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A B S T R A C T   

DNA double-strand break (DSB) that is one of the most serious DNA lesions is mainly repaired by two mutually 
exclusive pathways, homologous recombination and non-homologous end-joining. Proper choice of DSB repair 
pathway, in which recruitment of 53BP1 to chromatin around DSB sites plays a pivotal role, is crucial for 
maintaining genome integrity. Ubiquitylations of histone H2A and H2AX on Lys15 are prerequisite for 53BP1 
loading onto chromatin. Although ubiquitylation mechanism of H2A and H2AX had been extensively studied, 
mechanism regulating deubiquitylation of γH2AX that is a phosphorylated form of H2AX remains elusive. Here, 
we identified USP49 as a novel deubiquitylating enzyme targeting DSB-induced γH2AX ubiquitylation. Over- 
expressed USP49 suppressed ubiquitylation of γH2AX in an enzymatic activity-dependent manner. Catalytic 
dead mutant of USP49 interacted and colocalized with γH2AX. Consequently, over-expression of USP49 inhibited 
the DSB-induced foci formation of 53BP1 and resulted in higher cell sensitivity to DSB-inducing drug treatment. 
Furthermore, endogenous USP49 protein was degraded via the proteasome upon DSB induction, indicating the 
importance of modulating USP49 protein level for γH2AX deubiquitylation. Consistent with our cell-based data, 
kidney renal clear cell carcinoma patients with higher expression of USP49 showed poor survival rate in com
parison to the patients with unaltered USP49 expression. In conclusion, these data suggest that fine tuning of 
protein level of USP49 and USP49-mediated deubiquitylation of γH2AX are important for genome integrity.   

1. Introduction 

Genomic DNA is constantly exposed to various DNA-damaging 
sources. Among DNA damages, DNA double-strand breaks (DSBs) are 
known as one of the most serious DNA lesions. DSBs can be generated 
not only by external sources including ionizing radiation (IR) and anti- 
tumor drugs but also by internal factors such as reactive oxygen spe
cies (Mehta and Haber, 2014). If the repair mechanism of DSBs does not 
function normally, it can cause cell death and genomic instability 
(Jackson and Bartek, 2009). To avoid such risks, rapid and proper DSB 
repair is essential for living organisms. In human cells, non-homologous 
end-joining (NHEJ) and homologous recombination (HR) function as 
the major repair mechanisms of DSBs (Ciccia and Elledge, 2010). NHEJ 

directly ligates two ends of cleaved DNA to each other. Even though 
generally NHEJ is a dominant pathway in human cells, it is prone to 
cause insertion or deletion (Lieber, 2010). On the other hand, HR is 
thought to be an error-free pathway, since HR copies the DNA sequence 
from the undamaged sister chromatid (Jasin and Rothstein, 2013). One 
of the major differences between these two pathways is how they are 
regulated by the cell cycle. NHEJ works regardless of the cell cycle 
except M phase, while HR functions only in S and G2 phases, where 
sister chromatids are available. 

It is well known that these DSB repair machineries are strictly 
regulated by protein post-translational modifications such as phos
phorylation and ubiquitylation. Upon induction of DSB, ataxia telangi
ectasia mutated (ATM) phosphorylates histone H2AX on Ser139, which 

Abbreviations: DSB, DNA double-strand break; NHEJ, non-homologous end-joining; HR, homologous recombination; DUB, deubiquitylating enzyme; 53BP1, 
tumor protein p53 binding protein 1; Znf-UBP, zinc-finger ubiquitin-specific protease; DDR, DNA damage response; ATM, ataxia telangiectasia mutated; RIF1, Rap1- 
interacting factor 1; PTIP, Pax transactivation domain-interacting protein. 

* Corresponding author at: Graduate School of Bionics, Tokyo University of Technology, Hachioji, Tokyo 192-0982, Japan. 
E-mail address: nishirtr@stf.teu.ac.jp (R. Nishi).  

Contents lists available at ScienceDirect 

Gene 

journal homepage: www.elsevier.com/locate/gene 

https://doi.org/10.1016/j.gene.2022.146599 
Received 6 April 2022; Accepted 16 May 2022   

mailto:nishirtr@stf.teu.ac.jp
www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2022.146599
https://doi.org/10.1016/j.gene.2022.146599
https://doi.org/10.1016/j.gene.2022.146599
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2022.146599&domain=pdf


Gene 833 (2022) 146599

2

is named as γH2AX (Rogakou et al., 1998). Subsequently, γH2AX and 
also H2A are ubiquitylated on Lys13 and/or Lys15 by the E3 ligase 
RNF168 that is recruited to DSB sites in RNF8, another E3 ligase, 
dependent manner (Doil et al., 2009; Gatti et al., 2012; Mattiroli, 2012; 
Pinato, 2009; Stewart et al., 2009). Ubiquitylation on Lys15 of H2As in a 
nucleosome is directly recognized by the tumor protein p53 binding 
protein 1 (53BP1), resulting in the accumulation of 53BP1 on chromatin 
around the DSB sites (Fradet-Turcotte et al., 2013; Salguero et al., 2019; 
Wilson et al., 2016). Furthermore, 53BP1 phosphorylated by ATM re
cruits Rap1-interacting factor 1 (RIF1) and Pax transactivation domain- 
interacting protein (PTIP) (Callen et al., 2013; Feng et al., 2013; 
Chapman, 2013; Escribano-Díaz, 2013; Di Virgilio et al., 2013; Zim
mermann et al., 2013). Together with these proteins, 53BP1 promotes 
DSB repair via NHEJ by suppressing the DNA end-resection that is 
essential nucleolytic degradation for initiating HR. Therefore, recruit
ment of 53BP1 to DSB sites that is modulated by ubiquitylation of 
γH2AX and H2A plays a key role in deciding by which pathway DSBs 
will be repaired. 

Ubiquitin is a protein consisting of 76 amino acids (a. a.) and cova
lently binds to target proteins as a monomer or poly-ubiquitin chain via 
its Carboxyl-terminus Gly. Ubiquitylation of proteins is carried out by 
sequential reactions involving three classes of enzymes: ubiquitin acti
vating enzyme (E1), ubiquitin conjugating enzyme (E2) and ubiquitin 
ligase (E3 ligase) (Kerscher et al., 2006). Ubiquitin bound to E1 is 
transferred to E2 and then ligated to substrates via E3 ligase. Impor
tantly, ubiquitylation is a reversible reaction, in which ubiquitin is 
removed by deubiquitylating enzymes (DUBs) (Reyes-Turcu et al., 2009; 
Komander et al., 2009). While ubiquitylation plays important roles in 
DSB repair, it is now obvious that deubiquitylating reactions should be 
fine-tuned as well during DSB repair (Nishi, 2017). Multiple DUBs have 
been reported to be involved in deubiquitylation of γH2AX and H2A in 
the context of DSB response. Namely, DUB3, BRCC36, USP3, USP11, 
USP16, USP22, USP26, USP37, USP44 and USP51 are known DUBs that 
are directly or indirectly involved in the deubiquitylation of γH2AX and 
H2A, (Shanbhag et al. 2010, Sharma et al., 2014; Nicassio, 2007; Wang, 
2017; Wang, 2016; Mosbech et al., 2013; Yu, 2016; Zhang et al., 2014; 
Delgado-Díaz et al., 2017; Typas, 2016; Shao, 2009). Although some 
screenings had been carried out for DUBs targeting H2As, it remains 
uncertain whether any other DUBs can regulate γH2AX ubiquitylation. 
Of these aforementioned DUBs, USP3, USP16, USP22, USP44 and USP51 
contain a Zinc-finger ubiquitin binding domain (ZnF-UBP) at the Amino- 
terminus (N-terminus), indicating that the ZnF-UBP domain may be a 
common feature of DUBs deubiquitylating γH2AX or H2A. In our pre
vious screen for DUBs involved in DSB responses, USP49 that also con
tains a ZnF-UBP domain in its N-terminus was identified as a strong 
candidate (Nishi et al., 2014), while its potential role in deubiquitylating 
γH2AX was not investigated. Since post-translational modifications of 
H2AX play pivotal roles in DSB responses, in this study, we investigated 
the potential role of USP49 in controlling γH2AX ubiquitylation and 
modulating cellular response to DSBs. 

2. Materials and Methods 

2.1. Cell lines and cell culture 

All cell lines were cultured at 37 ◦C in a humidified 5% CO2 atmo
sphere. All cells were cultured with Dulbecco’s modified Eagle’s me
dium (DMEM, Nacalai tesque, Kyoto, Japan) containing 10% fetal 
bovine serum (FBS, SIGMA-Aldrich, St. Louis, MO, USA), 100 U/ml 
penicillin (Nacalai tesque), 100 μg/ml streptomycin (Nacalai tesque) 
and 584 μg/ml l-glutamine. A U2OS cell line stably expressing mCherry- 
tagged 53BP1 (mCherry-53BP1) was established by culturing cells with 
identical media but containing 500 μg/ml Geneticin (Thermo Fisher 
Scientific, MA, USA) for two weeks after transfection of pmCherry-C1 
plasmid (Takara Bio, Shiga, Japan) coding 53BP1. 

2.2. Transfection of plasmids and siRNAs 

HEK293T cells were transfected with the plasmid or siRNA (2 nM at 
final concentration) with Polyethylenimine “Max” (PEI-MAX, MW 
40,000, Polyscience, PA, USA) or HiperFect (Qiagen, Dusseldorf, Ger
many), respectively as described below. The plasmid was diluted in 
OPTI-MEM media (Thermo Fisher Scientific) and then incubated for 5 
min at room temperature. The plasmid containing media was mixed 
with OPTI-MEM supplemented with PEI-MAX and further incubated for 
20 min at room temperature. Finally, the mixture was added to cells 
cultured with DMEM supplemented only with 10% FBS. For transfecting 
cells in 35, 60 or 100 mm dish, 2, 4 or 8 μg of plasmid was used, 
respectively. Cells used for Direct-repeat GFP (DR-GFP) assay were 
transfected with the appropriate plasmids by Mirus TransIT-LT1 (Mirus 
Bio LLC, Madison, WI, USA) according to the manufacturer’s in
structions (also see homologous recombination assay section). The 
siRNA targeting Luciferase (5’-AACGUACGCGGAAUACUUCGA-3’, 
Eurofins Genomics, Tokyo, Japan) or USP49 (Thermo Fisher Scientific, 
s24638) was mixed with HiperFect in OPTI-MEM media. After incuba
tion for 15 min at room temperature, the mixture was added to cells 
cultured with DMEM supplemented with 10% FBS and antibiotics. 

2.3. Cell extract preparation and immunoblotting analysis 

Except for sample preparation for immunoprecipitation, cell extracts 
were prepared with CSK buffer [10 mM PIPES (pH 6.8), 3 mM MgCl2, 1 
mM ethylene glycol bis (2-aminoethyl ether)-N, N, N’, N’-tetraacetic 
acid, 0.1% Triton X-100 and 300 mM sucrose] containing 300 mM NaCl, 
1 × Protease Inhibitor cocktail ethylenediamine tetraacetic acid 
(EDTA)-free (PI, Roche, Basel, Switzerland), 10 mM NaF (Nacalai tes
que), 20 mM N-ethylmaleimide (NEM, Nacalai tesque), and 0.25 mM 
phenylmethylsulfonyl fluoride (PMSF, SIGMA-Aldrich). The cells were 
washed twice with ice-cold phosphate buffered saline (PBS) and incu
bated with an appropriate volume of CSK buffer containing 300 mM 
NaCl, 1 × PI, 10 mM NaF, 20 mM NEM, and 0.25 mM PMSF for 1 h on ice 
with occasional mixing. Soluble fractions were collected by centrifuga
tion at 20,000 × g for 10 min at 4 ◦C. Residual chromatin fractions 
(pellet fractions) were washed twice, resuspended with the identical 
buffer, and then solubilized by sonication (UD-100, 40% output, 30 s, 
TOMY, Tokyo, Japan). Where indicated, cells were incubated with 500 
μM phleomycin (InvivoGen, CA, USA) for 1 h. For immunoprecipitation, 
cells were washed twice and collected with an appropriate volume of 
ice-cold PBS, followed by centrifugation at 10,000 × g, for 1 min. Cells 
were solubilized by sonication with CSK buffer containing 300 mM 
NaCl, 1 × PI, 10 mM NaF, 20 mM NEM, and 0.25 mM PMSF. Insoluble 
fractions were removed by centrifugation at 20,000 × g for 10 min at 
4 ◦C. The protein concentrations of cell extracts were determined with 
Coomassie Protein Assay Reagent (Thermo Fisher Scientific, MA, USA) 
with bovine serum albumin as a standard (Takara Bio). The antibodies 
used for immunoblotting in this research are anti-GFP antibody (Roche, 
11814460001, 1:1,000 dilution), anti-γH2AX antibody (Millipore, 
05–636, MA, USA, 1:1,000 dilution), anti-USP49 antibody (Proteintech, 
18066–1-AP, 1:2,000 dilution), anti-USP49 antibody (Abcam, 
ab127574, Cambridge, UK, 1:1,000 dilution) and anti-α-tubulin anti
body (SIGMA-Aldrich, T9026, 1:5,000 dilution). All immunoblotting 
experiments were carried out at least twice in the laboratory. 

2.4. Immunoprecipitation 

Soluble fractions of cell extracts were subjected to immunoprecipi
tation with an anti-GFP antibody coupled with magnetic beads (GFP- 
Trap_MA, ChromoTek, Planegg-Martinsried, Germany) by rotating 
overnight at 4 ◦C. The beads were washed six times with the buffer used 
for cell extract preparation and bound proteins were eluted by boiling at 
95 ◦C for 10 min with 1 × Laemmli buffer [62.5 mM Tris–HCl (pH 6.8), 
2% sodium dodecyl sulphate, 10% glycerol, 0.02% bromophenol blue 
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and 6.25% β-mercaptoethanol]. 

2.5. Immunofluorescence staining 

To investigate the localization of GFP-fused USP49 (GFP-USP49) 
without exogenous DNA damage, cells were fixed with 4% para
formaldehyde for 15 min at room temperature and then permeabilized 
by incubating with 0.2% Triton X-100 in PBS for 5 min at room tem
perature. Hereafter, the samples were washed twice with 0.1% Tween 
20 in PBS after each procedure. Nuclei were stained with 1 μg/ml of 4′, 
6-diamidino-2-phenylindole (DAPI) solution for 10 min. To survey DSB- 
induced foci formation of mCherry-53BP1, cells irradiated with 2 Gy of 
IR (Faxitron RX-650, AZ, USA) were incubated for 15 min or cells were 
treated with 40 μg/ml phleomycin for 2 h. When colocalization of GFP- 
USP49 and γH2AX was examined, cells were pre-extracted prior to fix
ation with pre-extraction buffer [10 mM Pipes (pH 6.8), 3 mM MgCl2, 3 
mM EDTA, 0.5% Triton X-100, 300 mM sucrose and 50 mM NaCl] for 5 
min on ice. Following fixation and permeabilization, cells were incu
bated with blocking buffer (5% FBS, 0.1% Triton X-100 in PBS) for 30 
min. Subsequently, cells were incubated with the primary antibody for 1 
h and then with the secondary antibody for 30 min diluted in blocking 
buffer. Following nuclei staining with DAPI as described above, all 
samples were sealed with VECTASHIELD (VECTOR LABORATORIES, 
Burlingame, CA, USA). Images were taken with a confocal microscope 
(TCS SP5, Leica, Wetzlar, Germany or FV3000, Olympus, Tokyo, Japan). 
The primary antibody used for immunofluorescence staining in this 
research was anti-γH2AX antibody (Millipore, 05–636, 1:200 dilution). 

2.6. Cell survival assay 

HEK293T cells were seeded in a 96 well plate and, on the following 
day, treated with various doses of phleomycin for 48 h. Cell viability was 
analyzed using Cell Count Reagent SF (Nacalai tesque) according to the 
manufacturer’s instructions. 

2.7. Homologous recombination assay 

The efficiency of homologous recombination was assessed with DR- 
GFP assay as previously described (Matsui et al., 2020). Briefly, cells 
were transfected with expression plasmids of FLAG-USP49 (WT or CA), 
I-SceI and mCherry. As a negative control, cells were transfected with an 
empty plasmid instead of I-SceI coding plasmid. Forty-eight hour after 
transfection, cells were analyzed with cell sorter (SH800S, Sony, Tokyo, 
Japan). HR efficiency was determined as population of GFP positive cells 
in mCherry positive cells. 

3. Results 

3.1. DNA damage-induced ubiquitylation of γH2AX was suppressed with 
the over- expressed USP49 

H2AX is one of the H2A variants and makes up about only 10% of 
total H2A family in mammalian cells, however, it plays important roles 
in DNA damage response (DDR)(Salguero et al., 2019; Lowndes and 
Toh, 2005). To reveal hitherto unidentified DUBs targeting ubiq
uitylation of γH2AX, we compared domain structures of the DUBs that 
are previously reported to be involved in deubiquitylation of γH2AX and 
H2A either directly or indirectly (Fig. 1A and Supplementary Table ST1). 
As shown in Fig. 1A, USP3, USP16, USP22, USP44 and USP51 carry a 
ZnF-UBP domain at the N-terminus, suggesting that ZnF-UBP may play 
roles in the deubiquitylation of γH2AX. In human genome about a 
hundred DUBs are encoded, and seven of them contains ZnF-UBP 
domain in addition to aforementioned five DUBs. Phylogenic analysis 
of human DUBs revealed that among these DUBs, USP49 shows rela
tively high amino acid sequence similarity to USP3, USP22, USP44 and 
USP51 (Nishi et al., 2014). Furthermore, we previously identified USP49 

as a potential DDR factor in a screen, although how USP49 contributes to 
DDR was not investigated (Nishi et al., 2014). Based on these knowl
edges we examined whether USP49 influences on γH2AX deubiquity
lation. For this purpose, HEK293T cells transiently over-expressing 
either GFP or GFP-tagged USP49 [wild-type: GFP-USP49 (WT)] were 
treated with phleomycin, which is a radio-mimetic drug. Phleomycin 
treatment induced ubiquitylation of γH2AX that was suppressed by the 
transient over-expression of GFP-USP49 (WT) in comparison to GFP 
expression (Fig. 1B). Contrary, γH2AX ubiquitylation was not sup
pressed by the transient over-expression of a catalytically inactive 
mutant GFP-USP49 [GFP-USP49 (CA)] in which Cys262 was replaced 
with Ala (Fig. 1B) (Zhang, 2013). Immunoblotting analysis with anti- 
USP49 antibody indicated that expression level of exogenous GFP- 
USP49 (WT) or GFP-USP49 (CA) was 9.2-fold or 15.7-fold higher than 
that of endogenous USP49, respectively (Supplementary Fig. S1), sug
gesting that GFP-USP49 dominantly functioned in these transfected 
cells. Furthermore, quantitative analysis of γH2AX ubiquitylation, in 
which the expression level of GFP-USP49 (WT and CA) was considered, 
showed that their effects on γH2AX ubiquitylation were significant 
(Fig. 1C). These results suggested that over-expression of USP49 sup
pressed phleomycin-induced γH2AX ubiquitylation in a DUB activity 
dependent manner. Subsequently, the importance of ZnF-UBP domain of 
USP49 in deubiquitylating γH2AX was examined by transfecting cells 
with a plasmid coding truncated mutant of USP49 lacking the N-ter
minal domain that contains ZnF-UBP domain (ΔN: 253–688 a. a.). 
Transiently over-expressed GFP-USP49 (ΔN) suppressed ubiquitylation 
of γH2AX after phleomycin treatment in a similar manner with GFP- 
USP49 (WT) (Fig. 1D). To investigate whether C-terminus region of 
USP49 that is not a part of catalytic domain is required for suppressing 
γH2AX ubiquitylation, similar experiment was performed with a USP49 
mutant lacking the C-terminus region (ΔC: 1–657 a. a.). As shown in 
Fig. 1D., GFP-USP49 (ΔC) was still able to suppress ubiquitylation of 
γH2AX. These results suggest that USP49 negatively regulates ubiq
uitylation of γH2AX not in a ZnF-UBP domain but a DUB activity 
dependent manner. 

3.2. USP49 colocalized and interacted with γH2AX 

To further understand the involvement of USP49 in DDR, we 
examined subcellular localization of USP49. Both wild-type and cata
lytically inactive mutant of USP49 localized to nucleus without DNA 
damage (Fig. 2A), suggesting that USP49 may exert its function mainly 
in nucleus. Subsequently, localization of USP49 to DSB sites were 
examined. Since USP49 was suggested to bind histone H2B (Zhang, 
2013), to specifically detect USP49 localized to DSB sites immunofluo
rescent staining was performed with extraction prior to fixation, which 
is a generally used method for investigating localization of DDR pro
teins. GFP-USP49 (CA) colocalized with γH2AX after phleomycin 
treatment, suggesting that USP49 could function at sites of DSB 
(Fig. 2B). Although recruitment of GFP-USP49 (WT) to DSB sites was not 
detectable, this may be because of transient interaction between USP49 
and a potential substrate such as ubiquitylated-γH2AX. Consistent with 
this idea, it was previously reported that localization of USP44 to DSB 
sites was enhanced when its catalytically dead mutant was used (Mos
bech et al., 2013). In addition, interactions between DUBs (USP3 and 
USP11) and histone substrates were more easily detected with enzy
matically dead DUBs (Yu, 2016). The colocalization of USP49 (CA) and 
γH2AX prompted us to investigate the protein–protein interaction be
tween USP49 (CA) and γH2AX (Fig. 2C). GFP-USP49 (CA) immuno
precipitated with an anti-GFP antibody co-precipitated γH2AX (Fig. 2C), 
suggesting interaction between these proteins. Altogether, these results 
suggest that USP49 could deubiquitylate γH2AX at sites of DSBs. 

M. Matsui et al.                                                                                                                                                                                                                                 



Gene 833 (2022) 146599

4

Fig. 1. DNA damage-induced ubiquitylation of γH2AX was suppressed by the over-expressed USP49 (A) Schematic representation of human DUBs targeting γH2AX 
and H2A. Domain structure of USP49 is also depicted. The numbers represent amino acid residues. USP: ubiquitin-specific protease, MPN: JAB1/MPN/MOV34 
metalloenzyme catalytic domain, DUSP: domain present in ubiquitin-specific proteases, ZnF: zinc-finger ubiquitin-specific protease (ZnF-UBP). DUBs containing ZnF- 
UBP domain are indicated with blue box. (B) HEK293T cells transfected either with expression plasmid of GFP or GFP-USP49 (WT or CA) were treated with 
phleomycin or mock treated. Cell extracts were analyzed by immunoblotting with the indicated antibodies. Ub-γH2AX: ubiquitylated γH2AX. The non-specific band 
detected with anti-GFP antibody was indicated as ns. (C) Quantification of the data presented in (B) for the residual ubiquitylated γH2AX（mean ± SEM, n = 3, *p <
0.05, **p < 0.01）. (D) Schematic representation of human USP49 and its truncated mutants (upper). HEK293T cells transfected with the expression plasmid coding 
the indicated gene were treated with phleomycin or mock treated. Cell extracts were analyzed by immunoblotting with the indicated antibodies (lower). Ub-γH2AX: 
ubiquitylated γH2AX. The non-specific band detected with anti-GFP antibody was indicated as ns. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

M. Matsui et al.                                                                                                                                                                                                                                 



Gene 833 (2022) 146599

5

3.3. Over-expression of USP49 inhibited DSB-induced 53BP1 foci 
formation and sensitized cells to a radio-mimetic drug 

It has been reported that ubiquitylation of γH2AX on Lys15, which is 
induced by DSBs, is directly recognized by 53BP1 and recruits 53BP1 to 
sites of DSBs (Fradet-Turcotte et al., 2013; Salguero et al., 2019). In 
addition, we found that USP49 negatively regulates DSB-induced γH2AX 
ubiquitylation (Fig. 1B). Thus, we studied the effect of USP49 over- 
expression on DSB-induced foci formation of 53BP1 with a cell line 
stably expressing mCherry-53BP1. As previously reported, mCherry- 
53BP1 distributed uniformly in nucleus except nucleoli. Even without 
DNA damage, a few bright spots of mCherry-53BP1 were detected that 
are thought to be OPT domain (Harrigan, 2011). This distribution 
pattern of mCherry-53BP1 was not altered by the over-expression of 
GFP-USP49 (WT and CA) (Fig. 3A). When cells were treated with 
phleomycin, mCherry-53BP1 formed distinct foci in GFP expressing cells 
as expected. In line with the effect on γH2AX ubiquitylation, 
phleomycin-induced 53BP1 foci formation was inhibited in GFP-USP49 
(WT) expressing cells (Fig. 3A). On the other hand, foci formation of 
53BP1 in cells expressing GFP-USP49 (CA) was similar to the one with 
GFP expression (Fig. 3A). Importantly, similar results were obtained 
with IR-irradiated cells (Supplementary Fig. S2), suggesting that excess 
amount of USP49 antagonized DSB-induced 53BP1 foci formation by 
suppressing γH2AX ubiquitylation.　Subsequently, we investigated 
whether USP49 over-expression affects HR efficiency with DR-GFP 
assay, because 53BP1 promotes NHEJ and inhibits HR (Daley and 
Sung, 2014). Over-expression of USP49 (WT) significantly increased the 
efficiency of HR compared to the control (Fig. 3B). To our surprise, over- 
expression of USP49 (CA), which affected neither γH2AX ubiquitylation 
nor 53BP1 foci formation, strongly suppressed HR efficiency (Fig. 3B). 
The transfection efficiency of plasmids, which was confirmed by the 
expression of mCherry from the co-transfected plasmid, was similar 
between experiments (data not shown), therefore, HR suppression with 
USP49 (CA) was not likely due to impaired expression of I-SceI restric
tion enzyme. Furthermore, since over-expression of USP49 affected the 

choice of DSB repair pathway, its effect on cellular sensitivity to DSB- 
inducing reagent was also investigated. As shown in Fig. 3C, GFP- 
USP49 (WT) over-expression sensitized cells to phleomycin compared 
to GFP expression, suggesting that excessive USP49 (WT) could 
compromise DSB repair pathway choice and result in higher sensitivity 
to phleomycin. Although over-expression of USP49 led to increased HR 
repair (Fig. 3B), total DSB repair activity may not be enough to maintain 
cell survival. Interestingly, USP49 (CA) over-expression also reduced 
viability following phleomycin treatment, while it did not affect γH2AX 
ubiquitylation and not hinder 53BP1 foci formation. It suggested that 
other than regulating γH2AX-53BP1 axis, USP49 may have additional 
roles in DSB responses. These results suggest that regulating the protein 
level and catalytic activity of USP49 is important for DSB repair pathway 
choice and cell viability. 

3.4. Knockdown of USP49 did not affect γH2AX ubiquitylation, HR 
efficiency and cell survival 

Although we had revealed involvement of USP49 in DSB repair by 
over-expressing USP49, the consequences of depleting endogenous 
USP49 were also assessed. Firstly, HEK293T cells in which endogenous 
USP49 was knocked down by a siRNA were treated with phleomycin, 
and ubiquitylation of γH2AX was examined. While expression of USP49 
was effectively suppressed by siRNA transfection, no significant differ
ence in ubiquitylation of γH2AX was observed compared to control 
(Fig. 4A and 4B).　As in the over-expression experiments, the HR effi
ciency and cell viability of USP49 knockdowned cells were also exam
ined. The results showed that depletion of USP49 significantly altered 
neither HR efficiency nor cell survival (Fig. 4C and 4D). These data may 
suggest that unregulated over-expression of USP49 is problematic for 
cells rather than loss of USP49. No or quite weak phenotype caused by 
USP49 depletion was maybe because other DUBs, such as USP3, USP11, 
DUB3 and BRCC36, are able to complement the function of UPS49. 

Fig. 2. USP49 colocalized and interacted with γH2AX (A) Subcellular localization of GFP-USP49 (WT or CA) in U2OS cells. Scale bar: 10 μm. (B) Subcellular 
localization of GFP-USP49 (WT or CA) and γH2AX in phleomycin treated U2OS cells. Scale bar: 10 μm. The area indicated with the white square in the figure are 
magnified and shown directly below each panel. Scale bar: 3 μm. (C) HEK293T cells were transfected with the plasmids encoding either GFP or GFP-USP49 (CA). 
Following phleomycin treatment, cell extracts were subjected to immunoprecipitation with an anti-GFP antibody followed by immunoblotting analysis with the 
indicated antibodies. 
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3.5. Expression of endogenous USP49 was controlled in a DSB-dependent 
manner 

Since over-expression of USP49 inhibited γH2AX ubiquitylation after 
DNA damage and increased cellular sensitivity to phleomycin, we 
examined whether the expression of endogenous USP49 protein is 
controlled upon induction of DSB. Endogenous USP49 was reduced 
when cells were treated with phleomycin (Fig. 5A), which was further 
confirmed by performing the identical experiment with cycloheximide 
(CHX), a protein synthesis inhibitor (Fig. 5A). This DSB-induced 
reduction of USP49 was inhibited, if cells were treated with phleomy
cin in the presence of MG132, a proteasome inhibitor (Fig. 5A). These 
data suggest that endogenous USP49 is degraded by a proteasome after 

DSB induction. These findings indicated that protein level of USP49 
should be regulated properly, and prompted us to investigate the rela
tionship between expression level of USP49 and clinical outcomes. Since 
we mainly used transformed kidney cells in this study, expression of 
USP49 in kidney cancer patients was investigated using the Cancer 
Genome Atlas (TCGA) data set (Cerami, 2012; Gao et al., 2013). Among 
488 patients of kidney renal clear cell carcinoma, 24 patients were found 
to express USP49 at higher than two Z-score (high USP49-expression 
group). We then examined disease specific survival of these patients, 
indicating that high USP49-expression group showed significantly poor 
survival compared to another group (unaltered USP49-expression 
group) (p = 0.048) (Fig. 5B). Higher expression of USP49 was also 
found in some other cancers. In uterine corpus endometrial carcinoma, 

Fig. 3. Over-expression of USP49 inhibited 53BP1 foci formation induced with phleomycin treatment and sensitized cells to phleomycin (A) U2OS cells stably 
expressing mCherry-53BP1 were transfected with the plasmid coding either GFP or GFP-USP49 (WT or CA). Cells were then treated with phleomycin or mock treated 
(undamaged: UD). Scale bar: 10 μm. (B) DR-GFP assay was carried out with exogenous expression of FLAG-tagged USP49 (WT or CA) or FLAG-tag (Ctrl). GFP-positive 
cell populations were normalized to FLAG-tag expression sample, which was set to 1 (mean ± SEM, n = 3, **p < 0.01). (C) HEK293T cells transfected with the 
expression plasmid coding GFP or GFP-USP49 (WT or CA) were treated with phleomycin for 48 h. Cell viability was assessed as described in Materials and Methods 
section (mean ± SEM, n = 3). 
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for example, significantly shorter survival was seen with the patients 
expressing higher level of USP49 protein (data not shown), suggesting 
that increased expression of USP49 could be corelated with poor sur
vival and prognosis. 

4. Discussion 

In this study, we identified USP49 as a novel DUB targeting ubiq
uitylation of γH2AX that was induced by DSBs based on a series of ev
idence. 1) Over-expression of USP49 suppressed DSB-induced 
ubiquitylation of γH2AX in its catalytic activity dependent manner. 2) 
USP49 interacted and colocalized with γH2AX. 3) Subsequently, excess 
USP49 inhibited DSB-induced 53BP1 foci formation, increased HR ef
ficiency and conferred higher radio-mimetic drug sensitivity to cells. 4) 
Importantly, kidney renal clear cell carcinoma patients with higher 
expression of USP49 showed poor disease specific survival. These find
ings suggest that USP49 is a key factor in regulating DSB responses and 
for clinical outcome. Although knockdown of USP49 did not signifi
cantly affect these phenotypes, we interpreted this as other DUBs, such 
as USP3, USP11, DUB3 and BRCC36, can function in the absence of 
USP49. 

The appropriate choice of DSB repair pathway in which recruitment 
of 53BP1 to sites of DSB is critical is important for maintaining genome 
integrity (Scully et al., 2019). Namely, inhibition or deletion of 53BP1 
resulted in increased HR (Chen, 2020; Xie, 2007; Canny, 2018), which is 
consistent with our results showing that over-expression of USP49 
suppressed 53BP1 loading to DSB sites and increased HR (Fig. 3A and 
3B). Direct binding of 53BP1 to Lys15 ubiquitylated H2A, together with 

recognition of dimethylated H4Lys20, is essential for 53BP1 loading to 
DSB sites, (Botuyan et al., 2006; Sanders et al., 2004). Although H2AX 
was not essential for 53BP1 loading to DSB sites, but it enhanced 53BP1 
loading to DSB sites (Salguero et al., 2019). Thus far, there are variety of 
DUBs targeting ubiquitylated H2A. However, only a few DUBs (USP3, 
USP11, DUB3 and BRCC36) had been suggested as DUBs targeting 
ubiquitylated γH2AX with some discrepancies, (Ting, 2019). Here we 
showed that endogenous USP49 protein was degraded by proteasome 
upon induction of DSBs (Fig. 5A). This could suggest that USP49 sup
presses 53BP1 binding to chromatin by deubiquitylating γH2AX when 
cells were not challenged. But once DSBs were generated, 53BP1 loading 
on chromatin and NHEJ could be promoted by proteasomal degradation 
of USP49. Since it was suggested that such a timely (de)ubiquitylation is 
essential for repairing DSBs with appropriate pathway (Nakada, 2016), 
USP49 may be part of this process. In view of domain analysis, ZnF-UBP 
domain of USP49 was not required for suppressing γH2AX ubiq
uitylation (Fig. 1D). On the other hand, USP49 was also known to 
deubiquitylate H2BLys120, which promoted both HR and NHEJ, (Moyal 
2011, Nakamura, 2011; So et al., 2019), suggesting that ZnF-UBP 
domain of USP49 might function in deubiquitylating H2B. In line with 
this idea, while catalytically inactive USP49 did not affect γH2AX-53BP1 
axis, this mutant still sensitized cells to phleomycin, suggesting that 
USP49 could have multiple targets in DSB repair. This should be 
addressed in the future study. 

It is worth mentioning that USP49 had been reported to be involved 
in tumorigenesis by deubiquitylating other substrates. USP49 deubi
quitylated and stabilized FKBP51 and, as a result, inhibited the growth 
of pancreatic cancer cells (Luo, 2017). In addition, p53 is stabilized by 

Fig. 4. Knockdown of USP49 did not affect γH2AX ubiquitylation, HR efficiency and cell survival (A) HEK293T cells were transfected with either control siRNA 
(siCtrl) or siRNA targeting USP49 (siUSP49). These cells treated with phleomycin or mock treated were subjected to immunoblotting analysis with the indicated 
antibodies. Ub-γH2AX: ubiquitylated γH2AX. (B) Quantification of the data presented in (A) for the ratio of ubiquitylated γH2AX（mean ± SEM, n = 3）. (C) DR-GFP 
assay was carried out with cells transfected with the indicated siRNAs (mean ± SEM, n = 3). (D) HEK293T cells transfected with the indicated siRNAs were treated 
with phleomycin for 48 h. Cell viability was assessed as described in Materials and Methods section (mean ± SEM, n = 3). 

M. Matsui et al.                                                                                                                                                                                                                                 



Gene 833 (2022) 146599

8

USP49 (Tu, 2018). More importantly, consistent with our notion, 
HCT116 cells expressing exogenous FLAG-tagged USP49 were more 
sensitive to etoposide (Tu, 2018). While higher USP49 expression in 
kidney renal clear cell carcinoma patients was corelated with poor 
survival, in gastric cancer and lung cancer, recurrence free survival was 
significantly better with patients expressing higher level of USP49. 
These results suggested that consequence of altered USP49 expression 
may vary depending on tissues, which requires further investigation. 
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