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Abstract

Germ-line and somatic mutations in genes that promote homology-directed repair (HDR),
especially BRCAIand BRCAZ, are frequently observed in several cancers, in particular, breast
and ovary but also prostate and other cancers. HDR is critical for the error-free repair of DNA
double-strand breaks and other lesions, and HDR factors also protect stalled replication forks. As a
result, loss of BRCA1 or BRCAZ2 poses significant risks to genome integrity, leading not only to
cancer predisposition but also to sensitivity to DNA-damaging agents, affecting therapeutic
approaches. Here we review recent advances in our understanding of BRCAL and BRCA2,
including how they genetically interact with other repair factors, how they protect stalled
replication forks, how they affect the response to aldehydes, and how loss of their functions links
to mutation signatures. Importantly, given the recent advances with poly(ADP-ribose) polymerase
inhibitors (PARPI) for the treatment of HDR-deficient tumors, we discuss mechanisms by which
BRCA-deficient tumors acquire resistance to PARPI and other agents.
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1. INTRODUCTION

DNA damage poses a significant threat to genome integrity and can lead to tumorigenesis if
not properly repaired. A double-strand break (DSB) is considered one of the most cytotoxic
types of DNA damage, so it is perhaps not surprising that cells have multiple pathways to
repair DSBs (Figure 1). Two major pathways are homologous recombination, also termed
homology-directed repair (HDR), and nhonhomologous end joining (NHEJ) (Chapman et al.
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2012b, Jasin & Rothstein 2013) (Figure 1). Other pathways include microhomology-
mediated end joining (MMEJ) and single-strand annealing (SSA), although the
physiological roles of these latter two pathways in normal cells are uncertain (Sfeir &
Symington 2015). HDR is considered the most precise of the DSB repair pathways because
it uses a homologous sequence, usually the sister chromatid, to template repair. Thus, defects
in HDR lead to error-prone repair of DSBs, which ultimately leads to mutations, gross
chromosomal rearrangements, and genome instability (Moynahan & Jasin 2010). DSBs arise
from several exogenous agents and cellular processes, with replication considered to be a
major source in every cell cycle (Kass et al. 2016b).

Mutations in several HDR genes—in particular, BRCA1 and BRCAZ2—are associated with
predispositions to breast, ovary, and, at lower frequency, prostate, pancreas, and other
cancers. More recently, mutations in other HDR genes, including PALB2, RAD51C,
RAD51D, and ATM, have also been associated with increased susceptibility to several of the
same cancers as BRCAI/2, such that the fraction of some tumor types with HDR gene
mutations can be quite substantial (from 10% to >20%) (Lord & Ashworth 2016,
Pennington et al. 2014, Robinson et al. 2015). Due to defects in DNA repair, cells with
mutations in HDR genes are particularly sensitive to crosslinking agents such as platinum-
based chemotherapeutic drugs. The more recent discovery that cells with BRCAI1/2
mutations can be selectively targeted by treatment with poly(ADP-ribose) polymerase
inhibitors (PARPI) has driven research toward identifying more cancers with impaired HDR
(Bryant et al. 2005, Farmer et al. 2005). The term “BRCAness” has been coined to describe
tumors that share molecular characteristics with BRCA-mutant cancers and thus may be
responsive to treatment with PARPI and platinum-based therapies (Lord & Ashworth 2016).

BRCAL and BRCAZ are both large proteins with multiple functional domains (Prakash et al.
2015) (Figure 2). Although they are not highly conserved in evolution (~50% identity with
the mouse proteins), BRCAI/2are essential for embryonic development in the mouse and
likely in humans as well. Germ-line tumor-predisposing mutations, mostly truncating but
also missense, occur throughout both genes, with common founder mutations in some
populations. Variants of unknown significance have often been identified, leading to the
development of functional assays for HDR to evaluate whether the variants may be
pathogenic (Anantha et al. 2017, Bouwman et al. 2013, Kuznetsov et al. 2008, Millot et al.
2012). Tumor formation is effectively suppressed in the heterozygous state; thus, a primary
requirement for tumorigenesis in heterozygous individuals is loss of the wild-type allele in
pretumorigenic cells. The rare inheritance of biallelic mutations requires that at least one
allele has partial function. This scenario is associated with subtypes of the rare genetic
disorder Fanconi anemia (FA) (Ceccaldi et al. 2016), which is characterized by
developmental issues and is typically associated with early childhood onset of malignancies,
including medulloblastoma (Meyer et al. 2014). More recently, somatic mutations in these
genes have also been identified in tumors, which may impact therapeutic responses (Lord &
Ashworth 2016).
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2. BRCA1 REGULATES END RESECTION-DEPENDENT DOUBLE-STRAND
BREAK REPAIR AND LATER STEPS IN HOMOLOGY-DIRECTED REPAIR

BRCA1 was first conclusively shown to be required for HDR when researchers examined
the repair of a DSB introduced into a defined site in the genome (Moynahan et al. 1999,
2001a). BRCAL participates in both early and later steps of HDR: Following DSB
formation, BRCAL1 is involved in counteracting the NHEJ factor 53BP1 to facilitate DNA
end resection (see below), an early step in HDR (Figure 1). BRCAZ1 also interacts with the
PALB?2 protein (Sy et al. 2009, Zhang et al. 2009) (Figure 2), which in turn binds BRCAZ2 to
facilitate RAD51 filament formation, a later step in HDR. Patient-derived mutations of
BRCA1 that impair HDR typically also reduce SSA, another DSB repair pathway that
requires end resection (Anantha et al. 2017, Stark et al. 2004). The exceptions are missense
mutations that specifically disrupt BRCAL interaction with PALB2, which result in reduced
HDR but increased SSA, similar to BRCA2 deficiency (Anantha et al. 2017, Stark et al.
2004).

The mutual antagonism between BRCA1 and 53BP1 controls levels of end-resected DNA in
a cell cycle—dependent manner (Panier & Boulton 2014, Zimmermann & de Lange 2014). In
G1 phase, 53BP1 recruits several factors in an ATM-dependent manner, thus allowing for
efficient NHEJ. Deficiency of 53BP1 abrogates the protection of DNA ends and predisposes
mice to lymphoma due to the increased levels of end processing and oncogenic
translocations (Bothmer et al. 2010, Difilippantonio et al. 2008, Jankovic et al. 2013). On the
other hand, in S/G2 phases, BRCAL is required to counteract 53BP1 to promote the
availability of end-resected intermediates. This ensures that HDR occurs when sister
chromatids are available to template HDR. Importantly, loss of 53BP1 rescues the HDR
defects and lethality of BRCA1- but not BRCA2-deficient cells (Bouwman et al. 2010,
Bunting et al. 2010, Cao et al. 2009). Thus, the role of BRCAL in antagonizing 53BP1 is
likely more pivotal than a direct role for BRCA1 in end resection per se.

Given the additional, later role for BRCA1 in HDR in promoting PALB2-BRCAZ2 functions,
it seems surprising that 53BP1 loss can fully restore HDR in BRCA1-deficient settings.
Possibly, 53BP1 loss creates more resected DNA that attenuates the requirement for BRCA1
in recruiting PALB2 and BRCAZ2 for subsequent RAD51 filament formation (Buisson et al.
2010, Dray et al. 2010). Alternatively, additional factors such as ATM/ATR-mediated
phosphorylation may contribute to the regulation of PALB2 in this context (Ahlskog et al.
2016). Importantly, some aspects of BRCAL function cannot be rescued by 53BP1 loss, such
as interstrand crosslink repair (Bunting et al. 2012) and replication fork stabilization (Ray
Chaudhuri et al. 2016) (see below), suggesting a distinct requirement for BRCAL in these
processes, for example, crosstalk with the FA pathway (D’Andrea 2013).

ATM-mediated phosphorylation of the N terminus of 53BP1 is required for the interaction of
several 53BP1-binding proteins, including RIF1 and PTIP, to suppress end resection in G1
phase (Callen et al. 2013, Chapman et al. 2013, Di Virgilio et al. 2013, Escribano-Diaz et al.
2013, Feng et al. 2013, Zimmermann et al. 2013). Loss of RIF1 in mice leads to many of the
same phenotypes as 53BP1-deficient mice. However, RIF1 loss does not rescue the HDR
defect of BRCA1-deficient cells to the same extent as 53BP1 loss. By contrast, although
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PTIP deficiency does not affect NHEJ in the same way as 53BP1 deficiency, loss of PTIP in
BRCA1-deficient cells almost completely rescues HDR and suppresses chromosome
aberrations following PARPI treatment. These observations illustrate the complexities of
53BP1 and interacting proteins in affecting end resection.

The mechanism by which BRCA1 counteracts 53BP1 is not well understood and is likely to
be complex. CtIP, which binds BRCAL, is a critical resection factor (Sartori et al. 2007),
such that 53BP1 loss fails to rescue the lethality of CtIP-deficient mice (Polato et al. 2014).
It is possible that BRCAL stimulates the end resection machinery, including CtIP, which in
turn displaces NHEJ components. For example, activities of the resection factors MRE11
and CtIP limit the accumulation of the NHEJ factor Ku at DSB ends (Chanut et al. 2016,
Mimitou & Symington 2010). However, depletion of Ku cannot rescue cellular lethality
associated with BRCAL1 deficiency, despite a reduction in chromosome aberrations (Bunting
et al. 2012). Given that Ku binds only to DNA ends (Walker et al. 2001), whereas 53BP1
binds methylated and ubiquitylated histones surrounding the DSB site (Botuyan et al. 2006,
Fradet-Turcotte et al. 2013, Huyen et al. 2004), the presence of single-stranded DNA
(ssDNA) alone may not be sufficient to abolish 53BP1 action. Consistent with the notion,
the transition from a 53BP1 block of HDR to BRCA1-mediated HDR can be facilitated by
several chromatin-modifying proteins (e.g., histone acetyltransferases TIP60/KAT5 and
MOF/KATS8) or chromatin remodelers (e.g., SMARCADZ) (Densham et al. 2016, Gupta et
al. 2014, Tang et al. 2013).

BRCAL may also actively disrupt the function of the 53BP1 complex to abrogate the
blockade of HDR. For example, BRCAL disrupts the interaction of 53BP1 and RIF1 in S/G2
phases by promoting dephosphorylation of 53BP1 by the PP4AC phosphatase and targeting
RIF1 by an E3 ubiquitin ligase UHRF1 (Isono et al. 2017, Zhang et al. 2016). BRCAL also
induces the exclusion of 53BP1 from the core of DNA damage foci in S/G2 phases
(Chapman et al. 2012a, Kakarougkas et al. 2013).

3. BRCA2 PROMOTES RAD51 FILAMENT FORMATION AND STABILITY

Like BRCAL, the requirement for BRCA2 in HDR was directly demonstrated using a
reporter for DSB-induced HDR (Moynahan et al. 2001b). BRCAZ2 is clearly involved at a
distinct step from BRCAL during HDR because the end resection—dependent SSA pathway
increases with BRCAZ2 deficiency, unlike with BRCA1 but similar to RAD51 deficiency,
apparently due to the increase in end resected intermediates that cannot be channeled into
HDR (Stark et al. 2004). Given this later role in HDR, it is not surprising that 53BP1 loss
does not rescue the survival of BRCA2-deficient cells as it does with BRCAZ1-deficient cells
(Bouwman et al. 2010). More recent work has demonstrated the requirement for both
proteins in replication-induced interstrand crosslink HDR (Nakanishi et al. 2011) and in
suppressing error-prone long-tract gene conversion induced by either a DSB or replication
fork stalling (Willis et al. 2014).

The critical biochemical function of BRCA2 in HDR is to promote RAD51 filament
assembly onto ssDNA that arises from end resection (Prakash et al. 2015). BRCAZ2 directly
interacts with RAD51 at multiple sites (Figure 2) to facilitate RAD51 filament assembly at
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two levels. First, BRCA2 helps RAD51 overcome the inhibitory effect of the high-affinity
ssDNA-binding protein RPA, which normally coats ssSDNA and prevents RAD51 loading.
Second, by preferentially binding to sSDNA over double-stranded DNA (dsDNA), BRCA2
specifically promotes the productive assembly of RAD51 filaments onto ssSDNA, which is
critical for strand invasion of a homologous DNA, while preventing the nonproductive
formation of RAD51 filaments onto dsDNA (Jensen et al. 2010, Liu et al. 2010, Thorslund
et al. 2010). Full-length BRCA2 protein may function as an oligomer, as indicated by
structural and imaging studies (Reuter et al. 2014, Sanchez et al. 2017, Shahid et al. 2014).
In cells, BRCAZ2 is responsible for recruiting RAD51 to DNA damage sites (Tarsounas et al.
2003, Yuan et al. 1999). A recent study using super-resolution microscopy revealed that
BRCAZ2 forms local clusters that progressively overlap with the more elongated RAD51
foci, suggesting dynamic interactions during the repair process (Sanchez et al. 2017).

When HDR activity is compromised through BRCA1/2 loss, cells become reliant on other
factors or alternative pathways to repair DSBs. Thus, BRCA1/2-deficient tumor cells show
synergistic genome instability and synthetic lethality with additional loss of the MMEJ
pathway factor POL6 (Ceccaldi et al. 2015, Mateos-Gomez et al. 2015) or the minor HDR
factor RAD52 (Feng et al. 2011, Lok et al. 2013), although conversely disabling canonical
NHEJ through inhibition of the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) has been reported to diminish PARPI sensitivity and genome instability (Patel et al.
2011).

RAD52 may have an additional role besides being a backup HDR factor. It facilitates DNA
synthesis during mitosis, which is thought to relieve the sequelae of replication stress arising
in the previous S phase (Bhowmick et al. 2016). Replication stress is clearly linked to
BRCAZ2-deficiency (Feng & Jasin 2017), such that mitotic DNA synthesis may contribute to
the survival of BRCA-deficient cells (Bhowmick et al. 2016). These observations provide a
rationale for developing RAD52 (or POL®) inhibitors to target BRCA-deficient tumors.

In addition to HDR, BRCAZ2 has also been implicated in G2/M checkpoint maintenance
(Menzel et al. 2011), R-loop processing (Bhatia et al. 2014), the spindle assembly
checkpoint (Choi et al. 2012), and cytokinesis (Daniels et al. 2004, Mondal et al. 2012), all
having an impact on genome or chromosomal stability. Some of these processes are
distinguishable from HDR (Bhatia et al. 2014, Menzel et al. 2011, Mondal et al. 2012), but
additional studies are required to fully understand the role of BRCA2 in these processes.

4. BRCA1 AND BRCA2 PROTECT NASCENT DNA STRANDS AT STALLED
REPLICATION FORKS

More recently, BRCAL and BRCAZ2, as well as FA proteins, were discovered to be required
for replication fork protection, a pathway that can be genetically separable from HDR
(Kolinjivadi et al. 2017; Schlacher et al. 2011, 2012) (Figure 3). Under replication stress
conditions leading to fork stalling, BRCA/FA proteins prevent the degradation of newly
synthesized DNA strands by the MRE11 nuclease (Schlacher et al. 2011, 2012; Ying et al.
2012). Despite this degradation, once the replication stress is removed, forks can restart
seemingly normally, although it is likely that some will collapse leading to an increase in
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chromosome aberrations. Thus, these proteins both repair DNA damage and prevent DNA
damage from occurring.

The molecular mechanism by which the BRCA/FA proteins function in fork protection is
still unclear. One model is that the stalled replication fork reverses and RAD51 forms a
nucleoprotein filament on the extruded nascent strand to prevent nuclease access (Figure 3).
A separation-of-function mutant in BRCA2 has been identified, which is predicted to lead to
less stable RAD51 filaments; this mutant is defective in fork protection but proficient at
HDR and resistant to PARPI and crosslinking agents (Schlacher et al. 2011). Thus, in this
model, both forming and stabilizing RAD51 filaments are critical for fork protection
(Schlacher et al. 2011, 2012). While FA-deficient cells are profoundly deficient in protecting
stalled replication forks (Schlacher et al. 2012), they show only a mild defect in HDR of
DSBs (Nakanishi et al. 2005, 2011). Therefore, despite involving some overlapping
biochemical activities such as RAD51 filament formation, replication fork protection and
HDR are functionally separable processes.

A recent report has complicated this simple model by showing that RAD51 depletion does
not affect nascent strand stability upon fork stalling (Thangavel et al. 2015). Moreover,
another report suggested that RAD51 itself promotes replication fork reversal (Zellweger et
al. 2015). One way to reconcile these findings is to theorize that preventing RAD51 from
reversing stalled replication forks prevents their degradation, whereas impairing RAD51
filament formation on nascent strands of reversed forks leads to their degradation. The role
of RAD51, BRCAZ2, and other proteins in this process is an active area of investigation.

5. THE TOXIC EFFECTS OF ENVIRONMENTAL AND METABOLIC
ALDEHYDES ON BRCA1/2-DEFICIENT CELLS

Aldehydes, including acetaldehyde and formaldehyde, are natural byproducts of cellular
metabolism and a source of endogenous DNA damage in cells. They are also found
exogenously: Formaldehyde is abundant in tobacco smoke, while acetaldehyde is a product
of alcohol metabolism. The carcinogenic effects of these aldehydes stem from overexposure
and saturation of cellular processes involved in aldehyde detoxification, which leads to
DNA-DNA and DNA-protein crosslinks and ultimately to mutagenesis (Ross & Shipley
1980, Yu et al. 2010).

Genes in the HDR and FA pathways play a critical role in counteracting DNA damage
toxicity from aldehydes (Langevin et al. 2011, Ridpath et al. 2007). Mice doubly deficient in
FANCD2 and an enzyme required for formaldehyde [alcohol dehydrogenase 5 (ADH5)] or
acetaldehyde [aldehyde dehydrogenase 2 (ALDH2)] catabolism show evidence of aldehyde-
induced genotoxicity, including increased DNA damage, bone marrow failure, and leukemia
(Garaycoechea et al. 2012, Langevin et al. 2011, Pontel et al. 2015). Notably,

Adh57=: Fancd2™'~ mice also develop kidney dysfunction and liver failure (Pontel et al.
2015), suggesting tissue tropism in the accumulation or catabolism of endogenous
formaldehyde. Incidentally, A/dh2~'~: Fancd2~'~ mouse embryos require maternal ALDH2
function to survive, highlighting the importance of acetaldehyde detoxification during
embryonic development (Langevin et al. 2011).
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Although the role of BRCA/2in counteracting the toxic effects of aldehydes has not been
studied in the same capacity using mouse models, it has been investigated extensively in
human cancer cell lines and mouse embryonic fibroblasts (MEFs) (Tacconi et al. 2017).
BRCAL1/2-deficient human cancer cells are sensitive to treatment with acetaldehyde or
disulfiram, an inhibitor of ALDH2, and A/dh2-null MEFs show synthetic lethality with
BRCAL/2 deficiency. The effects of acetaldehyde on these cells are manifested by elevated
replication stress, DSBs, chromosomal aberrations, and checkpoint activation. Notably,
acetaldehyde treatment reduced the survival of both Brcal-and BrecaZ-deleted mouse
mammary tumor—derived cell lines and even an olaparib-resistant line (Brcal™~, 53bp1
deficient). These findings suggest the potential clinical use of disulfiram and other ALDH2
inhibitors, which have been approved for treating chronic alcoholism (Koppaka et al. 2012),
as antitumor agents for treating BRCAL/2-deficient tumors, including those that have
acquired resistance to PARPI.

However, an unexpected effect of exogenous aldehyde exposure was recently reported that is
cautionary with regard to BRCA2 carriers. Exposure of cells to either formaldehyde or
acetaldehyde was found to lead to proteasomal degradation of BRCA2 (Tan et al. 2017). As
a result of reduced protein levels, cells heterozygous for cancer-associated BRCAZ
mutations, which normally behave like wild-type cells due to the presence of wild-type
BRCA2 from one allele, show evidence of BRCAZ2 loss of function, including loss of
replication fork protection and increased chromosomal aberrations. The mechanism leading
to proteasomal degradation is unclear but is relatively selective, as only a small number of
other cellular proteins appeared degraded upon formaldehyde exposure. The effects of
aldehyde exposure on BRCAI heterozygous cells are still unknown, although BRCA1
protein levels seem at most modestly affected by formaldehyde-triggered degradation. The
lability of BRCAZ2 observed upon aldehyde exposure is interesting given that the protein is
also susceptible to heat-induced degradation (Krawczyk et al. 2011).

6. MUTATIONAL SIGNATURES FROM BRCA1/2 LOSS

Patterns of DNA sequence changes—mutational signatures—have recently been identified
by examining >1,000 genomes from many different cancer types (see http://
cancer.sanger.ac.uk/cosmic/signatures). Mutational signatures are typically classified
according to the mutated base and the two flanking bases (for 96 possible mutated
trinucleotides) and are associated with intrinsic processes involving DNA metabolism,
mutagen exposure, and defects in DNA repair (Helleday et al. 2014, Kass et al. 2016b). An
unusually broad distribution of base substitution mutations has been associated with BRCA1
or BRCA2 loss (Nik-Zainal et al. 2012), termed mutational signature 3, although why loss of
these proteins causes base substitutions is unclear. This signature is also associated with
elevated numbers of insertions and deletions (indels) of <50 base pairs (bp) with
microhomology at the breakpoint junctions (typically 1-5 bp). The increase in indels likely
results from reliance on more error-prone DSB repair pathways, such as MMEJ (Figure 1).

In addition to the base and indel mutational signatures, rearrangement signatures have been
characterized depending on whether they involve deletions, tandem duplications, or
inversions and on the size and clustering of the events (Nik-Zainal et al. 2016). BRCA1/2
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loss is associated with rearrangement signature 5, characterized by nonclustered deletions of
<100 kb. Further, cancers with BRCAL1 loss, but not BRCA2 loss, are specifically associated
with rearrangement signature 3, characterized by small (<10 kb) tandem duplications.

The presence of these distinct mutational signatures—including indels associated with
micro-homology, base substitution signature 3, and rearrangement signatures 3 and 5—is
now being used among other parameters to accurately predict not only BRCA1/2-deficient
tumors but also tumors with other HDR pathway defects, potentially identifying more
cancers that may respond to treatment with PARPI or platinum-based drugs (Davies et al.
2017).

7. MECHANISMS OF RESISTANCE TO POLY(ADP-RIBOSE) POLYMERASE
INHIBITORS AND PLATINUM THERAPIES

Although tumors with BRCA1/2 or other HDR deficiencies can be targeted by PARPi and
platinum drugs, the development of therapy resistance is a critical problem in the clinic.
Several resistance mechanisms have been proposed, the best validated of which are
secondary mutations within the gene that restore the reading frame of the primary truncating
mutations.

7.1. Secondary Mutations in BRCA1 and BRCA2 and Other Homology-Directed Repair

Genes

A source of cross resistance to platinum-based chemotherapies and PARPi emerged in 2008
when two papers described secondary mutations of BRCAZ26174delT that restored the
reading frame in breast, pancreatic, and ovarian cancers and cell lines (Edwards et al. 2008,
Sakai et al. 2008). These reversion mutations often involved small indels near the truncating
mutation and even direct reversion to the wild-type sequence, but large deletions reaching
nearly 60 kb were also observed that encompassed the truncating mutation and several
exons, demonstrating the plasticity of BRCA2 protein for maintaining function (Siaud et al.
2011). These mutations were found to restore HDR and, when checked, fork protection
(Schlacher et al. 2011). Secondary mutations were also identified that same year in
platinum-resistant BRCAI-mutated ovarian cancers (185delAG and 2594delC) (Swisher et
al. 2008). BRCA1 and BRCAZ secondary mutations continue to be reported in multiple
cancer types (e.g., Afghahi et al. 2017, Pishvaian et al. 2017) and, more recently, in other
HDR pathway genes, in particular, the RAD51 paralog genes RAD51C and RAD51D
(Kondrashova et al. 2017).

Multiple secondary mutations in individual patients with either a BRCA1 or BRCAZ
mutation have also been reported. Sequencing of ascites DNA from patients with platinum-
resistant high-grade serous ovarian cancers identified an extreme case involving a patient
carrying BRCAZ2c.767_771delTCAAA, in which five frame-restoring mutations were
identified (Patch et al. 2015). Another seven independent mutations were identified at
several metastatic sites, often in abdominal tissue. These 12 secondary mutations were
primarily deletions between 1 and 40 bp that restored the reading frame. This patient did not
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have debulking surgery, leading to the proposal that the large tumor mass provided a pool
from which multiple resistance mutations could occur.

Patients’ cell-free DNA (cfDNA) has also been used to identify secondary mutations that are
likely to mediate therapy resistance, suggesting a significant clinical utility of liquid biopsies
for predicting treatment response. In both high-grade serous ovarian cancer and metastatic
prostate cancer, multiple secondary mutations in both germ-line and somatically mutated
BRCAZand PALBZwere identified in cfDNA from patients with recurrent disease (Christie
etal. 2017, Goodall et al. 2017, Quigley et al. 2017). Interestingly, in the case of prostate
cancers treated with PARPI (either olaparib or talazoparib), analysis of mutations in cfDNA
revealed evidence of multiclonal heterogeneity of BRCAZ reversion mutations, information
that would be difficult to glean from a single tumor biopsy sample (Quigley et al. 2017). In
the most extreme case in this study, 34 secondary mutations for BRCAZ ¢.775_776delAG
were identified involving deletions of 1 to 42 bp. As every one of these mutations restores
the reading frame, the confidence that these mutations confer therapy resistance is extremely
high. cfDNA analysis was also suggested to have prognostic value, as responders were more
likely to have reductions in cfDNA with the primary mutation compared with nonresponders
(Goodall et al. 2017).

Given the HDR defect found in cells with BRCA/2 mutation, it seems likely that cells
attempt to repair DNA damage arising from chemotherapeutics by alternative pathways, in
particular, error-prone NHEJ, that then result in the occurrence of resistance mutations. This
scenario has implications for therapy regimens, as multiple rounds of therapy and prolonged
treatment likely accelerate the development of resistance mutations (Norquist et al. 2011)
such that dose levels and scheduling may be an important consideration in treating these
tumors.

7.2. Restoration of Homology-Directed Repair by Modulating Levels of Resected DNA

One mechanism identified for PARPI resistance in BRCAZ1-deficient mouse tumors is the
restoration of resected DNA for HDR. Constitutional loss of 53bp1 reduces mammary tumor
occurrence in BRCAZ1-deficient mice (Bunting et al. 2010, Cao et al. 2009), consistent with
the notion that HDR proficiency suppresses tumors. However, BRCA1-deficient mammary
tumors arising in 53BP1 wild-type mice can acquire PARPI resistance through somatic loss
of 53BP1 (Jaspers et al. 2013). Evidence for the relevance of this finding in human tumors is
that loss of 53BP1 expression is more prevalent in BRCAL1-mutated tumors, although it is
surprisingly also associated with BRCA2-mutated tumors (Bouwman et al. 2010).
Furthermore, selection of PARPi-resistant BRCAL1-mutated tumor cells is also associated
with reduced 53BP1 (Jaspers et al. 2013, Johnson et al. 2013). Notably, however, because
BRCAL1 has a distinct role in interstrand crosslink repair (Long et al. 2014, Sawyer et al.
2015), 53BP1 loss does not lead to cross-resistance to platinum drugs (Bunting et al. 2012).

Loss of other proteins that affect levels of end-resected DNA, such as REV7/MAD2L2 and
HELB, similarly confers PARPI resistance to BRCAL-deficient cells (Boersma et al. 2015,
Patel et al. 2011, Tkac et al. 2016, Wang et al. 2014, Xu et al. 2015, Zimmermann & de
Lange 2014). These proteins could operate in the same step as 53BP1 or in distinct pathways
to control levels of resected DNA. It will be important to determine whether loss of these or
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other players controlling end resection intermediates is an important resistance mechanism
in BRCA1-deficient patient tumors.

Notably, given that ATM contributes independently to HDR in BRCA1-53BP1 double
mutant cells (Bunting et al. 2010, Chen et al. 2017), evidence suggests that HDR-restored
BRCA1-deficient tumor cells can be resensitized to PARPi by ATM kinase inhibition (Tkac
et al. 2016, Xu et al. 2015). ATR kinase also has a role in bypassing the requirement for
BRCAL for HDR in PARPi-resistant cells by promoting RAD51 recruitment to damage sites
(YYazinski et al. 2017). Given the use of bioavailable inhibitors of ATM or ATR in
combination with genotoxic therapies in mouse tumor models (Degorce et al. 2016; Fokas et
al. 2012; Vendetti et al. 2015, 2017), we envision the potential of combining PARPi with
ATM/ATR kinase inhibitors in the treatment of BRCAL-deficient tumors.

7.3. Restoration of Replication Fork Stability Without Homology-Directed Repair

Restoration of replication fork protection has also been proposed as a mechanism leading to
PARPI and cisplatin resistance in BRCA1/2-deficient cells. In this scenario, nascent strand
degradation is prevented by precluding the recruitment of MRE11 nuclease to stalled
replication forks, which can be achieved by ablation of PTIP, MLL3/4, CHD4, and even
PARP1 itself (Ding et al. 2016, Guillemette et al. 2015, Ray Chaudhuri et al. 2016).
Interestingly, HDR activity is not restored in these cases, indicating in the cell types tested
that fork protection alone is sufficient to confer chemoresistance. While it remains to be
determined whether restoration of fork protection is an important resistance mechanism in
patients, high PTIP expression in BRCA2-deficient ovarian tumors treated with platinum
drugs has been associated with longer progression-free survival (Ray Chaudhuri et al. 2016).

7.4. Hypomorphic BRCA1 Alleles and Resistance Mechanisms

In the following sections, we discuss several studies that have pointed to additional
mechanisms of therapy resistance in tumors with specific BRCAZ mutations.

7.4.1. RING-less and RING mutations of BRCA1—At the N terminus of BRCAL1 is
the highly conserved RING domain (Figure 1a), which interacts with the RING domain of
the BARDL protein to form a BRCA1-BARD1 heterodimer with E3 ubiquitin ligase activity
(Hashizume et al. 2001). The interaction is considered to be crucial, as loss of either protein
destabilizes the other in early mouse embryos (McCarthy et al. 2003), and loss of either
protein or both together leads to mammary tumors in mice with similar latency and
characteristics (Shakya et al. 2008). However, specific loss of E3 ligase activity does not
appear to be essential in the mouse during development or for cancer suppression (Shakya et
al. 2011).

Cancer-predisposing mutations in the BRCA1 RING domain have recently been modeled in
mice. BRCAI1 C61G is a frequently reported BRCAI missense mutation, which encodes a
protein that impairs BRCA1-BARD1 heterodimerization and ubiquitin ligase activity
(Hashizume et al. 2001). Similar to nullizygous mice, mice with this mutation die during
embryogenesis, and those with conditional expression develop mammary tumors, which
display genomic instability (Drost et al. 2011). However, unlike mammary tumors with null
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alleles, the Brcal C61G mouse mammary tumors express a mutant protein and respond
poorly to PARPI (Drost et al. 2011). Whereas nullizygous tumors never develop resistance to
cisplatin, BRCA1 C61G mammary tumors frequently develop resistance. Notably, resistant
tumors displayed some level of RAD51 focus formation, indicating that the BRCA1 C61G
protein has partial HDR activity. Whether therapy resistance involves increased expression
of the mutant protein or some other cellular change is as yet unclear.

Building on these observations, recent studies have shed additional light on the RING
domain. Human breast cancer cells carrying the common truncating mutation BRCA1
185delAG and tumors from mice with a mimicking mutation or deletion of the RING coding
sequence were shown to express a RING-less BRCA1 protein that uses an alternative
translation start site downstream of the RING domain (Drost et al. 2016, Li et al. 2016,
Wang et al. 2016b). As with the Brcal C61G mutation, mammary tumors from Brcal
185stop mice respond much worse to PARPI therapy than mice with a null allele, indicating
resistance, even though the mutation also results in embryonic lethality (Drost et al. 2016).
The RING-less BRCA1 demonstrates some HDR activity, which has been proposed to be
insufficient to prevent tumor formation but proficient enough to mediate a level of PARPI
resistance. Alternatively, the RING-less BRCAL may be deficient in maintaining genomic
integrity independent from its role in HDR (Li et al. 2016). In human BRCAI 185delAG
tumor cells, PARPI resistance is associated with increased expression of the RING-less
protein, although increased protein expression is not evident in the mouse tumors (Drost et
al. 2016, Wang et al. 2016b). However, the RING-less human protein is significantly smaller
than the mouse protein due to use of a different downstream translation start site, which
could differentially affect protein stability. Thus, BRCA1 185delAG provides two potential
routes for therapy resistance: through expression of a hypomorphic protein and as a
secondary mutation, as discussed above.

7.4.2. BRCA1-Allq isoform—Exon 11 is the largest exon in BRCA1, encoding more
than half of the protein, although the key BRCA1 protein domains (i.e., the RING, CC, and
BRCT domains; see Figure 1a) are encoded by upstream and downstream exons. Mice with
a deletion of exon 11 survive longer during embryogenesis than those with null alleles, and
mouse cells expressing a Brcal exon 11 splice isoform, fully skipping exon 11, have some
level of HDR activity (Moynahan et al. 1999, Westermark et al. 2003, Xu et al. 2001),
demonstrating that the resulting peptide has partial function.

Human tumors and cell lines with truncating mutations in exon 11, as well as normal cells,
express a related splice variant, BRCA1-Al11q, resulting from partial skipping of exon 11
(Wang et al. 2016a). However, this variant is not in cells with truncating mutations
downstream of exon 11. Evidence suggests that the BRCA1-A11q isoform affects therapy
response. Ovarian cancer patients with BRCAI truncating mutations in exon 11 show
reduced survival. Moreover, human cell lines containing these mutations, which have been
selected for PARPI and cisplatin resistance, express higher levels of the BRCA1-Allq
isoform than sensitive cells, as do PARPi-resistant tumors, and PARPI resistance can be
suppressed with spliceosome inhibitors. Thus, alternative splicing can affect therapy
response.
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7.4.3. BRCT domain of BRCA1—The BRCT domain of BRCAL interacts with several
phosphoproteins involved in various aspects of the DNA damage response and HDR,
including CtIP, BRIP1, and Abraxas (Wu et al. 2015). Through these interactions, BRCA1
may have a role in fine-tuning the length of resected DNA through distinct BRCT complexes
for optimal HDR function. Several missense and truncating mutations in the BRCT domain
have been identified in patients, compromising multiple aspects of BRCAL function,
including damage foci localization, protein stability, and resection-dependent HDR and SSA
(Anantha et al. 2017, Chen et al. 2017, Lee et al. 2010, Li & Yu 2013, Nelson & Holt 2010).
Mice carrying a Brcal S1598F point mutation in the BRCT domain, which is analogous to
the patient-derived mutation S1655F, show accelerated tumorigenesis similar to complete
inactivation of Brcal (Shakya et al. 2011).

Mutations in the BRCAL1 BRCT domain frequently result in protein products that are
unstable and subject to proteasome-mediated degradation (Williams et al. 2004).
Stabilization of these mutant polypeptides has been proposed as a mechanism of acquired
therapy resistance in tumors. One proposed mechanism of stabilization is via interaction
with HSP90, as tumor cells can be resensitized to PARPi using HSP90 inhibitors (Johnson et
al. 2013, Stecklein et al. 2012), providing a new potential avenue of treatment of tumors
with BRCT domain mutations. Interestingly, stabilization of the BRCA1-mutant protein may
be combined with another resistance mechanism, since lower 53BP1 protein levels can also
be observed (Johnson et al. 2013).

8. TISSUE TROPISM OF BRCA-MUTATED CANCERS AND CELL OF ORIGIN
OF BRCA1 BREAST TUMORS

One mystery in the field is the tissue tropism of BRCA-deficient cancers: Whereas HDR is
generally considered a critical DSB repair pathway for all proliferative cells, germ-line
mutations in BRCA1/2 predominantly predispose to cancers of the breast and ovary. One
possibility is that breast and ovarian cells are more reliant on HDR than other tissues. This
hypothesis was supported by recent in vivo observations of particularly robust HDR activity
in proliferative mammary cells compared to other proliferative tissues (Kass et al. 2016a).
Despite more robust HDR overall, all tissues examined in this study show a similar reliance
on BRCAZ2 for repair of a particular lesion, consistent with BRCA2 having a general role in
HDR. In addition to a higher reliance on HDR, another non-mutually exclusive possibility is
that breast and ovarian tissues may provide a supportive microenvironment to prevent the
otherwise lethal effects of BRCA loss, for example, through growth-stimulating hormonal
signaling. Other hypotheses include increased DNA damage from estrogen exposure
(Caldon 2014, Stork et al. 2016), which may lead to enhanced LOH at the BRCA1/2loci in
breast and ovarian tissue.

Besides the tissue preference, breast cancers arising in BRCAI versus BRCAZ mutation
carriers are distinct. BRCAZ mutation is mainly associated with the luminal subtype of
breast cancer, which tends to be estrogen receptor positive (Foulkes et al. 2003, Jonsson et
al. 2010, Sorlie et al. 2003, Waddell et al. 2010). By contrast, BRCA breast cancers are
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predominantly basal-like and triple negative, showing a lack of human epidermal growth
factor receptor 2 amplification and estrogen and progesterone receptor expression.

Despite their basal-like properties, studies in both mouse and human tissues have provided
evidence that BRCA1-associated breast cancers likely arise from luminal epithelial
progenitor cells (Lim et al. 2009, Molyneux et al. 2010, Proia et al. 2011). Mice in which
Brcalis deleted in mammary epithelial luminal progenitors develop tumors similar to
human BRCA1-associated breast cancers, whereas mice with Brcal deleted in basal cells
develop tumors that are distinct (Molyneux et al. 2010). Similarly, luminal cells from human
BRCAI mutation carriers form tumors with increased basal differentiation in a humanized
mouse system (Proia et al. 2011). Notably, precancerous tissue samples from patients
carrying heterozygous BRCAI mutations (BRCAI™I*) contain an aberrant population of
luminal progenitor cells, suggesting that defects may exist in progenitor cell lineage
commitment even in normal tissue of mutation carriers (Lim et al. 2009).

In support of the idea that there are preexisting differences in the DNA damage response
even in mammary epithelium from women carrying cancer-predisposing mutations,
increased genomic instability has been observed in primary cultures of BRCA1M1*
mammary epithelial cells from carriers (Sedic et al. 2015). BRCA1™!* cells have also
shown haploinsufficiency for BRCAL’s role in stalled replication fork repair (Pathania et al.
2014), further suggesting that functional defects associated with haploinsufficiency for
BRCAL in breast epithelial cells may at least partially explain the tissue specificity of
BRCAL-associated cancers.

Linking BRCA1’s roles in proper mammary cell differentiation and DSB repair, recent
studies have shed light on why luminal progenitor cells may be more sensitive to defects in
BRCAZL’s DSB repair function (Nolan et al. 2016, Sau et al. 2016). Luminal progenitors in
preneoplastic breast tissue from BRCAI mutation carriers separate into two distinct
populations, RANK+ and RANK-, based on expression of the receptor for RANK ligand, a
paracrine effector of progesterone signaling. RANK+ luminal progenitors are highly
proliferative, show higher levels of baseline DNA damage, and are particularly sensitive to
ionizing radiation, suggesting aberrant DNA repair, even in normal BRCAI™I* tissue
(Nolan et al. 2016). Combined with the observation that the RANK+ cells have a molecular
signature more similar to basal-like breast cancer than any other subtype, these findings
suggest that the RANK+ luminal progenitor cells may represent the cell-of-origin population
for the basal-like breast cancers arising in BRCA1 mutation carriers and that RANK ligand
(RANKL) may be a valuable therapeutic target in these patients (Nolan et al. 2016).
Similarly, the NF-xB pathway is persistently activated in a subset of luminal progenitor cells
from preneoplastic BRCA1™I* breast tissue (Sau et al. 2016). Sau et al. (2016) found that
progesterone-stimulated proliferation increases NF-xB signaling and the accumulation of
DNA damage. Thus, it has been hypothesized that overly active progesterone-induced
signaling via the NF-xB pathway and paracrine mediator RANKL may account for the
tissue specificity and cell of origin for BRCAZ1-associated breast cancers.
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9. ATM KINASE-ASSOCIATED TUMORIGENESIS

The ATM kinase has critical and diverse roles in the DNA damage response and checkpoint
regulation following DSBs (Shiloh & Ziv 2013). Biallelic A7M mutations result in the
syndrome ataxiatelangiectasia (A-T), which is highly associated with tumor predisposition,
primarily lymphoid tumors during childhood whose incidence correlates with the absence of
any residual ATM kinase activity. Adult A-T patients are also prone to solid tumors, in
particular of the breast (~30-fold increased risk) (Reiman et al. 2011, Verhagen et al. 2012).
Monoallelic A7M mutation in carriers also leads to a significant increase in breast cancer
risk (~2-fold) (Renwick et al. 2006, Thompson et al. 2005). Most A7M mutations associated
with A-T are truncations; however, studies suggest that those associated with cancers tend to
be missense mutations, frequently in the kinase domain of ATM (Scott et al. 2002,
Yamamoto et al. 2016). Inhibition of ATM kinase activity promotes the transformation of
normal human mammary epithelial cells, consistent with its association with breast cancer
suppression (Mandriota et al. 2010).

ATM functions in multiple pathways in the DNA damage response, but the linkage of ATM
deficiency and breast cancer risk, as well as the sensitivity of ATM-deficient cells to PARPI
(Patel et al. 2011, Rass et al. 2013, Weston et al. 2010, Williamson et al. 2010), raises the
question of the importance of ATM in HDR. Loss of ATM reduces HDR in some contexts
but not in others (Alvarez-Quilon et al. 2014, Beucher et al. 2009, Chen et al. 2017, Kass et
al. 2013, Morrison et al. 2000, Rass et al. 2013, White et al. 2010), possibly due in part to
redundancy of substrate phosphorylation by other PI13K-related kinase family members,
namely ATR and DNA-PKcs (Tomimatsu et al. 2009). However, several ATM targets have
been clearly implicated in HDR. For example, ATM-mediated phosphorylation regulates
several proteins involved in end resection, including CtIP, MRE11, and EXO1 (Bolderson et
al. 2010, Jazayeri et al. 2006, Kijas et al. 2015, Wang et al. 2013, You et al. 2009). ATM also
phosphorylates other proteins involved in later steps of HDR (Ahlskog et al. 2016, Bakr et
al. 2015). Another aspect of ATM function is to promote heterochromatin relaxation to allow
for the general access of the repair machinery (Goodarzi & Jeggo 2012).

Recent studies in mice have shown that the expression of kinase-dead ATM leads to
embryonic lethality and a more severe HDR defect than loss of the ATM protein itself, such
that the kinase-dead A7M mutations likely pose greater risk for tumorigenesis (Daniel et al.
2012; Yamamoto et al. 2012, 2016). In particular, kinase-dead A#m-mutant mouse cells are
more sensitive to a topoisomerase | inhibitor than A#m-null cells, with implications for
targeting cancers carrying kinase-inactivating mutations of A7TM (Yamamoto et al. 2016).
The severity of the mutations may be due to the presence of kinase-dead ATM protein
physically blocking DNA ends and preventing repair by other pathways.

The epistatic relationships between ATM, BRCA1, and 53BP1 in the early steps of DSB
repair are clearly complex. Although the interaction of 53BP1 with RIF1 or PTIP in G1
phase depends on ATM, inhibition of ATM activity in 53BP1-deficient lymphocytes reduces
hyper-resection and partially rescues class switching defects (Bothmer et al. 2010, Tubbs et
al. 2014, Yamane et al. 2013), suggesting that ATM-mediated end resection occurs in G1
following 53BP1 loss. On the other hand, ATM also phosphorylates BRCA1 following DNA
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damage at multiple sites, which facilitates BRCAL function, at least in checkpoint activation
(Cortez et al. 1999, Gatei et al. 2000, Xu et al. 2002). Although the significance of
phosphorylation on BRCA1-mediated HDR is not clear, mutation of three phosphorylation
sites (51423, S1387, and S1524) does not support cellular viability (Chang et al. 2009).
ATM has recently been shown to play a crucial role in supporting the viability and residual
HDR in Brcal S1598F BRCT mutant mice (Chen et al. 2017). This suggests that although
ATM is normally not essential for HDR, its HDR functions could become critical in certain
BRCAL1 mutant conditions. As ATM is a master regulator at DSB sites, it would be
important to determine if ATM has active roles in regulating the choice of DSB repair
pathways in response to therapeutic agents.

10. GENOME INSTABILITY AND IMMUNE CHECKPOINT THERAPY

Immunotherapy that enhances the antitumor response from the host immune system has
demonstrated promising efficacy against a variety of cancers. For example, antibodies that
block the immune-suppressive checkpoints by targeting cytotoxic T-lymphocyte-associated
antigen 4 (CTLA4) or programmed cell death-1 (PD-1) receptors can significantly boost
endogenous T cell activities to eliminate cancer cells (Sharma & Allison 2015). A key to
immunotherapy efficiency is tumor-specific antigens, i.e., neoantigens, which distinguish
tumor cells from normal cells and thus can elicit a tumor-specific immune response.
Neoantigens can be generated as a result of the intrinsic genome instability of cancer cells
that produces mutant polypeptides, a part of which is presented to the cell surface and
recognized by the immune system (Schumacher & Schreiber 2015). Thus, a higher mutation
load in tumors is thought to lead to more neoantigens and greater immunogenicity (Brown et
al. 2014, Rooney et al. 2015). Supporting this, the clinical benefit of immune checkpoint
blockade therapies has been observed in cancers with a high mutational burden resulting
from environmental exposure, including melanoma and non-small-cell lung cancer (Hugo et
al. 2016, Rizvi et al. 2015, Snyder et al. 2014, Van Allen et al. 2015).

Defective DNA repair that increases mutation frequency has also been recognized as an
important factor in the antitumor immune response (Mouw et al. 2017), for example, in
DNA mismatch repair (Bouffet et al. 2016; Le et al. 2015, 2017). HDR deficiency has also
been examined in this context. BRCAI mutations are shown to be associated with a higher
mutation burden in triple-negative breast cancers (Nolan et al. 2017). In Brcal-deficient
mouse mammary tumors, combined treatment of cisplatin with anti-PD-1/anti-CTLA4
therapies suppresses the growth of tumors more effectively than cisplatin alone (Nolan et al.
2017). BRCAZ2 mutations have also been identified in melanomas that show a better
response to anti-PD-1 therapy (Hugo et al. 2016). These findings demonstrate the potential
of using the mutation status of DNA repair genes, including HDR genes, to predict the
immunotherapy response independent of the tumor origins. Moreover, immune checkpoint
blockade could be combined with chemotherapies to boost the efficacy in these repair-
deficient tumors.
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11. CONCLUDING REMARKS

Our knowledge of BRCAL and BRCA2 has continued to expand since their discovery more
than two decades ago. Much progress has already been made using the knowledge gleaned
at the bench to develop therapy strategies that benefit clinical practice. However, significant
challenges exist to overcoming the drug resistance that almost inevitably arises. Multiple
pathways have been proposed as resistance mechanisms based on experimental models. So
far, secondary mutations remain the only resistance mechanism clearly validated from
patient-derived tumors (Lord & Ashworth 2017). How often these secondary mutations are
driven by the therapies themselves needs to be investigated. Future efforts are also needed to
validate the clinical relevance of the other proposed resistance mechanisms and to explore
additional Achilles’ heels to treating cancers with BRCAness.
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Figurel.
Homology-directed repair (HDR) and other pathways for the repair of double-strand breaks

(DSBs). HDR, also termed homologous recombination, is a major pathway for the error-free
repair of DSBs, which occurs primarily during S/G2 phases of the cell cycle. An early
determinant of DSB repair pathway choice is DNA end resection—the processing of DNA
ends to generate 3" single strands. Whether end resection occurs is governed by BRCAL in
competition with the antagonistic protein 53BP1, and end resection can occur in two steps,
an initial phase to result in short 3 overhangs (<100 base pairs) and a more extensive phase
to result in longer 3" overhangs (hundreds of base pairs), as demonstrated in yeast. BRCA1
also promotes the later steps of HDR via interaction with the PALB2 protein, which in turn
recruits BRCA2. The defining step of HDR, which is controlled by BRCA2, is the formation
of RADS51 filaments on the 3" single strands, followed by strand invasion into a homologous
DNA, typically the sister chromatid, priming repair DNA synthesis. Most HDR is completed
by a simple gene conversion, although other outcomes are possible (Jasin & Rothstein
2013). DSBs can also be repaired by error-prone DNA repair pathways. Canonical
nonhomologous end joining (NHEJ) can occur during any cell cycle phase and is considered
the other major DSB repair pathway. In NHEJ, DNA ends are protected from end resection
but often undergo some processing before joining, which results in small deletions or
insertions. Initial and extensive end resection also provides intermediates for two other DSB
repair pathways, alternative NHEJ involving microhomology, also termed microhomology-
mediated end joining (MMEJ), and single-strand annealing (SSA), involving longer
stretches of homology. Consistent with their involvement in different steps of HDR, BRCA1
promotes HDR and SSA, whereas BRCA2 promotes HDR and suppresses SSA.
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Figure2.
Domain structures of BRCA1 and BRCA2. (4) BRCA1 comprises an N-terminal RING

domain with E3 ubiquitin ligase activity that interacts with the RING domain of its binding
partner BARD1; a central region encoded by the largest exon (exon 11) of BRCA1
containing nuclear localization signals (NLSs) and other activities; a coiled-coil (CC)
domain for PALB2 binding, with an overlapping SQ cluster targeted by ATM kinase; and
tandem BRCT repeats at the C terminus for interaction with several phosphoproteins,
including Abraxas, BRIP1, and CtIP, leading to the mutually exclusive formation of the
BRCAL A, B, and C complexes, respectively. BRCA1 is also considered a Fanconi anemia
gene (FANCS). Readers are referred to Prakash et al. (2015) for more detail. (5) BRCA2
comprises an N-terminal domain that interacts with PALB2, a central region that has eight
repeats of a BRC motif that interact with several molecules of RAD51, a DSS1 and DNA-
binding domain (DBD), and a distinct RAD51 binding site in the C terminus. BRCAZis also
considered a Fanconi anemia gene (FANCDJ). Abbreviation: aa, amino acids.
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Protection of nascent DNA strands from degradation at stalled replication forks. Replication

fork stalling can occur when a fork encounters a lesion or nucleotides become limiting.
Nascent strands (green) can pair with each other such that the fork regresses (fork reversal).
BRCAL, BRCAZ2, and other homology-directed repair and Fanconi anemia (FA) proteins
protect nascent strands from degradation by stabilizing RAD51 filaments at stalled forks. In
the absence of these proteins (shaded gray box), nascent strands can become a substrate for
degradation by MRE11 and other nucleases, resulting in genome instability. The red asterisk
indicates a lesion that prevents fork progression.
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