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s MPP+-induced neuronal
cytotoxicity via targeting the HAPLN4/MAPK
pathway in SH-SY5Y cells

Wei Liu,†a Lijiao Geng †*b and Yong Chenb

Background: miR-19b has been reported to be involved in nervous system disease including Parkinson's

disease (PD). However its molecular basis has not been exhaustively elucidated. Materials and Methods:

SH-SY5Y cells were treated with 1-methyl-4-phenylpyridinium (MPP+) to construct PD model in vitro. RT-

qPCR was performed to detect the expression of miR-19b and proteoglycan link protein 4 (HAPLN4)

mRNA. Western blot analysis was used to measure the level of HAPLN4 and mitogen activated protein

kinase (MAPK)-related protein. Cell viability and apoptosis were determined by MTT and flow cytometry.

Commercial ELISA kits were applied to quantify caspase-3 activity, lactate dehydrogenase (LDH), reactive

oxygen species (ROS), superoxide dismutase (SOD), tumor necrosis factor-a (TNF-a) and interleukin-1 beta

(IL-1b). Dual-luciferase reporter assay was applied to assess the relationship between miR-19b and

HAPLN4. Results: miR-19b was downregulated in MPP+-induced SH-SY5Y cells. miR-19b overexpression

reversed MPP+-induced suppression of cell viability and promotion of cell apoptosis in SH-SY5Y cells.

Moreover, miR-19b alleviated MPP+-induced cytotoxicity of SH-SY5Y cells, embodied by the decrease of

LDH release, caspase-3 activity, ROS expression, TNF-a and IL-1b secretion, as well as the increase of SOD

level. HAPLN4 was identified as a direct target of miR-19b and miR-19b repressed HAPLN4 expression in

a post-transcriptional manner. In addition, miR-19b-mediated anti-apoptosis effect was abated following

HAPLN4 expression restoration in MPP+-induced SH-SY5Y cells. Furthermore, MAPK signaling participated

in miR-19b/HAPLN4-mediated regulation in MPP+-treated SH-SY5Y cells. Conclusion: the neuroprotective

effect of miR-19b might be mediated by HAPLN4/MAPK pathway in SH-SY5Y cells.
1. Introduction

Parkinson's disease (PD) is an age-related neurodegenerative
disease, characterized by a progressive loss of dopaminergic
neurons and iron deposition in the substantia nigra.1 The
symptoms of PD include movement disorders such as postural
abnormalities, resting tremors, rigidity, and akinesia, and all of
which develop as a result of the loss of 50–70% of dopaminergic
neurons.2 Increased iron deposition was reported to cause
oxidative stress and PD development.3 Moreover, accumulating
evidence shows that occurrence of neuroinammation and
activation of apoptotic cascade contribute to the pathogenesis
and progression of PD.4 Although many disease-modifying
therapies of PD are discovered,5 it is still necessary to explore
novel underlying molecular mechanism of PD for making
further prevention and treatment.
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MicroRNAs (miRNAs), a class of small non-coding ribonu-
cleic acids with 18–23 nucleotides (nt) in length, have been
pointed to play vital roles in multiple physiological and patho-
logical processes.6 miRNAs, widely expressed in brain tissues,
are involved in the development and progression of many
neurodegeneration diseases through regulating a series of bio-
logical events and cellular functions, including PD.7 For
example, Zhou et al.8 demonstrated that miR-7 suppressed Nod-
like receptor protein 3 (NLRP3) inammasome activation and
protected dopaminergic (DA) neurons against degeneration in
ATP-induced BV2 cells and PD model mice. MiR-22 upregula-
tion enhanced proliferation and survival of 6-hydroxydopamine-
induced PC12 cells through targeting transient receptor
potential melastatin 7 (TRPM7), indicating the neuroprotective
and reversal effects of miR-22 in PD.9 MiR-155 was reported to
regulate alpha-synuclein-induced inammatory responses in
models of PD, implicating miR-155 as a potential therapeutic
target in PD treatment.10 MiR-19b, a key member of miR-17-92
cluster, is critical for brain development and function via
modulating cell proliferation and apoptosis process.11 It was
recently documented that dysregulation of miR-19 was impli-
cated in nervous system disease including PD, Alzheimer's
disease (AD), neurobromatosis, spinocerebellar ataxia type 1
This journal is © The Royal Society of Chemistry 2018
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View Article Online
and some other neurodegenerative diseases.12 Gui et al.13 found
that miR-19b-3p was signicantly reduced in the brain of PD
patients. Moreover, miR-19 inhibitor promoted apoptosis of
aluminum (Al)-induced SH-SY5Y cells, and prevention of miR-
19 downregulation by treatment with folic acid protected
neuronal cells against Al-induced apoptosis.14 To date, however,
the detailed function and molecular mechanism of miR-19b in
PD have not yet been well investigated.

The present study aimed to explore the possible role and
mechanism of miR-19b in 1-methyl-4-phenylpyridinium (MPP+)-
induced SH-SY5Y cells. We demonstrated that miR-19b was
downregulated in MPP+-induced SH-SY5Y cells. Moreover, miR-
19b overexpression alleviated MPP+-induced cytotoxicity of
SH-SY5Y cells. Furthermore, the neuroprotective effect of
miR-19b might be mediated by Homo sapiens hyaluronan and
proteoglycan link protein 4 (HAPLN4)/mitogen activated protein
kinase (MAPK) pathway in SH-SY5Y cells.

2. Materials and methods
2.1. Cell culture and treatment

The SH-SY5Y neuroblastoma cell line was purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).
Then, cells were maintained in Dulbecco's modied Eagle's
medium (11995065, DMEM, Thermo Fisher Scientic, Wal-
tham, MD, USA), supplemented with 10% fetal bovine serum
(10099141, FBS, Thermo Fisher Scientic) and 1% penicillin/
streptomycin (10378016, Thermo Fisher Scientic), in
a humid incubator with 5% CO2 at 37 �C.

To construct PDmodel in vitro, SH-SY5Y cells were exposed to
different concentrations (0, 1, 2, and 4 mM) of MPP+ (ab144783,
Abcam, Cambridge, UK) for 24 h or 2 mM of MPP+ for different
treatment times (0, 6, 12, and 24 h), respectively. For ow
cytometry, lactate dehydrogenase (LDH) release, caspase 3
activity, superoxide dismutase (SOD)/reactive oxygen species
(ROS)/tumor necrosis factor-a (TNF-a)/interleukin-1 beta (IL-1b)
levels, and protein levels assay, transfected or untransfected SH-
SY5Y cells were treated with 2 mM MPP+ for 12 h.

2.2. Cell transfection

All miRNA mimics (miR-NC, miR-19b mimics), miRNA
inhibitors (anti-miR-NC, anti-miR-19b), and siRNAs (si-NC, si-
HAPLN4) were purchased from Qiagen (Hilden, Germany).
The HAPLN4-overexpression vector (pcDNA-HAPLN4) and
pcDNA3.1 empty vectors were purchased from Thermo Fisher
Scientic (V87020). Gain-of-function experiments were per-
formed with SH-SY5Y cells transfected with miR-19b mimics or
pcDNA-HAPLN4, and loss-of-function experiments were
performed with SH-SY5Y cells transfected with anti-miR-19b or
si-HAPLN4 using Lipofectamine RNAiMAX Transfection
Reagent (13778030, Thermo Fisher Scientic), respectively.

2.3. Real-time quantitative PCR

Total RNA was isolated from cells with miRNeasy mini kit
(217004, Qiagen). Aer extraction, cDNA was synthesized using
M-MLV reverse transcriptase (Promega, Madison, WI, USA). The
This journal is © The Royal Society of Chemistry 2018
expression levels of miR-19b and HAPLN4 were measured by
using real-time quantitative PCR (RT-qPCR) with a SYBR Green
PCR master mix (A25776, Thermo Fisher Scientic) on
a 7900HT fast real-time PCR detection system (4365542,
Thermo Fisher Scientic). GAPDH was used as a housekeeping
gene, and U6 was used as an internal reference for miRNA. The
relative expression was calculated with 2�DDCt method.

2.4. Cell viability assay

3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was applied to measure cell viability. Briey, at
indicated time point, 20 ml of MTT solution (M6494, Thermo
Fisher Scientic) was added to each cell culture medium for 4 h.
Then, the medium was discarded, and the formazan crystal was
dissolved by adding 200 ml dimethyl sulfoxide (156914, Sigma-
Aldrich, St. Louis, MO, USA). The absorbance was measured at
490 nm by using a microplate reader (SpectraMax M5, Molec-
ular Devices, Sunnyvale, CA, USA).

2.5. Flow cytometry

Cell apoptosis was measured using ow cytometry with Annexin
V-FLUOS Staining (AV-PI) kit (11858777001, Sigma-Aldrich)
according to the manufacturer's protocol. Briey, cells were
harvested, washed three times with PBS, and resuspended with
300 ml of buffer containing 5 ml of FITC-conjugated annexin V.
Then the mixture was incubated in the dark for 10 min and 5ml
of PI was added. Lastly, cell apoptosis was analyzed by ow
cytometry (343098, FACSCalibur, BD Biosciences, Franklin
Lakes, NJ, USA) with CellQuest soware.

2.6. ELISA detection

LDH release was measured with LDH Cytotoxicity Detection kit
(11644793001, Sigma-Aldrich) according to the manufacturer's
protocol. Briey, at indicated time point, 50 ml of medium
containing the released LDH was added to each cell culture
medium and mixed with 50 ml reaction mixture for 30 min.
Then, 50 ml of stop solution was added to terminate the reac-
tions. The absorbance was measured using a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA) at 490 and 680 nm.

Caspase-3 activity was measured by using the caspase-3
activity kit (E13183, Thermo Fisher Scientic). Briey, cells
were homogenized in reaction buffer and 2 mM caspase-3
substrate. Then, the mixture was incubated for 2 h at 37 �C,
following the detection of absorbance at 405 nm using the
microplate reader. Similarly, SOD expression, ROS production,
TNF-a and IL-1b secretion were measured with the corre-
sponding commercially available ELISA kits (Thermo Fisher
Scientic), according to the instructions of manufacturer.

2.7. Dual-luciferase reporter assay

A fragment of 30-UTR of HAPLN4 containing the target sequence
(UUUGCAC) of miR-19b was amplied by PCR, and then the
produces were inserted into psiCHECK-2 vectors (C8011,
Promega) to construct HAPLN4 wild-type luciferase reporter
vector (HAPLN4-WT). The target seed sequence (UUUGCAC) was
RSC Adv., 2018, 8, 10706–10714 | 10707
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modied using the QuickChange II Site-Directed Mutagenesis
kit (200518, Stratagene, La Jolla, CA, USA) to generate HAPLN4
mutant-type luciferase reporter vector (HAPLN4-Mu). Then, SH-
SY5Y cells were transfected with HAPLN4-WT or HAPLN4-Mu
alone, or cotransfected with miR-19b mimics or anti-miR-19b
for 24 h, following the detection of luciferase activity by
SteadyGlo Luciferase Assay System (E2510, Promega).

2.8. Western blot assay

Total protein was extracted from cells using RIPA lysis buffer
(P0013C, Beyotime, Nantong, China) and the protein concen-
tration was measured using BCA Protein Assay Kit (23225,
Thermo Fisher Scientic). An equal amount of protein (50 mg)
was separated by 12% SDS-PAGE, and then transferred to PVDF
membrane (Millipore, Billerica, MA, USA). Aer blocked with
TBS containing 5% defatted milk and 0.5% Tween-20 for 2 h at
room temperature, the PVDF membranes were incubated with
anti-HAPLN4 (ab188148, Abcam), anti-p-ERK (ab65142, Abcam),
anti-ERK (ab54230, Abcam), anti-p-JNK (ab207477, Abcam),
anti-JNK (ab176662, Abcam), anti-p-p38 (4511, Cell signaling
Technology, Danvers, MA, USA), anti-p38 (ab170099, Abcam),
anti-b-actin (4970, Cell signaling Technology) overnight at 4 �C,
followed by incubated with HRP-conjugated secondary anti-
bodies (7074, Cell signaling Technology). Protein blot images
were quantized by ImageJ2x soware (National Institutes of
Health, Bethesda, MD, USA).

2.9. Statistical analysis

All data were analyzed by Student's t tests and one-way ANOVAs
with SPSS version 13.0 (SPSS Inc., IL, USA). The data in this
study were expressed as mean � standard deviation (SD). P <
0.05 was considered statistically signicant.

3. Results
3.1. MiR-19b reversed MPP+-induced suppression of cell
viability and promotion of apoptosis in SH-SY5Y cells

To investigate the function of miR-19b in PD, RT-qPCR assay
was rst applied to detect the expression pattern of miR-19b in
MPP+-induced SH-SY5Y cells. The data revealed that aer being
treated with 2 mM MPP+ for 12 h, miR-19b level was strikingly
inhibited compared with the control group (Fig. 1A). Further,
miR-19b mimics and inhibitors were obtained and then trans-
fected into SH-SY5Y cells to examine its efficiency. As displayed
in Fig. 1B, the expression of miR-19b was signicantly enhanced
aer transfection with miR-19b mimics, while miR-19b level
was decreased following introduction with anti-miR-19b,
compared with the control group in SH-SY5Y cells. Then,
gain- and loss-of-function experiments were performed to
further explore the effect of miR-19b on the viability of MPP+-
induced SH-SY5Y cells. Aer the transfected SH-SY5Y cells were
treated with 0–4 mM MPP+ for 24 h or 2 mM for 0–24 h, cell
viability was detected by MTT assay. As expected, MPP+ treat-
ment reduced the cell viability at a dose- or time-dependent
manner (Fig. 1C–F). However, MPP+-induced viability suppres-
sion at 2 and 4 mM for 24 h (Fig. 1C) or 2 mM for 12 h and 24 h
10708 | RSC Adv., 2018, 8, 10706–10714
(Fig. 1D) was evidently relieved following miR-19b upregulation.
On the contrary, MPP+-induced viability suppression was
markedly aggravated by the introduction with anti-miR-19b in
SH-SY5Y cells compared with corresponding control (Fig. 1E
and F).

Subsequently, we explored the effect of miR-19b on
apoptosis of MPP+-treated SH-SY5Y cells. SH-SY5Y cells trans-
fected with miR-19b mimics or anti-miR-19b were exposed to
2 mM MPP+ for 12 h, followed by the detection of cell apoptosis
by ow cytometry. The data indicated that cell apoptosis was
remarkably facilitated by the treatment with MPP+. Moreover,
MPP+-induced apoptosis was signicantly attenuated by the
introduction with miR-19b mimics, while miR-19b down-
regulation strikingly enhanced MPP+-induced apoptosis in SH-
SY5Y cells (Fig. 1G and H). All the data suggested that miR-
19b played a protective role in MPP+-treated SH-SY5Y cells.

3.2. MiR-19b alleviated MPP+-induced cytotoxicity in SH-
SY5Y cells

Activation of apoptotic cascade, oxidative stress and neuro-
inammatory response have been reported to be closely asso-
ciated with the development of PD.15 Hence, to further
investigate the effect of miR-19b on PD, SH-SY5Y cells trans-
fected with miR-19b mimics or anti-miR-19b were exposed to
2mMMPP+ for 12 h, followed by the assessment of LDH release,
caspase 3 activity, SOD production, ROS generation, IL-1b level
and TNF-a expression. These results displayed that MPP+

treatment led to a dramatic promotion in LDH release (Fig. 2A),
caspase 3 activity (Fig. 2B), ROS generation (Fig. 2D), TNF-
a (Fig. 2E) and IL-1b (Fig. 2F) expressions, as well as a signicant
inhibition in SOD production (Fig. 2C). Nevertheless, MPP+-
induced cytotoxicity effect was markedly alleviated aer miR-
19b upregulation, while it was evidently enhanced when intro-
duction with anti-miR-19b in SH-SY5Y cells compared with
control group. All these results implied that overexpression of
miR-19b alleviated MPP+-induced cell cytotoxicity in SH-SY5Y
cells.

3.3. HAPLN4 was a direct target of miR-19b

To further explore the underlying mechanism of miR-19b in
protecting SH-SY5Y cells against MPP+-induced cytotoxicity, the
online soware algorithms were used to search for the candi-
date target gene of miR-19b. Interestingly, the complementary
sequences of miR-19b were found in the 30-UTR of HAPLN4
mRNA (Fig. 3A). In order to verify the binding between miR-19b
and HAPLN4, dual-luciferase reporter assay was performed in
SH-SY5Y cells by transfecting HAPLN4 wild-type luciferase
reporter vector (HAPLN4-WT) or HAPLN4 mutant-type lucif-
erase reporter vector (HAPLN4-Mu) alone, or cotransfected with
miR-19b mimics or anti-miR-19b. As shown in Fig. 3B, the
luciferase activity of HAPLN4-WT was markedly attenuated
following miR-19b upregulation, while it was markedly
promoted by the introduction of anti-miR-19b. However,
mutant of putative sites in HAPLN4 reporter vector had little
effect in luciferase activity following miR-19b increase or
reduction (Fig. 3B). To further observe the regulatory effect of
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 MiR-19 reversed MPP+-induced suppression of cell viability and promotion of cell apoptosis in SH-SY5Y cells. (A) SH-SY5Y cells were
treated with 2 mM of MPP+ for 12 h and then the expression pattern of miR-19 was assessed by RT-qPCR assay. (B) SH-SY5Y cells were
transfected with miR-19 mimics or anti-miR-19b for 24 h, followed by the detection of miR-19 level. (C–F) SH-SY5Y transfected with miR-19
mimics or anti-miR-19 were treated with various concentrations (0, 1, 2, and 4 mM) of MPP+ for 24 h or with 2 mM of MPP+ for different times (0,
6, 12, and 24 h), followed by the determination of cell viability by MTT assay. (G and H) SH-SY5Y cells transfectedwithmiR-19mimics or anti-miR-
19 were treated with or without 2mMMPP+ for 12 h, followed by the analysis of cell apoptosis by flow cytometry. *P < 0.05 vs. respective control.
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miR-19b on HAPLN4, miR-19b mimics and anti-miR-19b were
transfected into SH-SY5Y cells respectively. RT-qPCR assay
revealed that themRNA level of HAPLN4 was not changed by the
introduction with miR-19b mimics or anti-miR-19b when
This journal is © The Royal Society of Chemistry 2018
compared with the control group (Fig. 3C). Western blot anal-
ysis demonstrated that HAPLN4 expression was signicantly
repressed by miR-19b upregulation, whereas the level of
HAPLN4 was strikingly promoted following miR-19b
RSC Adv., 2018, 8, 10706–10714 | 10709
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Fig. 2 MiR-19 alleviated MPP+-induced cytotoxicity of SH-SY5Y cells. SH-SY5Y cells transfected with miR-19 mimics or anti-miR-19 were
treated with or without 2 mMMPP+ for 12 h, followed by the assessment of LDH release (A), caspase 3 activity (B), SOD levels (C), ROS generation
(D), TNF-a (E) and IL-1b secretion (F) by ELISA assays. *P < 0.05 vs. corresponding control.
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downregulation (Fig. 3D). These results conrmed miR-19b
repressed HAPLN4 expression in a post-transcriptional
manner. All the data indicated that HAPLN4 was a direct
target of miR-19b in SH-SY5Y cells.
3.4. MiR-19b-mediated anti-apoptosis effect was abated
following HAPLN4 expression restoration in MPP+-induced
SH-SY5Y cells

Then, siRNA of HAPLN4 (si-HAPLN4) and HAPLN4 over-
expression plasmid (pcDNA-HAPLN4) were transfected into SH-
SY5Y cells to regulate HAPLN4 expression. As displayed in
Fig. 4A, HAPLN4 expression was signicantly repressed by the
introduction with si-HAPLN4, while it was strikingly facilitated
aer transfection with HAPLN4. Further, transfected SH-SY5Y
cells were exposed to 2 mM MPP+ for 12 h, followed by the
10710 | RSC Adv., 2018, 8, 10706–10714
evaluation of cell apoptosis. The data showed that MPP+-elicited
apoptosis was strikingly inhibited when HAPLN4 was down-
regulated, whereas overexpression of HAPLN4 dramatically
accelerated MPP+-induced apoptosis in SH-SY5Y cells (Fig. 4B
and C). These data indicated that HAPLN4 played vital roles in
the pathogenesis of PD. Subsequently, to further explore
whether the protection effect of miR-19b was mediated by
HAPLN4, SH-SY5Y cells were transfected with miR-19b mimics
alone, or in combination with pcDNA-HAPLN4 prior to treat-
ment with MPP+. Western blot analysis displayed that
compared with the control group, miR-19b-induced decrease of
HAPLN4 expression was dramatically restored by the cotrans-
fection with HAPLN4 (Fig. 4D). Moreover, the restoration of
HAPLN4 expression signicantly reversed the inhibitory effect
of miR-19b on apoptosis effect in MPP+-induced SH-SY5Y cells
(Fig. 4E and F). All these results suggested that miR-19b exerted
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 HAPLN4 was a direct target of miR-19. (A) Sequence alignment between miR-19 and the 30-UTR of HAPLN4. (B) The interplay between
miR-19 and HAPLN4 was detected by dual-luciferase reporter assay. HAPLN4 wild-type luciferase reporter plasmid (HAPLN4-WT) and HAPLN4
mutant-type luciferase reporter plasmid (HAPLN4-Mu) were constructed and transfected into SH-SY5Y cells together with miR-19 mimics or
anti-miR-19. (C and D) SH-SY5Y cells were transfected with miR-19mimics or anti-miR-19, followed by the detection of HAPLN4mRNA level by
RT-qPCR assay (C) and HAPLN4 protein expression by western blot with b-actin as internal reference (D). *P < 0.05 vs. respective control.
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neuroprotective function by targeting HAPLN4 inMPP+-induced
SH-SY5Y cells.
3.5. MAPK signaling pathway was involved in miR-19b/
HAPLN4-mediated regulation in MPP+-treated SH-SY5Y cells

MAPK family, consisting of extracellular signal-regulated kinase
(ERK), p38 and c-JunNH2-terminal kinase (JNK), are serine–
threonine kinases that mediate intracellular signaling
associated with a variety of cellular activities including cell
proliferation, survival, death and transformation.16 Therefore,
we further observed whether miR-19b/HAPLN4 could regulate
the MAPK signaling in MPP+-treated SH-SY5Y cells, by analyzing
the phosphorylation levels of MAPK signaling molecules aer
transfected with pcDNA-HAPLN4 and miR-19b mimics +
pcDNA-HAPLN4. The data presented that HAPLN4 activated
MAPK signaling pathway, revealed by the increase of p-ERK,
p-JNK and p-p38 levels following HAPLN4 upregulation
(Fig. 5A–D). Whereas, HAPLN4-triggered MAPK signaling was
markedly blocked by cotransfection with miR-19b mimics
(Fig. 5A–D). All these results hinted that miR-19b abated
This journal is © The Royal Society of Chemistry 2018
MPP+-induced injury of SH-SY5Y cells possibly by inactivating
MAPK signaling pathway via HAPLN4.
4. Discussion

Neuroinammation, which results primarily from the presence
of chronically activated glial cells in the brain, is a common
feature in the pathology of PD.17 Oxidative stress may damage
dopaminergic neurons and give rise to the symptoms of
neurodegenerative diseases including PD.18 Antioxidants such
as SOD, as scavenger of ROS and free radicals, are critical for the
prevention of PD.19 Neuroinammatory mediators such as IL-1b
and TNF-a, also play vital roles in progression of PD.20 In this
study, SH-SY5Y cells were treated with MPP+ to construct the
model of PD in vitro. The data showed that MPP+ treatment
induced cell injury at a dose- or time-dependent manner.
Moreover, in accordance with previous report,21 MPP+ treatment
led to a dramatic promotion in LDH release, caspase 3 activity,
oxidative stress production and neuroinammatory response
generation in SH-SY5Y cells. Taken together, these results
RSC Adv., 2018, 8, 10706–10714 | 10711
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Fig. 4 MiR-19-mediacted anti-apoptosis effect was abated following HAPLN4 expression restoration in SH-SY5Y cells. SH-SY5Y cells trans-
fected with si-NC, si-HAPLN4, Vector, or HAPLN4 overexpression plasmid (pcDNA-HAPLN4) were exposed to 2 mMMPP+ for 12 h, followed by
the detection of HAPLN4 level (A) and cell apoptosis (B and C). SH-SY5Y cells were transfected with miR-NC, miR-19 mimics, miR-19 mimics +
vector, miR-19 mimics + pcDNA-HAPLN4 prior to treatment with MPP+, followed by the determination of HAPLN4 expression (D) and cell
apoptosis (E and F). *P < 0.05 vs. corresponding control.
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implied that MPP+ treatment induced cell injury in SH-SY5Y
cells.

MiRNAs, the post-transcriptional gene expression regulators,
play key roles in neurodegenerative diseases such as PD.22 For
example, Li et al.23 found that miR-7 suppressed neuronal
apoptosis through targeting Bax and Sirt2 in MPP+-triggered
10712 | RSC Adv., 2018, 8, 10706–10714
SH-SY5Y cells. Cho et al.24 demonstrated that miR-205 expres-
sion was signicantly downregulated in the brains of PD
patients, and overexpression of miR-205 might provide an
applicable therapeutic strategy through suppressing leucine-
rich repeat kinase 2 protein (LRRK2) expression in PD. It has
been shown that miR-124 regulated cell apoptosis and
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 MAPK signaling pathway was involved in miR-19/HAPLN4-mediated regulation in MPP+-treated SH-SY5Y cells. Western blot assay of p-
ERK (ERK), p-JNK (JNK) and p-p38 (p38) in MPP+-induced SH-SY5Y cells transfected with pcDNA-HAPLN4 ormiR-19mimics + pcDNA-HAPLN4.
b-actin was used as the internal reference (A–D). *P < 0.05 vs. respective control.
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autophagy via targeting a BH3-only protein (Bim) in MPTP-
treated mice and MPP+-treated SH-SY5Y cells.25 MiR-19b, a key
member of the miR-17/92 cluster, is pointed to be involved in
a lot of neurodegenerative diseases. For instance, miR-19/miR-
101/miR-130 modied the penetrance of spinocerebellar
ataxia type 1 via the co-regulation of ataxin 1 levels, providing
a new candidate mechanism for modulating the pathogenesis
of neurodegenerative diseases.26 A recent report revealed that
miR-19 was vital for aluminum (Al)-induced neural cell
apoptosis, a key event in the process of neurodegenerative
diseases, particularly in AD.27 Also, miR-19a and miR-19b-1
played important roles in the progression of AD via targeting
gene phosphatase and tensin homolog (PTEN).12 Our present
study demonstrated that overexpression of miR-19b markedly
reversed MPP+-induced suppression of cell viability and MPP+-
triggered promotion of apoptosis in SH-SY5Y cells. Moreover,
miR-19b alleviated MPP+-induced cytotoxicity of SH-SY5Y cells,
revealed by the decrease of caspase-3 activity, LDH release,
oxidative stress and inammation response. All these results
suggested that miR-19b played a protective role against MPP+-
induced cytotoxicity of SH-SY5Y cells.

Subsequently, online soware algorithms were applied to
search for the candidate target gene of miR-19b. Of interest, the
predicted data displayed that HAPLN4 might be a target gene of
miR-19b and the complementary sequences of miR-19b were
located in the 30-UTR of HAPLN4. Furthermore, we validated
This journal is © The Royal Society of Chemistry 2018
that HAPLN4 was a direct target of miR-19b and miR-19b sup-
pressed HAPLN4 expression by binding to its 30-UTR in a post-
transcriptional manner. HAPLN4, also known as brain-specic
link protein (Bral-2), has been pointed to be restricted in
expression to the brain/central nervous system and be impli-
cated in multiple brain injury disease.28 In the present study, we
found that overexpression of HAPLN4 dramatically accelerated
cell apoptosis of MPP+-treated SH-SY5Y cells. Moreover, the
restoration of HAPLN4 expression signicantly reversed miR-
19b-triggered anti-apoptosis effect in MPP+-induced SH-SY5Y
cells. Accumulation of misfolded proteins aggregates, failure
of protein clearance pathways, mitochondrial damage, oxidative
stress, excitotoxicity, neuroinammation, and genetic muta-
tions have been found to be associated with the apoptosis of
neurons.15 Considering the regulatory effects of miR-19b on
HAPLN4 expression, we conclude that HAPLN4 enhanced
MPP+-induced apoptosis possibly via increasing caspase 3
activity, ROS production and inammatory responses. However,
the detailed molecular mechanisms of HAPLN4-mediated
apoptosis in neuronal cells are still need to be explored in our
further research. A recent report demonstrated that HAPLN4
showed a high expression following an injury of the brain.28

Also, the mutations or variants of gene HAPLN4 was reported to
be associated with the pathophysiological process of essential
tremor (ET).29 HAPLN2 and HAPLN4 were the members of the
hyaluronan and proteoglycan binding link proteins.30 Similarly,
RSC Adv., 2018, 8, 10706–10714 | 10713

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra13406a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
12

:2
5:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a recent document displayed that HAPLN2 was markedly
upregulated in the substantia nigra of PD patients, and over-
expression of HAPLN2 increased vulnerability of a dopami-
nergic cell line (MES23.5 cells), indicating HAPLN2 as a novel
factor contributing to neurodegeneration in PD.31 All of these
research further conrm the reliability of our results.

MAPK signaling pathway has been demonstrated to lead to
a progressive dysfunction in multiple neurodegenerative
diseases, such as AD, PD, Huntington's disease, prion disease.32

Our current study revealed that HAPLN4 activated MAPK
signaling pathway via enhancing the phosphorylation levels of
ERK, JNK and p38, and HAPLN4-triggered MAPK signaling was
markedly reversed by regaining of miR-19b expression. All these
data implied that miR-19b abated MPP+-induced injury of SH-
SY5Y cells by blocking MAPK signaling pathway through tar-
geting HAPLN4. Similar with our ndings, Musgrove et al.33

discovered that a-synuclein protected neurons from apoptosis
via inhibition of MAPK signaling pathway.
5. Conclusion

In conclusion, miR-19b overexpression alleviated MPP+-induced
cytotoxicity via regulating HAPLN4/MAPK signaling pathway in
SH-SY5Y cells. This study contributes to the increasing under-
standing of the role andmechanism ofmiR-19b in PD, providing
a novel biomarker and therapeutic target for PD.
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