was observed for MDC1. The incidence of ABRA1
methylation was relatively high in pCR. cases (6/20
cases: 30%) than that in poor responders (1/19 cases:
5.3%), although there was no statistical significance.
When examining all 16 genes together, we could not
detect any association between aberrant DNA meth-
ylation status and tumor response to the chemother-
apy in either LBC or TNBC. We expected higher
incidence of methylation in pCR cases than in poor
responders. However, interestingly, significantly
higher incidences of methylation were observed in
poor responders than in pCR in TNBC for RNF8
and ATM. The biological background underlying this
phenomenon is currently unclear. Overall, the levels
of methylation of the new HR genes investigated in
the current study were not as significant as that of
BRCAIL, reaffizming the importance of BRCAL in
breast cancer pathogenesis. Nonetheless, we found
that a combination of 5 genes, BRCA1, BRCAZ2,
MDC1, ABRAT and PALB2, possessed the greatest
sensitivity, specificity and AUC associated with pCR
in TNBC. Hypermethylation of these genes could be
a candidate biomarker of breast cancer chemosensitiv-
ity and warrants validation in separate data sets.

HER2-negative LBC has been classitied as Lumi-
nal A and Luminal B subtypes according to a low
mdex and high Ki-67 index, respectively. In general,
Luminal B breast cancer is more sensitive to chemo-
therapy than Luminal A. Therefore, we analyzed the
index to clarify whether it associates with pCR.
However, pCR cases exhibited even lower levels of
Ki-67 when compared with SD or poor-responder
cases in both LBC and TNBC, suggesting that a high
Ki-67 index 15 not an efficient marker for
chemosensitivity.

In conclusion, this 1s the first study to quantita-
tively analyze the aberrant DNA methylation status of
HR genes, including BRCA1 and BRCA2, in breast
cancer tissues for their association with tumor sub-
types and tumor response to chemotherapy. The
aberrant DNA methvlation status of most of the HR.
genes studied was not significantly associated with
TNBC subtype or chemosensitivity. However,
hypermethylation of BRCA1 and RNF8 is associated
with TNBC subtype and may impact chemosensitivi-
ty. Contrary to our expectation, no severe
methylation was observed in LBC with pCR, with
the exception of one case that exhibited 100% meth-
ylation of PALB2. Because the current study includes
only a part of the essential HR. genes, future work
may be required to identity the possibly mussing key
HR gene(s) critcal for the chemosensitivity.

© 2013 The Authors
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Experimental procedures
Patients and biopsy specimens

Of the 384 patients with primary invasive breast cancer who
underwent neoadjuvant chemotherapy at the Division of
Breast and Endocrine Surgery. St. Marianna  University
School of Medicine, Japan, from August 2007 to August
2010, fifteen sequential cases each of either LBC with pCR,,
LBC with nonresponding stable disease (SD). TNBC with
pCR, or TNBC with poor response were selected for exam-
ination. Because the TNBC cases included only 1 case of
progressive disease (P1)) and 3 cases of S, an additional 11
cases with partial responses that exhibited the smallest rate of
regression in the partial-response cases were analyzed to
adjust. the total number in the group to 15 cases. HER2-
positive patients were excluded because they had been
treated with neoadjuvant chemotherapy combined with trast-
uzumab. Tumor specimens were obtained by core needle
biopsy prior to starting therapy for the purpose of diagnosis.
and  formalin-fixed, pareffin-embedded (FFPE) specimens
were stored. Excess specimen samples were analyzed in
accordance with an approved Institutional Review Board
application of the St. Marianna  University  School  of
Medicine (registration number 1865).

Neoadjuvant chemotherapy

The chemotherapy regimen consisted of four 21-day cycles
of FEC (5-Fu: 500 mg/m?, epirubicin: 100 mg/m", cyclo-
phosphamide: 500 mg/m” on day 1) or EC (epirubicin:
80-90 mg/m”, cyclophosphamide: 600 mg/m” on day 1) fol-
lowed by four 21-day cycles of DOC (docetaxel: 75 mg/m” on
day 1), except for two patients in the TNBC-poor-responder
group as described in Table 1.

Response evaluation

The pathological response of the tumor to the neoadjuvant
chemotherapy was evaluated with hematoxylin-eosin-stained
specimens obtained during the primary surgeries. The absence
of invasive cancer in the primary lesion following the chemo-
therapy was defined as pCR. The clinical response was evalu-
ated using the Response Evaluation Criteria in Solid Tumors
(RECIST) criteria.

Gene and primer selection

The HR genes implicated in breast cancer susceptibility were
included in the study. In addition, genes evidently involved in
and critically functioning in HR (Ciccia & Elledge 2010) that
contain appropriate CpG islands around their promoter region
were selected as candidates. A flow chart of the process for
gene selection is shown in Fig. S2. The sequence and the
position of each pair of primers are shown in Table S3 and
Fig. S3.
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DNA extraction

FFPE specimens were cut in 10 pun sections and subjected to
laser-capture microdissection to isolate cancer cells using the
PALM Microbeam (Carl Zeiss, Oberkohen, Germany). DNA
was extracted using the standard phenol-chloroform method
from breast, colorectal and gastric cancer cell lines and
microdissected breast cancer tissues.

Bisulfite-pyrosequencing

Bisulfite treatment of gDNA, subsequent polymerase chain
reacton (PCR) and pyrosequencing have been performed as
described previously (Watanabe et al. 2009). All of the primers
and PCR conditions used for amplifying CpG island DNA
fragments of candidate mechylation HR genes are listed in
Table S3.

Immunochistochemical analysis

The status of hormone receptors HER2 and Ki-67/MIB-1
was determined by standard immunohistochemical analysis
with DaKo Envision system (Dako, Denmark) and fluores-
cence in site hybridization (FISH). The cutoff value for ER«
-negative and PR-negative cases was 10%, and tumors with
less than 10% expression were considered negative. For HER2
status, tumors that were immunohistochemically scored as (0+)
(14), or (2+) and were FISH negative were regarded as HER2
negative (no amplification). In the HER2-negative cases ana-
lyzed in the study, ERo -positive and/or PR-positive cases
were defined as LBC. and ERo -negative and PR-negative
cases were defined as TNBC.

Statistical analysis

All statistical analyses were performed using SPSS for Win-
dows, version 12 (SPSS. Inc.. Chicago. IL), and PRISM soft-
ware for Windows, version 4 (GraphPad Prism, Inc., San
Diego, CA). The methylation level (%) was analyzed as a con-
tinuous variable for the comparison of each gene with the
sample’s clinicopathologic features; mean and 95% confidence
intervals (Cls) were calculated. Associations between continu-
ous variables or the levels of DNA methylation and clinico-
pathologic variables were evaluated using analysis of variance
(anova) and Student’s r-test. In parallel, we computed the
median DNA methylation value and range for each sample,
and we defined the receiver operating characteristic (ROC)
curve {AUC) in SPSS software. Z-score analysis was used to
normalize the methylation levels of several genes in each sam-
ple. The Z-score for each gene was calculated as follows:
Z-score = (methylation level of each sample — mean value of
methylation levelj/standard deviation of methylation level. In
this analysis, a Z-score greater than 0 means that the methyla-
tion level is greater than the mean value for the population.
All reported P values were two-sided. and P < 0.05 was
considered statistically significant.

Genes to Cells (2013) 18, 1120-1130
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SUMMARY

DNA double-strand breaks (DSBs) are deleterious
lesions that lead to genetic mutations and cell
death. Protein ubiquitination mediated by the E3
ubiquitin ligase RNF8 within the regions sur-
rounding DSBs recruits DNA DSB response (DDR)
factors and induces chromatin remodeling, which
supports cell survival after DNA damage. Never-
theless, the impact of RNF8-mediated ubiquitination
on DNA repair remains to be elucidated. Here, we
report that depletion of the deubiquitinating enzyme
OTUB2 enhances RNF8-mediated ubiquitination in
an early phase of the DDR and promotes faster
DSB repair but suppresses homologous recombina-
tion. The rapid ubiquitination results in accelerated
accumulation of 53BP1 and RAP80 at DSBs,
which in turn protects DSB ends from resection in
OTUB2-depleted cells. Mechanistically, OTUB2
suppresses RNF8-mediated L3MBTL1 ubiquitina-
tion and Lys 63-linked ubiquitin chain formation in
a deubiquitinating activity-dependent manner.
Thus, OTUB2 fine-tunes the speed of DSB-induced
ubiquitination so that the appropriate DNA repair
pathway is chosen.

INTRODUCTION

DNA double-strand break (DSB) response (DDR) signaling is
regulated by posttranslational modifications. The first step of
this signaling pathway involves the ATM-dependent phosphory-
lation of various proteins, including histone H2AX and the
mediator protein MDC1 (Al-Hakim et al., 2010). The phosphory-
lation of these proteins promotes the recruitment of E3 ubiquitin
ligases to DSBs, and the signaling then becomes controlled by
ubiquitination.

.A
\!) CrossMark

The E3 ubiquitin ligase RNF8 initiates DNA damage-depen-
dent ubiquitination (Huen et al., 2007; Kolas et al., 2007; Mailand
et al., 2007) and recruits RNF168, an ubiquitin interaction motif-
containing E3 ubiquitin ligase, to DSBs (Doil et al., 2009; Stewart
et al., 2009). RNF168 ubiquitinates Lys 13-15 on histones H2A
and H2AX (Mattiroli et al., 2012). These E3s and their cognate
E2-conjugating enzyme UBC13 (Zhao et al., 2007) also elongate
the Lys 63-linked ubiquitin chains within the region surrounding
the DSBs. The Lys 63-linked ubiquitin chains act as a scaffold
for the retention of the Lys 63-linked ubiquitin chain-binding
protein RAP80 at DSBs (Kim et al., 2007; Sobhian et al., 2007;
Wang et al.,, 2007). Recent studies have revealed that the
polycomb molecule LSMBTL1 (Acs et al., 2011) and the lysine
demethylase JMJD2A (Mallette et al., 2012) are also substrates
of RNF8. L3MBTL1 and JMJD2A interact with Lys 20 dimethy-
lated histone H4 (H4K20me2) through the MBT domains and
the tandem TUDOR domain, respectively (Kim et al., 2006;
Mallette et al., 2012). Upon DNA damage, the ubiquitination of
L3MBTL1 and JMJD2A induces the removal of LBMBTL1 and
JMJD2A from damaged chromatin and exposes H4K20me2,
which is then bound by the tandem TUDOR domain-containing
DDR protein 53BP1 (Acs et al., 2011; Mallette et al., 2012).
53BP1 also possesses a ubiquitination-dependent recruitment
(UDR) motif, which enables 53BP1 to interact tightly with nucle-
osomes containing both H4K20me2 and RNF168-dependent
ubiquitinated histone H2A even in the presence of L3MBTL1
and JMJD2A (Fradet-Turcotte et al., 2013).

These RNF8/RNF168-dependent ubiquitination events are
opposed by several deubiquitinating enzymes (DUBs). A Lys
63-linked ubiquitin-specific DUB, BRCC36, localizes to DSBs
as part of the RAP80-containing multiprotein complex and
deubiquitinates ubiquitin chains at DSBs (Shao et al., 2009).
POH1 is another Lys 63 linkage-specific DUB that has been
suggested to negatively regulate the accumulation of 53BP1 at
DSBs (Butler et al., 2012). USP3 and USP16 remove ubiquitin
from histone H2A during the DDR (Doil et al., 2009; Shanbhag
etal., 2010). The otubain family DUB OTUB1 negatively regulates
DSB-dependent ubiquitination differently than these DUBs.
OTUBH1 interacts with UBC13 (UBE2N) and the UBE2D/UBE2E

Molecular Cell 53, 617-630, February 20, 2014 ©2014 Elsevier Inc. 617



family E2 ubiquitin-conjugating enzymes and inhibits their E2
activities in a DUB activity-independent manner (Nakada et al.,
2010; Sato et al., 2012; Wiener et al., 2012). Thus, DUBs have
separate roles in the DDR, such as removing unnecessary
ubiquitin after DNA repair and setting a threshold for ubiquitina-
tion. Because many substrates are ubiquitinated during the
DDR, other DUBs are expected to contribute to the regulation
of the DDR.

DSBs are repaired by the error-free homologous recombination
(HR) pathway and the other pathways including nonhomologous
end joining (NHEJ), alternative NHEJ, and single-strand
annealing, i.e., non-HR repair pathway (Goodarzi and Jeggo,
2013). During the first step of HR, DSB edges are resected to
form 3’ overhangs. The single-stranded DNA is rapidly coated
with RPA, which is subsequently displaced by RAD51. The
RAD51-DNA filament invades the homologous DNA on the
identical sister chromatid, and the damaged DNA is then
repaired in a DNA synthesis-dependent manner. In contrast,
non-HR repair eliminates DSB by direct ligation of the ends of
the DSB with minor processing (Symington and Gautier, 2011).
The choice of an inappropriate repair pathway can lead to gene
mutations and chromosomal translocations (Chapman et al.,
2012). Therefore, one important question regarding DSB repair
has been how cells choose the appropriate repair method.
Recently, several groups have revealed that RIF1, a 53BP1 binding
partner, inhibits DNA end resection and leads to cells choosing
NHEJ over HR (Chapman et al., 2013; Di Virgilio et al., 2013; Escri-
bano-Diaz et al., 2013; Zimmermann et al., 2013). Other groups
have reported that RAP80 inhibits BRCA1-dependent excessive
DNA end resection and hyperrecombination (Coleman and
Greenberg, 2011; Huet al., 2011). These HR-suppressing proteins
accumulate at DSBs in an RNF8/RNF168-mediated ubiquitina-
tion-dependent manner, suggesting that RNF8/RNF168-medi-
ated ubiquitination supports the DNA repair pathway choice.

In this study, we sought to analyze the impact of enhanced
RNF8-dependent ubiquitination on the choice of DNA repair
pathway. Using data from a DUB-specific small interfering
RNA (siRNA) library screen, we identified OTUB2 as a suppres-
sor of excessive ubiquitination in an early phase of the DDR. In
contrast to OTUB1, OTUB2 suppresses ubiquitination in a
DUB activity-dependent manner. Rapid DNA damage-depen-
dent ubiquitination in OTUB2-depleted cells led to the enhanced
recruitment of 53BP1 and RAP80 to DSBs and accelerated total
DSB repair in an early phase of the DDR. In contrast, assembly of
RPA and RAD51 at DSBs and HR were suppressed in OTUB2-
depleted cells. These data indicate that non-HR pathway is pref-
erentially selected in cells where RNF8-dependent ubiquitination
is hyperactivated by OTUB2 depletion.

RESULTS

OTUB2 Inhibits RNF8-Dependent Ubiquitination

DSB repair process starts quickly after the generation of DSBs,
suggesting that the DNA repair pathway is selected in a very
early phase of DDR. We expected that efficiency of RNF8/
RNF168-dependent ubiquitination in an early phase of DDR
affect the choice of repair pathway. Accordingly, we screened
an siRNA library of human DUBs to identify DUBs that, when
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depleted, enhanced the accumulation of RAP80 at DSBs soon
after generation of the DSB. U20S cells were transfected with
pools of siRNAs, treated with the radiomimetic drug neocarzi-
nostatin (NCS) for 5 min and subsequently processed for
RAP80 immunofluorescence staining. Images were taken using
an automated microscope, and the RAP80 focal intensity was
then analyzed. Among the positive hits (in which siRNA transfec-
tion enhanced RAP80 foci) (Figures 1A and 1B), we focused on
OTUB2 because our previous data implicated OTUB2 in the
DDR. In our previous work, overexpression of OTUB2 did not
inhibit ionizing radiation-induced 53BP1 foci formation as effi-
ciently as OTUB1. However, its inhibitory effect was higher
than that of an OTUB1 N-terminal deletion mutant that does
not inhibit the E2 activity of UBC13 (Nakada et al., 2010).

To re-examine the ability of OTUB2 to inhibit 53BP1 foci
formation, HelLa cells were transiently transfected with Flag-
OTUB2 expression vectors, treated with NCS, and then sub-
jected to Flag and 53BP1 immunofluorescence staining 1 hr
post-NCS treatment. Flag-OTUB1 wild-type and the F133A/
F138A/M211A (OTUB1**) mutant, which does not interact
with UBC13, were used as positive and negative controls,
respectively (Nakada et al., 2010; Sato et al., 2012). When we
analyzed cells with mild Flag-OTUB2 expression (Figures 1C
and S1A), we found that OTUB2 did not inhibit formation of
53BP1 foci as strongly as did OTUBH1, but it did inhibit 53BP1
foci formation more strongly than did the OTUB1A** mutant.
However, when we analyzed cells with strong Flag-OTUB2
expression, we found that OTUB2 almost completely sup-
pressed NCS-induced 53BP1 foci formation (Figures 1D and
1E). In contrast, the OTUB2°'S mutant, which had very weak
DUB activity, did not show the same inhibitory effect. Both
OTUB1 and the catalytically inactive OTUB1°®'S mutant
completely suppressed accumulation of 53BP1 at DSBs. These
data were also confirmed by automated image acquisition and
analysis using imaging software (Figure S1B). In addition, similar
data were obtained using U20S cells (Figure S2A), indicating
that the function of OTUB2 does not depend on cell type.

The overexpression of OTUB2, which affects only a small frac-
tion of the total amount of ubiquitinated protein and the free
ubiquitin pool (Figure S1C), also suppressed NCS-induced ubig-
uitin conjugation, as detected using the FK2 antibody, in a DUB
activity-dependent manner (Figures 2A and 2B). Although foci of
Flag-OTUB2 were not detected after NCS treatment, a small
amount of EGFP-OTUB2 colocalized with yH2AX at micro-
laser-induced DSBs (Figure S1D). These data indicate that the
mechanism by which OTUB2 inhibits the DDR is through its deu-
biguitination activity, which is different from that of OTUB1.

Next, we sought to pinpoint the step of DDR signaling that
is sensitive to the DUB activity of OTUB2. We found that NCS-
induced formation of RAP80, BRCA1, and RNF168 foci was
almost completely suppressed by the overexpression of
OTUB2 but not the OTUB2%%'S mutant (Figures 2C—2F, S2C,
and S2D). In contrast, the overexpression of OTUB2 did not
affect foci formation of yH2AX, MDC1, or EGFP-tagged
RNF8C403S: e utilized the catalytically inactive mutant
RNF8C4%38 (\Mailand et al., 2007) to avoid inducing excessive
ubiquitination by overexpressing active RNF8 (Figures 2G, 2H
and S2E-S2H). Because the accumulation of RNF168 at DSBs
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(A) siRNAs from the siRNA library for human deubiquitinating enzymes were individually transfected into U20S cells. These cells were treated with 5 ng/mL NCS
and processed for RAP80 immunofluorescence staining 5 min after NCS treatment. Immunofluorescent images were obtained using an automated microscope,
and the intensities of RAP80 foci were analyzed. Representative images from the screen are shown. Objective, 40x.

(B) Analyzed data from the screen. y axis: Total fluorescence intensity of RAP80 foci in each nucleus. x axis: Fluorescence intensity of each RAP80 focus. Three

different nontargeting siRNAs were used as controls (CTRL).

(C and D) Quantification of cells with 53BP1 foci. HeLa cells transfected with the indicated Flag-OTUB2 or Flag-OTUB1 expression plasmids were processed for
53BP1 and Flag immunofluorescence staining 1 hr after 5 ng/mL NCS treatment. The percentage of cells containing >10 53BP1 foci are shown. A total of 100 cells
from the Flag-OTUB2- or OTUB1-transfected cultures with mild (C) or strong (D) fusion protein expression or 100 cells from the control cultures transfected with
the Flag-empty plasmid were analyzed from each sample. Data are presented as the mean + SD of three independent experiments. emp., empty plasmid.

(E) Representative images of the immunofluorescence staining in (D) are shown. DNA was counterstained with DAPI. Scale bar, 25 um. See also Figure S1.

requires the E3 ubiquitin ligase activity of RNF8 and the accumu-
lation of 53BP1, RAP80, and BRCA1 requires recruitment of
RNF168 to DSBs (Doil et al., 2009; Stewart et al., 2009), we sus-
pect that OTUB2 inhibits RNF8-dependent ubiquitination.

OTUB2 Depletion Enhances the Accumulation of RAP80
and 53BP1 at DSBs

To analyze the physiological function of OTUB2, we monitored
ubiquitination-mediated DSB signaling in OTUB2-depleted cells.

Here, we noted that siRNA-mediated knockdown of OTUB2
affected only a small fraction of the total amount of ubiquitinated
protein and the free ubiquitin pool (Figure S3A). First, we
assessed whether OTUB2 depletion affected phosphorylation-
mediated DDR signaling and excluded this possibility because
OTUB2 siRNA-transfected cells and control siRNA-transfected
cells showed similarly weak staining of yH2AX and MDC1
foci 5 min post-NCS treatment but then exhibited similarly
strong staining for both foci 10 min post-NCS treatment (Figures
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S3B and S3C). As observed in the siRNA screen, the assembly of
RAP80 was enhanced in OTUB2-depleted cells (Figures 3A and
3B) but not in OTUB1-depleted cells 5 min post-NCS treatment
(Figure S3D). Soon after the transient convulsive enhancement of
RAP80 assembly, the percentage of OTUB2-depleted cells with
RAP80 foci decreased and reached a similar level to that of the
control cells 60 min post-NCS treatment (Figures 3A and 3B).
Next, we examined ubiquitin conjugation at DSBs based on
staining with an anti-conjugated ubiquitin (FK2) antibody. Con-
trol cells showed a gradual increase in the number of conjugated
ubiquitin foci-positive cells during NCS treatment. In contrast,
OTUB2-depleted cells exhibited many strongly staining foci 5
or 10 min post-NCS treatment (Figures 3C and 3D). In addition,
OTUB2-depleted cells showed a higher frequency of RNF168
foci formation than control cells 5 or 10 min post-NCS
treatment (Figures 3E and 3F). While ubiquitin conjugation was
accelerated in OTUB2-depleted cells in an early phase of the
DDR, the dissolution kinetics of the conjugated ubiquitin foci in
the OTUB2-depleted cells were faster than those of control cells
(Figures 3G and 3H). These data suggest that OTUB2 predomi-
nantly works during an early phase of the DDR but is not required
for conjugated ubiquitin clearance in a later phase of the DDR.
The faster conjugated ubiquitin clearance in OTUB2-depleted
cells also suggests that DNA repair is accelerated in OTUB2-
depleted cells. In contrast, OTUB1-depleted cells showed
persistent conjugated ubiquitin foci as we previously reported
(Nakada et al., 2010). Codepletion of OTUB2 and OTUB1 re-
sulted in partial persistence of conjugated ubiquitin foci (Figures
3G, 3H, and S3E). These data indicate that OTUB2 and OTUB1
work during different phases of the DDR.

Next, we analyzed 53BP1 accumulation at DSBs. When
control siRNA-transfected U20S cells were treated with NCS,
weakly stained, fine 53BP1 foci were predominant until 30 min
after NCS treatment (Figures 4A and 4B). In contrast, the
OTUB2-depleted cells exhibited larger and more strongly
stained 53BP1 foci 20-30 min post-NCS treatment (Figures 4A
and 4B). By 1-2 hr post-NCS treatment, most of the control cells
and the OTUB2-depleted cells contained large 53BP1 foci
(Figures S4A and S4B), indicating that 53BP1 accumulation
was accelerated in the OTUB2-depleted cells. When an siRNA-
resistant version of OTUB2 was weakly expressed in cells trans-
fected with OTUB2-specific siRNA, the enlargement of 53BP1
foci was suppressed 20 min post-NCS treatment. However,
this suppression did not occur when OTUB2°%'S was expressed
in OTUB2-depleted cells (Figures 4C, S4C, and S4D). Therefore,
we excluded the off-target effects of the siRNA and confirmed
that OTUB2 indeed suppressed the DDR in a DUB activity-
dependent manner. The enhancement of 53BP1 foci formation
during an early phase of the DDR in OTUB2-depleted cells was
completely abrogated when cells were simultaneously depleted
of RNF8 or RNF168, indicating that OTUB2 acted on the RNF8/
RNF168 pathway (Figures 4D, S4E, and S4F).

When we compared the assembly kinetics of RAP80 and
53BP1 foci formation, we observed that the accumulation of
53BP1 at DSB sites was slower than that of RAP80 (Figures 3B
and 4B). Indeed, double immunofluorescence staining revealed
that the majority of the RAP80 foci did not accompany the
53BP1 foci 5 min post-NCS treatment, although most of the
foci colocalized with the 53BP1 foci 1 hr post-NCS treatment
in OTUB2-depleted cells (Figure 4E). These data suggest that
the accumulation of 53BP1 at DSB sites requires other signaling
events that are not necessary for RAP80 foci formation, and this
process is regulated by OTUB2.

OTUB2 Suppresses the Ubiquitination of L3MBTL1

We next sought to identify the targets of OTUB2. A recent study
revealed that the recruitment of 53BP1 requires the RNF8-
mediated ubiquitination-dependent removal of LSMBTL1 from
damaged chromatin (Acs et al., 2011). Overexpression of
Flag-L3MBTL1 more efficiently suppressed large 53BP1 foci
formation than Flag-LAMBTL1*MBT  which lacked three MBT
domains important for interaction with nucleosomes (Trojer
et al., 2007) (Figures 4F and 4G), indicating that L3MBTL1
competes with 53BP1 for localization at DSBs. U20S cells
stably expressing L3MBTL1-specific shRNA more frequently
showed large 53BP1 foci than nontargeting control shRNA-
expressing cells 20 min post-NCS treatment in the presence
of OTUB2, while RAP80 foci formation was not enhanced in
shL3MBTL1-expressing cells (Figures S4G-S4K). In contrast,
when OTUB2 was depleted by siRNA, control shRNA-express-
ing cells and L3MBTL1-specific shRNA-expressing cells ex-
hibited similar frequencies of cells with large 53BP1 foci (Figures
S4H, 841, and S4K). These data suggest that OTUB2 is epistatic
to L3MBTL1. Therefore, we focused on L3MBTL1 and asked
whether OTUB2 prevented RNF8-mediated ubiquitination of
L3MBTL1.

First, to confirm whether OTUB2 interacts with LSMBTL1, we
performed a coimmunoprecipitation assay. Exogenously ex-
pressed Myc-OTUB2 was reciprocally coimmunoprecipitated
with Flag-L3MBTL1 from U20S cells (Figure 5A). Furthermore,
endogenous OTUB2 was coimmunoprecipitated with Flag-
L3MBTL1 from U20S cells stably expressing Flag-L3MBTL1,
and this interaction was independent of NCS treatment (Fig-
ure 5B). These data suggest that the interaction between
OTUB2 and L3MBTL1 is constitutive rather than DNA damage
dependent.

Next, we investigated whether OTUB2 could deubiquitinate
L3MBTL1 in vivo. U20S cells were transfected with His-
L3MBTL1, HA-RNF8, and Myc-ubiquitin expression vectors
and subjected to His pull downs under denaturing conditions.
Overexpression of RNF8 successfully ubiquitinated His-
L3MBTL1 (Figure 5C). Unexpectedly, all K/R ubiquitin mutants,
in which one of seven Lys residues in ubiquitin was substituted
with Arg, and a KO ubiquitin mutant, in which all Lys residues

staining 1 hr after NCS treatment. The DNA was counterstained with DAPI. Representative images of the immunofluorescence staining are shown. Scale bar,
25 um. In (B), (D), (F), and (H), the percentage of cells containing > 10 or >20 indicated protein foci was determined by counting 100 cells from the Flag-OTUB2-
transfected cultures with strong fusion protein expression or 100 cells from the control cultures transfected with the Flag-empty plasmid from each sample. Data
are presented as the mean + SD of three independent experiments. emp., empty plasmid. See also Figure S2.
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