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Abstract: Parkinson’s disease (PD) is characterized by the pathological accumulation of misfolded proteins. Mo-
lecular chaperones assist in the proper folding of proteins and removal of irreversibly misfolded proteins. This study 
aims to identify potential chaperones associated with protein misfolding and accumulation in PD. ATRA/TPA-differ-
entiated SH-SY5Y cells were treated with 1 mM of MPP+ for 48 hours. Proteins were analyzed by 2D-DIGE followed 
by MALDI-ToF MS. The treatment of differentiated SH-SY5Y cells by MPP+ led to the unambiguous identification of 
10 protein spots, which corresponds to six proteins. Among these six proteins, four were chaperone proteins includ-
ing nucleophosmin (NPM1), chaperonin-containing TCP-1 subunit 2 (CCT2 or CCTβ), heat shock 90 kDa protein 1 
beta (HSP90AB1 or HSP90-β), and tyrosin3/tryptopha5-monoxygenase activation protein, zeta polypeptide (14-3-
3ζ, gene symbol: Ywhaz). To our knowledge, this is the first report that linked the upregulation of chaperones after 
MPP+ treatment with SH-SY5Y cells. However, the NPM1 protein was identified for the first time in the PD model. 
The upregulation of four chaperone proteins provided evidence that these chaperones have a complementary effect 
on protein misfolding in the pathogenesis of PD, and hold promise as a good therapeutic target for PD treatment.
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Introduction

Parkinson’s disease (PD) is a progressive neu-
rodegenerative disease caused by the patho-
logical accumulation of misfolded α-synuclein 
protein. This leads to the formation of intra-
neuronal inclusion bodies generally referred to 
as Lewy Bodies (LBs) [1]. It is important for cells 
to maintain protein homeostasis, and failure to 
sustain cellular protein homeostasis eventually 
leads to the accumulation of misfolded pro-
teins and the formation of toxic inclusion bod-
ies. This ultimately results in the induction of 
cell death. However, due to destabilizing muta-
tions, translation errors and stress conditions, 
the cell’s ability to maintain protein homeosta-
sis is constantly challenged [2]. Recent evi-
dence has suggested that α-synuclein assem-
bly is one of the first steps in the degenerative 
process of PD [3], and oligomeric intermediates 
are indeed toxic, specifically to neurons [4]. 
Therefore, preferred therapeutic approaches 

for PD should aim in preventing the early steps 
of oligomerization and aggregation, in order to 
halt the degenerative process caused by pro-
tein misfolding and accumulation. In fact, 
human cells have adopted an elaborate protein 
quality-control system to maintain intracellular 
protein homeostasis, which involve a highly 
conserved network of molecular chaperones 
[5]. Molecular chaperones not only assist in the 
proper folding and refolding of proteins in a 
crowded cellular environment [6], but also 
effectively remove irreversibly misfolded pro-
teins through protein degradation pathways 
such as the ubiquitin-proteasome system (UPS) 
and the autophagy-lysosomal pathway [7]. 
Interestingly, growing evidence suggests that 
chaperones are capable of preventing α-synu- 
clein misfolding, oligomerization and aggregate 
formation in vitro and in animal models of PD 
[8]. Therefore, in order to specifically identify 
potential chaperones associated with protein 
misfolding and accumulation in PD, we investi-
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gated proteomic changes in SH-SY5Y cells 
treated with all-trans-retinoic acid and phorb- 
ol ester 12-O-tetradecanoylphorbol-13-acetate 
(ATRA/TPA), followed by 1-methyl-4-phenyl-pyri-
dinium ion (MPP+) treatment via two-dimen-
sional difference ingel electrophoresis (2D- 
DIGE) and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry 
(MALDI-ToF MS). This model has been widely 
used to study various aspects of the neurode-
generative process associated with idiopathic 
PD. The clear understanding of molecular chap-
erones related to protein folding would ulti-
mately facilitate the elucidation of PD patho-
genesis. Furthermore, this holds promise as an 
alternate therapeutic target for PD.

Materials and methods

Chemicals

All reagents used in this study were of analyti-
cal grade and of the highest purity. Dulbecco’s 
modified Eagle’s medium (DMEM) and fetal 
bovine serum (FBS) were purchased from Gibco 
(Grand Island, NY, USA). N,N,N’,N’-tetramethy- 
lethylenediamine (TEMED) was procured from 
Promega (Madison, WI, USA). Urea, sodium do- 
decyl sulphate (SDS), glycine, Tris (hydroxyme- 
thyl) aminomethane (Tris), bromophenol blue, 
ammonium persulfate, trypsin (sequencing gr- 
ade), α-cyano-4-hydroxycinnamic acid (α-HCCA), 
trifluoroacetic acid (TFA), dithiothreitol (DTT), 
acrylamide, methylenebisacrylamide, 3-[(3-ch- 
olamidopropyl) dimethyl-ammonio]-1-propane 
sulfonate (CHAPS), thiourea, iodoacetamide, Cl- 
ean-up kit, 2D-Quant kit, nuclease mix, Phast- 
Gel Blue R250 tablets, immobilized pH-gradi-
ent (IPG) strip (pH 4-7), IPG buffer (pH 4-7), and 
fluorescent dyes Cy2, Cy3 and Cy5 were all 
obtained from Amersham Biosciences-GE Hea- 
lthcare (Uppsala, Sweden). The remaining other 
chemicals were obtained from Sigma-Aldrich, 
unless otherwise stated.

Cell culture, differentiation and MPP+ treat-
ment

Human dopaminergic SH-SY5Y cells (American 
Type Culture Collection; ATCC, Rockville, MD) 
were grown in high-glucose DMEM supplement-
ed with 5% fetal bovine serum, 60 µg/ml of 
penicillin and 100 µg/ml of streptomycin; and 
incubated at 37°C under a saturating humidi-
fied atmosphere of 5% CO2. The procedure for 

generating a fully differentiated dopaminergic 
neuronal phenotype of SH-SY5Y cells was car-
ried out according to a previously published 
report [9]. Briefly, cells were plated at an initial 
density of 1×104 cells/ml. Then, cells were dif-
ferentiated by exposure to medium containing 
10 mM of ATRA for three days; and the media 
was removed and replaced with fresh 80 nM of 
TPA medium for another three days. Stock solu-
tions of ATRA and TPA were dissolved in DMSO, 
stored at -20°C in the dark, and diluted in cul-
ture medium. The final concentration of DMSO 
in the medium was not allowed to exceed 0.1%. 
Finally, the differentiated cells were treated 
with freshly prepared MPP+ (1 mM) for 48 
hours. Terminally differentiated SH-SY5Y cells 
without MPP+ treatment were used as control.

MTT assay

Cell viability was detected by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Differentiated cells were treated 
with MPP+ for 48 hours, and incubated with 10 
µl of MTT solution (5 mg/ml in PBS) for four 
hours at 37°C. Then, 100 µl of DMSO was 
added to dissolve the formazan precipitate; 
and absorbance was measured at 570 nm 
using a 96-well ELISA microplate reader (Bio-
Rad Model 680, Hercules, CA, USA). The con-
trol cells were also treated in the same condi-
tion. Each treatment was performed in five 
wells, and every experiment was independently 
repeated three times.

Trypan blue exclusion

SH-SY5Y cells were cultured and differentiated 
in 96-well culture plates. After treatment with 1 
mM of MPP+ for 48 hours, cells were stained 
with trypan blue dye (final concentration of 
0.67%) for two minutes. Viable (non-colored) 
and dead (blue-colored) cells were counted 
under an inverse phase microscope (Olympus, 
Tokyo, Japan) at 400× magnification. Cell death 
rate was analyzed as the ratio of dead cells to 
the total cells.

Hoechst 33342 staining

Differentiated cells treated with 1 mM of MPP+ 
were incubated for 48 hours with 0.1 mg/ml of 
Hoechst 33342 dye for 30 minutes at 37°C. 
Nuclear morphological changes were observed 
under a fluorescence microscope (Olympus, 
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Tokyo, Japan). The control SH-SY5Y cell nuclei 
displayed a regular and ovum shape. As identi-
fied by their characteristic nuclei condensation, 
cell fragmentation and cells that appeared 
bright were considered as apoptotic cells. For 
each experiment, at least 300 cells were count-
ed from more than five random microscopic 
fields, in order to calculate the percentage of 
apoptotic cells. The experiment was repeated 
three times.

Protein sample preparation

Terminally differentiated SH-SY5Y cells with or 
without MPP+ treatment were harvested and 
washed with sucrose buffer (10 mM of Tris, 250 
mM of sucrose, pH 8.0). Then, treated cells 
were lysed with lysis buffer containing 7 M of 
urea, 2 M of thiourea, 4% CHAPS, 30 mM of Tris 
and a 1% protease inhibitor cocktail with a 
nuclease mix for one hour at room tempera-
ture. After centrifugation (25,000×g for 30 min-
utes at 15°C), the supernatants were collected, 
cleaned with a Clean-up kit, and subsequently 
quantified using a 2D-Quant kit following manu-
facturer’s instructions. For 2D-DIGE, four inde-
pendent extractions were performed from 
MPP+-treated and -differentiated SH-SY5Y and 
control cells. Samples were stored at -80°C for 
further analysis.

2D-DIGE and image analysis

In order to perform the 2D-DIGE analysis, sam-
ples were pre-labeled with one of the three 
CyFluor dyes (Cy2, Cy3 and Cy5), each with a 
unique fluorescent wavelength. Each fluores-
cent dye can be separated on the same 2D gel. 
The pH of the samples was adjusted to 8.5 to 
optimize fluorescent labeling. Half of the sam-
ples from each group were labeled with Cy3, 
and another half were labeled with Cy5 to avoid 
any possible bias derived from dye labeling. 
The internal standard, which is a pool of equal 
amounts of all experimental samples, were 
labeled with Cy2. After pre-labeling, 50 µg of 
Cy3- and Cy5-labeled experimental samples 
and 50 µg of Cy2-labeled internal standard 
were combined and diluted with 450 µl of rehy-
dration buffer (7 M of urea, 2 M of thiourea, 2% 
CHAPS, 0.4% IPG buffer, 0.28% DTT, and 0.4% 
bromophenol blue) to have equal volumes. 
Isoelectric focusing (IEF) was carried out on an 
IPGphor system (Amersham Biosciences-GE 
Healthcare, Uppsala, Sweden) using 24-cm IPG 

gel strips (pH 4-7) at 20°C under the following 
conditions: six hours at 0 V for passive rehydra-
tion, six hours at 30 V for active rehydration, 
three hours at 500 V, one hour each at gradi-
ents of 1,000 V and 8,000 V, and finally, seven 
hours at 8,000 V. Focused IPG strips were 
reduced for 15 minutes in equilibration buffer I 
(50 mM of Tris pH 8.8, 6 M of urea, 30% glyc-
erol, 2% SDS, 0.2% bromophenol blue, and 1% 
DTT) and alkylated for 15 minutes in equilibra-
tion buffer II (buffer II was identical to buffer I, 
but with 2.5% iodoacetamide instead of DTT). 
Then, two-dimensional separations were per-
formed on homogenous 12.5% polyacrylamide 
gels using an Ettan DALT Six system (Amersham 
Biosciences-GE Healthcare, Uppsala, Sweden) 
at 2 W/gel until the bromophenol blue dye front 
reached the lower end of the gels. DIGE gels 
were scanned with a Typhoon 9400 laser scan-
ner (Amersham Biosciences-GE Healthcare, 
Uppsala, Sweden) at a resolution of 100 µm in 
three different wavelengths to obtain individual 
images of the Cy2, Cy3 and Cy5 components of 
each gel. Gel analysis was carried out using the 
DeCyder Differential In-gel Analysis software 
(Amersham Biosciences-GE Healthcare, Upp- 
sala, Sweden) to co-detect and quantify protein 
spots in images according to the protocols pro-
vided by the manufacturer. 

In-gel digestion and MALDI-ToF MS analysis

MALDI-ToF-MS analysis was conducted accord-
ing to the previously published method by our 
lab [10]. In order to identify individual spot pro-
teins from the 2D-DIGE analysis, the prepara-
tive gels of samples from MPP+-treated and 
-differentiated SH-SY5Y cells and controls were 
prepared with 600 µg of protein in the same 
conditions as above. Next, the preparative gels 
were fixed in 20% TCA for one hour followed by 
Coomassie bright blue staining. Spots of inter-
est were excised using an Ettan Spot Picker 
(Amersham Biosciences-GE Healthcare, Upp- 
sala, Sweden), destained by washing with 0.4% 
ammonium bicarbonate in 50% methanol 
twice, and dehydrated in 100% acetonitrile 
(ACN) for one hour. After desiccation, proteins 
were digested with trypsin solution (20 µg/µl of 
trypsin in 20 mM of ammonium bicarbonate) 
overnight at room temperature. Digestion was 
stopped by adding 1% TFA in 50% ACN. Then, 
proteolytic peptides were transferred into new 
96-well plates, dried completely, and redis-
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solved in 50% ACN/0.1% TFA solution. Finally, 
the samples were mixed with a matrix (4 mg/ml 
of α-HCCA in 50% ACN/0.1% TFA) and spotted 
onto MALDI-ToF MS target slides by an Ettan 
Spotter (Amersham Biosciences-GE Healthcare, 
Uppsala, Sweden). 

Peptide mass fingerprints (PMFs) were obtained 
by MALDI-ToF MS (Amersham Biosciences-GE 
Healthcare, Uppsala, Sweden) operated in the 
positive ion reflection mode, with trypsin auto-
digestion peaks as the internal calibration and 
hACTH (19-39) and Ang III as the external cali-
bration. Accelerating voltage was set at 20 kV 
with a laser mode of 200 shots for each spec-
trum. PMFs were searched against the National 
Center for Biotechnology Information (NCBI) 
database with the help of the ProFound search 
engine (fully integrated into the Ettan MALDI-
ToF system or at www.ncbi.nlm.nih.gov) for ini-
tial identification. The basic criteria for identifi-
cation was an expectation value (chance of 
misidentification) ≤0.05 and a coverage (the 
ratio of the protein sequence covered by 
matched peptides) ≥20%. Initial identifications 
were further confirmed by searching in the 
SWISS-PROT protein sequence database 
(http://au.expasy.org/sprot/) with Mascot.

Statistical analysis

All data were expressed as mean ± standard 
deviation (SD). Comparisons were made using 
ANOVA and Student’s t-test between the two 
groups. Statistical significance was defined as 
P<0.05.

Results

Morphological characteristics of differentiated 
SH-SY5Y cells

SH-SY5Y cells were differentiated by treatment 
with 10 mM of ATRA for three days followed by 
additional treatment with 80 nM of TPA for 
another three days. These differentiated cells 
displayed dramatic morphological changes dur-
ing the six-day treatment. It appeared that 
these differentiated SH-SY5Y cells stopped 
replicating to a stable population and revealed 
numerous elongated processes, while undiffer-
entiated SH-SY5Y cells proliferated continu-
ously and had a basal neuroblast-like morphol-
ogy with rounded cell bodies and few or no 
short processes, as shown in Figure 1. This 
observation was consistent with a previously 
published study [9]. In addition, ATRA/TPA-
differentiated SH-SY5Y cells closely resembled 
in vivo dopaminergic neurons compared with 
undifferentiated cells.

Effect of MPP+ on the cell viability of differenti-
ated SH-SY5Y cells

Since MPP+ treatment has been widely used to 
induce certain aspects of the neurodegenera-
tive process associated with idiopathic PD, the 
cytotoxic effect of MPP+ on ATRA/TPA-diff- 
erentiated SH-SY5Y cells was first examined 
using mitochondrial activity-dependent MTT 
assay. Our data revealed that cell viability 
decreased to 54.3% ± 0.8% after treatment 
with MPP+ (1.0 mM) for 48 hours. The optimum 

Figure 1. Morphological changes induced by the ATRA/TPA differentiation of SH-SY5Y cells are shown. A. Shows the 
morphology of undifferentiated SH-SY5Y cells cultured for six days. B. Shows the morphology of SH-SY5Y cells dif-
ferentiated with 10 uM of ATRA for three days followed by 80 nM of TPA treatment for another three days. All images 
were captured under an inverted phase contrast microscope with 200× magnification.
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concentration of MPP+ used in our experiments 
was determined by preliminary experiments 
(data not shown).

Next, the induction of cell death was analyzed 
by Trypan blue exclusion assay. It appears that 
MPP+ treatment did result in the induction of 
cell death, since there was an apparent 
increase in dead cells, which was stained blue 
after MPP+ exposure. Treatment with 1 mM of 
MPP+ for 48 hours revealed a 38.3 ± 2.1% rate 
of cell death, as shown in Figure 2. Apoptosis at 
post MPP+ treatment was also determined by 

the Hoechst 33342 staining method. The expo-
sure of 1.0 mM of MPP+ for 48 hours induced a 
35.3 ± 1.5% apoptotic cell death, as shown in 
Figure 3.

These data revealed that there was a partial 
induction of apoptosis on one hand and a 
simultaneous reduction in cell viability on the 
other. However, overall, approximately 50% of 
MPP+-treated SH-SY5Y cells remained alive. 
This could be attributed to the fact that MPP+-
induced toxicity/stress led to protein misfold-
ing, aggregation and the induction of cell apop-

Figure 2. Analysis of MPP+-induced cell death. A. Shows the trypan blue staining of SH-SY5Y cells treated with the 
vehicle. B. Shows the trypan blue staining of SH-SY5Y cells treated with 1 mM of MPP+ for 48 hours. Pictures were 
recorded at 400× magnification.

Figure 3. Assessment of the nuclear morphological changes of MPP+-treated SH-SY5Y cells. Fluorescence micro-
graphs show SH-SY5Y nuclei staining with Hoechst 33342. A. Cells treated with the vehicle. B. Cells treated with 1.0 
mM of MPP+ for 48 hours. Arrows indicate the nuclei of apoptotic cells. Pictures were recorded at 200× magnifica-
tion.
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tosis. Furthermore, this may have also sim- 
ultaneously upregulated the expression of so- 

me neuroprotective proteins such as chaper-
ones to restore protein homeostasis. Thus, this 

Figure 4. Representative 2D-DIGE gel images showing protein expression changes in SH-SY5Y cells with or without 
MPP+ treatment is shown. Protein spots in 2D-DIGE gels were analyzed using DeCyder software, and spots-of-
interest with greater than 1.3-fold changes between SH-SY5Y cells with and without MPP+ treatment were marked 
with white circles. (A) Depicts the image of protein spots from vehicle-treated cells labeled with Cy3. (B) Depicts 
the image of protein spots from MPP+-treated cells labeled with Cy5. The identity of proteins in the spots was de-
termined by MALDI-ToF MS, and the identified spots were marked with numbers in image (B). Spot numbers in this 
figure correspond to those listed in Tables 1 and 2. Panels (C to V) depicts the more detailed information on the 
spots-of-interest from 2D-DIGE by DeCyder software (spot 1 [C-D], spot 2 [E-F], spot 3 [G-H], spot 4 [I-J], spot 5 [K-L], 
spot 6 [M-N], spot 7 [O-P], spot 8 [Q-R], spot 9 [S-T], and spot 10 [U-V]). Panels (C, E, G, I, K, M, O, Q, S and U) display 
partial images of protein spots in the 2D-DIGE gel from vehicle-treated cells, where panel (D, F, H, J, L, N, P, R, T and 
V) shows corresponding partial images in the 2D-DIGE gel from MPP+-treated cells. There are more than one spot 
identified as the same protein such as nucleophosmin (spots 1 and 2), 14-3-3ζ (spots 5, 6 and 7), and α-tubulin 
(spots 8 and 9); which may represent some PTMs.
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resulted in the survival of some cells. Therefore, 
the specific analysis of elevated proteins in the 
cell population that survived could shed some 
light on the role played by MPP+ treatment.

2D-DIGE analysis of proteins in differentiated 
SH-SY5Y cells with or without MPP+ treatment

In order to identify chaperone proteins with 
expression levels manipulated as a result of 
the MPP+ treatment of differentiated SH-SY5Y 
cells, a 2D-DIGE analysis was performed, as 
described in the Materials and Methods sec-
tion. 2D-DIGE fluorescent gel images were ana-
lyzed with the DeCyder software, which provid-
ed spot detection, spot matching and quantit- 

ative values. The use of the internal standard 
and three CyDye Fluor dyes (Cy2, Cy3 and Cy5) 
effectively helped to normalize data among the 
gels. This led to the accurate estimation of 
data, along with increased statistical confi-
dence by quantitative comparative analysis; 
which eliminated most of the technical varia-
tions. Proteins that were detected in at least 
three gels out of four were further considered 
for quantitative analysis. Protein spots with a 
≥1.3-fold expression change and statistical sig-
nificance (P<0.05) estimated by student’s t-test 
were defined as differentially expressed pro-
teins. Based in this criterion, a total of 49 pro-
tein spots were further analyzed on MALDI-ToF 
MS, as shown in Figure 4. 

Table 1. List of proteins identified though MALDI-ToF MS analysis

Spot no. Protein name NCBI accession 
number

Theoretical values Sequence 
coverage % Expectation

Mr pI
Chaperone protein
1 Nucleophosmin/B23.2 Gil13536991 23.6 4.6 23.6 0.006
2 Nucleophosmin/B23.2 Gil13536991 23.9 4.6 23.9 0.027
3 Chaperonin containing TCP 1 subunit 2 Gil543603 57.81 6.0 29.9 0.000
4 Heat shock 90 kDa protein 1, beta Gil20149594 83.59 5.0 23.9 0.000
5 14-3-3ζ Gil5803225 29.33 4.6 35.3 0.001
6 14-3-3ζ Gil49119653 30.1 4.7 34.0 0.000
7 14-3-3ζ Gil4507949 28.18 4.8 24.0 0.002
Cytoskeleton
8 α-tubulin Gil4389309 50.56 5.0 31.0 0.000
9 α-tubulin Gil57013276 50.82 4.9 32.6 0.000
Serine biosythesis
10 3-phosphoglycerate dehydrogenase Gil5771523 57.39 6.3 22.0 0.000
Mr: indicates molecular weight; pI: isoelectric point; 14-3-3ζ: tyrosin3-monooxygenase/tryptophan5-monooxygenase activation 
protein, zeta polypeptide; Expectation: chance of incorrect identification.

Table 2. Fold changes of identified proteinsafter MPP treatment

Spot no. Protein Fold change in protein expression 
(MPP+-treated SH-SY5Y cells/controls) P value student’s t-test

1 Nucleophosmin 2.16 1.2e-006
2 Nucleophosmin 2.06 1.4e-005
3 Chaperonin containing TCP-1 subunit 2 1.70 0.015
4 Heat shock 90 kDa protein 1 beta 1.93 3.6e-006
5 14-3-3ζ 1.36 0.00099
6 14-3-3ζ 1.47 0.00024
7 14-3-3ζ 1.99 1.3e-006
8 α-tubulin -1.67 0.00039
9 α-tubulin -1.46 0.014
10 3-phosphoglycerate dehydrogenase 1.95 0.012
14-3-3ζ: tyrosin3-monooxygenase/tryptophan5-monooxygenase activation protein, zeta polypeptide.
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The identification of proteins affected by MPP+ 
treatment

Finally, in order to identify these differentially 
expressed proteins, the spots-of-interest were 
excised from Coomassie brilliant blue-stained 
preparative gels, and digested with trypsin for 
analysis by MALDI-ToF MS. Among the 49 
spots-of-interest identified by 2D-DIGE analy-
sis, 10 protein spots were further analyzed suc-
cessfully by MALDI-ToF MS using an in-house 
licensed ProFound search engine and by 
searching the NCBI protein database restricted 
to Homo sapiens. The criteria for the positive 
identification of proteins with MS were set as 
an expectation ≤0.05 and a coverage ≥20%. 
The matching of molecular weight and the iso-
electric point to those derived from the spot 
position on the gels provided additional verifi-
cation for the identification. Table 1 lists the 
detailed information of identified proteins ass- 
essed by the NCBI protein database. Protein 
expression changes of these proteins are 
described in Table 2. In some cases, more than 
one protein spot corresponded with the same 
protein, which might represent different post-
translational modifications (PTMs) of the same 
protein; leading to the minor drift of molecular 
weight and pI. Finally, eight proteins were actu-
ally identified. Interestingly, different PTMs of 
the same protein expressed a similar fold 
change. Except for tubulin (resolved as two dis-
tinct spots) and 3-phosphoglycerate dehydro-
genase (Phgdh), all other proteins were molecu-
lar chaperones upregulated by MPP+ treatment, 
including nucleophosmin (NPM1, resolved as 
two distinct spots), chaperon-containing TCP-1 
subunit 2 (CCT2 or CCTβ), heat shock 90 kDa 
protein 1 beta (HSP90AB1 or HSP90β), and 
tyrosin3/tryptopha5-monoxygenase activation 
protein, zeta polypeptide (YWHAZ or 14-3-3ζ, 
three distinct spots were identified as YWHAZ). 
All these data are shown in Table 1 and Figure 
4. These proteins were further verified by 
searching the SWISS-PROT protein sequence 
database. 

Discussion

Chaperones are a class of proteins that inter-
act, stabilize and help other proteins to acquire 
their native conformation, and are implicated  
in the regulation of protein misfolding and ag- 
gregation process in cells [11]. Many previous 

studies have focused on the neuroprotective 
role of chaperone proteins in PD, which is 
defined as conformational disorder character-
ized by misfolding, aggregation and Lewy Body 
formation. In this study, we identified the upreg-
ulation of four chaperone proteins in the pro-
tein profile of MPP+-treated SH-SY5Y cells, 
which included NPM1, chaperonin-containing 
TCP-1 subunit 2 (CCT 2 or CCTβ), heat shock 90 
kDa protein 1 beta (HSP90AB1 or HSP90-β), 
and tyrosin3/tryptopha5-monoxygenase acti-
vation protein, zeta polypeptide (14-3-3ζ, gene 
symbol Ywhaz). In addition, some of these 
chaperone proteins have been previously been 
reported to be associated with the pathogene-
sis of PD. To our knowledge, this is the first 
report that linked the upregulation of these 
chaperone proteins to MPP+ treatment. 
Furthermore, this study reports for the first 
time that NPM1 protein is involved in PD. The 
upregulation of these chaperones can be 
explained as a defensive mechanism to com-
bat the increased misfolding of certain proteins 
or in response to the induction of apoptosis in 
the MPP+-induced SH-SY5Y cell PD model. 
These might prove to be potential targets for 
further therapeutic studies of PD.

Nucleophosmin (NPM1, also known as B23, 
NO38, or numatrin)

NPM1, also called nucleolar protein B23, numa-
trin, or NO38, is a member of the nucleoplas-
min family of histone chaperones, which is 
involved in mediating DNA-histone and nucleo-
some assembly [12]. In addition to its specific 
role as a histone chaperone, NPM1 also func-
tions as a broad molecular chaperone on a 
wide variety of substrates, including interacting 
with a wide range of unfolded proteins. This 
induces proper folding in the active state, inhib-
its protein aggregation, and promoting the 
renaturation of chemically denatured proteins 
[13, 14]. The upregulation of NPM1 in the pres-
ent study might be involved in the neuroprotec-
tive effects of the MPP+-induced PD cell model. 
Through its molecular chaperone function, the 
aggregation and misfolding of proteins can be 
attenuated in the pathogenesis of PD. In addi-
tion to its role as a chaperone, NPM1 is a multi-
functional protein that has been shown to play 
an important role in many other cellular activi-
ties including cell growth, proliferation and 
apoptosis [15]. Hence, the potential protective 
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role played by the overexpression of NPM1 in 
the present study can also be linked to its anti-
apoptotic function [16]. NPM1 has been shown 
to be involved in the stabilization of tumor sup-
pressor protein p53 [17], and function as a 
BCL2-associated X protein (BAX) chaperone 
[18] and a cytoplasmic/nuclear shuttle protein 
[19]; which limit apoptosis. NPM1 is highly 
expressed in the brain, but its function in post-
mitotic neurons remains obscure. Furthermore, 
several studies have recently found that NPM1 
is involved in neurodegenerative diseases [20]. 
The exact mechanism of the contribution of 
NPM1 in PD remains completely unelucidated, 
and it is unclear whether it functions as a 
molecular chaperone or an anti-apoptotic pro-
tein. Thus, the possible link between NPM1 and 
PD should be seriously considered in future 
studies.

Chaperonin containing t-complex polypeptide 
1 (TCP1), subunit 2 (beta) (CCT2 or CCTβ)

Chaperonin-containing TCP-1 (CCT), also called 
TCP-1 Ring complex (TRiC) or C-cpn, essentially 
has a chaperone function that contributes to 
cellular protein homeostasis by assisting in de 
novo folding, preventing protein aggregation 
and degrading many denatured proteins in 
eukaryotic cells [21]. TRiC/CCT has specific 
structural and mechanistic features that fold 
some of the essential substrate proteins, in 
which some of these proteins could not be fold-
ed by other chaperone systems such as cyto-
skeletal components and cell cycle regulators 
[22]. TRiC/CCT CCT is the most complex of all 
the chaperones, with each of the two rings 
composed of eight distinct and paralogous sub-
units [23] of approximately 60 kDa molecular 
weight, which are named α, β, γ, δ, ε, ζ, η and θ 
in mammalian cells (CCT1-8 in yeast) [24]. 
Although the CCT oligomer is essential for fold-
ing activities, increasing evidence suggests 
that CCT monomers themselves can function, 
independent of the TRiC/CCT complex [25]. In 
the present study, individual CCT2 levels were 
upregulated in MPP+-treated SH-SY5Y cells, 
implicating that CCT2 might play a role in the 
protein-folding machinery of PD pathogenesis. 
Therefore, it is hypothesized that the enhance-
ment of CCT2 levels may facilitate delaying or 
preventing the development of MPP+-induced 
PD. In addition, as a predominant molecular 
chaperone of cytoskeletal proteins, the upregu-

lation of CCT2 during exposure to MPP+ might 
be a response to cytoskeleton abnormality, 
which is common in PD [26, 27]. The alteration 
of α-tubulin protein in the present study might 
also partially result into the upregulation of 
CCT, because CCT can regulate the level of 
tubulin via a direct de novo synthesis or rapid 
degradation of non-native tubulin [25]. Our 
results suggest that CCT2 might play an essen-
tial role in the modulation of protein folding, 
which could be another target for further thera-
peutic studies of PD.

Heat shock protein 90AB1 (HSP90AB1 or 
HSP90 β)

HSP90 has been recently identified as the pre-
dominant chaperone implicated in α-synuclein-
evoked PD pathologies [28, 29], which is capa-
ble of preventing α-synuclein misfolding, oli- 
gomerization and aggregation; thus, suppress-
ing α-synuclein misfolding-induced PD toxicity 
[30]. HSP90 has two cytosolic isoforms, 
HSP90-α and HSP90-β; which are 85% identi-
cal. The upregulation of HSP90-β in this study 
was consistent with previous findings, in which 
HSP90 levels increased under oxidative stress 
in cell cultures [31], 6-OHDA-lesioned rats [32], 
and human PD brains [33]. These current 
results might represent the neuroprotective 
role of HSP90-β as a chaperone in MPP+-
induced PD mimicking. However, HSP90 can 
also assist in the stability of some aberrant 
neuronal proteins; and thus, result in the for-
mation of toxic aggregates [34, 35]. It has been 
found that HSP90 is implicated in the negative 
regulation of heat shock factor-1 (HSF-1), which 
is a master transcriptional regulator of HSPs. 
Thus, the HSP90 inhibitor might activate HSF-1 
to induce the overexpression of HSP70, HSP40 
and other chaperones that in turn reduce neu-
rodegeneration by refolding and solubilizing 
aberrant proteins [36]. Some experimental find-
ings have proven that HSP90 inhibitors can 
suppress neurodegeneration and exhibit pro-
tective effects in the PD model [37, 38]. In the 
review of Luo W et al., HSP90 inhibitors have 
been proposed as a potential beneficial thera-
py in neurodegenerative diseases including PD 
[39]. Recent reviews have suggested that a 
number of small molecular inhibitors of HSP90 
can decrease α-synuclein oligomerization in 
vitro and rescue α-synuclein-induced toxicity in 
PD models [40]. However, their utility is limited 
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due to high toxicity, brain permeability, and 
drug design [41]. Therefore, the result of our 
study provides an updated view of the role of 
HSP90 in PD; suggesting that it might become 
a promising clinical therapeutic agent against 
the neurodegenerative progression of PD in the 
future.

Tyrosine 3-monooxygenase/tryptophan 5-mo-
nooxygenase activation protein, zeta polypep-
tide (YWHAZ or 14-3-3ζ)

YWHAZ or 14-3-3 zeta (14-3-3ζ) is a member of 
the ubiquitous cytoplasmic chaperone protein 
family 14-3-3 [42], which include seven sepa-
rate gene or isoform coding sequences for 
these proteins in mammals (denoted by Greek 
letters: β, γ, ε, ζ, η, τ and δ) [43]. Our study dem-
onstrated that 14-3-3ζ was upregulated in the 
PD cellular mimicking model, which is consis-
tent with previous reports that implicated 14-3-
3 proteins in the pathogenesis of PD [44, 45]. 
Since, 14-3-3ζ has been shown to co-localize 
with α-synuclein in LBs in human PD [46], the 
overexpression of 14-3-3ζ in our study may 
have resulted from elevated α-synuclein levels. 
Intriguingly, 14-3-3ζ has been shown to dis-
solve aggregated proteins and eliminate mis-
folded proteins [47]; thus, leading to the hypoth-
esis that its accumulation in LBs may be 
particularly beneficial to DA neurons in PD. In 
addition, 14-3-3 proteins appears to be a key 
interacting partner of leucine-rich repeat pro-
tein kinase 2 (LRRK2); and its mutation is the 
most common cause of familial PD. Several 
PD-associated LRRK2 mutants have been 
shown to decrease the interaction of 14-3-3 
proteins [48, 49]. Except for α-synuclein and 
LRRK2, 14-3-3 proteins have also been shown 
to interact with Parkin, which is another PD 
gene [50]. Thus, it is reasonable to believe that 
indeed 14-3-3 proteins might be associated 
with the pathogenesis of PD, because 14-3-3 
proteins did interact with LRRK2, α-synuclein 
and parkin genes; in which its mutations can 
cause PD in a dominant fashion. Furthermore, 
14-3-3ζ can activate tyrosine hydroxylase (TH), 
a rate-limiting enzyme in the biosynthesis of 
dopamine; while wild-type α-synuclein can 
inhibit TH and DA synthesis in a dose-depen-
dent manner [51]. Thus, the upregulation of 
14-3-3ζ may act as a cellular compensation of 
α-synuclein toxicity for restoring the reduction 
of dopamine in the pathogenesis of PD [52]. 

The protective role of 14-3-3 proteins was also 
supported by another report, which suggested 
that the pharmacological inhibition of 14-3-3 
proteins can enhance neurotoxic vulnerability, 
whereas 14-3-3 overexpression has a protec-
tive effect in the transgenic C. elegans model of 
PD [53]. In addition to its own intrinsic chaper-
one-like activity, 14-3-3 proteins can also inhib-
it apoptosis; because they can lead to the sup-
pression of the pro-apoptotic function and 
activation of anti-apoptotic proteins [54-56]. 
Thus, the contribution of 14-3-3ζ to the patho-
genesis of PD might be due to its chaperone 
function, which binds proteins involved in dopa-
minergic degeneration and apoptosis, such as 
α-synuclein, LRRK2, apoptosis signal-regulat-
ing kinase 1 (ASK1) [57], Bcl-2 family protein 
BAD [58], Bcl-2 [59], Bcl2-associated X protein 
(Bax) [60], caspase-2 [61], and Fkhrl1 (a mem-
ber of the family of Forkhead transcription fac-
tors) [62]. Moreover, 14-3-3ζ may also exert its 
protective role via maintaining calcium homeo-
stasis [63]. Undoubtedly, the 14-3-3 protein is 
crucial to PD pathogenesis; and the overex-
pression of 14-3-3ζ in this study suggests its 
protective mechanism, which is a potential 
therapeutic target for PD.

Conclusion

Taken together, our data demonstrates that 
several chaperone proteins were closely relat-
ed with neurotoxicity in a MPP+-induced PD cel-
lular model. This indicates that the upregula-
tion of various chaperones might be required to 
prevent the misfolding and aggregation of 
harmful proteins, and protect dopaminergic 
neurons in the pathogenesis of PD. Due to the 
increased incidence of PD patients in our aging 
society, there is an urgent need to find effective 
therapeutic approaches to this devastating dis-
ease. Chaperones might hold the promise to 
open the therapeutic door for PD patients by 
reversing the misfolding and neurodegenera-
tion of harmful proteins.
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