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Abstract

The tumor suppressor, breast cancer susceptibility gene 1 (BRCAL), plays an integral role in the
maintenance of genome stability and, in particular, the cellular response to DNA damage. Here,
the emerging role of BRCAL in nonhomologous end-joining-mediated DNA repair following
DNA damage will be reviewed, as well as the activation of apoptotic pathways. The control of
these functions via DNA damage-induced BRCAL shuttling will also be discussed, in particular
BRCAL shuttling induced by erlotinib and irradiation. Finally, the potential targeting of BRCA1
shuttling as a novel strategy to sensitize cells to DNA damage will be entertained.
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Introduction

Cells are constantly subjected to a variety of insults that endanger the integrity and fidelity
of the genome. However, several processes are in place to prevent or resolve the potential
damage incurred, including DNA damage response pathways to initiate cell cycle
checkpoints, execute repair of DNA damage, and activate programmed cell death [1]. The
breast cancer susceptibility gene 1 (BRCAL) plays a central role in this manner.

BRCAL1 functions in a number of cellular processes, including chromatin remodeling,
protein ubiquitination, DNA replication, DNA repair, regulation of transcription, cell cycle
checkpoint control and apoptosis [2-7]. Disruption of any or all of these processes may
contribute to the increased risk for carcinogenesis, as seen in carriers of germline BRCA1
mutations [7]. Regulation of BRCAL function occurs through a variety of mechanisms,
including transcriptional control, protein— protein interactions and post-translational
modification [2-9]. BRCAL is a nuclear—cytoplasmic shuttling protein and its functions may
be controlled via active shuttling between cellular compartments [8-12].
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This review will focus specifically on the emerging role of BRCAL in the repair of DNA
double strand breaks (DSBs) through regulating nonhomologous end-joining (NHEJ), one of
the two major repair pathways. Additionally, DNA damage-induced regulation of BRCA1
shuttling to various cellular compartments to control its functions will be discussed. We
propose a model by which BRCAL protects the genome integrity through facilitating the
repair of damaged DNA and, if unsuccessful, is shuttled to other cellular compartments to
activate cell death pathways to eliminate cells with persistent DNA lesions (Fig. 1).

BRCA1 and DNA repair

In response to DNA damage, the initial signaling cascade involves the ataxia telangiectasia
mutated/ ataxia telangiectasia and Rad3-related-dependent phosphorylation of the histone
variant H2AX and its subsequent localization at sites of DNA damage [13,14]. This, in turn,
recruits other signaling and repair proteins to DNA breaks to resolve the damaged DNA
[15]. Discussion of these specific factors has been extensively reviewed [16,17] and is
beyond the scope of this article.

Two major processes exist in cells and compete for DSB sites to repair these DNA lesions:
homologous recombination (HR) and NHEJ [18,19]. NHEJ is an efficient and the
predominant mechanism of DSB repair throughout all phases of the cell cycle. In contrast,
HR is less efficient and repairs DSBs mostly during the late S and G2 phases of the cell
cycle, but results in high fidelity repair [20,21]. BRCAL1 is integral in the DNA damage
response and serves to maintain genomic fidelity by playing a central role in controlling
these pathways. The role of BRCAL in HR is extensively reviewed elsewhere [17,22] and
therefore will not be discussed here. However, emerging evidence suggests the importance
of BRCA1 in NHEJ, in particular precise end-joining, and will be subsequently reviewed.

BRCA1 and NHEJ

Alternative to HR, cells can rejoin DSBs via NHEJ without extensive sequence homologies.
Two major subpathways exist for NHEJ: the canonical (or conservative) NHEJ (C-NHEJ)
pathway and the alternative NHEJ (A-NHEJ) pathway [23-31]. The C-NHEJ pathway,
which is dependent on the DNA-PK/ Ku70/80 and XRCC4/ ligase IV protein complex, can
precisely repair the DSB when the physical structures at the ends are compatible. In contrast,
the A-NHEJ pathway, which is independent of Ku80 and depends on Mrel1 [32-35], repairs
the DSBs by searching and using flanking microhomologies. This results in deletions at the
junction and is highly mutagenic.

The exact role of BRCAL in NHEJ, however, has not been well defined. Studies have
yielded conflicting results, from enhanced NHEJ to suppressed NHEJ to no effect [26,36—
40]. For example, BRCA1-deficient mouse embryonic stem cells were found to exhibit
increased nonhomologous random integration [36,37], In contrast, cell extracts derived from
BRCA1-deficient mouse embryonic fibroblasts had reduced end-joining activity [39].
Additionally, Chk2-mediated phosphorylation of the serine 988 residue of BRCA1 has been
shown to promote precise religation while suppressing error-prone repair processes
[26,38,40]. This discrepancy may be due to the differing involvement of BRCA1 in the
various NHEJ subpathways. However, given BRCAL’s role in maintaining genome integrity,
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it has been hypothesized that BRCAL enhances precise C-NHEJ while suppressing the error-
prone A-NHEJ. In support of this notion, precise NHEJ was shown to require BRCAL
[25,41].

Interestingly, Chk2-mediated phosphorylation of BRCAL at serine 988 was reported to
promote error-free HR and precise NHEJ while preventing error-prone A-NHEJ [25,26,38].
Furthermore, ataxia telangiectasia mutated-mediated phosphorylation of BRCAL1 at serine
1423 and serine 1524 was found to be important in precise end-joining activity [25]. BRCA1
was also found to rapidly accumulate at sites of laser irradiation-induced DSBs [42]. This
recruitment was dependent on interaction with Ku80, which is intimately involved in precise
NHEJ [42]. Our recent data further showed that BRCAL directly interacts with Ku80 and
stabilizes binding of Ku80 to the ends of DSBs (unpublished). These results indicate that
BRCAL may directly regulate NHEJ through physical interaction to control the activity of
the DNA-PK/ Ku80 protein complex. Another possible mechanism by which BRCA1
promotes high fidelity repair is by protecting DNA ends from resection by exonucleases,
such as Mre11[43].

BRCAL functions as a central regulator of genome maintenance. One such role is to regulate
the repair of damaged DNA. As multiple competing pathways exist in a cell to resolve the
DNA lesion, BRCAL serves to promote high fidelity repair processes, including both HR
and C-NHEJ, while suppressing mutagenic and error-prone pathways.

DNA damage-induced BRCAL1 shuttling

BRCAL1 serves a multitude of functions in the DNA damage response, one of which is to
promote high fidelity repair of damaged DNA. Regulation of these functions is complex and
involves a variety of mechanisms, one of which includes nuclear—cytoplasmic shuttling.

BRCAL is a shuttling protein [9-12]. When nuclear, BRCA1 controls high fidelity repair of
damaged DNA. In contrast, BRCA1 has been shown to enhance p53-independent apoptosis
when cytoplasmic [10,11]. Two nuclear localization signals reside within BRCAL, which
target it to the nucleus in an importin alpha / beta manner [12,44]. Two nuclear export
sequences (NESs) exist at the N-terminus of BRCA1, which transports BRCAL to the
cytoplasm through the chromosome region maintenance 1 (CRM1) / exportin pathway
[45,46]. Specific details regarding the BRCA1 nuclear localization signals and NESs are
discussed elsewhere [12].

BRCAL1 shuttling can also be regulated via protein— protein interaction. The BRCA1-
associated RING domain protein (BARD1) has been shown to bind and mask the BRCA1
NES located at the N-terminal RING domain, thereby preventing nuclear export of BRCA1
through CRM1 [10,11]. At the C-terminus of BRCAL, the BRCA1 C-terminus (BRCA)
domain has been shown to play a crucial role in the nuclear import of BRCA1 through
association with numerous other proteins, including p53, CtIP and BACH, in response to
DNA damage [47-49]. Mutations that target the BRCT region of BRCA1 have been shown
to exclude BRCAL from the nucleus by blocking nuclear import[45]. Reciprocally, human
breast cancer cells with deficiency in p53 function have been shown to exhibit aberrant
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BRCAL shuttling (Jiang et a/., manuscript submitted). The critical region of this regulation
appears to reside in the BRCT domain of BRCAL. The BRCT domain also acts in
conjunction with the RING domain to facilitate the formation of nuclear foci following DNA
damage [50,51]. Thus, the control of BRCA1 subcellular localization is potentially an
important mechanism by which BRCA1-mediated repair of DNA damage can be regulated.

Irradiation-induced BRCAL1 shuttling

The subcellular redistribution of BRCAL is an important regulatory mechanism in the
cellular response to DNA damage [8,9]. It has been previously reported that following
irradiation, BRCAL1 is exported out of the nucleus [8,9]. This effect occurs as early as 4 h
after irradiation and persists 50 h after irradiation. This redistribution of BRCAL follows a
dose-dependent manner and utilizes a CRM1-dependent mechanism. Additionally, as
irradiation-induced DNA damage can trigger checkpoints, BRCAL nuclear export following
irradiation could be a function of cell cycle [8,9]. Although there is variation in BRCA1’s
localization between the G4, S, and G, / M phases, DNA damage-induced BRCAL1 nuclear
export occurs in all phases of the cell cycle. In particular, cells subjected to irradiation- or
UV-induced DNA damage were found to redistribute BRCAZ1 phosphorylated at serine 988
to perinuclear regions [8]. Interestingly, DNA damage-induced BRCAL nuclear export was
abrogated when p53 was rendered dysfunctional [9]. As p53 is intimately involved in the
activation of DNA damage-induced checkpoints as well as apoptosis, this interplay between
p53 and the regulation of BRCA1 shuttling may be an interesting mechanism by which
communication between DNA repair and cell death pathways ensures elimination of cells
that retain persistent DNA damage.

Erlotinib-induced BRCA1 shuttling

The epidermal growth factor receptor (EGFR) family functions in modulating proliferation,
differentiation and survival, and has become the target of novel cancer therapeutic strategies
[52]. Aberrant expression and dysregulation of any EGFR can be found in several cancers,
including lung, pancreas, head and neck, brain and breast. Interestingly, the EGFR family
has been shown to interact with the DNA damage pathways [53,54]. Blockade of EGFR
signaling results in alteration of the DNA damage response [53-56].

In particular, erlotinib has been shown to decrease irradiation-induced expression of Rad51
and to enhance radiation-induced apoptosis, suggesting a potential role of erlotinib in
influencing the DNA damage response [54,55]. Accordingly, erlotinib treatment of breast
cancer cells suppresses HR capacity independent of cell cycle effects [54]. This correlates
with accumulation of persistent y-H2AX nuclear foci, which is a well-characterized /n situ
marker of chromosomal DSBs[18]. Erlotinib treatment results in a significant shift of
BRCAL to the cytoplasm [54]. As nuclear BRCAL plays a central role in the DNA damage
response, and in particular repair, these results again provide a link between BRCA1
localization and the DNA damage response.

BRCA1 and apoptosis

In addition to the repair of damaged DNA, BRCAL plays a role in apoptosis. Overexpression
of BRCA1 induces apoptosis [6]. This process has been linked to the DNA damage response
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and the c-Jun N-terminal kinase pathway [57,58] and depends on its nuclear export [10,11].
Conversely, BARD1, which binds and masks the BRCA1 NES to prevent BRCA1 nuclear
export, inhibits BRCA1-mediated apoptosis [11]. The apoptotic pathway stimulated by
BRCAL is independent of p53.

BRCAL1 also stimulates apoptosis in chemotherapyand UV-treated cells [59,60]. Exogenous
expression of BRCAL also enhanced this cytoxic response. The mechanism of BRCA1-
mediated apoptosis involves caspase 3-mediated cleavage of BRCAL to a 90 kDa fragment
(BRCA1-p90) [59,60]. This fragment comprises the C-terminal region of BRCA1 and is
mainly localized to the cytoplasm. Expression of BRCA1-p90 was sufficient to promote cell
death and to increase cytotoxicity to cisplatin chemotherapy [59].

Other mechanisms of BRCA1-mediated apoptosis include activation of caspase 3 in
response to DNA damage-induced phosphorylation of BRCAL [61]. This in turn disrupts the
interaction between X-linked inhibitor of apoptosis protein and caspase 9. Caspase 9
subsequently cleaves caspase 3 and hence activates the apoptotic cascade. Additionally,
BRCAL apoptotic activity may be linked to its mitochondrial localization [62]. Taken
together, these findings demonstrate that the cytoplasmic subcellular localization of BRCAL
plays an important role in regulating BRCA1-mediated apoptosis.

Targeting BRCA1 localization

Given the multiple roles that BRCAL plays in the DNA damage response, including repair
and activation of apoptosis, it is intriguing to hypothesize that following DNA damage,
BRCAL1 facilitates the repair of DNA in the nucleus and, if not successful, is exported out of
the nucleus to initiate apoptotic pathways in the cytoplasm. Furthermore, the targeting of
BRCAL1 sub-cellular localization (i.e. deplete nuclear BRCA1) may be a potential avenue by
which tumor cells can be sensitized to DNA-damaging agents (Fig. 2). In this subsequent
section, a potential clinical application whereby altering BRCA1 localization will enhance
the therapeutic response will be addressed.

One strategy by which BRCA1 localization can be targeted is by altering the interaction
between BRCA1 and BARD1, which binds BRCAL at the N-terminal RING domain and
masks the BRCAL NES to prevent BRCA1 nuclear export [10,11]. Previous reports have
shown that ectopic expression of the N-terminal RING domain fragment peptide tr-BRCAL,
which also contains the BRCA1 NES and BARD1 binding site, can effectively shift BRCA1
to the cytosol [10,11,54,63]. Importantly, this action is as effective as irradiation-induced
BRCAL nuclear export and does not require p53. Given these results, tr-BRCA1 could be a
potential tool to target BRCAL localization to enhance the cytotoxic response to DNA-
damaging agents.

In support of this notion, tr-BRCA1-mediated trans-location of BRCAL to the cytosol has
been shown to sensitize breast cancer cells to erlotinib [54]. Additionally, tumor cells with
aberrant p53, which do not exhibit DNA damage-induced BRCA1 nuclear export, were
found to be more resistant to the DNA-damaging agents cisplatin and irradiation. Sensitivity
to these agents was rescued upon restoration of BRCA1 shuttling by tr-BRCA1 (Jiang et al.,
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manuscript submitted). Thus, these findings substantiate the targeting of BRCA1 shuttling as
a novel strategy to enhance the cytotoxic response to DNA-damaging agents.

Conclusion

BRCAL is essential in maintaining genomic stability and controlling the cellular response to
genotoxic stress. Precise regulation of these BRCAL functions is of obvious importance
from an oncological and cell survival perspective. One emerging target is BRCAL
localization and shuttling, as sequestration of BRCA1 away from the nucleus may switch
BRCAL function from repair in the nucleus to activation of cell death signals in the
cytoplasm. The potential targeting of BRCAL shuttling may be a novel avenue by which
manipulation of BRCAL1 localization can control cellular function and sensitivity to therapy.
Furthermore, BRCA1 shuttling / localization itself may be a functional biomarker to predict
a tumor response to therapy.
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Fig. 1.
Model depicting how BRCAL protects the genome. BRCAL protects the genome through

facilitating the repair of damaged DNA and, if unsuccessful, is shuttled to other cellular
compartments to activate cell death pathways to eliminate cells with persistent DNA lesions.
In contrast, survival of cells carrying damaged DNA will lead to genomic instability and
resistance to DNA damage-based cancer therapy.
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Fig. 2.

M%del depicting potential targeting of BRCAL to the cytoplasm to inhibit repair of DSBs
and to sensitize cells to DNA-damaging agents. Following DNA damage, BRCAL facilitates
the repair of DNA in the nucleus. By targeting BRCAL subcellular localization (i.e.
depletion of nuclear BRCA1 or translocation of BRCA1 DNA-damaging agents.
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