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Abstract: OTU domain-containing protein 3 (OTUD3) knockout mice exhibited loss of nigral dopamin-
ergic neurons and Parkinsonian symptoms. However, the underlying mechanisms are largely
unknown. In this study, we observed that the inositol-requiring enzyme 1α (IRE1α)-induced endo-
plasmic reticulum (ER) stress was involved in this process. We found that the ER thickness and the
expression of protein disulphide isomerase (PDI) were increased, and the apoptosis level was elevated
in the dopaminergic neurons of OTUD3 knockout mice. These phenomena were ameliorated by ER
stress inhibitor tauroursodeoxycholic acid (TUDCA) treatment. The ratio of p-IRE1α/IRE1α, and
the expression of X-box binding protein 1-spliced (XBP1s) were remarkably increased after OTUD3
knockdown, which was inhibited by IRE1α inhibitor STF-083010 treatment. Moreover, OTUD3
regulated the ubiquitination level of Fortilin through binding with the OTU domain. OTUD3 knock-
down resulted in a decrease in the interaction ability of IRE1α with Fortilin and finally enhanced the
activity of IRE1α. Taken together, we revealed that OTUD3 knockout-induced injury of dopaminergic
neurons might be caused by activating IRE1α signaling in ER stress. These findings demonstrated
that OTUD3 played a critical role in dopaminergic neuron neurodegeneration, which provided new
evidence for the multiple and tissue-dependent functions of OTUD3.

Keywords: OTUD3; ER stress; IRE1α; XBP1s; Fortilin

1. Introduction

Parkinson’s disease (PD) is a degenerative neurodegenerative disease that mainly
affects middle-aged and elderly people [1,2]. The main cause of classical motor symptoms
in PD is selective death of dopaminergic neurons in the substantia nigra (SN), leading
to a decrease in dopamine release from SN-striatal projections [3,4]. Up to now, the
pathogenesis of PD has not been fully elucidated. Our previous study has shown that OTU
domain-containing protein 3 (OTUD3) prevents PD through stabilizing iron regulatory
protein 2 (IRP2), and OTUD3 knockout mice showed dopaminergic neuronal death in
the SN and Parkinsonian symptoms [5]. OTUD3 is a member of the OTU subfamily of
the deubiquitinases (DUBs) family, which is highly correlated with tumorigenesis. In
addition, there is mounting evidence that OTUD3 is involved in a variety of diseases
other than tumors, such as ulcerative colitis [6], ribosome-related quality control [7], and
innate antiviral immune [8]. However, the mechanisms of dopaminergic neuronal death in
OTUD3 knockout mice remain unclear yet.

As one of the largest organelles in eukaryotic cells, the endoplasmic reticulum (ER)
plays a vital role in protein synthesis and storage [9]. Cells will initiate ER stress when
misfolded or unfolded proteins accumulate in the cytosol [10]. To alleviate the pressure of
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ER stress, cells initiate the unfolded protein response (UPR). The binding immunoglobulin
protein (Bip) dissociates from the three ER stress-sensing proteins: PKR-like ER protein
kinase (PERK), inositol-requiring enzyme 1α (IRE1α) and activating transcription factor
6α (ATF6α) under UPR, thereby regulating the activation of downstream pathways. Bip
is an ER chaperone protein and one of the key proteins that maintain the protein home-
ostasis of ER [11]. It corrects the misfolding and assembly and inhibits the transport of
misfolded proteins or protein subunits [12–14]. It also binds to misfolded proteins and
unassembled complexes, initiating ER-associated degradation (ERAD), responsible for UPR
regulation [15].

Fortilin, also known as translationally controlled tumor protein (TCTP), is a multi-
functional protein that contains 172 amino acids and consists of β-stranded core domain,
α-helical domain, and a flexible loop. Fortilin is widely distributed in the cytoplasm,
nucleus [16], mitochondria [17], and has various functions, such as anti-apoptosis, pro-
survival, and pro-proliferation, as well as the removal of excess Ca2+ from cells [16,18–20].
Recent studies have suggested that Fortilin participates in ER stress-induced apoptosis
by binding to IRE1α [21]. A study has shown mTORC1 is involved in the regulation of
the level of Fortilin, the reduction of cellular Fortilin levels upon mTORC1 inhibition [22].
Overexpression of miR-27b significantly decreased Fortilin protein and gene levels in both
HSC-3 and Cal-27 cell lines [23]. However, whether there are other factors regulating
Fortilin still needs further research.

Our previous research demonstrated that the iron content in the SN of OTUD3 knock-
out mice increased by approximately two folds [5]. The abnormal iron metabolism can
trigger ER stress [24]. Over the past few decades, increasing evidence has suggested that
ER stress-induced cellular damage is implicated in the pathogenesis of neurodegenerative
diseases [25]. In 2007, the ER stress was first discovered in dopaminergic neurons of PD
patients [26]. Studies have indicated that the incidence of ER stress is closely related to
the death of dopaminergic neurons in the SN [27]. Neurotoxicity of 1-methyl-4-phenyl-
pyridinium (MPP+) and accumulation of α-synuclein (α-syn) lead to increased expression
of protein disulphide isomerase (PDI), which is a marker protein of ER stress [28]. Mean-
while, elevated levels of p-PERK, C/EBP homologous protein (CHOP), and p-IRE1α can
be detected in PD cell models induced by 6-hydroxydopamine (6-OHDA), MPP+, and
rotenone [27,29,30]. p-PERK promotes the phosphorylation of eukaryotic translation initia-
tion factor 2 alpha (eIF2α), which significantly reduces protein synthesis in the ER. p-eIF2α
selectively enhances the translation of activating transcription factor 4 (ATF4) to mitigate ER
stress and restore protein synthesis [31]. Under acute ER stress, the hyperactivation of PERK
can increase the expression of pro-apoptotic factor CHOP by upregulating ATF4 [32–35].
p-IRE1α can catalyze the unconventional splicing of X-box binding protein 1 (XBP1) mRNA
to form XBP1-spliced (XBP1s), which stimulates the expansion of ER and the synthesis of
secreted proteins [36–38]. This evidence suggests that ER stress is a key factor contributing
to dopaminergic neuron death. However, the relationship between OTUD3 and ER stress
has not been reported. Whether OTUD3 affected ER stress through novel targets, thereby
affecting the survival of dopaminergic neurons, remains unclear.

In this study, we investigated the role of OTUD3 in dopaminergic neuron death and
further explore its underlying mechanisms. We first reported that ER stress is present in SN
dopaminergic neurons in OTUD3−/− mice. Furthermore, we explored OTUD3-induced
ER stress through IRE1α pathway, which was caused by the deubiquitination of Fortilin.

2. Materials and Methods
2.1. Plasmids and Viruses

Full-length OTUD3 WT was cloned into the pCMV-Myc vectors as indicated. Lentiviruses
carrying shRNA targeting human OTUD3 (Target sequence: GGACAATAACAGAAGC-
GAA) were from OBIO (Shanghai, China). The plasmids Myc-Fortilin, Flag-Fortilin, Flag-
OTU, Flag-UBA, Flag-UBA + Tail and Flag-Tail were purchased from OBIO Technology.
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2.2. Cell Culture and Transfection

SH-SY5Y cells were purchased from the National Infrastructure of Cell Line Resource
(Shanghai, China) and cultured in MEM/F12 medium supplemented with 15% fetal bovine
serum (Gibco, Billings, MT, USA) and 1% penicillin-streptomycin at 37 ◦C with 5% CO2.
SH-SY5Y cell line is the subline of SK-N-SH cell line after three clones, which possesses
moderate dopamine β hydroxylase activity. This cell line is used for PD research be-
cause of its human origin, catecholaminergic neuronal properties, and ease of mainte-
nance [39]. Human embryonic kidney cell HEK293T was purchased from the National
Collection of Authenticated Cell Cultures (Shanghai, China) and cultured in DMEM-High
Glucose supplemented with 10% fetal bovine serum (Gibco, Billings, MT, USA) and 1%
penicillin-streptomycin at 37 ◦C with 5% CO2. Cell transfection was performed using the
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) reagent according to the manufac-
turer’s protocol.

2.3. Cell Viability Assessment

Cell viability was measured using Cell Counting Kit-8 (CCK-8, K1018, APExBIO,
Houston, TX, USA). Cells were seeded in 96-well plates, and at the end of treatment, add
10 µL of CCK-8 solution to each well of the plate. Incubate the plate for 2 h. Measure
the absorbance at 450 nm using a multimode plate reader (PerkinElmer, VICTOR Nivo,
Waltham, MA, USA).

2.4. Trypan Blue Assay

SH-SY5Y cells that were treated with lentivirus were washed with Hank’s Balanced
Salt Solution (HBSS, 14025-092, Gibco, Billings, MT, USA), then the cells were incubated
with a 0.4% trypan blue (T8154, Sigma Aldrich, St. Louis, MO, USA) mixture and stained for
3–5 min in an incubator at 37 ◦C. Finally, all cells were rewashed with HBSS and observed
under a microscope. Dead cells were stained blue.

2.5. Propidium Iodide (PI) Assay

SH-SY5Y cells which treated with lentivirus were seeded at a density of
1 × 105 cells/well in 48-well plates. On the following day, PI (556547, BD Biosciences,
Franklin Lakes, NJ, USA) solution was added into each well for 10 min in an incubator at
37 ◦C and then washed three times with HBSS solution. Thereafter, the cells were visualized
by an inverted fluorescence microscope.

2.6. Measurement of Intracellular MDA Levels

The MDA concentration measurement was based on the protocol of the MDA assay kit
(Beyotime, Shanghai, China). Briefly, cells were lysed with RIPA lysis buffer and quantified
protein, then 200 µL of MDA working solution was added to 100 µL of protein homogenate,
then heated the mixtures at 100 ◦C for 15 min. After cooling to room temperature, centrifuge
at 1000 g for 10 min, pipette 200 µL of supernatant into a 96-well plate, and measure the
absorbance at 532 nm with a multimode plate reader (PerkinElmer, VICTOR Nivo, Waltham,
MA, USA). MDA content in cells is the concentration of MDA per unit mass.

2.7. Flow Cytometric Measurement of Apoptosis

The cells were washed with PBS and stained with 7-Amino-Actinomycin and PE
Annexin according to the manufacturer’s protocol (Bioscience, Bellingham, WA, USA).
Early apoptotic cells (PE Annexin V positive, 7-Amino-Actinomycin negative), end-stage
apoptosis, and death (PE Annexin V positive, 7-Amino-Actinomycin positive) were then
determined by flow V cytometry.

2.8. Animals and In Vivo Treatment

The OTUD3 transgenic mice model was generated by the Model Animal Research
Center of Nanjing University. 6–8 months old OTUD3 transgenic mice were applied in
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the study. Animals were maintained in controlled temperature and humidity rooms on
a 12 h light/dark cycle with free access to food and water. The OTUD3−/− mice were
injected daily with TUDCA (150 mg/kg/day) (Sigma Aldrich, St. Louis, MO, USA) by
intraperitoneal injection once a day for 2 weeks. Controls received injections with an
equivalent volume of vehicle (0.9% NaCl). Animal experiments were carried out according
to the guidelines of the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. All protocols were approved by the Animal Ethics Committee of
Qingdao University (QDU-AEC-2023026).

2.9. RT-PCR and Quantitative PCR

Total cell RNA was prepared using Trizol reagent (Invitrogen) following the manu-
facturer’s instructions. 1 µg RNA was used for cDNA synthesis in a 20 µL reaction with
the reverse transcription kit (Vazyme, Nanjing, China). PCRs were performed in 20 µL
reaction volumes with SYBR Green PCR master mix (Vazyme, Nanjing, China) and 0.2 µM
specific primers. The primer sequences used for all qPCRs are described below. Mouse
Bip: 5′-TGATGCCCAGCGACAAGC-3′ and 5′-CACCCAGGTCAAACACAAG GAT-3′;
Human Bip: 5′-ACCGCTGAGGCTTATTTGGG-3′ and 5′-GCTGCCGTAGGCTC GTTGA-3′.
GAPDH: 5′-GCACCGTCAAGGCTGAGAAC-3′ and 5′-TGGTGAAGACGCCAGTGGA-3′.

2.10. Transmission Electron Microscopy Measurement of Changes in Endoplasmic Reticulum

Transmission electron microscopy was performed using a Tecnai 10 microscope (FEI,
Hillsboro, OR, USA) at the Electron Microscopy Core Facility, Qingdao University. The
ER thickness was quantified by measuring the distance between two membranes of the
ER lumen in the Image J photographs. Briefly, values for the distance between the two
membranes of ER lumen from randomly chosen five areas of each TEM photograph
were averaged.

2.11. Western Blotting and Immunoprecipitation

Samples from cells and animals were lysed in RIPA lysis buffer containing a protease
inhibitor and phosphatase inhibitor cocktail. The protein concentration was detected
by BCA kits (Thermo Fisher Scientific, Waltham, MA, USA). Samples were separated
by SDS-poly acrylamide gelelectrophoresis and transferred to a PVDF membrane. After
blocked with 100 g/L non-fat milk for 2 h at room temperature. The samples were then
subjected to immunoblotting with the indicated antibodies. For immunoprecipitation
assays, cells were lysed with HEPES lysis buffer (20 mM HEPES, pH 7.2, 50 mM NaCl,
1 mM NaF, 0.5% Triton X-100) supplemented with a protease-inhibitor cocktail (Roche,
Basel, Switzerland). Immunoprecipitations were performed using the indicated primary
antibody and protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at 4 ◦C. The immunocomplexes were then washed with HEPES lysis buffer five
times. Both lysates and immunoprecipitates were examined using the indicated primary
antibodies followed by detection with the related secondary antibody. The following
primary antibodies were used at the indicated dilutions/concentrations: Mouse anti-
ATF6α (1:1000, sc-166659, Santa Cruz Biotechnology, Santa Cruz, CA, USA); Rabbit anti-
phospho-eIF2α (Ser51) (1:000, #3398, Cell Signaling Technologies, Danvers, MA, USA);
Rabbit anti-eIF2α (1:1000, #5324, Cell Signaling Technologies, Danvers, MA, USA); Rabbit
anti-phospho-PERK (Thr 982) (1:000, abs137056, Absin, Shanghai, China); Rabbit anti-PERK
(1:000, 3192, Cell Signaling Technologies, Danvers, MA, USA); Rabbit anti-phospho-IRE1α
(1:000, ab48187, Abcam, UK), Rabbit anti-IRE1α (1:000, #3294, Cell Signaling Technologies,
Danvers, MA, USA); Rabbit anti-XBP1s (1:000, #40435, Cell Signaling Technologies, Danvers,
MA, USA); Mouse anti-CHOP (1:000, #2895, Cell Signaling Technologies, Danvers, MA,
USA); Rabbit anti-Fortilin monoclonal antibody (1:000, ab133568, Abcam, UK); Rabbit
anti-ATF4 (1:500, #11815, Cell Signaling Technologies, Danvers, MA, USA); Mouse anti-
ubiquitin (1:1000, #3936, Cell Signaling Technologies); Rabbit anti-Bip (1:000, #3177, Cell
Signaling Technologies, Danvers, MA, USA). Mouse-anti-OTUD3 (1:000, MABS1819, Merck
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Millipore, Burlington, MA, USA); Rabbit-anti-OTUD3 (1:1000, HPA028544, Sigma Aldrich,
Gillingham, UK). Anti-DDDDK-tag mAb (1:1000, #M185-3L, MBL); Anti-Myc-tag mAb
(1:1000, #M192-3, MBL, Tsukuba, Japan). The secondary antibodies were used for Western
blotting analysis: anti-rabbit IgG-HRP and anti-mouse IgG-HRP (Santa Cruz Biotechnology,
Santa Cruz, CA, USA).

2.12. In Vitro Ubiquitin Conjugation Assay

Cells were treated with 20 µM of the proteasome inhibitor MG132 (Calbiochem) for
8 h before sample collection. The cells were washed with PBS, pelleted, and lysed in HEPES
buffer plus 1% DTT and 1% protease inhibitor. The lysates were centrifuged to obtain
cytosolic proteins and incubated with anti-Fortilin antibodies for 5 h and with protein A/G
agarose beads for a further 8 h at 4 ◦C. The beads were then washed five times with HEPES
buffer. The proteins were released from the beads by boiling them in SDS-PAGE sample
buffer and analyzed by immunoblotting with an anti-ubiquitin monoclonal antibody.

2.13. Immunofluorescence Staining

6–8-month-old OTUD3−/− mice with 50 mg/kg sodium pentobarbital anesthetized
were perfused intracardially with 0.9% NaCl followed by 4% (w/v) paraformaldehyde
solution (PFA). Brains were removed and post-fixed in PFA overnight at 4 ◦C, then gradually
transferred to 20% (w/v), and 30% (w/v) sucrose until sectioning. Sections (20 µm) were
cut on a freezing microtome (CM1905, Leica, Wetzlar, Germany). After being washed
three times in PBST (0.3% Tween-20 in 0.1 M PBS), sections were blocked by 10% goat
serum and then incubated overnight with primary antibody of mouse anti-TH (1:500,
MAB318, Merck Millipore, Burlington, MA, USA) and rabbit anti-PDI (1:200, #3501, Cell
Signaling Technologies, Danvers, MA, USA) at 4 ◦C overnight. Furthermore, the sections
were incubated in the second antibody, Alexa Fluor 555 donkey anti-rabbit IgG (dilution
used = 1:500, A31572, Invitrogen, Waltham, MA, USA), Alexa Fluor 488 donkey anti-mouse
IgG (1:500, A21202, Invitrogen, Waltham, MA, USA), for 1 h at room temperature, and then
added DAPI for 5 min.

2.14. Regents

TUDCA (100 µM) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in ddH2O.
STF-083010 (40µM) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in DMSO.

2.15. Statistical Analysis

Data sets with only two independent groups were analyzed for statistical significance
using an unpaired, two-tailed t-test. One-way analysis of variance (ANOVA) followed by
the Student Newman-Keuls test was used for comparing the difference in more than two
groups. Data are presented as mean ± SEM and analyzed by SPSS and GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA, USA). A probability of p < 0.05 was considered
statistically significant.

3. Results
3.1. OTUD3 Deletion Induced Neuronal Apoptosis

To observe the effect of OTUD3 on cell survival, Lv-shRNA-OTUD3 was constructed
to knockdown the expression of OTUD3 in SH-SY5Y cells (Figure 1A,B). Cell viability
was decreased in the OTUD3 knockdown group (Figure 1C). Meanwhile, the ratio of
propidium iodide (PI) and trypan blue positive cells was significantly increased in the
OTUD3 knockdown group compared with the control (Figure 1D–G). The MDA release was
significantly increased in the OTUD3 knockdown group, which indicated the lipid oxidation
level was up-regulated (Figure 1H). We further explored the mode of cell death induced by
OTUD3 knockdown. Flow cytometry results showed that the Annexin V positive cell rate
was evidently increased in OTUD3 knockdown cells (Figure 1I,J). In OTUD3 knockdown
cells, the ratio of cleaved-caspase 3/caspase 3 was significantly increased, as well as in the
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SN of OTUD3−/− mice (Figure 1K–N). These data indicated that knockdown of OTUD3
partially induced dopaminergic neurons deaths through apoptosis.
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3.2. OTUD3 Knockdown Induced ER Stress 

Figure 1. OTUD3 knockdown induces neuronal apoptosis. (A,B) SH-SY5Y cells with decreased
OTUD3 expression were generated by lentivirally introducing shRNA-OTUD3 into the cells and
characterized by western blotting, n = 3. (C) Cell viability was determined by CCK-8, n = 12.
(D,E) PI staining and statistical analysis, n = 12. (F,G) Trypan blue staining and statistical analysis,
n = 12. (H) The MDA content were determined by lipid peroxidation MDA assay kit, n = 6. (I) Cell
apoptosis analyzed by flow cytometer with PE Annexin V/7-ADD double staining. (J) Statistical
analysis the apoptosis rate, n = 3. (K–N) Western blotting and statistical analysis of the ratio of
cleaved-caspase3/caspase3 in the SN of OTUD3−/− mice and OTUD3 knockdown cells, n = 5. Data
were mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. OTUD3 Knockdown Induced ER Stress

To clarify whether OTUD3 knockdown-induced apoptosis was associated with ER
stress, we observed the ER morphology and the expression of PDI (marker protein for ER
stress) both in vivo and in vitro. As the main morphological manifestation of ER stress, ER
expansion was significantly enlarged in OTUD3 knockdown cells. Likewise, we observed
the same phenomenon in dopaminergic neurons of OTUD3−/− mice (Figure 2A–C). Addi-
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tionally, we treated OTUD3 knockdown cells with ER stress inhibitor tauroursodeoxycholic
acid (TUDCA) for 24 h, the proportion of Annexin V positive cells of that was decreased
(Figure 2D,E). After TUDCA treatment for two weeks, the ER lumen was markedly de-
creased in the dopaminergic neuron of OTUD3−/− mice (Figure 2F,G), and the expression
of PDI in dopaminergic neurons was also decreased (Figure 2H). There was an upward
trend for the expression of TH protein in the SN of OTUD3−/− mice after TUDCA treat-
ment (Figure 2I,J), and the ratio of cleaved-caspase 3/caspase 3 showed a downward trend
after TUDCA treatment (Figure 2I–K). These results suggested that OTUD3 knockdown
would induce ER stress in dopaminergic neurons both in vivo and in vitro.
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Figure 2. Effects of knockdown OTUD3 on ER stress. (A–C) Transmission electron microscope was
applied to assessment of ER shape and statistical analysis of ER thickness, n = 9; red arrows represent
the ER. (D,E) Cell apoptosis and statistical analysis of apoptosis rate by flow cytometer with PE
Annexin V/7-ADD double staining, n = 3. (F,G) ER shape and statistical analysis of ER thickness in
OTUD3−/− mice after TUDCA treatment, n = 9. (H) Protein disulfide isomerase immunofluorescence
staining of SN in OTUD3−/− mice. Scale bar = 100µm. (I–K) Western blotting and statistical analysis
of the expression of TH and the ratio of cleaved-caspase3/caspase3 proteins in OTUD3−/− mice after
TUDCA treatment, n = 5. Data were mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. The Expression of Bip Was Not Changed In Vivo and In Vitro

Previous studies have shown that Bip is the target protein of OTUD3 in lung cancer
cells [40]. In order to make it clear whether Bip expression changed in vivo and in vitro,
we detected protein and mRNA expression levels of Bip both in OTUD3 knockdown cells
and the SN of OTUD3−/− mice. However, there were no changes in the expression levels
of Bip (Figure 3A–C,F–H). Furthermore, the protein levels of Bip were also unchanged
in both OTUD3 overexpression cells and the SN of OTUD3 transgenic (OTUD3TG) mice
(Figure 3D,E,I,J). These data suggested that OTUD3 knockdown-induced ER stress did not
affect the protein expression of Bip in the SN of mice, which might be related to the fact
that the function of OTUD3 is tissue-dependent.
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Figure 3. OTUD3 knockdown-induced ER stress was independent of Bip expression change.
(A,B,D,E) Western blotting and statistical analysis of the expression of Bip in SH-SY5Y cells,
n = 3. (C,H) The expression of bip mRNA in OTUD3 knockdown cells and the SN of OTUD3−/−

mice, n = 3, 5. (F,G,I,J) Western blotting and statistical analysis of the expression of Bip in the SN of
mice, n = 5. Data were mean ± SEM.
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3.4. OTUD3 Knockdown Induced ER Stress via Activating IRE1α Pathway

Three classical ER stress transmembrane sensors (IRE1α, PERK and ATF6α) might be
activated when ER stress occurs. To explore which ER stress pathway was activated by
OTUD3 knockdown, we detected the protein expression of the three pathways separately.
We found no significant changes in the expression of ATF6α-N in both OTUD3 knock-
down cells and the SN of OTUD3−/− mice (Supplementary Figure S1A−H). Although
the ratio of p-PERK/PERK and the ratio of p-eIf2α/eIf2α were significantly increased in
OTUD3 knockdown cells and the SN of OTUD3−/− mice, however, the expression of PERK
downstream target protein ATF4 and CHOP protein was failed to increase (Supplementary
Figure S1I−P). These results suggested that the pathway of ATF6α and PERK were not
activated in OTUD3 knockdown cells and the SN of OTUD3−/− mice.

Finally, we observed a significant increase in the ratio of p-IRE1α/IRE1α and the
expression levels of XBP1s both in OTUD3 knockdown cells and the SN of OTUD3−/− mice
(Figure 4A–F), which were significantly reduced after TUDCA treatment (Figure 4G–L).
STF-083010 blocked the increase of p-IRE1α and XBP1’s protein expression after 24 h
treatment in OTUD3 knockdown cells. There was no difference between the control and the
OTUD3 knockdown-STF-083010 group for the ratio of p-IRE1α/IRE1α and the expression
of XBP1s (Figure 4M–O). STF-083010 treatment also inhibited the cell apoptosis of OTUD3
knockdown cells but partially reversed apoptosis after STF-083010 treatment (Figure 4P,Q).
Moreover, the thickness of the ER lumen in OTUD3 knockdown cells was reduced after STF-
083010 treatment, and there was no difference between OTUD3 knockdown-STF-083010
and control (Figure 4R,S). These results showed that OTUD3 knockdown-induced ER stress
activated the IRE1α pathway.

3.5. OTUD3 Was Involved in ER Stress by Regulating the Ubiquitination Level of IRE1α Binding
Protein Fortilin

To explore the underlying mechanism by which OTUD3 knockdown activated the
IRE1α pathway, we performed co-immunoprecipitation (Co-IP) to detect protein inter-
actions. Our findings indicated that OTUD3 did not directly interact with IRE1α, as
endogenous OTUD3 was not immunoprecipitated by IRE1α antibody in shRNA-NC and
OTUD3 knockdown cells (Figure 5A). We know that the activity of IRE1α is regulated
by two binding proteins, Bip and Fortilin [21]. The co-precipitated signal showed that
the binding ability of IRE1α to Bip was decreased in OTUD3 knockdown cells; however,
the expression of Bip in whole cell lysate was not changed (Figure 5A). Meanwhile, we
observed that the co-precipitated signal of IRE1α and Fortilin was decreased in OTUD3
knockdown cells (Figure 5A,B). The endogenous Fortilin could co-precipitate with OTUD3
(Figure 5B,C). To further explore the relationship between OTUD3 and Fortilin, we vali-
dated the expression of Fortilin both in OTUD3 knockdown and overexpression conditions.
In OTUD3 knockdown cells and the SN of OTUD3−/− mice, the expression of Fortilin was
significantly decreased (Figure 5D–G), whereas it was increased in OTUD3 overexpres-
sion cells and OTUD3TG mice (Figure 5H–K). Moreover, co-localization studies indicated
that Fortilin and OTUD3 were present in the cytoplasm of HEK293T and SH-SY5Y cells
(Figure 5L).

Ubiquitylation assays showed that OTUD3 knockdown significantly enhanced the
ubiquitylation level of Fortilin in SH-SY5Y cells and HEK293T cells (Figure 5M,N). Subse-
quently, an exogenous Co-IP assay showed that the OTU domain of OTUD3 is sufficient
to interact with Fortilin (Figure 5P). Overexpression of WT OTUD3, rather than the C76A
mutant, reversed the decreased Fortilin level induced by OTUD3 knockdown (Figure 5Q).
Treatment with the proteasome inhibitor MG132 also reversed the decrease of Fortilin
(Figure 5R). Overall, our findings illuminated that OTUD3 did not directly bind to IRE1α,
but regulated the ubiquitination level of Fortilin through its OTU domain.
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Figure 4. OTUD3 knockdown-induced ER stress by actives IRE1α pathway. (A–C) Western blot-
ting and statistical analysis of the expression of p-IRE1α, IRE1α and XBP1s protein in OTUD3−/−

mice, n = 5. (D–F) Western blotting and statistical analysis of the expression of p-IRE1α, IRE1α and
XBP1s protein in OTUD3 knockdown cells, n = 5. (G–L) Western blotting and statistical analysis of
the expression of p-IRE1α/IRE1α, XBP1s in OTUD3−/− mice (n = 5) and OTUD3 knockdown cells
(n = 3) after TUDCA treatment. (M–O) Western blotting and statistical analysis of the expression of
p-IRE1α/IRE1α and XBP1s in OTUD3 knockdown cells after STF-083010 treatment (n = 3). (P) Cell
apoptosis analyzed by flow cytometer with PE Annexin V/7-ADD double staining. (Q) Statistical
analysis the apoptosis rate after STF-083010 treatment, n = 3. (R,S) Transmission electron microscope
was applied to assessment of ER shape and statistical analysis of ER lumen after STF-083010 treat-
ment, n = 13, 15; red arrows represent the ER. Data were mean ± SEM, t−test, * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 5. OTUD3 regulates the ubiquitination level of Fortilin protein. (A) The interaction be-
tween IRE1α and Bip, Fortilin and OTUD3 were examined immunoprecipitated with anti-IRE1α
antibody. The whole-cell lysate was subjected to immunoblot with anti-IRE1α, anti-Bip, anti-OTUD3
and anti-Fortilin antibody. (B,C) The interaction between Fortilin and IRE1α and OTUD3 were
examined immunoprecipitated with anti-Fortilin antibody. The whole-cell lysate was subjected
to immunoblot with anti-IRE1α, anti-OTUD3 and anti-Fortilin antibody. (D–K) Western blotting
and statistical analysis of the expression of Fortilin in OTUD3 knockdown cells, OTUD3−/− mice,
SH-SY5Y cells transfected with Myc-OTUD3 and OTUD3 transgenic mice, n = 5. (L) OTUD3 and
Fortilin colocalized in the cytoplasm of HEK293T and SH-SY5Y cells. (M,N) The ubiquitylation levels
of Fortilin was determined by in vitro ubiquitin conjugation assay. n = 3. (O,P) Co-IP assays were
performed to map the domain of Fortilin required for interaction with OTUD3 (n = 3). (Q) Western
blotting was examined the expression of Fortilin in OTUD3 knockdown cells after transfected with
Flag-OTUD3WT and Flag-OTUD3C76A. n = 3. (R) Western blotting was examined the expression of
Fortilin in OTUD3 knockdown cells after treatment with MG132. n = 3. Data were mean ± SEM,
t-test, * p < 0.05, ** p < 0.01.

3.6. Fortilin Alleviated OTUD3 Knockdown Induced ER Stress

To investigate the role of Fortilin in the regulation of IRE1α activity by OTUD3, we
examined the expression of the associated proteins after Fortilin overexpression. We
observed that higher levels of the ratio of p-PERK/PERK and the ratio of p-eIf2α/eIf2α in
OTUD3 knockdown cells were not affected by Fortilin overexpression. Notably, the ratio of
p-IRE1α/IRE1α, cleaved-caspase3/caspase3, and the expression of XBP1s was increased in
OTUD3 knockdown cells, and these effects were abated by Fortilin overexpression; there
was no difference between the OTUD3 knockdown + Flag-Fortilin and control (Figure 6A–I).
Additionally, we observed that the thickness of the ER lumen in OTUD3 knockdown cells
was reduced after Fortilin overexpression (Figure 6J,K). The results indicated that Fortilin
can relieve ER stress by inhibiting IRE1α pathway.
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Figure 6. Fortilin alleviate ER stress induced by OTUD3 knockdown. (A) Western blotting to
detect the ER stress-associated proteins expression. (B–E) Statistical analysis of the expression
of PERK pathway-associated proteins after Fortilin overexpression in OTUD3 knockdown cells.
n = 3. (F) Statistical analysis of the expression ATF6α-N proteins after Fortilin overexpression in
OTUD3 knockdown cells. n = 3. (G–I) Statistical analysis of the ratio of p-IRE1α/IRE1α, cleaved-
caspase 3/caspase 3 and the expression of XBP1s after Fortilin overexpression in OTUD3 knockdown
cells. (J,K) Transmission electron microscope was applied to assessment of ER shape and statistical
analysis of ER lumen after Fortilin overexpression, n = 10, 12; red arrows represent the ER. Data were
mean ± SEM, t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

The current work revealed that OTUD3 was involved in the regulation of ER stress by
regulating IRE1α activity. OTUD3 knockdown increased the ratio of p-IRE1α/IRE1α, and
the expression of XBP1s, which could be inhibited by IRE1α inhibitor STF-083010. Further
investigation revealed that Fortilin was a target protein of OTUD3. Downregulation of
OTUD3 reduced the binding ability of Fortilin to IRE1α, thereby activating the IRE1α
pathway and inducing ER stress and neuronal apoptosis.

OTUD3 has been identified as a tumor suppressor that is highly associated with
tumorigenesis [41,42]. Our previous study found that OTUD3 knockout mice display motor
deficits and nigrostriatal dopaminergic neurodegeneration, resembling the pathology of
PD [5]. In the present study, we observed a significant increase in cell apoptosis after OTUD3
knockdown, consistent with our previous reports [5]. More and more evidence has shown
that ER stress-induced apoptosis is an important cell death pathway for dopaminergic
neurons [29,30]. We also observed abnormal expansion of ER morphology by transmission
electron microscopy, both in OTUD3−/− mice and OTUD3 knockdown cells, consistent
with the previously reported ER stress-induced morphological changes [43]. At the same
time, we also found that PDI, another marker protein of ER stress, was colocalized with
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dopaminergic neurons in OTUD3−/− mice [44]. These results suggested that deleting
OTUD3 would induce ER stress in dopaminergic neurons.

As a deubiquitylase, there are many target proteins of OTUD3, such as phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) [42], Bip [40], p53 [41], and actinin-4
(ACTN4) [45]. ER chaperone Bip, as one target protein of OTUD3, is a major regulator of ER
stress [11]. Bip can maintain the permeability barrier of the ER during protein translocation
and target misfolded proteins for retrograde translocation so that they can be degraded
by the proteasome, sensing conditions of stress in the ER to activate the UPR [46]. Under
physiological conditions, IRE1α, PERK, and ATF6α remain inactive by binding to Bip.
Under ER stress, Bip dissociates from the three sensors, activating downstream pathways
and determining cell fate [47]. In the present study, we observed that the binding ability of
Bip and IRE1α was decreased after OTUD3 knockdown. However, there was no significant
change in the expression of Bip in either OTUD3 knockdown or overexpression, indicating
that OTUD3 did not affect the level of Bip in dopaminergic neurons. OTUD3 can stabilize
Bip and promote lung tumorigenesis [40], whereas it suppresses breast tumorigenesis
through stabilizing the PTEN protein [42]. This suggests that the function of OTUD3 for
target proteins is distinctive in different tissues and tissue-dependent contexts.

Under ER stress, cells activate the IRE1α, PERK, and ATF6α pathways to restore ER
homeostasis or induce cell death [48–50]. In the present study, our results demonstrated
that OTUD3 knockdown-induced ER stress and cell apoptosis through the activation of the
IRE1α pathway but not the PERK or ATF6α pathways. OTUD3 knockdown increased the
activation of IRE1α and the expression of XBP1s. Reversal of OTUD3 protein expression
or treatment with IRE1α inhibitor STF-083010 could ameliorate IRE1α signal activation
and inhibit apoptosis. The activation of IRE1α signal is closely related to apoptosis [51].
The activation of PERK and ATF6α was also related to cell apoptosis, we did not observe
changes of ATF6-N protein. Although we observed an evident increase in the activation of
PERK and eIf2α, the expression of downstream target proteins ATF4 and CHOP did not
change. Therefore, we considered that OTUD3 knockdown could induced ER stress and
cell apoptosis by activating the IRE1α pathway.

IRE1α is known to remain inactive by binding to Bip. Recent studies have shown that
the IRE1α also binds to Fortilin, and when Fortilin dissociates from IRE1α, it can activate
the IRE1α and lead to apoptosis [21]. As an anti-apoptotic factor, Fortilin can play anti-
apoptotic function by regulating the activity of various proteins [52,53]. To verify whether
the function of OTUD3 on IRE1α activity was mediated by directly regulating its ability to
bind to IRE1α, Co-IP was used to detect the proteins interactions. The results showed that
there was no interaction between IRE1α and OTUD3. We observed that OTUD3 knockdown
could decrease the binding ability between Fortilin/Bip and IRE1α, and overexpression of
OTUD3 could increase the binding ability of Fortilin and IRE1α. Additionally, we found
that the expression and ubiquitination level of Fortilin protein were regulated by OTUD3,
while the protein level of Bip was not influenced by OTUD3. We further found that the
Fortilin was interacted with the OTU domain. These findings suggested that OTUD3 can
regulate the expression of Fortilin rather than Bip, and adjust the binding ability of Fortilin
to IRE1α, thus regulating IRE1α activity. In previous studies, Fortilin overexpression could
inhibit the cell death and ER stress induced by thapsigargin [21]. As expected, we observed
that the ER stress and cell apoptosis were alleviated by Fortilin overexpression. Our data
indicated that the ER stress caused by OTUD3 knockdown might be related the Fortilin
expression. Our previous research showed that the iron content is increased in the SN
of OTUD3−/− mice [5], and abnormal iron metabolism can induce ER stress [24]. These
evidences suggest that OTUD3 knockout may induce ER stress by reducing the expression
of IRP2 protein and up-regulating the contents of iron in neurons. Meanwhile, OTUD3 may
also be involved in regulating ER stress by regulating the expression of Fortilin protein.
However, there were some limitations in our present study: the ubiquitination site of
Fortilin specifically regulated by OTUD3 remains to be further explored, and the changes
of OTUD3 in the brain of PD patients were not clarified.
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5. Conclusions

The present study highlights a novel role of OTUD3 in regulating ER stress. Our
findings demonstrate that OTUD3 plays a crucial role in protecting cells against ER stress-
induced apoptosis by regulating the level of ubiquitination of Fortilin and inhibiting the
activation of IRE1α signaling. Therefore, targeting the inhibition of IRE1α signal activation
could represent a promising therapeutic for PD induced by OTUD3 elimination.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox12040809/s1, Figure S1: OTUD3 knockdown-induced ER stress was
not depend on ATF6α and PERK pathway.

Author Contributions: H.J., Q.J. and L.C. conceived and designed research. L.C. performed major
experiments and analyzed, F.J. helped to perform ubiquitylation assay. Z.Z. helped to perform animal
experiments. M.B., X.H., X.D., X.C., L.F. and C.Y. assisted to analyze data. L.C. wrote the manuscript.
H.J. and Q.J. revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32171131,
82071429), Shandong Province Natural Science Foundation (2021ZDSYS11, ZR2019ZD31,
ZR2020MC072, ZR2020QH125), Taishan Scholars Construction Project.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Qingdao University (protocol code QDU-AEC- 2023026, February 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included.

Acknowledgments: We thank all the participants enrolled in the current study and Lingqiang Zhang
(State Key Laboratory of Proteomics, National Center of Protein Sciences (Beijing, China), Beijing
Institute of Lifeomics, Beijing, China) for kindly gifting the OTUD3−/− and OTUD3TG mice and the
plasmids of Myc-OTUD3 and Flag-OTUD3.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tolosa, E.; Garrido, A. Challenges in the diagnosis of Parkinson’s disease. Lancet Neurol. 2021, 20, 385–397. [CrossRef] [PubMed]
2. Bloem, B.R.; Okun, M.S. Parkinson’s disease. Lancet 2021, 397, 2284–2303. [CrossRef] [PubMed]
3. Mahoney-Sánchez, L.; Bouchaoui, H. Ferroptosis and its potential role in the physiopathology of Parkinson’s Disease. Prog.

Neurobiol. 2021, 196, 101890. [CrossRef]
4. Bi, M.; Du, X. Deficient immunoproteasome assembly drives gain of α-synuclein pathology in Parkinson’s disease. Redox Biol.

2021, 47, 102167. [CrossRef] [PubMed]
5. Jia, F.; Li, H. Deubiquitylase OTUD3 prevents Parkinson’s disease through stabilizing iron regulatory protein 2. Cell Death Dis.

2022, 13, 418. [CrossRef] [PubMed]
6. Yang, S.K.; Hong, M. Genome-wide association study of ulcerative colitis in Koreans suggests extensive overlapping of genetic

susceptibility with Caucasians. Inflamm. Bowel Dis. 2013, 19, 954–966. [CrossRef]
7. Garshott, D.M.; Sundaramoorthy, E. Distinct regulatory ribosomal ubiquitylation events are reversible and hierarchically

organized. Elife 2020, 9, e54023. [CrossRef]
8. Zhang, Z.; Fang, X. Acetylation-Dependent Deubiquitinase OTUD3 Controls MAVS Activation in Innate Antiviral Immunity. Mol.

Cell 2020, 79, 304–319.e7. [CrossRef]
9. Fagone, P.; Jackowski, S. Membrane phospholipid synthesis and endoplasmic reticulum function. J. Lipid Res. 2009, 50, S311–S316.

[CrossRef]
10. van Anken, E.; Braakman, I. Versatility of the endoplasmic reticulum protein folding factory. Crit. Rev. Biochem. Mol. Biol. 2005,

40, 191–228. [CrossRef]
11. Pobre, K.F.R.; Poet, G.J. The endoplasmic reticulum (ER) chaperone BiP is a master regulator of ER functions: Getting by with a

little help from ERdj friends. J. Biol. Chem. 2019, 294, 2098–2108. [CrossRef]
12. Hendershot, L.M.; Valentine, V.A. Localization of the gene encoding human BiP/GRP78, the endoplasmic reticulum cognate of

the HSP70 family, to chromosome 9q34. Genomics 1994, 20, 281–284. [CrossRef] [PubMed]
13. Haas, I.G. BiP—A heat shock protein involved in immunoglobulin chain assembly. Curr. Top. Microbiol. Immunol. 1991, 167, 71–82.

[PubMed]
14. Gething, M.J.; Sambrook, J. Protein folding in the cell. Nature 1992, 355, 33–45. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox12040809/s1
https://www.mdpi.com/article/10.3390/antiox12040809/s1
http://doi.org/10.1016/S1474-4422(21)00030-2
http://www.ncbi.nlm.nih.gov/pubmed/33894193
http://doi.org/10.1016/S0140-6736(21)00218-X
http://www.ncbi.nlm.nih.gov/pubmed/33848468
http://doi.org/10.1016/j.pneurobio.2020.101890
http://doi.org/10.1016/j.redox.2021.102167
http://www.ncbi.nlm.nih.gov/pubmed/34662812
http://doi.org/10.1038/s41419-022-04704-0
http://www.ncbi.nlm.nih.gov/pubmed/35490179
http://doi.org/10.1097/MIB.0b013e3182802ab6
http://doi.org/10.7554/eLife.54023
http://doi.org/10.1016/j.molcel.2020.06.020
http://doi.org/10.1194/jlr.R800049-JLR200
http://doi.org/10.1080/10409230591008161
http://doi.org/10.1074/jbc.REV118.002804
http://doi.org/10.1006/geno.1994.1166
http://www.ncbi.nlm.nih.gov/pubmed/8020977
http://www.ncbi.nlm.nih.gov/pubmed/1905217
http://doi.org/10.1038/355033a0
http://www.ncbi.nlm.nih.gov/pubmed/1731198


Antioxidants 2023, 12, 809 15 of 16

15. Little, E.; Ramakrishnan, M. The glucose-regulated proteins (GRP78 and GRP94): Functions, gene regulation, and applications.
Crit. Rev. Eukaryot. Gene Expr. 1994, 4, 1–18. [CrossRef]

16. Li, F.; Zhang, D. Characterization of fortilin, a novel antiapoptotic protein. J. Biol. Chem. 2001, 276, 47542–47549. [CrossRef]
17. Susini, L.; Besse, S. TCTP protects from apoptotic cell death by antagonizing bax function. Cell Death Differ. 2008, 15, 1211–1220.

[CrossRef]
18. Cans, C.; Passer, B.J. Translationally controlled tumor protein acts as a guanine nucleotide dissociation inhibitor on the translation

elongation factor eEF1A. Proc. Natl. Acad. Sci. USA 2003, 100, 13892–13897. [CrossRef]
19. Gu, X.; Yao, L. TCTP promotes glioma cell proliferation in vitro and in vivo via enhanced β-catenin/TCF-4 transcription.

Neuro-Oncology 2014, 16, 217–227. [CrossRef]
20. Hao, S.; Qin, Y. Serum translationally controlled tumor protein is involved in rat liver regeneration after hepatectomy. Hepatol.

Res. 2016, 46, 1392–1401. [CrossRef]
21. Pinkaew, D.; Chattopadhyay, A. Fortilin binds IRE1α and prevents ER stress from signaling apoptotic cell death. Nat. Commun.

2017, 8, 18. [CrossRef]
22. Jeong, M.; Jeong, M.H. TCTP protein degradation by targeting mTORC1 and signaling through S6K, Akt, and Plk1 sensitizes

lung cancer cells to DNA-damaging drugs. Sci. Rep. 2021, 11, 20812. [CrossRef] [PubMed]
23. Lo, W.Y.; Wang, H.J. miR-27b-regulated TCTP as a novel plasma biomarker for oral cancer: From quantitative proteomics to

post-transcriptional study. J. Proteomics 2012, 77, 154–166. [CrossRef] [PubMed]
24. Yoshitake, Y.; Shinozaki, D. Autophagy triggered by iron-mediated ER stress is an important stress response to the early phase of

Pi starvation in plants. Plant J. 2022, 110, 1370–1381. [CrossRef]
25. da Silva, D.C.; Valentão, P. Endoplasmic reticulum stress signaling in cancer and neurodegenerative disorders: Tools and strategies

to understand its complexity. Pharmacol. Res. 2020, 155, 104702. [CrossRef]
26. Hoozemans, J.J.; van Haastert, E.S. Activation of the unfolded protein response in Parkinson’s disease. Biochem. Biophys. Res.

Commun. 2007, 354, 707–711. [CrossRef] [PubMed]
27. Ryu, E.J.; Harding, H.P. Endoplasmic reticulum stress and the unfolded protein response in cellular models of Parkinson’s disease.

J. Neurosci. 2002, 22, 10690–10698. [CrossRef] [PubMed]
28. Lehtonen, Š.; Jaronen, M. Inhibition of Excessive Oxidative Protein Folding Is Protective in MPP(+) Toxicity-Induced Parkinson’s

Disease Models. Antioxid. Redox Signal. 2016, 25, 485–497. [CrossRef]
29. Holtz, W.A.; O’Malley, K.L. Parkinsonian mimetics induce aspects of unfolded protein response in death of dopaminergic neurons.

J. Biol. Chem. 2003, 278, 19367–19377. [CrossRef]
30. Hu, L.W.; Yen, J.H. Luteolin modulates 6-hydroxydopamine-induced transcriptional changes of stress response pathways in

PC12 cells. PLoS ONE 2014, 9, e97880. [CrossRef]
31. Devi, L.; Ohno, M. PERK mediates eIF2α phosphorylation responsible for BACE1 elevation, CREB dysfunction and neurodegen-

eration in a mouse model of Alzheimer’s disease. Neurobiol. Aging 2014, 35, 2272–2281. [CrossRef] [PubMed]
32. Pytel, D.; Majsterek, I. Tumor progression and the different faces of the PERK kinase. Oncogene 2016, 35, 1207–1215. [CrossRef]

[PubMed]
33. Wang, Y.; Alam, G.N. The unfolded protein response induces the angiogenic switch in human tumor cells through the PERK/ATF4

pathway. Cancer Res. 2012, 72, 5396–5406. [CrossRef]
34. Pillai, S. Birth pangs: The stressful origins of lymphocytes. J. Clin. Investig. 2005, 115, 224–227. [CrossRef]
35. Endres, K.; Reinhardt, S. ER-stress in Alzheimer’s disease: Turning the scale? Am. J. Neurodegener. Dis. 2013, 2, 247–265. [PubMed]
36. Ron, D.; Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat. Rev. Mol. Cell Biol. 2007, 8,

519–529. [CrossRef]
37. Shaffer, A.L.; Shapiro-Shelef, M. XBP1, downstream of Blimp-1, expands the secretory apparatus and other organelles, and

increases protein synthesis in plasma cell differentiation. Immunity 2004, 21, 81–93. [CrossRef] [PubMed]
38. Lee, A.H.; Chu, G.C. XBP-1 is required for biogenesis of cellular secretory machinery of exocrine glands. Embo J. 2005, 24,

4368–4380. [CrossRef] [PubMed]
39. Xicoy, H.; Wieringa, B. The SH-SY5Y cell line in Parkinson’s disease research: A systematic review. Mol. Neurodegener. 2017, 12, 10.

[CrossRef]
40. Du, T.; Li, H. The deubiquitylase OTUD3 stabilizes GRP78 and promotes lung tumorigenesis. Nat. Commun. 2019, 10, 2914.

[CrossRef]
41. Pu, Q.; Lv, Y.R. Tumor suppressor OTUD3 induces growth inhibition and apoptosis by directly deubiquitinating and stabilizing

p53 in invasive breast carcinoma cells. BMC Cancer 2020, 20, 583. [CrossRef] [PubMed]
42. Yuan, L.; Lv, Y. Deubiquitylase OTUD3 regulates PTEN stability and suppresses tumorigenesis. Nat. Cell Biol. 2015, 17, 1169–1181.

[CrossRef] [PubMed]
43. Wu, H.; Wei, L. Integration of Hippo signalling and the unfolded protein response to restrain liver overgrowth and tumorigenesis.

Nat. Commun. 2015, 6, 6239. [CrossRef]
44. Hetzer, S.M.; Guilhaume-Correa, F. Traumatic Optic Neuropathy Is Associated with Visual Impairment, Neurodegeneration, and

Endoplasmic Reticulum Stress in Adolescent Mice. Cells 2021, 10, 996. [CrossRef]
45. Xie, P.; Chen, Y. The deubiquitinase OTUD3 stabilizes ACTN4 to drive growth and metastasis of hepatocellular carcinoma. Aging

(Albany NY) 2021, 13, 19317–19338. [CrossRef]

http://doi.org/10.1615/CritRevEukarGeneExpr.v4.i1.10
http://doi.org/10.1074/jbc.M108954200
http://doi.org/10.1038/cdd.2008.18
http://doi.org/10.1073/pnas.2335950100
http://doi.org/10.1093/neuonc/not194
http://doi.org/10.1111/hepr.12695
http://doi.org/10.1038/s41467-017-00029-1
http://doi.org/10.1038/s41598-021-00247-0
http://www.ncbi.nlm.nih.gov/pubmed/34675258
http://doi.org/10.1016/j.jprot.2012.07.039
http://www.ncbi.nlm.nih.gov/pubmed/22902387
http://doi.org/10.1111/tpj.15743
http://doi.org/10.1016/j.phrs.2020.104702
http://doi.org/10.1016/j.bbrc.2007.01.043
http://www.ncbi.nlm.nih.gov/pubmed/17254549
http://doi.org/10.1523/JNEUROSCI.22-24-10690.2002
http://www.ncbi.nlm.nih.gov/pubmed/12486162
http://doi.org/10.1089/ars.2015.6402
http://doi.org/10.1074/jbc.M211821200
http://doi.org/10.1371/journal.pone.0097880
http://doi.org/10.1016/j.neurobiolaging.2014.04.031
http://www.ncbi.nlm.nih.gov/pubmed/24889041
http://doi.org/10.1038/onc.2015.178
http://www.ncbi.nlm.nih.gov/pubmed/26028033
http://doi.org/10.1158/0008-5472.CAN-12-0474
http://doi.org/10.1172/JCI24238
http://www.ncbi.nlm.nih.gov/pubmed/24319643
http://doi.org/10.1038/nrm2199
http://doi.org/10.1016/j.immuni.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15345222
http://doi.org/10.1038/sj.emboj.7600903
http://www.ncbi.nlm.nih.gov/pubmed/16362047
http://doi.org/10.1186/s13024-017-0149-0
http://doi.org/10.1038/s41467-019-10824-7
http://doi.org/10.1186/s12885-020-07069-9
http://www.ncbi.nlm.nih.gov/pubmed/32571254
http://doi.org/10.1038/ncb3218
http://www.ncbi.nlm.nih.gov/pubmed/26280536
http://doi.org/10.1038/ncomms7239
http://doi.org/10.3390/cells10050996
http://doi.org/10.18632/aging.203293


Antioxidants 2023, 12, 809 16 of 16

46. Hetz, C.; Zhang, K. Mechanisms, regulation and functions of the unfolded protein response. Nat. Rev. Mol. Cell Biol. 2020, 21,
421–438. [CrossRef] [PubMed]

47. Hetz, C.; Papa, F.R. The Unfolded Protein Response and Cell Fate Control. Mol. Cell 2018, 69, 169–181. [CrossRef]
48. Hetz, C.; Martinon, F. The unfolded protein response: Integrating stress signals through the stress sensor IRE1α. Physiol. Rev.

2011, 91, 1219–1243. [CrossRef]
49. Liu, X.; Chen, Y. Microglia-derived IL-1β promoted neuronal apoptosis through ER stress-mediated signaling pathway

PERK/eIF2α/ATF4/CHOP upon arsenic exposure. J. Hazard. Mater. 2021, 417, 125997. [CrossRef] [PubMed]
50. Wang, X.; Zhuang, Y. Endoplasmic reticulum stress aggravates copper-induced apoptosis via the PERK/ATF4/CHOP signaling

pathway in duck renal tubular epithelial cells. Environ. Pollut. 2021, 272, 115981. [CrossRef]
51. Merksamer, P.I.; Papa, F.R. The UPR and cell fate at a glance. J. Cell Sci. 2010, 123 Pt 7, 1003–1006. [CrossRef] [PubMed]
52. Chen, Y.; Fujita, T. Physical and functional antagonism between tumor suppressor protein p53 and fortilin, an anti-apoptotic

protein. J. Biol. Chem. 2011, 286, 32575–32585. [CrossRef] [PubMed]
53. Zhang, D.; Li, F. Physical and functional interaction between myeloid cell leukemia 1 protein (MCL1) and Fortilin. The potential

role of MCL1 as a fortilin chaperone. J. Biol. Chem. 2002, 277, 37430–37438. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41580-020-0250-z
http://www.ncbi.nlm.nih.gov/pubmed/32457508
http://doi.org/10.1016/j.molcel.2017.06.017
http://doi.org/10.1152/physrev.00001.2011
http://doi.org/10.1016/j.jhazmat.2021.125997
http://www.ncbi.nlm.nih.gov/pubmed/34229406
http://doi.org/10.1016/j.envpol.2020.115981
http://doi.org/10.1242/jcs.035832
http://www.ncbi.nlm.nih.gov/pubmed/20332117
http://doi.org/10.1074/jbc.M110.217836
http://www.ncbi.nlm.nih.gov/pubmed/21795694
http://doi.org/10.1074/jbc.M207413200
http://www.ncbi.nlm.nih.gov/pubmed/12149273

	Introduction 
	Materials and Methods 
	Plasmids and Viruses 
	Cell Culture and Transfection 
	Cell Viability Assessment 
	Trypan Blue Assay 
	Propidium Iodide (PI) Assay 
	Measurement of Intracellular MDA Levels 
	Flow Cytometric Measurement of Apoptosis 
	Animals and In Vivo Treatment 
	RT-PCR and Quantitative PCR 
	Transmission Electron Microscopy Measurement of Changes in Endoplasmic Reticulum 
	Western Blotting and Immunoprecipitation 
	In Vitro Ubiquitin Conjugation Assay 
	Immunofluorescence Staining 
	Regents 
	Statistical Analysis 

	Results 
	OTUD3 Deletion Induced Neuronal Apoptosis 
	OTUD3 Knockdown Induced ER Stress 
	The Expression of Bip Was Not Changed In Vivo and In Vitro 
	OTUD3 Knockdown Induced ER Stress via Activating IRE1 Pathway 
	OTUD3 Was Involved in ER Stress by Regulating the Ubiquitination Level of IRE1 Binding Protein Fortilin 
	Fortilin Alleviated OTUD3 Knockdown Induced ER Stress 

	Discussion 
	Conclusions 
	References

