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Abstract

Introduction: Alzheimer’s disease (AD), a common form of dementia, has been

reported to influence 27 million individuals globally. Several risk factors including

oxidative stress, gut microbiota imbalance, and cognitive activity are reported to be

closely associated with the initiation or progression of AD. Although miR-483-3p was

identified to be downregulated in AD patient serum. However, the biological role and

mechanism of miR-483-3p remained unknown in AD. Here, we explored the role of

miR-483-3p in AD.

Methods: Sprague–Dawley rats were injectedwith homocysteine (Hcy) to establish an

AD animal model. The Morris water maze tests and contextual fear tests were con-

ducted to assess the cognitive andmemoryabilities of rats. TUNEL stainingwasutilized

to determine cell apoptosis. Luciferase reporter assaywas used to evaluate the binding

relation betweenmiR-483-3p and exportin 1 (XPO1).

Results: Homocysteine treatment (400 μg/kg) induced the learning, cognitive and

memory defects of rats. miR-483-3pwas downregulated in Hcy-treated rat hippocam-

pus. Functionally, miR-483-3p alleviated cell apoptosis and impairments of learning

and memory abilities in Hcy-treated rats. In addition, miR-483-3p inhibited cell apop-

tosis and protein level of AD-associated factors (APP, BACE1, and Aβ1-42) in PC12

cells. In mechanism, miR-483-3p was confirmed to target XPO1 in PC12 cells. XPO1

displayed high level in rat hippocampus and was negatively correlated with miR-483-

3p levels. Finally, XPO1 overexpression rescued the suppressive effect of miR-483-3p

on cell apoptosis and protein levels of AD-associated factors.

Conclusions:miR-483-3p alleviates neural cell apoptosis and impairments of learning

andmemory abilities by targeting XPO1 in AD.
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1 INTRODUCTION

Alzheimer’s disease (AD), a common form of dementia, is a leading

cause of disability and poor health (morbidity) and characterized by a

significant decline in cognitive andmemoryabilities (“2020Alzheimer’s

disease facts & figures,” 2020). The population of Americans older

than 64 with AD is projected to increase from 56 million in 2020

to 88 million by 2050 (“2020 Alzheimer’s disease facts & figures,”

2020; “2021 Alzheimer’s disease facts & figures,” 2021). Data from

the World Health Organization showed that AD is about to affect 82

million patients in 2030 (“2020 Alzheimer’s disease facts & figures,”

2020). Known risk factors including family history, aging, head injury,

neuroinflammation, depression, oxidative stress, environmental met-

als exposure, gut microbiota imbalance, and cognitive activity are

reported to be closely associated with the initiation or progression of

AD (Briggs et al., 2016; Hodson, 2018; Lane et al., 2018; Mangialasche

et al., 2010; Mantzavinos & Alexiou, 2017; Oboudiyat et al., 2013;

Weller & Budson, 2018).

AD is accompanied with two pathologies: one is extracellular

deposits of β-amyloid (Aβ) plaques and another one is hyperphos-

phorylation of tau, a microtubule-associated protein that leads to

intracellular formation of neurofibrillary tangles in the brain (Wei et al.,

2020b). Many biomarkers, such as amyloid precursor protein (APP), β-
site APP-cleaving enzyme 1 (BACE1), Aβ peptide 1–42 (Aβ1-42), and
tau-5, are associated with AD progression (Weng et al., 2020). Aβ pro-
tein is produced by protease cleavage of the type I transmembrane

APP (Guo et al., 2020). It was proposed that the extracellular domain

of APP causes cell-to-cell adhesion to facilitate synaptic connections

(Ludewig & Korte, 2016). APP processing was dependent on three

proteolytic secretase enzymes include α-secretase, β-secretase, and γ-
secretase. Specifically, α-secretases refer to ADAM9, ADAM10, and

ADAM17. BACE1 is the major β-secretase in brain, and γ-secretases
include presenilins, niacstrin, PEN2, andAPH1 (Guo et al., 2020; Zhang

et al., 2011). APP cleavage generates amyloid peptides including Aβ37,
38, 39, 40, 42, and 43 (Guo et al., 2020). Aβ accumulates within neu-

rons in both human AD cases and transgenic AD rodent models (Shie

et al., 2003). Among these peptides, Aβ40 and Aβ42 are two major

Aβ species in the brain, and soluble Aβ40 is more abundant than

soluble Aβ42. Dysregulated APP processing can result in AD patho-

genesis by increasing Aβ production (Guo et al., 2020). In this study,

Aβ1-40 was used to treat rat pheochromocytoma cells (PC12 cells).

Aβ1-40-stimulated PC12 cells have been widely used for studies on

AD-associated neural injuries (Feng et al., 2013; Hu et al., 2021; Qian

et al., 2015). According to other hypotheses, the pathogenesis of AD

is also associated with oxidative stress, mitochondrial dysfunction, or

neuroinflammation (Anand et al., 2014; Yang et al., 2020).

Homocysteine (Hcy) is a homolog of cysteine that is an intermedi-

ate form in the process of methionine metabolism. Based on previous

experimental studies, Hcy induces molecular and cellular oxidative

injury through reactive oxygen species (Kaplan et al., 2020). Moreover,

Hcy toxicity is characterizedby impairmentof epigenetic controlmech-

anisms of gene expression, such as DNA methylation, noncoding RNA,

and histone modification (Perła-Kaján & Jakubowski, 2019). Further-

more, Hcy can affect functions and structure of proteins by interacting

with their cysteine or lysine residues (Kaplan et al., 2020). The lack of

enzymes and vitamins implicated in Hcy metabolism and some patho-

logical conditions result in increased blood plasma concentrations of

Hcy, called hyperhomocysteinemia (HHcy) (Kaplan et al., 2020). HHcy

has been reported in patients with AD, Parkinson’s disease, heart fail-

ure, and cardiovascular disease (dos Santos et al., 2009; Nygård et al.,

1995; Seshadri, 2006; Strauss et al., 2017).

Central nervous and cardiovascular system are closely intercon-

nected. Specifically, cardiovascular systems can serve as a senor and

effector for the central nervous system, in which the neurons strongly

control cardiovascular functions (Critchley et al., 2018; Yang et al.,

2020). Thus, AD can provoke impairments of cardiovascular functions

(Yang et al., 2020), and cardiovascular diseases such as neural tis-

sue loss-induced stroke can also be a risk factor for AD (Breijyeh

& Karaman, 2020). Hcy can directly or indirectly induce increase in

oxidative stress, inflammation, and decrease in nitric oxide bioavail-

ability. To be specific, HHcy, oxidative stress, and inhibition of nitric

acid inhibition in the cell cause a cascade of reactions that can increase

levels of inflammatory markers and levels of cholesterol, activity of

HMG-CoA reductase, and triglyceride and LDL that contribute to car-

diovascular diseases (Sharma et al., 2015). Moreover, elevated Hcy

level has been discovered and confirmed to be associated with AD

(Sharma et al., 2015). Hcy was revealed to aggravate Aβ and tau

lesions by elevating γ-secretase and CDK5 activities (Li et al., 2014)

and through Aβ/fibrinogen interaction (Chung et al., 2016). It was also
reported that Hcy induces tau hyperphosphorylation by regulating

tau kinases and phosphatases (Xia et al., 2014). HHcy induces oxida-

tive stress, cognitive impairments, tau hyperphosphorylation, increase

in calpain activity, and neurodegeneration in Sprague–Dawley rats

(Mahaman et al., 2018). Hui Wei et al. have established an AD-like

rat model by injection of Hcy (400 μg/kg/day) for 14 days via the

vena caudalis (Zhang et al., 2008), and Hcy-treated rats showed typi-

cal AD-like spatial learning and memory deficits, synaptic impairment

and loss, tau hyperphosphorylation, and Aβ overload, which indicated

that Hcy-treated Sprague–Dawley rat is a suitable model for AD stud-

ies (Mahaman et al., 2018; Zeng et al., 2019; Zhang et al., 2019). The

superiority of this model is that Hcy can simultaneously affect phos-

phorylation of the neural tau-protein (Persson et al., 2014) and the

occurrence of amyloid plaques in blood vessels (Choe et al., 2014)

and in brain parenchyma (Kovalska et al., 2018; Li et al., 2014). In the

current study, Hcy was used to establish a rat model for AD.

For AD diagnosis and treatment, drug administration of donepezil,

galantamine, rivastigmine, and tacrine can only alleviate symptoms

of AD to retard the pathological progression (Yang et al., 2020).

Recently, increasing studies havebeendone to investigateother poten-

tial therapeutic methods. Molecular subtyping of AD corresponding to

dysregulated pathways, including Aβ neuroinflammation, synaptic sig-

naling, tau-mediated neurodegeneration, mitochondria organization,
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immune activity, and myelination, have been widely investigated (Neff

et al., 2021). Recently, microRNAs have been proposed to regulate

cardiovascular diseases and neurodegenerative diseases (Bernardo

et al., 2015; Ferrante & Conti, 2017; Mishra et al., 2016). miRNAs are

small, endogenous noncoding RNAs (ncRNAs) with 21−25 nucleotides

in length, which are capable of posttranscriptionally regulating gene

expression by binding with 3′-untranslated region (UTR) of mRNAs

(Cao & Zhen, 2018; Ferrante & Conti, 2017; Lu & Rothenberg, 2018;

Tiwari et al., 2018; Tutar, 2014). Interestingly, several serum miR-

NAs were identified to be aberrantly expressed in AD patient, and

these dysregulated miRNAs play critical roles in the pathogenesis

or the development of AD (Chang et al., 2017; Maoz et al., 2017;

Swarbrick et al., 2019; Zetterberg & Burnham, 2019). In detail, miR-

124 was reported to modulate synaptic and memory impairment by

affecting protein tyrosine phosphatase nonreceptor type 1 (PTPN1)

signal pathway in AD (Wang et al., 2018). In addition, miR-15/107

was proved to regulate cyclin-dependent kinase 5 regulatory subunit

1 (CDK5R1)/p35 in the pathogenesis of AD (Parsi et al., 2015). Impor-

tantly, serum miR-483-3p level was identified to be downregulated

in AD patients, serving as a noninvasive biomarker for AD diagnosis

(Tan et al., 2014). Previously, miR-483-3p was widely reported to act

as a tumor suppressor in a variety of tumors like breast cancer, hep-

atocellular carcinoma, and neuroblastoma (Huang & Lyu, 2018; Lupini

et al., 2016; Wu et al., 2018). However, the biological role and poten-

tial mechanism of miR-483-3p in AD remain uncharacterized. Hence,

the studywas performed to explore the functions ofmiR-483-3p in AD

and its regulatory role at the posttranscriptional level.

Exportin 1 (XPO1), also known as chromosome region maintenance

protein 1 (CRM1), encodes a protein thatmediates leucine-rich nuclear

export signal (NES)-dependent protein transport (Ederle et al., 2018;

Evans et al., 2018; Tian et al., 2019). Additionally, XPO1 has been

reported to regulate neurodegeneration in models of frontotempo-

ral dementia and amyotrophic lateral sclerosis (Archbold et al., 2018;

Ederle et al., 2018; Steyaert et al., 2018). Furthermore, XPO1 exerted

effects on cell death in traumatic brain injury (Tajiri et al., 2016;

Yalçınkaya et al., 2013). Nevertheless, the role of XPO1 in AD is still

unclear.

In our program, a Hcy-induced AD rat model and Aβ1-40-induced
cell model were established to explore the role of miR-483-3p and

its target genes. This study may provide a potential target for the

diagnosis or treatment of AD.

2 MATERIALS AND METHODS

2.1 Animals grouping and ethics statement

Total 50 adult Sprague–Dawley rats (8 weeks, male, 220–250 g) pur-

chased from Vital River Co. Ltd. (Beijing, China) were divided into 5

groups (n = 10 in each group) including sham, Hcy, AAV-miR-483-3p,

Hcy + AAV-NC, and Hcy + AAV-miR-483-3p groups. All animal exper-

imental procedures were approved by Institutional Animal Care and

Use Committee of Hubei Provincial Hospital of Traditional Chinese

Medicine. Animals were operated under the Guide for the Care and

Use of Laboratory Animals of Hubei Provincial Hospital of Traditional

ChineseMedicine. Timeline of the animal experiments was provided in

Supporting Figure 1a.

2.2 The establishment of AD model

The rats (5 in each cage) were housed under 12 h reversed light-dark

cycle with free diet in a constant room temperature (22±2◦C) for a

week for adaption. Hcy was dissolved in saline containing 0.9% NaCl

to 400 μg/ml. Rats were treated with Hcy (400 μg/kg) via the tail vein
injection each day for continual 14 days. The sham-operated rats were

injected with same doze of saline.

2.3 Adeno-associated virus (AAV) injection

AAV (serotype 2, 1011 vg/ml, Vigene Biosciences, shanghai, China)

comprising miR-483-3p sequence was injected into Hcy-treated rats

via tail vein on day 15. The specific AAV can infect brain through

tail vain injection, thereby overexpressing miR-483-3p in hippocam-

pal tissues. The AAV vector was loaded in a 1 ml syringe attached to a

30-gauge needle. Before AAV injection, rats were anesthetized under

isoflurane. After a rat was placed on a heating pad, isopropanol was

used to swab the tail to visualize the tail veins. The AAVwas injected to

one of lateral tail veins over a period of approximately 5 s per injection

(Jackson et al., 2015).

2.4 Morris water maze (MWM) test

TheMorris watermaze (MWM) test was performed tomeasure spatial

learning andmemory abilities as described earlier (Vorhees&Williams,

2006). In brief, rats were allowed to swim for 1 min in the pool. Rats

were trained to find the hidden platformwithin 1 min in each trail. The

rats will be guided to stand on platform for 30 s if they failed. The train-

ing was conducted for consecutive 5 days (day 41–45, 3 trails/day).

The escape latency during training days was recorded. The evalua-

tion of spatial memory was carried out on day 46. We removed the

platformand recorded theescape latencyand the time spend in the tar-

get quadrant using Noldus video tracking system (Noldus Information

Technology, Holland).

2.5 Contextual fear test

The contextual fear test was implemented to examine rat cognitive

function as described previously (Wei et al., 2020a). At first, rats were

placed in a contextual chamber box (32 × 26 × 26 cm) for an adaption

period (3 min). Then, rats were treated with 2 footshocks (0.5 mA, 2 s)
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with an interval of 2 min. The percentage of freezing within 2 min was

recorded. The ratswere then returned to the cage.After 24h, ratswere

placed in the same chamber box without footshock for fear memory

ability evaluation. The total freezing time of rats was recorded.

2.6 Quantitative real-time RT-PCR

The extraction of total RNA from cultured PC12 cells and hippocam-

pus was performed using TRIzol reagent (Invitrogen). Subsequently,

the extracted RNAwas reverse transcribed into cDNA using a Reverse

Transcription Kit (Toyobo, Japan). The RT-qPCR was performed using

SYBR Green PCR Master Mix (Takara, Japan) with Roche Real-Time

PCR system (Roche, Basel, Switzerland). The relative RNA level was

calculatedwith2−ΔΔCt methodandnormalized toGAPDH/U6.GAPDH

was endogenous control formRNAswhileU6was that formiR-483-3p.

2.7 Western blot

The total proteins of rat hippocampus and PC12 cells were extracted

(Beyotime Biotechnology, China). Later, the protein samples were

subjected to sodium dodecyl sulfate–polyacrylamide gel electrophore-

sis (SDS–PAGE), and then transferred onto a polyvinylidene fluoride

(PVDF) membrane. Then, the membrane was coated with 5% defat-

ted milk for 2 h and incubated with antibodies against XPO1 (1:1000,

ab191081), APP (1:1000, ab101492), BACE1 (1:500, ab183612), Aβ1-
42 (1:1000, ab10148), andGAPDH (1:1000, ab9485) at 4◦Covernight,

and then incubated with HRP-conjugated secondary antibody at room

temperature for 2 h. The antibodies were purchased from Abcam

(Cambridge, USA). The protein bands were examined by the Gel Image

Analysis System and quantified by ImageJ software (National Institute

of Health, USA).

2.8 Cell culture and treatment

PC12 cells (Shanghai Institute for Cell Research, shanghai, China)

were grown in Dulbecco’s modified Eagle’s medium (DMEM,

Gibco, USA) containing 10% fetal bovine serum (FBS) and 1%

penicillin/streptomycin (Sigma-Aldrich, USA) at 37◦C in a humidified

atmosphere with 95% air and 5% CO2. For cell treatment, Aβ1-40
oligomers (2.5, 5, and 10 μM, Sigma-Aldrich) were added.

2.9 Cell transfection

The full length of XPO1 was cloned to pcDNA3.1 vector to overex-

press XPO1 (XPO1) with empty pcDNA3.1 vector as the negative

control. MiR-483-3p mimics (miR-483-3p) were adopted to overex-

pressmiR-483-3pwithNCmimics as the negative control. All plasmids

were synthesized by GeneChem (Shanghai, China) and transfected

into PC12 cells utilizing Lipofectamine 2000 (Invitrogen, USA). After

48 h, RT-qPCR was performed to evaluate transfection efficiency by

detecting gene expression after transfection.

2.10 Terminal deoxynucleotidyltransferase dUTP
nick end labeling (TUNEL) assay

The apoptosis of PC12 cells were detected by the In Situ Cell Death

Detection kit (Roche Applied Science, Germany). The number of

TUNEL positive cells and total cells at five random fields was counted.

The nuclei of TUNEL positive cells would be labeled with TUNEL

(green) and DAPI (blue) was used to stain those of all cells. The posi-

tive cells were counted under the fluorescence microscope (Olympus,

Tokyo, Japan) using image-Pro Plus 6.0 software.

2.11 TUNEL staining of hippocampus

The brain of rats was collected using 0.1 M phosphate-buffered saline

(PBS, pH7.4) and 4%paraformaldehyde in 0.1MPB (pH7.4) after anes-

thesia with pentobarbital sodium in an In Situ Cell Death Detection Kit

(Roche) as described previously (Shi et al., 2018). The hippocampuswas

also isolated, fixed for 48 h, and then dehydrated in alcohol. Afterward,

slides were treated with xylene and washed with ethanol and distilled

water twice, following the incubation with protease K for 15−30 min

andwashing with 1% Triton X-100 for 8min. Subsequently, slides were

analyzed with a light microscope (Olympus).

2.12 Cell viability assay

PC12 cells were grown in 96-well plates (3 × 104 cells/well) for

incubation overnight. Then, PC12 cells were treated with different

concentrations of Aβ1-40 or/and transfected with indicated plasmids.

Following 24 h of incubation, methyl thiazolyl tetrazolium (MTT) solu-

tion (10 μl, 5 mg/ml) was added to each well for another 4 h of

incubation at 37◦C. After the removing culture medium, DMSO (100

μl) was added, and the absorbance was measured with a microplate

reader (Bio-Tek Instruments, USA) at 570 nm. At last, cell viability was

presented as a percentage of the value in experimental groups against

the corresponded control groups.

2.13 Luciferase reporter assay

The wild-type (Wt) and mutant (Mut) binding site of XPO1 3′ UTR
was respectively subcloned into pmirGLO vector (GeneChem) to

construct XPO1-Wt/Mut. Then, XPO1-Wt or XPO1-Mut was cotrans-

fected with NC mimics or miR-483-3p mimics into PC12 cells using
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Lipofectamine 2000 (Invitrogen). The luciferase activity was evaluated

by a Dual-Luciferase Assay System (Promega, Madison, WI, USA) 48 h

after plasmid transfection.

2.14 Statistical analysis

The data were analyzed by SPSS 19.0 software (IBM, Armonk, NY,

USA) and are shown as the mean ± standard deviation (SD). The dif-

ference between two groups or among more than two was analyzed

by unpaired Student’s t-test or one-way ANOVA followed by Tukey’s

post hoc analysis. Pearson’s correlation analysis was adopted to ana-

lyze the expression correlation between miR-483-3p and XPO1 in 20

hippocampal tissues. A p value less than .05 had statistical significance.

3 RESULTS

3.1 MiR-483-3p is downregulated in Hcy-treated
rats

Previously, miR-483-3p was reported to be downregulated in AD

patients’ serum and serve as a biomarker for AD (Tan et al., 2014).

However, the specific function or potential mechanism of miR-483-

3p in AD was unclear. To figure out the role of miR-483-3p in AD,

Hcy was injected into rats per day for consecutive 14 days to mimic

AD in vivo. According to MWM test, the escape latency of Hcy model

rats was significantly prolonged compared with that of rats in sham-

operated group on days 44 and 45 (Figure 1a). During the training

from day 41 to day 45, swimming tracks of rats were recorded. Hcy-

treated rats had a worse performance in founding the hidden platform

than control rats (Figure 1b). After the platform was removed, Hcy-

treated rats swam randomly through the tank and seldom swamacross

the placewhere the hidden platform previously been, which suggested

their poor memory retention of the platform’s location (Figure 1c, d).

In addition, compared with rats in the sham group, the model rats

had longer escape latency and spent less time in the target quadrant

(Figure 1e, f). Moreover, the result of contextual fear test delineated

that Hcy treatment significantly decreased the percentage of freezing

and total freezing timeof rats (Figure1g, h). All theseexperimental data

suggested that an AD-like animal model was successfully established.

Moreover, the RT-qPCR analysis demonstrated that miR-483-3p was

downregulated in hippocampus of Hcy-treated rats compared with

sham-operated rats (Figure 1i). In conclusion, miR-483-3p level was

downregulated in Hcy-treated rat hippocampus.

3.2 MiR-483-3p overexpression alleviates
impairments of learning ability, memory ability, and
neural apoptosis in Hcy-treated rats

We then evaluated the effects of miR-483-3p on learning and mem-

ory abilities of Hcy-treated rats. At first, miR-483-3p level in hip-

pocampus of sham-operated or Hcy-treated rats was significantly

overexpressed by injection of AAV-miR-483-3p (Figure 2a). Addition-

ally, MWM test suggested that miR-483-3p significantly shortened

the escape latency of Hcy rats during training (Figure 2b). Swimming

tracks also revealed that rats in the Hcy+AAV-miR-483-3p group had

better performance than those in the Hcy+NC group during training

(Figure 2c). In the test, Hcy model rats with AAV-miR-483-3p adopted

a spatially biased search strategy to locate the platform, implying

good memory retention (Figure 2d). The number of platform cross-

ings also demonstrated the increase in memory retention mediated by

AAV-miR-483-3p (Figure 2e). Moreover, miR-483-3p overexpression

shortened the escape latency of Hcy-treated rats (Figure 2f). Mean-

while, rats injected with AAV-miR-483-3p spent more time in target

quadrant than Hcy-treated rats (Figure 2g). These results confirmed

that miR-483-3p overexpression improved the spatial learning and

memory ability of model rats. Afterward, we implemented contextual

fear test to evaluate the contextual fear memory of rats. The per-

centage of freezing during training and the total freezing time in the

test were prolonged by miR-483-3p overexpression (Figure 2h, i), sug-

gesting miR-483-3p overexpression alleviated the impairment of fear

memory resulting from Hcy treatment. Western blot analysis demon-

strated that Hcy-mediated the increase in protein levels of AD-related

factors including APP, BACE1, and Aβ1-42 was prominently reversed

bymiR-483-3poverexpression (Figure2j). Figure2k revealed thatmiR-

483-3p rescued the Hcy-induced apoptosis in hippocampus of rats.

Protein levels of apoptoticmarkers (Bcl-2, Bax, andCleaved caspase-3)

in hippocampus tissues were quantified using western blot. As sug-

gested by Figure 2l, overexpressed miR-483-3p rescued the decrease

in Bcl-2 protein level while reversing the upregulation of Bax and

cleaved caspase-3 levels. Collectively, miR-483-3p alleviated impair-

ments of learning and memory abilities as well as suppressed brain

injury in Hcy-treated rats.

3.3 MiR-483-3p overexpression inhibits the
apoptosis of Aβ1-40-stimulated PC12 cells and
downregulates levels of AD-associated proteins

To figure out the role of miR-483-3p in vitro, PC12 cells were treated

with different concentrations of Aβ1-40 to induce neuron injury. As

displayed in Figure 3a, MTT assay showed that the increasing concen-

tration ofAβ1-40 induced the gradual decrease of PC12 cell viability. In
addition, the high concentration (5 or 10 μM) of Aβ1-40 treatment also

triggered a decline of miR-483-3p level in PC12 cells (Figure 3b). For

subsequent experiments, 5 μM Aβ1-40 was used to treat PC12 cells.

Next, miR-483-3p was overexpressed by transfecting miR-483-3p

mimics into PC12 cells (Figure 3c). Based on MTT assay, miR-483-

3p overexpression antagonized the suppressive effect of Aβ1-40 on

the viability of PC12 cells (Figure 3d). Inversely, Aβ1-40-induced
the enhancement of cell apoptosis was reversed by miR-483-3p

overexpression (Figure 3e). Additionally, Aβ1-40 induced downreg-

ulation of Bcl-2 protein level while upregulating Bax and cleaved
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F IGURE 1 MiR-483-3p is downregulated in Hcy-treated rats. (a) The escape latency of sham-operated rats and Hcy-treated rats during the
training from day 41 to day 45. (b), (c) Swimming tracks of rats during the training and inMorris water maze (MWM) test. (d) The number of
platform crossings in each group after removing the platform. (e) The escape latency of rats inMWM test. (f) After removing the platform, the time
that rats spent in the target quadrant. (g) The percentage of freezing after the footshock in each group. (h) The assessment of fear memory of rats
in contextual fear test. (i) ThemiR-483-3p level in hippocampus of sham-operated rats andHcy-treated rats. n= 10/group. *p< .05, **p< .01
comparedwith sham group

caspase-3 levels (Figure 3f, g). After transfection of miR-483-3p mim-

ics into Aβ1-40-treated PC12 cells, the decrease in Bcl-2 protein level

and the increase in Bax and cleaved caspase-3 levels induced by Aβ1-
40 were partially reversed by overexpressed miR-483-3p (Figure 3f,

g). At last, the upregulation of APP, BACE1 and Aβ1-42 protein lev-

els resulting from Aβ1-40 treatment was neutralized by miR-483-3p

overexpression (Figure 3h, i). In conclusion, miR-483-3p inhibits the

apoptosis of Aβ1-40-stimulated PC12 cells and downregulates levels

of AD-associated proteins in cells.

3.4 MiR-483-3p targets XPO1 by binding with its
3t’ UTR

Growing studies proposed that miR-483-3p could regulated gene

expression at the posttranscriptional level by binding with 3t’ UTR of

target mRNA, thus we hypothesized that miR-483-3p also acted sim-

ilarly in AD. To begin with, miR-483-3p level was prominently overex-

pressedby transfectionofmiR-483-3pmimics inPC12cells (Figure4a).

To predict the potential target mRNA(s) of miR-483-3p, we searched

starBase website (http://starbase.sysu.edu.cn/), and 15 mRNAs were

screened out (supplementary Table 1). Additionally, data from RT-

qPCR analysis disclosed that 5 mRNAs (XPO1, RAB10, KPNB1, NEK9,

andH3F3B) showed the significant downregulation in responseofmiR-

483-3p overexpression (Figure 4b) while the rest mRNAs displayed

no significant alteration (supporting Figure 1b). Moreover, XPO1 indi-

cated themost downregulation among these5mRNAs in the context of

miR-483-3p overexpression. Furthermore, XPO1 has been identified

to be involved in the regulation of several neurodegenerative diseases

including amyotrophic lateral sclerosis and frontotemporal demen-

tia (Archbold et al., 2018; Ederle et al., 2018; Steyaert et al., 2018).

Hence, XPO1 was chosen for further exploration. According to Tar-

getscan (http://www.targetscan.org/), the binding sequences between

miR-483-3p and XPO1 were shown in Figure 4c. Then, the luciferase

reporter assay disclosed that miR-483-3p mimics obviously reduced

the luciferase activity of XPO1-WT vector, and no significant change

was observed in XPO1-Mut vector (Figure 4d). Likewise, miR-483-3p

mimics also triggered an apparent reduction of XPO1 protein level

http://starbase.sysu.edu.cn/
http://www.targetscan.org/


LUO ET AL. 7 of 15

F IGURE 2 MiR-483-3p alleviates impairments of learning ability, memory ability, and neural apoptosis in homocysteine-treated rats. (a) The
efficacy of AAV-miR-483-3p in hippocampus of rats was detected by PCR. (b) The escape latency of rats in sham group, AAV-miR-483-3p, Hcy+NC
group, and Hcy+AAV-miR-483-3p group during the training was recorded. (c), (d) The swimming track of rats during the training and inMWM test.
(e) The number of platform crossings after removing the platform. (f), (g) The escape latency and time of rats spent in the target quadrant inMWM
test. (h) The percentage of freezing after footshock. (i) Fear conditioning test for contextual fear memory assessment in rats. (j) The protein levels
of APP, BACE1 and Aβ1-42 in hippocampus of rats were analyzed bywestern blot. (k) TUNEL assay was conducted to assess apoptosis in
hippocampus of rats in the sham, AAV-miR-483-3p, Hcy+NC, andHcy+AAV-miR-483-3p groups. (l) Protein levels of apoptosis markers (Bcl-2,
Bax, and cleaved caspase-3) in hippocampus of rats were quantified using western blot. n= 10/group. *p< .05, **p< .01 comparedwith sham
group; &p< .05, &&p< .01 comparedwith Hcy group
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F IGURE 3 MiR-483-3p overexpression inhibits the apoptosis of Aβ1-40-stimulated PC12 cells and downregulates levels of AD-associated
proteins. (a) The viability of PC12 cells in response to Aβ1-40 treatment (2.5, 5, or 10 μM)was evaluated byMTT assay. (b) ThemiR-483-3p level in
PC12 cells treated with different concentrations of Aβ1-40was analyzed by RT-qPCR. (c) ThemiR-483-3p level in control group, Aβ1-40 (5 μM)
group, Aβ1-40 (5 μM)+NCmimics group, and Aβ1-40 (5 μM)+miR-483-3p groupwas analyzed by RT-qPCR. (d) The viability of PC12 cells in
above four groups was evaluated byMTT assay. (e) The apoptosis of PC12 cells in above four groups wasmeasured by TUNEL assay. (f), (g) Protein
levels of apoptotic markers (Bcl-2, Bax, and cleaved caspase-3) in PC12 cells with above transfection and treatment were quantified using western
blot. (h), (i) APP, BACE1, and Aβ1-42 protein levels in PC12 cells of above four groups were examined bywestern blot analysis. *p< .05, **p< .01,

***p< .001

(Figure 4e). Furthermore, XPO1mRNA and protein levels were upreg-

ulated in hippocampus of Hcy-treated rats compared with those in

sham-operated rats’ hippocampus, and miR-483-3p overexpression

induced the downregulation of XPO1 mRNA expression in Hcy model

rats (Figure 4f, g). Finally, Pearson’s correlation analysis demonstrated

that XPO1 expression was negatively correlated with miR-483-3p

expression in hippocampus of Hcy-induced AD-like rats (Figure 4h). In

summary, miR-483-3p inhibited XPO1 by binding with its 3t’ UTR.
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F IGURE 4 MiR-483-3p targets XPO1 by binding with its 3t’ UTR. (a) The overexpression efficiency of miR-483-3p in PC12 cells was detected
by RT-qPCR. (b) ThemRNA levels of predictedmRNAs in the context of miR-483-3p overexpression weremeasured by RT-qPCR. (c) The binding
sequences betweenmiR-483-3p and XPO1 3t’ UTR. (d) The luciferase reporter assay was adopted to evaluate the binding relation between
miR-483-3p and XPO1 3t’ UTR. (e) The protein level of XPO1 in PC12 cells was detected by western blot analysis. (f), (g) ThemRNA and protein
levels of XPO1 in hippocampus of rats in Hcy, Hcy+NC, andHcy+AAV-miR-483-3p group (n= 10/group) were detected by PCR andwestern blot.
(h) The expression correlation betweenmiR-483-3p and XPO1 in hippocampus of Hcy-treated rats (n= 20) was analyzed by Pearson’s correlation
analysis. *p< .05, **p< .01, ***p< .001

3.5 Silencing XPO1 inhibits the apoptosis of
Aβ1-40-stimulated PC12 cells and downregulates
levels of AD-associated proteins

Since the role of XPO1 in AD has not been reported, we explored

the role of XPO1 in regulating neural cell apoptosis and protein lev-

els of AD-related factors in cells. RT-qPCR and western blot analyses

revealed upregulation of XPO1 in PC12 cells after Aβ1-40 treat-

ment and the successful knockdown efficacy of XPO1 was implied in

Aβ1-40+sh-XPO1 group (Figure 5a, b). Silencing XPO1 rescued the

decrease in the viability of Aβ1-40-treated PC12 cells and reversed

the enhancement of cell apoptosis, as suggested by theMTT assay and

TUNEL assay (Figure 5c, d). In addition, XPO1 deficiency countervailed

the reduction of Bcl-2 protein level and the enhancement of Bax and

Cleaved caspase-3 protein levels (Figure 5e, f). Moreover, the levels of

AD related proteins (APP, BACE1, and Aβ1-42) were upregulated by

Aβ1-40 treatment andpartially reversedbyXPO1depletion (Figure5g,

h).
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F IGURE 5 Silencing XPO1 inhibits the apoptosis of Aβ1-40-stimulated PC12 cells and downregulates levels of AD-associated proteins. (a), (b)
The expression levels of XPO1 in Aβ1-40-treated PC12 cells and its knockdown efficacy after transfection of sh-XPO1were detected by PCR and
western blot. (c), (d) The viability and apoptosis of PC12 cells in four groups (Con, Aβ1-40, Aβ1-40+sh-NC, and Aβ1-40+sh-XPO1) were examined
byMTT and TUNEL assays. (e)–(h) Protein levels of apoptosis markers (Bcl-2, Bax, and Cleaved caspase-3) and AD-associated factors (APP, BACE1,
and Aβ1-42) in PC12 cells of above four groups were quantified utilizing western blot. *p< .05, **p< .01, ***p< .001

3.6 XPO1 overexpression reverses the
suppressive effect of miR-483-3p on cell apoptosis
and protein levels of AD-associated factors

To further validate that miR-483-3p regulated cell apoptosis and

AD-associated proteins by targeting XPO1, rescue assays were

implemented. Initially, XPO1 protein level was downregulated by

miR-483-3p overexpression and then successfully overexpressed by

transfection of pcDNA3.1/XPO1 into Aβ1-40-stimulated PC12 cells

(Figure 6a). In addition, MTT assay indicated that miR-483-3p mimics-

mediated the rise of cell viability was offset by XPO1 overexpression

(Figure 6b). On the contrary, the reduction of cell apoptosis resulting
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F IGURE 6 XPO1 overexpression reverses the suppressive effect of miR-483-3p on cell apoptosis and protein levels of AD-associated factors.
(a) The overexpression efficacy of XPO1 in the context of miR-483-3p overexpression was validated by western blot analysis. (b), (c) The effects of
overexpressing miR-483-3p and XPO1 on the viability and apoptosis of PC12 cells were examined byMTT assay and TUNEL assay. (d), (e) The
effects of overexpressed XPO1 on apoptosis markers and APP, BACE1, and Aβ1-42 protein levels in response tomiR-483-3p overexpression were
determined bywestern blot. *p< .05, **p< .01, ***p< .001

from miR-483-3p overexpression was antagonized by XPO1 overex-

pression (Figure 6c). Upregulated Bcl-2 protein level and downreg-

ulated Bax and cleaved caspase-3 protein levels induced by overex-

pressing miR-483-3p were partially reversed by XPO1 overexpression

(Figure 6d). In the end, the suppressive effect ofmiR-483-3pmimics on

levels of AD-associated proteins was offset by XPO1 overexpression

(Figure 6e). In a word, miR-483-3p inhibits cell apoptosis and levels of

AD-associated proteins by targeting XPO1.

4 DISCUSSION

It iswell established that the cognitive impairment andmemorydecline

are typical characteristics of AD, which are strongly correlatedwith Aβ
plaque accumulation, neuron apoptosis, and neurofibrillary tangle for-

mation (Lim et al., 2018; Roberts et al., 2016). According to previous

studies, Aβ results in synaptic spine shrinkage, weakens the synap-

tic transmission, and finally disrupts the long-term potentiation. This
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predominant formof synaptic plasticity is regardedas thepotential cel-

lular mechanism of learning, cognition, and memory in the brain (Cai

et al., 2014; O’Brien & Wong, 2011; Shokri-Kojori et al., 2018; Thal

et al., 2015). To explore the functions and mechanisms of molecules in

neural cells, Aβ1-40 was frequently used for establishment of in vitro

cell model (Feng et al., 2013; Hu et al., 2021; Qian et al., 2015). For

establishment of in vivo animal model, some previous studies were

reported to use Hcy-induced rats (Mahaman et al., 2018; Zhang et al.,

2008). Hyperhomocysteinemia is regarded as an independent cause of

AD (Obeid & Herrmann, 2006; Seshadri et al., 2002). Implicated in the

etiology of AD, hyperhomocysteinemia influences brain parenchyma

by the disorder of oxidative state and free radical-induced damage

to neuronal membrane components (Kovalska et al., 2018). Clinical

studies also revealed that Hcy is associated with the degree of cog-

nitive impairment and acts as a biomarker for the progression of AD

dementia (Kitzlerová et al., 2014). In our study, we adopted Aβ1-40-
treated PC12 cells to establish cell model and Hcy injection to induce

AD rat model. We discovered that Hcy injection significantly impaired

learning, cognitive, andmemory abilities of model rats.

Accumulating research proposed that miRNAs are implicated in

the initiation or development of AD by exerting effects on cellular

processes (Chang et al., 2017; Maoz et al., 2017; Swarbrick et al.,

2019; Zetterberg & Burnham, 2019). For instance, upregulated miR-

34c induces synaptic and cognitive function deficits by binding with

synaptotagmin 1 via theROS-JNK-p53 pathway inAD (Shi et al., 2020).

In addition, miR-181a was proven to negatively regulate synaptic plas-

ticity and memory deficits in a mouse model of AD (Rodriguez-Ortiz

et al., 2020). Although serum miR-483-3p has been reported to be

downregulated in AD patients (Tan et al., 2014), the role of miR-483-

3p remains to be explored in AD. In the current study, we discovered

that the impairment of learning, cognitive and memory abilities of rats

induced by Hcy injection was improved by miR-483-3p overexpres-

sion. Considering that neuron apoptosis is related to the progression

of AD (Jazvinšćak Jembrek et al., 2015;Wei et al., 2018), we also evalu-

ated theeffects ofmiR-483-3ponneuronapoptosis in rat hippocampus

and found that miR-483-3p overexpression antagonized Hcy-induced

the enhancement of neuron apoptosis. Previously, Aβ peptides were

reported to be produced by the cleavage of amyloid precursor pro-

tein (APP) influenced by γ-secretase and β-site APP cleaving enzyme

1 (BACE1) (Laird et al., 2005; Zhang et al., 2017). Moreover, the accu-

mulation of Aβ peptides is believed to be the leading cause of AD.

Hence, we evaluate levels of these proteins (APP, BACE1, and Aβ1-
42) in rat hippocampus, and the experimental results confirmed that

overexpression of miR-483-3p offset the promoting effects of Hcy on

these protein levels. MiR-483-3p overexpression also alleviated Aβ1-
40-treated PC12 cell apoptosis and reversed the upregulation of APP,

BACE1, and Aβ1-42 protein levels in cells.
MiR-483-3p was reported to bind with 3′ UTR of mRNAs. Specif-

ically, upregulated miR-483-3p was proposed to impair the vascu-

lar injury by binding with VEZF1 in type 2 diabetes (Kuschnerus

et al., 2019). Furthermore, downregulation of miR-483-3p facilitates

acquired gefitinib resistance and epithelial-to-mesenchymal transition

by targeting integrin β3 in EGFR-mutantNSCLC (Yue et al., 2018).With

the assistance of starBase, 15 mRNAs possessing binding site on miR-

483-3pwere screenedout, andXPO1was validated to serve as a direct

target gene of miR-483-3p. Moreover, miR-483-3p negatively regu-

lated XPO1 protein level, and there is a negative correlation between

hippocampal miR-483-3p and XPO1 expression in Hcy-induced AD

rats.

XPO1 plays an essential role in neurodegenerative diseases

including amyotrophic lateral sclerosis and frontotemporal demen-

tia (ALS/FTD) (Archbold et al., 2018; Ederle et al., 2018; Steyaert

et al., 2018). For example, in the investigation of ALS/FTD, XPO1

inhibitors was found to reduce cell death induced by TARDNA-binding

protein-43 (TDP43) overexpression in cortical neurons, suggesting

the neuroprotective role of XPO1 (Chou et al., 2018). In another

study, XPO1 overexpression can effectively promote the export of

nuclear TDP43, and high cytoplasmic TDP43 concentrations inhibit

the survival of neurons (Archbold et al., 2018). In addition, XPO1

exerts its nuclear protein export function to regulate cell cycle,

apoptosis, and death (Crochiere et al., 2015; Kashyap et al., 2016;

Nie et al., 2018). Likewise, in the current study, XPO1 overexpres-

sion neutralized the suppressive effect of miR-483-3p on PC12 cell

death and levels of AD associated proteins (APP, BACE1, and Aβ1-
42) in cells. XPO1 acts as an exporter of over 200 known cargos,

such as p53, p21, IκB-α, and NF-κB (Kashyap et al., 2016). Inhibition

of XPO1 may influence many inflammatory/immune pathways asso-

ciated with neurological diseases, such as Nrf2, FOXOs, and NF-κB
signaling pathways (Archbold et al., 2018). In the current study, we

did not explore the downstream signaling mediated by the miR-483-

3p/XPO1 axis in AD, and more investigation will be conducted in the

future.

In conclusion, miR-483-3p alleviates neuron apoptosis and impair-

ments of learning and memory abilities by targeting XPO1 in AD. This

discoverymay provide a potential target for the diagnosis or treatment

of AD. However, our study has limitations. First, the role of XPO1 in

AD was not explored in vivo. Second, other potential mechanism of

miR-483-3p in AD remained to be explored.

COMPETING INTERESTS

The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT

The data sets used or analyzed during the current study are available

from the corresponding author on reasonable request.

ORCID

Changya Liu https://orcid.org/0000-0002-2872-8402

REFERENCES

Alzheimer’s disease facts and figures. (2020). Alzheimer’s & Dementia.
https://doi.org/10.1002/alz.12068

Alzheimer’s disease facts and figures. (2021). Alzheimer’s & Dementia. 17(3),
327–406. https://doi.org/10.1002/alz.12328

Anand, R., Gill, K. D., & Mahdi, A. A. (2014). Therapeutics of Alzheimer’s

disease: Past, present and future. Neuropharmacology, 76(Pt A), 27–50.
https://doi.org/10.1016/j.neuropharm.2013.07.004

https://orcid.org/0000-0002-2872-8402
https://orcid.org/0000-0002-2872-8402
https://doi.org/10.1002/alz.12068
https://doi.org/10.1002/alz.12328
https://doi.org/10.1016/j.neuropharm.2013.07.004


LUO ET AL. 13 of 15

Archbold, H. C., Jackson, K. L., Arora, A., Weskamp, K., Tank, E. M., Li,

X., Miguez, R., Dayton, R. D., Tamir, S., Klein, R. L., & Barmada, S. J.

(2018). TDP43 nuclear export and neurodegeneration inmodels of amy-

otrophic lateral sclerosis and frontotemporal dementia. Science Reports,
8(1), 4606. https://doi.org/10.1038/s41598-018-22858-w

Bernardo, B. C., Ooi, J. Y., Lin, R. C., & McMullen, J. R. (2015). miRNA ther-

apeutics: A new class of drugs with potential therapeutic applications in

the heart. Future Medicinal Chemistry, 7(13), 1771–1792. https://doi.org/
10.4155/fmc.15.107

Breijyeh, Z., & Karaman, R. (2020). Comprehensive review on Alzheimer’s

disease: Causes and treatment. Molecules (Basel, Switzerland), 25(24).
https://doi.org/10.3390/molecules25245789

Briggs, R., Kennelly, S. P., & O’Neill, D. (2016). Drug treatments in

Alzheimer’s disease.ClinicalMmedicine (London),16(3), 247–253. https://
doi.org/10.7861/clinmedicine.16-3-247

Cai, Z., Hussain, M. D., & Yan, L. J. (2014). Microglia, neuroinflammation,

and beta-amyloid protein in Alzheimer’s disease. International Journal
of Neuroscience, 124(5), 307–321. https://doi.org/10.3109/00207454.
2013.833510

Cao, T., & Zhen, X. C. (2018). Dysregulation of miRNA and its potential ther-

apeutic application in schizophrenia. CNS Neuroscience & Therapeutics,
24(7), 586–597. https://doi.org/10.1111/cns.12840

Chang, W. S., Wang, Y. H., Zhu, X. T., & Wu, C. J. (2017). Genome-wide pro-

filing of miRNA and mRNA expression in Alzheimer’s disease. Medical
ScienceMonitor, 23, 2721–2731. https://doi.org/10.12659/msm.905064

Choe, Y. M., Sohn, B. K., Choi, H. J., Byun, M. S., Seo, E. H., Han, J. Y., Kim, Y.

K., Yoon, E. J., Lee, J. M., Park, J., Woo, J. I., & Lee, D. Y. (2014). Associa-

tion of homocysteine with hippocampal volume independent of cerebral

amyloid and vascular burden. Neurobiology of Aging, 35(7), 1519–1525.
https://doi.org/10.1016/j.neurobiolaging.2014.01.013

Chou, C. C., Zhang, Y., Umoh, M. E., Vaughan, S. W., Lorenzini, I., Liu, F.,

Sayegh, M., Donlin-Asp, P. G., Chen, Y. H., Duong, D. M., Seyfried, N. T.,

Powers, M. A., Kukar, T., Hales, C.M., Gearing,M., Cairns, N. J., Boylan, K.

B., Dickson, D. W., Rademakers, R., & Rossoll, W. (2018). TDP-43 pathol-

ogy disrupts nuclear pore complexes and nucleocytoplasmic transport in

ALS/FTD.Nature Neuroscience, 21(2), 228–239. https://doi.org/10.1038/
s41593-017-0047-3

Chung, Y. C., Kruyer, A., Yao, Y., Feierman, E., Richards, A., Strickland, S.,

& Norris, E. H. (2016). Hyperhomocysteinemia exacerbates Alzheimer’s

disease pathology by way of the β-amyloid fibrinogen interaction. Jour-
nal of Thrombosis and Haemostasis, 14(7), 1442–1452. https://doi.org/10.
1111/jth.13340

Critchley, B. J., Isalan,M., &Mielcarek,M. (2018).Neuro-cardiomechanisms

inHuntington’s disease andother neurodegenerativedisorders.Frontiers
in Physiology, 9, 559. https://doi.org/10.3389/fphys.2018.00559

Crochiere, M., Kashyap, T., Kalid, O., Shechter, S., Klebanov, B., Senapedis,

W., & Landesman, Y. (2015). Deciphering mechanisms of drug sensitivity

and resistance to selective inhibitor of nuclear export (SINE) compounds.

BMC Cancer, 15, 910. https://doi.org/10.1186/s12885-015-1790-z
dos Santos, E. F., Busanello, E. N., Miglioranza, A., Zanatta, A., Barchak, A.

G., Vargas, C. R., &Wajner, M. (2009). Evidence that folic acid deficiency

is a major determinant of hyperhomocysteinemia in Parkinson’s dis-

ease. Metabolic Brain Disease, 24(2), 257–269. https://doi.org/10.1007/
s11011-009-9139-4

Ederle, H., Funk, C., Abou-Ajram, C., Hutten, S., Funk, E. B. E., Kehlenbach,

R. H., & Dormann, D. (2018). Nuclear egress of TDP-43 and FUS occurs

independently of Exportin-1/CRM1. Science Reports, 8(1), 7084. https://
doi.org/10.1038/s41598-018-25007-5

Evans, E. L. 3rd, Becker, J. T., Fricke, S. L., Patel, K., & Sherer, N. M. (2018).

HIV-1 Vif’s capacity to manipulate the cell cycle is species specific.

Journal of Virology, 92(7), https://doi.org/10.1128/jvi.02102-17
Feng, G., Wang, W., Qian, Y., & Jin, H. (2013). Anti-Aβ antibodies induced

by Aβ-HBc virus-like particles prevent Aβ aggregation and protect PC12
cells against toxicity of Aβ1-40. Journal of Neuroscience Methods, 218(1),
48–54. https://doi.org/10.1016/j.jneumeth.2013.05.006

Ferrante,M.,&Conti,G.O. (2017). Environment andneurodegenerativedis-

eases: An update on miRNA role. Microrna, 6(3), 157–165. https://doi.
org/10.2174/2211536606666170811151503

Guo, T., Zhang, D., Zeng, Y., Huang, T. Y., Xu, H., & Zhao, Y. (2020). Molecu-

lar and cellular mechanisms underlying the pathogenesis of Alzheimer’s

disease.Molecular Neurodegeneration, 15(1), 40. https://doi.org/10.1186/
s13024-020-00391-7

Hodson, R. (2018). Alzheimer’s disease. Nature, 559(7715), S1. https://doi.
org/10.1038/d41586-018-05717-6

Hu, Y. R., Xing, S. L., Chen, C., Shen, D. Z., & Chen, J. L. (2021). Codonop-

sis pilosula polysaccharides alleviate Aβ (1-40)-induced PC12 cells

energy dysmetabolism via CD38/NAD+ signaling pathway. Cur-
rent Alzheimer Research, 18(3), 208–221. https://doi.org/10.2174/

1567205018666210608103831

Huang, X., & Lyu, J. (2018). Tumor suppressor function of miR-483-3p on

breast cancer via targeting of the cyclin E1 gene. Experimental and Ther-
apeutic Medicine, 16(3), 2615–2620. https://doi.org/10.3892/etm.2018.

6504

Jackson, K. L., Dayton, R. D., & Klein, R. L. (2015). AAV9 supports wide-

scale transduction of theCNSandTDP-43diseasemodeling in adult rats.

Molecular Therapy—Methods & Clinical Development, 2, 15036. https://doi.
org/10.1038/mtm.2015.36

Jazvinšćak Jembrek, M., Hof, P. R., & Šimić, G. (2015). Ceramides in

Alzheimer’s disease: Key mediators of neuronal apoptosis induced

by oxidative stress and Aβ accumulation. Oxidative Medicine and
Cellular Longevity, 2015, 346783. https://doi.org/10.1155/2015/

346783

Kaplan, P., Tatarkova, Z., Sivonova, M. K., Racay, P., & Lehotsky, J. (2020).

Homocysteine and mitochondria in cardiovascular and cerebrovascular

systems. International Journal of Molecular Sciences, 21(20). https://doi.
org/10.3390/ijms21207698

Kashyap, T., Argueta, C., Aboukameel, A., Unger, T. J., Klebanov, B.,

Mohammad, R. M., & Landesman, Y. (2016). Selinexor, a selective

inhibitor of nuclear export (SINE) compound, acts through NF-κB deac-

tivation and combines with proteasome inhibitors to synergistically

induce tumor cell death. Oncotarget, 7(48), 78883–78895. https://doi.
org/10.18632/oncotarget.12428

Kitzlerová, E., Fisar, Z., Jirák, R., Zvĕrová, M., Hroudová, J., Benaková, H.,
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