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Abstract

During the DNA damage response (DDR), ubiquitination plays an important role in the recruitment and regulation of repair
proteins. However, little is known about elimination of the ubiquitination signal after repair is completed. Here we show
that the ubiquitin-specific protease 5 (USP5), a deubiquitinating enzyme, is involved in the elimination of the ubiquitin
signal from damaged sites and is required for efficient DNA double-strand break (DSB) repair. Depletion of USP5 sensitizes
cells to DNA damaging agents, produces DSBs, causes delayed disappearance of cH2AX foci after Bleocin treatment, and
influences DSB repair efficiency in the homologous recombination pathway but not in the non-homologous end joining
pathway. USP5 co-localizes to DSBs induced by laser micro-irradiation in a RAD18-dependent manner. Importantly,
polyubiquitin chains at sites of DNA damage remained for longer periods in USP5-depleted cells. Our results show that
disassembly of polyubiquitin chains by USP5 at sites of damage is important for efficient DSB repair.

Citation: Nakajima S, Lan L, Wei L, Hsieh C-L, Rapić-Otrin V, et al. (2014) Ubiquitin-Specific Protease 5 Is Required for the Efficient Repair of DNA Double-Strand
Breaks. PLoS ONE 9(1): e84899. doi:10.1371/journal.pone.0084899

Editor: Arthur J. Lustig, Tulane University Health Sciences Center, United States of America

Received August 26, 2013; Accepted November 27, 2013; Published January 14, 2014

Copyright: � 2014 Nakajima et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: UPCI shared resources that are supported in part by award P30CA047904 were used for this project. The project described was supported by the
National Institutes of Health through Grant Numbers UL1 RR024153 and UL1TR000005. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: san48@pitt.edu; lil64@pitt.edu

Introduction

DNA double-strand breaks (DSBs) are highly cytotoxic lesions

generated by ionizing radiation and various DNA damaging

agents. If they are not repaired or are repaired incorrectly, DSBs

cause cell death or chromosomal instability which eventually leads

to tumorigenesis or premature aging [1,2]. The major repair

pathways of DSBs in eukaryotic cells are the nonhomologous end-

joining (NHEJ) and the homologous recombination (HR) path-

ways. NHEJ is active throughout the cell cycle, while HR is

normally restricted to S and G2 cells because HR utilizes identical

sister chromatids for repair. Like repair pathways active with other

types of DNA damage, DSB repair requires the regulation of

proteins by post-translational modification [3]. Although many

proteins are post-translationally modified in DSB repair, a key

modification is that of core histones surrounding DNA damage

sites [4]. Although multiple histone modifications (phosphoryla-

tion, ubiquitination, sumoylation, methylation, acetylation) con-

tribute to efficient DSB repair [5], phosphorylation and ubiqui-

tination of core histones and sumoylation play the most important

roles in this repair [6-8]. Following DNA damage, ATM

phosphorylates the histone variant H2AX surrounding the

damage site [9]. Then, RNF8-UBC13 mediates the ubiquitination

of proteins at the damage site. RNF168-UBC13 recognizes the

RNF8-mediated ubiquitinated protein and ubiquitinates H2A-

type histones. RNF8-UBC13 extends the ubiquitination signal and

allows the formation of K63-linked polyubiquitin chains [10]. The

polyubiquitin chain is required for recruitment of downstream

checkpoint and repair factors, including RAP80/BRCA1, 53BP1,

and RAD18 [11]. In the process of conjugation of ubiquitin to a

target protein, ubiquitin E3 ligase is the most important player

because it confers substrate specificity and in most cases,

determines the extent of ubiquitination and the type of linkage.

Like other modifications, ubiquitination of a target protein is a

reversible reaction [12]. Ubiquitin modifications can be reversed

by the action of deubiquitinating enzymes (DUBs). DUBs are

ubiquitin-specific proteases that can remove the ubiquitin moiety

from a target protein by editing or disassembling the polyubiquitin

chain. DUBs are involved at several stages of the ubiquitination

process. By removing the polyubiquitin signal from target proteins,

DUBs can protect K48-linked polyubiquitin-conjugated proteins

from degradation by the proteasome [13,14]. DUBs also turn off a

signal induced by the monoubiquitination of target proteins

[15,16], and they are involved in disassembling ubiquitin chains to

regenerate free ubiquitin for re-use by the conjugation system.

Thus, the ubiquitination process is regulated by a cooperative

action of ubiquitin E3 ligases and DUBs.

Although the ubiquitination induced by DNA DSBs is well

known, little is known about how the ubiquitination signal is

eliminated from the damage sites. To gain further insight into the

deubiquitination process and its effects on DSB repair, we

investigated one of the DUBs. Here we show that USP5 (also

known as isopeptidase T; ISOT) is a novel factor functioning in

the repair of DSBs via HR. We also provide evidence suggesting

that the disassembly of free polyubiquitin chains at damage sites,

mediated by USP5, is necessary for efficient DSB repair.
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Materials and Methods

Cells and culture conditions
Flp-In T-REx 293 cells (Invitrogen) were used for expression of

FLAG-His-tagged USP5 or EGFP-tagged RAD18. HeLa cells

were used for survival, the cH2AX foci formation assay, and the

RAD51 foci formation assay with or without siUSP5 treatment.

RAD18-deficient human cells were derived from HCT116 as

previously described [17,18]. U2OS SceI cells were previously

described [19]. These cells were maintained in DMEM containing

10% of FBS with or without 1 mM of tetracycline for induction of

expression.

Plasmids
The human USP5 open reading frame was amplified by PCR

from a cDNA (Open Biosystems, MHS1011-60809) using PCR

primers with an Xho I site at the 59 terminus (USP5 59 Xho) and a

Not I site at the 39 terminus (USP5 39 Not) and cloned into

pBluescriptII. The identity of the cloned gene was confirmed by

sequencing. There are two known alternatively spliced forms of

USP5 which differ by an insertion of 23 amino acids. The

substrate specificity of the isoforms appears to be identical in vitro

[20]. We used transcription variant 2 (short isoform). Enhanced

green fluorescent protein (EGFP)-tagged USP5 was generated by

an in-frame ligation of a USP5 fragment (4–2505 nt) encoding the

entire USP5 sequence, except for the start and termination

codons, into either pEGFP-C1 or N1 (Clontech). To generate

USP5 deletion mutants, USP5 was amplified by PCR with the

primers. All of the constructs were confirmed by sequencing.

EGFP-tagged ubiquitin was generated as above. The pDsRed-

Monomer-RAD18 was previously described [17]. pCherry-TA

was derived from pCherry-TA-ER [19] but the ER domain was

removed.

Antibodies and siRNA
Anti-FLAG (M2; Sigma), anti-GFP (clones 7.1 and 13.1;

Roche), anti-USP5 (BC005139; Proteintech Group, Inc.), anti-

RAD18 (A301-304A; BETHYL), anti-ubiquitin FK1, FK2

(Cosmo Bio), anti-Rad51 (Cell Signaling), and anti-phospho

histone H2AX (Ser139) (Millipore) were used. A synthetic siRNA

duplex (D-006095-02, -03 and -04) for USP5 was purchased from

Dharmacon. The synthetic siRNA duplex (AM16708) for RAD18

was purchased from Ambion. Both siRNA duplexes were used

previously [21,22]. Ambion In Vivo Negative Control #1 siRNA

was used as a control siRNA. When we treated cells with the

transfection reagent but without adding siRNA for a control, we

indicated this as ‘‘-siRNA.’’ When we transfected the negative

control siRNA, we indicated this as ‘‘+siNC.’’

Survival assay
Cells were plated at 26105 cells per 60-mm Petri dish and

cultured overnight. Cells were transfected with or without 2 nM

siRNA for USP5 by using DharmaFECT (Thermo). After 3 days,

these cells were subjected to the survival assay. Cells were plated at

200 cells per 60-mm Petri dish and treated with methyl

methanesulfonate (MMS) (Sigma), Bleocin (Calbiochem), or

hydroxyurea (HU) (Sigma). Cells were cultured after treatment

for 12–14 days. Colonies were fixed and stained with 0.3% crystal

violet in methanol, and the number of colonies was counted.

Laser micro-irradiation
Laser micro-irradiation was performed as previously described

[19,23]. Briefly, cells were plated at 16105 cells per 35-mm glass

bottom dish (MatTek) and cultured at least overnight. For laser

micro-irradiation, cells were treated with or without 100 mM 8-

MOP for 10 min prior to irradiation with laser light of 405 nm,

which is not utilized by 8-MOP for cross-link formation, but has a

sensitizing effect on DNA [24]. The irradiation dose was 5 mW

(100%) for 10 or 100 ms at a single point irradiation. The same

dose was applied for 10 or 100 frames at a single line irradiation.

After irradiation, cells were incubated in medium for various

periods of time as indicated and then fixed and stained. For

analysis of deletion mutants of USP5, at least 33 cells were

irradiated and analyzed. After irradiation, we measured the

intensity of EGFP fluorescence at the irradiated area and

compared the intensity to that of the unirradiated area. We

defined it as a foci positive cell if the intensity of the irradiated area

is increased more than 1.2 fold compared to that of the

unirradiated area. The ATM inhibitor (KU-55933; Selleckchem)

was added for 2 hr prior to irradiation, and the final concentration

was 10 mM. The PARP inhibitor (Olaparib; Sigma) was added for

30 min prior to irradiation, and the final concentration was

10 mM.

Enzymatic production of DSBs at the restricted area of
cell nuclei

U2OS SceI cells were plated at 26105 cells per 35-mm glass-

bottom dish and cultured overnight. Cells were transfected with

pCMV-NLS-I-SceI and with or without USP5-EGFP and

incubated for 40 hr. Cells were fixed and stained by anti-cH2AX

antibody with or without anti-USP5 antibody. In the case of

endogenous USP5, three independent images were taken, and cell

nuclei which contained USP5 foci co-localized with cH2AX foci

were counted. At least 150 cells were counted in each sample.

cH2AX foci formation assay
Cells were plated at 26105 cells per 35-mm glass-bottom dish

and cultured overnight. Cells were transfected with or without

siUSP5 and incubated for 40 hr. Cells were treated with 5 mg/ml

Bleocin for 1 hr and incubated for the time indicated. The number

of cH2AX foci positive cell nuclei was counted after staining with

anti-phospho histone H2AX. We define a cell nucleus which

contains more than five cH2AX foci as a foci positive cell.

NHEJ and HR assays
NHEJ and HR assays were previously described [19]. Briefly, to

express I-SceI, pCMV-NLS-I-SceI was introduced by transfection,

using Lipofectamine 2000 reagent, into 1.5–36105 H1299 dA3-

1#1 cells (for NHEJ) [25] or 36105 HeLa pDR-GFP cells (for

HR) [26] pretransfected with siRNA for 48 hr using Lipofecta-

mine RNAiMAX (Invitrogen). siBRM for the NHEJ assay or

siBRCA1 for the HR assay was used as a positive control [25].

EGFP-positive cells were counted with Cellquest software. For

FACS analysis, cells were harvested by trypsinization, washed with

PBS, stained, and applied on the FACS caliber apparatus (Becton

Dickinson).

RAD51 foci formation assay
HeLa cells were plated at 16105 cells per 35-mm glass-bottom

dish and cultured overnight. Cells were transfected with or without

siUSP5-03 or -04 and incubated for 48 hr. Cells were treated with

X-ray from a 137Cs source with total doses of 5 Gy (fluxes of

0.68 Gy/min) and incubated for the time indicated. RAD51 foci

positive cells were counted in 50 cells in each of three different

areas. We define a cell nucleus which contains more than three

RAD51 foci as a foci positive cell.

USP5 Is Required for Efficient DSB Repair
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Primers
To generate USP5 expression constructs, USP5 was amplified

by PCR with the following primers:

USP5 59 Xho: TTT TCT CGA GGC GGA GCT GAG TGA

GGA GGC GCT G; USP5 39 Not: TTT TGC GGC CGC AGC

TGG CCA CTC TCT GGT AGA AGT; USP5 59 Xho 571:

TTT TCT CGA GCG AAT CCC TCC CTG TGG CTG GAA

G; USP5 59 Xho 817: TTT TCT CGA GGC TGA GCA CCT

GTC CCA CTT CGG C; USP5 59 Xho 2089: TTT TCT CGA

GGC CGA CCC CCC TCC TGA GGA CTG T; USP5 39 Not

594: TTT TGC GGC CGC ACT TCC AGC CAC AGG GAG

GGA TTC G; USP5 39 Not 840: TTT TGC GGC CGC AGC

CGA AGT GGG ACA GGT GCT CAG C; USP5 39 Not 2112:

TTT TGC GGC CGC AAC AGT CCT CAG GAG GGG GGT

CGG C.

Immunofluorescence
After irradiation, cells were incubated in medium for the

indicated time and then washed twice with PBS and fixed with

methanol-acetone (1:1) for 10 min at 220uC. The fixed cells were

dried, then rinsed once with PBS-T (0.05% Tween 20 in PBS), and

incubated in 5% BSA in PBS-T for 30 min at room temperature.

Cells were then incubated with antibody for more than 1 hr. Cells

were washed 3 times with PBS-T and incubated with a second

antibody conjugated with Alexa Fluor (Molecular Probes) for more

than 30 min. Cells were washed 3 times with PBS-T and then

mounted in drops of VECTASHIELD Mounting Medium with

DAPI (Vector Laboratories).

Results

USP5 responds to DNA DSBs
USP5 is one of the DUBs and it disassembles unanchored

polyubiquitin chains by a sequential exo mechanism [27]. To

investigate whether USP5 is involved in the DDR, we analyzed the

response of EGFP-tagged USP5 to DNA DSBs. Here, we found

that EGFP-tagged USP5 co-localized to laser micro-irradiation

sites (Figure 1A). The C-terminus fusion of USP5 (USP5-EGFP)

co-localized to sites of DNA damage induced by laser micro-

irradiation, while the N-terminus fusion of USP5 (EGFP-USP5)

did not co-localize. The radiation dose is relatively high enough to

produce DNA DSBs, suggesting that USP5 may co-localize with

DSBs. To confirm that USP5 co-localizes to DNA DSBs, we used

another cell line, U2OS SceI (Figure S1 in File S1) [19]. U2OS

SceI cells harbor a stable 200 copy transgene array of a plasmid

containing the restriction site for I-SceI adjacent to a 96 repeat

array of tetracycline-response-elements (TREs). If we express I-

SceI endonuclease, DSBs are induced enzymatically at the

restricted area of cell nuclei which co-localizes a Cherry-TA

focus. As shown in Figure 1B, the USP5-EGFP focus was clearly

detected if I-SceI endonuclease was introduced simultaneously,

although we could not detect USP5 foci that co-localized to

cH2AX (a marker of DSBs) foci after Bleocin treatment. Next, to

determine whether endogenous USP5 also responds to DSBs, we

investigated the damage response of endogenous USP5 by using

anti-USP5 antibody (Figure 1C). Without expression of I-SceI

endonuclease, we could not detect USP5 foci (Figure 1C, upper

panel). However, with expression of I-SceI endonuclease, we

clearly detected USP5 foci that co-localized to cH2AX foci

(Figure 1C, lower panel). About 80% of cH2AX foci co-localized

to USP5 foci (Figure 1C, left). These data indicate that USP5

responds to DSBs.

We counted foci positive cells at 5 min and 10 min after

irradiation. About 80% of the cells were foci positive at 5 min after

irradiation (Figure 1C, left panel). Foci positive cells gradually

decreased to about 15% at 10 min after irradiation. To investigate

whether the damage response of USP5 depends on ATM activity,

we examined the damage response of USP5 with the ATM

inhibitor, KU-55933. Although the frequency of cH2AX foci

positive cells after Bleocin treatment was clearly decreased by

treatment with KU-55933 (Figure S2 in File S1), the frequency of

USP5-EGFP foci positive cells at 5 min after laser irradiation with

treatment of KU-55933 was almost the same as that of foci

positive cells without treatment with KU-55933 (Figure 1C, right

panel). The frequency of USP5-EGFP foci positive cells slightly

increased at 10 min after irradiation in the presence of KU-55933.

The delayed disappearance may be caused by the inhibition of

DSB repair in the presence of the ATM inhibitor. The data

indicate that the damage response of USP5 does not depend on

ATM activity. Since many repair proteins co-localize to DNA

damage in a PARP-dependent manner [28], we also examined the

influence of the PARP inhibitor, Olaparib (AZD2281,

KU0059436). However, the damage response of USP5 was not

affected by the PARP inhibitor (Figure S3 in File S1).

To determine which domain of USP5 is required for co-

localization of USP5 with DSBs, we examined co-localization of

deletion mutants with DSBs. Although the C mutant co-localized

with DSBs slightly, the co-localizations are weak and the frequency

is low compared to that of full length USP5. Only the full length

USP5 co-localizes with DSBs stably and strongly (Figure 1D). We

conclude that full length USP5 is required for efficient co-

localization with DSBs induced by laser micro-irradiation.

We also examined the damage response of USP5 to different

types of damage, UV-induced DNA damage [29,30] or single

strand breaks induced by UV damage endonuclease and UV

irradiation [31]. We did not detect co-localization of USP5 to

either type of DNA damage.

USP5 is necessary for cell survival after DNA damage
To investigate whether USP5 is required for DNA repair, we

examined cell survival in USP5-depleted cells after treatment with

various DNA damaging reagents. siUSP5 suppressed USP5

expression to about 10% of control (Figure 2A), and this treatment

sensitized cells to Bleocin, hydroxyurea (HU), and methyl-

methanesulfonate (MMS) significantly (Figure 2B). Thus, USP5

is necessary for cell survival after DNA damage. Although

depletion of USP5 sensitized cells to DNA damaging agents, the

effect is relatively mild. Since we considered that this mild effect

was caused by insufficient and/or temporary suppression of USP5

by siRNA, we tried to establish a constitutive cell line using

shRNA. Although we identified several clones whose expression of

USP5 was suppressed, the effect of suppression was reduced

during culture and the expression level of USP5 reached a normal

level. Constitutive suppression of USP5 may not be achieved in the

cell because of collapse of the ubiquitin system.

USP5 knockdown causes the delayed disappearance of
cH2AX foci

USP5-depleted cells showed sensitivity to the DNA damage

reagents, which are producing DSBs directly or indirectly, and

USP5 co-localizes to DSBs after laser micro-irradiation, suggesting

that USP5 may play a role in DSB repair. To investigate whether

USP5 is required for DSB repair, we monitored the appearance

and disappearance of cH2AX foci after Bleocin treatment with or

without siUSP5 treatment (Figure 3A). Without Bleocin treatment

or with the treatment at 0.5 hr or 4 hr post-incubation, there were

no significant differences with or without siUSP5 treatment. This

indicates that USP5 is not required for the maintenance of the

USP5 Is Required for Efficient DSB Repair
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steady state level of cH2AX foci or the production of cH2AX foci

after DNA damage. In control cells, the number of cH2AX foci

positive cells decreased at 24 hr and 48 hr post incubation,

showing that DSBs are repaired in these cells. However, USP5-

depleted cells delayed the disappearance of cH2AX foci signifi-

cantly at 24 hr and 48 hr post-incubation. In these cells, DSBs are

not repaired efficiently. Thus, USP5 is required for efficient DSB

repair.

Depletion of USP5 influences HR but not NHEJ
DNA DSBs are repaired by two different pathways in human

cells, HR and NHEJ. To investigate which pathway USP5 is

involved in, we analyzed HR and NHEJ frequencies by using

reporter assays (Figure 3B) [25,26]. Although it is not comparable

to the effects caused by BRCA1 depletion (,40%), depletion of

USP5 expression reduced the percentage of GFP-positive cells to

less than 80% as compared with control cells in the HR assay

(Figure 3B, left panel). However, depletion of USP5 expression did

not reduce the percentage of GFP-positive cells at all in the NHEJ

assay (Figure 3B, right panel). These data indicate that USP5 is

involved in the repair of DSBs via the HR pathway but not the

NHEJ pathway. It is known that the repair frequency of HR

depends on cell cycle stages. siUSP5 treatment may affect normal

cell cycle progression and cause the suppression of HR. To

exclude this possibility, we analyzed cell cycle progression after

siUSP5 treatment by FACS, finding that siUSP5 treatment does

not affect the distribution of cells in different cell cycle stages

compared to control (Figure S4 in File S1). To exclude another

Figure 1. USP5 co-localizes with DNA DSBs. A: EGFP-tagged USP5 was expressed in HeLa cells, and cells were irradiated with the laser at a dose
of 100 frames with 100 mM of 8-MOP. 8-MOP sensitizes laser light to produce DNA base damage and strand breaks. B: EGFP-tagged USP5 co-localizes
with DNA DSBs produced by a restriction enzyme. Plasmid DNAs for expression of USP5-EGFP and Cherry-TA were introduced in U2OS SceI cells with
or without NLS-SceI expression plasmid DNA by Lipofect amine 2000. After overnight incubation, cells were fixed and stained by anti-cH2AX
antibody. C: Endogenous USP5 co-localizes with DNA DSBs produced by a restriction enzyme. Plasmid DNA for expression of NLS-SceI was
introduced in U2OS SceI cells by Lipofect amine 2000. After overnight incubation, cells were fixed and stained by anti-USP5 antibody and anti-cH2AX
antibody. At least 150 cells were counted in each sample. D: Damage response of USP5-EGFP after laser micro-irradiation with or without ATM
inhibitor. Cells were irradiated with the laser at a dose of 100 frames with 100 mM of 8-MOP and with or without 10 mM of ATM inhibitor. The results
are averages obtained from two independent experiments, and more than 52 cells were irradiated and analyzed for the damage response. E: Domain
analysis of USP5 with regard to the damage response. Schematic presentation of domains in USP5 and the GFP-tagged mutant constructs. zf-UBP,
Zinc-finger in ubiquitin-hydrolases and other proteins; UBA, Ubiquitin Associated domain. EGFP-tagged USP5 full length or deletion mutant was
expressed in HeLa cells, and cells were irradiated with the laser at a dose of 100 frames with 100 mM of 8-MOP. The results are averages obtained from
at least two independent experiments and more than 33 cells were irradiated and analyzed.
doi:10.1371/journal.pone.0084899.g001

USP5 Is Required for Efficient DSB Repair
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possibility, that the defect of HR is caused by siRNA treatment

itself or off-target effects from use of only one single USP5 siRNA

(siUSP5-02), we confirmed the effect of the negative control

siRNA (siNC) or two independent siRNAs targeting USP5

(siUSP5-03, -04) on cell survival or the HR assay (Figure S5 in

File S1). Although siUSP5-04 treatment showed a relatively severe

phenotype, three independent siRNA treatments caused an almost

similar phenotype. We also checked the expression level of RAD51

because RAD51 is easily affected by the off-target effects [32].

There are no significant differences in the expression level of

RAD51 in siRNA-treated cells. These data suggest that the defect

of HR is not caused by the off-target effects of siRNA treatment.

Depletion of USP5 influences the disappearance of
RAD51 foci after X-ray irradiation

Since depletion of USP5 influences HR, we investigated the

disappearance of RAD51 foci after X-ray irradiation with or

without siUSP5 treatment (Figure 3C). Depletion of USP5 does

not affect the number of RAD51 foci in the cells analyzed 1 hr or

4 hr after X-ray treatment, suggesting that USP5 is not required

for the production of RAD51 foci after DNA damage. The

number of RAD51 foci positive cells without siRNA treatment

decreased at 24 hr post-incubation compared to 4 hr post-

incubation, while USP5-depleted cells delayed the disappearance

of RAD51 foci significantly at 24 hr post-incubation. These data

support the conclusion that USP5 plays an important role in HR.

USP5 is required for rapid dissociation of ubiquitin at
sites of DSBs

Since many proteins are monoubiquitinated or polyubiquiti-

nated at sites of DSBs, we speculated that the role of USP5 at sites

of damage is to eliminate polyubiquitin chains induced by DSBs.

To investigate whether depletion of USP5 affects the kinetics of

ubiquitin at sites of damage, we expressed EGFP-tagged ubiquitin

(EGFP-Ub) in cells and irradiated the cells with the laser. In

control cells, EGFP-Ub co-localized with damage immediately,

reaching a peak around 10 min after irradiation and then

dissociating from damage sites gradually (Figure 4A, blue line).

In USP5-depleted cells, EGFP-Ub co-localized with damage

immediately as in control cells but did not dissociate from damage

sites even 30 min after irradiation (Figure 4A, red line). These data

indicate that depletion of USP5 delays dissociation of ubiquitin

from damage sites but does not affect the recruitment of ubiquitin

to damage sites. However, it is impossible to distinguish between

monoubiquitination and polyubiquitination by this method. To

determine whether the increased signal is caused by accumulation

of a monoubiquitinated protein or a polyubiquitin chain, we used

a ubiquitin antibody, FK1, which recognizes the polyubiquitin

chain but not monoubiquitinated protein or free ubiquitin.

Although the signal of polyubiquitination is very faint without

siUSP5 treatment, we detected the signal at damage sites at 5 min

after irradiation (Figure 4B, left panel). At 30 min after irradiation,

the signal was not detected at damage sites. In contrast, the signal

of polyubiquitination was detected even at 30 min after irradiation

with siUSP5 treatment. These data are well correlated with the

data obtained by EGFP-Ub. We also used another ubiquitin

antibody, FK2, which recognizes both polyubiquitin chains and

monoubiquitinated proteins. There is no significant difference

among signals detected by FK2 (Figure 4B, right panel). Since the

preferred substrate for USP5 is an unanchored polyubiquitin

chain, in other words, the free polyubiquitin chain [27,33,34], it is

plausible that the increased signal obtained by FK1 antibody in

USP5-depleted cells is caused by accumulation of free polyubi-

quitin chains at sites of damage. Thus, USP5 is apparently

required for the rapid elimination of free polyubiquitin chains

from damage sites.

Figure 2. USP5 is necessary for cell survival after DNA damage. A: Knockdown of USP5 expression by siUSP5 treatment. B: Colony forming
assay after treatment with Bleocin, hydroxyurea, or methyl-methanesulfonate, with or without siUSP5 treatment. Filled square indicates without
siUSP5 treatment and filled circle indicates with siUSP5 treatment; error bars, 6 SED. The P-value was calculated using Student’s t-test.
doi:10.1371/journal.pone.0084899.g002
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USP5 interacts with RAD18
Some DUBs appear to function with high specificity toward one

or several substrates, but there are only a few examples of this

specificity. The functional specialization of DUBs is associated

with their residence in specific protein complexes [35]. DUBs and

E3 are often found in a complex together [36,37]. Although we

showed that full length USP5 co-localized with DNA damage

induced by laser micro-irradiation, there is no domain that is

known to have the specific ability to respond to DNA damage in

USP5, like a BRCT domain or zinc-finger domain [3]. From the

above facts and results, we speculated that the E3 ligase complex

or another protein involved in DSB repair might recruit USP5 to

sites of damage. We investigated the interaction between USP5

and several E2–E3 ligase complexes that are known to be involved

in DSB repair by pull-down experiments between USP5 and

RNF168, UBC13, BRCA1, and RAD18. Among these E2–E3

ligase complexes, we found that USP5 interacts with RAD18.

RAD18 is highly conserved from yeast to human and plays a

major role in post-replication repair (PRR). RAD18 interacts with

HHR6A, B (E2) and Pol eta (translesion polymerase) and regulates

the polymerase switch via monoubiquitination of PCNA [38,39].

In vertebrates, RAD18 has another role besides PRR [40].

RAD18 is also involved in DSB repair via the HR pathway and

recruits RAD51C to DSBs [41]. We transiently expressed EGFP-

tagged RAD18 in cells expressing FLAG-His-tagged USP5 and

pulled it down by the His-tag. EGFP-tagged RAD18 was

significantly pulled down in the cells expressing FLAG-His-tagged

USP5 (Figure 5A). Next, to confirm the interaction, we checked

the binding between EGFP-tagged RAD18 and endogenous

USP5. We detected a clear interaction when EGFP-RAD18 was

pulled down, and the pull downs were detected by anti-USP5

antibody only in the presence of Bleocin treatment (Figure 5B).

This data indicates that USP5 interacts with RAD18 in the

presence of DNA damage.

Figure 3. USP5 is required for double strand break repair via the homologous recombination pathway. A: USP5 knockdown affects the
disappearance of cH2AX foci. The number of nuclei which contain more than 5 cH2AX foci was counted and summarized in the graph. Blue bar
indicates without siUSP5 treatment and red bar indicates with siUSP5 treatment; error bars, 6 SED. The P-value was calculated using Student’s t-test.
Representative figures for cH2AX foci after Bleocin treatment in the presence and absence of siUSP5 are shown at the left. B: NHEJ and HR
frequencies in cells depleted of USP5. Results of western blot analysis after siRNA treatment are shown at the left. Assay for NHEJ of chromosomal
DSBs in H1299 cells or assay for HR frequency of chromosomal DNA containing a recombination substrate DR-GFP in HeLa cells. The GFP-positive cell
fraction in cells depleted of USP5 was determined and compared with that in cells treated with siCont or siBRM for the NHEJ assay or siBRCA1 for the
HR assay for determination of frequencies; error bars, 6 SED. The P-value was calculated using Student’s t-test. C: USP5 knockdown affects the
disappearance of RAD51 foci. Representative figures for RAD51 foci after 5 Gy X-ray irradiation in the presence and absence of siUSP5 are shown at
the top. The number of nuclei which contain more than three RAD51 foci was counted and summarized in the graph.
doi:10.1371/journal.pone.0084899.g003
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RAD18 recruits USP5 to DSBs
To investigate whether RAD18 is required for co-localization of

USP5 with DSBs, we analyzed the damage response of USP5 after

laser micro-irradiation in RAD18-proficient or -deficient cells.

Although co-localization of USP5 is observed clearly in RAD18-

proficient cells, co-localization of USP5 is significantly reduced in

RAD18-deficient cells (Figure 5C, left panel). This data indicates

that efficient co-localization of USP5 to DSBs depends on RAD18.

We have previously shown that RAD18 responds to UV-induced

lesions and DNA strand breaks independent of DNA replication,

and this ability depends on the zinc-finger domain of RAD18 [17].

Other groups also have shown that the zinc-finger domain of

RAD18 binds to polyubiquitin chains [42] and RAD18 recruits to

DSBs in a zinc-finger domain dependent manner [41]. The

middle part of RAD18 contains another damage responsive

domain, the SAP domain, in addition to the zinc-finger domain.

The SAP domain is responsible for recruitment to stalled

replication forks [17,43]. To investigate further, we transiently

co-expressed EGFP-tagged USP5 and DsRed-tagged RAD18 WT

or mutants in RAD18-deficient cells and examined co-localization

of USP5 after laser micro-irradiation (Figure 5C, right panel).

Expression of the DsRed vector alone did not result in co-

localization of USP5 with DSBs in RAD18-deficient cells, while

expression of DsRed fused to RAD18 WT clearly resulted in co-

localization of USP5 with DSBs (Figure 5C, right panel). The zinc-

finger mutant of RAD18 (RAD18 CF) does not co-localize with

DSBs, and expression of the zinc-finger mutant does not result in

co-localization of USP5 with DSBs. On the other hand, the SAP

domain deletion mutant (RAD18 DSAP) co-localizes with DSBs,

and expression of the SAP domain deletion mutant results in co-

localization of USP5 with DSBs. As expected, the double mutant

(RAD18 CF DSAP) does not co-localize with DSBs, and

expression of the double mutant does not result in co-localization

of USP5. These data indicate that co-localization of USP5 with

DSBs depends on RAD18 and its zinc-finger domain.

USP5 plays a role in the same pathway as RAD18 to
repair DSBs

Since efficient co-localization of USP5 with DSBs depends on

the damage response of RAD18, we speculated that USP5 plays a

role in the same pathway as RAD18 to repair DSBs. To

investigate whether USP5 is required in the same pathway as

RAD18, we analyzed HR frequencies depleted of USP5 and/or

RAD18 (Figure 5D). Depletion of RAD18 expression reduced the

significant percentage of GFP-positive cells to less than 60% of

control cells in the HR assay. Although there may be a slight

difference between the effects caused by RAD18 depletion (,60%)

and USP5 depletion (,80%), the difference is not significant.

Depletion of both expressions did not further reduce the

percentage of GFP-positive cells, indicating that there is no

Figure 4. USP5 is required for disassembly of polyubiquitin chains at sites of DNA damage. A: EGFP-tagged ubiquitin was expressed in
HeLa cells with or without siUSP5 treatment. Cells were irradiated with the laser light for 100 ms. The intensity of EGFP-Ub at the irradiated site was
analyzed and summarized in the graph. The results are averages obtained from three independent experiments (n = 5). B: Cells were irradiated with
the laser for 10 frames with 100 mM of 8-MOP and then fixed and stained by anti-ubiquitin antibody (FK1; left panel, FK2; right panel) and anti-RAD18
antibody. Anti-RAD18 antibody is used for showing irradiated sites.
doi:10.1371/journal.pone.0084899.g004
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additive effect of depletion by siUSP5 and siRAD18 on HR

frequency. Thus, the data suggest that USP5 belongs to the same

epistasis group as RAD18 in DSB repair.

Discussion

Ubiquitination of proteins surrounding a DSB is one of the key

steps in DSB repair and many proteins are mono- or poly-

ubiquitinated near the sites of DSBs. While it is well known that

several E3 ligases are involved in the ubiquitination of proteins

associated with DSBs, little is known about the mechanism that

removes the mono- or polyubiquitin from proteins at damage sites.

We found that USP5 is a novel player involved in efficient HR

repair. USP5 is one of a number of DUBs which have been studied

well; the activity of USP5 concerning substrate specificity and

kinetics is well understood [27,33,34]. However, the role of USP5

in DNA repair is not known. We found that depletion of USP5

results in increased sensitivity to DNA damaging agents (Figure 2B)

and the delayed disappearance of cH2AX foci (Figure 3A), and

this defect is associated with an impairment of HR (Figure 3B, C).

These data suggest that USP5 plays a role in DSB repair via the

HR pathway.

There is accumulating evidence that ubiquitination-mediated

protein degradation at sites of damage, and recruitment of

proteasomes to damage sites, are important for efficient DSB

repair. A recent paper has shown that the SUMO-targeted

Figure 5. USP5 interacts with RAD18 and USP5 depends on RAD18 in DSB repair. A: Interaction between expressed proteins. We
transiently expressed EGFP-tagged RAD18 in cells expressing FLAG-His-tagged USP5 and pulled down by the His-tag and pull downs were detected
with anti-GFP antibody. B: Interaction between EGFP-tagged RAD18 and endogenous USP5. Cells were treated with or without Bleocin for 2 hr and
then cells were extracted. Extracts were pulled down with anti-GFP antibody and detected by anti-USP5 antibody. C: Damage response of USP5-EGFP
after laser micro-irradiation in RAD18-proficient or -deficient cells. EGFP-tagged USP5 and DsRed-tagged RAD18 WT or each mutant were co-
expressed in RAD18-deficient cells, and the damage response after laser micro-irradiation was analyzed. Cells were irradiated with the laser light for
100 ms. D: HR frequencies in cells depleted of USP5 and/or RAD18. Results of western blot analysis after siRNA treatment are shown on the top. The
GFP-positive cell fraction in cells depleted of USP5 and/or RAD18 was determined and compared with that in cells treated with siCont or siBRCA1 for
determination of frequencies; error bars, 6 SED. The P-value was calculated using Student’s t-test.
doi:10.1371/journal.pone.0084899.g005
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ubiquitin E3 ligase, RNF4, is required for turnover of MDC1 and

RPA1, and promotes DSB repair [44]. Another paper has shown

that JMJD2A is a novel substrate of RNF8 and RNF168 for

ubiquitination after DNA damage, and recruitment of 53BP1 to

sites of DNA damage depends on degradation of JMJD2A [45].

These results indicate that degradation of proteins induced by

ubiquitination at sites of damage is important for DSB repair.

Moreover, several papers have shown that some components of

the 26S proteasome are recruited to sites of damage and

proteasome activity is required for efficient DSB repair [44,46].

As shown in Figure 3, we found that USP5 is recruited to DSBs

immediately after they are formed, and the recruitment depends

on RAD18 (Figure 5). Moreover, we found that USP5 is required

for rapid elimination of the polyubiquitin chain at sites of damage

(Figure 4). These data suggest that USP5 also plays a role in

regulating protein degradation at sites of damage by disassembling

free polyubiquitin chains.

Depletion of USP5 only affected the frequency of HR repair but

not NHEJ in DSB repair (Figure 3B). The mechanism of HR is

more complicated than that of NHEJ. HR utilizes an identical

sister chromatid as a template for accurate repair, while NHEJ

connects broken ends directly. It is known that many repair

proteins involved in HR form ionized radiation-induced foci

(IRIF), indicating that a large number of molecules accumulate at

one DSB [47]. In contrast, repair proteins involved only in NHEJ,

such as DNA-PKcs, KU70/80, and XRCC4/LIG4, do not form

IRIF, and detection of co-localization of these repair proteins with

DSBs requires a large number of DSBs in a restricted area using

laser micro-irradiation or I-SceI expression plus high copy number

I-SceI recognition sites in the genome [19,48,49]. This fact

indicates that a relatively low number of molecules are required for

the repair of one DSB in the NHEJ pathway compared to HR.

The turnover of protein at sites of damage may be more important

in the HR pathway than the NHEJ pathway. Therefore, depletion

of USP5 only affected the frequency of HR. However, DUBs other

than USP5 might be required for the efficient repair of DSBs in

the NHEJ pathway.

We showed that USP5 is required for rapid elimination of the

polyubiquitin chains at sites of damage (Figure 4), and we

considered the mechanisms by which polyubiquitin chains

accumulate at sites of DNA damage in the absence of USP5.

Although USP5 has high activity in disassembling free poly-

ubiquitin chains from their free C-terminus end regardless of the

linkage type of polyubiquitination, USP5 has almost no activity in

cutting the bond between substrate protein and the C-terminus of

ubiquitin [27,34]. In order for USP5 to work, other DUB(s) must

remove a polyubiquitin chain from the substrate protein. In

humans, 3 DUBs associate with the 26S proteasome: POH1/

RPN11, USP14, and UCH37 [35]. In order to recycle ubiquitin

molecules, the polyubiquitin chain is removed before proteins are

processed by proteasomes [50]. USP14 and UCH37 appear to

antagonize degradation by removing the polyubiquitin chain from

the substrate protein through cutting at the distal tip of the chain,

whereas POH1/RPN11 appears to promote substrate degradation

by cutting at the base of the chain to release the chain en bloc [35].

USP5 disassembles this free polyubiquitin chain efficiently.

Recently, it has been shown that POH1/RPN11 is required for

a DSB response [51]. Another possibility is that some DUBs

remove polyubiquitin chains from substrate proteins without

disassembly of the chains. It is known that several DUBs are

involved in DSB repair. For example, USP11 and USP3

antagonize RNF8-mediated ubiquitination [52–54], and the

USP1/UFA complex promotes DSB repair via HR [55]. The

role of USP5 may then be to eliminate the free polyubiquitin

chains from sites of DSBs.

Depletion of USP5 causes the accumulation of polyubiquitin

chains at sites of damage, and this inhibits the efficient repair of

DSBs (Figures 3, 4). This result suggests that polyubiquitin chains

must be removed rapidly from damage sites. It is known that

accumulation of polyubiquitin chains inhibits the proteasome

activity by a competing mechanism in yeast and human cells

[22,56]. Accumulation of polyubiquitin chains at sites of damage

may delay the turnover of proteins which should be degraded for

proper progression of DSB repair. Another possibility is that free

polyubiquitin chains recruit other repair proteins or retain repair

proteins which have a ubiquitin-binding motif. This may inhibit

progression of the repair process or the next round of repair. This

may also explain why the depletion of USP5 has only a mild effect

on survival and HR because USP5 controls protein degradation

through the ubiquitin system but not the HR mechanism directly.

From the above results and facts, we propose the following

model. After production of DSBs, many proteins surrounding

damage sites, including core histones, are mono- or polyubiqui-

tinated. This ubiquitination signal recruits many repair proteins.

USP5 is also recruited to sites of DNA damage in a RAD18-

dependent manner. During the repair process or after completion

of repair, polyubiquitinated proteins are degraded by the

proteasome. Alternatively, polyubiquitin chains are removed by

some DUBs without disassembly. This causes accumulation of free

polyubiquitin chains at sites of damage. The accumulation of

polyubiquitin chains inhibits turnover of proteins at the sites of

damage, and this may inhibit proper progression of the repair

process or the next round of repair. Thus, USP5 is required for the

efficient repair of DSBs by disassembling free polyubiquitin chains

at sites of damage.

There are approximately 95 putative DUBs in human cells,

whereas there are more than 600 putative E3 ligases, indicating

the low substrate specificity of DUBs compared to E3 ligases

[36,57]. The functional specialization of DUBs often reflects their

residence in specific protein complexes [35]. The action of USP5 is

the disassembly of free polyubiquitin chains. This activity is

general rather than the removal of ubiquitin from specific

substrate proteins. However, by binding to RAD18, which

recognizes polyubiquitin chains, USP5 is recruited to sites of

damage and plays a role in DSB repair, disassembling poly-

ubiquitin chains at the sites of damage. Our results suggest how the

ubiquitination process is regulated by protein-protein interactions

to confer specific roles to a relatively small number of DUBs.

Supporting Information

File S1 Figures S1–S5. Figure S1. U2OS I-SceI system for

inducing DSB in a single cell; Enzymatic production of DSB at a

restricted area of the nucleus. An I-SceI site was inserted next to

96 repeats of TRE. The length of an I-SceI site is 18 base pairs

and there is no I-SceI site in the human genome. We introduced

this construct into a U2OS cell and selected a clone which has

more than 200 copies of the construct in its genome at only one

position. To show the position where this construct is inserted,

Cherry-TA (Cherry is a red fluorescent protein) and TA (a trans-

activator which binds to TRE) were used. When we express

Cherry-TA, the spot which shows the position of the construct is

detected as a red focus. With expression of I-SceI, a cH2AX focus

colocalized with a Cherry focus is detected. With expression of I-

SceI and a GFP-tagged repair protein, Ku80, a GFP-Ku80 focus

colocalized with a Cherry focus is detected. Figure S2. Treatment

with an ATM inhibitor affects the foci formation of cH2AX after
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bleocin treatment. A: Cells were treated with 5 mg/ml of bleocin

for 1 hr with or without the ATM inhibitor, KU-55933, and then

cells were washed twice and fresh medium was added with or

without KU-55933. After incubation for 2 hr, cells were fixed and

stained with anti-phospho histone H2AX. Representative data are

shown. B: % of cH2AX foci positive cells was summarized in the

graph. The number of cell nuclei which contain more than five

cH2AX foci was counted as foci positive cells. In each condition,

more than 300 cells were counted. Figure S3. Treatment with the

PARP inhibitor, Olaparib, does not affect the damage response of

USP5 after laser irradiation. Percent of USP5-EGFP foci positive

cells at 5 min after irradiation was summarized in the graph. The

result was obtained in two independent experiments and more

than 50 cells were irradiated and analyzed. Figure S4. siUSP5

treatment does not affect cell cycle progression. Cells were treated

with or without siUSP5. After 3 days, cells were fixed with 70%

ethanol and stained by PI (Propidium iodide) and then analyzed

with a C6 Flow Cytometer (Accuri Cytometers, Inc.). For a

positive control, cells were treated with HU (1 mM) or nocodazole

(100 mg/ml) for 24 hr before collection. The results are summa-

rized in the graph. Figure S5. Treatment of different siRNAs

targeted for USP5 show a similar phenotype. A: Survival assay.

HeLa cells were plated at 16105 cells per well of 6 well-plates and

cultured overnight. Cells were transfected with negative control

siRNA (siNC) or 2 nM siRNA for USP5 (siUSP5-02, -03 or -04)

by using DharmaFECT (Thermo). After 2 days these cells were

subjected to the survival assay. Cells were plated at 200 cells per

60-mm Petri dish and treated with Bleocin or methyl methane-

sulfonate (MMS). Cells were cultured after treatment for 11 days.

Colonies were fixed and stained with 0.3% crystal violet in

methanol, and the number of colonies was counted. The averages

and SEDs were obtained from three dishes at each point. The

error bars indicate 6 SED. The P-value was calculated using

Student’s t-test. Results of western blot analysis after siRNA

treatment are shown at the top. B: HR assay. DR-GFP cells were

plated at 16105 cells per well of 6 well-plates and cultured

overnight. Cells were transfected with negative control siRNA

(siNC) or 2 nM siRNA for USP5 (siUSP5-02, -03 or -04) by using

DharmaFECT. After overnight incubation, these cells were

transfected with pCMV-NLS-I-SceI by Lipofectamin 2000 (Life

Technologies). After 2 days these cells subjected to FACS analysis

(BD Accuri C6; BD Biosciences). The averages and SEDs were

obtained from three independent experiments. The error bars

indicate 6 SED. The P-value was calculated using Student’s t-test.

Results of western blot analysis after siRNA treatment are shown

at the top.

(DOC)

Acknowledgments

Technical assistance by Ms. Mikiko Hoshi and Ms. Reiko Watanabe is

acknowledged. We thank Dr. Sin-ichiro Kanno for help with western blot

analysis. We thank Dr. Maria Jasin and Dr. Hideaki Ogiwara, and Dr.

Takashi Kohno, for providing cell lines used for HR and NHEJ assays,

respectively. We also thank Michael Meyer (UPCI flow cytometry core

facility, Pittsburgh, USA) for help with FACS analysis.

Author Contributions

Conceived and designed the experiments: SN. Performed the experiments:

SN LL LW AY. Analyzed the data: SN LL LW AY. Contributed reagents/

materials/analysis tools: CLH VRO AY. Wrote the paper: SN LL ASL.

References

1. Ciccia A, Elledge SJ (2010) The DNA damage response: making it safe to play
with knives. Mol Cell 40: 179–204.

2. Jackson SP, Bartek J (2009) The DNA-damage response in human biology and

disease. Nature 461: 1071–1078.

3. Polo SE, Jackson SP (2012) Dynamics of DNA damage response proteins at
DNA breaks: a focus on protein modifications. Genes Dev 25: 409–433.

4. van Attikum H, Gasser SM (2009) Crosstalk between histone modifications

during the DNA damage response. Trends Cell Biol 19: 207–217.

5. Rossetto D, Truman AW, Kron SJ, Cote J (2010) Epigenetic modifications in

double-strand break DNA damage signaling and repair. Clin Cancer Res 16:
4543–4552.

6. Bekker-Jensen S, Mailand N (2011) The ubiquitin- and SUMO-dependent

signaling response to DNA double-strand breaks. FEBS Lett 585: 2914–2919.

7. Galanty Y, Belotserkovskaya R, Coates J, Polo S, Miller KM, et al. (2009)
Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA

double-strand breaks. Nature 462: 935–939.

8. Morris JR, Boutell C, Keppler M, Densham R, Weekes D, et al. (2009) The
SUMO modification pathway is involved in the BRCA1 response to genotoxic

stress. Nature 462: 886–890.

9. Shroff R, Arbel-Eden A, Pilch D, Ira G, Bonner WM, et al. (2004) Distribution

and dynamics of chromatin modification induced by a defined DNA double-
strand break. Curr Biol 14: 1703–1711.

10. Mattiroli F, Vissers JH, van Dijk WJ, Ikpa P, Citterio E, et al. (2012) RNF168

ubiquitinates K13–15 on H2A/H2AX to drive DNA damage signaling. Cell
150: 1182–1195.

11. Huen MS, Chen J (2009) Assembly of checkpoint and repair machineries at

DNA damage sites. Trends Biochem Sci 35: 101–108.

12. Reyes-Turcu FE, Ventii KH, Wilkinson KD (2009) Regulation and cellular roles

of ubiquitin-specific deubiquitinating enzymes. Annu Rev Biochem 78: 363–397.

13. Lam YA, Xu W, DeMartino GN, Cohen RE (1997) Editing of ubiquitin
conjugates by an isopeptidase in the 26S proteasome. Nature 385: 737–740.

14. Lee BH, Lee MJ, Park S, Oh DC, Elsasser S, et al. (2010) Enhancement of

proteasome activity by a small-molecule inhibitor of USP14. Nature 467: 179–
184.

15. Nijman SM, Huang TT, Dirac AM, Brummelkamp TR, Kerkhoven RM, et al.

(2005) The deubiquitinating enzyme USP1 regulates the Fanconi anemia
pathway. Mol Cell 17: 331–339.

16. Huang TT, Nijman SM, Mirchandani KD, Galardy PJ, Cohn MA, et al. (2006)

Regulation of monoubiquitinated PCNA by DUB autocleavage. Nat Cell Biol 8:

339–347.

17. Nakajima S, Lan L, Kanno S, Usami N, Kobayashi K, et al. (2006) Replication-

dependent and -independent responses of RAD18 to DNA damage in human
cells. J Biol Chem 281: 34687–34695.

18. Shiomi N, Mori M, Tsuji H, Imai T, Inoue H, et al. (2007) Human RAD18 is

involved in S phase-specific single-strand break repair without PCNA
monoubiquitination. Nucleic Acids Res 35: e9.

19. Lan L, Ui A, Nakajima S, Hatakeyama K, Hoshi M, et al. (2010) The ACF1

complex is required for DNA double-strand break repair in human cells. Mol
Cell 40: 976–987.

20. Gabriel JM, Lacombe T, Carobbio S, Paquet N, Bisig R, et al. (2002) Zinc is

required for the catalytic activity of the human deubiquitinating isopeptidase T.
Biochemistry 41: 13755–13766.

21. Inagaki A, Sleddens-Linkels E, van Cappellen WA, Hibbert RG, Sixma TK, et

al. (2011) Human RAD18 interacts with ubiquitylated chromatin components
and facilitates RAD9 recruitment to DNA double strand breaks. PLoS One 6:

e23155.

22. Dayal S, Sparks A, Jacob J, Allende-Vega N, Lane DP, et al. (2009) Suppression
of the deubiquitinating enzyme USP5 causes the accumulation of unanchored

polyubiquitin and the activation of p53. J Biol Chem 284: 5030–5041.

23. Lan L, Nakajima S, Komatsu K, Nussenzweig A, Shimamoto A, et al. (2005)
Accumulation of Werner protein at DNA double-strand breaks in human cells.

J Cell Sci 118: 4153–4162.

24. Prasad R, Liu Y, Deterding LJ, Poltoratsky VP, Kedar PS, et al. (2007) HMGB1

is a cofactor in mammalian base excision repair. Mol Cell 27: 829–841.

25. Ogiwara H, Ui A, Otsuka A, Satoh H, Yokomi I, et al. (2011) Histone
acetylation by CBP and p300 at double-strand break sites facilitates SWI/SNF

chromatin remodeling and the recruitment of non-homologous end joining

factors. Oncogene 30: 2135–2146.

26. Pierce AJ, Johnson RD, Thompson LH, Jasin M (1999) XRCC3 promotes

homology-directed repair of DNA damage in mammalian cells. Genes Dev 13:

2633–2638.

27. Wilkinson KD, Tashayev VL, O’Connor LB, Larsen CN, Kasperek E, et al.

(1995) Metabolism of the polyubiquitin degradation signal: structure, mecha-

nism, and role of isopeptidase T. Biochemistry 34: 14535–14546.

28. Lan L, Nakajima S, Oohata Y, Takao M, Okano S, et al. (2004) In situ analysis

of repair processes for oxidative DNA damage in mammalian cells. Proc Natl

Acad Sci U S A 101: 13738–13743.

29. Volker M, Mone MJ, Karmakar P, van Hoffen A, Schul W, et al. (2001)

Sequential assembly of the nucleotide excision repair factors in vivo. Mol Cell 8:
213–224.

USP5 Is Required for Efficient DSB Repair

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e84899



30. Katsumi S, Kobayashi N, Imoto K, Nakagawa A, Yamashina Y, et al. (2001) In

situ visualization of ultraviolet-light-induced DNA damage repair in locally

irradiated human fibroblasts. J Invest Dermatol 117: 1156–1161.

31. Okano S, Lan L, Caldecott KW, Mori T, Yasui A (2003) Spatial and temporal

cellular responses to single-strand breaks in human cells. Mol Cell Biol 23: 3974–

3981.

32. Adamson B, Smogorzewska A, Sigoillot FD, King RW, Elledge SJ (2012) A

genome-wide homologous recombination screen identifies the RNA-binding

protein RBMX as a component of the DNA-damage response. Nat Cell Biol 14:

318–328.

33. Hadari T, Warms JV, Rose IA, Hershko A (1992) A ubiquitin C-terminal

isopeptidase that acts on polyubiquitin chains. Role in protein degradation. J Biol

Chem 267: 719–727.

34. Reyes-Turcu FE, Horton JR, Mullally JE, Heroux A, Cheng X, et al. (2006) The

ubiquitin binding domain ZnF UBP recognizes the C-terminal diglycine motif of

unanchored ubiquitin. Cell 124: 1197–1208.

35. Lee MJ, Lee BH, Hanna J, King RW, Finley D (2011) Trimming of ubiquitin

chains by proteasome-associated deubiquitinating enzymes. Mol Cell Proteomics

10: R110 003871.

36. Nijman SM, Luna-Vargas MP, Velds A, Brummelkamp TR, Dirac AM, et al.

(2005) A genomic and functional inventory of deubiquitinating enzymes. Cell

123: 773–786.

37. Ventii KH, Wilkinson KD (2008) Protein partners of deubiquitinating enzymes.

Biochem J 414: 161–175.

38. Watanabe K, Tateishi S, Kawasuji M, Tsurimoto T, Inoue H, et al. (2004)

Rad18 guides poleta to replication stalling sites through physical interaction and

PCNA monoubiquitination. Embo J 23: 3886–3896.

39. Kannouche PL, Wing J, Lehmann AR (2004) Interaction of human DNA

polymerase eta with monoubiquitinated PCNA: a possible mechanism for the

polymerase switch in response to DNA damage. Mol Cell 14: 491–500.

40. Ting L, Jun H, Junjie C (2010) RAD18 lives a double life: Its implication in

DNA double-strand break repair. DNA Repair (Amst) 9: 1241–1248.

41. Huang J, Huen MS, Kim H, Leung CC, Glover JN, et al. (2009) RAD18

transmits DNA damage signalling to elicit homologous recombination repair.

Nat Cell Biol 11: 592–603.

42. Bish RA, Myers MP (2007) Werner helicase-interacting protein 1 binds

polyubiquitin via its zinc finger domain. J Biol Chem 282: 23184–23193.

43. Tsuji Y, Watanabe K, Araki K, Shinohara M, Yamagata Y, et al. (2008)

Recognition of forked and single-stranded DNA structures by human RAD18

complexed with RAD6B protein triggers its recruitment to stalled replication

forks. Genes Cells 13: 343–354.

44. Galanty Y, Belotserkovskaya R, Coates J, Jackson SP (2012) RNF4, a SUMO-

targeted ubiquitin E3 ligase, promotes DNA double-strand break repair. Genes
Dev 26: 1179–1195.

45. Mallette FA, Mattiroli F, Cui G, Young LC, Hendzel MJ, et al. (2012) RNF8-

and RNF168-dependent degradation of KDM4A/JMJD2A triggers 53BP1
recruitment to DNA damage sites. EMBO J 31: 1865–1878.

46. Levy-Barda A, Lerenthal Y, Davis AJ, Chung YM, Essers J, et al. (2011)
Involvement of the nuclear proteasome activator PA28gamma in the cellular

response to DNA double-strand breaks. Cell Cycle 10: 4300–4310.

47. Bekker-Jensen S, Mailand N (2010) Assembly and function of DNA double-
strand break repair foci in mammalian cells. DNA Repair (Amst) 9: 1219–1228.

48. Hong Z, Jiang J, Lan L, Nakajima S, Kanno S, et al. (2008) A polycomb group
protein, PHF1, is involved in the response to DNA double-strand breaks in

human cell. Nucleic Acids Res 36: 2939–2947.
49. Uematsu N, Weterings E, Yano K, Morotomi-Yano K, Jakob B, et al. (2007)

Autophosphorylation of DNA-PKCS regulates its dynamics at DNA double-

strand breaks. J Cell Biol 177: 219–229.
50. Hanna J, Leggett DS, Finley D (2003) Ubiquitin depletion as a key mediator of

toxicity by translational inhibitors. Mol Cell Biol 23: 9251–9261.
51. Butler LR, Densham RM, Jia J, Garvin AJ, Stone HR, et al. (2012) The

proteasomal de-ubiquitinating enzyme POH1 promotes the double-strand DNA

break response. EMBO J 31: 3918–3934.
52. Shao G, Lilli DR, Patterson-Fortin J, Coleman KA, Morrissey DE, et al. (2009)

The Rap80-BRCC36 de-ubiquitinating enzyme complex antagonizes RNF8-
Ubc13-dependent ubiquitination events at DNA double strand breaks. Proc Natl

Acad Sci U S A 106: 3166–3171.
53. Nicassio F, Corrado N, Vissers JH, Areces LB, Bergink S, et al. (2007) Human

USP3 is a chromatin modifier required for S phase progression and genome

stability. Curr Biol 17: 1972–1977.
54. Dong Y, Hakimi MA, Chen X, Kumaraswamy E, Cooch NS, et al. (2003)

Regulation of BRCC, a holoenzyme complex containing BRCA1 and BRCA2,
by a signalosome-like subunit and its role in DNA repair. Mol Cell 12: 1087–

1099.

55. Murai J, Yang K, Dejsuphong D, Hirota K, Takeda S, et al. (2011) The USP1/
UAF1 complex promotes double-strand break repair through homologous

recombination. Mol Cell Biol 31: 2462–2469.
56. Amerik A, Swaminathan S, Krantz BA, Wilkinson KD, Hochstrasser M (1997)

In vivo disassembly of free polyubiquitin chains by yeast Ubp14 modulates rates
of protein degradation by the proteasome. EMBO J 16: 4826–4838.

57. Li W, Bengtson MH, Ulbrich A, Matsuda A, Reddy VA, et al. (2008) Genome-

wide and functional annotation of human E3 ubiquitin ligases identifies
MULAN, a mitochondrial E3 that regulates the organelle’s dynamics and

signaling. PLoS One 3: e1487.

USP5 Is Required for Efficient DSB Repair

PLOS ONE | www.plosone.org 11 January 2014 | Volume 9 | Issue 1 | e84899


