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Abstract

Loss of substantia nigra dopaminergic neurons results in Parkinson disease (PD). Degenerative PD
usually presents in the seventh decade whereas genetic disorders, including mutations in PARKZ,
predispose to early-onset PD. PARKZ encodes the parkin E3 ubiquitin ligase which confers
pleotropic effects on mitochondrial and cellular fidelity and as a mediator of endoplasmic
reticulum (ER) stress signaling. Although the majority of studies investigating ameliorative effects
of parkin focus on dopaminergic neurons we found that astrocytes are enriched with parkin.
Furthermore, astrocytes deficient in parkin display stress-induced elevation of nucleotide-
oligomerization domain receptor 2 (NOD2), a cytosolic receptor integrating ER stress and
inflammation. Given the neurotropic and immunomodulatory role of astrocytes we reasoned that
parkin may regulate astrocyte ER stress and inflammation to control neuronal homeostasis. We
show that, in response to ER stress, parkin knockdown astrocytes exhibit exaggerated ER stress,
JNK activation and cytokine release, and reduced neurotropic factor expression. In coculture
studied we demonstrate that dopaminergic SHSY5Y cells and primary neurons with the presence
of parkin depleted astrocytes are more susceptible to ER stress and inflammation-induced
apoptosis than wildtype astrocytes. Parkin interacted with, ubiquitylated and diminished NOD2
levels. Additionally, the genetic induction of parkin ameliorated inflammation in NOD2
expressing cells and knockdown of NOD2 in astrocytes suppressed inflammatory defects in parkin
deficient astrocytes and concurrently blunted neuronal apoptosis. Collectively these data identify a
role for parkin in modulating NOD2 as a regulatory node in astrocytic control of neuronal
homeostasis.
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1 INTRODUCTION

The E3-ubiquitin ligase parkin has been a prime target in investigating the pathophysiology
of Parkinson Disease (PD), given that mutations in PARK2 are the most common genetic
defects associated with Early Onset PD (EOPD) (Kitada et al. 1998). At the molecular level,
the major focus on the role of parkin has focused on its role in regulating mitochondrial
homeostatic programs including mitochondrial autophagy (Youle and Narendra 2011) and
dynamics (Tanaka et al. 2010). Less well characterized functions of parkin include roles in
diverse cellular functions spanning from the regulation of gene transcription, protein
stability, redox stress control, and the regulation of endoplasmic reticulum (ER) stress (Han
et al. 2017; Imai et al. 2000; Johnson et al. 2012; Muller-Rischart et al. 2013; Shin et al.
2011).

The genetic disruption of parkin in mice have resulted in a broad spectrum of phenotypes
spanning from no apparent detrimental effects to robust increased susceptibility to PD,
dependent on effects of aging, or on concurrent stressors including mitochondrial genomic
perturbations and inflammation (Frank-Cannon et al. 2008; Palacino et al. 2004; Perez et al.
2005; Pickrell et al. 2015; Thomas et al. 2007). As the loss of substantia nigra dopaminergic
neurons is pathognomonic of PD, the majority of studies into this pathophysiology has been
directed at the understanding of the role of Parkin in neurons. However, given that
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lipopolysaccharide (LPS) administration enhances substantia nigra neuronal loss in parkin
knockout (KO) mice (Frank-Cannon et al. 2008) and neuroinflammation is increasingly
recognized as a contributory factor in PD neurodegeneration (Hirsch et al. 2012; Tansey and
Goldberg 2010), a question arising is whether parkin has a role as a glial ‘neurotropic’
mediator to confer protection against neuronal cell degeneration.

The predominant glial cells within the substantia nigra pars compacta include microglia and
astrocytes. Microglia are the resident ‘macrophages’ in the brain, possess neuronal repair
and maintenance functions, and play a role in the innate immune response (Kofler and Wiley
2011; Ransohoff 2016). Astrocytes are critical supporters of neuronal integrity and
homeostasis and function to control processes including antioxidant protection, glutamate
clearance and signaling release through gliotransmitters, cytokines and metabolic enzymes
(Hamby and Sofroniew 2010; Mamczur et al. 2015; Volterra and Meldolesi 2005).

Concurrently, mechanistic pathways are being identified that link ER stress to sterile
inflammation (Garg et al. 2012; Keestra-Gounder et al. 2016). Given that LPS augments
neuronal injury in Parkin KO mice (Frank-Cannon et al. 2008) and that parkin expression is
higher in astrocytes as compared to microglia, we have begun to explore whether astrocytic
ER stress and inflammation work in concert, in a parkin-dependent manner to modulate
neuronal homeostasis. In this study we find that parkin plays a critical role in the
maintenance of astrocyte neurotropic function in response to ER stress and inflammation.
This was shown in ER stressed primary coculture studies where the restricted genetic
disruption of parkin in astrocytes resulted in greater apoptotic cell death in neurons
compared to their coculture with wildtype (WT) astrocytes. Consistent with this phenotype,
parkin KO astrocytes exhibited exaggerated ER stress defects and had decreased expression
of neurotropic factors compared with the WT astrocytes. Additionally, we identify NOD2 as
a parkin substrate and show that parkin mediates NOD2 ubiqutylation and degradation. This
proteasomal degradation of NOD?2 is critical for the maintainance of normal astrocyte
neurotropic function. Collectively these data identify a role for parkin in modulating NOD2
as a regulatory node in astrocytic control of neuronal homeostasis and support an emerging
concept that the neuroprotective effects of parkin may be mediated, in part, through
paracrine effects of parkin in glial cells.

2 MATERIALS AND METHODS

2.1 Animals

Parkin KO (B6.129S4-Park2-tm1shn/J) and WT (c57bl/6) mice were obtained from the
Jackson Laboratory and backcrossed (>10 generations) into the C57BL/6J strain. All animal
procedures were conducted using an animal protocol approved by the National Heart Lung,
and Blood Institute (NHLBI) Animal Care and Use Committee.

2.2 Cell cultures and ELISA

HEK?293T, HelLa and Neu?7 astrocyte (Fidler et al. 1999) cell lines were used in parkin over-
expression studies. Coimmunoprecipitation was performed in HEK293T cell extracts.
Primary astrocyte cultures were prepared from postnatal littermates (age range: day 2 (P2) —
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day 4 (P4)) as described previously (Yu et al. 2012). Briefly, cortical tissues were dissected
from the brain and meninges were removed. Tissues were mechanically dissociated with
Trypsin and plated on T75 flasks (cortical tissues of two littermates/flask). The cells were
cultured for 14-16 days in DMEM (Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco) and antibiotic/antimycotic solution (Gibco), in a 37°C, 5% CO2 incubator.
Upon confluency, the plates were shaken on a rotor for 2 hrs to remove microglia.
Astrocytes were dissociated with TrypLE (Thermofisher) and transferred to 6 or 24 well
plates. Primary cortical neurons from the brain of wild type embryonic (E18.5) mice were
cultured as described (Foo et al. 2011; Tilve et al. 2015). Briefly, cortical tissues were freed
from meninges and digested with 0.25% Trypsin. Primary neurons were plated on a
confluent layer of primary astrocytes of either genotype. The cocultures were incubated for 7
days in Neurobasal media supplemented with 2% B27 (Gibco), 10% DMEM, 1% FBS and
1% penicillin/streptomycin (Gibco). HEK293T, HelLa, Neu7, and SHSY5Y cells were
cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin (Gibco).
For ELISA, astrocytes were exposed to LPS (10 ng/ml, Enzo Life Sciences) alone or
combination of LPS (10 ng/ml) and thapsigargin (TG, 0.5-1 pg/ml) for 12-16 hrs. TNFa
(R&D systems) and IL6 (R&D systems) ELISA was performed on cell culture media
following manufacturer’s protocol. The cytokine released was normalized to the protein
concentration of respective cell sample and was reported as fold change compared to the
wildtype or control as indicated.

2.3 Plasmids, lentiviruses, and transfection

NOD2-HA in pcDNA3 plasmid was a gift from Dr. Gabriel Nunez lab, Univeristy of
Michigan, Ann Arbor, MI. Parkin-Flag construct generated previously (Han et al. 2017).
NOD2 cDNA from the pcDNA3 plasmid was subcloned into a p3xFlag (Sigma) vector
using BamHI and Kpnl restriction enzymes. Parkin cDNA was subcloned into the pLVX
(Clontech) lentivirus expression plasmid. Parkin shRNA (TRCN0000283 and
TRCNO0000284) and NOD2 shRNA (TRCN0068813, TRCN0068814, and TRCN0362622)
lentivirus plasmids were obtained from Sigma. Lentiviruses were amplified by transfecting
HEK?293T cells with transfer plasmids, pMDG.2 (Addgene #12259) and psPax2 (Addgene
#12260). The lentivirus from the cell culture media was filtered using 45 micron filther and
concentrated by ultracentrifugation. Lentiviral transduction was performed in the presence
of polybrene and the media was changed 24 hr post transduction. Transient transfection was
performed on cells at ~80% confluency using PolyJet (Signagen).

2.4 Immunoprecipitation and immunoblot analysis

Total proteins from cells were extracted using RIPA buffer (50 mM Tris-HCI, pH 8.0, 0.5%
deoxycholic acid, 1% NP-40, 0.1% sodium dodecy! sulfate and 0.5 M NaCl) supplemented
with protease inhibitor cocktails (Sigma). The lysates were separated by 4-12% Bis-Tris gel
(Invitrogen) and transferred to nitrocellulose membrane. Antibodies were purchased from
Cell signaling (Parkin (2132), PARP (9542), and NOD1 (3545)), Sigma (Flag (F1804), HA
(H3663), and Myc (M4439)), Santa Cruz Biotechnology (CHOP (sc-7351) and Actin
(sc-1616)) and Novus (NOD2 (NB100-524)). For immunoprecipitation (IP), cells were
extracted using the lysis buffer (50 mM Tris-HCI, pH 7.4, 1% Triton X-100, 0.5% NP-40
and 300 mM NacCl) containing protease inhibitor cocktails. Protein extracts were first
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incubated with antibodies against either Myc, Flag, or HA (Roche,Clone 12CA5) overnight
at 4°C. This was followed by incubation with Sera-Mag speedbead Protein A/G (Sigma) for
4 hrs. The agarose beads were washed with the lysis buffer and boiled with loading buffer.
The supernantent was used for immunoblot analysis. Immunoblots were scanned in Odyssey
Clx imaging system. Densitometric analysis of protein bands was performed using the
Odyssey imaging software. Protein band intensity was normalized to actin and reported as
fold chage compared to wildtype or control as indicated.

2.5 Primers and quantitative real-time polymerase chain reaction (QRT-PCR)

PARK2, NOD1, NOD2, BDNF, GDNF and 18s (used as control) primers were purchased
from Quantitect primer assays (Qiagen). RNA was extracted from cell samples using
TriPure (Roche). cDNA was amplified using the SuperScript 111 (Invitrogene). The transcript
read was measured using FastStart Essential DNA Green Master (Roche). The normalized
gene expression was reported as fold change compared to the wildtype sample or control as
indicated.

2.6 Cocultures and survival assays

Cocultures of dopaminergic SHSY5Y neurons and mouse primary astrocytes were
performed in 0.4-micron transwell dishes (Sigma). The astrocytes of either genotype were
plated in the transwell and cocultured with SHSY5Y cells where the media and the secretory
components were shared between the two cell types. The cocultures were then exposed to 6-
hydroxydopamine (6-OHDA, 50uM), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP,
100uM), thapsigargin (0.05 pg/ml) or combination with thapsigargin and LPS (5 ng/ml). In
isolated SHSH5Y cultures the doses were adjusted and the dose of 6-OHDA used was 5uM
and the toxic metabolite of MPTP, i.e. MPP* was used (10puM). WT primary cortical
neurons were isolated and plated on a confluent bed of either parkin WT or KO astrocytes.
The astrocyte-neuron cocultures were incubated in neurobasal media for 5 days (Foo et al.
2011). Astrocytes in the absence of neurons were cultured in neurobasal media served as
controls. The thapsigargin dose used in primary coculture experiments was reduced to
0.01(1x) and 0.02 pg/ml (2x) for 24-48 hrs. The thapsigargin dose used in SHSY5Y-
astrocytes coculture experiments was 0.05 pg/ml for 24-48 hrs. In contrast 0.5-1 pg/ml of
thapsigargin was employed in isolated primary astocytes studies. Cell death was monitored
using lactate dehydrogenase (LDH) cytotoxicity assay kit following manufacturer’s protocol
(Pierce). The LDH level was normalized to the protein concentration of respective cell
sample and was reported as fold change compared to the wildtype or control as indicated.

2.7 Statistical Analysis

Data are expressed as means + SD for the indicated number of observations. Statistical
significance between groups was determined using two-tailed Student’s test when analyzing
the response between groups. Multiple comparison analysis was performed using ANOVA.
Pvalue < 0.05 was considered statistically significant.
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3 RESULTS

3. 1 Astrocyte restricted depletion of parkin augments neuronal ER stress and
inflammation-induce injury

To assess the role of parkin in astrocytic neurotropic function, primary astrocytes were
cultured from parkin WT and KO mice brains. The absence of parkin expression in KO
astrocytes was confirmed by quantitative RT-PCR and immunoblot analysis (Supporting
Information, Figure S1a,b). To test if parkin loss impacts astrocyte neurotropic function,
primary astrocyte and SHSY5Y cocultures were established in transwells and cell death was
monitored by measuring lactate dehydrogenase (LDH) secreted into the coculture media. In
the absence of stressors, coculturing dopaminergic SHSY5Y cells with either WT or parkin
KO astrocytes did not impact cell survival (Figure 1a). Additionally, exposure to
dopaminergic neurotoxins including 6-hydroxydopamine (6-OHDA) and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) under these conditions resulted in similar levels
of cell death in SHSY5Y cells cocultured with either WT or parkin KO astrocytes (Figure
1a). In contrast, these neurotoxins significantly reduced survival in parkin depleted SHSY5Y
cells compared to scrambled controls (Figure 1b). This result is consistent with prior data
suggesting that parkin reduces neurotoxicity (Bian et al. 2012; Jiang et al. 2004),

To explore our hypothesis pertaining to a possible parkin role in response to ER stress and
inflammation these cocultured cells were then exposed to thapsigargin (TG, as a trigger of
ER stress) in the presence or absence of LPS. When SHSY5Y and astrocyte cocultures were
exposed to TG or a combination of TG and LPS (LPS+TG), significantly higher level of
LDH secretion was measured from dopaminergic SHSY5Y cells cocultured with parkin KO
astrocytes compared to WT (Figure 1c). These data support that parkin KO astrocytes have
impaired neurotropic function and have impaired ability to protect SHSY5Y cells from ER
stress and ER-stress-induced inflammation compared to WT astrocytes. As excessive ER
stress can induce apoptosis, we explored this cell death pathway in the SHSY5Y cells. In the
SHSYS5Y cells cocultured with parkin KO astrocytes, excess apoptosis was evident in
response to TG and TG+LPS as detected by increased cleavage of poly (ADP-ribose)
polymerase (PARP) compared to the response in SHSY5Y cells cocultured with WT
astrocytes (Figure 1d). Of note, these triggers had no effect on the viability of isolated WT
and parkin KO astrocyte cultures as they released similar levels of LDH and did not express
cleaved PARP (Supporting Information, Figure S1c and data not shown).

To further confirm the impaired neurotropic abilities of parkin KO astrocytes, primary
mouse cortical neurons were isolated from WT brains and plated onto monolayers of
astrocytes. The contact cocultures were then exposed to two different concentrations of TG.
Consistent with the findings in the SHSY5Y and astrocytes cocultures, cell death as
measured by LDH release, and apoptosis as measured by PARP cleavage, were exacerbated
when primary cortical neurons were cultured with parkin KO versus WT astrocytes after
exposure to TG (Figure 1e,f). Similarly, the levels of cleaved PARP was higher in the
neurons cocultured with parkin KO astrocytes (Supporting Information, Figure S1d). Of
note, to exclude the potential for differential immunomodulatory effects between primary
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neurons and astrocytes isolated from the same versus different mice, primary cortical
neurons and astrocytes were not harvested from the same mice.

3.2 Lack of parkin alters expression level of neurotropic factor and ER stress genes in

astrocytes

The impaired neuroprotection conferred by parkin KO astrocytes is likely due to the
alteration in neurotropic signaling in these cells. To address this possibility, targeted gene
expression profiling using qRT-PCR was performed in primary astrocytes in response to the
ER stressor TG. Consistent with the phenotype described above, transcripts encoding
canonical astrocyte neurotropic growth factors including brain and glial derived neurotropic
factors (BDNF and GDNF) were found to be expressed at significantly reduced level in
parkin KO astrocytes after exposure to TG (Figure 2a). In rescue experiments, BDNF and
GDNF mRNA levels were restored when parkin KO astrocytes were transduced with parkin
cDNA lentivirus (Figure 2b), and the introduction of BDNF into the culture media abolished
LDH release after exposure to TG in both parkin replete and deficient SHSY5Y cells
(Supporting Information, Figure S2a). Additionally, canonical ER stress regulated genes
including the expression of spliced Xbpl, ATF6, ATF4, CHOP and Ccl2 were expressed at
significantly higher levels in parkin KO astrocytes in response to TG (Figure 2c). The
increased ER stress encoding gene transcript levels in parkin KO astrocytes was similarly
rescued following reconstitution of parkin in these KO astrocytes (Figure 2d).

3.3 Parkin KO astrocytes display exaggerated ER stress and ER stress-induced
inflammation

Consistent with the gene expression data, parkin KO astrocytes also constitutively expressed
significantly higher steady-state protein levels of phospho-JNK levels and CHOP in
response to ER stress (Figure 3a). Interestingly, parkin overexpression reversed ER stress
induced phosphorylation of INK in Neu7 astrocyte cells (Supporting Information, Figure
S3a,b). In addition to the production of neurotropic factors, astrocytes also secrete cytokines
as a component of their immunomodulatory repertoire (Farina et al. 2007; Johann et al.
2015). Hence levels of several cytokines were measured in response to LPS + TG.
Interestingly, the activation of astrocytic toll-like receptor signaling (Gorina et al. 2011) by
LPS showed a similar induction of inflammatory cytokines, TNFa and IL6 irrespective of
the presence or absence of parkin (Figure 3b). Also the administration of TG alone did not
evoke cytokine release in either genotype (data not shown). However, when ER stress-
induced inflammation (LPS+TG) was concurrently applied, the levels of cytokines were
induced to a greater extent in parkin KO astrocytes (Figure 3b). Taken together, these data
suggest a possible mechanistic link between ER stress and inflammation in astrocytic
parkin-mediated neuroprotection. Recent evidence implicates the nucleotide-binding
oligomerization domain receptors NOD1 and NOD?2 as a novel mediator of ER-stress-
induced inflammation (Keestra-Gounder et al. 2016). We therefore explored the expression
and protein levels of NOD1 and NOD2 in WT and parkin KO astrocytes. The transcript
levels of NODland NOD2 were similar between WT and parkin KO astrocytes at baseline
(data not shown), and only NOD2 was more robustly induced in the KO astrocytes in
response to TG (Figure 3c). In parallel, NOD1 protein levels were similar in WT and parkin
KO astrocytes and were not responsive to TG+LPS, whereas TG and LPS administration
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signficantly increased NOD2 protein levels in KO astrocytes compared to their induction in
WT astrocytes (Figure 3d,e).

3.4 NOD2 is a Parkin substrate and degradates in a proteasome-dependent manner

Potential interactions between NOD2 and parkin were tested using immunoprecipitation
studies. Following cotransfection of HEK293T cells with parkin-Flag and NOD2-HA, an
anti-Flag antibody was employed to immunoprecipitate parkin versus a non-specific 19G
antibody as a control. An additional control included cells cotransfected with empty-Flag
and NOD2-HA with subsequent immunoprecipitation with anti-Flag antibody. Immunoblot
analysis revealed a significant enrichment of NOD2-HA protein level in cell extracts
coexpressing parkin-Flag and NOD2-HA compared to the controls, supporting the
interaction between parkin and NOD2 (Figure 4a). Given, the induction of NOD2 levels in
parkin KO astrocytes, and as parkin mediates protein ubiquitylation and proteasome
mediated degradation, we assayed Flag-tagged NOD2 levels in response to dose-dependent
overexpression of myc-tagged parkin in cotransfection studies in HeLa cells. Western blot
analysis of cell extracts revealed a significant parkin-dosage dependent reduction in
exogenous NOD?2 levels supporting that parkin may directly degrade NOD2 (Figure 4b and
Supporting Information, Figure S4a). To evaluate this further, we assayed NOD?2 protein
electrophoretic mobility in the presence of parkin with and without the proteasome inhibitor
MG132. Following overexpression of parkin-Myc and NOD2-Flag, the cells were incubated
with the proteasome inhibitor MG132 or vehicle (control). NOD2-Flag immunoprecipitate
analyzed by immunoblotting showed numerous lower mobility bands with higher molecular
weight in the presence of MG132 compared to the absence of MG132 (Figure S4b). To
validate whether parkin ubiquitylated NOD2, additional immunoprecipitation studies were
performed in the presence of HA-labeled ubiquitin. Firstly, NOD2-flag and HA-ubiquitin
with or without parkin-myc were contransfected into HEK293T cells and
immunoprecipitation studies were performed in the presence and absence of MG132.
Immunoprecipitation with a Flag antibody and subsequent immunoblot analysis using HA
antibody showed a significantly greater extent of NOD2 ubiquitylation in cells
overexpressing parkin in the presence of MG132 (Figure 4c and Supporting Information,
Figure S4c). Additionally, cell extracts were immunoprecipitated with an antibody
recognizing the HA tag to isolate ubiquitylated proteins and then immunoblotted with
antibodies directed against NOD2 and Myc antibodies to detect ubiquitylated NOD2 and
parkin, respectively. Consistent with the protein degradation data and the prior
immunoprecipitation studies, ubiquitinated NOD2 was highly enriched in the cell extracts
expressing parkin when MG132 was present (Figure 4d). In the absence of MG132, there
was no evidence of NOD2 ubiquitination in the HA antibody immunoprecipitates (data not
shown). Collectively these data support ubiquitylation-mediated proteasome degradation of
NOD?2 by parkin. To explore this further, the kinetics of parkin-mediated NOD2 degradation
was assayed in HEK293T cells co-transfected with NOD2 and either an empty plasmid or
different doses of parkin in the presence of the protein synthesis inhibitor cycloheximide.
Consistent with the data presented in Figure 4b, NOD2 protein levels decreased over time,
and the rate of decrease was dependent on the parkin concentration (Figure 4e).
Densitometric analysis of the NOD2 protein bands revealed that parkin co-expression
significantly increased NOD2 degradation when compared with the relatively stable levels of
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NOD?2 in the absence of exogenous parkin (Figure 4f). Together, these data support that
parkin, in a proteasome-dependent manner promotes NOD2 degradation.

3.5 NOD2 depletion rescues inflammatory/neurotropic defects in parkin KO astrocytes

To further evaluate the effect of the parkin-NOD?2 regulatory axis on astrocyte function,
NOD2 was depleted by shRNA in astrocytes. WT and parkin KO astrocytes were transduced
with control or various NOD2 shRNA lentiviruses and then exposed to endotoxin (LPS) and
TG. Parkin KO astrocytes transduced with control ShRNA lentivirus displayed significantly
greater secretion of inflammatory cytokines, TNFa and IL6 compared to WT astrocytes
(Figure 5a,b). Moreover and consistent with our hypothesis, transduction with NOD2
shRNA lentiviruses reduced cytokines secretion from astrocytes of both genotypes (Figure
5a,b). At the same time knockdown of NOD2 achieved a > 50% reduction in steady-state
NOD?2 levels which was sustained after exposure to LPS+TG (Figure 5c,d). In parallel,
immunoblot analysis showed that the knockdown of NOD2 significantly blunted phospho-
JNK and CHOP protein levels in response to LPS and TG (Figure 5c¢,d) and showed that the
depletion of NOD2 reduced the levels of these stress responsive genes, even in the absence
of parkin. Since NOD2 shRNA knockdown reduced inflammation and stress in parkin KO
astrocytes (Fig 5a—c), the impact of NOD2 knockdown was tested on the neurotropic
capacity of parkin KO astrocytes. Here, transwell cocultures were established with SHSY5Y
cells and KO astrocytes which were transduced with either control or NOD2 shRNA
lentivirus. Upon exposure to TG or TG+LPS, NOD2 shRNA transduced KO astrocytes
exhibited significantly increased neuroprotection as shown by decreased LDH release from
cocultured SHSY5Y cells when compared with the SHSY5Y cells cocultured with control
shRNA transduced parkin KO astrocytes (Figure 5e). To validate these findings, primary
neurons were plated on top of a confluent layer of primary KO astrocytes (transduced with
either control or NOD2 shRNA lentivirus). Consistent with the SHSY5Y coculture data,
primary neurons released significantly lower levels of LDH when cocultured with NOD2-
depleted parkin KO astrocytes compared to coculturing with control-shRNA transduced
parkin KO astrocytes in response to TG (Figure 5f). The primary neuron and astrocyte
cocultures similarly revealed reduced levels of cleaved PARP protein following NOD2
shRNA knockdown in the parkin KO astrocytes (Figure 5g,h). Together these data support
that NOD2 downregulation in astrocytes suppresses ER stress and inflammation and thereby
positively impacts astrocyte neurotropic functions; and that the parkin-NOD2 regulatory axis
is critical for normal astrocyte neurotropic function, inflammatory signaling and neuronal
survival.

4 DISCUSSION

In this study, we show that parkin deficient astrocytes have an exaggerated ER stress
signature, increased JNK activation and blunting of neurotropic factor transcript induction
following ER stress. The consequence of these defective neurotropic programs in primary
astrocytes are manifest by increased injury and apoptosis in cocultured SHSY5Y cells and
primary cortical neurons. We identify NOD?2 as a functional target of parkin in astrocytes
and show that in the absence of parkin, NOD2 levels are induced. Moreover, we show that
parkin is upregulated by ER stress in primary astrocytes and this correlated with reduced
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NOD?2 levels. We demonstrated that parkin interacted with NOD2, enhanced NOD2
ubiquitylation and that parkin, in a dose-dependent manner facilitated proteasome-dependent
NOD?2 degradation. Finally, we demonstrated that the rescue of parkin or the knockdown of
NOD?2 rescued astrocytic neurotropic effects. Together these findings support that NOD?2 is
an additional ER stress and inflammatory target controlled by parkin and show that parkin
plays a role in modulating ER stress and inflammation in astrocytes to regulate their
neurotropic functions.

Numerous studies have shown that ER stress upregulates parkin (Bouman et al. 2011; Wang
et al. 2007), and that parkin is implicated in the modulation of ER stress protein folding
(Imai et al. 2002; Imai et al. 2001; Imai et al. 2000). Additionally, mutations in parkin and
its genetic depletion activate CHOP-mediated ER stress triggered apoptosis (Han et al. 2017)
and the depletion of CHOP protects against neurotoxin-induced substantia nigra
dopaminergic neuron cell death (Silva et al. 2005). Moreover, emerging data support the
integration of ER stress signaling with immune cell activation (Keestra-Gounder et al. 2016;
Martinon et al. 2010; Shenderov et al. 2014). Studies find that ER stress activates innate
immune signaling (Deng et al. 2004; Wu et al. 2004) and conversely that the activation of
innate immune receptors amplify inflammation via ER stress signaling (Martinon et al.
2010). Taken together these findings implicate a coordinate and amalgamated interaction
between ER stress and inflammatory signaling pathways.

The canonical mediators linking these two stress responsive pathways include ROS, NF-xB
signaling and JNK activation (Zhang and Kaufman 2008). More recently the cytosolic
NOD1/2 sensors, which traditionally respond to bacterial peptidoglycan fragments, were
found to respond to ER stress to initiate inflammatory signaling (Keestra-Gounder et al.
2016). Interestingly, this ER stress-induced NOD signaling was independent of
peptidoglycans, but required the canonical TNF receptor associated factor 2 (TRAF2)
signaling pathway for immune activation (Keestra-Gounder et al. 2016). Our study
contributes to the further characterization of the role of parkin in the control of ER stress and
in the integration of ER stress signaling with inflammatory signaling.

Although, the role of NOD signaling in Parkin has not been extensively explored, an
association with polymorphisms of NOD2 could potentially be associated with sporadic PD
(Bialecka et al. 2007; Ma et al. 2013), although this finding has also been questioned
(Appenzeller et al. 2012). Another potential link between NOD2 with increased
susceptibility to PD could hypothetically be through the multifunctional protein kinase
LRRK2. Mutations in LRKK2 is a well characterized causative mutations linked to EOPD
(Klein and Schlossmacher 2006) and it has recently been recognized that the inflammatory
effects of NOD2 are mediated by LRRK2 (Yan and Liu 2017; Zhang et al. 2015). This
regulatory link does not appear to have been directly explored in the pathogenesis of PD, but
warrants further exploration.

Parkin, through the specificity of the lysine residue and number of covalent ubiquitin
modifications, confers either non-degrading signaling effects or promote proteasome-
dependent degradation of substrate proteins (Abumrad and Moore 2011). This spectrum of
substrate modifications is evident on inflammatory mediators where parkin-dependent
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ubiquitylation stabilizes the CD36 scavenger receptor (Kim et al. 2011) and NFxB essential
modulator (NEMO) (Muller-Rischart et al. 2013) and conversely enhances TRAF2 and
TRAF6 degradation (Chung et al. 2013). Despite the identification of these numerous
immune regulatory proteins, a role of parkin in the modulation of immune function has not
been extensively characterized (de Leseleuc et al. 2013; Manzanillo et al. 2013; Mira et al.
2004; Piquereau et al. 2013). Our findings add additional information to support the role of
parkin in immune modulation. Interestingly, as parkin has previously been shown to regulate
the stability of TRAF2 (Chung et al. 2013), and as TRAF2 and NOD?2 are operational in the
same inflammatory signaling pathway (Keestra-Gounder et al. 2016), these data suggest that
Parkin modulates multiple signaling intermediates via the control of protein stability in
innate immune signal transduction.

In the coculture studies of primary astrocytes and SHSY5Y cells, the combined stressors of
thapsigargin and LPS were required to demonstrate the astrocytic parkin effect on
neurotropic function, whereas ER stress alone could elucidate this phenotype when primary
astrocytes were cocultured with primary neurons. These data may reflect, in part, the stress
resilience of the transformed SHSY5Y cells. However, the finding that ER stress alone could
uncover this program in the primary cell cocultures concurrently supports that the NOD2
inflammatory regulatory program operates downstream of astrocytic ER stress, a concept
that replicates this signaling sequence evident in bone marrow derived macrophages
(Keestra-Gounder et al. 2016).

In contrast to the effects on ER stress and endotoxin stress, exposure to the traditional
neurotoxic stressors linked to PD, 6-OHDA and MPTP, resulted in a similar level of
neuronal cell death when neurons were cocultured with astrocytes of either genotypes. These
data support that the astrocyte specific role of parkin that is primarily involved in curbing ER
stress to maintain neuronal integrity. These findings are consistent with the growing body of
published data that points to an emerging role for glial cells implicated in many neurological
disorders (Garden and Campbell 2016; Jansen et al. 2014; Liu et al. 2017). Consistently,
significant glial reactions have been reported in the post-mortem PD brains (Banati et al.
1998; Forno et al. 1992). However, it is not clear if the defective glial function causes or
results from PD pathology and additional investigations are needed to elucidate which aspect
of glial dysfunction leads to reactive glial cell accumulation and neuronal death.

As more mechanistic details of the ER stress signaling emerge, cellular pathways connecting
ER stress to mitochondria have been identified. Caspase-2, Bid and the thioredoxin-
interacting protein play a critical role in relaying ER stress signaling to mitochondria with
the subsequent induction of inflammation (Bronner et al. 2015; Oslowski et al. 2012).
Although parkin has been found to modulate mitochondrial homeostasis (Narendra et al.
2012) and ER stress (Han et al. 2017), as further evident in this study, whether parkin
orchestrates the coordinate regulation of mitochondria and ER in astrocytes has not been
explored. Parkin has also been found to modulate endolysosome mediated clearance of
damaged mitochondria (Hammerling et al. 2017) and interestingly other PD associated
mutations are linked to the disruption of endolysosome function (MacLeod et al. 2013).
Although parkin is now linked to mitochondrial function, ER stress and endo-lysosome
functioning whether parkin plays a role in these integrated stress responses needs further
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validation. It is interesting to note the the combination of these three stress reponses have
been identified in neurodegeneration linked to Alzheimer’s disease (Umeda et al. 2011).

Putting this together parkin may play a role in orchestrating multiple intracellular organelles,
and stress signaling in conferring protection. Moreover, the demonstration that the restricted
depletion of parkin in astrocytes exacerbates neuronal injury highlight that this E3 ligase
may have both cell autonomous and paracrine effects on the overall health of dopaminergic
neurons. The specific depletion of parkin in astrocytes in-vivo is required to test these
neurotropic effects of parkin in substantia nigra pars compacta dopaminergic neuronal
homeostasis.
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Refer to Web version on PubMed Central for supplementary material.
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Main Points

The restricted genetic depletion of parkin in astrocytes exacerbates ER stress
induced neuronal apoptosis

Parkin degrades NOD?2 to blunt astocytic inflammation and sustain astrocytic
neurotropic effects
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Figure 1.
Astrocyte restricted depletion of Parkin impairs neuronal survival in cocultures. (a)

Quantitation of LDH released in response to 6-OHDA and MPP™ (a toxic metabolite of
MPTP) from SHSYS5Y cells cocultured with WT or parkin KO primary astrocytes. (b)
Quantitation of LDH released from SHSY5Y cells transduced with control (cont) or parkin
shRNA lentivirus and exposed to indicated drugs. (c) Quantitation of LDH released in
response to ER stress induced by thapsigargin (TG) or in response to TG and
lipopolysaccharide (LPS) exposure in SHSY5Y cells cocultured with either WT or parkin
KO primary astrocytes. (d) Representative immunoblot showing levels of total and cleaved
PARP levels in SHSY5Y cells extracts in the same coculture conditions described in panel
1c. (e) Quantitation of LDH released in response to increasing doses of TG from primary
cortical neurons cocultured with either WT or parkin KO astrocytes. (f) A representative
immunoblot showing the TG dose-mediated effects on total and cleaved PARP in the
primary neurons cocultured with either WT or parkin KO astrocytes. Statistical difference
was assessed by student’s t-test. *p<0.05 and **p<0.01, compared to the corresponding
controls. n.s = not significant. All experiments were repeated > 3 times.
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Figure 2.
Parkin KO astrocytes have altered expression levels of neurotropic factor genes and ER

stress genes. (a) Quantitation of BDNF and GDNF mRNA transcript levels in WT and
parkin KO astrocytes in response to TG. (b) Quantitation of BDNF and GDNF mRNA
transcript levels in parkin KO astrocytes transduced with either empty (parkin KO) or parkin
cDNA lentivirus (Parkin KO+OE) in response to TG. (¢) Quantitation of gene expression
levels of ER stress regulation encoding genes in WT and parkin KO astrocytes in response to
TG. (d) Quantitation of gene expression levels of ER stress regulatory genes in parkin KO
astrocytes transduced with either empty (Parkin KO) or parkin cDNA lentivirus (Parkin KO
+OE) in response to TG. Statistical difference was assessed by student’s t-test. *p<0.05 and
**p<0.01, compared to the corresponding controls. n.s = not significant. All experiments
were repeated = 3 times.
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Figure 3.
Parkin KO astrocytes have exaggerated stress and ER stress induced inflammation levels. (a)

Representative immunoblot of the endogenous induction of Phospho-JNK in parkin KO
astrocytes and the exaggerated induction of CHOP in parkin KO astrocytes compared to WT
astrocytes in response to TG. (b) Fold induction of TNFa and IL6 secretion comparing WT
to parkin KO astrocytes in response to LPS or LPS+TG. (c) Quantitation of the TG-induced
expression of genes encoding NOD1 and NOD2 genes in WT and KO astrocytes. (d)
Representative immunoblot of NOD1, NOD2, Parkin, and CHOP proteins in WT and KO
astrocytes cultured in the presence or absence of LPS and TG. (e) Quantitation of NOD2,
CHOP, and Parkin steady-state protein levels in WT and KO astrocytes at baseline and in
response to LPS and TG exposure. Statistical difference was assessed by student’s t-test or 2
way ANOVA followed by multiple comparisons tests. *p<0.05, compared to the
corresponding controls. n.s = not significant. All experiments were repeated = 3 times.
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Figure 4.
NOD? is a parkin substrate. (a) Representative immunoblot of a coimmunoprecipitation

studies where HEK293T cells were transfected with expression constructs encoding Flag-
Empty, Flag-tagged parkin, and HA-tagged NOD2. The immunoprecipitation was performed
using an anti-Flag antibody and an anti-HA and anti-Flag antibody was employed for
subsequent immunoblot analysis of the NOD2 and parkin, respectively. (b) Immunoblot
showing the degradation of NOD2-Flag in response to the dose-dependent increase in
parkin-Myc overexpression in HelLa cells. The concentration of the plasmids used are
indicated on top of the gel. (c) HEK293T cells were transfected with expression constructs
encoding Myc-Empty, Myc-tagged parkin, Flag-tagged NOD2, and HA-tagged ubiquitin
(Ub) as indicated. The immunoprecipitation was performed using an anti-Flag antibody and
anti-HA and anti-Myc antibodies were employed for subsequent immunoblot analysis to
detect ubiquitination of NOD2 and parkin, respectively. Representative immunoblot showing
evidence of ubiquitination of NOD2 (depicted with the vertical line) when NOD2 was
coexpressed with parkin and ubiquitin, in the presence of the proteasome inhibitor MG132.
* refers to nonspecific protein band. (d) HEK293T cells were transfected with expression
constructs encoding Myc-tagged parkin, Flag-tagged NOD2, and HA-tagged ubiquitin (Ub)
as indicated. The immunoprecipitation was performed using an anti-HA antibody and anti-
NOD?2 and anti-Myc antibodies were employed for subsequent immunoblot analysis to
detect ubiquitinated NOD2 and parkin, respectively. Representative immunoblot showing
evidence of ubiquitination of NOD2 (depicted with the vertical line) when NOD2 was
coexpressed with parkin in the presence of the proteasome inhibitor MG132. (e)
Representative immunoblot of the temporal degradation of NOD2 protein levels in cells
cotransfected with NOD2-Flag and parkin-Myc (or Empty-Myc, as indicated) in the
presence of cycloheximide (CHX, 5 pg/ml) for indicated time. (f) Quantitation of temporal
NOD?2 protein levels in the presence of cycloheximide for indicated time. Statistical
difference was assessed by student’s t-test or 2 way ANOVA followed by multiple
comparisons tests. *p<0.05 and **p<0.01, compared to the corresponding controls. All
experiments were repeated = 3 times. IP: immunoprecipitation. WB: western blot.
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Figure 5.

NOD?2 depletion ameliorates the inflammatory and neurotropic defects in parkin KO
astrocyte. (a) Histograms showing the effect of three different ShRNA sequences (ShRNA1,
shRNA2, and shRNA3) knockdown of NOD2 on TNFa secretion in response to LPS and
TG in WT and parkin KO astrocytes. (b) Histograms showing the effect of different sShRNA
knockdown of NOD2 on IL6 secretion in response to LPS and TG in WT and parkin KO
astrocytes. (c) Representative immunoblot of NOD2, CHOP, and p-JNK levels in response to
LPS and TG following NOD2 knockdown by three different ShRNAs in WT and parkin KO
astrocytes. (d) Histogram showing the densitometric quantitation of steady-state protein
levels of LPS and TG induced regulatory proteins in response to NOD2 knockdown in WT
and parkin KO astrocytes. (e) Quantitation of LDH released from SHSY5Y cells cocultured
with parkin KO astrocytes transduced with control (cont) or NOD2 shRNA after exposure to
either TG or LPS+TG. (f) Quantitation of LDH released in response to increasing doses of
TG from primary cortical neurons cocultured with parkin KO astrocytes transduced with
either control (cont) or NOD2 shRNA. (g) Representative immunoblot showing total and
cleaved PARP in the primary neurons cocultured with either WT or parkin KO astrocytes.
(h) Histogram showing the quantitation of cleaved PARP protein level from cortical neuron/
astrocyte coculture studies with or without the knockdown of NOD2. Statistical difference
was assessed by student’s t-test or 2 way ANOVA followed by multiple comparisons tests.
*p<0.05, compared to the corresponding controls. n.s = not significant. All experiments
were repeated = 3 times.
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