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Abstract

Breast cancer (BC) is a heterogeneous disease that is the most common cancer in women worldwide. However, precise
subtyping and corresponding treatments have improved patient outcomes. Hormone receptor (HR)-positive, human epi-
dermal growth factor receptor type 2 (HER2)-negative (HR+/HER2-) BC with BRCA1 and/or BRCA2 mutations (BRCA1/2m)
is a unique BC subset with dual drivers: homologous recombination deficiency and hormone receptor signaling. Wild-
type BRCA1/2 suppresses estrogen receptor-mediated signaling. Loss-of-function mutations in BRCA1/2 release estro-
gen receptor suppression, leading to reduced sensitivity to endocrine therapy. Poly (ADP-ribose) polymerase (PARP)
inhibitors (PARPis) exert antitumor effects against this subtype and can be used in combination with endocrine therapy.
Although PARPis have been evaluated in metastatic triple-negative breast cancer, their efficacy against HR+/HER2- BC
has not been clearly established. The present review summarizes recent advances and prospects in the progress of the
HR+/HER2-/BRCA1/2m subgroup. As such, this article provides theoretical guidance for future research and promotes
the use of PARPis for the treatment of HR+/HER2-/BRCA1/2m BC.
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1 Introduction

Breast cancer (BC) is a heterogeneous disease that became the most common female cancer in 2020 [1]. Over the past
20 years, considerable research has been conducted on the molecular subtyping of BC [2]. The disease is classified into
distinct molecular subtypes according to the expression of estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor type 2 (HER2), and Ki67 [3]. Precision therapy for molecular subtypes has substantially
improved outcomes of patients with BC [4]. However, more than 40,000 women die of BC every year in the United States
alone and 500,000 deaths occur worldwide [5, 6]. Consequently, there is an ongoing need to develop novel therapeutic
strategies.

Mutations in the BC susceptibility genes BRCAT and BRCA2 (BRACA1/2m) increase the risk of developing BC [7]. Loss-
of-function mutations in germline BRCA1 and/or BRCA2 (gBRCA1/2m) occur in > 5% of unselected BC patients and ~30%
of patients with a family history of BC [8, 9]. The hormone receptor-positive (HR+) subtype accounts for approximately
70% of all BC cases, while ~2-8% of HR + BC cases harbor gBRCA1/2m [10, 11]. In the HR low positive group (1-9% ER
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and/or PR), BRCA1/2m is even more prevalent (approximately 40%) [12]. BRCA1 and BRCA2 are essential for homologous
recombination repair of DNA double-strand breaks [13] and have myriad functions in cell survival, growth, and division
[14,15]. Cancers carrying gBRCA1/2m are characterized by homologous recombination DNA repair deficiency [16]. This
results in selective sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors (PARPis), which inhibit and trap the DNA
repair enzyme PARP via synthetic lethality [17]. The OlympiAD and EMBRACA trials provided evidence that PARPi treat-
ment is superior to chemotherapy in terms of efficacy and toxicity in HER2-negative (HER2-) metastatic BC (mBC) [18,
19]. Thus, talazoparib and olaparib have been approved for the treatment of HER2- mBC with BRCAm.

HR+/HER2-/BRCA1/2m BC is a unique BC subtype with dual drivers: homologous recombination deficiency and hor-
mone receptor signaling. Although PARPis have been broadly considered in metastatic triple-negative BC (TNBC), their
efficacy in the treatment of HR+/HER2- mBC remains to be fully established. There is still some confusion regarding
the topological optimization of the treatment among oncologists and unmet medical needs for patients. This review
summarizes recent advances in the treatment of patients with HR+/HER2- BC in the BRCA1/2m subgroup. In addition,
we highlight current challenges and strategies that provide theoretical guidance for future research on managing this
subgroup.

2 BRCAm statusin HR+BC
2.1 BRCAm frequency and function

BRCA1 protein contains a RING finger domain in the N-terminus with E3 ubiquitin ligase activity. Meanwhile, the C-ter-
minus domain of BRCA1 participates in DNA break repair and contains numerous phosphoprotein binding sites. BRCA2
contains a transactivation domain in the N-terminus and a long RAD51-specific binding domain and DNA binding domain
toward the C-terminus [20-22]. It contributes to DNA repair by regulating the RAD51 protein [23].

Hundreds of mutations have been identified in BRCA1/2, including nonsense mutations, deletions, and insertions,
most of which result in functionally inactive proteins [17]. Loss-of-function (LOF) mutations are widely scattered across
BRACT and BRCA2, affecting gene structure and function. Given that the functions of different mutation sites vary, they
can result in different domain truncated or null proteins. Most LOF mutations are localized in the BRCA1/2 C-terminus
core or the transcription factor binding sites, thus impacting transcriptional activation by BRCA1/2 [22, 24]. Given that
BRCA1/2 participates in cell division by regulating various molecular events during mitosis, mutations that cause func-
tional transcriptional disruption of BRCA1/2 may lead to cancer development. These mutations can disrupt cell signal-
regulated processes, leading to disease progression and drug resistance.

The BRCAT and BRCA2 gene mutation sites also vary based on patient ethnicity, likely due to differences in genetic
background [25]. Mutations in BRCA1/2 are associated with most early-onset hereditary BC cases [26]. In particular, LOF
mutations in BRCAT and/or BRCA2 confer a high lifetime risk of developing BC (45-80%) by age 70 [27]. Individuals car-
rying a gBRCAT mutation tend to develop TNBC [28, 29], whereas those carrying gBRCA2 mutations are predisposed to
develop HR+BC [30]. Approximately 5% of HR+BC patients and 13.7% of TNBC patients carry BRCAm [27-29]. More
specifically, the rates of mutation in HR+/Her-2- BC are 1.7% for BRCA1 and 3.3% for BRCA2; whereas in TNBC, the muta-
tion rate is 12.6% for BRCA1 and 1.1% for BRCA2 [11]. Meanwhile, somatic mutations in BRCA1 rarely occur in unselected
patients [9, 31-33]. BRCA1 expression typically decreases in sporadic BC, thereby enhancing sporadic BC progression
[32, 33]. However, to date, no study has reported whether the hot-spot BRCA1/2 mutations in HR +HER2- BC differ from
other BC subtypes, thus warranting additional investigation.

2.2 Genetic testing status of BRCAm

As genetic testing was not widely available worldwide prior to the last decade, most patients with BC without a family his-
tory have not been tested for BRCAm status [34, 35]. Testing rates vary widely among different molecular subtypes of BC [36,
371. Previously, doctor recommendations for BRCA gene testing tended to favor patients with TNBC or those with a family
history of BC or ovarian cancer. Therefore, the frequencies of BRCAm have been underestimated in patients with HR+/HER2-
BC. Meanwhile, approximately 50% of all BCs with BRCA1/2m are of the HR+/HER2 subtype [38, 39]. PARPis were approved
by the Food and Drug Administration (FDA) and the European Medicines Agency for the treatment of HER2- advanced BC
with BRCA1/2m in 2018. Since then, the frequency of BRCAm testing has increased [40]. A recent study assessed the rate
of BRCA1/2m testing in HER2- advanced BC in the United States, Israel, and Europe from October 2019 to March 2020 [41].
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The rates of gBRCA1/2m testing are still relatively low among the HR+/HER2- subgroups, although BRCA1/2m testing has
increased. In the United States, 93% of TNBC cases have been assayed for BRCAm status, while only 68% of HR+/HER2- cases
are tested. In addition, the rate of BRCA1/2m testing in HR+/HER2- advanced BC decreases with age. In Europe, 78% of
TNBC cases are tested for BRCA status, while only 37% of HR+/HER2- BC patients are tested. This is likely lower in developing
countries [42].

Potential obstacles to BRCAm testing for HR+/HER2- BC include insufficient understanding of the importance of
BRCAm for the treatment of this molecular subtype, cost of testing, and patient perception toward BRCA testing [43-45].
The European Society for Medical Oncology and the National Comprehensive Cancer Network Clinical Practice Guide-
lines in Oncology (NCCN guidelines) recommend that patients with advanced or metastatic BC be tested for BRCA1/2m
status. The cost-effectiveness of BRCA1/2m testing varies among countries [45], and the use of the same testing criteria
is not feasible for all countries due to resource inconsistencies [46].

3 Characteristics of patients with BRCAm +BC
3.1 Epidemiological and clinicopathological characteristics

The estimated average cumulative risk of BC in individuals aged 70 years is approximately 52 and 47% for BRCA1 and
BRCA2m carriers, respectively [47]. The risk of second primary contralateral BC is 83% in BC patients with BRCA1m and
62% in BC patients with BRCA2m [48]. The pathological type of BC with BRCA1/2m differs from sporadic and familial
BC without BRCA1/2m. Meanwhile, the occurrence of invasive ductal/lobular carcinoma is not substantially different
between carriers of BRCA1/2m and sporadic BC patients. However, atypical medullary or medullary carcinomas arise more
often in BRCA1 carriers (13%) than in BRCA2m carriers (3%) or sporadic BC patients (2%) [49]. BC with gBRCAm typically
exhibit more aggressive behavior, higher Ki67 expression, and more lymph node metastases than BC patients without
BRCA1/2m [13, 50, 51]. Moreover, gBRCA1/2m HR+BC is more likely to be diagnosed at a younger age (<45 years) than
sporadic HR+BC[52, 53]. gBRCAm HR+BC is also associated with a higher nuclear grade than sporadic HR+BC. In fact,
gBRCAmM HR+BC patients have a~ 3-fold increased rate of high recurrence compared with the general BC population
[54-56]. Unlike BCs without BRCAm, HR positivity has no favorable prognostic value in patients with BRCA-mutated BG;
this population represents a high-recurrence risk subgroup [57]. In addition, patients with a BRCATm are more often
diagnosed as p53-positive with a higher tumor grade. Meanwhile, BC with BRCA2m has a degree of malignancy between
those of sporadic and BC with BRCATm [58].

3.2 BRCAm and outcomes in HR+BC

The prognostic value of BRCA1/2m in BC remains controversial. Some studies suggest that patients with BC and
BRCA1/2m experience a higher risk of distant recurrence and BC-related death than sporadic/BRCA- individuals [59,
60]. However, other studies have shown that patients with BC and BRCA1/2m have better overall survival (OS) than
the general BC population [61-63]. A meta-analysis investigated the oncological safety of breast-conserving surgery
therapy in BRCAm carriers. These carriers had a significantly higher risk of ipsilateral BC recurrence than non-carriers,
with a median follow-up of >7 years [64]. Moreover, the risk of contralateral BC (CBC) in BC patients with gBRCAm is
greater than in non-carriers [65]. A high gene mutation load is associated with poor survival in patients with HR + BC,
while defects in DNA damage repair (DDR) genes, such as BRCA, may be drivers of endocrine therapy (ET) resistance in
HR+BC [66]. In addition, HR+/HER2- mBC with BRCAm is less sensitive to CDK4/6 inhibitors than the HR+/HER2- BRCA
wild-type (WT) phenotype [67].

4 BRCAm and cell signals in HR+BC

4.1 BRCAm impact on HR protein expression and estrogen synthesis

BRCA is involved in the regulation of HR status and activity (Fig. 1). The E3 ubiquitin ligase activity of the BRCA1
N-terminal RING finger domain elicits tumor suppressor functions, which can be enhanced by heterodimerization

with the BARD1 protein. ER is a ubiquitination substrate for BRCA1/BARD1 ubiquitin ligase, which recognizes and
monoubiquitinates the ligand-binding domain of ER [68]. Mutations in the N-terminal RING finger domain of BRCA1
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abrogate the inhibition of ER activity [69]. PR is also degraded through the proteasome pathway, which is mediated
by BRCA1/BARD1 [70, 71]. King et al. suggested that BRCA1/2m increases PR expression [72].

In premenopausal women, systemic estrogen is synthesized by granulosa cells in the ovaries. In postmenopausal
women, plasma estrogen is produced depending on the key enzyme, aromatase, in other organs. In vitro, WT BRCA1
negatively regulates aromatase expression, thereby decreasing the concentration of plasma estrogen and further
suppressing ER-a activity [73, 74]. Consistently, aromatase expression is upregulated in BRCAT1m carriers [75], and
plasma estrogen concentrations are elevated by up to 30% [76]. Therefore, WT BRCA1 inhibits ER-a-driven signaling,
and BRCA1m can release this inhibition. Moreover, a retrospective study explored the chemoprevention effect of
aromatase inhibitor (Al) treatment in non-metastatic ER +BC patients who carry BRCA mutations but do not undergo
contralateral prophylactic mastectomy. Adjuvant Al therapy reduced the risk of contralateral BC in BRCA mutation car-
riers [77]. Hence, HR + BRCAm patients represent a subpopulation that is at a higher risk and whose disease physiology
requires further characterization. Nevertheless, this subgroup benefits from adjuvant aromatase inhibitor therapy.

4.2 BRCAm and estrogen signaling pathway

Acetylation is a post-translational modification important for the physiological activity of proteins. P300 directly
interacts with and acetylates the ER-a lysine motif, which is necessary for the transcriptional activation of the ER.
BRCAT1 inhibits p300 expression and indirectly inhibits ER-a acetylation. Conversely, BRCA1m results in hyperacetyla-
tion and increased transcriptional activity of the ER [69, 78]. DDR defects are drivers of endocrine treatment resist-
ance [79]. Estrogen directly stimulates BC growth through ER genomic and estrogen-independent non-genomic
pathways. In vitro studies have demonstrated that the amino-terminal region of WT BRCA1 can physically interact
with the conserved carboxyl terminal activation (AF-2) of ER, which inhibits the activity of ligand-activated ER [80].
The LOF of BRCATm abolishes the capacity to inhibit ER-a genomic pathway activity. The PI3K/AKT/mTOR pathway
is an important non-genomic ER signaling pathway. BRCA1 contains phosphoprotein binding domains, which can
interact with p-AKT, leading to its ubiquitination and degradation. BRCA1 deficiency or mutation increases the kinase
activity of AKT [81].

In addition, activated ER signaling promotes the cell cycle by upregulating the expression of cyclin D1 [82]. Over-
activation of the cyclin D-CDK4/6-Rb pathway is also a critical inducer of resistance to ET. Currently, CDK 4/6 inhibi-
tors are the first-line target treatment for HR + mBC [83]. BC patients with BRCA1/2m typically express higher levels
of cyclin D1 than patients without BRCA1/2m, as evidenced by their clinical samples [84]. Overexpressed Cyclin D1
results in CDK4/6 inhibitor resistance in BC cells. Downregulation of Cyclin D1 leads to cell cycle arrest in the G1 phase
and restores sensitivity to CDK4/6 inhibitors [85].
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5 Clinical development of PARPi in HR+/HER-2- BC
5.1 PARPi in neoadjuvant and adjuvant treatment in HR+/HER-2- early BC patients with BRCAm

The phase Il GeparOLA study compared neoadjuvant olaparib and paclitaxel with carboplatin and paclitaxel in
HER2- BC patients with homologous recombinant deficiency. In the ER+/HER2- subgroup, patients administered
olaparib + paclitaxel treatment achieved a pathologic complete response (pCR) of 52.6%, while those administered
carboplatin + paclitaxel achieved only 20% pCR. In addition, HR+/HER2- BC patients with gBRCA1/2m adminis-
tered olaparib + paclitaxel achieved 67% (10/15 patients) pCR, whereas no BRCA1/2 WT HR+/HER2- BC patients (0/4
patients) achieved pCR, demonstrating that PARPis exhibited marked antitumor effects in this subgroup [86]. The
Neotala study, a non-randomized phase Il study on BRCA-mutated tumors, investigated the efficiency of neoadju-
vant talazoparib alone. The subgroup analysis showed that 60% of ER+/HER2- patients achieved pCR, higher than
that of the total population (53%) [87]. The evidence for using PARPis in neoadjuvant therapy of ER+/HER2- BC with
BRCA1/2m is insufficient, and more phase lll clinical trials are warranted in this regard.

Olympia was a large phase Il study that investigated the efficacy of intensive adjuvant therapy with olaparib
for one year after traditional adjuvant therapy in HER2- early BC patients carrying gBRCA1/2m. The CPS+EG score
combines pretreatment clinical and posttreatment pathologic stage (CPS), ER status (E), and grade (G) to estimate
the risk of recurrence. The ER+/HER2- BC patients included in the study had high-risk factors for recurrence (non-
pCR and a CPS+EG score = 3 in patients who received neoadjuvant therapy, or = 4 positive lymph nodes after initial
surgery). Olaparib treatment increased 3-year invasive disease-free survival by 19% in ER+/HER2- BC patients who
received neoadjuvant chemotherapy, although the difference was not significant (86 vs. 67%, hazard ratio 0.52, 95%
confidence interval 0.25-1.04), likely due to the small patient population (N=196, 11% of all patients) [88]. In June
2021, these data prompted the update of the NCCN guidelines that now recommended 1 year of intensive adjuvant
therapy with olaparib for ER+/HER2- early BC with BRCA1/2m and residual disease and a CPS +EG score = 3 in the case
of previous neoadjuvant chemotherapy or > 4 positive lymph nodes after the initial surgery. However, the Olympia
trial included HR+/HER2-/gBRCAm early BC patients with a high risk of recurrence while excluding those with low
or medium recurrence risks who may have also benefited from PARPi treatment. Further clinical trials on expanding
the range of individuals who can benefit from PARPi treatment warrant careful study design.

5.2 PARPis in HR+/HER-2- mBC with BRCA1/2m

Several PARPis have been extensively studied for the treatment of gBRCAm carriers with metastatic HER2- BC and
have demonstrated the efficiency of PAPRis in the HR+and TNBC subgroups (Table 1). Olaparib was approved by
the FDA based on the OlympiAD trial in January 2018 [18, 89]. Another PARPi, talazoparib, was approved by the FDA
based on EMBRACA trials in October 2018 [19]. The OlympiAD and EMBRACA trials compared single-agent PARPi
to non-platinum single-agent chemotherapy for gBRCAm mBC. In the OlympiAD trial, HR+/HER2- patients received
at least one prior ET for metastatic disease. In the subgroup analysis, compared to chemotherapy, olaparib did not
improve progression-free survival (PFS) in ER+/HER2- mBC patients but achieved a good objective response rate
(65.4%). However, in the EMBRACA study, talazoparib considerably improved PFS in patients with ER+/HER2- mBC
[90]. Furthermore, compared with chemotherapy, PARPi treatment improved health-related quality of life in the
OlympiAD and EMBRACA trials. However, neither study reported improvements in the OS with PARPi treatment.
Meanwhile, in the BROCADES trial, HER2- BC patients with gBRCAm were treated with veliparib and chemotherapy,
followed by maintenance treatment with veliparib, and compared against HER2- BC patients who were subjected to
chemotherapy and a placebo. Veliparib considerably improved PFS in TNBC and ER+/HER2- mBC patients [91] but
did not improve OS in any of the subgroups. The LUCY trial, an observational prospective real-world study, evaluated
the effectiveness of olaparib in gBRCAm, TNBC, and HR + BC [92]. The authors found that patients with TNBC and
HR+BC subjected to olaparib treatment achieved consistent PFS. These studies provide considerable evidence for
the application of PARPis in HR+/HER2- mBC patients with gBRCA1/2m.

However, these studies compared the efficiency of PARPi with chemotherapy or placebo, not ET-based therapy
(including ET plus CDK4/6 inhibitor), which is the first choice for HR+/HER2- mBC patients without visceral cri-
ses. Therefore, PARPi treatment should be considered after ET-based treatment and before chemotherapy in these
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patients. Meanwhile, a recent phase /1l trial explored the safety and efficacy of a combined CDK4/6 inhibitor, olaparib,
and ET in mBC [93]; however, the potential adverse effects require further discussion. Moreover, additional clinical
trials are needed to compare the efficiency of ET + PARPi vs. ET + CDK4/6 inhibitor in HR+/HER-2- mBC with BRCA1/2m.

6 Clinical outcomes of CDK4/6 inhibitors in BRCAm HR+/HER2- patients

ET plus CDK4/6 inhibitors have been strongly recommended for the treatment of HR+/HER2- mBC patients as the first
and subsequent lines [94]. The results of the MonarchE study support the administration of abemaciclib (2 years) to
patients with high-risk HR+/HER2- early BC as an intensive adjuvant therapy on the basis of ET [95]. However, there is no
evidence supporting the administration of ribociclib or palbociclib in the adjuvant treatment of early BC. No data has
been published regarding the efficiency of CDK4/6 inhibitors in early BRCAm HR+/HER2- patients.

Additionally, the registered trials for CDK4/6 inhibitors lack pre-specified subgroup analysis plans for gBRCA1/2m
carriers. In the MonaLEEsa-2, — 3, and — 7 studies, the patients with HR+/HER2- mBC were treated with ET alone or riboci-
clib+ET as the first- or second-line treatment [96-98]. A pooled biomarker analysis of these trials showed that BRCA1/2m
was a potential biomarker of sensitivity to ribociclib-based treatment, that is, the PFS of BRCA1/2m patients was relatively
improved compared with BRCA1/2 wild patients (P> 0.05 but considered actionable) [99]. However, other studies have
shown opposing results. For instance, in the PADA-1 trial, patients with HR+/HER2- mBC were administered an aromatase
inhibitor plus palbociclib as the first-line treatment. A subsidiary analysis of the PADA-1 trial showed that gBRCAm or
gPALB2m patients tended to have a shorter PFS than gBRCAwt patients (14.3 m versus 26.7 m; HR 0.58 (95% CI [0.2-1.02]),
P=0.056) [100]. Meanwhile, a real-world study retrospectively analyzed the association between the mutation of DNA
repair-related genes and the efficacy of CDK 4/6 inhibitor plus ET in patients with HR+/HER2- advanced BC. The results
showed that gBRCA1/2-ATM-CHEK2 pathogenic variants were independently associated with poor outcomes [101]. Col-
lins, et al. further extracted data for 2968 patients from the Flatiron Health database with HR+/HER2-mBC treated with a
CDK4/6 inhibitor and analyzed clinical outcomes based on gBRCA status in a real-world setting. The results showed that
patients with gBRCAm had a significantly shorter OS time (sHR 1.50; 95% Cl 1.06-2.14) than those with gBRCAwt after
CDK4/6 inhibitor treatment [67]. In an MSKCC cohort analysis, gBRCA2 mutations predicted worse PFS (HR 2.17,95% Cl
1.46-3.22, P<0.001) for first-line therapy with ET plus CDK4/6 inhibitor in HR+/HER2- mBC patients [102]. Hence, CDK4/6i
plus ET treatment may be less effective for patients with gBRCAm than in those without BRCAm, although the current
results are conflicting. Moreover, BRCAm HR+/HER2- BC patients might benefit from the early introduction of a PARP
inhibitor. Taken together, these results demonstrate an unmet need for the treatment of patients with HR+/HER2- and
gBRCAm. Accordingly, prospective studies are warranted to assess the efficiency of CDK4/6 inhibitors in HR+/HER2- mBC
with BRCA1/2m.

7 Conclusions and perspectives

HR+/HER2- BC with BRCA1/2m is a special subset of BC. BRCA1/2m releases the inhibition of ER signaling and introduces
PARPi into the treatment regimen of this BC subtype. This review provides an overview of recent advances in the field
of HR+and BRCA1/2m in BC and discusses approaches and directions for future clinical trials. More attention should
be paid to determining BRCA1/2m status in patients with HR+/HER2- early BC and mBC. For HR+/HER2- early BC with
BRCA1/2m with high-risk factors for recurrence, olaparib + ET and CDK4/6 inhibitor + ET represent two potential options
for postoperative intensive adjuvant therapy. The question of which is the best option has been debated since the results
of the Olympia study were published. Some oncologists have explored the effect of sequential administration of CDK4/6
inhibitors and olaparib for intensive adjuvant therapy to avoid under-inhibition of cell proliferation in early BC but without
supporting evidence. Moreover, for HR+/HER2- mBC with BRCA1/2m, PARPi treatment should be considered after CDK4/6
inhibitor treatment and before chemotherapy. No published data have compared PARPi + ET with CDK4/6i+ET in HR+/
HER2- mBC with BRCA1/2m, which is a direction for further clinical trials. Additionally, the safety of combining a CDK4/6
inhibitor and a PARPi requires further verification. The benefits of PARPi treatment should be taken into consideration
when making systemic treatment decisions; however, additional clinical trials are warranted to optimize the treatment
schedule for CDK4/6 inhibitors and PARPis in HR+/HER2-/gBRCAm early and advanced BC.
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