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Long non-coding RNA SNHG5 promotes 
the osteogenic differentiation of bone marrow 
mesenchymal stem cells via the miR-212-3p/
GDF5/SMAD pathway
Yineng Han1, Qiaolin Yang1, Yiping Huang1, Lingfei Jia2,3, Yunfei Zheng1* and Weiran Li1*  

Abstract 

Background: The treatment of bone loss has posed a challenge to clinicians for decades. Thus, it is of great signifi-
cance to identify more effective methods for bone regeneration. However, the role and mechanisms of long non-
coding RNA small nucleolar RNA host gene 5 (SNHG5) during osteogenic differentiation remain unclear.

Methods: We investigated the function of SNHG5, Yin Yang 1 (YY1), miR-212-3p and growth differentiation factor 5 
(GDF5) in osteogenic differentiation of human bone marrow mesenchymal stem cells (hBMSCs) in vitro and in vivo. 
Molecular mechanisms were clarified by chromatin immunoprecipitation assay and dual luciferase reporter assay.

Results: We found SNHG5 expression was upregulated during osteogenesis of hBMSCs. Knockdown of SNHG5 in 
hBMSCs inhibited osteogenic differentiation while overexpression of SNHG5 promoted osteogenesis. Moreover, YY1 
transcription factor directly bound to the promoter region of SNHG5 and regulated SNHG5 expression to promote 
osteogenesis. Dual luciferase reporter assay confirmed that SNHG5 acted as a miR-212-3p sponge and miR-212-3p 
directly targeted GDF5 and further activated Smad1/5/8 phosphorylation. miR-212-3p inhibited osteogenic differen-
tiation, while GDF5 promoted osteogenic differentiation of hBMSCs. In addition, calvarial defect experiments showed 
knockdown of SNHG5 and GDF5 inhibited new bone formation in vivo.

Conclusion: Our results demonstrated that the novel pathway YY1/SNHG5/miR-212-3p/GDF5/Smad regulates osteo-
genic differentiation of hBMSCs and may serve as a potential target for the treatment of bone loss.
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Background
The treatment of bone loss has posed a challenge to clini-
cians for decades; thus, scholars are committed to iden-
tifying therapeutic approaches for bone regeneration 
[1]. Bone marrow mesenchymal stem cells (BMSCs), as 
widely used adult mesenchymal stem cells (MSCs), have 

garnered increasing attention. BMSCs with the poten-
tial to differentiate into osteoblasts and adipocytes in 
bone play important roles in maintaining bone homeo-
stasis, and their dysfunction may lead to abnormal bone 
metabolism [2]. However, the molecular mechanisms of 
BMSCs during osteogenic differentiation are not fully 
understood. A better understanding of osteogenic differ-
entiation in human BMSCs (hBMSCs) may provide novel 
strategies for bone regeneration.

As an important subset of non-coding RNAs (ncRNAs), 
long ncRNAs (lncRNAs) exceeding 200 nucleotides in 
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length play important roles in various biological and 
pathological processes including osteogenesis [3] and 
the osteogenic differentiation of hBMSCs [4–6]. A recent 
study showed that lncRNA MIR22HG promotes osteo-
genic differentiation by downregulating phosphatase and 
tensin homolog, thereby activating AKT signaling [6]. 
However, a large number of lncRNAs and the underly-
ing mechanisms during osteogenesis remain unknown. 
MicroRNAs (miRNAs) are another class of ncRNAs, usu-
ally 19–22 nucleotides in length. They bind to a partially 
complementary sequence in the 3′ untranslated region 
(UTR) of the target mRNA, inhibiting mRNA transla-
tion or destabilization [7]. One of the important func-
tions of lncRNAs is that it can act as miRNA “sponges” 
by binding to miRNA-binding sites, forming a regulatory 
competing endogenous RNA (ceRNA) network, further 
regulating the targeted mRNAs [8, 9].

LncRNA small nucleolar RNA host gene 5 (SNHG5) 
is 524 base pairs (bp) in size and is located on chromo-
some 6q14 in humans. It is drawing increasing attention 
because of its role in a variety of cancers such as glioma, 
colorectal cancer, osteosarcoma and other malignancies 
[10–13]. Previous studies have reported that SNHG5 
promoted osteogenic differentiation and apoptosis of 
hBMSCs via miR-582-5p/RUNX3 feedback loop [14]. 
SNHG5 suppresses the chondrogenic differentiation 
of human adipose-derived stem cells via targeting miR-
23a-3p/ SOX6/SOX5 axis [15].

Yin Yang 1 (YY1) is a ubiquitously expressed transcrip-
tion factor, belonging to the GLI-Krüppel family of zinc 
finger transcription factors. It regulates various genes 
associated with proliferation, differentiation, autophagy, 
and DNA repair [16]. Our previous sequencing results 
demonstrated that SNHG5 was upregulated during 
osteogenesis. However, it remains unclear whether it is 
important for hBMSCs osteogenic differentiation, and if 
so, what’s the underlying mechanism of its action? There-
fore, in the present study, we aimed to investigate the 
critical role and molecular mechanisms of SNHG5 in the 
osteogenesis of hBMSCs.

Materials and methods
Cell culture
The primary culture of hBMSCs were obtained from 
ScienCell Research Laboratory (Carlsbad, CA, USA) 
and cells at passages 3–6 were used for this study. Cells 
were cultured in α-modified Eagle’s medium (α-MEM; 
Gibco, Grand island, NY, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco) and 1% penicillin/strep-
tomycin (Gibco) as the proliferation medium (PM) as 
previously described [17]. Osteoinduction began when 
hBMSCs reached 70–80% confluence, and the osteogenic 
medium (OM) contained 10  mM β-glycerophosphate 

(Sigma-Aldrich, St. Louis, MO, USA), 100  nM dexa-
methasone (Sigma), and 200 μM L-ascorbic acid (Sigma). 
Human embryonic kidney (293  T) cells were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA) and cultured in Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% FBS (Gibco) 
and 1% penicillin/streptomycin (Gibco). All cells were 
cultured in a humid atmosphere with 95% air, 5%  CO2 at 
37 °C.

Alkaline phosphatase staining (ALP) and activity
ALP staining and the ALP activity assay were performed 
as previously described [18]. Briefly, after 7 days of oste-
ogenic induction, cells were washed with phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde. 
Then, the 5-bromo-4-chloro-3-indolyl-phosphate/Nitro-
Blue-Tetrazolium Staining Kit (CoWin Biotech, Beijing, 
China) was used for ALP staining. ALP activity was 
quantified using the ALP Activity Kit (Biovision, Milpi-
tas, CA, USA) and calculated after normalization to the 
total protein content.

Alizarin red S staining (ARS) and quantification
ARS staining and quantification were performed as pre-
viously described [18]. After 14 days of osteogenic induc-
tion, cultured cells were fixed in 4% paraformaldehyde for 
30  min at room temperature. After being washed with 
distilled water for three times, cells were stained with 
0.1% ARS (pH 4.2; Sigma) solution for 20 min. The degree 
of mineralization was quantified by dissolving the stain in 
cetylpyridinium chloride (Sigma) for 1  h and detecting 
the absorbance of the collected solution at 570 nm. ARS 
intensity relative to the control treatment was normal-
ized to the total protein content.

RNA collection and quantitative reverse 
transcription‑polymerase chain reaction (qRT‑PCR)
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used 
for total cellular RNA extraction, and a cDNA Reverse 
Transcription Kit (Takara, Tokyo, Japan) was used to 
synthesize cDNA from 2  µg total RNA. Then qRT-PCR 
was conducted as previously described [19] using SYBR 
Green Master Mix (Roche, Basel, Switzerland) and the 
ABI Prism 7500 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). Primers are listed in 
Additional file  1: Table  S1. GAPDH was used as an 
endogenous normalization control for mRNAs and lncR-
NAs, and U6 for miRNAs. The  2−ΔΔCt method was used 
to analyze the relative expression. Data information: Data 
are displayed as mean ± SD and show one representative 
of n ≥ 3 independent experiments with three biological 
replicates.
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Cell fractionation assays
The cell fractionation assays were performed using a 
Nuclei Isolation Kit (Invent Biotechnologies, Beijing, 
China) to separate cytoplasmic and nuclear RNA as 
previously described [20]. Briefly, cytoplasm extrac-
tion buffer was added to the harvested cells with vig-
orous vortexing for 15  s. After incubation on ice for 
5  min, the mixtures were centrifuged at top speed in 
a microcentrifuge at 4  °C for 5  min. After centrifuga-
tion, RNA from the cytosol fraction (the supernatant) 
and nuclear fraction (the pellet) was isolated using 
TRIzol as described above. Metastasis-associated lung 
adenocarcinoma transcript 1 (MALAT1) and U6 served 
as fractionation indicators. Primers are listed in Addi-
tional file 1: Table S1.

RNA oligoribonucleotides
RNA oligoribonucleotides including small interfer-
ing RNAs (siRNAs) targeting SNHG5 (si-SNHG5-1, 
si-SNHG5-2), YY1 (si-YY1-1, si-YY1-2, si-YY1-3), 
GDF5 (si-GDF5-1, si-GDF5-2) and their correspond-
ing siRNA negative control (si-NC) were obtained from 
GenePharma (Suzhou, China). miR-212-3p mimic, miR-
212-3p inhibitor, and the corresponding miRNA con-
trol were purchased from (RiboBio, Guangzhou, China). 
Sequences are listed in Additional file 1: Table S2.

siRNA transfection assays
siRNA transfection assays were performed using Lipo-
fectamine 3000 (Invitrogen) as previously described 
[21]. Briefly, hBMSCs at a confluence of 80% were 
transfected with siRNAs to knockdown the expression 
of SNHG5, YY1, or GDF5.

Lentivirus infection
Recombinant lentiviruses containing full-length SNHG5 
(SNHG5-OE), YY1 (YY1-OE), and negative control vec-
tors (NC-OE) were purchased from GenePharma Co. 
(Suzhou, China). Lentivirus infection of hBMSCs was 
performed as previously described at a multiplicity of 
infection of 100 [22]. Infection was performed by expos-
ing hBMSCs to dilutions of viral supernatant in the pres-
ence of polybrene (5 mg/mL) and fresh medium for 24 h, 
followed by selection with puromycin (Sigma) at 1  mg/
mL. The percentage of cells positive for green fluorescent 
protein was used to determine the transduction efficiency 
observed under an inverted fluorescence microscope 
(TE2000-U; Nikon, Tokyo, Japan).

RNA sequencing
After 7  days of osteoinduction, total RNA samples 
isolated from hBMSCs transfected with si-SNHG5 or 

si-NC were used for sequencing and analyses as pre-
viously described [22]. cDNA was synthesized and 
PCR was performed to amplify the library DNA. The 
final libraries were quantified using the KAPA Library 
Quantification Kit (KAPA Biosystems, Cape Town, 
South Africa) and the Agilent 2100 Bioanalyzer. After 
qRT-PCR validation, the libraries were subjected to 
paired-end sequencing with 150  bp read lengths on 
the Illumina NovaSeq sequencer (Illumina, San Diego, 
CA, USA). Differentially expressed genes (DEGs) were 
defined as fold change ≥ 2 and p < 0.05. DEG annotation 
was performed based on the information obtained from 
the ENSEMBL, NCBI, Uniprot, and Kyoto encyclopedia 
of genes and genomes (KEGG) databases. Gene ontol-
ogy (GO) classification was visualized by DAVID v6.8 
(http:// david. ncifc rf. gov) webserver.

miRNA sequencing
Total RNA samples isolated from hBMSCs transfected 
with si-SNHG5 or si-NC were used for subsequent 
sequencing and analyses as previously described [23]. 
Small RNA sequencing libraries were created following 
the Illumina TruSeq Small RNA Sample Preparation pro-
tocol. Small RNA libraries were pooled and sequenced 
for each cDNA molecule with the Illumina Hiseq 2500 
sequencer (Illumina). The conserved miRNAs were iden-
tified by comparing the sRNA reads with known miRNAs 
collected from the miRBase (http:// www. mirba se. org/). 
Novel miRNAs were identified from the unmatched 
reads. The putative miRNA precursors were identi-
fied by miRDeep2. Only those with precursors found in 
the genome were identified as conserved or novel miR-
NAs. The potential miRNA targets were predicted using 
miRanda (http:// www. miran da. org/). Differential expres-
sion analyses were performed using the edgeR and limma 
packages. Functional annotation of the target genes and 
enrichment analyses of the DEG miRNA were performed 
with KOBAS3.0.

Fluorescence in situ hybridization (FISH)
FISH assay was performed using the FISH Kit (RiboBio) 
as previously described [24]. Briefly, cells were rinsed 
with PBS and fixed in 4% paraformaldehyde for 15  min 
at room temperature. Then, the cells were permeabilized 
in 0.5% Triton X-100 at 4 °C for 5 min and washed three 
times with PBS. Next, the samples were pre-hybridized 
at 55  °C for 30  min. For hybridization, anti-SNHG5 
probes were added to the hybridization solution and 
cells were incubated at 37 °C overnight in the dark. Then, 
the cells were counterstained with DAPI (Servicebio, 
Wuhan, China), and images were taken using a confo-
cal laser scanning microscope (Carl Zeiss, Oberkochen, 
Germany).

http://david.ncifcrf.gov
http://www.mirbase.org/
http://www.miranda.org/
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Western blotting analyses
For protein extraction, cells were harvested, washed, 
and lysed in radioimmunoprecipitation assay buffer 
supplemented with a protease inhibitor mixture 
(Roche) as previously described [17]. The Pierce BCA 
Protein Assay Kit (Thermo Fisher Scientific) was used 
to determine the protein concentration. Equal amounts 
of proteins were separated on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis gels and electroblot-
ted onto polyvinylidene fluoride membranes (Bio-Rad, 
Hercules, CA, USA). After blocking in 5% milk for 1 h, 
the membranes were incubated overnight at 4  °C with 
primary antibodies against osteocalcin (OCN, 1:1000; 
Abcam, Cambridge, UK), runt-related transcription fac-
tor 2 (RUNX2, 1:1000; Abcam), YY1 (1:1000; Cell Sign-
aling Technology, Beverly, MA, USA), GDF5 (1:1000; 
Abcam), phosphorylated Smad1/5/8 (p-Smad1/5/8, 
1:1000; Cell Signaling Technology), Smad1/5/8 (1:1000; 
Abcam), and β-actin (1:1000; Zhongshan Golden-
bridge, Beijing, China). The next day, the membranes 
were incubated with secondary antibodies (1:10,000; 
Zhongshan Goldenbridge) at room temperature for 1 h 
after washing with TBST for three times. The Enhanced 
Chemiluminescence Kit (Applygen, Beijing, China) was 
used to visualize the protein bands, which were quan-
tified with ImageJ software (http:// rsb. info. nih. gov/ ij/). 
The signals of target bands were normalized to β-actin 
band relative to the control groups.

Immunofluorescence staining of RUNX2
Immunofluorescence staining of RUNX2 was performed 
as previously described [25, 26]. Briefly, cells were fixed 
in 4% paraformaldehyde and then permeabilized with 
0.1% Triton X-100 for 10 min at room temperature. Then, 
the cells were incubated with 5% normal goat serum for 
40  min at room temperature and incubated with pri-
mary antibody against RUNX2 (1:200; Abcam) at 4  °C 
overnight. Next, they were incubated with secondary 
antibody in the dark at room temperature for 1 h. DAPI 
(Servicebio) was used to counterstain the nucleus. Stain-
ing was visualized using a confocal laser scanning micro-
scope (Carl Zeiss).

Dual luciferase reporter assay
Dual luciferase assays were performed in both 293T and 
hBMSCs as previously described [18]. Briefly, cells were 
seeded in 48-well plates, and a mixture of 40 ng luciferase 
reporter, 4  ng Renilla, and 100  nM miR-212-3p mimic 
or control was transfected into cells with Lipofectamine 
3000 (Invitrogen). After 24  h, luciferase activity was 
determined using the Dual-Luciferase Reporter Assay 

System (Promega, Beijing, China) normalized to Renilla 
luciferase.

Flow cytometry
Flow cytometry was performed to identify MSCs as pre-
viously described [27]. Cells in each group were detached 
using trypsin and washed with phosphate buffer saline 
(PBS), then incubated at 4  °C for 30  min in the dark. 
Fluorescein isothiocyanate (FITC) was bound to antibod-
ies CD34, CD45, CD105, CD90 and CD29 (eBiolegend, 
San Diego, CA, USA). Labeling was quantified using the 
BD Accuri C6 Flow Cytometer (USA). Homotypically 
matched normal immunoglobulin G (IgG) antibody was 
used as a control. Data were analyzed with the FlowJo 
software packages (TreeStar, USA).

In vivo bone formation assay
Animal experiments were approved by the Peking Uni-
versity Animal Care and Use Committee (LA2018305). 
In  vivo bone formation assay was performed as previ-
ously described [18]. Briefly, hBMSCs transfected with 
si-SNHG5, si-GDF5, si-NC, SNHG5-OE, NC-OE were 
cultured with OM for 7  days. We used polylactic-co-
glycolic acid (PLGA; Melone, Dalian, China) scaffolds 
prepared as thin circular slices (Φ = 4  mm, thickness of 
2  mm) as a scaffold material. The cells were seeded on 
the surface of the scaffold material at a density of 5 × 105 
cells in each group and incubated at 37 °C for 1 h before 
transplantation. Male nude mice (5-week-old, weigh-
ing nearly 17  g, 5 mice/group) were purchased from 
Vital River Laboratory Animal Technology Co. (Beijing, 
China), and the operation was performed under gen-
eral anesthesia. As previously described [21], we first 
constructed critical calvarial defect model using a den-
tal drill. Then, we removed the pericranium and gently 
transplanted the seeded scaffolds into the defects. Finally, 
5–0 Vicryl sutures were used to close the skin incision. 
After 5 weeks, the skulls were harvested and fixed in 4% 
paraformaldehyde for 24 h for further observation.

Micro‑computed tomography (micro‑CT) analyses
Micro-CT analyses of specimens were conducted as 
previously described [18]. Before micro-CT analyses, 
the skull specimens were collected and fixed in 4% para-
formaldehyde for 1  day. Then. micro-CT images were 
obtained from high-resolution Inveon micro-CT (Sie-
mens, Munich, Germany) with a resolution of 8.99  μm 
at 80  kV, 500  μA and an exposure time of 1500  ms. All 
specimens were scanned using the uniform parameters 
in the same container. Multimodal three-dimensional 
(3D) visualization software (Inveon Research Workplace; 
Siemens, Munich, Germany) was used to reconstruct 3D 

http://rsb.info.nih.gov/ij/
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images. Bone volume (BV) and bone volume/tissue vol-
ume (BV/TV) were calculated.

Hematoxylin and eosin staining (H&E), Masson’s trichrome 
staining, and immunohistochemical analyses
The skull specimens were decalcified in 10% ethyl-
ene diamine tetraacetic acid (pH 7.4) for 14  days and 
then washed, dehydrated, and embedded in paraf-
fin. Sections  (5  μm thickness) were stained with H&E 
and Masson’s trichrome as previously described [21]. 
For immunohistochemical staining, the sections were 
blocked in 3% goat serum albumin (Zhongshan Gold-
enbridge) and then incubated overnight at 4  °C with 
primary antibody against OCN (1:200; Abcam). Then, 
the sections were incubated with the corresponding sec-
ondary antibodies. All the images were captured under a 
light microscope (Olympus, Tokyo, Japan).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were per-
formed using the EZ-Magna ChIP Assay Kit (Merck Mill-
ipore, Darmstadt, Germany) as previously described [20]. 
Briefly, hBMSCs were first crosslinked with 1% formalde-
hyde, collected, lysed, and sonicated to shear DNA. Then 
the DNA–protein complexes were isolated with antibod-
ies against YY1 (Cell Signaling Technology) and normal 
rabbit IgG (Merck Millipore) as a negative control at 4 °C 
overnight. The next day, the protein-DNA complexes 
were eluted and de-crosslinked. The purified DNA was 
quantified by qRT-PCR and relative enrichment was cal-
culated as the amount of amplified DNA relative to val-
ues obtained from immunoprecipitation using normal 
IgG. Primers are listed in Additional file 1: Table S3.

Statistical analyses
SPSS version 19.0 (IBM, Chicago, IL, USA) was used 
for statistical analyses. All data are expressed as the 
mean ± standard deviation with three biological repli-
cates. The two-tailed unpaired Student’s t test was used 
for two-group comparisons. One-way analysis of variance 

was used for multiple group comparisons. The threshold 
of statistical significance was set at p < 0.05.

Results
SNHG5 promotes the osteogenic differentiation of hBMSCs
hBMSCs were first characterized by flow cytometry 
and the results showed that the hBMSCs expressed sur-
face markers of human mesenchymal stem cells (CD90, 
CD105 and CD29), but not those of hematopoietic stem 
cells (CD34 and CD45) (Additional file 1: Fig. S1). Then, 
hBMSCs were used for osteogenic induction. qRT-PCR 
results showed that the mRNA levels of the three osteo-
genic markers ALP, RUNX2, and OCN were significantly 
upregulated, indicating the successful induction of hBM-
SCs into the osteogenic lineage (Fig.  1a). The expres-
sion of SNHG5 was significantly upregulated during 
osteogenic differentiation (Fig.  1a), indicating SNHG5 
is involved in osteogenesis. To further determine the 
role of SNHG5 during the osteogenic differentiation of 
hBMSCs, lentivirus was transduced into hBMSCs to 
overexpress SNHG5 and siRNA targeting SNHG5 was 
used to knockdown SNHG5. Two siRNA (si-SNHG5-1, 
si-SNHG5-2) sequences targeting SNHG5 were used 
and the transfection effects were detected by qRT-PCR 
(Additional file 1: Fig. S2A). The lentivirus transduction 
efficiency of hBMSCs was confirmed by qRT-PCR and 
fluorescent staining (Additional file  1: Fig. S2B). After 
7  days of osteogenic induction, ALP staining and activ-
ity were significantly decreased by SNHG5 knockdown 
(Fig. 1b). After 14 days of osteogenic induction, extracel-
lular matrix mineralization, as revealed by ARS staining, 
decreased after SNHG5 knockdown (Fig.  1b). We also 
measured the mRNA expression of osteogenic mark-
ers by qRT-PCR in both PM and OM for 7 days. SNHG5 
knockdown significantly decreased the expression of 
ALP, RUNX2, and OCN after 7 days of osteogenic induc-
tion (Fig. 1c). Immunofluorescence staining results indi-
cated that the protein level of RUNX2 was reduced in 
SNHG5 knockdown cells (Fig.  1d). The downregulation 
of RUNX2 and OCN by SNHG5 knockdown after 7 days 

(See figure on next page.)
Fig. 1 SNHG5 knockdown inhibits the osteogenic differentiation of hBMSCs. a Relative expression of ALP, RUNX2, OCN, and SNHG5 during 
osteoinduction of hBMSCs via qRT-PCR (n = 3). GAPDH was used for normalization relative to the day 0 group. b Images of ALP staining on 
day 7 of osteogenic differentiation, and ARS staining on day 14 of osteogenic differentiation in the si-NC, si-SNHG5-1, and si-SNHG5-2 groups 
(n = 3). Histograms show ALP activity and ARS staining quantification by spectrophotometry. c Relative mRNA expression of ALP, RUNX2, and 
OCN measured via qRT-PCR in the PM and OM on day 7. GAPDH was used for normalization (n = 3). d Confocal microscopy of RUNX2 with DAPI 
counterstaining of the si-NC, si-SNHG5-1, and si-SNHG5-2 groups after osteogenic induction for 7 days (n = 3). Scale bars: 20 μm. e Western 
blotting analyses of the protein expression of RUNX2, OCN, and β-actin in the si-NC, si-SNHG5-1, and si-SNHG5-2 groups after osteogenic 
induction for 7 days (n = 3). Histograms show the quantification of band intensities. β-actin was used for normalization relative to the si-NC 
group. (*p < 0.05; **p < 0.01). ALP, alkaline phosphatase; ARS, alizarin red S; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hBMSCs, human 
bone marrow mesenchymal stem cells; PM, proliferation medium; OCN, osteocalcin; OM, osteogenic medium; qRT-PCR, quantitative reverse 
transcription-polymerase chain reaction; RUNX2, runt-related transcription factor 2; SNHG5, small nucleolar RNA host gene 5
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Fig. 1 (See legend on previous page.)
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of osteogenic induction was also confirmed by western 
blotting analyses (Fig.  1e). On the other hand, overex-
pression of SNHG5 significantly enhanced ALP staining 
and ALP activity (Additional file 1: Fig. S2C). In addition, 
ARS staining showed SNHG5 overexpression promoted 
more extracellular matrix mineralization (Additional 
file  1: Fig. S2C) and elevated gene expression of osteo-
genic markers in both PM and OM for 7 days (Additional 
file  1: Fig. S2D). Immunofluorescence staining results 
also indicated the enhanced expression of RUNX2 in 
SNHG5 overexpressing cells compared to the control 
group (Additional file  1: Fig. S2E). The protein levels of 
RUNX2 and OCN were also upregulated in SNHG5 
overexpressing cells after 7 days of osteogenic induction 
(Additional file 1: Fig. S2F).

Transcription factor YY1 regulates SNHG5 expression
To further explore the regulatory mechanisms of SNHG5 
during osteogenesis, the regulatory elements of the 
SNHG5 promoter were analyzed using the web-based 
transcription factor search site (http:// jaspar. binf. ku. dk/) 
in the region 3000 bp upstream from the transcriptional 
start site (TSS) of SNHG5. The top six putative YY1-
binding sites were chosen for further analyses (sites 1–6). 

ChIP assays were performed with the antibody against 
YY1 and five pairs of primers flanking the regions of the 
predicted YY1-binding sites (as sites 2 and 3 were too 
close to design primers separately, we designed only one 
pair of primers for these regions) (Fig.  2a). The results 
showed that only the fragment containing binding sites 
2 and 3 were responsible for the binding of YY1 to the 
SNHG5 promoter region (Fig.  2b), indicating that the 
vicinity of the 2000  bp region upstream of the SNHG5 
TSS contains most of the binding elements of YY1. To 
further explore the regulation relationship between 
SNHG5 and YY1, we first used siRNA targeting YY1 
(si-YY1-1, si-YY1-2, si-YY1-3) to knockdown YY1. Both 
western blotting and qRT-PCR results demonstrated 
that YY1 was successfully knocked down (Fig.  2c, d), 
especially si-YY1-2 and si-YY1-3. Therefore, we chose 
si-YY1-2 and si-YY1-3 for further experiments. We used 
lentivirus to overexpress YY1 in the hBMSCs. The effi-
ciency of lentivirus transduction was detected by qRT-
PCR and western blotting (Additional file  1: Fig. S3A, 
B). Knockdown of YY1 inhibited SNHG5 transcription 
in hBMSCs, whereas overexpression of YY1 increased 
the expression of SNHG5 (Fig. 2e). These results indicate 

Fig. 2 YY1 induces SNHG5 expression. a Diagram of the SNHG5 promoter and location of the primers. Positions marked are relative to the 
TSS. b ChIP-qRT-PCR show the interaction between YY1 and the SNHG5 promoter in hBMSCs (n = 3). IgG was used for normalization. c The 
efficiency of transient transfection of si-YY1-1, si-YY1-2, and si-YY1-3 by western blotting (n = 3). Histograms show the quantification of band 
intensities. β-actin was used for normalization relative to the si-NC group. d The efficiency of transient transfection of si-YY1-1, si-YY1-2, and 
si-YY1-3 by qRT-PCR (n = 3). GAPDH was used for normalization relative to the si-NC group. e Relative expression of SNHG5 after downregulation 
or upregulation of YY1 by qRT-PCR (n = 3). GAPDH was used for normalization. (*p < 0.05; **p < 0.01). ChIP, Chromatin immunoprecipitation; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hBMSCs, human bone marrow mesenchymal stem cells; qRT-PCR, quantitative reverse 
transcription-polymerase chain reaction; TSS, transcriptional start site; SNHG5, small nucleolar RNA host gene 5; YY1, Yin Yang 1

http://jaspar.binf.ku.dk/
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that YY1 can bind to the SNHG5 promoter to activate its 
transcription.

YY1 promotes the osteogenic differentiation of hBMSCs
Then, we explored the function of YY1 during osteo-
genic differentiation. With the osteogenic induction of 
hBMSCs, both the mRNA and protein expression of YY1 
were increased (Fig.  3a, b). ALP staining and activity 
showed that knockdown of YY1 inhibited osteogenic dif-
ferentiation of hBMSCs for 7 days (Fig. 3c). ARS staining 
and quantification after 14  days of osteogenic differen-
tiation displayed similar results as those of ALP staining 
and activity (Fig. 3c). Knockdown of YY1 decreased the 
mRNA expression levels of ALP, RUNX2, and OCN on 
day 7 in hBMSCs in both PM and OM (Fig. 3d). Immu-
nofluorescence staining results indicated the protein level 
of RUNX2 were downregulated in the YY1 knockdown 
group compared to the control group (Fig.  3e). Moreo-
ver, the relative protein expression of RUNX2 and OCN 
was decreased in YY1 knockdown cells cultured in OM 
for 7 days (Fig. 3f ). In addition, ALP staining and activ-
ity were increased in the YY1 overexpression group after 
7  days of osteogenic induction (Additional file  1: Fig. 
S3C). A similar trend in ARS staining was detected after 
osteoinduction for 14  days (Additional file  1: Fig. S3C). 
The qRT-PCR analyses confirmed that overexpression of 
YY1 increased the mRNA expression of ALP, RUNX2, 
and OCN (Additional file  1: Fig. S3D). Immunofluores-
cence staining results showed a higher level of RUNX2 
expression in SNHG5 overexpressing hBMSCs after 
7 days of osteogenic differentiation (Additional file 1: Fig. 
S3E). The protein levels of RUNX2 and OCN were also 
increased when YY1 was overexpressed, consistent with 
the immunofluorescence staining results (Additional 
file 1: Fig. S3F).

SNHG5 serves as a sponge for miR‑212‑3p
The full-length sequence and RNA secondary struc-
ture information of SNHG5 are shown in Additional 

file 1: Fig. S4. FISH assay demonstrated that SNHG5 was 
mainly expressed in the cytoplasm of hBMSCs (Fig. 4a), 
suggesting that SNHG5 may serve as a ceRNA by bind-
ing to miRNAs and further competing with mRNAs. 
Both miRNA sequencing and three databases (starBa-
seV2, http:// starb ase. sysu. edu. cn/ starb ase2/ index. php), 
LncBase Predicted v.2 (http:// carol ina. imis. athena- innov 
ation. gr/ diana_ tools/ web/ index. php?r= lncba sev2% 
2Find ex- predi cted), starBase (http:// starb ase. sysu. edu. 
cn/) predicted that miR-212-3p had a high probability of 
binding to SNHG5 (Fig.  4b, c). Cell fractionation assays 
further verified our hypothesis that both SNHG5 and 
miR-212-3p were mainly localized in the cytoplasm, indi-
cating their possible interaction (Fig. 4d). We also found 
that miR-212-3p expression was significantly downregu-
lated following SNHG5 overexpression and upregulated 
after SNHG5 or YY1 knockdown (Fig.  4e, g). Next, we 
explored whether miR-212-3p could directly bind to the 
SNHG5 target site. Luciferase reporters containing wild-
type (SNHG5 WT) or mutant (SNHG5 Mut) SNHG5 
were constructed (Fig. 4f ). The results demonstrated that 
SNHG5 WT reporter activity was markedly inhibited by 
miR-212-3p in 293  T cells and hBMSCs, while SNHG5 
Mut was not affected (Fig. 4h, i).

miR‑212‑3p inhibits the osteogenic differentiation 
of hBMSCs
Then, we investigated the function of miR-212-3p during 
osteogenic differentiation. With the osteogenic induc-
tion of hBMSCs, miR-212-3p was noticeably down-
regulated (Fig.  5a). qRT-PCR results confirmed that 
miR-212-3p-inhibitor successfully downregulated the 
expression of miR-212-3p, while miR-212-3p-mimic 
markedly upregulated the expression of miR-212-3p in 
hBMSCs (Fig. 5b). Immunofluorescence staining results 
indicated the upregulated protein level of RUNX2 in 
the miR-212-3p knockdown group and downregulated 
protein level of RUNX2 in the miR-212-3p overexpres-
sion group compared to the control groups (Fig.  5c). 

(See figure on next page.)
Fig. 3 YY1 knockdown inhibits the osteogenic differentiation of hBMSCs. a Relative mRNA expression of YY1 during the osteoinduction of 
hBMSCs (n = 3). GAPDH was used for normalization relative to the day 0 group. b Protein expression of YY1 and the internal control β-actin during 
osteoinduction of hBMSCs (n = 3). Histograms show the quantification of band intensities. β-actin was used for normalization relative to the 
day 0 group. c Images of ALP staining after 7 days of osteogenic differentiation, and ARS staining after 14 days of osteogenic differentiation in 
the si-NC, si-YY1-2, and si-YY1-3 groups (n = 3). Histograms show ALP activity and ARS staining quantification by spectrophotometry. d Relative 
mRNA expression of ALP, RUNX2, and OCN measured via qRT-PCR in PM and OM on day 7 (n = 3). GAPDH was used for normalization. e Confocal 
microscopy of RUNX2 with DAPI counterstaining of the si-NC and si-YY1 groups after osteogenic induction for 7 days (n = 3). Scale bars: 20 μm. 
f Western blotting analyses of the protein expression of RUNX2, OCN, and β-actin in the si-NC, si-YY1-2, and si-YY1-3 groups after osteogenic 
induction for 7 days (n = 3). Histograms show the quantification of band intensities. β-actin was used for normalization relative to the si-NC group 
(*p < 0.05; **p < 0.01; ***p < 0.001). ALP, alkaline phosphatase; ARS, alizarin red S; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hBMSCs, 
human bone marrow mesenchymal stem cells; PM, proliferation medium; OCN, osteocalcin; OM, osteogenic medium; qRT-PCR, quantitative reverse 
transcription-polymerase chain reaction; RUNX2, runt-related transcription factor 2; YY1, Yin Yang 1

http://starbase.sysu.edu.cn/starbase2/index.php
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-predicted
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-predicted
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-predicted
http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/


Page 9 of 20Han et al. Stem Cell Research & Therapy          (2022) 13:130  

Knockdown of miR-212-3p enhanced the mRNA 
expression levels of ALP, RUNX2, and OCN, while 
overexpression of miR-212-3p decreased the expres-
sion of these osteogenic genes (Fig.  5d). ALP staining 

and activity results showed that knockdown of miR-
212-3p promoted osteogenic differentiation, while 
overexpression of miR-212-3p inhibited osteogenic dif-
ferentiation of hBMSCs for 7 days (Fig. 5e). ARS staining 

Fig. 3 (See legend on previous page.)
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and quantification after 14  days of osteogenic differ-
entiation showed similar results as those of ALP stain-
ing and activity (Fig. 5e). Moreover, the relative protein 
expression of RUNX2 and OCN was enhanced in the 

miR-212-3p knockdown group, while decreased in the 
miR-212-3p overexpression group after osteogenic dif-
ferentiation for 7 days (Fig. 5f, g).

Fig. 4 SNHG5 serves as a sponge for miR-212-3p. a Confocal FISH images show the subcellular localization of SNHG5 in hBMSCs (n = 3). Nuclei 
were stained by DAPI (blue). Scale bars: 20 μm. b Venn diagrams show the number of potential miRNAs targeting SNHG5 (including miR-212-3p). 
The potential miRNAs were predicted by three databases: LncBase Predicted v.2, starBase, starBase v2.0. p. c Volcano plot shows that a total of 56 
genes were significantly upregulated and 27 genes were significantly downregulated in SNHG5 knockdown hBMSCs. The DEGs were defined as 
fold change ≥ 2 and p < 0.05. d Percentage of nuclear and cytoplasmic RNA levels of SNHG5 and miR-212-3p (n = 3). MALAT1 and U6 were used 
as fractionation indicators. e, g Relative RNA expression of miR-212-3p after downregulation or upregulation of SNHG5 or YY1 by qRT-PCR (n = 3). 
U6 was used for normalization. f Schematic diagram of SNHG5 WT and SNHG5 Mut luciferase reporter plasmids. A putative miR-212-3p target site 
of SNGH5 was predicted in bioinformatics analyses. h, i Dual luciferase reporter assays validate the interaction between miR-212-3p and SNHG5 
in 293 T cells and hBMSCs (n = 3). (*p < 0.05; **p < 0.01; ***p < 0.001). DEGs, differentially expressed genes; FISH, fluorescence in situ hybridization; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hBMSC, human bone marrow mesenchymal stem cells; MALAT1, metastasis-associated lung 
adenocarcinoma transcript 1; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; SNHG5, small nucleolar RNA host gene 5
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GDF5 is a target of SNHG5/miR‑212‑3p axis
To further elucidate the molecular mechanisms by 
which miR-212-3p regulated osteogenic differentiation 
in hBMSCs, we first used the miRWalk (http:// mirwa 
lk. umm. uni- heide lberg. de/), TargetScan (http:// www. 
targe tscan. org/) and miRDB (http:// mirdb. org/) data-
bases to predict the potential targets of miR-212-3p. 
The results showed that the 3′ UTR of GDF5 contained 
a miR-212-3p-binding site (Additional file 1: Fig. S5A). 
Moreover, we established SNHG5 knockdown hBM-
SCs and conducted transcriptome microarray analy-
ses after osteoinduction for 7  days. A volcano plot 
showed knockdown of SNHG5 after 7  days of osteo-
genic induction, resulting in upregulation and down-
regulation of genes (Additional file  1: Fig. S5B), and 
GDF5 was one of the downregulated genes. Therefore, 
we chose GDF5 to further verify our hypothesis. GDF5 
is a member of the transforming growth factor beta 
(TGF-β) superfamily, also named as bone morpho-
genetic protein (BMP) 14. Then, we cloned GDF5 3′ 
UTR and its mutant containing putative miR-212-3p-
binding sites into the downstream luciferase reporter 
(Additional file 1: Fig. S5C). Compared to the control 
group, luciferase reporter activity was significantly 
reduced when miR-212-3p was overexpressed, and 
this reduction was relieved in mutated GDF5 3′ UTR 
in both 293T cells and hBMSCs (Additional file 1: Fig. 
S5D). Both GDF5 mRNA and protein expression was 
decreased after transfection of miR-212-3p mimic 
and increased following transfection of miR-212-3p 
inhibitors in hBMSCs compared to the control groups 
(Additional file 1: Fig. S5E, F).

GDF5 promotes the osteogenic differentiation of hBMSCs
In a previous study, we reported that GDF5 regulates the 
osteogenic differentiation of human periodontal ligament 
stem cells [21]. Here, we determined whether GDF5 is 
involved in the osteogenesis of hBMSCs. Both mRNA 

and protein expression of GDF5 were increased with 
osteoinduction in hBMSCs (Fig.  6a, b). Both qRT-PCR 
and western blotting demonstrated that GDF5 expres-
sion was significantly decreased in two GDF5 knockdown 
groups (Fig.  6c, d). Western blotting analyses demon-
strated that the protein expression of RUNX2 and OCN 
were also downregulated when GDF5 was knocked down 
in hBMSCs (Fig.  6e). Knockdown of GDF5 decreased 
ALP staining and activity after 7  days of osteogenic 
induction (Fig.  6f ). The intensity of ARS staining was 
significantly decreased in the GDF5 knockdown groups 
after 14 days of osteogenic induction (Fig. 6f ). Moreover, 
immunofluorescence staining of RUNX2 demonstrated 
that knockdown of GDF5 significantly inhibited osteo-
genesis (Fig.  6g). In addition, qRT-PCR results showed 
the decreased mRNA expression of ALP, RUNX2, and 
OCN when GDF5 was knocked down in both PM and 
OM conditions (Fig. 6h).

GDF5 is regulated by YY1/SNHG5/miR‑212‑3p
To validate whether GDF5 serves as a downstream tar-
get of YY1/SNHG5/miR-212-3p, we detected the GDF5 
mRNA and protein expression after YY1 or SNHG5 
knockdown or overexpression. The results demon-
strated that knockdown of YY1 or SNHG5 significantly 
repressed both mRNA and protein levels of GDF5, 
whereas overexpression of YY1 or SNHG5 significantly 
upregulated GDF5 expression (Fig.  7a–d, Additional 
file  1: Fig. S5G, H). In addition, the rescue assay dem-
onstrated that mRNA and protein expression of GDF5 
were significantly downregulated in cells co-transfected 
with si-SNHG5 and miR-212-3p mimics. By contrast, 
transfection with si-SNHG5 and miR-212-3p inhibitor 
synchronous had an opposite effect (Fig.  7e, f ). Moreo-
ver, knockdown of GDF5 attenuated the enhanced 
mRNA expression of OCN, ALP, and RUNX2 caused 
by miR-212-3p knockdown (Additional file 1: Fig. S6A). 
After knockdown of GDF5 and miR-212-3p, hBMSCs 
exhibited reduced intensity and activity of ALP and ARS 

(See figure on next page.)
Fig. 5 miR-212-3p inhibits osteogenic differentiation of hBMSCs. a Relative expression of miR-212-3p during osteoinduction of hBMSCs (n = 3). 
GAPDH was used for normalization relative to the day 0 group. b Transfection efficiency of miR-212-3p mimic or inhibitor by qRT-PCR in hBMSCs 
(n = 3). U6 was used for normalization. c Confocal microscopy of RUNX2 with DAPI counterstaining in the miR-NC-inhibitor, miR-212-3p-inhibitor, 
miR-NC-mimic, miR-212-3p-mimic groups after osteogenic induction for 7 days (n = 3). Scale bars: 20 μm. d Relative mRNA expression of ALP, 
RUNX2, and OCN measured via qRT-PCR in PM conditions (n = 3). GAPDH was used for normalization. e Images of ALP staining after 7 days of 
osteogenic differentiation, and ARS staining after 14 days of osteogenic differentiation in the miR-NC-inhibitor, miR-212-3p-inhibitor, miR-NC-mimic, 
miR-212-3p-mimic groups (n = 3). Histograms show ALP activity and AZR staining quantification by spectrophotometry. f, g Western blotting 
analyses of the protein expression of RUNX2, OCN, and β-actin in the miR-NC-inhibitor, miR-212-3p-inhibitor and miR-NC-mimic, miR-212-3p-mimic 
groups after osteogenic induction for 7 days (n = 3). Histograms show the quantification of band intensities. β-actin was used for normalization. 
(*p < 0.05; **p < 0.01; ***p < 0.001). ALP, alkaline phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDF5, growth differentiation 
factor 5; hBMSCs, human bone marrow mesenchymal stem cells; PM, proliferation medium; OCN, osteocalcin; OM, osteogenic medium; qRT-PCR, 
quantitative reverse transcription-polymerase chain reaction; RUNX2, runt-related transcription factor 2

http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
http://www.targetscan.org/
http://www.targetscan.org/
http://mirdb.org/
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Fig. 5 (See legend on previous page.)
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(Additional file 1: Fig. S6B). The protein level of RUNX2 
also showed similar results (Additional file  1: Fig. S6C). 
Together, these data indicate GDF5 acts as a downstream 
target of YY1/SNHG5/miR-212-3p axis.

YY1/SNHG5/miR‑212‑3p/GDF5 promotes the osteogenic 
differentiation of hBMSCs via accelerated Smad1/5/8 
phosphorylation
The TGF-β/Smad signaling pathways participates in 
the osteogenic process, which is mediated by BMP [28]. 
Pathway analyses revealed SNHG5 was involved in sev-
eral signaling pathways including the BMP signaling 
pathway (Fig.  7g). Therefore, we investigated whether 
YY1/SNHG5/miR-212-3p/GDF5 promotes osteogenic 
differentiation of hBMSCs via increasing the phospho-
rylation of Smad1/5/8. Western blotting analyses were 
used to detect p-Smad1/5/8 expression in si-SNHG5- and 
SNHG5-OE-treated hBMSCs. The results demonstrated 
that p-Smad1/5/8 was significantly decreased in the 
SNHG5 knockdown groups but was increased in SNHG5 
overexpression groups (Fig. 7h).

SNHG5 and GDF5 promote bone formation in vivo
To further explore the role of SNHG5 during osteogenic 
differentiation of hBMSCs, in  vivo animal experiments 
were conducted. hBMSCs treated with SNHG5-OE, 
NC-OE, si-SNHG5, si-GDF5, or si-NC were loaded on 
PLGA scaffold materials and transplanted in the calvarial 
defects area of nude mice (n = 5/group, Additional file 1: 
Fig. S7A). Skull specimens were harvested 5 weeks later, 
and 3D reconstructed images demonstrated more new 
bone formation area and a less defect area in the SNHG5-
OE group, and less new bone formation and a larger 
defect area in the si-SNHG5 and si-GDF5 groups com-
pared to the control group (Fig. 8a). Consistently, BV and 
BV/TV analyses also indicated more new bone formation 
in the SNHG5-OE group and less new bone formation in 

the SNHG5 and GDF5 knockdown groups compared to 
the control group (Fig. 8b, c, Additional file 1: Table S4). 
H&E staining and Masson’s trichrome staining showed 
more newly formed collagen fibers around the defects 
in the SNHG5 overexpression group, while less collagen 
formation in the si-SNHG5 and si-GDF5 groups com-
pared to the control group (Fig. 8d). Consistently, immu-
nohistochemistry staining showed that the intensity of 
the OCN positively stained region in the SNHG5 over-
expression group was increased, in the si-SNHG5 and 
si-GDF5 groups were decreased compared to the control 
group (Additional file 1: Fig. S7B).

Discussion
Small nucleolar RNA host gene family members includ-
ing SNHG5 has been reported regulated osteogenic dif-
ferentiation [14, 15, 29, 30]. Zheng et  al. [14] reported 
that SNHG5 promoted osteogenic differentiation and 
apoptosis of hBMSCs via miR-582-5p/RUNX3 feedback 
loop. However, the underlying mechanisms of SNHG5 
in osteogenic differentiation remain largely unknown. 
In this study, we first found that SNHG5 promoted 
osteogenic differentiation both in  vitro and in  vivo, and 
SNHG5 may serve as a potential target for the treatment 
of bone loss. SNHG5 also involved in other pathological 
processes. For example, SNHG5 mediates miR-205-5p, 
which targets zinc finger E-box-binding homeobox  1 to 
promote the progression of clear cell renal cell carcinoma 
[22]. In further clinic use, we should consider about the 
concentration of SNHG5 to be safely used in the treat-
ment of bone loss.

To further determine the underlying molecular mech-
anisms by which SNHG5 promotes hBMSCs osteo-
genesis, we used the JASPAR tool to predict potential 
binding proteins on the promoter region of SNHG5. 
The upstream elements of the SNHG5 promoter were 
analyzed in the region from 3000  bp upstream to the 

Fig. 6 GDF5 knockdown inhibits osteogenic differentiation of hBMSCs. a Relative mRNA expression of GDF5 during osteoinduction of hBMSCs 
(n = 3). GAPDH was used for normalization relative to the day 0 group. b Protein expression of GDF5 and β-actin during osteoinduction of hBMSCs 
(n = 3). Histograms show the quantification of band intensities. β-actin was used for normalization relative to the day 0 group. c The efficiency 
of transient transfection of si-GDF5-1 and si-GDF5-2 by qRT-PCR. GAPDH was used for normalization relative to the si-NC group (n = 3). d The 
efficiency of transient transfection of si-GDF5-1 and si-GDF5-2 by western blotting analyses. Histograms show the quantification of band intensities 
(n = 3). β-actin was used for normalization relative to the si-NC group. e Western blotting analyses of the protein expression of RUNX2, OCN, and 
β-actin in the si-NC, si-GDF5-1, and si-GDF5-2 groups after osteogenic induction for 7 days (n = 3). Histograms show the quantification of band 
intensities. β-actin was used for normalization relative to the si-NC group. f Images of ALP staining after 7 days of osteogenic differentiation, and 
ARS staining after 14 days of osteogenic differentiation in the si-NC, si-GDF5-1, and si-GDF5-2 groups (n = 3). Histograms show ALP activity and AZR 
staining quantification by spectrophotometry. g Confocal microscopy of RUNX2 with DAPI counterstaining in the si-NC and si-GDF5 groups after 
osteogenic induction for 7 days (n = 3). Scale bars: 20 μm. h Relative mRNA expression of ALP, RUNX2, and OCN measured via qRT-PCR in PM and 
OM on day 7 (n = 3). GAPDH was used for normalization. (**p < 0.01; ***p < 0.001). ALP, alkaline phosphatase; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; GDF5, growth differentiation factor 5; hBMSCs, human bone marrow mesenchymal stem cells; PM, proliferation medium; OCN, 
osteocalcin; OM, osteogenic medium; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; RUNX2, runt-related transcription 
factor 2

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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transcriptional start site (TSS) of SNHG5 and the ChIP 
assays results validated that the vicinity of the 2000  bp 
region upstream of the SNHG5 TSS contains most of the 
binding elements of YY1. Li et al. [31] reported that YY1 
contributes to angiogenesis via miR-26b/CTGF/VEGFA 
axis in acute myelogenous by biding SNHG5 promoter 
region of 2381–2391. The reason for the binding site dif-
ference maybe because the different selection of the TSS.

The roles of YY1 in osteogenesis are not fully under-
stood. Only one study has reported that YY1 and 
HDAC9c can cooperate to increase p38 transcriptional 
activity and subsequently promote the osteogenic poten-
tial of MSCs [32]. Consistently, YY1 promoted osteogen-
esis both in vitro and in vivo. These results indicate that 
YY1 promotes the osteogenic differentiation of hBMSCs. 
miRNAs belonging to the ncRNA family can bind to the 
complementary sequences in the 3′ UTRs of the tar-
get mRNA, and further negatively regulate target gene 
expression by inhibiting translation or destabilizing the 
target mRNA. lncRNAs can competitively bind to miRNA 
and further affect the targets that bind to miRNAs [9]. In 
this study, both miRNA sequencing and bioinformatics 
algorithms predicted that SNHG5 contains a binding site 
for miR-212-3p. miR-212 inhibits osteogenic differentia-
tion via downregulating RUNX2 and repressing the OPG/
RANKL pathway [33]. Moreover, miR-212 is upregulated 
during osteoclast differentiation [34]. We found that 
SNHG5 negatively regulated miR-212-3p expression, and 
luciferase reporter assays further confirmed that SNHG5 
and miR-212-3p directly interacted with each other, indi-
cating that SNHG5 promotes the osteogenic differentia-
tion of hBMSCs by interacting with miR-212-3p.

GDF5, as a member of the TGF-β superfamily, is the 
target of several miRNAs including miR-7, miR-132-3p, 
and miR-615-3p [21, 35, 36]. However, the regulatory 
mechanism of GDF5 mRNA remains unclear. In our 
study, we identified GDF5 as a direct target of miR-
212-3p via three database analyses combined with micro-
array analyses. Dual luciferase reporter assays further 
verified the putative binding of miR-212-3p on GDF5. 
The mRNA and protein expressions of GDF5 were 
negatively correlated with miR-212-3p and positively 

regulated by SNHG5 and YY1. These results indicate 
that GDF5 acts as a downstream target of YY1/SNHG5/
miR-212-3p axis. GDF5 plays critical roles in osteogenic 
differentiation [37–39]. In accordance with previous 
studies, GDF5 expression significantly increased with 
osteoinduction and GDF5 silencing markedly inhibited 
osteogenic differentiation.

BMPs are members of the TGF-β superfamily and 
are transduced into cells by the binding of ligands to 
the type I and type II transmembrane serine/threo-
nine kinase complex. Upon ligand binding, the type II 
receptor activates the type I receptor by phosphoryla-
tion of the type I receptor. The activated type I receptor 
phosphorylates receptor-activated p-Smad1/5/8, which 
further forms a complex with Smad4 and together trans-
locate into the nucleus to regulate the transcription of 
target genes [40]. GDF5 can bind to BMP type I and II 
receptors to transmit signals into the cytoplasm, leading 
to activation of p-Smad1/5/8 [41]. In this study, pathway 
analyses indicated that SNHG5 may participate in the 
BMP signaling pathway, and we observed that overex-
pression of SNHG5 activated the BMP pathway while 
knockdown of SNHG5 inhibited activation of the BMP 
pathway in hBMSCs. Taken together, these results sug-
gest that the YY1/SNHG5/miR-212-3p/GDF5-related 
osteogenesis of hBMSCs is modulated through the BMP 
signaling pathway. However, the mechanisms by which 
SNHG5 regulates various pathological processes may 
not be limited to ceRNA mechanisms. Thus, further 
studies are needed to provide a better understanding of 
the role of SNHG5 in osteogenesis.

Nevertheless, there are still limitations in this study. We 
only evaluated the in  vivo function of SNHG5 by bone 
formation assay in nude mice. To further confirm the 
function of SNHG5, SNHG5 knockout mouse model and 
more disease models are required. Moreover, the time for 
critical calvarial defect of mice in our study was 5 weeks, 
and a longer time for bone formation assay are needed in 
further experiments. Furthermore, we only used siRNA 
to knockdown SNHG5 expression in our in vitro experi-
ment, and knockout techniques like CRISPR techniques 
are needed in our future experiments.

(See figure on next page.)
Fig. 7 YY1/SNHG5/miR-212-3p/GDF5/Smad axis is involved in the osteogenesis of hBMSCs. a–d Protein expression of GDF5 and β-actin 
in groups with YY1 or SNHG5 downregulation or upregulation (n = 3). Histograms show the quantification of band intensities. β-actin was 
used for normalization. e Relative mRNA expression of GDF5 measured via qRT-PCR in the si-SNHG5-1, si-SNHG5-1 + miR-212-3p-mimic and 
si-SNHG5-1 + miR-212-3p-inhibitor transfected hBMSCs (n = 3). GAPDH was used for normalization. f Protein expression of GDF5 measured 
via western blotting in the si-SNHG5-1, si-SNHG5-1 + miR-212-3p-mimic and si-SNHG5-1 + miR-212-3p-inhibitor transfected hBMSCs (n = 3). 
Histograms show the quantification of band intensities. β-actin was used for normalization. g The top 30 GO term enrichments. h Protein 
expression of p-Smad1/5/8, smad1/5/8, and β-actin in groups with SNHG5 downregulation or upregulation (n = 3). (*p < 0.05; **p < 0.01). 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDF5, growth differentiation factor 5; GO, Gene ontology; hBMSCs, human bone marrow 
mesenchymal stem cells; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; SNHG5, small nucleolar RNA host gene 5; YY1, Yin 
Yang 1
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Fig. 7 (See legend on previous page.)
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Fig. 8 SNHG5 and GDF5 promote bone formation in the critical calvarial defect of mice. a Reconstructed 3D micro-CT images of bone formation 
in each group. b, c BV and BV/TV analysis of each group at 5 weeks (n = 5). d H&E staining, Masson’s trichrome staining in each group. Scale bars: 
200 μm. (***p < 0.001). BV, bone volume; BV/TV, bone volume/tissue volume; GDF5, growth differentiation factor 5; H&E, hematoxylin and eosin; 
micro-CT, micro-computed tomography; SNHG5, small nucleolar RNA host gene 5; 3D, three-dimensional
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Conclusion
In conclusion, SNHG5 promotes osteogenic differen-
tiation of hBMSCs both in  vitro and in  vivo (Fig.  9). 
YY1 directly binds to the promoter region of SNHG5 
and regulates SNHG5 expression to promote the osteo-
genic differentiation of hBMSCs. Moreover, SNHG5 
sponges miR-212-3p to increase GDF5 and activate 
p-Smad1/5/8 during osteogenesis. Hence, SNHG5 is a 
promising target for enhancing the osteogenic potential 
of hBMSCs and bone regeneration.

Abbreviations
ALP: Alkaline phosphatase; ARS: Alizarin red S; BCA: Bicinchoninic acid; BMP: 
Bone morphogenetic protein; BMaSCs: Bone marrow mesenchymal stem cells; 
bp: Base pairs; BV: Bone volume; BV/TV: Bone volume/tissue volume; ceRNA: 
Competing endogenous RNA; ChIP: Chromatin immunoprecipitation; DEGs: 
Differentially expressed genes; DMEM: Dulbecco’s modified Eagle medium; 
FBS: Fetal bovine serum; FISH: Fluorescence in situ hybridization; GAPDH: 
Glyceraldehyde-3-phosphate dehydrogenase; GDF5: Growth differentiation 
factor 5; GO: Gene ontology; hBMSCs: Human bone marrow mesenchymal 
stem cells; HDAC: Histone deacetylase; H&E: Hematoxylin and eosin; KEGG: 
Kyoto Encyclopedia of Genes and Genomes database; lncRNAs: Long non-
coding RNAs; micro-CT: Micro-computed tomography; miRNAs: MicroRNAs; 
MaSCs: Mesenchymal stem cells; ncRNAs: Non-coding RNAs; PLGA: Polylactic-
co-glycolic acid; OCN: Osteocalcin; OM: Osteogenic medium; PBS: Phosphate-
buffered saline; qRT-PCR: Quantitative reverse transcription-polymerase chain 
reaction; RUNX2: Runt-related transcription factor 2; siRNAs: Small interfering 
RNA; SNHG5: Small nucleolar RNA host gene 5; TGF-β: Transforming growth 
factor β; TSS: Transcriptional start site; YY1: Yin Yang 1; α-MEM: α-Modified 
Eagle medium; 2D: Two-dimensional; 3D: Three-dimensional; 3′ UTR : 3′ 
Untranslated region.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 022- 02781-8.

Additional file 1: Supplementary Materials. Table S1. Nucleotide 
sequence of primers used in qRT-PCR.Table S2. The sequences of the RNA 
oligoribonucleotides.Table S3. Primers for ChIP. Table S4. Micro-CT results 
of new bone formation in calvarial defect models. Figure S1. Flow cytom-
etry results of cell surface markers (CD90, CD105, CD29, CD34, CD45). 
Figure S2. Overexpression of SNHG5 promotes osteogenic differentiation 
of hBMSCs. Figure S3. Overexpression of YY1 promotes osteogenic dif-
ferentiation of hBMSCs. Figure S4. The location, full-length and secondary 
structure of SNHG5. Figure S5. GDF5 is a target of SNHG5/miR-212-3p 
axis. Figure S6. Knockdown of GDF partially inhibited the osteogenic 
function of miR-212-3p-inhibitor. Figure S7. SNHG5 and GDF5 promote 
bone formation in the critical calvarial defect of mice.

Acknowledgements
This study was financially supported by grants from the National Natural Sci-
ence Foundation of China (82071119, 82071142).

Authors’ contributions
YNH performed experiments, collected and analyzed the data, and wrote the 
manuscript; QLY and YPH performed qRT-PCR and western blotting analysis; 
LFJ assisted in the animal experiments; YFZ and WRL conceived the idea, 
designed and supervised the project, provided financial support, and revised 
the manuscript. All authors read and approved the final manuscript.

Funding
The National Natural Science Foundation of China (82071119, 82071142).

Availability of data and materials
The datasets used during the current study has been uploaded to NCBI and 
the project is PRJNA812856 including 4 accessions numbers (SRR18219241, 
SRR18219242, SRR18219235, SRR18219236).

Fig. 9 SNHG5 promotes osteogenic differentiation. SNHG5 is regulated by transcription factor YY1 which directly binds to its promoter region to 
regulate osteogenesis. SNHG5 acts as a miR-212-3p sponge, which further directly targets GDF5 to activate the phosphorylation of Smad1/5/8 to 
regulate osteogenesis. GDF5, growth differentiation factor 5; OCN, osteocalcin; SNHG5, small nucleolar RNA host gene 5; YY1, Yin Yang 1

https://doi.org/10.1186/s13287-022-02781-8
https://doi.org/10.1186/s13287-022-02781-8


Page 19 of 20Han et al. Stem Cell Research & Therapy          (2022) 13:130  

Declarations

Ethics approval and consent to participate
All animal experimental protocols were approved by the Peking University 
Animal Care and Use Committee (LA2018305).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Author details
1 Department of Orthodontics, Peking University School and Hospital of Stom-
atology, 22 Zhongguancun Avenue South, Haidian District, Beijing 100081, 
People’s Republic of China. 2 Department of Oral and Maxillofacial Surgery, 
Peking University School and Hospital of Stomatology, 22 Zhongguancun 
Avenue South, Haidian District, Beijing 100081, People’s Republic of China. 
3 Central Laboratory, Peking University School and Hospital of Stomatology, 
22 Zhongguancun Avenue South, Haidian District, Beijing 100081, People’s 
Republic of China. 

Received: 29 June 2021   Accepted: 23 August 2021

References
 1. Guan M, Yao W, Liu R, Lam KS, Nolta J, Jia J, et al. Directing mesenchymal 

stem cells to bone to augment bone formation and increase bone mass. 
Nat Med. 2012;18(3):456–62.

 2. Liu Q, Zhang X, Jiao Y, Liu X, Wang Y, Li SL, et al. In vitro cell behaviors of 
bone mesenchymal stem cells derived from normal and postmenopausal 
osteoporotic rats. Int J Mol Med. 2018;41(2):669–78.

 3. Wang J, Liu S, Shi J, Liu H, Li J, Zhao S, et al. The role of lncRNAs in osteo-
genic differentiation of bone marrow mesenchymal stem cells. Curr Stem 
Cell Res Ther. 2020;15(3):243–9.

 4. Ma X, Bian Y, Yuan H, Chen N, Pan Y, Zhou W, et al. Human amnion-
derived mesenchymal stem cells promote osteogenic differentiation of 
human bone marrow mesenchymal stem cells via H19/miR-675/APC axis. 
Aging (Albany NY). 2020;12(11):10527–43.

 5. Cai WL, Zeng W, Liu HH, Zhu BY, Liu JL, Liu Y. LncRNA LINC00707 
promotes osteogenic differentiation of hBMSCs through the Wnt/beta-
catenin pathway activated by LINC00707/miR-145/LRP5 axis. Eur Rev 
Med Pharmacol Sci. 2020;24(1):18–28.

 6. Jin C, Jia L, Tang Z, Zheng Y. Long non-coding RNA MIR22HG promotes 
osteogenic differentiation of bone marrow mesenchymal stem cells via 
PTEN/ AKT pathway. Cell Death Dis. 2020;11(7):601.

 7. Thomas M, Lieberman J, Lal A. Desperately seeking microRNA targets. Nat 
Struct Mol Biol. 2010;17(10):1169–74.

 8. Wang Q, Cai J, Fang C, Yang C, Zhou J, Tan Y, et al. Mesenchymal glio-
blastoma constitutes a major ceRNA signature in the TGF-beta pathway. 
Theranostics. 2018;8(17):4733–49.

 9. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the 
Rosetta Stone of a hidden RNA language? Cell. 2011;146(3):353–8.

 10. Xin L, Zhou LQ, Liu L, Yuan YW, Zhang HT, Zeng F. METase promotes cell 
autophagy via promoting SNHG5 and suppressing miR-20a in gastric 
cancer. Int J Biol Macromol. 2019;122:1046–52.

 11. Ju C, Zhou R, Sun J, Zhang F, Tang X, Chen KK, et al. LncRNA SNHG5 
promotes the progression of osteosarcoma by sponging the miR-212-3p/
SGK3 axis. Cancer Cell Int. 2018;18:141.

 12. Damas ND, Marcatti M, Come C, Christensen LL, Nielsen MM, Baum-
gartner R, et al. SNHG5 promotes colorectal cancer cell survival by 
counteracting STAU1-mediated mRNA destabilization. Nat Commun. 
2016;7:13875.

 13. Chen L, Gong X, Huang M. YY1-activated long noncoding RNA SNHG5 
promotes glioblastoma cell proliferation through p38/MAPK signaling 
pathway. Cancer Biother Radiopharm. 2019;34(9):589–96.

 14. Zheng J, Guo H, Qin Y, Liu Z, Ding Z, Zhang L, Wang W. SNHG5/miR-
582-5p/RUNX3 feedback loop regulates osteogenic differentiation and 

apoptosis of bone marrow mesenchymal stem cells. J Cell Physiol. 2020. 
https:// doi. org/ 10. 1002/ jcp. 29527.

 15. Yang Z, Ren Z, She R, Ao J, Wa Q, Sun Z, et al. miR-23a-3p regulated by 
LncRNA SNHG5 suppresses the chondrogenic differentiation of human 
adipose-derived stem cells via targeting SOX6/SOX5. Cell Tissue Res. 
2020;383:723–33.

 16. Sarvagalla S, Kolapalli SP, Vallabhapurapu S. The two sides of YY1 in can-
cer: a friend and a foe. Front Oncol. 2019;9:1230.

 17. Fathi E, Farahzadi R, Valipour B. Alginate/gelatin encapsulation promotes 
NK cells differentiation potential of bone marrow resident C-kit(+) 
hematopoietic stem cells. Int J Biol Macromol. 2021;177:317–27.

 18. Huang Y, Han Y, Guo R, Liu H, Li X, Jia L, et al. Long non-coding RNA 
FER1L4 promotes osteogenic differentiation of human periodontal liga-
ment stromal cells via miR-874-3p and vascular endothelial growth factor 
A. Stem Cell Res Ther. 2020;11(1):5.

 19. Jia LF, Wei SB, Gan YH, Guo Y, Gong K, Mitchelson K, et al. Expression, 
regulation and roles of miR-26a and MEG3 in tongue squamous cell carci-
noma. Int J Cancer. 2014;135(10):2282–93.

 20. Han Y, Yang Q, Huang Y, Li X, Zhu Y, Jia L, et al. Mechanical force inhibited 
hPDLSCs proliferation with the downregulation of MIR31HG via DNA 
methylation. Oral Dis. 2020;27:1268–82.

 21. Li X, Zheng Y, Zheng Y, Huang Y, Zhang Y, Jia L, et al. Circular RNA CDR1as 
regulates osteoblastic differentiation of periodontal ligament stem cells 
via the miR-7/GDF5/SMAD and p38 MAPK signaling pathway. Stem Cell 
Res Ther. 2018;9(1):232.

 22. Chen S, Zheng Y, Zhang S, Jia L, Zhou Y. Promotion effects of miR-375 on 
the osteogenic differentiation of human adipose-derived mesenchymal 
stem cells. Stem Cell Rep. 2017;8(3):773–86.

 23. Guo R, Huang Y, Liu H, Zheng Y, Jia L, Li W. Long non-coding RNA H19 
participates in periodontal inflammation via activation of autophagy. J 
Inflamm Res. 2020;13:635–46.

 24. Huang Y, Zheng Y, Jia L, Li W. Long noncoding RNA H19 promotes osteo-
blast differentiation via TGF-beta1/Smad3/HDAC signaling pathway by 
deriving miR-675. Stem Cells. 2015;33(12):3481–92.

 25. Fathi E, Farahzadi R, Vietor I, Javanmardi S. Cardiac differentiation of 
bone-marrowresident c-kit+ stem cells by L-carnitine increases through 
secretion of VEGF, IL6, IGF-1, and TGF- β as clinical agents in cardiac 
regeneration. J Biosci. 2020;45:92.

 26. Fathi E, Farahzadi R, Javanmardi S, Vietor I. L-carnitine extends the 
telomere length of the cardiac differentiated CD117(+)- expressing stem 
cells. Tissue Cell. 2020;67:101429.

 27. Fathi E, Vietor I. Mesenchymal stem cells promote caspase expression in 
Molt-4 leukemia cells via GSK-3alpha/Beta and ERK1/2 signaling path-
ways as a therapeutic strategy. Curr Gene Ther. 2021;21(1):81–8.

 28. Zhu JH, Liao YP, Li FS, Hu Y, Li Q, Ma Y, et al. Wnt11 promotes BMP9-
induced osteogenic differentiation through BMPs/Smads and p38 MAPK 
in mesenchymal stem cells. J Cell Biochem. 2018;119(11):9462–73.

 29. Liu ZH, Qi DD, Li X, Zhang SQ, Zhao Y, Fu LX, et al. LncRNA SNHG14 
promotes osteogenic differentiation of human bone marrow-derived 
mesenchymal stem cells via regulating miR-185-5p/WISP2 axis. J Biol 
Regul Homeost Agents. 2021;35(2):605–15.

 30. Asila A, Yang X, Kaisaer Y, Ma L. SNHG16/miR-485-5p/BMP7 axis modu-
lates osteogenic differentiation of human bone marrow-derived mesen-
chymal stem cells. J Gene Med. 2021;23(3):e3296.

 31. Li ZJ, Cheng J, Song Y, Li HH, Zheng JF. LncRNA SNHG5 upregulation 
induced by YY1 contributes to angiogenesis via miR-26b/CTGF/VEGFA 
axis in acute myelogenous leukemia. Lab Invest. 2021;101(3):341–52.

 32. Chen YH, Chung CC, Liu YC, Lai WC, Lin ZS, Chen TM, et al. YY1 and 
HDAC9c transcriptionally regulate p38-mediated mesenchymal stem cell 
differentiation into osteoblasts. Am J Cancer Res. 2018;8(3):514–25.

 33. Zhang Y, Jiang Y, Luo Y, Zeng Y. Interference of miR-212 and miR-384 
promotes osteogenic differentiation via targeting RUNX2 in osteoporosis. 
Exp Mol Pathol. 2020;113:104366.

 34. de la Rica L, Garcia-Gomez A, Comet NR, Rodriguez-Ubreva J, Ciudad 
L, Vento-Tormo R, et al. NF-kappaB-direct activation of microRNAs with 
repressive effects on monocyte-specific genes is critical for osteoclast 
differentiation. Genome Biol. 2015;16:2.

 35. Yin J, Zhuang G, Zhu Y, Hu X, Zhao H, Zhang R, et al. MiR-615-3p inhibits 
the osteogenic differentiation of human lumbar Ligamentum flavum cells 
via suppression of osteogenic regulators GDF5 and FOXO1. Cell Biol Int. 
2017;41(7):779–86.

https://doi.org/10.1002/jcp.29527


Page 20 of 20Han et al. Stem Cell Research & Therapy          (2022) 13:130 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 36. Qu X, Chen Z, Fan D, Sun C, Zeng Y. MiR-132-3p regulates the osteogenic 
differentiation of thoracic Ligamentum flavum cells by inhibiting multiple 
osteogenesis-related genes. Int J Mol Sci. 2016;17(8):1370.

 37. Jin L, Li X. Growth differentiation factor 5 regulation in bone regeneration. 
Curr Pharm Des. 2013;19(19):3364–73.

 38. Nickel J, Kotzsch A, Sebald W, Mueller TD. A single residue of 
GDF-5 defines binding specificity to BMP receptor IB. J Mol Biol. 
2005;349(5):933–47.

 39. Baur ST, Mai JJ, Dymecki SM. Combinatorial signaling through BMP recep-
tor IB and GDF5: shaping of the distal mouse limb and the genetics of 
distal limb diversity. Development. 2000;127(3):605–19.

 40. Shi Y, Massague J. Mechanisms of TGF-beta signaling from cell membrane 
to the nucleus. Cell. 2003;113(6):685–700.

 41. Sieber C, Ploger F, Schwappacher R, Bechtold R, Hanke M, Kawai S, et al. 
Monomeric and dimeric GDF-5 show equal type I receptor binding and 
oligomerization capability and have the same biological activity. Biol 
Chem. 2006;387(4):451–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Long non-coding RNA SNHG5 promotes the osteogenic differentiation of bone marrow mesenchymal stem cells via the miR-212-3pGDF5SMAD pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture
	Alkaline phosphatase staining (ALP) and activity
	Alizarin red S staining (ARS) and quantification
	RNA collection and quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Cell fractionation assays
	RNA oligoribonucleotides
	siRNA transfection assays
	Lentivirus infection
	RNA sequencing
	miRNA sequencing
	Fluorescence in situ hybridization (FISH)
	Western blotting analyses
	Immunofluorescence staining of RUNX2
	Dual luciferase reporter assay
	Flow cytometry
	In vivo bone formation assay
	Micro-computed tomography (micro-CT) analyses
	Hematoxylin and eosin staining (H&E), Masson’s trichrome staining, and immunohistochemical analyses
	Chromatin immunoprecipitation assay
	Statistical analyses

	Results
	SNHG5 promotes the osteogenic differentiation of hBMSCs
	Transcription factor YY1 regulates SNHG5 expression
	YY1 promotes the osteogenic differentiation of hBMSCs
	SNHG5 serves as a sponge for miR-212-3p
	miR-212-3p inhibits the osteogenic differentiation of hBMSCs
	GDF5 is a target of SNHG5miR-212-3p axis
	GDF5 promotes the osteogenic differentiation of hBMSCs
	GDF5 is regulated by YY1SNHG5miR-212-3p
	YY1SNHG5miR-212-3pGDF5 promotes the osteogenic differentiation of hBMSCs via accelerated Smad158 phosphorylation
	SNHG5 and GDF5 promote bone formation in vivo

	Discussion
	Conclusion
	Acknowledgements
	References


