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Introduction: Osteoarthritis (OA) is a chronic degenerative joint disease
characterized by articular cartilage loss and aberrant subchondral bone
remodeling. “T-cell immune regulator 1" (Tcirgl), 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 Tcirgl
gene sequence have been associated with osteopetrosis by impairing lysosomal
transport in osteoclasts. This study aims to assess the impact of Tcirgl 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 Tcirgl-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 diferentiated
into osteoclasts to assess the role of Tcirgl in osteoclastogenesis, focusing on
cell fusion, bone resorption, and lysosome acidifcation and distribution.
Results and discussion: Proteomic analysis revealed that TCIRGl was
signifcantly 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,
Tcirgl expression increased in parallel with osteoclast activity, peaking at 4
weeks post-surgery, which coincided with severe subchondral bone loss. Tcirgl
defciency in knockout mice delayed OA progression, as evidenced by reduced
cartilage damage, improved subchondral bone mass, and decreased osteoclast
activity. In vitro, Tcirgl expression increased during osteoclast diferentiation,
and its knockdown inhibited osteoclast fusion and bone resorption by impairing
lysosome acidifcation and peripheral accumulation.

Conclusion: Tcirgl regulates lysosome acidifcation and peripheral
accumulation, thereby infuencing osteoclast activity in the subchondral bone.
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Given that Tcirgl knockdown was found to slow down the progression of OA,
targeting Tcirgl may serve as a potential therapeutic strategy for treating OA.
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1 Introduction
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Abbreviations: Tcirgl, 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; Plekhml, Pleckstrin homology domain-
containing family M member 1; Lisl, Lissencephaly-1 homolog; RANKL,
Receptor Activator of nuclear factor-0B 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; Nfatcl, Nuclear factor
of activated T-cell cytoplasmic 1; Dc-stamp, Dendritic cell specifc
transmembrane protein; Micro-CT, Micro-computed tomography; BV/TV,
bone volume/total volume; Th.Th, trabecular thickness; Th.Sp, trabecular
separation; WB, western blotting.
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2 Methods
2.1 Human tibial plateau specimens of OA

I 0 T N R
0000 000000000 bootn bOo00 bocCo0ono000D b I00l Oo0ooon Cooomem
000 (0000000 1000000 0oihooomol 00O fb0o0! 0ol 0inoC000 000000
10000 1000 0Dooioo0000 000000 0o 001 000000000 100000 0000 0000000
(000 0000000 CoO000E0i00 Doo0o0aN O0oo0onbon boo! 0ooai000n oofinoeom
0000 bCoboobbodr 0o O boo0oD binie it0It0ioon oootoom
000! 0000 0000t DE000n DOCMmoOD 0oB000m 001 000000 0000 bob0onCo0a

00000000 CJ0000 0O00I0O0IDm 00 0000l D000l 0000000000 0oooo
O0CI0oO0OI000000e0ot0 0000000010000 I oiiiDe00t0i000m0000
0 T [
000o0! 0000oobobmD oo Coooo ool Cooboow looo0m ooioooo
000In00O000 bODI00CoD Doool 0hoboDoobn 0000 0ol Ooboomooooo
100000000 bODNbOIoe00N oo OB o0ooo L 00l 0oo0 o0 boooloen
0100I0000000I0000CO00NOIOmo00oioo D0

2.3 Generation and identifcation of Tcirgl
knockout mice
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2.2 Label-free analysis of tissue proteomes
using liquid chromatography—tandem
mass spectrometry (LC—MS/MS)
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2.4 Mouse model of OA induced by
“destabilization of the medial meniscus”
(DMM)
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2.5 Cell isolation and culture
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2.6 Cell transfection

00000 [O0ooidoiooo oooCon Doool 0ootoooool footn Ooooomo
10000C00MOOID0NNO0DOINooOEO000m00 o000 [0 bobowOooiooo
00000IDon Doon 0000 Inoooitobol 0o0oooom! 0O D00 00000 Dio0o0o oo
010000007 0000000 00 07 00000000 0% 0 0 0070 00n000000 0007 Ql0000] 000
8 T R R A
0000 0000 bOn DoBooIImoe boon bon foooCooboobn o boom Ooa
000000000000 Donn! 0000l ibC0000D 00 0B0oo0! Oron 0O0T boot o0
00000000 000007 Cooan Doo00 iool 000000001001 0007 10000000000 Do
0o0O0OIoooIm C0b010mO bon bi0oiN0i0 Ci0o0] fo00 0000000 0000
10l 00000ooor o000 biooa 0oinoIoo0] 00007 OIooooo it 0o0inan
0OomiDOOnioom Conooo00000T D ooo o oo bomOmnooo booo
I00000IDoNICO OO 000 I 000000nn0me0l Oioioo0 D omoboonobooonio
0 0 T A Y Y
0000000000000 001 00100100 B0o! ib0ocioomton DOomooon Doroomoon
00000000 D000 00007 bicOooooo0I Comol 000I000I00! 0o00mo0D 000000
O O

Frontiers in Cell and Developmental Biology

(0000 0o000n J00C0O00n Boo0oio0mb0l 0000000 Do boiob0ooo00 0ol0oa00
I A T
A W A o n W R R
(00bCO0bOo00r bOoemoao

2.7 Western blotting (WB)
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2.8 Real-time quantitative PCR (RT-gPCR)
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2.9 Co-immunoprecipitation (Co-IP)
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2.10 Enzyme-linked immunosorbent assay
(ELISA)
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2.11 Micro-computed tomography
(micro-CT) analysis
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2.12 Bone resorption pit assay
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2.13 Trap and F-actin staining
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2.14 Tissue staining
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2.15 Immunofuorescence staining and
acid staining
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2.16 Statistical analysis
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3 Results

3.1 Proteomic analysis and validation of
clinical samples from patients with OA
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FIGURE 1
TCIRGL1 upregulation in WBR of subchondral bone compared with NWBR in OA patients: proteomic and histological validation (A) Volcano plot and (B)
Heat map of diferentially expressed proteins. The red arrow points to TCIRG1. (C) Box line plot of TCIRG1 expression. (D) Results of KEGG functional
enrichment analysis of diferentially 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 signifes 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 Om. (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 signifcance 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 Tcirgl 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 Om. (D) OARSI grading. (E) Statistical analysis of the hyaline cartilage/calcifed cartilage (HC/CC) thickness
ratio based on (C). (F) Trap staining of the subchondral bone in each group. Scale bar, 100 Om. (G) Immunofuorescence staining of Tcirgl and Acp5 in
the subchondral bone from each group. Scale bar, 50 Om. Quantitative analyses of (H) percentage of Trap-positive cells, and (I) the number of Tcirgl
and Acp5 double positive cells in the subchondral bone. Data are expressed as the mean +SEM (n = 5). Statistical signifcance was determined using
one-way ANOVA followed by Tukey’s post hoc test. "P < 0.05, "“P < 0.01, ""“P < 0.001; ns, not signifcant. SO/FG, safranin-O/fast green; H&E,

hematoxylin and eosin.

3.2 Tcirgl increased expression is
associated with increased osteoclast
activity in the subchondral bone of OA
mice
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3.4 Tcirgl exhibits a lysosomal distribution
and becomes progressively enriched in the
cell periphery during osteoclast
diferentiation
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3.5 Knockdown of Tcirgl inhibits osteoclast
fusion and bone resorption function but
does not afect actin ring formation
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FIGURE 3

Tcirgl defciency 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 Om. (D)
OARSI grading for all groups. (E) Quantitative analysis of the hyaline cartilage/calcifed cartilage (HC/CC) thickness ratio. (F) Trap staining in the
subchondral bone of the tibia at 4 weeks post-DMM surgery. Scale bar, 100 Um. (G) Quantitative analysis of the percentage of Trap-positive cells, data
are expressed as the mean + SEM (n = 5 per group). Statistical signifcance was determined using one-way ANOVA followed by Tukey’s post hoc

test. "P < 0.05, ""P < 0.01, """P < 0.001; ns, not signifcant. SO/FG, safranin-O/fast green; H&E, hematoxylin and eosin.
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FIGURE 4

Tcirgl exhibits lysosomal distribution and progressive enrichment at the cell periphery during osteoclast diferentiation. RANKL and M-CSF induced
BMMs to undergo osteoclast diferentiation that was analyzed at various time points. (A) Trap staining and (B) immunofuorescence images of F-actin
and DAPI. (C) WB analysis of Tcirgl, Lamp2, and Rab7 protein expression. Quantitative analysis of (D) Tcirgl protein expression, (E) Lamp2 protein
expression, and (F) Rab7 protein expression. (G) Immunofuorescence images of Tcirgl, 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 fuorescence intensity distribution along this path of Tcirgl and Lamp2 scale bar,
100 Om. Data are expressed as the mean £SEM (n = 3 per group). Statistical signifcance was determined using one-way ANOVA followed by Tukey’s
post hoc test. "P < 0.05, ""P < 0.01, """P < 0.001; ns, not signifcant; d, day.
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FIGURE 5

test. "P < 0.05, ""P < 0.01, """P < 0.001; ns, not signifcant.

Knockdown of Tcirgl inhibits osteoclast fusion and bone resorption. BMMs were untreated (Control) or treated with si-NC/si-Tcirgl and induced to
diferentiate using RANKL and M-CSF for 5—7 days. (A) Representative Trap staining images; scale bar: 100 Om. (B) WB analysis of Nfatcland Dc-stamp
protein expression, markers of osteoclast diferentiation and fusion, in diferent treatment groups. Quantitative analyses of (C) Nfatcl protein
expression, (D) Dc-stamp protein expression. (E) BMMs were untreated (Control) or treated with si-NC/si-Tcirgl, seeded onto homemade bovine bone
slices placed in Corning 96-well plates, cultured with M-CSF and RANKL for 7 days, fxed, and processed for SEM; scale bar: 50 Om. (F) Quantitative
analysis of bone resorption pit areas (calculated as % resorbed mineral surface area, as specifed 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 diferent
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 signifcance was determined using one-way ANOVA followed by Tukey’s post hoc
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FIGURE 6

Knockdown of Tcirgl impairs lysosomal acidifcation and microtubule related lysosome distribution in osteoclasts. (A) Induction of osteoclastic
diferentiation of BMMs after their treatment with si- Tcirglor si-NC, followed by fuorescent staining with LysoSensor™ Green DND-189; scale bar,

20 Om. (B) Interaction of Tcirgl with Rab7 determined using Co-IP with total protein extracts from BMMs. (C) Representative images of O-tubulin and
F-actin immunofuorescence staining for each treatment group; scale bar, 100 Om. (D) WB detection of the protein expression of lysosomal markers
Lamp2, Rab7, Plekhm1, and Lisl in diferent treatment groups. Quantitative analyses of (E) Lamp2, (F) Rab7, (G) Plekhm1, and (H) Lisl protein expression
in diferent treatment groups. Data are expressed as the mean + SEM (n = 3 per group). Statistical signifcance was determined using one-way ANOVA
followed by Tukey's post hoc test. ““"P < 0.001, and ns. not signifcant.
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FIGURE 7

Schematic diagram of Tcirgl knockout on OA. Tcirgl maintains lysosomal acidifcation, and infuences 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 rufed
borders and further ensures the maintenance of osteoclast bone resorption activity. Knocking down Tcirgl signifcantly reduces osteoclast activity,
which in turn limits abnormal subchondral bone remodeling and cartilage damage in OA.

0000mE!  biniooiool bOo0oOl 0ooo Ooiooto 0boobooooo oo
I T T 0 A 0 A W WA WA
[0000IOooinIOiobonbooOoD tion booOi0o00 bbol boooo 0o dJiooo
0000000001000 00 oCo00oin0n oo0io 0 0000 oio0i0m o0 bonon foao
1000I0000NOI0EI0InIo0no0 O 00oEm O DiioiommonbonooOmon oo

8 0 At
08 T A [
10000 00000001 0000000000 00000 (00000 0000000000 0ol 0om 1000000
0 A T

3.6 Knockdown of Tcirgl impairs lysosomal
acidifcation and peripheral accumulation
of lysosomes in osteoclasts

10! 00100000 oeo? 1000000 00 (oitoor Looooboboo 0ol tohooO0am
00000000omOoot0Io0 00000 0000000bO0 000l C00 bootooor Coooooao
001000001007 booomanito ooboioo0ol O otoibon0n oboB0oon oo
000001000000000001i00000000t Ce0] 00000000i 007 0oooC oo I0mnoOoan
000000000000 boihooDoon

1000000000000008000 0O0I00InT Doo 0onitooo00 it booOioon o0
N o
R0l o
000! b0O000 08000 0ooboooon [ooonibo0oiioomiobomooooom oo
000 000000 (ooooCt 10Ioooooonr Omor booor boioaor 07 000o00 booodn
000001 00000O000 100r Dibooon O boooo bO 0o booioion boiboiotooD
L0 0O00000000000000! 0000000 f0b00I00! foiooor feooioioOmonn

Frontiers in Cell and Developmental Biology

000 0000t 0m 0000 0Oooboiooo DO0i0o0odr 0of bool ohooiom beboon
0000 000 0000 biooDr 0oooooT Cobooom 0000l 0BEoeob0o00 ionomn
0000 DOoooooD bnoioeoo! (00 0oooBobobooobonD oo 0o ool
0000000000 Jhooion 0000000 Or 00000 000 000I0D0000 foo0O0iooo0l
10000I0DD0000dtioCODoooOon Oiooooo0o0omon 0ooonr (0o00h0oon oan
8 0 A O
00000000000 C00oooooonon Oooitoooo Doooomoon 01 00oom ooiboonan
(00000007 0o 00Ol boxn 0001000000 I0] (iit0ootoboobobon DoooooIoooaD
00100000 00D 100000000 Ootronhr Oibooin00o0 0ioo0iotmoon [l
(10000000000 oODoIntmm boIn00C0RI00I00l 0000000 D0 CN 000 000
I T W
0000000001B0008]00000I0rE00n000000000Itomo Dno0o0o0ooan
0ii00O0ROt0 0000000 00 000 bo0bi0ronoom

4 Discussion

000 OO0 i0000000 00000 001 01000007 CO00000000 [0000000 COoooan
0000 bO0000 000 bO000b00eon boooo ioO000mo0n 000 00ooo0Ioo0dD
0000000000 OO00ORID000T 0OR000DIN0D DODO! 00DOBOIOOm 0001 Oionio0n
0000 O0000000000000 bO0 00 00 Dooom 0B0 00 07 000000 CJoo00
0000000 1D0000n bOon 0ooo0! foobotniibon boo! boooinoootr Oooomeoo
00000000ICOn COo0000m ool bobomnol Cooboeino! ooobooiom: o
000C0O0n DbRiooouom Oorbomoon it 0ol 0O0ion boboboon Lo
8 A A
(00 0000000 DoIDoBI0Om booodno: Cooo umooiem Oor oo tbood
{00000 bOON0oIbOn 00 ooooitoe0d bOnCon [0 000 bOoooo! 0ioar booooa

frontiersin.org


https://doi.org/10.3389/fcell.2025.1621648
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Sun etal.

00000000 00 00 0000n 0000 00 06 00000 Ci00000 00 00 00000
10000 0O00etoo DibOIDOn oool Doocoon Ooo07 fon 0oooitol Dooom
000000No0inio0C0obO0 Mbobo0IoaD 0ol bOD0IoonD:D modi DOr iooonotom
000 00007 biC0n booioo 00 Do000oidD b Doo0oboooon Do oA boo
80l
00000000C0000On OO0 0000000 0OO00No000 toooioOn 0OOn boDooOoOOoon 0booo
lO0bomooOobOoioor D 0 oo o 0boibo 000 omooio0o oo
0 A
00000 000000 COoomoon ol 0boboor 0ooo00m oo oo oooo
000 (00000 C0mbobon 0Ciooo00n boooonien! bonobooiibomD boooan
000000000 07 0o 00000z bO0n o Coooor Cooonood oan Coo00 omob0o
000ib01000O0I00RI00NI000RI00I0000000I000IM 000l 0I000 0000000
000ItomnIbotoI0o0O000i00ImbOL00000 00 CIr o000 onOdaltoona
000000000O! bOnoOoom 001 toboo! 0000 bCobItOoCinoom tonoomono

10.3389/fcell.2025.1621648

Q0000000000 D000 0000It000 1001 I00000000! Dhom DItooinntor aomo
0 0 A W N W
0000001 boO0C0000D Coooiooo foooinn Oot0r booooOr o0 boolooo
00000000 o000 0oo0D 0o j0oome0o foo 0ol 0obooo o
0000001 000000000 100 CO0000 00ooCo00oond 0o00000om joo Oojootiooe0n
00000000ooo 0oCooombor toor boooeioonoon for 0oooooooConooo
(000000 000 01 Coobom 0o C000000o0n bORo 00 07 boooon Cooman oo

0000000 Cooon 0000 0o 0boo0o 007 C0oIni0t 000 bei00n: booreoOoon
00000 0f DrrooooomObooooebobibon meobotoobobonooooom
1000000l CoB0I0ecC000mO00 00l 0oI0c0000: 00l0000000N 0o000t0oonom
{0000 0007 boDo0ooonoino! 00000001000 0ol Co0on dOoom ooon Ao
1J000000] 0oo0n0D foo I00o0initon oo beeCoooo0l IoDoton toooo dooo
0 [ A o B W W W W[ N N

0 A M W W A

01000000000 O 00000000000b00nonNoi0I000ORIb0000n0l 0 o0 000000

00000 [0 00007 000 0000 0BoibobOon o000 O00m00l I0boooa! 0ol
0000000000000 D00I00mnI jo0000000 0000 0o b D000oD Coooooooan
0 0
000000000 oIomonooInOnbbob oo 0oo C ooon oy toonl0ooe0o0n
00O00I00000NOOIOIboO0 0 O I0bocood 0oO 0b0Do0Doomoon
0 T [
1000000 O00O00000000] 000I00iI0omtOl 0o0ol O00mb00n Omoioo oo
00100000eIIomo0Io0om Co0o00m 0000000001 00000 0000oi 000 o0
0 1
000000 07 O000r booooon 0tiorinoon Ooobooo: bhob0o0ooon booao
1000000000 0007 0000000l C000C00000007 Co0000000 COR0l [O 00 000000

I
[
I
I
I
I
I
000 000000 0000100000 0000000InI0T O0o0oal booooioiol 000! 40000
I
I
I
I
[
I
I
I

000mpOo0nR00000I0000onoOIC ol OmoInCo0000bonIo bomDomI 0o
I T A
0000on 000 oontnoo0e0 0000 (oodnon 000D on 000D D00o00me0n [0 08
000000000 b0Cobo0 0O00000i00tn 0000b0oN0ion! 0o 0b00moon bon
000000 0b000000 Oo0boobodr Ooioooom [ooo boOoon ooecon ooomnoon
001001000 0Ol 0000000 {00000000 00000 0it000 0000000000 0000000000

I 00 00 R
(0000001 DocOO0M bal io0iIomo0! lti00000m it o0it0n 1oo bool tom
000I00000n 07 doodt 0Oooooonom [ho I00ioon Oool foon boobon boooeo
0000 0000000000 bOIooonoD 0o DO00Doo0o! 00R0O00n Oihooomono oo

0 0

I
I
I
I
00000000000 00000007 0000 [00000000000001 C00000m0Oonn 0ot ol
I
I
I
I
I

00001 000000D 0o 0ot L0000 0oiobolonin O 0omiol 0bom C00o

0000000000000 0o 000000 DOiC000l Do 000 00000000 C0oomD oo
0000D00I0mO0II0i0b000000R00I0Dit0 D 0D00000000men0O0no0
000000000 00O OOon [0 biE000 boboonoibnl boonr oo oo
000000000000 D0I0O00! Coo 0O bi0oo! e0ooent bon (obooootn Do
000100000000 [o00I00l Co000b0000l bobol 0o0B00m 000bo0 00 0
0000nOIb0o0O 0o boCCoomOombotmorotno0mooeomoon o a 0o
10000007 OO0 000000000000 00 00000000t 0o 0! 000000 foa oo
000000000m boooor booo 07 0000008000001 000000007 001 Co000000000
0000 boooo 0o 00 o000l Oitoiooo 0ool eoo0oon 0hoeoooao
00000000 00DO00o0D 0ol oo 0000 0omoobo00 0000 0o Do 0oooom too

00o0ooomoon

I I T A
(001000000 0O00EMm Dol ob000nN bOo ol I00enu0mon Dol Cobolboon
O
ID00O00I00n 0000 O0O00obO000o0IoooD boobOooo boooooo 0o
(000000100 000000000 000 00I000I0000N 000000000 0o 0O boCCon booomoo0n
(0000001 000000000 00000 O R0 0001 10 D E07 00CCoodn 0obo 000e000
00000000I0000000n ittor 0oo00 Ooool 00o00ooooo! oooooomoml
0
]

0000 0000 O0bom (O00oIDC0mD tJtoon Ooooibooa: I07 00oono0oo00a

00000000000 E0E0ninOn OmOr 00000 00n0000o0mon ooio0o0 onoommo

00000000 D000 0001000%°™™ 01 0000000) 0000001000 00 000007 0000000001
00000000000 0000! 000D 0007 0oe0ton 4o 000000000000 Oroo0m
0 0 0 A O T
J00MMII000IIDmominOImooCinoooDonComnoinobOome0niornto0mon
I0IOOI000ID000000mDOO0DCooIhoOmHoobO000ID bonoom

I A
000000I0I00n 00000 Coooboioon Coo00DooioomonD 0o bOOdon Oooo
000000000 Do0Itomo0] 0o 0000 oo biooboo0 O 0000Ininon Do Joo
000000000 Coo 107 o000l bOoooo 000000ty Oooobo0n bomoomono
000l Di0O0O0O0Onool O0tool 0000000000 booooioon 0 Coooooo
00000000 O0MmI0C00aI00I 000000100000 O 000N 00000 0o0m0Ioan

I
I
100 DOO000001 0000 bOfo00o0 0o 0o 0oo0an 0o0omC00! oomoan
00000000071 0mob0onor 00000 Dooobooow [0CoIoomrbon tOonmoan
(000obO0T bODDbOOoIoo! 007 0oo boml 0oobooodn booon bomo ooo
(00000000 IoOooCoom (ol Dotioohr COBbOooobol 000 ool oeooocooe
0ol 0uooOoi b0 0o Ork Doooon Doooor Cbooribool Doon ooool oan
000000000000I0N00000000n 00 O ooooon omooOaibobonoon dooooom
(00000000 bOROO0I00] 107 CI00C0000I0a tO0CmE0 0000! bio0ooo0
00000000 0o 0T 0ooo0n DobirNtoomm 000 o0 0o20o0l 0oooo Oodo ool
000000ID 0000000000 I000 0Ooo? boboo0io! 0bOoioonD o0l
10000 000000 00iool ibroioOo0r ol CitCCoobOioon Coomo Oooal
0”0 A

0000000000In0I00000000000 00 Cotio0ibo0r Co0ib OO0 bo00000C00000a0

000000ICI0C00OCmioo0n0 L Onioo00000ma0y 0o 017 0ooo7 oo 0o 0no

0010000000000 OnoonoOmoban oo nn0hon ConbonmiC oo oooan
O T A
8 T A L
00Tl 0. A W)
000o0oemnitoIbo0nio0o00MboInCo 000l Cio0i0BN 00000 oo aono
00000m 000 0000000Dm! 0oIioo 000 DOID0I0RO! Ib0C000000 0D 000oono0o0an

8 W M TV W A [
0I00N0000000IbONCo0b00ion Omilooorobome 0l Cooobtommonioo
0000 0B0ICOCC0MmD Ooroooonn oooon Oooo: oboDom 0 0000 oo

000000001 c000000o00 0t bibOmInoI b0 CitbOMUo0e 0o 000N oC0ooo
(000000000000 100000000 0000000000 DO0mbODon 0000 000oooCooo

(00000000 000 0007 ohoooiooioor diofO0l O00O00otoN dooedr ooao
00ooo ChO00ooo bon oomnbool Ooooboor oo boiobuool fooo ooooodo

Frontiers in Cell and Developmental Biology

I
I
I
0010000 bO0oBOOD oo [Oi0ot0eon Omon 0ooon oo diobooon
I
I
I

000000 OO0 cobO0m0Oo 410010000 fo00ar it dooooiooton Doioofooan
000000000 Ootomnd

frontiersin.org


https://doi.org/10.3389/fcell.2025.1621648
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Sun etal.

I T 0 R
8 A T R R A A
100 D0o0oonooon 00ooomoaD Do 000 Oooooion 00000 0000 000000000
000000000 000000 oo bitoioo Coto0Uooom botOnmnol boon booooioan
000000000 bODINE000ID 00 0T bOBon DOEo 00 00 0000bOitomo boo
(000007 0000 000000 ICDO0000n oo i000Ih0On Dol 00000 d000Bio00m
(00000000 DOnOOmon 0ol 0O000o0o000000000 00000000 000iboooom
A O O o A M A
00000 00000000000 00000000 0000000000000 0000000000 0000000000000
00000000000 10000000 000000 00! 0i0tt000000000] 1B100000000m 007 oo
000000000 IoBooo0o00:D dooooon Ooomiooomor doinoal Aool dobomoodo
0000000o0m Cooomon 0oon boiookooon Dobon 0r boor 0oOCoooom oo
0000 0010000 0oo0O0an 000 booioon 0000 Ib000000n 0oibOD0oaD inooon
(00 00o0Doiooo D00oton 0o DOoDoooOo 0ot 0bCDoopoo C0ooon Comodo
0000000 IO00toon toneCoooan oo 0oioooooon bon to0ooooon 00
[ 000 0000000 b0O0000000D 000! 0000O0IIoo! 00 0o0b0o0000oO00
00000 0o 0o 0ooood ChoooOomor Ontoodr 0oooon ltooooOoo
(00 0OICODOOO bOIbOoon booo boOonomnoo Omor 00000 oo [ooomoodo
000000 IBC00000000000000M 0001 boB0IDE0o00mo0Ii 00000 00 0rT
T T A
0 T O
000000000 00000000 000 00 DI DO00Ol boon 0oboeoboomon! doooeioe
10000000000 Doi000me0I 01to0l Doomoom 0mobon o000
00000000 DO DiOODooo bboooon IO00moo bonioar tooooouom
100000001 CoDO00m0 OO 0000 DO oNo0 0000 o000rt0 C omnenioan
(000000 0o00Ioman 01000000 0000000 00O0D00OD 00 Dol 0oooom
8 T A W I M W W W[
000000000000 0B00bo C00000nN0oD 0000 0o0omoononl 000 CJ00a0
8 T
O 8 O 0 o A
000 0000 O0an 0o 000o00an 00000000on? 000 000 000000 DoI000I000 Domooe0n
000000000000 Bi00on 0intoioinooD b boOoon 0ooooor iobCOmean boao
T A A A
000000300 L0001 000000l DI0omonieCoooC0n bonoCo0Cn o000 O oimoon oo
(000 0000000 DoCootibon OmoI b Oo00 DC0Oon IbO0I00D 00 00to0o
O O M A [ W W W R O
8 0 A

000 00001000000 000 0i0000 0000000000007 0000 Doiionn Domonoma
0000000000 OOoobOIoonoCi0OntInn: 00ofl 0ooooCooot 000 booooioooao
(0000000 bOloobooboOn 0ool Do0oroor bobor bimobooor booo
(0000 00000000200 000 0tootooon Ooiooot OiooCoobOioobooooooom
0 Y
000000000mDoD 000 0bOonr boooom Ioohoooon bool 00O0;men boodo
(1000000 O00D0000ooN 0ot 0 O0ooor DOl 000000 0oioo0! o0o0I;moo0n
I00000O0I0D0I000 COooImonootitntOon000000nCOR0ioO 000000
0000000000 boobooo boooumootr 0oDooon bodr 0fmooo booooodo
00000000000 0000OCDiooD 0001 000000 10000000 000080 000 00 0000
O T
(00000000 b000em

Data availability statement

1000000000 000000000C001 000000000010 mOI0 b0l 00000 oIobo.
(00 000 0000oooicobCiiOo0io0diCOoooooo joooCoon I00Oo0dinan 0ooo oo
0 A R A

Frontiers in Cell and Developmental Biology

10.3389/fcell.2025.1621648

Ethics statement

100 00000000 000010it0l 00000m 0ol 000000000 000 0j0md
000 D00 b Oobooen Ob00mor bn D000 Dobiool Cooooooan
10000000 007 0OO00bCCCoooooon CI0 000000l booo! bhobooooo: oo
N 0 O W A A N [ W
00 000000000000T 000000000 0ooool OoIotr joooooool 0oboooo 0ol

I
]
I

000000000007 000 oot ooboi 000 bonO00 00000 Doo 0000ooool 0o
I A0 T R W MWW
007 I0000O000o000000000000D Jon biooo! 0000 bhoboooooe 0o
] O 0 O A

Author contributions

000 0000000000000 Cob0o0oom 0000l o0ooon oooon
IO A A W
(0000000 07 Doioioon bobol oot 0o fooioon 0o0o beooor 0on
000000 00000000 Comioon Or ooitioom Oooomn O O 000D oI 0Oai0000m

I
I
I
I

(0000000 O Doitoooh Oobom 0o D000 booorbor Ciorioar o booioon
00000 O0n 0000000 0oot0iT [Coiioo0 01 0001000 00000 00m 0o
00000I0OT OO0l 01 0000i00I 00000 00T LobO 0 O &CIoomD Comoono
00Ioi00m 0ooon CtmtonoitotinOioboIomboN ban oo oD L honoom:
R 0.t
000 C0I0000mo0mD Coioa? o Dooioom 0ooo Don Dol booorton
0000000 07 Ooioooon booon DO 000000 0Ooiooon Cinoooon 07 oo
0000 DOmIDoT O On 0obO0 OOomain Comioon 4l 0oicioon booor 0O
Q0o000Ibom Cioooon Or Ooibibon booon 0on 0o0o0oitonoonoon

I

]

01 A T A MU R TR
OO ob0oCIoonoErbOmo0oiDooommoCNErmbiDoiooommooo
CI0ooooiooInOIn0o 0000on

Funding

(100 00000000 DOoonecdr oom booooiom booobom OO0 ooboooooo
1001 0007 000000000 000000 DO00000o0On Do 00000 00000000 3000 o0ooan
0000 bO0BO0000D DO 000 o000 Coiboo boinbom bhoboomoo! om
000000 0000 0ooeoooo bbol 00o0o0oo0n: botr bOOn 0o0mooo oo
0000000000 booo0l bOon boobboUoo0000n bonoo0O 000 0ooibon

I
I
I
I
I

O T W [
0000000 0001 00000000000000 (b0l Co0ioo 0omoooonar ooooon
(0000 0E0000m 000000000000 0oo0iDm A0 d0o00L0O0nooo Ooo
0
000000 C000000moD Doobooon Coo0n Oohioon 00000000000 000
N O

Confict of interest

(100 0000000 booooooo 00000 0000 0eo0one0] Dool 0000000000 a0 0o
0
I A WA

Generative Al statement

100 0ODo00oom
0ooo 0 oo

00oioool 00O OO0 Oo0oooooor 000 0000
00oooomoeo il I0mo Oo0onooICm

frontiersin.org


https://doi.org/10.3389/fcell.2025.1621648
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Sun etal.

I 0 M
0000z bomioooo ool Looo! to0ooCioal oo boo0ooodD Oinoo boo t00boo
000IO000N [O00iIbOo0on 0007 0o000B00m! 0o000 booo boobon Oooon oo
000000000C00ROIOOI0DI00m00IOIN0NOn00I00000 0000000000000
0 0 A

Publisher’s note

Q0 01000300 0000000000 107 00000 00000007 0000 0000007 000000 00 0000
0000000 0000 Dol Doo 000C0o00naD 00tanooon boooon o bboodr Ao

10.3389/fcell.2025.1621648

00000I0C0MC0O0n OO0 OOo0on 0o 000 OoIhCoor [Ool 00meoo 0oan 0ofo
8 T T O
O8I A WA R A
0onboooCmnioo

Supplementary material

00 0 0
I 0+
L A A MR

References
OO00n O Oooon Om 0i000n Om Coion O 0Lotoooi0n Om 0000000 Om oo om O0nomomonOmomIDmooo0nomoon Mno0nomen dmeooboorLobomonoonoiciom
. 0w 0000I0000000000000000 001 00000000 000 00O O omopmo0n o0 oooo000oo00oom oo oo
0100000000000 00l 000000000000000 O 000 00000 Oo0000000 0000 000000000000 000000000 O0iO00I000001N000N00I00000NO Oo000Iooog
%DD%&ﬁg&ﬁg&ggﬁﬁgéﬁ%ﬁ%gggﬂ[DDDDDDDDD[DDDDDJDDDDDH]DDDDD[DGD[DDDDD[HDD][DDDDDDDDDU O o 1 o
00001n0000000000mo00000I00oo0io0Iiodid 000N OmO0iD000i00on O00r0o00On Omnoon

000000 CHmio1E0 0000 CIomioo oot manonicooom Ooooooin ciotoiCriooooon
0 R W

(000000000 O O Ci00000m 0 DojxtodoD 00 O dobO00Ieon O 0uoo0im Om
00000 O 0 00 b d00000 Do00000i000 00 000! bOnE000o0000! 000041 tho0ool ooamD
(000001 C00000000000001000000 00000 0I0I00I000000 OB o0Din00J0000miO D O00mooan
0 oo )

00000 O O D00 m @ 000D 00 T0D 0o 0] 0 0000l O O 000000 00 00 00m
80 1 0 0
1O00000C00 100 00itCOIR0d BioIo00! o 0000 000000000 D000l Bo0i Dom: 001 0000000

0000000000000IoCC00c0o000C 0 0mio000n0000000

000N O 0000 Do00000 o0 0000000 CJ000 DOoioool Co00000000000000 00000000
000000 DO0000000ON COOoo! OoibObomn COoooO00om OO0m DOo0Im 0 Con ooooo00;oOm
00M000000oIDo0O0I0Ib000000000

(0000] O 0 000! OiftO00000000000 ol o000 OIt000iom bOoC0oi0 000N 000000c00D
00N00I00000000000000000000000000

(10000000 Ol DO000N D (0 0000 0000000 O @ I00000D [0 00000100000 00 00I0C0000m
10000000 0001 00000 0000000000 00l 0O0I0 OO000000T 0000 DO00000 00 0ooo000m

00I00I00000000mo000io00000
i o T T 0

(0oomotottitmtoeooo
000D O OO0OD I 0000 Om 000000 01 00000 O O000 00 o0 000000 000m

A8 0 )
00M0000000000000C0Io000000000000I000000000000

OI0000D O O O 000000 o M 000000 M O o000 Om 0o boooooon 0D moooooon
(0007 000007 00 000000000000000 00000000 00000 000000000 00000000 (000000 00000000 000

(100000007 Do0oit0! 00l Ooton 0001 000 b000I0000010000] D000000n 00000 Coo0r 1oom
000N ID00C 00000000 o 000000 Do0on 00 CoX0000000 0000000 00001 000 01 0000001
0 o M )

000D ) 000D O 00000 £ C10000 M 000 01 C0000 000 000000000 000000000
00000000 000II000mCOn0]00000000iIn o000 0i000Coem oo O 0l00 o Ooon Omna

00000000 007 00000 080100000 DO 0 0000001 D000 000 0000000000 0oio000c0000000000
000000000

O00000N0IIIO0000mONCNomO 000 D000 o0oNmON0e0t0nN0mOnOmO 0000 0
[00000TO00000MOnNO0i0NOOItIdooo0ONO0o0OI o000t 0o00miod OO0 OodiO0o0nY
00O000nO0too0o0motoNIoII D o000 Otiotoaroo000mootoiotno Onmoooom]
J00I00n0C0000000n00r000o00Io0000000000000000

O0OrOmOboooiIrotooonOnOmoootoonomooonom O oooonomio orocoooo

00M000C000NDOno0In00Omonmen00nooooog

A0 0 0 O T
00 Do000CoIO000i000mmn oo Ol0roio0t0l00COoiN 000 oI0000I00 0000000000000
000000000000 0ON00000000001 000 O000O0] OO0 0io001 000D 0000000000 DODo0In00000i0000
000000000000800

1 0 0 W

OO0 IO OO0 0D OO0 nO OO0 O D00 D0 DO LD DO O O 8 0 0
A a4 Um0 AR A8 W AR 1 0
000N O OO0 00 00D i O 000 C O D D0 D C OO0 OO0 00D 0000 S da0ic \I \‘\‘HHHHHH\‘\I \I\‘HH\‘\‘\HHH\ H\‘:‘\ ‘\‘ :H:\‘\I:\_‘HDDH‘HH\ ‘\‘\‘\‘\‘\‘\‘\‘H‘D“L‘I‘\‘\‘\ \‘\‘HHIIHH:‘\ ‘\‘ ‘\I \‘\I\‘\I \‘\‘\:‘\I\‘ \I\:\I\‘\”H”\‘\‘ \‘\ 10000000000 0O00I00I0mO0In000000n
]800 1 180 00 10 a1 1 a8 1
0000 O000000iD00m00r 00io0O0oo 000! DIrooo0oon 0oioon0oo00do0 oo o oo oo 0o on (00000000001 O DO0ODoon O 000! Oiooii0oD O 000000n Coinbooo0m 0boooon ooomn
00I00I00000NOOI0000Ie000 {0
00000000000 O C000o000T O 00000i000T O O00i00000000000000 0 0ooooooon 00000O00II000i00IDIO0mo00I0000000 Oiobo00NO0o0IomoOIoIoo0o000I0i000O000m
) 0 0 0 0 1 0 01 0 0000000000I0I0000 000000000 DN O00oi00o00000000rn00n00Im000000I00000
gEDD[DDSHDDED'SSJD%S%“DDDDDSS”D[DDDDSESEDDD-DDD“”DD””]“DDJDDDDUDD-*” e 1 1m0 0 0 1 o e o
(00000 00000 00 0e00000000000: 0001000 0 Onodot OmO0b00i0 000l 0000000000000 aoan

Oo0omOIIoooooIoIooImOomO b onOIO Ioo00mOmi fnooo0mDoooan
00000 0O000I00ID0IRNo00000I000000000I000IIDi000 00000 0l000IIOI00000 0000000000
MOIONIC00IN000N000000000T00000I0000000000000

000000 Co0on o Doo0n TN 0000 [ Ao D 0000 0 N [l 000000 Cibo0oo0iod o0n
000000I00E0O 000000 0ni00 Coi000000 Codlb0l00 O 010000001 Co00m0I1100100O00000a]
00000010000 0I000000NKto00noLoboborooro0mooon0inooonona

00007000 0 O0000000 m M 00080000 O 0600 0 Do00n O 000000 0D an

00000 0000000000000 00007 0000 000 0008000000 [0Imimiol Oo0D 00000 Do oD
000000ONo0IoObo00ID0Coo0000ImIn0000000000

(0000 O 0000 M 00000 O 0O a1 OO D O 0o 0o bmhooooom oioo00dom
00000000 00000000000 Co0o! 000000 IO 00Ito 0D 0o0000Ie0n 0000 0000000000001 0000
10000000000 O00N00N000000000000000I000000C0000

[0 [ 07 D000 I 000000 [0 000 00 0000 0000000007 (0 0000000 O000000000I000m
(0000 DOO0O00 0000000 00It0000D0000 0000 000 1000] 00 00000000000 00000000 000000000060

[0 DIN0000000O00000NN0I0000 0000000000000 0000I00000000I00 O 000010000 000I000D

(000 01 000000 o 000000 c0oItoo0 00 bobOooo Coittooii00in OO0 Coooo 0o 00000000
00rooooooonoogo

000000000 o] (0 0 OE0i000 0000w [ 000000 0D Cm 0oooooony On O Oooon On
0 T W RN
08

I 00 T T T A
I00O0000IO000000000 O DO 000INIDoibC00I00NICIC0D00000000 00000 I0000000m]
0 o

I T 0
00700I0000000000000000

Frontiers in Cell and Developmental Biology

(000 O00 D000 0l 00000 O OO0 0 O 00000 T 0007 00 00 000000000 O00000000 0o

J000000I00000000001 00001 0000000000000l 0000080t 000000000o0nt 0o oo 000000
000000IboOIoEO0oo0ouoOOIO 0000000000 o nIoro0no0on0000oo00000000000000
00 00 o A A )

0 0
00N0000000000000000000000000000000

O0IthO00on Ol bo0io0N O Do00oO0r O oibtO 00O bio00a 0o 0000O000n 00
(0] 0000 [0 00000000 0000000 00im Onoool 00000 00l OO0 00000l 0000000000
0000COmoI0C00IC0I0IM 000000000 O N0 O0NO00D0NC000r0oN0oE000I0000000000
0o0o0oo

frontiersin.org


https://doi.org/10.3389/fcell.2025.1621648
https://www.frontiersin.org/articles/10.3389/fcell.2025.1621648/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1621648/full#supplementary-material
https://doi.org/10.1002/art.1780290816
https://doi.org/10.1038/nature01658
https://doi.org/10.4049/jimmunol.178.12.7822
https://doi.org/10.1016/j.arr.2023.101842
https://doi.org/10.1080/15548627.2024.2366748
https://doi.org/10.1177/0363546-✐517730072
https://doi.org/10.1177/0363546-✐517730072
https://doi.org/10.1177/03635465231183088
https://doi.org/10.1093/jbmrpl/ziae034
https://doi.org/10.3892/ijmm.2021.5059
https://doi.org/10.1007/s00018-021-03875-x
https://doi.org/10.1172/JCI134091
https://doi.org/10.1042/BJ20081073
https://doi.org/10.1038/77131
https://doi.org/10.1172/jci.insight.86330
https://doi.org/10.1016/j.joca.2007.03.006
https://doi.org/10.3390/cells5030034
https://doi.org/10.3892/ijmm.2024.5410
https://doi.org/10.1136/annrheumdis-2020-218089
https://doi.org/10.1093/rheumatology/kew389
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.4161/sgtp.2.3.16453
https://doi.org/10.1371/journal.pone.0058599
https://doi.org/10.3389/fcell.2024.1431566
https://doi.org/10.1182/blood-2006-12-061382
https://doi.org/10.1182/blood-2006-12-061382
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.1038/s41413-024-00326-8
https://doi.org/10.1016/S0140-6736(24)02322-5
https://doi.org/10.4161/cc.25825
https://doi.org/10.1136/annrheumdis-2012-202989
https://doi.org/10.1038/nm1514
https://doi.org/10.1038/70563
https://doi.org/10.1038/s41413-018-0041-8
https://doi.org/10.2106/00004623-197052030-00002
https://doi.org/10.1038/s41598-018-24918-7
https://doi.org/10.1038/s41598-018-24918-7
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Sun etal.

100000 O Om 0000000 O 000000 0 00000800 001 000000 O 0000000 Oman om
A0 T 0
000ImOoIobo0000000i00o O omooo0Io0b00I0onooeooo O o00nooo0io0nan

(000000000 O00000 O bool OoibOootn 0D 000000 000000000 0ol d0oo0o6] oo
0000000000 0000000 I00O000000 000 ODI000I00IDD D000 DOoChOn 00D 000 0000000000
00rooooooiooooooooooon

000000 (i 000 000 Boio00i0n O 000 O 0000 000000 00 0000000 00000 00
0I000B000000I00 OO0 00000 00000000000 00000000 D000 000000 DoD 000 000000
[J0I00I000000000000 000000000000

I 0 T 0 1 o
000 0O00CO0CC00 £O00 100I00I0O0! 1000 DOI0DO00000Y 0ID000ON 0000 00000 000 00000001
[J0r00IoDooobobaboboooag

010000000 0 20000 O 000800 2 000N 00000000 00 O C0000 oo 0m
0000007 [ 00000000000 7 00000000100007 00000000 0000 0000 0000000 C100000000000000000
I8 0 MW W M| A (W  m m [m M [m [ ] [
0000000

I 8 0 i
01000 0Io000o0D C10100000000100000000 00100001 00000NiN 00000000 0000memoo0n
I000IDNOI0000COD0000IDNOIOI0DNIO 00N Oi0N000N001n00000000000 01001000000 O moon

0000 I O0000N I 0o0O00N O OJi010b0N I f0obO 00N DI mO 00O 00D Omoo 0

10.3389/fcell.2025.1621648

0 0 0 0 0 A )
0 T AR
00N000000000000000I00000000000

I 0 T 0
10000000100 00000I00000 O 0000000 0ot o0 oIt 00 00000 DI00I000000000]
I0I00I00IN000000IN000IRC 000 ON0NIn000I000nE000000000nN00n0000a00000a

(0007 O b001 O000o00n 0n Onio00oI Ooo00iooN O 0oitoio0m00imon 00000000
000O0IoOIE0ro000000HN00In0I00000000000000000 OB000I000000000000000

0000000 000000 OmIno D O00mon N O 000D Om O 000ino0r OnOn o0 0o0onm
0000000 101000001 Co000000000000] dlC0 0000 00000000 100000000000000 0000 a0
10000000 0 00000100000000000000010000000001000000001 00000000000 000N m 00001 C0on
(001CCr0000000100nNoooooono Doooon

0000 O 00000000 [0 O 020000 O C0l01000000 0l CNiDO0001 I 0m 000000000000
00 00 000 0000000 000000000000000 000000000 000001 000000000 0000 000000000000
(0000000000000 Dooooan 0o0r Co0000000 000000 00000 0 Do 0oom 0000 00000m
O0N00000000oo00000000

00000 [l OO0 Ci] O000m mD 0000 O 0 O bo0oo0] Oioioo omnoomool ool 0oog
0000000000 OI00O0 000000000000 Co0I0ICImOr0 0Oro0n0I00n000000000000

0 0 0
000000 0Ib00000n 100 00000001 00001 000000000000000 01 00000 C00000 Dio000000000001000

I0000MRON0ICOIDCOAID00R0ID00I0000CI00 N0 O 0000100000I00 0 00000000/000000mon

MO0 00ONo00N000C0000000NoONDOIN000000O 000000000

I 0 0 1 A R

0 . 0 0001t 0 0 o

Omo0000000IR00000 o0 000001 0000000 010007 10! 00000001 00O 000000007 CI0C00 001

0000000NOIo0I0CotoIDKoIN0 0000000000 DI0E 010 0000000 000000000 0000000000000

T

00T 00T

0 0 0
10000MO0000mIC 00000 000000000000 00 0000000000000 NO0Dii0Do00oI000]
00000000 DOI0I00020000 [0000 1m0 b o000 f000 Cioo0000] OO0 OI00 0o 000 0000000000
00I00oo00I00000000000000

8 0 0 i o o T A O

{10007 (0 0000 O] Q0 O 00 O 080 O 0o 00 00 070 0000000 590 Coto000000.
0000000I0000000000000MI000000000000010000000 0 0 0000000000000 01000000000
1000000000 000 I0000en00] boibboo000DO0en0o000r ioooon 000000000 00w tooooogn
00N00I00000000000001000000000000

(007 0007 0OC00m O T 0000000 [0 0o CoD O [ 00000 O 00000 i 0o 00 0000000
00000 0000000000 00000000000 [000C000a1 000! 10000000 00000000 1007 [000000000000 000

0000000 010000000 O 00000000000 00001000000000000 O 0000000 D 00100100000 0000000

00 0 000

80 010 0 00 0

00000000 O 000000 O 000000 D 0 0iioo O 0000 Doidioon an 0o 0000000

0000000000000000IN00000010 000000000 O i000000io DODOno0orN0ooob 00000000

0 ) 0 10 00 0

00O00000mmo0mo0NooNt00000000100000I0000n0n0000a

000000I00N0rN0C00000n00N0aI000000000001000a1000

(0000001 O 01000000000 O 001000 0 0000000000 0 O ©00e00 0 00000
8 0 T A W W A M )
0000000II0000000000I0000oE0O0I000I00tNoN00000itD0N000I000nO00I0 000 OnO0m
00rB000000NooN0oRO0000000000000000000000000

(00000000 O O 10000 00 0000000000 0ol Oiooon 0 [ oo 0o 0o 0000000
[0 O 00 00X DODOO0ON 0000000000 00] Dooo0000Do0d DooOo0000 000000o00! (000 0000 00000
000 07 0000 C0000 00 0000000000007 18000 010e000n Doi000000m OO0il 0o 0000000000
00r00I00000oo0000000mon

0 0 o o
0000000000000 0000000 000o00I000000000ID 0ODD 00000000 DoiD00000Di 0o000I00oC! Omon
08 0 0 A T
00M00000CoroOroOooD0oCO000oonomog

8 00T 00 T 0 A
010000000 00000000000Io0No00000000I0I0D000IooIC 0o0noIONo00Oneonon
000000ONDOToOm000mNomOo00oo0000

000000 OmOIOnonmoonom ootonOmoooooobonOIio000n Do000000 0100 Oaoo0ao
1000000 I000000000000000 00000000 00l 0000 I0h00000o0l OI0I00000I000 00l 0000t0In0n

000000000 06 O 000000000 1 D 000000 [ o000 0001 DI 000011 O 0000 0000

[0 0000000 300 000 00000 00 0o 0000 o000! f00Omeio0: (000007 0e000001000 000 0 bobooooo0D
O00000oIINm o000 0000000000000 0000I0000m00e0000

(0000000 O OI0roo0o0n 0 0o0000on 0 Cobionon Om 0oooom O 0ol 00000
000 00 000 bOC000H boboobCoio0obOoo0OD Coomoooom! 10l 00000l 0ooontoocooo0m
00I000O0n00000DOO O0i0000I0000 DO NI DO00n0000 00000 00Nooun0000000000000
10000000000

Frontiers in Cell and Developmental Biology

18

00000 O 000 O oD 0o i 0o000N m 0 C.o000n 0N Omoo 0ri00000nioomnmoo

000 0O000! 0I000It0l 10! 00000000000 D000 0omol 00 0000C00000N 00000 0oo0000in
000000000000 O 00N00N0000000n00N00I000000 000000

(0000 00 000N 0 00000 D0 Co0 0 D00 00 000 [ 00 0001 0000001 00000000000 0000
(000000000000 0000007 00000000 100000000000 D000 0000000000000 00000 00 O0i000 0000000 00am

[ )

frontiersin.org


https://doi.org/10.3389/fcell.2025.1621648
https://doi.org/10.1016/j.molcel.2014.11.006
https://doi.org/10.1248/bpb.b22-00371
https://doi.org/10.1136/annrheumdis-2017-211811
https://doi.org/10.1042/BST20180445
https://doi.org/10.1158/1541-7786.MCR-10-0449
https://doi.org/10.1158/1541-7786.MCR-10-0449
https://doi.org/10.1002/jbmr.355
https://doi.org/10.1074/jbc.M106488200
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1091/mbc.E11-02-0155
https://doi.org/10.1126/science.adk8544
https://doi.org/10.1038/nrendo.2013.137
https://doi.org/10.1136/annrheumdis-2014-206965
https://doi.org/10.1016/j.joca.2010.06.007
https://doi.org/10.1242/jcs.03234
https://doi.org/10.1016/S0002-9440-✐(10)63798-4
https://doi.org/10.1016/S0002-9440-✐(10)63798-4
https://doi.org/10.1080/10985549.2024.2385633
https://doi.org/10.1172/JCI30328
https://doi.org/10.1146/annurev-pathmechdis-031521-040919
https://doi.org/10.1002/jbmr.1727
https://doi.org/10.1083/jcb.201312109
https://doi.org/10.3791/62718
https://doi.org/10.1038/s41591-024-02822-0
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.1080/15548627.2019.1569916
https://doi.org/10.1371/journal.pone.0027285
https://doi.org/10.7150/ijbs.15583
https://doi.org/10.1016/j.bone.2015.02.017
https://doi.org/10.1074/jbc.M708058200
https://doi.org/10.1371/journal.pone.0237354
https://doi.org/10.1038/nm.3143
https://doi.org/10.1172/JCI121561
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	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

	3 Results
	3.1 Proteomic analysis and validation of clinical samples from patients with OA
	3.2 Tcirg1 increased expression is associated with increased osteoclast activity in the subchondral bone of OA mice

	4 Discussion
	Data availability statement

