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Figure 3. Development of human leukocytes in NOG-D1-Tg mice. (A) Schematic representation of transplantation of human CD34™ HSCs into NOG-D1-Tg
ornon-Tg mice. (B) Twelve and 18 weeks after human HSC transplantation, total mononuclear cell numbers in the BM and spleen from NOG-D1-Tg or non-Tg
mice were counted in two visual fields with 10x microscopic magnification (n = 3). An engrafted cell number (C) and frequency (D) of human CD45, CD3,
CD19, and CD33 cells in the BM and spleen at 12 and 18 weeks after transplantation were analyzed by flow cytometry (n = 3). *p < 0.05 and **p < 0.005.

82% in the intracellular domain, and 95% in the N-terminal
plus the conserved DSL [Delta, Serrate, and Lag-2] domain
sequences), and demonstrated that human DLLI1 protein
inhibits myeloid lineage cell differentiation from murine
progenitor cells in vitro. These results indicated functional
cross-reactivity between human DLLI1 and murine Notch
receptors. Therefore, human DLL1 may stimulate mouse
osteoblasts in NOG-D1-Tg mice and promote osteogenic
differentiation in mice.

Several researchers have investigated the relationship
between Notch signaling and osteosclerosis [26,27]. Engin
et al. [26] generated Notchl intracellular domain (NICD)
Tg mice, which gained Notch function under the control of
the Collal promoter. These mice showed an increase in
bone mass and enhanced early osteoblastic proliferation.
They demonstrated that NICD induces expansion of early
osteoblastic precursors that produce an anti-osteoclastic
differentiation factor, osteoprotegerin, and decreasing osteo-
clastic activity. Hence, these mutant mice showed enhance-
ment of bone formation that greatly outweighed bone

resorption, leading to an osteosclerotic phenotype. The
enhanced bone matrix production might depend on activa-
tion of Notch signaling by DLL1 because the bones in
NICD Tg mice and our NOG-D1-Tg mice showed a similar
osteosclerotic phenotype.

In the present study, human hematopoiesis, especially B-
cell development, from transplanted HSCs was strongly sup-
pressed in NOG-D1-Tg mice. Similar observations have
been reported in various osteopetrotic mice lacking mole-
cules essential for osteoclast differentiation or function
[28-32]. Blin-Wakkach et al. found that B lymphopoiesis
was blocked in ossified bone of oc/oc mice that underwent
osteopetrosis [29]. They argued that the blockage in B-cell
differentiation was not due to a cell autonomous effect of
the oc mutation, but was rather the consequence of altered
BM architecture. Although our studies also showed
decreased numbers of B cells in NOG-D1-Tg mice, a similar
differentiation rate in B-cell subsets was observed for
both NOG-D1-Tg and non-Tg mice. In general, human
B lymphopoiesis predominates over T lymphopoiesis and
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Figure 3. (continued). Time courses of the frequency of human CD45 (E), CD3, and CD19-positive cells (F) in human CD45-positive cells from NOG-D1-

Tg (n = 7) or non-Tg (n = 6) mice were also analyzed by flow cytometry.

myelopoiesis in HSCs of humanized mice. B cells might
accordingly be more susceptible than T or myeloid cells
when HSC maintenance is impaired by an altered BM archi-
tecture. Another possibility is that human DLL1 may
directly bind to HSCs or B cells expressing the Notch

receptor and might induce specific apoptosis of B-lineage
cells. Rangarajan et al. reported constitutive activation of
Notchl-induced cell-cycle arrest and apoptotic cell death
in a chicken B-cell line [33]. Pecci et al. also reported that
DLL1 induces apoptosis in monocytic cells [34]. These
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Figure 4. Human B-cell differentiation in NOG-D1-Tg mice. Twelve weeks after human HSC transplantation, human leukocytes were isolated from the BM
and spleen of NOG-D1-Tg mice or littermates of non-Tg mice and stained with anti-hCD34, hCD10, hlgM, higD, hCD20, and hCD19 monoclonal anti-
bodies. The histogram shows the frequencies of these markers in hCD19% cells in BM (A) and spleen (B). (C) Cumulative frequencies of hCD34,
hCD10, higM, higD, and hCD20 cells in human CD19% cells from (A) and (B). Data represent mean * standard deviation.

— 199 —



R. Ito et al./ Experimental Hematology 2012;40:953-963

961

A Celt number of CD34 calls in B frequency of D34 cells in
tinCO45 ¢elis G CRA5 calls
109 BW K109 18w " oW m 8w
40 56 = ha 30 5 30 ¢
H i i P pr—
i 30 4 w7 20 9
H 4 : §
: : 10 1 16 ¢
107 0 | ! l
i : ; !
Qb T KR (o KR - P NN N
nandg HOG-Eg nondg HOG-O1-Tg nondy HOG-00Te sonlE HOG-OI
Celt number of CO34TD 38 cells in Frequency of CD34TH38 celis in
HvCDAScalls €045 cels
e W gy 18W " W " 18W 6W 18w
T 2 e ol nonTg  NOG-D1-Tg nonTg  NOG-DLTg
| { g - g .
| 15 | . R & T !
0 | . 1 b e . .
3; 10 | 4 1 8 i i i i : [ | : HE
] ; | a4 4 s 6.7 4 250 i
s é 5 = 4 ; 2 .2 b2 2B N5 W I oo
| ! B ¥ 3 v
R g L B LG S €034 co
nondy HOG-DILTE nony NOG-DHTg nonTz HOGDER nendty NOG-D1
non-Tg NOG-D1-Tg

g

Figure 5. Maintenance of human HSCs in bone marrow of NOG-D1-Tg mice. At 6 or 18 weeks after buman HSC transplantation, BM mononuclear cells
were obtained from femurs of NOG-D1-Tg or non-Tg mice, and an engrafted number and ratio of lineage " CD34" (A, B), and lineage "CD34*CD38~ HSCs
(C, D, and E), were analyzed by flow cytometry. (F) In immunohistochemistry, femur sections at 18 weeks after HSC transplantation and engrafted human
HSCs were detected by anti-hCD34 antibody. Red arrows showed human CD34™ HSCs represented by brown coloration. (B) and (C) show representative

data. *p < 0.05 and **p < 0.005.

reports are consistent with our observation that the CD33™
myeloid lineage cells was slightly decreased in the BM of
NOG-DI1-Tg mice at 18 weeks after human HSC transplan-
tation (Fig. 3C). It is also known that Notch activation
provides anti-apoptotic signals in developing T cells [35].
Jaleco et al. reported that B-cell differentiation from human
CD34% cells is completely blocked when cultured with
human DLL1-expressing stromal cells [36]. In their system,
DLLI1-expressing stroma cells could induce HSCs to T/
natural killer cell precursors, whereas they did not interfere
with the developmental potential of B cells in a culture
with Jaggedl-expressing stromas. They explained that the
differential effect by alternative Notch signals in human lym-
phopoiesis might be mediated by two candidate downstream
molecules of Notch-signaling: HES-1, which is upregulated
when undergoing T-cell lineage specification and is required
for the development of normal T-cell numbers, and E47,
a product of the E2A gene that is essential for B-cell speci-
fication. DLL1 can induce transactivation of HES-1, result-
ing in the accumulation of T/natural killer progenitors

when cultured with DLL1-expressing stromas. On the other
hand, DLL1 suppresses E47 activity, and mice lacking E2A
showed complete inhibition of B-cell development [37].
Furthermore, de la Coste et al. [9] and Pui et al. [§] reported
that ectopic T-cell differentiation in BM was induced by
Notch signaling. Our results may appear inconsistent with
previous findings in that, in the BM, thymus and periphery
of NOG-D1-Tg mice, human T-cell differentiation was not
enhanced (Fig. 3C and Supplementary Figure E2; online
only, available at www.exphem.org) and CD7" T-cell
progenitors did not increase (Supplementary Figure E3; on-
line only, available at www.exphem.org). This inconsistency
has two possible explanations: cytokines support T-cell
development and maturation might have occurred in
previous mouse studies. However, murine cytokines cannot
always react to human cells in humanized mice systems
[38]. Ohishi et al. reported that while Delta-1 promotes early
T-cell differentiation from human HSC, but pre-exposure to
several human cytokines (stem cell factor, fms-like tyrosine
kinase receptor-3 ligand, thrombopoietin, and I1.-6) was

— 200 —



962 R. Ito et al./ Experimental Hematology 2012;40:953-963

necessary for human T-cell differentiation [12]. A reduced
number of HSCs was observed in the BM of NOG-D1-Tg
mice because of osteosclerosis, as shown in Figure 5. Such
microenvironments may be suboptimal for supporting hema-
topoiesis because HSCs have less opportunity to encounter
stromal cells in ossified bone. Thus, DLL1-expressing
stromal cells may not efficiently interact with HSCs and
differentiate into T lineage cells. It is necessary to further
analyze whether human DLL1 can directly affect trans-
planted HSCs in NOG-D1-Tg mice.

Chadwick et al. [39] reported a negative influence of Notch
signaling on HSCs. They clearly demonstrated that constitu-
tive activation of the Notch signaling pathway via ectopic
expression of INICD induces apoptosis of primary human
CD347" cells [39]. Their findings may support our results
showing that human HSCs were not maintained in the BM
of NOG-D1-Tg mice, as measured in terms of cell number
or cell ratio. These results suggest that transplanted human
HSCs may come into contact with DLL1-expressing osteo-
blastic stromal cells, and the subsequent DLII-dependent
Notch signaling may induce apoptotic signals in HSCs.

Conclusions

NOG-D1-Tg miice are unique and interesting models of os-
teosclerosis and can mimic the state of ossification in the
human patient. These mice may also be appropriate models
to understand human hematological defects in patients with
osteosclerosis and to discover new principles for thera-
peutic intervention.
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Supplementary Figure E1. Human erythrocytes in PB. Twelve weeks after human HSC transplantation, PB samples were collected from each 3 of NOG-
D1-Tg and non-Tg mice, and were stained with anti-mouse Ter119 (BD Biosciences) and anti-human glycopholin A (BioLegend) antibodies. The data were
analyzed by flow cytometry.
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Supplementary Figure E2. Differentiation of human CD4 and CD8 single positive (SP) cells in the thymus. Thymocytes from NOG-D1-Tg and non-Tg
mice (n = 3 each) were isolated at 12 weeks after human HSC transplantation, and were stained with anti-human CD4 (BioLegend), CD8 (BioLegend) and
CD45 antibodies. Typical flow cytometric patterns of CD4 and CDS8 positive cells in CD45 positive gating were showed in A, and accumulative data in the
frequencies of CD4 and CDS8 positive cells was showed in B.
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Stress Granules Inhibit Apoptosis by Reducing Reactive Oxygen
Species Production

Masahiko Takahashi, Masaya Higuchi, Hideaki Matsuki, Manami Yoshita, Toshiaki Ohsawa, Masayasu QOie, Masahiro Fujii

Division of Virology, Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan

Cells can undergo two alternative fates following exposure to environmental stress: they either induce apoptosis or inhibit apop-
tosis and then repair the stress-induced alterations. These processes minimize cell loss and prevent the survival of cells with ab-
errant DNA and protein alterations. These two alternative fates are partly controlied by stress granules (SGs). While arsenite,
hypoxia, and heat shock induce the formation of SGs that inhibit apoptosis, X-ray irradiation and genotoxic drugs do not induce
SGs, and they are more prone to trigger apoptosis. However, it is unclear precisely how SGs control apoptosis. This study found
that SGs suppress the elevation of reactive oxygen species (ROS), and this suppression is essential for inhibiting ROS-dependent
apoptosis. This antioxidant activity of SGs is conirolled by two SG components, GTPase-activating protein SH3 domain binding
protein 1 (G3BP1) and ubiquitin-specific protease 10 (USP10). G3BP1 clevates the steady-state ROS level by inhibiting the anti-
oxidant activity of USP10. However, following exposure to arsenite, G3BP1 and USP10 induce the formation of SGs, which un-
covers the antioxidant activity of USP10. We also found that the antioxidant activity of USP10 requires the protein kinase activ-

ity of ataxia telangiectasia mutated (ATM). This work reveals that SGs are critical redox regulators that control cell fate under

stress conditions.

on exposure to environmental stress, cells select two distinct
ates: they either induce apoptosis or inhibit apoptosis and
repair any stress-induced alterations. These processes prevent the
survival of cells with DNA and protein aberrations and simulta-
neously minimize cell loss. These cell fate decisions are partly de-
pendent on the type of stress. While arsenite, hypoxia, and heat
shock induce the formation of stress granules (SGs) that inhibit
apoptosis, genotoxins and X-ray irradiation do not induce SGs,
thereby making cells more prone to undergo apoptosis (1, 2).
Thus, SGs are a crucial defense mechanism against environmental
stress. However, the precise mechanism underlying how SGs in-
hibit apoptosis has not been elucidated.

SGs are cytoplasmic RNA granules, and their formation is as-
sociated with the inhibition of translation initiation and the dis-
assembly of polysomes (3). During stress, SGs act as storage sites
of nontranslating mRNAs separated from disassembled poly-
somes. The mRNA composition of SGs is selective; they contain
mRNAs encoding housekeeping genes but exclude those encoding
stress-induced genes, such as the genes encoding heat shock pro-
teins (4). This selective storage of mRNAs by SGs promotes the
translation of stress-responsive genes, thereby driving recovery
from a stress.

In addition to RNAs, SGs contain various proteins, including
GTPase-activating protein SH3 domain binding protein 1
(G3BP1) (5), T-cell-restricted intracellular antigens 1 (TIA-1), T-
cell-restricted intracellular antigen-related protein (TIAR) (6),
poly(A)-binding protein (PABP) (6), RACK1 (1), and histone
deacetylase 6 (HDACS6) (7). Although the respective roles of these
proteins in SG-associated functions have not yet been fully eluci-
dated, G3BP1 has been shown to play a critical role in the assembly
of SGs (5, 7, 8). G3BP1 is an RNA-binding protein, and it is local-
ized at polysomes under steady-state conditions. Upon exposure
to stress, G3BP1 forms a multimer, which initiates the assembly
of SGs. ’

G3BP1 has been shown to regulate the stability and translation
of several mRNAs. For instance, G3BP1 inhibits the translation of
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the mitochondrial H-ATP synthase subunit beta by interacting
with the 3" untranslated region of RNA (92). In addition, G3BP1
has been reported to have an endoribonuclease activity to a subset
of mRNAs, such as the c-myc gene, through direct binding (10,
11). It remains unclear, however, precisely how these activities of
G3BP1 are related to the SG-associated functions.

Ubiquitin-specific protease 10 (USP10) was originally identi-
fied as a binding partner for G3BP1 (12). It is ubiquitously ex-
pressed and is also recruited into SGs (3). USP10 is a deubiquiti-
nase, and the substrates include tumor suppressor p53 (13).
Following DNA damage, a fraction of USP10 translocates into the
nucleus and then deubiquitinates and stabilizes p53. Such trans-
location of USP10 is regulated via phosphorylation by ataxia tel-
angiectasia mutated (ATM) protein kinase. USP10, by deubiquiti-
nating p53, suppresses tumor cell growth. Consistently with the
activation of p53, the USP10 expression is downregulated in cer-
tain carcinomas without p53 mutations.

Using knockout and/or knockdown strategies against USP10
and G3BP1, we examined what roles G3BP1 and USP10 play in the
stress response. We found that SGs inhibit apoptosis by reducing
reactive oxygen species (ROS) production under stress conditions
and that the formation of such functional SGs requires both
G3BP1 and USP10. The overexpression and knockdown experi-
ments indicate that USP10 possesses an antioxidant activity; how-
ever, the activity under steady-state conditions is suppressed by
G3BP1, which is expressed at an excess amount relative to USP10.
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However, upon exposure to stress, SGs suppress the inhibitory
activity of G3BP1 against USP10 to uncover the antioxidant activ-
ity of USP10. In addition to DNA damage, ATM is activated by its
oxidation under oxidative stress and initiates antioxidant signal-
ing by phosphorylating downstream substrates (14). The present
study suggests that ATM transmits antioxidant signals partly
through USP10. Collectively, the present study indicates that SGs
act as components of a crucial antioxidant machinery protecting
against harmful ROS-induced outcomes to mammalian cells.

MATERIALS AND METHODS

Generation of USP10 knockout mice. The details of USP10 knockout
mice (RIKEN Center for Developmental Biology accession no.
CDB0605K) thatlack exon 3 of the USP10 gene will be reported elsewhere.

Cell lines and culture conditions. 293T, HeLa, U208, Saos2, SW13,
and C33A cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 4 mM 1-glutamine, 50 U/ml penicillin, and 50 wg/ml streptomycin
(DMEM-FBS). Jurkat cells were cultured in RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS, 4 mM r-glutamine, 50 U/ml pen-
icillin, and 50 pg/ml streptomycin.

Establishment of immortalized MEFs. Embryonic tissues were iso-
lated, washed with PBS, digested with 0.25% trypsin, and cultured in
DMEM-FBS supplemented with 55 pM 2-mercaptoethanol. Mouse em-
bryonic fibroblasts (MEFs) were immortalized by serial passages as de-
scribed previously (15), and the cells within 40 passages were used for the
experiments.

Plasmid constructs. All murine USP10 (mUSP10™7), human USP10
(hUSP10WT), and their mutant cDNAs were subcloned into pPCMV-HA, a
mammalian expression vector encoding a protein with an N-terminal hem-
agglutinin (HA) epitope tag (Clontech). Mutant mUSP10s (mUSP1077-7%,
mUSP10%7%2,  mUSP107%4, mUSP10%'®4, mUSP10™'", and
mUSP10*7%) and mutant hUSP10s (hUSP107-7%%, hUSP10°¢-7%%,
hUSP10F9%4, hUSP10***¢, and hUSP10*77) were constructed using
PCR-based mutagenesis. G3BP1WT ¢cDNA was subcloned into pFLAG-
CMV-2 (Sigma-Aldrich) to construct an expression vector encoding
G3BP1 with an N-terminal FLAG epitope tag. N-terminal deletion mu-
tants of G3BP1, G3BP1477, G3BP1%°~*%, and G3BP1'%>*% were con-
structed by the PCR method and subcloned into pFLAG-CMV-2. Lenti~
viral expression vectors for mUSP10 and its mutants (mUSP10777%%,
mUSP10%5792, mUSP107%4 mUSP10%*%4) and mUSP10%1) were
generated by subcloning the respective cDNAs into the lentiviral vector
plasmid CSII-EF-RfA with a blasticidin resistance gene (16). Lentiviral
short hairpin RNA (shRNA) expression plasmids targeting human USPI0
(sh-USP10-1 and sh-USP10-3) with a puromycin resistance gene were
purchased from Sigma-Aldrich.

Establishment of stable cell lines by lentiviral transduction. Vesicu-
lar stomatitis virus G (VSV-G)-pseudotyped HIV-1-based viruses were
produced by the cotransfection of three plasmids (lentiviral plasmid [1.3
ugl, pCAG-HIVgp [0.87 pg], and pCMV-VSV-G-RSV-Rev [0.87 pg])
into 293T cells (1.0 X 10°%) on a 60-mm dish by using FuGENE 6 reagent
according to the manufacturer’s instructions (Roche). Seventy-two hours
after transfection, culture supernatants were harvested and used to infect
293T cells or MEFs in the presence of 8 g/l Polybrene. These cells were
cultured in the selection medium containing 2 pg/ml puromycin or 5
pg/ml blasticidin, respectively, for 10 days.

RNA interference. Stealth Select RNAi small interfering RNAs (siRNAs)
specific to human G3BPI (oligonucleotide identification no. HSS115446)
and human USPI0 (oligonucleotide identification no. HSS113446) and a
Stealth RNAi negative-control duplex were purchased from Invitrogen.
MISSION siRNA specific to the 3" untranslated region of human G3BPI
(siRNA identification no. SASI_Hs01_00045804) and MISSION siRNA uni-
versal negative control were purchased from Sigma-Aldrich. Transfection
was carried out with 100 to 150 pmol siRNA using Lipofectamine 2000 or
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FIG 1 USP10 interacts with G3BP1 and PABP1. (A) Cell lysates prepared
from 293T cells were immunoprecipitated with anti-G3BP1, anti-PABP1, and
control antibodies. The cell lysate (input) and immunoprecipitates (IP) were
characterized using a Western blot analysis with anti-USP10-C, anti-G3BP1,
and anti-PABP1 antibodies. The asterisk indicates a nonspecific band. (B) Cell
lysates prepared from 293T cells were treated with 100 ug/ml RNase at 16°C for
1 h and then immunoprecipitated with anti-G3BP1 antibody. The input and
immunoprecipitates were characterized using a Western blot analysis with
anti-USP10-C, anti-PABP1, and anti-G3BP1 antibodies. The asterisks indicate
nonspecific bands.

Lipofectamine RNAIMAX reagents according to the manufacturer’s protocol
(Invitrogen).

Reagents and antibodies. The following reagents were purchased
from the indicated companies: sodium arsenite (Wako Pure Chemical
Industries), hydrogen peroxide (Sigma-Aldrich), puromycin (Calbi-
ochem), blasticidin (Sigma-Aldrich), cycloheximide (Sigma-Aldrich),
RNase (Wako Pure Chemical Industries), KU-55933 (Calbiochem), and
N-acetylcysteine (Sigma-Aldrich). The following antibodies (at the indi-
cated dilutions) were used in this study: anti-HA (1:2,000) (Cell Signaling
Technology), anti-FLAG (1:1,000) (Sigma-Aldrich), anti-G3BP1 (1:
2,000) (BD Transduction Laboratories), anti-PABP1 (1:1,000 and 1:500)
(Santa Cruz Biotechnology and Abcam, respectively), anti-RACK1 (1:
1,000) (Santa Cruz Biotechnology), anti-TTA-1/TTAR (1:1,000) (Santa
Cruz Biotechnology), anti-ATM (1:1,000) (Calbiochem), anti-phospho-
ATM (1:1,000) (Rockland Immunochemicals), and anti-a-tubulin (1:
1,000) (Oncogene Research Products). The anti-USP10-C antibody (cat-
alog no. A300-901A; Bethyl Laboratories) recognizes the central region of
human USP10 and was used to detect human USP10 at a dilution of
1:2,000. The anti-USP10-N (catalog no. A300-900A; Bethyl Laboratories)
and anti-USP10-163 (1:200 to 1:1,000; Cell Signaling Technology) anti-
bodies recognize amino acids 50 to 100 and the amino acid regions sur-
rounding Leu-163 of human USP10, respectively, and were used to detect
murine USP10.

RT-PCR. Total RNA was isolated using the NucleoSpin RNA II kit
(Macherey-Nagel) and reverse transcribed using the PrimeScript reverse
transcription (RT) reagent kit (TaKaRa) according to the manufacturers’
instructions. Then, cDNAs were amplified with 30 cycles of PCR under
the following conditions: 94°C for 30 s, 55°C for 30 s, and 72°C for 20 s.
The primers 5'-ACCCACAGTATATCTTTGGC-3' and 5'-CTGTAGCT
AGGAGTTGGCGG-3" were used for PCR to detect murine USPIO
cDNA.
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FIG 2 Domains of murine USP10 involved in binding with G3BP1 and
PABPI. (A) Schematic representation of the murine USP10 (mUSP10) mu-
tants used in this study. (B and C) 293T cells were transfected with plasmids
encoding HA-tagged mUSP10 (HA-WT) and its mutants (HA-77-792, HA-
95-792, HA-F89A, HA-C418A, HA-1-114, HA-1-76) as described for panel A.
Cell lysates prepared from 293T cells were then immunoprecipitated with
anti-HA antibody. The input and immunoprecipitates were characterized us-
ing a Western blot (WB) analysis with anti-G3BP1, anti-PABP1, and anti-HA
antibodies. The asterisks indicate nonspecific bands.

Coimmunoprecipitation assay. The immunoprecipitation assay was
performed as described previously (16). The cells (1.0 X 107) were lysed
with ice-cold lysis buffer (1% Nonidet P-40, 25 mM Tris-HCl [pH 7.2],
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20
wg/ml aprotinin) and incubated with the indicated antibodies. The im-
mune complexes were precipitated by protein G-Sepharose beads (GE
Healthcare). Next, the beads were washed, boiled in sodium dodecyl sul-
fate (SDS) lysis buffer (62.5 mM Tris-HCI [pH 6.8], 2% SDS, 1 mM
phenylmethylsulfonyl fluoride, and 20 jug/ml aprotinin), and subjected to
a Western blot analysis. To evaluate the RNA-dependent protein-protein
interactions, the cell lysates were pretreated with 100 pg/ml RNase at 16°C
for 1 h prior to incubation with the primary antibodies.

Western blot analysis. A Western blot analysis was performed as de-
scribed previously (16). Briefly, the cells were lysed with SDS lysis buffer,
and cell lysates (20 j.g of proteins) were separated by SDS-PAGE, electro-
phoretically transferred onto an Immobilon polyvinylidene difluoride
(PVDF) membrane (Millipore), and incubated with the indicated anti-
bodies. Immunoreactive bands were visualized with an enhanced chemi-
luminescence (ECL) detection system (Amersham Pharmacia Biotech).
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FIG 3 Human USP10 proteins interact with G3BP1 and PABP1. (A) Sche-
matic representation of the human USP10 (hUSP10) mutants used in this
study. (B and C) 293T cells were transfected with plasmids encoding HA-
tagged hUSP10 (HA-WT) and its mutants (HA-78-798, HA-96-798, HA-
F90A, HA-1-116, HA-1-77) as described for panel A. Cell lysates prepared
from 293T cells were then immunoprecipitated with anti-HA antibody. The
input and immunoprecipitates were characterized using a Western blot anal-
ysis with anti-G3BP1, anti-PABP1, and anti-HA antibodies. The asterisks in-
dicate nonspecific bands.

Immunofluorescence analysis. The cells on glass coverslips in 6-well
culture plates were washed with phosphate-buffered saline (PBS), fixed
with 4% formaldehyde in PBS, and permeabilized with 0.1% Triton X-100
in PBS. After being washed twice with PBS containing 3% bovine serum
albumin (BSA), the cells were incubated with the first antibodies and
further incubated with either Alexa Fluor 488-conjugated anti-rabbit im-
munoglobulin antibody (Molecular Probes) for the anti-USP10 and anti-
PABP1 antibodies, Alexa Fluor 488-conjugated anti-mouse immuno-
globulin antibody (Molecular Probes) for the anti-G3BP1 antibody, Alexa
Fluor 594-conjugated anti-rabbit immunoglobulin antibody (Molecular
Probes) for the anti-FLAG antibody, or Alexa Fluor 594-conjugated anti-
mouse immunoglobulin antibody (Molecular Probes) for the anti-
G3BP1, anti-PABP1, anti-RACK1, anti~-HA, and anti-FLAG antibodies.
Cell nuclei were stained with Hoechst 33258. The samples were then
mounted in Fluoromount/Plus (Diagnostic Biosystems), and the images
were analyzed with a fluorescence microscope (model BZ-8000; Keyence).
More than 300 cells in three random fields were analyzed by the staining of
SG markers, PABP1, and G3BP1, and the SG percentage was calculated as
the ratio of SG-positive cells to the total number of cells. The intensities of
anti-PABPI staining in 60 stress granules in 6 randomly selected cells were
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measured using a fluorescence analysis software package (BZ-II analyzer;
Keyence) to determine the level of SG formation (PABP-F). Jurkat cells
were washed with PBS, cultured on poly-i-lysine-coated glass slides in
6-well plates, and fixed, and the cells with SGs were visualized by a fluo-
rescence microscope.

Quantitative determination of apoptosis. The level of apoptosis was
measured by three methods. First, cells were stained with propidium io-
dide, and sub-G; DNA content was measured by flow cytometry. Second,
apoptotic cells were detected with a terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) assay according
to the manufacturer’s instructions (ApoAlert DNA fragmentation assay
kit; Clontech). Third, the cells cultured on coverslips in 6-well plates were
fixed with 4% formaldehyde in PBS and permeabilized with 0.1% Triton
X-100 in PBS. Fixed cells were stained with Hoechst 33258. After the
TUNEL assay and Hoechst 33258 staining, the numbers of cells that ex-
hibited TUNEL-positive and condensed nuclei were counted with a fluo-
rescence microscope. More than 300 cells in three random fields were
analyzed per sample.

818 mcb.asm.org

Detection of ROS. The cells were treated with 0.5 to 1.0 mM sodium
arsenite for the indicated time, washed twice with PBS, and then incubated
with 5 M 5-(and -6)-chloromethyl-2',7’-dichlorodihydrofluorescein diace-
tate acetyl ester (CM-H,DCFDA) (Molecular Probes) for 5 min at 37°C. The
cells were washed twice with PBS and fixed, and CM-H,DCFDA fluorescence
in the cells was quantified using the fluorescence analysis software package
(BZ-II analyzer). More than 400 cells in four random fields were analyzed,
and the data are presented as the mean fluorescence intensity (DCFDA-F).
ROS production in G3BP1-expressing cells was assessed by transfecting 293T
cells with plasmids encoding FLAG-G3BP1™T or its deletion mutants
(G3BP1*7-65, G3BP1%-4%5, and G3BP1'%57%6%), The transfected cells were
incubated with 5 uM CM-H,DCFDA for 5 min at 37°C, fixed, and incubated
with anti-FLAG antibody and Hoechst 33258 stain. The fluorescence inten-
sities of 20 cells in randomly selected fields were quantified using the fluores-
cence analysis software package (BZ-II analyzer).

Statistical analysis. Data were analyzed with an unpaired Student ¢
test, and results are presented as means plus or minus standard deviations
(D).
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RESULTS

USP10 interacts with G3BP1 and PABPI. To delineate the func-
tion of USP10, we searched for USP10-binding proteins in T cells
by using a glutathione S-transferase fusion protein of USP10 and
identified G3BP1 and PABP1 as the dominant interacting proteins
(12, 17, 18; our unpublished observations). An immunoprecipi-
tation analysis confirmed that endogenous USP10 formed a com-
plex with G3BP1 and PABP1 in 2937 cells (Fig. 1A). Pretreatment
of the cell lysates with RNase prior to immunoprecipitation did
not affect the interaction between G3BP1 and USP10; however,
the interaction between G3BP1 and PABP1 was significantly re-
duced, indicating that the G3BP1 interaction with USP10 is RNA
independent, whereas the interaction with PABP1 is RNA depen-
dent (Fig. 1B). Plasmids encoding various murine USPI0
(mUSP10) mutants were constructed to identify the domain of
USP10 responsible for these interactions (Fig. 24). mUSP10¥%4
has a point mutation in the PABP-interacting motif 2 (PAM2),
which is a putative binding motif for PABP1 (17). mUSP10°184
has a point mutation in the cysteine protease domain, a mutation
that inactivates deubiquitinating activity (12). An immunopre-
cipitation analysis of 293T cells showed that endogenous G3BP1
and PABP1 interacted with the amino acids 1 to 76 and 1 to 114 of
mUSP10, respectively, and the PAM?2 is involved in binding with
PABP1 but not G3BP1 (Fig. 2B and C). The same sets of human
USP10 (hUSP10) mutants showed identical binding specificities
of hUSP10 to G3BP1 and PABPI (Fig. 3).

USP10 is recruited into SGs. G3BP1 has been shown to be
essential for the assembly of SGs under various stress conditions
(5,7, 8). Therefore, we next examined whether USP10 is localized
in $Gs. USP 10 was found to be diffusely localized in the cytoplasm
of 293T cells, and the distribution was almost identical to that of
G3BP1. Upon treatment with 0.5 mM arsenite, USP10 was de-
tected predominantly in the SGs containing G3BP1 in 293T cells
(Fig. 4A). The granules also recruited PABP1 and RACK1, which
are other SG marker proteins (Fig. 4A). Similar recruitment of
USP10 into SGs was also detected in 293T cells exposed to heat
shock (Pig. 4B) and in HeLa and Jurkat cells treated with arsenite
(Fig. 4C). These results show that USP10 is recruited into SGs in
cells exposed to stress. This recruitment of USP10 into SGs is
consistent with the findings of a previous study (3).

USP10 inhibits arsenite-induced apoptosis. To investigate
whether USP10 is involved in SG-associated functions, USP10
* knockout mice were generated, and USP10-deficient mouse em-
bryonic fibroblasts (USP10*'* MEFs) were established (Fig. 5).
The USP10*'* mice had the deletion of the USP10 exon 3 and were
expected to encode the 30 N-terminal amino acids of USP10 and
an additional 11 amino acids derived from the out-of-frame se-
quence of exon 4 (Fig. 5A). An RT-PCR analysis detected the
expected size of the fragments corresponding to the USPI0 mu-
tant mRNA with a deletion of exon 3 in the USP10%/2 MEFs (Fig,
5A and B). A Western blot analysis showed that two USP10 anti-
bodies that recognize distinct N-terminal regions of USP10 (lo-
cated downstream of the USP10 exon 3) detected USP10 proteins
in the USP10*/* MEFs but not in the USP10*/* MEFs (Fig. 5C).
Treatment with arsenite (1 mM) induced SGs in USP10*2 MEFs,
but there were fewer SGs, and they were smaller than those in
USP10*'* MEFs (Fig. 6A to C). In addition, the SGs in the
USP10*"® MEFs disappeared much more rapidly than those in
the USP10*'* MEFs (Fig. 6B). USP10 deficiency in MEFs, how-
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FIG 5 Characterization of the USP10 null allele. (A) The boxes indicate exons
1 to 4 of the murine USPI10 genome. The arrows indicate the positions of the
primer sets in the USP10 genome. (B) An RT-PCR analysis of murine USP10
mRNA in the USP10** (knockout [KO]) and USPI0™'* (wild-type [WT])
MEFs. The arrows and numbers indicate the PCR products and expected sizes,
respectively. (C) Cell lysates prepared from USPI0*A (KO) and USP10*/*
(WT) MEFs were characterized using a Western blot analysis with anti-USP10,
anti-G3BP1, anti-PABPI, and anti-a-tubulin antibodies. Anti-USP10-163
and anti-USP10-N antibodies (upper blots, Cell Signaling Technology; lower
blots, Bethyl Laboratories) recognize the amino acid regions surrounding Leu-
163 and amino acids 50 to 100 of human USP10, which are located down-
stream of USP10 exon 3. The asterisk indicates a nonspecific band.

ever, had little effect on the levels of G3BP1 and PABP1 (Fig. 5C).
Low SG-forming activity was recapitulated in USP10 knockdown
293T cells established by shRNA under stress conditions (arsenite,
heat shock) (Fig. 6D to F). These results indicate that USP10 is not
essential for the formation of SGs in MEFs, but they demonstrate
that it does promote their formation.

SGs play an essential role in the recovery of cells from some
types of stress, and the inability to form SGs induces apoptosis (1,
7). Therefore, the apoptosis sensitivity of USP10** MEFs was
examined. Arsenite induced apoptosis in USP10** MEFs, and the
level was much higher than that of USPI0™/™ MEFs (Fig. 7). The
apoptosis induced in USP10*/* MEFs was totally inhibited by N-
acetylcysteine (NAC), a precursor of the ROS scavenger glutathi-
one, indicating that USP10 inhibits ROS-dependent apoptosis in
MEFs (Fig. 8A). Therefore, the kinetics of ROS production in
USP10™* MEFs treated with arsenite were monitored. The
amounts of ROS in USP10*'* and USP10™*/* MEFs were equiva-
lently reduced 30 min after arsenite exposure, but the amount of
ROS in USP10*'* MEFs at 60 min was elevated more than that in
USP10*'* MEFs (Fig. 8B and C). These results indicate that ar-
senite reduces ROS production for 60 min in MEFs, and the ROS
reduction within 30 min is independent of USP10, but the ROS
reduction from 30 to 60 min and thereafter is dependent on
USP10 (Fig. 8B and C). Collectively, these results indicate that
USP10 plays important roles in arsenite-induced SG formation,
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the means = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant.

suppression of ROS elevation, and ROS-dependent apoptosis in
MEFs.

SGs reduce ROS producition. Hydrogen peroxide (H,0,) isan
oxidative stress (19) that does not induce SGs in MEFs (Fig. 9A).
This study next examined the function of USP10 to a stress with-
out inducing SGs. H,0, also induced apoptosis in USP10**
MEPFs, but unlike the results with arsenite, the level was equivalent
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to that in USP10™'* MEFs (Fig. 9B). These results suggest that
USP10 inhibits arsenite-induced apoptosis as a result of the for-
mation of $Gs. USP10*/* MEFs stably expressing mUSP10s were
established to test this hypothesis (Fig. 10A). The expression of
mUSP10"7 in USP10™'* MEFs increased SG formation and in-
hibited ROS production and apoptosis (Fig. 10B to D), confirm-
ing that USP10 plays a role in all three activities. mUSP10"%** and
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FIG 7 Geneticablation of USP10 enhances arsenite-induced apoptosis. (A) USP10*/* (KO) and USP10*/* (WT) MEFs were treated with 1 mM sodium arsenite
for 60 min, washed, and further cultured in fresh medium for 10 h. MEFs were stained with propidium iodide (PI), and the sub-G, apoptotic population was
analyzed by flow cytometry. (B) Proportion of the sub-G, fraction in USP10* (KO) and USPI0%/" (WT) MEFs. (C to F) Apoptotic cells were also assessed by
a TUNEL assay (C and D) or staining of nuclei with Hoechst 33258 (E and F) under a fluorescence microscope. In all panels, the values denote the means = SD.

%P < (0.001. The bars indicate 50 pm.

mUSP10%184 rescued all three activities, although their activities
to SGs and apoptosis were slightly less than those of mUSP10""
(Fig. 10E and F). These results indicate that the PABP1 binding
and deubiquitinase activity of USP10 are dispensable for these
three SG-associated activities. On the other hand, mUSP10777%2,
mUSP10°*7%2, and mUSP10"™*** barely rescued any activities in
USP10*'2 MEFs, thus indicating that both N-terminal and C-ter-
minal regions of mUSP10 are required for these three activities
(Fig. 10E and F). Interestingly, the expression of mUSP10*"** or

February 2013 Volume 33 Number 4

mUSP10%7%% in USP10** MEFs augmented arsenite-induced
ROS production (Fig. 10F), thus indicating that these mutants
might interact with the proteins negatively controlling ROS pro-
duction. In this respect, mUSP10"™*** might augment the arsen-
ite-induced ROS production in USP10*/* MEFs through the in-
teraction with G3BP1, since mUSP10'™"* can interact with
G3BP1 (Fig. 2C). In addition, it should be noted that arsenite-
induced ROS production and apoptosis in the USP10*"* MEFs
expressing USP10 mutants were correlated qualitatively but not
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FIG 8 USP10 plays critical roles in ROS production and ROS-dependent apoptosis. (A) USP10* (KO) and USPI0*/* (WT) MEFs were pretreated with or
without 5 mM N-acetylcysteine (NAC) and further treated with 1 mM sodium arsenite (ars) for 60 min. The cells were washed, cultured in fresh medium for 10
h, and then stained with Hoechst 33258. The numbers of cells containing condensed nuclei (apoptotic cells) were counted by a fluorescence microscope. The bar
indicates 50 pm. (B and C) USP10%/4 (KO) and USP10™/* (WT) MEFs were treated with 1 mM sodium arsenite for 0, 30, and 60 min and stained with 5 pM
CM-H,DCFDA (a redox-sensitive dye) (green) and Hoechst 33258 (blue) for 5 min at 37°C. The staining of the cells was characterized under a fluorescence
microscope (B). The bar indicates 50 pm. ROS levels (DCFDA-F) were quantitatively determined by the fluorescence analysis software (C). In all panels, the

values denote the means = SD. **, P < 0.01; ***, P < (0.001.

precisely quantitatively (Fig. 10E and F). We measured the ROS
production and apoptosis in these MEFs 100 min and 4 h after
arsenite treatment, respectively. The difference between the two
assays might explain why ROS production and apoptosis in MEFs
do not quantitatively show an exact correlation.

Two different mechanisms of the arsenite-induced ROS reduc-
tion were considered: ROS reduction is specific to arsenite treat-
ment, or the reduction is a common function of SGs. To distin-
guish which of these two possibilities was the case, we attempted to
induce SGs without arsenite treatment (5). The expression of ex-
ogenous G3BP1 without arsenite treatment successfully induced
SGs in 293T cells, and it reduced the ROS level only in the cells
with SGs (Fig. 11A). All three N-terminal deletion mutants of
G3BP1 that lost the ability to induce SGs simultaneously failed to
suppress ROS production (Fig. 11B and C). These three inactive
G3BP1 mutants did not interact with USP10 in 293T cells (27).

Uuspio Merge

G3BP1

H,0,

arsenite

Since SGs induced by exogenous G3BP1 collected G3BP1 into SGs
and reduced the amount of G3BP1 outside SGs (Fig. 11D), exog-
enous G3BP1-induced SGs contained endogenous G3BP1. In ad-
dition to arsenite, we observed an ROS reduction in 293T cells
exposed to heat shock, and the reduction was detected simultane-
ously with SG formation (Fig. 12). Collectively, these results indi-
cate that G3BP1-induced SGs can reduce the ROS level and that
this effect is not specific for exposure to arsenite.

Treatment of cells with a protein synthesis inhibitor, cyclohex-
imide (CHX), has been shown to prevent SG formation (20) (Fig.
13A and B). We next examined whether CHX treatment prevents
arsenite-induced ROS reduction. Pretreatment of 2937 cells with
CHX upregulated the ROS level under steady-state conditions
(Fig. 13C), suggesting that ongoing protein synthesis is required
for downregulation of the steady-state ROS level. Upon treatment
with arsenite, the ROS level was reduced, even in the CHX-treated
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FIG 9 Hydrogen peroxide (1,0,) equivalently induces apoptosis in USP10*/* and USP10™'* MEFs. (A) USP10™/* MEFs were treated with 1 mM H,0, for 60
min or 1 mM sodium arsenite for 60 min, fixed, and stained with anti-USP10-163 (green) and G3BP1 (red) antibodies. Nuclei were counterstained using Hoechst
33258 (blue). The staining of cells was examined by a fluorescence microscope. The bar indicates 20 pm. (B) USP10* (RO) and USP10™'+ (WT) MEFs were
treated with 1 mM H,O, for 180 min or 1 mM sodium arsenite for 90 min, fixed, and stained with Hoechst 33258. The numbers of cells with condensed nuclei
were counted using a fluorescence microscope. The values denote the means = SD. ***, P < 0.001; NS, not significant.
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FIG 10 Domains of USP10 required for SG-associated functions. (A) USPI0A* (KO) and USP10™/* (WT) MEFs expressing a series of HA-mUSP10
mutants were established. The cell lysates were prepared from these transfectants and characterized using a Western blot analysis with anti-HA and
anti-USP10-N antibodies. (B) Indicated MEFs were treated with 1 mM sodium arsenite for 60 min, and cells were stained with anti-PABP1 (green) and
anti-HA (red) antibodies and Hoechst 33258 (blue). The bar indicates 20 pm. (C) Indicated MEFs were treated with 1 mM sodium arsenite for 100 min.
The cells were washed and cultured in fresh medium for 4 h. The cells were then fixed and stained with Hoechst 33258 to detect apoptotic cells. The bar
indicates 50 pm. (D) Indicated MEFs were treated with 1 mM sodium arsenite for 100 min and stained with 5 uM CM-H,DCFDA (green) and Hoechst
33258 (blue) for 5 min at 37°C. The bar indicates 50 pm. (E) USP10%2 (KO) and USP10*/* (WT) MEFs expressing the indicated mUSP10 mutants were
treated with 1 mM sodium arsenite and stained in a manner similar to that described for panel B. Upper panel, SG formation (PABP-F) was determined.
MEFs were also treated with 1 mM sodium arsenite and stained in a manner similar to that described for panel C. Lower panel, the numbers of cells
containing condensed nuclei were counted. (F) USP10%* (KO) and USP10™/+ (WT) MEFs expressing the indicated mUSP10 mutants were treated with
1 mM sodium arsenite and stained in a manner similar to that described for panel D. The ROS level (DCFDA-F) was measured. In all panels, the values
denote the means * SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 11 G3BP1-induced SGs reduce ROS production. (A to C) 293T cells were transfected with plasmids encading FLAG-G3BP1VT or the indicated deletion
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percentages in cells stained with anti-FLAG. (C) ROS level (DCFDA-F) in FLAG-positive cells. (D) 293T cells were transfected with plasmid encoding FLAG-
G3BP1Y, fixed, and stained using anti-G3BP1 (green), anti-FLAG (red), and Hoechst 33258 (blue). The bar indicates 10 pm. In all panels, the values denote the
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cells; however, the reduction was less than that observed in the
CHZX-untreated cells (Fig. 13C). These results suggest that arsenite
reduces the ROS level in both SG-dependent and SG-independent
manners.

G3BP1 inhibits the antioxidant role of USP10 under steady-
state conditions. We next assessed the role of endogenous G3BP1
and USP10 in ROS production (Fig. 14A). Knockdown of endog-
enous G3BP1 by using siRNA reduced the steady-state ROS levels
in all six cell lines tested (Fig. 14B). The cellular ROS level was also
reduced by another siRNA targeting the 3’ untranslated region of
G3BP1 mRNA (Fig. 14Cand D), and the reduction of the ROS was
rescued by the expression of siRNA-resistant G3BPI (Fig. 14E and
F). It should be noted that the expression of G3BP1 in G3BP1
knockdown cells induced SGs, but the amount of SGs was lower
than that observed in wild-type 293T cells (our unpublished ob-
servations). On the other hand, while knockdown of USP10 in the
G3BP1 knockdown cells enhanced the ROS level, knockdown of
USP10 in the G3BP1-competent cells had minimal effects on ROS
production (Fig. 14G and H). Furthermore, exogenous USP10
reduced ROS production only in the G3BP1 knockdown cells and
not in the G3BP1-competent cells (Fig. 141 and J). Collectively,
these data demonstrate that USP10 possesses an antioxidant ac-
tivity; however, the activity observed under steady-state condi-
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FIG 13 Cycloheximide inhibits SG formation and partially prevents arsenite-induced ROS reduction. (A to C) 293T cells were pretreated with or without 50
pg/ml cycloheximide (CHX) for 30 min, and the cells were further treated with 0.5 mM sodium arsenite for 30 min. The cells were then stained with anti-PABP1
(green) and anti-G3BP1 (red) antibodies and Hoechst 33258 (blue) (A). The bar indicates 10 um. The SG percentages (B) and the ROS levels (DCFDA-F) (C)
are shown. The values denote the means = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

tions was masked by an excess amount of G3BP1 relative to USP10
in C33A cells.

We then examined the involvement of G3BP1 in ROS-depen-
dent apoptosis. G3BP1 knockdown in C33A cells diminished the
ROS level following treatment with arsenite, and the levels were
lower than those in the control cells (Fig. 14K). G3BP1 knock-
down C33A cells showed less steady-state and arsenite-induced
apoptosis than the control cells, and the level of apoptosis was
correlated with that of ROS (Fig. 14L). These results suggest that
the prooxidant activity of G3BP1 plays a critical role in both
steady-state and arsenite-induced apoptosis. These results also

February 2013 Volume 33 Number 4

suggest that SGs inactivate the prooxidant activity of G3BP1 and
that this is part of the mechanism by which SGs reduce the ROS
level.

The antioxidant activity of USP10 requires the protein ki-
nase activity of ATM. Ataxia telangiectasia mutated (ATM) pro-
tein kinase is oxidated at Cys-2991 by oxidative stressors, such as
H,0,, and initiates an antioxidant signaling cascade (14). Intrigu-
ingly, ATM has been shown to interact with and phosphorylate
USP10 (13). To examine the involvement of ATM in USP10-in-
duced ROS reduction, we investigated whether inhibition of ATM
protein kinase blocks such USP10 activity. Treatment with KU-
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