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Osteolytic diseases are a significant and escalating global public health issue, driven by the 
acceleration of population aging and the rising incidence of degenerative, metabolic, and neoplastic 
diseases. The primary therapeutic strategy for osteolytic diseases is to suppress the bone resorption 
activity of osteoclasts. Dusp1 is a member of the serine/threonine inducible nuclear phosphatase 
family and has significant anti-inflammatory effects. In this study, Dusp1 overexpression was induced 
via lentiviral transfection. We found that Dusp1 antagonized RANKL stimulation, mediated the MAPK 
signaling pathway, and downregulated the key downstream transcription factors c-FOS and NFATc1, 
thereby reducing the expression of osteoclast-specific genes. Furthermore, Dusp1 reduced the number 
and activity of osteoclasts both in vivo and in vitro, leading to a diminished bone resorption function. 
In addition, the results of animal experiments demonstrated that Dusp1 protected mice from LPS-
induced skull osteolysis. Overall, our study reveals that Dusp1 suppresses osteoclast formation and 
activity by downregulating the MAPK/c-FOS/NFATc1 signaling pathway. These findings suggest the 
potential of Dusp1 to protect against osteolytic diseases.
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Bone serves as a crucial locomotive organ, continuously undergoing remodeling to maintain its supportive and 
protective roles for the body. A balanced bone homeostasis between formation and resorption is a prerequisite for 
constant bone remodeling1. As the sole executor of bone resorption, osteoclast is essential for the maintenance of 
bone homeostasis. However, excessive osteoclast activity can disrupt bone homeostasis and lead to pathological 
osteolysis. And pathological osteolysis contributes to many bone or joint disorders, including osteoporosis, 
arthritis, periodontitis, gout, and tumor-induced osteolysis2.

Osteoclasts belong to the monocytic/macrophage lineage and originate from hematopoietic stem cells3. The 
differentiation and maturation of osteoclasts are primarily driven by two key cytokines: macrophage-colony 
stimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL)4 Osteoclast precursor cells 
proliferate in response to M-CSF and differentiate into mature osteoclasts upon exposure to RANKL5,6. Upon 
binding of RANKL to its receptor on osteoclast precursors, the intracellular signaling molecule tumor necrosis 
factor (TNF) receptor-associated factor 6 (TRAF6) is activated, which in turn triggers several downstream 
signaling pathways, including mitogen‐activated protein kinase (MAPK) and nuclear factor‐kappa B (NF‐κB)7. 
This activation leads to the expression of key transcription factors such as cellular proto-oncogene Fos (c-FOS) 
and nuclear factor of activated T cell cytoplasmic 1 (NFATc1). NFATc1 then enters the nucleus and triggers the 
expression of osteoclast-specific genes, including cathepsin K (CTSK), matrix metallopeptidase 9 (MMP9), acid 
phosphatase 5 (ACP5) and the d2 subunit of the V‐ATPase proton pump (ATP6V0d2), which work together to 
further promote the formation of mature osteoclasts with bone resorption function8.

Various classes of anti-resorptive drugs are currently employed to treat osteolytic conditions, but each 
comes with its own set of drawbacks9. For instance, patients who use bisphosphonates may discontinue 
treatment because of significant gastrointestinal discomfort and musculoskeletal pain10. Prolonged use of 
bisphosphonates has also been associated with severe complications such as osteonecrosis of the jaw and atypical 
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femoral fractures11. Estrogen and selective estrogen receptor modulators are typically recommended only for 
postmenopausal women under 60 due to risks including breast cancer, gallbladder disease, stroke, and deep vein 
thrombosis12. Romosozumab, the only agent that simultaneously promotes osteogenesis and inhibits osteolysis, 
faces limitations in its use due to the high cost and cardiovascular risks13. Besides, interruption of any drug for 
any reason may lead to serious consequences, including acute bone mass loss or fragility fracture14. Therefore, 
combinational and sequential therapies are new response strategies for the treatment of these diseases15. In 
this context, it is particularly important to develop novel therapeutic approaches targeting osteoclast bone 
absorption.

Dual specificity phosphatase 1 (Dusp1), also known as MAP kinase phosphatase 1 (Mkp1), belongs to the 
serine/threonine inducible nuclear phosphatase family16. By removing phosphate groups from phosphorylated 
serine/threonine residues, Dusp1 inactivates MAPKs and regulates inflammation and immunity. Previous studies 
have demonstrated that Dusp1 reduces intracellular inflammation by inhibiting the MAPK signaling pathway17. 
Coincidentally, MAPK signaling pathway is also one of the key pathways regulating osteoclastogenesis18. This 
makes us wonder, what role does Dusp1 play in osteoclasts and osteolytic diseases? In fact, there are indeed some 
associations between Dusp1 and bone homeostasis. Gene analysis in humans and mice reveals significantly 
lower Dusp1 expression in older individuals compared to younger ones19,20. More interestingly, lower Dusp1 
expression in mice caused more inflammatory bone loss21. These findings highlight the immense potential of 
Dusp1 in the treatment of osteolytic diseases. Therefore, we investigated the role and molecular mechanism of 
Dusp1 in osteoclast formation and osteolysis by overexpression lentivirus transfection.

Results
Lentivirus transfection effectively regulated Dusp1 expression in osteoclasts
To assess the efficiency of lentiviral transfection, green fluorescent protein (GFP) imaging was performed. 
Images were acquired 72  h after BMMs were transfected with NC or Dusp1 overexpression lentivirus. The 
images showed that more than 95% of the cells were successfully transfected (Fig. 1A). Further analysis using 
qPCR demonstrated that the relative expression of Dusp1 mRNA in the LV-Dusp1 group was 30.1 times higher 
than in the Blank group during osteoclast differentiation (Fig. 1B). This increase was corroborated by western 
blot results, which confirmed that Dusp1 protein levels were markedly elevated via overexpression lentivirus 
transfection (Fig. 1C, D). These findings indicate that lentiviral transfection was highly effective, significantly 
upregulating both Dusp1 mRNA and protein expression in osteoclasts.

Dusp1 overexpression suppressed RANKL-induced osteoclast differentiation and activity in 
vitro
To explore whether Dusp1 interferes with RANKL-induced osteoclast differentiation, BMMs were cultured 
with osteoclastogenic medium for 6 days. F-actin ring staining results showed that Dusp1 overexpression via 
lentivirus transfection significantly suppressed the number and area of F-actin rings (Fig. 2A–C). Additionally, 
TRAcP staining revealed visible fewer mature osteoclasts in LV-Dusp1 group compared to LV-NC and Blank 
groups (Fig. 3A, B). A further experiment was performed to examine the bone resorption capacity of osteoclasts. 
Analysis of electron microscope images found that the bone resorption area of LV-Dusp1 group was significantly 
smaller than that of LV-NC group and Blank group (Fig. 3C, D). Taken together, Dusp1 suppressed RANKL-
induced osteoclast differentiation and activity in vitro.

Dusp1 overexpression downregulated osteoclast-specific genes expression
To explore how Dusp1 regulates the expression of osteoclast-specific genes during osteoclast differentiation, 
qPCR was used to quantify the mRNA levels of Ctsk, Fos, Nfatc1, Mmp9, Acp5, and Atp6v0d2. As can be 
seen from Fig. 4A–F, the levels of these mRNAs were significantly improved by RANKL stimulation. However, 
treatment with Dusp1 overexpression lentivirus transfection attenuated this RANKL stimulating and 
downregulated the mRNA levels. Besides, western blot analysis confirmed that Dusp1 overexpression lentivirus 
transfection significantly decreased the protein expression of CTSK (at 3 and 5 days after RANKL stimulation), 
NFATc1 and c-Fos (at 1, 3 and 5 days after RANKL stimulation) (Fig. 4G–J). It follows that Dusp1 restrains 
osteoclast differentiation and activity via downregulating osteoclast-specific genes.

Dusp1 overexpression inhibited MAPK signaling in osteoclasts
Given that protein synthesis of NFATc1, c-Fos and CTSK is modulated by the upstream MAPK signaling pathway, 
we examined the levels of MAPK member proteins at the beginning of osteoclast differentiation. We found that 
RANKL stimulation led to the immediate phosphorylation and activation of JNK, ERK, and P38. However, 
treatment with Dusp1 overexpression lentivirus transfection significantly inhibited p‐JNK, p‐ERK and p‐P38 
at 5–20 min post-RANKL stimulation (Fig. 5A–D). These findings uncovered that Dusp1 can inhibit MAPK 
signaling, which is likely a potentially important molecular mechanism for suppressing osteoclast differentiation.

Dusp1 overexpression prevented LPS-induced mice skull osteolysis
Finally, we assessed the protective capacity of Dusp1 in vivo. An animal model of LPS-induced mice skull osteolysis 
was constructed. Significant bone resorption resulting from LPS injection was observed on the reconstructed 
3D images of micro-CT. In contrast, the LPS + LV-Dusp1 group exhibited substantially smaller bone resorption 
area on the mice skulls (Fig. 6A). Further analysis of bone parameters suggested that the bone volume/tissue 
volume ratio, number of porosity, and percentage of porosity were significantly lower in the LPS + LV-Dusp1 
group compared with the LPS group and LPS + LV-NC group (Fig. 6B–D). Moreover, histological analysis via 
H&E staining indicated better bone integrity in the LPS + LV-Dusp1 group (Fig. 7A). Meanwhile, quantification 
of TRAcP staining showed a lower number of TRAcP-positive osteoclasts and a smaller area of TRAcP-positive 
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Fig. 1.  Lentivirus transfection regulated Dusp1 overexpression in osteoclasts. (A) Representative GFP images 
of osteoclasts transfected with NC or Dusp1 overexpression lentivirus. (B) Quantification of Dusp1 mRNA 
expression in osteoclasts overexpressing Dusp1 or not, using qPCR. (C) Representative western blot images 
of Dusp1 in osteoclasts overexpressing Dusp1 or not. To enhance clarity and conciseness, gels and blots were 
cropped. The original, uncropped images are provided in Supplementary Figure S3. The samples of each group 
were divided from the same experiment and were processed in parallel. (D) Quantification of Dusp1 protein 
expression by gray value analysis relative to α‐Tubulin. Data are presented as mean ± SD (n = 3). **p < 0.01, 
****p < 0.0001.
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osteoclasts per bone surface (Oc.S/BS) in the LPS + LV-Dusp1 group (Fig.  7B, C). It was evident from these 
results that Dusp1 overexpression reduced osteoclast number and activity in vivo, thereby preventing LPS-
induced osteolysis.

Discussion
Bone homeostasis of formation and resorption sustains bone health. Excessive enhancement of bone resorption 
disrupts bone homeostasis and causes pathologic osteolytic diseases22. Therefore, the main therapeutic target 
of osteolytic diseases is to suppress osteoclast differentiation and activity. While various drugs are available to 
attenuate osteoclast-mediated bone resorption through different mechanisms, they often come with significant 

Fig. 2.  Dusp1 overexpression reduced the number and area of F-actin ring in osteoclasts. (A) Representative 
images of F-acting ring staining (scale bar = 500 µm). (B, C) Quantification of the number of F-actin ring and 
the area of the F-actin ring. Data are presented as mean ± SD (n = 3). ****p < 0.0001.
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Fig. 3.  Dusp1 overexpression suppressed differentiation and bone resorption capacity of osteoclasts in vitro. 
(A) Representative images of TRAcP staining (scale bar = 500 µm). (B) Quantification of the number of 
TRAcP‐positive osteoclasts (nuclei ≥ 3) in each well. (C) Representative electron microscope scanning images 
of bone slices (scale bar = 200 µm). (D) Quantification of the bone resorption area. Data are presented as 
mean ± SD (n = 3). ****p < 0.0001.
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Fig. 4.  Dusp1 overexpression modulated mRNA and protein expression in osteoclasts. (A-F) qPCR analysis 
of mRNA levels for Ctsk, Fos, Nfatc1, Mmp9, Acp5, and Atp6v0d2 in osteoclasts overexpressing Dusp1 or 
not. (G) Representative western blot images of NFATc1, c-Fos, and CTSK in osteoclasts overexpressing Dusp1 
or not. To enhance clarity and conciseness, gels and blots were cropped. The original, uncropped images are 
provided in Supplementary Figure S8. The samples of each group were divided from the same experiment 
and were processed in parallel. (H-J) Quantification of NFATc1, c-Fos, and CTSK protein expression by gray 
value analysis relative to β-actin. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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side effects23. Serious adverse events may lead to a sudden interruption of treatment, which results in great harm 
to patients. As a result, combinational and sequential therapies have become more common, highlighting the 
urgent need to develop novel therapeutic approaches for osteoclast inhibition. Given its known roles in anti-
inflammatory processes and bone mass maintenance in other conditions24, Dusp1 is a potential target in the 
therapy of osteolytic diseases. This study demonstrates that Dusp1 inhibits osteoclast differentiation and bone 
resorption activity by negatively regulating the MAPK signaling pathway in vivo. Moreover, Dusp1 mitigated 
LPS-induced osteolysis in vivo.

Lentiviral transfection, as a gene therapy approach, can regulate target gene expression in host cells. However, 
the efficiency of lentiviral transfection is influenced by multiple factors, including viral titer, multiplicity of 
infection, host cell compatibility, and cellular state25. Even if lentiviral transfection is successful, viral genome 
integration failure or unstable target gene expression may still occur. The innate immune response or epigenetic 
mechanisms of the host cell may prevent the success of gene therapy26. In this study, lentiviral transfection exhibited 
high efficiency in osteoclasts. Furthermore, lentiviral overexpression treatment significantly upregulated Dusp1 
expression in osteoclasts. The actin cytoskeleton provides structural support for osteoclast morphology and is 
essential for bone resorption. The sealing ring formed by actin fibers isolates the bone resorption area from the 
surrounding environment, preventing acid and enzyme leakage27. Actin fibers also form a highly folded and 
branched structure known as the ruffled border. The ruffled border enhances osteoclast-bone surface interaction 
and facilitates the precise release of acids and enzymes28. Our experiments demonstrate the impact of Dusp1 
on osteoclasts in vitro. F-actin and TRAP staining revealed that Dusp1 suppresses osteoclast differentiation. 
Specifically, Dusp1 significantly decreased the number of both mature osteoclasts and associated F-actin rings. 
Furthermore, bone resorption assay indicated that Dusp1 attenuated the bone resorption function of osteoclasts. 
Therefore, we further explored the molecular mechanism by which Dusp1 acts on osteoclasts.

Responding to the extracellular RANKL stimulation, osteoclast precursor cells gradually differentiate into 
mature osteoclasts29. NFATc1 is a crucial transcription factor during osteoclast differentiation and activation. 
Multiple intracellular signaling pathways activated by RANKL stimulation initiate NFATc1 synthesis30. 

Fig. 5.  Dusp1 overexpression inhibited the RANKL-induced MAPK signaling pathway in osteoclasts. (A) 
Representative western blot images of MAPK signaling pathway proteins (p‐JNK, JNK, p‐ERK, ERK, p‐P38, 
P38) in osteoclasts overexpressing Dusp1 or not. To enhance clarity and conciseness, gels and blots were 
cropped. The original, uncropped images are provided in Supplementary Figure S9 and 10. The samples of 
each group were divided from the same experiment and were processed in parallel. (B-D) Quantification of 
the phosphorylated proteins p-JNK, p-ERK, and p-P38, normalized to their corresponding total protein levels. 
Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Additionally, NFATc1 combines with its own promoter to complete automatic amplification31. Once transported 
into the nucleus, NFATc1 induces the expression of CTSK, Mmp9, Acp5 and Atp6v0d232. These osteoclast-
specific genes further promote osteoclast fusion and maturation. More importantly, they facilitate the release 
of acid to dissolve inorganic mineral and digestive enzymes to digest organic matrix. At this stage, osteoclasts 
perform the function of bone resorption33. C-Fos is another necessary transcription factor that regulates 
osteoclasts. By heterodimerizing with the proto-oncogene c-Jun, c-Fos form the activator protein 1 (AP-
1) complex34. The AP-1 complex greatly promotes the downstream induction and automatic amplification 
of NFATc135. Moreover, the AP-1 complex also enters the nucleus and cooperates with NFATc1 to induce 
osteoclast-specific genes36. Through qPCR and western blot analysis, we found that Dusp1 overexpression via 
lentiviral transfection treatment reduced the protein expression of NFATc1, c-Fos and CTSK, as well as the 
mRNA expression of Ctsk, Fos, Nfatc1, Mmp9, Acp5 and Atp6v0d2. These findings were consistent with the 
effect of Dusp1 on suppressing osteoclast differentiation and activity. These results suggest that Dusp1 down-
regulates the osteoclast transcription factors c-FOS and NFATc1 to inhibit osteoclast-specific genes, thereby 
interfering with osteoclast differentiation and activity.

MAPK signaling pathways play a crucial role in regulating inflammation and immunity by translating 
extracellular signals into diverse cellular responses37. Abnormalities in MAPK pathways are associated with 
many diseases, including inflammatory disease, immune diseases, degenerative diseases, diabetes, and tumors38. 
There are three major MAPK pathways: extracellular signal-regulated kinases 1/2 (ERK1/2), c-Jun amino (N)-
terminal kinase (JNK), and p38. Previous research has shown that these three pathways synergistically regulate 
osteoclasts. ERK signaling seems to be more closely associated with osteoclast precursor cells. In response to 

Fig. 6.  Dusp1 overexpression prevented LPS-induced mice skull osteolysis. (A) Representative micro-CT 
images of the mice skulls in each group. (B–D) Quantification of bone volume/tissue volume ratio (BV/TV), 
number of porosity, and percentage of porosity. Data are presented as mean ± SD (n = 5). ****p < 0.0001.
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M-CSF stimulation, ERK signaling supports the survival and differentiation of osteoclast precursor cells39. 
JNK signaling plays an anti-apoptotic role in RANKL-induced osteoclast maturation to stabilize osteoclast 
differentiation40. Blocking JNK signaling specifically, while leaving p38 and ERK unaffected, has been shown 
to promote osteoclast apoptosis41. In addition, ERK and JNK signal cooperatively control transcription factors 
such as c-FOS. Phosphorylated ERK activates c-FOS by phosphorylating specific serine residues (362 and 374), 
while phosphorylated JNK activates c-Jun, which then forms the AP-1 complex with c-FOS42. In contrast, P38 
signaling is more involved in the metabolism of mature osteoclasts. By triggering the transcription factor NFATc1, 

Fig. 7.  Dusp1 reduced osteoclast number and activity in vivo and prevented LPS-induced mice skull 
osteolysis. (A) H&E and TRAcP staining images of mice skulls. (B, C) Quantification of the number of TRAcP-
positive osteoclasts and the area of TRAcP-positive osteoclasts per bone surface (Oc.S/BS). Data are presented 
as mean ± SD (n = 5). ****p < 0.0001.
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P38 signaling induces the expression of downstream osteoclast-specific genes. The sustained activity of these 
genes maintains the bone resorption function of osteoclasts43. Our study found that the total protein content of 
ERK, JNK and P38 in osteoclasts was not affected by RANKL stimulation. But their activated phosphorylated 
protein increased substantially after 5 to 20 min of RANKL stimulation. However, Dusp1 overexpression via 
lentivirus transfection treatment antagonized the function of RANKL. This phenomenon reveals that Dusp1 
comprehensively inhibits the MAPK signaling pathway through the ERK, JNK and P38 pathways. Our findings 
may explain how Dusp1 downregulates downstream key transcription factors c-FOS and NFATc1, thereby 
suppressing osteoclast-specific genes. This molecular mechanism may contribute to Dusp1’s role in osteolytic 
disease pathogenesis. To investigate the therapeutic potential of Dusp1 in osteolytic diseases, we performed in 
vivo validation using animal models.

As an endotoxin released by gram-negative bacteria, LPS can be absorbed by the body through the 
gastrointestinal tract44. LPS induces inflammation by stimulating immune cells to secret proinflammatory 
cytokines including interleukin and tumor necrosis factor45. Inflammation mediated by LPS is associated with 
many diseases, including sepsis, neurodegenerative diseases, metabolic diseases, and cardiovascular disease46. 
Patients with inflammatory related diseases usually have low bone mineral density, and more and more 
studies have shown that inflammatory factors can cause osteolysis or bone loss47,48. LPS suppresses osteoblast 
differentiation and bone formation by reducing the synthesis of various osteoblast transcription factors49. Also, 
LPS can recruit osteoclast precursor cells, stimulate the production of M-CSF and RANKL50. In addition, LPS 
increases osteoclast differentiation and activity by phosphorylating MAPK pathway proteins, thereby promoting 
bone resorption51. Animal experiments found that LPS treatment promoted osteoclast activity, destroyed bone 
trabecula, and caused bone mass loss52. Currently, rodent models treated with LPS are often used to study 
inflammatory osteolysis or bone loss. Hence, we used LPS to induce skull osteolysis in mice and treated them with 
Dusp1 overexpression lentivirus. Lentiviral transfection may lead to undesired Dusp1 overexpression in other 
cell types. For instance, Dusp1 overexpression in immune cells could potentially suppress immune responses 
and increase susceptibility to acute infections. To minimize systemic effects of lentiviral delivery in our murine 
model, we employed localized injection protocols. The results showed that LPS caused severe damage to mice 
skulls and many mature osteoclasts infiltrated into the lesion area. As a result of Dusp1 overexpression lentivirus 
treatment, there was less bone resorption extent and fewer TRAcP-positive osteoclasts. Our study indicated that 
Dusp1 prevents inflammatory osteolysis through targeting osteoclasts.

Our study has established that Dusp1 suppresses osteoclasts by downregulating the MAPK/c-FOS/
NFATc1 signaling pathway (Fig.  8). Nevertheless, potential involvement of Dusp1 in osteolytic diseases via 
other mechanisms warrants further investigation. Dusp1 is involved in glucose metabolism and its expression 
is modulated by blood glucose levels53. Interestingly, glucose sensing and O-GlcNAcylation processes can 
potentiate osteoclast activity54. These findings suggest that Dusp1 may intersect with certain metabolic signals 
or nutrient sensing pathways during osteoclastogenesis. Furthermore, due to the importance of osteoblasts in 
maintaining bone homeostasis, it is necessary to explore the role of Dusp1 on osteoblasts.

In summary, our study demonstrated that Dusp1 reduces osteoclast number and activity and provides 
protection against LPS-induced osteolysis. Inhibiting the MAPK/c-FOS/NFATc1 signaling pathway may be one 
of its molecular mechanisms. Therefore, upregulating Dusp1 has the potential to be a novel therapeutic approach 
for treating osteolytic diseases.

Materials and methods
Materials and reagents
Alpha modification of minimal essential medium (α-MEM) was purchased from Thermo Fisher Scientific 
(Massachusetts, USA). Fetal bovine serum (FBS) was purchased from Avantor (Pennsylvania, USA). 
Recombinant mice M-CSF and RANKL were obtained from LifeTein (New Jersey, USA). Phosphate buffered 
solution (PBS), penicillin/streptomycin (P/S), polybrene, puromycin, Immunostaining Permeabilization 
Buffer with Triton X-100, and 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) staining 
solution were purchased from Beyotime (Shanghai, China). Tetramethyl rhodamine isothio-cyanate (TRITC) 
Phalloidin, 4% paraformaldehyde (PFA), bovine serum albumin (BSA) blocking buffer and tartrate‐resistant 
acid phosphatase (TRAcP) staining kit were purchased from Solarbio (Beijing, China). Lipopolysaccharide (LPS) 
was purchased from Sigma-Aldrich (Missouri, USA). Antibodies against Dusp1, phospho‐JNK, JNK, phospho‐
ERK, ERK, phospho‐P38, P38, NFATc1, c-Fos, CTSK, GAPDH, α-Tubulin, and β-actin were purchased from 
Cell Signaling Technology (Massachusetts, USA). Secondary antibodies were purchased from Thermo Fisher 
Scientific (Massachusetts, USA).

Cell extraction and osteoclast differentiation in vitro
Six-week-old C57/BL6J mice were euthanized, then the femur and tibia marrow cavities were rinsed under sterile 
conditions immediately. The rinse solution was filtered through a 0.45um filter and centrifuged at 1000 rpm for 
5 min. Extracted cells were resuspended in α-MEM with 1% P/S, 10% FBS, and 30 ng/ml M-CSF. Then the cells 
were transferred to culture flasks and placed in an incubator with 5% carbon dioxide at 37℃. The medium 
was replaced after 2 days, and bone marrow-derived macrophages (BMMs) for subsequent experiments were 
obtained after 4 days. The BMMs were plated and cultured in complete medium supplemented with M-CSF. After 
12 h, the medium was replaced with osteoclastogenic medium (complete medium with 30 ng/ml M-CSF and 
50 ng/mL RANKL) to induce osteoclast differentiation. Mature osteoclasts typically developed after 5–7 days.

Lentivirus packaging and tittering
A recombinant vector was constructed by connecting a lentiviral vector with either a negative control (NC) 
or Dusp1 deoxyribonucleic acid (DNA). The pCMV-dR8.9 (Addgene, USA) and pCMV-VSV-G (Addgene, 
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USA) packaging plasmids were used for lentiviral packaging. The transfection complex was co-transfected 
into HEK293T cells. After 48–72 h, the viral supernatants were collected, filtered through 0.22um filters, and 
concentrated using an ultracentrifugation device (Beckman SW28, BECKMAN COULTER, USA). The virus 
titer was determined by quantitative real‐time polymerase chain reaction (qPCR).

Target cell transduction
Primary BMMs were seeded in 6-well (1 × 105 cells/well) or 96-well (6 × 103 cells/well) plates. The cells were 
cultured with complete medium containing M-CSF at a density of 30% to 50%. After 12 h (marked as D0), 
osteoclastogenic medium (complete medium with 30 ng/ml M-CSF and 50 ng/ml RANKL) was replaced to 
induce osteoclast differentiation. At the same time, the BMMs were transduced with lentivirus at a multiplicity 
of infection (MOI) of 100 using polybrene. After 24 h of transfection (D1), the medium containing lentivirus 
was removed. Osteoclastogenic medium containing puromycin was replaced every 48  h to screen for stable 
transfected cells. After 72 h of transfection (D3), the transfection efficiency was confirmed through imaging of 
the green fluorescence protein.

F-actin ring staining
Primary BMMs were seeded on 96-well cell culture plates. The cells were then transfected with NC or Dusp1 
overexpression lentivirus and cultured in osteoclastogenic medium for 6 days. After being fixed by 4% PFA for 
30 min, the cells were treated with 0.1% Triton X-100 for 10 min and blocked by 3% BSA for 1 h. Subsequently, 

Fig. 8.  Schematic diagram of Dusp1 suppresses osteoclast differentiation. Dusp1 inactivates MAPK signaling, 
down-regulates c-FOS and NFATc1, and inhibits osteoclast-specific genes, thereby suppressing osteoclast 
activity.
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the cells were stained by TRITC Phalloidin for 2 h. Finally, DAPI was used to counterstain the cells for 5 min. 
The EVOS FL Auto2 imaging system was used to take photos, and ImageJ v1.8.0 was used to analyze images. The 
number and area of F-actin ring were calculated.

TRAcP staining
Primary BMMs were seeded on 96-well cell culture plates. Osteoclastogenic medium was used to induce 
osteoclast differentiation and replaced every 2  days. Six days post-transfection with either NC or Dusp1 
overexpression lentivirus, the cells were fixed with 4% PFA for 30 min. TRAcP staining was then performed 
according to the instruction. EVOS FL Auto2 imaging system (Thermo Fisher Scientific, USA) was used to 
capture images. Images were analyzed by ImageJ v1.8.0. Mature osteoclasts identified by TRAcP positivity and 
having more than three nuclei were quantified.

Bone resorption assay
Sterile bovine bone slices were placed into 96-well cell culture plates, followed by the seeding of primary BMMs. 
The BMMs were transfected with NC or Dusp1 overexpression lentivirus and cultured with osteoclastogenic 
medium for about six days. At that time, mature osteoclasts could be seen through the observation wells. After 
another 2 days, the cells on the surface of the bone slices were removed by ultrasound. The bone resorption area 
was scanned with an electron microscope (Regulus 8100, HITACHI, Japan) and quantified using ImageJ v1.8.0.

RNA extraction and qPCR
Primary BMMs were seeded on 6-well plates. Five days after the BMMs were transfected with NC or Dusp1 
overexpression lentivirus and cultured with osteoclastogenic medium, Trizol reagent was used to extract total 
ribonucleic acid (RNA). Then, cDNA was synthesized using the cDNA Synthesis Kit (Thermo Fisher Scientific, 
USA). The qPCR was performed using the StepOne System (Thermo Fisher Scientific, USA). The reaction 
procedure consisted of an initial denaturation at 95℃ for 10 min, followed by 40 cycles of 95℃ for 10 s and 
60℃ for 30 s. A melt curve analysis was then conducted, starting at 95℃ for 15 s, cooling to 60℃ for 1 min, and 
finishing with a final heating at 95℃ for 15 s. The relative expression levels of target genes were calculated using 
the 2−ΔΔCT method. The primer sequences used for the experiment are shown in Table 1.

Protein extraction and western blot analysis
Primary BMMs were seeded on 6-well plates. After 12 h (D0), the BMMs were transfected with NC or Dusp1 
overexpression lentivirus and cultured in osteoclastogenic medium. Total protein was extracted to assess Dusp1 
expression on D5. The expressions of NFATc1, c-Fos, and CTSK were analyzed on D0, D1, D3, and D5. A 
different processing method was used to determine if Dusp1 mediates the RANKL-induced MAPK signaling 
pathway in osteoclasts. The BMMs transfected with NC or Dusp1 overexpression lentivirus were cultured with 
complete medium containing M-CSF until they reached nearly 100% confluence. Afterwards, they were serum-
starved for 4 h before being stimulated with RANKL for 0, 5, 10, 20, 30, and 60 min. Protein extraction was 
performed immediately following stimulation.

The extraction of total proteins was carried out according to the instruction of the Column Tissue & Cell 
Protein Extraction Kit (Epizyme, China). Protein electrophoresis was performed using gels prepared by the Easy 
PAGE® Gel Fast Preparation Kit (10%) (SEVEN BIOTECH, China) at 120 V for 60 min. Then proteins were 
transferred to polyvinylidene difluoride (PVDF) membranes (Merck, Germany). Afterwards, the membranes 
were blocked in 5% skim milk for 1.5 h, followed by incubation with specific primary antibodies at 4℃ for 12 h 
and fluorescence-labeled secondary antibodies for 1 h. An Odyssey (LI-COR Biosciences, USA) near-infrared 
fluorescence imaging scanner was used to scan. ImageJ v1.8.0 was used to analyze the grayscale values of the 
protein bands. The quantification was performed under blind conditions.

LPS-induced skull osteolysis animal model
This study followed the guidelines of the Animal Ethics Committee of Guangxi Medical University. Twenty 
6-week-old mice purchased from the Animal Experiment Center of Guangxi Medical University were randomly 
divided into four groups (5 mice per group): Sham group (PBS, control), LPS group (LPS, 5  mg/kg body 
weight), LPS + LV-NC group (LPS, 5 mg/kg with NC lentivirus, 1 × 109 transduction units), and LPS + LV-Dusp1 
group (LPS, 5 mg/kg with Dusp1 overexpression lentivirus, 1 × 109 transduction units). Isoflurane was used to 

Genes Forward (5′–3′) Reverse (5′–3′)
Dusp1 ​T​T​G​T​C​G​C​T​C​C​T​T​C​T​T​C​G​C​T​T ​T​C​A​G​C​G​T​T​G​G​G​C​A​C​G​A​T​A​T​G

Ctsk ​T​T​C​C​A​G​T​T​T​T​A​C​A​G​C​A​G​A​G​G​T​G​T ​A​G​T​G​C​T​T​G​C​T​T​C​C​C​T​T​C​T​G​G

Fos ​C​C​A​G​T​C​A​A​G​A​G​C​A​T​C​A​G​C​A​A ​A​A​G​T​A​G​T​G​C​A​G​C​C​C​G​G​A​G​T​A

Nfatc1 ​T​G​T​G​C​A​A​G​C​C​A​A​A​T​T​C​C​C​T ​A​C​A​G​A​G​T​T​A​C​C​A​T​T​G​G​C​A​G​G

Mmp9 ​C​A​A​A​G​A​C​C​T​G​A​A​A​A​C​C​T​C​C​A​A​C ​G​A​C​T​G​C​T​T​C​T​C​T​C​C​C​A​T​C​A​T​C

Acp5 ​A​C​A​C​A​G​T​G​A​T​G​C​T​G​T​G​T​G​G​C​A​A​C​T​C ​C​C​A​G​A​G​G​C​T​T​C​C​A​C​A​T​A​T​A​T​G​A​T​G​G

Atp6v0d2 ​G​T​G​A​G​A​C​C​T​T​G​G​A​A​G​A​C​C​T​G​A​A ​G​A​G​A​A​A​T​G​T​G​C​T​C​A​G​G​G​G​C​T

β-actin ​T​G​T​C​C​A​C​C​T​T​C​C​A​G​C​A​G​A​T​G​T ​G​C​T​C​A​G​T​A​A​C​A​G​T​C​C​G​C​C​T​A​G​A

Table 1.  Primer sequences for qPCR.
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anesthetize the mice. The volume and concentration of the injected lentivirus were based on previous studies55,56. 
Mice in the LPS + LV-NC and LPS + LV-Dusp1 groups received subcutaneous injections of 20  µl lentivirus 
(5 × 10⁸ TU/ml) one day before the first LPS treatment. Subsequent subcutaneous injections of PBS or LPS were 
administered every two days at the sagittal midline suture of the skull. After 14 days, the mice were euthanized by 
inhalation of 50% carbon dioxide, and their skulls were collected for further analysis. All experimental protocols 
were approved by the Animal Ethics Committee of Guangxi Medical University (No.202212012). All methods 
were carried out in accordance with relevant guidelines and regulations. All methods are reported in accordance 
with ARRIVE guidelines.

Micro-CT scanning and analysis
The mice skulls were separated and fixed with 4% paraformaldehyde. Micro-CT scanning was performed using 
a Skyscan 1275 X-Ray Microtomograph (Bruker, USA). The voltage was 46 kV, the current was 75 μA, and the 
resolution was 10 μm. The 3D images were reconstructed using Skyscan CTAn software. The osteolysis areas 
adjacent to the sagittal midline suture of the skulls were analyzed. The bone volume/tissue volume ratio (BV/
TV), number of porosity, and percentage of porosity were calculated.

Histological analysis
Histological analysis was performed following micro-CT scanning. The skull samples were decalcified in 10% 
ethylene diamine tetraacetic acid (EDTA) at 4℃ for 2 weeks. After being embedded with paraffin, the samples 
were cut into 5 μm sections for hematoxylin and eosin (H&E) and TRAcP staining. The number of TRAcP-
positive osteoclasts and the area of TRAcP-positive osteoclasts per bone surface (Oc.S/BS) were measured using 
ImageJ v1.8.0.

Statistical analysis
Data were presented as mean ± standard deviation (SD) and analyzed using ANOVA or Student’s t-test by 
GraphPad Prism 9.1. P < 0.05 was considered statistically significant.

Data availability statement
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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