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miR-103 has been reported to be decreased in brain of transgenic mouse model of
Alzheimer’s disease (AD) and in cerebrospinal fluid (CSF) of AD patients, while the
detailed mechanism of its effect on AD is obscure, thus this study aimed to investigate
the effect of miR-103 expression on neurite outgrowth and cells apoptosis as well as
its targets in cellular models of AD. Blank mimic (NC1-mimic), miR-103 mimic, blank
inhibitor (NC2-mimic) and miR-103 inhibitor plasmids were transferred into PC12 cellular
AD model and Cellular AD model of cerebral cortex neurons which were established
by Aβ1–42 insult. Rescue experiment was subsequently performed by transferring
Prostaglandin-endoperoxide synthase 2 (PTGS2) and miR-103 mimic plasmid. mRNA
and protein expressions were detected by qPCR and Western Blot assays. Total neurite
outgrowth was detected by microscope, cells apoptosis was determined by Hoechst/PI
assay, and apoptotic markers Caspase 3 and p38 expressions were determined by
Western Blot assay. In both PC12 and cerebral cortex neurons cellular AD models,
miR-103 mimic increases the total neurite outgrowth compared with NC1-mimic,
while miR-103 inhibitor decreases the total neurite outgrowth than NC2-inhibitor. The
apoptosis rate was decreased in miR-103 mimic group than NC1-mimic group while
increased in miR-103 inhibitor group than NC2-inhibitor group. PTGS2, Adisintegrin and
metalloproteinase 10 (ADAM10) and neprilysin (NEP) were selected as target genes of
miR-103 by bioinformatics analysis. And PTGS2 was found to be conversely regulated
by miR-103 expression while ADAM10 and NEP were not affected. After transfection
by PTGS2 and miR-103 mimic plasmid in PC12 cellular AD model, the total neurite
growth was shortened compared with miR-103 mimic group, and cells apoptosis was
enhanced which indicated PTGS2 mimic attenuated the influence of miR-103 mimic on

Abbreviations: ADAM10, adisintegrin and metalloproteinase 10; AD, Alzheimer’s disease; Aβ, amyloid β; CDK5,
cyclin-dependent kinase 5; CSF, cerebrospinal fluid; DMEM, dulbecco modified eagle medium; DMSO, dimethyl sulfoxide;
ECL, enhanced chemiluminescence; FBS, fetal bovine serum; KLF4, Krüppel-like Factor-4; miRNA, microRNA; NEP,
neprilysin; NGF, nerve growth factor; qPCR, quantitative polymerase chain reaction; PTGS2, prostaglandin-endoperoxide
synthase 2; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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progression of AD. In conclusion, miR-103 promotes total neurite outgrowth and inhibits
cells apoptosis by targeting PTGS2 in cellular models of AD.

Keywords: miR-103, PTGS2, PC12, cerebral cortex neurons, Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD), characterized by neurofibrillary
tangles and amyloid β (Aβ) deposits, is one of the most
challenging diseases to human health which presents with
impaired cognition, memory and language as well as dementia
(Chan et al., 2013; Scheltens et al., 2016). Growing evidences
disclose that AD affects a great amount of patients worldwide,
it’s estimated that 3.12% of total population in United States and
5.05% population in Europe suffer from AD (Beydoun et al.,
2015; Niu et al., 2017). As to China, a recent meta-analysis
study illuminates that the number of AD patients is quickly
increased from 1.93 million in 1990 to 3.71 million in 2000 and
to 5.69 million in 2010, which is mainly due to the improved
diagnosis of AD, and the prevalence varies from 0.2% to 48.2%
in patients aged 55–59 years to patients aged 95–99 years (Chan
et al., 2013). Although much progress has been realized in
imaging technology, diagnostic biomarkers, treatment drugs,
therapy strategy and patients’ care, the prognosis of AD is still
far more from satisfaction. Thus, the investigation of pathology
of AD and corresponding novel treatment target to prevent, delay
or treat AD symptoms is of great need.

Among all the triggers of AD, genetic factor is considered
as one of most important elements (Naj et al., 2017). With
the advent of genome-wide association studies (GWAS) and
next-generation sequencing, more than 30 risk loci related to
AD have been identified (Pimenova et al., 2018), which are
estimated to explain about 28% of the heritability of liability,
30% of familial risk and over 50% of sibling recurrence risk
of developing AD (Cuyvers and Sleegers, 2016). microRNAs
(miRNAs), since initially discovered in late time of last decade,
have attracted a great amount of attention in neurosciences
(Basavaraju and de Lencastre, 2016; Fan et al., 2016). A deal
of miRNAs have been proposed to expressed specifically in
neurons, where some of them are proved to function in neuronal
activities, such as neurite outgrowth and synapse formation
(Schratt et al., 2006; Abdelmohsen et al., 2010). In addition,
several reports have presented that the genetic ablation of Dicer
would lead to neuronal loss, brain shrinkage and inflammation,
which is a key enzyme for maturation of miRNA production
(Cuellar et al., 2008; Kawase-Koga et al., 2010). A case-control
study discloses that 74 up-regulated and 74 down-regulated
miRNAs in cerebrospinal fluid (CSF) of AD patients compared
to health controls are discovered (Denk et al., 2015). Besides, 20
up-regulated and 32 down-regulated miRNAs are identified in
peripheral blood of AD patients by systemic analysis in a recent
meta-analysis study (Wu et al., 2016). These indicate miRNAs
play crucial functions in AD development and progression.

miR-103, belonging to miR-103/107 family, has been greatly
studied in various cancers but not in neurologic diseases (Fasihi
et al., 2017; Kfir-Erenfeld et al., 2017; Yang et al., 2017;
Zheng et al., 2017). A previous study illuminates that miR-103

improves cancer progress via regulating Wnt signaling pathway
in colorectal carcinoma (Fasihi et al., 2017). Another study
reveals that miR-103 increases cells proliferation and metastasis
through targeting Krüppel-like Factor-4 (KLF4) in gastric cancer
(Zheng et al., 2017). While other studies disclose that miR-103
acts as tumor suppressor which inhibit cells proliferation and
migration in non-small-cell lung cancer and hematological
malignancies (Kfir-Erenfeld et al., 2017; Yang et al., 2017).

Despite of the unclear mechanism of miR-103 function
in AD pathology, several studies illustrate that miR-103 is
down-regulated in AD patients and models (Yao et al., 2010;
Chang et al., 2017; Huynh and Mohan, 2017). A previous animal
experiment shows that miR-103 expression is decreased in brain
of transgenic mouse model of AD (Yao et al., 2010). Another
study applies TaqMan OpenArray Human MicroRNA assay to
determine the expression of miRNA profiles in CSF samples,
which observes that miR-103 expression is elevated in AD
patients compared to health controls (Huynh and Mohan, 2017).
Furthermore, a recent secondary systemic analysis presents that
miR-103 is estimated to be one of the four most important
dysregulated miRNAs in AD patients (Chang et al., 2017). These
suggest miR-103 might be involved in the pathology of AD. In
addition, miR-107, another key miRNA in miR-103/107 family
which shares the same seed region with miR-103, is revealed to
be down regulated in AD patients and models as well (Nelson
and Wang, 2010). miR-107 regulates AD progress by directly
targeting Beta-site amyloid precursor protein cleaving enzyme1
(BACE1), cofilin and even Dicer as previously reported, and it
would induce cell cycle arrest in AD model (Wang et al., 2008;
Yao et al., 2010; Li et al., 2011; Feng et al., 2012; Jiao et al., 2016).
Combining aforementioned reports together, we hypothesized
that miR-103 would regulate neuron proliferation and apoptosis
in AD models.

However, few study investigating the role of miR-103 in AD
etiology has been illuminated, thus we aimed to explore the
influence of miR-103 expression on neurite outgrowth and cells
apoptosis in cellular AD models, and further validate its target
genes in AD.

MATERIALS AND METHODS

Cells Culture
Rat pheochromocytoma cells (PC12 cells) were purchased from
Shanghai Institutes for Biological Science (Shanghai, China).
After the resuscitation, PC12 cells were cultured in Dulbecco
modified Eagle medium (DMEM; Gibco, Gaithersburg,
MD, USA) supplemented with 5% fetal bovine serum (FBS;
Gibco, Gaithersburg, MD, USA), 10% horse serum (Gibco,
Gaithersburg, MD, USA), 100 units/ml penicillin and 100 µg/ml
streptomycin. The cells were incubated in a humidified incubator
in 95% air and 5% CO2 at 37◦C.
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The brain cortex of SD rat embryos on embryonic day
16 was isolated and subsequently rinsed in Hank’s buffered saline
solution, cut into small pieces (0.5–1 mm3), digested with trypsin
in incubator at 37◦C for 15 mins with shaking every 5 mins,
dissociated with a fire polished glass pipette and centrifuged
to separate un-dissociated tissue. 0.5 ml cell suspensions were
then plated in 24-well plates with density of 5 × 105 cells/ml,
maintained in serum-free neurobasal medium supplemented
with 2% B27 and 0.05 mM glutamine.

The study has been approved by the Animal Ethics
Committee of the Fourth Affiliated Hospital of Harbin
Medical University, and all related experiments were conducted
according to the ‘‘Code for the Care and Use of Animals for
Scientific Purposes’’ statement and under the principles of 3R
(replacing, refining and reducing).

PC12 Cells Differentiation by Nerve Growth
Factor (NGF)
PC12 cells with density of 1 × 105 cells/ml were plated in 24-well
plates and cultured with 20 ng/ml nerve growth factor (NGF;
Sigma, USA), 10% FBS (Gibco, Gaithersburg, MD, USA) for 72 h
at 37◦C with 95% air and 5% CO2.

Preparation of Oligomerized Aβ1–42
Aβ1–42 was purchased from Sigma company (Sigma, USA)
and subsequently dissolved in dimethyl sulfoxide (DMSO) at
a concentration of 1 mM and stored at −20◦C. Prior to the
treatment, peptides were pre-incubated at 37◦C for 7 days to
promote aggregation and then diluted in medium to desired
concentrations as described previously. Soluble oligomerized
Aβ1–42 peptides (equivalent to 1 mM peptides) were then added
to cells to induce damaging effects.

Aβ1–42 Insult
NGF stimulated PC12 cells and cerebral cortex neurons of
SD rat embryos were then treated by 1 mM of soluble
oligomerized Aβ1–42 peptides for 24 h to build cellular AD
models. And the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay was performed to detect
the activity of cells viability to validate the establishment
of AD models. Cells treated without soluble oligomerized
Aβ1–42 peptides were regarded as controls. In addition, miR-103
expression in AD models after Aβ1–42 insult and controls were
determined by quantitative polymerase chain reaction (qPCR)
assay.

Plasmids Transfection of miR-103 Mimic
and miR-103 Inhibitor
Blank mimic, miR-103 mimic, blank inhibitor and miR-103
inhibitor plasmids were subsequently transferred into
PC12 cellular AD model cells and cellular AD model cells of
cerebral cortex neurons, and were correspondingly divided into
four groups: NC1-mimic, miR-103 mimic, NC2-inhibitor and
miR-103 inhibitor groups. After 24 h, Cells neurite outgrowth
and apoptosis were detected by microscope, Hoechst/PI, Caspase
3 and p38 expressions for each group. miR-103, prostaglandin-
endoperoxide synthase 2 (PTGS2) mRNA, adisintegrin and

metalloproteinase 10 (ADAM10) mRNA, neprilysin (NEP)
mRNA expressions were determined by qPCR assay, PTGS2,
ADAM10 and NEP protein expressions were determined by
Western Blot assay in four groups.

PTGS2, ADAM10 and NEP were served as potential targeted
genes by these following analysis: (1) target mRNAs of
miR-103 were first predicted by miRwalk 2.0 with six or
above positive results by 12 methods (miRWalk, Microt4,
miRanda, mirbridge, miRDB, miRMap, miRNAMap, Pictar2,
PITA, RNA22, RNAhybrid, Targetscan1, Dweep et al., 2014);
(2) genes correlated with AD pathology or risk were analyzed by
DisGenet2, Piñero et al., 2017); and (3) potential targeted genes
(PTGS2, ADAM10 and NEP) were then analyzed by combining
of miR-103 target genes and AD related genes (both existed in
miR_103 target genes database and AD related genes database
with the top three highest references).

Plasmids Transfection of miR-103 Mimic
and PTGS2 Mimic
In order to determine whether miR-103 regulated AD cells
function by targeting PTGS2, first, we determined the
PTGS2 expression in PC12 cellular AD model and control
by qPCR andWestern blot assays; second, the rescue experiment
was performed as follows: blank mimic, PTGS2 mimic, miR-103
mimic and PTGS2&miR-103 mimic plasmids were transferred
into PC12 cellular AD model cells and divided correspondingly
into four groups: NC, PTGS2+, miR-103+, miR-103+ & PTGS2+
groups. After 24 h, Cells neurite outgrowth and apoptosis
were detected by microscope, Hoechst/PI, Caspase 3 and
p38 expressions for each group. miR-103, PTGS2 mRNA
expressions were determined by qPCR assay, PTGS2 protein
expression was determined by Western Blot assay.

MTT Assay
Cells viability was assessed by MTT reagent (Sigma, USA). First,
100 mg of MTT was dissolved in 20 ml PBS to make a 5 mg/ml
solution. Next, 10 µl of MTT solution was added to each well,
which contained 100 µl culture medium, and incubated at 37◦C
for 4 h. Then the culture medium in the wells was sucked, and
100 µl of Dimethyl sulfoxide (DMSO) was added to each well,
the solution was dissolved for 10 min. Finally, the plates were
analyzed using a microplate reader (Molecular Devices, USA) at
490 nm.

Western Blot Assay
Total proteins were extracted from cells of each group with
1 ml RIPA buffer (Thermo Fisher Scientific, USA). The protein
concentration in each sample was then measured using the
bicinchoninic acid (BCA) kit (Pierce Biotechnology, Rockford,
IL, USA) and compared with the standard curve, the mean
of two measurements was calculated for each sample. Twenty
microgram protein samples were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride membranes (Millipore,

1http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
2www.disgenet.org
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Bedford, MA, USA). After blocking with 5% skim milk
for 2 h, membranes were incubated with the corresponding
primary antibody overnight at 4◦C. Then, membranes were
incubated with the appropriate secondary antibody for 1 h
at room temperature. The bands were visualized using an
enhanced chemiluminescence (ECL) kit (Millipore, Bedford,
MA, USA) followed by exposure to X-ray film. The antibodies
used in this study was summarized in Table 1, and the
images of membranes were shown in the Supplementary
Data.

qPCR Assay
Expression levels of miRNA and mRNAs were evaluated by
qPCR. Total RNA samples from cells was extracted with TRIzol
Reagent (Invitrogen, USA), according to the manufacturer’s
instructions. Then RNA was quantified by OD 260, and 1 µg
of total RNA from each sample was used for cDNA synthesis
with transcription kit (TOYOBO, Japan). The cDNA products
were subjected to qPCR with SYBR Green kit (KAPA, USA). The
PCR amplification was performed as follows: 95◦C for 5 min,
followed by 40 cycles of 95◦C for 5 s, 61◦C for 30 s. GAPDH or
U6 was used as reference gene. The qPCR results were calculated
with the 2−∆∆Ct method as previously described (Arocho et al.,
2006). The primers of miRNA and mRNAs were presented in
Table 2.

Morphology Detection and Total Neurite
Outgrowth Calculation
Cellular morphology was detected bymicroscope (Nikon, Japan).
Imaging software Presage (Advanced Imaging Concepts, Inc.,
Brooksville, FL, USA) was used to quantify the total neurite
outgrowth per cell which was defined as total length of neurite
outgrowth of cells divided by number of cells included.

Hoechst/PI Assay
Cells death was characterized by double nuclear staining with
fluorescent dyes Hoechst 33342 (Sigma, USA) and propidium
iodide (PI; Sigma, USA). Briefly, Hoechst 33342 (λex = 350 nm,
λem = 461 nm) and PI (λex = 535 nm, λem = 617 nm) were
added to the cultured medium at final concentrations of 8 M
and 1.5 M, respectively, and cultured at 37◦C for 30 min. Images
were collected by inversion fluorescence microscope (Nikon,
Japan). The total cells and damaged cells were counted under
×200 magnification, and the percentage of damaged cells was
calculated. All experiments described in the ‘‘Materials and
Methods’’ section were conducted in triplicate.

RESULTS

Cells Viability and miR-103 Expression
After Aβ1–42 Insult
As presented in Figure 1, MTT reduction rate was dramatically
decreased in Aβ1–42 insult group compared with control
group in both NGF stimulated PC12 cells (Figure 1A) and
primary cerebral cortex neurons (Figure 1B), indicating
the establishment of cellular AD models. And after
construction of AD models, we detected the miR-103
expression between AD models and normal neurons,
which illuminated that miR-103 level was decreased in AD
models compared to controls in both PC12 cellular AD model
(Figure 1C) and cellular AD model of cerebral cortex neurons
(Figure 1D).

miR-103 Expression After Plasmids
Transfection
Plasmid transfection efficiency was evaluated by dividing
fluorescence positive cells with total cells in 10 fields

TABLE 1 | Antibodies used in this study.

Antibody Company/Country Dilution ratio

Primary antibody
Rabbit polyclonal Anti-Caspase-3 antibody Abcam/USA 1:2000
Rabbit monoclonal Anti-cleaved Caspase-3 antibody Abcam/USA 1:2000
Rabbit monoclonal Anti-P38 antibody Abcam/USA 1:2000
Rabbit polyclonal Anti-P38(phosphoT180+Y182) antibody Abcam/USA 1:2000
Rabbit monoclonal Anti-GAPDH antibody Abcam/USA 1:2000
Rabbit polyclonal Anti-neprilysin antibody Abcam/USA 1:2000
Rabbit polyclonal to ADAM10 Abcam/USA 1:2000
Rabbit polyclonal to PTGS2 Abcam/USA 1:2000

Second antibody
Goat Anti-Rabbit IgG H&L (HRP) Abcam/USA 1:2000

TABLE 2 | Primers information.

Gene Forward primer (5′->3′) Reverse primer (5′->3′)

GAPDH CCTTCTCTTGTGACAAAGTGGACA CATTTGATGTTAGCGGGATCTCG
NEP GGAAGAAGTGGTTGTTTATGCTCC AGCATTTCTGGACTCCTTGTAGTT
PTGS2 AACACAGTACACTACATCCTGACC AACCGTAGTGCACATTGTAAGTTG
ADAM10 GTGCTTGAGAAGAAGAGGAACAAC TCAGACTTTGACTTGAATGCACAC
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
miR-103 ACACTCCAGCTGGGGGCTTCTTTACAGTGCTG TGTCGTGGAGTCGGCAATTC
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FIGURE 1 | Detection of cells viability by 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay after Aβ1–42 insult. (A) MTT reduction rate
was decreased in Aβ1–42 insult group than control group in nerve growth factor (NGF) stimulated PC12 cells. (B) MTT reduction rate was also decreased in
Aβ1–42 insult group than control group in primary cerebral cortex neurons from rat embryo. (C) miR-103 expression was downregulated in PC12 cellular Alzheimer’s
disease (AD) model than control. (D) miR-103 expression was reduced in cellular AD model of cerebral cortex neurons compared to control. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.

of microscope through using imageJ software (National
Institutes of Health, USA). And we observed that transfection
efficiencies were all above 90% in NC1-mimic, miR-103 mimic,
NC2-inhibitor and miR-103 inhibitor groups of PC12 cellular
AD model (Figure 2A) and cellular AD model of cerebral cortex
neurons (Figure 2B). After plasmids transfection, miR-103
expression was increased in miR-103 mimic group compared to
NC1-mimic group, and decreased in miR-103 inhibitor group
compared with NC2-inhibitor group in both PC12 cellular AD
model (Figure 2C) and cellular AD model of cerebral cortex
neurons (Figure 2D).

miR-103 Promoted Neurite Outgrowth
After 24 h of plasmids transfection, cellular morphology
was determined by microscope in NC1-mimic, miR-103
mimic, NC2-inhibitor and miR-103 inhibitor groups as
shown in Figures 3A,B. Subsequently, total neurite outgrowth
was calculated. And we found total neurite outgrowth was
elevated in miR-103 mimic group compared to NC1-mimic
group, while shortened in miR-103 inhibitor group compared
with NC2-inhibitor group in both PC12 cellular AD model

(Figure 3C) and cellular AD model of cerebral cortex neurons
(Figure 3D).

miR-103 Inhibited Cells Apoptosis
After 24 h of plasmids transfection, Hoechst/PI assay was
performed to detect the cells apoptosis as shown in Figures 4A,B.
And we observed that percentage of apoptosis cells were
decreased in miR-103 mimic group than NC1-mimic group, and
enhanced in miR-103 inhibitor group than NC2-inhibitor group
in both PC12 cellular AD model (Figure 4C) and cellular AD
model of cerebral cortex neurons (Figure 4D). In order to further
validate the effect of miR-103 on cells apoptosis in cellular AD
models, we subsequently determined the expressions of apoptotic
markers including C-Caspase 3 and P-P38. Higher C-Caspase
3 expression stood for higher apoptosis rate while higher P-P38
represented as lower apoptosis rate. And we observed that
C-Caspase 3 protein expression was decreased in miR-103 mimic
group compared with NC1-mimic group while increased in
miR-103 inhibitor group compared to NC2-inhibitor group;
P-P38 protein expression was elevated in miR-103 mimic group
compared with NC1-mimic group and reduced in miR-103
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FIGURE 2 | miR-103 expression after transfection. Transfection rates were all above 90% in all four groups in both PC12 cellular AD model (A) and cellular AD model
of cerebral cortex neurons (B) and miR-103 expression was increased in miR-103 mimic group than NC1 while decreased in miR-103 inhibitor group than
NC2 (C,D). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

inhibitor group compared to NC2-inhibitor group in both
PC12 cellular AD model (Figure 4E). The results were similar
in cellular AD model of cerebral cortex neurons (Figure 4F).

miR-103 Decreased PTGS2 Expression But
Not the Expression of ADAM10 or NEP
mRNA and protein expressions of potential targeted genes
(PTGS2, ADAM10 and NEP) were subsequently determined by
qPCR and Western Blot, which illuminated that PTGS2 mRNA
was down regulated in miR-103 mimic group than NC1-mimic
group and up regulated in miR-103 inhibitor group than
NC2-inhibitor group (Figure 5A), but no difference of ADAM10
(Figure 5B) or NEP (Figure 5C) mRNA was observed in
PC12 cellular AD model. In the meanwhile, PTGS2 protein

expression was decreased in miR-103 mimic group than
NC1-mimic group and increased in miR-103 inhibitor group
than NC2-inhibitor group, while ADAM10 and NEP protein
expression presented no difference (Figure 5G). The similar
results were discovered in cellular AD model of cerebral cortex
neurons as well (Figures 5D–F,H).

miR-103 Inhibited Cells Apoptosis by
Targeting PTGS2
So as to validate whether miR-103 regulated AD cells function
by targeting PTGS2, we first detected PTGS2 mRNA and protein
expressions in PC12 cellular AD model and control, which
disclosed that both PTGS mRNA (Figure 6A) and protein
(Figure 6B) levels were increased in PC12 cellular AD model
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FIGURE 3 | Total neurite outgrowth regulated by miR-103. (A,B) Presented cells morphology by microscope at 24 h after transfection: (A) PC12 cellular AD model;
(B) cellular AD model of cerebral cortex neurons. Total neurite outgrowth was increased by miR-103 mimic and decreased by miR-103 inhibitor in both two cellular
AD models (C,D). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

compared with control. Second, compensating experiment in
PC12 cellular AD model was performed, as presented in
Figure 6C, no difference of miR-103 expression was found
between NC group and PTGS2+ group, or between miR-103+
and miR-103+&PTGS2+ group, indicating PTGS2 mRNA did
not regulate miR-103 expression. While both PTGS2 mRNA and
protein expressions were elevated in PTGS2+ group than NC
group, and in miR-103+&PTGS2+ group than miR-103 group,
while reduced in miR-103+ group compared with NC group
(Figures 6D,E).

After 24 h of transfection of miR-103 and PTGS2 mimic
in PC12 cellular AD model, cells apoptosis was determined
by Hoechst/PI assay (Figure 6F), which revealed that
percentage of apoptosis was increased in miR-103+&PTGS2+

group compared to miR-103+ group, and in PTGS2+
group compared with NC group (Figure 6G). C-Caspase
3 protein expression was up regulated in miR-103+&PTGS2+
group compared to miR-103+ group, as well as in
PTGS2+ group compared with NC group, while the P-P38
presented with the opposite results (Figure 6E). These
suggested miR-103 inhibited cells apoptosis by targeting
PTGS2.

miR-103 Increased Neurite Outgrowth by
Targeting PTGS2
Total neurite outgrowth was calculated at 24 h after
transfection of miR-103 and PTGS2 mimic in PC12 cellular
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FIGURE 4 | Cells apoptosis regulated by miR-103. Hoechst/PI assay was performed to detect cells apoptosis rate at 24 h after transfection: (A) PC12 cellular AD
model; (B) cellular AD model of cerebral cortex neurons. And miR-103 mimic suppressed apoptosis rate while miR-103 inhibitor improved apoptosis in both two
cellular AD models (C,D). In the meanwhile, C-Caspase 3 was decreased in miR-103 mimic group and increased in miR-103 inhibitor group, while P-P38 presented
with opposite results (E,F). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

AD model (Figure 7A), which disclosed that total
neurite outgrowth was decreased in miR-103+&PTGS2+
group than miR-103+ group, as well as in PTGS2+
group than NC group (Figure 7B). These indicated
that miR-103 increased neurite outgrowth by targeting
PTGS2.

DISCUSSION

In this present study, we induced cellular AD models based on
NGF stimulated PC12 cells and primary cerebral cortex neurons
by Aβ1–42 insult, and observed that miR-103 increased total
neurite outgrowth and inhibited cells apoptosis in both two
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FIGURE 5 | mRNA and protein expression of predicted target genes of miR-103. Prostaglandin-endoperoxide synthase 2 (PTGS2) mRNA and protein levels were
both conversely regulated by miR-103 in both PC12 cellular AD model (A,G) and cellular AD model of cerebral cortex neurons (D,H). However, Adisintegrin and
metalloproteinase 10 (ADAM10) and neprilysin (NEP) expressions were not affected by miR-103 in AD cellular models (B,C,E,F,G,H). ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.

cellular AD models, and the function of miR-103 in cellular
AD models was independent of ADAM10 or NEP. Furthermore,
we performed the compensating experiment of PTGS2 for
miR-103 mimic intervention in PC12 cellular AD model, which
demonstrated miR-103 improved total neurite outgrowth and
suppressed cells apoptosis by targeting PTGS2.

AD, as the most common cause of dementia, is characterized
by progressive neuronal loss and inflammation that affect
memory, language, behavior and cognition (Scheltens et al., 2016;
Winblad et al., 2016). A recent meta-analysis review suggests that
approximately 35.6 million people live with dementia in 2010,
and the number would increase to 65.7 million in 2030 and
115.4 million in 2050, among which 60% were on account of AD
(Prince et al., 2013). In addition to decreased function, memory

and cognition, quality of life and so on in AD patients, AD also
increases caregiver burden in family members and elevated labor
loss as well as social cost (Bertrand et al., 2016; Svendsboe et al.,
2016; Deb et al., 2017). Thus AD becomes an increasingly critical
issue to human health in the world.

miRNA, as endogenous RNA with about 18–23 nucleotides,
regulates protein expression by paring to the mRNA of protein-
coding genes and guiding their post-transcriptional repression,
which plays critical role in regulating cell differentiation,
progression and apoptosis (Thomson and Dinger, 2016).
Accumulating evidences disclose that miRNAs involve in the
molecular control of development and aging of the brain,
while dysregulation of them contributes to the neuropsychiatric
disorders including AD (Van den Hove et al., 2014; Basavaraju
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FIGURE 6 | miR-103 suppressed cells apoptosis by targeting PTGS2. PTGS mRNA (A) and protein (B) expressions were observed to be elevated in PC12 cellular
AD model than control. PTGS2 mimic did not affect the expression of miR-103 in PC12 cellular AD model (C) while miR-103 mimic conversely regulated
PTGS2 expression (D,E). Hoechst/PI assay (F) showed PTGS2+ increased cells apoptosis rate compared to NC, and miR-103+&PTGS2+ increased cells apoptosis
rate compared with miR-103+ (G). C-Caspase 3 and P-P38 expression also supported these results (E). These indicated PTGS2 attenuated the function of miR-103
on suppressing cells apoptosis in PC12 cellular AD model. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

FIGURE 7 | miR-103 improved neurite outgrowth by targeting PTGS2. (A) Presented cells morphology in NC, PTGS2+, miR-103+ and miR-103+&PTGS2+ groups,
which illuminated that PTGS2 attenuated the function of miR-103 on improving total neurite outgrowth in PC12 cellular AD model (B) ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.

and de Lencastre, 2016). And several miRNAs including miR-
34a/b/c, miR-109, miR-125b, miR-107, miR-181 and so on are
illuminated to be involved in the pathology of AD development
and progress via targetingmultiple genes (Delay et al., 2012; Zhao
et al., 2017), and tens of miRNAs have been demonstrated to be

biomarker for AD risk and disease monitoring (Hu et al., 2016;
Wu et al., 2016). miR-103, located in chromosome 13, has been
reported to be decreased in brain of transgenic mouse model
of AD as well as in CSF of patients with AD (Yao et al., 2010;
Huynh and Mohan, 2017). And deficient expression of miR-103
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increases cofilin protein levels in AD model (Yao et al., 2010). In
addition, mature miR-103 shares the same seed region with miR-
107, the latter is demonstrated to be involved in the pathology of
AD by several reports (Nelson and Wang, 2010; Augustin et al.,
2012; Jiao et al., 2016). Thus we hypothesized that dysregulated
miR-103 would influence the development and progress of AD
by regulating disease related genes.

In this present study, we applied two cellular AD models
to investigate the effect of miR-103 on total neurite growth
and cells apoptosis in AD, which were derived from NGF
stimulated PC12 cells and cerebral cortex neurons of SD rat
embryos by Aβ1–42 insult as described previously (Fang et al.,
2012). Interestingly, we foundmiR-103 expression was decreased
in NGF stimulated PC12 cells and rat embryos neurons after
Aβ1–42 insult, which indicated the positive regulating role of
Aβ1–42 on miR-103 expression. However, no published report
has explored the effect of Aβ1–42 on miR-103, while inversely,
miR-103 is observed to directly target ADAM 10, and ADAM
10 is a critical gene in modulating the formation of Aβ1–42 (Jiao
et al., 2017). The possible explanation of this result might be
that Aβ1–42 promoted neuronal inflammation, which reduced
the expression of miR-103 (Ameruoso et al., 2017; Fang et al.,
2018; Zhang et al., 2018), nevertheless, this inference needed to
be validated in further studies. Subsequently, miR-103 mimic
and inhibitor plasmids were used for transfection instead of
lentivirus due to the late effect initiation of lentivirus in cells
(Shearer and Saunders, 2015). We observed that miR-103 mimic
increased total neurite growth and inhibits cells apoptosis in
both two cellular AD models, while miR-103 inhibitor realized
opposite results. These indicated miR-103 was involved in the
pathology of AD by regulating neurite growth and cells apoptosis
which was in line with previous clinical studies that disclose
miR-103 is down regulated in AD patients and models (Yao
et al., 2010; Chang et al., 2017; Huynh and Mohan, 2017).
Besides, an animal experiment finds that decreased expression
of miR-103 enhances the cofilin protein level in brains of
transgenicmousemodel of AD (Yao et al., 2010). Another in vitro
study illuminates that miR-103 regulates p35 which is the main
activatory subunit of cyclin-dependent kinase 5 (CDK5) that
plays a fundamental role in brain development and functioning,
by targeting CKD5R1 (Moncini et al., 2017). Although these two
studies do not investigate the direct function of miR-103 in AD
cellular models, they provide indirect support for our study that
miR-103 influences neurons differentiation and cells apoptosis
in AD.

In order to further investigate the mechanism of miR-103 in
AD pathology, we next predicted its targeted genes in AD by
miRwalk 2.0 database and DisGenet database (Dweep et al., 2014;
Piñero et al., 2017). Briefly, we predicted miR-103 target genes
by miRwalk and genes related to AD pathology by DisGenet,
subsequently combined these two results together, and PTGS2,
ADAM10 as well NEP were selected as candidate target genes
to be explored. And we found PTGS2 expression was conversely
regulated by miR-103 expression in both PC12 cellular AD
model and cellular AD model of cerebral cortex neurons, while
ADAM 10 and NEP expression was not affected by miR-103.
These suggested that miR-103 might function in AD progress

by regulating PTGS2 but not ADAM10 or NEP. A previous
secondary analysis by computational identification discloses that
miR-103 is estimated to target ADAM10 in AD which is in
line with our predicted results, however, the regulated effect of
miR-103 on ADAM failed to be validated in our experiment in
both two cellular AD models (Augustin et al., 2012).

PTGS2, as the gene encoding PTGS2 that is a key enzyme in
the conversion of arachidonic acid to prostaglandins involved
in inflammation, is demonstrated to play important role in AD
development and especially in its progression (Cheng et al.,
2013; Toral-Rios et al., 2015). Growing evidences reveal that
inflammation may be a third important component which, once
initiated in response to neurodegeneration or dysfunction, may
actively contribute to AD progression and chronicity (Heneka
et al., 2010; Wang et al., 2014). An in vitro study discovers
that PTGS2-mediated reciprocal regulation of interleukin (IL)-
1β and Aβ in glial and neuron cells contributes to the aggravation
of AD (Wang et al., 2014). And activation of astrocytes,
as a feature of brain inflammation related to AD progress,
produces cytokines and PTGS2 which enhances the production
of Aβ (Sawikr et al., 2017). In addition, an animal experiment
discloses that anti-PTGS2 inhibitor has been observed to improve
cognitive decline of AD via concurrently inducing neurogenesis
and reducing apoptosis in transgenic mice (Guo et al., 2017).
These manifest PTGS2 gene acts as important factor for AD
progression. In line with these previous studies, we found
PTGS2 mimic decreased total neurite outgrowth and improved
cells apoptosis in PC12 cellular AD model, which indicated its
role in accelerating AD progression. More importantly, we found
PTGS2 mimic attenuated the function of miR-103 mimic on
neurite outgrowth and cells apoptosis in PC12 cellular ADmodel,
which suggested miR-103 improved total neurite outgrowth and
suppressed cells apoptosis via targeting PTGS2 in AD. This result
was in line with previous studies which disclose that miR-103 is
decreased in AD patients and models, and the role of PTGS2 on
accelerating progression of AD through regulating inflammation
(Heneka et al., 2010; Yao et al., 2010; Cheng et al., 2013; Wang
et al., 2014; Toral-Rios et al., 2015; Chang et al., 2017; Guo et al.,
2017; Huynh and Mohan, 2017; Sawikr et al., 2017).

In conclusion, miR-103 promotes total neurite outgrowth and
inhibits cells apoptosis by targeting PTGS2 in cellular models
of AD.
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