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Abstract
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Objective Osteoporosis is a progressive systemic skeletal disorder. Multiple profiling studies have contributed to
characterizing biomarkers and therapeutic targets for osteoporosis. However, due to the limitation of the platform of
miRNA sequencing, only a part of miRNA can be sequenced based on one platform.

Materials and methods In this study, we performed miRNA sequencing in osteoporosis bone samples based on a
novel platform Illumina Hiseq 2500. Bioinformatics analysis was performed to construct osteoporosis-related com-
peting endogenous RNA (ceRNA) networks. Gene interference and osteogenic induction were used to examine the
effect of identified ceRNA networks on osteogenic differentiation of human bone marrow-derived mesenchymal

Results miR-1303 was lowly expressed, while cochlin (COCH) and KCNMAT1-AST were highly expressed in the osteo-
porosis subjects. COCH knockdown improved the osteogenic differentiation of HBMSCs. Meanwhile, COCH inhibi-
tion compensated for the suppression of osteogenic differentiation of HBMSCs by miR-1303 knockdown. Further,
KCNMAT-AS1T knockdown promoted osteogenic differentiation of HBMSCs through downregulating COCH by spong-

Conclusions Our findings suggest that the KCNMAT-AS1/miR-1303/COCH axis is a promising biomarker and thera-
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Introduction

Osteoporosis is a progressive systemic skeletal disorder
characterized by low bone density and bone destruction
[1]. It is estimated that osteoporosis has affected more
than 200 million populations and results in reduced qual-
ity of life and a relatively higher rate of morbidity and
mortality [2]. Thereby, it is urgent to detect and intervene
at the early stage of osteopenia.

Considering their aberrant expression in the pathologi-
cal process of osteoporosis and their potential of being
reliable biochemical indicators, increasing attention is
paid to non-coding RNAs (ncRNAs), which account for
more than 80% of the total human transcriptome. Micro-
RNAs (miRNAs) and long non-coding RNAs (IncRNAs)
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are two subgroups of ncRNAs with 18-25 bp and more
than 200 bp in length, respectively [3], and both play cru-
cial roles in a variety of musculoskeletal conditions [4, 5],
including bone homeostasis. Inoue et al. reported miR-
182 overexpression during osteoclastogenesis [6]. LncR-
NAs were also found dysregulated in osteoporotic mice
induced by ovariectomy [7]. However, the underlying
mechanism of these effects remains yet to be elucidated.

The competing endogenous RNAs (ceRNAs) hypoth-
esis, which holds that IncRNAs can compete for bind-
ing regions of miRNAs as the molecular sponge and
regulate the translation of mRNAs [8], has been verified
in many diseases, including osteoporosis. Zhang et al.
found that IncRNA NEAT1 and bone morphogenetic
protein (BMP) 1 were dysregulated in osteoporosis and
competed for miR-29b-3p as well as regulated osteogenic
differentiation in bone marrow-derived mesenchymal
stem cells (BMSCs) [9]. As a ceRNA of miR-214, IncRNA
KCNQI1OT1 can increase the expression level of BMP2
in osteogenic BMSCs by sponging miR-214 [10]. In addi-
tion, IncRNA OGRU acts as a ceRNA to sponge miR-
320-3p and protects bone mass from unloading-induced
bone loss by upregulating the expression of Hoxa 10 in
osteoblast [11]. Yang et al. [12] reported that compet-
ing binding of IncRNA ORLNC1, miR-296, and Pten in
BMSCs regulated bone mass. These findings indicate
that the overexpression and deficiency of miRNAs and
IncRNAs are implicated in the initiation and develop-
ment of osteoporosis. Therefore, miRNAs and IncRNAs
with ceRNA activity could be biomarkers and therapeu-
tic targets for osteoporosis. To this aim, osteoporosis-
relative ceRNA networks were constructed by Zhang
et al. [13] and [14] based on Gene Expression Omnibus
(GEO) database. However, these two studies constructed
the ceRNA networks based on the same miRNA data-
set GSE62589. In addition, due to the limitation of RNA
sequencing for miRNAs which depends on the platform
used, the miRNAs that can be detected are incomplete.
Therefore, performing RNA sequencing for miRNAs
based on different platforms and screening novel miR-
NAs with ceRNA activity based on other osteoporosis-
associated datasets may help to identify novel biomarkers
and therapeutic targets for osteoporosis.

In this study, we first performed RNA sequencing for
miRNA in osteoporosis subjects based on Illumina Hiseq
2500. Then, we identified differentially expressed mRNAs
and IncRNAs in the GSE35958 microarray data as well as
performed functional enrichment analysis. KCNMA1-
AS1/miR-1303/cochlin (COCH) axis was identified as a
novel biomarker and therapeutic target for osteoporosis.
And the regulatory role of KCNMA1-AS1/miR-1303/
COCH axis in the osteogenic differentiation of human
BMSCs (HBMSCs) is experimentally validated.
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Materials and methods

Clinical bone sample procurement

This study was approved by the Medical Ethics Commit-
tee of Fujian Provincial Hospital (No. K2019-03-034).
Informed consents from the patients were obtained. The
bone samples were harvested from patients who were
subjected to total hip replacement operations for femo-
ral neck fractures at Fujian Provincial Hospital from 2019
to 2020. Three female patients without osteoporosis were
enrolled as the control group, while three female patients
with osteoporosis were enrolled as the osteoporosis
group. Bone mineral density (BMD) was measured by the
double-energy X-ray absorption method. Patients with
BMD < —2.5 standard deviation (SD) were diagnosed as
osteoporosis. Patients with diabetes, hyperthyroidism,
osteomalacia, osteopsathyrosis, rheumatoid arthritis,
multiple myeloma, and bone tumor were excluded. The
femoral necks were harvested during the surgeries and
then stored at — 80 °C.

RNA isolation

The samples were placed in 1 ml TRIzol (15596018, Invit-
rogen, USA) under liquid nitrogen. Total RNA was sepa-
rated by phenol-chloroform (P120617, Aladdin, China)
extraction. Then, the RNA was treated with DNase I
(18047019, Invitrogen, USA). Subsequently, a spectro-
photometer (Nanodrop 1000, Thermo Scientific, USA)
was used to measure the purity (OD260/0D280) of sep-
arated RNA (resuspended in 50 pl RNase-free water).
Finally, a fluorimeter (Qubit 2.0, Thermo Scientific, USA)
was used to quantify the accurate concentration of total
RNA, while a bioanalyzer (Agilent DNA 1000 chips/Rea-
gents, Agilent Technologies, USA) was used to assess
the quality of recovered RNA to ensure that the recov-
ered total RNA was of sufficient quality for preparing
sequencing libraries.

miRNA library preparation and RNA sequencing

miRNA library was prepared by using a Small RNA Sam-
ple Prep Kit (RS-200-0012, Illumina, USA). cDNA was
converted from total RNA followed by being amplified
by polymerase chain reaction (PCR). Then, the concen-
tration of the miRNA library was quantified by using a
fluorimeter (Qubit 2.0, Thermo Scientific, USA). Next,
we diluted the miRNA library to 1 ng/ul. Subsequently,
a bioanalyzer (Agilent DNA 1000 chips/Reagents, Agi-
lent Technologies, USA) was used to measure the insert
size of the miRNA library. And qRT-PCR was used to
detect the effective concentration of the miRNA library.
The effective concentration of miRNA library>2 nM was
considered satisfactory. Deep sequencing was performed
on HiSeq 2500 (Illumina HiSeq 2500, Illumina, USA).
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Microarray data

The GSE74209 microarray data (five control subjects and
five osteoporosis subjects), the GSE63446 microarray
data (six control subjects and six osteoporosis subjects),
and the GSE35958 microarray data (four control subjects
and five osteoporosis subjects) were obtained from the
GEO (http://www.ncbi.nlm.nih.gov/geo/).

Acquisition of expression profiles and analysis
of differentially expressed miRNAs, mRNAs, and IncRNAs
The expression profiles of mRNAs and IncRNAs were
obtained from the GSE35958 profiled on GPL570. And
the mRNAs and IncRNAs were mapped into the official
gene symbol using the R package “biomart” [15].
Differential expression of miRNAs, mRNAs, and IncR-
NAs was identified by using the R package “limma” [16].
The cutoff criteria were |log2 fold change (FC)|>0.5
and adjusted P<0.05. The heatmaps of differentially
expressed IncRNAs, miRNAs, and mRNAs were formed
by using the R package “pheatmap” [17]. And the graphs
of the expression level of differentially expressed IncR-
NAs, miRNAs, and mRNAs were generated by using
GraphPad Prism 8 (Graph Software, San Diego, CA,
USA).

Function and pathway enrichment analysis

Functional enrichment analysis of Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
for differentially expressed mRNAs was performed by
using the R package “clusterprofiler” [18]. The cutoff cri-
teria were P<0.05. The mRNAs enriched in GO terms
involved in bone morphogenesis were selected, and the
chord diagram was formed by R package “GOplot” [19].

Prediction of the interaction between IncRNA and miRNA
and the interaction between miRNA and mRNA

The predicted miRNA-IncRNA interaction data were
collected from the LncBase V3 database (https://diana.e-
ce.uth.gr/Incbasev3/interactions) and the IncRNASNP
database (http://bioinfo.life.hust.edu.cn/IncRNASNP#!/).
The predicted miRNA-mRNA interaction data were col-
lected from the miRWalk 3.0 database (http://mirwalk.
umm.uni-heidelberg.de/) and the TargetScan database
(http://www.targetscan.org/vert_80/).

Cell culture

HBMSCs (BMHX-C106, Cas9XTM, China) and human
embryonic kidney 293T (293T) cells (TCH-C101,
Cas9XTM, China) were purchased from Cas9XTM
Biotechnology. HBMSCs were incubated in HBM-
SCs growth medium (BMHX-G101, Cas9XTM, China)
at 37 °C in 5% CO,. 293T cells were incubated in 293T
growth medium (TCH-G101, Cas9XTM, China) at 37 °C
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in 5% CO,. And cells were passaged by trypsin when they
reached 70-80% confluence.

Lentiviral transfection

Lentiviral vectors knockdown miR-1303 (si-miR-1303),
COCH (si-COCH), KCNMA1-AS1 (si-KCNMA1-AS1),
or negative control (si-NC) were purchased commercially
(Zolgene, China). Cells were seeded into 6-well plates and
allowed to grow until 50% confluent. Then, lentivirus was
added to cells at a multiplicity of infection (MOI) of 50
along with 5 pg/ml polybrene. After 12 h, fresh medium
was added. Next, the antibiotic selection was performed
by adding 0.5 pg/ml puromycin into the medium at each
medium replacement for 7 days.

Dual-luciferase reporter assay

A Dual Luciferase Reporter Gene Assay Kit (KGAF040,
KeyGEN Biotech, China) was used to validate the inter-
action between mRNA and miRNA. pGL3 vectors were
constructed containing either wild-type (WT) or mutant
(Mut) 3’-UTR region with the putative miRNA binding
site of COCH mRNA or KCNMA1-AS1. The vectors
were then transfected into 293T cells either with or with-
out a miR-1303 mimic. The activities of firefly luciferase
values were measured 48 h after transfection by a lumi-
nometer (SpectraMax iD5, Molecular Devices, China)
and were normalized to Renilla luciferase values.

Osteogenic differentiation

The osteoblasts were seeded in 12-well plates and incu-
bated at 37 °C with 5% CO,. After 100% confluence,
the medium was replaced by an osteogenic induction
medium (MUBMX-90021, Cyagen, China). Western
blotting and immunofluorescence staining of RUNX
family transcription factor 2 (RUNX2) and osterix were
performed on the 7th day of osteogenic differentiation.
Western blotting of type I collagen (COL1A1) and Aliza-
rin Red staining was performed on the 21st day of osteo-
genic differentiation. The staining areas of Alizarin Red
were quantified by using Image ] (NIH, Bethesda, USA).

Quantitative real-time PCR (qRT-PCR)

Total RNAs from tissues were extracted by using TRIzol.
For miRNA, Bulge-LoopTM miRNA qRT-PCR Starter
Kit (R11067.3, RiboBio, China) was used to generate
c¢DNA according to the manufacturer’s instructions. And
Bulge-LoopTM miRNA qRT-PCR Primer (R10031.8,
RiboBio, China) was used to perform qRT-RCP, and U6
small nuclear RNA was used as an internal control. For
COCH and KCNMA1-AS]1, First-stand cDNA Synthesis
(D7168M, Beyotime, China) was used to generate cDNA
according to the manufacturer’s instructions. Real-time
PCR reactions were performed using a BeyoFast SYBR
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Green One-Step qRT-PCR Kit (D7268S, Beyotime,
China). And glyceraldehyde-phosphate dehydrogenase
(GAPDH) served as an internal control. Gene expres-
sion was quantified by using the 2 — AACt method. The
primer sequences are shown as follows:

miR-99b-5p:
5-CACCCGUAGAACCGACCUUGCG-3;
miR-4534:

F: 5 -GTGATTTATTTTTGTAAGTTTAGTATT
TTGGGAG-3/,

R: 5'-ACAAATACRTACCACCATACCCAA-3;
miR-1303:

E, 5-GCCGAGTTTAGAGACGGGGT-3/,

R, 5-CTCAACTGGTGTCGTGGA-3;
miR-5195-3p:

F, 5-GCCTGTAGGCATCATCGCCAG-3;

R, 5-GATAGAGTGACGTGAAGTAG-3’;

U6:

F, 5-CTCGCTTCGGCAGCACA-3/,

R, 5-AACGCTTCACGAATTTGCGT-3’;

COCH:

F, 5-ACATCGAGGAAGCAGGCATTG-3/,

R, 5-TGTGACATCCTGAACCATCCC-3/;

Retinoic acid receptor gamma (RARG):

E, 5" TTGAGGATGACTCCTTGCAGCCTG
GTCCC-3,

R, 5-GGGACCAGGCTGCAAGGAGTCATC
CTCAA-3/;

KCNMA1-ASI:

F 5-TCTTTGCTCTCAGCATCGGTG-3/,

R, 5-CCGCAAGCCGAAGTAGAGAAG-3/;
GAPDH:

F, 5-GTGGACCTGACCTGCCGTCT-3/,

R, 5-GGAGGAGTGGGTGTCGCTGT-3'.

Western blotting analysis

The cells were incubated with the lysis buffer (KGP2100,
KeyGEN Biotech, China). Then we transferred the pro-
teins onto PVDF membranes. Next, the PVDF mem-
branes were blocked and incubated with primary
antibodies against COCH (1:1000, PA5-48475, Invitro-
gen, USA), RUNX2 (1:2000, A11753, ABclonal, China),
Osterix (1:1000, ab209484, Abcam, UK), COLI1Al
(1:2000, A1352, ABclonal, China, and GAPDH (1:10,000,
HRP-60004, ProteinTech, USA) at 4 °C overnight. Then,
the membranes were incubated with goat anti-rabbit
IgG (H+L) HRP (1:10,000, 70-GAR0072, MultiSciences,
China) at room temperature (RT) for 1 h. A tanon"" high-
sig ECL western blotting substrate (180-5001, Tanon,
China) and automatic digital gel/chemiluminescence
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image analysis system (4600SE, Tanon, China) were used
to visualize the immune complexes.

Alkaline phosphatase (ALP) staining

The ALP staining was performed using an ALP stain kit
according to the manufacturer’s instructions. Briefly, the
cells were fixed with 4% paraformaldehyde for 15 min at
RT. Then, the cells were incubated with ALP incubation
solution at 37 °C for 12 h. After washing with running
water for 2 min, the cells were incubated with the Co
solution at 37 °C for 5 min. Then, the cells were rinsed 3
times and incubated with a vulcanizing working solution
for 2 min at RT.

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde for
15 min at RT. Then, cells were blocked with quickblock
blocking buffer for immune staining (P0260, Beyotime,
China) for 15 min at RT, followed by incubation with pri-
mary antibody against RUNX2 (1:200, A2851, ABclonal,
China), or osterix (1:1000, ab209484, Abcam, UK) at 4 °C
overnight and labeled with Alexa Fluor594-preabsorbed
goat anti-rabbit IgG (ab150084, Abcam, 1:500, UK) for
2 h at RT. Next, the nucleus was stained with DAPI.

Statistical analysis

We performed all statistical analyses and generated the
graphs using GraphPad Prism 9 (Graph Software, San
Diego, CA, USA). Shapiro—Wilk test for normal distri-
bution and Bartlett’s test for homogeneity of variance
were performed. Then, statistical significance was deter-
mined by Student’s ¢ tests, one-way analysis of variance
(ANOVA), or two-way ANOVA with Tukey tests for
multiple comparisons. Pearson correlation analysis was
performed. We presented all data as mean=standard
deviation and considered values of P <0.05 significant.

Results

Differential expression of miR-1303 in osteoporosis
subjects

To identify differentially expressed miRNAs in osteo-
porotic patients from our RNA sequencing results, a
comparative analysis was performed. With a |log2FC]|
cutoff criteria>0.5 and P value<0.05, we identified 12
miRNAs as differentially expressed miRNAs in osteo-
porotic subjects compared with healthy control subjects
(Fig. 1A) (Additional file 1: Table S1). Among them, there
were 2 upregulated miRNAs and 10 downregulated miR-
NAs (Fig. 1A). Subsequently, we performed hierarchical
clustering of these differentially expressed miRNAs to
visualize the expression patterns. The heatmaps showed
that the expression level of these differentially expressed
miRNAs was able to distinguish osteoporotic subjects



Lin et al. Journal of Orthopaedic Surgery and Research (2023) 18:73 Page 5 of 15

Volcano
8 -
’.'..
e -
A
O I
kel PRUN
. L,
T . i
Q
| T T : I
0 1 2 3
-log10(P.Value)
sekkk
C M D E
159 + control
5 *okk *  control . ) +  control
B . _ + osteoporosis _ )
? M %% °* osteoporosis §15 P § 157+ osteoporosis
2 M [ ®
g o o . @ —
5 10 . o . . o oy
b . £ 1.0 {-‘} 104t o7 = -
) 21 jf 4 g, |
x g < :
E 5o . z : ¥
S € 0.5- £ 0.5- _I_
= . ° .
& 2 2
e : . i © =
14 ) % Sa &, ’a e & ~& o o
0—— T T T T T T T X 0.0-—p——mm1— X 0.0-4+—p—1—1
» O > 2] & o .
&J‘b ‘O'O)Q \’bQ R ‘),9 ébQ N qy,Q &Q N Qy,Q >(:;5 oS aR
F P F & FE & & gL
A ST ES S &S & & L
«* & NI a'& & & o & FE
N

Fig. 1 miR-1303 is downregulated in osteoporosis subjects. A Volcano plots of differentially expressed miRNAs. B Hierarchical clustering heatmap
of differentially expressed miRNAs (red: high expression, white: medium expression, and blue: low expression). C Verification of the expression
pattern of the differentially expressed miRNAs in the GSE74209. D Verification of the expression pattern of the differentially expressed miRNAs in the
GSE63446. E The expression of identified miRNAs in the osteoporotic subjects and the control subjects is determined by gRT-PCR. C-E Values are
shown as mean £ SD. **P<0.01, ***P<0.001, ****P<0.0001, two-way ANOVA

(See figure on next page.)

Fig. 2 COCH is identified as a promising downstream mRNA of miR-1303. A Volcano plots of differentially expressed mRNAs. B Hierarchical
clustering heatmap of differentially expressed mRNAs (red: high expression, white: medium expression, and blue: low expression). C Enrichment

of top 30 GO terms. D Top 10 enriched KEGG pathways. The node color changes from red to blue in descending order according to the adjusted

p values. The size of the node depends on the number of counts. E Chord diagram of the differentially expressed mRNAs according to the results

of the GO pathway involved in bone morphogenesis. The box color changes from red to blue in descending order according to the logFC of
differentially expressed mRNAs. F Venn diagram of the osteoporosis-related upregulated mRNAs and the predicted mRNAs with the ability to
interact with miR-1303. G Verification of the expression pattern of COCH and RARG in the GSE35958. H The expression of COCH and RARG in the
osteoporotic subjects and the control subjects is determined by gRT-PCR. G, H Values are shown as mean & SD. *P < 0.05, **P < 0.01, two-way ANOVA
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from healthy control subjects (red: high expression,
white: medium expression, and blue: low expression)
(Fig. 1B).

To further verify the expression profiles of the above
12 miRNAs, we applied these miRNAs to 2 independent
osteoporosis microarray datasets of miRNAs (GSE74209
and GSE63446). We found that in the GSE74209 and
the GSE63446, only miR-4534, miR-99b-5p, miR-1303,
and miR-5195-3p showed a trend consistent with our
sequencing results (Fig. 1C, D). Thus, we next per-
formed qRT-PCR to verify the expression levels of these
4 miRNAs. qRT-PCR indicated that only miR-1303 was
decreased significantly in osteoporotic subjects (Fig. 1E).

COCH knockdown improves osteogenic differentiation

of HBMSCs

Subsequently, we aimed to screen osteoporosis-related
mRNA which was mediated by has-miR-1303. Com-
parative analysis was performed to identify differentially
expressed mRNAs in the GSE35958. 4178 differen-
tially expressed mRNAs were identified, including 2052
upregulated mRNAs and 2126 downregulated mRNAs
(Fig. 2A) (Additional file 2: Table S2). Hierarchical clus-
tering showed that the expression level of these mRNAs
could distinguish osteoporotic subjects from healthy
control subjects (red: high expression, white: medium
expression, and blue: low expression) (Fig. 2B).

Then, we performed GO functional enrichment
analysis for the differentially expressed mRNAs. GO
functional enrichment analysis indicated that the differ-
entially expressed mRNAs were mainly involved in the
negative regulation of mRNA metabolic process, nega-
tive regulation of cardiac muscle hypertrophy, and chon-
drocyte development involved in endochondral bone
morphogenesis in the biological process group (Fig. 2C).
And these differentially expressed mRNAs were mainly
enriched in nuclear chromatin, PcG protein complex, and
host cell part in the cellular component group (Fig. 2C).
In addition, these differentially expressed mRNAs were
mainly involved in regulatory RNA binding, cAMP
response element binding, and exoribonuclease activ-
ity in the molecular function group (Fig. 2C). We also
performed KEGG pathway analysis for these differen-
tially expressed mRNAs. The data showed that these

(See figure on next page.)
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differentially expressed mRNAs were markedly involved
in human T-cell leukemia virus 1 infection, salmonella
infection, and hepatitis B (Fig. 2D).

To further visualize differentially expressed mRNAs
enriched in the terms related to osteoporosis, a chord
diagram was used (Fig. 2E). A total of 20 mRNAs were
enriched in 9 GO terms related to bone formation and
reabsorption among 78 GO analysis results in the bio-
logical metabolic process. Next, by using the TargetS-
can database and miRWalk database, two upregulated
mRNAs (COCH and RARG) with the ability to interact
with miR-1303 were screened (Fig. 2F). Both COCH
and RARG were elevated about 1.1-1.2 times in the
GSE35958 (Fig. 2G). However, by performing qRT-PCR,
we found that COCH was increased significantly while
RARG showed a mild elevation without statistic differ-
ence in the osteoporosis subjects compared to the con-
trol subjects (Fig. 2H).

To investigate the role of COCH in regulating osteo-
genic differentiation, HBMSCs were treated with either
si-COCH or si-NC. qRT-PCR and western blotting
showed that COCH levels were downregulated by about
40-50% by si-COCH treatment (Fig. 3A—C). Protein lev-
els of RUNX2, Osterix, and COL1A1, three markers of
osteogenic differentiation, were upregulated by COCH
knockdown (Fig. 3b—f). And more mineral deposition
and higher ALP activity were found in COCH knock-
down HBMSCs than that in the NC group and si-NC
group (Fig. 3G-J). Also, COCH knockdown improved the
nuclear translocation of RUNX2 and osterix (Fig. 3k—n).

miR-1303 mediates osteogenic differentiation of HBMSCs
via sponging COCH

The binding site of miR-1303 and COCH was predicted
by using the TargetScan database. Luciferase results
showed that miR-1303 mimics observably downregu-
lated the luciferase activity of the WT COCH, while
no effects on the Mut COCH (Fig. 4A), suggesting that
miR-1303 could directly sponge COCH. Then, the si-
miR-1303 was used to knock down miR-1303. The level
of miR-1303 declined by about 60% in the si-miR-1303
group compared to the NC group and the si-NC group
(Fig. 4B). Western blotting showed that the protein
level of COCH in HBMSCs was visibly increased after

Fig. 3 COCH knockdown promotes osteogenic differentiation of HBMSCs. A Transfection efficacy after COCH interference is determined by
gRT-PCR. B-F Western blotting (B) and quantitative analysis of COCH (C), RUNX2 (D), Osterix (E), and COL1AT (F) in HBMSCs treated with si-NC
and si-COCH. G, H Staining of calcium deposition by Alizarin Red (G) and quantitative analysis of staining areas (H) in HBMSCs treated with si-NC
and si-COCH. Scale bars, 200 um. I, J Staining of ALP (I) and quantitative analysis of staining areas (J) in HBMSCs treated with si-NC and si-COCH.
Scale bars, 200 um. K, L Immunofluorescence staining of RUNX2 (K) and quantitative analysis of RUNX2-positive nuclei (L) in HBMSCs treated with
si-NC and si-COCH. Scale bars, 100 um. M, N Immunofluorescence staining of Osterix (M) and quantitative analysis of RUNX2-positive nuclei (N)
in HBMSCs treated with si-NC and si-COCH. Scale bars, 100 um. A, C=F, H, J, I, N Values are shown as mean 4= SD. *P<0.05, **P<0.01, ***P<0.001,

****¥P<0.0001, one-way ANOVA
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si-miR-1303 treatment (Fig. 4C, D). And the expres-
sion levels of RUNX2, Osterix, and COL1A1 were sig-
nificantly decreased in the miR-1303 knockdown group,
while COCH knockdown could effectively reverse the
negative effects of miR-1303 knockdown on the protein
levels of RUNX2, Osterix, and COL1A1 (Fig. 4C-G). Fur-
thermore, we consistently found that miR-1303 knock-
down reduced mineral deposition, ALP activity, and the
nuclear translocation of RUNX2 and osterix, which could
be attenuated by COCH knockdown (Fig. 4H-O).

KCNMA1-AS1 promotes osteogenic differentiation

of HBMSCs through miR-1303/COCH axis

Comparative analysis was performed to identify dif-
ferentially expressed IncRNAs in the GSE35958. 437
IncRNAs were identified as differentially expressed
IncRNAs. Among them, 216 IncRNAs were upregu-
lated and 221 IncRNAs were downregulated (Fig. 5A)
(Additional file 3: Table S3). As shown in hierarchi-
cal clustering, the expression level of these IncRNAs
could distinguish osteoporotic subjects from healthy
control subjects (red: high expression, white: medium
expression, and blue: low expression) (Fig. 5B). Sub-
sequently, we screened one upregulated IncRNA,
KCNMA1-AS1, which could interact with miR-1303
by using LncBase database and IncRNASNP database
(Fig. 5C). KCNMA1-AS1 was increased about 1.4
times in the osteoporosis subjects (Fig. 5D). In addi-
tion, the Pearson correlation between the expression
value of KCNMA1-AS1 and COCH in the GSE35958
was 0.6811 (Fig. 5E).

The IncRNASNP database was used to predict the
binding site of miR-1303 and KCNMAI1-AS1. We
found that miR-1303 mimics significantly inhibited
the luciferase activity of the WT KCNMAI1-AS1 but
not the Mut KCNMA1-AS1 (Fig. 6A). KCNMA1-
AS1 knockdown HBMSCs were constructed by
using si-KCNMA1-AS1. qRT-PCR showed that only
si-KCNMA1-AS1 3# could effectively reduce the
expression of KCNMA1-AS1 (Fig. 6B). To investigate
whether KCNMA1-AS1 regulated osteogenic differ-
entiation through miR-1303/COCH axis, si-miR-1303
were transfected in KCNMAI1-AS1 knock-downed

(See figure on next page.)

Page 9 of 15

HBMSCs. KCNMA1-AS1 knockdown inhibited the
protein expression of COCH, while miR-1303 restraint
rescued the expression of COCH (Fig. 6C, D). The
protein levels of RUNX2, Osterix, and COL1A1 were
all increased after KCNMA1-AS1 knockdown, which
was counteracted by miR-1303 knockdown (Fig. 6C,
E-G). Consistent results were observed in the Aliza-
rin Red staining and ALP staining that KCNMA1-
AS1 knockdown improved the mineral deposition and
ALP activity of HBMSCs, while miR-1303 knockdown
eliminated beneficial effects of KCNMA1-AS1 knock-
down on the mineral deposition and ALP activity of
HBMSCs (Fig. 6H-K). In addition, the nuclear trans-
location level of RUNX2 and osterix in HBMSCs was
increased after KCNMA1-AS1 knockdown. But the
beneficial effects of KCNMA1-AS1 knockdown on the
nuclear translocation of RUNX2 and osterix were sig-
nificantly declined when miR-1303 was downregulated
(Fig. 6L-0).

Discussion

With the balance of osteoblastic bone formation and
osteoclastic bone absorption destroyed, bone loss and
bone destruction occur, which is the pathological basis
of osteoporosis. Osteoporosis patients receive high
clinical attention due to the increased risk of fracture
[20]. Mechanically, osteoporosis is partly caused by the
dysregulation of bone metabolism in BMSCs and oste-
oblasts, thus failing to induce enough osteoblasts to pre-
vent bone resorption by osteoclasts [21]. Therefore, the
changing molecules during osteogenic differentiation of
BMSCs are valuable diagnosis and treatment targets for
osteoporosis [22]. There are already many indexes, such
as bone mineral density (BMD), alkaline phosphatase
(ALP), and vitamin D, serving as diagnostic markers for
osteoporosis in clinical [23]. As we mentioned in the
introduction part, the ncRNAs, including miRNAs and
IncRNAs, have been reported being able to play the same
role in early stage of osteopenia [13, 14, 24, 25].

In the present study, we first performed RNA sequenc-
ing for miRNAs based on Illumina Hiseq 2500, whose
application in osteoporosis, to our best knowledge,
has not been reported yet. We found 12 dysregulated

Fig. 4 miR-1303 mediates osteogenic differentiation of HBMSCs by sponging COCH. A The predicted binding site between the miR-1303 and
COCH, and the luciferase activity of the WT COCH and Mut COCH in 293T cells treated with mimics miR-1303 or mimics NC. B Transfection efficacy
after miR-1303 interference is determined by gRT-PCR. C-G Western blotting (C) and quantitative analysis of COCH (D), RUNX2 (E), Osterix (F),

and COLTAT (@) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. H, I Staining of calcium deposition by Alizarin Red (H) and
quantitative analysis of staining areas (I) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. Scale bars, 200 um. J, K Staining of
ALP (J) and quantitative analysis of staining areas (K) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. Scale bars, 200 um. L,

M Immunofluorescence staining of RUNX2 (L) and quantitative analysis of RUNX2-positive nuclei (M) in HBMSCs treated with si-miR-1303 and
si-miR-1303 plus si-COCH. Scale bars, 100 um. N, O Immunofluorescence staining of Osterix (N) and quantitative analysis of RUNX2-positive nuclei
(0) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. Scale bars, 100 um. A Values are shown as mean = SD. ****P < (0.0001,
two-way ANOVA. B, D-G, |, K, M, O Values are shown as mean £ SD. *P<0.05, **P<0.01, ***P <0.001, ****P <0.0001, one-way ANOVA



Lin et al. Journal of Orthopaedic Surgery and Research (2023) 18:73 Page 10 of 15

A WT COCH 5°-AAAGCAACAUUCGUUCUCUAAC-3’ & Q'g,x
miR-1303  3’-UCUCGUUCUGGGGCAGAGAUUU-5’ B C ' Q.,O x> &
Mut COCH 5’~-AAUCGUUCAUUCGUAGAGAUUC-3’ > 00

*
*  mimics NC - —
+  mimics miR-1303 s 15 i
15 - | o |
& &
z *':* E
g S 10 -
s~ Fx H
] 2 y
E 2 05 T
° 05 Ld g T
z @
£ £
2 =
= g COLIAL
GAPDH
D = E . **'ﬁ"l F ., Sk
X £ =
Q z 5 =
. 154 1 = S
g1s g g S
b3 o 1 B =l
1} o —— =] =
= = = K]
2 10 2 104 = H 2
2 g g &
& ) Y 7
: g - : :
5 0s £ o0s £ K
H H £ Z
: : : ¢
Z e 2 B
500 ‘_Ef 0.0 E 2
& 2 = &

H NC si-miR-1303 si-miR-1303+si J

o ™

L N
Q Q
4 4
b s
g g
£ g
+ +
] P
] i
& &
g g
= ‘@

1 4 *kokokok K s dk ko M _ _
< — . 1 g g
g = : ] 5
=3 e -1 ] S
2 24 ¥ H Z 40
= Ay o ©
< 2 =] 2 Z
2 sk k =< e E] £
= 4 2 e
8 1 = £ % £
< e & g £

& =}

Fig. 4 (Seelegend on previous page.)



Lin et al. Journal of Orthopaedic Surgery and Research (2023) 18:73 Page 11 of 15

A Volcano B 1

logFC
0

0 1 2 3 4 5
-log10(P.Value) E
D E
% * e control
E 1.59 I I 107 < osteoporosis
s il
z 8- .
Q o . ° LXN
¥ 1.0 Z .
s - 67
KCNMA1-AS1 = § .
=]
.a L] Z 4_
g 0.5 (&J .
z 2 r=0.6811
@ P =0.0434
§ 0.0 T 0 T T T 1
S >
IncRNASNP [~ S 2 2.0 .2.0.92,.9
; & & SIS
S° COCH
58
&

Fig.5 KCNMAT1-AST is screened as a candidate for upstream IncRNA of mir-1303. A Volcano plots of differentially expressed IncRNAs. B Hierarchical
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(See figure on next page.)

Fig.6 KCNMAT-AST promotes osteogenic differentiation of HBMSCs through miR-1303/COCH axis. A The predicted binding site between the
miR-1303 and KCNMA1-AST, and the luciferase activity of the WT KCNMAT-AST and Mut KCNMAT-AST in 293T cells treated with mimics miR-1303
or mimics NC. B Transfection efficacy after KCNMA1-AS1 interference is determined by gRT-PCR. C-G Western blotting (C) and quantitative analysis
of COCH (D), RUNX2 (E), Osterix (F), and COLTA1 (G) in HBMSCs treated with si-KCNMAT-AST and si-KCNMA1-AST plus si-miR-1303. H, I Staining of
calcium deposition by Alizarin Red (H) and quantitative analysis of staining areas (I) in HBMSCs treated with si-KCNMAT1-AS1T and si-KCNMAT1-AS1
plus si-miR-1303. Scale bars, 200 pm. J, K Staining of ALP (J) and quantitative analysis of staining areas (K) in HBMSCs treated with si-miR-1303

and si-miR-1303 plus si-COCH. Scale bars, 200 um. L, M Immunofluorescence staining of RUNX2 (I) and quantitative analysis of RUNX2-positive
nuclei (M) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. Scale bars, 100 um. N, O Immunofluorescence staining of Osterix (N)
and quantitative analysis of RUNX2-positive nuclei (O) in HBMSCs treated with si-miR-1303 and si-miR-1303 plus si-COCH. Scale bars, 100 um. A
Values are shown as mean 4 SD. ***P <0.001, two-way ANOVA. B, D-G, |, K, M, O Values are shown as mean £ SD. *P <0.05, **P < 0.01, ***P<0.001,
****¥P<0.0001, one-way ANOVA
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miRNAs in the osteoporosis subjects. However, in the
GSE74209 and GSE63446, only 4 miRNAs (miR-4534,
miR-99b-5p, miR-1303, and miR-5195-3p) matched our
sequencing results. Then, qRT-PCR is performed to ver-
ify the expression levels of these miRNAs in the osteo-
porosis subjects. And qRT-PCR indicated that only the
change in miR-1303 was statistically significant. Though
it has been reported that miR-1303 can mediate cellular
proliferation in several cancers [26—31], miR-1303 has
not been investigated in osteoporosis.

We further screened the downstream mRNAs of
miR-1303 based on the ceRNA hypothesis. At present,
some studies have already reported ceRNA networks in
BMSC:s in osteoporosis by analyzing microarray datasets
[13, 14]. For example, Wang et al. found that interven-
ing OGRU/miR-320-3p/Hoxa 10 signaling axis alleviated
unloading-induced osteoporosis [11]. And Yang et al.
[12] reported that IncRNA ORLNCI1 regulated bone
mass through miR-296/Pten axis. Also, there already
are some studies that analyzed DE genes in the microar-
ray dataset GSE35958 [32-35]. In the present study, the
GSE35958 was repurposed. And we provided 2 osteo-
porosis-related mRNAs with ceRNA activity (COCH,
RARG) as promising candidate downstream mRNAs
of miR-1303. Ivanovska et al. reported that inhibiting
RARG drove osteogenesis [36]. Surprisingly, qRT-PCR
showed that the elevation of RARG in the osteoporosis
subjects was not significant, while the mRNA level of
COCH was increased significantly. Though COCH has
not been reported in osteoporosis, Zhang et al. found
that COCH improved self-renew but suppressed the
differential potential of embryonic stem cells [37]. So,
we deduce that COCH may play a negative role in the
osteogenesis of HBMSCs. It has been reported that small
interfering RNAs (siRNAs) have been widely used as a
tool for knockdown gene expression in the studies of sev-
eral orthopedic diseases [38, 39]. So, we used siRNAs to
knockdown COCH, miR-1303, and KCNMA1-AS1 in
this study. And our hypothesis was verified experimen-
tally that COCH knockdown promoted the expression of
osteogenic markers and mineral deposition of HBMSCs.
In addition, we found that miR-1303 knockdown posi-
tively regulated COCH expression directly, and subse-
quently inhibited osteogenic differentiation of HBMSCs.

Finally, we aim to screen the upstream IncRNAs of
miR-1303. Only one IncRNA, KCNMAI1-AS1, was
found to be increased in the osteoporosis subjects and
equipped with the ability to interact with miR-1303.
Moreover, KCNMA1-AS1 and COCH got Pearson cor-
relation coefficients>0.5. Unfortunately, KCNMAI-
AS1 has not been studied in osteoporosis. And Ma et al.
found that KCNMA1-AS1 could resist apoptosis of epi-
thelial ovarian cancer cells by targeting Caspase-9 and
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Caspase-3 [40]. Dual-luciferase reporter assay demon-
strated the direct interaction between KCNMA1-AS1
and miR-1303. Furthermore, we found that KCNMA1-
AS1 knockdown accelerated the osteogenic differentia-
tion of HBMSCs via the miR-1303/COCH axis.

The present study still has some limitations. First,
we only explored the molecular mechanism of the
KCNMA1-AS1/miR-1303/COCH axis regulating the
osteogenic differentiation of HBMSCs in vitro. Further
animal experiments are needed to certify the feasibil-
ity of the KCNMA1-AS1/miR-1303/COCH axis as a
potential therapeutic target for osteoporosis. Second,
we only performed miRNA sequencing in 6 bone sam-
ples from female subjects. More samples should be
collected and sequenced from both female and male
subjects.

In conclusion, we showed that miR-1303 was down-
regulated, while KCNMAI1-AS1 and COCH were
upregulated in osteoporosis subjects. KCNMA1-AS1
mediated osteogenic differentiation of HBMSCs via
miR-1303/COCH axis. Summarily, our findings sug-
gest that the KCNMA1-AS1/miR-1303/COCH axis is
a promising biomarker and therapeutic target for the
diagnosis and treatment of osteoporosis.
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