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Abstract: The genome integrity of the eukaryotic cell 

is constantly threatened by DNA lesions, caused by 

external factors or endogenous by-products of 

cellular metabolism. As those damages could lead to 

harmful consequences, cells are provided with 

several DNA damage repair mechanisms: among 

them, homologous recombination (HR) is one of the 

most important as it operates a high-fidelity repair of 

DNA double-strand breaks (DSBs), inter-strand 

crosslinks (ICLs) and replicative DNA lesions using an 

identical sequence (the sister chromatid) as a 

template.  

BRCA2 is a tumor suppressor protein essential for 

maintaining genome integrity, especially through its 

key role in the HR pathway. As such, inherited BRCA2 

mono-allelic mutations confer predisposition to 

breast and ovarian cancer. While the deleterious 

effects of BRCA2 deficiency are known, including HR 

defects, replication stress, and ssDNA gaps 

accumulation, the mechanisms driving tumor 

formation in BRCA2 mutation carriers remains ill 

defined. The inactivation of the wild-type allele (loss 

of heterozygosity, LOH) appears to be crucial for 

BRCA2-mutated cell carcinogenesis. Nonetheless, 

some cancers retain an intact second allele, 

suggesting that cells with a BRCA2 mono-allelic 

mutation may display a distinct genome instability 

phenotype, thereby pointing to BRCA2 

haploinsufficiency. 

To address this question, we gene-edited two non-

tumoral breast epithelial isogenic cell lines, each 

bearing a common truncating pathogenic mono-

allelic BRCA2 variant.  

Using RNA-seq analysis, we demonstrated that the 

c.771-775del (del5) variant had a minimal impact on 

gene expression whereas the c.5946del (delT) variant 

led to substantial transcriptomic changes, notably 

the downregulation of cell adhesion-related genes. 

Soft agar assays revealed an increased ability of the 

latter to form colonies in an anchorage-

independent manner, indicating an invasive 

phenotype, consistent with the gene expression 

changes observed. 

In stark contrast, +/del5 cells exhibited reduced 

levels of both BRCA2 and its key downstream 

effector, RAD51. This correlated with deficiencies in 

HR-mediated repair and increased sensitivity to 

PARP inhibitors (PARPi) and Mitomycin C (MMC) 

treatment. Furthermore, +/del5 cells accumulated 

ssDNA gaps in response to replication stress 

induced by PARPi, suggesting an ongoing genomic 

instability in this clone. 

Next, to compare the two variants in a tumor 

context, we analyzed the mutational pattern of 

DNA samples from primary breast tumors and non-

neoplastic matched surrounding tissue bearing the 

same variants by Whole-Genome Sequencing 

(WGS). Surprisingly, despite the differences 

observed in cells with heterozygous BRCA2 

mutations, we observed similar mutational profiles 

indicative of HR deficiency (HRD) in both sets of 

tumors. Interestingly, when we analyzed the 

proportion of tumors that underwent BRCA2 LOH, 

we found different frequencies between the two 

cohorts suggesting different selective pressure for 

this event to occur in the two sets of tumors. 

In conclusion, our work suggests that different 

BRCA2 pathogenic variants in heterozygosity lead 

to different transcriptomic and phenotypic 

outcomes. These differences potentially explain the 

variable frequency of LOH in tumors while 

suggesting that HRD is a predominant driver of 

BRCA-mutated cancer. Our findings could have 

significant clinical implications, for example, in 

predicting the response of BRCA2-associated 

tumors to chemotherapeutic drugs like PARPi, 

shown to be more efficient in cells undergoing 

LOH. 
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“As you set out for Ithaka 
hope your road is a long one, 

full of adventure, full of discovery. 
Laistrygonians, Cyclops, 

wild Poseidon—you won’t encounter them 
unless you bring them along inside your soul, 
unless your soul sets them up in front of you. 

Hope your road is a long one. 
Keep Ithaka always in your mind. 

Arriving there is what you’re destined for. 
But don’t hurry the journey at all. 

Better if it lasts for years, 
so you’re old by the time you reach the island, 

wealthy with all you’ve gained on the way, 
not expecting Ithaka to make you rich. 

Ithaka gave you the marvelous journey.” 

Adapted from “Ithaka”, Costantino Kavafis 
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Chapter 1 – Introduction 

Genome integrity maintenance is vital for cell survival, as its loss can result in genome 

instability, a hallmark of cancer (Hanahan & Weinberg, 2011). To avoid this scenario, 

eukaryotic cells are equipped with several mechanisms, sensing and repairing lesions that 

spontaneously generate. In this first chapter, I will delve into the sources of DNA damage 

and replication stress, which are closely connected as one can trigger the other, and how 

cells deal with them. Then I will focus on BRCA2, the central topic of my PhD project, 

describing its multifaceted role in genome integrity maintenance, including its functions 

at the replication fork and in DNA repair. Additionally, I will examine genetic mutations 

within the BRCA2 gene and their connection to an increased risk of cancer, particularly in 

breast cancer. Lastly, I will discuss about the mounting evidence pointing out BRCA2 

haploinsufficiency, a concept that challenges conventional understanding of tumor 

formation related to germline mutations in this gene. 

 

1. Challenges to genome stability 

1.1. DNA damage  

Maintaining genomic integrity is crucial for the survival of all organisms. DNA, carrying 

essential instructions for cellular functions, must be faithfully replicated to transmit error-

free genetic material to the next generation of cells. However, eukaryotic cells encounter 

approximately 1x105 DNA lesions daily (Hoeijmakers, 2009), originating both from 

endogenous and exogenous sources and posing a threat for genomic stability. 

Consequently, cells have evolved the DNA damage response (DDR), an intricate cellular 

network that senses, signals, and promotes DNA repair, while also regulating cell-cycle 

progression and programmed cell death in cases of severe DNA damage (Harper & 

Elledge, 2007). DDR and DNA repair proteins coordinate in a tight spatio-temporal 

organization, ensuring the precise action of repair enzymes in a lesion-specific manner 

(Fig. 1). The critical role of DDR factors is underscored by the fact that mutations in these 

genes can lead to a large variety of diseases and cancer-predisposition syndromes (Ciccia 
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& Elledge, 2010). Conversely, targeting specific DDR factors in tumors has set the basis 

for synthetic-lethal treatment strategies (Bryant et al., 2005; Farmer et al., 2005). 

 

 

Figure 1. Sources of DNA damage, related lesions, and their main repair pathways. 

Common sources of DNA damage, both exogenous and endogenous, are presented in 

the top boxes, with corresponding lesions illustrated on the double helix. The repair 

pathways specific to each type of lesion are indicated by the arrows at the bottom. Created 

with BioRender.com. 

 

1.1.1. Sources of DNA damage  

Spontaneous DNA damage can arise from various cellular processes. For example, 

hydrolysis reactions can create abasic sites and trigger deamination, a highly mutagenic 

process responsible for C > T and A > G transitions (Greenberg, 2014). Moreover, DNA 

replication itself contributes to DNA damage as the replicative polymerase can 

occasionally incorporate the wrong nucleotide into the growing strand. If left uncorrected, 

these errors become permanent mutations passed on to daughter cells. Additionally, 

reactive metabolites like reactive oxygen species (ROS) generated by mitochondria and 

peroxisomes can cause extensive genome damage, including base oxidation and DNA 

single-strand breaks (Cadet & Davies, 2017). DNA can also undergo damage from 

environmental and physical agents, such as cigarette smoke, ultraviolet (UV) radiation 

from sunlight, and ionizing radiation (IR). UV rays cause covalent bonds to form between 

two adjacent pyrimidines on a single DNA strand, creating photodimers. On the other 

hand, IR can induce base modifications, single and DNA double-strand breaks (DSBs) 

either through direct ionization or the generation of ROS. Additionally, exogenous DNA 
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damage can result from chemical agents employed in cancer chemotherapy, including 

alkylating and crosslinking agents like mitomycin C (MMC) or cisplatin (Ciccia & Elledge, 

2010). 

 

1.1.2. Repair of ssDNA damage  

Damage to a single strand of the DNA double helix often arises from spontaneous 

chemical reactions within cells, such as hydrolysis and oxidation. Furthermore, single 

strand DNA (ssDNA) damage can be induced by alkylating agents, highly reactive 

chemicals capable of transferring alkyl-carbon groups onto DNA, resulting in various 

covalent adducts. These reactions can harm individual bases or entire nucleotides, 

potentially leading to alterations in DNA sequence and disrupting crucial cellular 

processes like DNA replication and gene expression. Therefore, alkylating agents are 

employed in chemotherapy (Fu et al., 2012). In the cell, the repair of ssDNA damage is 

crucial and primarily occurs through three pathways, all utilizing the other intact DNA 

strand as a template for restoration. 

1.1.2.1. Mismatch repair  

DNA replication, despite the proof-reading activity of the replicative DNA polymerases 

ε and δ, can still introduce base substitution errors, with rates ranging from 10-6 to 10-8 

during eukaryotic DNA synthesis (Bębenek & Ziuzia-Graczyk, 2018). Moreover, replication 

of regions containing repetitive sequences, like microsatellites (MS), can be highly 

mutagenic due to incorrect reannealing of the polymerase (slippage) (Schlötterer & Tautz, 

1992). Fortunately, these lesions are recognized and corrected in a post-replicative 

manner by mismatch mediated repair (MMR) (Kunkel & Erie, 2005), a highly conserved 

pathway that contributes to increase replication fidelity by at least 100-fold (Liu et al., 

2017). Notably, MMR pathway defects result in microsatellite instability (MSI), 

characterized by an accumulation of insertion or deletion errors at these regions often 

observed in cancer cells (Ionov et al., 1993).  

In the initial step of MMR, the MutSα heterodimer (MSH2/MSH6) recognizes the 

mismatch, forming a clamp on the lesion. Following an ATP-dependent conformational 
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change, MutSα recruits and binds the MutLα heterodimer (PMS2–MLH1) to form a 

tetrameric complex. Upon activation of its endonuclease activity by the Proliferating Cell 

Nuclear Antigen (PCNA), MutLα induces a break at the 5' of the mismatch. Subsequently, 

exonuclease 1 (EXO1) catalyze the 5’-3’ excision of DNA segment containing the error. 

The gap is then filled in and repaired using a combination of Pol δ and Pol ε, followed by 

sealing by DNA ligase 1 (LIG1) (Kunkel & Erie, 2015; Liu et al., 2017) (Fig. 2). 

1.1.2.2. Base Excision Repair 

Base Excision Repair (BER) targets base modifications due to alkylation or oxidative 

damage (Barnes & Lindahl, 2004). It begins with a DNA glycosylase (Wallace, 2014), 

recognizing and cleaving the N-glycosyl bond between the damaged base and the sugar, 

forming an apurinic/apyrimidinic (AP) intermediate. Subsequently, the AP endonuclease 

(APE1) locates the AP site and cleaves the DNA backbone, creating a gap with an exposed 

3’-OH and a 5’-deoxyribose phosphate (dRP). This process continues with either short-

patch repair for a single-nucleotide gap or long-patch BER for a 2-20 nucleotide gap.  

In short-patch repair, the resulting 3’-OH serves as a substrate for Pol β, which fills in 

the gap and cleaves the 5’-dRP (Matsumoto & Kim, 1995).  Finally, the gap is subsequently 

sealed by LIG3 (Dianov & Lindahl, 1994; Robertson et al., 2009).  

In contrast, long-patch repair, prevalent in proliferating cells, involves replication 

proteins like PCNA, which facilitates Pol β in synthesizing a long DNA segment. This 

mechanism generates a flap that is subsequently excised by flap structure-specific 

endonuclease 1 (FEN1) before ligation by LIG3 (Fig. 2). Notably, the endonucleases 

involved in BER generate single-strand breaks which are sensed and repaired by factors 

shared with the single-strand break repair (SSBR) pathway (Chaudhuri & Nussenzweig, 

2017) (see section 1.1.3). 
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Figure 2. Mismatch Repair (MMR) and Base Excision Repair (BER) pathways. (Left) 

Errors that occur during DNA replication are identified and repaired through the Mismatch 

Repair (MMR) pathway. (Right) Adducts on the DNA bases are repaired by the Base 

Excision Repair (BER) pathway, which can involve either short-patch or long-patch repair 

depending on the extent of the lesion. Details of each step are described in section 1.1.2.1 

and 1.1.2.2., respectively. Created with BioRender.com. 

 

1.1.2.3. Nucleotide Excision Repair 

Complex DNA lesions that result in structural distortions of the DNA molecule, such as 

UV-induced pyrimidine dimers, are repaired through the nucleotide excision repair (NER) 

pathway (Marteijn et al., 2014). NER involves the removal of an approximately 30 bp 

oligonucleotide containing the damaged bases, followed by gap filling (Marteijn et al., 

2014). Mutations in this pathway give rise to Xeroderma Pigmentosum (XP), a syndrome 

predisposing to skin cancer and Cockayne Syndrome (CS) (Cleaver, 2005). NER is divided 

into global genome NER (GG-NER) and transcription-coupled NER (TC-NER) (Fig. 3).  
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In GG-NER, which primarily operates in non-transcribed regions, the complex formed 

by XPC, hRAD23B, and Centrin 2 (CETN2) identifies and binds to the lesion causing helix 

distortion (Min & Pavletich, 2007). In case of UV-induced lesions, the DNA-damage 

binding proteins (DDB1/2) further enhance lesion recognition by XPC complex. The XPC-

bound DNA then serves as a substrate for the transcription initiation factor IIH (TFIIH). On 

the other hand, TC-NER comes into play when DNA damage leads to the stalling of the 

RNA polymerase (RNAP) II. This is sensed by Cockayne Syndrome group B (CSB), which 

strongly binds to RNAP II and forms a complex with Cockayne Syndrome group A (CSA). 

This complex facilitates the recruitment of TFIIH by removing the RNAP II (Spivak, 2015). 

Next, both in GG-NER and TC-NER, XPB and XPD, part of the TFIIH complex, unwind the 

DNA to create a 20–30-nucleotide repair bubble, which is rapidly bound by the replication 

protein A (RPA). Subsequently, after the detection of the damage by XPA, the 

endonucleases XPF-Excision Repair Cross-Complementing Polypeptide 1 (ERCC1) incise 

the damaged strand at the 5’ end, followed by 3’ cleavage by XPG (Fagbemi et al., 2011). 

Finally, the following steps of gap-filling and sealing are mediated by Pol δ, Pol ε and LIG1 

(Fig. 3). 

 

1.1.3.  Single-strand break repair (SSBR) 

Single-strand breaks (SSBs) represent one of the most abundant type of lesions, 

accounting for approximately 75% of all DNA damage events (Tubbs & Nussenzweig, 

2017). They can arise as intermediates in the BER pathway or directly from oxidative 

damage, leading to deoxyribose oxidation (Xu et al., 1998). SSBs can also arise due to the 

activity of the DNA topoisomerase 1 (TOP1) enzyme, which creates temporary nicks to 

alleviate conformational stress during replication and transcription (Pommier, Sun, et al., 

2016). Notably, certain chemotherapeutic drugs like camptothecin act by trapping the 

TOP1-DNA cleavage complex (TOP1cc), preventing the resealing step. Typically, TOP1-

associated DNA damage is excised by enzymes like the tyrosyl-DNA phosphodiesterase 

(TDP1) (Pouliot et al., 1999). 
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All the above-mentioned sources expose either a 5’-dRP or 3’-OH damage ends, 

initially recognized by the enzyme PARP1 (Wang, 2002). Upon activation, PARP1 

undergoes auto-modification through poly-ADP ribosylation (D’Amours et al., 1999). The 

scaffolding protein XRCC1 recognizes and binds PAR chains through its BRCT domain and 

creates a complex with other components of SSBR, such as Polynucleotide Kinase 3'-

Phosphatase (PNKP), aprataxin (APTX) and Pol β (Caldecott, 2019). Upon PARP1 

dissociation, DNA undergoes end processing. For free DNA ends, such as those in BER 

intermediates, processing is conducted by Pol β and LIG3, as previously discussed. In 

contrast, direct SSBs are processed by PNKP, restoring proper 5’-dRP and 3’-OH ends 

compatible for subsequent ligation (Caldecott, 2022) (Fig. 3). When intermediates with a 

5’ adenylate (AMP) resulting from abortive DNA ligation are encountered, APTX resolves 

them, facilitating the resumption of BER in short or long patches (Çağlayan et al., 2014). 

Notably, mutations in APTX and TDP1 lead to neurological disorders like spinocerebellar 

ataxia with axonal neuropathy 1 (SCAN1) and ataxia oculomotor apraxia 1 (AOA1), 

underscoring the role of unrepaired SSBs in progressive neurological dysfunction. 
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Figure 3. Nucleotide Excision Repair (NER) and Single-Strand Break Repair (SSBR) 

pathways. (Left) Lesions that induce helix distortions are repaired through Nucleotide 

Excision Repair (NER). NER is further divided into GG-NER, which repairs damage in non-

transcribed regions, and TC-NER, which specifically deals with damage associated with 

transcription. (Right) SSBs can result from oxidative damage or the removal of the TOP1 

cleavage complex. PARP1 serves as a scaffold to recruit the SSBR core complex, and DNA 

is subsequently ligated following the BER pathway. Details of each step are described in 

section 1.1.2.3 and 1.1.3., respectively. Created with BioRender.com. 

 

1.1.4. Double-Strand Break (DSB) repair 

In eukaryotic cells, DNA double-strand breaks (DSBs) are a common occurrence, with 

an estimated rate of 10–50 events per cell, daily (Hoeijmakers, 2009). These breaks involve 

the simultaneous disruption of the phosphate backbones in the two complementary DNA 

strands. DSBs can originate from both external sources like anticancer chemotherapeutic 

drugs, irradiation as well as internal cellular processes including DNA replication and 

transcription. While programmed DSBs take place in physiological conditions in the 

immune system (e.g., V(D)J recombination and class-switch recombination) (Chaudhuri et 

al., 2007; Fugmann et al., 2000)  or in meiosis, other DSBs are pathological. In fact, 
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improper DSB repair can threat genomic integrity, resulting in chromosome 

rearrangements, amplification or loss of genetic material, and translocations that disrupt 

gene structure and function (Agarwal et al., 2006). 

Efficient repair of DSBs involves the detection of these lesions by cellular sensors, 

followed by precise activation of cell cycle checkpoints and coordinated repair through 

canonical non-homologous end-joining (c-NHEJ), which directly reconnects the broken 

ends, or homologous recombination (HR), a more precise method using template DNA 

for repair. More recently, alternative DSB repair mechanisms have emerged, including 

alternative end-joining (Alt-EJ) and single-strand annealing (SSA). These mutagenic 

pathways are activated when classical repair mechanisms are unavailable, often resulting 

in genomic changes that contribute to cancer development. 

1.1.4.1. Sensing and signaling DSBs  

The detection of DSBs is orchestrated by three different protein complexes (Fig. 4). The 

MRE11-RAD50-NBS1 (MRN) complex recognizes the DSB and through the C-terminal 

domain of NBS1 interact with the apical kinase ataxia-telangiectasia mutated (ATM) (You 

et al., 2005), resulting in its activation (Lee & Paull, 2005). Activated ATM initiates a wave 

of phosphorylation events on different targets, including the histone variant H2AX at 

Serine 139 (γH2AX), which is a docking site for other factors such as the mediator of DNA 

damage checkpoint protein (MDC1). This latter recognizes and interacts with γH2AX via 

its BRCT domains. Following recruitment, ATM phosphorylates MDC1, leading to its 

dimerization and the recruitment of the MRN complex through a direct interaction with 

NBS1. This results in further recruitment of ATM, coupled with additional γH2AX 

formation, which rapidly spreads across a large chromatin domain, amplifying the DDR 

signaling (Rogakou et al., 1999). Subsequently, a cascade of ubiquitination events 

promoted by RNF186 near DSBs results in the modification of the histone variant H2A. 

Ubiquitinilated-H2A can be recognized by 53BP1 and BRCA1, proteins involved in 

mutually exclusive DSB repair pathways (as discussed in section 1.1.4.5).  
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Interestingly, H2AX can also be phosphorylated by the ataxia telangiectasia mutated 

and Rad3 related kinase (ATR). ATR senses single strand DNA (ssDNA) coated by 

replication protein A (RPA), present during replicative stress or stalled replication fork 

(Abraham, 2001) (section 1.2.3.1) (Fig. 4). Nevertheless, despite differing at mechanism of 

activation and substrate preference, ATM and ATR pathways are interconnected (Maréchal 

& Zou, 2013). In fact, the target effector checkpoint kinase 1 (CHK1), phosphorylated by 

ATR (Shieh et al., 1997), and CHK2 and p53, phosphorylated by ATM (Matsuoka et al., 

2000), could induce a variety of responses including cell cycle checkpoint activation, DNA 

repair or apoptosis/senescence depending on the extent of damage (section 1.1.4.2). 

PARP1 and Ku70/Ku80 are additional DSB-sensing protein complexes. PARP1 detects 

both SSBs and DSBs through its zinc-binding (Zn) domains (Ikejima et al., 1990). This 

results in a conformational change that enables it to use Nicotinamide Adenine 

Dinucleotide (NAD+) as a substrate to poly-ADP(ribosyl)ate itself and various target 

proteins (Beck et al., 2014). One of these is the Ku70/Ku80 heterodimer, which recognizes 

and binds DNA blunt ends (Mimori & Hardin, 1986) (Fig. 4). Ku70 contains a PAR binding 

motif, suggesting that PARP1 is involved in recruiting it to DSB sites. Moreover, PAR-

dependent chromatin relaxation enhances the recruitment of ZNF384, which interacts 

with Ku70/Ku80, promoting their assembly at DSB sites (Singh et al., 2021). However, a 

recent study showed that PARP1 and Ku70/Ku80 compete for binding at free DSBs, with 

PARP1 primarily binding during S phase (Yang et al., 2018). Once bound to DNA, Ku70/80 

recruits and activates the DNA-dependent protein kinase (DNA-PKcs) (Gottlieb & Jackson, 

1993; Lees-Miller et al., 1990) which initiates a series of phosphorylation events on 

downstream targets that are involved in DSB DNA blunt-ends processing (section 

1.1.4.3.1). 

 

 

 



 23 

 

Figure 4. Detection, signaling, and consequences of DNA double-strand breaks 

(DSBs). (Top left) DSBs are detected by the MRN complex or PARP1, which recruits the 

Ku70-Ku80 heterodimer. (Top right) During replicative stress, ssDNA is protected by 

replication protein A (RPA) and sensed by ATR and its interactor ATRIP. (Middle) Activation 

of ATM and ATR initiates a phosphorylation cascade targeting the effectors CHK1/2. These 

effectors, in turn, activate p53. (Bottom) p53 functions to pause the cell cycle, allowing 

time for DNA repair. In cases of extensive damage, p53 may induce senescence or 

apoptosis. Details of each step are described in sections 1.1.4.1, 1.1.4.2 and 1.2.3.1. Created 

with BioRender.com. 

 

1.1.4.2.  Consequences of the DNA damage at the cellular level 

DNA replication occurs within the context of the cell cycle, which is divided into two 

main phases: interphase and mitosis. Interphase constitutes most of the cell cycle and 

consists of three distinct stages (Vermeulen et al., 2003). In the G1 phase, cells prepare for 

division by accumulating essential nutrients and assessing the cellular environment for 

potential challenges or damage that could hinder replication. During the S phase, the 
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entire genome undergoes duplication, ensuring that each daughter cell inherits an 

identical set of genetic instructions. In the G2 phase, organelles and cellular components 

are duplicated, providing the necessary resources for the upcoming division. The final 

phase, mitosis (M), is where the actual separation of the duplicated genetic material 

occurs.  

Progression from one phase to the next in the cell cycle is monitored by different 

checkpoints, a cascade of signaling events that puts replication on hold when the cell 

encounters an obstacle. The G1-S checkpoint monitors the availability of nutrients and 

growth factors, primarily checking for DNA damage before its duplication. If cells are not 

ready, they can enter to a reversible quiescent state, called G0. In contrast, the G2-M 

mitosis checkpoint assesses cell size and whether DNA replication is complete, allowing 

entry into mitosis. Upon DNA damage, ATM and ATR activate the effectors P53 and 

CHK1/2 phosphorylate the Cell Division Cycle 25A (CDC25A) leading to cell cycle arrest at 

the G1 phase. This pause allows time for DNA repair mechanisms to fix the damage before 

DNA replication proceeds. Moreover, the effectors activate the G2/M checkpoint by 

phosphorylating Cell Division Cycle 25C (CDC25C) protein expression and activity, 

preventing the entry of damaged DNA into mitosis (Donzelli & Draetta, 2003). If DNA 

repair is successful, the cell cycle can resume (Fig. 4). 

In certain scenarios where DNA damage is extensive and complete repair is 

unattainable, the activation of ATM and ATR pathways can trigger cellular senescence 

preventing damaged cells from further proliferation. Moreover, ATM and ATR have a 

direct impact on apoptosis, a programmed cell death pathway. ATM, for instance, 

phosphorylates and activates p53, a key player in the regulation of apoptosis (Shiloh & 

Ziv, 2013). When activated, p53 can induce the expression of pro-apoptotic proteins, 

ultimately leading to cell death if DNA damage cannot be adequately repaired (Fig. 4). 
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1.1.4.3. Classical DSB repair pathways 

1.1.4.3.1.  Resection independent repair: Canonical non-homologous 

end-joining  

Canonical non-homologous end-joining (c-NHEJ) is the primary pathway for repairing 

DSBs in mammalian cells, responsible for approximately 80% of these events (Löbrich & 

Jeggo, 2017). c-NHEJ is mediated by the inhibition of DNA termini resection, a process 

regulated by 53BP1 (Callen et al., 2013) (section 1.1.4.5). Subsequently, the Ku70/Ku80 

heterodimer binds to exposed DNA ends, safeguarding them from degradation and 

serving as a platform to recruit the repair machinery (Walker et al., 2001). Downstream, 

the kinase DNA-PKcs undergoes autophosphorylation, a critical step for initiating repair. 

Ultimately, DNA ends are sealed by the LIG4/ XRCC4/XLF complex (Graham et al., 2016) 

(Fig. 5). 

 Numerous accessory factors favor c-NHEJ repair. Alongside PARP1 (as mentioned 

earlier), PARP3 promotes APLF recruitment, facilitating XRCC4/LIG4 complex retention 

within chromatin (Fenton et al., 2013). This allows c-NHEJ to efficiently join DNA termini 

without sequence homology. However, when the ends do not align correctly, the 

endonuclease Artemis processes them, creating small homologous regions filled by DNA 

polymerases Pol λ and Pol μ (Ma et al., 2002; Watanabe & Lieber, 2022). While this process 

facilitates end joining, it can lead to minor nucleotide losses or additions at the break site. 

Nonetheless, its rapid kinetics help safeguard genome integrity, especially by effectively 

tethering the two DNA ends of the DSB together (Bétermier et al., 2014). Moreover, c-

NHEJ can operate on various substrates, including physiological DSBs arising during 

immune system development. Consequently, mutations in Artemis, XRCC4, and DNA-PKcs 

are associated with immunodeficiency disorders (Woodbine et al., 2014). 
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Figure 5. Overview of the DSB repair pathways. From the left to the right: Inhibition of 

resection by factors like 53BP1, RIF1, or REV7 favors classical non-homologous end-joining 

(c-NHEJ). When factors like CDK promote resection-dependent pathways, c-NHEJ is no 

longer available. Additional factors, such as the extent of resection or unavailability of 

certain mechanisms, influence DSB repair via HR, SSA, or Alt-EJ. Details in sections 1.1.4.3. 

to 1.1.4.5. Created with BioRender.com. 

 

1.1.4.3.2.  Resection and recombination-dependent repair: 

Homologous Recombination  

DSBs are subject to repair via homologous recombination (HR), a highly accurate 

pathway reliant on an identical sequence, often from the sister chromatid, as a repair 

template. HR predominantly operates in cycling cells during the S or G2 phases, following 

DNA replication (Spies et al., 2021). Critical players in HR are the BRCA1/BRCA2 proteins, 

consequently mutations in these proteins heighten cancer susceptibility, classifying them 

as tumor suppressors (Scully & Livingston, 2000) (see section 2 of the Intoduction). 

 The initial step in the HR pathway involves a short-range resection by the nucleases 

CtIP and MRE11, a member of the MRN complex as mentioned above. Importantly, 
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BRCA1-associated RING domain protein (BARD1) antagonize 53BP1 in favor of CtIP and 

the MRN-mediated resection in a 3′−5' direction (Fig. 5). This serves as an entry point for 

nucleases such as DNA2, EXO1, and the helicase Bloom Syndrome protein (BLM), which 

perform a long-range 5’-3' resection to generate 3’ overhangs (Nimonkar et al., 2011). 

This event marks the cell commitment to the recombination repair process as Ku proteins 

cannot bind this substrate. Consequently, extensive regions of ssDNA are formed and 

promptly coated by the RPA protein, protecting DNA termini from nucleolytic 

degradation. Once loaded in the chromatin, RPA undergoes a series of post-translational 

modification (PTMs), including phosphorylation and ubiquitylation, favoring its 

displacement and the loading of the recombinase RAD51 (Maréchal et al., 2014). The 

binding of BRCA2 to the dsDNA-ssDNA junction promotes RAD51 nucleofilament 

formation on ssDNA (Carreira et al., 2009; Shivji et al., 2009). The physical occupancy of 

RAD51 on ssDNA prevents the repair by other alternative resection-dependent repair 

mechanisms (So et al., 2022). Then, the partner and localizer of BRCA2 (PALB2) acts as a 

scaffold between RAD51-bound BRCA2 and BRCA1 (Zhang et al., 2009). This latter 

promotes presynaptic complex formation during strand invasion. Subsequently, RAD51 

filament begins the search for a homologous sequence. Once identified, the presynaptic 

filament invades the duplex DNA, displaces the original strand, and binds its 

complementary sequence forming a displacement loop (D-loop). This structure allows 

DNA synthesis to begin. The invading ssDNA strand serves as a primer for the DNA 

polymerases Polδ to synthesize a new DNA strand complementary to the homologous 

template. This results in the restoration of the broken DNA sequence.  

When the repair is completed, the D-loop can be resolved in several ways, depending 

on the specific context of the repair and the mechanism involved (Wright et al., 2018). 

Two such mechanisms are: synthesis-dependent strand annealing (SDSA) and the double 

Holliday junction resolution (dHJ) (Fig. 6). In SDSA, the newly synthesized DNA strand 

disconnects from its donor template and then pairs with the opposite end of the DSB. In 

contrast, the dHJ pathway involves capturing the opposite end of the DNA break with the 
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D-loop, leading to the formation of a double Holliday junction. Depending on how this 

junction is resolved, it can result in either crossover or non-crossover outcomes.  

The third mechanism to resolve a D-loop involves the break-induced replication (BIR). 

This pathway mainly acts on single-ended DSBs, arising for example when replication fork 

encounters an obstacle. In BIR, where only one end of the DSB has a homologous 

template, the D-loop can be resolved by migrating the D-loop structure along the 

template and extending the synthesis process until the entire damaged strand is repaired 

(Fig. 6). Although it is essential to deal with the frequently occurring one-ended lesions, 

BIR is associated with a high frequency of mutations and gross chromosomal 

rearrangements and can lead to loss of heterozygosity (LOH). 

 

Figure 6. Sub-pathways of homologous recombination. Once HR repair pathway is 

commited, and the RAD51 nucleoprotein filament is formed, the next steps involve the 

search for homology, DNA invasion and formation of a D-loop structure. Resolution of the 

D-loop can follow different pathways, each leading to distinct outcomes in terms of gene 

conversion and fidelity. From left to right, formation of double Holliday junction (dHJ), 

synthesis-dependent strand annealing (SDSA) and break-induced replication (BIR). Details 

in section 1.1.4.3.2. Created with BioRender.com. 
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1.1.4.4. Alternative DSB repair pathways 

1.1.4.4.1. Single strand annealing  

Like HR, the initial step in single-strand annealing (SSA) involves resection mediated by 

CtIP and MRE11, however, this form of repair operates in sequence repeats within the 

same duplex DNA. When the resection reveals extended homologous regions, like 

tandem repeats, RAD52, the central mediator of SSA, facilitates the annealing of these 

ssDNA regions once coated by RPA (Bhargava et al., 2016) (Fig. 5). This process generates 

3’ flaps, which are subsequently cleaved by the ERCC1/XPF nucleases, followed by ligation. 

Consequently, SSA has the potential to result in the loss of genetic material, rendering it 

mutagenic.  

1.1.4.4.2. Alternative End-Joining  

Alternative end-joining (Alt-EJ) is an error-prone repair pathway operating when the 

predominant repair pathways, HR and c-NHEJ, are compromised (Iliakis et al., 2015). 

Remarkably, Alt-EJ combines features from both c-NHEJ and HR. Like HR and SSA, Alt-EJ 

initiates with a short-range resection, mediated by the nucleases CtIP and MRE11 (Truong 

et al., 2013). On the other hand, Alt-EJ can be considered a subset of c-NHEJ, as it fuses 

short regions of microhomology, typically ranging from 2 to 20 nucleotides, exposed by 

the resected ssDNA. Hence, Alt-EJ is often referred to as Microhomology-Mediated End 

Joining (MMEJ). However, Alt-EJ diverges significantly from the canonical NHEJ pathway. 

The key distinction lies in the requirement for PARP at the damaged ends in Alt-EJ, while 

classical NHEJ relies on the activity of the Ku heterodimer. Intriguingly, these two factors 

"compete" for binding to the DNA ends at the damage site (Wang et al., 2006). After an 

extensive resection, the involvement of PARP1 activity becomes pivotal for the recruitment 

of Alt-EJ factors, including Polθ, a translesion synthesis (TLS) polymerase encoded by 

POLQ (Fig. 5). Polθ assumes a critical role in stabilizing the annealed DNA ends 

(Yousefzadeh et al., 2014), thereby preventing excessive resection, a distinct feature of 

SSA. This process culminates in the formation of a stable intermediate (Chang et al., 2017). 

Upon recruitment, Polθ initiates an error-prone gap-filling mechanism, ultimately sealing 

the ends with the assistance of LIG3.  
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Recent findings suggest that Polθ, recruited by HR proteins in S phase, may operate on 

HR intermediates, while also playing a role in maintaining genomic stability during mitosis 

by promoting mitotic DSB repair (Gelot et al., 2023). 

1.1.4.5. DNA repair pathway choice 

The engagement of one or other DSB repair pathway depends mainly on the cell cycle 

phase, with c-NHEJ being favored in G1 and HR in S/G2, as well as the extent of DNA end 

resection (Fig. 5). 

53BP1 functions as a barrier against extensive DNA end resection, a role highlighted in 

Brca1-knockout mice where the absence of 53BP1 partly restored HR (Bouwman et al., 

2010). This finding suggested an antagonistic relationship between 53BP1 and BRCA1 at 

DSBs. In G1 phase, ATM-dependent phosphorylation of 53BP1 triggers the recruitment of 

its effectors, including RIF1, PTIP, and REV7 (MAD2L2) (Munoz et al., 2007; G. Xu et al., 

2015; Zimmermann et al., 2013). RIF1 serves to counteract the accumulation of 

BRCA1/BARD1 at damage sites, inhibiting 5′–3′ end resection (Chapman et al., 2013). 

Furthermore, REV7, a component of the translesion DNA polymerase Pol ζ, interacts with 

the Shieldin complex, reinforcing the inhibition of resection (Noordermeer et al., 2018). In 

contrast, during S/G2 phases of the cell cycle, ATM and cyclin-dependendent kinase (CDK) 

phosphorylates CtIP, promoting its interaction with NBS1, and short-range resection. 

Phosphorylated CtIP also recruits BRCA1, which in turn is phosphorylated and activated 

by ATM.  

Interestingly, chromatin modifications also play a role in pathway choice. Both BRCA1 

and 53BP1 are recruited through the ATM-H2AX-NBS1-MDC1-RNF8-RNF168 signaling 

pathway (as discussed in section 1.1.4.1). Moreover, 53BP1 binds to the histone 

modification H4K20me2 via its Tudor domain (Botuyan et al., 2006). As cells progress 

through S phase, a decrease in H4K20me2 levels contributes to the reduction of 53BP1 

foci in post-replicative chromatin. In parallel, BRCA1 interacts with H4K20me0 via its 

partner BARD1, leading to its recruitment to post-replicative chromatin (Nakamura et al., 

2019). Also in S phase, ATM phosphorylates SPOP, a E3 ubiquitin ligase, which binds and 
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polyubiquitinates 53BP1 promoting its eviction from chromatin thus suppressing c-NHEJ 

(Wang et al., 2021). 

1.2. Replication stress 

1.2.1. The eukaryotic DNA replication process 

As mentioned in previous sections, DNA replication is a fundamental and indispensable 

process for life, playing a crucial role in development, tissue growth and regeneration.  

The first step of the process takes place in G1 where replication origins are recognized 

by the origin recognition complex (ORC), which binds to Cdt1 and Cdc6 favoring the 

recruitment the ring-shaped helicase MCM2-7 to form the pre-recognition complex (pre-

RC) (Remus & Diffley, 2009). This step is also known as origin licensing and ensures that 

each origin is fired only once per cell cycle (Méchali, 2010). Additional factors like Cdc45 

and GINS are required for the formation of the active helicase complex, named the CMG 

(Cdc45-MCM2-7-GINS) complex. Interestingly, recently the DOMSON protein has been 

identified as a key component favoring the loading of Cdc45 and GINS (Kingsley et al., 

2023). This step is also known as origin firing and is tightly regulated: once an origin is 

fired, DNA synthesis begins. The CMG complex unwinds the DNA double helix, creating 

single-stranded DNA templates for DNA polymerases to synthesize new DNA strands.  

This leads to the second phase, the elongation, where replisomal proteins, such as 

PCNA and RPA allow bidirectional progression of the fork throughout the genome until 

every region is duplicated (Masai et al., 2010). There are three main replicative DNA 

polymerases. The first, Polα, generates a short RNA/DNA primer to initiate DNA synthesis. 

Polα is then replaced by Pol ε which synthesizes the leading strand continuously in the 5'-

3' direction, while Pol δ synthesizes the lagging strand discontinuously in short Okazaki 

fragments (Yuzhakov et al., 1996); these latter need to be further processed and ligated 

by FEN1 and LIG1, respectively (Burgers & Kunkel, 2016). PCNA, enhances polymerase 

association, increasing processivity.  
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Finally, the last stage, termination, occurs when two replication forks converge. It 

involves the completion of DNA synthesis, decatenation of daughter molecules by 

Topoisomerase II, and replisome disassembly (Fig. 7). 

 

Figure 7. Overview of the eukaryotic DNA replication. Following origin recognition, 

the helicase complex is loaded (origin licensing) and subsequently activated (origin firing). 

The replication bubble advances bidirectionally to synthesize the leading strand 

continuously while forming the lagging strand with Okazaki fragments. Replication 

concludes when two replication forks converge. The left arrow indicated the cell cycle 

phase. Details in sections 1.2.1. Created with BioRender.com. 
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1.2.2.  Source of replication stress  

Replication stress indicates the deceleration or halting of replication fork advancement 

during DNA synthesis (Zeman & Cimprich, 2014). Besides DNA adducts, lesions and 

breaks whose mechanism or resolution has been described in section 1.1.2., a wide range 

of physical obstacles can induce replication forks stalling (Fig. 8). I will briefly describe 

these obstacles below. 

 

Figure 8. Sources of replication stress. Various impediments, such as increased 

origin firing, DNA secondary structures, DNA:RNA hybrids, intra and inter-strand 

crosslinks, and DNA-protein crosslinks induced by chemotherapeutics or arising from 

byproducts of cell metabolism, hinder the replication fork advancement. Further repair 

details for each obstacle are provided in sections 1.2.2.1 to 1.2.2.6. Created with 

BioRender.com. 

 

1.2.2.1. TRCs and R-loops 

Transcription-replication conflicts (TRC) refers to the collision between the two 

machineries. These conflicts are categorized based on the direction of movement: co-

directional conflicts arise when replication forks and RNA polymerases travel in the same 

direction, while head-on collisions occur when they move in opposite directions. Head-

on collisions promote the formation of R-loops (Costantino & Koshland, 2018), complex 

nucleic acid structures where an RNA molecule hybridizes with one DNA strand, leaving 

the other DNA strand of the duplex DNA unpaired (Fig. 8).  
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R-loops can be problematic as they hinder replication forks and are susceptible to 

cleavage by specific nucleases, leading to potential DNA damage. To counteract these 

effects cells have developed several mechanisms. Specifically, TOP1 plays a pivotal role in 

preventing replication fork collisions with R-loops, particularly at transcription termination 

sites, by alleviating the topological stress induced by DNA supercoiling (Promonet et al., 

2020). On the other hand, upon R-loops formation, RNase H enzymes and DNA-RNA 

helicases are capable of unwinding and removing the RNA strand from the DNA-RNA 

hybrid (Skourti-Stathaki et al., 2011). Moreover, nucleases such as XPG and XPF, have the 

capacity to excise R-loops (Sollier et al., 2014). Remarkably, it has been discovered that 

both the BRCA1 and BRCA2 proteins are involved in the resolution of R-loops, a topic that 

will be explored in the following chapter. 

1.2.2.2. DNA-protein crosslinks 

DNA-protein crosslinks (DPCs) involve proteins covalently bound to DNA (Fig. 8) and 

they can be categorized as enzymatic or non-enzymatic. Enzymatic DPCs form when a 

DNA-binding enzyme becomes covalently attached to the DNA. This mechanism is 

exploited by some chemotherapeutic drugs, such as TOP1 and PARP1 inhibitors. Non-

enzymatic DPCs result from the covalent crosslinking of any nearby protein with DNA. 

During replication, DPCs can undergo polyubiquitination, leading to their degradation by 

the proteasome (Sun et al., 2020). Alternatively, if the DNA polymerase extends the 

nascent DNA close to the lesion, SPRTN-mediated DPC proteolysis is activated (Stingele 

et al., 2017). This process effectively breaks down both modified and unmodified DPCs, 

leaving a peptide-DNA adduct that can be managed by specialized translesion synthesis 

(TLS) polymerases. 

1.2.2.3. Inter-strand crosslinks 

Inter-strand crosslinks (ICLs) occur due to covalent bonds between bases on different 

DNA strands. Endogenous sources like aldehyde metabolites or exogenous such as anti-

cancer agents MMC and cisplatin induce this damage. In addition, these drugs cause 

intra-strand crosslinks, where the bonds form within the same DNA strand. 
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ICLs pose physical barriers to replication and transcription processes, necessitating 

efficient processing to prevent chromosome rearrangements or breakage. While non-

replicating cells primarily utilize NER for ICL repair (Zhang & Walter, 2014), the dominant 

post-replicative repair mechanism involves the Fanconi anemia (FA) pathway (Fig. 9). In 

fact, biallelic mutations in any of the 22 identified FA genes result in Fanconi anemia, a 

rare autosomal disease characterized by congenital growth abnormalities, bone marrow 

failure, and elevated cancer predisposition (Kennedy & D’Andrea, 2005).  

In the repair process, the recognition of stalling replication forks encountering ICLs is 

initiated by the FANCM–FAAP24–MHF1–MHF2 complex. Following the eviction of the 

stalled replicative helicase CMG by p97 (Fullbright et al., 2016), this complex recruits the 

FA core E3 ubiquitin ligase complex. Moreover, FANCM promotes ATR phosphorylation, 

which in turn phosphorylates and activates multiple FA proteins. The activated FA core 

complex recruits and monoubiquitinate the FANCI-FAND2 heterodimer, the second group 

of FA repair proteins (Knipscheer et al., 2009). Monoubiquitinated FANCI–FANCD2 (ubD2–

I) is recruited to the damaged chromatin where it undergoes conformational change, 

creating a clamp that encloses dsDNA (Alcón et al., 2020). Additionally, ubD2–I recruits 

the third group of FA repair proteins, including the endonuclease ERCC4 (NER) that incises 

the ICL, generating a DSB on one strand and a ssDNA gap on the other (Ceccaldi, Sarangi, 

et al., 2016). This latter is bypassed by translesion synthesis (TLS) polymerases such as 

REV1 or DNA polymerase ζ (REV3–REV7). The restored DNA duplex serves as template for 

the DSB repair which is preferentially mediated by HR. Complementation studies in ICL-

sensitive cells provided evidence that many HR factors act in the FA pathway, namely 

RAD51 (FANCR), PALB2 (FANCN), BRCA1 (FANCS), BRCA2 (FANCD1) (Howlett et al., 2002; 

Zhang & Walter, 2014). Furthermore, RAD51- FANCR is also necessary to protect stalled 

forks from aberrant degradation at an ICL lesion (Wang et al., 2015) suggesting that 

RAD51 and BRCA2 are involved in several steps of the FA-pathway. 
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Figure 9. Inter-strand crosslink (ICL) repair pathway. Upon encountering an interstrand 

crosslink (ICL), the replicative helicases are displaced to create space for the Fanconi 

anemia (FA) pathway proteins, which recognize and cleave the crosslink. This cleavage 

allows for subsequent repair through translesion synthesis or homologous recombination 

(HR) mechanisms. Created with BioRender.com. 

 

1.2.2.4. Secondary structures (hairpin, G quadruplex) 

Besides the canonical double-helix structure, DNA can adopt various secondary 

structures. One of them include the hairpin, characterized by a single strand of DNA or 

RNA folding back on itself, creating a double-stranded stem with a loop (Fig. 8). This 

configuration occurs when complementary base pairs on the same strand bind together. 

On the other hand, when inverted repeats within a DNA molecule align, the DNA folds 

back upon itself, creating a structure resembling a cross or cruciform.  
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Finally, G-quadruplex (G4) structure form in regions of DNA rich in guanine. In this 

configuration, stacks of guanine bases are held together by hydrogen bonding, forming 

a stable, four-stranded arrangement (Fig. 8). When the replication machinery encounters 

such a structure, the DEAH-box helicase 36 (DHX36) facilitates the bypass of the CMG 

helicase past the G4 (Chen et al., 2015). Subsequently, the Fanconi anemia 

complementation group J helicase (FANCJ) unwinds this structure, thereby enabling DNA 

synthesis (Sato et al., 2021). 

1.2.2.5. Oncogene-induced replication stress 

Aberrant replication origin firing is an additional cause of replication stress. This can be 

caused by mutations in genes that promote cell growth and cell division, such as proto-

oncogenes. Once these genes are mutated, they can become oncogenes, promoting 

oncogenic transformation. An example of such a gene is MYC, which drives this transition 

by activating the transcription of genes encoding proteins involved in DNA synthesis and 

replication, including DNA polymerases and components of the pre-RC complex (Stine et 

al., 2015). Similarly, Cyclin E is a regulatory protein that controls the progression of the 

cell cycle from the G1 phase to the S phase. When Cyclin E is overexpressed, it can lead 

to an accelerated entry into the S phase (Ekholm-Reed et al., 2004). This increased speed 

of DNA replication can result in replication stress, characterized by stalled or slowed 

replication forks, DNA damage, and genomic instability. 

1.2.2.6. Drugs and chemotherapeutics 

In addition to PARP inhibitors, as mentioned earlier, various drugs used in cancer 

treatment induce replication stress through distinct mechanisms. Some compounds 

directly create bulky lesions and interstrand crosslinks in DNA. Notable examples include 

the alkylating agent Methyl Methanesulfonate (MMS), and drugs like Mitomycin C (MMC) 

and platinum-based agents such as Cisplatin, which induce interstrand crosslinks (ICLs) in 

the DNA structure. On a different note, Hydroxyurea (HU), employed in the treatment of 

chronic myeloid leukemia (CML), generates replication stress by disrupting the 

metabolism of deoxyribonucleotide triphosphates (dNTPs), essential for DNA synthesis. 
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Aphidicolin serves as a potent inhibitor of eukaryotic nuclear DNA replication, resulting in 

the arrest of the cell cycle during the early S phase. Conversely, camptothecin, etoposide, 

and doxorubicin disrupt the activities of topoisomerase 1 and 2, leading to significant 

topological stress within the DNA strands. 

 

1.2.3. Mechanisms of resolution of replication stress 

1.2.3.1. DNA replication checkpoint 

Replicative stress or stalled replication fork result in the presence of RPA-coated ssDNA, 

sensed by ATR (Cimprich & Cortez 2008). Subsequently, the interaction between ATR with 

the ATR-interacting protein (ATRIP) is a prerequisite for the localization of activated ATR-

TRIP complex at RPA-coated DNA damage site (Zou & Elledge, 2003).  

ATR plays a multifaceted role in preserving the integrity of the replication process. For 

instance, it contributes to temporarily halting fork progression by phosphorylating 

multiple subunits of MCM2-7. This event inhibits the further unwinding activity of the 

CMG complex, effectively pausing the replication process to allow for necessary repairs. 

Among its downstream targets, activated ATR also phosphorylates CHK1 at specific sites, 

such as Serine 317 and 345 (Liu et al., 2000). As discussed in section 1.1.4.1., the ATR-

mediated CHK1 pathway contributes to prevent cells from entering mitosis with 

unreplicated or damaged DNA by inducing the degradation CDKs (Bartek et al., 2004).  

Once the checkpoint is activated, the restoration of the replication fork progression 

takes place through different mechanisms depending on the source of replication stress. 

1.2.3.2. Replication stress tolerance mechanisms 

When a replication fork encounters an obstacle, it can cause the uncoupling of the 

replicative polymerase and the helicase. As a result, replicative DNA polymerases halt their 

activity, while the helicase continues to unwind the DNA, creating single-stranded DNA 

(ssDNA) gaps, which can be repaired by the DNA damage tolerance pathways (DDT), 

which include translesion synthesis (TLS) or template switching (TS). Additionally, cells can 

restart DNA synthesis by repriming ahead of the fork, leaving a ssDNA gap that needs to 
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be repaired post-replicatively. Moreover, stalled forks may undergo reversal as a mean to 

prevent the degradation of the nascent strands and reduce the risk of fork collapse. 

1.2.3.2.1. Translesion synthesis and template switching 

In spite of the presence of specific DNA repair mechanisms to fix different DNA lesions, 

some of them persist during S-phase, hindering DNA replication. In response, the cell 

employs translesion synthesis (TLS) polymerases like Pol ζ or η to replace replicative 

polymerases, enabling DNA replication past these lesions (Fig. 10). However, TLS 

polymerases lack proofreading ability, increasing the likelihood of incorrect nucleotide 

insertion and mutations. Due to their mutagenic activity, TLS polymerases are tightly 

regulated by PCNA. In fact, this latter binds to TLS polymerases with lower affinity than to 

replicative polymerases. However, during replication stress PCNA is mono-ubiquitinated 

by RAD18, a modification recognized by TLS but not by replicative polymerases (Khatib 

et al., 2023). This mechanism ensures that TLS are employed exclusively in exceptional 

circumstances during DNA replication.  

On the other hand, PCNA poly-ubiquitination mediated by yeast Rad5 or its human 

orthologue HLTF in humans, promotes template switching (TS) (Branzei, 2011). In this 

pathway, the stalled nascent strand switches its template and invades the newly 

synthesized, undamaged sister strand, which serves as the template for filling the gap. 

Then, the newly synthesized strand reunites with the original DNA strand, leading to an 

error-free repair of the DNA molecule.  

1.2.3.2.2. Repriming 

Repriming is the process by which DNA replication restarts ahead of an obstacle in the 

template strand (Fig. 10). This repriming event is mediated by PRIMPOL, which exhibits 

both primase and polymerase activities (Mourón et al., 2013). As a primase, PRIMPOL 

synthesizes short RNA primers on the ssDNA gaps. Then, it extends these RNA primers by 

adding DNA nucleotides, allowing replicative polymerases to resume DNA synthesis. The 

ssDNA gap left behind is then filled by TLS or TS (Berti et al., 2020). Remarkably, BRCA2 

has been recently shown to operate in concert with MCM10, an integral member of the 
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replisome machinery, to impede PRIMPOL-dependent repriming (Kang et al., 2021). This 

inhibition effectively prevents gap formation and ensures the robust containment of the 

replication fork. 

1.2.3.2.3. Fork reversal 

One of the mechanisms used to alleviate replisome stalling is fork reversal (FR) (Fig. 

10). FR leads to the formation of a four-strand DNA structure, also referred to as chicken-

foot, characterized by the backtracking and annealing of the newly synthesized DNA 

strands in the opposite direction from the advancing replication fork (Neelsen & Lopes, 

2015). It allows the replisome to temporarily retreat from the site of damage or stress to 

bypass the lesion through template switching once the fork restarts. This structure is 

promoted by the DNA translocase SMARCAL1, chromatin remodelers HLTF or ZRANB3 

and RAD51. In contrast, BRCA1, BRCA2 are dispensable for fork reversal but necessary to 

protect reversed forks from excessive nucleolytic degradation (Qiu et al., 2021) (see 

section 2 of the Introduction). 
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Figure 10. DNA damage tolerance (DDT) mechanisms at replication forks. Replication 

hurdles (depicted as lightning bolts) can be bypassed by translesion synthesis (TLS) or 

repaired by template switching using the newly synthesized strand as a template (TS) (top). 

These collectively form DNA damage tolerance pathways (DDT), enabling rapid replication 

resumption. TLS is mutagenic, while TS is error-free HR-mediated repair. Alternatively, 

repriming can restart DNA synthesis downstream of a stalled polymerase, leaving gaps 

behind the fork that need to be filled in post-replicatively (bottom left). Fork remodelers 

can promote fork reversal (bottom right), temporarily halting replication for lesion repair 

by TS; the process is error-free when the fork is protected. Details for each mechanism are 

provided in sections 1.2.3.2.1 to 1.2.3.2.3. Created with BioRender.com. 
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2. BRCA2, the custodian of genome integrity 

2.1. The tumor suppressor BRCA2  

Breast cancer associated gene 2 (BRCA2) was identified in 1995 through genetic linkage 

analysis in families with early-onset breast and ovarian cancers (Wooster et al., 1995). 

Mono-allelic mutations in BRCA2 substantially increase the risk, with up to a 70% chance 

of breast cancer and a 17% risk of ovarian cancer by age 80 (Kuchenbaecker et al., 2017). 

Moreover, bi-allelic mutations in BRCA2 are linked to Fanconi anemia subtype D1 (FA-D1) 

(Howlett et al., 2002). In such cases, one mutation is deleterious, while the other is 

hypomorphic (Biswas et al., 2011; Thirthagiri et al., 2016), as complete loss of BRCA2 

function leads to embryonic lethality in mice (Evers & Jonkers, 2006). This body of 

evidence led to the classification of BRCA2 as a tumor suppressor (TS). Interestingly, early 

investigation in mice unveiled the co-localization and physical interaction observed 

between the well-established DNA repair factor Rad51 and Brca2, providing compelling 

evidence of its participation in DNA repair (Chen et al., 1998; Sharan et al., 1997). 

Furthermore, the deficiency of the Brca2 gene in cultured murine cells resulted in the 

formation of abnormal chromosomal structures and micronuclei, underscoring its crucial 

role in preserving genomic stability (Patel et al., 1998; Tutt et al., 1999). In the human 

pancreatic cancer cell line CAPAN-1, known for its HR repair deficiency (Moynahan & 

Jasin, 1997), the transient expression of BRCA2 effectively restored HR (Xia et al., 2001). 

This robustly supported BRCA2 central role in this DNA repair pathway.  

Later, biochemical and structural studies showed that purified Brh2 (BRCA2 homologue 

from the fungus Ustilago maydis) facilitated Rad51 nucleation on RPA coated ssDNA and 

RAD51-mediated DNA strand exchange (Pellegrini et al., 2002; Yang et al., 2005). These 

results were later extended and confirmed with fragments and the full-length protein 

human BRCA2 (Carreira et al., 2009; Filippo et al., 2006; Jensen et al., 2010). 
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2.2. BRCA2 structure, functional domains and interactors 

BRCA2 is a protein consisting of 3,418 amino acids (aa) with a molecular weight of 

approximately 390 kDa. Since its first identification, many domains and interaction sites 

or regions have been described (Fig. 12). Nevertheless, the lack of substantial sequence 

similarity with other human proteins, the presence of intrinsically disordered regions and 

its limited conservation throughout mammalian evolution (Connor, Smith, et al., 1997), 

except for regions like the BRC repeats (Bignell et al., 1997), has hampered the complete 

understanding of its functions.  

 

Figure 11. BRCA2 functional domains and main interacting partners. green boxes 

denote DNA-binding domains, while the orange boxes represent RAD51 binding domains. 

Abbreviations: N-DBD, N-terminal DNA binding domain; C-DBD, C-terminal DNA binding 

domain; NLS, nuclear localization signal. The main interacting partners are indicated below 

the scheme of BRCA2. 

 

The BRC repeats- RAD51 binding 

The BRC repeats constitute consecutive interspersed motifs of about 35 aa in length 

located in the central region of the primary sequence, corresponding to exon 11 of BRCA2 

(Fig. 11). The BRC repeats promote BRCA2 interaction and loading of RAD51 onto RPA-

coated ssDNA in HR pathway (Chen et al., 1999; Pellegrini et al., 2002). The role of the BRC 

repeats in HR will be described in detail in section 2.3.1. Pathogenic variants within these 

BRC motifs disrupt the interaction with RAD51 and are linked to familial early-onset 

cancer. In addition to RAD51, the BRC repeats interact with the meiotic recombinase 

DMC1, a paralogue of RAD51, and stimulate its binding to ssDNA (Martinez et al., 2016). 

These findings identified BRCA2 as a mediator of HR in meiotic cells. 
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The C-terminal DNA binding domain (C-DBD) – DSS1 

The C-terminal DNA binding domain (C-DBD) represents the most conserved part of the 

BRCA2 protein, and it comprises four sub-domains: one helical domain (HD) and three 

oligonucleotide/oligosaccharide binding folds (OB folds) (Fig. 11). The C-DBD together 

with BRC3-4 are sufficient to promote the assembly of RAD51 onto ssDNA in vitro 

suggesting that a DNA binding unit and a RAD51 interaction domain is the minimal 

functional unit to load RAD51 (Filippo et al., 2006). The C-DBD binds DSS1 (Yang et al., 

2002), a conserved acidic 70 aa disordered protein which has been shown promote the 

BRCA2 loading activity of RAD51 (Liu et al., 2010) and its stability (Li et al., 2006). In fact, 

DSS1 in combination with the C-DBD promote BRCA2-dependent HR by reducing the 

affinity of RPA for ssDNA, favoring RPA displacement for RAD51 binding to this substrate 

(Zhao et al., 2015). In addition, BRCA2 can form oligomers, a process counteracted by 

DSS1 and ssDNA (Le et al., 2020; Reuter et al., 2015; Shahid et al., 2014). This 

conformational change may play a role in controlling BRCA2 functions at DSBs or 

replication forks. In addition, the interaction of BRCA2 with DSS1 masks a nuclear export 

signal in BRCA2 and thereby controls both BRCA2 and RAD51 nuclear localization 

(Jeyasekharan et al., 2013): consequently, deleterious variants in this domain cause 

mislocalization of BRCA2 in the cytoplasm. 

The C-terminal region: NLS, RAD51 and DNA binding domain 

The extreme C-terminal region of BRCA2, corresponding to exon 27, harbors two nuclear 

localization signals (NLS) and a second RAD51 binding domain (Fig. 11). This latter has 

been involved in protecting replication forks from nucleolytic degradation (described in 

section 2.4.1) (Feng & Jasin, 2017; Lomonosov et al., 2003; Schlacher et al., 2012). This 

interaction is cell-cycle regulated by BRCA2 phosphorylation (Esashi et al., 2005). 

Interestingly, a recent study has revealed the presence of a third ss- and dsDNA binding 

domain close to the RAD51 binding site which, together with the canonical C-DBD, plays 

a role in enhancing the assembly of RAD51 presynaptic filaments (Kwon et al., 2023) (Fig. 

11). 
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N-terminal domain (NTD) 

Unlike the C-DBD, the N-terminal domain (NTD) of BRCA2 is particularly poorly conserved 

and highly disordered (Julien et al., 2020). Disordered regions can undergo different post-

translational modifications, allowing change of conformations and binding of multiple 

proteins. One of the most-well characterized is the Partner and Localizer of BRCA2 (PALB2) 

(Fig. 11). PALB2 serves a dual function: first, it facilitates the recruitment of BRCA2 to DNA 

damage sites (Sy et al., 2009; Xia et al., 2006), and second, it acts as a molecular scaffold, 

bridging BRCA1 and BRCA2 during HR (Sy et al., 2009) (Fig. 12). Moreover, PALB2 exhibits 

DNA-binding capabilities and promote RAD51 strand invasion (Buisson et al., 2010). Like 

BRCA1/2, PALB2 is recognized as a tumor suppressor gene. Mono-allelic mutations in 

PALB2 predispose individuals to breast cancer (Antoniu et al., 2014; Rahman et al., 2007), 

while bi-allelic mutations are associated with the development of Fanconi Anemia (FANC-

N) (Xia et al., 2007). 

N-terminal DNA binding domain (N-DBD) 

Our lab revealed and characterized an additional DBD in the NTD (N-DBD) in the region 

from 250-500 aa (Fig. 11). The N-DBD binds both ssDNA and dsDNA as well as ssDNA 

gap substrates in vitro. Interestingly, this N-DBD by itself can stimulate RAD51-mediated 

recombination in the presence of RPA, thus promoting HR (Nicolai et al., 2016). Moreover, 

N-DBD is required to prevent and repair HU-induced replication-associated ssDNA gaps 

by HR (Vugic et al., 2023) (Fig. 12).  
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Figure 12. Overview of BRCA2 HR-dependent and non-canonical functions (below). 

Each arrow indicates the function of BRCA2 and its interacting partner, illustrated in each 

square. Details of interacting proteins and functions are described in section 2.2 and 2.3. 

Created with BioRender.com. 

 

2.3. BRCA2 functions 

2.3.1.  HR-dependent functions 

DSBs 

As discussed in section 1.1.4.3.2., during HR, BRCA2 facilitates RAD51 strand-exchange 

activity through a series of coordinated steps. Initially, BRCA2 interaction with DSS1 

triggers the displacement of RPA from ssDNA. Following this, the BRC repeats play a 

crucial role in promoting RAD51 nucleation on ssDNA (Fig.12) (Zhao et al., 2015). Notably, 

the BRCs exhibit distinct functions (Carreira et al., 2009; Carreira & Kowalczykowski, 2011): 
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BRC1-4 bind with high affinity free RAD51 and preventing its assembly on dsDNA while 

facilitating its nucleation onto ssDNA. Subsequently, BRC5-8 bind to the RAD51 

nucleoprotein filament, stabilizing it. These activities ultimately promote the strand 

exchange activity of RAD51 (Carreira & Kowalczykowski, 2011).  

Fork protection (FP) 

As previously discussed in 1.2.3.2.3., the replication fork (RF) can undergo reversal as a 

mechanism to cope with replicative stress (Zellweger et al., 2015). While this prevents the 

progression of DNA synthesis across lesions, it also exposes DNA ends to nucleolytic 

action. In this context, BRCA2 is a crucial mediator of the fork protection (FP) (Fig.12). Its 

C-terminal region interacts with RAD51, enabling RAD51 nucleation on nascent DNA, thus 

shielding it from uncontrolled degradation (Schlacher et al., 2011). Notably, mutants with 

a disrupted C-terminal interaction between BRCA2 and RAD51 are FP-deficient but HR-

proficient, indicating that these two functions of BRCA2 are genetically distinct (Schlacher 

et al., 2011). Intriguingly, different from HR, the recruitment of PALB2-BRCA2 at the fork 

occurs independently of BRCA1 and may involve factors such as RPA, ATR and RNF168 

(Tye et al., 2021). On the other hand, BRCA1 and FANCD2 are required to promote 

stabilization of the RAD51 filament (Daza-Martin et al., 2019; Schlacher et al., 2012). 

Besides FP, RAD51 catalyzes fork reversal independently of BRCA2 (Zellweger et al., 2015). 

Intriguingly, while the complete silencing of RAD51 inhibits fork reversal (Mijic et al., 

2017), partial depletion promotes it but does not ensure fork protection. This suggests 

that low levels of RAD51 are adequate for fork reversal but insufficient for full fork 

protection (Tye et al., 2021). Finally, a recent study illustrates how BRCA2 and RAD51 

switch between HR and FP pathways. During G2, the kinase Nek1 phosphorylates RAD54, 

promoting RAD51 filament disassembly to complete the HR process (Spies et al., 2016). 

Conversely, during the S phase, RAD54 phosphorylation is inhibited to prevent the 

removal of RAD51 from stalled replication forks (Spies et al., 2016). 
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Gaps suppression (GS) 

Replicative gaps frequently occur during the synthesis of the discontinuous Okazaki 

strand or when replicative stress leads to the uncoupling of the replication machinery and 

the helicase in the leading strand. Repriming helps resuming DNA synthesis beyond these 

lesions but leaves gaps behind. In humans, these gaps are subsequently filled in post-

replication, primarily by the primase-polymerase, PRIMPOL, TS, and TLS (Fig. 10). Notably, 

BRCA proteins have been implicated in promoting gap processing and filling during the 

S and G2 phases (Tirman et al., 2021). Furthermore, recent research from our lab has 

revealed that BRCA2 N-DBD is sufficient for suppressing HU-induced ssDNA gaps; 

revealing that PARPi-induced ssDNA gaps and nucleotide depletion-induced ssDNA gaps 

elicit different gap suppression mechanisms and different domains of BRCA2 (Vugic et al., 

2023) (Fig. 12). 

2.3.2. Non-canonical functions 

R-loops metabolism 

The accumulation of R-loops in BRCA2-depleted cells initially hinted a role of BRCA2 in 

R-loop metabolism (Bhatia et al., 2014). BRCA2 interacts with TREX-2, a complex involved 

in mRNA processing and export. This association promotes BRCA2 recruitment and 

binding to R-loops at transcribed regions. Interestingly, our lab uncovered that the DEAD-

box RNA helicase DDX5 unwinds DNA-RNA hybrids and that BRCA2 enhances this activity 

in vitro. Moreover, they found that both proteins are recruited near DSBs at highly 

transcribed regions promoting DNA-RNA hybrid resolution and the downstream HR 

process (Sessa et al., 2021) (Fig. 12). In addition, at DSBs, BRCA2 interacts with RNAseH2 

as a mean to counteract RNA-DNA hybrids (D’Alessandro et al., 2018). Finally, BRCA2 was 

shown to promote active transcription elongation (Shivji et al., 2018). These findings 

suggest a multifunctional role for the BRCA2 repair protein in regulating R-loops. 

Mitosis 

Although it has been a controversial topic, BRCA2 seems to be involved in cytokinesis 

(Daniels et al., 2004; Mondal et al., 2012). It was shown that BRCA2 plays a scaffolding role 
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as a platform for binding for many proteins involved in abscission at the midbody. Its 

localization to the midbody is regulated by phosphorylation. In particular, the 

phosphorylation of BRCA2-T77 by CDK1 promotes BRCA2 phosphorylation at S193 by the 

cell cycle master regulator Polo-like kinase 1 (PLK1), resulting in BRCA2 localization to the 

midbody (Mondal et al., 2012; Takaoka et al., 2014). 

Interestingly, recent work from our group unveiled BRCA2-T207 as a conserved mitotic 

phospho-site and docking site for PLK1 (Ehlén et al., 2020) .This phosphorylation enhances 

a tetrameric complex composed of BRCA2, PLK1, PP2A, and BUBR1, that is crucial to 

ensure stable kinetochore-microtubule attachments (Fig. 12). Mutations disrupting this 

phosphorylation causes unstable kinetochore-microtubule interactions, leading to 

chromosome misalignment, segregation errors and aneuploidy. 

 

2.4. HR, FP, and GS in cancer therapy 

Due to deficiencies in HR, BRCA1/2-deficient cells exhibit high sensitivity to genotoxic 

agents such as ionizing radiation but especially to alkylating agents like MMC and 

cisplatin. These cells and tumors are also exquisitely sensitive to PARPi due to its synthetic 

lethal interaction with BRCA1/2 (Bryant et al., 2005; Farmer et al., 2005). Originally, the 

prevailing notion was that these inhibitors worked by impeding PARP1 repair of SSBs, 

which, upon replication, would be converted into DSBs (Ashworth, 2008; Ceccaldi, 

Rondinelli, et al., 2016; Pommier et al., 2016). Recent findings however suggest that 

instead of fork stalling, PARPi accelerate replication (Maya-Mendoza et al., 2018), which 

leads to the accumulation of replication-associated gaps behind the fork. Notably, BRCA-

deficient cells tend to accumulate such lesions following exposure to PARPi, replicative 

stress induced by HU or multiple rounds of cisplatin (Cong et al., 2021; Panzarino et al., 

2021; Quinet et al., 2021; Vugic et al., 2023). These discoveries strongly suggest that DNA 

gaps play a pivotal role as an underlying mechanism contributing to the toxicity 

associated with these drugs. 

Intriguingly, the Cantor lab has shown that restricting replication or increasing TLS-

mediated gap filling promotes chemoresistance (Guillemette et al., 2015), while restoring 
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HR or FP does not (Panzarino et al., 2021), although this notion is still under debate (Lim 

et al., 2023). Moreover, the lab of Keith Caldecott has demonstrated that PARP1 has a role 

in sensing and repairing unprocessed Okazaki fragments which may contribute to the 

toxicity of PARPi (Cong & Cantor, 2022; Hanzlikova et al., 2018). 

Despite their initial effectiveness, around 40% of tumors treated with PARPi eventually 

develop resistance, which can be attributed to various mechanisms. In the case of BRCA2-

associated tumors, this includes drug efflux systems (Vaidyanathan et al., 2016) and the 

restoration of HR via secondary BRCA2 gene mutations that repair the open-reading 

frame (ORF) of the gene (Lord & Ashworth, 2013). Another mechanism of PARP1i 

resistance involves depleting PARP1 negative regulator, namely PARG (Gogola et al., 

2018). One more example is the restoration of fork protection (FP): this is achieved by 

depleting PTIP, a member of the MLL3/4 complex that promote the recruitment of MRE11 

nuclease to stalled replication forks (Chaudhuri et al., 2016). Loss of fork remodelers like 

ZRANB3, SMARCAL1 and HLTF (Kolinjivadi et al., 2017; Taglialatela et al., 2017) and the 

remodeling factor CHD4 (Guillemette et al., 2015) can also restore FP in BRCA2-deficient 

cells. Despite these findings, in breast epithelial cells, HR and not FP seems to be required 

to restore cell viability (Feng et al 2017). 

2.5. BRCA2 variants and cancer predisposition 

Breast cancer is the predominant malignancy and the primary cause of cancer-related 

deaths among women worldwide (Sung et al., 2021). Breast cancer can be evaluated based 

on various parameters: firstly, tumor grade, which reflects the abnormality of cells and 

correlates with tumor aggressiveness. Secondly, hormonal status is based on the 

expression of the progesterone receptor (PR), estrogen receptor (ER), or amplification of 

the Her2 receptor. This is important because some treatment options vary based on the 

receptor expression in the tumor, with Her2-positive tumors being targeted by antibody-

based therapy, and ER and PR-positive tumors benefiting from hormonal therapy. Tumors 

lacking the expression of all these hormonal receptors are referred to as triple-negative 

breast cancers (TNBC), which tend to be more aggressive and challenging to treat. 
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BRCA2-associated familial breast tumors are generally hormone-receptor positive and 

medium to high-grade (Roy et al., 2012). This can be explained by lineage tracing analysis 

reveaing that BRCA2 mutation mainly affects the L2 hormone-responsive luminal breast 

cell population (Palacios et al., 2005). In addition to breast and ovarian cancer, BRCA2 

mutations confer an increased risk of developing male breast, pancreatic, and prostate 

cancer (Asperen et al., 2005; Breast Cancer Consortium, 1999; Couch et al., 1996; Goggins 

et al., 1996).  

Since the discovery of BRCA2, numerous variants have arisen, with founder mutations 

being common in specific populations like Ashkenazi Jewish and Icelandic. Among the 

14,914 BRCA2 variants reported in the ClinVar database, missense mutations are most 

prevalent (7,156), followed by frameshift (3,756), and nonsense mutations (1,040) (data of 

September 2023). 

The majority of pathogenic variants are frameshift and nonsense mutations, creating 

premature stop codons that truncate the encoded protein and potentially reduce its 

expression through mRNA decay (Anczuków et al., 2008). In contrast, only a few missense 

variants, resulting in stable mutant proteins have been classified as pathogenic (Couch et 

al., 2014; Venkitaraman, 2019). However, up to 80% of missense variants are "variants of 

unknown clinical significance" (VUS), complicating genetic counseling due to uncertain 

impact on protein function and on cancer risk (Caputo et al., 2021). International initiatives 

like the Evidence-based Network for the Interpretation of Germline Mutant Alleles 

(ENIGMA) collect clinical and functional data to improve VUS classification (Spurdle et al., 

2012). This consortium provides criteria for assessing variant significance based on 

multifactorial likelihood models, including family history, clinical assessments, 

bioinformatics predictions, co-segregation with the disease, and functional 

characterizations (Goldgar et al., 2008; Parsons et al., 2019). Data from ENIGMA are 

integrated into the global BRCA Exchange database, along with information from other 

databases (e.g., ClinVar, LOVD, GnomAD), providing updated variant interpretation 

reports (Cline et al., 2018). Nevertheless, for rare VUS, the functional evaluation such as 
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HR and sensitivity to PARPi and MMC becomes key to predict pathogenicity  (Farrugia et 

al., 2008; Guidugli et al., 2013, 2014; Shimelis et al., 2017; Wu et al., 2005). 

As mentioned above, germline pathogenic variant affecting a single copy of BRCA2 

significantly increase the risk of breast and ovarian cancer. Accumulating evidence 

suggests that depending on the localization of BRCA2 mutation in the sequence, their 

incidence in cancer and which cancer they predispose to may change (Rebbeck et al., 

2015) (Fig. 13), although the reasons for these differences are still uncertain.  

 

 

Figure 13. Schematic of cancer risk depending on BRCA2 mutation location. Red 

arrows indicate regions whose mutations are associated with breast (BCCR, red) or ovarian 

(OCCR, blue). Figure adapted from Rebbeck et al., 2015. Created with BioRender.com. 
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3. BRCA2 haploinsufficiency 

As mentioned above, germline mutations affecting a single copy of BRCA2 significantly 

increase the risk of breast and ovarian cancer. However, the precise mechanism 

underlying tumor formation in this context is not fully understood. Contrary to the long-

standing belief that the loss of the second WT allele is necessary for tumor development, 

a growing body of evidence suggests that tumorigenesis can occur despite the presence 

of a single functional allele. This entails that heterozygosity in BRCA2 confers 

haploinsufficiency, where a single copy of the gene is not sufficient to fully suppress tumor 

formation.  

Here I will provide an overview of the findings, evidence and the ongoing debate 

regarding BRCA2 haploinsufficiency. Elements of this chapter are drawn from our recent 

Perspective article "BRCA1/2 haploinsufficiency: exploring the impact of losing one allele,” 

Journal of Molecular Biology, Minello & Carreira, 2023 (see Appendix). 

3.1. The two-hit model and the BRCA paradox 

The initial paradigm for tumor formation in TS genes emerged from the 'two-hit' model 

(Knudson, 1971) proposing that individuals with a mono-allelic germline mutation 

acquired a second mutation (second hit) in the same gene, somatically. This hypothesis 

was formulated for the Retinoblastoma gene (RB)-related tumors and later extended to 

BRCA1 and BRCA2 to explain hereditary cancer susceptibility (Collins et al., 1995; 

Gudmundsson et al., 1995; Neuhausen & Marshall, 1994; Smith et al., 1992). However, the 

two-hit hypothesis was later refined to a continuous model to accommodate the fact that, 

in some cases, partial loss of a tumor suppressor was sufficient to promote tumorigenesis 

(Berger et al., 2011). 

 According to this theory, individuals with a mono-allelic germline mutation would 

acquire a second somatic mutation, the 'second hit', that inactivates the remaining 

functional allele, rendering the protein non-functional. This event is referred to as Loss of 

Heterozygosity (LOH). In the case of BRCA1/2, the mechanism of LOH is thought to arise 
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through allelic recombination (Moynahan & Jasin, 1997), genetic rearrangements, 

physical deletions, somatic mitotic recombination (Osorio et al., 2002; Thiagalingam et al., 

2002) or promoter hypermethylation (BRCA1 only) (Dworkin et al., 2009). Interestingly, 

BRCA genes have recently been identified as common fragile sites (CFS) in the genome 

(Deshpande et al., 2022). These sites are prone to replication challenges and DNA 

breakage due to long repeated sequences. Replication fork stalling and subsequent error-

prone repair can result in mutations or large deletions, leading to functional inactivation 

of the WT BRCA gene constituting another mechanism of LOH.  

The mechanism of BRCA loss has been enigmatic: on the one hand, BRCA deficiency 

results in cell lethality in embryos and cell cycle arrest in cultured cells and, on the other, 

in tumors, BRCA loss promotes aberrant DNA replication and unrestricted proliferation, 

leading to the accumulation of genetic alterations that fuel malignancy. This so called 

“BRCA paradox” has been partly explained by the observation that in murine cells, the 

silencing of Brca1 or Brca2 leads to cell death unless combined with a knockout of Tp53 

(Hakem et al., 1996; Ludwig et al., 1997). Later studies revealed that TP53 loss is a common 

characteristic of BRCA-related tumorigenesis, although it is not the sole factor (Crook et 

al., 1998; Rhei et al., 1998). Besides TP53 loss, other mechanisms such as the loss of the 

tumor suppressor genes RB1 or PTEN contribute to generating a premalignant 

environment in this context (Martins et al., 2012). 

3.2.  Evidence of locus-specific LOH from BRCA-mutated tumors 

The initial studies on LOH at BRCA1/2 loci in breast tumor samples from BRCA-

mutation carriers revealed diverse LOH patterns within and among invasive lesions; these 

included cases where the loss predominantly affected the mutant allele rather than the 

WT allele (King et al., 2007). These observations suggested that LOH could play a role in 

the early stages of cancer development but may not be indispensable for tumor 

progression and maintenance. Supporting this notion, microarray-based analysis of 

normal breast tissue obtained from BRCA-mutation carriers undergoing prophylactic 
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mastectomy showed an increased prevalence of genetic abnormalities, despite the 

presence of the WT allele (Rennstam et al., 2010).  

In recent years, the BRCA haploinsufficiency hypothesis has gained momentum with 

the increase of genetic testing thanks to the advances in next-generation sequencing 

(NGS). These technologies have led to the identification of distinguishable patterns of 

substitutions or genomic signatures for the different types of tumors (Alexandrov et al., 

2013; Nik-Zainal et al., 2016) including those associated with BRCA1/2 pathogenic 

variants. Inactivation of BRCA1 or BRCA2 results in a specific substitution pattern that is 

commonly known as homologous recombination deficient (HRD) signature (Alexandrov 

et al., 2013). This include single base substitution 3 (SBS3) and indel signature 6 (ID6), 

which are attributed to the error-prone DNA repair by alt-EJ (Alexandrov et al., 2020; Stok 

et al., 2021). Nevertheless, the use of SBS3 is insufficient for distinguishing between HR-

proficient and HR-deficient tumors. Hence, an ensemble of substitution, indel, and 

rearrangement signatures as well as the presence of deletions with microhomology 

identified in BRCA1/2 germline tumors has been integrated within the predictive tool 

known as HRDetect (Davies et al., 2017). 

Interestingly, NGS analysis have revealed significant disparities between BRCA1 and 

BRCA2-associated tumors in terms of LOH frequency. For example, in a cohort of 35 

BRCA2-mutated familial breast cancers, LOH was found in 50% of cases, while in 41 

BRCA1-mutated tumors, LOH prevalence was 90% (Maxwell et al., 2017). Similarly, an 

analysis of LOH in hereditary ovarian cancer BRCA1-associated cases exhibited a 100% 

LOH prevalence compared to the 76% observed in BRCA2-related cases (Kanchi et al., 

2014). These differences suggest potential variations in the mechanisms of tumor 

formation due to BRCA1- or BRCA2 mutations, which could underlie the distinct molecular 

features of these cancers (see section 3.3.). In addition, the retention of the WT allele has 

been observed in non-gynecological BRCA-associated tumors in mouse models. For 

instance, LOH was detected in only 37% of cell lines and xenografts derived from BRCA2-

mutated pancreatic carcinoma (Goggins et al., 1996). Similarly, in a murine model of 

familial pancreatic cancer, three out of four tumors with germline heterozygosity for a 
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pathogenic Brca2 mutation did not exhibit LOH at the mutation site (Skoulidis et al., 2010). 

These observations have fueled research in the quest for evidence of haploinsufficiency 

conferred by heterozygosity of BRCA1/2. 

3.3. Molecular evidence and mechanisms of BRCA2 haploinsufficiency  

BRCA2 haploinsufficiency has been investigated using diverse model systems. Notably, 

one study found that BRCA2-heterozygote lymphoblastoid cell lines (LCLs) demonstrated 

elevated levels of DNA damage, even in untreated conditions, which escalated upon 

treatment with DNA-alkylating agents such as MMC (Arnold et al., 2006). In the same 

study, BRCA2-mutated lymphocytes increased the rate of spontaneous sister chromatid 

exchanges (SCEs), a readout of ongoing genomic instability. Similarly, the lymphoblast 

chicken cell line DT-40 bearing a mono-allelic BRCA2 variant, which produced a truncated 

product, revealed decreased RAD51 foci formation after irradiation, as well as reduced 

proliferation, increased cell death, and heightened sensitivity to DNA-damaging agents 

(Warren et al., 2003). In stark contrast, a study using human HT-29 colon cancer cells 

reported that the presence of a single functional BRCA2 allele did not hinder RAD51 foci 

formation or compromised DNA repair capacity after irradiation (Tannenbaum et al., 

2007). These discrepancies may be in part attributed to the presence of a truncated BRCA2 

protein observed in the first study, acting as dominant negative, or, to differences related 

to the cell-line model system used. 

Mouse cells expressing a homozygous deletion of exon 27 Brca2D27/D27 that comprises 

the C-terminal Rad51 binding site exhibited impaired HR repair and replication fork 

protection and accumulated ssDNA gaps (Kass et al., 2016; Lim et al., 2023; Schlacher et 

al., 2011). Interestingly, Brca2+/D27 cells showed intact HR but displayed defects in 

replication fork protection and ssDNA gap suppression (Lim et al., 2023). Nevertheless, it 

is important to note that BRCA-heterozygous mice are not prone to developing breast 

cancer (Berton et al., 2003; Sedic & Kuperwasser, 2016), while homozygous pathogenic 

variants often result in embryonic lethality or the development of blood tumors (Connor, 

Bertwistle, et al., 1997; Evers & Jonkers, 2006; Friedman et al., 1998). Therefore, despite 
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the enormous advances in the understanding of BRCA1/2 function and tumor progression 

they have provided (Jonkers et al., 2001; Ludwig et al., 2001), results from these models 

may not be easily extrapolated to mimic early stages of tumor formation linked to human 

BRCA1/2 mutations. A way to partially circumvent this issue came from the generation of 

conditional mouse models, where the concurrent tissue-specific inactivation of Brca1 or 

Brca2 and Tp53 led to the development of breast tumors (Jonkers et al., 2001; X. Liu et al., 

2007). Nevertheless, some BRCA1/2-mutated tumors do not present TP53 mutation 

raising the question of whether this is an early or necessary step in tumor development 

in humans (Greenblatt et al., 2001). Thus, the efforts to fully recapitulate the early steps of 

BRCA-related tumorigenesis in human model systems are still ongoing.  

One approach to recapitulate precancerous steps involves the use of primary breast 

epithelial cells derived from BRCA2-mutation carriers. Interestingly, when compared to 

cells from non-carriers, several genes were found to be deregulated (Bellacosa et al., 

2010). In a different report using also patient derived epithelial cells from BRCA2-mutation 

carriers the authors found impaired replication fork protection and induced chromosomal 

aberrations. These were attributed to selective proteasomal degradation of BRCA2 driven 

by the accumulation of aldehydes, natural by-products of cellular metabolic processes 

(Tan et al., 2017). Using the same model, Karaayvaz-Yildirim and colleagues found that 

heterozygous BRCA2 mutated cells display a weakened response to replication stress 

manifested in an increased DNA damage after hydroxyurea (HU) treatment and impaired 

replication checkpoint response (Karaayvaz-Yildirim et al., 2020).  

Collectively, despite variations arising from diverse mutations or system models, these 

studies appear to support the hypothesis of BRCA2 haploinsufficiency (Fig. 14). 
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Figure 14. Overview of key findings supporting the BRCA2 haploinsufficiency 

hypothesis. Each box illustrates the system model used along with the primary 

characterized phenotypes. For details see section 3.3. Created with BioRender.com. 
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Chapter 2 – Objectives and Results 

1. Hypothesis 

As mentioned above in the Introduction, inherited mono-allelic pathogenic variants in the 

tumor suppressor gene BRCA2 confer predisposition to breast and ovarian cancer (King 

et al., 2007; Melchor & Benítez, 2013; Narod & Foulkes, 2004). Although the deleterious 

effect of the BRCA2 deficiency is well-established, what drives tumor formation in BRCA2 

mutation carriers has not been completely elucidated. According to the two-hit model 

(Knudson, 1971), the essential step for carcinogenesis in BRCA2-mutated cells seems to 

be the somatic inactivation of the BRCA2 WT allele, also referred to as loss of 

heterozygosity (LOH). However, this model has been revisited as a fraction of cancers 

retain an intact second allele (Goggins et al., 1996; Kanchi et al., 2014; Maxwell et al., 2017; 

Skoulidis et al., 2010). This emerging evidence suggest that cells bearing a BRCA2 mono-

allelic variant could display per se a distinct genome instability signature that could mimic 

a pre-cancerous lesion, thus entailing BRCA2 haploinsufficiency. This PhD project aims to 

test this hypothesis and determine whether different BRCA2 pathogenic variants underlie 

distinct mechanisms of tumor formation.  

2. Preliminary data 

Two different mono-allelic BRCA2 truncating pathogenic variants result 

in distinct transcriptomic profiles  

To investigate our hypothesis, we focused on two common truncating pathogenic 

variants of BRCA2 (Fig. 1A). The first, the c.771-775del, also known as 999del5 (del5), is 

an Icelandic founder mutation.  The 5 base-pairs deletion in exon 9 leads to a premature 

stop codon (Mikaelsdottir et al., 2004). The corresponding truncated protein, predicted to 

be of 256 amino acids, is unstable, undetected and is considered null. The second variant, 

the c.5946del (delT), is prevalent in individuals with Ashkenazi Jewish ancestry (Oddoux et 

al., 1996). The one-nucleotide deletion in exon 11 induces a frameshift, resulting in a 

premature stop codon leading to a truncated protein ending at aa 1982, within the BRC 

repeats motif (Fig. 1A). Due to the loss of the C-terminal domain, which includes the 
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nuclear localization signals (NLS), the truncated protein is miss-localized in the cytoplasm 

(Spain et al., 1999). 

Before my arrival in the lab, the variants were introduced into one allele of the gene in 

MCF10A, a non-transformed human mammary epithelial cell line with a relatively stable 

genome (Soule et al., 1990) using gene-editing techniques. Specifically, the BRCA2+/delT 

clone was generated using site-specific transcription-activator like effector nuclease 

(TALEN) while CRISPR-Cas9 nickase was utilized for the BRCA2+/del5 clone. Each nuclease 

was co-transfected with a plasmid containing homologous flanking regions to the target 

sequence and the desired deletion (Fig.  1B). The generation of the +/delT clone resulted 

in a deletion in the following nucleotide, leading to +/5947delG. Nevertheless, as both 

mutations lead to the same premature stop codon, this clone was selected for further 

studies. A clone that tested negative for the mutation was chosen as control for the 

analysis, in addition to the parental cell line. 

Subsequently, the impact of the two different BRCA2 mono-allelic variants on the 

transcriptome was explored by profiling 3 technical replicates of each cell line at early 

passage using RNA-sequencing (RNAseq). The identification of differentially expressed 

genes (DEGs) was performed by Nicolas Servant and Marc Deloger from the Bioinformatic 

platform of Institut Curie, applying a log2 fold change > 1.5 for each BRCA2-mutated 

clone compared to the parental control. The results were visualized in a principal 

component analysis (PCA) plot, illustrating the transcriptomic differences between 

samples along the axis (Fig. 1C). Notably, the horizontal axis explained ~60% of the 

variance, distinguishing the parental and +/del5 cell lines from the +/delT clone. 

Specifically, the +/del5 cell line showed minimal variations in gene expression, with only 

~400 deregulated genes (Fig.1D, top). On the other hand, the +/delT mutated clone 

showed significant differences, affecting the expression of ~1400 genes (Fig. 1D, 

bottom).  To confirm these findings in a different cell system, the mono-allelic delT variant 

was introduced by CRISPR-Cas9 into a different cell system, specifically the MDA-MB-231 

triple-negative breast cancer (TNBC) cell line (kind gift from Prof. Krogan, QBI, UCSF). 

RNAseq analysis was performed using the same bioinformatic pipeline on three technical 





 62 

Figure 1. Two different mono-allelic BRCA2 truncating pathogenic variants resulted 

in distinct transcriptomic profile. A. BRCA2 schematic structure including functional 

domains (above), the two pathogenic variants object of the study (stop) and interactants 

(below). DNA and RAD51 binding domains are represented in red and blue, respectively. 

Abbreviations: NTD, N-terminal domain; CTD, C-terminal domain; HD, helical domain; OB 

folds, oligonucleotide/oligosaccharide binding-fold; NLS, nuclear localization signal. B. 

Creation of stable heterozygote cell lines in MCF10A cells. (Top) Generation of the +/delT 

cell line via transfection of TALEN endonucleases (orange) and a donor plasmid with 

homologous flanking regions lacking the T nucleotide (c.5946del). (Bottom) Generation of 

the +/del5 cell line using CRISPR-Cas9 nickase (scissors), a guide RNA (violet), and a 

homologous donor plasmid lacking the 5 nucleotides (c.999del5). After transfection and 

single-cell sorting, clones were expanded for genomic DNA extraction and Sanger 

sequencing to confirm the mono-allelic BRCA2 mutation. Created with BioRender.com. C. 

Principal component analysis (PCA) plot showing the gene expression profile of 3 technical 

replicates of the MCF10A control (grey), +/del5 (blue) and +/delT (red). D. Volcano plots 

representing the differentially expressed genes (DEGs) between (top) MCF10A control and 

+/del5 (~400) and (bottom) +/delT (~1400). Grey dots represent not significantly 

deregulated genes. E. PCA plot showing the gene expression profile of 3 technical 

replicates of the MDA-MB-231 control (grey) and +/delT (red). C-F. DEGs were obtained 

applying a log2 fold change > 1.5 and an adjusted p-value of 0.05. 

 

3. Objectives 

OBJECTIVE 1: Explore the impact of two different mono-allelic 

pathogenic variants of BRCA2 on the transcriptome of breast epithelial 

cells  

To achieve this, I performed an extended RNAseq analysis, incorporating two additional 

biological replicates for each mutated clone coming from the same screen. Then, in 

collaboration with Elodie Girard and Nicolas Servant (bioinformatic platform of I. Curie) 

we also analyzed the transcriptome of breast primary tumors bearing the same germline 

pathogenic variants. Since cancers accumulate genetic aberrations, when possible, we 

used the matched non-neoplastic surrounding tissue as control, sharing the same BRCA2 

variant in heterozygosity and microenvironment as the tumor. The transcriptome of the 

tumor pairs expressing the same variant was analyzed to get a consensus list of common 

DEGs to identify potential cancer drivers. 
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OBJECTIVE 2: Functional characterization of BRCA2 +/del5 and +/delT 

breast epithelial cell lines 

Given the function of BRCA2 in genome integrity, we hypothesize that due to a dosage 

effect, BRCA2 heterozygous cell lines may display distinct genome instability phenotypes 

that could mimic pre-cancerous lesions. Hence, the second objective involves performing 

several functional assays to assess defects related to BRCA2-deficiency, like the cell-based 

homologous recombination assay already set up in the lab (Vugic et al., 2020) and 

measure the sensitivity to drugs such as MMC and PARPi. Unless otherwise indicated, all 

experiments were conducted in clone #1 for each BRCA2-mutated clones and clones #2 

and #3 for the MCF10A control. To further confirm that the alterations observed were 

specifically induced by the BRCA2 variant, I employed the CRISPR-Cas9 system in one of 

the mutated biological replicates to create two cell lines in which the BRCA2 +/delT and 

+/del5 variants were corrected, restoring the WT sequence (hereafter +/revdelT and 

+/revdel5). 

OBJECTIVE 3: Reveal the genomic changes induced by two different 

truncating variants in BRCA2-mutated tumors  

In recent years, Whole Genome Sequencing (WGS) has been extensively used to 

characterize the genome of different cancer types. Those analysis have revealed different 

patterns of mutations, also referred to as mutational signatures. A specific pattern is 

observed in BRCA1/2 deficient tumors. Thus, the third objective of my PhD project was to 

characterize by WGS two small cohorts of breast tumors to assess whether they display 

different mutational patterns. Like for the transcriptomic analysis, when possible, the 

tumor samples were compared to their non-cancerous surrounding tissue. gDNA was 

extracted and quantified by our collaborators at the University of Iceland and Institut 

Curie. Subsequently, I assessed its purity and concentration before sending it for WGS at 

the sequencing platform of Institut Curie. Subsequently WGS data analysis was conducted 

by our collaborator, Prof. Nik-Zainal (University of Cambridge, UK). With this approach, 

we aimed to uncover novel mechanisms of tumor formation in BRCA2-associated tumors. 
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4. Results 
 

OBJECTIVE 1: Explore the impact of two different mono-allelic 

pathogenic variants of BRCA2 on the transcriptome of breast epithelial 

cells 

The mono-allelic BRCA2 delT pathogenic variant induces deregulation of cell 

migration-related pathways in MCF10A cells 

To validate the initial RNAseq findings and exclude potential off-target effects, we 

included two more biological replicates from the same screen of parental and +/delT cell 

lines. For the +/del5 variant, only one clone was generated; however, in the same gene-

editing screening, we obtained two more clones that deleted 2 and 4 nucleotides adjacent 

to the same residue. In the first case, the resulting truncated protein is identical to that of 

del5, whereas in the second causes a frameshift and a premature stop codon 40 aa 

downstream of the mutation. However, as they are both predicted to result in a truncated 

product that is not expressed, we incorporated both clones into our analysis. 

The PCA plot (Fig. 2A) revealed variations within the biological replicates of control 

and +/del5 clones. Due to these variances and their strong similarity, the analysis did not 

identify any significantly deregulated genes in the +/del5 clones when compared to the 

control MCF10A. In contrast, the +/delT clones formed a tight cluster. In this case, the 

horizontal axis of the PCA plot exhibited a distinct separation from both the control and 

+/del5 clones. Consequently, the differential analysis revealed a total of 677 DEGs, 

comprising 259 up-regulated and 418 down-regulated genes (Fig. 2B). 

 

We then conducted a Gene Ontology (GO) enrichment analysis on these DEGs (see 

Material and Methods), which prominently revealed deregulation in the biological process 

associated with cell migration (Fig. 2C).  
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Figure 2. The mono-allelic BRCA2 delT pathogenic variant induces deregulation of 

cell migration-related pathways in MCF10A cells. A. PCA plot showing the gene 

expression profile of three biological replicates of the MCF10A control (grey), +/del5 (blue) 

and +/delT clones (red). B. Volcano plot representing the differentially up-regulated (red) 

and down-regulated genes (blue) of+/delT clones when compared to MCF10A control. 

Grey dots represent not significantly deregulated genes. C. Bar charts showing the top 15 

Gene Ontology terms for biological process in +/delT biological replicates, ranked by 

adjusted p-value (red to blue: higher to lower significance) using clusterProfiler (v4.4.4).  

B-C. DEGs were obtained applying a log2 fold change > 1.5 and an adjusted p-value of 

0.05.  
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Breast epithelial cells and familial breast tumors bearing the BRCA2 delT 

pathogenic variant down-regulate cell adhesion pathways 

After examining the transcriptome of our cell model system, we extended our study to 

primary breast tumors carrying the same pathogenic BRCA2 variants as the MCF10A 

clones, using the same bioinformatic approach. Since the genotype of each individual 

influences the mutational burden of the tumor, we used the non-neoplastic surrounding 

tissue as control which bears the same BRCA2 pathogenic variant in heterozygosis and 

shares the same micro-environment. In collaboration with Dominique Stoppa-Lyonnet 

and the CRB of the Institut Curie Hospital, we obtained RNA sample from 9 tumor pairs 

with the delT variant and 1 carrying the del5 variant. We also received 5 RNA tumor 

samples from our collaborator Stefán Sigurdsson (University of Iceland); however, due to 

the absence of healthy controls for these samples, we restricted RNAseq analysis to the 

delT tumors only. 

The cohort predominantly comprised female participants, with only one male 

participant. Dr. Anne Vincent-Salomon and her team at the CRB (I. Curie) provided the 

information on the histology of the tumors: adenocarcinoma and carcinoma of moderate 

to high grade, consistently demonstrating positivity for estrogen (ER) and progesterone 

receptors (PR), while the expression of the human epidermal growth factor receptor 2 

(HER2) was absent in all samples (Fig. 3A, extended information on Table 12). 

The RNAseq analysis of the 9 tumor pairs with the delT variant exhibited an enrichment 

of 868 up-regulated and 1363 down-regulated genes, compared to the corresponding 

non-tumoral controls (Fig. 3B). Notably, one control ( sample I ) was excluded due to its 

clustering with the tumors and is therefore not represented in the graph. Importantly, the 

GO analysis revealed deregulations in biological processes associated with extracellular 

organization including actin filament and cell junction assembly (Fig. 3C), similarly to what 

observed in +/delT cells (Fig. 2C). Additionally, the GO analysis indicated alterations in 

biological processes linked to cell division and chromosome segregation, suggesting 

aberrant mitosis, a hallmark of cancer. 
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Figure 3. Transcriptomic analysis of familial breast tumors bearing the BRCA2 delT 

pathogenic variant. A. Summary table of the main clinical characteristics of BRCA2-delT 

tumor cohort. ER: estrogen receptor; PR: progesterone receptor; PR: progesterone 

receptor; HER2: human epidermal growth factor receptor 2. B. Heatmap of differentially 

expressed genes in 9 BRCA2-delT mutated tumors (dark red) versus 8 matching non-

tumoral tissue (grey); Blue and red bars on the side indicate downregulation upregulation 

in tumors. Below: uppercase letter corresponds to each healthy control, and the 

corresponding tumor tissue is indicated in lowercase.  DEGs were obtained applying a 

log2 fold change > 1.5 and an adjusted p-value of 0.05. C. Bar charts showing the top GO 

terms for biological process in BRCA2 delT tumors compared to their non-tumoral 

surrounding, ranked by adjusted p-value (red to blue: higher to lower significance) using 

clusterProfiler (v4.4.4).  
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OBJECTIVE 2: Functional characterization of BRCA2 +/del5 and +/delT 

breast epithelial cell lines 

+/delT cells display enhanced colony formation ability in 2D and 3D settings 

After identifying deregulated cell adhesion processes in the transcriptome analysis, we 

hypothesized that the +/delT cell line might exhibit structural alterations indicative of 

potential invasiveness. Intriguingly, actin filament staining (performed by Jesus Gomez, a 

post-doc in our lab) demonstrated that both parental and +/del5 cells exhibited a 

cuboidal shape, characteristic of epithelial cell lines (Fig. 4A). In contrast, the +/delT cells 

displayed an elongated shape and less well-defined cell boundaries, with a fibroblast-like 

morphology. Evaluation of the circularity of the cells confirmed these results (Fig. 4B). 

Next, I conducted a clonogenic survival assay to assess the colony formation capacity 

of these cell lines, cells transfected with BRCA2-siRNA was used as negative control. As 

expected, BRCA2 depletion led to a reduction in colony formation compared to the 

parental and siCTRL controls (Fig. 4C). Interestingly, while in the +/del5 clone the number 

of colonies decreased, the +/delT clone displayed a slightly enhanced colony-forming 

ability. 

Considering these results, I performed a soft agar assay to quantify the ability of the 

cells to form colonies in an anchorage-independent manner, a hallmark of tumoral cells. 

I included breast tumoral cell line MCF7 as positive control, already known to form 

colonies under these conditions (Manni et al., 1991). MCF7 cells formed colonies with a 

median area of 2000 µ² (Fig. 4E). Notably, the +/delT colonies were significantly larger, 

measuring about 1250 µ², in contrast to both the parental and +/del5 clones, which had 

colonies of approximately 500 µ² each. 

 To confirm that the observed phenotype was attributed to the BRCA2 pathogenic 

variant, I employed the CRISPR-Cas9 system to revert the BRCA2-delT variant (Fig. 4D). 

Remarkably, correcting the delT variant was sufficient to rescue the invasive phenotype, 

restoring colony size to that of the MCF10A control (Fig. 4E).   
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We also assessed the potential invasive capability of the +/delT clone in a 3D setting. For 

this, Jesus Gomez in our lab generated an isogenic organoid system with MCF10A 

parental and BRCA2-mutated cells. The results indicated that +/delT organoids exhibited 

an increased colony formation capacity in 3D, and this phenotype was restored in the 

+/revdelT clone (Fig. 4F), consistent with the results in Fig 4E. 

To rule out the possibility that the disparities in colony-forming ability could be 

attributed to an enhanced proliferation rate of +/delT cells, I evaluated their growth rate 

over 7 days using the IncuCyte cell system (Fig. 4G). Interestingly, the +/delT clone 

exhibited a significant slower rather than faster proliferation rate compared to the control 

cells whereas +/del5 did not. These results are in line with the previous RNAseq analysis, 

showing downregulated proliferation genes in the +/delT clone (Fig. 2C). 

Finally, to determine a possible difference due to changes in the cell cycle distribution 

I conducted cell cycle analysis by flow cytometry. A slight accumulation in S phase was 

observed for the +/delT clones, although this change did not achieve statistical 

significance (Fig. 4H). 

Collectively, these findings suggest that despite its lower proliferation rate, the +/delT 

clone exhibits an elevated capacity for colony formation including in an anchorage-

independent conditions in both 2D and 3D settings.  
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Figure 4. The BRCA2 +/delT clone show increased cell invasion ability. A. 

Representative immunofluorescence images of MCF10A cells stained for actin (white); 

nuclei were counterstained with DAPI (blue). B. Quantification of the circularity score 

based on the actin staining at the junctions and calculated using "cell shape" descriptor 

in ImageJ software. Each dot represents a cell from four independent experiments and 

normalized to MCF10A control. Statistical difference was determined with Kruskal-Wallis 

test with Dunn's multiple comparisons test: ****, p<0.0001. C. (Top) Representative plates 

of plating efficiency. Cells were seeded according to the number below each image in 

three technical replicates. (Bottom) Quantification of plating efficiency. Values represent 

the mean +SD of three biological replicates for MCF10A, siCTRL and siBRCA2 and four 

replicates for +/del5 and +/delT (different experiments are represented in different 

shapes). Statistical difference was determined by a Kruskal-Wallis test with Dunnett’s 

multiple comparisons tests. *, p = 0.0287. D. Sanger Sequencing chromatogram 

confirming the correction of the BRCA2 delT mutation. E. (Top) Representative images of 

anchorage-independent growth of the MCF10A clones measured by soft agar assay as 

compared to MCF7 breast tumoral cells. (Bottom) Quantification of colony size measured 

using the ImageJ software. The values are the median of six replicates except for the 

+/revdelT (n=3). Statistical difference was determined with Kruskal-Wallis test with 

Dunnett's multiple comparisons test (the p-values show the significant differences 

compared MCF10A): *, p = 0.0375; **, p = 0.0046; ****, p<0.0001 F. Quantification of 

MCF10A organoids area from 3 independent experiments. Statistical difference was 

determined with Kruskal-Wallis test with Dunn's multiple comparisons test (the p-values 

show the significant differences among all): ****, p<0.0001. G. (Left) Representative graph 

illustrating the mean + SEM of the confluence over time of three technical replicates of 

the MCF10A clones. (Right) Proliferation rates were calculated from the interpolation of 

logistic growth curve obtained in four independent experiments. Statistical difference was 

determined by a Kruskal-Wallis test with Dunnett’s multiple comparisons tests. *, p = 

0.0134. H. Histogram showing the percentage of cells in each phase of the cell cycle 

obtained after FACS analysis. Each experiment was repeated three times and values are 

the mean + SD. Statistical difference was determined by a two-way ANOVA test with 

Dunnett’s multiple comparisons tests. C, F, G. Only significant p-values are shown. 

 

The +/delT clone shows normal BRCA2 protein levels 

To further characterize the two cell lines expressing distinct heterozygous truncating 

variants, I examined BRCA2 protein levels (Fig. 5A). We observed a 50% reduction in 

BRCA2 full-length protein levels in +/del5 clone compared to the control, in line with 

previous findings (Tan et al., 2017) (Fig. 5B, left). However, in the +/delT cell line, the 

levels of full-length BRCA2 protein were nearly as abundant as in the parental cells, 

suggesting an up-regulation of the BRCA2 WT allele expression in this cell line.  
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BRCA2 modulates the RAD51 recombinase DNA binding activity to mediate repair by 

HR (see Introduction, section 1.1.4.3.2.). Thus, we next investigated whether the 

differences observed in BRCA2 protein abundance could impact the levels of RAD51. 

Interestingly, RAD51 protein levels were reduced in the del5 clone but not in the +/delT 

(Fig. 5A, 5B right).  

The Western Blot analysis on other biological clones seemed to indicate increased 

BRCA2 and RAD51 levels within the +/delT cells (Fig. 5C). However, due to the notably 

low BRCA2 levels in the parental control when compared to Fig. 5A or 5D, we cannot draw 

a definitive conclusion and we are currently replicating this experiment. In contrast, the 

+/del5 cells consistently exhibited reduced expression of these protein, although an 

increased level of RAD51 was observed in the +/del5 clone #3 (Fig. 5D). As expected, 

both reverted clones, including +/revdel5, exhibited protein levels returning to WT 

conditions (Fig. 5C, 5D).  

Finally, the RNAseq analysis did not reveal any significant difference in BRCA2 and 

RAD51 expression between the parental clone and mutated cell lines (Fig. 5E). In fact, also 

in the case of +/del5 clone #2, the levels of BRCA2 and RAD51 were similarly reduced as 

in Ctrl #2. 
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The +/del5 clone shows increased sensitivity to PARPi and MMC treatment 

The reduced levels of BRCA2 in the +/del5 led us to hypothesize potential defects for 

this clone in HR repair. To investigate this, I performed cell survival assays under different 

genotoxic conditions. 

Initially, I monitored cell viability using MTT assays during a 6-day treatment with 

Olaparib (0-2.5-5-10μM), a PARP inhibitor (PARPi) known to selectively kill HR-deficient 

cells (Bryant et al., 2005). This synthetic lethal association provides a fundamental basis 

for the clinical use of Olaparib in the treatment of BRCA2-mutated tumors (Farmer et al., 

2005). As expected, BRCA2 depleted cells exhibited a marked reduction in survival, 

showing only 20% relative viability at the highest drug concentration, whereas the 

parental and siCTRL transfected cells maintained a viability of 75% at the same 

concentration (Fig. 6A). Intriguingly, the +/delT clone displayed higher drug resistance, 

resulting in 90% viability. In contrast, +/del5 exhibited increased sensitivity to PARPi, with 

relative viability reaching only 40% at the maximum dose, indicating potential defects in 

the HR repair pathway. As an additional control, we included another biological replicate 

for each BRCA2-mutated cell line, which produced similar results (Fig 6A). Importantly, 

correcting the BRCA2-del5 variant by CRISPR-Cas9, +/rev del5, (Fig. 6B) restored the 

sensitivity phenotype, with a viability reaching 70%, similar to that of the parental control 

(Fig. 6A). 

As a member of the Fanconi anemia (FA) pathway, BRCA2 (FANCD1) plays a crucial role 

in repairing inter-strand crosslinks (ICLs) (Howlett et al., 2002). Notably, BRCA2-deficient 

cells exhibit hypersensitivity to ICL-inducing agents like cisplatin and Mitomycin C (MMC). 

Thus, I aimed to evaluate the sensitivity of MCF10A cells to MMC using the MTT assay. 

The experimental setup involved one-hour exposure to MMC (0-1-2-4 μM), followed by 

a recovery period of one day; cell viability was evaluated six days later. Our observations 

mirrored the results from MTT assays with PARPi (Fig.6C): at the highest concentration of 

MMC, only 20% of BRCA2-depleted cells retained viability, while 70% of the MCF10A 
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control remained viable. Notably, the +/delT clone exhibited increased viability compared 

to the parental control, suggesting resistance, while the +/del5 clone displayed 

hypersensitivity especially at the higher dose, implying potential defects in ICL repair. 

Both PARPi and MMC induce replication stress and BRCA2 plays a pivotal role in 

preserving replication fork stability (Kolinjivadi et al., 2017). A more specific source of 

replication stress is nucleotide depletion induced by Hydroxyurea (HU), a drug that 

inhibits the enzyme ribonucleotide reductase (RNR) precluding nucleotide incorporation 

(Krakoff et al., 1968). BRCA2 deficient cells are sensitive to HU, we therefore treated our 

cells with HU for 24 hours (0-2.5-5 mM), and analyzed their survival after 6 days. Notably, 

the presence of the BRCA2 mono-allelic variants did not lead to acute sensitivity to HU; 

in fact, both +/del5 and +/delT clones exhibited similar viability compared to the MCF10A 

control reaching 30-40% at the highest concentration of HU tested (Fig. 6D). 

In the HR pathway, BRCA2 plays a critical role in binding and modulating the DNA 

binding activity of the RAD51 recombinase for repair (Carreira et al., 2009; Jensen et al., 

2010; Yang et al., 2005). We aimed to uncover whether the increased sensitivity of +/del5 

to PARPi and MMC arose from diminished levels of BRCA2, impacting the recruitment of 

RAD51 to DNA damage sites. In collaboration with Prof. Matthias Altmeyer (University of 

Zurich, CH), we employed quantitative image-based cytometry (QIBC), a high-throughput 

microscopy technique enabling precise quantification of DNA damage foci in a cell cycle-

resolved manner (Forment & Jackson, 2015). Following a 24h treatment either with 3 μM 

MMC or 10 μM Olaparib, we evaluated the number of DNA damage foci using the DNA-

damage marker γH2AX and RAD51 as HR marker (Fig. 6E). Under these conditions, PARPi 

treatment did not induce elevated levels of DNA damage as indicated by the small 

increased in γH2AX intensity compared to the untreated condition whereas it clearly 

increased after MMC treatment (Fig. 6E, top). Intriguingly, among the 3 clones, +/delT 

displayed a small reduction in γH2AX and RAD51 intensity compared to the parental 

control suggesting overall reduced DNA damage or faster recovery. The +/del5 clone 

exhibited decreased RAD51 foci levels after MMC treatment (Fig. 6E, bottom), consistent 

with the MMC sensitivity observed for this clone. In summary, +/del5 cells show increased 
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Figure 6. The +/del5 clone shows increased sensitivity to PARPi and MMC treatment. 

A: Quantification of the relative cell viability of MCF10A, +/del5 and +/delT biological 

replicates monitored by MTT assay upon treatment with increasing doses of the PARP 

inhibitor Olaparib over 6 days. The data represent the mean ± SD of the following number 

of independent experiments: siCTRL and +/del5 n=6, MCF10A: n=5, +/delT#1 and +/del5 

#2: n=4, siBRCA2, +/delT#2 and +/revdel5: n=3. B. Sanger Sequencing chromatogram 

confirming the correction of the BRCA2 del5 variant. C. Quantification of the relative cell 

viability monitored by MTT assay upon one-hour treatment with increasing doses of MMC 

as indicated, followed by one day release. After seeding, viability was monitored for 6 days. 

The data represent the mean ± SD of three independent experiments. D. Quantification 

of the relative cell viability monitored by MTT assay upon 24 hours treatment with 

increasing doses of HU as indicated. Viability was monitored after 6 days. The data 

represent the mean ± SD of two independent experiments. Statistical difference in A, C-

D was determined by a two-way ANOVA test with Dunnett’s multiple comparisons test. 

The p-values show significant differences compared to the MCF10A clone. ** p <0.01, **** 

p<0.00001. E. (Left) Representative QIBC experiment to monitor γH2AX (top) and RAD51 

foci (bottom) over DAPI intensity in MCF10A clones treated for 24 h with 10 μM of 

Olaparib or 3 μM of MMC. (Right) Quantification of γH2AX (top) and RAD51 foci (bottom). 

Each experiment was repeated three times and values are the mean + SD. Statistical 

difference was determined by unpaired t-test. The p-values show significant differences 

compared to the MCF10A clone: ** p = 0.036 (+/delT, γH2AX), p= 0.053 (+/del5, RAD51), 

p=0.087 (+/delT, RAD51). Only significant p-values are shown.  

 

+/del5 cells show HR defects and accumulate PARPi-induced single stranded DNA 

(ssDNA) gaps  

Considering the PARPi sensitivity observed in the +/del5 clone and the fact that HR 

deficient cells are sensitive to PARPi, we next assessed the HR capacity of these cells using 

a modified version of the cell-based HR assay previously established in our laboratory 

(Vugic et al., 2020). The experiment, performed by Jesus Gomez in our lab, consisted in 

introducing a single DSB at the genomic AAVS1 locus within the PPP1R2C gene using a 

site-specific guide RNA (gRNA) and CRISPR-Cas9 nicking. Co-transfection of a GFP version 

of the nuclease, a plasmid containing the gRNA and a promotorless mCherry donor 

plasmid that contains a region of homology with the targeted sequence allowed us to 

measure HR-mediated integration of the mCherry plasmid, as it results in the expression 

of mCherry and can be detected by flow cytometry. To account for nonspecific mCherry 

integration, a control condition lacking the gRNA was included for each cell line. Only 
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GFP+ cells (transfected with the Cas9 plasmid) were counted. MCF10A cells exhibited an 

average of 1.5% of mCherry positive cells. In contrast, +/del5 cells showed only 0.7% of 

mCherry expressing cells, indicating defective HR (Fig. 7A). On the other hand, the +/delT 

clone showed no significant difference compared to the control, with an average of 1.2% 

of cells being mCherry positive. 

PARPi has been shown to generate ssDNA gaps and these are exacerbated in BRCA2-

deficient cells (Cong et al., 2021; Nagaraju & Scully, 2007; Panzarino et al., 2021; Vugic et 

al., 2023). Given the sensitivity to PARPi observed in +/del5 cells, I investigated the 

presence of PARPi-induced ssDNA gaps in the same cells by DNA combing (Meroni et al., 

2023). Cells were initially subjected to a 20 min. pulse of the thymidine analog IdU, 

followed by a 2h labelling with the second analog CldU during simultaneous treatment 

with 30 μM Olaparib. Once released from the pulse, cells were either left untreated or 

incubated for 30 min with S1 nuclease, an enzyme that nicks ssDNA resulting in the 

shortening of the CldU track length at regions where ssDNA gaps accumulate (Fig. 7B, 

top). A reduction of CldU/IdU ratio upon S1 treatment would be indicative of the presence 

of ssDNA gaps. MCF10A displayed no difference in the CldU/IdU ratio in S1-treated 

compared to the untreated cells. The same result was obtained for +/delT cells. 

Remarkably, a significant reduction in the CldU/IdU ratio was observed in S1-treated 

+/del5 cells. These results suggested an accumulation of ssDNA gaps in the +/del5 clone, 

in agreement with the sensitivity to PARPi observed in this cell line (Fig. 6A). 

Finally, we hypothesized that the accumulation of ssDNA gaps would result in an 

increased chromosomal instability. To explore this idea, Jesus Gomez in our lab conducted 

an analysis of chromosomal aberrations in metaphase spreads of cells following a 24h 

treatment with 10 μM Olaparib (Fig. 7C). While no notable differences were observed in 

untreated conditions among the different cell lines, Olaparib treatment induced a 

significant increase in the occurrences of small breaks or gaps in +/del5 cells. In contrast, 

the levels of chromosomal aberrations in the parental control and the +/delT remained 

unaffected by PARPi treatment (Fig. 7C). 
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Figure 7. +/del5 cells show HR defects and accumulate PARPi-induced ssDNA gaps. 

A. Example of the flow cytometry gating and analysis of mCherry positive cells as a readout 

from the HR assay at eight days post-transfection in MCF10A control and BRCA2-mutated 

cells. Right: Quantification of the frequency of mCherry positive cells in control conditions 

(empty bars) or with the AAVS1 gRNA (filled bars). The error bars represent the 

mean ± SEM of three independent experiments, each experiment is represented with a 

different symbol shape. Statistical difference was determined by two-way ANOVA test 

followed by Dunn’s multiple comparison test. ns, not significant, * p = 0.0447. B. Top: (left) 

Labeling scheme and (right) representative images of the replication tracks labeled as 

indicated from MCF10A control and BRCA2-mutated cells, in 30 μM Olaparib treated 

condition followed by 30 min of S1 nuclease (or S1 buffer only) treatment, as indicated. 

The scale bar indicates 15 μm. (Bottom) Quantification of CldU/IdU ratio in cells. Data 

represent the median of three independent experiments with 100 fibers analyzed for each. 

Statistical difference was determined by the Kruskal–Wallis test followed by Dunn’s 

multiple comparison test. ns, not significant, **** p < 0.0001. C. (Left) Quantification, (right) 

experimental setup and representative images of chromatid breaks/gaps from the same 

cells either left untreated or upon treatment with Olaparib (10 μM for 24 h) as indicated. 

Scale bar indicates 10 μm. Statistical difference was determined by the two-way ANOVA 

test followed by Dunn’s multiple comparison test. ns, not significant, * p=0.037, **** 

p <0.0001. n=3 independent experiments with at least 40 metaphases analyzed per 

condition. 

 

OBJECTIVE 3: Reveal the genomic changes induced by two different 

truncating variants in BRCA2-mutated tumors  

Whole genome profiling uncovers similar mutational patterns in primary breast 

tumors bearing two different BRCA2 truncating variants 

In recent years, Whole Genome Sequencing (WGS) has been widely employed to 

analyze the genomes of human cancers, revealing diverse mutation patterns known as 

mutational signatures. Currently, over 100 of these signatures have been identified 

according to the type of nucleotide substitution in a defined nucleotide context, which 

reflects a specific mutagenesis process. Previous work on the mutational landscape of 

breast cancers showed that the somatic or germline abrogation of the BRCA2 gene gives 

rise to at least five different mutational signatures, including HR deficiency, mismatch 

repair deficiency and APOBEC-related mutagenesis (Alexandrov et al., 2013; Nik-Zainal et 

al., 2016). Thus, we aimed to characterize the mutational landscape of two small cohorts 

of BRCA2-mutated bearing the BRCA2 del5 (c.771-775del) and delT (c.5946del) 
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pathogenic variants. This approach could uncover novel cancer drivers and illuminate 

mechanisms underlying tumorigenesis linked to BRCA2. 

We obtained the DNA of seven pairs of tumors with the delT variant from the same 

cohort used in the transcriptome analysis (see Fig. 3A) and one pair with the del5 variant 

from I. Curie. Moreover, in collaboration with Stefán Sigurdsson group (University of 

Iceland), we obtained two more del5 tumor samples and matched blood DNA samples. 

To complement our analysis, we incorporated published WGS data from eight del5 

tumors, processed using our established bioinformatic pipeline (see Material and 

Methods section). 

The WGS analysis of both tumor cohorts unveiled a comparable spectrum of 

substitutions, insertions, and deletions (Fig. 8A). According to the COSMIC-Catalogue of 

Somatic Mutations in Cancer, Sanger, UK- the analysis performed by our collaborator 

Serena Nik-Zainal group (University of Cambridge) revealed six distinct single base 

substitution (SBS) signatures consistently present across all tumor samples (Fig. 8B). 

Notably, in both cohorts, the most predominant signatures were SBS3 and SBS8, 

corresponding to defective HR repair and strongly associated with germline 

BRCA1/BRCA2 null cancers (Alexandrov et al., 2013; Nik-Zainal et al., 2012). Additionally, 

we identified signatures SBS2 and SBS13, associated with APOBEC-related mutagenesis, 

as well as SBS1, linked to cytosine deamination, and SBS5, of unknown origin. 

Interestingly, some of the delT samples also exhibited additional signatures, including 

SBS17 and SBS125, with unknown etiology, and SBS18, associated with reactive oxygen 

species (ROS). 

We then evaluated tumor HR deficiency using HRDetect (Davies et al., 2017), a 

quantitative model that examines six parameters linked to HR deficiency: microhomology-

mediated indels, reflecting alternative and mutagenic DNA repair processes, HRD index,  

comprising of HRD-LOH score, HRD-telomeric allelic imbalance score (TAI), and HRD-

large-scale state transition score (LST), HRD-associated SBS3 and SBS8, and 

rearrangement signatures (RS) 3 and 5. These RSs consider structural variations involving 
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Chapter 3 – Discussion  

Recent evidence underscores that a functional BRCA2 allele alone may not fully prevent 

tumorigenesis, suggesting haploinsufficiency. Several reports have suggested that BRCA2 

heterozygosity can lead to deficiencies in the HR DNA repair pathway (Arnold et al., 2006; 

Warren et al., 2003) while in some others, replication stress-related defects emerged 

(Karaayvaz-Yildirim et al., 2020; Lim et al., 2023; Tan et al., 2017). To investigate this further, 

we established two stable human breast epithelial cell lines, each carrying a mono-allelic 

common BRCA2 pathogenic truncating variant, c.5946del (delT) and c.771-775del (del5). 

We then assessed their impact on both the transcriptomic profile and phenotype. 

Our study revealed distinct outcomes of genomic instability resulting from these two 

BRCA2 variants in heterozygosity. Specifically, the +/del5 mutant displayed increased 

sensitivity to both MMC and PARPi while the +/delT mutant displayed hyper-resistance 

to these treatments (Fig. 6A, 6C). 

The divergent sensitivities observed among the mutated clones may be due to 

variations in BRCA2 protein levels. Notably, the +/del5 clone exhibited reduced BRCA2 

protein levels, which align with the presence of only one functional allele (Fig. 5A). 

Unexpectedly, there was also a marked decrease in RAD51 protein levels in the same clone 

(Fig. 5A). Importantly, this reduction was present in different biological +/del5 clones and 

was rescued by reverting the BRCA2-del5 variant (Fig. 5D), ruling out the possibility of an 

off-target effect due to gene-editing. Notably, in CAPAN-1, a pancreatic adenocarcinoma 

cellular model expressing only the BRCA2 delT mutant (-/delT) following LOH, the 

transfection with BRCA2 cDNA was sufficient to increase the protein levels of RAD51 

(Brown & Holt, 2009) in agreement with the correlation of BRCA2 and RAD51 protein 

levels we observed in +/del5 cells (Brown & Holt, 2009).  

Intriguingly, we observed a reduction in BRCA2 and RAD51 levels in +/del5 clones but 

not in +/delT clones. Consequently, RAD51 protein levels in +/delT clones were 

comparable to those in the MCF10A cell line (Fig. 5A). However, these findings appear to 

contradict a previous report where cells carrying the same BRCA2-delT mono-allelic 
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variant showed a 50% reduction in BRCA2 protein levels (Tan et al., 2017); conversely, they 

found 50% reduction in cells showing del5 variant in heterozygosis as we do. We are not 

certain for the reason of these discrepancies, but they may arise from the use of different 

cellular systems. 

Based on our results, we postulate that the normal levels of WT BRCA2 protein in the 

+/delT cells underlies their full HR proficiency (Fig. 7A) which subsequently contributes 

to their resistance to PARPi and MMC (Fig. 6A, 6C). Interestingly, upon MMC treatment, 

both +/del5 and +/delT cells displayed a reduction in RAD51 foci, in the case of +/delT 

this may be linked to the overall reduced DNA damage observed in these cells, as 

indicated by a decreased in γH2AX foci (Fig. 6E). However, further investigation is needed 

to understand the factors contributing to the increased drug resistance observed in the 

+/delT clone compared to the control.  

Interestingly, BRCA2 +/delT cell line formed colonies in an anchorage-independent 

context (Fig. 4E, 4F). Reverting the BRCA2-delT variant rescued this phenotype hinting 

that this deregulation is specifically linked to this variant. Therefore, we suggest that the 

BRCA2 delT variant may confer a potential invasive capacity. Interestingly, a study 

analyzing PARP1-resistant (-/delT) CAPAN-1 cells reported an upregulation of genes 

associated with epithelial-to-mesenchymal transition (EMT), such as ZEB1 and TWIST (Guo 

et al., 2022). However, in the RNAseq analysis our +/delT cells these genes were 

downregulated including those associated with cell-cell and basal membrane adhesion 

(Fig. 2C). Nonetheless, the specific mechanism responsible for gene down-regulation 

induced by the BRCA2 delT mutant, as well as whether this effect is direct or indirect, 

necessitates further investigation (see Perspectives). Intringuingly, the analysis of breast 

tumors bearing the delT variant also indicated a deregulation in cell-cell junction and actin 

organization (Fig. 3C), reinforcing the hyphothesis that this phenotype is specific to the 

delT mutant. To confirm this, we will analyze the transcriptome of del5 tumors. 

In contrast to +/delT cells, the +/del5 variant, while resulting in minimal alterations in 

the gene expression profile compared to the parental clone (Fig. 2B), led to significant 
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genomic instability. This was notably demonstrated by its increased sensitivity to PARPi 

and the accumulation of ssDNA gaps and chromatid breaks under these conditions (Fig. 

7C); in contrast, neither cell line displayed sensitivity to HU (Fig. 6D). These results further 

underscore the connection between PARPi-induced ssDNA gaps and the heightened 

sensitivity to this drug (Cong et al., 2021).  

Our results are consistent with a recent report from our lab where we found that the 

impaired PARPi-induced replication stress is distinct and requires a different domain in 

BRCA2 than HU-induced replication stress (Vugic et al., 2023). In agreement with this, 

recent findings indicate that Brca2 heterozygous mouse and human cells bearing an exon 

27 deletion that impairs RAD51 filament stability exhibit compromised fork protection 

and accumulate gaps upon HU treatment, yet they retained an intact HR repair (Lim et al., 

2023) .Those findings suggest that the ssDNA gap suppression and FP functions of BRCA2 

(induced by HU) are particularly sensitive to gene-dosage whereas HR is not (Lim et al., 

2023). In contrast, our results with the +/del5 clone reveal a gene-dosage effect on both 

ssDNA gaps (induced by PARPi) and HR repair. These discrepancies migth be linked to the 

use of distinct BRCA2 pathogenic variants in heterozygosis, which affect the truncated 

product differently. In their study, the D27 mutant expresses the BRC repeats and the C-

DBD, crucial for efficient HR (Lim et al., 2023; Schlacher et al., 2011, 2012) whereas the 

del5 product is not expressed. 

Another study reported that primary BRCA2 heterozygous cells from healthy tissues of 

carriers show a compromised replication stress response as observed with an increased 

DNA damage upon HU treatment (Karaayvaz-Yildirim et al., 2020). Although we could not 

find differences in HU sensitivity for +/del5 neither by colony formation assay nor MTT, 

the sensitivity of these tests might not be sufficient to detect small changes in DNA 

damage levels as the ones they observed using comet assays.  

Despite the differences observed in our two cell lines, the genomic analysis of BRCA2 

delT and del5 breast primary tumors uncovered a shared mutational signature associated 

to defective HR repair along with elevated HRD scores (Davies et al., 2017) (Fig. 8B, 8C). 
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Conversely, the analysis of BRCA2 locus-specific LOH indicated a higher percentage in the 

delT cohort compared to the del5 cohort (Fig. 9). Although the numbers of tumors are 

still small and uneven, this difference in LOH may explain why HR-proficient heterozygous 

cells (+/delT) develop HR-deficient tumors. Absence of LOH has been associated with 

decrease overall survival in ovarian cancer BRCA-mutated patients treated with cisplatin 

chemotherapy consistent with an increase resistance to treatment (Maxwell et al., 2017). 

Thus, the difference in LOH frequency we observe might have clinical implications. 

However, an increase in statistical power by gathering more LOH information on tumors 

is required to confirm these differences. 

According to our findings, we propose a model (Fig. 10) in which cells carrying the 

mono-allelic BRCA2 delT variant exhibit highly deregulated genes, an enhanced invasive 

phenotype while reduced genome instability. We hypothesize that the decreased genome 

instability protects them from transformation and therefore increases the need to 

undergo early LOH for tumorigenesis. Conversely, cells bearing the +/del5 variant exhibit 

HR deficiency and increased sensitivity to MMC and PARPi. This treatment results in the 

accumulation of ssDNA gaps and chromatid breaks, which we attribute to decreased 

levels of BRCA2 and RAD51 proteins. Given the ongoing genome instability, it is plausible 

that the loss of the WT allele is not necessary for tumorigenesis, potentially occurring less 

frequently or at a later stage in tumor progression. 

In summary, our study confirms the haploinsufficiency conferred by BRCA2 

heterozygosity but implies that different BRCA2 variants may confer different forms of 

haploinsufficiency. In the case of del5, it appears to be a dosage-related issue, while in 

+/delT, there may be a dominant effect exerted by the mutated allele (see Perspectives). 
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Figure 10. Proposed model of tumorigenesis for distinct BRCA2 germline pathogenic 

variants. (Left branch) Reduced BRCA2 and RAD51 levels in +/del5 carriers lead to 

increased sensitivity to genotoxic agents, initiating genomic instability before LOH, which 

might occur late or be absent. (Right branch) BRCA2 +/delT carriers, while displaying 

alterations in invasion pathways, exhibit normal BRCA2 and RAD51 levels that suppress 

genomic instability. Consequently, an early LOH becomes a necessary event for tumor 

formation. Created with BioRender.com. 
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Perspectives 

One of the questions arising from this study is why +/delT cells display such an 

increased number of deregulated genes. A previous study reported the expression of the 

cDNA bearing the same variant in the cytoplasm (Spain et al., 1999). However, we 

performed a fractionation experiment and found that the endogenous truncated product 

of c.5946delT was present in both the nucleus and cytoplasm in our +/delT MCF10A cells 

(Fig. 11A, top). To have a better resolution of the BRCA2 truncated band, the technical 

controls for the fractionation were migrated in a separate gel (Fig. 11A, bottom). 

Although preliminary, the localization in the nucleus could therefore interfere with the 

BRCA2 WT and may be associated with the substantial gene deregulation observed in this 

clone. It is worth noting that the N-terminal region of BRCA2, included in the product of 

delT, contains a transactivation domain (Milner et al., 1997). Interestingly, this domain is 

also the site of interaction of the co-transcriptional activator and histone acetyltransferase 

(HAT) PCAF (Fuks et al., 1998). 

We hypothesize that BRCA2 delT truncated product may interfere with PCAF activity 

which, in turn, might result in an altered transcription of a subset of genes.  

Interestingly, a previous report has shown that BRCA2 directly binds to the transcription 

start site (TSS) of genes related to the NF-κB pathway, which leads to chromatin 

remodeling through acetylation of Histone H4, and this effect leads to increased survival 

in EGF-free media upon transient depletion of BRCA2 (Gruber et al., 2019). Given that 

PCAF acetylates H4, we will determine the possible effect of the BRCA2 delT mutant in H4 

acetylation. A preliminary Western Blot analysis indicates reduced acetylation of H4 in 

+/delT and not in +/del5 compared to the parental control (Fig. 11B). If confirmed, we 

plan to perform BRCA2 chromatin immunoprecipitation (ChIP) followed by RT-PCR of the 

commonly deregulated genes in +/delT cells and in delT tumors, as they both show similar 

deregulated pathways. This strategy will help us answer whether the downregulated 

genes in +/delT cells correlate with a reduced BRCA2 binding at the same loci and whether 

these are potential changes required for tumor formation.  
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Another question we would like to answer is whether the PARPi-induced ssDNA gaps 

observed in +/del5 cells are generated by PRIMPOL repriming as it has been shown in 

BRCA2 deficient cells (Lim et al., 2023; Quinet et al., 2021; Tirman et al., 2021) (Introduction, 

section 1.2.3.2.2.). We are currently performing these experiments. 

Finally, we would like to address whether the differences we observed in this study are 

applicable to other variants and whether the LOH status follows the model we proposed 

(Fig. 10). In a follow-up study, we plan to broaden our investigation to include other 

BRCA2 pathogenic variants to assess this possibility. If our hypothesis is validated, it could 

potentially impact the clinical management of BRCA2-mutated tumors, leading to more 

individualized, variant-specific treatment strategies. 

 

Figure 11. A. (Top) Sub-cellular fractionation to determine the levels of BRCA2 in the 

cytoplasm and nucleus. * denotes a band with the size (predicted for the truncated BRCA2-

delT product 250KDa); ** indicate a non-specific band. The antibody used for BRCA2 

recognizes an epitotpe in the N-terminal region (house-made). (Bottom). Western blot 

analysis of total (tot), cytoplasmic (C), and nuclear (N) fractions showing tubulin (tub) and 

Histone3 (H3) as controls for the fractionation. B. Western Blot analysis of acetylated 

lysines (K5, K8, K12, K16) on histone 4 (H4Kac).  (n = 1 for all experiments).  
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Material and Methods 

Cell culture 

MCF10A cells, obtained from Marie Dutreix Lab and tested negative for mycoplasma 

contamination, were grown in DMEM-HG/F-12 (Biowest) supplemented with 5% horse 

serum (Thermo Fisher Scientific), 20 ng ml−1 human epidermal growth factor (Sigma-

Aldrich), 0.5 mg ml−1 hydrocortisone (Sigma-Aldrich), 100 ng ml−1 cholera toxin (Sigma-

Aldrich), 10 µg ml−1 insulin (Sigma-Aldrich), and 1% penicillin–streptomycin (Thermo 

Fisher). MCF7 (kindly provided by Patricia Uguen) and MDA-MB-231 cells (kind gift from 

Prof. Krogan, QBI, UCSF) were cultured using DMEM-HG/F-12 high glucose (Biowest) 

supplemented with 10% FBS (EuroBio Abcys) and 1% of L-Glutamine (EuroBio Abcys). 

Generation of BRCA2-mutated clones 

+/del5, +/revdel5, were obtained using CRISPR-Cas9-nickase editing. 2 µg for each of the 

following plasmids were used: Cas9-GFP (Addgene #44719), a guideRNA sequence cloned 

in the pBS U6 sgRNA plasmid (Addgene #43860, kind gift from C. Giovannangeli (M. 

Histoire Naturelle, FR)) expressing a mCherry reporter gene. We also transfected a single 

strand oligonucleotide (either forward or reverse) containing the mutation flanked by 

homology arms to the endogenous BRCA2 region where the mutated base is located and 

two LNA modifications in the middle of the sequence and purified by PAGE (Sigma-

Aldrich).  

+/revdelT was obtained using CRISPR by transfecting 2 µg of the following plasmids: 

Cas9-GFP (Addgene #44719) and pU6-pegRNA-GG-acceptor (Addgene#132777), 

containing the target sequence and the homology sequence. 

+/delT was obtained using 5 µg of each TALEN encoding plasmids (TALEN-5′ #V35620 

and TALEN-3′ #V35820, Life Technologies) and 1 µg of double-strand oligonucleotide 

comprising the delT mutation flanked with homology arms obtained by PCR from CAPAN-

1 genomic DNA. The target sequences for gRNA or TALEN are listed in table 5, the 

oligonucleotides used in Table 6 and plasmids in Table 7. 
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Cells were transfected using AMAXA technology (Lonza) nucleofector kit T (Cat. #VCA-

1002) according to manufacturer instructions. The day after transfection the media was 

changed and 48 h post-transfection the cells were trypsinized. Individual GFP-mCherry 

double-positive cells were sorted using a BD FACSAria III (BD Bioscience) into 96 well-

plates containing complete culture medium. Single cell derived colonies were gradually 

expanded and confirmed by Sanger sequencing of the region comprising the mutation. 

RNA extraction, sequencing and analysis for RNAseq 

2×106 cells were harvested and RNA isolated using the NucleoSpin Triprep kit (Macherey-

Nagel). Before sequencing, RNA integrity and purity were verified through BioAnalyzer 

RNA 6000 Nano (Agilent). The barcodes associated to each RNAseq run are included in 

Table 11. Raw sequences were generated per sample using either the TruSeq Stranded 

mRNA kit on the Illumina HiSeq 2500 (run B255) or the Stranded mRNA prep Ligation-

Illumina on the NovaSeq 6000 (runs D610, D1342 and D1471) by the NGS platform of the 

Institut Curie, resulting in the creation of 100bp paired-end fastq files.  

Raw data were then processed using the Institut Curie RNAseq pipeline 

(10.5281/zenodo.7443721). The overall quality of the reads was first checked using FastQC 

(respectively v0.11.9 for the run D1471, v0.11.8 otherwise) and the sequencing orientation, 

also known as strandness, was assessed using RseQC (respectively v4.0.0 for the run 

D1471, v2.6.4 otherwise). For the quality control (QC), those reads were then aligned on 

both a ribosomal RNAs database using bowtie (respectively v1.3.0 for the run D1471, 

v1.2.3 otherwise) and subsequently on the human reference genome (hg19 assembly) 

using STAR (respectively v2.7.6a for the run D1471, v2.6.1a otherwise).  

Raw counts were generated by the bioinformatics platform pipeline using Star gene 

quantification mode (–quantMode GeneCounts) on the Gencode v19 gene database. On 

the 58720 Ensembl genes available, only 18699 protein-coding genes on autosomal and 

X chromosomes were kept in further analysis. Raw counts were normalized using the TMM 

method using the R packages EdgeR (v3.38.2) and Limma’s voom function (v3.52.2). Genes 

with almost null expression were filtered out (n=13842). Principal Component Analysis 
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(PCA) was performed on normalized data using the R package FactoMineR (v2.6). 

Heatmaps were generated using the R package pheatmap (v1.0.12).  

A linear model considering the annotation (Ctrl, +/del5, +/delT) was fitted to the counts. 

An adjusted p-value of 0.05 and a log fold change of 1.5 were set to consider a gene 

differentially expressed (DEGs). The R package clusterProfiler v4.4.4 was used to perform 

gene set enrichment analysis for previous lists of DEGs.  

The DNA and RNA from the delT tumors and adjacent tissue was obtained from the Center 

for Biological Resources (CRB) of Institut Curie following standard protocols, DNA was 

extracted by ethanol/chlorophorm after tissue dissociation whereas the RNA was 

extracted using Qiazol followed by myRNeasy kit (Qiagen). The RNAseq from the tumors 

were analysed using the same pipeline as mentioned for the cell clones. 

The DNA from del5 tumors and corresponding adjacent tissue was obtained from either 

the CRB of Institut Curie (1) as above or from our collaborator S. Sigurdsson (University 

of Iceland) in which case blood DNA from the same patients was used as controls (2), and 

the DNA was extracted following the same protocol as the one described above.  

Actin staining and circularity score 

Confluent MCF10A cells seeded in coverslips inside of 24 well plates were fixed with 

Paraformaldehyde 4% (Electron Microscopy Science) for 15 min. After a wash with PBS, 

they were permeabilized with 0.1% TritonX-100 (Fisher Scientific) in PBS for 10 min, and 

then blocked in 2% BSA (Sigma-Aldrich) in PBS for 30 min. Primary antibodies were diluted 

into Blocking media and incubated overnight. Day after, coverslips were washed 3 times 

with PBS, and secondary antibody incubation was performed in a wet chamber at 37 °C 

for 1 hour. Then they were washed 3 times with PBS and mounted with glass FluoromontG 

mounting media (Thermo Fisher).  

Images were acquired with a 63X objective in a LSM800 Inverted Confocal Microscope 

(Zeiss) and analyzed using ImageJ software. For intensity, ROIs were selected around cells 

or junctions of cells, and mean pixel intensity was measured. For circularity score, cell 

shape parameters were measured in ImageJ, using a ROI around each cell.  
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Gene silencing of BRCA2 

siRNA transfections were performed in serum-containing medium with the transfection 

reagent JetPrime (Ozyme) following manufacturer’s instructions. For BRCA2 depletion we 

transfected 20 nM of BRCA2 siRNA (Dharmacon D-003462-04, see Table 3). The non-

targeting oligonucleotide (Dharmacon D-001810-04-20, 20 nM) was used as control 

(siCTRL) in the cells. Experiments were performed 48h after transfection. 

Cell proliferation and clonogenic survival 

For proliferation assays, 5×103  cells of MCF10A WT and BRCA2-mutated cells were 

seeded in triplicate in 24 well culture plates (Falcon/Corning). Cells were then incubated 

for 8 h at 37 °C in a humidified chamber to adhere to the culture plate. Cells growth was 

imaged each 3 hours over 7 days using the Incucyte System (Sartorius). The software 

calculates the % of confluence covered by cells at each time point. The proliferation rate 

was calculated from the interpolation of logistic growth curve obtained in four 

independent experiments using GraphPrism software (v. 9.0.0). 

In the clonogenic survival assay, cells were serially diluted in complete growth media 

(Eurobio) and seeded in triplicates in 60 mm plates. A total of 250 cells were seeded for 

all conditions, except for the siBRCA2 condition, which was seeded at 1000 cells. The 

media was changed every third day, after 14 days in culture the plates were stained with 

crystal violet (Sigma-Aldrich), colonies were counted and the surviving fraction was 

determined for calculated as the ratio of the number of colonies formed to the total 

number of cells plated. 

Colony formation by soft-agar 

1×104 MCF10A cells were suspended in a top layer of DMEM-F12 supplemented media 

containing 0.30 % agar (Sigma) and plated on a bottom layer DMEM-F12 supplemented 

media containing 0.6 % agar in 35 mm plates. The cells were additionally supplied with 

complete medium every 3 days. After 3 weeks, colonies were stained and fixed with 0.01 

% crystal violet and 10 % ethanol in H2O. Colonies were imaged with a 10X objective in a 

DM6000B upright widefield Microscope (Leica). For each condition, 20 fields were 
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acquired. Images were quantified using ImageJ. The plugin extended depth of field was 

used to convert 3D acquisitions to 2D images; subsequently colony size and circularity 

were measured using ImageJ version 1.53t. 

Cell cycle analysis 

1×106 cells were harvested and washed twice with PBS. Cells were then fixed in ice-cold 

70% ethanol overnight, before being pelleted, resuspended in ice-cold PBS, and then 

incubated in the dark in propidium iodide (PI) staining buffer (3.5 mM Tris HCl, pH 7.6, 

50 μg/ml PI, 50 μg/ml RNase A, 0.1% NP-40, 10mM NaCl, ddH20) for 30 min at room 

temperature. Cell cycle distribution was analyzed by flow cytometry BD FACSAria III (BD 

Bioscience) using the FACSDiva software and data were analyzed with the FlowJo 10.5 

software (Tree Star Inc.). 

Western blot 

Cellular pellet was lysed in lysis buffer (50mM Hepes pH 7.5, 250mM NaCl, 5mM EDTA, 

1% NP-40,1mM DTT, 1mM PMSF, 1X protease inhibitor cocktail (Roche)) and cells were 

incubated on ice for 60 min, vortexed every 10 minutes. Lysates were sonicated (3 times 

x 5 seconds) and then centrifuged at 18,000 x g for 30 minutes at 4oC. The supernatant 

was transferred to a prechilled Eppendorf tube and stored at -80oC. For protein 

electrophoresis, samples were heated in 1x SDS sample buffer for 5 min at 95°C, loaded 

on a stain-free 4-15% SDS gel (Bio-Rad), and migrated at 130 Volts for 90 minutes in 

running buffer (1x Tris-Glycine, 0.1% SDS). The stain-free gel was visualized using a 

ChemiDoc camera (Bio-Rad). For transfer, a nitrocellulose membrane (VWR) was pre-

equilibrated in dH2O and transfer buffer (1x Tris-Glycine, 0.025% SDS, 10% methanol). 

The proteins were transferred for 2 hours at 0.35 A at 4oC. The membrane was blocked in 

5% milk in 1x TBS-T at room temperature for 45 minutes and then incubated with the 

respective antibody (see antibodies below) in 5% milk in 1x TBS-T overnight at 4°C. After 

extensive washes in TBS-T (3x 10 min), the membrane was incubated for 1h with the 

appropriate secondary HRP-antibody at room temperature on a shaker. After 3 more 
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washes in TBS-T, the membrane was developed using ECL prime western blotting 

detection reagent (VWR) and visualized using a ChemiDoc camera (Biorad). 

Subcellular fractionation 

1×107 cells were pelleted and incubated in ice for 20 minutes with 500 µl of BAD buffer 

(10mM Hepes pH 7.9, 10mM KCl, 10% glycerol, 1.5mM MgCl2, 0.34M Sucrose, 1mM DTT, 

0.1mM PMSF, 1X protease inhibitor cocktail (Roche), 0.1mM Na3VO4) complemented with 

0.1% of Triton X-100). After collecting 20 µl of total lysate, then pellets were centrifuged 

at 1300 x g for 5 minutes at 4oC. The supernatant, containing the cytoplasmic fraction, 

was transferred to a prechilled Eppendorf tube. Pellets containing the nuclear fraction, 

were then washed twice with 1.5ml of BAD buffer, each time centrifugating at 1300 x g 

for 5 minutes at 4oC, and finally incubated in 500 µl of lysis buffer (50mM Hepes pH 7.5, 

250mM NaCl, 5mM EDTA, 1% NP-40,1mM DTT, 1mM PMSF, 1X protease inhibitor cocktail 

(Roche)) for 40 minutes.  Protein electrophoresis was performed as described above. 

Antibodies used for Western Blot 

mouse anti-BRCA2 (1:500, OP95, EMD Millipore), rabbit anti-BRCA2 (1:1000, 3E6, 

GenScript), rabbit anti-RAD51 (1:2000, Abcam), mouse anti-alpha Tubulin (1:5000, 

Euromedex, Recombinant Anti-Histone H4 (acetyl K5 + K8 + K12 + K16)(abcam,1:5000), 

Horseradish peroxidase (HRP) conjugated secondary antibodies used: goat anti-mouse 

IgG-HRP (1:10,000, Cat.# 115-035-003, Jackson ImmunoResearch), goat anti-rabbit IgG-

HRP (1:10,000, Cat.# 111-035-003, Jackson ImmunoResearch). 

MTT assay 

Cell viability was assessed in MCF10A WT cells, or in parental clones transfected either 

with siCTRL or siBRCA2, and in MCF10A BRCA2-mutated clones.  

Olaparib (AZD2281, Selleck Chemicals): Cells were seeded in triplicate in 96 well-plates 

(TPP). The following day they were treated at increasing concentrations of the drug (0.5, 

1.0, and 2.5 µM) for 6 days. MMC (Sigma-Aldrich) and HU (Sigma-Aldrich): 3x105 cells were 

seeded in a 6 well-plate (TPP). For MMC, cells were treated for one hour the following 

concentration of drug: 0, 1.0, 2.0 and 4.0 µM. For HU, cells were treated for 24h the 
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following concentration of drug: 0, 2.5, 5 mM. Subsequently cells were were harvested 

and seeded in triplicate in 96 well-plate.  On the 6th day, the media was removed and cells 

were washed with 1x PBS. Cell viability was assessed with 3-[4,5-Dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide (MTT, Sigma Aldrich). The solution was removed and 

MTT crystals were dissolved in 100µl 100% DMSO (Sigma-Aldrich). The absorbance was 

obtained from the Tristar 3 microplate reader (Berthold Technologies) at 570 nm. The 

relative surviving cells was calculated by dividing the absorbance of the treated cells by 

the absorbance obtained in the untreated condition of the same clone. 

γH2AX and RAD51 immunofluorescence staining 

Cells were grown on 96 well plates (ibidi, 89626) and treated with DMSO as control, 10 

μM PARPi Olaparib (AZD2281, Selleck Chemicals), or 3 μM MMC (Sigma-Aldrich) for 24h 

as indicated. Subsequently cells were fixed in 3% formaldehyde in PBS for 15 min. at room 

temperature, washed twice in PBS, permeabilized for 5 minutes at room temperature in 

0.2% Triton X-100 (Sigma-Aldrich) in PBS, and washed twice in PBS. Primary and secondary 

antibodies were diluted in filtered DMEM containing 10% FBS and 0.02% sodium azide. 

Incubations in primary and secondary antibodies were performed at room temperature 

for 2 and 1h, respectively, with three washes in PBS in between. Cells were then washed 

once with PBS and incubated for 10 minutes at room temperature with PBS containing 

4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, 0.5 µg/ml) to stain DNA. Cells were 

subsequently washed three times in PBS before imaging.  

Quantitative image-based cytometry (QIBC) 

Automated multichannel widefield microscopy for quantitative image-based cytometry 

(QIBC) was performed as described previously (REF PMID: 36894693, 29992957) on an 

Olympus ScanR Screening System (ScanR Image Acquisition 3.01) equipped with an 

inverted motorized Olympus IX83 microscope, a motorized stage, IR-laser hardware 

autofocus, a fast emission filter wheel with one set of bandpass filters for multi-

wavelength acquisition (DAPI (ex BP 395/25, em BP 435/26), FITC (ex BP 470/24, em BP 

511/23), TRITC (ex BP 550/15, em BP 595/40), Cy5 (ex BP 640/30, em BP 705/72)), and a 
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Hamamatsu ORCA-FLASH 4.0 V2 sCMOS camera (2048 × 2048 pixel, pixel size 

6.5 × 6.5 µm) with a ×20 UPLSAPO (NA 0.75) air objective. For each condition, image 

information of large cohorts of cells (typically at least 1000 cells for the UPLSAPO 20x 

objective (NA 0.75)) was acquired under non-saturating conditions, and identical settings 

were applied to all samples within one experiment. Images were analyzed with the 

Olympus ScanR Image Analysis Software (version 3.3.0), a dynamic background correction 

was applied, and nuclei segmentation was performed using an integrated intensity-based 

object-detection module based on the DAPI signal. Nuclear foci segmentation was 

performed using an integrated spot-detection module. All downstream analyses were 

focused on properly detected interphase nuclei containing a 2N-4N DNA content as 

measured by total and mean DAPI intensities. Color-coded scatter plots of asynchronous 

cell populations were generated with Spotfire data visualization software (version 

10.10.1.7, TIBCO). Within one experiment, similar cell numbers were compared for the 

different conditions. For visualization of discrete data in scatter plots, mild jittering 

(random displacement of data points along the discrete data axes) was applied to 

demerge overlapping data points. Representative scatter plots and quantifications of 

independent experiments are shown. 

Homologous recombination assay 

2.5×106 cells for control, 3×106 for BRCA2-mutated clones, were seeded in 10 cm plate. 

The following day, cells were detached and counted. 1×106 cells were mixed in a total 

amount of 400 µl of Optimem (Gibco) with 5 µg of each of these three plasmids: spCas9-

GFP, AAVS1-gRNA, and the plasmid coding for the mCherry protein flanked with two 

regions of homology for the AAVS1 site  (Vugic et al., 2020). For control cells, AAVS1-

gRNA (gRNA) plasmid was excluded from the mix. Cells were electroporated in a 0.4 µm 

cuvette with Gene Pulser (BioRad) at 350V and 960 µF and seeded into a P6 well plate. 2 

days after, cells were detached and GFP+ cells (expressing spCas9) were sorted using 

FACS-Aria Fusion Sorting Cytometer. The same number of GFP+ sorted cells were seeded 

for each condition. 6 days after (8 days from electroporation), the percentage of mCherry+ 

of cells was quantified using a FACS-Aria Fusion Cytometer.  
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DNA combing assay with Olaparib and S1 nuclease treatment 

Cells were plated in 10 cm plate and allowed to adhere for 24 h (2 × 106 cells for control, 

3.5×106 for BRCA2-mutated clones). The following day, DNA was labeled for 30 min with 

100 µM IdU (Sigma-Aldrich) and washed 2× with PBS followed simultaneous incubation 

for 2h with 100 µM CIdU (Sigma-Aldrich) and 30 µM Olaparib (AZD2281, Selleck 

Chemicals). After labelling, cells were washed 2× with PBS and permeabilized with 5 ml 

CSK buffer in 10 cm plate (10 mM PIPES, pH 6.8, 0.1 M NaCl, 0.3 M sucrose, 3 mM MgCl2, 

EDTA-free Protease Inhibitor Cocktail (Roche)) at room temperature for 10 min. 

Subsequently, cells were incubated with 1ml of S1 buffer (30 mM sodium acetate pH 4.6, 

1 mM zinc sulfate, 50 mM NaCl) was added with or without S1 nuclease (20 U) (Thermo 

Fisher) for 30 min at 37 °C. Finally, cells were collected by scraping, pelleted, and 

resuspended in PBS (45 µl per 400,000 cells).  

500 µl of cells were transferred to a new tube, briefly heated at 42 °C, and resuspended 

with 500 µl melted 2% agarose type VII (SIGMA) to make the agarose plugs. Plugs were 

left to solidify for 20 min at 4 °C and were then digested with Proteinase K (400 mM EDTA 

pH 8, 10% Proteinase K, 1% Sarcosyl) in a waterbath at 42 °C overnight. The next day, 

plugs were washed trice with TE 1X buffer. TE solution was removed and a solution 

containing 50 mM MES pH 5.5,100 mM NaCl was added to the plugs that were heated at 

68 °C for 20 min. Agarose plugs were then dissolved by adding 2 µl of β-agarase (NEB) 

and incubated at 42 °C overnight. The following day, dissolved agarose plugs were 

transferred to the combing machine (Genomic Vision) where DNA was combed onto 

silane-coated coverslips (Genomic Vision) following the manufacturer’s specifications. 

Combed coverslips were baked overnight at 60 °C, denatured in denaturation buffer 

(25 mM NaOH, 200 mM NaCl in H2O) for 15 min, washed trice with 1X PBS, and 

dehydrated by incubation with increasing concentrations of ethanol 70%, 90%, and 100% 

each for 5 min. For the IF staining, the coverslips were incubated with BlockAid (Thermo 

Fisher) for 15 min. Incubations in primary and secondary antibodies were performed at 

room temperature for 1 hour, with three washes in PBS in between.  
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Slides were air-dried for 5–10 min and were mounted with 7 µl mounting media (80% 

Glycerol and 20% PBS) and sealed with clear nail polish. Track lengths were measured in 

Fiji and the ratio was calculated dividing the IdU (green) over CldU (red) signal. 

Metaphase spreads 

1,25×104 MCF10A cells were seeded into glass coverslips in P24 well plate. The day after, 

cells were treated with 10 µg of Olaparib for another 24 hours. Cell division was blocked 

with 100 ng/ml colcemid (Thermo Fisher) for 3h. Then, a hypotonic shock was performed 

with 1:7 FBS in distilled water for 40 minutes and cells were fixed adding 1 volume of a 

solution composed of Methanol-Acetic Acid 3:1. After an incubation of 15 min at RT, 

fixation media was changed for another 15 min. Finally, another fixation media change 

was done, and the coverslips were incubated for 30 min at 4 degrees. Coverslips were air-

dried and stained with 2% Giemsa solution (Thermo Fisher) diluted in Gurr buffer (Thermo 

Fisher) for 10 min. The coverslips were rinsed in water and air-dried at RT, then mounted 

with Eukitt mounting media (Sigma-Aldrich).  Images were acquired with a 100X objective 

with a CMOS camera (LEICA). 

Organoids 

1×103 MCF10A cells were seeded on top of 250 µl of Cultrex Reduced Growth Factor 

Basement Membrane Gel (RyD) in P24 wells and feeded with DMEM/F12 media (Gibco) 

supplemented with L-Glutamine, 1X B27 (Gibco), 10 µg/ml insulin (Merck), 20 µg/ml hEGF 

(Sigma-Aldrich) and 1 µg/ml Hydrocortisone (Sigma-Aldrich). Media was changed each 

2-3 days, and images were taken along the experiment to monitor growth. 

Whole-genome sequencing 

DNA was extracted from both tumor and corresponding normal tissue and samples were 

subjected to whole-genome sequencing as described previously (Nik-Zainal et al., 2016). 

Resulting BAM files were aligned to the reference human genome (GRCh37) using 

Burrows–Wheeler aligner, BWA (v0.5.9). Mutation calling was performed as described 

previously (Nik-Zainal et al., 2016). Briefly, CaVEMan (Cancer Variants Through Expectation 

Maximization; http://cancerit.github.io/CaVEMan/) was used to call somatic substitutions. 
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Indels in the tumor and normal genomes were called using modified Pindel version 2.0 

(http://cancerit.github.io/cgpPindel/) on the NCBI37 genome build44. Structural variants 

were discovered using a bespoke algorithm, BRASS (BReakpoint AnalySiS) 

(https://github.com/cancerit/BRASS) through discordantly mapping paired-end reads 

followed by de novo local assembly using Velvet45 to determine exact coordinates and 

features of breakpoint junction sequence. 

Extraction of mutational signatures 

Mutational signatures analysis was performed following a three-step process: (i) 

hierarchical de novo extraction based on somatic substitutions and their immediate 

sequence context, (ii) updating the set of consensus signatures using the mutational 

signatures extracted from breast cancer genomes, and (iii) evaluating the contributions of 

each of the updated consensus signatures in each of the breast cancer samples. The 

detailed steps are described in Nik-Zainal et al, 2016. 

 

HRD score  

The HRD score determination was conducted using the HRDetect predictor, considering 

the following genomic features, listed in their respective order of importance: deletions 

with microhomology, substitution signature 3, rearrangement signatures 3 and 5, HRD 

index, and substitution signature 8. For further details, see Davies et al., 2017. 

Allele-specific LOH 

BRCA2-del5 Icelandic cohort (n = 52) (Stefansson et al., 2011): The proportion of BRCA2 

WT alleles was quantitatively measured relative to 999del5 BRCA2 mutated alleles in 

tumor DNA samples by quantitative PCR (7500 Realtime PCR system; Applied Biosystems) 

with a TaqMan method by using a single BRCA2-specific, minor groove-binding probe 

(MGB-probe) 5'-end-labeled with FAM and a nonfluorescent quencher (NFQ) at the 3' 

end, a single BRCA2-specific forward primer, and two allele-specific reverse primers. The 

BRCA2 WT- to mutant-allele ratios were quantified by measuring differences in 

fluorescence intensity of FAM performed in duplicate, and the Ct values (number of cycles 
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to reach intensity threshold) were averaged. Ct measures with standard deviation higher 

than 0.5 (SD > 0.5) were rejected and remeasured. The wild-type to mutant-allele ratios 

were calculated to wt/allele frequencies by the following equation: Frequency of allele1 = 

1 ⁄ (2ΔCt + 1) where ΔCt = (Ct of allele1 - Ct of allele2). 

BRCA2-delT Penn cohort (n = 4) (Maxwell et al., 2017): A combination of VarScan241, 

allele frequency comparisons, and allele-specific copy number calls were used to 

determine BRCA locus-specific LOH. Estimates of tumor purity (cellularity) were 

determined using Sequenza and inputted into VarScan2 variant calling. The sample was 

assigned a locus-specific LOH positive status if the VarScan2 somatic P-value was 

significant and a locus-specific LOH negative status if the VarScan2 germline P-value was 

significant. Allele-specific copy number calls of the genomic region containing the BRCA1 

or BRCA2 mutation were determined by Sequenza. The copy number of the genomic 

region surrounding the germline BRCA1 or BRCA2 mutation (CN) and the number of 

mutant (m) alleles as per the output of the Sequenza program were used to assign two 

states of absent locus-specific LOH—heterozygous diploid (CN = 2;m = 1) or amplified 

with gain of non-mutant (wildtype) allele (CN>2;m = 1)—and three states of locus-specific 

LOH—loss (CN = 1;m = 1), copy neutral LOH (CN = 2;m = 2), and amplified with LOH 

(CN>2;m>2). The genomic regions surrounding the germline BRCA1 and BRCA2 mutation 

ranged from less than one to over 100 Mb in length. In cases where the VarScan2 and 

ASCN calls differed (six of 100 TCGA tumors and four of 60 Penn tumors), the difference 

between cellularity corrected tumor allele frequency and blood allele frequency (ΔAF) was 

determined; the sample was assigned a locus-specific LOH positive status if ΔAF>0.2028. 

Finally, five of 100 TCGA tumors had a germline BRCA1 or BRCA2 mutation identified only 

by normal variant calling by Mutect; for these a combination of ASCN and ΔAF was used 

to determine locus-specific LOH. 

Curie cohort (n = 12): Raw sequences were generated per sample using the PCR Free 

Roche KAPA Hyper Prep Library on the Illumina Novaseq 6000 (run D458) at the NGS 

platform of the Institut Curie, resulting in the creation of 150bp paired-end fastq files.   
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Raw data were then processed using the Institut Curie raw-qc pipeline 

(10.5281/zenodo.8340106). The overall quality of the reads was checked using FastQC 

(v0.11.8). Reads were then aligned on the hg19 reference genome using bwa mem 

(v.0.7.15).  Aligned data were processed using Facets (v0.5.1) that takes advantage of both 

the B-allele ratio (BAF) and the read depth to estimate the allele-specific copy number 

variants and the optimal ploidy and tumor cellularity, after a GC percentage correction. 

Total copy number (number of A and B in the genotype) and minor copy number (number 

of B in the genotype) were defined for each segment. Loss-Of-Heterozygosity was 

considered for segments with a minor copy number of 0.   
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Chemical, reagents, oligonucleotides, antibodies 

 

Table 2. Chemicals, reagents, cell media 

Product Source Identifier 

DMEM-F12 Biowest Cat#L0092 
DMEM High Glucose Biowest Cat# L0101 

Cultrex Reduced Growth Factor 
Basement Membrane Gel (RyD) R&D Systems Cat#3533-010-02 

Accutase Biowest Cat#L0950 
Horse serum Thermo Fisher  Cat#16050122 

Human epidermal growth factor  Sigma-Aldrich Cat#E9644 

Hydrocortisone Sigma-Aldrich Cat#H-0888 
Cholera toxin Sigma-Aldrich Cat#C8052 

Insulin Sigma-Aldrich Cat#I9278 

Penicillin–streptomycin  
Thermo Fisher 
Scientific Cat# CABPES01 

L-Glutamine Eurobio Abcys Cat#CSTGLU00 

L-Glutamine Gibco Cat# 25030081 

jetPRIME® Ozyme Cat#POL114 
Clontech Labs 3P PRIMESTAR GXL 
DNA POLYMERASE Takara Bio Cat# C9911-100R050A 

Paraformaldehyde 

Electron 
Microscopy 
Sciences Cat# 15710 

BSA Sigma-Aldrich Cat#A9647 

Cristal violet Sigma-Aldrich Cat#C0775 

Triton X-100 
Thermo Fisher 
Scientific Cat#10254583 

cOmplete, EDTA-free Protease 
Inhibitor Cocktail Sigma-Aldrich Cat#000000011873580001 
DL-Dithiothreitol (DTT) Sigma-Aldrich  Sigma-Aldrich Cat#D9779 

Mini-PROTEAN TGX Stain-Free gels  Bio Rad  Cat#456-8084 

UltraPure™ 0.5M EDTA pH8.0 
Thermo Fisher 
Scientific Cat#15575020 

Table 1. Cell lines 

Product Source 

MCF10A (human breast epithelial cells) Kind gift from Marie Dutreix 

MCF7 (human breast cancer cells) Kind gift from Patricia Uguen 

MDA-MB-231 (human breast cancer cells) Kind gift form Prof. Krogan 
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Invitrogen novex NuPAGE 4 12% 
Thermo Fisher 
Scientific Cat#NP0321BOX 

Invitrogen novex NuPAGE MES SDS 
Running Buffer (20X) Millipore Sigma Cat#8086100100 
Tris-Glycine 10X Biorad Cat##1610771 

Amersham Protran Nitrocellulose 
Blotting Membrane  

GE Healthcare 
Life Science  Cat#10600008  

Amersham ECL Prime Western 
Blotting Detection Reagent  

GE Healthcare 
Life Science  Cat#RPN2236  

Olaparib Euromedex Cat#S1060 

MMC Sigma-Aldrich   
HU Sigma-Aldrich Cat#H8627 

S1 nuclease  
Thermo Fisher 
Scientific Cat#18001016 

50-well plug molds Biorad Cat#1703713 
Agarose Type VII  Sigma-Aldrich Cat#A4018 

IdU Sigma-Aldrich Cat#I7125 

CldU  Sigma-Aldrich Cat#C689 
Silane-treated slides Genomic Vision Cat#COV-002-10 

Sarcosyl (N-Lauroylsarcosine  
sodium salt solution) Sigma-Aldrich Cat#61747 

TE 100X  EMD Millipore Cat#574793 
MES  Sigma-Aldrich Cat#M3671 

Sodium Acetate  
Thermo Fisher 
Scientific Cat#15693800 

Zinc sulfate Merck Cat#83265 

β-Agarase I  NEB Cat#M0392S 
Block aid  Life technologies Cat# B10710 

DAPI Merk Millipore Cat#28718-90-3 
MTT Sigma-Aldrich  Cat #M5655 

FluoromontG 
Thermo Fisher 
Scientific Cat#00-4958-02 

Colcemid 
Thermo Fisher 
Scientific Cat#15212012 

Giemsa 
Thermo Fisher 
Scientific  Cat#10092013 

Gurr 
Thermo Fisher 
Scientific  Cat#10-582-013 

Eukitt mounting media Sigma-Aldrich  Cat#03989 
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Table 3. SiRNA  

Target and sequence (5’-3’)  Source Identifier 

BRCA2: GAAGAAUGCAGGUUUAAUA  Dharmacon  Cat# D-003462-04  

Non targeting oligonucleotide (siCTRL)  Dharmacon  Cat# D-001810-01 

 
 
 
 

Table 4. Primers for BRCA2 genotyping 

Sequence (5’-3’) Mean Source Lab 

Identifier 

GCTGACATTCAGAGTGAAGAAATTTTACAAC delT F Eurofins MWG oAC337 

GCAGATGAATTTACCACATTATATGAAAAGCC delT R Eurofins MWG oAC338 

GGACAAAGGGATGATTCATGTCCCAAG del5 F Eurofins MWG oAC525 

GGTGAAATGCCATCTCTACTAAAAATACAATAGTT
G 

del5 R Eurofins MWG oAC517 

 
 
 

Table 5. sgRNA target sequences 

Sequence (5’-3’) Mean 

Talen 1: TGTGGGATTTTTAGCACAG  BRCA2-delT mutation (TALEN) 

Talen 2: TGAAGCATCTGATACCTG 

GACAGTGAAAACACAAATCA BRCA2-del5 mutation (CRISPR) 

GCACAGCAAGTGAAAATCTGTCC correct BRCA2-delT mutation (CRISPR) 

GACAGTGAAAACACAAAGAG correct BRCA2-del5 mutation (CRISPR) 

GGGGCCACTAGGGACAGGAT generate a DSB in the AAVS locus 
(CRISPR) 
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Table 6. Oligonucletides 

Sequence (5’-3’)  Mean Source Lab 

Identifier 

GTCCTGCAACTTGTTACACAAATCA
GTCC 

Forward to made 
homologous PCR from 
gDNA CAPAN-1 for 
TALEN BRCA2delT 

Eurofins 
MWG  

oAC350 

CCCCAAACTGACTACACAAAAATG
GCTG 

Reverse to made 
homologous PCR from 
gDNA CAPAN-1 for 
TALEN BRCA2delT 

Eurofins 
MWG  

oAC378 

ACACCGACAGTGAAAACACAAATC
AG 

Forward to clone gRNA 
for BRCA2del5 

Eurofins 
MWG  

oAC522 

AAAACTGATTTGTGTTTTCACTGTC
G 

Reverse to clone gRNA 
for BRCA2del5 

Eurofins 
MWG  

oAC523 

TTCAACTAAACAGAGGACTTACCAT
GACTTGCAGCTTCTCTTTGTGTTTTC
ACTGTCTGTCACAGAAGCGATAAAT
CTAT 

Homology oligo 
containing the BRCA2 
999del5 mutation 

Sigma-
Aldrich 

oAC513 

CACCGCACAGCAAGTGAAAATCTG
TCCGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATC
AACTTGAAAAAGTGGCACCGAGTC
GGTGCGGACAGATTTTCCACTTGCT
GTGCTAA 

Forward for cloning 
sgRNA to revert BRCA2 
delT mutation 

Eurofins 
MWG  

oAC1002 

AAAATTAGCACAGCAAGtGGAAAA
TCTGTCCGCACCGACTCGGTGCCAC
TTTTTCAAGTTGATAACGGACTAGC
CTTATTTTAACTTGCTATTTCTAGCT
CTAAAACGGACAGATTTTCACTTGC
TGTGC 

Reverse for cloning 
sgRNA 
to revert BRCA2 delT 
mutation 

Eurofins 
MWG  

oAC1003 

ACACCGACAGTGAAAACACAAAG
AGG 

Forward to clone gRNA 
for correcting 
BRCA2del5 

Eurofins 
MWG  

oAC995 

AAAACCTCTTTGTGTTTTCACTGTC
G 

Reverse to clone gRNA 
for correcting 
BRCA2del5 

Eurofins 
MWG  

oAC996 
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Table 7. Plasmids 

Construct Source Identifier 

TALEN BRCA2 delT fok F 
pcDNA6.2/N-EmGFP-DEST GW 

Life technologies #V35620 

TALEN BRCA2delT fok R 
pcDNA6.2/N-YFP-DEST GW 

Life technologies #V35820 

pCas9-GFP Addgene #44719 

pBS U6 sgRNA CRISPR  Addgene (gift from Carine 
Giovannangeli) 

#43860 

pU6-pegRNA-GG-acceptor  Addgene #132777 
 

Table 8. Commercial kits 

Product Source Identifier 

NucleoSpin Plasmid Macherey-Nagel Cat# 740588 

Maxiprep Qiagen Cat#12162 

AMAXA Cell Line Nucleofector® Kit T Lonza Cat#VCA-1002 

NucleoSpin TriPrep Macherey-Nagel Cat#740966 

Wizard® SV Gel and PCR Clean-Up System Promega Cat#A9285 

Quick-DNA Universal Kit ZYMO Ozyme Cat#ZD4069 

Bioanalyzer Agilent Cat#5067-1511 

Qubit Thermo Fisher 
Scientific 

Cat#Q32851 

  

TTCAACTAAACAGAGGACTTAC

CATGACTTGCAGCTTCTCTTTGA

TTTGTGTTTTCACTGTCTGTCACA

GAAGCGATAAATCTAT 

Homology oligo to 

revert the BRCA2 

999del5 mutation 

Sigma-

Aldrich 

oAC994 
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Table 9. Primary antibodies  

SPECIES AND ANTIGEN SOURCE IDENTIFIER DIL. + EXP 

Mouse anti-BRCA2  EMD 
Millipore  

OP95  1:500, WB 

Rabbit anti-BRCA2  In-house 3E6 1:1000, WB 

Rabbit anti-RAD51 abcam ab63801 1:2000, WB 

Rabbit Anti-Histone H4 (acetyl K5 + 
K8 + K12 + K16)  

abcam ab177790 1:1000, WB 

Rat anti-BrdU (CldU) abcam ab6326 1:50, 
combing 

Mouse anti-BrdU (ldU) BD Bioscience #347580 1:25, 
combing 

Alexa Fluor™ 647 Phalloidin Thermo 
Fisher 
Scientific 

#A22287  1:250, IF 

Mouse anti-H2AX Phospho S139 BioLegend #613401  1:1000, IF 

Rabbit anti-RAD51  BioAcademia #70-002  1:1000, IF 

 

 

Table 11. MCF10A RNA sequencing runs 

ID  Barcode  

Ctrl #1  B255T01  

Ctrl #2  D610T170  

Table 10. Secondary antibodies  

SPECIES AND ANTIGEN SOURCE IDENTIFIER DILUTION+EXP 

HRP-conjugated goat 
antimouse 

Jackson 
Immuno #115-035-003 1:10 000, WB 

HRP-conjugated goat 
antirabbit 

Jackson 
Immuno #111-035-003 1:10 000; WB 

Alexa donkey anti-mouse 
488 

Thermo Fisher 
Scientific #A-21202 1:50, combing 

Alexa goat anti-rat 555 
Thermo Fisher 
Scientific #A-21434 1:50, combing 

Alexa Goat Anti-Mouse 
568  

Thermo Fisher 
Scientific #A11031  1:500, IF 

Alexa Goat Anti-Rabbit 
488 

Thermo Fisher 
Scientific #A11034  1:500, IF 
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Ctrl #3  D1471T148 

+/del5 #1  D956T267  

+/del5 #2  D956T268  

+/del5 #3  D1342T008  

+/delT #1  D956T269  

+/delT #2  D610T171  

+/delT #3  D610T172  
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Table 12. Tumors clinical pathology 

Sample  Cohort Mutation 

Donor 

gender Age 

Specimen 

type Histology ER PR HER2 Subtype 

Tumour 

grade 

Tumour 

stage 

Source 

of 

normal Parity 

Mitotic 

score 

PD4872a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 40 Primary 

ductal 

carcinoma + + - NA NA T2 NA GxPx NA 

PD4876a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 30 Primary 

ductal 

carcinoma + + - NA NA T3 NA GxPx NA 

PD4951a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 39 Primary 

ductal 

carcinoma + + - LumA II Tx blood GxP3 high 

PD4952a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 44 Primary 

ductal 

carcinoma + + - NA III Tx blood GxP1 high 

PD4953a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 67 Primary 

ductal 

carcinoma + - - LumB II Tx blood GxP5 low 

PD4954a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 51 Primary 

ductal 

carcinoma + + - NA II Tx blood GxP2 high 

PD4957a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 38 Primary 

ductal 

carcinoma + + - LumA II Tx blood GxP2 NA 

PD4958a 

Nik-

Zainal et 

al., 2016 

c.771-

775del 

p.N257fs*17 F 48 Primary 

ductal 

carcinoma + + - LumB II Tx blood GxP2 high 

371480H I.Curie 

c.771-

775del 

p.N257fs*17 F 42 Primary 

ductal 

carcinoma - - NA NA III T2 tissue NA NA 

R01 

Iceland 

Univ. 

c.771-

775del 

p.N257fs*17 F NA NA NA - - - TNBC NA NA blood NA NA 

RO3 

Iceland 

Univ. 

c.771-

775del 

p.N257fs*17 F 32 Primary NA + + - LumB NA NA blood NA NA 

514207H I.Curie 

c.5946delT 

p.S1982fs F 65 Primary 

Invasive 

Ductal 

Carcinoma + - - Lum III NA tissue NA high 

462295H I.Curie 

c.5946delT 

p.S1982fs F 47 Primary 

Invasive 

Ductal 

Carcinoma + NA - NA III NA tissue NA 

Modera-

te 

631699H I.Curie 

c.5946delT 

p.S1982fs F 49 Primary 

invasive 

carcinoma NA + - NA II NA tissue NA 

Modera-

te 
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Table 12. Tumors clinical pathology 

Sample  Cohort Mutation 

Donor 

gender Age 

Specimen 

type Histology ER PR HER2 Subtype 

Tumour 

grade 

Tumour 

stage 

Source 

of 

normal Parity 

Mitotic 

score 

452087H I.Curie 

c.5946delT 

p.S1982fs F 65 Primary NA NA NA NA NA NA NA tissue NA NA 

619138H I.Curie 

c.5946delT 

p.S1982fs F 33 Primary 

Invasive 

Carcinoma + + - Lum B III NA tissue NA high 

H150105 I.Curie 

c.5946delT 

p.S1982fs F 49 Primary 

Invasive 

Carcinoma + - - TNBC III NA tissue NA high 

638538H I.Curie 

c.5946delT 

p.S1982fs F 79 Primary 

Invasive 

Ductal 

Carcinoma NA NA NA NA NA NA tissue NA NA 

549025H I.Curie 

c.5946delT 

p.S1982fs F 73 Metastasis 

Invasive 

Ductal 

Carcinoma + + - Lum NA NA tissue NA NA 

H091731 I.Curie 

c.5946delT 

p.S1982fs F 76 Primary 

Invasive 

adeno 

carcinoma + + - Lum A II NA tissue NA NA 

439267H I.Curie 

c.5946delT 

p.S1982fs       

Invasive 

adeno 

carcinoma + NA -   II         

514207H I.Curie 

c.5946delT 

p.S1982fs       

Invasive 

adeno 

carcinoma NA NA NA   III         

4756-

Brca2Br1 

Maxwell 

et al., 

2017 

c.5946delT 

p.S1982fs F 70 Primary 

Invasive 

Ductal 

Carcinoma - - - TNBC III T2 tissue NA NA 

6013-

Brca2Br4

9 

Maxwell 

et al., 

2017 

c.5946delT 

p.S1982fs F 62 Primary 

Invasive 

Ductal 

Carcinoma + - - NA I T2 tissue NA NA 

6035-

Brca2Br1

0 

Maxwell 

et al., 

2017 

c.5946delT 

p.S1982fs F 43 Primary 

Invasive 

Ductal 

Carcinoma + - - NA III T1 tissue NA NA 

TCGA-

AO-A03V 

Maxwell 

et al., 

2017 

c.5946delT 

p.S1982fs M 41 Primary 

Invasive 

Ductal 

Carcinoma + - - NA unknown T1 tissue NA NA 

6537 

Penn 

Univ. 

c.5946delT 

p.S1982fs NA NA NA NA NA NA NA NA NA NA NA NA NA 

7281 

Penn 

Univ. 

c.5946delT 

p.S1982fs NA NA NA NA NA NA NA NA NA NA NA NA NA 
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Synthèse 

L'intégrité du génome de la cellule eucaryote est constamment menacée par des lésions 

de l'ADN causées soit par des facteurs externes, soit par le métabolisme cellulaire. Ces 

dommages pouvant avoir des conséquences néfastes, les cellules disposent de divers 

mécanismes de réparation des dommages de l'ADN : parmi eux, la recombinaison 

homologue (HR) est l'un des plus importants, car elle effectue une réparation d’haute-

fidélité des cassures double brin de l'ADN (DSB), des liaisons croisées inter-brins (ICL) ainsi 

que des lésions de l'ADN générées pendant la réplication en utilisant une séquence 

identique (la chromatide sœur) comme modèle. 

BRCA2 est une protéine suppresseur de tumeurs essentielle au maintien de l'intégrité du 

génome grâce à son rôle clé dans la voie de la HR De plus, BRCA2 est indispensable à la 

protection de la fourche de réplication ainsi qu'à la réparation et à la prévention de la 

formation de ponts d'ADN simple brin (ssDNA gaps). Par conséquent, les mutations 

mono-alléliques héréditaires de BRCA2 prédisposent au cancer du sein et de l'ovaire. 

Alors que les effets délétères de la déficience de BRCA2 sont connus, notamment les 

défauts de la HR, le stress réplicatif et l'accumulation ssDNA gaps, les mécanismes de 

formation des tumeurs chez les porteurs de mutations de BRCA2 restent mal définis. 

L'inactivation de l'allèle sauvage (perte d'hétérozygotie, LOH) semble être cruciale pour la 

carcinogenèse des cellules mutées de BRCA2. Cependant, certains cancers conservent le 

deuxième allèle intact, suggérant une haplo-insuffisance de BRCA2. Cette hypothèse a fait 

l'objet de nombreux débats, et différents résultats ont été obtenus selon le système 

modèle choisi. Pour répondre à cette question, nous avons édité génétiquement deux 

lignées cellulaires isogéniques épithéliales mammaires non tumorales, chacune portant 

un variant pathogène mono-allélique de BRCA2. 

L'analyse par RNA-seq a révélé que le variant c.771-775del (del5) de BRCA2 avait un 

impact minimal sur l'expression génique tandis que le deuxième, le c.5946del (delT), 

entraînait des changements transcriptomiques substantiels, notamment la régulation 

négative de gènes liés à l'adhésion cellulaire. Les essais en soft-agar ont révélé que cette 

lignée avait une capacité accrue à former des colonies de manière indépendante de 
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l'ancrage, indiquant un phénotype invasif, en accord avec les changements d'expression 

génique observés. Ces mêmes résultats ont été confirmés en 3D dans un système 

isogénique d'organoides. 

Les cellules portant le variant del5 présentaient des niveaux protéiques réduits à la fois 

de BRCA2 et de son effecteur clé, RAD51. Cette réduction corrèle avec des déficiences 

dans la réparation médiée par la HR et avec une sensibilité accrue aux inhibiteurs de PARP 

(PARPi) et au traitement à la Mitomycine C (MMC). De plus, les cellules +/del5 ont 

accumulé des ssDNA gaps en réponse au stress réplicatif induit par le PARPi, suggérant 

une instabilité génomique persistante dans cette lignée, se manifestant par des cassures 

d'ADN sous le même traitement.  

Ensuite, pour comparer les deux variants dans un contexte tumoral, nous avons analysé, 

par séquençage complet du génome (WGS), des échantillons d'ADN de tumeurs 

mammaires primaires et de tissus non néoplasiques adjacents. De manière surprenante, 

malgré les différences observées dans les cellules porteuses de mutations hétérozygotes 

de BRCA2, nous avons observé des profils génomiques similaires, indicatifs d'une 

déficience en recombinaison homologue (HRD) dans les deux cohortes de tumeurs. De 

plus, lorsque nous avons analysé la proportion de tumeurs ayant subi une LOH de BRCA2, 

nous avons trouvé des fréquences différentes entre les deux cohortes, suggérant une 

pression sélective différente pour cet événement dans les tumeurs. 

En conclusion, notre travail suggère que différentes variants pathogènes mono-alléliques 

de BRCA2 conduisent à des profils transcriptomiques et phénotypiques différents. Ces 

disparités pourraient potentiellement expliquer la fréquence variable de LOH dans les 

tumeurs, tandis que leur signature mutationnelle est principalement attribuée à une HRD. 

Ceci pourrait avoir des implications cliniques significatives, affectant la réponse des 

tumeurs associées à BRCA2 aux traitements chimiothérapeutiques comme les PARPi, qui 

se sont avérés plus efficaces dans les cellules subissant une LOH de BRCA2. 
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Appendix 

 

During my PhD I contributed to the research article “Replication gap suppression depends 

on the double-strand DNA binding activity of BRCA2” (Vugic et al., Nature 

Communications, 2023) by performing DNA combing for Fig. 5C and supplementary Fig.5. 

 

Additionally, in collaboration with my Ph.D. supervisor, I served as a first author for a 

review titled 'BRCA1/2 Haploinsufficiency: Exploring the Impact of Losing one Allele' 

available online in the Journal of Molecular Biology from September 2023. 

 

I also contributed as co-first author to the meeting report entitled "At the Crossroads of 

RNA Biology, Genome Integrity, and Cancer," which was published in the Bulletin de 

Cancer in 2022. 

 

 

I am currently in the process of preparing the manuscript to be submitted for publication 

containing the results from my PhD research project. 
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Replication gap suppression depends on
the double-strand DNA binding activity
of BRCA2

Domagoj Vugic1,2,5, Isaac Dumoulin1,2,5, CharlotteMartin 1,2,5, AnnaMinello 1,2,

Lucia Alvaro-Aranda3, Jesus Gomez-Escudero3, Rady Chaaban1,2,3, Rana Lebdy4,

Catharina von Nicolai1,2, Virginie Boucherit1,2, Cyril Ribeyre 4,

Angelos Constantinou 4 & Aura Carreira 1,2,3

Replication stress (RS) is a major source of genomic instability and is intrinsic

to cancer cells. RS is also the consequence of chemotherapeutic drugs for

treating cancer.However, adaptation toRS is also amechanismof resistance to

chemotherapy. BRCA2 deficiency results in replication stress in human cells.

BRCA2 protein’s main functions include DNA repair by homologous recom-

bination (HR) both at induced DNA double-strand breaks (DSB) and sponta-

neous replicative lesions. At stalled replication forks, BRCA2 protects the DNA

from aberrant nucleolytic degradation and is thought to limit the appearance

of ssDNA gaps by arresting replication and via post-replicative HR. However,

whether and how BRCA2 acts to limit the formation of ssDNA gaps or mediate

their repair, remains ill-defined. Here, we use breast cancer variants affecting

different domains of BRCA2 to shed light on this function. We demonstrate

that the N-terminal DNA binding domain (NTD), and specifically, its dsDNA

binding activity, is required to prevent and repair/fill-in ssDNA gaps upon

nucleotide depletion but not to limit PARPi-induced ssDNA gaps. Thus, these

findings suggest that nucleotide depletion and PARPi trigger gaps via distinct

mechanisms and that the NTD of BRCA2 prevents nucleotide depletion-

induced ssDNA gaps.

Germline mono-allelic mutations in BRCA2 predispose to breast and

ovarian cancer with high penetrance1; when biallelic, they result in

Fanconi anemia (FA)2.

BRCA2 tumor suppressor protein preserves genomic integrity

through itsmediator role inDNA repair byhomologous recombination

(HR)3–5. On the one hand, BRCA2 loads andmodulates theDNAbinding

activity of RAD51 preventing its non-productive association with

double-stranded DNA (dsDNA) and promoting its nucleation onto the

resected single-stranded DNA (ssDNA). On the other, it helps displace

RPA from ssDNA thus facilitating RAD51 nucleoprotein filament for-

mation and strand invasion. Replication stress induces the formation

of DNA lesions that block replication; under these conditions, RAD51

protects stalled replication forks from unscheduled nucleolytic

degradation, a function that is promoted by BRCA26–8. In addition,

RAD51 promotes replication fork reversal, a structure resulting from

the annealing of the newly synthesized strands allowing to skip of a

lesion9,10 and restart of replication; these functions seem to be inde-

pendent of BRCA2.
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Replication stress leads to the appearance of stretches of ssDNA

or single-strand DNA gaps (ssDNA gaps). These gaps have been

shown to accumulate in BRCA1/2-deficient cells, especially under

replication-compromising conditions, such as nucleotide depletion

induced by hydroxyurea, after multiple rounds of cisplatin treat-

ments, or upon treatment with PARP inhibitors11 suggesting the

involvement of these factors in preventing replication-associated

ssDNA gaps8,12–14. The origin of ssDNA gaps is multiple varying from

defects in Okazaki fragment processing to repriming by specialized

polymerases15. Because they cannot be filled by conventional poly-

merases, several mechanisms need to act to “fill in” these ssDNA gaps

left behind the forks. These include translesion synthesis (TLS),

template switching (TS), and repriming by the primase-polymerase

PRIMPOL (reviewed in refs. 15–17). RAD51-mediated homologous

recombination (HR) through TS can repair ssDNA gaps in an error-

free manner18 and has been shown to efficiently fill gaps opposite to

bulky adducts in mammalian cells19. In the absence of a functional

HR, such as in the BRCA1/2-deficient context, other mutagenic

mechanisms take place to fill in the gaps including the TLS factors

REV1-Polζ20,21.

The fate of ssDNA gaps in BRCA2-deficient cells and how BRCA2

is involved in their suppression/repair is still poorly understood. The

ortholog of BRCA2 in U. maydis, Brh2, can load Rad51 onto gapped

DNA in vitro22, an activity that requires a dsDNA/ssDNA junction22,

and this requirement was also shown for the loading of RecA by the

functional homolog of BRCA2 in bacteria, RecFOR23. Although bio-

chemical data is lacking, mammalian BRCA2 likely promotes ssDNA

gap filled-in/ repair through an HR-dependent mechanism8,19,24,25.

Finally, if left unrepaired, ssDNA gaps may persist or lead to

replication-associated DSBs both of which can be repaired via HR in

an error-free manner21,26. In the absence of a functional HR, these

gaps or DSBs accumulate and manifest in chromatid gaps or breaks

in metaphase spreads. The latter may be subjected to non-

homologous end joining (NHEJ) repair that when ligated to differ-

ent DSBs result in radial chromosomes both of which are observed in

BRCA2-deficient cells27.

Here, we investigate the role of BRCA2 at replication forks taking

advantage of two variants in the N-terminal DNA binding domain

(NTD) with either impaired dsDNA binding activity27 or impaired

ssDNA and dsDNA binding activities28. We find that the NTD of

BRCA2 and in particular, its dsDNA binding activity, is required for

ssDNA gap suppression. ssDNA gaps form in cells expressing BRCA2-

C315S despite a functional fork arrest and persist through mitosis as

detected in metaphase spreads in the same cell cycle. Consistently,

cells bearing the NTD variants show hypersensitivity to replication

stress induced by hydroxyurea (HU). In contrast, these cells are

resistant to PARP inhibitors (PARPi) and do not accumulate ssDNA

gaps in these conditions. These findings suggest that nucleotide

depletion and PARPi trigger gaps in a different manner and therefore

require distinct functions for their repair. Moreover, using a gene-

targeting cell-based assay, we show that cells bearing NTD variants

are proficient in DSB repair, suggesting that the dsDNA binding

activity of BRCA2, located at the NTD, is necessary for the repair of

replication-associated gaps but dispensable for the repair of DSBs.

Reconstituting ssDNA gap repair in vitro, we find that RAD51 can

perform recombination from an ssDNA gap mimicking substrate

without the requirement of an ssDNA 3′-end and that BRCA2NTD can

readily promote this reaction. Thus, the dsDNA binding activity of

BRCA2 promotes ssDNA gap repair by HR.

Our findings establish BRCA2 dsDNA binding activity, unique to

theNTD and impaired in the breast cancer variants C315S and S273L, as

essential for the ssDNA gap suppression activity of BRCA2. These

variants uncouple the function of BRCA2 in the recombinational repair

of replication-associated gaps from the repair of DSBs.

Results
Breast cancer variants affecting the NTD or the CTD of BRCA2
confer different sensitivity to replication stress
In addition to the canonical C-terminus DNA binding domain (CTD),

BRCA2 presents a second DNA binding site in the N-terminus (NTD)28.

Unlike the CTD, which binds ssDNA29, the NTD can bind both ssDNA

and dsDNA in vitro28. The NTD can promote RAD51-dependent HR in

isolation in vitro; however, the interdependencies between the NTD

and the CTD in the context of the full-length BRCA2 and in cells have

not been elucidated.Moreover, given the role of BRCA2 andHR inDSB

repair and in the response to replication stress, we wondered which

domains of BRCA2were required for these different functions. To gain

insight into these questions, we used breast cancer variants that impair

the DNA binding ability of the NTD or the CTD. We focused on three

variants, R3052W, a pathogenic variant that affects the ssDNA binding

activity of the CTDand is therefore deficient inHR30. C315S, a variant of

unknown clinical significance (VUS) located in the NTD that impairs

specifically the dsDNA binding activity of BRCA2 and cannot promote

RAD51-mediated recombination at a resected-DNA mimicking

substrate28. Finally, we included a previously uncharacterized VUS

located as well in the NTD region, S273L.

We have shown that the dsDNA binding activity of BRCA2 is

located at the NTD and that the CTD is devoid of this activity28; how-

ever, theseexperimentswere performedwith a short dsDNA substrate.

As it has been suggested that the Tower domain of the CTD may

interact with dsDNA29 we first compared the dsDNA binding activity of

recombinant CTD (aa 2474–3190) and NTD (aa 250–500) this time

using a longer 32P-labeled (191 bp) dsDNA substrate in electrophoretic

mobility shift assays (EMSA) in vitro. Using this set-up, only the NTD

showed dsDNA binding activity, confirming and extending our pre-

vious findings and indicating that the dsDNAbinding activity of BRCA2

is unique to the NTD (Fig. 1a). We then purified the NTD bearing the

VUS S273L and tested its DNA binding ability by EMSA with

synthetic oligonucleotide substrates as previously performed for

BRCA2NTD-C315S
28. BRCA2NTD-S273L impaired both ssDNA and dsDNA

binding in vitro (Fig. 1b, Supplementary Fig. 1a, b).

We generated stable cell lines bearing the selected variants by

transfecting the BRCA2 cDNA coding a GFP-MBP-tagged version of

BRCA2 full-length protein (BRCA2WT) or the variants C315S, S273L, or

R3052W to complement DLD1 BRCA2 deficient human cells (hereafter

BRCA2−/−). In this cell line, both alleles of BRCA2 contain a deletion in

exon 11 causing a premature stop codon after BRC5 and cytoplasmic

localization of a truncated form of the protein31. When possible, we

selected two stable clones of each variant to account for possible

phenotypic differences observed due to the different protein levels

among the clones compared to the wt clone (clone C1, hereafter

BRCA2 WT) (Supplementary Fig. 2a). Next, we assessed the sensitivity

of these cells to different genotoxic agents. We first tested their sen-

sitivity to the poly (ADP-ribose) polymerase (PARP) inhibitor Olaparib.

PARP1 is an enzyme required for the sensing of DNA single-strand

breaks (SSBs) and double-strand breaks (DSBs) that becomes essential

in the absence of a functional HR pathway32–34. PARP1 inhibitors, in

particular Olaparib, are currently used in the clinic to treat breast and

ovarian cancer patients carrying germline mutations in BRCA1/235. In

our settings, the relative viability of BRCA2−/− cells was 12% upon a

6-days treatment with the highest Olaparib concentration used

(2.5 µM); in contrast, 70% of BRCA2WT complemented cells remained

viable. Similarly, cells expressing S273L or C315S survived the treat-

ment to the same level as the cells expressing BRCA2 WT (Fig. 1c).

Consistent with previous results30, R3052W, the CTD variant that

impairsHR activity, showedhypersensitivity to the treatmentwithonly

30% of surviving cells at 2.5 µM Olaparib (Fig. 1c).

To directly assess the capacity of these cells to repair DSBs by

HR we performed a cell-based HR assay. Based on the classical
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GFP-reporter assay36, this test measures DSB-mediated gene targeting

activity at a specific locus (AAVS1 site) within the endogenous

PPP1R12C gene using a site-specific transcription-activator like effector

nuclease (TALEN) and a promoter-less mCherry donor flanked by

homology sequence to the targeted locus37. DSB-mediated gene tar-

geting results in mCherry expression from the endogenous PPP1R12C

promoter which can be measured by flow cytometry. Using this sys-

tem, cells expressing the endogenous BRCA2 protein (BRCA2+/+) or

BRCA2 WT complemented cells showed ~7.5% of mCherry positive

TALEN-transfected cells (mean of 7.6% for both BRCA2+/+ and BRCA2

WT) whereas BRCA2-deficient cells (BRCA2−/−) showed only 2.3% of

mCherry expressing cells, as expected (Fig. 1d, Supplementary Fig. 2b).
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In agreement with our previous report30 cells expressing the CTD

variant, R3052W, was HR deficient showing 2.6% of mCherry-

expressing cells. Importantly, TALEN-transfected cells expressing

BRCA2 variants S273L and C315S showed no significant difference with

the BRCA2 WT complemented cells (means ranging from 5% to 7%

depending on the clone) indicating a nearly normal or intact DSB

repair activity by HR.

As a member of the Fanconi anemia pathway, BRCA2 (FANCD1)-

deficient cells are extremely sensitive to crosslinking agents and pla-

tinum drugs such as cisplatin or mitomycin C (MMC)2; therefore, we

next performed clonogenic survival assays to assess the sensitivity of

cells bearing NTD variants and the CTD variant to increasing con-

centrations of MMC. As expected, BRCA2-deficient cells (BRCA2−/−)

showed hypersensitivity to MMC treatment already at 1 µM MMC

whereas BRCA2 WT cells complemented this phenotype almost to the

same survival levels as the cells expressing the endogenous BRCA2

(BRCA2+/+) (Fig. 1e, Supplementary Fig. 3). Cells bearing R3052W, the

HR-deficient variant, displayed hypersensitivity to MMC. The stable

clones expressing variants S273L and C315S also showed increased

sensitivity to MMC although they resulted in an intermediate pheno-

typebetween theBRCA2WTcells and cells expressingR3052W(Fig. 1e,

Supplementary Fig. 3). Given that MMC treatment primarily generates

inter-strand crosslinks which can inhibit transcription and replication

in addition to prompting DNA breaks38; we then tested whether the

NTD or CTD variants rendered cells sensitive to other forms of repli-

cation stress. We exposed cells to hydroxyurea (HU), a drug that

reduces the pool of dNTPs leading to stalled replication forks, and

assessed their viability via clonogenic survival assay. DLD1 BRCA2-

deficient cells were moderately sensitive to HU as compared to MMC

treatment. Remarkably, the CTD variant R3052W restored the sensi-

tivity to HU almost to BRCA2 WT levels. In contrast, BRCA2 NTD var-

iants S273L andC315Sdisplayed similar sensitivity toHU as the BRCA2-

deficient cells (BRCA2−/−) (Fig. 1f, Supplementary Fig. 3).

In conclusion, in the context of the full-length protein and in cells,

the pathogenic mutation R3052W altering the DNA binding activity of

CTD renders cells sensitive to PARPi andMMCbut notHU,whereas the

VUS altering the DNA binding activity of the NTD (either dsDNA

binding or both ssDNA and dsDNA binding) conferred moderate sen-

sitivity to MMC and high sensitivity to HU, comparable to the BRCA2-

deficient cells (Table 1).

BRCA2 co-localizes with nascent DNA and NTD, CTD variants
and C-terminal mutant S3291A delay its recruitment to the fork
Given that the NTD variants confer HU sensitivity but their DSB repair

activity appeared intact, we then tested whether BRCA2 was recruited

to nascent DNA and whether or not the NTD variants altered this

localization. To do so, we used a combination of click-chemistry with

the thymidine analog EdU and in situ proximity ligation assay (PLA) to

measure the association of proteins with nascent DNA39. In this assay,

the stable cell lines bearing BRCA2 WT or BRCA2 mutated forms are

labeled with EdU, biotin is then conjugated to the EdU by click

chemistry and PLA is used to detect BRCA2 in proximity to biotin-

labeled nascent DNA. Consistent with previous results in X. laevis12, we

found that BRCA2 was in proximity to nascent DNA during unper-

turbed replication indicated by the presence of PLA foci (Fig. 2a). Upon

a low dose of HU (0.2mM) which is however sufficient to stall repli-

cation forks40,41, the levels of BRCA2 WT associated with nascent DNA

increased ~2-fold at 1 h treatment. To find out whether BRCA2 was

specifically associated with nascent DNA we used thymidine chase

experiments as previously described41 using the same set-up. As

expected, the levels of PLA foci specific for histone H1-EdU were not

altered at any time point following thymidine chase whereas the levels

of PLA foci specific for PCNA-EdU, a protein that travels with the

replication fork, were strongly reduced (Supplementary Fig. 4a). Thy-

midine chase strongly reduced the PLA signal of BRCA2-EdU in both

unperturbed replication and replication stress conditions suggesting

that at a large fraction of the BRCA2 pool is associated specifically with

nascent DNA (Fig. 2b).

Similar to BRCA2 WT, BRCA2-R3052W was associated with nas-

cent DNA in both conditions although the overall PLA signal was

Fig. 1 | BRCA2 variants located in the NTD are sensitive to replication stress.

a (Top) Schematic representation of BRCA2 structure indicating its DNA binding

domains (in red) and RAD51 binding sites (in orange) with the variants/mutations

located within them used in this study. The location of the PALB2 binding site and

the nuclear localization signal (NLS) are also indicated. Figure created with BioR-

ender.com. (Bottom) Representative EMSA and quantification comparing the

binding of increasing concentrations of BRCA2NTD and BRCA2CTD, as indicated, to

dsDNA (191 bp). Thedata represent themean from three independent experiments.

Error bars, SD. bQuantification of EMSA showing the binding of purified BRCA2NTD

or BRCA2NTD-S273L at the indicated concentrations to ssDNA (dT40) or dsDNA

(42mer) 32P-labeled substrates. The data represent the mean from three indepen-

dent experiments. Error bars, SD. See also Supplementary Fig. 1. cQuantification of

the relative cell viability monitored by MTT assay upon treatment with increasing

doses of the PARP inhibitor Olaparib, as indicated. The data represent the

mean ± SD of four independent experiments. (ns, not significant). d Frequency of

mCherry positive cells in cells transfected with the promoter-less donor plasmid

(AAVS1-2A-mCherry) without (−TALEN) (open circles) or with (+TALEN) nucleases

(filled circles). The error bars represent the mean ± SEM of three independent

experiments. See also Supplementary Fig. 2b. e Quantification of the surviving

fraction of BRCA2+/+ and BRCA2−/− or BRCA2−/− stable clones expressing BRCA2 WT

or the variants C315S, S73L, R3052W, assessed by clonogenic survival upon expo-

sure to MMC at the indicated concentrations. Data represent the mean ± SD of

three independent experiments. f Quantification of the surviving fraction of

BRCA2+/+ andBRCA2−/− or stable clones expressing BRCA2WTor the variants C315S,

S273L, R3052W, assessed by clonogenic survival upon exposure to HU at the

indicated concentrations. Data represent the mean ± SD of three independent

experiments. See also Supplementary Fig. 3. Statistical difference in c–f was

determined by a two-way ANOVA test with Dunnett’s multiple comparisons tests.

The p-values show significant differences compared to the BRCA2 WT clone. Only

significant p-values are shown. Source data are provided as a Source Data file.

Table 1 | Main phenotypes observed in the different DLD1 BRCA2-mutated stable cell lines used in this study

Cell line HR FP FA GS HU GS PARPi PARPi response HU response MMC response

BRCA2 WT + + + + + Resistant Resistant Resistant

BRCA2−/−
− − − − − Sensitive Sensitive Sensitive

S273L + / − − / Resistant Sensitive mild sens.

C315S + +/− + − + Resistant Sensitive mild sens.

R3052W − +/− + + − Sensitive Resistant Sensitive

S3291A / +/− + + / / / /

HR homologous recombination, FP fork protection, FA fork arrest, GS gap suppression,mild sens.mild sensitivity.
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Fig. 2 | BRCA2 NTD and C-terminal domains contribute to BRCA2 location at

nascent DNA. a (Top left) Scheme of the assay. (Top right): Representative images

of in situ PLA on nascent DNA between biotinylated EdU detected with anti-biotin

antibody and BRCA2-specific antibody in DLD1 BRCA2-deficient cells (BRCA2−/−)

stably expressing either BRCA2WT or the variants C315S (A7), S273L (C5), R3052W,

and S3291Amutant, as indicated. Cells left untreated (UNT) or treatedwith HU (30′

or 1 h 0.2mM) are shown. An individual signal is observed (focus) if the two probed

proteins (BRCA2 and EdU-Biotin) are in close proximity (<40 nm). For all the

experiments we carried out two single-antibody control (anti-BRCA2 and anti-

biotin) to assess the specificity of the PLA signal. The scale bar indicates 10μm.

(Bottom) Quantification of the BRCA2 recruitment wasmeasured as the number of

PLA foci observed per nucleus. The data represent the mean + SEM with 200–300

cells analyzed in each experimental data set at each time point. The number of

independent experiments performed was as follows: BRCA2 WT: (UNT n = 10; 5′

n = 5; 30′ n = 8; 1 h n = 7), C315S: (UNT n = 6; 5′ n = 3; 30′ n = 5; 1 h n = 5); S273L:(UNT

n = 4; 30′ n = 2; 1 h n = 2); S3291A: (UNT n = 3; 5′ n = 2; 30′ n = 2; 1 h n = 2); R3052W:

(UNT n = 6; 5′ n = 3; 30′ n = 3; 1 h n = 3). Statistical difference was determined by the

Kruskal–Wallis test followed by Dunn’s multiple comparison test. The p-values

show significant differences compared to the BRCA2 WT clone. ns, not significant

(p =0.7539 in UNT BRCA2 WT vs. R3052W), *p = <0.05 (p =0.0136 at 5′ BRCA2WT

vs. R3052W), **p <0.01 (p =0,0042 at 1 h BRCA2WT vs. R3052W), ***p <0.001

(p =0.0002 at 30′ BRCA2WT vs. R3052W), ****p <0.0001). b (Left) Scheme of the

assay and representative images of in situ PLA on nascent DNA between biotiny-

lated EdU detected with anti-biotin antibody and BRCA2-specific antibody in DLD1

BRCA2WT cells after 4 h Thymidine chase in cells left untreated or treatedwith HU

(30′ 0.2mM). (Right) Quantification of the BRCA2 recruitment measured as the

number of PLA foci observed per nucleus after 4 h Thymidine chase in BRCA2

WT cells at different time points. The data represent the mean + SEM of two inde-

pendent experiments with 200–300 cells analyzed in each experimental data set at

each time point. Schemes of the PLA assay created with BioRender.com. Source

data are provided as a Source Data file.
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reduced (Fig. 2a). Next, we generated cell lines expressing a mutant of

BRCA2 located at the extreme C-terminus of BRCA2, S3291A (Supple-

mentary Fig. 4b), which reduces RAD51 oligomer binding42 and was

previously shown to impair replication fork protection7. Although

present at the fork, the overall proximity of BRCA2-S3291A mutant to

nascent DNA was considerably reduced (2-fold reduction after 30min

of HU treatment). A similar trend was observed for cells bearing

BRCA2-S273L. Interestingly, cells expressing BRCA2-C315S showed an

ever further reduction at all time points compared to the other cell

lines (Fig. 2a).

The cell growth differences between the clones could have an

impact on the levels of EdU incorporation; therefore, we controlled for

the replication levels by performing biotin–biotin PLA43. No significant

difference was observed in the EdU PLA signal in cells expressing

BRCA2 WT compared to C315S, S273L, R3052W, or S3291A (Supple-

mentary Fig. 4c). Importantly, we performed this assay in stable clones

that show similar or higher levels of BRCA2 protein than the WT cells

(Supplementary Fig. 2a) discarding BRCA2 variants protein levels as a

possible cause for the reduction of the PLA signal observed in

these cells.
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These results suggest that the NTD and the RAD51 binding site at

the C-terminal region contribute to the recruitment of BRCA2 to

nascent DNA.

RAD51 efficient recruitment to nascent DNA requires BRCA2
BRCA2 is a loader of RAD51 at DSBs3,22,44. At stalled replication forks,

BRCA2 protects the DNA fromnucleolytic degradation, a function that

is thought to be achieved by stabilizing RAD51 filaments through its

C-terminal oligomeric-RAD51 binding site6,7; whether and how RAD51

loading by BRCA2 takes place at stalled forks intermediates remains

poorly defined. Xenopus Brca2 has been previously reported as being

required for Rad51 recruitment at replicative chromatin12. Because the

mutated forms of BRCA2 affecting the different regions were less

abundant than BRCA2 WT at active or stalled replication forks, we

testedwhether the recruitment of RAD51was also altered in these cells.

Wemonitored the RAD51-EdU PLA signal at different time points using

the same conditions as for BRCA2-EdU PLA experiments (HU 0.2mM).

BRCA2-deficient cells showed 2-fold reduced recruitment of RAD51 to

nascent DNA compared to BRCA2 WT cells (Fig. 3a). RAD51 recruit-

ment to nascent DNA was delayed for cell lines bearing R3052W,

S3291A, C315S, and S273L variants. RAD51 levels at nascent DNA also

decreased in the thymidine chase experiment although to a lesser

extent than BRCA2 indicating that RAD51 is bound to the chromatin as

well as at the nascent DNA as previously shown8,41 (Fig. 3b).

Together, these results suggest that all three domains are

important for the localization of RAD51 at active and HU-stalled

replication forks. BRCA2-deficient cells did not completely abrogate

the RAD51-EdU PLA signal suggesting there is some BRCA2-

independent recruitment of RAD51 to the nascent DNA.

BRCA2 NTD, CTD, and the C-terminal RAD51 binding sites
contribute to replication fork protection
BRCA2 stabilizes RAD51filaments at stalled forksprotecting them from

nucleolytic degradation7,8, defective protection results in stretches of

ssDNA. Given the reduced recruitment to nascent DNA observed in

cells expressing our variants, we next tested whether they were

required for the protection of stalled forks using a DNA fiber assay.

After two subsequent pulses of dNTP analogs ldU and CldU for 30min

to label nascentDNA as cells replicate, cells were treatedwith 5mMHU

for 4 hbeforefixation, a standardcondition to reveal fork degradation/

resection7,45. Under these conditions, DLD1 BRCA2-deficient cells

showed decreased CldU/IdU ratio compared to BRCA2 WT cells sug-

gesting fork degradation as expected, however, the reduction in this

cell system was much less pronounced than in other cell systems

reported. Cells bearing R3052W, the CTD variant that impairs HR,

S3291A, andC315S also reduced theCldU/ldU ratio although to a lesser

extent than the BRCA2-deficient cells so that the differences with

BRCA2WTwere not significant (Fig. 4a). Fork degradationmay induce

fork restart defects. To investigate this, wemodified the labeling set up

to monitor fork restart under the same treatment conditions. We

performed the first labeling with IdU for 20min followed by HU

treatment and then released the cells into CldU for 20min and mon-

itored fork restart using DNA combing. As the DNA fiber assay, this

method allows the analysis of single DNAmolecules aligned on a slide;

however, in this case, the DNA stretching is performed at a constant

speed46. We found that ~50% of forks were able to restart upon release

fromHU inBRCA2WTcells similar to previous reports7,47. Thiswas also

the case for BRCA2-deficient cells and cells bearing the BRCA2 C315S

variant (Fig. 4b).

Together, these results suggest that all three domains, NTD, CTD,

and the C-terminal RAD51 binding site protect stalled replication forks

from aberrant nucleolytic degradation. Under these conditions, nei-

ther BRCA2-deficient cells nor BRCA2 C315S cells displayed defects in

replication fork restart.

BRCA2 contributes to the arrest of DNA replication under
replication stress conditions
BRCA2-deficient cells challenged with mild doses of HU or multiple

rounds of cisplatin fail to stall replication, which could be at the origin

of ssDNA gap accumulation observed previously13,14. Given the sensi-

tivity to HU of cells expressing BRCA2-C315S, we monitored the

replication track length in HU conditions using DNA combing. Fol-

lowing the first pulse with IdU, we added CldU in the presence or

absence of 0.5mM HU for 2 h, as previously described14. Under these

conditions, replication forks were stalled in BRCA2 WT cells resulting

in a 5-fold reduction of CldU track length compared to the non-treated

conditions (median: 32 µm in UNT vs. 6 µm in HU) (Fig. 5a.i). DLD1

BRCA2-deficient cells showed already a reduced track length in the

absence of HU compared to BRCA2 WT cells indicating an overall

slower replication in these cells as previously reported48. BRCA2-

deficient cells also reduced the track length upon HU treatment

although to a lesser extent (~2.5-fold) than BRCA2 WT cells (Fig. 5a.i)

(median track length = 28 µm in UNT vs. 11 µm in HU). This defect was

further revealed when representing the difference of the mean CldU

track length between untreated and HU-treated conditions in the

BRCA2-deficient cells compared to that in BRCA2 WT cells (26 in WT

vs. 17 in BRCA2−/−)(Fig. 5a.ii). All cells expressing BRCA2 C315S,

R3052W, or S3291A also arrested the progression of the fork following

HU treatment although there was a very mild defect in BRCA2-C315S

bearing cells (3.4-fold reduction in track length compared to 5-fold

reduction in BRCA2 WT cells). Interestingly, S273L cells showed 3.1-

fold reduction in CldU track length, close to the levels of BRCA2-

deficient cells suggesting a defective arrest.

These results suggest that in our isogenic cellular settings

(DLD1 p53-mutated cell line), BRCA2 is partly required to arrest

replication forks upon HU-induced replication stress. Moreover,

neither the CTD nor the dsDNA binding activity of the NTD nor

the C-terminal RAD51 binding site of BRCA2 seem specifically

Fig. 3 | RAD51 efficient recruitment to nascent DNA requires BRCA2. a (Top)

Scheme of the assay and representative images of in situ PLA on nascent DNA

between biotinylated EdU detected with anti-biotin antibody and RAD51-specific

antibody DLD1 BRCA2-deficient cells (BRCA2−/−) or BRCA2−/− stably expressing

either BRCA2 WT or the variants C315S (A7), S273L (C5), R3052W, and S3291A

mutant, as indicated. Cells left untreated (UNT) or treated with HU (30′ or 1 h

0.2mM) are shown. An individual signal is observed (focus) if the two probed

proteins (RAD51 and EdU-Biotin) are in close proximity (<40nm). For all the

experiments we carried out two single-antibody control (anti-RAD51 and anti-bio-

tin) to assess the specificity of the PLA signal. The scale bar indicates 10μm. (Bot-

tom)Quantification of RAD51 recruitment wasmeasured as the number of PLA foci

observed per nucleus. The data represent the mean + SEM with 200–300 cells

analyzed in each experimental data set at each time point. The number of inde-

pendent experiments performedwas as follows: BRCA2WT: (UNTn = 9, 5′ n = 4, 30′

n = 8,1 h n = 8); C315S: (UNT n = 7, 5′ n = 2, 30′ n = 4, 1 h n = 5); S273L: (UNT n = 3, 30′

n = 2, 1 h n = 2); S3291A: (UNT n = 4, 5′ n = 3, 30′ n = 2, 1 h n = 2); R3052W: (UNT n = 5,

5′ n = 3; 30′ n = 3; 1 h n = 3); BRCA2−/−: (UNT n = 3, 5′ n = 3, 30′ n = 3, 1 h n = 3). Sta-

tistical difference was determined by the Kruskal–Wallis test followed by Dunn’s

multiple comparison tests; the p-values show significant differences compared to

the BRCA2WT clone. ns not significant, **p <0.01 (p =0.0058 at NT BRCA2 WT vs.

S3291A), ****p <0.0001. b (Left) Representative images of in situ PLA on nascent

DNA between biotinylated EdU detected with anti-biotin antibody and RAD51-

specific antibody in DLD1 BRCA2 WT cells after 4 h Thymidine chase in cells left

untreated or treated with HU (30′ 0.2mM). (Right) Quantification of RAD51

recruitment measured as the number of PLA foci observed per nucleus after 4 h

Thymidine chase in BRCA2 WT cells. The data represent the mean + SEM of two

independent experiments with 200–300 cells analyzed in each experimental data

set at each time point. Schemes of the PLA assay were createdwith BioRender.com.

Source data are provided as a Source Data.
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required for this function whereas the ssDNA binding activity of

the NTD might play a role.

BRCA2 dsDNA binding activity is required to limit HU-induced
ssDNA gaps but not PARPi-induced ssDNA gaps
BRCA2-deficient cells show high levels of ssDNA gaps that are

accentuated under mild replication stress conditions such as treat-

ment with 0.5mM HU12,14,16,20. Given the HU sensitivity of cells

expressing BRCA2-C315S and BRCA2-S273L, we wondered whether

these cells accumulated ssDNA gaps under replicative stress. Hence,

we subjected the cells to HU using previous conditions (Fig. 5a) now

incorporating an extra step in the labeling scheme where we incu-

bated the cells with S1 nuclease for 30min (Fig. 5b top); this enzyme

creates nicks in ssDNA regions without altering the dsDNA47. As

described in previous reports in different cell systems14,16,20, DNA

tracks in DLD1 BRCA2-deficient cells displayed high sensitivity to S1

nuclease as manifested by the shortening of the CldU track length,

this was in contrast to the BRCA2WT cells where the track length was

onlymildly reduced (Fig. 5b). Importantly, CldU-labeled nascent DNA

tracks from cells bearing the BRCA2-C315S variant showed high

sensitivity to S1 treatment suggesting that these cells accumulate

ssDNA gaps after mild HU-induced replication stress. This was also

the case for the other NTD variant S273L. In stark contrast, the CldU

track length in cells bearing BRCA2 R3052W (CTDmutant) or BRCA2

S3291A (RAD51 C-terminal binding site) did not vary compared to the

untreated conditions. We also performed this experiment in

unchallenged conditions but in this case, only BRCA2-deficient cells

displayed detectable ssDNA gaps (Supplementary Fig. 5). These

results suggest that the NTD and specifically its dsDNA binding

activity, impaired in BRCA2 C315S, is required to prevent ssDNA gap

formation upon mild HU-induced replication stress.

Given that PARPi has been shown to generate ssDNA gaps11 and

the fact that only cells bearing R3052W but not C315S are sensitive to

PARPi, we then assessed the presence of ssDNA gaps upon PARPi

treatment (2 h 10μMOlaparib) in these cells. As recently reported in a

different cell system, BRCA2-deficient DLD1 cells showed high sensi-

tivity to S1 treatment suggesting the accumulation of ssDNA gaps

under these conditions. Similarly, cells bearing BRCA2-R3052W dis-

played ssDNA gaps. In stark contrast, the CldU track length of cells

expressing BRCA2-C315S did not change, similarly to BRCA2 WT cells

(Fig. 5c). These results perfectly correlate with the sensitivity of these

cells to PARPi (Fig. 1c).

Together, cells expressing the NTD variants BRCA2-C315S and

BRCA2-S273L display ssDNA gaps upon nucleotide depletion mani-

fested by sensitivity to S1 nuclease that is not observed in cells bearing

the R3052W CTD variant nor in cells expressing the C-terminus RAD51

binding mutant S3291A. In contrast, cells expressing R3052W CTD

variant but not the NTD variants display PARPi-induced ssDNA gaps.

BRCA2-C315S activates ATR/CHK1 upon RS but is deficient in
ssDNA gap repair via HR
ssDNA gaps in BRCA2-deficient cells challenged with replication stress

may arise due to a defect in arresting fork progression14,49. Fork arrest

following a replication insult triggers the activation of the checkpoint

kinase ATR/CHK150,51. We monitored the checkpoint activation in our

cells under the replication stress conditions used to detect ssDNAgaps

Fig. 4 | Different domains of BRCA2 contribute to replication fork protection.

a Labeling scheme of thymidine analogs (IdU and CldU) followed by HU treatment.

DLD1-BRCA2-deficient cells complemented with the BRCA2WT andmutated forms

of BRCA2 were labeled with IdU (30min) and then with CldU (30min) followed by

4 h treatment with 5mMHU, as indicated, after which cellswere processed for DNA

fiber analysis. Quantification of the track length ratio of CldU vs. IdU. Individual

experiments are represented as a scatter plot with a different color from 100

replication tracks per data set. The super plot representation superimposes the

summary statistics from the four independent experiments on top of the data from

all cells. Differences between experiments were calculated using one-way ANOVA

with Dunnett’s multiple comparison tests on the mean of each experiment. ns, not

significant, *p <0.05 (p =0.0414). b Schematic of the single-molecule DNA fiber

tract analysis to detect fork restart after HU treatment. Quantification of restarting

forks in BRCA2-deficient DLD1 cells, BRCA2 WT cells, or cells bearing the BRCA2

C315S variant, as indicated. Data are from four independent experiments; the

percentagewas calculated expressing thepresenceofCldUadjacent to IdUandwas

established on 200–500 tracks scored for each data set. The horizontal red line

represents the mean. Statistics: Kruskal–Wallis test followed by Dunn’s multiple

comparison test. (ns, not significant). Labeling schemes created with BioR-

ender.com. Source data are provided as a Source Data file.
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(0.5mM HU for 2 h). In our cell system (DLD1 cells, p53 mutated),

BRCA2-deficient cells displayed only a small reduction in the activation

of ATR/CHK1 compared to BRCA2WT cells as detected by the levels in

pS345-CHK1 (Fig. 6a). BRCA2-C315S showed increased levels of pCHK1

compared to BRCA2-WT cells, consistentwith the increasednumber of

ssDNA gaps in these cells (Fig. 5b). This effect was not due to a net

increase in S-phase cells (Fig. 6b, Supplementary Fig. 6a); these results

agree with the functional fork arrest observed in BRCA2-C315S cells

upon HU treatment (Fig. 5a).

ssDNA gaps may also persist as a consequence of a defect in their

repair. We have previously shown that the dsDNA binding activity of

theNTD is specifically required to stimulate the recombination activity
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of RAD51 in vitro at dsDNA/ssDNA containing DNA substrates and that

this activity is defective in the NTD fragment mutated at C315S in vitro

(BRCA2NTD-C315S). Using an ssDNA substrate, BRCA2NTD-C315S showed

intact RAD51-mediated DNA strand exchange stimulation. These

results suggested that BRCA2 dsDNA binding activity was required to

stimulate recombination at dsDNA-containing substrates such as

resected DNA or ssDNA gaps. We also showed that BRCA2NTD could

bind gapped DNA substrates in vitro28. Given that the repair of ssDNA

gaps by template switching is thought to involve BRCA2 and

RAD5118,19,24,25,52 we wondered whether BRCA2-C315S cells were defec-

tive in the repair of ssDNA gaps. To test this hypothesis, we produced

and purified BRCA2NTD and BRCA2NTD-C315S fragments from human

cells, RAD51, and RPA from bacteria and used synthetic radio-labeled

oligonucleotides that mimic an ssDNA gap to reconstitute an ssDNA

gap recombination repair reaction in vitro. For comparison, we per-

formed a 3′-tail reaction using the same donor dsDNA sequence to

avoid sequence-dependent effects. To generate the ssDNA gap sub-

strate, we used a set of three synthetic oligonucleotides that anneal at

the two ends of a 167mer leaving an ssDNA stretch of 83 nucleotides

(nt) (gap) in the middle. In this reaction, the ssDNA gap or the tailed

substrate is first coated with RPA, and RAD51 is subsequently incu-

bated with this complex in the presence or absence of BRCA2NTD (or

BRCA2NTD-C315S) before adding the radiolabeled dsDNA donor. As

expected, in the absence of RPA, RAD51 could perform DNA strand

exchange on this synthetic-tailed substrate whereas when RPA was

allowed to bind first, the reaction was strongly inhibited (Supple-

mentary Fig. 6b). The same was true for the gapped DNA (Fig. 6c). As

there is no 3′-overhang in this substrate and the dsDNA donor contains

blunt ends, this result indicates that RAD51 can readily invade the

template strand from an ssDNA gap without the need of an ssDNA

3′-end.

As previously shown for the tailed-substrate with a different

dsDNA donor28, BRCA2NTD stimulated RAD51-driven strand exchange

reaction overcoming RPA inhibition whereas BRCA2NTD-C315S did not

(Supplementary Fig. 6b). Importantly, BRCA2NTD was also able to sti-

mulate RAD51-mediated recombination at ssDNA gap mimicking sub-

strates by 2-fold in a concentration-dependent manner whereas

BRCA2NTD-C315S could not stimulate the reaction even at the highest

concentration tested (Fig. 6c). We previously showed that the CTD

alone stimulates poorly RAD51-mediated DNA strand exchange in

these experimental conditions28 and therefore was not tested.

In conclusion, BRCA2-C315S expressing cells display functional

ATR/CHK1 checkpoint activation. BRCA2NTD stimulates RAD51-

mediated ssDNA gap repair in vitro, a function that is impaired in

BRCA2NTD-C315S.

BRCA2-C315S cells display increased chromatid gaps in
metaphase
ssDNA gaps near arrested replication forks may persist through

mitosis or can be converted into DSBs15,53. These lesions are expected

to cause structural chromosomal aberrations such as chromatid

breaks or complex chromosomal aberrations like radials and chro-

mosome fusions which are well documented in HU-treated BRCA2-

deficient cells6,48,54. We thus analyzedmetaphase chromosome spreads

in our BRCA2-C315S-mutated cell lines either left untreated or treated

with mild HU (0.5mM 2h) or acute HU (5mM for 5 h) before releasing

them into colcemid. As expected, DLD1 BRCA2-deficient cells dis-

played an increased number of chromosomal aberrations already in

untreated conditions27. This phenotype was mainly contributed by

chromosome gaps, radial chromosomes, and fusions and it was exa-

cerbated in the HU-treated cells (Fig. 7ai). In contrast, the levels of

chromosomal aberrations in DLD1 BRCA2 WT cells were very limited

(about 1 aberration per metaphase) in untreated conditions and the

average number of aberrations did not change with HU although the

counts per metaphase increased. Interestingly, cells bearing BRCA2-

C315S showed an increased number of chromosomal aberrations in

unchallenged conditions compared to BRCA2 WT cells and the dif-

ference was further accentuated in HU-treated cells (Fig. 7a i).

Remarkably, the number of chromatid gaps permetaphase spreadwas

as abundant in BRCA2-C315S cells as in BRCA2-deficient cells in

unperturbed conditions or after treatment withmild replication stress

(0.5mM HU 2h) or the acute dose of HU (5mM 5h), consistent with

the presence of replication-associated gaps in these cells (Fig. 7a

ii, Fig. 5b).

Finally, replication-associated gaps may result in regions of

unreplicated DNA that could lead to chromatin bridges in anaphase.

Therefore, we analyzed the presence of chromosome segregation

errors by looking at anaphase bridges as previously shown in BRCA2-

deficient cells54,55.We founda slight increase in thenumberof cellswith

anaphase bridges in the BRCA2-C315S cell line compared to BRCA2

WT cellsmeasured in unperturbed conditionswhichwere accentuated

in BRCA2-deficient cells (Fig. 7b). However, the levels of anaphase

bridges did not increase upon mild HU treatment neither in the

BRCA2-deficient cells nor in BRCA2-C315S cells suggesting that these

structures may not be a direct consequence of ssDNA gaps (Supple-

mentary Fig. 7).

Together, these results suggest that cells expressing the BRCA2-

C315S variant accumulate replication-associated ssDNA gaps that

persist throughmitosis asmanifested inmetaphase spreads. The levels

of ssDNA gaps that accumulate in cells expressing BRCA2-C315S in

mitosis are comparable to those found in BRCA2-deficient cells.

Fig. 5 | BRCA2 variants affecting dsDNA binding display ssDNA gaps despite

being able to arrest replication uponHU treatment. a (Top) Labeling scheme of

thymidine analogs (IdU and CldU) in the absence or presence of HU and repre-

sentative images of the replication tracks labeled as indicated from DLD1 BRCA2-

deficient cells (BRCA2−/−) or BRCA2−/− stably expressing either BRCA2 WT or the

variants BRCA2-C315S (A7), BRCA2-S273L (A11), BRCA2-R3052WandBRCA2-S3291A

mutant, as indicated, in unperturbed (left) or 0.5mMHU-treated condition (right).

The scale bar indicates 10μm. i Quantification of CldU track length in the cell lines

in (a). Data represent the median of two or more independent experiments per

condition (details in the figure). Statistical difference was determined by the

Kruskal–Wallis test followed by Dunn’s multiple comparison test (all

****p <0.0001), (the p-values show the significant differences compared to the

untreated conditions). ii Quantification of the difference of the mean CldU track

length in−HUvs. +HU.One-wayANOVAwith Tukey’smultiple comparison testswas

performed on the difference between the means + SEM from an unpaired t-test

calculated for each cell line separately. ns, not significant, *p <0.05 (p =0.0310),

**p <0.01 (p =0.0064), all ****p <000.1. b (Top left) Labeling scheme of thymidine

analogs (IdU and CldU) in presence of HU followed by S1 nuclease treatment and

schematic of the reduced CldU track length resulting from S1 cleavage at an ssDNA

region. (Top right) Representative images of the replication tracks labeled of the

indicated cell lines in (a) in 0.5mM HU treated condition followed by 30min of S1

nuclease (or S1 buffer only) treatment, as indicated. The scale bar indicates 10μm.

(Bottom) Quantification of CldU track length in cells from (b top right). Data

represent the median + 25% and 75% quartiles of two or more independent

experiments per condition (details in the figure). Statistical difference was deter-

mined by the Kruskal–Wallis test followed by Dunn’s multiple comparison test (ns,

not significant, all ****p <0.0001). See also Supplementary Fig. 5. c (Left) Labeling

scheme and representative images of the replication tracks labeled as indicated

fromBRCA2-deficient cells (BRCA2−/−) alone or stably expressing either BRCA2-WT,

BRCA2-C315S (A7), BRCA2-R3052W, in 10μM Olaparib treated condition followed

by 30min of S1 nuclease (or S1 buffer only) treatment, as indicated. The scale bar

indicates 10μm. (Right) Quantification of CldU track length in cells from (c left).

Data represent the median + 25% and 75% quartiles of two independent experi-

ments with the number of fibers analyzed detailed in the figure: Statistical differ-

ence was determined by the Kruskal–Wallis test followed by Dunn’s multiple

comparison test. ns, not significant, **p <0.01 (p =0.0035), ***p <0.001

(p =0.0007). Labeling schemes were created with BioRender.com. Source data are

provided as a Source Data file.
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Discussion
Herewe report that cells bearing a single amino acid variant of BRCA2,

S273L, or C315S, that impair the DNA binding activity of BRCA2 at its

N-terminal DNA binding domain (NTD)(Fig. 1b)28, are highly sensitive

to replication stress induced by HU. On the other hand, a pathogenic

variant affecting the canonical DNA binding domain (CTD), R3052W30,

was resistant to HU treatment. Unlike R3052W, defective in DSB repair

byHR and hypersensitive to PARPi30, variants at theNTDwere resistant

to PARPi and HR proficient based on a gene-targeting reporter assay37

(Table 1).

Consistent with the sensitivity to HU, cells expressing the C315S

and S273L variants reduced the localization of BRCA2 and RAD51 at

both unperturbed or HU-challenged replication forks; this phenotype

was also observed although to a different degree in the other variants/

mutants analyzed. Cells expressing R3052W were highly sensitive to

ICLs inducing agent MMC and resistant to HU as recently observed

with another compound mutation at the CTD56. However, unlike the

compoundmutation in the previous report, R3052W impairedHR. The

strong effect of this pathogenic mutation might be due to the com-

bined impact of R3052W on DNA binding and its predicted destabili-

zation effect on the interface between oligonucleotide binding folds

(OB) 2 and OB3 of the CTD29,57. Indeed, cells bearing this variant also

display a growth defect compared to the other cell lines used in

this study.

DLD1 BRCA2-deficient cells did not fully arrest replication forks

upon mild replication stress (0.5mM HU, 2 h) when assessed by DNA

combing, although the effect was much more modest than the one

reported14. This discrepancy may arise from the different cell systems

utilized (DLD1 cells are p53mutated and deficient in mismatch repair).

However, it is important to note that the comparison between HU-

treated cell lines might give rise to false interpretations as the basal

replication fork track length among different cell lines might differ as

wehaveobserved.We, therefore, compared thedifferenceof themean

between untreated and HU-treated conditions for each clone to

compare the cell lines (Fig. 5a.ii). In doing so, we found that only one of

the cell lines, the one expressing S273L, displayed a significant

reduction in fork arrest capacity close to one observed in the BRCA2-

deficient cells. These results suggest that BRCA2 contributes partially

to fork arrest upon HU treatment and that the ssDNA binding activity

of the NTD, impaired in cells bearing S273L, might be involved in this

function.

Interestingly, despite the normal replication arrest and con-

comitant ATR activation, cells expressing BRCA2-C315S accumulated

ssDNA gaps following replication stress as manifested by the sensi-

tivity to S1 nuclease treatment and observed in metaphase spreads.

The fact that BRCA2-C315S cells did not show a significant number of

ssDNA gaps in unperturbed conditions whereas they were detected in

similar numbers to those of the BRCA2 deficient cells in metaphase

spreads suggests that the DNA combing and S1 nuclease may only

detect a fraction of ssDNA gaps present in cells.

Overall, these findings are consistent with the recently proposed

role of BRCA2 in gap suppression14 whereas it challenges the idea that

fork arrest alone underlays gap suppression. Given that the NTD var-

iant C315S is defective in dsDNA binding while preserving its ssDNA

binding activity, these results strongly suggest that the dsDNA binding

activity of BRCA2, unique to the NTD28, is specifically required to

suppress replication ssDNA gaps. Cells expressing S273L altering both

ssDNA and dsDNA binding also presented ssDNA gaps reinforcing the

idea that the NTD is involved in gap suppression. Moreover, the fact

that all three variants tested showed similar defects in fork protection

but neither cells expressing S3291A nor R3052Wexhibited ssDNA gaps

upon nucleotide depletion in this isogenic setting suggest that the fork

protection function of BRCA2 can be uncoupled from its ssDNA gap

suppression activity as recently proposed11. These results are also

consistent with a recent report in which the mutant S3291A in Chinese

hamster cells was found devoid of ssDNA gaps14.

ssDNA gaps in BRCA2-deficient cells have been proposed to arise

fromPrimPol repriming13,21 orOkazaki fragment processing defects11,58.

The fact that we could not observe a substantial defect in replication

fork arrest nor fork restart in cells bearing C315S is consistent with the

latter however it requires future investigation.

ssDNA gaps are a substrate for repair by homologous

recombination19,25,52. Reconstitution of the ssDNA gap repair reaction

in vitro indicated that RAD51 can perform strand invasion in this

context without the need for a resected 3′-overhang, consistent with

Fig. 6 | BRCA2-C315S cells show an active ATR checkpoint whereas NTD-C315S

fragment shows reduced stimulation of RAD51-mediated ssDNA gap repair.

a (Left)Western blot showing the phosphorylation of CHK1 (pCHK1) after exposure

to HU (0.5mM, 2 h) as indicated in DLD1 BRCA2-deficient cells (BRCA2−/−) or

BRCA2−/− cells stably expressing BRCA2 WT or the variant BRCA2-C315S. Stain-free

cropped gel is used as the loading control. pCHK1 levels relative to the total

CHK1 signal are shown below the blots, results are presented as a percentage of

pCHK1/CHK1 compared to the BRCA2 WT clone treated with HU. The data repre-

sent the mean ± SD of two independent experiments. b Frequency of S-phase cells

in DLD1 BRCA2-deficient cells (BRCA2−/−) or BRCA2−/− cells stably expressing BRCA2

WT or the variant BRCA2-C315S. The data represent the mean± SEM of three

independent experiments. Statistical difference was determined by the

Kruskal–Wallis test followed by Dunn’s multiple comparison test (ns, not sig-

nificant). See also Supplementary Fig. 6. c (Left) DNA strand exchange reaction

using an ssDNA gap mimicking substrate (Table S1) in the presence or absence of

RPA, RAD51, and increasing concentrations of BRCA2NTD-WT or BRCA2NTD-C315S, as

indicated. (Right) Quantification of the reaction on the left. Data represent the

mean from three independent experiments. Error bars SD. (Bottom) SDS–PAGE

showing purified BRCA2NTD-WT (1 µg), BRCA2NTD-C315S (1 µg), RPA (3 µg), and RAD51

(1.5 µg) used in the DNA strand exchange reactions. Source data are provided as a

Source Data file.
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the template switch model for repair18. Moreover, we found that in the

presence of RPA-coated ssDNA, the NTD of BRCA2 could stimulate

RAD51 recombination activity at ssDNA gaps. Interestingly, the capa-

city of BRCA2NTD-C315S to promote recombination in ssDNA gaps-

mimicking substrates in vitrowas strongly reduced suggesting that the

dsDNA binding activity of BRCA2 promotes ssDNA gap repair.

Interestingly, despite the HU-induced accumulation of ssDNA

gaps, cells bearing the BRCA2-C315S variant showed resistance to

PARPi, a chemotherapeutic drug that has been reported to accelerate

replication59 and cause ssDNA gaps in BRCA1/2-deficient cells11.

Importantly, analysis of the presence of ssDNA gaps in cells treated

with PARPi indicated that cells expressing C315S do not accumulate
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PARPi-induced ssDNAgaps consistentwith their resistance to PARPi. In

contrast, cells expressing R3052W that were sensitive to PARPi dis-

played ssDNA gaps under these conditions. These findings reinforce

the idea that PARPi-induced ssDNA gaps correlate with PARPi sensi-

tivity as previously reported11. Similarly, in our conditions, DSB repair

capacity also correlates with PARPi resistance although in other works

these two processes have been uncoupled. Along these lines, we show

that HU-related gap suppression is separable fromDSB repair capacity

as cells expressing BRCA2-C315S or S273L are proficient in HR-

mediated DSB repair but sensitive to HU. Moreover, ssDNA gaps do

not necessarily result in DSBs as we mainly observe chromatid dis-

continuities without misalignment in metaphase spreads indicative of

ssDNA gaps60. Interestingly, as two different variants led to gaps in the

presence of one agent but not the other, these results suggest that

nucleotide depletion and PARPi induce different types of ssDNA gaps

that in turn require distinct gap-filling mechanisms. These differences

might be due to the nature of the DNA ends and/or the incorporation

of ribonucleotides ashas beendescribed for the former61. Basedonour

results we propose that HU-induced ssDNA gaps are filled-in pre-

ferentially via HR/TS mechanisms.

Putting together our in vitro and cell-based results and our pre-

vious findings28 in the context of the literature we propose a model

(Fig. 7c) in which (a) BRCA2 localizes at unperturbed and stalled

replication forks participating in the loadingofRAD51 at these sites. (b)

Uponnucleotide depletion-induced replication stress, BRCA2 protects

replication forks from nucleolytic degradation, a function that is

probably achieved through different domains including both DNA

binding domains, CTD and NTD, and the C-terminal RAD51 binding

site. (c) In contrast, BRCA2 gap suppression activity is particularly

dependent on its dsDNA binding activity, located at the NTD which

promotes the repair of the resulting replication-associated ssDNAgaps

by RAD51. (d) Unrepaired replication-associated lesions in BRCA2-

C315S cells lead to abundant chromatid discontinuities or gaps, espe-

cially in acute replication stress conditions, explaining their HU

sensitivity.

Based on our results with BRCA2-C315S, BRCA2-S273L, and

BRCA2-R3052W cells, we propose that the repair of DSBs requires the

ssDNA binding activity via the canonical CTD of BRCA2 whereas the

NTD is dispensable/redundant for this function.

Our data are consistent with C315S and S273L being separation of

function variants defective in ssDNA gap suppression and replication-

associated ssDNA gap repair/fill-in but not in the repair of DSBs.

Our findings may have clinical implications for the assessment of

variants of unknown clinical significance (VUS) located at the NTD as

defects in HR-repair of replicative lesions would not be picked up by

the current methods to assess HR proficiency30,57,62 as exemplified in

the case of BRCA2-C315S or BRCA2-S273L, but may nonetheless be

linked to cancer predisposition given the genome instability observed

in cells bearing these variants.

Methods
Plasmids
Human 2XMBP-BRCA2250–500 and EGFP-MBP-BRCA2 subcloning in

phCMV1 expression vector were generated as described28,63.

Site-directed mutagenesis
Point mutations (C315S, S273L, S3291A) were introduced in 2xMBP-

BRCA2250–500, EGFP-MBP-BRCA2 vector using QuikChange II and

QuikChange XL site-directed mutagenesis kit (Agilent Technologies),

respectively, as previously described28,30.

Mutagenesis primers were designed using the QuickChange Pri-

merDesignprogramandpurchased fromMWGEurofins. Allmutations

were verified by Sanger sequencing.

Cell lines, cell culture
The human cell lines HEK293-T cells (gift from Dr. Mounira Amor-

Gueret) were cultured in DMEM (Eurobio Abcys, Courtaboeuf, France)

media containing 25mM sodium bicarbonate and 2mM L-glutamine

supplemented with 10% FBS (EuroBio Abcys). The BRCA2-deficient

colorectal adenocarcinoma cell lineDLD1 BRCA2[−/−31 (HD 105-007) and

the parental cell line DLD1 BRCA2+/+ (HD-PAR-008) were purchased

fromHorizonDiscovery (Cambridge, England). The cellswere cultured

in RPMImedia (EuroBio Abcys) containing 25mM sodium bicarbonate

and 2mM L-glutamine (EuroBio Abcys) Supplemented with 10% FBS

(EuroBio Abcys). The DLD1 BRCA2−/− cells were maintained in growth

media containing 0.1mg/ml hygromycin B (Thermo Fisher Scientific).

The stable cell lines of DLD1−/− BRCA2-deficient cells expressing BRCA2

WT or variants of interest generated in this study were cultured in

growth media containing 0.1mg/ml hygromycin B (Thermo Fisher

Scientific) and 1mg/ml G418 (Sigma-Aldrich).

All cells were cultured at 37 °C with 5% CO2 in a humidified incu-

bator and all cell lines used in this study have been regularly tested for

mycoplasma contamination (MycoAlert, Lonza) and genotyped using

GenePrint kit (Promega).

Stable cell line generation
To generate DLD1 BRCA2−/− stable cell lines expressing human BRCA2

variants of interest we transfected one 100mmplate of DLD1 BRCA2−/−

cells at 70% of confluence with 10 µg of a plasmid containing human

EGFP-MBP-tagged BRCA2 cDNA (carrying mutation of interest) using

Fig. 7 | BRCA2-C315S cells accumulate gaps inmetaphase chromosomes. a (Top)

Schematic representation of the experiment timing and the dose of HU used to

detect chromosomal aberrations. (Bottom) Representative images of metaphase

spreads of DLD1 BRCA2-deficient cells (BRCA2−/−) or BRCA2−/− cells stably expres-

sing BRCA2 WT or BRCA2-C315S (A7), as indicated, treated with 5mM HU for 5 h.

The type of chromosomal aberrations observed is indicated with numbers and

magnified below. The scale bar indicated 10 µm. i Quantification of global chro-

mosomal aberrations from the same cells either left untreated or upon treatment

with HU (0.5mM for 2 h or 5mM for 5 h), as indicated. Statistical difference was

determined by the Kruskal–Wallis test followed by Dunn’s multiple comparison

test. ns, not significant, *p <0.05 (p =0.0129 in C315S vs. BRCA2−/−, and p =0.044 in

WT0.5mMHUvs. C315S0.5mMHU), ***p <0.001 (p =0.0002 inWTvs.WT0.5mM

HU, and p =0.0003 in WT 0.5mM HU vs. BRCA2−/− 0.5mM HU, ****p <000.1). ii

Quantification of chromosomal gaps observed in the same cell lines. Data in (i) and

(ii) represent the median and 25% and 75% quartiles of three independent experi-

ments where 39–50 metaphase spreads were analyzed in each experimental data

set. Only metaphases with at least 30 chromosomes were considered. Statistical

difference was determined by the Kruskal–Wallis test followed by Dunn’s multiple

comparison test. ns not significant, **p <0.01 (p =0.0011 in WT 0.5mM HU vs.

BRCA2−/− 0.5mM HU, and p =0.0019 IN WT vs. WT 5mM HU), ***p <0.001

(p =0.0002), ****p <000.1). b (Top) Synchronization scheme and representative

images of normal chromosome segregation stainedwith DAPI and type of aberrant

chromosome segregation (DAPI bridges) that were observed in the DLD1 BRCA2

deficient cells (BRCA2−/−) or BRCA2−/− cells stably expressing BRCA2 WT or

BRCA2-C315S (A7). The scale bar indicates 10μm. (Bottom) Quantification of cells

with aberrant chromosome segregation inBRCA2−/− cells and in the BRCA2−/− clones

stably expressing BRCA2WT, BRCA2-C315S, as indicated. Data represent the mean

and SEM of four independent experiments: at least 150 anaphase cells were ana-

lyzed in each experimental data set. A two-way ANOVA test with Tukey’s multiple

comparisons test was used to calculate the statistical significance of differences

(normal vs cells with anaphase bridges, only cells with anaphase bridges are plotted

in the graph). *p <0.05 (p =0.048 in WT vs. C315S, and p =0.0325 in C315S vs. −/−),

***p <0.001 (p =0.0001). See also Supplementary Fig. 7. c Working model for the

role of BRCA2 in the repair of replication-associated gaps following RS. Light blue

rectangles represent ssDNA gaps. See text for details. Synchronization scheme and

themodel were created with BioRender.com. Source data are provided as a Source

Data file.

Article https://doi.org/10.1038/s41467-023-36149-0

Nature Communications |          (2023) 14:446 13



TurboFect (Thermo Fisher Scientific) according to manufacturer’s

instructions; 48 h post-transfection the cells were serial diluted and

cultured in media containing 0.1mg/ml hygromycin B (Thermo Fisher

Scientific) and 1mg/ml G418 (Sigma-Aldrich) for selection. Single-cell

colonies were isolated and later expanded and their genomic DNAwas

extracted to verify the mutation by sequencing. BRCA2 protein levels

were detected by Western Blot using BRCA2 antibody (1:1000, OP95,

EMD Millipore).

Western blotting
Cellular pellet was lysed in lysis buffer (50mMHEPES pH 7.5, 250mM

NaCl, 5mM EDTA, 1% NP-40,1mM DTT, 1mM PMSF, 1X protease inhi-

bitor cocktail (Roche)) and cells were incubated on ice for 30min,

vortexed every 5min. Lysates were centrifuged at 18,000 × g for 1 h at

4 °C. The supernatant was transferred to a prechilled Eppendorf tube

and stored at −80 °C. For protein electrophoresis, samples were

heated in 1× SDS sample buffer for 5min at 95 °C, loadedon a stain-free

4–15% SDS gel (Bio-Rad), and migrated at 130V for 90min in running

buffer (1x Tris-Glycine, 0.1% SDS). The stain-free gel was visualized

using a ChemiDoc camera (Bio-Rad). For transfer, a nitrocellulose

membrane (VWR) was pre-equilibrated in dH2O and transfer buffer (1x

Tris-Glycine, 0.025% SDS, 10% methanol). The proteins were trans-

ferred for 2 h at0.35 A at 4 °C. Themembranewasblocked in 5%milk in

1× TBS-T at room temperature for 30min and then incubated with the

respective antibody (see antibodies below) in 5% milk in 1× TBS-T

overnight at 4 °C. After extensive washes in TBS-T (3 × 10min), the

membrane was incubated for 1 h with the appropriate secondary HRP-

antibody at room temperature on a shaker. After 3 more washes in

TBS-T, themembranewasdevelopedusing ECLprimewesternblotting

detection reagent (VWR) and visualized using a ChemiDoc camera

(Biorad).

Antibodies used for western blotting
Mouse anti-MBP (1:5000, R29, Cat. #MA5-14122, Thermo Fisher Sci-

entific),mouse anti-BRCA2 (1:1000, OP95, EMDMillipore),mouse anti-

CHK1 (1:1000, Cat. #2360, Cell Signaling Technology), rabbit anti-

pCHK1-S345 (1:500, Cat #2348, Cell Signaling Technology), Horse-

radish peroxidase (HRP) conjugated secondary antibodies used:

mouse-IgGκ BP-HRP (IB: 1:5000, Cat. #sc-516102, Santa Cruz), HRP

Goat anti-mouse IgG (1:10,000, Cat #115-035-003, Jackson Immuno),

HRP Goat anti-rabbit IgG (1:10,000, Cat #111-035-003, Jackson

Immuno).

Protein purification
Wild-type and mutant human 2×MBP-BRCA2NTD fragment (BRCA2 aa

250–500) cDNAs were purified as described previously28. Briefly,

10 × 15-cm plates of HEK293 cells were transiently transfected using

Turbo-Fect (Thermo Scientific) following the manufacturer’s specifi-

cations and harvested 30h post-transfection. Cell extracts werebound

to amylose resin (NEB), and the protein was eluted with 10mM mal-

tose. The eluate was further purified by ion exchange using BioRex 70

resin (Bio-Rad) and step eluted at 250, 450, and 1mM NaCl. Each

fractionwas tested for nuclease contamination. TheCTDofBRCA2 and

RAD51 were purified as described before28 Only the nuclease-free

fractions were used for EMSA or DNA strand exchange assays.

RPA was expressed from plasmid p11d-tRPA (kind gift from Marc

Wold) in BL21(DE3) cells (Novagen) and purified as described64.

Cell survival and viability assays
Clonogenic survival assay was assessed in DLD1 BRCA2+/+ expressing

the endogenousBRCA2protein,DLD1BRCA2-deficient cells (BRCA2−/−)

or DLD1 BRCA2-deficient cells stably expressing either EGFP-MBP-

BRCA2 WT or different clones expressing the variants (C315S, S273L,

and R3052W). Cells seeded at 70% of confluence were treated either

with MMC (Sigma-Aldrich) at concentrations: 0, 0.5, 1.0, and 2.5 µM or

with HU (Sigma-Aldrich) at concentrations 0, 1, 5, or 10mM. After 1 h

(MMC) or 24 h (HU) treatment, the cells were serially diluted in normal

growth media/RPMI (Eurobio) and seeded at 100, 250, 500, 1000, or

10,000 cells in triplicates into six-well plates depending on the drug

concentration. The media was changed every third day, after

10–12 days in culture the plates were stained with crystal violet (Sigma

Aldrich) and colonies were counted. The surviving fraction was

determined for each drug concentration as compared to the non-

treated condition of the same clone.

MTT assay
Cell viability was assessed in DLD1 BRCA2+/+ expressing the endogen-

ous BRCA2 protein, DLD1 BRCA2-deficient cells (BRCA2−/−) or DLD1

BRCA2-deficient cells stably expressing either EGFP-MBP-BRCA2WTor

different clones expressing the variants (C315S, S273L, and R3052W).

The cells were seeded at 2000–4000 cells per well depending on the

clone and treated at increasing concentrations of Olaparib (AZD2281,

Selleck Chemicals) 0.5, 1.0, and 2.5 µM for 6 days. On the 6th day, the

media was removed and cells were washed with 1× PBS. Cell viability

was assessed with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide (MTT, #M5655, Sigma Aldrich). The solution was removed

andMTTcrystalsweredissolved in 100 µl 100%DMSO (Sigma-Aldrich).

The absorbance was read in a microplate reader at 570 nm. The cal-

culation was corrected for the absorbance of the blank (DMSO only)

and the survival percentage was calculated by dividing the absorbance

into the cells treatedby the absorbanceobtained in theuntreated cells.

Proximity ligation assay on nascent DNA
500,000 cells were seeded on glass coverslips the day before the

experiment to reach 70% confluence. The next day, cells were pulse-

labeled with 25μM EdU (Thermo Fisher) for 10min. In the case of HU

treatment, cells were washed once with 1× PBS and incubated with

0.2mM HU at 5min, 30min, and 1 h time points. For thymidine chase

experiments, cells were washed with 1× PBS 3 times and incubated in a

medium supplemented with 125 µM thymidine (Sigma-Aldrich) for 4 h.

After treatment and labeling cells werewashed 3 timeswith 1× PBS and

put on ice for another wash with cold PBS. Cells were then incubated

and washed once with CSK buffer (10mM PIPES, pH 6.8, 0.1M NaCl,

0.3M sucrose, 3mM MgCl2, EDTA-free Protease Inhibitor Cocktail

(Roche)) followed by CSK-T (10mM PIPES, pH 6.8, 0.1M NaCl, 0.3M

sucrose, 3mM MgCl2, EDTA-free Protease Inhibitor Cocktail (Roche),

0.5%TritonX-100) incubation for 5min at RT and one CKS-Twash. The

last two washes were done once with CSK and once with PBS followed

by fixation with 4% paraformaldehyde (Euromedex) for 20min at RT.

Cells were once again washed with PBS and blocked for 1 h in PBS+

0.1% Tween + 5% BSA at RT. The coverslips containing the cells were

incubatedwith 25 µl of the click reactionmix (PBS 1x, 6 nMbiotin azide,

10mMSodiumAscorbate, and 2mMCuSO4) for 30min at RT in a light-

protected chamber. Cells were then washed twice in PBS+0.1%

Tween + 5% BSA followed by primary antibody incubation overnight at

4 °C (see antibodies below). The next day, the samples were subjected

to the standard PLA protocol (Sigma-Aldrich Duolink) where: cells

were first rinsed in 2ml of 1X Wash Buffer A followed by 2 × 10min

incubation of coverslips in 2ml of 1× wash buffer A on a shaker. PLA

probes were prepared according to primary antibody species, vor-

texed, and incubated for 20min at RT. 25 µl of probemixwas added to

each coverslip and incubated for 1 h at 37 °C in a pre-heated humid

chamber. For the positive control, PLA Mouse/Rabbit plus and minus

probes were used for each Mouse/Rabbit antibody, separately. For

negative control, only one primary antibody was used together with

PLA Mouse plus and Rabbit minus probe. Cells were again rinsed in

2ml of 1× Wash Buffer A followed by 2 × 10min incubation of cover-

slips in 2ml of 1× Wash Buffer A on a shaker before the ligation step.

The ligation mix was prepared according to the manufacturer’s spe-

cifications and the mix was added to the coverslip and incubated for
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30min at 37 °C in the pre-heated humid chamber. Washing was done

as in previous steps with 1× wash buffer A 2 × 10min, prior to the

amplification reaction. The amplification mix was prepared added to

the coverslips and incubated for 100min at 37 °C in the pre-heated

humid chamber. After the amplification step, coverslips were rinsed in

2ml of 1×wash buffer B followedby 2 × 10min incubation of coverslips

in 2ml of 1× Wash Buffer B on a shaker. The final wash was done using

diluted 0.01×WashBuffer B. Coverslips were let to air-dry for 5–10min

and were mounted with 7 µl ProLong Diamond (Invitrogen) onto cov-

erslips with clear nail polish.

Images were acquired using a DM6000B upright widefield

Microscope (Leica) equipped with an ×63 Plan Apochromat oil

immersion objective (Leica, NA: 1.4). The fluorescence signal was

recorded with bloc filters. TX2 emission was detected at 604–644nm

upon excitation between 542–582nm. DAPI emission was detected at

445–495 nm upon excitation between 375 and 435 nm. Images were

obtained with an sCMOS Orca Flash 4.0 camera (Hamamatsu). The

whole system was driven by Metamorph (Molecular Devices). For 3D

imaging, stackswere acquiredwith a z-step of 1 µm.The number of PLA

spots was counted with a customized macro where the nucleus was

defined by a minimum pixel size of 1500 on DAPI and a mask was

generated and applied to the Z-projection to count the spotswithin the

nucleus. The PLA spots were quantified using the ImageJ plugin Find

Maxima in the Z-projection with a prominence of 2000.

Primary antibodies used for PLA were as follows: mouse anti-

BRCA2 (1:500 EMD Millipore Cat. # OP95), rabbit anti-biotin (1:3000

Bethyl laboratories Cat. # BETA150-109A), mouse anti-biotin (1:3000

Jackson ImmunoResearch Cat. # AB_2339006), mouse anti-RAD51

(1:500 Novus Biologicals Cat. # NB100-148), mouse anti-PCNA (1:500

Santa Cruz Biotechnology Cat. # sc-56) and mouse anti-histone H1

(1:500 Santa Cruz Biotechnology Cat. # sc-8030).

DNA fiber assay
DNA fiber labeling scheme to visualize replication fork degradation

was performed as previously described65. Briefly, cells were labeled

with 25 µM IdU, washed with warm media, exposed to 50 µM CldU,

washed again with warm media, and treated with 5mM hydroxyurea

for 4 h. Cells were lysed and DNA fibers were stretched onto glass

slides and then dried and fixed in methanol/acetic acid (3:1) for

10min. The DNA fibers were denaturedwith 2.5MHCl for 1 h, washed

with PBS, and blocked with 2% BSA in PBS-Tween for 60min. IdU

replication tracts were revealed with a mouse anti-BrdU/IdU anti-

body from BD Biosciences (347580; 1:100) and CldU tracts with a rat

anti-BrdU/CldU antibody from Eurobio (ABC117–7513; 1:100). The

following secondary antibodies were used: Alexa fluor 488 anti-

mouse antibody (Life A21241; 1:100) and Cy3 anti-rat antibody

(Jackson ImmunoResearch 712-166-153; 1:100). Fibers were visualized

and imaged by Carl Zeiss Axio Imager Apotome using ×40 Plan Apo

1.4 NA oil immersion objective and acquired using Zeiss Zen

3.1 software. Replication tract lengths were analyzed using ImageJ

software.

DNA combing assay
DNA combing experiments were performed using a previously

reported protocol66 with the following modifications: Cells were

plated at 2 × 106 cells per 100mmdish and allowed to adhere for 24 h.

Subsequently, DNA was labeled for 30min with 100 µM IdU (Sigma-

Aldrich) and washed 2× with PBS followed by incubation with 100 µM

CIdU (Sigma-Aldrich) with or without treatment with replication

stress drug/Hydroxyurea (Sigma-Aldrich), depending on the assay.

For the fork restraint assays, cells were exposed simultaneously to

100 µM CIdU with 0.5mM HU for 2 h. After labeling, cells were col-

lected with trypsin, washed with 1× PBS, and resuspended in cold

0.5× trypsin in PBS (45 µl per 100,000 cells). 500 µl of cells were

transferred to a new tube, briefly heated at 42 °C, and resuspended

with 500 µl melted 2% agarose type VII (SIGMA) to make the agarose

plugs. Plugs were let solidify for 20min at 4 °C and were then

digestedwith Proteinase K (400mMEDTA pH 8, 10% Proteinase K, 1%

Sarcosyl) at 42 °C overnight. The next day, plugs were washed 3×

with TE 1× buffer. TE solution was removed and a solution containing

50mM MES pH 5.5,100mM NaCl was added to the plugs that were

heated at 68 °C for 20min. Agarose plugs were then dissolved by

adding 2 µl of β-agarase (NEB) and incubated at 42 °C overnight. The

following day, dissolved agarose plugs were transferred to the

combing machine (Genomic Vision) where DNA was combed onto

silane-coated coverslips (Genomic Vision COV-002-RUO) following

themanufacturer’s specifications. Combed coverslips were baked for

2 h at 60 °C, denatured in denaturation buffer (25mM NaOH,

200mM NaCl in H2O) for 15min, washed 3× with 1× PBS, and dehy-

drated by increasing concentration of ethanol 70%, 90%, and 100%

each for 5min. For the IF staining, the coverslips were incubated with

BlockAid for 15min (Life Technologies) at RT followed by the primary

anti-IdU and anti-CldU antibodies (1 h, 1:25 anti-mouse Becton Dick-

inson 347580 for IdU and 1:50 anti-rat Abcam ab6326 for CIdU) and

then incubated 1 h with the following secondary antibodies: 1:50

Alexa donkey anti-mouse 488 (Life Technologies ref. 21202), 1:50

Alexa goat anti-rat 555 (Life Technologies ref. A21434) in BlockAid

(Thermo Scientific). Slides were air-dried for 5–10min and were

mounted with 7 µl mounting media (80% Glycerol and 20% PBS) and

sealed with clear nail polish. Track lengths of the CldU signal (in red)

were measured in Fiji67.

S1 nuclease DNA combing Assay
As stated above for DNA combing, cellswere exposed to 100 µM IdU to

label replication forks, followed by 100 µM CIdU with 0.5mM HU for

2 h or left untreated. Subsequently, cells were permeabilized with 5ml

CSK buffer in 10 cm plates (10mM PIPES, pH 6.8, 0.1M NaCl, 0.3M

sucrose, 3mM MgCl2, EDTA-free Protease Inhibitor Cocktail (Roche))

at room temperature for 10min, followedby 1mlS1 nuclease (20U/ml)

(Thermofisher # 18001016) in S1 buffer (30mMsodiumacetate pH4.6,

1mM zinc sulfate, 50mM NaCl) for 30min at 37 °C. Finally, cells were

collected by scraping, pelleted, and resuspended in PBS (45 µl per

200,000). The following steps were the same as described in the DNA

combing assay.

S1 nuclease DNA combing Assay with Olaparib treatment
Cells were treated with 10μM Olaparib for 2 h, followed by 30min of

CIdU 100μM to label replication forks. Subsequently, cells were per-

meabilized and processed as described above.

Replication fork restart assay
As stated above, cells were exposed to 100 µM IdU to label replication

forks, followed by 4 h 5mM HU treatment and a second label using

100 µM CIdU. The following steps were the same as described in the

DNA combing assay.

HR assay
HR was performed as described37. Briefly, we used a DSB-mediated

gene targeting strategy with site-specific TALEN nucleases to quan-

tify HR in cells. DLD1 BRCA2−/− cells stably expressing full-length GFP-

MBP-BRCA2 and the variants (C315S, S273L, and R3052W) were

transfected using AMAXA technology (Lonza) nucleofector kit V (Cat.

#VCA-1003) with 3 µg of the promoter-less donor plasmid (AAVS1-2A-

mCherry) with or without 1 µg of each AAVS1-TALEN encoding plas-

mids (TALEN-AAVS1-5′ and TALEN-AAVS1-3′, a kind gift from Dr.

Carine Giovannangeli). The day after transfection the media was

changed and 48 h post-transfection the cells were trypsinized and

reseeded on a 10-cm culture dish and cultured for additional 8 days.

The percentage of mCherry positive cells was analyzed on a BD

FACSAria III (BD Bioscience) using the FACSDiva software and data
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were analyzed with the FlowJo 10.5 software (Tree Star Inc.). Viable

and single cells were gated using forward scatter (FSC-A) and side

scatters (SSC-S). To separate single cells from the doublets, singlets

were selected using FSC-W(y-axis) plotted against FSC-A(x-axis),

mCherry positive cells were detected by plotting mCherry-A(y-axis)

against FSC-A(x-axis).

Metaphase spreads analysis
Cells (1 × 105) were seeded onto six-well plates on coverslips and

treated with Hydroxyurea (SIGMA H8627-1G) (0.5mM 2 h or 5mM

5 h) and the following day was arrested in metaphase by adding

0.1 µg/ml colcemid (Thermofisher 15212012) for 3 h. A hypotonic

shock was performed by incubating the cells with pre-warmed 16%

FBS in water for 40min. Following the hypotonic shock, the cells

were fixed by adding 1 volume of methanol–acetic acid (3:1) into one

volume of 16% FBS for 15min at RT, then methanol:acetic acid (3:1)

into one volume of water 5min RT, then methanol–acetic acid (3:1)

30min RT, and methanol–acetic acid (3:1) for 15min 4 °C. DNA was

stained with 2% Giemsa (Thermo Fisher 10092013) diluted in Gurr

buffer (Thermo Fisher 10582013) for 16min. Chromosomes were

acquired either with a Leica DMRBmicroscope at ×100magnification

and capturedwith a SONYDXC 930P camera or with a Zeiss Axioskop

2 plus microscope at ×100 magnification and captured with a Leica

DMC6200 camera. Chromosomal aberrations were manually coun-

ted using Fiji software. Around 50metaphases were analyzed for cells

of each genotype.

Anaphase bridges analysis
Cells were seeded onto six-well plates on coverslips and synchro-

nized by a double thymidine block. Cells were treated with 2.5mM

thymidine (T1895-1G, Sigma Aldrich) for 17 h, washed once with PBS,

and released into normal growth media (RPMI) for 8 h. Cells were

treated again with 2.5mM thymidine for 15 h, washed once with PBS

and released into normal growth media for a total of 10 h (Control

cells) or treated with HU 0.5mM for 2 h (H8627-1G, Sigma Aldrich),

washed out from the excess of HU with PBS and then released for 8 h

(total release 10 h). Cells were then fixed with ice-cold methanol for

15min at −20 °C, permeabilized with PBS–0.1% Triton (10254583,

Fisher Scientific) for 15min, and blocked with PBS–4% BSA (A4503-

50G, Sigma Aldrich) overnight at 4 °C. Coverslips were stained

with DAPI (268298, Merck) and mounted onto microscopy slides

with Prolong Glass Antifade (P-36982, Thermo Fisher). Anaphase

cells were visualized with a Zeiss Axiovert 200M microscope for

DAPI staining with a PCO edge 4.2 bi (PCO) camera and analyzed

manually.

Electrophoretic mobility shift assay
DNA substrates for EMSA were purchased PAGE-purified from MWG

Eurofins. The sequence of the oligonucleotides used for these assays is

included in Table S1. The ssDNA substrates used in EMSAwere oAC379
32P labeled at the 5′-end. To generate the 42 bp dsDNA substrate,

oAC405was 32P labeled at the 5′-end and annealed in a 1:1molar ratio to

oAC406. To generate the 191 bp dsDNA substrate, we used a purified

PCR fragment containing the sequence encoding for the human BRC4

fragment of BRCA2 using the plasmid pAC137 (pCMV GFP-MBP-BRC4)

and oligonucleotides oAC596 and oAC597. The purified product was

dephosphorylated using Antarctic phosphatase (NEB) before
32P-labeling at the 5′-end. The proteins were incubated at the indicated

concentrations with either 5 nM dsDNA (42mer), 6 nM ssDNA (dT40),

or 1,5 nM dsDNA (191mer) 32P-labeled DNA substrates for 1 h at 37 °C in

EMSA reaction buffer (25mM Tris Acetate pH 7.5, 1mM DTT, 1mM

MgCl2, 2mMCaCl2). The protein–DNAcomplexeswere resolvedon 6%

native polyacrylamide gels in 1xTAE buffer (40mM Tris acetate,

0.5mM EDTA) at 70 V for 75min. The gels were dried and analyzed

with aTyphoonPhosphorImager (AmershamBiosciences) using Image

Quant software (GEHealthcare). In all EMSAs, the ratio of DNA–protein

complexeswere calculated as thepercentageofboundDNAcompared

with the free DNA.

DNA strand exchange assay
DNA substrates for strand exchange assay were purchased PAGE-

purified from MWG Eurofins. The sequences of the oligonucleotides

used for these assays are included in Supplementary Table 1. To gen-

erate the radiolabelled dsDNA substrate, oAC1076 was 32P labeled at

the 5′-end and annealed in a 1:1 molar ratio to oAC1077. The 3′ over-

hang substrate was produced by annealing 32P-labeled oAC403 (42mer

5′) to oAC423 (167mer) a 1:1 molar ratio. The gapped DNA substrate

was produced by annealing oAC423, oAC403, and oAC490 in a 1:1:1

ratio. RPA (100nM) or storage buffer was pre-incubated with 668 nM

(nt+bp) of 3′tail DNA or gapped DNA for 5min at 37 °C. Then, RAD51

(380nM) alone or with the indicated concentrations of BRCA2 were

added to the mix and incubated for 5min at 37 °C in a buffer con-

taining 25mMTris Acetate pH 8.0, 1mMDTT, 2mMATP, 1mMMgCl2,

2mM CaCl2, 0.1mg/ml BSA (NEB). The reaction was started by adding

4 nMmolecules of the donor template dsDNA (oAC1076 and oAC1077

1:1) and themixwas further incubated for 30min at 37 °C. The reaction

was stopped by incubationwith 0.25% SDS and0.5mg/ml Proteinase K

for 10min. The samples were loaded on a 6% polyacrylamide gel and

migrated at 70 V for 75min. The gels were dried and analyzed with a

Typhoon PhosphorImager (Amersham Biosciences) using Image

Quant software (GE Healthcare). The percentage of DNA strand

exchange product was calculated as labeled product divided by the

total labeled input DNA in each lane.

EdU cell cycle analysis
To label replicated DNA, cells were incubated with 10 μM EdU for 2 h.

Samples were collected by trypsinization and incorporated EdU was

detected using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay

Kit (Molecular Probes-Thermo Fisher Scientific) according to manu-

facturer’s instructions. Cells were re-suspended in PBS containing

20μgml−1 propidium iodide (Sigma) and 10μgml−1 RNase A (Sigma)

before samples were processed using flow cytometry (BD FACSCali-

bur, BD Biosciences). A number of 10,000 events were analyzed per

condition using FlowJo software.

Statistical analysis
The total number of experimental replicates, mean, median, and error

bars are described in the figure legends. Statistical difference was

calculated using a two-way ANOVA test with Dunnett’s multiple com-

parisons tests (Fig. 1c–f) or Tukey’s test (Fig. 7b and Supplementary

Fig. 7). Kruskal–Wallis test followed by Dunn’s multiple comparison

tests (Figs. 2a, b, 3a, b, 4b, 5ai-b, c, 6b, 7a i, ii, Supplementary Fig. 4a, c,

Supplementary Fig. 5). For Fig. 4a, statistical differences were obtained

using a one-way ANOVA with Dunnet’s test from the mean of four

experiments. For Fig. 5aii, statistical differences were obtained using a

one-wayANOVAwith Tukey’s on the differenceof themeanCldU track

from −HU vs. +HU calculated by unpaired t-test with Welch’s correc-

tion for each cell line, as indicated in the legend. All analyses were

conducted using GraphPad Prism version Mac OS X 9.4.0 (453)

version.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
The data generated during the current study are included in this

published article and its Supplementary informationfiles.Materials are

available from the corresponding author on request. Source data are

provided with this paper.
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Abstract

Since their discovery in the late 20th century, significant progress has been made in elucidating the func-

tions of the tumor suppressor proteins BRCA1 and BRCA2. These proteins play vital roles in maintaining

genome integrity, including DNA repair, replication fork protection, and chromosome maintenance. It is

well-established that germline mutations in BRCA1 and BRCA2 increase the risk of breast and ovarian

cancer; however, the precise mechanism underlying tumor formation in this context is not fully under-

stood. Contrary to the long-standing belief that the loss of the second wild-type allele is necessary for

tumor development, a growing body of evidence suggests that tumorigenesis can occur despite the pres-

ence of a single functional allele. This entails that heterozygosity in BRCA1/2 confers haploinsufficiency,

where a single copy of the gene is not sufficient to fully suppress tumor formation. Here we provide an

overview of the findings and the ongoing debate regarding BRCA haploinsufficiency. We further put out

the challenges in studying this topic and discuss its potential relevance in the prevention and treatment

of BRCA-related cancers.

� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Cancer predisposition associated with
BRCA1/2 mutations

Breast cancer is the predominant malignancy and
the primary cause of cancer-related deaths among
women worldwide.1 In 1995, genetic linkage studies
performed in familial cases led to the identification
of the BReast CAncer-associated genes type 1
and type 2, BRCA1 and BRCA2, respectively.2–5

Mutations in those genes account for approximately
30% of hereditary breast cancer cases.
During their lifetime, BRCA1 and BRCA2

mutation carriers have a 72% or 69% cumulative
risk of developing breast cancer to age 80,
respectively. The cumulative risk for ovarian

cancer to age 80 for the same population is
estimated at 44% for BRCA1 and 17% for BRCA2
mutation carriers.6 In addition, bi-allelic mutations
in the BRCA1/2 genes are associated with distinct
subtypes of Fanconi anemia (FA) (BRCA2/FA-D1,
BRCA1/FA-S).7 This disease is characterized by
extreme sensitivity to inter-strand crosslinking
(ICL)-inducing agents like cisplatin or Mitomycin C
(MMC) which is associated with bone marrow fail-
ure in childhood and cancer predisposition syn-
drome (reviewed in8).
The increased cancer risks associated with

mutations in BRCA genes can be attributed to
their essential roles in preserving genome integrity
specifically in the homologous recombination (HR)

Perspective
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DNA repair pathway. HR is essential for the repair
of DNA double-strand breaks (DSBs), replicative
lesions such as single-strand DNA gaps (ssDNA
gaps), and restarting stalled replication forks. At
DSBs, BRCA1 plays a pivotal role in facilitating
DNA-end resection9,10 while BRCA2 operates
mainly downstream facilitating the displacement of
RPA and loading of the recombinase RAD51 onto
the resected ssDNA.11–13 RAD51 assembles on
ssDNA as a nucleoprotein filament which is the
functional unit to promote homologous DNA pairing
and strand exchange.14,15 When the pairing takes
place with the sister chromatid as a template, this
process results in error-free DNA repair.10,12,13,16

Furthermore, BRCA proteins play a critical role in
the protection of stalled replication forks, where
nascent DNA is exposed to nucleolytic degradation
by nucleases.17 In this context, the BRCA1-BARD1
complex promotes RAD51 recruitment,18 while
BRCA2 stabilizes RAD51 filaments onto ssDNA19,
thus ensuring genome integrity during replication
stress conditions.19

Replication stress induced by nucleotide
depletion or the presence of obstacles ahead of
the fork results in the formation of ssDNA gaps
which are most prominent in cells lacking
functional BRCA1 and BRCA2 proteins20 suggest-
ing their role in gap suppression (GS). The function
of BRCA1/2 in GS is still under study but it seems to
comprise three complementary activities: ensuring
replication fork arrest upon replication stress,21

inhibiting excessive DNA-end resection,22 and pro-
moting the repair or filling the gaps post-replicatively
by a template switch-like mechanism.21,23–25 Inter-
estingly, the accumulation of these ssDNA gaps in
BRCA2-deficient cells drives replication fork degra-
dation by interfering with the nucleosome assembly
pathway.26

Which of these functions, HR, FP, or GS, are at
the origin of the tumor suppressor activities of
BRCA1/2, and therapy response in BRCA1/2-
deficient tumors are subjects of intense
investigation.21,23,27,28

Mechanism of tumorigenesis
associated with monoallelic mutations
in BRCA1/2

The first evidence supporting the essential
function of BRCA1/2 as tumor suppressors came
from experiments performed in mouse models.
The observation that embryos lacking Brca1/2
genes were unable to progress beyond an early
stage of development strongly suggested their
essential role in embryogenesis, specifically in
promoting cell proliferation.29–32 However, subse-
quent studies revealed that Brca1/2 deficiency trig-
gered a cell cycle arrest mediated by p21,29,30 a
downstream effector of the tumor suppressor p53,
which down-regulates cell proliferation and induces
cell death to prevent tumor formation.33

The colocalization and physical interaction
observed between the established DNA repair
factor Rad51 and Brca proteins in mouse cells
strongly supported the notion that Brca1/2 were
involved in DNA repair.34–36 Furthermore, the fact
that the deficiency of Brca genes in cultured murine
cells led to the presence of aberrant chromosomal
structures and micronuclei,37,38 as well as
increased sensitivity to DSB-inducing agents such
as UV light and ionizing radiation,34,38 further
pointed out a role for these proteins in preserving
genome integrity. Studies in mouse cells as well
as biochemical and structural work with the ortholog
of BRCA2 in Ustilago maydis, Brh2, and fragments
of the mouse and human proteins established that
BRCA proteins play a critical role in maintaining
genomic stability through high-fidelity DNA repair
via HR.10,39,40 This extensive body of evidence led
to the classification of BRCA1 and BRCA2, as
tumor suppressors (TS).
The initial paradigm for tumor formation in TS

genes emerged from the ’two-hit’ model41 propos-
ing that individuals with a mono-allelic germline
mutation acquired a second mutation (second hit)
in the same gene, somatically. This hypothesis
was formulated for the Retinoblastoma gene (Rb)-
related tumors and later extended to BRCA1 and
BRCA2 to explain hereditary cancer susceptibil-
ity.42–45 However, the two-hit hypothesis was later
refined to a continuous model to accommodate
the fact that, in some cases, partial loss of a tumor
suppressor was sufficient to promote
tumorigenesis.46

Typically, the second mutation involves the loss
of the WT allele, also known as the Loss of
Heterozygosity (LOH). This event refers to the
somatic loss or inactivation of the remaining
functional allele, leading to the absence of a
functional protein. In the case of BRCA1/2, the
mechanism of LOH is thought to arise through
allelic recombination,47 genetic rearrangements,
physical deletions, somatic mitotic recombination48

(reviewed in49) or promoter hypermethylation
(BRCA1 only).50 Interestingly, BRCA genes have
recently been identified as common fragile sites
(CFS) in the genome.51 These sites are prone to
replication challenges and DNA breakage due to
long repeated sequences. Replication fork stalling
and subsequent error-prone repair can result in
mutations or large deletions, leading to functional
inactivation of the WT BRCA gene constituting
another mechanism of LOH.
The mechanisms of BRCA loss have been

enigmatic: On the one hand, BRCA deficiency
resulted in cell lethality in embryos and cell cycle
arrest in cultured cells and, on the other, in
tumors, BRCA loss promoted aberrant DNA
replication and unrestricted proliferation, leading to
the accumulation of genetic alterations that fueled
malignancy. This paradox has been partly
explained by the observation that in murine cells,
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the silencing of Brca1 or Brca2 leads to cell death
unless combined with a knockout of Tp53.29,32 Later
studies revealed that TP53 loss is a common char-
acteristic of BRCA-related tumorigenesis, although
it is not the sole factor.52,53 Besides TP53 loss,
other mechanisms such as the loss of the tumor
suppressor genes RB1 or PTEN contribute to gen-
erating a premalignant environment in this
context.54

The combination of the mutational processes
taking place in tumors results in computationally
distinguishable patterns of substitutions and
rearrangements known as genomic signatures.
These patterns are characteristic for the different
types of tumors55,56 including those associated with
BRCA1/2 mutations. Inactivation of BRCA1 or
BRCA2 results in a specific mutational pattern that
is commonly known as homologous recombination
deficient (HRD) signature.55 Interestingly, refined
analyses can discriminate the genomic profiles of
BRCA1 vs BRCA2-related tumors.57

Cells of origin for BRCA1/2-mutated
breast cancer

BRCA1- and BRCA2-related tumors, while
sharing similarities such as the HRD signature,
they demonstrate distinct phenotypic tumor
characteristics. In the case of breast cancer, these
differences are evaluated based on various
parameters. Firstly, tumor grade, which reflects
the abnormality of cells and correlates with tumor
aggressiveness. Secondly, hormonal status is
based on the expression of the progesterone
receptor (PR), estrogen receptor (ER), or
amplification of the Her2 receptor. This is
important because some treatment options vary
based on the receptor expression in the tumor,
with Her2-positive tumors being targeted by
antibody-based therapy, and ER and PR-positive
tumors benefiting from hormonal therapy. Tumors
lacking the expression of all these hormonal
receptors are referred to as triple-negative breast
cancers (TNBC), which tend to be more
aggressive and challenging to treat. Intriguingly,
BRCA1 germline mutations often result in high-
grade TNBC; by contrast, BRCA2-associated
familial tumors are generally hormone-receptor
positive and medium to high-grade.58

The presence or absence of hormone receptors is
associated with the specific cell type that initiates
tumor progression. Breast epithelium comprises
two main cell types: luminal cells and basal or
myoepithelial cells. Luminal cells, located in the
inner layer near the lumen, can be further divided
into secretory cells or L1 and, hormone-
responsive cells, referred to as L2.59–60 Basal cells
are found in the outer layer and possess contractile
properties. Basal cells, being hormone-negative,
have been identified as the most likely cell of origin
for TNBC suggesting a potential effect of the

BRCA1 mutation on the basal cell compart-
ment.61,62 However, recent lineage tracing analysis
revealed that BRCA1 mutations primarily affect the
luminal progenitor cells, which are found in the L1
population, resulting in aberrant basal cells.63–64 In
contrast, BRCA2mutation mainly affects the L2 cell
population62; therefore, the different cells of origin
may account for the distinct characteristics
observed in BRCA1 and BRCA2-associated breast
tumors.

Evidence of locus-specific LOH from
BRCA-mutated tumors

The initial studies on LOH at BRCA1/2 loci in
breast tumor samples from BRCA-mutation
carriers revealed diverse LOH patterns within and
among invasive lesions; these included cases
where the loss predominantly affected the mutant
allele rather than the WT allele.65 These observa-
tions suggested that LOH could play a role in the
early stages of cancer development but may not
be indispensable for tumor progression and mainte-
nance. Supporting this notion, microarray-based
analysis of normal breast tissue obtained from
BRCA-mutation carriers undergoing prophylactic
mastectomy showed an increased prevalence of
genetic abnormalities, despite the presence of the
WT allele.66 Furthermore, the characterization of
normal breast epithelium fromBRCA1mutation car-
riers demonstrated a three-fold higher incidence of
LOH in chromosome 17 and genomic aberrations
compared to a non-carrier control group or to nor-
mal tissue from women with sporadic breast
cancer.67 These seemingly contradictory findings
suggested that LOH could be a stochastic event
and a consequence, rather than a causal factor, of
the genomic instability associated with germline
BRCA mutations (Figure 1).67 In recent years, the
BRCA haploinsufficiency hypothesis has gained
momentum with the increase of genetic testing
thanks to the advances in next-generation sequenc-
ing (NGS) technologies. These advances have
revealed significant disparities in the frequencies
of LOH between BRCA1 and BRCA2-associated
tumors; for example, in a cohort of 35 BRCA2-
mutated familial breast cancers, LOH was found in
50% of cases, while in 41 BRCA1-mutated tumors,
LOH prevalence was 90%.68 Similarly, an analysis
of LOH in hereditary ovarian cancer BRCA1-
associated cases exhibited a 100% LOH preva-
lence compared to the 76% observed in BRCA2-
related cases.69 These differences suggest poten-
tial variations in the mechanisms of tumor formation
due to BRCA1- or BRCA2 mutations. In addition,
the retention of the WT allele has also been
observed in non-gynecological BRCA-associated
tumors in mouse models. For instance, LOH was
detected in only 37% of cell lines and xenografts
derived from BRCA2-mutated pancreatic carci-
noma.70 Similarly, in a murine model of familial pan-
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creatic cancer, three out of four tumors with germ-
line heterozygosity for a pathogenic Brca2mutation
did not exhibit LOH at the mutation site.71 These
observations have fueled research in the quest for
evidence of haploinsufficiency conferred by
heterozygosity of BRCA1/2; an effort that has not
ceased as detailed below.

First molecular evidence of
haploinsufficiency

The observations that some BRCA-related
tumors retained the wild-type allele instigated the
research for evidence on BRCA1/2
haploinsufficiency in different model systems.72

Notably, one study found that BRCA1-
heterozygote lymphoblastoid cell lines (LCLs)
exhibited a decreased fidelity in repairing DSBs
when compared to cells from non-carrier individu-

als.73 Likewise, BRCA2-mutated LCLs exhibited
elevated levels of DNA damage, even in untreated
conditions, which escalated upon treatment with
DNA-alkylating agents such as MMC.74 In the same
study, BRCA2-mutated lymphocytes increased the
rate of spontaneous sister chromatid exchanges
(SCEs), a readout of ongoing genomic instability.
Another study examined heterozygote chicken cell
lines harboring a mono-allelic BRCA2mutation that
led to the expression of a truncated product. These
cells exhibited a significant decrease in RAD51 foci
formation following irradiation, along with reduced
growth rate, increased cell death, and hypersensi-
tivity to DNA-damaging agents.75 In stark contrast,
a study using human HT-29 colon cancer cells
reported that the presence of a single functional
BRCA2 allele did not hinder RAD51 foci formation
or compromised DNA repair capacity after irradia-
tion.76 In contrast, DSB repair by HR was found to
be intact in mouse mammary primary cells express-

Figure 1. Possible mechanisms of tumor formation in BRCA1/2-mutation carriers. (Left arm) LOH may take

place at an early stage (“second hit”) of tumorigenesis which would result in genome instability and lead to tumor

formation. Alternatively, (right arm) haploinsufficiency may manifest early in the form of defects in one or more of the

main functions of BRCA1/2 in preserving genome integrity, as indicated: HR: homologous recombination; FP: fork

protection; and/or GS: gap suppression. This would instigate genome instability (including or not LOH) depending on

modifiers such as the cells of origin, p53 or other tumor supressors status, hormonal status, mutation type, presence

of aldehydes or the stromal niche (see key). Figure created with BioRender.com.
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ing a truncated exon 27 Brca2+/ D27 whereas the
homozygous mutation impaired repair.77 These dis-
crepanciesmay be in part attributed to the presence
of a truncated BRCA2 protein observed in the latter
study, acting as dominant negative, or, to differ-
ences related to the cell-line model system used.
It is important to note that, Brca-heterozygous

mice are not prone to developing breast
cancer78,79, while homozygous mutations often
result in embryonic lethality or the development of
blood tumors.80–82 Therefore, despite the enormous
advances in the understanding ofBRCA1/2 function
and tumor progression they have provided83,84,
results from these models may not be easily extrap-
olated to mimic early stages of tumor formation
linked to human BRCA1/2mutations. A way to par-
tially circumvent this issue came from the genera-
tion of conditional mouse models, where the
concurrent tissue-specific inactivation of Brca1 or
Brca2 and Tp53 led to the development of breast
tumors.83,85 Nevertheless, some BRCA1/2-
mutated tumors do not present Tp53 mutation rais-
ing the question of whether this is an early or neces-
sary step in tumor development in humans.86 Thus,
the efforts to fully recapitulate the early steps of
BRCA-related tumorigenesis in human model sys-
tems are still ongoing. One approach involves utiliz-
ing genetically modified non-tumorigenic human
breast epithelial cell lines, such as MCF10A. In this
setting, cells bearing a mono-allelic mutation in
BRCA1 exhibited increased genomic instability
and significant deficiencies in HR repair compared
to their wild-type counterparts.87 Subsequent inves-
tigations on primary human mammary cells and
fibroblasts derived from BRCA1-mutation carriers
revealed that the HR-repair of induced DSBs was
intact in these cells whereas their ability to repair
replication stress-inducing lesions was attenu-
ated.88 Intriguingly, in both studies, the heterozy-
gous cells showed no sensitivity to PARP
inhibition.87,88

One proposed model to explain the “conditional
haploinsufficiency” of BRCA1 for replication stress
stems from its key function in preventing and
repairing collapsed replication forks, leading to a
limited availability of BRCA1 for HR repair.88 Similar
findings were observed in primary breast epithelial
cells derived from BRCA2 mutation carriers, which
displayed a weakened response to replication
stress manifested in increased DNA damage after
HU treatment and impaired replication checkpoint
response.89

Other strategies to investigate how cells
overcome cell death and facilitate transformation
have been the use of genetic screens in the
context of BRCA deficiency. One of these genetic
screens revealed that inactivating 53BP1, a DNA
repair protein involved in the non-homologous end
joining (NHEJ) pathway, could mirror the effect of
p53 loss in rescuing proliferation defects and drug
sensitivity in Brca1 null ES cells, suggesting that

53BP1 is involved in BRCA1-related
tumorigenesis.90,91 This rescue mechanism
depended on the restoration of DNA-end resection
(counteracted by 53BP1), required for HR. Later
on, it was found that 53BP1 depletion could rescue
BRCA1 deficiency via a backup pathway driven by
the ubiquitin ligase RNF168, as this factor could
promote RAD51-mediated HR when BRCA1 was
absent. This activity was found to be independent
of p53 status.92 Interestingly, the redundancy
observed between BRCA1 and RNF168 suggested
that reduced levels of RNF168 or its activity could
be sufficient to limit HR92, revealing another
“conditional-haploinsufficiency” mechanism for
BRCA1.

Emerging mechanisms of
haploinsufficiency related to BRCA1/2

In recent years, it has become increasingly
recognized that genes beyond BRCA1/2 can
modulate tumorigenesis in BRCA-mutated cancer.
For instance, patient-derived BRCA1-mutant cells
exhibited elevated expression of the epidermal
growth factor receptor (EGFR), which could
potentially explain their enhanced proliferative
capacity.93

One of the mechanisms proposed for tumor
formation in BRCA-mutated cells is the impact of
BRCA1/2 mutations on hormone-signaling
pathways. Notably, normal breast epithelial cells
carrying a mono-allelic BRCA1 mutation exhibit
increased activity of the ER and elevated
expression of the PR.94 This can be attributed to
the inhibitory role of BRCA1 in the transcriptional
activity of the ER.95 Moreover, BRCA1-
heterozygous cells upregulated the transcription of
the CYPIA gene, an estrogen-metabolizing
enzyme, which leads to increased DNA damage in
these cells.96 Consequently, cells with impaired
BRCA1 function display enhanced expression of
hormone receptors. In addition, the heterozygosity
for a germline mutation in either BRCA1 or BRCA2
leads to the preferential expression of a specific iso-
form of the PR, thereby impacting cellular
differentiation.97

An alternative proposed mechanism involves the
cellular accumulation of aldehydes, leading to
selective depletion of BRCA2 via proteasomal
degradation and resulting in haploinsufficiency98;
Intriguingly, other proteins within HR and FA path-
ways remained unaffected.99 Aldehydes are natu-
rally present in the environment and are also
generated as by-products of cellular metabolic pro-
cesses. The authors found that in cells harboring a
heterozygous BRCA2 mutation, BRCA2 protein
degradation reached a threshold where replication
fork protection was defective and chromosomal
aberrations followed. This “induced haploinsuffi-
ciency” could be counteracted by RNase H treat-
ment, a nuclease that specifically degrades RNA
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hybridized to DNA, suggesting that DNA-RNA
hybrids were implicated in the observed phenotype.
In line with these findings, BRCA1 and BRCA2 have
been involved in the prevention and resolution of
DNA-RNA hybrids99–101

Finally, tissue analysis from BRCA1-mutation
carriers uncovered how pre-cancer-associated
fibroblasts (pre-CAFs) secrete pro-proliferative
signals and matrix metalloproteinases promoting
extracellular matrix (ECM) disassembly and
contribute to cancer initiation.102,103 Consequently,
this study highlights the role of the stromal niche
in BRCA-related tumorigenesis.

Perspectives and implications for
clinical practice

The large size and complexity of BRCA1 and
BRCA2 proteins have challenged the study of
their function ever since they were discovered
nearly 30 years ago. The multiple interrelated
functions they play to preserve genome integrity
and the fact that they are essential in cells have
also challenged researchers when inferring their
function from the phenotype of cells lacking
BRCA1/2. Understanding the mechanism of LOH
and whether this is a cause or a consequence of
tumor development in this setting also appears
crucial in the management of BRCA1 and BRCA2
germline-mutated tumors. For example, recent
discoveries indicate that the absence of LOH in
ovarian tumors correlates with poorer overall
survival when treated with platinum chemotherapy
compared to those with LOH.68 Thus, it is evident
that recapitulating the early steps of tumorigenesis
linked to BRCA1/2 will be key to refining the strate-
gies for the prevention and treatment of BRCA-
related cancer. This will require relevant models
that mimic precancerous lesions; the development
of patient-derived organoid cultures104 in recent
years provides a suitable framework to do so.
Increasing evidence suggests that depending on

the localization of BRCA1 or BRCA2 mutation in
the sequence, their incidence in cancer and which
cancer they predispose to (breast or ovarian) may
change.105 The variant localization also affects its
impact on function, especially on HR, as it has been
observed in functional assays; this in turn influences
cancer risk.106,107 Furthermore, although both
genes contribute to the development of hereditary
breast tumors, mutations in BRCA1 confer a 2-fold
higher risk of developing ovarian cancer compared
to BRCA2 mutations.6 On the other hand, BRCA2
mutations confer an increased risk of developing
other types of cancer includingmale breast, pancre-
atic, and prostate cancer.70,108–110 The reasons for
these differences in BRCA1 vs BRCA2 tumors
and for the tissue specificities observed are still
unclear. Nonetheless, a recent study encompass-
ing 55 diverse tumor types sheds light on this. The
authors found that for specific cancer types like

breast and ovarian, BRCA mutations, whether
germline or somatic, correlated with tumor develop-
ment and LOH.111 Conversely, in other tissues like
the lungs, BRCA gene mutations appeared unre-
lated to the process of tumor formation. Another
study found that primary breast epithelial cells bear-
ing BRCA1 mutations exhibited genome instability
and a premature senescence phenotype. Interest-
ingly, this phenotype was found specifically in
breast and not skin epithelial cells112, providing
clues on the tissue specificity of BRCA1-
associated cancer. The use of xenograft models
and the genomic profiling of patient-derived tumors
of different origins would likely help to elucidate why
only some cell lineages are affected by BRCA
mutations.
As mentioned above, although BRCA-deficient

cells are generally sensitive to DNA-damaging
agents like PARP inhibitors and cross-linking
agents (e.g., cisplatin, MMC), not all BRCA-
related tumors exhibit a positive response to these
treatments. Furthermore, many of these tumors
acquire resistance to these therapies over time.
Thus, many efforts are ongoing to reveal the
mechanisms of therapy resistance in BRCA1/2
mutated cancer.21,27,113–116 In this regard, the
reported tumor BRCA1/2 LOH heterogeneity within
BRCA1/2 tumors54,68 might be another source of
acquired resistance. The development of single-
cell NGS could be instrumental in tackling these
questions and tailor cancer treatment.117
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K., Kilkenny, M., Técher, H., Baldi, G., Shen, R., et al.,

(2017). Smarcal1-mediated fork reversal triggers Mre11-

Dependent degradation of nascent DNA in the absence of

Brca2 and stable Rad51 nucleofilaments. Mol. Cell 67,

867–881.e7. https://doi.org/10.1016/j.molcel.2017.

07.001.

21. Panzarino, N.J., Krais, J.J., Cong, K., Peng, M.,

Mosqueda, M., Nayak, S.U., Bond, S.M., Calvo, J.A.,

et al., (2021). Replication gaps underlie BRCA deficiency

and therapy response. Cancer Res. 81, 1388–1397.

https://doi.org/10.1158/0008-5472.can-20-1602.

22. Tirman, S., Quinet, A., Wood, M., Meroni, A., Cybulla, E.,

Jackson, J., Pegoraro, S., Simoneau, A., et al., (2021).

Temporally distinct post-replicative repair mechanisms fill

PRIMPOL-dependent ssDNA gaps in human cells. Mol.

A. Minello and A. Carreira Journal of Molecular Biology 436 (2024) 168277

7



Cell 81, 4026–4040.e8. https://doi.org/10.1016/

j.molcel.2021.09.013.

23. Cong, K., Peng, M., Kousholt, A.N., Lee, W.T.C., Lee, S.,

Nayak, S., Krais, J., VanderVere-Carozza, P.S., et al.,

(2021). Replication gaps are a key determinant of PARP

inhibitor synthetic lethality with BRCA deficiency. Mol. Cell

81, 3128–3144.e7. https://doi.org/10.1016/j.molcel.2021.

06.011.

24. Vugic, D., Dumoulin, I., Martin, C., Minello, A., Alvaro-

Aranda, L., Gomez-Escudero, J., Chaaban, R., Lebdy, R.,

et al., (2023). Replication gap suppression depends on

the double-strand DNA binding activity of BRCA2. Nat.

Commun. 14, 446. https://doi.org/10.1038/s41467-023-

36149-0.

25. Nagaraju, G., Scully, R., (2007). Minding the gap: The

underground functions of BRCA1 and BRCA2 at stalled

replication forks. DNA Repair 6, 1018–1031. https://doi.

org/10.1016/j.dnarep.2007.02.020.

26. Thakar, T., Dhoonmoon, A., Straka, J., Schleicher, E.M.,

Nicolae, C.M., Moldovan, G.-L., (2022). Lagging strand

gap suppression connects BRCA-mediated fork

protection to nucleosome assembly through PCNA-

dependent CAF-1 recycling. Nat. Commun. 13, 5323.

https://doi.org/10.1038/s41467-022-33028-y.

27. Chaudhuri, A.R., Callen, E., Ding, X., Gogola, E., Duarte,

A.A., Lee, J.-E., Wong, N., Lafarga, V., et al., (2016).

Replication fork stability confers chemoresistance in

BRCA-deficient cells. Nature 535, 382–387. https://doi.

org/10.1038/nature18325.

28. Feng, W., Jasin, M., (2017). BRCA2 suppresses

replication stress-induced mitotic and G1 abnormalities

through homologous recombination. Nat. Commun. 8,

525. https://doi.org/10.1038/s41467-017-00634-0.

29. Hakem, R., de la Pompa, J.L., Sirard, C., Mo, R., Woo, M.,

Hakem, A., Wakeham, A., Potter, J., et al., (1996). The

Tumor Suppressor Gene Brca1 Is Required for Embryonic

Cellular Proliferation in the Mouse. Cell 85, 1009–1023.

https://doi.org/10.1016/s0092-8674(00)81302-1.

30. Suzuki, A., de la Pompa, J.L., Hakem, R., Elia, A.,

Yoshida, R., Mo, R., Nishina, H., Chuang, T., et al.,

(1997). Brca2 is required for embryonic cellular

proliferation in the mouse. Gene Dev. 11, 1242–1252.

https://doi.org/10.1101/gad.11.10.1242.

31. Liu, C.Y., Flesken-Nikitin, A., Li, S., Zeng, Y., Lee, W.H.,

(1996). Inactivation of the mouse Brca1 gene leads to

failure in the morphogenesis of the egg cylinder in early

postimplantation development. Gene Dev. 10, 1835–

1843. https://doi.org/10.1101/gad.10.14.1835.

32. Ludwig, T., Chapman, D.L., Papaioannou, V.E.,

Efstratiadis, A., (1997). Targeted mutations of breast

cancer susceptibility gene homologs in mice: lethal

phenotypes of Brca1, Brca2, Brca1/Brca2, Brca1/p53,

and Brca2/p53 nullizygous embryos. Gene Dev. 11,

1226–1241. https://doi.org/10.1101/gad.11.10.1226.

33. Finlay, C.A., Hinds, P.W., Levine, A.J., (1989). The p53

proto-oncogene can act as a suppressor of

transformation. Cell 57, 1083–1093. https://doi.org/

10.1016/0092-8674(89)90045-7.

34. Sharan, S.K., Morimatsu, M., Albrecht, U., Lim, D.-S.,

Regel, E., Dinh, C., Sands, A., Eichele, G., et al., (1997).

Embryonic lethality and radiation hypersensitivity

mediated by Rad51 in mice lacking Brca2. Nature 386,

804–810. https://doi.org/10.1038/386804a0.

35. Scully, R., Chen, J., Plug, A., Xiao, Y., Weaver, D.,

Feunteun, J., Ashley, T., Livingston, D.M., (1997).

Association of BRCA1 with Rad51 in Mitotic and Meiotic

Cells. Cell 88, 265–275. https://doi.org/10.1016/s0092-

8674(00)81847-4.

36. Chen, J., Silver, D.P., Walpita, D., Cantor, S.B., Gazdar,

A.F., Tomlinson, G., Couch, F.J., Weber, B.L., et al.,

(1998). Stable interaction between the products of the

BRCA1 and BRCA2 tumor suppressor genes in mitotic

and meiotic cells. Mol. Cell 2, 317–328. https://doi.org/

10.1016/s1097-2765(00)80276-2.

37. Tutt, A., Gabriel, A., Bertwistle, D., Connor, F., Paterson,

H., Peacock, J., Ross, G., Ashworth, A., (1999). Absence

of Brca2 causes genome instability by chromosome

breakage and loss associated with centrosome

amplification. Curr. Biol. 9, 1107–S1. https://doi.org/

10.1016/s0960-9822(99)80479-5.

38. Patel, K.J., Yu, V.P.C.C., Lee, H., Corcoran, A.,

Thistlethwaite, F.C., Evans, M.J., Colledge, W.H.,

Friedman, L.S., et al., (1998). Involvement of Brca2 in

DNA Repair. Mol. Cell 1, 347–357. https://doi.org/

10.1016/s1097-2765(00)80035-0.

39. Moynahan, M.E., Pierce, A.J., Jasin, M., (2001). BRCA2

Is required for homology-directed repair of chromosomal

breaks. Mol. Cell 7, 263–272. https://doi.org/10.1016/

s1097-2765(01)00174-5.

40. Xia, F., Taghian, D.G., DeFrank, J.S., Zeng, Z.-C.,

Willers, H., Iliakis, G., Powell, S.N., (2001). Deficiency of

human BRCA2 leads to impaired homologous

recombination but maintains normal nonhomologous end

joining. Proc. National. Acad. Sci. 98, 8644–8649. https://

doi.org/10.1073/pnas.151253498.

41. Knudson, A.G., (1971). Mutation and cancer: statistical

study of retinoblastoma. Proc. National. Acad. Sci. 68,

820–823. https://doi.org/10.1073/pnas.68.4.820.

42. Collins, N., McManus, R., Wooster, R., Mangion, J., Seal,

S., Lakhani, S.R., Ormiston, W., Daly, P.A., et al., (1995).

Consistent loss of the wild type allele in breast cancers

from a family linked to the BRCA2 gene on chromosome

13q12-13. Oncogene 10, 1673–1675.

43. Gudmundsson, J., Johannesdottir, G., Bergthorsson, J.T.,

Arason, A., Ingvarsson, S., Egilsson, V., Barkardottir, R.

B., (1995). Different tumor types from BRCA2 carriers

show wild-type chromosome deletions on 13q12-q13.

Cancer Res. 55, 4830–4832.

44. Neuhausen, S.L., Marshall, C.J., (1994). Loss of

heterozygosity in familial tumors from three BRCA1-

linked kindreds. Cancer Res. 54, 6069–6072.

45. Smith, S.A., Easton, D.F., Evans, D.G.R., Ponder, B.A.J.,

(1992). Allele losses in the region 17q12–21 in familial

breast and ovarian cancer involve the wild–type

chromosome. Nat. Genet. 2, 128–131. https://doi.org/

10.1038/ng1092-128.

46. Berger, A.H., Knudson, A.G., Pandolfi, P.P., (2011). A

continuum model for tumour suppression. Nature 476,

163–169. https://doi.org/10.1038/nature10275.

47. Moynahan, M.E., Jasin, M., (1997). Loss of

heterozygosity induced by a chromosomal double-strand

break. Proc. Natl. Acad. Sci. 94, 8988–8993. https://doi.

org/10.1073/pnas.94.17.8988.

48. Osorio, A., de la Hoya, M., Rodrı́guez-López, R.,
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At the crossroads of RNA
biology, genome integrity
and cancer

Summary

This article is the synthesis of the scientific presentations that

took place during two international courses at Institute Curie,

one on post–transcriptional gene regulation and the other on

genome instability and human disease, that were joined

together in their 2021 edition. This joined course brought

together the knowledge on RNA metabolism and the mainte-

nance of genome stability.

Keywords RNA; Post-transcriptional regulation; Genome

instability; DNA damage; DNA repair; R-loops

Abbreviations

mRNAs messenger RNAs
mNET-seq mammalian Native Elongating Transcript sequencing
POINT-seq Polymerase Intact Nascent Transcript sequencing
RNAPII RNA Polymerase II
poly(A) tail polyadenylate tail
CPA Cleavage and Polyadenylation
CPF Cleavage and Polyadenylation Factor
RBPs RNA Binding Proteins
EJC Exon Junction Complex
NMD Nonsense mediated decay
NIN Ninein
ROS Reactive oxygen species
OOPs Orthogonal Organic Phase separation
SG Stress Granules
RNP ribonucleoprotein
tRNAs transfer RNAs
rRNAs ribosomal RNAs
DDR DNA damage response
PARPi poly–ADP ribose polymerase 1 inhibitor
QIBC quantitative imaging based cytometry
MiDAS Mitotic DNA synthesis
OK–seq Okazaki fragments sequencing
DSB DNA double strand break
HR Homologous recombination
NHEJ Non–homologous end joining
ssDNA Single stranded DNA
TAD Topologically associated domain
IPA intronic polyadenylation
UV–C ultraviolet C
dilncRNAs Damage–induced long non coding RNAs
DRIP DNA–RNA immunoprecipitation

The mutual interactions between RNA metabolism and the DNA

damage response have gained particular interest over the

recent years and entail important clinical implications. This

has led the organizers of two international courses at Institut

Curie ("5th Course on Post transcriptional gene regulation'' and

"3rd Course on Genome integrity and human diseases'') to

exceptionally join their efforts. On the one hand, the "post

transcriptional gene regulation'' course focuses on the study

of post transcriptional regulations, from molecular mechanisms

to genome wide networks. On the other, the "genome integrity

and human disease'' course aims to introduce basic mechanisms

contributing to the maintenance of genome stability from

molecular mechanisms up to omics approaches. Here, we dis-

cuss some of the highlights of this 7 day course, sponsored by

Institut Curie and Société Française du Cancer, that took place in

real time virtual format in April 12–20 2021.

Post-transcriptional gene regulation

Post–transcriptional regulation plays an important role in con-

trolling gene expression by subjecting precursor of messenger

RNAs (mRNAs) called pre–mRNAs to a host of maturation events

(i.e. splicing and polyadenylation) before being exported to the

cytoplasm. Pre–mRNA splicing mainly occurs co transcriptionally.

The lab of Maria Carmo Fonseca (Instituto de Medicina Molecular

João Lobo Antunes, PT) has contributed to determining splicing

kinetics in Metazoans by using several technologies. Live cell

imaging of stable transgenes showed a transcription rate of

about 4 kilobases per minute and a splicing reaction lasting only

for a few seconds [1]. More recently, through genome wide

analyses of nascent transcripts in human cells with the mNET–

seq (mammalian native elongating transcript sequencing) and

POINT–seq (polymerase intact nascent transcript sequencing)

techniques, her team showed that for most introns, splicing

takes place co transcriptionally, immediately after the 30 splice

site is transcribed by RNA polymerase II (RNAPII) [2,3]. However,

for some introns splicing is delayed. These data raise questions

about the molecular mechanisms underlying such different

splicing kinetics, and their consequences on gene expression,

alternative splicing regulation and, potentially, DNA–RNA hybrid

formation and genome stability (which are discussed below).

Besides splicing, another key step of pre–mRNA maturation is 30

end processing, which generally consists in–RNA cleavage at the

polyadenylation site and in the addition of a polyadenylate tail

(poly[A]) tail), that is not encoded in DNA. This cleavage and

polyadenylation (CPA) process is coupled to transcription termi-

nation. In addition, the poly(A) tail promotes the nucleo-cyto-

plasmic export, translation and stability of the mRNA, and is the

substrate of deadenylases that trigger mRNA degradation. The

lab of Lori Passmore (MRC Laboratory of Molecular Biology,

Cambridge, UK) determined the molecular structure of a key

multiprotein component of the yeast CPA machinery, Cleavage

and Polyadenylation Factor (CPF), by using in vitro reconstitution

tome 109 > n86 > June 2022
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experiments, cryo–electron microscopy and X–ray crystallogra-

phy [4,5]. They also determined the structural determinants of

poly(A) tail recognition by two deadenylases [6]. These studies

provided insights into the molecular mechanisms of CPA and

deadenylation processes in yeast, with implications for human

cells since most protein components of these machineries are

highly conserved in humans. Moreover, both polyadenylation (e.

g., FIP1L1, CPSF3/CPSF73, NUDT21/CFIm25) and deadenylation

factors (e.g., CCR4–NOT complex components) have been

involved in cancer [7,8]. In this context, recent work from Lori

Passmore and collaborators showed that CPSF3 is a druggable

node in acute myeloid leukemia and Ewing sarcoma [9].

During co–transcriptional RNA processing, RNA–binding proteins

(RBPs) are deposited on transcripts, and some of them follow

mRNAs into the cytoplasm and impact their fate. This is the case

of the exon junction complex (EJC), a protein complex that is

deposited on transcripts during splicing and promotes their

nucleo-cytoplasmic export and translation. The EJC is best known

for its role in triggering nonsense mediated decay (NMD) of

mRNAs that have a premature stop codon located upstream of

the last exon junction, which is the case of many aberrant

transcripts that are produced by mutated genes or upon splicing

factor mutations in diseases like cancer. About twenty years ago,

Hervé Le Hir (now at Institut de Biologie of ENS, Paris, FR)

discovered the EJC and its role in various processes, including

NMD, mRNA export, translation and specific localization within

the cytoplasm [10]. More recently, his lab showed that the EJC is

localized at basal bodies during ciliogenesis in mouse neural

stem cells and mediates the localization of the NIN (ninein)

mRNA to centrioles, that form basal bodies and where the NIN

protein plays a key function. Furthermore, EJC down-regulation

impairs ciliogenesis [11]. These findings may explain the

involvement of the EJC in neural stem cell division and human

neurodevelopmental disorders.

Once in the cytoplasm, mRNAs are subjected to translational

regulation. Alterations in the mRNA translation machinery can

impact diverse cellular aspects, such as cell proliferation and

metabolism. Davide Ruggero (UCSF Helen Diller Family Compre-

hensive Cancer Center, US) presented the activity of a general

translation initiation factor, eIF4E, that binds to the "cap'' struc-

ture located at the 50 end of all mRNAs. His lab showed that

eIF4E is essential for translating a subset of mRNAs implicated in

the regulation of intracellular ROS levels, which is critical for

tumour cell survival. Interestingly, recently they demonstrated

that eIF4E heterozygous mice are resistant to diet-induced obe-

sity, suggesting that diminished eIF4E levels can promote

enhanced metabolic fitness [12].

Anne Willis (MRC Toxicology Unit, University of Cambridge, UK)

provided evidence that mRNA translation of ribosomal proteins

and nuclear encoded mitochondrial factors is altered in malig-

nant mesothelioma [13]. In an effort to identify RBPs involved in

the cellular response to toxic injury and external stress, Anne

Willis also presented the development of experimental

approaches such as Orthogonal Organic Phase Separation (OOPs)

that allows to discriminate RNA-bound proteins [14]. mRNA

translation is also modified upon stress induction within stress

induced membrane-less organelles, so called stress granules

(SG). Jeffrey A Chao (Friedrich Miescher Institute for Biomedical

Research, Basel, CH) presented an elegant technique based on

single molecule imaging to analyse mRNA translation in living

cells. In contrast to the current model that postulates mRNA

translation is inhibited in SG, he showed that translation in SG is

not a rare event, and that the SG environment does not directly

inhibit translation [15].

The link between cytoplasmic membrane-less ribonucleopro-

tein (RNP) granules and mRNA fate was presented by Domi-

nique Weil (Institute of Biology Paris Seine, Paris, FR) who

focuses on P-bodies. Her contribution in the development of

a method to purify these granules enabled the characterization

of RNA and protein content present in P-bodies using RNA-Seq

and mass spectrometry, respectively. The comparison of the

transcriptome of P-bodies before or after silencing mRNA decay

or other repression factors revealed that GC content shapes

mRNA storage and decay. Indeed, AU-rich and GC-rich mRNAs

globally follow different decay pathways and the global GC

content of mRNAs in P-bodies are closely linked to mRNA

stability, translation rate, RBP and miRNA binding [16]. This

study proposes an integrated view of the post transcriptional

control of mRNA translation and mRNA stability.

More than just an mRNA storage compartment, P-bodies have

been discovered to be implicated in a variety of polarized and

non-polarized cells to compartmentalize protein synthesis. Flor-

ence Besse (Institut de Biologie Valrose, FR) has evidence that

the targeting of the transcripts to their destination is operated by

RNP granules which contain RNA cargo and regulatory proteins

[17]. Using high resolution live imaging techniques, she showed

that the targeting of mRNAs in neuronal RNP granules is a

dynamic and reversible mechanism [18]. She has also found

that defects in this process are linked to neurodegenerative

diseases.

More than 150 chemical modifications of RNAs have recently

been identified [19], which includes N6 methyladenosine

(m6A), the most widespread modification on mammalian

mRNAs, pseudouridine (C), ribose methylations (Nm), N1-

methyladenosine (m1A), 5-methylcytidine (m5 C), N-7 meth-

ylguanosine (m7G) and N-4 acetylcytidine (ac4 C) among many

others. These modifications harbor the potential of regulating

the properties of RNAs and have emerged as critical regulators

of gene expression, highlighting the importance of understand-

ing their nature and role in biology and disease [20]. Although

N4 acetylcytidine (ac4 C) is possibly one of the most highly

conserved mechanisms of enzymatic modification of RNA, espe-

cially in tRNAs and rRNAs, the function of this cytidine acetyla-

tion, as well as its role in biology and disease, have yet to be
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elucidated [21]. Shraga Schwartz (Weizmann Institute of Sci-

ence, Rehovot, IL) presented a novel chemical approach for

quantitative mapping of ac4 C at single nucleotide resolution

in order to study hyperthermophiles archaea. With this new

insight, ac4 C appeared as an essential modification for these

microorganisms to resist extreme temperatures [21].

Recent advances in the DNA damage response

Many chemotherapeutic drugs used in combination with radio-

therapy kill cancer cells by damaging DNA, and many of them,

target DNA replication based processes given the highly repli-

cative nature of cancer cells. Moreover, the DNA damage

response (DDR) factors and the pathways themselves are poten-

tial targets to improve anti cancer therapies. Such strategy is

beautifully illustrated by the clinical use of PARP inhibitors

(PARPi) that target the DNA damage sensors poly-ADP-ribose

polymerase 1 and 2 (PARP1/2). Dr Matthias Altmeyer (Depart-

ment of Molecular Mechanisms of Disease, University of Zurich,

CH) uses quantitative imaging based cytometry (QIBC), a high-

content microscopy approach to quantify the chromatin associ-

ation of DDR factors and relevant parameters such as cytotoxicity

according to cell cycle progression in single cells. Applying QIBC

to investigate the cell response to PARPi, Dr Altmeyer revealed

that these drugs have an impact outside S-phase specific DNA

damage response. By testing a panel of cell lines, it was possible

to predict PARPi resistance or hypersensitivity and to delineate

distinct cell responses to different PARPi in a quantitative man-

ner [22]. One deleterious consequence of failures in S-phase

progression is unfinished DNA replication resulting in under-

replicated regions, also known as fragile sites, when cells enter

mitosis. To overcome unfinished DNA replication, a process

named MiDAS (Mitotic DNA synthesis) is active in mitosis to

replicate under- replicated regions using a form of break

nduced-replication [23]. Briefly, under-replicated DNA is cleaved

by various endonucleases, generating a break from which DNA

synthesis is initiated in a conservative mode, as opposed to the

canonical semi conservative DNA synthesis. If MiDAS fails,

53BP1 nuclear bodies shield inherited genomic lesions from

repair or degradation in G1. As a consequence of the inherited

genomic lesions, the innate immune response can be activated

through cGAS-TING pathway. Overall, the use of single cell

experiments combined with technologies to map fragile sites

and their behavior in a cell cycle specific manner provides a

better description and understanding of the DDR.

Dr Chunlong Chen (Institut Curie, FR) has presented how

genome-wide studies help to understand the dynamics of

DNA replication in normal and challenged conditions. His lab

focuses on understanding the spatio-temporal program of the

human genome aiming to better understand how this program

is deregulated in cancer cells or can be targeted to improve anti-

cancer therapies. Deregulation of the DNA replication program

threatens genome stability and is often observed in cancer cells.

Chen's team has pioneered the development of deep sequenc-

ing of Okazaki fragments (OK Seq), that mark the synthesis of

the lagging strand, thus providing crucial information about

replication fork directionality genome-wide [24]. His team

has also developed the Repli-Seq approach that allows the

timing and replication dynamics of any specific locus to be

investigated [25]. Combining these approaches, Dr Chen has

presented how gene transcription landscape impact on DNA

replication dynamics with the emerging concept that transcrip-

tion during S-phase is a source of replication stress leading to

recurrent genome instability when transcription replication con-

flicts are not dealt with properly [26]. For example, his results

have confirmed the concept that large genes embedding long-

transcription units strongly delay replication completion resul-

ting in fragile sites at which DNA synthesis is not completed

before cells enter mitosis.

The most toxic DNA lesions induced by anticancer therapies are

DNA double strand breaks (DSB) which are repaired either by the

non-homologous end-joining (NHEJ) or homologous recombi-

nation (HR) pathway. This last pathway has been the focus of

intense research since inactivation of HR (caused by BRCA1 or

BRCA2 mutations for example) leads to predisposition to breast

and ovarian cancers. Repair pathway choice between NHEJ and

HR is under the control of several factors that prevent or favor

the resection of a DSB in which single stranded DNA (ssDNA) is

generated, a process essential for HR-dependent repair. The

presentation of Dr Dipanjan Chowdhury (Division of Radiation

and Genome Stability, Dana Farber Cancer Institute, Boston, US)

highlighted a novel factor involved in the resection of DSBs,

identified in a loss of function CRISPR screen. This screen was

focused on the identification of factors causing PARPi resistance

or platinum-based therapy in BRCA mutated cell lines. This

screen led to the discovery of DYNLL1 as a novel inhibitor of

DSB end-resection [27]. Mechanistically, DYNLL1 interacts with

the nuclease MRE11 (which mutations cause Ataxia Telangiec-

tasia like disorder) to impair its activity. Moreover, decrease in

DYNLL1 expression in carcinomas with low BRCA1 expression

reduced genomic alterations. Together, this work highlights an

important new factor in DSB-repair influencing responses to

cancer therapies.

The substrate of the DDR is not the naked DNA but the chroma-

tin, which plays a pivotal role in the signalling of DSB and their

repair. The team of Gaëlle Legube (CBI, Toulouse, FR) has a

particular interest in understanding how chromatin folding and

modifications trigger the DDR. To do so, the team has developed

unique tools to induce ∼100 DSBs (DIvA) in cells and to analyse

their signalling and repair according to the chromatin landscape

[28]. The research of Legube's team previously reported that

DSB within transcriptionally active regions are preferentially

repaired by the HR pathway and that DSB mobility, clustering

and nuclear positioning are key determinants of repair pathway

choice [29–31]. More recently, her team has revealed how

B. Biswas, R. Chaaban, S. Chakraborty, A. Devaux, A.L. Dian, A. Minello, et al.

tome 109 > n86 > June 2022

730

C
o
n
g
re
ss

re
p
o
rt



chromatin folding impacts early sensing of DSBs. One of the first

events at DSB sites is the phosphorylation of the histone variant

H2AX by the sensor kinase ATM (mutations of which cause

Ataxia Telangiectasia disorder), a histone modification known

as gH2AX. gH2AX is visible in the form of sub-nuclear foci since

this modification can spread up to 50 kb around the site of the

DSB. The mechanistic insight into the rapid spreading of gH2AX

around DSB sites was missing. Gaëlle Legube presented her

most recent research explaining that topologically associated

domains (TAD), that are self-interacting genomic regions, are

pivotal to establish the early steps of the DDR. TAD boundaries

assist in the establishment of gH2AX via one-sided cohesion-

mediated loop extrusion on both sides of the DSB [32]. Taken

together, she proposes that TADs are functional units of the DDR

to establish gH2AX chromatin domains that promote DSB sig-

nalling and repair foci.

The links between DNA damage and RNA biology

It is now well established that DNA damage widely impacts

gene expression at the level of transcription, but also at multiple

post-transcriptional levels [33]. In particular, Martin Dutertre

(Institut Curie, FR) showed that alternative splicing is widely

regulated in cancer cell response and resistance to genotoxic

anticancer agents, such as topoisomerase inhibitors [34–36]. In

recent years, many genes have been found to contain alterna-

tive polyadenylation sites within annotated introns, and their

use generates so-called intronic polyadenylation (IPA) isoforms

with alternative last exons. Martin Dutertre showed that IPA

isoforms are widely regulated by camptothecin and doxorubicin

(topoisomerase I and II inhibitors, respectively) but with differ-

ent genome-wide patterns: mainly, down-regulation events in

the case of doxorubicin, and equal proportions of up-and down-

regulation events in the case of camptothecin [35]. He also

presented data showing the widespread regulation of IPA iso-

forms by cisplatin, another genotoxic anticancer agent. IPA

isoform regulation is enriched in genes related to the DDR, cell

cycle and cell death, and he identified IPA isoforms that impact

cell sensitivity to genotoxic agents. In addition, while the regu-

lation of IPA isoforms has been mainly studied at the level of

transcript synthesis, splicing and polyadenylation, he presented

unpublished genome-wide analyses of their cytoplasmic regu-

lation and of their translation status, by using 3-0 seq (RNA-seq

focused on the 30 end of polyA+ RNA) on subcellular compart-

ments and polysome fractions. These analyses reveal diverse

fates and translational outcomes of IPA isoforms. Finally, he

discussed the increasing evidence for reciprocal links between

pre-mRNA 30 end processing (cleavage and polyadenylation)

and genome stability [37].

The regulation of gene expression at multiple levels by DNA-

damaging agents has been particularly characterized in the

case of ultraviolet C (UV-C) irradiation. Jesper Svejstrup (Uni-

versity of Copenhagen, DK) showed, by using genome-wide

GRO-seq analyses, that UV-C cell irradiation causes an inhibi-

tion of transcription elongation within 45 min. This is fol-

lowed by an inhibition of transcription initiation within 2 to

4 hours due to RNAPII degradation. Finally, transcription

restarts between 12 and 24 hours after irradiation thanks

to RNAPII recovery, which is compromised in Cockayne syn-

drome B cells [38]. His lab also showed by RNA-seq analysis

that elongation inhibition by UV-C irradiation is accompanied

by an increase in the relative levels of IPA versus full-length

mRNA isoforms in many long genes. In the ASCC3 gene, IPA

generates a transcript isoform with a non-coding function

that antagonizes the function of the ASCC3 protein-encoded

by the full-length mRNA in transcription recovery following

UV-C irradiation [39]. Jesper Svejstrup and his collaborators

found that the ASCC3 protein is also involved in the mana-

gement of translational stress due to ribosome collisions [40].

Recently, they discovered that collided ribosomes are coac-

tivators of cGAS, a sensor of cytosolic DNA that activates

interferon- stimulated genes and thereby the innate immune

response [41]. This finding may be relevant to understand

inflammation caused by viral infections.

The links between genome stability and RNA biology are not

limited to post transcriptional gene regulation by DNA damage.

Indeed, in the last decade, non-coding RNAs have emerged as

pivotal players in the maintenance of genome stability in

response to DNA damage (see also next section). Dr Fabrizio

d'Adda di Fagagna (IFOM, Milano, IT) has made major discover-

ies in this field by establishing that DSBs are actively transcribed

by RNAPII although some details of this mechanism remain to

be elucidated [42]. His team has proposed that RNAPII is

recruited to DSB to generate ncRNAs named damage induced

long non-coding RNAs (dilncRNAs) that are important to foster

DSB signaling and DDR foci by a liquid phase-separation process

[43]. The inhibition of dilncRNAs using antisense oligonucleo-

tides (called AOS) lead to site-specific inhibition of the DDR,

affecting DSB repair by NHEJ and HR. These results bring about

the concept that DSB-induced transcription is essential to fully

activate the DDR. Moreover, the use of telomere specific AOS to

inhibit the DDR induced by telomere shortening restored tissue

homeostasis in animal models, providing a potential clinical

option to treat diseases associated to accelerated aging

[44,45]. Finally, Dr Fabrizio d'Adda di Fagagna presented his

recent work on the mechanism of recruitment of RNAPII to DSBs:

he showed that RNAPII recruitment requires the MRN complex

which cleaves the dsDNA providing an entry point for RNAPII

binding and transcription initiation [46]. Monika Gullerova (Uni-

versity of Oxford, UK) has also contributed to describe how

ncRNAs are generated at DSBs. Her lab showed that in human

and mouse cells, a fraction of the endoribonuclease Dicer–which

is best known for its cytoplasmic role in microRNA processing–is

present in the nucleus, phosphorylated upon DNA damage,

recruited to DSBs, and processes damage induced dsRNA
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[47,48]. Furthermore, she showed that Dicer depletion delays

the DDR by impaired recruitment of repair factors MDC1 and

53BP1 [48]. She presented novel work pertaining to a novel

noncanonical pathway of ncRNA processing by Dicer.

RNA-containing structures such DNA-RNA hybrids or ribonucle-

otide insertions have recently emerged as essential players in

the maintenance of genome integrity. RNA in the form of R-

loops is the subject of study of Fred Chédin lab (UC Davis, US).

These 3-stranded nucleic acid structures are composed of a DNA-

RNA hybrid and a displaced ssDNA strand which form co tran-

scriptionally. R–loops have physiological roles such as transcrip-

tion regulation but may also impose pathological consequences

for the cell. The Chedin lab has pioneered several high-through-

put technologies based on DRIP (DNA-RNA immunoprecipita-

tion) such as DRIP-seq and DRIPc-seq to map R-loops at the

single molecule level in the mammalian genome using the

RNA-DNA hybrid specific antibody S9.6. Using these technolo-

gies, they have found that there are around 300 R-loops/per cell

and that R-loops are on average ∼300 bp in size. Chedin focused

his talk on the physiological role of R-loops: these functions

include helping to pause the RNA pol II as well as transcription

termination. Interestingly, he introduced the concept that these

structures can transiently absorb or relax negative super-coiling

which in turn may impact promoter activation and/or replica-

tion origin firing. Super helicity also drives R-loop formation;

thus, the dynamic formation and resolution of R-loops may

contribute to the regulation of gene expression genome wide

acting as an epigenetic mark [49,50].

R-loops can be a source of genome instability in particular in the

context of replication, the focus of Karlene Cimprich team

(Standford University, USA). In their lab, they recently developed

a technique based on DRIPseq called qDRIP which allows not

only strand specific mapping of DNA-RNA hybrids as DRIPc-seq

but facilitates the comparison of the DNA-RNA hybrid content

between different biological conditions using synthetic DNA-

RNA hybrids as internal standards [51]. Although most labora-

tories have studied R-loops in the nuclear compartment, one of

Cimprich's lab most surprising recent findings is the presence of

Figure 1

Reciprocal links between RNA biology and genome integrity. Some RNA molecules are produced at sites of double–strand DNA breaks

and promote the recruitment of repair factors. R–loops, which are made of DNA-RNA hybrids and a displaced DNA strand, are involved

in transcription–replication conflicts, leading to replication stress and DNA damage. Defects in pre messenger RNA splicing and

cleavage/polyadenylation, which are generally coupled to transcription, can favor DNA damage. DNA damage signaling widely

impacts post–transcriptional steps of gene expression, including RNA splicing, cleavage/polyadenylation, modification, export,

localization, translation and degradation, all of which contribute to the regulation of genes involved in the DNA damage response

(DDR). DNA is depicted in blue and RNA in orange. DSB, double–strand DNA break (Created with BioRender.com).
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R-loops also in the cytoplasm. The role of these R-loops, how

they form and why is currently under investigation.

Contributing to the question of the origin of R-loops tackled by

Chedin and Cimprich labs; Benoit Palancade (Institut Jacques

Monod, FR) described a series of elegant experiments per-

formed in the yeast S. cerevisiae model system to demonstrate

that R-loops form preferentially in intron-less genes and recip-

rocally, intronic sequences protect from R loop formation [52].

These findings have led his team to hypothesize that introns

protect from genome instability. In his talk, Benoit Palancade

also brought up one of the conundrums in the field that is

whether DNA-RNA hybrids are an obstacle or a necessary inter-

mediate for DSB repair: He discussed that nascent RNA at DSBs

may serve as a template for repair by HR in a process he

describes as transcription associated recombination (TAR);

whereas other labs have shown that the accumulation of

DNA RNA hybrids during transcription can have deleterious

consequences for genetic integrity, as mentioned above. This

conundrum was further discussed by Aura Carreira (Institut Curie,

FR). Her lab recently focused on the RNA helicase DDX5, a novel

partner of the breast cancer susceptibility protein BRCA2. Her

team found that BRCA2 and DDX5 localize at DNA RNA hybrids at

induced DSBs of actively transcribed regions. Using a missense

variant of BRCA2 detected in breast cancer patients that reduces

the association between the two proteins, they could show that

BRCA2 and DDX5 cooperate to resolve DNA-RNA hybrids at DSBs

whereas in cells bearing the variant repair by HR is delayed [53].

Thus, in this scenario, DNA-RNA hybrids appear to be deleterious

for repair by HR.

In conclusion, this course has underscored the multiple and

reciprocal links between RNA biology and genome integrity

(figure 1). Indeed, DNA damage and replication stress widely

impact gene expression and RNA metabolism at multiple post-

transcriptional levels. Conversely, post transcriptional regulation

of DDR genes impacts genome integrity; moreover, RNA proc-

essing-which is extensively coupled to transcription and chro-

matin-is involved in both the generation and repair of DNA

damage. The study of these links is a recently expanding field

that enhances our understanding of genome biology (by inte-

grating genome expression, replication and integrity) and sheds

new light on the molecular mechanisms of cancer development

and therapy.
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