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Abstract

Aims: Precise regulation of cellular protein degradation is essential for maintaining protein and redox ho-
meostasis. The ubiquitin proteasome system (UPS) represents one of the major degradation machineries, and
UPS disturbances are strongly associated with neurodegeneration. We have previously shown that the tran-
scription factor TCF11/Nrf1 induces antioxidant response element-mediated upregulation of UPS components
in response to proteotoxic stress. Knockout of TCF11/Nrf1 is embryonically lethal, and therefore, the present
investigation describes the role of oxidative stress in regulating TCF11/Nrf1-dependent proteasome expression
in a model system relevant to Parkinson’s disease.
Results: Using the human dopaminergic neuroblastoma cell line SH-SY5Y and mouse nigrostriatal organotypic
slice cultures, gene and protein expression analysis and functional assays revealed oxidative stress is induced by
the proteasome inhibitor epoxomicin or the mitochondrial complex I inhibitor rotenone and promotes the
upregulation of proteasome expression and function mediated by TCF11/Nrf1 activation. In addition, we show
that these stress conditions induce the unfolded protein response. TCF11/Nrf1, thus, has a cytoprotective
function in response to oxidative and proteotoxic stress.
Innovation and Conclusion: We here demonstrate that adaption of the proteasome system in response to
oxidative stress is dependent on TCF11/Nrf1 in this model system. We conclude that TCF11/Nrf1, therefore, plays
a vital role in maintaining redox and protein homeostasis. This work provides a vital insight into the molecular
mechanisms of neurodegeneration due to oxidative stress by rotenone, and further studies investigating the role of
TCF11/Nrf1 in the human condition would be of considerable interest. Antioxid. Redox Signal. 25, 870–885.
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Introduction

Intracellular protein degradation is a tightly regulated
process, essential for protein homeostasis or proteostasis.

The ubiquitin–proteasome system (UPS) is one of the major
protein degradation machineries in eukaryotic cells, impor-
tant for protein quality control and the regulation of processes
such as cell cycle progression and differentiation, in addition
to stress and immune responses (14). Proteins targeted for
degradation by the UPS are labeled with ubiquitin and de-
graded by the 26S proteasome. The 26S proteasome consists
of the 20S core complex and the 19S regulatory particle. The
20S complex is made up of four stacked heteroheptameric

rings, the two outer alpha rings and the two inner beta rings
harboring the proteolytic active sites b1, b2, and b5. The 19S
particle performs substrate binding, deubiquitylation, un-
folding, and translocation through the 20S pore, an ATP-
dependent process (6, 21).

To adjust the UPS to changing environmental conditions,
the degradation system is subordinated to precise regula-
tory mechanisms influencing proteasomal gene expression and
composition. Besides upregulation of the standard 26S pro-
teasome, under certain stressful conditions, the additional in-
corporation of interferon-induced catalytic immunosubunits or
interaction with the PA28 regulator enables further rapid
adaption of the proteasome system to inflammation (45, 57,

1Charité–Universitätsmedizin Berlin, Institut für Biochemie, Berlin, Germany.
2Translational Autoinflammatory Disease Section, NIAMS, NIH, Bethesda, Maryland.

ANTIOXIDANTS & REDOX SIGNALING
Volume 25, Number 16, 2016
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2015.6539

870



64). We and others have previously identified the transcription
factor TCF11/Nrf1 as the main regulator of UPS-related gene
expression. In response to proteasome inhibition, TCF11/Nrf1
induces the transcription of the 26S proteasome subunit genes
resulting in newly synthesized proteasome complexes and in-
creased proteolytic activity (56, 61).

TCF11/Nrf1 is encoded by the NFE2L1 gene and two dif-
ferent isoforms, namely Nrf1 (742 amino acids) and TCF11
(772 amino acids) are expressed in humans (10, 24, 40).
TCF11/Nrf1, like Nrf2 and Nrf3, belongs to the Cap’n’Collar
family of basic leucine zipper (CNC-bZIP) transcription fac-
tors (63). Nrf’s (nuclear factor-erythroid 2-like) bind as het-
erodimers to antioxidant response elements (ARE) and thereby
regulate the transcription of antioxidative and cytoprotective
genes (25, 26, 66). Although Nrf2 is believed to be the main
regulator of the antioxidative response, TCF11/Nrf1 also
transactivates some detoxifying and antioxidant genes. The
interplay between these transcription factors is, however, not
fully understood and appears to be dependent on the type of
stimulation and target gene (12, 30, 48, 66). The proteasome
subunit and other UPS-related genes are under control of a
promoter harboring ARE regions and are thus regulated by
Nrf2 or TCF11/Nrf1 (32, 53, 61). In response to proteasome
inhibition, however, the upregulation of the UPS depends on
TCF11/Nrf1 rather than Nrf2 (61).

While the mechanism of oxidative stress-induced nuclear
translocation of Nrf2 has been widely investigated (9), the
mechanism of activation and nuclear translocation of TCF11/
Nrf1 is poorly understood. Under nonstressed conditions,
TCF11/Nrf1 resides into the endoplasmic reticulum (ER)
membrane and is targeted by the E3 ubiquitin ligase HRD1
and p97/VCP-dependent ER-associated protein degradation
(61). The turnover of nuclear TCF11/Nrf1 is mediated by the
SCF (Skp1-Cullin1-F-box protein) E3 ubiquitin ligase con-
taining the F-box protein Fbw7 or b-TrCP (4, 5, 65). Upon
proteasome inhibition, TCF11/Nrf1 is retrotranslocated de-
pending on p97/VCP and transferred into the nucleus. During
the nuclear translocation process, TCF11/Nrf1 is known to be
proteolytically processed, although the identity of the re-
sponsible protease is still under discussion (54, 58, 61).

The loss of the transcription factor in mice is lethal in
the embryonic stage (11), and other TCF11/Nrf1 siRNA and
knockout studies emphasize the importance of this tran-
scription factor in maintaining cellular redox as well as
protein homeostasis. The absence of Nrf1 sensitizes the cells
to oxidative stress (33), and TCF11/Nrf1 deficiency also
prohibits proteasome upregulation and aggravates cell death
during proteasome inhibition (56, 61). UPS activity is critical
for preventing the accumulation of oxidant-damaged and

misfolded proteins (19, 31), and impairment of the UPS is
associated with neurodegenerative disorders like Alzhei-
mer’s and Parkinson’s diseases (15, 43). The specific loss of
TCF11/Nrf1 in the mouse brain results in dysregulation of
proteasome gene expression, accumulation of polyubiqui-
tylated proteins, and neurodegeneration (29, 34).

Importantly, recent data demonstrate that chronic proteo-
toxic stress by impairment of proteasome function in patients
with proteasome mutations causes autoinflammation (6, 7).

We here studied the adaption of the standard proteasome in
the human dopaminergic neuroblastoma cell line, SH-SY5Y,
upon exposure to the proteasome inhibitor epoxomicin or the
mitochondrial complex I inhibitor rotenone. Treatment with
rotenone results in the selective degeneration of dopaminer-
gic neurons in the substantia nigra, and it is widely used in
animal and cell culture models for Parkinson’s disease (47).
Rotenone causes mitochondrial dysfunction, leading to the
production of reactive oxygen species (ROS), and UPS de-
ficiency, resulting in the accumulation of ubiquitylated pro-
teins (3, 36, 39, 68, 69). Researchers have now shown that
Parkinson’s disease in humans is associated with increased
levels of oxidant-damaged proteins (1, 16), accumulation of
ubiquitylated protein aggregates, increased unfolded protein
response activation markers (23), and indicators of neuroin-
flammation, including activated glial cells (18, 42).

We here demonstrate that rotenone leads to a rapid in-
duction of TCF11/Nrf1-dependent proteasome expression
and further investigate the mechanism behind and the effects
of TCF11/Nrf1 induction by inhibition of the proteasome.
The current data show that depletion of the transcription
factor with siRNA results in severe proteotoxic stress and
enhances the sensitivity of SH-SY5Y neuronal cells to rote-
none, indicating that TCF11/Nrf1 protects the cells against
cytotoxic stress via upregulation of the UPS.

Results

Proteasome inhibition leads to oxidative stress
and TCF11/Nrf1-dependent upregulation
of proteasome subunit expression

Previous studies have shown adaption of the UPS in re-
sponse to proteasome inhibition (45, 61). To investigate the
role of TCF11/Nrf1 in proteotoxic and oxidative stress,
we induced its activation in SH-SY5Y cells by incubation
with the proteasome inhibitor epoxomicin. Epoxomicin in-
duced intracellular ROS production in SH-SY5Y cells in a
concentration-dependent manner and led to accumulation of
oxidant-damaged proteins, detected by staining of protein
carbonyl groups (Fig. 1A and Supplementary Fig. S1C;
Supplementary Data are available online at www.liebertpub.
com/ars). Levels of polyubiquitylated proteins were in-
creased by epoxomicin treatment, proving inhibition of pro-
tein clearance (Supplementary Fig. S1A).

Furthermore, proteasome inhibition resulted in a
concentration-dependent decrease in SH-SY5Y cell viability
(Supplementary Fig. S1B). Similarly, acute exposure to the
proteasome inhibitor MG-132 led to apoptosis shown by a
rise in caspase-3/7 activity, thus verifying that proteasome
inhibition leads to cytotoxicity and cell death (Supplemen-
tary Fig. S3A). All further experiments were performed with
nonlethal concentrations of proteasome inhibitor.

Innovation

The relationship between protein and redox homeostasis
is currently poorly understood. We here uncovered a
TCF11/Nrf1-dependent early cellular response mechanism,
which enables the cell to adjust proteasomal protein deg-
radation to contend oxidative damage and, thereby, pro-
motes cell viability. Given that neurodegenerative disorders
are known to involve disturbances of protein and redox
homeostasis, these data indicate TCF11/Nrf1-dependent
regulation may be an important therapeutic target.
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FIG. 1. Oxidative stress promotes epoxomicin-induced proteasome subunit expression. (A) Cultured SH-SY5Y cells
were exposed to the indicated concentrations of epoxomicin or 0.1% DMSO for 18 h. Relative ROS level was measured by flow
cytometry using the DCFH-DA dye. The mean values of the relative ROS level – SD from four independent experiments are
shown. (B, C) Cultured SH-SY5Y cells were cotreated with 10 nM epoxomicin or 0.1% DMSO and 10 lM SFN or 200 lM AA
for 20 h. Relative ROS level was measured by flow cytometry using the DCFH-DA dye. The mean values of the relative ROS
level – SD from five (B) or six (C) independent experiments are shown. (D, E) SH-SY5Y cells were transfected with PSMB6/
b1 promoter containing CAT reporter gene construct and cotransfected with pcDNA3.1-lacZ. For the last 20 h of transfection,
cells were exposed to 10 nM epoxomicin or 0.1% DMSO and 10 lM SFN or 200 lM AA. The CAT concentration of cell lysates
was determined by ELISA and normalized to b-Galactosidase activity. Shown are the mean values of the relative CAT
concentration – SD from six replicates of three independent experiments. (F) Cultured SH-SY5Y cells were cotreated with
10 nM epoxomicin or 0.1% DMSO and 10 lM SFN for 20 h. The relative mRNA level of PSMB6/b1 was analyzed by
quantitative real-time PCR. Shown are the mean values – SD from three independent experiments (*/#p < 0.05; **p < 0.005).
AA, ascorbic acid; CAT, chloramphenicol acetyltransferase; DCFH-DA, dichlorodihydrofluorescein diacetate; DMSO, di-
methyl sulfoxide; PCR, polymerase chain reaction; ROS, reactive oxygen species; SD, standard deviation; SFN, sulforaphane.
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Epoxomicin treatment increased the whole-cell TCF11/
Nrf1 protein level in SH-SY5Y cells and other cell types as
measured by immunoblotting, suggesting a general mecha-
nism (Supplementary Fig. S2A). We observed a slower mi-
grating larger form along with the faster migrating protein,
which is most likely to be the deglycosylated and proteolyti-
cally processed active form of TCF11/Nrf1 (54, 61, 70). The
TCF11/Nrf1 protein was more strongly increased in the un-
differentiated compared to the differentiated SH-SY5Y cells.
The undifferentiated cell model was preferred, because mainly
standard proteasome subunits were induced. In the differenti-
ated cell model also immunoproteasome subunits are induced
by retinoic acid (RA; Supplementary Fig. S2A), which con-
tradicts in vivo models indicating that immunoproteasome
subunits are only expressed in glia cells and not in neurons (49).
This supports the use of the undifferentiated model to study the
mechanisms and effects of TCF11/Nrf1-mediated proteasome
induction (Supplementary Fig. S2D, E).

In addition to the total rise in TCF11/Nrf1 protein level,
subcellular fractionation separating cytosolic, membrane,
nuclear, and chromatin-bound proteins revealed an increase
of nuclear and chromatin-bound TCF11/Nrf1 (Supplemen-
tary Fig. S2B), demonstrating the translocation of the tran-
scription factor. Transfer of TCF11/Nrf1 into the nucleus
after epoxomicin treatment was also shown by the colocali-
zation of TCF11/Nrf1 with the nuclear staining (Supple-
mentary Fig. S2C).

We next investigated the proteasome subunit regulation by
using a reporter gene assay and quantitative real-time poly-
merase chain reaction (PCR). Cells expressing a chloram-
phenicol acetyltransferase (CAT) reporter construct under
control of the -1500 bp region of the PSMB6/b1 promoter
showed an epoxomicin-dependent significant increase in CAT
expression, indicating PSMB6/b1 upregulation (Supplemen-
tary Fig. S2D). Furthermore, we observed induction of PSMA2/
a2 and PSMC4/Rpt3 mRNA in response to proteasome inhi-
bition in SH-SY5Y cells (Supplementary Fig. S2E). The
epoxomicin-induced rise in the proteasome subunit mRNA
level in SH-SY5Y cells was significantly attenuated by TCF11/
Nrf1 depletion using siRNA, implying that the epoxomicin-
induced upregulation of the proteasome subunit expression is
TCF11/Nrf1 dependent (Supplementary Fig. S2E). The effi-
ciency of TCF11/Nrf1 depletion was verified by quantitative
real-time PCR showing a reduction of 70% (Fig. S2F).

In addition, we determined activation of TCF11/Nrf1 in
primary keratinocytes from healthy subjects and patients with
proteasome mutations (Supplementary Fig. S2G), who suf-
fer from chronic impairment of proteolytic function (6, 7).
Moreover, TCF11/Nrf1 binds specifically to proteasome
promoters exemplified by the PSMB6 gene as shown by
chromatin immunoprecipitation (ChIP). The specificity of
the TCF11/Nrf1 antibody in immunoprecipitation was pro-
ven by immunoblot (Supplementary Fig. S2H).

The epoxomicin-induced rise in ROS levels was dimin-
ished by cotreatment of the SH-SY5Y cells with the antiox-
idants sulforaphane (SFN) or ascorbic acid (AA; Fig. 1B, C),
and the antioxidants attenuated the CAT reporter induction
(Fig. 1D, E). A reduction of the increase in PSMB6/b1
mRNA level in response to proteasome inhibition was, ad-
ditionally, observed in SFN-treated cells (Fig. 1F). These
results show that ROS formation is required for epoxomicin-
induced upregulation of the proteasome system.

Rotenone induces oxidative stress and upregulation
of the proteasome system

We next investigated how the mitochondrial inhibitor ro-
tenone affects the proteasome system in SH-SY5Y cells.
Rotenone treatment led to a concentration-dependent (0.1–
100 lM) increase in intracellular ROS production (Fig. 2A).
As expected, carbonylated proteins, indicating oxidant dam-
age, were accumulated in cells treated with 100 nM rotenone
and further increased after exposure to 1 lM of the complex I
inhibitor (Fig. 2B). An accumulation of polyubiquitylated
proteins was observed via immunoblotting against ubiquitin
(Fig. 2C). These results were also confirmed in an ex vivo
model using nigrostriatal organotypic slice cultures (NOSCs)
of mouse brains treated with 100 nM rotenone for 4 and 8 h
(Fig. 2D, E). Of note, rotenone elevated the levels of insoluble
and detergent-resistant ubiquitin conjugates, indicating more
protein damage and aggregation (Fig. 2E).

In addition, we here confirmed that rotenone induces cell
death in a concentration-dependent manner in this SH-SY5Y
model by determining caspase-3/7 activity and cell viability
(Supplementary Fig. S3A, B). Furthermore, rotenone exposure
activated the unfolded protein response, shown by increased as
well as spliced XBP-1 mRNA and the phosphorylation of
eIF2a (Supplementary Fig. S3C, D). From these experiments,
it becomes evident that the metabolic function (XTT-test) is
already slightly affected by low rotenone concentrations of
1 nM (Supplementary Fig. S3A), whereas the activation of
apoptosis by caspase-3/7 activity is not increased at 100 nM
rotenone treatment for 24 h (Supplementary Fig. S3B). Thus,
we used the nontoxic dose of 100 nM rotenone for shorter time
points further on.

Exposure to rotenone was shown to affect UPS component
expression and function. Cells transfected with the CAT re-
porter construct showed a significant increase in CAT ex-
pression after exposure to rotenone, indicating PSMB6/b1
upregulation (Fig. 3A). Our NOSCs model treated with
100 nM rotenone for 8 h showed upregulation of proteasome
genes exemplified by PSMB4/b7 (20S subunit) and PSMC4/
Rpt3 (19S subunit) (Fig. 3B). The upregulation of PSMB6/b1
in SH-SY5Y cells could be counteracted by the antioxidant AA
(Supplementary Fig. S3E). We then investigated proteasome
function after rotenone exposure. The activity of the 20S, 26S/
hybrid, and 30S complexes (for illustration, see Fig. 3C) in
native polyacrylamide gel electrophoresis (PAGE) substrate
overlay experiments was increased, which correlates with the
total amount of the complexes (Fig. 3D, E). The presence of
PA28-containing complexes was proven by immunoblotting
against PSME2/PA28b (Supplementary Fig. S4).

Rotenone induces nuclear translocation of TCF11/Nrf1

We next explored whether TCF11/Nrf1 is translocated into
the nucleus in response to rotenone-induced oxidative stress
in SH-SY5Y cells. In a time course experiment, immuno-
blotting against TCF11/Nrf1 revealed an increase in the total
TCF11/Nrf1 level after rotenone treatment (Fig. 4A). Fur-
thermore, a significant rotenone-induced activation of Nrf1
revealed the NOSC model (Fig. 4B).

Subcellular fractionation separating cytosolic, membrane,
nuclear, and chromatin-bound proteins showed that rotenone
induced an increase in the TCF11/Nrf1 protein level in all
fractions, with an increase observed in the nuclear and
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FIG. 2. Rotenone exposure leads to oxidative and proteotoxic stress. (A, B) Cultured SH-SY5Y cells were exposed for
6 h to the indicated concentrations of rotenone. (A) The relative intracellular ROS level was measured by flow cytometry
using the DCFH-DA dye. The mean of the relative ROS level – SD from three independent experiments is shown. (B)
Levels of carbonylated proteins and GAPDH in cell lysates were analyzed by immunoblotting. Carbonylated proteins were
marked using DNPH and detected using an antibody against DNP. The numbers indicate the relative increase in carbonyl
proteins (rotenone/DMSO). (C) Cultured SH-SY5Y cells were exposed to the indicated concentrations of rotenone or 0.1%
DMSO for 24 h. Polyubiquitylated proteins and GAPDH were analyzed by immunoblotting. The numbers indicate the
relative increase in ubiquitin conjugates (rotenone/DMSO). (D) NOSCs of mouse brains were treated with 100 nM rotenone
for 4 and 8 h, and extracted proteins were stained for carbonyls indicating an increase in oxidant-damaged proteins in
rotenone-treated NOSCs. The numbers indicate the relative increase in carbonyl proteins (rel. amount). (E) NOSCs treated
as in (D) were fractionated into detergent soluble and detergent-resistant fraction by urea and stained for ubiquitin.
Rotenone elevated the levels of insoluble and detergent-resistant ubiquitin conjugates, indicating more protein damage and
aggregation. DNP, 2,4-dinitrophenol; DNPH, 2,4-dinitrophenylhydrazine; NOSC, nigrostriatal organotypic slice culture.
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chromatin-bound fractions (Fig. 4C), demonstrating the
translocation of the transcription factor into the nucleus. The
pattern for the subcellular distribution after rotenone treat-
ment was comparable to that observed in cells exposed to
epoxomicin (Supplementary Fig. S2B and Fig. 4C).

The nuclear translocation of TCF11/Nrf1 was verified us-
ing immunofluorescence analysis with ER staining for control
and nuclear staining upon rotenone exposure (Fig. 4D). A
similar pattern was seen after treatment with epoxomicin
(Supplementary Fig. S2C) and also after treatment with the
mitochondrial toxin arsenite (Supplementary Fig. S5).

Rotenone-induced proteasome expression
and synthesis are dependent on TCF11/Nrf1

The increase of nuclear TCF11/Nrf1 as well as the upre-
gulation of the proteasome complex in rotenone-treated

SH-SY5Y cells indicate that, under these conditions, TCF11/
Nrf1 is transcriptionally active and induces proteasome
expression.

To confirm this hypothesis, we assessed binding of TCF11/
Nrf1 to the ARE region of the PSMB6/b1 and PSMA3/a7
promoter by ChIP. The intensity of the coimmunoprecipitated
promoter DNA was increased after rotenone exposure in
comparison to the dimethyl sulfoxide (DMSO) control, im-
plying increased TCF11/Nrf1 binding to these ARE regions
(Fig. 5A). To investigate whether the induction of the pro-
teasome subunit expression depends on TCF11/Nrf1, we de-
pleted TCF11/Nrf1 by siRNA. Indeed, the increase of the CAT
reporter after rotenone exposure dropped to control levels in
TCF11/Nrf1-depleted cells (Fig. 5B), indicating PSMB6/b1
upregulation is mostly dependent on TCF11/Nrf1. Further-
more, the upregulation of the PSMB6/b1, PSMA2/a2, and
PSMC4/Rpt3 mRNA level in control siRNA-transfected cells

FIG. 3. Short rotenone exposure
increases the amount of proteasome
complexes. (A) SH-SY5Y cells were
transfected with the PSMB6/b1 pro-
moter containing the CAT reporter
gene construct and cotransfected with
pcDNA3.1-lacZ. The next day, cells
were exposed to 100 nM rotenone or
0.1% DMSO for 4 h. The CAT con-
centration of cell lysates was deter-
mined by ELISA and corrected to
b-galactosidase activity. Shown are
the mean values of the relative CAT
concentration normalized to DMSO
control – SD from six replicates of
three independent experiments. (B)
The relative mRNA levels of PSMC4/
Rpt3 and PSMB4/b7 from NOSCs
treated with 100 nM rotenone for 8 h
were analyzed by quantitative real-
time PCR. Shown are the mean values
normalized to the DMSO control (set
to 1) – SD from pooled four NOSCs
from at least six mouse pups. (C)
Schematic illustration of the protea-
some complexes relevant to (D). (D)
Cultured SH-SY5Y cells were ex-
posed to 100 nM rotenone or 0.1%
DMSO for 8 h. Once proteasome
complexes were separated in native
gels, the activity was analyzed by an
overlay with the fluorogenic Suc-
LLVY-AMC substrate. The levels of
PSMA1/a6 and PSMB6/b1 were ana-
lyzed by immunoblotting. Acting as a
loading control, the native lysates
were separated by SDS-PAGE and
immunoblotted against b-tubulin. (E)
Densitometrical analysis of substrate
overlays relative proteasome activity
and the corresponding PSMA1/a6 and
PSMB6/b1 IB. Shown are the mean
values – SD from three (activity and
a6 IB) or two (b1 IB) independent
experiments (*p < 0.5). IB, immuno-
blots; SDS-PAGE, sodium dodecyl
sulfate–polyacrylamide gel electro-
phoresis.
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FIG. 4. Rotenone increases TCF11/
Nrf1 level and promotes its nuclear
translocation. (A) Cultured SH-SY5Y
cells were exposed to 100 nM rotenone
(R) or 0.1% DMSO (D) for 4 h. Levels of
TCF11/Nrf1 and b-tubulin in cell lysates
were analyzed by immunoblotting. The
numbers indicate the relative increase in
activated TCF11/Nrf1 (rotenone/DMSO).
(B) NOSCs were treated with 100 nM ro-
tenone for 8 h, and extracted proteins were
stained for activated TCF11/Nrf1. (C)
Cultured SH-SY5Y cells were exposed to
rotenone or 0.1% DMSO (D) for 3 h and
afterward separated into cytosolic, mem-
brane, soluble nuclear, and chromatin-
bound fractions. Levels of TCF11/Nrf1
and compartment controls Lamin B1,
Histon H3, Calnexin, and b-actin were
analyzed by immunoblotting. (D) For im-
munocytochemistry, cells were incubated
with 100 nM rotenone or 0.1% DMSO for
2 h and stained for the ER marker calnexin
(red) and TCF11/Nrf1 (green). Nuclei are
stained using DAPI (blue). ER, endo-
plasmic reticulum; Nrf, nuclear factor-
erythroid-2-related factor.
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(Fig. 5C) induced by rotenone treatment was reduced in
TCF11/Nrf1-depleted cells.

We next examined the effect of TCF11/Nrf1 on formation of
new proteasome complexes using TCF11/Nrf1 siRNA-
transfected cells. Newly synthesized proteins were metaboli-
cally labeled and the proteasome complexes then immuno-
precipitated. The amount of newly synthesized proteasome
complexes increased in control cells exposed to rotenone, and
this effect was abolished by TCF11/Nrf1 (Fig. 6A, B).

To verify that the increased expression of proteasome
subunits also results in a higher amount of active proteasome
complexes, we separated the complexes in native gels and
performed an overlay with a fluorogenic substrate. We ob-
served a rise in the proteasome activity in rotenone-treated
control cells, which was not apparent in TCF11/Nrf1-
depleted cells (Fig. 6C). These alterations in activity correlate

with the alteration in the amount of proteasome complexes,
shown by immunoblotting against PSMA1/a6. The knock-
down efficiency was here checked by immunoblotting
against TCF11/Nrf1 using tubulin as a loading control.

Taken together, these findings demonstrate that rotenone
induces proteasome expression in a TCF11/Nrf1-dependent
manner, resulting in newly assembled and active proteasome
complexes.

TCF11/Nrf1 prevents cell death following
rotenone exposure

We finally showed that TCF11/Nrf1 impacts the extent of
protein damage and survival of cells after rotenone exposure.
Increasing rotenone concentrations trigger the formation of
protein carbonyls along with accumulation of ubiquitin

FIG. 5. Rotenone-induced proteasome subunit transcription depends on TCF11/Nrf1. (A) Cultured SH-SY5Y cells
were exposed to 100 nM rotenone for 3 h. Transcription factor DNA complexes were chromatin immunoprecipitated by
an antibody against TCF11/Nrf1 or an unspecific IgG antibody used as the control. The binding of the transcription factors
to the PSMB6/b1 or PSMA3/a7 promoter was analyzed by PCR. Primers amplifying a promoter region of tubulin were used
for the negative control. Densitometric evaluation of this experiment is shown as the ratio between TCF11/Nrf1 precipitates
to the mock (IgG) signal (TCF11/Nrf1/IgG) as numbers below the lanes. (B) Cultured SH-SY5Y cells were transfected with
the PSMB6/b1 promoter containing the CAT reporter gene construct and cotransfected with pcDNA3.1-lacZ. The next day,
cells were exposed to rotenone for 4 h. The CAT concentration of cell lysates was determined by ELISA and normalized to
b-galactosidase activity. Shown are the mean values of the fold increase in relative CAT concentration corrected to the
DMSO control – SD from six replicates of three independent experiments. (C) For the last 16–18 h of a 48-h TCF11/Nrf1
knockdown, SH-SY5Y cells were exposed to 100 nM rotenone. The relative mRNA levels of PSMC4/Rpt3, PSMA2/a2,
PSMB6/b1, and TCF11/Nrf1 were analyzed by quantitative real-time PCR. Shown are the mean values normalized to the
DMSO control – SD from three independent experiments (rotenone/DMSO) (*/#p < 0.05; **/##p < 0.005).
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conjugates. In TCF11/Nrf1-depleted cells, however, the in-
crease in protein carbonyls was more pronounced and the
major proportion of ubiquitin conjugates was present in the
insoluble detergent-resistant fraction of the protein indicating
highest levels of protein damage (Fig. 7A). Moreover, the
staining for the insoluble fraction of ubiquitin conjugates was
even increased in untreated cells depleted for TCF11/Nrf1,
which indicated that TCF11/Nrf1 is also important for basal
transcription of proteasome subunits.

Rotenone exposure decreased cell viability as measured
using the XTT assay, and the decline was significantly more
pronounced in TCF11/Nrf1-depleted cells, indicating that
TCF11/Nrf1 positively affects cell viability (Fig. 7B). In
addition, we analyzed caspase-3/7 activity in TCF11 and

Nrf1-overexpressing cells incubated with rotenone (Fig. 7C).
In cells transfected with the empty control vector (pcDNA3.1-
V5/His-TOPO), rotenone induced caspase-3/7 activity, re-
presenting apoptosis. The overexpression of TCF11 and Nrf1
prevented this increase in caspase activity, implying that the
transcription factor prevents cell death due to apoptosis.

Discussion

The UPS is constantly being adapted to match changing
proteolytic requirements. Disturbance of the UPS is associ-
ated with neurodegenerative disorders like Alzheimer’s and
Parkinson’s disease, in which misfolded ubiquitylated pro-
teins accumulate intra- or extracellularly (15, 30, 31, 43).

FIG. 6. Rotenone induced protea-
some expression depends on TCF11/
Nrf1. (A, B) TCF11/Nrf1-deficient
SH-SY5Y cells or control cells were
exposed to 100 nM rotenone (R) or
0.1% DMSO (D) for 20 h. The cultured
cells were metabolically labeled with
[35S] methionine/[35S] cysteine. The
20S proteasome was then immuno-
precipitated with an antibody against
PSMA1/a6 and separated by SDS-
PAGE (A). The knockdown efficiency
was analyzed by PCR (right). (B) The
mean values of the relative amount of
labeled proteasome subunit relative to
the input signal – SD from the densi-
tometric analysis from three indepen-
dent experiments are plotted. (C)
Cultured SH-SY5Y cells were exposed
to 100 nM rotenone (R) or 0.1% DMSO
(D) for 8 h. Once proteasome complexes
were separated in native gels, activity
was analyzed by an overlay with the
fluorogenic Suc-LLVY-AMC substrate.
The level of PSMA1/a6 was analyzed
by immunoblotting. The loading was
proofed by SDS-PAGE and immuno-
blotting against b-tubulin. For a knock-
down control, RIPA lysates were
separated by SDS-PAGE and analyzed
by immunoblotting (right) (#p < 0.05).
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Protein accumulation may result from impairments in ubi-
quitylation or substrate delivery to the proteasome, or the
apparent age-related decrease in proteasome activity (41).
We here demonstrate that 26S proteasome expression is in-
duced in response to inhibition of the mitochondrial complex
I by rotenone or proteasome inhibition in a TCF11/Nrf1-
dependent manner and that TCF11/Nrf1 thereby plays a
cytoprotective role.

The present data confirm and extend previous findings
identifying TCF11/Nrf1 as the main regulator of the UPS in
response to proteotoxic and oxidative stress (61). Proteasome
inhibition leads to oxidative stress shown by an increase in
the intracellular ROS level and the accumulation of oxidative
damaged proteins. Recently, Kirstein et al. demonstrated,
using a redox sensor, that the redox state shifts to more oxi-
dizing conditions in the cytosol in response to proteotoxic
stress (27). Oxidative stress is required for the epoxomicin-
induced activation of TCF11/Nrf1. Beside proteasome inhibi-
tion, rotenone exposure leads to the upregulation and nuclear

translocation of TCF11/Nrf1 resulting in increased transcrip-
tion, translation, and, finally, assembly of active proteasome
complexes. TCF11/Nrf1 transactivates proteasome expression
via binding to the ARE promoter regions in response to
rotenone-induced oxidative stress, and depletion of the tran-
scription factor partly abolishes the induction of proteasome
subunit expression. In murine C2C12 cells, acute exposure to
rotenone has been shown to suppress the nuclear translocation
of TCF11/Nrf1 (17), but in human keratinocytes, TCF11/Nrf1
contributes to the cellular response to arsenite, which also in-
duces oxidative stress by regulating cytoprotective genes like
GCLC or GCLM, encoding for the glutamate cysteine ligase
(71). These data may therefore signal differences relating to
species or cell type. In the SH-SY5Y model used here, TCF11/
Nrf1 is necessary for the upregulation of proteasome subunits
in response to cellular stress, and levels of active, high-
molecular, ATP- and ubiquitin-dependent 19S-containing
proteasome complexes were increased. Newly synthesized
proteins are very vulnerable to oxidation, and oxidant-damaged

FIG. 7. TCF11/Nrf1 di-
minishes rotenone-induced pro-
teotoxic stress and cell death. (A)
SH-SY5Y cells were treated with
the rotenone concentrations indi-
cated for 6 h and depleted or not
for TCF11/Nrf1 by siRNA. Pro-
teins were extracted by RIPA and
were fractionated into detergent-
soluble and detergent-resistant frac-
tion by urea and stained for TCF11/
Nrf1, GAPDH (loading control),
ubiquitin conjugates, and carbonyls.
TCF11/Nrf1 depletion cells promote
the accumulation of ubiquitin con-
jugates in the detergent-resistant
fraction. (B) For the final 20 h of
a 48 h TCF11/Nrf1 depletion, SH-
SY5Y cells were exposed to 1 nM
rotenone and cell viability analyzed
by XTT assay. Shown are the mean
values of the relative cell viability –
SD from three independent experi-
ments. (C) Cultured SH-SY5Y cells
were transfected with TCF11-V5/
His, Nrf1-V5/His, or pcDNA3.1-
V5/His-TOPO and then exposed
to 10lM rotenone for 24 h. The
caspase-3/7 activity was then mea-
sured. Shown are the mean values of
the relative activity – SD from nine
replicates of three independent ex-
periments. The overexpression was
proofed by immunoblotting against
the V5 tag, TCF11/Nrf1, and b-
tubulin (#p < 0.05).
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proteins induced by interferon exposure were reported to be
partly polyubiquitinated, implying a demand on 26S/30S ac-
tivity (44, 57). Previous work has shown that H2O2 exposure
leads to an upregulation of the proteasome system, especially of
the interferon-inducible immunoproteasome and the PA28
regulator, and that depletion of the proteasome subunits or
PA28 regulator sensitizes the cells to H2O2-induced cell death.
These data from Pickering et al. highlight the importance of the
proteasome system in the cellular response to oxidative stress,
even though upregulation of the 19S regulatory particle was not
observed (51, 52). Rotenone quickly induces intracellular ROS
formation and oxidative stress, but rotenone treatment is clearly
not directly comparable to pure application of H2O2. The cur-
rent data do not exclude the role of inducible components of the
proteasome system; indeed, we believe that the ATP-and
ubiquitin-independent PA28 regulator is additionally induced
and binds to the 20S core complex in response to rotenone
exposure (Supplementary Fig. S4). We argue that there is a
TCF11/Nrf1-dependent upregulation of the 26S/30S protea-
some concurrent to the upregulation of inducible proteasome
subunits upon rotenone-induced stress.

Alongside the impairment of redox homeostasis, several
studies have shown disturbances of protein homeostasis in
response to rotenone. Protein aggregates, specifically those
containing a-synuclein and ubiquitin, were observed in vivo
as well as in cell culture (3, 35, 60), and here, rotenone
treatment led to an accumulation of ubiquitylated proteins
indicating impairment of the UPS. Previous work reported
that rotenone diminishes proteasome activity, although pos-
sibly after a period of increased proteasome activity pre-
ceding a collapse (46, 59). We propose the effect of rotenone
is strongly dependent on concentration and exposure time.
We suggest that the cell first tries to compensate for the im-
pairment of redox and protein homeostasis by an upregula-
tion of the proteasome system, assumedly dependent on the
maintenance of ATP/ADP levels. However, intracellular
oxidative stress will lead to protein aggregation and cell death
if homeostatic mechanisms prove insufficient. This is sup-
ported by an in vivo study showing that, after rotenone in-
jection, brain areas showing lesions have a decreased
proteasome activity in contrast with areas without lesions,
assumed to be in a lesser state of degeneration, where the
activity is increased (2).

Oxidative and proteotoxic stress interfere with ER ho-
meostasis and activate the unfolded protein response, which,
in concert with UPS dysregulation, creates a vicious cycle
leading to protein aggregation, inflammation, and cell death,
characteristic of neurodegenerative disorders as well as
proteasome-associated autoinflammatory syndromes (PRAAS)
(6, 7). In keratinocytes of these patients, TCF11/Nrf1 is per-
manently activated most likely to compensate for the impaired
proteasome function. Intracellular oxidative stress, proteotoxic
stress, ER stress, and finally cell death are all outcomes of
mitochondrial inhibition, and the mechanism leading to
rotenone-induced cell death has been widely discussed. Both
apoptotic mechanisms, involving mitochondrial- and ER-
dependent caspases, and the necrosis-associated caspase-1-
mediated pathway have been indicated (20, 28, 50). TCF11/
Nrf1 clearly plays an important cytoprotective role. In this
study, we confirmed that depletion of TCF11/Nrf1 sensitizes
cells to rotenone exposure and overexpression of the tran-
scription factor prevents cell apoptosis. We argue that TCF11/

Nrf1-dependent induction of ARE-driven target genes, here the
proteasome subunit genes, is part of the antioxidative cellular
stress response. This is supported by studies showing that
overexpression of standard proteasome subunits or the PA28
regulator attenuates oxidative stress and promotes cell viability
in response to oxidants (13, 38). The failure of these mecha-
nisms leads to the breakdown of the UPS and finally degen-
eration (29, 34).

In summary, our investigation shows that the ER mem-
brane protein TCF11/Nrf1 is an essential component of the

FIG. 8. Proposed TCF11/Nrf1-dependent cellular
adaptive mechanism. (A) Under unstressed conditions,
protein synthesis and protein degradation/recycling are
balanced, maintaining protein homeostasis. TCF11/Nrf1
resides in the ER membrane and is degraded by the ERAD
pathway. (B) Cytotoxic stress leads to increased levels of
oxidative damaged or misfolded proteins and therefore re-
quires adaptation of the protein homeostasis for efficient
clearance. To effectuate the increase in the proteolytic re-
quirement, TCF11/Nrf1 is retrotranslocated and transferred
to the nucleus. There, it binds to the ARE region of the
promoter of proteasome subunit genes, thereby inducing
their expression. The increased expression of the protea-
some subunits finally results in an upregulation of newly
synthesized active proteasome complexes, increasing the
degradation capacity of the cell. ARE, antioxidant response
elements.
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cellular stress response mechanism (illustrated in Fig. 8).
Proteasomal as well as mitochondrial inhibition leads to
disruption of redox and protein homeostasis by ROS forma-
tion, oxidative protein damage, or accumulation of misfolded
proteins (Fig. 8B). In response to cytotoxic stress, TCF11/
Nrf1 is retrotranslocated and transferred to the nucleus where
it induces proteasome subunit expression via binding to the
ARE region of the relevant promoter. The following increase
of newly synthesized, active proteasome complexes enables
the cell to balance disturbed protein homeostasis, and TCF11/
Nrf1 thus promotes cell viability under stressed conditions.
This work provides a vital insight into the cellular mecha-
nisms of neurodegeneration in rotenone-based models of
Parkinson’s disease, and further studies investigating the role
of TCF11/Nrf1 in the human condition would be of consid-
erable interest.

Materials and Methods

Cell culture

Cells of the established SH-SY5Y (available from ATCC,
catalog number CRL-2266) human neuroblastoma cell line,
derived from a 4-year-old female, were cultured in Dulbec-
co’s modified Eagle’s medium containing 10% fetal calf se-
rum (FCS), 2 mM L-glutamine (Biochrom), 100 U/ml
penicillin, and 100 lg/ml streptomycin (Pan-Biotech) at 37�C
and 5% CO2 in a humidified atmosphere. For differentiation,
SH-SY5Y cells were incubated in culture media containing
10 lM RA (Sigma-Aldrich) for at least 7 days. The media
were changed every second day. Rotenone (Sigma-Aldrich),
expoxomicin, MG132 (Calbiochem), and SFN (Sigma-
Aldrich) were dissolved in DMSO, and AA (Sigma-Aldrich)
was prepared in culture media. Rotenone and AA solutions
were freshly prepared for each experiment.

Nigrostriatal organotypic slice culture

NOSC was prepared from postnatal 3–6-day-old mice
pups (C57BL/6J) according to the regulations of animal care
and protection. Pups were anesthetized by isoflurane and
sacrificed by decapitation. Brains were rapidly dissected and
separated in hemispheres. The cut side was glued to the metal
block of the vibratome (Leica VT1200S), which was then
placed in cold Hank’s balanced salt solution (HBSS; Gibco)
supplemented with 1% penicillin/streptomycin (P/S; Pan
Biotech), 0.6% glucose (Fluka), and 20 mM HEPES (Sigma-
Aldrich), purged with Carbogen for dissection in sagittal
slices of 300 lm. Cortex, hippocampus, and cerebellum were
removed using a razor blade to obtain NOSC. Slices were
collected and placed onto membrane inserts (Millicell, ni-
trocellulose 0.45 lm; Merck Millipore) in six-well plates
containing 1 ml of minimum essential medium Eagle (Gibco)
supplemented with 25% horse serum (Gibco), 20.7% HBSS,
1% P/S, 0.6% glucose, and 2% B27 (Gibco). Two slices per
insert were cultivated at 35�C and 5% CO2 for 8 days before
starting treatments (100 nM Rotenone or solvent control:
0.1% DMSO). Medium was replaced every other day, and
slice cultures were observed regularly using light microscopy.

Plasmids, DNA, and siRNA transfection

The plasmids TCF11-V5, Nrf1-V5, and the -1500 PSMB6/
b1 CAT reporter construct were generated as previously de-

scribed (61). pcDNA3.1-V5/His-TOPO and pcDNA3.1-Zeo/
lacZ were purchased from Invitrogen and pCAT3basic from
Promega.

Cells were transfected with plasmids using Lipofectamine�
2000 (Invitrogen) according to the manufacturer’s instructions.
SMARTpool siRNA was purchased from Dharmacon and was
transfected using siRNA X-treme gene reagent (Roche) ac-
cording to the manufacturer’s instructions. The siRNA was
prediluted to the working concentration of 0.8 lM in Opti-
MEM.

CAT reporter gene assay

SH-SY5Y cells were seeded on 24-well plates (250 · 104

cells/cm2) and the next day transfected with 0.9 lg CAT
construct and 0.1 lg pcDNA3.1-LacZ as the internal control.
The media were changed 6 h post-transfection and at least
18 h later; the CAT concentration was determined using the
CAT-ELISA kit (Roche) according to the manufacturer’s in-
structions and normalized to the b-galactosidase activity,
measured using chlorophenol red-b-D-galactopyranoside
(Roche). The activity buffer (1.2 mg/ml CPRG, 100 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4) was added to the lysates
at a ration 7.5:1. The color change was measured following
incubation at 37�C for circa 1 h using a Synergy HT Multi-
Detection microplate reader (BioTek) at 570 nm.

Chromatin immunoprecipitation

ChIP was performed as previously described (61). Equal
loads of protein were included in each precipitation. Protein
G sepharose was saturated with 1 mg/ml BSA and 0.5 mg/ml
sonicated salmon sperm DNA before use. The following
primer sets were used to amplify ARE regions in the pro-
moters: PSMB6/b1 forward GCTTCGCTCCCAGAAGGCC
and reverse GAAACTTCTCGGCTTTCCCAGTC, and
PSMA3/a7 forward CCACAATACTCCTCGTCCTGG and
reverse CAAAGGGACGCGTAGGGATTC (BioTeZ). As
previously described, a-tubulin served as the control (62). A
constant input signal was taken to indicate that the same
amount of total DNA was used in the preparation, and the
specificity of immunoprecipitation was tested using an un-
specific IgG antibody (Cell Signaling).

Reverse transcription-PCR and real-time PCR

RNA isolation and cDNA synthesis were performed using
the High Pure RNA Isolation kit and the Transcriptor High
Fidelity cDNA Synthesis kit (Roche) according to the man-
ufacturer’s instructions.

For reverse transcription-PCR, the primers against TCF11
were as follows; forward CTAGTGGATGGAGAGACTGG
and reverse GCACTGCTTCTGTTATGCTGG. The GAPDH
primers sequences were forward CAGCAGTGAGGGTCTC
TCTC and reverse CAGACACCATGGGGAAGGTG. Real-
time PCR using TaqMan gene expression assays (Applied
Biosystems) for PSMB6/b1, PSMA2/a2, PSMC4/Rpt3, and
HPRT1 were performed using a Rotor-Gene RG-3000 (Corbett
Research).

Subcellular fractionation and cell lysis

Cells were fractionated using a subcellular protein fraction-
ation kit (Thermo Scientific). RIPA lysis and nondenaturating
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TSDG lysis were executed as previously described (61). Protein
concentration was determined by a BCA Protein Assay (Ther-
mo Scientific).

Substrate overlay and immunoblotting

Equal amounts of protein were separated either by sodium
dodecyl sulfate (SDS)-PAGE or native PAGE and further
processed by substrate overlay or immunoblotting as previ-
ously described (61). Detection was performed with antibodies
against calnexin (BD Bioscience), eIF2a, histone H3, P-eIF2a
(Ser-51), PSME2/PA28b, TCF11/Nrf1 (D5B10) (Cell Sig-
naling), b-tubulin (Covance), ubiquitin (Dako), lamin B1, V5
epitope tag (Invitrogen), PSMA1/a6, PSMB6/b1 (laboratory
stock), b-actin (C4), GAPDH (FL-335) and TCF11/Nrf1
(H285) (Santa Cruz), and 2,4-dinitrophenol (DNP; Sigma-
Aldrich). Densitometrical analysis was performed using Im-
ageJ Software (U.S. National Institutes of Health).

Oxyblot

Oxidizing agents such as the hydroxyl radical directly
modify the amino acid side chains of proteins, resulting in a
diverse array of altered amino acids. The generation of free
carbonyls is one of the most widespread of these modifica-
tions and is considered specific for oxidative damage (37). In
this study, carbonyl groups were modified with 2,4-
dinitrophenylhydrazine (DNPH) and carbonyl derivates an-
alyzed by immunoblotting against DNP. Equal loads of RIPA
lysates were denaturated using 6% SDS before carbonyl
groups were modified in the presence of 5 mM DNPH for
30 min in the dark. Following the addition of a 0.375-fold
volume of neutralization solution (2 M Tris, 30% glycerol)
and 1 mM DTT, samples were analyzed by immunoblotting.

Metabolic [35S] labeling

SH-SY5Y cells were seeded on a six-well plate (210 · 104

cells/cm2) and transfected either with control siRNA or
siRNA against TCF11/Nrf1 for 2 days. During the last 16–
18 h, the cells were treated with rotenone or DMSO. The cells
were then fasted for 1.5 h in methionine and cysteine-free
culture media, and afterward pulsed with 100 lCi [35S] me-
thionine/[35S] cysteine mixture (TRAN35S-LABEL�; MP
Biomedicals) for 3 h. Cells were washed four times with
phosphate-buffered saline, lysed (50 mM Tris pH 7.5, 10%
glycerine, 50 mM NaCl, 0.5% NP-40) and processed as pre-
viously described (22). The proteasome complexes were
immunoprecipitated using an antibody against PSMA1/a6
(MCP20). The intensity of the proteasome subunits was de-
termined using ImageJ.

Detection of intracellular ROS

Intracellular ROS were detected by the cell permeable di-
chlorodihydrofluorescein diacetate (DCFH-DA) dye, which can
be deacetylated by intracellular esterases and afterward oxidized
to the highly fluorescent 2¢,7¢-dichlorodihydrofluorescein (DCF)
(67). SH-SY5Y cells were seeded on a 24-well plate (250 · 104

cells/cm2) and treated accordingly with rotenone, epoxomicin,
or DMSO the next day. Cells were washed with HBSS (Gibco)
then cultured in 10 lM DCFH-DA (Sigma-Aldrich)-containing,
FCS-free culture media for 30 min. Cells were then washed
twice with HBSS, trypsinated, and resuspended in culture me-

dia. The fluorescence of the intracellular oxidized product DCF
was measured by flow cytometry using a FACSCalibur� cyt-
ometer (BD Bioscience) 6 h after rotenone treatment.

Microscopy

Immunostaining and confocal fluorescence microscopy
was performed as previously described (61).

Cell viability and apoptosis

Cell apoptosis was determined using an Apo-ONE�

Homogeneous caspase-3/7 assay (Promega), and cell viabil-
ity was measured using a XTT assay (AppliChem) according
to the manufacturer’s instructions.

Statistical analysis

All values are presented as mean – standard deviation of
the indicated number of independent experiments. Statistical
significance was evaluated using a two tailed, unpaired Stu-
dent’s t-test.

Acknowledgments

This work was supported by the Deutsche For-
schungsgemeinschaft (KO 4144/1-1; KR 1915/5-1; SFB740
B3; SFBTRR 43 B7). Elke Bürger (Charité) is acknowledged
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Abbreviations Used

AA¼ ascorbic acid
ARE¼ antioxidant response elements
bZIP¼ basic leucine zipper
CAT¼ chloramphenicol acetyltransferase
ChIP¼ chromatin immunoprecipitation
DCF¼ 2¢,7¢-dichlorodihydrofluorescein

DCFH-DA¼ dichlorodihydrofluorescein diacetate
DMSO¼ dimethyl sulfoxide

DNP¼ 2,4-dinitrophenol
DNPH¼ 2,4-dinitrophenylhydrazine

ER¼ endoplasmic reticulum
FCS¼ fetal calf serum

HBSS¼Hank’s balanced salt solution
NOSC¼ nigrostriatal organotypic slice culture

Nrf¼ nuclear factor-erythroid-2-related factor
PCR¼ polymerase chain reaction

PRAAS¼ proteasome-associated autoinflammatory
syndromes

RA¼ retinoic acid
ROS¼ reactive oxygen species

SD¼ standard deviation
SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide gel

electrophoresis
SFN¼ sulforaphane
UPS¼ ubiquitin proteasome system
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