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Tcirg1 deficiency delays 
osteoarthritis progression by 
impairing lysosome acidification 
and peripheral accumulation in 
osteoclasts
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Di Xue2, Zhirong Chen1, Yajing Su2, Zhaopu Tuo1,2, Jiangbo Yan1, 
Long Ma1, Xin Zhao1, Kuanmin Tian1,2, Xiaoxin He1,2, Ye Ma1,2, 
Xue Lin2* and Qunhua Jin1,2*
1The Third Ward of Orthopaedic Department, Institute of Osteoarthropathy, Institute of Medical 
Sciences, General Hospital of Ningxia Medical University, Yinchuan, China, 2Ningxia Key Laboratory of 
Clinical and Pathogenic Microbiology, General Hospital of Ningxia Medical University, Yinchuan, China

Introduction: Osteoarthritis (OA) is a chronic degenerative joint disease 
characterized by articular cartilage loss and aberrant subchondral bone 
remodeling. “T-cell immune regulator 1” (Tcirg1), which encodes the a3 subunit 
of the V-ATPase, has been demonstrated to inhibit the formation of large 
osteoclasts by reducing intracellular calcium oscillations. Mutations in the Tcirg1
gene sequence have been associated with osteopetrosis by impairing lysosomal 
transport in osteoclasts. This study aims to assess the impact of Tcirg1 on OA 
progression and to explore its therapeutic potential for the disease treatment.
Methods: Proteomic comparison of weight-bearing region (WBR) versus non-
weight-bearing region (NWBR) of the subchondral bone was performed in 20 OA 
patients undergoing total knee arthroplasty. OA was then surgically induced in 
wild-type and Tcirg1-knockout mice by destabilization of the medial meniscus; 
disease severity and subchondral bone architecture were evaluated by histology 
and micro-CT. In vitro, primary bone marrow macrophages were differentiated 
into osteoclasts to assess the role of Tcirg1 in osteoclastogenesis, focusing on 
cell fusion, bone resorption, and lysosome acidification and distribution.
Results and discussion: Proteomic analysis revealed that TCIRG1 was 
significantly upregulated in the WBR compared to NWBR of subchondral 
bone in OA patients, with functional enrichment analysis indicating TCIRG1 
correlation with lysosome-related biological processes. In the murine OA model, 
Tcirg1 expression increased in parallel with osteoclast activity, peaking at 4 
weeks post-surgery, which coincided with severe subchondral bone loss. Tcirg1
deficiency in knockout mice delayed OA progression, as evidenced by reduced 
cartilage damage, improved subchondral bone mass, and decreased osteoclast 
activity. In vitro, Tcirg1 expression increased during osteoclast differentiation, 
and its knockdown inhibited osteoclast fusion and bone resorption by impairing 
lysosome acidification and peripheral accumulation.
Conclusion: Tcirg1 regulates lysosome acidification and peripheral 
accumulation, thereby influencing osteoclast activity in the subchondral bone.
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Given that Tcirg1 knockdown was found to slow down the progression of OA, 
targeting Tcirg1 may serve as a potential therapeutic strategy for treating OA.
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1 Introduction

    

  

    

  
  

  

  

      
  

  

Abbreviations: Tcirg1, T-cell immune regulator 1; OA, Osteoarthritis; 
WBR, weight-bearing region; NWBR, non-weight-bearing region; H&E, 
hematoxylin and eosin; Mmp9, Matrix metalloproteinase 9; Ctsk, 
Cathepsin K; Lamp2, Lysosome-associated membrane glycoprotein 2; 
Rab7, Ras-related protein Rab-7; Plekhm1, Pleckstrin homology domain-
containing family M member 1; Lis1, Lissencephaly-1 homolog; RANKL, 
Receptor Activator of nuclear factor- B Ligand; M-CSF, Macrophage-
colony stimulating factor; BMM, Bone marrow macrophage; DMM, 
destabilization of the medial meniscus; OARSI, Osteoarthritis Research 
Society International; Trap, tartrate-resistant acid phosphatase; Acp5, 
Tartrate-resistant acid phosphatase type 5; Nfatc1, Nuclear factor 
of activated T-cell cytoplasmic 1; Dc-stamp, Dendritic cell specific 
transmembrane protein; Micro-CT, Micro-computed tomography; BV/TV, 
bone volume/total volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular 
separation; WB, western blotting.
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2 Methods

2.1 Human tibial plateau specimens of OA

  

   

2.2 Label-free analysis of tissue proteomes 
using liquid chromatography–tandem 
mass spectrometry (LC–MS/MS)

   

  

2.3 Generation and identification of Tcirg1 
knockout mice

  

       

 

2.4 Mouse model of OA induced by 
“destabilization of the medial meniscus” 
(DMM)
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2.5 Cell isolation and culture

     

2.6 Cell transfection

   

  

2.7 Western blotting (WB)

  

2.8 Real-time quantitative PCR (RT-qPCR)
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2.9 Co-immunoprecipitation (Co-IP)

  

 

2.10 Enzyme-linked immunosorbent assay 
(ELISA)

  

2.11 Micro-computed tomography 
(micro-CT) analysis

 

2.12 Bone resorption pit assay

  

2.13 Trap and F-actin staining

 

2.14 Tissue staining
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2.15 Immunofluorescence staining and 
acid staining

   

  

2.16 Statistical analysis

  

3 Results

3.1 Proteomic analysis and validation of 
clinical samples from patients with OA
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FIGURE 1
TCIRG1 upregulation in WBR of subchondral bone compared with NWBR in OA patients: proteomic and histological validation (A) Volcano plot and (B)
Heat map of differentially expressed proteins. The red arrow points to TCIRG1. (C) Box line plot of TCIRG1 expression. (D) Results of KEGG functional 
enrichment analysis of differentially expressed proteins. The x-axis represents the enrichment score (Enrichment Score), while the color gradient 
indicates the p-value. Blue denotes higher p-values, whereas red signifies lower p-values. (E) Immunoistochemical staining of TCIRG1 in the 
subchondral bone of representative clinical specimens from a patient with OA. The red triangles represent positive cells. scale bar, 200  m. (F) Western 
blotting showing the expression of TCIRG1 in the NWBR and WBR of the subchondral bone. (G) Quantitative analysis based on (F), data are expressed 
as mean ± SEM (n = 3 per group). Statistical significance was determined using an unpaired two-tailed Student’s t-test for comparisons between two 
groups.  P < 0.01.
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FIGURE 2
Increased Tcirg1 expression is associated with increased osteoclast activity in the subchondral bone of OA mice. (A) Schematic diagram illustrating the 
animal experiment design. Representative images of (B) SO/FG staining and (C) H&E staining of the knee joints from the sham and DMM groups at 2, 4, 
and 8 weeks (W) post-surgery; scale bar: 200  m. (D) OARSI grading. (E) Statistical analysis of the hyaline cartilage/calcified cartilage (HC/CC) thickness 
ratio based on (C). (F) Trap staining of the subchondral bone in each group. Scale bar, 100  m. (G) Immunofluorescence staining of Tcirg1 and Acp5 in 
the subchondral bone from each group. Scale bar, 50  m. Quantitative analyses of (H) percentage of Trap-positive cells, and (I) the number of Tcirg1 
and Acp5 double positive cells in the subchondral bone. Data are expressed as the mean ±SEM (n = 5). Statistical significance was determined using 
one-way ANOVA followed by Tukey’s post hoc test.  P < 0.05,  P < 0.01,  P < 0.001; ns, not significant. SO/FG, safranin-O/fast green; H&E, 
hematoxylin and eosin.

3.2 Tcirg1 increased expression is 
associated with increased osteoclast 
activity in the subchondral bone of OA 
mice
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3.3 Tcirg1 deficiency slows the progression 
of OA in mice

  

 
 

  

  

     

3.4 Tcirg1 exhibits a lysosomal distribution 
and becomes progressively enriched in the 
cell periphery during osteoclast 
differentiation

 

 

3.5 Knockdown of Tcirg1 inhibits osteoclast 
fusion and bone resorption function but 
does not affect actin ring formation
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FIGURE 3
Tcirg1 deficiency slows OA progression in mice. (A) Schematic overview of the experimental design with WT and Tcirg1+/− mice. DMM surgery-induced 
OA was performed in both groups. Representative images of (B) SO/FG and (C) H&E staining at 4 weeks post-DMM surgery; scale bar: 200  m. (D)
OARSI grading for all groups. (E) Quantitative analysis of the hyaline cartilage/calcified cartilage (HC/CC) thickness ratio. (F) Trap staining in the 
subchondral bone of the tibia at 4 weeks post-DMM surgery. Scale bar, 100  m. (G) Quantitative analysis of the percentage of Trap-positive cells, data 
are expressed as the mean ± SEM (n = 5 per group). Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc
test.  P < 0.05,  P < 0.01,  P < 0.001; ns, not significant. SO/FG, safranin-O/fast green; H&E, hematoxylin and eosin.
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FIGURE 4
Tcirg1 exhibits lysosomal distribution and progressive enrichment at the cell periphery during osteoclast differentiation. RANKL and M-CSF induced 
BMMs to undergo osteoclast differentiation that was analyzed at various time points. (A) Trap staining and (B) immunofluorescence images of F-actin 
and DAPI. (C) WB analysis of Tcirg1, Lamp2, and Rab7 protein expression. Quantitative analysis of (D) Tcirg1 protein expression, (E) Lamp2 protein 
expression, and (F) Rab7 protein expression. (G) Immunofluorescence images of Tcirg1, Lamp2, and DAPI. The white lines extend along the short axis of 
the cells, from the center to the periphery, to collect and analyze the fluorescence intensity distribution along this path of Tcirg1 and Lamp2 scale bar, 
100  m. Data are expressed as the mean ±SEM (n = 3 per group). Statistical significance was determined using one-way ANOVA followed by Tukey’s
post hoc test.  P < 0.05,  P < 0.01,  P < 0.001; ns, not significant; d, day.
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FIGURE 5
Knockdown of Tcirg1 inhibits osteoclast fusion and bone resorption. BMMs were untreated (Control) or treated with si-NC/si-Tcirg1 and induced to 
differentiate using RANKL and M-CSF for 5–7 days. (A) Representative Trap staining images; scale bar: 100  m. (B) WB analysis of Nfatc1and Dc-stamp 
protein expression, markers of osteoclast differentiation and fusion, in different treatment groups. Quantitative analyses of (C) Nfatc1 protein 
expression, (D) Dc-stamp protein expression. (E) BMMs were untreated (Control) or treated with si-NC/si-Tcirg1, seeded onto homemade bovine bone 
slices placed in Corning 96-well plates, cultured with M-CSF and RANKL for 7 days, fixed, and processed for SEM; scale bar: 50  m. (F) Quantitative 
analysis of bone resorption pit areas (calculated as % resorbed mineral surface area, as specified in Methods). (G) ELISA detection of CTX-1 protein 
levels in the culture medium of each group. (H) Detection of protein expression of bone resorption markers Acp5, Ctsk, and Mmp9 in different 
treatment groups using WB. Quantitative analyses of (I) Acp5 protein expression, (J) Ctsk protein expression, and (K) Mmp9 protein expression. Data 
are expressed as the mean ± SEM (n = 3 per group). Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc
test.  P < 0.05,  P < 0.01,  P < 0.001; ns, not significant.
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FIGURE 6
Knockdown of Tcirg1 impairs lysosomal acidification and microtubule related lysosome distribution in osteoclasts. (A) Induction of osteoclastic 
differentiation of BMMs after their treatment with si- Tcirg1or si-NC, followed by fluorescent staining with LysoSensor™ Green DND-189; scale bar, 
20  m. (B) Interaction of Tcirg1 with Rab7 determined using Co-IP with total protein extracts from BMMs. (C) Representative images of -tubulin and 
F-actin immunofluorescence staining for each treatment group; scale bar, 100  m. (D) WB detection of the protein expression of lysosomal markers 
Lamp2, Rab7, Plekhm1, and Lis1 in different treatment groups. Quantitative analyses of (E) Lamp2, (F) Rab7, (G) Plekhm1, and (H) Lis1 protein expression 
in different treatment groups. Data are expressed as the mean ± SEM (n = 3 per group). Statistical significance was determined using one-way ANOVA 
followed by Tukey’s post hoc test.  P < 0.001, and ns. not significant.
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FIGURE 7
Schematic diagram of Tcirg1 knockout on OA. Tcirg1 maintains lysosomal acidification, and influences the expression of Rab7, Plekhm1, and Lis1, 
enabling lysosomes to localize and accumulate at the cell periphery in a microtubule - dependent manner. This promotes the formation of ruffled 
borders and further ensures the maintenance of osteoclast bone resorption activity. Knocking down Tcirg1 significantly reduces osteoclast activity, 
which in turn limits abnormal subchondral bone remodeling and cartilage damage in OA.

  

 

3.6 Knockdown of Tcirg1 impairs lysosomal 
acidification and peripheral accumulation 
of lysosomes in osteoclasts

 

    

4 Discussion
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