leads to
evolving knowledge of HRR genes with sufficient clinical
validity to be considered BC susceptibility genes.?*** Pre-
disposition genes to BC have been studied in detail in a
recent analysis of 54 555 invasive tumors, detecting germ-
line deleterious variants in 10.1% of patients: notably, more
than half of the PVs occurred in cancer predisposition genes
other than BRCA1 and BRCA2, e.g. RAD51C, RAD51D, ATM,
BARD1, PALB2 (BRCA1/2 PVs versus others: 4.4% versus
5.7%).”°

Although with a lifetime risk of cancer lower than BRCA,
and a clinical spectrum not fully clarified, PV/LPVs in
moderate-penetrance genes are equally associated with BC
predisposition.'*?%*® pALB2, ATM, CHEK2, RAD51, BRIP1,
and BARD1 are the genes involved in the DNA damage
response pathway for DNA DSB repair, together with BRCA1
and BRCA2.”

ACRs are frequently used in the treatment of BC, with
many patients with key HRR-modulating gene alterations

being exposed to anthracyclines as part of their adjuvant
therapeutic regimen.

Cardiotoxicity is a dose-limiting adverse effect of ACRs
that can manifest in varying severity, from an asymptomatic
decline in LVEF on echocardiogram to overt congestive
heart failure (HF).>>° Despite the pathophysiologic mech-
anism being multifactorial, the anthracycline effect on DNA
damage is well renowned.>" DNA topoisomerase 118 (Top23)
inhibition and damage to mitochondrial DNA in car-
diomyocytes seemed to be the cardinal element responsible
for anthracycline-induced progressive HF, causing accumu-
lation of DNA DSBs, ultimately leading to apoptosis.”®**

As BRCA1/2 are key components in DNA DSB repair, it
was hypothesized that BRCA loss of function may increase
apoptosis and subsequent susceptibility to anthracycline-
induced cardiotoxicity.>**>

This concept has driven the development of preclinical
studies that corroborated the increased risk of HF and
cardiac mortality in murine models with homozygous loss of
BRCA1 or BRCA2 genes compared to wild type, after
anthracycline exposure.*®**
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Figure 2. LVEF (%) by cardiac ultrasound and mutational landscape of patient population. (A-C) Median LVEF (%) TO versus T1 by echocardiographic assessment
between the three cohorts (BRCA1/2 versus HRR-no-BRCA versus VUS/WT cohorts). (D) Explorative analysis in a subgroup of BC patients carrying PV/LPVs in other
genes not involved in HRR.

BC, breast cancer; HRR, homologous recombination repair; LVEF, left ventricular ejection fraction; PV/LPVs, pathogenic or likely pathogenic variants; VUS, variant of
uncertain significance; WT, wild type.
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Human data addressing this issue partially contrasted
with the results of murine studies.’>'*** However, the
human studies on BRCA-mutated patients were partially
limited by their small sample size, by wide heterogeneity in
the clinical or echocardiographic diagnosis of anthracycline-
related cardiotoxicity, and by surveillance protocols.
Importantly, previous human studies included BC patients
carrying only BRCAms with lacking evidence on the impact
of other HRR-associated genes on HF, particularly chal-
lenging due to their low prevalence.

Our large, unique dataset allowed an in-depth investi-
gation of the impact of BRCA and no-BRCA genes involved
in HR-mediated DNA repair on cardiac function. One main
finding with potential clinical implications was found in our
study. We observed a sub-clinical cardiotoxicity with an
asymptomatic decline in LVEF following anthracycline
treatment in BC patients carrying PV/LPVs in BRCA and no-
BRCA-HRR genes.

Relative to the BRCA cohort, our results differ in part
from previous research. The reasons could be the following.
The first study by Barac et al. compared a cohort of 39
patients carrying BRCA1/2 deleterious variants with 42
controls. The authors found no significant differences in
echocardiographic parameters of cardiac function between
BRCA-related and sporadic BC.'* However, the study was
limited by some elements. Firstly, the sample size. Despite
the prospective design, the study was not adequately
powered to assess differences between the two cohorts.
Other limitations included the lack of prior echocardio-
graphic data to assess individual LVEF interval variations,
and the long period between the chemotherapy adminis-
tration and echocardiographic examination. In fact, partici-
pants were invited for the echocardiographic analyses with
an average of 69 months after adjuvant anthracycline.
Furthermore, differently from our study, not all included
patients in the sporadic group had known BRCA testing
results. As a consequence, women with unknown BRCA PV/
LPVs could have been misclassified in the sporadic cohort.

In the subsequent, retrospective study by Pearson et al.,
the rates of anthracycline-induced cardiomyopathy in
BRCAm carriers compared with BRCA wild type were not
significantly different.”> The major limitation of this study
was the small number (26/102) of BRCAm carriers who
underwent echocardiograms after completion of adjuvant
anthracyclines. Post-treatment echocardiography was car-
ried out only in patients who either had developed clinical
signs of cardiomyopathy or were treated with trastuzumab.
Thus, asymptomatic declines in LVEF may have not been
detected in this study population.

The results of a recent, single-center study remained
consistent with the previous ones.>* However, also in this
study, statistical power was limited due to the sample size
(participants treated with anthracyclines: 39 in the BRCAm
carrier group, 14 in the BRCAm non-carrier group).

Conversely, results of a study on 401 BRCA-mutated pa-
tients were among the first to suggest that human BRCAm
carriers may have an increased risk of HF after ACRs. The
results showed that 7.7% of BRCAm carriers reported HF

Volume 9 m Issue 1 m 2024

and, in addition, 9.1% of BRCAIm carriers and 8.2% of
BRCA2m carriers reported arrhythmias following anthracy-
cline exposure. These rates, compared with the overall
population, were significantly higher."* However, this study
was based on the results from an online survey in the
absence of a control group of women with sporadic BC.

To our knowledge and according to the best data avail-
able today, this is the first study that investigates the impact
of ACRs in patients carrying a deleterious variant within an
HRR-associated gene beyond BRCA1/2.

The lack of relevant data on HRR-associated genes,
beyond BRCA1/2, such as ATM, PALB2, CHEK2, RAD51, and
BARD1, makes these results of high biological and clinical
interest. At the therapeutic level, our findings of 5% of
asymptomatic LVEF reduction are not clinically significant
now. But, we do not know the potential long-term ef-
fects.?%3> It may indicate a cardiomyocyte injury at risk to
progress from silent to symptomatic left ventricular
dysfunction as a result of further cardiovascular risk factors.
In this context, the issue of overtreatment of early BC, and
the de-escalation of ACR for selected patients, is currently
being extensively debated.?® Despite available evidence still
supporting anthracycline-based chemotherapy for several
patients, the issue of potential life-altering toxicities in a
curative setting highlights how selected BC sub-populations
may benefit from an anthracycline-free regimen, according
to their risk of recurrence and death, along with the specific
cardiovascular risk factor profile. Thus, the anthracycline-
related cardiotoxicity can be further scaled down by
improving upfront patient selection, cardiac monitoring,
and preventive measures, toward the optimal and careful
risk—benefit balance.>® In addition to the previous consid-
eration, incrementally, the treatment plan will need to take
into account the biological complexity created by the poly
(ADP-ribose) polymerase inhibitors (PARPis).?®3738 To date,
it is not yet known if the synthetic lethality of PARPi might
further enhance the effect of LVEF variations in patients
with impaired HRR. Although in randomized trials no car-
diotoxicity of olaparib was found, the cardiovascular effects
of PARPis have not yet been systemically analyzed in the
real world, due to the short duration of their clinical
application.”® Recently, a large variety of cardiotoxicity
events, such as hypertension and increased heart rate, were
reported, especially for niraparib, in a pharmacovigilance
analysis using the United States Food and Drug Adminis-
tration’s Adverse Event Reporting System (FAERS).*’ To
date, a single-center retrospective study on a population of
prevalent ovarian cancers, reported by the 2021 ESMO
Conference, showed cardiovascular events involving half of
the patients treated with PARPi.**

We acknowledge several limitations of our study. Firstly,
this was a retrospective study using LVEF assessed by
cardiac ultrasound to detect anthracycline cardiotoxicity.
According to clinical indications, echocardiography was
carried out at baseline, before starting ACRs, and at
subsequent time points. Relative to time points, echo-
cardiography surveillance protocols partially varied from
one center to another. Thus, although post-baseline
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assessments were available for the majority of patients, in
some centers follow-up echocardiography was carried out
only in patients who developed clinical signs of car-
diotoxicity. As a consequence, in the absence of a set
period of time, the asymptomatic LVEF reduction could be
underdiagnosed.

Another factor to consider is that the higher rate of RRSO
and premature menopause in the BRCA cohort may further
impact cardiac outcomes.*" Premature onset of menopause
and reduction in circulating estrogen due to bilateral RRSO,
especially before the age of 45 years, may promote
atherosclerosis by inducing endothelial dysfunction and
metabolic changes, thus increasing the risk of cardiovascular
disease.”” In addition, even independently of the
anthracycline-based treatment, literature data showed an
intrinsic cardiovascular risk for BRCAm carriers. They may
have altered levels of insulin-like growth factor-I, leading to
an increased risk of developing insulin resistance and type Il
diabetes mellitus, and altered expression of circulating
proteins associated with thromboembolic risk.>*** Our re-
sults confirmed these literature data, reporting an increase
of diabetes mellitus in mutation carriers, and the occur-
rence of more frequent, although not statistically signifi-
cant, hypertension and dyslipidemia, along with a more
frequent history of mitral valve prolapse, aortic and
tricuspid regurgitation, atrial septal aneurysm, and coronary
heart disease.

Our findings highlight an increased, sub-clinical suscep-
tibility to cardiac injury, with an asymptomatic decline in
LVEF following anthracycline treatment in BC patients car-
rying BRCA1/2 germline PV/LPVs or moderate-penetrance
non-BRCA1/2 germline PV/LPVs in key HRR-modulating
genes, such as RAD51, ATM, BRIP1, CHEK2, NBN, and
PTEN. Individually, BC patients carrying these HRR gene
alterations are not common.** However, overall they
represent a significant number of BC patients who may
benefit from a more in-depth assessment of risk factors and
other additional measurements such as the global longitu-
dinal strain (GLS).*

Prospective validation of these findings is required to
better define the impact of HRR alterations on
anthracycline-related cardiotoxicity. An improved under-
standing will help inform decisions regarding optimal car-
diac follow-up planning while enabling personalized
therapeutic approaches.

Conclusion

BRCA1/2 are tumor suppressor genes extensively involved
in maintaining genomic integrity as key components in DNA
DSB repair mediated by the error-free HR pathway.
Recently, the demand for genetic testing and the use of
gene panels in clinical practice has rapidly increased, lead-
ing to an increasing population of BC patients identified
with germline PV/LPVs in BRCA1/2 and other HRR-
associated genes. Our data suggest that deleterious vari-
ants in HRR genes, leading to impaired HR, could increase
the sensitivity of cardiomyocytes to ACRs in early BC
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patients. Conversely, no significant variations in LVEF were
observed in BC patients carrying PVs in genes involved in
pathways not directly associated with genome mainte-
nance. Probably, an asymptomatic LVEF reduction of 5% is
not clinically significant now. However, we do not know the
potential long-term effects, especially with the expanding
use of PARPis. In this subgroup of patients, other mea-
surements, such as the GLS, and a more in-depth assess-
ment of risk factors may be proposed in the future to
optimize cardiovascular risk management and improve
long-term survival.

FUNDING

None declared.

DISCLOSURE

The authors have declared no conflicts of interest.

REFERENCES

1. Lord CJ, Ashworth A. BRCAness revisited. Nat Rev Cancer. 2016;16(2):
110-120.

2. Nielsen FC, van Overeem Hansen T, Sgrensen CS. Hereditary breast and
ovarian cancer: new genes in confined pathways. Nat Rev Cancer.
2016;16(9):599-612.

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

4. Pujol P, Barberis M, Beer P, et al. Clinical practice guidelines for BRCA1
and BRCA2 genetic testing. Eur J Cancer. 2021;146:30-47.

5. Russo A, Incorvaia L, Capoluongo E, et al. Implementation of preven-
tive and predictive BRCA testing in patients with breast, ovarian,
pancreatic, and prostate cancer: a position paper of Italian Scientific
Societies. ESMO Open. 2022;7(3):100459.

6. Tung NM, Zakalik D, Somerfield MR, Panel HBCGE. Adjuvant PARP in-
hibitors in patients with high-risk early-stage HER2-negative breast
cancer and germline. J Clin Oncol. 2021;39(26):2959-2961.

7. Bono M, Fanale D, Incorvaia L, et al. Impact of deleterious variants in
other genes beyond BRCA1/2 detected in breast/ovarian and pancre-
atic cancer patients by NGS-based multi-gene panel testing: looking
over the hedge. ESMO Open. 2021;6(4):100235.

8. Fanale D, Fiorino A, Incorvaia L, et al. Prevalence and spectrum of
germline BRCA1 and BRCA2 variants of uncertain significance in
breast/ovarian cancer: mysterious signals from the genome. Front
Oncol. 2021;11:682445. Erratum in: Front Oncol. 2022;12:920342.

9. Botto N, Rizza A, Colombo MG, et al. Evidence for DNA damage in
patients with coronary artery disease. Mutat Res. 2001;493(1-2):23-30.

10. Shukla PC, Singh KK, Quan A, et al. BRCA1 is an essential regulator of
heart function and survival following myocardial infarction. Nat Com-
mun. 2011;2:593.

11. Singh KK, Shukla PC, Quan A, et al. BRCA2 protein deficiency exag-
gerates doxorubicin-induced cardiomyocyte apoptosis and cardiac
failure. J Biol Chem. 2012;287(9):6604-6614.

12. Barac A, Lynce F, Smith KL, et al. Cardiac function in BRCA1/2 mutation
carriers with history of breast cancer treated with anthracyclines.
Breast Cancer Res Treat. 2016;155(2):285-293.

13. Pearson EJ, Nair A, Daoud Y, Blum JL. The incidence of cardiomyopathy
in BRCA1 and BRCA2 mutation carriers after anthracycline-based
adjuvant chemotherapy. Breast Cancer Res Treat. 2017;162(1):59-67.

14. Sajjad M, Fradley M, Sun W, et al. An exploratory study to determine
whether BRCA1 and BRCA2 mutation carriers have higher risk of car-
diac toxicity. Genes (Basel). 2017;8(2):59.

15. Plon SE, Eccles DM, Easton D, et al. Sequence variant classification and
reporting: recommendations for improving the interpretation of cancer
susceptibility genetic test results. Hum Mutat. 2008;29(11):1282-1291.

Volume 9 m Issue 1 m 2024


http://refhub.elsevier.com/S2059-7029(23)01437-0/sref1
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref1
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref2
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref2
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref2
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref3
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref3
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref3
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref4
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref4
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref5
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref5
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref5
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref5
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref6
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref6
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref6
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref7
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref7
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref7
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref7
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref8
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref8
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref8
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref8
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref9
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref9
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref10
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref10
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref10
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref11
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref11
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref11
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref12
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref12
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref12
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref13
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref13
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref13
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref14
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref14
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref14
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref15
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref15
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref15
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196

L. Incorvaia et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Landrum MJ, Lee JM, Riley GR, et al. ClinVar: public archive of re-
lationships among sequence variation and human phenotype. Nucleic
Acids Res. 2014;42(Database issue):D980-D985.

den Dunnen JT, Dalgleish R, Maglott DR, et al. HGVS recommendations
for the description of sequence variants: 2016 update. Hum Mutat.
2016;37(6):564-569.

Incorvaia L, Fanale D, Badalamenti G, et al. Hereditary breast and
ovarian cancer in families from Southern Italy (Sicily)-prevalence and
geographic distribution of pathogenic variants in BRCA1/2 genes.
Cancers (Basel). 2020;12(5):1158.

Tung NM, Boughey JC, Pierce LJ, et al. Management of hereditary
breast cancer: American Society of Clinical Oncology, American Society
for Radiation Oncology, and Society of Surgical Oncology guideline.
J Clin Oncol. 2020;38(18):2080-2106.

Russo A, Incorvaia L, Malapelle U, et al. The tumor-agnostic treatment
for patients with solid tumors: a position paper on behalf of the AIOM-
SIAPEC/IAP-SIBioC-SIF Italian Scientific Societies. Crit Rev Oncol Hem-
atol. 2021;165:103436.

King MC, Marks JH, Mandell JB, Group NYBCS. Breast and ovarian
cancer risks due to inherited mutations in BRCA1 and BRCA2. Science.
2003;302(5645):643-646.

Incorvaia L, Fanale D, Bono M, et al. BRCA1/2 pathogenic variants in
triple-negative versus luminal-like breast cancers: genotype-phenotype
correlation in a cohort of 531 patients. Ther Adv Med Oncol. 2020;12:
1758835920975326.

LaDuca H, Stuenkel AJ, Dolinsky JS, et al. Utilization of multigene
panels in hereditary cancer predisposition testing: analysis of more
than 2,000 patients. Genet Med. 2014;16(11):830-837.

Fanale D, Incorvaia L, Filorizzo C, et al. Detection of germline mutations
in a cohort of 139 patients with bilateral breast cancer by multi-gene
panel testing: impact of pathogenic variants in other genes beyond
BRCA1/2. Cancers (Basel). 2020;12(9):2415.

Hu C, Polley EC, Yadav S, et al. The contribution of germline predis-
position gene mutations to clinical subtypes of invasive breast cancer
from a clinical genetic testing cohort. J Natl Cancer Inst. 2020;112(12):
1231-1241.

Easton DF, Pharoah PD, Antoniou AC, et al. Gene-panel sequencing and
the prediction of breast-cancer risk. N Engl J Med. 2015;372(23):2243-
2257.

Tung N, Lin NU, Kidd J, et al. Frequency of germline mutations in 25
cancer susceptibility genes in a sequential series of patients with
breast cancer. J Clin Oncol. 2016;34(13):1460-1468.

Graffeo R, Rana HQ, Conforti F, et al. Moderate penetrance genes
complicate genetic testing for breast cancer diagnosis: ATM, CHEK2,
BARD1 and RAD51D. Breast. 2022;65:32-40.

Herrmann J. Adverse cardiac effects of cancer therapies: cardiotoxicity
and arrhythmia. Nat Rev Cardiol. 2020;17(8):474-502.

Volume 9 m Issue 1 m 2024

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45,

Novo G, Di Lisi D, Manganaro R, et al. Arterial stiffness: effects of
anticancer drugs used for breast cancer women. Front Physiol.
2021;12:661464.

Al-Otaibi TK, Weitzman B, Tahir UA, Asnani A. Genetics of anthracycline-
associated cardiotoxicity. Front Cardiovasc Med. 2022;9:867873.

Gast KC, Viscuse PV, Nowsheen S, et al. Cardiovascular concerns in
BRCA1 and BRCA2 mutation carriers. Curr Treat Options Cardiovasc
Med. 2018;20(2):18.

van Westerop LL, Arts-de Jong M, Hoogerbrugge N, de Hullu JA,
Maas AH. Cardiovascular risk of BRCA1/2 mutation carriers: a review.
Maturitas. 2016;91:135-139.

Demissei BG, Lv W, Wilcox NS, et al. Mutations and cardiovascular
function in breast cancer survivors. Front Cardiovasc Med. 2022;9:
833171.

Bisceglia I, Canale ML, Silvestris N, et al. Cancer survivorship at heart: a
multidisciplinary cardio-oncology roadmap for healthcare pro-
fessionals. Front Cardiovasc Med. 2023;10:1223660.

Guarneri V, de Azambuja E. Anthracyclines in the treatment of patients
with early breast cancer. ESMO Open. 2022;7(3):100461.

Tutt ANJ, Garber JE, Kaufman B, et al. Adjuvant olaparib for patients
with BRCA1l- or BRCA2-mutated breast cancer. N Engl J Med.
2021;384(25):2394-2405.

Fu Z, Lin Z, Yang M, Li C. Cardiac toxicity from adjuvant targeting
treatment for breast cancer post-surgery. Front Oncol. 2022;12:706861.
Russo A, Incorvaia L, Capoluongo E, et al. The challenge of the Molecular
Tumor Board empowerment in clinical oncology practice: a position
paper on behalf of the AIOM-SIAPEC/IAP-SIBioC-SIC-SIF-SIGU-SIRM Ital-
ian Scientific Societies. Crit Rev Oncol Hematol. 2022;169:103567.

Tian X, Chen L, Gai D, He S, Jiang X, Zhang N. Adverse event profiles of
PARP inhibitors: analysis of spontaneous reports submitted to FAERS.
Front Pharmacol. 2022;13:851246.

Clemente MB, Cutillas MM, Garitaonaindia Diaz Y, et al. Cardiotoxicity
in patients treated with PARP-inhibitors. Ann Oncol. 2021;32(suppl 5):
S§725-S772.

Wellons M, Ouyang P, Schreiner PJ, Herrington DM, Vaidya D. Early
menopause predicts future coronary heart disease and stroke: the Multi-
Ethnic Study of Atherosclerosis. Menopause. 2012;19(10):1081-1087.
Arts-de Jong M, Maas AH, Massuger LF, Hoogerbrugge N, de Hullu JA.
BRCA1/2 mutation carriers are potentially at higher cardiovascular risk.
Crit Rev Oncol Hematol. 2014;91(2):159-171.

Incorvaia L, Perez A, Marchetti C, et al. Theranostic biomarkers and
PARP-inhibitors effectiveness in patients with non-BRCA associated
homologous recombination deficient tumors: Still looking through a
dirty glass window? Cancer Treat Rev. 2023;121:102650.

Di Lisi D, Manno G, Madaudo C, et al. Chemotherapy-related cardiac
dysfunction: the usefulness of myocardial work indices. Int J Car-
diovasc Imaging. 2023;39:1845-1853.

https://doi.org/10.1016/j.esmoop.2023.102196 9


http://refhub.elsevier.com/S2059-7029(23)01437-0/sref16
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref16
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref16
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref17
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref17
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref17
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref18
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref18
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref18
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref18
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref19
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref19
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref19
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref19
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref20
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref20
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref20
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref20
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref21
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref21
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref21
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref22
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref22
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref22
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref22
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref23
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref23
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref23
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref24
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref24
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref24
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref24
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref25
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref25
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref25
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref25
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref26
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref26
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref26
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref27
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref27
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref27
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref28
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref28
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref28
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref29
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref29
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref30
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref30
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref30
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref31
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref31
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref32
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref32
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref32
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref33
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref33
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref33
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref34
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref34
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref34
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref35
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref35
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref35
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref36
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref36
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref37
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref37
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref37
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref38
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref38
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref39
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref39
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref39
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref39
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref40
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref40
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref40
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref41
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref41
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref41
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref42
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref42
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref42
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref43
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref43
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref43
http://refhub.elsevier.com/S2059-7029(23)01437-0/optdEJC6VPQzL
http://refhub.elsevier.com/S2059-7029(23)01437-0/optdEJC6VPQzL
http://refhub.elsevier.com/S2059-7029(23)01437-0/optdEJC6VPQzL
http://refhub.elsevier.com/S2059-7029(23)01437-0/optdEJC6VPQzL
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref44
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref44
http://refhub.elsevier.com/S2059-7029(23)01437-0/sref44
https://doi.org/10.1016/j.esmoop.2023.102196
https://doi.org/10.1016/j.esmoop.2023.102196

	Anthracycline-related cardiotoxicity in patients with breast cancer harboring mutational signature of homologous recombinat ...
	Introduction
	Patients and methods
	Study design and population
	Procedures
	Predisposition gene mutation screening
	Genetic variant classification and interpretation

	Statistical considerations

	Results
	Patient population
	Genetic landscape
	Left ventricular ejection fraction

	Discussion
	Conclusion

	Funding
	Disclosure
	References


