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fractures and TBI via IBSP/PI3K-AKT inhibition
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Patients who sustain concomitant fractures and traumatic
brain injury (TBI) are known to have significantly quicker frac-
ture-healing rates than patients with isolated fractures. The
mechanisms underlying this phenomenon have yet to be iden-
tified. In the present study, we found that the upregulation of
microRNA-92a-3p (miRNA-92a-3p) induced by TBI correlated
with a decrease in integrin binding sialoprotein (IBSP) expres-
sion in callus formation. In vitro, overexpressing miRNA-92a-
3p inhibited IBSP expression and accelerated osteoblast
differentiation, whereas silencing of miRNA-92a-3p inhibited
osteoblast activity. A decrease in IBSP facilitated osteoblast
differentiation via the Phosphatidylinositol 3-kinase/threonine
kinase 1 (PI3K/AKT) signaling pathway. Through luciferase as-
says, we found evidence that IBSP is a miRNA-92a-3p target
gene that negatively regulates osteoblast differentiation. More-
over, the present study confirmed that pre-injection of agomiR-
92a-3p leads to increased bone formation. Collectively, these
results indicate that miRNA-92a-3p overexpression may be a
key factor underlying the improved fracture healing observed
in TBI patients. Upregulation of miRNA-92a-3p may therefore
be a promising therapeutic strategy for promoting fracture
healing and preventing nonunion.

INTRODUCTION

Ever since Calandriello’s' seminal work in the 1960s that highlighted
that patients with traumatic brain injury (TBI) and concomitant frac-
tures display greater bone formation, numerous studies have estab-
lished the critical role of TBI in bone-fracture healing. Patients with
concomitant bone fractures and TBI have long been believed to
heal more quickly than patients without TBI. A number of cross-
sectional studies have suggested an association between TBI, rapid
callus formation, and heterotopic ossification.”” Surveys, such as
that conducted by Brady et al.,* have shown that closed-head TBI re-
sults in calluses that are larger in size and with increased bone volume.
Surprisingly, the underlying mechanisms of this phenomenon have
not yet been closely examined.
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Updates

Both bone remodeling and repair are involved in the process of frac-
ture healing. Osteoblasts are the key cells for new bone formation dur-
ing fracture healing.” It has previously been observed that osteoblast
differentiation can be triggered by upregulating or downregulating
the expression of cytokines, hormones, and growth factors.”® It
further affects the processes of mineralization, maturation, and pro-

liferation of osteoblasts.” !

MicroRNAs (miRNAs) are small, single-stranded, non-coding RNAs
that widely exist in different tissues. They downregulate the expres-
sion of target genes mainly through mRNA degradation and tran-

213 miRNAs have been demonstrated to be

scription inhibition.
widely involved in the regulation of osteoblast differentiation and
bone growth.'*”'® Most of these miRNAs have only been studied
in vitro, and their pathophysiological mechanisms in patients with
fracture and brain trauma, as well as in animal models, have not
yet been fully established. The role of miRNAs on increasing bone
callus healing in fractures and brain trauma and the study of the dif-
ferentiation of osteogenic precursor cells is also unclear. After trau-
matic brain trauma, the expression of some miRNAs in the plasma
and brain tissue of patients is expected to be abnormally increased.
These miRNAs may participate in the repair process of injured brain

tissue and limbs.'”"'®
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miRNA-92a-3p is a single-stranded, non-coding RNA that has been
reported to participate in regulating angiogenesis, inhibiting
apoptosis, enhancing chondrocyte production, and inhibiting carti-
lage degradation.'””” Redell et al."® reported that the expression level
of miRNA-92a-3p increases significantly in the first 24 h after mild
TBI injury but decreases in severe TBI patients. Thus far, little atten-
tion has been paid to the role of miRNA-92a-3p on the differentiation
of osteogenic precursor cells into osteoblasts, especially in situations
of concomitant fracture and traumatic brain trauma.

The gene integrin binding sialoprotein (IBSP), which is located on
chromosome 4q28-q31, is composed of six small exons (51 to
159 bp) and one large exon (~2.6 kb).>' The physiological role of
IBSP in the population is mainly to encode the main structural protein
of bone matrix, which constitutes approximately 12% of non-collagen
protein in human bone tissue and is synthesized by bone-related cells
such as osteoblasts, bone cells, and osteoclasts.”>>* The PI3K/AKT
signaling pathway is widely involved in bone repair and bone develop-
ment, and plays an important role in controlling bone cell number and
mass, as well as new bone formation.”*® The exact physiological role
of IBSP, as well as the miRNAs that serve as its upstream regulators,
has yet to be verified.

This study attempts to elucidate the potential molecular mechanism
that underlies the increase in formation of callus and speed of fracture
healing in patients with concomitant fractures and traumatic brain
injury. We focus our investigation on the rapid increase in miRNA-
92a-3p expression levels that have been noted to occur within 24 h af-
ter moderate traumatic brain injury. In addition, direct targeted IBSP
is used to detect the effects of miRNA-92a-3p and its antagonists
(antagomiRNA-92a-3p) on the differentiation and maturation of
osteoblast precursor cells to osteoblasts.

RESULTS

miRNA-92a-3p expression is elevated in the plasma and callus of
clinical patients with fracture and brain trauma

Previous studies have shown that fracture healing in patients with
concomitant fractures and brain trauma is faster than that of isolated
fractures.”” In TBI patients, expression of miRNA-92a-3p in injured
brain tissue and peripheral blood is upregulated.'””'® miRNA-92a
participates in the differentiation of osteoblast precursor cells into os-
teoblasts and can promote chondrogenesis.'”*® In order to investigate
the fracture healing and miRNA-92a-3p expression in patients with
concomitant fractures and brain trauma, we collected samples from
30 patients (10 cases with completely healed fractures, 10 cases with
isolated fractures, and 10 cases with concomitant fractures and brain
trauma). The expression levels of miRNA-92a-3p in the plasma and
callus were detected using RT-PCR. The healing of the two groups
of patients (isolated fractures, and concomitant fractures and brain
trauma) of the same fracture type and at the same follow-up time
was evaluated using X-rays. In order to minimize the influence of
gender, age, and different degrees of brain trauma on the expression
of miRNA-92a-3p and fracture healing, we set strict inclusion criteria:
female, aged 25-40 years, closed fracture, mild to moderate brain
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trauma with concomitant fracture (Glasgow Coma Scale [GCS] score
8-14 points), and no prior history of diabetes, hypertension, heart
disease, and cerebrovascular disease. The results showed that in the
same site and type of fracture, the fracture healing time of the group
with concomitant brain trauma and fracture was shorter than that of
the isolated fracture group (Figures 1A and 1B; Figure S1). RT-PCR
results showed that the level of plasma miRNA-92a-3p expression
in the concomitant fracture and brain trauma group was significantly
higher than that of the other two groups on the 1% day, the 3 day,
and the 7™ day after admission (Figure 1C). The expression level of
miRNA-92a-3p in the bone callus of the isolated fracture group was
significantly lower than that of the concomitant fracture and brain
trauma group (Figure 1D); on the 14™ day after injury, the new
bone callus in the concomitant fracture and brain trauma group
was more pronounced than that of the isolated fracture (Figures 1E
and 1F; Figure S2).

Plasma and callus miRNA-92a-3p expression is upregulated in
the fracture and TBI mouse model

In order to further verify the experimental results of clinical obser-
vation, we used female, 8-week-old C57BL/6] mice to induce femoral
fracture and brain injury models. On the 3'd, 7th, and 14" days after
modeling, the expression levels of miRNA-92a-3p in peripheral
blood of mice were detected using RT-PCR. On the 14" and 21%
days after surgery, quantitative micro-computed tomography
(mCT) was used to scan the fractured femur of mice, and the key in-
dicators of bone formation and three-dimensional reconstruction
images were analyzed. The results showed that the expression level
of miRNA-92a-3p in the peripheral blood of the group with
concomitant fracture and brain trauma was higher than that of the
isolated fracture group and of the control group (Figure 2A). mCT
scan results showed that the bones of the group with concomitant
fracture and brain trauma had significantly higher scab volumes,
bone volume (BV), tissue volume (TV), bone mass density
(BMD), and percent bone volume (BV/TV) than the isolated frac-
ture group (Figures 2B-2F).

miRNA-92a-3p promotes osteoblastogenesis and matrix
mineralization

To evaluate the effect of miRNA-92a-3p on matrix mineralization
and osteoblastogenesis, we used lipo3000 to transfect agomiR92a-
3p, antagomiR-92a-3p, agomiR-negative control (NC), antagomiR-
NC, or PBS (control group) into MC3T3-E1 subclone 14 cells. 48 h
after transfection, RT-PCR was used to detect the transfection effect
and osteogenic gene expression, and western blotting was used to
detect the expression of the osteogenic marker protein. On day 14
and day 21 after transfection, alkaline phosphatase and alizarin red
staining were used to detect the mineralization of extracellular matrix.
RT-PCR results showed that the expression of miRNA-92a-3p was
upregulated in the agomiR-92a-3p group (Figure 3A). The expression
levels of the osteogenic genes bone gamma-carboxyglutamate protein
(OCN), RUNX2, alkaline phosphatase staining (ALP), and Collal in
the agomiR-92a-3p treatment group were significantly higher than
that of the antagomiR- 92a-3p group (Figures 3B-3E); western



www.moleculartherapy.org

A Preoperative 1 month after surgery
TN wr

Preoperative

C 15, mm Control
[ Fracture

Hkk

Fracture + TBI i
1.0+ i

1.0 ! !

I91+oI3081g

0.5+

-n

0.5- T [

Relative hsa-miRNA-92a-3p level
¥
Relative hsa-miRNA-92a-3p level

0.0~

o

o

T
amjoelrg

Figure 1. miRNA-92a-3p expression is elevated in the plasma and callus of patients with concomitant extremity fractures and brain trauma

(A) 34-year-old female patient with concomitant fracture of the distal tibia and brain trauma. X-rays of the anterior and posterior tibia and fibula at 1 week before surgery, and
1 month, 3 months, 6 months, 9 months, and 12 months after surgery. (B) 32-year-old female patient with fracture of the distal tibia. X-rays of the anterior and posterior tibia
and fibula at 1 week before surgery, and at 1 month, 3 months, 6 months, 9 months, and 15 months after surgery. (C) miRNA-92a-3p plasma expression. RT-PCR showed
that the level of mMIRNA-92a-3p expression in the plasma of the concomitant fracture and traumatic brain injury (TBI) group was significantly higher than that of the other two
groups on day 1, day 3, and day 7 since admission. (D) miRNA-92a-3p callus expression. RT-PCR results showed that the expression level of miRNA-92a-3p in the callus of
the concomitant fracture and TBI group was significantly higher than that of the other two groups. (E and F) In the second week after injury, patients with concomitant fracture
and TBI were more susceptible to callus formation than those with isolated fractures. N = 10; data are presented as mean + SD (*p < 0.05; **p < 0.01; ***p < 0.001; # no
significance).

blotting showed that the expression levels of the bone-formation  antagomiR-92a-3p group (Figure 3F). Alkaline phosphatase staining
marker proteins OCN, RUNX2, ALP, and Collal in the agomiR- on day 14 showed that mineralization of extracellular matrix in the
92a-3p treatment group were significantly higher than those in the =~ agomiR-92a-3p treatment group was significantly higher than that
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in the antagomiR-92a-3p group (Figure 3G; Figure $3). This was veri-
fied with alizarin red staining on day 21 (Figure 3H; Figure S4).

miRNA-92a-3p directly targets IBSP

To investigate whether miRNA-92a-3p directly targets IBSP, we used
four online miRNA target gene prediction sites and used the online
Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/)
to predict the target genes of the four sites (mirDB, mirwalk, TargetS-
can, and miRanda). Identifying the intersection, we found that
miRNA-92a-3p directly targets IBSP (Figure 4A). In order to further
verify the direct targeting of miRNA-92a-3p, we used either a wild-
type (WT) IBSP 3’ UTR or a mutant-type (Mut) IBSP 3’ UTR
construct fused to a luciferase reporter (Figure 4B). Using these con-
structs, the results showed that silent miRNA-92a-3p (antagomiR-
92a-3p group) can significantly increase the WT IBSP 3’ UTR
reporter activity (Figure 4B), but not the Mut IBSP 3’ UTR reporter
activity (Figure 4C). When transfecting MC3T3EL1 cells with antago-
miR-92a-3p to reduce endogenous miRNA-92a-3p expression level,
WT IBSP 3’ UTR reporter activity increased significantly (Figures
4B and 4C). After 48 h, RT-PCR was used to detect the IBSP
mRNA expression level, and western blotting was used to detect the
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Figure 2. miRNA-92a-3p expression is upregulated in
the plasma and callus of the fracture + TBI mouse
model

(A) miRNA-92a-3p plasma expression. RT-PCR showed
that on day 3, day 7, and day 14 after modeling, the relative
expression level of plasma miRNA-92a-3p in the femoral
Fracture+TBI group was significantly higher than that in
other groups. (B) Micro-CT (mCT) scan reconstruction of
femoral callus. On day 14 and day 21 after modeling, the
callus in the Fracture+TBI group was more evident than that
in the isolated Fracture group. (C-F) mCT measurements of
femoral callus at day 14 and day 21 after fracture modeling.
Bone mass density (BMD), tissue volume (TV), bone volume
(BV), and percent bone volume (BV/TV) are displayed. n = 5;
data are presented as mean + SD (*p < 0.05; **p < 0.01;
***p < 0.001; # no significance).
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IBSP protein expression level. The results showed
that overexpression of miRNA-92a-3p (agomiR-
92a-3p group) can significantly reduce the
expression of IBSP protein and genes in
MC3T3-El subclone 14 cells (Figures 4D and
4E). In order to further study the correlation be-
tween miRNA-92a-3p and IBSP in concomitant
fracture and brain trauma, we investigated the
expression of IBSP in both human patients and
murine models. Western blotting and IHC were
used to detect the IBSP level of callus of patients
and mice in different groups. The results showed
that the expression level of IBSP in the group with
concomitant fracture and brain trauma was
significantly lower than that in other groups
(Figures 4F-4H). To investigate whether the dif-
ferentiation of osteogenic precursor cells into osteoblasts is dependent
on IBSP, we used the interfering RNA construct in IBSP to transfect
bone precursor cells. After 48 h, western blotting and RT-PCR were
used to detect the expression of key osteogenic target genes and pro-
teins. The results showed that the key marker proteins and genes of
osteogenesis in the small interfering IBSP (si-IBSP) treatment group

mm Fracture
mm Fracture +TBI

were significantly higher than those in the control group and siRNA-
NC group (Figures 41 and 4]). In summary, our experimental results
confirm that miRNA-92a-3p directly targets the 3’ UTR of IBSP to
differentiate osteogenic precursor cells into osteoblasts.

PISBK/AKT signaling is involved in IBSP-regulated osteoblast
differentiation

In order to further explain the relationship between IBSP and the PI3K/
AKT signaling pathway, we transfected MC3T3-E1 subclone 14 cells
with different miRNAs. After 48 h, western blotting was used to detect
the protein-expression levels of AKT, p-AKT, PI3K, and p-PI3K. The
results showed that overexpression of miRNA-92a-3p (agomiRNA-
92a-3p) can significantly increase the protein expression levels of
p-AKT and p-PI3K (Figure 5A). In order to investigate how
the PI3K/AKT signaling pathway is affected by IBSP, we used
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Figure 3. miRNA-92a-3p promotes osteoblastogenesis and matrix mineralization

Transfection of agomiRNA-92a-3p, antagomiRNA-92a-3p, agomiRNA-NC, antagomiRNA-NC, and Lipofectamine 3000 control (200 pm) in MC3T3-E1 cells for 48 h. (A) RT-
PCR showed that mmu-miRNA-92a-3p expression was upregulated in agomiRNA-92a-3p. (B) RT-PCR showed that OCN expression was upregulated in agomiRNA-92a-
3p. (C) RT-PCR showed that Runx2 expression was upregulated in agomiRNA-92a-3p. (D) RT-PCR showed that Alkaline phosphatase staining (ALP) expression was
upregulated in agomiRNA-92a-3p. (E) RT-PCR showed that mRNA expression was upregulated in agomiRNA-92a-3p. (F) Western blotting to evaluate the expression of
OCN, Runx2, ALP, and Col1a1 protein after 48 h. (G) ALP after 14 days (scale bar, 10 mm). (H) Alizarin red-mediated calcium staining after 21 days. n = 3; data are presented
as mean + SD (*p < 0.05; **p < 0.01; **p < 0.001; # no significance).
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Figure 4. miRNA-92a-3p directly targets IBSP

(A) Prediction of the miRNA-92a-3p target gene. Using four online miRNA target gene prediction sites and visualizing the intersection of the Venn diagrams identifies ISBP as a
target gene at all four sites. (B) The predicted luciferase (Luc) reporter gene construct contains WT IBSP 3' UTR (WT 3’ UTR) or the same region after site-directed muta-
genesis (3' UTR-Mut). (C) Luciferase activity after treatment with antagomiR-92a-3p to investigate the effect of endogenous miRNA-92a-3p in MC3T3-E1 cells on IBSP 3’
UTR Muts (WT IBSP 3’ UTR, lucu-UTR-mut). (D and E) After transfection of the control group, agomiR-92a-3p, agomiR-NC, antagomiR-92a-3p, and antagomiR-NC, (D)
gPCR, and (E) western blot analyses were used to detect the expression of IBSP. (F) Expression of IBSP in the control group, Fracture group, Fracture+TBI group. (G)
Expression of IBSP in bone callus tissue of Fracture and Fracture+TBI mice. (H) Immunohistochemistry showed decreased expression of IBSP protein in the Fracture+TBI
callus (the red arrow shows the positive IBSP immunohistochemical staining). (I and J) Transfection of MC3T3-E1 subclone 14 cells with siRNA (control), SiRNA-NC, and
siRNA-IBSP, and subsequent evaluation of Col1al, ALP, OCN, and Runx2 using (I) western blot and (J) RT-PCR analysis. n = 3; data are presented as mean + SD (“p < 0.05;
**p < 0.01; **p < 0.001; # no significance).
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Figure 5. PIBK/AKT signaling is involved in IBSP-regulated osteoblast differentiation
(A) Transfection of agomiRNA-92a-3p, antagomiRNA-92a-3p, agomiRNA-NC, antagomiRNA-NC, and Lipofectamine 3000 control (200 um) in MC3T3-E1 cells for 48 h.
Western blot detection of the expression of PI3K and AKT after transfection. (B) Western blot detection of IBSP, p-PI3K, and p-AKT levels after transfection with SiRNA-NC,

(legend continued on next page)
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IBSP-interfering RNA (si-IBSP), PI3K siRNA, and AKT siRNA to
transfect MC3T3-E1 subclone 14 cells and used western blotting to
investigate their role in the PI3K/AKT signaling pathway 48 h later.
The results showed that IBSP siRNA can significantly increase the phos-
phorylation levels of PI3K and AKT and significantly inhibit IBSP pro-
tein expression (Figure 5B). PI3K siRNA can significantly inhibit the
phosphorylation levels of PI3K and AKT and the PI3K and AKT pro-
tein expression. AKT siRNA can significantly inhibit the phosphoryla-
tion levels of AKT and AKT protein expression (Figure 5C).

In order to explore the effect of the PI3K/AKT signaling pathway on
the osteogenic and extracellular matrix mineralization ability of the
osteogenic precursor cells, we used PI3K siRNA and AKT siRNA to
transfect MC3T3-E1 subclone 14 cells. After 48 h, western blotting
and RT-PCR were used to detect the target protein and gene of the
osteogenic markers, respectively. We found that use of si-PI3K and
si-AKT inhibited PI3K and AKT, and the expression levels of osteo-
genesis target protein and target gene were significantly lower than
that of the control group (Figures 5C-5H). Alkaline phosphatase
and alizarin red staining were performed on day 14 and day 21 after
transfection to detect the osteogenic differentiation and extracellular
matrix mineral deposition of MC3T3-E1 subclone 14 cells. The re-
sults showed that MC3T3-E1 subclone 14 cells treated with si-PI3K
and si-AKT had decreased extracellular matrix mineralization
(Figures 51 and 5]J; Figures S5 and S6).

Local administration of miRNA-92a-3p accelerates femur
fracture healing in mice

To verify the osteogenic ability of miRNA-92a-3p in vivo, we utilized a
previously described method.”” Briefly, on the 1%, 3, and 7" day after
fracture model-establishment, mice were injected with agomiRNA-
92a-3p, antagomiRNA-92a-3p, PBS. On the 21* day after surgery,
mCT scan analysis was performed to evaluate the callus formation vol-
ume and establish the bone-formation parameters. H&E staining was
used to evaluate local bone remodeling. RT-PCR was used to evaluate
the expression of bone callus marker gene. The results showed that
bone callus volume (Figures 6A-6C) and the bone-formation param-
eters of the agomiRNA-92a-3p injection group were significantly
higher than other groups (Figures 6G-6]). H&E staining highlighted
that the trabecular bones in the agomiR-92a-3p group were denser
and the fracture healing effect was more obvious than other groups
(Figures 6D-6F). The expression level of osteogenic target genes in
the callus area in the agomiR-92a-3p group was significantly higher
than in other groups on RT-PCR on day 21 (Figures 6K-6N). Western
blotting to detect the expression of osteogenic marker protein in the
callus on day 14 and day 21 showed that the expression level of
the osteogenic marker protein on the callus on day 14 and day 21 of
the agomiR-92a-3p group was significantly higher than in other groups
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(Figures 60 and 6P). These results confirm that miRNA-92a-3p plays a
positive regulatory role in fracture healing.

DISCUSSION

As traffic injury occurrence continues to increase, injuries with
concomitant traumatic fractures and brain trauma have become
more prevalent.” > Despite the continuous optimization and inno-
vation of surgical techniques and instruments, success of fracture
healing is still not fully guaranteed. Fracture nonunion and delayed
healing are difficulties faced by many trauma and orthopedic sur-
geons, irrespective of experience and expertise.”**> Current strategies
for treating fracture nonunion require reoperation, which is disad-
vantageous for the patient, both in terms of health and recovery, as
well as economically, as it incurs a high economic burden. Even after
secondary surgery, the success rate of fracture healing cannot be guar-
anteed.”®”” Therefore, it is urgent to carry out more effective and
convenient for fracture nonunion treatment.

Prior studies have noted that patients with concomitant fractures and
brain trauma display faster callus formation and more efficient frac-
ture healing than simple fractures.***** Therefore, concomitant TBI
may affect the expression of osteogenic genes and the balance of bone
remodeling through certain direct or indirect factors, resulting in
accelerated callus formation and fracture healing. According to previ-
ous studies, within 24 h after TBI injury abnormal expression of mul-
tiple miRNAs in plasma can be seen.'”'®*" In agreement with our
current results, previous studies have demonstrated that a variety of
miRNAs at the post-transcription level negatively regulate gene
expression by binding to the targeted mRNA and participate in the
regulation of the bone remodeling process.*"** Currently, research
on the increased fracture healing and bone callus formation seen in
concomitant brain trauma has largely focused on investigating the ef-
fect of cytokines and other proteins, while research on the regulation
of miRNAs is still lacking.”>"**> However, our study found that the
expression level of miRNAs-92a-3p was significantly increased in pa-
tients with concomitant fractures and brain trauma, as well as in the
mouse model. miRNAs-92a-3p can promote the mineralization and
maturation of osteoblast precursor cells in vitro, and local injection
of agomiR-92a-3p can significantly promote scab formation at the
fracture site in mice. This finding of our study indicated that
miRNA-92a-3p can promote the maturation and mineralization of
osteoblast precursor cells in vitro, thereby accelerating the healing
rate of fractures in patients with concomitant fractures and brain
trauma.

Prior studies have noted that miRNA-92a-3p is expressed in periph-
eral blood, exosomes of colon cancer patients, chondrocytes, and
bone marrow mesenchymal stem cells. Biological functions of

SiRNA-IBSP, and controls for 48 h. (C-G) Transfection with Lipofectamine 3000, siRNA-NC, siRNA-PI3K, or siRNA-AKT for 48 h. (C) Protein-expression levels of p-AKT, AKT,
p-PI3K, and p-PI3K using western blotting. (D-G) gPCR analysis of Col1al (D), ALP (E), OCN (F), and Runx2 (G) expression in bone precursor cells. (H) Western blot analysis
of Col1al, ALP, OCN, and Runx2 levels 48 h after transfection. (I) Alizarin red staining of MC3T3-E1 cells 3 weeks after transfection. (J) ALP staining of MC3T3-E1 cells
2 weeks after transfection. n = 3; data are presented as mean + SD ("p < 0.05; *p < 0.01; **p < 0.001; # no significance).
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miRNA-92a-3p that have been identified include inhibition of spinal
cord cell apoptosis, enhancement of chondrogenesis, suppression of
cartilage degradation, promotion of myogenic-lineage differentiation,
and attenuation of cardiac apoptosis. Therefore, miRNA-92a-3p
appears to be involved in the regulation of cell maturation, differen-
tiation, apoptosis, and immune regulation.19’20’4(”417 Redell et al.!”"'®
reported that miRNA-92a-3p expression was upregulated 24 h after
injury in TBI patients, a conclusion that agrees with both the clinical
and animal model results of our current study. We further elucidated
the role of miRNA-92a-3p in fracture healing, by suggesting a novel
possible mechanism through which miRNA-92a-3p regulates the
expression of IBSP in bone tissue and osteogenic precursor cells.
When the expression of IBSP was suppressed, it led to the upregula-
tion of osteogenesis-related gene expression and promoted bone for-
mation. The experimental results showed that changes in the level of
miRNA-92a-3p regulated the expression of IBSP, suggesting that
IBSP may be a functional target gene of miRNA-92a-3p, thus con-
firming that miRNA-92a-3p indeed has the ability to regulate bone
formation. The osteoponin protein (IBSP), also known as osteoponin,
is highly expressed in osteoblasts, osteoclasts, and hypertrophic chon-
drocytes. IBSP expression in the initial stage is mainly localized at the
original bone-formation site, coupled with the initial membrane and
endochondral bone-formation process, and IBSP expression level rea-
ches its peak during embryonic bone formation. Knockout of IBSP in
adult mice showed decreased number and surface area of osteoclasts,
and the recruitment and activity of osteoclasts in vivo is unbalanced in
the absence of IBSP.*®*” According to literature search results, inhi-
bition or knockdown of IBSP can inhibit the number, function, and
activity of osteoclasts. Our experimental results showed that overex-
pression of miR-92A-3p can inhibit the expression of IBSP and pro-
mote the expression of osteoblast-related proteins. These results
strongly suggest that osteoclast activity is inhibited or decreased dur-
ing this process.

The PI3K/AKT signaling pathway is widely involved in the pheno-
typic regulation of multiple different cells and diseases.”>”' Prior
research has shown that the PI3K/AKT signaling pathway is involved
in the bone metabolism and remodeling process.””’ Liu et al.”* and
others showed that the PI3K/AKT signaling pathway is involved in
regulating osteogenic precursor cell differentiation and activity.”
Furthermore, various studies have supported that the PI3K/AKT
signaling pathway may be involved in regulating the progress of oste-
oporosis through IBSP.*** In this study, we identified that downre-
gulation of IBSP expression can activate the PI3K/AKT signaling
pathway, leading to increased transcriptional expression of osteo-
blast-specific target genes.
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In this study, miRNA-92a-3p expression analysis was performed on
plasma from adult female patients with fractures and concomitant
moderate head trauma. The exclusion criteria were strict so as to
minimize any expression differences caused by variations in the
age, gender, or degree of brain trauma of the patients. In future exper-
iments, we hope to investigate the expression level of miRNAs in pa-
tients with different ages, genders, and degrees of brain trauma. In
addition, due to limitations and variations in clinical practice, we
were not able to obtain a callus from all patients at the exact same
time post-injury. Therefore, this may result in variations in the
expression level of miRNA-92a-3p in the callus. In addition, bone
cells, osteoclasts, vascular endothelial cells, and other cells are also
involved in the process of bone reconstruction. However, in this
research, we only verified expression in osteogenic precursor cells.
Whether miRNA-92a-3p has an effect on other cells to promote os-
teogenesis is unclear and requires further research.

Conclusions

Our results identify that overexpression of miRNA-92a-3p in vitro
can promote the differentiation of MC3T3-E1 cells into osteoblasts
and provide evidence, for the first time, that the PI3K/AKT signaling
pathway may be involved. In addition, we show that overexpression
of miRNA-92a-3p can inhibit the expression of IBSP, and this
silencing of IBSP leads to increased phosphorylation levels of PI3K
and AKT and upregulation of the expression of key genes in osteoge-
nesis(Figure 7). It is suggested that overexpression of miRNA-92a-3p
promotes bone formation at the fracture site. Overall, we can
conclude that fractures concomitant with brain trauma increase the
expression level of miRNA-92a-3p in the circulation, which in turn
inhibits the expression of IBSP at the fracture site, activating the
PI3K/AKT signaling pathway and promoting the translation and
transcription of osteogenic genes, hence accelerating fracture healing
and callus formation. Therefore, induction of overexpression of
miRNA-92a-3p at the fracture site may be a promising treatment
for promoting fracture healing.

MATERIALS AND METHODS

Human plasma and bone tissue preparation

Serum from 30 female patients (10 completely healed fracture pa-
tients, 10 concomitant fracture and TBI patients, and 10 isolated frac-
ture patients) was obtained from the Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology, via venous
blood draw. 15 calluses were obtained from the patients who had frac-
tures or concomitant fracture and TBI. The details of these patients
are shown in Table 1. The average age of the completely healed frac-
ture group was 34.2 + 2.56 years, of the isolated fracture group was

Figure 6. Local administration of miRNA-92a-3p accelerates femur fracture healing in mice

(A—-C) mCT-produced 3D images of bone callus formation at the fracture site on day 21 after modeling, comparing the (A) agomiRNA-92a-3p group, (B) antagomiRNA-92a-
3p group, and (C) control group healing (PBS). (D-F) H&E tissue section staining comparing the (D) agomiRNA-92a-3p group, | antagomiRNA-92a-3p group, and (F) control
group fracture-end healing on day 21 after modeling. (G—-J) Analysis of the mCT presenting the BV (G), TV (H), BV/TV (1), and BMD (J) of bone callus on day 21 after modeling.
(K-N) gPCR analysis of Coltal (M), ALP (N), OCN (K), and Runx2 (L) expression in the control, agomiR-92a-3p, antagomirmiR-92a-3p group on day 21 after modeling. (O and
P) Western blot analysis of Col1a1, ALP, OCN, and Runx2 levels in the control, agomiR-92a-3p, and antagomiR-92a-3p group on day 14 (O) and day 21 (P) after modeling.
n = 5; data are presented as mean + SD (*p < 0.05; **p < 0.01; **p < 0.001; # no significance).
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Figure 7. miRNA-92a-3p-mediated osteoblast differentiation
Schematic representation of the mechanism through which miRNA-92a-3p medi-
ates the differentiation of osteogenic precursor cells into osteoblasts.

32.6 + 3.35 years, and of the concomitant fracture and TBI group was
33.3 + 2.93 years. All patients underwent X-ray examination of the
fracture site after admission, and refer to the quantitative calculation
method of callus proposed by Perkins et al.”® If the fracture was near
the joint, CT examination was also performed. If any ligament, nerve,
and other soft tissue injuries were suspected, MRI examination was
added to confirm the diagnosis. After admission, patients in the
concomitant fracture and TBI group first underwent CT scanning
of the brain, and their brain injury was graded according to the
GCS (full score is 15 points, mild is 13-14 points, moderate is 9-12
points, and severe is 3-8 points). In the present study, we analyzed
the peripheral blood in female patients to eliminate the potential
differing effects of gender. All patients included had mild or moderate
brain trauma.”” All patients with concomitant fracture and TBI had
moderate brain injury. Admitted participants were excluded if they
were male, younger than 25 years old, older than 40 years old, and
had prior significant medical history such as cerebrovascular disease,
cardiovascular disease, diabetes, hypertension, COPD, and open frac-
ture. This experiment was approved by the Medical Ethics Manage-
ment Department of Tongji Medical College of Huazhong University
of Science and Technology (ethics approval number: [2018] S431).
Subjects provided fully informed consent.

Animal selection

A total of 30 female C57BL/6] mice aged 8 weeks was obtained from
The Center of Experimental Animals, Tongji Medical College, Huaz-
hong University of Science and Technology. The Institutional Animal

Care and Use Committee at Tongji Medical College, Huazhong Uni-
versity of Science and Technology, approved all animal studies.

Mouse femoral fracture model

30 mice were anesthetized with 1% pentobarbital sodium (0.1 mL/10 g
body weight) through intraperitoneal injection. The mice were placed
on the left side, and the full length of the right thigh was prepared by
removing the hair and disinfecting. A 1.0 cm incision was made on the
right lateral thigh of the mouse along the longitudinal axis of the fe-
mur, and the muscles of the lateral thigh were exposed layer by layer
from the proximal femur to the distal femur. The quadriceps femoris
was longitudinally cut and a sharp knife was used to expose the distal
femur. A 23-gauge intramedullary nail was inserted on to the femur
longitudinally along the horizontal of the medullary cavity, and a frac-
ture was created by trephine cutting the middle part of the femur with
ophthalmic scissors.”® 5 of these mice were then set aside as reserve
and 25 mice were randomly divided into 5 groups, with 5 mice per
group: normal, agomiR-92a-3p, antagomir-92a-3, Fracture, and
Fracture+TBI. Local injection of miRNA was performed on days 1,
3, and 7 after modeling, with a single dose of 20 pmol/L in 100 pL
PBS. 14 and 21 days after modeling, the mice were sacrificed by intra-
peritoneal injection of excessive pentobarbital sodium. The femoral
bone on the modeling side was harvested, the soft tissues and muscles
were removed, and the bone was fixed in 4% paraformaldehyde for
further analyses.

Mouse TBI and femoral fracture model

5 of the 30 mice that randomly underwent femoral bone fractures
were selected for concomitant craniocerebral injury modeling. The
brain trauma model was established using the drop weight method.>
Briefly, the mice were placed in a prone position after anesthesia, and
the skull was fixed on the platform. The skull was prepared by
removing hair from the surgical area and disinfected along the me-
dian line of the scalp. A 1.8 cm surgical incision was made, and a
miniature skull electric drill was used to make a bone flap with a
diameter of 1.5 cm at a distance of 0.5 cm from the median suture
of the skull. The bone flap was removed to expose the brain tissue
and a force of 4 Newtons was applied through a drop from a vertical
height of 5 cm. The surgical area was disinfected, and the wound
closed layer by layer. The animals were then placed in cages (1 mouse
per cage) and kept warm with a warming lamp until fully awakened.
Mice were then kept in a standard 12-h light and dark environment.
The environment of the mice, model, such as diet, was kept
consistent.

mCT analysis

mCT analysis was performed as previously described. Femurs were
scanned with Bruker SkyScan 1176 mCT (2,400 frames, 5 frames/
frame, 37 kV, 121 mA). The Bruker mCT analysis software (CT anal-
ysis, 3D model, CT Vol) was used to select the scan data for 3D recon-
struction and bone-formation parameter analysis (Bruker, Germany).
After CT scanning of the fracture model, the callus of the fracture site
was harvested for H&E staining, western blotting, and RT-PCR anal-
ysis. Bone-formation parameters analyzed were: BV/TV per tissue
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Table 1. Clinical information of the patients included in the study

Cause of Fracture Fracture Time from injury Fracture

Patients Gender Age (year) injury (Y/N) position TBI (Y/N) GCS score to operation (day) healing time
1 F 26 TA N RF N 15 3 12
2 F 33 HP N LH N 15 4 12
3 F 35 IF N RF N 15 5 11
4 F 29 HP N RT N 15 2 13
5 F 39 TA N RF N 15 1 12
6 F 34 HP N LF N 15 4 10
7 F 29 IF N LT N 15 7 11
8 F 33 IF N LF N 15 5 13
9 F 35 TA N LT N 15 1 9
10 F 36 TA N LH N 15 10 11
11 F 32 HP Y RF N 15 3 13
12 F 35 HP Y RT N 15 2 14
13 F 28 TA Y LF N 15 4 12
14 F 32 TA Y RT N 15 4 15
15 F 35 TA Y RF N 15 3 14
16 F 36 IF Y LH N 15 10 12
17 F 28 HP Y RT N 15 5 12
18 F 28 HP Y RT N 15 4 14
19 F 37 TA Y LH N 15 6 12
20 F 35 TA Y LH N 15 2 10
21 F 29 TA Y LT Y 12 5 9
22 F 36 TA Y LF Y 11 3 11
23 F 34 TA Y LT Y 11 14 10
24 F 28 IF Y LH Y 9 22 11
25 F 37 IF Y RT Y 10 11 10
26 F 32 TA Y LT Y 12 5 11
27 F 36 IF Y RF Y 13 7 12
28 F 32 TA Y RF Y 14 9 10
29 F 36 HP Y LT Y 10 3 11
30 F 33 TA Y RF Y 11 8 9

F, female; Y, yes; N, no; TBI, traumatic brain injury; GCS, Glasgow coma scale; TA, traffic accidents; HP, heavy pound; IF, injury by falling; RF, right femur; LH, left humerus; RT, right

tibiae; LF, left femur; LT, left tibiae.

volume, BMD, Tb.N, cortical area fraction (Ct.Ar/Tt.Ar), average
cortical thickness (Ct.Th), cortical bone area (Ct.Ar), Tb.Sp., Tb.Th,
and total cross-sectional area (Tt.Ar).

Western blot analysis

Western blotting was performed as previously described.®” Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used for normaliza-
tion. The following antibodies were used: anti-ALP (Bio-Techne,
#AF2910, #MAB1448, 1:1,000), ant-Collal(Bio-Techne, #AF6220-
SP, 1:1,000), anti-Runx2 (Bio-Techne, #AF2006-SP, 1:1,000), anti-Os-
teocalcin (Abcam, ab13420, 1:1,000), anti-GAPDH (Affinity, AF7021,
1:1,000), anti-P13K (Affinity, AF6241, 1:1,000), anti-Phospho-PI3K
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(Affinity, AF3242, 1:1,000), anti-AKT (Affinity, AF6241, 1:1,000),
anti-p-AKT conjugated secondary antibodies (CST, 4060, 1:1,000),
anti-AKT (CST, 9272, 1:2,000), ant-IBSP (Bio-Techne, #AF4014-SP,
1:2,000). Horseradish peroxidase (HRP)-CST were used, and protein
bands were visualized and detected by using a ChemiDoc-It 610 Imag-
ing System (UVP, Upland, CA, USA). All experiments were conducted
in triplicate.

RT-PCR

TRIzol reagent (Invitrogen) was used to extract total RNA from
cultured cells. RNAlater (76104; QIAGEN, Germany) was used
to preserve callus samples prior to miRNA extraction, reverse
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Table 2. mRNA and miRNAs primer sequences

miRNA or gene name Primer sequence (5 to 3)

mmu-miRNA-92a-3p-forward 5'-TTCACTTGTCCCGGCCTGT-3

mmu-miRNA-92a-3p- reverse 5'-CTCAACTGGTGTCGTGGAGTC-3'

hsa-miRNA-92a-3p-forward 5'-TTCACTTGTCCCGGCCTGT-3'

hsa-miRNA-92a-3p- reverse 5'-CTCAACTGGTGTCGTGGAGTC-3'

mmu-miR-U6-forward

5'-CTCGCTTCGGCAGCACAT-3'

mmu-miR-U6-reverse

5'-AACGCTTCACGAATTTGCGT-3'

hsa-IBSP-forward

5'-GAACCTCGTGGGGACAATTAC-3'

hsa-IBSP-reverse

5'-CATCATAGCCATCGTAGCCTTG-3

mmu-IBSP-forward

5'-ACCTCGCCACCGATCAGAA-3’

mmu-IBSP-reverse

5 - TGTTGTATTCGTTGCCTGTTTGT-3'

hsa-ALP-forward

5'-ACTGGGGCCTGAGATACCC-3'

hsa-ALP-reverse

5-TCGTGTTGCACTGGTTAAAGC-3

mmu-ALP -forward

5'-GGCAAAGAGGGAGCTAGAA-3'

mmu-ALP-reverse

5'-ATGGCCGTGCAGATGTA-3'

hsa-COL1A1-forward

5'-GAGGGCCAAGACGAAGACATC-3

hsa-COL1A1-reverse

5'-CAGATCACGTCATCGCACAAC-3’

mmu-COL1A1 -forward

5'-CAGAGGCGAAGGCAACA-3'

mmu-COL1A1-reverse

5'-GTCCAAGGGAGCCACATC-3'

hsa-OCN-forward

5'-GGCGCTACCTGTATCAATGG-3

hsa-OCN-reverse

5'-GTGGTCAGCCAACTCGTCA-3'

mmu-OCN -forward

5'-GCTGTTTGTTCGGGTCTC-3’

mmu-OCN-reverse

5'-GGGCCAAAGTCAGCATC-3'

hsa-RUNX2-forward

5'-TGGTTACTGTCATGGCGGGTA-3

hsa-RUNX2-reverse

5'-TCTCAGATCGTTGAACCTTGCTA-3'

mmu-RUNX2 -forward

5'-GCCGGGAATGATGAGAAC-3

mmu-RUNX2-reverse

5-TGGGGAGGATTTGTGAAGA-3'

mmu-GAPDH-forward

5'-AGGTCGGTGTGAACGGATTTG-3'

mmu-GAPDH-reverse

5'-GGGGTCGTTGATGGCAACA-3

hsa-GAPDH-forward

5'-GGAGCGAGATCCCTCCAAAAT-3

hsa-GAPDH-reverse

5'-GGCTGTTGTCATACTTCTCATGG-3'

transcription, and RT-PCR, which were performed according to the
manufacturer’s instructions. The primers used for qRT-PCR are
shown in Table 2. GAPDH was used for normalization, and experi-
ments were performed in triplicate.

Cell transfection and culture

The osteogenic precursor cell MC3T3-E1 subclone 14 was kindly
donated by the Cell Resource Center of Shanghai Institute of Life Sci-
ences, Chinese Academy of Sciences. The medium used was MEMa. +
medium (MEMa, 11900024, Gibco, USA), with added NaHCO;
(1.5 g/L), inositol (43.2 mg/L), folic acid (8.82 mg/L), B-mercaptoe-
thanol (7.8 mg/L, 90%), 10% high-quality fetal bovine serum (FBS,
10091148, Gibco, USA), and 1% penicillin-streptomycin (15140122,
Gibco, USA). The incubator conditions were air at 95%, carbon diox-
ide at 5% and temperature at 37°C. MC3T3-E1 were passaged when

the cell culture flask was filled to about 80%. Cells were inoculated in
6-well plate and when the cells were filled to 60%-70%, the transfec-
tion reagent lipo3000 (L3000015; Thermo Fisher Scientific, USA) was
used to transfect the agomiRNA-92a-3p, antagomiRNA-92a-3p,
agomiRNA-NC, antagomiRNA-NC, si-PI3K, si-AKT, and si-IBSP
(GenePharma Shanghai). Transfection was carried out strictly in
accordance with the lipo3000 instructions. Transfection efficiency
was identified using RT-PCR and western blot.

Alizarin red staining and quantification

MC3T3-E1 subclone 14 was inoculated in a 12-well plate. After the
cells adhered, they were replaced with osteogenic induction medium
(HUXMA-90021; Cyagen, USA) and cultured for 3 weeks. The me-
dium was changed once every 3 days. Pre-stained cells were washed
three times with PBS (10010023; Thermo Fisher Scientific, USA)
for 5 min each time to remove the residual culture medium, fixed
with 95% alcohol at room temperature for 15 min, and washed
with PBS three times for 5 min each time to remove excess alcohol.
1 mL of 0.5% alizarin red staining reagent was added to the well,
stained at room temperature for 15 min, and washed with PBS 3-5
times for 5 min each time to remove excess staining solution. After
drying, they were visualized under an inverted microscope (Olympus,
BX53; Melville, NY, USA). For alizarin red staining (ARS) staining
quantification, 500 uL/well (6-well plates) 10% (w/v) of cetylpyridi-
nium chloride (Sigma, 1104006) was added to the samples and incu-
bated for 10 min. Then 200 pL/well dissolved solution was used to
measure absorbance at 562 nm by utilizing a microplate spectropho-
tometer (BioTek Instruments). The staining experiment was repeated
three times, n = 10. Data are presented as mean + SD (*p < 0.05; **p <
0.01; **p < 0.001; # no significance).

ALP staining and quantification

MC3T3-E1 subclone 14 was inoculated in a 12-well plate. After the cells
adhered, they were replaced with osteogenic induction medium
(HUXMA-90021; Cyagen, USA) and cultured for 2 weeks. The me-
dium was changed once every 3 days. The ALP color-development
kit (C3206; Beyotime, China) was used according to the provided direc-
tions to assess ALP staining. Pre-stained cells were washed three times
with PBS (10010023; Thermo Fisher Scientific, USA) to remove any re-
sidual culture medium; fixed with 95% alcohol at room temperature for
15 min, and washed with PBS 3 times to remove excess alcohol. 5-
Bromo-4-Chloro-3-Indolyl Phosphate/ Nitroblue tetrazolium chloride
(BCIP/NBT) staining working solution was added, ensuring that the
sample was fully covered. The cells were incubated at room tempera-
ture in the dark for 12 h. The BCIP/NBT dyeing working solution
was removed by washing with distilled water 1-2 times to halt the color
reaction. After drying, the images were captured under a microscope
(Olympus, BX53; Melville, NY, USA). To quantify the ALP staining,
we dissolved stained cells in 10% (w/v) cetylpyridinium chloride (500
uL/wells, 6-cell plate) for 10 min, and the absorbance of the extracted
solution (200 pL/cell, 96-cell plate) was measured at 562 nm (n = 3).
The staining experiment was repeated three times. Data are presented
as mean * SD (*p < 0.05; **p < 0.01; ***p < 0.001; # no significance).
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Luciferase reporter assay

A luciferase reporter assay was performed as previously described.”
The mouse IBSP 3’ UTR region, which contains the miR-92a-3p
binding sequence, was amplified by PCR from murine genomic
DNA and subcloned into the Pgl3 vectore (E1741; Promega, USA).
A QuikChange Site-Directed Mutagenesis Kit (210518; Stratagene,
USA) was used to mutate this sequence. MC3T3-E1 subclone 14 cells
(2.0 x 10° cells per well) were transiently transfected in 24-well plates
with Lipofectamine 3000 (L3000015; Thermo Fisher Scientific, USA).
Both 100 ng luciferase constructs and 10 ng pRL-TK (E2241; Prom-
ega, USA) Renilla luciferase plasmid were transfected into the cells,
and a dual luciferase reporter assay system (E1910; Promega, USA)
was used, according to the directions provided. A luminometer (Glo-
max, Promega) was used for quantification, with the firefly luciferase
activity normalized to that of Renilla luciferase.

miRNA-92a-3p treatment on fracture model in vivo

In the fracture of mice, we performed local injections of agomiR-92a-
3p (overexpression miR-92a-3p group, 20 pmol/L in 100 pL of PBS),
antagomiR-92a-3p (silent miR-92a-3p group, 20 pmol/L in 100 pL of
PBS), PBS (blank control group) at 30 pL/day. They were injected on
the 1** day, 3" day, and 7™ day after surgery. After treatment with
miRNA, the venous blood, callus, and femur of the mice were har-
vested on day 14 and day 21 after modeling for subsequent analysis.

Statistical analysis

Data are presented as the mean + SD of at least three independent ex-
periments. Statistical analyses were performed using GraphPad Prism
7.0 software (La Jolla, CA, USA). Differences between group means
were evaluated using the one-way ANOVA or Student’s t test one-
way analysis. p <0.05 shows statistical significance. *p < 0.05, **p <
0.01, **p < 0.001, and NS means no signiﬁcance.
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