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Abstract
Background GALNTs (UDP-GalNAc; polypeptide N-acetylgalactosaminyltransferases) initiate mucin-type O-GalNAc 
glycosylation by adding N-GalNAc to protein serine/threonine residues. Abnormalities in O-GalNAc glycosylation are 
involved in various disorders such as Parkinson’s disease (PD), a neurodegenerative disorder. GALNT9 is potentially 
downregulated in PD patients.

Methods To determine whether GALNT9 enrichment ameliorates cytotoxicity related to PD-like variations, a 
pcDNA3.1-GALNT9 plasmid was constructed and transfected into SH-SY5Y cells to establish a GALNT9-overexpressing 
cell model.

Results Downregulation of GALNT9 and O-GalNAc glycosylation was confirmed in our animal and cellular models 
of PD-like variations. GALNT9 supplementation greatly attenuated cytotoxicity induced by MPP+ (1-Methyl-4-
phenylpyridinium iodide) since it led to increased levels of tyrosine hydroxylase and dopamine, reduced rates of 
apoptosis, and significantly ameliorated MPP+-induced mitochondrial dysfunction by alleviating abnormal levels of 
mitochondrial membrane potential and reactive oxygen species. A long-lasting mPTP (mitochondrial permeability 
transition pores) opening and calcium efflux resulted in significantly lower activity in the cytochrome C-associated 
apoptotic pathway and mitophagy process, signifying that GALNT9 supplementation maintained neuronal cell 
health under MPP+ exposure. Additionally, it was found that glycans linked to proteins influenced the formation of 
protein aggregates containing α-synuclein, and GALNT9 supplement dramatically reduced such insoluble protein 
aggregations under MPP+ treatment. Glial GALNT9 predominantly appears under pathological conditions like PD-like 
variations.
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Introduction
Protein post-translational modifications (PTMs), the 
covalent addition of functional groups or the proteo-
lytic cleavage of regulatory subunits of entire proteins, 
increase the functional diversity of the proteome and 
influence cell biology and pathogenesis. PTMs include 
various alterations, such as phosphorylation, glyco-
sylation, ubiquitination, nitrosylation, methylation, 
acetylation, lipidation, and proteolysis. Among these, gly-
cosylation is the most important form of PTMs.

Protein glycosylation is acknowledged as the most 
complex PTM because the addition of glycans is involved 
in a large number of enzymatic processes. It is becoming 
increasingly evident that glycosylation plays important 
roles in the functional diversification of proteins, and 
exerts significant effects on the conformation, folding, 
activity, distribution, and stability of proteins [1]. Based 
on the nature of the glycan–peptide bond and attached 
oligosaccharide, the most prominent forms of glycosyl-
ation events are N-, O-, and C-linked glycosylation and 
glycosylation. Among these four forms, O-glycosylation 
is one of the most commonly detected and plays a funda-
mental role in cell biology. In particular, O-glycosylation 
is essential for the biosynthesis of mucin-type proteins, 
a protein family with extensive O-glycosylation and high 
molecular weights.

O-glycosylation occurs post-translationally involv-
ing serine/threonine side chains of proteins in the Golgi 
apparatus. O-GalNAc is an important O-glycosylated 
residue. Mucin-type proteins trafficked into the Golgi 
apparatus are often O-glycosylated by N-acetylgalac-
tosamine (GalNAc) transferase, which transfers a single 
GalNAc residue to the hydroxyl group of the serine/thre-
onine residues of a protein.

Currently, GALNTs (UDP-GalNAc: polypeptide 
N-acetylgalactosaminyltransferases) are globally accepted 
as a family of GalNAc transferases responsible for mucin-
type O-GalNAc glycosylation of proteins. GALNTs initi-
ate mucin-type O-GalNAc glycosylation via catalyzing 
GalNAc transfer to the hydroxyl group of serine or threo-
nine residues in a protein to form GalNAc α1-O-serine/
threonine. The GalNAc in the moiety of the GalNAc 
α1-O-serine/threonine is usually elongated and branched 
to give rise to a variety of complex O-GalNAc glycans in 
mammalian cells [2]. Indeed, hundreds of heterogeneous 
O-GalNAc glycans linked to serine/threonine have been 
found [1, 3]. To date, 20 isoforms of GALNTs have been 
identified in humans [4]; these are GALNT1-20, and 

evolutionarily conserved from unicellular eukaryotes to 
mammals [3].

High O-GalNAc glycan density influences the physi-
cal, chemical, and biological properties of mucin-type 
proteins [2]. Abnormalities in glycosylation are associ-
ated with various diseases. Although the causes of gly-
can abnormalities remain unclear, aging is thought to 
be a possible basis. Glycans change with aging, possibly 
affecting the onset or progression of age-related diseases, 
such as Parkinson’s disease (PD) [3].

PD is conceptualized as a complex neurodegenera-
tive disorder affecting approximately 6·1 million patients 
worldwide in 2016 [5–8]. Symptoms of PD are multi-
faceted. Patients with PD usually experience motor and 
non-motor symptoms. Current criteria define motor 
symptoms of PD patients as the presence of bradykine-
sia combined with resting tremors, rigidity, or both [5]. 
Additionally, non-motor symptoms include aspects 
of affects such as depression and anxiety, perception 
and thinking such as psychosis, and motivation such as 
impulse control disorders and apathy [6]. The duration 
of PD can span decades, and patients are commonly pre-
ceded by a potentially long prodromal period.

Although the etiology and pathology of PD remain 
unclear, considerable research has revealed that age is the 
most significant risk factor [7]. Since age also contributes 
to altered glycosylation, we sought to reveal an associa-
tion between glycosylation and PD in this study.

Identifying and understanding glycosylation is criti-
cal for disease treatment and prevention; therefore, it 
is essential to explore the role of glycosyltransferases. 
GALNT9, UDP-GalNAc polypeptide N-acetylgalactos-
aminyltransferase 9, is a member of the GALNT fam-
ily. GALNT9 expression has been reported in the brain 
[9]. However, the role of GALNT9 in PD has rarely been 
investigated. This study aimed to elucidate the criti-
cal role of GALNT9 in PD. Our goal was to improve the 
quality of life of PD patients by exploring the pathogen-
esis of PD related to glycosylation.

Methods and materials
Ethics approval of animal studies
This study was conducted in accordance with the prin-
ciples of the Basel Declaration and the recommendations 
of the Dalian Medical University for laboratory animals. 
The study protocol was approved by the Animal Ethics 
Committee of Dalian Medical University.

Conclusions GALNT9 enrichment improved cell survival, and glial GALNT9 potentially represents a pathogenic index 
for PD patients. This study provides insights into the development of therapeutic strategies for the treatment of PD.
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Mice and mice treatments
C57BL/6J mice were used to generate a mouse model of 
PD-like variations. Male C57BL/6J mice (20–25 g) were 
obtained from the Laboratory Animal Center of the 
Dalian Medical University and were raised with unlim-
ited access to food and water under specific pathogen-
free conditions (temperature 22 ± 2 °C, humidity 55 ± 5%).

In this study, a chronic PD-like phenotype was 
established in mice by intraperitoneal injection of 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 
a neurotoxin. Ten-week-old mice (20–25  g) were ran-
domly divided into two groups: a Control group and 
MPTP-treated cohort. Mice in the MPTP-treated group 
were administered an intraperitoneal injection of MPTP 
(25 mg/kg or 10 ml/kg, dissolved in physiological saline; 
Sigma-Aldrich, St. Louis, MO, USA) for 5 weeks at 
3.5 day intervals. Mice in the Control group were intra-
peritoneally administered the same volume of physiologi-
cal saline (10 ml/kg).

On the 1st and 3rd days after the last injection, behav-
ioral assessments were performed using the pole and 
hanging tests. On the 7th day, all animals were sacrificed 
by cervical dislocation for confirmation of the model by 
detecting representative indices of PD, such as dopamine 
(DA) and tyrosine hydrolase (TH).

The apparatus for the pole test consisted of an iron 
pole (50  cm high, 0.5  cm diameter) that was wrapped 
with gauze to prevent slipping. The base of the pole 
was covered with bedding to protect mice from injury. 
Each mouse was positioned at the top of the pole facing 
upwards, and the total time for the mouse to turn around 
and climb down the pole from the top to the bottom was 
recorded. For the hanging test, the apparatus consisted 
of a narrow horizontal wire fixed between two vertical 
supports above the floor. Each mouse was positioned 
at the central point of the wire, and the latency for the 
mouse to hang-on to the wire was measured. Three trials, 
each with a one-hour interval, were conducted for each 
mouse.

Except for the evaluation of locomotor activity to iden-
tify the model mice, representative Parkinsonian indices 
were detected to confirm the model had PD-like varia-
tions. The detected indices included striatal DA and 
mesencephalic TH levels. Striatal DA was detected using 
reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC), and mesencephalic TH was examined 
using immunohistochemistry ().

Cell culture and treatment
Human SH-SY5Y neuroblastoma cells, an authenticated 
human dopaminergic neuronal cell line, were purchased 
from the Cell Bank of China (Shanghai, China). SH-
SY5Y cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 

serum and penicillin (100 units/mL)-streptomycin 
(100 μg/mL) at 37◦C under a 5% (v: v) CO2 atmosphere.

For drug treatments, MPP+ (1-Methyl-4-phenylpyr-
idinium iodide, Sigma-Aldrich, St. Louis, MO, USA) 
was used to induce neuronal damage in this study. SH-
SY5Y cells were seeded at 5 × 105 cells/mL and cultured 
to 70–80% confluence. Prior to the transfection of inter-
vention plasmids, SH-SY5Y cells were incubated with 2.0 
mM MPP+ for 6 h at 37◦C.

Extraction of proteins and western blot
After the mice were sacrificed, the brains were separated 
and washed with ice-cold physiological saline (0.9%). 
The brain substructures, including midbrain, striatum, 
hippocampus, were carefully dissected, and each tissue 
was homogenized in RIPA (Radio Immunoprecipita-
tion Assay) lysis buffer [pH 7.4, 50 mmol/L Tris with 150 
mmol/L NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% 
Triton X-100, and 1 mmol/L PMSF] (Phenylmethane-
sulfonyl fluoride) on ice. The protein lysates were cleared 
twice by centrifugation at 27,000 g for 30 min.

After trypsin digestion, SH-SY5Y cells were collected 
by centrifugation at 5000 g for 5 min. The collected SH-
SY5Y cells were lysed by ultrasonication (5 s on, 3 s off), 
and the cell lysates were cleared by centrifugation at 
27,000 g or 30 min twice.

Protein concentrations of the lysates were determined 
using the Bradford assay (Solabio, Beijing, China).

Twenty-five micrograms of total protein were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins were transferred onto 
PVDF membranes after separation. Each membrane was 
blocked with 10% nonfat dry milk in Tris-buffered saline 
containing Tween-20 for 2  h at25 ◦C. Next, the mem-
branes were probed with primary antibodies overnight at 
4 °C. The primary antibodies used in this study included 
monoclonal anti-GALNT9 (Thermo Fisher, Massachu-
setts, USA), anti-α-synuclein, anti-GAPDH (Abclone, 
Wuhan, China) and anti-TH (Abclone, Wuhan, China) 
antibodies, and polyclonal anti-Apaf1 (Huabio, China), 
anti-cytochrome C (CytC, Huabio, Hangzhou, China), 
anti-active caspase9 (CASP9, Huabio, Hangzhou, China) 
and anti-active caspase3 (CASP3, Huabio, Hangzhou, 
China) antibodies. The membranes were then incubated 
with a horseradish peroxidase-conjugated goat anti-
mouse/rabbit secondary antibody for 45  min at room 
temperature. Protein bands were visualized using an 
enhanced chemiluminescent (ECL) system (GE Health-
care Bio-Sciences Corp.), and band densities were ana-
lyzed using ImageJ software.
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Immunohistochemistry (IHC) and immunofluorescent 
staining
Mice were anesthetized with diethyl ether and perfused 
with 0.9% physiological saline and 4% paraformaldehyde 
respectively. Following perfusion, the mouse brains were 
dehydrated across an increasing gradient of sucrose solu-
tions including 15% and 30%, until the brain sank to the 
bottom in 30% sucrose solution at 4 °C. The mouse brains 
were embedded using OTC (optimal cutting temperature 
compound) in a cryostat, and the OTC-embedded frozen 
blocks were cut into 6–8 μm sections. Cryostat sections 
mounted on glass slides were used for further investiga-
tions, including IHC and immunofluorescent staining.

For IHC, the sections were permeabilized in 0.3% Tri-
ton X-100 in PBS (Phosphate Buffered Saline) for 20 
min to increase penetration by the antibody, followed 
by incubation with 3% hydrogen peroxide for 10 min to 
eliminate endogenous peroxidase activity. Next, the sec-
tions were incubated in 5% bovine serum albumin in 
TBS (Tris-buffered saline) for 2  h at room temperature 
to block non-specific binding, followed by probing with 
specific primary antibodies at 4◦C overnight. The sec-
tions were then incubated with corresponding horserad-
ish peroxidase-conjugated secondary antibodies for 1 h at 
room temperature and stained with 3,3’-diaminobenzi-
dine (DAB) until a brown color appeared. Subsequently, 
the sections were counterstained with hematoxylin, 
dehydrated across an increasing ethanol gradient, includ-
ing 75%, 85%, 95% 100% (twice) and xylene (3 times). 
Finally, IHC images were captured using a microscope. 
Additionally, the sections were washed with PBST (Phos-
phate Buffered Solution with Tween-20) (10  min × 3 
times) every two steps.

For immunofluorescent staining, after permeation and 
blocking, the brain sections were probed with primary 
antibodies, followed by incubation with the correspond-
ing secondary antibodies conjugated with Rhodopsin/
FITC (Fluorescein isothiocyanate) for 1  h at room tem-
perature in the dark. Next, brain sections were coun-
terstained with DAPI (4,6-diamino-2-phenyl indole) to 
visualize nuclei. Images were acquired using a fluores-
cence microscope.

Construction, extraction, and transfection of pcDNA3.1-
GALNT9 plasmid
Based on the sequence of GALNT9 cDNA, a PCR primer 
pair used to amplify a GALNT9 fragment was designed 
as GALNT9-F: CTCGAG A T G G C G G T G G C C A G G A 
A G A T C C G (forward primer; the underlined section 
is a XhoI restriction endonuclease cleavage site) and 
GALNT9-R: AAGCTT T C A G T G C C G T G C G T G T T T G A 
T C C (reverse primer; the underlined section is a HindIII 
site). The GALNT9 fragment was amplified by PCR using 
a high-fidelity DNA polymerase. The purified GALNT9 

PCR fragment was then cloned into plasmid pcDNA3.1, 
yielding pcDNA3.1-GALNT9, and DNA sequencing con-
firmation was performed.

Plasmids, including the constructed pcDNA3.1-
GALNT9 and the control pcDNA3.1, were extracted 
using an Endotoxin-Free Plasmid Extraction Kit. After-
wards, pcDNA3.1-GALNT9 and pcDNA3.1 were trans-
fected into SH-SY5Y cells using Lipofectamine™ 2000 
(ThermoFisher Scientific, USA) at a 2:1 ratio (μl/μg, 
Lipofectamine 2000: nucleic acids = 2:1). SH-SY5Y cells 
harboring pcDNA3.1-GALNT9/pcDNA3.1 were cul-
tured in an incubator with 5% CO2 at 37ºC for 6 h. Then, 
the medium containing the transfection mixture was 
replaced with fresh medium containing 10% FBS, (fetal 
bovine serum) and the cells were cultured in an incubator 
under 5% CO2 at 37℃ for a further 48 h.

Detection of apoptosis by annexin V and PI staining
Apoptosis was evaluated using the annexin V-fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) Apoptosis 
Detection kit (Beyotime Biological Technology Research 
Institute, Shanghai, China). SH-SY5Y cells were seeded 
into 6-well plates and cultured for 48 h in an incubator 
at 37 °C with 95% humidity and 5% CO2. The cells were 
then treated with MPP+ and the corresponding plasmid, 
followed by incubation at 37 °C under 5% CO2 for a fur-
ther 24  h. Afterwards, the cells were incubated with 5 
μL Annexin V and 4 μL of PI in the dark for 15 min at 
room temperature. Cells were analyzed by flow cytom-
etry (Beckman Coulter Gallios) within 1 h, and apoptotic 
rates were quantified using FlowJo software.

Phalloidin staining for F-actin (a polymeric filament)
Actin is one of the most abundant and evolutionarily 
conserved proteins in eukaryotic cells. There are two 
forms of actin in cells: G-actin ( monomeric form) and 
F-actin ( polymeric filamentous state). Phalloidin, a bicy-
clic water-soluble heptapeptide isolated from Amanita 
phalloides, specifically recognizes F-actin. Therefore, in 
this study, the cellular cytoskeleton was evaluated based 
on detection of F-actin using phalloidin.

Coverslips were placed into 24-well plates and cov-
ered with 15 μL culture medium containing 10% FBS 
to prevent the coverslips from floating. SH-SY5Y cells 
were seeded into 24-well plates and cultured for 24 h in 
an incubator at 37  °C under 5% CO2. Following treat-
ment and incubation, SH-SY5Y cells were fixed with 4% 
paraformaldehyde for 40  min and permeabilized with 
0.5% Triton X-100 in PBS for 20 min. Subsequently, the 
cells were incubated with FITC-labeled phalloidin work-
ing solution (v/v = 1:200, containing 1% BSA) at 37℃ for 
30 min in the dark. Finally, the coverslips were counter-
stained with mounting medium containing 200 ng/mL 
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DAPI in PBS for 30 min in the dark, followed by image 
acquisition using a fluorescence microscope.

Evaluation of mitochondrial functions
Mitochondrial functions were measured by detecting 
ROS (Reactive Oxygen Specise) production and mito-
chondrial membrane potential (ΔΨm) which are related 
to energy generation, and mitochondrial permeabil-
ity transition pores (mPTPs) and intracellular calcium 
concentration which are associated with mitochondrial 
inner-membrane permeability. The final image acquisi-
tion of the assays, including ΔΨm and calcium ions, were 
performed using flow cytometry. For mPTP and ROS 
assays, fluorescent signals were photographed using a 
fluorescence microscope. Thus, for assays of ΔΨm and 
calcium, cells were seeded into 6-well plates, whereas 
for assays of mPTPs and ROS, the cells were seeded into 
24-well plates with coverslips. Following treatment and 
incubation, SH-SY5Y cells were stained with fluorescent 
probes.

Measurements of ΔΨ were performed using a JC-1 
probe (Beyotime Biological Technology Research Insti-
tute, Shanghai, China). SH-SY5Y cells were incubated 
with JC-1 probe in serum-free culture medium (1:10 
dilution) at 37 °C for 20 min. After measurement by flow 
cytometry, the percentage of cells with fluorescent sig-
nals was calculated.

ROS levels were determined using the fluorogenic dye 
probe, 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA). SH-SY5Y cells on coverslips were incubated with 
DCFH-DA probe at 37  °C for 20 min in the dark. Fluo-
rescence signals were photographed using a fluorescence 
microscope (excitation, 488 nm; emission, 510–530 nm).

mPTP opening was evaluated using calcein-acetoxy-
methyl ester (calcein-AM)/cobalt (Beyotime Biological 
Technology Research Institute, Shanghai, China). SH-
SY5Y cells on coverslips were incubated with calcein-AM 
(1 μM) and CoCl2 (5 μM) solution at 37  °C for 30  min. 
Then, the dye solution was replaced by pre-warmed 
DMEM medium containing 10% FBS. The cells were then 
incubated at 37  °C for 30  min. Finally, fluorescence sig-
nals were imaged using a fluorescence microscope.

Intracellular calcium content was determined using the 
fluorogenic dye Fluo-4 AM. SH-SY5Y cells were incu-
bated with Fluo-4 AM solution at 37 °C for 60 min. Flu-
orescence signals were analyzed by flow cytometry, and 
data are presented as the percentage of cells with fluores-
cence signals.

Determination of mitophagy
SH-SY5Y cells on coverslips were fixed and permeabi-
lized, followed by incubation with pre-warmed Mito-
Tracker® Red and CMXRos dyes (200 nM, Solarbio) 
which specifically stain mitochondria, and LysoTracker 

Green DND-26 solution (75 nM, Solarbio) which specifi-
cally stains lysosomes. Fluorescent signals were acquired 
using a fluorescence microscope.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 9 software (GraphPad Software, Inc., La Jolla, 
CA, USA). One-way analysis of variance (ANOVA) was 
used to compare data. Quantitative data are presented as 
means ± standard error of the mean (SEM), and P < 0.05 
was considered statistically significant.

Results and discussion
Low GALNT9 and O-GalNAc glycosylation levels in brains 
of MPTP-treated mice
GALNT9 is expressed specifically in the brain [9]. Theo-
retically, GALNT9 plays important roles in the regulation 
of brain functions. In this study, to determine whether 
GALNT9 or its catalytic products are associated with 
PD, we evaluated glycosylation levels of GALNT9 and its 
catalytic product, protein O-GalNAc, in mouse brains. 
Consequently, universally downregulated GALNT9 was 
found in the brains of mice with PD-like variations. As 
shown in Fig. 1B and D, GALNT9 exhibited tissue-spe-
cific expression in different structures of the mouse brain, 
including the midbrain, striatum, and hippocampus. 
In fact, a significant decrease in soluble GALNT9 was 
detected in midbrain structures (Control: 1.419 ± 0.306; 
MPTP-treated: 1.008 ± 0.103; P = 0.006), striatum 
(Control: 0.807 ± 0.225; MPTP-treated: 0.447 ± 0.208; 
P = 0.009), and hippocampus (Control: 1.784 ± 1.095; 
MPTP-treated: 0.749 ± 0.125; P = 0.029) in MPTP-treated 
mice. Thus, low levels of GALNT9 are associated with 
PD-like variations.

GALNT9 initiates O-GalNAc glycosylation of proteins, 
and the catalytic product of the first alpha-GalNAc can 
be specifically recognized by Dolichos Biflorus Agglu-
tinin (DBA). Therefore, biotin-labeled DBA was used to 
detect O-GalNAc glycosylation. As illustrated in Fig. 1A, 
C and a dramatic reduction in protein O-GalNAc glyco-
sylation was observed in MPTP-treated mice compared 
to controls. For the detected special structures, includ-
ing midbrain (Control: 3.548 ± 0.373; MPTP-treated: 
2.118 ± 0.928; P = 0.002), striatum (Control: 3.265 ± 0.723; 
MPTP-treated: 2.245 ± 0.980; P = 0.027), and hippocam-
pus (Control: 3.150 ± 0.279; MPTP-treated: 2.020 ± 1.171; 
P = 0.013), all showed a decrease in protein O-GalNAc 
glycosylation.

Western blot analysis revealed a reduction in soluble 
GALNT9 and its catalytic products for protein O-Gal-
NAc glycosylation in MPTP-treated mice relative to con-
trols. As previously reported, GALNT9 is specifically 
expressed in the brain; therefore, protein O-GalNAc gly-
cosylation catalyzed by GALNT9 may play a role in the 
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brain. Additionally, although the first GalNAc linked to 
a protein can be elongated and branched, the DBA-rec-
ognized moiety indicates the level of protein O-GalNAc 
glycosylation to some extent.

Our study showed that levels of both soluble GALNT9 
and its catalytic products were decreased in mice with 
PD-like variations, especially in the midbrain, striatum, 
and hippocampus. Thus, low levels of GALNT9- or DBA-
recognized proteins are highly suspected to be associated 
with PD-like variations. In fact, our most recent pub-
lished study revealed low levels of plasma GALNT9 in 
patients with PD by testing clinical samples using qPCR 
assays [10]. The detection of plasma GALNT9 levels con-
firmed that low levels of GALNT9 are potentially related 
to PD.

Efficient GALNT9 up-regulation in neuroblastoma cells 
harboring pcDNA3.1-GALNT9 plasmid
In this study, SH-SY5Y cells were treated with MPP+, 
an active form of MPTP, to induce Parkinsonian varia-
tions in vivo. In vitro evaluation of cellular GALNT9 
levels showed that GALNT9 was dramatically downreg-
ulated following MPP+ exposure (Fig.  2C and D). Con-
sistent with cellular GALNT9 levels, cells treated with 
MPP+ exhibited significantly decreased levels of DBA-
recognized proteins (Fig.  2A and B). Taken together, a 

deficiency in soluble GALNT9 was found in the brains 
of mice with PD-like variations and in cells treated with 
MPP+. In addition, levels of GALNT9 catalytic products 
were significantly downregulated in MPP+-and MPTP-
induced mice.

Because a low level of GALNT9 was associated with 
PD-like variations, we constructed a plasmid overex-
pressing GALNT9 to determine whether GALNT9 
supplementation plays a role in ameliorating the cytotox-
icity of PD-like variations. The neuroblastoma cell line 
SH-SY5Y was used in this study, and a cell model with 
GALNT9 supplementation was achieved by introducing 
the recombinant pcDNA3.1-GALNT9 plasmid into SH-
SY5Y cells.

Based on the above evidence, we introduced a plas-
mid that can overexpress GALNT9 in neuroblastoma 
cells to investigate the influence of GALNT9 abundance 
on neuronal cells. Based on the GALNT9 sequence, a 
recombinant plasmid containing GALNT9 (pcDNA3.1-
GALNT9) was constructed and confirmed by diges-
tion with restriction endonucleases XhoI and HindIII 
(Fig.  2E), followed by confirmatory DNA sequencing. 
The effect of pcDNA3.1-GALNT9 on neuronal cells 
was determined using western blotting. Figure  2F and 
G show that recombinant plasmid containing GALNT9 
significantly facilitated GALNT9 expression in SH-SY5Y 

Fig. 1 Evaluation of levels of GALNT9 and its catalytic products by western blot assay. Examinations were performed in triplicate at least. M, PageRuler 
prestained protein ladder (Fermentas); *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) Representative images illustrating levels of DBA-recognized proteins. The 
probe was biotinylated DBA. (B) Representative images illustrating GALNT9 expression. The probe was a monoclonal anti-GALNT9 antibody. (C) Statistical 
analysis of DBA-recognized proteins normalized to GAPDH abundance. (D) Statistical analysis of soluble GALNT9 normalized to GAPDH levels
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cells. Additionally, glycosylation analysis revealed that 
MPP+ treatment directly led to reduced glycosylation, as 
detected by biotinylated DBA (Fig.  2A and B), whereas 
pcDNA3.1-GALNT9 dramatically enhanced the total 
levels of glycoproteins with the GalNAc moiety in MPP+-
treated cells compared to controls (Fig.  2H and I). This 
suggests that the abundance of DBA-recognized proteins 
is potentially influenced by GALNT9.

Thus, a cell model harboring overexpressed GALNT9 
was established using neuroblastoma SH-SY5Y cells in 

this study, which was applicable for subsequent analyses 
of the effects of GALNT9 enrichment on cell fate.

GALNT9 enrichment ameliorated MPP+-induced 
cytotoxicity
Thyroid hydroxylase (TH) and DA are representative 
parameters used to assess PD patients. Thus, we evalu-
ated the levels of these indices (TH and DA) to measure 
the effect of GALNT9 on cytotoxicity, which causes PD-
like variations.

Fig. 2 Identification of overexpressed GALNT9 in SH-SY5Y cells. Examinations were performed in triplicate at least. M, PageRuler prestained protein ladder 
(Fermentas). *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) Representative images illustrating cellular glycoproteins with GalNAc moiety by western blot assays. 
The probe was biotinylated DBA. (B) Statistical analysis of cellular glycoproteins with GalNAc moiety normalized to GAPDH levels. (C) Representative im-
ages illustrating GALNT9 expression by western blot assays. The probe was anti-GALNT9 monoclonal antibody. (D) Statistical analysis of GALNT9 normal-
ized to GAPDH abundance. (E) Identification of plasmid pcDNA3.1-GALNT9. The plasmid was digested with XhoI and HindIII. (F) Abundance analysis of 
GALNT9 in SH-SY5Y cells. The probe was anti-GALNT9 monoclonal antibody. (G) Statistical analysis of GALNT9 abundance in SH-SY5Y cells normalized to 
GAPDH levels. (H) Abundance analysis of glycoproteins with GalNAc moiety in SH-SY5Y cells. The probe was biotin-labeled DBA. (I) Statistical analysis of 
glycoproteins with GalNAc moiety in SH-SY5Y cells normalized to GAPDH levels
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TH: Soluble TH was detected by western blotting. As 
displayed in Fig. 3A, B and a significant decrease in TH 
levels occurred in MPP+-treated cells relative to the non-
MPP+-treated SH-SY5Y cells (non-MPP+: 1.223 ± 0.248; 
MPP+: 0.385 ± 0.075; P < 0.001). Under MPP+ condi-
tions, GALNT9 enrichment dramatically increased 
TH levels compared to control cells (pcDNA3.1/MPP+: 
0.362 ± 0.063; GALNT9/MPP+: 0.821 ± 0.236; P < 0.001) 
(Fig. 3A and B).

DA: DA analysis was performed using HPLC. As illus-
trated in Fig.  3C, MPP+ treatment resulted in a dra-
matic reduction in intracellular DA content (non-MPP+: 
116.502 ± 9.951; MPP+: 51.583 ± 18.640; P < 0.001). Under 
MPP+ exposure, GALNT9 enrichment significantly 
increased DA levels (pcDNA3.1/MPP+: 55.816 ± 5.333; 
GALNT9/MPP+: 84.589 ± 10.709; P < 0.001) in SH-SY5Y 
cells (Fig. 3C).

Apoptosis cell apoptosis assays were performed using 
the Annexin V-FITC (Fluorescein isothiocyanate)/PI 
(propidium iodide) apoptosis detection kit (Beyotime 
Biotechnology, Shanghai, China), and apoptotic rates 

were calculated based on the sum of the late and early 
apoptotic rates. As shown in Fig.  3D, MPP+ treatment 
(28.720 ± 1.828%) significantly enhanced cell apoptosis 
compared to untreated cells (17.590 ± 1.489%), thus exces-
sive apoptosis might lead to cell death. Upon exposure to 
MPP+, GALNT9 supplementation ameliorated the high 
apoptotic rates induced by MPP+ to a reasonable level 
(20.700 ± 3.918%), which was similar to that observed in 
non-MPP+-treated cells).

Taken together, MPP+ treatment directly induced cyto-
toxicity in SH-SY5Y cells. Based on low levels of cellular 
TH and DA and a high rate of apoptosis, SH-SY5Y cells 
under MPP+ exposure were expected to show cytotoxic-
ity similar to PD. However, GALNT9 supplementation 
showed an activity in ameliorating cytotoxicity induced 
by MPP+, as it greatly increased the levels of cellular 
TH and DA, and significantly decreased apoptotic rates. 
These results imply that GALNT9 enrichment signifi-
cantly ameliorated the cytotoxicity induced by MPP+ by 
enhancing levels of intracellular DA and TH and reduc-
ing excessive apoptosis.

Fig. 3 Influence of GALNT9 on cytotoxicity in SH-SY5Y cells. Examinations were performed in triplicate at least. M, PageRuler prestained protein ladder 
(Fermentas); Black asterisks represent comparison between MPP+-treated and untreated groups; Red asterisks indicate comparison between GALNT9-
related groups and controls. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) Abundance analysis of TH in SH-SY5Y cells using western blot assays. Polyclonal anti-
TH antibody was used as a probe. (B) Statistical analysis of intracellular TH levels in SH-SY5Y cells. (C) Statistical analysis of intracellular DA abundance in 
SH-SY5Y cells. (D) Apoptosis analysis of SH-SY5Y cells using an Annexin V-FITC/PI apoptosis detection kit
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Fig. 4 (See legend on next page.)
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GALNT9 enrichment ameliorated α-synuclein-containing 
protein aggregations
Low levels of soluble GALNT9 were detected in the 
brains of MPTP-treated mice using an immunostaining 
assay. However, the IHC assay for GALNT9 displayed the 
opposite abundance levels in the midbrain and striatum, 
as shown in Fig. 4A and B, with the exception of the hip-
pocampus. A low level of hippocampal GALNT9, which 
was consistent with the results obtained by immunos-
taining, was observed in MPTP-treated mice relative to 
control mice. However, Fig.  4A illustrates that the mid-
brain and striatum exhibited strong immunoreactivity 
toward α-synuclein (P < 0.05) in MPTP-treated mice. Sta-
tistical analysis revealed higher levels of mesencephalic 
and striatal GALNT9 in MPTP-treated mice than in con-
trol mice.

Thus, the results from IHC assays were contrary to 
those from western blot analyses of the midbrain and 
striatum. Usually, IHC assays evaluate total GALNT9, 
whereas western blotting assesses soluble GALNT9 lev-
els. This suggests that the downregulation of soluble 
GALNT9 possibly results from protein deposition con-
taining GALNT9 in insoluble forms, further leading to 
decreased levels of catalytic products of glycoproteins 
with O-GlaNAc.

In addition, microscopy (Fig.  4A) revealed that hun-
dreds of scattered and dot-like dark-stained GALNT9 
spots were clustered together only in the brains of 
MPTP-treated mice, in the midbrain, striatum, or hippo-
campus, although a low level of hippocampal GALNT9 
was detected in MPTP-treated mice. In fact, this evi-
dence potentially shows that GALNT9 was redistributed 
in the brains of MPTP-treated mice compared to con-
trols. Coupled with low levels of soluble GALNT9, which 
were detected by western blotting, this suggested that 
GALNT9 was possibly deposited and redistributed in an 
insoluble form to lower its soluble form in the brains of 
MPTP-treated mice.

Furthermore, a report by the group of Nakamura et 
al. demonstrated GALNT9 expression in hippocampus 
using in situ hybridization (ISH) in 2005. Based on ISH 
images, Nakamura interpreted large, intensely stained 
spots as neurons and small, intensely stained spots as 
glial cells [11]. In this study, we identified GALNT9 dis-
tribution using IHC assays. According to Nakamura’s 

description, we assumed that GALNT9 was intensely 
expressed in neurons, but not glial cells, under physiolog-
ical conditions; however, the expression of GALNT9 in 
glial cells was greatly increased under pathological con-
ditions. These data are consistent with those reported by 
Nakamura et al. Therefore, glial GALNT9 is suspected to 
be exclusively associated with the pathogenesis of PD.

The neuropathological hallmark of PD is neuronal 
protein aggregates, termed Lewy bodies [12], which are 
intracytoplasmic inclusion bodies composed largely of 
intermediate filament proteins [13]. In particular, of the 
proteins involved, misfolded and aggregated α-synuclein 
is considered to be the main component of Lewy bodies 
[14].

As GALNT9 catalyzes the initial step in linking Gal-
NAc to serine/threonine residues of proteins, glyco-
proteins with the initial O-GalNAc are potentially the 
catalytic products of GALNT9. Thereby, this study 
investigated protein aggregates containing α-synuclein 
and glycoproteins using a monoclonal anti-α-synuclein 
antibody and biotinylated Dolichos Biflorus Agglutinin 
(DBA) as probes, respectively. DBA has N-acetylgalac-
tosamine carbohydrate specificity. Although DBA can-
not recognize all GALNT9 catalytic products owing to 
further glycosylation by extending the O-GalNAc moi-
ety, DBA-recognized proteins can indicate the activity of 
GALNT9 to some extent (Fig. 2H and I).

As shown in Fig.  4C, protein aggregates containing 
α-synuclein and DBA-recognized glycoproteins were 
investigated. In the micrographs, DBA-recognized pro-
tein is shown in red, and α-synuclein is indicated in 
green. The channel overlaps, depicted as bright orange 
or yellow, were detected using ImageJ software. In this 
study, bright yellow- or orange-colored spots represent 
the localization of protein aggregations formed by DBA-
recognized proteins and α-synuclein. Multiple colored 
spots were found in micrographs of MPTP-treated brains 
compared to controls (Fig. 4C). Interestingly, rod-shaped 
spots with bamboo-like joints were observed in the mid-
brain, striatum, and hippocampus. These strong yellow 
or orange signals indicated that protein aggregates con-
taining DBA-recognized protein and α-synuclein were 
specifically located in the brains of mice with PD-like 
variations. Therefore, DBA-recognized proteins may be 
potential components of Lewy bodies by interacting with 

(See figure on previous page.)
Fig. 4 Influence of GALNT9 on protein aggregates containing DBA-recognized proteins and α-synuclein. Examinations were performed in triplicate at 
least. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (A) Analysis of total GALNT9 using IHC assays. An anti-GALNT9 monoclonal antibody was used as the probe. 
The black arrows indicate GALNT9 in glial cells. The micrograph was 558.8 mm × 558.8 mm (B) Statistical analysis of total GALNT9 detected by IHC. (C) 
Dual immunofluorescence staining of DBA-recognized glycoproteins with α-synuclein in vivo. The micrograph was 1731.43 mm × 1151.47 mm. Red 
signals corresponded to DBA-recognized glycoproteins. Green signals corresponded to α-synuclein. Colocalization of DBA-recognized glycoproteins 
with α-synuclein is depicted as the juxtaposed images in green and red. Dual immunolabelling of DBA-recognized glycoproteins/α-synuclein visible as 
bright orange or yellow indicated by white tips. (D) Dual immunofluorescence staining of DBA-recognized glycoproteins with α-synuclein in vitro. The 
micrograph was 357.72 mm × 357.72 mm (E) Abundance analysis of cellular α-synuclein by western blot assay. The probe was a monoclonal antibody 
against α-synuclein. M, PageRuler prestained protein ladder (Fermentas). (F) Statistical analysis of soluble α-synuclein levels
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α-synuclein, further contributing to the pathogenesis of 
PD.

In vitro assays employing dual immunofluorescent 
staining of glycoprotein and α-synuclein also showed 
that co-localization of DBA-recognized proteins and 
α-synuclein were only detected in MPP+-induced cells 
(Fig.  4D). As shown in Fig.  4D, a large yellow/orange 
overlap was visible in the two MPP+-treated groups (con-
trol/MPP+ and pcDNA3.1/MPP+). However, GALNT9 
enrichment significantly attenuated this color overlap 
induced by MPP+. Thus, these findings demonstrated 
that GALNT9 enrichment efficiently reduced the forma-
tion of protein aggregations containing DBA-recognized 
proteins and α-synuclein under MPP+ exposure (Fig. 4D), 
and significantly increased soluble α-synuclein levels 
in MPP+-induced cells (Fig.  4E and F). This indicates 
that glycoproteins with abnormal O-GalNAc levels are 
involved in the formation of protein aggregates contain-
ing α-synuclein.

Taken together, these findings indicate that low levels of 
GALNT9 possibly resulted from its deposition and redis-
tribution in an insoluble form, which led to decreased 
protein glycosylation. Glycoproteins with insufficient 
glycosylation modifications were associated with protein 
inclusions via interaction with α-synuclein. Formation 
of protein aggregates by DBA-recognized proteins and 
α-synuclein under MPP+ exposure was ameliorated by 
increasing GALNT9 levels. Furthermore, another possi-
bility is that down-regulated GALNT9 resulted from the 
conversion of neuronal GALNT9 into glial GALNT9, and 
that glial GALNT9 was associated with the pathogenesis 
of PD.

Positive regulation of mitochondrial energy generation 
with GALNT9 enrichment
ΔΨm
Nowadays, the involvement of mitochondria in the 
pathogenesis of PD is of great concern globally. Mito-
chondria are the powerhouses for cellular energy gen-
eration and produce ATP via oxidative phosphorylation 
coupled with an electron transport chain [15]. In the 
electron transport chain, a proton gradient in terms of 
trans-membrane potential (ΔΨm), is generated across 
the inner-membrane of mitochondria, and drives ATP 
to be produced by mitochondria. Usually, ΔΨm levels 
remain dynamically stable in cells under physiological 
conditions.

Due to the important implications of ΔΨm for energy 
generation, we measured ΔΨm using a fluorescent JC-1 
probe coupled with flow cytometry in this study. Green 
fluorescence indicated a low level of ΔΨm. In this study, 
rates of cells with green fluorescence signals were sta-
tistically calculated using cytometric images. As illus-
trated in Fig.  5B, MPP+ exposure (59.700 ± 3.466%) 

resulted in a dramatic increase in the percentage of cells 
with green fluorescence signals relative to untreated 
cells (43.200 ± 1.411%). With MPP+ exposure, GALNT9 
enrichment (39.267 ± 6.207%) largely decreased the 
percentage of cells with low membrane potential com-
pared to control cells harboring pcDNA3.1 plasmid only 
(59.667 ± 2.854%). In fact, a limited fluctuation in ΔΨm is 
necessary for healthy mitochondrial functioning, since 
ΔΨm is involved in maintaining mitochondrial homeo-
stasis via selective elimination of malfunctional mito-
chondria. However, a sustained drop or rise in ΔΨm is 
deleterious for cells. Our study showed that MPP+ expo-
sure caused a sustained drop in ΔΨm, leading to dys-
function of mitochondria in bioenergetic generation. 
However, GALNT9 enrichment ameliorated this sus-
tained drop in ΔΨm induced by MPP+. Therefore, we 
elucidated a protective role of GALNT9 enrichment in 
cellular energy generation.

ROS
Reactive oxygen species (ROS) are implicated in aging 
and many neurodegenerative pathologies [16, 17], and 
are formed as byproducts of energy generation. Usually, 
a significant increase in ROS levels results from abnor-
mal levels of ΔΨm across the inner mitochondrial mem-
brane. As noted, cells with PD-like cytotoxicity exhibit 
a high percentage of cells with abnormal ΔΨm, so we 
investigated cellular ROS levels using the fluorogenic dye 
DCFH-DA in this study. Bright green spots indicate ROS. 
As illustrated in Fig. 5A, considerable ROS accumulation 
was detected in MPP+-treated cells compared to that in 
untreated cells. However, GALNT9 enrichment signifi-
cantly reduced the excessive ROS production induced 
by MPP+. This finding regarding ROS accumulation was 
consistent with ΔΨm measurements.

Thus, GALNT9 enrichment facilitated mitochondrial 
metabolic function in energy generation through attenu-
ating ROS levels and ameliorating aberrant ΔΨm.

Actin cytoskeleton
As noted, GALNT9 has a role in ameliorating bioener-
getic failure induced by MPP+ treatment via attenuat-
ing ROS accumulation and aberrant ΔΨm. In this study, 
the influence of GALNT9 on energy generation was 
verified by evaluating the integrity of the actin cytoskel-
eton, a complex of actin filaments organized into diverse 
structural arrays by numerous regulatory and accessory 
proteins [18]. Actin filaments (F-actin) are critical for 
eukaryotic cell migration, shape, mechanical integrity, 
polarity, and transcriptional regulation [19]. F-actin is 
comprised of linearly polymerized monomeric globular 
actin (G-actin) [20], which contains a single polypep-
tide chain with bound adenine nucleotides in cells [21]. 
Dynamic polymerization of the actin cytoskeleton is an 
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Fig. 5 Influence of GALNT9 on energy generation. Examinations were performed in triplicate at least. (A) Representative micrographs of intracellular ROS 
determined by fluorescence microscopy. The images were 1731.43 mm × 1151.47 mm. Bright green signals represent positive areas of ROS. (B) Evaluation 
of ΔΨm by flow cytometry. JC-1 staining was used. The rates of FITC-positive cells were calculated to indicate a low ΔΨm. (C) Representative micrographs 
of cytoskeletal actin filaments and statistical analysis of fluorescence intensity. The dimension of micrographs was 529.17 mm × 529.17 mm. The cytoskel-
eton was stained with FITC-phalloidin (green), and images were captured using fluorescence a microscope. *, P < 0.05; **, P < 0.01; ***, P < 0.001
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ATP-dependent process [22]. Collective studies have 
indicated that approximately 50% of the total ATP in a 
cell is required to support cytoskeletal actin rearrange-
ment [19]. For example, it is reported the assembly of the 
actin cytoskeleton consumes up to 50% of total ATP in 
resting platelets [23].

Therefore, integrity of the actin cytoskeleton was 
evaluated by measuring levels of ATP generated using 
FITC-labeled phalloidin staining. As shown in Fig.  5C, 
fluorescent signals were clearly visible in the non-MPP+ 
groups, including the control, pcDNA3.1, and pcDNA3.1-
GALNT9 cohorts. However, statistical analysis revealed 
that MPP+ caused a massive loss in the intensity of fluo-
rescent signals with respect to controls (Control/non-
MPP+: 267.577 ± 32.971; Control/MPP+: 173.168 ± 50.114; 
P = 0.029). Upon MPP+ exposure, dramatic increases in 
filament bundles and enhanced barbed ends were evi-
dent in cells overexpressing GALNT9 as determined by 
fluorescence microscopy. Thus, FITC-labeled phalloidin 
staining supported that GALNT9 plays a role in enhanc-
ing the synthesis of actin filaments in the cytoskeleton. 
Consistent with the roles in energy generation regulated 
by GALNT9, GALNT9 supplementation led to greater 
stiffness of the cytoskeletal network, signifying that suf-
ficient ATP was supplied for actin cytoskeletal rearrange-
ment when GALNT9 was overexpressed in cells.

Thereby, based on these observations, we assumed that 
GALNT9 enrichment raises the level of energy genera-
tion by ameliorating aberrant ΔΨm and reducing ROS 
levels, leading to sufficient ATP supply for dynamic 
assembly of actin cytoskeletal components.

GALNT9 enrichment ameliorated abnormal mitochondrial 
membrane permeability induced by MPP+
Mitochondria allow Ca2+ release and/or metabolite 
exchange between the mitochondrial matrix and cytosol, 
with an exclusion size of 1,500 Da, via mPTPs, nonspe-
cific channels within the inner mitochondrial membrane. 
This increased permeability of mPTPs can be triggered by 
various pathological and physiological stimuli. The long-
lasting opening of mPTPs results in rupture of the outer 
mitochondrial membrane (OMM), collapse of ΔΨm, and 
cessation of ATP synthesis, ultimately leading to necrotic 
cell death [24–26]. Prolonged opening of mPTPs is detri-
mental to cells and is associated with pathological condi-
tions such as neurodegenerative diseases.

mPTPs
In this study, mitochondrial membrane permeabil-
ity was assessed using a calcein-AM (Acetoxymethyl 
Ester)/cobalt assay. Because mitochondria tend to 
cluster along the plasma membrane, a marked circu-
lar distribution of bright green fluorescent signals indi-
cates that the mPTPs are in a closed configuration. As 

shown in Fig.  6A, marked circular fluorescent signals 
were evident in the non-MPP+-treated cells harboring 
pcDNA3.1, pcDNA3.1-GALNT9, and the control, as well 
as in MPP+-treated cells harboring pcDNA3.1-GALNT9, 
although the fluorescence intensities of calcein in the 
MPP+-treated cells harboring pcDNA3.1-GALNT9 were 
not as strong as those in non-MPP+-treated cells. How-
ever, no clear circular fluorescence signals were observed 
in the two MPP+-treated cell lines without GALNT9 
overexpression. This suggests that MPP+ treatment led to 
a massive loss of calcein fluorescence in cells, signifying 
mPTPs opening, whereas GALNT9 enrichment amelio-
rated the MPP+-induced open configuration of mPTPs. 
These findings indicate that GALNT9 is highly active in 
regulating mPTPs opening. GALNT9 enrichment con-
fers protection against prolonged mPTPs opening.

Ca2+
In neurons, intracellular calcium is involved in regulat-
ing an array of cellular processes and is crucial for signal 
transduction. Once calcium enters neurons, it is rapidly 
sequestered by sub-organelles such as the mitochondria 
and endoplasmic reticulum (ER) [27]. It is fundamental 
that mitochondria are able to accumulate, retain, and 
release intracellular calcium [27]. It has been reported 
that accumulation of intracellular calcium in mitochon-
dria triggers activation of oxidative phosphorylation and 
a subsequent increase in ATP generation [28]. Calcium 
sequestered in the mitochondria can be pumped back 
into the cytosol via channels or transporters. In fact, 
mPTPs mediate calcium efflux. In this study, we evalu-
ated calcium release to measure mitochondrial mem-
brane permeability using a Fluo-4 AM probe coupled 
with flow cytometry. Flow cytometry data were expressed 
as the percentage of cells with fluorescent signals. As 
shown in Fig. 6B, the fluorescence intensity in cells under 
MPP+ exposure (59.923 ± 2.052%) was dramatically aug-
mented compared to untreated cells (53.755 ± 1.075%). 
Under MPP+-treated conditions, GALNT9 enrichment 
(53.113 ± 1.314%) reduced the leakage of Ca2+. These 
results indicate that GALNT9 enrichment inhibited cal-
cium efflux. This finding demonstrated that GALNT9 
influences mitochondrial permeability and that GALNT9 
enrichment ameliorated prolonged mPTP opening 
and reduced Ca2+ release. Based on these findings, we 
hypothesized that GALNT9 enrichment might reduce 
calcium efflux by ameliorating prolonged mPTP opening.

This further confirmed that GALNT9 enrichment 
ameliorated the increase in non-specific mitochondrial 
permeability and maintained mitochondria in a healthy 
state.
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Fig. 6 Evaluation of GALNT9 on mitochondrial membrane permeability. (A) Representative images of mPTPs measured by fluorescence microscopy. A 
fluorogenic dye of calcein-AM/cobalt was used. The dimension of images was 429.33 mm × 429.33 mm. Examinations were performed in triplicate at 
least. The marked circular distribution of bright green fluorescent signals indicates mPTPs in a closed configuration. (B) Representative images of cytosolic 
Ca2+ measured by flow cytometry. Examinations were performed in quadruplicate. Fluo-4 AM was used as a probe. The rates of FITC-positive cells (which 
indicate leakage of Ca2+) are shown
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GALNT9 enrichment attenuated programmed cell death 
mediated by CytC-associated apoptotic cascade and 
reduced mitophagy
Mitochondria play a crucial role in the regulation of 
programmed cell death (PCD), a physiological process 
in which molecular programs intrinsic to cells are acti-
vated to elicit their destruction. Excessive activation of 
the mitochondrial-dependent PCD pathway is associ-
ated with dopaminergic neurodegeneration [29]. Because 
increased mitochondrial membrane permeability is asso-
ciated with CytC release, we evaluated the CytC-medi-
ated apoptotic pathway. The CytC-associated apoptotic 
cascade includes four proteins: CytC, apoptotic protease-
activating factor-1 (Apaf1), activated caspase-9 (CASP9), 
and activated caspase-3 (CASP3).

CytC
In this study, cytoplasmic CytC levels were evaluated 
using western blotting (mitochondria were removed 
before evaluation). As shown in Fig.  6C, MPP+ treat-
ment significantly increased CytC levels in SH-SY5Y 
cells. However, GALNT9 reversed the high level of CytC 
induced by MPP+. Our study revealed that GALNT9 
overexpression inhibited CytC release from mitochon-
dria. Thus, these data suggest that GALNT9 enrich-
ment significantly inhibits nonspecific CytC release from 
mitochondria.

Apaf1
Abundance of Apaf1 was evaluated by western blotting. 
Apaf-1 is tightly bound to ATP in its inactive form, but 
CytC binding leads to the binding of ATP to ADP, fol-
lowed by activation of the CytC-involved apoptotic path-
way. As shown in Fig. 6C, densitometric analysis revealed 
that MPP+ treatment enhanced cytoplasmic Apaf1 levels. 
However, GALNT9 enrichment dramatically reduced 
Apaf1 expression in MPP+-treated and untreated SH-
SY5Y cells. Therefore, these data suggest that GALNT9 
enrichment ameliorates the increased Apaf1 expression 
induced by MPP+ in neuronal cells.

CASP9
CASP9 is an initiator caspase and downstream member 
of Apaf1 in the CytC-mediated apoptotic cascade. Active 
Apaf1 is involved in assembly of the apoptosome, where 
procaspase-9 molecules are recruited and activated. 
Therefore, we evaluated the abundance of active CASP9 
using western blotting. As shown in Fig.  6C, statistical 
analysis revealed an intense increase in active CAPS9 lev-
els in MPP+-treated cells compared to that in non-MPP+-
treated cells. However, GALNT9 enrichment greatly 
decreased active CASP9 levels under MPP+ stress. Based 
on these data, GALNT9 enrichment was found to signifi-
cantly decrease active CAPS9 levels.

CASP3
Activated CASP3, including 17 and 19  kDa molecules, 
was evaluated by western blotting. As shown in Fig. 6C, 
two bands were detected using a monoclonal anti-acti-
vated CASP3 antibody. Total densities were statistically 
summed to evaluate activated CASP3 levels. A significant 
increase in total activated CASP3 was observed in MPP+-
treated cells relative to untreated cells, signifying that 
MPP+ treatment facilitated the cleavage of pro-CASP3. 
However, the high levels of activated CASP3 induced 
by MPP+ were ameliorated by GALNT9 overexpression. 
These findings imply that GALNT9 enrichment can sig-
nificantly downregulate activated CAPS3 levels.

Notably, these findings imply that GALNT9 enrich-
ment leads to reduced cell apoptosis mediated by the 
CytC-mediated apoptotic pathway. This observation is 
consistent with our results of apoptosis determinations 
using Annexin V-FITC/PI assays.

Based on these findings, we speculated that GALNT9 
enrichment allowed healthy cell growth via correct gly-
cosylation of proteins, so that the number of cells with 
abnormal phenotypes, such as cellular shrinkage, mem-
brane blebbing, and nuclear condensation, would be 
greatly decreased. Therefore, fewer cells need to be 
cleared via CytC-associated PCD. Hence, we observed 
a low apoptotic rate, as evaluated by Annexin V-FITC/
PI assays, and identified attenuated activity of the CytC-
associated apoptotic pathway when GALNT9 was 
overexpressed. Thus, GALNT9 enrichment confers a 
protective role in cell survival, and protein O-glycosyl-
ation plays a fundamental role in maintaining healthy 
cells.

MPTP triggers the release of CytC, a mitochondrial 
apoptogenic factor, followed by activation of CASP9 
and CASP3 to enhance caspase-dependent PCD [30]. 
Our study of the CytC-associated pathway is in agree-
ment with these reports. Our study consistently showed 
that treatment with MPP+, an active form of MPTP in 
vivo, facilitated the release of CytC, leading to enhanced 
caspase-dependent PCD. In addition, the mechanism of 
CytC release involves mPTP opening [27]. In this study, 
we detected long-lasting mPTP opening under MPP+ 
treatment, and more CytC was released into the cytosol. 
In addition, aggregated α-synuclein is reported to play a 
role in inducing CytC release to kill dopaminergic neu-
rons by PCD [27, 31]. In this study, we clearly found that 
aggregated α-synuclein was present in cells treated with 
MPP+, and that more CytC was detected in the cytosol. 
Based on the evidence obtained surrounding the CytC-
associated pathway in this study, we believe that MPP+ 
treatment enhances PCD mediated by the CytC-associ-
ated apoptotic pathway, as there were cells that required 
rapid clearance. However, GALNT9 enrichment played 
a role in maintaining healthy cells; thus, the decreased 
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number of unhealthy cells was associated with the low 
activity of the CytC-associated apoptotic pathway. This 
hypothesis was verified by the detection of mitophagy.

Mitophagy
Mitophagy is an autophagic process where damaged 
or aged mitochondria are selectively sequestered and 
eliminated [32, 33]. This process is essential for cellular 
homeostasis, metabolism, and development. Usually, 
appropriate mitophagy plays a pivotal role in neuronal 
homeostasis, whereas defects in mitophagy are associated 
with degenerative disorders, such as PD and Alzheimer’s 
diseases [33–36]. Given the importance of mitophagy in 

cellular homeostasis and in degenerative disorders, we 
evaluated mitophagy using dual immunofluorescence 
staining. As shown in Fig. 7B, lysosomes are displayed in 
bright green, mitochondria are indicated as bright red, 
and mitochondria fused with lysosomes are displayed as 
bright yellow or orange by merged colors. Subsequently, 
we found that MPP+ treatment led to bright yellow or 
orange spots with a largely rounded shape, whereas there 
were no clearly visible yellow or orange spots in non-
MPP+-treated cells. Under MPP+ conditions, GALNT9 
enrichment significantly reduced the numbers of merged 
color spots induced by MPP+ treatment.

Fig. 7 Evaluation of mitophagy and PCD involved in CytC-associated apoptotic pathway. (A) Evaluation of molecules in CytC-associated apoptotic 
pathway by western blot assay. M, PageRuler prestained protein ladder (Yamei WJ103). Protein bands were normalized to GAPDH levels. Examinations 
was performed in triplicate at least. (B) Statistical analysis of expression of molecules including CytC, Apaf1, CASP9, and CASP3, respectively. Red asterisks 
represent comparison between GALNT9-regulated groups and controls, and black asterisks represent comparison between MPP+-treated and -untreated 
groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Dual immunofluorescence staining of mitophagy. The dimension of micrographs was 1,731.43 mm × 
1,151.47 mm. Green signals correspond to lysosomes. Red signals correspond to mitochondria. Mitochondrial fission is depicted as the juxtaposed im-
ages of green and red: dual immunolabelling of mitochondria/lysosomes is visible as orange or yellow indicated by white tips
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These results indicated that GALNT9 enrichment 
ameliorated mitophagy induced by MPP+. Specifically, 
these data concerning mitophagy are consistent with the 
evidence of CytC-associated apoptotic pathway involve-
ment. MPP+ exposure caused extensive cell damage, 
and such damaged cells could not be rapidly cleared via 
the CytC-mediated apoptotic pathway, even though the 
CytC-mediated apoptotic pathway was active under 
MPP+ exposure. Finally, these damaged cells trigger 
excessive mitochondrial autophagy. However, GALNT9 
overexpression maintained healthy cells via appropriate 
glycosylation. Thus, because there were fewer unhealthy 
cells, low activity of the CytC-associated apoptotic path-
way was detected when GALNT9 was overexpressed. 
Similar to the effect of GALNT9 on the CytC-mediated 
apoptotic pathway, extremely weak mitophagy was 
observed in cells with GALNT9 enrichment. Therefore, 
we assumed that GALNT9 supplementation greatly 
ameliorated neuronal cell damage via O-GalNAc glyco-
sylation under adverse conditions, which was supported 
by the observed low activity of the CytC-mediated apop-
totic and mitochondrial autophagy pathways. Therefore, 
GALNT9 could potentially be developed as a therapeutic 
target in PD.

GALNT9, a mucin-type polypeptide N-acetylgalactos-
aminyltransferase 9, is a member of the GalNAc-trans-
ferase polypeptide GalNAc-transferase (GALNT) family. 
GALNTs catalyze the initial step of protein GalNAc-type 
O-glycosylation through linking an alpha N-acetylgalac-
tosamine (α-GalNAc) from UDP-GalNAc to the hydroxyl 
group of a serine/threonine residue in a substrate poly-
peptide. GalNAc-type O-glycosylation occurs in any pro-
teins that undergo passage through the secretory pathway 
[4, 37]. Mostly, O-glycosylated proteins are found on cell 
surface, in serum, and the extracellular matrix (ECM) 
[38]. Linked glycan moieties are essential for the struc-
ture, function, and properties of glycoproteins in living 
organisms. Altered glycosylation of cell surface O-gly-
coproteins is often associated with uncontrolled malig-
nant cell proliferation, invasion, and metastasis. Aberrant 
O-GalNAc glycosylation of proteins is often linked to 
many diseases, such as carcinomas and central nervous 
system cancers [38].

Our study showed that soluble GALNT9 was down-
regulated exclusively in the brains of MPTP-treated 
mice. However, the total levels of GALNT9 increased in 
the midbrain and striatum. Considering the contradic-
tory results obtained in this study, we speculate that the 
downregulation of soluble GALNT9 may result from 
GALNT9 deposition in insoluble forms. In addition, 
GALNT9 is specifically expressed in neurons under phys-
iological conditions, whereas it is detected in glial cells 
under pathological conditions. Therefore, we assumed 
that increased total GALNT9 levels under pathological 

conditions possibly resulted from high levels of glial 
GALNT9. Therefore, glial GALNT9 has the potential to 
be developed as a pathogenic index in PD patients.

Based on the low levels of GALNT9 observed in tis-
sues, we introduced a plasmid harboring overexpressed 
GALNT9 into neuronal cells to investigate whether 
GALNT9 supplementation played a role in ameliorat-
ing PD-like cytotoxicity. We found that GALNT9 sup-
plementation ameliorated MPP+-induced cytotoxicity 
through multiple pathways. Firstly, GALNT9 supplement 
decreased the protein aggregations formed by glycopro-
teins with terminal O-GalNAc and α-synuclein under 
MPP+ exposure. Secondly, GALNT9 supplementation 
ameliorated the mitochondrial disorders induced by 
MPP+ via alleviating aberrant levels of ΔΨm, ROS, pro-
viding sufficient ATP for maintaining dynamic assembly 
of actin cytoskeletons, and attenuating delayed opening 
of non-specific mitochondrial permeability pores. Third, 
GALNT9 enrichment maintained healthy cells, sup-
ported by few mitophagy events and low activity of the 
CytC-associated apoptotic pathway when GALNT9 was 
overexpressed in cells. Therefore, GALNT9 enrichment 
attenuates cytotoxicity under MPP+ exposure and plays 
a therapeutic role in cells under pathological conditions. 
Thus, GALNT9 is a promising therapeutic target in PD.

GALNT9 plays an important role in ameliorating cyto-
toxicity induced by MPP+. As a glycosyltransferase, the 
catalytic products of GALNT9 are glycoproteins with 
alpha O-GalNAc. Therefore, in this study, we detected 
glycoproteins using biotinylated DBA which specifically 
recognizes terminal alpha GalNAc moieties. However, 
after GALNT9 initiates the addition of the first GalNAc 
to a protein, the O-GalNAc of the glycoprotein undergoes 
subsequent extension and branching of the sugar chain in 
the Golgi apparatus, yielding several higher-order gly-
can structures [39]. Our study showed that MPP+ treat-
ment led to low levels of total DBA-recognized proteins. 
Based on a description of the structure of GalNAc-type 
O-glycosylation [39], it is supposed that MPP+ treat-
ment potentially attenuates initial O-GalNAcylation or 
promotes O-GalNAc to be further elongated/branched 
and capped by the sequential addition of monosaccha-
rides. Abnormal O-GalNAcylation is associated with 
Parkinson’s.

Conclusions
In conclusion, based on the finding that GALNT9 and 
its catalytic products are downregulated in animal and 
cellular models with PD-like variations, we investigated 
whether GALNT9 supplementation could ameliorate 
PD-like variations by introducing a recombinant plasmid, 
pcDNA3.1-GALNT9. We found that GALNT9 enrich-
ment attenuated the cytotoxicity induced by MPP+, 
which was supported by an increase in TH and DA levels 
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and a reduced rate of apoptosis when GALNT9 was over-
expressed in cells.

To further explore the mechanism of action involved 
in GALNT9 ameliorating cytotoxicity induced by MPP+ 
in neuronal cells, we investigated whether GALNT9 
was involved in forming protein aggregates contain-
ing α-synuclein since α-synuclein aggregation is a hall-
mark of PD, and evaluated whether GALNT9 influences 
mitochondrial (dys)function since mitochondrial dys-
functions are commonly considered to represent fun-
damental pathogenic markers in PD. Consequently, it 
has been found that DBA-recognized proteins, potential 
catalytic products of GALNT9, are co-aggregated with 
α-synuclein under MPTP and MPP+-induced conditions. 
However, GALNT9 enrichment dramatically reduces 
insoluble aggregates formed by DBA-recognized proteins 
and α-synuclein under MPP+ treatment. In addition, our 
study showed that glial GALNT9 appears exclusively in 
animal brains with PD-like variations instead of neuronal 
GALNT9, suggesting that glial GALNT9 is associated 
with the pathogenesis of PD.

Our investigation of mitochondrial function, including 
metabolic energy generation and membrane permeabil-
ity, demonstrated that GALNT9 enrichment ameliorated 
MPP+-induced mitochondrial dysfunction by alleviating 
abnormal levels of ΔΨm and ROS, which are related to 
energy generation, and attenuating long-lasting mPTP 
opening and calcium efflux which are associated with 
mitochondrial membrane permeability. Finally, apop-
tosis analysis revealed that GALNT9 enrichment led to 
a low number of cells undergoing PCD, which was sup-
ported by the observed diminished activity of the CytC-
associated apoptotic pathway and further inhibition of 
mitophagy.

This study reveals a crucial role of GALNT9 in the 
development of therapeutic strategies for PD-like 
variations.
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