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ABSTRACT

Tumours with mutations in the BRCA1/BRCA2 genes
have impaired double-stranded DNA break repair,
compromised replication fork protection and in-
creased sensitivity to replication blocking agents,
a phenotype collectively known as ‘BRCAness’. Tu-
mours with a BRCAness phenotype become depen-
dent on alternative repair pathways that are error-
prone and introduce specific patterns of somatic
mutations across the genome. The increasing avail-
ability of next-generation sequencing data of tumour
samples has enabled identification of distinct muta-
tional signatures associated with BRCAness. These
signatures reveal that alternative repair pathways,
including Polymerase �-mediated alternative end-
joining and RAD52-mediated single strand anneal-
ing are active in BRCA1/2-deficient tumours, point-
ing towards potential therapeutic targets in these tu-
mours. Additionally, insight into the mutations and
consequences of unrepaired DNA lesions may also
aid in the identification of BRCA-like tumours lack-
ing BRCA1/BRCA2 gene inactivation. This is clini-
cally relevant, as these tumours respond favourably
to treatment with DNA-damaging agents, includ-
ing PARP inhibitors or cisplatin, which have been
successfully used to treat patients with BRCA1/2-
defective tumours. In this review, we aim to provide
insight in the origins of the mutational landscape as-
sociated with BRCAness by exploring the molecular
biology of alternative DNA repair pathways, which
may represent actionable therapeutic targets in in
these cells.

INTRODUCTION

Modern DNA sequencing techniques have allowed system-
atic analyses of the seemingly random distribution of so-
matic passenger mutations across the cancer genome, re-
vealing distinct patterns known as ‘mutational signatures’
(1). In general, mutational signatures are shaped by the joint
effects of DNA damage and erroneous DNA damage re-
pair (2). Based on size and complexity of the mutations,
three classes of mutational signatures can be distinguished:
single-base substitutions, small insertions and deletions (in-
dels) and genomic rearrangements or structural variations
(3). Single-base substitution signatures are based on six sub-
types 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 gen-
erate 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 rearrange-
ments have been described as well, but the number of studies
to characterize these more complex signatures have been rel-
atively limited (4–6). Although the molecular backgrounds
that underlie many mutational signatures are still unknown,
some have been associated with specific types of DNA dam-
age, such as tobacco smoke-induced and UV-induced DNA
lesions, or with certain DNA maintenance of damage repair
defects, including mismatch repair deficiency and homolo-
gous recombination (HR) deficiency.

Mono-allelic deleterious germline mutations in the DNA
maintenance genes BRCA1 or BRCA2 predispose to hered-
itary breast and ovarian cancer (7–9). Loss of the second al-
lele of BRCA1 or BRCA2, either through somatic mutations
in BRCA1 or BRCA2 or through BRCA1 promoter hyper-
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methylation, is considered a major oncogenic event that
drives carcinogenesis in these individuals (7). Deleterious
germline variants in genes acting in the same DNA main-
tenance 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 in-
creased breast and ovarian cancer risk (9–11). BRCA1/2-
deficient tumours are characterized by high genomic insta-
bility and hypersensitivity to DNA damaging agents, in par-
ticular cisplatin and poly ADP-ribose polymerase (PARP)
inhibitors (12–14). 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 protection of stalled
replication forks (15). The replication fork protection func-
tions of BRCA1 and BRCA2 become increasingly impor-
tant during conditions of replication stress, a state of global
replication fork slowing and stalling (16). 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 mu-
tational signatures, including base substitution signatures
SBS3 and SBS8, indel signatures ID6 and ID8, and re-
arrangement signatures RS1, RS3 and RS5 (Table 1)
(4,5,17). The two most prominent mutations observed in
the BRCAness mutational signatures include 4–50 bp in-
dels 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 mu-
tations in one of the BRCA1/2 genes, indicating that the
concept of BRCAness extends beyond BRCA1 and BRCA2
mutations (18). In line with this notion, BRCA-like tu-
mours without known driver mutations may also respond
favourably to PARP inhibitor treatment (5,19–21), and the
identification of these tumours based on mutational signa-
ture analyses could therefore have important implications
for the treatment of these patients. In this review, we will
discuss various DNA maintenance pathways in the con-
text of cell cycle regulation, thereby providing a better un-
derstanding of their contributions to the BRCAness muta-
tional landscape.

DOUBLE-STRANDED DNA BREAK REPAIR PATH-
WAY CHOICE: THE SWITCH BETWEEN HR AND
NHEJ

Historically, the best described functions of BRCA1 and
BRCA2 are their roles in the repair of DSBs (22). Failure to
efficiently process DSBs results in severe genomic instabil-
ity, characterized by frequent chromosome breakage (23).
Cells are equipped with a number of pathways for the re-
pair of DSBs, including HR, non-homologous end-joining
(NHEJ), single-strand annealing (SSA) and alternative end
joining (Alt-EJ) (Figure 1A, B). NHEJ and HR are gen-
erally considered the two main pathways of choice for the
repair of DSBs, with SSA and Alt-EJ providing back-up re-

pair capacity (24). 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’ (25). DSB re-
pair by HR leaves no visible genomic scars and therefore
fully preserves genome integrity, making it the preferred re-
pair pathway. However, cells cannot use HR throughout the
cell cycle, as the presence of sister chromatids is limited to S
and G2-phase (26). In the absence of an intact repair tem-
plate 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 (Figure 1A). Phospho-
rylation of 53BP1 by the ATM serine/threonine kinase pro-
motes complex formation of 53BP1 with PTIP and RIF1
(27–30). RIF1 has been shown to directly interact with the
SHLD1-SHLD2-SHLD3-REV7 (Shieldin) complex (31).
Together with 53BP1, the shieldin complex protects DNA
ends from end resection, by sterically shielding the DNA
ends from nuclease activity, thereby promoting NHEJ (Fig-
ure 1A) (31). During S-phase, high CDK-levels catalyse the
phosphorylation of CtIP, which promotes complex forma-
tion of BRCA1 and BARD1, and subsequently leads to
the removal of the 53BP1-RIF1 complex from the break
site and access of nucleases to DNA ends (27,28,32–35).
Interestingly, BRCA1 is generally considered a key regula-
tor of end resection (35–38), but as end resection has been
observed in the absence of BRCA1, the exact requirement
of BRCA1 is unclear (28,39–42). When the DNA ends at
a DSB are not protected, they are processed by CtIP and
the MRE11–RAD50–NBS1 (MRN), creating 3′ ssDNA
overhangs (Figure 1A). Long-range DNA end resection is
further catalysed by either the EXO1 endonuclease or the
DNA2–BLM complex (Figure 1A) (25). 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 degrada-
tion. BRCA2 subsequently promotes the loading of the
RAD51 recombinase, replacing RPA (43–45). The RAD51
molecules form nucleoprotein filaments, which catalyse in-
vasion and homology search on the sister chromatid (Figure
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 (46). During SDSA, one end of
the DSB is displaced and annealed onto the sister chro-
matid, allowing for DNA synthesis using the intact template
DNA, exclusively resulting in non-crossover events (46,47).
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 allow-
ing DNA synthesis in two directions across the break site
(46,47). When synthesis is completed, the majority of Hol-
liday junctions are ‘dissolved’ by the BLM-TOP3A-RMI
complex, resulting in non-crossover events (48). 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, also called sister chromatid
exchanges (SCEs) (46,47,49,50). Although HR is gener-
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Table 1. Mutational signatures associated with BRCAness

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 �-mediated
processing of DSBs

(4,79,81,220)

SBS8 CC>AA double nucleotide
substitutions

BRCA1, BRCA2 Unknown (4,79)

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

BRCA2, PALB2,
(BRCA1)

Pol �-mediated processing of DSBs (4,17,81)

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
�-mediated repair

(4,17)

RS3 1–100 kb tandem duplications BRCA1 Pol �-mediated processing of DSBs
and stalled forks

(5,145)

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

BRCA2, PALB2,
(BRCA1)

SSA-mediated processing of DSBs (5,79,81)

Associated gene mutations that have been linked to mutational signature in cell lines or patients, and their corresponding genomic scars are indicated.

ally an error-free pathway, loss-of-heterozygosity may occur
when the homologous chromosome is used as a template,
followed by a crossover event (49,50).

ERRONEOUS DSB REPAIR IN BRCA1/2-DEFICIENT
CELLS INTRODUCES INDELS FLANKED BY MICRO-
HOMOLOGY

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 (49). NHEJ is active during G1,
S and G2 phase of the cell cycle, and is initiated by the bind-
ing 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 (51)
(Figure 1A, B). In the presence of two compatible ends,
NHEJ is able to repair a DSB without introducing errors
(52). However, repair of DSBs by NHEJ may result in small
deletions, which show no to very limited homology around
the break sites (Figure 1B). Mutational signature ID8, char-
acterized by small (<5 bp) deletions flanked by no to minor
(>3 bp) microhomology at the break site, may be associ-
ated with DSB repair through NHEJ (Table 1) (4,17). ID8
is only mildly enriched in BRCA1/2-deficient tumours, in-
dicating that NHEJ may only have a minor contribution to
the repair of DSBs in the absence of HR (4,17,53).

Instead, BRCA1/2-deficient cells frequently show an en-
richment 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 (Ta-
ble 1) (4,17). The SBS3 and ID6 signatures have not only
been identified in cells with mutant BRCA1 or BRCA2,
but also in patient samples and cell line models with mu-
tations in PALB2 or in the RAD51 paralogs RAD51B,
RAD51C, RAD51D, XRCC2 and XRCC3 (10,54,55). SBS3
and ID6 are highly correlated, and may be the direct re-
sult of DSB repair by Alt-EJ, sometimes also referred to
as theta-mediated end joining or microhomology-mediated
end joining (4,17). The key enzyme in this pathway is DNA

polymerase � (POLQ), which contains both helicase and
polymerase activity and can effectively catalyse the pairing
of small microhomology regions within long stretches of ss-
DNA (Figure 1B). Like HR, Alt-EJ generally acts on re-
sected ends with 15–100 nucleotide 3′ overhangs, generated
by CtIP/MRE11-mediated end resection, which can occur
in the absence of BRCA1 (56–58). DNA pol � only requires
1–20 bp of microhomology to anneal the two ends of the
DSB (56,59,60). PARP1 may play a role in the annealing
of the ssDNA and the recruitment of other repair factors
(61,62). In the final step, DNA ligase I and III may catalyse
the ligation of the annealed ends (Figure 1B) (63). The exact
roles of PARP1, DNA ligase I and III in Alt-EJ are however
still unclear (64). Genomic scars left by Alt-EJ mostly con-
sist of small deletions of 20–200 bp located in between the
microhomology regions, which correlate well with the muta-
tions observed in signature ID6 (4,17,65,66). Occasionally,
Pol � 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 (65,67). As
a result, DNA damage repaired by Pol � leaves both dele-
tions and insertions in the genome flanking the site of the
DNA lesion (Figure 1B). Moreover, Pol � is a low fidelity
polymerase, and has a preference for inserting adenine op-
posite abasic sites, as well as a tendency for incorporating
guanine or thymidine opposite a thymidine, thereby gener-
ating single base substitutions (68).

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 op-
tions for cancers displaying BRCAness mutational sig-
natures, for example through pharmacological inhibition
of Pol �. Indeed, BRCA1/2-deficient tumours display in-
creased sensitivity to Pol � inhibition, including those that
show resistance to PARP inhibitor treatment (69–71). No-
tably, both the polymerase and helicase enzymatic domains
of Pol � could be targeted by small molecule inhibitors, pro-
viding multiple opportunities for the development of phar-
macological inhibitors of Pol � (72).
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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 �H2AX. 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 � 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 �-mediated base
insertions. SSA requires sequence homology of >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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In addition to creating a dependence on Pol �, loss of
BRCA1 or BRCA2 is also synthetic lethal with RAD52,
the main protein involved in SSA (73,74). The SSA path-
way is similar to Alt-EJ in that it requires CtIP and the
MRN complex for the processing of DNA ends. How-
ever, SSA involves more extensive end resection, and re-
quires EXO1 or DNA2 nuclease activity (25). Moreover,
SSA utilizes larger homology regions (>20 bp), which nat-
urally occur throughout our genome and are sometimes re-
ferred to as ‘short interspersed nuclear elements’ (Figure
1B) (75). Annealing of the homology repeats is catalysed
by the ssDNA-binding protein RAD52, followed by cleav-
age of the non-homologous 3′ flaps by the XPF-ERCC1 en-
donuclease complex (57). SSA competes with HR for the
repair of resected breaks, and the BRCA1/PALB2 complex
directly inhibits SSA activity (76). Similar to Alt-EJ, the
process of SSA results in the formation of deletions between
the homology regions, thereby leaving scars in the genome
(75). Deletions induced by the SSA machinery are generally
larger than those that arise as a result of Alt-EJ (77). Such
deletions of up to 10 kb in size have indeed been described in
BRCA1/2-deficient cells (78). Moreover, mutational signa-
ture RS5, which is characterized by large deletions with long
(>10 bp) microhomologies that span short-interspersed nu-
clear elements and is likely the result of SSA activity (Table
1) (79), has been observed in both BRCA1 and BRCA2 de-
ficient tumours (5,79,80). Remarkably, others described an
absence of RS5 in BRCA1-deficient cells (81). As SSA is de-
pendent on end-resection, these observations further point
to BRCA1 being dispensable for 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 interest-
ing therapeutic options, with RAD52 inhibitors currently
being in development (82).

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 pro-
cesses should be considered, including the role of BRCA1
and BRCA2 during DNA replication.

SOURCES OF REPLICATION STRESS: A NEW CON-
TEXT 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 �, ε and �, the Cdc45-MCM2–
7-Gins (CMG) helicase complex and the PCNA DNA
clamp, among others (83). Following DNA unwinding by
MCM2–7 helicase, the polymerases incorporate deoxyri-
bonucleotide triphosphate (dNTPs) into a newly synthe-
sized strand of DNA, forming a three-way structure known
as the replication fork (Figure 2A). At the leading strand,
DNA synthesis occurs continuously by DNA polymerase ε
in the 3′ to 5′ direction. On the lagging strand, DNA syn-
thesis is performed discontinuously by DNA polymerase �,

generating short fragments known as ‘Okazaki fragments’
that require recurrent repriming of DNA synthesis.

Conditions that result in slowing or stalling of the repli-
cation fork are collectively referred to as ‘replication stress’.
The continuous unwinding of the DNA by the helicase af-
ter 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 (16). 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
(84). The BRCA1/2 proteins protect cells against replica-
tion stress, and BRCA1/2-deficient cells frequently display
high levels of replication stress and DNA under-replication
(85).

DNA replication origin are sequences in the genome
at which the replisome assembles. During S-phase, li-
censed origins are activated (or ‘fired’) by the phospho-
rylation of the MCM2–7 helicase by Cyclin E1/CDK2
and CDC7/BDF4 (DDK) (86–89). The firing of the repli-
cation origins is tightly orchestrated by the ATR kinase,
which functions as the conductor by determining when
and which origins fire during S-phase (90). Overexpres-
sion of oncogenes, such as HPV-16 E6/E7, Cyclin E, MYC
and H/KRAS (84) disturbs the timing of DNA replica-
tion through premature firing of replication origins (91–
94). As a consequence of dysregulated origin firing, an
excess of origins is fired simultaneously, resulting in lo-
cal nucleotide pool depletions (Figure 2A) (92–94). In-
terestingly, 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 (95).

Some replication origins are located within gene bodies,
and their untimely firing results in collisions of the repli-
cation and transcription machinery (91). Oncogene over-
expression has also been demonstrated to directly enhance
transcription (96,97), which further increases the number
of collisions between the replication and transcription ma-
chinery (98,99). Upon collision, newly transcribed RNA
can rehybridize with DNA behind the transcription com-
plex, which results in the formation of RNA–DNA hy-
brid structures, referred to as R-loops (Figure 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 ul-
timately resulting in genomic instability (100,101). BRCA2-
deficient cells show an increase in R-loops, providing a po-
tential source of replication stress in these tumours (102).

Replication stress can also occur independently of onco-
gene overexpression, for example by distortion of the DNA
helix, thereby blocking replication fork progression. Ex-
amples of helix-distorting lesions include secondary DNA
structures, interstrand crosslinks (ICLs), torsional stress
and DNA-protein cross-links (DPCs) (Figure 2A). The for-
mation of secondary structures in the DNA, such as G-
quadruplexes (G4), often occurs at regions of the genome
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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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that are intrinsically more difficult to replicate, known as
common fragile sites (CFSs). CFSs are hotspots for ge-
nomic scars and rearrangements, especially in cells with de-
fective DNA damage repair and impaired fork protection
(103). ICLs occur throughout the genome and result from
endogenous sources, such as reactive aldehydes formed in
the process of alcohol catabolism, but also from chemother-
apeutic agents, such as cisplatin or mitomycin C (Figure
2A) (104). Torsional stress is another class of replication-
blocking lesions, which often occurs as a result of transcrip-
tion and replication machinery collisions, and requires the
activity of topoisomerases to be resolved (105). The use of
topoisomerase inhibitors, such as etoposide and doxoru-
bicin, strongly increases the amount of unresolved torsional
stress, resulting in increased replication stress (106). Some
topoisomerase inhibitors, including those targeting topoi-
somerase I (TOP I), also trap the topoisomerase enzyme
to the DNA, forming a DPC (107). Similarly, PARP in-
hibitors, such as olaparib, trap the enzyme PARP1 to the
DNA, thereby blocking DNA replication (108,109) (Fig-
ure 2A). Additionally, PARP inhibitors may interfere with
Okazaki fragment processing, hampering the progression
of lagging strand synthesis (110,111), which also perturbs
replication progression. Sensitivity to replication-blocking
agents, including cisplatin and PARP inhibitors, is a defin-
ing 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 REPLICA-
TION FORKS

During DNA replication, BRCA1, BRCA2 and RAD51
play essential roles in the protection of stalled replication
forks, independent of their functions in HR (85,112). Pro-
longed 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 (113). RPA then stim-
ulates the binding of the ATR-ATRIP complex to stalled
forks (114). Once localized to the stalled fork, ATR phos-
phorylates a large number of downstream targets, includ-
ing CHK1, which prevents cell cycle progression. Moreover,
in response to replication stress, ATR-CHK1 prevent fir-
ing of distant dormant origins, while activating those in the
close vicinity of the blocked replication fork (115,116). 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 (Figure 2B) (117,118).
This initial step in fork reversal occurs independently of
BRCA2 (119,120), but requires fork remodellers, including
SMARCAL1 (121,122), HLTF (123) and ZRANB3 (124).
Subsequently, the RAD51-coated reversed DNA strands
are protected by BRCA1 and BRCA2 against uncontrolled
nucleolytic degradation by MRE11 (15,112), EXO1 (125)

or DNA2 (126,127). The main goal of fork reversal may
be the repositioning of the replication-blocking lesion into
the double strand helix, allowing for excision repair (128).
Additionally, reversed forks provide a starting point for
HR-mediated fork restart (Figure 2B) (112,125,129). 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 (15,112,125–
127). Degradation of nascent DNA at forks exposes ssDNA
stretches, which are prone to collapse into a one-ended DSB
(Figure 2B) (130). Intriguingly, cells defective for fork pro-
tection did not show extensive accumulation of DSBs (85),
suggesting that degradation of nascent DNA does not al-
ways lead to collapsed forks, or that compensatory path-
ways 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 pheno-
type are still debated, and various separation-of-function
models have been designed to address this question (Ta-
ble 2). 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
(131–136). 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 (127). Thus, the observations that cells express-
ing separation-of-function mutations that selectively impair
fork protection displayed increased sensitivity to cisplatin
(127), while restoration of fork protection in BRCA1/2-
deficient cells resulted in reduced cisplatin sensitivity (131–
136), suggest that fork protection––at least in part–– deter-
mines response to DNA damaging agents. Indeed, restora-
tion of fork protection in BRCA-deficient cells has been
suggested as a potential mechanism for tumours to acquire
PARP inhibitor resistance (137).

However, restoration of fork protection in HR-deficient
cells usually does not completely restore cell viability (131–
134), suggesting that loss of fork protection is not the ma-
jor determining factor for cisplatin and PARP inhibitor
response in BRCA1/2 mutant cells. Indeed, two studies
with separation-of-function mutants indicated that loss of
the HR-function of BRCA2 determines efficacy of DNA
damaging drugs. Firstly, hamster cells expressing an HR-
proficient but fork protection-deficient BRCA2 mutant
(BRCA2S3291A) exhibit high levels of spontaneous chro-
mosomal aberrations, but these cells are far less sensi-
tive to cisplatin and PARP inhibition compared to cells
with complete loss of BRCA2 (Table 2) (85,112). 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 (138). These cells did exhibit an
accumulation of DNA damage but only showed mild sensi-
tivity to PARP inhibition (138).

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 con-
sequence of compensating DNA repair pathways. The ca-
pacity of these compensating DNA repair pathways likely
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Table 2. Overview of current separation-of-function models for HR and fork protection deficiency and their phenotypes related to genomic instability

Model HR FP Phenotypes References

shBRCA1 + shSMARCAL1

shBRCA2 + shSMARCAL1

siBRCA1 + SMARCAL1-/- 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.

131

Brca1-/- + Ptip-/-

Brca2-/- + Ptip-/-

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.

133

Brca2-/- + shParp1

mouse embryonic stem cells

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

compared with Brca2-wildtype cells.

132

siBRCA2 + RADX-/-

human cell lines

- + Loss of sensitivity to chemotherapeutic agents and PARP inhibitors 

compared to BRCA2 or RAD51-depleted cells.

134

BRCA2-/- + shCHD4

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.

135, 136

RIF1-/- 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.

127

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. 

85, 112

Bard1S563F/ Bard1K607A mouse cells + - Hypersensitivity towards crosslinking agents and PARP inhibitors 

compared to Brca1/Bard1-proficient cells. 

Increased mitotic aberrancies compared to Brca1/Bard1-proficient cells.

138

‘HR’ = homologous recombination, ‘FP’ = fork protection, ‘+’ indicates proficiency, ‘–’ indicates deficiency.

determines the viability of BRCA1/2-deficient cells, de-
pending on the context (e.g. untreated versus treatment
with DNA damaging agents, including PARP inhibitors
or cisplatin). Restoration of either HR or fork protec-
tion in BRCA1/2-deficient cells may relieve the depen-
dence on the compensating DNA pathways, partly im-
proving viability and reducing sensitivity to chemothera-
peutic agents. Interestingly, recent efforts to extract muta-
tional signature data from cell line models with DNA re-
pair defects demonstrated the feasibility of validating BR-
CAness mutational signatures in cell lines (139). Such in-
depth genomic analysis of the above-described separation-
of-function models is warranted to shed light on the
relative contribution of fork protection and HR defi-
ciency to the mutational signatures observed in BRCAness
tumours.

INTER-CHROMOSOMAL TRANSLOCATIONS RE-
SULT 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 liga-

tion (Figure 3A). Due to the absence of the proximal second
DNA end at the break site, these one-ended breaks are poor
substrates for NHEJ (140–142). 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 (Figure 3A). It is therefore tempt-
ing to speculate that erroneous repair of these one-ended
DSBs may be the source of the more complex rearrange-
ments observed in BRCA1/2-deficient tumours. Indeed,
erroneous recombination events at these collapsed forks
in yeast, were shown to result in gross chromosomal re-
arrangements (143). Moreover, processing of one-ended
DSBs by NHEJ in BRCA1/2-deficient cells results in chro-
mosomal rearrangements and chromosome fusions (Fig-
ure 3A) (140–142). Moreover, inter-chromosomal translo-
cations are frequently observed in BRCA1-deficient cells
(78).

As an additional underlying mechanism, RAD52-
dependent microhomology-mediated break-induced repli-
cation (MMBIR) has been implicated in the formation
of these inter-chromosomal translocations (144). During
MMBIR, the 3′ ssDNA overhang at the one-ended DSB an-
neals with a region of microhomology at any nearby ssDNA
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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 repli-
cation (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 �-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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region, either at the same chromosome or at any nearby
chromosome. Subsequently, POLD3-mediated DNA syn-
thesis is performed using the intact DNA as a template.
Successive rounds of MMBIR, involving multiple template
switching events, may result in complex rearrangement pat-
terns often observed BRCAness tumours, a process known
as chromoanasynthesis (Figure 3A) (144). No unique muta-
tional signature has been directly linked to chromoanasyn-
thesis to this date.

POL �-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 (53,145). 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 1) (78). Multiple models
have been suggested for the formation of tandem duplica-
tions. In the simplest model, both sister chromatids are bro-
ken and erroneously fused together in a head-to-tail orien-
tation by NHEJ or Pol �-mediated end joining (145,146).
Alternatively, tandem repeats may arise when end resection
at two-ended DSBs is limited due to absence of BRCA1
(53). Resected ends with short 3′ ssDNA tails are a poor
substrate for HR, but can be efficiently bound by Pol �
(58,147). In this model, Pol � catalyses strand invasion of
the sister chromatid, followed by DNA synthesis (53). Due
to limited end resection at both ends of the break, the ex-
tended invaded strand fails to reanneal with the proximal
DNA end (Figure 3B) (53). After some attempts, Pol � may
reanneal with the sister based on small microhomology, in-
troducing duplications in one of the two sister chromatids
(Figure 3B) (53).

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 (148). A
complex ‘restart-bypass’ model has been suggested that de-
scribes the formation of tandem repeats by Pol � at stalled
forks (145). 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 (145). When both
forks collide, Pol � may incorrectly fuse the duplicated piece
of DNA, generating a tandem duplication (145). Despite
the different starting points, the latter two models both re-
quire Pol �-mediated end-joining, which is in agreement
with the observed microhomology flanking the tandem re-
peats (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 ori-
gins downstream of the obstructive lesion, potentially leav-
ing a small under-replicated region in the DNA (Figure 3C)

(116,149–152). 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 (153). A multi-
tude of human TLS polymerases have been described, and
can be divided into Y-family polymerases (Pol �, Pol �, Pol �
and Rev1) and B-family polymerase (Pol 	 ). Each TLS poly-
merase has different substrate specificities and nucleotide
misincorporation rates (154). BRCA1/2-deficient cells in-
creasingly 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 im-
portant role in lesion bypass and gap filling in BRCAness
tumours (155), the base substitutions that are induced by
TLS polymerases are not consistent with COSMIC signa-
ture SBS3 (156). It is tempting to speculate that less well-
characterized signatures that show specific base substitu-
tions, 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 (157). One of
the proteins responsible for repriming is PRIMPOL, which
contains both DNA primase and DNA polymerase activity
(158,159). Repriming by PRIMPOL during replication may
leave behind gaps of ssDNA in the DNA template. As a re-
sult, 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 (158). Re-
cent data demonstrated the presence of large amounts of
ssDNA gaps in BRCA-deficient cells, especially upon treat-
ment with replication stress-inducing agents (119,135). 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 (135,136). PARP in-
hibitors also induce large amounts of ssDNA gaps (160),
and PARP inhibitor response correlates well with ability
of cells to suppress gap formation (160). 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 dam-
aged or under-replicated DNA, ATR/CHK1 is activated to
prevent mitotic entry and to allow time for filling in per-
sistent DNA gaps in regions where replication stress oc-
curred (161–163). 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 tu-
mours have compromised repair of S-phase lesions, and are
therefore strongly dependent on a functioning ATR check-
point to prevent entry into mitosis with under-replicated
DNA. Indeed, HR-deficient tumours have elevated ATR
activity (164), and inhibition of ATR in BRCA1/2-deficient
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tumours increases the amounts of DNA damage that gets
transferred into mitosis (165).

During mitosis, most canonical DNA damage repair
pathways are inactive (166–168). However, in the early
stages of mitosis, DNA synthesis at regions of under-
replicated DNA can be finalized by mitotic DNA synthe-
sis (MiDAS) (169). Sites of MiDAS can be detected by the
incorporation of the thymidine analogue EdU during mi-
tosis (170). The MiDAS pathway uses a microhomology-
based form of DNA synthesis, similar to the mechanism of
break-induced replication to repair one-ended DSBs (169).
POLD3 is the main polymerase responsible for DNA syn-
thesis at collapsed forks in mitosis, highlighting the sim-
ilarity with the break-induced replication pathway. Fur-
thermore, MiDAS requires the SLX4 scaffold protein, the
MUS81-EME1 endonuclease complex, the RAD52 recom-
binase and the RECQL5 helicase (169,171,172). FANCD2
is not directly required for the process of MiDAS, however
FANCD2 localizes to MiDAS foci (172). Inhibition of the
key components of the MiDAS pathway results in increased
mitotic aberrations (172), underscoring the importance of
MiDAS as a last resort mechanism to prevent loss of genetic
information (173). 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 Mi-
DAS to mutational landscapes in tumours (174).

Most HR proteins, including RAD51 and BRCA2, are
not required for MiDAS directly, but prevent the accumu-
lation of under-replicated DNA in S-phase (172). Conse-
quently, BRCA2-deficient cells accumulate unresolved S-
phase intermediates and show increased number of EdU
foci in prometaphase (85). Moreover, PARP inhibitor treat-
ment in S-phase increases FANCD2 foci in prometaphase
in BRCA2-deficient cells (85,165,175). These observations
support a role for MiDAS in dealing with unrepaired S-
phase damage that results from BRCAness, thereby main-
taining genome integrity throughout the remaining phases
of mitosis.

S-PHASE LESIONS ARE TRANSFERRED INTO MITO-
SIS IN BRCA1/2-DEFICIENT CELLS

If MiDAS fails to resolve S-phase lesions during the early
phases of mitosis, physical linkages and entanglements be-
tween chromosomes are persisting into anaphase (Figure
4) (169,172). If unresolved, these aberrancies may trigger
mitotic cell death, sometimes referred to as ‘mitotic catas-
trophe’ (176). Generally, mitotic cells are resilient towards
apoptosis, due to high concentrations of anti-apoptotic pro-
teins (177). Mitotic aberrancies may prolong mitotic dura-
tion, allowing time for phosphorylation and degradation of
the anti-apoptotic proteins, triggering cell cycle arrest path-
ways (178,179). BRCA1/2-deficient cells frequently mani-
fest increased mitotic aberrancies, which were originally at-
tributed to loss of a direct role for BRCA2 at regulating
mitotic spindle integrity and cytokinesis (180–183). How-
ever, when BRCA1/2-deficient cells are treated with agents
that induce S-phase-specific DNA damage, including HU
or PARP inhibitors, the amount of anaphase bridges and
lagging chromosomes strongly increased. These observa-

tions suggest that many mitotic aberrancies in BRCA1/2-
deficient cells in fact originate from unrepaired S-phase
damage (175,184,185). Using genome-wide synthetic lethal-
ity screens, BRCA1/2-deficient cells were recently shown
to become dependent on CIP2A, which participates in
tethering of mitotic DNA lesions (186). These findings
underscore that mitotic DNA damage is a characteristic
feature as well as a vulnerability of BRCA1/2-deficient
cells.

Unresolved DNA lesions in mitosis appear as bulky chro-
matin bridges, ultrafine DNA bridges (UFBs) or lagging
chromosome fragments (‘laggards’) in anaphase (Figure 4).
Bulky DNA bridges are abnormal DNA structures that
form physical linkages between the chromosome packs dur-
ing mitosis, usually resulting from improper attachment of
the mitotic spindle. DNA in bulky bridges remains pack-
aged around histones and can be detected using conven-
tional DNA dyes such as DAPI. Bulky DNA bridges can
be a product of end-to-end fusions of multiple chromo-
some fragments by NHEJ or Alt-EJ, resulting in the forma-
tion of multi-centric chromosomes, as described above (Fig-
ure 3A) (187). Chromosome fusions are especially prevalent
in cells with compromised telomere protection, a pheno-
type often observed in BRCA1/2-deficient cells (188–190).
A chromatin bridge is formed when multi-centric chromo-
somes are linked to opposite spindle poles while remaining
connected at the fused ends (187). Originally, bulky chro-
matin bridges were proposed to contribute to chromoso-
mal instability through breakage-fusion-bridge (BFB) cy-
cles (191,192). 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 (Figure 4) (192,193).
The degree to which bulky DNA bridges break in mitosis is
debated, with recent evidence suggesting that many DNA
bridges remain intact during anaphase (194). The fused
chromosomes may lag and become segregated into one of
the two daughter cells, resulting in whole-chromosome ane-
uploidy (195). Classically, BFB cycles have been associated
with intrachromosomal fusions, which leave scars known as
fold-back inversions (196). Fold-back inversions, character-
ized by head-to-head inter-chromosomal rearrangements
of duplicated segments, have been observed in BRCA1/2-
deficient cells, but are not strongly enriched (197). Mu-
tations that arise from BFB cycles are often more com-
plex, comprising of ∼200 bp insertions termed ‘Tandem
Short Template (TST) jumps’ at the break sites, combined
with massive chromosomal rearrangements caused by chro-
mothripsis (194). Chromothripsis involves the pulverization
and subsequent random re-ligation of DNA fragments, and
may be promoted by erroneous rounds of DNA replica-
tion at broken chromosome ends in the S-phase follow-
ing bridge breakage (Figure 4) (194). 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 (198). The complex architecture of the rear-
rangements in genomes subjected to chromothripsis, which
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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.
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differ significantly from the reference genome, make it dif-
ficult to define distinct mutational signatures associated
with the phenomenon. Moreover, although chromothrip-
sis may play a role in shaping the genome of BRCA1/2-
deficient cancers, chromothripsis-associated mutations may
not be exclusive to BRCAness tumours only. Chromothrip-
sis 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 tu-
mours (199,200).

Like bulky DNA bridges, lagging chromosomes are the
result of an improper spindle assembly checkpoint. Whole-
chromosome lagging chromosomes often result from spin-
dle assembly checkpoint defects, whereas acentric chromo-
some fragments often result from DNA breaks and DNA
damage defects. BRCA2-deficiciency results in both an in-
crease in DNA breaks and spindle assembly errors, re-
sulting in the presence of both classes of lagging chromo-
somes (23). Fragments of broken chromosomes that lack
centromeres do not attach to the mitotic spindle, but mi-
grate with chromosome packs to daughter cells (Figure 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 (201). Lagging chromosomes may present them-
selves as micronuclei in the following G1 phase (Figure 4).
The chromatin in micronuclei is not properly organized,
and does not adequately support DNA replication and re-
pair. As a consequence, micronuclei containing chromo-
some fragments are generally very unstable and may re-
sult in chromothripsis in the subsequent S-phase (192,201).
Like with bulky bridges, these chromothripsis events
will eventually result in major genetic alterations (194)
(Figure 4).

A final class of mitotic aberrancies are UFBs, which dif-
fer from bulky chromatin bridges in their lack of histones.
They can only be detected using immunofluorescence anal-
ysis of UFB-binding proteins, such as PICH, BLM and
RIF1 (202,203). Different types of UFBs have been de-
scribed which differ in their genomic location, including
centromeric UFBs, telomeric UFBs and CFS-associated
UFBs (203). Recently, a new class of UFBs has been de-
scribed that results from accumulation of recombination
intermediates that join the sister chromatids (204,205). In
HR-deficient cells, UFBs are often associated with under-
replicated DNA at CFSs resulting from high levels of repli-
cation stress. UFBs occur directly at sites of prolonged
fork stalling, and often show signs of persistent ssDNA
(184,206,207). 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
(208–210). In addition to the broken DNA, these 53BP1
bodies contain various DNA damage markers (208,209),
and are shielded from erroneous repair by NHEJ in G1
phase to promote a new chance of completing DNA syn-
thesis at this region in the subsequent S-phase when HR
proteins are present (211). 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 char-
acterization of tumours based on whole genome sequenc-
ing (WGS) data. This is especially interesting in the con-
text of BRCAness, since it opens up possibilities to iden-
tify 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 (81). 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 (212). Nowadays, two major algorithms are avail-
able to predict BRCAness, known as HRDectect (5) and
CHORD (213). Both HRDetect and CHORD algorithms
have proven to be useful for the selection of patients eligi-
ble for PARP inhibitor treatment (5,213). For example, the
HRDetect algorithm recently identified patients with triple-
negative breast cancer (TNBC) that would benefit from
PARP inhibitor treatment using mutational signature anal-
ysis of whole genome sequencing (WGS) data (19,214). A
current limitation in the use of genome-wide mutational sig-
nature mapping in patient tumour samples is the relatively
low number of passenger mutations that can be detected
(215) and the costs required for WGS. A new computa-
tional 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 (215). 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 in-
sight into the tumorigenesis of other cancer types. For ex-
ample, some Ewing’s sarcomas were demonstrated to phe-
nocopy BRCA1-deficient tumours, despite being proficient
for BRCA1 itself (20). These Ewing’s sarcomas are highly
sensitive to olaparib (20), and we hypothesize that these tu-
mours will show similar mutational profiles as true BRCA-
deficient tumours.

As discussed above, mutations in BRCA1/2-deficient tu-
mours are the result of alternative repair of replication
stress-associated DNA damage and the consequential prob-
lems of unresolved replication intermediates in mitosis, in-
dicating 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 ex-
ample through RAD52 or Pol � inhibition, may further
sensitize BRCAness tumours to DNA damaging agents
(216,217). Moreover, forcing cells with DNA damage into
mitosis before DNA lesions are resolved, for example by
inhibition of ATR, may provide an alternative therapeu-
tic vulnerability (165,218,219). Our understanding of mu-
tational signatures therefore not only has the potential to
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expand patient selection possibilities, but may also aid in
the development of new therapeutic strategies.
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Tusell,L. and Cimini,D. (2016) Chromosome bridges maintain
kinetochore-microtubule attachment throughout mitosis and rarely
break during anaphase. PLoS One, 11, e0147420.

196. Zakov,S., Kinsella,M. and Bafna,V. (2013) An algorithmic approach
for breakage-fusion-bridge detection in tumor genomes. Proc. Natl.
Acad. Sci. U.S.A., 110, 5546–5551.

197. Wang,Y.K., Bashashati,A., Anglesio,M.S., Cochrane,D.R.,
Grewal,D.S., Ha,G., McPherson,A., Horlings,H.M., Senz,J.,
Prentice,L.M. et al. (2017) Genomic consequences of aberrant DNA
repair mechanisms stratify ovarian cancer histotypes. Nat. Genet.,
49, 856–864.

198. Ratnaparkhe,M., Wong,J.K.L., Wei,P.C., Hlevnjak,M., Kolb,T.,
Simovic,M., Haag,D., Paul,Y., Devens,F., Northcott,P. et al. (2018)
Defective DNA damage repair leads to frequent catastrophic
genomic events in murine and human tumors. Nat. Commun., 9,
4760.

199. Petljak,M., Alexandrov,L.B., Brammeld,J.S., Price,S., Wedge,D.C.,
Grossmann,S., Dawson,K.J., Ju,Y.S., Iorio,F., Tubio,J.M.C. et al.
(2019) Characterizing mutational signatures in human cancer cell
lines reveals Episodic APOBEC mutagenesis. Cell, 176, 1282–1294.

200. Nik-Zainal,S., Alexandrov,L.B., Wedge,D.C., Van Loo,P.,
Greenman,C.D., Raine,K., Jones,D., Hinton,J., Marshall,J.,
Stebbings,L.A. et al. (2012) Mutational processes molding the
genomes of 21 breast cancers. Cell, 149, 979–993.

201. Zhang,C.Z., Spektor,A., Cornils,H., Francis,J.M., Jackson,E.K.,
Liu,S., Meyerson,M. and Pellman,D. (2015) Chromothripsis from
DNA damage in micronuclei. Nature, 522, 179–184.

202. Hengeveld,R.C.C., de Boer,H.R., Schoonen,P.M., de Vries,E.G.E.,
Lens,S.M.A. and van Vugt,M.A.T.M. (2015) Rif1 Is Required for
Resolution of Ultrafine DNA Bridges in Anaphase to Ensure
Genomic Stability. Dev. Cell, 34, 466–474.

203. Liu,Y., Nielsen,C.F., Yao,Q. and Hickson,I.D. (2014) The origins
and processing of ultra fine anaphase DNA bridges. Curr. Opin.
Genet. Dev., 26, 1–5.

204. Tiwari,A., Addis Jones,O. and Chan,K.L. (2018) 53BP1 can limit
sister-chromatid rupture and rearrangements driven by a distinct
ultrafine DNA bridging-breakage process. Nat. Commun., 9, 677.

205. Chan,Y.W., Fugger,K. and West,S.C. (2018) Unresolved
recombination intermediates lead to ultra-fine anaphase bridges,
chromosome breaks and aberrations. Nat. Cell Biol., 20, 92–103.

206. Laulier,C., Cheng,A. and Stark,J.M. (2011) The relative efficiency of
homology-directed repair has distinct effects on proper anaphase
chromosome separation. Nucleic. Acids. Res., 39, 5935–5944.

207. Chan,K.L., Palmai-Pallag,T., Ying,S. and Hickson,I.D. (2009)
Replication stress induces sister-chromatid bridging at fragile site
loci in mitosis. Nat. Cell Biol., 11, 753–760.

208. Harrigan,J.A., Belotserkovskaya,R., Coates,J., Dimitrova,D.S.,
Polo,S.E., Bradshaw,C.R., Fraser,P. and Jackson,S.P. (2011)
Replication stress induces 53BP1-containing OPT domains in G1
cells. J. Cell Biol., 193, 97–108.

209. Lukas,C., Savic,V., Bekker-Jensen,S., Doil,C., Neumann,B.,
Pedersen,R.S., Grøhfte,M., Chan,K.L., Hickson,I.D., Bartek,J.
et al. (2011) 53BP1 nuclear bodies form around DNA lesions
generated by mitotic transmission of chromosomes under
replication stress. Nat. Cell Biol., 13, 243–253.

210. Pedersen,R.T., Kruse,T., Nilsson,J., Oestergaard,V.H. and Lisby,M.
(2015) TopBP1 is required at mitosis to reduce transmission of DNA
damage to G1 daughter cells. J. Cell Biol., 210, 565–582.

211. Spies,J., Lukas,C., Somyajit,K., Rask,M.B., Lukas,J. and
Neelsen,K.J. (2019) 53BP1 nuclear bodies enforce replication timing
at under-replicated DNA to limit heritable DNA damage. Nat. Cell
Biol., 21, 487–497.

212. Lips,E.H., Mulder,L., Oonk,A., Van Der Kolk,L.E.,
Hogervorst,F.B.L., Imholz,A.L.T., Wesseling,J., Rodenhuis,S. and
Nederlof,P.M. (2013) Triple-negative breast cancer: BRCAness and
concordance of clinical features with BRCA1-mutation carriers. Br.
J. Cancer, 108, 2172–2177.

213. Nguyen,L., Martens,J., Hoeck,A. and van and Cuppen,E. (2020)
Pan-cancer landscape of homologous recombination deficiency.
Nat. Commun.,11, 5584.

214. Staaf,J., Glodzik,D., Bosch,A., Vallon-Christersson,J.,
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