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Defective signaling or repair of DNA double-strand breaks has
been associated with developmental defects and human diseases.
The E3 ligase RING finger 168 (RNF168), mutated in the human
radiosensitivity, immunodeficiency, dysmorphic features, and
learning difficulties syndrome, was shown to ubiquitylate H2A-
type histones, and this ubiquitylation was proposed to facilitate
the recruitment of p53-binding protein 1 (53BP1) to the sites of
DNA double-strand breaks. In contrast to more upstream proteins
signaling DNA double-strand breaks (e.g., RNF8), deficiency of
RNF168 fully prevents both the initial recruitment to and retention
of 53BP1 at sites of DNA damage; however, the mechanism for this
difference has remained unclear. Here, we identify mechanisms
that regulate 53BP1 recruitment to the sites of DNA double-strand
breaks and provide evidence that RNF168 plays a central role in
the regulation of 53BP1 functions. RNF168 mediates K63-linked
ubiquitylation of 53BP1 which is required for the initial recruit-
ment of 53BP1 to sites of DNA double-strand breaks and for its
function in DNA damage repair, checkpoint activation, and geno-
mic integrity. Our findings highlight the multistep roles of RNF168
in signaling DNA damage.
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The DNA-damage response (DDR) is critical for genomic
integrity (1) and is regulated by posttranslational modifications

(PTMs) such as ubiquitylation of histones by the E3 ligases
RING finger 8 (RNF8) and RING finger 168 (RNF168). Other
PTMs important for DDR include dimethylation of histone H4
(H4K20me2), which allows p53-binding protein 1 (53BP1), a
key mediator of DDR, to interact with chromatin.
Mutations of RNF168 have been associated with the human

radiosensitivity, immunodeficiency, dysmorphic features, and
learning difficulties (RIDDLE) syndrome, (2–4). RNF168 has an
N-terminal RING finger domain, three ubiquitin (Ub)-binding
domains (UBDs); two motif interacting with Ub (MIU) domains;
and one Ub interacting motif (UIM)- and MIU-related (UMI)
UBD (3, 5, 6). Current data support RNF168 function in DNA
double-strand break (DSB) signaling downstream of H2A.X,
mediator of DNA damage checkpoint 1 (MDC1), and RNF8 and
indicate its requirement for 53BP1 recruitment to DSB sites (3,
5). Through its UBDs, RNF168 recognizes RNF8 ubiquitylated
non-nucleosomal protein(s) at DSB-flanking sites, leading to its
recruitment at these sites of DNA damage (7). With the Ub-
conjugating enzyme UBC13, RNF168 initiates ubiquitylation of
lysine (K) 13 or 15 of histones H2A and H2A.X, leading to the
recruitment of DDR proteins, including 53BP1, to DSBs. Al-
though H2A.X, MDC1, and RNF8 are important for the retention
of 53BP1 at these DSBs, its initial and transient recruitment to
DNA breaks still occurs in their absence (8–11). In contrast,
deficiency of Rnf168 in mouse embryonic fibroblasts (MEFs)
completely abolishes 53bp1 recruitment to DSB sites (12). Similar
to 53bp1−/− mice, but in contrast to H2a.x−/− mice (13), young
Rnf168−/− males are fertile (12). These data suggest that, in
addition to its role in DSB signaling downstream of the H2A.

X–MDC1–RNF8 axis, RNF168 also functions in DSB signaling
independently of this pathway. Therefore, we postulated that
RNF168 also might regulate DSB signaling through direct
modulation of 53BP1 functions.
In the present study, we demonstrate that RNF168 associates

with 53BP1 independently of the γ-H2A.X–MDC1–RNF8 sig-
naling axis. RNF168 ubiquitylates 53BP1 before its localization
to DSB sites, and this ubiquitylation is important for the initial
recruitment of 53BP1 to DSB sites and its function in non-
homologous end joining (NHEJ) and activation of checkpoints.
Collectively our data support a requirement for RNF168 at dif-
ferent stages of the DSB-signaling cascade and highlight the
central role of RNF168 ubiquitylation of 53BP1 in maintaining
genomic integrity.

Results
Rnf168 Interacts with 53bp1. Cells deficient for Rnf168 fail to re-
cruit or retain 53bp1 at sites of DNA damage (2, 3, 12). To ex-
amine the mechanisms that mediate Rnf168 regulation of 53bp1
recruitment to DSB sites, we tested whether Rnf168 contributes
to 53bp1’s association with chromatin. We observed that 53bp1
was bound to chromatin in untreated (UT) WT thymocytes and
was enriched in chromatin-rich insoluble fractions after irradia-
tion (IR) (Fig. 1A). Although deficiency of H2a.x or Rnf8 does
not affect 53bp1’s affinity for chromatin (14, 15), the levels of
53bp1 in chromatin-enriched insoluble fractions were reduced in

Significance

DNA damage-repair mechanisms are highly regulated, and
posttranslational modifications are one means of such regula-
tion. p53-binding protein 1 (53BP1) is important for the re-
sponse to DNA double-strand breaks (DSBs). Here we report
that its functions are regulated by RING finger 168 (RNF168),
a DNA DSB-signaling protein that is mutated in the human
radiosensitivity, immunodeficiency, dysmorphic features, and
learning difficulties syndrome. We show that before their lo-
calization to DNA DSBs, RNF168 interacts with 53BP1 andmodifies
it through the addition of a chain of ubiquitin-polypeptides.
We also show that Lysine 1268 of 53BP1 is important for its
ubiquitin modification by RNF168 and that loss of this modifi-
cation impairs 53BP1 recruitment to sites of DNA damage and
restrains its functions in the repair of DNA damage and main-
tenance of genomic stability.

Author contributions: M.B., T.B., B.R., A.H., and R.H. designed research; M.B., T.B., S.E.G.,
T.S., G.M., A.F.-T., and A.H. performed research; S.P. and G.S.S. contributed new reagents/
analytic tools; M.B., T.B., S.E.G., T.S., A.F.-T., B.R., A.H., and R.H. analyzed data; and M.B.,
T.B., A.H., and R.H. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1M.B. and T.B. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: rhakem@uhnres.utoronto.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1320302111/-/DCSupplemental.

20982–20987 | PNAS | December 24, 2013 | vol. 110 | no. 52 www.pnas.org/cgi/doi/10.1073/pnas.1320302111

mailto:rhakem@uhnres.utoronto.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320302111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320302111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1320302111


Rnf168−/− thymocytes compared with controls, both under UT
conditions and 15 min post-IR (Fig. 1A). Because 53BP1 asso-
ciates with chromatin through its binding to H4K20me2 (16, 17),
we examined the level of this histone mark in UT or irradiated
WT and Rnf168−/− primary MEFs. Our data indicated no defects
in H4K20me2 levels in the absence of Rnf168 (Fig. S1A). These
data suggested that Rnf168, unlike H2a.x and Rnf8, is important
for 53bp1’s association with chromatin both under UT conditions
and in response to DNA damage and that H4K20me2 is not
a limiting factor for 53bp1 recruitment to DSBs in Rnf168-
deficient cells. Next we examined whether Rnf168 interacts
physically with 53bp1. Immunoprecipitation (IP) and immuno-
blot (IB) analysis using HEK293T cells expressing exogenous
Rnf168 revealed its interaction with 53BP1 (Fig. 1B). Endoge-
nous Rnf168 and 53bp1 also were found to interact in WT
thymocytes (Fig. 1 and Fig. S1B). 53BP1 contains a kinetochore-
binding domain (KBD; amino acids 1235–1616) that includes
a Tudor domain (Fig. S1C) essential for 53BP1 binding to
chromatin (14, 18). Thus, we assessed whether 53BP1-KBD may
interact with Rnf168. The amino acid sequence of the KBD
domain of 53BP1 is highly conserved between humans and mice
(92.9% identity) (Fig. S1D). Therefore, we used human 53BP1-
KBD for these analyses and found that this domain was suffi-
cient to mediate 53BP1 interaction with Rnf168 (Fig. 1D). By
coexpressing a series of deletion mutants of HA-tagged 53BP1-
KBD (Fig. S1C) with FLAG-Rnf168 in HEK293T cells and

using IP and IB analysis, we identified the minimal amino acid
residues (1241–1315) required for 53BP1’s binding to Rnf168
(Fig. 1E). These 53BP1 amino acid residues are 100% conserved
between humans and mice (Fig. S1D). To determine Rnf168
region(s) that bind 53BP1, we performed an in vivo binding
assay using FLAG-tagged truncated forms of Rnf168 (Fig. S2A).
We transiently expressed each FLAG-tagged Rnf168 with HA-
tagged 53BP1-KBD in HEK293T cells. 53BP1-KBD interacted
with both the truncated and full-length forms of Rnf168 (Fig.
1F). We next performed in vivo binding assay using HA-tagged
53BP1-KBD and FLAG-tagged Rnf168ΔRING, Rnf168ΔMIU1,
Rnf168ΔMIU2, Rnf168ΔMIU1/2, Rnf168(61–168), Rnf168Δ61–
168Δ194–299, and full-length Rnf168. All Rnf168 mutants inter-
acted with 53BP1-KBD (Fig. S2 A and B). These results suggest
that multiple regions of Rnf168 and 53BP1 might be involved in
their interaction. To examine further the region(s) of Rnf168
that mediate its binding to 53BP1, we performed an in vivo
binding assay using HA-tagged 53BP1-KBD and FLAG-tagged
Rnf168 truncated mutants [Rnf168(1–299), Rnf168(1–299)Δ61–
168], and full-length Rnf168. Interestingly, additional deletion of
residues 61–168 in Rnf168(1–299) prevented its interaction with
53BP1-KBD (Fig. S2 A–C). Moreover, we performed a similar
in vivo binding assay using HA-tagged 53BP1-KBD, FLAG-
tagged full-length Rnf168, and FLAG-tagged Rnf168 deletion
mutants including Rnf168(300–567), Rnf168(300–567)ΔMIU2,
and Rnf168ΔMIU2 (Fig. S2A). Our data indicated that, in
contrast to Rnf168(300–567) (Fig. 1F), Rnf168(300–567)ΔMIU2
failed to bind 53BP1-KBD (Fig. S2D). An in vivo binding
assay using HA-tagged 53BP1-KBD, FLAG-tagged Rnf168Δ61–
168ΔMIU2, and full-length Rnf168 also indicated the inability of
Rnf168Δ61–168ΔMIU2 to interact with 53BP1-KBD (Fig. 1G
and Fig. S2A). These results suggest that the KBD of 53BP1
binds at multiple sites of Rnf168 including its C-terminal MIU2
domain and its N-terminal amino acid residues 61–168 that
overlap with its coiled-coil domain.

Rnf168 Forms a Protein Complex with 53bp1 and Mdc1. Previous
studies suggested interaction of 53BP1 and MDC1 in undamaged
cells (19–21). The 53BP1 region that mediates its binding to
tandem breast cancer 1 (BRCA1) C-terminal domains of MDC1
is located at residues 1288–1409 and thus overlaps with the min-
imal 53BP1 binding region (residues 1241–1315) to Rnf168 (Fig.
S1C). We therefore examined whether Rnf168, 53bp1, and Mdc1
interact. We first determined whether Rnf168 binds MDC1 using
HEK293T cells expressing FLAG-tagged Rnf168, HA-MDC1, or
both. IP and IB experiments demonstrated interaction of Rnf168
with MDC1 (Fig. S3A). Further analyses demonstrated that in-
teraction of endogenous 53bp1 and Mdc1 was enhanced in the
presence of Rnf168 (Fig. S3B). Similarly, interaction of exoge-
nous 53BP1 and MDC1 was enhanced in the presence of exoge-
nous Rnf168 protein (Fig. S3C). These data suggest that RNF168
interacts with 53BP1 and MDC1 and that its presence facili-
tates the formation of a protein complex that includes these
three proteins.

Rnf168 Mediates 53bp1 Ubiquitylation. Based on the interaction of
Rnf168 and 53bp1 and the Ub ligase function of Rnf168 (3, 5),
we hypothesized that 53bp1 may represent a substrate for
Rnf168. Indeed intracellular ubiquitylation assays indicated that
Rnf168 mediates polyubiquitylation of 53BP1 (Fig. 2A and Fig.
S4A). The smear of ubiquitylated 53BP1 became stronger when
both exogenous Rnf168 and Ub were coexpressed with full-
length 53BP1 (Fig. 2A). Next we examined the importance of the
RING finger of Rnf168 in mediating 53BP1 ubiquitylation. We
observed reduced 53BP1 ubiquitylation in the presence of the
Rnf168C21S (CS) RING finger mutant compared with WT
Rnf168 (Fig. S4B), suggesting the importance of the RNF168
RING finger domain for 53BP1 ubiquitylation. We also examined
whether RNF8 interacts and ubiquitylates 53BP1. Unlike RNF168,
RNF8 failed to interact with 53BP1 (Fig. S4C), and overexpression
of RNF8 was unable to mediate 53BP1 ubiquitylation or to affect
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Fig. 1. 53bp1 interacts with Rnf168. (A) WT and Rnf168−/− thymocytes were
either UT or irradiated (5 Gy), and chromatin and nuclear fractions were
isolated post-IR. (B) HEK293T cells were transfected with FLAG-Rnf168 or
empty vector, and IP and IB were performed. Three per cent of the whole-
cell lysate (WCL) used for IP was subjected to IB analysis. (C) Thymocytes
were either UT or harvested at different time points post-IR (2 Gy). IP was
performed with anti-Rnf168 antibody, and IB was carried out as indicated.
The asterisk indicates nonspecific bands. (D) HEK293T cells were transfected
with FLAG-Rnf168 and HA-His–tagged truncated 53BP1 (53BP1-KBD) ex-
pression vectors as indicated. Anti-FLAG IP and anti-HA IB are shown. (E)
FLAG-Rnf168, HA-tagged 53BP1-KBD, or its truncated forms were trans-
fected into HEK293T cells as indicated, and anti-FLAG IP were subjected to IB
analysis. (F and G) HA-53BP1-KBD, FLAG-Rnf168 (WT), and its truncated
forms were transfected into HEK293T cells, and IP and IB were performed.
Representative Immunoblots of three independent experiments are shown.
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its ubiquitylation by RNF168 (Fig. 2A). We next examined
ubiquitylation of endogenous 53bp1 using WT and Rnf168−/−

splenocytes. When 53bp1 was immunoprecipitated from WT
splenocytes, we observed smears with slower mobility, which
also could be detected by antibodies specific for Ub (Fig. 2B).
In addition examination of WT splenocytes indicated that the
level 53bp1 ubiquitylation was increased 15 min post- IR (Fig. 2B),
a time point where 53bp1 irradiation-induced foci (IRIF) already
are formed, but it was reduced 2 h post-IR (Fig. S4D). In con-
trast to WT cells, Rnf168−/− splenocytes displayed no significant
53bp1 ubiquitylation under UT or IR conditions (Fig. 2B), sug-
gesting that ubiquitylation of endogenous 53bp1 is Rnf168 de-
pendent. Ubiquitylation of 53BP1 under UT or IR conditions
also was defective in human fibroblasts from the RNF168-deficient
RIDDLE patient 15–9BI (Fig. 2C) (2). Complementation of these
RIDDLE cells with RNF168 restored 53BP1 ubiquitylation
(Fig. 2C). In contrast to Rnf168, loss of endogenous Rnf8 had
no effect on 53bp1 ubiquitylation (Fig. S4E). Taken together,
these results indicate that Rnf168, but not Rnf8, mediates 53bp1
ubiquitylation.

K1268 of 53BP1 Is Important for Its Ubiquitylation by Rnf168. Al-
though our data indicate that Rnf168 interacts with 53bp1 and
mediates its polyubiquitylation, previous studies reported that, in
response to DNA damage, 53BP1 is monoubiquitylated on
K1268 by RAD18 and that this ubiquitylation is important for
53BP1 retention at DSBs (22). When examined under the same
conditions, Rad18−/− MEFs, in contrast to Rnf168−/− MEFs (12),
showed no significant defects in the initial recruitment or re-
tention of 53bp1 to DSB sites (Fig. S5 A–C). We also examined
tightly associated 53bp1 IRIF, which are resistant to salt ex-
traction, because previously they were reported to be defective in
Rad18−/− MEFs (22). These 53bp1 IRIFs were significantly re-
duced in Rad18−/− MEFs and were completely lacking in
Rnf168−/− MEFs (Fig. S5D). We next examined the effect of
Rad18 loss on 53bp1 polyubiquitylation and IRIF of Ub. Our
data indicated similar levels of 53bp1 polyubiquitylation in WT
and Rad18−/− MEFs under unstressed or irradiated conditions
(Fig. S5E). In response to IR, WT and Rad18−/− cells showed
similar levels of Ub foci formation (Fig. S5F). These results
suggest that, in contrast to Rnf168, loss of Rad18 had no effect
on 53bp1 polyubiquitylation or Ub IRIF at DSB sites.

Polyubiquitin linkages via K48 and K63 are used frequently for
polyubiquitylation (23); therefore we used Ub in which all lysines
except K48 or K63 are mutated to arginine and examined the
Ub-linkage type used for RNF168 ubiquitylation of 53BP1. We
observed that Rnf168 mediates K63-linked but not K48-linked
ubiquitylation of 53BP1 (Fig. 2D). We next examined 53BP1
sites ubiquitylated by Rnf168 and assessed whether K1268 of
53BP1, known to be ubiquitylated by RAD18 (22), also is tar-
geted for ubiquitylation by Rnf168. Ubiquitylation of full-length
53BP1 by Rnf168 was reduced significantly by the substitution of
its K1268 residue to arginine (R) (53BP1-K1268R) (Fig. 2E).
These data indicate that RNF168 mediates K63- but not K48-
linked ubiquitylation of 53BP1 and that K1268 of 53BP1 is im-
portant for this ubiquitylation.

Interaction of Rnf168 with 53bp1 and Its E3 Ligase Activity Are
Required for the Initial Recruitment and Retention of 53bp1 to DNA
Damage Sites. To address the functional significance of 53BP1
ubiquitylation by RNF168, we first examined whether loss of
ubiquitylation of 53BP1 on K1268 affects its recruitment to DSB
sites. Although complementation of 53bp1−/− MEFs with WT
53BP1 fully restored IR-induced 53BP1 foci, the 53BP1 K1268R
mutant expressed in 53bp1−/− MEFs failed to form transient or
stable foci in response to IR (Fig. 3A and Fig. S6A). Because
53BP1 oligomerization is important for its function (24), and
K1268 lies within its oligomerization domain, we examined
whether the K1268R mutation affects 53BP1 oligomerization
(Fig. 3B). Full-length 53BP1-WT and 53BP1-K1268R proteins
bearing either Myc or HA tags were ectopically expressed in
HEK293T cells and were subjected to IP and IB analysis. IP of
HA-53BP1-WT and of Myc-53BP1-WT brought down Myc-53BP1-
WT and HA-53BP1-WT proteins, respectively. However, these IP
of HA-53BP1-WT andMyc-53BP1-WT failed to bring down tagged
53BP1-K1268R protein. In addition, IP of Myc-53BP1-K1268R
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with anti-Myc antibody failed to bring down HA-tagged 53BP1-
K1268R or HA-tagged 53BP1-WT proteins. These results also
were confirmed by the failure of HA-53BP1-K1268R IP to bring
down Myc-tagged 53BP1-K1268R or Myc-tagged 53BP1-WT
proteins. The observed oligomerization of 53BP1-WT but not
53BP1-K1268R suggests that ubiquitylation of 53BP1 on K1268
may play an important role in its oligomerization. We next
addressed whether 53BP1 ubiquitylation on K1268 alters its af-
finity for chromatin. The effect of K1268 mutation on the sub-
cellular distribution of 53BP1 was examined using 53bp1−/−

MEFs reconstituted with either WT or mutated (K1268R) Myc-
tagged 53BP1 (Fig. 3C). As expected, irradiation of 53bp1−/−

cells reconstituted with WT 53BP1 resulted in enrichment of
53BP1 in chromatin-rich insoluble fractions. In contrast, irradi-
ated 53bp1−/− cells reconstituted with 53BP1-K1268R displayed
reduced levels of 53BP1 mutant proteins in their chromatin-
enriched insoluble fractions. These results suggest that ubiq-
uitylation of 53BP1 on K1268 alters its affinity for chromatin.
RNF8 and RNF168 ubiquitylation of the histone demethylase
jumonji domain-containing (JMJD) protein-2A (JMJD2A) was
reported to be necessary for 53BP1 IRIF, and combined knock-
down of JMJD2A and JMJD2B was shown to restore 53BP1 IRIF
in the absence of either RNF8 or RNF168 (25). Therefore, we
used 53bp1−/− MEFs complemented with Myc-tagged 53BP1-
K1268R and examined whether knockdown of JMJD2A and
JMJD2B could restore the recruitment of 53BP1-K1268R to
DSB-flanking sites. Our data indicate that combined knockdown of
JMJD2A and JMJD2B cannot restore IRIF for 53BP1-K1268R
(Fig. S6 B and C).
Rnf168 amino acid residues 61–168 and its MIU2 domain

were responsible for its interaction with 53BP1 (Fig. 1F and Fig.
S2 C and D). Therefore we examined the effect of their loss on
53bp1 IRIF (Fig. 3D and Fig. S6 D and E). Unlike exogenous
WT Rnf168, which fully rescued 53bp1 IRIF in Rnf168−/− MEFs,
complementation of these MEFs with either Rnf168C21S or
Rnf168Δ61–168ΔMIU2, which lacks domains important for
Rnf168-53bp1 interaction, failed to restore the initial recruitment
or retention of 53bp1 at DSB sites. Expression of Rnf168Δ61–168
in Rnf168−/− MEFs delayed the initial formation of 53bp1 IRIF,
whereas expression of Rnf168ΔMIU2 in these cells failed to res-
cue the retention of 53bp1 at DSB sites. The ability of 53bp1 to
form transient foci in Rnf168−/− MEFs expressing Rnf168ΔMIU2,
a mutant that cannot localize to sites of DNA damage, indicates
that in the absence of Rnf168 recruitment to DSB sites, 53BP1
can bind chromatin and form transient foci; however, these IRIF
cannot be retained. We next investigated whether ubiquitylation
of 53BP1 occurs before or after its localization to sites of DNA
damage. Using an intracellular ubiquitylation assay, we examined
53BP1 ubiquitylation in the presence of WT Rnf168 or its mutant
Rnf168ΔMIU2. We found that, despite the lack of its recruitment
to DSB-flanking sites, the Rnf168ΔMIU2 mutant retained its
ability to ubiquitylate 53BP1 to a level similar to that of WT
Rnf168 (Fig. S6F). Therefore, Rnf168 ubiquitylation of 53BP1 is
important for the initial recruitment of 53bp1 to DSB sites, and
Rnf168 mediates this ubiquitylation independently of its re-
cruitment to DSBs. These results suggest that 53bp1 interaction
with Rnf168 and its ubiquitylation by this E3 ligase are important
for its recruitment to DSB sites. Furthermore, our data also in-
dicate that Rnf168 ubiquitylates 53bp1 before its localization to
sites of DNA damage.

Important Role for 53bp1 Ubiquitylation for G2/M Checkpoint, NHEJ
Repair, and Genomic Integrity. Cell-cycle checkpoints and DDR
pathways are critical for the response to damaged DNA (26).
Because Rnf168−/− and 53bp1−/− cells display a defective G2/
M checkpoint (12, 27), we investigated the effect of 53BP1
ubiquitylation on the activation of this checkpoint. Although
53bp1−/− MEFs displayed a pronounced defect at the G2/M
checkpoint, their complementation with 53BP1-WT fully rescued
this defect (Fig. 4A and Fig. S7A). In contrast, 53BP1-K1268R
failed to rescue the defective G2/M checkpoint of 53bp1−/−

MEFs (Fig. 4A), suggesting the importance of 53BP1 ubiq-
uitylation for this checkpoint. 53BP1 also plays important roles
in NHEJ (13, 28, 29). Although recently 53BP1 has been
reported to be important for the choice between the NHEJ and
homologous recombination (HR) repair pathways (30–32), pre-
vious studies demonstrated that 53BP1 is not required for HR (33)
and IRIF for Rad51, a recombinase integral for HR (34, 35). We
therefore examined the effect of Rnf168 deficiency on DSB repair
using reporter plasmids for NHEJ and HR (36–38). Although the
loss of Rnf168 in MEFs impaired NHEJ; it did not significantly
affect HR (Fig. 4B and Fig. S7B). Moreover, the number of Rad51
IRIF did not differ in WT and Rnf168−/− MEFs (Fig. S7C).
Consistent with their defective retention of 53bp1 at DSB sites,
Rnf8−/− MEFs displayed reduced NHEJ efficiency (Fig. S7B). We
next examined NHEJ in WT and in Rnf168−/− MEFs com-
plemented with mutated Rnf168 proteins (Rnf168C21S and
Rnf168Δ61–168ΔMIU2) that are deficient in the E3 ligase activity
or lack regions critical for the Rnf168 interaction with 53BP1.
Unlike WT Rnf168, Rnf168 mutants failed to rescue impaired
NHEJ of Rnf168−/− MEFs (Fig. 4C and Fig. S7). Similarly, we
observed that, in contrast to WT 53BP1, 53BP1-K1268R protein
failed to rescue NHEJ in 53bp1−/− MEFs (Fig. 4D and Fig. S7E).
These data support the importance of Rnf168 in NHEJ and in-
dicate that K1268 of 53BP1, a target for Rnf168 ubiquitylation, is
critical for 53BP1 function in NHEJ.
Delayed rejoining of DSBs and sustained DDR can correlate

with the persistence of γ-H2a.x foci (39). Therefore we examined
spontaneous γ-H2a.x foci in WT, 53bp1−/−, and reconstituted
53bp1−/− MEFs. Consistent with their defective DSB repair,
53bp1−/− MEFs displayed elevated levels of γ-H2a.x foci under
UT conditions and 24 h post-IR (Fig. 5A and Fig. S8). In contrast
to 53bp1−/− MEFs complemented with 53BP1-WT, 53bp1−/−

MEFs complemented with 53BP1-K1268R retained their ele-
vated number of spontaneous γ-H2a.x foci. 53bp1−/− MEFs
expressing exogenous 53BP1-WT or 53BP1-K1268R displayed
similar numbers of γ-H2a.x foci 2 h post-IR. However, at 24 h
post-IR, 53bp1−/− MEFs complemented with 53BP1-WT dis-
played a lower number of γ-H2a.x foci, similar to WT MEFs,
whereas complementation of these cells with 53BP1-K1268R
had no effect on their elevated level of γ-H2a.x foci (Fig. 5A and
Fig. S8). To examine further the physiological relevance of
53BP1 ubiquitylation, clonogenic assays were performed using
UT or IR-treated WT and 53bp1−/− MEFs reconstituted with
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empty vector, 53BP1-WT, or 53BP1-K1268R. In contrast to
53BP1-WT, which restored cell survival of irradiated 53bp1−/−

MEFs to a level similar to WT MEFs, expression of 53BP1-
K1268R in 53bp1−/− MEFs failed to rescue their increased ra-
diosensitivity (Fig. 5B). Collectively, these results suggest that
ubiquitylation of 53BP1 on K1268 is critical for its functions in
DDR and genomic integrity.

Discussion
In this work we have identified a mechanism for RNF168 regu-
lation of DSB signaling and repair. We show that RNF168
interacts with 53BP1 and facilitates the formation of a protein
complex containing RNF168, 53BP1, and MDC1. Moreover, we
show that RNF168 mediates K63-linked polyubiquitylation of
53BP1 and that Rnf168 ubiquitylation of 53bp1 takes place be-
fore their localization to sites of DNA damage. Our data also
indicate that the K1268 residue of 53BP1 is important for its
ubiquitylation by RNF168 and indicate that this ubiquitylation
has a critical role in the initial recruitment of 53BP1 to DSB sites
and in its function in DDR and genomic stability.
53BP1 is important for class switch recombination (CSR), V

(D)J recombination, NHEJ of dysfunctional telomeres, and ge-
nomic stability (13, 14, 29, 40). Through its Tudor domain,
53BP1 associates with H4K20me2, even in the absence of DNA
damage, and both its Tudor and oligomerization domains are
required for its efficient focus formation and the protection from
DNA end resection in response to genotoxic stress (14, 16, 17).
Initial recruitment and subsequent retention of 53BP1 to DSB
sites are mechanistically distinct processes that are not fully
understood. The initial and transient recruitment to DSB sites of
DDR proteins, including 53BP1 and BRCA1, depends on the
MRE11–RAD50–NBS1 complex and was proposed to set up for
DNA repair (8). Although the loss of the γ-H2A.X and MDC1
interaction does not affect the initial recruitment of NBS1,
53BP1, and BRCA1, it impairs their retention at DSB-flanking
sites (8, 9, 41, 42). 53BP1 recruitment to DSB sites also is reg-
ulated by RNF8 and RNF168 ubiquitylation of histones and
other proteins at these sites of DNA damage (7, 43, 44). RNF8
and RNF168 also have been shown to facilitate 53BP1 binding to
H4K20me2 at DSB sites (45). A recent study also suggested
a role for RNF8 and RNF168 ubiquitylation and proteasomal
degradation of JMJD2A in exposing H4K20me2 and facilitating
53BP1 recruitment to DSB sites (25). Although current data

support the function of RNF168 in the DSB-signaling cascade
downstream of RNF8, the requirement for this E3 ligase, but not
RNF8 (3, 8, 11, 12), for the initial recruitment of 53BP1 to DSB
sites suggests that RNF168 also may function independently of
RNF8 in the DSB-signaling cascade.
We report that the loss of RNF168 attenuates the initial

loading of 53BP1 to chromatin, suggesting that it has a role in
modulating 53BP1’s affinity for chromatin. We also report the
interaction of RNF168 with 53BP1. 53BP1 interacts with MDC1
in unstressed cells, and this interaction was reported to be re-
quired for its retention to DSB sites (19–21). Our data indicate
that, in addition to 53BP1, RNF168 also interacts with MDC1 in
UT cells and that the loss of RNF168 attenuates 53BP1–MDC1
interactions. RNF168’s role in facilitating 53BP1 interaction with
MDC1 is consistent with its importance in regulating 53BP1
recruitment to sites of DNA damage. We also provide evidence
that RNF168 mediates K63-linked ubiquitylation of 53BP1. Al-
though RNF168 ubiquitylation of 53BP1 increased at early time
points after DNA damage, the level of this ubiquitylation was
lower when examined 2 h post-IR. Although the mechanism for
this reduced polyubiquitylation at late time points post-IR remains
to be investigated, it may involve deubiquitylases that serve to
restrain 53BP1 ubiquitylation in response to DNA damage.
Our data also indicate that K1268R substitution in 53BP1

markedly reduces its ubiquitylation by RNF168. These data
suggest that, although RNF168 likely ubiquitylates 53BP1 at
multiple residues, the K1268 residue remains critical for this
ubiquitylation. We also report that the initial recruitment of
53BP1 to DSB sites is significantly impaired by the presence of
the RNF168 deletion mutant (Rnf168Δ61–168ΔMIU2), which
fails to interact with 53BP1, and by the K1268R substitution of
53BP1, which restrains its ubiquitylation by RNF168. Using full-
length 53BP1, we demonstrate that mutation of K1268 that lies
within 53BP1 oligomerization domain impairs oligomerization of
53BP1. We also show that this mutation reduces 53BP1’s affinity
for chromatin, highlighting the importance of 53BP1 ubiq-
uitylation on K1268 for its recruitment to DSB sites. Thus, initial
recruitment of 53BP1 to sites of DNA damage is dependent not
only on its interaction with RNF168 but also on its ubiquitylation
by this E3 ligase. Our data also indicate that the RNF168ΔMIU2
mutant, which cannot be recruited to the DSB-flanking site,
retains its ability to ubiquitylate 53BP1. Thus, RNF168 poly-
ubiquitylation of 53BP1 does not require its localization to DSB
sites. Furthermore, our data demonstrate the importance of
53BP1 ubiquitylation on K1268 for G2/M checkpoint activation,
NHEJ repair of DSBs, and radiosensitivity. Consistent with
RNF8-independent initial recruitment of 53BP1 to DSBs (8, 11),
RNF8 failed to interact with 53BP1 or mediate its ubiquitylation.
In addition, no additive effect on 53BP1 ubiquitylation was ob-
served in the presence of both RNF8 and RNF168. These data
suggest RNF168-dependent but RNF8-independent ubiquitylation
of 53BP1. This difference in 53BP1 ubiquitylation by these two
E3 ligases may contribute to their differential requirement for the
initial 53BP1 IRIF.
In addition to RNF8 and RNF168, the E3 ligase RAD18 also

is involved in DSB signaling (22, 46). Although RNF168 interacts
with 53BP1 in UT cells, RAD18 interacts with 53BP1 in an IR-
dependent manner (22). In addition, in contrast to RNF168
polyubiquitylation of 53BP1 in UT cells, RAD18 monoubiquity-
lates 53BP1 in response to DNA damage and enhances its retention
at DSBs (22). Although the loss of RNF168 impairs 53BP1 poly-
ubiquitylation and suppresses its transient recruitment and retention
at DSBs, as is consistent with previous studies (22), we observed no
defect in 53BP1 polyubiquitylation or its initial recruitment to DSB
sites in Rad18−/− cells. Thus, although 53BP1 is ubiquitylated by two
E3 ligases under different conditions, its RNF168 polyubiquitylation
primes its initial recruitment to DSBs, whereas its RAD18 mono-
ubiquitylation is important only for enforcing its retention to sites of
DNA damage.
Through its ubiquitylation of 53BP1 and H2A-type histo-

nes, RNF168 plays a central role in DSB signaling. RNF168
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ubiquitylates 53BP1 without requiring their localization to DSBs,
and this 53BP1 ubiquitylation is required for its initial localiza-
tion to sites of damage. Once Rnf168 is recruited to DSB sites,
its ubiquitylation of H2A on K15 provides an epitope for 53BP1
interaction with chromatin, allowing its retention at these breaks
(44). In patients with the RIDDLE syndrome, the defect of these
ubiquitylation events mediated by RNF168 is likely to cause the
complete absence of 53BP1 IRIF associated with this syndrome
(2–5). The multistep requirement for RNF168 in the DSB-signaling
cascade, its polyubiquitylation of 53BP1, and the importance of
this ubiquitylation for the regulation of 53BP1 functions high-
light the critical role this E3 ligase plays in DNA-damage sig-
naling and repair and in maintaining genomic integrity.

Materials and Methods
Cell Cultures. MEFs and HEK293T cells were cultured in DMEM (Gibco) sup-
plemented with 10% FBS (Wincent). Splenocytes, thymocytes, and lympho-
cytes were cultured in RPMI1640 (Gibco) with 10% (vol/vol) FBS. Rnf168+/+

and Rnf168−/− MEFs (12) were generated using standard procedures. WT,
53bp1−/−, and Rad18−/− MEFs were used (22, 27). RIDDLE 15–9BI cells and 15–
9BI cells complemented with WT RNF168 were described previously (2).

Intracellular Ubiquitylation Assay. The calcium phosphate method was used
to transfect HEK293T cells with expression vectors encoding FLAG-taggedWT
or mutated mouse Rnf168, FLAG-RNF8, HA-tagged WT or mutated 53BP1,
HA-His–53BP1-KBD, WT or mutated Myc-53BP1, and WT or mutated HA-Ub
[Addgene: pRK5-HA-Ub-WT (ID 17608), pRK5-HA-Ub-K48 (ID 17605), pRK5-
HA-Ub-K63 (ID 17606)] or Myc-Ub as indicated. After 48 h, cells were lysed in
modified RIPA buffer, and IP was performed using anti-HA or anti-Myc an-
tibody and protein A-Sepharose.
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