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Effect of miR-654-3p targeting EMP1 @
on osteoblast activity and differentiation
in delayed fracture healing

Shantao Wang'™!, Mingwei Wang?', Shengliang Sun? Xinsheng Liu' and Danzhi Li'

Abstract

Background Delayed fracture healing (DFH) is a common postoperative complication in fracture patients, and a
validated serum marker may aid in the clinical management and improve the prognosis of fracture patients. In this
study, we investigated the diagnostic role and potential regulatory mechanisms of miR-654-3p in DFH.

Methods 73 patients with DFH and 75 patients with normal fracture healing (NFH) were included. Expression of
miR-654-3p and EMP1 and several mRNA markers of osteogenic differentiation were evaluated by RT-gPCR. The
diagnostic value of miR-654-3p and EMP1 alone and in combination was assessed using ROC curves. Cell proliferation
capacity was assessed by CCK-8 and apoptosis rate by flow cytometry. DLR experiments demonstrated the targeting
relationship between miR-654-3p and EMP1.

Results Levels of miR-654-3p were found to be significantly lower in DFH compared to NFH. Following cell
differentiation treatment, miR-654-3p levels increased and EMP1 levels decreased. Furthermore, a negative correlation
was identified between miR-654-3p and EMP1 target binding and expression levels. The combination of miR-654-3p
and EMP1 holds significant diagnostic value for DFH. miR-654-3p high expression can inhibit EMP1 levels, which
promotes cell proliferation, increases osteoblast activity and levels of differentiation markers, and decreases the rate of
apoptosis.

Conclusion miR-654-3p and EMP1 are aberrantly expressed in DFH, and both have high diagnostic value for DFH.
miR-654-3p is involved in the proliferation, differentiation, and apoptotic activities of osteoblasts by regulating the
level of EMP1, thus affecting the progression of DFH.
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Background

Fracture healing is a dynamic and complex disease state
and the normal healing time is usually less than 4 months
[1, 2]. Delayed fracture healing (DFH) is defined as a frac-
ture that has not reached the mark of complete fracture
healing within the time required for normal healing [3].
DFH is a common complication in fracture patients after
surgery. It seriously affects the patient’s quality of life
and can even lead to disability [4]. Survey data show that
delayed fracture healing occurs in approximately 5-10%
of fracture patients [5]. Therefore, the search for an effec-
tive diagnostic marker that can differentiate between
DFH and NFH can help in the early detection and diag-
nosis of DFH and the timely adjustment of clinical treat-
ment protocols.

MicroRNA (miRNA) is a class of non-coding, single-
stranded RNA molecules of approximately 22 nucleotides
in length [6-9]. It has been shown to be closely associated
with bone development and formation [10-13]. Further-
more, it has been demonstrated that miRNAs are capable
of regulating the fracture healing process by affecting
the physiological activities of osteoblasts and osteoclasts
(e.g. differentiation, proliferation, etc.) through vari-
ous mechanisms [14]. Xin et al. found that miR-214 can
regulate fracture healing by inhibiting the SOX4 signal-
ing pathway [15]. Mizuno et al. also identified the ability
of miR-125b to regulate the differentiation functions of
osteoblasts through downstream target genes. Therefore,
it can be concluded that miRNAs have the potential to
serve as serum markers for the prediction of DFH.

Table 1 Clinical data of the study subjects

Indicators NFH DFH Pvalue
(n=75) (n=73)
Age (year) 41.64+12.22 43.90+10.74 0.234
BMI (kg/mz) 2399+ 1.88 2437+2.10 0.244
Gender 0615
Female 38 40
Male 37 33
Smoking 0.63
No 33 35
Yes 42 38
Alcohol intake 0.636
No 30 32
Yes 45 41
Fracture Side 0.622
Left 39 35
Right 36 38
Osteosynthesis method 0.622
Open reduction 36 38
Losed reduction 39 35
Severity of fracture 0.706
Complete fracture 30 27
Incomplete fracture 45 46
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miR-654-3p plays a regulatory role in a variety of dis-
eases [16]. Existing studies have demonstrated that miR-
654-3p is aberrantly expressed in bone nonunion and
osteogenesis imperfecta and plays an important role in
the regulation of these two diseases [17]. However, the
expression and regulatory mechanisms of miR-654-3p
in delayed fracture healing are currently unclear. In this
study, We examined miR-654-3p levels in patients with
DFH and used bioinformatics to search for downstream
target genes of miR-654-3p, in order to explore the
potential regulatory mechanism of the miR-654-3p target
gene signaling pathway on delayed fracture healing.

Materials and methods

Participants

The present study encompasses a cohort of 73 patients
diagnosed with DFH and 75 patients with normal frac-
ture healing (NFH) from January 2022 to November 2023
in Yidu Central Hospital of Weifang were included. The
inclusion criteria were as follows: (a) fulfilment of the
diagnostic criteria for fracture; (b) fulfilment of the cri-
teria for delayed fracture healing: no obvious signs of
healing for 4 consecutive months; (c) aged>18 vyears;
(d) treated with internal fixation. Exclusion criteria: (a)
accompanied by other parts of the trauma; (b) accompa-
nied by metabolic bone disease, osteoarthritis and other
bone disease patients. The clinical data of the two groups
of patients were collected and the specific information is
shown in Table 1.

The study was approved by the Ethics Committee of
Yidu Central Hospital of Weifang and adhered to the
Declaration of Helsinki. Furthermore, all patients and
their families signed an informed consent form.

RT-qPCR
At the 4-week postoperative follow-up, 5 mL of fast-
ing peripheral venous blood was collected from the
patients. The Trizol reagent (Thermo Fisher, USA) was
then utilised for the extraction of total RNA from serum.
Subsequently, cDNA was extracted using a reverse tran-
scription kit (Takara, Dalian, China) was utilised to
extract cDNA from the serum. The cDNA was then sub-
jected to PCR, with U6 serving as an endogenous refer-
ence for miR-654-3p, and ALP, OCN, Runx2 mRNA
according to the instructions of the KAPA SYBR Rapid
One-Step Kit (Roche, Switzerland). Results were normal-
ized using the 27*4¢T method.

Cell culture and transfected

The selection of MC3T3-E1 cells were selected for cul-
ture and osteogenic differentiation induction (OI) is
a pivotal step in this study. The cells were cultivated in
MEM-a medium containing nucleosides and GlutaMAX
additive. The medium contained 10% FBS (Gibco, USA)
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and was incubated at 37 ‘C with a CO, concentration of
5%.

The miR-654-3p inhibitor and empty vector oligonucle-
otides (miR-NC), as well as blank small interfering RNA
(EMP1-NC) and si-EMPI were purchased from RiboBio
(Guangzhou, China). The transfection of cells into differ-
entiated cells was conducted in strict accordance with the
stipulated protocol of the Lipofectamine 3000 kit (Invit-
rogen, USA).

Cell viability assay

A volume of 200 uL of cell suspension was inoculated
into 96-well plates with three composite wells per group.
The cells were then subjected to a culture period of 24 h,
48 h, and 72 h, respectively. Then, cells were incubated
for 1 h with 10 pL of CCK-8 solution. The cells were
removed and shaken for 10 s on an enzyme marker in
order to measure OD 450 nm.

Cell apoptosis assay

Subsequent to the differentiation and transfection of
MC3T3-E1 cells, the cells were harvested and washed
thrice with Phosphate Buffered Saline (PBS). Sub-
sequently, 100 uL of binding buffer was then added.
Annexin V-fuorescein isothiocyanate and 5 pL PI were
added to the cells and incubated for 15 min in the dark.
The suspension was transferred to a flow-through tube
under conditions that avoided light, and the apopto-
sis rate was measured by flow cytometry. The mRNA
expression of Bax, Bcl-2, and Caspase-3 was detected by
RT-qPCR.

Western blotting assay

The treated cells were incubated in lysis buffer and centri-
fuged (12,000 rpm) after 5 min to collect the lysis buffer.
Protein content was assessed using a bicinchoninic acid
(BCA) kit (Beyotime, P0010). Thirty ug of protein was
up-sampled per lane and the protein was subsequently
separated by 10% SDS-PAGE. It was then electrotrans-
ferred onto a PVDF membrane (Millipore). After block-
ing with 5% skimmed milk for 2 h, the membrane was
incubated overnight. The EMP1 antibody was diluted
with the blocking solution. The PVDF membrane was
immersed in the anti-incubation solution and incubated
at 4 C overnight. Treat PVDF membrane with HRP-con-
jugated secondary antibody for 2 h at room temperature.
Membranes were detected using the BeyoECL Plus Kit
(Beyotime, P0018).

Bioinformatics analysis

miRDB, Targetscan and miRWalk databases were used to
predict miR-654-3p downstream target genes (screening
condition: absolute value of Total context + + score > 0.4).
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Dual-luciferase reporter assay (DLR) assay

Gene plasmids were designed on the basis of bioinfor-
matic analysis of the two binding sites. Wild-type recom-
binant EMP1 (WT-EMP1) and mutant recombinant
EMP1 (MT-EMP1) plasmids were constructed. Subse-
quently, miR-NC, miR-mimic and miR-inhibitor were
transfected using Lipofectamine 3000 kit (Invitrogen,
USA) and detected using DLR kit (Beyotime, Shanghai).

RIP assay

Cells were resuspended with RIP lysate equal to the vol-
ume of cells and incubated with antibody-coupled mag-
netic beads at 4 °C overnight. After washing, RNA was
purified and reverse-transcribed into cDNA following
the RT-qPCR assay procedure to detect target levels.

Statistical analysis

The results obtained are expressed as the mean * standard
deviation. All experiments were repeated at least three
times with parallel testing. The patients’ clinical physi-
ological data were analyzed and tabulated using SPSS,
and the rest of the data were analyzed and plotted using
GraphPad. ROC survival assessed was used to determine
the diagnostic role of miRNAs and mRNAs. A p-value of
below 0.05 indicates that the difference between the two
groups is statistically significant.

Results

Comparison of patients’ clinical data

The study found no statistically significant differences
between the two groups in terms of age, BMI, sex, smok-
ing status, alcohol consumption, side of fracture, osteo-
synthesis method, and fracture severity (P> 0.05, Table 1).

Expression and diagnostic role of miR-654-3p

Levels of miR-654-3p were found to be markedly lower
in the DFH group than in the NFH group (P<0.001,
Fig. 1A). The diagnostic significance of miR-654-3p for
DFH was predicted by ROC curve. The AUC of the ROC
curve was 0.858 (95% CI 0.797-0.918), which was found
to be capable of distinguish the DFH patients from the
NFH group (Fig. 1B).

Effects of osteogenic differentiation induction on miR-
654-3p levels and cell function

Levels of MiR-654-3p in differentiated cells were signifi-
cantly increased (P<0.001, Fig. 2A). Furthermore, levels
of osteoblast activity and differentiation markers were
increased (P<0.001, Fig. 2B), the proliferative capacity of
cells was decreased, the rate of apoptosis was increased,
the levels of pro-apoptotic factors were increased,
and inhibitory apoptotic factors levels were decreased
(P<0.001, Fig. 2C and E).
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Fig. 1 Expression and diagnostic value of miR-654-3p. (A) Comparison of miR-654-3p in DFH and NFH patients (*** P<0.001 vs. NFH); (B) Diagnostic value

of miR-654-3p in patients with DFH (AUC=0.858,95% Cl: 0.797-0.918)
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Effect of miR-654-3p levels on osteoblast differentiation
and apoptosis

The transfection of inhibitors into differentiated cells
resulted in a decrease in miR-654-3p levels, and mimics
increased miR-654-3p levels (P<0.001, Fig. 3A). miR-
654-3p downregulation decreased the levels of markers
such as ALP, decreased cell proliferation, and increased
apoptosis, with increased pro-apoptotic factors and

decreased apoptosis suppressor factors. Conversely,
an increase in miR-654-3p levels led to a substantial
enhancement in osteoblast proliferation and activity and
decreased apoptosis (P<0.001, Fig. 3B-E).

MiR-654-3p target genes and its diagnostic value
As illustrated in Fig. 4A, the seven target genes of miR-
654-3p overlapping in the three databases. Of these,
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Fig. 3 Effect of miR-654-3p levels on fracture healing. (A) Effect of different transfection on miR-654-3p levels; (B) Inhibition of miR-654-3p levels de-
creases the levels of markers of osteoblast activity and differentiation, and increasing miR-654-3p expression increases these markers levels; (C) High ex-
pression of miR-654-3p enhances cell proliferation; D and E. Low expression of miR-654-3p increases apoptosis, promotes levels of pro-apoptotic factors

and decreases expression of anti-apoptotic factors (*** P<0.001 vs. Ol)

only EMP1 had significantly different expression lev-
els in DFH and NFH (P<0.001, Fig. 4B). Furthermore, a
negative correlation was observed between the level of
miR-654-3p and EMP1 expression (Fig. 4C). the AUC of
the ROC curve was 0.882 (95% CI 0.830-0.934), which
could differentiate the DFH patients from the NFH
group (Fig. 4D). Figure 4E shows that the AUC of miR-
654-3p combined with EMP1 for the diagnosis of DFH
was 0.942, with a specificity of 92.0% and a sensitivity of
90.41%, which were higher than those of miR-654-3p and
EMP1 alone. Therefore, the combined diagnosis of the
two is the most effective.

Regulatory role of miR-654-3p and EMP1

Figure 5A depicts the putative target base between
EMP1 and miR-654-3p. The expression of EMP1 in
cells decreased after differentiation treatment (Fig. 5B).
The data in Fig. 5C confirm the specific binding of miR-
654-3p to EMP1. In WT-EMPI, increased levels of
miR-654-3p were observed to decrease luciferase activ-
ity, whereas inhibition of miR-654-3p expression sig-
nificantly increased activity (P<0.001). Adjusting EMP1
level did not affect miR-654-3p expression, whereas
inhibiting the level of miR-654-3p resulted in an increase

in the level of EMP1, suggesting that miR-654-3p can
regulate EMP1 expression, but EMP1 cannot regulate the
expression of miR-654-3p (Fig. 5D and E). The protein
expression of EMP1 showed the same trend; inhibiting
the level of miR-654-3p increased the content of EMP1
protein, while knocking down EMP1 decreased its pro-
tein expression content (Fig. 5F). In addition, the results
of RIP experiments also confirmed the binding relation-
ship between miR-654-3p and EMP1 (Fig. 5G).

Effects of miR-654-3p and EMP1 on cellular

As illustrated in Fig. 6A, the inhibition of miR-654-3p
levels resulted in a decrease in ALP, OCN, and Runx2
mRNA levels, and knockdown of EMP1 reversed this
effect (P<0.001). The reduced expression of miR-654-3p
was found to result in reduced cell proliferation. In con-
trast, silencing of EMPI1 increased cell proliferation
(P<0.001, Fig. 6B). Inhibition the expression of miR-
654-3p has been demonstrated to increase apoptosis,
while knockdown of EMP1 reversed this effect (P<0.001,
Fig. 6C). Inhibition of miR-654-3p expression led to an
increase in pro-apoptotic factors levels (Bax and Cas-
pase-3 mRNA) but decreased Bcl-2 expression, while
silencing of EMP1 reversed this effect (P<0.001, Fig. 6D).
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patients with DFH; (E) Combined diagnostic of EMP1 and miR-654-3p in patients with DFH

Discussion

DFH is a complication that can arise following fracture
surgery that reduces the quality of life of patients and,
in severe cases, can lead to disability [18]. Therefore,
the prediction of delayed healing in fracture treatment
can guide the clinic in implementing effective interven-
tions to prevent the occurrence of DFH [19]. MiRNAs
are a class of endogenous non-coding RNAs that have the
capacity to regulate gene expression in a post-transcrip-
tional manner. They play a crucial role in a wide range of
physiological processes, and are potential predictive or
diagnostic biomarkers for many diseases [20]. In recent
years, miRNAs have been found to be key regulators in
the complex process of fracture healing [21], and have
been reported as miR-214 [22], miR-7212-5p [23], and so
on.

In our study, miR-654-3p expression was reduced in
DFH patients. This showed an opposite trend to other
miRNAs associated with DFH, such as elevated expres-
sion of miR-545-3p in DFH as reported by Kang et
al. [24]. And The results of our ROC suggest that miR-
654-3p has a better diagnostic role. miRNA usually act
to fulfill their potential roles with mRNAs. We predicted
the potential target genes of miR-654-3p through several

databases and identified seven potential target genes.
Further analysis revealed a significant difference in the
expression of EMP1 in the two groups of patients, so we
focused on EMP1.

The downstream target gene of miR-654-3p, EMPI,
is a member of the EMP family, which is a hotspot of
researchers’ attention because it is mainly involved in
physiological activities. For example, EMP1 has been
demonstrated to promote the proliferation and invasion
of ovarian cancer cells as reported by Liu et al. [25]. Our
results showed that EMP1 was highly expressed in the
DFH group and was of good value for the diagnosis of
DFH. The combination of miR-654-3p and EMP1 led to
the diagnosis of DFH with an AUC of 0.942, which was
of high diagnostic and predictive significance, suggesting
that it may be involved in the pathological process of FH.

The FH process comprises three main events: inflam-
matory, repair and remodeling [26]. The differentia-
tion and activity of osteoblasts play an important role
in FH [27]. miRNAs are able to regulate many physi-
ological activities of osteoblasts, including cell migra-
tion, differentiation, proliferation and apoptosis [28].
microRNAs have been demonstrated to regulate gene
expression at the post-transcriptional level and regulate
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bone formation and remodeling [29]. Cell differentia-
tion and activity help to accelerate new bone formation.
Biomarkers of osteoblast activity and function include
alkaline phosphatase (ALP), runt-related transcription
factor 2 (Runx2) and osteocalcin (OCN) are biomark-
ers of osteoblast activity and function [30]. The primary

function of ALP is to catalyse the hydrolysis of phosphate
esters during the process of osteogenesis, thereby releas-
ing the inhibition of bone salt formation by phosphate
and to promote osteoblast proliferation and differentia-
tion, and it is an indicator of the response to osteogenic
activation [31, 32]. Runx?2 is implicated in the process of
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osteoblast differentiation and is a key regulator of osteo-
blast differentiation in MSCs [33]. OCN is frequently uti-
lised as a serum marker of bone formation in osteoblasts
[34]. Like miR-190a-5p reported by Lee et al. [35], our
study has the same finding: aberrant levels of miRNAs
and mRNAs modulates the levels of these markers and
the physiological activity of osteoblasts.

In the present study, it was observed that inhibition of
miR-654-3p levels resulted in elevated EMP1 expression
levels. This, in turn, led to a decline in osteoblast prolif-
eration capacity and a subsequent decrease in ALP, OCN
and Runx2 levels. Elevated levels of EMP1 have been
demonstrated to impede osteoblast proliferation and
decrease osteoblast activity and differentiation capacity.
This suggests that EMP1 is a factor that inhibits fracture
healing. In addition, elevated levels of EMP1 lead to an
increase in the rate of apoptosis. Studies of its apoptosis-
promoting mechanism have shown that EMP1 promotes
apoptosis by increasing the expression of pro-apoptotic
factors (including Bax and caspase-3) and decreasing the

levels of anti-apoptotic factor (Bcl-2). The knockdown of
EMP1 has been demonstrated to reverse these deleteri-
ous effects. In contrast, miR-654-3p could promote frac-
ture healing by decreasing the expression level of EMP1,
promoting osteoblast proliferation and differentiation,
and decreasing the rate of osteoblast apoptosis.

However, there are some potential limitations of this
study: firstly, existing studies suggest that BMP2 or
FGFR2 are signalling pathways involved in DFH. miR-
NAs are often involved in regulating the process of DFH
through these signalling pathways. For example, MiR-
223-3p directly targets FGFR2 in FH [36], and MicroRNA
98-5p overexpression promotes delayed FH by targeting
BMP-2 [37]. Therefore, we speculate that miR-654-3p
and EMP1 may also regulate DFH by participating in
DFH-related signalling pathways; however, the specific
signalling pathways involved in DFH by miR-654-3p and
EMP1 need to be thoroughly investigated; In addition,
the isoforms of EMP1 are also important for its involve-
ment in DFH and need to be explored in subsequent
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experiments. Secondly, more abundant experimental
models (e.g., in vivo models) are needed to further con-
firm our findings from various aspects; and lastly, the
current study available results and data need to be vali-
dated in a larger cohort.

Conclusion

In conclusion, miR-654-3p and EMP1 have high diag-
nostic value for DFH. Silent EMP1 expression may con-
tribute to fracture healing. Increasing miR-654-3p levels
resulted in a decrease in EMP1 levels, which improved
cell proliferation and promoted osteogenic differentia-
tion, decreased apoptosis and facilitated fracture healing.
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