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Abstract Transmissible spongiform encephalopathies
(TSEs) are caused by the accumulation of the abnormal
prion protein scrapie (PrPS°). Prion protein aggregation,
misfolding, and cytotoxicity in the brain are the major
causes of neuronal dysfunction and ultimate neurodegen-
eration in all TSEs. Parkin, an E3 ubiquitin ligase, has been
studied extensively in all major protein misfolding aggre-
gating diseases, especially Parkinson’s disease and Alz-
heimer’s disease, but the role of parkin in TSEs remains
unknown. Here we investigated the role of parkin in a prion
disease cell model in which neuroblastoma2a (N2a) cells
were treated with prion peptide PrP106-126. We observed
a gradual decrease in the soluble parkin level upon treat-
ment with PrP106-126 in a time-dependent manner. Fur-
thermore, endogenous parkin colocalized with FITC-
tagged prion fragment106—126. Overexpression of parkin
in N2a cells via transfection repressed apoptosis by
enhancing autophagy. Parkin-overexpressing cells also
showed reductions in apoptotic BAX translocation to the
mitochondria and cytochrome c¢ release to the cytosol,
which ultimately inhibited activation of proapoptotic cas-
pases. Taken together, our findings reveal a parkin-medi-
ated cytoprotective mechanism against PrP106-126
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toxicity, which is a novel potential therapeutic target for
treating prion diseases.
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Introduction

Prion diseases, also known as transmissible spongiform
encephalopathies (TSEs), are a class of neurodegenerative
diseases that affect both humans and animals worldwide. A
central event in these diseases is the conformational mod-
ification of the normal cellular prion protein (PrP<) from a
soluble, predominant alpha-helical conformation to a dis-
ease-causing, infectious form (PrP%°) that is B sheet rich,
insoluble, and protease resistant (Caughey et al. 2009). The
misfolding, aggregation, and accumulation of PrP>° on the
neuronal cell surface or within endosomes lead to amyloid
deposition, eventually resulting in cytotoxicity and cell
death (Olzscha et al. 2011; Stefani and Dobson 2003;
Winklhofer et al. 2008).

Parkin is a 53-kDa cytosolic protein that contains 465
amino acid residues. Parkin comprises a RING-IBR-RING
motif at its C-terminus, a ubiquitin-like (Ubl) domain at its
N-terminus, and a middle segment that links the two
domains (Kitada et al. 1998; Morett and Bork 1999). Par-
kin is a unique RING/HECT hybrid that includes both
major classes of E3 ligases in one protein, which for E2
binding may function with a catalytic cysteine and a
classical RING motif (Riley et al. 2013). Parkin plays a
vital role in the degradation of misfolded proteins (Shimura
et al. 2000) and has been reported to be capable of medi-
ating K48-linked polyubiquitination and proteasomal
degradation (Hattori and Mizuno 2004; Moore 2006) as
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well as catalyzing monoubiquitination and K63-linked
polyubiquitination to accomplish degradation of several
putative substrates (Chen and Sun 2009; Olzmann and Chin
2008). After the discovery of parkin, a number of studies
have been carried out to elucidate its function in different
neurodegenerative diseases. Autosomal recessive juvenile
Parkinson’s disease (ARJPD) is linked to mutations in the
PARK?2 gene that is responsible for parkin expression
(Kitada et al. 1998; Liicking et al. 2000). Parkin deletion in
a tau model of AD aggravates accumulation of amyloido-
genic proteins (Rodriguez-Navarro et al. 2008), whereas
overexpression of parkin decreases the B-amyloid load,
downregulates amyloidogenic protein expression, and
reduces inflammation (Hong et al. 2013). Another study
showed that overexpression of parkin reduces oxidative
stress (Hyun et al. 2002), whereas parkin knockdown
resulted in increased oxidative damage in other studies
(Greene et al. 2005; Palacino et al. 2004). Parkin has broad
neuroprotective properties against a wide range of toxic
insults (Darios et al. 2003; Hyun et al. 2002, 2005; Man-
fredsson et al. 2007; Staropoli et al. 2003). Parkin mediates
the selective autophagy of dysfunctional mitochondria by
initiating mitophagy through the autophagy-lysosomal
pathway (Chu 2010; Geisler et al. 2010; Vives-Bauza et al.
2010; Youle and Narendra 2011). Parkin expression pre-
vents the production of reactive oxygen species, ultimately
reducing mitochondria-dependent apoptosis, whereas par-
kin knockdown exacerbates the situation (Darios et al.
2003; Palacino et al. 2004).

Autophagic defects are well documented in neurode-
generative diseases (Boland et al. 2008; Kegel et al. 2000;
Lonskaya et al. 2013c; Nixon et al. 2005; Ravikumar et al.
2002; Stefanis et al. 2001; Webb et al. 2003), and such
defects include accumulation of autophagosomes and
undegraded autophagic vacuoles in neuronal cells (Kegel
et al. 2000; Lonskaya et al. 2013c; Nixon et al. 2005).
Parkin ameliorates the autophagic defects and enhances
autophagic clearance of autophagosomes and autophagic
vacuoles (Lonskaya et al. 2013c). The expression of
exogenous parkin clears AP through ubiquitination and
autophagy in Alzheimer’s disease (AD) models (Burns
et al. 2009; Khandelwal et al. 2011).

Several research groups have investigated the role of
parkin in neurodegenerative diseases such as Parkinson’s
disease (PD), AD, and Huntington’s disease (HD), and they
have reported that the multifunctional neuroprotective role
of this peptide can be exploited as a therapeutic strategy in
neurodegenerative pathologies (Chung and Dawson 2004;
Darios et al. 2003; Moore 2006; Petrucelli et al. 2002; Um
et al. 2010). To date, most parkin-related research has been
conducted in either PD or AD models, but no work has
been performed to determine the role of parkin in prion
diseases. The current study was designed to evaluate the
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possible neuroprotective role of parkin in prion disease and
to elucidate the parkin-mediated cytoprotective mecha-
nism(s). We observed that parkin expression ameliorated
the toxic effects of PrP106—126 and enhanced cell survival
by promoting autophagy.

Materials and Methods
Cell Culture

All the experimental procedures were carried out on mouse
N2a cells obtained from a national platform of experi-
mental cell resources for Sci-Tech, Beijing, China. N2a
cells were selected due to their close similarity to primary
hippocampal neurons in terms of the mechanisms mediat-
ing neuronal cell activation (Kemmerling et al. 2007
Stamer et al. 2002). The N2a cells were cultured as
described previously (Pan et al. 2014; Yuan et al. 2013).

Prion Peptide and Other Reagents

Prion peptide PrP106-126 (sequence KTNMKHMA-
GAAAAGAVVGGLG) and fluorescein isothiocyanate
(FITC)-labeled PrP106—126 were synthesized by Sangon
Bio-Tech (Shanghai, China) with a purity >98 % accord-
ing to data from the synthesizer. The peptides were dis-
solved in phosphate-buffered saline (PBS) to a
concentration of 1 mM and then allowed to aggregate at
37 °C for 24 h. The presence of amyloid aggregates was
confirmed by ThT fluorometric assay. Experiments were
conducted with a final peptide concentration of 150 uM as
described previously (Pan et al. 2014; Song et al. 2014;
Zhu et al. 2016).

Bafilomycin Al was purchased from InvivoGen (San
Diego, CA, USA); 3-methyladenine (3-MA) was from
Selleckchem (USA); and rapamycin was obtained from
Beyotime Biotechnology (Wuhan, Hubei, China). Parkin
(PRKS) antibody was obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), and ubiquitin antibody was
obtained from Sangon Bio-Tech (Shanghai, China). All
other primary antibodies used were purchased from
Proteintech (Chicago, IL, USA), and anti-rabbit and anti-
mouse secondary antibodies were from ZSGB-Bio (Bei-
jing, China).

Cell culture and Western Blot Analysis

Mouse neuroblastoma N2a cells (seeding density 1 x 10°)
were grown in 6-well plates to 70-80 % confluency in
Dulbecco’s Modified Eagle Medium (DMEM, Thermo
Scientific) containing 10 % fetal bovine Serum (FBS, Life
Technologies, Grand Island, NY, USA) and 1 % penicillin/
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streptomycin at 37 °C and 5 % CO,. The cells were treated
with 150 uM PrP106-126 and incubated for 6, 12, 24, 36,
and 48 h before being harvested and lysed.

For western blot analysis, harvested cells were lysed in 1 x
STEN buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 2 mM
EDTA, 0.2 % NP-40, 0.2 % bovine serum albumin (BSA),
20 mM phenylmethanesulfonyl fluoride (PMSF), and pro-
tease cocktail inhibitor (Lonskaya et al. 2013c), before
centrifugation at 10,000xg for 20 min at 4 °C, and the
supernatants containing the soluble fraction were collected.
The collected supernatants were analyzed by western blot-
ting on sodium dodecyl sulfate (SDS) NuPAGE 12 or 6 % (in
case of Ub-proteins) Bis—Tris gel (Solarbio Life Sciences).
Parkin was immunoprobed with (1:1000) mouse PRKS
antibody purchased from Santa Cruz Biotechnology as pre-
viously described (Burns et al. 2009). Ubiquitinated proteins
were probed by rabbit anti-ubiquitin antibody (1:500; San-
gon Bio-Tech. Shanghai, China), whereas autophagic flux
was measured by probing with LC3-B (1:500) and P62/
SQSTMI (1:1000) antibodies (Proteintech, Chicago, IL,
USA). GAPDH (1:2000) was used as a loading control. The
western blot results were quantified by densitometric anal-
ysis using Quantity One 4.6.9 software (Bio-Rad).

Immunocytochemistry and Confocal Microscopy

To determine the subcellular localization of parkin with
FITC-PrP106-126, 1 x 10° N2a cells were seeded on
presterilized, polylysine-coated cover slips in a 24-well pla-
te 1 day before treatment. After attachment, the cells were
treated with FITC-tagged PrP106-126 in DMEM + fetal
bovine serum (FBS) 4 1 % penicillin/streptomycin. After
24 h, the cells were washed with PBS and fixed in 4 %
paraformaldehyde (W/V), pH 7.4, for 20 min at room tem-
perature. The fixed cells were then washed three times with
PBS and blocked for 1 h at 37 °C in 1 % BSA in PBS with
Tween 20 (PBST). The cells were then incubated with pri-
mary anti-parkin antibody (PRKS) (1:50) overnight at 4 °C.
Next, the cells were washed three times with PBS and incu-
bated with secondary anti-mouse IgG antibody (Alexa Fluro
594) for 1 hat 37 °C. Cells were then washed with PBS three
times and counterstained with DAPI for 2 min at room tem-
perature. After washing with PBS, cover slips were mounted
on glass slides, and images were obtained with an Olympus
Fluoview FV1000 confocal microscope. All reagents such as
DAPI and fixation and blocking reagents were purchased
from Beyotime Biotechnology (Beyotime Institute of
Biotechnology, China).

Cell Culture and Transfection

N2a cells were plated at 2 x 10° cells/well in 24-well
dishes 24 h prior to transfection. When the cells reached

80-90 % confluency, they were washed with PBS, and the
medium was replaced with Opti-MEM (Invitrogen). Cells
were then transfected with pCMV-HA—Parkin or pCMV-
HA empty vector control using 2 pl Lipofectamine 2000
reagent (Invitrogen) in Opti-MEM (Invitrogen) without
serum according to the manufacturer’s instructions. The
culture medium was replaced with the same volume of
DMEM containing 10 % FBS 6 h after transfection. At
24 h post transfection, the cells were treated with 150 pM
PrP106-126 with or without 100 nM Bafilomycin (Baf)
Al, 10 mM 3-MA, and 200 nM rapamycin. After 12 h, the
cells were harvested and lysed, and the lysates were sub-
jected to western blot analyses.

Annexin V Assay

Apoptosis was assessed in detached N2a cells using an
Annexin V-FITC apoptosis detection kit (Beyotime Insti-
tute of Biotechnology, China) according to the manufac-
turer’s instructions. As a positive control, apoptosis was
induced using 200 nM staurosporine 12 h before assay.
Annexin V-positive cells were determined by measuring
the fluorescence at 488 nm excitation and with the 530/30
nm emission wavelengths using a BD FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA).

Preparation of Cytosolic and Mitochondrial
Fractions

Cytosolic and mitochondrial proteins were collected using
a cell mitochondrial isolation kit (Beyotime Institute of
Biotechnology, China) in accordance with the manufac-
turer’s instructions. Cells were transfected as previously
described and treated with 150 uM PrP106-126 for 12 h,
after which the cells were detached and briefly washed
twice with ice-cold PBS. After counting, the cells were
resuspended in cell lysis buffer (250 mM sucrose, 1| mM
DTT, 10 mM KCI, 1 mM EDTA, 1 mM ethylene glycol
bis (aminoethylether)-tetraacetic acid [EGTA], 1.5 mM of
MgCl,, ImM phenylmethylsulfonyl fluoride; 20 mM
HEPES, pH 7.4), at 4 °C for 10-15 min, and then the cells
were homogenized with a glass homogenizer. The lysates
were centrifuged at 600g and 4 °C for 10 min, and the
supernatant was collected and centrifuged at 11,000g for
10 min at 4 °C, before being stored as the cytosolic frac-
tion. At the same time, the pellet was resuspended in
mitochondrial lysis buffer at 4 °C and centrifuged at
12,000g for 10 min to remove the nuclei.

Statistical Analysis

All data are expressed as mean =+ standard deviation (SD)
and compared through one-way analysis of variance
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(ANOVA) with Dunnett’s post test for multiple compar-
isons or unpaired two-tailed ¢ test for comparison between
two groups. P < 0.05 was considered significant. Graph-
Pad Prism version 5.00 (GraphPad Software, San Diego,
CA, USA) was used for statistical analysis.

Results

PrP106-126 Treatment Reduces Soluble Parkin
Level

A decrease in the level of soluble parkin compromises its
protective function (Wang et al. 2005a) and is associated
with autophagic defects in AD (Lonskaya et al. 2013c).
Previous research has shown that a-synuclein aggregates
interfere with the parkin level in PD (Kawahara et al.
2008), and the stress-induced variation in the available
amount of soluble parkin also compromises its cytopro-
tective functioning (Wang et al. 2005a). To determine the
soluble parkin level in response to PrP fragment treatment,
N2a cells were incubated with 150 uM PrP106-126, and
after 6, 12, 24, 36, or 48 h, the cells were harvested and
homogenized. Western blot analysis with anti-parkin anti-
body (PRKS8) revealed the gradual and significant decrease
in the soluble parkin level (P < 0.05; Fig. la, b), sug-
gesting that the level of soluble parkin is reduced in prion
disease. To elucidate the role of ubiquitination and self-
degradation in the decreased level of soluble parkin, total
ubiquitinated proteins levels at 6, 12, 24, 36, and 48 h were
measured, and a significant (P < 0.05) initial increase was
observed followed by a decrease in the amount of ubiqui-
tinated proteins (Fig. 1d, e), suggesting that the decreased
soluble parkin level is due to ubiquitination and self-
degradation. Furthermore, to measure autophagic flux,
western blot analysis with anti-microtubule-associated light
chain protein 3-B (LC3-B) and ubiquitin-binding protein
P62/SQSTMI revealed a significant increase in the level of
LC3-B at 6 and 12 h post treatment (Fig. lc, f), indicating
the induction of autophagy in response to PrP106-126
treatment. The P62/SQSTMI1 levels were also decreased
from 6 to 24 h (Fig. 1c 2nd blot, g), and collectively these
results suggest the destruction of P62-ubiquitinated
proteins.

Parkin colocalizes with Intracellular FITC-
PrP106-126 in N2a Cells

Previous studies in AD and PD reported that parkin colo-
calizes with -amyloid and o-synuclein aggregates
(Kawahara et al. 2008; Lonskaya et al. 2013c; Witte et al.
2009). To investigate whether endogenous parkin also
colocalizes with PrP106-126, we used N2a cells, grown on
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polylysine-coated cover slips in 24-well plates, and when
the cells reached 60-70 % confluency, they were treated
with FITC-PrP106-126. The cells were washed, fixed,
blocked, and then incubated with primary anti-parkin
antibody (PRKS), secondary anti-mouse IgG antibody
(Alexa Fluro 594), and the nuclear stain DAPI. Staining
showed colocalization of parkin with intracellular aggre-
gated FITC-PrP106-126 (Fig. 2), which suggests that this
interaction between parkin and aggregated FITC-
PrP106-126 may probably lead to ubiquitination and PrP
fragment clearance.

Parkin Overexpression Alleviates Neuronal
Apoptosis Induced by PrP106-126

To determine the cytoprotective role of parkin against
PrP106-126-induced toxicity, N2a cells were transfected
with either pPCMV-HA-Parkin or the pCMV-HA empty
vector control as described in the Materials and Methods
section. Measurement of the percentage of apoptotic cells
using the Annexin V-FITC assay revealed that treatment
with PrP106-126 resulted in cellular neurotoxicity in
pCMV-HA empty vector-transfected cells, as identified by
a significant increase in Annexin V-positive cells compared
to nontreated cells. However, parkin overexpression alle-
viated PrP106-126-induced apoptosis (Fig. 3a, b). These
data suggest a cytoprotective role for parkin against PrP
fragment-induced toxicity.

Parkin Overexpression Promotes Autophagy
in PrP106-126-Treated N2a Cells

Previous studies have shown that exogenous parkin
expression promotes the clearance of AP via ubiquitination
and autophagy (Burns et al. 2009; Khandelwal et al. 2011;
Lonskaya et al. 2013b). To investigate the mechanism of
cytoprotection in parkin-overexpressing cells, N2a cells
were transfected with pCMV-HA—Parkin or pPCMV-HA
empty vector and treated with 150 uM PrP106-126. At
12 h post treatment, the cells were harvested and lysed as
shown in the “Materials and Methods” section. Western
blot analysis showed a reduced level of LC3-B in parkin-
overexpressing cells compared to those treated with empty
vector (Fig. 4a, 2nd blot, b). To ascertain that the reduction
in LC3-B was due to enhanced autophagy, we used
100 nM Baf Al, a proton pump inhibitor that blocks
lysosome acidification and autophagosome-lysosome
fusion (Bae et al. 2014; Yamamoto et al. 1998), and
10 mM 3-MA, a phosphatidylinositol 3-kinase (PI3K)
inhibitor. In the presence of Baf Al and 3-MA, the levels
of LC3-B were significantly increased. The cells treated
with 200 nM rapamycin, an inhibitor of mTOR that pro-
motes autophagy, showed a decreased level of LC3-B,



Cell Mol Neurobiol (2017) 37:717-728

721

A B C
PARKIN
s e el |Parkin
B - YT T e
. . —
36KDa-| - ww—w = = = == | GAPDH 62KkDa- | —— q1’62/SQSTM1
GAPDH
C 6h 12h 24h 36h 48h 36kDal TR R B r -1
C 6h 12h 24h 36h 48h
D F LC3-B
2.0
Ub-proteins g 18
£ 10
E E 0.5
Ub-Proteins
25 L i e
R O I
2.0 "o“
3 Time Pt
5 15
s P62/SQSTM1

36kDa- “ S - — |GAPDH 38

0.5:

C 6h 12h 24h 36h 48h

0.0

Fig. 1 Decrease in level of soluble parkin in time-dependent manner
after treatment with PrP106-126. a N2a cells were treated with
PrP106-126 for the indicated time periods, and parkin levels were
analyzed by western blotting. b Histogram representing the densit-
ometric quantification of soluble parkin protein levels. ¢ Autophagic
marker LC3-B and P62/SQSTMI1 levels as analyzed with western
blot. d Western blot analysis showing ubiquitinated proteins as
parkin’s possible target for degradation. e Histogram representing the

suggesting that the decreased level of LC3-B is due to
enhanced autophagic degradation of autophagosomes in
parkin-expressing cells. To further elucidate our hypothe-
sis, we measured the level of undegraded ubiquitin protein
by probing with anti-ubiquitin-binding protein P62/
SQSTMI1 antibody and lysosomes with an antilysosomal
marker LAMP2 antibody. As shown in Fig. 4a, c, d, P62
and LAMP2 levels were decreased in parkin-expressing
cells compared to those treated with empty vector. More-
over, treatment with Baf Al and 3-MA reversed the
decreased levels, but 3-MA showed no effect on the Lamp?2
level. Upon treatment with rapamycin, the levels of both
P62 and Lamp 2 were decreased. These results suggest that
parkin enhanced the autophagic degradation of ubiquiti-
nated proteins in parkin-expressing cells. When we com-
pare these results at the same time point (12 h) with those
in PrP106-126-treated cells (Fig. lc, f) without parkin

&S s

N
\$0

Time Pt

densitometric quantification of ubiquitinated proteins. f Bar graph
showing the fold changes in the level of LC3-B at different time
periods. g Bar graph showing the fold changes in the level of P62/
SQSTMI at different time periods. ANOVA with Dunnett’s multiple
comparison test. P values are presented as mean = SD of experi-
ments, and asterisks (*) indicate significant difference between the
control and treatment groups; *P < 0.05; **P < 0.01;***P < 0.001.
All bands were quantified relative to GAPDH levels

overexpression, we clearly observe that parkin overex-
pression promotes autophagy and PrP106-126 clearance
via lysomes.

Parkin Overexpression Disrupts the Mitochondrial
Apoptotic Pathway in PrP106-126-Treated N2a
Cells

PrP106-126-induced mitochondrial dysfunction leads to
neurotoxicity (Ferreiro et al. 2008; O’Donovan et al. 2001).
To explore the possible role played by parkin in the
PrP106-126-induced mitochondrial apoptotic pathway, we
examined the BAX and cytochrome c levels in mitochon-
drial and cytosolic fractions of PrP106—126-treated cells
expressing either pPCMV-HA-Parkin or pCMV-HA empty
vector. Empty vector-transfected cells treated with PrP
peptide showed BAX translocation from the cytosol to the
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Treated

Treated

Fig. 2 Parkin colocalization with FITC-PrP106-126 in N2a cells.
Confocal microscopy of N2a cells after treatment with or without
FITC-PrP106-126, and untreated control cells showing a untreated
cells tagged with anti-parkin antibody (PRKS8) nuclear DAPI staining
and showing the absence of FITC-PrP106-126. b Cells treated with
FITC-PrP106-126 showing anti-parkin antibody (PRKS), FITC-

mitochondria and cytochrome c release from mitochondria
to cytosol, whereas pCMV-HA—parkin expression reduced
BAX translocation and cytochrome c release (Fig. 5a 2nd
blot, b 1st blot). To further elucidate the mitochondrial
apoptotic pathway via release of apoptotic activating fac-
tors from mitochondria to cytosol and subsequent activa-
tion of proapototic caspases, we measured the expression
levels of caspases 12, 9, and 3 in the cytosolic fraction of
pCMV-HA-parkin or pPCMV-HA empty vector-express-
ing cells. A significant difference was observed in the level
of active caspase 12 (Fig. 5, 3rd blot, e) between parkin-
overexpressing and empty vector-expressing cells, while
caspase 9 and caspase 3 showed nonsignificant reduction in
parkin-expressing cells as compared to empty vector con-
trol cells (Fig. 5a 4th, 5th blot, f, g). These results are in
agreement with the idea that parkin prevents PrP106—126-
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PrP106-126, DAPI staining, and merged image showing the
colocalization of parkin with FITC-PrP106-126. ¢ Higher magnifi-
cation treated cells showing anti-parkin antibody (PRKS), FITC-
PrP106-126, nuclear DAPI staining, and merged image showing
costaining of parkin with FITC-PrP106-126

induced toxicity, leading to apoptosis and regulation of
mitochondrial homeostasis.

Discussion

Parkin is one of the major E3 ubiquitin ligases present in
mammalian cells. Although little is known about the role of
parkin in prion diseases, its function in autophagy and
clearance of misfolded proteins is well documented in
other neurodegenerative diseases. To investigate the role of
parkin in prion diseases, the level of endogenous soluble
parkin in cells treated with PrP106-126 was measured. The
data showed that the soluble parkin level was decreased in
a time-dependent manner. Previous studies demonstrated
that a decrease in parkin solubility due to stress, o-
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Fig. 3 Over expression of parkin ameliorates PrP106—126-induced
toxicity. a N2a cells were transfected with pCMV-HA-Parkin or
pCMV-HA empty vector and then treated with PrP106-126. Cell
viability was measured by the Annexin V-FITC assay. b Bar graph

synuclein, or AP aggregates compromises its protective
function and is associated with autophagic defects in AD
and PD (Kawahara et al. 2008; Lonskaya et al. 2013a, c;
Wang et al. 2005a, b). To confirm that the decrease in
parkin level is due to autophagic defects or self-degrada-
tion of parkin via autophagy, we examined ubiquitinated
proteins in cells treated with PrP106—-126 and observed an
initial increase followed by a decrease in the level of Ub-
proteins, suggesting that the decrease in parkin solubility is
not due to autophagic defects but may be due to ubiquiti-
nation and self-degradation. These results were also con-
firmed by LC3-B and ubiquitin-binding protein P62/
SQSTMI analysis, which showed the induction of autop-
hagic flux at 6 and 12 h after treatment, as evidenced by
increased conversion of LC3 A to LC3 B and a decrease in
P62 levels. P62 can bind to ubiquitylated substrates and
LC3 on autophagosomes and is itself degraded by

indicating Annexin V-positive cells. One-way ANOVA, Newman—
Keuls multiple comparison test. P values are presented as
mean £ SD, **P < 0.01 (compared with untreated control group
and parkin-expressing cells)

autophagy; this specific degradation by autophagy makes
p62 a valuable marker of autophagy (Bjgrkgy et al. 2005;
Ichimura et al. 2008; Komatsu et al. 2007; Pankiv et al.
2007). Furthermore, our confocal microscopic studies also
indicated that parkin colocalized with aggregated FITC-
PrP106-126, which further confirms its attachment to prion
fragments, suggesting its role in ubiquitination, clearance,
and cell survival mechanism against the toxic effects of the
PrP fragment. In our confocal microscopic studies, the
fluorescent intensity of endogenous parkin seems to be
increased in contrast with Fig. 1a, which might be due to
the fact that here we tagged total parkin while in Fig. 1a we
only checked the available soluble parkin.

Parkin promotes neuronal survival in response to
numerous toxic insults (Berger et al. 2009; Darios et al.
2003; Ekholm-Reed et al. 2013; MacCormac et al. 2004;
Sun et al. 2013; Wang et al. 2013; Yang et al. 2005). In our
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Fig. 4 Exogenous parkin A
expression enhances autophagy. Parkin + -+ -
a N2a cells were transfected
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study, FITC-Annexin V assay revealed that PrP106-126
resulted in neurotoxicity leading to apoptosis in empty
vector-treated cells, whereas parkin overexpression pre-
vented the toxic effects and promoted cell survival, as
evidenced by the significantly reduced number of Annexin
V-positive cells in parkin-overexpressing cells. These
findings indicate the cytoprotective function of parkin after
a toxic insult is induced by PrP106-126.

Parkin exerts its neuroprotective function by mediating
autophagy (Khandelwal et al. 2011; McKeon et al. 2015;
Ye et al. 2015). We investigated the role of parkin in
autophagic clearance by transfecting N2a cells with
pCMV-HA-Parkin or pCMV-HA empty vector and
treating them with PrP106-126 for 12 h. Parkin expression
led to LC3-B degradation by autophagy, as evidenced by
the decrease in the level of LC3-B in parkin-expressing
cells compared to empty vector. To further confirm that
this decrease in LC3-B level was due to increased
autophagosome clearance via lysosomes and to investigate
whether parkin expression leads to degradation of ubiqui-
tinated proteins by autophagy as mentioned by Mizushima
and Yoshimori (Mizushima and Yoshimori 2007), we
checked the levels of ubiquitin-binding protein P62 and
lysosomal membrane marker Lamp 2. P62 is a multifunc-
tional protein that binds with LC3-B and can be degraded
by autolysosome. Therefore, the degradation of P62 is
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regarded as a marker of increased autophagic flux. Our
results showed that P62 and LAMP?2 levels were decreased
in parkin-expressing cells compared to those in cells trea-
ted with empty vector, suggesting that parkin actively
regulates autophagosome clearance in PrP106—126-treated
cells. We further confirmed the above findings by treating
the cells with Baf Al, 3-MA, and rapamycin. Cotreatment
of PrP fragment with Baf Al increased the levels of LC3-
B, P62, and LAMP2 proteins in both parkin- and empty
vector-expressing cells, indicating cessation of autophagy,
while 3-MA treatment showed a lesser effect on LAMP2
levels; however, P62 and LC3-B levels were increased,
which may be due to the lack of an effect of 3-MA on
lysosomal function, or it could promote the autophagic flux
as described by Wu et al. (2010). Rapamycin treatment was
used as a positive control, because induction of autophagy
also showed decreased levels of LC3-B, P62, and LAMP2.
Our findings are in line with those of previous studies
(Hong et al. 2013; Khandelwal et al. 2011; Lonskaya et al.
2013b, c), showing that parkin overexpression promotes
autophagy leading to the clearance of misfolded proteins.

The relationship of cell survival, autophagy, and mito-
chondrial homeostasis is an important area of research in
neurodegenerative diseases. Parkin inhibits apoptosis by
inducing selective autophagy/mitophagy of dysfunctioning
mitochondria (Darios et al. 2003; Johnson et al. 2012;



Cell Mol Neurobiol (2017) 37:717-728

725

Mitochondrial Fraction

A Cytosolic Fraction B
Vector Parkin
Vector Parkin
241\'D2’l-4 — BAX
52kDa4 - arkin
52kDa-| Parkin
15KDa-| — w lcytoc
50KDa. | A—— 16kDa-| M—_— NS | TOM 20
a-
Caspase 12
40KkDa- | e——
C D Cytochrome ¢
BAX 02
15
46kDa- |  —— - Caspase9 > >
- ! K £ o015 -—
5 1.0 == s
- e Q o10
17kDa- ~ e |Caspase3 2 2
5 ® 005
Kl Q
b2 ¢
0.0 . 0.00 .
36kDa-| *—emm—GAPDH R & = &
R\ Q? $© <
caspase 3
E caspase 12 F caspase 9 G s
- 25 .
0.8
£ ‘? 20 ‘? =T
= 2, z
2 o6 ] @ .0
2 3
8 o 15 8
o 04 o =
S g 0 2 05
5 o2 3 05 s
Q .
@ x ("4
0.0 . 0.0 0.0 - .
¢ \° ¢ S ¢ RS
~\°°\ Q"’& \\eé < & <

Fig. 5 Parkin expression inhibits the mitochondrial apoptotic path-
way. N2a cells were transfected with pPCMV-HA—-Parkin or pCMV-
HA empty vector control and then incubated with PrP106-126.
a Cytosolic fraction was analyzed by WB probing for parkin,
cytochrome ¢ (2nd blot), and apoptotic caspases. b Mitochondrial
fraction was analyzed for BAX translocation and parkin recruitment.

Narendra et al. 2008). Our results show apoptotic BAX
translocation from the cytosol to the mitochondria and
cytochrome c¢ release from the mitochondria in
PrP106-126-treated cells expressing empty vector. How-
ever, in parkin-expressing cells these effects were signifi-
cantly minimized. Our results are in agreement with those
of Charan et al. (Charan et al. 2014) who demonstrated the
inhibitory function of parkin in BAX translocation to
mitochondria.

PrP106-126 induces endoplasmic reticulum (ER) stress,
increasing cytosolic Ca®" levels, and subsequently leading
to ER-resident caspase 12 activation (Ferreiro et al. 2008).
Caspase 12 has been reported in many previous studies to
be a response caspase activated after PrP5° treatment or by
any stress stimuli in the ER (Hetz et al. 2003; Nakagawa
et al. 2000; Welihinda et al. 1998). In the current study, we
measured the level of caspase 12 as a direct measure of ER
stress in response to PrP106-126 treatment. Our results
showed a significant difference between caspase 12 levels
in parkin-overexpressing and empty vector-expressing cells

¢ Bar graph showing BAX quantification by densitometry. d Bar
graph of densitometric quantification of cytochrome c. e Densitomet-
ric quantification of caspase 12. f Graph showing caspase 9
quantification by densitometry. g Caspase 3 densitometric quantifi-
cation. Values are presented as mean £ SD of multiple experiments;
*P < 0.05; **P < 0.01

treated with PrP106-126, suggesting the neuroprotective
role for parkin in prion-infected cells. It has been previ-
ously shown that caspase 12 and caspase 3 are interrelated,
and when the stress goes beyond the maximum tolerable
threshold of the ER, an apoptotic surge and activation of
caspase 3 occur (Lee et al. 2005). Our results also showed
differences in activated caspase 3 levels in empty vector-
treated cells as compared to parkin-overexpressing cells,
proving the interrelationship of caspase 3 and caspase 12.
The increased cytosolic Ca®>" level due to PrP peptide-
induced stress also disturbs mitochondrial homeostasis and
leads to cytochrome c release, which in turn activates
procaspase 9, leading to activation of caspase 9 and 3 and
ultimately apoptotic cell death (Ferreiro et al. 2008; Hetz
et al. 2003; Shah et al. 2015). Our findings that caspase 3
and caspase 9 levels were not significantly different may be
due to the previously reported fact that caspase 12 is a
substrate of caspase 3 and caspase 3 levels may not be
significantly different due to aggresome formation. Alter-
natively, another explanation may be the time factor as
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mentioned in a recent study, suggesting that maximum
activation of caspases 9 and 3 occurs at 24 h (Mogi and
Kondo 2015). Thus, our results suggest the neuroprotective
role of parkin in inhibiting both mitochondrial and ER
stress-initiated cytotoxic pathways.

In conclusion, our results indicate that parkin protects
against PrP106-126-induced neurotoxicity and cell death
by enhancing autophagy, reducing ER stress, suppressing
BAX translocation to mitochondria, and inhibiting cyto-
chrome c release to lead to abridged activation of
proapoptotic caspases. Although further research is neces-
sary to explore in depth the factors that enable autophagy to
regulate distinct cell survival and death response mecha-
nisms, our results suggest that parkin may have therapeutic
benefits in the treatment of prion diseases.
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