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FIG.1. The stable gPri®®-Luc cell line used for the high-throughput screening (HTS) assay of compounds that downregulate SOD1 transcrip-
tion. (A) Diagram of the superoxide dismutase gene (SOD1) promoter-luciferase reporter plasmid, which encodes a secreted luciferase incorpo-
rated into the human SOD1 gene, including the 5~ and 3"-untranslated region and introns. (B) Southern blotting analysis of the gPr*™™-Luc cell
line. Clone 1 was the stable clone used in HTS assays. N, negative control, nontransfected H4 cells; P, positive control, H4 cells transiently
transfected with the same cassette as clone 1. Copy number indicates the number of the transgene loaded. (C) Results of the luciferase reporter
assay. Clone 1 has a relatively high number of copies of the transgene and, therefore, high luciferase activity. Values are mean + SEM,

transgenic mice. The cassette was identical to that carried by
SOD19%4 transgenic mice (gPr°"!-Luc), to reflect physiologi-
cal activity of the SOD1 promoter (ffig. 14). A total of 1.2 Kb
of human SOD1 (hSOD1) 5'-fragment, with 5-EcoR1 and
3'-Afel-BamH1 sites, was amplified using PfuUltra 2 Fusion HS
DNA Polymerase (Stratagene, Cedar Creek, TX). The following
PCR primers were used to amplify the region: forward primer,
5-AAAGAATTCTGCCAACCAAATAAG-3; reverse primer,
5"-TTTGGATCCAGCGCTGAAGCCGGAAAGCGGAG-3'.
The fragment was cloned into pKF18k-2 plasmid (Takara, Otsu,
Japan). To add the Clal site and delete the start codon of SOD1
exon 1, the cassette was amplified by PfuUltra 2 Fusion HS DNA
Polymerase using the following PCR primers: forward primer,
5-GTTATCGATGCGACGAAGGCCGTGT-3'; reverse primer,
5-TCGCTAGGCCACGCCGAGG-3. The fragment was cut
with EcoR1 and Afel and cloned into pKF18k-2-hSOD19%4,
The SV40-Neo-Poly(A) was incorporated downstream from
the SOD1 gene, between the BamH]1 and Sall sites. Finally,
secreted Tuciferase gene (MetLuc) from the marine copepod,
Metridia longa (Clontech, Mountain View, CA), with ATG was
added at the Clal site.
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Human astrocytoma-derived H4 cells,!! which are frequently
used for research on neurodegenerative diseases,” were used
for transfection to mimic the transcription of SODI in astro-
cytes. The cell lines were cultared at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO),
containing 10% (v/v) fetal bovine serum (FBS), 50 U mL"
penicillin, 50 pug mL™ streptomycin, and 200 pg mL™' G418
{(Nacalai, Kyoto, Japan). The cells were stably transfected with
the SOD1 genomic construct cut by Sgfl, using FuGENE 6
Transfection Reagent (Roche, Basel, Switzerland). Clonal cell
lines were selected based on high levels of secreted luciferase
genes, and reactivity was confirmed by Southern blotting and
luciferase reporter assay (Fig. 1B,C). For the Southern blotting,
15 pg DNA, cut at EcoRl and BamH1, was loaded. and
the probe was made from the following primers: forward
primer, 5-ATCTGGGAGACCATGGAAGT-3'; reverse primer,
5-TTCTTTGAAGCCGCTGATCTC-3".

The compound library

High-throughput screening (HTS) assays using the gPr*°"’-
Tuciferase cell line were performed to screen a library of 9600
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compounds provided by the Institute for Chemical Research,
Kyoto University. The library was delivered in 96-well racks,
with each compound dissolved in DMSO at 5 mM. The
extreme right and left wells contained DMSO without any
compound, leaving the corresponding well on assay plates
available for controls. All compounds were stored at —20 “C.

HTS assay

Luciferase expression by the gPr*P!-luciferase cells after

exposure to various small compounds was assayed in white,
flat-bottomed, 96-well plates (Costar, Bethesda, MD). The cells
were precultured overnight at 3.0 x 10* cells well? and 37 °C.
The compound to be tested was preplated, diluted with culture
medium to 50 uM, and used to replace 80 puL of 100 pL per well
of cell culture to give a final concentration of 40 uM. The cells
were then cultured for another 16 h at 37 °C.

SOD1 gene expression by cells exposed to each compound
was determined by measuring activity of luciferase proteins
secreted by the cells, The cell culture in each well was trans-
ferred to the corresponding well on a 96-well assay plate, using
a Multifunction Tabletop Dispenser EDR-384S2 (Biotec,
Tokyo, Japan). Ready-To-Glow Secreted Luciferase Reporter
System (Clontech) was added, and luciferase activity was
measured as emission at 450 nm, using a 1420 VICTOR 3
Multilabel Plate Reader with optional dispenser (PerkinElmer
Life and Analytical Sciences, Waltham, MA). The ratios of the
vehicle-treated samples were used to correct for spontaneous
decay of the signal.

Assay performance was determined by calculating the Z
factor (Z'), using the following equation:

1 3X(Ces+0¢)
(l"’c— ’—“'C-&) ’

where Ui, and o, are the mean and standard deviation (SD),
respectively, of the positive control; it and o, are the mean
and SD of the negative control. The positive control assays
treated cells with 10 pg mL™! mitomycin-C (Wako, Osaka,
Japan).” The negative control assays treated cells with vehicle
(DMSO). The Z' valoe indicates the quality of an assay by
describing the magnitude of the signal window (. — p.,) and
the precision of the assay (6., + G, ). A compound was selected
as a hit when it decreased luciferase activity less than mean
minus 3 SD of negative controls. In each run, four or five
library plates were applied to the screening assay with an indi-
vidual control plate for calculating Z' value as well as an aver-
age and SD of luciferase activity for negative control. Hits
were not selected from runs with a Z’ value less than zero. The
effect of hit compounds on the SOD! expression was con-
firmed when it also decreased tuciferase activity less than mean
minus 3 SD of negative controls in duplicate by another assay.
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Dese response and cytotoxicity

Dose-response analysis was carried out using the gPr™®P-

luciferase cell line to confirm that the hit compounds reduced
SOD1 expression in a dose-dependent manner. As in the pri-
mary assays, the cells were precultured overnight, and then the
media were exchanged to give a 0- to 80-yM range of com-
pound concentrations. The cells were incubated for another 16 h,
and luciferase activity was measured. Only compounds that
resulted in greater than —3 SD inhibition of SOD1 expression
at 40 uM were included in further analyses because the concen-
tration was also adapted for HTS assay selection.

Toxicity assays identified compounds that produced a non-
specific decrease in luciferase activity due to cellular toxicity.
Toxicity analysis was performed on untransfected H4 cells,
using the tetrazolivm salt, WST-1 (Roche). In this assay, cleav-
age of WST-1 to formazan by mitochondrial dehydrogenases
causes a color change from red to yellow. As in the primary
assays, untransfected H4 cells were precultured overnight in a
96-well plate, and then the media were exchanged to give a 0-
to 40-uM range of compound concentrations. The cells were
incubated for 16 h, then WST-1 was added at 10 pL well™, and
the cells were incubated for 1 h at 37 °C. Absorbance at 450 nm
was compared to that of cells that were not treated with the
compound. Compounds were considered to have significant
cellular toxicity if cells treated with 40 pM showed greater than
a2 SD decrease in fluorescence compared to untreated cells.

Secondary assay

Enzyme-linked immunosorbent assays (ELISAs) and
‘Western blots were used to determine whether effects observed
in. the reporter cell line could be reproduced at the level of
endogenous SODI protein. As in the primary assays, untrans-
fected H4 cells were precultured overnight, and the media were
exchanged with hit compounds to give final concentrations of
0 to 40 uM. The cells were cultured for 48 h, and then each well
was washed once with 200 pL of phosphate-buffered saline
(PBS) and lysed with 100 pL of 1% Triton-X containing pro-
tease inhibitors (Roche).

ELISAs were performed to quantify differences in SOD1
protein levels, and EC,, values were calculated using a two-
antibody sandwich ELISA for human SODI1. Polystyrene,
enzyme-linked, immunosorbent, 96-well assay plates (Greiner
Bio-one, Frickenhausen, Germany) were coated with 0.02 ug
0.1 mL™? well™ of rabbit anti-SOD1 antibody (1:5000; cat.
#SOD100; Stressgen, Ann Arbor, MI) in 50 mM sodium carbon-
ate buffer at pH 9.4. The plates were incubated overnight at 4 °C,
The wells were washed with PBS and blocked for 2 h with 3%
bovine serum albumin (BSA) in wash buffer (PBS containing
0.05% Tween-20). The blocking solution was discarded; 50 pL
of cell lysate diluted 1:100 in 3% BSA in wash buffer was added
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to each well, along with recombinant SOD1 protein' (standard
curve); and the plates were incubated overnight at 4 °C. The
wells were washed with PBS, 100 pL of mouse anti-SOD1 anti-
body (1:1000; cat. #52147; Sigma) was added, and the plates
were incubated for 1 h at room temperature (RT). The wells were
washed with PBS, and the bound mouse antibody was detected
with 100 uL per well of horseradish peroxidase (HRP)—conjugated
goat anti-mouse 1gG antibody (1:5000; cat. #NA9310V; GE
Healtheare, Buckinghamshire, UK). The plate was incubated for
1 h at RT and then reacted for 30 min with OptEIA TMB
Substrate Reagent Set (BD Biosciences, San Jose, CA). The
reaction was stopped by adding 100 pL of 1 M sodium phos-
phate. The rate of change in absorbance at 450 nm was measured
with a ThermoFischer Scientific Multiskan JX (Thermo Electron
Corporation, Waltham, MA). The concentration of SOD1 in the
cell lysates was derived from a standard curve with a linear con-
centration range of 1.0 to 125 ng mL™%.

The cell lysates were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride membranes. Membranes were
blocked in 3% BSA in TBS, probed with anti-SOD1 antibody
(1:1000; Stressgen), and then reprobed with an anti-B-actin anti-
body (1:5000; cat. #A1978; Sigma) as an internal control.

Western blot analysis for phoesphorylation of transcription
Suctors

Untransfected H4 cells were precultured overnight on 12-well
plates at 5.0 x 10* cells. The hit compound was diluted with
culture medium to 25 pM and 50 M and used to replace 0.8 mL
of 1 mL per well of cell culture to give a final concentration of
20 pM and 40 uM, respectively. The cells were then cultured for
another 16 h, and then each well was washed once with 2 mL
PBS and lysed with 100 uL of 1% Triton-X containing protease
inhibitors (Roche) and phosphatase inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan). Western blotting was performed with
antibody specific to Ser*-phosphorylated Nrf2 (2500:1;
#EP1809Y; Abcam, Cambridge, MA), Nrf2 (500:1; H-300;
#5c13032; Santa Cruz Biotechnology, Santa Cruz, CA), Ser'®-
phosphorylated cAMP response element binding protein (CREB;
500:1; #06-519; Millipore, Billerica, MA), CREB (1000:1;
#9197, Cell Signaling, Salem, MA), and p-actin (1:5000; Sigma).

Synthesis of 052C9

6-Chloro-3-formylchromone (0.20 g, 0.96 mmol) and o-phe-
nylene diamine (0.10 g, 0.96 mmol) were dissolved in acetic acid
(5 mL). The reaction mixture was stitred at 60 °C for 16 h and
then diluted with an agueous solution of NaHCO, (20 mL). The
resulting precipitate was filtered and washed with water. The
residue was dissolved in ifluoroacetic acid (1 mL) and then
concentrated in vacuum. To the residue was added EtOAc (3
ral), and the resulting suspension was filtered to give 052C9 (72
mg, 18%) as a trifluorcacetic acid salt.
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Table 1. Z’ of All the Runs

Run No. z

1 0.69
2 0.39
3 0.35
4 0.55
N 0.60
6 0.38
7 0.42
3 0.38
9 0.37
10 -0.04
11 0.47
12 0.46
13 0.51
14 0.38
15 0.32
16 0.40
17 0.75
18 0.52
19 0.33
2 0.12
21 0.55

Table 2. Hit Compounds Identified Using the High-
Throughput Screening Assay

No. (%)
Screened compounds 9600
Total hits 325(3.39)
Duplicate 141 (1.47)
Dose dependency 120(1.25)
Toxic hits ) 5
Analysis continuing 115 (1.20)

Rits with dose dependency were defined as compounds that reduced luciferase activity in
a dose-dependent manner, with a significant effect at least at 40 pM. Toxic hit compounds
also decreased reporter sctivity in the WST-1 assay.

RESULTS

HTS assays using the gPr*°" _Luc cell line

As evidenced by the reduction in luciferase activity (Fig.
1B,C), the stable gPrS°"-Luc cell line expresses secreted luci-
ferase under the control of a genomic SOD1 promoter and, there-
fore, is useful for identifying compounds that decrease SOD1
expression transcriptionally. The HTS assays using the gPrs°P-
Luc cell line exhibited good reproducibility, with an average Z'
value of 0.39 (range, —0.23 to 0.75). Only two runs had Z' values
below zero (Table 1). We did not select hit compounds from
these two runs. The effect of each compound was represented as
the degree of inlibition of luciferase activity compared to vehicle-
treated cells (see Supplemental Figure 1).

Using the HTS assay, duplicate assay, and dose-dependent test-
ing, we identified 120 hit compounds that significantly inhibited
SOD1 transcription (Table 2). We excluded the compounds with
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FIG.2. (A)Representatives of dose-dependent effects of the excluded compounds on luciferase activity in gPr*“®'-Luc cells. (B) Representatives
of dose-dependent effects of compounds excluded by enzyme-linked immunosorbent assay (ELISA) on luciferase activity in gPr*®-Lug cells.
(C) Representatives of ELISA results of compounds excluded by ELISA on SOD1 abundance in H4 cells. Each point is the mean of duplicate
measurements.
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FIG. 4. (A) Representative Western blot showing the effect of differ-
ent concenirations of the selected hit compound, 052C9, on expression
of SOD1 and B-actin in H4 cells. (B) Band density of SOD1 relative to
B-actin. Values are means &= SEM (n = 3). Difference between relative
abundance at 0 and 40 pM was significant at p < 0.05 (one-way analysis
of variance followed by the Bonferroni post hoc test).

S0D1 (relative abundance) [

poor dose-dependent responses (Fig. 2A). WST-1 assays indicated
that five of these hit compounds had nonspecific cell toxicity {data
not shown). ELISA results showed that 2 of the remaining 115
compounds reduced the level of endogenous SOD1 protein in a
dose-dependent manner. We did not employ the compounds with
no significant decline of SOD1 protein by ELISA (Fig. 2B,C).
One of the compounds, 052C9, was selected for Western blot
analysis, based on its downregulation of SOD1 expression, deter-
mined by the reporter assay (Fig. 3A) and by ELISA (Fig. 3B)
with the lower 50% effective concentration (EC,,) compared to the
other compound (Fig. 3C). The selected compound significantly
decreased the level of endogenous SOD1 protein in H4 cells, with
no reduction in expression of B-actin (Fig. 4). The structure of this

Journal of Biomolecular Screening 16(4); 2011

hit compound (Fig. §) was confirmed by resynthesis and spectro-
scopic characterization: The molecule is composed of a benzoimi-
dazole ring and a chroman unit and is not analogous to any of the
drugs used in ALS treatment trials to date. Two major transcription
factors have been reported to activate the expression of SOD1:
NF-E2 (Nrf2) and CREB. We examined the effects of 052C9 on
the phosphorylation status of these two transcription factors by
Western blot analysis. The results showed that 052C9 blocked the
phosphorylation of NF-E2 (Nrf2) with no reduction of total Nrf2
protein level, whereas 052C9 had no detectable effects on the
phosphorylation status of CREB (Fig. 6).

DISCUSSION

In a recent article, Broom et al.’* developed HTS assays to
identify compounds that downregulate SOD1 expression. On
the basis of this previous study, we executed the present study
targeting the transcription of SOD1 with a different compound
library and a modified reporter construct of SOD1 promoter.
The HTS system using astrocytoma-derived H4 cells success-
fully identified a number of hit compounds that decrease the
expression of SOD1 protein. The HTS assays exhibited good
reproducibility, with an average Z' value of 0.39 (range, —0.23
to 0.75). This variability might be due to the manual preplating
of the cells for screening or the instability of the secreted huci-
ferase. Although the assay results had a high coefficient of
variation, this could be attributed to the relatively high abun-
dance of hit compounds (3.39%; Table 2). Because this hit
percentage may partially reflect Gaussian statistics, we con-
firmed the significant efficacy of the hit compounds on SOD1
expression through another duplicate assay and dose-dependent
analysis. This process would allow us to rule out the effect of
Gaussiau statistics on the hit selection. Although most of the hit
compounds failed to decrease endogenous SOD1 protein level
by ELISA in a dose-dependent manner, we suppose that this
may be due to direct inhibition of luciferase reaction or to the
difference between temporal patterns of the transcription and
translation of SOD1. At least one of the hit compounds, 052C9,
significantly downregulated SOD1 protein levels in a dose-
dependent manner. It is unlikely that the effect reflects nonspe-
cific ceflular toxicity because the WST-1 assay showed no
significant effects at the concentrations at which the compound
exerted the downregulation of SODI1. It is also unlikely that the
hit compound represses transcription generally, as there was no
corresponding reduction in expression of f-actin.

The mode of action of 052C9 remains unclear at the moment.
Nevertheless, our analysis suggests that 052C9 directly or indi-
rectly blocks the phosphorylation of Nrf2. Transcription factor
Nrf2 binds to the antioxidant response element (ARE) in the
promoter region of detoxifying genes ' Phosphorylation of Nrf2
promotes its translocation into the nucleus where it activates the
transcription of antioxidant genes.!” Because the SOD1 gene also
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FIG. 5. The chemical structure of the selected hit compound.

' NMR (DMSO-d,, 300 MHz) deltay 9.38 (4, J = 1.1 Hz, 1H), 8.18 (d, T = 2.7 Hz, 1F), 7.99 (dd, J =9.1, 2.7 Hz, 1H), 7.91 (dd, T = 9.1, 1.}

Hz, 1H), 7.76 (dd, J = 6.0, 3.0 Hz, 2H), 7.36 (dd, J = 6.0, 3.0 Hz, 2H)

13C NMR (DMSO-d,, 75 MHz) delta-¢ 172.9 (s), 160.0 (d), 154.1 (5), 143.5 (s), 135.2 (5), 134.4 (3 X 2), 131.3 (), 124.4 (d), 124.3 (d x 2), 124.3
(d), 121.4 (d), 114.8 (d), 111.7 (s) MS (ESD) mass caled for C, H,CIN,O, + H requires nvz 297 Found m/z 297

contains ARE, the hit compound, 052C9, may downregulate
the transcription of SOD1 by inhibiting phosphorylation of Ser*
of Nrf2. 052C9 had no detectable effects on the Ser'™ phospho-
rylation of CREB it the present study. Because protein kinase C
(PKC) phosphorylates both of the two transcription factors,’*
it is likely that 052C9 inhibits the activity of an unidentified

412 wwwslas.erg

Nrf2-selective kinase or its activation. 052C9 or its analogs may
serve as a powerful tool for exploring the molecular mechanism
of SOD1 expression.

The hit compounds identified in the present study cause a par-
tial reduction in SOD1-expression. Although the effects-on ALS-
model mice have not yet been examined, partial downregulation
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FIG. 6. (A) Representative Western blot showing the effect of different concentrations of the selected hit compound, 052C9, on phosphoryla-
tion of Nrf2 and cAMP response element binding protein (CREB) in Hé cells. (B) Band density of pNrf2 relative to Nef2. Values are means +
SEM (n = 7). Differences between relative abundance both at 0 and 20 uM and at 0 and 40 uM were significant at p < 0.05 (one-way analysis of
variance [ANOVA] followed by the Bonferroni post hoc est). (C) Band density of pCREB relative to CREB. Values are means = SEM (1 = 7).
Differences between relative abundance both at 0-20 uM and at 040 UM were not significant (one-way ANOVA followed by the Bonferroni

post hoc test).

of SOD1 expression may be desirable. SOD1-knockout mice do
not develop the motor neuron disease phenotype® but do show
modest vulnerability to axotomy’ and pathological degeneration of
neuromuscitlar junctions and axons.?

Decreasing wild-type SOD1 by a small molecule may prove
to alleviate the disease phenotype in ALS-model mice and even
in sporadic ALS patients. A previous study showed that wild-
type (WT) SODI1 transgenic mice have pathological changes
similar to those in mutant SOD1 mice and that WT SOD1 aggra-
vates the ALS phenotype in double-transgenic mice with both
WI-SOD1 and mutant SOD1.*! Moreover, the mutation in the
SOD1 promoter reduces SOD1 gene expression and may corre-
late with a delay in the onset of sporadic ALS.* Indeed, Zhong
et al.® reported that administration of activated protein C (APC)

Journal of Biomelecular Screening 16(4); 2011

to mutant SOD1 mice, which decreases the expression of SOD1
protein in vivo, ameliorates the ALS phenotype. Based on these
findings, the toxicity of mutant SOD1 may not be explained by
a gain of toxic function but by an increased toxicity of wild-type
SOD1. Direct reduction of the transcription of pathogenic SOD1
protein may provide a new therapeutic strategy for SODI-
mediated ALS, and similar strategies may be used to treat other
neurodegenerative diseases mediated by aberrant proteins.
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Oxidative stress and endoplasmic reticulum (ER) stress are
thought to contribute to the pathogenesis of various neurode-
generative diseases including Parkinson disease (PD), however,
the relationship between these stresses remains unclear.
ATFé6a is an ER-membrane-bound transcription factor that is
activated by protein misfolding in the ER and functions as a
critical regulator of ER quality control proteins in mammalian
cells, The goal of this study was to explore the cause-effect re-
lationship between oxidative stress and ER stress in the patho-
genesis of neurotoxin-induced model of PD. 1-Methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP), a dopaminergic
neurotoxin known to produce oxidative stress, activated
ATF6a and increased ER chaperones and ER-associated degra-
dation (ERAD) component in dopaminergic neurons, Impor-
tantly, MPTP induced formation of ubiquitin- immunoposi-
tive inclusions and loss of dopaminergic neurons more
prominently in mice deficient in ATF6e than in wild-type
mice, Cultured cell experiments revealed that 1-methyl-4-phe-
nylpyridinium (MPP*)-induced oxidative stress not only pro-
moted phosphorylation of p38 mitogen-activated protein ki-
nase (p38MAPK) but also enhanced interaction between
phosphorylated p38MAPK and ATF6a, leading to increment
in transcriptional activator activity of ATF6a. Thus, our re-
sults revealed a link between oxidative stress and ER stress by
showing the importance of ATF6a in the protection of the do-
paminergic neurons from MPTP that occurs through oxidative
stress-induced activation of ATF6a and p38MAPK-mediated
enhancement of ATF6« transcriptional activity.

Parkinson disease (PD)? is characterized pathologically by
progressive and selective loss of dopaminergic neurons in the
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substantia nigra pars compacta (SNc). Recent studies have
suggested some pathogenetic mechanisms of PD, including
mitochondrial dysfunction (1), oxidative stress induced by
dopamine metabolites, and endoplasmic reticulum (ER) stress
induced by the accumulation of unfolded proteins (2—4). Do-
paminergic neuron loss is often accompanied by formation of
intraneuronal inclusion bodies termed Lewy bodies whose
major constituent is a-synuclein (5), suggesting the pathoge-
netic role of unfolded protein accumulation and aggregation.
The unfolded protein response (UPR) is a homeostatic sig-
naling pathway designed to cope with the accumulation of
unfolded proteins in the ER lumen. In mammals, the UPR
utilize three types of sensor proteins, PERK, IREle, and
ATF6a, which detect protein-misfolding stress in the ER and
initiate ER-to-nucleus signaling cascades to maintain the ho-
meostasis of protein quality control system (6). ATF6 is a type
2 transmembrane protein; the C-terminal region is located in
the ER, whereas the N-terminal region is located in the cyto-
solic side. ATF6 consists of two subtypes, ATF6a and ATF6p.
ATF6a or ATF6 single knock-out mice normally develops
but mice deficient in both subtypes of ATF6 genes showed
embryonic lethal (7, 8). Upon ER stress the N-terminal frag-
ment of ATF6a designated pATF6a(N) is cleaved from the
parent protein designated pATF6a/(P) and transported into
the nucleus, where it binds to cis-acting ER stress response
element (ERSE) and UPR element (UPRE), and up-regulates
major ER chaperones and ER-associated degradation (ERAD)
components (9-14).
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
converted into 1-methyl-4- phenylpyridiniam (MPP*) in as-
trocytes and taken up by dopaminergic neurons through the
dopamine transporter (DAT). MPP™ interferes with the mito-
chondrial complex-1, generates reactive oxygen species (ROS)
and selectively damages dopaminergic neurons (15). Dopa-
mine itself is also a highly-reactive molecule and naturally
metabolized to produce ROS including hydrogen peroxide
(H,0,) via the monoamine oxidase pathway (16). Dopamine-
induced ROS promotes phosphorylation of p38 mitogen-acti-
vated protein kinase (p38MAPK) (17). MPTP activates
p38MAPK pathway in the dopaminergic neuron (18). Other

ER-associated degradation; UPR, unfolded protein response; MPP™,
1-methyl-4-phenylpyridinium.
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oxidative neurotoxins such as rotenone and 6-hydroxydop-
amine (6-OHDA) also enhance the phosphorylation of
p38MAPK (19, 20). Interestingly, it was previously reported
that phosphorylated p38MAPK can regulate ATF6a function
via phosphorylation (21), suggesting the possibility that oxida-
tive stress and ER stress intersect at the level of p38MAPK
and ATF6a.

Based on these data, the goal of the present study was to
explore the cause-effect relationship between oxidative stress
and ER stress in the pathogenesis of PD using ATF6a wild-
type (WT) and knock-out (KO) mice treated with MPTP that
causes oxidative stress and damages dopaminergic neurons.

EXPERIMENTAL PROCEDURES

Animal and MPTP Treatment—ATF6a knock-out (KO)
mice were generated by gene targeting techniques as previ-
ously described (7). Groups of male ATF6a KO mice and
wild-type (WT) littermate controls were injected intraperito-
neal with 20 mg/kg of MPTP hydrochloride (Sigma-Aldrich)
four times at 2 h intervals on the same day (n = 10 for each
group). The mice were decapitated 5 days after injection for
the subsequent analysis. All surgical procedures were per-
formed according to the rules set forth by the Ethics Commit-
tee of Kyoto University.

Quantitative Real-time PCR—The mouse central nervous
system (CNS) was dissected into the cerebral cortex, the
brainstem, the hippocampus, the striatum, the midbrain, the
cerebellum, the olfactory bulb, and the thalamus. Total RNA
was isolated from the various parts of the CNS using the
RNeasy Kit (Qiagen, Valencia CA) after homogenization
(POLYTRON PT10-35). The first strand of cDNA was syn-
thesized from 1 g of total RNA using the PrimeScript RT
Reagent Kit (Takara Bio, Shiga). Real-time PCR was per-
formed using the LightCycler SYBR Green Master Kit and
LightCycler 480 program (Roche) according to the manufac-
turer’s protocol. The sequences of the primers used were
listed in the supplemental Table S1. Values were normalized
and expressed relative to GAPDH values.

Immunoblotting—Each part of the dissected CNS tissue was
weighed and homogenized (POLYTRON PT10-35) in 1 ml/g
of ice-cold buffer (50 mm Tris(pH7.5), 5 mmM EDTA and 120
mum NaCl, 1% Triton X-100) containing protease inhibitor and
phosphatase inhibitor mixture. Samples were centrifuged at
1,000 X g for 5 min, where the supernatant was collected for
the additional centrifugation and the resulting pellet was dis-
solved in 2% SDS buffer for nuclear fraction. The supernatant
was centrifuged at 165,000 X g for 60 min. The superna-
tant was prepared for cytosolic fraction, and the resulting pel-
let was dissolved in 2% SDS buffer as the ER and vesicle frac-
tion. SH-SY5Y cells, HEK293T cells, ATF6a WT and ATF6c
KO mouse embryonic fibroblasts (MEFs) were lysed in lysis
buffer containing 1% Triton X-100 or 2% SDS buffer contain-
ing protease inhibitor and phosphatase inhibitor mixture. 20
or 30 ug of protein for each sample was separated by SDS-
PAGE and electroblotted onto PDGF membrane (Immuno-
pore). Immunoblotting analysis was carried out using an en-
hanced chemiluminescence Western blotting detection
system kit (Amersham Biosciences). Rabbit anti-ATF6a poly-
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clonal antibody was prepared as previously described (13).
Mouse anti-BiP antibody was purchased from BD Biosciences
(San Diego, CA). Rat anti-GRP94 antibody was purchased
from Stressgen (Ann Arbor, MI). Rabbit anti-Derlin-3 anti-
body was purchased from Sigma-Aldrich. B-Actin antibody,
anti-p38MAPK antibody, anti-phosho-p38MAPK (p-
p38MAPK) antibody and anti-IREl« antibody were obtained
from Cell Signaling (Boston, MA). Rabbit anti-DAT antibody
and mouse anti-tyrosine hydroxylase (TH) antibody were pur-
chased from Millipore (Billerica, MA). Rabbit anti-ubiquitin
antibody was purchased from DAKO (Glostrup, Denmark).
Goat anti-PERK and rabbit anti-phospho-PERK antibody
were obtained from Santa Cruz Biotechnology.

Imwmunohistochemistry—Mice were injected with pentobar-
bital and perfused transcardially with PBS, followed by 4%
paraformaldehyde in PBS. Mice were decapitated, and their
brains were removed and immersed in 4% paraformaldehyde
in PBS for fixation. Serial coronal sections at 20-pm thickness
were collected on slides. Deparaffinized sections were rinsed
with PBS containing 0.1% Triton X-100 and then immersed in
0.3% H, 0, for 30 min. Sections were stained with primary
antibodies against TH (mouse monoclonal; Millipore), BiP
(IMGENEX, San Diego, CA) or ubiquitin (DAKO) or
p-p38MAPK (Cell Signaling) in 10% normal serum overnight
at 4 °C. After washing three times in PBST, the sections were
stained with biotinylated secondary antibodies (Vector Labo-
ratories, Burlingame, CA), using the standard avidin-biotin
peroxidase method (Elite standard kit SK6100; Vector Labo-
ratories, Burlingame, CA). SH-SY5Y cells, HEK293T cells and
primary cultured dopaminergic neurons cultured in 4-well
tissue culture chamber were fixed with 10% formaldehyde for
60 min on ice followed by acetone treatment for 5 min, They
were then permeabilized with PBS containing 0.2% Triton
X-100 for 10 min at room temperature and blocked with 10%
goat serum for 30 min. They were then exposed to primary
antibody overnight at 4 °C for indirect immunofluorescence.
Anti-p38MAPK antibody and anti-p-p38MAPK were diluted
25-fold and 100-fold, respectively, with PBS containing 1%
BSA before use. For immunofluorescence, primary antibodies
were visualized by incubation for 2 h at room temperature
with Alexa Fluor488- and Alexa Fluor546-conjugated second-
ary antibodies (Molecular Probes), followed by confocal laser
scanning fluorescence microscopy using an LSM510 microsc-
ope(Carl Zeiss, Thornwood, NY).

TH-positive Cell and Ubiquitin-positive Inclusion Counting—
Total numbers of TH-positive neurons in the substantia nigra
pars compacta (SNc) and ubiquitin-positive inclusions in the
striatum were determined using an unbiased optical frac-
tionator method (Stereoinvestigator, MicroBrightField) as
previously described with minor modification (4). Three inde-
pendent sets of immunostained serial sections (sampled as
every sixth coronal section throughout the entire range of
SNc or the striatum) were analyzed for each animal. Total
positive number for each sample was determined in triplicate
by the Stereoinvestigator program to obtain averaged values.
Location of SNc and the striatum was identified according to
established anatomical Jandmarks (Paxinos mouse brain
atlas).
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Measurements of Striatal Catecholamines (HPLC)—Tissues
dopamine and metabolites were measured according to previ-
ously published methods (4).

Plasmids, Cell Culture, Reagent, and Transfection—Various
vectors, including pCMVfull-EGFP-ATF6« (also known as
green fluorescent protein (GFP)-ATF6a fusion gene) (11),
pGL3-GRP78 (—132)-Luc carrying the human BiP promoter,
pGL3-5X UPRE-luc, pDNA3.1 (+)-N-terminal fragment of
ATF6a (1-373) and a dominant-negative form of ATF6¢
(171-373) were prepared as previously (13, 14). Flag-
p38MAPK was kindly provided by Dr. Katsuji Yoshioka (Ka-
nazawa Univ.) ATF6a WT/KO primary cultured dopaminer-
gic neurons were prepared as shown under “Primary culture.”
ATF6a WT/KO MEFs were obtained as previously described
(7). SH-SY5Y cells were cultured in DMEM supplemented
with 10% fetal bovine serum, NEAA (Invitrogen) at 37 °Cin a
humidified 5% CO,/95% air atmosphere. HEK293T cells and
ATF60a WT/KO MEFs were cultured in DMEM supple-
mented with 10% fetal bovine serum, 2 mM glutamine, and
antibiotics (100 units/ml penicillin and 100 pg/ml streptomy-
cin). Transfection was performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to each manufacturer’s
protocol. 1-Methyl-4-phenylpyridinium iodide (MPP™) was
purchased from Sigma-Aldrich. $B203585 were purchased
from Calbiochem (San Diego, CA). SHSY5Y cells and ATF6«
WT/KO primary cultured dopaminergic neurons were
treated with 1 mm MPP™ for indicated times in the presence
or absence of 5 uM $B203585. ATF6a WT/KO MEFs and
HEK293T cells were plated in 6-well plates and treated with
50 puM hydroxyl peroxide (H,0,) (Nakalai Tesque, Kyoto) in
the presence or absence of 5 umM $B203585.

Primary Culture—Mesencephalic and striatal cells were
prepared from embryonic day 15 ATF6a WT/KO mice. Both
the midbrain and the striatum were mechanically dissected in
Neurobasal medium (Invitrogen). The tissues were dissoci-
ated with 0.25% trypsin at room temperature for 15 min. The
cells were suspended in DMEM supplemented with 10% fetal
bovine serum and NEAA and then collected by centrifugation
(1000 X g, 3 min). The cells were resuspended in Neurobasal
medium supplemented with B-27(minus Anti-Oxidants) (In-
vitrogen) and 0.5 mM glutamine at a concentration of 1million
cells/ml, and plated at a density of 0.5 million cells per well
into 24 well plate previously coated with poly-L-Lysin (Sigma-
Aldrich). One week after plating, the cells were used for re-
porter assay or immunohistochemistry.

Reporter Assay—SH-SY5Y cells, HEK293T cells and ATF6a
WT/KO primary cultured dopaminergic neurons were tran-
siently transfected with pGL3-5XUPRE or pGL3-BiP (-132)
along with pRL-SV40 (Promega, Madison, WI) using Lipo-
fectamine 2000 (Invitrogen). After 48 h, the cells were treated
with 1 mm MPP™ for 24 h or 50 M H,O, for 1 h in the pres-
ence or absence of 5 uM SB203585. Luciferase expression was
measured in triplicate using a dual luciferase reporter assay
system (Promega) on Fluoroskan Ascent FL (Thermo, Wal-
tham, MA). Relative activity was defined as the ratio firefly
luciferase activity to Renilla luciferase activity to normalize
for transfection efficiency.
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Immunoprecipitation— After being washed with PBS, SH-
SY5Y cells and HEK293T cells cultured in a 6-well plate dish
were solubilized for 30 min on ice in 200 pl of RIPA buffer (50
mM Tris-HCl, 150 mm NaCl, 1 mMm EDTA, 1% Triton X-100,
0.1% SDS, and 0.1% sodium deoxycholate) with a protease
inhibitor mixture and a phosphatase inhibitor. Insoluble frac-
tion was collected by centrifugation (1000 X g, 3 min), defined
as nuclear fraction, and lysed in SDS lysis solution (50 mm
Tris-HCl, 10 mm EDTA, 1% SDS) including phosphatase in-
hibitor. Soluble lysates were incubated overnight with ANTI-
FLAG M2 Affinity gel (Sigma-Aldrich). Lysates from nuclear
fraction were diluted to 10% by dilution buffer (50 mm Tris-
HCI, 167 mm NaCl, 1.1% Triton X-100, and 0.11% sodium
deoxycholate) including phosphatase inhibitor and then incu-
bated for overnight by G-Sepharose bound to anti-phospho-
p38MAPK antibody(Cell Signaling). Sepharose beads were
collected by brief centrifugation and washed with TBS buffer
(50 mm Tris-HCl, 150 mm NaCl, pH7.4) three times. Immu-
noprecipitated material was eluted by boiling for 3 min in 2X
sample buffer (125 mm Tris-HCl, pH 6.8, 4% SDS, 20% glyc-
erol, 0.004% BPB).

Chromatin Immunoprecipitation (ChIP) Assay—SH-SY5Y
cells were grown to 80% confluence in 6-cm plates and then
treated with 1 mm MPP™ for 24 h and protein-DNA cross-
linking was initiated by adding formaldehyde to the cell cul-
ture to a final concentration of 1% and stopped at 15 min by
adding 1.5 M glycine to a final concentration of 0.15 M. The
cells were lysed in RIPA buffer including a protease inhibitor
mixture and a phosphatase inhibitor. Insoluble fraction was
collected by centrifugation (1000 X g, 3 min), defined as nu-
clear fraction, lysed in SDS lysis solution (50 mm Tris-HCl, 10
mu EDTA, 1% SDS) including phosphatase inhibitor and son-
icated for 25 min using Bioruptor (UCD-200TM, COSMO
BIO) (Sonication pulse was performed by power high, ON
30s, OFF 60 s). Diluted to 10% by ChIP dilution buffer (50
mM Tris-HCl, 167 mM NaCl, 1.1% Triton X-100, and 0.11%
sodium deoxycholate) including phosphatase inhibitor, lysates
were incubated for overnight by G-Sepharose bound to anti-
phospho-p38MAPK antibody. Sepharose beads were collected
by brief centrifugation, washed with RIPA buffer three times
and suspended with ChIP direct elution buffer (10 mm Tris-
HCI, 300 mm NaCl, 5 mm EDTA, 0.5% SDS). Formaldehyde-
induced cross linking was reversed (for overnight at 65 °C)
and the DNA was purified by phenol-chloroform extraction
and ethanol precipitation. Purified DNA was subjected to
quantitative PCR by LightCycler 480 program.

Statistical Analysis—All values are presented as the
mean * $.D. Results were tested for significant differences
using one-way ANOVA with the posthoc test or Student’s ¢
test. p < 0.05 was considered to represent significant differ-
ence, In figures, a single asterisk (*) indicates p < 0.05, and a
double asterisk (**) indicates p < 0.01.

RESULTS

ATFé6a Controls the Levels of ER Chaperones and ERAD
Component in the Dopaminergic Neuron System in Vivo—To
explore the physiological function of ATFéa in vivo, we first
investigated where in the central nervous system ATF6a is
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FIGURE 1. ATF6« controls the levels of ER chaperones and ERAD compo-
nent in the dopaminergic neuron system under physiological condi-
tions in vivo. A, ATF6a controls the mRNA levels of BiP in the brainstem, the
midbrain and the striatum in mice brain in vivo. Total RNA was isolated from
various sections of brain of 3 and 12-month-aged male ATF6a KO(~/—)
mice and ATF6a WT(+/+) littermates and analyzed by quantitative real-
time RT-PCR for detecting the level of BiP mRNA. (n = 5 for each group).
Fold induction of mRNA level is defined relative to GAPDH mRNA level. Ab-
breviation: CTX, cerebral cortex; BS, brainstem; HIP, hippocampus; STR, stria-
tum; MB, midbrain; CR, cerebellum; OB, olfactory bulb; 7, thalamus; SC, spi-
nal cord; 3 m, 3 months aged group; 12 v, 12-month-aged group. The
asterisk indicates statistical significance (¥, p < 0.05; **, p < 0.01). Each bar
denotes the mean =+ S.D. B, ATF6a controls the protein levels of BiP in the
brainstem, the midbrain and the striatum in mice brain in vivo. The tissue
lysates of 3-month-aged ATF6a KO mice and ATF6a WT littermate were
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activated under normal physiological conditions by using
ATF6a WT or KO mice. Results of quantitative RT-PCR
analysis demonstrated that mRNA level of the ER chaperone
BiP was significantly lower in the brainstem, the midbrain and
the striatum of ATF6a KO mice than those of ATF6a WT
mice (Fig. 14). Accordingly, the protein levels of BiP were also
significantly lower in the brainstem, the midbrain and the
striatum of ATF6a KO mice than those of ATF6a WT mice
(Fig. 1B). Other ER stress sensor, IREl1a, sXBP1, and phos-
phorylated PERK (p-PERK, indicative of the activation status
of another ER stress sensor molecule) are not different in vari-
ous brain regions of ATF6a KO mice (supplemental Fig. S14).
The mRNA levels of other ER chaperone GRP94, cochaper-
one p58'P¥, and ERAD component, Derlin-3, in the midbrain
were also significantly decreased in ATF6a: KO mice when
compared with age-matched ATF6a WT mice (Fig. 1C). The
protein levels of GRP94 in the striatum were significantly de-
creased in ATF6a KO mice (Fig. 1D). HPLC analysis of the
striatum demonstrated that the metabolisms of dopamine and
serotonin were slightly but significantly decreased in ATF6a
KO mice as compared with WT mice (Fig. 1E). Decreased
protein levels were not general feature of ATF6a KO mice
because the levels of some proteins involved in synaptic secre-
tion or vesicular transport remained unchanged or rather in-
creased in ATF6a KO mice as compared with WT mice (sup-
plemental Fig. $1B). Importantly, tyrosine hydroxylase (TH)
immunostaining of the midbrain revealed that there was no
abnormality in the number and morphology of TH positive
neurons in ATF6a KO mice when compared with WT litter-
mates (supplemental Fig. $1, C and D). TH and DAT protein
levels in the striatum of ATF6a KO mice were similar to
those of WT littermates (supplemental Fig. S1F). Therefore,
although ATF6a is not essential for the development and the
survival of dopaminergic neurons, ATF6a up-regulates ER
chaperones and ERAD component constitutively in dopami-
nergic neurons; dopaminergic neurons may experience ER
stress under normal physiological conditions.

MPTP Up-regulates the Levels of ER Chaperones and ERAD
Component by Activating ATF6a and Induces the Phosphory-
lation of p38MAPK in the Dopaminergic Neurons in Vivo—To
investigate whether ATF6a plays an important role in dopa-
minergic cell death of neurotoxin-based PD models, we ana-
lyzed dopaminergic neurons of mice treated with MPTP.
MPTP was intraperitoneally administered into 6-month-old

subjected to Western blot analysis for detection of BiP and B-actin (n = 5).
Each protein level was quantified using optical density and estimated rela-
tive to B-actin protein level. C, ATF6a controls the levels of GRP94, p58',
and Derlin-3 in the midbrain in vivo. Quantitative real-time RT-PCR was per-
formed from the midbrain samples of 12-month-aged ATF6a KO mice and
ATF6a WT littermates using ATF6a, GRP94, p58'™, and Derlin-3 primers

{n = 5 for each group). D, ATF6a controls the protein levels of BiP and
GRP94 in the striatum in vivo. (n = 7-10). E, metabolisms of dopamine and
serotonin were decreased in ATF6a KO mice as compared with ATF6a WT
mice. Metabolisms of dopamine and serotonin were defined as the relative
ratio of DOPAC or HVA to dopamine and SHIAA to 5HA, respectively. The
striatal levels of dopamine, serotonin, and their metabolites were measured
by HPLC (n = 8-10 for each group). Abbreviations: DA, dopamine; DOPAC,
3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 5HIAA, 5-hydroxyin-
dole acetic acid; 5HA, 5-hydroxytryptamine; 6 M, 6-month-aged group; 12 m,
12-month-aged group.
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FIGURE 2. MPTP up-regulates the levels of ER chaperones and ERAD
component by activating ATF6« and induces the phosphorylation of
P38 MAPK in dopaminergic neurons in vivo. A-H, extracts of the mid-
brain or the striatum of ATF6a WT(+/+) and ATF6a KO(—/—) mice were
prepared 5 days after intraperitoneal injection with either 20 mg/kg MPTP
or normal saline four times every 2 h for Western blot analysis of ATF6«,
PERK, p38MAPK, phospho-PERK (p-PERK), phospho-p38MAPK (p-p38MAPK),
BiP, GRP94, Derlin-3, and B-actin (n = 4 for each group). The protein levels
of p-PERK and p-p38MAPK were quantified using optical density and esti-
mated relative to PERK or p38MAPK protein level, respectively. Other pro-
tein levels were estimated relative to B-actin protein level. Each bar denotes
the mean =+ S.D. MPTP induces ATF6a cleavage (A and C), phosphorylation
of PERK (A and D) and p38MAPK activation (A and E) in the midbrain. MPTP
up-regulates the levels of BiP (8 and F), GRP94 (8 and G), and Derlin-3 (Band
H) in the striatum in vivo. Abbreviation: N.S. indicates normal saline injection
as control, /-1, MPTP up-regulates the levels of BiP and p-p38MAPK in TH-
positive neurons. The midbrains of ATF6a WT mice treated with MPTP or
normal saline (Control) were stained using anti-TH (/~L, green), BiP (/and J,
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ATF6a KO mice and WT littermates. Western blot analysis
with antibodies against ATF6a, PERK, p38MAPK, phosphor-
ylated p38MAPK (p-p38MAPK), p-PERK, BiP, GRP94, and
Derlin-3 was performed using midbrain and striatal extracts
from WT or ATF6a KO mice challenged with MPTP. MPTP
treatment induced phosphorylation of p38MAPK in the mid-
brain regardless of ATF6a genotype as expected (Fig. 2, A and
E). Importantly, MPTP treatment not only increased the level
of pATF6a (P), the precursor form of ATFéa, but also gener-
ated pATF6a (N), the active form produced as a result of the
cleavage of pATF6a (P), in the midbrain of ATF6a WT mice
(Fig. 2, A and C). The levels of ER chaperones, BiP and
GPR94, and ERAD component, Derlin-3, were significantly
increased in the striatum of MPTP-treated WT mice (Fig. 2,
B, F, G, and H). In marked contrast, the induction of these ER
chaperones and ERAD components was not observed in
ATF6a KO mice even though MPTP increased phosphoryla-
tion of PERK regardless of ATF6a genotype (Fig. 2, A and D).
To identify the cell types in which BiP was up-regulated, we
performed double immunostaining for BiP in TH-positive
dopaminergic neurons of the midbrain of WT mice. Dopa-
minergic neurons showed higher BiP expression level in
MPTP-treated WT mice than untreated control mice (Fig. 2, ]
and /). Phosphorylated p38MAPK was detected in the nucleus
of the dopaminergic neurons in the midbrain of MPTP-
treated mice (Fig. 2, K and L) as previously reported (18).
These data clearly indicate that MPTP somehow evokes ER
stress and up-regulates the expression of ER chaperones and
ERAD component by activating ATF6a in dopaminergic neu-
rons in vivo in addition to previously known effect on the
phosphorylation of p38MAPK. One possible cause for induc-
tion of ER stress by MPTP is production of ROS as we found
that treatment of mouse embryonic fibroblasts (MEFs) de-
rived from ATF6a WT mice with hydrogen peroxide, a repre-
sentative ROS, triggered not only phosphorylation of
p38MAPK but also cleavage of pATF6a(P) to produce
pATF6a(N) (supplemental Fig. $24).

ATF6a Protects against MPTP-induced Neurotoxicity in
Vivo—We then asked whether ATF6a deletion and the se-
quential decline in the expression levels of ER chaperones and
ERAD component have an impact on the ubiquitin protea-
some system (UPS)-mediated protein degradation in dopa-
minergic neurons after MPTP treatment. Immunostaining of
the striatum with antibody to ubiquitin revealed no difference
in the striatum between ATF6cc WT and KO mice under
physiological conditions. However, upon stress with MPTP,
the striatum of ATF6a: KO mice showed much higher in-
crease in the formation of clusters of ubiquitin-immunoreac-
tive material than WT mice, suggesting that treatment with
MPTP disturbed UPS more profoundly when the levels of ER
chaperones and ERAD components were mitigated (Fig. 3, 4
and B). Next we assessed for neurotoxicity caused by treat-

red), p-p38MAPK (K and L, red) antibodies, and DAPI (K and L, blue). They
were visualized by Alexa Fluor 488- and Alexa Fluor 546-conjugated sec-
ondary antibodies and subjected to confocal fluorescence microscope anal-
ysis. White arrowheads in J and L indicate the TH-positive dopaminergic cells
of MPTP-treated mice. Scale bars indicate 10 um.
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FIGURE 3. ATF6« protects against MPTP-induced neurotoxicity in vivo.
A and B, MPTP induces the formation of ubiquitin-immunopositive clusters
in the striatum of ATF6a KO(—/~) mice. A, representative images of ubiqui-
tin-immunoreactive clusters in the striatum of ATF6a WT(+/+) and ATF6a
KO mice treated with either 20 mg/kg MPTP or normal saline (Control) four
times every 2 h. The white box marks the area enlarged in lower right black
box. Scale bars indicate 50 um. B, numbers of ubiquitin-immunoreactive
inclusion per the volume of ROl in the striatum of individual mice were
quantified by Stereoinvestigator and the density was compared among
each indicated group. (n = 4 for each group). Each bar denotes the mean +
S.D. C-F, dopaminergic neurons of ATF6a KO mice are more vulnerable to
MPTP neurotoxicity than ATF6a WT mice. C, extracts of the striatum of
ATF6a WT and ATF6a KO mice with MPTP treatment or normal saline (Con-
trol) were subjected for Western blot analysis of TH and B-actin (n = 4 for
each group). TH protein level was quantified using optical density and esti-
mated relative to B-actin protein level. D, representative TH-immunostained
images of the midbrain of ATF6a WT and ATF6a KO mice treated with nor-
mal saline (Control) or MPTP. E, TH-positive numbers in the
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ment with MPTP. Immunoblotting of the extracts from the
striatum using TH antibody showed more remarkably de-
creased level of TH in ATF6a: KO mice than in WT after
treatment with MPTP, indicating that more dopaminergic
terminal loss takes occurs in ATF6a KO mice (Fig. 3C). The
number of TH-positive neurons in the SNc¢ was significantly
decreased in MPTP-treated ATF6a KO mice when compared
with WT littermates (Fig. 3, D and E). These results were cor-
related with those of HPLC analysis, which showed significant
decreases of dopamine and its metabolites, 3,4-dihydroxyphe-
nylacetic acid (DOPAC), in the striatum of MPTP-treated
ATF6a KO mice when compared with WT littermates (Fig.
3F). These results indicate that MPTP induces a larger loss of
dopaminergic neurons and their terminals under ATF6a-
deleted conditions and further suggest that ATF6« protects
against MPTP-induced neurotoxicity.

Phosphorylated p38MAPK and Activated ATF6a Cooperate
to Enhance the Expression Level of BiP in Dopaminergic Neu-
rons Treated with MPP*-—Next we investigated the possible
cooperation between p38MAPK phosphorylated and ATF6a
activated in MPTP-treated dopaminergic neurons. We
treated dopaminergic neuroblastoma SH-SY5Y cells with
MPP*. Immunoblotting revealed that treatment with MPP™*
generated a ~60-kDa protein band representing pATF6a (N)
(Fig. 4, A and B) and induced phosphorylation of PERK (Fig.
4, A and C) as well as that of p38MAPK (Fig. 4, A and D) in
SH-SY5Y cells as in the midbrain of ATF6a WT mice (see Fig.
2A). $B203585, an inhibitor of p38MAPK phosphorylation,
attenuated p38MAPK phosphorylation induced by MPP*
(Fig. 4, A and D) but showed little effect on the activation of
ATF6a and PERK phosphorylation (Fig. 4, A~C). We con-
firmed that SB203585 attenuated p38MAPK phosphorylation
without affecting cleavage of pATF6a (P) in MEFs treated
with hydrogen peroxide (supplemental Fig. S2A). However,
BiP was up-regulated after MPP™ treatment and this up-regu-
lation was significantly reduced by SB203585 in SH-SY5Y
cells (Fig. 4, A and E). This observation was further confirmed
by BiP promoter-luciferase reporter system (Fig. 4, Fand G).
The reporter gene —132/LUC contains a fragment of the BiP
promoter driving the luciferase expression. We introduced
the BiP promoter-luciferase plasmid into SH-SY5Y cells with
or without p38MAPK overexpression vector, and then treated
transfected cells with MPP*. Luciferase expression level con-
tinuously increased for 24 h after MPP* treatment and this
MPP* -induced stimulation of reporter expression was syner-
gistically enhanced by p38MAPK overexpression (Fig. 4F).
We then examined the effect of MPP* and SB203585 on re-
porter expression in the primary co-culture of the midbrain
and the striatum prepared from ATF6a KO or WT mice (sup-
plemental Fig. 2C). We found that MPP™* treatment induced a
significant increment in luciferase expression in cells from
ATF6a WT and that this effect was abrogated by the presence

midbrain SNc of ATF6a WT and ATF6a KO male littermates treated with
MPTP or normal saline (n = 5 for each group). F, quantification of the striatal
levels of dopamine and its metabolite DOPAC in ATF6a WT and ATF6a KO
mice treated with either MPTP or normal saline (Control) (n = 5 for each
gro‘;lp). Abbreviations: DA, dopamine; DOPAC, 3 4-dihydroxyphenylacetic
acid.
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FIGURE 4. Phosphorylated p38MAPK and activated ATF6« cooperate to
enhance the expression level of BiP in dopaminergic neurons treated
with MPP*. A-E, immunaoblot of cell lysates from SH-SY5Y cells treated with
1 mm MPP™ for 2, 6, 12, 24 h using anti-ATF6a, phosphorylated PERK (p-
PERK), PERK, p38MAPK, phosphorylated p38MAPK (p-p38MAPK), BiP, and
B-actin antibodies. 5 um SB203585 was added into the medium prior to
MPP™ treatment for the indicated times. Densitometry of ATF6a (N) (8),
p-PERK (Q), p-p38MAPK (D), and BiP () was performed on scanned immuno-
blots images using the Image-J and normalized to B-actin, PERK, p38MAPK,
and B-actin, respectively. Each bar denotes the mean * S.D. F, BiP promoter-
Luciferase plasmid and pRL-SV40 plasmid were transfected into SH-SY5Y
cells with p38MAPK overexpression vector or Mock vector. Each group of
transfected cells was treated with or without 1 mm MPP™ for 0.5, 1,2, 4, 12,
24 h, Relative activity is defined as the ratio of firefly luciferase activity to
Renilla luciferase activity in dual-luciferase assay. G, dopaminergic neurons
from primary co-culture of the midbrain and the striatum of ATF6a
WT(+/+) or ATF6a KO(—/—) mice transfected with BiP promoter-Luciferase
vector and pRL-SV40 vector and then treated with 1 mm MPP™ for 24 h with
or without 5 M SB203585. Relative activity is defined as the ratio of firefly
luciferase activity to Renilla luciferase activity in dual-luciferase assay.
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of SB203585 (Fig. 4G). In contrast, reporter expression re-
mained unchanged in MPP™ -treated cells derived from
ATF6a KO. These data suggest that phosphorylation of
p38MAPK induced by treatment with MPP™ positively affects
the ATF6a-mediated transcriptional induction of BiP.

MPP* Induces the Translocation of the N-terminal Frag-
ment of ATF6a to the Nucleus and the Binding of N-terminal
ATFéa with Phosphorylated p38MAPK and Enhances the
Transcriptional Activity of ATF6a—To examine possible
interaction between ATF6a and p38MAPK, we conducted
immunofluorescence analysis of primary cultured dopa-
minergic neurons transfected with vectors to express green
fluorescent protein (GFP) fused to the N terminus of full-
length ATF6a (pGFP-ATF6a(P)), which is cleaved to pro-
duce nuclear-translocating pGFP-ATF6a(N) in response to
ER stress (11), using anti-phosphorylated p38MAPK (p-
p38MAPK) or anti-p38MAPK antibodies. GFP-ATFé6a (P)
was localized in the peri-nuclear region in non-stressed
dopaminergic neurons (Fig. 54) and was partially colocal-
ized with cytosolic p38MAPK (Fig. 5B) in non-stressed do-
paminergic neurons. 24 h after the treatment with MPP™,
pGFP-ATF6a (N) was translocated into the nucleus and
colocalized with both DAPI and p-p38MAPK (Fig. 5C). By
treating SH-SY5Y cells with MPP* after expression with
both pGFP-ATF6a (P) and p38MAPK we confirmed that
pGFP-ATF6« (N) was translocated into the nucleus and
colocalized with both DAPI and p-p38MAPK (supplemen-
tal Fig. $3, A-C). To determine whether ATF6a physically
associates with p-p38MAPK, we cotransfected flag-
p38MAPK vector and the N-terminal fragment of ATF6a
vector (1-373), abbreviated to N-ATF6a, into SH-SY5Y
cells and performed immunoprecipitation with an anti-Flag
antibody followed by immunoblotting with anti-ATF6a
antibody. As shown in Fig. 5D (upper panel), pATF6a (N)
(60kDa) and pATF6a (P) (90 kDa) were detected in the
immunoprecipitates after treatment of MPP*. SB203585
attenuated the intensity of both bands in immunoprecipi-
tates from MPP* -treated SH-SY5Y cells. Both pATFé6a (N)
(60 kDa) and pATF6a (P) (90 kDa) were also increased in
the nuclear fraction of MPP*-treated SH-SY5Y lysates af-
ter immunoprecipitation with anti-p-p38MAPK antibody
as shown in Fig. 5D (middle panel). Endogenous N-ATF6a
can bind to p-p38MAPK in MPP* -treated condition and
this binding was attenuated by adding $B203585 (Fig. 5E).
Next we examined whether the p-p38MAPK-ATF6a com-
plex binds to the promoter region of BiP in the nuclear
fraction using ChIP assay. As shown in Fig. 5F, SH-SY5Y
cells were treated with MPP* for 24 h and then cross-
linked with formaldehyde. Extracted nuclear fraction was
subjected to immunoprecipitation with p-p38MAPK anti-
body. Fragmented genomic DNA was extracted from the
immunoprecipitates and quantified by QPCR using the
primers for ERSEs of BiP promoter regions (—155~—21).
MPP™* enhanced the binding p-p38MAPK-ATF6a complex
to ERSEs, which was reduced by p38MAPK inhibitor (Fig.
5, G and H). We amplified the other cis-elements on Neu-
rogenin2 (a neural basic-loop-helix (bHLH) transcriptional
factor, Ngn2) promoter using the genomic DNA extracted
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FIGURE 5. Phosphorylated p38MAPK and activated ATF6« form a pro-
tein complex that binds and transactivates promoters containing ERSE
and UPRE. A-C, MPP™ induces release of N-terminal ATF6a fragment with
subsequent translocation into the nucleus and colocalization with phos-
phorylated p38MAPK in dopaminergic neurons. 24 h after transfection with
pGFP-ATF6a (P), primary cultured dopaminergic neurons from co-culture of
the midbrain and the striatum of ATF6a KO mice were fixed and stained
with anti-TH antibody (A, red), anti-p38MAPK antibody (B, red), and DAPI
(blue). 24 h after transfection with pGFP-ATF6a (P), primary cultured dop-
aminergic neurons were treated with 1 mm MPP™ for 24 h, and then fixed
for staining with phosphorylated p38MAPK (p-p38MAPK) antibody (C, red)
and DAPI (blue), White arrowheads indicate the nuclear localization of DAP),
GFP, and p-p38MAPK. Scale bars indicate 10 pm. Abbreviations: TH, tyrosine
hydroxylase; 8F, bright-field image. D-H, MPP™ treatment induces the bind-
ing among p-p38MAPK, N-terminal fragment of ATF6a and ERSEs of BiP
promoter regions. SH-SY5Y cells were transfected with Flag-p38MAPK vector
and N-terminal fragment of ATF6a-(1-373) vector. They were then cultured
with or without 1 mm MPP™ in the presence or absence of 5 um 58203585
for 24 h. Cells were lysed in RIPA buffer and separated into soluble or
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from the same immunoprecipitated samples and found that
the amplified PCR products of the Ngn2 promoter regions
were not increased in MPP* -treated SH-SY5Y cells. Thus,
phosphorylated p38MAPK selectively binds to the acti-
vated and cleaved N-terminal fragment of ATF6« that
binds to the ERSEs on BiP promoter region in MPP™ -
treated cells.

We finally investigated whether the expression of
p38MAPK and/or the treatment with MPP™ could increase
the transcriptional activity of nuclear-translocating ATF6a
using the BiP promoter-luciferase system. MPP* was added
to SH-SY5Y cells cotransfected with Mock or N-ATF6a en-
coding transactivator domain (TAD) and the DNA-binding
b-ZiP domain or the dominant-negative form lacking TAD of
ATF6a (ATF6a-DN) in the presence or absence of
p38MAPK. MPP* treatment significantly enhanced the stim-
ulative effect of p38MAPK on N-ATF6a-mediated activation
of BiP reporter expression (Fig. 5I). We also found that MPP*
treatment increased transcriptional activator activity of
N-ATF6a through UPRE, which has been shown to be pres-
ent in the promoter region of ERAD components and be
functional in the induction of ERAD components (22, 23),
and further enhanced it in presence of p38MAPK (Fig. 5)).
ATF6a-DN canceled these enhancement induced by
p38MAPK overexpression through ERSE and UPRE. Thus,
MPP™* promotes phosphorylation of p38MAPK and the bind-
ing with the N-terminal ATF6¢, leading to up-regulation of
ATF6a transcriptional activity.

insoluble fraction. D, soluble fraction was immunoprecipitated with anti-
Flag antibody and immunoblotted with anti-ATF6a antibody (upper panel).
Insoluble fraction was immunoprecipitated with anti-p-p38MAPK antibody
and immunoblotted with anti-ATF6a antibody (middle panel). Western blot
analysis of 10% input of soluble fraction was performed with anti-ATF6a,
p38MAPK and B-actin antibodies (Jower panels). Abbreviations: IP, immuno-
precipitation; /B, immunoblotting; S8, SB203585; N-ATF6a, N-terminal frag-
ment of ATF6a-(1-373). £, endogenous N-terminal fragment of ATF6a can
bind to phosphorylated p38MAPK in MPP*-treated condition. SHSY5Y cells
were cultured without transfection and treated with or without 1 mm MPP*
in the presence or absence of 5 um SB203585 for 24 h. Cells were totally
lysed in RIPA buffer using BIORUPTOR and immunoprecipitated with anti-p-
p38MAPK antibody and immunoblotted with anti-ATF6a antibody. F,
P-p38MAPK-ATF6a complex binds to ERSEs in response to MPP™ treatment.
Upper panel shows schematic representation of ChiP assays. SH-SY5Y cells
were treated with or without MPP™ in the presence or absence of 5 um
58203585 for 24 h and then cross-linked with formaldehyde. Cells were
lysed in RIPA buffer, and the insoluble fraction defined as nuclear fraction
was lysed in SDS buffer. Immunoprecipitated with anti-p-p38MAPK, puri-
fied, and input DNAs were analyzed by Quantitative PCR using the primers
shown in lower panel. G, primers used for human endogenous BiP pro-
moter, Neurogenin2 (Ngn2) promoter and GAPDH yielded 135, 234, and
360 bp PCR products, respectively. H, values of PCR products were mea-
sured by QPCR and fold induction was defined as the value of BiP or Ngn2
promoter regions relative to the value of GAPDH. Each bar denotes the

~mean * 5.D./and J, p38MAPK phosphorylation enhances the transcrip-

tional activity of ATF6a. /, vectors(1 pug of BiP promoter-Luciferase vector,
100 ng of pRL-5V40 vector and 1 ug of control vector or p38MAPK vector)
were mixed with 1 pg of Mock(pcDNA-3.1(+)) or N-terminal fragment (1-
373)(N-ATF6a) or dominant-negative form (171-373) of ATF6a vector
(ATF6a-DN) for transfection of SH-SY5Y cells in a 6-well dish for 48 h. Cells
were challenged with or without 1 mm MPP™ for 24 h and lysed for analysis
of BiP reporter expression. J, vectors (1 g 5 X UPRE reporter vector, 100 ng
PRL-5V40 vector and 1 pug of control vector or p38MAPK vector) were mixed
with 1 ug of pcDNA-3.1(+) or N-ATF6a or ATF6a-DN vector for transfection
of SH-SY5Y cells in a 6-well dish for 48 h. Cells were challenged with or with-
out 1 mm MPP™ for 24 h and lysed for analysis of UPRE reporter expression.
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Hydrogen peroxide also induced the translocation of the
N-terminal fragment of ATF6« into the nucleus, where it co-
localizes with p-p38MAPK (supplemental Fig. $3, D-G). Hy-
drogen peroxide promoted the binding of N-ATF6a with
pheosphorylated p38MAPK and enhanced the transcriptional
activity of N-ATF6a through ERSE and UPRE (supplemental
Fig. S3, H-)).

DISCUSSION

In this study, we concluded that ATFé« plays an important
role in protection from MPTP toxicity in the dopaminergic
neurons via up-regulation of ER chaperones and ERAD com-
ponent. This was based on the following findings: 1) ATF6«
controls the levels of ER chaperones and ERAD component
in dopaminergic neurons-containing brain regions (Figs. 1,
A-D) and 2). Both MPTP and MPP™* upregulate the ex-
pression levels of ER chaperones and ERAD component by
activating ATF6a in dopaminergic neurons and SH-SY5Y
cells (Fig. 2, A, B,C, F, G, Hand 4, A, B, E, F, and G); 3)
MPTP triggers more formation of clusters of ubiquitin-
immunoreactive material in the striatum of ATF6a KO
mice than in WT mice (Fig. 3, A and B); 4) Dopaminergic
neurons under ATF6a KO conditions are more vulnerable
to MPTP neurotoxicity (Fig. 3, C—F). Previous studies
showed that MPTP and 6-OHDA induce various ER stress
mediators in vitro (24~26). However, it has been unclear
how these neurotoxins induce UPR.

A plausible mechanism is that MPTP decreases the pro-
tein degradation function of striatal UPS (27). A single or
intermittent dose of MPTP decreases UPS activity only for
a short time and does not lead to the ubiquitinated inclu-
sion bodies in rodent brain (28). In contrast, continuous
MPTP administration causes long-lasting impairment of
UPS and the production of inclusion bodies immunoreac-
tive for ubiquitin and a-synuclein in the rodent SNc (27).
This report suggests that the inhibition of UPS by MPTP
causes the accumulation of unfolded proteins followed by
activation of UPR, finally leading to ER stress-induced cell
death.

Consistent with this hypothesis, our study demonstrated
that UPR attenuation caused by ATF6a deletion accelerates
the MPTP-induced formation of ubiquitin immunopositive
inclusion body in the striatum as well as dopaminergic neuro-
nal death (Fig. 3). This result suggests that MPTP induces
accumulation of ubiquitin-positive aggregates presumably
as a result of oxidative protein damage to protein folding
and its machineries (29~31) and that activated ATF6« pro-
motes refolding and/or elimination of ubiquitinated pro-
teins in the nerve terminal of dopaminergic neuron by the
action of induced ER chaperones and ERAD components.
These findings strongly suggest that both UPS and UPR are
involved in MPTP-induced dopaminergic neuronal deple-
tion. In our study we stained the striatal sections from
MPTP-treated ATF6a WT and KO mice with thioflavin T
(amyloid-specific dye) and immunostained with anti-a-
synuclein antibody and anti-phosphorylated a-synuclein.
However we could not detect any stained aggregates for
them (supplemental Fig. $2B). Although it remains to be

MARCH 11, 2011+ VOLUME 286-NUMBER 10

elucidated what is the major component of the ubiquiti-
nated aggregates in this study, we speculates that oxidative
products should be ubiquitinated and accumulated after
oxidative stress induced by MPTP.

MPP* interferes with the mitochondrial complex-1, gener-
ates ROS. ROS are also generated in the degradation process
of dopamine and therefore dopamine is the most oxidative
neurotransmitter in brain (16). In the present study, ATF6a
was activated particularly in the dopaminergic neuron system
(Fig. 1, 4 and B) and the metabolism of dopamine is de-
creased in ATF6a KO mice (Fig. 1E), suggesting that ROS
generated from dopamine metabolic process may play a criti-
cal role in the up-regulation of ATF6a-mediated UPR.

Previous study showed that ROS induced by both MPP*
and dopamine metabolism promotes phosphorylation of
p38MAPK (17, 18, 32). Phosphorylated p38MAPK phosphor-
ylates ATF6a and mediates the transcriptional induction of
the atrial natriuretic factor gene through a serum response
element (21, 33). To explore the relationship between oxida-
tive stress by ROS and UPR by ATF6a, we focused on
p38MAPK.

We demonstrated that: 1) Both MPTP and MPP* induce
the phosphorylation of p38MAPK in dopaminergic neurons
as well as in SH-SY5Y cells (Figs. 2, 4, E, K, L and 4, A and D).
2) MPP* induces ATF6a-mediated up-regulation of BiP ex-
pression level in a p38MAPK-dependent manner (Fig. 4, 4, E,
F, and G). 3) MPP™ triggers the translocation of N-terminal
ATF6a to the nucleus and the binding of N-terminal ATF6a
with phosphorylated p38MAPK to enhance the transcrip-
tional activity of ATF6a in dopaminergic neurons (Fig. 5,
C-J). Hydrogen peroxide, a representative ROS, also activated
ATF6a and phosphorylated p38MAPK (supplemental Fig.
S24). Hydrogen peroxide promoted the formation of
N-ATF6a-p-p38MAPK complex and enhanced the transcrip-
tional activity of ATF6a to up-regulate ER chaperones and
ERAD components (supplemental Fig. $3, D-J).

Based on these data, we propose that MPP* -derived oxida-
tive stress results in phosphorylation of p38MAPK, enhance-
ment of ATF6a transcriptional activity, induction of ER chap-
erones and ERAD components and degradation of
ubiquitinated accumulated proteins in dopaminergic neurons.
In contrast, under ATF6a-deleted condition, MPP* triggers
the formation of ubiquitinated aggregates in the striatum, and
this protein accumulation lead to apoptosis of the dopaminer-
gic neurons (Fig. 6).

ER stress and oxidative stress are closely linked events. An-
other oxidative neurotoxin, 6-OHDA, causes rapid generation
of ROS, oxidative modification of protein and activates UPR,
Antioxidants reduce UPR activation and apoptosis, and im-
prove protein secretion (29). This study suggests that UPR
protects against oxidative stress-induced cell death. ER stress
preconditioning of BiP attenuates H,O,-induced cell injury in
LLC-PK1 cells (34). Precondition of ER chaperones in the
striatum expressed by ATF6a under physiological conditions
may also suppress dopaminergic neurons depletion induced
by MPP +-derived oxidative stress.

The p38MAPK pathway is stimulated by cellular stresses,
such as free radicals and inflammatory agents, and mediates
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FIGURE 6. A proposed model for oxidative stress-ER stress pathway me-
diated by p38MAPK-ATF6« interaction. Oxidative stress induced by
MPTP (MPP™) or hydrogen peroxide (H,0,) cleaves proteolytic N-terminal
fragment of ATF6a and up-regulates the phosphorylation of p38MAPK.
Phasphorylated p38MAPK binds to N-terminal fragment of ATF6a and en-
hances ATF6a-mediated induction of ER chaperones and ERAD compo-
nents. This results in the degradation of accumulated unfolded proteins
and prevents ER stress-induced dopaminergic neuronal death.

various kinds of signaling cascades, including; the cell cycle,
apoptosis, and cell survival. Previous studies reported that
p38MAPK plays a critical role in suppressing ER stress-in-
duced macrophage apoptosis in vitro and advanced lesional
macrophage apoptosis in vive (35). On the contrary,
p38MAPK also has a pro-apoptotic role in maintaining home-
ostasis under various stresses. Phosphorylation of p53 follow-
ing phosphorylation of p38MAPK up-regulates transcription
of Bax and Puma, leading to apoptotic cell death (18).
Whether p38MAPK serves as pro- or anti-apoptotic agent
seems to be context-dependent.

It should be noted that p38MAPK does not activate ATF6a
(Fig. 51) and a p38MAPK phosphorylation inhibitor does not
suppress proteolytic cleavage of N-terminal ATF6¢« in our
vitro study (Fig. 4B and supplemental Fig. S24). This suggests
that neither p38MAPK nor phospho-p38MAPK initiates
ATF6a-mediated UPR. Mechanism underlying oxidative
stress-mediated ATF6a cleavage should be elucidated in the
future.

The interaction between phosphorylated p38MAPK and
cleaved N-terminal ATF6a could results in a protective effect
against the vicious cycle of oxidative stress-ER stress by in-
duction of ER chaperones and ERAD components. This
p38MAPK-ATF6a interaction provides a new link between
oxidative stress and ER stress. ATF6a-mediated induction of
ER chaperones and ERAD components via p38MAPK path-
way may provide a therapeutic target for Parkinson disease
and other neurodegenerative diseases associated with protein
misfolding.
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