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Abstract

Parkinson’s disease (PD) is a common neurodegenerative disease (NDD) characterized by

the loss of dopaminergic neurons in the substantia nigra. Similar to other NDDs, the buildup

of toxic protein aggregates in PD leads to progressive neuronal loss, culminating in neurode-

generation. Accumulating evidence indicates that alterations in subcellular organelles, par-

ticularly the endoplasmic reticulum (ER), are critically involved in pathological

neurodegenerative events in NDDs, including PD. Mutations in the F-box only protein 7

(FBXO7 or PARK15) gene have been found to cause early onset autosomal recessive famil-

iar PD. FBXO7 functions as an adaptor protein in the Skp1-Cullin1-F-box protein (SCF) E3

ubiquitin ligase complex, which promotes substrate ubiquitination. Although FBXO7 is

involved in the ubiquitination of various target proteins, little is known about the upstream

regulatory mechanism of FBXO7 and/or its modulator(s). Ubiquitin specific protease 7

(USP7) is a deubiquitinating enzyme that regulates the balance between protein synthesis

and degradation by removing ubiquitin from target substrates. The role of USP7 in various

types of cancer is well-established; however, its role in NDDs has not been elucidated to

date. In this study, we identified that USP7 acts as a novel regulator of FBXO7, positively

regulating the stability of FBXO7 through Lys48-linked deubiquitination. Moreover, USP7

was found to mitigate ER stress-induced cytotoxicity and apoptosis by preventing the pro-

teasomal degradation of FBXO7. Taken together, our study suggests that the functional

relationship between FBXO7 and USP7 may play a crucial role in ER stress-induced apo-

ptosis and the pathogenesis of PD.

Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzhei-

mer’s disease, which is caused by dopaminergic neuron loss in the substantia nigra of the mid-

brain [1]. There are several recognized risk factors for PD, including aging, abnormal and

toxic protein aggregation, and mitochondrial dysfunction. Approximately 5–10% of PD cases

are caused by mutations in one of several familiar genes such as α-synuclein, parkin, PTEN-

induced kinase 1 (PINK1), DJ-1, LRRK2, ATP13A2, and F-box only protein 7 (FBXO7) [2, 3].
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FBXO7 is a member of the F-box protein family and functions as an adaptor protein of the

Skp1-Cullin1-F-box protein (SCF) ubiquitin E3 ligase complex [4]. While facilitating the ubi-

quitination of various substrates, FBXO7 also regulates several proteins in an SCF complex-

independent manner [5–9]. For example, FBXO7 negatively regulates SIRT7 stability through

lysine (Lys)48-linked polyubiquitination in an SCF-dependent manner [10]. Moreover,

FBXO7 promotes the proteolysis of FOXO4 through SCF-independent pathways, including

caspase-8 activation [11]. Although many substrates of the SCF complex and their pathophysi-

ological roles have been well-identified, less is known about the upstream regulator(s) of

FBXO7 and its underlying molecular mechanism remains to be fully elucidated.

The endoplasmic reticulum (ER) is an essential subcellular organelle with a variety of cellu-

lar functions, including the manufacturing and transport of lipids and proteins, proper protein

folding and modification, and calcium homeostasis [12, 13]. When the environmental or phys-

iological condition of cells change under various stimuli, including hypoxia, oxidative stress,

and calcium depletion, aberrant proteins accumulate in the ER, resulting in a condition called

ER stress [13]. As a protective response to ER stress, cells activate the unfolded protein

response (UPR), accelerating the protein quality control of the ER [14]. However, when ER

stress is excessive or persistent, ER function is disturbed, resulting in the accumulation of

unfolded and misfolded proteins in the ER. Continuous activation of the UPR eventually

becomes cytotoxic and initiates apoptosis [15–18]. Recent studies have suggested a close link

between ER stress and PD-associated pathologies [19].

Deubiquitinating enzymes (DUBs) remove ubiquitin from target proteins, which can either

rescue proteins from degradation or modulate their functional activity or signaling [20].

Approximately 100 DUBs are encoded in the human genome, which are subdivided into seven

families, according to their catalytic domains: Ubiquitin-specific proteases (USPs), ubiquitin

C-terminal hydrolases, ovarian tumor proteases, Machado-Joseph disease proteases, Jab1/

Mov34/Mpr1 metalloproteases, MIU-containing novel DUB, and zinc finger-containing ubi-

quitin peptidase 1 [20]. USP7, also known as herpes virus-associated ubiquitin-specific prote-

ase (HAUSP), is a deubiquitinating enzyme that modifies ubiquitin on its substrates and thus

affects various cellular processes such as the stress response, apoptosis, and the cell cycle [21,

22]. For example, USP7 removes the Lys63-linked polyubiquitin chains of SIRT7 as well as a

single ubiquitin moiety from FOXO4 [23, 24]. Unlike polyubiquitinated targets via Lys48 link-

age that are ultimately destined for proteasomal degradation, USP7 only negatively regulates

the activities of SIRT7 and FOXO4 with no effect on their stability [23, 24].

Based on recent findings that USP7 and FBXO7 are involved in the regulation of SIRT7 and

FOXO4, we hypothesized that there might be a biochemical and/or functional relationship

between the two proteins. In this study, we found that USP7 interacts with FBXO7 in mamma-

lian cells. In addition, USP7 prevented the proteasomal degradation of FBXO7 through

Lys48-linked deubiquitination. Furthermore, USP7 knockout or treatment of USP7-specific

chemical inhibitors exacerbated tunicamycin (TM)-induced cytotoxicity and apoptosis, which

was considerably mitigated by FBXO7 overexpression. Collectively, the present study implies

that USP7 attenuates ER stress-induced apoptosis through the deubiquitination and stabiliza-

tion of FBXO7, which may also play a role in PD pathogenesis.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), Lipofectamine1

2000, polyethylenimine (PEI) reagent, and anti-mouse and anti-rabbit horseradish peroxidase

(HRP)-conjugated secondary antibodies were purchased from PerkinElmer and Analytical
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Sciences (Waltham, MA, USA). TransIT-X21Dynamic Delivery System for plasmid DNA

and siRNA transfection was purchased from Mirus Bio (Madison, WI, USA). Protein-A

Sepharose beads were purchased from GE Healthcare Biosciences (Piscataway, NJ, USA). TM

and cycloheximide were purchased from Sigma-Aldrich (St. Louis, MO, USA). P5091 was pur-

chased from Selleck Chemicals (Houston, TX, USA). Enhanced chemiluminescence (ECL)

reagent was purchased from Abclon (Seoul, Korea) and Advansta (Menlo Park, CA, USA). All

other chemicals used in the study were analytical-grade commercial products purchased from

Sigma-Aldrich. The following primary antibodies (and their catalog numbers) for western

blotting were purchased from the indicated vendors: Mouse monoclonal anti-HA (sc-7392,

Santa Cruz Biotechnology), anti-Flag (F3165, Sigma-Aldrich), anti-Myc (sc-40, Santa Cruz

Biotechnology), anti-FBXO7 (sc-271763, Santa Cruz Biotechnology), anti-C/EBP homologous

protein (CHOP) (L63F7, Cell Signaling Technology), anti-HSP90 (sc-13119, Santa Cruz Bio-

technology), rabbit monoclonal anti-USP7 (GTX125894, GeneTex), anti-poly(ADP-ribose)

polymerase-1 (PARP1) (9542, Cell Signaling Technology), and anti-caspase 3 (9662, Cell Sig-

naling Technology). HRP-conjugated anti-mouse (AP124P) and anti-rabbit (AP132P) second-

ary antibodies were purchased from EMD Millipore (Billerica, MA, USA).

DNA constructs and RNA interference

Mammalian expression vectors for Flag-tagged human wild-type FBXO7 isoform-1 and its

F-box deletion mutant were provided by H.J. Kuiken (The Netherlands Cancer Institute,

Amsterdam, Netherlands). The mammalian expression vectors for Flag-tagged human wild-

type USP7 and its deletion mutants were provided by J.H. Kim (Inha University, Incheon,

Korea). The bacterial plasmids encoding glutathione S-transferase (GST)-tagged USP7

(pGEX-4T-2-USP7) or GST as a control (pGEX-4T-2) were provided by K.H. Baek (CHA Uni-

versity, Gyeonggi-do, Korea). All plasmid sequences were verified by DNA sequencing (Bion-

ics, Seoul, Korea). Small interfering RNAs (siRNAs) for FBXO7 and USP7, and control

scrambled siRNA (cat. #51-01-14-04) were designed and synthesized by Integrated DNA

Technologies (Hanam-si, Gyeonggi-do, Korea). USP7-specific siRNA duplex sequences were

50-AUCAGCAGCUUAAGAUGAAAAUCAC(dTdT)-30 (sense) and 50-GUGAUUUUCAUCUU
AAGCUGCUGAUAG(dTdT)-30 (antisense). FBXO7-specific siRNA duplex sequences were

50-UUGGUUCUCCUCUAGAUUGAAGU(dTdT)-30 (sense) and 50-ACUUCAAUCUAGA
GGAGAACCAA(dTdT)-30 (antisense).

Cell culture and DNA transfection

Human embryonic kidney 293 (HEK293) cells were maintained in DMEM supplemented with

10% FBS and 100 U/mL penicillin-streptomycin. USP7-knockout HeLa cells were provided by

S. Ramakrishna. (Hanyang University, Seoul, Korea) and maintained in Iscove’s modified Dul-

becco’s medium supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. Human

neuroblastoma SH-SY5Y cells were maintained in DMEM/F12 supplemented with 10% FBS

and 100 U/mL penicillin-streptomycin. All cells were grown at 37˚C with 5% CO2, unless oth-

erwise indicated. All DNA transfections were carried out using PEI, Lipofectamine 2000, or

Mirus reagent, according to the manufacturer’s instructions.

Co-immunoprecipitation (Co-IP) and immunoblot analysis

Cell lysates were washed with ice-cold phosphate-buffered saline (PBS), scraped, and mixed

with 1% Nonidet P-40 lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 10%

glycerol, 1 mM sodium orthovanadate, 1 μg/mL aprotinin, 1 mM EGTA, 1 mM sodium fluo-

ride, and 0.2 mM phenylmethylsulfonyl fluoride). The cells were sonicated and the
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supernatants were collected by centrifugation at 13,000 × g for 15 min at 4˚C. For immunopre-

cipitation, 500~1000 μg of cell lysates were incubated with 1 μg of appropriate antibodies over-

night at 4˚C with gentle rotation. Protein A Sepharose beads were then added and incubated

for 2 h at 4˚C with gentle rotation. The beads were washed with 1% Nonidet P-40 lysis buffer,

and the immunocomplexes were dissociated by boiling in 2× sample buffer. The samples were

then resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to

a nitrocellulose membrane (Whatman, GE Healthcare Life Sciences). The membranes were

blocked in Tris-buffered saline with Tween (TBST) buffer (20 mM Tris, pH 7.5, 137 mM

NaCl, and 0.1% Tween 20) and 5% nonfat dry milk for 1 h at room temperature. Membranes

were then incubated with the appropriate primary antibody at 4˚C overnight. The membranes

were washed in TBST and incubated with HRP-conjugated secondary antibody for 2 h at

room temperature. The membranes were washed again with TBST, and the protein bands

were visualized using ECL reagents, according to the manufacturer’s instructions.

Immunocytochemistry analysis

SH-SY5Y cells were seeded onto poly D-lysine-coated cover glasses. Adherent cells were

washed twice with PBS and immediately fixed in 3.7% formaldehyde for 10 min at room tem-

perature. After fixation, cells were permeabilized with 0.1% Triton X-100 for 10 min and

blocked with 1% bovine serum albumin in TBST for 1 h at room temperature. Cells were then

immunostained using rabbit polyclonal anti-USP7 or/and mouse monoclonal anti-FBXO7

antibodies, washed, and incubated with Alexa Fluor 488- or Alexa Fluor 594-conjugated anti-

IgG antibodies. Images were captured using an LSM 880 confocal microscope (Carl Zeiss,

Oberkochen, Germany) and processed using the Zeiss LSM Image Browser (Carl Zeiss).

In vitro GST pull-down assay

Bacterial plasmids encoding GST-USP7 or GST were transformed into E.coli BL21 cells. Their

protein expressions were induced by adding 1 mM isopropyl 1-thio-β-D-galactopyranoside at

16˚C. The cells were harvested and lysed by sonication. The GST and GST-USP7 fusion pro-

tein were immobilized on glutathione-Sepharose 4B beads (GE Healthcare Biosciences),

according to the supplier’s instructions. HEK293 cells were transiently transfected for 24 h

with Flag-FBXO7, harvested, and lysed in lysis buffer. HEK293 cell lysates containing Flag-

FBXO7 protein were incubated with immobilized GST-tagged USP7 proteins overnight at

4˚C, and bound proteins were analyzed by western blotting.

Flow cytometry analysis

Cell apoptosis was detected using Annexin V-fluorescein isothiocyanate (FITC)/propidium

iodide (PI) apoptosis staining/detection Kit (ab14085, Abcam), and fluorescence-activated cell

sorting (FACS) was used for quantification. After ~1 x 105 cells were seeded in 6-well plates

and treated with 1 μM TM or vehicle (dimethyl sulfoxide) for 24 h, cells were collected and

resuspended in 500 μL 1X binding buffer, followed by staining with 5 μL Annexin V-FITC and

5 μL PI for 15 min at room temperature in the dark. The stained samples were analyzed using

the BD FACS LSR II SORP system (Becton Dickinson). Theoretically, cells could be divided

into the following four groups according to fluorescence staining through flow cytometry:

non-apoptotic cells (Annexin V-FITC-positive/PI-negative), late apoptotic/necrotic cells

(Annexin V-FITC-positive/PI-positive), and dead cells (Annexin V-FITC-negative/PI-

positive).
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Lactate dehydrogenase (LDH) cytotoxicity assays

Cytotoxicity was evaluated using an LDH Cytotoxicity Detection Kit (Takara, Kyoto, Japan).

USP7-knockout HeLa and SH-SY5Y cells were transfected with DNA for 24 h, followed by

treatment with 0.5 μM or 1 μM TM for an additional 24 h. Cell-free culture media were then

collected and used in the LDH assay, according to the manufacturer’s instructions. The maxi-

mum LDH release (referred to as “high control”) was determined by solubilizing the cells in

1% Triton X-100. Spontaneous LDH release (referred to as “low control”) was determined by

incubating the cells in the medium alone. Absorbance was measured at 490 nm using a micro-

plate reader. Cytotoxicity was calculated as a percentage of the control using the following for-

mula: cytotoxicity = [(experimental value–low control)/(high control–low control)] × 100%.

Statistical analysis

Unpaired Student’s t-tests were used for all statistical analyses to compare data from different

groups. The analysis was performed using the GraphPad Prism software (version 5; San Diego,

CA, USA). All values are reported as mean ± standard deviation of at least three independent

experiments. The intensities of the western blot bands were measured using GelQuant.NET

software (version 1.8.2).

Results

USP7 interacts with FBXO7 in mammalian cells

Numerous substrates of FBXO7 have been reported to date. We recently found that FBXO7

promotes the degradation of FOXO4 and SIRT7 [10, 11]. Previous studies further showed that

the functional activities of both FOXO4 and SIRT7 are negatively regulated by USP7, without

an influence on their stability [23, 24]. Based on these studies, we hypothesized that USP7 may

be physically and/or functionally related to FBXO7. To test this hypothesis, we first examined

the binding of FBXO7 to USP7 in mammalian cells. HEK293 cells were transfected with a plas-

mid encoding Myc-tagged FBXO7 alone or together with Flag/HA-USP7, and co-IP of cell

lysates was performed using an anti-Flag antibody. Immunoblotting of anti-Flag immunocom-

plexes with an anti-Myc antibody revealed that ectopically expressed FBXO7 interacted with

USP7 in HEK293 cells (Fig 1A). In addition, the interaction between endogenous FBXO7 and

USP7 was confirmed in HEK293 and human neuroblastoma SH-SY5Y cells (Fig 1B and 1C).

Furthermore, we investigated the direct binding of USP7 to FBXO7 through the utilization of

a recombinant GST-USP7 in the GST pull-down assay. Interestingly, the results revealed that

GST-USP7 does not interact with Flag-FBXO7 (S1 Fig). This result indicated that USP7 indi-

rectly interacts with FBXO7 through the protein complex(s) or additional unknown target(s).

Further study is necessary to clarify the exact mechanism of the interaction between USP7 and

FBXO7. Immunohistochemical analysis of SH-SY5Y cells further revealed that endogenous

FBXO7 and USP7 co-localized within cells (Fig 1D). Taken together, these results suggested

that USP7 interacts with FBXO7 in mammalian cells.

Both the N- and C-terminal regions of USP7 bind to the central region of

FBXO7

To determine which domain(s) of USP7 and FBXO7 were responsible for their interaction,

plasmids encoding several deletion mutants of both proteins lacking the respective conserved

functional and/or structural domain(s) were generated (Fig 2A and 2C). Accordingly, USP7

contains the N-terminal TRAF domain, catalytic domain, and five C-terminal ubiquitin-like

(Ubl) domains, primarily comprising two motifs: Ubl-1, -2 (amino acids 560–776) and Ubl-3,
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-4, -5 (amino acids 776–1102). FBXO7 has a Ubl domain, FP domain, F-box domain, and pro-

line-rich repeat domain. After expressing each USP7 and FBXO7 mutant in HEK293 cells,

their mutual interactions were assessed by co-IP analysis of cell lysates (Fig 2). Wild-type

FBXO7 bound to several USP mutants, including USP7-(1–208), USP7-(560–776), and USP7-

Fig 1. USP7 interacts with FBXO7. (A) After HEK293 cells were transfected for 24 h with plasmids encoding Flag/HA-USP7 and/or Myc-FBXO7, cell lysates

were immunoprecipitated using an anti-Flag antibody, followed by immunoblotting with the indicated antibodies. HSP90 served as a loading control. (B)

HEK293 cells were immunoprecipitated using either anti-USP7 antibody or preimmune IgG (control), followed by immunoblotting with the indicated

antibodies. (C) SH-SY5Y cell lysates were immunoprecipitated using anti-USP7 IgG, followed by immunoblotting with the indicated antibodies. (D) SH-SY5Y

cells were fixed, permeabilized, and immunostained. Representative confocal images of cells immunostained for endogenous USP7 (red) and endogenous

FBXO7 (green) are shown. Nuclei were counterstained with DAPI (blue). Scale bars denote 10 μm.

https://doi.org/10.1371/journal.pone.0290371.g001
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(776–1102), and full-length USP7. However, this interaction was not observed in the USP7-

(206–560) mutant (Fig 2B). These results suggested that the N-terminal TRAF and C-terminal

Ubl domains of USP7 are necessary for the binding of FBXO7. Similarly, additional co-IP anal-

yses revealed that full-length FBXO7 and its deletion mutants, including FBXO7-4U, FBXO7-

4F, and FBXO7-4C, bound well to wild-type USP7. However, this interaction was not

observed in the FBXO7-4N mutant (Fig 2D). These results suggested that the central region

of FBXO7, including the FP domain, is important for its binding of USP7.

Taken together our results indicate that USP7 binds to FBXO7 via the N- and C-terminal

regions of USP7 and the central region of FBXO7.

USP7 causes the increase of FBXO7 level

To gain further insight into the functional link between USP7 and FBXO7, we examined

whether USP7, as a DUB, affects the level of FBXO7, or vice versa. As shown in Fig 3A and 3B,

exogenous and endogenous FBXO7 levels in HEK293 cells greatly increased in the presence of

USP7 in a dose-dependent manner. In contrast, small interfering RNA (siRNA)-mediated

USP7 knockdown markedly decreased the endogenous FBXO7 levels (Fig 3C). In addition,

endogenous FBXO7 levels were significantly decreased in USP7-knockout HeLa cells (Fig 3D).

Fig 2. The N- and C-terminal regions of USP7 bind to the central region of FBXO7. (A) Schematic diagram of

wild-type USP7 (USP7-WT) and its several deletion mutants. The results from co-immunoprecipitation and binding

assays between FBXO7 and either USP7-WT or one of its deletion mutants are summarized on the right side. Minus

(-) indicates no binding and plus (+) indicates binding. (B) Where indicated, HEK293 cells were transfected for 24 h

with plasmids encoding Myc-FBXO7, Flag-tagged wild-type USP7, or one of its deletion mutants alone or in

combination. Cell lysates were immunoprecipitated using anti-Flag antibody, followed by immunoblotting with the

indicated antibodies. (C) Schematic diagram of wild-type FBXO7 (FBXO7-WT) and its deletion mutants. The results

from co-immunoprecipitation and binding assays between USP7 and either FBXO7-WT or one of its deletion mutants

are summarized on the right side. (D) HEK293 cells were transfected for 24 h with plasmids encoding Flag-USP7,

Flag-tagged wild-type FBXO7, or one of its deletion mutants alone or in combination. Cell lysates were

immunoprecipitated using anti-USP7 antibody, followed by immunoblotting with the indicated antibodies. HSP90

served as a loading control.

https://doi.org/10.1371/journal.pone.0290371.g002
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Fig 3. USP7 causes an increase of the FBXO7 level. (A) HEK293 cells were transfected for 24 h with a plasmid encoding Myc-FBXO7 alone or together with

increasing amounts of plasmid encoding Flag/HA-USP7. Cell lysates were then immunoblotted with anti-Myc or anti-Flag antibodies. The relative FBXO7

level of each sample was quantified and presented as the mean ± SD of three independent experiments (***p� 0.0001; **p� 0.001). (B) HEK293 cells were

transfected for 24 h with increasing amounts of plasmid encoding Flag/HA-USP7. Cell lysates were immunoblotted with anti-FBXO7 or anti-Flag antibodies.

(C) Where indicated, HEK293 cells were transfected for 48 h with control siRNA or USP7-siRNA. Cell lysates were immunoblotted with anti-FBXO7 or anti-

USP7 antibodies. (D) Immunoblotting analysis of lysates from USP7+/+ and USP7-/- HeLa cells was performed using anti-FBXO7 or anti-USP7 antibodies. (E)

HEK293 cells were transfected for 24 h with plasmids encoding wild type Myc-FBXO7 alone or together with either Flag/HA-USP7-WT or Flag/HA-USP7-CA.

Cell lysates were immunoblotted with the indicated antibodies. Relative FBXO7 levels were quantified, and the results are presented as the mean ± SD of three

independent experiments (***p� 0.0001; **p� 0.001). (F) HEK293 cells were transfected for 24 h with plasmids encoding Myc-FBXO7 or/and Flag/

HA-USP7. The cells were then treated for an additional 24 h with vehicle (-) or 6.25 μM P5091. (G) HEK293 cells were transfected for 24 h with plasmids

encoding wild type Myc-FBXO7 alone or together with either Flag/HA-USP7-WT or Flag/HA-USP7-C223A. Cells were then treated for the indicated times

with 25 μg/ml cycloheximide, and cell lysates were immunoblotted with the indicated antibodies. Relative FBXO7 levels were quantified and the results are

presented as the mean ± SD of three independent experiments (***p� 0.0001; **p� 0.001; * p� 0.05). HSP90 and β-actin served as a loading control.

https://doi.org/10.1371/journal.pone.0290371.g003
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To determine whether the catalytic activity of USP7 is required for the upregulation of

FBXO7 expression, HEK293 cells were transfected for 24 h with a plasmid encoding Myc-

FBXO7 alone or in combination with either Flag/HA-tagged wild-type USP7 (FLA-

G-HA-USP-WT) or its point-mutant with an alanine (Ala) substation at C223 (Flag/

HA-USP7-C223A), which results in a catalytically inactive mutant of USP7. Immunoblot anal-

ysis revealed that the USP7-C223A mutant had no effect on FBXO7 levels, in contrast to the

effect of USP7-WT (Fig 3E). Furthermore, treatment with the USP7 inhibitor P5091 consider-

ably suppressed the upregulation of FBXO7 (Fig 3F). These results suggested that the catalytic

activity of USP7 is critical for the USP7-induced FBXO7 upregulation.

To determine whether USP7 regulates the stability of FBXO7, HEK293 cells were trans-

fected with a plasmid encoding Myc-tagged FBXO7 alone or in combination with either Flag/

HA-USP7-WT or Flag/HA-USP7-C223A and the cells were then treated with 25 μM cyclohex-

imide for various durations. Immunoblotting analysis revealed that the half-life of FBXO7 was

significantly increased by USP7-WT (Fig 3G). However, this effect was not observed in the

presence of the USP7-C223A mutant (Fig 3G). Overall, these results suggested that USP7

increases the stability of FBXO7.

To further determine whether FBXO7 also affects USP7 levels as a mutual regulatory mech-

anism, HEK293 cells were transfected with increasing amounts of plasmids encoding Myc-

FBXO7. Immunoblot analysis of the cell lysates revealed that exogenous and endogenous

USP7 levels were not affected by FBXO7 (S2A and S2B Fig).

Overall, our results suggest that FBXO7 acts as a downstream target of USP7, thereby

enhancing the half-life of FBXO7.

USP7 promotes the K48-linked deubiquitination of FBXO7

Next we investigated whether USP7 catalyzes the deubiquitination of FBXO7. HEK293 cells

were transfected with plasmids encoding HA-ubiquitin, Myc-FBXO7, Flag-USP7-WT, and

Flag-USP7-C223S, alone or in combination. Co-IP analysis revealed that co-expression of

FBXO7 with wild-type USP7 significantly decreased the level of ubiquitinated FBXO7, whereas

this effect was not observed with the catalytic-inactive USP7-C223S mutant (Fig 4A). These

results were further confirmed by reciprocal co-IP assay (S3 Fig).

We then examined whether the USP7-mediated deubiquitination of FBXO7 specifically tar-

geted either Lys48- or Lys63-linked ubiquitin chains. HEK293 cells were transfected with plas-

mids encoding HA-Ub-K48 or HA-Ub-K63 alone, in which six of the seven lysine residues

(K6, K11, K27, K29, K33, K48, and K63) of ubiquitin, except K48 or K63, were substituted

with alanine, or with either Flag-USP7-WT or Flag-USP-CS. Immunoblotting of cell lysates

with an anti-ubiquitin antibody revealed that USP7 promoted the deubiquitination of FBXO7

via the Lys48-ubiquitin linkage destined for degradation by the 26S proteasome pathway, but

not via the Lys63-ubiquitin linkage (Fig 4B and 4C). These results suggested that USP7 pre-

vents the proteasomal degradation of FBXO7 through Lys48-linked deubiquitination.

USP7 reduces the TM-induced cytotoxic effect through stabilization of

FBXO7

Pharmacological inhibition of USP7 in cancer cells has been shown to strongly increase the

accumulation of polyubiquitinated proteins [25]. In addition, USP7 inhibitors induce apopto-

sis by increasing both oxidative stress and ER stress. Based on these findings, it is highly proba-

ble that USP7-mediated stabilization of FBXO7 affects ER stress-induced apoptosis. To

explore this possibility, we examined whether the presence of USP7 and/or FBXO7 affects cell

viability during the ER stress response. First, USP7+/+ or USP7-/- HeLa cells were treated with
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Fig 4. USP7 promotes the K48-linked deubiquitination of FBXO7. (A-C) Where indicated, HEK293 cells were transfected for 24

h with the plasmids encoding HA-Ubiquitin-WT (Ub; A), HA-Ub-K48 in which six Lys residues, except the K48 site, are replaced

with alanine (B) or HA-Ub-K63 in which six Lys residues, except the K63 site, are replaced to alanine (C) alone or together with

either Flag-USP7-WT or Flag-USP7-CS (A-C), and treated for an additional 6 h with 20 μM MG132. Cell lysates were

immunoprecipitated using anti-Myc antibody, followed by immunoblotting with the indicated antibodies. HSP90 served as a

loading control.

https://doi.org/10.1371/journal.pone.0290371.g004
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various concentrations of TM, an inducer of ER stress via inhibition of N-linked glycosylation,

and the change in cell viability was measured using a LDH cytotoxicity assay. This assay mea-

sures the release of cytoplasmic LDH enzyme as an indicator of plasma membrane damage.

As expected, TM treatment increased cytotoxicity in both USP7+/+ and USP7-/- HeLa cells

in a dose-dependent manner (Fig 5A). Interestingly, the cytotoxicity to USP7-/- cells was signif-

icantly higher than that to USP7+/+ cells (Fig 5A). After transfection with a plasmid encoding

Myc-FBXO7 for 24 h, followed by treatment with vehicle or 1 μM TM, the USP7-/- cells

showed more than 2-fold greater TM-induced cytotoxicity than USP7+/+ cells. Moreover,

USP7-/- cells transfected with a plasmid encoding Myc-FBXO7 showed a ~10% lower level of

TM-induced cytotoxicity compared with that of mock-transfected USP7-/- cells (Fig 5B).

Next, we attempted to determine whether the same effect could be observed in dopaminer-

gic neuroblastoma SH-SY5Y cells. Similar to the results in HEK293 cells, the cytotoxicity of

TM to SH-SY5Y cells increased in a dose-dependent manner (Fig 5C). After transfection of

SH-SY5Y cells for 48 h with control siRNA, FBXO7-siRNA, and/or a plasmid encoding Flag-

USP7, followed by treatment with the vehicle or 0.5 μM TM, immunoblotting analysis revealed

Fig 5. USP7 reduces tunicamycin (TM)-induced cytotoxicity through stabilization of FBXO7. (A) USP7+/+ and

USP7-/- HeLa cells were treated for 24 h with vehicle (-) or the indicated concentrations of TM. Cell toxicity was

measured using lactate dehydrogenase (LDH) assays. Data are presented as the mean ± SD of three independent

experiments (***p� 0.0001; **p� 0.001; *p� 0.05). (B) USP7+/+ and USP7-/- HeLa cells were transfected for 24 h

with a plasmid encoding Myc-FBXO7, and treated for an additional 24 h with vehicle or TM (1 μM). Data are

presented as the mean ± SD of three independent experiments (***p� 0.0001; **p� 0.001). (C) SH-SY5Y cells were

treated for 24 h with vehicle (-) or the indicated concentration of TM. Data are presented as the mean ± SD of three

independent experiments (***p� 0.0001; **p� 0.001). (D) SH-SY5Y cells were transfected for 48 h with control

siRNA (CTL), FBXO7-siRNA, or a plasmid encoding Flag-USP7, and then treated for an additional 24 h with vehicle

or TM (0.5 μM). Data are presented as the mean ± SD of three independent experiments (***p� 0.0001; **p� 0.001; *
p� 0.05).

https://doi.org/10.1371/journal.pone.0290371.g005
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that cells expressing Flag-USP7 showed 8% lower levels of TM-induced cytotoxicity compared

with that of mock-transfected cells. In addition, the cells expressing Flag-USP7 with FBXO7
knockdown exhibited a 5% higher level of TM-induced cytotoxicity compared with that of

cells expressing Flag-USP7 alone (Fig 5D).

Taken together, these findings suggested that USP7 reduces the cytotoxic effects of TM by

stabilizing FBXO7.

USP7 alleviates ER stress-induced apoptosis through stabilization of

FBXO7

Next, we examined whether the TM-induced cytotoxicity was due to apoptotic cell death.

After USP7+/+ and USP7-/- HeLa cells were treated with various concentrations of TM, immu-

noblot analysis of cell lysates with antiserum against several apoptosis markers confirmed that

TM triggered apoptosis. Similar to the cytotoxicity pattern, the levels of cleaved PARP1 and

CHOP were much higher in USP7-/- cells than in USP7+/+ cells (Fig 6A). We examined

whether the same effect could be observed in SH-SY5Y cells. After SH-SY5Y cells were treated

with TM alone or in combination with increasing concentrations of the USP7 inhibitor P5091,

immunoblot analysis revealed that both of cleaved PARP1 and caspase-3 levels were increased

by TM alone, and were further increased by combined treatment of TM and P5091 (S4A Fig).

These results suggested that USP7 attenuates ER stress-induced apoptosis.

We further examined whether FBXO7 plays an anti-apoptotic role during TM-induced

apoptotic cell death. Similar to the pattern shown in Fig 6A, immunoblot analysis

Fig 6. USP7 attenuates ER stress-induced apoptosis through stabilization of FBXO7. (A) USP7+/+ and USP7-/- HeLa cells were treated for 24 h

with vehicle (-) or the indicated concentrations of tunicamycin (TM). Cell lysates were immunoblotted with the indicated antibodies. (B) Where

indicated, USP7+/+ or USP7-/- HeLa cells were transfected for 24 h with a plasmid encoding Myc-FBXO7, and treated for an additional 24 h with

vehicle (-) or TM (0.5 μM). Cell lysates were immunoblotted with the indicated antibodies. Data are presented as the mean ± SD of three

independent experiments (***p� 0.0001; **p� 0.001). HSP90 served as a loading control. (C) USP7+/+ and USP7-/- HeLa cells were transfected

for 24 h with vehicle (dimethyl sulfoxide, DMSO) or TM (1 μM). The extent of apoptotic cell death was detected by flow cytometry. Data are

presented as the mean ± SD of three independent experiments (***p� 0.0001).

https://doi.org/10.1371/journal.pone.0290371.g006
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demonstrated that USP7-/- cells displayed 7.8-fold higher levels of cleaved PARP1 under TM

treatment than USP7+/+ cells (Fig 6B). In addition, when USP7-/- cells were transfected with a

plasmid encoding Myc-FBXO7 followed by TM treatment, the cleaved PAPR1 level was

decreased by 1.5-fold compared with that of TM-treated and mock-transfected USP7-/- cells

(Fig 6B). SH-SY5Y cells were also transfected with a plasmid encoding Myc-FBXO7, followed

by co-treatment of TM and P5091, the USP7-specific inhibitor. Similar to the pattern shown in

Fig 6B, immunoblot analysis demonstrated that SH-SY5Y cells transiently expressing Myc-

FBXO7 and treated with TM and P5091 showed a 3.9-fold lower level of cleaved caspase-3

than mock-transfected cells (S4B Fig).

To verify the effect of FBXO7 on TM-induced apoptosis, flow cytometry analysis was per-

formed using Annexin V-FITC and PI staining. As shown in Fig 6C, USP7+/+ cells exhibited

an 18% higher apoptotic rate with TM treatment compared to untreated cells as a control.

After TM treatment, USP7-/- cells showed a 35% increased apoptotic rate compared with that

of USP7+/+ cells. In addition, USP7-/- HeLa cells expressing Myc-FBXO7 exhibited a 13.6%

lower TM-induced apoptotic rate than mock-transfected USP7-/- HeLa cells (Fig 6C).

Overall, these results suggested that USP7 alleviates ER stress-induced apoptosis by stabiliz-

ing FBXO7.

USP7 increases the protein stability of three PD-linked mutants as well as

wild-type FBXO7

Finally, we investigated the effect of USP7 on three familial PD-associated pathological

mutants of FBXO7: two point-mutants of FBXO7 in which the Thr-22 or Arg-378 residues are

substituted with Met and Gly, respectively (FBXO7-T22M and FBXO7-R378G), and a non-

sense mutant at Arg-498 (FBXO7-R498X) (Fig 7A). HEK293 cells were transfected with a plas-

mid encoding Flag/HA-USP7, wild-type FBXO7, or one of the FBXO7 mutants alone or in

combination. Immunoblot analysis of cell lysates revealed that USP7 increased all three point

mutants of FBXO7, similar to the level of wild-type FBXO7 (Fig 7B). However, this effect was

not observed in the catalytic inactive USP7-C223S mutant (Fig 7C). These results indicated

that USP7 could increase the levels of three PD-associated pathogenic mutants of FBXO7, as

well as its wild-type protein in a catalytic-dependent manner.

We further examined the effect of PD-linked mutants on ER stress-induced apoptosis.

USP7-/- HeLa cells transfected with the plasmid encoding either Flag-tagged wild-type FBXO7

or one of its PD-linked mutants, and then treated for an additional 24 h with vehicle or TM.

Immunoblotting analysis revealed that TM-induced ER stress upregulated the level of cleaved

PARP1, which was then decreased in cells expressing FBXO7-R378G, FBXO7-R498X, and

wild-type FBXO7 (Fig 7D). However, FBXO7-T22M impaired the ability of FBXO7 to mitigate

ER stress-induced apoptosis (Fig 7D). The Ubl domain of FBXO7 is important for interaction

with parkin, which recruits parkin into damaged mitochondria to initiate mitophagy.

FBXO7-T22M mutation within the Ubl domain interferes with its interaction with parkin

[26]. Our results suggested that the interaction between FBXO7 and parkin appears to be

essential for mitigating ER stress-induced apoptosis.

Taken together, these findings highlight the importance of USP7 in promoting the interac-

tion between FBXO7 and parkin, thereby contributing to the regulation of cellular responses

to ER stress.

Discussion

ER stress is considered to mainly contribute to the degeneration of dopaminergic neurons,

which are particularly sensitive to unfolded, misfolded, and aggregated proteins [27].
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Accordingly, many recent studies have indicated a correlation between ER stress and the path-

ogenesis of PD. For example, ATF4-upregulated parkin suppresses ER stress and cell death via

E3 ubiquitin ligase activity [28, 29]. Furthermore, TM- or thapsigargin-induced ER stress

inhibits the loss of parkin activity and promotes its recruitment to the mitochondria, thereby

activating mitophagy during reperfusion after ischemia [30]. Another previous study revealed

that FBXO7 interacts with parkin and recruits parkin into impaired mitochondria, which facil-

itates mitophagy to protect cells [26]. These hypotheses were further supported by our finding

that the USP7-mediated stabilization of FBXO7 inhibited cell death under ER stress. More-

over, treatment with USP7 inhibitors has been reported to cause the accumulation of polyubi-

quitinated proteins, leading to ER stress induction in cancer cells. Consequently, induction of

ER stress by USP7 inhibitors induces oxidative stress and cancer cell apoptosis [25]. In the

present study, we also found that both USP7 knockout in HeLa cells and treatment with USP7

inhibitors in SH-SY5Y cells increased ER stress-induced cytotoxicity and apoptosis. In addi-

tion, this induction, via the blockade of USP7 activity, was rescued by FBXO7 overexpression.

Interestingly, the pathogenic PD-linked FBXO7-T22M mutant, which impairs the interaction

with parkin, does not rescue the ER stress-induced apoptosis. These results suggest that

USP7-upregulated FBXO7 interacts with parkin, which is necessary for the protective mecha-

nism against ER stress-induced apoptosis. In addition, the altered FBXO7-parkin binding

resulting from the T22M mutation may hold significant implications for familial PD cases

associated with the variant form of FBXO7, emphasizing its close association with the occur-

rence of the disease.

Fig 7. USP7 enhances the levels of three Parkinson’s disease (PD)-linked FBXO7 mutants as well as wild-type FBXO7. (A) Schematic diagram

of wild-type FBXO7 and its three PD-linked mutants (FBXO7-T22M, FBXO7-R378G, and FBXO7-R498X). (B) HEK293 cells were transfected for 24

h with plasmids encoding Flag/HA-USP7, Flag-FBXO7-WT, Flag-FBXO7-T22M, Flag-FBXO7-R378G, or Flag-FBXO7-R498X alone or in

combination. Cell lysates were immunoblotted with the indicated antibodies. The relative amount of FBXO7 in each sample was quantified and data

are presented as the mean ± SD of three independent experiments (***p� 0.0001; **p� 0.001). (C) HEK293 cells were transfected for 24 h with

plasmids encoding Flag-USP7-WT, Flag-USP7-C223S, Flag-FBXO7-WT, Flag-FBXO7-T22M, Flag-FBXO7-R378G, or Flag-FBXO7-R498X alone or

in combination. Cell lysates were immunoblotted with the indicated antibodies. (D) USP7-/- HeLa cells were transfected for 24 h with the plasmids

encoding either Flag-tagged wild-type FBXO7 or one of its PD-linked mutants, and then treated for an additional 24 h with vehicle (-) or TM

(0.5 μM). Cell lysates were immunoblotted with the indicated antibodies. Data are presented as the mean ± SD of three independent experiments

(**p� 0.001; NS, not significant). β-actin and HSP90 served as a loading control.

https://doi.org/10.1371/journal.pone.0290371.g007
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The ubiquitin-proteasome system (UPS) is one of the two major protein degradation

machineries in eukaryotic cells [31]. Recent studies have shown that several E3 ligases and

DUBs, two important components of the UPS, precisely control the ER stress response

through the ubiquitination or deubiquitination of target proteins [16]. For example, the mito-

chondrial E3 ubiquitin ligase MITOL ubiquitinates the mitochondrial fission factor Drp1,

affecting mitochondrial morphology and dynamics [32]. MITOL also ubiquitinates the ER

transmembrane protein IRE1α and inhibit its activity, thereby limiting ER stress-dependent

apoptosis [33]. Moreover, the ER-located RING finger E3 ligase RNF186 was not only found

to be upregulated under ER stress but also participated in the regulation of ER stress-mediated

apoptosis [34]. The pro-apoptotic protein BNip1 is a substrate of RNF186, which interacts

with and colocalizes in the ER. Overexpression of RNF186 in mouse primary hepatocytes also

promotes the expression of inflammatory factors, including tumor necrosis factor-α, interleu-

kin-6, and monocyte chemoattractant protein-1, in the ER stress pathway [35]. These results

indicate that RNF186 plays a crucial role in apoptosis and the inflammatory response under

ER stress. The ubiquitin ligase GP78 ubiquitinates Ubl4A, a component of the ERAD pathway

[36]. Interestingly, USP13 counteracts the GP78-mediated ubiquitination of Ubl4A through

the deubiquitination and stabilization of Ubl4A, thus playing a positive role in the degradation

of misfolded proteins [36]. Finally, ORP8 is an ER-anchored protein implicated in lipid trans-

fer at the contact sites between the ER and other membranes. Recently, it was reported that the

interaction between USP5 and ORP8 can induce ER stress [37]. USP5 promotes the accumula-

tion of ORP8 and disturbance of phospholipid transport through ORP8 deubiquitination.

USP5-mediated deubiquitination of ORP8 indirectly aggravates ER stress in colon cancer cells

and induces apoptosis [37]. In addition to these cases, the present study provides another

example, identifying that USP7 and FBXO7 act as novel DUB and E3 ligases involved in the

ER stress response. Moreover, our data indicate that the pro-survival effect of USP7 could be

exerted through its catalytic activity in response to ER stress.

Similar to the current finding of the USP-mediated modulation of FBXO7 stability, and its

proposed link to PD pathology, there have been many reports demonstrating the association

between DUBs and two PD-linked genes, PINK1 and parkin. The mitochondrial kinase

PINK1 and the ubiquitin ligase parkin degrade damaged mitochondria via mitophagy. In addi-

tion to toxic aggregates of α-synuclein in neurons, mitochondrial dysfunction contributes to

PD. Mitophagy is a subtype of macroautophagy that selectively targets defective mitochondria

to the lysosome for degradation [38]. Durcan et al. demonstrated that USP8 plays a direct role

in deubiquitinating parkin and preventing its auto-ubiquitination [39]. RNA interference-

mediated knockdown of USP8 in different cell lines caused a delay in the recruitment of parkin

to depolarized mitochondria. In addition, it led to the accumulation of ubiquitinated parkin,

which remained longer in the damaged mitochondria and delayed their clearance by mito-

phagy. Three additional DUBs were linked to parkin and parkin-mediated mitophagy. USP15

and two mitochondrial USPs, USP30 and USP35, inhibit parkin-mediated ubiquitination of

mitochondrial proteins, thereby mitigating the clearance of depolarized mitochondria [40, 41].

Recently, mitochondrial USP33 has the ability to deubiquitinate parkin by removing various

types of ubiquitin conjugates (K6-, K11-, K48-, and K63-linked) from parkin [42]. USP33-

knockdown increased the stability of parkin and its translocation to depolarized mitochondria,

which enhanced mitophagy and protection to human neuroblastoma cells against apoptotic

cell death induced by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Collec-

tively, previous findings and those of the present study support the concept that protein ubi-

quitination and ubiquitin-dependent proteasomal degradation are balanced by

deubiquitination, and defective control during these events somehow contributes to the patho-

genesis of PD.
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FBXO7 exerts both protective and toxic effects. For example, we previously reported that

FBXO7 triggers neuronal cell death in response to oxidative stress through degradation of

cytoprotective FOXO4 and SIRT7 [10, 11]. Moreover, FBXO7 promotes the ubiquitination

and proteasomal degradation of cytoprotective PINK1 in BEAS-B2 cells [43]. In contrast, mild

and transient stress can induce FBXO7 expression, facilitating neuroprotective mitophagy and

protecting cells [44]. In addition, FBXO7 differentially affects the stability of PINK1 depending

on the cell types [45]. For instance, the presence of wild-type FBXO7 or its familial PD-linked

mutants led to the accumulation of PINK1 upon carbonyl cyanide m-chlorophenyl hydrazone

(CCCP) treatment in HEK293, HeLa, and SH-SY5Y cells. FBXO7 acts as a scaffold protein

with chaperone activity. FBXO7 directly interacts with Bag2, which plays an important role in

stabilizing PINK1 by inhibiting its ubiquitination. Therefore, the accumulation of PINK1 is

dependent on the synergic chaperone activity of FBXO7 and Bag2. These results suggested

that FBXO7 and PINK1 play reciprocal roles in regulating protein levels [45]. FBXO7 levels

were found to be decreased in the substantia nigra pars compacta from Pink1-knockout mice.

Consequently, PINK1 kinase activity may play a crucial role in regulating FBXO7 protein lev-

els and FBXO7-mediated mitophagy [45]. The current study provides evidence that FBXO7

displays a cytoprotective action. We found that USP7-mediated FBXO7 stabilization alleviated

ER stress-induced cytotoxicity and apoptosis in SH-SY5Y and USP7-knockout HeLa cells.

These results further indicated that USP7 increased the protein level of FBXO7 with scaffold

activity to restore ER homeostasis in response to ER stress.

In conclusion, we propose a new regulatory pathway for the action of FBXO7. The current

findings also suggest that the USP7-mediated stabilization of FBXO7 plays a role in ER stress-

induced cell death and PD pathogenesis.
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