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ABSTRACT 

CHARACTERIZATION OF HUMAN BRCA2 TRUNCATIONS ON RAD51 LEVELS AND 

HOMOLOGY DIRECTED REPAIR IN MAMMALIAN CELLS 

Samanta Pladwig 

University of Guelph, 2020

Advisor: 

Dr. Mark D. Baker 

 

Two keystone proteins in the homology-directed repair (HDR) pathway for restoring 

double-stranded DNA breaks are BRCA2 and Rad51, which interact through eight highly 

conserved motifs known as BRC repeats. Germline mutations in BRCA2 increase the risk of 

developing early onset cancer, such as 6174delT which truncates BRCA2 within the 7th BRC 

repeat. Mouse hybridoma cells expressing 2XMBP-tagged human BRCA2 truncated after the 8th, 

6th, 4th and just before the 1st repeat, were used to investigate how the number of BRC repeats in 

a shortened BRCA2 protein impacts Rad51 protein levels. HDR, cell growth, DNA damage 

tolerance and p53 protein levels were also characterized, with each BRCA2 truncation producing 

a unique cellular response. The variable effects observed by changing the number of BRC repeats 

in the context of a missing C-terminal domain underscores the complexity of BRCA2, both in its 

role in promoting HDR and how dysfunctional proteins lead to tumorigenesis. 
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Chapter 1 - Introduction and Review of Literature 

The stability and maintenance of genetic material is paramount to the functional 

development, perpetuation and evolution of all organisms. Loss of genomic integrity disrupts 

protein coding and regulatory genes causing aneuploidy and chromosomal aberrations which 

results in a breakdown of the tightly controlled and highly complex signaling cascades required 

for biochemical functioning in the cell. Genomes become increasingly unstable as mutations are 

accrued within cell cycle check point and DNA damage repair genes, increasing the likelihood of 

additional chromosomal damage and further mutations accumulating after successive rounds of 

cell division (Hartwell, 1992). Dysregulation of genes controlling cell growth, replication, 

intercellular communication and response to apoptotic signals results in neoplastic transformation, 

with cancerous cells characteristically harboring translocations, dicentric chromosomes and 

aneuploidy (Lengauer et al., 1998; Weber, 2002). The various DNA repair pathways that have 

evolved to protect the genome are highly conserved and the large resource investment made into 

DNA repair and maintenance proteins as genomes increase in size underline how maintenance of 

genomic stability is indispensable for life (Taylor and Lehmann, 1998; Aravind et al., 1999; 

Voskarides et al., 2019).  

1.1 DNA Damage, Detection and Repair 

DNA is under constant assault from both exogenous and endogenous mutagenic agents such 

as exposure to ionizing radiation (IR), genotoxic chemicals, and reactive metabolites generated as 

a result of normal cellular processes (De Bont and van Larebeke, 2004). DNA can be damaged in 

a variety of ways, all of which prevent functional interactions within the double helix and with 
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proteins required for cell survival and proliferation, and thus mutations in DNA repair genes are 

associated with disease, particularly cancer pre-disposition (Chatterjee and Walker, 2017). 

Individual bases can be chemically modified including nucleotide oxidation, alkylation, 

depurination or large adducts can be formed by covalent bonding between neighbouring bases 

forming either intrastrand or interstrand cross linkages (ICLs), or the binding of large exogenous 

compounds from exposure to toxins, such as nitrosamines from cigarette smoke (Ciccia and 

Elledge, 2010; Giglia-Mari et al., 2011). The type of DNA damage incurred, and the cell cycle 

stage in which it occurs will determine the repair pathway selected, though none are mutually 

exclusive and over-lap in repair proteins, signaling factors, DNA substrates, as well as timing 

within the cell cycle (Jackson and Bartek, 2009).  This review will focus on the main DNA repair 

pathways observed in mammalian cells.  

 Base excision repair (BER) functions to remove most minor lesions such as bases oxidized 

by reactive oxygen species (ROS) produced by aerobic respiration in the mitochondria or exposure 

to IR (Hegde et al., 2008). The different modified bases are identified by specific DNA 

glycosylases that flip out the abnormal nucleotide into a lesion-specific binding cleft which cleaves 

the N-glycosidic bond and generates an abasic site. The phosphodiester bonds in the DNA 

backbone are cleaved by the lyase activity of bifunctional glycosylases or by AP endonuclease 1, 

generating 3ʹ-OH and 5ʹ-deoxyribose phosphate ends on each side of the single nucleotide gap. 

The gap is filled in by DNA polymerase β, which also removes the 5′-deoxyribose phosphate to 

produce a 5′-OH end which is sealed by XRCC1/Ligase III to complete the repair (Hegde et al., 

2008). 
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Nucleotide excision repair (NER) has a wider lesion specificity than BER because it targets 

lesions based on contortion of the DNA helical structure, rather than utilizing specialized enzymes 

for each distinctly damaged base (Giglia-Mari et al., 2011). NER corrects larger DNA adducts 

such as UV photoproducts, pyrimidine dimers, cyclopurines, and intrastrand crosslinks, and the 

pathway is split into two distinct subtypes: global genomic repair (GGR) and transcription-coupled 

repair (TCR) (Marteijn et al., 2014). In GGR, damage is recognized by XPC, complexed with 

RAD23B and Centrin-2, by probing the genome and binding to ssDNA that bulges out due to 

disturbed base-pairing with the damaged stand, but with additional assistance from ultraviolet 

radiation–DNA damage-binding protein (UV–DDB) complex for specific recognition of UV-

induced cyclobutane–pyrimidine dimers. TCR is initiated by stalled RNA polymerase II when 

encountering a lesion during gene transcription and draws in Cockayne syndrome WD repeat 

proteins A and B (CSA and CSB respectively) which recruit additional NER and TC-NER-specific 

factors (Marteijn et al., 2014). After damage recognition, the two sub-pathways intersect by 

recruitment of the TFIIH complex, containing XPB and XPD helicase subunits which unwind 

DNA on either side of the lesion, attracting replication protein A (RPA) to protect the newly 

exposed ssDNA, as well as XPF and XPG endonucleases to cleave the 5ʹ and 3ʹ sides of the lesion 

(Spivak, 2015). The gap is finally filled-in by DNA replication complexes, and remaining nicks 

are sealed by DNA ligase III/XRCC1 or DNA ligase I. 

Mismatch Repair (MMR) is the repair pathway coupled with replication to recognize and 

excise incorrectly incorporated bases that were missed by the proofreading activity of replicative 

DNA polymerases and insertions/deletions due to replication fork slippage (Giglia-Mari et al., 

2011). MutSα is a heterodimer comprised of Msh2 and Msh6, which recognize and bind to 

mismatched DNA pairs and through its ATPase activity and becomes activated so that it binds 
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MutLα, a heterodimer consisting of Mlh1 and Pms2, that itself becomes activated by the 

proliferating cell nuclear antigen (PCNA) sliding clamp from the replication complex to introduce 

a nick on the 5ʹ side of the error on the nascent strand (Kunkel and Erie, 2015). The subsequent 

recruitment of Exo1 digests the nicked DNA strand in a 5ʹ to 3ʹ direction, allowing the DNA 

replication complex (using DNA polymerase δ or ε) to restore the strand before being sealed by 

DNA ligase. 

ICL repair is initiated by Fanconi Anemia (FA) proteins, so named for the disease caused by 

a mutation in any of the +20 FA associated genes which result in growth delays, bone marrow 

abnormalities, high incidences of cancer, and sensitivity to crosslinking agents such as the 

anticancer drug mitomycin C (MMC) (Kee and D’Andrea, 2012). NER and translesion synthesis 

(TLS) correct ICLs in non-replicative cells, but FANCM complexing together with FAAP24 and 

MHF proteins recognize and bind to ICLs in replicating cells, which activate downstream targets 

for DNA damaging signaling and recruit the FA core complex consisting of FANCA, FANCB, 

FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, FAAP20 and FAAP100 proteins 

(Chatterjee and Walker, 2017). The core complex monoubiquitinates the FANCD2-FANCI 

heterodimer which subsequently recruits XPF-ERCC1, MUS8-EME1, SLX4-SLX1, FAN1, and 

SNM1A/SNM1B endonucleases to cut out the lesion on either side which uncouples the ICL and 

generates a double stranded break (DSB). TLS bypasses the ICL using DNA polymerases ι, κ, ν, 

and REV1 on the lagging strand, and the DSB on the leading strand is filled in via homologous 

recombination (HR) using the newly repaired lagging strand as the template (Chatterjee and 

Walker, 2017). The details of homology-directed repair are explored in section 1.2. 
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The most detrimental type of DNA damage are DSBs, as other forms of damage such single 

stranded breaks (SSBs) can be more readily repaired due to the closely associated complementary 

strand acting as a template for any missing or chemically modified bases on the damaged strand 

(Alberts et al., 2002). Separation of the phosphate backbone on both DNA strands leaves no 

proximal template, and the degradation or modification of bases on either side of the break 

introduces additional challenges in faithfully correcting the damage (Cannan and Pederson, 2016). 

Other forms of DNA damage can be readily converted into DSBs, which stimulates recombination 

between non-homologous chromosomes and increases the likelihood of translocations and 

inversions due to aberrant ligation of broken ends and can induce cell death (Richardson et al., 

1998). DSBs also occur as a result of imperfect cellular processes, such as collapsed replication 

forks (Vamvakas et al., 1997). The replication machinery will pause if it encounters transcriptional 

complexes or DNA adducts and will collapse resulting in DSBs if the blockage cannot be rapidly 

cleared, or if the replisome encounters an SSB (Jones and Petermann, 2012).  

The different pathways that have evolved to correct these diverse lesions are part of the DNA 

damage response (DDR) which is a complex signaling cascade to detect damage, recruit 

appropriate DNA repair factors, control cell cycle progression and initiate apoptosis if the damage 

is too severe (Jackson and Bartek, 2009). The detection of ds- and ssDNA damage is headed by 

two main sensor kinases: Ataxia-telangiectasia mutated (ATM) and Ataxia-telangiectasia and 

Rad3-related (ATR) which activate through phosphorylation, hundreds of downstream targets 

including Chk2 and Chk1, respectively, to amplify the damage signal and recruit DNA repair 

factors including BRCA1, BRCA2, p53, and phosphorylation of H2AX histones to relax chromatin 

around the break to facilitate binding of repair complexes (Sun et al., 2020). The presence of RPA-

coated ssDNA provides the signal to recruit ATR complexed with ATR-interacting protein 
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(ATRIP), along with RAD17 and Rad9-Hus1-Rad1 (9-1-1) complexes that activate ATR (Zou and 

Elledge, 2003). The MRN complex, consisting of Mre11, Rad50, and Nbs1 proteins, slides along 

DNA until it recognizes the free ends at DSB sites, where it recruits and phosphorylates ATM to 

activate it (Myler et al., 2017). MRN also performs end resection on both 5ʹ and 3ʹ DNA ends and 

recruits additional nucleases like Exo1 to perform long-range resection. 

Non-homologous end-joining (NHEJ) and homology directed repair (HDR) are the two main 

repair mechanisms that have evolved to correct DSBs. Originally thought to be parallel 

competitive pathways, NHEJ and HDR are co-operative processes where NHEJ allows for rapid 

resolution of DSBs and HDR can correct more complex lesions (Kim et al., 2005). NHEJ seeks to 

ligate the broken DNA ends after minimal processing, which is mutagenic because any sequence 

that was interrupted by the break or end processing is permanently lost. The advantage HDR has 

over NHEJ is that a sister chromatid or homologous chromosome can serve as a template to restore 

any lost genetic information before the break is ligated. HDR is considered a high-fidelity repair 

mechanism, however loss of heterozygosity (LOH) occurs should gene conversion take place 

during the resolution of recombination intermediates but is still considered less mutagenic than 

NHEJ (Khanna and Jackson, 2001). As a component of HDR, homologous recombination is also 

the mechanism by which homologous chromosomes recombine during the development of 

gametes to promote genetic diversity (Thorslund et al., 2007). The preference for NHEJ or HDR 

for DSBs depends on when the break occurs in the context of the cell cycle as well as the nature 

of the broken DNA ends (Cannan and Pederson., 2016). NHEJ occurs if the damage happens in 

G0 or G1, while DSBs formed in S or G2 are repaired by HDR likely due to low BRCA2 protein 

levels during G0/G1 phases, which increase as cells enter S phase (Su et al., 1998).  
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NHEJ is initiated when free DNA ends are rapidly bound by Ku70/Ku80 heterodimers which 

are abundant through-out the cell cycle and form a ring that interacts sterically with the minor and 

major grooves of DNA and has high affinity for dsDNA ends (Walker et al., 2001). This recruits 

DNA-PKcs that subsequently activates the nuclease Artemis which processes the DNA ends by 

cleaving off any over-hangs or modified bases, which may include exposing short regions of 

homology to link the two broken DNA ends for successful ligation (Pannunzio et al., 2018). DNA 

synthesis to fill in any gaps is performed by DNA polymerases μ and λ and nicks are sealed by the 

DNA ligase IV-XRCC4-XLF complex. The mutagenic nature of NHEJ repair is essential for 

somatic hypermutation of V, D, and J gene segments required for the maturation of B and T 

lymphocyte antigen receptors, as mutations in NHEJ proteins results in IR sensitivity and 

immunodeficiency (Jung and Alt, 2004).  

1.2 Homology Directed Repair 

If there are secondary structures or protein complexes forming “dirty ends” on either side of 

the break, the MRN complex removes Ku70/Ku80 heterodimers through the nuclease activity of 

the Mre11 subunit in order to promote HDR (Myler et al., 2017). The MRN complex requires C-

terminal-binding protein interacting protein (CtIP) to stimulate its nuclease activity, as well as 

further resection by Exo1 or DNA-BLM endonuclease complexes to generate 3ʹ ssDNA tails 

necessary for strand invasion (Cannan and Pederson, 2016; Pannunzio et al., 2018). Ku70/80 

binding to free DNA ends also drops off in late G2/S phase transitions due to interactions with 

CYREN to help restrict NHEJ in G1 and reduce competition for HDR factors in S phase (Arnoult 

et al., 2017). 
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One of the phosphorylation targets of ATM is MDC1 which helps to regulate DSB repair 

choice, together with 53BP1 following its own phosphorylation by the activated MRN complex 

(Smith et al., 2010). The activated MRN complex generating γH2AX histones signals the 

recruitment of MDC1 which gets phosphorylated by ATM to drive further generation of γH2AX 

histones to anchor additional HR factors, such as ubiquitin E3 ligases RNF8 and RNF168 (Smith 

et al., 2010; Liu et al., 2014). RNF8 and RNF168 ubiquitinates H2A histones to signal the 

recruitment of BRCA1 and 53BP1 to the break sites. G1 cells recruit RIF1 to break sites by MRN-

phosphorylated 53BP1 which blocks the recruitment of BRCA1 and promotes NHEJ (Liu et al., 

2014). CtIP is activated by cyclin dependent kinases (CDKs) to become phosphorylated during S 

phase and guides DSB pathway decision towards HDR (You and Bailis, 2010). This activation of 

CtIP recruits BRCA1 and displaces bound RIF1 during S and G2 phases which promotes resection 

of 5ʹ DNA ends by MRN, Exo1 (or BLM) and CtIP; generation of the 3ʹ ssDNA tails commits the 

pathway to HDR (Liu et al., 2014). 

The resected 3ʹ ssDNA tails are rapidly coated by RPA, which binds strongly to ssDNA, 

to protect the tails from further nucleolytic degradation and formation of secondary structures (Sun 

et al., 2020; Figure 1A). As mentioned previously, BRCA1 (breast cancer associated protein 1) is 

recruited to DSBs and it facilitates HDR by interacting with PALB2 (partner and localizer of 

BRCA2) in order to recruit the key recombination mediator, breast cancer associated protein 2 

(BRCA2) to the break site (Prakash et al., 2015). Mutation or depletion of PALB2, BRCA1 or 

BRCA2 impact G2 checkpoint control, and results in cells that proliferate with greater genome 

instability (Simhadri et al., 2019). The PALB2 N-terminal end directly interacts with BRCA1 

through its coil-coiled domain, while the PALB2 C-terminal end contains a WD-40 motif that 

interacts with the C-terminal end of BRCA2 and this functionally links BRCA1 and BRCA2 
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together for HDR. Disruption of either of these interaction domains in PALB2 results in HDR 

defects (Zhang et al., 2009; Park et al., 2014). BRCA2 binds to DNA on either side of the break 

and displaces RPA by binding to recombinase Rad51 (Figure 1A), which forms a helical 

nucleoprotein filament. BRCA2 stabilizes the growing nucleoprotein filament by inhibiting Rad51 

ATP hydrolysis activity and keeps Rad51 in the active conformation to stimulate subsequent strand 

exchange (Shivji et al., 2006). Binding of Rad51 elongates the DNA strand by 1.5 times its normal 

length in order to facilitate the search for a homologous template (Haber, 2018).  

Once a homologous template is located, the Rad51-filament invades dsDNA and base pairs 

with the complementary strand, extending the non-pairing strand outwards forming a displacement 

loop (D-loop) (Figure 1Bii). The invaded strand acts as a primer for DNA synthesis, causing 

branch migration that extends the D-loop allowing for capture of the second 3ʹ-Rad51 filament 

and forms a double Holliday junction structure. DNA synthesis for HDR is primarily catalyzed by 

DNA Polymerase δ (Maloisel et al., 2008). Once synthesis is complete, the resulting double 

Holliday junction needs to be resolved to release the heteroduplexed DNA and separate the two 

dsDNA strands (Mehta and Haber, 2014). BLM helicase and topoisomerase 3 can act as 

dissolvases that push the DNA crossover points towards each other, disintegrates them, and 

generate non-crossover (NCO) products (Haber, 2018). Alternatively, resolvases cut through the 

strands directly to disentangle them, and depending on which strands are cleaved will generate 

cross-over (CO) products resulting in gene conversion (Figure 1Bv).  
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Figure 1 - Summary of key HDR steps involving BRCA2 and Rad51. (A) Following the 

detection of a DSB via the ATM/ATR complex and subsequent signaling cascade (i), nucleolytic 

digestions of 5ʹ DNA ends on either side of the break generates 3ʹ ssDNA tails, which are rapidly 

coated in RPA (ii). BRCA2 is localized to the break site and interacts with its DNA binding 

domain, loading Rad51 monomers via interactions with its BRC repeats onto the ssDNA tails to 

displace RPA (iii) and generate the helical nucleoprotein filament required for homologous pairing 

(iv). (B) The Rad51-coated DNA strand conducts a homology search and will invade a 

homologous template pairing complementarily to generate a D-loop (i). The D-loop will undergo 

branch migration, extending it to capture the second nucleoprotein filament, and allows DNA 

synthesis to proceed, using the invaded strands as templates for high fidelity repair (ii). Once DNA 

synthesis is complete, the resulting heteroduplex DNA requires dissolution or resolution of the 

double Holliday junctions to separate the two dsDNA pairs (iv). Helicase and topoisomerase can 

push the Holiday junctions towards each other, where dissolvases separate the two different DNA 

strands to generate non-crossover (NCO) products, or resolvases can cut and ligate different stands 

to generate crossover (CO) products (v).  
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1.3 BRCA2 

BRCA2 is one of the largest proteins in the human proteome, spanning 3,418 amino acids 

resulting in a 390 kDa protein. It was originally identified and named by Wooster et al., (1995) 

when it was discovered to be mutated in families with a history of breast cancer. Its function was 

later implicated in DNA repair when it was found to interact with Rad51 (Wong et al., 1997). 

Mouse embryonic fibroblasts homozygous for truncated BRCA2 exhibited major chromosomal 

rearrangements, reduced proliferation, and increased sensitivity to IR (Patel et al., 1998). Although 

the entire BRCA2 sequence is not well conserved across species, several key domains including 

the BRC repeats are highly conserved in mammals (Bignell et al., 1997) and BRCA2 homologs 

also exist in plants (Trapp et al., 2011). There is no identified BRCA2 ortholog in Saccharomyces 

cerevisiae, though functional studies indicate that Rad52 fulfills the role in promoting Rad51 

nucleoprotein filament formation and displacing RPA on ssDNA (Holloman, 2011). Brh2 is the 

yeast BRCA2 ortholog found in Ustilago maydis which contains a conserved BRC repeat and 

DNA binding domain (Yang et al., 2005).  

BRCA2 knock-out mice exhibit embryonic lethality (Sharan et al., 1997), suggesting that 

BRCA2 plays an important role in development and is essential for cell viability. BRCA2 has been 

implicated in important functions outside of HDR including cell cycle regulation, cytokinesis, and 

meiosis (Martinez et al., 2015). BRCA2 is required for murine ovarian development, likely due to 

the essential role of BRCA2 for homologous recombination of gametes during meiosis (Weinberg-

Shukron et al., 2018). Both human and mouse cells deficient in BRCA2 are have impaired HDR 

functions and are sensitive to genotoxic agents (Moynahan et al., 2001). Acute loss of BRCA2 

causes a downregulation of gene expression related to DNA replication, repair, cell cycle, and 
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chromosome segregation, which likely explains the reduced proliferation rate and G1 arrest 

observed in BRCA2 deficient cells, and this delay likely allows for the cells to mount alternative 

responses to permit survival (Reisländer et al., 2019). Loss of BRCA2 stimulates single strand 

annealing (SSA), and both classical and alternative NHEJ repair pathways, likely to promote 

genomic stability in the absence of HDR, but paradoxically drives the genomic instability and 

gross chromosomal rearrangements characteristic of BRCA2 deficient cells (Han et al., 2017). 

Knockdown of BRCA2 sensitize HeLa cells to MMC treatment (Xia et al., 2006) although 

moderate overexpression of wild type (WT) BRCA2 did not change MMC resistance compared to 

untransformed igm482 cells (Magwood et al., 2012). BRCA1 and BRCA2 work in concert with 

FA pathway proteins to stabilize stalled replication forks, in which both HR and fork stabilization 

functions of BRCA2 are required (Schlacher et al., 2012). Acetaldehyde causes DSBs by 

generating ICL and stalling replication forks, and cells deficient in BRCA2 are sensitive to 

acetaldehyde exposure despite an otherwise functional FA pathway (Tacconi et al., 2017). 

FANCD2 protects stalled replication forks to preserve genome stability in BRCA2 knockdown 

cells (Michl et al., 2016) and overexpression of Rad51 in FANCD2 deficient cells reduces 

sensitivity to hydroxyurea treatment which is thought to stabilize stalled replication forks 

(Schlacher et al., 2012).  

BRCA2 contains several important functional domains (Figure 2A). The C-terminal 

domain contains a helical domain (H) and three oligonucleotide binding folds (OB1, OB2, OB3) 

to serve as the DNA binding domain (DBD) downstream of three nuclear localization signals 

(NLS), only two of which have been previously demonstrated to be functional in the translocation 

of BRCA2 (Spain et al., 1999). In the centre of BRCA2 lies eight repeating motifs approximately  
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Figure 2 - Schematic representation of wild-type BRCA2 protein, vectors and constructs 

examined in hybridoma cells. (A) Full length BRCA2 contains several important interaction 

domains. The N-terminal domain (NTD) is the site for PALB2 and EMSY proteins, as well as a 

transactivation domain and a putative nuclear localization signal (NLS*). The eight BRC repeats 

are centrally located and are the interaction points for Rad51 and DMC1 recombinases. The DNA 

binding domain consists of three oligonucleotide binding folds (OB1, OB2, OB3) and an alpha-

helical domains (H) upstream of the interaction site with mitotic regulator DSS1. Two functional 

NLSs are contained within the C-terminal domain (CTD) which also harbors an additional Rad51 

interaction point (TR2 domain). (B) Vectors received from the Jensen lab use a phCMV1 base 

vector with a CMV mammalian promoter for strong expression and neo for kanamycin/G418 

resistance as the selectable marker. Each 2XMBP+BRCA2 construct was originally cloned within 

the multiple cloning site (MCS). A 695 bp segment containing the SV40 enhancer was removed 

by digestion of the 1264 vector to generate the new 2XMBP-E- vector (1266). Each BRCA2 

fragment was then liberated from the Jensen vectors and ligated into 1266 next to the 2XMBP tag 

to generate a series of E- vectors. Vector 1323 (6174delT) was generated by performing site 

directed mutagenesis (SDM) on vector 1309 (BRC1-8). (C) Linear view of tagged BRCA2 

truncated proteins successfully expressed in igm482 cells, notably missing of all domains 

downstream of the respective BRC repeats.  
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35 amino acids in length known as BRC repeats and these repeats are the main sites of interaction 

with the key recombinase protein, Rad51, and its meiotic homologue, DCM1 (Wong et al., 1997; 

Chen et al., 1998; Thorslund et al., 2007; Martinez et al., 2015). How these motifs interact with 

and modulate Rad51 are described further in section 1.5. The C-terminus also contains a Rad51 

binding site (Figure 2A) known as the TR2 domain, that binds Rad51 independently of the BRC 

repeats and acts to stabilize filament formation during HDR and on nascent DNA strands during 

replication to protect against nucleolytic degradation (Schlacher et al., 2011; Shahid et al., 2014).  

The BRCA2 N-terminus contains a transactivation domain and is implicated in the 

regulation of several genes involved with DNA repair and cell cycle regulation (Milner et al., 

1997). Mutations that disrupt the transactivation domain are associated with an increased risk of 

developing cancer despite the presence of all BRC repeats and an intact C-terminal domain (Koul 

et al., 1999). An additional DBD was identified in the N-terminus that binds ds- and ssDNA 

indiscriminately while the C-terminal DBDs bind to ssDNA with higher affinity (von Nicolai et 

al., 2016). These dual DBDs may act in concert to localize BRCA2 to ds-ssDNA junctions, similar 

to the U. maydis ortholog Bh2, while the C-terminal DBD stabilizes the growing nucleoprotein 

filament (Yang et al., 2005; von Nicolai et al., 2016). The N-terminus also contains binding sites 

for PALB2 and EMSY; the interaction between PALB2 and BRCA2 is essential for initiation of 

HDR, but also for maintaining G2 check-point activation following DNA damage (Sy et al., 2009; 

Menzel et al., 2011). Loss of PALB2 is theorized to destabilize BRCA2, as PALB2-deficient cells 

demonstrate a loss of BRCA2 protein (Xia et al., 2006; Simhadri et al., 2019).   

The three-dimensional structure of BRCA2 has not been resolved, but modeling by Shahid 

et al., (2014) suggests that BRCA2 is a kidney-bean shaped protein that forms a heart-shaped 
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homodimer in order to function in HR (Figure 1Aiii). The DBDs are predicted to be positioned at 

the top of the complex together with the BRC repeats and the binding of Rad51 to the dimer 

induces a conformational change. The model suggests that orientation of the DBDs on one BRCA2 

monomer complements the set on its dimerized partner, such that ssDNA binds to OB2 and OB3 

on one monomer and lines up with OB1 and α-helical domain on the second monomer. As filament 

formation only occurs in the 3′ to 5′ direction, this model suggests BRCA2 can facilitate rapid 

Rad51 loading onto ssDNA regardless of binding orientation (Shahid et al., 2014).  

Germline mutations in BRCA2 increase the likelihood of developing early onset cancer, 

most notably breast cancer risk in woman increases up to 80% over their lifetime (Schubert et al., 

1997). However, BRCA2 mutations are not common in sporadic cancers, though LOH is typically 

observed in spontaneous cancers with mutated BRCA2 (Foster et al., 1996). The human pancreatic 

carcinoma cell line CAPAN-1 harbors a single copy of the BRCA2 allele 6174delT and 

demonstrates high sensitivity to IR compared to a wild-type version of the protein and exhibits 

high rates of spontaneous recombination known as a hyper recombination phenotype (Abbott et 

al., 1998; Abaji et al., 2005). Although CAPAN-1 cells demonstrate reduced ability to perform 

HDR, NHEJ appears to be unaffected and acts as the primary mechanism to repair DSBs in these 

cells (Wang et al., 2001). Full length BRCA2 and its recombination partner Rad51 are primarily 

nuclear, however cellular fractioning of CAPAN-1 cells shows BRCA2 6174delT and wild-type 

Rad51 are both primarily cytoplasmic (Davies et al., 2001). This supports the mechanism that 

drives tumorigenesis in BRCA2 mutant cells – cytosolically trapped BRCA2 retains Rad51 in the 

cytoplasm via BRC repeat interactions, depleting the nucleus of key HDR factors and promotes 

genomic instability. 
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1.4 Rad51 

Rad51 is a considerably smaller protein compared to BRCA2; it is only 339 amino acids 

in length generating a 37 kDa protein. It is the eukaryotic ortholog of bacterial RecA and belongs 

to the RecA recombinase protein family, which bind to ssDNA by hydrolyzing ATP and the 

resulting nucleoprotein filament promotes DNA strand exchange with homologous dsDNA 

sequences (Baumann et al., 1996; Baumann and West, 1998). Rad51 over-expression is frequently 

observed in cancers and increases both cell growth and gene targeting in hybridoma cells, although 

it is not associated with specifically increasing breast cancer risk, as that of BRCA2 (Klein, 2008; 

Lose et al., 2006; Rukść et al., 2007). As seen with BRCA2, Rad51 knockout mice exhibit 

embryonic lethality (Tsuzuki et al., 1996). Rad51 knockdown impairs homologous recombination, 

exhibited by ectopic recombination, reduced gene targeting frequency, and reduced 3′ end 

extension of new DNA synthesis following strand invasion (Magwood et al., 2013). This 

underscores the fundamental role both proteins play in the DNA damage response and functional 

cell development.  

Human Rad51 interacts with ssDNA via binding to the phosphate backbone in order to 

display the bases needed for searching homologous sequences, where three nucleotides are 

associated with a single Rad51 promoter (Short et al., 2016). The DBD is located in the N-terminus 

(Aihara et al., 1999). The Rad51 catalytic core region (amino acids 98–339) is conserved between 

species and interacts with the BRC repeats (Wong et al., 1997). The ATP binding and hydrolysis 

activity of Rad51 is essential for gene targeting (Rukść et al., 2007). The region of homology must 

be at least 8 nucleotides long for strand invasion to occur during which Rad51 holds the displaced 

strand in close-proximity and invasion will pause if it encounters a region of heterologous DNA 
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(Xu et al., 2017). Rad51 contains no identified NLS, and its nuclear localization following DNA 

damage is proposed to be controlled by interactions with BRCA2 and Rad51C, as loss of either 

HDR partner protein causes Rad51 to accumulate in the cytoplasm (Gildemeister et al., 2009; 

Jeyasekharan, et al., 2013).  

1.5 BRC Repeat and Rad51 Interactions 

The BRC repeats are not uniform in their affinity for and modulation of Rad51, and gel 

purification shows that Rad51 can exist as both multimeric structures and monomers within the 

cell (Davies et al., 2001).  Rad51 can bind to both ssDNA and dsDNA, so the BRC repeats work 

in concert to modulate the DNA binding affinity of Rad51 in order to avoid Rad51 complexing 

with dsDNA, to promote filament formation on ssDNA, and to stabilize it by inhibiting the ATP 

hydrolysis activity of Rad51 (Carreira et al., 2009; Thorslund et al., 2010). This is crucial for HDR 

as Rad51 bound to dsDNA inhibits strand exchange (Jensen et al., 2010). Studies with canine 

BRCA2 revealed that the 6th repeat does not bind to canine Rad51 at all, while the 1st, 2nd and 4th 

bind with high affinity, the 3rd, 5th, and 7th binds with low affinity, and BRC8 binds canine Rad51 

with moderate affinity (Ochiai et al., 2011). The BRC repeats in human BRCA2 work as two 

functional binding classes, where BRC1-4 bind to monomers of free Rad51 and BRC5-8 

preferentially bind to ssDNA-Rad51 complexes (Carreira and Kowalczykowski, 2011). 

Additionally, BRC5-8 does not stimulate DNA strand exchange and fails to inhibit the ATPase 

activity of Rad51 to inhibit dsDNA binding but its strong affinity for Rad51-coated ssDNA 

suggests it works in conjunction with the TR2 domain to stabilize the nucleoprotein filaments 

(Chatterjee et al., 2016). BRC repeats 1-4 have been shown to protect Rad51 from proteasomal 
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degradation (Magwood et al., 2013), likely, because of an affinity for free Rad51 and by initiating 

nucleation points on ssDNA. 

Rad51 will spontaneously bind to ssDNA and although the presence of BRCA2 does not 

increase the length of the filaments, BRCA2 increases the number of nucleation sites that occur 

even at very low concentrations (Shahid et al., 2014). This suggests that BRCA2 acts as a 

chaperone for Rad51 to ssDNA, and then disassociates once the filament elongates, so that it can 

initiate nucleation at another site on the ssDNA strand. Isolated BRC4 peptides stimulate filament 

formation in vitro, however these filaments were disrupted once the motifs were present in excess 

of 8:1 relative to Rad51 (Galkin et al., 2005). Individual BRC repeats 3 and 4 bind Rad51 and 

inhibit its ATPase activity, preventing it from binding DNA (Davies et al., 2001). The presence of 

the BRCA2 TR2 domain allows for Rad51 to remain in its multimeric form in the presence of 

excess BRC4, inhibiting the de-stabilizing effects of the individual repeat (Davies and Pellegrini, 

2007; Esashi et al., 2007). This was predicted to stabilize the growing nucleoprotein filament 

during the initial steps of HDR and facilitate subsequent strand exchange, since TR2 does not bind 

to monomeric Rad51. However, further work elucidated that this occurs independently of HDR 

and serves to protect newly synthesized DNA from degradation during replication (Schlacher et 

al., 2011). 

The individual BRC repeats bind to Rad51 in a Velcro-like manner that mimics the 

interaction that occurs between Rad51 protomers (Pellegrini et al., 2002). Together this indicates 

that not only do the individual BRC repeats have different binding affinities for Rad51, their 

interaction with Rad51 will vary depending on the presence of other BRC repeats, as well as the 

TR2 domain in the C-terminus of BRCA2 in order to modulate the different steps involved in 
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HDR. This underscores the importance of utilizing multiple domains of BRCA2 to elucidate all its 

biochemical functioning and how mutations in different regions influence pathogenesis.  

1.6 Hybridoma Cell Lines 

Hybridoma cells are a unique cell type formed when B lymphocytes harvested from the 

spleen of mice inoculated with a specific antigen are fused to mouse myeloma cells, generating an 

immortalized cell line that secretes a specific antibody (Köhler and Milstein, 1975). The 

hybridoma cell line igm482 used in this study to measure efficiency of HDR was derived from the 

parental hybridoma cell line Sp6/HL. The fusion of X63-Ag8 myeloma cells and B lymphocytes 

from Balb/c mice immunized against hapten -2,4,6-trinitrophenyl (TNP) generated Sp6 cells, 

which subsequently lost expression of the myeloma derived gamma and kappa chains retaining 

only the lymphocyte derived heavy (μ) and light (κ) chain immunoglobulin genes (Köhler and 

Milstein, 1976; Köhler and Shulman, 1980). The resulting Sp6/HL cells only have one copy of the 

TNP-specific μ heavy chain locus, which produces a secreted pentameric IgM that will lyse TNP-

coupled sheep red blood cells (TNP-SRBC) once activated by complement. Igm482 cells are 

isogenic to Sp6/HL cells with the exception of a 2-bp deletion in third constant region of the μ 

locus (Cμ), rendering the IgM non-functional due to a truncated heavy chain that can no longer 

form a pentamer or activate complement, thus losing its lytic activity (Köhler et al., 1982; 

Baumann et al., 1985).  

If a donor template containing the wild-type Cμ sequence is provided, HDR initiated via 

gene targeting can correct the chromosomal 2-bp deletion and restore functional IgM production 

(Baker et al., 1988). This is measured by the formation of plaques when cells are incubated with 
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TNP-SRBC and activated by complement. Sp6/HL cells form TNP-SRBC specific plaques (PFC) 

with high efficiency of approximately 0.5, while native igm482 cells generate plaques at a 

frequency of <10-7. Restoration of the genomic Cμ locus in igm482 cells following electroporation 

with the wild-type sequence increases the frequency of PFC approximately 3- to 5-fold per 107 

plated cells (Baker et al., 1988). The igm482 cell line and plaque assay provide a useful tool to 

study HDR in mammalian cells and have been used previously to quantify the effects of both 

BRCA2 and Rad51 overexpression, and siRNA mediated knockdown on HDR (Lee and Baker, 

2007; Lee et al., 2009; Magwood et al., 2012; Magwood et al., 2013). 

1.7 Hypothesis and Objectives 

The work presented in this thesis sought to elucidate the effect of truncations of a key DNA 

repair protein, BRCA2, in which germline mutations result in an increased risk of developing early 

onset cancers, particularly of the breast and ovary. The BRCA2 mutation 6174delT produces a 

Ser1982Arg frameshift mutation that prematurely truncates BRCA2 to nearly half of its wild-type 

length, terminating within the 7th BRC repeat and eliminating the DBDs and NLSs. We 

hypothesized that as a result of truncated BRCA2 missing its NLS, its trapping in the cytosol would 

cause interactions with Rad51 in an inappropriate cellular context and may generate a stress signal 

that results in its degradation. This was explored by expressing double maltose binding protein 

(2XMBP) tagged BRCA2 truncated mutants in igm482 hybridoma cells, and their endogenous 

Rad51 protein levels were assessed. All BRCA2 mutants used are missing the C-terminal DBD 

domains and NLSs, truncating just after the 8th, 6th, 4th and just before the 1st BRC repeat (Figure 

2C). The 2XMBP tag bound to the N-terminal end of each BRCA2 mutant allowed for 

quantification of all the constructs with a single antibody. Previous studies have demonstrated that 
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the presence of the 2XMBP tag does not impede BRCA2’s ability to bind to Rad51 and DMC1 in 

vivo, or Rad51 loading and binding to DNA in vitro (Jensen et al., 2010). I predicted that as the 

number of BRC repeats was reduced incrementally, there would be a gradual increase in the 

amount of Rad51 protein recovered from cells, as there would be fewer points of interaction 

between the BRC repeats and Rad51 in the cytosol and would prevent depletion of Rad51. I further 

characterized these cell lines by assessing their p53 protein levels, HDR efficiency and response 

to DNA damaging agents.  

Chapter 2 – Materials and Methods 

2.1 Hybridomas and Cell Culture 

The parent cell line igm482 originates from the wild-type mouse hybridoma line Sp6/HL 

that secretes a trinitrophenyl (TNP)-specific IgM (κ chain) (Köhler and Shulman, 1980; Köhler et 

al., 1982). The igm482 cell line harbors a 2-bp deletion in the third constant region of the haploid 

chromosomal immunoglobulin μ heavy chain gene which translates into a non-functional IgM that 

is unable to activate complement due to a missing Cμ4 domain.  Gene targeting between the 

chromosomal Cμ locus and a plasmid donor template containing the wild type Cμ3 sequence will 

permit HDR to correct the deletion and restore functional IgM production (Baker et al., 1988). 

This provides a basis for the evaluation of homologous recombination via a gene targeting plaque 

assay described further in section 2.5. The line 482/5 is a stable expressor of a tag-free full length 

hBRCA2 in a BAC based vector, with its origin and characterization being previously described 

(Magwood et al., 2012).  
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Hybridomas (igm482 and all derivative lines) were cultured in Dulbecco’s modified Eagle 

medium (DMEM, Corning) supplemented with 13% heat inactivated bovine calf serum, 2-

mercaptoethanol, penicillin and streptomycin as previously described (Köhler and Shulman, 1980; 

Köhler et al., 1982). The media was amended with 600 μg/mL of G418 (Geneticin, Fisher), as 

applicable to maintain expression of transgenes. All cell lines were incubated at 37°C in 7% CO2 

atmosphere and cell enumeration was conducted via trypan blue exclusion to estimate viable 

density in cells/mL. 

2.2 DNA Techniques and Transformant Screening 

Plasmids were generously provided by the Jensen lab (Yale Medical School, New Haven, 

CT) and contained two tandem maltose binding proteins (2XMBP) attached to the N-terminus of 

truncated BRCA2 constructs in a phCMV1 backbone (Figure 2B) (Jensen et al., 2010). All 

restriction enzymes were purchased from New England Biolabs (Mississauga) and used as per 

manufacturer instructions. To enrich a reduced pool of transformants for stable expression of both 

G418 resistance (G418R) and BRCA2 constructs, a 695-bp region containing the SV40 promotor 

and enhancer was removed from vector #1264 (2XMBP-E+) via SfiI and BsaXI digestion and blunt 

ligated to generate the enhancer-less tag-only vector #1266 (2XMBP-E-). The BRCA2 fragments 

were then liberated from the Jensen vectors with Apa1 and Xho1 digestion and ligated into the new 

#1266 backbone to generate a series of enhancer-trap vectors (Figure 2B). The pathogenic BRCA2 

allele 6174delT introduces a frameshift mutation which generates a premature stop codon within 

exon 11 that truncates the protein within the middle of the 7th BRC repeat. The 6174delT construct 

was generated by introducing the targeted deletion using QuikChange II XL Site-Directed 

Mutagenesis kit (Agilent) as per manufacturer instructions into the vector containing the BRC1-8 
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construct (#1309, 2XMBP+BRC1-8E-). All constructs were verified by sequencing at the junction 

of the plasmid and MBP repeats, and at the junction of the MBP repeats and BRCA2 N-terminus, 

as well as the full length of each BRCA2 construct to ensure everything remained in-frame (Lab 

Services, University of Guelph). Plasmids were cloned using E. coli DH5α grown in/on Luria 

Bertani broth/agar, amended with 50 µg/mL ampicillin and incubated at 37°C. Plasmids were 

extracted using PureLink HiPure Plasmid Maxiprep kit (Invitrogen) as per manufacturer 

instructions.  

Vectors were linearized with ApaL1 (excluding #1305, which was linearized with MfeI), 

purified via phenol/chloroform method and precipitated in ethanol. Stable transformants were 

generated by electroporating recipient igm482 cells as previously described (Si et al., 2010) and 

isolated by a previously described dilution cloning method (Rukść et al., 2007). In brief, 

electroporated cells were plated onto 96-well plates at a density of 6000 cells/well in non-selective 

media and G418 selection was added 24-hours post electroporation. G418R transformants were 

screened for BRCA2 construct expression via Western blotting. Transient expressors were 

generated by electroporating igm482 cells as previously described, using circular vectors and cell 

pellets from bulk cultures were harvested at 10, 24, and 48-hour time points post electroporation. 

Transient expression was determined by Western blotting. 

2.3 Protein Analysis and Cell Fractioning 

Whole cell extracts were harvested from healthy, exponentially growing cells (density, 2-

5 x 105 cells/mL), washed twice with 1X PBS, stored at -80°C, and thawed in non-denaturing 

buffer (NDB) as previously described (Magwood et al., 2012). Subcellular fractionation was 
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performed using the Proteoextract Subcellular Proteome Extraction kit (Calbiochem) as per 

manufacturer instructions and fractions were concentrated using Amicon ultracentrifugal filters 

(Millipore). Protein concentration was determined using the BCA Protein Assay kit (Thermo 

Fisher) as per manufacturer instructions, measured at 562nm with Biophotometer (Eppendorf) and 

quantified using bovine serum albumin standards (ThermoFisher). Protein samples were mixed 

with 2X loading dye and separated via SDS-PAGE as previously described (Magwood et al., 2012) 

using 5% or 10% polyacrylamide gels, or 4–15% Mini-PROTEAN® TGX Precast Protein gels 

(Bio-Rad) before overnight transfer at 4°C onto PVDF membrane (Amersham). 

Western blotting was performed using the following primary antibodies: mouse anti-MBP 

(R29.6, 1/500; Santa Cruz), mouse anti-BRCA2 (Ab-1, 2 μg/mL; Calbiochem), rabbit anti-Rad51 

(H92, 1/200; Santa Cruz), rabbit anti-p53 (FL393, 1/500; Santa Cruz), mouse anti-β-actin (AC-15, 

1/20000; Sigma), mouse anti-histone H1 (AE-4, 1/500; Santa Cruz), and mouse anti-caspase-3 

(SA-320, 1/5000; Enzo Life Sciences). Secondary antibodies used were HRP-conjugated goat anti-

rabbit IgG (1/30000; Jackson ImmunoResearch) or goat anti-mouse IgG (1/60000 or 1/80000; 

Southern Biotechnology) as applicable. Chemiluminescence was detected using ECL Select 

Western blot reagent (GE Healthcare) and densitometric analysis of band intensity was quantified 

using QuantityOne imaging software (Version 4.4.6, BioRad). 

2.4 Growth Responses and DNA Damage Tolerance Assays 

Cellular growth and response to DNA damaging agents was assessed by adapting a 

previously described method (Rukść et al., 2007). Healthy, exponentially growing G418R 

transformants were resuspended in triplicate flasks of 10 mL non-selective media at an initial 
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density of 5 x 104 cells/mL and viable cell density was measured at 24-hour intervals. Cell growth 

was expressed as the average fold change in cell density over 48-hours and compared to parental 

igm482 cells to evaluate the change in growth response. DNA damage tolerance was determined 

as described above, but with a starting cell density of 1 x 105 cells/mL per triplicate flask and 

included treatment groups receiving either a single dose of 5 Gry ionizing radiation (OVC Animal 

Health Lab, University of Guelph) or continuous exposure to 6 μM mitomycin C (MMC; Sigma). 

Viable cell density was measured at 24-hour intervals and cell survival was expressed as the ratio 

of treated to untreated cells. 

2.5 Assessment of Homologous Recombination 

The efficiency of homology-directed repair (HDR) was measured with a gene targeting 

plaque assay as previously described (Baker et al., 1988). Briefly, homologous recombination 

between a transfected plasmid containing the wild-type Cμ3 donor sequence and the mutant 

chromosomal igm482 μ gene corrects the 2 bp igm482 Cμ3 deletion restoring functional IgM 

production, permitting recombinants to be detected as plaque forming cells (PFC) in a 

complement-dependent TNP-specific plaque assay. Cell survival was measured 24 hours post 

electroporation and bulk cultures were maintained in the exponential growth phase by adding 

media every 24 hours until a minimum of three plates, each containing 1 X 107 cells, could be 

assayed for each cell line.  

2.6 Statistical Analysis 

All statistical analysis was conducted using either one-way analysis of variance (ANOVA) 

and Tukey’s Honestly Significant Difference (HSD) test through RStudio (version 0.98.1102) or 
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t-test using VassarStats online software (http://vassarstats.net). Error bars represent +/- the 

standard error of the mean and error bars that are not visible are contained within the marker. 

Significance was determined at p≤0.05. 

Chapter 3 – Results 

3.1 Expression of 2XMBP-Tagged BRCA2 mutants 

Tagged BRCA2 constructs received from the Jensen lab were initially electroporated into 

igm482 cells by the Baker Lab team as described in section 2.2. However, several rounds of 

screening of G418R
 transformants only yielded clones expressing the 2XMBP tag. As previously 

described, the use of an enhancer-trap vector reduces the overall number of G418R transformants 

that need to be screened, thus enriching for stable transformants expressing the various tagged 

constructs (Ng and Baker, 1998). To enrich for stable transformants expressing the various BRCA2 

constructs, an enhancer-trap vector was constructed by removing a 695 bp fragment containing the 

SV40 enhancer driving expression of the neo selectable marker from the base vector 1264, 

following which each BRCA2 fragment was ligated next to the 2XMBP tag to generate enhancer-

less (E-) vectors (Figure 2B). The frequency of G418R transformants for each vector, as well as 

cell survival 24 hours following electroporation are presented in Table 1. Frequency of 

transformation was determined from the fraction of negative wells according to the Poisson 

distribution and plating at 6000 cells/well (Ng and Baker, 1999).  
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Table 1 – Frequency of transformation of igm482 cells  

Vector/Cell Line Frequency of Transformation Survival 

#1303 – N-term 2.4 x 10-5 59% 

#1301 – BRC1-4 1.8 x 10-5 39% 

#1307 – BRC1-6 3.9 x 10-6 58% 

#1309 – BRC1-8 5.4 x 10-6 70% 

#1323 – delT 6.0 x 10-6 60% 

#1305 – BRCA2 WT 2.5 x 10-5 73% 

 

All vectors were sequenced and compared against GenBank BRCA2 mRNA reference 

sequence (accession NM_000059.3). Several previously noted polymorphisms were observed 

(Magwood et al., 2012): silent mutations 3396A>G and 4563A>G, and a missense mutation 

1114A>C (Asp372His), which were present in all vectors including 482/5 expressing hBRCA2 

BAC. Several novel polymorphisms were also identified, including 2256C>T (silent) in the N-

term vector, 6513G>C (silent) in the full-length vector, and a missense mutation 1796C>T 

(Ser599Phe) present in all constructs. Both 1114A>C (Asp372His) and 1796C>T (Ser599Phe) are 

currently classified as benign missense variants, although no functional studies have been 

conducted (ClinVar accession numbers VCV000009329.8 and VCV000481597.4 respectively).  

For each electroporation with the E- vectors, 50 G418R
 transformants were initially selected 

and whole cell extracts (WCE) were screened via Western blotting with an MBP antibody. Any 

clones with either a high molecular weight (HMW) band and/or a cleaved tag-only product were 

considered potentially positive and selected clones were verified for construct expression via RT-

PCR (data not shown). Expression level between clones was ranked based on HMW band intensity 
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from 100 μg of protein. Several stable expressors of N-term and BRC1-4 were identified, and three 

representative clones demonstrating a variable range of construct expression were selected for each 

cell line (Figure 3A). Conversely, very few positive clones expressing BRC1-6, BRC1-8 and delT 

were identified, and all were extremely low expressors, as 200 μg of protein was required to 

visualize the HMW bands of the highest expressors (Figure 3C). Due to the overall very low 

number of positive clones identified during initial screening, all remaining G418R transformants 

from the electroporation of vectors #1305, #1307 and #1309 (full length, BRC1-6 and BRC1-8, 

respectively) were screened (ranging from 22 to 103 additional clones). No clones expressing full 

length tagged BRCA2 were identified. In order to compare the effects of the BRCA2 truncations 

against full length BRCA2, the cell line 482/5 expressing a tag-free full length hBRCA2 

(Magwood et al., 2012) was used for further analysis, along with a tag-only line (1264-13) as a 

control. Cell lines expressing each transgene are denoted as full length (or WT), tag-only, N-term, 

BRC1-4, BRC1-6, BRC1-8 and delT respectively.  

Due to the difficulty in identifying stable high expressing clones of BRC1-6, BRC1-8 and 

delT (and the relatively small number of high expressors of N-term and BRC1-4), transient 

expression of the vectors was attempted. Tag-only and N-term vectors were selected initially for 

testing transient expression as they were the smallest of all the available vectors, providing an 

estimation of feasibility in expressing the larger vectors. Western blot screening of WCE from 

bulk electroporated cultures revealed that transient expression was only successful using the tag-

only vector (Figure 3F). 
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Figure 3 - Expression of 2XMBP-BRCA2 constructs elicit a change in Rad51 and p53 protein 

levels as determined by Western blotting. (A) 100 μg of whole cell extract from three 

representative N-term and BRC1-4 transformants were selected to compare variance in construct 

expression levels and 25 μg of the same extract was used to assess influence on Rad51 protein 

levels. Densitometric analysis of band intensity allowed Rad51 levels to be expressed as ratios 

over β-actin. (B) For each cell line, densitometric analysis of Rad51 protein levels from a minimum 

of five replicate experiments were compiled and each data point represents the mean ± standard 

error. Significance was determined by two separate one-way ANOVA and Tukey’s HSD tests for 

each construct; an asterisk (*) above a mean indicating a statistically significant difference for that 

clone relative to igm482 at p≤0.05. (C) 200 μg of whole cell extract from the highest expressing 

clone was used to visualize each construct with MBP antibody, and hBRCA2 antibody Ab-1 

confirming expression of full length BRCA2 in the 482/5 control line. 50 μg of the same extract 

was used to assess influence on p53 and Rad51 protein levels. For each cell line, densitometric 

analysis of Rad51 (D) and p53 (E) protein levels from a minimum of three replicate experiments 

were compiled and each data point represents the mean ± standard error. Significance was 

determined by two-tailed t-tests against igm482 and an asterisk (*) above the mean indicates a 

statistically significant difference at p≤0.05. (F) Transient expression of constructs was assessed 

using 50ug of WCE analyzed at various time points post-electroporation, which was only 

successful in expressing the 2XMBP tag-only vector. 25ug of the same WCE were used to validate 

that the 2XMBP tag alone does not elicit any changes in Rad51 protein levels. 
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3.2 Cellular Localization 

Previous work indicated that only two out of four putative NLSs were functional for 

localizing BRCA2 to the nucleus, both of which are in the distal end of the C-terminal domain 

(Spain et al., 1999). Cell fractionation was performed to validate that all constructs should be 

cytoplasmic, as the C-terminus is missing entirely from each construct and thus only the non-

functional NLS in the N-terminal domain is present. Previous studies have already confirmed that 

expression of full length hBRCA2 does localize to the nucleus (Magwood et al, 2012). 

Unexpectedly, N-term was localized to the nucleus, and BRC1-4 is present in both the cytoplasm 

and the nucleus in relatively equal amounts (Figure 4). Due to the low expression levels, the 

localization BRC1-6, BRC1-8 and delT could not be confirmed. The 2XMBP tag alone is primarily 

localized to the cytoplasm, although small amounts of the protein are also present in the nucleus. 

 



 

 

35 

 

 

Figure 4 - Subcellular fractioning of 2XMBP-BRCA2 truncation mutants. 200 μg of 

concentrated fractioned lysate was used to visualize each construct via Western blotting with MBP 

antibody. 50 μg of the same extract was used to assess fraction purity with histone H1 used as a 

control for nuclear fraction purity, and caspase3 used for cytoplasmic fraction purity. 
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3.3 Rad51 and p53 levels in 2XMBP-tagged BRCA2 mutants 

Previous work by Magwood et al., (2013) revealed an interdependence in the relative levels 

of WT BRCA2 and its binding partner, the Rad51 recombinase. Thus, it was of interest to examine 

the endogenous Rad51 levels in transformants expressing the various mutant forms of BRCA2 in 

this study. Three clones expressing N-term and BRC1-4 were initially analyzed for endogenous 

Rad51 levels (Figure 3A and B). The highest expressor for each construct was then selected for 

both Rad51 and p53 protein level analysis (Figure 3C). Using the same WCE, separate blots were 

probed with Rad51 and p53 antibodies, respectively, then subsequently stripped and re-probed 

with β-actin antibody. Densitometric analysis of band intensity was performed, which allowed 

Rad51 and p53 levels to be expressed as a ratio relative to β-actin. The relative fold changes in 

Rad51 and p53 were expressed as ratios normalized to igm482. All N-term clones examined had 

reduced Rad51 protein levels (Figure 2B), however there was no discernable relationship between 

endogenous Rad51 levels and expression of the BRCA2 N-term. The highest expressing clone of 

BRC1-4 (1301-42) exhibited a significant average 1.5-fold increase in Rad51 protein relative to 

igm482, although an increase in Rad51 was not observed in the lower expressors of BRC1-4. 

BRC1-6 and BRC1-8 did not demonstrate a significant change in Rad51 protein levels, while the 

transformant expressing delT exhibited a significant average 1.5-fold increase of Rad51 protein 

similar to what was observed in the highest BRC1-4 expressor (Figure 3D).  

Upon infliction of DNA damage, p53 levels increase in response to DNA damage signaling 

resulting in transcriptional activation of a variety of downstream targets to initiate cell cycle arrest 

and apoptosis (Carr and Jones, 2016). The levels of active p53 protein remain low in the cell but 

increase as cells enter S phase in order to poise a rapid repair response during DNA replication 
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(Takahashi et al, 2011). Altered p53 expression is thought to promote cell viability when BRCA2 

and Rad51 levels are ablated (Magwood et al., 2013). All BRCA2 constructs elicited a change in 

endogenous p53 protein levels (Figure 3C). N-term, BRC1-4, and delT had significantly elevated 

p53 protein with average fold increases of 2.3, 3.0 and 4.6 respectively, relative to igm482 (Figure 

3E). BRC1-6 and BRC1-8 exhibited significantly decreased p53 protein levels, with an average 

fold-decrease of 0.62 and 0.72 respectively, relative to igm482, though notably the reduction of 

p53 protein level observed for BRC1-8 was not statistically significant.  

3.4 Cell Growth and Response to DNA Damage 

BRCA2 is involved in cell division, as heterozygous loss delays cytokinesis and mitotic 

entry (Jonsdottir et al., 2009), and phosphorylation of S3291 in the distal C-terminus of BRCA2 

promotes Rad51 foci dissolution required for entry into mitosis (Ayoub et al., 2009). In order to 

determine if the BRCA2 truncations influenced normal cell growth, viable cell densities for each 

line were estimated at 24-hour intervals and fold changes in cell growth were expressed by the 

dividing average cell density at 48 hours over the average cell density at time 0 (Figure 5A). 

Consistent with previously published results, over-expression of full length BRCA2 (482/5) 

resulted in a statistically significant increase in cell growth (Magwood et al., 2012).  Expression 

of N-term and BRC1-4 resulted in a statistically significant reduction in cell growth relative to 

igm482, but no statistically significant differences were measured in the other lines.  

BRCA2 deficient cells exhibit high sensitivity to DNA damaging agents, a feature which 

is often exploited in treatment strategies against BRCA2-related cancers exhibiting LOH (Maxwell 

et al., 2017). For example, homozygous KO of BRCA2 in DLD1 cells sensitize them to MMC   
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Figure 5 - Growth response of hybridoma cells expressing 2XMBP-tagged human BRCA2 

truncated mutants. Each data point represents the mean ± standard error of a minimum of two 

replicate experiments. (A) The highest expressor of each 2XMBP-tagged BRCA2 construct 

alongside igm482, 482/5 and 2XMBP only expressor grown in absence of DNA damage. Cell 

growth is expressed as the fold change in cell density after 48-hrs. Significance was determined 

by two-tailed t-tests against igm482 and an asterisk (*) above the mean indicates a statistically 

significant difference at p≤0.05. Lines were exposed to 6 μM MMC continuously and percent 

survival is expressed as the ratio of treated to untreated cells after (B) 24-hours and (C) 48-hours. 

Lines were exposed to a single dose of 5 Gry ionizing radiation and percent survival is expressed 

as the fraction of untreated/treated cells after (D) 24-hours and (E) 48-hours. In (B) through (D), 

significance was determined by one-way ANOVA and Tukey’s HSD tests with an asterisk (*) 

above a mean indicating a statistically significant difference relative to igm482 at p≤0.05. 
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treatment resulting in cell cycle arrest and apoptosis, but DLD1 BRCA2+/- cells tolerate MMC 

treatment like that of WT DLD1 cells (De Toni et al., 2016). It was therefore of interest to assess 

the tolerance of BRCA2 truncation mutants to DSB induction. DSBs were generated directly via 

IR treatment and indirectly via MMC-induced replication fork stress. N-term, BRC1-4, BRC1-8 

as well as delT cell lines demonstrated resistance to MMC at 24 hours of treatment relative to 

igm482 (Figure 5B). However, after 48 hours, the percent survival of BRC1-8 was like that of 

igm482, although N-term, BRC1-4, and delT maintained a significantly increased percent survival 

(Figure 5C). The response to IR was expected to yield similar results to that of MMC treatment. 

Unexpectedly, full length BRCA2 sensitized cells to IR as demonstrated by low percent survival 

at both 24 and 48-hours post exposure, while N-term, BRC1-4 and BRC1-8 had lower cell survival 

relative to igm482 after 48 hours (Figure 5D and E). delT notably demonstrated acute resistance 

to IR treatment at 24-hours post exposure, but cell survival decreased to that of igm482 after 48 

hours. 

3.5 Gene Targeting 

The transfection of igm482 and derivative cell lines with a wild-type Cμ3-containing 

plasmid permits evaluation of homologous recombination via gene targeting with the 

chromosomal immunoglobulin μ gene. As explained above, restoration of the 2-bp deletion in the 

chromosomal immunoglobulin μ heavy chain gene results in the production of TNP-specific IgM 

which lyse TNP-coupled-SRBC, an outcome that can be measured by the frequency of a TNP-

specific PFC per 107 plated cells. This provides a convenient means for measuring the efficiency 

of HDR. Gene targeting frequency was significantly increased in 482/5 relative to igm482, 

consistent with previous reporting (Magwood et al., 2012; Figure 6). The expression of truncated 
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Figure 6 - Full length and truncated human BRCA2 expression changes gene targeting 

frequency in hybridoma cells. Each data point represents the mean ± standard error of a minimum 

of four replicate experiments. Significance was determined by one-way ANOVA and Tukey’s 

HSD tests with an asterisk (*) above a mean indicating a statistically significant difference relative 

to igm482 at p≤0.05. 
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BRCA2 resulted in a range of gene targeting responses. BRC1-4 exhibited a similar increase in 

gene targeting frequency to 482/5, however BRC1-8 had a more pronounced effect on HDR, 

exhibiting an approximate two-fold increase in gene targeting relative to igm482. Both N-term 

and BRC1-6 showed a significant decrease in gene targeting frequency, although delT did not 

demonstrate a statistically significant difference in HDR efficiency. 

Chapter 4 – Discussion 

Full length BRCA2 is a very large protein and has historically been very difficult to clone 

and purify since it was first identified by Wooster et al., (1995). In fact, another 15 years passed 

before BRCA2 was purified for in vitro investigation (Jensen et al., 2010; Liu et al., 2010; 

Thorslund et al., 2010). Screening for expression of transgenes in this study revealed no clones 

expressing full length BRCA2, and no high expressors were identified for BRC1-6, BRC1-8 and 

delT. This may be a result of increasing plasmid size, as other studies have shown that base pair 

number is a limiting factor in mammalian expression of circular plasmids (Hornstein et al., 2016). 

This also likely explains the lack of success in achieving transient expression beyond the tag-only 

vector (Figure 2F). The longer linearized plasmids used for stable expression may have fragmented 

upon electroporation, during transport into the cells, or during genome integration. Other studies 

using 2XMBP-tagged BRCA2 domains also noted difficulty in obtaining high expression in 

mammalian cells with larger constructs (Chatterjee et al., 2016). It is also possible that there is 

lethality associated with truncations between the sixth and eighth BRC repeats, which may have 

prevented high expression of the constructs without the selection for additional mutations to allow 

survival of the lineage. BRC1-6 was present at relatively low levels but had significantly reduced 

p53 protein levels relative to igm482 controls (Figure 3E) and reduced p53 expression has been 
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shown to favor survival of BRCA2-depleted cells (Magwood et al., 2013). Previous work in the 

Baker lab successfully used a BAC based vector to express full length human BRCA2 at varying 

levels in igm482 cells, including the line 482/5 used in this study (Magwood et al., 2012). Given 

that other studies have shown that high levels of hBRCA2 overexpression increase Rad51 protein 

levels stoichiometrically (Magwood et al., 2013), and that high overexpression of WT BRCA2 

suppresses HDR (Magwood et al., 2012), future work could utilize BAC-based vectors instead of 

plasmids to express the tagged BRCA2 mutants at higher levels in order to tease apart nuanced 

effects of the truncations on recombination protein partners and HDR.  

 Spain et al., (1999) identified four potential NLSs in BRCA2; one located in the N-

terminus and the remaining three in the distal C-terminus, however only two in the C-terminus 

function in localizing BRCA2 to the nucleus. Disease models for BRCA2 mutations are based on 

the assertion that truncated BRCA2 is cytoplasmic, as the two functional NLSs of BRCA2 would 

be missing in most truncation mutants (Davies et al., 2001). Subcellular localization was 

performed in this study to validate that all tagged truncated BRCA2 mutants used should be 

exclusively cytoplasmic. The observation that the N-term localized to the nucleus and BRC1-4 

was present in both the cytoplasm and nucleus was unexpected (Figure 4). The truncated BRCA2 

fragment used by Spain et al., (1999) to demonstrate the lack of function of the N-terminal NLS 

is nearly identical in size to the N-term BRCA2 fragment used in this study; the major distinction 

was that a GFP tag was attached the C-terminal end in order to visualize cellular distribution. A 

possible explanation is that the GFP C-terminal tag was masking the N-terminal NLS through 

protein folding. Perhaps the N-terminal NLS can function to translocate BRCA2 into the nucleus 

in a size limiting manner – as the protein increases in size, the N-terminal NLS either becomes 

obscured through protein folding, or is inefficient in facilitating transport of a larger protein, as 
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seen with BRC1-4.  It is worth noting that GFP (27 kDa) is a considerably smaller tag compared 

to 2XMBP (84 kDa). Chatterjee et al., (2016) expressed the same 2XMBP+BRCA2-N-term 

construct used in this study within human DLD1 cells, and cytonuclear fractioning revealed it to 

be primarily cytoplasmic, but small amounts were visible in the nuclear fraction.  Increasing the 

surface hydrophobicity of proteins normally excluded from the nucleus is enough to permit nuclear 

entry in the absence of interaction with a nuclear transport receptor (Naim et al., 2009). Perhaps 

the absence of such a large portion of the overall BRCA2 protein in the N-term and BRC1-4 

changes the quaternary structure such that it exposes more hydrophobic residues on the outside of 

the protein, facilitating passive diffusion in the absence of a functional NLS. There is high 

conservation in nucleoporin proteins among eukaryotes and the symmetry observed in the 

assembled NPC structure; evolutionary adaptions in lineages stoichiometrically rearrange the set 

of conserved pore complex proteins to generate different sized pores (Kim et al., 2018). There is 

also evidence for NPC component variation between cell-types within an organism (Ori et al., 

2013). It would be of interest to repeat these cell fractioning experiments on both human and 

hybridoma cell lines expressing the tagged BRCA2 truncated mutants to determine if the 

observations made in this study were a result of a species-specific or tissue-specific difference in 

the size of NPC. 

The 2XMBP tag was also predicted to be cytosolic, as it is of bacterial origin and thus 

would not have an NLS, and does appear to primarily exist in the cytosol, however there is some 

present in the nucleus (Figure 3). Proteins as large as 110 kDa have been shown to passively diffuse 

through the NPC in human cell lines (Wang and Brattain, 2007), so it is possible that the very high 

expression of 2XMBP in the control line is causing it to bleed over into the nucleus. The cleaved 

tag-only product present in the other cell lines may be bleeding into the nucleus as well but are 
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simply at too low levels to be detected through Western blotting. The tag-only control cell line 

1264-13 used in this study expresses an original Jensen vector that retained the SV40 promoter 

and enhancer regions and allowed for very high expression of the tag (1264-2XMBP-E+; Figure 

2B). Although the differences in cell survival following IR or MMC treatment between igm482 

and 1264-13 lines were not statistically significant, the possibility that very high expression of 

2XMBP influenced cell survival following exposure to genotoxic agents cannot be excluded 

(Figure 5A). A critique of this study would be that a tag-only line expressing the 1266 E- vector 

would have been a more appropriate control to use because a lower level of 2XMBP expression 

would have been more consistent with the expression level achieved with other constructs. 

Alternatively, a smaller tag may have been better to use for in vivo analysis of BRCA2. The 

2XMBP tag was originally used to purify BRCA2 in high enough quantities for in vitro assays 

(Jensen et al., 2010). Multiple FLAG tags would be considerably smaller than 2XMBP, would still 

allow for visualization of all constructs with a single antibody and perhaps would have allowed 

for higher expression of the constructs using the plasmid-based expression system. 

The cellular localization of BRC1-6, BRC1-8 and delT could not be confirmed. Given that 

200 μg of protein was required to visualize those constructs from WCE, it is likely that they are 

expressed at too low a level to be visualized once fractioned by the assay. Utilization of the 

2XMBP tag with an amylose pull-down may have allowed for greater recovery of the mutants 

from fractioned lysate. It would be of great interest to determine if the other BRCA2 constructs 

are also divided between the nucleus and cytoplasm, or if size is a limiting factor in the efficiency 

for the N-terminal NLS to translocate truncated BRCA2; perhaps multiple NLSs are required for 

translocations of very large proteins. The predicted size difference between N-term and BRC1-4 

is about 65 kDa (197 and 263 kDa respectively), compared to the difference of only about 12 kDa 
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between BRC1-4 and BRC1-6 (275 kDa). The high degree of homology of the BRC repeats in 

mammals and the variability in the number of repeats between species suggest that the duplication 

events that occurred during the evolution of the BRCA2 protein that expanded the number of BRC 

repeats may have occurred prior to or concurrently with the NLS sequences. Yeast ortholog Brh2 

contains only one BRC repeat, one DBD and two putative NLSs (Zhou et al., 2007). A duplication 

and translocation of the NLS may have allowed for the expansion of the BRC repeats in metazoans, 

which could have otherwise blocked the N-terminal NLS and render it non-functional. The 

significance of the differences in BRC repeat number between species, as well the necessity of 

eight BRC repeats present in mammalian BRCA2 proteins remains to be elucidated. 

Nuclear retention of BRCA2 is accomplished by masking a nuclear export signal (NES), 

located downstream of the BRC repeats, through interaction with DSS1 and mutations in this 

domain disrupting this interaction render BRCA2 cytosolic despite the presence of a functional 

NLS (Jeyasekharan et al., 2013).  Although Rad51 protein levels were not significantly different 

from the parental line (Figure 3D), BRC1-6 inhibited gene targeting, and BRC1-8 stimulated gene 

targeting frequency more than two-fold compared to igm482 (Figure 6). The N-terminal NLS may 

inefficiently translocate large BRCA2 truncation mutants into the nucleus and the lack of NES 

may help retain whatever small amounts that do enter, permitting interaction with HDR complexes. 

Low expression of the constructs may have also facilitated nuclear localization due to lack of 

competition for whatever mechanism permits their entry. If truncated BRCA2 traps Rad51 in the 

cytosol, it would stand to reason that gene targeting would be inhibited as more BRC repeats are 

available to interact with Rad51 in the wrong subcellular context. Thus, the possibility that there 

could be some of the larger truncated BRCA2 mutants entering the nucleus cannot be ruled out. 

Full length BRCA2 translocates into the nucleus independently of PALB2 but requires it to 
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localize to DNA damage sites (Xia et al., 2006). The combination of an intact PALB2 interaction 

domain as well as the N-terminal DBD may have allowed for these BRCA2 truncation mutants to 

localize and bind DNA damage sites in order to effect HDR. Introducing mutations into the 

BRCA2 N-terminus to disrupt DBD interactions and measuring changes in gene targeting 

efficiency could help to validate this proposed mechanism.   

BRCA2 and Rad51 protein levels are mutually dependent on each other in order to 

maintain a balance of factors to control HR interactions, as over expression of either results in 

HDR defects and plays a role in tumorigenesis (Magwood et al., 2012; Hu et al., 2013; Magwood 

et al., 2013). Mouse BRCA2 knock-down in igm482 cells causes proteasomal degradation of 

Rad51, which can be rescued by expressing a hBRCA2 mutant missing domains BRC5-8 and 

elicits a stronger protective response than WT hBRCA2 expression (Magwood et al., 2013). This 

same hBRCA2 mutant also shows elevated Rad51 protein levels when expressed in native igm482 

cells (Cealic, 2012). BRC1-4 had significantly higher Rad51 protein levels relative to igm482 

controls (Figure 3D). This data is consistent with reporting that the presence of BRC repeats 1 to 

4 in BRCA2 plays a key role in protection against Rad51 degradation which is required for HR 

factor balancing. N-term had a striking reduction of Rad51 protein compared to igm482 but the 

mechanism behind this is unclear. It is possible that since N-term can enter the nucleus, it out-

competes endogenous BRCA2 binding at break sites and the lack of BRC repeats blocks Rad51 

filament formation, preventing HDR and leaving a pool of unused and unprotected monomeric 

Rad51 to be degraded. The defect in gene targeting demonstrated by N-term supports this theory 

(Figure 6), however this HDR defect may be a direct consequence of reduced Rad51 levels as 

opposed to Rad51 degradation due to blocked HR. It would be interesting to quantify endogenous 
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BRCA2 expression to determine if the depletion of Rad51 in the N-term line results in a reciprocal 

reduction of mBRCA2. 

Individual and grouped BRC repeats fused to RPA was sufficient to rescue HDR defects 

in VC-8 and CAPAN-1 cells (Saeki et al., 2006), and the N-terminal DBD of BRCA2 is able to 

stimulate HDR in the absence of the C-terminal DBD (von Nicolai et al., 2016). It is worth noting 

that BRC1-4 stimulated HR in this study, however the BRC5-8 deletion mutant inhibited gene 

targeting in previous studies (Cealic, 2012). Remarkably, even though BRC1-6 and BRC1-8 did 

not have altered Rad51 levels relative to igm482, delT exhibited elevated Rad51 levels similar to 

that of BRC1-4 but did not stimulate gene targeting (Figure 3D; Figure 6). The BRC1-6 and BRC1-

8 mutants differ from delT by less than 150 amino acids (approximately 275 amino acids between 

the end of the 6th and 8th BRC repeats). This supports the idea that the context of the full BRCA2 

protein is important for modulating HDR functions as well as influencing levels of other HDR 

factors in vivo, either as a result of quaternary structure changes or through the influence of other 

domain functions, such as the N-terminus of BRCA2.  

Over expression of WT hBRCA2 increases gene targeting frequency (Magwood et al., 

2012). The current study replicated this result and found that BRC1-4 stimulated gene targeting to 

a similar degree, and the full set of BRC repeats (BRC1-8) stimulated gene targeting 2-fold relative 

to igm482 (Figure 6). The excess Rad51 protein levels in BRC1-4 may be stimulating HDR in a 

BRCA2 independent manner, however BRC1-8 does not have a corresponding increase in Rad51 

levels, so it is unlikely that HDR is being stimulated as a direct result of Rad51 abundance. The 

BRC repeats exist in two separate modules that interact with Rad51 differently; the first four BRC 

repeats in BRCA2 bind to free Rad51 more strongly than repeats 5 through 8, which have a higher 
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affinity for polymeric Rad51 bound to ssDNA and these two disparate functions work in concert 

to load free Rad51 onto ssDNA and to stabilize the growing nucleoprotein filament (Carreira and 

Kowalczykowski, 2011). BRCA2 mutants missing the N-terminal domain and first four BRC 

repeats complements BRCA2 deficient cells, however the presence of all eight repeats inhibits 

HDR and further sensitizes cells to MMC and IR (Chatterjee et al., 2016). BRCA2 function is 

regulated in the cell cycle by phosphorylation of S3291 by CDK, which blocks the TR2 domain 

from binding Rad51 during G2 and M, which is reversed by dephosphorylation in G1 and upon 

IR-induced DNA damage (Esashi et al., 2005). This residue is missing in all mutants examined in 

this study. The N-terminal domain seems to be indispensable for stimulating strand exchange, and 

the results of the current study suggest that the C-terminal domain of BRCA2 is required for precise 

control of DSB repair kinetics.  

CAPAN-1 cells demonstrate LOH expressing only the BRCA2 6174delT allele and are 

sensitive to IR treatment (Abbott et al., 1998). Expression of WT BRCA2 in CAPAN-1 cells 

reduces spontaneous recombination, complements error-free HDR function and decreases 

sensitivity to MMC treatment (Abaji et al., 2005; De Toni et al., 2016), however it did not increase 

cell survival following exposure to 15 Gry of IR (Holt et al., 2008). Breast cancers without LOH 

for BRCA2 are more resistant to PARP inhibitor therapies, indicating that complete lack of 

functional BRCA2 is a requirement for sensitizing cells to DNA damaging agents (Maxwell et al., 

2017). Igm482 cells retain expression of mouse BRCA2, so the presence of functional BRCA2 

protein may explain why delT exhibited no defects in gene targeting or IR sensitivity at the dosage 

used in this study (Figure 5A). It would be of interest to knock-down endogenous mBRCA2 

expression in these hybridoma cell lines to further examine how BRCA2 truncations impact 

recombination partners and HDR. It is also possible that the increased Rad51 protein levels in delT 
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may be overcoming any inhibitory effects on HDR, as Rad51 overexpression rescues gene 

targeting in BRCA2 deficient cells (Lee et al., 2009).  The striking difference in gene targeting 

efficiency between BRC1-6, BRC1-8 and delT suggests that perhaps there was a selective pressure 

that allowed for 6174delT truncations to remain within founder populations over alleles that 

truncate BRCA2 within the 6th or 8th BRC repeats due to impaired or over-stimulation of HDR 

respectively. It would be of interest to examine ectopic recombination in delT, as well as the other 

constructs used in this study to further explore how truncated BRCA2 impacts the specificity of 

HR to understand the mechanics of neoplastic transformation in carriers of pathogenic BRCA2 

alleles. 

The accumulation of p53 coincides with occurrence of DNA damage and cellular stressors 

(Levine, 1997). Mutations and knock-out of p53 stimulate spontaneous recombination and HR 

following DNA damage (Saintigny et al., 1999; Kumari et al., 2004). BRCA2 abolishment hinders 

replication associated DNA repair, and entry into mitosis leads to accumulation of 53BP1 nuclear 

bodies that triggers p53 dependent apoptosis (Feng and Jasin, 2017). Rad51 knockdown in igm482 

cells show reduced p53 protein levels (Magwood et al., 2013) and Kumari et al., (2004) showed 

that Rad51 levels increase following p53 deficit. The elevated p53 in both N-term and BRC1-4 

lines could explain the reduced growth exhibited by these lines, as the respective inhibition and 

stimulation of HDR of N-term and BRC1-4 may still result in replication stress that elevates p53 

and slows cell cycle progression. Remarkably, delT had an even greater increase of p53 protein 

levels compared to N-term and BRC1-4 but does not exhibit reduced growth or efficiency for 

HDR. It would be of interest to sequence endogenous p53 to determine if a mutation in the delT 

line prevents cell cycle arrest.  
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Elevated p53 may favor alternative repair pathways as p53 is a transcriptional activator of 

NER proteins which can repair intrastrand crosslinks (Ford, 2005). MMC exposure generates 

cross-links between bases which may eventually lead to DSBs through replication fork collapse. 

Although N-term, BRC1-4 and delT all have different amounts of Rad51 protein and demonstrate 

different effects on gene targeting efficiency, they all demonstrate significant survival following 

48 hours of MMC treatment (Figure 5C). ICL damage induced apoptosis occurs independently of 

p53, is associated with G2 cell cycle arrest, and cells deficient in other HR proteins show loss of 

G2 check point maintenance (Osawa et al., 2011). All three lines with elevated p53 levels are 

resistant to MMC treatment (Figure 2B and C). It is possible that MMC resistance in these lines is 

independent of HDR and elevated p53 stimulates alternative repair pathways for ICL repair, 

allowing for progression through the cell cycle.  

The gene targeting efficiency in BRC1-6 and BRC1-8 lines demonstrate a dichotomous 

relationship with sensitivity to IR. Gene targeting is inhibited in BRC1-6 but is not sensitive to IR, 

conversely BRC1-8 shows an increased sensitivity to IR even though it has a higher gene targeting 

efficiency than igm482 (Figure 6). Reduced p53 protein levels in BRC1-6 may override cell cycle 

check points upon IR-induced DNA damage and prevent apoptosis. Moderate over-expression of 

WT BRCA2 in 482/5 stimulates HDR, however high over-expression inhibits HDR and sensitizes 

cells to MMC treatment (Magwood et al., 2012). The imbalance of HR factors caused by excess 

BRCA2 is thought to bind-up free Rad51 such that it prevents proper stoichiometric assembly of 

BRCA2 and Rad51 monomers that blocks filament formation. Although HR is stimulated, IR 

sensitivity demonstrated by 428/5 and BRC1-8 suggests that efficient and fidelitous repair of DSBs 

via HDR requires an exquisitely precise balance of HR factors in the face of genotoxic challenges.  
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Future Studies 

The purpose of this work was to explore the effects of BRCA2 truncations on Rad51 and 

HDR. Predictive models suggest that the region of BRCA2 that harbors the most potentially 

deleterious SNPs are located in the C-terminal region, which contain highly conserved domains 

including DNA binding folds that are vital to the function of BRCA2 (Yadegari and Majidzadeh 

2019). The predicted structural modeling by Shahid et al., (2014) proposes that BRCA2 facilitates 

HR by forming a homodimer. Truncation mutations that abolish the C-terminal end of BRCA2 

may remove key residues required for the proper dimerization, or prevents proper protein folding 

that disrupts the orientation of BRC repeat interface. The full quaternary structure of BRCA2 

remains to be solved but is paramount in elucidating the complex functioning of such a large 

protein.  

BAC based expression of full length BRCA2 as well as BRC-deficient mutants has been 

successful in hybridoma cells (Magwood et al., 2012; Magwood et al., 2013) and future studies 

could utilize this system to strongly express tag-less BRCA2 mutants in igm482 cells to eliminate 

any ambiguities associated with protein tags on the N- or C-terminus. The labor-intensive work 

involved with BAC recombineering (Warming et al., 2005) to introduce targeted BRCA2 deletions 

prevented its utilization within this study, despite its previous success.  The results of this study 

support previous findings that the first four BRC repeats of BRCA2 are important for Rad51 

stabilization in the cell, however this study also contradicts reports of the functionality of the N-

terminal NLS. In addition to BAC-vector based expression for deletions of the C-terminal and 

BRC domains, targeting mutations within the N-terminal putative NLS and DBDs would help 

validate the conclusions made in this work.   
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