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Abstract The molecular mechanisms responsible for the loss
of dopaminergic neurons in Parkinson’s disease (PD) remain
obscure. Loss of function of E3 ubiquitin ligases is associated
with mitochondria dysfunction, dysfunction of protein degra-
dation, and «-synuclein aggregation, which are major contrib-
utors to neurodegeneration in PD. Recent research has thus
focused on E3 ubiquitin ligase glycoprotein 78 (GP78); how-
ever, the role of GP78 in PD pathogenesis remains unclear.
Notably, cyclin-dependent kinase 5 (CDKS5) controls multiple
cellular events in postmitotic neurons, and CDKS activity has
been implicated in the pathogenesis of PD. Thus, we ad-
dressed the relationship between CDKS and GP78 in MPTP-
based PD models. We found that GP78 expression is de-
creased in MPTP-based cellular and animal PD models, and
CDKS directly phosphorylated GP78 at Ser516, which pro-
moted the ubiquitination and degradation of GP78S.
Importantly, overexpression of GP78 or interference of
GP78 Ser516 phosphorylation protected neurons against
MPP"-induced cell death. Thus, our research reveals that the
CDKS5-GP78 pathway is involved in the pathogenesis of PD
and could be a novel candidate drug target for the treatment of
PD.
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Introduction

Parkinson’s disease (PD) is characterized by the progressive
loss of dopamine neurons in the substantia nigra pars
compacta (SNpc) and the presence of Lewy bodies [1, 2].
Mutations in E3 ubiquitin ligases are a major cause of familial
PD [3, 4]. These mutations impair E3 ligase activity and are
associated with mitochondria dysfunction, alpha-synuclein
aggregation, and dysfunction of protein degradation [5-7].
Studies on PINK 1 and Parkin showed that mitochondrial dys-
function is a major contributor of neurodegeneration in PD
[8—11]. However, molecular mechanisms responsible for loss
of dopaminergic neurons in PD remain obscure. Recent re-
search has thus focused on other E3 ubiquitin ligases, such
as glycoprotein 78 (GP78) and Siah-1 [12, 13].

GP78 plays a critical role in endoplasmic reticulum-
associated degradation (ERAD) [14, 15]. Before the discovery
of its E3 ubiquitin ligase activity, GP78 was identified as a
receptor for autocrine motility factor (AMF) [16]. The C-
terminus of GP78 contains a catalytic RING finger, CUE,
and ube2g2 E2 enzyme and p97 binding domains [17, 18].
GP78 ubiquitylates several substrates, including HMG CoA
reductase, ApoB lipoprotein, SOD1, Ataxin3, and mutant cys-
tic fibrosis transmembrane conductance regulator [19-22].
Recent evidence indicates that GP78 promotes the degrada-
tion of mitochondrial fission proteins and induces mitophagy
[23, 24]. GP78 downregulation is found in many neurodegen-
erative diseases; however, the role of GP78 in PD pathogen-
esis remains unclear.

Phosphorylation is an important regulation mechanism for
E3 ubiquitin ligases [25, 26]. Cyclin-dependent kinase 5
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(CDKS5) controls multiple cellular events in postmitotic neu-
rons, and its activity has been implicated in the pathogenesis
of several neurodegenerative disorders such as Alzheimer’s
disease (AD), Huntington’s disease (HD), and PD [27-30].
CDKS5 phosphorylation by Parkin decreases its E3 ubiquitin
ligase activity and results in accumulation of toxic Parkin
substrates in PD [31]. Here, we addressed the relationship
between CDKS5 and GP78 and investigated the mechanism
of GP78 downregulation in a PD model. Results indicate that
GP78 may be relevant to PD pathogenesis.

Materials and Methods
Reagents and Antibodies

Roscovitine, NH4Cl, MG132, adenosine triphosphate (ATP),
1-methyl-4-phenylpyridinium (MPP*), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), and lipopolysaccharide
(LPS) were obtained from Sigma-Aldrich. The antibodies
against GP78 and tyrosine hydroxylase were purchased from
Abcam, and the antibodies against HA, GST, flag, and myc-
tag were purchased from Cell Signaling Technology. The anti-
CDKS5, anti-p35, and anti-ubiquitin antibodies were purchased
from Santa Cruz Biotechnology. The actin antibody was pur-
chased from Sigma-Aldrich. All of the secondary antibodies
used for immunoblotting or immunofluorescence were pro-
cured from Jackson ImmunoResearch. The antibodies were
used according to the instructions recommended by the
manufacturers.

Plasmids and Recombinant Proteins

The plasmids encoding full-length GP78, PCDNA-HA-
CDKS5, and myc-P35 plasmids were purchased from
Addgene. Conventional molecular biological techniques were
used to generate the following expression constructs with N-
terminal GST or flag tags: GP78, GP78 S516D, 2C GP78, 2C
GP78 S516D, and 2C GP78 S516A. Mutations were per-
formed using the Fast Mutagenesis System (TransGen
Biotech). The GST-tagged fusion proteins were induced and
purified from BL21 (DE3)-competent cells (TransGen
Biotech) according to the instructions recommended by the
manufacturers.

Cell Culture and Transfection

Neurons were cultured from Sprague-Dawley rats at embry-
onic 16-18 days on 6-wells or 24-wells plates that were pre-
coated with poly-D-lysine (Sigma-Aldrich). The primary neu-
rons were maintained in Neurobasal medium (Invitrogen)
containing 2% B27 supplement (Invitrogen), 0.5 mM L-gluta-
mine, and 25 puM glutamate, penicillin (100 g/ml), and
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streptomycin (100 g/ml). After 24 h of plating, cell division
inhibitor Ara-C was added to the medium at a final concen-
tration of 10 pM to remove glial cells. All the treatments or
transfections were performed after plating 7 days in vitro.
HEK293 cells were cultured in DMEM with 10% FBS and
SH-SYS5Y cells were cultured in DMEM/F12 with 10% FBS.
HEK?293 and SH-SYS5Y cells were transfected with the indi-
cated plasmids using Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions.

Immunoprecipitation and Immunoblot Analysis

Primary cortical neurons and HEK293 cells were lysed in
RIPA buffer with protease inhibitors. Lysates were incubated
for 6 h at 4 °C with corresponding antibody and then were
collected with protein G plus/protein A-agarose at 4 °C for
2 h. After being washed three times, the immune complexes
were boiled for 5 min with SDS sample buffer. The
immunocomplexes were then subjected to SDS-PAGE, trans-
ferred to a PVDF membrane, and immunoblotted with the
indicated antibodies.

Immunofluorescence Microscopy

For primary neurons or cell lines, they were cultured on cov-
erslips and fixed with 4% paraformaldehyde, then perme-
abilized with 0.3% Triton X-100 in PBS, blocked in 5% nor-
mal goat serum, and stained with anti-GP78 or anti-TH (tyro-
sine hydroxylase) antibody, and subsequently incubated with
the corresponding fluorescent secondary antibodies, contain-
ing DyLight 488 and DyLight 594 (Jackson ImmunoResearch
Inc.). For preparing mice brain tissue, mice were anesthetized
with an overdose of chloral hydrate and sacrificed. All the
brains were fixed in 4% paraformaldehyde for 24 h at 4 °C,
and dehydration was performed with a 30% sucrose solution
for 48 h. Then, the brain tissue was sliced into 30-um sections
using a freezing microtome (Leica CM1850) and processed
for immunostaining. The nucleus of all samples was stained
with DAPI (Sigma-Aldrich).

CDKS5/p35 In Vitro Kinase Assay

The in vitro CDK/p35 kinase assay was performed according
to the instructions recommended by the manufacturers
(Millipore). Briefly, 2 pg of purified 2C GP78 and 2C
GP78 S516A GST-fusion proteins were incubated with active
CDKS5/p35 in CDK kinase buffer (§ mM MOPS/NaOH, pH
7.0, 200 nM EDTA),and 20 uM ATP. The reaction was
stopped after incubation at 30 °C for 30 min and boiled for
5 min with SDS sample buffer. The phosphorylation of sub-
strates following SDS-PAGE analysis was detected by anti-
Phos S/TP antibody and phos-tag SDS-PAGE.
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In Vivo Ubiquitination Assay

HEK?293 cells s were co-transfected with HA-ubiquitin and
flag-GP78 or flag-GP78-S516D. After 24 h overexpression,
HEK?293 cells were treated with 20 uM MG132 for 6 h.
Primary cortical neurons were treated with 5 uM MG132 for
24 h in the absence or presence of MPP*. HEK293 cells and
neurons were lysed in RIPA buffer, and immunoprecipitation
was performed with corresponding antibody and protein G
plus/protein A-agarose. The samples were then subjected to
SDS-PAGE, transferred to a nitrocellulose membrane, and
immunoblotted with the anti-ubiquitin antibody.

RT-PCR Analysis

The total RNA was extracted from neurons using TRIzol re-
agent (Invitrogen). Total RNA (1 pg) of each sample was
reverse-transcribed using EasyScript First-Strand ¢cDNA
Synthesis SuperMix (TransGen) in a 20-ul volume. For
PCR, the amplification was carried out in a total volume of
25 ul containing 0.5 pl of each primer, 1 nl of cDNA, 12.5 ul
Taq Master Mix, and H,O to 25 ul, according to the manu-
facturer’s instructions. GAPDH was amplified as a reference
standard for rat. Primers used were as follows: for rat GAPDH
forward: 5'-AACAACCTGTTGCTGTAGCC-3/, reverse: 5'-
ACCCACTCCTCCACCTTTGA-3"; for rat GP78 forward:
5'-TGCATTGAGCTGGGAGTTGC-3', reverse: 5'-ATTT
CGATGGGTCTCGGATTG-3'. PCR cycling conditions were
5 min 94 °C followed by 30 cycles of 94 °C for 30 's, 56 °C for
30 s, and 72 °C for 60 s and a final extension at 72 °C for
10 min.

Animals and MPTP Injections

Sprague-Dawley rats and C57BL/6 mice were used in this
study. MPTP was administered to 8-week-old male C57BL/
6 mice (26-30 g) as previously reported. Briefly, the mice
received a single intraperitoneal injection of 20 mg/kg
MPTP once per day for five consecutive days and 0.9% saline
was used as the vehicle. The ventral midbrains were extracted
on indicated days, and samples were processed for analysis.

Statistical Analysis

All of the data were presented as the mean + standard
error of the mean (SEM). The statistical analyses were
performed with two-tailed Student’s # tests. Analyses were
carried out by GraphPad Prism5 software. P value of less
than 0.05 was considered to be statistically significant,*P
<0.05.

Results

GP78 Expression Is Decreased in Cellular and Animal
Models of PD

GP78 was expressed in tyrosine hydroxylase positive
(TH") dopaminergic neurons of the SNpc (Fig. la). To
determine GP78 involvement in the pathogenesis of PD,
we measured GP78 expressions in two PD models. GP78
expression was downregulated in the SNpc of MPTP-
treated PD mice (Fig. 1b, ¢). Neurons exposed to MPP*
exhibited reduced GP78 expression (Fig. 1d, e¢) with no
change at the messenger RNA (mRNA) level (Fig. 1f).
These results suggest that regulation of GP78 downregu-
lation is posttranslational.

Upregulation of CDKS5 Activity Increases GP78
Degradation

Increased CDKS activity was implicated in the pathogen-
esis of PD. Thus, we investigated if GP78 degradation
was associated with CDKS5 activity. CDKS5 overexpression
and its activator p35 prompted the degradation of flag-
tagged GP78 co-expressed in HEK293 cells (Fig. 2a, b)
and endogenous GP78 in neuroblastoma SH-SYSY cells
(Fig. 2¢). Moreover, the highly selective CDKS5 inhibitor
roscovitine inhibited GP78 degradation in a cellular
MPP*-induced PD model (Fig. 2d). These findings indi-
cate that the upregulation of CDKS activity directly pro-
motes GP78 degradation.

CDKS Directly Phosphorylates GP78 at Ser516 In Vitro
and In Vivo

We performed co-immunoprecipitation experiments to de-
termine direct binding of GP78 with CDKS5 and p35 in
primary neurons. GP78 directly interacted with p35 but
not CDKS5 (Fig. 3a), indicating that GP78 associates with
a CDK5/p35 complex in vivo. CDKS5 increased GP78
phosphorylation in HEK293 cells co-transfected with
full-length GP78 in the presence of HA-CDKS5 and myc-
p35 (Fig. 3b). To verify a kinase-substrate relationship,
we analyzed the protein sequence of GP78 with two bio-
informatics tools: GPS 2.1 and ScanSite. A candidate site
was found at position 516 of GP78. This serine residue
(Ser516)was highly conserved across sequences of all
available species in the examined databases and identified
in mass spectrometry assays of myr-RPALNSPVERP
(amino acid sequence 511-521 of GP78) (Fig. 3c).We de-
signed a Ac-GP78 (amino acid sequence 450—643 of
GP78) and a mutant of Ac-GP78 in which the Ser516
was mutated to alanine (Ser516A). The CDK5/p35 com-
plex phosphorylated Ac-GP78 (WT) but not the Ser516A
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Fig. 1 GP78 is degraded in [ I
MPTP mouse and MPP™ cell Wr MPTP
models of PD. a, b Mouse brain
slices were fixed and co-stained
with anti-GP78 (green) and anti-
TH (red). DNA was stained with
DAPI (blue). Mice were injected
with MPTP (20 mg/kg body
weight) or saline (control) once a
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Fig.3 GP78 is a substrate of CDKS. a Co-immunoprecipitation of GP78
with CDK5 and p35. Primary neurons lysates were immunoprecipitated
with an anti-GP78 antibody, followed by immunoblotting with anti-
CDKS5 and anti-p35. Data are shown as the mean = SEM of triplicate
experiments. b HEK293 cells were transfected with full-length GP78
with or without HA-CDKS and myc-p35, then immunoprecipitated
with anti-GP78 and immunoblotted with anti-Phos S/TP. ¢ Mass
spectrometry assays. CDK5/p35 phosphorylates myr-RPALNSPVERP
in a kinase assay. d CDK5/p35 phosphorylates GP78 in a kinase assay.

GP78 Phosphorylation at Ser516 by CDKS Triggers GP78
Degradation via the Ubiquitin-Proteasome Pathway

To elucidate the molecular mechanism of phosphorylation-
dependent degradation of GP78, we used NH4CI (autoph-
agy inhibitor) and MG132 (ubiquitin-proteasome pathway
inhibitor) to block MPP*-induced degradation of GP78 in
primary cultured neurons. MG132 effectively protected
GP78 against MPP*-induced degradation, whereas NH,Cl
had little effect (Fig. 4a). The phosphorylation and
ubiquitination of GP78 were both significantly increased
in MPP*-treated primary cortical neurons (Fig. 4b). To
determine the effect of phosphorylation on GP78
ubiquitination, we designed a mutant phosphomimetic

Purified GST-Ac-GP78 (WT) or GST-Ac-GP78-Ser516A fusion
proteins were mixed with active CDK5/p35. Phosphorylation signals
were analyzed using anti-phosS/TP. e Phos-tag SDS-PAGE. Western
blotting using an antibody against GST showed changes in the GST-2c-
GP78 (WT) and GST-2¢-GP78-Ser516A phosphorylation profile. f
HEK293 cells were co-transfected with flagAc-GP78 (WT) or flag-Ac-
GP78-Ser516A, HA-CDKS, and myc-p35. HEK293 cells lysates were
immunoprecipitated with an anti-flag antibody, then immunoblotted with
anti-phosS/TP antibody

form of GP78 by mutating Ser516 to aspartate (S516D).
We transfected WT or S516D GP78 into HEK293 cells
and added MG132 to block proteasome degradation. The
GP78-S516D mutant showed higher ubiquitination when
compared with the GP78-WT (Fig. 4c). Similar results
were found for Ac-GP78 and Ac-GP78-S516D (Fig. 4d).
We also studied the effect of phosphorylation at Ser516 on
the endogenous degradation of GP78. We transfected WT
or S516D GP78 into HEK293 cells and added cyclohex-
imide to block protein synthesis. Phosphomimetic S516D
degradation was much faster than WT GP78 (Fig. 4e, f).
Thus, phosphorylation at Ser516 of GP78 by CDKS5 trig-
gers the ubiquitination of GP78 and its subsequent degra-
dation via the ubiquitin-proteasome pathway.
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Fig. 4 GP78 phosphorylation at Ser516 prompts its ubiquitination and
degradation. a MPP*-exposed cells were treated with 10 nM NH,4Cl and
5 uM MG132 for 24 h. Cell lysates were analyzed by immunoblotting
with anti-GP78. b Primary cortical neurons treated with 100 uM MPP*
and 5 pM MG132 for 24 h. Cell lysates were immunoprecipitated with
anti-GP78 then immunoblotted with anti-phosS/TP and anti-ub. ¢
HEK293 cells were co-transfected with HA-ub and flag-GP78 (WT) or
flag-GP78-Ser516D (Ser516D). After 24 h, cells were treated with 20 pM
MG132 for 6 h. Ubiquitination of WT or Ser516D was measured by IP-

GP78 Overexpression or Reduced GP78 Ser516
Phosphorylation Protected Neurons
Against MPP"-Induced Cell Death

GP78 was downregulated in an MPTP-induced mouse model
and MPP"-induced cell model of PD. We generated a GP78
adeno-associated virus (AAV) that overexpressed GP78 in
primary neurons (Fig. 5a). GP78 overexpression protected
neurons from MPP*-induced neuronal cell death (Fig. 5b).
Next, we generated a synthetic myristoylated (myr) peptide
(RPALNSPVERP, amino acid sequence 511-521 of GP78)
that mimics the endogenous substrate region and, thus, inter-
feres with the phosphorylation of GP78 at Ser516 via homol-
ogous competitive inhibition. RPALNSPVERP had little toxic
effect on normal neurons (Fig. 5c¢) but effectively protected
neurons against MPP*-induced neuronal cell death (Fig. 5d).

Discussion

Previously published studies have demonstrated that E3 ubiq-
uitin ligase wildly contributes to the abnormal accumulation
of misfolded proteins in many neurodegenerative diseases,
such as Parkin for «-synuclein in PD. The findings observed
in this study mirror those of the previous studies that have
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1mmun0b10tt1ng. d HEK293 cells were transfected with co-transfected
with HA-ub and flagAc-GP78 or flag-Ac-GP78-Ser516D. e HEK293
cells were transfected with flag-GP78-Ser516D or flag-GP78. After
24 h, cycloheximide (CHX) was added to inhibit protein synthesis. The
level of flag-GP78-Ser516D and flag-GP78 was determined by
immunoblotting with anti-flag. f Data quantification in e. The
degradation curve of GP78 protein. Data are shown as mean + SEM of
triplicate experiments

examined the effect of E3 ubiquitin ligase GP78 in PD.
Above all, our data show that GP78, which expresses in the
dopaminergic neurons of the SNpc, was significantly de-
creased in the classical PD models such as MPP*-induced
primary cortical neurons and MPTP-treated mice. Moreover,
the crucial proline-directed serine-threonine kinase CDKS5
was found to robustly accelerate the degradation of GP78 on
the condition that GP78 co-overexpressed with CDKS5 and
molecular chaperone p35 in HEK293. In contrast, the degra-
dation of GP78 was obviously blocked by employing the se-
lective chemical inhibitor (roscovitine) of CDKS5.
Subsequently, we performed a series of experiments to sug-
gest that CDKS5 could directly phosphorylate GP78 at Serine
516 in vitro and in vivo. Notably, the phosphorylation of
GP78 by CDKS5 promotes its degradation through the
ubiquitin-proteasome pathway. We also found that AAV-
mediated exogenous overexpression of GP78 effectively ame-
liorated the MPP™ insults in primary cortical neurons.
Similarly, the myr-GP78 peptide, which competitively inhibits
the phosphorylation of GP78 by CDKS, could also protect
neurons against MPP*-induced neuronal death.

Growing evidence indicates that protein phosphorylation is
an important regulator of E3 ubiquitin ligases [32]. Our pre-
vious study shows that CDKS5 directly phosphorylates Cx43,
and promotes its proteasome-dependent degradation in
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Fig. 5 GP78 ameliorates MPP*-
mediated neuronal cell death. a
GP78 was overexpressed using
GP78 AAV. b Primary cortical
neurons were treated with GP78
AAV and AAV vector. After 12 h,
200 uM MPP* was added for

36 h. Survival was detected by
MTT. ¢ Primary cortical neurons
were treated with 0.1, 1, or 10 uM
myr-RPALNSPVERP (peptide
group) or a scrambled control
peptide (scrambled group) for

36 h. d Primary cortical neurons
were treated with 200 uM MPP™*
and myr-RPALNSPVERP (0.1 or
1 uM) or scrambled control
peptide for 36 h. *P < 0.05,
##kP < (0.001
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neurons [33]. MEKKI1 phosphorylates Notch1-IC, which, in
consequence, is recognized by Fbw7 E3 ligase and facilitates
its degradation through the ubiquitin-proteasomal pathway in
human breast cancer [34]. One of the more significant findings
to emerge from this study is that CDKS5 mediates the decrease
of GP78 protein by going through phosphorylation-dependent
ubiquitination and degradation pathway. In accordance with
the present results, previous studies have demonstrated that
phosphorylation-dependent ubiquitination and degradation
pathway regulates tau-mediated A3 toxicity in AD [35], col-
ony formation in prostate cancer [36], and mitochondrial ap-
optosis in PD [37]. The PINK1/Parkin pathway, as the mostly
classical phosphorylation-dependent ubiquitination and deg-
radation pathway (PINK1 as kinase for the substrate phos-
phorylation and Parkin as E3 ligase for the substrate
ubiquitination) during the progression of PD, is a central fac-
tor in regulating many signaling pathways controlling neuron
metabolism, apoptosis, and death. Interestingly, the results of
this study indicate that CDKS is able to phosphorylate
GP78 at site S516, and promotes its ubiquitination and degra-
dation in the process of dopaminergic neuron death.

During the past decades, there has been an increasing
amount of literature on the critical role of CDKS5 in chronic
neurodegenerative disease like AD. CDKS is involved in mul-
tiple roles during neuronal death and has been established as a
key mediator of tau hyperphosphorylation and neurofibrillary

cell survival percentage(%) @,

pathology, which are the two major characteristics of AD [38].
Notably, silencing of CDKS5 by RNA inference (RNAI) could
reduce the phosphorylation of tau and decrease the number of
neurofibrillary tangles in the hippocampus [39]. More impor-
tantly, the Ser40, Thr121, and Ser163 triple phosphorylation
of Cdhl by CDKS5 was necessary and sufficient for the E3
ubiquitin ligase anaphase-promoting complex/cyclosome
(APC/C) activation, cyclin B1 protein stabilization, and neu-
ronal apoptotic death after the excitotoxicity of NMDAR stim-
ulation, which commonly occurs in AD [40]. In conclusion,
understanding the exact mechanism of CDKS in the cellular
biological process, especially for the regulation of E3 ubiqui-
tin ligase, was crucial to ameliorate several neurodegenerative
diseases.

However, more research about the mechanism of degrada-
tion of GP78 in neuronal death needs to be undertaken to
clearly understand the association between GP78 and PD.
GP78 is an E3 ubiquitin ligase that targets proteins for protea-
some degradation through the ERAD pathway to protect cells
from ER stress. Although our results have shown that overex-
pression of GP78 could rescue neuronal death, the down-
stream mechanism about cell survival is still unknown. A
large and growing body of literature has investigated that the
target proteins of GP78 are BOK (BCL-2 ovarian killer),
SODI1 (superoxide dismutase-1), and Mfnl (mitofusin-1, a
mediator of mitochondrial fusion) [22, 23, 41]. In this study,
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we have also suggested that E3 ligase GP78 itself could be a
substrate of ubiquitination by certain E3 ubiquitin ligases.
There are lines of evidence proving that TRIM2S (tripartite
motif-containing protein 25) has been identified as a chief
contributing factor for the ubiquitination and degradation of
GP78 [42]. In a future study, we plan to focus on whether the
GP78-Mfnl pathway and upstream E3 ubiquitin ligase
TRIM25 are involved in dopaminergic neuron loss of PD.

Taken together, this finding has important implications for
elucidating a novel molecular mechanism of the neuronal
death and providing some therapeutic strategies with respect
to clinically treat PD. Overexpressing GP78 or interfering the
CDK5-GP78 pathway in midbrain dopaminergic neurons
may open up new avenues for uncovering neuroprotective
pathways.
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