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Abstract

Alzheimer’s disease (AD) is a progressive and age‐related neurological dysfunction.

Abundant data have profiled microRNA (miR) patterns in healthy, aging brain, and in

the moderate and late‐stages of AD. Herein, this study aimed to explore whether

miR‐326 could influence neuron apoptosis in AD mice and how miR‐326 functions in

this process. The candidate differentially expressed gene VAV1 was obtained by

microarray analysis, and miRNAs that could regulate VAV1 candidate gene were

predicted. Luciferase activity determination confirmed VAV1 as a target gene of

miR‐326. AD mice models were established for investigating the effect of miR‐326 on

AD mice. The overexpression of miR‐326 contributed to decreased time of the mice

to find the platform and the escape latency and increased residence time on the

target area. Besides, elevation of miR‐326 decreased Aβ deposition and contents of

Aβ1–40 and Aβ1–42. Moreover, miR‐326 overexpression increased neuron cell ability,

mediated cell entry, and inhibited neuron apoptosis via JNK signaling pathway. Of

crucial importance, miR‐326 negatively regulated the expression of VAV1, inhibited

tau phosphorylation, and blocked the activation of the JNK signaling pathway. Taken

together these observations, we demonstrate that miR‐326 improves cognitive

function of AD mice and inhibits neuron apoptosis in AD mice through inactivation of

the JNK signaling pathway by targeting VAV1. Based on those findings, miR‐326
might exert promise as target for the treatment of AD.
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1 | INTRODUCTION

Alzheimer's disease (AD) is commonly known as a neurodegenerative

disorder as well as one of the general forms of dementia in

the elderly (Giri, Shah, Upreti, & Rai, 2017). Previous statistics have

revealed that the age, races, and regions could markedly affect the

AD patients morbidity as well as predicting that 107 million people

will be affected worldwide by 2050 (Ballard et al., 2011; Laroche

et al., 2013). More specifically, AD is broken down into two different

subtypes: One is known as early‐onset AD, commonly influencing less

than 1% of all AD diseases with the autosomal dominant inheritance,

and the other one named late‐onset AD that is featured as a

genetically complex in a high hereditary pattern (Tanzi, 2012). AD is

defined by the aggregation of lots of proteins that have misfolded

on pathology, whereas it is also characterized by the progressive*Bin He and Wei Chen contributed equally to this work.
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impairment of cognitive functions resulting in dementia on clinic

analysis (Bertram, Lill, & Tanzi, 2010). Furthermore, the accumulation

of amyloid‐β (Aβ) protein and the protein tau hyperphosphorylation

are reportedly correlated with the AD neuropathogenesis (Jiang &

Jiang, 2015; Zheng et al., 2014). In this context, another study has

indicated that the functions and dysfunctions of microRNAs (miRs)

exist in AD and have done well to demonstrate that miRs exert a

crucial role in the development and progression of AD (Lukiw,

Andreeva, Grigorenko, & Rogaev, 2012).

miRs are considered as short endogenous noncoding RNAs which

have approximately 22 nucleotides in length, being able to prohibit

the expression of cognate target genes via their ability to bind to

3′‐untranslated region (3′‐UTR; Du et al., 2014). Their profiles are

markedly altered in neurodegenerative diseases like AD that are

featured by Aβ and tau deposition (Schonrock, Matamales, Ittner, &

Gotz, 2012). MicroRNA‐326 (miR‐326) has also been identified in

neurons and is a candidate regulator of the development of cerebellar

neuronal progenitor (Ferretti et al., 2008). VAV1, a member of VAV

family, has been regularly regarded as a guanine nucleotide exchange

factor that is specifically expressed in hematopoietic cells (Li et al., 2013).

A study has also demonstrated that VAV1 is conserved for Rho‐family

GTPases, while also being expressed in some neurons (Fry, Laboy, &

Norman, 2014). The c‐Jun‐NH2‐terminal kinase (JNK) signaling pathway

acts as a crucial regulator in the cell fate and is implicated in many

diseases ranging from cancers to neurological conditions (Sabapathy,

2012). Evidence has revealed that neurodegeneration induced by Aβ is

inhibited by peptide inhibitors of JNK as well as the inhibition of the JNK

signaling pathway might be one of therapeutic utilities in AD treatment

(Braithwaite et al., 2010). Based on the aforementioned information,

the role of miR‐326 interacting with VAV1 in AD still remains to

be discussed, and To do so we focus on the effects miR‐326 on

phosphorylation level of tau and neuron apoptosis and the underlying

mechanism in relation to VAV1 and JNK signaling pathway in AD.

2 | MATERIALS AND METHODS

2.1 | Ethical statement

The study was cautiously performed following the Guide for the Care

and Use of Laboratory Animals of the National Institutes of Health

and the procedures were conducted to reduce the pain of animals as

much as possible. Moreover, the use of animals was consistent with

the management and principles of local laboratory animals and

approved by the Institutional Animal Care and Use Committee

(20170223‐001).

2.2 | Microarray analysis

The data of AD gene expression data set GSE4757 from the Gene

Expression Omnibus (GEO) database were annotated on GPL570‐
[HG‐U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array

platform. The Affy package (http://www.bioconductor.org/packages/

release/bioc/html/affy.html) in the R Language Programming was

used to conduct standardized pretreatment and the Limma package

was applied during the screening process of differentially expressed

genes (DEGs) with p value < .05 and |LogFoldChange| > 2 as the

threshold. The pheat‐map package (https://cran.r‐project.org/web/
packages/pheatmap/index.html) was later used to construct the

expression heatmap of the DEGs. Next, the genes related to AD were

searched using the gene‐disease correlation database, DisGeNET (http://

www.disgenet.org/web/DisGeNET/menu/search?4). The DEGs and AD

genes were intersected in the String database (https://string‐db.org/).
The constructed interaction network was subsequently visualized in the

Cytoscape 3.6.0 software (Shannon et al., 2003). Kyoto Encyclopedia of

Genes and Genomes (KEGG) enrichment analysis of the DEGs and AD

genes was conducted in the String database. The miRNAs regulating

VAV1 were predicted in six miRNA–miRNA prediction websites: the

TargetScan (http://www.targetscan.org/vert_71/), microRNA (http://34.

236.212.39/microrna/getGeneForm.do), RNA22 (https://cm.jefferson.

edu/rna22/), miRpath (http://lgmb.fmrp.usp.br/mirnapath/tools.php),

DIANA (http://diana.imis.athena‐innovation.gr/DianaTools/index.php?r=
microT_CDS/index), and miRSearch (http://www.exiqon.com/microrna‐
target‐prediction). The predicted candidate genes were compared using

Jvenn (http://jvenn.toulouse.inra.fr/app/example.html).

2.3 | Dual luciferase reporter gene assay

The target gene of miR‐326 was predicted based on the online biology

prediction website (http://www.microRNA.org). Whether VAV1 was the

target gene of miR‐326 would be further analyzed by determining

luciferase activity with wild type (wt) 3′‐UTR and mutant (mut) 3′‐UTR of

VAV1 underwent a combination of amplification and ligation to the

psi‐Cpsi‐CHECK‐2 vector (Promega, Madison, WI), which would later be

renamed VAV1‐wt and VAV1‐mut, respectively. Next, 200 nmol/L of

either miR‐326 negative control (NC) or miR‐326 mimic coupled with

100ng VAV1‐wt or VAV1‐mut were cotransfected into HEK‐293T cells

(CRL‐1415, Shanghai Xinyu Biological Technology Co., Ltd., Shanghai,

China) for 48 hr. The cells were collected and lysed, followed by

centrifuging for 3–5min with the supernatant collected. The luciferase

activity was detected using the dual luciferase detection kit (RG005,

Beyotime Biotechnology Co., Ltd., Shanghai, China) with Renilla luciferase

serving as the internal control. Lastly, the psi‐Cpsi‐CHECK‐2 vector

ligated along with 100ng of green fluorescent protein (GFP; Shanghai

Gene Pharma Co., Ltd., Shanghai, China) was transfected into HEK‐293T
cells. Following 48hr of transfection, the transfection efficiency observed

under a fluorescence microscope was shown to be above 85%.

2.4 | Construction of lentiviral vectors

The miR‐326 NC/mimic/inhibitor was cloned into the pSicoR plasmid

(Shanghai Gene Pharma Co., Ltd.) using Hpa I and Xho I restriction

sites. The positive sequenced recombinant pSicoR‐miR‐203 vector,

named PCMV‐VSV‐G and pCMV‐dR8.91 (Department of Biochem-

istry and Molecular Biology, School of Medicine, Fudan University,

Shanghai, China) were cotransfected into the HEK‐293T cells by

liposome (Shanghai Institute of Cell Biology, Chinese Academy of
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Sciences, Shanghai, China). After 48 hr, the cells were centrifuged at

3,000 g at a temperature of 4°C for 10min, followed by the removal

of the cell debris. The lentiviral vector was subsequently filtered with

a 0.45 μm polyvinylidene fluoride (PVDF) membrane and subpack-

aged at −80°C. Next, HEK‐293T cells (1 × 105) were inoculated into a

24‐well plate and incubated in a 5% CO2 incubator at 37°C for 24 hr

with an additional 1 ml of Dulbecco's modified Eagle medium

(DMEM). Approximately 50 μl of virus was diluted along with

10−1– 10−6 phosphate buffered saline (PBS). The cells were infected

with the 50 μl of virus dilution with three duplicate wells for each

gradient. After 24 hr, the medium was renewed. After another 48 hr

of culture, the virus at the titer of 5 × 107 TU/ml−1 was selected for

lentiviral infection.

2.5 | Experimental animals and grouping

APPswe/PS1d E9 double transgenic mouse model, which could simulate

the deposition of Aβ and senile plaque formation in the brain, was an

internationally recognized animal model of AD. First, 60 APPswe/PS1dE9

double transgenic purebred female mice (AD mice; aged: 6 months) as

well as 10 nontransgenic wt C57BL/6 female littermates (C57BL/6 mice)

were selected as subjects for this study. All experimental animals were

purchased from Beijing Huafukang Bioscience Co. (Institute of Laboratory

Animal, Sciences, Cams & Pumc), and fed in the brain laboratory animal

center located in Shanghai Pudong New Area People's Hospital. All mice

were fed in an environment with constant temperature, humidity, and

12hr light/dark cycle for a week.

The C57BL/6 mice were injected with normal saline as sham

control, and AD mice were injected with normal saline, and lentiviral

vector harboring miR‐326 NC, miR‐326 mimic, and miR‐326 inhibitor.

AD mice injected with a highly effective, reversible, cell‐permeable

JNK signaling pathway inhibitor, SP600125, to block the JNK signaling

pathway. Each mouse was dosed at 30mg/kg, or the same volume of

normal saline, and the animals were injected via tail vein injection.

2.6 | Morris water maze

Three days following the administration, Morris water maze was

used to assess the cognitive function of the mice (Ethovision XT

monitoring software, Morris water maze system, Noldus, Dutch;

Leone et al., 2018).

2.7 | Brain tissue collection

The mice were anesthetized, receiving an intraperitoneal injection of

2% pentobarbital sodium (0.005ml/g). The limbs of anesthetized

mice were fixed, and the midline of the chests was cut into small

sections. Then, the ribs were cut, with the diaphragms being

separated. Next, the chests were opened to expose the hearts. The

needles were then pierced from the apexes of the hearts into the

aortas, followed by the right atrial appendages being cut off.

Afterwards, 0.9% normal saline (100ml) was perfused into the

heart quickly. Then, the brain tissues were collected after the mice

was euthanized. One part of tissues was treated using a 4%

paraformaldehyde solution, followed by embedding with paraffin

for 12 hr for the incoming Thioflavin‐S staining and immunohisto-

chemistry procedures. The other part would be used for the isolation

of the hippocampus from cortex, and the isolated hippocampus was

then frozen in liquid nitrogen at −80°C for RNA and protein isolation

and quantification.

2.8 | Congo red staining

All brain tissue sections would later be dewaxed and stained for a total

of 20min. After that, the sections were treated using a differentiation

liquid until the color fading ceased. The nucleus was then stained with

hematoxylin, differentiated by 0.5% hydrochloric alcohol, and turned

blue by water. The sections were then dehydrated by 100% alcohol,

cleared, mounted, and observed under a microscope. The observation

mainly focused on the amyloidosis in brain tissues. The Aβ production

was analyzed via the Image J software.

2.9 | Enzyme‐linked immunosorbent assay (ELISA)

The contents of Aβ1–40 and Aβ1–42 in tissue sections were detected

by using the Aβ1–40 enzyme‐linked immunosorbent assay (ELISA) kit

(KHB3481, Invitrogen, Carlsbad, CA) and Aβ1–42 ELISA kit

(KHB3441, Invitrogen). Optical density (OD) value at 450 nm was

determined (Lakshmana et al., 2012).

2.10 | Immunohistochemistry (IHC)

All paraffin‐embedded sections were dewaxed with xylene and

dehydrated with gradient ethanol. The protein expression of VAV1

in brain tissues was detected by implementing a two‐step method

(PV‐900). The antibody dilution was added as NC. The sections were

washed with 0.1mol/L PBS for three times (3min each), and incubated

with 3% peroxidase. Next, the sections were incubated with 50 μl of

nonimmune goat serum for 30min. Subsequently, the sections were

probed with the primary antibody, VAV1 rabbit polyclonal antibody

(ab97574, 1:100, Abcam Inc., Cambridge, MA) overnight at 4°C, later

being polymerase adjuvant at room temperature for 20min, and then

horseradish peroxidase (HRP)‐labeled secondary antibody (Beijing

Bioss Biotechnology Co., Ltd., Beijing, China) at room temperature for

30min. The sections were developed using diaminobenzidine (DAB),

counterstained with hematoxylin, and mounted. The cells presenting a

brownish‐stained cytoplasm were regarded as VAV1‐positive cells.

Five fields of view were randomly selected from each section and

observed under an optical microscope.

2.11 | Reverse transcription quantitative
polymerase chain reaction (RT‐qPCR)

The brain tissues of the mice quick‐frozen via liquid nitrogen were

then taken and grinded. Total RNA was extracted using the

miRNeasy Mini Kit (Qiagen, Hilden, Germany). Five microliter of
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RNA sample was diluted a total of 20 times with RNase free

ultrapure water. The complementary DNA (cDNA) template was

synthesized by conducting the reverse transcription reaction using a

polymerase chain reaction (PCR) instrument, whereas the real time

PCR was performed with a quantitative PCR instrument (ABI7500;

Applied Biosystems, Foster City, CA). Each pair of primers had at

least three duplicate wells. The primers were then all synthesized by

the Beijing Genomics Institute (Beijing, China; Table 1). Relative

quantification method was then used with the expression of each

gene normalized to glyceraldehyde‐3‐phosphate dehydrogenase

(GAPDH) being expressed by the 2−ΔΔCt (Tuo, Li, & Luo, 2015). Each

experiment was repeated independently for a total of three times.

2.12 | Western blot analysis

The western blot analysis was conducted as described elsewhere

(Rojo et al., 2012). The total RNA of tissues was extracted by using

a radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime

Biotechnology Co., Ltd., Shanghai, China). The extracted protein

isolated by an electrophoresis placed on a polyacrylamide gel were

transferred onto the nitrocellulose membrane. The 5% bovine serum

albumin (BSA)‐sealed membrane was incubated along with the following

primary antibodies overnight at 4°C, involving JNK (ab201624), tau

(ab80579), p‐tau antibody (ab151559), B‐cell lymphoma 2 (Bcl‐2; ab692),
Bcl‐2‐associated X protein (Bax; ab77566), Caspase‐3 (ab13585), and

GAPDH (ab8245) from Abcam Inc. After that, the membrane was

incubated along with secondary antibody immunoglobulin G (IgG) at

room temperature for 2 hr and washed using a tris‐buffered saline with

Tween‐20 (TBST) for a total of three times (20min each). The protein

bands were then visualized by performing an enhanced chemilumines-

cence (ECL). SmartView Pro 2000 (UVCI‐2100, Major Science) was used

to photograph and the Quantity One software was used to analyze the

gray value of protein band.

2.13 | Flow cytometry

The hippocampus of the mice was isolated under aseptic conditions,

added in with papaya enzyme, and detached in an incubator set to a

temperature of 37℃ for 30min. Next, the tissues were triturated,

collected, and cultured for a total of 3 days. Next, 10 μmol/L cytarabine

was added to inhibit the proliferation of non‐neurons. After incubation
for 7 days, the obtained primary mouse hippocampal neurons were

detached by 0.25% trypsin. Next, 1ml cells (1 × 106 cells/ml) were

centrifuged at 402 g for 10min. After the supernatant had been

removed, the cells were collected and diluted with 2ml PBS, followed by

centrifugation again with the supernatant removed. The cells were then

fixed by precooled 70% ethanol overnight at a temperature of 4°C. On

the following day, 100 μl cell suspension (> 106 cells/ml) was incubated

along with 1ml propidium iodide (PI) staining solution (50mg/L)

containing RNAase in the dark for a total of 30min and filtered with a

300‐mesh nylon web. Finally, the cell cycle was detected at an excitation

wavelength of 488nm by utilizing a flow cytometer.

The Annexin V‐fluorescein isothiocyanate (FITC)/PI staining

method was used to detect the cell apoptosis. After 48 hr of

incubation in a 5% CO2 incubator at 37℃, the cells were collected.

Next, the collected cells were re‐suspended in a 200 μl binding

buffer. The mixture of 10 μl Annexin V‐FITC and 5 μl PI was

incubated at ambient temperature in the dark for 15min. Finally,

the apoptotic rate was detected by using a flow cytometer (Wuhan

Cellwar Bio‐technology Co., Ltd., Wuhan, China) at an excitation

wavelength of 488 nm.

2.14 | 3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐
diphenyltetrazolium bromide (MTT) assay

The primary neurons of the mice were cultured in a 5% CO2

incubator at 37℃ for 48 hr, followed by the discarding of the culture

medium. Next, the cells were washed with PBS two times and

incubated along with 0.5 mmol/L 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐
diphenyltetrazolium bromide (MTT) for a total of 4 hr, followed by

reaction with 150 μl dimethyl sulfoxide (DMSO). The results were

recorded at the wavelength of 490 nm.

2.15 | Statistical analysis

All data were processed via the analysis using SPSS21.0 (IBM Corp.

Armonk, NY) software. Measurement data were presented using

the mean ± standard deviation (SD). Data between two groups were

analyzed by t test. Comparisons involving multiple groups were made

by conducting one‐way analysis of variance (ANOVA) with Tukey's

TABLE 1 RT‐qPCR primer sequences

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

miR‐326 GCCTCTGGGCCCTTCCTC GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGGAG

VAV1 TGTGAGAAGTTCGGCCTCAAG CAGAGCAGACAGGGTGTAGAT

JNK GTGGGGTATGCCCAAGAGG GCCATAAAGCCCAGATAGAGC

GAPDH AATGGATTTGGACGCATTGGT TTTGCACTGGTACGTGTTGAT

Bcl‐2 GTCGCTACCGTCGTGACTTC CAGACATGCACCTACCCAGC

Bax AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG

Caspase‐3 TGGTGATGAAGGGGTCATTTATG TTCGGCTTTCCAGTCAGACTC

Abbreviations: Bcl‐2, B‐cell lymphoma‐2; Bax, Bcl‐2 associated X protein ; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; JNK, c‐Jun NH2‐terminal

kinase; miR‐326, microRNA‐326; RT‐qPCR, reverse transcription quantitative polymerase chain reaction; VAV1, vav guanine nucleotide exchange Factor 1.
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post hoc test. Data at different time points were analyzed by

repeated measure ANOVA. The p < .05 was considered as statistically

significant difference.

3 | RESULTS

3.1 | The potential involvement of miR‐326 in the
development of AD and regulation of VAV1 and the
JNK signaling pathway

The first 30 DEGs found with the largest fold change from gene

expression data set GSE4757 were selected and their expression

heatmap was constructed (Figure 1a). The genes related to AD were

retrieved from the DisGeNET and the first 20 genes were selected as

AD genes (PSEN1, APP, PSEN2, APOE, SORL1, MAPT, BDNF, IL1B,

BACE1, ACE, GSK3B, PLAU, BCHE, TNF, BCL2, IGF2, IGF1R, INSR, LEP,

and NPY). The constructed interaction network of the DEGs as well as

the AD genes in the String database exhibited that VAV1 gene was

the gene with the highest correlation to AD genes (degree = 10),

suggesting that VAV1 might exert an essential function in AD (Figure

1b). The KEGG enrichment analysis (Figure 1c) combined with the

interaction network, revealed that the VAV1 gene was interacted with

10 AD genes which genes excluding the SORL1 was enriched in the

signaling pathway of “Alzheimer's disease,” showing the potential

influence VAV1 might have on AD. Many studies displayed that the

JNK signaling pathway was activated in AD (Beeler, Riederer, Waeber,

& Abderrahmani, 2009; Mehan, Meena, Sharma, & Sankhla, 2011;

Okazawa & Estus, 2002) and VAV1 could activate the JNK signaling

pathway (Hehner, Hofmann, Dienz, Droge, & Schmitz, 2000; Moller,

Dienz, Hehner, Droge, & Schmitz, 2001). From the heatmap of DEGs

(GSE4757), we found that VAV1 was overexpressed in AD. Based on

the aforementioned information, it was hypothesized that VAV1 could

have an influential effect on AD by activating the JNK signaling

pathway. Through prediction of the miRNAs regulating VAV1 in the

TargetScan, microRNA, RNA22, miRpath, DIANA, and miRSearch

databases, number 76, 6, 696, 33, 16, and 8 miRNAs were obtained.

After comparing the prediction results, the Venn diagram was drawn

(Figure 1d), resulting in only the mmu‐miR‐326‐3p existing in the

intersection, suggesting that miR‐326 is likely to regulate VAV1.

3.2 | VAV1 is a target gene of miR‐326

To confirm whether or not miR‐326 regulated VAV1, a prediction

website available at microRNA.org predicted that miR‐326 could directly

target VAV1 and the miR‐326 binding sequence in the VAV1 3′‐UTR
region was shown in Figure 2a. Next, the dual luciferase reporter gene

assay with the psicheck2‐based VAV1‐wt plasmid containing miR‐326
binding site was conducted to further verify this prediction. The activity

of the luciferase following cotransfection of VAV1‐wt and miR‐326
mimic was lower than the activity following cotransfection of VAV1‐wt
and NC (p < .05), indicating that there was a regulatory relationship

between miR‐326 and 3′‐UTR of VAV1 (Figure 2b). These findings

helped to verify that miR‐326 targeted VAV1.

3.3 | miR‐326 overexpression improves cognitive
function of AD mice

Morris water maze was applied to assess cognitive function of AD

mice. The results of the place navigation task (Figure 3a) showed

that, in comparison with the C57BL/6 mice, the time that AD mice

found the platform and the escape latency were prolonged in AD

mice (p < .05). The AD mice injected with miR‐326 mimic lentiviral

vector, SP600125, or both miR‐326 mimic lentiviral vector and

SP600125 displayed decreased time it took to find the platform

along with the reduced escape latency. And shortest time to find the

platform and shortest escape latency were observed in AD mice

injected with miR‐326 mimic lentiviral vector and SP600125 (p < .05).

However, the increased time it took to find the platform and escape

latency was observed in AD mice injected with miR‐326 inhibitor

lentiviral vector (p < .05). In the spatial probe test (Figure 3b), relative

to the C57BL/6 mice, the residence time in the target area was

shorter in AD mice (p < .05). The residence time was prolonged in AD

mice injected with miR‐326 mimic lentiviral vector or SP600125,

especially in the subjects injected with both SP600125 and miR‐326
mimic lentiviral vector, whereas a shortened residence time was

found in the AD mice injected with miR‐326 inhibitor lentiviral vector

(all p < .05). These results indicated that when miR‐326 was

overexpressed, improvement in cognitive function of AD mice via

inhibition of the JNK signaling pathway could be seen.

3.4 | Aβ deposition of the AD mice is decreased by
elevation of miR‐326

It is common knowledge that Aβ deposition is a maker of AD

(Estus, Borchelt, Kindy, & Vassar, 2002). The inhibitory effects of

overexpressing miR‐326 and SP600125 on Aβ deposition were observed

by Congo red staining. The results of the observation (Figure 4) showed

that there were cells with a clear outline, obvious nucleolus, and no

obvious deposition in the brain tissue of C57BL/6 mice. Many of the Aβ

deposition appeared in the brain tissues of AD mice, varying in size,

while also presenting unevenly in staining consistency; the background

color was brownish red, almost bright red. The cells were mostly either

round‐shaped or irregular‐shaped, sparsely and disorderly arranged. Aβ

deposition decreased following the injection of miR‐326 mimic lentiviral

vector or SP600125, especially after injection of both SP600125 and

miR‐326 mimic lentiviral vector and increased after injection of miR‐326
inhibitor lentiviral vector (all p < .05). This fluctuation insisted that

miR‐326 might retard the progression of AD through decreasing of the

Aβ deposition via inhibition of the JNK signaling pathway.

3.5 | Overexpression of miR‐326 decreases
contents of Aβ1–40 and Aβ1–42

To further verify the inhibitory effects miR‐326 and SP600125 could

potentially have on Aβ deposition, the production of Aβ40 and Aβ42 in

brain tissue of the mice was detected using a combination of Aβ40
and Aβ42 ELISA kits (Figure 5). AD mice had shown increased
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contents of Aβ1–40 and Aβ1–42 as opposed to C57BL/6 mice (p < .05).

After injecting with either miR‐326 mimic lentiviral vector or

SP600125, AD mice had presented with decreased contents of

Aβ1–40 and Aβ1–42 (p < .05), and a decrease was more evident in AD

mice injected with both SP600125 and miR‐326 mimic lentiviral

vector (p < .05). The contents of Aβ1–40 and Aβ1–42 increased

following the injection of the AD mice with miR‐326 inhibitor

lentiviral vector (p < .05). Similar changes were detected when

either injected with miR‐326 mimic lentiviral vector or SP600125.

These results were in line with the findings revealed by Figure 4.

Therefore, miR‐326 elevation was able to induce a reduction in

contents between Aβ1–40 and Aβ1–42 by inhibiting the JNK signaling

pathway.

3.6 | Overexpression of miR‐326 decreases protein
expression of VAV1

Previously, VAV1 was found as the target gene of miR‐326. The effect

of miR‐326 on VAV1 was analyzed by detecting the VAV1 protein

expression by IHC under an optical microscope (×400). As depicted in

(a)

(c)

(b)

(d)

F IGURE 1 miR‐326 participates in the progression of AD via the JNK signaling pathway by regulating VAV1. (a) Expression heatmap of the
first 30 DEGs in the gene expression data set GSE4757, in which the abscissa refers to sample number, and the ordinate refers to gene
expression; the upper right histogram is color grade, and each circle refers to the expression of a sample; (b) Interaction network of DEGs of AD

and AD genes, in which the arrows represents DEGs and the circle represents AD genes; (c) KEGG enrichment results of DEGs of AD and AD
genes; (d) the prediction results of miRNAs regulating VAV1 in the TargetScan, microRNA, RNA22, miRpath, DIANA, and miRSearch databases.
AD, Alzheimer's disease; DEGs, differentially expressed genes; JNK, c‐Jun‐NH2‐terminal kinase; KEGG, Kyoto Encyclopedia of Genes and

Genomes; miR‐326, microRNA‐326 [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 2 VAV1 is identified as a target

gene of miR‐326. (a) Putative miR‐326
binding sites in VAV1 3′‐UTR; (b) luciferase
activity of VAV1‐wt 3′‐UTR after

transfection with miR‐326 mimic; *p < .05
compared with cotransfection of VAV1‐wt
and miR‐326 NC. GFP, green fluorescent

protein; miR‐326, microRNA‐326; NC,
negative control; wt, wild type [Color
figure can be viewed at
wileyonlinelibrary.com]
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Figure 6, the positive expression of VAV1 in the cytoplasm presented

as a brownish color. AD mice showed an increased positive

expression of VAV1 as opposed to C57BL/6 mice (p < .05). After

the injection of miR‐326 mimic lentiviral vector, SP600125, or

both SP600125 and miR‐326 mimic lentiviral vector, the AD mice

presented a decreased positive VAV1 protein expression (p < .05).

However, AD mice injected with miR‐326 inhibitor lentiviral vector

presented increased positive VAV1 protein expression (p < .05).

VAV1 protein expression did not differ between the AD mice

injected with miR‐326 mimic lentiviral vector and those injected

with both SP600125 and miR‐326 mimic lentiviral vector (p > .05).

Hence, miR‐326 elevation was able to inhibit the protein expression

of VAV1.

3.7 | miR‐326 might target VAV1 and inhibit the
JNK signaling pathway

To investigate the mechanism in depth, the expression of miR‐326,
VAV1 mRNA expression, mRNA, and protein expression of JNK and

apoptosis‐related factors (Bax, Bcl‐2, and Caspase‐3) together with

the extent of tau phosphorylation in brain tissues was detected

by performing the RT‐qPCR (Figure 7a,b) and a western blot

analysis (Figure 7c,d). The results of the aforementioned procedures

(Figure 7) demonstrated that, when compared with the brain tissues

of C57BL/6 mice, expression of VAV1 mRNA, JNK, Caspase‐3, and
Bax mRNAs and proteins as well as tau phosphorylation level all

collectively increased (p < .05), whereas that of Bcl‐2 contrarily
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diminished in the brain tissues of AD mice (p < .05). The miR‐326
expression in the brain tissues of AD mice injected with normal

saline, injected with miR‐326 NC lentiviral vector, or treated with

SP600125 had no remarkable differences (p > .05). The miR‐326
expression was elevated in the brain tissues of AD mice injected

with miR‐326 mimic lentiviral vector alone or with both SP600125

and miR‐326 mimic lentiviral vector (p < .05), while also reducing in

those injected with miR‐326 inhibitor lentiviral vector (p < .05).

In comparison with the brain tissues of the AD mice injected with

miR‐326 NC lentiviral vector, expression of VAV1 mRNA, JNK,

Caspase‐3, and Bax mRNAs and proteins as well as tau phosphoryla-

tion level decreased and that of Bcl‐2 increased in those injected with

miR‐326 mimic lentiviral vector and SP600125 (p < .05). Besides, the

miR‐326 expression were increased in the brain tissues of AD mice

injected with both SP600125 and miR‐326 mimic lentiviral vector

(p < .05). Furthermore, expression of VAV1 mRNA, JNK, Caspase‐3,
and Bax mRNAs and proteins as well as tau phosphorylation level

were increased; however, the miR‐326 expression and mRNA and

protein expression of Bcl‐2 collectively decreased in the brains

tissues of AD mice injected with miR‐326 inhibitor lentiviral vector

(p < .05). In comparison with the brain tissues of AD mice injected

with miR‐326 mimic lentiviral vector, those having been injected with

SP600125 exhibited a reduced miR‐326 expression coupled with an

elevated mRNA expression of VAV1 (p < .05). These results went onto

suggest that miR‐326 targeted VAV1 to inhibit the JNK signaling

pathway, decrease the extent of tau phosphorylation, and repress

neuron apoptosis.

3.8 | Overexpression of miR‐326 inhibited neuron
apoptosis in AD mice via inhibiting the JNK signaling
pathway

As the aforementioned findings suggested, the overexpression of

miR‐326 could decrease mRNA and protein expression of Caspase‐3
and Bax, here the effect of miR‐326 and SP600125 on neuron

apoptosis was collectively assessed by performing an Annexin

V‐FITC/PI staining. The results (Figure 8) revealed that the AD mice

exhibited a higher neuron apoptosis than the C57BL/6 mice (p < .05).

After injection of miR‐326 mimic lentiviral vector or SP600125, the

neuron apoptosis in AD mice decreased (p < .05), and decreased

much more in AD mice injected with both SP600125 and miR‐326
mimic lentiviral vector (p < .05). Yet AD mice injected with miR‐326
inhibitor lentiviral vector had markedly increased neuron apoptosis

(p < .05). Thereby, miR‐326 elevation could repress neuron apoptosis

via inhibiting the JNK signaling pathway.
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F IGURE 7 miR‐326 inhibited the expression of VAV1 and blocked the activation of JNK signaling pathway. (a,b) RT‐qPCR analysis of miR‐
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3.9 | Overexpression of miR‐326 induces neuron
cell cycle progression and enhances cell viability in
AD mice via inhibiting the JNK signaling pathway

As substantial evidence of neural cell cycle re‐entry was observed in

AD (Varvel et al., 2008), whether miR‐326 and SP600125 affect the

neural cell cycle and viability was examined by flow cytometry and

MTT assay. The results of the aforementioned processes (Figure 9a,b)

indicated more neuron cells having been arrested in G0/G1 phase

and those arrested in the S phase decreased in AD mice in

comparison with C57BL/6 mice (p < .05). After injection of miR‐326
mimic lentiviral vector, SP600125 or both SP600125 and miR‐326
mimic lentiviral vector, the ratio of the cells in the S phase was

elevated, with the opposite change occurring in the G0/G1 phase

(p < .05). The injection of miR‐326 inhibitor lentiviral vector

decreased the cells in the S phase, whereas subsequently increasing

cells in G0/G1 phase (p < .05). There were no noticeable changes with

the cells in G2/M phase (p > .05). Meanwhile, the AD mice exhibited

lower neural cell viability as opposed to the C57BL/6 mice (p < .05).

The treatment of miR‐326 mimic lentiviral vector, SP600125 or both

SP600125 and miR‐326 mimic lentiviral vector led to an increased

neuron cell viability, whereas the treatment of miR‐326 inhibitor

lentiviral vector inhibited the viability of the neurons (all p < .05;

Figure 9c). These results demonstrated that the overexpression of

miR‐326 regulated the neuron cell entry and increased cell viability

in AD mice.

4 | DISCUSSION

AD is recognized as one of the most prevalent neurodegenerative

diseases in the industrialized world (Bertram et al., 2010). Recently, a

study has shown that miRs can be used as diagnostic biomarkers and

therapeutic applications in patients suffering from AD (Chen, Zhao,

Zhao, & Li, 2017). In this study, we investigated whether miR‐326 could

affect the cognitive function and neuron apoptosis in a mouse model

presenting with AD, demonstrating that miR‐326 targeted VAV1 and

improved the cognitive function of AD mice. And enhancement of

miR‐326 decreased the phosphorylation of tau and inhibits neuron

apoptosis through inhibiting the JNK signaling pathway.

Initially, the contents of Aβ1–40 and Aβ1–42 and the Aβ deposition

were inhibited by enhancement of miR‐326. A study also shows that

at present, Aβ1–40 and Aβ1–42 isoforms alone or in combination with

tau protein constitute reliable AD biomarkers (Assem et al., 2012),

and Aβ1–42 could stimulate the tau phosphorylation by inducing

neurotoxicity in AD (Park et al., 2012). miR‐326 has been proven to

regulate the development of cerebellar neuron progenitor and tumor

cells (Wang et al., 2013). Evidence has also done well to suggest that

C6 glioma cell‐conditioned medium, commonly obtained from

cultured astrocyte‐derived C6 glioma cells, could suppress the

production of Aβ1–42 (Xie, Xiao, & Huang, 2016). Furthermore, Zhou

et al. (2013) also indicates that miR‐326 acts as a glioma tumor

suppressor with the ability targeting the Nin One Binding Protein.

Judging by the aforementioned information, the current study

(a)

(b)

F IGURE 8 Inhibited neuron apoptosis is found after overexpression of miR‐326 in AD mice. (a) Representative images of neuron apoptosis
in AD mice detected flow cytometry; (b) quantitative analysis of neuron apoptosis. *p < .05 compared with the sham group (C57BL/6 mice

injected with normal saline); #p < .05 compared with the model group (AD mice injected with normal saline). AD, Alzheimer's disease; miR‐326,
microRNA‐326 [Color figure can be viewed at wileyonlinelibrary.com]
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clarified that the enhancement of miR‐326 was capable of decreasing

Aβ deposition in AD mice, by which preventing the progression of AD.

Moreover, our study demonstrated that the miR‐326 overexpression

improved cognitive function of AD mice. Prevention of AD has been

reported to be associated with reduction of cognitive impairment

(Bennett et al., 2012). Usually, miRs have been reported to be in

association with cognitive function in AD, for instance, miR‐214‐3p has

been revealed to relieve cognitive damage in the SAMP8 mouse model

of sporadic AD (Zhang et al., 2016). Interestingly enough, miR‐326
selectively reduced the expression of a neuropeptide urocortin 1 that

mediated the brain's stress response (Zhang et al., 2016). However,

the association between miR‐326‐mediated cognitive function and this

neuropeptide warrants further investigation.

In our study, the elevation of miR‐326 negatively regulated the

expression of VAV1, JNK, and inhibited the tau phosphorylation. VAV1

is observed in neuron cells and the VAV1 expression is also found in

human SH‐SY5Y neuroblastoma cells (Betz, Sandhoff, Fischer, & van

Echten‐Deckert, 2003). A research conducted by Garcia et al. (2012)

suggested that the pattern of VAV1 expression might have a role in the

neoplastic process in glioblastoma tumors. It has also been reported

that JNK signaling pathway is a therapeutic target for AD, which could

enhance the Aβ production, as well as regulate the development of

neurofibrillary tangles (Yarza, Vela, Solas, & Ramirez, 2015). A study

has indicated that the JNK signaling pathway amplifies subcellular

changes in phosphorylation of tau in AD (Vogel et al., 2009). Esposito

et al. (2006) found that Aβ‐induced iNOS protein expression is

repressed due to its selective activation of cannabinoid1 receptor,

which consequently blocks the hyperphosphorylation of tau protein in

cocultured neurons. Based on previous research, miR‐326 has been

proven to act as prognostic and predictive markers for survival of

patients with glioma (Qiu et al., 2013). In our study, according to online

prediction and dual luciferase reporter gene assay, VAV1 was verified

as the target gene of miR‐326. In addition, VAV1 has been identified as

an ineffective stimulus for the JNK1 pathway in T cells (Kaminski,

Del Pozo, Hipskind, Altman, & Villalba, 2004). Besides, miR‐330
protects against β‐protein production and oxidative stress in AD by

mediating JNK via targeting VAV1 (Zhou et al., 2018). Our study

has clarified that upregulating miR‐326 subsequently decreased tau

(a)

(b) (c)

F IGURE 9 miR‐326 elevation regulates neuron cell cycle and increases cell viability in AD mice. (a) Cell cycle distribution in neurons after
enhancement of miR‐326 or treatment with SP600125 detected by flow cytometry; (b) quantitative analysis of cells in different phase; (c) cell
viability after enhancement of miR‐326 or treatment with SP600125 assessed by the MTT assay. *p < .05 compared with the sham group

(C57BL/6 mice injected with normal saline); #p < .05 compared with the model group (AD mice injected with normal saline); &p < .05 compared
with the miR‐326 mimic group. AD, Alzheimer's disease; miR‐326, microRNA‐326; MTT, 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium
bromide [Color figure can be viewed at wileyonlinelibrary.com]
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phosphorylation by decreasing the expression of VAV1 and inactivat-

ing JNK signaling pathway, therefore exerting protective effects

against AD.

Our study showed that AD mice injected with miR‐326 mimic

lentiviral vector had decreased Caspase‐3 and Bax but increased Bcl‐2.
A previous study has shown that the Bcl‐2 protein family influences the

cell apoptosis (Czabotar, Lessene, Strasser, & Adams, 2014). Bax acts as

a proapoptotic role is modulated by the Bcl‐2 protein family (Barnes,

Mishra, Baber, Strub, & Tjandra, 2017). Caspase‐3 is encoded by the

CASP3 gene and gene Caspase‐3 might have an critical role during the

executive phase of apoptosis (Pang & Hong, 2010). miR‐326 has been

revealed to be in control of the development of cerebellar neuron

progenitor as well as tumor cells (Wang et al., 2013). Kefas et al. (2009)

found that the neuron miR‐326 has therapeutic potential against brain

issues and induces glioma cell apoptosis. Altogether we concluded

that the overexpression of miR‐326 decreased the neuron apoptosis,

whereas simultaneously enhancing the neuron viability in AD.

In conclusion, the current study revealed that by targeting VAV1,

miR‐326 can act an inhibitor of neuron apoptosis during the AD

process via inactivation of the JNK signaling pathway (Figure 10).

Although the mechanism underlying AD progression still needs to be

discussed, our findings open a novel avenue for future AD therapies.
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