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MiR-331-3p facilitates osteoporosis

Check for
updates

and may promote osteoporotic fractures
by modulating NRP2 expression
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Abstract

attracted widespread attention.

regulating NRP2. However, this needs further verification.

Background Osteoporosis (OP) is a high-incidence bone disease that is prone to osteoporotic fractures (OF), so it has

Aim This study investigated the specific expression and role of miR-331 in patients with OP and OF. The findings have
profound implications for the clinical prevention and treatment of these conditions.

Methods The study included 60 OP patients, 46 OF patients, and 40 healthy controls. The expression level of miR-

331-3p was detected using RT-gPCR. BMP2 was used to stimulate differentiation in MC3T3-E1 cells. After induction,
the expression activity of osteogenic differentiation-related gene markers was detected using RT-gPCR. The target

gene analysis was conducted using a luciferase reporter assay.

Results The levels of miR-331-3p were significantly elevated, while NRP2 levels were significantly reduced in OF
patients. Post-surgery, miR-331-3p levels decreased over time. MiR-331-3p was found to negatively regulate the
luciferase activity of NPR2 in MC3T3-E1 cells. Furthermore, overexpression of miR-331-3p inhibited cell proliferation
and decreased the levels of osteoblast differentiation markers.

Conclusion The up-regulation of miR-331-3p can promote OP and might also encourage the occurrence of OF by

Keywords Osteoporosis, Fracture, MC3T3-E1, miR-331-3p, NPR2

Introduction

Osteoporosis (OP) is a systemic bone disease with vari-
ous causes. It’s characterized by decreased bone min-
eral density and quality, damaged bone microstructure,
increased bone fragility, and a tendency for fractures [1].
OP is primarily categorized into primary and secondary
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types. Primary OP is further classified into postmeno-
pausal OP (type I), senile OP (type II), and idiopathic
OP [2]. OP’s morbidity and mortality rates are high, and
the incidence of OP and osteoporotic fractures (OF) is
expected to rise in the future [3, 4]. OF can cause pain,
severe disability, and even death, with mortality rates up
to 20%. Up to 50% of those bedridden for long periods
can become permanently disabled [5-7]. OP is a chronic
condition and its treatment is a lengthy process. Long-
term drug treatment poses a certain risk of adverse reac-
tions [8—11]. However, the clinical application of some
biochemical markers of bone strength is limited due to
their low sensitivity and specificity [12-16]. Therefore,
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it’s necessary to find new and more reliable markers for
OP prevention and diagnosis.

The role of non-coding RNAs in OP has been widely
studied. Small interfering RNA (siRNAs) has been asso-
ciated with tendon repair and homeostasis and may be
useful in the study of the metabolic process of OP [17—
21]. MicroRNAs (miRNAs) can alter gene expression in
bone cells, affecting bone remodeling and fracture heal-
ing [22, 23]. Abnormally expressed miRNAs may lead
to bone diseases such as OP and OF [24]. MiRNAs can
regulate osteogenic differentiation of mesenchymal stem
cells in OP, but the specific mechanism is still in the early
research stage [25, 26]. MiR-331-3p, an essential regula-
tory miRNA in stem cell differentiation and apoptosis,
has been associated with osteoporosis. Studies show that
miR-331-3p is negatively correlated with the T score in
the Caucasian population [27]. It is also associated with
postmenopausal OP in women, and may down-regulate
abnormally expressed genes [28]. However, there are
relatively few studies on the specific expression and role
of miR-331 in OP and OF. Its specific mechanism in OP
remains unclear. This study aims to explore its expression
and role in OF.

In this study, we first examined the expression level of
miR-331-3p in the serum of patients with OP and OF
patients. We then investigated the effect of miR-331-3p
on the proliferation and differentiation of osteoblasts. We
explored the mechanism of miR-331-3p in OF, with the
aim of providing new methods and ideas for preventing
OP and treating OF.

Materials and methods

Research subjects and sample collection

The study population consisted of 60 OF patients, 46 OP
patients, and 40 healthy subjects. These subjects were
categorized into three groups: OP, OF, and NC control.
The general pathological data of these groups were ana-
lyzed. Fasting venous blood was collected from each
group a day before testing, and serum was separated for
subsequent examinations. The OF patients in this study
were later treated with intramedullary nailing. Intramed-
ullary nail fixation is a commonly used surgical treatment
that fixes a fracture by inserting a metal needle into the
fracture site. The advantages of this approach are less
trauma and faster recovery.

This study received approval from the ethics committee
of The Sixth Affiliated Hospital of Xinjiang Medical Uni-
versity. All subjects and their families provided informed
consent to participate.

RNA extraction and PCR
Total RNA was extracted using TRIzol reagent (Invitro-

gen, USA). Its purity and concentration were assessed
using a NanoDrop-2000 (Thermo Fisher, USA). We used
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the RNA to generate cDNA with the Takara reverse tran-
scription kit (Takara, Japan). Then, we employed real-
time fluorescent quantitative PCR (RT-qPCR) to detect
the expression of miR-331-3p in the serum of patients
from the three groups. We also monitored the changes in
miR-331-3p expression after 24 h, and after 1, 2, 3, and
4 weeks of surgical treatment. The expression level was
calculated using the 2722t method.

Cell culture

In this study, we used MC3T3-E1 cells from the Chinese
Academy of Sciences Cell Bank. These cells are pluripo-
tent osteoblast precursor cells derived from mouse skulls.
We induced their differentiation using Bone Morphoge-
netic Protein 2 (BMP2). Using RT-qPCR, we monitored
the expression of miR-331-3p and osteogenic differenti-
ation-related gene markers at three different time points:
immediately after induction, 7 days post-induction, and
14 days post-induction.

Dual-luciferase reporter assay

The binding sites of miR-331-3p and NRP2 were iden-
tified using the TargetScan database (http://www.tar-
getscan.org/vert_72/). The identified binding site was
cloned into the pGL3 reporter vector to create the wild-
type NRP2 vector (NRP2-wt). A mutant NRP2 vector
(NRP2-mut) was then created by mutating the binding
site. The established vectors were co-transfected with
miR-331-3p mimic, miR-331-3p inhibitor and mimic
NC into BMP2-induced MC3T3-E1 cells using Lipo-
fectamine 2000. The relative luciferase activity was esti-
mated with the Dual-Luciferase Reporter Assay System
(Promega, USA). The results were normalized to the
Renilla luciferase.

Cell transfection

MC3T3-E1 cells were cultured in DMEM medium with
10% FBS bovine serum and placed in a 5% CO, incuba-
tor at 37°C. For cell transfection, Lipofectamine 2000
(Thermo-Fisher, USA) was used. The controls received
125 uL. DEPC water, miR-331-3p mimic, and its negative
control (mimic NC) (Med Chemexpress, USA). Addition-
ally, 125uL DEPC was added to the miR-331-3p inhibitor
and inhibitor NC. Based on the different treatments, they
were categorized into five groups: blank control, miR-
331-3p mimic, mimic NC, miR-331-3p inhibitor, and
inhibitor NC. To further examine the expression level of
NRP2 in MC3T3-E1 cells, the NRP2 vector, pcDNA3.1-
NRP2 (OE-NRP2), or pcDNA3.1 vector (OE-NC) and
miR-331-3p mimic or mimic NC were transfected simul-
taneously using Lipofectamine 2000.
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Table 1 General information of the study subjects

NC oP OF P value
Age (years) 66.93+942 65.72+969 6753+830 0.591
Gender (M/F)  14/26 13/33 23/37 0.687
BMI (kg/mz) 22804220 2407+242 2352+305 0.089
T score -0.23+£0.83 -2.04+0.82 -3.20+£1.42 P<0.001

BMI, body mass index

CCK-8 assay

Cell proliferation was detected using CCK-8 (Dojindo,
Japan). Cells from the untreated control group, mimic NC
group, miR-331 mimic group, miR-331 mimic+OE-NC
group, and miR-331 mimic+OE-NRP2 group were cul-
tured in 96-well plates. At 0, 24, 48, and 72 h, 10 pl of
CCK-8 was added to each well and mixed. After cultur-
ing for an additional 2 h, the absorbance (OD) value of
cells in each well was measured at 450 nm with a micro-
plate reader.

Statistical analysis

In this study, each experiment was conducted three
times. Data obtained was analyzed using SPSS26.0 and
GraphPad Prism 9.0 software. Differences between two
groups were analyzed by using the Student t-test. Differ-
ences between multiple groups were analyzed by using
the one-way ANOVA test. Pearson correlation test was
applied for assessing the relationship between serum lev-
els of miR-331-3p and NRP2. The results are presented as
meantstandard deviation. A statistical difference is indi-
cated by p<0.05.

Results

General information about the study subjects

Here is the general pathological data for the three groups:
In the NC control group, there were 14 males and 26
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females, averaging 66.93+9.42 years old. Their bone min-
eral density (BMD) T-values were greater than —1, indi-
cating normal BMD. In the OP group, 13 males and 33
females were present, with an average age of 65.72+£9.69
years. Their BMD T-values ranged from —1 to 2.5, show-
ing a loss of bone mass. In the OF group, there were 23
males and 37 females, averaging 65.531+8.30 years old.
Their BMD was less than —2.5, indicating osteoporosis.
There were no significant differences in age, gender, and
BMI between the groups (p>0.05) (Table 1).

Expression of mir-331-3p in serum of OP patients and OF
patients

The serum levels of miR-331-3p in both OP patients
and OF patients were significantly higher than those in
healthy controls, with the highest level observed in OF
patients (Fig. 1A). After treatment with intramedullary
nail fixation,, a gradual decrease in the expression level
of miR-331-3p was observed in OF patients over time,
reaching its lowest point in the fourth week (Fig. 1B).

Changes of mir-331-3p level and mRNA of osteoblast-
related genes in cell lines after BMP2 treatment

Following BMP2 induction, the level of miR-331-3p
declined over time (Fig. 2A). Concurrently, the expres-
sion activity of osteogenesis-related genes, such as ALP,
RUNX2, ODF, and OCN, increased over time (Fig. 2B).

Validation and interaction evaluation of the targeting
relationship between mir-331-3p and NRP2

The miR-331-3p level was regulated through cell trans-
fection. Compared to the control group, the miR-331-3p
mimic transfection significantly increased miR-331-3p
expression levels in cells (p<0.001). Conversely, the miR-
331-3p inhibitor transfection significantly decreased
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Fig. 1 The expression of miR-331-3p varied among the three groups. It was highest in patients with OF (A), and its expression gradually decreased over

time following surgical treatment of these patients (B). ** p<0.01, *** p<0.001
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Fig. 2 The BMP2-treated cell lines showed changes in miR-331-3p expression and mRNA levels of osteogenesis-related genes. The expression of miR-
331-3p gradually decreased over time post-induction (A), while the expression of osteogenic genes ALP, RUNX2, ODF, and OCN gradually increased over

time post-induction (B). * p<0.05, ** p<0.01

these levels (p<0.01) (Fig. 3A). The miR-331-3p binding
site to NRP2 is displayed in Fig. 3B. In MC3T3-E1 cells,
miR-331-3p up-regulation significantly inhibited NRP2-
wt’s luciferase activity, and miR-331-3p knockdown had
an opposite effect. The luciferase activity of NRP2-mut
was not affected by miR-331-3p regulation (Fig. 3C).
MiR-331-3p up-regulation inhibited NRP2 expression
level (p<0.05), while its downregulation increased NRP2
expression level (p<0.01) (Fig. 3D). Among the three
groups, OF patients had the lowest NRP2 expression
(Fig. 3E). Furthermore, there was a significant negative
correlation between the expression levels of miR-331-3p
and NRP2, with a Pearson r-value of -0.7081 (Fig. 3F).
After BMP2 induction, the expression level of NRP2 in
the cell line significantly increased over time (p<0.01)
(Fig. 3G).

NRP2 partly reversed the effects of mir-331-3p in

MC3T3-E1 cells

In MC3T3-E1, transfection with miR-331 mimic signifi-
cantly increased the expression of mir-331-3p (Fig. 4A),
while it significantly decreased the expression of NPR2
(Fig. 4B). This transfection inhibited cell growth and
decreased the expression of osteogenic differentiation-
related gene markers. However, co-transfection of miR-
331 mimic with OE-NRP2 reduced this growth inhibition
and reversed the inhibitory effect of miR-331-3p on
osteogenic differentiation in MC3T3-E1 cells (Fig. 4C
and D).

Discussion

OP is a widespread complex bone disease that can lead to
osteoporotic fractures [29, 30]. In clinical practice, X-ray
bone mineral density measurements are frequently used
to deduce the severity of osteoporosis [31]. If the T-value

of the bone mineral density measurement is greater than
—1, it’s considered normal. If the T-value falls between
—1 and —2.5, it indicates osteopenia. A T-value below
—2.5 is indicative of OP. In instances where a T-value
below —2.5 coexists with a fragility fracture, a diagno-
sis of severe OP is made. This aligns with our findings.
The role of miRNA in the growth and differentiation of
osteoclasts and osteoblasts has been widely researched
[32, 33]. Yuan et al. utilized a miR-214 inhibitor to sup-
press miR-214 expression in osteoclasts, thereby revers-
ing bone resorption and treating OP [34]. MiR-331-3p
is known to regulate cell proliferation, transformation,
migration, and invasion, but its exact role in OP remains
unclear [35, 36]. We found that miR-331-3p expression
was substantially higher in OP patients. After surgery, the
expression of miR-331-3p decreased gradually over time.

Research has shown that miR-331-3p inhibits various
human diseases by targeting different genes [37]. For
instance, by targeting NRP2, miR-331-3p suppressed the
proliferation and E6/E7 expression in cervical cancer cells
[38]. In a further examination of miR-331-3p’s regulatory
role in OP, the Targetscan database was used to predict
its direct target genes. The results indicated a direct bind-
ing between miR-331-3p and the NRP2 3 ‘-UTR, sug-
gesting NRP2 as a potential direct target gene. This was
corroborated by a luciferase reporter assay. Neuropilin-2
(NRP2) knockout mice, characterized by low bone mass,
increased osteoclast count, and decreased osteoblast
count, were also studied [39]. Verlinden et al's research
showed male and female NRP2 knockout mice displaying
decreased bone mass, reduced osteoblasts, and increased
osteoclast count, all of which are strongly associated with
OP [40]. In line with these studies, our research found a
significant reduction in NRP2 expression in the serum
of OP and OF patients. In MC3T3-E1, NRP2 expression
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Fig. 3 The targeting relationship between miR-331-3p and NRP2 was confirmed. After transfection with the miR-331-3p mimic, the expression level of

miR-331-3p significantly increased. Conversely, it significantly decreased after

transfection with the miR-331-3p inhibitor, indicating a successful transfec-

tion (A). MiR-331-3p binds to NRP2 (B). The up-regulation of miR-331-3p inhibited the luciferase activity of NRP2-wt, while the knockdown of MiR-331-3p
accelerated its activity. The luciferase activity of NRP2-mut was not regulated by miR-331-3p (C). NRP2 expression decreased with the miR-331 mimic
transfection, and increased significantly with the miR-331 inhibitor (D). Among the three groups, OF patients had the lowest NRP2 expression (E). A sig-
nificant negative correlation was observed between miR-331-3p and NRP2 expression in OF patients, with an r-value of -0.7081 (F). After BMP2 induction,

NRP2 expression in cell lines increased over time (G). * p<0.05, ** p<0.01, ***

increased over time with osteogenic induction. Fur-
thermore, NRP2 expression decreased significantly in
cell lines transfected with miR-331-3p mimics, while it
increased considerably in those transfected with miR-
331-3p inhibitors.

As we all know, the regulation of osteoporosis is in fact
a function of both osteoblasts and osteoclasts. In general,
osteoblast is the ability to change the cell of osteogenesis,
and osteoclasts is able to cell of bone tissue destruction.

p<0.00]1

When bone is damaged or even fractured, osteoblasts
begin to function [24]. Over time, it becomes soft, then
harder, and finally calcifies. It forms new bone that can
cover the injury or rejoin the fracture. Osteoclasts,
which are present on the surface of the bones in varying
amounts depending on age, health, specific illnesses and
conditions, are responsible for the partial dissolution of
decalcified bones. Du et al. reported that miR-375 regu-
lates RUNX2, inhibiting osteoblast differentiation and
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Fig. 4 Following transfection with the miR-331-3p mimic, there was a significant increase in the expression level of miR-331-3p. However, there was no
difference in the expression level of miR-331-3p between the co-transfected miR-331-3p mimic+OE-NRP2 cells and the negative control (A). In cells
transfected with the miR-331-3p mimic, the expression level of NRP2 decreased. However, in co-transfected miR-331-3p mimic+ OE-NRP2 cells, the ex-
pression of NRP2 was significantly higher than in the negative control cells (B). Cell growth was inhibited after transfection with the miR-331-3p mimic.
Yet, cells co-transfected with miR-331-3p mimic +OE-NRP2 gradually resumed growth over time, compared to the negative control (C). Furthermore, the
expression activity of osteogenic differentiation-related gene markers was notably decreased in cells transfected with the miR-331-3p mimic. In contrast,
co-transfection of miR-331-3p mimic+OE-NRP2 reversed the inhibitory effect of miR-331-3p on the osteogenic differentiation of MC3T3-E1 cells, com-

pared to the negative control (D). * p <0.05, ** p<0.01, ***p < 0.001

reducing related osteoblast differentiation markers’ activ-
ity [41]. Sun et al. showed an upregulation of miR-338-3p
inhibits the expression of these markers, thus reducing
osteoblast differentiation [42]. Zhang et al. demonstrated
that miR-331-3p inhibits the invasion and migration
of colorectal cancer cells by targeting NRP2 [36]. Simi-
larly, we chose to study osteoblast differentiation, and
the results showed that overexpression of miR-331-3p
significantly reduces the expression of osteogenesis-
related genes such as ALP, RUNX2, ODE, and OCN,
inhibiting cell growth and proliferation. Upregulation of
NRP2 counteracts the miR-338-3p’s inhibitory effect on
MC3T3-E1 cells’ osteogenic differentiation and lessens
the inhibitory effect on cell growth. These results sug-
gest that miR-331-3p negatively regulates osteogenic dif-
ferentiation of MC3T3-E1 by targeting NRP2, promoting
osteoporosis progression. Therefore, miR-331-3p could
be a potential target for treating various diseases and is
closely associated with the onset and development of OP.

Notably, our results indicated that miR-331-3p expres-
sion was decreased during osteoblast differentiation, and
it negatively regulated MC3T3-E1 cells osteogenic dif-
ferentiation by targeting NRP2. However, further experi-
ments are needed to prove whether miR-331-3p can
regulate osteoblast differentiation and its regulatory role
in osteoblast differentiation. We will continue to investi-
gate the role of miR-331-3p in regulating osteoblast dif-
ferentiation in the future.

In summary, the expression of miR-331-3p gradu-
ally decreased over time during osteogenic differen-
tiation, suggesting it could be a diagnostic marker for
fractures. Additionally, miR-331-3p negatively regulated
the osteogenic differentiation of MC3T3-E1 cells by tar-
geting NRP2, thereby advancing osteoporosis. As such,
an increase in miR-331-3p is associated with the onset
of osteoporosis and fractures through the regulation
of NRP2 expression. This provides a crucial theoretical
foundation for exploring the molecular mechanism of
fractures.
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