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Abstract. The present study aimed to investigate the regula-
tory mechanism of long non-coding RNA hypoxia-inducible 
factor 1α-anti‑sense 1 (lncRNA HIF1α-AS1) in osteoblast 
differentiation as well as its targeting by sirtuin 1 (SIRT1), 
which may be inhibited by transforming growth factor 
(TGF)‑β in bone marrow stromal cells (BMSCs). Real‑time 
polymerase chain reaction (PCR), western blot analysis, 
lncRNA PCR arrays and chromatin immunoprecipitation 
were performed in order to examine the interference of 
SIRT1 expression by TGF‑β, the effects of SIRT1 overex-
pression on lncRNA HIF1α‑AS1 and the regulation of the 
expression of homeobox (HOX)D10, which promotes BMSC 
differentiation, by lncRNA HIF1α‑AS1. The results showed 
that TGF‑β interfered with SIRT1 expression. Furthermore, 
lncRNA HIF1α‑AS1 was significantly downregulated 
following overexpression of SIRT1. In addition, low expres-
sion of HIF1α‑AS1 was sufficient to block the expression 
of HOXD10. The present study further demonstrated that 
downregulation of HOXD10 by HIF1α‑AS1 interfered with 
acetylation, and subsequently resulted in the inhibition 
of osteoblast differentiation. These results suggested that 
HIF1α‑AS1 is an essential mediator of osteoblast differentia-
tion, and may thus represent a gene‑therapeutic agent for the 
treatment of human bone diseases.

Introduction

Osteoblasts are the major cellular components of bone and 
are cells with single nuclei that synthesize bone. They arise 
from bone marrow stromal cells (BMSCs)  (1). BMSCs can 

differentiate into osteoblasts, adipocytes, chondrocytes and 
myoblasts. Sirtuin 1 (SIRT1) was shown to be able to de‑acet-
ylate β‑catenin to promote its accumulation in the nucleus, 
which led to the transcription of genes associated with BMSC 
differentiation (2). Furthermore, SIRT1 has a key role in the 
differentiation of BMSCs into osteoblasts. SIRT1‑activating and 
‑inhibiting compounds increased and decreased, respectively, 
the expression of osteoblast markers and bone mineraliza-
tion (3). In addition, SIRT1 has an important role in metabolism 
and in age‑associated diseases. It has been used as a target 
for promoting bone formation in an anabolic approach for the 
treatment of osteoporosis (4).

Osteoblast differentiation is regulated by a number of 
growth factors, including transforming growth factor‑β 
(TGF‑β). TGF‑β is produced by osteoblasts and osteocytes, and 
is abundantly deposited in bone matrices in a latent form (5). 
TGF‑β is released from bone matrices through bone resorption 
and is activated by acids and matrix metalloproteinases secreted 
from osteoblast cells (6,7). TGF‑β was shown to regulate the 
proliferation and differentiation of osteoblasts in vitro as well as 
in vivo (8). It stimulated proliferation and early osteoblast differ-
entiation, while inhibiting terminal differentiation (9). TGF‑β 
also suppressed osteoblastic differentiation of BMSCs (10). 
TGF‑β was indicated to affect SIRT1 expression by mecha-
nisms independent of methyl CpG binding protein 2 (11). TGF‑β 
ligand activates TGF‑β receptor‑Smad3 signaling, which in turn 
collaboratively activates SIRT1 transcription (12). Homeobox 
(HOX)D10 has been reported to be a tumor suppressor and to 
regulate chondrocyte maturation as well as osteoblast differen-
tiation (13,14).

Long non‑coding RNAs (lncRNAs) are non‑protein‑coding 
transcripts of >200 nucleotides  (15). They are key regula-
tors of diverse biological processes, including transcriptional 
regulation, cell growth and differentiation. Aberrant lncRNA 
expression and mutations have been linked to a diverse number 
of human diseases, including cancer, cardiovascular diseases and 
Alzheimer's disease (16). lncRNA‑anti‑differentiation ncRNA 
was shown to be an essential mediator of osteoblast differen-
tiation (17). LncRNA hypoxia‑inducible factor 1α‑anti‑sense 1 
(HIF1α‑AS1) has been shown to interact with BRG1, which 
is a key event in the proliferation and apoptosis of vascular 
smooth muscle cells in  vitro  (18). LncRNA HIF1α‑AS1 is 
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highly associated with cardiovascular diseases and is also over-
expressed in advanced atherosclerosis tissues (19). 

The aim of the present study was to explore the mecha-
nisms of osteoblast differentiation with the goal of identifying 
novel regimens for treating osteoporosis, as well as providing 
protocols for optimal growth and differentiation of BMSCs into 
osteoblasts in vitro. First, real‑time polymerase chain reaction 
(PCR) and western blot analyses were performed in order to 
explore the influence of TGF‑β on the expression of SIRT1. 
Furthermore, an lncRNA PCR array was performed to assess 
the influence of SIRT1 overexpression on lncRNA HIF1α‑AS1. 
Finally, the regulation of the expression of HOXD10, which is 
closely associated with cell differentiation, by HIF1α‑AS1 was 
assessed.

Materials and methods

Cell culture. Human osteoblastic bone marrow stem cells 
(BMSCs) were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and maintained in Dulbecco's 
modified Eagle's medium (DMEM) containing 10% fetal bovine 
serum (FBS; both from Hyclone Laboratories, Inc., Logan, UT, 
USA) at 37˚C, in a humidified atmosphere of 5% CO2 in air. 
For osteoblastic differentiation, confluent cultures of BMSCs 
were maintained in low‑serum medium, consisting of DMEM 
supplemented with 5% FBS and 200 ng/ml recombinant human 
bone morphogenic protein 2 (R&D Systems, Minneapolis, MN, 
USA). The medium was changed every 2‑3 days. Human TGF‑β 
was obtained from Sigma‑Aldrich (St. Louis, MO, USA).

Treatment groups. To examine the influence of TGF‑β on SIRT1 
expression, four treatment groups of BMSCs were established: In 
the TGF‑β group, BMSCs were incubated in DMEM containing 
10% FBS and 200 µg/l TGF‑β (Sigma‑Aldrich) for 4 h; in the 
control group, BMSCs were cultured in DMEM supplemented 
with 10% FBS for 24 h; in the pirfenidone group, BMSCs were 
cultured in DMEM with 10% FBS and 200 µg/l pirfenidone 
(Marnac Inc., Dallas, TX, USA) for 4 h; in the dimethylsulf-
oxide (DMSO) group, BMSCs were cultured in DMEM 
containing 10% FBS and 200 µg/l DMSO (Sigma‑Aldrich) 
for 4 h. Pirfenidone is an inhibitor of TGF‑β at multiple steps: 
It reduces TGF‑β promoter activity, TGF‑β protein secretion, 
TGF‑β‑induced Smad2 phosphorylation and generation of 
reactive oxygen species (20). As pirfenidone was applied as a 
solution in DMEM, a positive control group treated with DMSO 
at a concentration of 200 µg/l, which is similar to the concentra-
tion of pirfenidone, was established in order to assess the effects 
of DMSO alone. Following incubation, reverse‑transcription 
quantitative (RT‑q)PCR was used to determine the expression 
of SIRT1 in BMSCs. 

According to the SIRT1 gene sequence, the present study 
designed and synthesized small interfering (si)RNAs using 
the Silencer siRNA construction kit (Ambion; Invitrogen Life 
Technologies, Carlsbad, CA, USA) with the following sequences: 
siRNA‑SIRT1, AAACCTGAGGCTGTTGTCTTCCTGTCTC 
and siRNA‑negative control (NC), AAGGCTGTTTCA 
CCTGAGTTCCTGTCTC. BMSCs were transfected using 
Lipofectamine  2000 (Invitrogen Life Technologies) and 
Opti‑MEM (Invitrogen Life Technologies). To examine the 
effect of SIRT1 on lncRNA HIF1α‑AS1 expression, the 

following experimental groups were established: The positive 
interference groups were transfected with the specific plasmid 
siRNA‑SIRT1 (50 nM), SIRT1 inhibitor nicotinamide (Rugby 
Laboratories Inc., Norcross, GA, USA; 50 nM) or SIRT1 over-
expression plasmid cDNA3.1(+)‑SIRT1, which was constructed 
in our laboratory as previously described (21), while the negative 
interference group was transfected with non‑specific plasmid 
siRNA‑NC (50 nM) or non‑specific vector pWPXL‑SIRT1 
(50 nM; Funeng Co., Ltd, Shanghai, China). RT‑PCR was used to 
determine the relative mRNA levels of SIRT1 and HIF1α‑AS1.

RT‑qPCR. The total RNA was extracted and isolated from 
BMSCs using TRIzol reagent (Invitrogen Life Technologies, 
Inc.). RNA quality was assessed using a Nano Drop 1000 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
RT‑qPCR was performed using a QuantiTect Primer Assay 
(Qiagen GmbH, Hilden, Germany) and a QuantiTect SYBR 
Green RT‑PCR kit (Qiagen GmbH) on a LightCycler  480 
instrument (Roche Diagnostics, Mannheim, Germany). First, 
reverse‑transcription was performed at 55˚C for 30 min using 
random primers (cat no. 3801; Takara Bio, Inc, Otsu, Japan) and 
a Moloney Murine Leukemia Virus Reverse Transcriptase kit 
(Invitrogen Life Technologies, Inc.). The cDNA was added to 
a 2X Taq PCR Master mix (Tiangen Biotech Co., Ltd., Beijing, 
China) containing 10 pmol/l of each of the corresponding 
primer pairs. β‑actin was used as an internal control. In the 
PCR amplification reaction, the thermocycling conditions were 
as follows: Initial activation for 15 min at 95˚C, followed by 40 
cycles of denaturation at 94˚C for 15 sec, annealing for 30 sec 
at 55˚C and extension for 30 sec at 72˚C. The fluorescence was 
measured during the extension step. The relative expression of 
the target genes was determined using the 2‑ΔΔCt method (22). 
Primers were obtained from Takara Bio Inc. with the following 
sequences: SIRT1 forward, 5'-GAG​AAT​TCA​GGA​CTT​TCT​
TCG​AGA​TC-3' and reverse, 5'-CTG​AAT​TCT​CAT​TGT​GGA​
CTC​GGC-3'; HIF1α-AS1 forward, 5'-ATG​GTT​CGC​GTT​GTA​
TCT​TTAA3' and reverse, 5'-TCA​GTT​AAT​CCT​GCC​GCA​
TTGA-3'; HoxD10 forward, 5'-TCT​GTT​ATC​TTT​ATT​GGA​
GGA​GTT​TG-3' and reverse, 5'-TTG​AAA​CAC​CCA​TAG​GAC​
TGA​CT-3'; β-actin forward, 5'-CGA​GCG​CGG​CTA​CAG​CT-3' 
and reverse, 5'-TCC​TTA​ATG​TCA​CGC​ACG​ATTT-3'.

Western blot analysis. Western blot analysis of SIRT1 and 
HOXD10 was performed as previously described (23). Cells 
were collected after transfection for 72  h, washed twice 
with cold phosphate‑buffered saline and lysed in buffer 5A 
containing 10 mM HEPES (pH 7.0; Sigma‑Aldrich), 10 mM 
NaCl, 1.5 mM MgCl2, 0.75 mM dithiothreitol (Sigma‑Aldrich), 
0.2 mM phenylmethylsulfonyl fluoride (Sigma‑Aldrich) and 
protease inhibitors (Roche, Basel, Switzerland) for 30 min. The 
mixture was centrifuged at 3,000 x g for 10 min after boiling 
for 10 min, and supernatants were collected. Protein concentra-
tions were determined using a bicinchoninic acid assay (Pierce 
Biotechnology, Inc., Rockford, IL, USA). The cell lysate was 
separated by 12% SDS‑PAGE and 15 ml protein was loaded onto 
nitrocellulose membranes. After blocking non‑specific binding 
sites with 5% non‑fat milk, the membrane was incubated with 
primary antibodies for 1.5 h at room temperature. The primary 
antibodies used were as follows: Monoclonal mouse anti‑human 
SRT1 (cat. no.  AP52838; Abgent, San Diego, CA, USA), 
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monoclonal rabbit anti‑human HoxD10 (cat. no.  ab138508; 
Abcam, Cambridge, MA, USA) and monoclonal β‑actin (cat. 
no. 12262; Cell Signaling Technology, Inc., Beverly, MA, USA). 
The membrane was then washed with Tris‑buffered saline 
containing Tween 20 three times for 10 min each and incubated 
for 2 h with SIRT1 goat anti-mouse and HoxD10 goat anti-rabbit 
IgG secondary antibodies (cat. nos. ASS1021 and ASS1006, 
respectively; Abgent). Images of the blots were captured and 
densitometric analysis was performed using an LAS‑3000 and 
Multi Gauge version 3.0 (Fujifilm, Tokyo, Japan). 

lncRNA PCR array. The PCR‑array was performed in a 
high‑throughput manner in an RT‑PCR system. The lncRNA 
PCR array kit (cat no. 20130123a) was purchased from Funeng 
Co. Ltd and all experiments were performed according to 
manufacturer's instructions. A 96‑well PCR microarray 
plate (Funeng Co., Ltd) was prepared with a different 
primer‑probe in each well. RNA was respectively converted 
into double‑stranded cDNA by reverse transcription using a 
cDNA synthesis kit (Superscript Choice System; Invitrogen 
Life Technologies) with an oligo(dT)24 primer containing a 
T7 RNA polymerase promoter site at the 3' end of the poly T 
(Genset, La Jolla, CA, USA). After mixing the ligated samples 
into a single tube, PCR amplification was performed using 
an adaptor primer and a gene‑specific primer. The experi-
mental procedure was performed according to a previously 
published procedure (24). The PCR cycling conditions were 
set as follows: Initial denaturation at 95˚C for 10 min followed 
by 40 cycles of 94˚C for 30 sec, 50˚C for 30 sec and 72˚C 
for 60 sec, followed by an incubation at 72˚C for 20 min. 
BMSC cells without transfection were used as the source of 
the standard, relative to which the relative expression levels 
were determined. Each reaction mixture contained ten 
portions of standard cDNA with the shortest adaptor and two 
portions of standard cDNA with the second shortest adaptor. 
Amplified products were separated on an ABI 3100 DNA 
analyzer (Applied Biosystems, Thermo Fisher Scientific). 
Calibration curves were generated from data points of the 
two standards, which were used for determining the rela-
tive expression levels following conversion to a logarithmic 
scale. Finally, for comparison of gene expression in tumor 
(T) and surrounding non‑tumor (NT) tissues, T versus NT 
(T/NT) ratios were estimated for each gene using the following 
formula: Log2(T/NT) =  log2(T) ‑   log2(NT). Hierarchical 
cluster analysis using the Ward method and principal compo-
nent analysis were performed using GeneMaths 2.0 software 
(Applied Maths, Inc., Austin, TX, USA).

Chromatin immunoprecipitation. Cells were transfected with 
HIF1α‑AS1 siRNA1 or HIF1α‑AS1 siRNA2. Acetylhistone 
levels in cells were determined by RT‑qPCR using the 
lncRNA PCR array kit (cat no. 20130123a; Funeng Co., Ltd) 
according to manufacturer's instructions. Chromatin immuno-
precipitation was performed using the EZ ChIP™ Chromatin 
Immunoprecipitation kit (Millipore, Billerica, MA, USA) 
according to the manufacturer's instructions. Cross‑linked chro-
matin was sonicated at 30 kHZ for 30 min for fragmentation. 
The chromatin was immunoprecipitated using the anti‑acety-
lated histone 3 (cat no. sc-8654; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) and rabbit polyclonal anti‑histone H4 (acetyl 

K5) antibody (cat no. ab114146; Abcam). Normal human immu-
noglobulin (Ig)G was used as a negative control. 

Statistical analysis. All values are expressed as the 
mean  ±  standard deviation from at least three separate 
experiments. Differences between groups were analyzed using 
Student's t‑test in SPSS 10.0 software (SPSS, Inc., Chicago, 
IL, USA). Differences were considered statistically significant 
at P<0.05.

Results

TGF‑β interferes with SIRT1 expression. The present study 
examined whether TGF‑β was able to interfere with the 
expression of SIRT1. As expected (Fig. 1A), RT‑qPCR analysis 
showed that the expression of SIRT1 in BMSCs was signifi-
cantly decreased in the TGF‑β group compared with that in the 
control group and the DMSO positive control. By contrast, the 
expression of SIRT1 was significantly increased in the group 
treated with pirfenidone, which added as an inhibitor of TGF‑β, 
compared with that in the control group and the DMSO positive 
control.

In analogy with the PCR results, western blot analysis 
showed that addition of TGF‑β decreased the SIRT1 protein 
content in BMSCs (Fig. 1B). These results indicated that TGF‑β 
inhibited SIRT1 expression in BMSCs.

Overexpression of SIRT1 results in downregulation of 
lncRNA HIF1α‑AS1. SIRT1 has a key role in the differentia-
tion of BMSCs into osteoblasts, while lncRNA HIF1a‑AS1 is 
important in the proliferation and apoptosis of tumor cells. 
Therefore, the present study explored the influence of SIRT1 

Figure 1. Interference of TGF‑β with the expression of SIRT1. (A) SIRT1 
mRNA levels in BMSCs. Total RNA was extracted and subjected to reverse 
transcription quantitative polymerase chain reaction to analyze the expres-
sion levels of SIRT1. β‑actin was used as a reference. Values are expressed 
as the mean ± standard deviation (n=3). **P<0.01 compared with the control. 
(B) Western blot analysis of SIRT1 protein levels in BMSCs. β‑actin was 
used as an internal control. TGF, transforming growth factor; SIRT1, sir-
tuin 1; DMSO, dimethyl sulfoxide; BMSCs, bone marrow stromal cells.
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on lncRNA HIF1a‑AS1. To investigate the role of SIRT1 in 
the regulation of lncRNA HIF1α‑AS1, the expression of a 
series of genes, including HIF1α‑AS1, in cells treated with 
pWPXL‑SIRT1 was assessed by lncRNA PCR array. The 
gene expression heatmap (Fig. 2) shows that pWPXL‑SIRT1 
suppressed lncRNA HIF1α‑AS1 expression. The gene 
expression heatmap indicated that overexpression of SIRT1 
downregulated the expression of lncRNA HIF1α‑AS1.

Furthermore, RNA expression levels of SIRT1 and 
HIF1α‑AS1 in cells respectively treated with small interfering (si)
RNA‑SIRT1, SIRT1 inhibitor nicotinamide or pWPXL‑SIRT1 
were assessed by PCR array. As shown in Fig. 3, siRNA‑SIRT1 
promoted HIF1α‑AS1 expression and obviously resulted in 
increases in lncRNA HIF1α‑AS1 expression. Conversely, 
pWPXL‑SIRT1 markedly suppressed HIF1α‑AS1 expression 
and significantly decreased HIF1α‑AS1 expression. Inhibition 
of SIRT1 expression using nicotinamide resulted in the highest 
expression of HIF1α‑AS1 among the three experimental groups 
and two control groups.

Figure 2. Heatmap of total RNA expression levels, including HIF1α‑AS1 
treated with pWPXL. SIRT1, assayed by polymerase chain reaction. pWPXL. 
SIRT1, SIRT1 overexpression vector.

Figure 3. RNA expression levels of SIRT1 and HIF1α‑AS1 in bone marrow 
stromal cells. Total RNA was extracted and subjected to polymerase chain 
reaction array to analyze the RNA expression levels. Nicotinamide was 
used as an SIRT1 inhibitor. Values are expressed as the mean ± standard 
deviation (n=3). *P<0.05, **P<0.01 compared with the expression of SIRT1 
in the siRNA‑NC group; #P<0.05, ##P<0.01 compared with the expression of 
HIF1α‑AS1 in the siRNA‑NC group. SIRT1, SIRT1 overexpression vector; 
siRNA, small interfering RNA; NC, scrambled control.

Figure 5. Interference of HIF1α‑AS1 with acetylhistone levels. Chromatin 
immunoprecipitation arrays were conducted using the indicated antibodies. 
Enrichment was determined relative to the input controls. Values are 
expressed as the mean ± standard deviation (n=3). **P<0.01 compared with 
NC group. NC, negative control; siRNA, small interfering RNA; IgG, immu-
noglobulin G.

Figure 4. HOXD10 expression levels in cells treated with lncRNA HIF1α‑AS1 
siRNA. (A) mRNA expression levels in BMSCs. Total RNA was extracted and 
subjected to reverse transcription quantitative polymerase chain reaction to 
analyze the mRNA expression levels. β‑actin was used as a reference. Values 
are expressed as the mean ± standard deviation (n=3). **P<0.01 compared with 
the siRNA‑NC group (B) Western blot analysis of HOXD10 protein levels in 
BMSCs. β‑actin was used as an internal controls. HOX, homeobox; NC, nega-
tive control; siRNA, small interfering RNA.

A

  B
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The PCR array suggested that overexpression of SIRT1 
downregulates the expression of lncRNA HIF1α‑AS1, while 
downregulation or inhibition of SIRT1 upregulated the expres-
sion of lncRNA HIF1α‑AS1.

HIF1α‑AS1 decreases the expression of HOXD10. To investi-
gate the biological role of lncRNA HIF1α‑AS1 in the regulation 
of HOXD10, the HOXD10 expression levels in BMSCs treated 
with HIF1α‑AS1 siRNA were assessed by RT‑qPCR. Fig. 4A 
shows that HIF1α‑AS1 siRNA1 as well as HIF1α‑AS1 siRNA2 
suppressed the mRNA expression of HOXD10. In analogy 
to the PCR results, western blot analysis demonstrated that 
HIF1α‑AS1 siRNA blocked the expression of HOXD10 protein 
expression in BMSCs (Fig. 4B). These observations suggested 
that suppression of HIF1α‑AS1 contributed to the downregula-
tion of HOXD10.

Acetylation‑induced downregulation of HOXD10 by 
HIF1α‑AS1 interference. The chromatin immunoprecipitation 
arrays showed that HIF1α‑AS1 siRNA1 as well as HIF1α‑AS1 
siRNA2 interfered with acetylation and resulted in decreases in 
the enrichment of acetylhistone (Fig. 5). These results suggested 
that lncRNA HIF1α‑AS1 enhances HOXD10 expression by 
promoting acetylation.

Discussion

The results of the present study showed that the expression of 
SIRT1, which is known to have a key role in the differentiation 
of BMSCs into osteoblasts, was decreased by TGF‑β. TGF‑β is a 
secreted protein that regulates proliferation, differentiation and 
death of various cell types (25). It is also a potent inhibitor of 
skeletal muscle differentiation (26). TGF‑β‑induced repression 
of core‑binding factor alpha 1 (CBFA1) by Smad3 decreases 
CBFA1 and osteocalcin expression and inhibits osteoblast 
differentiation (8). It is required for normal differentiation of 
cartilage in vivo. Loss of responsiveness to TGF‑β has been 
demonstrated to promote terminal differentiation of chondro-
cytes and to result in development of degenerative joint disease 
resembling osteoarthritis in humans (27).

In the present study, the overexpression of SIRT1 down-
regulated lncRNA HIF1α‑AS1 expression. SIRT1 is a stress 
response factor that promotes longevity by regulating various 
cell survival pathways (28). It is increasingly recognized as a 
critical regulator of stress responses, replicative senescence, 
inflammation, metabolism and aging (29). SIRT1 regulates 
adipocyte formation during osteoblast differentiation; the effi-
ciency of this process is further increased by the simultaneous 
action of SIRT1‑mediated pathways (30). SIRT1 has also been 
reported to inhibit the proliferation and differentiation of pig 
pre‑adipocytes through repression of adipocyte genes  (31). 
These previous findings led to the conclusion that changes in 
SIRT1 expression are associated with osteoblast differentiation.

LncRNAs, the less intensively studied siblings of microRNA, 
have been suggested to have a robust role in developmental and 
adult tissue regulation similarly to that of microRNA (32). In 
recent years, the yeast germ‑cell differentiation process was 
proven to be a powerful biological system for the identification 
and study of several lncRNAs that have a key role in regulating 
cellular differentiation by directly acting on chromatin (33). 

Bertani et al (34) uncovered that the lncRNA Mira had a role 
in epigenetic activation and cell differentiation by recruiting the 
epigenetic activator mixed‑lineage leukemia 1 to chromatin. 
Transition from progenitor cells into highly differentiated cells 
involved tightly controlled gene‑regulatory changes. A growing 
number of lncRNAs has been implicated in such processes (35). 
A fraction of them were shown to be functionally important 
in the differentiation of diverse cells and tissues. lncRNA has 
also been reported to be involved in gene expression (36). For 
instance, lncRNA has been shown to be implicated in the regula-
tion of epidermal growth factor homology domain‑1 (37), which 
may explain the result of the present study that gene HOXD10 
was regulated by lncRNA HIF1α‑AS1.

According to the results of the present study, HOXD10 
expression was increased by lncRNA HIF1α‑AS1. HOX 
genes are master regulators of organ morphogenesis and cell 
differentiation during embryonic development and continue 
to be expressed throughout post‑natal life (38). HOXD10 is a 
member of the abdominal‑B homeobox family and encodes 
a sequence‑specific transcription factor with a homeobox 
DNA‑binding domain (39). It was shown to have a key role in 
regulating cortical stromal‑cell differentiation during kidney 
development (40). HOXD10 expression was found to be low in 
poorly‑differentiated gastric cancer cell lines compared with that 
in well‑differentiated gastric cancer cell lines (41). furthermore, 
HOXD10 has been demonstrated to have an important role in 
cell differentiation and morphogenesis during development (39).

The present study demonstrated that the expression of 
HOXD10 was increased by lncRNA HIF1α‑AS1 via the promo-
tion of acetylation; therefore, the present study hypothesized 
that HOXD10 is able to promote osteoblast differentiation.

In conclusion, the results of the present study suggested 
that TGF‑β inhibits SIRT1 expression in BMSCs and the 
resulting low levels of SIRT1 lead to the upregulation of 
lncRNA HIF1α‑AS1, which then enhances HOXD10 expres-
sion by promoting acetylation. As HOXD10 expression has a 
central role in promoting osteoblast differentiation, TGF causes 
the differentiation of BMSCs into osteoblasts via SIRT1 and 
lncRNA HIF1α‑AS1. The present study provided a novel regu-
latory mechanism of osteoblast differentiation, which may be 
harnessed for the development of novel treatments of bone and 
joint diseases. In particular, lncRNA HIF1α‑AS1 may represent 
a novel therapeutic agent against osteoarthritis.
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