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MicroRNAs, small noncoding RNAs, not only regulate gene expression at the post-transcriptional level in
a variety of physiological processes but also accompany the initiation and progression of a vast number of
diseases, including dementia. While miR-125b has been shown to be aberrantly expressed in some
dementia patients, its role in the pathological process remains ambiguous. Presenilin-1/2 conditional
double knockout mice exhibit a range of symptoms, including impaired cognition and memory, increased
tau phosphorylation, neuroinflammation, and apoptosis, and are therefore regarded as a useful dementia

ﬁfljl/zv_vfzrg; model. In the prefrontal cortices of double knockout mice, miR-125b was found to be abnormally
NCAM increased in an age-dependent manner. We further verified the neural cell adhesion molecule (NCAM) as
GSK3p an miR-125b target using the dual luciferase reporter assay. The NCAM protein level was decreased when

p-Tau miR-125b was overexpressed (OE) in neuronal growth factor—induced differentiated PC12 cells, which
Presenilin-1/2 further inhibited the neuronal growth factor—induced phosphorylation of glycogen synthase kinase 3
Dementia beta (GSK3p) at the Ser9 site and ultimately increased the GSK3p activity and tau phosphorylation.
Moreover, on serum deprivation, high GSK3 activity in differentiated miR-125b-OE PC12 cells induced
increased caspase-3 activation. Finally, adeno-associated virus—mediated miR-125b overexpression in
the prefrontal cortexes of wild-type C57B/L6 mice resulted in decreased dendritic spine density. In
addition, similar to the in vitro data, elevated GSK3p activity and hyperphosphorylation of the tau protein
were confirmed. Taken together, our findings reveal a direct regulation of miR-125b on NCAM, which
leads to further effects on downstream GSK3f activity and tau phosphorylation and may contribute to
the generation of neurofibrillary tangles in neuropathological progression.
© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Dementia is a major neurodegenerative disease that induces
steady cognition and memory impairments, and symptoms of de-
mentia aggravate gradually and eventually lead to death. Approxi-
mately 47.5 million patients worldwide suffer from some form of
dementia (WHO, April 2016), including Alzheimer’s disease (AD),
vascular dementia, dementia with Lewy bodies, and frontotemporal
dementia. Among the types of dementia, AD is one of the most
common and previous studies have demonstrated dementia to be
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due to a consequence of multiple aberrant physiological progresses,
for example, genetic mutations, aging, endocrine dysfunction and
changes in biological signaling (Burns and Iliffe, 2009). Recently, some
reports have highlighted the importance of microRNAs (miRNAs) in
the progression of dementia and provided new insight into under-
standing the fundamental mechanism underlying this phenomenon
(Ai et al., 2013; Lukiw, 2007; Lukiw et al., 2008; Sun et al., 2015).
miRNAs are small noncoding RNAs that can repress protein
expression by post-transcriptionally binding to the 3’-untranslated
regions (UTRs) of mRNAs (Abe and Bonini, 2013) and have emerged
to play important roles in many physiological and pathophysio-
logical processes, including neurodegenerative diseases (Bartel,
2004; Filipowicz et al., 2008). As a part of the RNase III family,
Dicer is responsible for the maturation of miRNA (Lund and
Dahlberg, 2006). Cerebral conditional Dicer knockout mice
exhibited extensive miRNA deficiencies, which resulted in
abnormal tau hyperphosphorylation (Hebert et al., 2010; Smith
et al, 2011). Other studies showed that a variety of miRNAs,


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:bmei@brain.ecnu.edu.cn
mailto:bmeng@brain.ecnu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2018.09.011&domain=pdf
www.sciencedirect.com/science/journal/01974580
http://www.elsevier.com/locate/neuaging
https://doi.org/10.1016/j.neurobiolaging.2018.09.011
https://doi.org/10.1016/j.neurobiolaging.2018.09.011
https://doi.org/10.1016/j.neurobiolaging.2018.09.011

42 L. Zhang et al. / Neurobiology of Aging 73 (2019) 4149

including miR-9, miR-124, miR-132, and miR-137, could regulate
splicing of the microtubule-associated protein tau. Moreover, tau-
related protein kinases and phosphatases could be regulated by
miR-15a, miR-16, miR-26a, miR-195, miR-497, etc (Hebert et al.,
2010; Mohamed et al.,, 2010). Based on some clinical studies,
pathological dementia processes are accompanied by changes in a
variety of miRNAs, hinting that up- or downregulated miRNAs may
take part in the nosogenesis or exacerbation of diseases
(Alexandrov et al., 2012; Cogswell et al., 2008; Denk et al., 2015;
Sethi and Lukiw, 2009; Wang et al., 2011). Previous studies have
screened abnormal miRNAs in patients with AD, among which miR-
125b was found to be upregulated in the medial frontal cortex,
temporal lobe, hippocampus, cerebellum, and cerebrospinal fluid
(Alexandrov et al., 2012; Cogswell et al., 2008; Sethi and Lukiw,
2009), and downregulated in serum (Galimberti et al., 2014; Jia
and Liu, 2016; Kumar and Reddy, 2016; Tan et al., 2014). Thus,
miR-125b has been reported as a promising biomarker for AD due
to its correlation with the Mini Mental State Examination in pa-
tients with AD (Tan et al., 2014). In addition, studies using animal
models have shown a correlation between miR-125b and patho-
logical phenotypes, which enhances the importance of miR-125b in
disease progression (Pogue et al., 2010; Yao et al., 2003).

Intriguingly, we found that presenilin-1/2 conditional double
knockout (DKO) mice, which exhibited several early-onset pre-
clinical phenotypes of dementia (progressive cognitive impairment
[Saura et al., 2004; Wu et al., 2008], abnormal emotions [Yan et al.,
2013], increased neuronal apoptosis [Saura et al., 2004], and
hyperphosphorylation of tau protein [Feng et al., 2004]), could be
used as an ideal dementia model. With its advantages, in this study,
we performed a series of in vitro and in vivo analyses, to demon-
strate that miR-125b can directly regulate the expression of neural
cell adhesion molecule (NCAM), which is considered to play a
crucial role in neuronal proliferation, survival, neurite outgrowth,
etc (Ditlevsen et al., 2007; Jessen et al., 2001; Kolkova et al., 2000;
Krushel et al., 1998; Liu et al., 2011; Schmid et al., 1999; Yang and
Han, 2010). In addition, repression of NCAM by miR-125b affected
glycogen synthase kinase 3 beta (GSK3f) activity and tau phos-
phorylation. Our findings suggest that the miR-125b regulation of
NCAM may contribute to the formation of neurofibrillary tangles
and be involved in of neuropathological progression.

2. Materials and methods
2.1. Mice

DKO mice were provided by Dr Tsien’s laboratory (Feng et al.,
2004). DKO (Cre +, PS1 f/f, PS2 —/-) and littermate (Cre —, PS1 +/
+, PS2 +/+) mice were obtained by breeding heterozygous mice
(Cre +, PS1 f/+, PS2 +/-), genotyping of offspring were carried out
using standard PCR analysis. C57BL/6 mice were obtained from
Shanghai SLAC Laboratory Animal Co Ltd, China. All the experiments
were approved by the Institutional Animal Care and Use Committee
of the East China Normal University (IACUC approval ID #M10020).

2.2. RNA isolation and quantitative real-time PCR

miRNAs and RNAs were isolated from prefrontal cortexes of DKO
and littermate control mice using mirVana miRNA Isolation Kit
(Ambion, AM1561). One microgram of total miRNAs was reverse-
transcribed in a 20 pL reaction using miRcute miRNA First-Strand
cDNA Synthesis kit (TIANGEN, KR211-01). Quantitation of miRNAs
was carried out using miRcute miRNA qPCR Detection kit (TIAN-
GEN, FP401). Ten nanogram cDNA was used as template in each
reaction with specific primers to identify the certain miRNAs.
Reverse primer was included in kit and sequences of forward

Table 1
Primer sequences of miRNAs

Primer name Sequences (5’ to 3)

GSP-miR-27b-3p TTCACAGTGGCTAAGTTCTGC
GSP-miR-125b-5p TCCCTGAGACCCTAACTTGTGA
GSP-miR-30e-5p GAAGGTCAGTTCCTACAAATGT
GSP-miR-212-5p TCATTCGTCAGATCTCGGTTCCA
GSP-miR-148b-3p TGTTTCAAGACACTACGTGACT
GSP-miR-205-5p GTCTGAGGCCACCTTACTTCCT
GSP-miR-141-3p GGTAGAAATGGTCTGTCACAAT
GSP-miR-199a-5p CTTGTCCATCAGACTTGTGACCC
GSP-miR-128-3p TTTCTCTGGCCAAGTGACACT
U6-Forward GCTTCGGCAGCACATATACTAAAAT
U6-Reverse CGCTTCACGAATTTGCGTGTCAT

Key: miRNAs, microRNAs.

primers are listed in Table 1. Quantitative real-time PCR was per-
formed at 95 °C for 10 minutes, followed by 95 °C for 30 seconds, 60
°C for 30 seconds, and 72 °C for 30 seconds, 40 circles were applied.
The amount of target genes was determined by the 2~ 2 A0 and
normalized to U6 as fold changes.

For mRNA quantifications, 2—5 pg mRNA was reverse-
transcribed into cDNA using M-MLV reverse transcriptase (Invi-
trogen). Quantities of mRNA were measured by real-time PCR using
SuperReal PreMix Plus (TIANGEN, FP205). Sequences of primers are
shown in Table 2; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene and relative level of
target genes was normalized against GAPDH.

2.3. Plasmid construction

NCAM-WT-F was a 26 bp sequence containing SEED that can be
identified by miR-125b in NCAM 3’-UTR and NCAM-WT-R was the
complementary sequence. NCAM-MUT-F had the same sequence as
NCAM-WT-F except the changed SEED so that it could not be tar-
geted by miR-125b. Xho I and Not I were added on both sides of each
sequence. All sequences were synthesized by Invitrogen (NCAM-
WT-F: TCGAGTGTGCTTCAGGGAAGTAGTGTCTCCTGC, NCAM-WT-R:
GGCCGCAGGAGACACTACTTCCCTGAAGCACAC, NCAM-MUT-F: TCGA
GTGTGCTGACTTTCAGTAGTGTCTCCTGC, NCAM-MUT-R: GGCCGCAG
GAGACACTACTGAAAGTCAGCACAC). Complementary sequences
were annealed and cloned into psiCHECK-2 vector (Promega) for
constructs used in luciferase assay.

A 400 bp sequence that contains pri-miR-125b was amplified by
PCR from mouse brain cDNA. Xho I and Kpn I sites were added on
both sides of each sequence. PCR products were cloned into pEGFP-
C1 vector for constructs used for in vitro transcription.

2.4. Cell culture, transfection, and treatments

A mouse neuroblastoma cell line, N2a, was maintained in DMEM
medium plus 10% FBS, 1% penicillin, and 1% streptomycin; cells were

Table 2
Primer sequences of BDNF, ASIC1a, NCAM, and GAPDH

Primer name Sequences (5’ to 3')

BDNF-F TCATACTTCGGTTGCATGAAGG
BDNF-R AGACCTCTCGAACCTGCCC
ASIC1a-F CACCTTCCCTGCCGTCACTC
ASIC1a-R GCCCTGCTCTGTCGTAGAACTCA
NCAM-F CACCTTCCCTGCCGTCACTC
NCAM-R GCCCTGCTCTGTCGTAGAACTCA
GAPDH-F ACCACAGTCCATGCCATCAC
GAPDH-R TCCACCACCCTGTTGCTGTA

Key: BDNF, brain-derived neurotrophic factor; ASIC1a, acid-sensing ion channels 1a;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NCAM, neural cell adhesion
molecule.
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cultured in 5% CO, at 37 °C. miR-125b mimic/mimic controls
(synthesized by Biotend Inc, Shanghai) and psiCHECK-NCAM-WT/
MUT were diluted in Opti-MEMI, and co-transfection into N2a
cells were performed with TurboFect (Fermentas) according to the
instructions. Luciferase assays were performed 2 days after trans-
fection with the Dual Luciferase assay System (Promega) with the
guidance of the instruction.

PC12 cells were cultured in DMEM medium plus 10% HS, 5% FBS,
1% penicillin and 1% streptomycin. To establish stable transfected
cells lines, pEGFP-miR-125/pEGFP-C1 were transfected to PC12
(named as PC12-125b-OE and PC12-con, respectively) similar to
that in N2a, and then followed by G418 selection. The positive
clones of G418-resistant transfected PC12 cells were further iden-
tified. For neuronal growth factor (NGF) treatment, cells were
cultured in mediums that contained NGF (20 ng/mL) for 2 days
before further analysis.

Apoptosis was induced by deprivation of serum. After NGF
treatment, culture medium that contained NGF was replaced with
fresh medium in which neither NGF nor serums was added.

2.5. Protein isolation and western blotting

For protein extraction, mice were anesthetized with chloral
hydrate (300 mg/kg, i.p.). Prefrontal cortex was harvested on ice
and then transferred to liquid nitrogen. Brain tissues were lysed
with RIPA buffer added 1% PMSF, centrifuge at 1200 x g, superna-
tant fluid was collected and blending with loading buffer, then
heated in water bath for 5 minutes. For protein obtained from cell
lines, after removing culture medium and washing with HBSS, cells
were harvested and added with loading buffer. Total protein were
separated on 10% SDS-PAGE gel, transferred to 0.45 pm PVDF
membrane and blocked with 5% BSA for 1 hour and then incubated
with primary antibody overnight at 4 °C. The concentrations of
primary antibodies were as follows: anti-NCAM, 1:1000 (Pro-
teintech, 14255-1-AP); anti-GAPDH, 1:5000 (Proteintech, 60004-1-
Ig); anti-GSK3, 1:1000 (CST, 12456); anti-p-GSK3p-Ser9, 1:1000
(CST, 9323); anti-p-GSK38-Tyr216, 1:1000 (BD, 612313); anti-p-tau-
Ser396, 1:1000 (Life Technologies, 355300); anti-tau, (abcam,
ab32057); anti-cleaved-caspase 3, 1:1000 (CST, 9664). After the
overnight incubation, membranes were washed 3 times with TBST,
and then incubated with HRP-conjugated second antibody (goat-
anti-rabbit, 1:1000, biotime, A0208; goat-anti-mouse, 1:1000, bio-
time, A0216) for 2 hours at room temperature. Immunoreactivity
was detected by enhanced chemiluminescence. Protein contents
were analyzed with Quantity One. The amount of each protein was
standardized as a ratio of protein to GAPDH. The ratios from all the
groups were normalized by to control group and shown as a fold to
the con during statistical analysis.

2.6. Stereotaxic injection

Adeno-associated virus (AAV) vectors were designed and con-
structed by Obio Technology (Shanghai) Corp., Ltd. Two-month-old
C57BL/6 mice were used for injection. Mice were anesthetized with
10% (w/v) chloral hydrate and placed in a stereotactic frame.
Microinjection needles were inserted (coordinates from Bregma:
1.7 AP, 0.2 ML, 1.8 DV) and virus suspensions were then injected at
100 nL per minute. After recovery, mice were housed at home cage
with food and water provided ad libitum.

2.7. Golgi staining
Golgi staining was administered following manufacturer’s in-

structions of FD Rapid GolgiStain Kit (FD Neuro Technologies). In
brief, mice were anesthetized and brains were rapidly removed,

transferred to premixed solution A and B, and then kept at tem-
perature for 2 weeks. After being transferred and stored in solution
C for 72 hours, coronal tissue sections of 120-pum thicknesses were
sliced using freezing microtome (Leica). The dry slices were placed
in a mixture consisting of solution D and E and double distilled
water for 10 minutes. After gradient dehydration, slices were
cleared in xylene and sealed with Permount. Dendritic spins were
viewed with a light microscope (Leica). Spinal density of secondary
apical dendrites was analyzed at proper segments (100 pum in
length). As described by Nagy et al., 2011, the segments from a
second-order dendrite protruding from their parent apical dendrite
were chosen in each examined neuron for spine density quantifi-
cation. Approximately 30 segments in each group were viewed and
recorded for analysis. The Image] was used to measure the densities
of spines. Image collection and data statistics were administered
with double blind.

2.8. Statistical analysis

Data were analyzed by Student’s t-test and presented as the
mean 4 SEM; Data of Quantitative real-time PCR and western
blotting were normalized to control groups; p < 0.05 was consid-
ered as statistical significance.

3. Results

3.1. miR-125b was upregulated in the prefrontal cortex of DKO mice
greater than 6 months old

Utilizing the benefits of early-onset dementia-like DKO mice, we
analyzed the regulatory function of miR-125b in the neuropatho-
logical progression. We first measured the expression of miR-125b
in the prefrontal cortexes (PFCs) of 2-, 6-, and 12-month-old DKO
mice as well as in their littermate controls. Notably, miR-125b was
significantly increased in the PFCs of 6- and 12-month-old DKO
mice compared with that in their wild-type littermates (Fig. 1).

3.2. miR-125b is a potential regulator of NCAM-140/180, but not
NCAM-120, in DKO mouse brains

To identify the importance of miR-125b in the progression of
dementia in DKO mice, TargetScan (bioinformatics software) was
performed to predict potential miR-125b targets. Of more than
3000 predicted target genes, brain-derived neurotrophic factor
(BDNF), acid-sensing ion channels 1a (ASICla), and neural cell
adhesion molecule (NCAM) were selected and further evaluated
due to their important roles in neurogenesis, neuron survival and
connection, cognition, learning, and memory (Bisaz et al., 2013;
Ditlevsen et al., 2007; Huang and Reichardt, 2001; Wemmie et al.,
2002; Wu et al, 2016; Yew et al, 1999). Based on the post-
translational manipulating property of miRNAs, we measured the
mRNA expression of BDNF, ASIC1a, and NCAM in the PFCs of 12-
month-old DKO mice. The relative transcription of NCAM, but not
of BDNF or ASIC, was notably decreased in the PFCs of DKO mice
(Fig. 2A). In addition, an age-dependent reduction in NCAM mRNA
expression was observed in the PFCs of DKO mice (Fig. 2B), sug-
gesting a potential regulation between miR-125b and NCAM.

To exclude the possibility that NCAM is regulated by other
miRNAs, we further tested multiple miRNAs that were predicted to
target the NCAM 3’-UTR, including miR-30e-5p, miR-128-3p, miR-
148-3p, miR-27-3p, miR-141-3p, miR-199a-5p, miR-125b-5p, miR-
212-5p, and miR-205-5p. Real-time quantitative PCR was used to
detect miRNA levels in the PFCs of DKO mice and their littermate
controls. Compared with the controls, a significant increase in miR-
125b expression (Supplementary Figure S1), but not in the
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Fig. 1. miR-125b expression was increased in the PFC of 6- and 12-month-old, but not 2-month-old DKO mice. The expression levels of miR-125b in the PFCs of (A) 2-, (B) 6-, and (C)
12-month-old DKO and control mice were measured with quantitative real-time PCR (n = 3 biological replicates for each group; data was shown as mean + SEM, Student’s t-test,

*p < 0.05). Abbreviations: DKO, double knockout; PFCs, prefrontal cortexes.

expression of the other miRNAs listed previously, was observed in
the PFCs of the 12-month-old DKO mice. These results indicated a
high correlation between miR-125b and NCAM in the PFCs of DKO
mice.

In addition, NCAM has 3 isoforms that are named according to
their molecular sizes determined by alternative splicing (Barbas
et al., 1988). Blasting the UTR sequences of NCAM-120, NCAM-140
and NCAM-180 revealed that those of NCAM-140 and NCAM-180
were identical, and thus further evaluated these 2 NCAM protein
isoforms. Compared with their littermates, NCAM-140 and NCAM-
180 were expressed at significantly lower levels in the PFCs of 12-

month-old DKO mice. However, no difference was observed in
NCAM-120 content between the DKO and their littermate controls
(Fig. 2C).

3.3. NCAM-140/180 expression was regulated by miR-125b in vitro

To further investigate the relationship between miR-125b and
NCAM, we used a dual luciferase report assay system to detect the
inhibition of miR-125b on NCAM 3’-UTR “SEED sequence”. The
“SEED sequence” was cloned downstream of the synthetic Renilla
luciferase gene in the psiCHECK-2 vector (Fig. 3A), and miR-125b
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Fig. 2. Predicted target NCAM expression in the PFCs of DKO mice. (A) Relative mRNA levels of 3 predicted miR-125b targets, BDNF, ASIC1a and NCAM, in the PFCs of 12-month-old
DKO mice, compared with those in control mice. (B) NCAM mRNA expression was significantly reduced in the PFCs of 12-month-old DKO mice. (C) Western blot analysis showing
that the protein expression levels of NCAM-140 and NCAM-180, but not of NCAM-120, were decreased in the PFCs of 12-month-old DKO mice. (n = 3 biological replicates for each
group; the data was normalized to the control group and shown as mean =+ SEM, Student’s t-test, *p < 0.05). Abbreviations: BDNF, brain-derived neurotrophic factor; ASIC1a, acid-
sensing ion channels 1a; DKO, double knockout; PFCs, prefrontal cortexes; NCAM, neural cell adhesion molecule; n.s., not significant.
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Fig. 3. miR-125b regulated NCAM translation in vitro. (A) A sequence (NCAM-WT) containing the site of miR-125b regulation (red bases) as well as a control sequence (NCAM-MUT)
containing the mutant bases were cloned from the NCAM 3’-UTR. (B) Dual luciferase assay results showing that the miR-125b mimics decreased the luciferases activity in N2a cells
transfected with the dual luciferase reporter plasmid containing the NCAM 3-UTR. (C) Western blot showed that with NGF treatment, NCAM-140 and NCAM-180, but not NCAM-
120, were suppressed in miR-125b-overexpressing PC12 cells (PC12-125b-OE, PC12 cells overexpressing miR-125b; PC12-con, control PC12 cells). (n = 3 biological replicates for
each group; the data was normalized to the control group and shown as mean + SEM, Student’s t-test, *p < 0.05, ***p < 0.001). Abbreviations: NCAM, neural cell adhesion molecule;
n.s., not significant; NGF, neuronal growth factor; UTR, untranslated region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

mimics with recombinant plasmids were then co-transfected into
N2a cells. The ratio of the Renilla luminescence signal to the firefly
signal reflected the inhibitory effects of the miRNA mimics to the
sequences cloned into the psiCHECK-2 vector. Co-transfection of the
miR-125b mimics and psiCHECK-NCAM-UTR (NCAM-WT) revealed
significantly lower Renilla luciferase activity compared with that in
the other groups (Fig. 3B), suggesting that miR-125b suppresses the
expression of Renilla luciferase by targeting NCAM 3’-UTR
sequences.

The suppression of miR-125b was further confirmed in neuro-
genic PC12 cells. PC12 cells can be differentiated into sympathetic
neuron-like cells with the administration of NGF. Howard et al.
observed that the differentiation of PC12 cells NGF was accompa-
nied by increased NCAM expression (Prentice et al., 1987). Thus we
established a PC12 cell line overexpressing miR-125b (PC12-125b-
OE) and its control line (PC12-con) (Supplementary Figure S2). After
NGF treatment for 48 hours, the expression levels of NCAM-140 and
NCAM-180, but not of NCAM-120, were significantly lower in PC12-
125b-OE cells than those in PC12-con cells (Fig. 3C). Therefore, we
assumed that miR-125b can directly target the 3'-UTRs of NCAM-
140/180 and suppress their translation.

3.4. The regulation of miR-125b on NCAM-140/180 affected the
GSK3p activity and tau phosphorylation in PC12 cells

A previous study verified that the neuroprotective effect of
NCAM relies on enhancing the phosphorylation of GSK3f at the
inhibitory Ser9 site (Klementiev et al., 2007). Thus, we measured
the activity of GSK3pB, which can be reflected by the p-GSK3p-
Tyr216 level and the ratio of p-GSK3B-Ser9 to GSK3f, in PC12-
125b-OE and control cells with or without NGF treatment. No
differences in GSK3B expression or GSK3p phosphorylation were
observed before NGF treatment (Supplementary Figure S3). After
treatment with NGF, obviously decreased phosphorylated Ser9-
GSK3B levels were detected in PC12-125b-OE cells compared

with that in control cells (Fig. 4A). However, miR-125b had no
effect on pGSK3B-Tyr216 (Fig. 4A). Because GSK3 is a key protein
kinase in phosphorylation of tau protein, we next examined the
phosphorylation of this protein in PC12-125b-OE cells. No signif-
icant expression change of total tau was observed in miR-125b
overexpressed PC12 cells (see Supplementary Figure S4), similar
with the unchanged total tau expression in DKO mice
(Supplementary Figure S5). While on NGF treatment, there was a
remarkable increase of tau phosphorylated at Ser-396 site
(Fig. 4B), consistent with the elevated activity of GSK3f in PC12-
125b-0E cells compared with control cells.

Because nutrient deficiency-induced cellular apoptosis is
accompanied by increased GSK3p activity (Bhat et al., 2000, 2002),
we wondered whether the neuronal losses in DKO mice were
associated with miR-125b upregulation and GSK3f hyperactivation.
Thus, we further evaluated whether the increased activity of GSK3
in PC12-125b-0E cells could affect apoptosis after nutrient with-
drawal. After 3 hours of serum deprivation, elevated GSK3f phos-
phorylation at the Tyr216 site (Fig. 4C) and reduced GSK3f
phosphorylation at the Ser9 site were detected in PC12-125b-OE
cells (Fig. 4C). Consistently, cleaved caspase-3 levels in PC12-
125b-OE were remarkably elevated compared with those in PC12-
con cells (Fig. 4D), an association between NCAM and GSK3f was
clearly established (Corbett et al., 2013; Klementiev et al., 2007; Liu
et al., 2011). Phosphorylation of the tau protein was also obviously
increased in PC12-125b-OE cells (Fig. 4E). Therefore, we concluded
that the effect of miR-125b upregulation was most likely mediated
by NCAM reduction.

3.5. Overexpression of miR-125b in the PFCs increased GSK3(
activity and tau protein phosphorylation in mice

To verify the effects of miR-125b regulation on GSK3f and tau
protein phosphorylation in vivo, we bilaterally injected AAV-miR-
125b into the PFCs of 2-month-old C57BL/6 mice (Fig. 5A), which
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Fig. 4. miR-125b promoted GSK3p activity, tau phosphorylation, and apoptosis in vitro. (A) After 48 hours of NGF treatment, the ratio of phosphorylated GSK3f at the Ser9 site to
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SEM, Student’s t-test, *p < 0.05, **p < 0.01, *p < 0.05, compared with 0 group of PC12-con; *®p < 0.01, compared with 0 group of PC12-125b-OE). Abbreviations: GSK3p, glycogen

synthase kinase 3 beta; NGF, neuronal growth factor; n.s., not significant.

increased miR-125b expression approximately 4-fold. Four months
after the AAV infection, increased phosphorylation of GSK3f at the
Tyr216 site was observed in AAV-miR-125b—infected tissues,
whereas the ratio of p-GSK3f-Ser9 to total GSK3 was not signifi-
cantly altered (Fig. 5B). Furthermore, phosphorylation of the tau
protein was remarkably increased in PFCs overexpressing miR-125b
(Fig. 5C). In addition, obvious hyperphosphorylation of the tau
protein was observed in the PFCs of 12-month-old DKO mice
(Fig. 5C). Our results revealed that the regulation of miR-125b on
NCAM could effectively increase GSK3pB activity and tau phos-
phorylation in vivo, which might contribute to the formation of
neurofibrillary tangles.

As another hallmark of dementia, decreased dendritic spines
density is a universal clinical symptom. Owing to the functions of
NCAM in cell-cell adhesions and interactions, we tested the spine
densities in C57BL/6 mice that had been overexpressing miR-125b
for 4 months. Using Golgi staining, we found that the spine den-
sities in miR-125b-overexpressing PFCs were less than those in the
controls (Fig. 5D), which revealed the importance of miR-125b in
physiological procedures. Taken together, our results validated a
direct relationship between miR-125b and NCAM. Downregulation
of NCAM-140/180 most likely affects GSK3f activation and induces
progressive neural dysfunction. In addition, the NCAM reduction
might be associated with the loss of dendritic spines. These data
may provide a new insight into the causation of dementia and help
identify potential clinical therapeutic targets.

4. Discussion

Dementia has become one of the most public health hazards, and
although studies on dementia have been a hot topic since the 19th
century, the fundamental mechanisms underlying this disease are
still not fully elucidated. The causes of dementia are controversial
and undefined, for example, AD may be caused by genetic mutants,
amyloid-beta toxicity, tauopathy, cholinergic system dysfunction,
vascular injury, etc (Barger and Harmon, 1997; Lesne et al., 2006;
Mortimer et al., 2004; Watanabe et al., 2009). One of the potential
pathogenic risks of dementia is the misregulation of miRNAs.

Upregulation of miR-125b has been highlighted in studies on AD
patients and animal models, and is proposed to be involved in
driving pathogenic signaling (Cheng et al., 2013; Lukiw, 2007). In
DKO mice, miR-125b expression was significantly increased in an
age-dependent manner. Despite the fact that the mechanism un-
derlying miR-125b remains unclear, its role in dementia progres-
sion has been highlighted (Alexandrov et al., 2012; Cogswell et al.,
2008; Kumar and Reddy, 2016; Sethi and Lukiw, 2009; Tan et al.,
2014). We showed that a predicted target of miR-125b, NCAM,
was remarkably decreased transcriptionally, and its mRNA
expression was negatively correlated with the miR-125b expression
level. In the central nervous system, NCAM participates in a variety
of cellular processes including neurite outgrowth and extension
(Jessen et al., 2001; Kolkova et al., 2000; Schmid et al., 1999),
neuronal survival (Ditlevsen et al., 2007), and proliferation (Krushel
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etal., 1998; Liu et al., 2011; Yang and Han, 2010). More importantly,
NCAM is involved in the development and plasticity of the nervous
system, which contributes to the formation and consolidation of
memory (Ronn et al., 1998; Rose, 1996). Most dementia syndromes
including AD, vascular dementia, and frontotemporal dementia, are
characterized by the progressive loss of neurons, decreased
neuronal plasticity, and synaptogenesis disturbance. The reduction
of NCAM in the cortex was shown to contribute to the initiation of
synapse loss in AD (Aisa et al., 2010; Leshchyns’ka et al., 2015).
Despite the critical role of NCAM, epigenetic regulation of NCAM in
the dementia process has rarely been investigated. Herein, we
demonstrated that miR-125b directly inhibited NCAM-140/180
translation, which potentially contributes to the decreased NCAM
protein expression in cortices of patients with AD. Morphologically,
dendritic spines participate in neuronal connections, which are
required for the maintenance of brain function. In addition, we also
observed that overexpressing miR-125b in the PFCs of C57BL/6 mice
led to defective recognition and memory abilities in a novel object
recognition task (unpublished data). Although more rigorous ste-
reological methods should be used for dendritic spine quantifica-
tion in the future, which is an inadequacy in our analysis, the
reduced densities of dendritic spines in mice overexpressing miR-
125b in their PFCs and in DKO mice were obvious, and given the
important role of NCAM in spine dynamics and synaptogenesis
(Muller et al., 2010), the reduced densities of dendritic spines in
mice overexpressing miR-125b in their PFCs and in DKO mice might
result from the downregulation of NCAM expression.

In addition, the neuroprotective role of NCAM relies on the fibro-
blast growth factor receptor, which leads to GSK3f phosphorylation at
the Ser9 site (Klementiev et al., 2007). GSK3p, which is highly activated
in patients with AD (Ferrer et al., 2002, 2005; Leroy et al., 2007), has
been comprehensively investigated. The tau protein binds microtu-
bules and maintains axon structures and neuronal outgrowth under
normal physiological conditions (Ramsden et al., 2005; Weingarten
et al,, 1975). Based on the regulatory effect of NCAM on GSK38, we
further evaluated the activity of GSK3 by overexpressing miR-125b
both in vitro and in vivo. In accordance with our expectation, GSK3[3
phosphorylation at the Ser9 site was reduced in PC12 cells, which may
have resulted in the disinhibition of GSK3p activity. In C57BL/6 mice,
an elevation in GSK3f phosphorylation at the Tyr216 site was detec-
ted, which could also cause GSK3f activation. This subtle inconstancy
might be due to the complexity of the in vivo environment. However,
in cell cultures, the effect of miR-125b was possibly via direct and
straightforward regulation, as GSK3f hyperactivation led to increased
tau phosphorylation, which was also detected in the PFCs of 12-
month-old DKO mice.

PS1 and PS2, the components of y-secretase, have been shown
to participate in the production of AB and to be closely related to the
pathology of familial AD (Haass, 1997; Sherrington et al., 1995).
Interestingly, no excessive A deposition due to dysfunctional y-
secretase resulting from the conditional forebrain knockout of PS1
and PS2 was observed in DKO mice. These nonamyloidgenic
dementia-like symptoms suggested that the occurrence and
development of dementia might be associated with other factors
such as tauopathy. Moreover, clinical studies have indicated that
the GSK3p activity was elevated in the brains of AD patients,
highlighting the involvement of tau hyper-phosphorylation in
neurodegenerative procedures (Ferrer et al., 2002, 2005; Leroy
et al., 2007). Thus, we suggest that further attention should be
paid to the importance of the miR-125b-NCAM-GSK3f interaction.

<

data were normalized to the control group and shown as mean + SEM, Student’s t-test,
*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: DKO, double knockout; GSK38,
glycogen synthase kinase 3 beta; PFCs, prefrontal cortexes; n.s., not significant.
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Fig. 6. Schematic illustration of miR-125b regulation to NCAM and effect to down-
stream signals (see text for details). Abbreviation: NCAM, neural cell adhesion
molecule.

5. Conclusions

In summary, our study first validated the regulation of miR-125b
on NCAM, which influences the stabilization of spine dynamics. The
repression of aberrant miR-125b upregulation promotes tau phos-
phorylation by activating GSK3p (Fig. 6). Our findings emphasize
the contribution of miR-125b to the pathological process of de-
mentia including the formation of neurofibrillary tangles. However,
more verifications and analyses, including whether the early
interference of abnormally increased miR-125b expression may
rescue, or at least attenuate NCAM cleavage, and tau hyper-
phosphorylation in dementia are indispensable.
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