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Wntl silencing enhances neurotoxicity induced
by paraquat and maneb in SH-SYSY cells
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Abstract. Wingless (Wnt) signaling regulates the prolifera-
tion and differentiation of midbrain dopamine (DA) neurons.
Paraquat (PQ) and maneb (MB) are environmental pollutants
that can be used to model Parkinson's disease (PD) in rodents.
A previous study demonstrated that developmental exposure
to PQ and MB affects the expression of Wntl, Wnt5a, nuclear
receptor-related factor 1 (NURRI) and tyrosine hydroxylase
(TH). However, how Wnt signaling regulates these develop-
mental factors in vitro is yet to be determined. To explore this,
SH-SYS5Y cells were exposed to PQ and MB. The results of the
current study indicated that exposure to PQ and MB decreased
Wnatl, B-catenin, NURRI and TH levels and increased Wnt5a
levels. Furthermore, Wntl silencing has the same effect as
exposure to PQ and MB. Additionally, the neurotoxicity
induced by PQ and MB is more severe in siWntl-SH-SY5Y
cells compared with normal SH-SYSY cells. Therefore, Wntl
may serve an important role in regulating developmental DA
factors, and may be a candidate gene for PD diagnosis or gene
therapy.
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Introduction

Parkinson's disease (PD) is the second most common neuro-
logical disorder worldwide and is caused by the degeneration
of midbrain dopamine (DA) neurons (1). The exposure to
environmental toxins during development, which impact DA
precursor factors, may lead to neurodegeneration and can
increase the risk of developing PD (2,3).

Wingless 1 (Wntl) and Wingless 5a (Wnt5a), which are
two members of the Wnt family, are developmental factors
that regulate the proliferation and differentiation of DA
precursors (4). Wntl enhances mesencephalic DA neuron
differentiation (5), and Wnt5a can regulate midbrain DA axon
growth and guidance (6). Additionally, Wntl and Wnt5a coop-
erate to regulate nuclear receptor-related factor 1 (NURR1)
and tyrosine hydroxylase (TH) expression (7,8). NURRI is a
brain-specific transcription factor located in DA neurons (9)
and induces the neurogenesis of DA-phenotype neurons (10),
while TH is a rate-limiting enzyme located in DA neurons and
is associated with synthesizing DA (11). NURRI can activate
the promoter of TH gene in neural progenitor cells increasing
TH expression (12,13).

A previous study demonstrated that the developmental
exposure to the herbicide paraquat (PQ) and the fungicide
maneb (MB) in pregnant and lactating rats influenced the
expression of Wntl, Wnt5a, NURRI1 and TH in the midbrain
DA neurons of offspring (14). However, the mechanism of Wnt
signaling in PD is still yet to be determined.

PQ and MB are two common agricultural chemicals, and
their combined exposure has been used to model Parkinson-like
motor deficits in rodents and to investigate the mechanisms of
pathogenesis in this disease (15-18). However, the combined
effect of PQ and MB in vitro, and their mechanism causing PD,
is rarely reported. In the current study, the human SH-SY5Y
neuroblastoma cell line, which is used as an in vitro cellular
model of DA neurons, was exposed to PQ and MB to explore
the mechanisms of Wnt signaling in PD.

Materials and methods
Chemicals, reagents and antibodies. PQ was purchased

from J&K Technology Co. Ltd. and MB was purchased from
Sigma-Aldrich (Merck KGaA). Cell counting kit-8 (CCK-8)
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assay was purchased from TransGen Biotech Co., Ltd.
Lipofectamine 2000® reagent was purchased from Invitrogen
(Thermo Fisher Scientific, Inc.). Human Wntl gene small
interfering RNA (siRNA; cat. no. sc-36839) was purchased
from Santa Cruz Biotechnology, Inc.

Mouse monoclonal Wntl (cat. no. abl05740) and rabbit
polyclonal Wnt5a (cat.no.ab174963) antibodies were purchased
from Abcam. Rabbit polyclonal B-actin (cat. no. 20536-1-AP),
rabbit polyclonal B-catenin (cat. no. 17565-1-AP), rabbit
polyclonal NURRI (cat. no. 10975-2-AP) and mouse mono-
clonal TH (cat. no. 6634-1-Ig) antibodies were purchased
from Wuhan Sanying Biotechnology. Horseradish peroxidase
(HRP)-labeled goat anti-rabbit (cat. no. ZB-2301) and goat
anti-mouse (cat. no. ZB-2305) antibodies were purchased from
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.
Alexa Fluor 647 labeled goat anti-rabbit (cat. no. ab150079),
Alexa Fluor 488 labeled goat anti-mouse (cat. no. ab150113)
and Alexa Fluor 488 labeled goat anti-rabbit (cat. no. ab150077)
antibodies were purchased from Abcam.

Cell culture. SH-SYSY cells were gifted from the School
of Pathology in Harbin Medical University (Heilongjiang,
China). Cells were cultured in high-glucose Dulbecco's
Modified Eagle Medium containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.) at 37°C in an incubator, under 5% CO,
and 95% air. Cells were induced to differentiate through the
administration of 10 #M retinoic acid (Shanghai Aladdin
Biochemical Technology Co., Ltd.) for 3-5 days in low serum
medium, according to Kovalevich and Langford (19). Then,
differentiated cells with a more pyramidal shaped body were
used for the subsequent experiments.

CCK-8 assay. SH-SYSY cells were seeded in 96-well plates
and exposed to a range of doses of PQ, from 0-320 M, and
MB, from 0-12.8 M for 24 h. The culture medium was
subsequently removed. Following the manufacturer's protocol,
CCK-8 reagent was diluted in culture medium and added to
wells. Each 96-well plate was incubated at 37°C for 2 h prior
to the detection of absorbance at 450 nm. Inhibition rates were
calculated according to the manufacturer's protocol.

Silencing Wntl in SH-SY5Y cells. A period of 1 day prior to
transfection, cells were seeded in 75 cm? culture bottles or
24-well plates in order to achieve 70% confluence for transfec-
tion. A specific siRNA (cat. no. sc-36839) for the human Wntl
gene (GenBank accession no. NM_005430) was purchased
from Santa Cruz Biotechnology, Inc. The human SH-SY5Y
cell line was transfected using a Lipofectamine 2000® reagent
according to the manufacturer's protocol. Cells in 75 ¢m?
culture bottles were transfected with 12.5 ul of 10 gmol/l Wntl
siRNA, while cells in 24-well plates were transfected with
4.5 ul of 10 ymol/l Wntl siRNA. A period of 4-6 h following
transfection, the media was replaced with fresh growth media.
Transfection efficiency was determined using western blot
analysis.

Western blot analysis. Cells were collected and lysed in
lysis buffer containing 1% protease inhibitor (both Beyotime
Institute of Biotechnology) for 1 h at 4°C. Samples were then
centrifuged at 10,000 x g at 4°C for 15 min. Supernatants were
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Figure 1. Inhibition by combined exposure to PQ and MB. SH-SY5Y cells in
a 96-well plate were exposed to PQ and MB. The experiment was repeated
three times. PQ, paraquat; MB, maneb.

collected and protein concentration was determined using a
bicinchoninic acid protein assay kit (Beyotime Institute of
Biotechnology). Equal amounts (40 ug) of protein were sepa-
rated by 10% SDS-PAGE and electrotransferred onto a PVDF
(Merck KGaA). Membranes were blocked with 5% non-fat
milk for 1 h at room temperature prior to incubation overnight
at 4°C in a solution of rabbit polyclonal (-actin (1:1,000),
mouse monoclonal Wntl (1:500), rabbit polyclonal Wnt5a,
rabbit polyclonal B-catenin, rabbit polyclonal NURRI or
mouse monoclonal TH (all 1:1,000). The next day, membranes
were washed three times with tris buffered saline and incu-
bated with HRP-labeled goat anti-rabbit and anti-mouse (both
1:5,000), Alexa Fluor 647-labeled goat anti-rabbit, and Alexa
Fluor 488-labeled goat anti-rabbit and anti-mouse (all 1:1,000)
secondary antibodies for 1 h at room temperature, and then
washed three times with tris buffered solution with 0.5%
tween. Targeted proteins were visualized using ECL reagent
(Beyotime Institute of Biotechnology) and exposed to a film.
Densities of specific protein bands were acquired using an
Adobe Photoshop CS6 software (version 13.0; Adobe Systems
Software Corporation). The results were expressed as the ratio
of target protein to 3-actin.

Immunofluorescence. Cell slides in the culture plate were
washed with PBS three times. Cells were then fixed with
4% paraformaldehyde for 15 min at room temperature, and
washed with PBS three times. Next, 0.5% Triton X-100 was
used to permeabilize cell membranes for 20 min at room
temperature. After washing slides three times with PBS,
slides were dried with an absorbent paper. Non-specific anti-
gens were blocked using ready-to-use goat serum (Beyotime
Institute of Biotechnology) for 30 min at room temperature.
Excess fluid was subsequently removed using absorbent paper.
Mouse monoclonal Wntl (1:200), rabbit polyclonal Wnt5a,
rabbit polyclonal B-catenin, rabbit polyclonal NURRI or
mouse monoclonal TH (all 1:500) primary antibodies were
then dropped onto slides, which were then incubated in a wet
box overnight at 4°C. The next day, slides were washed three
times with PBS containing 0.5% tween (PBST) and incubated
with Alexa Fluor 488-labeled goat anti-mouse or anti-rabbit,
or Alexa Fluor 647-labeled goat anti-rabbit or anti-mouse
secondary antibodies (all 1:1,000) in a wet box for 1 h at room
temperature. Slides were washed with PBST three times in
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Figure 2. Effects of combined PQ/MB exposure on levels of Wnt pathway-associated proteins in SH-SYSY cells. Protein expression of (A) Wntl (B) Wnt5a
(C) B-catenin (D) NURRI and (E) TH were analyzed using ANOVA followed Dunnett's T3 test. (F) Western blot analysis of Wntl, Wnt5a, 3-catenin, NURRI1
and TH protein expression. n=3. "P<0.05 vs. control. PQ, paraquat; MB, maneb; Wntl, wingless 1; Wnt5a, wingless 5a; NURRI, nuclear receptor-related

factor 1; TH, tyrosine hydroxylase.

the dark and then dried with an absorbent paper, and sealed
with a sealing liquid containing anti-fluorescence quenching
agent (Beyotime Institute of Biotechnology). Slides were then
observed and images were collected using a Nikon Eclipse Ti
fluorescence microscope (Nikon Corporation) with a magnifi-
cation of x200.

Statistical analysis. All the data are presented as the
mean + SEM and analyzed using SPSS 20.0 software (IBM
Corp.). A one-way ANOVA was performed followed by a
Dunnett's T3 test to analyze differences of Wnt pathway
protein expression between the control and treatment groups
following PQ and MB exposure (n=3). A two sample Student's
t-test was used to analyze the differences of Wnt pathway

protein expression between normal SH-SYS5Y cells and
Whntl-silenced SH-SYS5Y cells (n=3). P<0.05 was considered
to indicate a statistically significant difference.

Results

Inhibition of SH-SY5Y cell viability by PQ-MB exposure.
As presented in Fig. 1, average growth inhibition for 24 h
in SH-SYS5Y cells were 0, 17, 23, 35, 46, 78, 95 and 97% at
PQ/MB doses of at 0/0, 5/0.2, 10/0.4, 20/0.8, 40/1.6, 80/3.2,
160/6.4 and 320/12.8 uM, respectively.

Effects of combined exposure to PQ and MB on Wnt
signaling. The first four doses of PQ and MB (saline,
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Figure 3. Silencing efficiency of Wntl in SH-SYSY cells by siRNA. (A) Quantification of densitometry analysis in the control and silencing Wntl SH-SY5Y
cells. (B) Western blot analysis of Wntl protein expression in the control and silencing Wntl SH-SY5Y cells. n=3. "P<0.05. Wntl, wingless 1; siRNA, small

interfering RNA.
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Figure 4. Expression levels of proteins following Wntl silencing. (A) Quantification of densitometry analysis following Wntl silencing in SH-SY5Y cells.
(B) Western blot analysis of protein following Wntl silencing in SH-SYS5Y cells. Protein expression in SH-SY5Y cells and SH-SY5Y/Wntl-cells were analyzed
using a two sample Student's t-test. n=3. "P<0.05. Wntl, wingless 1; Wnt5a, wingless 5a; NURRI, nuclear receptor-related factor 1; TH, tyrosine hydroxylase.

5/0.2, 10/0.4 and 20/0.8 uM) were used as control, low, middle
and high dosages of exposure for SH-SYS5Y cells as the inhibi-
tions were <50%. Western blot analysis was used to measure
the effects of protein expression that was associated with Wnt
signaling.

As indicated in Fig. 2A, compared with the control, Wntl
protein expression significantly decreased in the middle-
and high-dose groups (P=0.013 and P=0.019, respectively).
Additionally, -catenin and NURRI1 expression in the
middle- (P=0.044 and P=0.001, respectively; Fig. 2C and D)
and high-dose groups (P=0.007 and P=0.007, Fig. 2C and D,
respectively) were significantly decreased compared with the
control group, and TH expression in the low, middle and high
dose groups were significantly decreased compared with the
control group (P=0.010, P=0.009 and P=0.009, respectively;
Fig. 2E). Wnt5a protein levels were significantly increased
in the high-dose group compared with the control group
(P=0.047; Fig. 2B).

Silencing efficiency of Wntl. Human-specific Wntl siRNA
was used to silence Wntl expression in SH-SY5Y cells. The

silencing efficiency of Wntl in SH-SYSY cells was ~50%, and
the difference was significant when compared with normal
SH-SYS5Y cells (P<0.001; Fig. 3).

Effects of Wntl silencing on dopaminergic factors. The expres-
sion of proteins that are associated with Wnt signaling were
investigated following Wntl silencing in SH-SY5Y cells. As
presented in Fig. 4, Wntl, 3-catenin and NURRI protein levels
were significantly decreased (P=0.164, P=0.024 and P=0.001,
respectively), whereas the level of Wnt5a protein significantly
increased (P=0.022). TH expression also decreased, although
the difference was not significant. These changes were similar
to the effects of PQ- and MB-induced toxicity on protein levels
indicated in a previous in vivo study (14).

Wntl silencing enhances toxicity induced by combined exposure
to PQ and MB.Normal SH-SY5Y and Wntl-silencing SH-SY5Y
cells were exposed to PQ and MB (at doses of 20 and 0.8 uM,
respectively). Immunofluorescence was used to visualize Wntl,
Wnt5a, f-catenin, NURRI and TH proteins. As shown in Fig. 5,
the fluorescence of Wntl, B-catenin, NURRI and TH proteins
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Figure 5. Effects on down-stream Wnt pathway proteins in normal SH-SY5Y and Wntl silenced SH-SY5Y cells following exposure to the same doses of PQ and
MB (20 and 0.8 uM). PQ, paraquat; MB, maneb; Wntl, wingless 1; Wnt5a, wingless 5a; NURRI, nuclear receptor-related factor 1; TH, tyrosine hydroxylase.
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Figure 6. Silencing Wntl expression enhances PQ and MB-induced toxicity
in SH-SYSY cells. The cell survival percentage in Wntl silenced SH-SY5Y
cells was lower compared with normal SH-SYSY cells following exposure
to the same doses of PQ and MB (20 and 0.8 #M). Data are presented as the
mean + SEM. n=5. "P<0.05. PQ, paraquat; MB, maneb; Wntl, wingless 1.

weakened in SH-SYS5Y and SH-SY5Y/Wntl-cells treated with
PQ and MB compared with untreated SH-SYSY cells, whereas
the fluorescence of Wnt5a intensified.

Cytotoxicity was performed using a CCK-8 assay. The results
presented in Fig. 6 indicated that the cell survival percentage
in Wntl-silencing cells decreased more than normal SH-SYS5Y
cells after exposure to the same doses of PQ and MB, which
indicated that cell damage was more severe. The differences
were significant in the Wntl silenced and the PQ/MB treatment
groups when compared with the control group (P<0.001).

Collectively, the hypothesized relationship between Wntl,
Whnt5a, 3-catenin, NURR1 and TH is summarized in Fig. 7.
Wntl plays a positive role on down-stream genes, 3-catenin,
NURRI and TH, Wnt5a plays a negative role. There is also an
interaction between Wntl and Wnt5a.

(+)

B-catenin
(+)
v

ISy

()

Figure 7. Diagram presenting the interactions between Wntl, Wnt5a,
B-catenin, NURRI1 and TH following exposure to PQ and MB. Wntl has
a positive regulation on down-stream genes, -catenin, NURRI and TH,
and a negative regulation on Wnt5a. Wntl, wingless 1; Wnt5a, wingless 5a;
NURRI, nuclear receptor-related factor 1; TH, tyrosine hydroxylase; PQ,
paraquat; MB, maneb; +, positive regulation; -, negative regulation.

Discussion

The SH-SYSY cell line is frequently used as an in vitro cellular
model of DA neurons in neurotoxicity research (20-23).
However, according to Kovalevich and Langford (19), the
SH-SYSY cell line exhibits three morphologically distinct
phenotypes during development: A spindle shaped cell
body, pyramidal shaped body and epithetial-like cell body.
The pyramidal shaped cell exhibits increased neuronal
functions. Therefore, spindle shaped cells were induced
to differentiate into pyramidal cells in a method that was
reported by Kovalevich and Langford (19). The PQ and MB
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dose used in the current study was selected based on previous
reports (24,25). Inhibition in SH-SYSY cells was acquired for
24 h under exposure to PQ and MB. Doses with inhibition
rates of 0, 17, 23, and 35% were used as the control, low-,
middle-, and high-exposure groups, respectively.

In the current in vitro study, PQ and MB-induced toxicity in
SH-SYS5Y cells decreased Wntl, NURR1 and TH expression,
and increased Wnt5a expression. These results are consistent
with results from a previous in vivo study (14). Additionally,
the in vitro expression of f-catenin was investigated in the
current study. B-Catenin is part of the canonical Wnt pathway,
which is essential for the neurogenesis of midbrain DA
neurons (26-28). Mice with a targeted deletion of (-catenin
have been demonstrated to exhibit deficits in motor learning
and memory (29). The results of the current study indicated
that exposure to PQ and MB reduces (3-catenin and Wntl
expression levels in SH-SYSY cells. This reduction may also
influence the survival rate of SH-SY5Y cells.

p-Catenin has also been demonstrated to protect PC12
cells against rotenone-induced neurotoxicity through the
induction of NURRI expression (30). NURRI is a transcrip-
tion factor that regulates the development of DA precursors
into mature DA neurons (31). In NURRI-deficient mice, DA
dysfunction occurs during ageing (32-34). Therefore, NURR1
is considered to be a PD candidate gene (35). TH, which is
a DA neuronal marker expressed in mature DA neurons, has
been indicated to be regulated by NURRI (36). In the current
study, NURRI1, TH, Wntl and 3-catenin were all decreased
after exposure to PQ and MB.

Wnt5a serves a role in the development of midbrain
DA neurons (37). However, in contrast to Wntl, $-Catenin,
NURRI and TH protein levels, Wnt5a protein levels did not
decrease in toxic SH-SYSY cells induced by PQ and MB, and
conversely increased Wnt5a in the current study and a previ-
ously reported in vivo study (14). This increased Wnt5a may
be a compensatory response to the induction of NURRI and
TH expression. A previous study has also indicated that Wnt5a
can inhibit the canonical Wnt pathway and promote cardiac
progenitor development (38). Therefore, it can be suggested
that increased Wnt5a may also inhibit Wntl expression, but
this needs to be investigated.

In developing DA neurons, Wntl is expressed on embry-
onic day 8 (E8) (39), prior to the expression of Wnt5a on
E9.5 (40), B-catenin on E9.5 (41), NURRI1 on E10.5 (42) and
TH on E11.5 (43). To explore the effect of Wntl on [3-catenin,
WntS5a, NURRI and TH, Wnt expression was silenced in
SH-SYSY cells. The results were similar to those of toxicity
induced by PQ and MB, which indicated that f-catenin,
NURRI, and TH were decreased while Wnt5a was increased.
Therefore, the results of the current study demonstrated that
Whntl expression serves an important role in maintaining DA
neuron function.

Afterexposure of normal SH-SYSY cells and Wntl-silenced
SH-SYSY cells to 20 xuM PQ and 0.8 uM MB, a decreased
cell survival was observed in Wntl-silencing cells compared
with normal SH-SYSY cells. The results of the present study
demonstrated that Wntl silencing enhances the neurotoxicity
that is induced by PQ and MB. This finding is similar to that of
a previous study, which reported that exogenous Wntl protects
SH-SYSY cells against 6-hydroxydopamine toxicity (44). In

HUANG et al: EFFECT OF PARAQUAT AND MANEB ON SH-SY5Y CELLS

conclusion, the results of the current study revealed that Wntl
may be an effective candidate gene for the treatment of PD, but
this needs to be investigated further.
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