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Introduction

Osteoporosis (OP) is a systemic skeletal disorder 
characterized by reduced bone mass, deterioration of 
bone microarchitecture, and decreased bone strength, 
resulting in increased fragility and fracture risk1,2. OP is a 
growing public health burden worldwide, with particularly 

high impact in the Asia–Pacific region due to its large and 
aging population3,4. Globally, osteoporotic fractures are 
estimated to occur every 3 seconds, causing substantial 
patient morbidity and imposing significant economic costs5. 
Despite available therapies, important limitations remain. 
There is an urgent need to improve understanding of OP risk 
factors, identify new therapeutic targets, and strengthen 
targeted prevention and treatment strategies.

Homeobox (HOX) genes encode a family of transcription 
factors that are aberrantly expressed in various tumors. In 
humans, 39 HOX genes are organized into four clusters—
HOXA, HOXB, HOXC, and HOXD6. These clusters occupy 
defined chromosomal loci; for example, the HOXA cluster 
resides at 7p15.3. In osteoblastogenesis, the HOXA 
cluster is of particular interest, and many HOXA-encoded 
proteins contribute to normal skeletal development7. 
Overexpression of HOXA7 (also known historically 
as HOX1.1) in transgenic animals provokes perinatal 
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mortality and multiple craniofacial anomalies8. Other 
studies indicate that HOXA7 is an important regulator 
of cell fate and pattern formation during embryogenesis 
and is involved in stem-cell differentiation7. In addition, 
downregulation of HOXA7 as a target of miR-920 has been 
reported to promote osteogenic differentiation of human 
bone marrow mesenchymal stem cells in individuals with 
osteoporosis9. Based on this background, we hypothesized 
that HOXA7 is upregulated in OP and negatively regulates 
osteogenic differentiation through the p38 MAPK and JNK 
pathways.

To date, the role of HOXA7 in OP and its relationship 
with osteoblastic differentiation remain insufficiently 
characterized. In this study, we investigated the role of 
HOXA7 and its regulatory relationship with osteoblastic 
differentiation during OP progression, aiming to provide a 
foundation for the clinical development of new therapeutic 
targets for OP.

Materials and Methods

General information

Thirty-six postmenopausal women with osteoporosis 
(PMOP) treated at our hospital were enrolled as the 
OP group. An additional 30 postmenopausal women 
undergoing routine health examinations during the same 
period served as the non-osteoporotic (NOP) group. Based 
on bone mineral density (BMD) T-scores, participants 
were classified as OP (T-score ≤ -2.5) or NOP (T-score ≥ 
-1.0). Baseline characteristic data were not available for 
comparison; this limitation is noted in the Discussion.

Blood sample collection 

Fasting venous blood was collected in the early morning. 
Samples were allowed to clot for 30 minutes at room 
temperature, then centrifuged at 3000 rpm for 15 minutes 
at 4 °C. The serum supernatant was collected and stored at 
-80 °C until analysis. Serum HOXA7 levels were measured 
by ELISA using a commercial kit (BGT-KET-12191, 
Biogradetech, Wuhan, China). Absorbance was read at 
450 nm using Synergy H1 microplate reader (Winooski, 
Vermont, USA). Each sample was measured in duplicate 
(triplicate when volume permitted), and the mean value was 
used for analysis; plate effects were controlled by running a 
pooled serum quality control on every plate and by fitting a 
standard curve per plate.

Cell culture and osteoblast induction 

MC3T3-E1 cells and human bone marrow–derived 
mesenchymal stem cells (hBMSCs) were obtained from 
Pricella (Wuhan, China) and cultured in α-MEM with 10% 
fetal bovine serum (FBS; HyClone, USA) and 1% (v/v) 
penicillin–streptomycin (Beyotime, Shanghai, China) at 
37°C in a humidified incubator with 5% CO

2
. When cultures 

reached approximately 80% confluence, MC3T3-E1 

cells were passaged using 0.25% trypsin, and passages 
6-8 were used for experiments. hBMSCs were expanded 
to the third passage (P3) for subsequent assays. As 
previously described10, morphological identification of 
cultured hBMSCs was performed by transmission electron 
microscopy (TEM).

For osteogenic induction in vitro, osteogenic medium 
(OM) consisted of 50 μg/mL ascorbic acid, 10 mM 
β-glycerophosphate, and 0.1 μg/mL dexamethasone, as 
described previously11. hBMSCs maintained in growth 
medium without osteogenic supplements served as the 
control group.

To assess the p38 MAPK/JNK pathway, the JNK inhibitor 
SP600125 (cat. no. 8177; Cell Signaling Technology) and 
the p38 inhibitor SB203580 (cat. no. 5633; Cell Signaling 
Technology) were first dissolved in DMSO and then added 
to the MC3T3-E1 cells at a desired concentration of 20 μM; 
the cells were then incubated at 37 °C in 5% CO

2
 for 3 days. 

Cell transfection

For HOXA7 silencing, small interfering RNA targeting 
HOXA7 (si-HOXA7; 5′-TCGCCCACACGCTCTGTTT-3′) 
and a corresponding negative control (si-NC) were 
synthesized by Ribobio (Guangzhou, China). For 
HOXA7 overexpression, the HOXA7 coding fragment 
(primers: forward 5′-TCATTCCTCCTCGTCC-3′; reverse 
5′-ATGAGTTCTTCGTATTATGAACG-3′) was amplified and 
cloned into the pcDNA3.1 plasmid to generate pcDNA3.1-
HOXA7 (oe-HOXA7); empty pcDNA3.1 served as the 
negative control (oe-NC). Transient transfections were 
performed using Lipofectamine 2000 (Invitrogen, CA, 
USA) according to the manufacturer’s instructions. Cells 
were used for osteogenic induction 24 h post-transfection. 
Transfection efficiency was verified by RT-qPCR. 

RT-qPCR

Total RNA was extracted using TRIzol reagent. 
Complementary DNA (cDNA) was synthesized by reverse 
transcription at 37 °C for 15 min, followed by enzyme 
inactivation at 95 °C for 5 min. Quantitative real-time PCR 
(RT-qPCR) was performed using the miScript SYBR Green 
PCR Kit on an ABI 7500 Fast Real-Time PCR System. 
Relative HOXA7 mRNA expression was calculated by the 
2-ΔΔCt method with GAPDH as the internal reference.

Primer sequences (5′→3′):
• �GAPDH forward: AATCCCATCACCATCTTCCA; GAPDH 

reverse: CCTGCTTCACCACCTTCTTG
• �HOXA7 forward: TTATACAATGTCAACAGCC; HOXA7 

reverse: TCCTTATGCTCTTTCTTCC

Alizarin red staining (ARS)

The ARS assay was performed as previously reported5. 
After 14 days of culture under osteogenic induction (OM) 
with the indicated HOXA7 transfections, cells were fixed 
with 4% ice-cold paraformaldehyde for 20 minutes and 
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Table 1. Primary antibodies for Western Blot.

Primary antibody Catalog number Dilution ratio Source

HOXA7 Ab211521 1:1,000 Abcam, Cambridge, UK

OPG ab73400 1:1,000 Abcam, Cambridge, UK

OPN Ab214050 1:1,000 Abcam, Cambridge, UK

RUNX2 ab192256 1:1,000 Abcam, Cambridge, UK

p62 Ab207305 1:1,000 Abcam, Cambridge, UK

LC3-II/I Ab48364 1:1,000 Abcam, Cambridge, UK

ATG12 Ab303488 1:1,000 Abcam, Cambridge, UK

JNK 9252 1:1,000 CST, Danvers, MA, USA

p-JNK 9255 1:1,000 CST, Danvers, MA, USA

p38 9212 1:1,000 CST, Danvers, MA, USA

p-p38 9216 1:1,000 CST, Danvers, MA, USA

β-actin 4967 1:1,000 CST, Danvers, MA, USA

Figure 1. HOXA7 expression in serum and hBMSCs. (A) Serum HOXA7 levels were higher in the OP group as measured by ELISA (OP 
group vs NOP group, n=36 vs 30). (B) Representative morphology of hBMSCs. (C–D) HOXA7 protein levels in hBMSCs were assessed 
by Western blotting. ***P < 0.001.
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washed three times with PBS. Fixed cells were stained with 
40 mM Alizarin Red solution, then washed thoroughly with 
PBS. Orange-red deposits were observed under an inverted 
microscope, indicating calcified nodule formation.

Alkaline Phosphatase (ALP) Staining

To evaluate early osteogenic differentiation, ALP staining 
was performed on hBMSCs. After 7 days in OM with the 
indicated HOXA7 transfections, cells were fixed with 4% 
paraformaldehyde at room temperature for 20 minutes 
and washed three times with double-distilled water (ddH

2
O). 

Cells were then stained with BCIP/NBT staining solution 
(Beyotime, China), rinsed with ddH

2
O, and gently washed 

with 1× PBS. Stained cells were imaged using an inverted 
microscope.

CCK-8 assay

Following transfection, MC3T3-E1 cells were dissociated 
with 0.25% trypsin, resuspended in complete medium, 

counted, and seeded into 96-well plates. At 24, 48, and 72 
h post-transfection, 10 μL of CCK-8 reagent was added to 
each well and incubated according to the manufacturer’s 
instructions. Absorbance was then recorded using a 
microplate reader at the recommended wavelength.

Flow cytometry

Transfected MC3T3-E1 cells (2 × 10^5 cells/well) were 
seeded into 6-well plates. Cells were washed with PBS and 
resuspended in 500 μL Annexin V-FITC/PI staining buffer 
(Annexin V-FITC/PI kit, #45115, Cell Signaling Technology, 
MA, USA). After a 15-min incubation protected from light 
at room temperature, apoptosis was analyzed by flow 
cytometry.

Western blot analysis

Total protein was extracted using RIPA buffer (89901, 
Thermo, USA). Equal amounts of protein (30 μg) were 
separated by 10% SDS-PAGE and transferred to PVDF 

Figure 2. Osteogenic differentiation of hBMSCs. (A) ALP staining to assess early osteogenic differentiation. Scale bar = 200 μm. 
(B) Alizarin Red S staining to assess matrix mineralization. Scale bar = 200 μm. (C–D) Protein levels of osteogenic markers were 
evaluated by Western blotting. ***P < 0.001.
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Figure 3. HOXA7 inhibits osteogenic differentiation of hBMSCs. (A) HOXA7 mRNA levels in hBMSCs transfected with si-HOXA7 
or oe-HOXA7 were measured by qRT-PCR. (B) HOXA7 protein levels in hBMSCs with the indicated transfections were assessed by 
Western blotting. (C–D) ALP staining and Alizarin Red S (ARS) staining evaluating osteogenic differentiation and mineralization in 
transfected hBMSCs. (E–H) Protein levels of OPG, OPN, and RUNX2 were determined by Western blotting. **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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membranes. After blocking with 5% non-fat milk, membranes 

were incubated overnight at 4 °C with primary antibodies 

against HOXA7, OPG, OPN, RUNX2, p62, LC3-II/I, ATG12, 

JNK, p-JNK, p38, p-p38, and β-actin. Membranes were 

then incubated with HRP-conjugated secondary antibody 

(1:2,000; 7074, Cell Signaling Technology, Danvers, MA, 

USA) for 1 h at room temperature. Bands were visualized 

using an ECL detection system and quantified with ImageJ 

software. Signal intensities were normalized to β-actin. 

Primary antibody details are provided in Table 1.

Statistical Analysis

Data are presented as mean ± SD and were analyzed 
using SPSS version 21.0 (IBM). Differences between two 
groups were assessed with two-tailed Student’s t-tests. 
Multiple-group comparisons were performed by one-way 
ANOVA followed by Tukey’s post hoc test. Each independent 
experiment was performed at least three times (biological 
replicates), with triplicate technical replicates per 
experiment. For ELISA, duplicate/triplicate readings were 

Figure 4. HOXA7 modulates proliferation and apoptosis of MC3T3-E1 cells. (A) HOXA7 mRNA levels in MC3T3-E1 cells transfected 
with si-HOXA7 or oe-HOXA7 were measured by qRT-PCR. (B) Cell viability in transfected MC3T3-E1 cells was assessed by CCK-8 
assay. (C) Apoptosis in transfected MC3T3-E1 cells was analyzed by flow cytometry. **P < 0.01, ***P < 0.001.
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averaged per subject prior to analysis. A value of P < 0.05 
was considered statistically significant.

Results

HOXA7 expression in serum and hBMSCs

Serum HOXA7 levels were significantly higher in the OP 
group as measured by ELISA (Figure 1A). Representative 
morphology of hBMSCs is shown in Figure 1B. Western 
blotting demonstrated that HOXA7 protein expression 
decreased following osteogenic induction of hBMSCs 
(Figure 1C–D). Together, these findings suggest that 
HOXA7 is associated with OP and is downregulated during 
osteogenic differentiation of hBMSCs.

Osteogenic differentiation of hBMSCs

In the induction group, ALP activity was increased (Figure 
2A). Alizarin Red S staining revealed more intense mineral 

deposition in induced hBMSCs than in controls (Figure 2B). 
Protein levels of RUNX2, OPG, and OPN were also elevated 
in induced hBMSCs (Figure 2C–D). These results confirm 
successful osteogenic differentiation and validate the use of 
the isolated hBMSCs for subsequent experiments.

HOXA7 inhibits osteogenic differentiation of hBMSCs

We next evaluated the effect of HOXA7 on osteogenic 
differentiation. HOXA7 was silenced in hBMSCs using si-
HOXA7 and overexpressed using oe-HOXA7. As expected, 
HOXA7 expression decreased in the si-HOXA7 group and 
increased in the oe-HOXA7 group (Figure 3A–B). ALP 
staining showed that HOXA7 overexpression inhibited 
osteogenic differentiation, whereas HOXA7 knockdown 
promoted it (Figure 3C). Consistently, Alizarin Red S 
staining indicated reduced calcium deposition with 
HOXA7 overexpression and increased deposition with 
HOXA7 knockdown (Figure 3D). Western blotting further 

Figure 5. HOXA7 modulates autophagy markers in MC3T3-E1 cells. (A–D) Protein levels of ATG12, p62, and LC3-II/I in MC3T3-E1 
cells with the indicated transfections were assessed by Western blotting. *P < 0.05, **P < 0.01.
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demonstrated that HOXA7 overexpression decreased, while 

HOXA7 knockdown increased, the protein levels of OPG, 

OPN, and RUNX2 (Figure 3E–H). These data indicate that 

HOXA7 suppresses osteogenic differentiation of hBMSCs.

HOXA7 modulates proliferation and apoptosis of MC3T3-E1 

cells

To investigate HOXA7-mediated effects on osteoblast 

lineage cells in vitro, MC3T3-E1 preosteoblasts were 

transfected with si-HOXA7 or oe-HOXA7 (Figure 4A). CCK-

8 assays showed that HOXA7 overexpression significantly 

reduced cell viability, whereas HOXA7 knockdown 

increased viability (Figure 4B). Flow cytometry revealed a 

higher apoptotic rate in the oe-HOXA7 group, while HOXA7 

knockdown significantly reduced apoptosis compared with 

controls (Figure 4C).

HOXA7 modulates autophagy markers in MC3T3-E1 cells

To evaluate the impact of HOXA7 on autophagy, Western 
blotting was used to assess autophagy-related proteins 
(p62, LC3-II/I, and ATG12) in MC3T3-E1 cells. As shown 
in Figure 5A–B, HOXA7 overexpression increased LC3-II/I 
and ATG12, while decreasing p62 (an autophagy-associated 
substrate). Conversely, HOXA7 knockdown produced the 
opposite pattern. These findings indicate that HOXA7 
modulates autophagy-related protein levels in MC3T3-E1 
cells.

HOXA7 regulates the p38 MAPK/JNK pathway in hBMSCs 
and MC3T3-E1 cells

To investigate signaling pathways associated with 
HOXA7 function in OP, proteins in the p38 MAPK/JNK 
pathway were examined in hBMSCs and MC3T3-E1 cells. In 
hBMSCs, phosphorylated JNK and p38 (p-JNK and p-p38) 

Figure 6. HOXA7 regulates the p38 MAPK/JNK pathway in hBMSCs and MC3T3-E1 cells. (A–B) Phosphorylated and total p38 MAPK 
and JNK (p-p38/p38, p-JNK/JNK) in hBMSCs and MC3T3-E1 cells with the indicated transfections were evaluated by Western 
blotting. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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increased following osteogenic induction (Figure 6A). In 
MC3T3-E1 cells, HOXA7 overexpression reduced pathway 
activation, reflected by lower p-JNK/JNK and p-p38/p38 
ratios, whereas HOXA7 knockdown produced the opposite 
effect (Figure 6B).

To test whether p38 MAPK/JNK activity mediates 
HOXA7-dependent cellular effects, MC3T3-E1 cells were 
treated with the JNK inhibitor SP600125 and the p38 
inhibitor SB203580. Western blotting showed that both 
inhibitors attenuated the HOXA7-knockdown–induced 

Figure 7. Effects of SP600125 and SB203580 on proliferation, apoptosis, and autophagy in MC3T3-E1 cells after HOXA7 knockdown. 
(A) Western blotting of p-JNK/JNK and p-p38/p38 in MC3T3-E1 cells under the indicated conditions. (B) CCK-8 assay assessing cell 
viability. (C) Flow cytometry analysis of apoptosis. (D) Western blotting of ATG12, p62, and LC3-II/I. Significance vs. si-NC: **P < 0.01, 
***P < 0.001, ****P < 0.0001. Significance vs. si-HOXA7: ##P < 0.01, ###P < 0.001, ####P < 0.0001.
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increases in p-JNK and p-p38 (Figure 7A). Functionally, 
SP600125 and SB203580 reduced the HOXA7-silencing–
associated increase in cell viability (Figure 7B) and partially 
reversed the decrease in apoptosis (Figure 7C). In addition, 
both inhibitors counteracted the HOXA7-knockdown 
effects on autophagy-related protein levels (Figure 7D). 
Collectively, these results support a model in which HOXA7 
modulates OP-relevant phenotypes by suppressing p38 
MAPK/JNK signaling in osteoblast-lineage cells.

Discussion

HOXA7 has been implicated in the regulatory network 
of osteoporosis (OP), but its mechanistic role in OP 
pathogenesis remains insufficiently defined. In this study, 
serum HOXA7 levels were significantly higher in the OP 
group, whereas HOXA7 mRNA and protein expression 
decreased during osteogenic induction of hBMSCs. 
Functional assays demonstrated that HOXA7 suppresses 
osteogenic differentiation in hBMSCs. In MC3T3-E1 
cells, HOXA7 also modulated proliferation, apoptosis, 
and autophagy. Moreover, our data indicate that HOXA7 
influences these phenotypes at least in part by regulating 
the p38 MAPK and JNK signaling pathways, thereby 
contributing to OP-relevant cellular dysfunction.

Mesenchymal stem cells (MSCs) derived from bone 
marrow are readily expanded in vitro and, under 
osteogenic induction, can differentiate into osteoblasts12. 
Consequently, they are widely used as seed cells in bone 
tissue engineering and play important roles in promoting 
bone repair and reconstruction in patients with osteoporosis 
(OP)13. Osteoblasts are essential for bone formation and 
remodeling and are responsible for the synthesis, secretion, 
and mineralization of bone matrix14. Several studies have 
associated HOXA7 with OP7,9,15, but its mechanism of action 
in OP has not been fully elucidated.

Alkaline phosphatase (ALP) activity and matrix 
mineralization are key readouts of osteogenesis. ALP is a 
canonical early marker of osteoblast differentiation that 
hydrolyzes phosphate esters and supports maturation and 
mineral deposition16. Alizarin Red S (ARS) staining detects 
calcium-containing mineralized nodules and is commonly 
used to assess late-stage osteogenesis17. RUNX2, OPN, and 
OPG are frequently evaluated as osteogenesis-associated 
markers in osteoblast differentiation studies18.

A study by da Silva et al.7 reported increased expression 
of HOXA cluster genes during osteoblast differentiation and 
highlighted their roles as mediators of positional identity in 
the skeletal system, whereas in our study HOXA7 decreased 
during induction, suggesting gene-specific regulation within 
the HOXA cluster. Prior work also showed that NSD2 inhibits 
osteogenic differentiation of hBMSCs by transcriptionally 
downregulating HOXA2 via H3K36me2 dimethylation19, and 
that silencing HOXA2 increases bone alkaline phosphatase 
in rats20. Substantial evidence implicates HOXA10 in 
regulating osteoblast differentiation and osteoporosis21,22, 

and HOXA13 overexpression has been reported to enhance 
osteogenic differentiation in OP models23,24. With respect to 
HOXA7, downregulation via miR-920 promotes osteogenic 
differentiation of hBMSCs in OP populations9, and HOXA7 
overexpression can attenuate the pro-osteogenic effect of 
miR-196a-5p in aged bone marrow MSCs (O-BMSCs)25.

In our study, HOXA7 was more highly expressed in the 
serum of patients with osteoporosis. Moreover, HOXA7 
expression progressively decreased during osteogenic 
induction of hBMSCs, suggesting a negative association 
with osteogenic differentiation. Functional experiments 
confirmed that HOXA7 markedly inhibited osteogenic 
mineralization and differentiation, and changes in 
osteogenesis-related proteins further supported these 
findings. Collectively, these results indicate that HOXA7 
inhibits osteogenic differentiation of hBMSCs.

Osteoblasts play a critical role in the pathogenesis of OP. 
Enhancing osteoblast proliferation and limiting apoptosis 
may contribute to prevention and clinical management of 
OP. In this study, mouse preosteoblast MC3T3-E1 cells were 
transfected with si-HOXA7 or oe-HOXA7 to investigate 
HOXA7’s role in osteoblastic proliferation, apoptosis, and 
autophagy in vitro. The in vitro data showed that HOXA7 
knockdown significantly increased osteoblast proliferation 
and reduced apoptosis.

Autophagy is a conserved lysosomal degradation pathway 
that delivers intracellular components to lysosomes for 
turnover and is essential for recycling unnecessary or 
damaged organelles and proteins to maintain cellular 
homeostasis26. Dysregulated autophagy has been linked to 
tumorigenesis, immune disorders, cardiovascular disease, 
and osteoporosis27–30. During osteogenic differentiation 
of hBMSCs, autophagy can supply energy and nutrients 
by clearing damaged organelles and misfolded proteins, 
thereby promoting the expression of osteogenesis-related 
genes and osteogenic differentiation31,32. For example, 
under osteogenic induction, autophagy increases in 
periodontal ligament stem cells, and its activation enhances 
osteogenic readouts such as ALP activity and osteocalcin 
expression33,34. Prior studies indicate that autophagy 
protects against osteoblast death35, whereas autophagy 
inhibition exacerbates apoptosis in MC3T3-E1 osteoblasts36. 
Small molecules can modulate these processes; for instance, 
leonurine promotes hBMSC proliferation and osteogenic 
differentiation via autophagy activation through the PI3K/
Akt/mTOR pathway in rats37, and asperuloside alleviates OP 
by promoting autophagy and regulating Nrf2 activation38. 
These observations highlight complex interrelationships 
between autophagy and osteogenic differentiation that 
jointly maintain cellular function and bone homeostasis, 
supporting autophagy activation as a potential therapeutic 
approach in OP.

HOXA7 has been reported to promote autophagy in 
HTR-8/SVneo trophoblast cells and to be important for 
trophoblast biology39. Consistent with an autophagy-related 
role, we observed that HOXA7 overexpression increased 
LC3-II/I and ATG12 and decreased p62 in MC3T3-E1 cells, 
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indicating that HOXA7 modulates autophagy markers in 
this osteoblast-lineage model. Whether these autophagy 
changes are ultimately protective or detrimental in the 
osteoporotic context warrants further investigation.

The mitogen-activated protein kinase (MAPK) pathway is a 
key signaling cascade that transmits extracellular cues from 
the cell surface to the nucleus and regulates fundamental 
cellular processes, including differentiation, growth, 
inflammatory responses, and stress adaptation40,41. The 
c-Jun N-terminal kinase (JNK) pathway is one of the three 
canonical MAPK branches. Prior studies have shown that 
hBMSC-derived exosomes promote osteoblast proliferation 
via MAPK signaling to ameliorate OP25; caffeine has been 
reported to influence bone homeostasis by affecting both 
osteoclasts and osteoblasts through MAPK pathways42; 
and HDAC9 knockdown inhibits hBMSC osteogenic 
differentiation, in part by suppressing MAPK signaling43. 
Small-molecule studies further indicate that kaempferol 
counteracts dexamethasone-induced osteogenic 
inhibition via JNK and p38 pathways in MC3T3-E1 cells44, 
and dendrobine reverses dexamethasone-mediated 
suppression of osteogenic differentiation through JNK 
and p38 signaling, suggesting therapeutic potential for 
glucocorticoid-induced osteoporosis45.

To probe pathway involvement in our model, we treated 
MC3T3-E1 cells with the JNK inhibitor SP600125 and 
the p38 inhibitor SB203580 and evaluated the effects of 
HOXA7 on proliferation, apoptosis, and autophagy. HOXA7 
upregulation significantly reduced phosphorylation of 
JNK and p38 MAPK, whereas HOXA7 silencing increased 
phosphorylation, indicating pathway activation upon HOXA7 
knockdown. Consistently, SP600125 and SB203580 
attenuated the HOXA7-silencing–induced changes in cell 
viability, apoptosis, and autophagy, supporting a role 
for p38/JNK signaling in mediating HOXA7-dependent 
phenotypes.

Limitations

This study has several limitations. First, we did not 
analyze associations between clinical characteristics and 
serum HOXA7 levels in OP patients. Second, the work lacks 
in vivo validation. Third, the cellular experiments relied on 
two species (human hBMSCs and mouse MC3T3-E1 cells), 
which may introduce interspecies differences. Fourth, direct 
transcriptional targets of HOXA7 were not investigated. 
Finally, additional studies are needed to delineate more 
precisely how HOXA7 interfaces with p38 MAPK/JNK 
signaling during OP progression.

Conclusion 

Our findings suggest that HOXA7 influences osteogenic 
differentiation of hBMSCs and regulates proliferation, 
apoptosis, and autophagy in MC3T3-E1 cells, at least 
in part via the p38 MAPK and JNK pathways. However, 
further studies are needed to fully define HOXA7’s role in 

OP pathophysiology, which may provide insights to guide 
future therapeutic strategies.

Ethics Approval 

This study was approved by the Ethics Committee of Wendeng 
Orthopaedic Hospital of Shandong Province (No. LL20231201). All 
procedures were conducted in accordance with the Declaration of 
Helsinki (1964) and its later amendments.

Consent to Participate

Written informed consent was obtained from all participants prior 
to enrollment.

Authors’ contributions

Yijun Wang and Jingjing Zhang contributed to the conception of 
the study. Bo Wang and Ziwei Wang contributed significantly to the 
data analysis and study preparation. Peirui Miao performed the data 
analyses and drafted the manuscript. Yanke Hao helped perform the 
analysis and provided constructive discussion. All authors read and 
approved the final study. 

References

1.	 Aspray TJ, Hill TR. Osteoporosis and the Ageing 
Skeleton. Sub-cellular biochemistry 2019;91:453-76.

2.	 Black DM, Rosen CJ. Clinical Practice. Postmenopausal 
Osteoporosis. N Engl J Med 2016;374:254-62.

3.	 Manju Chandran, Katherine Brind’Amour, Saeko 
Fujiwara, et al. Prevalence of osteoporosis and incidence 
of related fractures in developed economies in the Asia 
Pacific region: a systematic review. Osteoporos Int. 
2023;34(6):1037-1053.

4.	 Ambrish Mithal, Parjeet Kaur. Osteoporosis in Asia: a 
call to action. Curr Osteoporos Rep. 2012;10(4):245-
7. 

5.	 Rajamohanan Jalaja Anish, Aswathy Nair. Osteoporosis 
management-current and future perspectives: A 
Systematic Review. J Orthop. 2024; 53:101-113.

6.	 Lewis EB. The 1991 Albert Lasker Medical 
Awards. Clusters of master control genes regulate 
the development of higher organisms. JAMA 
1992;267:1524-31.

7.	 da Silva RA, Fuhler GM, Janmaat VT, et al. HOXA cluster 
gene expression during osteoblast differentiation 
involves epigenetic control. Bone 2019;125:74-86.

8.	 Balling R, Mutter G, Gruss P, Kessel M. Craniofacial 
abnormalities induced by ectopic expression of the 
homeobox gene Hox-1.1 in transgenic mice. Cell 
1989;58:337-47.

9.	 Zha JP, Wang XQ, Di J. MiR-920 promotes osteogenic 
differentiation of human bone mesenchymal stem cells 
by targeting HOXA7. Journal of orthopaedic surgery 
and research 2020;15:254.

10. Miko M, Danišovič L, Majidi A, Varga I. Ultrastructural 
analysis of different human mesenchymal stem cells 
after in vitro expansion: a technical review. Eur J 
Histochem. 2015;59(4):2528.

11. Gregory CA, McNeill EP, Pan S. Preparation of 



145www.ismni.org

Y. Wang et al.: HOXA7 and osteoblastic differentiation in osteoporosis 

osteogenic matrices from cultured cells. Methods Cell 
Biol. 2020;156:15-43.

12.	 Ponzetti M, Rucci N. Osteoblast Differentiation and 
Signaling: Established Concepts and Emerging Topics. 
Int J Mol Sci 2021;22.

13.	 Qu Z, Zhao S, Zhang Y, Wang X, Yan L. Natural 
Compounds for Bone Remodeling: Targeting 
osteoblasts and relevant signaling pathways. Biomed 
Pharmacother 2024;180:117490.

14.	 Neag G, Finlay M, Naylor AJ. The Cellular Choreography 
of Osteoblast Angiotropism in Bone Development and 
Homeostasis. Int J Mol Sci 2021;22.

15.	 Cheung CL, Livshits G, Zhou Y, et al. Hip geometry 
variation is associated with bone mineralization 
pathway gene variants: The Framingham Study. J Bone 
Miner Res 2010;25:1564-71.

16.	 Habib M, Horne DA, Hussein K, et al. Magnetic 
Nanoparticles Synergize with Pulsed Magnetic Fields 
to Stimulate Osteogenesis In Vitro. Tissue engineering 
Part A 2021;27:402-12.

17.	 Li B, Qin K, Wang B, et al. Crocin promotes osteogenesis 
differentiation of bone marrow mesenchymal stem 
cells. In vitro cellular & developmental biology Animal 
2020;56:680-8.

18.	 Yu D, Li Z, Cao J, Shen F, Wei G. microRNA-25-3p 
suppresses osteogenic differentiation of BMSCs in 
patients with osteoporosis by targeting ITGB3. Acta 
Histochem 2022;124:151926.

19.	 He G, Ke Y, Yuan J, et al. NSD2-mediated H3K36me2 
exacerbates osteoporosis via activation of hoxa2 in 
bone marrow mesenchymal stem cells. Cell Signal 
2024;121:111294.

20.	 Liu Y, Wang L, Yang Y, Xiong J. Silencing Hoxa2 
reverses dexamethasone-induced dysfunction of 
MC3T3-E1 osteoblasts and osteoporosis in rats. 
Advances in clinical and experimental medicine: official 
organ Wroclaw Medical University 2021;30:525-34.

21.	 Yin J, Xiao W, Zhao Q, Sun J, Zhou W, Zhao W. MicroRNA-
582-3p regulates osteoporosis through regulating 
homeobox A10 and osteoblast differentiation. 
Immunopharmacology and immunotoxicology 
2022;44:421-8.

22.	 Huang Y, Tao M, Yan S, He X. Long non-coding RNA 
Homeobox D gene cluster antisense growth-associated 
long noncoding RNA/microRNA-182-5p/Homeobox 
protein A10 alleviates postmenopausal osteoporosis 
via accelerating osteoblast differentiation of bone 
marrow mesenchymal stem cells. J Orthop Surg Res 
2023;18:726.

23.	 Li R, Dong Y, Li F. ETS Proto-Oncogene 1 Suppresses 
MicroRNA-128 Transcription to Promote Osteogenic 
Differentiation Through the HOXA13/beta-Catenin 
Axis. Frontiers in physiology 2021;12:626248.

24.	 Feng W, Chen T. Epigenetic modification mediated by 
PHF20/METTL14/HOXA13 signaling axis modulates 
osteogenic differentiation of mesenchymal stem cells. 
Funct Integr Genomics 2025;25:7.

25.	 Qi L, Fang X, Yan J, et al. Magnesium-containing 
bioceramics stimulate exosomal miR-196a-5p 
secretion to promote senescent osteogenesis through 
targeting Hoxa7/MAPK signaling axis. Bioactive 
materials 2024;33:14-29.

26.	 Zhan W, Deng M, Huang X, et al. Pueraria lobata-derived 
exosome-like nanovesicles alleviate osteoporosis by 
enhacning autophagy. Journal of controlled release: 
official journal of the Controlled Release Society 
2023;364:644-53.

27.	 Niu X, You Q, Hou K, et al. Autophagy in cancer 
development, immune evasion, and drug resistance. 
Drug resistance updates: reviews and commentaries 
in antimicrobial and anticancer chemotherapy 
2025;78:101170.

28.	 Deretic V. Autophagy in inflammation, infection, and 
immunometabolism. Immunity 2021;54:437-53.

29.	 Ding X, Zhu C, Wang W, Li M, Ma C, Gao B. SIRT1 
is a regulator of autophagy: Implications for the 
progression and treatment of myocardial ischemia-
reperfusion. Pharmacol Res 2024;199:106957.

30.	 Chen R, Yang C, Yang F, et al. Targeting the mTOR-
Autophagy Axis: Unveiling Therapeutic Potentials in 
Osteoporosis. Biomolecules 2024;14.

31.	 Zhang X, Huang F, Chen X, Wu X, Zhu J. Ginsenoside 
Rg3 attenuates ovariectomy-induced osteoporosis via 
AMPK/mTOR signaling pathway. Drug development 
research 2020;81:875-84.

32.	 Zhou Z, Shi G, Zheng X, Jiang S, Jiang L. Autophagy 
activation facilitates mechanical stimulation-promoted 
osteoblast differentiation and ameliorates hindlimb 
unloading-induced bone loss. Biochemical and 
biophysical research communications 2018;498:667-
73.

33.	 Zhuang Z, Jin C, Li X, et al. Knockdown of circHIPK3 
promotes the osteogenic differentiation of human bone 
marrow mesenchymal stem cells through activating the 
autophagy flux. FASEB journal: official publication of 
the Federation of American Societies for Experimental 
Biology 2022;36:e22590.

34.	 Wan Y, Zhuo N, Li Y, Zhao W, Jiang D. Autophagy 
promotes osteogenic differentiation of human 
bone marrow mesenchymal stem cell derived from 
osteoporotic vertebrae. Biochemical and biophysical 
research communications 2017;488:46-52.

35.	 Lv XH, Zhao DH, Cai SZ, et al. Autophagy plays a 
protective role in cell death of osteoblasts exposure to 
lead chloride. Toxicology letters 2015;239:131-40.

36.	 Zhang P, Liao J, Wang X, Feng Z. High glucose promotes 
apoptosis and autophagy of MC3T3-E1 osteoblasts. 
Archives of medical science: AMS 2023;19:138-50.

37.	 Zhao B, Peng Q, Poon EHL, et al. Leonurine Promotes 
the Osteoblast Differentiation of Rat BMSCs by 
Activation of Autophagy via the PI3K/Akt/mTOR 
Pathway. Frontiers in bioengineering and biotechnology 
2021;9:615191.

38.	 Huang F, Wang Y, Liu J, Cheng Y, Zhang X, Jiang H. 



146www.ismni.org

Y. Wang et al.: HOXA7 and osteoblastic differentiation in osteoporosis 

Asperuloside alleviates osteoporosis by promoting 
autophagy and regulating Nrf2 activation. J Orthop 
Surg Res 2024;19:855.

39.	 Dong X, Zhang Y, Chen X, Xue M. Long noncoding RNA 
LINC00511 regulates the proliferation, apoptosis, 
invasion and autophagy of trophoblast cells to mediate 
pre-eclampsia progression through modulating the 
miR-31-5p/homeobox protein A7 axis. The journal of 
obstetrics and gynaecology research 2020;46:1298-
309.

40.	 Fan Q, Zhao M, Zhang XD, Chu TY, Kou ZX, Zhao Q. 
Research progress and prospect of MAPK signaling 
pathway in knee osteoarthritis. Eur J Orthop Surg 
Traumatol 2025;35:134.

41.	 Liao Z, Zheng X, Li H, et al. Carboxypeptidase M 
modulates BMSCs osteogenesis-adipogenesis via the 
MAPK/ERK pathway: An integrated single-cell and bulk 
transcriptomic study. FASEB J 2024;38:e23657.

42.	 Miao Y, Zhao L, Lei S, et al. Caffeine regulates both 

osteoclast and osteoblast differentiation via the AKT, 
NF-kappaB, and MAPK pathways. Front Pharmacol 
2024;15:1405173.

43.	 Wang B, Gong S, Han L, et al. Knockdown of HDAC9 
Inhibits Osteogenic Differentiation of Human Bone 
Marrow Mesenchymal Stem Cells Partially by 
Suppressing the MAPK Signaling Pathway. Clin Interv 
Aging 2022;17:777-87.

44.	 Xie B, Zeng Z, Liao S, Zhou C, Wu L, Xu D. Kaempferol 
Ameliorates the Inhibitory Activity of Dexamethasone 
in the Osteogenesis of MC3T3-E1 Cells by JNK and 
p38-MAPK Pathways. Frontiers in pharmacology 
2021;12:739326.

45.	 Li X, Gao C, Zhou K, et al. Dendrobine Ameliorates 
Glucocorticoid-Induced Osteoporosis by Promoting 
Osteogenesis through JNK/p38 MAPK Pathway 
Activation and GR Nuclear Translocation Inhibition. 
Journal of agricultural and food chemistry 
2024;72:16739-48.


