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Abstract

Understanding what drives the choice between homologous 
recombination (HR) and non-homologous end joining (NHEJ) as the 
DNA double-strand break (DSB) repair pathway can help to elucidate 
mechanisms of genome repair and acquired drug resistance in 
cancer cells. This choice is intimately linked with a highly regulated 
process of DNA end resection, mediated by several nuclease entities. 
Concerted efforts by many laboratories have identified several factors 
involved in DNA end resection, but we are only beginning to appreciate 
the mechanisms that underpin DSB repair pathway choice. In this 
Review, we highlight how DSB repair factors, DSB repair regulators and 
chromatin modifications determine whether HR or NHEJ is engaged as  
the repair pathway, with a focus on the antagonistic roles of the tumour  
suppressor complex BRCA1–BARD1 and the 53BP1 axis in repair pathway 
choice. How RNA–DNA hybrids affect HR execution and how they are 
processed by helicases and HR factors is also discussed. Moreover, we  
describe how dysfunction in repair pathway choice affects tumorigenesis 
and drives chemotherapeutic resistance.
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activity to remove the 5′ terminal DNA strand. This exonuclease activ-
ity helps to displace end-bound KU70–KU80–DNA-PKcs and creates 
a short 3′ ssDNA overhang10–13. Next, the exonuclease EXO1 and the 
endonuclease DNA214,15, in conjunction with the Bloom syndrome 
(BLM) or Werner syndrome (WRN) helicases16,17, ensure conversion 
from short-range to long-range resected DNA14,15,17–19 (Box 1). Mecha-
nisms that control both the initiation and extent of DNA end resection 
govern the choice between NHEJ and HR. However, as short-range 
resection is reversible by shieldin–CST–Polα–primase-mediated fill-in 
synthesis20–22, the transition to long-range resection represents the 
commitment step for repair by HR. Thus, the mechanisms that prevent 
or promote long-range resection represent a crucial decision point for 
DNA break repair pathway choice23.

DNA end resection is restricted by the p53-binding protein 1 
(53BP1) axis, which channels DSBs towards NHEJ. In addition to the 
epigenetic mark reader 53BP1, this axis harbours a surprisingly large 
number of protein factors24,25, including RIF1 (replication timing regu-
latory factor 1), the heterotetrameric shieldin complex (comprising 
SHLD1, SHLD2, SHLD3 and REV7), the heterotrimeric CTC1–STN1–TEN1  
complex (CST complex), and the DNA polymerase α–primase  
(Polα–primase) complex25–28. Just as in the case of 53BP1, loss of any of 
the subunits of shieldin27,29–33 or the CST complex22,28,34 favours repair 
by HR. Shieldin and CST bind DNA, and they also form a higher-order 
complex through a hierarchy of inter-subunit interactions28.

Introduction
Double-strand breaks (DSBs) are induced by genotoxic stressors such as 
ionizing radiation, chemotherapeutic agents and DNA damage at rep-
lication forks1. Direct chromatin breakage generates two-ended DSBs, 
whereas replication fork collapse initially forms one-ended DSBs, which 
engage partially distinct repair mechanisms1,2. Most DSBs are repaired 
through two mechanistically distinct processes: non-homologous end 
joining (NHEJ) and homologous recombination (HR)2,3. NHEJ operates 
throughout the cell cycle and is the predominant pathway in G1 and 
in non-dividing cells. It proficiently rejoins compatible ends, but the 
processing of damaged or incompatible ends can generate insertions or 
deletions4,5. HR is generally more accurate than NHEJ because it uses the 
sister chromatid as a homologous template and is therefore favoured in 
the S and G2 phases, after replication has occurred. HR repairs mainly 
post-replicative DSBs or replication-associated one-ended DNA breaks2,3.

DNA end resection generates 3′ single-stranded DNA (ssDNA) 
overhangs to promote repair by HR and occurs in two general steps: 
short-range resection and long-range resection6,7. Upon DSB forma-
tion, the KU70–KU80 heterodimer and DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs) bind to DNA ends and protect them from 
short-range resection, thereby promoting NHEJ4,5,8 (Box 1). Short-range 
resection is initiated when the MRE11–RAD50–NBS1 complex (also 
known as MRN)9, assisted by CtBP-interacting protein (CtIP)10,11, makes 
an internal incision and uses MRE11-dependent 3′-to-5′ exonuclease 

Box 1 | End protection by the KU70–KU80 heterodimer is distinct from 
chromatin-associated 53BP1-axis barriers
 

DNA double-strand break repair pathway choice is often framed as a 
competition between end protection and end resection20,155. However, 
pathway choice is also strongly influenced by factors that act directly 
at DNA ends20,155, such as the KU70–KU80 heterodimer. KU70–KU80 
rapidly binds DNA termini and recruits DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs)4,5 to form an early end-protective 
complex that promotes canonical non-homologous end joining (NHEJ) 
and restricts inappropriate access by resection nucleases4,5,8,156,157.

End protection by the KU70–KU80 heterodimer is mechanistically 
distinct from p53-binding protein 1 (53BP1)-dependent chromatin 
protection4,59. Whereas 53BP1 is recruited to modified nucleosomes 
surrounding DNA double-strand breaks and acts through downstream 
effectors such as replication timing regulatory factor 1 (RIF1), dynein 
light chain LC8-type 1 (DYNLL1), shieldin and the CTC1–STN1–TEN1 
(CST) complex, the KU70–KU80 heterodimer directly encircles 
broken DNA termini, where it can physically limit nuclease access and 
scaffold canonical NHEJ factors4,5. In this state, DNA ends remain in a 
protected configuration that favours synapsis, limited end processing 
and ligation by X-ray repair cross-complementing protein 4 (XRCC4)–
DNA ligase IV (LIG4), together with accessory factors such as XRCC4- 
like factor (XLF), paralogue of XRCC4 and XLF (PAXX) and the 
nuclease Artemis4,5,8. KU70–KU80 suppresses resection by blocking 
exonuclease 1 (EXO1) access to DNA ends156,157. MRE11 nuclease 
activity, together with CtBP-interacting protein (CtIP), instead helps 
process DNA adjacent to KU and promote its displacement12,13,158.

Entry into homologous recombination (HR) requires overcoming  
this barrier11,13. Resection initiation is driven by the MRE11–RAD50–NBS1 
complex (also known as MRN complex) together with CtIP, which 

promotes endonucleolytic incision of the DNA end10,11,158. This 
nicking step facilitates displacement of KU70–KU80 from DNA 
termini12,13. Once KU70–KU80 is displaced or bypassed, long- 
range resection proceeds and the DNA end becomes coated with 
replication protein A (RPA), enabling HR pathway engagement  
(see the figure)14,15,20.
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The tumour suppressor breast cancer type 1 susceptibility protein 
(BRCA1) acts in complex with BRCA1-associated RING domain protein 1  
(BARD1) to regulate multiple aspects of DNA end resection7,24,35,36. 
BRCA1-deficient or BRCA2-deficient tumours are therefore sensitive 
to agents that cause the accumulation of DSBs such as inhibitors of 
poly(ADP-ribose) polymerase (PARP)37,38. PARP normally promotes 
single-strand break repair; PARP inhibitors (PARPi) block this activity 
and trap PARP on DNA, generating replication-associated ssDNA gaps 
and DSBs that become cytotoxic when HR is impaired39,40.

Several developments make a review on DSB repair pathway choice 
particularly timely. First, biochemical reconstitution studies have 
clarified an important direct activity of BRCA1–BARD1 in stimula-
tion of resection, although this activity does not exclude the indirect 
function of BRCA1–BARD1 in relief of the 53BP1 barrier, indicating that 
BRCA1–BARD1 imparts multifunctional control on DSB repair18,19. Sec-
ond, the CST complex has emerged as a bimodal gatekeeper of DNA end 
resection downstream of the 53BP1–RIF1–shieldin complex41. Third, 
work using site-specific DSB induction indicates a role for RNA–DNA 
hybrids in repair pathway choice42–44.

This Review is organized into four main sections. First, we describe 
the molecular architecture and sequential mechanisms by which 53BP1 
restricts DNA end resection to enforce NHEJ. Second, we discuss how 
BRCA1–BARD1 overcomes the 53BP1 blockade, both by directly stimu-
lating resection nucleases and by alleviating CST-mediated inhibi-
tion, as well as the antagonistic functions of 53BP1 and BRCA1–BARD1 
at replication forks. Third, we examine the sources, structures and 
processing of RNA–DNA hybrids at DSBs and how these hybrids influ-
ence repair pathway choice. Fourth, we consider how dysregulation 
of repair pathway control drives PARPi resistance in BRCA1-deficient 
and BRCA2-deficient cancers and explore therapeutic strategies that 
target components of the resection machinery and RNA processing 
pathways to restore drug sensitivity.

Restriction of HR by the 53BP1 axis
The 53BP1 axis provides a strong barrier to resection in G1 and con-
strains HR in G235,45. Foundational studies in budding yeast established 
Rad9, the functional counterpart of 53BP1 in yeast, as a checkpoint in 
DNA end processing that restricts resection at telomeres and DSBs46,47. 
Although human 53BP1 has long been recognized as a suppressor of 
HR, the fact that resection restriction is not mediated by a single effec-
tor became clear only later: 53BP1 recruits a multilayered network of 
proteins that act at distinct stages of DNA end processing (Fig. 1). These 
include factors that directly inhibit nucleases, complexes that stabilize 
partially resected intermediates and a machinery that reverses resec-
tion through fill-in DNA synthesis. Together, these activities establish 
a robust and adaptable system that enforces repair pathway choice 
while retaining molecular flexibility based on the cell-cycle stage and 
genomic context.

BRCA1 controls the repositioning of 53BP1, and when this function 
of BRCA1 is impaired, the presence of 53BP1 at DSBs favours selection 
of NHEJ as a repair pathway48–50. Conversely, depletion or mutational 
inactivation of the 53BP1 axis leads to derepression of DNA end resec-
tion and partial restoration of HR, which is often measured as resistance 
of BRCA1-deficient cancer cells to PARPi-induced DNA damage24,51,52.

Recruitment of 53BP1 at DSBs
The protein 53BP1 is recruited to DSBs through recognition of specific 
chromatin features that are exposed or modified during the DNA dam-
age response, rather than by direct binding to naked DNA ends. MRN 

is among the earliest DNA-end-associated complexes and promotes 
activation of the kinase ataxia telangiectasia mutated (ATM). ATM 
in turn supports signalling through mediator of DNA damage check-
point 1 (MDC1) and the activities of E3 ubiquitin ligases ring finger 
protein 8 (RNF8) and RNF168, which facilitate 53BP1 accumulation 
on flanking chromatin9,53–55. The 53BP1 Tudor domain binds dimeth-
ylated histone H4 lysine 20 (H4K20me2), a constitutive mark that 
becomes readily accessible upon chromatin disruption56,57. In paral-
lel, the ubiquitin-dependent damage response mediated by RNF8 and 
RNF168 generates ubiquitylated histone H2A (H2AK15ub)57–59, which is 
recognized by 53BP1 through additional interaction surfaces57,59. This 
combinatorial histone-code recognition ensures that 53BP1 recruit-
ment is both damage specific and spatially restricted to chromatin 
flanking the break60,61.

Accumulating 53BP1 forms higher-order assemblies that can spread 
over large chromatin domains surrounding DSBs, with foci that extend 
well beyond the immediate nucleosome-scale break environment62. 
These assemblies serve as platforms for recruiting downstream effec-
tors. Although 53BP1 lacks any enzymatic activity, it provides a pivotal 
scaffold for assembling protein complexes that modulate chromatin 
structure, regulate nuclease access and influence DNA synthesis at bro-
ken ends62,63. This keystone role of 53BP1 proves crucial for coordinating 
multiple biochemical processes simultaneously, providing a foundation 
for layered control of DNA-end resection (Fig. 1).

Recruitment and functions of RIF1 and DYNLL1
RIF1, dynein light chain LC8-type 1 (DYNLL1), shieldin and the CST com-
plex are components of the 53BP1 axis that influence several aspects of 
DSB repair and prevent the transition to extensive long-range resection. 
The DNA-binding protein RIF164 is one of the earliest effectors recruited 
by 53BP1 and largely contributes to a resection-refractory chromatin 
environment. Phosphorylation of 53BP1 by ATM creates RIF1 docking 
sites65,66. Once recruited to these docking sites, RIF1 establishes an 
environment that attenuates the recruitment of BRCA1 and CtIP to 
DSBs65–68. RIF1 can also suppress resection initiation through protein 
phosphatase 1 (PP1), which limits CtIP–MRN activity69. The architec-
tural role of RIF1 is particularly important in the immediate vicinity of 
DSBs, where it restricts the access of resection nucleases to DNA ends.

In addition to reshaping chromatin structure, the 53BP1–RIF1 axis 
also restricts end resection through direct regulation of the nucleolytic 
machinery. This process involves DYNLL1, a dynein light chain that is 
recruited to damaged chromatin through a direct interaction with 
53BP170,71. DYNLL1 associates with the MRE11 subunit of the MRN com-
plex and potently inhibits its exonuclease activity72,73. As MRE11 initiates 
short-range resection that licences subsequent long-range processing 
by EXO1 and DNA210,11,20, inhibition of MRE11 by DYNLL1 represents an 
early and decisive checkpoint in resection control (Fig. 1). Through this 
mechanism, cells rapidly arrest short-range end resection at DSBs to 
prevent subsequent extensive processing.

Overall, the functions of RIF1 and DYNLL1 are complementary: 
RIF1 establishes a chromatin environment that disfavours resection, 
and DYNLL1 limits the catalytic function of a key nuclease. Thus, RIF1 
and DYNLL1 provide both structural and enzymatic barriers to resec-
tion initiation, highlighting how the 53BP1 pathway integrates distinct 
modes of regulation to achieve effective suppression of HR.

Resection inhibition through the shieldin complex
The shieldin complex acts downstream of 53BP1 and RIF127,29,30. 
Structural predictions and biochemical analyses indicate that an 
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oligonucleotide–oligosaccharide-binding fold of SHLD2 binds to 
ssDNA, and this interaction mediates recruitment of the shieldin 
complex to partially resected DNA ends29. Thus, the shieldin complex 
probably does not block the earliest recognition of DSBs or the initial 
MRN–CtIP-mediated incision but functions after limited processing 
has occurred. By engaging short ssDNA tracts, shieldin stabilizes these 
intermediates and prevents their extension into long resection prod-
ucts that are compatible with HR27,29,32,73. This feature has led to what is 

often referred to as the ‘shieldin paradox’: the action of shieldin as an 
anti-resection factor is, paradoxically, dependent on some degree of 
resection itself25,26. The length and position of partially resected DNA 
intermediates are likely to vary with substrate and cellular context 
rather than being fixed at a single distance from the DSB end.

Shieldin-dependent inhibition of resection seems to complement 
DYNLL1-mediated inhibition of MRE1128,29,70,73. Loss of shieldin alone 
results in modest derepression of resection and partial restoration of 
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HR27,29,31,32, whereas combined disruption of shieldin and DYNLL1 pro-
duces near-complete HR restoration31,73. This redundancy underscores 
the importance of robust resection control and suggests that the 53BP1 
pathway uses multiple, mechanistically distinct mechanisms to prevent 
inappropriate HR25,27,29,30,32. Importantly, shieldin does not simply act 
as a passive cap of ssDNA, but rather creates a platform for the engage-
ment of downstream protein complexes involved in DNA synthesis and 
nuclease regulation28,29. Adding another layer to this pathway, shieldin 
also recruits the nuclease ASTE1 to process DNA ends in ways that disfa-
vour HR, suggesting that the 53BP1 pathway actively sculpts DNA end 
structures rather than merely blocking their processing21. As such, the 
identification of ASTE1 as an anti-HR factor points to a broader role for 
the 53BP1 axis in directing repair pathway choice (Fig. 1).

CST blocks DNA resection and HR through  
distinct mechanisms
A key advance in understanding how the 53BP1 pathway restricts DNA 
end resection was the identification of the CST complex as an effec-
tor downstream of shieldin25,28,34. Beyond its established functions at 
telomeres, where it promotes C-strand fill-in synthesis by the Polα–
primase complex to regulate telomere length74–76, CST has emerged as 
an important negative regulator of DNA resection at DSBs and regressed 
replication forks22,28,34,77 (Box 2). CST binds ssDNA with much higher 
affinity than double-stranded DNA76,78 and is recruited by shieldin to 
the exposed ssDNA at partially resected DSB ends22,28. Shieldin–CST 
complex formation seems to involve an experimentally defined 
SHLD1–CTC1 interface22 and a predicted SHLD2–CTC1 interface79.

Inhibitory actions of CST on resection enzymes. CST physically inter-
acts with EXO1 and BLM, but not with DNA2 even though it can associate 
with DNA2 indirectly through BLM41. Importantly, CST strongly restricts 
the resection activity of EXO1 and BLM–DNA2 through distinct mecha-
nisms. Whereas DNA binding by CST is needed for maximal inhibition 
of EXO1, it is largely dispensable for the restriction of BLM–DNA2. An 
interaction interface between CTC1, the largest CST subunit, and BLM 
has been identified, and studies with CTC1 mutants that are impaired 
for BLM interaction indicated that CST imposes a catalytically defec-
tive configuration on BLM–DNA2 within the context of a pentameric 
CST–BLM–DNA2 ensemble41. Cells expressing CTC1 mutants that 
have defects in either DNA binding or interaction with BLM exhibit 
hyper-resection of DSBs and heightened HR with diminished NHEJ 
efficiency, and also acquire resistance to PARPi when BRCA1 is absent. 
Given the differential effects of CST on EXO1 versus BLM–DNA2, an 
important priority for the field will be to determine whether CST is 

also able to attenuate the resection function of WRN–DNA2. If so, 
defining whether the inhibitory action is reliant on CST DNA binding, 
protein–protein interactions with WRN–DNA2 or a combination of 
both will be crucial for understanding how CST selectively constrains 
long-range resection pathways.

Actions of CST–Polα–primase in fill-in synthesis. CST associates with 
G-rich DNA at telomeres74,76,78,80 and recruits Polα–primase to catalyse 
fill-in synthesis of the C-strand74. The CST–Polα–primase ensemble 
has an analogous role at resected DSBs22,28,34 where it catalyses fill-in 
DNA synthesis at resected DNA ends to restore the double-stranded 
character and attenuate HR22,28. This function complements the direct 
inhibition of EXO1 and BLM–DNA2 by CST and provides an additional 
mechanism for attenuating the generation of ssDNA intermediates 
at DNA breaks. Fill-in synthesis represents a conceptual shift in how 
resection control is executed. As fill-in synthesis at DSBs seems to 
be constrained in length, repair can proceed without extensive DNA 
synthesis, which would increase the risk of mutations or chromosomal 
rearrangements22,28.

Overall, the dual functionality of CST22,28,34,41 in influencing repair 
pathway choice positions it as a key node within the 53BP1 pathway. 
Although ongoing discussion focuses on the relative contributions of 
these CST-dependent mechanisms in resection control, CST clearly 
underpins a robust buffering system that stabilizes partially resected 
DNA ends and promotes NHEJ under conditions that might otherwise 
favour extensive resection and HR.

Antagonistic actions of 53BP1 and BRCA1–BARD1
How BRCA1–BARD1 and associated factors overcome the blockade of 
DNA end resection that is imposed by the 53BP1 axis to promote repair by 
HR remains poorly understood. At two-ended DSBs, BRCA1–BARD1 helps 
to reposition 53BP1 and its downstream effectors away from DNA ends, 
thereby permitting initiation and extension of DNA end resection. This 
framework accommodates the original genetic observation that BRCA1 
loss has a much smaller impact on HR when 53BP1 is absent24,52 and is 
also consistent with biochemical data demonstrating direct stimulation 
of EXO1, BLM–DNA2 and WRN–DNA2 activities by BRCA1–BARD118,19. 
Here, we discuss emerging findings demonstrating that BRCA1–BARD1 
attenuates the CST blockade on EXO141 and counteracts 53BP1 in other 
contexts such as at replication-induced breaks81.

BRCA1–BARD1 in HR regulation
The BRCA1–BARD1 complex is rapidly and specifically recruited to DSBs 
by damage-induced chromatin modifications and has a multifaceted 

Fig. 1 | Molecular determinants of DNA double-strand break repair pathway 
choice. Double-strand breaks trigger early recognition of DNA ends by the 
KU70–KU80 heterodimer and DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs). The MRE11–RAD50–NBS1 complex (also known as MRN complex) 
triggers chromatin signalling through the kinase ataxia telangiectasia mutated 
(ATM), γH2AX, mediator of DNA damage checkpoint 1 (MDC1) and the E3 
ubiquitin ligases ring finger protein 8 (RNF8) and RNF168. The choice between 
non-homologous end joining (NHEJ) and homologous recombination (HR) as 
a repair pathway is governed by the balance between DNA end protection and 
DNA end resection. KU70–KU80–DNA-PKcs, the 53BP1–RIF1 axis, dynein light 
chain LC8-type 1 (DYNLL1), the shieldin complex and the CTC1–STN1–TEN1 
complex (CST complex) suppress resection and promote canonical NHEJ, which 
is completed by the Artemis–LIG4–XRCC4–XLF–PAXX ligation machinery (left). 

By contrast, BRCA1–BARD1 promotes HR by repositioning p53-binding protein 1 
(53BP1)-associated barriers and enabling short-range resection by MRE11–CtIP 
followed by long-range resection by the exonuclease EXO1 or the BLM–DNA2 
and WRN–DNA2 endonuclease–helicase complexes. These nucleases generate 
single-stranded DNA (ssDNA) that is stabilized by replication protein A (RPA) and 
used for RAD51-mediated recombination through PALB2–BRCA2. BARD1, BRCA1-
associated RING domain protein 1; BLM, Bloom syndrome helicase; BRCA1, 
breast cancer type 1 susceptibility protein; CtIP, CtBP-interacting protein; DNA2, 
DNA replication helicase/nuclease 2; LIG4, DNA ligase IV; Me2, dimethylation; 
P, phosphorylation; PALB2, partner and localizer of BRCA2; PAXX, paralogue of 
XRCC4 and XLF; Polα–primase, DNA polymerase α–primase; RIF1, replication 
timing regulatory factor 1; SHLD1–3, shieldin complex subunits 1–3; Ub, ubiquitin; 
XLF, XRCC4-like factor; XRCC4, X-ray repair cross-complementing protein 4.
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effect on the repair outcome of DSBs18,19,48,82. During the earliest 
steps of DSB signalling, RNF8 ubiquitylates H2A and H2AX53, and the 
ubiquitin-dependent signal is amplified by RNF16854,55. BRCA1–BARD1 is 
recruited to ubiquitylated chromatin sites either directly58,83 or through 
the ubiquitin-binding domain of RAP8084,85. Although 53BP1 is recruited 
through the same upstream RNF8–RNF168 cascade, it recognizes a 
distinct combination of histone marks57,59–61. Thus, this intricate net-
work of signal transductions allows cells to tip the scale in favour of the 
appropriate repair mechanism in response to specific cellular contexts 
and sets the stage for the tug-of-war between 53BP1 and BRCA1–BARD1 
for control of break repair fate.

BRCA1–BARD1 directly supports resection. BRCA1–BARD1 sup-
ports resection by assembling with MRN–CtIP. The tandem BRCT 
repeats of BRCA1 bind CDK-phosphorylated CtIP at Ser327, pro-
moting cell-cycle-dependent formation of the BRCA1–CtIP–MRN 
complex86. Although BRCA1–BARD1 has little or no effect on the intrin-
sic endonuclease or exonuclease activity of MRN19, the integrated 
MRN–CtIP–BRCA1–BARD1 complex accelerates DNA end processing 
and synergistically stimulates long-range resection10,19. BRCA1–BARD1 
E3 ligase activity is also important for DNA end resection, although the 
relevant substrates and mechanisms remain incompletely defined87.

BRCA1–BARD1 also directly stimulates all three long-range 
resection pathways: EXO1, BLM–DNA2 and WRN–DNA218,19 (Fig. 2a). 
DNA-binding domains in both BRCA1 and BARD1 contribute to this 

activity18. BRCA1–BARD1 stabilizes EXO1 at DNA ends, increasing both 
the velocity and processivity of EXO1, and promotes BLM-dependent 
and WRN-dependent DNA unwinding18. Although BRCA1–BARD1 
does not directly stimulate DNA2, it accelerates BLM-dependent and 
WRN-dependent DNA unwinding, thereby increasing BLM–DNA2-
mediated and WRN–DNA2-mediated resection18,19. In WRN–DNA2 
reactions, CtIP further stimulates DNA288, enabling the integrated 
MRN–CtIP–BRCA1–BARD1 complex to enhance resection more 
than BRCA1 alone19. Thus, BRCA1–BARD1 links resection initiation to 
long-range processing through complex assembly and direct activation 
of the resection machinery.

BRCA1–BARD1 roles in 53BP1 blockade
Although BRCA1–BARD1 upregulates DNA resection directly, how 
the restrictive activity of the 53BP1 axis is alleviated remains poorly 
understood. BRCA1–BARD1 has been shown to manipulate the chro-
matin landscape to facilitate 53BP1 removal. First, BRCA1–BARD1-
mediated ubiquitylation of H2A helps to recruit the chromatin 
remodeller SMARCAD148 (Fig. 2b). Under these conditions, 53BP1 
is repositioned such that the DNA ends become accessible to the 
DNA end resection enzymes. Second, BRCA1–BARD1 inhibits the 
phosphorylation-dependent recruitment of RIF1 to DSBs either 
directly or through the recruitment of the protein phosphatase PP4C49,89 
(Fig. 2c). Third, BRCA1–BARD1 works with the POH1 deubiquitylase to 
clear RAP80-associated ubiquitin chains from the core of the damage 

Box 2 | Functions of shieldin and CST at replication-associated DNA structures
 

Shieldin and the CTC1–STN1–TEN1 (CST) complex were initially 
characterized as downstream effectors of the p53-binding protein 1 
(53BP1) pathway in two-ended double-strand break (DSB) repair27–32,34, 
but accumulating evidence indicates that these factors also operate 
at replication-associated DNA structures. At stalled or reversed forks, 
including chicken-foot structures, 53BP1 is unlikely to accumulate in 
the same chromatin-based manner or may be rapidly excluded, yet 
replication timing regulatory factor 1 (RIF1), the shieldin subunit REV7, 
CST and related factors can still influence nascent-strand stability, 
fork restart, and nuclease access77,159–161. Rather than representing 
a simple ‘new’ pathway replacing the classical 53BP1 model, these 
findings reveal substrate-specific functions of overlapping repair 
factors at distinct DNA structures (see the figure).

Among shieldin subunits, REV7 seems to be particularly important 
in replication-associated settings. At DSBs, REV7 serves as a central 
scaffold within shieldin, linking SHLD3 — which directly engages 
RIF1 — to the rest of the complex. However, REV7 also has shieldin 
complex-independent functions, including roles in DNA damage 
tolerance and fork protection. At stalled forks, REV7 has been 
implicated in protecting nascent DNA from degradation160. CST is 
similarly well suited to function at stalled or reversed forks because 
of its ability to bind single-stranded DNA (ssDNA) and regulate DNA 
synthesis and nuclease access.

The mechanisms underlying 53BP1-independent recruitment of 
REV7 and CST remain incompletely defined. Direct recognition of 
DNA structures that arise during replication stress is plausible: CST, 
in particular, has affinity for ssDNA and G-rich sequences76,78,80 and 
might be able to localize to stalled forks or unusual DNA conformations 
without requiring canonical DSB-associated chromatin marks. 

Alternatively, protein–protein interactions with replisome-associated or 
fork-remodelling factors might also be involved in 53BP1-independent 
recruitment. Future work should define which components are 
recruited as a full shieldin–CST ensemble and which act independently 
at reversed forks, one-ended DSBs or other replication-associated 
intermediates. Overall, shieldin and CST emerge as context-dependent 
modulators of DNA metabolism, and their activities blur the distinction 
between DSB repair and replication-associated repair. An improved 
understanding of shieldin and CST recruitment and regulation across 
these settings will help to further define their contribution to genome 
stability and therapeutic response.
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focus. This deubiquitylation event promotes loss of 53BP1 and cre-
ates a region accessible to replication protein A (RPA) and resection90. 
This exceedingly intricate network of signals enables precise temporal 
control over DSB repair pathway choice to ensure that the correct fac-
tors are present and active according to the appropriate chromatin 
landscape and cell-cycle stage.

Although BRCA1–BARD1 and 53BP1 act antagonistically in DSB 
repair pathway choice, no direct interaction has been found between 
them, suggesting that BRCA1–BARD1 might primarily act to over-
come the inhibitory functions of the 53BP1 axis. Indeed, whereas 
CST directly inhibits DNA end resection by EXO141, the addition of 
BRCA1–BARD1 efficaciously overcomes this inhibition to fully restore 
EXO1 activity (Fig. 2d). By contrast, the addition of BRCA1–BARD1 
is not sufficient to release CST-mediated blockade of BLM–DNA2. 
This distinction is consistent with the differential mechanisms 
of inhibition of EXO1 and BLM–DNA2 by CST. These findings sug-
gest that EXO1 might be the preferred long-range nuclease in cells 
where BRCA1–BARD1 can override the CST barrier41. Whether or not 
BRCA1–BARD1 acts as an E3 ubiquitin ligase in overcoming the restric-
tive action of CST and perhaps other factors of the 53BP1 axis on the 
resection machinery is an important but underexplored topic. As 
BRCA1–BARD1 also directly enhances the resection activities of EXO1, 
BLM–DNA2 and WRN–DNA218,19, it might, conceivably, act with these 
resection enzymes to counteract CST–Polα–primase-mediated fill-in 
synthesis at partially resected DNA ends to help channel these ends 
into HR for break repair.

Functions of 53BP1 and BRCA1–BARD1 at replication forks
Replication stress is a common source of DSBs, so cells have co-opted 
DSB repair factors for replication fork protection and restart. How-
ever, we note that events at two-ended replication-independent 
DSBs are mechanistically distinct from one-ended DSBs, reversed 
forks and other replication-associated DNA structures. Protein 
53BP1 and BRCA1–BARD1 retain their antagonistic relationship in 
replication-associated repair, but the molecular hierarchy might dif-
fer from the chromatin-based 53BP1–RIF1–shieldin–CST cascade at 
two-ended DSBs. Although BRCA1–BARD1 is not necessary to upregu-
late DNA end resection of one-ended DSBs originating from replication 
fork collapse, it is still required to prevent 53BP1 from restricting the 
loading of the HR factor RAD5181. BRCA1–BARD1 has also been shown to 
promote repair of one-ended DSBs through a recombination-mediated 
mechanism called break-induced replication (BIR)91. Consequently, loss 
of 53BP1 leads to aberrant repair through BIR92. Although BIR is prone 

to mutation induction, it is often preferable to chromosome fusion. 
In addition to repair pathway choice, BRCA1–BARD1 protects stalled 
replication forks from nucleolytic attrition by stabilizing RAD51 fila-
ments on nascent DNA93. Future work will be required to delineate the 
similarities and differences between recombination-mediated repair 
at two-ended DSBs, replication fork restart, reversed forks and DSBs 
derived from replication fork collapse.

The roles of RNA–DNA hybrids in DSB repair
Several studies have reported the presence of RNA–DNA hybrids at 
DSBs42–44, where they can substantially influence repair outcomes. 
RNA–DNA hybrids provide a mechanistically distinct layer of repair 
regulation that intersects with end resection, RAD51 loading, 53BP1 
accumulation and repair fidelity43,44,94–104. Dedicated processing fac-
tors contribute to both the formation and resolution of RNA–DNA 
hybrids, which include structures such as simple RNA–DNA duplexes, 
R-loops comprising a hybrid plus displaced ssDNA and DR-loops 
that couple RNA–DNA and DNA–DNA pairing (Fig.  3). Models 
invoking de novo transcription and pre-existing RNA polymerase II  
transcripts remain unresolved and might reflect differences in 
damage type, genomic context, chromatin state and time after DSB 
induction94,100,105–108.

Actively transcribed regions of the genome are prone to DSB for-
mation and require local transcriptional repression for efficient repair. 
Multiple factors have been implicated in transcriptional repression in 
cis at DSBs, including: ATM kinase, which represses RNA polymerase I 
transcription109 and RNA polymerase II (RNAPII)-associated transcrip-
tion in cis at DSBs110; DNA-PKcs, which synergizes with KU70–KU80 
and the proteasome to displace RNAPII111; and PARP1, which promotes 
recruitment of NELF-E and transcriptional repression through the 
poly(ADP-ribosyl)ation (PARylation) of RNAPII at DSBs112.

Although several studies suggest that transcription is silenced at 
DSBs, other studies claim that transcription activation at DSB sites is 
required for the formation of RNA–DNA hybrids. Activation of de novo 
transcription at DSBs is thought to involve the assembly of an RNAPII 
pre-initiation complex43,105. Consistent with this model, purified MRN 
and RNAPII are able to initiate transcription at DNA ends in vitro106. 
Recruitment of RNA polymerase III at DSBs has also been reported107. 
However, in a model of DSB formation by inducible AsiSI endonuclease 
activity, neither RNAPII nor RNA polymerase III was detected at the 
examined DSBs, and transcription elongation at damage-associated 
genes was reduced108. As this system examined defined accessible 
AsiSI sites over a timescale of hours, it might not capture very early 
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and reduces phosphorylation-dependent RIF1 (replication timing regulatory 
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transcriptional events or responses to rapidly induced DNA damage 
such as damage caused by ionizing radiation. Thus, although RNA–DNA 
hybrids are present near DSBs in transcribed regions of the genome, 
the mechanisms responsible for their formation remain a subject of 
ongoing investigation (Fig. 3).

R-loops and DR-loops at DSBs
Several mechanisms have been proposed to explain R-loop accumula-
tion at DSBs (Fig.3): transcriptional repression that reduces elongation 
but increases promoter-proximal pausing and premature transcription 
termination, backtracking of paused RNAPII or invasion of DNA by 
complementary RNA transcripts generated elsewhere in the genome94. 
The functions of R-loops at DSBs remain to be further clarified. Outside 
the DSB context, R-loops are able to promote transcription by acting 
as promoter-like elements113, but whether this activity occurs at breaks 
is unknown. Moreover, processing of the displaced ssDNA by a flap 

endonuclease might transform R-loops that accumulate near DSBs 
into more stable RNA–DNA hybrid intermediates108,114.

When RNA transcripts produced at or near DSBs invade homolo-
gous donor DNA, DR-loops are formed at DSBs. This process involves 
the activity of RAD51-associated protein 1 (RAD51AP1), and the result-
ing RNA-containing intermediates within donor DNA might facilitate 
RAD51-mediated invasion of resected ssDNA into the homologous 
template115. Although RNA–DNA hybrids, R-loops and DR-loops have 
been detected at DSBs, the mechanistic roles of these structures in 
DSB repair pathway choice and repair efficiency remain incompletely 
defined.

RNA–DNA hybrids as platforms for repair protein recruitment
RNA–DNA hybrids at DSBs are likely to facilitate recruitment of DNA 
repair factors involved in HR (Fig. 4). RPA, a major ssDNA-binding 
complex, binds RNA and RNA–DNA hybrids with nanomolar affinity116. 
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Studies using the RNA–DNA hybrid-specific antibody S9.6 have asso-
ciated RPA with RNA and RNA–DNA hybrid-containing structures, 
although in R-loops this association might reflect binding to the dis-
placed ssDNA strand rather than direct engagement of the RNA–DNA 
duplex. RPA recruitment seems to enhance the activity of ribonuclease 
H1 (RNaseH1), which degrades RNA within RNA–DNA hybrids. Although 
interactions among RPA, RNaseH1 and RNA–DNA hybrids have been 
reported, their relevance for HR remains unclear117.

BRCA1 has also been reported to accumulate at R-loops118. Puri-
fied BRCA1–BARD1 can bind RNA–DNA hybrids and interact with the 
helicase senataxin (SETX) in vitro to promote SETX recruitment to 
these structures and to stimulate R-loop dissociation by SETX119. At 
DSBs, BRCA1 recruitment seems to subsequently promote BRCA2 
localization and RNaseH2 recruitment, thereby regulating RNA–DNA 
hybrid turnover120,121.

RAD52 is recruited to DSBs in an RNA–DNA hybrid-dependent 
manner and promotes BRCA1 recruitment and xeroderma pigmento-
sum group G endonuclease (XPG)-mediated R-loop processing, linking 
RNA structures to transcription-associated HR114. RNA transcripts can 
also serve as templates for DSB repair in mammalian cells101,102,122.

However, other studies challenge the view that RNA–DNA hybrids 
invariably inhibit HR. For example, depletion of SETX does not substan-
tially change ssDNA abundance at DSB ends, suggesting that persistent 
RNA–DNA hybrids do not necessarily block resection95. In budding 
yeast, a non-canonical pathway involving Mre11, Sae2 (the homologue 
of mammalian CtIP) and Dna2 has been proposed to generate ssDNA 
in the presence of RNA–DNA hybrids96. In this model, coordinated 
nuclease activity by Mre11 and Dna2, followed by RNA removal, gener-
ates free 3′ overhangs that can then be further extended by canonical 
long-range resection factors such as Sgs1–Dna2 and Exo1.

Another proposed mechanism for non-canonical resection in the 
presence of R-loops involves the structure-specific DNA flap endo-
nuclease XPG. XPG is recruited to R-loops by RAD52 and cleaves the 
displaced ssDNA114. In addition, RNA–DNA hybrids that form through 
the annealing of pre-existing RNA to 3′ DNA overhangs generated by 
short-range resection might contribute to regulation of resection 
initiation. Understanding how these RNA-containing nucleic acid 
intermediates are processed by the classical long-range resection 
machinery will be important for defining the mechanism of DNA end 
resection in the context of RNA–DNA hybrids, as well as for clarifying 
the respective contributions of canonical and non-canonical resection 
pathways to HR in these settings.

Helicase-mediated resolution of RNA–DNA structures
RNA–DNA hybrids, including those associated with R-loops, can influ-
ence DNA repair pathway choice at DSBs. Although transient hybrid for-
mation may facilitate repair, excessive or persistent hybrids can impair 
HR and redirect DSBs towards NHEJ and other potentially mutagenic 
repair outcomes. Hybrid-resolving helicases contribute to removal 
of these structures, and, in the absence of helicase activity, RNA–DNA 
hybrid persistence limits access of repair factors to resected DNA ends, 
attenuates HR and threatens genome stability96,97. These effects under-
score the importance of helicases for coordinated hybrid resolution 
to ensure efficient HR (Fig. 4).

Senataxin. SETX is a RNA–DNA helicase123,124 with broad specificity 
in unwinding DNA duplexes, DNA–RNA hybrids and R-loops119, and 
is recruited to DSBs within actively transcribed genes. At DSBs, SETX 
contributes to removal of RNA–DNA hybrids near damage sites. SETX 
is also known to facilitate RAD51 recruitment and to restrict 53BP1 
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accumulation at DSBs in transcriptionally active loci95. One conse-
quence of defective hybrid resolution is a shift towards NHEJ: 53BP1 
accumulation is increased in SETX-depleted cells95, and deletion of 
the SETX orthologue Sen1 in yeast enhances Ku70 binding, leading to 
increased NHEJ and chromosomal translocations96. Depletion of RNA 
helicases is also associated with broader genomic instability, including 
chromosomal translocations upon SETX loss, although the underlying 
mechanisms remain unclear.

DEAD box 1. DEAD box 1 (DDX1), a member of the DEAD box family 
of RNA helicases125, has been implicated in DSB repair. DDX1 forms 
complexes with repair factors, including MRN, and is phosphorylated 
by ATM following DNA damage. In vitro, DDX1 can unwind RNA–RNA 
and RNA–DNA hybrids, and at DSBs it has been proposed to regulate 
RNA–DNA hybrid turnover44,125. Loss of DDX1 reduces ssDNA avail-
ability, leading to diminished RPA and RAD51 foci and HR impairment, 
suggesting a role in repair pathway regulation44.

Other helicases. Additional helicases have been implicated in regulat-
ing R-loop accumulation and RNA–DNA hybrid metabolism. Aquarius 
(AQR) supports HR by maintaining CtIP expression and promoting RPA 
and RAD51 loading126. HR-associated helicases, such as BLM, WRN and 
FANCM127, and RNA helicases including DDX5128 and DExH-box helicase 9 
(DHX9)129 are also reported to regulate RNA–DNA hybrids at DSBs. Loss 
of DDX5 also results in 5′ deletions at DSBs128. How these helicases coop-
erate or function redundantly with SETX and DDX1 to regulate RNA–DNA 
hybrid turnover during DSB repair remains poorly understood.

Targeting DSB repair imbalance in cancer
The opposing functions of the 53BP1 and the BRCA1–BARD1 axes cre-
ate an exploitable vulnerability in cancer cells with HR defects. The 
development of PARPi has capitalized on this imbalance, particularly 
in BRCA1-deficient and BRCA2-deficient tumours or other HR-deficient 
tumours37–39. Although PARPi synthetic lethality is closely linked to DSB 
accumulation, replication fork collapse, trapped PARP complexes and 
replication-associated ssDNA gaps, the precise toxic DNA intermediates 
remain unresolved37–40. The relative importance of each lesion type 
might also vary with genetic background and drug context. Resistance 
can emerge through restoration of DNA end resection, following epi-
genetic silencing or mutations in the 53BP1 axis22,24,34,51,130–132 (Table 1), 
through restoration of BRCA1 or BRCA2 expression and function133–143, 
or through broader rewiring of repair pathways39,40,144. Understanding 
the dynamic regulation of members of the 53BP1 axis, such as shieldin 
and CST, and their interplay with BRCA1–BARD1 has the potential to 
inform strategies to overcome PARPi resistance. Future therapies might 
target specific regulators of resection, Polα–primase-mediated fill-in 
synthesis or RNA processing at DSBs, to sensitize tumours with partial 
HR proficiency or secondary mutations that restore the coding frame 
of mutant HR gene alleles.

Clinical mechanisms of repair imbalance
Emerging evidence supports the relevance of repair rewiring in cancer. 
Clinical studies in breast and ovarian cancer have identified genetic or 
transcriptional alterations that can increase DNA end resection and 
are associated with reduced PARPi response130–133. In ovarian cancer, 

Table 1 | Alterations in the 53BP1 pathway associated with PARP inhibitor resistance

Protein (gene) Pathway position Mechanism of resistance Evidence

53BP1 (TP53BP1) Core regulator of the resection 
barrier

Loss restores DNA-end resection and 
partial HR in BRCA1-deficient cells

Mouse models, CRISPR screens, resistant 
tumours24,51,52,130,131,151

RIF1 (RIF1) 53BP1 effector Loss relieves resection suppression 
downstream of 53BP1, enabling HR 
restoration

Genetic and functional studies in BRCA1-
deficient systems65–67,152,153

REV7 (MAD2L2) Shieldin-associated effector Loss disrupts shieldin-mediated end 
protection and promotes resection

CRISPR screens and mechanistic studies27,29–31,33

SHLD1 (SHLD1, also known 
as C20orf196)

Shieldin complex subunit Loss destabilizes shieldin and 
increases resection

CRISPR screens in BRCA1-deficient cells27,29,31,32

SHLD2 (SHLD2, also known 
as FAM35A)

Shieldin ssDNA-binding subunit Loss weakens binding to resected 
DNA ends and promotes resection 
extension

Genetic and biochemical studies27,29,31,32

SHLD3 (SHLD3, also known 
as RINN1)

Shieldin complex subunit Loss impairs shieldin recruitment and 
end protection

CRISPR resistance screens27,29,31,32

CTC1 (CTC1) CST complex Loss disrupts CST-mediated fill-in 
synthesis, allowing resection extension

Functional studies in BRCA1-deficient 
models28,34,41

STN1 (STN1, also known as OBFC1) CST complex Loss impairs CST-dependent 
restriction of resection

Mechanistic studies of CST function28,34,41

TEN1 (TEN1) CST complex Loss reduces CST-mediated DNA end 
protection

Complex-level functional studies28,34,41

DYNLL1 (DYNLL1) 53BP1-associated MRE11 inhibitor Loss releases inhibition of MRE11, 
increasing resection

Mechanistic studies in BRCA1-
deficient cells70,72,73

ASCIZ (ATMIN) Upstream regulator of DYNLL1 Loss reduces DYNLL1 levels, indirectly 
promoting resection

Functional studies154

53BP1, p53-binding protein 1; ASCIZ, ATM substrate Chk2-interacting zinc-finger protein; CST, CTC1–STN1–TEN1; DYNLL1, dynein light chain LC8-type 1; HR, homologous recombination; 
PARP, poly(ADP-ribose) polymerase; RIF1, replication timing regulatory factor 1; SHLD1–3, shieldin complex subunits 1–3; ssDNA, single-stranded DNA.
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circulating tumour DNA (ctDNA) analyses from patients treated with 
PARPi have identified mutations in TP53BP1 at the time of resistance or 
disease progression131, suggesting that loss of 53BP1 function can arise 
during therapy. Consistent with this observation, lower expression 
of 53BP1 in HR-deficient ovarian tumours has been associated with 
decreased responsiveness to PARPi treatment132.

Similar findings have emerged in breast cancer. Analyses of 
tumours from patients with acquired PARPi resistance have identified 
loss of TP53BP1 and amplification of MRE11 (also known as MRE11A)133. 
These alterations are likely to restore resection capacity and attenuate 
the HR defect caused by BRCA1 loss. Moreover, longitudinal analyses 
of circulating tumour DNA from patients with BRCA1-mutant breast 
cancer revealed loss-of-function mutations in TP53BP1 and RIF1, as well 
as copy-number loss and transcriptional downregulation of SHLD2, 
during the development of PARPi resistance130.

The relationship between alterations of the 53BP1 axis and response 
to DNA-damaging therapies other than PARPi remains less clear. Clinical 
studies examining platinum chemotherapy have produced inconsistent 
results. Although TP53BP1 mutations have been detected in BRCA1-
mutant tumour cells that have developed resistance to platinum-based 
therapies130,133, no correlation was found between 53BP1 expression 
and platinum treatment responses in ovarian cancer145. Moreover, in 
certain cases, tumour clones harbouring TP53BP1 or RIF1 mutations that 
emerged with acquisition of PARPi resistance were eliminated following 
carboplatin treatment130, suggesting that such alterations might not 
confer substantial cross-resistance to platinum agents.

Although alterations affecting the 53BP1 pathway represent 
clinically relevant mechanisms of therapy resistance and highlight 
the importance of DNA end resection control in determining thera-
peutic response, restoration of the coding frame of BRCA1 or BRCA2 
mutant alleles through secondary reversion mutations is a frequent 
mechanism of PARPi resistance in BRCA1-mutant and BRCA2-mutant 
cancers133–143. The most plausible explanation for the predominance 
of BRCA1 and BRCA2 reversions is that they provide a direct route to 
restoring a level of HR proficiency sufficient to confer drug resistance. 
By re-establishing expression of a functional BRCA1 or BRCA2 protein, 
reversion mutations can restore multiple functions of BRCA1 and 
BRCA2 simultaneously and may therefore confer a stronger selective 
advantage under PARPi pressure than alterations that act indirectly 
by rewiring end-resection control. By contrast, loss or attenuation of 
the 53BP1–RIF1–shieldin axis might only partially restore HR depend-
ing on the specific BRCA1 versus BRCA2 defect or involve excessive 
resection, genome instability or altered DSB repair pathway choice. 
Events affecting the 53BP1–RIF1–shieldin axis might also be underde-
tected clinically, as pathway rewiring can occur through heterogeneous 
loss-of-function events, copy-number changes, epigenetic silencing or 
altered expression levels that could easily elude standard ctDNA or tar-
geted sequencing approaches. Thus, the apparent dominance of BRCA1 
and BRCA2 reversion mutations might reflect both their biological roles 
and their relative ease of detection, whereas 53BP1 pathway alterations 
might represent context-dependent, subclonal or cooperating routes 
to resistance. Monitoring alterations in 53BP1 pathway genes or their 
expression levels might provide additional biomarkers of emerging 
PARPi resistance in the future. In particular, ctDNA-based detection of 
alterations affecting the genes TP53BP1, RIF1, MAD2L2, SHLD1, SHLD2 
or SHLD3 might offer a non-invasive approach to track DSB repair 
pathway rewiring during treatment130,131. Integrating biomarkers that 
capture the functional state of the 53BP1–BRCA1 axis will be crucial 
for guiding patient stratification and overcoming therapy resistance.

Targeting end-resection regulators
As shieldin and CST inhibit resection through direct nuclease blockade 
and Polα–primase-mediated fill-in synthesis22,28,29,41, enzymes control-
ling these processes are potential targets for restoring repair imbalance 
in PARPi-resistant tumours. One strategy involves targeting nucleases 
and helicases that promote end resection, such as MRE11. Amplifica-
tion of MRE11A observed in PARPi-resistant breast cancers133 highlights 
the potential role of increased nuclease activity in driving resistance.

Conversely, targeting pathways that compensate for HR defi-
ciency when resection is restored may also provide therapeutic ben-
efit. Polymerase theta (Polθ)-mediated microhomology-mediated 
end joining, also called theta-mediated end joining, is an error-prone 
repair pathway that uses short microhomologies to join DNA ends 
and can substitute for HR when canonical recombination is impaired. 
HR-deficient tumours exhibit strong dependence on Polθ activity for 
survival, and emerging Polθ inhibitors are being explored as targeted 
therapeutic agents146–150. In principle, tumours that acquire PARPi 
resistance through alterations in the 53BP1 axis may remain depend-
ent on Polθ-mediated repair. However, clinical evidence supporting 
this hypothesis is currently lacking, as trials of Polθ inhibitors are still 
in early stages (NCT06077877) and biomarker data linking 53BP1 axis 
alterations to therapeutic response have not yet been reported.

Modulating RNA processing to influence repair outcomes
Given the emerging roles of RNA–DNA hybrid structures in the modu-
lation of the accessibility and processing of DNA ends at DSBs94,103,104, 
factors that regulate RNAPII dynamics, RNA–DNA hybrid resolution or 
damage-induced transcription might indirectly influence the balance 
between HR and NHEJ97,100.

Modulating SETX, DDX1, DDX5, RNaseH1, RNaseH2 or XPG- 
dependent RNA processing might alter the formation or resolution 
of R-loops at DNA lesions, thereby influencing RAD51 loading or 
end-resection dynamics. Although the therapeutic potential of this 
approach remains largely unexplored, integrating RNA-mediated 
regulation into our understanding of DSB repair might help to reveal 
new vulnerabilities in tumours with partially restored HR.

Overall, the complexity of repair pathway rewiring in tumours 
emphasizes the need for longitudinal genomic monitoring to 
understand how therapeutic pressures shape DNA repair dependencies.

Conclusions and perspectives
Our Review highlights an exceedingly intricate landscape of DNA 
repair factor interactions, chromatin remodelling, cell-cycle signalling, 
post-translational modifications and dynamic DNA metabolism that 
underpin DSB repair pathway choice. At the centre of this regulatory 
network is the surprisingly complex, multifaceted antagonistic rela-
tionship between the 53BP1 and BRCA1–BARD1 axes, which highlights 
why dysregulation of any of these factors leads to genome instability 
and tumorigenesis. By continuing to delineate the mechanisms of DSB 
repair pathway choice, we will better understand how mutations in 
salient genes lead to disease or resistance to therapy. A major challenge 
now is to define the regulatory nodes that dominate in specific genomic 
and tumour contexts and how these dependencies can be exploited 
therapeutically. This knowledge base will be valuable for stratification 
of patients with cancer based on the nature of the DNA repair defect. 
Importantly, we will also better understand mechanisms of chemothera-
peutic resistance and be able to identify further exploitable synthetically 
lethal modalities and regimens to resensitize otherwise drug-resistant 
tumours to cancer therapeutics. Future advances will continue to be 
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driven by a time-tested multidisciplinary approach encompassing bio-
chemical reconstitution, single-molecule biophysics, structural biology, 
cell biology, proteomics, genomics, and cancer cell and animal models.
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