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Abstract

The p53-binding protein 1 (53BP1) is a well-known DNA damage response (DDR) factor, which
is recruited to nuclear structures at the site of DNA damage and forms readily visualized ionizing
radiation (IR) induced foci. Depletion of 53BP1 results in cell cycle arrest in Go/M phase as well
as genomic instability in human as well as mouse cells. Within the DNA damage response
mechanism, 53BP1 is classified as an adaptor/mediator, required for processing of the DNA
damage response signal and as a platform for recruitment of other repair factors. More recently,
specific 53BP1 contributions to DSB repair pathway choice have been recognized and are being
characterized. In this review, we have summarized recent advances in understanding the role of
53BP1 in regulating DNA DSBs repair pathway choice, variable diversity joining [V(D)J]
recombination and class-switch recombination (CSR).

INTRODUCTION

Double-strand breaks (DSBs) in DNA are a significant threat to genomic stability and
cellular viability (1-6). Double-strand breaks arise from both endogenous and exogenous
sources, including oxygen radicals, replication errors, chemical mutagens and ionizing
radiation (IR). Timely signaling to recognize damage and initiate cellular repair of DSBs
with appropriate fidelity is critical for genome maintenance (7) as unrepaired DSBs can lead
to cancer, accelerated aging and immune deficiency (3, 8, 9). Two distinct pathways, non-
homologous end-joining (NHEJ) and homologous recombination (HR), have evolved to
repair DSBs. The non-homologous end-joining repair ligates DNA ends together with little
or no requirement for intrastrand homology while HR uses the homologous sequence from
an undamaged sister chromatid/chromosome as a template to synthesize a new strand of
DNA during repair. The requirement for a sister chromatid or homologous chromosome
during HR (10) means these repair pathways have some cell cycle specificity (3) with HR
repair mostly limited to S and G, phase cells (13). While the NHEJ repair pathway can
function throughout the cell cycle and is the predominant pathway in G4 cells (11, 12). The
HR pathway is also the primary means for repair of spontaneous DSBs that arise due to
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collapsed DNA replication forks (14, 15). The DNA damage response (DDR) pathways are
signal transduction pathways that are initiated by DNA damage sensors followed by
mediator and effector activation (16, 17). Known DDR mediator/adaptor proteins include
MDC1 (mediator of DNA Damage Checkpoint 1), 53BP1, BRCA1 (Breast Cancer 1, early
onset), TOPBP1 (Topoisomerase lI-binding protein 1) and Claspin (17).

Domain Structure and Functions of 53BP1

53BP1 is a large (350 kD) multi-domain protein (Fig. 1) that was initially identified by a
yeast two-hybrid screen using p53 as the bait protein. The protein binds to p53 through its
tandem COOH-terminal BRCT (Brcal carboxyl-terminus) repeats (18), which are DDR
specific domains. Other 53BP1 domains that have been identified and characterized are the
chromatin-binding Tudor domain, an OLIG (oligomerization) domain, GAR (glycine-
arginine rich) domain, two tandem BRCT domains and an N-terminal domain containing 28
SQ/TQ elements (Fig. 1) (19). The N-terminal S/T-Q residues of 53BP1 are ATM dependent
phosphorylation sites required for RIF1 (Rapl-interacting factor 1) and PTIP (Pax
transactivation domain-interacting protein) recruitment to DNA DSB sites (20-23).

The 53BP1 tudor domain specifically binds histone H4 dimethylated lysine-20
(H4K20me2), for localization to damage sites (24-27). The specificity of 53BP1-
H4K20me2 binding was confirmed by both nuclear magnetic resonance (NMR) and X-ray
crystallography spectroscopy studies (28). Moreover, a W1494A substitution within the
tudor domain abolishes IR-induced 53BP1 focus formation (24). While the tudor domain is
necessary for IR-induced focus formation, it is not sufficient for efficient 53BP1 recruitment
to DSB sites, as it has been demonstrated that the OLIG (oligomerization) and RCTD
(Region C to terminal of tudor domain) domains also facilitate DSB recognition (28).
Region C to terminal of tudor domain (RCTD) is a 15 amino acid long C-terminal extension
of the tudor domain. Chromatin histone H4K20me2 levels are unaltered in response to DNA
damage (29), suggesting that the higher-order changes in chromatin structure induced by
DSBs expose embedded H4K20me?2 sites enabling 53BP1 recruitment to DSBs (24, 28, 30).
Recent studies have demonstrated that RNF168 (RING finger protein 168) dependent
ubiquitination of histones H2A and H2AX also facilitates 53BP1 recruitment to DNA
damage sites (31). Thus, 53BP1 probably simultaneously recognizes mono-nucleosomes
containing H2A ubiquitinated on lysine 15 (H2A K15Ub) and dimethylated H4K20
(H4K20me?2). 53BP1 binds to nucleosomes as a dimer using its methyl-lysine-binding tudor
domain and a carboxy-terminal extension (31). The tudor and RCTD domains are both
defined as the ubiquitination dependent recruitment (UDR) motif. 53BP1 is described as a
bivalent histone modification reader that recognizes a histone ‘code’ (32) produced by DSB
signaling (31). 53BP1 also binds to methylated histone H3K79, but binding to H3K79me or
H4K20me2 is mutually exclusive during DDR (28). The 53BP1 glycine-arginine rich
(GAR) domain is a site for protein arginine methyltransferase (PRMT) — dependent
methylation (33). BRCAL carboxy-terminus (BRCT) domains are phospho-group binding
motifs that mediate protein-protein interactions. The BRCT domains of 53BP1 are not
required for 53BP1 recruitment to DNA DSB sites nor do they bind to phosphorylated
histone H2AX (y-H2AX) (34), an early marker of DSBs. However, phospho-H2AX is
required for the recruitment of 53BP1 to DNA DSB sites (35, 36). The 53BP1-BRCT
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domains mediate the interaction between 53BP1 and EXPANDL, a protein shown to
promote chromatin changes after DNA damage and facilitate DSB repair (37).

53BP1 Determines DSB Repair Pathway Choice

53BP1 is a key DNA repair factor since the association of 53BP1 with DSBs in G, promotes
NHEJ (Fig. 2) (12, 38-40) and plays a pivotal role in defining DSB repair pathway choice in
the G1 and S/G, phases cell cycle (33). The NHEJ is the major repair pathway in G cells
due to lack of sister chromatids for HR (3, 4). Double-strand break repair by NHEJ promotes
a direct ligation of the two broken DNA ends. The initial end recognizing components of the
NHEJ pathway, the Ku70-Ku80/86 (Ku) heterodimer and the DNA dependent protein
kinase catalytic subunit (DNA-PKcs), act in concert with ataxia telangiectasia mutated
(ATM), Mrell, Rad50 and NBS1 (MRN), MDC1, RNF8 (ring finger protein 8, E3
ubiquitin-protein ligase) and XRCC4 (X-ray repair cross-complementing protein 4) -L1G4
(ligase 4) complex. 53BP1 does not affect the initial processing of DNA ends by Ku
heterodimer, H2AX phosphorylation by ATM/DNA-PKcs or the loading of MDC1 on vy-
H2AX. Rather, 53BP1 acts as a mediator for the loading of other subsequent repair factors.
The association of 53BP1 with DSBs in G, promotes NHEJ, V(D)J and CSR (Fig. 2) (12,
38-40).

The HR for DSB repair pathway requires a homology template and is initiated by DNA 5'-
end resection. The initial processing of the DSB ends is a key determinant of DSB repair
pathway choice and is tightly regulated during the cell cycle (41). End resection is initiated
by MRN complex and facilitated by CtBP-interacting protein (CtIP) (42, 43). A more
extensive end resection is subsequently carried out by DNA replication ATP-dependent
helicase-like homolog (DNAZ2); Exonuclease 1(EXO1); and Bloom Syndrome gene product
a RecQ helicase family member (BLM) that generates longer single-stranded DNA (ssDNA)
stretches (44, 45). Binding of replication protein A (RPA) to the exposed ssDNA protects
against nuclease cleavage and hairpin formation. Two critical proteins involved in HR are
BRCAL and BRCA2 (breast cancer gene 1/2) (46). BRCAL is a critical component of the
HR-mediated DNA repair pathway. Tumors with BRCA1-mutations show evidence of
genomic instability and defective DNA DSB repair while BRCAL deficiency leads to
impaired HR (46-51). BRCAL1 facilitates the initiation of 5’-end resection and recruitment of
PALB2 (partner and localizer of BRCAZ2 gene) into a BRCA2/PALB2 complex (43) that
initiates RAD51 filament formation on ssDNA to catalyze homology search, strand invasion
and strand exchange (52-54).

53BP1 does not block MRN functions, exonuclease 1, RPA or RAD51, but has an
antagonistic relationship with BRCAL (55), acting as an inhibitor of BRCA1 accumulation
at DSB sites, specifically in the G, phase of the cell cycle (56). Tumor predisposition,
embryonic lethality and the HR defect in Brcal-deficient mice can be rescued by deleting
53BP1 (57, 58). CtBP-interacting protein associates with BRCAL and the MRN complex to
play an essential role in 5’-end resection (42, 59). CtIP and BRCAL interaction is cyclin-
dependent kinase (CDK)-dependent and formation of a functional MRN-CtIP-BRCA1
complex loaded onto DSB ends initiates HR-mediated DSB repair (43, 60). In S and G,-
phase cells, CtIP-phosphorylation at S327 and T847 by CDK promotes end resection (61).
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CDK-dependent phosphorylation of S327 also mediates CtIP association with the C-
terminal BRCT domains of BRCAL as well as with MRN (62). CDK-dependent
phosphorylation of CtIP at T847 is required for DSB resection and subsequent S and G,
phase HR (60).

Non-homologous end joining repair of DSBs in G1 phase cells is promoted by 53BP1-RIF1
complexes that protect the DSB ends from exonuclease processing (39, 56, 63). RIF1
accumulation at DSB sites is strongly antagonized by BRCA1-CtIP complex. Resection at
the 5" end of DSBs is not only a requirement for the initiation of repair by the HR pathway
but simultaneously blocks KU70/80 complex-mediated classic NHEJ as Ku proteins cannot
bind to resected ssDNA. Thus, competition between 53BP1 and BRCA1 during the critical
initial stages of DSB repair determines repair pathway choice, either NHEJ or HR (Fig. 2).
However, Kakarougkas and coworkers have demonstrated a requirement for 53BP1 in
heterochromatin associated DSB repair by HR in G, phase (64). For DSBs located in
heterochromatic (HC) regions, repair requires ATM, H2AX, MRN, ring finger containing
nuclear factor 8 (RNF8), RNF168 and the 53BP1 protein (65-67). The proposed role of
53BP1 is to tether ATM to DSBs, promoting concentration of pKAP-1 at HC-DSBs. The
resulting pKAP-1 foci cause release of the large isoform of the chromatin remodeling
protein (CHD3) and HC relaxation (67, 68). Thus, in HC-DSB repair, 53BP1 is proposed to
promote phosphorylated KAP-1 foci formation that favors HR.

53BP1 has no known catalytic activity, but acts, instead, as an adaptor/mediator for DNA
damage signaling and responds to IR-induced DNA damage by redistributing to DSB sites
to form discrete nuclear foci (69, 70). It has been demonstrated that 53BP1 acts as a
transducer of the DNA damage checkpoint signal through regulation of p53 accumulation
and the Go/M and intra-S checkpoint in response to IR. The 53BP1 N-terminus contains 28
SQ/TQ motifs phosphorylated by the DSB-responsive kinase ATM following IR (71),
however, accumulation of 53BP1 at DNA DSB sites is independent of ATM (72). Instead,
N-terminal 53BP1 phosphorylation leads to interaction with other DSB response proteins
e.g., Paxip1l/PTIP (Pax transactivation domain interacting protein-1) and RIF1 (Fig. 1). A
ubiquitously expressed nuclear PAX-transactivation domain-interacting protein, PTIP,
associates constitutively with two of the known histone methyltransferases - MLL3 (mixed
lineage leukemia) and MLL4-that catalyze trimethylation of histone H3 at lysine 4
(H3K4me3) (73, 74). PTIP acts as a gene transcription regulator by controlling histone H3
methylation and participates in cellular responses to DNA damage (71). Human PTIP
(hPTIP) was recognized as a DDR protein in a screening of proteins capable of interacting
with SQ/TQ peptides, phosphorylation sites for the ATM/ATR (ataxia telangiectasia-
related) protein kinases (75). Human PTIP has three pairs of tandem BRCT domains
required for its recruitment to damage site (75, 76) as hPTIP specifically interacts with
phosphorylated serine-25 of 53BP1 (pSer-25) residue (Fig. 3) (71) and this interaction
increases in response specifically to IR but not other DNA-damaging agents (72). ATM
dependent phosphorylation of 53BP1 at serine-25 is required for PTIP interaction but not for
53BP1 localization to IR-induced DSBs. Gene knockout of PTIP is embryonic lethal and
PTIP depleted cells have extensive unrepaired DNA ends (73). Structural maintenance
chromosome 1 (SMC1) protein, also an ATM substrate, could not be phosphorylated at
DNA damage sites in the absence of PTIP (77). Thus, PTIP can be considered as a
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transducer of 53BP1-dependent DNA damage signaling (77). PA1 (PTIP-associated
proteinl) is a PTIP binding partner, also recruited to DSBs through PTIP and contributes to
repair of IR-induced DSB. PTIP and PA1 are components of a Set1-like histone
methyltransferase complex that contributes to the G,/M IR checkpoint and cell survival (73,
78). Depletion of either does not impact RPA or RAD51 focus formation, but their role lies
mostly in NHEJ (78).

Rap1l-Interacting Factor 1 (RIF1)

RIF1, a highly conserved protein present from yeast to mammals, was originally discovered
in budding yeast as a protein that associates with the telomeric DNA-binding protein Rapl
and negatively regulates telomere length (79). In mammals, RIF1 does not regulate telomere
length (80-82) but localizes to DNA damage sites and its depletion results in cellular
sensitivity to IR, reduced HR-dependent DSB repair and defective intra-S-phase checkpoint
(80-82). Most recently, a study of Rifl-knockout mice suggested that it functions during
repair of stalled replication forks (82).

RIF1 and 53BP1 act in the same DNA damage response pathway to promote DSB repair
(23). ATM-dependent 53BP1 N-terminal SQ/TQ phosphorylation acts as a platform for
RIF1 interaction at DSB sites (56) (Fig. 3), suggesting that RIF1 functions downstream of
53BP1 during DSB repair in Gq cells (Fig. 2). RIF1 interacts with phosphorylated 53BP1
(Fig. 3) through its amino-terminal HEAT-like (Huntington, elongation factor 3, 4, a
regulatory subunit of protein phosphatase 2A and Tor1, a target of rapamycin) repeats (56)
and this interaction blocks DSB end resection to promote NHEJ (Figs. 2 and 3) (23, 56, 83—
85). RIF1 also physically interacts with the BLM complex through a conserved C-terminal
domain and both are recruited with similar kinetics to stalled replication forks suggesting
that BLM and RIF1 work in a common pathway to promote recovery of stalled forks (82,
86, 87). It has been shown that 53BP1 interacts with BLM and 53BP1 is recruited to sites of
aberrant fork structures where it functions to suppress HR. Like 53BP1, RIF1 is also
essential for class switch recombination (CSR) (23, 56, 85) where 53BP1 plays a role in
productive CSR and suppression of mutagenic DNA repair through distinct phospho-
dependent interactions with RIF1 and PTIP (Fig. 3) (88).

53BP1 is Critical for Variable, Diversity and Joining (V(D)J) Recombination and Class
Switch Recombination

Non-homologous end joining is important not only for the DSB repair but also for rejoining
of the DNA ends generated during V(D)J recombination of immunoglobulin and T-cell
receptor loci, which occurs specifically during Band T-cell differentiation (3). V(D)J
recombination involves the assembly of Ig and T-cell receptor variable region exons from
variable (V), diversity (D) and joining (J) gene segments. Defective NHEJ results in
immunodeficiency and hypersensitivity to IR as reported in multiple mouse models (3).
Similarly, antibody diversification by CSR, such as IgM to IgG class switching, is initiated
by activation-induced cytidine deaminase, an enzyme that produces multiple DNA DSBs
within highly repetitive DNA switch regions (89). Switch regions are then re-joined, with
varying amounts of DNA loss, by a mechanism that requires an intact DDR and the classical
NHEJ (C-NHEJ) or alternative-NHEJ (A-NHEJ) pathways. Among the DDR factors, 53BP1
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has the most profound effect on V(D)J and CSR (Fig. 2) (90). Mice deficient for 53BP1 are
viable but radiosensitive and immune-deficient (22, 36, 89), having a decrease in CSR-
dependent antibody classes with a 50-80% reduction in B and T lineage cells in bone
marrow and thymus (22, 89). Loss of CSR-dependent antibody and lymphocytes are due to
defective V(D)J and CSR pathways. However, ATM deficiency results in only modest
V(D)J recombination or lymphocyte developmental defects; whereas H2AX deficiency
alone leads to no obvious defects in these processes (22, 89). Deficiency for DSB response
factors also leads to general genomic instability and impairs CSR to significant, but varying,
degrees. Deficiency of 53BP1 impairs CSR far more severely than ATM or H2AX
deficiency, suggesting additional roles for 53BP1 in CSR (89, 91).

An inherited NHEJ defect was identified in fibroblasts isolated from a patient with a novel
severe combined immunodeficiency that displayed high sensitivity to IR and defective
V(D)J recombination (92). The defective NHEJ factor was later characterized as XLF
(XRCCH4 like factor) (93), deficiency of which causes growth retardation and
immunodeficiency (94), due to defective NHEJ dependent V(D)J recombination that
impacts antibody diversity. XLF interacts with the XRCC4-DNA Ligase IV complex to
promote DNA end joining in NHEJ and down regulation of XLF results in radiosensitivity
to IR and defective DSB repair (93). Although XLF-deficient mice have moderately
impaired lymphocyte development, embryonic stem cells and fibroblasts from XLF~~ mice
are IR sensitive and have defective for V(D)J recombination on episomal substrates (95).
Overlapping functions of XLF with 53BP1 in VV(D)J recombination and DNA repair have
been identified (91) as either XLF or 53BP1 deficiency alone led to only a partial reduction
in peripheral lymphocyte numbers. However, double deficiency of both XLF and 53BP1 in
mice severely impairs C-NHEJ, VV(D)J recombination, lymphocyte development, general
genomic instability and growth. 53BP1/XLF double deficiency blocks lymphocyte
development at early progenitor stages, owing to severe defects in end joining during
chromosomal V(D)J recombination. Thus 53BP1 and XLF have some common functions
and one may partially compensate for the other’s deficiency during V(D)J recombination
pathway.

Future Prospects

Recent studies have made considerable advances in understanding the role of 53BP1 in
regulating DSBs repair, specifically in the identification of key DNA repair factors that
enhance or block the recruitment of factors at the DSB sites to facilitate DSB repair pathway
selection. Although the factors that interact with 53BP1 to regulate NHEJ or HR are
becoming defined, what we expect in the near future is a better understanding of how these
factors themselves are regulated during pathway selection. For instance, is it chromatin
structure (heterochromatin vs. euchromatin) (4-6) or the status of DNA substrate proximity
(sister chromatid or homologous chromosome) or the cell cycle phase or position of the
DNA DSB or the combination of a few or all of these processes that determines the function
of 53BP1 in choosing the DSB repair pathway. However, answering these questions may not
completely define the role of 53BP1 within the physiological contexts of V(D)J
recombination and CSR, processes that employ overlapping but distinct NHEJ pathways to
repair endogenous DSB intermediates. Because the repair of programmed DSBs is also
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essential for the production of a full immune repertoire by V(D)J and CSR (96), further
exploration is necessary before endeavoring to inhibit 53BP1 pharmacologically, which
could inhibit breast cancer invasion and metastasis (97) or suppress tumor growth and
promote ovarian cancer cell apoptosis (98), since untoward immunological outcomes may
also be produced. On a more fundamental level, 53BP1 interacts with specific modified
histones, suggesting that it may modulate chromatin structure (Fig. 3), but a detailed
understanding for how chromatin modifications and structure determine recruitment of
proteins specific for individual DSB repair pathways requires further study. Similarly, how
chromatin structures influence the function of the many oncogenes known to regulate
tumorigenesis, needs further elucidation. In the near future, as in other areas of basic
research, a finer understanding of the relationship of 53BP1 interactions to tumor
development and treatment resistance will be of increasing importance to further advances
in patient specific targeted therapies.
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FIG. 1.
Domain structure of 53BP1. The protein has 1972 amino acids within which four major

domains have been identified: OLIG, GAR, UDR and BRCT. The UDR domain ranges from
amino acids 1480 to 1616 and has two subdomains tudor and RCTD. The BRCT domain
ranges from amino acid 1714 to 1972 and interacts with specific phospho-proteins (p-
Proteins). There are 28 SQ/TQ phosphorylation sites within the N-terminal region and PTIP
interacts with pS25 while RIF1 interacts with multiple phosphorylated SQ/TQ amino acids.
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FIG. 2.
Role of 53BP1 during the cell cycle. 53BP1 mediates the recruitment of factors in the cell

cycle G, phase that play a role in NHEJ, V(D)J and CSR. During S phase after exposure to
DNA damaging agents, ATM/MOF-dependent phosphorylated 53BP1 interacts with RIF1,

which is critical for intra-S-phase checkpoint activation. Release of 53BP1 from DNA DSB
sites allows BRCA1 during S/G, phase recruitment of the HR-related proteins required for

DNA end resection.
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FIG. 3.
53BP1 interacts with chromatin to enhance NHEJ and suppress HR. Chromatin associated

proteins like ATM, MOF and TIP60 facilitate the recruitment of proteins involved in DNA
DSB repair through modifications of 53BP1, which is bound to chromatin through direct
interaction with H4K20me?2 sites. ATM dependent phosphorylation of N-terminal 53BP1
sites is required for RIF1 (28 pSQ/TQ) and PTIP (pSer-25) recruitment to DNA DSB sites.
RIF1 accumulation at DSB sites antagonizes BRCA1-CtIP complex recruitment, thus
suppresses HR.
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