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Homologous recombination (HR) is a faithful mechanism for the repair of doublestranded DNA breaks (DSBs) and plays a critical role in maintaining the integrity of genomic
DNA. The product of the Breast Cancer Susceptibility 2 (BRCA2) gene functions as a
recombination mediator in HR-directed repair of DSBs. BRCA2 interacts directly with RAD51,
the central recombinase of HR, through highly conserved repetitive motifs of 30-40 amino acids,
named BRC repeats, and regulates the formation of the RAD51-ssDNA nucleoprotein filament.
There is significant variability in the number of BRC repeats among taxa. However, all
mammalian BRCA2 orthologs have eight BRC repeats, which display different characteristics in
in vitro studies of RAD51-ssDNA nucleoprotein filament. To test the importance of the number
of BRC repeats and to evaluate the role of individual BRC repeats in HR, BRCA2 variants
bearing different combinations of BRC repeats were generated using BAC-recombineering,
expressed in murine hybridoma cells, and assayed for the ability to stimulate HR using a gene
targeting assay. The BRCA2 variant bearing BRC repeats 1 to 4 decreased the efficiency of HR
and increased the level of Rad51 protein, whereas the BRCA2 variant bearing BRC repeats 5 to
8 significantly stimulated HR, but had no effect on the level of Rad51. These results supported
the hypothesis that BRC repeats are not functionally equivalent, but rather have different,
perhaps reinforcing functions in HR.
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INTRODUCTION
A DNA double-strand break (DSB) disrupts genetic information on both DNA strands
and is one of the most deleterious DNA lesions. Unrepaired or improperly repaired DSBs may
lead to genomic instability, chromosomal aberrations, tumorigenesis, and cell death.
Homologous recombination (HR) provides a mechanism for high-fidelity repair of DSBs that
requires the undamaged homologous DNA sequence as the template for repair.
The breast cancer susceptibility 2 (BRCA2) protein functions as a recombination
mediator in HR-based DSB repair and plays an important role in the maintenance of genomic
integrity and suppression of tumorigenesis. BRCA2 mediates the function of RAD51, the central
protein of recombination, through the action of highly conserved repetitive motifs of 30-40
amino acids, termed BRC repeats. Although the sequence of BRC repeats is highly conserved,
the number of these motifs varies from one to fifteen in different organisms. It is not clear why
mammalian BRCA2 bears eight BRC repeats, since a single BRC repeat is sufficient for Rad51
filament nucleation in other taxa. It is possible that multiple BRC repeats enhance the efficiency
of the rate-limiting Rad51 nucleation or that the eight BRC repeats in mammalian BRCA2
display functional redundancy. Another possibility is that individual BRC repeats perform
different functions in Rad51 filament assembly. To test the importance of the number of BRC
repeats and to evaluate the role of individual BRC repeats in HR, BRCA2 variants bearing
different combinations of BRC repeats were generated using BAC-recombineering, expressed in
murine hybridoma cells, and assayed for the ability to stimulate HR using a gene targeting assay.
The results provided insights into the role of the BRC repeats in HR and supported the
hypothesis that BRC repeats are not functionally redundant, but rather have different, perhaps
reinforcing functions in HR.
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Chapter I: LITERATURE REVIEW

1.1 DNA damage
Maintenance of the structural integrity of DNA is one of the most important cellular
functions. It is absolutely essential for the normal transfer of genetic information and cell
survival. DNA within the cell continually incurs a wide variety of damage caused by different
exo- and endogenous genotoxic agents (reviewed in Fu et al., 2012; Shrivastav et al., 2010).
Nucleotides can be hydrolyzed or oxidized by reactive oxygen species arising as by-products of
cellular metabolism or ionizing radiation (IR). Adjacent pyrimidines can form covalently linked
dimers upon exposure to ultraviolet light (UV). DNA strands can be covalently cross-linked
through the action of certain alkylating agents such as cisplatin, mitomycin C, cyclophosphamide
and methotrexate. The phosphate backbones on one or both DNA strands can be damaged by IR,
resulting in the formation of single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA)
breaks.
A DNA double-strand break (DSB) is one of the most deleterious DNA lesions. A single
unrepaired DSB can lead to cell death if an essential gene or an inhibitor of the apoptotic
pathway is disrupted (Rich et al., 2000). DNA DSBs can be induced by IR and an array of
chemotherapeutic agents, as well as by various metabolic by-products such as reactive oxygen
species. They can also be produced as a result of topoisomerase failure or stalled replication
forks when the replication machinery encounters a ssDNA break or another type of DNA lesion
(Arnaudeau et al., 2001). Although a DSB is potentially detrimental to the cell, it is used in a
highly regulated manner as an intermediate during meiotic recombination and chromosome
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segregation, V(D)J and class-switch recombination in vertebrates, and for gene conversion in
yeast mating-type switching (Bassing and Alt, 2004).
DNA DSBs are biologically important because unrepaired or improperly repaired DSBs
can have serious outcomes for the cell, such as chromosome deletions, duplications, inversions
and translocations. Alterations of chromosomal material may lead to genomic instability,
tumorigenesis and/or apoptosis. An elevated number of DSBs is a distinct feature of precancerous cells, where oncogene-induced DSBs may contribute to genetic instability necessary
for the mutational inactivation of tumor suppressor genes, especially p53, and tumor progression
(Bartkova et al., 2005; Di Micco et al., 2006). To avoid these devastating events, eukaryotic
organisms have evolved multiple efficient DNA damage repair mechanisms that share three
basic steps: the recognition of DNA damage, the accumulation of DNA repair factors at the site
of damage and the repair of the lesion.

1.2 DNA damage response
In eukaryotes, a wide diversity of DNA lesions are believed to be converted to ssDNA
and finally dsDSB breaks (Zou and Elledge, 2003). Both ssDNA and dsDNA lesions act as DNA
damage signals that trigger multiple cellular processes and pathways ranging from DNA damage
repair to apoptosis. Single-stranded DNA attracts multiple subunits of replication protein A
(RPA) that have high affinity to ssDNA (Wyka et al., 2003). The ssDNA-RPA complex then
mediates the recruitment of ATR/ATRIP (Ataxia telangiectasia and Rad3 Related/ATR
Interacting Protein) dimers, RAD17 and 9-1-1 (Rad9, Hus1, and Rad1) complexes and stimulates
the kinase activity of ATR (Zou and Elledge, 2003) (FIGURE 1.1). A complex called MRN,
composed of Mre11, Rad50 and Nbs1 (similar to the MRX complex in yeast, with Xrs2
3

substituting for Nbs1), recognizes DNA DSBs and recruits protein kinase ATM (Ataxia
telangiectasia-mutated), one of the key transducers of the DNA damage response signal (Dupre
et al., 2006). Following exposure to a DSB, the ATM dimer is thought to dissociate into active
monomers. Activated ATR and ATM phosphorylate numerous substrates including Breast
Cancer susceptibility 1 (BRCA1, a protein linked to DNA repair), p53 (a tumor suppressor
involved in multiple cellular pathways including DNA repair and apoptosis), Nbs1 (involved in
DSB repair and is a part of the MRN complex), H2AX (histone H2A protein involved in
chromosome decondensation during DSB repair) (Matsuoka et al., 2007). The most important
ATM and ATR targets are the checkpoint kinases Chk2 and Chk1, respectively. Once activated
by ATM/ATR-dependent phosphorylation, Chk2 and Chk1 induce the phosphorylation and
consequent inactivation of phosphatase Cdc25 (Cell division cycle 25). Inactivated Cdc25 is
transported and degraded in the cytoplasm. In the absence of Cdc25, CDK1 (Cyclin-dependent
kinase 1) remains phosphorylated, which initiates cell cycle arrest at the G1-S, intra-S, and G2M checkpoints (reviewed in Jackson and Bartek, 2009). The pause in the cell cycle allows the
cell to repair DNA lesions before proceeding to the next step of the cell cycle.
In addition to checkpoint activation, the ATM/ATR signalling pathway induces the
transcription of DNA repair proteins and mediates their recruitment and activation at sites of
DNA damage. Upon correct repair of the DNA lesion, ATM/ATR signalling ceases and the cell
cycle resumes. If the DNA damage cannot be repaired, continuing ATM/ATR signalling triggers
apoptosis or cellular senescence (i.e., withdrawal from cell cycle) (Cimprich and Cortez, 2008).

4

FIGURE 1.1 Schematic overview of DNA damage response. DNA damage is detected
by sensor proteins, including RAD17, 9-1-1 complex, RPA and the MRN complex. ATR/ATRIP
dimer or monomeric ATM are recruited to the DNA damage site. Resected DSB ends as well as
ssDNA break can activate ATR/ATRIP signalling. A single non-resected DSB activates ATM
response. Activated ATR and ATM induce the transcription of DNA repair proteins and
phosphorylate numerous substrates including BRCA1, p53, Nbs1, Chk2 and Chk1, which
eventually lead to cell cycle arrest. DNA repair proteins are recruited to DNA damage site and
initiate DNA repair.
5

1.3 DNA damage repair
Upon the transcriptional and post-transcriptional activation of the DNA repair factors and
their recruitment to the site of DNA damage, the next step in the DNA damage response is the
excision of the damage and resynthesis of the correct DNA sequence. While some types of DNA
lesions can be removed by simple reversion, most of the lesions are repaired by DNA repair
pathways consisting of a series of multiple protein-mediated events. The cellular DNA repair
pathways do not exist as isolated processes, but rather as an interactive network of proteins that
cooperate and sometimes compete with each other. A brief overview of several DNA repair
pathways is provided below.

Base Excision Repair
Base Excision Repair (BER) is one of the most important DNA repair pathways in
eukaryotes. BER inactivation is embryonic lethal in mice (Cabelof et al., 2003). In humans,
mutations in proteins involved in BER lead to a form of hereditary colon cancer and are also
associated with other types of cancer (Lefevre et al., 2006). Discrete small DNA lesions such as
hydrolyzed, oxidized or alkylated bases, which are created by exogenous DNA damaging agents
or during normal metabolic processes, are subject to removal through the BER pathway.
In BER, the modified DNA base is first recognized by a damage-specific DNA
glycosylase that incises the glycosidic bond between the base and the backbone, creating an
abasic site (reviewed in Prasad et al., 2011). Then, AP endonuclease 1 cuts the phosphodiester
backbone leaving a single nucleotide gap. DNA polymerase β catalyzes template-directed gap
filling, and ligase I or the XRCC1/DNA ligase III complex complete BER by sealing the DNA
nick.
6

Nucleotide Excision Repair
Nucleotide Excision Repair (NER) is the most versatile DNA repair pathway. It removes
a wide variety of structurally distinct DNA lesions that cause helix distortions. It is found in all
organisms as the major repair pathway for UV-induced DNA lesions such as cyclobutane
pyrimidine dimers and 6-4 pyrimidine-pyrimidone photoproducts (Yang, 2011). In humans,
mutations in genes of the NER pathway are associated with a number of distinct disorders and
cause UV sensitivity, elevated risk of skin cancer and/or severe developmental and neurological
abnormalities (Setlow et al., 1969).
NER can be divided into two subpathways, global genomic nucleotide excision repair
(GG-NER) and transcription-coupled nucleotide excision repair (TC-NER), that differ only in
the first step, that is recognition of the DNA lesion, and then both subpathways converge and
utilize the same proteins for the removal of the damage (reviewed in Rechkunova et al., 2011).
GG-NER is thought to be initiated by DNA helix distortion and/or reduced DNA rigidity
at the site of the lesion rather than by the direct recognition of the lesion itself (Yang, 2008).
Helix distortion is recognized by the XPC/Rad23B/Centrin-2 complex and along with UV-DDB,
initiates the assembly of the repair complex (Yang, 2008). In TC-NER, RNA polymerase II
stalled at a lesion on the transcribed strand acts as the damage sensor and attracts the proteins
initiating the NER process (Selby et al., 1997). After damage recognition, two helicases, XPB
and XPD unwind DNA at the damaged site, and the DNA around the damaged site is cleaved by
XPG 3’ nuclease and XPF-ERCC1 5’ nuclease. A 25-30 bp oligonucleotide encompassing the
DNA lesion is removed. The resulting gap is filled by DNA polymerases δ and ε, and DNA
ligase III seals the nick to complete the NER process.
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Mismatch Repair
DNA mismatch repair (MMR) is the major repair pathway for repairing DNA replication
errors that may escape DNA polymerase proof-reading exonuclease activity (Martin et al., 2010).
The replication errors include the incorporation of non-complementary bases that create single
base-base mismatches, and insertion/deletion loops produced by misalignment of the nascent and
the template strands, especially within repetitive sequences such as microsatellites. In addition to
the removal of replication errors, MMR proteins bind to base adducts produced by DNAdamaging agents and mediate the DNA damage response (Yoshioka et al., 2006). They also
negatively regulate homologous recombination, thus preventing excessive rearrangements of the
genome. MMR proteins mediate the conversion of ssDNA breaks into dsDNA breaks during
class-switch recombination and somatic hypermutation of immunoglobulin genes in mammalian
B cells (Stavnezer et al., 2008).
MMR is essential for the maintenance of genome integrity. MMR proteins are highly
conserved from bacteria to humans, although eukaryotic MMR proteins are more complex.
MMR-deficient cells exhibit an elevated frequency of codon alterations, frameshifts, and
microsatellite instability, which is the hallmark of MMR deficiency (Martin et al., 2010).
Mutations in genes involved in human MMR greatly increase the predisposition to hereditary
colon cancer and are responsible for the development of 5 to 15% of sporadic cancers (Hewish et
al., 2010).
When base-base mismatch or insertion/deletion loops are present, it is important to
identify the nascent strand that carriers the replication error. In eukaryotes and gram-positive
prokaryotes, the strand discontinuities associated with DNA replication serve as a signal of the

8

nascent, and presumably, error-containing strand (Fukui, 2010). In gram-negative bacteria,
transient unmethylation distinguishes the nascent strand (Bae et al., 2003).
In prokaryotes, a MutS homodimer recognizes a mismatched base. A MutL homodimer
interacts with the MutS-DNA complex and activates a MutH that nicks the unmethylated strand.
Following mismatch removal, DNA polymerase III repairs the gap and DNA ligase seals the
nick (Fukui, 2010).
In eukaryotes, the helix distortion caused by the mismatch or insertion/deletion loop is
recognized by MutS-homolog heterodimers MSH2/6 and MSH2/3 (reviewed in Martin et al.,
2010). The MSH proteins bind to the dsDNA at the site of the mismatch and then recruit MLH
heterodimers (MutL homologs). After mismatch recognition, the MSH/MLH complex forms a
clamp and diffuses along the DNA in an ATP-hydrolysis dependent manner. The MSH/MLH
“sliding clamp” eventually encounters a ssDNA break bound by accessory proteins, including
proliferating cell nuclear antigen (PCNA) and replication factor (RFC). The recruited
exonuclease EXO1, in cooperation with PCNA, RFC and RPA, removes the nucleotides of the
nascent strand toward and beyond the mismatch. Once the mismatch is removed, DNA
polymerase δ fills the gap using the parental strand as a template, and DNA ligase I seals the
nick, thus completing the repair process (Martin et al., 2010).

Direct reversal of DNA damage
In addition to complex multi-protein DNA repair systems with broad substrate
specificity, cells have evolved simple DNA repair pathways that involve a single protein with
high substrate specificity. These DNA repair pathways directly reverse base damage without
base excision or incision of the DNA around the lesion (reviewed in Eker et al., 2009). Direct
9

DNA repair proteins are involved in effective and error-free repair of mainly two types of DNA
lesions: DNA alkylation damage and UV-induced DNA lesions. DNA alkylation damage may
arise as a result of cellular exposure to exogenous chemicals such as methyl methane sulfonate
(MMS) or intracellular alkylating agents such as S-adenosyl methionine, which serves as a
methyl donor for many cellular processes. Alkylated bases can be effectively repaired by direct
repair proteins - alkyltransferases and dioxygenases. The alkyl group is irreversibly transferred
from the damaged base to cysteine residues in alkyltransferases (Coulter et al., 2007). The
alkylated protein cannot be regenerated and is removed from cells by ubiquitin-mediated
degradation. Dioxygenases reverse the alkyl base damage by oxidative demethylation.
Dioxygenases oxidize the methyl adduct and the oxidized product is released as formaldehyde
(Duncan et al., 2002).
As reviewed above, ultraviolet light generates mainly two types of DNA lesions, namely
cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4PP) (Yang, 2011). In
prokaryotes, a simple and highly efficient pathway for the repair of UV-induced DNA lesions
employs a single enzyme called photolyase. Photolyases are specific for either CPD or 6-4PP,
but they use the same mechanism to revert the DNA damage. Photolyases use visible blue light
to cleave the covalent bond between pyrimidines, restoring them to their correct structures (Kao
et al., 2005). Photolyases are found in most organisms from bacteria to vertebrates, except
placental mammals, who have photolyase-related proteins CRY1 and CRY2 that are essential for
the light-dependent biological clock.
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Non-Homologous End Joining
Non-Homologous End Joining (NHEJ) is one of the two main pathways for the repair of
DSBs. NHEJ mediates the repair of DSB induced by IR and chemical mutagens as well as the
resolution of programmed V(D)J recombination during the differentiation of B- and Tlymphocytes in vertebrates (Lieber et al., 2004). NHEJ does not require a homologous template
for DSB repair as opposed to homologous recombination (HR) that is the alternative mechanism
for DSB repair (see below). NHEJ is the predominant DSB repair pathway during G0, G1 and M
phases of cell cycle when the homologous template necessary for HR is unavailable (Sonoda et
al., 2006). NHEJ is often considered to be an error-prone DNA repair mechanism because small
insertions or deletions can be generated during DSB repair. However, DSB with complementary
ends derived from the same break can be repaired by NHEJ with high fidelity (Wilson and
Lieber, 1999; Durant and Nickoloff, 2005).
The process of NHEJ is initiated by the binding of two proteins – Ku70 and Ku80
(FIGURE 1.2). These proteins have very high affinity to dsDNA ends, and are present at high
concentrations in the nucleus (Mari et al., 2006). Ku70 and Ku80 bind both broken DNA ends
shortly after DSB formation and form heterodimer Ku70/80. The Ku complex prevents 5’ end
resection that is required for HR-based repair. Therefore, the Ku complex plays an important role
in directing DSB repair to NHEJ. Ku70/80 attracts DNA-dependent protein kinase catalytic
subunit (DNA-PKCS). The Ku complex and DNA-PKCS act together to tether two DNA ends in a
synaptic complex (Bennett et al., 2012). DNA-PKCS undergoes a conformational change that
activates its kinase and autophosphorylation functions and allows entry of nucleases,
polymerases, and ligases to the DNA termini (Uematsu et al., 2007). DNA nucleases such as
Artemis remove the damaged bases at non-ligatable DNA ends and/or resect non-compatible
11

overhangs to form ligatable termini (reviewed in Burma et al., 2006). The resection of DNA ends
may result in gaps that are filled in by DNA polymerases. Finally, DNA ligase IV/XRCC4
complex catalyzes ligation of the processed DNA termini. The XRCC4-like factor (XLF), also
known as Cernunnos, stimulates ligase IV/XRCC4 ligation efficiency and increases substrate
flexibility (Wu et al., 2007). The latter function allows for the ligation of non-compatible DNA
ends with subsequent polymerase-mediated gap filling instead of the resection of non-compatible
ends. This contributes to sequence conservation at the break site.
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FIGURE 1.2 Non-homologous end joining (NHEJ). When a DSB occurs, the Ku 70/80
heterodimer binds the DSB and forms a complex with DNA-PKcs. Artemis is recruited and
resects the broken DNA ends. Ligase IV in a complex with XRCC4 and Cernunnos (XLF)
ligates the processed DNA ends.
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Homologous Recombination
Homologous recombination (HR) is the process of exchange of genetic information
between homologous DNA sequences. It is found in all forms of life and is essential for the
maintenance of genomic integrity and tumor suppression (Moynahan and Jasin, 2010). This
homology-driven process offers a faithful mechanism of DSB repair when a (nearly) identical
sequence in the genome, preferably a sister chromatid, is used as a template to restore the genetic
information lost at the DSB site. In eukaryotes, HR is indispensable for the restoration of stalled
replication forks, in particular one-ended DSBs that arise as a result of a stalled replication fork
(Saintigny et al., 2001). HR is also involved in the repair of two-ended DSBs induced by DNA
damaging agents such as IR, although prior processing of the modified bases, which are often
found at the ends of IR-induced DSB strands, is required. Proteins associated with the process of
HR, in collaboration with the enzymes from other DNA repair pathways, are involved in the
repair of interstrand cross links (ICLs), another particularly detrimental type of DNA lesion that
completely blocks strand separation during replication and transcription (Hinz, 2010). In
addition, HR is implicated in the generation of genetic diversity in a population as it promotes
crossing-over between maternal and paternal chromosomes during meiosis (Rosu et al., 2011).
Generally, HR is considered to be an error-free mechanism of DSB repair, although HR
between non-identical DNA sequences or within a region of repetitive DNA can lead to
mutations and aberrant genomic rearrangements. When the sequence containing the mutation is
used as a template to “repair” the wild-type allele of the gene, this results in Loss of
Heterozygosity (LOH), which is a fundamental step in cancer progression. Upregulation of HR is
also potentially tumorigenic as it contributes to genetic rearrangements, genome instability, and
makes it more likely that LOH may occur. Cancer cells often have upregulated HR machinery
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and an elevated frequency of HR (Halazonetis et al., 2008). Therefore, scrupulous regulation of
the HR-based repair of DSBs is indispensable for proper cell functioning.
HR comprises a series of interconnected pathways that share the common initial steps of
DSB repair called presynapsis and synapsis. At the presynaptic stage, DSB termini are processed
by a 5’-3’ exonuclease to expose long 3’ ssDNA tails that are required for homologous DNA
searching and performing strand invasion (Yeeles and Dillingham, 2010). Numerous proteins are
involved in the resection of DSB ends including the nuclease Dna2, the RecQ-family helicase
Sgs1, and the ssDNA-binding protein, Replication protein A (RPA) (Cejka et al., 2010). Yeast
5’-3’ exonuclease Exo1 (EXO1 in mammals) and Sae2 (CtIP in mammals) are also involved in
the resection of DSB ends, probably in concert with MR(X)N complex (Kousholt et al., 2012;
Tomimatsu et al., 2012). The MRX complex along with the topoisomerase 3 (Top3) and the
Rmi1 complex are important stimulatory factors for DNA unwinding (Cejka et al., 2010).
RPA binds the ssDNA overhangs generated during end resection. RPA binding ensures
the ssDNA remains intact, prevents the formation of secondary structures in the ssDNA, and is
required for the recruitment of the other HR factors (Blackwell and Borowiec, 1994). The
recombinase RAD51 displaces RPA on ssDNA and assembles into RAD51-DNA nucleoprotein
filament that can be more than 1000 bp in length. Once assembled, the RAD51 nucleoprotein
filament invades the dsDNA and searches for homology. The strand invasion and homology
search steps of HR are complex processes that require multiple mediators such as RAD52,
BRCA2, and RAD54 described briefly in the next section.
When a homologous sequence is found, complementary base-paring begins and the
synaptic complex consisting of a three-stranded nucleoprotein intermediate, also termed a
displacement loop (D-loop) is formed (Raynard and Sung, 2009). The further pairing of the
15

invasive strand with the complementary strand of the homologous DNA duplex involves the
strand exchange reaction mediated by RAD51 association/dissociation along the DNA filament
(reviewed in Holthausen et al., 2010).
As reviewed briefly below, there are at least three different HR-based routes of D-loop
resolution: double-strand break repair (DSBR), synthesis-dependent strand annealing (SDSA),
and break-induced replication (BIR). Another HR mechanism called single-strand annealing
(SSA) does not involve D-loop resolution.

Double-Strand Break Repair (DSBR)
In the classical DSBR pathway, the Rad51-ssDNA filament invades the homologous
duplex, forms a D-loop, and initiates DNA synthesis (FIGURE 1.3). DNA synthesis extends the
D-loop that can then capture the second 3’ ssDNA tail through annealing (Pardo et al., 2009).
The extended D-loop then serves as the template for the DNA synthesis on both 3’ ssDNA ends.
Gap filling and ligation create a joint four-stranded intermediate DNA structure, called a double
Holliday junction. This intermediate is resolved into either a reciprocal exchange (crossover) or a
non-crossover product depending on which strands are cleaved. The crossover is a desirable
event during meiosis as it is important for the chromosome segregation, and at least one
crossing-over event occurs per chromosome pair (Rosu et al., 2011). Because in mitotic cells, the
homologous template can be found on the homologous chromosome or in extrachromosomal
DNA, crossovers can result in undesirable genome rearrangements (translocations, deletions,
duplications or inversions). In mitotic cells, crossing-over during the repair of somatic DSBs is
highly suppressed (Shulman et al., 1995; Johnson and Jasin, 2001; Dayani et al., 2011). The
Bloom’s syndrome helicase (BLM) in combination with type I topoisomerase TOPOIIIα are able
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to dissolve the double Holliday junction intermediate thereby decreasing the risk of genomic
instability (Wu et al., 2006).

Synthesis-Dependent Strand Annealing (SDSA)
In an alternative pathway of D-loop resolution, termed SDSA, the D-loop does not
capture the second 3’ ssDNA tail (Heyer et al., 2010) (FIGURE 1.4). The invading strand is
extended during repair DNA synthesis within the migrating D-loop. Then, D-loop dissolves, and
the elongated strand is displaced out of the D-loop. It anneals to the complementary sequence on
the unrepaired 3’ ssDNA tail and initiates the synthesis of the missing DNA sequence on that
strand. Since no Holliday junctions are formed during SDSA, strictly non-crossover products are
generated. This is thought to be the primary pathway of D-loop resolution in mitotic cells.

Single-Strand Annealing (SSA)
Another homology-based DSB repair pathway, called SSA, does not involve the
formation of a Rad51 filament and the invasion of the homologous DNA strand, unlike the
pathways described above (FIGURE 1.5). SSA can occur if the DSB is flanked by two direct
repeats (Schildkraut et al., 2005). The DSB ends are resected to expose 3’ ssDNA end containing
regions of homology. The resected 3’ ends anneal to each other and the non-homologous 5’ ends
are removed. As a result, DNA sequences between the two outermost interacting repeats are lost.
Because SSA always results in the deletion of some genetic material, it is a non-conservative
method of DNA repair.
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FIGURE 1.3 Double strand break repair model. DSB ends are resected 5’ to 3’, creating 3’
overhangs. The 3’ overhang searches for homology and invades the homologous template,
forming D-loop. This is followed by DNA synthesis, second end capture, and formation of
double Holliday junction intermediate. The intermediate can be dissolved by inward branch
migration or resolved creating a crossover or non-crossover product, depending on the cleavage
mode (indicated by the numbered arrows).
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FIGURE 1.4 Synthesis-dependent strand annealing. DSB ends are resected 5’ to 3’, creating 3’
overhangs. The 3’ overhang searches for homology and invades the homologous template. This
is followed by D-loop formation and DNA synthesis. The elongated strand is displaced from the
D-loop and anneals to the non-invading strand to complete DNA synthesis and repair the gap.
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FIGURE 1.5 Single-strand annealing. A DSB within the region between direct repeats can be
repaired by SSA. The 5’ DNA ends at the break site are resected exposing complementary DNA
repeats. The repeats can anneal and the non-homologous 5’ ends are cleaved, followed by gap
filling and ligation. SSA results in deletion of the sequences between the two complementary
regions.
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Break-Induced Repair (BIR)
If only one of the processed 3’ ends of a DSB is able to invade the homologous DNA
duplex or if there is only one DNA end, such as at the end of the telomere in which protective
repetitive sequences have been lost, then the third HR-dependent repair pathway, called BIR, can
take place (Lydeard et al., 2010). Like the previous pathways, the BIR pathway involves the
resection of DSB ends, Rad51-ssDNA filament formation, and the invasion of a homologous
duplex DNA (FIGURE 1.6). DNA synthesis is maintained potentially until the end of the
template chromosome. The newly-synthesized strand is then used as a template for the synthesis
of the complementary sequence. BIR can generate non-reciprocal translocations when a repeated
sequence on a nonhomologous chromosome is used as a template for DNA repair synthesis
(Lydeard et al., 2010). Since a second DSB end is never engaged in the repair process, the
genetic information of that fragment is lost, which is potentially a tumorigenic event (Smith et
al., 2007). Nevertheless, BIR is an important and efficient mechanism for the repair of telomeres,
and cell survival is greatly reduced in BIR-deficient cells.
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FIGURE 1.6 Break-induced replication. BIR initiates from a single-ended strand invasion. This
process involves the resection of DSB ends and the invasion of a homologous duplex DNA that
is used as a template for DNA synthesis. The DNA synthesis can continue until the end of the
template chromosome. The newly-synthesized strand is then used as a template for the synthesis
of the complementary sequence.
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1.4 Proteins involved in Homologous Recombination
Replication Protein A
Replication Protein A (RPA) is a highly conserved eukaryotic ssDNA-binding protein.
RPA is a heterotrimeric protein composed of three tightly associated subunits of 70, 30 and 14
kDA that have very high affinity to ssDNA (Wold, 1997). This protein protects the ssDNA from
unwanted attack by endonucleases and prevents formation of secondary structures. RPA plays an
essential role in all DNA metabolic processes involving ssDNA. In DNA damage signalling, the
RPA-ssDNA complex recruits DNA damage checkpoint kinases to the DNA damage site and
facilitates checkpoint activation (Liu et al., 2012). In DNA repair, RPA recruits several DNA
repair proteins and participates in DNA damage site incision, mismatch base removal and gapfilling reactions (Prakash and Borgstahl, 2012). In HR-based DNA damage repair pathways,
RPA interacts with the recombination mediators Rad52, BRCA1 and BRCA2 and stimulates
formation of the Rad51-ssDNA filament by keeping ssDNA in an unwound state (Blackwell and
Borowiec, 1994). During strand exchange, RPA binds to the displaced strand of the D-loop, thus
stabilizing the DNA pairing intermediate initiated by Rad51. However, in recombination assays
in vitro, RPA inhibits nucleation of the Rad51-ssDNA filament. This inhibition can be overcome
by addition of the mediator proteins, Rad52 in yeast or BRCA2 in humans (Sugiyama and
Kowalczykowski, 2002). The mediators bind to RPA, displace it from ssDNA, and mediate
Rad51 nucleoprotein filament nucleation on ssDNA.
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Mre11/RAD50/NBS1 complex
The Mre11/RAD50/NBS1 complex in mammals or Mre11/RAD50/XRS2 complex in
yeast (MRN(X) complex) plays a critical role in DNA damage signalling and DSB response. It is
also involved in signalling to the cell cycle checkpoints, telomere maintenance, DNA replication
and repair (Lamarche et al., 2010). This complex is vital for cell survival, since null mutations in
any of the three genes encoding the components of MRN complex are embryonic lethal in mice
and cause genome instability syndromes in humans (Luo et al., 1999). Null mutations in rad50,
mre11 and xrs2 cause extreme sensitivity to DNA-damaging agents and slow the resection of
programmed meiotic DSBs in yeast (Ivanov et al., 1996). MRE11 contains two DNA binding
domains and four phosphodiesterase motifs on its N-terminus that have both 3’-5’ exonuclease
and ssDNA endonuclease activities (reviewed in Rupnik et al., 2010). MRE11 nuclease activity
is highly conserved and is required for the initiation step of HR, which is the resection of DBS
ends. RAD50 is a V-shaped protein with Walker A and Walker B motifs at the N- and C- termini
and a zinc-hook (Cys-X-X-Cys motif) in the middle. The function of RAD50 is to tether DSB
ends via zinc-hook motifs. Point mutations in this motif disrupt the bridging of DNA ends in
yeast and exhibit the same phenotype as a complete deletion of any component of the MRX
complex. NBS1 contains a fork-head associated domain and BRCA1 C-terminal domain that
bind to histone γH2AX in order to recruit the MRN complex to the site of the DSB (Zhang et al.,
2006). NBS1 also contains an MRE11-binding domain and an ATM-interacting motif in its Cterminal region. NBS1 forms a complex with MRE11 and RAD50 and recruits them to the DSB
site. The MRN complex binds and juxtaposes the DSB ends, and begins the resection of the DSB
ends. Along with the initiation of the first steps of DSB repair, the MRN complex recruits the
key transducer ATM to the site of DBS and activates it via the interaction with the C-terminal
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domain of NBS1(Rupnik et al., 2010). Activated ATM phosphorylates an array of protein targets
and induces cell cycle arrest.

Rad51
The recombinase Rad51 plays a central role in HR. Rad51 primarily mediates the
homology search and ATP-dependent strand exchange steps in HR-based DSB repair. The
importance of Rad51 is highlighted by the embryonic lethality of the null Rad51 mutants in
vertebrates and increased sensitivity to DNA damaging agents in yeast (Lim and Hasty, 1996;
Tsuzuki et al., 1996; Sonoda et al., 1998). Rad51 is highly conserved among all eukaryotes and
retains high sequence homology and structural conservation to the prototypical Escherichia coli
recombinase RecA. The core catalytic ATPase domain contains Walker A and Walker B motifs
necessary for ATP binding and ATP hydrolysis (Benson et al., 1994). The N-terminal region is
the most conserved among eukaryotes and has been implicated in DNA binding. Monomers of
Rad51 nucleate on DNA forming a right-handed helical nucleoprotein filament that initiates the
homology search and strand invasion steps of HR. Rad51 has no preference between ds- and
ssDNA, whereas only the Rad51-ssDNA nucleoprotein filament is functional in HR (Sung and
Robberson, 1995). Therefore, it is important to direct Rad51 to ssDNA rather than dsDNA and to
regulate the formation of the Rad51 filament. The breast cancer susceptibility 2 gene product
(BRCA2) and Rad52 are known to recruit Rad51 onto ssDNA, displace RPA from ssDNA and
stabilize the nascent Rad51-ssDNA filament (Liu et al., 2010; Thorslund et al., 2010; Jensen et
al., 2010). ATP binds two adjacent Rad51 monomers within the nucleoprotein filament and
causes a conformational change in the Rad51 filament so that it adopts an active extended form
(Pellegrini et al., 2002). The ATP-bound Rad51 filament performs the homology search, which
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is believed to involve random transient collisions with dsDNA and homologous strand invasion.
Binding to ssDNA activates the Rad51 ATPase domain. ATP hydrolysis is required for Rad51
dissociation from newly formed heteroduplex DNA (Modesti et al., 2007). Several helicases,
including Srs2 in yeast and BLM in humans, have been shown to be capable to dissociate Rad51
from ssDNA by augmenting Rad51 ATPase activity within the nucleoprotein filament (Antony
et al., 2009).

Rad52
The Rad52 protein is important in the HR pathways of SSA and DSBR. Rad52 mediates
Rad51 filament formation by recruiting Rad51 to ssDNA and simultaneously displacing RPA
(Shinohara and Ogawa, 1998). Rad52 also stimulates the strand annealing that is necessary for
the strand exchange and second end capture steps of DSB repair (McIlwraith and West, 2008).
The monomers of Rad52 self-associate to form the heptameric rings that bind ssDNA. The X-ray
crystallographic studies have shown that Rad52 binds the ssDNA in a sequence-independent
manner with the bases positioned away from the protein surface (Singleton et al., 2002). This
configuration promotes the annealing of complementary DNA sequences. Rad52 is essential for
DSB repair in yeast. In yeast, null Rad52 mutants exhibit high sensitivity to DSB-causing agents
and severe defects in HR, SSA, BIR and meiosis. In contrast, vertebrate null Rad52 mutants do
not have detectable sensitivity to DSB-causing agents and show minor phenotypic defects in
DSB repair (Rijkers et al., 1998). This suggests that Rad52 function is redundant and there are
other proteins with similar function in vertebrates. Rad52 knockdown in the chicken DT40 B-cell
line does not cause an apparent sensitivity to DSB-causing agents. However, DT40 cells bearing
double knockdown of Rad52 and the Rad51 paralog XRCC3 (X-ray Repair Cross
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Complementing 3; see below for more discussion on Rad51 paralogs) are nonviable (Fujimori et
al., 2001). This implies that Rad52 might function in conjunction with XRCC3 or perhaps with
the complex of RAD51 paralogs RAD51B/C/D-XRCC2. A recent study has shown that
depletion of Rad52 in BRCA2-deficient cells is synthetic lethal in human breast cancer cells,
whereas Rad52 knockdown exhibited no phenotypic defects in HR in the presence of wild type
BRCA2 (Feng et al., 2011). A model has been proposed where BRCA2 is the central
recombination mediator, and Rad52 functions in an alternative pathway to BRCA2 in vertebrates
and in organisms containing no BRCA2 homolog.

Rad54
Rad54 is a well conserved protein that belongs to the core of the recombination
machinery and has been found in a wide range of eukaryotes and in some archaea, but not in
eubacteria (Heyer et al., 2006). Rad54 mutants in yeast and mammals are viable but are
hypersensitive to IR and DNA cross-linking agents. Rad54 is a member of the SWI/SNF protein
family of dsDNA-dependent ATPases. Like other members of this family, Rad54 couples ATP
hydrolysis to the directional movement along the dsDNA, but, unlike canonical helicases, this
movement does not promote DNA strand separation (Mazin et al., 2010). Rad54 is capable of
chromatin remodeling and protein displacement from DNA during its translocation on dsDNA,
thus providing accessibility for repair proteins.
Rad54 is involved in nearly all stages of HR except DSB end resection, and is one of the
factors that links HR stages together (Heyer et al., 2006). Rad54 interacts with Rad51 and
strongly stimulates the Rad51 DNA strand exchange activity and D-loop formation. Conversely,
Rad51 stimulates the biochemical activities of Rad54 – ATP hydrolysis, DNA translocation, and
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chromatin remodeling (Kiianitsa et al., 2002). Following the DNA strand exchange, Rad54
facilitates the dissociation of Rad51 from heteroduplex DNA. In the post-synaptic stage of HR,
Rad54 binds Holliday junctions and drives branch migration in an ATP hydrolysis-dependent
manner. Furthermore, Rad54 have been shown to interact with the Holliday junction resolvase
Mus81–Mms4 and to stimulate its DNA cleavage activity (Matulova et al., 2009).

Rad51 paralogs
The yeast Rad55 and Rad57 proteins, along with mammalian XRCC2, XRCC3,
RAD51B, RAD51C, and RAD51D are considered Rad51paralogs as they share 20-30%
sequence identity with Rad51 and with one other (Symington, 2002). Rad55 and Rad57 have a
conserved ATP-binding motif and exhibit weak ATPase activity (Sung, 1997). The Rad55/57
proteins form a stable heterodimer that has been shown to interact with Rad51 and with ssDNA
both in vitro and in vivo. Mutants of Rad55 and Rad57 are IR-sensitive and this phenotype can
be rescued by overexpression of Rad51 and Rad52 indicating that Rad55 and Rad57 are involved
in the presynapsis stage of HR (Hays et al., 1995).
Similar to Rad55 and Rad57, vertebrate Rad51 paralogs act as accessory proteins in HR.
The mammalian Rad51 paralogs dimerize to form several complexes: RAD51B forms a stable
heterodimer with RAD51C, XRCC3 interacts with Rad51C, and RAD51D forms a stable
complex with XRCC2 (Sung et al., 2003). The complexes can bind ssDNA, dsDNA, 3’-tailed
dsDNA and Holliday junctions in vivo. Knockout mutants of Rad51 paralogs in chicken DT40
and hamster cell lines are viable, but exhibit increased sensitivity to cross-linking agents and IR,
reduced Rad51 foci formation upon DNA damage, and decreased frequency of HR repair events
(Takata et al., 2001). Genetic knockouts of Rad51 paralogs in mice are embryonic lethal,
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implying that these proteins play an important role in development. The paralogs have several
known specific roles in HR and the maintenance of genome integrity: RAD51D–XRCC2
complex stimulates BLM-mediated HJ resolution, XRCC2 also enhances ATPase activity of
Rad51, XRCC3 is implicated in the restart of stalled replication forks, RAD51D in telomere
maintenance, and Rad51C activates checkpoint kinase CHK2 (reviewed in Suwaki et al., 2011).
The latter is considered to be a novel cancer susceptibility gene as biallelic mutation in RAD51C
leads to a rare Fanconi Anemia-like disorder, while monoallelic RAD51C mutation is associated
with an increased risk of breast and ovarian cancers (Somyajit et al., 2010).

BRCA1
BRCA1 is the product of Breast Cancer Susceptibility 1 gene and has no sequence
homology to any known protein or to BRCA2 (see below). Germline mutations of BRCA1
predispose carriers to hereditary breast and ovarian cancer syndromes characterized by earlyonset breast cancer and an increased risk of ovarian, pancreatic and prostate cancers (Roy et al.,
2011). BRCA1 consists of three conserved domains, the N-terminal RING (Really Interesting
New Gene) domain and two C-terminal tandem BRCT (BRCA1 C Terminus) domains. The
RING domain interacts with its partner protein BARD1 (BRCA1-associated RING domain 1).
The BARD1 binding dramatically enhances the ubiquitin ligase activity of BRCA1 (Wu et al.,
1996). The BRCA1-BARD1 heterodimer mediates the formation of unconventional
polyubiquitin chains that do not signal protein degradation, but rather initiate downstream
signalling events. The BRCA1-BARD1 heterodimer ubiquitinates a variety of proteins that are
involved in diverse cellular processes such as DNA repair, transcriptional regulation, chromatin
remodelling, and cell cycle control (Starita and Parvin, 2006). The BRCT domain is well
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conserved and is found in several proteins involved in DNA repair. This domain is responsible
for binding proteins containing phosphorylated serine in SXXF motif (Manke et al., 2003;
Rodriguez and Songyang, 2008). BRCT domains of BRCA1 form separate complexes with many
proteins including BRIP1 (BRCA1-interacting protein C-terminal helicase 1; also known as
BACH1 or FANCJ), CtIP (CtBP-interacting protein; also known as RBP8), and Abraxas. As a
part of macro-complexes, BRCA1 coordinates multiple cellular processes associated with
genome surveillance (reviewed in Roy et al., 2011). Through its interaction with the MRN
complex, BRCA1 is involved in HR, SSA, and possibly NHEJ. BRCA1 is directly involved in
HR-directed DNA repair by mediating CtIP-dependent resection of DSBs. The BRCA1-BARD1
heterodimer and the BRCA1–BRIP1–DNA topoisomerase 2-binding protein 1 (TOPBP1) macrocomplex are involved in checkpoint activation in response to DNA damage and stalled
replication forks, respectively. BRCA1 is also involved in the recruitment of Rad51 to DSB sites
through its direct interaction with PALB2, the binding partner and locator of BRCA2 (Zhang et
al., 2009). It is not clear how these mutually exclusive macro-complexes work in coordinated
manner to maintain genetic stability and suppress oncogenic transformation of breast and ovarian
cells.

1.5 BRCA2
Human BRCA2 is a product of Breast Cancer Susceptibility 2 gene that is located on the
long arm of chromosome 13 and contains 27 exons. BRCA2 is a recombination mediator that
enhances the efficiency of homology-directed DSB repair by facilitating the assembly of the
Rad51-ssDNA presynaptic filament (FIGURE 1.7). BRCA2 function is essential for the
maintenance of genome integrity and for the suppression of tumorigenesis in vertebrates and
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other metazoans. BRCA2 is considered a tumor suppressor since loss of heterozygosity of the
wild-type allele is associated with the initiation of tumor development. Loss of BRCA2 function
predisposes carriers to a 50% risk of developing breast cancer before the age of 50 years and an
85% risk by the age of 70 years (Kerr and Ashworth, 2001; Thorslund and West, 2007).
Germline mutations in BRCA2 are responsible for half of the inherited breast cancer cases,
which account for 5-10% of all breast cancers. Biallelic mutations in BRCA2 predispose children
to multiple types of malignancies, including brain and kidney tumors, and Fanconi anaemia,
which is characterized by a predisposition to haematological malignancies and hypersensitivity
to DNA cross-linking agents (Alter et al., 2007).
At the cellular level, BRCA2 deficiency triggers severe genome instability marked by
multiple spontaneous aberrations in chromosomal structure, such as translocations, broken
chromosomes, fused non-homologous chromosomes, and acentric chromosomes, all of which are
thought to arise as a result of defective DNA recombination. Furthermore, human and mouse
BRCA2-mutant cell lines show hypersensitivity to IR and DNA cross-linking agents, impaired
IR-induced RAD51 foci formation, defects in replication and checkpoint control, and defects in
mitotic and meiotic cell division (Yu et al., 2000; Roy et al., 2011). Mouse BRCA2 knockouts
are embryonic lethal (Ludwig et al., 1997).
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FIGURE 1.7 Proposed model of BRCA2 function in DSBR. The DSB ends are resected 5’ to 3’.
The 3’ ssDNA overhangs are coated by RPA. BRCA2 binds RAD51 through the high-affinity
BRC repeats 1-4, loads it onto ssDNA displacing RPA thus preventing RAD51 binding to
dsDNA. After nucleation of Rad51-ssDNA nucleoprotein filament, BRC repeats 5-8 bind the
Rad51-ssDNA complex and stabilize it. The nucleated RAD51-ssDNA filament elongates by
self-assembly displacing RPA. BRCA2 dissociates from the growing nucleoprotein filament,
possibly with original Rad51 monomers, which initiate nucleation, bound to BRC repeats 1-4.
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Structure of BRCA2
The BRCA2 gene encodes a very large protein (3418 amino acids in length) that is
expressed in most proliferating tissues in a cell cycle-dependent manner, and localizes mainly to
the cell nucleus (Wooster et al., 1995; Yano et al., 2000). BRCA2 is a complex multifunctional
protein and contains several functional domains (FIGURE 1.8 panel A). The N-terminal region
of BRCA2 includes the transcriptional activation and inhibition domains. The activation domain
was shown to regulate p53 transcriptional activity (Milner et al., 2000). The N-terminal domain
is the binding site for PALB2. This BRCA2 binding partner associates with chromatin and
mediates BRCA2 recruitment to chromatin. PALB2 is indispensable for BRCA2 and Rad51
focus formation, BRCA2 stable nuclear localization, and was recently shown to stimulate Rad51catalyzed D-loop formation (Sy et al., 2009; Dray et al., 2010). PALB2 is mutated in Fanconi
anemia and in some familial breast cancers.
The BRCA2 transcriptional activation domain is also the binding site for another BRCA2
binding partner, EMSY, which is thought to suppress BRCA2 transactivational activity (HughesDavies et al., 2003). Overexpression of EMSY mimics the loss of BRCA2 function and
contributes to tumorigenesis in a subset of sporadic breast and ovarian cancers (Haber, 2003).
One of the most structurally important regions in terms of interaction with Rad51 spans
the central part of human BRCA2. This region contains eight highly conserved repetitive motifs
of 30-40 amino acids, termed BRC repeats, which bind Rad51 (FIGURE 1.8). The current
knowledge about the structure and function of BRC repeats is reviewed on page 43.
A well conserved nuclear export signal has been identified, using green fluorescent
protein-tagged fusion proteins, in the BRCA2 sequence between BRC repeats 2 and 3. It was
shown that the shuttling of BRCA2 between the nucleus and cytoplasm occurs via a nuclear
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receptor named Chromosomal Region Maintenance 1 (CRM1) that also mediated shuttling of
other proteins involved in DNA repair such as p53 and BRCA1 (Han et al., 2008). The
cytoplasmic location of BRCA2 is important for functions of BRCA2 unrelated to HR, such as
centrosomal localization (Wang et al., 2011).
Downstream of the BRC repeats, there is a binding site for DMC1 (Disrupted Meiotic
cDNA 1), the Rad51-related recombinase essential for meiotic HR. The DMC1-binding site was
termed PhePP since it contains three amino acids Phe2406, Pro2408, and Pro2409, that are
essential for DMC1 binding (Thorslund et al., 2007). In vertebrates, the PhePP motif is highly
conserved and does not bind Rad51. In Caenorhabditis elegans and Ustilago maydis, which lack
DMC1 and promote meiotic recombination by high Rad51 expression level, the PhePP motif is
more divergent and was shown to bind Rad51(Petalcorin et al., 2007).
The BRCA2 DNA-binding region consists of five domains. The first domain is 190
amino acid residues long and consists mostly of helices, followed by three oligonucleotide/
oligosaccharide binding (OB) folds that are structurally similar to OB folds of ssDNA-binding
protein RPA. The fifth domain contains the helix-turn-helix motif that protrudes from the core
and resembles the dsDNA-binding domains of bacterial site-specific recombinases (Yang et al.,
2002). This unique structure of DNA-binding domain underlies the ability of BRCA2 to bind
both ssDNA and dsDNA and is an important feature of BRCA 2 in terms of recruiting Rad51 to
ss/dsDNA junction.
The helical domain and the first OB fold are the binding site for the small acidic BRCA2interacting partner named DSS1 (deleted in split hand/split foot). This highly conserved protein
is required for IR-induced Rad51 foci formation and homology-driven DSB repair
(Gudmundsdottir et al., 2004). It also prevents BRCA2 degradation and stimulates Rad51
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binding to RPA-coated ssDNA in the presence of BRCA2 in vitro. DSS1 knockdowns exhibit
sensitivity to the MMS treatments similar to BRCA2 knockdowns.
The C-terminal Rad51-binding motif, termed TR2, is highly conserved in vertebrate
BRCA2 (85% to 95% aa sequence identity), but is not found in BRCA2 orthologs of lower
eukaryotes (Warren et al., 2002; Sharan and Bradley, 1997). The TR2 motif interacts only with
multimeric, but not monomeric, forms of RAD51, both in the presence and absence of DNA, and
stabilizes the Rad51 nucleoprotein filament (Esashi et al., 2007). Serine 3291(S3291) in the TR2
region can be phosphorylated by the cyclin-dependent kinase CDK1. Phosphorylation of S3291
hinders the interaction between TR2 and Rad51 filament leading to its disassembly (Esashi et al.,
2005). The level of phosphorylation is low in S phase when homologous recombination is active
and high in M phase of cell cycle. This provides a mechanism for down regulation of
recombination when no DNA damage is present or when recombination is undesirable, as during
M phase. In response to DNA damage, S3921 is de-phosphorylated; TR2 region becomes
activated and stabilizes the Rad51filament. After the DNA damage is repaired, S3291 is
phosphorylated, and the unbound Rad51 filament disassembles. Rad51 filament degradation is a
prerequisite for the entry into mitosis. A recent study has shown that mutations in the TR2 motif
that abolish Rad51 binding were associated with more rapid Rad51 foci disassembly and faster
mitotic entry in an avian BRCA2 ortholog (Ayoub et al., 2009). The opposite was observed for
the TR2 mutations that enhance or constitutively bind Rad51. Therefore, it was concluded that
C-terminal domain of BRCA2 links the termination of recombination with mitotic entry. Finally,
the TR2 domain was found to provide protection of stalled replication forks against MRE11mediated degradation by stabilizing the Rad51-ssDNA filament (Schlacher et al., 2011).
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The extreme C-terminus of human BRCA2 contains three SV40-like nuclear localization
signals (NLSs) that are composed of an array of basic amino acids (Yano et al., 2000). Two of
the NLSs were shown to be functional and essential for the nuclear import of BRCA2. Wild-type
BRCA2 is predominantly located within the nucleus, which is consistent with its role in the
maintenance of genome integrity. The vast majority of cancer-associated mutations cause
truncation of BRCA2 that removes NLS and result in accumulation of BRCA2 in the cytoplasm.
These mutations are extremely detrimental to BRCA2 function, since BRCA2 requires nuclear
localization for DSB repair. Accumulation of BRCA2 in the cytoplasm induces the appearance
of a BRCA2-depleted phenotype, namely, genomic instability and hypersensitivity to IR and
DNA cross-linking agents including chemotherapeutic drugs. This phenotype can be reverted by
the secondary mutations, usually small deletions, which restore nearly full-length wild-type
reading frame of BRCA2 allowing the expression of NLS and rescuing BRCA2 function
(Edwards et al., 2008; Sakai et al., 2008). The restoration of BRCA2 function in tumor cells has
serious consequences for breast cancer patients, as functional BRCA2 renders cancer cells
resistant to chemotherapeutic drugs.
It has been speculated that BRCA2 is required for nuclear transport of Rad51 that may
lack an NLS. The cell lines depleted in BRCA2 or expressing truncated BRCA2 exhibit
cytoplasmic localization of Rad51 and impaired Rad51 foci formation after IR-induced DNA
damage (Spain et al., 1999). However, DNA damage-induced cytoplasmic to nuclear transport of
Rad51 was observed in the BRCA2-defective cell line CAPAN-1 (Gildemeister et al., 2009) and
in a murine BRCA2-deficient cell line overexpressing Rad51 (Lee et al., 2009). These studies
demonstrated that there is additional BRCA2-independent transport of Rad51 into the nucleus. It
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has been suggested that Rad51 ortholog Rad51C may have a role in the regulation of Rad51
subcellular localization (Gildemeister et al., 2009).

BRCA2 functional activities
Although BRCA2 was discovered more than a decade ago, many aspects of its
functioning are still unclear due to the complexity of the interaction of BRCA2 with other
proteins, lack of homology to other known proteins, and its large size, which has hampered the
isolation of the full-length BRCA2 for biochemical studies. Much of our knowledge about
BRCA2 function has come from studying BRCA2 fragments and BRCA2 orthologs.
Soon after the BRCA2 gene was identified by linkage analysis (Wooster et al., 1995), the
first evidence that BRCA2 was implicated in HR was obtained from yeast two-hybrid studies
(Sharan et al., 1997; Wong et al. 1997; Mizuta et al., 1997). It became apparent that BRCA2
directly interacts with Rad51, the central protein of HR, and that the fragment containing BRC
repeats is a predominant binding site for Rad51 (Sharan et al., 1997; Chen et al., 1998; Yuan et
al., 1999). Optical trapping and ensemble studies have shown that BRCA2 regulates the
localization and DNA binding preference of Rad51 (Carreira et al., 2009).
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FIGURE 1.8 The organisation of BRCA2 proteins. (A) Structural domains of human BRCA2.
The N-terminal region of BRCA2 is the PALB2 binding site and bears the transcriptional
activation and inhibition domains. The central part of the protein spans the large domain that
includes the RAD51-binding BRC repeats, followed by the DMC1 binding site and the DNA
binding domain. The C-terminal region of BRCA2 contains the RAD51 filament-interacting
domain and two nuclear localization signals. (B) Comparison of human, mouse, chicken, A.
thaliana, C. elegans, and U. maydis BRCA2 proteins. BRCA2 is poorly conserved with the
exception of several critical domains such as the BRC repeat and the OB fold. Most of the
BRCA2 size variation comes from the variable length of N-terminal region and from the variable
number of BRC repeats. Key motifs are indicated (adapted from Thorslund and West, 2007).
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In 2010, three research groups reported the isolation of full-length human BRCA2 that
was active in strand-exchange assays (Liu et al., 2010; Thorslund et al., 2010; Jensen et al.,
2010). A single BRCA2 molecule appeared to bind approximately six Rad51 monomers and had
strong preference for binding to ssDNA versus dsDNA. These findings are consistent with the
proposed BRCA2 role in promoting the nucleation of Rad51 onto ssDNA and blocking the
assembly of Rad51-dsDNA complexes, which are non-functional in HR. Similar to C. elegans
BRCA2 ortholog and BRC-containing peptides, full-length BRCA2 inhibited DNA-dependent
Rad51 ATP hydrolysis, which promotes Rad51 filament disassembly. Even though no physical
interaction was observed between BRCA2 and RPA, BRCA2 enabled Rad51 to bind RPAcoated ssDNA, and the addition of co-factor DSS1 greatly stimulated RPA displacement from
ssDNA by RAD51 (Liu et al., 2010). BRCA2 could also mediate binding of Rad51 to SSB
(bacterial single-strand binding protein)-coated ssDNA.
In addition to its role in HR, BRCA2 has other important cellular functions unrelated to
HR-directed repair of DSBs. The C-terminal Rad51-binding domain, which stabilizes Rad51
filaments, is necessary for the protection of nascent DNA strands from Mre11-mediated
degradation at stalled replication forks (Schlacher et al., 2011). It is proposed that, by stabilizing
the Rad51 nucleoprotein filament, BRCA2 inhibits both the 3’-5’ and 5’-3’ degradation of the
reversed leading and lagging strands, respectively.
BRCA2 has also been implicated in the regulation of mitotic progression. The
phosphorylation of the C-terminal Rad51-binding domain disrupts Rad51 filament binding to
BRCA2 and facilitates Rad51 filament disassembly, which is linked to mitotic entry (Ayoub et
al., 2009). Therefore, BRCA2 provides the means to ensure that chromosome segregation does
not start before HR-directed DNA repair is completed.
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BRCA2 has an important role in meiotic recombination. BRCA2 coordinates the
activities of Rad51 and the meiotic recombinase DMC1. The importance of BRCA2 in meiosis is
stressed by the fact that BRCA2 is highly expressed during spermatogenesis and BRCA2depletion causes infertility in mice (Connor et al., 1997). BRCA2 localizes to meiotic
chromosomes during early prophase I, and the spermatocytes of BRCA2-deficient mice failed to
repair Spo11-induced DSBs and to progress beyond early prophase I (Sharan et al., 2004).
BRCA2-deficient cells often exhibit alterations in chromosome number (aneuploidy) and
structure (gross chromosomal aberrations), suggesting that BRCA2 is involved in the regulation
of chromosome segregation and cytokinesis. Multiple studies have shown that BRCA2 is
implicated in the transition between the G2 and M phases of the cell cycle and in the completion
of cytokinesis (Ayoub et al., 2009; Marmorstein et al., 2001; Daniels et al., 2004). In contrast,
one study in BRCA2-depleted human cells provided no evidence that BRCA2 deficiency
interfered with mitotic progression and cytokinesis (Lekomtsev et al., 2010). However, a small
percentage of the cells in this study failed to complete cell division. This result is consistent with
the moderate inhibitory effect of BRCA2 depletion on cytokinesis that has been observed in
other studies (reviewed in Lee et al., 2011). Therefore, it is possible that BRCA2 is dispensable
for cell division, but instead affects the efficiency of cytokinesis through its interaction with the
proteins, which are essential for cell division (Lee et al., 2011). For example, the BRCA2binding partners HMG20b and BCCIP were reported to be essential for the completion of cell
division by cytokinesis (Lee et al., 2011; Meng et al., 2007).
In addition to its possible role in cytokinesis, BRCA2 is involved in the regulation of
centrosome number and localization. Cytoplasmic BRCA2 interacts with plectin, a cytoskeletal
cross-linker protein, and this interaction controls the position of the centrosome. The inhibition
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of BRCA2-plectin interaction resulted in a change in centrosomal positioning and the formation
of micronuclei (Han et al., 2008). A similar phenotype was observed when either BRCA2 or
plectin was depleted. Another study has shown that BRCA2 localizes to centrosomes, interacts
with and possibly forms a complex with a nucleolar phosphoprotein, nucleophosmin (NPM), and
ROCK2, a kinase that promotes centrosome duplication upon binding to NPM (Wang et al.,
2011). De-stabilization of the complex BRCA2-NPM-ROCK2 resulted in abnormal centrosome
amplification and an increased rate of multinucleated cells. Taken together, these results suggest
that BRCA2 is an important factor in preventing aberrant cell division that is involved in
tumorigenesis of breast cancer.

BRCA2 orthologs
Orthologs of BRCA2 have been found in most mammals and in many eukaryotes, with
the notable exception of ascomycetes, where BRCA2 function is replaced by Rad52 (Holloman,
2011). While several regions of BRCA2 are very well conserved or have conserved consensus
sequences, the overall sequence of BRCA2 is poorly conserved among species (FIGURE 1.8
panel B). For example, there is only a 57% sequence identity between mouse and human
BRCA2, and only 40% identity between chicken and human BRCA2 (Holloman, 2011). There is
extreme divergence in domain composition and in size among BRCA2-like proteins from
different species (3418 aa in humans vs. 394 aa in C. elegans). The variation in size and structure
is due to the differences in the number of BRC repeats and OB folds, and the N-terminal region,
that has a variable length in mammalian and avian orthologs, and that is absent in smaller
orthologs such as in the A. thaliana BRCA2 ortholog AtBRCA2, C. elegans BRCA2 ortholog
CeBRC-2 and U. maydis BRCA2 ortholog Brh2. Despite this variation, in all species studied,
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BRCA2 orthologs appear to have at least one functional BRC repeat, at least one ssDNA-binding
domain, and an NLS. These minimal requirements are met in the small BRCA2 orthologs of U.
maydis and C. elegans that represent a streamlined version of the large and complex mammalian
BRCA2. Because full-length BRCA2 had not been purified until recently (Liu et al., 2010;
Thorslund et al., 2010; Jensen et al., 2010), CeBRC-2 and Brh2 proteins were used in many
studies of HR. In this thesis, the effect of CeBRC-2 on mammalian gene targeting was examined.
Despite the significant divergence in size and domain structure between CeBRC-2 and
human BRCA2, they possess many functional similarities (Petalcorin et al., 2007). Human
BRCA2 and CeBRC-2 feature the same cellular localization, expression pattern, and binding
partners. Similar to human BRCA2, CeBRC-2 binds to Rad51 via its single BRC repeat, directs
it to ssDNA via its single OB fold, and stimulates D-loop formation. CeBRC-2 is also required
for the repair of meiotic DSBs. Both CeBRC-2 and human BRCA2 appear to stabilize the
Rad51-ssDNA nucleoprotein complex by inhibiting ssDNA-dependent ATP hydrolysis of
Rad51. However, there are some differences between these two orthologs: CeBRC2 has a strong
preference for 3’ ssDNA tails, whereas human BRCA2 binds both 5’ and 3’ tails; CeBRC2 can
anneal ssDNA in the presence of RPA and therefore stimulate second-end capture in DSB repair,
a function that is assumed by Rad52 in mammals (McIlwraith and West, 2008). Unlike
mammalian BRC repeat, C. elegans BRC repeat has an additional motif that has low affinity to
monomeric Rad51 and bind Rad51-ssDNA filament with high affinity (Petalcorin et al., 2007).
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BRC repeats
The central exon 11 of mammalian BRCA2 encompasses the domain containing the eight
repetitive motifs of 30-40 amino acids each, termed the BRC repeats. Both the sequence and the
distance between the adjacent repeats are evolutionarily conserved suggesting that BRC repeats
and their spatial distribution are crucial for BRCA2 function (Bignell et al., 1997). Although all
known mammalian BRCA2s have eight BRC repeats, the number of repeats varies greatly from
one in C. elegans and U. maydis to fifteen in Trypanosoma brucei. The function of the BRC
motif is to bind Rad51 (Wong et al., 1997). Rad51 binding to BRC repeats is essential for HRdirected DSB repair and genome stability. A single BRC repeat fused to the DNA-binding
domain restored HR to nearly wild-type levels and reduced the level of spontaneous
chromosomal aberrations in BRCA2-deficient human CAPAN-1 cells (Saeki et al., 2006).
The BRC repeats within a single BRCA2 have variable affinities to Rad51. In
mammalian BRCA2, the BRC repeats 1, 2, 3, and 4 have much higher affinity to free Rad51 than
BRC repeats 5, 6, 7, and 8. The mammalian BRC repeats 4 and 8 have the highest and the lowest
affinities to free Rad51, respectively (Wong et al., 1997; Chen 1998; Thorslund et al., 2007).
The BRC repeats have two highly conserved modules within their sequence that have
been identified as interaction sites for Rad51: the FXTASG and LFDE modules (Rajendra and
Venkitaraman, 2010) (FIGURE 1.9). These motifs bind different sites of Rad51 through polar
and hydrophobic interactions. Both modules are necessary for Rad51 binding and regulation of
Rad51 filament formation. The modules alone, or the repeats with either of the sequences
deleted, cannot bind Rad51. BRC repeats with sequences more divergent from the consensus
Rad51-interaction sequence, FXTASG, have less affinity to Rad51 monomers (Pellegrini et al.,
2002). The FXTASG module mimics the polymerization motif of Rad51 that is responsible for
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the interaction between Rad51 molecules (Pellegrini et al., 2002). BRC repeats may use this
mimicry to depolymerize the inactive Rad51 heptamers, bind Rad51 monomers, and arrange
them spatially for optimal loading on DNA during nucleoprotein filament formation (Pellegrini
et al., 2002).
BRC repeats have complex multiple roles in regulating Rad51 function. As mentioned
above, their main function is to bind Rad51 and load it on to the ssDNA at the DSB site. They
also modulate substrate preference of Rad51: the repeats inhibit the formation of Rad51-dsDNA
complexes that are non-functional in HR and promote Rad51 ssDNA binding (Carreira et al.,
2009). The stimulation of ssDNA binding in vitro is dependent on BRC repeat concentration. A
high concentration of individual BRC repeats 3 and 4 blocks Rad51 binding to ssDNA in vitro;
the repeats have the opposite effect at low concentrations (Carreira et al., 2009). Therefore, BRC
repeats have dual modes in regulating Rad51- DNA binding in vitro. The dual mode of
regulation was confirmed in in vivo studies of human BRCA2 (Magwood et al., 2012). Rad51mediated HR was reduced in cells expressing high levels of wild-type BRCA2, whereas
moderate BRCA2 expression enhanced HR. Overexpression of BRCA2 increased the cellular
concentration of BRC repeats, which interfered with the normal process of Rad51 nucleoprotein
formation and inhibited Rad51-mediated HR (Magwood et al., 2012).
It has been recently shown that individual BRC repeats have different functions in HR in
vitro (Carreira and Kowalczykowski, 2011). BRC repeats with high affinity to free Rad51, i.e.
BRC repeats 1, 2, 3, and 4 attenuate the ATP-hydrolysis of Rad51 thus maintaining the
nucleoprotein filament in its active ATP-bound state. The repeats with low affinity to free Rad51
(BRC5, 6, 7, and 8) lack this ability; however, they efficiently bind Rad51-ssDNA filament and
greatly stimulate the binding of Rad51 to ssDNA. It has been proposed that BRC repeats 5 to 8
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increase the relative affinity of Rad51 to ssDNA and stabilize the nascent nucleoprotein filament.
Therefore, these two BRC groups act to enhance the recombinase activity in reinforcing and
partially overlapping ways: these repeats facilitate both the nucleation and the growth of the
nascent filament in vitro (Carreira and Kowalczykowski, 2011).
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BRC1
BRC2
BRC3
BRC4
BRC5
BRC6
BRC7
BRC8
CeBRC

NHSFGG-SFRTASNKEIKLSEHNIKKSKMFFKDIEE
NEVGFRG-FYSAHGTKLNVSTEALQKAVKLFSDIEN
-FETSDTFFQTASGKNISVAKESFNKIVNFFDQKPE
-KEPTLLGFHTASGKKVKIAKESLDKVKNLFDEKEQ
-IENSALAFYTSCSRKTSVSQTSLLEAKKWLREGIF
-FEVGPPAFRIASGKIVCVSHETIKKVKDIFTDSFS
-SANTCGIFSTASGKSVQVSDASLQNARQVFSEIED
NSSAFSG-FSTASGKQVSILESSLHKVKGVLEEFDL
-PISMEPVFSTAAGIRIDVKQESIDKSKKMLNSDLK

FIGURE 1.9 Sequence alignments of eight human BRC repeats and the single BRC repeat
found in C. elegans BRC-2 protein (CeBRC). Conserved amino acid residues are highlighted.
The FXTASG and LFDE motifs are indicated by the bars on the top.

46

1.6 Homologous Recombination in Hybridoma Cell lines
In this study, the role of BRC repeats in HR was investigated using murine hybridoma
cells. The hybridoma cell lines originated from the wild-type Sp6/HL hybridoma. The Sp6/HL
hybridoma was derived from a fusion between myeloma cells and splenic B cells from a 2,4,6trinitrophenyl (TNP)-bovine serum albumin immunized Balb/c mouse (Köhler and Milstein,
1976) (FIGURE 1.10). Sp6/HL is haploid for the immunoglobulin µ heavy-chain gene and
secretes large amounts of immunoglobulin IgM (κ chain) with anti-TNP specificity. The igm482
cell line is derived from Sp6/HL and bears a 2-base-pair deletion in the exon encoding the third
constant region of the µ heavy chain (Cµ3) locus that result in the production of a truncated µ
chain lacking Cµ4. IgM bearing this truncated µ chain is unable to activate complementdependent lysis of TNP-coupled sheep red blood cells (TNP-SRBC). The wild-type Sp6/HL and
mutant igm482 cells can be distinguished in a sensitive plaque assay; that is, wild-type Sp6/HL
cells can be detected as TNP-specific plaque-forming cells (PFC), whereas mutant igm482 cells
do not lyse TNP-SRBC and do not form plaques. However, the 2 bp igm482 Cµ3 deletion can be
corrected by HR between the mutant igm482 µ heavy-chain gene and a transfected wild-type Cµ
segment (FIGURE 1.11 panel C). The recombinant cells start producing normal TNP-specific
IgM and can be detected as PFC in a plaque assay. Therefore, this hybridoma cell system
provides a convenient tool to measure the efficiency of HR between the mutant igm482 µ gene
and wild-type µ segment. The hybridoma system can be used to study many recombination
pathways including gene targeting, intrachromosomal recombination and ectopic recombination
(Baker et al., 1988; Raynard et al., 2002; Baker and Read, 1992). In this thesis, gene targeting
was used as an experimental HR assay.

47

Gene targeting is the process of HR between transfected and chromosomal DNA. In the
gene targeting assay, igm482 cells are transfected with the vector containing the wild-type Cµ
region. The vector can correct a 2 bp igm482 Cµ3 deletion by homologous recombination
restoring normal TNP-specific IgM production in the mutant cells that are then detected as PFC.
Other cell lines used in this study represent modified igm482 cell lines in which various
BRCA2 constructs were expressed. The effect of the BRCA2 variants on gene targeting was
detected as a statistically significant change in the frequency of PFC compared to parental
igm482 cells.
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Spleen cell from 2,4,6-trinitrophenyl
(TNP)- bovine serum albumin (BSA)
immunized Balb/c mouse (H, L)

Myeloma X63-Ag8
(G, K)

H – TNP-specific µ gene
L – TNP-specific κ gene
G – non-specific γ gene
K – non-specific κ gene
H’ – mutant TNP-specific µ gene

Sp6/HLGK hybridoma
(TNP-specific IgM secretor)

Sp6/HL

igm482 (H’, L)

FIGURE 1.10 Origin of Sp6/HL and igm482 hybridomas. The Sp6/HL hybridoma cell line was
created by the fusion of myeloma cells and splenic B cells from a 2,4,6-trinitrophenyl (TNP)bovine serum albumin (BSA) immunized Balb/c mouse. Sp6/HL has lost the expression of
myeloma gamma and kappa chains and bears a single copy of the TNP-specific µ gene derived
from the B cell fusion partner. It secretes large amounts of immunoglobulin IgM (κ) with anti2,4,6-trinitrophenol (TNP) specificity. The igm482 hybridoma is derived from Sp6/HL. The
igm482 hybridoma contains a 2-base-pair deletion in the exon encoding the third constant region
of the µ heavy chain locus and produces non-functional IgM.
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FIGURE 1.11 Structure of the immunoglobulin µ heavy chain locus in hybridoma cell lines
Sp6/HL (A) and igm482 (B). The open rectangle represents the 2 bp deletion in the exon 3 of the
Cµ gene. The deletion can be corrected by gene targeting (C) with a fragment of a plasmid
bearing wild-type Cµ region, resulting in a production of functional anti-TNP IgM that can be
detected in a sensitive plaque assay.
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HYPOTHESIS

As reviewed above, BRCA2 mediates Rad51 nucleofilament formation through the
action of its BRC repeats. The number of BRC repeats in BRCA2 orthologs varies greatly among
taxa, from one to fifteen, suggesting functional redundancy of BRC repeats. However, the
number of BRC repeats is conserved in all mammals, and a point mutation within a single
mammalian BRC repeat greatly increases the risk of breast cancer, suggesting that, at least in
mammals, all BRC repeats are required for proper BRCA2 functioning.
Furthermore, the affinity for free Rad51 varies among the BRC repeats. It has recently
been shown that BRC repeats are not functionally equivalent in vitro. Mammalian BRC repeats 1
to 4 bind monomeric Rad51 with high affinity; whereas BRC repeats 5 to 8 have low affinity to
Rad51 monomers, but bind to the Rad51-ssDNA filament with high affinity. The BRC repeats 1
to 4 and 5 to 8 comprise two groups of BRC repeats with different reinforcing roles in Rad51
filament formation in vitro.
The goal of the experiments completed in this thesis was to investigate the role of the
human BRCA2 BRC domain in homologous recombination and to examine the effect of human
BRCA2 variants with different BRC domain composition on homologous recombination.
It was hypothesized that the number and composition of BRC repeats in mammalian
BRCA2 are important for homologous recombination and that BRC repeats with differing
affinities for Rad51 have different functions in mammalian HR in vivo. It is expected that the
cooperative action of all BRC repeats is required for the efficient HR.
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Chapter II: MATERIALS AND METHODS

2.1 Hybridoma cell lines

Sp6/HL
The Sp6/HL hybridoma cell line was derived from the fusion between IgG-secreting
X63-Ag8 myeloma cells of Balb/c origin and splenic B cells from an 2,4,6-trinitrophenol (TNP)immunized Balb/c mouse. Sp6/HL has lost the expression of the myeloma gamma and kappa
chains and bears a single copy of the TNP-specific µ gene derived from the B cell fusion partner.
It secretes large amounts of an immunoglobulin IgM (κ) with anti-TNP specificity (Köhler and
Shulman, 1980; Baker et al., 1988).

igm482
Hybridoma cell line igm482 is a spontaneous mutant of Sp6/HL. It has a 2-base-pair (bp)
deletion in the exon encoding the third constant region of the µ heavy chain gene. This mutation
causes a frame-shift and a premature stop codon. The resulting µ heavy chain lacks the fourth
constant domain and renders immunoglobulin IgM unable to form polymers and to activate
complement. The level of monomeric anti-TNP IgM secretion in this deletion variant is
comparable to that of Sp6/HL (Baker et al., 1988; Baumann et al., 1985).
The inability of igm482 to initiate complement-dependent lysis of TNP-coupled sheep
red blood cells (TNP-SRBC) provides a useful tool for studying HR. The 2-bp deletion can be
corrected by HR using an electroporated sub-fragment of the wild type (wt) µ gene. Upon
correction, transformant igm482 cells start producing wt IgM capable of initiating
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complement-dependent lysis of TNP-SRBC. The transformants can be detected in a
complement- and TNP-SRBC-based plaque assay as plaque-forming cells (PFC) and the
frequency of HR events can be estimated by dividing the number of PFC/number of cells plated.

igm482-derived expressors of BRCA2 variants
The hybridoma igm482 was transfected with a Bacterial Artificial Chromosome (BAC)
containing the modified genomic sequence of human BRCA2 (hBRCA2) with (i) an in-frame
deletion of the BRC repeats 1 to 8 (hBRCA2/BRC∆1-8); (ii) BRCA2 bearing BRC repeats 1 to 4
(hBRCA/BRC1-4); (iii) BRCA2 bearing BRC repeats 5 to 8 (hBRCA2/BRC5-8); (iv) BRCA2
bearing a single BRC repeat 4 (hBRCA2/BRC4); and (v) BRCA2 bearing a single BRC repeat 8
(hBRCA/BRC8). BAC DNA contained a selectable marker, the neomycin resistance gene (neo),
which confers resistance to aminoglycosides such as G418. G418-resistant (G418R) igm482
transformants were screened for hBRCA2 expression by rabbit polyclonal anti-human BRCA2
antibody (Ab27976, Abcam) in Western blot and by RT-PCR. Six stable expressors of the fulllength BRCA2 mutants have been identified in this screen: igm482 B and Y are the expressors of
hBRCA2/BRC∆1-8; D93 and D208 are the expressors of hBRCA/BRC1-4; H227 is the only
expressor of hBRCA2/BRC5-8, and G94 expresses hBRCA2/BRC4 construct (TABLE 3.1).
Unfortunately, no expressors of hBRCA/BRC8 were detected among the G418-resistant igm482
cells transfected with the BAC- hBRCA/BRC8.

12-21
The hybridoma cell line 12-21 is a derivative of igm482 and like igm482, bears 2-bp
deletion in the third constant region of the µ locus that results in premature termination of the µ
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heavy chain. The 12-21 hybridoma stably expresses anti-Brca2 SiRNA, which reduces the level
of endogenous mouse Brca2 expression by ~ 75% (Lee and Baker, 2007).

A36 and A38
The 12-21-derived hybridoma cell lines A36 and A38 stably express modified human
BRCA2 bearing an in-frame deletion of the BRC region (BRC 1-8). These cell lines were
generated using the BAC containing the modified genomic sequence of human BRCA2 with an
in-frame deletion of the BRC repeats 1 to 8 and the selectable neomycin resistance gene (neo)
that confers resistance to G418.

igm482-derived expressors of wild-type and modified Caenorhabditis elegans BRCA2
ortholog BRC2
Hybridoma cell lines 10B10 and 13-6 are igm482 derivatives that were stably
transformed with a vector containing FLAG-tagged wild-type Caenorhabditis elegans BRC-2
cDNA and a selectable marker neo gene.
In addition, the BRC domain of C. elegans BRC-2 was replaced with the human BRC
repeat 4 (BRC4) sequence using the gene SOEing technique (Horton, 1995) described below.
igm482 was stably transfected with plasmid DNA bearing the neo gene and FLAG-tagged C.
elegans BRC-2 in which human BRC4 replaced the C. elegans BRC repeat. The expressors of
the modified C. elegans BRC-2, hybridoma cell lines B29 and B78, as well as the expressors of
wild-type C. elegans BRC-2, 10B10 and 13-6, were used to study the effects of the C. elegans
BRCA2 ortholog on mammalian HR. The ability of C. elegans BRC-2 to stimulate mammalian
HR was assessed in the gene targeting assay.
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2.2 Growth conditions
All cell lines were grown at 37ºC with 7% CO2 in Dulbecco’s modified Eagles medium
(DMEM; Gibco, Grand Island, NY) supplemented with 15% heat-inactivated fetal bovine serum,
100 units/ml penicillin and streptomycin, and 5×10-5 M 2-mercaptoethanol (Köhler and
Shulman, 1980). For transformant selection, the medium was supplemented with the selectable
agent aminoglycoside G418 at the working concentration of 600 µg/ml. G418 binds to the 80S
ribosomal subunit and disrupts protein synthesis. The transfected plasmids and BACs contained
the neomycin phosphotransferase (neo) gene encoding a kinase, which phosphorylates and
inactivates G418. The expression of the neo gene confers resistance to G418 and other
aminoglycosides and allows for the selection of G418-resistant transformants (G418R) in G418supplemented medium.

2.3 Transfection of Hybridoma Cells
Hybridoma cells were grown to a density ~2 - 4×105 cells/ml. The appropriate volume of
the culture containing 2×107 viable cells (counted by trypan blue exclusion) was pelleted by
centrifugation at 800 rpm for 10 minutes at 4ºC, washed once with 1× PBS and resuspended in
0.75 ml permeabilization buffer (APPENDIX I) in the electroporation cuvette with a 4 mm
electrode gap (BioRad Inc.). Linearized phenol/chloroform-purified and ethanol-precipitated
plasmid (50 µg) was added to the cuvette. The cells were electroporated twice at 700 V, 25 µF
using a BioRad Gene Pulser (BioRad Inc.) and incubated for 10 minutes on ice. Then, one ml of
DMEM was added to the cuvette and incubated for 20 minutes in a 7% CO2 atmosphere at 37 ºC
to permit cell recovery. The cells were then plated in 96-well plates at limiting dilution to permit
recovery of individual G418R clones (Baker, 2004). Selective medium containing G418 was
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added to the plates 24 hours after electroporation to a final concentration of 600 µg/ml. Colonies
of G418R transformants became visible 9-12 days after plating. Each transformant colony was
transferred to a 24-well tissue culture plate and saved by cryopreservation.

2.4 Plasmids
General conditions
Plasmid DNA was propagated in E. coli DH5α that was grown at 37ºC in Luria-Bertani
(LB) broth supplemented with 50 µg/ml ampicillin. Bacterial artificial chromosome (BAC) DNA
was propagated in E. coli SW102 that is optimized for recombineering (recombination-mediated
genetic engineering) (Warming et al., 2005). The SW102 genome contains an inserted defective
λ prophage encoding the genes necessary for the efficient recombination between the plasmid
and introduced linear DNA. These genes are regulated by a temperature-sensitive repressor that
is inactivated at 42 ºC allowing for the expression of λ genes at this temperature. E. coli SW102
is cultured at 32 ºC in 12 µg/ml chloramphenicol-supplemented LB broth and, prior to the
introduction of linear DNA by electroporation, is heat-shocked for 15 minutes at 42 ºC to
produce recombination proteins.
All plasmids and BACs were purified by maxi-prep using PureLink HiPure Plasmid
Filter Purification Kits (Invitrogen).

pCMV10CEBRC2
PCR-amplified cDNA of wild-type C. elegans BRC2 was cloned into the KpnI/BamHI
sites of pCMV10 generating the vector pCMV10CEBRC2 (FIGURE 2.1 panel A). DNA sequencing
confirmed that the wild-type C. elegans BRC2 insert was in-frame relative to the N-terminal
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3xFLAG sequence. The vector pCMV10CEBRC2 bears the neomycine phosphotransferase (neo)
gene along with the ampicillin-resistance (amp) gene. The region of the vector containing the
Simian Virus 40 (SV 40) early region enhancer driving the neo gene was excised previously to
generate the enhancer-negative vector. Upon electroporation and vector integration, this vector
enriches for the recovery of stable transformants (Baker, 2004).

pCMV10CE-hBRC4
The vector pCMV10CE-hBRC4 was derived from pCMV10CEBRC2, in which the C. elegans
BRC repeat was replaced with the BRC4 repeat of hBRCA2. For replacement, the gene SOEing
technique (Horton, 1995) was used to construct an oligonucleotide consisting of the DNA
sequence of the hBRCA2 BRC4 repeat with flanking homology arms complementary to
sequences upstream and downstream of the C. elegans BRC domain. The PCR-amplified
oligonucleotide and the vector pCMV10CEBRC2 were digested with SacI, ligated and
electroporated into the host bacterial strain E. coli DH5α. The integrity of DNA and the correct
placement of the insert relative to the start codon of the C. elegans BRC2 were verified by DNA
sequencing.
All vectors appeared to have different secondary mutations within the C. elegans cDNA
sequence. Gene SOEing and ligation were repeated several times in an attempt to obtain a vector
bearing no secondary mutations, but without success. It is likely that peculiarities associated with
PCR amplifications of this sequence led to the background level of mutation. Due to the lack of
any non-mutated constructs, a vector bearing a phenylalanine to serine mutation residing 21
amino acids upstream of the BRC4 insert was used for hybridoma transfections. This mutation
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lies outside the BRC4 repeat or any other conserved sequences and should not interfere with the
HR assays.

BAC-hBRCA2-based vectors
The genomic sequence of approximately 200 kb hBRCA2 was previously inserted into
the vector pBACe3.6 replacing the pUClink stuffer fragment of the levansucrase (SacB) gene
(Frengen et al., 1999) (FIGURE 2.1 panel C). In addition, pBACe3.6 contained neo and
kanamycin resistance (kan) genes and the chloramphenicol-resistance Cm(R) gene (Frengen et
al., 1999). The neo gene was used for positive selection of G418R cells.
In this study, the following hBRCA2 variants were generated by introducing deletions
into the sequence of the hBRCA2 region: BRCA2 with in-frame deletion of the eight BRC
repeats, BRCA2 bearing half the usual number of BRC repeats (either BRC 1 to 4 or BRC 5 to
8), and BRCA2 bearing single BRC repeats 4 or 8 (FIGURE 2.2). BAC modifications were made
using the BAC-recombineering technique (Warming et al., 2005), as described below.
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FIGURE 2.1 Plasmids. Overview of (A) pCMV10 vectors, which contain amp and neo
selectable genes and N-terminal FLAG-tagged C. elegans BRC-2 cDNA. (B) the gene targeting
vector pRCµRI contains 9.7kb region of homology to the immunoglobulin heavy chain µ gene
along with amp and neo selectable markers. (C) BAC DNA contains the 200 kb genomic
hBRCA2 sequence along with CM(R) and neo selectable genes.

59

FIGURE 2.2 Schematic representation of the hBRCA2 variants used in this study. The genomic
sequence of wild-type hBRCA2 has been altered using the BAC-recombineering technique
(Warming et al., 2005). The variants contained either half of the usual BRC repeats number or
individual BRC repeats. The mutant with in-frame deletion of the whole BRC1-8 region was
used as a control. BACs bearing mutant hBRCA2 sequences were then introduced into
hybridoma cells by electroporation.
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2.5 Gene SOEing
Gene SOEing (Synthesis by Overlap Extension) technique allows joining of DNA
sequences without RE digestion and ligation (Horton, 1995; Hansson et al., 2008). The DNA
sequences are PCR-amplified with primers that have overlapping extensions at their 5’ ends. The
PCR products have complementary sequences and, therefore, can be annealed and re-amplified
in a second PCR. Gene SOEing was used to combine the BRC repeat(s) of interest with the
200bp sequences complementary to BAC DNA upstream and downstream of the insertion site
(so called homology arms) (APPENDIX III). Homology arms are necessary for HR-driven
insertion of the BRC repeat(s) into BAC-hBRCA2 during BAC-recombineering (described
below). The desired BRC region was combined with the homology arms in two consecutive
rounds of PCR (FIGURE 2.3). First, each homology arm was PCR-amplified using primers
bearing 5’ extensions complementary to the BRC repeat(s) intended for BAC-hBRCA2 insertion
(BRC insert). PCR-amplified homology arms contained sequences complementary to the BRC
insert and were used as primers to PCR-amplify the BRC insert. The resulting PCR product
consisted of the BRC repeat(s) flanked by 200bp homology arms and was ready for the insertion
into BAC-hBRCA2 by BAC-recombineering. The PCR conditions were as follows: DNA – 0.04
ng/µl, dNTPs – 200 µM, Expand High Fidelity Taq DNA polymerase (Roche) – 0.2 µM, 10x
PCR buffer – 1x, MgCl2 – 1.5 mM, upstream and downstream primers – 300 nM. The following
PCR protocol was used to amplify homology arms: denaturation for 15 s, annealing at 55ºC for
30 s, extension at 72ºC for 45 s for 30 cycles. The following PCR protocol was employed for the
BRC insert amplification: denaturation for 15 s, annealing at 54ºC for 30 s, extension at 72ºC for
2:30 minutes for 30 cycles. All PCR products were gel extracted using a Gel Extraction Kit
(QIAGEN) according to the manufacturer’s instructions.
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FIGURE 2.3 Schematic representation of Gene SOEing (Synthesis by Overlap Extension)
technique (Horton, 1995; Hansson et al., 2008). Gene SOEing was used in this thesis to generate
the BRC inserts flanked by 200 bp sequences of homology to BAC (homology arms, HA). First,
HAs were PCR amplified with primers containing 5’ extensions complementary to the insert 5’
or 3’ end (A). The PCR products (B) were gel purified and used as primers to PCR-amplify the
insert (C). The final product consisted of the BRC insert flanked by HAs (D).
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2.6 BAC recombineering
BAC recombination-mediated genetic engineering (BAC-recombineering) has been
described previously (Warming et al., 2005). The most important features of the bacterial strains
used in recombineering are the λ prophage recombineering system, which provides the proteins
necessary for homologous recombination, and the galactose operon with the galK gene deleted
(Warming et al., 2005). The gene product of galK encodes galactokinase that catalyzes the first
step in galactose utilization: it phosphorylates galactose to galactose-1-phosphate. The galK
function can be added in trans and, therefore, the insertion of the GalK cassette renders the
galactose operon functional. The restored ability of the transformed bacterial cells to utilize
galactose is used for positive selection of GalK transformants on media containing galactose as
the only carbon source.
BAC-recombineering is a two-step process. The GalK cassette flanked by homology to
the BAC is inserted at the desired site by HR and then replaced in a second step with the DNA
fragment bearing the mutation of interest (Warming et al., 2005) (FIGURE 2.4). For
electroporation, bacterial cells in the exponential growth phase are heat-shocked at 42ºC for 15
minutes, electroporated at 1.75 kV, 20 µF, and 200Ω, recovered for 2 hours at 32ºC in LB broth
and plated on minimal medium plates with additives specific to each step (FIGURE 2.4). After
the first step, GalK positive transformants are selected on plates containing minimal media and
galactose as the only carbon source. After the second step of GalK replacement, GalK negative
transformants are counterselected on minimal media containing glycerol as the carbon source
and 2-deoxy-galactose (DOG). Galactokinase catalyzes the phosphorylation of DOG. The
product of this reaction, 2-deoxy-galactose-1-phosphate, is non-metabolizable and toxic.
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Therefore, the GalK cassette is used in both positive and negative selection and obviates the need
for incorporation of an unwanted marker at the BAC modification site.
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FIGURE 2.4 Schematic representation of BAC-recombineering. In the first step, the GalK
cassette flanked by homology arms is inserted via homologous recombination at the desired site.
Gal+ transformants are selected on minimal medium with galactose as the only source. Then, the
DNA sequence with the desired mutation is introduced by HR using the same homology arms as
in the first step. Gal- transformants are selected on DOG-containing plates. H1 and H2, homology
arms 1 and 2, respectively; GalK, E. coli galactokinase gene driven by a minimal promoter
(adapted from Warming et al., 2005).
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2.7 Western blot analysis
Western immunoblotting (WB) was used to detect transgene expression in G418R
hybridoma cell lines. Hybridoma cells (~5×106 cells) were pelleted and lysed with nondenaturing buffer (APPENDIX I). The protein concentration was determined by bicinchoninic
acid (BCA) assay. A 5% or 10% Sodium Dodecyl Sulphate Polyacrylamide Gel (SDS-PAGE)
was loaded with 100 µg of the whole cell extract. The gel was run at 150V in 1× SDS-running
buffer to separate the extracted proteins. Proteins were then transferred to polyvinylidene
fluoride (PVDF) membrane in Transfer buffer (APPENDIX I) at 30V overnight at 4ºC. The
membrane was blocked with Tris-Phosphate Buffer and 3% non-fat milk proteins for 1.5 h at
room temperature and incubated with the primary antibody specific to the protein under study for
1.5-2 hours, followed by incubation for 1 hour with the appropriate secondary antibody
conjugated with horse radish peroxidase (HRP) (TABLE 2.1). The addition of ECL plus reagent
(GE Healthcare) to the HRP-coupled protein bands resulted in chemiluminescence that was
detected using X-ray film.
To confirm the nuclear localization of the transgene expression products, the cytoplasmic
and nuclear protein fractions were tested by WB analysis. The subcellular fractions were
extracted using Calbiochem ProteoExtract™ Subcellular Proteome Extraction Kit according to
the manufactuter’s instruction and concentrated to 4 µg/µl using an Amicon™ Ultra-0.5
centrifugal filter device. For WB analysis, 150 µg of the cytoplasmic and nuclear fractions or the
whole cell extract was loaded onto 5% or 10% SDS-PAGE and following electrophoresis, were
transferred to PVDF membrane and blotted. Gel electrophoresis, transfer to PVDF membrane
and blotting were carried out as described above. To confirm the purity of the fractions, the
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blotted membrane was stripped with Restore™ WB Stripping Buffer (Thermo Scientific) and reprobed with mouse monoclonal α–histone H1 antibody.

TABLE 2.1 Summary of antibodies used.
Protein assayed

Primary Antibody

Secondary Antibody

Human BRCA2

Rabbit polyclonal anti-human
BRCA2 Ab27976 (Abcam)

Mouse Rad51

Mouse monoclonal anti-human
Rad51 14B4 (Abcam)

Mouse Histone H1

Mouse monoclonal anti-human
Histone H1 AE-4
(Santa Cruz Biotechnology)
Mouse monoclonal anti-human βactin AC-15 (Sigma)

Horse Radish Peroxidase (HRP)conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch
Laboratories)
HRP-conjugated goat anti-mouse
IgG
(Southern Biothech)
HRP-conjugated goat anti-mouse
IgG
(Southern Biothech)
HRP-conjugated goat anti-mouse
IgG
(Southern Biothech)
HRP-conjugated goat anti-mouse
IgG
(Southern Biothech)

Mouse β-actin

FLAG-tag

Mouse monoclonal anti-FLAG M2
(Sigma)

2.8 RNA extraction and RT-PCR
Total RNA was prepared by Trizol extraction (Invitrogen Inc.), treated with DNaseI, and
reverse transcribed using Superscript reverse-transcriptase (Invitrogen Inc.). The resulting cDNA
was PCR-amplified using Taq polymerase and forward and reverse primers specific to the 3’ end
of the coding sequence of hBRCA2. The following PCR protocol was used: denaturation for 15
s, annealing at 55ºC for 30 s, extension at 72ºC for 90 s, for 30 cycles. The PCR conditions were:
cDNA – 600 ng, dNTPs – 200 µM, Taq DNA polymerase – 0.2 µM, 10x PCR buffer – 1x,
MgCl2 – 1.5 mM, upstream and downstream primers – 300 nM. As a positive control for
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RT-PCR, a fragment of the Cµ region of the mouse TNP-specific Ig µ gene was PCR-amplified
using the cDNA as a template.

2.9 Gene targeting assay
The gene targeting assay is used to assess the level of HR based on restoration of the
wild-type sequence of the immunoglobulin µ heavy chain gene in the mutant igm482 hybridoma
(Baker et al., 1988). Upon restoration of the wild-type µ gene (as described in the Intoduction,
Section 1.6), the recombinant cells produce fully functional IgM capable of inducing
complement-dependent lysis of TNP-coupled SRBC allowing their detection in a complementdependent plaque assay (Baker et al., 1988). The gene targeting vector pRCµRI (50 µg) bearing
the 9.7 kb wild-type Cµ fragment (FIGURE 3.3) was linearized with EcoRI and was
electroporated into 2 × 107 recipient hybridoma cells. The survival rate was measured 24 h after
electroporation using trypan blue exclusion and ranged from 20% to 50%. Recombinant cells
producing wild-type TNP-specific IgM were detected 48 h and 72 h after electroporation as
plaque-forming cells (PFC). For each cell line, three or four plates were enumerated for PFC.

2.10 Statistical Analysis
One-way analysis of variance (ANOVA) and Tukey’s Honestly Significant Difference
(HSD) analysis were performed using VassarStats software available on-line at
www.vassarstats.net. Significance was assessed at the p ≤ 0.05 level.
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Chapter III: RESULTS
The goal of the experiments completed in this thesis was to investigate the role of the
human BRCA2 BRC domain in homologous recombination. Consequently, the effect of human
BRCA2 variants with different BRC domain composition on homologous recombination was
examined.

3.1 Expression of human BRCA2 variants
To determine whether the number of BRC repeats is important and whether BRC repeats
with variable affinities to Rad51 had different functions in Rad51 filament formation, BAC
vectors bearing the following human BRCA2 variants were made (FIGURE 2.2): 1) human
BRCA2 bearing BRC repeats 1 to 4 (hBRCA2/BRC1-4), 2) human BRCA2 bearing BRC repeats
5 to 8 (hBRCA2/BRC5-8), 3) human BRCA2 bearing the single BRC repeat 4 (hBRCA2/BRC4),
4) human BRCA2 bearing the single BRC repeat 8 (hBRCA2/BRC8) and as a control, 5) human
BRCA2 with an in-frame deletion of the entire BRC domain (hBRCA2/BRC∆1-8), which is
expected to be deficient in homologous recombination (FIGURE 2.2). The hBRCA2/BRC1-4
construct bears BRC repeats with the highest affinity to free Rad51 (Wong et al., 1997; Chen
1998; Thorslund et al., 2007). The variant hBRCA2/BRC5-8 bears the BRC repeats with the
lowest affinity to free Rad51. The constructs hBRCA2/BRC4 and hBRCA2/BRC8 bear the
individual BRC repeats 4 and 8, with the highest and the lowest affinities to free Rad51,
respectively (Wong et al., 1997). The set of the hBRCA2 variants bearing these defined BRC
modifications served as tools for dissecting the function of the BRC repeats in HR.
Wild-type hBRCA2 was used to engineer BRCA2 variants using BAC-recombineering
(Warming et al., 2005). The BRC repeats were replaced with galk gene followed by positive
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selection for galk, which is the first step of BAC-recombineering. Then, the galk gene was
replaced with the sequence containing the desired in-frame modification of the BRC region that
is the second step of BAC-recombineering involving negative selection against galk. The
sequences with in-frame BRC modifications were prepared from the wild-type human BRCA2
BAC DNA by gene SOEing. That the modified BRCA2 BRC region was in-frame relative to the
BRCA2 start codon was confirmed by DNA sequencing. The overall integrity of each BAChBRCA2 DNA construct was compared to the original by global SpeI digest (FIGURE 3.1).
The modified BAC-hBRCA2 vectors bearing in-frame BRC repeats deletions were
transferred into the igm482 cell line by electroporation. After transfection, the cells were plated
at a limiting dilution to recover individual G418-resistant colonies, which were saved by
cryopreservation.
More than 500 G418R transformants were screened for expression of the human BRCA2
variants by Western blot (FIGURE 3.2 panel B) and RT-PCR (FIGURE 3.2 panel A). A total of
100 µg of the whole cell extract was subjected to SDS-PAGE and transferred to PVDF
membrane. The membrane was probed for human BRCA2 with rabbit polyclonal anti-human
BRCA2 antibody Ab27976, which also cross-reacts with mouse Brca2 (Lee et al., 2009). The
expression of human BRCA2 variants was confirmed by RT-PCR amplification of a 1.4 kb Cterminal fragment of hBRCA2. The full length of the expressed hBRCA2 construct was
confirmed by the set of PCR reactions spanning the whole sequence of hBRCA2.
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FIGURE 3.1 An example of the SpeI restriction digest of BAC-hBRCA2 DNA. Lane 2 shows
digestion pattern of the unmodified BAC-wtBRCA2 DNA. Lane 3-9 represents the digestion
patterns of BAC bearing hBRCA2 constructs. Clones 1-5 (lane 3-7) and clone 7 (lane 9) have a
normal BAC structure, whereas clone 6 (lane 8) has internal deletions as judged from the missing
bands. M, 1kb Plus DNA ladder (Invitrogen).
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Western blot analysis revealed two transformants (designated D93 and D208) that
expressed hBRCA2/BRC1-4, along with one expressor of hBRCA2/BRC5-8 (designated H227)
and hBRCA2/BRC4 (named G94). Unfortunately, no expressors of hBRCA2/BRC8 were
detected among the transfected G418R igm482 cells. As for the hBRCA2 with the deleted BRC
domain, the frequency of detecting expressors was much higher – 7 out of 40 transformants
revealed expression of this BRCA2 variant, although the reason for this is not clear.
The cell lines expressing the hBRCA2 constructs were examined for their recombination
responses in gene targeting assays. Cell lines used in gene targeting assays are summarized in
TABLE 3.1

TABLE 3.1 Summary of cell lines used in gene targeting assays.
Genotype

Cell line

igm482 hBRCA2/BRC∆1-8

igm482 B
igm482 Y
igm482 hBRCA2/BRC1-4
D93
D208
igm482 hBRCA2/BRC5-8
H227
igm482 hBRCA2/BRC4
G94
12-21 hBRCA2/BRC∆1-8
A36
A38
12-21 hBRCA2/BRC1-4
23-5*
39-1*
12-21 hBRCA2/BRC5-8
10-4*
17-1*
igm482 CeBRC-2
10B10
13-6
igm482 Ce-hBRC4
B29
B78
* Cell lines marked by an asterisk were obtained previously (Magwood, A.C., unpublished
results) and were used in gene targeting assays in this study.
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FIGURE 3.2 Analysis of BRCA2 expression. Transformants were screened for expression of the
BRCA2 variants by (A) RT-PCR and (B) Western immunoblot using 42 kDa β-actin as a loading
control. Predicted sizes of the BRCA2 variants are shown in brackets.
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3.2 The effects of BRCA2 variants on gene targeting
Cell lines expressing BRCA2 variants were tested for their effects on HR in gene
targeting assays. The gene targeting vector pRCµRI contains a 9.7 kb region of homology to the
wild-type immunoglobulin µ gene (FIGURE 3.3). The region of homology was excised by
EcoRI digestion and a total of 50 µg EcoRI-cut vector was electroporated into 2×107 control
igm482 cells and transformant cell lines expressing the various hBRCA2 variants. After a 48 h
recovery period, the cells were assayed for TNP-specific PFC (FIGURE 3.4). The expressors of
hBRCA2/BRC1-4 (D93 and D208) displayed a significant reduction in gene targeting frequency
(p<0.01 and p<0.05, respectively), whereas the expression of hBRCA2/BRC5-8 (H227)
significantly stimulated gene targeting frequency in comparison to igm482 (F=46.14, p<.0001;
APPENDIX II.2). However, the level of stimulation was lower than that reported for wild-type
BRCA2 containing all eight repeats (Magwood et al., 2012). No significant change in gene
targeting frequency was observed for the expressor of hBRCA2/BRC4 (G94). The expression of
hBRCA2/BRC∆1-8 did not significantly affect the frequency of gene targeting (F=3.45, p=0.051;
APPENDIX II.1). These results suggest that BRC repeats 1-4 and 5-8 have opposing effects on
HR, and that the single BRC repeat 4 cannot significantly stimulate HR.
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FIGURE 3.3 Structure of the pRCµRI vector. The pRCµRI vector contains a 9.7kb EcoRI
fragment carrying the variable (VH-TNP) and the constant (Cµ) regions of the mouse µ gene.
This fragment corresponds to the 12.5kb segment of µ gene in which a 2.8bp fragment of the
switch region (Sµ) was deleted (Ochi et al., 1983). The EcoRI-cut vector is used in gene
targeting assays.
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FIGURE 3.4 Mean gene targeting frequencies for the igm482-derived expressors of BRCA2
variants. Error bars indicate the mean +/- standard error of the mean (n ≥ 3). Means indicated by
the same lower-case letter are not significantly different at p≤ 0.05 according to Tukey’s HSD
analysis.
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3.3 The effect of BRCA2 variants on gene targeting in Brca2-deficient cells
Brca2-deficient cells expressing BRCA2 variants hBRCA2/BRC1-4, hBRCA2/BRC5-8,
and control hBRCA2/BRC∆1-8 were derived from the Brca2-deficient hybridoma cell line 12-21,
which stably expresses anti-Brca2 small interfering RNA (siRNA) (Lee and Baker, 2007). The
siRNA is specific to mouse Brca2 and is thought not to interfere with the expression of human
BRCA2, at least not in the short term (Magwood et al., 2012). The 12-21-derived expressors of
hBRCA2/BRC1-4 (designated 23-5 and 17-1) and hBRCA2/BRC5-8 (designated 10-4 and 39-1)
were obtained previously (Magwood, A.C., unpublished results) using the same BAC-hBRCA2
constructs as in the igm482-derived expressors described above. The complete 10 kb BRCA2
cDNA sequence prepared from expressed BRCA2 mRNA was previously sequenced to confirm
the absence of secondary mutations in cell lines 10-4, 39-1, 23-5, and 17-1 (Magwood, A. C.,
unpublished results). These cell lines along with those expressing hBRCA2/BRC∆1-8 (designated
A36 and A38) were examined in the gene targeting assays. All cells were transfected with the
EcoRI-digested gene targeting vector pRCµRI and assayed for TNP-specific PFC (FIGURE 3.5).
In contrast to the results presented in FIGURE 3.4, one-way analysis of variance revealed no
significant change in gene targeting frequencies for the BRCA2 variants BRCA2-BRC1-4 and
BRCA2-BRC5-8 compared to the parental 12-21 cell line (F=0.1, p=0.98; APPENDIX II.4).
Thus, the Brca2 status of the cells may define the effect of the BRC repeats on HR. That is,
expression of BRCA2 BRC variants can alter the frequency of HR in cells with a normal level of
Brca2, but has no effect on HR in Brca2-depleted cells.
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FIGURE 3.5 The effect of the BRCA2 variants hBRCA2/BRC∆1-8, hBRCA/BRC1-4, and
hBRCA/BRC5-8 on gene targeting in Brca2-depleted 12-21 cells. Error bars indicate the mean +/standard error of the mean (n ≥ 3).
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3.4 Cellular localization of BRCA2 variants
Wild-type BRCA2 bears three nuclear localization signals (NLS) and is predominantly
nuclear localized (Chen et al., 1998). Sequencing of BRCA2 cDNA confirmed that the BRCA2
constructs contain NLS identical to that of wild-type BRCA2 (Magwood, A.C., unpublished
results). However, it was important to confirm that the BRC domain modifications did not
interfere with BRCA2 entrance into the nucleus, possibly by disturbing the protein configuration
and concealing the NLS.
To confirm the nuclear localization of BRCA2 constructs, cytoplasmic and nuclear
fractions were prepared from the igm482- and 12-21-derived expressors of hBRCA2/BRC∆1-8.
The subcellular fractions were assayed in Western immunoblotting using anti-human BRCA2
antibody Ab27976 as described above. To confirm the purity of the fractions, the blots were reprobed with anti–histone H1 antibody. The Western blot analysis revealed that the
hBRCA2/BRC∆1-8 construct is nuclear localized in the expressors with normal (igm482 B and Y)
and reduced (A36 and A38) levels of endogenous Brca2 (FIGURE 3.6). The presence of the
NLS sequence, the observed effect of BRCA2 constructs on HR and the confirmed nuclear
localization of the hBRCA2/BRC∆1-8 construct (which has the most perturbed BRC domain
among BRCA2 constructs) suggests that BRCA2 constructs are indeed able to enter the nucleus.
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FIGURE 3.6 Cellular localization of hBRCA2 variant hBRCA2-BRC∆1-8 in igm482- and Brca2depleted 12-21-derived cells. Western blot analysis of cytoplasmic (C) and nuclear (N) cellular
fractions and whole-cell extract (WCE) was used to determine cellular localization of hBRCA2
variants. Western blot analysis of histone H1 was used as a control for nuclear fraction purity.
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3.5 BRCA2 variants affect Rad51 level
BRC repeats are the main BRCA2 binding sites for monomeric Rad51 (Wong et al. 1997;
Chen et al., 1998). Rad51 binding to BRC repeats changes Rad51 conformation, inhibits its
ATPase activity, and modulates its substrate preference (Holloman, 2011). The BRC-Rad51
binding might keep Rad51 in the “ready” state that is necessary for loading onto ssDNA and for
a rapid BRCA2-mediated response to the DNA damage signal (Thorslund and West, 2007). In
undamaged cells, BRCA2 is believed to sequester BRC-bound Rad51 and prevent excessive
recombination. It is hypothesized that BRC-bound Rad51 is protected from proteolytic
degradation. Therefore, excess BRC repeats in the cell may result in an increase in the Rad51
level as observed in high BRCA2 over-expressing cells (Magwood et al., 2012). It might be
expected that BRC repeats with highest affinity to Rad51 (BRC 1-4) would be more effective in
protecting Rad51 than BRC repeats with the lowest affinity to Rad51 (BRC 5-8).
To test this hypothesis, total protein was extracted from the expressors of
hBRCA2/BRC1-4, hBRCA2/BRC4 and hBRCA2/BRC5-8 grown to a density of approximately 105
cells/ml, quantified by BCA protein assay, and 100 µg of total protein was subjected to SDSPAGE and transferred to PVDF membrane. The membrane was probed for Rad51 with antihuman Rad51 antibody (14B4, Abcam). The immunoblots were re-probed with anti-β-actin
antibody (AC-15, Sigma) as a loading control (FIGURE 3.7 presents a representative blot). The
band intensity was measured by densitometry using Quantity One software. The densitometric
analysis revealed that the expressors of hBRCA2/BRC1-4 (D93 and D208) as well as the
expressor of hBRCA/BRC4 (G94) had an elevated level of Rad51 compared to igm482-derived
non-expressing transformant cell line and the expressor of hBRCA2/BRC5-8 (F=17.24, p=0.003).
Results are summarized in Figure 3.8.
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FIGURE 3.7 hBRCA2 variants affect the level of endogenous Rad51. Western blot analysis was
used to determine the level of Rad51 in cell lines expressing various hBRCA2 constructs. The
blot was re-examined for β-actin.
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FIGURE 3.8 The relative level of Rad51 in the igm482-derived expressors of hBRCA2 variants.
Densitometric analysis of band intensity (FIGURE 3.7) was used to determine the Rad51/β-actin
ratio. The Rad51/β-actin ratios were normalized to that of the control igm482 hybridoma. Error
bars indicate the mean +/- standard error of the mean (n=2). Means indicated by the same lowercase letter are not significantly different at p≤ 0.05 according to Tukey’s HSD analysis.
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3.6 The effect of the C. elegans BRCA2 ortholog on mammalian gene targeting
One of the unanswered questions related to BRCA2 is why mammalian BRCA2 has eight
conserved BRC repeats while C. elegans and U. maydis BRCA2 orthologs are fully functional
with only a single BRC repeat. In this thesis, the C. elegans BRCA2 ortholog CeBRC-2 was
tested for its ability to stimulate mammalian recombination. The hybridoma cell line igm482 was
transfected with the plasmid vector containing FLAG-tagged CeBRC-2 cDNA and individual
G418R transformants were screened for CeBRC-2 expression by RT-PCR and Western blotting.
A total of 100 µg of the whole cell extract was electrophoresed through SDS-PAGE gel and
transferred to PVDF membrane. The membrane was probed for FLAG-tagged CeBRC-2 with the
mouse monoclonal anti-FLAG antibody. The expression of CeBRC-2 was quantified by
densitometric analysis of band intensity using the level of β–actin as the loading control
(FIGURE 3.9 panel A). CeBRC-2 expression was confirmed by RT-PCR amplification of a
1.2kb fragment of CeBRC-2 cDNA (FIGURE 3.9 panel B). The expressors with high and low
CeBRC-2 expression (FIGURE 3.9 lanes 1 and 2) were examined in the gene targeting assay.
The hybridoma cells with the highest level of CeBRC-2 expression (10B10) had a
moderately elevated frequency of gene targeting as compared to parental igm482 cells (F=20.21,
p<0.0001; APPENDIX II.5). The gene targeting frequency was unaffected in the low CeBRC-2
expressor (13-6) (FIGURE 3.10). Therefore, CeBRC-2 is able to stimulate mammalian HR,
albeit to a low extent.
Although Rad51 and the BRC motifs are very well conserved among species, it is
possible that the observed moderate effect of CeBRC-2 on HR is due to the low compatibility
between the C. elegans BRC repeat and mouse Rad51. To overcome this potential obstacle, the
BRC repeat in CeBRC-2 was replaced with human BRC repeat 4 (Ce-hBRC4). The Ce-hBRC4
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construct was introduced into img482 cells by electroporation and G418R transformant cell lines
were screen for Ce-hBRC4 expression by Western immunoblot (FIGURE 3.9 lanes 3 and 4).
The expressors with a high and low level of Ce-hBRC4 expression were studied in the
gene targeting assay for the effect of Ce-hBRC4 on HR (FIGURE 3.10). The high expressor of
Ce-hBRC4 (B29) had a moderately elevated frequency of gene targeting compared to parental
igm482 (F=20.21, p< 0.0001; APPENDIX II.5).
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FIGURE 3.9 Analysis of the expression of C. elegans BRC-2. Transformants were screened for
the expression of FLAG-tagged wild-type C. elegans CeBRC-2 and FLAG-tagged modified
C.elegans protein bearing human BRC repeat 4 Ce-hBRC4 by (A) anti-FLAG Western blot
using 42 kDa β-actin as a loading control and (B) RT-PCR.
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FIGURE 3.10 Mean gene targeting frequencies for the igm482 expressors of CeBRC-2 and CehBRC4. Error bars indicate the mean +/- standard error of the mean (n ≥ 3). Means indicated by
the same lower-case letter are not significantly different at p≤ 0.05 according to Tukey’s HSD
analysis.
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Chapter IV: DISCUSSION
The goal of this thesis was to determine the importance of BRCA2 BRC repeat
number and composition in homologous recombination.
Soon after the discovery of the breast-cancer related protein BRCA2 in 1995 (Wooster et
al., 1995), it became apparent that BRCA2 interacts with the Rad51 recombinase via a unique
repetitive motif, called the BRC repeat, which is conserved across species (Bignell et al., 1997).
Even though BRCA2 has been extensively studied, there are many unanswered questions related
to the function of the BRC repeats. It is not clear why mammalian BRCA2 has eight BRC
repeats while the number of BRC repeats varies from one to fifteen in different organisms
(Thorslund and West, 2007). It is not well understood whether BRC repeats are functionally
redundant or whether individual repeats have different functions. The notion of functional
redundancy is supported by studies with a fusion protein containing a single BRC repeat fused to
the DNA-binding domain, which restored HR to nearly wild-type levels in BRCA2-deficient
human CAPAN-1 cells (Saeki et al., 2006). On the other hand, the sequence, number and spatial
distribution of mammalian BRC repeats are highly conserved. This suggests that all BRC repeats
are necessary for proper functioning of mammalian BRCA2. The sequence conservation of BRC
repeats is higher across species than within one BRCA2 protein (Bignell et al., 1997). Therefore,
it is possible that individual BRC repeats have different specific functions in homologous
recombination and that their cooperative functioning has a reinforcing effect on homologous
recombination.
Several lines of evidence support the notion that BRC repeats have different roles in
homologous recombination. BRC repeats are not functionally equivalent in vitro. The BRC
repeats 1-4 bind free Rad51 with high affinity, reduce the ATPase activity of Rad51, prevent
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Rad51 nucleation on dsDNA, and enhance Rad51-mediated DNA strand exchange (Carreira and
Kowalczykowski, 2011). However, BRC repeats 5-8 are more divergent from the consensus
sequence and bind monomeric Rad51 with low affinity. They do not affect the ATPase activity
of Rad51, Rad51 nucleation on dsDNA or DNA strand exchange (Carreira and Kowalczykowski,
2011). However, BRC repeats 5-8 bind the Rad51-ssDNA filament with high affinity and greatly
enhance the binding of Rad51 to ssDNA by changing Rad51 relative affinity to ssDNA (Carreira
and Kowalczykowski, 2011). Nevertheless, in vitro studies with isolated individual repeats might
not correctly reflect the function of the repeats in the context of the intact protein in vivo. The
function of BRC repeats may be affected by additional regulatory elements in BRCA2, BRCA2interacting partners, and by sequences flanking the repeats, that are well conserved across
mammalian species. Conservation of the flanking sequences and the cancer-associated mutations
found in the flanking sequences suggest that the flanking sequences do indeed have a biological
significance (Szabo et al., 2000).
To study the function of BRC repeats in vivo in the context of the entire BRCA2 protein,
several BRCA2 variants were examined in this study: human BRCA2 bearing BRC repeats 1-4
(hBRCA2-/BRC1-4); human BRCA2 bearing BRC repeats 5-8 (hBRCA2/BRC5-8); human
BRCA2 bearing the single BRC repeat 4 (hBRCA2/BRC4), and as a control, human BRCA2
with an in-frame deletion of the entire BRC domain (hBRCA2/BRC∆1-8) (FIGURE 2.2).
It was previously shown that wild-type human BRCA2 interacts with mouse Rad51 and
can greatly stimulate gene targeting in murine hybridoma cells (Magwood et al., 2012). Gene
targeting was also responsive to the level of endogenous Rad51, that is, overexpression of Rad51
enhanced gene targeting in murine hybridoma cells (Rukść et al., 2007). Therefore, in principle,
at least some of the BRCA2 variants that were made were expected to have an effect on HR,
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assuming that an intact BRCA2 with all eight BRC repeats is not absolutely required for HR.
The variant hBRCA2/BRC∆1-8, which lacks all eight BRC repeats, was expected to have no
function or be deleterious to HR. The construct hBRCA2/BRC5-8 bearing BRC repeats with low
affinity to monomeric Rad51 was expected to have little or no function in HR. The variants
hBRCA2/BRC1-4 and hBRCA2/BRC4 were expected to stimulate HR since single BRC repeat 4
was able to promote Rad51-ssDNA filament assembly and enhanced DNA strand exchange in
vitro (Carreira et al., 2009).
To generate the various BRCA2 mutants, the BAC-recombineering technique was used
as described in Warming et al. (2005). This technique allows one to manipulate large DNA
fragments and to introduce any desirable modifications into the BAC DNA. The BAC bearing
the modified genomic sequence of human BRCA2 was introduced into mouse hybridoma cells
by electroporation. The transformants were screened for human BRCA2 expression by RT-PCR
and immunoblotting with anti-human BRCA2 antibody. The percentage of the transformants
expressing BRCA2 was less than 1%. Unfortunately, no expressors were found for the construct
bearing BRC repeat 8, and only one expressor each of hBRCA2/BRC5-8 and of hBRCA2/BRC4
was identified. Although these cell lines can provide valuable insights into the function of BRC
repeats, more than one individual cell line expressing each BRCA2 mutant would be required to
properly evaluate the effect of BRC repeats on HR.

BRC repeats have differential effects on homologous recombination
Previously, Magwood et al. (2012) showed that wild-type BRCA2 stimulated gene
targeting by 2-3 fold, so it was of interest to compare this result with BRCA2 variants expressing
BRC repeat modifications. The expression of human BRCA2 variants bearing four BRC repeats,
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that is one half the usual number of BRC repeats, displayed opposing effects on gene targeting
depending on which BRC group was expressed. The BRCA2 variant bearing BRC repeats 1-4,
which have the highest affinity for monomeric Rad51 (Wong et al., 1997; Chen 1998; Thorslund
et al., 2007), appeared to inhibit gene targeting by ~50%, whereas the BRCA2 variant bearing
BRC repeats with the lowest affinity to monomeric Rad51(BRC 5-8) increased the gene
targeting efficiency by 170%. BRCA2 containing the single BRC repeat 4 had no effect on gene
targeting efficiency.
The current model implies that BRCA2 sequesters Rad51 through BRC interactions in
undamaged cells and nucleates Rad51-ssDNA filament at a DSB in response to a DNA damage
signal (Thorslund and West, 2007). The high-affinity BRC repeats 1-4 are more likely to bind
and sequester Rad51 than low-affinity BRC repeats 5-8. The BRC repeat 4, similar to other highaffinity BRC repeats, forms a stable heterodimer with Rad51 through polar and hydrophobic
interactions (Carreira et al., 2009). It has been suggested that BRC repeats 1-4 “lock” ATPbound Rad51 monomers, and that Rad51 remains tightly bound to BRC repeats 1-4 when wildtype BRCA2 dissociates from the growing Rad51-ssDNA filament (Carreira and
Kowalczykowski, 2011). The BRC-bound Rad51 may then be used to nucleate the filament at
another position on the ssDNA.
The decreased frequency of gene targeting in the expressors of BRCA2 variant bearing
BRC repeats 1-4 might indicate that the variant competed with the endogenous murine Brca2 for
the Rad51 present within the nucleus. The BRC-bound “locked” Rad51 might not have been
available for endogenous Brca2 and so, could not participate in Brca2-mediated Rad51-ssDNA
filament formation. In the absence of BRC repeats 5-8, which effectively bind and stabilize the
Rad51-ssDNA filament in vitro, the expressed hBRCA2 variant with BRC repeats 1-4 was
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unable to stabilize the growing nucleoprotein filament resulting in limited filament growth and a
decrease in gene targeting. The mutant BRCA2 may also fail to load Rad51 properly or form the
nucleoprotein filament correctly since the presence of BRC 5-8 may also be important for
positioning Rad51 in a conformation favorable to filament nucleation. This resulted in a
decreased frequency of HR in the gene targeting assays. The results suggest that the low-affinity
BRC repeats 5-8, which were missing in the hBRCA2 variant bearing BRC1-4, are necessary for
BRCA2-mediated stimulation of HR.
It is believed that the minimal requirements for BRCA2 to be functional in HR is to have
one high-affinity BRC repeat and one DNA-binding domain (DBD), since all BRCA2 orthologs
meet this requirement, and a fusion peptide of BRC repeat 3 and the DBD was able to stimulate
HR in BRCA2-deficient cells (Saeki et al., 2006). However, fusion peptides may not accurately
reflect the function of BRC repeats embedded within the context of the whole protein. The fusion
peptide may bypass the complex control of BRCA2 provided by other parts of BRCA2 or
BRCA2-interacting proteins such as DSS1. It is interesting to note that the fusion peptide
inhibited, rather than stimulated, HR in wild-type cells (Saeki et al., 2006).
The C. elegans BRCA2 ortholog has one BRC repeat, but, unlike the mammalian BRC
repeats, it has two different Rad51-binding regions: one region binds monomeric Rad51 with
high affinity similar to mammalian BRC repeats 1-4 and the second region binds and stabilizes
Rad51-ssDNA filament comparable to BRC repeats 5-8 (Petalcorin et al., 2007). This
observation supports the notion that BRC repeats with both Rad51 binding and Rad51-ssDNA
filament stabilization features are needed for BRCA2 proteins to be functional in HR.
In vitro, the low-affinity BRC repeats 5 to 8 were shown to be very effective in binding
the Rad51-ssDNA filament and to greatly stimulate Rad51 binding to ssDNA, unlike the
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high-affinity BRC repeats 1 to 4 (Carreira and Kowalczykowski, 2011). It has been suggested
that the main function of the low affinity repeats is to stabilize the nascent nucleoprotein
filament. In this thesis, the role of BRC repeats 5-8 in HR was investigated in hybridoma cells.
To our knowledge, this is the first investigation of how these repeats function in HR in the
context of the rest of the BRCA2 protein in vivo. Quite unexpectedly, the expression of the
BRCA2 variant bearing the low-affinity BRC repeats 5-8 greatly stimulated the gene targeting
efficiency, albeit to a lower extent than the 2-3-fold stimulation reported for wild-type BRCA2
(Magwood et al., 2012). This phenomenon requires further investigation, since only one
expressor of this hBRCA2 variant was recovered for use in the gene targeting assays. A similar
dramatic increase in the formation of Rad51 foci, which are thought to be the cytological tags of
DSBs under recombinational repair, was observed in C. elegans cells injected with the Rad51ssDNA stabilizing domain of CeBRC repeat (Petalcorin et al., 2007). This domain can be
considered functionally similar to mammalian BRC repeats 5-8.
Given that BRC repeats 5 to 8 have high affinity for the Rad51-ssDNA complex and
stabilize the nucleoprotein filament in vitro, the observed increase in gene targeting efficiency
suggests that the BRCA2 construct bearing repeats 5-8 binds and stabilizes Rad51 filaments that
have already formed by endogenous Brca2 during the gene targeting process. Another possibility
is that the deletion of BRC repeats 1 to 4 disrupts the control of BRCA2 activity and causes the
upregulation of HR. In canine BRCA2, the BRC repeats 3, 5, and 8 have a suppressive role in
Rad51 binding, which might contribute to the regulation of BRCA2 function (Ochiai et al.,
2011). Similar to canine BRCA2, some of the human BRC repeats may have such a suppressive
role in the context of the intact protein in vivo. This can explain why a mutation in a single BRC
repeat can lead to cancer development: deletion or mutational inactivation of certain repeats may
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cause upregulation of HR, which in turn contributes to the genetic instability of mutated cells and
cancer progression. Therefore, the low-affinity BRC repeats may have potential clinical
importance, and it is important to further investigate their role in HR and to decipher their
specific functions.
The BRCA2 containing the single BRC repeat 4 had no effect on gene targeting
efficiency suggesting that alone, it is not functional in HR. Human BRCA2 may require more
than one BRC repeat to correctly position Rad51 monomers on the ssDNA and to stabilize the
nascent nucleoprotein filament. This finding contradicts previous studies using fusion peptides,
which were shown to restore HR in BRCA2-deficient cells (Saeki et al., 2006), and stresses the
differences that might occur in the functioning of fusion peptides compared to the entire BRCA2
protein. Another possibility is the improper folding of the protein due to most of its largest exon
being deleted. A similar concern exists for the BRC1-8-deleted BRCA2 variant, which also had
no effect on gene targeting, although this result was expected.

BRCA2 variants do not affect gene targeting in Brca2-depleted cells
Although the BRCA2 variants bearing BRC repeats 1-4 and 5-8 had a significant effect
on HR in igm482 cells, they had no effect on HR in igm482-derived Brca2-deficient 12-21 cells.
The complete cDNA sequence of the expressed BRCA2 mutants was determined and no
secondary mutations were identified within their cDNA sequence (Magwood, A. C., unpublished
results). Since these BRCA2 constructs were functional in igm482, improper BRCA2 folding is
unlikely. Therefore, the level of endogenous Brca2 appears to define the effect of BRC repeats
on HR.
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Wild-type BRCA2 can either stimulate or inhibit HR, depending on its expression level
(Magwood et al., 2012). In vitro, BRC repeats can have dual modes of Rad51protein binding,
permissive or inhibitory, depending on BRC concentration (Carreira et al., 2009; Rajendra and
Venkitaraman, 2010). Therefore, the stoichiometry between the BRCA2 and Rad51 is an
important factor affecting the efficiency of HR. In Brca2-deficient cells, the addition of BRCA2
mutants did not significantly alter the stoichiometry between BRC repeat and Rad51
concentrations and had no effect on gene targeting.

BRC repeats 1-4 increase the cellular level of Rad51
It is believed that one of the BRCA2 functions is to sequester Rad51 through the
interaction with BRC repeats in undamaged cells (Thorslund and West, 2007). The high-affinity
BRC repeats 1 to 4 are more likely to bind and sequester Rad51 than the low-affinity BRC
repeats 5 to 8. The BRC-bound Rad51 is then used by BRCA2 to elicit the quick response to
DNA damage. It is possible that the sequestered Rad51 is resistant to normal turnover by
proteasome degradation. Thus, the expression of BRC repeats 1-4 may protect some of the
Rad51 molecules from degradation. To test this hypothesis, the total cellular level of Rad51 was
measured in cell lines expressing the BRCA2/BRC1-4, BRCA2/BRC4, and BRCA2/BRC5-8
constructs and compared to the Rad51 level in control non-expressing transformant cell line. The
analysis revealed that cell lines expressing BRCA2/BRC1-4 and BRCA2/BRC4 have about 2-fold
elevated level of endogenous Rad51, whereas Rad51 level remained unchanged in control cell
lines and that line expressing BRCA2/BRC5-8. Similar results were obtained for Brca2-depleted
12-21 cell lines expressing BRCA2/BRC1-4 and BRCA2/BRC5-8 (Magwood, A. C., unpublished
results) as well as in cells with high levels of overexpressed wild-type BRCA2 (Magwood et al.,
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2012). Therefore, BRC repeats 1-4 may sequester Rad51 and protect it from degradation,
whereas BRC repeats 5-8 lack this ability. However, the BRCA2/BRC1-4 complex likely fails to
correctly nucleate Rad51-ssDNA filaments in the absence of BRC repeats 5-8 as suggested by
gene targeting assays described above.

C. elegans BRCA2 ortholog has moderate effect on mammalian gene targeting
In addition to the studies of human BRCA2 variants, the effect of the C. elegans BRCA2
ortholog CeBRC-2 on HR was investigated. Murine hybridoma cells were transfected with the
plasmid vector bearing FLAG-tagged CeBRC-2 cDNA. In another construct, the region of the
plasmid containing the C. elegans BRC repeat sequence was replaced with human BRC repeat 4,
and the modified plasmid (Ce-hBRC4) was introduced into hybridoma cells by electroporation.
The transformants were screened for the expression of either FLAG-tagged CeBRC-2 or CehBRC4 by immunoblotting with anti-FLAG antibody and by RT-PCR. Cell lines expressing
either CeBRC-2 or Ce-hBRC4 were tested for their HR efficiency in gene targeting assays.
Cell lines expressing high levels of CeBRC-2 or Ce-hBRC4 feature a moderately
elevated frequency of gene targeting, and this effect was more pronounced in the expressor of
Ce-hBRC4. The gene targeting frequency was unaffected in low expressors of CeBRC-2 or CehBRC4. These results indicate that, in principle, CeBRC-2 is functional in mammalian HR, but
not as efficient as human wild-type BRCA2, which stimulated gene targeting 2-3-fold
(Magwood et al., 2012). It is possible that CeBRC-2 has an inherently low basal effect on HR.
The C. elegans cells may compensate for a lower efficiency of CeBRC-2-mediated HR by an
elevated expression of Rad51 (Petalcorin et al., 2007; Takanami et al., 2000). A similar
mechanism of bypassing the requirement for BRCA2 and restoring HR was shown in
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BRCA2-deficient mammalian cells over-expressing Rad51 (Lee et al., 2009). Also, Rad51
overexpression can bypass deletion of BRCA1 (Martin et al., 2007).
The CeBRC-2 protein is a streamlined version of human BRCA2 (Petalcorin et al., 2007).
Although there is low sequence identity between these two proteins due to the dramatic
variability in size, they share many structural and functional similarities as discussed above.
However, there are also notable differences in their structure and function. Downstream of the
BRC repeat consensus sequence, the C. elegans BRC domain has an additional motif that acts
like human BRC repeats 5-8 (Petalcorin et al., 2007). This motif does not bind free Rad51, but
binds the Rad51-ssDNA complex with high affinity and is thought to stabilize the C. elegans
Rad51 nucleoprotein filament (Petalcorin et al., 2007). The C. elegans sequence corresponding
to human BRC repeat was replaced with the human BRC repeat 4 in the construct Ce-hBRC4;
however, this construct retained the downstream Rad51-ssDNA stabilizing motif specific for C.
elegans BRC region. The presence of this domain can explain why Ce-hBRC4 construct was
capable of stimulating gene targeting, while its human analog, BRCA2/BRC4 bearing the same
single BRC repeat 4, could not stimulate gene targeting: Ce-hBRC4 retained the Rad51-ssDNA
stabilizing motif whereas the corresponding domain in human BRCA2 (BRC repeats 5-8) was
deleted in the BRCA2/BRC4 construct. Therefore, the importance of BRC repeats with a low
affinity to free Rad51 may have been underestimated to date and their full role in HR awaits
further investigation.

The model of BRCA2 function in homologous recombination
The results of the experiments presented in this thesis support the model of BRCA2
function in HR described in Carreira and Kowalczykowski (2011) (FIGURE 1.7). In undamaged
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cells, BRC repeats 1 to 4 bind much of the cellular Rad51 through the motif that mimics Rad51
polymerization motif. This motif acts as an interface for self-oligomerization of Rad51
monomers. The mimicry allows BRC repeats to interfere with Rad51 oligomerization and to bind
Rad51 monomers. The BRC-bound monomeric Rad51 is thought to be inactive and protected
from proteolytic degradation. The sequestration of Rad51 may be necessary to prevent excessive
recombination in the undamaged mitotic cell, and protection from degradation may be important
for a quick response of BRCA2 to a DNA damage signal (Thorslund and West, 2007). As
discussed above, expression of BRCA2/BRC1-4 resulted in a decrease in HR efficiency and an
elevated Rad51 level, which may indicate that BRCA2/BRC1-4-bound Rad51 was protected from
proteolytic degradation, but could not participate in HR.
Upon DNA damage, the BRCA2 C-terminal domain TR2 is de-phosphorylated, which
changes the conformational state of BRCA2 (Esashi et al., 2007). BRCA2 then recruits Rad51 to
the site of DSB, loads Rad51 at the ssDNA tails of a DSB in a position favorable for
nucleoprotein filament nucleation, and prevents Rad51 binding to dsDNA nearby (Carreira and
Kowalczykowski, 2011). The BRC repeats 1 to 4 change the conformation of Rad51, which
attenuates Rad51 ATPase activity, thus preventing premature disassembly of the nascent
nucleoprotein filament (Carreira and Kowalczykowski, 2011). The growing filament is stabilized
by the BRC repeats 5 to 8, which bind Rad51-ssDNA complex and greatly increase the relative
affinity of Rad51 to ssDNA (Carreira and Kowalczykowski, 2011). The expression of
BRCA2/BRC5-8 significantly stimulated the efficiency of HR, which may indicate that
stabilization of the nascent filament by BRC repeats 5 to 8 is an important process affecting the
efficiency of HR.
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Upon filament nucleation, BRCA2 is released from DNA, possibly together with the
Rad51 monomers originally bound to BRC repeats 1 to 4. The nucleoprotein filament continues
to grow in a BRCA2-independent manner and initiates the next steps of recombination
(Holthausen et al., 2010). The released BRCA2 can repeat the process at another DSB or became
inactivated by phosphorylation at its C-terminus (Esashi et al., 2007). The BRC repeats 1-4 of
inactivated BRCA2 sequester Rad51 monomers until the next DNA damage event.

Conclusions:
In this thesis, the BRC repeats of human BRCA2 have been modified, expressed in
murine hybridoma cell lines, and tested for their effects on HR, using a gene targeting assay. The
results of the gene targeting assays suggest that the composition of the BRC domain has crucial
importance for BRCA2 function in HR. The BRCA2 constructs bearing different BRC repeats
had opposing effects on gene targeting depending on the type of the BRC repeats present in the
construct. This observation indicates that BRC repeats are not functionally equivalent. Although
the exact function of different BRC repeats cannot be elucidated with the gene targeting assays
alone, the differential effects of the BRCA2 constructs on gene targeting support the current
model of BRC function. According to this model, BRC repeats 1-4 bind monomers of Rad51
with high affinity and load them onto ssDNA, while BRC repeats 5-8 stabilize the nascent
nucleoprotein filament. In the absence of either of these BRC groups, BRCA2 cannot reach the
level of stimulation of HR reported for wild type BRCA2. This indicates that BRC repeats are
not functionally redundant and that human BRCA2 is the most efficient when all eight BRC
repeats are present.
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FUTURE DIRECTIONS
The work presented in this thesis represents a start at dissecting the specific functions of
the BRCA2 BRC repeats in HR. Many further steps have to be done in order to elucidate the
functions of the BRC repeats.
BAC recombineering provides a convenient tool for manipulating large DNA sequences
in desired ways. This technique can be used to expand the set of BRCA2 variants to include a
combination of individual BRC repeats 4 and 8. This construct would help in determining if a
combination of single BRC repeats of high affinity (BRC4) and low affinity (BRC8) to
monomeric Rad51 is sufficient for BRCA2 to stimulate gene targeting. The significance of
individual BRC repeats within each BRC group might be assessed in gene targeting assays with
BRCA2 construct bearing four copies of BRC4 and four copies of BRC8. The role of individual
BRC repeats can be further investigated using BRCA2 constructs bearing individual BRC
repeats, and BRCA2 constructs with in-frame deletions of a single BRC repeat or with subtle
modifications within a repeat(s).
It would be interesting to test wether decreases or increases in gene targeting efficiency,
such as those observed for several of the constructs already, can be affected by ectopic
expression of constructs with the missing BRC repeats. To study the function of BRC repeats
more extensively, the BRCA2 variants can be examined for their effect on other HR pathways
such as intrachromosomal recombination and ectopic recombination, and on DNA damage
repair, such as in cells treated with ionizing radiation or mitomycin C. Moreover, the BRCA2
constructs can be tested in other HR assays, such as the 3’ DNA end extension assay (Si et al.,
2010), to determine whether the strand invasion step of HR is affected by the expression of
BRCA2 constructs.
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Other important BRCA2 domains, such as C-terminal Rad51-interacting domain, can be
assayed for their role in HR. This domain is similar to BRC repeat 5 to 8 in that it does not bind
monomeric Rad51 but stabilize Rad51 nucleoprotein filament.
Taken together, studies of BRCA2 structure and function are expected to provide
valuable insights into the complex function and biological significance of tumor suppressor
BRCA2 and, therefore, are expected to be of clinical importance.
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APPENDIX I

Non-Denaturing Lysis Buffer (NDB)
1% NP-40
137mM NaCl
20mM Tris–Cl (pH 8)
2mM EDTA
10% glycerol
protease inhibitor (1 tablet per 10 ml; Roche)

Permeabilization Buffer
140mM KCl
1mM MgCl2
1mM ATP
10mM glucose
1mM EGTA
0.2mM CaCl2
10mM Hepes

Freezing Medium
433mL DMEM+ BCS +
2-Mercaptoethanol
23.5mL BCS (heat inactivated)
43.3mL DiMethylSulphOxide (DMSO)

1× PBS (4L)
32g NaCl
0.8g KCl
4.6g Na2HPO4
0.8g KH2PO4
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Transfer Buffer (1L)
200mL methanol
3.03g Tris base
14.4g glycine

10× Electrode Buffer (1L)
30.03g Tris base
144g glycine
10g SDS

APPENDIX II
AII.1 Statistical analysis of gene targeting assays results for igm482-derived cell lines
expressing hBRCA2-BRC∆1-8. Numbers in the Data Entry field represent the number of PCF.
Sample 1, igm482; sample 2, igm482 hBRCA2-BRC∆1-8 (clone B); sample 3, igm482 hBRCA2BRC∆1-8 (clone Y). Statistical analysis was performed using VassarStats software.
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AII.2 Statistical analysis of gene targeting assay results for igm482-derived cell lines expressing
hBRCA2 constructs. Numbers in the Data Entry field represent the number of PCF. Sample 1,
igm482; sample 2, igm482 hBRCA2/BRCl-4 (clone D93); sample 3, igm482 hBRCA2/BRCl-4
(clone D208); sample 4, igm482 hBRCA2/BRC5-8 (clone H227); sample 5, igm482
hBRCA2/BRC4 (clone G94). Statistical analysis was performed using VassarStats software.
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AII.3 Statistical analysis of gene targeting assay results for 12-21-derived cell lines expressing
hBRCA2-BRC∆1-8. Numbers in the Data Entry field represent the number of PCF. Sample 1, 1221; sample 2, 12-21 hBRCA2-BRC∆1-8 (clone A36); sample 3, 12-21 hBRCA2-BRC∆1-8 (clone
A38). Statistical analysis was performed using VassarStats software.
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AII.4 Statistical analysis of gene targeting assay results for 12-21-derived cell lines expressing
hBRCA2 constructs. Numbers in the Data Entry field represent the number of PCF. Sample 1,
12-21; sample 2, 12-21 hBRCA2/BRC1-4 (clone 23-5); sample 3, 12-21 hBRCA2/BRC1-4 (clone
39-1); sample 4, 12-21 hBRCA2/BRC5-8 (clone 10-4); sample 5, 12-21 hBRCA2/BRC5-8 (clone
17-1). Statistical analysis was performed using VassarStats software.
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AII.5 Statistical analysis of gene targeting assay results for igm482-derived cell lines expressing
C. elegans BRCA2 ortholog. Numbers in the Data Entry field represent the number of PCF.
Sample 1, igm482; sample 2, igm482 CeBRC-2 (clone 10B10); sample 3, igm482 CeBRC-2
(clone 13-6); sample 4, igm482 Ce-hBRC4 (clone B29); sample 3, igm482 Ce-hBRC4 (clone
B78). Statistical analysis was performed using VassarStats software.
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APPENDIX III
AIII.1 Sequence of the BRC region of human BRCA. The BRC repeats are highlighted. The
200bp flanking sequences that were used as homology arms in BAC-recombineering (Section
2.6) are in bold.
CAATTAAAAAAGATTTGGTTTATGTTCTTGCAGAGGAGAACAAAAATAGTGTAAAGCAGCATATAAAAAT
GACTCTAGGTCAAGATTTAAAATCGGACATCTCCTTGAATATAGATAAAATACCAGAAAAAAATAATGAT
TACATGAACAAATGGGCAGGACTCTTAGGTCCAATTTCAAATCACAGTTTTGGAGGTAGCTTCAGAACAG
CTTCAAATAAGGAAATCAAGCTCTCTGAACATAACATTAAGAAGAGCAAAATGTTCTTCAAAGATATTGA
AGAACAATATCCTACTAGTTTAGCTTGTGTTGAAATTGTAAATACCTTGGCATTAGATAATCAAAAGAAA
CTGAGCAAGCCTCAGTCAATTAATACTGTATCTGCACATTTACAGAGTAGTGTAGTTGTTTCTGATTGTA
AAAATAGTCATATAACCCCTCAGATGTTATTTTCCAAGCAGGATTTTAATTCAAACCATAATTTAACACC
TAGCCAAAAGGCAGAAATTACAGAACTTTCTACTATATTAGAAGAATCAGGAAGTCAGTTTGAATTTACT
CAGTTTAGAAAACCAAGCTACATATTGCAGAAGAGTACATTTGAAGTGCCTGAAAACCAGATGACTATCT
TAAAGACCACTTCTGAGGAATGCAGAGATGCTGATCTTCATGTCATAATGAATGCCCCATCGATTGGTCA
GGTAGACAGCAGCAAGCAATTTGAAGGTACAGTTGAAATTAAACGGAAGTTTGCTGGCCTGTTGAAAAAT
GACTGTAACAAAAGTGCTTCTGGTTATTTAACAGATGAAAATGAAGTGGGGTTTAGGGGCTTTTATTCTG
CTCATGGCACAAAACTGAATGTTTCTACTGAAGCTCTGCAAAAAGCTGTGAAACTGTTTAGTGATATTGA
GAATATTAGTGAGGAAACTTCTGCAGAGGTACATCCAATAAGTTTATCTTCAAGTAAATGTCATGATTCT
GTTGTTTCAATGTTTAAGATAGAAAATCATAATGATAAAACTGTAAGTGAAAAAAATAATAAATGCCAAC
TGATATTACAAAATAATATTGAAATGACTACTGGCACTTTTGTTGAAGAAATTACTGAAAATTACAAGAG
AAATACTGAAAATGAAGATAACAAATATACTGCTGCCAGTAGAAATTCTCATAACTTAGAATTTGATGGC
AGTGATTCAAGTAAAAATGATACTGTTTGTATTCATAAAGATGAAACGGACTTGCTATTTACTGATCAGC
ACAACATATGTCTTAAATTATCTGGCCAGTTTATGAAGGAGGGAAACACTCAGATTAAAGAAGATTTGTC
AGATTTAACTTTTTTGGAAGTTGCGAAAGCTCAAGAAGCATGTCATGGTAATACTTCAAATAAAGAACAG
TTAACTGCTACTAAAACGGAGCAAAATATAAAAGATTTTGAGACTTCTGATACATTTTTTCAGACTGCAA
GTGGGAAAAATATTAGTGTCGCCAAAGAGTCATTTAATAAAATTGTAAATTTCTTTGATCAGAAACCAGA
AGAATTGCATAACTTTTCCTTAAATTCTGAATTACATTCTGACATAAGAAAGAACAAAATGGACATTCTA
AGTTATGAGGAAACAGACATAGTTAAACACAAAATACTGAAAGAAAGTGTCCCAGTTGGTACTGGAAATC
AACTAGTGACCTTCCAGGGACAACCCGAACGTGATGAAAAGATCAAAGAACCTACTCTATTGGGTTTTCA
TACAGCTAGCGGGAAAAAAGTTAAAATTGCAAAGGAATCTTTGGACAAAGTGAAAAACCTTTTTGATGAA
AAAGAGCAAGGTACTAGTGAAATCACCAGTTTTAGCCATCAATGGGCAAAGACCCTAAAGTACAGAGAGG
CCTGTAAAGACCTTGAATTAGCATGTGAGACCATTGAGATCACAGCTGCCCCAAAGTGTAAAGAAATGCA
GAATTCTCTCAATAATGATAAAAACCTTGTTTCTATTGAGACTGTGGTGCCACCTAAGCTCTTAAGTGAT
AATTTATGTAGACAAACTGAAAATCTCAAAACATCAAAAAGTATCTTTTTGAAAGTTAAAGTACATGAAA
ATGTAGAAAAAGAAACAGCAAAAAGTCCTGCAACTTGTTACACAAATCAGTCCCCTTATTCAGTCATTGA
AAATTCAGCCTTAGCTTTTTACACAAGTTGTAGTAGAAAAACTTCTGTGAGTCAGACTTCATTACTTGAA
GCAAAAAAATGGCTTAGAGAAGGAATATTTGATGGTCAACCAGAAAGAATAAATACTGCAGATTATGTAG
GAAATTATTTGTATGAAAATAATTCAAACAGTACTATAGCTGAAAATGACAAAAATCATCTCTCCGAAAA
ACAAGATACTTATTTAAGTAACAGTAGCATGTCTAACAGCTATTCCTACCATTCTGATGAGGTATATAAT
GATTCAGGATATCTCTCAAAAAATAAACTTGATTCTGGTATTGAGCCAGTATTGAAGAATGTTGAAGATC
AAAAAAACACTAGTTTTTCCAAAGTAATATCCAATGTAAAAGATGCAAATGCATACCCACAAACTGTAAA
TGAAGATATTTGCGTTGAGGAACTTGTGACTAGCTCTTCACCCTGCAAAAATAAAAATGCAGCCATTAAA
TTGTCCATATCTAATAGTAATAATTTTGAGGTAGGGCCACCTGCATTTAGGATAGCCAGTGGTAAAATCG
TTTGTGTTTCACATGAAACAATTAAAAAAGTGAAAGACATATTTACAGACAGTTTCAGTAAAGTAATTAA
GGAAAACAACGAGAATAAATCAAAAATTTGCCAAACGAAAATTATGGCAGGTTGTTACGAGGCATTGGAT
GATTCAGAGGATATTCTTCATAACTCTCTAGATAATGATGAATGTAGCACGCATTCACATAAGGTTTTTG
CTGACATTCAGAGTGAAGAAATTTTACAACATAACCAAAATATGTCTGGATTGGAGAAAGTTTCTAAAAT
ATCACCTTGTGATGTTAGTTTGGAAACTTCAGATATATGTAAATGTAGTATAGGGAAGCTTCATAAGTCA
GTCTCATCTGCAAATACTTGTGGGATTTTTAGCACAGCAAGTGGAAAATCTGTCCAGGTATCAGATGCTT
CATTACAAAACGCAAGACAAGTGTTTTCTGAAATAGAAGATAGTACCAAGCAAGTCTTTTCCAAAGTATT
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BRC2

BRC3

BRC4

BRC5

BRC6

BRC7

GTTTAAAAGTAACGAACATTCAGACCAGCTCACAAGAGAAGAAAATACTGCTATACGTACTCCAGAACAT
TTAATATCCCAAAAAGGCTTTTCATATAATGTGGTAAATTCATCTGCTTTCTCTGGATTTAGTACAGCAA
GTGGAAAGCAAGTTTCCATTTTAGAAAGTTCCTTACACAAAGTTAAGGGAGTGTTAGAGGAATTTGATTT
AATCAGAACTGAGCATAGTCTTCACTATTCACCTACGTCTAGACAAAATGTATCAAAAATACTTCCTCGT
GTTGATAAGAGAAACCCAGAGCACTGTGTAAACTCAGAAATGGAAAAAACCTGCAGTAAAGAATTTAAAT
TATCAAATAACTTAAATGTTGAAGGTGGTTCTTCAGAAAATAATCACTCTATTAAAGTTTCTCCATATCT
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