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Neuropeptide Y upregulates Runx2 and osterix and
enhances osteogenesis in mouse MC3T3-E1 cells
via an autocrine mechanism
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Abstract. The neuropeptide Y (NPY) system is considered
one of the primary neural signaling pathways. NPY, produced
by osteoblasts and other peripheral tissues, is known to inhibit
biological functions of osteoblasts. However, until recently,
little was known of the autocrine mechanism by which NPY is
regulated. To investigate this mechanism, overexpression plas-
mids and small interfering RNA (siRNA) targeting NPY were
transfected into the MC3T3-El cell line to observe its effects
on osteogenesis. NPY overexpression was found to markedly
enhance the osteogenic ability of MC3T3-El cells by an auto-
crine mechanism, coincident with the upregulation of osterix
and runt-related transcription factor 2 (Runx?2). Furthermore,
NPY increased the activities of alkaline phosphatase (ALP) and
osteocalcin (OCN) by upregulating their osteoblastic expres-
sion in vitro (as well as that of osterix and Runx2). Following
transfection with NPY-siRNA, the osteoblastic ability of
MC3T3-El cells was markedly decreased, and NPY deficiency
inhibited the protein expression of osterix, Runx2, OCN and
ALP in primary osteoblasts. Collectively, these results indicated
that NPY played an important role in osteoblast differentiation
by regulating the osterix and Runx2 pathways.

Introduction

Severe trauma, tumor resection, cancer or congenital diseases
can result in large segmental bone defects (1). Synthetic bone
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graft substitutes combined with bioactive molecules, such as
growth factors, peptides and small molecules, can improve
the delivery of bone precursor cells, as well as subsequent
bone formation and metabolism (2). Bioactive molecules
are required in patients with larger bone defects (>2 cm) (2).
For this purpose, growth factors, peptides and small mole-
cules are currently being evaluated at the pre-clinical and
clinical levels (2). Based on previous findings, combining
Neuropeptide Y (NPY) with the appropriate corresponding
bone scaffold may bring about effective clinical translations
and novel insights into the future of bone transplantation.

NPY, a 36-amino acid peptide, is a neurotransmitter
located in the brain and autonomic nervous system (3). As a
typical regulator of appetite and energy balance, NPY serves
an important role in the central nervous system (4), as well as
a protective role in chronic bone loss-induced stress (5). NPY,
which is stored and released together with noradrenaline in the
process of nerve stimulation, is part of the sympathetic arm of
the peripheral nervous system (4). NPY has been identified in
several cell types, including osteoblasts and adipocytes (6-8),
and has previously been demonstrated to regulate the balance
of bone mass in both the central and peripheral regions (9,10).

NPY receptors are members of the G protein-coupled receptor
superfamily, and five subtypes (Y1, 2,4, 5 and 6) are currently
acknowledged in humans (11). However, in rodents, bone mass is
regulated by the Y1 and Y2 receptors only (12). In previous studies,
inhibiting the Y1 receptor increased the mRNA expression levels
of osterix and runt-related transcription factor 2 (Runx2), two
transcription factors essential for osteoblastic differentiation and
bone formation (13). Y1 inhibition can also promote the activity
of Runx2 and osterix, and thus may contribute to osteoblastic
differentiation and the expression of osteocalcin (OCN), alkaline
phosphatase (ALP), bone sialoprotein (BSP) and collagen 1o (14).
However, whether NPY itself is able to modulate osteoblasts via
Runx2, osterix and bone morphogenetic protein (BMP) signaling
remains to be elucidated.

Igwe et al (15) revealed that NPY is expressed in osteoblasts
and serves an important role in osteogenic differentiation. They
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also identified higher NPY mRNA expression in bone frac-
tions highly abundant in mature osteoblasts and osteocytes. In
a previous study, treatment of osteoblasts with NPY decreased
the expression of markers of osteoblast differentiation (9).
Collectively, the aforementioned studies focused on cellular
proliferation and osteogenesis as a result of the exogenous
administration of NPY. However, little is known of the effects
of NPY alterations at the genetic level. In the present study,
the aim of the study was to investigate the effects of regu-
lating NPY by an autocrine mechanism (coincident with the
regulation of Runx2 and osterix) using the MC3T3-El cell line.

In a previous report, non-tumorous MC3T3-El cells were
extracted from the skull and underwent a typical osteoblastic
differentiation process in vitro (16). In the present study,
experiments were conducted by transfecting MC3T3-El cells
with NPY small interfering RNA (siRNA) or overexpression
plasmids to alter its expression level; this method demonstrated
the autocrine, rather than the exocrine mechanism by which
NPY regulates osteoblastic function. The osteoblastic ability
of MC3T3-E1 cells was significantly enhanced following NPY
overexpression, resulting in an increase in the expression of
ALP, OCN, Runx2 and osterix mRNA levels at different time
points, compared with those in untreated cells. In conclusion,
this study demonstrated that NPY signaling serves a posi-
tive role in osteogenic differentiation of MC3T3-El cells by
upregulating Runx2 and osterix in vitro. This will help to solve
the clinical problem of large bone defects caused by severe
trauma, tumor resection, cancer or congenital diseases in
the future.

Materials and methods

Cell isolation, culture and treatment. The MC3T3-El cell line
was purchased from the Cell Bank of Union Medical University
(http://sbm.pumc.edu.cn/). MC3T3-El cells were cultured in
a-minimum essential medium (MEM with 10% Fetal Bovine
Serum, both Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10 mmol (-glycerophosphate, 50 xg/ml ascorbic
acid and 10 mmol dexamethasone, and maintained at 37°C in
5% CO,. The culture medium was renewed every 2-3 days.

Expression plasmids and transfection. MC3T3-E1 cells
(2.0x106 cells/well) were seeded into 6-well plates (2 ml/well)
and cultured at 37°C (5% CO,) until 70-80% confluence. In
order to study the subsequent biological effects of NPY on
MC3T3-El1 cells, three different groups of siRNA (final
concentration: 10 nM) and an NPY overexpression plasmid
(final concentration: 25 nM) were designed by Wuhan Qingke
Innovation Biotech Co., Ltd., along with a scrambled siRNA
group (Wuhan Qingke Innovation Biotech Co., Ltd.) and an
empty vector group (Wuhan Qingke Innovation Biotech Co.,
Ltd.), which acted as the negative controls. The three NPY
siRNA target sequences (sSiRNA1, siRNA2 and siRNA3) are
displayed in Table I. Then, untransfected cells were used as
the control group for subsequent experiments. The cells were
transfected with NPY siRNA and overexpression plasmids;
NPY siRNA transfection was conducted for 48 h using RFect
siRNA transfection reagent (Changzhou Baidai Biotechnology
Co.,Ltd.),and the NPY overexpression plasmid was transfected
using RFect DNA transfection reagent (Changzhou Baidai
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Biotechnology Co., Ltd.), also for 48 h. Material synthesis and
reagent preparation used in RFect siRNA and plasmid DNA
transfection were performed according to the instructions of
the transfection kits. Statistical analysis results showed that
NPY siRNA3 had the highest interference efficiency, and as a
result, siRNA3 was used for subsequent experimentation. The
cells were then cultured for 7 days in the same conditions as
aforementioned.

Reverse transcription-quantitative (RT-q)PCR analysis. At
4 and 7 days post-transfection, MC3T3-El1 cells were collected
and gene expression was detected by RT-qPCR. Total RNA
was isolated using TRIzol® reagent (Tiangen Biotech Co.,
Ltd.) and quantified using the NanoDrop™ 2000 (Thermo
Fisher Scientific, Inc.). The RNA was reverse transcribed
into cDNA using the RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Inc.), according to the manu-
facturer's protocol; the primer sequences for NPY, Runx2,
OCN, ALP, osterix and GADPH (Wuhan Qingke Innovation
Biotechnology Co., Ltd.) are displayed in Table I. The
FastStart Universal SYBR-Green Master (Rox) was then used
to perform qPCR with the LightCycler® 480 Instrument IT
system (both Roche Diagnostics), under the following ther-
mocycling conditions: 95°C for 5 min, 44 cycles at 95°C for
15 sec, and then 72°C for 20 sec. Melting curve analysis was
used to confirm the specificity of transcription amplification.
Fold changes in target gene expression were quantified using
the 2°24¢4 method (17) after normalization to the internal
reference gene (GAPDH).

Western blot analysis. The cells were harvested and lysed
with RIPA lysis buffer containing phenylmethane sulfonyl
fluoride and protease inhibitors (both Sigma-Aldrich; Merck
KGaA). The concentration of each sample was determined by
a bicinchoninic acid protein assay. Proteins from each group
(30 pug/lane) were resolved via SDS-PAGE on a 10% gel,
and subsequently transferred to PVDF membranes. After
blocking with 5% BSA (Sigma-Aldrich; Merck KGaA) at
room temperature for 1 h in a phosphate buffered solution
(PBS with 0.1% Tween-20; pH 7.5) and washing in TBS with
0.05% Tween-20 (TBST), the membranes were incubated with
anti-NPY (1:1,000; cat. no. DF6431; Affinity Biosciences),
anti-OCN (1:500; cat. no. PAA471Mu01; Cloud-Clone
Corp.), anti-ALP (1:1,500; cat. no. 11187-1-AP; ProteinTech
Group, Inc.), anti-osterix (1:1,000; cat. no. bs-1110R; BIOSS)
and anti-Runx2 (1:500; cat. no. PABO11MuO1; Cloud-Clone
Corp.) antibodies overnight at 4°C. After rinsing with TBST,
the membranes were all incubated with a secondary antibody
(horseradish peroxidase-linked guinea pig anti-rabbit IgG
polyclonal; 1:2,000; cat. no. SAA544Rb59; Cloud-Clone Corp.)
at 4°C for 1 h, and then developed using a chemiluminescence
detection system (Pierce; Thermo Fisher Scientific, Inc.). The
data were analyzed using ImageJ software (Version 1.8.0;
National Institutes of Health); the relative protein expression
level was calculated as the grey value ratio of the target protein
to GAPDH.

Statistical analysis. The experimental data are presented as
the mean + SD of three independently performed experiments.
One-way ANOVA was used to analyze the overall differences
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Table I. Primers used for reverse transcription-quantitative PCR.
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Gene name Primer sequences (5'—3") GenBank number

NPY Sense: CTCGTGTGTTTGGGCATTC NM_023456
Antisense: TAGTGTCGCAGAGCGGAGTA

siRNA1 Sense: CCAAACAAUAGACAUGCUUTAT NM_000909.6
Antisense: AAGCAUGUCUAUUGUUUGGATAT

siRNA2 Sense: GCCCUUUGUGAUCUAUCAAJTAT NM_000909.6
Antisense: UUGAUAGAUCACAAAGGGCATAT

siRNA3 Sense: CCAAGCGAAUCAACAUCAUdTAT NM_000909.6
Antisense: AUGAUGUUGAUUCGCUUGGATdT

Runx2 Sense: GACGAGGCAAGAGTTTCACC NM_009820
Antisense: GGACCGTCCACTGTCACTTT

OCN Sense: CAAGCAGGGAGGCAATAAGG NM_007541
Antisense: CGTCACAAGCAGGGTTAAGC

GAPDH Sense: TCCACCACCCTGTTGCTGTA NM_002046.3
Antisense: ACCACAGTCCATGCCATCAC

ALP Sense: TGGTCACAGCAGTTGGTAGC NM_001287172.1
Antisense: CTGAGATTCGTCCCTCGCTG

Osterix Sense: GATGGCGTCCTCTCTGCTTG NM_130458.3

Antisense: TCTTTGTGCCTCCTTTCCCC

NPY, neuropeptide Y; Runx2, runt-related transcription factor 2; OCN, osteocalcin; ALP, alkaline phosphatase; GAPDH, glyceralde-

hyde-3-phosphate dehydrogenase; siRNA, small interfering RNA.

between multiple groups. The Scheffe (Fig. 1A and B) or least
significant difference post hoc tests were used to evaluate the
differences between groups using SPSS 18.0 software (SPSS,
Inc.); representative bar graphs were created in GraphPad
Prism v.6.0 (GraphPad Software, Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Screening of NPY-specific siRNA. Comparison of the control,
siRNAI1, siRNA2 and siRNA3 groups was conducted by
one-way ANOVA followed by Scheffe post hoc test, and the
differences among the groups were statistically significant
(P<0.01 or P<0.001). NPY siRNA3 had the highest interfer-
ence efficiency of >75%, and as a result, siRNA3 was used for
subsequent experimentation (Fig. 1A).

Secretion and expression of NPY in MC3T3-E] cells.First, NPY
secretion from MC3T3-El cells was verified at 4 and 7 days;
NPY was consistently expressed at all time points, which
provided the basis for the following experiments (Fig. 1B).
In addition, NPY mRNA was sustainably expressed in both
the experimental and control groups (Fig. 1B). Furthermore,
the overexpression plasmids significantly promoted mRNA
expression in MC3T3-El cells, which was increased by
~3.9-fold at day 4 and 4.3-fold at day 7, in comparison with the
empty vector group (P<0.001; Fig. 1B).

In order to more fully understand the role of NPY,
MC3T3-E1 cells were transfected with NPY siRNA and
cultured for 48 h, and changes in NPY mRNA expression were

observed over time. NPY mRNA expression was decreased
by ~0.75-fold at day 4 and ~0.55-fold at day 7, compared with
the control and scrambled siRNA groups; there was statistical
significance at day 4 (P<0.05; Fig. 1B) and no statistical signifi-
cance at day 7. Conversely, semi-quantitative analysis revealed
that NPY overexpression increased NPY protein expression
by 1.2-fold at day 4 and 1.5-fold at day 7, compared with
the control group (P<0.05; Fig. 1C and D). NPY siRNA was
then used to further elucidate the role of NPY in MC3T3-El
cells. NPY protein expression was decreased by ~0.45-fold
and 0.35-fold at days 4 and 7 post-transfection, respectively
(P<0.05; Fig. 1C and D).

NPY is critical for osteoblastic differentiation. The expression
levels of bone-formation factors, such as ALP and OCN, are
determined by the different stages of bone differentiation (18).
In the present study, ALP and OCN mRNA was consistently
expressed in the three siRNA groups at days 4 and 7 post-trans-
fection (Fig. 2A and B). The effects of NPY overexpression
were then investigated using the MC3T3-El cell line, and
NPY overexpression was found to significantly increase ALP
mRNA expression by ~3.7- and 4.9-fold at days 4 and 7, and
OCN mRNA expression by ~4.0- and 4.3-fold at days 4 and 7,
respectively, compared with the control group (P<0.001;
Fig. 2A and B).

To further determine the effects of NPY on ALP and OCN
mRNA , MC3T3-E1 cells were transfected with NPY siRNA
for 48 h, and the effects were observed over a subsequent
time period. At days 4 and 7, ALP mRNA was decreased
by ~0.56- and 0.26-fold, and OCN mRNA was decreased
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Figure 1. Expression of NPY mRNA and protein in MC3T3-El cells.
(A) Effects of siRNA inhibition on the expression of NPY mRNA at 48 h.
“P<0.01, "P<0.001 vs. Control. NPY (B) mRNA expression at days 4 and 7.
NPY protein expression at days 4 and 7 (C) evaluated by western blotting and
(D) semi-quantified. “P<0.05, ""P<0.001. NPY, neuropeptide Y; siRNA, small
interfering RNA.

by ~0.60- and 0.35-fold, respectively, compared with the
control group. The differences were statistically significant at
day 4 (P<0.05; Fig. 2A and B). The ALP mRNA were also
compared between the siRNA and overexpression groups, and
overexpression was found to increase these levels ~7.9-fold
(compared with siRNA inhibition) at day 4 and ~6.5-fold
at day 7, and OCN mRNA levels ~10.1-fold (compared with
siRNA inhibition) at day 4 and ~6.7-fold at day 7, respectively
(P<0.001; Fig. 2A and B).
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Semi-quantitative analysis of protein expression
revealed that OCN protein expression was increased by
1.4-fold at day 4, and 1.6-fold at day 7 following NPY
overexpression, compared with the control group; ALP
protein expression was increased by 1.6-fold at days 4 and 7
(P<0.05; Fig. 3A-C).

Following NPY siRNA interference, ALP and OCN
protein expression was also assessed; the level of ALP at
days 4 and 7 was decreased by ~0.60-fold, and the level of
OCN protein expression was decreased by ~0.64-fold at day 4
and ~0.78-fold at day 7, compared with the control group
(P<0.05; Fig. 3A-C).

NPY regulates Runx2 and osterix expression in MC3T3-EI
cells. To the best of our knowledge, Runx2 is an important
early transcription factor involved in the expression of osteo-
blast-specific genes, and the differentiation of mesenchymal
stem cells into osteoblasts (19). In addition, Runx?2 is hypoth-
esized to serve a primary role in the terminal differentiation
of osteoblasts (20).

Therefore in the present study, the effects of NPY on Runx2
and osterix expression were determined using MC3T3-El
cells. NPY overexpression was found to significantly increase
Runx2 and osterix mRNA expression. Compared with
the control group, Runx2 mRNA expression increased by
~5.4-fold at day 4, and ~6-fold at day 7. Additionally, osterix
mRNA was increased by ~2.7-fold at day 4 and ~3-fold at
day 7, compared with the control group. Of note, the level of
Runx2 mRNA expression was twice that of osterix (P<0.001;
Fig. 2C and D).

To further understand the effects of NPY on Runx2 and
osterix mRNA expression, MC3T3-El cells were transfected
with NPY siRNA and the expression levels of Runx2 and
osterix mRNA were determined at subsequent time points. At
day 4, Runx2 mRNA expression was decreased by ~0.50-fold
compared with the control group, and ~0.35-fold at day 7.
Osterix mRNA expression decreased by ~0.80-fold at day 4
and 0.55-fold at day 7, compared with the control group. The
differences in osterix mRNA expression were statistically
significant at day 4 (P<0.001; Fig. 2C and D).

Next, the levels of Runx2 and osterix mRNA expression
were compared between the siRNA and overexpression groups.
In the overexpression group, Runx2 mRNA expression was
10-fold higher than that of the siRNA group at days 4 and 7,
and osterix mRNA expression was ~15-fold greater than that
observed in the siRNA group at day 4, and ~8-fold higher at
day 7 (P<0.001; Fig. 2C and D).

Semi-quantitative analysis of Runx2 and osterix expres-
sion revealed that compared with the control group, NPY
overexpression increased Runx2 protein expression by
1.6-fold at day 4, and 1.2-fold at day 7. Similarly, osterix
protein expression was increased by 1.6-fold at day 4, and
2.1-fold at day 7, compared with the control group (P<0.05;
Fig. 3A-C).

In the siRNA group, Runx2 protein expression was
decreased by ~0.40- and 0.55-fold at days 4 and 7, respectively,
compared with the control group. There was no statistical
difference in Runx2 mRNA expression in the siRNA group
in Fig. 2A, whereas the difference in Runx2 protein expression
was statistically significant in Fig. 3A-C (P<0.05). Likewise,
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Figure 2. Expression of ALP, OCN, Runx2 and osterix mRNA in MC3T3-El cells. Expression of (A) ALP, (B) OCN, (C) Runx2 and (D) osterix mRNA
at days 4 and 7. "P<0.05, “"P<0.001 vs. control group; “"P<0.001 vs. siRNA group. NPY, neuropeptide Y; ALP, alkaline phosphatase; OCN, osteocalcin;
Runx2, runt-related transcription factor 2; siRNA, small interfering RNA.
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Figure 3. Expression of ALP, OCN, Runx2 and osterix protein in MC3T3-E1 cells. (A) Western blotting analysis of ALP, OCN, Runx2 and osterix protein
expression at days 4 and 7. Semi-quantification of protein expression at (B) day 4 and (C) day 7. "P<0.05, “P<0.01 vs. control group; “*P<0.001 vs. siRNA
group. NPY, neuropeptide Y; siRNA, small interfering RNA; ALP, alkaline phosphatase; OCN, osteocalcin; Runx2, runt-related transcription factor 2.

osterix protein expression was decreased by ~0.60- and In conclusion, these findings indicated that NPY may be
0.55-fold at days 4 and 7, respectively, compared with the a positive regulator of osteogenic differentiation in mouse
control group (P<0.05; Fig. 3A-C). MC3T3-E1 cells.
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Discussion

NPY is a polypeptide of 36 amino acids, belonging to a larger
family of neuropeptides that also includes the Y'Y peptide and
the pancreatic polypeptide (21,22). Baldock et al (23) found
that Y1 or Y2 receptor knockout in mice resulted in increased
trabecular and cortical bone mass. However, within the bone
microenvironment, the regulatory mechanisms of NPY at
the genetic level remain unclear. As a result, the aim of the
present study was to conduct an in-depth assessment of these
hypotheses in the MC3T3-El cell line.

NPY is a neurotransmitter that has dual functions in the regu-
lation of energy consumption and bone mass (11). A previous
study determined that SNPs within NPY and neuraminidase
(NA) were closely associated with the susceptibility and prog-
nosis of patients with cervical vertigo (19). Therefore, NPY and
NA could be used as diagnostic markers and therapeutic targets
for cervical vertigo (19). Igwe et al (15) revealed that mouse
calvarial osteoblasts fostered in the presence of NPY decreased
the expression of differentiation-related markers, including
OCN, BSP and dentin matrix acidic phosphoprotein 1 (DMP1),
and also reduced the extent of mineralization. Their findings
indicated that the levels of intracellular cAMP and differen-
tiation markers (OCN, BSP and DMP1) in mouse calvarial
osteoblasts were reduced by exogenous NPY treatment (15).
In the present study, NPY was overexpressed in MC3T3-El
cells to observe its effects on osteogenic ability. Overexpressing
NPY was found to markedly enhance the osteogenic ability of
mouse MC3T3-El1 cells via an autocrine mechanism, coincident
with the upregulation of Runx2 and osterix. In addition, the
mRNA expression levels of ALP, OCN, osterix and Runx2 were
increased at different time points. In contrast to Igwe et al (15),
the present study reported that endogenous NPY enhanced the
expression of MC3T3-El cell differentiation markers, including
ALP, OCN, Runx2 and osterix.

BMP signaling stimulates osteoblast differentiation and
osteogenic activity by upregulating osterix and Runx2, which
are essential osteogenic transcription factors (20,24). Runx2
is an important factor for bone growth, and the heterozygous
loss of Runx2 results in clavicular dysplasia in humans, and
the corresponding phenotype in mice (25). It has also been
confirmed that homozygous Runx2-II"- mice possess lower
levels of bone mass and hypertrophic cartilage (25). Runx2-I
is necessary for early bone growth and intramembranous
ossification, whereas Runx2-II is needed for the complete
maturation of osteoblasts and osteogenesis in cartilage (26).
Osterix, a downstream effector of Runx?2 required for osteo-
blast differentiation, is significantly reduced in selective
Runx2-IT" mice (27). An associated decrease in the expres-
sion of bone ALP, OCN, osteopontin and matrix extracellular
phosphoglycoprotein was also observed. However, the levels
of these markers were normal or slightly decreased in
heterozygous mutant mice (25). Despite this, the relationship
between Runx2 and osterix in osteogenic differentiation (in
the MC3T3-E1 cell line specifically) remains to be elucidated.
Nakashima er al (27) found that osterix was not expressed in
Runx2-IT" mice. In the present study, it was hypothesized that
NPY may regulate osteoblast differentiation via the upregula-
tion of Runx2 and osterix, and the role of NPY in promoting
the cell differentiation and maturation of MC3T3-El1 cells via
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the Runx2 and osterix pathways was further validated. In a
previous study based on the findings of Xiao et al (26), Runx2
was revealed to be the upstream regulatory gene of osterix.
Runx2-1 is also involved in maintaining 50% of osterix gene
expression in Runx2-II-deficient (Runx2-II"") mice; thus,
50% of osterix mRNA may be regulated by upstream Runx2
mRNA (26). In the present study (Fig. 2C and D), osterix gene
expression was found to be consistent with that of Runx2, and
the level of osterix gene expression was almost half that of
Runx?2. It was therefore hypothesized that osterix is a target
gene of Runx?2, by which it can be positively regulated.

The RFect siRNA and plasmid DNA transfection reagents
were specifically designed by Changzhou Baidai Biotechnology
Co., Ltd. (Patent application number: 20100022618) for trans-
fecting siRNA and DNA into eukaryotic cells; this is a novel
method derived from animal-origin free lipid transfection
reagents,and the technique can be used on a wide range of adherent
cell lines. It has numerous useful features; for example, the effi-
ciency of transfection is >90%, and the effect of gene knockdown
is markedly apparent (28). Furthermore, minimal cytotoxicity
reduces non-specific effects and cellular stress (28,29). Low
concentrations of siRNA and DNA can be used to obtain high
levels of knockdown and overexpression, respectively (28,29). In
the present study, the interference efficiency of NPY mRNA at
day 4 reached ~75 and 80%, respectively. In addition, the over-
expression of NPY mRNA was ~4- and 6-fold at days 4 and 7,
respectively. However, it was also found that Runx2 gene and
protein expression were not synchronized at the same time point.
Following NPY knockdown, the expression of Runx2 mRNA
only showed a slight decrease, whereas the alteration in Runx2
protein expression was statistically significant. One reason could
be that the expression of Runx?2 protein determined the behavior
of the mouse MC3T3-El1 cells, whereas Runx2 mRNA detection
had temporal and spatial specificity, which may mean that the
expression of Runx2 mRNA and protein are not in sync at the
same time point. This mechanism was also supported by previous
articles (24,25). Nevertheless, there were numerous limitations
of the present study. One limitation is that the osteogenic differ-
entiation was performed with the use of a single cell line for only
7 days, which also increases the uncertainty underlying the func-
tion of NPY in Runx2. Adding extra cell lines and prolonging the
experiment time would increase the accuracy and validity of the
experiment. Furthermore, the mechanism of action of NPY on
Runx2 is not clear, and further research is required in the future.
Additional cell lines and more time points for osteogenic differ-
entiation are needed in further experiments. However, overall,
the RFect plasmid DNA and siRNA transfection technique,
which was adopted in the present study, was found to be reliable
for use with the MC3T3-El1 cell line.

Based on the results of previous studies (2,30-32),
combining bioactive molecules, such as growth factors,
peptides and small molecules with corresponding bone scaf-
fold may lead to effective clinical transformation and provide
new insights into the future of bone transplantation. Notably,
this study demonstrated that NPY signaling directly promotes
osteogenic differentiation of MC3T3-EI cells by upregulating
Runx2 and osterix in vitro. Additionally, NPY serves a positive
role in bone formation, suggesting that NPY may be a thera-
peutic target for large bone defects caused by severe trauma,
tumor resection, cancer or congenital diseases in the future.
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