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A RANKL-UCHL1-sCD13 negative feedback
loop limits osteoclastogenesis in
subchondral bone to prevent osteoarthritis
progression

Wenquan Liang 1,2,12 , Ru Feng 3,4,5,12, Xiaojia Li 3,12, Xingwei Duan 1,12,
Shourui Feng6, Jun Chen7, Yicheng Li3, Junqi Chen3, Zezheng Liu8,
Xiaogang Wang8, Guangfeng Ruan9, Su’an Tang10, Changhai Ding 10,
Bin Huang 8 , Zhipeng Zou 1 & Tianyu Chen 8,11

Abnormal subchondral bone remodelingplays a pivotal role in theprogression
of osteoarthritis (OA). Here, we analyzed subchondral bone samples from OA
patients and observed a significant upregulation of ubiquitin carboxy-terminal
hydrolase L1 (UCHL1) specifically in subchondral bone osteoclasts. Notably, we
found a strong correlation between UCHL1 expression and osteoclast activity
in the subchondral bone during OA progression in both human and murine
models. Conditional UCHL1 deletion in osteoclast precursors exacerbated OA
progression, while its overexpression, mediated by adeno-associated virus 9,
alleviated this process inmalemice.Mechanistically, RANKL stimulates UCHL1
expression in osteoclast precursors, subsequently stabilizing CD13, augment-
ing soluble CD13 (sCD13) release, and triggering an autocrine inhibitory effect
on the MAPK pathway, thereby suppressing osteoclast formation. These
findings unveil a previously unidentified negative feedback loop, RANKL-
UCHL1-sCD13, that modulates osteoclast formation and presents a potential
therapeutic target for OA.

Osteoarthritis (OA) is a common and disabling condition that causes
joint pain and stiffness, impacting about 300 million individuals
worldwide1,2. Unfortunately, there are currently no drugs available that
can effectively halt the progression of OA and prevent long-term
disability3. With the increasing aging and obesity of the population

worldwide, the incidence of OA is rising4. Consequently, an urgent
clinical demand exists to develop innovative disease-modifying drugs
or regenerative therapies for OA.

OA is a whole joint disease characterized by progressive degra-
dation of articular cartilage, subchondral bone structural changes,
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osteophytes formation, joint inflammation, and impaired function5.
Chondrocytes, the sole cell type in articular cartilage, play a crucial role
in maintaining the structure and function of cartilage6. In OA, there is
an imbalance in the metabolism of the cartilage extracellular matrix,
resulting in the loss of essential components like collagen and pro-
teoglycans, leading to cartilage thinning and structural damage7. The
synovial tissue that lines the joint cavity is affected in OA, with syno-
viocytes proliferating, macrophages polarizing towards an inflamma-
tory state8, releasing inflammatory mediators and enzymes that
contribute to cartilage degradation and osteophyte formation.
Osteocytes, themost abundant type of bone cells, have been reported
to play a significant role in the homeostasis of subchondral bone and
cartilage, as well as joint diseases9,10.

Recent studies have emphasized the significant role of abnormal
subchondral bone remodeling in cartilage deterioration11–13. In a heal-
thy joint, the articular cartilage and subchondral bone cooperate as a
functional unit, with pressure transmission from the cartilage to the
underlying subchondral bone. However, unstable mechanical loading
contributes to increased recruitment of osteoclasts, resulting in
abnormal subchondral bone remodeling. Furthermore, subchondral
bone osteoclasts are associated with OA pain as they can regulate
sensory innervation14. Both preclinical studies and clinical trials have
indicated the favorable effects of inhibiting osteoclast function with
bisphosphonates, denosumab or MIV-711, a cathepsin K inhibitor, on
OA15–23. Hence, targeting osteoclastic resorption in subchondral bone
holds great potential for treating OA.

Posttranslational modifications, including ubiquitination, are
pivotal in regulating protein stability, distribution, and function. Ubi-
quitination is a reversible process, and facilitated by deubiquitinating
enzymes (DUBs), also known as deubiquitinases24. Ubiquitin carboxy-
terminal hydrolase L1 (UCHL1), also referred to as PGP9.5, belongs to
the small family of ubiquitin C-terminal hydrolases and serves as a
DUB. Dysregulation of UCHL1 is closely associated with neurodegen-
erative diseases, tumors, glomerulonephritis, and cardiovascular
diseases25–27. Mouse models with UCHL1 mutations have been descri-
bed, whereby the gad mice exhibit neurologic phenotype and
decreased bone mineral density (BMD)28. Moreover, recent studies
have highlighted the significance of UCHL1 in osteoporosis29,30. How-
ever, the precise role of UCHL1 in subchondral bone remodeling and
the pathogenesis of OA remains unclear. Here, we show that UCHL1 is
involved in a previously unidentified negative feedback loop, RANKL-
UCHL1-sCD13, that limits osteoclastogenesis. Deletion of UCHL1 in
osteoclast precursor cells enhances subchondral osteoclastogenesis
and OA progression, while overexpression of UCHL1 through adeno-
associated virus serotype 9 alleviates this process. Thus, targeting
UCHL1 could represent a potential therapeutic strategy for
alleviating OA.

Results
The upregulation of UCHL1 correlates with elevated osteoclast
activity in subchondral bone in humans and mice with OA
To explore the role of DUBs in subchondral bone pathology in OA, we
performed a PCR array analysis of 90 DUB genes in OA subchondral
bone samples, yielding differential expression of 6 significantly upre-
gulated and 5 significantly downregulatedDUBs (Fig. 1a–c). Among the
upregulated DUBs, the most notable change was observed in UCHL1
and confirmed by qPCR and western blotting (Fig. 1d, e). Furthermore,
UCHL1 was specifically expressed in CTSK-positive osteoclasts (Fig. 1f
and Supplementary Fig. 1a), with an increased presence of UCHL1-
positive osteoclasts in regions of subchondral osteoarthritis in humans
(Fig. 1f, g).

Next, we investigated the association between UCHL1 expres-
sion and osteoclast activity in the surgical destabilization of the
medial meniscus (DMM) surgery induced posttraumatic OA mice
model at different time periods (Supplementary Fig. 1b–g). The

articular cartilage degenerated significantly by 4 weeks according to
the higher OA Research Society International (OARSI) grade, with
continued progression at 8 weeks (Supplementary Fig. 1d, e). How-
ever, the number of TRAP-positive osteoclasts peaked at 2 weeks and
declined thereafter (Fig. 1h, i). Consistent with this observation,
subchondral bone mass and subchondral bone plate thickness were
significantly reduced at 2 weeks (Supplementary Fig. 1f, g). Immu-
nofluorescence analysis revealed that the number of UCHL1-positive
osteoclasts in subchondral bone reached its peak at 2 weeks after
DMM and returned to baseline by 8 weeks (Fig. 1j, k). These results
demonstrated a strong correlation between increased UCHL1
expression, elevated osteoclast activity, subchondral bone dete-
rioration, and subsequent cartilage degeneration during OA
progression.

UCHL1 inhibits osteoclastogenesis in vitro
In the presence of macrophage colony-stimulating factor (M-CSF) and
receptor activator of NF-κB ligand (RANKL), BMMs differentiate into
multinucleated, TRAP-positive osteoclasts within a 4–5-day culture
period. We induced BMMs to differentiate into osteoclasts at different
time periods, and then detected the expression of UCHL1. The upre-
gulation of UCHL1 mRNA expression during osteoclastogenesis was
confirmed by qPCR and along with other well-known osteoclast
maturation makers such as Acp5 and Ctsk (Fig. 2a). Similarly, at the
protein level, UCHL1 content increased as BMMswere induced to form
osteoclasts (Fig. 2b).

To further elucidate the function of UCHL1 in osteoclastogenesis,
LysM-Cre;UCHL1fl/fl mice (cKO mice) were generated, resulting in
diminished UCHL1 expression in all myeloid lineage cells including
BMMs (osteoclast precursor cells) (Supplementary Fig. 2a–g). In vitro
cultures of BMMs from WT and cKO mice showed that UCHL1 defi-
ciency led to a notable increase in osteoclastogenesis, as indicated by
higher levels of transcripts andproteins associatedwith differentiation
(c-fos and Nfatc1), fusion (Dc-stamp, Oc-stamp, and Atp6v0d2), and
function (Ctsk and Acp5) markers (Fig. 2c, d). Consistent with these
findings, UCHL1 knockout resulted in increased osteoclast numbers
and resorption activity (Fig. 2e, f). Treatment with LDN-57444, a
selective UCHL1 inhibitor, also resulted in an increase in the number
and size of TRAP-positive multinucleated osteoclasts (Supplementary
Fig. 3a, b). Additionally, the absence of UCHL1 had minimal impact on
BMMsproliferation, as indicated by EdU staining (Fig. 2g). Collectively,
these results demonstrate that intrinsic loss of UCHL1 leads to
enhanced osteoclastogenesis and function.

UCHL1 deletion in osteoclasts exacerbates DMM-induced OA
progression in a mouse model
Next, we examined the role of UCHL1 in OA pathogenesis by employ-
ing UCHL1 cKO mice. Upon normal diet, adult cKO and WT mice (3-
months-old) displayed no significant difference in bone phenotypes
(Supplementary Fig. 4a–d). Subsequently, DMM surgery was per-
formed on 3-month-old WT and cKOmice (Fig. 3a and Supplementary
Fig. 5a, b). Two weeks after the sham surgery, there were no notable
distinctions in the number of TRAP-positive osteoclasts between the
two groups. However, the subchondral bone of UCHL1 cKO mice
exhibited nearly two-fold higher levels of TRAP-positive osteoclasts
compared to the WT group at the 2-week post DMM surgery
(Fig. 3b, c). Concurrently, micro-CT analysis confirmed an evident
reduction in bone volume and subchondral bone plate thickness in the
subchondral bone of UCHL1 cKO mice (Fig. 3d, e), consistent with the
increase in osteoclasts.

Safranin-O/Fast Green staining revealed that DMM-induced
cartilage degeneration was more severe in UCHL1 cKO mice
compared to WT mice at 8 weeks after DMM surgery, as
demonstrated by higher OARSI grades (Fig. 3f, g). Immunohisto-
chemical staining further indicated that UCHL1 knockout in
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Fig. 1 | UCHL1 upregulation associates with increased osteoclast activity in
subchondral bone in human and mice with OA. a Macroscopic images of tibia
plateaus from OA patients and non-OA donors. b Safranin-O/fast green (SO/FG)
staining of sagittal sections of the subchondral tibia in the OA patients and non-OA
donors; showing proteoglycan (red) and bone (green). This experiment was repe-
ated three times independently with similar results. Scale bar: 500μm. c Volcano
plot of PCR array analysis, demonstrating differentially expressed deubiquitinase
genes in subchondral bone of 3 OA patients and 3 non-OA donors (fold-change >2,
p <0.05). Statistical analysis was performed using two-tailed unpaired Student’s
t-test. High and low expression are denoted by red and blue, respectively. d, e
mRNA and protein expression of UCHL1 in subchondral bone of OA patients and
non-OA donors. n = 3, 5 individuals. f Immunofluorescence staining of CTSK and

UCHL1 in subchondral bone of OA patients and non-OA donors. Scale bar: 200μm.
g Quantitative analysis of CTSK and UCHL1 double-positive cell intensity in sub-
chondral bone of 3 OA patients and 5 non-OA donors. h TRAP staining of tibial
subchondral bone (coronal view) at different time points after DMM surgery. Scale
bar: 100 μm. i Quantitative analysis of TRAP-positive osteoclast density in sub-
chondral bone (n = 6mice per group). j Immunofluorescence staining of CTSK and
UCHL1 in subchondral bone at different time points after DMM surgery. Scale bar:
100μm. k Quantitative analysis of CTSK and UCHL1 double-positive cell intensity
(n = 6 mice per group). All data are presented as mean ± SEM. Statistical analyzes
utilized two-tailed unpaired Student’s t-test (c, d, g) and ANOVA with Tukey post
hoc test for pairwise comparisons (i, k). OA, osteoarthritis; SO/FG, Safranin-O/fast
green. Source data are provided as a Source Data file.
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osteoclasts led to a decrease in the expression of anabolic marker
type II collagen and an increase in the expression of catabolic
marker MMP13 in the knee articular cartilage of mice (Fig. 3h, i).
Additionally, at 8 weeks after DMM, cKO mice exhibited heigh-
tened sensitivity to pain (Fig. 3j). Collectively, these findings
suggest that UCHL1 deletion in BMMs exacerbates OA progres-
sion by promoting osteoclast activity.

UCHL1 interacts with CD13 and promotes CD13 protein stability
through deubiquitination
UCHL1 is a DUB enzyme responsible for preventing protein degrada-
tion by removing ubiquitin from substrate proteins. Our proposed
criteria for the substrate of UCHL1 necessitated two conditions: (1)
interaction with UCHL1 and (2) decreased protein levels of the sub-
strate upon UCHL1 knockout. Initially, proteomics analysis was
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Fig. 2 | UCHL1 inhibits osteoclastogenesis in vitro. a, b Ctsk, Acp5 and Uchl1
expression in BMMs during RANKL and M-CSF induced osteoclastogenesis (n = 3
independent cultures). c, d qPCR and immunoblot analysis of osteoclastogenic
markers in WT and cKO BMMs cultured with RANKL andM-CSF (n = 3 independent
cultures). e TRAP staining and quantitative analysis of BMMs from WT and cKO
mice after 4 days of RANKL and M-CSF induction (n = 6 independent cultures).
Scale bar: 500μm. f Resorption analysis of BMMs from WT and cKO mice after

10 days of RANKL and M-CSF induction (n = 6 independent cultures). Scale bar:
200μm. g EdU proliferation assay in BMMs from WT and cKO mice (n = 6 inde-
pendent cultures). Scale bar: 50μm. All data are presented as mean ± SEM. Statis-
tical analysis employed two-tailed unpaired Student’s t-test (e, f, g) and two-way
ANOVA with Tukey post hoc test for pairwise comparisons (c). Source data are
provided as a Source Data file.
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conducted on cultured BMMs fromWT and cKOmice (Supplementary
Fig. 6a, b and Supplementary Data 1). Differential expression analysis
identified 502 upregulated differentially expressed proteins (DEPs)
and 263 downregulated DEPs (fold change >1.2 and p-value < 0.05)
(Fig. 4a and Supplementary Data 2). Subsequently, KEGG and GO
enrichment analysis determined that these DEPs were enriched in
processes related to osteoclast differentiation, bone resorption, and
bone remodeling (Supplementary Fig. 6c, d). Notably, expression of
proteins associated with osteoclast functions, such as Acp5, Ctsk, and
Nfatc1, was upregulated in cKO BMMs, while proteins inhibiting
osteoclast differentiation, such as Fcgr4 and Itgb5, were down-
regulated (Fig. 4b). These findings provide additional evidence sup-
porting the inhibitory effect of UCHL1 on osteoclastogenesis.

Based on the aforementioned criteria, a comparison was
made between the downregulated proteins and interacting pro-
teins from the immunoprecipitation experiment (Supplementary
Data 3). Three candidate substrates, namely C1qa, C1qc, and
CD13, were identified (Fig. 4c). It is worth noting that C1qa, C1qb,
and C1qc collectively form the 18 subunits of complement com-
ponent C1q31. To validate these candidates, western blot analysis
was performed on C1qa and CD13, revealing a significant reduc-
tion in CD13 protein content in UCHL1 knockout BMMs, while
C1qa displayed a mild decrease (Fig. 4d). Furthermore, UCHL1 was
found to regulate CD13 expression solely at the protein level,
rather than at the mRNA level (Fig. 4e), suggesting that UCHL1
affects the posttranslational modification of CD13.
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Considering the potential interaction between UCHL1 and
CD13, GROMACS was employed to elucidate the characteristics and
underlying mechanisms of their interactions. Following a 100 ns
molecular dynamics (MD) simulation, favorable interaction char-
acteristics were observed without significant disruption to the pro-
teins’ structural integrity or complex compactness (Supplementary
Fig. 7a–e). Energy decomposition analysis from the MD simulations
guided the selection of key residues for point mutations, high-
lighting Asp423 and Tyr424 on CD13, and Arg153 on UCHL1 as
pivotal contributors to the interaction interface. Mutating these
residues to Ala resulted in a notable alteration in protein-protein
interactions, with a reduction in hydrogen bonds and an increase in
free binding energy (Fig. 4f, Supplementary Fig. 7a, b and Supple-
mentary Table 2–4). The structural stability of UCHL1 Arg153Ala was
compromised compared to the wild-type, as indicated by an
increased RMSD scope (Supplementary Fig. 7e, f). Collectively, these
simulations highlight the crucial roles of Asp423 and Tyr424 on
CD13, along with Arg153 on UCHL1, in modulating the interaction
between UCHL1 and CD13.

Immunoprecipitation experiments on mouse BMMs confirmed
the presence of CD13 in the anti-UCHL1 immunoprecipitate but not in
the immunoglobulin G (IgG) immunoprecipitate from the cell lysate
(Fig. 4g). Similarly, UCHL1 was detected in the anti-CD13 immunopre-
cipitate, indicating the existence of an interaction between endogen-
ousUCHL1andCD13. Furthermore,mutations inAsp423 andTyr424of
CD13 resulted in decreased binding to UCHL1 (Fig. 4h). The down-
regulated protein level of CD13 in UCHL1-deficient cells prompted us
to test whether UCHL11 is a potential DUB for CD13. Protein levels and
ubiquitination of CD13 in osteoarthritic subchondral bone was exam-
ined. Results indicated a notable elevation in CD13 levels within the
subchondral bone of OA patients compared to non-OA individuals
(Fig. 4i). Additionally, there was a decrease in ubiquitination levels of
CD13 alongside an up-regulation in the expression of UCHL1 (Fig. 4j).
This suggests that the augmented UCHL1 deubiquitination of CD13
leads to a reduction in ubiquitin levels and an increase in protein
content. Furthermore, deletion of endogenous UCHL1 resulted in
increased polyubiquitination of CD13 (Fig. 4k), explaining the reduced
CD13 protein content observed in UCHL1 knockout BMMs, withmRNA
expression remaining unaffected (Fig. 4e). Finally, to determine whe-
ther UCHL1 shortened the half-life of CD13 protein, we monitored the
CD13 protein abundance in BMMs from WT and cKO mice after
treatment with the translational inhibitor cycloheximide (CHX). In the
absence of new protein synthesis, CD13 was cleared rapidly from
BMMs of WT mice, with a half-life of approximately 6–9 h (Fig. 4l).
Furthermore, the absenceof UCHL1was shown to significantly shorten
thehalf-life of CD13protein, supporting the role ofUCHL1 in stabilizing
CD13 protein.

UCHL1 inhibits osteoclastogenesis through the inhibitory effect
of sCD13 on the MAPK signaling pathway
CD13 is a transmembrane protein that also exists in shed and secreted
soluble forms (sCD13)32. Notably, sCD13 levels in the culture super-
natant of UCHL1 knockout BMMs were decreased (Fig. 5a). To inves-
tigate the inhibitory effect of UCHL1 on osteoclastogenesis through
sCD13, gain and loss of function studies are performed to causally
implicate sCD13 in the effect of UCHL1 on osteoclastogenesis. UCHL1
deficiency in BMMs led to enhanced osteoclastogenesis, while
recombinant adeno-associated virus, serotype 9 (rAAV9)-mediated
overexpression of UCHL1 notably inhibited osteoclast formation
(Fig. 5b–f). Moreover, recombinant mouse sCD13 (rsCD13) attenuated
the promoting effect of UCHL1 knockout on osteoclast formation and
resorption,whereas silencing ofCD13 reversed the inhibitory effects of
UCHL1 overexpression on osteoclasts.

Next, the effect of sCD13 on osteoclast differentiation signaling
pathways was examined. RANKL mediates osteoclast differentiation

and function by activating a series of signaling cascades, including the
nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase
(MAPK) pathways (e.g., JNK, ERK, and p38). Our findings indicated that
rsCD13 effectively suppressed RANKL-induced MAPK signaling while
showing no impact on NF-κB signaling (Fig. 5g, h). To further validate
that the downstream effect of sCD13 is onMAPK rather thanNF-κB, the
ERK, P38, and JNK pathway were hyperactived by overexpression their
respective upstream kinases (i.e., MAP2K1, MAP2K6, and MAP2K7)33,34.
Additionally, NF-κB was overactived by ectopic expression of IKK234,35.
Despite these manipulations, sCD13 continued to exhibit its inhibitory
effect on MAPK hyperactivation, with no impact on NF-κB hyper-
activity observed (Fig. 5i). Therefore, these findings suggest that sCD13
mediates the inhibitory effect of UCHL1 on osteoclastogenesis via the
MAPK signaling pathway.

UCHL1 overexpression ameliorates DMM-induced OA progres-
sion in a mouse model
Considering the role of UCHL1 in inhibiting osteoclastogenesis, it may
have therapeutic implications for the treatment of OA. Adeno-
associated virus (AAV) is a small, nonenveloped parvovirus measur-
ing 26 nm in size, with a single-stranded genome approximately 4.7 kb
long36. Its high transduction efficiency, ability to maintain transgene
expression over time, and lack of post-infection immunogenicity and
pathogenicity make AAV a prominent viral vector in gene therapy37.
Two recent studies have demonstrated the effective transduction of
osteoclasts in vivo using rAAV938,39. In our study, we further confirmed
that rAAV9 can indeed home in on osteoclasts after systemic admin-
istration (Supplementary Fig. 8a). Expanding upon this, we established
an OA mouse model using the DMM method and intraperitoneally
injected rAAV9-UCHL1 to induce UCHL1 overexpression in osteoclasts
(Fig. 6a). rAAV9-UCHL1 injection effectively reduced osteoclast acti-
vation induced by DMM at the 2-week after surgery (Fig. 6b, c). Addi-
tionally, Micro-CT results indicated that bone volume in the
subchondral bone and the thickness of the subchondral plate in the
rAAV9-UCHL1 injection group were comparable to those in the sham
group (Fig. 6d, e). Safranin-O/Fast Green staining and immunohis-
tochemistry provided further support for the amelioration of DMM-
induced cartilage degeneration in the group with UCHL1 over-
expression in subchondral osteoclasts (Fig. 6f–i). Moreover, rAAV9-
UCHL1 injection resulted in significant improvement in mechanical
and thermal pain threshold at 8 weeks after DMM, as detected by the
Von Frey and hot plate tests (Fig. 6j). Cysteine 90 (C90) of UCHL1 is
essential for its deubiquitination activity27,40. In order to confirm that
the protective impact of UCHL1 overexpression on OA relies on its
deubiquitination activity, a catalytic mutant of UCHL1 (UCHL1C90R)
was created. Results indicated that the overexpression of UCHL1C90R
did not alleviate the progression of OA phenotypes induced by DMM
(Supplementary Fig. 8b–k). Therefore, our findings suggest that
overexpression of UCHL1 in osteoclasts through rAAV9 administration
may alleviate the progression of DMM-induced OA.

Discussion
Regardless of cartilage degeneration as an important contributor,
pathological osteoclastogenesis in subchondral bone has been
increasingly demonstrated to be the primary trigger of OA onset and
progression11,41,42. As a result, targeting osteoclast activity in sub-
chondral bone has emerged as a promising therapeutic strategy forOA
patients. We analyzed subchondral bone samples and observed the
concurrent changes in UCHL1 expression and osteoclast activity in
subchondral bone during OA progression in humans and a mouse
model. Conditional deletion of UCHL1 in osteoclast precursor cells
promoted osteoclastogenesis in subchondral bone and facilitated the
progression of OA induced by DMM. Mechanistically, a negative
feedback loop, RANKL-UCHL1-sCD13, which limits osteoclastogenesis,
was identified (Fig. 6k).
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Osteoclasts, derived from hematopoietic precursor cells,
undergo differentiation upon RANKL stimulation. RANKL binding to
its receptor RANK triggers osteoclast precursor differentiation into
mature osteoclasts35. Intracellular signals are transduced by RANK
through adapter molecules such as TRAF6, subsequently activating
MAPK and NF-κB, leading to the transcription of osteoclast genes43.
Negative feedback loops are often incorporated into homeostatic
signaling pathways, wherein a transcription factor triggers the
expression of an upstream negative regulator44. RANKL-signaling
pathways induce several negative regulators to restrain excessive

osteoclast activation. An exemplar of this is IFNβ45, where RANKL
induces IFNβ expression, which then binds to its receptors and
transmits inhibitory signals to suppress RANKL-induced c-Fos
expression. Our findings revealed that RANKL induces UCHL1
expression during osteoclastogenesis. Acting as a deubiquitinating
enzyme, UCHL1 stabilizes CD13, resulting in increased secretion of
sCD13. This autocrine action of increased sCD13 acts on osteoclast
precursor cells and inhibits RANKL-inducedMAPK activation, thereby
impeding osteoclast differentiation. The RANKL-UCHL1-sCD13 nega-
tive feedback loop fine-tunes osteoclastogenesis, and UCHL1
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Fig. 6 | UCHL1 overexpression alleviates DMM-induced OA progression in a
mouse model. a Schematic representation of the experimental design involving
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tibia subchondral bone (coronal view) 2 weeks after DMM surgery. Scale bar:
100μm. cQuantitative analysis of TRAP-positive osteoclast density in subchondral
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medial compartment 2 weeks after DMM surgery. e Quantitative analysis of sub-
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green staining of the tibial subchondral bone (coronal view) 8 weeks after DMM
surgery. Scale bar: 100μm. gOARSI grade of tibia articular cartilage (n = 6mice per
group). h Representative images of Col2 immunohistochemistry in tibial articular
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sented as mean± SEM. Statistical analysis was performed using one-way ANOVA
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thickness. Source data are provided as a Source Data file.
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deficiency in osteoclast precursor cells disrupts this feedback loop,
promoting osteoclast formation.

Deubiquitinating enzymes, extensively studied in the field of
bone biology, include OTUB146, USP2647, USP3448, USP149, and
Cyld50. UCHL1 was recently found to negatively regulate osteo-
clastogenesis and osteoporosis progression30. Our findings indi-
cated that knockout UCHL1 does not impact the OA phenotypes
in mice under normal physiological conditions. However, UCHL1
expression is upregulated in subchondral bone in DMM-induced
OA mouse model and OA patients. While elevated UCHL1 levels
are linked to increased osteoclast activity in OA, UCHL1 itself
actually inhibits osteoclastogenesis. This paradoxical relationship
suggests that the body may be attempting to compensate for the
excessive osteoclast activity that contributes to OA by increasing
UCHL1 production. However, this mechanism may not be suffi-
cient or effective enough under the diseased conditions. Conse-
quently, enhancing the function or activity of UCHL1 could
potentially restore the balance of bone metabolism, thereby
mitigating the progression of OA through the reduction of
excessive bone resorption. A similar pattern was observed in a
recent study30 where UCHL1 expression was upregulated in the
metaphysis of OVX mice, yet knockout of UCHL1 did not impact
bone mass in mice under normal physiological conditions. In
contrast, the bone mass of UCHL1 knockout mice under OVX
conditions was notably reduced, and UCHL1 overexpression
protected against this bone loss.

Excessive subchondral bone remodeling, triggered by heigh-
tened osteoclastic bone resorption, is considered the primary
pathological characteristic of early-stage OA11–13. Both our findings
and those of other researchers demonstrate a significant increase in
TRAP-positive osteoclasts in subchondral bone following the appli-
cation of an OA model14,51. This increase peaks at 2 weeks after DMM
surgery, coinciding with the most pronounced subchondral bone
resorption and subsequent decrease in subchondral bone content.
Notably, articular cartilage degeneration is not yet observed at this
stage, only becoming apparent at 4 weeks after DMM. As a result,
changes in subchondral bone microstructure resulting from heigh-
tened osteoclast activity occur prior to the onset of cartilage degen-
eration. Thus, targeting osteoclasts with drugs holds promise as a
therapeutic strategy for OA treatment. Preclinical experimental stu-
dies and clinical trials have demonstrated the beneficial effect of
inhibiting osteoclast function using bisphosphonates or MIV-711, an
inhibitor of cathepsin K, on OA16,21,22,52,53. In this study, UCHL1 deletion
in osteoclast precursor cells significantly worsened various para-
meters associated with OA progression, including subchondral bone
microarchitecture and cartilage destruction. Conversely, the over-
expression of UCHL1 using AAV9 reversed the OA phenotypes
induced byDMM. Therefore, the overexpression of UCHL1 represents
a potential target for intervening in OA.

In summary, we identify a negative feedback loop, RANKL-UCHL1-
sCD13, which limits osteoclast differentiation. Deletion of UCHL1 in
osteoclast precursor cells leads to elevated subchondral osteoclasto-
genesis, abnormal subchondral bone remodeling, and exacerbatedOA
progression, while overexpression of UCHL1 through adeno-
associated virus serotype 9 alleviates these processes. Thus, our
results suggest that RANKL-UCHL1-sCD13 negative feedback loop is
essential for the joint tomaintain healthy homeostasis and prevent OA
progression.

Methods
Ethics statement
Our research complies with all relevant ethical regulations. The study
received approval from the Ethics Committee of Zhujiang Hospital,
Southern Medical University (2019KY02203). Written informed con-
sents were obtained from the patients. The animal care protocols and

experiments were reviewed and approved by the Animal Ethics
Committee of Zhujiang Hospital of Southern Medical University
(LAEC2021123).

Mice
C57BL/6 J mice were obtained from the Laboratory Animal Centre of
Southern Medical University. UCHL1fl/fl mice on C57BL/6 J background
were generated by floxing exon 4 in the UCHL1 allele using a Cas9-
CRISPR workflow provided by GemPharmatech. LysM-Cre transgenic
mice on C57BL/6 J background were purchased from GemPharmatech
and crossed with UCHL1fl/fl mice. Mouse genotypes were determined
by PCR analysis of tail genomic DNA using the primers listed in Sup-
plementary Table 5. All mice analyzed were bred and maintained on
the C57BL/6 J background. They were housed in a controlled envir-
onment with a temperature range of 20–26 °C and humidity levels
between 40 and 70%, under a 12-hour light/dark cycle. These mice
were fed an irradiated chow diet (#1035 for reproductive feeding and
#1025 for maintenance feeding, Beijing HFK Bioscience Co., Ltd, Beij-
ing, China) and had free access to drinking water. All animal experi-
ments complied with the ARRIVE guidelines for reporting animal
experiments. Euthanasia was performed by cervical dislocation under
deep anesthesia.

Human samples
Non-OA subchondral bone samples were obtained from three indivi-
duals with no history of OA. OA subchondral bone samples were col-
lected from five patients who underwent total knee arthroplasty at
Zhujiang Hospital of Southern Medical University. All individuals who
participated in the experiment were aware of the use of their samples
and provided their written informed consent. No compensation was
given. Clinical characteristics of the patients are detailed in Supple-
mentary Table 1.

Deubiquitinase gene microarray
Gene expression profiles were analyzed using the human deubiquiti-
nase PCR array according to the manufacturer’s protocol (Wcgene
Biotech, Shanghai, China). Data were analyzed using Wcgene Biotech
software. Genes with fold-changes >2 and p < 0.05 were considered to
be biological significant.

Mouse model of DMM-induced OA
In the study, only male mice were chosen for this experiment due
to the higher incidence of post-traumatic osteoarthritis models in
male mice compared to female mice in mouse studies54. Female
hormones exhibit protective effects on cartilage, whereas male
hormones can worsen cartilage conditions55. Post-traumatic OA
was induced by DMM surgery as previously described56. Briefly,
12-week-old male mice were anesthetized with tribromoethanol,
and aseptic surgery was performed on their right knees. After
making a medial parapatellar arthrotomy, the anterior fat pad was
dissected to expose the anterior medial meniscotibial ligament,
which was then severed. The knee was flushed with saline solu-
tion, and the incision was closed. In the case of sham-surgery
animals, the joint capsule was opened without cutting the
meniscotibial ligament. The knees of the animals were examined
at 2- and 8-weeks post-surgery. The subchondral bone micro-
structure was evaluated using micro-computed tomography,
while the degree of cartilage destruction in the knee joints was
assessed through safranin O staining and scored according to the
OARSI grading system.

rAAV9 injection
Recombinant adeno-associated virus serotype 9 expressing UCHL1
(AAV9-UCHL1) and C90-mutated UCHL1 (UCHL1C90R) were prepared
by OBiO Technology (Shanghai, China). A single dose of 5 × 1011 virus
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was administered to C57BL/6 J mice with DMM-induced OA by intra-
peritoneal injection 1 week before surgery. Mice were sacrificed at
2 weeks and 8 weeks post-surgery for histological analyzes.

Behavioral assessment
Quantification of mechanical and thermal allodynia was conducted by
an unbiased observer who was unaware of any treatments adminis-
tered. Mice were placed in transparent cubicles on a perforated metal
floor and allowed to acclimate for at least 10min before testing. Paw
withdrawal thresholds in response tomechanical stimuli were assessed
using the up–down testing paradigm with Von Frey monofilaments
(Semmes–Weinstein), as previously described57,58. The 50% paw with-
drawal thresholds were determined by applying the up–downmethod
of Dixon to the pattern of positive and negative withdrawal
responses57.

The plantar test was conducted using radiant heating (IITC 390G
Plantar Test; IITC Life Science, Woodland Hills, CA). In this test, the
hind paw of each mouse was stimulated with an infrared light beam
source to elicit noxious withdrawal responses59. The time it took for
the paw to withdraw in response to the infrared light stimulation was
measured. Each mouse underwent 3 trials with their right hind paws,
and there was a 5-minute break between each trial. The withdrawal
latency was determined by averaging the values obtained from
each paw.

Micro-CT analysis
Subchondral bone changes after DMM surgery were evaluated using
micro-CT scanning. The tibias were dissected from mice, and the
attached muscle was carefully removed. The tissues were then fixed
with 4% paraformaldehyde for 48 hours. Micro-CT analysis was per-
formedusing amicro-computed tomography system (μCT40 scanner,
Scano Medical, Switzerland) at a resolution of 10μm, with 55-kVp
energy, 145-μA intensity, and 200ms integration time. A subsection
(0.5mmmedio-lateral width, 1.0mmventro-dorsal length) of the load-
bearing regionof the subchondral bonewas taken as regionof interest.
The Scanco analysis software was used to analyze the subchondral
bone volume/total volume (BV/TV, %) and subchondral bone plate
thickness of the medial tibial subchondral bones. Finally, a total of five
consecutive cross-sectional images frommedial tibial plateauwas used
for 3D reconstruction using Mimics software (Mimics Research 21.0,
Materialize, Belgium).

Histological analysis and immunostaining
The cartilages were fixed, embedded in paraffin, and cut into 4 μm
sections. These sections were deparaffinized, hydrated, and stained
with Safranin-O/fast green, Hematoxylin/eosin (HE), and TRAP stain-
ing. The severity of cartilage damage was assessed using the
Osteoarthritis Research Society International (OARSI) scoring system.
The OARSI grades of the medial tibia were assessed by averaging the
scores of three experienced investigators. For the immunostaining
assay, the sections were incubated with primary antibodies overnight
at 4 °C, followed by incubation with secondary antibodies at room
temperature. The antibodies used for immunostaining are listed in
Supplementary Table 6.

Osteoclastogenesis and resorption assay
BMMs were obtained by flushing long bones from adult mice and
cultured as previously described60. To generate osteoclasts,
BMMs were plated onto 96-well plates at a density of 1 × 104 cells/
well. The BMMs were cultured with α-MEM medium supple-
mented with M-CSF (20 ng/ml) and RANKL (50 ng/ml) for 5 days.
TRAP staining was performed according to a protocol provided
by Sigma-Aldrich. Osteoclasts were identified as TRAP-positive
cells containing three or more nuclei, using bright-field light
microscopy. For the bone resorption assay, BMMs were placed

onto 96-well Corning osteo assay surface at a density of 1 × 104

cells/well. The BMMs were cultured with α-MEM medium sup-
plemented with M-CSF (20 ng/ml) and RANKL (50 ng/ml). Cell
culture media were replaced every 2 days until mature osteoclasts
had formed. After 10 days, the osteoclasts were removed from the
surface using hypochlorous acid. The percentage of resorbed
bone surface area was quantified using Image J software.

Western blot
Western blot analysis was conducted as previously described61. Whole-
cell lysates were generated by lysing cells using RIPA Lysis Buffer with
Protease Inhibitor Cocktail (Roche4693132001). The lysates were
clarified by centrifugation, quantified using the BCA assay, and mixed
with dual color protein loading buffer (Fdbio science FD002). The
resulting mixture was separated by SDS-PAGE and transferred to a
PVDF membrane. Membranes were incubated in blocking buffer, fol-
lowed by incubation with the primary antibody at 4 °C. After washing,
the membranes were incubated with an enzyme-labeled secondary
antibody. Finally, the membranes were washed and subjected to
autoradiography. The antibodies used for western blot are listed in
Supplementary Table 6.

Immunoprecipitation analysis
Cells were treated with lysis buffer containing 1% NP-40, 25mM Tris-
HCl (pH 7.4), 150mM NaCl, 1mM EDTA, and a protease inhibitor
cocktail (Roche) for 20min at 4 °C. The mixture was then centrifuged
at 12,000 g for 15min at 4 °C. For immunoprecipitation, approximately
500μg of protein was combined with either control or specific anti-
bodies (2–4μg) and left to incubate overnight at 4 °C with constant
rotation. Subsequently, 50μl of Protein A/G magnetic beads (Selleck)
were added, followed by an additional 15-minute incubation. The
beads were washed five times using the lysis buffer, with collection by
magnetic stand at 4 °Cbetweenwashes. The proteinswere eluted from
the beads by resuspending them in 2× SDS-PAGE loading buffer and
boiling for 5min. The resulting immune complexeswere then analyzed
by SDS-PAGE and immunoblotting using appropriate antibodies.

In vivo ubiquitination assay
All ubiquitin immunoprecipitation was conducted under denaturing
conditions. Prior to sample collection, cellswere treatedwith 20μMof
the proteasome inhibitor MG132 for 6 h. Cells or tissues were lysed in
1% sodium dodecyl sulfate (SDS), followed by boiling and sonication,
before dilution in RIPA lysis buffer (comprising 25mMTris-HCl pH 7.6,
150mMNaCl, 1mMEDTA, 1%NP40, 1% sodiumdeoxycholate, and0.1%
SDS). The lysates were then immunoprecipitated using an anti-CD13
antibody. The resulting immunoprecipitates underwent five washes
with RIPA buffer and were subsequently analyzed via immunoblotting
with anti-Ub.

Real-time quantitative PCR
Total RNA was extracted from cells or tissues using TRIzol Reagent
(9109 RNAiso Plus Takara). Cells or tissue powder were collected,
resuspended in 1mLTRIzol, and lysed at room temperature for 10min.
Chloroform (0.2mL per 1mL of TRIzol) was added, mixed well, and
incubated for 5min. After centrifugation at 4 °C, the collected super-
natant was mixed with 0.5mL isopropanol for 5min at room tem-
perature to extract RNA. Finally, the RNA pellet was dissolved in 50 µL
of nuclease-free water. RNA quality and quantity were determined
using a nanodroplet spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). RNA was reverse transcribed using PrimeScript™
RTMasterMix (TakaraRR036Q). qPCRdetectionwas performed using
ChamQ SYBR qPCR Master Mix (Vazyme, Q311-02). In all qPCR
experiments, 3–4 biological replicates were used, where each replicate
represents an independent RNA extraction from a separate cell culture
or human sample. For each biological replicate, two technical

Article https://doi.org/10.1038/s41467-024-53119-2

Nature Communications |         (2024) 15:8792 11

www.nature.com/naturecommunications


replicates were performed to ensure the reliability of the qPCR mea-
surements. The primers used for qPCR are listed in Supplementary
Table 5.

Cell proliferation assay
Cell proliferation was assessed using the BeyoClick™ EdU Cell Pro-
liferation Kit with Alexa Fluor 555 (Beyotime, C0075S), following the
manufacturer’s instructions. Briefly, cells were incubated with 10μM
EdU at 37 °C, 5% CO2 for 2 h. After fixation with 4% paraformaldehyde
for 15min at room temperature, cells were stainedwith Alexa Fluor 555
reaction mixture for 30min and Hoechst 33342 for 10min. Immuno-
cytochemical analysis was then performed to examine the cells. EdU-
positive cells were identified by staining with Alexa Fluor 555 and
Hoechst 33342. Images were captured from five randomly selected
fields of view using an Olympus IX53 fluorescence microscope
(Olympus, Japan). The percentage of EdU+ cells was computed for
further analysis of the cells.

Molecular docking
Docking simulations between CD13 and UCHL1 were performed using
the GRAMMWeb Server database ((https://gramm.compbio.ku.edu/)).
Initial models of CD13 andUCHL1were retrieved from the ProteinData
Bank (PDB ID: 5LHD for CD13 and 2ETL for UCHL1, https://www.rcsb.
org/). Structural visualization was done using PyMOL, UCSF Chimera,
and UCSF ChimeraX. Point mutations and energy minimization were
carried out using UCSF Chimera.

Molecular dynamics simulations were conducted using
Gromacs2022.3 software62. The simulations were run at 300 K and 1
Bar pressure. The Amber99sb-ildn force field was applied to the
proteins, while Tip3p water model was used for the solvent. Neu-
tralization of the system’s total charge was achieved by adding Na
+ ions. Energy minimization was performed using the steepest des-
cent method. Equilibrium simulations were conducted under both
isothermal isovolumic and isothermal isobaric ensembles. Subse-
quently, free molecular dynamics simulations were run for 100 ns.
Trajectory analysis included RMSD, RMSF, SASA, and protein rotation
radius. Free energy binding was estimated through MM/PBSA
calculations.

Proteomics analysis
Three independent cultures of BMMswere collected fromWTand cKO
mice, respectively. The 4D label-free quantitative proteomics analysis
was performed by Jingjie PTM BioLab (Hangzhou) Co. Inc. For protein
extraction, cells were lysed with lysis buffer (8M urea, 1% protease
inhibitor cocktail) on ice for 30min, followed by centrifugation
(12,000g, 10min, and 4 °C). The supernatant was collected and the
protein concentration was determined with BCA kit according to the
manufacturer’s instructions.

For digestion, the sample was slowly added to the final con-
centration of 20% (m/v) TCA to precipitate protein, then vortexed to
mix and incubated for 2 h at 4 °C. The precipitate was collected by
centrifugation at 4500g for 5min at 4 °C. The precipitated proteinwas
washed with pre-cooled acetone for 3 times and dried for 1min. The
protein sample was then redissolved in 200mM TEAB and ultra-
sonically dispersed. Trypsin was added at 1:50 trypsin-to-protein mass
ratio for the first digestion overnight. The sample was reduced with
5mM dithiothreitol for 60min at 37 °C and alkylated with 11mM
iodoacetamide for 45min at room temperature in darkness. Finally,
the peptides were desalted by Strata X SPE column.

For LC-MS/MS analysis, the tryptic peptides were dissolved in
solvent A (0.1% formic acid, 2% acetonitrile in water), directly loaded
onto a home-made reversed-phase analytical column (25-cm length,
100 um i.d.). Peptides were separated with a gradient from 6% to 24%
solvent B (0.1% formic acid in acetonitrile) over 70min, 24% to 32% in
14min and climbing to 80% in 3min then holding at 80% for the last

3min, all at a constant flow rate of 450 nL/min on a nanoElute UHPLC
system (Bruker Daltonics).

The peptides were subjected to Capillary source followed by the
timsTOF Pro (Bruker Daltonics) mass spectrometry. The electrospray
voltage applied was 1.70 kV. Precursors and fragments were analyzed
at the TOF detector (a MS/MS scan range from 100 to 1700m/z). The
timsTOF Pro was operated in parallel accumulation serial fragmenta-
tion (PASEF) mode. Precursors with charge states 0 to 5 were selected
for fragmentation, and 10 PASEF-MS/MS scans were acquired per
cycle. The dynamic exclusion was set to 30 s.

For database search, the resulting MS/MS data were processed
using MaxQuant search engine (v.1.6.15.0). Tandem mass spectra were
searched against the Mus_musculus_10090_SP_20201214.fasta (17063
entries) concatenated with reverse decoy database. Trypsin/P was
specified as cleavage enzyme allowing up to 2 missing cleavages. Min.
peptide length was set as 7 and max. number of modification per pep-
tide was set as 5. The mass tolerance for precursor ions was set as 20
ppm in First search and 20 ppm inMain search, and themass tolerance
for fragment ions was set as 0.02Da. Carbamidomethyl on Cys was
specified as fixed modification, and acetylation on protein N-terminal
and oxidation on Met were specified as variable modifications. False
discovery rate (FDR) of protein, peptide and PSM was adjusted to <1%.

Statistical analysis
Each experiment was repeated at least three times. Biological repli-
cates are samples from different biological sources or units, while
technical replicates are repeated measurements of the same sample
under the same conditions. The data are presented asmean± SEM.We
employed unpaired, two-tailed Student’s t-test for comparisons
between two groups and ANOVAwith Tukey post hoc test formultiple
comparisons. A significance level of P < 0.05 was considered statisti-
cally significant. Graphs and statistical analyzes were generated using
GraphPad Prism 9.0 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
published article (and its supplementary information files). The mass
spectrometry proteomics data generated in this study have been
deposited to the ProteomeXchange Consortium database: PXD052578
(https://proteomecentral.proteomexchange.org) via the iProX partner
repository63,64. Source data are provided with this paper.
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