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Exosomal miR-365a-5p derived from HUC-MSCs
regulates osteogenesis in GIONFH
through the Hippo signaling pathway
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The pathogenesis of glucocorticoid (GC)-induced osteonec-
rosis of the femoral head (GIONFH) is still disputed, and
abnormal bone metabolism caused by GCs may be an impor-
tant factor. In vitro, Cell Counting Kit-8 (CCK-8) and 5-
ethynyl-2'-deoxyuridine (EdU) staining were used to evaluate
cellular proliferation, and western blotting was used to
investigate osteogenesis. In vivo, we used micro-computed
tomography (micro-CT), H&E staining, Masson staining,
and immunohistochemistry (IHC) analysis to evaluate the
impact of exosomes. In addition, the mechanism by which
exosomes regulate osteogenesis through the miR-365a-5p/
Hippo signaling pathway was investigated using RNA
sequencing (RNA-seq), luciferase reporter assays, fluores-
cence in situ hybridization (FISH), and western blotting.
The results of western blotting verified that the relevant
genes in osteogenesis, including BMP2, Sp7, and Runx2,
were upregulated. RNA-seq and qPCR of the exosome and
Dex-treated exosome groups showed that miR-365a-5p was
upregulated in the exosome group. Furthermore, we verified
that miR-365a-5p promoted osteogenesis by targeting SAV1.
Additional in vivo experiments revealed that exosomes pre-
vented GIONFH in a rat model, as shown by micro-CT scan-
ning and histological and IHC analysis. We concluded that
exosomal miR-365a-5p was effective in promoting osteogen-
esis and preventing the development of GIONFH via activa-
tion of the Hippo signaling pathway in rats.

INTRODUCTION

Osteonecrosis of the femoral head (ONFH) is caused by different fac-
tors impairing blood circulation to the femoral head, resulting in the
ischemic necrosis of osteocytes and bone marrow components. Under
the continuous stress of activity, the femoral head collapses, resulting
in hip dysfunction. Glucocorticoids (GCs), a drug commonly used to
treat rheumatoid diseases, are the main cause of GC-induced ONFH
(GIONFH) following long-term use or the administration of large
doses of GCs.' The symptoms of GIONFH in its early stages are
not obvious, and methods for the diagnosis and treatment of
GIONFH are limited. Once the femoral head collapses, it can only

be treated with joint replacement, which imposes a huge economic
burden on patients. Long-term extensive GC use can damage the local
microcirculation of the femoral head, induce endoplasmic reticulum
stress in osteoblasts and promote apoptosis, and result in an imbal-
ance between adipogenesis and osteogenic differentiation in bone
marrow mesenchymal stem cells (BMSCs). At present, it is thought
that bone metabolism is closely related to the pathogenesis of
GIONFH.” GC interference with normal bone metabolism may be
the main cause of GIONFH.’

Exosomes are microvesicles with a diameter of less than 150 nm that
contain nucleic acids, proteins, and lipids and are secreted by cells.
They can regulate the local microenvironment, reduce inflammation,
and promote tissue injury repair.”* The relatively stable lipid bilayer
structure of exosomes can effectively maintain the activity of their
loaded contents, such as microRNA (miRNA or miR) and protein.
As a result, exosomes are excellent intercellular materials trans-
porters, and the RNA carried by exosomes has an angiogenesis-pro-
moting effect.® However, few studies have focused on its therapeutic
effects in GIONFH. Tao et al.” found that synovial MSC exosomes
(MSC-Exos) are rich in Wnt5a and Wnt5b proteins, which can pro-
mote the proliferation and migration of chondrocytes by regulating
the Wnt5a/YAP signaling pathway. In addition, exosomes derived
from BMSCs carrying miR-122-5p promote the proliferation of oste-
oblasts in rabbits with ONFH via the RTK/Ras/mitogen-activated
protein kinase (MAPK) signaling pathway.® These studies all
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Figure 1. Exosomes extracted from HUC-MSCs were characterized using TEM, NanoSight analysis, and western blotting

(A) Morphology of HUC-MSC-Exos identified by transmission electron microscopy (TEM). Scale bar, 100 nm. (B) Western blot analysis of the surface biomarkers CD9, CD63,
CD81, and TSG101. (C) Particle size distribution and concentration of HUC-MSC-Exos measured by NanoSight analysis. (D) The enrichment of exosomes was calculated
using NanoSight analysis. (E) HUC-MSC-Exos were labeled with PKH26, and their endocytosis was observed via confocal microscopy.

examined the impact of exosomes on the femoral head and found that
they had positive effects.

Human umbilical cord MSCs (HUC-MSCs) are easily extracted from
the umbilical cord and have stem cell-like properties, demonstrating
remarkable potential for tissue regeneration. However, few re-
searchers have studied the osteogenic effects of exosomes derived
from HUC-MSCs in GIONFH. In this study, we examined the effects
and mechanism of action of miR-365a-5p derived from exosomes
produced by HUC-MSCs in the setting of GIONFH. A rat model
was used to investigate the pathogenesis of GIONFH. In addition,
the protective effects of HUC-MSC-derived exosomes were also
investigated, mainly by transferring exosomal miR-365a-5p to inhibit
SAV1 expression in the Hippo signaling pathway.

RESULTS

Characterization of HUC-MSC-Exos

To characterize the purified exosomes from HUC-MSCs, transmission
electron microscopy (TEM), NanoSight analysis, and western blotting
were used. TEM showed that HUC-MSC-Exos were round in shape
with a size of approximately 100 nm and had a lipid bilayer membrane
structure (Figure 1A). Western blotting showed that the surface markers
of HUC-MSC-Exos, including CD9, CD63, CD81, and TSG101, were
present (Figure 1B). NanoSight analysis revealed that the size distribu-
tion of these particles was approximately 100 nm (Figure 1C). In addi-
tion, the enrichment of exosomes was also examined, and the results
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showed that the exosomes were mainly enriched at 100 nm (Figure 1D).
PKH26 was used to label exosomes, and the results of that experiment
showed that PKH26-labeled HUC-MSC-Exos were found in BMSCs as
a result of endocytosis (Figure 1D).

HUC-MSC-Exos promoted cell proliferation and osteogenesis
To study the effect of exosomes on cell proliferation, BMSCs were
cultured in conditioned medium with or without 10 uM dexametha-
sone (Dex). The results of Cell Counting Kit-8 (CCK-8) assays
showed that treatment decreased BMSC proliferation, and exosomes
significantly increased the proliferation rate compared to Dex treat-
ment (Figures 2A and 2B). To investigate the osteogenic effect of exo-
somes, we performed alizarin red staining and found that Dex can
significantly inhibit calcium deposition. Exosomes can reverse the
inhibitory effect of Dex (Figure 2C). In addition, western blotting
was performed to investigate the expression of osteogenic markers,
including BMP2, Runx2, and Sp7. These experiments revealed that
the expression of osteoblast markers in the exosome intervention
group was significantly higher than that in the Dex group (Figures
2D-2G). All of these data showed that HUC-MSC-Exos can reverse
the inhibitory effect of Dex and promote cell proliferation and
osteogenesis.

Exosomal miR-365a-5p was upregulated in HUC-MSC-Exos
As previously reported, miRNA is the most abundant component of
exosomes.”'” To investigate the mechanism of the impact of HUC-
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Figure 2. HUC-MSC-Exos promoted cell proliferation and osteogenesis as determined by CCK-8 assay, alizarin red staining, and western blotting

(A) BMSCs were cultured in conditioned medium containing Dex with or without exosomes, and proliferation was determined by a CCK-8 assay. (B) Statistical analysis was
performed to investigate the proliferation rate. (C) Alizarin red staining was used to detect the osteogenesis of BMSCs treated with Dex with or without exosomes. Scale bars,
200 pum. (D) Western blotting was performed to detect the expression of Runx2, BMP2, and Sp7 in BMSCs treated with Dex with or without exosomes. (E-G) The relative
levels of Runx2 (E), Sp7 (F), and BMP2 (G) were verified using Imaged. *p < 0.05.The error bars stand for standard deviation. The scale bars stand for 220 pm.

MSC-Exos on cell proliferation and osteogenesis, we performed high-
throughput miRNA sequencing to examine the differentially ex-
pressed miRNAs in the Dex (control group) and Dex+exosome group
(experimental group). The results, displayed in a Venn diagram, re-
vealed that 717 miRNAs were identical in the three control samples,
and 697 miRNAs were identical in the three experimental samples
(Figures 3A and 3B). The differentially expressed miRNAs in the con-
trol and experimental groups were also investigated, and the results
revealed that 147 miRNAs were upregulated in the experimental
group and 162 miRNAs were downregulated in the control group
(Figure 3C). All of the significantly differentially expressed miRNAs
are presented in a heatmap (Figure 3E), and miR-365a-5p expression
was found to be significantly higher in the experimental group than in
the control group, with a p value <0.0001. We also investigated
signaling pathway enrichment, and the results showed that osteogen-
esis-related signaling pathways, including MAPK, mTOR, and HIF-

la, were enriched (Figure 3D). We also conducted a Gene Ontology
analysis, the results of which revealed that exosomes mainly regulate
gene networks related to signal transduction and endocrine and meta-
bolic diseases (Figure 3F). Moreover, the candidate miRNAs were
mainly located in the cytoplasm (Figures 3G and 3H). These data sug-
gest that HUC-MSC-Exos may play an important role in osteogenesis
via differentially expressed miRNAs.

miR-365a-5p was upregulated in HUC-MSC-Exos to bind SAV1

According to previous studies, exosomes contain a variety of genetic
materials, including miRNAs, which play an important role in regu-
lating cellular metabolism and proliferation. We screened published
articles available online and found that miR-21,'"'? miR-155,'>*
miR-125b,'>'® miR-122,° and miR-221-3p'” produced by various
stem cells were the exosomal miRNAs most frequently reported to
regulate osteogenesis (Figure 4A). However, no studies have reported
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Figure 3. RNA-seq was performed to identify differentially expressed exosomal miRNAs

(A) miRNA expression in the control group is shown with a Venn diagram. (B) miRNA expression in the experimental group is shown with a Venn diagram. (C) Differential
miRNA expression between the control and experimental groups is shown with a Venn diagram. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed to evaluate the related signaling pathways. (E) Cluster analysis was performed in each group, and heatmaps were used to show the differential expression of
miRNAs. (F) Differentially expressed genes were classified into biological pathways, and the metabolic pathways involved were divided into six groups as follows: cellular
processes, environmental information processing, genetic information processing, human disease, metabolism, and organismal systems. (G) The candidate gene number
term was calculated using the Q value. (H) Gene Ontology analysis was used for the functional classification of differentially expressed genes.

that exosomal miR-365a-5p derived from HUC-MSCs regulates os-
teogenesis. We first verified the enrichment of miR-365a-5p in exo-
somes, and qPCR results showed that the level of miR-365a-5p in
HUC-MSC-Exos was 5.09-fold higher than that in Dex-treated exo-
somes (Figure 4B). Subsequently, we studied the changes in miR-
365a-5p levels in BMSCs treated with HUC-MSC-Exos or PBS. The
results revealed that the expression of miR-365a-5p was significantly
upregulated in the HUC-MSC-Exos-treated group (Figure 4C). To
explore the mechanism of action of miR-365a-5p, we examined its
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cellular localization using RNA fluorescence in situ hybridization
(FISH) and found that it was mainly located in the cytoplasm (Fig-
ure 4]), a result consistent with the RNA sequencing (RNA-seq) re-
sults. Next, we investigated the downstream target of miR-365a-5p.
The target of miR-365a-5p was predicted using a TargetScan database
search, the results of which showed that miR-365a-5p interacts with
SAV1 (Figure 4D). The transfection efficiency was evaluated by gPCR
(Figures 4E and 4F). SAV1 is an important scaffold protein that reg-
ulates the Hippo signaling pathway.'® When miR-365a-5p was
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Figure 4. The interaction between miR-365a-5p and SAV1 was verified using qPCR, luciferase reporter assay, RNA pull-down, and RNA FISH

(A) The related miRNAs, such as miR-21, miR-155, miR-125b, miR-122 and miR-221-3p, participating in regulating bone metabolism and osteogenesis that are contained in
exosomes. (B) RT-PCR was performed to detect the level of miR-365a-5p in Dex-treated exosomes and the negative control. (C) RT-PCR was performed to detect the level of
miR-365a-5p in BMSCs cocultured with PBS or exosomes. (D) The miR-365a-5p-SAV1 binding site. (E and F) The transfection efficiency of the miR-365a-5p agomir (E) and
miR-365a-5p antagomir (F) was evaluated using RT-PCR. (G) SAV1 expression was evaluated after transfection with miR-365a-5p agomir. (H) SAV1 expression was
evaluated after transfection with miR-365a-5p antagomir. (I) A luciferase reporter assay was performed to verify the interaction between miR-365a-5p and SAV1. (J) RNA
FISH was performed to detect the cellular location of miR-365a-5p. (K) The interaction between miR-365a-5p and SAV1 was investigated using RNA pull-down. *p < 0.05.

The error bars stand for standard deviation.

upregulated, SAV1 expression was inhibited (Figure 4G). Downregu-
lating miR-365a-5p increased the expression of SAV1 (Figure 4H). In
addition, a dual-luciferase reporter assay also showed the interaction
between miR-365a-5p and SAV1 (Figure 4I). An RNA pull-down
assay was also performed, and the results showed that SAV1 can be
pulled down using biotin-labeled miR-365a-5p (Figure 4K). All of
these data showed that exosomal miR-365a-5p was upregulated in
HUC-MSC-Exos and that it bound and inhibited SAV1.

We used GW4869 to inhibit the secretion of HUC-MSC-Exos, and
qPCR was performed to detect the expression level of exosomal
miR-365a-5p. The results showed that the amount of exosomal
miR-365a-5p was decreased in the GW4869 group. Additionally, 5-
ethynyl-2’-deoxyuridine (EdU) and alizarin red S (A-S) staining re-
vealed that cellular proliferation and osteogenesis were decreased in
the GW4869 group compared with the HUC-MSC-Exos group (Fig-
ure S1). We also transfected miR-365a-5p agomir into HUC-MSCs,
extracted the exosomes, and detected significantly increased miR-

365a-5p levels in the miR-365a-5p agomir group. Furthermore,
EdU and A-S staining showed that cellular proliferation and osteo-
genesis were increased in the miR-365a-5p agomir group compared
with the HUC-MSC-Exos group (Figure S2).

We screened the miRBase to obtain the precursor (pre-)miRNA
sequence. We used NCBI BLAST to obtain the primary (pri-)miRNA
sequence, and 100-bp upstream to downstream flanking sequences
were acquired based on the pre-miRNA sequence. qQPCR was per-
formed to detect the levels of pri-miR-365a-5p and pre-miR-365a-
5p. The results showed no significant differences between the
BMSC and BMSC+Exos groups (Figure S3).

Exosomal miR-365a-5p regulated osteogenesis and

proliferation through the Hippo signaling pathway

Western blotting was performed to detect downstream gene expres-
sion in the Hippo signaling pathway, and the results revealed that
Dex can activate the expression of SAV1, LATS phosphorylation,
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Figure 5. miR-365a-5p regulated osteogenesis through the Hippo signaling pathway

(A) Western blotting was used to detect the expression of related genes, including SAV1, p-LATS, total (t-)YAP, and p-YAP, in the Hippo signaling pathway. (B-D) Imaged was
used to calculate the expression of SAV1 (B), p-LATS (C), and p-YAP/t-YAP (D). (E) Immunofluorescence staining was performed to evaluate the nuclear and cytoplasmic
location of YAP. (F) Western blotting was performed to evaluate the nuclear expression of YAP. (G) Western blotting was performed to evaluate the cytoplasmic expression of
YAP. (H) Alizarin red staining and ALP staining were used to detect osteogenesis in BMSCs in the control, agomir, Dex+agomir, and Dex+antagomir+YAP small interfering
RNA (si-YAP) groups. (I) Calculation of the alizarin red-positive area. (J) EJU staining was used to detect proliferation in the control, agomir, Dex+agomir, and Dex+-
antagomir+si-YAP groups. (K) Calculation of the percentage of EdU-positive cells using Imaged. (L) Calculation of the ALP-positive area. *p < 0.05. The error bars stand for

standard deviation. The scale bars stand for 220um.

and upregulate the expression of phosphorylated (p-)YAP. Exosomes
reversed the effects of Dex treatment (Figures 5A-5D). The miR-
365a-5p agomir also inhibited SAV1 expression, LATS phosphoryla-
tion, and YAP phosphorylation (Figures 5A-5D). When cells were
transfected with the miR-365a-5p antagomir, the SAV1 expression
was activated, LATS was phosphorylated, and p-YAP expression
was upregulated (Figures 5A-5D). These results were verified by
immunofluorescence staining (Figure 5E). Additionally, we explored
the expression of YAP in the nucleus and cytoplasm. These results
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were consistent with immunofluorescence staining (Figures 5F and
5G). Next, we explored the osteogenic effect of miR-365a-5p using
alkaline phosphatase (ALP) and alizarin red staining. The results
showed that upregulation of miR-365a-5p can promote osteogenesis
and downregulation of miR-365a-5p can inhibit osteogenesis. In
addition, when YAP expression was inhibited, osteogenesis in the
agomir+Dex group was inhibited (Figures 5H, 5I, and 5L). Prolifera-
tion was also investigated using EAU staining, and the results showed
that downregulation of miR-365a-5p can inhibit the proliferation
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treatments. IHC staining was used to detect the level of YAP. (C) Micro-CT scans were performed to assess femoral head bone volume (BV) in the different treatment groups.
(D) Quantitative analyses of BV per tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) in the different treatment

groups. “p < 0.05. The error bars stand for standard deviation.

rate. When YAP expression was inhibited, proliferation in the
agomir+Dex group was also inhibited (Figures 5] and 5K). All of these
data suggested that exosomal miR-365a-5p regulated osteogenesis
and proliferation through the Hippo signaling pathway. In addition,
we explored the effect of SAV1 overexpression when cocultured with
exosomes. The results of ALP and alizarin red staining showed that
the osteogenic effect was inhibited when SAV1 was overexpressed
(Figure S4).

HUC-MSC-Exos regulated GIONFH in a rat model through miR-
365a-5p

To verify whether HUC-MSC-Exos can promote osteogenesis in vivo,
we studied the effect of exosomes on the GIONFH model. The rat
model of GIONFH was established using intramuscular methylpred-
nisolone (MPS) injection, as presented in the schematic in Figure 6A.
H&E and Masson staining demonstrated clear evidence of osteonec-
rosis in the MPS group, with sparse trabeculae in the femoral head
and replacement with necrotic tissue. In contrast, the trabecular
bones of rats in the MPS+exosome (MPS+Exo) and MPS+agomir

groups were well organized, and few trabecular bones were replaced
by necrotic tissue. In addition, when rats in the MPS+Exo group
were transfected with miR-365a-5p antagomir, the area of osteonec-
rosis increased compared to the MPS+Exo group (Figure 6B). Immu-
nohistochemistry (IHC) staining of YAP showed that femoral head
YAP expression in the MPS and MPS+Exo+antagomir groups was
significantly decreased, but this effect could also be reversed by the
administration of exosomes and miR-365a-5p agomir (Figure 6B;
Figure S5). Micro-computed tomography (micro-CT) was used to
qualitatively evaluate the femoral head bone volume (BV) (Figure 6C).
The results of micro-CT demonstrated that almost no trabecular bone
was found in the MPS group, and the administration of exosomes and
miR-365a-5p agomir significantly increased trabecular bone repair
compared with the MPS group. The administration of miR-365a-5p
antagomir significantly inhibited trabecular bone repair compared
with the control group. In addition, the microstructure parameters
BV/total volume (TV), trabecular thickness (Tb.Th), and trabecular
number (Tb.N) in the MPS and MPS+Exo+antagomir groups were
significantly lower than those in the exosome+MPS and control
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groups. However, administration of miRNA agomir and exosomes
could significantly reverse MPS-induced bone loss. In addition,
compared with the control group, the trabecular separation (Tb.Sp)
in the MPS group was significantly increased, and administration of
miRNA agomir or exosomes could significantly decrease the Tb.Sp
value. All of these data showed that HUC-MSC-Exos regulated
GIONFH through miR-365a-5p in a rat model.

DISCUSSION

Bone is a dynamic tissue that is formed by osteoblasts and can be ab-
sorbed by osteoclasts throughout the life cycle. The dynamic balance
of osteoblast and osteoclast metabolism is an important mechanism
of bone structure adaptation and optimization of bone function.'
The inhibition of osteoblasts and metabolic imbalance in bone tissue
induced by GCs is one of the important mechanisms underlying ste-
roid-induced ONFH. In our study, HUC-MSC-Exos mediated osteo-
genesis through the miR-365a-5p/SAV1/YAP axis and promoted
bone regeneration and repair. Therefore, HUC-MSC-Exos play an
important role in the induction of osteogenesis in GIONFH.

Several studies have reported the role played by GCs in the balance
between osteogenesis and osteoclast formation in GIONFH.”"?'
However, BMSCs are the most important cells for bone regeneration.
Xie et al.”” found that one important reason for the development of
ONFH is that GCs impair the function of osteoblasts and osteoclasts
and weaken the osteogenic effect of osteoblasts. They damage the dy-
namic metabolic balance and upregulate the adipogenic potential of
BMSCs. In our study, GCs significantly inhibited BMSC proliferation
and their osteogenic function. We also studied the mechanism by
which HUC-MSC-Exos promote the proliferation of BMSCs, and
the miR-365a-5p/SAV1/YAP axis may be an important target
pathway for the treatment of GIONFH.

The osteogenic effect of exosomes on bone regeneration and repair
has also been demonstrated in previous studies. Zhang et al.*” found
that IPSC-MSC exosomes can promote the osteogenic differentia-
tion of BMSCs by activating the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway. Li et al.”* found that exosomes
from hASCs could promote the migration, proliferation, and oste-
ogenic differentiation of BMSCs in vitro. The effect of exosomes
on osteogenic differentiation in vivo was confirmed by the signifi-
cant increase in the number of Runx2- and Ocn-positive cells.
Liao et al.® showed that following overexpression of miR-122-5p,
bone mineral density, trabecular volume, and mean Tb.Th of the
femoral head increased, and that there was significant improvement
in the necrotic femoral head. Therefore, exosomes overexpressing
miR-122-5p may downregulate SPRY2 via the RTK/RAS/MAPK
signaling pathway and attenuate the development of ONFH. We
also screened databases to identify known exosomal miRNAs
related to bone metabolism and osteogenesis. These known exoso-
mal miRNAs, including miR-21, miR-155, miR-125b, miR-122, and
miR-221-3p, derived from various kinds of stem cells, play an
important role in osteogenesis and bone metabolism. The down-
stream target genes of these miRNAs include PTEN,'' PDCD4,”
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KLF5,%° and HIF-1¢.>” All of these genes were correlated with
signaling pathways, such as the AKT signaling pathway, involved
in cellular proliferation, cellular differentiation, or osteogenesis.
However, no study has reported the effect and function of exosomal
miRNA derived from HUC-MSCs. In our study, the results of
RNA-seq showed that miR-365a-5p was a relatively unstudied
miRNA in osteogenesis. Additionally, we verified its effect on the
downstream gene SAV1, which is important in the Hippo signaling
pathway. We have also demonstrated that HUC-MSC-Exos can
inhibit the osteocyte apoptosis in GIONFH via targeting with
miR-21-5p in our previous study.”® In this study, we found that
HUC-MSC-Exos can promote the proliferation and osteogenesis
of BMSCs and reverse the effect induced by GCs. We confirmed
the effect of HUC-MSC-Exos on the proliferation and osteogenesis
of BMSCs by EdU staining, quantitative reverse-transcriptase PCR
(QRT-PCR), ALP, and alizarin red staining.

We used bioinformatics analysis and RNA-seq technology to study
the mechanism of action of exosomes’ impacts on cell proliferation
and osteogenesis. The RNA-seq results showed that miR-365a-5p
was upregulated in HUC-MSC-Exos. To date, no studies have re-
ported the effects of miR-365a-5p in GIONFH. We also found that
the Hippo signaling pathway may be a key downstream regulator in
GIONFH. YAP is an important transcription factor downstream of
the Hippo signaling pathway. Many studies have reported that YAP
is involved in cellular proliferation, differentiation, and tumorigen-
221 YAP plays a key role in inducing osteogenic differentiation
and the differentiation of MSCs into osteoblasts by regulating the
transcription factor Runx2.>” Jiang et al.** found that the inhibition
of miR-21-3p using human umbilical vein endothelial cell-derived
exosomes could block Hippo signaling pathway-driven apoptosis in
hypoxia/reoxygenation-treated neurons.

esis.

Furthermore, we explored the mechanism of YAP activation. Recent
studies have shown that exosomes play a beneficial role in promot-
ing cellular proliferation and cardiac fibroblasts (CF) phenotypic
changes by inhibiting DUSP1 expression.”* In our study, we found
that the level of miR-365a-5p expression in extracellular vesicles
secreted by HUC-MSCs was significantly higher than that in
BMSC-derived exosomes, a finding that was validated by qPCR.
In addition, we used a dual-luciferase reporter assay and RNA
pull-down assay to confirm the interaction between miR-365a-5p
and SAV1. SAVI is a key regulator of LATS phosphorylation, and
phosphorylated LATS can promote YAP/TAZ degradation to acti-
vate the Hippo signaling pathway.”> We verified that exosomal
miR-365a-5p regulates GIONFH through the Hippo signaling
pathway. The effects of exosomal miR-365a-5p were verified using
a rat model of GIONFH. Micro-CT as well as H&E, Masson, and
IHC staining showed that exosomal miR-365a-5p could be used
to promote the osteogenesis of GIONFH.

In conclusion, we explored the role of HUC-MSC-Exos in promoting
the proliferation and osteogenesis of BMSCs. In addition, this study
reported the mechanism underlying the impact of HUC-MSC-Exos
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on the proliferation and osteogenesis of BMSCs through the miR-
365a-5p/SAV1/YAP signaling pathway both in vivo and in vitro.

MATERIALS AND METHODS

Cell culture and treatment

HUC-MSCs were cultured and identified using flow cytometry as pre-
viously described.'’ BMSCs from the bone marrow of rats were
extracted and cultured in a-minimum essential medium (e.-MEM)
supplemented with 10% fetal bovine serum (FBS) and 100 pg/mL
penicillin/streptomycin.

BMSCs were treated with Dex, exosomes, or both to investigate the
effects of exosomes derived from HUC-MSCs. The concentration of
Dex used was 10 uM for 4 days for the CCK-8 analysis and 10 uM
for 24 h for EdU staining. Ten pM Dex was administered for
21 days in the osteogenic differentiation assay. The concentration
of exosomes was 50 pg/mL.

Exosome isolation, purification, and identification

First, we removed exosomes from FBS by overnight centrifugation at
110,000 x g and 4°C.*>*” The medium without exosomes was pre-
pared using o-DMEM and 10% exosome-free FBS. After adhering
to the container wall, the supernatant was replaced with exosome-
free medium. After 72 h of culture, we collected the supernatant
from cultured HUC-MSCs. The residual cells were removed by
centrifugation at 500 x g for 10 min. Then, the supernatant was
filtered through a 0.22-pm filter. Finally, after ultracentrifugation at
120,000 x g for 70 min, the obtained precipitates were the exosomes.
After resuspension in PBS, the exosomes were stored at —80°C.

Exosome diameter was analyzed by TEM (transmission electron mi-
croscope HT7700, Hitachi, Tokyo, Japan). The size distribution of
exosomes was determined via NanoSizer technology (Malvern,
UK). The specific exosome biomarkers CD9, CD63, CD81, and
TSG101 were measured by western blotting.

PKH26-labeled exosomes

The exosomes were labeled with PKH26 (PKH26PCLMSDS, Sigma-Al-
drich) according to the manufacturer’s instructions. Briefly, under dark
conditions, 250 ng of exosomes was fully re-suspended in 1 mL of C so-
lution. In addition, the PKH26 solution was diluted intoa 2 x 10°° M
working solution with 1 mL of C solution. After fully mixing the exo-
somes with the PKH26 working solution for 5 min, 2 mL of 5% BSA
was added to the above mixture to neutralize the excess PKH26 dye.
Finally, the exosome suspensions were labeled with PKH26 and centri-
fuged at 100,000 x gat 4°C for 70 min, and the final precipitate was sus-
pended in 50 puL of PBS. A confocal microscope was used for imaging.

Cell viability assay

The CCK-8 assay (Beyotime Biotechnology) was performed to estimate
the cell proliferation rate. A total of 3,000 BMSCs per well were seeded
into 96-well plates. We detected the cell proliferation rate in different
treatment groups, including the control, Dex, and Dex+exosomes
groups. The optical density (OD) values were measured using an

enzyme-linked immunosorbent assay reader (SpectraMax Plus 384,
Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

Alizarin red staining

Alizarin red staining was used to detect the osteogenic differentiation
of BMSCs following different treatments. Osteogenic differentiation
medium was used for osteogenesis as previously reported.” Briefly,
the BMSCs were adjusted to a concentration of 10* cells/well and
seeded into 12-well plates. The osteogenic culture medium supple-
mented with Dex or Dex+exosomes was changed every 48 h. We
used 4% paraformaldehyde to fix the cells for 15 min after 21 days
of induction. After washing three times using PBS, A-S dye was
used for staining. After washing with distilled water three times, the
cells were observed and imaged using a light microscope.

ALP staining

ALP staining was performed to evaluate the osteogenic effects as pre-
viously reported.’® Osteogenic differentiation medium was used to
induce osteogenesis. After 7 days of induction, the induced cells
were fixed with 4% formaldehyde for 20 min. An ALP staining kit
was used to measure ALP activity. After washing three times with
PBS, ALP activity was measured by microscopy.

RNA FISH

RNA FISH was conducted as previously described.'"* The probe 5'-
CACATCTGCCCCCAAAAGTCC-3' was labeled with FAM and
synthesized based on the sequence of miR-365a-5p. The in situ hy-
bridization was then conducted per the FISH detection kit (QIAGEN)
instructions. Images were acquired on a confocal fluorescence
microscope.

miRNA transfection

miR-365a-5p agomir, antagomir, and negative control (Sangon
Biotech, Shanghai, China) were transfected according to the manu-
facturer’s guidelines. Here, 50 nM miR-365a-5p agomir and negative
controls were used for the corresponding cell experiment. Addition-
ally, 100 nM miRNA antagomir and negative controls were used for
the corresponding cell experiment. Then, 10 pM miR-365a-5p ago-
mir or antagomir was injected intramuscularly once a week in the
GIONFH rat model.

Dual-luciferase reporter assay

Luciferase reporter analysis was carried out according to the protocol
described previously.'” The 5'-flanking sequence of the SAV1 pro-
moter was inserted into a pGL3 vector. Then, the pGL3-SAV1 vector
with 40 ng of pRL-TK vector was transfected into BMSCs using Lip-
ofectamine 2000. The Dual-Luciferase reporter assay system was used
to detect the luciferase intensity. Firefly luciferase activity was
normalized to Renilla luciferase activity in each transfected well. In
short, BMSCs were cotransfected with the indicated RNA oligonucle-
otides and reporter plasmids.
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RNA pull-down assay

Biotin-miR-365a-5p mimics or blank controls were purchased from
Sangon Biotech. When the cultured BMSCs reached 50%-60%
confluence, biotin-miR-365a-5p mimics or controls were transfected
into the BMSCs. After 48 h of transfection, the cells were harvested for
pull-down assays. The biotin-coupled RNA complex was pulled down
by incubating cell lysates with streptavidin-coated magnetic beads.
qRT-PCR was used to evaluate the abundance of SAV1 in the bound
fractions.

High-throughput miRNA sequencing

High-throughput RNA sequencing was performed to detect the
expression of miRNA in the Dex-treated and Dex+exosome
groups. Total RNA was extracted and purified using a miRNA
extraction kit. Library construction and sequencing were carried
out using BGISEQ-500 (BGI, Shenzhen, China). Differentially ex-
pressed miRNAs were calculated using a fold change cutoff of 2;
the p value cutoff was <0.05. The bioinformatics services were pro-
vided by BGL

Cell proliferation assay

Cellular proliferation was evaluated using EdU (RiboBio). Briefly,
approximately 10* cells/well were seeded into glass plates and trans-
fected for 24 h when the cell density reached 60%-70%. The EdU
solution was diluted with cell culture medium at a ratio of
1,000:1, and each well was incubated with diluted EdU solution
for approximately 3 h. After incubation with 50 pL of cell fixation
solution (4% paraformaldehyde) at room temperature for 30 min,
50 pL of glycine was added to neutralize the EAU solution (at a con-
centration of 2 mg/mL). After washing with PBS three times, 100 pL
of 1x Apollo staining solution was added to each well and cells were
incubated away from light for 30 min. Then, 0.5% Triton X-100 was
added and cells were incubated for 2 min. Finally, 100 pL of 1x
Hoechst 3342 reaction solution was added to each well, and the cells
were incubated at room temperature away from light for 30 min,
then washed three times with 100 puL of PBS. The prepared cells
were examined on a fluorescence microscope and imaged. Cell pro-
liferation was evaluated by calculating the cell proliferation rate (cell
proliferation rate % = number of EdU-positive cells/total number of
cells).

Western blotting and antibodies

Protein samples were extracted from cells or bone tissue following
essentially the same procedures described previously.*' Briefly, pro-
tein from cells or bone tissue was cracked on ice with buckets of tis-
sue/cell lysate (containing 1% PMSF) for 30 min. Then, the protein
concentration was determined via the bicinchoninic acid (BCA)
method, and the lysates were diluted at a ratio of 1:5 with 5x SDS
buffer solution, boiled for 5 min at 95°C, and added whole to the
gel. Samples were separated via SDS-polyacrylamide gel electropho-
resis and transferred to a nitrocellulose membrane, then blocked
with 5% skim milk for 3 h at room temperature. The polyvinylidene
fluoride (PVDF) membrane was incubated with primary antibody at
4°C overnight and then washed with 1x Tris-buffered saline with
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Tween 20 (TBST) three times. Horseradish peroxidase (HRP)-labeled
secondary antibody (1:5,000; Proteintech, SA00001-2) was added and
the membrane was incubated at room temperature for 2 h after being
washed with 1x TBST three times. Finally, a chemiluminescent de-
tector was used for imaging.

Primary antibodies, including anti-CD9 (Abcam, ab92726), anti-Runx2
(Abcam, ab76959), anti-CD63 (Abcam, ab59479), anti-TSG101 (Ab-
cam, 125011), anti-GAPDH (Proteintech, 10494-1-AP), anti-BMP2
(Abcam, ab14933), anti-Sp7 (Abcam, ab94744), anti-SAV1 (Abcam,
ab172705), anti-p-LATS (Abcam, abl11344), anti-YAP (Abcam,
ab52771), anti-p-YAP (Abcam, ab76252), and anti-CD81 (Proteintech,
14387-1-AP), were used for western blotting at a dilution of 1:1,000.

Real-time RT-PCR

Real-time RT-PCR was performed as previously described.”® TRIzol
(Invitrogen) was used to extract total RNA. cDNA synthesis was per-
formed according to the reverse transcription kit (TaKaRa Prime-
Script RT reagent kit) protocol, and real-time PCR was carried out
using a Roche LightCycler 480 sequence detection system. GAPDH
was used as the quantitative control mRNA. The 274" method

was used to calculate the relative expression of each gene.*’

Animal model

The animal experiments presented were authorized by the Animal
Research Ethics Committee of Shandong Provincial Hospital and
were conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
Fifty 8-week-old male Sprague-Dawley (SD) rats weighing 300 +
20 g were used in this experiment. We randomly divided the
rats into five groups: (1) control group (rats treated with PBS),
(2) MPS group, (3) MPS+exosome group, (4) MPS+exosomes+-
miR-365a-4p antagomir group, and (5) MPS+agomir group. To
induce the GIONFH model in the rats, we intra-muscularly in-
jected a pulsed high dose of 100 mg/kg/day MPS during the first
week and then continued to inject MPS at a low dose (21 mg/
kg/day).”’ Five weeks later, the rats were sacrificed, and the
femoral head was evaluated via micro-CT and histomorphological
analysis.

Micro-CT analysis

An Inveon micro-positron-emission tomography (PET)/CT in-
strument (Siemens, Berlin, Germany) was used for bone scanning
as previously reported.'' Briefly, we used the micro-CT to scan the
femur from the femoral head to the femoral condyle. Three-
dimensional structures of the femoral head were reconstructed,
and calculations were carried out using Inveon analysis worksta-
tion software. BV/TV, Tb.Th, Tb.N, and Tb.Sp were used for
bone quality determination.

Hematoxylin and eosin (H&E) staining

The femoral heads of the rats in each group were fixed with 4%
paraformaldehyde, then decalcified using 10% EDTA. Subsequently,
the samples were embedded in paraffin and sliced into 5-um



www.moleculartherapy.org

sections. The samples were deparaffinized in xylene for 10 min and
rehydrated via a graded series of ethanol treatments. Hematoxylin
staining was performed for 5 min and samples were then rinsed
with PBS three times. Eosin staining was performed for 1 min after
treatment with 5% acetic acid for 1 min. A microscope was used for
imaging.

IHC staining

We performed THC staining to evaluate the expression of YAP in
GIONFH and normal femoral bone tissue. Four percent formalde-
hyde was used to fix the femoral samples at room temperature for
7 days. The samples were then embedded in paraffin and sliced
into 5-pm sections. The samples were deparaffinized in xylene for
10 min and rehydrated via a graded series of ethanol treatments. Sub-
sequently, we used 3% hydrogen peroxide as a catalase quencher, and
the tissue sections were blocked in 10% goat serum (Sigma-Aldrich)
for 1 h. The sections were incubated at 4°C overnight with an anti-
YAP antibody (1:200; Abcam, catalog no. ab52771). Next, we used
a biotin-labeled secondary antibody (1:100; Proteintech, catalog no.
SA00004-6) for staining, and the signal was amplified and visualized
using the chromogen diaminobenzidine, followed by hematoxylin
counterstaining.

Masson staining

Four percent formaldehyde was used to fix the femoral samples at
room temperature for 7 days. The samples were then embedded in
paraffin and sliced into 5-pm sections. The samples were deparaffi-
nized in xylene for 10 min and rehydrated via a graded series of
ethanol treatments. Weigert’s iron hematoxylin staining was per-
formed. Hydrochloric acid alcohol (1%) was used for differentiation
for several seconds and rinsed with water for 2 min. The Ponceau
red solution in the Masson staining kit was used to stain for 5 min,
then the tissue sections were rinsed quickly with distilled water. After
treatment with phosphomolybdic acid solution, the aniline blue solu-
tion was used for counterstaining for 5 min. A microscope was used
for imaging.

Statistical analysis

All of these experiments were repeated at least three times. The data
are shown as means + standard deviation (SD). Means of two groups
were compared by a Student’s t test. Means of multiple groups were
compared by one-way analysis of variance (Fisher’s least significant
difference [LSD] test). Statistical analysis was conducted using SPSS
20.0 (IBM, Armonk, NY, USA). p values <0.05 were considered sta-
tistically significant.
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