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Ubiquitin modification at double strand breaks (DSB) sites is
an essential regulator of signaling and repair. yH2AX extends
from DSB sites and provides a platform for subsequent recruit-
ment and amplification of DNA repair proteins and signaling
factors. Here, we found that RNF8/RNF168 ubiquitylates
yYH2AX. We identified that USP11 is a unique deubiquitylation
enzyme for yH2AX. USP11 deubiquitylates YH2AX both in vivo
and in vitro but not the canonical (ub)-K119-H2A and (ub)-
K120-H2B in vitro, and USP11 ablation enhances the levels of
YH2AX ubiquitylation. We also found that USP11 interacts
with YH2AX both in vivo and in vitro. We found that 53BP1 and
ubiquitin-conjugated proteins are misregulated to be retained
longer and stronger at DSB sites after knockdown of USP11. We
further found that cells are hypersensitive to y-irradiation after
ablation of USP11. Together, our findings elucidate deeply and
extensively the mechanism of RNF8/RNF168 and USP11 to
maintain the proper status of ubiquitylation yH2AX to repair
DSB.

DNA damage response is a critical step to maintain genome
integrity. Defects in DNA damage response causes genome
instability, which is associated with cancer, stem cell exhaus-
tion, developmental defects, infertility, immune deficiency,
neurodegenerative disease, and premature aging (1, 2). Double
strand breaks (DSBs)* are the most cytotoxic lesion of all DNA
damage lesions. A DSB triggers a chain of response of post-
translational modifications, including phosphorylation, acety-
lation, and ubiquitylation (3).

Ubiquitin modification at DSB sites is an essential regulator
of signaling and repair, by the orchestrated recruitment of pro-
teins such as 53BP1 and BRCA1 onto chromatins surrounding
DSBssites (3). In response to DSB, ATM is first recruited to DSB
sites, where it phosphorylates H2AX at Ser-139 (yH2AX).
yYH2AX extends for up to a megabase from DSB sites in mam-
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malian cells, providing a platform for subsequent DNA repair
proteins recruitment and amplification at DSB sites. yH2AX is
recognized by MDCI1 (4). MDC1 is then phosphorylated by
ATM, whose phospho-sites are recognized by RNF8 (5-7).
RNF8 ubiquitylates proteins at DSB sites, and RNF8 activity is
promoted by interactions with HERC2 (8). RNF168 is then
recruited by its ubiquitin binding domains to recognize prod-
ucts of RNF8 and its own (9). RNF8/RNF168-dependent ubiq-
uitylation orchestrates recruitment of DNA repair and signal-
ing factors on DSB sites, which include 53BP1, RAD18, BRCA1,
the RAP80 complex, HERC2, BMI1, RIF1, RNF169, NPM1,
FAAP20, and NIPBL (3). 53BP1 and BRCA1 are the two main
effectors of the RNF8 pathway. 53BP1 promotes DSB repair by
NHE] and opposes DNA end resection (10), whereas BRCA1
promotes HR and is linked to initiation of end resection (11).

RNF8/RNF168-dependent ubiquitylation plays a key role in
the chain of recruitment of DNA repair and signaling factors on
DSB sites (3, 5-9). RNF8/RNF168 ubiquitylate H2A-type his-
tones (5-9) at K13/15-H2A (12, 13), which is different from the
canonical K119-H2A. Histone ubiquitylation stimulated by
DSB is not limited to K13/K15-H2A. RNF20 and RNF40 also
ubiquitylate H2B at Lys-120 (14 —16), which is recruited to DSB
sites (14-16).

Deubiquitylation enzymes counteract RNF8/RNF168-depen-
dent ubiquitylation in maintaining the status of the ubiquity-
lated proteins at DSB sites. Deubiquitylation enzymes (DUBs)
including USP3, USP11, USP16, USP44, BRCC36, PSMD14,
and OTUBI1 have been identified as negative regulators to the
RNF8/RNF168 pathway (17-32). USP44 is identified to deubiq-
uitylate H2A (17). USP3 and USP16 are first identified to regu-
late RNF8 pathway through their deubiquitylation activity to
H2A (18-22). Recently, USP3 was found to deubiquitylate
(ub)-k13/15-H2A and (ub)-k13/15-yH2AX, to counteract
RNF168-dependent ubiquitylation (19). PSMD14 negatively
regulates the RNF8 pathway (23). BRCC36 is a component of
the BRCA1-RAP80 complex (24-28). OTUBI regulates
RNF168-dependent ubiquitylation (29-31). USP11 is identi-
fied to participate in HR repair at DSB sites (32).

However, it is not clear whether yH2AX is ubiquitylated by
RNF8/RNF168 and whether DUB deubiquitylates yH2AX and
counteracts RNF8/RFN168-dependent ubiquitylation at DSB
sites. In this study, we found that yH2AX is ubiquitylated by
RNF8/RNF168 and deubiquitylated by USP11. Both RNF8/
RNF168 and USP11 are essential to maintain properly the sta-
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tus of ubiquitylation yH2AX to recruit and amplify the DNA
repair proteins and signaling factors at DSB sites.

Experimental Procedures

Plasmids, Antibodies, and Cell Culture—The plasmids of
Flag-DUBs were cloned as described previously (33). The indi-
vidual DUB c¢DNA obtained from either Marathon-ready
c¢DNA (Clontech) or commercially available cDNA clones
(Open Biosystem, RZPD) were amplified by PCR and cloned
into TOPO TA cloning vector (Invitrogen). Each DUB cDNA
was then subcloned into Flag-tagged expression vector, and its
sequence was proofed by DNA sequencing. The expression of
each DUB plasmid was confirmed by Western blot analysis
using antibody against Flag with the cell extracts from tran-
siently transfected 293 cells.

The plasmid of Flag-USP11 C318A was mutated from Flag-
USP11 according to the manufacturer’s protocol (Stratagene).
The plasmid of HA-Flag-RNF8 was requested from Addgene,
and HA-RNF8 was made based on HA-Flag-RNF8. The full-
length USP11 was amplified by PCR and subcloned into pGEX
(GST) vector for expressing in bacteria. Cells were transfected
with plasmid DNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol.

The antibodies used in Western blot analysis were B-actin
(A15), GFP, and Flag M2 from Sigma; HA (3F10) from Roche
Applied Science; H2AX, yH2AX, ub-K119-H2A, and ub-K120-
H2B from Millipore; USP11 (BL3984), RNF8 and ubiquitin
from Bethyl; and conjugated ubiquitin (FK2) from Santa Cruz.

293, U20S, H1299, and HeLa cells were cultured in DMEM
(Cellgro) supplemented with 10% fetal bovine serum (Gibco).
The Flag-HA-USP11/U20S stable cell lines or Flag-HA-
H2AX/H1299 stable cell lines were established by transfecting
U20S cells with plasmid of pCin4-Flag-HA-USP11 or by trans-
fecting H1299 cells with plasmid of pCin4-Flag-HA-H2AX,
respectively, and selecting with 1 mg/ml G418 (EMD
Biosciences).

Cell-based Ubiquitylation Assay—The ubiquitylation assay
was performed as previously described (34) with some modifi-
cation. 293 cells were transfected with plasmids of Flag-H2AX,
HA-RNFS, His-Ub, DUB, and GFP. After 48 h, partial of cells
were lysed with radioimmune precipitation assay buffer + 0.5%
SDS buffer and sonicated to get the whole cell extracts. The rest
of the cells were lysed with phosphate/guanidine buffer (6 m
guanidine HCl, 0.1 m Na,HPO,, 6.8 mm Na,H,PO,, 10 mm
Tris-HCI, pH 8.0, 0.2% Triton X-100, freshly added with 10 mm
B-mercaptoethanol and 5 mm imidazole), sonicated, and sub-
jected to Ni-NTA (Qiagen) pulldown overnight at 4 °C. The
Ni-NTA resin-bound proteins were washed with wash buffer 1
(8 Murea, 0.1 M Na,HPO,, 6.8 mm Na,H,PO,, 10 mm Tris-HCI,
pH 8.0, 0.2% Triton X-100, freshly added with 10 mm B-mer-
captoethanol and 5 mm imidazole) once and further washed
with wash buffer 2 (8 M urea, 18 mMm Na,HPO,, 80 mm
Na,H,PO,, 10 mm Tris-HCI, pH 6.3, 0.2% Triton X-100, freshly
added with 10 mm B-mercaptoethanol and 5 mm imidazole)
three times. The bound proteins were eluted with elution buffer
(0.5 m imidazole, 0.125 M DTT) and resolved by SDS-PAGE.

In Vitro Ubiquitylation Assay—The in vitro ubiquitylation
assay was performed with yH2AX as substrate. yH2AX was
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purified with M2 beads from 293T cells after transfected with
Flag-H2AX and treated with doxorubicin; then the endogenous
ubiquitylated yH2AX was depleted with ubiquitin antibody.
The enzyme RNF8 was purified from 293T cells transfected
with HA-RNF8 plasmid. E1, E2, and ubiquitin were purchased
from Boston Biochemical. For the reaction, 20 ng of yH2AX
was mixed with 10 ng of E1, 20100 ng of E2, 300 ng of RNFS,
and 5 ug of ubiquitin in 30 ul of reaction buffer (40 mm Tris-
HCl, pH7.6,5mm MgCl,, 2mMATP,2mMmDTT, and 100 ng/ul
BSA). Each reaction was stopped after 1 h at 37 °C by the addi-
tion of SDS loading buffer and subsequently resolved by 12%
SDS-PAGE gels for Western analysis with yH2AX antibody.

In Vitro Deubiquitylation Assay—The in vitro deubiquityla-
tion assay was performed as previously described (33).

Immunoprecipitation—The cell nuclear pellet extracts were
subjected to immunoprecipitation. Cells were lysed in Flag lysis
buffer (50 mm Tris-HCI, pH 7.3, 137 mm NaCl, 10 mMm NaF, 1
mM EDTA, 1% Triton, 0.2% sarkosyl, 20% glycerol, protease
inhibitors, and phosphatase inhibitors), and the supernatants
were removed after spin down. The pellet was washed once
with Flag lysis buffer, resolved in the Flag lysis buffer containing
1/10 volumes of 3 M ammonium sulfate, sonicated, and spun
down. The supernatant was diluted with 5X Flag lysis buffer
and was subjected to do immunoprecipition. The nuclear pellet
extracts of U20S cells, which were treated with 10 um doxoru-
bicin for 6 h, were incubated with A/G Plus-agarose beads for
2 hat4 °Cto preclean. The extracts were incubated with mouse
IgG or yH2AX-specific antibody, rabbit IgG, or USP11 specific
antibody overnight at 4 °C and then were incubated with A/G
Plus-agarose beads for 4 h at 4 °C. The beads bound proteins
were washed five times with BC100 buffer. The bound proteins
were eluted by boiling in 1X SDS sample buffer. The nuclear
extracts from the Flag-HA-USP11/U20S stable cell lines or
Flag-HA-H2AX/H1299 stable cell lines were subjected to
purify the protein complex by M2-agarose beads.

GST Pulldown—GST and GST-USP11 were purified from
BL21 bacterial cells. 1 ug of GST or 4 ug of GST-USP11 pro-
teins were incubated with nuclear pellet extract of HeLa cells
that were treated with 10 uM doxorubicin for 6 h at 4 °C over-
night. Glutathione-Sepharose beads were added and incubated
for 4 h. The beads bound proteins were washed with BC100
buffer. The beads bound proteins were eluted by reduced glu-
tathione, resolved on SDS-PAGE, and assayed by Western blot
analysis using antibody against YH2AX.

Immunofluorescent Staining—Cells were fixed with 4% para-
formaldehyde for 20 min, rehydrated for 5 min in serum-free
DMEM, and permeabilized with 0.2% Triton X-100 for 10 min.
Cells were incubated with 1% BSA/PBS for 30 min. Cells were
incubated with primary antibodies (as indicated) diluted in 1%
BSA/PBS for 45 min at room temperature. After washing with
1% BSA/PBS, cells were incubated with second antibodies for
30 min at room temperature. Finally, cells were counterstained
with DAPI to visualize the nuclei.

Colony Formation Assay—U20S cells were transfected three
times with USP11 #1 siRNA, USP11 #2 siRNA, or control
siRNA. Twenty-four hours later after the last transfection, cells
were spread with the same amount of cells to the new plates and
cultured for 1-5 days, or 24 h later, after the last transfected
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FIGURE 1. RNF8/RNF168 ubiquitylates yH2AX. A, ubiquitylated yH2AX was pulled down in an overexpression system. 293 cells were transiently transfected
with plasmid DNA expressing Flag-H2AX, HA-RNF8, and His-UB. The whole cell extracts and elution of Ni-NTA-agarose bead pulldown with guanidine buffer
were assayed by Western blot analysis using antibodies against yH2AX, H2AX, and HA. GFP was transfect control. B, the level of ubiquitylated yH2AX decrease
after ablation of RNF8. U20S cells were transfected with the control siRNA oligonucleotides and RNF8 specific siRNA oligonucleotides and treated with 10 um
of doxorubicin for 6 h to damage DNA. The whole cell extracts were assayed by Western blot analysis using antibodies against yH2AX, RNF8, and actin. C, RNF8
ubiquitylates yH2AX in vitro. yH2AX was purified with M2 beads from 293 cells after transfected with Flag-H2AX and treated with doxorubicin; then the
endogenous ubiquitylated yH2AX was depleted with ubiquitin antibody. The enzyme RNF8 was purified from 293T cells transfected with HA-RNF8 plasmid. D
and E, RNF168 increases the level of the ubiquitylated yH2AX in overexpression system as in A. ctl, control; DOX, doxorubicin.

with siRNA, another batch of cells were treated with 0, 1, 2, or 5
grays <y-irradiation and recovered for 12 h. Cells were then
spread at different dilution with the same amount of cells to the
new plates and cultured for 7-10 days.

Cells were washed three times with cold PBS and stained
with 2% of methylene blue (Sigma) in 50% of ethanol solution
for 15 min at room temperature. The plate was gently washed
with distilled water 10 times and left dry. Stained cells were
extracted with 1% SDS and were subjected to spectrophotom-
eter to read Ay, o, fOr quantifying surviving cells.

USP11 Knockdown—Cells were transfected three times with
siRNA oligonucleotides using HiPerfect transfection reagent
(Qiagen) according to the manufacturer’s protocol. siRNAs tar-
geting RNF8, USP2, USP5, USP11, USP13, USP15, USP21,
USP26, USP29, USP36, USP52, OTUD6A, OTUB1, VCPIP1,
COPS6, EIF3H, MPND, PSMD7 UCHL1, UCHLS5, and RNEFS8
were purchased from Dharmacon (SiGenome Smartpool).
Sequences of USP11 #1 siRNA and #2 siRNA oligonucleotide
are 5'-GCG UCG GGU ACG UGA UGA A-3' and 5'-CGA
UUCUAU UGG CCU AGU A-3', respectively. They were pur-
chased from Qiagen’s HP Validated siRNA.

Results

RNF8/RNF168 Ubiquitylate yH2AX—To examine whether
RNF8/RNF168 can ubiquitylate yH2AX, we first performed in
vivo ubiquitylation assay. 293 cells were transiently transfected
with plasmids expressing His-Ub, Flag-H2AX and RNFS, or
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RNF168. Western blot analysis showed that ubiquitin-conju-
gated yYH2AX bound Ni-NTA resin (Fig. 1, A, D, and E). We
confirmed this result with endogenous system. U20S cells were
transfected with siRNA of RNF8 and then treated with doxoru-
bicin for DNA damage. Western blot analysis with the whole
cell extracts showed that the levels of ubiquitin-conjugated
YH2AX were easily detected in cells with endogenous RNF8. In
contrast, when RNF8 was down-regulated by siRNA, the ubig-
uitin-conjugated yH2AX was no longer detectable (Fig. 1B).
We further performed in vitro ubiquitylation assay to show that
RNF8 ubiquitylates yH2AX (Fig. 1C). These results demon-
strated that RNF8/RNF168 ubiquitinate yH2AX.

USP11 Is a Unique Deubiquitylation Enzyme for yH2AX—To
identify the deubiquitylation enzyme for yH2AX, we start from
screening the DUB library. First, we performed in vivo deubiq-
uitylation assay. 293 cells were transiently transfected with
plasmids expressing His-Ub, Flag-H2AX, RNF8, and differ-
ent Flag-DUB. Cell extracts were subjected to Ni-NTA-aga-
rose bead pulldown with guanidine buffer. Western blot
analysis showed that ubiquitin-conjugated yH2AX was read-
ily detected with many DUBs; however, it was undetectable
with several DUBs, which may have deubiquitylation activity to
yYH2AX (Fig. 2, A-C). We have screened total of 72 DUBs for
yH2AX, in which 20 DUBs may have deubiquitylation activity
to yH2AX, including USP2, USP5, USP11, USP13, USP15,
uUSP21, USP26, USP29, USP36, USP52, OTUD6A, OTUBI,
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FIGURE 2. Deubiquitin enzyme library was screened for yH2AX by in vivo deubiquitylation assay. A-C, 293 cells were transiently transfected with plasmids
DNA expressing Flag-H2AX, HA-RNF8, His-UB, and different Flag-DUB. The whole cell extracts and the elution of Ni-NTA-agarose bead pulldown were assayed

by Western blot analysis using antibodies against yH2AX, H2AX, Flag, and HA.

VCPIP1, COPS6, EIF3H, MPND, PSMD7, UCHL1, UCHL5, and
DUBS3.

Second, we performed deubiquitylation assay in HeLa cells
after ablation of 19 DUBs (except DUB3, of which we were
unable to design siRNA oligonucleotide) based on the DUB
library screen (Fig. 3A). HeLa cells were transfected three times
with a different Smartpool of siRNA of 19 individual DUBEs,
respectively, which are the mixtures of the four different siRNA
oligonucleotides to be sure to knock down enough DUBs. Then
cells were transfected with plasmid DNA expressing His-Ub,
Flag-H2AX, and RNFS8. Cell extracts were subjected to Ni-
NTA-agarose bead pulldown. Ubiquitylated yH2AX was most
clearly detected in cells with ablation of USP11 (Fig. 3A).

Third, we further checked the level of ubiquitin-conjugated
yYH2AX in HeLa cells treated with y-irradiation after inactiva-
tion of 10 DUBs of USP subfamily that have activity during the
screening the DUB library (Fig. 3B). The result showed that only
after inactivation of USP11, the level of ubiquitylated YH2AX
increased strikingly (Fig. 3B).

Fourth, we performed the above assays with two indepen-
dent different siRNA against USP11 to reduce the side effects of
a pool of siRNA oligonucleotides (Fig. 3, C and D). The level of
ubiquitin-conjugated yH2AX clearly increased after ablation of
USP11 by any one of siRNAs (Fig. 3, Cand D).

Fifth, we performed deubiquitylation assay with USP11 wild
type and USP11 C318A mutant, which lost its enzymatic activ-
ity because its conserved enzymatic active site cysteine was
mutated to alanine. The result showed that ubiquitin-conju-
gated yH2AX was clearly detected in inactive USP11, not in
wild type USP11 (Fig. 3E, lane 2 versus lane 3).
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Sixth, we performed in vitro deubiquitylation assay with
ubiquitylated yH2AX. The ubiquitin-conjugated yH2AX was
purified from 293 cells transfected with plasmid DNA express-
ing Flag-H2AX, RNF8, and HA-Ub, by tandem immunopre-
cipitation with M2- and HA-agarose beads to remove the free
YH2AX protein. USP11 is the only one of the batch of DUBs to
deubiquitylate yH2AX in vitro (Fig. 4C). Then we purified ubiq-
uitylated yH2AX from 293 cells transfected with plasmid DNA
expressing Flag-H2AX, RNF8, by immunoprecipitation with
M2-agarose beads. The result showed that only USP11 deubiq-
uitylates YH2AX in vitro (Fig. 4D).

Seventh, we compared USP11 activity to yH2AX, which cat-
alyzed RNF8 or RNF168 by in vivo and in vitro deubiquitylation
assay (Fig. 4, E and F). USP11 can deubiquitylate any kind of
yYH2AX (Fig. 4, E and F).

Eighth, we performed the in vitro deubiquitylation assay by
GST-USP11, which was purified from bacteria, to reduce the
possibility of contamination of other mammalian proteins dur-
ing the purification process (Fig. 4G). The results showed that
GST-USP11 deubiquitylates yYH2AX in vitro.

Ninth, we performed in vitro deubiquitylation assay with
ubiquitylated H2A and H2B to further confirm that USP11 is a
unique deubiquitin enzyme for yH2AX (Fig. 4, A and B). The
ubiquitylated H2A or H2B was purified from 293 cells trans-
fected with plasmid DNA expressing Flag-H2A or Flag-H2B
and HA-Ub, by tandem immunoprecipitation with M2- and
HA-agarose beads and eluted with Flag and HA peptides. The
enzymes were the same batch of DUBs as in yH2AX. The in
vitro deubiquitylation reaction with different DUBs was
assayed by Western blot analysis using antibody against (ub)-
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FIGURE 3. USP11 is a unique deubiquitin enzyme for yH2AX. A, Hela cells were transfected with pool of siRNA oligonucleotides of the positive DUBs by the
assay in Fig. 2. Then Hela cells were transiently transfected with plasmids DNA expressing Flag-H2AX, HA-RNF8, and His-UB. The whole cell extracts and the
elution of Ni-NTA-agarose bead pulldown were assayed by Western blot analysis using antibodies against yH2AX, H2AX, Flag, and HA. B, Hela cells were
transfected with a pool of siRNA oligonucleotides of DUBs, treated with 12 grays +y-irradiation, and recovered for 30 min. The whole cell extracts were assayed
by Western blot analysis using antibodies against yH2AX, H2AX, USP11, and actin. C, Hela cells were transfected with different siRNA oligonucleotides of
USP11 and then treated with 12 grays y-irradiation and recovered for 30 min. The whole cell extracts were assayed by Western blot analysis using antibodies
against yH2AX, H2AX, USP11, and actin. D, HeLa cells were transfected with different siRNA oligonucleotides of USP11 and then transiently transfected with
plasmids DNA expressing Flag-H2AX, HA-RNF8, and His-UB. The whole cell extracts and the elution of Ni-NTA-agarose bead pulldown were assayed by Western
blot analysis using antibodies against yH2AX, H2AX, Flag, and HA. E, 293 cells were transiently transfected with plasmids DNA expressing Flag-H2AX, HA-RNFS8,
His-UB, and Flag-USP11 wild type or Flag-USP11 C318A inactive mutant. The whole cell extracts and elution of Ni-NTA-agarose bead pulldown were assayed

by Western blot analysis using antibodies against yH2AX, H2AX, Flag, and HA.

K119-H2A (Fig. 44) or (ub)-K120-H2B (Fig. 4B). The results
showed that USP11 could not deubiquitylate the canonical
(ub)-K119-H2A or (ub)-K120-H2B (Fig. 4, A and B). Collec-
tively, those data demonstrated that USP11 is a unique deubiq-
uitylation enzyme for yH2AX.

USP11 Associates with the yH2AX Protein Complex—To
investigate the relationship of USP11 and yH2AX in vivo, we
examined the interaction between these two proteins. Flag-
HA-USP11/U20S stable cell lines were treated with 10 um of
doxorubicin for 6 h. The nuclear extracts were subjected to
immunoprecipitate with M2-agarose beads. USP11 protein
complex were assayed by Western blot analysis using antibod-
ies against YH2AX. The result showed that yH2AX is clearly
detected in USP11-associated protein complex (Fig. 54, lane 2).

We also isolated H2AX-associated protein complex from
Flag-HA-H2AX/H1299 stable cell line. The cells were treated
with 10 uMm of doxorubicin for 6 h. The nuclear extracts were
subjected to immunoprecipitate with M2-agarose beads. The
result showed that USP11 is clearly detected in yH2AX-associ-
ated protein complex (Fig. 5B) and that phosphorylated H2AX
increases its interaction with USP11 strikingly (Fig. 5B, lane 4
versus lane 3).

To investigate the interaction between USP11 and yH2AX,
we performed GST pulldown assay. The full-length GST-
USP11 fusion protein or GST alone were incubated with
nuclear pellet extracts from HeLa cells treated with 10 pum
doxorubicin for 6 h. The data showed that USP11 interacts with
yH2AX (Fig. 5C).

To investigate the interaction between endogenous USP11
and yH2AX proteins, the nuclear pellet extracts from U20S
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cells treated with 10 um of doxorubicin for 6 h were subjected to
immunoprecipitate with a yH2AX-specific antibody or a con-
trol IgG or with a USP11-specific antibody or a control IgG. As
expected, USP11 was clearly detected in the immunoprecipi-
tates obtained with the yH2AX antibody but not the control
IgG or mock immunoprecipitates (Fig. 5D, lane 3 versus lanes 2
and 4). Vice versa, yYH2AX is clearly detected in the USP11
antibody immunoprecipitates not the control IgG or mock
immunoprecipitates (Fig. 5D, lane 7 versus lanes 6 and 8).
Those results confirmed that endogenous USP11 and yH2AX
associate in the same of the protein complex in cells.

USP11 Plays an Important Role at DSB Sites for Repair—To
investigate the role of YH2AX deubiquitylation by USP11, we
examined whether ablation of USP11 has effect on DSB sites.
HelLa cells were transfected with the siRNAs of control, RNF8
and USP11, respectively. The efficacy of siRNAs knock down
was examined (Fig. 6C). Cells were treated with +y-irradiation
and recovered for 1, 2, 4, and 6 h before they were checked the
53BP1 accumulation at DSB sites by immunofluorescent stain-
ing (Fig. 6A). The results showed that the 53BP1 accumulated at
DSB sites rise to the highest levels when cells recovered for 4 h
and then decreased, in the control siRNA. As expected, in the
RNF8 knockdown cells, the levels of 53BP1 accumulation at
DSB sites were delayed because RNF8 ubiquitylation activity in
DSB sites was required for 53BP1 recruitment. However, in
USP11 knockdown cells, the 53BP1 accumulation in DSB sites
rose to the highest levels even when cells recovered for 1 h and
extended the highest levels till 6 h (Fig. 64).

We further examined whether ablation of USP11 has effect
on the levels of ubiquitin-conjugated proteins in DSB sites.
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FIGURE 4.USP11 deubiquitylates yH2AX but not H2A and H2B. A, USP11 does not deubiquitylate H2A in vitro. The ubiquitylated H2A were purified from 293
cells transfected with Flag-H2A and HA-Ub by tandem immunoprecipitation with M2- and HA-agarose beads and elution with Flag and HA peptides. The
Flag-DUBs were purified from 293 cells transfected with plasmid expressing DUB by M2-agarose beads immunoprecipitation and elution with Flag peptide.
The in vitro deubiquitylation reaction with different DUBs, respectively, was assayed by Western blot analysis using antibody against (ub)-K119-H2A. B, USP11
does not deubiquitylate H2B in vitro as in A. C, USP11 deubiquitylates yH2AX in vitro. The ubiquitylated yH2AX was purified from 293 cells transfected with
Flag-H2AX, RNF8, and HA-UB by tandem IP with M2- and HA-agarose beads. The DUBs were the same batch used in A. D, USP11 deubiquitylates yH2AX in vitro.
The ubiquitylated yH2AX was purified from 293 cells transfected with Flag-H2AX and RNF8 by IP with M2-agarose beads. The DUBs were the same batch used
in A. E, USP11 deubiquitylates yH2AX that was catalyzed by RNF8 or RNF168 by in vivo deubiquitylation assay. 293 cells were transiently transfected with
plasmids DNA expressing Flag-H2AX, His-UB, Flag-USP11, and HA-RNF8 or HA-RNF168. The whole cell extracts and the elution of Ni-NTA-agarose bead
pulldown were assayed by Western blot analysis using antibodies against yH2AX, Flag, and HA. F, USP11 deubiquitylates yH2AX in vitro, which was catalyzed
by RNF168. The ubiquitylated yH2AX was purified from 293 cells transfected with Flag-H2AX, RNF168, by IP with M2-agarose beads. G, GST-USP11 deubiqui-
tylates yH2AX in vitro. The ubiquitylated yH2AX was purified as in C. GST-USP11 was purified from Escherichia coli.
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FIGURE 5.USP11 interacts with yH2AX. A, USP11 interacts with endogenous yH2AX in the USP11 protein complex purified from Flag-HA-USP11/U20S stable
cell lines. B, phosphorylated H2AX increases the interaction with endogenous USP11. The Flag-HA-H2AX protein complex was purified from the Flag-HA-
H2AX/H1299 stable cell lines as in A. C, USP11 interacts with yH2AX in vitro. The full-length GST-USP11 fusion protein or GST alone were used in the GST
pulldown assay with nuclear pellet extract of HelLa cells treated with 10 um doxorubicin for 6 h. D, endogenous USP11 co-immunoprecipitates with yH2AX in
U20S cells. CBB, Coomassie Brilliant Blue; Dox, doxorubicin; IP, immunoprecipitation.

recruitment of 53BP1 and ubiquitin-conjugated proteins to
repair foci is misregulated after ablation of USP11 and RNFS8.

HelLa cells were transfected with the siRNAs of control, RNF8
and USP11, respectively. Cells were treated with y-irradiation

and recovered. The levels of ubiquitin-conjugated proteins at
DSB sites were assayed by immunostaining with antibody
against the conjugated-ubiquitin (FK2). The results showed
that in control cells, ubiquitin-conjugated proteins accumu-
lated at DSB sites; in RNF8 knock down cells, ubiquitin-conju-
gated proteins spread evenly in whole cells rather than accumu-
lating at DSB sites, whereas in USP11 knockdown cells,
ubiquitin-conjugated proteins accumulate at DSB sites stron-
ger than in control (Fig. 6B). The results demonstrated that the
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USP11 Is Required for Cell Survival following Ionizing
Irradiation—We further examined whether ablation of USP11
has effect on cell survival after y-irradiation. U20S cells were
transfected with USP11 or control siRNA and treated with y-ir-
radiation. They were then cultured for 7-10 days before quan-
tifying surviving cells. The results showed that after ablation of
USP11, cells are more sensitive to y-irradiation. The survival
cells are less than control treatment with the same dose of IR, or
50% of survival cells need light dosage of IR (Fig. 6D). Those
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FIGURE 6. The results demonstrated that the recruitment of 53BP1 and ubiquitin-conjugated proteins to repair foci is misregulated after ablation of
USP11 and RNF8. A, 53BP1 is misregulated at the DSB sites after inactivation of USP11. The pictures were taken with the same exposure time. B, ubiquitin-
conjugated protein accumulation misregulated at the DSB sites after inactivation. The picture of RNF8 siRNA was taken with 5-fold longer exposure time than
others especially to show no FK2 foci. C, cell extracts were assayed by Western blot analysis to show the knockdown of USP11 and RNF8. D, USP11 is required
for cell survival following ionizing irradiation. USP11 depleted U20S cells display increased radiation sensitivity as determined by colony formation assay. The
values were obtained from three independent experiments with each performed in triplicate. Error bars indicate standard deviation. E, U20S cells displayed
growth fast after USP11 was depleted. The values were obtained from three independent experiments with each performed in triplicate and normalized to day

1 as 100%. The error bars indicate standard deviation.

data confirmed that USP11 is required for cell survival follow-
ing ionizing irradiation. As control, we examined whether abla-
tion of USP11 has effect on cell growth. The results showed that
after ablation of USP11, cells grow faster (Fig. 6E).

Discussion

Ubiquitin modification at DSB sites is an essential regulator
of signaling and repair, by the orchestrated recruitment of DNA
repair proteins and signaling factors such as 53BP1 and BRCA1
onto chromatins surrounding DSB sites (3). Histone ubiquity-
lation by RNF8/RNF168 was observed in the previous study (5).
RNF8/RNF168 ubiquitylate H2A-type histones (5) on K13/15-
H2A, which is different from the canonical K119-H2A site (12—
13). yYH2AX is the marker of DSB foci, providing the platform
for subsequent recruitment and amplification of DNA repair
proteins and signaling factors at DSB sites (3—7). Recent study
found that RNF168 ubiquitylates yH2AX at Lys-13/15 (19).
Here, we found that RNF8/RNF168 ubiquitylates yH2AX,
which may further enhance the cascade of recruitment and
amplification of DNA repair proteins and signaling factors at
DSB sites (Fig. 1). The level of ubiquitylated yH2AX increases
when RNF8 is overexpressed (Fig. 14), whereas the ubiquityla-
tion YH2AX level decreases with RNF8 inactivation (Fig. 1B).
We found that RNF8 ubiquitylates YH2AX in vitro (Fig. 1C).
The modification sites on yH2AX by RNF8 need further
studies.

DUBs have been identified function at DSB sites (17-31).
USP44 regulates RNF8/RNF168-dependent ubiquitylation at
DSB sites (17). USP3 deubiquitylates H2A to regulate RNF168
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pathway, and overexpression of USP3 can block RNF168 accu-
mulation at DSB sites (18). USP3 deubiquitylates (ub)-K13/
15-H2A and (ub)-k13/15-yH2AX and counteracts RNF168-de-
pendent ubiquitylation (19). USP16 opposes the RNEF8/
RNF168-mediated DSB-induced transcriptional silencing (20),
interacts with HERC2 (21), and regulates embryonic stem cell
gene expression and lineage commitment (22). PSMD14 nega-
tively regulates the RNF8 pathway (23). Conversely, USP3,
USP16, USP44, and PSMD14 did not show activity to yH2AX in
our deubiquitylation assay (Fig. 2, A—C). The question about
the inconsistency needs further study to be answered. It may be
because those DUBs show lower activity in our assay.

BRCC36 and OTUBI were also identified function at DSB
sites (24-31). BRCC36 is a component of the BRCA1-RAP80
complex (24-28). Unfortunately, our DUB library does not
include BRCC36. OTUBI regulates RNF168-dependent ubiq-
uitylation (29-31). Notably, OTUB1 has shown activity to
YH2AX not only in our overexpression deubiquitylation assay
(Fig. 2B) but also in in vivo knockdown assay (Fig. 34). Until
now, we cannot expect that OTUB1 has no activity to yH2AX,
which needs further work to be answered. This is different from
the previous studies (29-31), in which OTUBI negatively reg-
ulates RNF168-dependent ubiquitylation through independent
OTUBLI deubiquitylation activity.

USP11 was identified to participate in HR repair at DSB sites
in the previous study (32). After ablation of USP11, cells show
spontaneously DNA damage response; hypersensitivity to
PARP inhibition, ionizing radiation, and other genotoxic stress
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agents; HR repair pathway defects; and the recruitment of
RAD51 and 53BP1 to DSB sites misregulated (32). However, the
mechanism of USP11 function at DSB sites is not fully under-
stood. In our study, we identified that USP11 is a unique deu-
biquitylation enzyme to YH2AX (Fig. 2 and 3). USP11 interacts
with yH2AX in vivo and in vitro (Fig. 5). Overexpression of
USP11 decreases the levels of ubiquitylated yH2AX (Fig. 2);
ablation of USP11 increases the ubiquitylation yH2AX levels
(Fig. 3, A-D). USP11 has no activity to (ub)-K119-H2A and
(ub)-K120-H2B in in vitro deubiquitylation assay (Fig. 4, A and
B), whereas USP11 has activity to (ub)-yH2AX in vitro (Fig. 4,
C-F). We found that after knockdown of USP11, 53BP1 and
ubiquitin-conjugated proteins are misregulated, retaining lon-
ger and stronger at DSB sites (Fig. 6, A—C), and we found that,
similar with the previous study (32), after ablation of USP11,
cells are also hypersensitive to y-irradiation (Fig. 6D).
Ubiquitin modification yH2AX adds the layers of regulation
fundamentally at DSB sites. yH2AX is the initial protein in the
cascade of recruitment and amplification of DNA repair pro-
teins and signaling factors at DSB sites, which extends from the
DSB sites and provides the platform for subsequent recruit-
ment and amplification (3—7). We found that RNF8/RNF168
ubiquitylates yH2AX, and USP11 deubiquitylates yH2AX.
RNF8/RNF168 and USP11 function together to regulate the
levels of ubiquitylation YH2AX. Our findings deeply and exten-
sively elucidate the mechanism of USP11 and RNF8/RNF168 to
keep the proper status of ubiquitylation yH2AX to repair DSB.
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