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ABSTRACT 

 

The long-term goal of my thesis project is to elucidate the fundamental question about 

the seemingly conflicting consequences of genome instability, a hallmark of cancer. 

While genome instability fuels cancer growth, it also paradoxically compromises cell 

fitness and even causes lethality. Resolving this question can provide insight into tumor-

forming as well as therapy resistance mechanisms and potentially benefit cancer 

therapy. To decipher this conundrum, I decided to use BRCA2 deficiency as a model. As 

a tumor suppressor, BRCA2 functions to protect genome integrity. Interestingly, while 

BRCA2 loss confers breast and ovarian cancer susceptibility, it can also trigger lethality, 

thus recapitulating both aspects of the paradox. However, the underlying mechanism 

remains poorly defined. 

Given the tissue tropism of BRCA2-mutated cancers, key to resolving the 

question is to model BRCA2 deficiency in a relatively normal and disease-relevant 

background. To this end, using orthogonal approaches, I generated two conditional loss-

of-function models of BRCA2 in a non-transformed human mammary epithelial cell line 

(MCF10A) using CRISPR-Cas9 tools. I found that BRCA2 deficiency triggers cell 

lethality. I then employed single molecule DNA fiber analysis, high-resolution microscopy 

and automated high-content imaging to study the underlying mechanisms. I uncovered 

the “DNA under replication-mitotic abnormality-53BP1 nuclear body formation-G1 arrest” 

axis as the trigger of the cell lethality.  

Another topic that is currently under heated debate is as to the relative 

contribution of two BRCA2-centered processes, homologous recombination (HR) and 

replication fork protection (FP), to genome integrity. An HR defect in BRCA2-mutated 

cancers was initially leveraged to develop synthetic-lethality-based therapeutic 
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strategies, while subsequent restoration of HR and/or possibly FP in tumors confers 

resistance. The relative contribution of HR and FP to genome integrity maintenance and 

thereby therapy resistance remains somewhat controversial. Thus, the BRCA2 

conditional models I generated afford the opportunity to dissect the functions of the two 

pathways in a clean way and from a disease-relevant background.  

To this end, I established multiple, complementary separation-of-function 

systems to individually perturb either pathway while keeping the other intact. These 

approaches came together to reveal that it is HR, but not FP, that plays a critical role to 

suppress replication stress and support cell viability. These results, unanticipated from 

previous studies using other systems, converge to a model that HR and FP are 

differentially required in diverse biological contexts and highlight the importance of 

generating genetic models in a relevant cellular background (Feng and Jasin, Nature 

Communications, 2017). 

For the long term, the genetic tools and the above results I obtained now open 

the door to exploring a series of unresolved questions in the field. First, my study has 

made an unanticipated discovery that the timing of DNA replication completion dictates 

the outcome of BRCA2 perturbation. Could the under-replicated DNA and its sequelae 

add to the Achilles heel of BRCA2-mutated cancers and thereby open novel therapeutic 

avenues? Conversely, could tumor cells acquire chemoresistance by manipulating the 

timing to their advantage? Moreover, could DNA under replication contribute to forming 

the mutational signatures observed in BRCA2-deficient cancers? Finally, what is the 

mechanism that allows for survival of BRCA2-deficient cells and ultimately tumor 

formation? I am currently focusing on elucidating these questions.  

In sum, I have generated BRCA2 conditional human cell models, delineated the 

downstream processes leading to cell lethality in the absence of BRCA2 and dissected 

the contributions of HR and FP in genome integrity maintenance, which together provide 
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insights into our understanding of genome instability and cancer with implications in 

therapies.  
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Chapter 1 Introduction  

 

1.1 Genome instability and DNA replication stress as hallmarks of cancer 

 

1.1.1 Genome instability, a pervasive characteristic of cancer 

Although human cancers vary profoundly across different types, they do share some key 

properties, collectively named hallmarks of cancer (Hanahan and Weinberg 2000; 

Hanahan and Weinberg 2011). Genome instability represents one of these defining 

features (Hanahan and Weinberg 2011). Genome instability comes in different forms 

contingent upon the cancer types. It can be characterized as alterations at the DNA 

sequence level, manifesting as base-pair mutations, or microsatellite instability, which 

features changes in the number of short nucleotide repeats called microsatellites (Vilar 

and Gruber 2010). Abnormal chromosome structures and numbers represent another 

form of genome instability, referred to as chromosomal instability (CIN). CIN manifests 

as chromosomal fusions/translocations, gains or losses of chromosomal regions, 

changes in copy number of a whole chromosomes (aneuploidy), or changes in the whole 

genome copy number (Sansregret et al. 2018).  

Advances in next-generation DNA sequencing now enable systematic 

characterization of mutation levels and uncover tumor heterogeneity in enormous 

numbers of cancer genomes across different types (Yates and Campbell 2012; Burrell et 

al. 2013b; Kass et al. 2016b). The more recent advent of single-cell DNA sequencing 

technologies further allows for deciphering the genetic intratumor heterogeneity at 

unprecedented resolution (Navin 2015).  A comprehensive landscape of the cancer 
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genome is now emerging and will continue to shape our understanding of underlying 

features of cancer. 

 

1.1.2 Genome instability, a double-edged sword for cancer 

Despite a clear association with cancer, genome instability impacts the behaviors of cells 

and cancer in a complex manner. How the cancer cells harness genome instability to 

their advantage while minimizing its downside is not fully understood and remains a topic 

of interest. In this section, the benefits and costs of genome instability and its potential 

clinical value are discussed. 

 

1.1.2.1 Positive effects of genome instability on cancer development 

Cancer formation is considered as a multistep process during which a series of 

mutations are progressively acquired by chance, ultimately leading to clonal outgrowth 

(Nowell 1976; Vogelstein and Kinzler 1993; Greaves and Maley 2012). Under this 

framework, it is conceivable that with the mutation-prone nature, genome instability 

provides a basis that fosters cancer evolution (Cahill et al. 1999), although whether an 

increase in mutation rate (i.e., a mutator phenotype) is necessarily a requirement for 

tumorigenesis is still under debate (Fox et al. 2013).  Not only is the genetic diversity 

advantageous during disease progression under micro-environmental pressure, it may 

also fuel evolution of chemoresistance under therapeutic pressure. In the latter case, the 

resistance mutations could be pre-existing before the treatment (Ding et al. 2012; Kim et 

al. 2015; Patch et al. 2015; Kim et al. 2018), or acquired during the course of treatment 

(Ding et al. 2012; Kurtova et al. 2015). In addition to genome instability, other functional 

(i.e., not necessarily genetic) diversity likely also contributes to tumor heterogeneity, 

such as a hierarchy of tumorigenic cells and their non-tumorigenic progeny (Meacham 

and Morrison 2013).  
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Besides an elevated mutation rate, genome instability, especially through 

chromosomal rearrangements and copy number changes, can promote tumor formation 

by altering gene expression. Chromosomal translocations can cause gene fusions that 

result in ectopic oncogene expression. As a result of somatic copy number alterations, 

gain of oncogene copy numbers or loss of tumor suppressor genes can also contribute 

to tumor formation. Strikingly, a recent study provides evidence that the whole-arm or 

whole-chromosome (i.e. aneuploidy) gain or loss patterns in cancer can be explained by 

the balance between tumor suppressor genes and oncogenes present in the altered 

regions (Davoli et al. 2013).  

Genome instability also affects tumor formation in an apparently non-gene-

specific manner. Aneuploidy is correlated with an increase in expression of cell 

proliferation genes and a decrease of immune infiltrate (Davoli et al. 2017; Taylor et al. 

2018). This observation is not likely to be caused by changes of a particular gene or 

gene set, since it is a general feature of aneuploidy per se across many cancer types 

with various types and regions of copy number alterations. Recent work also shows 

compelling evidence in yeast that aneuploidy increases phenotypic variation (Beach et al. 

2017). Importantly, the observed heterogeneity is to some extent independent of genetic 

or epigenetic changes and is instead attributed to stochastic DNA damage. Since an 

increased phenotypic variability is also observed in aneuploid mouse embryos, 

presumably it can contribute to heterogeneity seen in cancer (Beach et al. 2017). Finally, 

aberrations due to genome instability can also activate immune pathways, which can 

exhibit both positive and negative impacts on cancer (discussed below). 

 

1.1.2.2 Negative effects of genome instability on cell fitness: a price to be paid to 

play! 
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Genome instability as much a hallmark of cancer as it is, is not purely a favorable event 

for cancer and more generally cell survival. Intuitively speaking, this notion is not entirely 

unexpected: it would be much more likely to develop deleterious alterations than 

beneficial ones from a stochastically mutagenic process. Indeed, mutations of numerous 

DNA repair and DNA damage response genes turn out to be detrimental at organismal 

and/or cellular levels, even if many of these genes are canonical tumor suppressors in 

the meantime. As an example, tumor suppressor genes demonstrating this paradoxical 

property include, but not restricted to, BRCA1, BRCA2 (the topic of the thesis), PALB2 

and RAD51C (Prakash et al. 2015). Presumably the endogenous DNA damage reaches 

an intolerable level in the absence of these repair/response pathways (further discussed 

below).   

CIN can also exert negative impacts on cell fitness. Aneuploidy impedes cell 

proliferation, largely irrespective of the approaches to achieve it, whether by genetically 

engineered single-chromosome gains or by perturbing chromosome segregation 

(Santaguida and Amon 2015). Aneuploidy also demonstrates tumor suppressive effects 

on mouse cells (Sheltzer et al. 2017). Multiple mechanisms may contribute to 

compromising cell fitness, including gene expression alterations, p53 activation (as a 

result of chromosome mis-segregation), and aneuploidy-associated stresses etc. 

(Santaguida and Amon 2015). Tetraploidy, a result of whole-genome doubling, another 

frequently occurring event in cancer (Zack et al. 2013), also induces a p53-dependent 

cell cycle arrest (Andreassen et al. 2001; Ganem and Pellman 2007; Kuffer et al. 2013; 

Ganem et al. 2014b).  

 

1.1.2.3 Aberrant exposure of genomic DNA to cytosol elicits immune pathway 

activation 
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In additional to those discussed above, another recently uncovered, non-gene-specific 

effects of genome instability lies in the exposure of DNA to cytosol, which in turn 

activates the cytosolic nucleic acid sensor cGAS (cyclic GMP-AMP synthase) and the 

downstream STING (stimulator of interferon genes)-mediated transcriptional responses. 

A natural function of cGAS is to respond to foreign DNA that is present in the cytosol 

(e.g., that from a virus) and activates a downstream innate immune response (Chen et al. 

2016). It is now known from multiple studies that the genomic DNA of a cell on its own, 

once becoming accessible to cGAS, can also elicit similar downstream responses (Chen 

et al. 2017; Dou et al. 2017; Gluck et al. 2017; Harding et al. 2017; Mackenzie et al. 

2017; Bakhoum et al. 2018; Coquel et al. 2018). For example, one trigger of this axis is a 

micronucleus, a byproduct of CIN due to chromosome mis-segregation. The nuclear 

envelope of the micronucleus undergoes extensive rupture (Hatch et al. 2013). As a 

consequence, the encompassed DNA is recognized by cGAS, which then activates an 

interferon or pro-inflammatory response (Harding et al. 2017; Mackenzie et al. 2017; 

Bakhoum et al. 2018).  

Notably, an ever-expanding list of other sources of cytosol-accessible DNA can 

also lead to cGAS activation, including cytosolic chromatin fragments (a byproduct of 

senescence) (Dou et al. 2017; Gluck et al. 2017), extrachromosomal telomere repeat 

(Chen et al. 2017) and replication stress (Coquel et al. 2018). Complexity also exists 

among the various outcomes of cGAS-STING activation, ranging from growth-inhibitory 

or anti-tumor effects such as anti-proliferation (Chen et al. 2017; Gluck et al. 2017), 

senescence (Dou et al. 2017; Gluck et al. 2017; Yang et al. 2017) and 

immunesurveillance (Harding et al. 2017; Mackenzie et al. 2017) to pro-cancer effects 

such as inflammation and metastasis (Bakhoum et al. 2018). The diverse consequences 

can in part be explained by various genetic backgrounds, cellular contexts, and 

microenvironments that may activate distinct downstream transcription programs. It 
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would be of importance and clinical relevance for future studies to dissect the 

mechanisms that dictate the outcome of cGAS-STING pathway. 

Overall, it emerges that although genome instability is nearly a universal feature 

of cancer and clearly benefits tumor formation and progression at multiple levels, it does 

come at a cost, such that the immediate consequences of genome instability are almost 

invariably detrimental to cell fitness and are thus tumor suppressive. As a consequence, 

it is likely that cancer cells have evolved ways to bypass these growth-inhibitory effects 

to ultimately balance the outcome of genome instability towards their advantage. 

Needless to say, it is undoubtedly critical to understand how this is achieved, which is a 

major underlying big question of my thesis project.   

 

1.1.3 DNA replication stress, a hallmark of pre-cancerous lesions 

DNA replication represents one of the most fundamental processes that occur in a 

proliferating cell. A direct consequence of aberrant DNA replication is alterations to the 

genome, including mutations as well as rearrangements. Not surprisingly then, 

disruption of the DNA replication program constitutes a significant source of genome 

instability in cancer and particularly precancerous lesions (Halazonetis et al. 2008; 

Macheret and Halazonetis 2015). In fact, multiple processes that cause genome 

instability are indeed related to compromising DNA replication, as discussed below. 

Replication stress is generally defined as any perturbation that challenges DNA 

replication fork progression (Branzei and Foiani 2010). Replication stress causes either 

transient slowing, stalling or permanent collapse of replication forks (Berti and Vindigni 

2016). Failing to restart the forks, or improperly processing the intermediates results in 

DNA lesions (Cortez 2015) or generates substrates for APOBEC3B-deaminase-

mediated mutagenesis (Kanu et al. 2016), thereby hampering genome integrity.  Various 

causes and consequences of replication stress are comprehensively reviewed 
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elsewhere (Branzei and Foiani 2010; Cortez 2015; Berti and Vindigni 2016). One 

specific type of stressed fork processing, nascent strand degradation, will be discussed 

in detail below. In this section, the discussion is specifically focused on replication stress 

in the context of cancer. 

 

1.1.3.1 Oncogene-induced replication stress  

Like everything that has been discussed so far, an oncogene is not always oncogenic, 

but also paradoxically induces tumor-suppressive responses. Oncogene activation by a 

variety of means all leads to cellular senescence in precancerous lesions (Serrano et al. 

1997; Braig et al. 2005; Chen et al. 2005; Collado et al. 2005; Michaloglou et al. 2005). 

This phenomenon, named oncogene-induced senescence, serves as a barrier against 

malignancy. The underlying cause is an induction of DNA damage checkpoint signaling 

due to replication stress (Bartkova et al. 2005; Gorgoulis et al. 2005; Bartkova et al. 

2006; Di Micco et al. 2006).  

 

1.1.3.2 Possible causes of oncogene-induced replication stress 

Multiple non-mutually exclusive processes may contribute to oncogene-induced 

replication stress. It is possible that different oncogenes induce replication stress by 

different mechanisms, or a single oncogene may act via multiple mechanisms. 

Oncogene activation perturbs DNA replication dynamics, resulting in fork stalling and/or 

collapse (Bartkova et al. 2006; Di Micco et al. 2006; Bester et al. 2011). In cases of 

oncoprotein E6-E7 or Cyclin E overexpression, this effect could be a reflection of 

nucleotide pool depletion (Bester et al. 2011), a condition known to impede replication 

(Anglana et al. 2003).  

Aberrant replication origin firing forms a second cause of replication stress. 

Proto-oncogene c-MYC encodes a protein that directly promotes DNA replication 
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initiation (Dominguez-Sola et al. 2007), independently from its function as a master 

transcription regulator (Dang et al. 2006). c-MYC overexpression causes excessive 

origin firing, which in turn stalls replication forks (Dominguez-Sola et al. 2007; Srinivasan 

et al. 2013). Aberrant origin firing could also be a consequence of premature S phase 

entry upon oncogene activation (Macheret and Halazonetis 2018). 

Conflicts between replication and transcription, which are sources of replication 

stress in general (Garcia-Muse and Aguilera 2016), also underlie oncogene-induced 

replication stress. For example, transcription inhibition was shown to partially alleviate 

Cyclin E overexpression-mediated fork slowing (Jones et al. 2013). A recent study 

provides more insight into the interaction between transcription and replication under 

oncogene activation. A genome-wide map of replication initiation sites revealed a set of 

replication origins ectopically fired from highly transcribed genes due to oncogene 

activation (Cyclin E or c-Myc overexpression). These origins, normally suppressed by 

transcription in G1, are thought to be aberrantly fired due to a short G1 as a result of 

oncogene-induced precocious S phase entry. Fork collapse is in turn triggered by the 

resulting conflict between replication and transcription (Macheret and Halazonetis 2018).  

Common fragile sites (CFSs) and early-replicating fragile sites (ERFSs) are two 

types of genomic regions that are prone to breakage under replication stress, including 

that induced by oncogene activation, and are hotpots for rearrangements in cancer 

(Macheret and Halazonetis 2015) (further reviewed below). CFSs generally reside in 

large genes (Le Tallec et al. 2013). Transcription of large genes can take longer than the 

whole S phase, making replication-transcription interference more likely, which has been 

implicated as one cause of CFS fragility of particularly long genes among others 

(Helmrich et al. 2011). ERFSs are also associated with highly-transcribed region with 

fragility being correlated with the expression status of the underlying genes (Barlow et al. 

2013).  
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1.1.3.3 Beyond S phase - late manifestation of replication stress 

Replication stress stems from S phase, but it also exerts an impact beyond S phase, into 

subsequent cell cycle stages. One possible outcome of replication stress is an 

incomplete duplication of the genome, referred to as DNA under replication. The 

resulting incompletely replicated sister chromatids remain connected at the under-

replicated region. Importantly, unlike severe replication problems or DNA lesions that 

typically trigger DNA damage response and cell cycle arrest, under-replicated DNA on 

its own (i.e., without excessive DNA damage) seems insufficient to activate the 

checkpoint such that cells still continue to enter mitosis with their presence (Mankouri et 

al. 2013). The possible reasons for their tolerance are not very clear, but these 

structures, if not properly resolved, can in turn be subject to breakage or perturb 

chromosome segregation, leading to mitotic and post-mitotic problems (Mankouri et al. 

2013).  

 One source of under-replicated DNA is CFSs. As briefly introduced above, these 

sites are some genomic regions that are particularly fragile under replication stress and 

have been implicated as rearrangement hotspots in cancer (Glover et al. 2017). One 

defining feature of CFSs is a propensity to form breaks or gaps on metaphase 

chromosomes following partial inhibition of DNA replication (Glover et al. 1984). A typical 

way to induce CFS breakage (i.e. CFS expression) is by a low dose of aphidicolin (APH), 

a DNA polymerase inhibitor that induces a mild replication stress without causing cell 

cycle arrest (Glover et al. 1984). Multiple non-exclusive mechanisms have been 

proposed to explain the fragility property of CFSs, including the aforementioned 

replication-transcription interference (Helmrich et al. 2011), presence of difficult-to-

replicate DNA sequences (Schwartz et al. 2006) and a paucity of replication origins 

(Letessier et al. 2011). Notably, CFSs are generally late replicating (Glover et al. 2017), 
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which together with the above features make CFSs particularly prone to DNA under 

replication and then manifest as gaps and breaks during mitosis.  

The carry-over of under-replicated DNA through mitosis is consequential in 

multiple respects, ranging from compensatory to deleterious ones. First, DNA continues 

to replicate in mitosis (Fig. 1-1): Although originally identified as a pathological outcome, 

formation of gaps and breaks at CFSs is now appreciated as a programmed breakage 

event mediated by the DNA structure-specific nuclease MUS81 (Naim et al. 2013; Ying 

et al. 2013). The purpose is to prevent chromosome non-disjunction and further 

catastrophe by triggering mitotic DNA synthesis, a compensatory process to finish DNA 

synthesis during early mitosis. Mitotic DNA synthesis requires POLD3, a non-catalytic 

subunit of DNA Polymerase δ, downstream of MUS81, and is proposed to occur by 

break-induced replication, a specialized form of DNA repair synthesis (Minocherhomji et 

al. 2015). The strand-annealing enzyme RAD52 was additionally found to recruit MUS81 

during mitotic DNA synthesis (Bhowmick et al. 2016). Thus, a break-induced repair 

synthesis pathway is emerging to complete the unfinished DNA replication at CFSs 

during mitosis and prevent otherwise more detrimental outcomes. 

 Ultrafine DNA bridges (UFBs) represent a second type of mitotic products 

generated from CFSs (Fig. 1-1). These structures are characterized as DAPI-negative 

DNA ‘threads’ that connect sister chromatids during anaphase (Baumann et al. 2007; 

Chan et al. 2007). In fact, the sources of UFBs are more general: not only do they arise 

from CFSs, but also from centromeres, telomeres (Mankouri et al. 2013) and, as more 

recently described, unresolved recombination intermediates (Chan et al. 2018; Tiwari et 

al. 2018). All UFBs are commonly bound by helicases PICH and BLM, which are 

implicated in bridge resolution (Mankouri et al. 2013). UFBs from replication stress, 

including CFSs, are specifically marked by a Fanconi anaemia protein FANCD2 at the 

two bridge ends (Fig. 1-1) (Chan et al. 2009; Naim and Rosselli 2009). In fact, upon 
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replication stress, FANCD2 binds to CFSs from as early as G2 phase and remains 

bound throughout early mitosis as a very defined, paired foci structure with one on each 

sister chromatid (Fig. 1-1) (Chan et al. 2009). Mitotic DNA synthesis occurs at these 

FANCD2 twin foci, while perturbing this process further increases FANCD2-labelled 

UFBs in the subsequent anaphase (Minocherhomji et al. 2015). A failure to resolve 

UFBs in BLM deficient cells is associated with anaphase bridge formation and 

chromosome mis-segregation (Chan et al. 2007; Chan et al. 2009; Naim and Rosselli 

2009). Thus, although the precise role of the CFS-derived UFBs remains to be clearly 

defined, it appears these structures serve as a fail-safe mechanism to assist in 

chromosome segregation when mitotic DNA synthesis is absent or overwhelmed. 

 The consequences from DNA under replication even extend beyond mitosis to 

the daughter cells. Specifically, a DNA double-strand break (DSB) repair protein 53BP1 

forms prominent, large foci, termed 53BP1 nuclear bodies (53BP1 NBs) in the 

subsequent G1 phase (Harrigan et al. 2011; Lukas et al. 2011). These large nuclear 

compartments follow a remarkably symmetrical pattern in the two daughter cells (Lukas 

et al. 2011). 53BP1 NBs arise spontaneously but are greatly increased under replication 

stress (low-dose APH) and are associated with CFSs (Harrigan et al. 2011; Lukas et al. 

2011). A recent study using genetic manipulation of replication origin numbers 

demonstrates an inverse correlation between the levels of 53BP1 NBs and active origins 

(Moreno et al. 2016). These observations together support a model that these nuclear 

bodies mark under-replicated DNA from the previous cell cycle.  

Two aspects of 53BP1 NBs remain incompletely understood: how do they arise 

and what roles do they play? Regarding the first point, the occurrence of 53BP1 NBs is 

associated with unresolved UFB levels in anaphase, suggesting that these persistent 

sister-chromatid linkages in the preceding mitosis might be the source for the later 

formation of nuclear bodies (Mankouri et al. 2013). There also exist some clues for their 
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possible functions. A plethora of DNA damage response proteins are found in the 

nuclear bodies (Harrigan et al. 2011; Lukas et al. 2011), suggesting 53BP1 NBs could 

serve as a signaling center with a high local concentration of functionally related proteins. 

In addition, 53BP1 was shown to shield lesions at the under-replicated DNA loci (Lukas 

et al. 2011). Together with the observation that 53BP1 NBs disappear in the ensuing S 

phase (Harrigan et al. 2011), it is possible that 53BP1 protects the lesions through the 

G1 phase for them to be properly repaired in S phase, for example, via high-fidelity 

replication or recombination-related mechanisms.   

   

1.1.4 Sources of genome instability in cancer 

It is now clear that aberrations of many processes, including replication stress discussed 

above, lead to genome instability. The sources of genome instability can be broadly 

categorized as two types: DNA damage and mitotic abnormalities. Crosstalk often exists 

among the multiple types of aberrations, which together threaten the integrity of the 

genome.  

  

1.1.4.1 DNA damage, DNA damage response and repair 

DNA is the building block of the genome. Naturally, DNA damage represents a 

significant source of genome instability. DNA damage is derived both exogenously and 

endogenously (Ciccia and Elledge 2010). Common exogenous DNA damage include 

sunlight, which results in pyrimidine dimers, cigarette smoke, which generates DNA 

adduct and radiation from various sources which can lead to DSB formation (Ciccia and 

Elledge 2010). Endogenous DNA damage arises from spontaneous DNA alterations or 

agents that are often generated as byproducts from normal cellular processes. 

Spontaneous DNA alterations include cytosine deamination, depurination and base 

alkylation etc. (Lindahl and Barnes 2000). One common DNA damaging metabolite is 



 13 

reactive oxygen species, which modify DNA bases and cause DNA strand breaks (Cadet 

and Wagner 2013). It is recently revealed that aldehydes, derived from endogenous 

cellular metabolism or alcohol, also display genotoxic effects (Langevin et al. 2011; 

Pontel et al. 2015; Garaycoechea et al. 2018). In addition to DNA modification per se, 

endogenous challenges against processes of DNA metabolism also form a source of 

DNA damage, including, for example, the aforementioned replication stress. 

 Various repair mechanisms have been evolved to tackle different types of DNA 

damage. Single-stranded DNA damage is mainly repaired by three pathways, all taking 

advantage of the intact DNA strand as the repair template. Mismatch repair (MMR) 

corrects base-to-base mispairings (Jiricny 2006), while the base excision repair (BER) 

and nucleotide excision repair (NER) pathways repair small or bulky lesions at DNA 

bases, respectively (Barnes and Lindahl 2004; Marteijn et al. 2014). Lesions across both 

DNA strands are considered particularly dangerous since the repair template is not as 

easily accessible. DSBs can be repaired through nonhomologous end joining (NHEJ), 

which directly ligates the break ends without the need for a homologous DNA template. 

NHEJ is considered error-prone because it often involves a potentially mutagenic break 

end processing step before ligation (Lieber 2010). Alternatively, DSBs can also be 

processed through homologous recombination (HR), a focus of the thesis. HR is a more 

accurate DSB repair pathway that uses homologous DNA template to guide the repair. 

HR occurs in S and G2 phases, which is when the sister chromatid, the typical repair 

template, is present (Jasin and Rothstein 2013). In addition to broken DNA strands, 

repairing covalent links between the two DNA strands (interstrand crosslinks, ICLs) also 

requires HR in the context of the Fanconi anaemia pathway (Ceccaldi et al. 2016).  

 Each repair pathway involves actions of multiple proteins that are both temporally 

and spatially regulated, which also needs to be coordinated with cell cycle status and 

other cellular events. The sensing of DNA damage, execution of repair and transduction 
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of signals to downstream cellular responses are achieved by a signaling network named 

the DNA damage response (DDR) (Ciccia and Elledge 2010). At the core of the cascade 

are primarily two DDR master regulators, ATM and ATR. Both kinases are members of 

the phosphatidylinositol 3-kinase-like protein kinase family, activated in the face of 

genotoxic stresses and trigger signaling cascades by phosphorylating a multitude of 

substrates. The outcome of their various downstream pathways is to facilitate effective 

repair and arrest cell cycle progression until repair is finished. In a simplistic view, ATM 

mainly responds to DSB induction and regulates DSB repair, while ATR is activated in 

upon replication stress and promotes replication fork restart while blocking origin firing 

(Shiloh and Ziv 2013; Saldivar et al. 2017). Despite differing at mechanism of activation 

and substrate preference, ATM and ATR pathways are not entirely independent, but 

rather crosstalk with each other at multiple levels (Marechal and Zou 2013).  

 Defects in various components of DDR and DNA repair processes are implicated 

in cancer formation. This notion is supported by the fact that germline mutations of DDR 

or DNA repair genes causes a variety of cancer-prone genetic syndromes. For example, 

a defective MMR underlies hereditary non-polyposis colon cancer (Fishel et al. 1993; 

Leach et al. 1993). Hereditary mutations of HR genes BRCA1 and BRCA2 results in 

breast and ovarian cancer susceptibility (Prakash et al. 2015). Germline inactivation of 

multiple ICL genes causes Fanconi anaemia syndrome, which is associated with cancer 

predisposition (Ceccaldi et al. 2016). Ataxia telangiectasia (A-T) syndrome, caused by 

ATM mutations, displays increased risk of malignancy (Shiloh and Ziv 2013). Beyond 

hereditary cancers, even in cases of pan-cancer analysis, germline mutations of a series 

of DDR or DNA repair genes, including BRCA1, BRCA2, ATM, are still significantly 

enriched, as revealed by a recent, large-scale investigation (Huang et al. 2018). 

Mutations of DDR and DNA repair genes are also enriched in metastatic cancers. 

Strikingly, in a cohort of 500 patients with metastatic cancers from a variety of tissues, 
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mutations in this category accounted for 75% of the total amount of putative pathogenic 

germline mutations that were uncovered (Robinson et al. 2017). In addition to germline 

mutations, evidence is also emerging that reveals the presence of somatic mutations of 

these genes in sporadic cancers (Pennington et al. 2014; Robinson et al. 2015a).   

  

1.1.4.2 Abnormal mitosis underlies chromosomal aberrations  

Various forms of mitotic abnormalities exist, manifesting aberrations of different 

processes (Bizard and Hickson 2018). Chromatin bridges represent one form of non-

disjunction between sister chromatids that manifest during anaphase. Depending on 

whether they can be detected with a conventional DNA dye such as DAPI, they are 

classified as either DAPI-positive anaphase bridges (hereafter called anaphase bridges), 

or DAPI-negative UFBs (reviewed above). While UFBs are prevalent even under 

unperturbed conditions and therefore considered as a physiological structure, anaphase 

bridges are generally considered as pathological outcomes. Anaphase bridges are 

typically products of pre-mitotic DNA lesions, including DSBs (Gisselsson 2008), those 

from replication stress (Burrell et al. 2013a) (also discussed above) or telomere fusions 

(Maciejowski and de Lange 2017). One consequence of these chromatin bridges is an 

interference with cytokinesis, which potentially results in binucleation and tetraploidy (Shi 

and King 2005). Dicentric anaphase bridges arising from telomere fusion are also shown 

to be resolved and processed by cytoplasmic nucleases and can cause gross genome 

rearrangements including chromothripsis and kataegis, single-step processes that 

generate complex chromosomal rearrangements or localized mutagenesis (Maciejowski 

et al. 2015).    

 Lagging chromosomes are another type of segregation defect, which are 

detected as chromatin bodies or whole chromosomes that are left behind other 

segregated chromosomes during anaphase. Some of these structures originate from 
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acentric chromatin fragments, which are formed by DNA breakage. These fragments lag 

behind because they cannot attach to the spindle (Gisselsson 2008). Another type of 

lagging chromosome is centromere-positive, and manifests as mitotic defects, typically 

caused by merotelic microtubule attachment. These chromosomes lag behind due to 

pulling forces from opposite spindle poles (Cimini et al. 2001). Segregating lagging 

chromosomes to the same daughter cell as its corresponding sister chromatid directly 

results in aneuploidy. Another fate of lagging chromosomes is the reassembly of their 

own nuclear envelopes, forming micronuclei (Ganem and Pellman 2012). In contrast 

with the primary nucleus, a micronucleus is profoundly compromised in DNA integrity: 

the DNA inside carries extensive damage and its reincorporation into the genome 

underlies gross genomic rearrangements characterized as chromothripsis (Crasta et al. 

2012; Zhang et al. 2015; Ly et al. 2017).     

A defective spindle assembly checkpoint (SAC) also causes chromosome mis-

segregation, CIN and aneuploidy. SAC is a surveillance pathway that ensures the proper 

segregation of chromosomes during mitosis. SAC delays separation of chromosomes 

(i.e. anaphase onset) until all sister chromatid pairs are attached to spindle microtubules 

from both poles. At the molecular level, unattached kinetochores recruit SAC proteins 

including MAD1, MAD2, BUB1, BUBR1, BUB3 and MPS1, which then inhibit the 

anaphase-promoting complex/cyclosome (APC/C)-CDC20 complex, an E3 ubiquitin 

ligase that initiates anaphase onset (Cheeseman 2014; Musacchio 2015; Funk et al. 

2016).  

 

1.1.4.3 Crosstalk between non-mitotic DNA damage and mitotic abnormalities  

Pre/post-mitotic DNA damage and aberrations during mitosis are not isolated events, but 

rather, are closely linked to each other. Pre-mitotic DNA damage can serve as the cause 

of subsequent mitotic defects. This notion has already been exemplified in multiple 
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scenarios discussed above, such as replication stress and DSBs, both leading to 

formation of anaphase bridges and lagging chromosomes (specifically lagging chromatin 

fragments) during mitosis (Bizard and Hickson 2018).  

Conversely, mitotic abnormalities can lead to post-mitotic DNA damage as well 

(Ganem and Pellman 2012). As discussed, persistent anaphase bridges are subject to 

processing by cytoplasmic nucleases (Maciejowski et al. 2015). Micronuclei, products of 

lagging chromosomes during mitosis, undergo extensive DNA damage (Crasta et al. 

2012; Zhang et al. 2015; Ly et al. 2017). In both cases, a disrupted nuclear envelope 

surrounding these mitotic products is thought to play a role in DNA damage (Hatch et al. 

2013; Maciejowski et al. 2015). In addition, cytokinesis can directly induce DNA damage 

on lagging chromosomes that are trapped at the cleavage furrow, which is associated 

with chromosomal aberrations in the next cell cycle (Janssen et al. 2011).  

 

1.2 BRCA2, genome integrity maintenance, and cancer * 

 

BRCA2 is a well-known tumor suppressor that was identified more than two decades 

ago (Wooster et al. 1995) yet interest in this protein continues to grow. Monoallelic 

inheritance of a deleterious BRCA2 mutation confers up to a 70% risk for breast cancer 

and a 40% risk for ovarian cancer before age 70 (Antoniou et al. 2003), and a lower risk 

for other tumor types. Although emerging to be retained some cases (Maxwell et al. 

2017; Huang et al. 2018), the wild-type allele is lost in tumor cells from majority of 

BRCA2 mutation carriers. Therefore, tumor formation is typically associated with a 
                                                

* Section 1.2 is adapted from Prakash R, Zhang Y, Feng W, Jasin M. 2015. Homologous recombination and 
human health: the roles of BRCA1, BRCA2, and associated proteins. Cold Spring Harb Perspect Biol 7: 
a016600, Copyright 2015, with permission from Cold Spring Harbor Laboratory Press. 
Chen C-C, Feng W, Lim PX, Kass EM, Jasin M. 2018. Homology-Directed Repair and the Role of BRCA1, 
BRCA2, and Related Proteins in Genome Integrity and Cancer. Annual Review of Cancer Biology 2: 313-
336. (With permission from the Annual Review of Cancer Biology, Volume 2 © 2018 by Annual Reviews, 
http://www.annualreviews.org/.) 
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severe disruption in BRCA2 function. Somatic BRCA2 mutations have also been 

identified more recently in several tumor types, including of the ovary (Pennington et al. 

2014) and prostate (Robinson et al. 2015b). Biallelic BRCA2 germline mutations 

predispose to Fanconi anaemia, a syndrome characterized by developmental defects 

and tumor susceptibility (D'Andrea 2010). In these cases, at least one of the BRCA2 

alleles is expected to be hypomorphic, since complete loss of BRCA2 function causes 

embryonic lethality in mice (Evers and Jonkers 2006). 

It is widely accepted that BRCA2 suppresses tumor formation by preventing 

genome instability, a hallmark of cancer (Hanahan and Weinberg 2011). Nevertheless, it 

is not fully understood how BRCA2 loss, or genome instability in general, promotes 

tumor formation. There is a paradox in that BRCA2 deficiency leads to cell lethality in 

mouse models (Patel et al. 1998; Evers and Jonkers 2006; Kuznetsov et al. 2008; Badie 

et al. 2010), rather than unrestrained proliferation as might be expected by loss of a 

tumor suppressor gene. BRCA2 has a well-established function in maintaining the 

integrity of the genome through its role in homologous recombination (HR) (Moynahan et 

al. 2001). More recently, a related but separable function, replication fork protection (FP), 

has been discovered (Schlacher et al. 2011), and the relative contribution of these two 

pathways to genome integrity maintenance and cell viability is under active investigation.  

 

1.2.1 BRCA2 is a major HR player  

The role of BRCA2 in HR has been a subject of active investigation for many years 

(Prakash et al. 2015). HR repairs DNA lesions including DNA double-strand breaks 

(DSBs) using a homologous DNA sequence, typically the sister chromatid in mitotic cells. 

One critical step of HR is strand invasion, which primes subsequent DNA synthesis 

using the homologous sequence as a template, thereby ensuring an error-free repair 

outcome (Fig. 1-2). BRCA2 plays an essential role in this process by loading RAD51 
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recombinase onto single-stranded DNA formed at DSBs; the RAD51 nucleoprotein 

filaments then catalyze the subsequent strand invasion reaction (Prakash et al. 2015).  

The earliest clues about the importance of BRCA2 in maintaining genome 

integrity came from observations that Brca2 mutant mice and mouse cells they derive 

exhibit early embryonic lethality and DNA repair defects (Connor et al. 1997; Ludwig et 

al. 1997; Sharan et al. 1997; Suzuki et al. 1997; Patel et al. 1998) similar to Rad51 

mutant mice (Lim and Hasty 1996; Tsuzuki et al. 1996). Of note, BRCA2 was found to 

directly interact with RAD51 (Sharan et al. 1997; Wong et al. 1997) and to colocalize 

with RAD51 in damage-induced nuclear foci (Chen et al. 1998a). Reporter-based HR 

analyses directly demonstrated the importance of BRCA2 in HR (Moynahan et al. 2001). 

More recent work has further demonstrated the requirement for BRCA2 in interstrand 

crosslink-induced HR (Nakanishi et al. 2011) and suppressing error-prone long-tract 

gene conversion induced by either a DSB or replication fork stalling (Willis et al. 2014).  

The critical biochemical function of BRCA2 in HR is to promote RAD51 filament 

assembly onto single-stranded DNA (ssDNA) that arises from end resection. The RAD51 

nucleoprotein filaments then catalyze the subsequent strand invasion reaction (Jensen 

et al. 2010; Liu et al. 2010; Thorslund et al. 2010). BRCA2 directly interacts with RAD51 

at multiple sites to facilitate RAD51 filament assembly at two levels. First, BRCA2 helps 

RAD51 overcome the inhibitory effect of the high affinity ssDNA-binding protein RPA, 

which normally coats the ssDNA to prevent RAD51 loading. Second, by preferentially 

binding to ssDNA over double-stranded DNA (dsDNA), BRCA2 specifically promotes the 

productive assembly of RAD51 filaments onto ssDNA, which is critical for strand 

invasion of a homologous DNA, while preventing the non-productive formation of RAD51 

filaments onto dsDNA (Jensen et al. 2010; Liu et al. 2010; Thorslund et al. 2010). Full-

length BRCA2 protein may function as an oligomer, as indicated by structural and 

imaging studies (Reuter et al. 2014; Shahid et al. 2014; Sanchez et al. 2017). In cells, 
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BRCA2 is responsible for recruiting RAD51 to DNA damage sites (Yuan et al. 1999; 

Tarsounas et al. 2003). A recent study using super resolution microscopy reveals that 

BRCA2 forms local clusters that progressively overlap with the more elongated RAD51 

foci, suggesting dynamic interactions during the repair process (Sanchez et al. 2017).  

In addition to HR, BRCA2 has also been implicated in G2/M checkpoint 

maintenance (Menzel et al. 2011), R-loop processing (Bhatia et al. 2014; Shivji et al. 

2018), the spindle assembly checkpoint (Choi et al. 2012), and cytokinesis (Daniels et al. 

2004; Mondal et al. 2012), all having an impact on genome or chromosomal stability. 

Some of these processes are not correlated with HR proficiency, suggesting they may 

be distinguishable from HR (Menzel et al. 2011; Mondal et al. 2012; Bhatia et al. 2014), 

but additional studies are required to fully understand the role of BRCA2 in these 

processes. 

 

1.2.2 FP, an HR-related and yet –independent process  

FP is an additional BRCA2-mediated process that helps safeguard genomic integrity 

(Schlacher et al. 2011). Under replication stress, nascent DNA strands at stalled forks 

are susceptible to degradation by nucleases such as MRE11. BRCA2 prevents such 

nascent strand degradation thereby protecting stalled forks (Fig. 1-2). In addition to 

BRCA2, other HR proteins, such as RAD51 itself, the breast and ovarian cancer 

suppressor BRCA1, and Fanconi anaemia proteins also play important roles in the FP 

pathway (Schlacher et al. 2011; Schlacher et al. 2012). However, FP and HR are 

functionally separable, as evidenced by multiple approaches that specifically manipulate 

one process without affecting the other (Schlacher et al. 2011; Ding et al. 2016; Ray 

Chaudhuri et al. 2016; Dungrawala et al. 2017; Feng and Jasin 2017; Taglialatela et al. 

2017). Of note, the role of RAD51 in FP seems to be more complicated than BRCA2: 

disruption of its function compromises FP in some studies (Schlacher et al. 2011; 
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Kolinjivadi et al. 2017), but does not affect FP activity under other circumstances 

(Thangavel et al. 2015; Feng and Jasin 2017; Lemacon et al. 2017; Mijic et al. 2017). 

The seeming discrepancy can be attributed to an additional function of RAD51, that of 

fork reversal (Zellweger et al. 2015), which seems to be required for nascent strand 

degradation, a subject that is currently a focus of the field (discussed in detail below).  

Since the initial identification of BRCA1 and BRCA2, a series of other HR factors, 

in particular PALB2, which bridges BRCA1 and BRCA2 (discussed below), and RAD51 

paralogs RAD51C and RAD51D have been identified as tumor suppressors (Erkko et al. 

2007; Rahman et al. 2007a; Tischkowitz et al. 2007b; Meindl et al. 2010; Loveday et al. 

2011). Where tested, these proteins also have roles in FP (Somyajit et al. 2015) (Fig. 1-

3). Similar to BRCA1 and BRCA2 deficiency, disruption of these proteins also causes 

sensitivity to cross-linking agents and PARP inhibitors (Prakash et al. 2015). BRCA1/2 

mutant cancers exhibit a particular pattern of base substitutions and genome 

rearrangements, i.e., “mutational signatures” (Nik-Zainal et al. 2016; Polak et al. 2017). 

A computational model based on these mutational signatures has been used to predict 

additional patient tumors with HR-deficiency beyond those containing mutations in 

known HR genes, thus expanding the pool of cancers that may respond to platinum or 

PARP inhibitor therapy (Davies et al. 2017).  

 

1.2.3 HR and FP in cancer therapy 

Due to the HR deficiency, cells with impaired BRCA2 function are hypersensitive to DNA 

damaging agents that lead to lesions normally repaired by HR, including cross-linking 

agents, such as cisplatin, and to poly(ADP-ribose) polymerase (PARP) inhibitors, which 

are being extensively explored as cancer therapeutics (Bryant et al. 2005; Farmer et al. 

2005).  
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Despite encouraging success in the clinic, resistance to platinum drugs and 

PARP inhibitor therapy can eventually be acquired by tumors. Secondary mutations in 

the mutated HR genes are frequently observed that reestablish the reading frame and, 

when checked, restore protein function (Edwards et al. 2008; Sakai et al. 2008; Norquist 

et al. 2011; Kondrashova et al. 2017a; Chen et al. 2018). Remarkably, in a recent study 

of circulating tumor DNA from prostate cancer patients, 34 secondary mutations were 

identified in a single patient that restored the BRCA2 reading frame to confer therapy 

resistance (Quigley et al. 2017). HR restoration is usually considered to be the 

underlying mechanism, although FP is likely to be restored as well in most instances. 

Restoration of FP has also been proposed as a mechanism leading to PARPi 

and cisplatin resistance in BRCA1/2-deficient cells. In this scenario, nascent strand 

degradation is prevented by precluding the recruitment of MRE11 nuclease to stalled 

replication forks, achieved by ablation of PTIP, MLL3/4, CHD4, and even PARP1 itself 

among others (Guillemette et al. 2015; Ding et al. 2016; Ray Chaudhuri et al. 2016) 

(discussed in detail below). Interestingly, HR activity is not restored in these cases, 

indicating that FP alone is sufficient to confer chemoresistance. It remains to be 

determined whether restoration of FP is an important resistance mechanism in patients. 

However, it has been noted that in BRCA2-deficient ovarian tumors treated with platinum 

drugs, high PTIP expression is associated with longer progression-free survival (Ray 

Chaudhuri et al. 2016).  

 

1.3 Nascent strand degradation and FP: a closer look 

 

1.3.1 Fork Reversal and nascent strand degradation 

Unlike other canonical HR factors such as BRCA2, RAD51 plays a more complex role 

during FP. Manipulating RAD51 filament stability itself clearly impacts FP: Disrupting 



 23 

RAD51 filaments in wild-type cells, by overexpressing a BRC repeat from BRCA2, 

impairs FP, while stabilizing the filament, by expressing RAD51 K133R, can restore FP 

in deficient cells (Schlacher et al. 2011; Schlacher et al. 2012). Paradoxically, depletion 

of RAD51 itself, however, does not affect FP (Thangavel et al. 2015; Feng and Jasin 

2017). Emerging evidence suggests that the resolution of this conundrum lies in the 

process of fork reversal that precedes nascent strand degradation (Fig. 1-3a). Fork 

reversal refers to the remodeling of replication forks into a four-way junction structure, a 

process that ensures proper resumption of replication observed in a variety of 

species/cell types including mammalian cells (Neelsen and Lopes 2015; Berti and 

Vindigni 2016; Quinet et al. 2017). Surprisingly, RAD51 is critical for reversing forks, but 

BRCA2 does not seem to play a role in this process (Zellweger et al. 2015; Mijic et al. 

2017). Therefore, the fork reversal activity of RAD51 is distinguishable from its strand 

invasion function during the canonical HR process.  

Reversed forks have emerged as the entry point for subsequent nascent strand 

degradation (Kolinjivadi et al. 2017; Lemacon et al. 2017; Mijic et al. 2017; Taglialatela et 

al. 2017). Indeed, RAD51 depletion in BRCA2-deficient cells precludes nascent strand 

degradation (Lemacon et al. 2017; Mijic et al. 2017), which we also observe in our 

system (Feng and Jasin 2017). Moreover, disruption of DNA translocases that have 

established fork reversal activity, such as SMARCAL1 (Betous et al. 2012; Betous et al. 

2013), ZRANB3 (Ciccia et al. 2012), and HLTF (Kile et al. 2015), also restores FP to 

BRCA2-deficient cells or BRCA2-depleted Xenopus egg extracts (Kolinjivadi et al. 2017; 

Lemacon et al. 2017; Mijic et al. 2017; Taglialatela et al. 2017). Together, these recent 

studies converge on a two-step model in which stalled replication forks are first reversed 

by RAD51 and DNA translocases, which are then vulnerable to nascent strand 

degradation, a step antagonized by the FP process mediated by BRCA2-dependent 

RAD51 filament formation/stabilization (Fig. 1-3a).  
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The fork reversal and protection activities of RAD51 prove to be functionally 

separable, as evidenced by the RAD51 T131P mutant expressed in a patient-derived 

cell line (Wang et al. 2015) which is proficient at fork reversal, but impaired in FP (Mijic 

et al. 2017). The FP defect in these cells is presumably due to a failure to form stable 

RAD51 filaments (Wang et al. 2015), consistent with the previous findings using a 

BRCA2 separation of function mutant (Schlacher et al. 2011). Whether RAD51 has 

intrinsic fork reversal activity or promotes the activity of a translocase is not clear. Taken 

together, the ability of RAD51 to act at distinct biochemical steps may explain the 

diverse outcomes when RAD51 is perturbed in different ways. 

  

1.3.2 Nucleases involved in nascent strand degradation 

Along with requiring a reversed fork as a substrate, nascent strand degradation involves 

multiple nucleases and epigenetic control. MRE11 was the first nuclease characterized 

to be involved in the resection of stalled forks in BRCA/Fanconi anemia-deficient 

backgrounds and remains the gold standard for analyzing FP pathways (Schlacher et al. 

2011; Schlacher et al. 2012). MRE11 recruitment to stalled replication forks is mediated 

by histone H3 lysine 4 methyltransferases MLL3 and MLL4 (MLL3/4) and interacting 

protein PTIP (Ray Chaudhuri et al. 2016) and also relies on a continuously expanding 

list of proteins, such as PARP1 (Ding et al. 2016), CHD4 (Ray Chaudhuri et al. 2016) 

and RAD52 (Mijic et al. 2017) (Fig. 1-3a). Either directly inhibiting MRE11 activity with 

small molecules or disrupting its recruitment by depleting any of these proteins restores 

FP to BRCA2- (and where tested BRCA1-) deficient cells (Fig. 1-3b), underscoring the 

critical role of MRE11 in nascent strand degradation.  

In addition to MRE11, resection enzymes EXO1 and CTIP also independently 

mediate nascent strand degradation in BRCA1- and BRCA2-deficient cells (Lemacon et 

al. 2017) (Fig. 1-3). By contrast, another resection nuclease DNA2 does not play a major 
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role in these mutants (Thangavel et al. 2015; Ray Chaudhuri et al. 2016), although it has 

been shown to play a role in other contexts (i.e., with deficiencies of the FP factors 

BOD1L and ABRO1 (Fig. 1-3)). ABRO1 protects stalled forks independent of RAD51 

(Xu et al. 2017a); while BOD1L promotes RAD51 chromatin loading (Higgs et al. 2015), 

whether stabilized RAD51 filaments are required in the absence of BOD1L remains to be 

tested. DNA2 also degrades stalled forks even in wild-type U2OS cells under prolonged 

replication stress resulting from hydroxyurea treatment, while MRE11, EXO1 and CTIP 

are not involved in this process (Thangavel et al. 2015). Therefore, multiple nucleolytic 

pathways are differentially activated in response to varying stresses and genetic 

perturbations.  

The structure-specific nuclease MUS81 has a more complex involvement in the 

FP pathway. Parallel to the MLL3/4-PTIP recruitment path for MRE11 is the recently 

described EZH2-MUS81 axis (Fig. 1-3a), which provides one context in considering the 

role of MUS81. EZH2 is recruited to stalled forks and mediates methylation of histone H3 

at lysine 27, and MUS81 is able to interact with this histone modification. Perturbation of 

either EZH2 or MUS81 restores FP to BRCA2-defective cells (Rondinelli et al. 2017). 

This discovery further extends the scope of nucleases and epigenetic alterations at the 

fork that promote nascent strand degradation, although it remains to be determined 

whether MUS81 nuclease activity is directly involved. Interestingly, the EZH2-MUS81 

axis only operates in BRCA2-, but not BRCA1-, deficient backgrounds (Rondinelli et al. 

2017) (Fig. 1-3b), indicating that the FP functions of BRCA1 and BRCA2 are separable. 

Accordingly, MUS81 chromatin recruitment is induced upon loss of BRCA2 (Bhowmick 

et al. 2016; Lai et al. 2017; Lemacon et al. 2017; Rondinelli et al. 2017), but not BRCA1 

(Lemacon et al. 2017; Xu et al. 2017b). It is well appreciated that BRCA1 acts at a 

distinct step of HR, upstream of BRCA2 (Chen et al. 2018), but thus far, the biology 

behind their different roles in FP remains unclear and warrants future investigation. 
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While providing a risk to genome integrity, one potentially positive role for 

nascent strand degradation is to promote fork restart. BRCA2-deficient cells undergo 

extensive fork degradation but maintain normal fork restart activity, at least in some 

contexts (Schlacher et al. 2011). Two recent studies reported that MUS81 nuclease 

supports fork restart in the absence of BRCA2 (Lemacon et al. 2017; Rondinelli et al. 

2017). MUS81 acts by cleaving degraded forks to mediate fork restart, a conclusion that 

is supported by the observation that MUS81 depletion in BRCA2-deficient cells leads to 

fewer DSBs and a concomitant increase of reversed forks, especially those with a 

single-stranded arm, indicative of extensive fork resection (Lemacon et al. 2017). 

Consistent with this, MUS81 depletion did not rescue FP in the BRCA2-deficient U2OS 

cells and in fact the cells are sensitized to hydroxyurea (Lemacon et al. 2017), in line 

with a synthetic lethal interaction between the two genes observed in another study (Lai 

et al. 2017).  

However, Rondinelli et al, using a panel of other cell lines, has argued for a 

synthetic viable, rather than synthetic lethal interaction: MUS81 disruption restores FP 

upon BRCA2 deficiency to confer resistance to PARP inhibition (Rondinelli et al. 2017), 

although this was not observed by Lemacon et al (2017). The discrepant roles of MUS81 

in fork degradation could be related to its ability to process diverse types of substrates 

(Dehe and Gaillard 2017). 

 

1.4 BRCA2 domains and binding partners 

 

Human BRCA2 is a 3418 amino acid protein which consists of multiple domains (Fig. 1-

4). Deleterious BRCA2 mutations have been reported throughout the length of the 

protein, mostly truncating mutations but also point mutations, some of which are in 

conserved domains (Breast Cancer Information Core; http://research.nhgri.nih.gov/bic/). 
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Mutations of uncertain clinical significance have also been identified, such that several 

approaches have been devised to evaluate their functional significance (Hucl et al. 2008; 

Kuznetsov et al. 2008; Chang et al. 2009; Biswas et al. 2011; Biswas et al. 2012; 

Bouwman et al. 2013). These and other approaches have also been used to evaluate 

the importance of rationally designed mutations. 

 

1.4.1 PALB2 

The N terminus of BRCA2 binds to the C-terminal WD40 β-propeller domain of PALB2 

(Fig. 1-4) (Xia et al. 2006; Oliver et al. 2009; Sy et al. 2009; Zhang et al. 2009a; Zhang 

et al. 2009b). Emphasizing the importance of the PALB2 interaction for BRCA2 function, 

disruption of this interaction results in severe HR defects (Xia et al. 2006; Siaud et al. 

2011). Furthermore, human BRCA2 mutations that abrogate PALB2 interaction fail to 

support viability of Brca2-null mouse embryonic stem cells (Biswas et al. 2012), although 

paradoxically Palb2-null embryonic stem cells have been reported to be viable 

(Bowman-Colin et al. 2013).  

The significance of PALB2 is further manifested by the fact that, like BRCA2, 

monoallelic PALB2 mutation is associated with breast cancer susceptibility (Erkko et al. 

2007; Rahman et al. 2007b; Tischkowitz et al. 2007a). Although mutations are rare 

compared with BRCA1 and BRCA2, in the Finnish population ~1% of unselected breast 

cancers are associated with a founder PALB2 mutation (Erkko et al. 2007). Interestingly, 

the clinical phenotype of PALB2 breast cancers is intermediate between BRCA1 and 

BRCA2 in that a substantial fraction (~40%) is triple negative (i.e., negative for estrogen 

and progesterone receptors and human epidermal growth factor receptor 2 (HER2) 

amplification) (Tischkowitz and Xia 2010). Monoallelic PALB2 mutation has also been 

associated with pancreatic and ovarian cancer susceptibility (Jones et al. 2009; Walsh et 

al. 2011). Biallelic PALB2 mutation leads to a Fanconi anemia subtype (FA-N) which 
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shares a similar tumor spectrum with the FA-D1 subtype arising from BRCA2 mutation: 

patients are predisposed to developing early childhood cancers such as Wilms’ tumor 

and medulloblastoma (Reid et al. 2007; Xia et al. 2007). Further, homozygous germline 

deletion of Palb2 in mice leads to early embryonic lethality (Bouwman et al. 2011; 

Bowman-Colin et al. 2013), while conditional deletion of Palb2 causes mammary tumors 

with long latency accelerated by p53 loss (Bowman-Colin et al. 2013; Huo et al. 2013).  

 

1.4.2 RAD51: BRC repeats and C-terminus 

BRCA2 binds RAD51 at motifs repeated in the middle of the protein (BRC repeats) and 

at the C terminus (Sharan et al. 1997; Wong et al. 1997) (Fig. 1-4). Mammalian BRCA2 

has eight BRC motifs that are conserved amongst vertebrates in both sequence and 

spacing, but not in the intervening sequences (Bignell et al. 1997). DMC1, the meiotic 

specific RAD51 homolog, has been shown to have a distinct binding site (a PheProPro 

motif) (Thorslund et al. 2007), however, disrupting the motif in the mouse does not have 

a discernible effect on DMC1 function and meiosis (Biswas et al. 2012), suggesting that 

DMC1 binds elsewhere, perhaps to sites also bound by RAD51. 

BRC repeats regulate RAD51 filament formation in a complex manner. An 

individual BRC peptide, when present in excess, disrupts RAD51 filament formation in 

vitro (Davies et al. 2001) and interferes with damage-induced RAD51 foci formation and 

HR in vivo (Chen et al. 1999; Xia et al. 2001b; Stark et al. 2002; Saeki et al. 2006), 

presumably by mimicking the interface between RAD51 monomers within the RAD51 

filament (Pellegrini et al. 2002). Evidence from Rad51 mutant chicken cells indicates that 

Rad51 is sequestered under normal conditions by interacting with BRC repeats, but in 

response to damage, this sequestered fraction undergoes mobilization, suggesting 

dynamic regulation of Rad51 through interaction with BRC repeat region (Yu et al. 2003). 

In contrast, the full-length BRCA2 protein or the peptide containing all the eight BRC 
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repeats promotes RAD51-mediated strand exchange by stimulating assembly of RAD51 

onto ssDNA, while preventing nucleation of RAD51 on dsDNA (Carreira et al. 2009; 

Jensen et al. 2010; Liu et al. 2010; Thorslund et al. 2010). Even a single BRC4 motif 

exhibits these activities under the appropriate experimental conditions (Carreira et al. 

2009). The underlying mechanism is thought to be through blocking ATP hydrolysis and 

thus stabilizing the active ATP-bound RAD51-ssDNA filament.  

Genetic studies further established the importance of BRC repeats for BRCA2 

function. Mice deleted for the BRC-encoding exon 11 in the germline are inviable, while 

somatic exon 11 deletion causes tumor development (Jonkers et al. 2001). Conversely, 

a mouse mutant that maintains the N terminus of BRCA2 including just three BRC 

repeats can survive embryogenesis, albeit at low frequency (Friedman et al. 1998). On 

the cellular level, the essentiality of BRC repeats for BRCA2 function is supported by 

proliferation defects observed in Δexon 11 embryonic fibroblasts (Bouwman et al. 2010) 

and the failure to rescue defects in BRCA2-deficient cells with constructs devoid of BRC 

repeats (Chen et al. 1998b). Remarkably, HR activity, chromosome stability, and 

crosslink repair are restored to BRCA2-deficient hamster cells by fusing a single BRC 

motif to the ssDNA-binding protein RPA (Saeki et al. 2006), demonstrating the key role 

of the BRC repeats in HR. Not surprisingly, point mutations in BRC repeats that impair 

RAD51 interaction are found in breast cancer patients (Pellegrini et al. 2002), although 

functional studies are required to determine the effects of these mutations in full-length 

BRCA2. 

Both functional redundancy and divergence may exist among BRC repeats in the 

context of full-length BRCA2 protein. Redundancy amongst BRC repeats is supported by 

the sufficiency of an individual BRC repeat for HR function within the BRC-RPA fusion 

protein (Saeki et al. 2006). A divergence of function is suggested by the poor sequence 

identity between BRC repeats within a species, in contrast to high inter-species 
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conservation of individual repeats (Bignell et al. 1997). Consistent with this notion, 

electron microscopy shows that different BRC repeats bind to different regions of RAD51 

filament (Galkin et al. 2005) and biochemical studies proposed the existence of two 

classes of BRC repeats: BRC1, 2, 3, 4, bind to RAD51 monomers at high affinity and 

reduce the ATPase activity of RAD51, effectively targeting RAD51 onto ssDNA over 

dsDNA and stimulating RAD51 strand exchange, whereas BRC5, 6, 7, 8 bind to the 

RAD51-ssDNA filament at high affinity (Carreira and Kowalczykowski 2011). These 

results have led to a model whereby the first class of repeats facilitate nucleation of 

RAD51 on ssDNA and the second class stabilizes the nascent RAD51 nucleoprotein 

filament (Carreira and Kowalczykowski 2011). 

The C-terminal RAD51 binding site of BRCA2 shares no homology with the BRC 

repeats (Mizuta et al. 1997; Sharan et al. 1997). RAD51 binding to this region is 

regulated: it is abrogated by CDK phosphorylation at S3291 at G2/M, leading to the 

hypothesis that it coordinates BRCA2 activity with cell cycle progression (Esashi et al. 

2005). BRCA2 S3291 is a key site for RAD51 binding, as both phospho-mimic (S3291E) 

and phospho-defective (S3291A) mutations block RAD51 interaction (Esashi et al. 2005). 

Unlike the BRC repeats, a BRCA2 C-terminal peptide selectively binds RAD51 filaments 

at the interface region between two RAD51 protomers, such that C-terminal binding 

functions to stabilize RAD51-ssDNA filaments (Davies and Pellegrini 2007; Esashi et al. 

2007). The in vitro property of BRCA2 C-terminus in stabilizing RAD51 filaments is now 

confirmed in cells by a recent super resolution microscopy study (Haas et al. 2018). 

Surprisingly, however, S3291 mutation confers little or no DNA damage sensitivity and 

does not compromise HR in the context of full-length protein (Hucl et al. 2008; Ayoub et 

al. 2009; Schlacher et al. 2011), although the mutation does compromise HR in crippled 

BRCA2 peptides that have defects in other functional domains (Siaud et al. 2011), 

implying that C-terminal RAD51 binding is not essential for HR but can promote HR 
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under some circumstances. However, RAD51 binding by the BRCA2 C terminus has 

been implicated in the protection of nascent DNA strands at stalled replication forks 

(Schlacher et al. 2011). 

 

1.4.3 DNA and DSS1 

Structural studies revealed that BRCA2 is a DNA binding protein (Yang et al. 2002). The 

DNA binding domain (DBD) is in the C-terminal half of the protein and consists of five 

components: a helical domain, three oligonucleotide-binding (OB) folds that bind ssDNA, 

and a tower domain with a three-helix bundle (3HB) at its end (Fig. 1-4). The 3HB is 

similar to the DNA binding domain of Hin recombinase, suggesting dsDNA-binding 

activity. The helical domain, OB1 and OB2 interact with the small, highly conserved 

DSS1 protein (Marston et al. 1999; Yang et al. 2002), which has been shown to promote 

HR in human cells (Gudmundsdottir et al. 2004; Li et al. 2006; Kristensen et al. 2010).  

BRCA2 peptide mutants abrogated for DSS1 binding have impaired HR (Siaud et 

al. 2011), indicating that at least part of the HR function of DSS1 is through interaction 

with BRCA2. Biochemical studies have demonstrated that DSS1 promotes the RAD51-

loading activity of BRCA2 (Liu et al. 2010). The enhancement of RAD51 loading has 

been attributed to an interaction with RPA and attenuation of its binding to ssDNA (Zhao 

et al. 2015). DSS1 also promotes nuclear localization of BRCA2 by masking its nuclear 

export signal, which in turn ensures nuclear localization of RAD51 (Jeyasekharan et al. 

2013). This observation explains an earlier finding that mutations in DSS1 interaction 

residues of BRCA2 peptides per se are paradoxically more detrimental to HR than 

deletion of the whole DBD region where the DSS1 binding sites reside (Siaud et al. 

2011).  DSS1 also appears to maintain the stability of BRCA2 protein in cells (Li et al. 

2006), although this effect is not always reproducible (Gudmundsdottir et al. 2004). In U. 

maydis, the ortholog of DSS1 is also required for HR and functions by regulating HR 
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activity of Brh2 (Kojic et al. 2003; Kojic et al. 2005). In budding yeast, which does not 

have a BRCA2 homolog, the DSS1 homolog localizes to DSB break sites and promotes 

HR- and NHEJ-mediated DSB repair, suggesting a BRCA2-independent function of 

DSS1 in DSB repair (Krogan et al. 2004). DSS1 is also found to interact with the 19S 

proteasome, the relevance of which to BRCA2 function remains to be clarified. 

Patient missense mutations are found throughout DBD domain (Yang et al. 2002). 

Mutations predicted to compromise either the structural integrity of DBD domain and/or 

DSS1/DNA binding affect function (Kuznetsov et al. 2008; Biswas et al. 2011; Siaud et al. 

2011; Biswas et al. 2012). Moreover, mutation of ssDNA contact residues or deletion of 

the 3HB has detrimental effects on HR in reporter-based assays of BRCA2 peptide 

activity (Siaud et al. 2011). Surprisingly, a BRCA2 peptide deleted for the entire DBD is 

still functional in HR (Siaud et al. 2011); in fact, deletion of the DBD is one type of 

reversion mutation identified for BRCA2 (Edwards et al. 2008). These findings 

emphasize the plasticity of BRCA2 function in HR: an intact DBD is required if it is 

present, but loss of the entire DBD can be tolerated for substantial HR function (Siaud et 

al. 2011). 

 

1.5 Thesis objective and overview 

 

My thesis aims at studying BRCA2 functions in a relatively normal and disease-related 

background with the goal of shedding light on the early, acute consequences of genome 

instability and in turn revealing how they can be linked to late, tumorigenic effects. 

Specifically, the project focuses on addressing two questions. First, what are the 

consequences of BRCA2 deficiency? Second, what are the relative contributions of HR 

and FP in protecting genome integrity? 
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To this end, I first generated two orthogonal BRCA2 conditional loss-of-function 

systems in MCF10A cells, a karyotypically stable, non-transformed human mammary 

epithelial cell line. I found that BRCA2 deficiency triggers a replication stress that causes 

abnormalities in subsequent cell cycle stages, leading to a p53-dependent G1 arrest and 

cell lethality (chapter 2). I also established multiple separation-of-function systems to 

dissect the contributions of HR and FP. I showed that HR, but not FP, plays a major role 

in suppressing replication stress and supporting viability of these non-transformed 

human mammary cells, an unexpected finding based on previous results using other 

systems (chapter 3). Building on these results, I then further explored the possible 

causes and consequences of replication stress seen in BRCA2 mutant cells and 

investigated the possible involvement of replication fork reversal, another critical process 

that emerges to impact replication stress and FP (chapter 4).      
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Figure 1-1. Under-replicated DNA in mitosis.  
Under-replicated DNA are marked by FAND2 foci pairs. Mitotic DNA synthesis occurs at 
sites with DNA under replication as a compensatory pathway to finish DNA replication 
(left). Carry-over of under-replicated DNA into anaphase can lead to UFB formation 
between the two sister chromatids (right).    
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Figure 1-2. HR and FP functions of BRCA2 to protect genome integrity.  
(Left) HR repair of a DSB is initiated by resection of the break ends to generate 3’ single-
stranded DNA overhangs. Subsequent strand invasion into a homologous DNA is critical 
for repair DNA synthesis, which ultimately promotes an error-free repair outcome. While 
RAD51 is crucial for strand invasion, BRCA2 plays an essential role by recruiting RAD51 
onto the resected DNA. (Right) In the FP process, BRCA2 prevents the nascent strands 
of a stalled replication fork from being degraded by nucleases such as MRE11.  
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Figure 1-3. Mechanisms of fork degradation and protection. 
a. Fork degradation occurs on a reversed fork. Reversal of stalled replication forks is 
promoted by RAD51 recombinase and DNA translocases (SMARCAL1, ZRANB3, 
HLTF). In the absence of FP factors like BRCA2, MRE11 and other nucleases can lead 
to fork degradation. Different pathways regulate MRE11 and MUS81 recruitment to 
stalled forks. MRE11 recruitment is promoted by a number of proteins, including PARP1 
and the PTIP-MLL3/4 axis, while MUS81 recruitment relies on chromatin modifier EZH2. 
Prevention of MRE11-mediated fork degradation requires RAD51, which is facilitated by 
HR-Fanconi anemia proteins but antagonized by RADX. Thus, RAD51 both promotes 
and prevents fork degradation, in particular, at the steps of fork reversal and through the 
formation of stabilized filaments, respectively. Prevention of DNA2-mediated fork 
degradation involves BOD1L and ABRO1. Proteins that contribute to FP and 
degradation are labeled with a red and green color, respectively. Asterisk, MUS81’s role 
in fork degradation is not always observed (discussed in the text). 
b. Summary of  the reported genetic interactions between FP proteins and proteins that 
directly or indirectly promote fork degradation, simplified here as “fork degradation 
proteins”. A checkmark indicates that the absence of a FP protein leads to nascent 
strand degradation involving the corresponding fork degradation protein. An x indicates 
that evidence exists that a given fork degradation protein is not responsible for fork 
degradation in the absence of the corresponding FP protein. (x) indicates that EXO1 was 
not tested for BOD1L. Citations of proteins involved in FP and degradation are listed. 
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Figure 1-4. BRCA2 binding partners required for a functional HR pathway.  
PALB2 through its WD40 repeats binds BRCA2. BRCA2 also has important domains 
that are required for its mediator activity for loading RAD51 onto the RPA coated ssDNA 
and for the stabilization of RAD51 presynaptic filament. BRC repeats binds RAD51 
monomers and help them load on the resected ssDNA. BRCA2 carboxyl terminus (C-ter) 
is required for stabilizing the RAD51 presynaptic filament. 
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Chapter 2 Methods and Materials* 

 

2.1 MCF10A cell culture and drug treatment 

 

MCF10A cells, obtained from ATCC through B. H. Park (Johns Hopkins University 

School of Medicine) (Vitolo et al. 2009) and tested negative for mycoplasma 

contamination, were grown in DME-HG/F-12 supplemented with 5% horse serum, 20 ng 

ml-1 epidermal growth factor, 0.5 mg ml-1 hydrocortisone, 100 ng ml-1 cholera toxin, 10 µg 

ml-1 insulin, and 1% penicillin–streptomycin. IdU (50 µM; I7125, Sigma), CldU (50 µM; 

C6891, Sigma), Aphidicolin (0.1 µg ml-1; A4487, Sigma), hydroxyurea (4 mM; H8627, 

Sigma), cisplatin (5 µM; 479306, Sigma), olaparib (5 µM, MSKCC Organic Chemistry 

Core Facility), mirin (50 µM, MSKCC Organic Chemistry Core Facility), RO-3306 (10 µM; 

SML0569, Sigma) and nocodazole (100 ng ml-1; M1404, Sigma) were used at the 

indicated concentrations. 

 

2.2 Plasmid construction 

 

For BRCA2 Ex3-4flox donor plasmid (Ex3-4 fl-Hyg) construction, sequences containing 

loxP, FRT sites, and the SA-2A module were synthesized and cloned together with a 

hygromycin-resistance gene between SpeI/SalI sites of the pBluescript II SK+ backbone. 

The BRCA2 left homology arm, right homology arm, and exon 3 and 4 region were 

amplified from genomic DNA from MCF10A cells and sequentially cloned into the above 

vector with the PAM sequence of the sgRNA recognition site removed. The BRCA2 “–” 

                                                

* Chapter 2 is adapted from Feng W, Jasin M. 2017. BRCA2 suppresses replication stress-induced mitotic 
and G1 abnormalities through homologous recombination. Nat Commun 8: 525.(Under a Creative Commons 
license http://creativecommons.org/licenses/by/4.0/). Unpublished methods are added. 
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allele donor plasmid was constructed by replacing the left and right homology arms in an 

existing hygromycin targeting plasmid (Zhang et al. 2014); a blasticidin-resistance 

cassette replaced the hygromycin cassette where indicated. The TrBRC5-Cter DNA 

sequence was amplified in two parts from a previously described plasmid (Siaud et al. 

2011) and stepwise cloned between EcoRI/SalI sites of the AAVS1 donor plasmid (a gift 

from Dr. Dirk Hockemeyer). Homology arms for all targeting vector are designed to be 

700-900 bp in length. 

BRCA2 expression vectors were generated by cloning the full-length BRCA2 

sequence from pcDNA3-BRCA2 (Xia et al. 2001a) between XhoI/NotI sites of the 

PiggyBac transposon plasmid (a gift from Drs. David Allis and Ping Chi) together with a 

3XFLAG tag fused to the N terminus. The BRCA2 S3291E mutation was introduced by 

replacing the DNA fragment between AgeI/NotI sties in wild-type BRCA2 with the 

corresponding region from the FE-BRCA2-TR2 plasmid (Yata et al. 2014). 

The lentiviral vector that expresses I-SceI endonuclease for the HR assay was 

generated by replacing the fragment between SpeI/SalI sites of the pCDH-CMV-MCS-

EF1-copGFP vector (CD511B-1, System Biosciences) with the CAGGS-I-SceI fragment 

from the pCBASce plasmid (Siaud et al. 2011). DNA sequences of all constructs were 

confirmed by Sanger sequencing. The BRCA2 Ex3-4flox donor plasmid contained a few 

polymorphisms in the 6-kb intron 3 that did not affect BRCA2 expression. 

sgRNAs were cloned into a non-viral backbone (Addgene plasmid # 41824) (Mali 

et al. 2013) or a lentiGuide-puro backbone (Addgene plasmid # 52963) (Sanjana et al. 

2014), as described. shRNA expression vectors were generated by cloning the target 

sequences between AgeI/EcoRI sites of the pLKO.1-NeoR backbone, which was 

modified from the original pLKO.1 vector (Addgene plasmid # 1864) (Sarbassov et al. 

2005) by swapping the puromycin-resistance gene with the neomycin-resistance gene. 
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2.3 Lentiviral transduction 

 

Lentivirus was produced by standard methods. Briefly, HEK293T cells at 80% 

confluence were co-transfected with a lentiviral vector, VSV-G expression plasmid and 

psPAX2 by Lipofectamine 2000 (11668027, Thermo Fisher Scientific) following the 

manufacturer’s instructions. The envelope and packaging vectors were gifts from Dr. 

Ping Chi. Supernatants containing virus were collected and 0.45-µm filtered 48 h and 72 

h after transfection. Infections of MCF10A cells were performed in the presence of 8 µg 

ml-1 polybrene (TR-1003-G, EMD Millipore).  

 

2.4 BRCA2 gene targeting and complementation 

 

To achieve gene targeting, cells were co-transfected with a donor plasmid and vectors 

expressing either AAVS1 TALENs (for AAVS1 targeting) (Hockemeyer et al. 2011) or 

Cas9-sgRNA (for other targeting purposes). Wild-type Cas9 (Addgene plasmid # 41815) 

(Mali et al. 2013) or paired nickases (Cas9 H840A) (Ran et al. 2013; Vriend et al. 2014) 

were used. Transfections were performed either by electroporation (Gene Pulser II, Bio-

Rad; 350 V, 1000 µF) or nucleofection (Amaxa® Nucleofector® II, Lonza; program X-

005). Cells were treated with drugs for selection 2 or 3 days post transfection depending 

on the selectable marker: hygromycin (100 µg ml-1), G418 (0.2 mg ml-1) or blasticidin 

(5.0 µg ml-1). The hygromycin-resistance gene cassette from BRCA2fl-Hyg/+ cells was 

removed by transfection of the Flpo plasmid (a gift from Dr. Prasad Jallepalli); colonies 

were analyzed to identify BRCA2fl/+ clones. BRCA2fl/– cells were subsequently generated 

by introducing the BRCA2 “–” allele donor plasmid into BRCA2fl/+ cells.  

sgRNA target sequences: 
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For BRCA2 exon 2 G allele targeting:  

G allele-specific sgRNA: AGACTTATTTACCAAGCAT 

For BRCA2 exon 2 A allele targeting:  

A allele-specific sgRNA: AGACTTATTTACCAAACAT 

Another BRCA2 exon 2 sgRNA (not allele specific, used together with the A 

allele-specific sgRNA for paired nickase strategy (Ran et al. 2013)): 

GCCTCTCTTTGGATCCAAT 

Gene targeting was confirmed by Southern blotting. Genomic DNA was digested 

with the indicated restriction enzymes overnight at 37°C and then electrophoresed on a 

0.8% agarose gel and transferred to a charged nylon membrane (NEF987001PK, 

PerkinElmer). Probes were radiolabeled with [α-32P]-dATP using a random primer 

labeling kit (Agilent) and hybridized with the membrane overnight at 67°C. The 

membrane was then washed three times with saline-sodium citrate (SSC) buffer 

containing 0.1% SDS and developed.  

For genotyping PCR, trypsinized cell suspensions were mixed with PCR grade 

water and heated at 100 °C for 5 min before PCR analysis. Oligos 1 (forward) and 2 

(reverse) were used to detect the Hyg-targeted allele. Oligos 1 (forward) and 3 (reverse) 

were used to detect the allele that had not been targeted by the Hyg cassette (i.e., the 

untargeted allele). Oligo 4 was used to characterize the untargeted allele by Sanger 

sequencing. 

DNA oligo sequences: 

Oligo 1: GCTTCTGAAACTAGGCGGCAG 

Oligo 2: ATATCCACGCCCTCCTACATCG 

Oligo 3: AATGTTGGCCTCTCTTTGGATC 

Oligo 4: TCACTGGTTAGCGTGATTGAAAC 
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For stable BRCA2 complementation, the PiggyBac plasmid was co-transfected 

with a transposase expression plasmid (a gift from Drs. David Allis and Ping Chi) into 

cells by nucleofection and G418 (0.2 mg ml-1) selection was applied 48 h later to obtain 

G418-resistant cell pools. For BRCA2 expression in BRCA2–/–AAVS1∆ cells, the 

neomycin-resistance gene at the targeted AAVS1 locus was first inactivated by 

CRPSPR-Cas9 followed by screening for G418-sensitive clones. sgRNA target in Neo: 

GCTGACAGCCGGAACACGG  

For BRCA2 conditional deletion, cells were infected with purified adeno-Cre 

(Ad5-CMV-Cre, Baylor College of Medicine Vector Development Laboratory) and applied 

at a multiplicity of infection of 1000 in the presence of 1.2% Genejammer (204130, 

Agilent). Alternatively, cells were infected with a lentivirus that expresses a self-deleting 

Cre (Pfeifer et al. 2001). Both methods generated similar results. Downstream assays 

were performed using cell pools at least 72 h after infection, except the S/G2 entry 

experiments (Fig. 3-8a, Fig. 3-9), which were performed 2 days after infection as 

indicated in the figures. 

Genotyping PCRs to distinguish the Cre-excised (∆) from the unexcised (fl) allele 

were performed using genomic DNA prepared with the PureLink™ Genomic DNA Kit 

(K182002, Thermo Fisher Scientific) following manufacture’s instructions. Alternatively, 

cell pellets were resuspended in PCR grade water and heated at 100°C for 5 min. The 

resulting extract was directly used for PCR. Oligo 5 (forward) and 6 (reverse) were used 

to detect the excised ∆Ex3-4 allele in BRCA2∆Ex3-4/–. Oligos 5 (forward) and 7 (reverse) 

were used to detect the wild-type (+) or unexcised fl allele in BRCA2fl+ and BRCA2fl/– 

cells. Oligo 8 (forward) and 9 (reverse) were used to detect the excised ∆ allele (yielding 

a 400 bp product) in BRCA2–/–AAVS1∆ cells. Unexcised allele would yield a product that 

is too long (6.5 kb) to be amplified. Oligo 10 (forward) and 11 (reverse) were used to 

detect the unexcised fl allele (yielding a 460 bp product) in BRCA2–/–AAVS1fl cells. This 
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PCR from excised allele is not productive due to removal of the Oligo 10 binding site by 

Cre. 

Oligo 5: ACTTTTGTGAACTCTTGTTACACC 

Oligo 6: GGTGTATGAAACAAACTCCCAC 

Oligo 7: CTAAGATTTTAACACAGGTTTGCC 

Oligo 8: ATTGTGCTGTCTCATCATTTTGGC 

Oligo 9: CAGGAAATGGGGGTGTGTCAC 

Oligo 10: TGTGGCACCAAATACGAAACACC 

Oligo 11: ACAAATGTGGTATGGCTGATTATG 

For RT-PCR, RNA was prepared using RNeasy Plus Mini Kit (74134, Qiagen) 

following manufacture’s instructions. cDNA was then synthesized from RNA using 

SuperScript® III First-Strand Synthesis Kit (18080051, Thermo Fisher Scientific) 

following manufacture’s instructions. Oligo 12 (forward) and 13 (reverse) were used to 

amplify ex1-10 region from BRCA2 transcript. 

Oligo 12: GAAGCGTGAGGGGACAGATTTG 

Oligo 13: TACTTCATCTTCTAGGACATTTGG 

 

2.5 Gene knockout  

 

p53 knockout cells were generated by co-transfection of vectors expressing Cas9 and 

an sgRNA for TP53 (a gift from Dr. Prasad Jallepalli) by nucleofection. Single colonies 

were picked and screened by Western blotting. To knock out PARP1, a BRCA2fl/– clone 

that stably expresses Cas9 was first generated from viral infection of lentiCas9-Blast 

(Addgene plasmid # 52962) (Sanjana et al. 2014). (Note these cells also stably express 

Cre-ERT2 from the pQCXIN backbone, a gift from Dr. Prasad Jallepalli, although Cre 

remains inactive in all experiments in this study.) Cells were next nucleofected with a 
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vector for an sgRNA for PARP1 in a lentiGuide-puro backbone (Addgene plasmid # 

52963) (Sanjana et al. 2014).  One day after transfection, cells were transiently selected 

with puromycin (1 µg ml-1) for 2 days before drug removal and being plated for growth as 

single colonies. Clones were screened based on restriction site loss at the Cas9 

cleavage site and knockouts were confirmed by Western blotting. 

sgRNA target sequences: 

p53: GGCAGCTACGGTTTCCGTC 

PARP1: AACGTCAGGGTGCCGGA 

 

2.6 RNA interference  

 

Stable knockdown cell lines were generated by infecting cells with viruses expressing 

the target shRNA, followed by continuous G418 (0.2 mg ml-1) selection.  

shRNA target sequences: 

MRE11 (Olson et al. 2007): GATGAGAACTCTTGGTTTAAC 

PARP1-1 (TRCN0000356475): GGAGACCCAATAGGCTTAATC 

PARP1-2 (TRCN0000338407): CTGATCCTTCAGCTAACATTA 

Transient knockdown with siRNAs by Lipofectamine RNAiMax (13778075, 

Thermo Fisher Scientific), according to the manufacturer’s instructions, was performed 

24 or 48 h after Cre infection. siRNAs were purchased as follows: RAD51 (Qiagen, 

siRAD51#6, SI02629837; #8, SI03061338), SMARCAL1 (SMARTpool, Dharmacon, M-

013058-01-0005), EXO1 (Qiagen, siEXO1#7, SI02665138; #8, SI02665145), DNA2 

(SMARTpool, Dharmacon, M-026431-01-0005). Cells were analyzed 48 h after 

transfection. A scrambled shRNA (Sarbassov et al. 2005) and a non-target siRNA 

(1027281, Qiagen) were used as negative controls. 
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2.7 Cell proliferation and clonogenic survival assays 

 

For proliferation assays, cells were counted, diluted and plated 3 days after Cre infection 

(passage 0). Two further rounds of cell counting and re-plating were performed (passage 

1 and 2) at 3-day intervals. Cell numbers were normalized to the number of BRCA2∆Ex3-

4/+ cells at passage 0.  

For clonogenic survival assays, 1000-2000 cells were seeded in a 10 cm plate 

and stained by Giemsa (620G-75, EMD Millipore) after methanol fixation 11 days later. 

Plating efficiency was calculated as the ratio of the amount of colonies formed to the 

total number of cells plated. All clonogenic assays from this study were performed in an 

unchallenged condition (i.e. no exogenous DNA damage applied). 

 

2.8 Cell senescence and apoptosis assays  

 

Senescence-associated β-galactosidase staining was performed following manufacture’

s instructions (9860S, Cell Signaling Technology). The fraction of β-galactosidase+ cells 

was quantitated using ImageJ software. Apoptotic cells were labeled using a FITC 

Annexin V kit (640905, BioLegend) according to the manufacturer’s instructions, 

followed by flow cytometry (Becton Dickinson FACScan) and quantification by FlowJo 

software.  

 

2.9 Cell cycle analysis 

 

Cells were fixed in ice-cold 70% ethanol overnight, before being pelleted, resuspended, 

and then incubated in propidium iodide (PI) staining buffer (20 ug ml-1  PI, 0.2 mg ml-1  
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RNase A, 0.1% Triton-X, PBS) for 30min at room temperature. Where indicated, cells 

were incubated with EdU for 30 min before harvest. In this case, EdU was detected 

using Click-iT® Plus EdU Alexa Fluor® 488 Flow Cytometry Assay Kit (C10632, Thermo 

Fisher Scientific) following manufacture’s instructions and 7-AAD (420403, BioLegend) 

was used in place of PI for DNA staining. Cell cycle distribution was analyzed by flow 

cytometry (Becton Dickinson FACScan) and FlowJo software. 

 

2.10 DNA fiber assay 

 

DNA fiber assays were performed as previously described (Schlacher et al. 2011). 

Briefly, cells were pulse labeled with 50 µM IdU and 50 µM CldU, untreated or treated 

with 4 mM HU, as indicated. 2000-4000 cells were lysed in lysis buffer (0.5% SDS, 200 

mM Tris-HCl pH 7.4, 50 mM EDTA). DNA fibers were spread on microscope slides and 

fixed in methanol/acetic acid (3:1 by volume). DNA was denatured in 2.5 M HCl for 30 

min, followed by 1 h blocking buffer (10% goat serum and 0.1% Triton-X in PBS). Slides 

were incubated with primary antibodies, anti-CldU (1:75; MA1-82088, Thermo Fisher 

Scientific) and anti-IdU (1:75; 347580, BD Biosciences) followed by secondary 

antibodies, anti-rat Alexa Fluor® 488 and anti-mouse Alexa Fluor® 594 (1:250, Thermo 

Fisher Scientific), for 1h each in blocking buffer at room temperature. Slides were 

mounted in Prolong with DAPI (P36935, Thermo Fisher Scientific) before image 

acquisition under Axio2 microscope (Zeiss). Images were analyzed with FIJI (ImageJ) 

software. 

 

2.12 HR assay 
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All cell lines used are derived from an MCF10A cell clone that contains the DR-GFP 

reporter (Pierce et al. 1999) stably integrated as a single copy in the genome (a gift of Dr. 

Elizabeth Kass). Cells were infected with I-SceI-expressing lentivirus and HR was 

measured by quantifying the fraction of GFP+ cells by flow cytometry (Becton Dickinson 

FACScan) 48 h after infection using FlowJo software. 

 

2.13 Immunofluorescence and microscopy 

 

Cells were cultured on Nunc™ Lab-Tek™ II CC2™ Chamber Slides (12-565-1, Thermo 

Fisher Scientific) and fixed with 2% paraformaldehyde (PFA) for 15 min and 

permeabilized in blocking buffer (0.1% Triton-X and 1% BSA in PBS) for 30 min at room 

temperature. To stain chromatin-bound RPA and MRE11, cells were pre-extracted (0.5% 

Triton-X, 1 mM EDTA, 30 mM sucrose in PBS) on ice for 5 min before fixation. Where 

indicated, EdU was detected using Click-iT® Plus EdU Alexa Fluor® 647 Imaging Kit 

(C10640, Thermo Fisher Scientific) following manufacture’s instructions, except that 

CuSO4, Alexa Fluor® azide and reaction buffer additive were used at half of the 

instructed final concentrations. Cells were then incubated with primary antibodies 

followed by secondary antibodies diluted in blocking buffer for 1 h each with three PBS 

washes in between. Slides were mounted in Prolong with DAPI (P36935, Thermo Fisher 

Scientific) before image acquisition under Axio2 microscope (Zeiss). Where indicated, 

deconvolution was carried out with z stacks acquired with 0.2 µm spacing using 

enhanced ratio method, and projected based on maximum intensity on a DeltaVision 

Image Restoration System (GE Healthcare). Quantification of fluorescence signal 

intensity per nucleus with was performed with high content image-based cytometry 

methods essentially as described (Toledo et al. 2013) using FIJI (ImageJ) and analyzed 

using Excel (Microsoft) softwares. Briefly, nucleus regions were segmented based on 
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total DAPI intensity, and mean fluorescence intensities of other channels within each 

nucleus were quantified in FIJI and exported to Excel where data analysis was 

performed. Replicate experiments for γH2AX intensity quantification are shown in Fig. 4-

12. 

Primary antibodies used were γH2AX (1:1000; 05-636, EMD Millipore; 1:500; 

2577S, Cell Signaling Technology), 53BP1 (1:1000; 612522, BD Biosciences), 53BP1 

(1:1000; NB100-304, Novus), cyclin A (1:1000; sc-751, Santa Cruz Biotechnology), 

FANCD2 (1:500; NB 100-182, Novus Biologicals), MRE11 (1:1000; a gift from Dr. John 

Petrini), p53 (1:1000; Santa Cruz, sc-98), p53-pS15 (1:1000; CST, 9284), PICH (1:500; 

H00054821-M01, Novus Biologicals), pATM-S1981 (1:1000; 200-301-400, Rockland), 

pCHK2-T68 (1:1000; 2661S, Cell Signaling Technology), RPA (1:1000; ab2175, Abcam; 

1: 1000, 2208S, Cell Signaling Technology). Secondary antibodies used were anti-

mouse Alexa Fluor® 488, anti-rat Alexa Fluor® 488, anti-mouse Alexa Fluor® 594, anti-

mouse Alexa Fluor® 647, anti-rabbit Alexa Fluor® 568, and anti-rabbit Alexa Fluor® 594 

(1:1000; Thermo Fisher Scientific). 

 

2.14 Serum starvation and mitotic cell analysis 

 

For serum starvation, cells were cultured for 24 h in DME-HG/F-12 with 1% penicillin–

streptomycin but no other additive. Cells were then released into regular culture media at 

the indicated time interval. To detect mitotic DNA synthesis, EdU was added to the 

media for another 1 h incubation before fixation and permeabilization as described in the 

immunofluorescence section. EdU was detected using Click-iT® Plus EdU Alexa Fluor® 

488 Imaging Kit (C10637, Thermo Fisher Scientific) following manufacture’s instructions, 

except that CuSO4, Alexa Fluor® azide and reaction buffer additive were used at half of 

the instructed final concentrations. Slides were mounted in Prolong with DAPI (P36935, 
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Thermo Fisher Scientific). Mitotic cells were detected by microscopy. More than 80 

mitotic cells from at least three independent experiments were scored. 

 

2.15 Subcellular fractionation and immunoprecipitation 

 

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit 

(78840, Thermo Fisher Scientific) following manufacture’s instructions. For protein lysate 

preparation, cells were trypsinized and lysed with NETN lysis buffer (150 mM NaCl, 1 

mM EDTA, 20 mM Tris pH 8.0, 0.5% NP40, 10% Glycerol) containing protease inhibitor 

(11836153001, Roche). For FLAG-IPs, EZview™ Red ANTI-FLAG M2 Affinity Gel 

(F2426, Sigma) was added to 0.5-2.0 mg protein lysate and incubated overnight at 4°C. 

After extensive washes with 0.05% Tween 20 in PBS, proteins were eluted with SDS-

PAGE sample buffer (B7703S, NEB).  

 

2.16 Western blotting 

 

Equal amounts of protein samples (whole cell lysate, subcellular fractions, or IP samples) 

were heated at 70 or 100°C for 10 min, run on a precast Tris-acetate (for BRCA2 blots; 

EA03752BOX, Thermo Fisher Scientific) or Mini-PROTEAN® TGX™ protein gel (Bio-

Rad) and then transferred to a nitrocellulose membrane (162-0145, Bio-Rad).  The 

membrane was blocked in 5% non-fat dry milk in PBST and incubated overnight with 

primary antibodies at 4°C, followed by incubation with secondary antibodies for 1 h at 

room temperature.  

Primary antibodies used were BRCA2 (1:300; OP95, EMD Millipore), clathrin 

(1:3000; 610499, BD Biosciences), DNA2 (1:500; ab96488, Abcam), EXO1 (1:1000; 
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A302-640A-T, Bethyl Laboratories), FLAG (1:1000; A8592, Sigma), MRE11 (1:5000; a 

gift from Dr. John Petrini), PARP1 (1:1000; sc-7150, Santa Cruz Biotechnology), p53 

(1:1000; sc-98, Santa Cruz Biotechnology), p21 (1:1000; sc-6246, Santa Cruz 

Biotechnology), HDAC2 (1:2000; 2540S, Cell Signaling Technology), SMARCAL1 (1:500; 

sc-376377, Santa Cruz Biotechnology), tubulin (1:10,000; T9026, Sigma), RAD51 

(1:2000; PC130, EMD Millipore), histone H3 (1:2000; 9715, Cell Signaling Technology). 

Secondary antibodies used were peroxidase-linked anti-mouse or anti-rabbit IgG 

(1:10,000; GE Healthcare). 

 

2.17 Statistical analysis 

 

Statistical analysis was performed using Prism software. p values for FP, γH2AX, 

MRE11 nuclear intensity and FANCD2 foci pair quantification were determined using a 

two-tailed Mann-Whitney test. The remaining data were analyzed by an unpaired two-

tailed t test. Statistical tests were justified appropriate for every figure (see legends) and 

the variance between groups was usually similar. No statistical methods or criteria were 

used to estimate sample size or to include or exclude samples. For DNA fiber analysis, 

investigators were blinded in most experiments to the group allocation; for other 

experiments, investigators were not blinded. P values of <0.05 are considered 

statistically significant and are indicated with asterisks as follows: *, p<0.05; **, p<0.01; 

***, p<0.001; ****, p<0.0001.  
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Chapter 3 Modeling BRCA2 loss in non-transformed human 

mammary cells* 

 

3.1 Introduction 

 

Breast and ovarian tumor suppressor BRCA2 suppresses genome instability, a hallmark 

of cancer, by playing a central role in two processes: homologous recombination (HR) 

for the repair of DNA lesions and protection of nascent strands at stalled replication forks 

from degradation (FP) (Prakash et al. 2015).  

Loss of the wild-type BRCA2 allele, indicative of functional inactivation of BRCA2, 

is common in breast and ovarian cancers arising in BRCA2 mutation carriers. 

Conditional knockout of BRCA2 in mouse models also results in tumorigenesis (Jonkers 

et al. 2001; Ludwig et al. 2001). However, rather than providing a growth advantage as 

in cancers, BRCA2 deficiency causes inviability of mouse embryos and normal mouse 

cells (Patel et al. 1998; Evers and Jonkers 2006; Kuznetsov et al. 2008; Badie et al. 

2010). It is not fully understood how the lethality program is induced in the absence of 

BRCA2 in otherwise normal cells. Elucidating the underlying mechanisms of how 

BRCA2 maintains genome integrity and supports cell viability will provide insight into 

how tumor cells emerge and survive the crisis when BRCA2 is lost, which may also 

potentially impact therapeutic approaches.  

To dissect the mechanisms by which relatively normal, non-cancerous mammary 

cells respond to BRCA2 deficiency, we developed conditional cell lines to examine the 

acute response to BRCA2 loss. We demonstrate that BRCA2 deficiency triggers 

                                                

* Chapter 3 is mainly adapted from Feng W, Jasin M. 2017. BRCA2 suppresses replication stress-induced 
mitotic and G1 abnormalities through homologous recombination. Nat Commun 8: 525. (Under a Creative 
Commons license http://creativecommons.org/licenses/by/4.0/).  
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replication stress that is transmitted to the next cell cycle through DNA under replication 

and chromosomal missegregation, forming 53BP1 nuclear bodies at G1. p53-dependent 

G1 arrest and senescence are activated, ultimately leading to cell inviability. Thus, our 

work reveals G1 abnormalities as an unanticipated mechanism to trigger cell lethality 

upon BRCA2 deficiency.  

 

3.2 Results  

 

3.2.1 BRCA2 is essential for human mammary MCF10A cell viability 

To better understand BRCA2’s role in a tumor-relevant cell type, We generated a 

BRCA2 conditional system in MCF10A cells, a non-transformed human mammary 

epithelial cell line with a relatively stable genome (Soule et al. 1990). Through CRISPR-

Cas9-mediated gene targeting, we knocked in loxP sites to flank exons 3 and 4 of one 

BRCA2 allele, and knocked out the other allele by targeting a selectable marker 

immediately downstream of the start codon (Fig. 3-1a, Fig. 3-2a-d). Deletion of exons 3 

and 4 is expected to cause a frameshift mutation that generates a premature stop codon 

to prevent further protein translation. Moreover, exons 3 and 4 encode residues that are 

essential for PALB2 binding (Xia et al. 2006), which is required for mouse embryonic 

stem cell viability (Biswas et al. 2011). An exon 3 skipping mutation is associated with 

familial breast cancer (Nordling et al. 1998), further supporting the notion that loss of 

PALB2 binding disrupts BRCA2 function. 

BRCA2 inactivation in these conditional cells was achieved by infecting BRCA2fl/– 

cells with either adeno-Cre or a lentivirus that expresses a self-deleting Cre (Pfeifer et al. 

2001). We detected the expression of a peptide smaller than full-length BRCA2 in the 

resulting BRCA2∆Ex3-4/– cells as well as in control BRCA2∆Ex3-4/+ cells (Fig. 3-1b). 

Transcript analysis indicated aberrant splicing that presumably promotes translation from 
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a downstream, in-frame start codon (Fig. 3-2e). PALB2 binding mediates BRCA2 

chromatin localization; indeed, the truncated ∆Ex3-4 peptide was found to be deficient in 

chromatin binding (Fig. 3-2f,g). To test whether exon3-4 deletion affected viability of 

MCF10A cells, we performed clonogenic survival assays after Cre expression. Unlike 

BRCA2∆Ex3-4/+ cells, BRCA2∆Ex3-4/– cells did not form colonies (Fig. 3-1c), indicating that 

intact BRCA2 is essential for the viability of these non-transformed human mammary 

epithelial cells. 

We also generated a second BRCA2 conditional system in which BRCA2 is 

completely lost upon Cre expression by targeting a floxed BRCA2 transgene (TrBRC5-

Cter) (Siaud et al. 2011) into the safe-harbor AAVS1 locus. The endogenous BRCA2 

alleles were then knocked out by targeting selectable markers downstream of the start 

codon to generate BRCA2–/–AAVS1fl cells (Fig. 3-1d, Fig. 3-3). The TrBRC5-Cter 

peptide restores some BRCA2 function (Siaud et al. 2011), although it is expressed at 

low levels in the BRCA2–/–AAVS1fl cells (Fig. 3-3c) and so the cells grow slowly. The 

requirement for BRCA2 was studied by introducing a vector that expresses full-length, 

FLAG-tagged BRCA2 (WT) or an empty vector (EV). Unlike the WT-complemented cells, 

the EV-transfected BRCA2–/–AAVS1fl cells were devoid of full-length BRCA2 (Fig. 3-1e). 

Only the WT-complemented cells formed viable clones upon Cre expression (Fig. 3-1f). 

Thus, the AAVS1 system recapitulated our observations from the ∆Ex3-4 system.  

Consistent with cell inviability, BRCA2 deficiency led to an acute proliferation 

defect within the first few passages after Cre infection (Fig. 3-1g) associated with 

cellular senescence and apoptosis (Fig. 3-1h,i). Because no viable BRCA2-deficient 

clones were obtained from either system, unless otherwise noted, we performed our 

analysis of BRCA2-deficient cells shortly after Cre expression. 

 

3.2.2 BRCA2 ablation causes spontaneous DNA damage and G1 arrest 
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To gain more insight into how cell lethality is triggered in these non-transformed, human 

mammary epithelial cells, we analyzed the consequences of BRCA2 deficiency at the 

cellular level. As expected, γH2AX staining under unchallenged conditions revealed a 

higher level of spontaneous DNA damage in BRCA2∆Ex3-4/– cells (Fig. 3-4a, Fig. 3-5). 

DNA damage activates checkpoints to pause cell cycle progression until DNA repair is 

complete (Ciccia and Elledge 2010). Given its roles in FP and DNA repair during the S 

and G2 phases, BRCA2-deficient cells would be expected to be arrested in these cell 

cycle phases (Patel et al. 1998). Surprisingly, however, cell cycle analysis demonstrated 

that BRCA2∆Ex3-4/– cells were enriched in G1 instead (Fig. 3-4b, Fig. 3-6).  

To test whether p53 is responsible for G1 arrest and inviability of BRCA2-

deficient cells, we generated p53 knock out cells in the BRCA2fl/– background using 

CRISPR-Cas9 (Fig. 3-4c). BRCA2∆Ex3-4/– cells exhibited an increase in p53 levels and 

p53-dependent p21 induction compared to BRCA2∆Ex3-4/+ cells (Fig. 3-4d), indicating p53 

pathway activation. Importantly, the BRCA2∆Ex3-4/– G1 cell population was diminished 

upon p53 loss (Fig. 3-4e, Fig. 3-6). p53 loss also abrogated cellular senescence 

induced by BRCA2 deficiency (Fig. 3-4f), in agreement with a  previous study using 

mouse cells (Carlos et al. 2013). Remarkably, PCR-validated BRCA2∆Ex3-4/– colonies 

were formed only in the absence of p53 (Fig. 3-4g, Fig. 3-7). These colonies were 

smaller and fewer compared to the BRCA2∆Ex3-4/+ control and grew very slowly upon 

expansion, indicating only a partial rescue of cell viability by p53 loss. Interestingly, the 

high apoptotic fraction of BRCA2∆Ex3-4/– cells was not affected by p53 loss (Fig. 3-4h), 

thus explaining the partial rescue. Collectively, our results suggest that p53 pathway 

activation, likely in response to spontaneous DNA damage, leads to G1 arrest and 

cellular senescence and contributes to cell lethality upon BRCA2 deficiency. 

 

3.2.3 BRCA2 suppresses G1 53BP1 nuclear body formation 
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To investigate why BRCA2 deficiency caused G1 cell cycle arrest, we first sought to 

determine the cell cycle stage at which spontaneous DNA damage arose. Cells were 

first arrested in G1 before Cre expression, which was then followed by a release to 

reinitiate the cell cycle. γH2AX induction was associated with S and G2 entry of the 

BRCA2-deficient cells after release from arrest and was also enriched within the S/G2 

population specifically marked by cyclin A (Fig. 3-8a, Fig. 3-9), indicating that 

spontaneous DNA damage primarily originates in these cell cycle phases.  

53BP1 NBs mark DNA lesions in G1 as a consequence of replication stress in 

the previous cell cycle (Harrigan et al. 2011; Lukas et al. 2011). We hypothesized that 

the G1 arrest arising from BRCA2 deficiency may be associated with 53BP1 NB 

formation arising from lesions generated in the previous S/G2 phases. Indeed, 

spontaneously arising 53BP1 NBs were dramatically induced in number in G1 phase 

BRCA2∆Ex3-4/– cells (i.e., cyclin A– cells, Fig. 3-8b). The majority of G1 BRCA2∆Ex3-4/– cells 

had 53BP1 NBs, with ~20% showing three or more, whereas 53BP1 NBs were rare in 

control G1 cells. 

We next determined the impact of replication stress on BRCA2-deficient cells. 

While HU treatment greatly increased the amount of damage, it did not have a specific 

impact on overall DNA damage induction or recovery in BRCA2-deficient cells during S 

phase (Fig. 3-8c). By contrast, however, HU treatment led to a remarkable induction of 

53BP1 NB formation in the next G1 phase, as revealed by high content image cytometry 

(Fig. 3-8d). Thus, in BRCA2-deficient cells, HU-generated replication stress does not 

induce a more profound DNA damage response in S phase, but rather in the subsequent 

G1 phase. Because 53BP1 interacts with p53 and 53BP1 NBs mark DNA lesions and 

contain classical DNA damage signaling proteins (Iwabuchi et al. 1994; Lukas et al. 

2011; Cuella-Martin et al. 2016), 53BP1 NBs can conceivably trigger the aforementioned 

p53-dependent G1 arrest. 
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3.2.4 BRCA2 prevents under replication and mitotic abnormalities  

One possible reason for 53BP1 NB formation is that it serves as a response to 

replication stress that interferes with the timely completion of replication: The resulting 

under-replicated DNA forms unresolved structures, which cause aberrations during 

mitosis and ultimately generate 53BP1 NBs in the daughter cells (Mankouri et al. 2013). 

To delineate the impact of BRCA2 inactivation on these processes, we first analyzed 

DNA under replication using mitotic DNA synthesis as a surrogate, a pathway activated 

during early stages of mitosis as a compensatory attempt to finish replication of 

unduplicated DNA (Minocherhomji et al. 2015). Foci of DNA synthesis, labeled as sites 

with EdU incorporation, were evident in a majority of M-phase BRCA2-deficient cells 

(>70%) and were substantially elevated in number, while they were rarely present in 

control cells (Fig. 3-10a,b, Fig. 3-11a). Notably, mitotic DNA synthesis occurred almost 

exclusively at sites marked by FANCD2 foci pairs (Fig. 3-10a), an indicator of 

incompletely replicated DNA in the preceding S phase (Chan et al. 2009; Naim and 

Rosselli 2009). Overall, the total number of FANCD2 foci pairs was greatly elevated with 

BRCA2 deficiency, and a substantial fraction of these were sites of DNA synthesis (Fig. 

3-10c,d). These results imply that BRCA2 suppresses DNA under replication. Moreover, 

that BRCA2-deficient cells also exhibited a concomitant elevation in the number of 

FANCD2 foci pairs in which DNA synthesis did not occur (Fig. 3-10a,c) suggests that 

incompletely replicated DNA may not be fully duplicated during early mitosis and is 

therefore likely carried over to later mitotic stages. 

Unresolved DNA structures such as persistent under-replicated DNA can cause 

chromosome non-disjunction manifested as ultra-fine bridges (UFBs), a DNA linkage 

that stains negative for conventional DNA dyes (e.g., DAPI) but can be visualized by 

staining with bound proteins such as PICH (Baumann et al. 2007; Chan et al. 2007). 
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These DNA linkages can in turn cause chromosome missegregation, forming DAPI+ 

anaphase bridges and lagging chromosomes, ultimately generating micronuclei (Chan et 

al. 2009; Naim and Rosselli 2009; Naim et al. 2013; Ying et al. 2013). Consistent with 

this, UFBs, anaphase bridges, and lagging chromosomes were all significantly more 

common in the BRCA2-deficient cells (Fig. 3-10e,f, Fig. 3-11b). Importantly, these 

anaphase structures were associated with FANCD2 foci in most cases (Fig. 3-10e,f, 3-

11b), suggesting that they form as a consequence of DNA under replication. To test this 

hypothesis, cells were allowed more time to finish replication before entering mitosis by 

treatment with the CDK1 inhibitor RO-3306, which arrests cells at G2/M phase (Vassilev 

et al. 2006). As expected, FANCD2 foci pairs in early mitotic BRCA2-deficient cells were 

diminished to control levels upon release from RO-3306 treatment (Fig. 3-10d). 

Moreover, formation of both anaphase DAPI bridges and lagging chromosomes in these 

cells were also abrogated (Fig. 3-10g,h). BRCA2 deficiency also led to a concomitant 

increase of micronuclei (3-11c). These results strongly suggest that DNA under 

replication leads to mitotic abnormalities upon BRCA2 deficiency.  

Next, we examined if DNA under replication is also the cause of the observed 

53BP1 NBs, using a pulse of EdU to mark S-phase cells before RO-3306 treatment (Fig. 

3-10i). 53BP1 NB formation in EdU+ BRCA2∆Ex3-4/– cells was diminished to control levels 

upon release into the next G1 phase. Similarly, nocodazole, which leads to a prolonged 

prometaphase during which the compensatory mitotic DNA synthesis occurs 

(Minocherhomji et al. 2015), also abolished the subsequent 53BP1 NB formation (Fig. 3-

10j). Taken together, our data strongly suggest that BRCA2 suppresses DNA under 

replication, which, if unrestrained, causes mitotic abnormalities that lead to 53BP1 NB 

formation in the subsequent G1 phase. 

 

3.2.5 BRCA2 suppresses single-stranded DNA lesions in G2  
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To further explore the mechanisms by which BRCA2 prevents DNA under replication, we 

tested the hypothesis that unrepaired DNA damage in HR-deficient cells impedes timely 

replication completion. Early mitotic BRCA2∆Ex3-4/– cells displayed a dramatically 

increased level of γH2AX, with ~80% of cells containing ≥8 γH2AX foci (Fig. 3-12a). 

Sites of under-replicated DNA, marked by FANCD2 foci pairs, typically co-occurred with 

these γH2AX foci, although not all γH2AX foci were marked by FANCD2. Importantly, 

these early mitotic DNA damage sites were diminished by delaying mitotic entry, 

implying that pre-mitotic DNA damage impedes replication completion.  

We therefore assayed for possible lesions prior to mitosis in G2 phase. γH2AX 

foci were substantially induced in BRCA2-deficient cells in G2 and, remarkably, single-

stranded DNA (ssDNA), as indicated by RPA foci, was particularly enriched in these 

lesions (Fig. 3-12b,c). The ssDNA lesions were prevalent, although not all γH2AX-

marked sites contained RPA foci (Fig. 3-12b). 

Next, we investigated the mechanisms by which G2 DNA damage is generated. 

Replication fork reversal is considered to be a general response to different types of 

replication stress (Zellweger et al. 2015) and reversed forks are susceptible to breakage 

(Couch et al. 2013; Neelsen et al. 2013). Indeed, depleting the fork remodeling protein 

SMARCAL1 (Betous et al. 2012; Betous et al. 2013; Couch et al. 2013) markedly 

reduced both overall and RPA+ G2 γH2AX foci produced in BRCA2∆Ex3-4/– cells (Fig. 3-

12d, Fig. 3-13a). Thus, although it remains to be directly tested whether BRCA2 loss 

itself affects fork reversal, our observations raise the possibility that fork reversal 

contributes to the formation of G2 lesions that arise in BRCA2-deficient cells. Reversed 

forks are subject to direct processing, a DNA2-specific function that is not shared by 

MRE11 or EXO1 (Thangavel et al. 2015). These four-way structures can also be cleaved 

by structure-specific endonucleases to produce DSBs (Couch et al. 2013; Neelsen et al. 

2013), which can then undergo classical DNA end resection by nucleases, including 
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MRE11, EXO1 and DNA2. Given the residual RPA+ γH2AX foci from SMARCAL1-

depleted cells, it is also possible that lesions can arise independently of fork remodeling. 

To test the involvement of the resection enzymes in ssDNA formation, we transiently 

depleted DNA2 or EXO1 (Fig. 3-13b,c) or inhibited MRE11 by mirin. Disruption of each 

individual resection enzyme in BRCA2-deficient cells led to a considerable reduction of 

RPA foci without markedly affecting the overall γH2AX level in G2 phase (Fig. 3-12e,f). 

Thus, although direct processing of reversed forks may play some role, the contribution 

of MRE11 and EXO1, in addition to DNA2, in producing ssDNA is consistent with end 

resection of DNA breaks. Indeed, we detected ATM pathway activation, manifested by 

foci of phosphorylated ATM and CHK2 at the damage sites (Fig. 3-12g,h), indicating 

break formation. Together, our  results suggest that fork reversal, DNA breakage, and 

hyper-resection contribute substantially to the lesions that accumulate in G2 phase upon 

BRCA2 deficiency and that these persistent intermediates compromise the timely 

completion of replication. 

 

3.3 Discussion 

 

BRCA2 germline mutation predisposes to breast and ovarian cancer. Seemingly 

paradoxically, however, BRCA2 deficiency results in inviability both during mouse 

embryo development and in mouse cells themselves (Patel et al. 1998; Evers and 

Jonkers 2006; Kuznetsov et al. 2008; Badie et al. 2010). How the cell lethality is 

triggered in normal cells and bypassed during tumor formation remains unclear. Here, 

using a BRCA2 conditional system in a non-transformed human mammary epithelial cell 

line, we show that BRCA2 deficiency induces replication stress, resulting in single-

stranded DNA lesions in G2, failure to complete DNA replication and concomitant 53BP1 

NB formation in the subsequent G1 phase, to ultimately lead to p53-dependent G1 arrest 
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and cellular senescence (Fig. 3-14). Independent results from other groups are in 

agreement with this model (Lai et al. 2017; Schoonen et al. 2017). 

 

3.3.1 BRCA2 suppresses replication stress*  

Our data provide mechanistic insight into how BRCA2 suppresses replication stress and 

under replication. First, BRCA2 serves to repair replication-associated DNA damage 

such as DSBs through HR, as it does in other contexts. Supporting this, we observe that 

BRCA2 deficiency leads to spontaneous DNA damage originating in S/G2 phases that 

persists into mitosis. In particular, at least a fraction of the G2 damage is characterized 

as hyper-resected DNA arising from activities of resection enzymes that are known to 

generate intermediates for strand invasion during HR, although other resection-

independent mechanisms could also be involved, for example, ssDNA gap formed 

behind the fork that has been seen upon RAD51 impairment (Hashimoto et al. 2010; 

Zellweger et al. 2015). These lesions, if left unrepaired or inefficiently repaired, can in 

turn impede completion of DNA replication. For example, BRCA2 or RAD51 deficiency 

biases stalled fork-induced recombination towards long-tract gene conversion (Willis et 

al. 2014); more repair synthesis than during canonical HR may delay the completion of 

replication. Second, BRCA2 may facilitate DNA replication completion in a DSB-

independent manner. In particular, RAD51-mediated fork reversal (Zellweger et al. 2015), 

followed by BRCA2-promoted strand invasion by RAD51, may allow lesion bypass 

without DNA breakage. Lastly, through its HR function, BRCA2 may additionally be 

involved in the following S phase to promote the resolution of lesions marked by 53BP1 

NBs.  

                                                

* Section 3.3.1 is adapted from Feng W, Jasin M. 2018. Homologous Recombination and Replication Fork 
Protection: BRCA2 and More! Cold Spring Harb Symp Quant Biol. (Under a Creative Commons license 
http://creativecommons.org/licenses/by/4.0/). 
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What is the cause of DNA under replication? BRCA2-deficient cells accumulate 

single-stranded DNA lesions in G2. Fork reversal, hyper-resection at DNA breaks 

(current study), and single-stranded DNA formed at or behind the forks (Kolinjivadi et al. 

2017) can all contribute to these lesions. We propose that these persistent, unrepaired 

DNA lesions prevent timely completion of DNA replication. Thus, the sequelae of BRCA2 

deficiency can be traced from S/G2 DNA lesions as the source of the G1 arrest to cell 

inviability as the consequence (Fig. 3-14).  

 

3.3.2 BRCA2 deficiency and mitotic abnormalities 

The description of aberrant mitotic structures in BRCA2-deficient cells is not entirely 

unprecedented but has often been explained by mitotic-specific functions of BRCA2 

(Tutt et al. 1999; Daniels et al. 2004; Choi et al. 2012; Mondal et al. 2012). While we do 

not rule out the possibility of a mitotic-specific function of BRCA2, the restoration of 

mitotic integrity in BRCA2-deficient cells by a pre-mitotic treatment – delayed mitotic 

entry – strongly suggests that the underlying lesions occur in the preceding cell cycle 

phases (i.e., DNA under replication in S phase). Moreover, the aberrant mitotic 

structures are associated with sites of DNA under replication. Delaying mitotic entry, as 

well as prolonging prometaphase, the stage when compensatory mitotic DNA synthesis 

occurs, also rescues G1 abnormalities (i.e., 53BP1 NB formation), further supporting the 

notion that lack of replication completion causes mitotic and G1 abnormalities upon 

BRCA2 deficiency. 

 

3.3.3 Involvement of p53 after BRCA2 loss* 

                                                

* Section 3.3.3 is adapted from Feng W, Jasin M. 2018. Homologous Recombination and Replication Fork 
Protection: BRCA2 and More! Cold Spring Harb Symp Quant Biol. (Under a Creative Commons license 
http://creativecommons.org/licenses/by/4.0/). 
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Our model predicts that the lethal phenotypes of BRCA2 disruption may be mitigated by 

inactivation of cell cycle arrest processes. The p53 pathway is induced upon BRCA2 

loss and is responsible for the subsequent G1 arrest. Indeed, p53 loss partially restores 

cell proliferation to BRCA2-deficient cells. These observations provide insight into the 

frequent association of TP53 mutations with BRCA2-mutated cancers (Ramus et al. 

1999; Greenblatt et al. 2001; Roy et al. 2011), which parallels results from mouse 

systems (Connor et al. 1997; Lee et al. 1999; Jonkers et al. 2001; Bouwman et al. 2010). 

However, p53 inactivation only partially rescues MCF10A cells. While senescence and 

G1 arrest are substantially abrogated by p53 loss, apoptosis is not, indicating that a p53-

independent apoptotic pathway prevents full rescue of viability in the absence of BRCA2. 

One possibility is the involvement of other p53 family members, i.e., p63 and p73, which 

play similar roles to p53 in multiple processes, including apoptosis, and have been 

shown to act redundantly in some contexts (Dotsch et al. 2010; Wang et al. 2017). 

Therefore, multiple pathways, both p53-dependent and –independent, work together to 

ultimately result in inviability of BRCA2-deficient cells (Fig. 3-14). 

p53 pathway activation in G1 could occur through several non-mutually exclusive 

ways. First, 53BP1 directly interacts with p53 and regulates p53-dependent G1 

checkpoint arrest (Iwabuchi et al. 1994; Cuella-Martin et al. 2016). Therefore, p53 can 

be activated as a direct response to 53BP1 NBs. However, this interaction may not be 

the sole explanation for p53 activation, given that 53BP1 inactivation neither restores 

viability nor diminishes p53 induction in BRCA2-deficient mouse cells (Bouwman et al. 

2010). Second, 53BP1 NBs mark DNA breaks due to improper resolution of under-

replicated DNA during mitosis (Lukas et al. 2011; Naim et al. 2013; Ying et al. 2013); 

p53 activation can thus be triggered as a downstream event of DNA damage signaling. 

Consistent with this notion, a number of DNA damage response proteins reside in 

53BP1 NBs (Lukas et al. 2011). In addition to 53BP1-related mechanisms, p53-
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dependent G1 arrest may also be activated by mitotic errors independently of DNA 

damage (Kuffer et al. 2013; Ganem et al. 2014a; Pedersen et al. 2016). In summary, we 

propose that the replication stress in BRCA2-deficient cells leads to abnormalities in the 

subsequent M and G1 phases, which in turn trigger apoptosis together with p53-

dependent G1 arrest and cellular senescence (Fig. 3-14). 

 

3.3.4 Implications for cancer biology 

Our observation that BRCA2 deficiency induces replication stress adds a new dimension 

to a growing literature that replication stress is a key feature of precancerous lesions 

induced by oncogenes (Macheret and Halazonetis 2015). Unanticipated consequences 

of the replication stress induced by BRCA2 loss are mitotic abnormalities leading to G1 

arrest and 53BP1 NB formation, which may be exploitable as a diagnostic biomarker for 

BRCA2 status in carriers. Whether the sequelae of replication stress that we observe 

with loss of BRCA2, in particular 53BP1 body formation, will be found more generally 

such as in oncogene-induced precancerous lesions will be important to determine. 

Our studies also have implications for cancer therapy. Agents found to enhance 

53BP1 NB formation may further sensitize BRCA2-deficient cancer cells to therapy. DNA 

under replication could also potentially be exploited as an Achilles heel to treat BRCA2-

deficient cancers by targeting components in the mitotic DNA synthesis pathway. While 

a previous study demonstrated the activation of mitotic DNA synthesis in the presence of 

aphidicolin (Bhowmick et al. 2016), our finding here that mitotic DNA synthesis is 

activated upon BRCA2 loss even in the absence of exogenous replication stress 

suggests that it is more relied upon and therefore a promising target for intervention in 

BRCA2-deficient tumors. 
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Figure 3-1. BRCA2 is essential for non-transformed human mammary MCF10A cell 
viability 
a. Schematic of the BRCA2 exon3-4-floxed conditional system in MCF10A cells (filled 
triangle, loxP site; open circle, FRT site; Hyg, hygromycin-resistance gene).  
b. Western blot of BRCA2 exon3-4-floxed cell extracts with or without Cre expression 
(asterisk, full-length BRCA2; arrowhead, ∆Ex3-4 peptide). The BRCA2 antibody Ab-1 
detects BRCA2 amino acids 1651-1821.  
c. BRCA2∆Ex3-4/– cells were plated for clonogenic survival. Representative plates are 
shown.  
d. Schematic of the BRCA2–/–AAVS1fl conditional system in MCF10A cells. Blast, 
Blasticidin-resistance gene.  
e. Western blot showing BRCA2 expression in stably-complemented BRCA2–/–AAVS1fl 
cells (WT, wild-type BRCA2; EV, empty vector).  
f. BRCA2–/–AAVS1∆ cells were plated for clonogenic survival.  
g. BRCA2∆Ex3-4/– cells were serially passaged every 3 days. Cell number was determined 
at the end of each passage and normalized to the number of BRCA2∆Ex3-4/+ cells at 
passage 0.  
h. Cells were stained for senescence-associated β-galactosidase (SA β-gal). Left: 
representative images; Right: comparison of the percent SA β-gal+ cells. 
i. Cells were quantified for apoptosis using Annexin V staining. 
Error bars in this figure represent one standard deviation from the mean (s.d.). n>3. **, 
p<0.01; ****, p<0.0001 (unpaired two-tailed t test).  
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Figure 3-2. Generation of BRCA2fl/– and BRCA2∆Ex3-4/– cells 
a. Schematic for generation of BRCA2fl/– cells by CRISPR-Cas9-mediated gene targeting. 
Donor fragments for generating the BRCA2 exon 3-4 floxed allele prior to Flp 
recombination (fl-Hyg) and the null (-) allele are shown. Restriction digestion sites for 
Southern blotting are indicated. SA-2A, splice acceptor followed by 2A self-cleaving 
peptide sequence; lightning symbols, CRISPR-Cas9 recognition sites; colored bold lines, 
probes used for Southern blotting.  
b-d. Southern blots to confirm targeting of MCF10A cells. The correct bands for the 
various alleles are indicated by the arrows. Asterisk indicates an unexpected band with 
the corresponding allele designated with a question mark; this clone was not further 
interrogated.  
e. RT-PCR strategy to detect splicing from the ∆Ex3-4 transcript. Using primers that 
hybridize to BRCA2 exons 1 and 10, a product is detected that contains a portion of 
intron 2 spliced to intron 4 with several stop codons that are in frame with the normal 
BRCA2 start codon. The next in-frame ATG codon in exon 7 is indicated.  
f. Schematic showing domains of BRCA2 protein expressed from + (full-length) and that 
predicted from the ∆Ex3-4 allele (∆Ex3-4) if translation begins in exon 7. Additional 
ATGs downstream can also be used to give rise to a similar peptide. 
g. Western blot of BRCA2 after subcellular protein fractionation, showing that the ∆Ex3-4 
peptide is defective in binding to chromatin (NE, soluble nuclear extract; CB, chromatin-
bound fraction). The BRCA2 antibody Ab-1 detects BRCA2 amino acids 1651-1821. 
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Figure 3-3. Generation and characterization of BRCA2–/–AAVS1fl cells 
The BRCA2 null (-) alleles were generated using the Hygro donor fragment shown in Fig. 
3-2a and a cognate donor with a blasticidin-resistance gene replacing the hygromycin-
resistance gene. The AAVS1 targeting vector was introduced prior to generating the 
second BRCA2 null allele. 
a. Schematic of AAVS1 targeting strategy. Restriction digestion sites and probes for 
Southern blotting are shown. Lightning symbol, AAVS1 TALEN recognition sites; Neo, 
Neomycin-resistance gene cassette. 
b. Southern blot to confirm correct gene targeting at the AAVS1 locus in Neo+ clones. 
Vertical arrow indicates the clone chosen for subsequent experiments which has one 
targeted and one untargeted allele.  
c. Western blot showing FLAG-tagged TrBRC5-Cter peptide expression by immuno-
precipitation. Domain structure of the TrBRC-Cter peptide is shown at top. TrBRC5-Cter 
peptide expression is not detectible by direct FLAG Western blotting (i.e., without 
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enrichment by FLAG IP), suggesting low expression. Vertical arrow indicates the clone 
chosen for subsequent experiments.  
d. Western blot showing loss of BRCA2 protein in BRCA2–/–AAVS1fl cells.  
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Figure 3-4. BRCA2 deficiency triggers spontaneous DNA damage and G1 arrest 
a. BRCA2∆Ex3-4/– cells were immunostained for γH2AX. DNA was counterstained with 
DAPI. Representative images (left) and quantification of γH2AX mean nuclear intensity 
(right) are shown with analysis by a two-tailed Mann-Whitney test. Median γH2AX 
intensity, red bars. Scale bars, 10 µm. 
b. Cell cycle analysis demonstrates an increase in the G1 fraction upon BRCA2 
deficiency. Representative plots displaying results from the same amount of cells for 
both samples are shown on the left. An unpaired two-tailed t test was used for the 
analysis. n≥3.  
c. Western blot showing p53 loss. Cells were harvested 2 h after 10 Gy irradiation (IR). 
Two independent BRCA2fl/–p53–/– clones were analyzed. 
d. Western blots of nuclear extracts prepared from the indicated cells.  
e. Cell cycle analysis. An unpaired two-tailed t test was used for the analysis. n≥3.  
f. Cellular senescence, as indicated by SA β-gal staining. An unpaired two-tailed t test 
was used for the analysis. n≥3. 
g. p53 loss leads to a partial increase in clonogenic survival of BRCA2-deficient cells.  
Left: plating efficiency, as analyzed by an unpaired two-tailed t test. n≥3. Right: images 
of representative plates. Arrows highlight typical PCR-validated BRCA2∆Ex3-4/–p53–/– 
colonies. 
h. Apoptosis analysis using Annexin V staining. Analysis is by an unpaired two-tailed t 
test. n≥3. 
Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Figure 3-5. BRCA2 inactivation causes increased DNA damage  
a. Cisplatin-induced γH2AX. Cells were treated with 5 µM cisplatin for 5 h and released 
for another 24 h before analysis. γH2AX mean nuclear intensities of >1000 individual 
cells are shown from one experiment, which is representative of three independent 
experiments, analyzed by a two-tailed Mann-Whitney test. Box and whiskers show the 
10th and 90th percentiles. The dotted red line indicates the median of the BRCA2 
mutant cells exposed to cisplatin. 
b. Olaparib-induced γH2AX. Cells were treated with 5 µM olaparib for 24 h before 
analysis as in a (representative of two independent experiments). The dotted red line 
indicates the median of the BRCA2 mutant cells exposed to olaparib. 
****, p<0.0001. 
  

a b 

unt 4
. F

4

unt 8
. 1

4

cis
 R

el.
 4.

 F4

cis
 R

el.
 8.

 14

100

1000

10000

100000

gH
2A

X 
m

ea
n 

in
te

ns
ity

 (A
.U

) ********

Cisplatin — + 
BRCA2 ∆Ex3-4/ + – + – 

γH
2A

X
 

 m
ea

n 
in

te
ns

ity
 (A

.U
.) 

Olaparib 
F4 u

nt

14
 unt

F4 O
la

14
 O

la

1000

10000

100000

gH
2A

X 
m

ea
n 

in
te

ns
ity

 (A
.U

) ********

γH
2A

X
  

m
ea

n 
in

te
ns

ity
 (A

.U
.) 

— + 
BRCA2  ∆Ex3-4/ + – + – 



 70 

 
Figure 3-6. BRCA2-deficient cells show p53-dependent G1 arrest 
a, b. Cells were incubated with EdU for 30 min before cell cycle analysis based on EdU 
intensity and DNA content (7-AAD staining). Representative flow cytometry profiles (a) 
and quantification (b) are shown, analyzed by an unpaired two-tailed t test. n≥3. Error 
bars, s.d. **, p<0.01; ****, p<0.0001. 
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Figure 3-7. Validated BRCA2∆Ex3-4/– clones form in the absence of p53 
a. Schematic of primer design to distinguish the different BRCA2 alleles.  
b. Representative DNA gel image showing the results of genotyping PCR for the 
indicated cells. PCR was performed using either cell pools two days after Cre expression 
(first two lanes) or single colonies that grew after Cre expression. Primer sets used are 
shown on the right. The genotypes determined from PCR results are shown below the 
gel. The clones confirmed to be BRCA2∆Ex3-4/– are highlighted. Note that the only 
BRCA2∆Ex3-4/– clones are p53–/–. 
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Figure 3-8. BRCA2 suppresses replication stress associated with G1 53BP1 
nuclear bodies 
a. BRCA2∆Ex3-4/– cells were serum starved with or without release, as in the schematic 
(top), and γH2AX mean nuclear intensities were quantified (bottom). γH2AX mean 
nuclear intensities are shown from one experiment, which is representative of two 
independent experiments. Median γH2AX intensity, red bars. 
b. 53BP1 NB analysis in G1 phase. Cyclin A– nuclei (indicating G1 phase) are outlined 
(left). Quantification of 53BP1 NB distribution is shown (right). n=4. Scale bars, 10 µm. 
c. S phase DNA damage analysis. Where indicated, cells were treated with EdU for 
30min followed by HU treatment (4 mM, 5 h) with or without release (Rel.) before harvest. 
Quantification of γH2AX mean nuclear intensities is shown from one experiment, which 
is representative of two independent experiments. Box and whiskers show the 10th and 
90th percentiles. 
d. HU-induced 53BP1 NB formation analysis, as in the schematic (top). Sample plots for 
high content image cytometry analysis are shown on the left. The EdU+ G1 cell fraction 
(i.e., EdU+, cyclin A–, 1N DNA content) for 53BP1 NB quantification is highlighted. 
Quantification of 53BP1 NB distribution in EdU+ cells in G1 at the time of harvest is 
shown in the graph. n≥3. 
Error bars, s.d. ns, not significant; ****, p<0.0001 (two-tailed Mann-Whitney test).  
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Figure 3-9. S/G2-associated DNA damage induction upon BRCA2 deficiency 
a. Cell cycle analysis of BRCA2∆Ex3-4/– cells released from serum starvation at time points 
indicated in the schematic at top.   
b. Cells released for 20 h in Fig. 4a were also analyzed for γH2AX mean nuclear 
intensity in cyclin A– and cyclin A+ cells. Median γH2AX intensity, red bars. γH2AX 
mean nuclear intensities are shown from one experiment, which is representative of two 
independent experiments, analyzed by a two-tailed Mann-Whitney test. *, p<0.05; ****, 
p<0.0001. 
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Figure 3-10. BRCA2 deficiency causes DNA under replication that results in 
abnormal mitoses 
a-c. BRCA2∆Ex3-4/– cells were released for 22 h from serum starvation to increase mitotic 
cells, incubated with EdU for 1 h, and then analyzed for mitotic DNA synthesis. Early 
mitotic cells defined as being in prophase, prometaphase, or metaphase were analyzed 
for EdU foci that colocalize with FANCD2 foci pairs.   
a. Representative images of mitotic DNA synthesis. Scale bars, 10 µm. 
b. Percent early mitotic cells containing EdU foci, analyzed by an unpaired two-tailed t 
test. n=3.  
c. FANCD2 foci pairs with or without EdU foci co-localization. Graphs represent the 
pooled results of three independent experiments, each analyzed by a two-tailed Mann-
Whitney test. Median FANCD2 foci pair number, red bars. 
d. FANCD2 foci pair analysis in early mitotic cells. Cells were untreated, or treated with 
the CDK1 inhibitor RO-3306 (10 µM, 24 h) to delay mitotic entry, and released for 1 h 
before analysis of FANCD2 foci pairs in early mitotic cells. Analysis is by an unpaired 
two-tailed t test. n=4.  
e-h. Anaphase cells were analyzed for DAPI bridges (e, g) and lagging chromosomes (f, 
h). RO-3306 treatment (10 µM, 24 h with release for 1 h) was applied where indicated. 
Representative deconvolved images are shown on the left of e and f. n=3. Statistical 
analysis was by an unpaired two-tailed t test. FD2, FANCD2. Scale bars, 10 µm. 
i, j. 53BP1 NB analysis with RO-3306 (10 µM, i) or nocodazole (100 ng ml-1, j)  treatment 
and released as in the schematic on the left. The fraction of EdU+ cells in G1 at the time 
of harvest that contains ≥3 53BP1 NBs is shown in the graph on the right. Analysis is by 
an unpaired two-tailed t test. n≥3.  
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Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Figure 3-11. BRCA2 deficiency causes under replication and mitotic abnormalities 
a. EdU foci distribution quantification of samples from Fig. 3-10a (pooled results of three 
independent experiments). 
b. Anaphase cells were analyzed for UFBs with PICH staining. Representative 
deconvolved images with an inset magnifying the UFB flanked by FANCD2 foci (left) and 
quantification (right) are shown. n=3. Scale bars, 10 µm. 
c. Percent micronucleus-containing cells. Representative images are shown (top). n>3. 
Scale bars, 10 µm. 
Error bars, s.d. *, p<0.05; ***, p<0.001 (unpaired two-tailed t test).  
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Figure 3-12. BRCA2-deficient cells accumulate single-stranded DNA lesions in G2 
a. γH2AX foci analysis in early mitotic cells. Cells were untreated, or treated with RO-
3306 (10 µM, 24 h) to delay mitotic entry, and released for 1 h before analysis of γ
H2AX and FANCD2 foci pairs in early mitotic cells. Representative images are shown 
(left). Analysis is by an unpaired two-tailed t test. n=3. Scale bars, 10 µm. 
b-f. Cells treated with the indicated siRNAs or mirin (50 µM, 5h) were incubated with 
EdU for 30 min and then analyzed for γH2AX and RPA foci in G2 cells (EdU–, 2N DNA 
content). Representative deconvolved images are shown (b). Quantification of γH2AX 
foci (top, c-f) and RPA+ γH2AX foci (bottom, c-f) for BRCA2-deficient cells (c), cells 
transfected with siRNAs (d, SMARCAL1; e, EXO1 and DNA2), and cells treated with 
mirin (f) are shown. n≥3. Scale bars, 10 µm. 
g, h. Cells were incubated with EdU as in b before analysis of γH2AX and pCHK2-T68 
(h) or pATM-S1981 (i) foci in G2 cells. Representative deconvolved images with 
magnified inset highlighting foci colocalization are shown (left in each panel). n≥3. Scale 
bars, 10 µm. 
Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 
(unpaired two-tailed t test).  
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Figure 3-13. Validation of protein depletion by Western blot 
a-c. Western blot showing SMARCAL1 (a), EXO1 (b) and DNA2 (c) knockdown. 
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Figure 3-14. Model for replication stress and its aftermath in the absence of 
BRCA2 
BRCA2 suppresses replication stress and DNA under replication in non-transformed 
cells primarily through RAD51-mediated HR repair of DNA damage. Protection of stalled 
replication forks from MRE11-mediated degradation plays a minor role (illustrated in 
chapter 4). Upon BRCA2 deficiency, single-stranded DNA lesions accumulate in G2, 
generated, in part, by fork reversal (not shown) and hyper-resection. Unrepaired DNA 
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damage perturbs the timely completion of DNA replication, leading to under replication. 
During early mitosis, the compensatory mitotic DNA synthesis pathway is insufficient, 
such that these unresolved DNA structures lead to anaphase abnormalities and 
formation of 53BP1 NBs in the next G1 phase. G1 arrest and cellular senescence 
mediated by p53 and p53-independent apoptosis are in turn triggered to ultimately result 
in cell inviability.  
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Chapter 4 Dissecting the contribution of homologous 

recombination and replication fork protection pathways* 

 

4.1 Introduction 

 

Tumor suppressor BRCA2 functions to protect genome integrity by playing critical roles 

in two processes: a well-established one in homologous recombination and a more 

recently described HR-independent one in the protection of stalled replication forks 

(Schlacher et al. 2011). HR is the best-characterized function of BRCA2, where it loads 

the RAD51 recombinase onto single-stranded DNA, which form a nucleoprotein filament 

to mediate homologous strand exchange (Prakash et al. 2015). This process is 

responsible for repairing DNA double-strand breaks (DSBs), which may include those 

generated by replication fork breakdown (Lomonosov et al. 2003). Due to impaired HR, 

BRCA2-deficient cells are hypersensitive to agents that cause DSBs, such as cross-

linking agents and poly (ADP-ribose) polymerase (PARP) inhibitors. These sensitivities 

are being exploited in therapeutic approaches.  

FP prevents degradation of nascent DNA strands at stalled replication forks by 

the MRE11 nuclease and requires BRCA1 and other Fanconi anemia proteins, as well 

as BRCA2 (Schlacher et al. 2011; Schlacher et al. 2012; Ying et al. 2012). Recently, 

MRE11 recruitment to stalled replication forks has been shown to be mediated by a 

number of proteins, including PARP1 (Ding et al. 2016; Ray Chaudhuri et al. 2016). HR 

and FP are functionally separable processes, despite sharing a requirement of key 

                                                

* Chapter 4 is mainly adapted from Feng W, Jasin M. 2017. BRCA2 suppresses replication stress-induced 
mitotic and G1 abnormalities through homologous recombination. Nat Commun 8: 525. (Under a Creative 
Commons license http://creativecommons.org/licenses/by/4.0/). 
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proteins (Schlacher et al. 2011; Schlacher et al. 2012; Ding et al. 2016; Ray Chaudhuri 

et al. 2016). 

A series of HR factors including BRCA2 are essential for embryonic cell survival, 

establishing HR as an essential process in mammalian cells (Moynahan and Jasin 2010). 

Recently, however, the role of BRCA2 in the protection of stalled replication forks was 

reported to be sufficient to sustain viability of mouse embryonic stem (ES) cells and to 

confer resistance of tumor cells to crosslinking agents and PARP inhibitors even in the 

absence of functional HR (Ding et al. 2016; Ray Chaudhuri et al. 2016). These studies 

argue that HR may not be essential at least in the contexts tested. Nevertheless, 

although viable, these ES cells grow poorly, and FP alone is not capable of supporting 

embryo development (Ding et al. 2016). How the two pathways functionally interact to 

ensure genome integrity and cell viability in adult tissues, such as normal mammary cells 

to prevent breast cancer initiation, remains elusive.  

To dissect the functional relationship between HR and FP, we took advantage of 

the BRCA2 MCF10A models (described in Chapter 3) and generated multiple 

separation-of-function systems. All results converge to a conclusion that HR, but not 

protection of stalled replication forks, is primarily responsible for suppressing replication 

stress and supporting cell viability. We propose HR as the major pathway to guard 

against replication stress, a hallmark of precancerous lesions. 

 

4.2 Results  

 

4.2.1 FP is a minor survival and repair pathway 

To examine HR levels in the BRCA2-deficient human mammary cells, we used the 

stably integrated DR-GFP reporter that produces functional GFP only when a DSB 

introduced into the reporter is repaired through HR (Pierce et al. 1999). As expected, the 
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BRCA2-deficient cells showed a dramatic reduction in HR repair of the DSB (~10-fold, 

Fig. 4-1a). One hallmark of HR deficiency is hypersensitivity to cross-linking agents (e.g., 

cisplatin) and PARP inhibitors (e.g., olaparib) and mild sensitivity to irradiation (IR). In 

line with this view, treatment with either cisplatin or olaparib led to substantially higher 

levels of unrepaired DNA damage in BRCA2∆Ex3-4/– cells compared with BRCA2∆Ex3-4/+ 

cells, as measured by the nuclear intensity of γH2AX (Fig. 3-5). In addition, while both 

BRCA2 genotypes displayed similar initial levels of IR-induced γH2AX, BRCA2∆Ex3-4/– 

cells showed slower repair kinetics (Fig. 4-1b). The delayed repair was more 

pronounced in the S/G2 phases compared with G1, which is consistent with the cell-

cycle phase preference for HR repair. Together, these results confirm that these human 

mammary cells have a severe HR deficiency upon BRCA2 deficiency. 

We next performed DNA fiber assays to confirm that the BRCA2-deficient cells 

show degradation of nascent DNA strands at stalled replication forks that is dependent 

on MRE11 nuclease (Schlacher et al. 2011). We sequentially labeled the cells with a 

pulse of IdU (red), followed by CldU (green), which is preferentially lost in the absence of 

FP upon replication stress, in this case from the fork stalling agent hydroxyurea (HU) 

(Fig. 4-2a). HU treatment triggered a substantially lower relative CldU tract length in 

BRCA2-deficient cells compared to control cells expressing wild-type BRCA2, indicating 

nascent strand degradation (Fig. 4-2a). As expected, replication fork degradation was 

dependent upon MRE11 nuclease (Fig. 4-2b, Fig. 4-3a). As a complementary approach, 

cells were treated with a single IdU pulse (red) before HU treatment. Again, BRCA2-

deficient cells showed considerably shortened nascent strands (IdU-labeled) after HU 

treatment (Fig. 4-3b), confirming that BRCA2 protects stalled forks. In addition to 

depletion of MRE11 itself, PARP1 deficiency was recently shown to rescue FP, as 

PARP1 mediates MRE11 chromatin recruitment during replication stress, but not HR 
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(Ding et al. 2016; Ray Chaudhuri et al. 2016), which we also observed (Fig. 4-2b,c, Fig. 

4-3c,d).  

Restoration of nascent DNA strand stability at stalled forks was shown recently to 

be sufficient to confer viability to Brca2 null mouse ES cells and cisplatin resistance to 

BRCA2-deficient mouse B cells and a human tumor cell line (Guillemette et al. 2015; 

Ding et al. 2016; Ray Chaudhuri et al. 2016). Surprisingly, PARP1 depletion failed to 

restore viability to the BRCA2-deficient MCF10A cells (Fig. 4-2d). Moreover, PARP1 

depletion failed to suppress cisplatin-induced γH2AX formation (Fig. 4-2e). 

As these results are contrary to those seen in other systems, we also generated 

PARP1 knockouts in MCF10A cells using CRISPR-Cas9. Although both PARP1 

heterozygosity and complete knockout restored FP, but not HR, to the BRCA2-deficient 

cells, neither restored cell viability (Fig. 4-4a-d). We also examined the effects of PARP 

inhibition and MRE11 depletion which were also previously shown (Schlacher et al. 2011; 

Ding et al. 2016), and confirmed in our system, to prevent nascent strand degradation 

(Fig. 4-2b, Fig. 4-4e). Again, neither treatment conferred a growth advantage to BRCA2-

deficient cells (Fig. 4-4f,g). Thus, in contrast to previous observations in mouse and 

tumor cells, our results suggest that FP is not sufficient to support cell viability or repair 

crosslink-induced DNA damage in these non-transformed human mammary epithelial 

cells. 

We next asked whether protection of nascent DNA strand at stalled forks is 

necessary for cell survival and DNA repair. In hamster cells, mutating BRCA2 S3291 

(S3291A) specifically abrogates FP without affecting HR (Schlacher et al. 2011), thus 

providing a separation of function mutation to distinguish the two functions. In this study, 

we investigated the S3291E mutation, which, like S3291A, also disrupts RAD51 binding 

to the BRCA2 C terminus (Esashi et al. 2005). To this end, we expressed the BRCA2 
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S3291E (BRCA2 SE) mutant at physiological levels in both BRCA2 conditional systems 

(BRCA2–/–AAVS1∆, Fig. 4-2f; BRCA2∆Ex3-4/–, Fig. 4-5a).  

As expected, BRCA2 SE-complemented cells in both systems showed nascent 

strand degradation during HU treatment but only a mild or moderate HR defect (Fig. 4-

2g,h, Fig. 4-5b-d). Notably, BRCA2 SE-expressing cells were capable of forming 

colonies (Fig. 4-2i, Fig. 4-5e,f), demonstrating the ability of cells to proliferate in the 

absence of FP. In the BRCA2–/–AAVS1∆ system, colony number was fully restored by 

BRCA2 SE expression. In BRCA2∆Ex3-4/– cells, colony number was also significantly 

restored with BRCA2 SE expression and colonies were as large as those with BRCA2 

WT. Nonetheless, plating efficiency of these cells was still reduced relative to WT-

complemented cells, which may be related to the lack of full restoration of HR (see 

below), possibly due to slightly lower expression of BRCA2 SE, when compared either to 

BRCA2 WT in BRCA2∆Ex3-4/– cells or to BRCA2 SE in BRCA2–/–AAVS1∆ cells (Fig. 4-

5a,g), although interference from the BRCA2∆Ex3-4 peptide cannot be ruled out. 

Furthermore, BRCA2 SE substantially suppressed cisplatin-induced DNA damage 

formation in both systems, with only a marginal defect compared to BRCA2 WT (Fig. 4-

2j, Fig. 4-5h). Thus, protection of stalled replication forks is dispensable for cell survival 

and only plays a minor role in repairing cisplatin-induced DNA damage. 

 

4.2.2 Replication stress suppression primarily associates with HR 

Our earlier observations have demonstrated a critical role of BRCA2 in preventing 

replication stress, mitotic and G1 abnormalities and supporting cell survival (described in 

Chapter 3). To gain more mechanistic insight, we asked through which pathway, FP or 

HR, or both, does BRCA2 suppress replication stress using the above separation-of-

function approaches. BRCA2–/–AAVS1∆ cells expressing the BRCA2 SE protein, which is 

specifically impaired in FP, had similarly low levels of mitotic DNA synthesis as cells 
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expressing BRCA2 WT (Fig. 4-6a). BRCA2 SE complemented cell lines also showed 

few spontaneous and HU-induced G1 53BP1 NBs, similar to BRCA2 WT cells  (Fig. 4-

6b-e). By contrast, BRCA2∆Ex3-4/– cells in which FP, but not HR, is restored through 

MRE11- or PARP1-deficiency showed high levels of HU-induced G1 53BP1 NBs (Fig. 4-

6f,g). Together, these results imply that protection of stalled replication forks does not 

play a major role in suppressing DNA under replication and replication stress, as marked 

by G1 53BP1 NBs.  

Thus far, our results show a correlation between HR proficiency, suppression of 

DNA under replication/53BP1 NB formation, and cell viability: BRCA2 SE-expressing 

cells are at least partially competent in all aspects, whereas cells with combined BRCA2 

and PARP1 deficiency are impaired in all aspects. Furthermore, a cross comparison of 

the effects of BRCA2 SE expression in the two conditional systems also reveals a 

correlation between HR activity and cell viability, as BRCA2 SE expression in BRCA2–/–

AAVS1∆ cells more completely restored both compared to in BRCA2∆Ex3-4/– cells 

(compare Fig. 4-5d with Fig. 4-2h and Fig. 4-5e,f with Fig. 4-2i).  

To further investigate the importance of HR, we transiently depleted RAD51 (Fig. 

4-7a, Fig. 4-8a), the key strand exchange protein which acts immediately downstream of 

BRCA2 in HR (Prakash et al. 2015). Cells showed a dramatic reduction in HR when 

RAD51 was depleted (Fig. 4-7b, Fig. 4-8b), as expected. RAD51 depletion also causes 

a substantial defect in repairing cisplatin-induced DNA damage, another hallmark of HR 

deficiency, to a similar extent as BRCA2-deficient cells (Fig. 4-9a). However, protection 

of stalled replication forks was not adversely affected by RAD51 depletion (Fig. 4-7c, 

Fig. 4-8c), consistent with recent observations (Thangavel et al. 2015) (further examined 

below). Based on these results, RAD51 depletion allowed us to investigate the 

consequences of disrupted HR independently of FP defects.  
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Notably, RAD51 depletion in WT-complemented BRCA2∆Ex3-4/– cells substantially 

induced mitotic DNA synthesis (Fig. 4-7d, Fig. 4-9b). After HU treatment, these cells 

also displayed markedly elevated levels of G1 53BP1 NBs (Fig. 4-7e). As shown in 

Chapter 3, BRCA2-deficient cells demonstrated an increase in G2 single-stranded DNA 

lesions that are correlated with under-replicated DNA (Fig. 3-12). We considered the 

possibility that replication fork degradation is the cause of the observed ssDNA damage. 

However, BRCA2 SE expression in BRCA2-deficent cells effectively suppressed these 

G2 DNA lesions, despite impaired FP (Fig. 4-7f, Fig. 4-8d). Conversely, RAD51 

depletion, with HR but not FP deficiency, phenocopied BRCA2 deficiency in inducing 

ssDNA damage in G2, which was not further exacerbated by combined RAD51 and 

BRCA2 inactivation (Fig. 4-7f). Together with our earlier results that fork reversal, DNA 

breakage and hyper resection contribute to formation of these lesions (Fig. 3-12), our 

results suggest that BRCA2 functions through RAD51-mediated HR to prevent DNA 

damage accumulation in G2, likely through repair of the resected DNA breaks.    

Concomitantly, cell survival was severely compromised in RAD51-depleted cells 

(Fig. 4-7g, Fig. 4-8e). Thus, RAD51 depletion, with the consequent HR deficiency but 

adequate FP, is sufficient to cause replication stress associated with cell lethality. 

BRCA2 SE-complemented cells showed a small further decrease in colony formation 

upon RAD51 depletion compared to BRCA2 WT-complemented cells, although no 

further reduction in HR (Fig. 4-7b,g, Fig. 4-8b,e), suggesting a compensatory role for FP 

in the absence of HR, although this warrants further investigation.   

While consistent with recent observations (Thangavel et al. 2015), the above 

result that RAD51 depletion does not cause nascent strand degradation is surprising 

given previous findings from the lab using other approaches that have implicated RAD51 

in FP (Schlacher et al. 2011; Schlacher et al. 2012). Interestingly, RAD51 depletion in 

BRCA2∆Ex3-4/– cells led to a partial restoration of FP (Fig. 4-9c,d). Thus, while being 
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critical for FP, RAD51 is also involved in a BRCA2-independent process that is upstream 

of nascent strand degradation, such that the overall outcome of RAD51 depletion does 

not affect replication fork stability. Importantly, RAD51 and BRCA2 co-deficiency did not 

further elevate 53BP1 NBs (Fig. 4-7h), indicating that RAD51 and BRCA2 function in the 

same pathway, which rules out that this putative RAD51-specific process plays a role in 

suppressing replication stress. 

We also tested the possible involvement of fork restart. No detectible defects in 

resuming replication at stalled forks were observed in cells lacking RAD51, BRCA2, or 

both (Fig. 4-9e), unlike a previous report using a tumor cell line with different treatment 

protocols (Petermann et al. 2010). Overall, our results suggest that HR is the primary 

pathway associated with the ability to suppress replication stress and support cell 

viability, while FP plays a minor, possibly compensatory role when HR activity is 

compromised.   

 

4.3 Discussion 

 

Tumor suppressor BRCA2 is a key player in preventing genome instability, a hallmark of 

cancer. In the last chapter, we have further shown that BRCA2 suppresses replication 

stress, which in its absence leads to abnormalities in subsequent cell cycle stages, 

ultimately resulting in cell lethality. Two genome integrity maintenance processes require 

BRCA2 activity: HR and FP, both of which are in turn relevant for cancer therapy and 

chemoresistance. The key mechanistic question that remains unresolved is about the 

relative contributions of these two pathways to genome integrity maintenance and cell 

viability. In this study, we provide evidence from a relatively normal human mammary 

cell line that the integrity of these processes mainly rely on the HR function of BRCA2. 
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4.3.1 Separation-of-function systems to dissect roles of HR and FP * 

One key mechanistic question related to BRCA2 function is how it supports cell 

proliferation. In mouse models, disruption of HR proteins including BRCA2 generally 

leads to embryonic lethality, implicating HR as an essential process for mammalian cell 

survival (Moynahan and Jasin 2010). More recently, however, FP in the absence of HR 

has been reported to sustain viability of BRCA2-deficient cells, both mouse embryonic 

stem (ES) cells and tumor cells subjected to chemotherapy, arguing that HR may not be 

essential in these contexts (Ding et al. 2016; Ray Chaudhuri et al. 2016). Subsequent 

studies have also observed improved cell fitness (viability, chemoresistance) when 

nascent strand degradation is prevented, by suppressing either fork reversal 

(Taglialatela et al. 2017) or the RAD51 antagonist RADX (Dungrawala et al. 2017).  

However, the correlation between FP and cell fitness does not always hold true. 

For example, cells with a mutation at the BRCA2 S3291 residue are severely disrupted 

in FP, but remain proficient in both unperturbed survival and preventing genome 

instability under PARP inhibitor/platinum treatment, presumably because HR is intact 

(Schlacher et al. 2011). In fact, fully restoring FP to BRCA2-deficient cells by perturbing 

different proteins (ZRANB3, MUS81, RADX) varies dramatically in the extent to which it 

leads to acquired chemoresistance, ranging from no resistance (Lemacon et al. 2017; 

Mijic et al. 2017) to partial or substantial resistance (Dungrawala et al. 2017; Rondinelli 

et al. 2017). Different cellular contexts could contribute to the varying experimental 

outcomes. Therefore, it is critical to determine the functional relationship between HR 

and FP for viability of normal human cells, particularly in BRCA2-relevant mammary cells. 

                                                

* Section 4.3.1 is adapted from -. 2018. Homologous Recombination and Replication Fork Protection: 
BRCA2 and More! Cold Spring Harb Symp Quant Biol. (Under a Creative Commons license 
http://creativecommons.org/licenses/by/4.0/). 
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To approach this question, we generated multiple, complementary separation-of-

function systems in MCF10A cells to distinguish the roles of HR and FP (Fig. 4-10): HR 

was specifically disrupted by RAD51 depletion in wild-type cells, while FP was 

specifically impaired by BRCA2 SE expression or restored by MRE11 or PARP1 

deficiency in BRCA2-deficient cells. Taken together, these systems demonstrate that 

protection of stalled forks plays a minor role in suppressing replication stress and 

promoting cell proliferation; rather, they support the conclusion that BRCA2 primarily 

functions through HR in these processes (Fig. 3-14). We cannot formally exclude 

possible contributions of some as yet unknown BRCA2-RAD51-mediated process that is 

separable from strand invasion. However, thus far, the various genetic systems tested, 

with the potentially confounding pathways excluded (i.e., FP and restart), are consistent 

with a role of HR in preventing DNA under replication and its aftermath. This model can 

explain the viability of mice and humans whose cells show reasonable levels of HR but 

are nonetheless deficient in FP, for example, those with Fanconi anemia or Brca2 

hypomorphic mutation (McAllister et al. 2002; Nakanishi et al. 2005; Schlacher et al. 

2011; Schlacher et al. 2012; Kass et al. 2016a). 

 

4.3.2 Context-dependent pathway requirement for cell survival 

At first glance, the finding of a minor role for FP, specifically, protection of nascent 

strands, is surprising considering its recently reported critical role in supporting viability 

of mouse ES cells and conferring chemoresistance to tumor cells (Ding et al. 2016; Ray 

Chaudhuri et al. 2016). We envision diverse pathway choices to maintain genomic 

integrity and/or support viability in different biological contexts (Fig. 4-11). Given our 

results that the p53 pathway impedes cell survival, the threshold to survive BRCA2 loss, 

and HR loss more generally, may be lower in mouse ES cells due to their compromised 

p53-mediated G1/S checkpoint (Aladjem et al. 1998); thus, even with HR deficiency, 
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reducing DNA damage by protecting stalled forks may be sufficient for cell survival (Ding 

et al. 2016) (Fig. 4-11b). However, FP is not sufficient to fully support embryonic 

development of Brca2-deficent mice (Ding et al. 2016) during which differentiation and 

the accompanying restoration of G1/S checkpoint function occur. Similarly, having 

survived the crisis of BRCA2 loss by p53 mutation and/or other means, tumor cells may 

be able to bypass the requirement for HR, such that restoration of FP is then sufficient to 

deal with replication stress from agents like olaparib and cisplatin, as recently observed 

(Ray Chaudhuri et al. 2016) (Fig. 4-11c). However, it is important to note that HR is 

restored through reversion mutations in a substantial fraction of therapy-resistant human 

tumors (Kondrashova et al. 2017b; Lord and Ashworth 2017), such that HR reactivation 

cannot be underestimated as a major mechanism of therapy resistance. In agreement 

with a context-dependent pathway requirement, SMARCAL1 inactivation, preventing fork 

degradation, alleviates sensitivity to PARP inhibitors and cisplatin of BRCA1-depleted 

breast cancer MDA-MB-231 cells, but not MCF10A cells (Taglialatela et al. 2017). Future 

studies are needed to understand the relationship between these pathways and various 

cellular milieus.  

In an effort to model normal mammary tissue, we used a non-transformed human 

mammary epithelial cell line, providing evidence that HR is more critical than FP for 

genome integrity and cell viability. We cannot rule out that the specific genetic 

background of MCF10A cells (Cowell et al. 2005) could influence our findings, such that 

experiments in other normal mammary contexts will be required to formally test the 

generalizability of our findings. Nevertheless, a high reliance on HR in mammary cells is 

supported by recent in vivo studies, showing particularly robust HR in mammary tissue 

compared to other tissues (Kass et al. 2016a). Collectively, these previous and our 

current studies using various systems lead us to propose the complexity of the 
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contribution that these genome integrity maintenance pathways (i.e., HR and FP) make 

in different biological systems.  
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Figure 4-1. BRCA2 inactivation causes HR deficiency 
a. HR analysis. BRCA2∆Ex3-4/– cells were infected with I-SceI-expressing lentivirus and 
the percent GFP+ cells was analyzed by an unpaired two-tailed t test. n>3. Error bars, 
s.d.  
b. IR-induced γH2AX. Cells were irradiated with 5 Gy and harvested 1 or 4 h later. EdU 
was added to all samples 1h before harvest for analysis. Cell cycle stages were 
determined based on EdU and DAPI intensity. γH2AX mean nuclear intensities of cells 
from each cell cycle stage are shown from one experiment, which is representative of 
two independent experiments, analyzed by a two-tailed Mann-Whitney test. 
ns, not significant; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 4-2. FP plays a minor role in cell viability and DNA repair 
a. DNA fiber analysis to quantify FP. Schematic of the experimental design and 
representative images are shown in the inset. Median CldU/IdU tract length ratios are 
indicated in the graph (red bars). Graphs here and below represent the pooled results 
of >200 fibers per genotype from at least two independent experiments, analyzed by a 
two-tailed Mann-Whitney test.  
b. Cells stably expressing the indicated shRNAs were analyzed for FP in the presence of 
HU by a two-tailed Mann-Whitney test. Scr, scrambled shRNA.  
c. HR analysis. PARP1 knockdown cells were infected with I-SceI-expressing lentivirus 
and the percent GFP+ cells was analyzed by an unpaired two-tailed t test. n=3.  
d. PARP1 knockdown cells were plated for clonogenic survival. Residual colonies from 
BRCA2∆Ex3-4/–

 plates were all were confirmed by PCR to have maintained the BRCA2fl/– 
genotype (i.e., escaped Cre recombination). 
e. Cisplatin-induced γH2AX. PARP1 knockdown cells were treated with 5 µM cisplatin 
for 5 h and released for another 24 h before analysis. γH2AX mean nuclear intensities 
of >1000 individual cells are shown from one experiment, which is representative of 
three independent experiments, analyzed by a two-tailed Mann-Whitney test. The dotted 
red line indicates the median of BRCA2 mutant cells treated with the scrambled shRNA 
exposed to cisplatin. A.U., arbitrary units. Box and whiskers show the 10th and 90th 
percentiles. 
f. Western blotting of BRCA2–/–AAVS1fl cells stably expressing BRCA2 WT or BRCA2 
SE. 
g. DNA fiber analysis to quantify FP in the presence of HU. Median CldU/IdU tract length 
ratios are indicated (red bars), analyzed by a two-tailed Mann-Whitney test. 
h. HR analysis, as in c. n>3.  
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i. Clonogenic survival analysis using an unpaired two-tailed t test. n=3.  
j. Cisplatin-induced γH2AX analysis, as in e. The dotted red line indicates the median of 
the BRCA2–/–AAVS1∆ cells exposed to cisplatin. 
Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Figure 4-3. PARP1 mediates MRE11 chromatin recruitment upon replication stress 
a. Western blot showing MRE11 knockdown (related to Fig. 4-2b). 
b. DNA fiber analysis to quantify FP with or without HU treatment. A schematic of the 
experimental design is shown (top). IdU tract length was quantified to indicate nascent 
strand length. The median IdU tract lengths are indicated (red bars). Graphs represent 
the pooled results of >200 fibers per genotype from two independent experiments. 
c. Western blot showing PARP1 knockdown (related to Fig. 4-2b). 
d. MRE11 chromatin recruitment assay. PARP1 knockdown cells were either treated 
with EdU together with HU (4 mM) for 5 h or EdU alone for 1h before pre-extraction and 
analyzed for chromatin-bound MRE11. MRE11 mean nuclear intensities of EdU+ cells 
are shown from one experiment, which is representative of two independent experiments. 
The dotted red line indicates the median of the BRCA2 mutant cells treated with the 
scrambled shRNA exposed to HU. Box and whiskers show the 10th and 90th percentiles.  
 ns, not significant; ***, p<0.001; ****, p<0.0001 (two-tailed Mann-Whitney test).  
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Figure 4-4. FP is not sufficient to support cell viability  
a. Western blot showing PARP1 protein levels in indicated cells.  
b. DNA fiber analysis to quantify FP in the presence of HU. Median CldU/IdU tract length 
ratios are indicated in the graph (red bars). Graphs represent the pooled results of >200 
fibers per genotype from two independent experiments, analyzed by a two-tailed Mann-
Whitney test.  
c. HR analysis. Cells were infected with I-SceI-expressing lentivirus and the percent 
GFP+ cells was analyzed by an unpaired two-tailed t test. n=3.  
d. Clonogenic survival. More than 40 of the residual colonies from each of the 
BRCA2∆Ex3-4/–

 plates were picked, and all were confirmed by PCR to have maintained the 
BRCA2fl/– genotype (i.e., escaped Cre recombination; primer design in Fig. 3-7a). 
e. DNA fiber analysis. BRCA2fl/– p53–/– and BRCA2∆Ex3-4/– p53–/– cells (derived from pre- 
and post-Cre colonies from Fig. 3-4g, respectively) were analyzed for FP in the 
presence of HU, and in the latter case olaparib, as shown in the schematic above. 
Median CldU/IdU tract length ratios are indicated in the graph (red bars). Graphs 
represent the pooled results of >300 fibers per sample from three independent 
experiments, analyzed by a two-tailed Mann-Whitney test.  
f. Cells were treated without or with olaparib (10 µM, 3 h) prior to Cre expression and 
then were plated for clonogenic survival, analyzed by an unpaired two-tailed t test. n=3.  
g. Clonogenic survival analysis using an unpaired two-tailed t test. n=3. 
Error bars, s.d. ns, not significant; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 4-5. FP is not essential for cell viability or DNA repair 
a. BRCA2 Western blot for BRCA2fl/– cells stably expressing FLAG-tagged BRCA2 WT 
or BRCA2 SE, and BRCA2fl/+ cells as a control for endogenous BRCA2 protein level. 
b,c. DNA fiber analysis of cells treated as shown at top to quantify FP. Median CldU/IdU 
tract length ratios (b) or IdU tract lengths (c) are indicated in the graph (red bars). 
Graphs represent the pooled results of >200 fibers per sample from at least two 
independent experiments, analyzed by a two-tailed Mann-Whitney test. 
d. HR analysis. Cells were infected with I-SceI-expressing lentivirus and the percent 
GFP+ cells was analyzed by an unpaired two-tailed t test. n>3.  
e, f. Clonogenic survival. Representative plates (e) and quantification of plating 
efficiency (f) are shown, analyzed by an unpaired two-tailed t test. n=4. 
g. Western blot to compare stably transfected FLAG-tagged BRCA2 transgene 
expression in BRCA2fl/– and BRCA2–/–AAVS1fl cells. Note the BRCA2 SE expression is 
higher in the AAVS1fl system than in the BRCA2fl/– system. 
h. Cisplatin-induced γH2AX. Cells were treated with 5 µM cisplatin for 5 h and released 
for another 24 h before analysis. γH2AX mean nuclear intensities of >1000 individual 
cells are shown from one experiment, which is representative of two independent 
experiments, analyzed by a two-tailed Mann-Whitney test. Box and whiskers show the 
10th and 90th percentiles. The dotted red line indicates the median of the BRCA2∆Ex3-4/– 

cells exposed to cisplatin. 
Error bars, s.d. ns, not significant; **, p<0.01; ****, p<0.0001.  
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Figure 4-6. FP is a minor replication stress suppression pathway 
a. Analysis of mitotic DNA synthesis in BRCA2–/–AAVS1∆ cells complemented by BRCA2 
WT or BRCA2 SE. Cells were released for 22 h from serum starvation to increase mitotic 
cells, incubated with EdU 1 h, and then analyzed for mitotic DNA synthesis. Early mitotic 
cells, defined as being in prophase, prometaphase, or metaphase, were analyzed for 
EdU foci that colocalize with FANCD2 foci pairs. The percent early mitotic cells 
containing EdU foci (left, n=3) or EdU foci distribution in these cells (right, pooled results 
of three independent experiments) was quantified. 
b, c. Spontaneous 53BP1 NB analysis in G1 in both BRCA2∆Ex3-4/– cells (b) and BRCA2–

/–AAVS1∆ cells (c) complemented by BRCA2 WT or BRCA2 SE. n≥3.  
d-g. HU-induced 53BP1 NB formation analysis, as in Figure 3-8d, using complemented 
BRCA2∆Ex3-4/– cells (d) or BRCA2–/– AAVS1∆ cells (e), stable MRE11 or PARP1 
knockdown BRCA2∆Ex3-4/– cells (f), and BRCA2∆Ex3-4/– cells with the indicated PARP1 
genotype (g). n≥3.  
Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 
(unpaired two-tailed t test).  
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Figure 4-7. HR proficiency is associated with replication stress suppression and 
cell viability 
a. Western blot showing RAD51 knockdown in BRCA2∆Ex3-4/– cells stably expressing 
BRCA2 WT or BRCA2 SE. NT, non targeting siRNA. 
b. HR analysis. Cells expressing RAD51 siRNAs were infected with I-SceI-expressing 
lentivirus and the percent GFP+ cells was analyzed by an unpaired two-tailed t test. n≥3.  
c. Cells expressing RAD51 siRNAs were analyzed for FP in the presence of HU. Median 
CldU/IdU tract length ratios are indicated in the graph (red bars). Graphs represent the 
pooled results of >300 fibers per genotype from at least three independent experiments, 
analyzed by a two-tailed Mann-Whitney test.  
d. Cells expressing RAD51 siRNAs were released for 22 h from serum starvation to 
increase mitotic cells, incubated with EdU 1 h, and then analyzed for mitotic DNA 
synthesis. Early mitotic cells, defined as being in prophase, prometaphase, or 
metaphase, were analyzed for EdU foci that colocalize with FANCD2 foci pairs.  The 
percent early mitotic cells containing EdU foci were analyzed by an unpaired two-tailed t 
test. n=3. 
e. HU-induced 53BP1 NB formation analysis, as in Figure 3-8d, using cells expressing 
RAD51 siRNAs. Statistical analysis was by an unpaired two-tailed t test. n≥4.  
f. Cells treated with the indicated RAD51 siRNA were incubated with EdU for 30 min and 
then analyzed for γH2AX and RPA foci in G2 cells (EdU–, 2N DNA content). 
Quantification of γH2AX foci (left) and RPA+ γH2AX foci (right) are shown. n≥3. 
g. RAD51 depletion in BRCA2∆Ex3-4/– cells stably expressing BRCA2 WT or BRCA2 SE 
leads to a reduction in clonogenic survival.   
h.  HU-induced 53BP1 NB formation analysis, as in Figure 3-8d, using cells transfected 
with RAD51 siRNAs. Statistical analysis was by an unpaired two-tailed t test. n=4. 
Error bars, s.d. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 4-8. HR is critical for cell viability and limiting G2 DNA damage 
a. Western blot showing RAD51 knockdown in BRCA2–/–AAVS1∆ cells stably expressing 
BRCA2 WT or BRCA2 SE. 
b. HR analysis. Cells expressing RAD51 siRNAs were infected with I-SceI-expressing 
lentivirus and the percent GFP+ cells was analyzed by an unpaired two-tailed t test. n=3. 
Error bars, s.d. 
c. Cells expressing RAD51 siRNAs were analyzed for FP in the presence of HU. Median 
CldU/IdU tract length ratios are indicated in the graph (red bars). Graphs represent the 
pooled results of > 200 fibers per genotype from two independent experiments, analyzed 
by a two-tailed Mann-Whitney test. 
d. BRCA2–/–AAVS1∆ cells complemented with BRCA2 expression vectors were 
incubated with EdU for 30 min before quantification of RPA+ γH2AX foci in G2 cells 
(EdU–, 2N DNA content) cells, analyzed by an unpaired two-tailed t test. n=2. Error bars, 
s.d. 
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e. RAD51 depletion in BRCA2–/–AAVS1∆ cells stably expressing BRCA2 WT or BRCA2 
SE leads to a severe reduction in clonogenic survival.   
ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 4-9. Effects of RAD51 depletion on BRCA2-deficient cells 
a. Cisplatin-induced γH2AX. Cells were treated with 5 µM cisplatin for 5 h and released 
for another 24 h before analysis. γH2AX mean nuclear intensities of >1000 individual 
cells are shown from one experiment, which is representative of three independent 
experiments, analyzed by a two-tailed Mann-Whitney test. Box and whiskers show the 
10th and 90th percentiles. The dotted red line indicates the median of the NT (non 
targeting) siRNA-treated, EV-transfected BRCA2∆Ex3-4/– cells exposed to cisplatin. 
b. EdU foci distribution of samples from Fig. 4-7d (pooled results of three independent 
experiments). 
c. Western blots showing RAD51 knockdown in indicated cells. 
d. DNA fiber analysis to quantify FP with HU treatment. A schematic of the experimental 
design is shown (top). Median IdU tract lengths are indicated in the graph (red bars). 
Graphs represent the pooled results of > 600 fibers per genotype from four independent 
experiments, analyzed by a two-tailed Mann-Whitney test. 
e. DNA fiber analysis to quantify fork restart with HU treatment. A schematic of the 
experimental design is shown (top). Frequency quantifications of restarted forks (lower 
left) and newly fired origins (lower right) are shown, analyzed by an unpaired two-tailed t 
test. n=4. Error bars, s.d. 
ns, not significant; ****, p<0.0001. 
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Figure 4-10. Separation-of-function systems to study HR and FP functions. 
Summarization of the three separation-of-function systems to dissect the individual 
contributions of HR and FP pathways generated in this chapter. 
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Figure 4-11. Context-dependent requirement for HR versus FP for cell survival. 
Differential requirements for HR and FP are observed to reach the threshold of cell 
viability in different contexts of BRCA2 deficiency, as highlighted in the dashed blue 
boxes. BRCA2 loss alone (untreated or with chemotherapy) (red arrows) is shown as a 
baseline for comparison to BRCA2 loss with the indicated additional genetic alterations 
(black arrows).  
a. Nontransformed mammary epithelial cells MCF10A do not survive BRCA2 loss. 
Restoration of HR, but not FP, re-establishes cell viability. p53 loss fails to suppress 
apoptosis and only partially rescues cell proliferation.  
b. In mouse ES cells, FP restoration is sufficient to rescue cell survival after BRCA2 loss. 
These cells may have a higher tolerance to DNA damage than MCF10A cells due to a 
compromised p53 response.  
c. In BRCA2-deficient tumor cells, FP is also sufficient to overcome the viability 
threshold to confer chemoresistance. Presumably, these cells have evolved to survive 
BRCA2 loss and aberrantly proliferate (purple face) and thus may have a higher 
tolerance to DNA damage. 
  

BRCA2+ 

– p53 

MCF10A 

Fi
tn

es
s 

Time 

BRCA2– BRCA2– 

S
ur

vi
va

l 
D

ea
th

 

+ FP 

+ HR 

BRCA2+ 
(p53 compromised) 

Mouse ES 

Time 

+ FP 

Time 

Chemotherapy 

BRCA2+ 

Tumor cells 

BRCA2–  
Cancer 

? Chemotherapy 
+FP 

a b c 



 107 

 
Figure 4-12. γH2AX intensity replicates for the indicated figures 
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Chapter 5 53BP1 nuclear body-marked replication stress in a 

human mammary cell model of BRCA2 deficiency 

5.1 Introduction 

 

While sharing many key players, including BRCA2, HR and FP are both genetically and 

functionally separable processes (Feng and Jasin 2018). Our mechanistic understanding 

of FP has recently advanced by the discovery of the role of replication fork reversal, 

where a fork regresses to form a four-way “chicken foot”-like structure (Neelsen and 

Lopes 2015) (reviewed in chapter 1). In a FP-deficient background, reversed forks serve 

as the substrate for subsequent nascent strand degradation by nucleases (Kolinjivadi et 

al. 2017; Lemacon et al. 2017; Mijic et al. 2017; Taglialatela et al. 2017). An HR defect in 

BRCA1/2-mutated cancers was initially leveraged to develop synthetic-lethality-based 

therapeutic strategies, while subsequent restoration of HR and/or possibly FP in tumors 

confers resistance (Chen et al. 2018). The relative contribution of HR, FP, and now fork 

reversal to genome integrity is complex and may be contingent upon the cellular context 

(Feng and Jasin 2018).  

Modeling BRCA2 deficiency in a non-transformed background may provide 

insight into the early events that initiate BRCA2-mutated breast cancer formation. To this 

end, we recently leveraged the CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats)-Cas9 tools to generate two BRCA2 conditional models in MCF10A 

cells (Feng and Jasin 2017), a non-transformed human mammary epithelial cell line 

(Soule et al. 1990). In the process, we also developed a CRISPR-Cas9-based approach 

for allele-specific gene targeting at the BRCA2 locus. 
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With these BRCA2 conditional models, we demonstrated that BRCA2 deficiency 

leads to replication stress and DNA under replication that in turn causes abnormalities 

during mitosis and 53BP1 NB formation in the subsequent G1 phase, accompanied by a 

p53-mediated G1 arrest and ultimately cell lethality (Feng and Jasin 2017). In dissecting 

the relative contribution of the HR and FP pathways, we provided evidence that cell 

viability and replication stress suppression are mainly mediated by the HR function of 

BRCA2, but not FP, in these non-transformed human mammary epithelial cells (Feng 

and Jasin 2017). Here, we further explore the consequences of BRCA2 deficiency, with 

a focus on 53BP1 NBs, in particular their possible upstream triggers and downstream 

link with p53 activation. The role of the fork reversal protein SMARCAL1 and its 

functional interaction with BRCA2 is also examined.  

 

5.2 Results and discussion 

 

5.2.1 Allele-specific editing of the BRCA2 locus  

While generating the two BRCA2 conditional models in MCF10A cells (Feng and Jasin 

2017), CRISPR-Cas9-facilitated gene targeting was employed to achieve the desired 

editing outcome. One of the BRCA2 conditional systems we described involved first 

targeting two loxP sites to flank exons 3 and 4 of one allele (fl); the remaining WT allele 

was targeted using a promoterless selectable marker inserted at the BRCA2 start codon 

(Hyg-targeted) (Fig. 5-1) (Feng and Jasin 2017). However, the start codon resides in 

exon 2, which is present in both the fl and WT alleles. Therefore, one technical challenge 

we anticipated was to specifically target the WT allele with the Hyg-targeting vector, 

while leaving exon 2 of the fl allele intact (Fig. 5-2a).  

To this end, we developed a method to achieve allele-specific targeting, which 

we benchmarked in BRCA2+/+ cells to demonstrate its generality. We first sequenced the 
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BRCA2 exon 2 region and identified a single nucleotide polymorphism (SNP). The 

sgRNA was then designed specifically for the allele containing the G nucleotide SNP (“G 

allele”) residing towards the 3’ end of the sgRNA sequence (Fig. 5-2a), i.e., the seed 

region of the sgRNA that is sensitive to mismatches (Fu et al. 2013; Hsu et al. 2013; 

Pattanayak et al. 2013). The post-transfection clones showing Hyg resistance were 

screened by a PCR specific for the Hyg cassette correctly integrated at the BRCA2 locus 

(Fig. 5-2b). To characterize the other allele in the positive clones, PCR was performed 

with a reverse primer specific to an untargeted BRCA2 allele. All clones tested exhibited 

a positive PCR product, indicating monoallelic gene targeting with the Hyg cassette (Fig. 

5-2b). Sequencing of these PCR products revealed a strong bias (95.2%, 19/20) 

towards the allele with the A nucleotide SNP (“A allele”), such that Hyg targeting 

predominantly occurred at the G allele (Fig. 5-2c,d). Therefore, polymorphism of even a 

single nucleotide at the sgRNA site can strongly bias targeting towards one specific 

allele. We then applied this strategy to our BRCA2fl/+ cells, in this case targeting the A 

allele with the Hyg cassette using an A allele-specific sgRNA, as the prior fl targeting 

turned out to occur to the G allele (Fig. 5-1).  

Achieving allele discrimination provides advantages for a variety of applications. 

For example, selectively disrupting or correcting dominant disease-causing alleles has 

potential clinical value. Accomplishing allele discrimination can also benefit basic 

research, such as achieving allele-specific imaging or studying one particular allele of 

interest, e.g. the maternal vs. the paternal allele. While alleles can be effectively 

distinguished via CRISPR approaches in cases where a unique PAM is present in one 

allele (Shin et al. 2016; Maass et al. 2018), discrimination between alleles with single 

nucleotide mismatches within the sgRNA site is conceptually challenging given the 

promiscuity of sgRNA recognition (Fu et al. 2013; Hsu et al. 2013; Pattanayak et al. 

2013). In this regard, previous studies have shown promise in utilizing SNPs in the 
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sgRNA target regions to achieve allele-specific mutagenesis (Yoshimi et al. 2014; Smith 

et al. 2015; Burnight et al. 2017; Gao et al. 2018; Pingjuan et al. 2018). Our results now 

extend allele-specific applications to HR-mediated gene targeting. Notably, allele 

selectivity can be further improved with a truncated sgRNA design (Pingjuan et al. 2018), 

since it displays an even lower tolerance to mismatches (Fu et al. 2014). These efforts 

have substantially broadened the scope of allele-specific applications to achieve various 

desired outcomes.  

 

5.2.2 Replication stress-vulnerable sites in BRCA2-deficient cells  

One previously unappreciated consequence of BRCA2 deficiency recently uncovered by 

others and us is the manifestation of S/G2 repair defects in later cell cycle stages, 

resulting in 53BP1 NB formation in the subsequent G1 phase (Feng and Jasin 2017; Lai 

et al. 2017). What remains mysterious is the source of the replication stress. 

Understanding how 53BP1 NBs are formed is key to addressing this question. 

53BP1 NBs were initially reported to mark common fragile sites (CFSs). 

Treatment with low-dose aphidicolin (APH) is a commonly used method to specifically 

induce CFS instability (Durkin and Glover 2007). It acts by perturbing DNA replication 

(polymerase α) without substantially affecting cell cycle progression, leading to breakage 

at the fragile sites in mitosis, termed CFS expression. The same treatment was found to 

massively stimulate formation of 53BP1 NBs at CFSs (Harrigan et al. 2011; Lukas et al. 

2011). By contrast, high doses of another replication inhibitor, hydroxyurea (HU), which 

does not display CFS selectivity, presumably due to a different a mode of action (in part, 

nucleotide pool depletion) (Durkin and Glover 2007), fails to induce 53BP1 NBs 

(Harrigan et al. 2011). Thus, in genetically unmodified cells, 53BP1 NB formation 

appears to be associated with CFS expression.  
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To explore the sources of 53BP1 NBs arising from BRCA2 deficiency, we first 

benchmarked how control MCF10A cells respond to different replication stresses 

induced by APH and HU. BRCA2-proficient cells displayed ≥5-fold increase in these NBs 

with low doses of APH (Fig. 5-3a), consistent with a recent report (Arora et al. 2017). 

53BP1 NBs were somewhat increased with HU treatment (Feng and Jasin 2017), but the 

level did not reach that seen with APH and this trend was not statistically significant (Fig. 

5-3b). These results are consistent with previous findings (Harrigan et al. 2011), showing 

that conditions that induce CFS expression (low-dose APH) lead to 53BP1 NB formation, 

while HU exerts a minimal response at the dosage used.  

Notably, upon BRCA2 disruption, the level of 53BP1 NBs was further elevated 

not only by HU (Feng and Jasin 2017), but also by APH (Fig. 5-3). Interestingly, BRCA2-

deficient cells displayed a level of spontaneous 53BP1 NBs that was comparable to that 

of BRCA2-proficient cells treated with low-dose APH (Fig. 5-3a), which provides an 

estimation of the level of spontaneous replication stress in these BRCA2-disrupted cells. 

Thus, BRCA2 suppresses replication stress that perturbs CFSs as well as other genomic 

sequences. This stress in turn leads to 53BP1 NB formation when BRCA2 function is 

compromised.  

We have previously shown that HU-induced replication stress is relieved by the 

HR function of BRCA2 (Feng and Jasin 2017). Thus, HR disruption leads to fragility of 

genomic regions with distinct properties from those of CFSs upon HU. These properties 

are reminiscent of the recently discovered early replication fragile sites (ERFSs), which 

are characterized as regions bound by a set of DNA repair proteins, including the HR 

protein BRCA1, and prone to breakage in response to HU but not low-dose APH (Barlow 

et al. 2013). Since BRCA2-deficient cells display a high level of replication stress under 

both HU and low-dose APH treatment, multiple processes likely contribute to the 

replication stress seen in these cells. For example, BRCA2 prevents R-loop 



 113 

accumulation (Bhatia et al. 2014; Tan et al. 2017) and maintains the integrity of 

telomeres (Badie et al. 2010) and G-quadruplex-forming sites (Zimmer et al. 2016). 

Presumably these regions are more susceptible to replication stress and become fragile 

upon BRCA2 loss. It would be interesting for future studies to determine the full set of 

genomic regions that are particularly unstable upon BRCA2 deficiency and uncover the 

mechanism(s) of DNA fragility.  

 

5.2.3 Link between 53BP1 NBs and p53 activation 

53BP1 NBs form in G1, the cell cycle stage at which BRCA2-deficient cells arrest due to 

p53 activation (Feng and Jasin 2017). To further characterize the link between 53BP1 

NBs and p53 activation in BRCA2-deficient cells, we performed image analysis to 

determine whether the two proteins colocalize. Indeed, a substantial fraction (~60%) of 

53BP1 NBs contained p53 and its active, phosphorylated form, p53-pS15 (Fig. 5-

4a,b,d,e). This colocalization occurred irrespective of BRCA2 status, although we 

observed a slight, but reproducible increase in the frequency of NBs with p53 signals in 

BRCA2-deficient cells (Fig. 5-4b,e), possibly reflecting a positive feedback regulation of 

p53 levels in stressed conditions (Harris and Levine 2005). However, as a consequence 

of increased NB abundance, BRCA2 deficiency led to a marked elevation of both p53- 

and p53-pS15-positive 53BP1 NBs in G1 phase (Fig. 5-4c,f). Indeed, BRCA2 disruption 

is accompanied with an increase in spontaneous p53 levels in various systems (Patel et 

al. 1998; Carlos et al. 2013; Feng and Jasin 2017). Importantly, p53 disruption did not 

affect 53BP1 NB formation (Fig. 5-4g), suggesting that p53 functions downstream of the 

DNA lesions marked by 53BP1. Together, these results establish that 53BP1 NBs are 

spatially linked to p53 activation. 

53BP1 NBs could activate p53 at multiple levels (Feng and Jasin 2018), either 

directly through 53BP1-p53 interaction (Iwabuchi et al. 1994) or indirectly through the 
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downstream DNA damage response. The underlying DNA lesions within the NBs may 

serve to activate signaling networks, including the p53 pathway. Indeed, 53BP1 NBs 

contain various components involved in the DNA damage response, including the 

master regulator ATM in its activated, phosphorylated form (pATM S1981) (Lukas et al. 

2011), which directly stabilizes and activates p53 (Shiloh and Ziv 2013). Together, our 

results are consistent with a model that these nuclear compartments marked by 53BP1 

serve as a signaling hub to recruit and activate p53. However, so far their relationship 

remains correlative and additional studies are needed to determine whether the 

relationship is causal and, if so, what are the mechanisms.  

In addition to p53 activation, 53BP1 NBs may play other roles in BRCA2-deficient 

cells. For example, 53BP1 NBs sequester and shield the underlying sites of DNA 

damage (Lukas et al. 2011). In the setting of CFS expression, removing 53BP1 

enhances DNA break manifestation (Lukas et al. 2011). Thus, perturbing 53BP1 in 

BRCA2-deficient cells may similarly aggravate DNA break deprotection and thereby 

synergistically exacerbate genome instability phenotypes. This hypothesis, if found to be 

true, could potentially be exploited to develop novel synthetic lethal therapies for 

BRCA2-deficient cancers.  

 

5.2.4 Functional interplay between SMARCAL1 and BRCA2 

Having uncovered some unusual aspects of BRCA2 deficiency, our BRCA2 conditional 

systems also afford the opportunity to dissect the contribution of two pathways, HR and 

FP. To this end, we developed multiple separation-of-function approaches to specifically 

perturb one pathway while keeping the other intact. These approaches converge on the 

conclusion that HR, rather than FP, plays the critical role in suppressing replication 

stress to support MCF10A cell survival (Feng and Jasin 2017).  
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Replication fork reversal has emerged as a new aspect in dictating the outcome 

of FP versus fork degradation, with multiple studies suggesting that forks that have not 

reversed will not be degraded (Quinet et al. 2017; Feng and Jasin 2018). We therefore 

examined the impact of fork reversal on replication stress by depleting SMARCAL1, a 

DNA translocase known to exhibit fork reversion activity (Betous et al. 2012; Betous et al. 

2013; Couch et al. 2013). In BRCA2-deficient cells, SMARCAL1 inactivation suppressed 

fork degradation (Fig. 5-5a), consistent with recent observations (Kolinjivadi et al. 2017; 

Taglialatela et al. 2017) and the model that fork reversal acts as a prerequisite for 

nascent strand degradation (Fig. 5-5b). While FP was rescued, 53BP1 NBs were not 

significantly reduced in HU-treated BRCA2-deficient cells by SMARCAL1 depletion (Fig. 

5-5c). Supporting these observations, inactivating ZRANB3, another DNA translocase 

that catalyzes fork reversal, also fails to abolish HU-induced chromosomal aberrations in 

BRCA2-deficient cells (Mijic et al. 2017). These results further corroborate our previous 

conclusions that FP is not critical for replication stress suppression. 

These data recapitulate previous results that SMARCAL1-mediated fork reversal 

plays a critical role in promoting nascent strand degradation upon replication stress 

(Kolinjivadi et al. 2017; Taglialatela et al. 2017), adding to the expanding recent literature 

that implicates this process in the pathways involved in FP suppression (Feng and Jasin 

2018). FP restoration achieved by SMARCAL1 inactivation also represents an additional 

separation-of-function approach to study the contributions of the FP pathway in BRCA2- 

(and more generally HR-) deficient cells. The failure of FP to abolish the high replication 

stress found in BRCA2-deficient cells is in agreement with our previous findings obtained 

with orthogonal approaches (Feng and Jasin 2017). Thus, although FP alone suffices to 

restore genome integrity in HR-deficient cancer cells under various genotoxic stresses 

(Ray Chaudhuri et al. 2016), our results argue that FP plays a minor role in the relatively 

normal MCF10A cells. These apparent discrepancies could be due to distinct rate-
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limiting stresses that occur under different cellular contexts, e.g., under cancerous 

versus non-transformed states (Feng and Jasin 2018). Future studies using additional 

non-transformed cell lines are needed to further validate this model. 

Since fork reversal, either in excess or when limited, could cause DNA damage 

(Betous et al. 2012; Ciccia et al. 2012; Couch et al. 2013; Neelsen et al. 2013), we 

examined whether SMARCAL1 impacts replication stress in BRCA2 WT cells. 

Interestingly, SMARCAL1 depletion by itself led to a modest enhancement of HU-

triggered 53BP1 NB formation (Fig. 5-5c). Given our previous findings that HR is critical 

to suppress replication stress (Feng and Jasin 2017), the observed induction in 53BP1 

NBs is reminiscent of a role of SMARCAL1 in HR, as has been reported in the fly system 

(Holsclaw and Sekelsky 2017). To determine the HR function of SMARCAL1 in MCF10A 

cells, we employed the DR-GFP reporter that is stably integrated as a single copy to 

assay HR activity (Pierce et al. 1999; Kondrashova et al. 2017b) (Fig. 5-5d). Indeed, 

SMARCAL1 depletion led to a reduction in HR, although only to a moderate extent 

compared with that observed in cells depleted of the core HR component RAD51 

(Moynahan and Jasin 2010) (Fig. 5-5d). Thus, SMARCAL1 depletion by itself exerts a 

small increase in 53BP1 NB formation that may be associated with its minor role in HR. 

We conclude that SMARCAL1 plays a minor role in suppressing replication stress when 

BRCA2 is present. In sum, our previous (Feng and Jasin 2017) and current results are 

all consistent with a model that HR plays a critical role in suppressing replication stress 

leading to 53BP1 NBs, whereas neither protection nor regression of replication forks 

substantially contributes to this process. 

 

5.3 Concluding remarks 

We have previously shown that BRCA2 suppresses DNA replication stress through HR 

(Feng and Jasin 2017). We have now expanded on these findings, investigating three 
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aspects of the replication stress triggered as a consequence of BRCA2 inactivation. First, 

we show that BRCA2-deficient cells are sensitized to two types of replication stress, 

those induced by HU and by low-dose APH. Second, 53BP1 NBs spatially link 

replication stress to downstream p53 activation in G1 phase. Finally, disrupting fork 

reversal by SMARCAL1 depletion ameliorates the FP defect in BRCA2-deficient cells, 

but does not restrain 53BP1 NB formation, further corroborating our previous model that 

FP plays a minor role in suppressing replication stress in MCF10A cells.    
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Figure 5-1. Gene targeting at the WT allele of BRCA2fl/+ cells. 
Schematic for generation of BRCA2fl/–

 cells described in (Feng and Jasin 2017). The Hyg 
cassette was designed to be specifically targeted to the BRCA2 WT, but not the fl allele. 
Unlike in Fig. 5-2, the target allele (WT) contains the A nucleotide SNP, so an A allele-
specific sgRNA was designed to achieve the Hyg cassette targeting (with a paired 
nickase strategy, see methods). Filled triangles, loxP sites; open circle, FRT site. Other 
symbols are as described in the legends of Fig. 5-2a. 
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Figure 5-2. Presence of a SNP at the BRCA2 sgRNA site facilitates allele-specific 
gene editing.   
a. Schematic for specifically targeting one BRCA2 allele in MCF10A cells with a Hyg 
cassette. The BRCA2 sequence containing the A/G SNP is shown; the sgRNA sequence 
specifically targets the G allele (PAM sequence underlined). The donor fragment for 
generating the Hyg-targeted BRCA2 null allele also contains the G SNP but it is close by 
to a disrupted PAM sequence (∆GG). Primer sites for PCR are indicated. Hyg, 
promoterless hygromycin-resistance gene; lightning bolt, CRISPR-Cas9 cleavage site. 
b. Genotyping PCR using primer sets as indicated in a. After transfection with plasmids 
expressing Cas9, the sgRNA, and the donor fragment, hygromycin resistant clones were 
subjected to a PCR to identify those that underwent successful Hyg gene targeting. PCR 
specific to the untargeted allele was then performed in the positive clones. A positive 
product is indicative of monoallelic targeting. 
c. Sequences of the untargeted-allele-specific PCR products obtained in b. Positions of 
the sgRNA recognition region, PAM site, SNP site, and BRCA2 coding region are 
indicated. 
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d. Hyg targeting overwhelmingly occurred at the G allele. The number of clones for each 
genotype at the Hyg-targeted allele is shown in parentheses, as inferred from results in c. 
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Figure 5-3. BRCA2 suppresses replication stress induced by both low-dose APH, 
which selectively triggers CFS expression, and HU, a more global inducer of 
replication stress.  
a. BRCA2 deficiency further exacerbates 53BP1 NB formation in cells treated with low-
dose APH. Population of BRCA2fl/– MCF10A cells after acute lentiviral transduction of 
self-deleting Cre recombinase (Pfeifer et al. 2001), hereafter named BRCA2∆Ex3-4/– (Feng 
and Jasin 2017), were analyzed for 53BP1 NB formation induced by continuous 
exposure to low-dose APH, as in the schematic at bottom. The fraction of G1 cells 
(cyclinA-negative with 2N DNA content) containing ≥ 5 53BP1 NBs as determined by 
immunofluorescence (IF) is shown.  
b. BRCA2 deficiency leads to 53BP1 NB formation in cells treated with HU. Cells were 
analyzed for HU-induced 53BP1 NB formation, as in the schematic at bottom. EdU was 
used to label S phase cells at the time of HU treatment, which was followed by a release 
of the cells into the next G1 phase. EdU-positive, G1 cells (cyclinA-negative with 2N 
DNA content) were analyzed by IF. Note that unlike low-dose APH in a, HU treatment 
dramatically induced 53BP1 NB formation specifically in BRCA2-deficient, but not control 
cells. (Adapted from (Feng and Jasin 2017) under a Creative Commons license 
http://creativecommons.org/licenses/by/4.0/.) 
Error bars in this figure represent one standard deviation from the mean (s.d.). n≥2. ns, 
not significant; *, p<0.05; **, p<0.01; ***, p<0.001 (unpaired two-tailed t test). 
  

a b

HU
+ –

–
BRCA2 ∆Ex3-4/

+ – +APH
+ –

–
BRCA2 ∆Ex3-4/

+ – +

CFS expression
(Low-dose aphidicolin)

Global replication stress
(High dose HU)

30’
EdU ± HU 4 mM

Rel. 24h
IF (EdU+ G1 cells)± APH 0.1 µg/ml IF (G1 cells)

48h 5h

Flpo-4

Flpo-4 
HU R

el.

FL4D
-14

FL4D
-14

 H
U R

el.

0.00

0.05

0.10

0.2
0.4
0.6

Fr
ac

tio
n 

G
1 

ce
lls

 
w

ith
 ≥

5 
53

B
P

1 
N

B
s 

 (E
dU

+)

*ns

Flp
o-4

Flp
o-4

 A
ph

FL4D
-1

4

FL4D
-1

4 A
ph

0.00

0.05

0.10

0.2
0.4
0.6

Fr
ac

tio
n 

G
1 

ce
lls

 
w

ith
 ≥

5 
53

B
P

1 
N

B
s *****

**



 122 

 

 

 

Figure 5-4. 53BP1 NB formation is associated with p53 activation.  
a-f. Frequent 53BP1 NB formation with p53 colocalization in G1 phase in BRCA2-
deficient cells. Representative deconvolved images are shown with G1 nuclei (EdU-
negative with 2N DNA content) outlined (a, d). Cells were pulse labeled with EdU for 30 
min before IF. 53BP1 NB formation and colocalization with p53 or p53-pS15 was 
quantified as in (b, c) and (e, f), respectively. Scale bars, 10 µm. 
g. p53 loss does not significantly affect G1 53BP1 NB formation in BRCA2-deficient cells.  
Error bars in this figure represent one standard deviation from the mean (s.d.). n=3. ns, 
not significant; *, p<0.05; **, p<0.01 (unpaired two-tailed t test). 
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Figure 5-5. SMARCAL1 disruption in BRCA2-deficient cells restores FP but cells 
still maintain high 53BP1 NB levels.   
a. SMARCAL1 depletion restores FP to BRCA2-deficient cells. BRCA2∆Ex3-4/–

 cells 
expressing a WT BRCA2 transgene (Tg BRCA2 WT) or containing an empty vector (EV) 
were depleted of SMARCAL1 with siRNA. DNA fiber analysis was performed to quantify 
FP. Schematic of the experimental design is shown at top. Median CldU/IdU tract length 
ratios are indicated in the graph (red bars). Graphs represent the pooled results of >250 
fibers per genotype from two independent experiments, analyzed by a two-tailed Mann-
Whitney test. NT, non targeting siRNA. 
b. A model depicting fork reversal as a step prior to fork degradation, based on recent 
studies. Upon fork stalling, replication forks are subject to reversal, a process mediated 
by DNA translocases including SMARCAL1. The resulting reversed forks serve as the 
entry point for subsequent nascent strand degradation, a reaction catalyzed by MRE11 
nuclease and antagonized by the BRCA2-mediated FP pathway. 
c. 53BP1 NBs are not significantly diminished in BRCA2-deficient cells by restoration of 
FP through SMARCAL1 depletion. BRCA2∆Ex3-4/–

 cells with or without the BRCA2 
transgene were depleted of SMARCAL1 and analyzed for HU-induced 53BP1 NB 
formation, as in Fig. 5-3b. Statistical analysis was by an unpaired two-tailed t test. n=4.  
d. SMARCAL1 depletion leads to an intermediate HR defect. A schematic of the DR-
GFP reporter as a readout of HR activity is shown (left). BRCA2∆Ex3-4/–;Tg BRCA2 WT 
cells depleted of SMARCAL1 or RAD51 were infected with I-SceI-expressing lentivirus 
and the percent GFP+ cells was analyzed by an unpaired two-tailed t test (right). n≥3. 
Error bars s.d. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001 
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Chapter 6 Conclusions and perspective* 

 

Mutations in the tumor suppressor BRCA2 predominantly predispose to breast cancer. 

Paradoxically, while loss of BRCA2 promotes tumor formation, it also causes cell 

lethality, although how lethality is triggered is unclear. In my thesis, we generate BRCA2 

conditional non-transformed human mammary epithelial cell lines using CRISPR-Cas9. 

Our work shows that cells are inviable upon BRCA2 loss, which leads to replication 

stress associated with under replication, causing mitotic abnormalities, 53BP1 NB 

formation in the ensuing G1 phase, and G1 arrest. Unexpected from other systems, the 

role of BRCA2 in homologous recombination, but not in stalled FP, is primarily 

associated with supporting human mammary epithelial cell viability, and, moreover, 

preventing replication stress, a hallmark of pre-cancerous lesions. Thus, our work 

uncovers a DNA under replication-53BP1 NB formation-G1 arrest axis as an 

unanticipated outcome of homologous recombination deficiency, which triggers cell 

lethality and, we propose, serves as a barrier that must be overcome for tumor formation. 

 

6.1 Consequences of BRCA2 deficiency in MCF10A cells 

 

One puzzle in the field is that, while predisposing to cancer, BRCA2 deficiency 

paradoxically leads to inviability in mice, both in embryos and in cells (Patel et al. 1998; 

Evers and Jonkers 2006; Kuznetsov et al. 2008; Badie et al. 2010). Therefore, a gap in 

our understanding needs to be bridged between the immediate consequence of cell 

                                                

* Chapter 6 (except section 6.3, 6.4) is adapted from -. 2018. Homologous Recombination and Replication 
Fork Protection: BRCA2 and More! Cold Spring Harb Symp Quant Biol. (Under a Creative Commons license 
http://creativecommons.org/licenses/by/4.0/). 
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inviability and the long-term tumor susceptibility from BRCA2 deficiency. In addition, 

while BRCA2 loss is expected to impair HR in all tissues (Kass et al. 2016a), it 

predominantly predisposes to cancer in the breast and ovary. Resolution of these 

paradoxes requires a cellular model from a disease-relevant tissue, such as human 

mammary epithelial cells. 

We set out to approach these questions by generating BRCA2 conditional 

models in a non-transformed human mammary epithelial cell line with a relatively stable 

genome (MCF10A; (Soule et al. 1990; Cowell et al. 2005)). This study reveals that 

BRCA2-deficiency-triggered cell lethality is conserved in these relatively normal human 

mammary cells (Feng and Jasin 2017). BRCA2 deficiency leads to cell cycle arrest in G1, 

a surprising result considering that BRCA2 functions in genome integrity maintenance 

pathways that are active in S and G2. To reconcile these seemingly counterintuitive 

results, we traced the source of DNA lesions that occur upon BRCA2 loss. We found 

that BRCA2 inactivation leads to DNA under replication, which in turn causes 

abnormalities during mitosis and 53BP1 NB formation in the subsequent G1 phase 

associated with a p53-dependent cell cycle arrest (Feng and Jasin 2017) (Fig. 3-14). 

Other independent studies have similar findings in different systems (Lai et al. 2017; 

Schoonen et al. 2017). Notably, while mitotic abnormalities have previously been 

associated with BRCA2 deficiency (Tutt et al. 1999; Daniels et al. 2004; Laulier et al. 

2011; Choi et al. 2012; Mondal et al. 2012), we establish that it is the pre-mitotic 

stresses from the S and G2 phases that cause the subsequent aberrations 

(chromosome mis-segregation, 53BP1 NB formation), given that delaying mitotic entry 

abrogates these abnormalities (Feng and Jasin 2017).  

 

6.2 Genetic background of MCF10A cells 
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In the thesis, MCF10A cells are considered as a model for relatively normal human 

mammary epithelial cells for the following reasons, as initially described (Soule et al. 

1990): First, although immortalized, MCF10A cells are non-transformed, showing lack of 

anchorage-independent growth in vitro and lack of tumorigenicity in vivo. Second, they 

retain dependence on hormones and growth factors in culture, another feature shared 

with normal breast epithelium. Third, these cells maintain a stable karyotype and near 

diploidy. Notably, under 3D culture, MCF10A cells can form a spherical, acinar 

architecture that recapitulates some characteristics of glandular epithelium in vivo 

(Muthuswamy et al. 2001; Debnath et al. 2002).  

 Although MCF10A cells serve as an approximation of a physiological context, 

several potentially confounding limitations still exist and should be recognized. Despite 

displaying a stable karyotype, MCF10A cells are not cytogenetically normal (Soule et al. 

1990), harboring structural variations that notably include biallelic loss of CDKN2A 

(encoding tumor suppressor p14/16) (Cowell et al. 2005). Moreover, MCF10A cells 

express telomerase which is critical for immortalization. Notably, telomerase has recently 

been shown to exert catastrophic impacts on genome integrity in some genetic 

backgrounds (Margalef et al. 2018). We cannot formally rule out the possibility that these 

genetic alterations may influence cell behavior either on their own or by interacting with 

BRCA2 loss. Nevertheless, the recue experiments argue that the observed phenotypes 

are indeed BRCA2-specific. The “DNA under replication-mitotic abnormality-53BP1 NB-

G1 arrest” axis that we observed is corroborated by an independent study using different 

cell lines (Lai et al. 2017), which further minimizes the possible contributions from any 

cell-type-specific effects.  

Molecular profiling analyses suggest MCF10A cells belong to a basal lineage 

subtype (Neve et al. 2006; Kao et al. 2009). By contrast, tumors with BRCA2 mutations 

are predominantly luminal (Roy et al. 2011). However, it should be noted that, across all 
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breast cancer patients, the basal subtype is still well represented among those with 

BRCA2-mutated cancers, such that studies using the MCF10A models that we 

generated are clinically meaningful. The advent of organoid culture approaches of breast 

tumors (Duarte et al. 2018; Sachs et al. 2018) will make it feasible to study BRCA2 

function in diverse genetic backgrounds.  

 

6.3 Contributions of HR and FP to genome integrity and cell fitness 

 

HR has been established as an essential process at the level of cells as well as 

organisms. The major underlying evidence is that severe functional disruption of the 

series of core HR factors such as BRCA2 almost invariably results in mouse embryonic 

lethality and defects in cell proliferation (Moynahan and Jasin 2010; Prakash et al. 2015). 

This view remains a widely accepted convention until the recent emergence of the FP 

pathway. Initially discovered in hamster cells, FP disruption by itself from an HR-

proficient background only generates relatively subtle phenotypes, conferring a mild 

level of genome instability only under exogenous stresses, without discernible defects in 

spontaneous cell survival or sensitivity to PARP inhibitor (Schlacher et al. 2011). 

However, interesting findings were made from the converse experiments, namely, 

restoration of FP function in BRCA1/2-deficient settings. FP reactivation correlates with 

survival of mESCs and chemoresistance of cancer cells from an otherwise BRCA1/2-

deficent backgrounds (Guillemette et al. 2015; Ray Chaudhuri et al. 2016). Importantly, 

HR remains deficient in these settings, arguing for the first time that HR can be a 

dispensable process as long as FP is intact.  

Thus, FP is emerging as a pivotal process not only for understanding BRCA2 

functions but also with potential clinical impacts. Interestingly, an ever-expanding list of 

canonical HR proteins turn out to contribute to the FP process as well (Feng and Jasin 
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2018). An immediate question emerges then, among the previously established severe 

phenotypes from disruption of HR genes, how many of them are actually attributable to 

HR loss per se, or rather to the accompanying ablation of the FP process, or a 

interaction of deficiency of both processes? Addressing questions like this not only helps 

delineate the repair pathway networks under homeostasis and disease, but also 

improves our understanding of therapy resistance mechanisms, potentially benefiting 

development of novel therapies. However, what makes the situation even more 

complicated is fact that FP is not fully correlated with genome integrity and cell survival 

either (discussed above). Different genetic manipulations and/or cellular contexts likely 

contribute to the diverse findings. 

To approach this question in a disease-related cell type, we generated three 

independent separation-of-function systems in MCF10A cells (Fig. 4-10). FP, but not HR, 

is selectively disrupted through expression of a mutant BRCA2 peptide (BRCA2 S3291E) 

or restored by MRE11 or PARP1 ablation in BRCA2-deficent cells (Feng and Jasin 

2017). In the third system, HR, but not FP, is selectively impaired by RAD51 depletion in 

BRCA2 wild-type cells (Feng and Jasin 2017).  

We note that in the separation-of-function systems, while one pathway is 

perturbed, the other pathway is not completely normal (BRCA2 S3291E) and other 

cellular processes are affected (RAD51 depletion). Although caution should be used, 

these complications do not compromise the interpretations within the scope of the 

experiments in this thesis. For example, while BRCA2 S3291E complementation leads 

to an equivalent FP defect in both conditional systems, it results in varying extents of HR 

reduction, be it a minor defect (20%) in the AAVS1 system or a more pronounced defect 

(~40%) in the ∆Ex3-4 system. This latter finding could be explained by lower BRCA2 

S3291E protein levels and/or the presence of the residual BRCA2 ∆Ex3-4 peptide in the 

∆Ex3-4 system. The more pronounced HR defect correlates with the lower plating 
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efficiency. Thus, our results are internally consistent: FP is not required for viability, while 

HR proficiency associates with cell viability (partial or nearly complete). Further, HR 

proficiency tracks with suppression of all aspects of replication stress. Given this internal 

consistency, while not perfect, the BRCA2 S3291E mutant is a valid separation-of-

function mutant to evaluate FP-independent processes. Similarly, RAD51 depletion not 

only perturbed HR but also disrupted fork reversal. Nonetheless, the possible 

involvement of fork reversal was ruled out as discussed in chapter 4.   

Collectively, all three systems unambiguously demonstrate that HR, but not FP is 

critical to suppress replication stress and support cell viability in this non-transformed 

human mammary cell line (Feng and Jasin 2017). Thus, HR and FP are differentially 

required for cell viability and genome integrity in different cell lines. How easy it is to 

meet the survival threshold, and thereby dictate the outcome of pathway restoration, 

may depend on the cellular context (Fig. 4-11) (discussed in Chapter 4).  

 

6.4 Replication stress as a general barrier against tumor formation  

 

Our study from MCF10A models provides insight into the notion that loss of a tumor 

suppressor gene and/or gain of genome instability, both of which are hallmarks of cancer, 

can actually lead to deleterious outcome. We propose that the increased replication 

stress in response to BRCA2 deficiency serve as a barrier that prospective tumor cells 

need to overcome to achieve malignancy. This notion adds to the well appreciated, 

tumor-suppressive roles of replication stress in the context of oncogene-induced hyper 

proliferation (Macheret and Halazonetis 2015). Nevertheless, the nature of the 

replication challenges under these different contexts may be inherently different. 

Oncogene-induced stress is largely due to the following non-exclusive reasons: 

deregulated origin firing, replication-transcription conflicts and nucleotide shortage. 
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These aberrations are largely linked to the nature of pre-mature S phase entry as a 

result of excessive cell growth stimulated by the oncogene, although some oncogenes 

are directly involved in deregulating some of the above aspects (discussed in chapter 1).  

By contrast, BRCA2 deficiency, and likely caretaker-type of tumor suppressors in 

general, does not promote an unscheduled G1 entry. Since BRCA2 is prominently 

involved in either preventing (by FP) or repairing (by HR) DNA damage, it is possible 

that BRCA2 deficiency unveils some intrinsically damage-prone regions in the genome. 

CFSs and ERFSs are two of these examples (discussed in chapters 1 and 5). DNA 

lesions can form ahead of forks to serve as a trigger of replication stress. For example, 

the unscheduled R-loop formation (Bhatia et al. 2014; Shivji et al. 2018) can directly 

interfere with DNA replication in the absence of BRCA2. DNA damage can also occur as 

a result of the replication stress not being properly resolved. Therefore, BRCA2 

deficiency may not lead to an active disruption of DNA replication in general, but instead 

passively reveal problems naturally encountered by replication forks, and amplify these 

problems due to a lack of repair. So far it remains an open question the exact nature of 

the “BRCA2-deficiency-susceptible” sites. Revealing these genomic regions will be 

critical to elucidating the mechanisms of replication stress underlying BRCA2 deficiency, 

and thereby provide insight into the additional tumor formation barrier. These studies 

may also shed light on the prominent mutational signatures associated with HR 

deficiency (Nik-Zainal et al. 2016; Davies et al. 2017).  

 

6.5 Possible mechanisms to form tumors with BRCA2 mutations 

 

We anticipate a multitude of potential mechanisms cells can evolve to overcome the 

deleterious effects of acute BRCA2 loss. First, the cells can rewire repair pathways to 

suppress the occurrence of DNA damage, including replication stress as discussed 
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above, to a tolerable level. The aforementioned FP restoration represents a mechanism 

for cancer cells to survive chemotherapy. Although FP is not sufficient to support 

MCF10A cell survival in the absence of BRCA2, it is possible that alteration of other 

repair processes is involved. The rescue could occur by restoration of HR itself or 

activation of other HR-independent processes. Regarding the former possibility, it is well 

known that HR activity from BRCA1-deficient cells can be restored by disrupting 53BP1 

or factors downstream (Bunting et al. 2010; Callen et al. 2013; Di Virgilio et al. 2013; 

Zimmermann et al. 2013; Xu et al. 2015), which bypasses the requirement for BRCA1 in 

DNA end resection. However, thus far HR suppressors in a BRCA2 mutant background 

remain to be identified.   

Second, if DNA damage still occurs at a substantial level, tumor cells may 

develop compensatory pathways to prevent further detrimental outcomes. We show that 

aberrations of BRCA2 mutant cells extend beyond the S and G2 phases. The various 

forms of abnormalities during mitosis and 53BP1 NBs in the subsequent G1 phase are 

all downstream consequences of BRCA2 dysfunction. The deleterious effects of these 

aberrant products on cell fitness are highlighted by the arrest of cells in the G1, but not S 

or G2 phases, the cell cycle stages when DNA damage origins. Of relevance, we show 

that a prolonged G2 phase and, where tested, prometaphase are sufficient to abolish 

these later abnormalities. One immediate inference from these observations is that 

BRCA2-deficient cells may become viable by simply extending the duration of the G2 

phase and/or prometaphase. Interestingly, checkpoints from both phases are 

compromised upon BRCA2 disruption (Menzel et al. 2011; Choi et al. 2012). It would be 

interesting for future studies to test if restoration of checkpoint defects in BRCA2-

deficient cells suffices to support cell survival. Alternatively, tumor cells may also 

maintain a viable status by enhancing the compensatory repair pathways, such as the 

mitotic DNA synthesis in early mitosis.   
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 Third, the cells may evolve ways to abrogate the growth-suppressive DNA 

damage responses. p53 inactivation represents one well-studied mechanism. However, 

at least in our MCF10A model, p53 disruption only rescues survival of BRCA2-deficient 

cells to a minimal extent. Therefore, additional, p53-independent growth-inhibitory 

processes may be activated in response to DNA damage and need to be overcome to 

achieve cell outgrowth (discussed in chapter 3).   

Fourth, tissue microenvironment may also contribute to influencing tumor cell 

survival. This notion is particularly relevant for BRCA2-mutated cancers, given their 

preference for breast and ovarian tissue origins. Presumably, these tissues may provide 

a niche (e.g., a hormone-rich one) that is favorable for outgrowth of BRCA2 mutant cells. 

In addition, immune systems may also be involved in modulating cell fate. A wave of 

recent discoveries converges to build a remarkable link between cGAS-STING immune 

pathways and abnormal cellular processes (reviewed in chapter 1). Among the immune-

triggering anomalous products are stressed replication forks and micronuclei (Harding et 

al. 2017; Mackenzie et al. 2017; Bakhoum et al. 2018; Coquel et al. 2018), both of which 

are prominent in BRCA2-deficient cells, as we show. The resulting cGAS-STING 

pathway activation may elicit either a positive or negative impact on cancer cells, in a 

cell autonomous or non-autonomous manner. Therefore, it remains an interesting open 

question whether, and if so to what direction, these immune pathways affect BRCA2-

deficient tumor formation.    

 Finally, while the thesis project and the above discussions are all concerned with 

consequences of a total loss of BRCA2 functions, it emerges that BRCA2 heterozygosity 

also impacts genome integrity and may be clinically meaningful. Although a loss of 

heterozygosity was initially thought to invariably occur in tumor cells from BRCA2 

mutation carriers (Smith et al. 1992; Gudmundsson et al. 1995), it was later noticed from 

an analysis with a small patient cohort that loss of the remaining wild-type BRCA2 allele 
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does not always occur in breast tumors (King et al. 2007). This trend is now expanded to 

a much larger sample size, showing compelling evidence that the wild-type BRCA2 

allele is still retained in a substantial portion of cancers with BRCA2 germline mutations, 

particularly those from the breast (Maxwell et al. 2017; Huang et al. 2018). In a Kras-

mutant-driven mouse pancreatic cancer model, it was shown that Brca2 heterozygous 

germline mutation promotes tumor formation. Importantly, the resulting tumor cells still 

retain the wild-type Brca2 allele (Skoulidis et al. 2010). A recent study adds insight into 

the heterozygous effects of BRCA2 deficiency, providing evidence that cells with 

monoallelic inactivation of BRCA2 are sensitized to aldehyde-induced genome instability 

due to a selective degradation of the remaining BRCA2 protein (Tan et al. 2017). Thus, 

an inherited BRCA2 mutation may compromise genome integrity without overtly 

influencing cell viability, which can serve as a favorable platform to foster cancer 

evolution. 

 In summary, we envision that mammary cells with an inherited BRCA2 mutant 

allele may have been under evolution in their genome before reaching the stage of 

malignancy. Although BRCA2 heterozygous cells do not show spontaneous genome 

instability or overt defects in HR or FP, their genome is prone to damage by 

formaldehyde, which can be derived either endogenously as a cellular metabolite or 

exogenously from the environment (Tan et al. 2017). The insipid challenge to genome 

integrity, if proven in vivo, may contribute to an increasing chance of obtaining additional 

genomic alterations, including loss of the second BRCA2 allele as well as evolution of 

mechanisms that allow for survival of complete BRCA2 loss. At the point of biallelic 

BRCA2 inactivation, the cells display massive genome instability, which in turn enables 

acquisition of additional altercations that ultimately lead to malignancy. Alternatively, 

BRCA2 heterozygous cells may accumulate by chance the mutations needed for tumor 

initiation. Under this circumstance, tumors may form with one BRCA2 allele still intact.  
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6.6 Implications for cancer therapy 

 

More than a decade ago, seminal work on PARP inhibition opened a new avenue of 

exploiting synthetic lethality to target cancers with BRCA1/2 deficiency (Bryant et al. 

2005; Farmer et al. 2005). PARP inhibitors have clearly demonstrated promise with FDA 

approval for ovarian and, more recently, breast cancer treatment. Underlying 

mechanisms for the hypersensitivity of BRCA1/2-mutant tumor cells to PARP inhibition 

include accumulation of single-strand breaks and especially trapping of PARP protein on 

DNA to impede replication, both of which lead to lesions that require HR to be repaired 

(Lord and Ashworth 2017). Impaired mitotic progression may also promote PARP 

inhibition-associated cytotoxicity (Schoonen et al. 2017). Indeed, our observations that 

BRCA2-deficient cells display massive abnormalities during mitotic progression are in 

support of this model (Feng and Jasin 2017). 

Despite the promise, PARP inhibitor therapies are challenged by tumor relapse 

with acquired resistance (Lord and Ashworth 2017). Thus, novel independent strategies 

to target BRCA1/2 cancers may complement current therapies. Exploiting an increasing 

dependence of HR-deficient cells on minor DSB repair pathways has led to the 

discovery of novel targets for synthetic lethality: POLθ, which plays a role in 

microhomology-mediated end joining (Ceccaldi et al. 2015; Mateos-Gomez et al. 2015), 

and RAD52, a non-essential HR factor which becomes essential for the residual HR in 

BRCA1/2-deficient cells (Feng et al. 2011; Lok et al. 2013),  

Recent studies including the current work described here have suggested 

another strategy to target that involves the phenomenon of mitotic DNA synthesis. Even 

under unperturbed conditions, BRCA2 prevents DNA under replication (Feng and Jasin 

2017; Lai et al. 2017), such that in the absence of BRCA2 mitotic DNA synthesis is 
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activated (Feng and Jasin 2017; Lai et al. 2017), presumably as a last resort to complete 

DNA replication and prevent mitotic catastrophe (Minocherhomji et al. 2015; Bhowmick 

et al. 2016). A potential target in this pathway is RAD52, which is proposed to help prime 

mitotic DNA synthesis (Bhowmick et al. 2016). Other mitotic DNA synthesis components 

include MUS81 or SLX4, (Minocherhomji et al. 2015), loss of which impairs survival of 

BRCA2-deficient cancer cells (Lai et al. 2017). Interestingly, in contrast to the case of 

otherwise unperturbed cell proliferation, upon PARP inhibition MUS81 depletion 

paradoxically improves the viability of BRCA2-deficient cells, as discussed above 

(Rondinelli et al. 2017). Given that the critical pathways for cell survival may vary under 

different stresses, the importance of the accurate design of therapy strategies cannot be 

overstated.  
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