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Abstract

DNA repair, particularly DNA double strand breaks (DSBs) repair, is essential for the survival of
both normal and cancer cells. An elaborate repair mechanism has been developed in cells in order
to efficiently repair the damaged DNA. The pathways that are predominately involved in DSBs
repair are homologous recombination (HR) and classical nonhomologous end-joining (cNHEJ)
although alternative NHEJ (aNHEJ), a third DSBs repair pathway, may also be important in
certain contexts. The protein of BRCAL encoded by the tumor suppressor gene BRCAL regulates
all DSBs repair pathways. Given the fact that DSBs represent the most biologically significant
lesions induced by ionizing radiation (IR) and impaired DSBs repair leads to radiation sensitivity
it has been expected that cancer patients with BRCA1 mutations should benefit from radiation
therapy (RT). However, the clinical data are conflicting and inconclusive. Here, we provide an
overview about the current status of the data regarding BRCAL deficiency and RT sensitivity in
both experimental models and clinical investigations. In addition, we will discuss a strategy to
potentiate the effects of RT by poly(ADP ribose) polymerase (PARP) inhibitors, the
pharmacologic drugs that are being investigated as a monotherapy for the treatment of patients
with BRCA 1/2 mutations.

Background

DNA double-strand breaks (DSBs) are the most cytotoxic forms of DNA damage (1,2).
DSBs can not only be caused by replication stress but also by the principle cytotoxic lesion
from ionizing radiation (IR) and radiomimetic chemicals. Eukaryotic cells have evolved a
sophisticated DNA damage response (DDR) to efficiently detect and repair these lesions,

including activation of direct repair, cell cycle checkpoints, transcriptional alteration and in
some types of cells induction of cell death by apoptosis (3). The importance of the response
to DNA-damage, particularly DSBs, is reflected by the fact that defects in repair and
signaling of DNA damage are causally linked with development of cancer due to increased

genomic instability. For example, the cancer-prone syndrome ataxia telangiectasia is caused

by mutation of the ATM kinase, a central protein to cell cycle checkpoint activation after
DSBs (4). The genomic instability syndromes ataxia-telangiectasia-like-disorder and
Nijmegen Breakage syndrome are caused by mutation of Mrell or NBS1, components of
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the DSB-sensing Mrell complex comprised of Mrell, Rad50, and NBS1 (5). Moreover, the
hereditary breast and ovarian cancer (HBOC) syndrome which is related to a high risk of
developing breast cancer and ovarian cancer are due to mutation in BRCA1/BRCA2, two of
the most important proteins required for homologous recombination (HR)- mediated DSBs
repair (6).

DNA DSB Repair Pathways and IR

The administration of IR, radiation therapy (RT) has been widely used in the medical field
for the treatment of cancer patients. IR causes damage directly through energy deposition
and indirectly by attacking the DNA through ionization of water molecules to produce
hydroxyl radicals. Multiple forms of DNA damage are induced by IR, including damage to
the bases, and cleavage of the DNA backbone to form DNA single strand breaks and DSBs
(7). Compared to other types of DNA damage induced by IR, DSBs are determinant of
cellular radiosensitivity (8).

Generally speaking, the pathways that are predominately involved in DSBs repair are
classical nonhomologous end-joining (cNHEJ) and HR, although alternative NHEJ
(aNHEJ), a third DSBs repair pathway, may also contributes to repair of DSBs. In
mammalian cells, the majority of IR-induced DSBs are repaired by cNHEJ. cNHEJ occurs
mainly in the GO and G1 phase of the cell cycle. Although cNHEJ involves rejoining the two
broken ends of the DNA without DNA resection, cNHEJ is generally viewed as a more error
prone method of DSB repair as genetic information can be lost before the two ends are
rejoined. A central component of cNHEJ is the DNA-PK complex, composed of a
heterodimer of the Ku proteins, Ku70 and Ku86, and a catalytic sub-unit, DNA-PKcs. Initial
binding of Ku to DSBs is important to protect the ends of DSBs from degradation. The Ku
protein can then recruit DNA-PKcs, which phosphorylate itself and other enzymes involved
in repair (7). Re-ligation of the strands is achieved by the XRCC4-ligase IV complex. The
recently identified cNHEJ component, XRCC4-like factor, stimulates the activity of the
XRCC4-DNA ligase IV complex toward noncompatible DNA ends (9). DNA end-
processing enzymes such as Artemis are also required for the processing of a subset of IR-
induced DSBs in vivo (10)

HR is the second major pathway for the repair of DSBs induced by IR in mammalian cells.
However, HR is the predominant repair pathway for endogenous DSBs produced when
replication fork collapse occurs (11). HR functions only during the late S and G2 phases of
the cell cycle, when a homologous region of DNA is available. Cells that are deficient in HR
are less sensitive to IR-induced damage than NHEJ deficient cells. In addition, there is
evidence that cells generally demonstrate increased radio-resistance during late-S/G2-phase
(12) while HR mutants exhibit the greatest radiosensitivity in late S/G2 (13). Early studies
suggested that HR proteins might play a minimal role in repair of IR-induced DSBs repair
(14). Recent studies demonstrate that HR repairs both direct and secondary, replication-
induced, DSBs after IR (15,16). In addition, it has been demonstrated that HR repair
promoted by ATM and Artemis contributes to the slowly repairing sub-fraction of IR-
induced breaks in G2 phase (17). HR uses the homologous template to faithfully repair the
DNA, and consequently, it is a more accurate form of DSB repair. Although, chromosome
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rearrangement can also occur if the template is the homologous chromosome or an ectopic
repeat is located in the same or different chromosome (18). A key step in HR is initiation of
exonucleolytic resection, which generates long single-stranded tails, critical intermediates
for initiating homologous pairing by strand exchange. The formed RAD51 nucleoprotein
filament then facilitates DNA strand invasion and exchange steps (19) leading to formation
of a Holliday junction (HJ). Either gene conversion (GC) or crossovers (CO) are generated
depending on how the HJs are resolved (20).

The third and most recently discovered mechanism for DSB repair is aNHEJ. Initially,
aNHEJ was viewed as a backup system capable of repairing DSBs in cells with deficiencies
of ctNHEJ (21, 64, 73). The subsequent discovery of aNHEJ in cNHEJ-proficient cells
indicates that it is not simply a backup pathway used by cells to allow survival in the
absence of cNHEJ (21). aNHEJ also plays an important physiological role in repairing DSBs
to maintain cell viability, especially under genomic stress (21). Early studies suggested that
aNHEJ is a repair process with slow kinetics compared to rapid repair by c-NHEJ (14,22).
However, studies later suggested that DNA end complexity also contributes to the repair
kinetics (23,24). Consistent with this concept, the cNHEJ protein, DNA-Pkcs, was found to
contribute to the repair of IR-induced DSBs repair with slower kinetics (25). Several
features of aNHEJ have been characterized although the molecular mechanisms controlling
it are less well delineated compared to cNHEJ. First, it has been found that aNHEJ products
have a great dependence on short patches of perfectly matched sequences known as
microhomologies (26,27). Frequently, aNHEJ is referred to as microhomology-mediated end
joining (MMEJ) or backup-NHEJ (B-NHEJ) although not all aNHEJ events involve a
microhomology sequence. Second, longer deletions or resections may occur prior to end
joining. Mechanistically, aNHEJ is associated with the generation of 3’ single strand
overhang, and this process involves the MRE11/RAD50/NBS1 complex and CtIP (25,28—
33). Last, aNHEJ/MMEJ is a distinct DSB repair pathways compared to c-NHEJ (32).
aNHEJ/MMEJ is suppressed by the core cNHEJ protein Ku but promoted by CtIP, perhaps
in G1 phase cells (29,34,35). In mammalian cells, in addition to the MRE11/RAD50/NBS1
complex and CtIP, XRCC1/DNA ligase 11 has a critical role in aNHEJ (29,30,36-38).
Additional work suggests an important role of poly(ADP-ribose) polymerase (PARP) 1 in
the aNHEJ pathway (37,39-42). Our recent publication demonstrates that 53BP1 promotes
aNHEJ/MMEJ in G1 phase cells (43). In yeast, MMEJ appears to be required for
radioresistance. Studies suggest that a defect in PolQ-mediated aNHEJ/MMEJ in
mammalian cells confer radiation sensitivity (44,45). These results indicate a critical role of
aNHEJ in repair of IR-induced DSBs.

In summary, cNHEJ and HR are two major mechanisms required for repair of DSBs induced
by IR. Cells with decreased ability of repair DSBs are more sensitive to IR. The role of
aNHEJ pathway in the repair of IR- induced DSBs in mammalian cells needs to be further
investigated and established.

BRCA1 and Double Strand Breaks Repair

BRCAL or BRCAZ are two important tumor suppressor genes. Mutation in one copy of either
gene in the germline results in HBOC syndrome, which accounts for 5-7% of all cases of

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kan and Zhang

Page 4

breast cancer. Individuals with HBOC syndrome have a 50-80% lifetime risk of developing
breast cancer, and 30-50% risk for ovarian cancer. HBOC is inherited in an autosomal-
dominant manner (6). In addition to breast and ovarian cancer, BRCA1 mutation is also
associated with an increased risk of pancreatic, stomach, laryngeal, fallopian tube and
prostate cancer (6). BRCAL is involved in a wide spectrum of cellular processes such as
cell-cycle regulation, transcriptional regulation, chromatin remodeling, DNA DSBs and
apoptosis. In contrast, the functions of BRCA2 are largely limited to DSBs repair through
promoting HR (6). Loss of function of these two proteins leading to inability to undergo HR
is believed to be a key step in tumorigenesis in individuals with BRCA1/2 mutations (46).
Although cell cycle checkpoint and programmed cell death (apoptosis) also determine
radiation sensitivity, they are beyond the scope of this review. We will focus on the roles of
BRCAL in DNA DSBs repair and its implications in RT.

BRCAL1 has a well-established role in promoting HR mediated DSBs repair; (47-51)
although the actual functional role of BRCA1 in HR and its regulations remain largely
unknown. BRCAL promotes single stranded DNA resection and/or acts as a recombination
mediator/comediator (20). The interaction of BRCAL with CtIP may be especially critical
for regulating the processing of DNA ends at DSBs during HR (52). In addition, BRCA1
also interacts with PALB2 linking it functionally to BRCA2 and its role in RAD51 loading
during HR (53,54).

Studies on the role of BRCA1 in cNHEJ have yielded conflicting results, ranging from
suppression of NHEJ to no effect or promotion (51,55-58), which could be due to different
reporters and cell lines. BRCA1 was found to inhibit random integration; (47,51) however,
there is plenty of data, including ours, which suggest that BRCA1 is important for some
subtypes of cNHEJ pathway. It has been suggested that the cNHEJ pathway is impaired in
BRCA1 —/- mouse embryonic fibroblasts (MEFs) (59,60) and in the human breast cancer
cell line, HCC1937, which carries a homozygous mutation in the BRCAL gene (56,57,61).
The fidelity of NHEJ is severely decreased in lymphoblastoid cell lines established from
women with a truncating BRCA1 mutation or missense BRCA1 mutations (56,62,63). Our
previous work demonstrated a lower frequency of error-free end joining in HCC1937 cells
compared to control cells with intact BRCA1 (57), which is supported by the results
obtained from several cancer cell lines with BRCAL depletion (64). All these data suggest a
role for BRCAL in ctNHEJ pathway. Interestingly, ATM/CHK2 pathway-mediated BRCA1
phosphorylation at S988 promotes the fidelity of DSB repair by NHEJ (57,64). A favored
model is that BRCA1 may only be involved in this particular subpathway of precise NHEJ
(51,56,61,62,65). In support of this hypothesis, a very recent study demonstrated that
BRCAL binds and stabilizes Ku80 at DSBs, promotes precise DSB rejoining, and increases
cellular resistance to radiation-induced DNA damage in a G1 phase-specific manner (66).

The role of BRCA1 in aNHEJ/MMEJ pathway is debatable and conflicting. It has been
demonstrated that Brcal(—/-) MEFs exhibited a deficiency in MMEJ using a defined
chromosomal DNA DSB introduced by a rare cutting endonuclease 1-Scel (60). In this
reporter, the CATG MMEJ resulted in repair products that could be cleaved by restoring the
original Ncol site. Using this reporter, Brcal was found to be important for MMEJ activity.
Interestingly, our previous work suggested an inhibitive role in MMEJ using the
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chromatinized pEPI-HDV6 substrate and extra-chromosomal reporter detecting various
stretches of microhomology around the cleavage site. We found that the proportion of
rejoining events using any microhomology length (1-8 bp) was significantly elevated in
cells with BRCAL deficiency (57). The lack of consistency between these results may be at
least partly explained by the use of different assays, which may measure different subtypes
of aNHEJ/MMEJ, and different cell lines.

BRCA1 Deficiency and Radiation Sensitivity in Experimental Models

A number of known inherited syndromes caused by mutations in genes required for the
response to DNA damage, such as ataxia telangiectasia, ataxia-telangiectasia like-disorder,
radiosensitive severe combined immunodeficiency, Nijmegen breakage syndrome, and L1G4
deficiency are associated with increased radiosensitivity (67). The radiation sensitivity of
cells with BRCA1 mutation has been tested in a variety of experimental models. BRCA1 —/-
MEFs are highly sensitive to IR (68,69). A targeted disruption in exon 11 of the murine
Brcal gene causes IR hypersensitivity and genetic instability. Consistent with the results
observed in MEFs, radiation sensitivity was also observed in human cancer cells HCC1937,
a cell line with truncated BRCAL expression (69). Human cells carrying mutations of
BRCAL, BRCAZ2, or heterozygous BRCAL and BRCA2 mutations also led to enhanced
radiosensitivity with an impaired proliferative capacity after irradiation (69). Retrovirally
expressed wild-type BRCA1 decreased the IR sensitivity and increased the efficiency of
DSBs repair of the BRCAL —/- human breast cancer line, HCC1937. It also reduced its
susceptibility to DSB generation by IR (70). An increased sensitivity to IR has additionally
been observed in an ovarian cancer cell line carrying defective BRCAL (71). Work by
Cortez et al. demonstrated that ATM —dependent phosphorylation on BRCAL is important
for the resistance to IR (72). Lastly, a study by Li et al. demonstrates with an animal model
that BRCAL is critical for cancer cell resistance to IR, mediated by FOXP3 deficiency (73).
Tumor cell lines with or without 15 Gy irradiation were injected into the mammary fat-pad
of syngeneic mice and monitored for tumor growth. It was found that the impact of Foxp3
silencing on tumor growth after radiation was abrogated by concurrent Brcal silencing,
suggesting a critical role of BRCAL in Foxp3 mediated radiation resistance (73).

In summary, the evidence obtained from cell and animal models have provided strong
evidence supporting a role of BRCAL in radioresistance. The impaired ability for DSBs
repair contributes to radiation sensitivity when BRCAL is deficient. However, which DSBs
repair pathways controlled by BRCA1 play a more important role in this regulation remains
unknown. Interestingly, BRCAL expression restores radiation resistance in BRCA1-
defective cancer cells through enhancement of transcription-coupled DNA repair (71). In
addition, our previous study suggested that ATM dependent phosphorylation on BRCA1 is
not important for HR mediated repair (51) although it is critical for radiation resistance (72).
These results may indicate that the role of BRCAL in HR play a minor role or no role on
radiation sensitivity. This hypothesis needs to be tested in the future.
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BRCA1 and Radiation Therapy in Clinical Settings

Theoretically, tumors with mutated BRCAL may be more sensitive to treatments due to their
inherent inability to repair DNA DSBs caused by radiation and/or chemotherapeutic agents.
On the other hand, in patients with mutant BRCA1 there is the concern that RT may increase
toxicity or the risk of secondary malignancy. Many studies have sought to determine
whether these theoretical benefits or risks are indeed present. The majority of these studies
include patients with BRCAL1 and/or BRCA2 germline mutations as they both promote HR,
and the number of patients with these mutations is small.

In a study of a small number of patients, a lower rate of subsequent ipsilateral breast tumors
in BRCAL1/2 carriers treated for their cancers by lumpectomy and breast RT was observed
compared with noncarriers treated similarly at a median follow-up time of 63 months (74).
However, in the same study, the authors found that women with germline BRCA mutations
were significantly more likely to develop contralateral breast cancer at 5 years. Contralateral
breast cancer developed in 12 of 30 (40.0%) women with germline BRCA mutations,
compared with five of 61 (8.2%) women without BRCA mutations (74). The reasons
regarding why there might be different effects observed on occurrence of ipsilateral and
contralateral breast cancer is not clear. It is possible that occult ipsilateral tumors in BRCA
mutation carriers are more effectively treated by IR than those in non-carriers, due to their
impaired DSBs repair pathways. However, the proposed roles of BRCAL and BRCA2 in
DDR suggest that IR may initiate tumorigenesis in those that carry a mutation in either
BRCAL or BRCAZ? as a result of un-repaired DNA DSBs. Data on the incidence of
subsequent contralateral breast cancers in BRCAZ1/2 carriers treated with breast conservation
and adjuvant RT compared to those treated with mastectomy alone could help to clarify this
issue. It is possible that the low dose scatter radiation to the contralateral breast induces
tumorigenesis by causing DNA breaks that are less likely to be repaired in those carrying
mutations in BRCAZ1/2. This could lead to an increase incidence of later-onset breast tumors,
indicating a new primary as opposed to a clinical presentation of a previously occult cancer,
in both the ipsilateral and contralateral breasts (75). The increased number of contralateral
breast cancers in those with germline BRCA mutation could also be due to their increased
baseline risk of developing breast cancer. A study from Yale, examined a group of young
women with breast cancer treated with breast conserving therapy (BCT) and radiation. They
performed BRCAL and BRCAZ2 sequencing and compared those who were found to have
deleterious mutations to those who did not. They noted that the rate of ipsilateral events
were statistically significantly higher in the group with BRCA1/2 mutations, 49%, compared
to those without deleterious mutations, 21%. Contralateral breast cancers were also
significantly higher in the group with deleterious mutations 42% compared to 9% (76) .
Another report by Pierce et al., a multi-national study, compared women with BRCAL or
BRCA2 mutation treated with either BCT and RT or mastectomy alone. They found that
local recurrence rates were higher in those treated with BCT + RT, 30.2% at 20 years,
compared to mastectomy, 5.5% at 20 years (77). However, no difference was noted in
overall survival or in regional/systemic recurrence. The risk of contralateral breast cancer
was high regardless of whether adjuvant RT was given, exceeding 40%, indicating that low
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dose scatter from radiation treatment does not seem to increase the risk of developing breast
cancer.

The hypothesis that breast cancers in BRCAL/2 mutation carriers may be more sensitive to
RT does not seem to be supported by retrospective studies. A report from the Institut Curie
of matched retrospective case-control study examined ipsilateral tumor recurrence,
contralateral tumor development, and overall survival in breast cancer patients that had
undergone breast conserving surgery and RT. They demonstrated that with a median follow-
up of 161 months there was no difference in ipsilateral breast tumor recurrence (IBTR) or
overall survival (OS) between BRCA1/2 mutation carriers versus sporadic controls. As
would be expected, contralateral breast cancers were significantly higher in those patients
with BRCAL/2 mutations compared to controls, due to the high risk of new primary cancers
inherent in this population (78). Pierce et al. also reported in a multi-institutional study that
IBTR was similar between BRCA1/2 mutated patients compared to controls treated with
breast conserving surgery. At 15 years there was no significant different in IBTR, 24% in
mutation carriers compared to 17% in controls. However, in a subset analysis they did note a
significantly higher IBTR rate in BRCA1/2 mutated patients who had not undergone
oophorectomy, RR of 1.9, compared to controls (79). Consistent with this observation, in a
retrospective study of Stage I/1l breast cancer patients by Pierce et al., they did not note any
difference in OS, Local recurrence (LR), or cancer specific survival (CSS) between 71
BRCAL/2 carriers and age/stage matched control patients with a median follow-up of 5.3
years for the BRCA1/2 patients and 4.6 years for controls. For the BRCA1/2 mutation
carriers compared to controls, CSS at 5 years was 92% vs. 91%, respectively, and local
control was 98% vs. 96%, respectively (80). In a study by Goodwin et al., they examined
outcomes of breast cancer patients by either BRCA1 or BRCA2 compared to sporadic cases.
They demonstrate that women with breast cancer and BRCA2 mutations may have worse
prognosis than age-matched sporadic breast cancers. However, when adjusted for effects of
tumor and treatment related variable, there was no significant difference in prognosis. This
indicates that women with BRCA2 mutation may present with more aggressive breast
cancers; however the prognosis would be similar to a stage-matched cancer in a non-
mutation carrier patient (81). Thus it appears as if BRCA1/2 mutation carriers are not more
sensitive to RT in terms of the ability to cure breast cancer, at least in early stage breast
cancer patients. Additionally, there is currently no evidence to support a higher risk of RT
induced secondary malignancies.

Although most of the studies looking at BRCAL and breast cancer prognosis or response to
treatment have been in the group of patients with detectable BRCA1/2 mutations, some
groups have looked at protein expression levels in patients with no familial history of breast
cancer because lower expression of BRCAL1 is also frequently observed in spontaneous
breast cancers. It is estimated that almost 33% of sporadic breast cancers display decreased
BRCAL expression (82). A Japanese study examined a group of breast cancer patients with
no family history of breast cancer who underwent surgery with subcutaneous glandectomy
and axillary lymph node dissection or mastectomy with axillary lymph node dissection
followed by combination chemotherapy and tamoxifen. At a median follow-up of 4.4 years
those with negative BRCAL1 staining had statistically significant higher disease recurrence
rate compared to those with positive staining, 35% vs. 7%, respectively (83). In a United
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Kingdom study, BRCA1 immunohistochemistry staining examined. After adjusting for
grade, patients with BRCA1 negative tumors had a significantly longer disease free survival
(DFS) than those with tumors expressing BRCAL. A similar trend, although non-significant,
was noted with regards to OS. Before the adjustment by grade, there was no significant
difference for OS and DFS between BRCA1 negative and positive tumors (84). Soderlund et
al. examined local recurrences in relation to expression levels of BRCA1/BRCA2/RAD5S1, a
complex that is important in HR DNA repair of DSBs. Patients from a prospective breast
cancer trial comparing either adjuvant chemotherapy (CMF-cyclophosphamide,
methotrexate, and 5-fluorouracil) or post-operative RT, 46 Gy/2 Gy per fraction to the chest
wall and comprehensive nodal regions, after modified radical mastectomy. These patients all
had node positive breast cancer and/or had tumors greater than or equal to 3 cm. They found
that patients who received chemotherapy had a local-recurrence free survival (LRFS) of
85% if a high level of the BRCAL complex was noted compared to a LRFS of 60% if there
were low levels of BRCAL complex. In patients with low levels of BRCAL complex the
LRFS for those receiving RT was significantly higher at 90% compared to those that
received the chemotherapy, 60%, with a statistically significant RR of 0.38. Those patients
with high levels of BRCA1 complex had similar LRFS rates of about 80% regardless of
which adjuvant treatment was received (85). These studies demonstrate that BRCA1/2
expression level within a tumor, regardless of the patient’s germline status, has an effect on
outcome. Tumor cells with low levels of functional BRCA1/2 are less effectively treated
with standard treatments. Interestingly, it does appear that RT may be more effective than
chemotherapy in cancers with low levels of BRCAL complex. This could be dependent on
the particular mechanism a chemotherapeutic agent utilizes to induce cell death and certain
chemotherapies could be just as effective as RT. Alternatively the DNA DSBs caused by RT
may be more effective in causing cell death compared to the chemotherapeutic agents used
in the analysis by Soderlund.

Although results are somewhat mixed it is thought that there is a higher risk of tumor relapse
in the ipsilateral breast in BRCAL/2 mutated patients. Thus, while not an absolute
contraindication, general consensus would recommend mastectomy as opposed to breast
conserving therapy in patients with known BRCA1/2 mutation (86). An additional limitation
to these retrospective studies is the unknown effects of each particular BRCA1 or BRCA2
mutation. These proteins have multiple functions within the cell and different mutations may
have variable effects on these cellular processes. Depending on the specific mutation, there
could be differing effects on radiation and/or chemotherapy sensitivity and could increase or
decrease the likelihood of recurrence.

Radiation sensitivity may not require loss of both alleles because abnormalities in the DDR
and radiation sensitivity were observed in cells harboring a single mutated copy of BRCAL
or BRCA2 (69,87,88). In addition, a role for BRCAL in mammary tumor formation after
exposure to IR has been suggested using BRCA1+/- mouse model (89). Many groups have
sought to determine whether patients with BRCA1 mutations are more sensitive to the
normal tissue toxicities of RT and/or chemotherapy. Patients with lung cancer who received
RT and had single photon emission computed tomography (SPECT) lung perfusion imaging
before and after treatment were examined for radiation-induced changes. Dose-response
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curves were generated for each patient and genotyping was performed from blood samples.
It was found that polymorphisms within XRCC1 and BRCA1 were significantly associated
with higher sensitivity to RT (90). However, other studies, mostly in breast cancer patients,
have not definitively found a correlation between BRCA1 mutations and increased toxicity.
Pierce et al. examined a group of BRCAL and BRCA2 carriers with age-matched controls
and found that following RT there was no different in acute skin toxicity, pneumonitis or
breast pain. With a median followup of 5.3 years in the BRCA1/2 mutated group there was
also no increase in late toxicity of the skin, subcutaneous tissue, lung or bone(80). In another
small retrospective study a trend toward increased acute pain during RT treatment was noted
as well as an increase in chronic pain. This study did not find a difference in other late
toxicities of edema, fibrosis, telangiectasia, rib fractures, lung fibrosis, or cardiac events
(91). A study examining 22 patients with severe normal tissue reactions after RT were
screened for mutations in BRCAL or BRCA2. None of the commonly described BRCA1/2
mutations were found which implies that other genes may account for much of the severe
unexpected toxicities that are seen in patients treated with RT (92). In a Korean study of 213
breast cancer patients who had undergone BRCA1/2 mutation testing and received RT, acute
skin toxicity was evaluated. They classified radiosensitivity as RTOG Grade 2 or greater
acute skin reaction. Approximately 20% of the tested patients were found to have mutations
in BRCAL, BRCAZ2, or both. There were 27% of patients in this group who were found to
have Grade 2 or greater skin toxicity. Multivariate analysis identified significant
associations between mean breast volume and toxicity; however, BRCA1/2 mutation status
was not associated with acute skin toxicity (93). These data suggest that patients with
BRCAL1/ 2 mutation do not have significantly worse acute toxicity or a higher risk of late
toxicity from RT.

Huszno et al. examined 270 early stage breast cancer patients who were treated with the
same protocol regardless of BRCAL/2 mutation status. In this cohort 15% were found to be
BRCAL/2 carriers. The rates of chemotherapy and RT toxicities were compared between the
BRCAL/2 carriers and the rest of the cohort. All of the patients received an anthracycline
based chemotherapy regimen and 66% received RT. Huszno et al did not find any difference
in the rates of grade 4 toxicity from chemotherapy. There was a significantly increased
incidence of nausea and vomiting, grade 3-4, in non-BRCA1/2 carriers. Neutropenia
however was significantly more frequent in BRCAL/2 carriers. Acute toxicity from RT was
similar between the two groups (94). An interesting study was performed, where peripheral
lymphocytes of patients with breast cancer and healthy controls were compared for the
kinetics of DNA damage repair and the level of basal, oxidative and alkylative DNA damage
before and during/after chemotherapy. It was found that the patients with breast cancer had
slower DNA repair compared to the healthy controls. They also noted higher levels of basal,
oxidative and alkylative DNA damage in the breast cancer patients’ peripheral lymphocytes,
prior to treatment, compared to the damage that was noted in controls(95). Similar findings
were noted when looking at patients with head and neck cancer before RT compared with
healthy controls (96). It is perhaps this lowered capacity for DNA damage repair that is
already present in cancer patients that mitigates the increase in toxicity that was expected in
patients with mutated BRCA1. Although the majority of these small retrospective studies
have not borne out any major differences for acute or chronic toxicities the theoretical risk is
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still present. There are a number of mutations that are seen in the hereditary breast/ovarian
cancers and perhaps only certain BRCA1 mutants may have a propensity for increased
radiation sensitivity in the normal tissues. As more clinical trials directed at BRCA1/2
mutated patients are performed, it will be important to prospectively record and analyze for
acute and chronic toxicities. It may be that as Blasiak et al. and Palyvoda et al.
demonstrated, cancer patients already exhibit a higher amount of DNA damage in their cells
such that BRCAL mutation does not increase the toxicity noted in normal tissues.

Secondary malignancies are a rare, but known, late complication from RT as well as
chemotherapy treatments. There is concern that in patients with deficient DNA repair
capabilities treatment with RT could increase the risk of RT-induced cancers. It was noted
that the rate of contralateral breast cancers was 2% in the sporadic breast cancer group
compared to 20% in the BRCA1/2 carrier group. This rate is consistent with the rate of
breast cancer development in known carriers even without RT treatment and thus it does not
appear that at this time point the risk of a second breast cancer is increased in the BRCA1/2
carrier group despite the RT and chemotherapy treatment. The rate of ovarian cancer
development was also increased as expected 11% vs 0%; however, other malignancies were
not significantly increased (80). A study was performed in Israel examining the rate of RT-
associated sarcomas in BRCAL/2 carriers. In their population of patients, with a follow-up
of 8 years, there was a 0.53% rate of RT-associated sarcoma development (97). This is
approximately two-fold higher than previously reported rates in sporadic breast cancer
patients; however still a very low percentage (98). Kadouri et al concluded that while
mutations in BRCA1/2 may increase the risk of RT-associated sarcomas, the risk was still
very small and should not play a significant role in decision-making with regards to RT.

In summary, despite the affirmative role in radiation sensitivity when BRCAL is deficient in
experimental models, inconsistent results are obtained with clinical studies regarding breast
cancer prognosis in women with BRCA mutations (Figure 1). Current studies have failed to
demonstrate, for the most part, a significant overall survival difference between BRCA-
associated breast cancers and sporadic breast cancers following RT. However, there is a
significant increase in the risk of contralateral breast cancers in BRCA mutation carriers. In
addition, the currently available data provide no evidence that a genetic alteration in
BRCAZ1/2 has a significant role in RT-induced toxicity and secondary cancer risk (Figure.1).

The Potential Factors Contributing to Inconsistences

The discrepant results from clinical data can be explained to a large extent by the underlying
study methodologies used (99). In an optimal study of disease prognosis, several criteria
should be met (75). These criteria included assembly of an “inception cohort™; description of
the referral pattern and hence representativeness of the sample; complete follow-up; use of
objective outcome criteria; “blinding” of outcome assessment; and adequate sample size.
Thus, a high quality clinical study following stringent methodology is essential in
standardized clinical trials. In addition, the following factors, from the point of view of
molecular biology, should also be considered when we explain the inconsistence of the
obvious radiosensitivity observed in BRCA1 deficient cancer cells in experimental models
and the less conclusive results from clinical investigations.
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1. Lack of functional analysis. BRCAL is a highly polymorphic gene with more than
1,500 unique documented variants (100). The consequences on protein function
due to these individual mutations are largely unknown. Cancer patients with
different BRCA1 mutations may or may not have a defect in DSBs repair
pathways. Thus, the effectiveness of DSBs repair pathways in these patients need
to be evaluated.

2. Activation of alternative DSBs repair pathways. In tumor cells, a defect in one
repair pathway usually activates a second pathway, which contributes to repair of
DSBs. For instance, although cNHEJ machinery deficiency delays repair of IR-
induced DSBs, ultimately cells will remove the majority of DSBs using the aNHEJ
pathway (14,22). Given the fact that MMEJ, a subset of aNHEJ pathway, is
important for the resistance to IR (44,45), it would be a possibility that the aNHEJ/
MMEJ pathway is elevated in BRCAL carriers, which can compensate for the loss
of HR and precise cNHEJ pathway due to BRCAL deficiency.

3. Loss of 53BP1. Loss of 53BP1 has been identified in a variety of tumors (101),
particularly those with BRCA mutation (102). Studies have suggested that loss of
53BP1 is able to reverse many aspects of the phenotype associated with BRCA1
loss (102-104), including restoring HR ability and resistance to PARP inhibitors
and RT (102,103,105). RT resistance was observed in breast cancer patients with
low 53BP1 expression (105) despite the hypersensitivity to IR in cells with 53BP1
deficiency in numerous different cancer cell lines and animal models (106-108).
Although the molecular mechanism behind this observation is not fully understood,
it is likely that lower 53BP1 expression occurs in cancer patients with pre-existing
BRCAL mutations. Our recent publication suggested that 53BP1 deficiency results
in an increased MMEJ frequency in BRCA1-deficient cells. Given that MMEJ is
important for resistance to IR (44), increased MMEJ levels in BRCA1-deficient
cells due to lower 53BP1 expression could contribute to radiation resistance.

4. . Second mutations in BRCA genes restore DSBs repair activity. It has been shown
that a second mutation in the BRCAZ2 gene could “restore” the functionality lost
with the initial inherited mutation (109). Such a mutation could turn a BRCA-
deficient cell into a “wild-type” one with competent HR, thereby conferring
resistance to PARP inhibition. Currently, it has not been reported if gene mutation
in BRCA1/2 can also occur following IR. It would be interesting to test this
hypothesis in the future.

5. . Lesssignificant role of BRCAL in cNHEJ. The role of BRCAL in cNHEJ may be
limited to repair of a small subset of DSBs, such as those with clear break ends,
which can be repaired by a direct re-ligation. However, the dirty ends of breaks
caused by IR-induced are complex and are not appropriate substrates for precise
end joining mediated by BRCAL. Those DNA termini frequently contain 3’-
phosphate or 3’-phosphoglycolate groups, which must be removed prior to ligation
(110). Thus, the role of BRCAL in repair of IR-induced DSBs by cNHEJ appears
minimal.
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6. . Relationship to triple negative breast cancers and p53 loss. Triple-negative breast
cancer accounts for a large number of breast cancer deaths because of its poor
prognosis. One of the key features of this particular subtype of breast cancer is loss
of p53. Currently, the majority of studies support an association between worse
survival and the presence of p53 mutations. An increased rate of p53 mutations in
cancers arising in carriers of germline BRCA1 and BRCA?2 mutations was
observed (111).Thus, the expected improved outcome with RT due to the impaired
activity of DSBs in BRCAL carriers may be masked by a p53 deficiency.

PARP Inhibitors and Radiation Therapy

The finding that BRCA1 cells are deficient in DSBs repair and are thus more sensitive to
DNA damaging agents has led to an exploration of how this pathway can be exploited for
developing more effective cancer treatments. Proteins with PARP activity have been known
to play important roles in a variety of cellular functions, including repair of single stranded
DNA breaks. The PARP family of proteins is defined by the catalytic capacity to modify
target proteins by the covalent addition of chains of poly(ADP-ribose) polymers. PARP
inhibitors (PARPI) have been shown to be selectively lethal to cells deficient in BRCA1 or
BRCAZ2 due to synthetic lethality (112-114). It is widely believed that the increased number
of unrepaired endogenous single strand breaks in PARP inhibited cells result in more
collapsed replication forks, which require HR for repair. BRCAZ1/2 deficient cells are
sensitive to PARPI because the DSBs resulting from PARP inhibition fail to be repaired by
HR (115). A recent study demonstrated that PARPI treatment induces phosphorylation of
DNA-dependent protein kinase substrates and stimulates cNHEJ selectively in HR-deficient
cells (116). They found that not only is PARP1 catalytic activity required for the regulation
of cNHEJ in HR-deficient cells but that deregulated NHEJ plays a major role in generating
genomic instability and cytotoxicity in HR-deficient cells treated with PARPi. However,
PARPi may not be effective in patients with low 53BP1 expression due to the restoration of
HR, as we discussed early.

In the past decade, PARPI as cancer therapy has been a hot topic in the field of DNA repair.
Although PARPI are being explored as single agents in clinical trials for the treatment of
various cancers, the knowledge that these cells are more sensitive to DNA damage has led to
interest in combining PARPI with other DNA damaging agents. Many groups have shown
preclinical data demonstrating mice and cells derived from mice that are PARP null are
hypersensitive to DNA methylating agents, topoisomerase | poisons and IR (117). Delaney
et al published that a potent PARPi, NU1085 could potentiate Temozolomide (TMZ), a
DNA methylating agent, activity up to 6-fold in a variety of cancer cell lines. They also
noted that the cytotoxicity of topotecan, a topoisomerase 1 poison, was also increased (118).
The PARPI, ABT-888, enhanced TMZ cytotoxicity in a variety of cancer cell lines including
lung, colon, cervical and prostate. In an orthotopic model of glioma as well as a mouse
model of melanoma a decrease in tumor growth was noted with the combination of
ABT-888 and TMZ (119,120). Tentori et al. demonstrated that cells treated with GPI 15427
had increased growth inhibition by TMZ in human glioblastoma cells (121). In pre-clinical
studies concomitant use of 3-Aminobenzamide, a PARPI, in a cisplatin-resistant ovarian
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cancer cell line increased the cytotoxic activity of the same dose of cisplatin from the IC50
to the 1C95 (122).

In vivo, GPI 15427 has been shown to delay the growth and metastatic activity of a
melanoma mouse model (121). ABT-888 has also been studied in vivo and was found to
increase the antitumor activity of TMZ in an orthotopic model of rat glioma (123). TMZ has
been used in conjunction with CEP-6800 and demonstrated tumor regression in mice
bearing human glioblastoma tumor xenografts and human colon cancer xenografts (124).
The combination of GPI 15427 with TMZ and irinotecan increased antitumor activity
against HT29, colon cancer, xenografts in mice (125). AG-014699, another clinical PARPI,
enhanced topotecan-induced tumor growth delay in a neuroblastoma mouse model (126).
PARPi combined with other classes of chemotherapies have had mixed results in increasing
anti-tumor effects. There is some evidence that with platinum therapy, PARPi are more
effective in cells that are HR defective (127). Multiple in vivo studies have shown that
various PARPI in combination with a platinum drug cause regression of tumor xenografts
which are HR deficient, for example BRCA1 or BRCA2 deficient (123,128-130).

Clinical trials using PARPI alone or in combination other chemotherapies have been
undertaken in many different cancers from lung cancer to breast cancer to glioblastoma. In
clinical trials, a phase I/Ib study was performed using Olaparib, a PARPI, with carboplatin in
breast and ovarian cancer patients with germline BRCAL/2 mutations. The study was
designed to test the safety, tolerability, and activity of Olaparib with carboplatin in patients
with recurrent or refractory disease or locally advanced unresectable breast cancer. Olaparib
was given orally in either a continuous daily or intermittent dosing at doses of 100 to 400
mg twice daily with carboplatin, area under the curve (AUC) 3-5, once every 21-day cycle.
A maximum of eight combination cycles were given and patients who had not progressed
were maintained on daily Olaparib, 400 mg every 12 hours, until disease progression. In the
subset of breast cancer patients there was an 87.5% response rate with this combination
treatment while platinum-sensitive ovarian cancers noted a 71% response rate. The group of
platinum-resistant ovarian cancer patients still demonstrated a 25% response rate with
another 45% having stable disease (131). This Phase I study shows promising results in
combining PARPi with other chemotherapeutic agents to treat patients with BRCA1/2
mutations; however, the right combination of drugs and the correct patient population must
be identified.

There has also been interest in whether PARPI could further sensitize tumors to RT because
clinical fractionated RT used either as a single modality or in combination with surgery
and/or chemotherapy, is a fundamental treatment modality for most locally advanced
cancers, including breast cancer (132). Several combination studies of PARP inhibition and
IR have been performed in human xenografts, and the promising results of these preclinical
studies are summarized in a review by Chalmers in 2010 (133). Various in vivo studies
utilizing PARPI in conjunction with RT have been shown to decrease tumor growth or
prolong animal survival. The recent studies further support the benefit of this combination.
Tuli et al. demonstrated that pancreatic xenograft tumors in mice were more responsive to
RT after administration of a ABT-888. They found that at 60 days, mice treated with both
ABT-888 and RT had a 40% chance of survival, compared to none that survived when
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treated with either ABT-888 or RT alone (134). A study using Ewing sarcoma cell lines
found that Olaparib sensitized cells to RT in vitro as well as in vivo (135). Jian et al. found
that RT combined with a PARP inhibitor increased DNA damage and led to an increase in
apoptosis and necrosis in a xenograft model of urothelial carcinoma (136). A study of
colorectal cancer cells demonstrated increased DSBs when cells were treated with ABT-888
and RT. In mouse xenograft models the combination of RT and ABT-888 led to an
increased tumor growth delay compared to RT alone, and even longer growth delays when
ABT-888 and RT were used in combination with irinotecan, oxaliplatin or 5-FU (137). Ina
study with PARP inhibition and RT, it appears that use of a PARPI with lower dose rate RT
causes increased numbers of senescent cells and more extensive DNA damage compared to
higher dose rates in prostate cancer cells (138). All of these studies suggested a very
encouraging result of combining PARP inhibitors and RT for the treatment of cancer.

Despite the encouraging preclinical studies, very few clinical studies of PARPI in
combination with RT are underway because of the difficulties of design (133). The late,
irreversible effects of RT usually limit total RT dose, and these effects are not observed until
months or years after treatment. Conventional drug dose-escalation studies combined with
RT regimens are therefore difficult to design (133). A Phase Il trial is ongoing examining
whether the addition of Veliparib with whole brain RT is more effective in patients with
brain metastases from non-small cell lung cancer. There are also clinical trials evaluating the
feasibility and safety of a combination of Veliparib, capecitabine, and RT in patients with
locally advanced rectal cancer as well as Veliparib with chest wall and nodal RT in
inflammatory or loco-regionally recurrent breast cancer. The studies designed to specifically
test the efficacy of the combination of PARPi and RT in cancer cells with BRCA1/2
deficiency is rare; although, PARPi were initially used for treating BRCA deficient cancer
cells or cancers. A recent report from Bourton et al. suggested a hypersensitivity of BRCA1
heterozygote lymphoblastoid cells to IR and PARPi (139). In this study they found that
while lymphoblastoid cells from normal individuals and those carrying a mono-allelic
mutation in the BRCAZ2 gene did not display elevated radiosensitivity, the three
lymphoblastoid cell lines with mono-allelic mutations in the BRCA1 gene exhibited a
significant reduction in cell survival after IR exposure in combination with Olaparib. The
reasons that BRCAL and BRCA2 mutations display different results is not clear at this point
but HR deficiency may not be a major contributing factor for the reduction in cell survival
observed in BRCAL deficient cells since both BRCA1 and BRCAZ2 have a critical role in
HR. Interestingly, the review by Cressman et al. has discussed a variety of mechanisms that
may underlie the radiosensitizing effects of PARPI in vitro and in vivo, including a decrease
in HR due to hypoxia (133). In addition, B-lymphoblastoid cells heterozygous for BRCA1
show elevated cellular sensitivity to IR in the presence of Olaparib when compared to
heterozygous BRCA2 B-lymphoblastoids and those from normal individuals. Thus, the
authors speculate that that the clinical application of PARPI used concomitantly with RT
may increase the number of individuals that experience RT-induced normal tissue toxicity.
This hypothesis remains to be tested. Currently, there are no clinical trials ongoing to test if
PARPI plus RT is more efficient in the context of BRCA1/2 deficiency compared to
spontaneous cancer patients. In addition to PARPI, there may be other ways to increase the
sensitivity of tumors to chemotherapy or RT in BRCAL deficient cells. For instance, our
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recent data suggested that the function of BRCAL in crossover- mediate HR, sister
chromatid exchange, following replication fork collapse is more profound when ATR is
depleted (140), this could provide another molecular mechanism to target the BRCA1
deficient cells with an ATR/Chk1 inhibitor.

Conclusions and Perspectives

The important of role of BRCAL in DSB repair pathways in vitro has been well
characterized. However, the concept that RT may be particularly effective in BRCAL1-
deficient tumors is still theoretical at this point. The correlation between the in vivo clinical
response to RT and BRCA1 deficiency remains to be further elucidated and established
through conducting well-designed and standardized studies which have adequate sample
size and complete follow-up, and use objective outcome criteria and blinding of outcome
assessments. In addition, as our understanding of the mechanism of biochemical details of
the role of BRCAL in DDR increases, the potential ways to target treatment for patients with
BRCAL1 deficiency will emerge and will have an enormous impact on future RT and
chemotherapy. Success will rely on an in-depth characterization of the pathways controlled
by BRCAL. It will be of great interest to observe how PARPi and other novel therapeutic
approaches based on the molecular pathways controlled by BRCA1/2 impact clinical
outcomes of RT, particularly in breast cancer treatment.
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