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53BP1: pro choice in DNA repair
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The DNA damage response factor 53BP1 functions at
the intersection of two major double strand break
(DSB) repair pathways - promoting nonhomologous
end-joining (NHEJ) and inhibiting homology-directed
repair (HDR) - and integrates cellular inputs to ensure
their timely execution in the proper cellular contexts.
Recent work has revealed that 53BP1 controls 5 end
resection at DNA ends, mediates synapsis of DNA ends,
promotes the mobility of damaged chromatin, improves
DSB repair in heterochromatic regions, and contributes
to lethal mis-repair of DSBs in BRCA1-deficient cells.
Here we review these aspects of 53BP1 and discuss
new data revealing how 53BP1 is loaded onto chromatin
and uses its interacting factors Rif1 and PTIP to promote
NHEJ and inhibit HDR.

Choices in DSB repair

DSB repair can take place through two main pathways:
HDR and classical (Ku70/80 and DNA-ligase-IV-dependent)
nonhomologous end joining (c-NHEJ). The choice between
HDR and c-NHEJ is regulated such that DSBs formed in S
phase are preferentially repaired by HDR, whereas in G1
DSBs, including those formed in immunoglobulin loci, are
repaired by c-NHEJ. When this regulation fails, transloca-
tions and other genome rearrangements can result,
diminishing cell viability and increasing the chance of
tumorigenic changes. How the DNA damage response factor
53BP1 promotes ¢-NHEJ and affects the choice between
HDR and c-NHEJ is the subject of this review.

53BP1 engages two modified histones at sites of DNA
damage

53BP1 (TP53BP1, tumor suppressor p53 binding protein 1;
Box 1 and Figure 1 describe the domain structure) is a key
regulator of DSB repair [1,2]. 53BP1 rapidly forms large
foci near DNA lesions where ATM- or ATR-mediated DNA
damage signaling is induced [3-5]. Similarly, 53BP1 accu-
mulates at telomeres that have been rendered dysfunc-
tional through removal of various components of the
protective shelterin complex and have activated either
the ATM or ATR kinase (or both) [6-9], forming what
are referred to as telomere-dysfunction-induced foci (TIFs).
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53BP1 is also found in large entities called nuclear bodies
or Oct-1-PTF-transcription (OPT) domains, observed in G1
cells that experienced replication stress in the prior S
phase [10,11].

The molecular details of how 53BP1 specifically recog-
nizes altered chromatin near a DNA lesion have only been
revealed recently (Figure 1). A longstanding question re-
garding the mechanism of 53BP1 focus formation origi-
nates from the observation that 53BP1 uses its tandem
Tudor domains to bind histone H4 when it is dimethylated
on lysine 20, H4K20M? [12] (Figure 1). However, the
recognition of H4K20M®2 which is present throughout
the genome, does not explain the ATM/ATR-dependent
accumulation of 53BP1 near sites of damage. It was pro-
posed that the methyltransferase MMSET/WHSC1, a resi-
dent of DNA damage foci, can locally increase H4K20
dimethylation and therefore 53BP1 binding [13,14], but
other studies argued against this model [15,16].

An important clue came from the finding that efficient
retention of 53BP1 at DNA lesions is dependent on the E3
ubiquitin ligase RING finger (RNF)168 [17,18]. The re-
cruitment of RNF168 itself to sites of DNA damage relies
on mediator of DNA damage checkpoint 1 (MDC1), which
binds to the histone variant H2AX in chromatin when
phosphorylated by ATM or ATR (Figure 1). MDC1 first
recruits the ubiquitin E3 ligase complex RNF8/HERC2/
UBC13 and the ubiquitin-activating enzyme UBA1, which
then allow RNF168 to bind to K63-linked ubiquitin chains
on an unknown target protein [19-23]. Despite the clear
involvement of RNF168, the mechanism by which chroma-
tin ubiquitylation could help 53BP1 recognize damaged
chromatin remained elusive. One proposal was that his-
tone ubiquitylation might modify (open) the local chroma-
tin structure, increasing the accessibility of H4K20M2
[12,24]. Another mechanism may be that histone ubiqui-
tylation releases the polycomb group proteins L3MBTL1
and JMJD2A/JMJID2B from H4K20M°% thus allowing
53BP1 to bind [25-27].

This riddle of 53BP1 localization to sites of DNA damage
was recently solved by the demonstration that 53BP1 not
only binds to H4K20™°? but also engages a ubiquitylated
form of H2A: H2AK15YP [28]. The ubiquitylation of H2A (or
H2AX) on lysine 15 is a specific function of RNF168 and
therefore occurs only in chromatin near DNA lesions where
ATM or ATR signaling is activated [23]. 53BP1 recognizes
H2AK15"" using a conserved ubiquitin-dependent recruit-
ment (UDR) motif located close to the tandem Tudor
domain (Figure 1). Thus, the stable accumulation of
53BP1 at sites of DNA damage requires recognition of
two histone modifications, one that is constitutive and
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Box 1. Functional domains of 53BP1

The nearly 2000 amino acids and over 200 kDa of mammalian 53BP1
are arranged into a complex multidomain structure [2] (Figure 1). A
large N-terminal region spanning more than a half of the 53BP1
sequence contains 28 S/TQ sites, which are phosphorylated by ATM
and/or ATR upon induction of DNA damage [4,5,29,77,92,99-101].
These phosphorylation sites are not required for 53BP1 recruitment
to DNA damage foci but are necessary for DNA repair, because they
bind interacting factors such as Rif1 and PTIP [29,75,77,84-
87,91,99,100]. If the glutamine residues in these sites are mutated
to alanines 53BP1 fails to block resection and increase chromatin
mobility and can thus no longer mediate class switch recombination
(CSR), classical nonhomologous end joining (c-NHEJ) of depro-
tected telomeres, or the toxic PARP inhibitor (PARPi)-induced mis-
rejoining events in BRCA1-deficient cells [29,77,100]. The c-NHEJ
defect at dysfunctional telomeres caused by the 53BP1 phosphor-
ylation mutant is, however, milder than the one of a null allele,
suggesting that other domains of 53BP1 contribute [29].

The central part of 53BP1 enables binding to damaged chromatin,
because it comprises a nuclear localization signal (NLS), the tandem
Tudor domains that bind to H4K20M®2, and a ubiquitin-dependent
recrutiment (UDR) motif that recognizes H2A(X)K15"° [12,28]. The
inactivating D1521R mutation in the Tudor domain largely disrupts
binding of 53BP1 to DNA-damage sites and therefore impairs its
ability to facilitate c-NHEJ [29,34,77,100]. Of note, the D1521R
mutant retains residual accumulation at dysfunctional telomeres
[most likely due to binding to ubiquitylated H2A(X)] and is thus able
partially to promote telomere fusions albeit at very low levels [29].

N-terminal of the Tudor domain 53BP1 contains an oligomeriza-
tion region, which contributes to chromatin binding and is required
for CSR and c-NHEJ in PARPi-treated BRCA1~'~ cells [77]. Interest-
ingly, a 53BP1 mutant lacking the oligomerization domain is fully
able to block resection at dysfunctional telomeres and is only
slightly impaired in promoting telomere mobility. It still, however,
causes a minor telomere fusion defect [29]. The precise role of
53BP1 oligomerization remains to be determined, but it might be
involved in synapsis [47].

The PRMT1-methylated, glycine-arginine rich (GAR) [102] domain
and the dynein light chain 8 (LC8) binding [103] motif that surround
the oligomerization domain are not required for c-NHEJ and their
functional significance is unclear. Finally, 53BP1 contains a C-
terminal pair of BRCT domains, which are important for DNA repair
in heterochromatin [65].

In summary, 53BP1 needs to be chromatin-bound, oligomerized,
and phosphorylated to promote c-NHEJ. Distinct protein domains
enable these processes and cooperate to maintain genome
integrity.

one induced by DNA damage signaling. Consistent with
this finding, a 53BP1 mutant with an inactive Tudor
domain, although strongly diminished in its ability to
localize to sites of DNA damage, can still bind near depro-
tected telomeres [29].

Finally, the accumulation of 53BP1 at sites of DNA
damage is in part dependent on its oligomerization domain
[30,31] (Figure 1). Although an oligomerization-deficient
mutant of 53BP1 can accumulate fairly efficiently at dys-
functional telomeres, oligomerization does help in maxi-
mizing 53BP1 binding at DSBs [29,30]. The primary
function of the oligomerization domain in chromatin bind-
ing may be to form either dimers or tetramers, because the
domain can be replaced with ectopic dimerization and
tetramerization motifs without compromising 53BP1 lo-
calization [28,31]. Moreover, a recombinant 53BP1 frag-
ment spanning the oligomerization and Tudor domains
eluted from a size-exclusion column with an apparent
molecular weight suggestive of tetramers [31].
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However, the studies discussed above do not take into
account the observation that 53BP1 can form transient foci
in cells lacking H2AX [32]. Furthermore, the c-NHEJ
deficiencies in absence of 53BP1 (discussed below) are
more pronounced than those found in the absence of
H2AX, which is inconsistent with 53BP1 binding requiring
H2AX phosphorylation [33-35]. Therefore it is likely that
there is an H2AX-independent mechanism by which
53BP1 can accumulate at sites of DNA damage. Perhaps
the Mrel1-Rad50-Nbsl (MRN) complex can provide the
alternative means of 53BP1 recruitment, because the for-
mation of 53BP1 foci in H2AX /" cells is impaired when the
MRN subunits (but not MDC1 or RNF8) are knocked down
[36]. Indeed, 53BP1 has been shown to associate with Nbs1
[37]. The existence of H2AX-independent 53BP1 recruit-
ment is further supported by the finding that H2AX is
dispensable for formation of the 53BP1 containing OPT
domains in G1 cells [38].

Interestingly, 53BP1 cannot form DNA damage foci in
mitosis, despite normal accumulation of YH2AX, MDC1,
and MRN [39,40]. This mitosis-specific exclusion of 53BP1
is probably caused by cell cycle-mediated changes in his-
tone ubiquitylation. H2A is de-ubiquitylated upon mitotic
entry [41] and DNA damage-dependent histone ubiquity-
lation in mitosis is not possible, because the recruitment of
RNF8 and RNF168 is hindered [39]. The exact mechanism
that blocks RNF8 binding to DNA damage sites in mitosis
is unknown, but might involve specific post-translational
modifications [39]. In addition to the exclusion of 53BP1
from mitotic chromatin, 53BP1 is also negatively regulated

Box 2. Negative regulation of 53BP1 spreading

There are several mechanisms that limit accumulation of 53BP1 and
other DNA repair factors at sites of DNA damage, presumably
preventing self-perpetuating activation of DNA-damage checkpoints
and excessive spreading of DNA repair factors to undamaged
chromatin. Several de-ubiquitylating enzymes (DUBs) have been
found to counteract DNA-damage-dependent histone ubiquitylation
and the assembly of 53BP1 as well as other repair factors, including
BRCA1, at sites of DNA damage. These include BRCC36, USP3,
POH1, and USP44 [104-107]. Another DUB, called OTUB1, restricts
histone ubiquitylation and 53BP1 loading, but in a noncatalytic
manner that involves binding to UBC13 and hindering the ubiquitin
ligase activity of RNF8 and RNF168 [108,109]. USP16 and USP28
have also been shown to modulate the DNA damage response and
repair pathways. USP16 mediates histone deubiquitylation-depen-
dent transcription silencing at double strand break (DSB) sites [110],
whereas USP28 possibly regulates 53BP1 stability [111]. Another
mechanism that prevents excessive spreading of the DNA-damage-
induced ubiquitylation to loci distant from the DSB is catalyzed by
the TRIP12 and UBR5 E3 ubiquitin ligases. These enzymes target
RNF168 for degradation, effectively dampening the DNA-damage
response [112].

In addition, histone acetylation is thought to play a part in
specifically inhibiting 53BP1 chromatin binding. The acetyltransfer-
ase Tip60/Katb can acetylate histone H4 on lysine 16, which
interferes with the binding of 53BP1 to the nearby H4K20Me2
[16,113]. Importantly, H4K16 acetylation concomitantly increases
BRCA1 recruitment to DNA damage foci and knockdown of Tip60/
Kats or chemical inhibition of histone deacetylases (HDACs) can
rescue the homology-directed repair (HDR) defect of BRCA1-
deficient cells, similar to the absence of 53BP1 [53,54,113]. The
H4K16"° histone mark might therefore be one of the determinants of
the DSB repair pathway choice.

109



Trends in Cell Biology February 2014, Vol. 24, No. 2

H4-K20Me2

53BP1
285/TQ

HAK20Me2
H2A-K15Ub ‘ H2A-K15Ub

Oligo Tudor UDR

H4K20Me2

l

—_

‘ . !

PTIP ‘
?

Heat repeats

NLS BRCT

BLM DNA
A 7

Rifl

NLS oligo

TRENDS in Cell Biology

Figure 1. The domain structures of 53BP1 and Rif1 and the mechanism by which 53BP1 is recruited to DSBs. The binding of 53BP1 requires two histone modifications. The
constitutive H4K20M®2 mark (black) is bound by the Tudor domain and the DDR-induced H2A(X)K15Y® mark is bound by the UDR domain. The binding of 53BP1 to damaged
chromatin is also promoted by its oligomerization domain. The N-terminal ST/Q phosphorylation sites are important for the interaction of 53BP1 with PTIP and Rif1. See text
for details on the mechanism by which 53BP1 binds to damaged chromatin and Box 1 for details on the domain structure of 53BP1. Box 2 describes how the spreading of
53BP1 from sites of DNA damage is limited. Abbreviations: DSB, double strand break; DDR, DNA damage response; Oligo, oligomerization; UDR, ubiquitin-dependent
recruitment; NLS, nuclear localization signal; LC8, dynein light chain 8; GAR, glycine and arginine-rich; BRCT, BRCA1 C-terminus; PP1, protein phosphatase 1.

in terms of how far it can spread from the site of DNA
damage (Box 2).

53BP1 stimulates ¢c-NHEJ in specific contexts

Although 53BP1 was initially implicated in DNA damage
signaling [42—44], this function is minor compared with its
role in DSB repair, specifically in promoting Ku70/80- and
DNA ligase IV-dependent c-NHEJ. The ability of 53BP1 to
promote c-NHEJ is only apparent in certain settings
including class switch recombination (CSR), V(D)J recom-
bination, telomere dysfunction, BRCA1-deficient cells, and
centromeric heterochromatin (Figure 2).

The contribution of 53BP1 to ¢c-NHEJ is apparent dur-
ing CSR, a rearrangement involving c-NHEJ of activation-
induced deaminase (AID)-dependent DSBs in B cells,
which is reduced approximately 5-20-fold when 53BP1
is absent [33,45] (Figure 2A). Furthermore, in absence of
53BP1, the AID-induced breaks in the immunoglobulin
switch regions often generate translocations instead of
being joined correctly [46], indicating that 53BP1 affects
the proper joining event rather than DSB formation.
53BP1 can also promote V(D)J recombination but this
effect is only observed when the joining events involve
recombination activating gene (RAG) cleavage sites that
are separated by a considerable distance [47,48]
(Figure 2B). These findings are consistent with an earlier
report showing that 53BP1~~ chicken DT40 cells have a
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deficiency in c-NHEJ [49] and with the observation that a
dominant-negative fragment of 53BP1 can inhibit NHEJ
and stimulate HDR as measured using I-Scel reporter
constructs [50]. However, a second report on DT40 knock-
out cells placed 53BP1 outside the Ku70/80-dependent
DSB repair [51]. Thus, the role of 53BP1 in ¢-NHEJ can
be detected in the context of DSB formation occurring in
lymphocyte development and, to a lesser extent, during
repair of exogenous DSBs.

In the context of telomere dysfunction, c-NHEJ appears
to be almost completely dependent on 53BP1 (Figure 2C).
The system in which this critical contribution of 53BP1 was
revealed involves deletion of the shelterin protein telo-
meric repeat binding factor 2 (TRF2) from mouse cells.
The resulting deprotected telomeres activate the ATM
kinase signaling cascade, become coated with 53BP1,
and are processed by c-NHEJ [52]. Because the telomere
fusions primarily occur in G1 and are duplicated in the
following S phase, the resulting metaphase spreads show
chromosomes that are fused at both chromatids
(Figure 2C). When 53BP1 is absent, the rate of these
telomere fusions is reduced by approximately 100-fold [34].

Furthermore, 53BP1 is responsible for the formation of
toxic chromosome aberrations when BRCA1-deficient cells
experience DSBs in S phase [563-55] (Figure 2D). Absence
of the hereditary breast and ovarian cancer predisposition
gene BRCA1 (breast cancer 1, early onset) results in
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Figure 2. 53BP1 contributes to c-NHEJ in four contexts. 53BP1 is involved in the c-NHEJ in G1 in three specialized contexts: (A) CSR, (B) long range V(D)J recombination,
and (C) the fusion of dysfunctional telomeres deprived of TRF2 protection. In (A) the switch regions where AID induces DSBs are shown by ovals and their associated
constant regions by rectangles of the same color. Joining Sy to Se results in productive CSR, yielding IgE and a deleted segment (circle). I and I are transcription start sites
that promote switching. In (B) an example of long-range V(D)J recombination is given where RAG-dependent recombination joins a variable (V) region to a D/J region
172 kb away [47]. In (C) the shelterin complex at telomeres is shown before and after the deletion of TRF2, which results in ATM signaling and c-NHEJ of the dysfunctional
telomeres in G1. These fusions are visualized as the chromosome-type fusions (drawn) in the following metaphase. In (D) the role of 53BP1 in BRCA1-deficient cells is
shown. In S/G2, 53BP1 promotes the formation of mis-rejoined chromosome aberrations and inhibits HDR, leading to radial chromosomes and chromatid breaks as shown.
This role of 53BP1 is only observed in BRCA1-deficient cells and is enhanced by treatment with PARP1 inhibitors, which lead to DSB formation in S/G2 (as depicted). Not
shown is the fifth setting: DSB repair in heterochromatin, where 53BP1 acts through an unknown mechanism that involves its BRCT domains, which are not required for the
processes shown in (A-D). Abbreviations: c-NHEJ, classical nonhomologous end joining; CSR, class switch recombination; AID, activation-induced deaminase; RAG,
recombination activating gene; HDR, homology-directed repair; DSB, double strand break; BRCT, BRCA1 C-terminus; PARPI, inhibitor of PARP1.

five—sixfold reduction in HDR and a deficiency in Rad51
focus formation [56-60]. Their HDR defect sensitizes
BRCA1-deficient cells to inhibitors of poly(ADP-ribose)
polymerase 1 (PARP1). PARP1 inhibitors (PARPi) are

therefore thought to be of potential use for the treatment
of BRCA1- (or BRCAZ2-) negative breast and ovarian can-
cers [61,62], reviewed in [63]. The basis for the effect of
PARPi is that, upon inhibition of PARP1, unrepaired
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single-stranded nicks are converted into DSBs in S phase
and then require BRCA1l-dependent HDR for repair
(Figure 2). In the absence of BRCA1, DSB repair is inap-
propriately channeled toward NHEJ, forming radial chro-
mosomes and other lethal chromosome aberrations.
Absence of 53BP1 rescues embryonic lethality, DNA dam-
age sensitivity, PARPi sensitivity, and formation of PARPi-
induced lethal chromosomal aberrations associated with
BRCAL1 deficiency [53-55]. In PARPi-treated BRCA1-defi-
cient cells, 53BP1 appears to promote c-NHEJ-dependent
(mis-) rejoining of the unrepaired DSBs. Consistent with
this, loss of 53BP1 causes resistance to PARPi treatment in
BRCA1-deficient mouse mammary tumors [64] and 53BP1
deficiency is positively correlated with triple-negative sta-
tus and poor survival in breast cancer patients [54].
53BP1 also has a role in the repair of DSB breaks
occurring in centromeric heterochromatin. These sites of
DNA damage are repaired more slowly than euchromatic
DSBs, resulting in the delayed disappearance of hetero-
chromatic y-H2AX foci (referred to as the ‘late phase’ of
repair) [1,65]. In the absence of 53BP1, this type of repair is
severely impaired. Unlike its effect in the other ¢-NHEJ
processes, 53BP1 requires its BRCT domains (Figure 1) to
enhance heterochromatic DSB repair [65,66]. The current
model of 53BP1 action in heterochromatin involves its
ability to promote the phosphorylation of KRAB-associated
protein 1 (KAP-1) by the ATM kinase, which is needed for
the repair of heterochromatic DSBs [67]. In addition, the
role of 53BP1 at heterochromatic DSBs may involve the
chromatin decondensation activity of EXPAND1/mutated
melanoma-associated antigen 1 (MUM1), which is
recruited to DSBs by the BRCT domain of 53BP1 [37].
In conclusion, the c-NHEJ events catalyzed by 53BP1 are
diverse and involve physiological processes such as pro-
ductive CSR or heterochromatic DSB repair on the one
hand, as well as pathological end-joining of deprotected
telomeres and DSBs in BRCA1-deficient cells on the other.
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53BP1 promotes c-NHEJ by blocking 5’ resection

The ability of 53BP1 to promote c-NHEJ is in part
explained by its ability to block the 5 end resection at
DSBs (Figure 3). Whereas DSB resection is required for the
initiation of HDR, it is not needed for c-NHEJ and will most
likely impede the engagement of Ku70/80. Exposed DNA
ends can undergo 5’ end resection by the Exol exonuclease
and the combined action of the Bloom’s syndrome RecQ
helicase BLM and the DNA2 endonuclease, reviewed in
[68]. This process requires an initial cleavage step of poorly
defined nature that involves CtIP and the MRN complex
[69].

Resection at DSBs is promoted by the ATM kinase and
probably involves BRCA1, which forms a complex with
CtIP and MRN in S phase (the BRCA1 C complex) and
ubiquitylates CtIP [70,71]. Indeed, in the absence of
BRCA1, resection at DSBs is impaired and the Rad51
recombinase fails to form foci [57,72,73], the latter phe-
nomenon explaining the HDR defect in BRCA1-deficient
cells [56,60]. However, these phenotypes are not due to the
absence of the BRCA1 C complex alone because CtIP
mutant mouse cells, in which the interaction with BRCA1
is disrupted, show normal resection at DSBs and do not
recapitulate the BRCA1 HDR defect [74]. A more likely
explanation was recently deduced from the observation
(discussed below) that BRCA1 promotes resection by inhi-
biting the accumulation of the 53BP1 partner Rifl at sites
of DNA damage in S/G2.

Recent experiments revealed that 53BP1 can block the
CtIP-dependent step in DSB resection. When 53BP1 is
removed from BRCA1-deficient cells, their ability to exe-
cute 5 end resection is restored, as determined from
accumulation of the trimeric single-stranded DNA-binding
protein replication protein A (RPA) at sites of DNA damage
and the phosphorylation of the RPA32 subunit [53].
Furthermore, Rad51 foci form and HDR, measured using
an I-Scel-GFP reporter, improves in the 53BP1/BRCA1
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Figure 3. Cell cycle dependent mutual exclusion of BRCA1 and Rif1 from DSBs. In G1, Rif1 prevents the accumulation of BRCA1 at DSBs and acts downstream of 563BP1 to
block resection, thereby promoting c-NHEJ. In S/G2, phosphorylated CtIP blocks Rif1 from binding to 53BP1, thereby allowing resection and promoting HDR. CtIP also plays
a part in promoting resection but this attribute appears to be independent of its binding to BRCA1. Abbreviations: c-NHEJ, classical nonhomologous end joining; HDR,

homology-directed repair; Cdk2, cyclin dependent kinase 2; CycE,A, cyclin E, cyclin A.
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double knockout cells, while the formation of toxic mis-
rejoined chromosomes is reduced [53]. Deletion of DNA
ligase IV does not rescue the defect in ionizing radiation
(IR)-induced RPA32 phosphorylation in BRCA1-deficient
cells, suggesting that the lack of ¢c-NHEJ per se is not
responsible for the restoration of resection in the absence
of 53BP1. 53BP1 was also shown to block resection in two
other specialized NHEJ events: long range V(D)J recombi-
nation and in an engineered CSR system employing two I-
Scel-induced DSBs in the murine IgH locus [47,48,53]. Also
in these settings, absence of 53BP1 leads to increased
ATM- and CtIP-dependent nucleolytic processing of the
DNA ends before they are joined.

Dysfunctional telomeres have provided the opportunity
to observe 5’ resection directly, because the resection
results in an extended 3’ overhang at the telomere termi-
nus [29,75,76]. When TRF2 is removed from cells that
cannot execute c-NHEJ, the terminal structure of the
dysfunctional telomeres remains largely unaltered. By
contrast, removal of TRF2 from 53BP1 null cells renders
telomeres sensitive to 5’ end resection and the amount of
ssDNA at the telomere end is doubled [29,75]. This resec-
tion is abrogated by inhibition of ATM signaling or deple-
tion of CtIP [29]. When the whole shelterin complex is
removed from 53BP1 null cells the telomere terminus
undergoes more extensive resection, leading to a 5-15-fold
increase of the ssDNA [76]. As in the case of the TRF2
deletion, resection at the shelterin-free telomeres is medi-
ated by CtIP and, in addition, was shown to involve BLM
and Exol. It is therefore now clear that the 53BP1-depen-
dent resection block occurs in each context where 53BP1
promotes c-NHEJ.

53BP1 recruits Rif1 to block 5’ end resection

In each setting — telomere fusion, CSR, and events in
BRCA1-deficient cells — 53BP1 can only repress 5 end
resection when it retains its N-terminal S/TQ sites,
which are targets for the ATM and ATR kinases
[29,77] (Figure 1). The 53BP1 ST/Q sites are not required
for localization of 53BP1 to sites of DNA damage but
mediate interactions with critical effectors of 53BP1
function.

Rifl, the mammalian ortholog of the yeast Rapl-inter-
acting factor 1, is the first factor identified to block resec-
tion downstream of 53BP1 (Figure 1). Rifl plays diverse
roles in DNA metabolism in yeast and mammals, reviewed
in [78,79]. Although it is a diverged ortholog of a yeast
telomere binding protein, mammalian Rifl is not part of
the telomeric complex [80-82]. Instead, it is recruited to
DNA-damage foci induced by various insults, including
irradiation, replication stress, and telomere deprotection
[81-83]. This recruitment is strictly dependent on ATM (or
ATR) signaling and on phosphorylation of a subset of
53BP1 ST/Q sites (Figure 1) [75,82,84-87]. The accumula-
tion of Rifl at sites of DNA damage is more strongly
influenced by ATM signaling levels than that of 53BP1
[82,84,86], consistent with Rifl requiring ATM-mediated
phosphorylation of 53BP1 for its localization. Rifl does not
contain known phosphopeptide-binding motifs, so it is
possible that an unknown factor mediates its interaction
with 53BP1.
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In CSR, a process that requires a block to resection in
G1, Rifl deficiency results in the same phenotypes as
absence of 53BP1 — increased resection and diminished
productive end joining [84,86,87]. In the context of genome-
wide DSBs, absence of Rifl results in diminished cell
survival [82,85,86], impaired DSB repair as gauged based
on the disappearance of y-H2AX foci, a failure in ¢-NHEJ
[84,86], and increased accumulation of RPA [75,84-86].
Comparison of the effects of Rifl~, 53BP1~"~, and Rifl ™’
~53BP1~~ MEFs indicates that Rifl and 53BP1 are epi-
static with regard to the repression of resection at DSBs
and suggest that Rifl is the main effector of this 53BP1
function [75,86]. Similarly, in the context of telomere
dysfunction induced by deletion of TRF2, Rifl appears to
be the only component downstream of 53BP1 needed to
block resection because the increase in telomeric ssDNA is
the same in Rifl /"~ and 53BP1 7" cells [75]. However, the
rate at which the dysfunctional telomeres join is higher in
Rifl1 " cells compared with 53BP1~~ cells [75], suggesting
that another factor acts downstream of 53BP1 to stimulate
c¢-NHEJ of dysfunctional telomeres. Additionally, loss of
Rifl diminishes the formation of mis-rejoined chromo-
somes after PARP1 inhibition in BRCA1l-deficient cells
[75,86]. The effect of Rifl deficiency in this context is less
than in 53BP1 null cells, suggesting again that another
downstream factor acts with 53BP1 [75]. By contrast, Rifl
appears to be the only partner of 53BP1 required for CSR
[86,87].

How Rifl acts is currently unknown. It can interact with
the BLM helicase [88], harbors a protein-phosphatase 1
binding motif [89], and binds to ssDNA in vitro [88]
(Figure 1), but the relevance of these attributes to the
ability of Rif1 to block resection is unclear. Rifl has a large
N-terminal domain, composed of HEAT/Armadillo-like
repeats [88]. This domain is required for localization of
Rifl to DNA-damage foci [84] but could also potentially
allow Rifl to recruit a critical factor needed to control
resection.

Cell cycle regulated mutual exclusion of BRCA1 and Rif1
The ability of the 53BP1/Rifl pathway to inhibit DSB
resection in BRCA1-deficient cells is counterintuitive be-
cause it takes place in S/G2, when resection-dependent
HDR is the predominant DSB repair pathway [68]. How-
ever, the ability of Rifl to block end-resection in G1, at
dysfunctional telomeres and in CSR, is appropriate be-
cause G1 DSBs are preferentially repaired by c-NHEJ.
Thus, in wild-type cells, Rifl must be regulated to block
resection in G1 but not in S/G2 and this regulation is
probably altered in BRCA1-deficient cells.

How the inhibition of Rif1 in S/G2 is achieved and why it
is lost in BRCA1-deficient cells is clear from the observation
that BRCA1 and CtIP regulate the accumulation of Rifl at
DSBs (Figure 3). In S/G2, but not in G1, BRCA1 strongly
diminishes the presence of Rifl at DSBs [84-86]. By con-
trast, BRCA1 only has a mild effect on 53BP1 focus forma-
tion [90]. The effect of BRCA1 on Rifl is dependent on CtIP,
depletion of which also results in greater accumulation of
Rifl at DSBs in S/G2 [84]. The cyclin-dependent kinase
(CDK)-dependent phosphorylation of T847 on CtIP is
required for its ability to affect Rifl, explaining the
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S/G2-specific repression of Rifl focus formation [84]. Thus,
the repression of end resection in BRCA1-deficient cells is
probably due to inappropriate accumulation of Rifl at DSBs
in S/G2 phase.

Conversely, Rifl blocks BRCA1 from accumulating at
sites of DNA damage in G1 [75,84,85] (Figure 3). Although
BRCA1 was originally thought to be absent from G1 cells, it
is actually present but kept from accumulating at sites of
DNA damage. When either 53BP1 or Rifl is deleted,
BRCAL1 can form foci at DSBs in G1. This mutual exclusion
between BRCA1 and 53BP1/Rifl and the CDK-regulated
switch from dominant 53BP1/Rifl to BRCA1/CtIP ensures
that DSBs are shuttled toward ¢-NHEJ in G1 and prefer-
entially repaired by HDR in S/G2 (Figure 3).

53PB1-mediated chromatin movement and synapsis

Compared with Rifl, 53BP1 has a much greater effect on
DSB repair, fusion of dysfunctional telomeres, and forma-
tion of radial chromosomes in PARPi-treated BRCA1~/~
cells [75,85,87]. One possibility is that there is a second
factor that helps repress resection, such as Pax transacti-
vation domain-interacting protein (PTIP) (see below).
However, at least in the context of telomeres, this expla-
nation does not hold because the block to resection by
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53BP1 can be fully explained based on the action of Rifl
[75].

A more likely explanation is found in the effect of 53BP1
on telomere mobility (Figure 4). After telomeres become
de-protected through deletion of TRF2, the mobility of the
dysfunctional telomeres increases and the telomeres sam-
ple greater territories in the nucleus [29,34]. However,
when 53BP1 is absent, the dysfunctional telomeres are
much less mobile. By contrast, Rifl has no effect on this
process [75]. The increased mobility of the damaged tel-
omeres can explain why 53BP1 stimulates c-NHEJ, be-
cause the fusion of telomeres takes place in G1 when the
telomeres are not in close proximity and require move-
ment to find a fusion partner. How 53BP1 promotes telo-
mere mobility is of obvious interest. Domain analysis has
shown that the BRCT, GAR, and the dynein light chain 8
(LC8) interface regions are dispensable for this process
and the requirement for oligomerization is minimal [29].
However, the N-terminal ST/Q sites are strictly required,
suggesting that an interacting factor (other than Rifl)is at
work [29].

In the context of CSR and long-range V(D)J, it was
proposed that 53BP1 mediates the synapsis of the distal
DNA ends involved in the recombination [47] (Figure 4).
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How synapsis works is not clear but one possibility prof-
fered here (Figure 4) is that the 53BP1 covered domain in
between the two AID-induced breaks is altered in such a
way that its DNA ends no longer compete for joining with
the other two ends. Consistent with the synapsis proposal,
CSR is severely impaired if 53BP1 lacks its ability to
oligomerize [77]. Given that the oligomerization domain
has a minimal effect on the ability of 53BP1 to alter
telomere movements, the simplest explanation is that
synapsis and the mobility of dysfunctional telomeres differ
mechanistically [29].

In summary, 53BP1 can aid ¢c-NHEJ in CSR, long range
V(D)J, and at dysfunctional telomeres by regulating long-
range chromatin alterations. However, it seems unlikely
that 53BP1 has evolved its ability to promote synapsis of
distal DNA ends for the purpose of CSR and, similarly, the
53BP1-mediated chromatin mobility is unlikely to be se-
lected for to allow dysfunctional telomeres to fuse. It will
therefore be important to understand how these long-
range effects of 53BP1 contribute to ‘normal’ DSB repair
and how the induction of chromatin mobility and DNA end
synapsis impact the formation of radial chromosomes in
PARPi-treated BRCA1-deficient cells.

Potential roles for the 53BP1 binding partner PTIP
Recently, a second 53BP1-interacting protein, PTIP, has
been invoked in the control of c-NHEJ. PTIP is involved in
the regulation of transcription and DNA repair [91-95],
reviewed in [96]. Like Rifl, PTIP relies on the phosphor-
ylation of the N-terminal ST/Q sites to bind to 53BP1 [91—
93,971, but its binding interface is distinct from that of Rifl
[91] (Figure 1). Mutation of the PTIP-binding sites of
53BP1 does not affect CSR but abrogates illicit NHEJ in
BRCA1-deficient cells treated with PARPi [91]. Deletion of
PTIP recapitulates these phenotypes and results in elevat-
ed Rad51 and RPA foci formation, suggesting increased 5’
end resection [91]. Although the lack of an effect of PTIP on
CSR might suggest that PTIP, unlike Rifl, can only act in
S/G2, another G1 c-NHEJ event, the fusion of dysfunction-
al telomeres, is also diminished in PTIP /" cells, which is
not consistent with an S/G2-specific role of PTIP.

A challenge in evaluating the role of PTIP is that the
interplay between 53BP1 and PTIP may be complex. Al-
though a recent study showed that the accumulation of
PTIP at DNA damage foci is severely diminished when
53BP1 is absent [91], earlier work indicated the indepen-
dent localization of 53BP1 and PTIP to damaged chroma-
tin [92-94] and, in one study, the conditional knockout of
PTIP completely abolished 53BP1 focus formation [98].

Another point of interest is why deletion of PTIP
completely abolishes radial formation in PARPi-treated
BRCA1~”~ cells because this would argue that PTIP is
the only factor downstream of 53BP1 in this pathway
[91]. Yet deletion of Rifl, which presumably acts indepen-
dently of PTIP, also diminishes radial formation in this
setting [75,86]. It will also be important to determine why
the resection of DSBs in G1, unleashed in the absence of
PTIP, does not affect CSR. A detailed epistasis analysis of
the relationships between 53BP1, Rifl, and PTIP will be
useful to assess the individual contributions of these fac-
tors to NHEJ in different contexts.
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Concluding remarks

53BP1 has received much attention because of its role in
the choice between c-NHEJ and HDR and its relevance to
the treatment of BRCAl-negative breast cancer. Impor-
tant questions remain, however. We do not understand
how 53BP1 binds Rifl and how this affects resection. We
also do not know how and where 53BP1 mediates synapsis,
through what mechanism 53BP1 induces chromatin mo-
bility, and what is the role of these phenomena in general
DSB repair. In addition, the interplay between 53BP1,
Rifl, and PTIP requires further clarification. Finally, much
needs to be learned about the mechanism by which BRCA1
and Rifl exclude each other from sites of DNA damage.
Clearly, work on 53BP1 and its binding partners will
continue to be a fertile ground for new discoveries.
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