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Existing studies have revealed that microRNAs (miRNAs)
have a role in cognitive deficits in Alzheimer’s disease
(AD). However, the function and pathophysiological mecha-
nism of deregulated miRNAs underlying AD pathology
remain to be investigated. The present study aimed to clarify
the role and mechanism of miR-148a-3p in AD. RNA
sequencing, qRT-PCR, and western blot analysis were used
to identify the aberrant expression and signaling of miR-
148a-3p within cells, mice, and patients with AD. Molecular
biology techniques involving luciferase reporter assays, gene
overexpression and silencing, chromatin immunoprecipita-
tion, and adeno-associated virus-based miRNA overexpres-
sion were used to explore the biological function and
mechanisms of miR-148a-3p. Downregulation of miR-148a-
3p was identified in AD. Upregulation of miR-148a-3p was
found to protect neuronal cells against Ap-associated tau hy-
perphosphorylation by directly targeting p35/CDK5 and
PTEN/p38 mitogen-activated protein kinase (MAPK) path-
ways. A mutual regulatory link between miR-148a-3p and
PTEN using a feedforward arrangement was confirmed via
promotion of transcription and expression of miR-148a-3p
by way of the PTEN/Akt/CREB pathway. Significantly, in vivo
targeting of miR-148a-3p signaling ameliorated cognitive
deficits by decreasing p35/PTEN-elicited tau hyperphosphor-
ylation, accompanied by feedforward transduction of the
PTEN/Akt/CREB pathway. In conclusion, the present study
implicated the miR-148a-3p/p35/PTEN pathway as an essen-
tial contributor to tau hyperphosphorylation and feedfor-
ward regulation in AD.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia,
manifested histopathologically as extracellular senile plaques formed
by amyloid-f peptides (AB) and intracellular neurofibrillary tangles
(NFTs) consisting of aberrantly hyperphosphorylated tau proteins.'
As the exact etiology of their formation and their pathogenesis
remain primarily unelucidated, therapies effective in preventing
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the development of AD, or halting its progression, have yet to be
found. NFTs are considered a key event in AD, and evidence sug-
gests that they are closely associated with cognitive deficit in such
patients.” Intracellular hyperphosphorylated tau proteins are critical
components of NFTs, resulting in structural abnormalities in
neuronal microtubules and dysfunction in axonal transport.’
More importantly, insoluble aggregations of NFTs inside neurons
and glial cells cause neurotoxic transformation, inducing dendritic
aberrance, synaptic loss, and ultimately a decline in recollection.>*
Therefore, inhibition of tau hyperphosphorylation through early
modification therapy of upstream target signaling may be most
effective in preventing AD.

Emerging evidence indicates that microRNAs (miRNAs) are impli-
cated in multiple pathological processes in AD.”® As key factors
in the regulation of gene expression, miRNAs operate by inhibi-
tion of protein expression through post-transcriptional binding
to the 3’ untranslated regions (UTRs) of target messenger RNAs
(mRNAs).”"® It is hypothesized that abnormal regulation
of miRNA-targeted networks plays a key role in AD pathological
processes via regulation of genes involving AP overproduc-
tion,'""* tau hyperphosphorylation,'*'” glial-activation-induced
neuroinflammation,'®'” synaptic dysfunction,'®"”
apoptosis.”?" Despite reported involvement of novel miRNAs in
AD pathogenesis, the identity of sensitive mRNAs involved in
the diagnosis, treatment, and pathophysiological implications of
AD remains unclear.

and neuronal
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In the present study, we report novel functions and molecular mech-
anisms of miR-148a-3p, a member of a highly conservative miR-148a
cluster, in the decline in cognition in AD pathology, also character-
ized as a potential noninvasive biomarker in the diagnosis and
treatment of AD. Here, we demonstrated that downregulation of
miR-148a-3p contributed to tau hyperphosphorylation, and thus
the progression of AD, having substantial diagnostic and therapeutic
significance in a clinical setting. We then revealed that miR-148a-3p
targeted cyclin-dependent kinase 5 regulatory subunit 1 (CDK5R1;
p35) and phosphatase and tensin homolog deleted on chromosome
10 (PTEN), which were involved in tau hyperphosphorylation. In
addition, the PTEN/protein kinase B/cAMP-response element-bind-
ing protein (Akt/CREB) signaling pathway exhibited feedforward
autoregulation of miR-148a-3p. Notably, the experimental strategy
targeting miR-148a-3p signaling rescued cognitive-behavioral abnor-
malities, neurodegeneration, and tau hyperphosphorylation in AD

different ages compared with age-matched
wild-type (WT) controls. A literature search
was conducted for 12 miRNAs that were significantly downregulated
as the APP/PS1 mice aged to narrow candidate molecules (Figure 1A,
Table S1). Nine miRNAs were excluded owing to the abnormal
expression that occurs in a variety of tumors and that is less likely
to act in AD. Of the remaining miRNAs, miR-148a-3p exhibited
continuous and significant downregulation from an early (3 months)
to an established (9 months) stage of progressive AD, accompanied by
a high area under the curve value (AUGC; 0.799; specificity, 16.7%;
sensitivity, 95.8%), which discriminated APP/PS1 from WT control
mice (Figure 1B, p < 0.05), suggesting that it represents a novel
miRNA associated with the AD pathological process.

To further verify this association as AD progressed, the brain tissues
of APP/PS1 and senescence-accelerated mouse prone 8 (SAMPS)
mice at different ages, presenting AD-symptom-like cognitive
decline, AP accumulation, and tau hyperphosphorylation, as
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Figure 2. miR-148a-3p provides neuroprotection to APPswe cells and inhibits tau hyperphosphorylation

(A) Cell viability of copper-injured APPswe cells transfected with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled control (Scr/Anti-scr) as measured
by CCK-8 assay. (B) Representative images of copper-injured APPswe cells transfected with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled
control (Scr/Anti-scr) assessed by flow cytometry. (C) Quantification of the percentage of cell apoptosis. (D and E) Representative western blot images (D) and quantification
(E) of tau phosphorylation at AT8, Ser199, Ser396, and Ser404 sites in copper-injured APPswe cells transfected with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-
148a), and scrambled control (Scr/Anti-scr). Results represent means + SEM, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001 versus Scr/Anti-scr. GAPDH, glyceraldehyde-3-

phosphate dehydrogenase.

frequently reported,”>** were analyzed by quantitative reverse-tran-

scription polymerase chain reaction (QRT-PCR). The results demon-
strated that, consistent with miRNA profiling, miR-148a-3p expres-
sion decreased in the hippocampus and cortex of APP/PS1 and
SAMP8 mice at 6 and 9 months of age (Figures 1C and 1D, p <
0.05-0.01). miR-148a-3p expression decreased in a time-dependent
fashion (Figure 1E, all p < 0.001) in an in vitro model that used copper
to trigger the toxicity of AP in SH-SY5Y cells transfected with the
Swedish mutant form of human APP (referred to as “APPswe cells”),
combined with decreased cell viability in response to copper (Fig-
ure S1, all p < 0.001).

The clinical significance of miR-148a-3p expression was evaluated in
AD patients compared with healthy age-matched volunteers (HAVs)
using qQRT-PCR. The results demonstrated that miR-148a-3p expres-
sion levels in serum were lower in AD patients than in HAVs (Fig-
ure 1F, p < 0.05). A strong positive correlation between Mini-Mental
State Examination (MMSE) score and serum miR-148a-3p level in
AD patients was identified (Figure 1G, R* = 0.20, p < 0.05), indicating
that miR-148a-3p represented a blood biomarker with good diag-
nostic value (Figure 1H, AUC, 0.777; specificity, 90%; sensitivity,
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45.5%; p < 0.05). Collectively, these results suggest that miR-148a-
3p is downregulated during AD progression and may be considered
a prognostic biomarker for the diagnosis of AD.

miR-148a-3p has neuroprotective effects and attenuates tau
hyperphosphorylation in AD cells

To explore the functional role of miR-148a-3p in AD, miR-148a-3p
mimics, anti-miR-148a-3p, or scrambled controls were transfected
into APPswe cells, which were then treated with copper. miR-148a-
3p mimics increased the viability of APPswe cells, while anti-miR-
148a-3p decreased viability following copper exposure compared
with the corresponding scrambled control (Figure 2A, both p <
0.001). Flow cytometry revealed that the total degree of apoptosis,
representing both early and late apoptosis, in APPswe cells trans-
fected with miR-148a-3p mimics was reduced, but exacerbated
when transfected with anti-miR-148a-3p (Figures 2B and 2C, p <
0.01-0.001). These results indicate that upregulation of miR-148a-
3p exerted a neuroprotective effect in AD.

Additional western blot analysis indicated that miR-148a-3p mimics
inhibited tau phosphorylation at a number of epitopes, including
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ATS, Ser199, Ser396, and Ser404 (Figures 2D and 2E, p < 0.05-0.001),
and, conversely, tau phosphorylation was exacerbated at these epi-
topes when transfection was conducted with anti-miR-148a-3p (p <
0.05-0.001). In addition, miR-148a-3p mimics and anti-miR-148a-
3p did not influence APP expression (Figure S2). Thus, these findings
suggest that inhibition of tau hyperphosphorylation contributes to
miR-148a-3p-mediated neuroprotection in AD.

miR-148a-3p attenuates tau hyperphosphorylation by targeting
p35

To establish how miR-148a-3p exerts neuroprotection in AD, bioin-
formatics analysis was conducted using online databases and correla-
tion analysis of RNA sequencing. Among the predicted miR-148a-3p
targets in three databases (Figure 3A, Table S2), the majority of
predicted mRNAs were excluded because they are reported to be pri-
marily expressed in tumors and other unrelated diseases. Of predicted
targets reported to be associated with AD, including CDK5R1 (p35),
PTEN, low-density lipoprotein receptor (LDLR), and quaking (QKI),
p35 and PTEN mRNAs were found to display a strong negative cor-
relation with miR-148a-3p expression in APP/PS1 mice as the disease
progressed (Figures 3B and 3C, both p < 0.05). The subsequent dual-
luciferase reporter assay indicated that the predicted LDLR and QKI
genes were not specific targets of miR-148a-3p (Figure S3).

miR-148a-3p was found to have a conserved target site in the 3 UTR
of the p35 gene and had a mirSVR score of —1.1160 as a predicted
target of miR-148a-3p (Figures 3D and 3E, Table S2). The dual-lucif-
erase reporter assay indicated that the luciferase activity of the WT
p35 mRNA 3’ UTR was attenuated by co-transfection of miR-148a-
3p mimics, which was undetected when mutant 3’ UTR was expressed
(Figure 3F, p < 0.001), suggesting that miR-148a-3p directly targets
the predicted p35 mRNA 3’ UTR sequence. qRT-PCR and western
blot analysis were then performed to determine the influence of
miR-148a-3p on p35 gene and protein expression. miR-148a-3p
mimics were found to downregulate p35 protein expression (Figures
3G and 3H, p < 0.001), while anti-miR-148a-3p upregulated p35
protein expression (p < 0.001). Owing to miR-148a-3p mimics or
anti-miR-148a-3p not causing a change in p35 mRNA expression
(Figure 3I), miR-148a-3p was extrapolated to target the 3’ UTR of
p35, thereby suppressing its translation.

Molecular Therapy: Nucleic Acids

p35 is a neuron-specific regulatory protein of cyclin-dependent pro-
tein kinase 5 (CDK5), an important kinase involved in abnormal
hyperphosphorylation. Typically, CDK5 upregulation was demon-
strated by p35 overexpression (Figures 3] and K, p < 0.01), while
the direct binding of p35 to CDK5 was determined using an immuno-
precipitation assay (Figure 3L). Notably, miR-148a-3p mimics sup-
pressed the expression of p35, p25, and CDK5 (Figures 3M and 3N,
p < 0.01-0.001), while anti-miR-148a-3p caused the reverse (p <
0.01-0.001). Consistently, the inhibitory effect of miR-148a-3p on
tau phosphorylation was reversed by p35 overexpression (Figures
30 and 3P, p < 0.05-0.001; Figure S4). Therefore, these findings sug-
gest that miR-148a-3p acted upstream of the inhibition of tau hyper-
phosphorylation in a cascade that regulated p35/CDK5 signaling.

miR-148a-3p regulates the PTEN/Akt/CREB signaling pathway
through a negative feedforward loop

Consistent with the RNA-sequencing analysis described above, a
mirSVR score of —1.1250 (Table S2) and a conserved target site in
the 3’ UTR of PTEN (Figure 4A) indicated that PTEN represented
an additional mRNA to which miR-148a-3p was able to bind.
Co-transfection of miR-148a-3p mimics with WT PTEN mRNA 3’
UTR led to inhibition of luciferase activity (Figures 4B and 4C, p <
0.01), while mutation of the predicted miR-148a-3p binding sites in
the 3 UTR of PTEN abolished luciferase activity, identifying PTEN
as a direct target of miR-148a-3p in vitro. Furthermore, PTEN protein
expression levels were downregulated by miR-148a-3p mimics and
upregulated by anti-miR-148a-3p (Figures 4D and 4E, p < 0.001
and 0.05), while no variation in PTEN mRNA expression was
observed when miR-148a-3p mimics or anti-miR-148a-3p were
used (Figure 4F). Jointly, these results suggest that PTEN is under
the regulatory control of miR-148a-3p via the 3’ UTR binding of
PTEN, thereby reducing protein production.

To further explore the signaling pathways of miR-148a-3p, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
miR-148a-3p predicted targets indicated that PTEN/Akt signaling
was the most relevant enriched pathway associated with AD (Fig-
ure 4G). As confirmed by western blot analysis, PTEN overexpression
inhibited Akt phosphorylation, while PTEN silencing caused the oppo-
site effect (Figures 4H-4], p < 0.01-0.001), indicating that PTEN acted

Figure 3. miR-148a-3p attenuates tau hyperphosphorylation by the direct targeting of p35

(A) Venn diagram of predicted targets of miR-148a-3p as defined using three databases: TargetScan, miRDB, and Tarbase. (B and C) Correlation analysis of miR-148a-3p
with p35 (CDK5R1) (B) and PTEN (C) mRNA in APP/PS1 mouse cortex at different stages of AD. (D) Potential binding site for miR-148a-3p in the 3' UTR of p35 mRNA as
suggested by bioinformatics analysis. (E) Construction of wild-type (Wt) and mutant (Mut) 3" UTR of p35 within a pGL3 vector. (F) Relative luciferase activity after co-
transfection with a plasmid constructed with a Wt or Mut p35 3’ UTR with scrambled control (Scr) or miR-148a-3p mimic (148a) in HEK293 cells. (G) Representative western
blot images of p35 expression in APPswe cells after transfection with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled controls (Scr/Anti-scr). (H)
Quantification of p35 protein expression. () p35 MRNA gene expression levels quantified by qRT-PCR after transfection of APPswe cells with miR-148a-3p mimic (148a),
anti-miR-148a-3p (Anti-148a), and scrambled controls (Scr/Anti-scr). (J and K) Representative western blot images of p35 and CDK5 expression in APPswe cells (J) and
quantification (K) after overexpression of p35 (exclusion of nonspecific band of p35). (L) Binding of p35 and CDK5 using an immunoprecipitation assay in APPswe cell
homogenates immunoprecipitated with anti-p35 antibody. (M and N) Representative western blot images of p35, p25, and CDK5 expression (M) and quantification (N) in
APPswe cells transfected with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled controls (Scr/Anti-scr). (O and P) Representative western blot
images of the phosphorylation of tau protein at AT8, S199, S396, and S404 sites (O) and quantification (P) after transfection of APPswe cells with scrambled control (Scr),
miR-148a-3p mimic (148a), and p35. Results represent means + SEM, n = 5. **p < 0.01, **p < 0.001 versus Scr or Anti-scr; $p <0.05, $$p <0.01, $$$p < 0.001 versus 148a.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. miR-148a-3p directly targets PTEN and regulates the PTEN/Akt/CREB signaling pathway through a negative feedforward loop

(A) Binding site for miR-148a-3p in the 3’ UTR of PTEN mRNA as found by biocinformatics analysis. (B) Construction of wild-type (Wt) and mutant (Mut) 3" UTR of PTEN in the
pGL3 vector. (C) Relative luciferase activity after co-transfection with a plasmid constructed with a Wt PTEN 3’ UTR or Mut PTEN 3 UTR with scrambled control (Scr) or miR-
148a-3p mimic (148a) in HEK293 cells (n = 4). (D and E) Representative western blot images of PTEN protein expression (D) and quantification of PTEN protein expression (E)

(legend continued on next page)
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as an Akt phosphorylation inhibitor. Furthermore, miR-148a-3p
expression was negatively regulated by PTEN overexpression or
silencing (Figure 4K, both p < 0.001), but positively regulated by Akt
overexpression or silencing (Figure 4L, p < 0.001 and 0.01). In addition,
the stimulation of Akt by insulin-like growth factor 1 (IGF-1) and the
inhibition of phosphatidylinositol 3-kinase (PI3K) by LY294002 both
increased miR-148a-3p expression (Figure 4M, both p < 0.01; Figure S5,
both p < 0.001). These findings indicate an involvement of PTEN/Akt
signaling in miR-148a-3p-mediated neuroprotection.

To validate the regulatory interplay of PTEN/Akt with miR-148a-3p,
a luciferase reporter assay to detect miR-148a-3p translation was per-
formed by cloning the 3-kDa putative promoter of miR-148a-3p into
a pGL4 basic vector. The results demonstrated that PTEN overexpres-
sion, Akt silencing, and PI3K inhibition significantly suppressed
luciferase activity of the miR-148a-3p promoter (Figures 4N and
40, p < 0.05-0.01). Conversely, the opposite stimulus involving
PTEN silencing, Akt overexpression, or induction by IGF-1 increased
luciferase activity (all p < 0.001). Together, these results imply that
miR-148a-3p is not only a proteogenic suppressor of PTEN, but
also a feedforward effector of the PTEN/Akt pathway at a transcrip-
tional level.

The PTEN/Akt pathway regulates miR-148a-3p expression in a
CREB-dependent manner

Because the transcription of miR-148a-3p was found to be a feedfor-
ward regulator through the signaling pathway of its target PTEN, the
manner in which PTEN signaling influenced the expression of miR-
148a-3p was investigated in AD pathology. As revealed by western
blot analysis, CREB was found to be an important downstream
effector of the PTEN/Akt pathway, demonstrated by PTEN overex-
pression, Akt silencing, and PI3K inactivation decreasing the ratio
of phosphorylated CREB to total CREB, whereas it was increased
when the converse PTEN and Akt intervention was performed (Fig-
ures 5A-5E, p < 0.05-0.001). Using the bioinformatics application
rVista 2.0, an evolutionarily conserved putative CREB-binding site
was identified 1,217 bp upstream of the miR-148a-3p cluster (Figures
5F and 5G). The results of the chromatin immunoprecipitation
(ChIP) assay confirmed that DNA fragments containing the putative
binding site were precipitated by the CREB antibody (Figures 5H
and 5I).

Molecular Therapy: Nucleic Acids

To confirm whether CREB regulated the transcription of miR-148a-
3p via this binding site, the luciferase reporter containing the puta-
tive or mutant binding site of miR-148a-3p was co-expressed with a
plasmid overexpressing CREB in HEK293 cells. A significant in-
crease in luciferase activity was observed in the putative reporter
compared with that in the mutant (Figure 5], p < 0.001). Consistent
with the findings described above, CREB overexpression resulted in
a substantial 6-fold increase in miR-148a-3p expression, while
CREB silencing led to a 2-fold decrease in its expression (Figure 5K,
p < 0.001 and 0.01). The above results indicate that CREB regulated
miR-148a-3p transcription by its direct binding to the promoter of
miR-148a-3p. Collectively, these findings suggest that feedforward
action occurred between miR-148a-3p and PTEN/Akt via CREB-
dependent signaling.

PTEN/p38 MAPK is an additional pathway contributing to the
inhibitory effects of miR-148a-3p on tau phosphorylation
Previous studies have suggested a significant role for aberrant
PTEN signaling in tau phosphorylation.”*** Coincidentally, the
phosphorylation sites of tau proteins Ser396, Ser404, Ser199, and
AT8 were upregulated by PTEN overexpression and downregu-
lated by PTEN silencing (Figures 6A and 6B, p < 0.05-0.01). The
laser confocal microscopy images demonstrated that AD-relevant
tau phosphorylation epitopes, paired helical filament (PHF)-1
(Ser396/404), and total tau were stained in the cytoplasm of
APPswe cells. It was observed that PTEN was distributed in the
cytoplasm and nucleus. A further relationship between PTEN
and these tau proteins was analyzed by Pearson’s coefficient, which
displayed that PTEN had strong co-localization with PHF-1, from
the high value of 0.53 + 0.025, and moderate co-localization with
total tau, from the value of 0.27 + 0.097, suggesting that PTEN
preferred co-localization in the cytoplasm with phosphorylated
tau to total tau (Figures 6C and 6D, p < 0.05). Of the most
prominent tau phosphorylation, p38
mitogen-activated protein kinase (MAPK) was upregulated by
PTEN overexpression and downregulated by PTEN silencing (Fig-
ures 6E and 6F, both p < 0.05), accompanied by a negative change
in phosphorylated extracellular signal-regulated kinase-1/2 (p-
ERK1/2) (both p < 0.05) and a limited change in the phosphory-
lated glycogen synthase kinase-3B (p-GSK3B)/GSK3pB ratio in
response to a change in PTEN in APPswe cells. Furthermore,

kinases involved in

in APPswe cells after transfection with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled controls (Scr/Anti-scr) (n = 4). (F) PTEN mRNA expression
as measured by gRT-PCR after transfection of APPswe cells with miR-148a-3p mimic (148a), anti-miR-148a-3p (Anti-148a), and scrambled controls (Scr/Anti-scr) (n = 4). (G)
Top 10 most enriched pathways in KEGG pathway analysis of the predicted mRNA targets. (H-J) Representative western blot images of p-PTEN, PTEN, p-Akt, and Akt
expression (H) in APPswe cells transfected with PTEN-overexpressing plasmid (PTEN), basic vector (Vector), PTEN siRNA, and scrambled siRNA (Scr siRNA) and quan-
tification of p-PTEN/PTEN (I) and p-Akt/Akt (J) (n = 6). (K) miR-148a-3p expression quantified in APPswe cells by gRT-PCR after transfection with PTEN-overexpressing
plasmid (PTEN), basic vector (Vector), PTEN siRNA, and scrambled siRNA (Scr siRNA) (n = 4). (L) miR-148a-3p expression in APPswe cells measured by gRT-PCR after
transfection with Akt-overexpressing plasmid (Akt), basic vector (Vector), Akt siRNA, and scrambled siRNA (Scr siRNA) (n = 4). (M) miR-148a-3p expression measured by
gRT-PCR in APPswe cells treated with trehalose, IGF-1, PBS, and LY294002 (n = 4). (N) Luciferase activity in a luciferase reporter assay constructed by cloning the putative
promoter of miR-148a-3p into a pGL4 basic vector when PTEN was overexpressed (PTEN) or silenced (PTEN siRNA) and Akt was overexpressed (Akt) or silenced (Akt siRNA)
in HEK293 cells (n = 4). (O) Luciferase activity in the luciferase reporter assay constructed by cloning the putative promoter of miR-148a-3p into a pGL4 basic vector when
treated with IGF-1 and LY294002 in HEK293 cells (n = 4). Results represent means + SEM. *p < 0.05, **p < 0.01, **p < 0.001 versus corresponding controls. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5. PTEN/Akt pathway regulates miR-148a-3p expression in a CREB-dependent manner

(A and B) Representative western blot images of p-CREB and CREB (A) and quantification of p-CREB/CREB ratio (B) after transfection of APPswe cells with PTEN-expressing
plasmid (PTEN), vector control (Vector), PTEN siRNA, and scrambled siRNA (Scr siRNA) (n = 6). (C—-E) Representative western blot images of p-Akt, Akt, p-CREB, and CREB
(C) and quantification of ratio of p-Akt/Akt (D) and of p-CREB/CREB (E) after transfection of APPswe cells with Akt-expressing plasmid (Akt), basic vector control (Vector), Akt
siRNA, and scrambled siRNA (Scr siRNA) (n = 6). (F) Potential binding sites of CREB with the miR-148a-3p promoter. (G) Binding motif of CREB transcription factor with the
miR-148a-3p promoter. (H) Quantitation of ChIP assay results by gqRT-PCR (n = 4). (I) ChIP assay with CREB antibody and PCR ampilification of the region from the miR-148a-
3p promoter. (J) Luciferase activity of wild-type miR-148a-3p promoter construct (BS Wt) or CREB-binding-site mutant construct (BS Mut) in HEK293 cells transfected with
CREB-expressing plasmid (CREB) and its vector control (Vector) (n = 4). (K) Expression of miR-148a-3p using gRT-PCR after transfection of APPswe cells with CREB-
overexpressing plasmid (CREB), vector control (Vector), CREB siRNA, and scrambled siRNA (Scr siRNA) (n = 4). Results represent means + SEM. *p < 0.05, **p < 0.01, **p <
0.001 versus vector or Scr siRNA. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, not significant.

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 263


http://www.moleculartherapy.org

>
w

AT [ s
PTS190[ e - —— - |
pTS396[HES ww we =

P-PTEN
[ i |

PTEN

pTS396 [N S 0 |

Tau [ S
p-p38 — |
P38 [M w— ——
P-ERK12 [ s e
ERK1/2 | s s m—
P-GSK-35 [ s a— —
GSK-3p M S S S
GAPDH — — —
P N SN o
& & ‘\é,\@
<
& &L
Q‘\
G
ATs [ W T |
pTs1o0 (B e |
N
prs4os [HIN WIS |
pPTEN
PTEN
————
N > 2
o & >
& <& \g’*“
&
Q
264

Relative intensity
(ratio of vector)

Relative intensity

Relative intensity

>
2
&
W
&
Q
D
-
s
S 0.6
&=
[
[=]
© 0.4
c
2
=
K4
[
=
[<]
3}
»
c
[=]
4
©
[}
o
B Vector B Scr siRNA
3 5
Z 4 O PTEN B PTEN siRNA
© *
= I
K]
ey 31 sk
£
o
& 21
‘5 * *
S
= 14
g H | ” *
5 ﬂ
k]
o 0 \; é
= o
© & & & o Q"-' N !‘J
s 4 & A§§> @bﬁ‘ é"% Q,Q* 0%
& & & RO
S Q N~ +
<Q ,qu. P
= Vector Q <
O PTEN
3_l=l PTEN+148a
ok
= *
2 2 T
o
>
k] % * $
-g 1 *% $3 $
g H 555 I H
R e G
Q«Q, $§’b q\&'b b\&'b b}«’b
N S N o »
& & (& &
Qf? Q Q

m= Vector

m Scr siRNA
B PTEN siRNA

Molecular Therapy: Nucleic Acids Vol. 27 March 2022

Molecular Therapy: Nucleic Acids

Figure 6. PTEN/p38 MAPK signaling contributes to the
inhibitory effects of miR-148a-3p on tau
phosphorylation

(A and B) Representative western blot images of phosphor-
ylation of tau protein at AT8, S199, S396, and S404 sites and
Tau (A) and quantification of the ratios of AT8/Tau, S199/Tau,
S396/Tau, and S404/Tau (B) after transfection of APPswe
cells with PTEN-expressing plasmid (PTEN), vector control
(Vector), PTEN siRNA, and scrambled siRNA (Scr siRNA). (C)
Co-localization of PTEN with PHF-1, the Ser396/404 sites of
tau phosphorylation, and total tau (Tau) in APPswe cells using
an immunofluorescence assay. Scale bar, 50 um. (D)
Quantitative analysis of co-localization of PTEN with PHF-1
and Tau using Pearson coefficient in Fiji Imaged software. (E
and F) Representative western blot images of p-PTEN, PTEN,
pTS396, pTS404, Tau, p-p38 MAPK, p38 MAPK, p-ERK1/2,
ERK1/2, p-GSK3B, and GSK3B (E) and quantification of
PTEN expression and ratios of p-PTEN/PTEN, S396/Tau,
S404/Tau, p-GSK3B/GSK3B, p-ERK1/2/ERK1/2, p-JNK/
JNK, and p-p38 MAPK/p38 MAPK (F) after transfection of
APPswe cells with PTEN-expressing plasmid (PTEN), vector
control (Vector), PTEN siRNA, and scrambled siRNA (Scr
siRNA). (G and H) Representative western blot images of
phosphorylation of tau protein at AT8, S199, S396, and S404
sites; total tau; p-PTEN; and PTEN (G) and quantification (H)
after transfection of APPswe cells with PTEN-overexpressing
plasmid (PTEN) and PTEN-expressing plasmid plus miR-
148a-3p mimic (PTEN+148a). Results represent means +
SEM, n = 5. *n < 0.05, **n < 0.01 versus vector or Scr siRNA
or PTEN + Tau. ®p < 0.05, ¥%p < 0.01, %%%p < 0.001 versus
PTEN. GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase.
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ameliorated tau pathology in the hippocampus
and cortex, involving AT8 (the residues at
Ser202/Thr205 hyperphosphorylated initially),
Tau 1 (tau with Ser198/199/202 sites nonphos-
phorylated), and PHF-1 (mature hyperphos-
phorylated forms of tau) (Figures 8A-8F, p <
0.05-0.001), aside from Tau 5 (total tau) (Fig-
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PTEN-induced phosphorylation was inhibited by miR-148a-3p
(Figures 6G and 6H, p < 0.05-0.001). Therefore, miR-148a-3p
may have a dual regulatory role concerning tau phosphorylation
via the p35/CDK5 and PTEN/p38 MAPK pathways.

miR-148a-3p overexpression or PTEN silencing rescues
cognitive deficit in AD mice

As the results demonstrated that miR-148a-3p/p35/PTEN was
involved in AD pathology, the therapeutic potential of the miR-
148a-3p-mediated pathway toward AD was examined in 6-month-
old APP/PS1 mice, which were infused with adeno-associated
viruses (AAVs) transfected with miR-148a-3p mimic, PTEN small
interfering RNAs (siRNAs), or scrambled sequences. Initially,
miR-148a-3p and PTEN levels in the cortex and hippocampus of
6-month-old APP/PS1 mice changed (Figures S6A-S6F, all p <
0.05). The administration of miR-148a-3p mimics or PTEN

ures 8G and 8H). Similarly, miR-148a-3p mimic
or PTEN siRNA treatment ameliorated neuronal
degeneration as illustrated by neuronal-specific
nuclear protein (NeuN) and terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling
(TUNEL) staining in the cortex and hippocampus of APP/PS1
mice (Figures 8I-8L, p < 0.05-0.001).

Measurement of the signaling pathway first elucidated co-localization
of PTEN and p35 with phosphorylated tau PHF-1 in the hippocam-
pus and cortex of differentially treated APP/PS1 mice (Figures 9A—
9D). Subsequently, p35, p25, and CDK5 expression decreased in
the hippocampus of miR-148a-3p-treated APP/PS1 mice, in parallel
with downregulated tau phosphorylation at Ser199, Ser396, and
Ser404 epitopes compared with APP/PS1 scrambled control mice
(Figures 9E and 9F, p < 0.05-0.001). The critical molecular factors
within the feedforward loop of miR-148a-3p were created in PTEN
siRNA-treated APP/PS1 mice, indicative of increased ratios of p-
PTEN/PTEN, p-Akt/Akt, and p-CREB/CREB and the upregulation
of miR-148a-3p in the hippocampus compared with the scrambled
APP/PS1 control (Figures 9G-9I, p < 0.05-0.001). These findings
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Figure 8. miR-148a-3p overexpression or PTEN silencing
ameliorated tau pathology and neurodegeneration in AD
mice

(A-H) Representative images and quantitative analysis, respec-
tively, of immunoreactivity of AT8 (A and B), Tau 1 (C and D), PHF-
1 (E and F), and Tau 5 (G and H) using immunohistochemistry of
the hippocampus and cerebral cortex in APP/PS1 mice treated
with miR-148a-3p mimics, PTEN siRNAs, and scrambled con-
trols. (land J) Representative images (I) and quantitative analysis of
immunoreactivity (J) of NeuN staining in the hippocampus and
cerebral cortex of APP/PS1 mice treated with miR-148a-3p
mimics, PTEN siRNAs, and scrambled controls. (K and L)
Representative images (K) and quantitative analysis of immuno-
reactivity (L) of TUNEL staining of the hippocampus and cerebral
cortex tissue of APP/PS1 mice treated with miR-148a-3p mimics,
PTEN siRNAs, and scrambled controls. Scale bar, 50 um. Results
represent means + SEM, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001
versus WT mice. *o < 0.05, #p < 0.01, #¥p < 0.001 versus APP/
PS1 scrambled controls.
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demonstrate that a target-specific strategy to rebuild the miR-148a-
3p/p35/PTEN pathway ameliorated AD-like symptoms and attenu-
ated tau phosphorylation in vivo.

DISCUSSION

The present study uncovered novel signaling pathways of miR-148a-
3p/p35/PTEN in AD, suggesting that miR-148a-3p has potential clin-
ical diagnostic value with biochemical cascades in AD pathology.
Based on these findings, miR-148a-3p was downregulated in AD
progression, and upregulation of miR-148a-3p reduced tau hyper-
phosphorylation and eventually protected neuronal cells against
ApB-induced injury by targeting p35 and PTEN. A regulatory feedfor-
ward link between miR-148a-3p and PTEN/Akt/CREB signaling was
found via the promotion of miR-148a-3p expression by CREB as a
downstream effector of the PTEN/Akt pathway. Significantly, the
in vivo targeting of miR-148a-3p/PTEN signaling ameliorated cogni-
tive deficit by increasing the transduction of the Akt/CREB feedfor-
ward pathway and reduced tau phosphorylation by decreasing p35/
PTEN-elicited tau hyperphosphorylation (Figure 10).

miR-148a-3p dysfunction in AD

As is well known, research has focused on the identification of miR-
148a-3p as a tumor suppressor in a number of cancers.”® >’ Little dis-
cussion has involved its function in AD. The novelty of the present
study stems from the insight that miR-148a-3p is involved in driving
the pathogenesis of AD. A substantial reduction in miR-148a-3p oc-
curs as the disease progresses, revealed by RNA sequencing and
verified in a variety of AD models, indicating that miR-148a-3p is a
causative factor in AD. A reduction of miR-148a-3p was found in
the hippocampus and cortex, two regions susceptible to AD, high-
lighting tissue-specific abnormalities of miR-148a-3p as cognitive
decline occurs and progresses.

Tau proteins become abnormally hyperphosphorylated in the early
stages of AD, proceeding progressively to pre-neurofibrillary tangles
and intraneuronal and extraneuronal NFTs,>! resulting in axonal
dysfunction, neuritic atrophy, and neuronal death. Although the eti-
ology of AD is multifactorial and undefined, tau hyperphosphoryla-
tion has been suggested to be the pathology that is most correlated
with cognitive decline.”> There are approximately 40 serine-threo-
nine phosphorylation sites in tau proteins related to AD, including
Ser199, Ser396, Ser404, and Thr205, epitopes that lead to PHF ag-
gregates in pre-tangles to neurofibrillary changes,” eventually
inducing region-specific neuronal apoptosis and degeneration.”* A
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range of kinases has been shown to phosphorylate tau protein,
such as CDK5, GSK3B, and MAPKs.” As tau hyperphosphorylation
involves the abnormal post-transcriptional modification of kinases
directly involved in the process of tau protein phosphorylation,*
the misregulation of miRNAs contributes greatly to the pathogenic
risks of AD.

In the present study, miR-148a-3p was found to have a neuroprotec-
tive effect by inhibition of abnormal tau phosphorylation at multiple
sites involved in the different stages of tau phosphorylation for the
complicated neuropathological events in AD. More importantly,
the results of AD pathology and spatial cognitive decline demon-
strated that miR-148a-3p improved learning and memory capability
and prevented the onset of histopathological changes by reducing tau
hyperphosphorylation and reducing neuronal degeneration. Consis-
tent with in vivo findings, miR-148a-3p levels in the blood of AD pa-
tients were closely positively correlated with the cognitive scores,
providing desirable rates of specificity and sensitivity for the disease.
The findings are possibly a function of the favorable effects of miR-
148a in attenuating the loss of nigral neurons in Parkinson’s disease.””
Therefore, miR-148a-3p may represent a good prognostic factor and
a promising neuroprotective target for inhibition of hyperphosphor-
ylation of tau that could contribute to the treatment of AD.

p35 and PTEN are novel targets of miR-148a-3p in the brain
Several studies showed a role for miR-148a-3p in some neurologic
disorders via action on different target genes. Rho-associated
coiled-coil kinase 1 (ROCKI1) is a potential target of miR-148a-3p,
which, by specifically binding to ROCK, attenuated AP,s.3s-induced
neurotoxicity in SH-SY5Y cells.”® Other reported target genes of miR-
148a-3p, such as synaptojanin-1 (SYNJ1),”” DNA methyltransferase 1
(DNMT1I),"’ and programmed cell death 1/programmed cell death
ligand 1 (CD274),*' may be involved in neuroimmune function and
cell apoptosis; among these, overexpression of miR-148a-3p is shown
to inhibit neuronal apoptosis via activation of the PI3K/AKT
signaling pathway by suppression of SYNJI expression in the hippo-
campal neurons of rats with febrile seizures.”” These findings imply
that miR-148a-3p may exert neuroprotective effects in certain neuro-
logic disorders via specific targets at the epigenetic level. However, the
underlying mechanism of action of miR-148a-3p on AD still needs to
be elucidated.

In the present study, the first inhibitory effect of miR-148a-3p upre-
gulation of tau phosphorylation was mediated by targeting p35, with

Figure 9. miR-148a-3p overexpression or PTEN silencing protects miR-148a-3p/p35/PTEN signaling and PTEN/Akt/CREB feedforward in AD mice

(A-D) Co-localization of p35 (A and B) and PTEN (C and D) with phosphorylated tau PHF-1 in the hippocampus (A and C) and cortex (B and D) of APP/PS1 mice treated with
miR-148a-3p mimics, PTEN siRNAs, and scrambled controls. Scale bar, 50 um. (E and F) Representative western blot images of pTS396, pTS404, pTS199, Tau, p35, p25,
CDK5, p-PTEN, and PTEN (E) and quantification of ratios of S396/Tau, S404/Tau, S199/Tau, and p-PTEN/PTEN and expression of p25, p35, and CDKS5 (F) in the hip-
pocampus of APP/PS1 mice treated with miR-148a-3p mimic and scrambled control. (G and H) Representative western blot images of pTS396, pTS404, pTS199, Tau, p-
PTEN, PTEN, p-Akt, Akt, p-CREB, and CREB (G) and quantification of ratios of S396/Tau, S404/Tau, S199/Tau, p-PTEN/PTEN, p-Akt/Akt, and p-CREB/CREB (H) in the
hippocampus of APP/PS1 mice treated with PTEN siRNA and scrambled control. (I) miR-148a-3p expression in the hippocampus of APP/PS1 mice treated with PTEN siRNA
and scrambled control. Results represent means + SEM, n = 5. *p < 0.05, **p < 0.01, **p < 0.001 versus WT mice. *p < 0.05, #p < 0.01, ##p < 0.001 versus APP/PS1

scrambled controls. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 10. Neuroprotective mechanism of miR-148a-3p/p35/PTEN signaling as established in the present study

AB, amyloid-B peptides; Akt, protein kinase B; CDK5, cyclin-dependent protein kinase 5; CREB, cAMP-response element binding protein; NFTs, neurofibrillary tangles; p25,
a proteolytic fragment of p35; p35, cyclin-dependent kinase 5 regulatory subunit 1; p38, p38 mitogen-activated protein kinase; PHF, paired helical filament; PTEN,
phosphatase and tensin homolog deleted on chromosome 10; RNA Pol Il, RNA polymerase |I.

the signature of decreased p35/CDKS5 signaling. p35 is known to be a
chief neural-specific activator of CDK5, among the most critical ki-
nases for the regulation of tau hyperphosphorylation in AD.* The
manifestation of the CDK5-p35 complex differs depending on
whether the conditions are physiological or pathological. CDKS5 activ-
ity is physiologically autoinhibited and limited to membrane targeting
owing to the ubiquitination pathway undertaken by the p10 fragment
of p35.** Under pathological conditions, neurotoxic stimulation in-
creases intracellular calcium levels, which leads to activation of cal-
pain, a protease responsible for the cleavage of the pl0 fragment
from p35 to produce p25. As a result of loss of the regulation of ubig-
uitination by the p10 fragment, the truncated p35 by-product p25
causes hyperactivation and mislocalization of CDKS5, leading to se-
vere neuropathological aberrations, including hyperphosphorylated
tau-mediated NFT formation and neuronal death, resulting in
AD.* Here, we found that increased p35 levels preceded those of
CDKS5 in response to copper-induced A stimulation in vitro, consis-
tent with the feedback activation of CDK5 by upregulation of p35in a
glutamate-induced excitotoxic neurodegeneration model.** In addi-
tion, p35 expression was found to have continually increased in
mouse cortical samples during AD progression, negatively correlating
with miR-148a-3p levels. Notably, miR-148a-3p was confirmed to
repress the expression of p35 and subsequently inhibit the expression
of p25 and CDKS5 in vitro. Supplementation in vivo with miR-148a-3p
coincidentally caused negative regulation of the expression of p35,

p25, and CDK5. Further specific upregulation of p35 blocked the
beneficial effects of miR-148a-3p on tau phosphorylation at multiple
epitopes. Therefore, novel mechanistic control exerted by miR-148a-
3p, but dependent on p35/CDKS5 signaling, regarding tau phosphor-
ylation in AD was elucidated.

The second inhibitory effect of miR-148a-3p on tau phosphorylation
was attributed to a different target, PTEN, deregulation of which was
closely linked to results suggesting a link to abnormal tau phosphor-
ylation in AD. A number of studies have reported that the targeting of
PTEN by miR-148a-3p is responsible for the promotion of differen-
tiation, proliferation, and macrophage activation in tumor and
inflammation-related diseases.”” ** The present study indicated that
PTEN is a direct target of miR-148a-3p and is responsible for atten-
uation of tau hyperphosphorylation, through co-localization with
phosphorylated tau proteins in neuronal cells. In combination with
the well-documented functions of miR-148a-3p, we propose that
miR-148a-3p/PTEN signaling may contribute to neuroprotection in
AD, at least partially due to the reduction in tau phosphorylation.

Of the downstream signaling of PTEN due to regulation by miR-
148a-3p, PTEN/AKkt signaling represented the principally enriched
pathway associated with AD. An extensive literature search has
demonstrated that PTEN causes deregulation of the PI3K/Akt
pathway in conjunction with increased GSK3B and MAPK
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activity," ' playing a crucial role in the onset and progression of AD.
Correspondingly, we have shown that PTEN negatively regulates
PI3K/Akt signaling and subsequently induces the activation of p38
MAPK, which is associated with the effective kinase/phosphatase sys-
tem leading to tau phosphorylation. These results are consistent with
the observation that downregulation of PTEN-mediated Akt
signaling is correlated with the elevation of kinases and phosphatases
in tau phosphorylation.

Novel regulatory mechanism between miR-148a-3p and PTEN/
Akt/CREB is established

It is worth noting that a novel reciprocal regulatory mechanism be-
tween miR-148a-3p and PTEN was established. As revealed above,
miR-148a-3p suppressed PTEN expression by targeting its 3’ UTR,
thereby inactivating the Akt signaling pathway. Conversely, overex-
pression of PTEN or silencing of Akt led to the suppression of
miR-148a-3p expression, and the silencing of PTEN or activation of
Akt increased miR-148a-3p expression. Thus, a novel correlation be-
tween miR-148a-3p and PTEN emerged based on the manifestation
that miR-148a-3p/PTEN signaling functioned as a negative regulato-
ry feedback loop.

Further investigation demonstrated the crucial role of CREB in the
regulation of PTEN/AKkt signaling transduction presented by its inter-
ference with PTEN or Akt in vitro and shown by levels of activated
CREB phosphorylation in the hippocampus of APP/PS1 mice by
PTEN silencing in vivo. CREB is a critical effector involved in Akt
signaling that contributes to neuronal survival, neurogenesis, and
neuroplasticity.”> As a well-studied transcription factor, CREB mod-
ulates the transcription of a number of miRNAs by binding to their
promoter regions, thereby promoting signaling transduction.”
Mechanistic studies further found that CREB bound to the promoter
region of miR-148a-3p, thereby inducing its transcription. Corre-
spondingly, the existence of a negative feedforward loop involving
miR-148a-3p/PTEN/Akt/CREB in APP/PS1 mice is well established
in the recovery of spatial cognitive deficits and relief of neuronal
degeneration.

In conclusion, our findings identified a novel function for miR-148a-
3p in the progression of AD and revealed the mechanisms involved in
miR-148a-3p/p35/PTEN signaling, allowing the rescue of AD-like
cognitive impairment and tau pathology. These findings provide a po-
tential therapeutic target, namely, miR-148a-3p/p35/PTEN signaling,
for the treatment of AD.

MATERIALS AND METHODS

Animals and treatment

Zhishan Healthcare Research Institute (Beijing, China) provided
APP/PS1 mice and nontransgenic littermates, SAMP8 mice, and
senescence-accelerated mouse resistance 1 (SAMRI1) mice. Consent
for the experiments was provided by the Animal Care and Use Com-
mittee of the Institute of Medicinal Biotechnology (approval no. IMB-
D8-2018071102).
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RNA-sequencing assay

The APP/PS1 and WT mice were divided by age into 1-, 3-, 6-, and 9-
month-old groups. Total RNA from the cerebral cortex of the mice
was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Samples were strictly qualified for RNA integrity and concentration.
High-throughput sequencing was performed by Sangon Biotech
(Shanghai) Co. Ltd. (Shanghai, China) for analysis of miRNA and
mRNA profiles, as previously reported.”*

Adenovirus vectors and intracerebroventricular injections
Recombinant AAVs containing miR-148a-3p and PTEN siRNA that
expressed green fluorescent protein (GFP) from a cytomegalovirus
enhancer plus chicken B-actin (CAG) promoter were acquired from
SyngenTech Co. (Beijing, China). Titers of the vectors ranged from
42 x 10" to 3 x 10" An AAV with a scrambled sequence was
used as a control.

The 6-month-old APP/PS1 and WT control mice were randomly
divided into the following groups, consisting of 10 mice in each group,
5 males and 5 females: WT control mice or APP/PS1 mice injected
with AAV scrambled sequences, AVV-miR-148a-3p, or AVV-
PTEN siRNA. Intracerebroventricular injections were performed us-
ing the following stereotactic coordinates: +1.0 mm anteroposterior,
—0.5 mm mediolateral, and —3 mm dorsoventral to the bregma. A to-
tal volume of 1 puL was injected using a microinjector at a rate of
0.2 uL/min.

Human blood collection and preparation

Blood samples from 21 AD patients at Xuanwu Hospital of Capital
Medical University and 15 HAV's were obtained. Biomarker measure-
ment experiments were approved by the ethics committee of
Xuanwu Hospital of Capital Medical University (approval no. li-
nyanshen2014033; Beijing, China). Serum was separated by centrifu-
gation at 1,000 x g for 15 min at 4°C. Total RNA was extracted using
an miRNeasy serum/plasma kit (Qiagen, Duesseldorf, Germany) and
stored at —80°C until required.

Plasmid transfection

SH-SY5Y cells (ATCC, Manassas, VA, USA) transfected with the
Swedish mutant form of human APP, named APPswe cells, are an es-
tablished cell model of AD in which copper triggers AP overproduc-
tion.”> >’ They were cultured in Dulbecco’s modified Eagle medium/
nutrient mixture F-12 (DMEM/F12) supplemented with 2 mM L-
glutamine, 10% fetal bovine serum (FBS; Gibco/Invitrogen, Grand Is-
land, NY, USA), and 400 pM G418 (Sigma Chemical Co., St. Louis,
MO, USA). miR-148a-3p mimics, antisense miR-148a-3p oligonucle-
otides (anti-miR-148a-3p), and scrambled controls were synthesized
by GenePharma (Shanghai, China). pCMV-PTEN, pCMV-myr-
Aktl, and pCMV-CREB were purchased from OriGene (Beijing,
China) and transfected at a final concentration of 2 pg/mL. siRNAs
for PTEN, Aktl1, and CREB1 were obtained from Cell Signaling Tech-
nology (Danvers, MA, USA) and transfected at a final concentration
0f 100 nM. Cells were plated in culture plates 24 h before transfection.
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Table 1. Primers used for PCR and miRNA reverse transcription

Primer name

Primer sequence

PTEN-F 5-TTGTGGTCTGCCAGCTAAAGGT-3’
PTEN-R 5-GAACTTGTCTTCCCGTCGTGTG-3'
CDK5RI1-F 5'-GCAGATCCAAGGGGGCAG-3'
CDKS5R1-R 5'-GGGATAAAACCGCTCACCGA-3'
GAPDH-F 5'-CAAATTCCATGGCACCGTCA-3'
GAPDH-R 5'-AGCATCGCCCCACTTGATTT-3'
Pten-F 5'-ATTGGCTGCTGTCCTGCTGTT-3'
Pten-R 5'-GGTTAAGTCATTGCTGCTGTGTCT-3'
Cdksr1-F 5'-GCTGTCCTGCTGACCTGTCTGTA-3
Cdksr1-R 5'-TTCTTGTCCTCCTGACCGCTCTC-3’
Actb-F 5'-GAGATTACTGCTCTGGCTCCTA-3
Actb-R 5'-GGACTCATCGTACTCCTGCTTG-3'

miR-148a-3p-RT

5'-GTCGTATCCAGTGCAGGGTCCGAGGTA
TTCGCACTGGATACGACACAAAG-3'

miR-148a-3p-F 5'-GCGCGTCAGTGCACTACAGAA-3

miR-148a-3p-R 5'-AGTGCAGGGTCCGAGGTATT-3'

miR-17-5p-RT 5 —GTCGTATCCAGTGCAGGGTC,ICGAGGTATTC
GCACTGGATACGACCTACCT-3

miR-17-5p-F 5'-GCGCAAAGTGCTTACAGTGC-3'

miR-17-5p-R 5'-AGTGCAGGGTCCGAGGTATT-3'

5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA

miR-106a-5p-RT CTGGATACGACCTACCT-3

miR-106a-5p-F 5'-CGCGAAAAGTGCTTACAGTGC-3'
miR-106a-5p-R 5'-AGTGCAGGGTCCGAGGTATT-3'
U6-RT 5'-CGCTTCACGAATTTGCGT-3'
U6-F 5'-CTCGCTTCGGCAGCACA-3'

U6-R 5'-CGCTTCACGAATTTGCGT-3'

F, forward primer; R, reverse primer; RT, reverse-transcription primer.

All plasmids were transfected transiently using Lipofectamine 3000
(Invitrogen).

Cell viability and apoptosis assay

Cell survival was assessed using a CCK-8 assay (Vazyme Biotech,
Nanjing, China) and measured with a Spark 20M multimode micro-
plate reader (Tecan Group Ltd., Mannedorf, Switzerland). APPswe
cell apoptosis following transfection with various plasmids was
measured by flow cytometry after staining with fluorescein isothiocy-
anate (FITC)-labeled Annexin-V and propidium iodide (PI) (BD Bio-
sciences, San Jose, CA, USA). Following staining, cells were analyzed in
a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA).

Immunofluorescence and confocal microscopy

APPswe cells were seeded into 20-mm-diameter confocal glass-bot-
tom cell culture dishes at a density of 1.0 x 10° cells and transfected
with PTEN-overexpressing plasmid. 48h after transfection, the cells
were processed as described previously.”” Fluorescence images and

data were acquired using a laser confocal microscope (LSM780;
Carl Zeiss; Jena, Germany) with 20x/numeric aperture (NA) = 0.5
and 40x/NA = 0.75 objectives, using primary antibodies against
PHF-1 (Abcam, Cambridge, MA, USA), Tau (Proteintech, Chicago,
IL, USA), and PTEN (Abcam). Fiji Image] software (National Insti-
tutes of Health, Bethesda, MD, USA) was used to provide a quantita-
tive measurement of the co-localization of PTEN with PHF-1 and Tau
by Pearson’s correlation coefficient, which estimated the degree of
overlap between fluorescence signals obtained in two channels. The
degree of co-localization from the Pearson’s coefficient values was
categorized as very strong (0.85 to 1.0), strong (0.49 to 0.84), moder-
ate (0.1 to 0.48), weak (—0.26 to 0.09), and very weak (—1 to —0.27)
based on a previously published description.”®

qRT-PCR analysis

Total cellular RNA and tissue RNA were extracted using TRIzol re-
agent (Invitrogen). miRNA was reverse transcribed using a TagMan
miRNA reverse-transcription kit (Thermo Fisher Scientific, Wal-
tham, MA, USA). PCR was performed using TagMan Universal
PCR Master Mix (Thermo Fisher Scientific). Relative miR-148a-3p

ARCT method. Results were

expression was calculated using the 2
normalized from the geometric mean of two internal housekeeping
miRNAs, miR-106a-5p and miR-17-5p. mRNA was reverse tran-
scribed to complementary DNA (cDNA) using a HiScript III 1st
Strand cDNA synthesis kit (Vazyme Biotech), after which qPCR
was performed using ChamQ Universal SYBR qPCR Master Mix (Va-

zyme Biotech). Primers are listed in Table 1.

Western blot analysis

Protein samples were obtained from APPswe cells following plasmid
transfection and from the cortex and hippocampus of APP/PS1,
SAMPS, and control mice using M-PER mammalian protein extrac-
tion reagent (Invitrogen) and an ultrasonic homogenizer (Ningbo Sci-
entz Biotechnology Co., Ltd., Ningbo, China). Proteins were separated
on 10% SDS-polyacrylamide electrophoresis gels and transferred to a
polyvinylidene fluoride membrane (Merck Millipore, Billerica, MA,
USA). Membranes were blocked using 5% skimmed milk in Tris-buff-
ered saline/Tween 20 (TBST) for 1 h and then incubated overnight
with the appropriate primary antibody at 4°C. The membrane was
washed three times with TBST and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-(rabbit or mouse) antibody
(1:8,000) for 1 h at room temperature. After incubation with primary
and secondary antibodies, protein bands on the membranes were ac-
quired using a Fusion-FX6 imaging system (Vilber Lourmat, Paris,
France), and relative protein concentration was quantified. The anti-
bodies used for western blot analysis are listed in Table 2.

ChIP assay

ChIP assay was performed using a Pierce magnetic ChIP kit
(Thermo Fisher Scientific) in accordance with the manufacturer’s
protocol. Briefly, SH-SY5Y cells were cross-linked in 1% formalde-
hyde for 10 min at room temperature, and the reaction was termi-
nated using glycine solution from the ChIP kit. The cells were lysed
using extraction buffer and then sonicated to obtain DNA
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Table 2. Primary and secondary antibodies used in western blot analysis

Primary antibody Dilution Source Secondary antibody
Anti- tau (phospho S202 + )

T205) rabbit mAb 1:1,000  Abcam

Anti-tau (phospho S404) .

rabbit mAb 1:1,000  Abcam

Anti-tau (phospho $396) .

rabbit mAb 1:1,000  Abcam

Anti-tau (phospho S199) .

rabbit mAb 1:5000 Abcam

Anti-Tau rabbit mAb 1:2,000 Abcam

Anti-p35 rabbit pAb 1:500 Abcam

Anti-CDKS5 rabbit mAb 1:2,000 Abcam

Anti-PTEN (phospho $380)

rabbit mAb 1:1,000  Abcam

Anti-PTEN rabbit mAb 1:1,000 Abcam

Anti-Akt (phospho S473) .

rabbit mAb 1:5,000 Abcam

Anti-Akt rabbit mAb 1:1,000 CST HRP-conjugated goat anti-
Anti-CREB (phospho S133) rabbit or anti-mouse IgG
rabbit mAb 1:5000  Abcam (H+L) (1:10,000, EarthOx)
Anti-CREB rabbit mAb 1:500 Abcam

Anti-p38 MAPK (phospho )

T180/Y182) rabbit mab 11000 CST

Anti-p38 MAPK rabbit mAb 1:1,000  Abcam

Anti-p44/42 MAPK (ERK1/

2) (phospho T202/Y204) 1:2,000 CST

mouse mAb

Anti-p44/42 MAPK (ERK1/ .

2) rabbit mAb 1:L000 - CST

Anti-GSK-3p (phospho 89)

rabbit mAb 1:1,000  Abcam

Anti-GSK-3p rabbit mAb 1:1,000 CST

Anti-APP rabbit mAb 1:1,000 CST

Anti-GAPDH rabbit mAb 1:5,000 Proteintech

Anti-a-tubulin rabbit pAb 1:5,000 Proteintech

Anti-B-actin mouse mAb 1:5,000 Proteintech

Abcam, Cambridge, MA, USA; CST, Cell Signaling Technology, Danvers, MA, USA;
Proteintech, Rosemont, IL, USA; EarthOx Life Sciences, Millbrae, CA, USA.

fragments. After centrifugation, 10 puL of the supernatant was used
as input, and the remaining supernatant was used to perform the
ChIP assay using a specific antibody for CREB (Merck Millipore).
The miR-148a-3p promoter region was analyzed using real-time
PCR, primers for which were as follows: forward, ACCTCTGC
TGATGACACGAG; reverse, TTGGGTTTGGAGACGACCTG.

Luciferase activity assay

HEK293 cells were cultured in 24-well plates 24 h before transfection.
WT and mutant (Mut) 3’ UTR luciferase constructs of p35 and PTEN
mRNA containing the binding sites of miR-148a-3p were synthesized
by Sangon Biotech and were transfected with miR-148a-3p or scram-
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bled mimics. The 2,000 bp upstream of the miR-148a-3p promoter in
the WT-luciferase and Mut-luciferase constructs were synthesized by
Sangon Biotech and transfected into HEK293 cells with CREB or the
vector in addition to Renilla. The luminescence of luciferase was
measured after 48 h using a dual-luciferase reporter assay system
(Promega, Madison, W1, USA) in a Spark 20M multimode microplate
reader (Tecan Group Ltd.). The assay was normalized using Renilla
luminescence.

Immunoprecipitation assay

An immunoprecipitation (IP) assay was performed using a Pierce
Classic Magnetic IP/Co-IP kit (Thermo Fisher Scientific) in accordance
with the manufacturer’s protocol. After the cells were lysed, an anti-p35
antibody (Cell Signaling Technology) was added to cell lysate, and the
quantity of purified protein mixture was analyzed by Western blotting.

Cognitive behavior testing

The cognitive capability of the mice was assessed using an MWM test,
in which a water navigation task and exploration of an area were eval-
uated as a measure of spatial learning and memory capability, respec-
tively.”” Briefly, mice were first subjected to a water navigation task
performed in a 1.2-m-diameter white bucket with a hidden platform,
with four trials per day consisting of 60 s of swimming during each trial
on 5 consecutive days. The path taken during swimming and the time
to reach the hidden platform (known as escape latency) were recorded.
Exploration of the space was conducted on the 6th and 7th days,
whereon the platform was removed to allow the mice to swim freely
for 60 s. The time each mouse spent in the location of the platform
and the frequency of crossing over the location were recorded.

Histochemical analysis

WT control and APP/PS1 mice, after injection with scrambled se-
quences, miR-148a-3p, or PTEN siRNA, were anesthetized using iso-
flurane and perfused through the heart, first with normal saline and
then with 4% paraformaldehyde (PFA). The brains were removed,
dissociated, and then cut into sections (4-10 um) for histochemical
and immunohistochemical analysis. The primary and secondary an-
tibodies used in the histochemical analysis are listed in Table 3. The
pre-frontal cortical and hippocampal regions were imaged using a
Pannoramic DESK slide scanner and Caseviewer 2.3 software
(3DHISTECH Ltd., Budapest, Hungary).

Brain cell apoptosis was measured using TUNEL (Roche, Basel,
Switzerland) staining. The pre-frontal cortex and hippocampus
were harvested from PFA-perfused mice. The brain was sliced into
4-pm-thick sections, and routine histological protocols were per-
formed for histological staining.”’

Bioinformatics analysis

The potential target genes of miR-148a-3p were predicted by com-
puter-aided algorithms using miRNA target prediction databases,
including TargetScan (http://www.targetscan.org/), TarBase (http://
carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=
tarbasev8%2Findex), and miRDB (http://www.mirdb.org). The
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Table 3. Primary and secondary antibodies used in histochemical analysis

Primary antibody Dilution Source Secondary antibody
Cy3-conjugated
Anti-CDK5R1 . goat anti-mouse
mouse mAb 1:200 Proteintech 1gG (H+L) (1:200,
Servicebio)
Alexa Fluor 488-
. 3 X conjugated goat
:XL PHE-1 rabbit 1:100 Abcam anti-rabbit IgG
(H+L) (1:200,
Servicebio)
Cy3-conjugated
Anti-PTEN mouse . goat anti-mouse
1:200 Proteintech
mAb rotetnted IgG (H+L) (1:200,
Servicebio)
HRP-conjugated
Anti-Tau-1 mouse - goat anti-mouse
1:200 Mill
mAb Hipore IgG (H+L) (1:200,
Servicebio)
HRP-conjugated
Anti-Tau-5 mouse - goat anti-mouse
1:200 Mill
mAb Hipore IgG (H+L) (1:200,
Servicebio)
HRP-conjugated
Anti-tau (phospho goat a;(i?];%jaii 1gG
$202 + T205) rabbit 1:200 Ab i
b +T205) rabb cam (H+L) (1:200,
Servicebio)
HRP-conjugated
Anti-NeuN rabbit - goat anti-rabbit IgG
1:500 S b:
pAb ervicebio (H+L) (1:200,

Servicebio)

Proteintech, Rosemont, IL, USA; Abcam, Cambridge, MA, USA; Merck Millipore, Bill-
erica, MA, USA; CST, Cell Signaling Technology, Danvers, MA, USA; Servicebio, Wu-
han, China.

miRanda database (http://www.microrna.org/microrna/home.do)
was further used to evaluate the reliability of the binding sites through
mir-SVR score and PhastCons score. The lower the mirSVR score, the
stronger the binding stability of miRNA-mRNA. The higher the
PhastCons score, the better the evolutionary conservation of untrans-
lated regions of genes in various species.

Statistical analysis

The data represent means + standard error of the mean (SEM). Data
were analyzed using a one-way ANOVA, followed by a Tukey multi-
ple comparison test, or a Student t test. p < 0.05 was considered sta-
tistically significant. Analysis was performed using GraphPad Prism
version 7.0 software (GraphPad Software, La Jolla, CA, USA). Navi-
gation tasks and speed of swimming in the MWM test were analyzed
using SPSS version 25.0 software (IBM, Armonk, NY, USA), using
repeated-measures ANOVA.
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