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Steroid-induced osteonecrosis of the femoral head (ONFH) is
a common and devastating bone disorder, which often results
in progressive collapse of the femoral head and subsequent
osteoarthritis. The proliferation ability and osteogenic differ-
entiation of bone marrow mesenchymal stem cells (BMSCs)
play critical roles in maintaining the structural and functional
integrity of the femoral head to prevent ONFH. Until now,
little has been known about the underlying mechanism of
BMSCs differentiation disorder during ONFH progression.
Circular RNAs (circRNAs) are considered to be vital non-cod-
ing RNAs functionally involved in various human diseases.
However, whether and how circRNA regulates the prolifera-
tion and osteogenic differentiation of BMSCs in ONFH
remain unclear. In this study, we analyzed the circRNA
expression profile of five samples of BMSCs in ONFH and
five samples of control by using circRNA microarray assays.
We identified 182 differentially expressed circRNAs, among
which 108 circRNAs were upregulated. We further investi-
gated the effects of a significantly upregulated circRNA,
circHGF, on the proliferation and osteogenic differentiation
of BMSCs in vitro. Results showed that circHGF suppressed
the proliferation and osteogenic differentiation of BMSCs in
ONFH by targeting miR-25-3p/SMAD7 axis. Our findings
provided a potential diagnostic and therapeutic strategy for
ONFH.

INTRODUCTION

Osteonecrosis of the femoral head (ONFH) is a common and
devastating bone disorder, which usually results in femoral head
collapse and subsequent damage to the hip joint.' Generally,
ONFH can be divided into traumatic ONFH and non-traumatic
ONFH. There are numerous risk factors related to non-traumatic
ONFH, including corticosteroid therapy, alcohol abuse, infection,
hyperbaric events, etc. Corticosteroid drugs are widely used in
the treatment of autoimmune and rheumatic as well as many other
kinds of human diseases, and steroid-induced ONFH accounts for
the majority of clinical non-traumatic ONFH.> However, the un-
derlying mechanism of steroid-induced ONFH remains not
entirely clear so far.

Bone marrow mesenchymal stem cells (BMSCs) are a kind of
adult and fibroblast-like multi-potent cells, which have strong
potential in multi-lineage
capacity.” They can be induced to differentiate into chondrocytes,
adipocytes, or osteoblasts when placed in different conditions
in vitro. BMSCs differentiation regulation have important effects
on many pathological processes of human diseases. Accumulating
evidence has reported that imbalance between adipogenic and
osteogenic differentiation of BMSCs, including the weakened oste-
ogenic differentiation and enhanced adipogenic differentiation,
contributed significantly to ONFH pathogenesis." Especially, it
has been reported that the deficiency in osteogenic differentiation
of BMSCs would result in ONFH.” BMSCs are widely used
in regenerative medicine, for the reason that they are easily
isolated and cultured with weak immunogenicity.® BMSCs
transplantation has been demonstrated as an ideal candidate for
early ONFH treatment, and BMSCs survival in bone necrotic
areas is critical during the treating process.” The mesenchymal
stem cells differentiate into osteoblasts to mediate bone formation
mainly involve bone morphogenetic protein (BMP)/drosophila
mothers against decapentaplegic (SMAD) and Wnt signaling
pathways.” SMAD7 is an essential negative regulator in SMAD
family and can antagonize the transforming growth factor B

differentiation and self-renewal

(TGF-B)/BMP signaling pathway through various molecular
mechanisms.”'® SMAD7 has been reported to play crucial roles
in the multi-differentiation process of mesenchymal stem cells,
including the osteogenic differentiation of BMSCs during ONFH
development.'"'*
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Non-coding RNAs (ncRNAs), including microRNAs (miRNAs) and
circular RNAs (circRNAs) as well as long ncRNAs (IncRNAs), have
been reported to be functionally involved in various biological pro-
cesses, such as cell proliferation, metabolism, stem cell differentiation,
etc.”” ' Accumulating studies have indicated that ncRNAs play
crucial roles in bone development and regeneration.'*'>'” MiRNAs
are a class of short, single-stranded, and highly conserved endogenous
ncRNAs and they mainly negatively regulate gene expression post-
transcriptionally through interacting with its 3'-untranslated region
(3-UTR).'® It has been demonstrated that miRNAs participated
functionally in the initiation and progression of ONFH."” For
instance, a previous study suggested that a dysregulated miRNA,
termed miR-15b, decreased the mRNA and protein expression levels
of SMAD?7 in BMSCs, and over-expressing miR-15b could obviously
relieve ONFH by targeting SMAD7 and inhibiting osteogenic differ-
entiation of BMSCs.'” CircRNAs are a newly identified class of
endogenous ncRNAs, which can mediate biological functions by
regulating their target miRNAs.'” They can affect miRNAs and cor-
responding downstream gene expression through the competing
endogenous RNA (ceRNA) mechanism, in which circRNAs contain
miRNA response elements (MREs) and act as miRNA sponges.'’
CircRNAs have been reported to play crucial regulating roles in the
pathogenesis of various orthopedic conditions by functioning as
miRNA sponges, including osteoporosis, osteoarthritis, intervertebral
disc degeneration, etc.’22 To the best of our knowledge, however,
the biological roles and therapeutic potential of circRNAs in ONFH
remain obscure.

In this study, we aimed to detect the circRNAs expression profile in
BMSCs of ONFH by using circRNA microarray assays. We also per-
formed pathway enrichment and molecular function prediction for
the differentially expressed circRNAs by applying bioinformatics
analysis. We further investigated the effects of a most significantly up-
regulated circRNA, circHGF, on the proliferation and osteogenic dif-
ferentiation of BMSCs. We unveiled that circHGF suppressed the
proliferation and osteogenic differentiation of BMSCs in ONFH by
targeting the miR-25-3p/SMAD?7 axis. Our research might provide
a novel diagnostic and therapeutic strategy for ONFH.

RESULTS

Identification of differentially expressed circRNAs in ONFH-
BMSCs

In order to investigate the potential involvement of circRNAs in the
cell proliferation and osteogenic differentiation of BMSCs in
ONFH, we first screened out the differentially expressed circRNAs
in ONFH-BMSCs. Total RNA was extracted from each of the five
ONFH-BMSCs samples versus five control BMSCs samples to
perform circRNA microarray analysis. Results of the microarray assay
demonstrated there were 182 differentially expressed circRNAs be-
tween the two BMSCs groups, among which 108 circRNAs were
upregulated while 74 circRNAs were downregulated in the ONFH-
BMSCs group compared with the control group. As shown in the hi-
erarchical cluster heat map, the expression pattern of circRNAs
between the two groups was distinguishable and a majority of them
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were upregulated in ONFH-BMSCs (Figure 1A). The box diagram
suggested that the expression signal intensity after normalization in
the two groups is relatively consistent (Figure 1B). The fold change
and p value for each circRNA expression were shown on the volcano
plots (Figure 1C). The distribution of the circRNAs on the human
chromosomes was shown in the Circos plot, and we found the differ-
entially expressed circRNAs were derived from all chromosomes
(Figure 1D).

Function analysis for the genes of differentially expressed
circRNAs

To predict to the potential functions of these differentially expressed
circRNAs, we performed GO (gene ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway analysis for the circR-
NAs host genes. The GO enrichment analysis consisted of three parts,
namely biological process (BP), cellular component (CC), and molec-
ular function (MF) (Figures 2A-2C). As shown in Figure 2A, the most
significantly and meaningful enriched GO terms were cellular devel-
opmental process, CC morphogenesis, and cell differentiation
regarding BP. As for the CC part of GO analysis, the differentially ex-
pressed circRNA genes were enriched in cell surface, cytosol, plasma
membrane part, and so on (Figure 2B). As for the MF, the differen-
tially expressed circRNA genes were enriched in signal transducer ac-
tivity, molecular transducer activity, nucleotide binding, etc. (Fig-
ure 2C). As shown in Figure 2D, the most significantly and
meaningful enriched KEGG pathways to which the differentially ex-
pressed circRNAs were related were to cell cycle, Ras signaling
pathway, and so on.

CircHGF was identified as an ONFH related circular RNA

In the circRNAs microarray analysis, a majority of the differentially
expressed circRNAs were upregulated. We further investigated a
most significantly upregulated circRNA hsa_circ_0080914 among
the top 20 upregulated circRNAs, considering its potential function
of rich miRNA binding sites. As annotated in the circBase database
using human reference genome GRCh37/hgl9, hsa_circ_0080914
was generated by the exons 6 to 10 of HGF (hepatocyte growth fac-
tor) gene, which was located on chr7: 81346547-81374436 (Fig-
ure 3A). We termed this circRNA, circHGF, and the spliced length
of circHGF was 780 nucleotides. The PCR assay with agarose gel
electrophoresis analysis showed that the divergent primers amplified
the cirRNA circHGF in ¢cDNA but not in genomic DNA (gDNA),
and convergent primers amplified both circHGF and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Figure 3B). As re-
vealed in Figure 3A (left), Sanger sequencing was conducted to
verify the predicted back-splicing junction in the amplified products
by divergent primers, with a red arrow indicating the junction site.
These findings demonstrated that circHGF had a circular structure.
The upregulated expression pattern of hsa_circ_0080914 in ONFH-
BMSCs was validated by RT-qPCR analysis (Figure 3C). Next, we
transfected the BMSCs with the circHGF over-expression (OE) vec-
tor or with small interfering RNA (siRNA) targeting the junction
site of circHGF to regulate its expression. Results validated that
the BMSCs transfected with circHGF OE vector had a significantly
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Figure 1. Differentially expression profile of circRNAs in ONFH-BMSCs

(A) Hierarchical cluster heat map for the expression pattern of circRNAs between the groups from five experimental ONFH-BMSCs samples versus five control BMSCs
samples. The green rows indicated downregulated circRNAs, and the red rows indicated upregulated circRNAs. Columns represented cells samples. Experimental group
samples: E1, E2, E3, E4, and E5, and control group samples: C1, C2, C3, C4, and C5. (B) The box diagram suggested the consistency of fluorescent signals as well as the
signals difference between samples from the two groups. (C) The volcano plot for the differentially expressed pattern of circRNAs between the two groups. Vertical lines
represented 2.0 fold changes (log2 scaled); horizontal line suggested a p 0.05 determined by t test. (D) Circos plot for the differentially expressed circRNAs, indicating the
gene distribution on the human chromosomes. The circRNAs in green indicated an expressed pattern of downregulation, and circRNAs in red indicated an upregulation
pattern.

upregulated circHGF expression level compared with the negative =~ CircHGF suppressed the proliferation and osteogenic

control (NC) (Figure 3D), while the circHGF siRNA transfection  differentiation of BMSCs in ONFH

group had a significantly downregulated circHGF expression level ~ Next, we investigated the effects of circHGF on the proliferation and
(Figure 3E). osteogenic differentiation of BMSCs. The cell-cycle analysis
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Figure 2. Function analysis for the differentially expressed circRNAs

(A-C) The top 30 predicted functions of the differentially expressed circRNAs host genes were obtained by gene ontology (GO) analysis, which were categorized based on
biological process (BP), cellular component (CC), and molecular function (MF). (D) The top 30 enrichment pathways of the differentially expressed circRNAs host genes were

obtained by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.

demonstrated that circHGF downregulation obviously increased the
percentage of S phase cells and decreased the percentage of G1 phase
cells (Figure 4A), while circHGF OE decreased the percentage of S
phase cells and increased the percentage of G1 phase cells (Figure 4B).
The above results indicated that circHGF could suppressed the prolif-
eration ability of BMSCs in ONFH. By using western blot analysis, we
found that circHGF downregulation significantly enhanced the
expression of osteogenic marker genes, including ALP, BMP2,
RUNZX2, and OCN in BMSCs, after osteogenesis induction (Fig-
ure 4C). However, circHGF OE could obviously inhibit the expression
levels of these osteogenic marker genes (Figure 4D). Meanwhile, by
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using alizarin red staining at the 7th and 14th day after circHGF
siRNA transfection, we found that the osteogenic differentiation of
BMSCs was markedly increased compared with the control group
(Figure 4E), while the results of alizarin red staining at day 7 and
14 after OE-circHGF transfection demonstrated that the osteogenic
differentiation of BMSCs was markedly attenuated (Figure 4F).

MiR-25-3p facilitated the proliferation and osteogenic
differentiation ability of BMSCs

Considering miR-25-3p was predicted as a critical targeting miRNA for
circHGF using the starBase online tool (http://starbase.sysu.edu.cn),
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Figure 3. CircHGF was characterized as an ONFH-related circular RNA

(A) Schematic of the genomic loci of HGF gene as well as circHGF. The genomic coordinates were reported using the the human genome assembly GRCh37 (hg19). The
sequence of circHGF was shown and the expression of circHGF was validated by Sanger sequencing, with the red arrow indicating the junction site of this circRNA. (B) The
products amplified by divergent or convergent primers were vilidated using agarose gel electrophoresis. Divergent primers detected circular circHGF in cDNA rather than in
genomic DNA (gDNA). Convergent primers detected both the circular circHGF and negative control GAPDH. (C) The relative expression levels of circHGF in ONFH-BMSCs
and control BMSCs were assessed by RT-gPCR analysis. (D) The BMSCs were treated with circHGF over-expression vector (OE-circRNA) or its control (OE-NC), and the
relative expression levels of circHGF were examined by RT-gPCR analysis. (E) The BMSCs were treated with circHGF siRNA (si-circRNA) or its control (si-NC), and the relative
expression levels of circHGF were detected by RT-qPCR analysis. Data were shown as mean + SD. *p < 0.05, **p < 0.01, n = 3. Data between two groups were analyzed by

Student’s t test. Data among multiple groups were analyzed by one-way ANOVA test.

we then explored the expression pattern and the function of miR-25-3p
in BMSCs. First, the RT-qPCR analysis indicated that the expression of
miR-25-3p in ONFH-BMSCs was significantly downregulated
compared with the control group (Figure 5A). Next, we transfected
BMSCs with miRNA mimics to over-express miR-25-3p or with
miRNA inhibitor to knock down miR-25-3p. The RT-qPCR analysis
validated that the miR-25-3p expression level was obviously increased
after miRNA mimics treatment (Figure 5B) and decreased after
miRNA inhibitor treatment (Figure 5C). Then, by using the cell-cycle

analysis, we found that miR-25-3p mimics significantly increased the
percentage of S phase cells and decreased the percentage of G1 phase
cells (Figure 5D). In contrast, miR-25-3p inhibitor treatment decreased
the percentage of S phase cells and increased the percentage of G1 phase
cells (Figure 5E). These results suggested that miR-25-3p could facili-
tate the proliferation ability of BMSCs in ONFH. The western blot anal-
ysis showed that miR-25-3p mimics obviously increased the protein
expression levels of osteogenic marker genes (ALP, BMP2, RUNX2,
and OCN) in BMSCs after osteogenesis induction (Figure 5F).
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Figure 4. CircHGF inhibited the proliferation and osteogenic differentiation of BMSCs in ONFH

(A) The BMSCs were treated with si-circRNA or its control si-NC, and the cell proliferation ability was revealed by the cell-cycle analysis, with the cell population of G1, G2, and
S cell-cycle phase indicated. *p < 0.05 versus si-NC group for comparing cell percentage in S phase, p < 0.05 versus si-NC group for comparing cell percentage in G1
phase, n = 3. (B) The BMSCs were treated with circHGF over-expression vector OE-circRNA or its control OE-NC, and the cell proliferation ability was revealed by the cell-
cycle analysis. *p < 0.05 versus OE-NC group for comparing cell percentage in S phase, &p < 0.05 versus OE-NC group for comparing cell percentage in G1 phase, n = 3. (C
and D) The protein expression levels of osteogenic marker genes in BMSCs were detected by western blot analysis. GAPDH served as an internal control correspondingly.
The quantitative analysis showed the protein expression levels of ALP, BMP2, RUNX2, and OCN were all increased in the si-circRNA group compared with the si-NC group
and were decreased in the OE-circRNA group compared with the OE-NC group. (E) The osteogenic differentiation ability of BMSCs at the 7th and 14th day after si-circRNA or
control treatment was determined by alizarin red staining. (F) The osteogenic differentiation ability of BMSCs at the 7th and 14th day after OE-circRNA or OE-NC treatment
was evaluated by alizarin red staining. Data were shown as mean + SD. *p < 0.01, n = 3. Data among multiple groups were analyzed by one-way ANOVA test.

Conversely, the miR-25-3p inhibitor exerted the opposite effects on ~ was markedly increased in the miR-25-3p mimics group (Figure 5H)

BMSCs (Figure 5G). Meanwhile, using alizarin red staining at day 7 and was evidently decreased in the miR-25-3p inhibitor group
and 14, we found that the osteogenic differentiation ability of BMSCs  (Figure 5I).
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Figure 5. MiR-25-3p enhanced the proliferation and osteogenic differentiation ability of BMSCs

(A) The relative expression levels of miR-25-3p in ONFH-BMSCs and control BMSCs were examined by RT-gPCR analysis. (B) The BMSCs were transfected with miR-25-3p
mimics or its control mimics NC, and the relative expression levels of miR-25-3p were determined by RT-gPCR analysis. (C) The BMSCs were treated with miR-25-3p
inhibitor or its control inhibitor NC, and the relative expression levels of miR-25-3p were determined by RT-gPCR analysis. (D and E) The cell proliferation ability of BMSCs with
corresponding treatment was revealed by the cell-cycle analysis, with the cell population of G1, G2, and S cell-cycle phase indicated. #p < 0.05 versus the corresponding NC
group for comparing cell percentage in S phase; &p < 0.05 versus the corresponding NC group for comparing cell percentage in G1 phase; n = 3. (F and G) The protein

(legend continued on next page)
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MiR-25-3p enhanced the proliferation and osteogenic
differentiation of BMSCs by targeting SMAD7

It has been reported that SMAD?7 played a critical role in the osteo-
genic differentiation of BMSCs and ONFH.'* Using RT-qPCR anal-
ysis, we found that the expression of SMAD7 mRNA was obviously
upregulated in ONFH-BMSCs (Figure S1). In addition, the upregu-
lated expression pattern of circHGF and SMAD?7 and the downregu-
lated expression pattern of miR-25-3p were also validated in the the
blood samples of ONFH patients (Figure S1). Using the TargetScan
7 online tool and the miRDB online database, we found that the
SMAD?7 was the direct target gene for miR-25-3p. Next, we explored
the effects and interaction between miR-25-3p and SMAD?7 in
BMSCs. The western blot analysis showed that miR-25-3p could obvi-
ously inhibit SMAD?7 expression in BMSCs (Figure 6A). Next, the OE
vector (OE-SMAD?7) was further used to investigate the critical role of
SMAD?7, and the SMAD7 expression was validated by western blot
analysis (Figure 6B). The combination treatment of miR-25-3p
mimics and OE-SMAD?7 in BMSCs was validated by RT-qPCR anal-
ysis (Figure S1). The cell-cycle analysis demonstrated that miR-25-3p
increased the cell proliferation of BMSCs, and this effect could be
partially counteracted by SMAD7 (Figure 6C). Using western blot
analysis, we found that the function of miR-25-3p in the osteogenic
differentiation of BMSCs could also be partially counteracted by
SMAD?7 (Figure 6D). It was suggested that miR-25-3p increased the
proliferation and osteogenic differentiation of BMSCs by interacting
with SMAD?7.

CircHGF functioned in BMSCs by targeting miR-25-3p/SMAD7
axis

Based on the above results, we next explored whether circHGF func-
tion in BMSCs by interacting with miR-25-3p/SMAD7 axis. The
combination treatment of circHGF siRNA and miR-25-3p inhibitor
in BMSCs was first validated by RT-qPCR analysis (Figure S1). Using
the cell-cycle analysis, we found that the elevated cell proliferation of
BMSC:s caused by circHGF knocking down could be counteracted by
miR-25-3p inhibitor (Figure 7A). The western blot analysis showed
that miR-25-3p inhibitor could counteract the effects of circHGF
siRNA on the osteogenic differentiation ability of BMSCs (Figure 7B).
The combination treatment of circHGF siRNA and OE-SMAD?7 in
BMSCs was validated by RT-qPCR analysis (Figure S1). We found
that the SMAD7 OE treatment markedly counteracted the effects of
circHGF siRNA on the proliferation and osteogenic differentiation
ability of BMSC:s (Figures 7C and 7D). Moreover, further experiments
demonstrated that either miR-25-3p mimics or SMAD7 siRNA could
obviously counteract the effects of circHGF OE on the cell prolifera-
tion and osteogenic differentiation ability of BMSCs (Figures S2 and
S3). These results demonstrated that circHGF exerted its functions by
targeting miR-25-3p/SMAD?7 axis.

Molecular Therapy: Nucleic Acids

CircHGF could directly interact with miR-25-3p and miR-25-3p
could directly target SMAD7 3'UTR

We carried out the luciferase reporter gene assays to validate the bind-
ing site of circHGF and SMAD7 with miR-25-3p, as predicted by bio-
informatics analysis (Figures 8A and 8B). Luciferase reporter vector
with mutant (MUT) or wild-type (WT) circHGF, which possessed
the miR-25-3p binding sites, were transfected to HEK293T cells
treated with miR-25-3p mimics. As expected, miR-25-3p markedly
suppressed the luciferase activity of WT-circHGF reporter, while
there was no significant difference in MUT-circHGF reporter activity
between miR-25-3p mimics and the control group (Figure 8C). Simi-
larly, miR-25-3p markedly suppressed the luciferase activity of WT-
SMAD?7 3'UTR reporter, while there was no significant difference
in MUT-SMAD?7 3'UTR reporter activity between miR-25-3p mimics
and the control group (Figure 8D). Moreover, the luciferase activity
assay revealed that miR-25-3p markedly repressed WT-SMAD7
3'UTR luciferase activity while circHGF could partially reverse this
inhibitory effect (Figure 8E). These results revealed that circHGF
could directly interact with miR-25-3p, and miR-25-3p could directly
target SMAD7 3'UTR.

DISCUSSION

Glucocorticoid-induced ONFH is a common metabolic disorder of
bone, which is often caused by the serious side effects of long-term
use or overdose of glucocorticoid drugs. There have been proposed
several potential hypotheses to account for the glucocorticoid-
induced ONFH initiation and progression, including the differen-
tiation imbalance of BMSCs, apoptosis of osteocytes and
osteoblasts, abnormal intraosseous pressure, increased oxidative
stress, etc.,”” *° although until now, the specific underlying mech-
anism involved in ONFH pathogenesis and development remains
unclear, limiting the diagnosis and treatment strategies for
ONFH. BMSCs are a subset of adult stem cells derived from meso-
dermal cell lineages, and they have strong potential in multi-line-
age differentiation and self-renewal capacity.’ Accumulating
evidence has corroborated that BMSCs participate functionally in
the ONFH pathogenesis, which is closely related to the balance
of BMSC adipogenic and osteogenic differentiation.” It has been
reported that glucocorticoids exerted significant influence on the
osteogenic differentiation of BMSCs and thus led to ONFH pro-
gression.”” Previous research indicated that overdose of glucocorti-
coid could suppress the bone formation of function of BMSCs by
reciprocally regulating miRNA-34a-5p.*® Therefore, facilitating
the proliferation and osteogenic differentiation of BMSCs could
be a promising strategy for the prevention of glucocorticoid-
induced ONFH. However, the molecular mechanisms of steroid-
induced ONFH still need further investigation.

expression levels of osteogenic marker genes in BMSCs of different groups were detected by western blot analysis. The quantitative analysis showed the protein expression
levels of ALP, BMP2, RUNX2, and OCN were increased in the miRNA mimics group compared with the mimics NC group and were decreased in the miRNA inhibitor group
compared with the inhibitor NC group. (H and I) The osteogenic differentiation ability of BMSCs at the 7th and 14th day after corresponding treatment was evaluated by
alizarin red staining. Data were shown as mean + SD. **p < 0.01, **p < 0.001, n = 3. Data between two groups were analyzed by Student’s t test. Data among multiple groups

were analyzed by one-way ANOVA test.
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Figure 6. MiR-25-3p enhanced the proliferation and osteogenic differentiation of BMSCs via SMAD7

(A) The BMSCs were transfected with miR-25-3p mimics or mimics NC, and the protein expression level of SMAD7 was examined by western blot analysis. The quantitative
analysis showed the SMAD7 protein expression level was significantly decreased in the miRNA mimics group compared with the mimics NC group. (B) The BMSCs were
transfected with SMAD7 over-expression vector OE-SMAD7 or the control OE-NC, and the SMAD?7 protein expression was validated by western blot analysis. The
quantitative analysis showed the SMAD?7 protein expression level was significantly increased in the OE-SMAD7 group compared with the OE-NC group. (C) The BMSCs were
treated with miR-25-3p mimics, mimics + OE-NC, or mimics + OE-SMAD?7, and cell proliferation ability was determined by cell-cycle analysis. *p < 0.05 versus mimics + OE-
NC group for comparing cell percentage in S phase, %p < 0.05 versus mimics + OE-NC group for comparing cell percentage in G1 phase, n = 3. (D) The protein expression
levels of SMAD7, and the osteogenic marker genes in BMSCs of different groups were detected by western blot analysis. GAPDH served as an internal control corre-
spondingly. The quantitative analysis showed the SMAD7 expression level was increased, and the expression levels of ALP, BMP2, RUNX2, and OCN were decreased, in
mimics + OE-SMAD7 group compared with mimics + OE-NC group. Data were shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, n = 3. Data among multiple groups
were analyzed by one-way ANOVA test.

NCcRNAs have been reported to play critical roles in various human dis-  endothelial cells of ONFH patients."* Some specific IncRNAs have
eases, and attempts have been made to uncover the expression profiles ~ been found to play critical regulating roles in BMSCs of ONFH. For
as well as the function of ncRNAs in ONFH initiation and progression.  example, Xiang et al.*” reported that IncRNA RP11-154D6 significantly
Previous studies have demonstrated that IncRNAs were found differen-  decreased in BMSCs of patients with ONFH, accelerated the develop-
tially expressed in BMSCs of ONFH as well as bone microvascular ~ ment of steroid-induced ONFH via mediating the differentiation
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Figure 7. CircHGF functioned in BMSCs by targeting miR-25-3p and SMAD7
(A) The BMSCs were treated with si-circRNA, si-circRNA + inhibitor NC, or si-circRNA + miRNA inhibitor, and cell proliferation ability was determined by cell-cycle analysis,
with the cell population of G1, G2, and S cell-cycle phase indicated. *p < 0.05 versus si-circRNA + inhibitor NC group for comparing cell percentage in S phase, 40 <0.05
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behavior of BMSCs. MiRNAs are a class of short, single-stranded, and
highly conserved endogenous ncRNAs, which regulate targeting genes
post-transcriptionally in a way of binding to the 3’-UTR of the targeting
mRNAs.”® MiRNAs have been known to function as important regula-
tors in many bone-associated diseases, including steroid-induced
ONFH. For instance, miR-217 was found markedly decreased in gluco-
corticoid-associated ONFH, and it could promote cell proliferation and
osteogenic differentiation of BMSCs via suppressing DKK1
expression.”’ Another study demonstrated that miR-181d expression
was significantly upregulated in the bone marrow of patients with ste-
roid-induced ONFH, and it suppressed the differentiation of BMSCs
into osteoblasts via targeting and negatively regulating SMAD3.”
Our previous study also revealed that miR-17-5p promoted the osteo-
genesis of BMSCs through directly interacting with SMAD? to repress
its expression in non-traumatic osteonecrosis.” In recent years, miR-
NAs have emerged as a powerful regulator for gene expression and
function in the steroid-induced ONFH pathogenesis.”*

CircRNAs are another novel class of endogenous ncRNAs, which
have a covalently closed and single-stranded structure specially.”
CircRNAs are widely discovered in the eukaryotic transcriptome
and function as miRNA sponges and thus to play key roles in BPs
and pathogenesis.'”**?” Although more and more circRNAs have
been identified in different species, only a minority of them have
been uncovered and investigated about the biological implication.*®
In the past few years, there has been increasing interest in the roles
and mechanisms of this special class of ncRNA in steroid-induced
ONFH.** A previous study reported that circRNA circUSP45 expres-
sion was elevated in glucocorticoid-induced ONFH patients, and it
could inhibit the osteogenesis and proliferation of BMSCs via miR-
127-5p/PTEN/AKT pathway.” Xin et al.*’ revealed that circRNA
hsa_circ_0066523 increased in the osteogenic induction process of
BMSCs, and knocking down hsa_circ_0066523 repressed the prolif-
eration and osteogenic differentiation of BMSCs by epigenetically
modulating PTEN. Recently, Chen and colleagues '’ detected 820
differentially expressed circRNAs in the BMSCs from steroid-induced
ONFH and they investigated the function of a famous initially iden-
tified circRNA called CDR1as, which harbors a great number of miR-
7 binding sites.*' It was suggested that CDR1as has exerted significant
effects on the adipogenic and osteogenic differentiation disorder of
BMSCs by interacting wtih miR-7-5p/WNT5B axis.

In the present study, we screened the circRNAs expression profile in
steroid-induced ONFH using five samples of BMSCs-ONFH and five

samples of control by means of circRNA microarray analysis. Up to
182 differentially expressed circRNAs were identified, among which
108 circRNAs were significantly upregulated. Then, we further inves-
tigated the function of a most markedly upregulated circRNA called
circHGF on the proliferation and osteogenic differentiation of BMSCs
in steroid-induced ONFH. The circRNA identified in our study was a
novel circRNA, and it played crucial roles in the pathogenesis of ste-
roid-induced ONFH. Experimental results demonstrated that
circHGF inhibited the proliferation and osteogenic differentiation
of BMSCs, while knocking down circHGF exerted the opposite effects
on BMSCs in ONFH. Using bioinformatics analysis and dual lucif-
erase reporter assay, we further uncovered that miR-25-3p was a crit-
ical targeting miRNA for circHGF, and they could directly interact.
Moreover, we found that the miR-25-3p expression level was mark-
edly elevated in ONFH-BMSCs compared with the control group,
as validated by the RT-qPCR analysis. Subsequent experiments re-
vealed that over-expressing miR-25-3p enhanced the proliferation
and osteogenic differentiation ability of BMSCs, and downregulating
miR-25-3p could inhibited these effects conversely. Then, by using
bioinformatics analysis of miRNA targets prediction, we found
SMAD?7 was the direct target gene for miR-25-3p. SMAD7 was clas-
sified as a negative regulator among the SMAD family, which signif-
icantly suppressed BMP as well as TGF-f signals and inhibited osteo-
genesis of BMSCs and bone formation.”** We then validated that
miR-25-3p could directly target 3’'UTR of SMAD7 to negatively
modulate its expression in BMSCs, which played an important part
in the proliferation and osteogenic differentiation of BMSCs. Subse-
quently, we found that inhibiting miR-25-3p could neutralize the
enhanced cell proliferation and osteogenic differentiation ability of
BMSCs induced by knocking down circHGF. Over-expressing
SMAD? obviously counteracted the effects of circHGF siRNA exerted
on BMSCs. Notably, our results revealed that the key upregulated
circRNA circHGF suppressed the proliferation and osteogenic differ-
entiation of BMSCs via directly targeting miR-25-3p/SMAD7 axis.
Nevertheless, the possibilities of other crucial targeting genes for
circHGF to function in BMSCs and other specific dysregulated circR-
NAs involving in steroid-induced ONFH pathogenesis were still not
excluded.

Collectively, we successfully mapped the circRNAs expression profile
of BMSCs in steroid-induced ONFH and identified a novel and crit-
ical circRNA, termed circHGF. By performing systematical experi-
ments, we unveiled that circHGF suppressed the proliferation and
osteogenic differentiation of BMSCs in ONFH by interacting with

versus si-CircRNA + inhibitor NC group for comparing cell percentage in G1 phase, n = 3. (B) The protein expression levels of SMAD7, ALP, BMP2, RUNX2, and OCN in
BMSCs of different groups were evaluated by western blot analysis. The quantitative analysis showed the SMAD7 expression level was increased, and the expression levels
of ALP, BMP2, RUNX2, and OCN were decreased, in the si-circRNA + miRNA inhibitor group compared with the si-circRNA + inhibitor NC group. (C) The BMSCs were
treated with si-circRNA, si-circRNA + OE-NC, or si-circRNA + OE-SMAD?Y vector, and cell proliferation ability was examined by cell-cycle analysis. “p < 0.05 versus si-
circRNA + OE-NC group for comparing cell percentage in S phase, &b < 0.05 versus si-circRNA + OE-NC group for comparing cell percentage in G1 phase, n = 3. (D) The
protein expression levels of SMAD7, and the osteogenic marker genes in BMSCs were detected by western blot analysis. GAPDH served as an internal control corre-
spondingly. The quantitative analysis showed the SMAD? expression level was increased, and the expression levels of ALP, BMP2, RUNX2, and OCN were decreased, in the
si-circRNA + OE-SMAD7 group compared with the si-circRNA + OE-NC group. Data were shown as mean + SD. *p < 0.05, **p < 0.01, n = 3. Data among multiple groups

were analyzed by one-way ANOVA test.
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Figure 8. CircHGF served as a sponge for miR-25-3p and miR-25-3p could directly target SMAD7 3'UTR

(A) The binding sequence between circHGF and miR-25-3p as predicted by bioinformatics analysis based on the starBase online database. (B) The binding site between
SMAD?7 and miR-25-3p as predicted by bioinformatics analysis based on the TargetScan 7 online tool and miRDB online database. (C) Relative luciferase reporter activity of
WT or MUT circHGF in 293T cells co-transfected with miR-25-3p mimics or the control mimics NC. (D) Relative luciferase reporter activity of WT or MUT SMAD7 3'UTR in
293T cells co-transfected with miR-25-3p mimics or mimics NC. (E) The WT SMAD7 3'UTR luciferase reporter vector was co-transfected into 293T cells with miR-25-3p
mimics or mimics NC, and OE-circRNA or OE-NC vector, and the luciferase activity was detected in corresponding groups. Data were shown as means with error bars
representing SD. **p < 0.01, n = 3. Data between two groups were analyzed by Student’s t test. Data among multiple groups were analyzed by one-way ANOVA test.

miR-25-3p to modulate SMAD?. In conclusion, the present research
suggested that circHGF targeting miR-25-3p/SMAD? axis could pro-
vide a novel diagnostic and therapeutic strategy against steroid-
induced ONFH.

MATERIALS AND METHODS

Patient samples and ethics statement

The bone marrow specimens were harvested from 10 patients with
steroid-induced ONFH (7 men and 3 women, aged 25-68 years,
mean 50.0 years) and 10 patients with femoral neck fracture as a con-
trol group (6 men and 4 women, aged 33-68 years, mean 54.6 years).
Each donor’s medical record was collected and the diagnostic criteria
for steroid-induced ONFH were confirmed by the preoperative X-ray
and/or magnetic resonance image (MRI) based on the Steinberg or
University of Pennsylvania system. Steroid-induced ONFH was
defined as a history of a mean daily dose of 16.6 mg or highest daily
dose of 80 mg of prednisolone equivalent within 1 year.”* Patients
with severe congenital diseases, cancer, or alcohol consumption
were excluded. The study protocol was approved by the clinical
research ethics committee of Tongji Medical College, Huazhong Uni-
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versity of Science and Technology, and informed consent was ob-
tained from all the enrolled patients.

BMSCs isolation and culture

The BMSCs were isolated and purified using gradient density
44,45 Briefly, the bone marrow
samples were resuspended in PBS. Next, the cell suspension was
transferred to a centrifuge tube containing an equal volume of
lymphocyte separation solution (Corning, Manassas, VA, USA).
After density gradient centrifugation at 2500 rpm for 30 min, the
mononuclear cells in the white layer were harvested. Subsequently,
the cells were cultured in DMEM (Gibco, New York) with 15% fetal
bovine serum (FBS) (Gibco) and streptomycin (100 mg/mL; Gibco)
as well as penicillin (100 U/mL; Gibco) in 5% CO, at 37°C. The
culture medium was replaced three times a week. The flow cytom-
etry analysis was used for identification of the surface marker of

centrifugation, as reported previously.

BMSCs, which has been reported in our previous work.*® The cells
were passaged at a 1:2 when the culture reached 90% confluency
and cells from passage two or three were used in the subsequent
experiments.
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RNA extraction and gPCR assay

After corresponding treatments for the cells, the total RNA was ex-
tracted by using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA), as
previously described."” The RNA purity and concentration were exam-
ined by a microspectrophotometer. For the qPCR analysis, the RNA
was reverse-transcribed to cDNA using a Transcriptor 1st Strand
cDNA Synthesis Kit (Takara Bio, Japan). Then the PCR amplification
was performed with SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA) using an QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems). The cycling conditions were set as fol-
lows: 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 60 s; fol-
lowed by a melt curve stage of 95°C for 15 s, 60°C for 60 s, and 95°C for
15 s; and finally hold at 4°C. GAPDH and U6 were used as correspond-
inginternal controls. The RT-qPCR primers used in this study are listed
as follows (5’-3'): SMAD7 Forward, TACTGGGAGGAGAAGACGA
GAGTGG; SMAD7 Reverse, GTCGAAAGCCTTGATGGAGAAACC
G; hsa_circ_0080914 Forward, CACTCATTCCTTGGGATTAT; hsa_
circ_0080914 Reverse, GGTGTGAGGGTCAAGAGTAT; GAPDH
Forward, TCAAGAAGGTGGTGAAGCAGG; GAPDH Reverse,
TCAAAGGTGGAGGAGTGGGT; miR-25-3p loop primer, GTC
GTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC
TCAGACCG; miR-25-3p Forward, TGCGCCATTGCACTTGTC
TCGG; U6 Forward, CGCTTCGGCAGCACATATAGC; U6 Reverse,
AAATATGGAACGCTTCACGA; Divergent-hsa_circ_0080914 For-
ward, TGCCGAAATCCAGATGGGTG; Divergent-hsa_circ_0080914
Reverse, GCAGGTCATGCATTCAAAACGAGA; Convergent-hsa_
circ_0080914 Forward, ACCTACGAGAAAATTACTGCCG; Conver-
gent-hsa_circ_0080914 Reverse, CGGCAGTAATTCTCATTCAGCT;
Divergent-GAPDH  Forward, CACTTTGTCAAGCTCATTTCC;
Divergent-GAPDH Reverse, TTGGCAGTGGGGACACGGAAG;
Convergent-GAPDH Forward, TCCATGCCATCACTGCCAGC; and
Convergent-GAPDH Reverse, GTGGTCGTTGAGGGCAATG.

Western blot

The cell specimens from various groups were lysed by RIPA lysis
buffer (Beyotime, Shanghai, China), and the corresponding protein
contents were determined by the enhanced BCA protein analysis
kit (Beyotime), according to the manufacturer’s guide. Subsequently,
equal quantities of protein of each sample was separated by using
10%-12% SDS-PAGE and were transferred onto the polyvinylidene
fluoride membrane. The membrane was then blocked at 25°C for
1 h with 5% non-fat dried milk in Tris-buffered saline with Tween
(TBST) and incubated with the specific primary antibody (1:500-
1:1000) overnight at 4°C. Then the samples were incubated with
the horseradish peroxidase (HRP)-conjugated secondary antibody
(1:2000; Abcam, Cambridge, MA, USA) at 25°C for 2 h. The protein
expression was observed with enhanced chemiluminescence reagents
(Amersham, Piscataway, NJ, USA). The primary antibodies used in
the present study are listed as follows: SMAD?7 (25840-1-AP, Protein-
tech, Wuhan, China), ALP (DF6225, Affinity, Cincinnati, OH, USA),
BMP2 (AF5163, Affinity, Cincinnati, OH, USA), RUNX2 (AF5186,
Affinity, Cincinnati, OH, USA), and Osteocalcin (DF12303, Affinity,
Cincinnati, OH, USA).

CircRNA microarray and bioinformatics analysis

The BMSCs samples for circRNA microarray were chosen randomly
from the group of 10 ONFH patients and the group of 10 femoral
neck fracture patients, respectively, by using simple random sam-
pling. The samples were from 5 patients with steroid-induced
ONFH (3 men and 2 women, aged 25-55 years, mean age 39.2 years)
and 5 patients with femoral neck fracture as a control group (3 men
and 2 women, aged 33-68 years, mean age 54.6 years). Total RNA
from the ONFH-BMSCs samples and control BMSCs samples was
isolated for microarray assay, which was carried out by CapitalBio
(Beijing, China) in standard procedures. The microarray data was
analyzed using the GeneSpring GX software. The threshold in this
study was made as follows: fold change >2 and p < 0.05, as examined
by Student’s t test. The hierarchical clustering analysis were per-
formed by using Cluster 3.0 software to present the profiling of differ-
entially expressed circRNAs between the ONFH-BMSCs group and
the control BMSCs group. The upregulated and downregulated
circRNAs were also presented on the volcano plot filtering. Then
the predicted functions of the differentially expressed circRNAs
were obtained by the GO and KEGG pathway enrichment analysis
of their host genes. The targeting miRNA for circRNA was predicted
via the starBase online database (http://starbase.sysu.edu.cn). The tar-
geting mRNA for miR-25-3p was predicted by the TargetScan 7 on-
line tool (www.targetscan.org) and miRDB online database (http://
www.mirdb.org).

Transfection vector construction and cell transfection

The circHGF siRNA targeting the back-splicing region of hsa_
circ_0080914 and its control vector si-NC were designed and synthe-
sized by GenePharma (Suzhou, China). The target sequence for
circHGF was as follows: 5-CTATTTCTCGTTTTGAATG-3 and
NC: 5-TTCTCCGAACGTGTCACGT-3'. The circHGF OE vector
PcDNA3.1(+)-S-circRNA (hsa_circ_0080914) and the control vector
were designed and constructed by Obio Technology (Shanghai,
China). The hsa-miR-25-3p mimics, hsa-miR-25-3p inhibitor, and
corresponding NCs were purchased from GenePharma. The corre-
sponding sequence was as follows: mimics sequence 5-CAUUGC
ACUUGUCUCGGUCUGAAGACCGAGACAAGUGCAAUGUU-3;
mimic NC sequence 5-UUCUCCGAACGUGUCACGUTTACGU
GACACGUUCGGAGAATT-3'; inhibitor sequence 5'-UCAGACC
GAGACAAGUGCAAUG-3'; and inhibitor NC sequence 5'-CAGUA
CUUUUGUGUAGUACAA-3'. The SMAD7 OE vector pcDNA3.1-
Hygro(+)-homo-SMAD7 (OE-SMAD?7) as well as its control vector
was designed and synthesized by Biofavor Biotech (Wuhan, China).
The BMSCs were seeded and cultured in 6-well plates until 70%—
80% confluence, and then the cell transfection was performed by
using Lipofectamine 2000 transfection reagent, according to the man-
ufacturer’s instructions. The transfection was performed up to 48 h,
unless otherwise specified, followed by subsequent cell treatments.
Experiments were performed three times independently.

Flow cytometric analysis of cell cycle

The BMSCs were seeded at a density of 2 x 10° cells per well in 6-well
plates. At 48 h after the corresponding transfection treatment, the
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cells were assayed with flow cytometric analysis after propidium
iodide (PI) staining. BMSCs were detached with 0.25% trypsin for
3 min at room temperature and fixed with ice-cold 70% ethanol at
4°C for 4 h. After centrifugation at 1500 rpm for 5 min, the cells
were washed twice with PBS and then stained with 50 pg/mL of PI
(100 pg/mL RNase A) at room temperature for 0.5 h away from light.
The resulting cell suspensions were examined by flow cytometry on a
CytoFLEX flow cytometer (Beckman Coulter, CA, USA), and the data
were analyzed by using ModFit LT software.

Osteogenic differentiation of BMSCs

BMSCs were seeded in 6-well plates and cultured in DMEM with 10%
FBS and 1% penicillin/streptomycin to 80% confluence for the corre-
sponding transfection treatment. To evaluate the osteogenic differen-
tiation ability of BMSCs, the infected cells were induced by osteogenic
induction medium containing 10% FBS, 5 mM B-glycerophosphate,
0.1 uM dexamethasone, and 0.1 mM ascorbate-2-phosphate. The
osteogenic induction medium was replaced every three days.

Alizarin red staining

Alizarin red staining was used to evaluate the osteogenic differentia-
tion ability of BMSCs at the 7th and 14th day after corresponding
transfection treatment. The cells were cultured in osteogenic differen-
tiation medium in 6-well plates. For alizarin red staining, cells were
fixed with 4% paraformaldehyde, rinsed with deionized water, and
then stained with alizarin red stain at pH = 4.3 for 10 min. The stain-
ing results were examined by microscopy (Olympus, Tokyo, Japan).

Dual luciferase reporter assay

The human embryonic kidney (HEK) 293T cells were used for dual
luciferase activity analysis in this experiment. When cultured to
60%-70% confluence; the cells were co-transfected by the corre-
sponding luciferase reporter plasmid and miR-25-3p mimics or its
control. The corresponding luciferase reporter plasmid of WT pYr-
MirTarget-hsa_circ_0080914 and MUT pYr-MirTarget-hsa_circ_
0080914, WT pYr-MirTarget-homo smad7-3'UTR as well as MUT
pYr-MirTarget-homo smad7-3'UTR were obtained from Biofavor
Biotech. At 48 h post-transfection using Lipofectamine 2000, the
cells were assayed with the Dual Luciferase Reporter Gene Assay
Kit (RG027, Beyotime, Shanghai, China) following the manufac-
turer’s instructions.

Statistical analysis

The data were presented as the mean + SD. Each experiment was
repeated independently at least three times. Difference between
groups was analyzed by using unpaired Student’s t test or one-way
ANOVA test. The statistical significance levels were expressed as
*p < 0.05, **p < 0.01, and ***p < 0.001.
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