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SUMMARY

Accumulation of ubiquitinated proteins is cytotoxic, but cells inactivate these cytotoxicities by

inducing aggresome formation. We found that ubiquitin-specific protease 10 (USP10) inhibits ubiqui-

tinated protein-induced apoptosis by inducing aggresome formation. USP10 interacted with the ubiq-

uitin receptor p62 and the interaction augmented p62-dependent ubiquitinated protein aggregation

and aggresome formation, thereby cooperatively inhibiting apoptosis. We provide evidence that

USP10/p62-induced protein aggregates inhibit proteasome activity, which increases the amount of

ubiquitinated proteins and promotes aggresome formation. USP10 induced aggresomes containing

a-synuclein, a pathogenic protein in Parkinson disease, in cultured cells. In Parkinson disease brains,

USP10 was colocalized with a-synuclein in the disease-linked aggresome-like inclusion Lewy bodies,

suggesting that USP10 inhibits a-synuclein-induced neurotoxicity by promoting Lewy body formation.

Collectively, these findings suggest that USP10 is a critical factor to control protein aggregation,

aggresome formation, and cytotoxicity in protein-aggregation-related diseases.
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INTRODUCTION

Various stresses such as oxidative stress generate ubiquitinated proteins with high cytotoxicity. In addition, age-

related impairment of proteasome activity causes accumulation of ubiquitinated proteins, which is also associ-

ated with cell death. Aberrant accumulation of ubiquitinated proteins as inclusions is a hallmark pathology of

several age-related degenerative diseases such as Parkinson disease (PD) and cystic fibrosis (Luciani et al.,

2010; Ross and Poirier, 2004). Thus, cells should inactivate the cytotoxicities of ubiquitinated proteins and simul-

taneously reduce their amount. However, how cells inactivate the cytotoxicities of these ubiquitinated proteins

and how pathogenic inclusions are formed in age-related degenerative diseases is poorly understood.

Cells activate two intracellular defense systems to inactivate the cytotoxicities of ubiquitinated proteins:

the aggresome-autophagy system and the ubiquitin-proteasome system. Aggresomes are stress-inducible

aggregates consisting of ubiquitinated proteins, chaperones, and proteasome components, which share

many characters with pathogenic inclusions in age-related degenerative diseases (Garcia-Mata et al.,

1999; Kopito, 2000; Olanow et al., 2004). p62, histone deacetylase 6 (HDAC6) and dynein play critical roles

in aggresome formation. p62 is a ubiquitin receptor that interacts with ubiquitinated proteins (Katsuragi

et al., 2015). Such p62-bound ubiquitinated protein aggregates interact with microtubule-associated de-

acetylase HDAC6, and this complex is transported to the cytoplasmic perinuclear region (microtubule-

organizing center) to form aggresomes by the functions of HDAC6 and dynein motor protein in a microtu-

bule-dependent manner (Kawaguchi et al., 2003). Aggresomes are tightly linked to selective autophagy

(aggrephagy), and multiple components recruited in aggresomes are degraded by p62-dependent selec-

tive autophagy (Johansen and Lamark, 2014).

The proteasome is themain degradationmachinery of ubiquitinated proteins in normal growing conditions

(Tomko and Hochstrasser, 2013). Proteasome-mediated protein degradation has one crucial difference

from aggrephagy. Proteasomes preferentially degrade monomeric ubiquitinated proteins, whereas

aggrephagy degrades multimeric ubiquitinated protein aggregates. In addition, inhibition of proteasome

activity stimulates aggresome formation (Lamark and Johansen, 2010). These results suggest that protea-

some and aggresome/aggrephagy have distinct roles but coordinative regulations to inactivate the cyto-

toxicities of ubiquitinated proteins.
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Figure 1. USP10 Knockdown Impairs Aggresome Formation

(A) HeLa cells were treated with 5 mM MG-132 or DMSO for 12 hr, and the cells were stained with anti-HDAC6 (green) or anti-USP10 (green) antibody with

either the anti-p62 (red) or anti-ubiquitin (Ub) (red) antibody. Nuclei were counterstained using Hoechst 33258 (blue). Arrows indicate cells with USP10/p62-

double-positive aggregates. Scale bars, 10 mm.

(B) HeLa cells were pretreated with 2.5, 5, and 10 nM bafilomycin A1 (BafA1) or DMSO for 0.5 hr and further treated with MG-132 or DMSO for 12 hr. The

whole-cell extracts were characterized by western blot (WB) analysis using anti-USP10, anti-LC3, and anti-b-actin antibodies.

(C) USP10-KD (USP10-1 or USP10-3) and control (NT) HeLa cells were treated with MG-132 or DMSO for 12 hr, and the cells were stained with anti-HDAC6

(green) and anti-p62 (red) antibodies and with Hoechst 33258 (blue). Scale bars, 10 mm.

(D) The indicated HeLa cells were treated with MG-132, 1 mM bortezomib (BTZ), or DMSO for 12 hr. Cells with one large HDAC6/p62-double-positive

aggregate (more than 15 mm2 in size) at the perinuclear region with nuclear deformity were counted as aggresome-positive cells. Cells with multiple small

HDAC6-negative/p62-positive aggregates (less than 10 mm2 in size) were counted as p62-aggregate-positive cells. The number of cells with p62 aggregates

or aggresome are presented as the mean G SD (n = 3); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(E) Whole-cell extracts prepared from the indicated HeLa cells were characterized by WB using anti-USP10, anti-G3BP1, anti-Ub, anti-p62/pS349, anti-p62,

anti-LC3, and anti-b-actin antibodies.

(F) The indicated HeLa cells were pretreated with increasing concentrations of BafA1 (–, DMSO; +, 5 nM BafA1; ++, 10 nM BafA1) and further treated with

MG-132 or DMSO for 12 hr. The whole-cell extracts were characterized byWB using anti-LC3, anti-p62/pS349, anti-p62, anti-Ub, and anti-b-actin antibodies.

See also Figure S1.
Ubiquitin-specific protease 10 (USP10) is a deubiquitinase that is ubiquitously expressed in many cell types,

and a genetic knockout of Usp10 in mice leads to bone marrow failure and death at an early age (Higuchi

et al., 2016). Substrates of USP10 deubiquitinase include various stress regulators, the tumor suppressor

p53 (Yuan et al., 2010), sirtuin6 (SIRT6) (Lin et al., 2013) and adenosine monophosphate-activated protein

kinase (Deng et al., 2016). USP10 also has deubiquitinase-independent functions, such that USP10 inhibits

apoptosis by reducing reactive oxygen species (ROS) production induced by an oxidative stress inducer

arsenite (Takahashi et al., 2013b). These results suggest that USP10 is a critical stress-protective factor un-

der various stress conditions.

In this study, we found that USP10 efficiently inactivates the cytotoxicities of ubiquitinated proteins by

inducing aggresomes in a deubiquitinase-independent manner. Cystic fibrosis transmembrane conduc-

tance regulator (CFTR)-DF508 (Johnston et al., 1998), a-synuclein (Spillantini et al., 1997), and amino-

acyl-tRNA synthetase complex-interacting multifunctional protein-2 (AIMP2) (Corti et al., 2003) are aggre-

gation-prone proteins associated with the development of cystic fibrosis or PD. USP10 stimulated protein

aggregation initiated by these proteins, thereby inducing aggresome formation. A proteasome reporter

assay indicated that USP10 together with certain amounts of ubiquitination-prone proteins inhibits protea-

some activity, which promoted protein aggregation and aggresome formation. To promote protein

aggregation and aggresome formation, USP10 interacted with p62, and they cooperatively inhibited cas-

pase-3-associated cell death. Importantly, USP10 was colocalized with a-synuclein of Lewy bodies in PD,

and colocalization of USP10 and a-synuclein in Lewy bodies resembled those in aggresomes of cultured

cells, suggesting that USP10 promotes Lewy body formation by an aggresome-related mechanism and

inhibits neurotoxicities. Collectively, the present study showed that USP10 is a critical factor that inhibits

cytotoxicities of ubiquitinated proteins in protein-aggregation-associated diseases by inducing aggre-

some formation.
RESULTS

USP10 Is Localized in Aggresomes

HeLa cells were treatedwith proteasome inhibitor (PI)MG-132 for 12 hr to examinewhether USP10 is localized in

aggresomes. MG-132 treatment inducedmostly one large (more than 15 mm2 in size) aggresome per cell, which

was detected with four aggresome marker proteins (p62, HDAC6, ubiquitin, and proteasome subunit a type-3

[PSMA3]) at the perinuclear regions with nuclear deformity, and the p62-positive aggresome was colocalized

with USP10 (Figures 1A and S1A). In addition, MG-132 treatment of primary-neuron-enriched cells prepared

fromrat cortical tissues inducedone largeHDAC6/p62-positiveaggresomewithnucleardeformity, andp62-pos-

itive aggresomes colocalized with USP10 (Figure S1B). Approximately 90% of these primary cells consisted of

MAP2-positive neurons (data not shown).

Aggresomes are tightly linked to lysosome-mediated degradation of aggresome-localized proteins. We

examined the interaction of aggresomes with lysosomes using a lysosome marker protein, lysosome-asso-

ciated membrane protein-1 (LAMP-1). One LAMP-1-positive aggregate per aggresome was always de-

tected (Figure S1C).
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We next examined whether USP10 is degraded by autophagy. Bafilomycin A1 (BafA1) is an inhibitor of

autophagosome fusion with lysosomes, and the cotreatment of MG-132 with BafA1 increased the amount

of the autophagy substrate LC3-II (Figure 1B). MG-132 treatment reduced the amount of USP10, and the

reduction is attenuated by cotreatment with BafA1 (Figure 1B), indicating that USP10 is degraded by

autophagy.
Knockdown of USP10 Reduces Aggresome Formation and Induces Many p62-Positive

Aggregates

We next examined whether USP10 plays a role in aggresome formation in HeLa cells by RNA-interference-

mediated knockdown of USP10 (USP10-KD). After treatment of HeLa cells with PI, USP10-KD reduced

the number of cells with p62/HDAC6-double-positive aggresomes at the perinuclear region, whereas

USP10-KD induced multiple p62-positive/HDAC6-negative aggregates throughout the cytoplasm (Figures

1C and 1D). USP10-KD also reduced aggresome formation in the 293T embryonic kidney cell line (Figures

S1D–S1F).

Western blot analysis showed that treatment of wild-type USP10 (USP10-WT) cells with PI increased the

amounts of ubiquitinated proteins and phosphorylated p62 at Ser349 (p62/pS349) (Figure 1E). p62/

pS349 increases the interaction of p62 with Keap1, an interaction that reduces ubiquitin-dependent degra-

dation of transcription factor Nrf2 and stimulates Nrf2-dependent transcriptional activation of antioxidant

genes such as NAD(P)H dehydrogenase quinone 1 (Nqo1) (Ichimura et al., 2013). MG-132-treated USP10-

KD cells expressed p62, p62/pS349, ubiquitinated proteins, and LC3-II more than USP10-WT cells (Fig-

ure 1E), and the amounts of p62, p62/pS349, and LC3-II in USP10-KD cells were further augmented by co-

treatment with BafA1 (Figure 1F). These results suggested that USP10-KD reduces aggresome formation

but does not inhibit the autophagic degradation of p62, p62/pS349, and LC3-II.

LC3/p62 aggregates are used as markers of autophagosomes and/or autolysosomes (autophagosomes

fused with lysosomes) (Pankiv et al., 2007). LC3/p62-positive aggregates were weakly detected in USP10-

KD and USP10-WT cells with or without MG-132 treatment, whereas LC3/p62-positive aggregates

were prominently induced by BafA1 treatment with or without MG-132 treatment (Figure S1G). These re-

sults suggested that LC3 is degraded by autophagy in both USP10-WT and USP10-KD cells with or

without MG-132 treatment, and that USP10-KD does not inhibit autophagy-mediated degradation of

LC3. Noteworthy, BafA1 treatment inhibited MG-132-induced aggresome formation, whereas it induced

the formation of p62/LC3-double-positive/HDAC6-negative aggregates, which resembled that observed

in MG-132-treated USP10-KD cells (Figure S1G). These results suggested that the fusion of p62/LC3-pos-

itive autophagosomes with lysosomes promotes aggresome formation.
USP10 Augments Aggresome Formation by Increasing the Amount of Ubiquitinated Proteins

We next examined the activity of USP10 toward ubiquitinated protein aggregation. Cystic fibrosis is an in-

herited genetic disease caused by mutations of the CFTR gene (Cheng et al., 1990). CFTR-DF508 is a path-

ogenic CFTR mutant with a single amino acid deletion and is aggregation-prone (Lukacs and Verkman,

2012). Expression of GFP-tagged CFTR-DF508 (GFP-CFTR-DF508) in HeLa cells formed aggresome-like

structures containing CFTR-DF508, and these structures were augmented by MG-132 but not BafA1, and

the augmentation was accompanied by an increase in the amount of CFTR-DF508 (Figures 2A and 2B).

Since these CFTR-DF508-induced aggregates were stained with aggresome marker proteins, HDAC6,

p62, and ubiquitin (Figures 2A and S2A), we refer to these CFTR-DF508-induced aggregates as CFTR-

DF508-induced aggresomes in the following section. ProteoStat dye visualizes misfolded protein aggre-

gates, and staining is a marker of aggresomes (Shen et al., 2011). CFTR-DF508-induced aggresomes

were stained with ProteoStat, suggesting that CFTR-DF508-induced aggresomes contain misfolded pro-

tein aggregates (Figure S2A). Coexpression of USP10 without MG-132 also promoted CFTR-DF508-

induced aggresome formation and increased the amount of CFTR-DF508 (Figures 2B and S2B). In contrast,

USP10-KD reduced aggresome formation of CFTR-DF508 and the amount of CFTR-DF508, and the reduc-

tions were partially rescued by exogenous USP10 (Figure 2C). Fractionation of cell lysates by a detergent

showed that coexpression of USP10 with CFTR-DF508 predominantly increases the amounts of detergent-

insoluble CFTR-DF508 as well as the amounts of soluble and insoluble ubiquitinated proteins (Figure 2D).

These results indicate that USP10 augments CFTR-DF508-induced aggresome formation, and augmenta-

tion was mediated partly by increasing the amounts of CFTR-DF508 and ubiquitinated proteins.
436 iScience 9, 433–450, November 30, 2018
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Figure 2. Overexpression of USP10 Stimulates Aggresome Formation

(A) HeLa cells were transfected with the GFP-CFTR-DF508 plasmid and treated with 5 mM MG-132 or DMSO for 12 hr. The cells were stained with the anti-

HDAC6 antibody (red) and Hoechst 33258 (blue). Arrows indicate localizations of HDAC6 at CFTR-DF508-induced aggresomes. Scale bars, 10 mm.

(B) HeLa cells were transfected with the HA-tagged USP10 (HA-USP10) and GFP-CFTR-DF508 plasmids, and the cells were treated with MG-132, 10 nM

BafA1, or DMSO for 6 hr. Cells with GFP/HDAC6-double-positive aggresomes (more than 15 mm2 in size) at the perinuclear region with nuclear deformity

were counted as aggresome-positive cells. The percentages of cells with GFP-positive aggresome are presented as the mean G SD (n = 3); ****p < 0.0001;

NS, not significant. Simultaneously, whole-cell extracts were characterized by western blot (WB) using anti-GFP, anti-HA, and anti-b-actin antibodies.

(C) USP10-KD (USP10-1) and control (NT) HeLa cells were transfected with the HA-USP10 and the GFP-CFTR-DF508 plasmids. The percentages of cells with

GFP/HDAC6-positive aggresome are presented as the mean G SD (n = 3); *p < 0.05; **p < 0.01. Simultaneously, whole-cell extracts were characterized by

WB using anti-GFP, anti-HA, anti-USP10, and anti-b-actin antibodies.

(D) HeLa cells were transfected with the HA-USP10 plasmid with or without the GFP-CFTR-DF508 plasmid, and the whole-cell extracts (WCE), NP-40-soluble

fractions (SF), and NP-40-insoluble fractions (ISF) were characterized by WB using anti-GFP, anti-Ub, anti-HA, anti-Lamin B, and anti-b-actin antibodies.

(E) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its deubiquitinase-inactive mutant USP10C424A plasmid together with the GFP-CFTR-

DF508 plasmid. The percentages of cells with GFP/HDAC6-positive aggresome are presented as mean G SD (n = 4); **p < 0.01; ***p < 0.001; NS, not

significant. Simultaneously, whole-cell extracts were characterized by WB using anti-GFP, anti-HA, and anti-b-actin antibodies.

(F) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its mutant (USP101�274, USP101�214, or USP10275�798) plasmid together with the GFP-

CFTR-DF508 plasmid. The percentages of cells with GFP/HDAC6-positive aggresome are presented as the mean G SD (n = 4); *p < 0.05; ***p < 0.001;

****p < 0.0001; NS, not significant. Simultaneously, whole-cell extracts were characterized by WB using anti-GFP, anti-HA, and anti-b-actin antibodies.

(G) Schematic representation of human USP10 mutants used in this study.

See also Figure S2.
To delineate the USP10 activity to aggresome formation, we characterized several USP10 mutants in

USP10-KD cells. USP10C424A is inactive in deubiquitinating activity (Yuan et al., 2010). We confirmed that

wild-type USP10 but not USP10C424A deubiquitinates the p53 protein (Figure S2C). USP10C424A showed

almost equivalent aggresome-augmenting activity to wild-type USP10 (USP10-WT), suggesting that the

deubiquitinating activity of USP10 is not required for the aggresome-augmenting activity of USP10 (Figures

2E and S2D). USP101�274 and USP10275�798 but not USP101�214 increased the amount of CFTR-DF508 and

simultaneously augmented aggresome formation (Figures 2F and 2G). These results suggested that both

N- and C-terminal regions of USP10 are critical for maximizing aggresome-augmenting activity of USP10 to

CFTR-DF508.

The generality of USP10 activity to protein aggregation was explored by examining the activity of USP10

to two additional aggregation-prone proteins, a-synuclein and AIMP2. Both a-synuclein and AIMP2 are

associated with PD and are components of inclusions called Lewy bodies in brain lesions (Ko et al.,

2005; Spillantini et al., 1997). Synphilin-1 is an interactor of a-synuclein, and is often coexpressed with a-syn-

uclein to induce protein aggregation (Engelender et al., 1999). GFP-tagged a-synuclein (GFP-a-synuclein)

and hemagglutinin (HA)-tagged AIMP2 (HA-AIMP2) were localized in aggresomes of HeLa cells treated

with MG-132 (Figures S3A and S3B). Coexpression of USP10 with either a-synuclein or AIMP2 without

MG-132 augmented the number of aggresome-like aggregates containing a-synuclein and AIMP2, respec-

tively (Figures 3A, 3B, S3C, and S3D). USP10 was often localized at the periphery of a-synuclein- or AIMP2-

induced aggresomes (Figures S3C and S3E). We also often detected localization of USP10 at the periphery

of aggresomes containing endogenous a-synuclein in neuronal Neuro-2a cells (Figure 3C). Noteworthy,

expression of a-synuclein without USP10 overexpression induced HDAC6/p62/ubiquitin-negative aggre-

gates that were distinct from a-synuclein-/USP10-induced aggresome-like aggregates and these aggre-

gates were colocalized with endogenous USP10 (Figure S3C).

Like CFTR-DF508, coexpression of USP10 with GFP-a-synuclein and synphilin-1 increased the amounts of

insoluble a-synuclein and insoluble ubiquitinated proteins (Figure 3D). USP10 also increased the amount

of non-tagged a-synuclein (Figure S3F). Coexpression of USP10 with AIMP2 slightly increased the amount

of ubiquitinated proteins, but the increases were much smaller than those caused by the coexpression of

USP10 with CFTR-DF508 (Figure 3D). As AIMP2 without coexpression of USP10 highly increased the amount

of ubiquitinated proteins (Figure 3D), we assumed that endogenous USP10 is sufficient for AIMP2-medi-

ated increase of ubiquitinated proteins. Indeed, USP10-KD dramatically reduced an AIMP2-mediated in-

crease of ubiquitinated proteins and this reduction was rescued by the expression of exogenous USP10

(Figure 3E). These results indicated that USP10 increases the amounts of ubiquitinated proteins induced

by overexpression of several aggregation-prone proteins, thereby promoting aggresome formation.

Based onUSP10-induced ubiquitinated protein aggregation, we hypothesized that coexpression of USP10 with

an aggregation-prone protein inhibits proteasome activity. To examine this possibility, we measured
438 iScience 9, 433–450, November 30, 2018
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Figure 3. USP10 Increases the Amount of Insoluble Ubiquitinated Proteins

(A) HeLa cells were transfected with HA-USP10, GFP-a-synuclein (GFP-a-syn), and Myc-synphilin-1 (synph) plasmids. The percentages of cells with GFP/

USP10-positive aggresome are presented as the mean G SD (n = 3); **p < 0.01.
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Figure 3. Continued

(B) USP10-KD (USP10-1) and control (NT) HeLa cells were transfected with the non-tagged USP10 and the HA-AIMP2 plasmids. The percentages of cells with

HA/USP10-positive aggresomes are presented as the mean G SD (n = 3); *p < 0.05; **p < 0.01.

(C) Neuro-2a cells were treated with 0.5 mM MG-132 or DMSO for 12 hr. The cells were stained with the anti-a-synuclein (green) and anti-USP10 (red)

antibodies and with Hoechst 33258 (blue). Arrows indicate a-synuclein-positive aggresomes induced by MG-132. Asterisks indicate dead cells. Scale bars,

10 mm.

(D) HeLa cells were transfected with the HA-USP10, the GFP-CFTR-DF508, GFP-a-syn/synph, or the HA-AIMP2 plasmid, and NP-40-soluble fractions (SF) and

NP40-insoluble fractions (ISF) were characterized by western blot (WB) using anti-GFP, anti-HA, anti-Ub, anti-p62, anti-Lamin B, and anti-b-actin antibodies.

(E) USP10-KD (USP10-1) and control (NT) HeLa cells were transfected with the HA-USP10 and the HA-AIMP2 plasmids, and SF and ISF were characterized by

WB using anti-HA, anti-Ub, anti-p62, anti-USP10, anti-Lamin B, and anti-b-actin antibodies.

(F) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its mutant (USP101�274 or USP101�214) plasmid together with the YFP-CL1 plasmid,

and whole-cell extracts (WCE), SF, and ISF were characterized by WB using anti-GFP, anti-Ub, anti-HA, anti-Lamin B, and anti-b-actin antibodies.

(G) The percentages of cells with YFP/HDAC6-positive aggresome are presented as the mean G SD (n = 4); **p < 0.01; NS: not significant.

See also Figure S3.
proteasome activity by usingCL1. CL1 is the 16-amino-acid polypeptide containing an ubiquitination-prone site

(Gilon et al., 1998). YFP-CL1 is a fusion protein of CL1with yellow fluorescent protein (YFP), and it is degraded by

proteasomes. Thus, YFP-CL1 is used as a reporter to measure proteasome activity (Menendez-Benito et al.,

2005). Coexpression of USP10 with YFP-CL1 increased the amounts of insoluble YFP-CL1 and insoluble ubiqui-

tinated proteins (Figure 3F). These results suggested that coexpression of USP10 with an aggregation-prone

protein inhibits proteasome activity to increase the amount of insoluble ubiquitinated proteins, thereby aug-

menting aggresome formation. Like CFTR-DF508, the aggregation-inducing activities of USP10-WT toward

YFP-CL1 was higher than those of USP101�274 and USP101�214 (Figure 3G).
USP10 Promotes Aggresome Formation by Interacting with p62

p62 is a ubiquitin-binding protein and plays a critical role in ubiquitinated protein aggregation (Komatsu

et al., 2007). Thus, we examined whether USP10 interacts with p62. The immunoprecipitation assay indi-

cated that endogenous p62 interacted with endogenous USP10 together with previously known p62 inter-

actors HDAC6 or dynein (Calderilla-Barbosa et al., 2014; Yan et al., 2013), both of which are important for

aggresome formation (Figure 4A). In contrast, the interaction of USP10 with CFTR-DF508 could not be de-

tected (Figure 4B). Co-immunoprecipitation of USP10 deletionmutants with p62 indicated that both N- and

C-terminal regions of USP10, USP101�274, and USP10275�798, but not USP101�214, interact with p62 (Figures

4C–4E and 2G). As USP101�274 and USP10275�798, but not USP101�214, promoted aggresome formation

induced by CFTR-DF508 (Figure 2F), these results suggested that USP10 promotes aggresome formation

by interacting with p62.

To investigate whether p62 plays a positive role in USP10-induced protein aggregation, we examined

CFTR-DF508-induced protein aggregation in p62-KD cells. p62-KD reduced the amounts of insoluble

CFTR-DF508, insoluble ubiquitinated proteins, and insoluble USP10 induced by CFTR-DF508/USP10,

and simultaneously reduced aggresome formation (Figures 5A and 5B). Moreover, USP10 expression

increased the amount of insoluble p62 in p62 wild-type cells (Figure 5B). Collectively, these results indi-

cated that USP10 induces ubiquitinated protein aggregation and aggresome formation, and this is facili-

tated partly by interacting with p62.

Conversely, we examined the role of USP10 in p62-induced protein aggregation. Overexpression of p62 in

HeLa cells without MG-132-treatment induced large and small p62-positive aggregates (Figure 5C). Large

p62-positive aggregates were colocalized with ubiquitin, HDAC6, USP10, and GFP-LC3 (LC3 fusion protein

of GFP), and therefore resembled aggresomes (Figures 5C and 5D). In contrast, small p62 aggregates were

colocalized with ubiquitin and GFP-LC3, but not with USP10 (Figures 5C and 5D), and these aggregates

resembled p62 aggregates in USP10-KD cells treated with MG-132 (Figure 1C). Coexpression of USP10

with p62 augmented the sizes of p62-induced aggregates/aggresomes (Figures 5E and 5F). These results

suggested that USP10 converts small USP10-negative p62 aggregates to USP10/p62-double-positive

aggregates/aggresomes. In addition to USP10-WT, USP1096�798, but not USP101�116, increased the size

of p62 aggregates/aggresomes (Figures 5E and 5F). Given that USP1096�798 but not USP101�214 interacts

with p62 (Figures 4C and 4D), these results also suggested that USP10 interaction with p62 induces large

p62 aggregates/aggresomes. USP10C424A increased the size of p62-induced aggresomes equivalently to

USP10-WT (Figures 5E and 5F), suggesting that the deubiquitinating activity of USP10 is not required for

the augmentation of p62-induced aggregation.
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Figure 4. p62 Interacts with USP10

(A) Cell lysates prepared from control (NT) and USP10-KD (USP10-1) HeLa cells were immunoprecipitated with the anti-

p62 antibody or normal rabbit IgG. The cell lysate (Input) and immunoprecipitates (IP) were characterized by western blot

(WB) with anti-USP10, anti-HDAC6, anti-dynein intermediate chain (IC), and anti-p62 antibodies.

(B) HeLa cells were transfected with the GFP-CFTR-DF508 plasmid or empty control. Cell lysates (Input) and

immunoprecipitates with the anti-GFP antibody (IP) were characterized byWB using anti-USP10 and anti-GFP antibodies.

The asterisk indicates a nonspecific band.

(C–E) HeLa cells were transfected with HA-USP10 or its mutant (USP101�274, USP101�214, USP101�154, or USP101�149 in C;

USP1096�798, USP10215�798, or USP10275�798 in D; and USP10410�798 or USP10594�798 in E) plasmid. Cell lysates (Input) and

immunoprecipitates with the anti-p62 antibody (IP) were characterized by WB with anti-HA and anti-p62 antibodies.
USP10 showed two opposite activities to the amounts of p62 and ubiquitinated proteins in cells either

treated or not treated with MG-132 (Figures 5B and 1E). USP10 overexpression without MG-132 treatment

increased the amounts of p62 and insoluble ubiquitinated proteins (Figure 5B), whereas USP10-KD cells

treated with MG-132 increased the amounts of p62 and ubiquitinated proteins more than USP10-WT cells

(Figure 1E). We showed previously that USP10-KD increases the production of ROS by an oxidant (arsenite)

(Takahashi et al., 2013a). The different USP10 activities might be explained by the production of ROS stim-

ulated by MG-132 treatment. Since ROS increases the expression of p62 by activating transcription factor
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Figure 5. p62 Mediates USP10-Induced Protein Aggregation

(A) HeLa cells were transfected with p62 small interfering RNA (siRNA) (p62-1 or p62-2) or control siRNA (NT) and were

further transfected with the HA-USP10 and the GFP-CFTR-DF508 plasmids. The percentages of cells with GFP/HDAC6-

positive aggresome are presented as the mean G SD (n = 4); *p < 0.05; **p < 0.01; ***p < 0.001.

(B) The NP-40-soluble fractions (SF) and NP-40-insoluble fractions (ISF) from the indicated HeLa cells were characterized

by western blot (WB) using anti-GFP, anti-Ub, anti-p62, anti-HA, anti-Lamin B, and anti-b-actin antibodies.

(C) HeLa cells were transfected with the p62 plasmid. The cells were stained with the anti-p62 (red) antibody and with anti-

Ub (green), anti-HDAC6 (green), or anti-USP10 (green) antibody, and with Hoechst 33258 (blue). The small arrow indicates

USP10-negative p62 aggregate, whereas the large arrow indicates USP10-positive p62 aggregate. Scale bars, 10 mm.

(D) HeLa cells were transfected with the p62 and the GFP-LC3 plasmids. The cells were stained with the anti-p62 antibody

(red) and Hoechst 33258 (blue). Scale bars, 10 mm.

(E) HeLa cells were transfected with the p62 plasmid and HA-USP10 or its mutant plasmids (USP10C424A, USP101�116, or

USP1096�798). The cells were stained with anti-HA (green) and anti-p62 (red) antibodies, and with Hoechst 33258 (blue).

Small arrows indicate HA-USP10-negative p62 aggregates, whereas the large arrows indicate HA-USP10-positive p62

aggregates. Scale bars, 10 mm.

(F) The sizes of p62 aggregates (mm2) are presented as the mean G SD (n = 30); ****p < 0.0001; ND, not detected.

See also Figure S4.
Nrf2 (Jain et al., 2010; Jaramillo and Zhang, 2013), ROS produced in MG-132-treated USP10-KD cells might

induce p62 and ubiquitinated proteins more than USP10-WT cells. USP10-KD cells treated with MG-132

possessed more ROS and nuclear Nrf2 than USP10-WT cells, and cells with high nuclear Nrf2 induced

more p62 protein (Figures S4A–S4C). In addition, an antioxidant N-acetylcysteine reduced the amount

of p62 aggregates in USP10-KD cells treated with PI (Figure S4D). These results suggested that MG-132

treatment stimulates ROS production more in USP10-KD cells than in USP10-WT cells, and such ROS

then induce nuclear activated Nrf2 in USP10-KD cells, thereby increasing the amounts of p62 and ubiquiti-

nated proteins. These results suggested that USP10 has two opposing activities to p62-dependent protein

aggregation that are dependent on the level of ROS.
USP10 Inhibits Cell Death Induced by MG-132

MG-132 induces cell death of cultured cells, and the death of these cells is inhibited by aggresome formation

(Kawaguchi et al., 2003; Tanaka et al., 2004). Thus, we examined whether USP10 inhibits MG-132-induced cell

death by measuring activated caspase-3 (cleaved caspase-3). An anti-cleaved caspase-3 antibody detected

cell death of USP10-KD cells treated with MG-132, and the level was more than that of USP10-WT cells (Figures

6A and 6B). Interestingly, USP10-KD cells with p62 aggregates weremore resistant to PI-induced cell death than

cells without p62 aggregates, suggesting that p62 aggregates inhibit cell death induced by PI (Figure 6C).

To further examine the role of p62 in PI-induced cell death, we examined the sensitivity of p62-KD cells to

PI. Nuclear condensation analysis showed that MG-132-induced cell death was augmented by either p62-

KD or USP10-KD, and the level was further increased by their double-knockdowns (Figures 6D–6F). These

results indicated that USP10 and p62 cooperatively inhibit MG-132-induced cell death by promoting the

formation of aggresomes and p62 aggregates.

To obtain information describing how USP10 inhibits MG-132-induced cell death, we measured cell death

of USP10-KD cells expressing several USP10 mutants. USP10-KD cells expressing USP10-WT were resistant

to cell death induced by MG-132 more than cells without USP10-WT (Figures 6G, S5A, and S5B).

USP10C424A and USP1096�798, but not USP101�214, reduced cell death of USP10-KD cells (Figures 6G and

S5A–S5C). Given that USP10-WT, USP10C424A, and USP1096�798, but not USP101�214, in USP10-KD cells pro-

moted p62 aggregation and aggresome formation (Figures 6G and S5A–S5C), these results suggested that

USP10 inhibits cell death induced by MG-132 by promoting aggresome formation and p62 aggregation.

PD, a representative neurodegenerative disorder of synucleinopathy, always bears many a-synuclein-pos-

itive neuronal inclusions, namely, Lewy bodies (Peng et al., 2017). We found characteristic USP10 immuno-

reactivity in Lewy bodies in neurons of the substantia nigra, locus coeruleus, and other brain stem nuclei,

where the halo and core of the inclusions were positive and negative, respectively (Figures 7A, 7B, 7F, and

7G and Table S1). A double-labeling immunofluorescent study demonstrated colocalization of phosphor-

ylated a-synuclein and USP10 in Lewy bodies (Figures 7K, 7L, 7N, and 7O), indicating the possible associ-

ation of both proteins. In contrast, in neurons of the controls and patients with PD without Lewy bodies, the

reactivity was diffuse within the cytoplasm (Figures 7C and 7H). These results suggested that USP10 is

involved in Lewy body formation.
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Figure 6. USP10 Knockdown Augments Cell Death Induced by a Proteasome Inhibitor

(A) USP10-KD (USP10-1) and control (NT) HeLa cells were treated with 5 mMMG-132 or DMSO for 12 hr, and the cells were stained with anti-cleaved caspase-3

(green) and anti-p62 (red) antibodies, and with Hoechst 33258 (blue). Scale bars, 10 mm.

(B) Apoptotic cells were assessed by staining cleaved caspase-3. Proportions of cleaved caspase-3-positive cells in USP10-KD (USP10-1) and control (NT)

HeLa cells are presented as the mean G SD (n = 3); **p < 0.01.

(C) USP10-KD (USP10-1) HeLa cells were treated with MG-132 or 1 mM bortezomib (BTZ) for 12 hr, and the cells were stained with the anti-p62 antibody

and Hoechst 33258. Proportions of cells containing condensed nuclei with or without p62 aggregates are presented as the mean G SD (n = 3); **p < 0.01;

***p < 0.001.

(D) HeLa cells were transfected with p62 small interfering RNA (siRNA) (p62-1 or p62-2) or control siRNA (NT) and cultured for 48 hr. Whole-cell extracts were

characterized using western blot with anti-p62, anti-USP10, and anti-b-actin antibodies.

(E) USP10-KD (USP10-1) and control (NT) HeLa cells were transfected with p62 siRNA (p62-1 or p62-2) or control siRNA (NT), and further treated with MG-132

for 12 hr. Cells were stained with Hoechst 33258 (blue). The arrows indicate cells containing condensed nuclei (apoptotic cells). Scale bars, 10 mm.

(F) Proportions of cells containing condensed nuclei (apoptotic cells) are presented as the mean G SD (n = 3); *p < 0.05; **p < 0.01; ***p < 0.001.

(G) p62 fluorescence at aggresome (more than 15 mm2 in size) (p62-F at aggresome; n = 40) or the proportions of condensed nuclei (condensed nuclei [%];

n = 3) in USP10-KD (USP10-1) HeLa cells expressing wild-type USP10, USP10C424A, or USP1096�798 from Figures S5A or S5B are presented as the meanG SD;

*p < 0.05; ***p < 0.001; ****p < 0.0001.

See also Figure S5.
We also examined USP10 immunoreactivity for oligodendroglial cytoplasmic inclusions (GCIs) in multiple

system atrophy (MSA) (Figures 7D and 7I and Table S1), another representative disorder of synucleinopathy

(Ahmed et al., 2012). We found no reactivity of anti-USP10 toward GCIs and oligodendrocytes in MSA and

control samples (Figures 7D and 7I). Therefore, involvement of USP10 seems characteristic for Lewy bodies,

rather than a common phenomenon in a-synuclein-containing inclusions.

Finally, we measured the amounts of a-synuclein, USP10, and aggresome-related proteins in brain

(amygdala) lesions of patients with PD after separating the samples into Triton X-100-soluble and Triton

X-100-insoluble fractions (Figure 8A and Table S2). Western blot analysis showed that the three patients

with PD expressed more phosphorylated a-synuclein, a-synuclein, and synphilin-1 in the detergent-insol-

uble fraction than the two control samples. These results are consistent with the fact that phosphorylated

a-synuclein is themajor component of Lewy bodies in patients with PD (Anderson et al., 2006). Patients with

PD also expressed soluble and/or insoluble USP10 proteins more than the controls. In addition, the amount

of aggresome-inducing protein HDAC6 in the soluble fraction was increased in PD samples relative to the

control samples. These results support the notion that USP10 and aggresomes play a role in Lewy body

formation (Figure 8B).
DISCUSSION

Ubiquitinated proteins generated under various stress conditions, such as oxidative stress and proteasome

dysfunction, are cytotoxic. To inactivate these cytotoxicities, cells induce aggresomes to promote cell sur-

vival. In this study, we found that USP10 is an essential factor to inactivate cytotoxicities of ubiquitinated

proteins by inducing aggresome formation.

We showed that USP10 promotes aggresome formation partly by inhibiting the proteasome-mediated

degradation of ubiquitinated proteins. The CFTR-DF508 protein was degraded by proteasomes in HeLa

cells (Figure 2B), and coexpression with USP10 increased the amount of insoluble ubiquitinated proteins,

including CFTR-DF508 by itself, which promoted aggresome formation (Figures 2B and 2D). Such USP10

activity was also detected with two other ubiquitination-prone proteins, a-synuclein and AIMP2 (Figures

3A, 3B, 3D, and 3E). Moreover, a proteasome activity reporter YFP-CL1 indicated that USP10 together

with YFP-CL1 inhibits proteasome activity (Figure 3F). These results are consistent with previous studies

showing that protein aggregates inhibit proteasome activity (Hipp et al., 2014). The proteasome enzyme

subunit PSMA3 was also detected in both MG-132-induced and USP10-induced aggresomes (Figures

S1A and S2E). Moreover, p62 has been shown to interact with ubiquitinated proteasome components (Co-

hen-Kaplan et al., 2016). Thus, USP10 and p62 might inhibit proteasome activity by trapping proteasome

components in protein aggregates and/or aggresomes.

Interaction of USP10 with p62 promoted protein aggregation and aggresome formation (Figure 5).

Analysis using USP10 deletion mutants showed that both N- and C-terminal regions of USP10 interact

with p62 and that these two regions are required for maximum aggresome-promoting activity (Fig-

ure 2F). These results suggested that multiple interactions between USP10 and p62 are required for
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Figure 7. Localizations of USP10 and a-Synuclein in Brain

(A–J) Representative images taken fromUSP10- or phosphorylated a-synuclein (P-ASN)-immunostained sections of patients with PD (PD, n = 3), patients with

MSA (MSA, n = 3), and controls (n = 3). (A–D) and (F–I) USP10 staining; (E and J) P-ASN staining. (F–J) The magnified images of (A–E). (A and F) Locus

coeruleus (LC) of PD; (B and G) substantia nigra (SN) of PD; (C and H) LC of control; (D, E, I, and J) pons of MSA.

(K–P) Images of double-immunofluorescence staining of USP10 and P-ASN. (N–P): magnified images of (K–M). (K and N) LC of PD; (L andO) SN of PD; (M and

P) pons of MSA. Scale bars, 50 mm in (A–E and K–M) and 10 mm in (F–J and N–P).

See also Table S1.
maximum aggresome-promoting activity of USP10. It should be noted that p62-KD reduced protein

aggregation and aggresome formation induced by USP10/CFTR-DF508, and the reduction was approx-

imately half of the p62-competent cells (Figures 5A and 5B). Since several ubiquitin receptors other

than p62, such as optineurin, neighbor of BRCA1 gene 1 (NBR1), and autophagy-linked FYVE (ALFY)

(Rogov et al., 2014), are involved in autophagy, we cannot exclude the possibility that USP10 promotes

protein aggregation and aggresome formation by interacting with other ubiquitin receptors in addition

to p62.
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Figure 8. Expression Levels of USP10 and Aggresome-Related Proteins in Brain Lesions of Patients with PD

(A) Triton X-100-soluble fractions (SF) and Triton X-100-insoluble fractions (ISF) were prepared from brain tissues

(amygdala) of three patients with PD (PD) and two controls (Cont.), and the lysates were characterized by western blot

using anti-phosphorylated a-synuclein, anti-a-synuclein, anti-synphilin-1, anti-USP10, anti-p62, anti-Ub, anti-HDAC6,

anti-LC3, anti-Lamin B1, and anti-b-actin antibodies. See also Table S2.

(B) A current model describing the function of USP10 on protein aggregation.
USP10 inhibited cell death induced by PI, and the inhibition correlated with aggresome/aggregate-

inducing activity (Figures 6 and S5). Accumulating evidence shows that protein oligomers, but not

large protein aggregates, have potent cytotoxic activity (Ramdzan et al., 2017). Thus, USP10-induced

aggregates/aggresomes might inhibit apoptosis by reducing the amount of ubiquitinated protein olig-

omers. This mechanism was supported by the following two findings. Although p62 promotes ubiqui-

tinated protein aggregation, large p62 aggregates detected even in USP10-KD cells inhibited

apoptosis as efficiently as aggresomes (Figure 6C). Like USP10-KD, p62-KD increased apoptosis

induced by treatment with PI (Figures 6E and 6F). However, we could not exclude the possibility

that USP10 inhibits apoptosis by promoting degradation of pro-apoptotic protein(s) by aggresome-

mediated autophagy.
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PI treatment in USP10-WT cells induced p62/HDAC6-double-positive aggresomes, whereas in USP10-KD

cells, it induced many small p62-positive/HDAC6-negative aggregates throughout the cytoplasm (Figures

1C and 1D). These results suggested that USP10 functions to stimulate transport of p62 aggregates to the

perinuclear aggresome formation site. HDAC6 promotes aggresome formation by stimulating the trans-

port of p62 aggregates to the perinuclear region (Kawaguchi et al., 2003; Yan et al., 2013). Collectively,

these results suggest that USP10 stimulates HDAC6-mediated aggresome-inducing activity. Further anal-

ysis is required to understand fully how USP10 promotes aggresome formation.

Formation of inclusions containing ubiquitinated proteins is pathognomonic in various neurodegenerative

disorders, including PD and Alzheimer disease (Dantuma and Bott, 2014). Accumulating evidence suggests

that aggresome-related mechanisms are involved in the formation of the inclusions, including Lewy bodies

(Olanow et al., 2004). The findings herein are consistent with this notion. USP10 was detected in the periph-

eral portion (halo) of Lewy bodies in patients with PD (Figures 7A, 7B, 7F, and 7G). In addition, the amounts

of soluble and insoluble USP10 proteins in brain lesions (amygdala) of patients with PD were more than

those of the controls (Figure 8A). In cultured cells, USP10 promoted a-synuclein-induced aggresome for-

mation (Figure 3A) and USP10 was often detected at the periphery of a-synuclein-positive aggresomes

(Figures S3C and 3C). These results suggest that USP10 may be a factor associated with the formation of

Lewy bodies through an aggresome-related mechanism. In contrast, USP10 was not detected in the a-syn-

uclein-positive GCIs in patients with MSA (Figures 7D and 7I), although the GCIs are immunoreactive for

several aggresome-marker proteins, including HDAC6 and p62 (Chiba et al., 2012). Thus, the USP10-

dependent aggresome-related mechanism is involved in the formation of Lewy bodies, but not GCIs.

This difference might be associated with the different physiological expression level of USP10 between

neurons and oligodendrocytes.

Based on the data presented above, we propose the following model for USP10 activity in aggresome and

pathogenic inclusion formation (Figure 8B). Ubiquitinated proteins generated by various stresses, espe-

cially their oligomers, are highly cytotoxic. These ubiquitinated proteins bind to p62 and USP10, and the

formed aggregates inhibit proteasome activity to further increase the amount of ubiquitinated proteins.

These ubiquitinated proteins then form aggresomes. Thus, USP10 and p62 promote cell survival by

reducing the amount of cytotoxic ubiquitinated protein monomers and oligomers. In addition, ubiquiti-

nated proteins in aggresomes are degraded by autophagy or proteasome-mediated degradation, which

reduces the amount of ubiquitinated proteins. However, continuous dysfunction of proteasomes and/or

autophagy produces pathogenic inclusions such as Lewy bodies. Collectively, we propose that USP10 is

an attractive target to control aberrant aggregation and/or cytotoxicity of ubiquitinated proteins in protein

aggregation-related diseases including PD.
Limitations of the Study

We showed that USP10 promotes protein aggregation and aggresome formation by inhibiting the pro-

teasome-mediated degradation of ubiquitinated proteins. It should be noted that ubiquitinated pro-

teins are also degraded by autophagy. In addition, some ubiquitinated proteins such as a-synuclein

are secreted from cells. Thus, USP10 might have another activity to promote protein aggregations.

Further analysis is required to elucidate how USP10 promotes protein aggregation and aggresome

formation.

We proposed that GCI is generated by a USP10-independent mechanism within oligodendrocytes. a-syn-

uclein inclusions have been shown to propagate cell-to-cell by a prion-like mechanism. Thus, GCI might be

formed in oligodendrocytes by the endocytosis of extracellular a-synuclein inclusions secreted from other

cells such as neurons. Further analysis is required to elucidate how USP10-negative GCI is formed in

oligodendrocytes.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, five figures, and two tables and can be found

with this article online at https://doi.org/10.1016/j.isci.2018.11.006.
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Figure S1, related to Figure 1. USP10 promotes the transport of p62 aggregates to the perinuclear region for aggresome

formation

(A) HeLa cells were treated with 5 M MG-132 or DMSO for 12 hr, and the cells were stained with the anti-p62 (red) antibody

and with either the anti-PSMA3 (green) or anti-PSMC4 (green) antibody. Nuclei were counterstained using Hoechst33258 (blue).

The bars indicate 10 m.

(B) Primary neuron-enriched cells prepared from cortical tissues of rat embryo were treated with 2 M MG-132 or DMSO for 8

hr, and the cells were stained with the anti-p62 (red) antibody together with either the anti-USP10 (green) or anti-HDAC6 (green)

antibody. Nuclei were counterstained using Hoechst33258 (blue). The bars indicate 10 m.

(C) HeLa cells were treated with MG-132 or 1 M bortezomib (BTZ) for 12 hr, and the cells were stained with anti-LAMP1

(green) and anti-p62 (red) antibodies, and with Hoechst33258 (blue). The bars indicate 10 m.

(D) 293T cells were infected with lentivirus encoding USP10 shRNA (USP10-1 or USP10-3) or control siRNA (NT). Whole-cell

extracts were characterized using western blot analysis (WB) with anti-USP10 and anti-β-actin antibodies.

(E) USP10-KD (USP10-1 or USP10-3) and control (NT) 293T cells were treated with 2 M BTZ or DMSO for 9 hr, and the cells

were stained with anti-p62 (red) antibody and Hoechst33258 (blue). Arrows indicate aggresomes (more than 15 μm2 in size at the

perinuclear region with nuclear deformity). The bar indicates 10 m.

(F) The proportions of cells containing aggresome are presented as the mean ± s.d. (n = 3); **P < 0.01.

(G) USP10-KD (USP10-1) and control (NT) HeLa cells were pretreated with 10 nM BafA1 or DMSO and further treated with

MG-132 or DMSO for 12 hr. The cells were stained with anti-LC3 (green) and anti-p62 (red) antibodies, and anti-HDAC6 (green)

and anti-p62 (red) antibodies. Nuclei were counterstained using Hoechst33258 (blue). The bars indicate 10 m.
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Figure S2, related to Figure 2. CFTR-ΔF508 co-localizes with aggresome markers

(A) HeLa cells were transfected with the GFP-CFTR-ΔF508 plasmid and treated with 5 M MG-132 or DMSO for 12 hr, and the

cells were stained with the anti-p62 antibody (red), anti-ubiquitin (Ub) antibody (red), ProteoStat dye (red) or anti-USP10 (red)

antibody and Hoechst33258 (blue). Arrows indicate localization of each aggresome marker at CFTR-ΔF508-induced aggresomes.

The bars indicate 10 m.

(B) HeLa cells were transfected with the HA-USP10 and the GFP-CFTR-ΔF508 plasmids, and these cells were stained with the

anti-HDAC6 (red), anti-p62 (red) or USP10 (red) antibody and Hoechst33258 (blue). Arrows indicate localization of each protein

at CFTR-ΔF508-induced aggresomes. The bars indicate 10 m.

(C) HeLa cells were transfected with the His-Ub and p53 plasmids together with HA-USP10 or its deubiquitinase-dead mutant

USP10C424A plasmid. Ubiquitinated proteins in cell lysates were collected by Ni-NTA-agarose (Ni-NTA). The whole cell extracts

(WCE) and His-ubiquitinated proteins eluted from Ni-NTA agarose were characterized by WB using anti-p53, anti-HA and anti-

Ub antibodies.

(D) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its deubiquitinase-dead mutant USP10C424A plasmid

together with the GFP-CFTR-ΔF508 plasmid, and NP-40-soluble fractions (SF) and NP40-insoluble fractions (ISF) were

characterized by WB using anti-GFP, anti-Ub, anti-HA, anti-Lamin B and anti-β-actin antibodies.

(E) HeLa cells were transfected with the HA-USP10 and GFP-CFTR-ΔF508 plasmids, and these cells were stained with the anti-

PSMA3 (red) antibody and Hoechst33258 (blue). Arrows indicate localization of PSMA3 at CFTR-ΔF508-induced aggresomes.

The bar indicates 10 m.
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Figure S3, related to Figure 3. -Synuclein or AIMP2 co-localizes with aggresome markers

(A) HeLa cells were transfected with GFP-α-synuclein (GFP-α-syn) and Myc-synphilin-1 (synph) plasmids and treated with 5 M

MG-132 or DMSO for 12 hr. The cells were stained with the anti-HDAC6 (red), anti-p62 (red) or anti-Ub (red) antibody, or

stained with ProteoStat dye (red). Nuclei were counterstained using Hoechst33258 (blue). Small and large arrows indicate α-

synuclein-positive aggregates detected under DMSO treatment and α-synuclein-positive aggresome-like aggregates induced by

MG-132, respectively. The bars indicate 10 m.

(B) HeLa cells were transfected with the HA-AIMP2 plasmid and treated with MG-132 or DMSO for 12 hr. The cells were

stained with the anti-HA (green) antibody and with either the anti-HDAC6 (red), anti-p62 (red) or anti-Ub (red) antibody, or

stained with ProteoStat dye (red). Nuclei were counterstained using Hoechst33258 (blue). Arrows indicate localization of each

aggresome marker at HA-AIMP2-induced aggresomes. The bars indicate 10 m.

(C) HeLa cells were transfected with the HA-USP10 and GFP-α-syn/synph plasmids, and the cells were stained with the anti-

USP10 (red) antibody and Hoechst33258 (blue). Small arrows indicate α-synuclein-positive aggregates positive for endogenous

USP10, whereas the large arrows indicate α-synuclein-positive aggresomes induced by exogenous HA-USP10 expression. The

bars indicate 10 m.

(D) USP10-KD (USP10-1) HeLa cells were transfected with the non-tagged USP10 and the HA-AIMP2 plasmids, and these cells

were stained with the anti-HA (green) and anti-USP10 (red) antibodies, and with Hoechst33258 (blue). Arrows indicate HA-

AIMP2-positive aggresomes induced by exogenous USP10 expression. The bar indicates 10 m.

(E) HeLa cells were transfected with the HA-AIMP2 plasmid, and these cells were stained with the anti-HA (green) and anti-

USP10 (red) antibodies, and with Hoechst33258 (blue). The bar indicates 10 m.

(F) HeLa cells were transfected with the HA-USP10, -synuclein (α-syn) and Myc-synphilin-1 (synph) plasmids, and whole-cell

extracts (WCE), NP-40-soluble fractions (SF) and NP-40-insoluble fractions (ISF) were characterized by western blot analysis

using anti--synuclein, anti-Ub, anti-p62, anti-HA, anti-Lamin B and anti-β-actin antibodies.
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Figure S4, related to Figure 5. ROS accumulation in USP10-knockdown cells activates p62 aggregation

(A) USP10-KD (USP10-1) and control (NT) HeLa cells were treated with 5 M MG-132 or DMSO for 12 hr, and the cells were

stained with 5 M CM-H2DCFDA (green) and the anti-p62 (red) antibody, and with Hoechst33258 (blue). Arrows indicate cells

with a high amount of ROS and p62 aggregates. The bars indicate 10 m.

(B) The indicated HeLa cells were treated with MG-132 or DMSO for 12 hr, and the cells were stained with the anti-Nrf2 (green)

and anti-p62 (red) antibodies, and with Hoechst33258 (blue). Arrows indicate cells with a high amount of Nrf2 in the nucleus and

p62 aggregates. The bars indicate 10 m.

(C) CM-H2DCFDA fluorescence (ROS-F) or Nrf2 fluorescence at the nucleus (Nrf2-F at nucleus) from panel (A) or (B) are

presented as the mean ± s.d. (n = 20); ****P < 0.0001.

(D) USP10-KD (USP10-1) HeLa cells were pretreated with 20 mM N-acetylcysteine (NAC) or PBS and further treated with MG-

132 or 1 M bortezomib (BTZ) for 12 hr. The cells were stained with the anti-p62 antibody and the numbers of p62 aggregates

per cell were counted. The values denote the mean ± s.d. (n = 30); ****P < 0.0001.
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Figure S5, related to Figure 6. Deubiquitinase activity of USP10 is dispensable to inhibit cell death induced by a

proteasome inhibitor

(A) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its mutant (USP10C424A or USP1096–798) plasmid, and

further treated with 5 M MG-132 for 12 hr. Cells were stained with anti-HA (green) and anti-p62 (red) antibodies, and with

Hoechst33258 (blue). The arrows indicate cells showing bright p62-fluorescence because of the overexpression of wild-type

USP10, USP10C424A or USP1096–798. The bars indicate 10 m.

(B) Representative image of cell death (condensed nuclei; blue) without the overexpression of exogenous HA-USP10 (green)

after MG-132 treatment is shown by the arrows. The bar indicates 10 m.

(C) USP10-KD (USP10-1) HeLa cells were transfected with HA-USP10 or its mutant USP101–214 plasmid and further treated with

MG-132 for 12 hr. Cells were analysed in a similar manner to (Figure 6G). The values denote the mean ± s.d. (p62-F at

aggresome; n = 40, condensed nuclei (%); n = 6); **P < 0.01; ****P < 0.0001.
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Table S1, related to Figure 7. Clinicopathologic profiles of the patients.  

 

Age at death 

(yrs) 

Sex Clinical Diagnosis Pathological Diagnosis 

Control   

90 M Myopathy Myopathy 

76 M Lambert-Eaton synd. No significant alteration in the brain 

51 M Acute abdomen No significant alteration in the brain 

PD    

81 F PD PD (DLB neocortical type) 

84 F PD PD (DLB neocortical type) 

79 M PD PD (DLB neocortical type) 

MSA    

68 F MSA MSA 

82 M MSA MSA 

71 M MSA MSA  

 

PD: Parkinson's disease; DLB: Dementia with Lewy bodies; MSA: Multiple system atrophy 



Table S2, related to Figure 8. Clinicopathologic profiles of the patients.  

 

Age at death 

(yrs) 

Sex Clinical Diagnosis Pathological Diagnosis 

Control   

79 F Spontaneous CSF leaks Multiple microinfarcts 

90 M Myopathy Myopathy 

PD    

79 M PD PD (DLB neocortical type) 

87 F PD PD (DLB neocortical type) 

80 M PD PD (DLB neocortical type) 

 

PD: Parkinson's disease; DLB: Dementia with Lewy bodies; CSF: cerebrospinal fluid 



Transparent Methods
Cell lines and culture condition

HeLa and 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4 mM L-glutamine,

50 units/ml penicillin, 50 g/ml streptomycin and MEM Non-essential amino acid (AA)

solution (Thermo Fisher Scientific). Neuro-2a is a mouse neuroblastoma cell line, and

cells were cultured in DMEM supplemented with 5% FBS, Opti-MEM (Thermo Fisher

Scientific), 50 units/ml penicillin, 50 g/ml streptomycin and MEM Non-essential AA

solution.

Preparation of primary rat neuron-enriched cells

Rat primary neuron-enriched cells were prepared as described previously (Iwakura et al.,

2017). Cortical tissues were dissected from rat embryos at embryonic days 16–19 and

digested with papain (Worthington Biochemical Corporation). Cells were plated on glass

coverslips coated with poly-D-lysine (Sigma-Aldrich) in a 6-well plate (Corning), and

cells were cultured in DMEM supplemented with 10% FBS. After overnight culturing,

the medium was replaced with serum-free DMEM supplemented with the N-2

Supplement (Gibco) and L-glutamine, and cells were further cultured for 4 d. Cells were

then treated with 2 M MG-132 or DMSO for 8 hr, and characterized by immunostaining.

Sprague-Dawley (SD) rats (Japan SLC, Inc., Shizuoka, Japan) were maintained in the

animal care facility of the Niigata University Brain Research Institute. All rats were

housed in acrylic cages (24×39×19.5 cm), and they had food and water ad libitum in a

temperature-controlled room (23 ± 2 ℃) under a 12-hr light:12-hr dark cycle (light from

8:00 am to 8:00 pm). The Animal Use and Care Committee of Niigata University

approved this study and all animal experiments described were carried out in accordance

with the institutional guidelines and with those of the National Institutes of Health Guide

for the Care and Use of Laboratory Animals (NIH Publications No. 80-23). All efforts

were made to minimize discomfort to the rats and the number used.

Reagents and antibodies

The following reagents were purchased from the indicated companies: MG-132 (474790;

Calbiochem), bortezomib (B-1408; LC Laboratories), bafilomycin A1 (B1793; Sigma-

Aldrich), blasticidin (R21001; Thermo Fisher Scientific), puromycin (P8833; Sigma-

Aldrich), N-acetylcysteine (A9165; Sigma-Aldrich) and Hoechst 33258 (H-3569;

Molecular Probes). The following antibodies were used in this study: anti-USP10 (A300-

901A; Bethyl Laboratories, HPA006731; Sigma-Aldrich), anti-ubiquitin (sc-8017; Santa



Cruz Biotechnology), anti-p62 (PM045; MBL, GP62-C; PROGEN), anti-phospho-p62

(pS351) (PM074; MBL), anti-LC3 (PM036B; MBL), anti-HDAC6 (sc-11420; Santa Cruz

Biotechnology), anti-G3BP (611127; BD Transduction Laboratories), anti-dynein

intermediate chain (D5167; Sigma-Aldrich), anti-LAMP-1 (L1418; Sigma-Aldrich), anti-

HA (H9658; Sigma-Aldrich, 3724; Cell Signaling), anti-GFP (sc-9996; Santa Cruz

Biotechnology), anti-Nrf2 (sc-13032; Santa Cruz Biotechnology), anti-PSMA3

(ab109532; Abcam), anti-PSMC4 (sc-166003; Santa Cruz Biotechnology), anti-cleaved

caspase-3 (9661; Cell Signaling), anti-p53 (sc-126; Santa Cruz Biotechnology), anti-

Lamin B (sc-6217; Santa Cruz Biotechnology), anti-Lamin B1 (sc-374015; Santa Cruz

Biotechnology), anti-α-synuclein (S5566; Sigma-Aldrich), anti-phosphorylated α-

synuclein (015-25191; Wako), anti-synphilin-1 (sc-365741; Santa Cruz Biotechnology)

and anti--actin (sc-47778; Santa Cruz Biotechnology).

Plasmids

Expression plasmids encoding wild-type USP10 or mutants (USP10C424A, USP101–116,

USP101–149, USP101–154, USP101–214, USP101–274, USP1096–798, USP10215–798, USP10275–798,

USP10410–798 and USP10594–798) with an N-terminal hemagglutinin (HA) epitope tag were

generated by subcloning the respective cDNAs into an expression plasmid pCMV-HA

(Clontech). The non-tagged USP10 expression plasmid was generated by subcloning

USP10 cDNA into the expression plasmid pcDNA3 (Invitrogen). Retroviral expression

plasmid pMXs-puro encoding p62 was used for the expression of exogenous p62.

pcDNA3 encoding p53 was used for the expression of human p53. Lentiviral expression

plasmids encoding wild-type USP10 or its mutants (USP10C424A, USP1096–798 and

USP101–214) with an N-terminal HA epitope tag were generated by inserting the

respective cDNAs into CSII-EF-RfA with a blasticidin resistance gene (Higuchi et al.,

2007) using Gateway recombination and following the manufacturer's instructions

(Gateway System; Invitrogen). The lentiviral short hairpin RNA (shRNA) plasmid

pLKO.1-puro targeting human USP10 with a puromycin resistant gene was purchased

from Sigma-Aldrich. pEGFP-LC3 (Kabeya et al., 2000) (Addgene plasmid #21073) was a

gift from Tamotsu Yoshimori. YFP-CL1 (Menendez-Benito et al., 2005) (Addgene

plasmid #11950) was a gift from Nico Dantuma.

Plasmid transfection

Plasmids (0.5–1.0 μg) were transfected into HeLa cells (1.5 × 105) on a 6-well plate

(Corning) by using the FuGENE 6 reagent according to the manufacturer’s instructions

(Roche).



Establishment of stable cell lines by viral transduction

Stable knockdowns of endogenous USP10 in HeLa and 293T cells were carried out by

using the lentivirus vectors encoding USP10 shRNA. HIV-1-based lentiviruses encoding

USP10 shRNA were produced by cotransfection of the three plasmids (pLKO.1-puro:

4.28 μg; pCAG-HIVgp: 2.86 μg; pCMV-VSV-G-RSV-Rev: 2.86 μg) into 293T cells (2 ×

106) by using the FuGENE HD reagent according to the manufacturer’s instructions

(Roche), and the viruses were concentrated with Amicon Ultra-15 units (Millipore) to

increase the infectious titer of the virus and infected into HeLa or 293T cells in the

presence of 8 μg/μl polybrene. These cells were cultured in the selection medium

containing 2 μg/ml puromycin.

Lentiviruses encoding wild-type USP10 or its mutants (USP10C424A, USP1096–798

and USP101–214) were established using the same method employed for USP10 shRNA

described above, and used for infection into HeLa cells. These cells were cultured in the

selection medium containing 5 μg/ml blasticidin.

RNA interference

Small interfering RNAs (siRNA) specific to human p62 RNA (Oligo ID: HSS113116,

HSS113117) and the negative control siRNA (Cat. No. 12935-100) were purchased from

Invitrogen. These siRNA (50-100 pmol) were transfected into cells using Lipofectamine

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

Coimmunoprecipitation assay

The cells (1.0 × 107) on a 10-cm2 dish (Corning) were lysed with ice-cold NP-40 lysis

buffer (1% Nonidet P-40, 25 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1 mM EDTA, 1 mM

phenylmethylsulfonyl fluoride, 20 μg/ml aprotinin) and cell lysates were treated with the

anti-GFP or anti-p62 antibody. Immune complexes were precipitated by protein G-

sepharose beads (GE Healthcare). The beads were washed, boiled in sodium dodecyl

sulfate (SDS) lysis buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-

mercaptoethanol and 0.005% bromophenol blue) and then released proteins from the

beads were subjected to western blot analysis.

Deubiquitination assay

The cells (4.0 × 105) on a 6-cm2 dish (Corning) were transfected with the His-ubiquitin

and p53 plasmids together with HA-USP10 or its deubiquitinase-dead mutant USP10C424A

plasmid. After treatment with 5 M MG-132 or DMSO for 4 hr, cells were lysed with



buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4, 0.1 M NaH2PO4, 10 mM imidazole, pH

8.0), and cell lysates were incubated with Ni-NTA-agarose (QIAGEN) at room

temperature for 3 hr. This Ni-NTA agarose was sequentially washed with buffer A, buffer

A plus B (1:4) and buffer B (25 mM Tris-HCl pH 6.8, 20 mM imidazole), and proteins

that bound to the Ni-NTA agarose were eluted by SDS lysis buffer containing 200 mM

imidazole. The eluted proteins were then subjected to western blot analysis.

Western blot analysis

The cells were lysed with SDS lysis buffer and cell lysates (20 μg of proteins) were

separated by SDS-PAGE, electrophoretically transferred onto a PVDF membrane

(Immobilon; Millipore), and treated with the indicated antibodies diluted in Can Get

Signal (TOYOBO). Immunoreactive bands were detected with an enhanced

chemiluminescence (ECL) detection system (ECL Western Blotting Detection Reagents;

GE Healthcare, Pierce™ ECL Plus Western Blotting Substrate; Thermo Fisher Scientific)

and were visualized by Amersham Hyperfilm ECL films (Amersham).

Cell fractionation

Three cell lysates (whole-cell extract, soluble fraction and insoluble fraction) were

prepared by the following methods. Cultured cells were treated with cold NP-40 lysis

buffer, and cell lysates were collected and used as the soluble fraction. The resultant

pellet was further treated with the SDS lysis buffer and the lysates were used as the

insoluble fraction. Cells were directly treated with the SDS lysis buffer and used as

whole-cell extracts. These three lysates were subjected to western blot analysis. Autopsy

brain samples from PD patients and the controls were treated with ice-cold Triton X-100

lysis buffer (1% Triton X-100, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

phenylmethylsulfonyl fluoride, 20 μg/ml aprotinin), and the Triton X-100-soluble and

Triton X-100-insoluble fractions were collected similarly to the method described above,

and two fractions were characterized by western blot analysis.

Immunofluorescence analysis

The cells were cultured on glass coverslips in a 6-well plate, and cells were fixed with

3.7% formaldehyde in PBS and permeabilized by 0.1% Triton X-100 in PBS. Cells were

then treated with the primary antibodies, and further incubated with the secondary

antibody of either the Alexa488- or Alexa594-conjugated anti-immunoglobulin antibody

(anti-mouse, anti-rabbit or anti-guinea pig; Molecular Probes). Cell nuclei were stained

with Hoechst 33258. The samples were mounted in Fluoromount/PlusTM (Diagnostic



Biosystems) and the images were analysed with a fluorescence microscope (BZ-8000;

KEYENCE).

Microscope analysis

Cells with one large HDAC6/p62-double-positive aggregate (more than 15 μm2 in size) at

the perinuclear region with nuclear deformity were counted as aggresome-positive cells.

Cells with multiple small HDAC6-negative/p62-positive aggregates (less than 10 μm2 in

size) were counted as p62-aggregate-positive cells. To measure cells with p62/HDAC6-

positive aggresome or p62-positive/HDAC6-negative aggregates, 300 cells in random

fields from three coverslips were analysed by staining with anti-HDAC6 and anti-p62

antibodies. Percentages of cells with p62/HDAC6-positive aggresome or p62-

positive/HDAC6-negative aggregates were calculated as the ratio of aggresome-positive

or p62-aggregates-positive cells relative to total cells. To measure cells with aggresome

induced by GFP-CFTR-ΔF508, GFP-α-synuclein/synphilin-1 or HA-AIMP2, at least 300

cells in random fields from three or four coverslips were counted. One large GFP- or HA-

positive aggregate (more than 15 μm2 in size) at the perinuclear region with nuclear

deformity was evaluated as an aggresome. Percentages of cells with GFP- or HA-positive

aggresome were calculated as the ratio of aggresome-positive cells relative to total cells.

To measure the size of p62-aggregate (p62 aggregate (μm2)), cells were transfected with

the p62 expression plasmid and the sizes of p62-aggregates were quantified from 30

randomly selected p62-aggregates using the fluorescent analysis software package (BZ-II

analyser; KEYENCE). The number of p62-aggregates per cell was counted from 30

randomly selected cells treated with proteasome inhibitors in the presence or absence of

N-acetylcysteine. To measure p62 fluorescence intensity at the aggresome (p62-F at

aggresome) or Nrf2 fluorescence intensity at the nucleus (Nrf2-F at nucleus), these

fluorescence intensities were measured from 20 randomly selected cells using the BZ-II

analyser. Detection of ROS was performed as described previously (Takahashi et al.,

2013). Briefly, cells were incubated with 5 μM of 5-(and-6)-chloromethyl-2’7’-

dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes) for

5 min at 37 ℃. The cells were fixed with 3.7% formaldehyde in PBS and the CM-

H2DCFDA-fluorescence intensity per cell was quantified using BZ-II analyser. Twenty

cells in random fields were analysed and the data are presented as the mean fluorescence

intensity (ROS-F). Two methods were used to measure the level of apoptosis. First,

apoptotic cells on coverslips were visualized by an anti-cleaved caspase-3 antibody and

then stained cells were counted under a fluorescence microscope. Next, cell nuclei were

stained with Hoechst33258 and cells with condensed nuclei were counted under a



fluorescence microscope. Three hundred cells in random fields from three coverslips

were analysed (cleaved caspase-3 (%) or condensed nuclei (%)).

Detection of protein aggregates by the ProteoStat dye

The ProteoStat Aggresome Detection Kit (Enzo Life Sciences, NY, USA) was used

according to the manufacturer's protocol to detect protein aggregates.

Pathological analysis

The study was performed with the approval of the ethics committees of Niigata

University. The autopsied brain tissues of patients with PD (n = 3), MSA (n = 3) and

controls (n = 3) were used. Formalin-fixed, paraffin-embedded sections, 4-μm-thick, were

immunostained using a rabbit polyclonal antibody against USP10 (HPA006731; Sigma-

Aldrich) and a mouse monoclonal antibody against phosphorylated α-synuclein (015-

25191; Wako). The deparaffinized sections were incubated with formic acid for 5 min

and autoclaved for 10 min at 121 ℃ in citrate buffer. Immunolabeling was detected using

the peroxidase-polymer–based method using the Histofine Simple Stain MAX-PO kit

(Nichirei Biosciences) and visualized with a diaminobenzidine/H2O2 solution.

Counterstaining was carried out with hematoxylin. For immunofluorescent imaging,

primary antibodies were detected by Alexa488- or Alexa568-conjugated anti-

immunoglobulin secondary antibodies (appropriately anti-mouse or anti-rabbit;

Molecular Probes). These signals were observed under a confocal microscope

(FV3000RS; Olympus).

Statistical analysis

Data were analysed with the Student’s t-test or one-way ANOVA followed by Tukey's

Multiple Comparisons Test using Prism7 software (GraphPad) and are presented as the

mean ± sd.
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