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Abstract

The peroxiredoxin (PRX) family of antioxidant enzymes helps maintain the intracellular reducing
milieu and suppresses apoptosis in non-neuronal cells. However, whether PRX can inhibit
neuronal apoptosis through specific signaling mechanisms remains poorly understood. Induction
of PRX2, the most abundant neuronal PRX, occurs in Parkinson’s disease (PD) patient brains, but
its functional impact is unclear. In the present study, we used the dopaminergic (DA) toxin 6-
hydroxydopamine (6-OHDA) to model PD and explore the protective effect and mechanisms of
PRX on DA neurons. Of the 2-cysteine PRXs that were tested in MN9D DA neurons, endogenous
PRX2 was most beneficial to cell survival. Lentivirus-mediated PRX2 over-expression conferred
marked in vitro and in vivo neuroprotection against 6-OHDA toxicity in DA neurons, and
preserved motor functions involving the dopamine system in mouse. In addition to its role as an
antioxidant enzyme, PRX2 exhibited anti-apoptotic effects in DA neurons via suppression of
ASK1-dependent activation of the INK/c-Jun and p38 pro-death pathways, which are also
activated in DA neurons of post-mortem PD brains. PRX2 inhibited 6-OHDA-induced ASK1
activation by modulating the redox status of the endogenous ASK1 inhibitor thioredoxin (Trx).
PRX2 over-expression maintained Trx in a reduced state by inhibiting the cysteine thiol-disulfide
exchange, thereby preventing its dissociation from ASK1. This study describes a previously
undefined mechanism by which redox-sensitive molecules signal via apoptotic pathways in
response to PD-relevant toxic stress in DA neurons. Our results also suggest that PRX2 and ASK1
may be potential targets for neuroprotective intervention in PD.
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INTRODUCTION

Dopaminergic (DA) neurodegeneration in the substantia nigra pars compacta (SNc) is a
hallmark of idiopathic Parkinson’s disease (PD). Although the mechanism underlying the
selective neuronal loss in SNc remains elusive, oxidative stress is strongly implicated as a
contributing factor (Palacino et al., 2004; Przedborski and Ischiropoulos, 2005; Tsang and
Chung, 2009). It has been demonstrated that increased ROS activates the mitochondrial
apoptotic pathways in DA neurons in experimental models of PD (Choi et al., 2004; Saito et
al., 2007). To counter this oxidative stress, neurons mobilize a complex ROS-scavenging
network.

Peroxiredoxins (PRXs) are one of the ROS management systems that maintain the
intracellular reducing milieu via redox reactions at certain cysteine residues. They are
divided into three classes: typical 2-Cys PRXs (PRX1-4), atypical 2-Cys PRXs (PRX5), and
1-Cys PRXs (PRX®6). The role of neuronal-expressed PRXs, particularly PRX2 in PD, is just
beginning to be understood. PRX2 levels are significantly elevated in SNc specimens from
PD patients (Basso et al., 2004). Nitrosylation (Fang et al., 2007) and phosphorylation (Qu
et al., 2007) of PRX2, modifications that inhibit PRX2 enzyme activity and its protective
effect against oxidative stress, are also observed in human PD brains and in PD models.
Recent evidence suggests that the 2-Cys PRXs not only control the levels of intracellular
peroxide, but directly participate in apoptosis signaling cascades. For example, PRX2 can
hinder the initiation of apoptosis: enhanced expression of PRX2 in tumor cells inhibits
apoptosis induced by H,0O,, cisplatin or radiation, thereby rendering tumor cells resistant to
oxidative stress-based therapies (Park et al., 2000; Chung et al., 2001; Bae et al., 2007).
Over-expression of PRX2 significantly protects cardiomyocytes from apoptosis induced by
ischemia/reperfusion or H,O, (Zhao et al., 2009). Despite the evidence for the role of PRX2
in preventing apoptosis, the role of PRXs in regulating neuronal cell death associated with
neurological diseases has not been thoroughly evaluated.

Activation of the c-Jun N-terminal kinase (JNK) and p38 MAPK, two regulatory signaling
pathways upstream of mitochondrial apoptosis, has been observed in PD models, and
appears to be critical in mediating DA cell death (Choi et al., 2004; Klintworth et al., 2007).
While the precise upstream mechanism leading to JNK and p38 activation in DA neurons is
not known, apoptosis signal-regulating kinase (ASK1) is emerging as a potential key player
(Ouyang and Shen, 2006). The activity of both 2-Cys PRXs and ASK1 can be regulated by
thioredoxin (Trx) in an oxidative state-dependent manner (Rhee et al., 2005; Fujino et al.,
2007), suggesting a linkage of these molecules in oxidative stress-associated cell death
signaling.

In this study, we report opposite functional roles of PRX2 and ASK1 in DA neuronal death
in the 6-hydroxydopamine (6-OHDA) model of PD. We present both in vitro and in vivo
evidence that PRX2 confers remarkable protection against 6-OHDA-induced DA neuronal
loss via suppression of ASK1-dependent activation of JNK/c-Jun and p38 pro-death
signaling pathways. Furthermore, we demonstrate that PRX2 negatively regulates ASK1
activation by modulating the redox status of Trx and inhibiting the dissociation of Trx from
ASK1.

MATERIALS AND METHODS

Cell culture and neurotoxin exposure

The MN9D DA neuronal cell line was maintained in Dulbecco's modified Eagle's medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum. Neuronal
differentiation was induced using 1 mM n-butyrate for 5 days before cells were used for
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experiments. The neurotoxin 6-OHDA-HBr (Sigma, St. Louis, MO) was made fresh for each
experiment in a non-oxidizing vehicle (Ding et al., 2004). Cultures were washed with
serum-free media before exposure to 50 or 100 uM 6-OHDA for 30 min, followed by 2
washes of serum-free media, and fed with serum-containing media until they were harvested
for various assays.

Construction of viral vectors

To construct lentiviral vectors over-expressing human full-length PRX2 or its dominant
negative form (Lenti-PRX2dn), human full-length ASK1 (Lenti-ASK1h) or its dominant
negative form (Lenti-ASK1dn, containing the K709R mutation), PRX1, PRX3, and PRX4,
the HA-tagged cDNA was inserted into the lentiviral transfer vector FSW under the control
of the neuron-specific Synapsin | promoter. Lentiviral vectors were also made expressing
short hairpin interfering RNA (shRNA) against murine ASK1 or PRX 1-4 (Table 1). The
gene-specific targeting sequence (ASK1t, or PRX1t, PRX2t, PRX3t, and PRX4t) or its
counterpart scramble sequence (ASK1sc or PRXsc) was inserted into the transfer vector
FSW under the control of the U6 promoter. The constructed transfer vectors were
transformed into Stbl3 E. coli, and then isolated using the EndoFree Plasmid Maxi Kit
(Qiagen, Valencia, CA). Large-scale production of the virus was performed using a protocol
described previously (Stetler et al., 2008). In brief, a plasmid mixture containing 435 g of
pCMVARS.9 (packaging construct), 237 ug of pVSVG (envelope plasmid) and 675 pg of
FSW (transfer vector) was suspended in 34.2 ml of CaCl, (250 mM) and added volume for
volume into 2x BES buffer (pH 6.95). The DNA-CaCl, precipitate was added to human
kidney 293 FT cells and allowed to incubate for 12 h before switching to fresh culture
medium. The supernatant was collected 72 h after transfection, filtered through the 0.45 pm
filter flask and centrifuged at 21,000 rpm for 2 h. Viruses were further purified by sucrose
gradient ultracentrifuge. The pellet was suspended in 3 ml of PBS, loaded on the top of 2 mi
of 20% sucrose solution, and centrifuged at 22,000 rpm for 2 h. The resulting pellet was
resuspended in 200 pl of DMEM, aliquoted, and stored at —70°C. The titer of the vector
stock was determined using ELISA.

Gene transfection of MN9D cells

Cell viability

The MN9D cell cultures were infected for 3 days with Lenti-PRX1, Lenti-PRX2, Lenti-
PRX3, Lenti-PRX4, Lenti-PRX1t, Lenti-PRX2t, Lenti-PRX3t, Lenti-PRX4t, Lenti-PRX2dn,
Lenti-ASK1t, Lenti-ASK1h, Lenti-ASK1dn or the control vectors (empty vector, Lenti-
GFP). For each of the shRNA targeted genes, a scrambled sequence containing the same
nucleotide composition in a randomized order was constructed and used as control.
Additional control also included a sShRNA targeting green fluorescent protein (5'-
AACAGCTGCTAGGATTACACA-3). The over-expression of PRXs and knockdown of
PRXs or ASK1 in MD9D cells were confirmed by Western blot analysis.

Cell viability was measured by oxidation of XTT using the Procheck Cell Viability assay kit
(Intergen, Purchase, NY). All values were averaged from at least 12 wells from three
independent experiments. Cell viability in some experiments was also measured using
Hoechst 33258 staining and TUNEL staining (Weng et al., 2007). The percentages of cells
showing chromatin condensation/fragmentation or DNA fragmentation were quantified by
counting at least 3000 cells under each experimental condition (three randomly selected
fields per well, four to six wells per condition per experiment, and three independent
experiments).
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Peroxidase activity assay

Peroxidase activity was measured by the consumption of NADPH, which was mediated by
E. coli Trx and mammalian Trx reductase at 30°C for 10 min for bacterial-expressed
proteins and 1 h for precipitated proteins from cultured neurons or the SNc. The
peroxiredoxin activity assay kit (Redoxica, Little Rock, AR) was used for the measurement
according to the manufacturer’s instructions. In brief, 250 ug of bacterial-expressed proteins
or the precipitated proteins was incubated with 5 mM Trx, 1 mM Trx reductase, and 100
mM NADPH in HEPES (pH 7.5). The reaction was initiated by the addition of H,O, at a
final concentration of 0.2 mM. The consumption of NADPH was measured at 340 nm by
spectrophotometer, and the linear rate of decrease in absorbance in the first 120 seconds was
used for calculation. The data were expressed as percentage changes in PRX activity over
control non-injured cell cultures or animals.

ASK1 kinase assays

Cell lysates were prepared under non-denaturing conditions as described (Gao et al., 2005),
and 150 pg of protein was used for each kinase assay. The kinase in cell lysates was
captured using the anti-ASK1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and
then incubated with recombinant myelin basic protein (MBP) in the presence of [y-32P]ATP,
and MBP phosphorylation was detected using autoradiogram.

Animal studies

All animal experiments were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee and carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Male C57/BL6 mice (Jackson
Laboratory, Bar Harbor, Maine) weighing approximately 25 g were placed in a stereotaxic
device under 1.5% isoflurane anesthesia. Animals first received Lenti-PRX2, Lenti-ASK1t,
or lentivirus carrying the corresponding scrambled sequences into the left SN at a rate of 5
pI/50 min, using the coordinates 2.75 mm caudal and 0.8 mm lateral to bregma, at a depth of
3.7 mm from the dural surface. Three weeks later, 3 pg of 6-OHDA (in 1.4 pl of saline) or
saline alone was injected into the left striatum. Mice were sacrificed at different time points
following 6-OHDA for biochemical or histological assessment. The over-expression of
PRX2 or knockdown of ASK1 in neurons was confirmed by immunocytochemistry and
Western blot analysis.

Behavioral testings

Behavioral testings were performed using previously published protocols (Signore et al.,
2006; Weng et al., 2007). Apomorphine-induced rotations were monitored 1 week before
lesioning and at 2 and 3 weeks or at 8 weeks following 6-OHDA lesioning. Mice were given
a subcutaneous injection of apomorphine (0.1 mg/kg in physiological saline), placed
individually in plastic beakers (diameter: 13 cm) and videotaped from above for 30 min.
Quantitative analyses of completed (360°) left and right rotations were made offline by an
investigator blinded to the experimental group assignment of the animals. The corner test
was used to assess spontaneous turning. A trial consisted of noting the animal’s preference
for spontaneously rearing and turning to the right or left when encountering a 30-degree
corner composed of 2 movable opaque Plexiglas walls. Mice were tested 1 week before 6-
OHDA and then at 3 or 8 weeks following 6-OHDA. Each testing period included 10 trials.

Measurements of catecholamine levels

The striata of mice were removed at 3 weeks following 6-OHDA administration,
immediately frozen on dry ice, and stored at —80°C. High performance liquid
chromatography with electrochemical detection was used to measure dopamine and its
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metabolites (Larsen et al., 2002). Catecholamine concentrations are expressed as picomoles
per mg of fresh striatal tissue.

Western blots

Protein extracts were prepared according to previously published protocols (Cao et al.,
2002). Immunoreactivity was semi-quantified by gel densitometric scanning and analyzed
with the MCID image analysis system (Imaging Research, Inc., Ontario, Canada). The
primary antibodies used in this study were as follows: mouse anti-tyrosine hydroxylase (TH)
(Chemicon, Temecula, CA), rabbit antibodies t-ASK1 (total ASK1), p-ASK1
(phosphorylated-ASK1), PRX2, PRX-SOg3, Trx, t-p38 (total p38), p-p38 (phosphorylated-
p38), t-JNK (total INK), p-JINK (phosphorylated-IJNK), t-MKK4 (total MKK4), p-MKK4
(phosphorylated MKK4), t-MKK®6 (total MKK®6), p-MKK®6 (phosphorylated MKKG®), p-c-
Jun ((phosphorylated c-Jun), B-actin, active caspase-3 and -9 (Cell Signaling Technology,
Beverly, MA), rabbit cytochrome c, and HA (Santa Cruz Biotechnology).

Post-mortem human samples

Midbrain tissues from 12 control and 12 PD subjects, each with a 3:1 male:female ratio
(Table 2), were obtained from the University of Pittsburgh Brain Bank under a protocol
approved by the University of Pittsburgh Committee on Research Involving the Dead. The
control group consisted of 9 normal subjects and 3 pure Alzheimer disease patients with
normal midbrain sections; as there were no significant differences observed, these two
subgroups were combined for statistical analysis. Cognitively normal, aged individuals
typically exhibit Braak tangle stages <4 (Braak and Braak, 1991;Knopman et al., 2003). PD
staging was performed by alpha-synuclein immunohistochemistry as described (Braak et al.,
2003).

Immunohistochemistry

Animals were sacrificed at the indicated time points after 6-OHDA administration. Coronal
sections of 30 um thickness were made from brains following the fixation procedures
described previously (Signore et al., 2006; Weng et al., 2007). Using an antibody against
TH, DA neurons were identified with biotinylated secondary antibody and Vectastain ABC
reagents (Vector Laboratories, Burlingame, CA). After washing, the bound complex was
visualized by a diaminobenzidine staining kit (\Vector Laboratories). For double-label
immunofluorescence staining, sections were first incubated with rabbit anti-p-c-Jun, anti-
HA, or anti-ASK1 antibody (Cell Signaling) at 4°C for 24 h, followed by incubation for 2 h
at room temperature with goat anti-rabbit Cy3 immunoconjugate (Jackson
ImmunoResearch, West Grove, PA). Sections were then subjected to immunofluoroscent
staining against TH. For the assessment of nonspecific staining, alternating sections from
each experimental condition were incubated without the primary antibodies.

Human tissues were stained for phospho-kinases as previously described (Zhu et al., 2002).
In brief, deparaffinized sections, treated with 3% H,0O, for 10 min, were incubated at 4°C
overnight with rabbit anti-p-p38 (1:300, Cell Signaling), anti-p-JNK antibodies (1:100, Cell
Signaling) or anti-p-ASK1 (1:100, Cell Signaling), followed by biotinylated anti-rabbit 1gG
(1:500; Jackson ImmunoResearch) at 25°C for 1 h, and either streptavidin-horseradish
peroxidase (1:500, Jackson ImmunoResearch) for p-JNK and p-p38, or the Vectastain avidin
biotin system PK-6100 kit (\VVector Laboratories) for p-ASK1. The peroxidase reaction was
visualized with 3-amino-9-ethylcarbazole (AEC) substrate (BioGenex, San Ramon, CA).
For double-label immunofluorescence, sections were initially incubated with phospho-
kinase antibodies (1:100 with heat-citrate/pepsin antigen retrieval), followed by Alexa
Fluor-488 conjugated 2° antibodies. The sections were rinsed with PBST and then incubated
with mouse anti-a-synuclein (1:1500, BD Biosciences, San Jose, California), followed by
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Cy3-conjugated anti-mouse antibody (Jackson ImmunoResearch). For negative controls, the
primary antibodies were replaced with non-immune rabbit or mouse 1gG. The slides were
observed using a Molecular Dynamics laser-scanning confocal imaging system. SNc
neurons were identified and analyzed as described previously (Zhu et al., 2002). The SNc
neurons with or without p-p38, p-JNK, or p-ASK1 immunostaining were expressed as a
percentage of total SNc neurons for each case.

Stereological cell counting

The Bioquant Image Analysis program was used as described (Weng et al., 2007) to count
SNc DA neurons that were immunopositive for TH. The entire SNc¢ from a given section
was captured with a color charge-coupled device camera, and grid squares of 50 x 50 um
were generated over the region of interest. A 25 x 25 um counting frame and a focus depth
of 25 um in a 40-um section (a dissector) were used. An average of nine dissectors per
section yields the desired number of counted neurons throughout the SNc. The rostral-caudal
length of the SNc was 4 mm, and every fourth section was counted. The total number of
neurons was calculated using the optical dissector, equal to the quotient of the total number
of neurons counted and the product of the fractions for sampling section frequency (SSF,
fraction of sections counted), area section frequency (ASF, sampling area/area between
dissectors), and thickness section frequency (TSF, dissector depth/section thickness), or n
=) neurons counted x 1/SSF x 1/ASF x 1/TSF. For our study, SSF = 1/4 sections, ASF = 25
x 25 mm/50 x 50 mm, and TSF = 25 mm/40 mm.

Statistical analysis

RESULTS

All data are reported as mean * S.E.M. Statistical significance between multiple groups was
performed using one-way analysis of variance (ANOVA). When ANOVA showed a
significant difference, post hoc Bonferroni/Dunn tests for multiple comparisons were
performed. A value of p<0.05 was considered statistically significant.

PRX2 protects against 6-OHDA neurotoxicity in DA neurons in vitro

To determine which PRXs may affect the demise of DA neurons following PD-relevant
neurotoxic challenge, we designed a series of lentiviral constructs to either over-express or
knock down the expression of 2-Cys PRXs individually (PRX1, PRX2, PRX3 or PRX4;
Supplemental Fig. 1). The constructs were tested for their effects on 6-OHDA-induced cell
death in neuronal differentiated MN9D DA cells. As shown (Fig. 1A-B), 6-OHDA at 50 and
100 uM resulted in approximately 50% and 75% cell death, respectively. Over-expression of
PRX1, PRX2 or PRX4 but not PRX3 significantly attenuated 6-OHDA neurotoxicity. In
contrast, knockdown of PRX1, PRX2 or PRX4 by targeting with the appropriate ShRNA
showed significant enhancement in neurotoxicity of 6-OHDA. The knockdown of PRX2 had
the greatest deleterious effect on cell viability and significantly potentiated the neurotoxicity
induced by either 50 uM or 100 uM 6-OHDA. In contrast, knockdown of PRX3 expression
failed to significantly affect 6-OHDA-induced cell death.

When total PRX activity was measured in neuronal-differentiated MN9D cells prior to and
following 50 uM of 6-OHDA (Fig. 1C), a 50-70% reduction in PRX activity in toxin-
exposed cells was observed. The 6-OHDA-induced decrease of PRX activity was enhanced
by knockdown of PRX1 or PRX2, consistent with the beneficial effect of PRX1 or PRX2 on
cell viability. Dictated by its relatively low abundance in MN9D cells (Supplemental Fig.
1D, H), knockdown of PRX4 did not affect total cellular PRX activity. PRX3 knockdown,
which decreased total PRX activity under control conditions, did not further decrease PRX
activity under neurotoxic stress. Taken together, these results suggest that PRX2, PRX1 and
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PRX4 all aid DA neurons in surviving the 6-OHDA neurotoxic challenge; however, PRX2
appears to afford the greatest endogenous neuroprotection. Because of these results and
previously published evidence that PRX2 is the most abundant PRX enzyme in brain
neurons with implications in PD pathogenesis (Fang et al., 2007;Qu et al., 2007), we focused
the present study on investigating the role of PRX2 in the response of DA neurons to
neurotoxic stress.

Previous studies using neuronal-differentiated MN9D cells have shown that 6-OHDA
induces caspase-dependent cell death via the intrinsic apoptotic pathway (Signore et al.,
2006; Weng et al., 2007). Thus, we examined the ability of PRX2 to inhibit neuronal
apoptosis and the apoptotic traits activated specifically for the intrinsic pathway. As
illustrated (Fig. 1D-E, Supplemental Fig. 2A-D), PRX2 protected against MN9D cell death,
determined by assessing apoptotic DNA fragmentation at 24 h after 6-OHDA. Consistent
with our previous reports, 6-OHDA induced mitochondrial release of cytochrome ¢ in
MN9D cells preceding cell death. Cultures over-expressing PRX2 showed significant
attenuation of cytochrome c release (Fig. 1F). Exposure of MN9D cells to 6-OHDA also led
to the activation of both caspase-9 and caspase-3. Again, PRX2 over-expression nearly
completely inhibited the activation of caspase-9 and caspase-3 at 6 and 16 h following
neurotoxin exposure (Fig. 1G—H). Thus, PRX2 inhibits 6-OHDA-induced apoptosis of
neuronal-differentiated MN9D cells by preventing the activation of the intrinsic apoptotic
pathway in DA neurons.

PRX2 over-expression reverses 6-OHDA-induced PRX inactivation and enhances PRX
overoxidation in DA neurons in vitro and in vivo

When acting as a scavenger during oxidative stress, PRXs are readily oxidized at a
peroxidatic cysteine residue to generate a sulfenic acid with a consequent reduction in
antioxidative activity. The sulfenic acid then reacts with another active PRX2 to form a
disulfide bond; or, under heavy oxidative stress, it is overoxidized to form cysteine sulfinic
acid (Cys-SOy) or cysteine sulfonic acid (Cys-SO3) (Low et al., 2008). A recent study
suggested that the oxidative status of PRXs dramatically influences their cytoprotective
capacity (Lee et al., 2008). We examined the oxidation of PRXs following 6-OHDA
challenge using an antibody that specifically recognizes overoxidized PRX (PRX-SO3).
Total PRX-SO3 was barely detectable in MN9D cells without 6-OHDA, but was remarkably
enhanced as early as 1 h following 50 uM 6-OHDA treatment, and remained at increased
levels for at least 16 h (Fig. 2A-B). To further determine the oxidative modification of
PRX2, whole cell lysates from MN9D cells with or without 6-OHDA treatment were
subjected to immunoprecipitation using the PRX2 antibody followed by immunoblot with
anti-PRX-SO3. The elevation of PRX2-associated PRX-SO3 (PRX2-SO3) occurred from 1-
16 h after 6-OHDA, coinciding with the increases in total PRX-SOs. Indeed, the increases in
PRX2-SOj3 contributed a larger portion of total PRX-SO3z in MN9D cells following 6-
OHDA treatment (Fig. 2B); this is consistent with the observation that PRX2 is the
predominant PRX in MN9D cells in response to oxidative stress. The activity analysis
demonstrated a decrease in PRX activity that paralleled the increase of PRX-SO3 following
6-OHDA. Over-expression of PRX2 reversed 6-OHDA-induced PRX inactivation occurring
from 1-16 h (Fig. 2C).

We confirmed the effect of 6-OHDA on the activity and oxidation of PRXs in vivo. In
agreement with our in vitro observations, the levels of PRX-SO3 in SNc extracts were
markedly increased from 5 to 21 days after striatal 6-OHDA lesioning (Fig. 2D, F),
indicating that PRXs were utilized as reducing enzymes against oxidative stress in SNc
induced by 6-OHDA. The elevation of PRX-SO3 after 6-OHDA lesioning was accompanied
by a significant reduction in total PRX activity, beginning at 5 days and reaching as low as
~30% of control levels at 14 and 21 days (Fig. 2G). In contrast, Western blot analysis
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revealed no decrease in the expression of PRX2 (Fig. 2E) or PRX1 and PRX4 (data not
shown) until 14-21 days after 6-OHDA lesioning, suggesting that the early reduction of
total PRX activity in SNc was due to oxidation/disability of PRXs instead of reduced
expression levels of the enzymes.

To determine the effect of PRX2 over-expression on PRX activity in vivo, we infused
lentivirus vector carrying the human PRX2 (Lenti-PRX2) cDNA or empty lentivirus vector
(Lenti) under the control of the neuronal-specific Synapsin | promoter into the SNc of mice
3 weeks before 6-OHDA lesioning. SNc protein extracts prepared at 5, 7 and 10 days after
6-OHDA lesioning were subjected to Western blot analysis, which showed that Lenti-PRX2
successfully increased PRX2 expression and total PRX activity in SNc (Fig. 2H, I, K).
Double immunofluorescent staining confirmed the expression of HA-tagged PRX2 in TH-
positive DA neurons of the SNc (Fig. 2L). Interestingly, Lenti-PRX2 also resulted in a
significant increase in PRX-SOg3 levels at 5-7 days after 6-OHDA lesioning (Fig. 2J),
suggesting that lentivirus-mediated over-expression of PRX2 added to the antioxidant
capacity and activity of SNc against 6-OHDA neurotoxicity.

Taken together, our in vitro and in vivo data show that 6-OHDA increased overoxidized
PRXs and the subsequent loss of PRX activity. The lentiviral over-expression of PRX2
increased both PRX activity and overoxidation levels of PRXs following in vivo 6-OHDA
lesioning.

PRX2 over-expression protects DA neurons from 6-OHDA neurotoxicity in vivo

To substantiate the in vitro findings regarding the neuroprotective effects of PRX2, we
injected Lenti-PRX2, Lenti-GFP (not shown), or empty Lenti vector into the left SNc of
mice, followed by an injection of 6-OHDA into the ipsilateral striatum 3 weeks later. Brains
were collected 3 weeks after 6-OHDA lesioning. Immunohistochemical staining
demonstrated that the 6-OHDA-induced loss of TH-positive neurons in the SNc and the loss
of TH-positive neural processes in striatum were remarkably attenuated by PRX2 over-
expression (Fig. 3A). Densitometric analysis of TH-staining demonstrated that PRX2-over-
expressed animals had more TH-positive DA fibers in the striatum compared with animals
treated with the control vector (Fig. 3B). Stereological quantification of the number of SNc
TH-positive neurons showed that PRX2-over-expressed animals had a greater number of
immunopositive neurons after 6-OHDA lesioning compared with control vector-treated
animals (Fig. 3C). The neuroprotective effect of PRX2 over-expression against 6-OHDA-
induced nigra-striatal degeneration also led to significant elevation, but not complete
recovery, of striatal levels of DA and its metabolites (DOPAC and HVA), determined at 3
weeks after 6-OHDA injection (Fig. 3D).

To determine the impact of PRX2 over-expression on motor functional deficits due to 6-
OHDA lesioning, apomorphine-induced ambulatory rotations were tested at 2 and 3 weeks
and the corner test for evaluation of spontaneous rearing was performed at 3 weeks after 6-
OHDA lesioning. Apomorphine-induced asymmetrical rotations to the contralateral side of
6-OHDA injection were significantly decreased by PRX2 over-expression compared to
control vector-treated animals (Fig. 3E). Mice lesioned with 6-OHDA developed a
preference for spontaneous turning towards the side contralateral to 6-OHDA injection.
Turning was also significantly attenuated in animals over-expressing PRX2 (Fig. 3F).

To determine whether PRX2 over-expression in SNc offers prolonged neuroprotection
against 6-OHDA lesioning, in another set of experiments, outcome measurements were
performed 8 weeks after 6-OHDA lesioning. Compared to control vector-infected mice,
Lenti-PRX2-infected mice showed significantly decreased apomorphine-induced
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asymmetrical rotations or spontaneous turning, and significantly increased TH-positive
neuron survival in the SNc (Supplemental Fig. 3A-C).

PRX2 inhibits the activation of ASK1 and downstream JNK/p38 signaling pathways in
neuronal differentiated MN9D cells

In the MN9D cell model, we found that although PRX2 reduced 6-OHDA-induced apoptotic
cell death, it failed to protect against staurosporine (STS)-induced apoptosis (Supplemental
Fig. 2E-G), suggesting that PRX2 may target specific upstream cell death signaling
pathways instead of blocking downstream common apoptosis-execution pathways. JNK and
p38 MAPK are two well-characterized oxidative stress-responsive pro-death signaling
pathways that may participate in DA neuronal cell death in PD models (Choi et al., 2004;
Klintworth et al., 2007). We then sought to determine whether suppression of either JNK or
the p38 MAPK pro-death pathway occurs during PRX2-induced neuroprotection. We
confirmed that the prerequisite phosphorylation step for activation of both JNK and p38
increased robustly in MN9D cells 2-16 h after 6-OHDA treatment. Over-expression of
PRX2 in MN9D cells inhibited the phosphorylation of JNK and p38 (Fig. 4A), while
knockdown of PRX2 enhanced the phosphorylation of both molecules (Fig. 4B). PRX2
over-expression also inhibited 6-OHDA-induced phosphorylation of c-Jun, a downstream
target of JINK and a sensitive marker for JNK activation (Fig. 4E).

One of the upstream stress-related kinase activators for both the JINK and p38 pathways in
neuronal cells is ASK1 (Takeda et al., 2004; Ouyang and Shen, 2006; Stetler et al., 2008).
We further showed that exposure of MN9D cells to 6-OHDA produced a dramatic and
persistent increase in ASK1 phosphorylation (Fig. 4C), and this increase could be inhibited
by PRX2 over-expression (Fig. 4D, E). ASK1 activity measured by a protein kinase assay
was also increased after 6-OHDA treatment, and was nearly completely inhibited by PRX2
over-expression (Fig. 4D). In contrast, knockdown of PRX2 expression significantly
enhanced the activation of ASK1 (data not shown). These data indicate that PRX2 inhibited
6-OHDA-induced activation of ASK1 and the downstream JNK and p38 pro-death signaling
pathways in DA neurons.

PRX2 inhibits the activation of ASK1 by interfering with its dissociation from Trx

We next investigated how PRX2 prevents the activation of ASK1 following 6-OHDA
neurotoxicity. Under unstressed conditions, ASK1 is known to form a signalosome bound to
its negative regulator, Trx. Upon oxidation by cellular oxidants, Trx dissociates from ASK1,
resulting in the activation of ASK1 and subsequent cell death via the JNK and p38 pathways
(Fujino et al., 2007). The known mammalian PRXs, with the exception of PRX4, utilize Trx
as an electron donor to reduce oxidized PRXs back into their functional and protective state
(Low et al., 2008). We speculated that Trx might be the bridging point through which PRX2
regulates ASK1 activation. To test this hypothesis, we first took advantage of an antibody
that recognized both oxidized (higher molecular weight) and reduced (lower molecular
weight) Trx to examine the effect of 6-OHDA on the redox status of Trx. As shown in Fig.
5A, an increase in oxidized Trx was seen as early as 1 h after 6-OHDA exposure, and
reached peak levels at 8-16 h. In contrast, the levels of reduced Trx were decreased at 2-16
h after 6-OHDA exposure (Fig. 5A). Consistent with the role of PRX2 as a negative
regulator for Trx oxidation, lentivirus-mediated over-expression of PRX2 prevented the
accumulation of oxidized Trx after 6-OHDA exposure (Fig. 5B), whereas expression of a
dominant negative PRX2 (PRX2dn), in which both conserved Cys residues (aa 51 and 172)
were replaced with alanine, enhanced the oxidation of Trx (Fig. 5C). Together with previous
result showing that PRX2 over-expression resulted in a significant increase in PRX-SO3
levels (Fig. 2J), the robust inhibitory effect of PRX2 over-expression on the formation of
oxidized Trx following 6-OHDA neurotoxicity suggests that the ratio between cellular
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reduced (active) and oxidized (inactive) PRXSs, but not the absolute amount of oxidized
PRXs, is a key determinant for the redox state of Trx. Supporting this notion, PRX2
transfection in MN9D cells with or without 6-OHDA exposure resulted in remarkable
increases in total cellular PRX activity (Fig. 2C), an index for PRX antioxidant (reduced)
reserves. Indeed, assessment of H,O, levels using the DCF fluorescence assay showed that
PRX2 over-expression shifted the intracellular environment of MN9D cells from an
oxidized state to a reduced state under 6-OHDA neurotoxicity, whereas PRX2 knockdown
promoted the oxidized state (Supplemental Fig. 4).

We then showed that PRX2 inhibits the dissociation of Trx and ASK1. MN9D cells were
collected 2 and 8 h after 6-OHDA or vehicle treatment. Whole cell lysates were subjected to
immunoprecipitation (IP) with an ASK1-specific antibody, followed by immunoblotting of
the precipitates against Trx. Under control conditions, a co-IP of Trx and ASK1 was readily
detectable (Fig. 5D). Treatment with 6-OHDA resulted in the dissociation of Trx from
ASK1, leading to decreased Trx density in the ASK1 precipitates. PRX2 over-expression
prevented the dissociation between Trx and ASK1 following 6-OHDA treatment (Fig. 5D—
E). Reverse co-1P confirmed the effect of PRX2 on the association between ASK1 and Trx
(Fig. 5D).

ASK1 is a critical mediator of DA neuronal death following 6-OHDA in vitro

To further characterize the functional role of ASK1 in 6-OHDA-induced DA cell death,
MNOD cells were transfected for 3 days with lentiviral vectors expressing either an ASK1-
targeting ShRNA (Lenti-ASK1t) or a scrambled control sequence (Lenti-ASK1sc).
Transfection of Lenti-ASK1t but not Lenti-ASK1sc or the GFP control vector reduced
ASK1 expression in MN9ID cells by >90% (Fig. 6A-B). Targeted ASK1 knockdown
abolished 6-OHDA-induced phosphorylation of ASK1, JNK and p38 (Fig. 6B-C), and
significantly increased cell survival following 6-OHDA (Fig. 6D). Co-infection of Lenti-
ASK1t with human ASK1 (Lenti-ASK1h), which is resistant to ShRNA targeting the mouse
ASK1, prevented the neuroprotective effect of Lenti-ASK1t (Fig. 6E). These results thus
confirmed the neuroprotective effect of ASK1 knockdown against 6-OHDA neurotoxicity.
In another set of experiments, lentiviral transfection of ASK1k7qgr, & dominant-negative
mutant of ASK1 (ASK1dn) in MN9D cells, was also neuroprotective against 6-OHDA-
induced cell death (Fig. 6F). Taken together, the data presented here support a critical role
for ASK1 in 6-OHDA-induced DA neuronal death.

PRX2 protects against DA neurodegeneration via inhibiting the activation of the ASK1-
JNK/p38 signaling cascade in 6-OHDA-lesioned mice

In view of the importance of ASK1 and the JNK and p38 signaling pathways for both 6-
OHDA-induced DA cell death and PRX2 neuroprotection in vitro, we further investigated
the role of this oxidative stress-responsive pro-death signaling cascade in the in vivo 6-
OHDA model of PD. The phosphorylation of ASK1 was increased in the SNc beginning at 5
days, peaking at 7-10 days and remaining elevated at 21 days after 6-OHDA lesioning (Fig.
7A). The phosphorylation of c-Jun was also robustly increased after 6-OHDA lesioning
(Fig. 7A).

To confirm that PRX2 over-expression conferred neuroprotection through the inhibition of
ASK1 signaling, we first determined whether PRX2 over-expression was able to inhibit
ASK1 activation 7 days after 6-OHDA insult, when maximal activation of ASK1 was seen.
Indeed, PRX2 over-expression led to a significant inhibition of 6-OHDA-induced ASK1
kinase activity (Fig. 7B). The phosphorylation status of ASK1 and its downstream signaling
molecules were also examined in SNc 7 days after 6-OHDA lesioning using Western blot
analysis (Fig. 7C). Consistent with our in vitro observation, 6-OHDA lesioning increased the
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levels of phospho-ASK1, phospho-JNK, phospho-c-Jun and phospho-p38 in SNc. The
phosphorylation of MKK4 and MKK®, two enzymes important in mediating ASK1-induced
activation of JNK and p38 pathways, respectively, were also elevated in SNc by 6-OHDA
lesioning. Lentivirus-mediated over-expression of PRX2 inhibited 6-OHDA-induced
phosphorylation of ASK1, MKK4, MKKS®, c-Jun, JNK, and p38 (Fig. 7C-D). Double
immunofluorescent staining revealed that phosphorylated ASK1 (Fig. 7E) and
phosphorylated c-Jun (Fig. 7F) were increased dramatically in TH-positive DA neurons on
the ipsilateral side of the 6-OHDEA lesioned SNc. The neuronal expression of
phosphorylated ASK1 and phosphorylated c-Jun were largely blocked by Lenti-PRX2 as
compared to that of empty vector-treated animals. These results thus support the hypothesis
that PRX2 inhibits ASK1 activation and subsequent JNK and p38 pro-death signaling
pathways in 6-OHDA-lesioned mice.

Inhibition of ASK1 protects DA neurons from 6-OHDA neurotoxicity in vivo

Our in vitro findings suggested that ASK1 activation is a critical signaling event governing
6-OHDA-induced degeneration of DA neurons; therefore, we further evaluated the potential
protective effect of blocking ASK1 activity in vivo. Lenti-ASK1t or Lenti-ASK1sc was
infused into the left SNc 3 weeks before 6-OHDA lesioning. Determined at 3 weeks after
shRNA delivery, Lenti-ASK1t knocked down ASK1 expression to approximately 20% of
control levels, while ASK1sc had no effect on ASK1 expression (Fig. 8A). Double labeling
using ASK1 and TH antibodies revealed a loss of ASK1 expression in TH-positive DA
neurons in the SNc¢ of ASK1t- but not in ASK1sc-infected mice (Fig. 8A). The
phosphorylation status of ASK1 and its downstream signaling molecules were examined in
Lenti-ASK1t- or Lenti-ASK1sc-infected and non-infected animals at 7 days after 6-OHDA
lesioning. Lentivirus-mediated expression of ASK1t, but not ASK1sc shRNA, significantly
attenuated 6-OHDA-induced phosphorylation of ASK1, MKK4, MKKS®, c¢-Jun, JNK, and
p38 (Fig. 8B—C). These results confirmed our findings in cell cultures that ASK1 is essential
for 6-OHDA-induced activation of JNK and p38 pro-death signaling pathways. The
inhibition of ASK1 by Lenti-ASK1t protected against 6-OHDA-induced death of TH-
positive DA neurons in SNc (Fig. 8F-G), improved motor functions compared to Lenti-
ASK1sc-infected animals (Fig. 8D-E), and significantly elevated the concentrations of DA
and its metabolites in the striatum (Fig. 8H).

Activation of ASK1 and downstream JNK/p38 signaling is observed in degenerating
human PD SNc neurons

Our in vitro and in vivo animal data demonstrated the importance of the ASK1-JNK/p38
signaling pathway in DA neuronal apoptosis in response to a PD-related neurotoxin and
suggested the therapeutic potential by blocking this pathway. To confirm whether or not
these cell death pathways are activated in PD, we analyzed human post-mortem midbrain
sections from normal controls, AD patients (as a disease specificity control) and PD patients
for expression of phosphorylated ASK1, JNK and p38 MAPK. SNc neurons from PD
patients showed significantly increased staining for p-ASK1 compared to SNc neurons from
either normal subjects or AD patients (Fig. 9A-D). In PD patients, p-ASK1 most frequently
exhibited a punctate cytoplasmic staining pattern (Fig. 9A), although colocalization with
Lewy bodies was observed in 33% of the cases (Fig. 9B, 9E). There were significantly more
SNc neurons exhibiting positive staining for p-JNK and p-p38 in PD compared to control
groups, exhibiting predominantly a punctate cytoplasmic distribution (Fig. 9F—H). Double
immunofluorescence labeling for a-synuclein and each phosphokinase confirmed Lewy
body colocalization for p-ASK1 (Fig. 9E), but not for p-JNK and p-p38 (Fig. 9G-H).
However, >70% of individual neurons staining for p-JNK and p-p38 and >60% of neurons
with p-ASK1 also showed abnormal a-synuclein staining, indicating activation of these cell
death signaling pathways in degenerating SNc neurons in PD.
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DISCUSSION

Although a number of genes and environmental factors have been identified as causes of
PD, most are of unknown etiology (Farrer, 2006). An improved understanding of the
mechanism for the DA cell death/survival common to all forms of the disease is therefore
essential for developing broadly applicable treatment strategies. This study demonstrates
that, in addition to its commonly recognized role as an antioxidant enzyme, PRX2 plays a
critical role in protecting DA neurons from PD-relevant toxin-induced cell death through
regulating Trx-ASK1 interactions and inhibiting subsequent activation of ASK1-dependent
cell death pathways. We demonstrate here that PRX2 over-expression or ASK1 knockdown
significantly protects DA neurons from 6-OHDA toxicity, preserving motor functions
involving the dopamine system.

Identification of PRX2 as an important PRX in DA neuronal survival is particularly relevant
since PRX2 localizes almost exclusively to neurons and is the most abundant PRX enzyme
in mammalian neurons (Jin et al., 2005). Moreover, PRX2 is abundantly expressed in
murine brain cells that utilize oxygen at high rates (Sarafian et al., 1999; Jin et al., 2005).
DA neurons are notorious for their vulnerability to oxidative stress, partly due to their higher
rate of oxygen metabolism. Altered expression of PRX2 has been reported in the brains of
PD patients, supporting the clinical relevance of this neuron-specific PRX (Krapfenbauer et
al., 2003; Basso et al., 2004; Fang et al., 2007; Qu et al., 2007).

Although the current study suggests that PRX2 may be the most important endogenous 2-
Cys PRX for preventing apoptosis due to 6-OHDA challenge, it does not exclude the
potential role of other 2-Cys PRXs in protecting against the loss of DA neurons. In fact, our
results from MN9D cells showed that PRX1 over-expression has a protective effect against
DA cell death similar to that of PRX2, although knockdown of endogenous PRX2 shows a
greater impact on cell viability than does PRX1. The recent report by Lee et al. also
documented the protective effect of PRX1 in a cellular model of 6-OHDA toxicity (Lee et
al., 2008). It is noteworthy that PRX1 mainly expresses in glial cells in the brain; the
protective effect of PRX1 thus might be significant in other neurotoxin PD models with
direct glial involvement, such as LPS or MPTP models. PRX4 was also protective against
DA cell death. However, PRX4 knockdown resulted in only marginal reduction in total
cellular PRX activity, suggesting that PRX4 activity may be redundant in DA cells and that
its loss can be compensated for by other PRXs. PRX3, a mitochondrial-specific PRX, failed
to confer significant neuroprotection against DA cell death induced by 6-OHDA. This result,
however, may be model-specific, since 6-OHDA, instead of directly targeting mitochondria,
initiated its toxicity via extracellular auto-oxidation and the induction of oxidative stress
from the oxidative products generated (Hanrott et al., 2006). Future studies are warranted to
investigate the effect of PRX3 in PD models with direct mitochondria-targeting neurotoxins
such as MPTP or rotenone. In fact, PRX3-depleted SH-SY5Y cells have been shown to be
more sensitive to MPP*-induced cell death (De Simoni et al., 2008).

It has been reported previously that overoxidized PRX1 (PRX1-SO, and PRX1-SO3) is
increased in PD models (Lee et al., 2008). The present study detected increased levels of
total PRX-SO3 in both MN9D DA neurons and in mouse SNc in response to 6-OHDA
lesioning, and it appears that PRX2-SO3 accounts for a larger portion of the total PRX-SO3
increases. The increased PRX-SO3 was accompanied by remarkably reduced cellular PRX
activity. These results support the notion that the neuron-specific PRX2 is the predominant
PRX involved in reactions to 6-OHDA toxicity, where PRX2 becomes overoxidized while
scavenging peroxides, resulting in the depletion of cellular PRX activity reserves. Several
other madifications of PRX2, including phosphorylation and nitrosylation, have been
observed in the brain of PD patients and are thought to be the cause of loss of function for
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PRX2 (Fang et al., 2007; Qu et al., 2007). The results presented here suggest that oxidation
is another debilitating modification that could diminish the protective capacity of PRX2 in
PD. It is known that overoxidized PRX2, although resistant to reduction by Trx, can be
reduced and reactivated by sulforedoxin. However, the renewal of overoxidized PRX is
extremely slow in mammalian cells (Rhee et al., 2005). The slow reactivation of PRX2 may
explain why over-expression of PRX2 in the midbrain not only replenished the deoxidized
PRX2, allowing functional PRXs to join the defense against 6-OHDA-induced oxidative
stress, but also increased levels of oxidized PRXs. Large amounts of deoxidized PRX2 may
also inhibit the enzymes responsible for PRX deoxidation, such as Trx and sulforedoxin,
resulting in increased accumulation of PRX-SOs. Thus, our data suggest that PRX2
overoxidation is a pathological change indicating a disturbance of the PRX system in PD.
However, the increased amount of overoxidized PRX does not necessarily parallel neuronal
death, particularly after PRX replenishment, and the ratio of reduced to oxidized PRX may
be a better predictor for DA neuronal survival.

The mechanism by which PRX2 protects neurons has largely been attributed to its anti-
oxidative properties. The present study demonstrated that in addition to rescuing PRX
enzyme activity, PRX2 also shows anti-apoptotic effects in DA neurons manifested by its
inhibition of the caspase-3 and -9-dependent intrinsic apoptotic pathway following 6-OHDA
treatment. In line with our observation, PRX2 has been shown to inhibit caspase activation
in cardiomyocytes (Zhao et al., 2009). We further extend our findings by demonstrating that
PRX2 inhibited the upstream stress-response kinase ASK1. Many toxin-induced models of
PD induce ASKZ1, including MPTP, 6-OHDA and Paraquat (Ouyang and Shen, 2006;
Karunakaran et al., 2007; Niso-Santano et al., 2010). In support for an important role for
ASKU1 in neuronal apoptosis, primary neurons derived from ASK1 knockout mice exhibit a
remarkable resistance to JNK and p38 activation and to apoptosis induced by oxidative or
ER stress (Kadowaki et al., 2005; Harada et al., 2006). Our data show that PRX2 protected
DA neurons by inhibiting ASK1 activity and the subsequent activation of JNK/c-Jun and
p38 cell death pathways. As degenerating SNc neurons from PD patients show evidence of
ASK1, JNK and p38 pathway activation, the protective effects of PRX2 might be
extrapolated to include sporadic PD as well as other ASK-dependent stressors, such as ER
stress, DNA damage and inflammation.

Another important finding in this study was in identifying a mechanistic link between PRX
Trx and ASK1, and how an oxidative load leads to apoptotic cell death (Fig. 10). Trx has at
least two known physiological functions. First, reduced Trx offers electrons to regenerate
active PRX; second, reduced Trx binds to ASK1 and inhibits its kinase activity. Based on
our findings, under oxidative stress such as that induced by 6-OHDA, Trx was oxidized in
an effort to reduce the oxidized PRX. Oxidized Trx then dissociated from ASK1, leading to
the activation of ASK1 and subsequent apoptotic cascades. Replenishment of abundant
amounts of functional deoxidized PRX2 might inhibit the cysteine thiol-disulfide exchange
between PRX2 and Trx and drive the PRX-Trx reaction toward the production of
overoxidized PRXs, resulting in the reduction of oxidized Trx and a significant increase in
PRX-SO3 after PRX2 over-expression. As a consequence, more reduced Trx is available to
inhibit the activation of ASK1 and related cell death events.

Given that the signal transduction from PRX2 to ASK1 via Trx could effectively respond to
oxidative stress and activate apoptotic machinery, it is conceivable that any step in this
cascade could be a legitimate target for anti-death intervention in oxidative stress-involved
diseases. In support of this notion, we demonstrated that both PRX2 over-expression and
ASK1 knockdown could significantly protect DA neurons from 6-OHDA toxicity and
improve motor function. While PRX2 is expressed almost exclusively in neurons, ASK1 is
ubiquitously expressed in nearly all types of cells in the brain, including glial cells (Faigle et
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al., 2004). Recent publications have established a role of ASK1 in inflammatory responses
(Liu et al., 2006; Kanayama and Miyamoto, 2007; Yang et al., 2008). Our Lenti-ASK1t
construction under the control of U6 promoter allowed for expression in all types of brain
cells. Thus, it is possible that ASK1 knockdown not only acted directly on DA neurons, but
also reduced cerebral inflammation in response to the neurotoxin 6-OHDA.
Neuroinflammation contributes to the progression of PD (Block et al., 2007). Thus, although
Lenti-ASK1t demonstrated DA system protection almost comparable to that from neuronal
PRX2 over-expression within our observation period (3 weeks after 6-OHDA), it might
afford significant long-term protection in experimental PD models or in PD, due to its
potential suppression of neuroinflammation.

In summary, the observations presented in this study describe a previously undefined cell
death mechanism in DA neurons by which the redox-sensitive molecules PRX2 and Trx are
able to modulate apoptotic pathways (ASK1, MKKs, JNK and p38) in response to a PD-
related toxic stress. Our results suggest that PRX2 and ASK1 may be promising and novel
targets for neuroprotective intervention in PD.
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Fig. 1. Cellular 2-Cys PRXs protect against 6-OHDA neurotoxicity in MN9D cells

(A) Neuronal differentiated MN9D cells were infected for 3 days with lentiviral vectors
containing cDNA of human PRX1, PRX2, PRX3, PRX4 or the empty vector, and exposed
to 6-OHDA at the indicated concentrations. Cell viability was determined at 24 h after 6-
OHDA exposure. *p<0.05; **p<0.01 vs. empty vector controls, n=12 from 3 independent
experiments. (B) MN9D cells were transfected for 3 days with lentiviral vectors containing
shRNA targeting PRX1 (PRX1t), PRX2 (PRX2t), PRX3 (PRX3t), PRX4 (PRX4t), or the
PRX2 scramble control sequence (PRXsc), and exposed to 6-OHDA. Cell viability was
determined at 24 h after 6-OHDA exposure. *p<0.05; **p<0.01 vs. PRXsc controls, n=12
from 3 independent experiments. (C) Under the conditions of (B), total cellular PRX activity
was determined at 2 h after 6-OHDA (50 uM) or vehicle. *p<0.05; **p<0.01 vs. PRXsc
controls, data from 4 experiments. (D) Nuclear staining (DAPI) and TUNEL staining at 24 h
after 6-OHDA (50 uM) in MN9D cells infected with lentiviral vectors for PRX2 over-
expression (PRX2) or knockdown (PRX2t). Note that PRX2 over-expression attenuates,
whereas PRX2 knockdown promotes, nuclear apoptosis and DNA fragmentation (arrows)
following 6-OHDA exposure. (E) PRX2 over-expression attenuates, whereas PRX2
knockdown promotes, apoptotic DNA fragmentation 24 h after 6-OHDA exposure, as
determined using DNA gel electrophoresis. The gel is representative of 3 experiments with
similar results. (F) PRX2 over-expression attenuates cytochrome c release at 4 and 16 h after
6-OHDA (50 uM) exposure, determined by subcellular fractionation and immunoblotting.
The graph in the right panel illustrates the cytosolic cytochrome c after 6-OHDA in cells
infected with Lenti-PRX2 or the control vector Lenti-GFP. *p<0.05 vs. non-infected
controls, n=4/condition. (G—H) PRX2 over-expression attenuates the activation of caspase-9
and caspase-3 at 6 and 16 h after 6-OHDA (50 uM) exposure, determined by
immunoblotting against cleaved caspases (G) and peptide substrate-based protease activity
assays (LEHD for caspase-9, DEVD for caspase-3), respectively (H). *p<0.05; **p<0.01 vs.
Lenti-GFP-infected controls, n=4/condition.
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Fig. 2. Lentiviral over-expression of PRX2 enhances PRX activity and PRX oxidation in DA

neurons

(A-B) 6-OHDA induces PRX oxidation in MN9D cells. Neuronal differentiated MN9D
cells were treated with 6-OHDA (50 uM). At the indicated time points, cell extracts were
subjected to immunoblotting against PRX-SO3 or PRX2 immunoprecipitation followed by
immunoblotting against PRX-SOs3. The graph (B) summarizes the temporal profiles of
increases in total PRX-SO3 and PRX2 IP-specific PRX-SO3 (PRX2-SO3). *p<0.05;
**p<0.01 vs. vehicle controls, n=4/condition. (C) MN9D cells were infected with Lenti-
PRX2, the empty vector (Lenti), or Lenti-GFP (not shown) for 3 days, and then challenged
with 6-OHDA. Cellular PRX activity was measured at the indicated time points and data
expressed as percent changes over vehicle controls. *p<0.05; **p<0.01 vs. vehicle controls;
##p<0.01 vs. Lenti vector-infected cells, n=3/condition. (D-G) 6-OHDA lesioning induces
PRX oxidation and reduced PRX activity in mouse SNc. Mice were subjected to striatal
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infusion of 6-OHDA (3.0 pg) and at the indicated time points the SNc extracts were
processed for immunoblotting against PRX2 (D, E) and PRX-SO3 (D, F), and the PRX
activity assay (G). *p<0.05; **p<0.01 vs. saline-injection controls, n=5-6/group. (H-K)
Lenti-PRX2 gene delivery increases PRX activity and PRX oxidation in mouse SNc. Mouse
SNc was infected for 21 days with empty lentiviral vector (Lenti) or Lenti-PRX2 (HA-
tagged), and then received striatal infusion of 6-OHDA (3.0 pg) or saline of the same
volume. SNc extracts were processed for immunoblotting against PRX2 (H, 1), HA (H) and
PRX-SO3 (H, J), and the PRX activity assay (K). *p<0.05; **p<0.01 vs. saline controls;
#p<0.05; ##p<0.01 vs. empty lentivirus group, n=5-6/group. (L) Double-label
immunofluoroscent staining for HA (HA-tagged PRX2, green) and TH (red) in the SNc at
21 days after brain inoculation with either empty lentiviral vector (a, b, low magnification; c,
d, high magnification) or Lenti-PRX2 (e, f, low magnification; g, h, high magnification).
Scale bars: 100 pm for a, b, e, f; 30 um for c, d, g, h.
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Fig. 3. PRX2 protects the nigrostriatal dopaminergic system from 6-OHDA-induced
degeneration in mice

(A) Brain sections from the striatum and SNc¢ showing TH immunoreactivity 3 weeks after
striatal infusion of saline or 6-OHDA (3.0 ug) preceded by brain inoculation of either empty
lentiviral vector (Lenti) or Lenti-PRX2. Arrows indicate the SNc region lesioned by 6-
OHDA. (B) Optical measurement of striatal TH immunoreactivity 3 weeks after the
injections indicated. Controls were injected with saline. (C) The numbers of TH-positive
neurons in the ipsilateral SNc (injected side) were counted using non-biased stereological
methods 3 weeks after the injections indicated. (D) High-performance liquid
chromatography-electrochemical detection data of catecholamine levels from the ipsilateral
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striatum 3 weeks following the indicated injections. Catecholamines are expressed as
picomoles/mg of fresh, wet tissue. (E) Apomorphine-induced circling before 6-OHDA
injection (Pre) or 2 and 3 weeks after the injections indicated is shown as the number of
turns in the first 30 min after intraperitoneal injection of apomorphine. (F) Spontaneous
turning using the corner test before 6-OHDA injection (Pre) or 3 weeks after the injections
indicated. The mean of left/right turns ratio out of 10 trials/session are reported. *p<0.05;
**p<0.01; ***p<0.001 vs. contralateral or saline control; #p<0.05; ##p<0.01 vs. 6-OHDA
plus empty vector (Lenti). n=10-12 per group for all experiments.
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Fig. 4. PRX2 inhibits 6-OHDA-induced activation of ASK1 and JNK/p38 signaling pathways in
MNOD cells

(A) Neuronal differentiated MN9D cells were infected with Lenti-PRX2, the empty vector
(Lenti), or Lenti-GFP (not shown) for 3 days, and then challenged with 6-OHDA (50 uM).
At the indicated time points, cell extracts were subjected to immunoblotting against p-JNK,
total INK (t-JNK), p-p38, or total p38 (t-p38). The fold changes of p-JNK and p-p38 over
the vehicle controls are illustrated in the graphs. *p<0.05 vs. empty vector control (Lenti);
data are from 3 experiments. (B) MN9D cells were infected for 3 days with lentiviral vectors
containing shRNA targeting PRX2 (PRX2t) or the scramble control sequence (PRX2sc), or
the empty vector (Lenti), and immunoblotting was performed at 2 and 8 h after 6-OHDA (50
K1M). The fold changes of p-JNK and p-p38 over the vehicle controls are illustrated in the
graphs. *p<0.05 vs. empty vector control (Lenti) or PRX2sc-infected cells; data are from 3
experiments. (C) 6-OHDA induces ASK1 phosphorylation in MN9D cells in a time-
dependent manner. The graph illustrates the temporal profile of p-ASK1 increases after 6-
OHDA (50 uM) exposure. *p<0.05; **p<0.01 vs. vehicle control; data are from 3
experiments. (D) Under the experimental conditions described in (A), cell extracts were
processed for immunoblotting against p-ASK1 or ASK1 kinase activity assay. The fold
changes of p-ASK1 and ASK1 activity over vehicle control are illustrated in the graphs.
*p<0.05 vs. Lenti-GFP; data are from 3 experiments. (E) MN9D cells were infected for 3
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days with Lenti-GFP or both Lenti-GFP and Lenti-PRX2, and then challenged with 6-
OHDA (50 uM). Representative triple-label immunofluorescent images show increased
cytosolic p-ASK1 (b, red; b1, yellow, merged with GFP) and nuclear p-c-Jun (e, red; el,
pink, merged with DAPI) immunofluorescence after 6-OHDA, infection with Lenti-PRX2
abolishes the p-ASK1 (c and c1) and p-c-Jun (f and f1) immunofluorescence after 6-OHDA.
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Fig. 5. PRX2 inhibits ASK1 activation by regulating the redox state of thioredoxin

(A) 6-OHDA induces the oxidation of thioredoxin (Trx) in MN9D cells. Western blot
analysis was performed using an antibody recognizing both oxidized and reduced forms of
Trx; recombinant oxidized and reduced Trx proteins served as positive controls. The graph
illustrates the temporal profile of 6-OHDA (50 pM)-induced increases of oxidized Trx
(percent of oxidized + reduced Trx). *P<0.05; **P<0.01; ***P<0.001 vs. vehicle control;
data are from 3 experiments. (B—C) PRX2 inhibits 6-OHDA-induced oxidation of Trx.
MN9D cells were infected for 3 days with an empty vector (Lenti) or Lenti-PRX2 (B), or
Lenti-PRX2dn (C), and immunoblotting against Trx was performed at 2 and 8 h after 6-
OHDA exposure. Quantitative data on relative levels of oxidized Trx are illustrated in the
graphs. *P<0.05; **P<0.01; ***P<0.001 vs. empty vector control; data are from 3
experiments. (D) PRX2 prevents the dissociation between Trx and ASK1 following 6-
OHDA neurotoxicity. MN9D cells were infected for 3 days with an empty vector (Lenti) or
Lenti-PRX2, and then challenged with 6-OHDA (50 uM). Co-immunoprecipitation was
performed using antibodies against ASK1 and Trx, respectively. (E) Quantitative analysis of
(D) top panel; data are expressed as the relative amounts of Trx that bound to ASK1.
**P<0.01; ***P<0.001 vs. empty vector control; data are from 3 experiments.
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Fig. 6. Critical role of ASK1- JNK/p38 signaling pathway in 6-OHDA neurotoxicity in MN9D

cells

(A) Knockdown of ASK1 expression in MN9D cells. MN9D cells were infected for 3 days
with lentiviral vectors containing ShRNA targeting ASK1 (ASK1t) or the scramble sequence
(ASK1sc), or GFP cDNA, and then subjected to immunoblotting against ASK1 (top panel).
Co-transfection of ASK1t and the human ASK1 (hASKZ1) restores the expression level of
ASK1 in cells (lower panel). (B) Knockdown of ASK1 expression in MN9D cells prevents
the activation of JNK (p-JNK), c-Jun (p-c-Jun) and p38 (p-p38) at 2 and 8 h after 6-OHDA
(50 uM) exposure. (C) Quantitative results of (B). *P<0.05; **P<0.01 between the groups
indicated; data are from 4 experiments. (D—-F) Knockdown of ASK1 expression is
neuroprotective against 6-OHDA neurotoxicity in MN9D cells (D); co-transfection of
hASK1 restores the suppressed (by ASK1t) 6-OHDA neurotoxicity (E); over-expression of
the dominant negative mutant of ASK1 (ASK1dn) promotes cell survival after 6-OHDA
neurotoxicity (F). In all experiments described in (D-F), cell viability was measured at 24 h
after 6-OHDA (50 and 100 uM) exposure. *P<0.05; **P<0.01 between the groups
indicated; n=12 from 3-4 independent experiments.
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Fig. 7. PRX2 suppresses the ASK1 signaling cascade in 6-OHDA-lesioned mice

(A) 6-OHDA lesioning activates ASK1 signaling in mouse SNc. Mice were subjected to
striatal infusion of 6-OHDA (3.0 pg), and at the indicated time points the SNc extracts were
processed for immunoblotting against p-ASK1 and p-c-Jun, a sensitive marker for JNK
activation. The blots are representative of 3 experiments with similar results. (B-D) PRX2
inhibits the ASK1 signaling cascade in 6-OHDA-lesioned mice. Mouse SNc was infected
for 21 days with empty lentiviral vector (Lenti) or Lenti-PRX2, and then received striatal
infusion of 6-OHDA (3.0 pg) or saline. At 7 days after 6-OHDA infusion, SNc extracts were
subjected to ASK1 kinase activity assay (B) and immunoblotting against p-ASK1 and its
downstream signaling proteins (C). Quantitative data are illustrated in (D). *P<0.05;
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**P<0.01 vs. vehicle control; #P<0.05; ##P<0.01 vs. empty lentivirus group, n=4/group. (E)
Double-label immunofluoroscent staining for pASK1 (green) and TH (red) in the SNc 21
days after brain inoculation with either empty lentiviral vector (a, b, d, e, low magnification;
¢, f, high magnification) or Lenti-PRX2 (g, h, j, k, low magnification; i, I, high
magnification) and 7 days after saline (a-c, g-i) or 6-OHDA (d-f, j-I) infusion. Note that
increased p-ASK1 shows mainly a cytosolic localization after 6-OHDA lesioning, and p-
ASK1 is attenuated in Lenti-PRX2-infected SNc. Scale bars: 50 pm for low magnification;
20 pum for high magnification. (F) Double-label immunofluoroscent staining for p-c-Jun
(green) and TH (red) in the SNc 21 days after brain inoculation with either empty lentiviral
vector (a, b, d, e, low magnification; c, f, high magnification) or Lenti-PRX2 (g, h, j, k, low
magnification; i, I, high magnification) and 7 days after saline (a-c, g-i) or 6-OHDA (d-f, j-1)
infusion. Note that increased p-c-Jun shows mainly a nuclear localization after 6-OHDA
lesioning, and p-ASK1 is attenuated in Lenti-PRX2-infected SNc. Scale bars: 100 pm for
low magnification; 50 pm for high magnification.
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Fig. 8. ASK1 activation contributes to nigrostriatal neurodegeneration in 6-OHDA-lesioned mice
(A) Lentivirus-mediated knockdown of ASK1 expression in mouse SNc. Mouse SNc¢ was
infected for 21 days with empty lentiviral vector, Lenti-ASK1t, or Lenti-ASK1sc, and then
subjected to immunaoblotting against ASK1 and double-label immunofluorescent staining for
ASK1 and TH. ***P<0.001 vs. empty vector control; n=5/group. Scale bars: 50 pum for low
magnification (a—f); 20 um for high magnification (g-1). (B—C) ASK1 knockdown
attenuates the ASK1 signaling cascade in 6-OHDA-lesioned mice. Mouse SNc was infected
for 21 days with the lentiviral vectors described in (A), and the mice received striatal
infusion of 6-OHDA (3.0 pg) or saline. Immunoblotting against p-ASK1 and its downstream
signaling proteins was performed 7 days after 6-OHDA infusion (B); quantitative data of (B)
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are illustrated in (C). *P<0.05; **P<0.01 vs. vehicle control; #P<0.05; ##P<0.01 vs. empty
lentivirus group, n=5-6/group. (D-G) ASK1 knockdown attenuates DA neuron loss and
neurological deficits in 6-OHDA-lesioned mice. Mice were treated as described in (A);
behavioral tests (D, E) and histology (F, G) were performed 21 days after 6-OHDA
infusion. Apomorphine-induced circling after 6-OHDA injection is shown as the number of
turns in the first 30 min after intraperitoneal injection of apomorphine (D). The corner test
shows the mean of the ratio of spontaneous left/right turns out of 10 trials/session 21 days
after 6-OHDA injection (E). Arrows in (F) indicate the SNc region lesioned by 6-OHDA.
The numbers of TH-positive neurons in the SNc of 3 experimental groups are illustrated in
(G). (H) Catecholamine levels from the ipsilateral striatum 21 days following the indicated
injections. Catecholamines are expressed as picomoles/mg of fresh, wet tissue. *P<0.05;
**P<0.01 between the groups indicated. n=10-12 per group for all experiments.
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Fig. 9. Activation of p-ASK1, p-JNK and p-p38 pathways in SNc neurons of sporadic PD
patients
(A-E) p-ASK1 staining in the SNc neurons of human brains. The SNc neurons of PD

patients exhibited increased staining for p-ASK1 compared to control subjects (A). In PD
patients, the most common staining pattern of p-ASK1 was a granular, cytoplasmic
distribution (B, arrowheads). In 33% of cases, p-ASK1 staining was colocalized with Lewy
body/pale body staining (C, arrow). In normal control subjects and in disease specificity
controls with pure Alzheimer’s disease, a few neurons exhibiting p-ASK1 immunoreactivity
typically showed a light diffuse staining pattern (D, right cell), and 99.4% of neurons were
negative (D, left cell). Double-label immunofluorescence confirmed co-localization of a-
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synuclein (red) with p-ASK1 (green) in the Lewy body (arrow), on a background of granular
cytoplasmic p-ASK1 staining (E, arrowheads). (F-H) p-p38 and p-JNK staining in the SNc
neurons of human brains. Significantly more SNc neurons from PD patients exhibited
immunoreactivity for p-p38 and for p-JNK (F). While p-p38 and p-JNK staining was not
colocalized with a-synuclein, more than 70% of neurons with granular p-p38 (G, green) or
p-JNK (H, green) staining also showed abnormal a-synuclein aggregation (red). The outline
of the individual neuron is indicated by dashes. Scale bar: 25 pum for panels B-D, 10 um for
panels E-H. *P<0.05 vs. control.
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Fig. 10. Proposed pathways for PRX2 over-expression conferred neuroprotection against 6-
OHDA

Based on our findings, under oxidative stress induced by 6-OHDA, PRXs are readily
oxidized with a consequent reduction in antioxidative activity. Trx was oxidized in an effort
to reduce the oxidized PRX. Oxidized Trx then dissociated from ASK1, leading to the
activation of ASK1 and subsequent p38 and JNK apoptotic cascades. Replenishment of
abundant amounts of functional deoxidized PRX2 inhibit the cysteine thiol-disulfide
exchange between PRX2 and Trx and drive the PRX-Trx reaction toward the production of
overoxidized PRXs, resulting in the reduction of oxidized Trx and an increase in PRX-SO3
after PRX2 over-expression. As a consequence, more reduced Trx is available to inhibit the
activation of ASK1 and related cell death events.
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Sequence of short hairpin interfering RNA (shRNA) against murine PRXs or ASK1.

Table 1

Gene Gene shRNA sequence

PRX1 | Targeting sequence 1: 5’-GGATTCTCACTTCTGTCATCT-3’
Targeting sequence 2:5’-GCGCACCATTGCTCAGGATTA-3’

PRX2 | Targeting sequence 1: 5’- GGATGGTGCCTTCAAGGAAAT-3’
Targeting sequence 2: 5°- GCAAGGAATACTTCTCCAAAC-3’

PRX3 | Targeting sequence 1: 5’- GAGCTGAGTCTCGACGACTTT-3’
Targeting sequence 2: 5°- GTAGTTGCAGTTTCAGTGGAT-3’

PRX4 | Targeting sequence 1: 5’- GCAAAGCCAAGATCTCCAAGC-3’
Targeting sequence 2: 5’- GCTCAAACTGACTGACTATCG-3’

ASK1 | Targeting sequence 1: 5-CCAACAACATCATCCTCTA-3'

Targeting sequence 2: 5-TGAACACCATTACCGAAGA-3'
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