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Long non‑coding TRPM2‑AS regulates 
fracture healing by targeting miR‑545‑3p/Bmp2
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Abstract 

Objective  Delayed fracture healing increases the suffering of patients. An in-depth investigation of the pathogenesis 
of delayed fracture healing may offer new direction for the prevention and treatment.

Methods  The study included 63 normal healing tibial fractures and 58 delayed healing tibial fractures patients. 
Long non-coding RNA (lncRNA)TRPM2-AS, microRNA-545-3p (miR-545-3p), bone morphogenetic protein 2 (Bmp2) 
mRNA and osteogenic differentiation markers, including runt-related transcription factor 2 (Runx2), osteocalcin (Ocn), 
and alkaline phosphatase (Alp) mRNA expression were determined by Real-time quantitative reverse transcription-
polymerase chain reaction in serum and MC3T3-E1 cells. The prediction potential of TRPM2-AS in delayed healing 
fracture patients was verified by receiver operating characteristic curves. The binding relationship of TRPM2-AS/miR-
545-3p/Bmp2 was evaluated by dual luciferase reporter gene assay. Cell proliferation and apoptosis were detected 
by CCK-8 and flow cytometry.

Results  TRPM2-AS was remarkably down-regulated in patients with delayed fracture healing and could better 
predict the fracture healing status. TRPM2-AS downregulation inhibited osteogenic markers mRNA expression, 
restrained proliferation, and promoted apoptosis of MC3T3-E1 cells (p < 0.05). In delayed fracture healing, miR-545-3p 
was dramatically up-regulated and was negatively regulated by TRPM2-AS. Reducing miR-545-3p eliminate the nega-
tive effect of TRPM2-AS down-regulation on osteoblast proliferation and differentiation (p < 0.05). miR-545-3p targets 
Bmp2, which plays a positive role in osteoblast differentiation (p < 0.05).

Conclusion  This study found that TRPM2-AS has the potential to be a diagnostic marker for delayed fracture healing 
and revealed that the TRPM2-AS/miR-545-3p/Bmp2 axis affects fracture healing by regulating osteoblast.
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Introduction
Fractures are the most common traumatic disease in 
orthopedic clinic. In recent years, the increasing num-
ber of fractures has become a global public health prob-
lem. In most cases, bone structure and function is fully 
restored after healing. However, abnormal healing occurs 
in about 10% of fracture patients [1, 2]. As society ages, 
the physiological function of patients declines, increasing 
the likelihood of delayed healing and making prevention 
more difficult. Studies have shown that 20% of elderly 
patients with fractures require long-term rehabilitation 
and care, causing significant physical and psychological 
suffering for patients and placing a heavy burden on the 
healthcare system and society [3]. Despite this, the cur-
rent success rate for treating impaired fracture healing 
remains low. Therefore, exploring effective mechanisms 
to promote delayed fracture healing is crucial to reduce 
the incidence of poor fracture healing.

Osteoblasts and osteoclasts regulate the balance of new 
bone formation and bone reconstruction in fracture heal-
ing, which are critical cells affecting this process [4, 5]. 
Osteoclasts primarily mediate bone resorption, break-
ing down necrotic or aged bone tissue into raw materials 
for new bone [6]. Osteoblasts mediate bone formation, 
synthesizing these raw materials into new bone cells [7]. 
Osteoblast dysfunction is often considered the direct 
cause of delayed fracture healing, and bone formation 
largely depends on the number and activity of osteo-
blasts. In bone tissue engineering, MC3T3-E1 cells are 
extensively used to study the differentiation, proliferation, 
and molecular mechanisms of osteoblasts. They have a 
well-established research system as a model of osteogen-
esis [8]. Therefore, exploring the mechanisms affecting 
osteoblast activity and differentiation using MC3T3-E1 
cells may provide new directions and strategies for treat-
ing and preventing poor fracture healing.

Long non-coding RNA (lncRNA) can participate in 
various physiological and pathological processes such as 
cell proliferation, differentiation and apoptosis [9]. It was 
previously indicated that lncRNAs regulate the differen-
tiation and function of osteoblasts. A report confirmed 
that LncRNA TUG1 can promote the differentiation and 
proliferation of osteoblasts by sponging miR-22-5p, thus 
promoting fracture healing [10]. LncRNA AC132217.4 
has been found to affect the conduction of IGF-AKT 
signaling pathway, which plays an important regulatory 
role in the healing and regeneration process after bone 
injury [11]. This suggests that lncRNAs may have essen-
tial regulatory effects in bone formation, resorption, 
remodeling and repair by participating in the regulated 
proliferation and differentiation of osteoblasts.

In a study on osteogenic differentiation-related 
competitive endogenous RNA networks [12], the 

aberrantly expressed LncRNA TRPM2-AS drew the 
attention of the present study. Studies have discov-
ered that the LncRNA TRPM2-AS is extensively par-
ticipated in tumor development and plays an essential 
regulatory part in the malignant behavioral activities of 
cancer cells [13]. For example, LncRNA TRPM2-AS is 
key in chemoresistance of prostate cancer by targeting 
miR-497-5p [14]. In breast cancer, LncRNA TRPM2-
AS has also been found to act as a competitive endog-
enous source of miR-140-3p, which regulates cancer 
cell activity [15]. Notably, a study on LncRNA TRPM2-
AS’s involvement in the regulation of osteosarcoma 
cell proliferation and cell apoptosis [16] suggested that 
LncRNA TRPM2-AS might also regulate osteoblasts. 
At present, the function of LncRNA TRPM2-AS in 
fracture healing is not well understood. Therefore, this 
study believes that it is innovative to explore the role 
and mechanism of LncRNA TRPM2-AS in fracture 
healing.

This study first analyzed the expression of LncRNA 
TRPM2-AS in serum of patients with delayed fracture 
healing. Then, cell experiments were conducted to exam-
ine the role and mechanism of LncRNA TRPM2-AS 
expression in osteoblast proliferation and apoptosis. The 
aim is to provide a new therapeutic target for promoting 
clinical delayed fracture healing.

Materials and methods
Participants of this research
In this study, 200 patients with tibial fractures who 
underwent immobilization treatment in the First People’s 
Hospital of Jingzhou from 12 April 2018 to 24 November 
2020 were selected as study subjects. Exclusion criteria: 
(1) history of previous fracture or orthopedic surgery; 
(2) significant organ dysfunction, malignant tumor; (3) 
infectious lesions, acute gastrointestinal inflammation, 
immune and hematological diseases; (4) bone meta-
bolic diseases. After review at 4 months postoperatively, 
121 patients were screened for inclusion in this study 
and grouped according to the following diagnostic cri-
teria [17] for fracture healing and the specific fracture 
healing status of the patients. Among them, 63 patients 
were in the normal healing group: those who formed 
bone scabs within 4 months according to the process of 
fracture healing. 58 patients were in the delayed heal-
ing group: those who showed signs of healing for more 
than 4 months had bone atrophy at the broken end of the 
fracture, or had visible fracture lines on the X-ray line 
with no or minimal bone scabs. The present work was 
approved by the Ethics Committee of  the First People’s 
Hospital of Jingzhou and was conducted under its super-
vision (registration number 201799).
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Cell culture
The mouse pre-osteoblast cell line MC3T3-E1 used in 
the study was purchased from BeNa Culture collection 
(Beijing, China). Before the experiment, MC3T3-E1 cells 
were thawed and then cultured in DMEM (2,248,316; 
Biological Industries, China) medium containing fetal 
bovine serum (FBS, 10%, C04001-500; Biological Indus-
tries, China), penicillin and streptomycin (1%, SV30010; 
HyClone Co., Logan, UT, USA,) at 37  °C and 5% CO2. 
The medium was changed every 3 days. Cell differentia-
tion was induced when the cell growth density reached 
80%.

Cell transfection
The following plasmids were constructed before 
transfection:

(1)	 si-TRPM2-AS plasmid: silencing TRPM2-AS.
(2)	 si-NC plasmid: negative control for TRPM2-AS.
(3)	 oe-TRPM2-AS plasmid: overexpression of TRPM2-

AS.
(4)	 miR-mimic plasmid: up-regulation of miR-545-3p.
(5)	 miR-inhibitor plasmid: down-regulation of miR-

545-3p.
(6)	 miR-NC plasmid: negative control for miR-545-

3p.mp2.
(7)	 Bmp2-NC plasmid: negative control for Bmp2mp2.
(8)	 si-Bmp2 plasmid: down-regulation of Bmp2.

Select logarithmically grown MC3T3-E1 cells for 
transfection and co-transfect the cells with the required 
plasmids and transfection reagents according to the 
instruction manual of Lipofectamine2000 reagent 
(11,668,027; Invitrogen, Carlsbad, USA). One hour before 
transfection, change the DMEM culture medium to 
serum-free medium. Six hours after transfection, replace 
the medium with fresh DMEM medium containing 10% 
FBS. Continue to culture the cells for 48 h and then col-
lect them. Meanwhile, use normally cultured osteoblasts 
without any transfection as the control group.

CCK8 assay for cell viability
The MC3T3-E1 cells from the transfected and control 
groups in the logarithmic growth phase were selected. 
The old fluid in the culture flask was aspirated and 
washed with PBS. After washing, trypsin was added, and 
digestion was terminated by adding an equal amount of 
DMEM culture medium containing 10% FBS once the 
cells had rounded. The cells were centrifuged at room 
temperature at 1000 rpm for 5 min, and the supernatant 
was discarded, and the cells were resuspended by add-
ing the above DMEM culture medium. The counted cells 
were inoculated into 96-well plates. Cell supernatants 

were discarded and 10 μL of CCK-8 solution (CCK-8 kit, 
C0038; Beyotime, Beijing, China) was added to each well 
at the indicated time points at 0, 24, 48, and 72 h of cell 
incubation, respectively. After 2 h of incubation, absorb-
ance (OD450) was monitored at 450  nm using Enzyme-
linked immunoassay.

Flow cytometry analysis of cell apoptosis
The MC3T3-E1 cells were collected from each group. 
First, 0.25% trypsin was added to digest the cells, then 
DMEM medium containing 10% FBS was added to pre-
pare a cell suspension. The cells were washed twice with 
PBS. The cell density was adjusted to 2.5 × 106 /mL, 400 
μL of cell suspension was taken. They were then added 10 
μL of Annexin-FITC and 5 μL of propidium iodide (PI) 
(Annexin V-EGFP/PI Kit, CA1020-50 T; Solebo Technol-
ogy Co., Ltd., Beijing, China) and incubated for 10  min 
away from light. Finally, the apoptosis rate was detected 
by flow cytometry. 

Osteoblast differentiation
The MC3T3-E1 cells were inoculated in 6-well plates and 
induced for 15 d using osteogenic induction medium 
prepared with L-glycerophosphate (5  mM), dexametha-
sone (100  nM) and ascorbic acid (50  g/L) (Osteogenic 
induction medium, HUXUC-90021; Cyagen Biosciences, 
Guangzhou, China). The MC3T3-E1 cells on day 0, day 7 
and day 15 of osteogenic differentiation induction were 
collected.

Sample collection
In the early morning of the fourth postoperative week, 
5  mL of peripheral venous blood was drawn from the 
patient under the condition that the patient fulfils a 12-h 
fast. The venous blood was kept in an anticoagulation 
tube and centrifuged at 3000 rpm for 15 min to take the 
supernatant night (serum). Ensure that the relevant tests 
are completed within 48  h of serum collection and the 
remaining serum is stored at − 80 °C.

Real‑time quantitative reverse transcription‑polymerase 
chain reaction (RT‑qPCR)
The expression of TRPM2-AS, miR-545-3p, bone mor-
phogenetic protein 2 (Bmp2) mRNA was detected in 
the serum of the subjects and in MC3T3-E1 cells of 
each group and the mRNA expression of bone differen-
tiation-related proteins was detected in MC3T3-E1 cells 
of each group, including runt-related transcription fac-
tor 2 (Runx2), osteocalcin (Ocn), alkaline phosphatase 
(Alp) mRNA. Total RNA was extracted from the cells 
using Trizol reagent (15,596,026; Thermo Fisher Sci-
entific, Carlsbad, USA), and the concentration of RNA 
was determined by ND-2000 nanodrop (Thermo Fisher 
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Scientific, Waltham, USA). Complementary deoxyri-
bonucleic acid (cDNA) was synthesized by reverse tran-
scription of the screened RNA using SuperScriptTM 
II kit (12,594,100, Thermo Fisher Scientific, Waltham, 
USA). Then the cDNA was used as the template for 
amplification. GAPDH was used as an internal reference 
for LncRNA and mRNA, and U6 was used as a miRNA 
internal reference, respectively. The relative expression 
levels mp2were calculated by 2−ΔΔCt method (The prim-
ers are shown in Table S1).

Luciferase report assay

1	 First, the binding sites between TRPM2-AS and 
miR-545-3p were predicted using the lncRNASNP 
database (http: //gong_lab.hzau.edu.cn /lncR-
NASNP3#!/). Then, the TRPM2-AS wild-type 
plasmid (WT-TRPM2-AS) and mutant plasmid 
(MT-TRPM2-AS) were constructed by cloning the 
sequences with and without the binding site into 
the pmirGLO vector, respectively. The transfection 
reagent Lipofectamine2000 was used to co-transfect 
these plasmids with miR-NC or miR-545-3p mimic 
and inhibitor into MC3T3-E1 cells. A blank control 
group was also set up under the same conditions. 
After 48 h, TRPM2-AS luciferase activity was meas-
ured.

2	 The binding site between miR-545-3p and Bmp2 
was predicted using the TargetScan (http://​www.​
targe​tscan.​org/​vert_​72/) database. A wild-type (WT-
Bmp2) plasmid containing the mutation site and 
a mutant plasmid without the mutation site (MT-
Bmp2) were constructed. miR-NC or miR-545-3p 
mimic and inhibitor were then co-transfected with 

the two plasmids into MC3T3-E1 cells using Lipo-
fectamine2000 reagent.

Statistical analysis
Continuous variables in the table and figure is repre-
sented by mean ± standard deviation (mean ± SD) and 
were analyzed with SPSS 22.0 and Graphpad prism 6. 0. 
Two-group and multi-group comparisons were obtained 
using Student’s t-test and one-way ANOVA followed by 
Tukey post-hoc tests, respectively. The diagnostic validity 
of TRPM2-AS in patients with delayed fracture healing 
was determined using the receiver operating characteris-
tic curve (ROC). A p-value of less than 0.05 was consid-
ered statistically significant.

Results
Expression and prediction of lncRNA TRPM2‑AS in delayed 
fracture healing
Firstly, the baseline data of patients included in normal 
fracture healing and delayed fracture healing were ana-
lyzed and compared, and it was found that the baseline 
difference between the two groups was not significant 
(p > 0.05, Table S2), which ensured the scientific validity 
of the experiment. The RT-qPCR was carried out on the 
serum of 63 patients with normal fracture healing and 58 
patients with delayed healing who were included in the 
study. The results, demonstrated in Fig.  1A, indicated 
that TRPM2-AS expression was dramatically lower in the 
delayed group when compared with that in the normal 
group. Moreover, the constructed ROC showed that the 
area under the curve (AUC) of TRPM2-AS to distinguish 
patients with delayed fracture healing was 0.899 (95%CI 

Fig. 1  LncRNA TRPM2-AS expression in the serum of 63 patients with normal fracture healing and 58 patients with delayed fracture healing. A ROC 
demonstrates the diagnosis of LncRNA TRPM2-AS in patients with delayed fracture healing B (n = 3 independent experiments, and the data are 
presented as the mean ± SD)

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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0.842–0.957), the specificity was 89.66%, and the sensitiv-
ity was 80.95% (Fig. 1B).

Targeting relationship between lncRNA TRPM2‑AS 
and miR‑545‑3p
The results were obtained by RT-qPCR assay of serum 
from patients included in the two groups, which indi-
cated that miR-545-3p expression in patients with 
delayed fracture healing was markedly higher than that 
in patients with normal healing (Fig.  2A).miR-545-3p 
was significantly negatively correlated with TRPM2-AS 
(r = − 0.648, p < 0.0001, Fig. 2B) in patients with delayed 
fracture healing. According to the binding sites between 
TRPM2-AS and miR-545-3p, the gene fragments of 
WT-TRPM2-AS and MT-TRPM2-AS were designed 
(Table  S3). Detection of TRPM2-AS luciferase activity 
in 4 groups of MC3T3-E1 cells showed that miR-545-3p 
negatively regulated WT-TRPM2-AS luciferase activity 
(Fig. 2C). In addition, knockdown of miR-545-3p did not 
significantly affect TRPM2-AS expression (Fig. 2D), while 

knockdown of TRPM2-AS significantly promoted miR-
545-3p expression (Fig. 2E).

Effects of lncRNA TRPM2‑AS/miR‑545‑3p on osteoblasts
The MC3T3-E1 cells on day 0, day 7 and day 15 of osteo-
genic differentiation induction were collected,, respec-
tively.. The differentiation results of induced MC3T3-E1 
showed that the levels of osteogenic markers Alp, Runx2 
and Ocn mRNA gradually increased with the extension 
of differentiation time (Fig.  3A), and the expression of 
TRPM2-AS increased progressively with time of cel-
lular differentiation (Fig.  3B), whereas the expression of 
miR-545-3p decreased progressively with time (Fig. 3C). 
Samples of MC3T3-E1 cells on the 15th day of osteogenic 
differentiation induction were collected to explore the 
effect of TRPM2-AS on mRNAs of osteogenic differen-
tiation-associated proteins, with three replicates in each 
group. It was revealed that knockdown of TRPM2-AS 
significantly reduced Alp, Runx2, and Ocn mRNA levels, 
which was alleviated by transfection with miR-545-3p 

Fig. 2  miR-545-3p expression in the serum of 63 patients with normal fracture healing and 58 patients with delayed fracture healing. A. Correlation 
between miR-545-3p and LncRNA TRPM2-AS in 58 patients with delayed fracture healing B Dual luciferase gene reporter assay for targeting 
relationship between miR-545-3p and LncRNA TRPM2-AS in MC3T3-E1 cells C Effect of knockdown of miR-545-3p on LncRNA TRPM2-AS 
in MC3T3-E1 cells D Effect of knockdown of LncRNA TRPM2-AS on miR-545-3p in MC3T3-E1 cells E (n = 3 independent experiments, and the data 
are presented as the mean ± SD)
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inhibitor (Fig.  3D). In addition, CCK8 and apoptosis 
experiments on MC3T3-E1 cells subjected to differ-
ent transfection treatments revealed that knockdown of 
TRPM2-AS accelerated inhibited MC3T3-E1 cells prolif-
eration (Fig. 3E) and MC3T3-E1 cells apoptosis (Fig. 4A, 
flow cytometry is shown in Fig.  4B), while transfection 
with miR-545-3p inhibitor improved both phenomena.

Regulation of BMP2 on osteoblasts
Serum detection of the two groups showed that the 
expression of Bmp2 mRNA in patients with delayed frac-
ture healing was significantly lower than that in patients 
with normal healing (Fig.  5A) In serum samples from 
patients with delayed fracture healing, Bmp2 mRNA 
expression was found to be dramatically negatively asso-
ciated with miR-545-3p (r = − 0.612, p < 0.0001, Fig. 5B). 
In addition, The RT-qPCR assay of MC3T3-E1 cells on 
day 0, day 7 and day 15 undergoing osteogenic differ-
entiation induction revealed that Bmp2 mRNA expres-
sion gradually increased with the increase of osteoblast 

differentiation time (Fig.  5C). To explore the targeting 
relationship between miR-545-3p and Bmp2, dual lucif-
erase gene reporting detection was performed, and the 
specific sequence was shown in Table  S4. The exami-
nation of Bmp2 luciferase activity in four groups of 
MC3T3-E1 cells indicated that the luciferase activity of 
Bmp2 decreased with the upregulation of miR-545-3p 
(Fig.  5D). In addition, it was found that the expression 
of Bmp2 mRNA was significantly decreased after knock-
ing down the expression of TRPM2-AS, while knock-
ing down miR-545-3p significantly upregulated Bmp2 
mRNA expression (Fig.  5E) in MC3T3-E1 cells. Further 
exploration revealed that knockdown of Bmp2 mRNA 
expression reversed the promoting effect of miR-545-3p 
downregulation on Alp, Runx2, and Ocn mRNA levels in 
MC3T3-E1 cells undergoing osteogenic differentiation 
induction day 15 (Fig. 6A). Knockdown of Bmp2 mRNA 
expression also reversed the effects of miR-545-3p down-
regulation on MC3T3-E1 cells proliferation (Fig. 6B) and 
apoptosis (Fig. 7A, flow cytometry is shown in Fig. 7B).

Fig. 3  Changes of osteoblast differentiation-related protein markers of MC3T3-E1 cells at different induction times A. Expression changes 
of LncRNA TRPM2-AS B and miR-545-3p in MC3T3-E1 cells at different induction times C. Effects of LncRNA TRPM2-AS knockdown on osteoblast 
differentiation protein markers D and proliferation E of MC3T3-E1 cells. (n = 3 independent experiments, and the data are presented 
as the mean ± SD)
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Discussion
The process of fracture healing involves the interac-
tion of multiple cells, cytokines, and genes, but due to 
the complexity of the etiology and the variety of frac-
ture types, more fracture patients have some degree of 
impaired healing, which leads to delayed fracture healing 
and affects the physical and mental health of the patients 
[18]. Therefore, finding serum markers that can predict 
delayed fracture healing can guide timely clinical inter-
ventions to improve patients’ prognosis. In recent years, 
the application of LncRNA in predicting the prognosis 
of fracture surgery has been widely reported [19, 20]. 
For example, LncRNA HAGLR is significantly down-
regulated in rats with delayed fracture healing and has 
the potential to be a marker for predicting this condition 
[21]. Wang et al. found that lncRNA RORAD is involved 
in fracture healing regulation and could become a marker 
for pre-surgery diagnosis to predict bone healing in 
patients [22]. In this study, LncRNA TRPM2-AS was 
found to be significantly down-regulated in patients with 

delayed fracture healing, and the ROC results suggest 
that LncRNA TRPM2-AS has a high predictive value for 
patients with delayed healing. The above evidence sug-
gests that LncRNA TRPM2-AS has the potential to be a 
potential marker for prognostic assessment after fracture 
surgery.

Relevant studies have shown that osteoblasts are the 
main bone-forming cells, indispensable for bone remod-
eling and healing. Enhancing osteoblast activity appro-
priately promotes bone healing [11, 23]. It was found that 
lncRNAs play a crucial regulatory role in the formation 
of osteoblasts. To explore the effects of LncRNA TRPM2-
AS on osteoblasts, relevant experiments were conducted 
in this study. The results revealed that the downregula-
tion of LncRNA TRPM2-AS resulted in a significant 
decrease in the proliferative capacity of osteoblasts and 
a significant increase in the rate of apoptosis. In addition, 
the expression of the osteogenic differentiation markers 
Alp, Runx2, and Ocn was significantly inhibited by the 
downregulation of LncRNA TRPM2-AS. Guo et al. found 

Fig. 4  Effects of LncRNA TRPM2-AS knockdown on MC3T3-E1 cells apoptosis A Annexin V-EGFP/PI staining B (n = 3 independent experiments, 
and the data are presented as the mean ± SD)
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Fig. 5  Bmp2 mRNA expression in the serum of 63 patients with normal fracture healing and 58 patients with delayed fracture healing. A. 
Correlation between miR-545-3p and Bmp2 in 58 patients with delayed fracture healing B Changes of Bmp2 mRNA expression in MC3T3-E1 cells 
at different induction times C Dual luciferase gene reports detect the targeting relationship between miR-545-3p and Bmp2 in MC3T3-E1 cells 
D Effect of LncRNA TRPM2-AS and miR-545-3p knockdown on Bmp2 mRNA expression in MC3T3-E1 cells E (n = 3 independent experiments, 
and the data are presented as the mean ± SD)

Fig. 6  Effects of Bmp2 mRNA expression knockdown on osteoblast differentiation-related protein markers A and proliferation B of MC3T3-E1 cells. 
(n = 3 independent experiments, and the data are presented as the mean ± SD)
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that LncRNA SNHG1 up-regulation can inhibit the pro-
liferation and differentiation of osteoblasts and promote 
cell apoptosis [24]. LncRNA KCNQ1OT1 was found to 
activate the Wnt/β-catenin pathway, enhancing osteo-
blast proliferation and differentiation, thereby promoting 
fracture healing [25]. The above evidence suggests that 
LncRNA TRPM2-AS is involved in regulating the life 
activities of osteoblasts.

Studies have confirmed that lncRNAs can negatively 
regulate miRNAs as competitive endogenous RNA, 
participating in various cellular activities. Through a 
complex regulatory network, miRNAs play important 
regulatory roles in multiple aspects of bone-related dis-
eases, including stem tendon injury [26, 27], osteoar-
thritis [28], human rheumatoid arthropathy [29, 30], 
osteoporosis [31], and tumor bone metastasis [32]. For 
example, LncRNA HOXA11-AS inhibits osteoblast pro-
liferation and induce apoptosis by targeting miR-124-3p, 
thereby promoting fracture healing [33]. LncRNA 
HOTAIR is involved in the regulation of fracture healing 
in osteoporosis rats by negatively regulating miR-17-5p 
[34]. To explore the mechanism of LncRNA TRPM2-
AS in osteoblasts, the downstream miRNAs of LncRNA 

TRPM2-AS were excavated in this study. Among them, 
miR-545-3p has attracted our attention. Previous studies 
have found that miR-545-3p can hinder osteogenic differ-
entiation. lncRNA SERPINB9P1 can up-regulate SIRT6 
expression through sponging miR-545-3p, thus promot-
ing osteogenic differentiation of bone marrow mesen-
chymal stem cells [35]. lncRNA TUG1 also affects the 
expression of CNR2 by negatively regulating miR-545-3p 
and promotes the proliferation and differentiation of 
osteoblasts [36]. This study also found that miR-545-3p, 
as the downstream miRNA of LncRNA TRPM2-AS, 
is negatively regulated by LncRNA TRPM2-AS, and 
can reverse the negative effects of LncRNA TRPM2-
AS knockdown on osteoblasts. This suggests that miR-
545-3p plays an important role in LncRNA TRPM2-AS 
regulation of osteoblast proliferation and apoptosis.

This study found a targeting relationship between 
miR-545-3p and Bmp2, and negatively regulated the 
expression of Bmp2 mRNA. It was found that BMP2 
knockdown inhibited the differentiation and growth of 
osteoblasts. BMP2, as the most important transcrip-
tion factor for osteogenic differentiation, is a key sign-
aling pathway in bone formation [37, 38]. It has been 

Fig. 7  Effects of Bmp2 mRNA expression knockdown on MC3T3-E1 cells apoptosis A Annexin V-EGFP/PI staining B (n = 3 independent experiments, 
and the data are presented as the mean ± SD)



Page 10 of 11Kang et al. Journal of Orthopaedic Surgery and Research          (2024) 19:466 

reported that BMP2 can play a role by activating Smad 
proteins and other signal transduction pathways to 
stimulate the expression of many target genes, includ-
ing RUNX2 [39]. Chen. et  al. found that miR-214-3p 
binds to the 3’UTR region of BMP1 to reduce its mRNA 
level and inhibit the maturation and differentiation of 
bone marrow mesenchymal stem cells [40]. The above 
evidence suggests that miR-545-3p plays an inhibitory 
role in delayed fracture healing by targeting Bmp2.

The novelty of this study lies in the fact that the role 
and mechanism of TRPM2-AS in fracture healing are 
proposed for the first time, which provides more theoret-
ical basis for the pathogenesis of delayed fracture healing 
and the selection of therapeutic targets. Of course, there 
are some limitations in this study, such as due to time and 
funding, no animal experiments were performed to verify 
the modulatory effect of TRPM2-AS targeting miR-545-
3p/Bmp2 on fracture healing. In the future, it will be fur-
ther verified by expanding the sample range and sample 
size and combining with in  vivo experiments. In addi-
tion, the present study only preliminarily investigated the 
effect of TRPM2-AS on osteoblast activity, however, it 
did not investigate its effect on osteoclast activity. Osteo-
clasts are also critical cells for fracture healing, regulating 
the balance of new bone formation and bone reconstruc-
tion. In follow-up studies, the effect of TRPM2-AS/miR-
545-3p on osteoclast activity will be further investigated.

Conclusion
In conclusion, the results of the present study sug-
gest that LncRNA TRPM2-AS has the potential to be a 
predictive marker of delayed fracture healing. It may 
contribute to delayed healing by mediating the miR-545-
3p/Bmp2 axis, which enhances osteoblast differentiation 
and proliferation while suppressing osteoblast apoptosis.
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