
 

 

 University of Groningen

Causes and consequences of mitotic DNA damage
Kok, Yannick

DOI:
10.33612/diss.222465462

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kok, Y. (2022). Causes and consequences of mitotic DNA damage. [Thesis fully internal (DIV), University
of Groningen]. University of Groningen. https://doi.org/10.33612/diss.222465462

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.222465462
https://research.rug.nl/en/publications/400088a8-f9b3-4c5f-bfd4-fdf81579007a
https://doi.org/10.33612/diss.222465462


2Chapter 2

Shaping the BRCAness mutational 
landscape by alternative double-strand 
break repair, replication stress and 
mitotic aberrancies

Authors:
Colin Stok1,*, Yannick P. Kok1,*, Nathalie van den Tempel1, Marcel A.T.M. van 
Vugt1,2

Affiliations: 

1.  Department of Medical Oncology, University Medical Center Groningen, University of 

Groningen, Hanzeplein 1, 9713GZ, Groningen, the Netherlands

2.  Correspondence; Marcel van Vugt, PhD, m.vugt@umcg.nl

*  The authors wish it to be known that, in their opinion, the first two authors should be 

regarded as Joint First Authors

(Nucleic acids research 2021) 



2120

Chapter 2 Shaping the BRCAness mutational landscape by alternative double-strand break repair

2

ABSTRACT

Tumours that arise in patients with mutations in the BRCA1 or BRCA2 genes 
have impaired double-stranded DNA break repair, compromised replication 
fork protection and increased sensitivity to replication blocking agents, a 
phenotype collectively known as “BRCAness”. Tumours with a BRCAness 
phenotype become dependent on alternative repair pathways that are 
error-prone and introduce specific patterns of somatic mutations across the 
genome. The increasing availability of next-generation sequencing data of 
tumour samples has enabled identification of distinct mutational signatures 
associated with BRCAness. These signatures reveal that specifically 
Polymerase θ-mediated alternative end-joining and RAD52-mediated 
single strand annealing are highly active in BRCA1/2-deficient tumours, 
indicating that Polymerase θ and RAD52 are interesting new therapeutic 
targets in these tumours. Besides the fact that insight into the mutations 
and consequences of unrepaired DNA lesions may provide interesting new 
therapeutic targets for BRCAness tumours, it may also aid in selection of 
BRCA-like tumours without a BRCA1 or BRCA2 mutation. These tumours may 
respond favourably to treatment with DNA-damaging agents, such as PARP 
inhibitors or cisplatin, which have been successfully used to treat BRCA1/2-
deficient tumours. In this review, we aim to provide insight in the BRCAness 
mutational landscape by exploring the molecular biology of the alternative 
DNA repair pathways that represent actionable therapeutic targets in in 
these cells. 

INTRODUCTION

Modern DNA sequencing techniques have allowed systematic analyses of 
the seemingly random distribution of somatic passenger mutations across 
the cancer genome, revealing distinct patterns known as “mutational 
signatures” (1). In general, mutational signatures are shaped by the joint 
effects of DNA damage and erroneous DNA damage repair (2). Based on size 
and complexity of the mutations, three classes of mutational signatures can 
be distinguished: single-base substitutions, small insertions and deletions 
(indels), and genomic rearrangements or structural variations (3). Single-
base substitution signatures are based on six subtypes of single nucleotide 
substitutions (C>A, C>G, C>T, T>A, T>C, and T>G). When viewed in the context 
of their 3’ and 5’ flanking nucleotides, these six substitutions generate 96 
unique trinucleotide mutations (1). The “Catalogue Of Somatic Mutations 
In Cancer” (COSMIC) currently lists more than 30 single-base substitution 
signatures, identified by the PCAWG consortium, across the spectrum of 
human cancers. Signatures based on indels and genomic rearrangements 
have been described as well, but the number of studies to characterize these 
more complex signatures have been relatively limited (4–6). Although the 
molecular backgrounds that underlie many mutational signatures are still 
unknown, some have been associated with specific types of DNA damage, 
such as tobacco smoke-induced and UV-induced DNA lesions, or with certain 
DNA maintenance of damage repair defects, including mismatch repair 
deficiency and homologous recombination (HR) deficiency.

Mono-allelic deleterious germline mutations in the DNA maintenance 
genes BRCA1 or BRCA2 predispose to hereditary breast and ovarian cancer 
(7–9). Loss of the second allele of BRCA1 or BRCA2, either through somatic 
mutations in BRCA1 or BRCA2 or through BRCA1 promoter hypermethylation, 
is considered a major oncogenic event that drives carcinogenesis in these 
individuals (7). Deleterious germline variants in genes acting in the same 
DNA maintenance pathways as BRCA1 and BRCA2, such as PALB2, RAD51B, 
RAD51C, RAD51D, XRCC2, XRCC3, and to a lesser extend BARD1, have also 
been associated with an increased breast and ovarian cancer risk (10–12). 
BRCA1/2-deficient tumours are characterized by high genomic instability 
and hypersensitivity to DNA damaging agents, in particular cisplatin and poly 
ADP-ribose polymerase (PARP) inhibitors (13–15). The BRCA1/2 proteins 
play essential roles in protecting cells against toxic double-stranded DNA 
breaks (DSBs) through HR, and thereby help preserve genome integrity. 
Additionally, BRCA1 and BRCA2 ensure faithful DNA replication through the 
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protection of stalled replication forks (16). The replication fork protection 
functions of BRCA1 and BRCA2 become increasingly important during 
conditions of replication stress, a state of global replication fork slowing and 
stalling (17). Together, defects in HR repair, impaired fork protection, and 
the subsequent hypersensitivity to DNA damaging agents are referred to as 
“BRCAness”.

The BRCAness phenotype is reflected in multiple mutational signatures, 
including base substitution signatures SBS3 and SBS8, indel signatures 
ID6 and ID8, and rearrangement signatures RS1, RS3 and RS5 (Table I) 
(4,5,18). The two most prominent mutations observed in the BRCAness 
mutational signatures include 4-50 bp indels flanked by short regions of 
sequence microhomology (reflected in signatures SBS3 and ID6), and small 
<10 kb tandem duplications (reflected in RS3, mostly prominent in BRCA1-
deficient tumours) (4,5). Interestingly, many of the genomic scars observed 
in BRCA1/2-deficient tumours are also observed in tumours that do not 
show apparent mutations in one of the BRCA1/2 genes, indicating that the 
concept of BRCAness extends beyond BRCA1 and BRCA2 mutations (19). 
In line with this notion, BRCA-like tumours without known driver mutations 
may also respond favourably to PARP inhibitor treatment (5,20–22), and the 
identification of these tumours based on mutational signature analyses could 
therefore have important implications for the treatment of these patients. In 
this review, we will discuss the DNA maintenance pathways that are active 
throughout the cell cycle, thereby providing a better understanding of their 
contributions to the BRCAness mutational landscape. 

Double-stranded DNA break repair pathway choice: the switch 
between HR and NHEJ
Historically, the best described functions of BRCA1 and BRCA2 are their 
roles in the repair of DSBs (23). Failure to efficiently process DSBs results in 
severe genomic instability, characterized by frequent chromosome breakage 
(24). Cells are equipped with a number of pathways for the repair of DSBs, 
including HR, non-homologous end-joining (NHEJ), single-strand annealing 
(SSA) and alternative end joining (Alt-EJ) (Fig. 1A, B). NHEJ and HR are 
generally considered the two main pathways of choice for the repair of 
DSBs, with SSA and Alt-EJ providing back-up repair capacity (25). HR uses 
the intact sister chromatid as a template for the repair of DSBs, and relies 
on processing of the ends of the DSB to generate a 3’ single-stranded DNA 
overhang, a process known as ‘end resection’ (26). DSB repair by HR leaves 
no visible genomic scars and therefore fully preserves genome integrity, 

making it the preferred repair pathway. However, cells cannot use HR 
throughout the cell cycle, as the presence of sister chromatids is limited to 
S and G2-phase (27). In the absence of an intact repair template in G1-phase, 
cells mostly rely on non-homologous end joining (NHEJ) for the repair of 
DSBs. 

The switch between NHEJ to HR is regulated by 53BP1, which prevents 
DNA end resection (Fig. 1A). Phosphorylation of 53BP1 by the ATM serine/
threonine kinase promotes complex formation of 53BP1 with PTIP and 
RIF1 (28–31). RIF1 has been shown to directly interact with the SHLD1-
SHLD2-SHLD3-REV7 (Shieldin) complex (32). Together with 53BP1, the 
shieldin complex mediates protection of the DNA ends from end resection by 
physically shielding the ends from nuclease activity, promoting NHEJ (Fig. 

Table I: Mutational signatures associated with BRCAness. Associated gene mutations that 
have been linked to mutational signature in cell lines or patients, and their corresponding 
genomic scars are indicated.

Signature Characteristics Affected 
genes

Aetiology Reference

SBS3 Uniform distribution 
of mutations across 
all 96 possible base 
substitution types

BRCA1, 
BRCA2, 
PALB2, 
RAD51C, 
CHK2

Possibly 
associated 
with deletions 
introduced by 
Pol θ-mediated 
processing of 
DSBs

(Alexandrov et al., 
2020)
(Nik-Zainal et al., 2016)
(Póti et al., 2019)
(Polak et al., 2017)

SBS8 CC>AA double 
nucleotide 
substitutions

BRCA1, 
BRCA2

Unknown (Alexandrov et al., 
2020)
(Nik-Zainal et al., 
2016)

ID6 ≥5 bp deletions, 
flanked by ≥2 bp 
microhomology at 
breakpoint junctions

BRCA2, 
PALB2, 
(BRCA1)

Pol θ-mediated 
processing of 
DSBs

(Alexandrov et al., 
2020)
(Hwang et al., 2020) 
(Póti et al., 2019)

ID8 ≥5 bp deletions, 
flanked by 0-3 bp 
microhomology at 
breakpoint junctions

BRCA1, 
BRCA2

NHEJ-mediated 
repair of DSBs, 
possibly a 
contribution of 
Pol θ-mediated 
repair

(Alexandrov et al., 
2020)
(Hwang et al., 2020)

RS3 1-100 kb tandem 
duplications

BRCA1 Pol θ-mediated 
processing of 
DSBs and stalled 
forks

(Davies et al., 2017) 
(Willis et al., 2017)

RS5 <100 kb deletions, 
flanked by >10 bp 
microhomology at 
breakpoint junctions

BRCA2, 
PALB2, 
(BRCA1)

SSA-mediated 
processing of 
DSBs

(Davies et al., 2017) 
(Nik-Zainal et al., 2016) (Póti 
et al., 2019) 
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1A) (33). During S-phase, high CDK-levels catalyse the phosphorylation 
of CtIP, which promotes complex formation of BRCA1 and BARD1, which 
subsequently leads to the removal of the 53BP1-RIF1 complex from the 
break site and de-protection of the ends from nucleases (28,29,34–37). 
Interestingly, BRCA1 is generally considered a key regulator of end resection 
(38–41), but as end resection has been observed in the absence of BRCA1, 
the exact requirement of BRCA1 is controversial (29,42–45). When the 
ends are unprotected, they are processed by CtIP and the MRE11-RAD50-
NBS1 (MRN), creating 3’ ssDNA overhangs (Fig 1A). Long-range DNA end 
resection is further catalysed by either the EXO1 endonuclease or the DNA2-
BLM complex (Fig. 1A) (26). Resected DSBs are no longer a substrate for 
NHEJ, and instead HR is now the preferred repair pathway. 

The stretches of ssDNA generated by end resection are rapidly coated by 
RPA, protecting them from degradation. BRCA2 subsequently promotes 
the loading of the RAD51 recombinase, replacing RPA (46–48). The RAD51 
molecules form nucleoprotein filaments, which catalyse invasion and 

Figure 1. Repair pathways of DNA double stranded breaks and their effects on genome 
integrity.

A. DNA double stranded breaks (DSBs) are recognized by the ATM serine/threonine kinase 
which phosphorylates H2AX to θH2AX. Repair pathway choice is influenced by blocking or 
initiating end-resection. At the molecular level, pathway choice is determined by either 53BP1 
or BRCA1 and CtIP. When 53BP1 is phosphorylated, PTIP, RIF1 and the Shieldin complex are 
recruited to the break-site and protect the two DNA ends from end resection, and conversely 
promote Ku70/80-mediated non-homologous end joining (NHEJ) repair. Phosphorylated CtIP 
forms a complex with BRCA1 and BARD1, promoting end resection by CtIP and the MRE11, 
EXO1 and DNA2 nucleases. The resulting stretches of single-stranded DNA (ssDNA) are 
subsequently coated by RPA. 

B. BRCA1/2-proficient cells can utilize HR to resolve DSBs. Following BRCA1-promoted 
end resection, BRCA2 facilitates loading of RAD51, which replaces RPA. RAD51 catalyses 
strand invasion and homology search on the sister chromatid, allowing the error free repair. 
BRCA1/2-deficient cells can use BRCA-independent pathways: NHEJ, alternative end joining 
(Alt-EJ) and single-strand annealing (SSA). NHEJ requires Ku70/80 proteins, which facilitate 
the localization of DNA-PKcs and ligase IV (LIG IV) to non-resected ends, that ligate the DNA 
ends independently of sequence homology, frequently resulting in small deletions. During Alt-
EJ, Pol θ catalyses the annealing of small sequences of microhomology (<20 bp) to promote 
ligation of resected ends, possibly requiring PARP1, Ligase 1 or Ligase 3. Alt-EJ repair results 
in deletion of the sequence located between regions with microhomology, and occasional 
Pol θ-mediated base insertions. SSA requires sequence homology of more than 20 bp, which 
are annealed by RAD52. The 3’ flaps are cleaved by the XPF/ERCC1 endonuclease complex 
resulting in deletions of the sequence in between the homology regions.
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homology search on the sister chromatid (Fig. 1B). Once homology is found, 
DNA is synthesized using the homologous template, either via synthesis-
dependent strand annealing (SDSA) or through the formation of a double 
Holliday junction (49). During SDSA, one end of the DSB is displaced and 
annealed onto the sister chromatid, allowing for DNA synthesis using the 
intact template DNA, exclusively resulting in non-crossover events (50,51). 
Alternatively, the second end of the DSB may be captured and annealed to 
the displaced template strand, resulting in the formation of a double Holliday 
junction, and allowing DNA synthesis in two directions across the break site 
(51,52). When synthesis is completed, the majority of Holliday junctions 
are ‘dissolved’ by the BLM-TOP3A-RMI complex, resulting in non-crossover 
events (53). Holliday junctions that are not processed by the BLM-TOP3A-
RMI complex before S-phase is completed, are ‘resolved’ by the resolvases 
SLX1-SLX4, MUS81-EME1 or GEN1, which can result in crossover events 
(51,52,54,55). Although HR is generally an error-free pathway, mutational 
scarring may occur by such crossover events as they can lead to loss-of-
heterozygosity when the homologous chromosome is used as a template 
(54,55). 

Erroneous DSB repair in BRCA1/2-deficient cells introduces 
indels flanked by microhomology
DSB repair in BRCA1/2-deficient cells relies entirely on the DSB repair 
pathways NHEJ, SSA and Alt-EJ, which are more error prone than HR (54). 
NHEJ is active during G1, S and G2 phase of the cell cycle, and is initiated 
by the binding of the KU-complex to the ends of the break, followed by 
activation of the DNA-PKcs kinase. Activation of DNA-PKcs sets the stage for 
blunt-end ligation of the DNA ends by ligase IV, independent of any sequence 
homology (56) (Fig. 1A, B). In the presence of two compatible ends, NHEJ 
is able to repair a DSB without introducing errors (57), However, repair of 
DSBs by NHEJ may sometimes result in small deletions, which show no to 
very limited homology around the break sites (Fig. 1B). Mutational signature 
ID8, characterized by small (< 5 bp) deletions flanked by no to minor (>3 bp) 
microhomology at the break site, may be associated with DSB repair through 
NHEJ (Table I) (4,18). ID8 is only mildly enriched in BRCA1/2-deficient 
tumours, indicating that NHEJ may only have a minor contribution to the 
repair of DSBs in the absence of HR (4,18,58). 

Instead, BRCA1/2-deficient cells frequently show an enrichment for 
mutational signature SBS3, characterized by uniform base substitutions 
across all trinucleotides, and ID6, characterized by ≥ 5 bp deletions, 

commonly flanked by ≥2 bp microhomology at breakpoint junctions (Table I) 
(4,18). The SBS3 and ID6 signatures have not only been identified in cells with 
mutated BRCA1 or BRCA2, but also in patient samples and cell line models 
with mutations in PALB2 or the RAD51 paralogs RAD51B, RAD51C, RAD51D, 
XRCC2, and XRCC3 (59–61). SBS3 and ID6 are highly correlated, and may 
be the direct result of DSB repair by Alt-EJ, sometimes also referred to as 
theta-mediated end joining or microhomology-mediated end joining (4,18). 
The key enzyme in this pathway is DNA polymerase θ (POLQ), which contains 
both helicase and polymerase activity and can effectively catalyse the 
pairing of small microhomology regions within long stretches of ssDNA (Fig. 
1B). Like HR, Alt-EJ generally acts on resected ends with 15-100 nucleotide 
3’ overhangs, generated by CtIP/MRE11-mediated end resection, which 
can occur in the absence of BRCA1 (62–64). DNA pol θ only requires 1-20 
bp of microhomology to anneal the two ends of the DSB (62,65,66). PARP1 
may play a role in the annealing of the ssDNA and the recruitment of other 
repair factors (67,68). In the final step, DNA ligase I and III may catalyse the 
ligation of the annealed ends (Fig. 1B) (69). The exact roles of PARP1, DNA 
ligase I and III in Alt-EJ are however still unclear (70). Genomic scars left by 
Alt-EJ mostly consist of small deletions of 20-200 bp located in between the 
microhomology regions, which correlate well with the mutations observed 
in signature ID6 (4,18,71,72). Occasionally, Pol θ incorporates so-called 
template insertions (“delins”) of 3-30 bp at the deletion junction, which are 
present at high frequency in tumours with BRCA1/2 mutations (71,73). As a 
result, DNA damage repaired by Pol θ leaves both deletions and insertions in 
the genome flanking the site of the DNA lesion (Fig. 1B). Moreover, Pol θ is a 
low fidelity polymerase, and has a preference for inserting adenine opposite 
abasic sites, as well as a tendency for incorporating guanine or thymidine 
opposite a thymidine, thereby generating single base substitutions (74). 

The large contribution of signatures SBS3 and ID6 to the BRCAness mutational 
landscape suggests that BRCA1/2-deficient tumours rely heavily on Alt-EJ 
for the repair of DSBs. Therefore, the Alt-EJ addiction of BRCA1/2-deficient 
tumours may provide interesting therapeutic options for cancers displaying 
BRCAness mutational signatures, for example through pharmacological 
inhibition of Pol θ. Indeed, BRCA1/2-deficient tumours display increased 
sensitivity to Pol θ inhibition, including those that show resistance to PARP 
inhibitor treatment (75–77). Notably, both the polymerase and helicase 
enzymatic domains of Pol θ could be targeted by small molecule inhibitors, 
providing multiple opportunities for the development of pharmacological 
inhibitors of Pol θ (78). 
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In addition to creating a dependence on Pol θ, loss of BRCA1 or BRCA2 is also 
synthetic lethal with RAD52, the main protein involved in SSA (79,80). The 
SSA pathway is similar to Alt-EJ in that it requires CtIP and the MRN complex 
for the processing of DNA ends. However, SSA involves more extensive end 
resection, and requires EXO1 or DNA2 nuclease activity (26). Moreover, SSA 
utilizes larger homology regions (> 20 bp), which naturally occur throughout 
our genome and are sometimes referred to as ‘short interspersed nuclear 
elements’ (Fig. 1B) (81). Annealing of the homology repeats is catalysed 
by the ssDNA-binding protein RAD52, followed by cleavage of the non-
homologous 3’ flaps by the XPF-ERCC1 endonuclease complex (63). SSA 
competes with HR for the repair of resected breaks, and the BRCA1/PALB2 
complex directly inhibits SSA activity (82). Similar to Alt-EJ, the process of 
SSA results in the formation of deletions between the homology regions, 
thereby leaving scars in the genome (81). Deletions induced by the SSA 
machinery are generally larger than those that arise as a result of Alt-EJ 
(83). Such deletions of up to 10 kb in size have indeed been described in 
BRCA1/2-deficient cells (84). Moreover, mutational signature RS5, which 
is characterized by large deletions with long (> 10 bp) microhomologies 
that span short-interspersed nuclear elements, and is likely the result of 
SSA activity (Table I) (85), has been observed in both BRCA1 and BRCA2 
deficient tumours (5,85,86). However, others described an absence of RS5 
in BRCA1-deficient cells (87). As SSA is dependent on end-resection, these 
reports increase the controversy about the role of BRCA1 in end resection. 
Although the link between SSA and BRCAness at the mutation level has 
not been as well established as for Alt-EJ, the synthetic lethality between 
RAD52 and BRCA1/2 provides interesting therapeutic options, with RAD52 
inhibitors currently being in development (88). 

Overall, the activity of SSA and Alt-EJ may account for the mutations 
observed in the BRCAness signatures SBS3, ID6 and RS5. However, not 
all the observed mutations in BRCAness tumours can be explained solely 
by defects in DSB repair. In order to understand the complex genomic 
scars observed in BRCA1/2-deficient tumours, other processes should be 
considered, including the role of BRCA1 and BRCA2 during DNA replication.

Sources of replication stress: a new context for the BRCA1 and 
BRCA2 proteins
Besides their functions in DSB repair, BRCA1, BRCA2 and RAD51 are key 
guardians of genome integrity in S-phase of the cell cycle, during which 
DNA replication takes place. DNA is replicated by the replisome, which 

consists of the DNA polymerases α, ε and δ, the Cdc45-MCM2-7-Gins 
(CMG) helicase complex and the PCNA DNA clamp, among others (89). 
Following DNA unwinding by MCM2-7 helicase, the polymerases incorporate 
deoxyribonucleotide triphosphate (dNTPs) into a newly synthesized strand 
of DNA, forming a three-way structure known as the replication fork (Fig. 
2A). At the leading strand, DNA synthesis occurs continuously by DNA 
polymerase ε in the 3’ to 5’ direction. On the lagging strand, DNA synthesis 
is performed discontinuously by DNA polymerase δ, generating short 
fragments known as ‘Okazaki fragments’ that require recurrent repriming of 
DNA synthesis.

Conditions that result in slowing or stalling of the replication fork are 
collectively referred to as ‘replication stress’. The continuous unwinding of 
the DNA by the helicase after the polymerases have stalled, results in the 
accumulation of long stretches of fragile single-stranded DNA (ssDNA). 
In general, replication stress is caused by local nucleotide pool depletions 
or physical obstructions in the DNA that block replication forks (17). In 
vitro, these phenotypes can be mimicked using small molecules, such as 
hydroxyurea (HU), which depletes the nucleotide pool, or aphidicolin, 
which inhibits the DNA polymerase. Replication stress is considered a 
common driver of genome instability and may provide potential targets for 
therapeutic intervention (90). The BRCA1/2 proteins protect cells against 
replication stress, and BRCA1/2-deficient cells frequently display high 
levels of replication stress and DNA under-replication (91). 

DNA replication origin are sequences in the genome at which the replisome 
assembles. During S-phase, licensed origins are activated (or “fired”) by the 
phosphorylation of the MCM2-7 helicase by Cyclin E1/CDK2 and CDC7/BDF4 
(DDK) (92–95). The firing of the replication origins is tightly orchestrated by the 
ATR kinase, which functions as the conductor by determining when and which 
origins fire during S-phase (96). Overexpression of oncogenes, such as HPV-16 
E6/E7, Cyclin E, MYC, and H/KRAS (90) disturbs the timing of DNA replication 
through premature firing of replication origins (97–100). As a consequence of 
dysregulated origin firing, an excess of origins is fired simultaneously, resulting 
in local nucleotide pool depletions (Fig. 2A) (100–102). Interestingly, Cyclin E1 
overexpression is mutually exclusive with BRCA1/2 mutations, suggesting that 
the DNA lesions that arise upon oncogene-induced replication stress require 
BRCA1/2-mediated processing (103).
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Some replication origins are located within gene bodies, and their untimely 
firing results in collisions of the replication and transcription machinery 
(104). Oncogene overexpression has also been demonstrated to directly 
enhance transcription (105,106), which further increases the number of 
collisions between the replication and transcription machinery (107,108). 
Upon collision, newly transcribed RNA can rehybridize with DNA behind the 
transcription complex, which results in the formation of RNA-DNA hybrid 
structures, referred to as R-loops (Fig. 2A). R-loops expose a displaced 
ssDNA strand, which is vulnerable to DNA damage. Persistent R-loops 
block replication fork progression, providing a source of replication stress 
and ultimately resulting in genomic instability (109,110). BRCA2-deficient 
cells show an increase in R-loops, providing a potential source of replication 
stress in these tumours (111). 

Replication stress can also occur independently of oncogene overexpression, 
for example by distortion of the DNA helix, thereby blocking replication fork 
progression. Examples of helix-distorting lesions include secondary DNA 
structures, interstrand crosslinks (ICLs), torsional stress and DNA-protein 
cross-links (DPCs) (Fig. 2A). The formation of secondary structures in the 
DNA, such as G-quadruplexes (G4), often occurs at regions of the genome 
that are intrinsically more difficult to replicate, known as common fragile 
sites (CFSs). CFSs are hotspots for genomic scars and rearrangements, 
especially in cells with defective DNA damage repair and impaired fork 
protection (112). ICLs occur throughout the genome and result from 
endogenous sources, such as reactive aldehydes formed in the process 

Figure 2. Sources of replication stress and the replication stress response.

A. Replication forks can be slowed down or halted by many different sources of DNA damage, 
including difficult to replicate loci, depletion of free nucleotides (dNTPs), DNA gaps, 
interstrand crosslinks (ICLs), secondary structures such as G4-structures, single-stranded 
DNA (ssDNA), DNA-RNA hybrids (R-loops or ribonucleotide incorporation), obstruction of 
the replication machinery by DNA-protein complexes (DPCs) and torsional stress. 

B. Stalled replication forks expose ssDNA stretches, which are bound by RPA and activate 
a cell cycle checkpoint via ATRIP, ATR, and CHK1. The stalled fork is reversed by fork 
remodellers SMARCAL1, HLTF and ZRANB3, and involves RAD51-mediated annealing of 
nascent strands. In BRCA1/2-proficient cells, RAD51-coated DNA stretches are protected 
against nucleolytic degradation by BRCA1 and BRCA2 to allow time for excision repair and 
fork restart. In BRCA1/2-deficient cells, protection of stalled fork is defective, which results 
in nucleolytic degradation of nascent DNA by MRE11, DNA2 or EXO1. Extended nucleolytic 
degradation leads to the collapse of the replication fork and formation of a single-ended 
DSB.
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of alcohol catabolism, but also from chemotherapeutic agents, such as 
cisplatin or mitomycin C (Fig. 2A) (113). Torsional stress is another class of 
replication-blocking lesions, which often occurs as a result of transcription 
and replication machinery collisions, and requires the activity of 
topoisomerases to be resolved (114). The use of topoisomerase inhibitors, 
such as etoposide and doxorubicin, strongly increases the amount of 
unresolved torsional stress, resulting in increased replication stress (115). 
Some topoisomerase inhibitors, including those targeting topoisomerase 
I (TOP I), also trap the topoisomerase enzyme to the DNA, forming a DPC 
(116). Similarly, PARP inhibitors, such as olaparib, trap the enzyme PARP1 to 
the DNA, thereby blocking DNA replication (117,118) (Fig. 2A). Additionally, 
PARP inhibitors may interfere with Okazaki fragment processing, hampering 
the progression of lagging strand synthesis (119,120), which also perturbs 
replication progression. Sensitivity to replication-blocking agents, including 
cisplatin and PARP inhibitors, is a defining feature of the BRCAness 
phenotype, and highlights the importance of the function of BRCA1 and 
BRCA2 in the protection against replication stress and the repair of the 
lesions that arise as a consequence of replication stress.

BRCA1 and BRCA2 protect stalled replication forks 
During DNA replication, BRCA1, BRCA2 and RAD51 play essential roles in 
the protection of stalled replication forks, independent of their functions 
in HR (91,121). Prolonged stalling of replication forks upon replication 
stress results in the accumulation of long stretches of ssDNA, which are 
vulnerable for breaking or forming secondary structures. To prevent this 
from occurring, these stretches of ssDNA are quickly covered by RPA (122). 
RPA then stimulates the binding of the ATR-ATRIP complex to stalled forks 
(123). Once localized to the stalled fork, ATR phosphorylates a number of 
downstream targets, including CHK1, which prevents cell cycle progression. 
Moreover, in response to replication stress, ATR-CHK1 prevent firing of 
distant dormant origins, while activating those in the close vicinity of the 
blocked replication fork (124,125). The ATR-mediated cell cycle arrest 
provides time for resolving the replication-blocking lesion and restarting 
the forks, with BRCA1, BRCA2 and RAD51 as key players. 

Protection and restart of stalled forks is initiated by RAD51-mediated 
annealing of the nascent strands to form a ‘chicken foot’-shaped 
reversed fork (Fig. 2B) (126,127). This initial step in fork reversal occurs 
independently of BRCA2 (128,129), but requires fork remodellers, including 
SMARCAL1 (130,131), HLTF (132) and ZRANB3 (133). Subsequently, the 

RAD51-coated reversed DNA strands are protected by BRCA1 and BRCA2 
against uncontrolled nucleolytic degradation by MRE11 (16,121), EXO1 (134) 
or DNA2 (135,136). The main goal of fork reversal may be the repositioning 
of the replication-blocking lesion into the double strand helix, allowing for 
excision repair (137). Additionally, reversed forks provide a starting point for 
HR-mediated fork restart (Fig. 2B) (121,134,138). In the absence of BRCA1 
or BRCA2, reversed forks are no longer protected, resulting in the nucleolytic 
degradation of nascent DNA by MRE11, EXO1 and DNA2 (16,121,134–136). 
Degradation of nascent DNA at forks exposes ssDNA stretches, which are 
prone to collapse into a one-ended DSB (Fig. 2B) (139). However, cells 
defective for fork protection were shown to not accumulate high amounts 
of DSBs (91), suggesting that degradation of nascent DNA does not always 
lead to collapsed forks, or that compensatory pathways are involved in the 
repair of these single-ended DSBs, as described below.

The relative contributions of the HR and fork protection functions of BRCA1 
and BRCA2 to the BRCAness phenotype are currently still debated, and 
various separation-of-function models have been designed to address 
this question (Table II). Restoration of fork protection in cells deficient for 
HR, for example by inhibition of MRE11 or depletion of SMARCAL1, PARP1, 
PTIP, CHD4 or RADX, renders cells less sensitive to chemotherapy and PARP 
inhibition (140–145). In line with these findings, loss of fork protection 
in cells proficient for HR, for example through deletion of RIF1, increases 
cisplatin sensitivity and results in genome instability (136). The observation 
that cells with separation-of-function mutations that show only defects 
in fork protection, displayed increased sensitivity to cisplatin, and the fact 
that restoration of this fork protection in BRCA1/2-deficient cells results in 
a reduction in cisplatin sensitivity, suggests fork protection to be a mediator 
of chemotherapy response. Indeed, restoration of fork protection in BRCA-
deficient cells has been suggested as a potential mechanism for tumours 
to acquire PARP inhibitor resistance (146). However, as restoring fork 
protection in HR-deficient cells does usually not completely restore cell 
viability (140–143), it is unlikely that fork protection is the only determining 
factor for cisplatin and PARP inhibitor response. 

Indeed, two studies with separation-of-function mutants indicated that 
absence of the HR-function of BRCA2 is required for efficacy of these drugs 
in some contexts. Firstly, hamster cells expressing an HR-proficient but 
fork protection-deficient BRCA2 mutant (BRCA2S3291A) exhibit high levels of 
spontaneous chromosomal aberrations, but these cells are far less sensitive 
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to cisplatin and PARP inhibition compared to cells with complete loss of 
BRCA2 (Table II) (91,121). Secondly, mice with mutations in the Brca1-
interacting protein Bard1 (Bard1S563F and Bard1K607A) fail to recruit Brca1 
to stalled forks, which inhibits fork protection without compromising HR-
mediated DNA repair (147). These cells did exhibit an accumulation of DNA 
damage but only showed mild sensitivity to PARP inhibition (147). 

Overall, we hypothesize that both loss of HR and loss of fork protection 
contribute to genome instability, each leaving distinct scars in the genome 
that are a direct product of the active compensating DNA repair pathways. 
The capacity of compensating DNA repair pathways maintains the viability 
of BRCA1/2-deficient cells in unchallenged conditions. However, viability 

Table II: Overview of current separation-of-function models for HR and fork protection 
deficiency and their phenotypes related to genomic instability. ‘HR’ = homologous 
recombination, ‘FP’ = fork protection, ‘+’ indicates proficiency, ‘-‘ indicates deficiency. 

Model HR FP Phenotypes References
shBRCA1 + shSMARCAL1
shBRCA2 + shSMARCAL1 
siBRCA1 + SMARCAL1-/-

double deficient human 
breast epithelial cell lines

- + Reduced numbers of replication stress-induced DNA 
breaks and fewer chromosomal aberrations compared 
with BRCA1/2-deficient cells.
Reduction in ssDNA gap length at stalled replication 
forks.

(Taglialatela et al., 2017)

Brca1-/- + Ptip-/- 
Brca2-/- + Ptip-/- double 
deficient mouse B-cells 
and embryonic stem cells

- + Fewer chromosomal aberrations compared to Brca1/2-
deficient cells.
Loss of sensitivity to cisplatin and PARP inhibitors 
compared to Brca1/2-depleted cells.

(Chaudhuri et al., 2016)

Brca2-/- + shParp1 double 
deficient mouse embryonic 
stem cells

- + Reduced genomic instability compared to Brca2-
deficient cells, but high compared with Brca2-wildtype 
cells

(Ding et al., 2016)

siBRCA2 + RADX-/- double 
deficient human cell lines

- + Loss of sensitivity to chemotherapeutic agents and PARP 
inhibitors compared to BRCA2 or RAD51-depleted cells

(Dungrawala et al., 2017)

BRCA2-/- + shCHD4  double 
deficient human cell lines

- + Loss of sensitivity to chemotherapeutic agents and PARP 
inhibitors compared to BRCA2-depleted cells. 
Reduction in the amount of ssDNA gaps at stalled 
replication forks.

(Guillemette et al., 2015; 
Panzarino et al., 2019)

RIF1-/-   deficient mouse 
embryonic fibroblast

+ - Increased ssDNA exposure at stalled replication forks, 
resulting in genome instability.
Increased sensitivity to HU and cisplatin compared to 
RIF1 wildtype cells

(Mukherjee et al., 2019)

BRCA2S3291A-expressing 
hamster cells

+ - High levels of spontaneous chromosomal aberrations 
compared to BRCA2-wildtype cells.
Loss of sensitivity towards PARP inhibitors compared to 
BRCA2-deficient cells. 

(Feng & Jasin, 2017; 
Schlacher et al., 2011)

Bard1S563F/ Bard1K607A-
expressing mouse cells

+ - Hypersensitivity towards crosslinking agents and PARP 
inhibitors compared to Brca1/Bard1-proficient cells. 
Increased mitotic aberrancies compared to Brca1/
Bard1-proficient cells.

(Billing et al., 2018)

is compromised in the presence of chemotherapeutic agents such as 
cisplatin or PARP inhibitors. Restoration of either HR or fork protection in 
BRCA1/2-deficient cells may relieve the dependence on the compensating 
DNA pathways, partly improving viability and reducing sensitivity to 
chemotherapeutic agents. Interestingly, recent efforts to extract mutational 
signature data from cell line models with DNA repair defects demonstrated 
the feasibility of validating BRCAness mutational signatures in cell lines 
(148). Such in-depth genomic analysis of the separation-of-function models 
is warranted to shed light on the relative contribution of fork protection and 
HR deficiency to the mutational signatures observed in BRCAness tumours. 

Inter-chromosomal translocations result from erroneous 
processing of collapsed replication forks
The collapse of replication forks results in the formation of one-ended DSBs 
that lack a proximal DNA end for ligation (Fig. 3A). Due to the absence of the 
proximal second DNA end at the break site, these one-ended breaks are poor 
substrates for NHEJ (149–151). In BRCA1/2-proficient cells, one-ended 
DSBs can be repaired by RAD51-mediated template switching followed 
by synthesis-dependent repair, leaving no genomic scars (Fig. 3A). It is 
therefore tempting to speculate that erroneous repair of these one-ended 
DSBs may be the source of the more complex rearrangements observed in 
BRCA1/2-deficient tumours. Indeed, erroneous recombination events at 
these collapsed forks in yeast, were shown to result in gross chromosomal 
rearrangements (152). Moreover, processing of one-ended DSBs by NHEJ 
in BRCA1/2-deficient cells results in chromosomal rearrangements and 
chromosome fusions (Fig. 3A) (149–151). Moreover, inter-chromosomal 
translocations are frequently observed in BRCA1-deficient cells (84). 

As an additional underlying mechanism, RAD52-dependent microhomology-
mediated break-induced replication (MMBIR) has been implicated in the 
formation of these inter-chromosomal translocations (153). During MMBIR, 
the 3’ ssDNA overhang at the one-ended DSB anneals with a region of 
microhomology at any nearby ssDNA region, either at the same chromosome 
or at any nearby chromosome. Subsequently, POLD3-mediated DNA synthesis 
is performed using the intact DNA as a template. Successive rounds of 
MMBIR, involving multiple template switching events, may result in complex 
rearrangement patterns often observed BRCAness tumours, a process known 
as chromoanasynthesis (Fig. 3A) (153). No unique mutational signature has 
been directly linked to chromoanasynthesis to this date. 
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Pol θ-mediated DSB repair promotes the formation of tandem 
duplications 
In addition to inter-chromosomal translocations, BRCA1-deficient cells 
display <100 kb repeated sequences known as tandem duplications 
(58,154). Tandem duplications in BRCA1-deficient cells are often flanked 
by short regions of microhomology at the breakpoints, and are represented 
in mutational signature RS3 (Table I) (84). Multiple models have been 
suggested for the formation of tandem duplications. In the simplest model, 
both sister chromatids are broken and erroneously fused together in a 
head-to-tail orientation by NHEJ or Pol θ-mediated end joining (154,155). 
Alternatively, tandem repeats may arise when end resection at two-ended 
DSBs is limited due to absence of BRCA1 (58). Resected ends with short 
3’ ssDNA tails are a poor substrate for HR, but can be efficiently bound by 
Pol θ (64,156). In this model, Pol θ catalyses strand invasion of the sister 
chromatid, followed by DNA synthesis (58). Due to limited end resection at 
both ends of the break, the extended invaded strand fails to reanneal with the 
proximal DNA end (Fig. 3B) (58). After some attempts, Pol θ may reanneal 
with the sister based on small microhomology, introducing duplications in 
one of the two sister chromatids (Fig. 3B) (58). 

Figure 3. Repair of DNA lesions resulting from stalled replication forks and their 
associated genomic scars. 

A. Single-ended DSBs are repaired in BRCA1/2-proficient cells through error-free HR-
mediated template switching. In BRCA1/2-deficient cells, microhomology-mediated break-
induced replication (MMBIR) is used, which employs RAD52-mediated homology search and 
POLD3-dependent DNA synthesis. Multiple rounds of RAD52/POLD3-mediated template 
switching events lead to complex inter-chromosomal rearrangements. Repair of single-
ended DSBs by NHEJ involves ligation of the DNA end with a nearby non-compatible DNA 
end, possibly resulting in chromosome fusions. 

B. Pol θ-mediated strand invasion at single-ended or double-ended DSBs may result in 
the formation of tandem duplications. Limited end resection hampers reannealing of the 
invading strand, resulting in excess DNA synthesis, and consequently duplications flanked 
by areas with limited microhomology. 

C. Replication-blocking lesions are repaired by HR-mediated template switching in 
BRCA1/2-proficient cells, which repairs the lesion in an error-free way. In absence of 
BRCA1/2, firing of dormant origins results in bypass of the lesion, leaving gaps of under-
replicated DNA. Alternatively, repriming of the replication downstream of the lesion by 
PRIMPOL-mediated bypass leaves behind ssDNA gaps. Lastly, translesion synthesis (TLS) 
can be used to bypass the lesion, which incorporates random nucleotides across the site of 
lesion, resulting in base substitutions. 
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A similar mechanism may be activated at stalled forks. Recent evidence 
demonstrated microhomology-mediated strand annealing may play an 
important role in repair of one-ended DSBs that arise from collapsed forks 
(157). A complex “restart-bypass” model has been suggested that describes 
the formation of tandem repeats by Pol θ at stalled forks (154). In this model, 
a stalled fork encounters a fork approaching in opposite direction. Attempts 
by the stalled fork to restart using an upstream sequence, results in a small 
part of the DNA which is now synthesized by both the stalled fork and the 
approaching fork (154). When both forks collide, Pol θ may incorrectly 
fuse the duplicated piece of DNA, generating a tandem duplication (154). 
Despite the different starting points, the latter two models both require 
Pol θ-mediated end-joining, which is in agreement with the observed 
microhomology flanking the tandem repeats (5).

Damage bypass introduces gaps and base substitutions
In addition to repairing one-ended DSB repair, cells can also use DNA 
damage tolerance and bypass mechanisms to complete DNA replication. 
If nearby origins are present, replication can simply be re-initiated at 
nearby dormant origins downstream of the obstructive lesion, potentially 
leaving a small under-replicated region in the DNA (Fig. 3C) (125,158–
161). Alternatively, various translesion synthesis (TLS) polymerases allow 
completion of DNA replication by directly traversing a replication-blocking 
lesion. These polymerases lack proofreading activity and are intrinsically 
more error-prone than the canonical S-phase polymerase, resulting in a 
decrease in replication fidelity (162). A multitude of human TLS polymerases 
have been described, and can be divided into Y-family polymerases (Pol η, 
Pol ι, Pol κ and Rev1) and B-family polymerase (Pol ζ). Each TLS polymerase 
has different substrate specificities and nucleotide misincorporation rates 
(163). BRCA1/2-deficient cells increasingly rely on DNA damage tolerance 
and DNA bypass mechanisms to ensure completion of DNA synthesis 
before the onset of mitosis. Although TLS polymerases play an important 
role in lesion bypass and gap filling in BRCAness tumours (164), the base 
substitutions that are induced by TLS polymerases are not consistent with 
COSMIC signature SBS3 (165). It is tempting to speculate that less well-
characterized signatures that show specific base substitutions, such as 
SBS8, may in fact be associated with TLS-like mechanisms. 

Additionally, cells can replicate past an obstruction through de novo 
repriming of DNA synthesis (166). One of the proteins responsible for 
repriming is PRIMPOL, which contains both DNA primase and DNA 

polymerase activity (167,168). Repriming by PRIMPOL during replication may 
leave behind gaps of ssDNA in the DNA template. As a result, the mutation 
profile of PRIMPOL differs from that of Y- and B-family TLS polymerases, 
as it generates insertions and deletions rather than base misincorporations 
(169). Recent data demonstrated the presence of large amounts of ssDNA 
gaps in BRCA-deficient cells, especially upon treatment with replication 
stress-inducing agents (128,144). The accumulation of ssDNA gaps appears 
to be an important characteristic of the BRCAness phenotype, as suppression 
of gap formation in BRCA1/2-deficient cells, rescued the sensitivity to 
chemotherapeutic agents (144,170). PARP inhibitors also induce large 
amounts of ssDNA gaps (171), and PARP inhibitor response correlates well 
with ability of cells to suppress gap formation (172). Entering mitosis with 
under-replicated or damaged DNA is detrimental for faithful chromosome 
segregation, and an accumulation of ssDNA gaps may therefore promote 
mitotic failure.

MiDAS limits genome instability in cells with high levels of 
replication stress
Cells rely on cell cycle checkpoint kinases to prevent cells from prematurely 
entering into mitosis. In response to damaged or under-replicated DNA, 
ATR/CHK1 is activated to prevent mitotic entry and to allow time for filling in 
persistent DNA gaps in regions where replication stress occurred (173–175). 
However, limited amounts of gaps and breaks may escape detection and fail 
to sufficiently activate ATR, which prevents repair and causes these lesions 
to be transmitted into mitosis. As discussed above, BRCA-like tumours 
have compromised repair of S-phase lesions, and are therefore strongly 
dependent on a functioning ATR checkpoint to prevent entry into mitosis 
with under-replicated DNA. Indeed, HR-deficient tumours have elevated ATR 
activity (176), and inhibition of ATR in BRCA1/2-deficient tumours increases 
the amounts of DNA damage that gets transferred into mitosis (177). 

During mitosis, most canonical DNA damage repair pathways are inactive 
(178–180). However, in the early stages of mitosis, DNA synthesis at 
regions of under-replicated DNA can be finalized by mitotic DNA synthesis 
(MiDAS) (181). Sites of MiDAS can be detected by the incorporation of the 
thymidine analogue EdU during mitosis (182). The MiDAS pathway uses a 
microhomology-based form of DNA synthesis, similar to the mechanism 
of break-induced replication to repair one-ended DSBs (181). POLD3 is 
the main polymerase responsible for DNA synthesis at collapsed forks 
in mitosis, highlighting the similarity with the break-induced replication 
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pathway. Furthermore, MiDAS requires the SLX4 scaffold protein, the MUS81-
EME1 endonuclease complex, the RAD52 recombinase and the RECQL5 
helicase (181,183,184). FANCD2 is not directly required for the process of 
MiDAS, however FANCD2 localizes to MiDAS foci (184). Inhibition of the key 
components of the MiDAS pathway results in increased mitotic aberrations 
(184), underscoring the importance of MiDAS as a last resort mechanism to 
prevent loss of genetic information (185). Currently, it remains unclear whether 
MiDAS is error-free, and its contribution to the formation of genomic scars is 
not yet understood. Efforts to sequence MiDAS repair sites may elucidate the 
contribution of MiDAS to mutational landscapes in tumours (186).

Most HR proteins, including RAD51 and BRCA2, are not required for MiDAS 
directly, but prevent the accumulation of under-replicated DNA in S-phase 
(184). Consequently, BRCA2-deficient cells accumulate unresolved S-phase 
intermediates and show increased number of EdU foci in prometaphase (91). 
Moreover, PARP inhibitor treatment in S-phase increases FANCD2 foci in 
prometaphase in BRCA2-deficient cells (91,177,187). These observations 
support a role for MiDAS in dealing with unrepaired S-phase damage that 
results from BRCAness, thereby maintaining genome integrity throughout 
the remaining phases of mitosis. 

S-phase lesions are transferred into mitosis in BRCA-deficient 
cells
If MiDAS fails to resolve S-phase lesions during the early phases of mitosis, 
physical linkages and entanglements between chromosomes are persisting 
into anaphase (Fig. 4) (181,188). If unresolved, these aberrancies may 
trigger mitotic cell death, sometimes referred to as ‘mitotic catastrophe’ 
(189). Generally, mitotic cells are resilient towards apoptosis, due to 
high concentrations of anti-apoptotic proteins (190). Mitotic aberrancies 
may prolong mitotic duration, allowing time for phosphorylation and 
degradation of the anti-apoptotic proteins, triggering cell cycle arrest 
pathways (191,192). BRCA1/2-deficient cells frequently increased 
manifestation of mitotic aberrancies, which were originally attributed to 
loss of a direct role for BRCA2 at regulating mitotic spindle integrity and 
cytokinesis (193–196). However, when BRCA1/2-deficient cells are treated 
with HU or PARP inhibitors, agents that induce S-phase-specific DNA 
damage, they exhibit a strong increase in the amount of anaphase bridges 
and lagging chromosomes. This suggests that many mitotic aberrancies in 
BRCA1/2-deficient cells in fact originate from unrepaired S-phase damage 
(187,197,198).

Unresolved DNA lesions in mitosis appear as bulky chromatin bridges, 
ultrafine DNA bridges (UFBs) or lagging chromosome fragments 
(“laggards”) in anaphase (Fig. 4). Bulky DNA bridges are abnormal DNA 
structures that form physical linkages between the chromosome packs 
during mitosis, usually resulting from improper attachment of the mitotic 
spindle. DNA in bulky bridges remains packaged around histones and can 
be detected using conventional DNA dyes such as DAPI. Bulky DNA bridges 
can be a product of end-to-end fusions of multiple chromosome fragments 
by NHEJ or Alt-EJ, resulting in the formation of multi-centric chromosomes, 
as described above (Fig. 3A) (199). Chromosome fusions are especially 
prevalent in cells with compromised telomere protection, a phenotype 
often observed in BRCA1/2-deficient cells (200–202). A chromatin bridge 
is formed when multi-centric chromosomes are linked to opposite spindle 
poles while remaining connected at the fused ends (203). Originally, 
bulky chromatin bridges were proposed to contribute to chromosomal 
instability through breakage-fusion-bridge (BFB) cycles (204,205). In this 
process, the connected chromosomes break unevenly as a result of the 
pulling forces in anaphase, resulting in unequal separation of chromosome 
fragments among the daughter cells. These unprotected chromosome 
fragments may again fuse in the next cell cycle, generating new multi-
centric chromosomes that form new chromatin bridges in the subsequent 
anaphase (Fig. 4) (206,207). The degree to which bulky DNA bridges break 
in mitosis is debated, with recent evidence suggesting that many DNA 
bridges remain intact during anaphase (208). The fused chromosomes may 
lag and become segregated into one of the two daughter cells, resulting in 
whole-chromosome aneuploidy (209). Classically, BFB cycles have been 
associated with intrachromosomal fusions, which leave scars known as fold-
back inversions (210). Fold-back inversions, characterized by head-to-head 
inter-chromosomal rearrangements of duplicated segments, have been 
observed in BRCA1/2-deficient cells, but are not strongly enriched (211). 
Mutations that arise from BFB cycles are often more complex, comprising 
of ~200 bp insertions termed “Tandem Short Template (TST) jumps” at the 
break sites, combined with massive chromosomal rearrangements caused 
by chromothripsis (208). Chromothripsis involves the pulverization and 
subsequent random re-ligation of DNA fragments, and may be promoted 
by erroneous rounds of DNA replication at broken chromosome ends in 
the S-phase following bridge breakage (Fig. 4) (208). BRCA1/2-deficient 
cells are characterized by large amounts of bulky chromatin bridges and 
micronuclei, and consequently, loss of BRCA1 or BRCA2 is associated with 
an increased frequency of chromothripsis (212). The complex architecture 
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of the rearrangements in genomes subjected to chromothripsis, which differ 
significantly from the reference genome, make it difficult to define distinct 
mutational signatures associated with the phenomenon. Moreover, although 
chromothripsis may play a role in shaping the genome of BRCA1/2-deficient 
cancers, chromothripsis-associated mutations may not be exclusive to 
BRCAness tumours only. Chromothripsis has for example been linked with 
local hypermutation (“kataegis”) a phenotype observed in signatures SBS2 
and SBS13, which are not enriched in BRCA1/2-deficient tumours (213,214).

Like bulky DNA bridges, lagging chromosomes are the result of an improper 
spindle assembly checkpoint. Whole-chromosome lagging chromosomes 
often result from spindle assembly checkpoint defects, whereas acentric 
chromosome fragments often result from DNA breaks and DNA damage 
defects. BRCA2-deficiciency results in both an increase in DNA breaks and 
spindle assembly errors, resulting in the presence of both classes of lagging 
chromosomes (24). Fragments of broken chromosomes that lack centromeres 
do not attach to the mitotic spindle, but migrate with chromosome packs to 
daughter cells (Fig. 4). As a consequence, lagging chromosomes separate 
randomly into either of the two daughter cells, resulting to loss of genetic 
information in one of the daughters and a gain in the other (215). Lagging 
chromosomes may present themselves as micronuclei in the following G1 
phase (Fig. 4). The chromatin in micronuclei is not properly organized, and 
does not adequately support DNA replication and repair. As a consequence, 
micronuclei containing chromosome fragments are generally very unstable 
and may result in chromothripsis in the subsequent S-phase (205,216). Like 
with bulky bridges, these chromothripsis events will eventually result in 
major genetic alterations (208) (Fig. 4). 

Figure 4. Consequences of unresolved replication stress in mitosis.

Cell are equipped with various pathways to resolve DNA lesions before the onset mitosis to 
ensure equal segregation of the DNA content over the emerging daughter cells. When cells 
enter mitosis with under-replicated DNA, POLD3-mediated Mitotic DNA synthesis (MiDAS) 
can be activated to synthesize new DNA during the early stages of mitosis, preventing 
further mitotic aberrations. Persistent DNA lesions induce the formation of chromosome 
bridges, lagging chromosomes or ultrafine DNA bridges. Breakage of these bridges 
introduces tandem short template (TST) jumps in the genome. Missegregated chromosomes 
can end up in micronuclei, where DNA synthesis is often compromised and causes induction 
of chromothripsis and complex intrachromosomal rearrangements. 



4544

Chapter 2 Shaping the BRCAness mutational landscape by alternative double-strand break repair

2

A final class of mitotic aberrancies are UFBs, which differ from bulky 
chromatin bridges in their lack of histones. They can only be detected using 
immunofluorescence analysis of UFB-binding proteins, such as PICH, BLM 
and RIF1 (217,218). Different types of UFBs have been described which 
differ in their genomic location, including centromeric UFBs, telomeric UFBs 
and CFS-associated UFBs (218). Recently, a new class of UFBs has been 
described that results from accumulation of recombination intermediates 
that join the sister chromatids (219,220). In HR-deficient cells, UFBs are 
often associated with under-replicated DNA at CFSs resulting from high 
levels of replication stress. UFBs occur directly at sites of prolonged fork 
stalling, and often show signs of persistent ssDNA (221–223). It is unclear 
how UFBs are processed exactly, and some evidence suggests that broken 
UFBs may end up in so-called “53BP1 bodies” in the subsequent G1 phase 
(224–226). In addition to the broken DNA, these 53BP1 bodies contain 
various DNA damage markers (224,225), and are shielded from erroneous 
repair by NHEJ in G1 phase to promote a new chance of completing DNA 
synthesis at this region in the subsequent S-phase when HR proteins are 
present (227). It is currently unknown whether or how breakage of UFBs 
results in genome instability, and it is therefore not yet possible to find 
genomic scars of UFBs. 

Concluding remarks
The discovery that specific DNA damage repair defects translate to distinct 
patterns of genomic scars, allows characterization of tumours based on whole 
genome sequencing (WGS) data. This is especially interesting in the context of 
BRCAness, since it opens up possibilities to identify tumours with the BRCAness 
phenotype, but that lack mutations in BRCA1, BRCA2 or other HR genes. Indeed, 
the BRCAness-associated signature SBS3 is not exclusively found in tumours 
with mutations in BRCA1 or BRCA2, and provides a good predictive marker 
for PARP inhibitor sensitivity (87). However, some unexplained differences in 
chemotherapy response may still exist between true BRCA1/2-deficient tumours 
and tumours that show the BRCAness phenotype without mutations in the 
BRCA1/2 genes (228). Nowadays, two major algorithms are available to predict 
BRCAness, known as HRDectect (5) and CHORD (229). Both HRDetect and 
CHORD algorithms have proven to be useful for the selection of patients eligible 
for PARP inhibitor treatment (5,229). For example, the HRDetect algorithm 
recently identified patients that would benefit from PARP inhibitor treatment 
using mutational signature analysis of whole genome sequencing (WGS) data of 
triple-negative breast cancers (TNBC) (20,230). A current limitation in the use 
of genome-wide mutational signature mapping in patient tumour samples is the 

relatively low number of passenger mutations that can be detected (231) and the 
costs required for WGS. A new computational tool called Signature Multivariate 
Analysis (SigMA) shifts the focus back from whole genome sequencing to the 
analysis of targeted gene panels combined with machine-learning techniques 
to detect mutational signatures similar to signature SBS3, possibly reducing 
the costs (231). Most studies on PARP inhibitors now focus on breast, ovarian 
and prostate cancer, but our understanding of mutational signatures will aid 
treatment decision and mechanistic insight into the tumorigenesis of other 
cancer types. For example, some Ewing’s sarcomas were demonstrated to 
phenocopy BRCA1-deficient tumours, despite being proficient for BRCA1 
itself (21). These Ewing sarcomas are highly sensitive to olaparib (21), and we 
hypothesize that these tumours will show similar mutational profiles as true 
BRCA-deficient tumours. 

As discussed above, mutations in BRCA1/2-deficient tumours are the result 
of alternative repair of replication stress-associated DNA damage and the 
consequential problems of unresolved replication intermediates in mitosis, 
indicating that induction of replication stress may be key in the induction of 
cell death in BRCA-deficient tumours. Moreover, the genomic scars resulting 
from the increased dependence of BRCAness tumours on alternative repair 
pathways indicate that targeting these pathways, for example through RAD52 
or Pol θ inhibition, may further sensitize BRCAness tumours to DNA damaging 
agents (232,233). Moreover, forcing cells with DNA damage into mitosis before 
DNA lesions are resolved, for example by inhibition of ATR, may provide an 
alternative therapeutic vulnerability (177,234,235). Our understanding of 
mutational signatures therefore not only has the potential to expand patient 
selection possibilities, but may also aid in the development of new therapeutic 
strategies.
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