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Abstract

Objective: Parkinson’s disease (PD), also known as paralysis tremor, is a

chronic disease of the central nervous system. It has been reported that hepato-

cyte nuclear factor 4 alpha (HNF4A) is upregulated in PD, but its specific func-

tion has not been well explored. Methods: We established an in vitro PD

model in SH-SY5Y cells stimulated with 1-methyl-4-phenylpyridinium (MPP+).

Meanwhile, the effect of HNF4A on MPP+-treated SH-SY5Y cell behavior was

monitored by functional assays. Mechanism assays were conducted to verify the

relationship among LINC00667/miR-34c-5p/HNF4A. Rescue experiments vali-

dated the regulatory mechanism in PD model. Results: The results revealed that

depletion of HNF4A suppressed cell cytotoxicity and apoptosis caused by

MPP+. Knockdown of HNF4A recovered MPP+-stimulated oxidative stress and

neuroinflammation. Mechanically, HNF4A was targeted and inhibited by miR-

34c-5p. Furthermore, we found that LINC00667 positively modulated HNF4A

expression via sequestering miR-34c-5p in MPP+-stimulated SH-SY5Y cells.

Interestingly, the data indicated that HNF4A could transcriptionally activate

LINC00667 expression. Rescue experiments presented that miR-34c-5p interfer-

ence or HNF4A overexpression could mitigate the effects of LINC00667 knock-

down on cell viability, cytotoxicity, cell apoptosis, oxidative stress, and

neuroinflammation in MPP+-treated SH-SY5Y cells. Conclusion: Our study

first proved LINC00667, miR-34c-5p, and HNF4A constructed a positive feed-

back loop in MPP+-treated SH-SY5Y cells, enriching our understanding of PD.

Introduction

Parkinson’s disease (PD) is an age-related, neurodegener-

ative illness, and damages motor ability in the central

nerve system.1 The risky factors which may trigger PD

mainly include polychlorinated biphenyls, hereditary,

metals, and pesticides.2 In terms of clinical primary fea-

tures, PD is characteristic with rest tremor, bradykinesia,

and rigidity.3 Pathologically, PD is accompanied with the

depletion nerve cells and nerve cells of nigra produce

dopamine.4 Despite intensive reports in recent literature,

the pathogenesis beneath PD remains obscure. The appli-

cation of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

and its corresponding active metabolite, 1-methyl-4-

phenylpyridinium (MPP+), have been validated to

develop the pathophysiological symptoms in PD and they

have been broadly applied to create PD model.5 Conse-

quently, it is of pivotal significance to prevent MPP+-

induced neuronal injury for the development of treating

this neurodegenerative disorder in the future.

Long noncoding RNAs (lncRNAs) are generally consid-

ered as non-translated transcripts and are more than 200

nucleotides in length. Via exploring multiple physiological

and pathological processes, it is noted that lncRNAs are

identified as crucial modulators from the aspect of epige-

netic to posttranscriptional regulations in gene expres-

sion.6 It is addressed that lncRNAs could positively

regulate gene expression via occupying the (microRNA)

miRNA-binding sites to obstruct the targeting of miRNA

on target mRNA,7 which is termed as competing endoge-

nous RNA (ceRNA) mechanism. LncRNAs in relation to

tumor development have been extensively unveiled, such
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as UCA18 and HOTAIR.9 The tight relation of dysregu-

lated lncRNAs with the development of neurodegenerative

disease, including PD has been explored and corrobo-

rated.10,11 As an example, it has been acknowledged that

lncRNA NEAT1 can be promoted in MPP+-treated PD

mice and its suppression could rescue cell viability, hinder

cell apoptosis, and decline caspase-3 activity as well as

Bax/Bcl-2 ratio in SH-SY5Y cells following MPP+ adminis-

tration.12 Ni et al have unveiled lncRNA AL049437 pro-

motion and lncRNA AK021630 suppression in the

substantia nigra of PD subjects. AL049437 downregulation

results in mitochondrial mass and cell viability promotion

in SH-SY5Y cells, whereas downregulation of AK021630

leads to the opposite way.13 In addition, long intergenic

nonprotein coding RNA 667 (LINC00667) is abnormally

expressed in chronic renal failure. Its suppression facili-

tates renal tubular epithelial cell growth and attenuates

renal fibrosis.14 Furthermore, linc00667 has been reported

to strengthen the occurrence of vasculogenic mimicry in

glioma.15 LINC00667 is tightly associated with worse

prognosis in small hepatocellular carcinoma.16 In spite of

all above-mentioned findings, the literature focusing on

LINC00667 function in PD is limited.

Hepatocyte nuclear factor 4 alpha (HNF4A) is substan-

tiated as a nuclear transcription factor, controlling several

hepatic gene transcription. For example, HNF4A has been

certified to initiate the transcription of miR-101b in Alz-

heimer’s disease.17 HNF4A modulates the expression of

lncRNA NR_023387 via transcriptional initiation in renal

cell carcinoma.18 HNF4a binds to circ_104075 promoter

region to facilitate circ_104075 expression in hepatocellu-

lar carcinoma.19 It is also reported that HNF4A partici-

pates in acute myeloid leukemia development.20 Regarding

its involvement in PD, HNF4A is identified as an essential

regulatory hub gene and is overexpressed in PD.21,22

In this work, we tried to monitor the expression and

impact of HNF4A on MPP+-induced SH-SY5Y cells.

Meanwhile, we investigated the potential ceRNA network

in PD cells. It was expected that our findings could enrich

the current cognition of PD pathogenesis.

Materials and Methods

Cell culture and treatment

SH-SY5Y, the human neuroblastoma cell line, purchased

from American Type Culture Collection (ATCC; Manas-

sas, VA), was hatched in the culture medium adding

10 lmol/L of fresh retinoic acid (Sigma-Aldrich, St. Louis,

MO) and 1% fetal bovine serum (FBS; Solarbio, Beijing,

China). Cell sample was cultivated in Dulbecco’s modified

Eagle’s medium at 7th day, with 1% antibiotics and 10%

FBS in 5% CO2 at 37°C. To construct in vitro PD cell

model, samples were treated with the MPP+ at the concen-

trations of 0, 0.5, 1, 2, and 4 mmol/L for 48 h, or with the

2 mmol/L of MPP+ for 0, 12, 24, 48, and 72 h.

RNA extraction and quantitative real-time
polymerase chain reaction (qRT-PCR)

The total RNAs extracted from SH-SY5Y cell samples

were achieved by Trizol reagent (Invitrogen, Carlsbad,

CA) for generating cDNA by reverse transcription. qPCR

assay was performed with SYBR Premix Ex Taq II

(Takara, Shiga, Japan), with GAPDH or U6 as the loading

control. Relative gene expression was calculated by 2�DDCt

method. Primer sequences of genes involved in this

research are listed in Table 1 and Table S1.

Cell transfection

The shRNAs specific to HNF4A, LINC00667, and nonspe-

cific shRNAs as negative control (NC), as well as the

pcDNA3.1 vectors targeting HNF4A, LINC00667, and

empty vectors as NC, all were produced by Genepharma

(Shanghai, China). The interference sequences used for

gene downregulation are displayed in Table 2. The miR-

34c-5p mimics, miR-449a mimics, and NC mimics, as

well as the miR-34c-5p inhibitor and NC inhibitor were

also synthesized by Genepharma. Lipofectamine 2000

(Invitrogen) was applied for 48 h transfection as

instructed by the supplier.

Cell counting kit-8

Transfected cell samples treated with 2 mmol/L of MPP+

for 48 h were seeded into the 96-well plates

(5 9 103 cells/well) adding 10 lL of cell counting kit-8

Table 1. Primer sequences used in qRT-PCR assays were

demonstrated.

Gene name Primer sequence

HNF4A F:TGCGACTCTCCAAAACCCTC

R:ATTGCCCATCGTCAACACCT

miR-34c-5p F:GCCGAGaggcagtgtagttag

R:CTCAACTGGTGTCGTGGA

LINC00667 F:GTGGGTAGGAAACAGTCGGG

R:CTCAAAGGTGGCCAAAAGCC

LINC00667 promoter P1 F:GACTCGGTAGATGGCTTTCCT

R:TGAGGCTCGATCTGAAGAACA

LINC00667 promoter P2 F:ACATGTTCCTTTTCCCTCAGCA

R:GCAGAGGTTAAGTAAGACTGCG

U6 F:TCCCTTCGGGGACATCCG

R:AATTTTGGACCATTTCTCGATTTGT

GAPDH F:GACAGTCAGCCGCATCTTCT

R:GCGCCCAATACGACCAAATC
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(CCK-8) reagent. Cell viability was monitored by detect-

ing the absorbance at 450 nm wavelength using the

microplate reader.

LDH assay

LDH cytotoxicity detection kit from Takara was acquired

to assess the release of lactate dehydrogenase (LDH). After

transfection, cell samples (3000 per well) in the 96-well

plates were incubated all night at 37°C, then exposed to

2 mmol/L of MPP+ for 48 h. The supernatant was culti-

vated with catalyst and dye solution for 30 min in the

dark at room temperature, finally analyzed by plate reader.

TUNEL assay

In Situ Cell Death Detection Kit (Roche Diagnostics,

Basel in Switzerland, Germany) was prepared for per-

forming terminal deoxynucleotidyl transferase dUTP

nick-end labeling (TUNEL) assay in cell samples. Samples

(2 9 106/mL) were first fixed with 4% paraformaldehyde

and permeabilized by 0.1% Triton X-100, then exposed to

TUNEL reaction mixture for 1 h. Followed by incubation

with DAPI, TUNEL-positive cell samples were monitored

by the fluorescent microscopy.

Caspase-3 activity detection

Caspase-3 activity detection was implemented by means

of Caspase-3 assay kit (Abcam, Cambridge, MA) after cell

transfection. The cell samples (3000 per well) in 6-well

plates were first treated with 2 mmol/L of MPP+ for 48 h,

then lysed and centrifuged. Each sample was cultured

with DEVD-p-NA substrate and 2 9 reaction buffer for

1 h. Eventually, caspase-3 activity was observed under the

microplate reader.

ROS generation detection

Reactive oxygen species (ROS) generation detection was

conducted under the help of the manual of Reactive Oxy-

gen Species Assay Kit (Solarbio). Cell samples (4 9 105/

mL) treated with DCFH-DA were rinsed in serum-free

culture medium. In the end, fluorescence intensity was

recorded by the microplate reader.

SOD activity detection

After being lysed, cell samples (1 9 106/lL) were centri-

fuged at 4°C for 10 min, then supernatant was collected

to test the superoxide dismutase (SOD) activity in line

with the manual of Total Superoxide Dismutase Assay Kit

with NBT (Beyotime, Shanghai, China). SOD activity was

detected spectrophotometrically.

Western blot

The cellular protein lysates from SH-SY5Y cell samples

were acquired by means of RIPA lysis buffer. Later, the

extracted proteins were treated with 15% SDS-PAGE gel,

and then shifted electrophoretically to PVDF membranes.

Next, the obtained membranes were blocked with 5%

skim milk. Primary antibodies against loading control

GAPDH (ab8245, Abcam, Cambridge, MA) and IL-6

(ab233706, Abcam), IL-1b (ab254360, Abcam), TNF-a
(ab183218, Abcam), along with the corresponding sec-

ondary antibodies (ab7090, Abcam) were utilized after

dilution. Western band was analyzed with enhanced

chemiluminescence Western Blotting Detection Kit

(Solarbio).

Dual-luciferase reporter assay

The pmirGLO Vector (Promega, Madison, WI) contain-

ing HNF4A 3’UTR was co-transfected with miR-34c-5p

mimics, miR-449a mimics, or NC mimics in 3 9 103 SH-

SY5Y cell samples. Wild-type (WT) and mutated (MUT)

miR-34c-5p binding sites in HNF4A or LINC00667

fragments were sub-cloned into the pmirGLO Vector to

construct pmirGLO-HNF4A-WT/MUT and pmirGLO-

LINC00667-WT/MUT. In addition, the WT or MUT

HNF4A-binding sites in LINC00667 promoter were syn-

thesized and cloned to pGL3 Vector (Promega), then co-

transfected with pcDNA3.1/HNF4A, sh-HNF4A, or their

relative NC. Dual-Luciferase Assay System (Promega) was

finally employed for detecting luciferase intensity.

Table 2. Sequences for relevant gene knockdown were listed.

Name Sequence

sh-NC (for HNF4A) CCGGATCAGTGTATCACAGTATGTCCTCGAGGACATACTGTGATACACTGATTTTTTG

sh-HNF4A#1 CCGGAGTCAAAGTCTTGTTATCCAGCTCGAGCTGGATAACAAGACTTTGACTTTTTG

sh-HNF4A#2 CCGGGTCTAATGCTTCCAGAATGCACCTCGAGGTGCATTCTGGAAGCATTAGATTTTTG

sh-NC (for LINC00667) CCGGGTCGGAACATGTAAGTAAAGAGCTCGAGCTCTTTACTTACATGTTCCGACTTTTTG

sh-LINC00667#1 CCGGGTCGAAGAAAGTCATGTAAGAGCTCGAGCTCTTACATGACTTTCTTCGATTTTTG

sh-LINC00667#2 CCGGGTGAAATGTATAAAACGAAGTACTCGAGTACTTCGTTTTATACATTTCATTTTTG
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RNA binding protein immunoprecipitation
(RIP) assay

5 9 106 cell samples were involved in this assay. EZ-

Magna RIP RNA Binding Protein Immunoprecipitation

Kit was obtained from Millipore (Bedford, MA) for per-

forming RIP analysis. Briefly speaking, SH-SY5Y cells

were lysed first and then incubated with human Argo-

naute 2 (Ago2) antibody (MABE-253, Sigma-Aldrich) or

NC normal mouse immunoglobulin G antibody (IgG;

ab172730, Abcam). Eventually, purified precipitates were

assayed by qRT-PCR.

Subcellular fractionation

Nuclear and cytoplasmic fractions were both isolated

from 3 9 106 cell samples in light of the guidebook of

PARISTM Kit (Invitrogen). LINC00667 level in different

parts was detected by qRT-PCR, and standardized to

GAPDH (cytoplasmic control) and U6 (nuclear control).

ChIP assay

After crosslinking, 5 9 105 chromatin samples were bro-

ken for immunoprecipitation with anti-HNF4A antibody

(ab181604, Abcam) or control anti-IgG antibody

(ab172730, Abcam). The antibodies used herein were all

chromatin immunoprecipitation (ChIP) Grade. The sam-

ple was subjected to 14 times of sonication cycles every

9 sec. Followed by incubation with Protein A/G mix mag-

netic beads for an hour, precipitated samples were col-

lected for qRT-PCR analysis.

Statistical analyses

Results were exhibited as the Mean � SD of bio-triple

repeats. Data were processed statistically by t-test, one-way

analysis of variance (ANOVA) or two-way ANOVA by

application of Prism software 6.0 (GraphPad, San Diego,

CA), with p < 0.05 as significant level. Dunnett’s t-test or

Tukey was used to verify the data difference after ANOVA

analysis. The post-hoc tests were run only if F achieved

p < 0.05 and there was no significant variance

inhomogeneity.

Results

Depletion of HNF4A led to recovery from
MPP+-mediated neuronal injury

As reported previously, HNF4A, a transcription factor,

was identified as an actively expressed gene in PD

patients.22 Herein, we aimed to explore the potential

function of HNF4A in PD. First of all, an in vitro cell

model of PD was constructed in SH-SY5Y cells treated

with indicated concentrations of MPP+ or treated with

MPP+ for different time. At cellular level, we observed

that the expression of HNF4A was increased in PD cell

model in a dose- or time-dependent manner (Fig. 1A and

B). Following that, loss-of function experiments were

implemented with the transfection of sh-HNF4A#1/2 plas-

mids. After 48-h transfection, HNF4A was dramatically

reduced in sh-HNF4A#1/2 group, compared with blank

or NC group (Fig. 1C). Before functional assays, trans-

fected cells were treated with MPP+ (2 mmol/L) for 48 h.

As presented in CCK-8 assay, MPP+-caused suppression

on cell viability was alleviated by HNF4A depletion

(Fig. 1D). SH-SY5Y cytotoxicity induced by MPP+ was

detected by means of LDH cytotoxicity detection kit. As a

consequence, it turned out that the increase of LDH

release caused by MPP+ could be recovered via HNF4A

knockdown (Fig. 1E). In terms of SH-SY5Y apoptosis,

TUNEL and caspase-3 activity analyses demonstrated that

the treatment of MPP+ resulted in stimulated apoptosis of

SH-SY5Y, while HNF4A knockdown effectively counter-

vailed this effect (Fig. 1F and G). Additionally, we also

evaluated oxidative stress in SH-SY5Y following MPP+

administration. Oxidative stress manifests as elevation of

ROS and reduction in SOD.23 The following results also

displayed a marked enhancement of ROS generation and

conversely a reduction of SOD activity upon MPP+

administration. However, depletion of HNF4A restored

MPP+-caused oxidative stress, as supported by repressed

ROS generation and facilitated SOD activity (Fig. 1H and

I). Furthermore, we also tried to figure out the function

of HNF4A in MPP+-stimulated neuroinflammation.

Therefore, the expression of three pro-inflammatory cyto-

kines (TNF-a, IL-1b, and IL-6) was examined by means

of western blot. MPP+ treatment led to an augmentation

of pro-inflammatory cytokine expression while HNF4A

deficiency effectively suppressed the former impact

(Fig. 1J and Fig. S1A). Overall, knockdown of HNF4A

counteracted the MPP+-induced decrease of cellular via-

bility and increase of apoptosis, cytotoxicity, oxidative

stress as well as neuroinflammation in SH-SY5Y cells.

HNF4A was targeted by miR-34c-5p

The outcomes obtained from ENCORI (http://starbase.

sysu.edu.cn/), microRNA.org (http://www.microrna.org/

microrna/home.do), and miRDB (http://mirdb.org/)

algorithms unveiled that two miRNAs (miR-34c-5p and

miR-449a) were predicted to possibly target HNF4A

(Fig. 2A). To determine the specific miRNA that could

bind to HNF4A, we performed the luciferase reporter

assay. The results indicated that miR-34c-5p mimics
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Figure 1. Depletion of HNF4A led to recovery from MPP+-mediated neuronal injury. (A) MPP+ was utilized for SH-SY5Y cell treatment for 48 h

with different concentrations (0, 0.5, 1, 2, and 4 mmol/L); treated SH-SY5Y cells underwent qRT-PCR analysis for HNF4A expression. (B) 2 mmol/L

MPP+-treated SH-SY5Y cells for indicated times (0, 12, 24, 48, and 72 h); treated SH-SY5Y cells underwent qRT-PCR analysis for HNF4A

expression. (C) Transfection efficiency of sh-HNF4A#1/2 for HNF4A knockdown was examined by qRT-PCR. (D) Following MPP+ treatment, SH-

SY5Y cells transfected with sh-NC or sh-HNF4A#1 were engaged in CCK-8 assay of SH-SY5Y cell viability. (E) LDH cytotoxicity detection kit was

utilized to detect LDH release in MPP+-treated SH-SY5Y cells transfected with sh-HNF4A#1. (F and G) Apoptosis of SH-SY5Y cells and apoptosis-

related protein caspase-3 activity upon indicated treatments were examined through TUNEL and western blot assays. (H and I) ROS generation

and SOD activity were assessed utilizing commercial assay kits in SH-SY5Y cells. (J) Western blot was conducted to detect the protein levels of

TNF-a, IL-1b, and IL-6. **p < 0.01. HNF4A, hepatocyte nuclear factor 4 alpha; MPP+, 1-methyl-4-phenylpyridinium; qRT-PCR, quantitative real-

time polymerase chain reaction; CCK-8, cell counting kit-8; LDH, lactate dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-

end labeling; ROS, reactive oxygen species; SOD, superoxide dismutase.
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rather than miR-449a mimics could weaken the lucifer-

ase activity of HNF4A 3’UTR (Fig. 2B). In addition,

MPP+ administration resulted in miR-34c-5p

downregulation, compared with untreated group

(Fig. 2C). Therefore, miR-34c-5p was confirmed as the

target miRNA involved in the subsequent research.
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Bioinformatics analysis exhibited the 3’UTR region of

HNF4A that contained miR-34c-5p binding affinity

(Fig. 2D). Luciferase reporter analysis described that

miR-34c-5p upregulation decreased the luciferase activity

of reporters cloned with HNF4A-WT. And miR-34c-5p

mimics had no impact on the luciferase activity of

HNF4A-MUT (Fig. 2E). Previously, miRNAs could

employ the RNA-induced silencing complex (RISC), of

which the core element is Ago2, to posttranscriptionally

suppress target mRNA expression.24 Therefore, we uti-

lized Ago2-RIP to assess their interaction in RISC. The

results from RIP assay manifested that HNF4A and

miR-34c-5p were abundant in the mixture precipitated

by anti-Ago2 (Fig. 2F). To validate the inverse regulation

of miR-34c-5p on HNF4A, we firstly examined the suc-

cessful upregulation by miR-34c-5p mimics (Fig. 2G).

Additionally, data from qRT-PCR displayed that trans-

fection of miR-34c-5p mimics repressed HNF4A mRNA

while miR-34c-5p inhibitor prominently enhanced

HNF4A mRNA level (Fig. 2H). Functionally, we illus-

trated the functional importance of miR-34c-5p in

MPP+-induced neuronal injury in SH-SY5Y cells. In

CCK-8 assay, elevation of miR-34c-5p boosted cell via-

bility of MPP+-induced SH-SY5Y cells (Fig. 2I). Mean-

while, miR-34c-5p overexpression was accompanied with

the decline of LDH release in MPP+-treated SH-SY5Y

cells (Fig. 2J). SH-SY5Y cells under MPP+ treatment

underwent inhibited apoptosis when miR-34c-5p was

upregulated, as demonstrated in TUNEL and caspase-3

activity assays (Fig. 2K and L). MiR-34c-5p elevation

hindered ROS generation while facilitating SOD activity

in SH-SY5Y cells stimulated by MPP+ (Fig. 2M and N).

Moreover, miR-34c-5p mimics exerted suppressive effect

on TNF-a, IL-1b, and IL-6 protein expression in SH-

SY5Y cells following MPP+ treatment (Fig. 2O and

Fig. S1B). Collectively, miR-34c-5p bound to HNF4A

and repressed MPP+-mediated neuronal injury in SH-

SY5Y cells.

LINC00667 sponged miR-34c-5p and
aggravated MPP+-mediated neuronal injury

Based on current knowledge, lncRNAs could also exert

their function in RISC through sponging miRNAs.25

Therefore, investigations were conducted to screen out

theoretical upstream lncRNA of miR-34c-5p. StarBase

(http://starbase.sysu.edu.cn/starbase2/rbpMrna.php) pre-

dicted 44 lncRNAs which may interact with miR-34c-5p.

Subsequently, the expression of 44 lncRNAs following

MPP+ treatment was verified in qRT-PCR. We noticed

that LINC00667 was the most increased lncRNA upon

MPP+ administration, as a result of which it was

selected as the potential upstream gene of miR-34c-5p

(Fig. 3A). The interacting sequence between LINC00667

and miR-34c-5p was demonstrated (Fig. 3B). Whether

LINC00667 could function as a miRNA-sponging

lncRNA depended on its cellular distribution. Conse-

quently, SH-SY5Y cells with or without MPP+ treatment

underwent subcellular fractionation assay. The outcomes

exhibited that LINC00667 was primarily located in the

cytoplasmic part (Fig. 3C). In luciferase reporter assay,

we sub-cloned LINC00667-WT and LINC00667-MUT

into luciferase reporters, followed by the transfection of

miR-34c-5p mimics. As a result, the luciferase activity

declined in SH-SY5Y cells co-transfected with luciferase

reporter containing LINC00667-WT and miR-34c-5p

mimics. However, the luciferase activity of LINC00667-

MUT reporter was unaffected by miR-34c-5p mimics

(Fig. 3D). Meanwhile, data from RIP indicated that

LINC00667, miR-34c-5p, and HNF4A co-existed in RISC

(Fig. 3E). Next, to certify the modulation of LINC00667

on HNF4A expression through miR-34c-5p, we ectopi-

cally reduced LINC00667 expression via sh-

LINC00667#1/2 transfection in MPP+-treated SH-SY5Y

cells (Fig. 3F). Later, it was found that transfection of

sh-LINC00667#1 led to HNF4A mRNA and protein

downregulation while repression of miR-34c-5p relieved

Figure 2. HNF4A was targeted by miR-34c-5p. (A) ENCORI, microRNA.org, and miRDB were utilized to predict the candidate miRNAs targeting

HNF4A. (B) Luciferase activity of HNF4A 3’UTR in the presence of miR-34c-5p mimics or miR-449a mimics was examined through dual-luciferase

reporter assay in SH-SY5Y cells treated with MPP+. (C) In SH-SY5Y cells, miR-34c-5p expression upon MPP+ stimulation was evaluated in qRT-PCR.

(D) Bioinformatics tool was utilized to predict the binding sites between the 3’UTR region of HNF4A and miR-34c-5p. (E) Dual-luciferase reporter

assay was performed to examine the binding affinity between HNF4A-WT/MUT and miR-34c-5p in SH-SY5Y cells. (F) RIP was conducted to test

the binding affinity of HNF4A and miR-34c-5p in SH-SY5Y cells. (G) The transfection efficiency of miR-34c-5p mimics was examined by qRT-PCR

in SH-SY5Y cells. (H) In SH-SY5Y cells, qRT-PCR was done to detect expression of HNF4A after miR-34c-5p upregulation upon MPP+ treatment. (I)

CCK-8 assay was carried out to evaluate the impact of miR-34c-5p elevation on cell viability in MPP+-induced SH-SY5Y cells. (J) The influence of

miR-34c-5p elevation on LDH release in MPP+-treated SH-SY5Y cells was assessed. (K and L) The effects of miR-34c-5p augmentation on

MPP+-intoxicated SH-SY5Y cell apoptosis was evaluated through TUNEL and western blot assays. (M and N) Upon miR-34c-5p upregulation, ROS

generation and SOD activity in MPP+-intoxicated SH-SY5Y cells was examined respectively. (O) Western blot analysis of TNF-, IL-1, and IL-6 levels

following miR-34c-5p overexpression in MPP+-intoxicated SH-SY5Y cells was done. **p < 0.01. HNF4A, hepatocyte nuclear factor 4 alpha; MPP+,

1-methyl-4-phenylpyridinium; qRT-PCR, quantitative real-time polymerase chain reaction; RIP, RNA binding protein immunoprecipitation; CCK-8,

cell counting kit-8; LDH, lactate dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; ROS, reactive oxygen

species; SOD, superoxide dismutase.
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the effects caused by sh-LINC00667#1 (Fig. 3G and

Fig. S1C). Subsequently, we tried to figure out whether

LINC00667 functioned through miR-34c-5p in MPP+-

treated SH-SY5Y cells. The data of CCK-8 assay showed

that in the presence of MPP+, LINC00667 depletion

increased SH-SY5Y cell viability, while miR-34c-5p
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inhibition reversed the effects of sh-LINC00667#1

(Fig. 3H). Moreover, the reduced release of LDH caused

by sh-LINC00667#1 could be restored by miR-34c-5p

inhibitor (Fig. 3I). Results of TUNEL and caspase-3

activity assays indicated that sh-LINC00667#1 reduced

the apoptotic rate of MPP+-treated SH-SY5Y cells while

downregulation of miR-34c-5p mitigated the apoptotic

trend of MPP+-treated SH-SY5Y cells (Fig. 3J and K). In

addition, increased ROS generation in MPP+-treated SH-

SY5Y cells was restrained by sh-LINC00667#1 while

miR-34c-5p inhibitor countervailed the effects of sh-

LINC00667#1 (Fig. 3L). Next, it was revealed the

upturned SOD activity in MPP+-treated SH-SY5Y cells

induced by sh-LINC00667#1 was further recovered by

miR-34c-5p inhibitor (Fig. 3M). Moreover, LINC00667

deficiency gave rise to the decrease of pro-inflammatory

protein content which was restored by miR-34c-5p sup-

pression (Fig. 3N and Fig. S1D). Taken together, miR-

34c-5p offset the facilitating effect of LINC00667 on

MPP+-stimulated neuronal injury.

LINC00667 positively regulated HNF4A in
MPP+-caused neuronal injury

To confirm that LINC00667 regulated HNF4A to affect

neuronal injury in MPP+-treated SH-SY5Y cells, rescue

experiments were further conducted. HNF4A was first

ectopically augmented via HNF4A-overexpressing vectors

(Fig. 4A). Later, it was revealed in CCK-8 that the pro-

moting effect of sh-LINC00667#1 on cell viability was

reversed by HNF4A overexpression (Fig. 4B). Meanwhile,

the suppressive impact of sh-LINC00667#1 on cytotoxic-

ity was counteracted by HNF4A overexpression

(Fig. 4C). Simultaneously, reduced apoptosis of MPP+-

induced SH-SY5Y cells following LINC00667 depletion

was recovered via HNF4A augmentation (Fig. 4D and

E). HNF4A augmentation abolished the inhibitory

impact of LINC00667 depletion on ROS generation and

promoting effect on SOD activity (Fig. 4F and G).

Moreover, it was found that the protein level of TNF-a,
IL-1b, and IL-6 declined upon LINC00667 depletion,

while being increased via pcDNA3.1/HNF4A (Fig. 4H

and Fig. S1E). Collectively, inhibition of LINC00667

resulted in an obvious restriction on neuronal injury in

MPP+-intoxicated SH-SY5Y cells while pcDNA3.1/

HNF4A antagonized the effects.

HNF4A transcriptionally activated LINC00667
expression

Previously, HNF4A was certified to initiate the transcrip-

tion of miRNA, lncRNA, and circRNA.17–19 We specu-

lated HNF4A might be responsible for LINC00667

upregulation in PD. JASPAR (http://jaspar.genereg.net/)

exhibited the DNA motif of HNF4A (Fig. 5A). Mean-

while, the potential HNF4A-binding sequence within

LINC00667 promoter included P1 (+1 to �1100) and P2

(�1000 to �2000) (Fig. 5B). ChIP assay verified that P2

region (�1000 to �2000) of LINC00667 promoter con-

tained the HNF4A-binding motif as only the P2 part was

largely enriched in anti-HNF4A (Fig. 5C). To further

confirm whether HNF4A-binding motif was in site 3 or

site 4, luciferase reporters containing LINC00667

promoter-WT, LINC00667 promoter-MUT, LINC00667

promoter-site 3-MUT, or site 4-MUT were constructed.

We observed that luciferase activity of LINC00667

promoter-WT was stimulated via pcDNA3.1/HNF4A.

Similar result was observed in site 3-MUT group. But

when the full length or site 4 of LINC00667 promoter

was MUT, the luciferase activity could not be stimulated

by pcDNA3.1/HNF4A (Fig. 5D). Conversely, luciferase

activity of LINC00667 promoter-WT or LINC00667

promoter-site 3-MUT was reduced by sh-HNF4A#1. But

the luciferase activity of other two groups was not modu-

lated by sh-HNF4A#1 (Fig. 5E). The results of Figure 5D

and E jointly confirmed the binding site of HNF4A on

Figure 3. LINC00667 sponged miR-34c-5p and aggravated MPP+-mediated neuronal injury. (A) 44 lncRNAs were obtained from bioinformatics

predications. The expression of 44 candidate lncRNAs upon MPP+ stimulation was analyzed by qRT-PCR. (B) The binding sequence between

LINC00667 and miR-34c-5p was predicted by starBase. (C) Subcellular fractionation assay was performed to confirm the distribution of

LINC00667 in SH-SY5Y or MPP+-treated SH-SY5Y cells. (D) The impacts of miR-34c-5p mimics on luciferase activity of LINC00667-WT or

LINC00667-MUT were examined by dual-luciferase reporter assays in MPP+-treated SH-SY5Y cells. (E) RIP assay was performed to confirm the co-

existence of LINC00667, miR-34c-5p, and HNF4A in the same RISC complex. (F) The knockdown efficiency of sh-LINC00667#1/2 was examined

via qRT-PCR. (G) The RNA and protein levels of HNF4A were detected via qRT-PCR and western blot assays in response to sh-NC, sh-

LINC00667#1, or sh-LINC00667#1+miR-34c-5p inhibitor in MPP+-induced SH-SY5Y cells. (H) CCK-8 was performed to estimate cell viability of

MPP+-intoxicated SH-SY5Y cells transfected with different plasmids. (I) LDH release in specifically treated SH-SY5Y cells was monitored. (J and K)

Apoptosis rate and caspase-3 activity of specifically treated SH-SY5Y cell was examined by TUNEL and western blot assays. (L and M) ROS

generation and SOD activity in specifically treated SH-SY5Y cells was detected in SH-SY5Y cells. (N) Western blot assay was operated to detect

the protein levels of TNF-a, IL-1b, and IL-6 in specifically treated SH-SY5Y cells. **p < 0.01. MPP+, 1-methyl-4-phenylpyridinium; qRT-PCR,

quantitative real-time polymerase chain reaction; RIP, RNA binding protein immunoprecipitation; RISC, RNA-induced silencing complex; HNF4A,

hepatocyte nuclear factor 4 alpha; CCK-8, cell counting kit-8; LDH, lactate dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP

nick-end labeling; ROS, reactive oxygen species; SOD, superoxide dismutase; lncRNAs, long noncoding RNAs.
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LINC00667 promoter was Site 4. Moreover, at molecular

level, pcDNA3.1/HNF4A boosted LINC00667 expression

to a great extent, whereas sh-HNF4A#1 overtly repressed

LINC00667 transcription (Fig. 5F). To sum up,

LINC00667 transcription was activated by HNF4A.

HNF4A-mediated LINC00667 elevation
exacerbated MPP+-caused neuronal injury

To validate HNF4A modulated LINC00667 in MPP+-

caused neuronal injury, we employed rescue assays. First,

Figure 4. LINC00667 positively regulated HNF4A in MPP+-caused neuronal injury. (A) The overexpression efficiency of pcDNA3.1/HNF4A in MPP+-

treated SH-SY5Y cells was tested by qRT-PCR. (B) MPP+-intoxicated SH-SY5Y cells were transfected with sh-NC, sh-LINC00667#1, or sh-

LINC00667#1+pcDNA3.1/HNF4A; CCK-8 was carried out to monitor SH-SY5Y cell viability following different treatments. (C) LDH release in specifically

treated SH-SY5Y cells was monitored. (D and E) With different treatments, apoptosis rate, and caspase-3 activity analyses were detected through

TUNEL and western blot assays in SH-SY5Y cells. (F and G) ROS generation and SOD activity were detected in SH-SY5Y cells with different plasmids. (H)

Western blot analysis of TNF-a, IL-1b, and IL-6 levels was done in SH-SY5Y cells lured by MPP+. **p < 0.01. HNF4A, hepatocyte nuclear factor 4 alpha;

MPP+, 1-methyl-4-phenylpyridinium; qRT-PCR, quantitative real-time polymerase chain reaction; CCK-8, cell counting kit-8; LDH, lactate

dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; ROS, reactive oxygen species; SOD, superoxide dismutase.
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pcDNA3.1/LINC00667 was transfected into SH-SY5Y cells

for LINC00667 upregulation (Fig. 6A). Subsequently,

results of CCK-8 manifested that depletion of HNF4A led

to promoted viability of MPP+-intoxicated SH-SY5Y cells

but pcDNA3.1/LINC00667 abrogated the stimulation on

cell viability (Fig. 6B). The release of LDH in MPP+-

intoxicated SH-SY5Y cells was repressed by HNF4A

knockdown, while the repression on LDH release was

Figure 5. HNF4A transcriptionally initiated LINC00667 expression. (A) HNF4A DNA motif from JASPAR was displayed. (B) HNF4A-binding motif in

LINC00667 promoter was presented. (C) ChIP assay was performed to verify the binding affinity of LINC00667 promoter and HNF4A protein in

MPP+-treated SH-SY5Y cells. (D) Luciferase activity of LINC00667 promoter with or without indicated mutations in the presence of pcDNA3.1/

HNF4A was detected via dual-luciferase reporter assay in MPP+-treated SH-SY5Y cells. (E) Luciferase activity of LINC00667 promoter with or

without indicated mutations in the presence of sh-HNF4A#1 was tested through dual-luciferase reporter assay in MPP+-treated SH-SY5Y cells. (F)

In MPP+-treated SH-SY5Y cells, qRT-PCR was implemented to quantify the expression of LINC00667 upon HNF4A overexpression or depletion.

**p < 0.01. HNF4A, hepatocyte nuclear factor 4 alpha; MPP+, 1-methyl-4-phenylpyridinium; ChIP, chromatin immunoprecipitation; qRT-PCR,

quantitative real-time polymerase chain reaction.
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attenuated by LINC00667 elevation (Fig. 6C). Similarly,

sh-HNF4A#1-suppressed apoptosis of MPP+-intoxicated

SH-SY5Y cells was restored by LINC00667 elevation

(Fig. 6D and E). Consistently, sh-HNF4A#1-cuased

decline of ROS generation and promotion of SOD activity

could be reversed by the overexpression of LINC00667

(Fig. 6F and G). In western blot, the reduction of TNF-a,
IL-1b, and IL-6 protein resulted from HNF4A deficiency

could be recovered by overexpression of LINC00667

(Fig. 6H and Fig. S1F). Altogether, LINC00667 elevation

offset the effects of sh-HNF4A#1 on neuronal injury in

MPP+-intoxicated SH-SY5Y cells.

Discussion

Numerous studies have displayed multiple regulatory

genes with aberrant expression in PD. For example, a-
synuclein aggregation is pivotal to the pathological pro-

cesses of PD and it is capable of inducing apoptosis and

cytotoxicity in SH-SY5Y cells, thus modulating neuronal

injury.26 IGF-1 is involved in miR-126-mediated PD

progression.27 Downregulation of DJ-1 induced by

microRNA-494 makes cells susceptible to oxidative

stress.28 Therefore, to ameliorate neuronal injury is a

potential option to understand and treat PD.

Figure 6. HNF4A-mediated LINC00667 elevation exacerbated MPP+-caused neuronal injury. (A) The transfection efficacy of pcDNA3.1/LINC00667

in MPP+-treated SH-SY5Y cells was analyzed by qRT-PCR. (B) MPP+-intoxicated SH-SY5Y cells were transfected with sh-NC, sh-HNF4A#1, or sh-

HNF4A#1+pcDNA3.1/LINC00667; CCK-8 assay was carried out to monitor SH-SY5Y cell viability following multiple treatments. (C) LDH release in

specifically treated SH-SY5Y cells was tested. (D and E) Apoptosis rate and caspase-3 activity analyses were examined for SH-SY5Y apoptosis

through TUNEL and western blot assays. (F and G) With different conditions, ROS generation, and SOD activity in MPP+-treated SH-SY5Y cells

were detected. (H) Western blot was carried out to analyze the protein levels of TNF-, IL-1, and IL-6 levels. **p < 0.01. HNF4A, hepatocyte

nuclear factor 4 alpha; MPP+, 1-methyl-4-phenylpyridinium; qRT-PCR, quantitative real-time polymerase chain reaction; LDH, lactate

dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; ROS, reactive oxygen species; SOD, superoxide dismutase.

718 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

HNF4A Accelerates Neuronal Injury in PD X. Huo et al.



Intriguingly, HNF4A has been identified to be increased

in PD.21,22 Currently, no available information has

depicted its function comprehensively. Herein, we estab-

lished an in vitro PD model in SH-SY5Y cells to further

confirm the overexpression of HNF4A at a cellular level

in PD. Functionally, HNF4A depletion accelerated cell

model viability and hindered cytotoxicity as well as cell

apoptosis. Meanwhile, loss of HNF4A abrogated MPP+-

initiated oxidative stress and neuroinflammation. It was

uncovered for the first time that HNF4A exerted an

effect on PD.

Moreover, miRNAs are a subclass of non-translating or

non-encoding RNAs and have gained wide attention in

diverse fatal disease studies through posttranscriptional

gene repression.29 They have been recognized as potent

contributors in PD pathogenesis.30,31 According to pub-

lished research work, downregulated miR-34c-5p is in

correlation with great risk of recurrence in laryngeal squa-

mous cell carcinoma.32 MiR-34c-5p facilitates acute mye-

loid leukemia stem cell eradication through targeting

RAB27B to suppress exosome shedding.33 Aside from

that, miR-34c-5p accelerates colon cancer cellular prolifer-

ation and curbs apoptosis through targeting SIRT6 to

induce the activation of JAK2/STAT3 signaling pathway.34

Present study uncovered that miR-34c-5p directly targeted

3’UTR region of HNF4A mRNA and silenced HNF4A

expression. We also found that miR-34c-5p was low

expressed in PD cellular model and its elevation led to an

increase of cell viability and deduction in cytotoxicity and

cell apoptosis. Additionally, miR-34c-5p overexpression

abolished MPP+-initiated oxidative stress and neuroin-

flammation. Collectively, our work first demonstrated the

involvement of miR-34c-5p in PD and its potent protec-

tive role in PD.

LncRNAs are capable of antagonizing the suppression

of miRNAs on mRNAs through a ceRNA role.7 For

example, depletion of lncRNA SNHG1 acts as a ceRNA of

miR-137 to alleviate Ab25-35-induced neuronal injury

through modulating KREMEN1 expression in neuronal

cells.35 SNHG1 competitively interacts with miR-221/222

cluster and indirectly upregulates p27/mTOR activity in

PD.36 LINC00667 has been documented to correlate with

small hepatocellular carcinoma overall and recurrence-free

survival.16 Silencing of LINC00667 results in the decline

of renal tubular epithelial cell apoptosis and increase of

cell proliferation and migration.14 Herein, we observed

that LINC00667 expression was elevated upon MPP+

administration in SH-SY5Y cells. Furthermore, it indi-

rectly promoted HNF4A expression through sequestering

miR-34c-5p. LINC00667 was discovered to exert a pro-

moting effect in neuronal injury in MPP+-intoxicated SH-

SY5Y cells. On the other hand, we decided to unravel the

mechanism of LINC00667 upregulation and noticed that

HNF4A could serve as a transcriptional driver for multi-

ple genes.17–19 Based on bioinformatics information and

experimental results, we corroborated that HNF4A tran-

scriptionally upregulated LINC00667 expression via bind-

ing to its promoter.

In summary, our work elucidated that LINC00667/

miR-34c-5p/HNF4A established a positive feedback loop

to aggravate neuronal injury in MPP+-intoxicated SH-

SY5Y cells, which conferred new therapeutic thoughts in

pathological reaction of PD.
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