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Over the last quarter century several genetic alterations have been implicated in hereditary breast cancer (HBC). 

Two papers recently published in the New England Journal of Medicine explored the mutation prevalence in breast 

cancer predisposition genes across a large population of affected and unaffected subjects. These analyses desig- 

nated ATM, BARD1, BRCA1, BRCA2, CHEK2, PALB2, RAD51C and RAD51D as the core set of genes associated 

with a significantly increased risk of developing breast cancer. A deeper understanding of the biological role of 

these genes unearths an intricate mechanism involving DNA repair and cell cycle regulation. Exploiting these in- 

herited alterations for targeted treatments, as is currently the case with PARP inhibitors, may provide additional 

therapeutic opportunities for HBC patients. 
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With the exception of BRCA1 and BRCA2 , no definitive consensus is

urrently available on the candidate genes whose inherited mutations

ignificantly increase the risk of developing breast cancer [1] . 

In a recent issue of the New England Journal of Medicine , two large

pidemiological studies employed wide multigene panels to define the

nherited genetic alterations predisposing to breast cancer [ 2 , 3 ]. Al-

ost 180.000 women were included in the two analyses, divided be-

ween cases (i.e. subjects diagnosed with breast cancer) and controls

i.e. unaffected individuals). Results from both studies are concordant

n delineating a core of 8 predisposition genes, namely ATM, BARD1,

RCA1, BRCA2, CHK2, PALB2, RAD51C and RAD51D , that can be con-

idered hereditary breast cancer genes. A statistically significant correla-

ion also emerged for CDH1 in one study and for TP53 in the other. While

ermline mutations of ATM, CDH1 and CHK2 are mainly associated

ith estrogen receptor (ER) positive breast cancer, BARD1, RAD51C and

AD51D predispose to ER negative and triple negative breast cancer

 2 , 3 ]. 

While these data are more confirmatory than innovative, the large

ample size and the consistency of the results conclusively defines a

et of genes that should be investigated in all patients with hereditary

reast cancer (HBC). However, in order to significantly impact clinical

ractice, these findings must improve breast cancer prevention and/or

reatment. Indeed, in the era of personalized medicine, inherently ac-

uired genomic alterations should be mechanistically understood and

valuated for their possible role as therapeutic targets. 
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A closer look at the molecular mechanisms emerging from the New

ngland studies reveals alterations targeting DNA repair (via homolo-

ous recombination) and cell cycle regulation with the exception of the

DH1 gene that encodes for the E-cadherin cell adhesion protein. 

Normal cells use homologous recombination (HR) for the high-

delity repair of DNA double-strand breaks (DSBs), employing the sister

hromatid as a template during the S and G2 phases of the cell cycle.

ence, defects in HR increase genomic instability and mutation rates,

ontributing to cancer initiation. Mechanistically, HR repair is triggered

y DSBs binding to the MRN (MRE11, RAD50 and NBS1) complex, lead-

ng to ATM and ATR recruitment. ATM and ATR phosphorylate BRCA1

hat can then bind BRIP1, BARD1 and PALB2, the latter connecting

RCA1 and BRCA2. Activated BRCA2 and PALB2 mediate the incor-

oration of RAD51 and its paralogs (RAD51C and RAD51D) at the site

f DSBs, enabling their assembly on the exposed single strand. Once

AD51-bound filaments are in place, the repair process can be finalized

y the high fidelity copy of DNA from the sister chromatid ( Figure 1 )

4-6] . 

A functional HR is also critical for genome replication and cell cy-

le progression [7] . CHK1 and CHK2 phosphorylation - by ATR and

TM, respectively - regulate G1/S, S and G2/M cell cycle checkpoints

n order to provide the cell with the time required for DNA damage re-

air. BRCA1 and BARD1 also take part in cell cycle regulation activating

1/S, S and G2/M checkpoints. During the G1/S-checkpoint, p53 phos-

horylation by ATM is required to activate the cyclin-dependent kinase

CDK) inhibitor p21 while, in S-phase, the BRCA1-BARD1-DNA topoiso-
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Fig. 1. Homologous recombination pathway activated in response to double-strand DNA breaks. Homologous recombination repair (HRR) is activated in 

response to the generation of DNA double-strand breaks (DSB). A set of genes recently associated with significantly increased risk of developing breast cancer ( ATM, 

BARD1, BRCA1, BRCA2, CHEK2, PALB2, RAD51C and RAD51D ) is heavily implicated in modulating HRR and cell cycle progression. After DSB recognition by the 

MRE11-RAD50-NBS11 complex, activated ATM and ATR phosphorylate BRCA1 that in turn binds BRIP1, BARD1 and PALB2. The latter protein will then connect 

with BRCA2. The BRCA1-PALB2-BRCA2 complex recruits RAD51 and its paralogs RAD51C and RAD51D on the DSBs in order to finalize their repair. 
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erase 2-binding protein 1 complex stalls the replication forks in case

f DSBs. Similarly, in the G2/M phase checkpoint, the BRCA1-abraxas-

AP80 complex determines late activation of CHK1 in response to DNA

amage [ 6 , 7 ]. 

The detailed definition of these complex processes provides the basis

or the therapeutic exploitation of the inherent vulnerability displayed

y cells with a mutation in a hereditary breast cancer gene. Inhibiting

ompensatory DNA damage repair systems, such as base excision repair

BER), in HR-deficient cells eventually determines cell death, a concept

nown as synthetic lethality. Indeed, several classes of compounds have

een developed following this assumption. Inhibitors of poly-adenosyl-

ibose-polymerase (PARP), a key component of the BER pathway, have

lready entered clinical practice for the treatment of BRCA1/2 -mutated

reast cancer. A plethora of other molecules, targeting different compo-

ents of the HR pathway and exploiting replicative stress for synthetic

ethality are under development, including CHK1, ATM and ATR in-

ibitors [8] . Still, many questions remain. Indeed, if the role of PARP

nhibitors in BRCA1/2 mutated breast cancer is well established, the ac-

ivity of these drugs in patients harboring alterations on ATM, BARD1,

HK2, PALB2, RAD51C or RAD51D is still unknown. On the other hand,

HK1, ATM and ATR inhibitors are in the early phases of clinical de-

elopment and their efficacy in patients with a germline mutation in

ereditary breast cancer genes is yet to be determined. 

Since HR is strictly intertwined with cell cycle progression and reg-

lation, it is conceivable that CDK4/6 inhibitors may also exert a syn-

hetic lethality effect in breast cancer patients with mutations in hered-

tary predisposition genes. By blocking tumor cells in the G1 phase,

DK4/6 inhibitors could impair the HR process, which requires cells

o be in the S or G2 phase. When this phenomenon occurs in cells with
2 
efective HR (such as those harboring hereditary breast cancer muta-

ions) the occurrence of fatal genomic instability may be increased [9] .

s the association of a CDK4/6 inhibitor with endocrine therapy cur-

ently represents the mainstay for the treatment of patients with ad-

anced hormone receptor-positive breast cancer, it would be of great

nterest to determine the magnitude of benefit of this approach in in-

ividuals with a germline mutation in a predisposition gene. Another

nanswered question is whether CDK4/6 inhibitors may be exploited in

ormone receptor-negative breast cancer presenting alterations in the

ame set of genes. 

As the awareness of breast cancer predisposition genes will steadily

ncrease so will the use of the genomic tests performed for their timely

dentification. Hence, the number of women diagnosed with HBC is des-

ined to rise in the upcoming future. The development of tailored ap-

roaches for these patients will require detailed molecular knowledge

nd opportunistic thinking in order to transform an unfavorable genetic

vent in a therapeutic opportunity. 
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