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Regulation of DNA double-strand break repair pathway choice:
a new focus on 53BP1
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Abstract: Maintenance of cellular homeostasis and genome integrity is a critical responsibility of DNA double-strand break
(DSB) signaling. P53-binding protein 1 (53BP1) plays a critical role in coordinating the DSB repair pathway choice and
promotes the non-homologous end-joining (NHEJ) -mediated DSB repair pathway that rejoins DSB ends. New insights have
been gained into a basic molecular mechanism that is involved in 53BP1 recruitment to the DNA lesion and how 53BP1 then
recruits the DNA break-responsive effectors that promote NHEJ-mediated DSB repair while inhibiting homologous recombination
(HR) signaling. This review focuses on the up- and downstream pathways of 53BP1 and how 53BP1 promotes NHEJ-mediated
DSB repair, which in turn promotes the sensitivity of poly(ADP-ribose) polymerase inhibitor (PARPi) in BRCA1-deficient
cancers and consequently provides an avenue for improving cancer therapy strategies.
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1 Introduction

Preserving genomic integrity and maintaining
cellular homeostasis are crucial functions of DNA
double-strand break (DSB) repair. Any unrepaired
DSBs can trigger cell growth arrest and cell death,
and unrepaired DSBs are potential inducers of onco‐
gene activation and loss of tumor suppressors. Two
mechanistically distinct pathways are involved in the
elimination of DSBs from the genome: homologous
recombination (HR), which requires an identical
DNA template in the sister chromatid for DNA re‐
pair (Heyer et al., 2010), and non-homologous
DNA end-joining (NHEJ), which rejoins the broken
ends without the use of extensive homology (Lieber,
2010). Fully understanding how DNA repair pathway
choice occurs is critical for designing better therapies
for cancer patients. Poly(ADP-ribose) polymerase
inhibitor (PARPi) is commonly used in patients with

breast cancer type 1 susceptibility protein (Brca1) or
Brca2 mutations (Bryant et al., 2005; Farmer et al.,
2005). Surprisingly, two research groups independently
found that loss of p53-binding protein 1 (53bp1) in the
background of Brca1 deficiency could restore HR re‐
pair signaling and render Brca1-deficient tumors resis‐
tant to PARP inhibition treatment, which has made re‐
sistance to PARPi therapy a major problem in clinical
practice (Bouwman et al., 2010; Bunting et al., 2010).

For more than two decades, 53BP1 has been de‐
scribed as an important regulator of DSB signaling.
Studies have revealed that although 53BP1 lacks any
enzymatic activity, it can recruit other responsive pro‐
teins to DNA damage sites to facilitate the NHEJ re‐
pair process. In response to DSBs, 53BP1 rapidly ac‐
cumulates on the chromatin surrounding the DNA
damage site (Schultz et al., 2000; Anderson et al.,
2001; Rappold et al., 2001). This accumulation is
driven by a signaling cascade that originates with
ataxia-telangiectasia mutated (ATM) kinase-mediated
phosphorylation of H2AX (known as γH2AX).
γH2AX binds directly to the mediator of DNA
damage checkpoint protein 1 (MDC1) at the break
site and then activates RING finger protein 8
(RNF8)-RNF168-mediated ubiquitination of chromatin
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(Bekker-Jensen and Mailand, 2011; Lukas et al.,
2011), which induces the 53BP1 recruitment to DNA
lesions. The E3 ubiquitin ligases RNF168 and RNF8
collaborate with ubiquitin-conjugating enzyme E2N
(UBC13), an E2-conjugating enzyme, and with other
E2 enzymes to ubiquitinate the chromatin around the
DNA lesion (Huen et al., 2007; Kolas et al., 2007;
Mailand et al., 2007; Wang and Elledge, 2007; Doil
et al., 2009; Stewart et al., 2009). H2A is a key sub‐
strate of RNF168, which ubiquitinates H2A on its
Lys13 and/or Lys15 in response to DNA damage
(Gatti et al., 2012; Mattiroli et al., 2012). RNF168
and RNF8 are at the spearhead of a complex and dy‐
namic ubiquitination-dependent signaling cascade that
has contact with almost every DSB responsive phase,
including damage checkpoint activation, chromatin
remodeling, transcriptional silencing, and DNA re‐
pair (Goodarzi and Jeggo, 2013).

The ionizing radiation-induced foci (IRIF) re‐
gion of 53BP1, necessary for recruitment of 53BP1 to
DSBs, contains the ubiquitin-dependent recruitment
(UDR) motif, a tandem Tudor domain, and an oligo‐
merization domain (Iwabuchi et al., 2003; Charier
et al., 2004; Fradet-Turcotte et al., 2013). The Tudor
domain binds H4K20me2 while the UDR motif binds
H2AK15Ub. It has been demonstrated that the roles
of 53BP1 in DNA repair depend on its accumulation
in DNA damage sites via recognition of H4K20me2
(Botuyan et al., 2006; Fradet-Turcotte et al., 2013).

In this review, we highlight 53BP1 as a key
determinant of DSB repair pathway choice. In particular,
we focus on discoveries that have shed light on how
post-transcriptional modifications (PTMs) and upstream
factors regulate 53BP1 in the DNA damage response
and how 53BP1 induces the downstream responsive
effectors involved in the NHEJ signaling pathways.

2 53BP1 structure and interaction partners

53BP1 is a large protein of 1972 amino acids
and with more than a 200-kD mass which is trans-
lated by the TP53BP1 gene (Adams and Carpenter,
2006; Panier and Boulton, 2014). Although 53BP1
does not show any enzymatic activity, it consists of
multiple interaction surfaces for DSB-responsive pro‐
teins. Important structural regions of 53BP1 consist of
tandem Tudor domains, a dynein 8-kD light chain

binding motif, a glycine-arginine-rich stretch, two
BRCA1 carboxyl-terminal (BRCT) domains, and 28
amino-terminal Ser/Thr-Gln sites, which are phos‐
phorylated by ATM kinase (Adams and Carpenter,
2006).

Three proteins that rely on 53BP1 for their re‐
cruitments to DNA damage sites are EXPAND1
(known as mutated melanoma-associated antigen 1
(MUM1)), which binds to the BRCT domains of
53BP1 in a phosphorylation-independent manner
(Huen et al., 2010), and replication timing regulatory
factor 1 (RIF1) and Pax transactivation domain-
interacting protein (PTIP), which interact with the
53BP1 N-terminal Ser/Thr-Gln sites in an ATM-
dependent manner (Munoz et al., 2007; Chapman
et al., 2013) (Fig. 1).

3 Roles of 53BP1 in DSB repair pathway
choice

Several milestone studies have shown that
53BP1 plays a determinant role in DSB repair path‐
way choice and in improving the fidelity of DSB re‐
pair (Heyer et al., 2010; Lieber, 2010; Chapman et al.,
2012a). The repair pathway selection decision is cru‐
cial for maintaining genome integrity and is precisely
regulated during different cell cycle phases (Chapman
et al., 2012b).

Fig. 1 Regulation and binding proteins of 53BP1.
53BP1: p53-binding protein 1; ATM: ataxia-telangiectasia
mutated; BRCT: BRCA1 carboxyl-terminal; IRIF: ioniz‐
ing radiarion-induced foci; MDC1: mediator of DNA dam‐
age checkpoint protein 1; P: phosphorylated; PTIP: Pax
transactivation domain-interacting protein; pH2AX:
phospho-histone H2AX; RNF: RING finger protein; RIF1:
regulatory factor 1; Ub: ubiquitin; UDR: ubiquitination-
dependent recruitment motif.
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(Bekker-Jensen and Mailand, 2011; Lukas et al.,
2011), which induces the 53BP1 recruitment to DNA
lesions. The E3 ubiquitin ligases RNF168 and RNF8
collaborate with ubiquitin-conjugating enzyme E2N
(UBC13), an E2-conjugating enzyme, and with other
E2 enzymes to ubiquitinate the chromatin around the
DNA lesion (Huen et al., 2007; Kolas et al., 2007;
Mailand et al., 2007; Wang and Elledge, 2007; Doil
et al., 2009; Stewart et al., 2009). H2A is a key sub‐
strate of RNF168, which ubiquitinates H2A on its
Lys13 and/or Lys15 in response to DNA damage
(Gatti et al., 2012; Mattiroli et al., 2012). RNF168
and RNF8 are at the spearhead of a complex and dy‐
namic ubiquitination-dependent signaling cascade that
has contact with almost every DSB responsive phase,
including damage checkpoint activation, chromatin
remodeling, transcriptional silencing, and DNA re‐
pair (Goodarzi and Jeggo, 2013).

The ionizing radiation-induced foci (IRIF) re‐
gion of 53BP1, necessary for recruitment of 53BP1 to
DSBs, contains the ubiquitin-dependent recruitment
(UDR) motif, a tandem Tudor domain, and an oligo‐
merization domain (Iwabuchi et al., 2003; Charier
et al., 2004; Fradet-Turcotte et al., 2013). The Tudor
domain binds H4K20me2 while the UDR motif binds
H2AK15Ub. It has been demonstrated that the roles
of 53BP1 in DNA repair depend on its accumulation
in DNA damage sites via recognition of H4K20me2
(Botuyan et al., 2006; Fradet-Turcotte et al., 2013).

In this review, we highlight 53BP1 as a key
determinant of DSB repair pathway choice. In particular,
we focus on discoveries that have shed light on how
post-transcriptional modifications (PTMs) and upstream
factors regulate 53BP1 in the DNA damage response
and how 53BP1 induces the downstream responsive
effectors involved in the NHEJ signaling pathways.

2 53BP1 structure and interaction partners

53BP1 is a large protein of 1972 amino acids
and with more than a 200-kD mass which is trans-
lated by the TP53BP1 gene (Adams and Carpenter,
2006; Panier and Boulton, 2014). Although 53BP1
does not show any enzymatic activity, it consists of
multiple interaction surfaces for DSB-responsive pro‐
teins. Important structural regions of 53BP1 consist of
tandem Tudor domains, a dynein 8-kD light chain

binding motif, a glycine-arginine-rich stretch, two
BRCA1 carboxyl-terminal (BRCT) domains, and 28
amino-terminal Ser/Thr-Gln sites, which are phos‐
phorylated by ATM kinase (Adams and Carpenter,
2006).

Three proteins that rely on 53BP1 for their re‐
cruitments to DNA damage sites are EXPAND1
(known as mutated melanoma-associated antigen 1
(MUM1)), which binds to the BRCT domains of
53BP1 in a phosphorylation-independent manner
(Huen et al., 2010), and replication timing regulatory
factor 1 (RIF1) and Pax transactivation domain-
interacting protein (PTIP), which interact with the
53BP1 N-terminal Ser/Thr-Gln sites in an ATM-
dependent manner (Munoz et al., 2007; Chapman
et al., 2013) (Fig. 1).

3 Roles of 53BP1 in DSB repair pathway
choice

Several milestone studies have shown that
53BP1 plays a determinant role in DSB repair path‐
way choice and in improving the fidelity of DSB re‐
pair (Heyer et al., 2010; Lieber, 2010; Chapman et al.,
2012a). The repair pathway selection decision is cru‐
cial for maintaining genome integrity and is precisely
regulated during different cell cycle phases (Chapman
et al., 2012b).

Fig. 1 Regulation and binding proteins of 53BP1.
53BP1: p53-binding protein 1; ATM: ataxia-telangiectasia
mutated; BRCT: BRCA1 carboxyl-terminal; IRIF: ioniz‐
ing radiarion-induced foci; MDC1: mediator of DNA dam‐
age checkpoint protein 1; P: phosphorylated; PTIP: Pax
transactivation domain-interacting protein; pH2AX:
phospho-histone H2AX; RNF: RING finger protein; RIF1:
regulatory factor 1; Ub: ubiquitin; UDR: ubiquitination-
dependent recruitment motif.
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3.1 53BP1-mediated NHEJ pathway

As an important component involved in cellular
response to DNA damage, 53BP1 participates in
DNA damage checkpoint control and DNA repair
(Abraham, 2002; Fitzgerald et al., 2009; van Gent,
2009). Subsequent studies have indicated that a loss
of 53bp1 restores HR repair resulting in rescuing em‐
bryonic lethality in Brca1-knockout mice (Bouwman
et al., 2010; Bunting et al., 2010). Moreover, loss of
53bp1 renders Brca1-deficient cells resistant to PARPi
(Bouwman et al., 2010; Bunting et al., 2010). These
significant observations suggest that 53BP1 may coun‐
teract HR repair in BRCA1-deficient cells. The cur‐
rent hypothesis is that BRCA1- and 53BP1-dependent
pathways compete with each other during the early
steps of HR repair, especially at DNA end resection.
While BRCA1 promotes DNA end resection, 53BP1
may suppress end resection and therefore promote
NHEJ and prevent HR repair. However, 53BP1 is an
adaptor protein that recruits other proteins to sites of
DNA breaks to facilitate NHEJ repair, which com‐
petes with BRCA1-dependent HR-mediated DNA
repair. In the past few years, 53BP1-dependent DNA
repair pathway was well established, which consists
of two downstream sub-pathways that are respectively
mediated by RIF1-REV7 and PTIP-Artemis (Callen
et al., 2013; Chapman et al., 2013; di Virgilio et al.,
2013; Escribano-Díaz et al., 2013; Feng et al., 2013;
Zimmermann et al., 2013; Wang et al., 2014; Boers‐
ma et al., 2015; Xu et al., 2015). Very recently, several
groups reported that the Shieldin complex acts as the
downstream effector of 53BP1/RIF1/REV7 to restrict
DSB resection and counteract HR (Dev et al., 2018;
Ghezraoui et al., 2018; Gupta et al., 2018; Mirman
et al., 2018; Noordermeer et al., 2018; Tomida et al.,
2018). These two sub-pathways may have overlapping
functions, but both are involved in the suppression
of HR repair in BRCA1-deficient cells.

3.2 BRCA1-mediated HR pathway

When DSBs occur, a process termed DNA end
resection is activated. End resection produces extensive 3'
single-strand overhang, which is a key step in determining
repair pathway choice, since ends that bear long 3' DNA
tails are destined for HR repair, while at the same time
such ends are not substrates for NHEJ and therefore
would prevent NHEJ repair. BRCA1 promotes DNA end
resection and mediates the HR repair pathway.

A critical question is how BRCA1 overcomes
the barrier to resection that is enforced by 53BP1.
53BP1 is phosphorylated by ATM kinase in the S
phase, which promotes RIF1 recruitment at DSBs and
inhibits DNA end-resection. Isono et al. (2017) have
shown that BRCA1 promotes 53BP1 dephosphoryla‐
tion by PP4C phosphatase and RIF1 release, thus fa‐
cilitating end resection to mediate HR repair. 53BP1
acetylation has also been implicated in the choice of
DNA repair pathways. CREB-binding protein (CBP)-
mediated acetylation of 53BP1 inhibits the recruit‐
ment of 53BP1 and its downstream factors PTIP and
RIF1 to DSBs, which suppresses NHEJ repair and
promotes BRCA1-mediated HR repair (Guo et al.,
2018). The meiotic recombination 11 (MRE11)/DNA
repair protein RAD50 homolog (RAD50)/Nijmegen
breakage syndrome 1 (NBS1) (MRN)-CTBP-interacting
protein (CtIP) pathway may potentially promote HR
repair in a BRCA1-dependent manner. CtIP has been
shown to inhibit RIF1 end resection blocking activity
in the S/G2 phase (Escribano-Díaz et al., 2013; Zim‐
mermann et al., 2013). Recent studies demonstrate
that CtIP promotes end resection and mediates the
rescue of genomic stability of mouse Brca1/53bp1-
deficient cells (Polato et al., 2014).

4 Upstream regulators of 53BP1 in DSB
signaling

As described above, 53BP1 is recruited to the
DNA damage sites, a process depends on the Tudor
domain of 53BP1 recognizing the lysine methylation
of histone.

4.1 53BP1 recruitment to chromatin regulated by
Tudor-interacting repair regulator (TIRR)

A new protein was recently identified in the
53BP1 signaling pathway (Drané et al., 2017; Zhang
et al., 2017; Botuyan et al., 2018; Dai et al., 2018;
Wang et al., 2018). NUDT16L1, now known as the
TIRR, which is a member of the family of nucleoside
diphosphate-linked moiety X (Nudix) hydrolases, was
shown to interact with and regulate the activity of the
IRIF region of 53BP1 (Drané et al., 2017; Zhang et al.,
2017). At a DSB, the DNA ends are marked with his‐
tones H4K20me2 and H2AK15ub, which are specific
targets of 53BP1. The unique function of TIRR is that

40



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(1):38-46 |

it can directly bind the tandem Tudor domain of
53BP1, which prevents the binding of 53BP1 to
H4K20me. Moreover, upon DNA damage, ATM phos‐
phorylates 53BP1 and recruits RIF1 to dissociate the
53BP1-TIRR complex from chromatin, which al‐
lows 53BP1 to recognize H4K20me2 and direct the
repair path choice toward the NHEJ pathway. Fur‐
ther observations support the finding that the interac‐
tion between 53BP1 and TIRR is of great impor‐
tance for the activation of HR in BRCA1-deficient
cells, which provides opportunities for developing
novel chemotherapeutics (Wang et al., 2018). X-ray
crystallography of TIRR-53BP1 reveals that a TIRR
arginine (Arg107) residue can mask 53BP1’s histone
methyllysine-binding surface (Drané et al., 2017;
Botuyan et al., 2018). The TIRR amino-terminal re‐
gion combined with the TIRR L8-loop can prevent
the methylation reader joining surface in Tudor of
53BP1, which in turn abolishes 53BP1 recruitment
to nucleosomes bearing H4K20me2 (Dai et al., 2018).
Further, because TIRR is an RNA-binding protein
and non-coding RNAs have been implicated in the
recruitment of 53BP1 to DSBs, researchers have
wondered whether RNA molecules formed in the
DNA damage response can disassemble the 53BPl-
TIRR complex. X-ray crystallography and biochem‐
istry assay have demonstrated that RNA molecules
do disassemble the 53BP1-TIRR complex, which in‐
dicates that RNA molecules could act as a trigger for
53BP1 recruitment to chromatin in response to DNA
damage (Botuyan et al., 2018).

In summary, on the one hand, TIRR stabilizes
the 53BP1 protein level; depletion of TIRR decreases
nuclear-soluble 53BP1 and weakens the association
of 53BP1 with its binding partners (Zhang et al.,
2017). On the other hand, overexpression of TIRR
eliminates the association of H4K20me2 and 53BP1,
which consequently suppresses the recruitment of
53BP1 to DSBs, thus disrupting 53BP1-dependent
DNA repair (Drané et al., 2017; Botuyan et al., 2018).

4.2 Poly-ADP ribosylation of 53BP1 regulated
by NUDT16

Recently, researchers have identified a novel
post-translational modification of 53BP1 by ADP-
ribosylation that is driven by the Nudix enzyme,
NUDT16. NUDT16 has been shown to have in vitro
hydrolase activity that removes protein ADP-

ribosylation (Palazzo et al., 2015). Nudix proteins are
characterized by a highly conserved 23-amino acid
Nudix motif, GX5EX7REUXEEXGU, where U is an
aliphatic or hydrophobic residue (McLennan, 2006).
Zhang et al. (2020) have found that NUDT16 regu‐
lates the poly-ADP ribosylation of 53BP1, which is
targeted by the poly(ADP-ribose) (PAR)-binding E3
ubiquitin ligase, RNF146, leading to 53BP1 poly-
ubiquitination and degradation. Overexpression of
a catalytically inactive NUDT16 mutant prevented
53BP1 recruitment to DSBs. Because mutant NUDT16
binding of TIRR increased after DNA damage, TIRR/
53BP1 Tudor binding was enhanced, thus impair‐
ing interaction of the 53BP1 Tudor domain with
H4K20me2 (Zhang et al., 2020).

TIRR and NUDT16 both belong to the Nudix
hydrolase family and share a 46% sequence identity
with each other. However, TIRR lacks an intact Nudix
domain, which is essential for NUDT16 hydrolysis
activity. Structural comparisons reveal that a TIRR
histidine (H106) essential for TIRR-53BP1 Tudor
binding is absent from NUDT16 (Dai et al., 2018;
Wang et al., 2018). The specificity of 53BP1 Tudor
recognition by TIRR is unlikely to be conferred by
the Nudix domain because this domain is located far
from the binding interface of TIRR/53BP1 Tudor.

Although these two upstream regulators of
53BP1 stabilize the 53BP1 protein, their mechanisms
for regulating 53BP1 in the DNA damage response
differ. Firstly, NUDT16, but not TIRR, shows hydro‐
lase activity that could remove ADP-ribosylation
from 53BP1, which protects 53BP1 from ADP-
ribosylation-dependent ubiquitination and degrada‐
tion. Secondly, TIRR overexpression inhibits 53BP1
localization to DSBs by blocking its H4K20me2-
binding sites, whereas NUDT16 does not affect 53BP1
foci formation after irradiation. NUDT16 also lacks
the binding residue critical for binding with 53BP1,
which facilitates TIRR directly binding with the Tudor
domain of 53BP1 (Zhang et al., 2020) (Fig. 2).

5 Downstream effectors of 53BP1 in the
NHEJ pathway

53BP1 also regulates DSB repair by suppress‐
ing the nucleolytic resection of DNA termini, which
controls two downstream sub-pathways that are
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regulated by the RIF1-REV7/Shieldin complex and

PTIP-Artemis, respectively (Fig. 3).

5.1 Cooperation between 53BP1 and RIF1-REV7/
Shieldin complex in NHEJ repair

A major step forward in our understanding of
how 53BP1 promotes NHEJ signaling came with
the discovery that 53BP1 cooperates with RIF1 to
promote NHEJ and inhibit HR repair signaling (Chap‐
man et al., 2013; di Virgilio et al., 2013; Escribano-
Díaz et al., 2013; Feng et al., 2013; Zimmermann
et al., 2013).

Several observations have shown that RIF1
binds to 53BP1 directly in a DNA damage-dependent
manner (di Virgilio et al., 2013). 53BP1 coimmuno‐
precipitates with RIF1 and recruits RIF1 to the DNA
damaged sites by its N-terminal domain, which con‐
tains multiple ATM-phosphorylated Ser/ThrGln sites
(Chapman et al., 2013; di Virgilio et al., 2013;
Escribano-Díaz et al., 2013; Feng et al., 2013;
Zimmermann et al., 2013). Furthermore, similarly to
the conditional ablation of 53BP1, conditional abla‐
tion of mouse Rif1 specifically in B cells resulted in
a profound defect in class switch recombination
(Manis et al., 2004; Ward et al., 2004; Chapman et al.,
2013).

Although the NHEJ of dysfunctional telomeres
is abolished in cells lacking 53BP1 and in cells ex‐
pressing 53BP128A (an allele harboring alanine substitu‐
tions in all 28 N-terminal ATM/ATM and Rad3-related
(ATR) sites) (Lottersberger et al., 2013), loss of RIF1
exerts a considerably milder defect. Moreover, al‐
though the generation of toxic radial chromosomes in
Brca1-deficient cells is inhibited in 53bp1−/− or in
53BP128A-mutant cells, the loss of RIF1 only partially
rescues HR repair in BRCA1-deficient cells (Bouw‐
man et al., 2010; Bunting et al., 2010, 2012; Bothmer
et al., 2011).

The function of 53BP1 requires interactions with
PTIP (Munoz et al., 2007) and RIF1, the latter of
which recruits REV7 (also known as MAD2L2) to
DSB sites (Boersma et al., 2015; Xu et al., 2015).
Recently, in several persuasive studies, a number of
groups have identified a novel protein complex,
named Shieldin, that is a downstream effector of
53BP1-RIF1, which protects DNA ends from resec‐
tion and facilitates the 53BP1-dependent NHEJ repair
pathway (Dev et al., 2018; Ghezraoui et al., 2018;
Gupta et al., 2018; Mirman et al., 2018; Noordermeer
et al., 2018). Shieldin, a four-subunit single-stranded
DNA (ssDNA)-binding complex, consists of SHLD1

Fig. 2 Regulation of 53BP1 by TIRR and NUDT16.
53BP1: p53-binding protein 1; BRCT: BRCA1 carboxyl-
terminal; IRIF: ionizing radiation-induced foci; NUDT16:
nudix hydrolase 16; P: phosphorylated; PAR: poly(ADP-
ribose); TIRR: Tudor-interacting repair regulator; Ub:
ubiquitin; UDR: ubiquitin-dependent recruitment.

Fig. 3 Regulation of double-strand break repair pathway
choice. 53BP1: p53-binding protein 1; BRCA1: breast
cancer type 1 susceptibility protein; CCDC98: coiled-coil
domain-containing protein 98; HR: homologous recombi‐
nation; MDC1: mediator of DNA damage checkpoint pro‐
tein 1; NHEJ: non-homologous end-joining; pH2AX:
phospho-histone H2AX; P: phosphorylated; PTIP: Pax
transactivation domain-interacting protein; RAP80: re‐
ceptor associated protein 80; RIF1: replication timing
regulatory factor 1; RNF: RING finger protein; Ub: ubiq‐
uitin; UIM: ubiquitin-interacting motif.

(known as RINN3 or C20ORF196), SHLD2 (known
as RINN2 or FAM35A), SHLD3 (known as RINN1
or CTC-534A2.2), and REV7. Among these subunits,
SHLD3 is the most apical component, bridging REV7
to RIF1 and filling the gap in the 53BP1-RIF1-REV7
axis (Gupta et al., 2018; Noordermeer et al., 2018;
Setiaputra and Durocher, 2019). Because of this,
REV7 and SHLD3 form a subcomplex that is re‐
quired for the DSB recruitment unit whereas SHLD1,
along with SHLD2, acts as the ssDNA-binding mod‐
ule within the complex. 53BP1-RIF1-Shieldin regu‐
lates the 3' overhangs through the CTC1-STN1-TEN1
(CST) complex, which functions as an accessory fac‐
tor for polymerase-α -primase, and is a downstream
effector in the 53BP1 pathway. CST-Pola-mediated
fill-in helps to regulate DSB repair by the 53BP1-
RIF1-Shieldin axis (Mirman et al., 2018).

Further, crystal structure analysis of REV7 in
complex with the REV7-binding domain of SHLD3
has revealed that SHLD3 binds with REV7 via the
SHLD3 N-terminal loop and C-terminal helix, which
provides critical insight into how SHLD3 recognizes
REV7 (Dai et al., 2020). Taken together, 53BP1-RIF1
recruits the Shieldin complex to DNA damage sites
and mediates NHEJ-related repair of immunoglobulin
class-switch recombination, fusion of unprotected
telomeres and intrachromosomal breaks. The Shieldin
complex acts as a downstream effector of 53BP1-
RIF1 to limit DNA end resection and cause BRCA1-
deficient cells to be sensitive to PARPi.

5.2 PTIP-Artemis complex mediates 53BP1-
dependent DNA repair

As described above, RIF1 is one of the critical
factors acting as a downstream effector of 53BP1,
and it antagonizes the BRCA1 function in DNA re‐
pair. However, the level of resection rescued by
RIF1 loss is insufficient to rescue the HR defect in
BRCA1-deficient cells. Callen et al. (2013) have
revealed that depletion of PTIP provides additional or
sustained end resection that is required for rescuing
HR repair in BRCA1-deficient cells, which indicates
that RIF1 and PTIP may act together and/or inhibit dif‐
ferent resection steps during HR repair.

PTIP is a ubiquitously expressed nuclear protein
that individualistically regulates transcription as part
of the MLL3-MLL4 methyltransferase complex that
catalyzes H3K4me3 (Cho et al., 2007; Munoz et al.,

2007). In addition to its well-known function in tran‐
scription initiation, a separate PTIP pool performs an
unknown capacity in the DNA damage response
(Gong et al., 2009). Indeed, PTIP has been described
in both HR (Wang et al., 2010) and NHEJ (Callen
et al., 2012). PTIP contains BRCT repeats that directly
interact with phosphorylated Ser25 of 53BP1 in an
ATM-dependent manner (Manke et al., 2003; Yu
et al., 2003; Munoz et al., 2007). Unlike RIF1, PTIP
is dispensable for NHEJ during class-switch recombi‐
nation, but the loss of PTIP represses toxic NHEJ-
mediated DSB repair in BRCA1-defiecient cells and
restores RAD51 foci (Callen et al., 2013).

PTIP participates in NHEJ repair and in pre‐
venting HR repair by recruiting a bona fide NHEJ
protein, Artemis, to sites of DNA damage (Wang
et al., 2014). Artemis is an evolutionally conserved
nuclease that possesses endonuclease activity (Ma
et al., 2002). Artemis is a component of the NHEJ
pathway, which directly binds to PTIP and accumu‐
lates at DNA damage sites (Wang et al., 2014). The
interaction of Artemis and PTIP is induced by DNA
damage and phosphorylation dependence. Its endo‐
nuclease activity permits Artemis to trim DNA ends
to promote NHEJ and, consequently, at the same
time to prevent end resection and RAD51-dependent
HR repair (Wang et al., 2014).

6 Concluding remarks

DNA damage induces a serious threat to genome
integrity, and therefore cells have evolved elegant
DNA damage response mechanisms to protect their
genome stability.

The choice of repair pathways is a crucial step
during DSB processing that involves several compo‐
nents such as epigenetic alterations, cell cycle phases,
and the DNA end resection. 53BP1, in conjunction
with its upstream regulators and downstream effec‐
tors, spearheads the restraints of end resection to an‐
tagonize BRCA1-mediated HR repair, and conse‐
quently promote the NHEJ pathway.

Deeper knowledge of up- and downstream regula‐
tions of 53BP1 will improve our understanding of how
the 53BP1 repair pathway operates in the cell to facili‐
tate DNA repair and through it, mechanisms of cancer-
associated PARPi resistance. In the future, this direction
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(known as RINN3 or C20ORF196), SHLD2 (known
as RINN2 or FAM35A), SHLD3 (known as RINN1
or CTC-534A2.2), and REV7. Among these subunits,
SHLD3 is the most apical component, bridging REV7
to RIF1 and filling the gap in the 53BP1-RIF1-REV7
axis (Gupta et al., 2018; Noordermeer et al., 2018;
Setiaputra and Durocher, 2019). Because of this,
REV7 and SHLD3 form a subcomplex that is re‐
quired for the DSB recruitment unit whereas SHLD1,
along with SHLD2, acts as the ssDNA-binding mod‐
ule within the complex. 53BP1-RIF1-Shieldin regu‐
lates the 3' overhangs through the CTC1-STN1-TEN1
(CST) complex, which functions as an accessory fac‐
tor for polymerase-α -primase, and is a downstream
effector in the 53BP1 pathway. CST-Pola-mediated
fill-in helps to regulate DSB repair by the 53BP1-
RIF1-Shieldin axis (Mirman et al., 2018).

Further, crystal structure analysis of REV7 in
complex with the REV7-binding domain of SHLD3
has revealed that SHLD3 binds with REV7 via the
SHLD3 N-terminal loop and C-terminal helix, which
provides critical insight into how SHLD3 recognizes
REV7 (Dai et al., 2020). Taken together, 53BP1-RIF1
recruits the Shieldin complex to DNA damage sites
and mediates NHEJ-related repair of immunoglobulin
class-switch recombination, fusion of unprotected
telomeres and intrachromosomal breaks. The Shieldin
complex acts as a downstream effector of 53BP1-
RIF1 to limit DNA end resection and cause BRCA1-
deficient cells to be sensitive to PARPi.

5.2 PTIP-Artemis complex mediates 53BP1-
dependent DNA repair

As described above, RIF1 is one of the critical
factors acting as a downstream effector of 53BP1,
and it antagonizes the BRCA1 function in DNA re‐
pair. However, the level of resection rescued by
RIF1 loss is insufficient to rescue the HR defect in
BRCA1-deficient cells. Callen et al. (2013) have
revealed that depletion of PTIP provides additional or
sustained end resection that is required for rescuing
HR repair in BRCA1-deficient cells, which indicates
that RIF1 and PTIP may act together and/or inhibit dif‐
ferent resection steps during HR repair.

PTIP is a ubiquitously expressed nuclear protein
that individualistically regulates transcription as part
of the MLL3-MLL4 methyltransferase complex that
catalyzes H3K4me3 (Cho et al., 2007; Munoz et al.,

2007). In addition to its well-known function in tran‐
scription initiation, a separate PTIP pool performs an
unknown capacity in the DNA damage response
(Gong et al., 2009). Indeed, PTIP has been described
in both HR (Wang et al., 2010) and NHEJ (Callen
et al., 2012). PTIP contains BRCT repeats that directly
interact with phosphorylated Ser25 of 53BP1 in an
ATM-dependent manner (Manke et al., 2003; Yu
et al., 2003; Munoz et al., 2007). Unlike RIF1, PTIP
is dispensable for NHEJ during class-switch recombi‐
nation, but the loss of PTIP represses toxic NHEJ-
mediated DSB repair in BRCA1-defiecient cells and
restores RAD51 foci (Callen et al., 2013).

PTIP participates in NHEJ repair and in pre‐
venting HR repair by recruiting a bona fide NHEJ
protein, Artemis, to sites of DNA damage (Wang
et al., 2014). Artemis is an evolutionally conserved
nuclease that possesses endonuclease activity (Ma
et al., 2002). Artemis is a component of the NHEJ
pathway, which directly binds to PTIP and accumu‐
lates at DNA damage sites (Wang et al., 2014). The
interaction of Artemis and PTIP is induced by DNA
damage and phosphorylation dependence. Its endo‐
nuclease activity permits Artemis to trim DNA ends
to promote NHEJ and, consequently, at the same
time to prevent end resection and RAD51-dependent
HR repair (Wang et al., 2014).

6 Concluding remarks

DNA damage induces a serious threat to genome
integrity, and therefore cells have evolved elegant
DNA damage response mechanisms to protect their
genome stability.

The choice of repair pathways is a crucial step
during DSB processing that involves several compo‐
nents such as epigenetic alterations, cell cycle phases,
and the DNA end resection. 53BP1, in conjunction
with its upstream regulators and downstream effec‐
tors, spearheads the restraints of end resection to an‐
tagonize BRCA1-mediated HR repair, and conse‐
quently promote the NHEJ pathway.

Deeper knowledge of up- and downstream regula‐
tions of 53BP1 will improve our understanding of how
the 53BP1 repair pathway operates in the cell to facili‐
tate DNA repair and through it, mechanisms of cancer-
associated PARPi resistance. In the future, this direction
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of research will offer new targets for improving cancer
therapy and overcome therapeutic resistance.
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