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Abstract
Long noncoding RNA (lncRNA) is a new key regulatory molecule in the occurrence of osteoporosis, but its research is still 
in the primary stage. In order to study the role and mechanism of lncRNA in the occurrence of osteoporosis, we reannotated 
the GSE35956 datasets, compared and analyzed the differential expression profiles of lncRNAs between bone marrow 
mesenchymal stem cells (hBMSCs) from healthy and osteoporotic patients, and then screened a lncRNA RAD51-AS1 with 
low expression in hBMSCs from osteoporotic patients, and its role in the occurrence of osteoporosis has not been studied. 
We confirmed that the expression level of lncRNA RAD51-AS1 in hBMSCs from patients with osteoporosis was signifi-
cantly lower than those from healthy donors. A nuclear cytoplasmic separation experiment and RNA fluorescence in situ 
hybridization showed that RAD51-AS1 was mainly located in the nucleus. RAD51-AS1 knockdown significantly inhibited 
the proliferation and osteogenic differentiation of hBMSCs and significantly increased their apoptosis, while RAD51-AS1 
overexpression significantly promoted the proliferation, osteogenic differentiation, and ectopic bone formation of hBMSCs. 
Mechanistically, we found that RAD51-AS1 banded to YBX1 and then activated the TGF-β signal pathway by binding to 
Smad7 and Smurf2 mRNA to inhibit their translation and transcription up-regulated PCNA and SIVA1 by binding to their 
promoter regions. In conclusion, RAD51-AS1 promoted the proliferation and osteogenic differentiation of hBMSCs by bind-
ing YBX1, inhibiting the translation of Smad7 and Smurf2, and transcriptionally up-regulated PCNA and SIVA1.
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Introduction

Osteoporosis is an unbalanced internal microenvironment 
characterized by a decrease in bone density and bone mass, 
and the destruction of the bone microarchitecture, resulting 

in increasing bone brittleness and a higher chance of fragility 
fractures [1–3]. Fractures from osteoporosis become increas-
ingly common in women after 55 years of age and men after 
65 years of age, contributing substantially to bone-associated 
morbidities/mortality and increased healthcare costs [4–6]. 
The situation has prompted global efforts to find more effec-
tive strategies for preventing and treating osteoporosis.

Bone marrow mesenchymal stem cells (BMSCs) are 
pluripotent stem cells with the ability to self-renew and the 
potential for multilineage differentiation [7]. Under certainly 
induced microenvironments, BMSCs can differentiate into 
various cell types, including osteoblasts, adipocytes, and 
chondrocytes [8, 9]. Furthermore, it is solidly established by 
the research of Benedetto Sacchetti and others that the self-
renewal of progenitors within the BMSC population [10]. 
Recent studies have shown that the abnormal differentiation 
of BMSCs, especially the imbalance between osteogenic and 
adipogenic differentiation, plays a crucial role in osteopo-
rosis [11–13]. In addition, the regulation of proliferation 
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and apoptosis of BMSCs is one of the key factors affecting 
osteoporosis [14, 15]. Therefore, identifying a critical target 
associated with the function of BMSCs would greatly facili-
tate the early diagnosis and treatment of the disease.

Long noncoding RNAs (lncRNAs), defined as transcripts 
of > 200 nucleotides with little or no protein-coding poten-
tial [16], regulate various diseases and biological processes, 
including cellular proliferation, apoptosis, differentiation, 
and gene regulation [17, 18]. The mechanism of lncRNAs 
can be classified into four modes: signal, decoy, guide, and 
scaffold [19]. LncRNAs can regulate histone modifications, 
chromatin remodeling, protein functional activities, and 
RNA metabolism by acting in cis or trans. Further, they 
are widely involved in epigenetics, transcription, and post-
transcriptional regulation [20, 21]. There is now increasing 
evidence for the involvement of lncRNAs in the progression 
of osteoporosis. For example, the lncRNA Bmncr serves as 
a scaffold to facilitate the interaction of TAZ and ABL to 
form the TAZ and RUNX2/PPARG transcriptional complex 
assembly, promoting osteogenesis and inhibiting adipogen-
esis [22]. The lncRNA Nron regulates the stability of ERα 
in osteoclasts via interaction with the E3 ligase CUL4B 
through the functional motif [23]. The lncRNA GAS5 tar-
gets the UPF1/SMAD7 axis and protects against osteoporo-
sis to promote osteoblast differentiation [24]. However, there 
are still no reports on the associations between RAD51-AS1 
and osteoporosis.

In the current study, we assumed that RAD51-AS1 may 
function with an RNA-binding protein (RBP) and further 
investigate the role and molecular mechanism of RAD51-
AS1 in hBMSCs. Our report may unanimously support the 
hypothesis that lncRNA RAD51-AS1 may be a novel target 
in osteoporosis by interacting with an RBP in hBMSCs.

Materials and Methods

LncRNA Reannotation

The Affymetrix HG-U133Plus 2.0 microarray was used 
in the GSE35956 datasets, including 54,675 probe sets. 
We developed a lncRNA annotation pipeline to identify 
the probe sets mapped to lncRNAs. First, we downloaded 
the HG-U133 Plus 2.0 microarray probe annotations from 
the Affymetrix website to filter the probe sets with Refseq 
IDs, labeled as “NR_” or “XR_”. Second, we combined 
the GSE35956 matrix with the Step 1 file with the probe 
ID. Third, the Step 2 file was combined with the annota-
tion file by the Symbol, which we achieved from the Gene-
code database (https://​www.​genco​degen​es.​org). Therefore, 
in total, specific 1,228 annotated lncRNA transcripts with 
corresponding Affymetrix probe IDs were selected [25].

Microarray Analysis

GSE35956 raw data were downloaded from The Gene 
Expression Omnibus (GEO) database (GSE35956). Back-
ground correction and normalization of the data microar-
ray were processed by the Affy installation package of R 
software. Furthermore, the specific 1,228 lncRNA expres-
sion matrix was generated using R software based on the 
normalized expression. The differential gene expression 
analysis was performed by the limma R package. A volcano 
was drawn on the dif-lncRNA using the ggplot R package.

Cell Isolation and Culture

After obtaining informed consent from volunteers at the 
Nanjing First Hospital (Nanjing, Jiangsu Province, Peo-
ple’s Republic of China), human bone marrow mesen-
chymal stem cells (hBMSCs) were isolated from bone 
marrow. Briefly, the bone marrow was extracted from the 
spinal vertebrae under sterile conditions. hBMSCs were 
purified, isolated, and cultured using Ficoll density gra-
dient centrifugation methods. HBMSCs in passage two 
were used in the experiments. HBMSCs were cultivated 
in α-minimum essential medium (Gibco, Grand Island, 
NY) blended with 5% UltraGRO (Helios BioScience), and 
100 mg/L streptomycin (Gibco). The study was approved 
by the ethics committee of the Nanjing First Hospital 
(Nanjing, Jiangsu Province, People’s Republic of China). 
After explaining the research in detail, the possible risks 
and importance, as well as informing methods of privacy 
protection, we obtained informed consent and published 
signatures of all patients or normal donors.

RNA Extraction and Real‑Time qPCR

Total RNA was extracted from hBMSCs and bone tissues 
using TRIzol reagent (Invitrogen, Life Technology, USA) 
following the manufacturer’s instructions. The total RNA 
samples of 1 μg each were used to perform the next reverse 
transcription. cDNA was generated using the HiScript II 
Q RT SuperMix for qPCR (Vazyme, China). The follow-
ing cycling profile was used: 50 °C for 15 min, 85 °C for 
5 s, and cooling at 4 °C. The amplification reactions were 
assembled in a 10 μL reaction volume containing 5 μL of 
ChamQ SYBR qPCR Master Mix (Vazyme, China), 3.6 μL 
of double-distilled water, 0.4 μL of amplification primers, 
and 1 μL of cDNA in each amplification reaction, by using 
a Roche LightCycler 480 PCR machine. Gene expression 
analysis was calculated by the 2−ΔΔCT method. The forward 
and reverse primers for each gene are listed in Table S1.
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Nuclear and Cytoplasmic Fractionation

Nuclear and cytoplasmic RNA was extracted as described 
previously and in accordance with the manufacturer’s 
instructions (PARIS, Part Number AM1921). Cells were 
lysed in lysis solution and isolated in cell disruption and 
cell fractionation buffer. The expression of lncRNA RAD51-
AS1 in each of the fractions was determined by real-time 
qPCR. The data were analyzed to determine the nuclear and 
cytoplasmic levels of hBMSCs.

Cell Transfection

The Smart Silencer of lncRNA RAD51-AS1, purchased 
from Ribobio (Guangzhou, China), contains three siRNA 
and three ASOs to avoid off-target effects and improve 
transfection efficiency. PcDNA3.1-RAD51-AS1 came from 
General (Shanghai, China). Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA, USA) and 100 nM oligonucleotide were incu-
bated in one tube and transfected for 15 min.

Osteogenic Differentiation of hBMSCs

For osteoblast differentiation, hBMSCs were cultured in 
the osteoblast differentiation medium (α-MEM containing 
5% UltraGRO, 1 μM dexamethasone, 10 mM β-glycerol 
phosphate, 50 μM ascorbic acid, 100  IU/mL penicillin, 
and 100 IU/mL streptomycin) for 5 days. The medium was 
replaced every 3 days.

Lentiviral Vector Construction and Transfection

The packaged RAD51-AS1 overexpressing lentivirus vec-
tor and knockdown vector were obtained from Genechem 
(Shanghai, China) to generate the lentivirus. All lentivirus 
vectors were used for hBMSCs transfection at an MOI of 
20–30. HBMSCs were plated at a density of 3 × 105–5 × 105 
cells/cm2 in each 6-well plate (Corning, USA). When hBM-
SCs grew to 50%–60% confluence, the transfection was 
performed at the appropriate volume of fresh α-Minimum 
(Gibco, Grand Island, NY) without UltraGRO to improve 
efficiency, in accordance with the manufacturer’s instruc-
tions. After reaction for 6 h, the medium was refreshed. The 
transfection efficiency of the lentivirus was verified by real-
time qPCR.

Cell Viability and Apoptosis Assays

The MTT assay (Biofroxx, Germany) was used to assay 
cell proliferation. In 96-well plates, the cells were seeded at 
3 × 103 cells per well. A spectrophotometric plate reader set 
at 490 nm was used to measure cell viability. The TUNEL 
assay using the riboAPO One-Step TUNEL Apoptosis Kit 

(Ribobio, Guangzhou, China) was performed to assess apop-
tosis following the manufacturer’s protocol. Cells were co-
stained with DAPI to visualize the nuclei.

EdU Assay

The EdU cell proliferation assay kit (Ribobio, Guangzhou, 
China) was used for the hBMSCs proliferation assay. Briefly, 
cells were incubated in Chamber Slide (Thermo Scientific, 
USA) with 50 μM EdU labeling medium at 37 °C for 12 h. 
After immobilization and coupling with Hoechst 33,342 
staining, the cells were observed under a fluorescence micro-
scope. More than five random fields per well were captured, 
and the corresponding cells were counted.

ALP Staining

ALP staining (Beyotime, Shanghai, China) was performed 
on day 5. In brief, the cells were fixed with 4% paraformal-
dehyde for 30 min, washed with PBS three times for 5 min, 
and mixed with the appropriate amount of BCIP/NBT stain-
ing liquid to stain hBMSCs. HBMSCs were incubated at 
room temperature for 20–30 min. Then, the working fluid 
was removed, and hBMSCs were washed twice with distilled 
water to stop the reaction.

Ectopic Bone Formation of hBMSCs In Vivo

The animal plan was finally approved by the Animal Use 
and Care Committee of the Nanjing Medical University. 
Eight-week-old BALB/c homozygous nude (nu/nu) mice 
were purchased from Ziyuan Laboratory Animal Technology 
Co., Ltd. (Zhejiang, China). Mice were randomly divided 
into the vector group (vector, n = 5) and the RAD51-AS1 
group (RAD51-AS1, n = 5). HBMSCs were transfected with 
lentiviruses (pcDNA3.1 or oe-RAD51-AS1-1) and were cul-
tured in the osteoblast medium for 7 days prior to the in vivo 
study. The cells (5 × 105) were resuspended and planted onto 
a 2.5*2.5*2.5 mm β-Tricalcium phosphate (β-TCP) scaffold. 
Then, the scaffolds were implanted subcutaneously into the 
backs of 8-week-old BALB/c homozygous nude (nu/nu) 
mice. The implants were removed after 8 weeks and fixed 
in 4% paraformaldehyde. HE staining, Masson staining, and 
immunohistochemistry were performed subsequently.

Western Blotting and Antibodies

Cells and tissues were lysed in RIPA lysis buffer containing a 
protease inhibitor cocktail. Protein lysates were separated by 
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto PVDF membranes. Non-specific binding to 
the membranes was blocked by incubation with 5% milk and 
then subsequently incubated with primary antibodies against 
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YBX1 (1:1000, ab76149, Abcam), SMURF2 (1:1000, 
ab53316, Abcam), and SMAD7 (1:1000, 66,478–1-Ig, Pro-
teintech) at 4 °C overnight. The membrane was washed with 
TBST buffer and then incubated with appropriate secondary 
antibodies at room temperature for 1 h. The protein levels 
were detected using ImageJ software (NIH, USA).

Chromatin Isolation by RNA Purification (CHIRP) 
Assay for Protein and Mass Spectrometry

The CHIRP assay was performed using the Target RNA 
Purification Kit (Shanghai Zeheng Biotech, China) as 
described previously, but with minor modifications [26]. 
The probes used were synthesized by Genscript (Nanjing, 
China), and are listed in Table S2. The cells were crosslinked 
by formaldehyde, equilibrated in glycine buffer, and scraped 
with lysis buffer. Cell samples were sonicated and then cen-
trifuged. The supernatant was transferred to a 2 mL tube 
and 50 μL was saved separately as the input analysis. Cell 
lysates were incubated with the biotin-tagged specific probe 
or control probe for 3 h. The supernatant lysate was incu-
bated with streptavidin beads for 1 h with rotating. The 
beads/sample mixture was washed. Subsequently, 10% of the 
beads/sample mixture was re-purified by TRIzol. Purified 
mRNA was detected by qRT-PCR. First, 90% of the beads/
sample mixture was resuspended in protein buffer and heated 
at 100℃ for 5 min. The RBPs were sequenced and identified 
by LC–MS/MS, as described by the EASY-nano-LC system 
(Thermo Scientific, MA, USA).

Fluorescent In Situ Hybridization (FISH) 
and Immunofluorescence (IF)

For RNA FISH, a Ribo Fluorescent In Situ Hybridization 
Kit (Ribobio, Guangzhou, China) was performed to detect 
the lncRNA RAD51-AS1 in hBMSCs. In brief, the cells in 
the wells were fixed with 4% polyoxymethylene for 20 min, 
permeabilized, and prehybridized in hybridization buffer, 
and then hybridized at 55 °C for 1 h with a RAD51-AS1 

probe mix (Ribobio, Guangzhou, China), and modified with 
Cy5. Images were obtained using an LSM 5 Exciter confocal 
imaging system (Carl Zeiss).

For FISH and IF double staining, the anti-YBX1 primary 
antibody (1:100, ab76149, Abcam) was added overnight at 
4℃ after completing the FISH procedure. Finally, the Cor-
aLite488-labeled fluorescent secondary antibody (1:800, 
SA00013-2, Proteintech) was added and detected.

RNA Immunoprecipitation (RIP)

RIP was performed using the RIP kit produced by Gen-
eseed (Guangzhou, China). In brief, 1 × 107 cells were 
harvested by RIP lysis buffer and then incubated with RIP 
buffer containing magnetic beads conjugated to anti-YBX1 
antibodies. Purified rabbit IgG was used as a negative con-
trol. The immunoprecipitated RNAs were isolated and 
purified for real-time qPCR analysis to detect the presence 
of the target mRNA.

Cleavage Under Targets and Tagmentation 
(CUT&Tag) Assay

The CUT&Tag assay was performed using the NovoNGS® 
CUT&Tag 3.0 High-Sensitivity Kit (NovoProtein, Shang-
hai, China). First, 5.0 × 105 hBMSCs cells were washed 
twice with 1.5 mL of wash buffer and then mixed with 
activated concanavalin A beads. After successive incuba-
tions with the primary antibody (anti-YBX1, room tem-
perature, 2 h) and secondary antibody (room temperature, 
1 h), the cells were washed and incubated with pAG-Tn5 
for 1 h. Then, MgCl2 was added to activate tagmentation 
for 1 h. The tagmentation reaction was stopped, and the 
chromatin complex was digested with a solution contain-
ing 10 μL of 0.5 M EDTA, 3 μL of 10% SDS, and 2.5 
μL of 20 mg/mL proteinase K at 55 °C for 10 min. The 
transposed DNA fragments were extracted and purified by 
using the DNA beads (NovoProtein, Shanghai, China). The 
libraries were sequenced by using the Illumina NovaSeq 
6000 platform.

The trimmed sequencing reads (trim_galore) were 
aligned to the reference human genome (GRCh37/hg19) 
using BOWTIE2 with very sensitive parameters. The 
peaks were called using MACS2. A heatmap was gener-
ated using deepTools.

Statistical Analysis

Each experimental procedure involving cells was 
repeated at least three times. All data were expressed as 
the mean ± standard deviation (SD). Statistical analysis 

Fig. 1   Filtering of RAD51-AS1 by bioinformatics analysis. a, 
b Raw microarray data were downloaded from the GEO dataset 
(GSE35956), including healthy individuals (n = 5) and patients with 
osteoporosis (n = 5). a Raw data are shown with the top 35 DE lncR-
NAs presented as a heatmap. b Raw data are shown with the cutoff 
fold-changes of ≥ 1 or ≤  − 1 and p < 0.05 on a volcano plot. c RAD51-
AS1 expression in patients with osteoporosis (n = 30) compared 
with normal individuals (n = 10) via RT-qPCR. d Surface markers 
on hBMSCs were identified by flow cytometry using FITC-labeled 
CD34 and CD45 and PE-labeled CD29 and CD90. e After nuclear 
and cytoplasmic fractionation, RNA expression levels were measured 
by qRT-PCR. GAPDH was used as a cytosol marker; U6 was used as 
a nuclear marker (n = 3). F RAD51-AS1 RNA FISH was performed 
in HBMSCs via cy3-labeled probes (n = 3). *p < 0.05, ** p < 0.01, 
and *** p < 0.001

◂
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Fig. 2   Effects on hBMSCs after 
silencing of RAD51-AS1. a 
RT-qPCR was used to measure 
the silencing efficiency of 
si-RAD51-AS1 (n = 4). b The 
MTT assay was performed to 
determine cell proliferation of 
hBMSCs after transfection of 
si-RAD51-AS1 (n = 3). c The 
colony formation assay was 
performed after transfection of 
si-RAD51-AS1 to determine 
the colony-forming ability of 
transfected hBMSCs (n = 3). 
d The Edu assay was used to 
detect the cell proliferation 
after transfection of si-RAD51-
AS1. The positive points were 
counted and captured (n = 3). e 
At 48 h after transfection of si-
RAD51-AS1, the cell cycle was 
analyzed by flow cytometry. 
The bars indicate the percent-
ages of cells in the G1/G0 
phase, S phase, or G2/M phase, 
as shown in the chart (n = 3). f 
At 48 h after transfection, hBM-
SCs were stained and analyzed 
by flow cytometry. Apoptotic 
cells include early and terminal 
apoptotic cells (n = 3). g The 
Tunel assay was used to detect 
apoptotic cells after transfection 
of si-RAD51-AS1. The posi-
tive points were counted and 
captured (n = 3). h ALP staining 
in the si-RAD51-AS1 or si-NC 
group (n = 3). *p < 0.05, ** 
p < 0.01, and *** p < 0.001
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was performed using SPSS 18.0 software (SPSS, Chi-
cago, IL, USA). We use the Shapiro–Wilk test to test the 
normality of the distribution. Statistical differences were 
analyzed by two-tailed Student’s t-test for other com-
parisons. Analysis of variance (ANOVA) and appropriate 
post hoc analyses were used for comparisons of more 
than two groups. When a normal data distribution could 
not be assured, the Wilcoxon/Mann–Whitney test was 
applied. A probability value of 0.05 or less was consid-
ered statistically significant.

Results

LncRNA RAD51‑AS1 was Downregulated 
Significantly in hBMSCs and Mainly Localized 
in the Nuclei

GSE35956 microarray data entries were retrieved from the 
GEO database for osteoporosis to research the differentially 
expressed lncRNAs in osteoporosis. The GSE35956 is a 
dataset for osteoporosis that includes ten BMSC samples: 
five from healthy controls and five from patients with osteo-
porosis. Based on previous papers, we performed lncRNA 
re-annotation on the GPL570 platform microarray [25]. We 
analyzed differently expressed (DE) lncRNAs with the cutoff 
fold-changes of ≥ 1 or ≤  − 1 and p < 0.05 in the normal and 
osteoporosis groups. The results identified 103 DE lncRNAs 
(68 upregulated and 35 downregulated) in the osteoporosis 
group compared with the normal group; the DE lncRNAs are 
shown in Table S3. The DE lncRNAs in the samples are pre-
sented as a heatmap (Fig. 1a) and a volcano plot (Fig. 1b). 
We then chose three lncRNAs that had not been researched 
in previous studies and were highly expressed in hBMSCs 
derived from the normal donors but were down-regulated in 
hBMSCs derived from the osteoporosis patients. After qPCR 
verification in hBMSCs extracted from healthy controls and 
patients with osteoporosis, we found that the expression levels 
of lncRNA RAD51-AS1 were significantly down-regulated 
in hBMSCs derived from the osteoporosis patients compared 
with those derived from the normal donors (Fig. 1c). There-
fore, we choose lncRNA RAD51-AS1 for this study.

The identity of HBMSCs was confirmed from the immu-
nophenotype profile. The cells used in the experiments were 
positive for the hBMSCs surface antigens CD29-phycoeryth-
rin (PE), CD90-PE, and negative for CD34-fluorescein iso-
thiocyanate (FITC) and CD45-FITC (Fig. 1d) [27, 28]. The 
correct separation of the cells is crucial for the subsequent 
experiments.

To explore the expression distribution of RAD51-AS1, we 
performed nuclear and cytoplasmic fractionation. As shown 
in the picture (Fig. 1e), RAD51-AS1 was predominantly 
expressed in the nucleus in both the healthy controls and 

patients with osteoporosis. The locations of RAD51-AS1 and 
the nucleus in hBMSCs were shown to co-locate via RNA-
FISH (Fig. 1f), further indicating that RAD51-AS1 was mainly 
expressed in the hBMSC nuclei.

Knockdown of RAD51‑AS1 Promoted Apoptosis 
but Attenuated Cell Viability and Osteogenic 
Differentiation in hBMSCs

To achieve better knockdown RAD51-AS1 and reduce 
off-target effects, we used Smart Silencer, which contains 
three siRNA and three ASOs. The Smart Silencer-mediated 
knockdown was used for the exogenous manipulation of the 
RAD51-AS1 expression in hBMSCs (Fig. 2a). To explore 
the role of RAD51-AS1 in hBMSCs, MTT assays showed 
that the knockdown of RAD51-AS1 expression significantly 
inhibited cell viability compared with transfection of si-NC 
cells (Fig. 2b). The colony assay showed that the number 
of clonogenic spots decreased significantly after the knock-
down of RAD51-AS1 (Fig. 2c). Similarly, EdU assays also 
demonstrated that RAD51-AS1 had a significant impact on 
hBMSC proliferation. The EdU positivity rate decreased sig-
nificantly after the knockdown of RAD51-AS1 (Fig. 2d). To 
further examine whether RAD51-AS1 influenced the prolif-
eration of hBMSCs by affecting cell cycle progression, we 
performed the flow cytometry analysis. The results showed 
that the cell cycle progression of hBMSCs after the knock-
down of RAD51-AS1 was significantly stalled in the G1/
G0 phase, with fewer cells in the S-phase compared with 
the control group (Fig. 2e). The knockdown of RAD51-
AS1 caused significant induction of apoptosis in hBMSCs 
(Fig. 2f) and the TUNEL assay confirmed the same trend 
(Fig. 2g). However, the osteogenic differentiation was signif-
icantly decreased after knocking down RAD51-AS1 expres-
sion for 5 days, as demonstrated by the ALP assay (Fig. 2h).

Overexpression RAD51‑AS1 Promoted Cell Viability 
and Osteogenic Differentiation in hBMSCs

To clarify the effects of RAD51-AS1, we constructed an 
overexpression plasmid to overexpress RAD51-AS1 to 
achieve exogenous manipulation of RAD51-AS1 expres-
sions in hBMSCs (Fig. 3a). The MTT assays showed that the 
overexpression of RAD51-AS1 significantly promoted cell 
viability compared with vector cells (Fig. 3b). The colony 
assay showed that the number of clonogenic spots increased 
significantly following the overexpression of RAD51-AS1 
(Fig. 3c). Similarly, the EdU assays also demonstrated the 
significant impact of RAD51-AS1 on hBMSC prolifera-
tion. The EdU positivity rate was significantly higher after 
RAD51-AS1 overexpression (Fig. 3d). Simultaneously, we 
performed flow cytometry analysis to explore the influence 
of RAD51-AS1 on the cell cycle progression of hBMSCs. 
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The results showed that the cell cycle progression of hBM-
SCs overexpressing RAD51-AS1 resulted in a significant 
increase in S-phase progression compared with the vector 
group (Fig. 3e). After transfection with the RAD51-AS1 
plasmid, the osteogenic differentiation was extensively pro-
moted, as determined by ALP assays (Fig. 3f).

Since RAD51-AS1 was mainly expressed in the nucleus, 
we constructed a lentiviral vector overexpressing RAD51-
AS1 and transfected hBMSCs for ectopic osteogenesis 
assays in vivo. Subsequently, it could be seen from H&E 
staining, Masson staining, and immunohistochemistry for 
type I collagen that the overexpression of the RAD51-AS1 
group had significantly higher number of osteoblasts and 
more type I collagen deposition for ectopic bone formation 
compared to the vector group (Fig. 3g & h).

RAD51‑AS1 Functions in hBMSCs by Interacting 
with the YBX1 Protein

LncRNAs perform biological functions through interac-
tions with transcription factors, histone regulators, and 
other cellular factors [29]. As we found that RAD51-AS1 
is localized in the nucleus, we speculated that RAD51-AS1 
interacts with proteins to exert function. To further explore 
the underlying molecular mechanism, four biotinylated 
RAD51-AS1 probes and a LacZ probe (negative control) 
were incubated with total protein extracts from hBMSCs and 
pulled down with streptavidin (probe sequences are shown in 
Table S2). ChIRP enriches for human RAD51-AS1. RAD51-
AS1 probes retrieved approximately 40-fold higher cellular 
RAD51-AS1 RNA and undetectable GAPDH compared 
with the LacZ probe group (Fig. 4a). LacZ probes are used 
as negative controls and did not retrieve any RNAs. Then, 
the protein pulled down by ChIRP was analyzed through 
liquid chromatography coupled with tandem mass spectrom-
etry (LC–MS/MS). In total, 151 proteins were identified in 

the RAD51-AS1 group and 135 proteins were identified in 
the LacZ group, among which 68 proteins were RAD51-
AS1 specific pull-down proteins (Fig. 4b). Then, we per-
formed the GO enrichment analysis, which showed that 
the RAD51-AS1-specific pull-down proteins were mainly 
related to the regulation of the apoptotic signaling path-
way and cell aging, which are involved in the progression 
of osteoporosis (Fig. 4d). We selected proteins with more 
than two unique peptides from the pull-down proteins for 
further study (Fig. 4c). We found that YBX1, a DNA- and 
RBP involved in various disease processes, was of inter-
est among the RAD51-AS1-specific pull-down proteins. 
It has been reported that YBX1 plays an essential role in 
tumor progression [30, 31], but the precise role of YBX1 
in osteoporosis is still unknown. Consequently, we detected 
the expression of YBX1 by qPCR and Western blotting. The 
results showed that the mRNA expression of YBX1 was 
downregulated after the knockdown of RAD51-AS1 and 
enhanced after overexpression of RAD51-AS1 (Fig. 4e). 
Meanwhile, the knockdown of RAD51-AS significantly 
downregulated the protein level of YBX1. However, the 
overexpression of RAD51-AS1 upregulated the protein level 
of YBX1 (Fig. 4f). In addition, the locations of RAD51-
AS1 and YBX1 in hBMSCs partly overlapped, providing 
further indication of the interaction between RAD51-AS1 
and YBX1 (Fig. 4g).

RAD51‑AS1 Functions in hBMSCs through the TGF‑β 
Signaling Pathway

To further explore the mechanism of the lncRNA RAD51-
AS1 in osteoporosis in detail, we constructed a cDNA 
library by pulling down the polyA tail of the mRNA for 
RNA sequencing. As shown in the images, the varia-
tion in gene expression between the control group and 
the RAD51-AS1 knockdown group was assessed by heat-
map analysis (Fig. 5a) and volcano plot (Fig. 5b). In total, 
1099 DE mRNAs were identified between the control and 
RAD51-AS1 knockdown group, comprising 905 upregulated 
mRNAs and 194 downregulated mRNAs.

To forecast the function of DE mRNAs, we first analyzed 
the functions of DE mRNAs via GO, KEGG, and Reactome 
pathway analyses to provide direction for further study of the 
mechanism of the lncRNA RAD51-AS1. The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis 
revealed that up- and down-regulated mRNAs were mainly 
involved in the TGF-β signaling pathway, the Wnt signal-
ing pathway, and apoptosis (Fig. 5c). Gene set enrichment 
analysis (GSEA) revealed that the gene sets were signifi-
cantly related to the TGF-β pathway (Fig. 5d). The signifi-
cant enrichment was shown by GO analysis identified up- 
and down-regulation mRNAs that primarily participated in 
skeletal system development (Fig. 5e).

Fig. 3   Effects on hBMSCs after overexpression of RAD51-AS1. 
a RT-qPCR was used to measure the overexpression efficiency of 
RAD51-AS1 (n = 4). b The MTT assay was performed to determine 
cell proliferation of hBMSCs after transfection of the overexpression 
plasmid of RAD51-AS1 (n = 3). c The colony formation assay was 
performed after transfection of overexpression plasmid of RAD51-
AS1 to determine the colony-forming ability of transfected hBMSCs 
(n = 3). d The Edu assay was used to detect cell proliferation after 
transfection of the overexpression plasmid of RAD51-AS1. The posi-
tive points were counted and captured (n = 3). e At 48 h after trans-
fection of overexpression plasmid of RAD51-AS1, the cell cycle was 
analyzed by flow cytometry. The bars indicate the percentages of cells 
in the G1/G0 phase, S phase, or G2/M phase, as shown in the chart 
(n = 3). f ALP staining in the OE-RAD51-AS1 or vector group. g 
Image taken with HE staining and Masson staining of ectopic bone. 
h Image taken with immunohistochemistry of ectopic bone by using 
the Collagen-I antibody. (The unstained area in the above image is 
the β-tricalcium phosphate scaffold) *p < 0.05, ** p < 0.01, and *** 
p < 0.001
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After we verified the expression of RNA-seq by qPCR, 
we confirmed that CDKN2B, CEBPA, CSF1R, DDIT3, 
ID2, ID4, SMAD7, and SMURF2 were upregulated in the 
RAD51-AS1 knockdown group, whereas PCNA, SIVA1, 
and ZYX were downregulated (Fig. 5f).

Perturbations in the TGF-β pathways are associated with 
numerous human diseases, with prominent involvement 
of the skeletal systems via the stimulation of bone forma-
tion [32]. Moreover, we speculate that the TGF-β signaling 
pathway plays a key role in osteoporosis progression via the 
lncRNA RAD51-AS1, as shown through the RNA-seq and 

Fig. 4   Identifying RBPs that interact with RAD51-AS1. a CHIRP 
assay analysis using four Biotin-TEG-labeled probes for RAD51-
AS1 showed that RAD51-AS1 probes retrieve about 40-fold more 
cellular RAD51-AS1 RNA and undetectable GAPDH compared 
with hBMSCs when LacZ was used as the negative control (n = 3). 
b Venn diagram depicting the number of repressed genes identified 
in the RAD51-AS1 and LacZ group. c Proteins pulled down with 
RAD51-AS1 and LacZ probes that are only pulled down specifically 
by RAD51-AS1 and have a specific peptide segment of > 2. d Gene 

ontology analysis for all proteins pulled down with the four Biotin-
TEG-labeled probes for RAD51-AS1. e The RT-qPCR and western 
blotting assays detected the expression of YBX1 after knockdown or 
overexpression of RAD51-AS1 (n = 3). f The western blotting assays 
detected the expression of YBX1 after knockdown or overexpression 
of RAD51-AS1 (n = 3). g RAD51-AS1 RNA FISH was performed in 
hBMSCs and showed that RAD51-AS1 could partly colocalize with 
YBX1 (n = 3). *p < 0.05, ** p < 0.01, and *** p < 0.001
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Fig. 5   Mechanism of RAD51-
AS1 affecting TGF-β pathway 
through YBX1. a Heatmap 
depicting differentially 
expressed genes between si-NC 
and si-RAD51-AS1 treatments. 
b The volcano plot shows the 
differentially expressed genes 
with the cutoff fold-changes 
of ≥ 1 or ≤  − 1 and FDR < 0.05. 
c The gene ontology analysis for 
all genes with altered expression 
after knockdown of RAD51-
AS1. d The GSEA showed that 
genes in response to RAD51-
AS1 knockdown are enriched 
for the gene sets significantly 
related to the TGF-β pathway. 
e The KEGG analysis for all 
genes with altered expression 
after knockdown of RAD51-
AS1. f The altered mRNA 
levels of genes were selec-
tively confirmed by qRT-PCR 
in knockdown RAD51-AS1 
(n = 3). g The western blotting 
assays detected the expression 
of SMAD7 and SMURF2 after 
knockdown or overexpression 
of RAD51-AS1 (n = 3). h RIP 
experiments using anti-YBX1 
were performed, and the copre-
cipitated RNA was analyzed 
by qRT-PCR to examine the 
expression of SMAD7 and 
SMURF2. The fold enrichment 
of mRNAs in RIP was relative 
to its matching IgG control RIP 
(n = 3). *p < 0.05, ** p < 0.01, 
and *** p < 0.001
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functional enrichment analyses. Besides, forming a complex 
of mRNA with YBX1 to repress the translation of SMAD7 
and SUMRF2 is a key way to affect the TGF-β pathway 
[33]. SMURF2 not only binds SMAD7 to form an E3 ubiq-
uitin ligase that targets the TGFβ receptor for degradation to 
repress the TGF-β pathway [34] but also negatively regulates 
the TGF-β/BMP signaling pathway through ubiquitination 
[35]. Then, we performed Western blotting, and the results 
suggested that SMAD7 and SMURF2 protein levels were 
significantly increased after knocking down RAD51-AS1. 
However, the overexpression of RAD51-AS1 resulted in 
the opposite trend effect on hBMSCs (Fig. 5g). In addition, 
the RIP assay demonstrated that YBX1 could pull down the 
mRNA of SMAD7 and SMURF2 in hBMSCs (Fig. 5h).

RAD51‑AS1 Regulates hBMSC Osteogenesis 
and Apoptosis via Binding to YBX1

To determine if RAD51-AS1 functions by binding YBX1, 
we overexpressed YBX1 after knocking down RAD51-
AS1 to perform the subsequent experiments. The results of 
the MTT assays showed that the overexpression of YBX1 
partially rescued the reduction in hBMSC proliferation 
and colony formation efficacy induced by the knockdown 
of RAD51-AS1 (Fig. 6a & b). The EdU assays also dem-
onstrated that the EdU positivity rate was lowest after the 
knockdown of RAD51-AS1, whereas the overexpression 
of YBX1 significantly increased the EdU positivity rate in 
hBMSCs after RAD51-AS1 knockdown (Fig. 6c). Moreo-
ver, the percentages of apoptotic hBMSCs were dramati-
cally decreased by overexpression of YBX1 in hBMSCs 
after RAD51-AS1 knockdown but were not decreased to 
control levels (Fig. 6d). In contrast, osteogenic ALP-positive 
areas were increased significantly by overexpressing YBX1 
in hBMSCs after RAD51-AS1 knockdown (Fig. 6e).

RAD51‑AS1 Binds to YBX1 to Regulate the Promoter 
of Downstream Target Genes

Previous experiments have shown that YBX1 can function 
as a transcription factor and that RAD51-AS1 mainly func-
tions in the nuclei. Thus, we performed CUT&Tag assays 
to investigate the binding sites of YBX1 on DNA to identify 
the downstream genes in combination with the mRNA-seq 
results. We then used the YBX1 antibody to pull down the 
bound DNA from hBSMCs to build a library for next-gen-
eration gene sequencing. The heatmap of all YBX1 signals, 
normalized by RPKM to the genomic region controlled by 
CUT&Tag IgG, revealed that YBX1 was mainly enriched 
in the TSS region of the genome (Fig. 7a) and that the peak 
enrichment is centered on the TSS, to the positive and nega-
tive expansion distance of 2 k (Fig. 7b). We then used the 
UCSC genome browser (http://​genome-​asia.​ucsc.​edu/) in 
combination with differentially expressed genes in RNA-seq 
to identify the target genes: PCNA and SIVA1. The peaks of 
YBX1 demonstrated that YBX1 was capable of binding to 
the promoter regions of PCNA and SIVA1 (Fig. 7c).

To demonstrate the function of RAD51-AS1 and YBX1 
complexes, we used hBMSCs treated with the si-NC or si-
RAD51-AS1 to perform the CUT&Tag assays. We also 
designed three specific SIVA1 promoter primers and one 
specific PCNA promoter primer. The qPCR results revealed 
that the knockdown of RAD51-AS1 could affect the bind-
ing with YBX1 in the promoter region of the target genes, 
especially in the P2 fragment of SIVA1 (Fig. 7d). In the 
meantime, the mRNA expression of PCNA and SIVA1 also 
decreased after silencing the expression of RAD51-AS1 by 
qPCR (Fig. 5f).

In conclusion, RAD51-AS1 ameliorates osteoporosis by 
binding to YBX1, which inhibits the translation of SMAD7 
and SMURF2 and transcriptional up-regulated PCNA and 
SIVA1.

Discussion

BMSCs have the ability to differentiate into multiple cell 
types, including osteogenic, chondrogenic and adipogenic 
lineages [36]. Inducing BMSC osteogenesis represents a 
potential treatment that promotes bone formation and bone 
regeneration. With the recent extensive study of lncRNAs, 
an increasing number of lncRNAs are being studied in the 
BMSC field. Furthermore, some lncRNAs have been con-
firmed to regulate BMSC osteogenesis [37]. Therefore, 
exploring new target genes and therapeutic methods for 
osteoporosis is essential. Herein, we selected RAD51-AS1 to 
study whether it is a protective target against osteoporosis by 
stimulating the proliferation and osteogenic differentiation of 

Fig. 6   Demonstrating that RAD51-AS1 plays a role in ameliorating 
osteoporosis via YBX1. a The MTT assay was used to detect cell pro-
liferation after RAD51-AS1 knockdown in hBMSCs transfected with 
the overexpression plasmid of YBX1 (n = 3). b The colony formation 
assay was used to detect the colony-forming capacity of hBSMCs 
transfected with the overexpression plasmid of YBX1 after RAD51-
AS1 knockdown (n = 3). c The EdU assay was used to determine the 
cell proliferation after RAD51-AS1 knockdown in hBSMCs trans-
fected with the overexpression plasmid of YBX1 (n = 3). d At 48 h 
after RAD51-AS1 knockdown in hBSMCs transfected with the over-
expression plasmid of YBX1, hBMSCs were stained and analyzed 
by flow cytometry. Apoptotic cells include early and terminal apop-
totic cells (n = 3). e The ALP staining in the si-RAD51-AS1 with the 
overexpression plasmid of YBX1, si-RAD51-AS1, and si-NC groups 
(n = 3). *p < 0.05, ** p < 0.01, and *** p < 0.001
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hBMSCs. We reannotated the GSE35956 datasets, compared 
and analyzed the differential expression profiles of lncRNAs 
between hBMSCs from healthy and osteoporotic patients, 
and then screened a lncRNA RAD51-AS1 with low expres-
sion in hBMSCs from osteoporotic patients and confirmed 
that the expression level of lncRNA RAD51-AS1 in hBM-
SCs from patients with osteoporosis was significantly lower 
than these from healthy donors using real-time RT-PCR. 
LncRNA RAD51-AS1 increased viability and osteogenic 
differentiation but reduced apoptosis of hBMSCs. Mecha-
nistically, RAD51-AS1 could bind specifically to YBX1 to 
perform a protective role in hBSMCs. Considering all of the 
above findings, we concluded that RAD51-AS1 is a vital 
molecule in hBMSCs, emphasizing its novel in the patho-
genesis of osteoporosis.

LncRNAs modulate various aspects of the function of 
BMSCs and thus influence the process of osteoporosis [38]. 
The presence of lncRNA RAD51-AS1 has been reported 
in tumors, including colorectal cancer, epithelial ovarian 
cancer, hepatocellular carcinoma, and breast cancer. An 
abnormal elevation of RAD51-AS1 can reduce p53 expres-
sion in epithelial ovarian cancer [39]. However, lncRNA 
RAD51-AS1 repressed colorectal cancer, inhibiting pro-
liferation, invasion, and glycolysis via the miR-29b/c-3p/
NDRG2 axis [40]. Moreover, lncRNA RAD51-AS1 binds 
to RAD51 mRNA and downregulates the RAD51 protein in 
hepatocellular carcinoma [41, 42]. Another study indicated 
that lncRNA RAD51-AS1 could enhance RAD51-dependent 
DNA repair capacity in breast cancer cells [43]. However, 
the role and mechanism of osteoporosis have not yet been 
reported. In our current research, the results revealed that 
RAD51-AS1 played a vital role in protecting against the pro-
gression of osteoporosis by stimulating the proliferation and 
osteogenic differentiation of hBMSCs and inhibiting their 
apoptosis. In vivo ectopic bone formation assays provided 
stronger evidence that RAD51-AS1 increases type I collagen 
expression and collagen fiber production, thereby promoting 
new bone formation.

The subcellular fates of lncRNAs are distinct, and their 
mechanisms of action are diverse. Therefore, clarifying 
the cellular sub-localization of RAD51-AS1 is particularly 
important to determine how it exerts its effect [44, 45]. From 
the nucleoplasmic separation and RNA-FISH experiments, 
we demonstrated that RAD51-AS1 is mainly located in 

the nucleus of hBMSCs. It has been reported that nuclear 
lncRNAs are enriched for functionality involving chromatin 
interactions, transcriptional regulation, and RNA process-
ing [46]. The ChIRP assays and mass spectrometry results 
showed that YBX1 specifically bound the most peptides 
among the pulled-down RBPs. YBX1 was identified as a 
DNA/RNA-binding protein, and is involved in oncogenic 
cell transformation, multiple drug resistance, and dissem-
ination of tumors [33, 47]. Further evidence showed that 
YBX1 could bind to mRNAs that predominantly belong to 
the groups related to proliferation, differentiation, or bind-
ing of nucleic acids via high-throughput experiments [48]. 
However, the role of YBX1 in osteoporosis has not yet been 
reported.

Interestingly, YBX1 can also concurrently bind mRNA 
to repress protein translation by packing mRNA with YBX1 
[49, 50]. First, we found that RAD51-AS1 exerts its function 
in hBMSCs mainly through the TGF-β signaling pathway. 
In the meanwhile, RAD51-AS1 in hBSMCs was shown to 
affect the expression of SMAD7, SMURF2, and YBX1. 
Moreover, the RIP assay demonstrated that YBX1 could 
bind with the mRNA of SMAD7 and SMURF2. According 
to previous reports, SMAD7 and SMURF2 can cause the 
degradation of TGFBR1 through multiple pathways [51]. 
For example, Smad7 regulates the function of Smurf2 and 
promotes the degradation of type I receptors by recruiting 
UbcH7 to the HECT structural domain [52]; SIK interacts 
and cooperates with the Smad7-Smurf2 complex to promote 
the downregulation of activated TβRI receptors [53], and 
Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that 
targets TGF β receptors for degradation [34]. Meanwhile, 
TGF-β can promote cell proliferation and osteogenic dif-
ferentiation of BMSCs under certain conditions [54, 55]. 
Thus, we speculated that RAD51-AS1 affected the TGF-β 
pathway by SMAD7 and SMURF2, which could form an 
mRNA–protein complex with YBX1 to repress the transla-
tion of SMAD7 and SMURF2.

In addition, YBX1 is a characterized transcription fac-
tor regulating the promoter activity of target genes. YBX1 
specifically enhances the transcriptional regulation of PCNA 
and SIVA1 as demonstrated by CUT&Tag assay and qPCR. 
As we know, proliferating cell nuclear antigen (PCNA) is 
regarded as a critical gene that promotes BMSC prolifera-
tion [56]. In addition, Siva1 mainly inhibits p53 function by 
acting as an ARF E3 ubiquitin ligase or a necessary adaptor 
promoting degradation through Hdm2 [57, 58]. Moreover, 
p53 activity can influence the cell fate specification and oste-
ogenic differentiation of BMSCs as a negative regulator [59, 
60]. In this study, we found that RAD51-AS1 can also bind 
the promoter region of PCNA and SIVA1 by interacting with 
YBX1, which enhances their transcription.

However, the progression of osteoporosis is a complex 
process in which various aspects are involved. So, we can 

Fig. 7   RAD51-AS1 affects the transcriptional regulation of target 
genes via YBX1. a, b Heatmaps of binding site patterns of YBX1 
detected by the CUT&Tag assay in hBSMCs from three experimen-
tal repeats. TSS, transcription start site; TES, transcription end site 
(n = 3). c UCSC views of the sequencing data at YBX1 target loci 
normalized by RPKM to the genomic region controlled by CUT&Tag 
IgG. d CUT-Tag-qPCR of YBX1 of these gene loci promoter regions 
after knockdown RAD51-AS1 in hBMSCs. Antibody enrichment was 
quantified relative to the amount of input DNA (n = 3)
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further compare the expression of RAD51-AS1 between 
bone tissues from normal people and osteoporosis patients. 
In the present work, our experiments were mainly based on 
hBMSCs, and we still need to demonstrate its protective 
effect against osteoporosis by constructing RAD51-AS1 
knockout mice or conditional knockout mice in the future. 
Further studies on the role and mechanism of the SIVA1 
gene in osteoporosis may also better explain the role of 
RAD51-AS1.

In conclusion, our findings indicate that RAD51-AS1 
stimulated the osteogenesis of hBMSCs by binding to 
YBX1, then inhibiting the translation of SMAD7 and 
SMURF2 by binding with their mRNA and transcription-
ally up-regulated PCNA and SIVA1 by binding with their 
promoter regions. Therefore, we suggest that RAD51-AS1 
may be a target for protection against osteoporosis by stim-
ulating the proliferation and osteogenic differentiation of 
hBMSCs.
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