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ABSTRACT

Objective: To study the effect of IncRNA WT1-AS on oxidative stress injury (OSI) and apoptosis of neurons in
Alzheimer's disease (AD) and its specific mechanisms related to the microRNA-375 (miR-375)/SIX4 axis and WT1
expression.

Results: After bioinformatic prediction, WT1-AS was found to be downregulated in AB,s.sstreated SH-SY5Y cells,
and WT1-AS overexpression inhibited WT1 expression. WT1 could target miR-375 to promote its expression.
miR-375 bound to SIX4, and miR-375 overexpression inhibited SIX4 expression. WT1-AS inhibited OSI and
apoptosis, while WT1 and miR-375 overexpression or SIX4 silencing reversed the WT1-AS effect on OSI and
apoptosis. In vivo experiments revealed that WT1-AS improved learning/memory abilities and inhibited OSI and
apoptosis in AD mice.

Conclusion: Overexpression of WT1-AS can inhibit the miR-375/SIX4 axis, OSI and neuronal apoptosis in AD by
inhibiting WT1 expression.

Methods: Related IncRNAs were identified, and miR-375 downstream targets were predicted. WT1-AS, WT1,
miR-375 and SIX4 expression was detected in a cell model induced by AB,s.3s. The binding of WT1 with miR-375
and that of miR-375 with SIX4 were further confirmed. Adenosine triphosphate (ATP), reactive oxygen species
(ROS), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and lactate
dehydrogenase (LDH) activities, and apoptosis levels were tested after mitochondrial membrane potential
observation. Learning/memory abilities and neuronal apoptosis were tested in a mouse model.

INTRODUCTION has been identified as the foremost cause of
neurodegenerative diseases, and the incidence of

Neurodegenerative disease is an umbrella term for a
range of conditions that is associated with the loss of
synapses between neurons in the brain [1]. One such
disorder, Alzheimer's disease (AD), is recognized as the
most common neurodegenerative disease in elderly
individuals and is characterized by progressive
cognitive impairment and memory loss [2, 3]. Aging

neurodegenerative diseases is expected to surge with an
increase in aging populations over the next few decades
[4]. In the clinical setting, AD is primarily manifested by
progressive  memory disorder, cognitive dysfunction,
personality changes and language disorder, which has
serious negative effects on the social wellbeing, work and
life of elderly individuals and results in a heavy burden on
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the family and society [5, 6]. AD itself is a highly
complex neurodegenerative disease involving multiple
mechanisms, which has caused serious problems for the
development of efficacious treatment regimens for this
disease [7]. Recent decades have also witnessed a surge in
investigations on mitochondrial defects and oxidative
stress, such that an increasing number of studies support
the notion that that mitochondrial defects and oxidative
stress exert negative effects on the upstream pathological
events of AD, which has paved the way in providing a
theoretical basis for the early diagnosis and treatment of
AD [8, 9].

The development of AD shows a certain relationship with
age and lifestyle habits, such as smoking, high calorie
intake, and lack of proper exercise, as well as medical
history of hypertension, brain injury, diabetes,
hypercholesterolemia, hyperhomocysteinemia, etc., all of
which can lead to or aggravate oxidative stress.
Theoretically, the elimination of oxygen free radicals can
act as a protective factor in AD [10, 11]. Moreover, the
main  function of mitochondria is  oxidative
phosphorylation to produce adenosine triphosphate (ATP),
which provides energy for maintaining the normal
physiological functioning of cells, and mitochondria are
also the key site of oxygen metabolism and reactive
oxygen species (ROS) production in vivo [12]. In addition,
mitochondria are generally known as the converging point
of cell death pathways and the main site of oxygen free
radical production, whereas mitochondrial dysfunction can
also lead to various neurodegenerative diseases [13, 14].
Although the human brain accounts for only 2%~3% of
the total body weight, oxygen consumption by brain tissue
accounts for 20%~30% of total oxygen consumption given
that neurons have virtually no energy reserves [15]. The
energy used to maintain normal physiological function of
neurons primarily comes from ATP produced by oxidative
phosphorylation, and mitochondria are the processing
plants of the required cell energy [16]. Therefore,
mitochondrial dysfunction will inevitably lead to neuronal
damage or even death [17]. Furthermore, neuronal death is
a common feature in some neurodegenerative diseases
[18]. Additionally, mitochondrial dysfunction has also
been closely associated with neurodegenerative diseases,
including AD [19, 20].

In 1992, Hardy and Higgins proposed the amyloid B
(AP) theory, which has been the mainstream theory, that
AP protein aggregation is the initiating factor for the
pathological damage that is seen in AD patients [21].
The formation and aggregation of A is also known to
stimulate a cascade of cell events, such as mitochondrial
dysfunction, Tau protein hyperphosphorylation, neuron
apoptosis and synaptic degradation [22]. Furthermore,
AP can enter human mitochondria, promote the
production of ROS, and induce oxidative stress [23, 24].

Therefore, it is reasonable to suggest that AP can play a
toxic role through oxidative stress and can also induce
oxidative modification of various biological molecules
in vivo, including lipid peroxidation of the cell
membrane, peroxidation of lipoproteins, and oxidative
modification of DNA and RNA, to ultimately exert
irreversible damage to neurons, all of which can play a
deciding role in the fate of AD [25, 26].

In addition to the above hypothesis, the role of long-
chain noncoding RNAs (IncRNAs) and microRNAs
(miRNAs) at the epigenetic, transcriptional and
posttranscriptional levels to increase/decrease gene
expression has been greatly explored in numerous
studies, which have indicated their broad participation
in various physiological and pathological processes.
MiRNAs are a group of small noncoding endogenous
and evolutionarily conserved posttranscriptional
regulatory RNAs that are approximately 22
nucleotides in length [27]. LncRNAs are a type of
noncoding RNA longer than 200 nucleotides with
limited or no protein-coding potential and are involved
in cell growth, proliferation and differentiation [28]. In
addition, there seems to be a complex regulatory
relationship between IncRNA and miRNA in the
aspects of dose compensation effect, genomic
imprinting, DNA methylation, histone modification,
chromatin remodeling and many other epigenetic
processes [29, 30]. Their interaction is involved in the
occurrence and development of several diseases,
including neurodegenerative diseases [31]. Another
molecule of interest, the gene-encoding SIX homeobox
4 protein (S1X4), also known as AREC3, is a member
of the homeobox gene subfamily of transcription
factor genes, which not only possesses the ability to
differentiate and develop embryonic cells but also
induce cell proliferation, invasion and metastasis,
exerting a significant function in the occurrence and
development of tumors and other malignancies [32].
Moreover, SIX4 also participates in organ
development, such as myogenesis, olfactory placode
development and neurogenesis. [33, 34]. In addition,
the transcription factor WT1 can encode four
homologous isomers through selective splicing and has
significant functions in transcription, splicing and the
regulation of basic cell functions such as proliferation,
differentiation and apoptosis [35, 36]. However, there
are currently few systematic studies on IncRNA/
miRNA/gene interactions in  neurodegenerative
diseases (e.g., AD).

Accordingly, the current study set out to investigate the
effect of the transcription factor WT1 mediated by
INcRNA WT1-AS on the oxidative stress injury and
apoptosis of neurons in AD via in vitro and in vivo
experiments.
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RESULTS

LncRNA WT1-AS was poorly expressed in SH-
SY5Y cells treated with AB,s3s and inhibited OSI
and apoptosis induced by Af2s5.35

Initial analysis of the LINCDISEASE database identified a
total of 120 IncRNAs implicated in AD. In addition,
differential gene expression analysis of the AD-related
GSEA4757 dataset revealed 362 genes with significantly
different expression. Subsequent Venn diagram analysis of
the 362 differentially expressed genes with the prediction
results of the LINCDISEASE database (Figure 1A)
identified one IncRNA at the intersection between the
datasets, namely, WT1-AS. The expression profile of
WT1-AS in the GSE4757 dataset was analyzed, which
demonstrated that WT1-AS had markedly reduced
expression in AD (Figure 1B). Additionally, SH-SY5Y
cells treated with APs.35 were employed to construct an in
vitro AD cell model. The gRT-PCR results also revealed
that the expression of WTI1-AS was significantly
decreased following Apys3s treatment; however, the
expression of WT1-AS in SH-SY5Y cells treated with
APa2s.35 was markedly elevated after overexpressing WT1-
AS (Figure 1C). Moreover, AP35 treatment significantly
promoted Tau protein phosphorylation, but without an
obvious effect on the protein expression of total Tau
(Figure 1D), decreased the mitochondrial membrane
potential (Figure 1E), and inhibited ATP production
(Figure 1F), while WT1-AS overexpression reversed these
effects of APs.35. Furthermore, after ABys 35 treatment, the
levels of ROS (Figure 1G), MDA (Figure 1H) and LDH
activity (Figure 1I) in SH-SY5Y cells were found to
significantly increase, while the levels of SOD and GSH-
Px were clearly reduced; the apoptosis of SH-SY5Y cells
increased significantly after Afysgs treatment, as
evidenced by flow cytometry assay results (Figure 1J).
However, overexpression of WT1-AS in SH-SY5Y cells
treated with AP,s 35 reversed the effect of Afgs.gs.

LncRNA WT1-AS inhibited OSI and apoptosis by
decreasing the expression of WT1

Existing studies have highlighted the downstream
regulatory mechanism of WT1-AS, wherein WT1-AS
inhibits the expression of the WT1 gene [37], and these
findings were further verified in SH-SY5Y cells.

Subcellular localization of WT1-AS was detected using
FISH assay, and WT1-AS was found to be primarily
expressed in the nucleus (Figure 2A). After
overexpressing WT1-AS in APpsss-treated SH-SY5Y
cells, gRT-PCR and WB detection results showed that
the expression of WT1 increased significantly after
APBys.35 treatment but decreased noticeably after WT1-
AS overexpression (Figure 2B, 2C).

Previous studies have also shown that WT1 is highly
expressed in AD and can further promote apoptosis and
lead to neurological failure [38]. As a result, we
speculated that overexpression of WT1-AS could inhibit
the development of AD by suppressing WT1, which
was verified by further experimentation. In the current
study, WT1-AS and WT1 were overexpressed in SH-
SY5Y cells treated with APas3s (Figure 2D).
Furthermore, compared with that in the oe-NC group,
the expression of WT1-AS was greatly increased, while
the expression of WT1 was obviously decreased in the
0e-WT1-AS+o0e-NC group. There were no significant
differences in the expression of WT1-AS between the
oe-NC+oe-WT1 group and oe-NC group, whereas
significantly elevated expression of WT1 was observed
in the oe-NC+oe-WT1 group. However, overexpression
of WT1 reversed the effect of WT1-AS overexpression
on WT1. Moreover, overexpression of WT1-AS in
APgsss-treated SH-SYS5Y  cells could significantly
inhibit Tau protein phosphorylation, without obvious
effects on the protein expression of total Tau (Figure
2E), increase mitochondrial membrane potential (Figure
2F), and promote ATP production (Figure 2G), while
overexpression of WT1 reversed the above effect of
WT1-AS overexpression. Further detection of OSI in
SH-SY5Y cells demonstrated that after overexpressing
WT1-AS, the levels of ROS (Figure 2H) and MDA
(Figure 21) as well as LDH activity (Figure 2J) in SH-
SY5Y cells decreased significantly, while the levels of
SOD and GSH-Px were markedly elevated. Moreover,
flow cytometry results showed that the apoptosis of SH-
SY5Y cells decreased significantly after overexpressing
WT1-AS (Figure 2K), while overexpression of WT1
reversed the above effect of WT1-AS overexpression.

LncRNA WT1-AS inhibited miR-375 expression by
regulating transcription factor WT1

According to the prediction results of the WT1
downstream mechanism, WT1 could increase or
decrease the expression of miRNAs to a significant
degree. In the study carried out by Su et al. [39], 27
potential regulatory miRNAs were predicted to function
downstream of WT1. One miRNA expression dataset,
GSE16759, was retrieved from the GEO database, and
the analysis results yielded a total of 161 miRNAs with
significant differential expression (Figure 3A). Venn
diagram analysis of these 161 miRNAs with
significantly different expression levels and the
aforementioned prediction results was performed
(Figure 3B), which revealed just one common miRNA,
miR-375, that was also highly expressed in AD (Figure
3C). The gRT-PCR results further revealed that miR-
375 was highly upregulated in APys.ss-treated cells
(Figure 3D). Furthermore, the binding site of WT1 in
the promoter region of miR-375 was predicted using
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NCBI and Jaspar databases (http://jaspar.genereg.net/)
(Figure 3E). Next, the binding site was mutated, and
while overexpression of WT1 significantly increased
the luciferase activity of the wild-type promoter of miR-
375 in HEK-293T cells, it had no effects on the mutant,
indicating that WT1 binds directly to the gene promoter
of miR-375 (Figure 3F). In addition, ChIP assay results
also indicated that WT1 binds directly to the promoter
region of miR-375 (Figure 3G). Following
overexpression of WT1 in SH-SY5Y cells treated with
AP2s.35, MiR-375 was found to be overexpressed after
WT1 overexpression (Figure 3H). However, following
simultaneous overexpression of WT1-AS and WT1 in
SH-SYS5Y cells treated with AP,s.3s, the expression of
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miR-375 decreased significantly after WT1-AS
overexpression, while overexpression of WT1-AS and
WT1 reversed the effect of WT1-AS overexpression
alone (Figure 31).

LncRNA WT1-AS/WTL1 inhibited OSI and apoptosis
by inhibiting miR-375 expression

After showing that WT1-AS could inhibit the
expression of miR-375 by regulating WT1, we
speculated that the regulation by WT1-AS/WT1 of the
development of AD was mediated by miR-375. To
verify our hypothesis, WT1-AS and miR-375 were
overexpressed in SH-SYS5Y cells treated with APs.3s,
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Figure 1. WT1-AS inhibited OSI and apoptosis of SH-SY5Y cells treated with AB,s_35 (A) The two circles in the figure represent
the differential expression of IncRNAs in GSE4757 and IncRNAs related to AD obtained from the LINCDISEASE database, respectively,
and the middle part represents the intersection of the two datasets. (B) WT1-AS expression in GSE4757; abscissa, sample type;
ordinate, gene expression; blue box, normal sample; and red box, tumor sample. (C) The expression of WT1-AS measured by qRT-PCR.
(D) The expression of p-Tau and total Tau detected by western blot. (E) Detection of mitochondrial membrane potential by JC-1 staining
(200x). (F) Detection of ATP content. (G) Detection of ROS content. (H) Detection of MDA content, SOD and GSH-Px activities. ()
Detection of LDH activity. (J) Detection of apoptosis by flow cytometry. ¥P<0.05; the experimental results are expressed as the mean *
standard deviation. Differences among multiple groups were analyzed using one-way ANOVA followed by Tukey’s post hoc test. The

experiment was repeated three times.
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and the expression of WT1-AS, WT1 and miR-375 was
subsequently detected by gRT-PCR. Overexpression of
WT1-AS significantly increased the expression of WT1-
AS and obviously decreased the expression of WT1
and miR-375, while simultaneous overexpression of
WT1-AS and miR-375 reversed the effect of WT1-AS
overexpression  alone  (Figure 4A).  Moreover,
overexpression of WT1-AS in Apys.ss-treated SH-SY5Y
cells significantly inhibited Tau protein phosphorylation
but without a significant effect on the protein expression
of total Tau (Figure 4B), increased mitochondrial
membrane potential (Figure 4C), and promoted ATP
production  (Figure  4D), while  simultaneous
overexpression of WT1-AS and miR-375 reversed the
effect of WT1-AS overexpression alone. Further detection
of OSI in SH-SY5Y cells showed that after
overexpressing WT1-AS, the levels of ROS (Figure 4E)
and MDA (Figure 4F) as well as LDH activity (Figure
4G) in SH-SY5Y cells decreased significantly, while the
levels of SOD and GSH-Px (Figure 4G) were markedly
elevated. Moreover, the flow cytometry results
demonstrated that the apoptosis of SH-SY5Y cells
decreased significantly after WT1-AS overexpression
alone (Figure 4H), while simultaneous overexpression of
WT1-AS and miR-375 reversed this effect on apoptosis.
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miR-375 promoted OSI and apoptosis by inhibiting
the expression of SIX4

To further elucidate the downstream regulatory
mechanism of miR-375, the downstream target genes of
miR-375 were predicted through the starBase database,
which revealed a total of 2,338 potential regulatory
target genes. The 2,338 target genes intersected with the
significantly downregulated genes in GSE4757, and 7
candidate genes were finally obtained (Figure 5A). The
7 candidate genes in GSE4757 were all significantly
downregulated in AD (Figure 5B), wherein the
differential expression of the SIX4 and TPX2 genes was
the most significant in normal samples and disease
samples (differential p values of 0.0055 and 0.007,
respectively); thus, SIX4 was selected as the research
object. The expression pattern of SIX4 in SH-SY5Y
cells treated with ABys.35 was detected with gRT-PCR,
and SIX4 was found to be poorly expressed in cells
treated with APz (Figure 5C).  Additionally,
bioinformatic analysis predicted the presence of binding
sites between miR-375 and SIX4 mRNA (Figure 5D).
Moreover, dual luciferase reporter assay and RIP assay
results confirmed that miR-375 and SIX4 mRNA could
indeed bind together (Figure 5E, 5F). In addition, both
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Figure 2. LncRNA WT1-AS inhibited OSI and apoptosis by inhibiting the expression of WT1. (A) Subcellular localization of WT1-AS
in SH-SY5Y cells determined by FISH (400x). (B) The expression of WT1 measured by gRT-PCR. (C) The expression of WT1 detected by WB. (D)
The expression of WT1-AS and WT1 measured by gRT-PCR. (E) The expression of p-Tau and total Tau detected by western blot. (F) Detection
of mitochondrial membrane potential by JC-1 staining (200x). (G) Detection of ATP content. (H) Detection of ROS content. (I) Detection of
MDA content, SOD and GSH-Px activities. (J) Detection of LDH activity. (K) Detection of apoptosis by flow cytometry. *P<0.05; the
experimental results are expressed as the mean * standard deviation. Differences among multiple groups were analyzed using one-way
ANOVA followed by Tukey’s post hoc test. The experiment was repeated three times.
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gRT-PCR and western blot assay results indicated that
overexpression of miR-375 significantly inhibited the
mMRNA and protein expression of SIX4 (Figure 5G).

Subsequently, miR-375 and SIX4 were overexpressed
in SH-SYSY cells treated with APas3s (Figure 5H).
According to the results, overexpression of miR-375 in
SH-SYS5Y cells treated with Apgs.3s significantly
promoted Tau protein phosphorylation, without an

obvious effect on the protein expression of Tau (Figure
51), reduced mitochondrial membrane potential (Figure
5J), and inhibited ATP production (Figure 5K), while
overexpression of miR-375 and SIX4 reversed the
effects of miR-375 overexpression alone. Further
detection of OSI in SH-SY5Y cells demonstrated that
the levels of ROS (Figure 5 L) and MDA (Figure 5 M)
as well as LDH activity (Figure 5N) in SH-SY5Y cells
were all remarkably increased, while SOD and GSH-Px
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Figure 3. LncRNA WT1-AS inhibited miR-375 expression by regulating the transcription factor WT1. (A) Differential miRNA
expression heatmap of GSE16759; abscissa, sample number; ordinate, miRNA name; and left tree, miRNA expression level clustering. Each
small square in the figure represents the expression of one miRNA in a sample, and the histogram at the top right is the color scale. (B)
Prediction of regulatory miRNAs downstream of WT1. The middle part indicates the intersection of predicted WT1 target miRNAs and
differentially expressed miRNAs in GSE16759. (C) The differential expression of miR-375 in GSE16759. (D) The expression of miR-375 in ApB,s.
sstreated SH-SY5Y cells detected by qRT-PCR. (E) Prediction of WT1 binding site in the miR-375 promoter region by combining NCBI
(https://www.ncbi.nlm.nih.gov/) and JASPAR (http://jaspar.genereg.net/). (F) After mutation of WT1 in the promoter region of miR-375, dual

luciferase reporter assay was used to detect WT1 targeted binding to the promoter region of miR-375 in HEK-293T cells. (G) Detection of WT1
targeted binding to the promoter region of miR-375 by ChIP assay. (H-1) The expression of miR-375 detected by qRT-PCR. *P<0.05; the
experimental results are expressed as the mean * standard deviation. Differences among multiple groups were analyzed using one-way
ANOVA followed by Tukey’s post hoc test. The experiment was repeated three times.
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levels (Figure 5N) were obviously decreased after miR-
375 overexpression. In addition, apoptosis was found to
be significantly increased following miR-375
overexpression (Figure 50), whereas simultaneous
overexpression of miR-375 and SIX4 reversed the
effect of single miR-375 overexpression.

WT1-AS inhibited the miR-375/SIX4 axis to
suppress OSI and apoptosis by regulating the
transcription factor WT1

The abovementioned results indicated that IncRNA
WT1-AS inhibited the expression of miR-375 by
suppressing WT1 to suppress the occurrence and
development of AD. In addition, miR-375 could also
promote the occurrence and development of AD by
inhibiting the expression of SIX4. Thus, we
investigated whether INCRNA WT1-AS could inhibit
the development of AD through WT1 inhibition.
According to the results in subsequent experiments,
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WT1-AS was overexpressed and SIX4 was silenced in
SH-SYS5Y cells treated with AP,s.35 (Figure 6A, 6B). It
was found that overexpression of WT1-AS in APjs.35-
treated SH-SY5Y cells significantly inhibited Tau
protein phosphorylation without a significant effect on
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results of flow cytometry showed that the apoptosis of

SH-SY5Y cells decreased significantly after
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Figure 4. LncRNA WT1-AS/WT1 inhibited OSI and apoptosis by inhibiting miR-375 expression. (A) The expression of WT1-AS,
WT1 and miR-375 detected by qRT-PCR. (B) The expression of p-Tau and total Tau detected by Western blot. (C) Detection of mitochondrial
membrane potential by JC-1 staining. (D) Detection of ATP content. (E) Detection of ROS content. (F) Detection of MDA content, SOD and
GSH-Px activities. (G) Detection of LDH activity. (H) Detection of apoptosis by flow cytometry. *P<0.05; the experimental results are
expressed as the mean * standard deviation. Differences among multiple groups were analyzed using one-way ANOVA followed by Tukey’s
post hoc test. The experiment was repeated three times.
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WT1-AS inhibited OSI and apoptosis of neurons in
AD in vivo

Finally, in vivo experiments were carried out for further
validation of the abovementioned results. AD mouse
models were established to test the learning and
memory abilities of mice in each group with the Morris
water maze test. Compared with those of the sham
group, the learning and memory abilities of the model
group were markedly decreased, and overexpression of
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increased in AD mice, with no remarkable effect on the
protein expression of Tau (Figure 7C), accompanied by
clearly increased levels of ROS (Figure 7D) and MDA
(Figure 7E) as well as LDH activity (Figure 7F), but
obviously lower levels of SOD and GSH-Px (Figure
7F). Following WT1-AS overexpression, there were
significant differences, which manifested as decreased
Tau protein phosphorylation levels, increased ROS
and MDA levels, and decreased activities of SOD,
GSH-Px and LDH. Moreover, TUNEL fluorescent
staining results demonstrated that apoptosis in the
hippocampus of AD mice was significantly increased
(Figure 7G), which could be reduced by WT1-AS
overexpression.

DISCUSSION

Early and timely detection and diagnosis are the
cornerstones to improving the prognosis of human
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malignant diseases [40], which highlights the need for
novel detection methods that provide more flexibility
and accuracy than traditional methods. Comprehensive
treatment  modalities such as  radiotherapy,
chemotherapy and surgery have been the mainstay of
treatment for human malignancies for a long time [41,
42]. However, with advancements in molecular
biotechnology, the medical field has seen the advent of
novel molecular targeted therapies over the last decade
[43]. For instance, abnormal expression of multiple
miRNAs has been revealed in cancer cells, and miRNA
regulation could prove to be highly beneficial for
treating malignancies [44]. MicroRNAs (miRNAS)
possess the ability to upregulate or downregulate the
posttranscriptional expression of numerous genes by
binding to the complementary 3'-untranslated regions of
their target genes and playing critical roles in several
biological and metabolic processes in various species
[45, 46]. A great number of studies have also
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Figure 6. WT1-AS can inhibit the miR-375/SIX4 axis to suppress OSI and apoptosis by downregulating the transcription factor
WT1. (A) The expression of SIX4 detected by gRT-PCR in cells transfected with SIX4-1 and SIX4-2 to screen a siRNA sequence. (B) The
expression of WT1-AS, WT1, miR-375 and SIX4 detected by qRT-PCR. (C) The expression of p-Tau and total Tau detected by western blot. (D)
Detection of mitochondrial membrane potential by JC-1 staining. (E) Detection of ATP content. (F) Detection of ROS content. (G) Detection of
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ANOVA followed by Tukey’s post hoc test. The experiment was repeated three times.
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investigated the relationship of mMIRNAs in the
progression of AD. One such study by Geekiyanage H
et al. discovered a loss of miR-137, miR-181c, miR-9,
and miR-29a/b-1 in AD, which could increase SPT and
in turn A levels, which represent intrinsic mechanisms
for elevated risk of AD, suggesting the use of miRNAs
as potential therapeutic targets for sporadic AD [47].
Wang X et al. also reported the involvement of miR-34a
in AD pathogenesis, which was partially attributed to
Bcl2 upregulation [48]. In addition, a recent study by
Jin Y revealed that by augmenting the expression of
inflammatory factors and promoting oxidative stress
through suppression of SphK1, miR-125b may promote
the development of AD and stimulate neuronal cell
growth and apoptosis [49]. Another key molecule of
interest, IncRNAs, are also abnormally expressed
in various types of diseases [28]. These IncRNAs
primarily exist in the nucleus, participate in the basic
process of gene regulation, including chromatin,
modification and direct transcription regulation, and
regulate posttranscriptional events (splicing, editing
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localization, translation and degradation) [50, 51].
Multiple previous experiments also support and validate
the participation of IncRNAs in the development of AD.
For instance, a recent study carried out by Zhou M
revealed age- and disease-dependent region-specific
INcRNA expression patterns in aging and AD, further
citing the use of LncSigAD9 identification to
differentiate between AD and healthy controls with high
diagnostic sensitivity and specificity. These scientific
gains highlight the importance of IncRNAs in brain aging
and AD, which can serve as promising biomarkers for the
diagnosis and treatment of AD at earlier stages [52].
Similarly, the identification and qualitative research
on miRNAs and IncRNAs has broadened the view
of the critical roles of miRNAs and IncRNAs in
the proliferation, differentiation, apoptosis and cell
cycle regulation of malignant tumors [53, 54]. One
such miRNA, miR-375, originally considered a
pancreatic-specific miRNA [55, 56], has been found to
be abnormally expressed in various human cancers.
Moreover, the WT1-AS group of IncRNAs has also been
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Figure 7. WT1-AS inhibited OSI and apoptosis of neurons in AD in vivo. (A) Detection of the learning and memory abilities of mice by
using the Morris water maze test. (B) The expression of WT1-AS, WT1, miR-375 and SIX4 detected by qRT-PCR in brain tissues of mice. (C) The
expression of p-Tau and total Tau detected by western blot. (D) Detection of ROS content. (E) Detection of MDA content, SOD and GSH-Px
activities. (F) Detection of LDH activity. (G) Detection of apoptosis by TUNEL staining (400x). *P<0.05; the experimental results were
expressed as the mean + standard deviation. Differences among multiple groups were analyzed using one-way ANOVA followed by Tukey’s

post hoc test, n = 10 mice.
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shown to exert its effects on gastric cancer with both
tumor suppressor and oncogenic activities [57].
Nevertheless, there are still a limited number of studies
focusing on the role, mechanism and relationship of miR-
375 and WT1-AS in the development of AD, which
highlights the significance and innovation of our study in
one aspect, but future research is certainly also needed to
verify these findings from multiple perspectives.

First, we constructed an AD model by using AB25-35,
which has been commonly used for AD modeling [58,
59]. AB1-42 mostly exists in soluble monomers, and
while it is more toxic and prone to aggregation in AD, it
does not have neurotoxicity; however, neurotoxicity
develops usually when the equilibrium is broken and A}
monomers gradually form oligomers or condensed
structures. AB25-35 is a fragment obtained from the
hydrolysis of the AB protein in vitro that does not exist
in vivo. However, its neurotoxicity is almost equal to
that of the full-length fragment of endogenous AP, and
it has been confirmed that the key site of AP
polymerization and its toxic fragment are located in the
middle part of AB. Initial findings from microarray
analysis and database prediction indicated that low
expression of INCRNA WT1-AS in AD was likely to
participate in the regulation of AD. Further mechanistic
prediction revealed that INcRNA WT1-AS could further
inhibit the miR-375/SI1X4 axis through WT1 to
influence the fate of AD. Subsequent in vitro
experiments in the current study demonstrated that
INcRNA WT1-AS was poorly expressed in Afps.zs-
treated SH-SY5Y cells, whereas overexpression of
WT1-AS resulted in significant inhibition of WT1
expression. Dual luciferase reporter assay and ChIP
experimental findings also illustrated that WT1 could
target the promoter region of miR-375 to promote its
expression, wherein miR-375 could bind with the SIX4
mRNA, and overexpressing miR-375 significantly
inhibited the expression of SIX4, confirming that WT1-
AS can inhibit miR-375 expression by regulating WT1.

Mitochondria are not only intracellular energy converters
but also important factors determining cell survival and
apoptosis. Mitochondrial damage and dysfunction are
closely related to the occurrence and development of
many neurodegenerative diseases. In this study, when
WT1-AS was overexpressed, IncRNA WT1-AS inhibited
WT1, WT1-AS/WT1 suppressed miR-375 expression,
and inhibiting miR-375 promoted SIX4 expression, all of
which could inhibit Tau protein phosphorylation and
promote ATP production, thus participating in the
regulation of mitochondrial structure and function. These
observations may provide a new idea for studying the
pathogenesis and potential treatment of AD. Furthermore,
our findings demonstrated that WT1-AS could inhibit OSI
and apoptosis induced by A,s.3s, While overexpression of

WT1 and miR-375 or SIX4 silencing reversed these
effects of WT1-AS on OSI and apoptosis. Additionally,
the results of the in vivo experiment showed that WT1-AS
could improve the learning and memory abilities of AD
model mice and inhibit OSI and apoptosis. WT1-AS is the
antisense transcript of WT1, and our investigations
demonstrated for the first time that WT1-AS/WT1 could
suppress cell OSI and apoptosis by inhibiting the
expression of miR-375, whereas miR-375 promoted OSI
and apoptosis by inhibiting the expression of SIX4. More
importantly, we revealed that WT1-AS can inhibit the
expression of WT1 and then suppress the miR-375/SI1X4
axis to inhibit cell OSI and apoptosis, which could have
detrimental effects on AD outcomes. Finally, through in
vivo experiments, we show that WT1-AS could indeed
inhibit neuronal OSI and apoptosis in AD mice in vivo.
Collectively, the aforementioned findings shed new light
on the mechanism of WT1-AS in AD. More specifically,
our research demonstrated that WT1-AS was poorly
expressed in AD, and the low expression levels of WT1-
AS promoted the expression of the transcription factor
WT1, which in turn increased miR-375 and inhibited the
expression of S1X4, thereby promoting OSI and apoptosis
of neurons in AD.

The pathogenesis of AD is highly complex, and
numerous theories have been proposed, such as central
cholinergic injury, microtubule-associated protein Tau
protein abnormality theory, AP cascade theory, gene
mutation or polymorphism theory, immune function
mutation, and excitatory amino acid toxicity theory [60,
61]. There are large quantities of AP deposits in the
brain tissues of AD patients, and these deposits damage
the cell membrane, synapses and axons and
consequently participate in the pathogenesis of AD [62,
63]. Therefore, reducing the production of AP or
promoting its degradation might hold the key to
effective  AD treatment regimens. Our study
incorporated the inhibition of specific genes or their
MRNAs complementary to IncRNA to prevent the
neurotoxic effect linked to Ap.

In summary, the current study revealed the low
expression of WT1-AS in AD, which promotes WT1
expression, stimulates miR-375 expression and inhibits
SIX4 expression, thus promoting OSI and apoptosis of
neurons in AD. In addition, we demonstrated that
overexpression of WT1-AS significantly inhibits the
miR-375/SIX4 axis, OSI and apoptosis of neurons in
AD by suppressing the expression of WT1 in both in
vitro and in vivo experimental models. Taken together,
our data suggest that upregulation or downregulation of
WT1-AS can have positive or negative effects on the
development of AD and warrants further investigation
to reduce the devastating effect of AD on patients and
medical facilities. Regardless, in view of the existing
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limitations of our study, such as the lack of relevant
controls for AB1-42, we plan to use AB1-42 treatment in
future experiments to further verify our conclusion
when funds and other objective conditions allow it.

MATERIALS AND METHODS
Bioinformatic analysis

First, IncRNAs associated with AD were retrieved from
the LINCDISEASE 2.0 database (http://www. rnanut.
net/Incrnadisease/index.html).  Subsequent screening
with a score > 0.2 of the prediction results using the
clear prediction method identified a total of 120 human
IncRNAs. In addition, the expression dataset GSE4757
and miRNA expression dataset GSE16759 were
obtained from the GEO database (https:/
www.ncbi.nlm.nih.gov/geo/). The GSE4757 dataset
comprised 10 normal samples and 10 diseased samples,
while GSE16759 included 4 normal samples and 4
diseased samples. Next, differential analysis was
performed to screen the differentially expressed genes
among the two aforementioned datasets with the help of
the “limma” package of R language with |logFC| > 1
and p value < 0.05. Finally, the downstream regulatory
genes and binding sites of miR-375 were obtained from
the StarBase database (https://www.Incrnablog.com/tag/
starbase-v2-0/).

Construction of lentiviral expression vectors

Expression vectors of WT1-AS, WT1 and SIX4 were
constructed using a lentivirus packaging system. The
entire sequences of WT1-AS (NR_023920.1), WT1
(NM_000378.6), SIX4 (NM_017420.5) and mouse
WT1-AS (NR_015462.1) were synthesized with the
Xbal and BamHI restriction sites (designed by BLOCK-
1T™ RNAI Designer). T4 ligase was used to ligate the
sequences to the lentivirus expression vector pLV-Puro
(Cat. No. VL3001, Chongging Yingmao Shengye
Biotechnology Co., Ltd., China) [57, 64]. Lentivirus
particles with high titer replication defects were
produced after the recombinant pLV-puro vector and
the packaging vector were cotransfected with HEK293T
cells (packaging system Cat. No. klv3501). In addition,
synthetic and chemically modified short RNA
oligonucleotides were purchased from Suzhou Ribo
Life Science [65], and the sequences of si-SIX4-1, si-
SIX4-2 and si-NC are shown in Table 1.

Cell culture and transfection

SH-SY5Y human neuroblastoma cells were cultured in
1:1 Eagle’s minimal essential medium (EMEM):Ham’s F-
12 medium (Sigma-Aldrich) supplemented with 10% FBS
(ATCC). SH-SY5Y cells were differentiated using a

modified version of a previously published protocol [66].
Briefly, SH-SY5Y cells were plated on fibronectin-coated
plates (BD Biosciences, San Jose, CA, USA) and treated
with 10 pM retinoic acid (Sigma-Aldrich) in 1:1
EMEM:Ham’s F-12 medium supplemented with 10%
FBS for 7 days. SH-SY5Y cells were then treated with 50
ng/mL brain-derived neurotrophic growth factor (Life
Technologies) in 1:1 EMEM:Ham’s F-12 medium
(without FBS) for 3 days [67].

Moreover, APys3s preparation and cell treatment [68]
were carried out according to previous literature [69],
with lyophilized APjs3s (Sigma-Aldrich, St. Louis,
USA) incubated at 37° C for 3 days to polymerize APas.
35. Subsequently, the polymerized AP,s.35 Was prepared
at 100 mg/ml and stored at -20° C for further
experimentation. Later, SH-SY5Y cells (20 um) were
treated with polymerized ABgs.3s for 24 h to establish
the AD cell model [68].

Next, the cells were divided into the following groups: the
blank group (SH-SYS5Y cells without AB,s3s treatment),
AP35 group (SH-SYSY cells with APs.35 treatment), oe-
NC group (APgs.35 treatment + 0e-NC transfection), Ays.
35t0e-WT1-AS group (APssss treatment + oe-WT1-AS
transfection), oe-WT1-AS+0e-NC  group  (APzsss
treatment + cotransfection of oe-WT1-AS and oe-NC), oe-
NC+0e-WT1 group (AP35 treatment + cotransfection of
0e-WT1 and 0e-NC), oe-WT1-AS+0e-WT1 group (APzs.35
treatment + cotransfection of oe-WT1-AS and oe-WT1),
0e-WT1 (APgsss treatment + oe-WT1 transfection), oe-
NC+mimic NC group (AP35 treatment + cotransfection
of oe-NC and mimic NC), oe-WT1-AS+mimic NC group
(AP2s.3s treatment + cotransfection of oe-WT1-AS and
mimic NC), o0e-NC+miR-375 mimic group (ABasss
treatment + cotransfection of oe-NC and miR-375 mimic),
0e-WT1-AS+miR-375 mimic group (APzs.35 treatment +
cotransfection of oe-WT1-AS and miR-375 mimic), mimic
NC+0e-SIX4 group (APas.ss treatment + cotransfection of
0e-SIX4 and mimic NC), miR-375 mimic+oe-SIX4 group
(APB2s.35 treatment + cotransfection of miR-375 mimic and
0e-SIX4), 0e-NC+si-NC group (APgs.ss treatment +
cotransfection of oe-NC and si-NC), oe-WT1-AS+si-NC
group (APas.3s treatment + cotransfection of oe-WT1-AS
and si-NC), oe-NC+si-SIX4 group (APzsss treatment +
cotransfection of oe-NC and si-SIX4), and oe-WT1-
AS+si-STX4 group (ABys.ss treatment + cotransfection of
0e-WT1-AS and si-SIX4).

Transfection of si-S1X4-1, si-SI1X4-2 and si-NC was
carried out at a concentration of 100 nM. The
transfection reactions were performed using RNAIMAX
(Invitrogen) in  Opti-MEM  medium (prewarmed
at 37° C) according to the manufacturer’s instructions.
Moreover, 0e-WT1-AS, o0e-WT1, o0e-SIX4 and
other plasmids were transfected in a 24-well plate
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Table 1. Information on siRNA sequences.

Gene name Sequence

si-SIX4-1 5’-GGAGCTCTACAAGCAGAAT-3’
Si-SIX4-2 5’-TCAAGGAGAAGTCGCGCAA-3’
si-NC 5-TTCTCCGAACGTGTCACGT-3’

(concentration of 1 pg/well). Cell transfection of the
plasmids was performed using the Lipofectamine 2000
reagent (Invitrogen) in Opti-MEM medium (prewarmed
at 37° C) according to the manufacturer’s instructions
[67]. Transfection of miR-375 mimic and mimic NC
was also carried out at a concentration of 100 nM, with
the corresponding transfection performed using the
Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM
medium (prewarmed at 37° C) [65]. The sequence of
the miR-375 mimic was F:5’-UUUGUUCGUUCGG
CUCGCGUGA-3’, R:3’-AAACAAGCAAGCCGAG
CGCACU-5, and the sequence of mimic NC was F: 5°-
UUUGUACUACACAAAAGUACUG-3’, R: 3’-
AAACAUGAUGUGUUUUCAUGAC-5’ [70].

gRT-PCR assay

Total RNA was extracted from cultured and transfected
cells using RNeasy Mini kits (Qiagen, Valencia, CA,
USA), which were used to obtain cDNA with the help of
reverse transcription kits (RR047A, Takara, Japan). A
miRNA First Strand cDNA Synthesis (Tailing Reaction)
kit (B532451-0020, Sangon Biotech Co., Ltd., Shanghai,
China) was also used to obtain cDNA for reverse
transcription to detect miRNA expression profiles.
Sampling was performed with SYBR Premix Ex Taq Il
(Perfect Real Time) kits (DRR081, Takara, Japan). gRT-
PCR was conducted using a real-time gPCR instrument
(ABI 7500, ABI, Foster City, CA, USA). The primers
were synthesized by Sangon Biotech (the premier
sequences were designed as shown in Table 2). CT
values were recorded for each well, with U6 as the
internal reference gene of miR-375 and GAPDH as the
reference for the remaining indices. Finally, the relative
expression levels were calculated using the 2%
method. AACt = (mean CT value of the target gene in the
experimental group - mean CT value of the housekeeping
gene in the experimental group) - (mean CT value of the
target gene in the control group - mean CT value of the
housekeeping gene in the control group).

Western Blot

Total protein was extracted from tissues and cells of each
group, and the protein concentration was measured with
BCA kits (Thermo, USA). Total proteins (30 pg) were
separated by polyacrylamide gel electrophoresis at a
constant voltage of 80 V for 35 min and then at 120 V for
45 min. After separation, proteins were transferred to a

polyvinylidene difluoride membrane (Amersham, USA),
which was blocked with 5% skimmed milk powder at
room temperature for 1 h. After discarding the blocking
solution, primary antibodies were added for incubation
at 4° C overnight, which included rabbit anti-p-Tau
(dilution ratio of 1:10000, ab109390, Abcam, UK), rabbit
anti-WT1 (dilution ratio of 1:500, ab89901, Abcam, UK),
and anti-B-actin (dilution ratio of 1:5000, ab8227,
Abcam, UK). Subsequently, the membrane was rinsed
three times (10 min each) with PBST buffer (PBS buffer
containing 0.1% Tween-20). Then, goat anti-rabbit 1gG
antibody labeled with HRP was incubated at room
temperature for 1 h, and the membrane was rinsed three
times (10 min each) with PBST buffer. Following
scanning and development with an optical luminescence
instrument (GE, USA), the relative expression patterns of
proteins were analyzed using Image-Pro Plus 6.0
software (Media Cybernetics, USA). The experiment was
performed three times to obtain the mean values.

JC-1 staining to detect mitochondrial membrane
potential

Cells at the logarithmic growth phase were inoculated in
6-well culture plates with 2 ml culture medium per well,
adjusted to a density of 6x10" cells/ml, followed by two
PBS rinses. Then, JC-1 at a final concentration of 1
pug/mL was added at 37° C to incubate cells for 0.5 h,
followed by three PBS rinses. The fluorescence
intensity of mitochondria was observed by fluorescence
microscopy (ECLIPSE Ti, Nikon, Japan) using an
excitation wavelength of 488 nm and emission
wavelengths of 595 nm and 525 nm.

ATP generation detection

Hippocampal tissues were extracted, weighed and
quickly placed in cold normal saline, with the addition of
approximately 100-200 pL lysis buffer to every 20 mg of
tissues, and then homogenized with a glass homogenizer.
After lysis, the supernatant was centrifuged at 4° C at
12,000 xg for 5 min for subsequent ATP measurement.
ATP assay procedures were carried out according to the
instructions of the test kit (S0026, Beyotime).

Determinations of ROS levels

ROS formation was detected with the help of 2.7
dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma
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Table 2. Sequence information for qRT-PCR.

Gene name

Sequence

WT1-AS (human)

F:5-GCCTCTCTGTCCTCTTCTTTGT-3’

R: 5-GCTGTGAGTCCTGGTGCTTAG-3'

WT1 (human)

F: 5'-GCATCTGAGACCAGTGAGAAA-3'

R: 5'-TCCTGCTGTGCATCTGTAAG-3’

SIX4 (human)

F: 5'-AGCAGCTCTGGTACAAGGC-3’

R: 5'- CTTGAAACAATACACCGTCTCCT-3'

GAPDH (human)

F: 5-TTGGCATCGTTGAGGGTCT-3'

R: 5'-CAGTGGGAACACGGAAAGC-3'

miR-375 (human)

F: 5>-AGCCGTCAAGAGCAATAACGAA-3’

R: 5’-GTGCAGGGTCCGAGGT-3’

U6 (human)

F: 5’>-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

WT1-AS (mouse)

F: 5>-AGAAGGCAGGACAAGGAAAG-3’

R: 5’-GGATTTCTCAAGCAGAGGGTAG-3’

WT1 (mouse)

F: 5’-GGAGCTACCTTAAAGGGAATGG-3’

R: 5’-CGTGTGGTTCTCACTCTCATAC-3’

SIX4 (mouse)

F: 5’-CCTCCCAGGATGTGAAAGAA-3’

R: 5’-CACTTCAGTGCAGGGTATCA-3’

GAPDH (mouse)

F:5-TGTGTCCGTCGTGGATCTGA-3’

R: 5'-CCTGCTTCACCACCTTCTTGAT-3'

miR-375 (mouse)

U6 (mouse)

F: 5'-AGCCGTTTGTTCGTT CGGCT-3'
R: 5'-GTGCAGGGTCCGAGGT-3'
F: 5'-CGCTTCGGCAGCACATATAC-3'

R: 5'-TTCACGAATTTGCGTGTCAT-3'

chemicals Co., St. Louis, MO, USA). Nonfluorinated
DCFH-DA was oxidized with hydroxyl, peroxyl and
other ROS in cells to generate fluorescent DCF. Cells
were then seeded in 96-well plates at a density of 2 x 10*
for microplate reading (Greiner Bio-one GmbH,
Frickenhausen, Germany) and in chamber slides for
fluorescence microscopy (Thermo Fisher, Waltham, MA,
USA). After treatment with AB,s3s, cells were incubated
with 25 uM DCF-DA in medium at 37° C for 30 min in
conditions away from light. ROS in cells represented by
DCF was measured with an EVOS fluorescence
microscope (ThermoFisher, Waltham, MA, USA) and an
Infinite M200 microplate reader (Tecan, Ménnedorf,
Switzerland). The excitation and emission wavelengths
were 485 nm and 530 nm, respectively [71].

Additionally, 10 mg of mouse hippocampal tissues was
obtained and resuspended in 1,000 pL PBS1X
(containing 10 pL protease inhibitor; Amersham Life
Science, Munich, Germany). The sample was

subsequently tested for ROS according to the
abovementioned steps.

Determination of the activity of mitochondrial
superoxide dismutase (SOD) and the levels of reduced
glutathione (GSH) and malondialdehyde (MDA)

The hippocampus was extracted from the midbrain of
mice of each experimental group, with 125 mm®
hippocampal tissues mixed with 1 ml PBS and
centrifuged (12000 xg) at 4° C for 10 min. After
collecting the supernatant, the protein concentration was
measured by BCA test kits (P0O011, Beyotime), and the
levels of MDA, SOD and GSH were tested with MDA
(A003-1-2), SOD (A001-3-2), and GSH-Px (A005) kits,
respectively, obtained from Nanjing Jiangcheng
Bioengineering Institute (China).

SH-SY5Y cells were digested with trypsin, lysed at
4° C with an ultrasonic cell disruptor, and the lysate was
centrifuged at 4° C for 10 min, with 100 pL of
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supernatant collected. The absorbance (OD) values were
then detected with a microplate reader in accordance
with the instructions of the SOD, GSH-Px, and MDA
kits, and finally, the levels were calculated.

Detection of lactate dehydrogenase (LDH) release
rate

To evaluate the degree of cell damage, LDH activity
was detected in the aforementioned supernatant using
commercial kits. At the end of the different treatments,
the tests were carried out in accordance with the
manufacturer's instructions. The total OD values were
measured at a wavelength of 490 nm. LDH test Kits
(A020-2-2) were obtained from the Nanjing Jiangcheng
Bioengineering Institute (China).

Flow cytometry

For apoptosis analyses, cells were rinsed with PBS and
then treated with an Annexin V-FITC apoptosis
detection kit (BD Biopharmingen, NJ, USA) in the dark
for 15 min. All experiments were carried out by a BD
Biosciences FACSCalibur Flow Cytometer (BD
Biosciences, NJ, and USA). The experiment was
repeated three times to obtain the mean value.

FISH

Cells were briefly rinsed with PBS, fixed with 4%
formaldehyde in PBS (pH 7.4) at room temperature for
15 min and then permeabilized with PBS containing
0.5% Triton X-100 on ice for 10 min. Prior to
hybridization, cells were rinsed once with PBS and once
with 2 x SSC. Anti-WT1-AS deoxynucleotide probes
conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad,
CA) were hybridized for 16 h in a wet room at 50° C
using a hybridization solution (probe dilution ratio of
1:1250) (Boster, China). For FISH, cells were washed at
50° C for 30 min with 25% deionized formamide/2 x
SSC and then washed at 50° C for 30 min in 2 x SSC.

Dual luciferase reporter assay

After restriction endonuclease digestion, T4 DNA ligase
was used to insert the target fragment of the miR-375
gene promoter into the pGL3-basic reporter plasmid.
Next, the WT and MUT luciferase reporter plasmids
with correct sequences were cotransfected with oe-NC
or oe-WT1 into HEK-293T cells (Shanghai Institute of
Biochemistry, Chinese Academy of Sciences, Shanghai
Research Center of Life Sciences, Shanghai, China).
The SIX4 3UTR gene fragment was artificially
synthesized and introduced into the pMIR-REPORT
vector (Promega, USA) using Hindlll and BamHI
endonucleases. The complementary mutation site of the

seed sequence was introduced into the wild type SIX4
sequence. After restriction endonuclease digestion, T4
DNA ligase was used again to insert the target fragment
into the pMIR-REPORT vector. After that, the WT and
MUT luciferase reporter plasmids with correct
sequences were cotransfected with miR-375 mimic into
HEK-293T cells for 48 h. After cell lysis, the luciferase
activity was detected using a Luminometer TD-20/20
detector (model: E5311, Promega, USA) according to
the instructions of the Dual-Luciferase Reporter Assay
System kit (Promega, USA). The experiment was
repeated three times to obtain the mean value.

ChIP assay

First, cells were fixed with formaldehyde for 10 min to
induce DNA protein cross-linking. An ultrasonic
processor was used to break the chromatin into
fragments at time intervals of 10 s for 15 cycles. After
that, mouse IgG (ab172730, dilution ratio of 1:1000,
Abcam, Shanghai, China) and target protein-specific
antibody anti-WT1 (sc-7385, 2uL per 500 pg of extract,
Santa Cruz Biotechnology) were incubated at 4° C
overnight for complete integration. The DNA protein
complex was then precipitated with Protein
Agarose/Sepharose, followed by centrifugation at
12,000 xg for 5 min. After the supernatant was
discarded, the nonspecific complex was washed, de-
crosslinked overnight at 65° C, and DNA fragments
were extracted and purified by phenol/chloroform.
Next, the binding of WT1 and the miR-375 gene
promoter was detected by gRT-PCR with miR-375 gene
promoter-specific primers (F: 5’-GAAGACCAGG
ACCAGGAGAT-3’, R: 5- GCTCAGGTCCGGTT
TGTG -3°).

RIP

The binding of miR-375 and SIX4 with AGO2 was
detected using RIP Kkits (Millipore, USA), and the
supernatant was discarded after rinsing with precooled
PBS. Next, cells were lysed in an ice bath with equal
volumes of RIP lysate for 5 min and centrifuged at
14,000 rpm for 10 min at 4° C. A portion of the cell
extract was removed as input, and the remainder was
incubated with antibody for coprecipitation, with the
specific steps described as follows. First, 50 puL
magnetic beads from each coprecipitation reaction
system were suspended in 100 uL. RIP Wash Buffer
after cleaning. Then, 5 pg antibody was added and
incubated to precipitate the bound complex according to
the experimental grouping. After cleaning, the bead-
antibody complex was resuspended in 900 pL RIP
Wash Buffer and incubated overnight at 4° C with 100
pL cell extract. The following day, the sample was
placed on the magnetic base to collect the bead-protein
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complex. The sample and the input were digested with
protease K, and then the RNA was extracted for
subsequent PCR detection. The antibody used in RIP
was anti-AGO2 (ab32381, dilution ratio of 1:50,
Abcam, UK), which was mixed at room temperature for
30 min, while IgG (ab109489, dilution ratio of 1:100,
Abcam, UK) was used as the negative control. The
relative levels of miR-375 and SIX4 were detected by
qRT-PCR.

AD modeling

A total of 40 BALB/c pure male mice (aged 6 weeks,
weighing 16-18 g) were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. and raised under SPF
conditions. All experimental mice were kept in an
experimental environment with constant temperature and
humidity under an artificial light-dark cycle of 12 h of
light (lights on at 08:00 and lights off at 20:00) with free
access to feed and water. Then, the mice were divided into
the sham group, model group (AD model), oe-NC group
(AD model after oe-NC lentivirus injection), and oe-
WT1-AS group (AD model after oe-WT1-AS lentivirus
injection), with 10 mice in each group.

The establishment of AD mouse models was performed
as previously described [72]. First, mice were
intraperitoneally anesthetized with pentobarbital sodium
(40 mg/kg) [73], followed by routine preparation of
skin. After disinfection, the mice were fixed on the
brain localizer to keep the anterior and posterior
fontanelle at the same level, and then the fur in the
middle of the mouse heads was removed to expose the
anterior fontanelle. According to the Mouse Brain
Atlas, with the Bregma point serving as the origin, a 5
ml syringe needle was inserted to pierce a small hole
3.0 mm behind the anterior fontanelle, 2.2 mm beside
the midline, and 2.8 mm under the dura mater, followed
by the insertion of a 10uL microinjector vertically and
slow injection of 10 pL ABs.35 (2 mg/ml) for 10 min,
with the needle retained for 10 min, to inject APss.3s
into the right ventricle. Following suturing of the scalp,
the mice were injected with 4x10* U penicillin every
day for 3 days to prevent infection. In the sham
operation group, 10 pL 0.9% sodium chloride solution
was similarly injected into the lateral ventricles of mice,
and the other treatment protocols were the same as
those in the modeling groups.

In this process, 24 h prior to modeling, lentivirus (3 pl
with similar titers > 1 x 10° IU/ml) was delivered at a
rate of 0.3 pl/min for stereotactic injection into the CA1
area of the hippocampus. Subsequent experimentation
was performed 3 weeks after injection [74, 75]. All
animal experiments were approved and supervised by
the animal research committee of our institute and

conformed to the animal experiment guidelines of our
institute.

Morris water maze test

Morris water maze testing was performed to assess the
learning and memory abilities of mice. The maze test
was divided into the following two parts: memory
training test and memory retention test. For the memory
training test, the midpoint of a quadrant was randomly
selected as the starting point to test the time (escape
incubation period) taken to find the platform within 60 s
each time for 5 days. Each mouse was tested three times
a day at intervals of at least 75 min. In the memory
retention test, the number of times each mouse crossed
the platform within 60 s was counted every other day
after the last memory training test. Data acquisition and
processing were completed using the Morris water maze
automatic monitoring and processing system. The
experiment was repeated three times to obtain the mean
value.

TUNEL staining

Hippocampal slices were rinsed twice with PBS,
incubated with 0.3% H,O, for 15 min, rinsed again with
PBS for 15 min, and then incubated with TdT-mediated
dUTP-biotin nick end-labeling (TUNEL) staining
solution (C1086, Beyotime, Beijing, China) according
to the manufacturer's instructions. The number of
TUNEL-labeled positive cells was measured by means
of laser scanning confocal microscopy (CS SP2; Leica,
Wetzlar, Germany).

Statistical analysis

All data were processed using SPSS 21.0 statistical
software (SPSS, Inc., Chicago, IL, USA). Measurement
data are expressed as the mean + standard deviation.
The paired-design data conforming to a normal
distribution and homogeneity of variance between two
groups were analyzed using a paired t-test. Data
comparisons among multiple groups were performed
using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test. A value of p<0.05
indicated statistical significance.

AUTHOR CONTRIBUTIONS

Quanbao Wang, Xiumin Ge and Jie Zhang performed
the experiments, contributed to the experimental design,
and assisted in data interpretation; Licheng Chen helped
design experiments and assisted in data interpretation
and statistical analysis; Quanbao Wang and Xiumin Ge
supervised the planning of experiments and data
interpretation and contributed to the preparation of the

www.aging-us.com 23989

AGING



manuscript; and Quanbao Wang wrote the manuscript.
All authors have read and approved the final submitted
manuscript.

ACKNOWLEDGMENTS

We acknowledge and appreciate our colleagues for their
valuable efforts and comments on this paper.

CONFLICTS OF INTEREST
The authors declare no conflicts of interests.
FUNDING

The research was funded by the Medical and Health
Science and Technology Development Plan of
Shandong Province in 2019 (No. 2019WSA13024).

REFERENCES

1. Unschuld PG. Novel translational research
methodology and the prospect to a better
understanding  of  neurodegenerative  disease.
Neurodegener Dis. 2018; 18:1-4.
https://doi.org/10.1159/000486565
PMID:29339665

2. Lorente-Gea L, Garcia B, Martin C, Quirés LM,
Fernandez-Vega |. Heparan sulfate proteoglycans and
heparanases in Alzheimer’s disease: current outlook
and potential therapeutic targets. Neural Regen Res.
2017; 12:914-15.
https://doi.org/10.4103/1673-5374.208571
PMID:28761422

3. Marcelli S, Corbo M, lannuzzi F, Negri L, Blandini F,
Nistico R, Feligioni M. The involvement of post-
translational modifications in Alzheimer’s disease. Curr
Alzheimer Res. 2018; 15:313-35.
https://doi.org/10.2174/156720501466617050509510
9 PMID:28474569

4. Russell ER, Stewart K, Mackay DF, MacLean J, Pell JP,
Stewart W. Football’s InfluencE on lifelong health and
dementia risk (FIELD): protocol for a retrospective
cohort study of former professional footballers. BMJ
Open. 2019; 9:e028654.
https://doi.org/10.1136/bmjopen-2018-028654
PMID:31123003

5. Fu W, Patel A, Kimura R, Soudy R, Jhamandas JH.
Amylin Receptor: A Potential Therapeutic Target for
Alzheimer's Disease. Trends Mol Med. 2017;
23:709-720.
https://doi.org/10.1016/j.molmed.2017.06.003
PMID:28694141

10.

11.

12.

13.

14.

Zakaria R, Wan Yaacob WM, Othman Z, Long |, Ahmad
AH, Al-Rahbi B. Lipopolysaccharide-induced memory
impairment in rats: a model of Alzheimer’s disease.
Physiol Res. 2017; 66:553—65.
https://doi.org/10.33549/physiolres.933480
PMID:28406691

Roher AE, Kokjohn TA, Clarke SG, Sierks MR, Maarouf
CL, Serrano GE, Sabbagh MS, Beach TG. APP/ap
structural  diversity and  Alzheimer’s  disease
pathogenesis. Neurochem Int. 2017; 110:1-13.
https://doi.org/10.1016/j.neuint.2017.08.007
PMID:28811267

Nesi G, Sestito S, Digiacomo M, Rapposelli S. Oxidative
stress, mitochondrial abnormalities and proteins
deposition: multitarget approaches in Alzheimer’s
disease. Curr Top Med Chem. 2017; 17:3062-79.
https://doi.org/10.2174/156802661766617060711423
2 PMID:28595557

Zhou Y, Wang ZF, Li W, Hong H, Chen J, Tian Y, Liu ZY.
Protective effects of microRNA-330 on amyloid B-
protein production, oxidative stress, and mitochondrial
dysfunction in Alzheimer’s disease by targeting VAV1
via the MAPK signaling pathway. J Cell Biochem. 2018;
119:5437-48.

https://doi.org/10.1002/jcb.26700

PMID:29369410

Collin F, Cheignon C, Hureau C. Oxidative stress as a
biomarker for Alzheimer’s disease. Biomark Med.
2018; 12:201-03.
https://doi.org/10.2217/bmm-2017-0456
PMID:29436240

Tonnies E, Trushina E. Oxidative Stress, Synaptic
Dysfunction, and Alzheimer's Disease. J Alzheimers Dis.
2017;57:1105-1121.
https://doi.org/10.3233/JAD-161088 PMID:28059794

Affourtit C, Wong HS, Brand MD. Measurement of
proton leak in isolated mitochondria. Methods Mol
Biol. 2018; 1782:157-70.
https://doi.org/10.1007/978-1-4939-7831-1 9
PMID:29850999

Wongprayoon P, Govitrapong P. Melatonin as a
mitochondrial  protector in  neurodegenerative
diseases. Cell Mol Life Sci. 2017; 74:3999-4014.
https://doi.org/10.1007/s00018-017-2614-x
PMID:28791420

Alexiou A, Nizami B, Khan Fl, Soursou G, Vairaktarakis
C, Chatzichronis S, Tsiamis V, Manztavinos V, Yarla NS,
Md Ashraf G. Mitochondrial Dynamics and Proteins
Related to Neurodegenerative Diseases. Curr Protein
Pept Sci. 2018; 19:850-857.
https://doi.org/10.2174/1389203718666170810150151
PMID:28799502

www.aging-us.com 23990

AGING


https://doi.org/10.1159/000486565
https://pubmed.ncbi.nlm.nih.gov/29339665
https://doi.org/10.4103/1673-5374.208571
https://pubmed.ncbi.nlm.nih.gov/28761422
https://doi.org/10.2174/1567205014666170505095109
https://doi.org/10.2174/1567205014666170505095109
https://pubmed.ncbi.nlm.nih.gov/28474569
https://doi.org/10.1136/bmjopen-2018-028654
https://pubmed.ncbi.nlm.nih.gov/31123003
https://doi.org/10.1016/j.molmed.2017.06.003
https://pubmed.ncbi.nlm.nih.gov/28694141
https://doi.org/10.33549/physiolres.933480
https://pubmed.ncbi.nlm.nih.gov/28406691
https://doi.org/10.1016/j.neuint.2017.08.007
https://pubmed.ncbi.nlm.nih.gov/28811267
https://doi.org/10.2174/1568026617666170607114232
https://doi.org/10.2174/1568026617666170607114232
https://pubmed.ncbi.nlm.nih.gov/28595557
https://doi.org/10.1002/jcb.26700
https://pubmed.ncbi.nlm.nih.gov/29369410
https://doi.org/10.2217/bmm-2017-0456
https://pubmed.ncbi.nlm.nih.gov/29436240
https://doi.org/10.3233/JAD-161088
https://pubmed.ncbi.nlm.nih.gov/28059794
https://doi.org/10.1007/978-1-4939-7831-1_9
https://pubmed.ncbi.nlm.nih.gov/29850999
https://doi.org/10.1007/s00018-017-2614-x
https://pubmed.ncbi.nlm.nih.gov/28791420
https://doi.org/10.2174/1389203718666170810150151
https://pubmed.ncbi.nlm.nih.gov/28799502

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rosales-Reynoso MA, Juarez-Vazquez Cl, Barros-Nufiez
P. Evolution and genomics of the human brain.
Neurologia. 2018; 33:254-65.
https://doi.org/10.1016/j.nrl.2015.06.002
PMID:26304653

Blanco FJ, Valdes AM, Rego-Pérez I. Mitochondrial DNA
variation and the pathogenesis of osteoarthritis
phenotypes. Nat Rev Rheumatol. 2018; 14:327-40.
https://doi.org/10.1038/s41584-018-0001-0
PMID:29670212

Jiang S, Li T, Zhou X, Qin W, Wang Z, Liao Y. Antibiotic
drug piperacillin induces neuron cell death through
mitochondrial dysfunction and oxidative damage. Can J
Physiol Pharmacol. 2018; 96:562—68.
https://doi.org/10.1139/cjpp-2016-0679
PMID:28759731

Longhena F, Spano P, Bellucci A. Targeting of
disordered proteins by small molecules in
neurodegenerative diseases. Handb Exp Pharmacol.
2018; 245:85-110.

https://doi.org/10.1007/164 2017 60 PMID:28965171

Reeve AK, Grady JP, Cosgrave EM, Bennison E, Chen C,
Hepplewhite PD, Morris CM.  Mitochondrial
dysfunction within the synapses of substantia nigra
neurons in Parkinson’s disease. NPJ Parkinsons Dis.
2018; 4:9.
https://doi.org/10.1038/s41531-018-0044-6
PMID:29872690

Dixit S, Fessel JP, Harrison FE. Mitochondrial
dysfunction in the APP/PSEN1 mouse model of
Alzheimer’s disease and a novel protective role for
ascorbate. Free Radic Biol Med. 2017; 112:515-23.
https://doi.org/10.1016/j.freeradbiomed.2017.08.021
PMID:28863942

Thal DR, Fandrich M. Protein aggregation in
Alzheimer’s disease: AB and t and their potential roles
in the pathogenesis of AD. Acta Neuropathol. 2015;
129:163-65.
https://doi.org/10.1007/s00401-015-1387-2
PMID:25600324

Qi Y, Dou DQ, lJiang H, Zhang BB, Qin WY, Kang K,
Zhang N, lJia D. Arctigenin attenuates learning and
memory deficits through PI3k/Akt/GSK-3B pathway
reducing tau hyperphosphorylation in AB-induced AD
mice. Planta Med. 2017; 83:51-56.
https://doi.org/10.1055/s-0042-107471
PMID:27224270

Cheignon C, Faller P, Testemale D, Hureau C, Collin F.
Metal-catalyzed oxidation of AR and the resulting
reorganization of cu binding sites promote ROS
production. Metallomics. 2016; 8:1081-89.
https://doi.org/10.1039/c6mt00150e PMID:27730227

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yao Y, Huang JZ, Chen Y, Hu HJ, Tang X, Li X. Effects and
mechanism of amyloid B1-42 on mitochondria in
astrocytes. Mol Med Rep. 2018; 17:6997-7004.
https://doi.org/10.3892/mmr.2018.8761
PMID:29568933

Sunkaria A, Yadav A, Bhardwaj S, Sandhir R. Postnatal
proteasome inhibition promotes amyloid-B
aggregation in hippocampus and impairs spatial
learning in adult mice. Neuroscience. 2017; 367:47-59.
https://doi.org/10.1016/j.neuroscience.2017.10.021
PMID:29080716

Guo R, Zhou L, Zhao P, Wang XB, Huang XX, Song SJ.
Two new sesquineolignans from the seeds of
Crataegus pinnatifida and their B-amyloid aggregation
inhibitory activitiy. Nat Prod Res. 2019; 33:2446-52.
https://doi.org/10.1080/14786419.2018.1448814
PMID:29521116

Axtell MJ, Meyers BC. Revisiting criteria for plant
MicroRNA annotation in the era of big data. Plant Cell.
2018; 30:272-84.
https://doi.org/10.1105/tpc.17.00851

PMID:29343505

Cheng S, Wang L, Deng CH, Du SC, Han ZG. ARID1A
represses hepatocellular carcinoma cell proliferation
and migration through IncRNA MVIH. Biochem Biophys
Res Commun. 2017; 491:178-82.
https://doi.org/10.1016/j.bbrc.2017.07.072
PMID:28716731

Hu S, Liu X, Wei S, Feng Y. Long noncoding RNA NEAT1
regulate papillary thyroid cancer progression by
modulating miR-129-5p/KLK7 expression. J Cell Physiol.
2018; 233:6638-48.

https://doi.org/10.1002/jcp.26425

PMID:29319165

Hu S, Liu X, Wei S, Feng Y. Systemic analysis of IncRNA
and miRNA expression profiles with associated ceRNA
network in glioblastoma. Oncotarget. 2018. [Epub
ahead of print].
https://doi.org/10.18632/oncotarget.24124

Tao HW, Qian GX, Pei DJ and Sheng CR. MicroRNA and
IncRNA in Neurodegenerative Diseases. Progress in
Biochemistry & Biophysics. 2010; 37:826-833
https://doi.org/10.3724/SP.J.1206.2010.00104

Zhang Y, Zhao B, Roy S, Saha TT, Kokoza VA, Li M,
Raikhel AS. microRNA-309 targets the homeobox gene
SIX4 and controls ovarian development in the
mosquito aedes aegypti. Proc Natl Acad Sci USA. 2016;
113:E4828-36.
https://doi.org/10.1073/pnas.1609792113
PMID:27489347

Li G, Hu F, Luo X, Hu J, Feng Y. SIX4 promotes
metastasis via activation of the PI3K-AKT pathway in

www.aging-us.com

23991

AGING


https://doi.org/10.1016/j.nrl.2015.06.002
https://pubmed.ncbi.nlm.nih.gov/26304653
https://doi.org/10.1038/s41584-018-0001-0
https://pubmed.ncbi.nlm.nih.gov/29670212
https://doi.org/10.1139/cjpp-2016-0679
https://pubmed.ncbi.nlm.nih.gov/28759731
https://doi.org/10.1007/164_2017_60
https://pubmed.ncbi.nlm.nih.gov/28965171
https://doi.org/10.1038/s41531-018-0044-6
https://pubmed.ncbi.nlm.nih.gov/29872690
https://doi.org/10.1016/j.freeradbiomed.2017.08.021
https://pubmed.ncbi.nlm.nih.gov/28863942
https://doi.org/10.1007/s00401-015-1387-2
https://pubmed.ncbi.nlm.nih.gov/25600324
https://doi.org/10.1055/s-0042-107471
https://pubmed.ncbi.nlm.nih.gov/27224270
https://doi.org/10.1039/c6mt00150e
https://pubmed.ncbi.nlm.nih.gov/27730227
https://doi.org/10.3892/mmr.2018.8761
https://pubmed.ncbi.nlm.nih.gov/29568933
https://doi.org/10.1016/j.neuroscience.2017.10.021
https://pubmed.ncbi.nlm.nih.gov/29080716
https://doi.org/10.1080/14786419.2018.1448814
https://pubmed.ncbi.nlm.nih.gov/29521116
https://doi.org/10.1105/tpc.17.00851
https://pubmed.ncbi.nlm.nih.gov/29343505
https://doi.org/10.1016/j.bbrc.2017.07.072
https://pubmed.ncbi.nlm.nih.gov/28716731
https://doi.org/10.1002/jcp.26425
https://pubmed.ncbi.nlm.nih.gov/29319165
https://doi.org/10.18632/oncotarget.24124
https://doi.org/10.3724/SP.J.1206.2010.00104
https://doi.org/10.1073/pnas.1609792113
https://pubmed.ncbi.nlm.nih.gov/27489347

34.

35.

36.

37.

38.

39.

40.

41.

colorectal cancer. Peer). 2017; 5:e3394.
https://doi.org/10.7717/peerj.3394
PMID:28584719

Chen B, Kim EH, Xu PX. Initiation of olfactory placode
development and neurogenesis is blocked in mice
lacking both Six1 and Six4. Dev Biol. 2009; 326:75-85.
https://doi.org/10.1016/j.ydbio.2008.10.039
PMID:19027001

Tamura |, Shirafuta Y, Jozaki K, Kajimura T, Shinagawa
M, Maekawa R, Taketani T, Asada H, Sato S, Tamura H,
Sugino N. Novel function of a transcription factor WT1
in regulating decidualization in human endometrial
stromal cells and its molecular mechanism.
Endocrinology. 2017; 158:3696-707.
https://doi.org/10.1210/en.2017-00478
PMID:28977591

Montano G, Vidovic K, Palladino C, Cesaro E, Sodaro G,
Quintarelli C, De Angelis B, Errichiello S, Pane F, Izzo P,
Grosso M, Gullberg U, Costanzo P. WT1-mediated
repression of the proapoptotic transcription factor
ZNF224 is triggered by the BCR-ABL oncogene.
Oncotarget. 2015; 6:28223-37.
https://doi.org/10.18632/oncotarget.4950
PMID:26320177

Lv L, Chen G, Zhou J, Li J, Gong J. WT1-AS promotes
cell apoptosis in hepatocellular carcinoma through
down-regulating of WT1. J Exp Clin Cancer Res.
2015; 34:1109.
https://doi.org/10.1186/s13046-015-0233-7
PMID:26462627

Lovell MA, Xie C, Xiong S, Markesbery WR. Wilms’
tumor suppressor (WT1) is a mediator of neuronal
degeneration associated with the pathogenesis of
Alzheimer’s disease. Brain Res. 2003; 983:84-96.
https://doi.org/10.1016/s0006-8993(03)03032-4
PMID:12914969

Su LN, Song XQ, Xue ZX, Zheng CQ, Yin HF, Wei HP.
Network analysis of microRNAs, transcription factors,
and target genes involved in axon regeneration. J
Zhejiang Univ Sci B. 2018; 19:293-304.
https://doi.org/10.1631/jzus.B1700179

PMID:29616505

Gibiino G, Fabbri C, Fagiuoli S, laniro G, Fornelli A,
Cennamo V. Defining the biology of intrahepatic
cholangiocarcinoma: molecular pathways and early
detection of precursor lesions. Eur Rev Med Pharmacol
Sci. 2017; 21:730-41.

PMID:28272710

Lan B, Wang L, Xu BH, Huang J. [The treatment and
prognosis of peripheral primitive neuroectodermal
tumor]. Zhonghua Zhong Liu Za Zhi. 2017; 39:850-854.
https://doi.org/10.3760/cma.j.issn.0253-

42.

43.

44.

45.

46.

47.

48.

49.

3766.2017.11.008

Song Z, Wu Y, Yang J, Yang D, Fang X. Progress in the
treatment of advanced gastric cancer. Tumour Biol.
2017;39:1010428317714626.
https://doi.org/10.1177/1010428317714626
PMID:28671042

Wang Q, Alshaker H, Boéhler T, Srivats S, Chao Y, Cooper
C, Pchejetski D. Core shell lipid-polymer hybrid
nanoparticles with combined docetaxel and molecular
targeted therapy for the treatment of metastatic
prostate cancer. Sci Rep. 2017; 7:5901.
https://doi.org/10.1038/s41598-017-06142-x
PMID:28724986

Zare M, Bastami M, Solali S, Alivand MR. Aberrant
miRNA promoter methylation and EMT-involving
miRNAs in breast cancer metastasis: diagnosis and
therapeutic implications. J Cell Physiol. 2018;
233:3729-44.

https://doi.org/10.1002/jcp.26116

PMID:28771724

Zhang C, Ma MH, Liang Y, Wu KZ, Dai DQ. Novel long
non-coding RNA LINC02532 promotes gastric cancer
cell proliferation, migration, and invasion in Vvitro.
World J Gastrointest Oncol. 2019; 11:91-101.
https://doi.org/10.4251/wjgo.v11.i2.91
PMID:30788037

Vasilescu C, Tanase M, Dragomir M, Calin GA. From
mobility to crosstalk. A model of intracellular miRNAs
motion may explain the RNAs interaction mechanism
on the basis of target subcellular localization. Math
Biosci. 2016; 280:50-61.
https://doi.org/10.1016/j.mbs.2016.07.012
PMID:27498347

Geekiyanage H, Chan C. MicroRNA-137/181c regulates
serine palmitoyltransferase and in turn amyloid B,
novel targets in sporadic Alzheimer’s disease. J
Neurosci. 2011; 31:14820-30.
https://doi.org/10.1523/INEUROSCI.3883-11.2011
PMID:21994399

Wang X, Liu P, Zhu H, Xu Y, Ma C, Dai X, Huang L, Liu Y,
Zhang L, Qin C. miR-34a, a microRNA up-regulated in a
double transgenic mouse model of Alzheimer’s
disease, inhibits bcl2 translation. Brain Res Bull. 2009;
80:268-73.
https://doi.org/10.1016/j.brainresbull.2009.08.006
PMID:19683563

Jin Y, Tu Q, Liu M. MicroRNA-125b regulates
Alzheimer’s disease through SphK1 regulation. Mol
Med Rep. 2018; 18:2373-80.
https://doi.org/10.3892/mmr.2018.9156
PMID:29901156

www.aging-us.com

23992

AGING


https://doi.org/10.7717/peerj.3394
https://pubmed.ncbi.nlm.nih.gov/28584719
https://doi.org/10.1016/j.ydbio.2008.10.039
https://pubmed.ncbi.nlm.nih.gov/19027001
https://doi.org/10.1210/en.2017-00478
https://pubmed.ncbi.nlm.nih.gov/28977591
https://doi.org/10.18632/oncotarget.4950
https://pubmed.ncbi.nlm.nih.gov/26320177
https://doi.org/10.1186/s13046-015-0233-7
https://pubmed.ncbi.nlm.nih.gov/26462627
https://doi.org/10.1016/s0006-8993(03)03032-4
https://pubmed.ncbi.nlm.nih.gov/12914969
https://doi.org/10.1631/jzus.B1700179
https://pubmed.ncbi.nlm.nih.gov/29616505
https://pubmed.ncbi.nlm.nih.gov/28272710
https://doi.org/10.3760/cma.j.issn.0253-3766.2017.11.008
https://doi.org/10.3760/cma.j.issn.0253-3766.2017.11.008
https://doi.org/10.1177/1010428317714626
https://pubmed.ncbi.nlm.nih.gov/28671042
https://doi.org/10.1038/s41598-017-06142-x
https://pubmed.ncbi.nlm.nih.gov/28724986
https://doi.org/10.1002/jcp.26116
https://pubmed.ncbi.nlm.nih.gov/28771724
https://doi.org/10.4251/wjgo.v11.i2.91
https://pubmed.ncbi.nlm.nih.gov/30788037
https://doi.org/10.1016/j.mbs.2016.07.012
https://pubmed.ncbi.nlm.nih.gov/27498347
https://doi.org/10.1523/JNEUROSCI.3883-11.2011
https://pubmed.ncbi.nlm.nih.gov/21994399
https://doi.org/10.1016/j.brainresbull.2009.08.006
https://pubmed.ncbi.nlm.nih.gov/19683563
https://doi.org/10.3892/mmr.2018.9156
https://pubmed.ncbi.nlm.nih.gov/29901156

50.

51.

52.

53.

54,

55.

56.

57.

58.

Dykes IM, Emanueli C. Transcriptional and post-
transcriptional gene regulation by long non-coding
RNA. Genomics Proteomics Bioinformatics. 2017;
15:177-86.
https://doi.org/10.1016/j.gpb.2016.12.005
PMID:28529100

Portoso M, Ragazzini R, Brendi¢ Z, Moiani A, Michaud A,
Vassilev |, Wassef M, Servant N, Sargueil B, Margueron
R. PRC2 is dispensable for HOTAIR-mediated
transcriptional repression. EMBO J. 2017; 36:981-94.
https://doi.org/10.15252/embj.201695335
PMID:28167697

Zhou M, Zhao H, Wang X, Sun J, Su J. Analysis of long
noncoding RNAs highlights region-specific altered
expression patterns and diagnostic roles in Alzheimer’s
disease. Brief Bioinform. 2019; 20:598-608.
https://doi.org/10.1093/bib/bby021

PMID:29672663

Xu JH, Chang WH, Fu HW, Yuan T, Chen P. The mRNA,
miRNA and IncRNA networks in hepatocellular
carcinoma: an integrative transcriptomic analysis from
gene expression omnibus. Mol Med Rep. 2018;
17:6472-82.

https://doi.org/10.3892/mmr.2018.8694
PMID:29512731

Zheng B, Jeong S, Zhu Y, Chen L, Xia Q. miRNA and
IncRNA as biomarkers in cholangiocarcinoma(CCA).
Oncotarget. 2017; 8:100819-30.
https://doi.org/10.18632/oncotarget.19044
PMID:29246025

Eliasson L. The small RNA miR-375 - a pancreatic islet
abundant miRNA with multiple roles in endocrine beta
cell function. Mol Cell Endocrinol. 2017; 456:95-101.
https://doi.org/10.1016/j.mce.2017.02.043
PMID:28254488

Zhang WH, Gui JH, Wang CZ, Chang Q, Xu SP, Cai CH, Li
YN, Tian YP, Yan L, Wu B. The identification of miR-375
as a potential biomarker in distal gastric
adenocarcinoma. Oncol Res. 2012; 20:139-47.
https://doi.org/10.3727/096504012x13522227232156
PMID:23461060

Du T, Zhang B, Zhang S, Jiang X, Zheng P, Li J, Yan M,
Zhu Z, Liu B. Decreased expression of long non-coding
RNA WT1-AS promotes cell proliferation and invasion
in gastric cancer. Biochim Biophys Acta. 2016;
1862:12-19.
https://doi.org/10.1016/j.bbadis.2015.10.001
PMID:26449525

Shao X, Ma W, Xie X, Li Q, Lin S, Zhang T, Lin Y.
Neuroprotective  effect of tetrahedral DNA
nanostructures in a cell model of Alzheimer’s disease.
ACS Appl Mater Interfaces. 2018; 10:23682-92.

59.

60.

61.

62.

63.

64.

65.

66.

https://doi.org/10.1021/acsami.8b07827
PMID:29927573

Wei D, Chen T, Yan M, Zhao W, Li F, Cheng W, Yuan L.
Synthesis, characterization, antioxidant activity and
neuroprotective effects of selenium polysaccharide
from radix hedysari. Carbohydr Polym. 2015;
125:161-68.
https://doi.org/10.1016/j.carbpol.2015.02.029
PMID:25857971

Shinohara M, Tachibana M, Kanekiyo T, Bu G. Role of
LRP1 in the pathogenesis of Alzheimer’s disease:
evidence from clinical and preclinical studies. J Lipid
Res. 2017; 58:1267-81.
https://doi.org/10.1194/jIr.R075796 PMID:28381441

Fenoglio C, Scarpini E, Serpente M, Galimberti D. Role
of genetics and epigenetics in the pathogenesis of
Alzheimer’s disease and frontotemporal dementia. J
Alzheimers Dis. 2018; 62:913-32.
https://doi.org/10.3233/JAD-170702 PMID:29562532

Kumaran A, Ho CC, Hwang LS. Protective effect of
nelumbo nucifera extracts on beta amyloid protein
induced apoptosis in PC12 cells, in vitro model of
Alzheimer’s disease. J Food Drug Anal. 2018;
26:172-81.
https://doi.org/10.1016/j.ifda.2017.01.007
PMID:29389553

Xing HY, Li B, Peng D, Wang CY, Wang GY, Li P, Le YY,
Wang JM, Ye G, Chen JH. A novel monoclonal antibody
against the n-terminus of AB1-42 reduces plaques and
improves cognition in a mouse model of Alzheimer’s
disease. PLoS One. 2017; 12:e0180076.
https://doi.org/10.1371/journal.pone.0180076
PMID:28662102

Wei L, Li P, Zhao C, Wang N, Wei N. Upregulation of
microRNA-1270 suppressed human glioblastoma cancer
cell proliferation migration and tumorigenesis by acting
through WT1. Onco Targets Ther. 2019; 12:4839-48.
https://doi.org/10.2147/0TT1.5192521

PMID:31417281

Yang J, Gong Y, Cai J, Liu Q, Zhang Z. Lnc-3215
suppression leads to calcium overload in selenium
deficiency-induced chicken heart lesion via the Inc-
3215-miR-1594-TNN2 pathway. Mol Ther Nucleic
Acids. 2019; 18:1-15.
https://doi.org/10.1016/j.omtn.2019.08.003
PMID:31479920

Encinas M, lIglesias M, Liu Y, Wang H, Muhaisen A,
Cefia V, Gallego C, Comella JX. Sequential treatment of
SH-SY5Y cells with retinoic acid and brain-derived
neurotrophic factor gives rise to fully differentiated,
neurotrophic factor-dependent, human neuron-like
cells. J Neurochem. 2000; 75:991-1003.

www.aging-us.com

23993

AGING


https://doi.org/10.1016/j.gpb.2016.12.005
https://pubmed.ncbi.nlm.nih.gov/28529100
https://doi.org/10.15252/embj.201695335
https://pubmed.ncbi.nlm.nih.gov/28167697
https://doi.org/10.1093/bib/bby021
https://pubmed.ncbi.nlm.nih.gov/29672663
https://doi.org/10.3892/mmr.2018.8694
https://pubmed.ncbi.nlm.nih.gov/29512731
https://doi.org/10.18632/oncotarget.19044
https://pubmed.ncbi.nlm.nih.gov/29246025
https://doi.org/10.1016/j.mce.2017.02.043
https://pubmed.ncbi.nlm.nih.gov/28254488
https://doi.org/10.3727/096504012x13522227232156
https://pubmed.ncbi.nlm.nih.gov/23461060
https://doi.org/10.1016/j.bbadis.2015.10.001
https://pubmed.ncbi.nlm.nih.gov/26449525
https://doi.org/10.1021/acsami.8b07827
https://pubmed.ncbi.nlm.nih.gov/29927573
https://doi.org/10.1016/j.carbpol.2015.02.029
https://pubmed.ncbi.nlm.nih.gov/25857971
https://doi.org/10.1194/jlr.R075796
https://pubmed.ncbi.nlm.nih.gov/28381441
https://doi.org/10.3233/JAD-170702
https://pubmed.ncbi.nlm.nih.gov/29562532
https://doi.org/10.1016/j.jfda.2017.01.007
https://pubmed.ncbi.nlm.nih.gov/29389553
https://doi.org/10.1371/journal.pone.0180076
https://pubmed.ncbi.nlm.nih.gov/28662102
https://doi.org/10.2147/OTT.S192521
https://pubmed.ncbi.nlm.nih.gov/31417281
https://doi.org/10.1016/j.omtn.2019.08.003
https://pubmed.ncbi.nlm.nih.gov/31479920

67.

68.

69.

70.

71.

https://doi.org/10.1046/j.1471-4159.2000.0750991.x
PMID:10936180

Dickson JR, Kruse C, Montagna DR, Finsen B, Wolfe MS.
Alternative polyadenylation and miR-34 family
members regulate tau expression. J Neurochem. 2013;
127:739-49.

https://doi.org/10.1111/jnc.12437

PMID:24032460

Wang H, Lu B, Chen J. Knockdown of IncRNA SNHG1
attenuated AB,sss-inudced neuronal injury via
regulating KREMEN1 by acting as a ceRNA of miR-137
in neuronal cells. Biochem Biophys Res Commun. 2019;
518:438-44.
https://doi.org/10.1016/j.bbrc.2019.08.033
PMID:31447119

Wang J, Zhou T, Wang T, Wang B. Suppression of
IncRNA-ATB prevents amyloid-B-induced neurotoxicity
in PC12 cells via regulating miR-200/ZNF217 axis.
Biomed Pharmacother. 2018; 108:707-15.
https://doi.org/10.1016/j.biopha.2018.08.155
PMID:30248538

Wang B, Lv K, Chen W, Zhao J, Luo J, Wu J, Li Z, Qin
H, Wong TS, Yang W, Fu QL, Lei W. miR-375 and
miR-205 regulate the invasion and migration of
laryngeal squamous cell carcinoma synergistically
via AKT-mediated EMT. Biomed Res Int. 2016;
2016:9652789.
https://doi.org/10.1155/2016/9652789
PMID:28078305

Lee H, Yeom M, Shin S, Jeon K, Park D, Jung E.
Protective effects of aqueous extract of Mentha
suaveolens against oxidative stress-induced damages

72.

73.

74.

75.

in human keratinocyte HaCaT cells. Evid Based
Complement Alternat Med. 2019; 2019:5045491.
https://doi.org/10.1155/2019/5045491
PMID:31662774

Zhu J, Chen X, Song Y, Zhang Y, Zhou L, Wan L. Deficit
of RACK1 contributes to the spatial memory
impairment via upregulating BECLIN1 to induce
autophagy. Life Sci. 2016; 151:115-21.
https://doi.org/10.1016/.1fs.2016.02.014
PMID:26930371

Lv X, Wang ZM, Huang SD, Song SH, Wu FX, Yu WF.
Emulsified isoflurane preconditioning reduces lung
injury induced by hepatic ischemia/reperfusion in rats.
IntJ Med Sci. 2011; 8:353-61.
https://doi.org/10.7150/ijms.8.353

PMID:21698053

Wang ZH, Liu P, Liu X, Yu SP, Wang JZ, Ye K. Delta-
secretase (AEP) mediates tau-splicing imbalance and
accelerates cognitive decline in tauopathies. J Exp
Med. 2018; 215:3038-56.
https://doi.org/10.1084/jem.20180539
PMID:30373880

Gwon Y, Kam TI, Kim SH, Song S, Park H, Lim B, Lee H,
Lee W, Jo DG, Jung YK. TOM1 regulates neuronal
accumulation of amyloid-B oligomers by FcyRIlb2
variant in Alzheimer’s disease. J Neurosci. 2018;
38:9001-18.
https://doi.org/10.1523/INEUROSCI.1996-17.2018
PMID:30185465

www.aging-us.com

23994

AGING


https://doi.org/10.1046/j.1471-4159.2000.0750991.x
https://pubmed.ncbi.nlm.nih.gov/10936180
https://doi.org/10.1111/jnc.12437
https://pubmed.ncbi.nlm.nih.gov/24032460
https://doi.org/10.1016/j.bbrc.2019.08.033
https://pubmed.ncbi.nlm.nih.gov/31447119
https://doi.org/10.1016/j.biopha.2018.08.155
https://pubmed.ncbi.nlm.nih.gov/30248538
https://doi.org/10.1155/2016/9652789
https://pubmed.ncbi.nlm.nih.gov/28078305
https://doi.org/10.1155/2019/5045491
https://pubmed.ncbi.nlm.nih.gov/31662774
https://doi.org/10.1016/j.lfs.2016.02.014
https://pubmed.ncbi.nlm.nih.gov/26930371
https://doi.org/10.7150/ijms.8.353
https://pubmed.ncbi.nlm.nih.gov/21698053
https://doi.org/10.1084/jem.20180539
https://pubmed.ncbi.nlm.nih.gov/30373880
https://doi.org/10.1523/JNEUROSCI.1996-17.2018
https://pubmed.ncbi.nlm.nih.gov/30185465

SUPPLEMENTARY MATERIALS

Supplementary Figure

Normal

'rn-g—%-m-
miR-375
S %
v el ¥t vl

mRNA

Apoptosis ‘ — Inhibition
damage <— Promote

WT1-AS T

AD

Apoptosis — }— Inhibition

damage <— Promote

Supplementary Figure 1. WT1-AS was expressed at low levels in AD, and low expression of WT1-AS could promote the
expression of the transcription factor WT1, thus promoting miR-375, inhibiting the expression of SIX4 and promoting
oxidative stress injury and apoptosis of neurons in AD.
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