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Abstract: Background: Steroid-induced osteonecrosis of the femoral head (SONFH) is a pathological condition pri-
marily driven by an impaired balance in the differentiation of bone marrow mesenchymal stem cells (BMSCs) into 
adipogenic and osteogenic lineages. This study aimed to explore the role of miR-129-5p as a regulator of SONFH 
progression and associated mechanisms. Methods: BMSCs were harvested from a rat SONFH model. qPCR was 
leveraged to assess miR-129-5p levels, while both qPCR and Western immunoblotting were utilized to evaluate 
HOXC10 expression. CCK8 assay was used to measure the proliferative activity of BMSCs, while their differentia-
tion was analyzed using qPCR and Western blot. Results: SONFH was associated with reduced miR-129-5p levels. 
Downregulation of miR-129-5p promoted BMSC adipogenesis while inhibiting their osteogenic differentiation and 
enhancing their adipogenesis differentiation. Mechanistically, miR-129-5p was found to regulate these processes 
by targeting the expression of the HOXC10 gene. Conclusions: MiR-129-5p is downregulated in a rat SONFH model. 
Reduced miR-129-5p levels facilitated adipogenesis and suppressed osteogenesis in BMSCs through its inhibition 
of HOXC10. These findings offer novel insights into the prevention and treatment of SONFH.

Keywords: MiR-129-5p, osteogenic differentiation, adipogenic differentiation, BMSCs, HOXC10, steroid-induced 
osteonecrosis of the femoral head

Introduction

Osteonecrosis of the femoral head (ONFH) is  
an extremely disabling condition characterized 
by progressive femoral head collapse and the 
concomitant degeneration of the associated 
cartilage, ultimately leading to degenerative 
arthritis [1-3]. ONFH can result from traumatic 
injuries or nontraumatic causes, with steroid-
induced ONFH (SONFH) being the most com-
mon nontraumatic form of this disease [4, 5]. 
Excessive steroid utilization disrupts lipid meta- 
bolism, leading to fat accumulation in the med-
ullary cavity, vascular endothelial damage, and 
eventual blockage of blood vessels in femoral 
head [5]. These changes are accompanied by a 
shift in bone marrow mesenchymal stem cell 
(BMSC) differentiation, with steroids suppress-
ing osteogenesis while favoring adipogenesis 
under prolonged exposure [6]. The develop-
ment of SONFH significantly impairs patient 

quality of life. While the precise mechanisms 
underlying the etiology of SONFH remain to be 
fully clarified, various contributing factors have 
been implicated, including dysregulated lipid 
metabolism [3], intravascular coagulation [7], 
inflammatory activity, apoptosis [8], and the net 
reduction in BMSC osteogenesis [2, 9].

MicroRNAs (miRNAs), a class of 18-24 nucleo-
tide non-coding RNAs, regulate physiological 
activities by either suppressing the translation 
or degrading mRNA targets with complementa-
ry 3’-untranslated region (3’-UTR) sequences 
[10, 11]. Several miRNAs have been implicated 
in SONFH. For instance, miR-23b-3p promotes 
SONFH pathogenesis by inhibiting ZNF667 [12], 
miR-224 influences adipogenic and osteogenic 
differentiation in this condition [13], and miR-
486-5p targets TBX2/P21 signaling to exert 
protective effects [14]. 
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While miR-129-5p has previously been identi-
fied as a promoter of osteogenic differentiation 
[15], its specific role in SONFH pathogenesis 
remains to be clarified. Therefore, this study 
was conducted to explore how miR-129-5p 
modulates BMSC osteogenesis and adipogen-
esis, aiming to determine its potential as a ther-
apeutic target for SONFH intervention.

Materials and methods

Rat SONFH model establishment

Female Sprague-Dawley (SD) rats (190-220 g) 
from the Academy of Military Medical Sciences 
(Beijing, China) were housed under controlled 
settings (24 ± 2°C, 12 h light-dark cycle) with 
ad libitum access to food and water. All animal 
studies were conducted as per Animal Care 
Committee of China guidelines and were app- 
roved by Heilongjiang Provincial Hospital. Rats 
were randomly assigned into two groups (n=10 
each), a control group and a SONFH model 
group. To establish the SONFH model, rats were 
intraperitoneally administered 20 µg/kg lipopo- 
lysaccharide (Sigma-Aldrich, Shanghai, China) 
for 2 days, followed by intramuscular adminis-
tration of 40 mg/kg methylprednisolone (Sino- 
pharm, China) every 24 h for 3 days [13]. Rats 
were euthanized by excessive inhalation of CO2 
for sample collection.

Micro-CT scanning

The right femoral head of each rat was scanned 
using micro-CT scanner (SkyScan1176, Bruker, 
Germany) and 3D reconstruction was perfor- 
med. Bone parameters of femoral trabecular 
bone, mineral density (BMD), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N), and 
bone volume fraction (BV/TV), were analyzed 
using SkyScan software.

Isolation and culture of BMSCs

BMSCs were isolated by gradient density cen-
trifugation and cultured in Dulbecco modified 
eagle’s medium (DMEM, Gibco, NY, USA) con-
taining 10% fetal bovine serum (Gibco) and 5% 
CO2 at 37°C. The culture medium was replaced 
every three days. Once the BMSCs reached 
90% fusion, they were sub-cultured into two 
new plates for further use.

Cell transfection

BMSCs were seeded in 6-well plates and trans-
fected with 30 nM negative control (miR-NC 
mimic, or miR-NC inhibitor), miR-129-5p mimic, 
or miR-129-5p inhibitor with Lipofectamin 
RNAiMAX transfection reagent (Thermo Fisher, 
Tokyo, Japan) for 16 h. Samples were collected 
48 hours post-transfection. The sequences of 
the oligonucleotides used were as follows: miR-
NC mimic: UUGUACUACACAAAAGUACUG; miR-
129-5p mimic: CUUUUUGCGGUCUGGGCUUGC; 
miR-NC inhibitor: CAGUACUUUUGUGUAGUAC- 
AA; and miR-129-5p inhibitor: GCAAGCCCAGA- 
CCGCAAAA. All oligonucleotides were purcha- 
sed from MedChemExpress.

qPCR

Total RNA was extracted from BMSCs using 
TRIzol (Thermo Fisher) according to the manu-
facturer’s instructions. RNA quality was ass- 
essed via absorbance measurements. For 
cDNA synthesis, 1 µg of RNA per sample was 
processed using the SuperScript RT reagent kit 
with gDNA Eraser (Takara) for general RNA and 
the miRNA first strand cDNA synthesis kit 
(Sangon Biotech) for miRNA-specific analyses. 
All qPCR analyses were performed in 10 μl 
reaction solution, containing 5 μl of 2× Power 
SYBR Green PCR Master Mix (ABI), 0.25 μl each 
of forward/reverse primers, 1 μg of cDNA, and 
dH2O. GAPDH served as reference gene, with 
the 2-ΔΔCt method was employed to determine 
relative gene expression. The primer sequenc-
es are provided in Table 1.

CCK8 assay

Cell viability was determined by CCK-8 assay 
(cat. no. HY-K0301; MedChemExpress). Cells 
were seeded into 96 well plates and cultured at 
37°C and 5% CO2. At 0, 24, 48 and 72 h, 10 µl 
of CCK-8 solution was added to each well. 
Then, the plates were incubated for an addi-
tional 4 h, and the optical density (OD) at 450 
nm was measured using a microplate reader to 
evaluate cell viability.

Western blot

Protein extraction from BMSCs was performed 
using RIPA lysis buffer (Beyotime) containing 
1% PMSF, and protein concentrations were 
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quantified using a BCA kit (Beyotime). Samples 
were separated on 12% SDS-PAGE gels and 
transferred to PVDF membranes (Millipore). 
Membranes were blocked at room tempera- 
ture using 5% non-fat milk in TBST for 1 h,  
followed by overnight incubation with primary 
antibodies (HOXC10 (Cell Signaling Technology), 
OPN (Abcam), ALP (Abcam), RUNX2 (Abcam), 
PPARγ (Abcam), FABP4 (Abcam), or LPL (Abcam); 
1:1000) at 4°C. Membranes were then incu-
bated with HRP-conjugated secondary anti- 
bodies (1:2000, Cell Signaling Technology) at 
room temperature. Protein bands were detect-
ed using ECL substrate (Millipore) and analy- 
zed quantitatively using ImageJ software. 
GAPDH was used as a loading control for 
normalization.

Luciferase reporter analyses

To evaluate the binding of miR-129-5p to target 
gene 3’-UTR sequences, wild-type or mutated 
3’-UTR fragments were cloned into the pmiR-
RB-REPORT vector (Ribobio) using the XhoI and 
NotI restriction sites. These constructs were 
co-transfected into HEK293T cells along with 
miR-129-5p mimic or control constructs us- 
ing Lipofectamine 3000 (Invitrogen). After 48 
hours, luciferase activity was measured using  
a dual-luciferase reporter assay system (Pro- 
mega), with Renilla luciferase serving as an 
internal control.

Alizarin Red staining (ARS)

BMSCs were induced osteogenic differentia-
tion over 14 days, after which they were fixed 
with 4% paraformaldehyde for 15 min. The cell 
was stained using a 2% Alizarin Red S solution 
(Solarbio, Beijing, China) for 10 min to assess 
mineral deposition.

Oil Red O staining (ORO)

BMSCs were induced adipogenic differentia-
tion over 14 days, followed by fixation with 4% 
paraformaldehyde for 15 min. The cell was 
stained with a 0.5% Oil Red O saturated solu-
tion (Cyagen, USA) for 10 min to evaluate lipid 
accumulation.

Statistical analyses

All statistical analyses were performed with 
GraphPad Prism 8. Results were presented as 
means ± standard deviations. In vitro assays 
were conducted in triplicates. Data were com-
pared between or among groups using Stu- 
dent’s t-test, one-way/two-way analysis of vari-
ance (ANOVA) with Dunnett post hoc test, or 
repeated measure ANOVA with Tukey’s post 
hoc test. A P value of <0.05 was considered 
statistically significant.

Results

miR-129-5p was downregulated in SONFH 
model

A rat SONFH model was successfully estab-
lished using methylprednisolone treatment. 
The resultant animals exhibited pronounced 
reductions in BMD, Tb.Th, Tb.N, and BV/TV 
compared to controls (Figure 1A), confirming 
successful model establishment. qPCR analy-
sis revealed a marked downregulation of miR-
129-5p expression in the SONFH model rats 
relative to controls (Figure 1B).

miR-129-5p downregulation suppressed 
BMSC osteogenesis while promoting adipo-
genic differentiation 

To probe the role of miR-129-5p in BMSC osteo-
genesis or adipogenesis, BMSCs were trans-
fected with miR-129-5p mimic or inhibitor plas-
mids and their corresponding controls. Trans- 
fection with miR-129-5p inhibitors and mimics 

Table 1. The primer sequence for qPCR
Gene Primer
HOXC10 forward 5’-GAACATCTGGAATCGCCTCAG-3’
HOXC10 reverse 5’-CTGCTCCGTCTTGATTTCATTG-3’
GAPDH forward 5’-AGAAGGCTGGGGCTC ATTTG-3’
GAPDH reverse 5’-AGGGGCCATCCACAGTCTTC-3’
OPN forward 5’-GAAGTTTCGCAGACCTGACAT-3’
OPN reverse 5’-GTATGCACCATTCAACTCCTCG-3’
ALP forward 5’-CCTTGGCGCCAGGAGAACCG-3’
ALP reverse 5’-GAACCCGGACTTCTGGAACC-3’
RUNX2 forward 5’-TGGTTACTGTCATGGCGGGTA-3’
RUNX2 reverse 5’-TCTCAGATCGTTGAACCTTGCTA-3’
PPARγ forward 5’-ATGTCTCACAATGCCATCAGG-3’
PPARγ reverse 5’-TCTGGGTTCAGCTGGTCGAT-3’
FABP4 forward 5’-AAGGTGAAGAGCATCATAACCCT-3’
FABP4 reverse 5’-TCACGCCTTTCATAACACATTCC-3’
LPL forward 5’-TGGCGTAGCAGGAAGTCTGA-3’
LPL reverse 5’-TGCCTCCATTGGGATAAATGTC-3’
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Figure 1. miR-129-5p was downregulated in SONFH rat model. A. BMD, BV/TV, Tb.Th, and Tb.N in SONFH rats; B. 
miR-129-5p expression in SONFH rats. BMD: bone mineral density; Tb.Th: trabecular thickness; Tb.N: trabecular 
number; BV/TV: bone volume fraction; MPS: methylprednisolone. *P<0.05.

led to the expected decrease and increase in 
miR-129-5p levels, respectively (Figure 2A), 
and respectively promoted and suppressed 
BMSC proliferation (Figure 2B). Pronounced 
reductions in osteogenic gene expression 
(OPN, ALP, RUNX2) were observed in the miR-
129-5p inhibitor group, while these genes were 
upregulated upon miR-129-5p mimic transfec-
tion (Figure 2C, 2D). ARS staining demonstrat-
ed that miR-129-5p knockdown reduced matrix 
mineralization in BMSCs, while miR-129-5p 
mimic enhanced it (Figure 2E). Conversely, 
genes associated with adipogenesis (PPARγ, 
FABP4, LPL) were upregulated in the miR-129-
5p inhibitor group but downregulated in the 
mimic group (Figure 2F, 2G). ORO staining 
revealed an increase in mature adipocytes fol-
lowing miR-129-5p inhibition, whereas miR-
129-5p mimic suppressed adipocyte formation 
(Figure 2H).

miR-129-5p targets HOXC10 directly

TargetScan (http://www.targetscan.org) was 
used to predict putative miR-129-5p targets, 
and HOXC10 was identified as a potential tar-
get of miR-129-5p (Figure 3A). To validate this 
interaction, luciferase reporter constructs har-
boring either mutated or wild-type HOXC10 
3’-UTR binding sites were developed (Figure 
3A). Transfection with the miR-129-5p mimic 
markedly suppressed luciferase activity in cells 

with the wild-type OXC10 3’-UTR reporter but 
not in those with the mutated reporter con-
struct (Figure 3B). Consistent with this obser-
vation, HOXC10 was markedly upregulated 
upon miR-129-5p inhibitor treatment, whereas 
it was downregulated in cells following miR-
129-5p mimic treatment (Figure 3C, 3D). These 
findings confirm that miR-129-5p directly tar-
gets HOXC10.

HOXC10 was upregulated in the SONFH model

HOXC10 expression was further examined in 
the rat SONFH model using qPCR and Western 
blot. Results showed significant upregulation of 
HOXC10 in SONFH model rats as compared to 
controls (Figure 4A, 4B).

HOXC10 upregulation suppressed BMSC os-
teogenesis but promoted adipogenic differen-
tiation

To confirm the role of HOXC10 in BMSC differ-
entiation, HOXC10 was overexpressed using an 
Ad-HOXC10 construct, as confirmed by qPCR 
and Western blot (Figure 5A, 5B). The prolifera-
tion of BMSCs was promoted in the Ad-HOXC10 
group as compared to Ad-NC group (Figure 5C). 
Pronounced reductions in osteogenic gene 
expression (OPN, ALP, RUNX2) were observed 
in the Ad-HOXC10 group as compared to Ad-NC 
group (Figure 5D, 5E). ARS staining demon-
strated that overexpression of HOXC10 result-
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Figure 2. miR-129-5p inhibitor suppressed BMSC osteogenesis and promoted adipogenesis. (A) miR-129-5p ex-
pression quantified using qPCR; (B) BMSC proliferation detected using CCK-8 assay; (C, D) Osteogenesis-related 
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genes (OPN, RUNX2, and ALP) quantified using qPCR (C) and Western blot (D); (E) BMSCs in osteogenic medium 
determined with Alizarin red staining; (F, G) Adipogenesis-related genes (LPL, FABP4, and PPARγ) quantified using 
qPCR (F) and Western blot (G); (H) BMSCs in adipogenic medium detected with Oil red staining. BMSC: bone marrow 
mesenchymal stem cell. *P<0.05.

Figure 3. HOXC10 is directly targeted by miR-129-5p. (A) Targetscan identified a putative binding site between miR-
129-5p and HOXC10; (B) Verification of the relationship between miR-129-5p and HOXC10 using luciferase reporter 
gene assay; (C, D) HOXC10 levels quantified using qPCR (C) and Western blot (D). *P<0.05.

Figure 4. HOXC10 was upregulated in SONFH rat 
model. A. HOXC10 level in SONFH rats quantified 
by qPCR; B. HOXC10 level in SONFH rats quanti-
fied by Western blot. MPS: methylprednisolone. 
*P<0.05.

ed in the reduction of matrix mineralization in 
BMSC (Figure 5F). Conversely, genes associat-

ed with adipogenesis (PPARγ, FABP4, LPL) were 
significantly elevated in the Ad-HOXC10 group 
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Figure 5. HOXC10 overexpression suppressed BMSC osteogenesis and promoted adipogenesis. (A, B) HOXC10 lev-
els quantified by qPCR (A) and Western blot (B); (C) BMSC proliferation detected by CCK-8 assay; (D, E) Osteogene-
sis-related genes (OPN, RUNX2, and ALP) quantified using qPCR (D) and Western blot (E); (F) BMSCs in osteogenic 
medium observed with Alizarin red staining; (G, H) Adipogenesis-related genes (LPL, FABP4, and PPARγ) quantified 
using qPCR (G) and Western blot (H); (I) BMSCs in adipogenic medium observed with Oil red staining. BMSC: bone 
marrow mesenchymal stem cell. *P<0.05.
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as compared to Ad-NC group (Figure 5G, 5H). 
ORO staining demonstrated that HOXC10 over-
expression confirmed an increase in mature 
adipocytes in BMSCs (Figure 5I).

miR-129-5p mimics promoted osteogenic dif-
ferentiation and suppressed adipogenesis of 
BMSCs by targeting HOXC10

To confirm the role of miR-129-5p/HOXC10 axis 
in BMSC differentiation, a rescue experiment 
was conducted. The enhanced proliferation of 
BMSCs overexpressing HOXC10 was reversed 
by miR-129-5p mimic treatment (Figure 6A). 
The osteogenic gene expression (OPN, ALP, 
RUNX2), as well as matrix mineralization, was 
restored following miR-129-5p mimic treat-
ment in BMSCs overexpressing HOXC10 (Fig- 
ure 6B-D). Conversely, the elevated expression 
of adipogenic genes (PPARγ, FABP4, LPL) in 
HOXC10-overexpressing BMSCs was revers- 
ed by miR-129-5p mimic (Figure 6E, 6F). ORO 
staining further confirmed that miR-129-5p 
mimic suppressed adipogenic differentiation in 
HOXC10-overexpressing BMSCs (Figure 6G). 
These findings establish that miR-129-5p pro-
motes BMSC osteogenesis and inhibits adipo-
genesis by targeting HOXC10, highlighting its 
critical role in maintaining the balance of BMSC 
differentiation and its potential as a therapeu-
tic target in SONFH.

Discussion

While steroids are integral to the treatment of 
many connective tissue disorders, excessive 
use can lead to steroid-induced osteonecrosis 
of the femoral head (SONFH) [16], a complex 
condition with an incompletely understood eti-
ology. Efforts to better clarify the mechanisms 
underlying SONFH development are essential 
for improved diagnosis and management [17].

As small, ubiquitous noncoding RNAs, miRNAs 
are key regulators of numerous physiological 
and pathological processes [18]. Growing evi-
dence highlights their role in modulating the 
differentiation of BMSCs in SONFH [19, 20]. In 
this study, we found miR-129-5p downregula-
tion in SONFH, making this the first report docu-
menting the relevance of this miRNA in SONFH. 
Experimental validation revealed that miR-129-
5p promoted BMSC osteogenesis while inhi- 
biting adipogenesis. Consistent with these find-
ings, previous studies have shown the im- 

pact of miRNAs on BMSC differentiation. For 
instance, miR-27a has been reported as a regu-
lator of BMSC-associated processes in SONFH 
[21], while miR-708 targets SMAD3 to suppress 
osteogenesis and to promote SONFH progres-
sion [22]. MiR-27a targets both GREM1 and 
PPARγ in steroid-treated rat BMSCs to enhance 
osteogenic differentiation while suppressing 
adipogenesis [17]. Our findings highlight that 
miR-129-5p downregulation contributes to sup-
pressed BMSC osteogenesis and enhanced 
adipogenesis in SONFH.  

Both autologous and allogeneic mesenchymal 
stem cells (MSCs) are capable of facilitating tis-
sue regeneration in animal models and human 
patients [23, 24], although the precise mecha-
nism underlying such activity remains uncer-
tain. HOXC10 has recently established as an 
essential regulator of adipose tissue remodel-
ing [25-27], while exerting opposing effects  
on osteogenesis. HOXC10 mutations have also 
been tied to patterning defects, and this pro-
tein, along with its paralogs, is involved in verte-
bral identity determination at transitional sites 
between the thoracic, lumbar, and sacral re- 
gions of the spine. Furthermore, HOXC10 plays 
a role in hindlimb osteogenic and chondrogenic 
activity, particularly influencing femoral archi-
tecture [28]. These findings align well with a 
role for HOXC10 in MSC osteogenesis. 

HOXC10 has also been demonstrated to inhi- 
bit MSC osteogenic differentiation in previous 
studies [29]. Our findings corroborate these 
results, demonstrating that HOXC10 shifts the 
adipogenic-osteogenic balance of BMSC differ-
entiation toward adipogenesis. When cells over- 
expressing HOXC10 were co-transfected with 
miR-129-5p mimic, the expression pattern of 
adipogenic and osteogenic genes returned to 
the levels similar to those observed without 
HOXC10 overexpression. These results high-
light miR-129-5p as a potent inducer of BMSC 
osteogenesis through its ability to target and 
suppress HOXC10, thereby limiting adipogenic 
differentiation.

However, our work still has some limitations. 
First, the detailed mechanism of HOXC10 regu-
lating BMSC needs to be further explored. 
Second, no drugs targeting miR-129-5p or 
HOXC10 were screened. Finally, apart from 
BMSC, it remains unclear whether miR-129-5p 
influences SONFH progression by regulating 
other cell types, such as vascular endothelial 
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Figure 6. miR-129-5p mimics promoted osteogenesis and suppressed adipogenesis in BMSCs by targeting HOXC10. 
(A) BMSC proliferation detected using CCK-8 assay; (B, C) Osteogenesis-related genes (OPN, RUNX2, and ALP) quan-
tified using qPCR (B) and Western blot (C); (D) BMSCs in osteogenic medium observed with Alizarin red staining; (E, 
F) Adipogenesis-related genes (LPL, FABP4, and PPARγ) quantified using qPCR (E) and Western blot (F); (G) BMSCs 
in adipogenic medium observed with Oil red staining. BMSC: bone marrow mesenchymal stem cell. *P<0.05.

cells and bone cells. Further research will 
address these limitations by including addi- 
tional cell types, conducting more in-depth 

mechanistic studies, and exploring the thera-
peutic application of targeting miR-129-5p and 
HOXC10 in SONFH.
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Conclusion

In summary, miR-129-5p is downregulated in a 
rat SONFH model and exerts its effects by tar-
geting HOXC10. Specifically, reduced miR-129-
5p expression was associated with enhanced 
adipogenesis and suppressed osteogenesis in 
BMSCs. These findings suggest that miR-129-
5p and HOXC10 may represent viable biomark-
ers and therapeutic targets for the diagnosis 
and treatment of SONFH.
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