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Abstract

Mutant ubiquitin UBB+1 is observed in a variety of aging-related neurodegenerative diseases and acts as a potent inhibitor
of the ubiquitin proteasome system (UPS). In the present study, we investigated the relationship between impaired UPS
(using ectopic expression of UBB+1) and mitochondrial dynamics in astrocytes, which are the most abundant glial cells in
the central nervous system. Immunocytochemistry and fluorescence recovery after photobleaching revealed that ectopic
expression of UBB+1 induced mitochondrial elongation. We further demonstrated that overexpression of UBB+1
destabilized mitochondrial fission-specific proteins including Drp1, Fis1, and OPA3, but not the mitochondrial fusion-specific
proteins Mfn1, Mfn2, and OPA1. The reduction in mitochondrial fission-specific proteins by UBB+1 was prevented by
inhibiting the 26 S proteasome using chemical inhibitors, including MG132, lactacystin and epoxomicin. We then assessed
the involvement of proteases that target mitochondrial proteins by using various protease inhibitors. Finally, we confirmed
that either overexpression of UBB+1 or inhibiting the proteasome can protect astrocytic cells from H2O2-induced cell death
compared with control cells. Our results suggest that UBB+1 destabilizes mitochondrial fission-specific proteins, leading to
mitochondrial fusion and the subsequent resistance to oxidative stress. We therefore propose a protective role of UBB+1
overexpression or the proteasome inhibition in astrocytes in degenerative brains.
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Introduction

Impaired mitochondrial function has been implicated in the

pathogenesis of various neurodegenerative maladies, including

Alzheimer’s disease (AD) and Parkinson’s disease (PD) [1].

Mitochondria also play a significant role in the reciprocal signaling

between astrocytes and neurons [2], and the dysfunction of

astrocyte mitochondria can increase neuronal cell death [3,4].

Mitochondria, critical regulators of various cellular activities,

form a complex organized network controlled dynamically by the

processes of fission and fusion [5]. Mitochondrial fission is

mediated predominantly by a dynamin-related GTPase, Drp1

[6,7] and its receptors, including Fis1, Mff, Mid49, and Mid51

[8,9,10]. OPA3, a mitochondrial outer membrane protein, can

also mediate Drp1-independent mitochondrial fission [11]. Mito-

chondrial fusion is mediated by three specific proteins: Mfn1,

Mfn2, and OPA1 [12,13]. The alteration of mitochondrial

dynamics is also commonly observed in a variety of neurodegen-

erative diseases and polyglutamine disorders [14]. Since mito-

chondrial proteins are subject to ubiquitin proteasome system

(UPS)-mediated proteolysis, the activity of UPS may be tightly

linked to mitochondrial dynamics and function.

Mutant ubiquitin B+1 (UBB+1) has been shown to suppress the

function of UPS [15] and is one of the hallmarks of neurodegen-

erative diseases including AD, PD, Pick’s disease, and Hunting-

ton’s disease [16,17,18]. The ectopic expression of UBB+1 causes

neuritic beading of the mitochondria and impairment of

mitochondrial transport in cultured primary neurons [19],

suggesting that potential cross talk occurs between UPS and

mitochondria. Although dysregulation of UPS alters respiratory

function and changes the expression of mitochondrial proteins

[20], the role of UPS and ectopic UBB+1 expression in the

maintenance of mitochondrial dynamics and function remains

unclear.

Although UBB+1 exerts many detrimental and pathogenic

effects, paradoxical roles of UBB+1 have also been reported,

depending on the cell type and biological context [21]. For

example, ectopic expression of UBB+1 did not induce neuronal

loss in a transgenic animal model [22]. In addition, expression of

UBB+1 acutely enhanced mitochondrial respiratory function, but

effects were lost with long-term treatment [23]. The different

biological effects of UBB+1 may be due to varying roles of UPS in

different cell types, such as in neuronal and non-neuronal glial

cells. To understand the complexity of the biological roles of UPS
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in the CNS, we investigated the effects of UBB+1 overexpression

or UPS inhibition, focusing on mitochondrial dynamics in

astrocytic cells. We demonstrated that UBB+1 protects astrocytic

cells from oxidative stresses by regulating of mitochondrial

dynamics, suggesting that the biological roles of UBB+1 in

neurodegenerative diseases might be more complex than thought

previously.

Materials and Methods

1. Cell Culture
CRT-MG human astrocytoma cells were stably transfected with

pEGFP and pEGFP-UBB+1 constructs, as previously described

[21,24], and cells were maintained in RPMI-1640 medium

(Welgene, Seoul, Korea). The expression of UBB+1 was confirmed

by immunoblotting using specific antibodies (Ab Frontier, Seoul,

Korea). Primary human astrocytes were purchased from Lonza

Clonetics (Walkersville, MD, USA) and expanded in accordance

with the manufacturer’s instructions.

2. Reagents
The proteasome inhibitors MG132, lactacystin and epoxomicin

were purchased from Calbiochem (La Jolla, CA, USA). Antibodies

were purchased as follows: Drp1, OPA1, and Tom20 were

obtained from BD Biosciences (San Diego, CA, USA), Fis1 from

BioVision (Palo Alto, CA, USA), Mfn1 and GAPDH from Santa

Cruz Biotechnology (Santa Cruz, CA, USA), Mfn2 from Sigma-

Aldrich, and GFP from Cell Signaling Technology (Beverly, MA,

USA). The OPA3 antibody was raised against a GST-fused partial

protein [11]. Stabilized 10% hydrogen peroxide (H2O2) was

purchased from Biopure (Ontario, Canada). Tetramethylrhoda-

mine ethyl ester (TMRE) and Alexa Fluor 594-conjugated goat

anti-mouse antibody were obtained from Molecular Probes

(Eugene, OR, USA). Horseradish peroxidase (HRP)-conjugated

secondary antibodies were purchased from Santa Cruz Biotech-

nology.

3. Analysis of Gene Expression
Total RNA was isolated from CRT-MG cells stably expressing

pEGFP or pEGFP-UBB+1 using an RNeasy Mini Kit (Qiagen,

Valencia, CA, USA). Complementary DNA (cDNA) was synthe-

sized from 1 mg of total RNA using a high capacity RNA-to-

cDNA kit (Applied Biosystems, Foster City, CA, USA). Quanti-

tative real-time polymerase chain reaction (PCR) was performed

in duplicate to determine the mRNA levels of Drp1, Fis1, OPA3,

Mfn1, Mfn2, and OPA1 using the StepOne Real-Time PCR

system (Applied Biosystems). Target mRNA levels were normal-

ized to an endogenous reference gene (GAPDH). Data were

quantified by the comparative threshold cycle method for

calculating relative gene expression.

4. Immunoblotting
Cells were harvested, washed in ice-cold phosphate-buffered

saline (PBS), and resuspended in adjusted volumes of buffer,

provided with the M-Per mammalian protein extraction kit

(Pierce, Rockford, IL, USA). The cells were incubated on ice for

30 min, and the lysates were then cleared by centrifugation

(10,0006g, 10 min). The lysates were separated by 12% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),

transferred to nitrocellulose membranes (Invitrogen, Carlsbad,

CA, USA), and incubated with the appropriate antibodies. Blots

were developed using an enhanced chemiluminescence system (Ab

Frontier).

5. Measurement of Mitochondrial Membrane Potential
(Dym)
To assess mitochondrial membrane potential (Dym), cells were

stained with 2 mmol/L TMRE for 30 min at room temperature,

washed with PBS, trypsinized, and resuspended in 200 mL binding

buffer. Ten thousand cells were then analyzed with FACSCalibur

(BD Biosciences) within 30 min of staining. Data were analyzed

using the FlowJo software (Treestar, Inc., San Carlos, CA, USA).

6. RNA Interference and Gene Transfection
Small interfering RNA (siRNA) duplexes targeting Mfn1, Drp1,

and a negative control random sequence siRNA were designed

and synthesized by Bioneer (Daejeon, Korea). Target sequences

were as follows: human Mfn1 59-GUGUAGAUUCUG-

GUAAUGA-39, human Drp1 59-GAGGUUAUUGAACGA-

CUCA-39; negative control 59-CCUACGCCAAUUUCGU-39.

The siRNAs were transiently transfected using Lipofectamine

2000 (Invitrogen) following the manufacturer’s instructions. One

day after transfection, media were changed and cells were grown

for an additional 48 h before experiments commenced. Transfec-

tion efficiency was confirmed by immunoblotting. Primary human

astrocytes were transfected with pEGFP, pEGFP-UBB+1, or mito-

DsRed using Effectene Transfection Reagent (Qiagen) according

to manufacturer’s instructions.

7. Immunocytochemistry and Confocal Microscopic
Analysis
Cells grown in 2-well chamber slides were fixed with 4%

paraformaldehyde for 15 min, permeabilized with 0.15% Triton

X-100 in PBS for 15 min, and then blocked with 3% bovine serum

albumin in PBS for 45 min. The slides were incubated with

Tom20 primary antibodies, followed by goat anti-mouse IgG

antibody conjugated to Alexa Fluor 594. Images were captured

using a Zeiss LSM 510 confocal microscope with 406 Apoc-

hromat objectives (Carl Zeiss, Thornwood, NY, USA). All

incubations were carried out at room temperature.

8. Measurement of Mitochondrial Network Connectivity
The mitochondrial complex network was evaluated using

fluorescence recovery after photobleaching (FRAP), which pro-

vides a quantitative measure of the volume of single units of the

mitochondrial networks. Briefly, live cells were imaged using an

LSM510 imaging station (Carl Zeiss). Small regions of interest

(ROIs) of identical size containing Mito-DsRed-expressing cells

were photobleached using a 30 mV argon laser set to 594 nm

(with a 20% laser power output and 100% transmission) until the

fluorescence intensity of the region reached the basal level. The

region was then monitored for the recovery of DsRed fluores-

cence. The fluorescence intensity was normalized to the ROI in

the first image of the series, and the fluorescence intensity recovery

rates were plotted.

9. Detection of Cell Death
Cells were seeded in 12-well plates and washed twice with serum

free RPMI-1640 medium. After treatment with H2O2, the

supernatants were analyzed with a lactate dehydrogenase release

assay (Promega, Madison, WI, USA) according to the manufac-

turer’s protocol.

10. Statistical Analysis
Data are presented as the mean 6 standard deviation (SD). The

significance of the difference between two independent samples

was determined by Student’s t-test. Groups were compared using
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one-way analysis of variance (ANOVA), with Tukey’s post hoc test

applied to the significant main effect.

Results

1. Ectopic Expression of UBB+1 Induces Mitochondrial
Elongation by Reducing the Expression of Fission-specific
Proteins
To assess the effects of UBB+1 on mitochondrial dynamics, we

first investigated the expression of proteins related to mitochon-

drial fission or fusion (Fig. 1A and Figure S1). Immunoblotting

results demonstrated that the expression of the fission-related

proteins Drp1, Fis1, and OPA3 was significantly reduced in UBB+
1 stably transfected cells compared with the control. In contrast,

the expression of the mitochondrial fusion proteins Mfn1, Mfn2,

and OPA1 were not affected by the overexpression of UBB+1.
Since UBB+1 is a potent inhibitor of the 26S proteasome [15,25],

we next used the pharmacological inhibitors MG132, lactcystin

and epoxomicin to determine whether the UBB+1-mediated

reduction in fission protein expression was due to the inhibition of

UPS. As expected, the levels of Drp1, Fis1, and OPA3 significantly

decreased after treatment with the inhibitors (Fig. 1B, C, and

Figure S2), while the levels of Mfn1, Mfn2, and OPA1 were

unaffected. To verify whether the effects on fission-specific

proteins occurred at the transcriptional or translational level, we

measured mRNA levels of these proteins using quantitative reverse

transcription-PCR, and observed that the levels of Drp1, Fis1, and

OPA3 mRNA were comparable between the control and UBB+1
cells (Fig. 1D). These results clearly suggest that the reduction in

the expression of mitochondrial fission-specific proteins by ectopic

expression of UBB+1 occurs at the translational or posttransla-

tional level in a proteasome-dependent manner.

We next examined the effects of UBB+1 on mitochondrial

dynamics by analyzing mitochondrial morphology in the UBB+1
stable cells (Fig. 1E). The mitochondria in cells overexpressing

UBB+1 were typically more elongated in shape compared with the

control cells. Importantly, similar effects were observed in cells

treated with MG132 or lactacystin. In addition, the average length

of mitochondria in UBB+1 stable cells or those treated with

proteasome inhibitors was significantly longer than those in

control cells (Fig. 1F). Since mitochondria exhibited an elongated

morphology, we next assessed mitochondrial fission activity using

FRAP analysis. The photobleached fluorescence was recovered

within 10 s in the control cells, while the recovery time in UBB+1
cells or those with proteasome inhibitors was significantly shorter

(Fig. 1G).

In addition, we investigated the effects of UBB+1 on

mitochondrial dynamics in primary human astrocytes. Immuno-

blotting analysis revealed that the expression of Drp1, Fis1, and

OPA3 was significantly reduced in the cells transiently transfected

with UBB+1 construct or treated with various 26S proteasome

inhibitors (Fig. 2A, B). The mitochondria in primary astrocytes

transiently transfected with EGFP-UBB+1 were more elongated in

shape compared with control cells (Fig. 2C, D). FRAP analysis

confirmed increased mitochondrial fission activity in cells trans-

fected with UBB+1 compared to normal control (Fig. 2E).

2. Ectopic Expression of UBB+1 Protects Astrocytic Cells
from Oxidative Stress-induced Cell Death
Mitochondrial dynamics are involved with the cellular suscep-

tibility to death signals [26,27]. We therefore hypothesized that

ectopic expression of UBB+1 might affect cellular vulnerability to

cell death by inducing mitochondrial elongation. We therefore

assessed cell death in UBB+1 overexpressing and control cells after

treatment with different doses of H2O2 for varying time periods

(Fig. 3A). Incubation with H2O2 induced significant cell death in a

dose- and time-dependent manner, while overexpression of UBB+
1 significantly abrogated these effects. To confirm the protective

effects of UBB+1, we next assessed changes in mitochondrial

membrane potential using TMRE staining (Fig. 3B). TMRE

fluorescence, an indicator of the mitochondrial membrane

potential (Dym), was not different between the different cell types,

confirming that ectopic expression of UBB+1 did not induce cell

death in astrocytic cells. The mean fluorescence intensity (MFI) of

TMRE decreased upon treatment with H2O2 in a dose-dependent

manner in the control cells. In contrast, the MFI in UBB+1 cells

was significantly higher than in control cells (Fig. 3C, D).

We next examined whether the reduced cell death of UBB+1
stable cells was due to altered mitochondrial dynamics. We

induced changes in mitochondrial dynamics toward fusion or

fission using RNA interference against Drp1 and Mfn1, respec-

tively. As expected, reducing Drp1 expression protected cells from

H2O2-induced cell death, while reducing levels of Mfn1 increased

oxidative stress-induced cell death (Fig. 3E). Next, we induced

mitochondrial fission in UBB+1 stable cells by overexpressing

Drp1 or silencing Mfn1, and assessed the sensitivity to H2O2-

induced cell death (Fig. 3F). Under normal conditions, UBB+1
stable cells are relatively resistant to H2O2-induced cell death,

even at high concentrations. However, the ectopic expression of

Drp1 or the silencing of Mfn1 sensitized UBB+1 cells to oxidative

stress. In addition, changes in the mitochondrial morphology of

these cells were confirmed by confocal microscopy and FRAP

analysis. (Fig. 3G and Figure S3). These results suggest that

overexpression of UBB+1 may protect astrocytic cells from

oxidative stress-induced cell death by regulating mitochondrial

dynamics.

Figure 1. The regulation of mitochondrial dynamics by proteasome inhibition and ectopic expression of UBB+1 in CRT-MG human
astrocytes. A, CRT-MG cells stably transfected with pEGFP or pEGFP-UBB+1 were harvested. Western blotting was carried out with antibodies
against mitochondrial fission-specific (Drp1, Fis1, and OPA3) and fusion-specific proteins (Mfn1, Mfn2, and OPA1). GAPDH was used as a loading
control, and all blots are representative of three independent experiments. Below numbers indicates the result of densitometry quantification. B, C,
Cells were incubated in the absence or presence of 1 mmol/L MG132, a reversible proteasome inhibitor for 0–12 h, or 1 mmol/L lactacystin, an
irreversible proteasome inhibitor, for 12 h. Cell lysates were analyzed by Western blotting for mitochondrial proteins. D, mRNA levels of Drp1, Fis1,
OPA3, Mfn1, Mfn2, and OPA1 were assessed by real-time PCR. Statistical analysis was performed using Tukey’s post hoc test. Asterisks indicate
significant differences compared with the control; *p,0.05. E, Mitochondrial morphology was analyzed with Tom20 staining by confocal microscopy
in CRT-MG cells stably expressing pEGFP or pEGFP-UBB+1 after treatment with MG132 or lactacystin for 12 h (scale bar = 20 mm). F, The average
mitochondrial length in single cells was measured using ImageJ software. Data are presented as the mean 6 SEM, n= 30 cells. Turkey’s post hoc test
was applied to significant group effects identified using ANOVA (p,0.0001). Asterisks indicate a statistically significant difference compared with the
control; *p,0.05, ***p,0.001. G, The fluorescence intensity recovery rates after photobleaching are plotted. Cells were transfected with Mito-DsRed
and incubated in the presence of 0.5 mmol/L MG132 or lactacystin for 12 h. Data are plotted as the mean 6 SEM (n = 15–20 cells for each group).
doi:10.1371/journal.pone.0099937.g001
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Figure 2. The regulation of mitochondrial dynamics by transient expression of UBB+1 and proteasome inhibition in primary human
astrocytes. A, Astrocytes were transiently transfected with pEGFP or pEGFP-UBB+1. After 72 hrs, cells were lysed and analyzed by Western blotting
for mitochondrial proteins (Drp1, Fis1, OPA3, Mfn1, Mfn2, and OPA1), EGFP, and UBB+1. GAPDH was used as a loading control, and all blots are
representative of three independent experiments. B, Cells were incubated in the absence or presence of 1 mmol/L MG132, a reversible proteasome
inhibitor for 12 h, 1 mmol/L lactacystin, an irreversible proteasome inhibitor, for 12 h, or 1 mmol/L epoxomicin, a highly specific proteasome inhibitor.
Cell lysates were analyzed by Western blotting for mitochondrial proteins. C. Mitochondrial morphology was analyzed after staining for Tom20
protein by confocal microscopy in primary human astrocytes after 72 h transiently transfection with pEGFP-UBB+1. A higher magnification views of
mitochondrial image in the white square are presented in the each right side of the images. (scale bar = 20 mm). D, E, Primary human astrocytes were
co-transfected with pEGFP and mito-DsRed, or pEGFP-UBB+1 and mito-DsRed. After 72 hrs, confocal microscopy was used to analyze the
mitochondrial morphology. And the fluorescence intensity recovery rates after photobleaching are plotted. Data are plotted as the mean 6 SEM.
(n = 15–20 cells for each group).
doi:10.1371/journal.pone.0099937.g002
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Discussion

In the present study, we demonstrated that the overexpression

of UBB+1 altered mitochondrial dynamics to fused and elongated

states, and conferred cellular resistance to oxidative stress-induced

cell death. In addition, the protective effects of UBB+1 overex-

pression or UPS blockade were due to the enhanced fusion activity

of mitochondria. Although it is premature to conclude that UPS

blockade or UBB+1 expression confers protective effects, our data

clearly provide intriguing evidence that UBB+1 might have a

protective role in aging or degenerating brains.

Figure 3. Effects of UBB+1 on oxidative stress-induced cell death. A, CRT-MG cells stably expressing pEGFP and pEGFP-UBB+1 were
incubated in the absence or presence of H2O2 (0–100 mmol/L) for different time periods as indicated (0–60 min). After stimulation, cell death was
assessed using an LDH assay. Data are presented as the mean 6 SEM (n= 3), and Turkey’s post hoc test was applied to significant group effects (p,
0.0001) identified by ANOVA. Asterisks indicate a significant difference compared with the control: *p,0.05, **p,0.01, ***p,0.001. B, Cells were
stained with TMRE, and the mean fluorescence intensity was determined using FACS analysis. The graph represents the mitochondrial membrane
potential Dy. Data are presented as the mean6 SEM (n=3), and Turkey’s post hoc test was applied to significant group effects identified by ANOVA.
C, The mean fluorescence intensity of TMRE staining was assessed after treatment with H2O2, and the graph represents the mitochondrial membrane
potential Dy. Data are presented as the mean6 SEM (n=3), and Turkey’s post hoc test was applied to significant group effects identified by ANOVA.
Asterisks indicate a significant difference between UBB+1-expressing and control cells. D, CRT-MG cells stably expressing pEGFP or pEGFP-UBB+1
were treated with 25 or 50 mmol/L H2O2 for 15 min, and mitochondrial membrane potential was assessed using TMRE. Filled, untreated cells; lined,
treated cells. E, CRT-MG cells stably expressing EGFP were transfected with siRNA against Drp1, Mfn1, or the negative control, and stimulated with 0–
100 mmol/L H2O2 for 0–60 min as indicated. Efficient knockdown of Drp1 and Mfn1 was confirmed by Western blotting. F, CRT-MG cells stably
expressing UBB+1 were transfected with Mfn1 siRNA, control siRNA, Drp1-overexpressing pCMV-Myc or pCMV-Myc. Cells were then stimulated with
0–100 mmol/L H2O2 for 30 min. Efficient knockdown of Mfn1 and overexpression of Drp1 were confirmed by Western blotting. After treatment, cell
death was assessed by an LDH assay. Data are presented as the mean 6 SEM (n= 3); Turkey’s post hoc test was applied to significant group effects
(p,0.0001) identified by ANOVA. Asterisks indicate a significant difference compared with the control: *p,0.05, **p,0.01, ***p,0.001. G, The
mitochondrial morphology was analyzed after staining for Tom20 in UBB+1 expressing cells transfected with control siRNA, Mfn1 siRNA, Drp1-
overexpressing pCMV-Myc or pCMV-Myc.
doi:10.1371/journal.pone.0099937.g003
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Dysfunction of UPS and impaired mitochondrial dynamics are

important hallmarks of aging-related or disease-associated degen-

eration of neuronal cells. In addition, the impaired function of

UPS is linked to mitochondrial dysfunction in neurons and is

partially responsible for the increased susceptibility to cell death

[14,23,28]. UBB+1 also plays a role in impaired mitochondrial

function and enhanced cell death in neuroblastoma cell lines and

cultured primary mouse neurons [19,25]. UBB+1 also interacts

with the ubiquitin-conjugating enzyme E2-25K/Hip-2 and plays a

crucial role in amyloid-b neurotoxicity [29,30]. In contrast,

however, a recent study demonstrated that UBB+1 decreased

the formation of amyloid plaques in a transgenic mouse model of

AD [31]. Decreased activity of the UPS was hypothesized to delay

the production of amyloid-b peptide by inhibiting b-secretase
activity [32]. Nevertheless, our data demonstrate that the

expression of UBB+1 induces mitochondrial elongation by

inhibiting the 26S proteasome and destabilizing fission-specific

proteins, and protects astrocytes from oxidative stress. Previous

studies in a genetic model of UBB+1 showed no increased cell

death in the neuronal cells [22], while another study reported

central respiratory failure due to brain stem pathology, but only

after long-term expression of UBB+1 [23]. These contradictory

results from different models may be due to nonlinear dose-

dependent effects of UBB+1. At low concentrations, UBB+1 acts

preferentially as a substrate for ubiquitin fusion degradation,

rather than as a proteasome inhibitor [15,33,34], and can be

specifically degraded by ubiquitin C-terminal hydrolase L3 [35].

Under specific conditions, blocking UPS or overexpressing

UBB+1 might exert different biological effects in astrocytes and

neurons. Our data support the notion that ectopic expression of

UBB+1 has no effect on cell viability or mitochondrial membrane

potential in astrocytic cells. Furthermore, overexpression of UBB+
1 or inhibition of UPS protected astrocytic cells from oxidative

stress by regulating mitochondrial dynamics. Indeed, UBB+1 was

induced in astrocytes by active caspase-3 in conditions of stress

such as ischemia [36]. Although it is premature to conclude that

UBB+1 has protective effect in astrocytes, these findings suggest

that it may confer cellular protection by modulating mitochondrial

dynamics in a cell-specific manner.

UBB+1 has been reported to increase the expression of the heat

shock proteins Hsp40 and Hsp70 in human neuroblastoma cells in

proteasome-dependent manner, which may protect the cells from

oxidative stress [37]. Hsp40 and Hsp70 are key components in the

import and folding of various mitochondrial proteins [38,39], and

they protect cells from premature cell death induced by various

noxious stimuli [40,41]. Since defects in Hsp70 can cause the

aggregation of mitochondria in yeast [42], the destabilization of

mitochondrial fission-specific proteins and increased expression of

heat shock proteins induced by UBB+1 may work in concert to

protect cells from oxidative stress. However, additional studies are

needed to confirm this hypothesis.

Dysregulation of mitochondrial dynamics is frequently observed

in the brains of animals and patients with degenerative diseases.

Levels of Drp1 decrease significantly in animal models of AD and

cause synaptic loss induced by amyloid-b-derived diffusible ligands

[43]. Although Drp1-mediated disruption of mitochondrial fission

inhibits cytochrome c release and prevents cell death [26,44,45], a

sustained imbalance of mitochondrial dynamics is generally

detrimental [14]. Modification of Drp1 has been reported to be

involved in neuronal injury in brains of human Alzheimer’s disease

patients [46]. However, reducing Drp1 stability by abnormal and

continuous UBB+1 expression could ultimately cause pathological

problems, such as the synaptic loss of neurons in neurodegener-

ative diseases.

In conclusion, the inhibition of UPS and overexpression of

UBB+1 decreased the expression of the mitochondrial fission-

specific proteins Drp1, Fis1, and OPA3, accompanied by

increased mitochondrial fusion activity in human astrocytic cells,

which conferred cellular resistance to oxidative stress-induced cell

death. Based on these observations, we proposed that ectopic

expression of UBB+1 might be essential for cellular resilience to

oxidative stress by regulating mitochondrial dynamics.

Supporting Information

Figure S1 The western blot analysis results for mitochondrial

fission proteins in CRT-MG cells stably transfected with pEGFP

or pEGFP-UBB+1 were quantified by densitometry. Data are

presented as the mean 6 SEM (n=3).

(EPS)

Figure S2 The regulation of mitochondrial dynamics by various

proteasome inhibitors. CRT-MG cells stably transfected with

pEGFP were incubated in the absence or presence of lactacystin,

epoxomicin, or MG132 (in final concentration of 1 mmol/L) for

12 h. Cell lysates were analyzed by western blotting for

mitochondrial proteins.

(EPS)

Figure S3 CRT-MG cells stably expressing pEGFP-UBB+1
were co-transfected with mito-DsRed and Mfn1 siRNA or Drp1-

overexpressing pCMV-Myc constructs. For control experiment,

same cells were transfected with mito-DsRed and control siRNA

or pCMV-Myc vectors. After 48 h, confocal microscopy was used

to analyze the mitochondrial morphology. And the fluorescence

intensity recovery rates after photobleaching are plotted. Data are

plotted as the mean 6 SEM (n= 20).

(EPS)
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