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ARTICLE INFO ABSTRACT

Keywords: Background: HER2-positive breast cancers are rare amongst BRCA mutation carriers. No data exist regarding
BRCA clinicopathological characteristics and prognosis of this subgroup of patients.
HER2 . Materials and methods: Using a retrospective matched cohort design, we collected data from 700 women who
gza‘;;i mutation were diagnosed with operable invasive breast cancer from January 2006 to December 2016 and were screened
Breast cancer for germline BRCA mutations. Clinicopathological features and survival rates were analyzed by BRCA and HER2
status.
Results: One hundred and fifteen HER2-positive/BRCA mutated cases were evaluated in comparison to the three
control groups: HER2-positive/BRCA wild type (n = 129), HER2-negative/BRCA mutated (n = 222), HER2-
negative/BRCA wild type (n = 234). HER2-positive breast cancers were more likely to have high histologic
grade and high proliferation rate than HER2-negative neoplasms, regardless of BRCA mutation status. An
interaction between BRCA mutations and HER2-positive status was found to correlate with worse survival after
adjusting for prognostic variables (HR = 3.4; 95% CI: 1.3-16.7).
Conclusions: Co-occurrence of BRCA mutations and HER2-positive status is a poor prognostic factor in patients
with early or locally advanced breast cancer. This finding may be a proof of concept that a combined phar-
macological intervention directed to these targets could be synergistic.

1. Introduction

HER2 (Her-2/neu, c-erbB-2) is a 185-kDa transmembrane tyrosine
kinase protein giving higher aggressiveness in breast cancers. In
humans, HER2 protein overexpression/gene amplification occurs in
15-20% of primary breast tumors and is associated with diminished
disease-free and overall survival [1]. Anti-HER2 therapies are effective
for all stages of HER2-positive breast cancer [1-4]. However, intrinsic or
acquired resistance to these drugs may occur in a significant number of
patients and, except for HER2 status, no validated predictive factors of

response/resistance have been identified to date [4,5].

Hereditary Breast and Ovarian Cancer (HBOC) syndrome accounts
for about 5-10% of all breast cancers and has been associated, in about
50% of cases, with germline mutations in BRCA1 and BRCAZ2 genes [6,
7]. Those genes are important tumor suppressor genes implicated in the
homologous recombination DNA repair mechanism [8,9]. Women who
inherit the mutated form of one of the BRCA genes have a lifetime risk to
develop breast and ovarian cancer of 55-60% and 16-59%, respectively
[10,11]. Poly (ADP-ribose) polymerase (PARP) inhibitors have been
shown to be effective in patients with HER2-negative, BRCA-mutated
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metastatic breast cancer [12,13].

Previous reports have found a low frequency (ranging from 2.1% to
10%) of HER2-positive status in the breast cancers of BRCA1 mutation
carriers, and a slightly higher rate (ranging from 6.8% to 13%) in those
with mutations in BRCA2 [14]. So far, no data have been reported on the
clinical outcome of HER2-positive, BRCA-mutated breast cancers.

Based on these considerations, the aim of the present, multicenter,
observational study was to evaluate clinicopathological characteristics
and prognosis of a population of women with breast cancer with known
HER2 and BRCA status.

2. Material and methods
2.1. Study design and subject selection

We evaluated women who were diagnosed with breast cancer from
January 2006 to December 2016 and received oncology care at three
different University Hospitals in Italy (Parma, Modena, and Ancona) and
one Cancer Center in France (Institute Gustave-Roussy, Villejuif). Only
patients with operable, stage I to IIIA invasive breast cancers with
known HER2 status, and who were screened for germline BRCA muta-
tions, were accounted for. BRCA testing was offered to breast cancer
patients at the study centers according to the following common criteria
[6,15], which did not change over the observation period of the study: i)
strong family history of breast, ovarian, pancreatic and/or high gra-
de/metastatic prostate cancer; ii) diagnosis of breast cancer before the
age of 45; iii) diagnosis of triple negative breast cancer before the age of
60; iv) personal history of ovarian cancer or second breast cancer or
male sex. The starting time of data collection (January 1, 2006) was
chosen to obtain an adequate number of patients who were homoge-
neous across the four study centers by the main indications for BRCA
testing [6,15], by accuracy and reproducibility of the HER2 testing
[16-18], and by indication of anti-HER2-based treatment in the early
setting [19]. No significant changes of anti-HER2 therapies were
observed over the study period except for the European Medicines
Agency (EMA) indication for use of neoadjuvant pertuzumab in com-
bination with trastuzumab and chemotherapy in July 2015 [2]. None of
the study patients were treated with PARP inhibitors (PARPi). Using a
retrospective matched

Cohort design, patients with HER2-positive/BRCA mutated breast
cancers were matched by age ( + 5 years) and year of diagnosis ( + 2
years) to each of the following groups: i) HER2-positive/BRCA wild type
breast cancers; ii) HER2-negative/BRCA mutated breast cancers; iii)
HER2-negative/BRCA wild type breast cancers.

The study was conducted based on the ethical standards prescribed
by the Helsinki Declaration of the World Medical Association [20] and
with the approval of local independent ethics committee (IEC). Clinical
information was collected, and patients were de-identified by removing
all identifiers that could be linked back to the patient.

2.2. C(linical and pathological data

Diagnosis date, pathological stage, nodal involvement, histological
grade, hormone receptor status, proliferation rate, BRCA/HER2 status,
neo/adjuvant treatment performed, disease relapse and vital status of
the selected cases were obtained from patient clinical records and
collected into a pseudo-anonymous electronic registration template.

According to the American Society of Clinical Oncology-College of
American Pathologists (ASCO-CAP) guidelines [16-18], patients were
considered to have HER2-positive disease if the primary lesion showed
immunohistochemistry (IHC) staining of 3+ (uniform, intense mem-
brane staining of >30% of invasive tumor cells) or had gene amplifi-
cation (ratio of HER2 to chromosome 17 copy number greater than 2.2)
by fluorescence in situ hybridization (FISH). Patients were considered to
have HER2-negative disease if they either had negative expression by
IHC (0, 1+) or did not have gene amplification by FISH.
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Classification of BRCA1/2 variants was ascertained using the ClinVar
variation report and interpretation [21]. Study patients were catego-
rized by BRCA status as follows: i) BRCA mutated: harboring ‘patho-
genic’ or ‘likely pathogenic’ BRCA1/2 variants in germline DNA; ii)
BRCA wild type: harboring wild-type BRCA1/2 and benign variants.
Patients with BRCA1/2 genetic variants of ‘unknown significance’
(insufficient data to be considered pathogenic mutations) were excluded
from study analysis.

2.3. Statistical analysis

Differences between study cases and controls were assessed by the
chi-square test (or Fisher exact test if needed) for categorical variables
[22]. By setting the HER2-positive/BRCA mutated case group as the
reference category, separate unadjusted odds ratios (ORs) and their 95%
confidence intervals (CIs) were provided for categorical outcomes of
each control group compared to the reference group. The prognostic
significance of HER2 and BRCA status was evaluated on invasive
disease-free survival (iDFS) and overall survival (OS). iDFS was defined
as the date of diagnosis of primary breast cancer to the date of ipsilateral
local or regional, contralateral, distant invasive recurrence, second
non-breast primary cancer, death of any cause, or date of last medical
record entry, whichever came first (all in situ cancer events were
excluded) [23]. OS was defined as the time between the date of diag-
nosis and the date of death from any cause or the last date the patient
was known to be alive. Survival distributions will be estimated by the
Kaplan-Meier method and compared using the log-rank test [24,25].
Differences were considered significant if the log-rank P-value was
<0.05. Cox regression analysis was used to identify independent prog-
nostic variables influencing survival. An interaction term between BRCA
mutations and HER2-positive status was included in the Cox regression
to test for a significant interaction. Variables were included in the
multivariate model using forward selection if P-value <0.1 [26]. The
hazard ratio (HR) and 95% CI were also estimated.

3. Results
3.1. Clinicopathological characteristics of the study population

One hundred and fifteen HER2-positive/BRCA mutated cases were
evaluated in comparison to the three control groups: HER2-positive/
BRCA wild type (n = 129), HER2-negative/BRCA-mutated (n = 222),
HER2-negative/BRCA wild type (n = 234). Table 1 shows the compar-
ison of selected clinicopathological characteristics between cases and
controls. Tumor stage distribution did not differ between the groups.
Patients with HER2-positive breast cancers were more likely to have
tumors with high histologic grade and high proliferation rate than pa-
tients with HER2-negative neoplasms, regardless of BRCA mutation
status. Of interest, HER2-positive/BRCA mutated cases were more
frequently BRCA2-positive, while HER2-negative/BRCA mutated con-
trols carried more commonly a BRCAI mutation. This difference almost
reached statistical significance (P = 0.06; Table 2). Eighty-seven percent
of HER2-positive/BRCA mutated cases and 81% of HER2-positive/BRCA
wild type controls were treated with trastuzumab-based neoadjuvant
and/or adjuvant therapy, while 39% of HER2-negative/BRCA mutated
and 41% of HER2-negative/BRCA wild type subjects received either
neo- or adjuvant chemotherapy (Table 1). Neoadjuvant pertuzumab in
combination with trastuzumab and chemotherapy was administered in
12 (10%) out of the 115 HER2-positive/BRCA mutated cases and in 12
(9%) of the 129 HER2-positive/BRCA wild type controls. No imbalances
in the rates of patients treated with adjuvant endocrine therapy were
observed between cases and controls (Table 1). None of the HER2-
positive/BRCA mutated cases, none of the HER2-positive/BRCA wild
type, 20 (9%) out of the 222 HER2-negative/BRCA mutated, and 10
(4%) out of the 234 HER2-negative/BRCA wild type controls received
platinum salts in the neo-/adjuvant setting. Only 199 (28%) out of the
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Table 1
Clinicopathological characteristics of study groups.
Characteristic HER2-positive/ HER2-positive/ HER2-negative/ HER2-negative/ OR* P
BRCA mutated BRCA wild type BRCA mutated BRCA wild type (95% CI)
(total, n = 115) (total, n = 129) (total, n = 222) (total, n = 234)
n (%) n (%) n (%) n (%)

Age 1.4 (0.8-2.3); 0.21
18-49 68 (59) 66 (51) 115 (52) 131 (56) 1.3 (0.8-2.1); 0.20
>50 47 (41) 63 (49) 107 (48) 103 (44) 1.1 (0.7-1.8) 0.57

Ax lymph nodes® 1.5 (0.9-2.5); 0.14
Negative 47 (47) 69 (57) 90 (50) 110 (52) 1.1 (0.7-1.8); 0.71
Positive 52 (53) 51 (43) 91 (50) 100 (48) 1.2 (0.7-1.9) 0.42

Stage at diagnosis” 0.6 (0.4-1.1); 0.10
I-II 62 (63) 62 (52) 122 (67) 113 (54) 1.2 (0.7-2.1); 0.42
1A 37 (37) 58 (48) 59 (33) 97 (46) 0.7 (0.4-1.1) 0.14

Histologic grade” 1.4 (0.8-2.5); 0.26
1-2 33 (29) 45 (36) 111 (52) 117 (51) 2.6 (1.6-4.2); 0.0001
3 80 (71) 80 (64) 104 (48) 113 (49) 2.5(1.5-4.1) 0.0002

Ki-67 index" 1.6 (0.9-2.7); 0.11
Low 30 (27) 46 (37) 113 (53) 119 (52) 3.0 (1.8-4.5); <0.0001
High 80 (73) 78 (63) 100 (47) 109 (48) 2.9 (1.8-4.8) <0.0001

Hormone receptor” 1.0 (0.6-1.7); 0.96
Positive 46 (40) 52 (41) 111 (50) 119 (51) 1.5 (0.9-2.3); 0.09
Negative 68 (60) 76 (59) 111 (50) 114 (49) 1.5 (0.9-2.4) 0.06

Type of surgery” 0.8 (0.5-1.4); 0.51
Quadrantectomy 63 (58) 68 (54) 121 (55) 104 (45) 0.9 (0.6-1.4); 0.63
Mastectomy 46 (42) 59 (46) 99 (45) 128 (55) 0.6 (0.4-0.9) 0.02

NACT/ACT? 1.6 (0.8-3.2); 0.21
Performed 95 (87)™¢ 103 (81)>¢ 86 (39)° 95 (41)° 10.6 (5.7-19.7); <0.0001
Not performed 14 (13) 24 (19) 134 (61) 137 (59) 9.8 (5.3-18.2) <0.0001

AET" 1.1 (0.5-1.6); 0.94
Performed 44 (40) 52 (41) 109 (49) 119 (51) 1.4 (0.8-2.4); 0.10
Not performed 65 (60) 75 (59) 111 (51) 113 (49) 1.5 (0.8-2.3) 0.07

iDFS events’ —n 14 18 23 15 5-year iDFS rates (95% CI)°

88% (80-95%); 86% (78-93%); 89% (84-94%); 93% (90-97%)
Death events® —n 7 4 12 3 5-year OS rates (95% CI)°

93% (88-99%); 97% (93-100%); 94% (90-97%); 99% (97-100%)

Abbreviations: n, number; OR, odds ratio; %, percentage; CI, confidence interval; Ax, axillary; NACT, neoadjuvant chemotherapy; ACT adjuvant chemotherapy; AET,
adjuvant endocrine therapy; iDFS, invasive disease-free survival; OS, overall survival.

" Unadjusted ORs and their 95% ClIs were provided for categorical variables (positive [bad] outcomes: early age at onset, positive axillary lymph node status, stage III
at diagnosis, histologic grade 3, high ki-67 index, negative hormone receptor status, mastectomy surgery, neo/adjuvant chemotherapy and endocrine therapy) of the
reference group (HER2-positive/BRCA mutated cases) compared to each of the three control groups (HER2-positive/BRCA wild type; HER2-negative/BRCA mutated;
HER2-negative/BRCA wild type).

@ Numbers in these categories do not sum to the total because of missing data.

b All HER2-positive cases treated with neoadjuvant and/or adjuvant chemotherapy also received trastuzumab.

¢ None of the HER2-positive/BRCA mutated cases, none of the HER2-positive/BRCA wild type, 20 of the HER2-negative/BRCA mutated, and 10 out of the HER2-
negative/BRCA wild type controls received platinum salts in the neo-/adjuvant setting.

4 Median follow-up of 83.7 months.

¢ iDFS and OS rates of the reference group (HER2-positive/BRCA mutated cases) and of the three control groups (HER2-positive/BRCA wild type; HER2-negative/
BRCA mutated; HER2-negative/BRCA wild type). Three events of second non-breast primary cancer (ovarian cancer) were observed in the HER2-negative/BRCA
mutated controls.

3.2. Survival analysis between cases and controls
Table 2

BRCA1 and BRCAZ2 gene mutations by HER2 status.

With a median follow-up of 83.7 months, the 5-year iDFS rate was
88% (95% CI, 80-95%) in HER2-positive/BRCA mutated cases and 86%
(95% CI, 78-93%), 89% (95% CI, 84-94%) and 93% (95% CI, 90-97%)

HER2-positive/BRCA
mutated (total, n = 115) n

HER2-negative/BRCA P
mutated (total, n = 222) n

% %
oo oo in HER2-positive/BRCA wild type, HER2-negative/BRCA mutated, and
BRCAL 52045 124 (56) 0.06 HER2-negative/BRCA wild type controls, respectively (P =0.08; Table 1,
mutation Fig. 1). Only 3 events of second non-breast primary cancer (ovarian
BRCA2 63 (55) 98 (44) 1g. 1). y p ry
mutation cancer) were observed in HER2-negative/BRCA mutated controls. Most

significantly, the OS rate at 5 years was 93% (95% CI, 88-99%) in HER2-
positive/BRCA mutated cases and 97% (95% CI, 93-100%), 94% (95%
CI, 90-97%) and 99% (95% CI, 97-100%) in HER2-positive/BRCA wild
type, HER2-negative/BRCA mutated, and HER2-negative/BRCA wild
type controls, respectively (P =0.04; Table 1, Fig. 2).

An interaction between BRCA mutations and HER2-positive status
was found to correlate with worse survival after adjusting for prognostic
variables (HR = 3.4; 95% CI, 1.3-16.7).

Considering the crosstalk between estrogen receptor (ER) and HER2
pathways and the emerging data demonstrating considerable hetero-
geneity in breast cancers that express both hormone receptors and HER2

Abbreviations: n, number; %, percentage.

700 study patients received genetic test results before surgery. Contra-
lateral prophylactic mastectomy was performed in 10 (9%) out of the
115 HER2-positive/BRCA mutated cases and in 22 (10%) out of the 222
HER2-negative/BRCA mutated controls. Prophylactic salphingo-
oophorectomy was performed in 29 (25%) and 55 (25%) HER2-
positive/BRCA mutated cases and HER2-negative/BRCA mutated con-
trols, respectively.
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Fig. 1. Invasive disease-free survival (iDFS) of HER2-positive/BRCA mutated (HER2+BRCA+) cases vs. HER2-positive/BRCA wild type (HER2+BRCA-), HER2-
negative/BRCA mutated (HER2-BRCA+), and HER2-negative/BRCA wild type (HER2-BRCA-) controls.
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Fig. 2. Overall survival (OS) of HER2-positive/BRCA mutated (HER2+BRCA-+) cases vs. HER2-positive/BRCA wild type (HER2+BRCA-), HER2-negative/BRCA
mutated (HER2-BRCA+), and HER2-negative/BRCA wild type (HER2-BRCA-) controls.

[2-4,14], an exploratory survival analysis was performed in
HER2-positive patients by ER status. The 5-year iDFS rate was 90% (95%
CI, 85-95%) in HER2-positive/ER-positive subjects and 83% (95% CI,
75-90%) in HER2-positive/ER-negative ones (P = 0.09). The OS rate at
5 years was 97% (95% CI, 94%-99%) in HER2-positive/ER-positive
subjects and 92% (95% CI, 86-98%) in HER2-positive/ER-negative pa-
tients (P = 0.13).
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4. Discussion

This study provides evidence for the first time that co-occurrence of
BRCA mutations and HER2-positive status is a poor prognostic factor in
patients with early or locally advanced breast cancer.

The breast tumor phenotype differs according to the germline BRCA1
or BRCA2 mutation status. BRCAI mutation carriers mainly develop
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triple negative breast cancers, whereas BRCA2 carriers are more likely to
develop hormone receptor-positive tumors [15,27,28]. Although the
prevalence of HER2-positive breast cancers is generally considered low
amongst BRCA1 and BRCA2 mutation carriers, the retrospective case
series reported so far show wide variations in HER2 positivity rates,
ranging from 2.1% to 10% in BRCA1 mutation carriers, and from 6.8%
to 13%, in those with mutations in BRCA2 [14,29]. Our study aimed to
address lack of data on clinical characteristics and outcomes of
HER2-positive/BRCA mutated breast cancers. Using a retrospective
matched cohort design, stage I to IIIA HER2-positive/BRCA mutated
cases were evaluated in comparison to the three control groups:
HER2-positive/BRCA wild type, HER2-negative/BRCA mutated, and
HER2-negative/BRCA wild type ones. According to previous reports
[14,27-29], HER2-positive/BRCA mutated cases were more frequently
BRCAZ2-positive, while HER2-negative/BRCA mutated controls carried
more commonly a BRCA1 mutation. Patients with HER2-positive breast
cancers were more likely to have tumors with high histologic grade and
high proliferation rate than patients with HER2-negative neoplasms,
regardless of BRCA mutation status. Most patients with HER2-positive
disease were treated with trastuzumab-based neoadjuvant and/or
adjuvant treatment, while less than half of subjects with HER2-negative
breast cancer received either neo- or adjuvant chemotherapy. Notably,
we observed that HER2-positive/BRCA mutated cases had a poorer
5-year OS rate than controls.

Considering the known association between BRCA1/2 gene muta-
tions and platinum sensitivity in HER2-negative breast cancer [30,31],
we looked at the percentage of study patients who were treated with
platinum salts: no patient with HER2-positive disease, either BRCA
mutated or wild-type, was treated with platinum salts in the early
setting, while neo-/adjuvant carboplatin was administered in 9% of
HER2-negative/BRCA mutated controls.

Timing of BRCA testing relative to surgical treatment was highly
variable; only 29% of study patients received genetic test results before
surgery. This finding may in part explain the low rates of contralateral
prophylactic mastectomy (9% and 10%) observed in HER2-positive/
BRCA mutated cases and in HER2-negative/BRCA mutated controls
[32].

Several limitations of the present study lie in its retrospective nature.
BRCA-screened women were assessed as the source population from
which study subjects were drawn. Therefore, only subjects with specific
eligibility criteria for BRCA1/2 testing were accounted for, which may
have resulted in sample selection bias. According to these consider-
ations, HER2-negative controls were enriched for triple negative breast
cancers than hormone receptor-positive tumors (Table 1).

HER2-positive breast cancer occurring in a germline BRCA1/2
mutated context is such an unusual phenotype/genotype association
that arises the question of whether HER2-positive tumor is really driven
by the underlying constitutive BRCA mutation or whether it should be
considered a cancer phenocopy [29]. In a patient with constitutive
BRCA1 mutation, the occurrence of HER2-positive breast cancer with
loss of the mutated copy of BRCA1 and no inactivation of the wild type
allele was observed [33]. This has implications for treatment with tar-
geted therapy such PARPi since these would be inactive against ‘spo-
radic’ breast tumors that are not driven by BRCA mutations [34-36].
Nevertheless, our study findings indicating that co-occurrence of BRCA
mutations and HER2-positive status is a poor prognostic factor in pa-
tients with early or locally advanced breast cancer, suggests an action-
able role for BRCA mutations in HER2-positive disease. In preclinical
models, inactivating BRCA2 mutations correlated with response to the
HER2 tyrosine kinase inhibitors tucatinib and neratinib [37]. Further-
more, the addition of olaparib (PARPi) enhanced the effect of neratinib
in breast cancer cell lines and niraparib (PARPi) enhanced neratinib
effectiveness in ovarian cancers [37].

In conclusion, our study provides evidence for the first time that co-
occurrence of BRCA mutations and HER2-positive status is associated
with worse OS in patients with early or locally advanced breast cancer.

The Breast 65 (2022) 145-150

This finding may be a proof of concept that a combined pharmacological
intervention directed to these targets could be synergistic. Clinical trials
evaluating novel combinations of PARPi plus anti-HER2 therapies ( +
platinum salts) are warranted in this setting.
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