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SUMMARY

Evidence indicates that mechanical loading plays an important role in osteoarthritis (OA) progression, while
the specific pathological changes of the synovium under excessive mechanical loading are unclear. Results
showed that excessive mechanical loading caused pro-inflammation of synovial macrophages, which has
been confirmed to exist in OA. High Rapgef3 expression level was found in RNA sequencing of RAW246.7
subjected to 0.5 Hz and 20% cyclic tensile strain. We verified this in the synovium of patients with OA and
destabilization of the medial meniscus (DMM)-OA mice. Interestingly, the Rapgef3 content of chondrocytes
was very low. Primary chondrocytes treated with Rapgef3 alone did not show metabolic phenotype, but an
OA phenotype appeared when treated with Rapgef3-stimulated macrophage culture supernatant. Mechan-
ically, excessive mechanical loading activated p65-nuclear factor kB (NF-kB) pathway through Rapgef3,
which promoted the inflammation of macrophage, resulting in severe articular cartilage injury. Intra-articular
Rapgef3 knockout reversed synovitis and cartilage degeneration, which might provide a therapeutic target

for OA.

INTRODUCTION

Osteoarthritis (OA) is a chronic and highly prevalent joint disease
that frequently affects the knee and hip joints.1 Its development
is associated with many factors, including sex, weight, age, and
excessive stress.” * Common clinical features of OA are articular
cartilage destruction, joint space narrowing, synovitis, subchon-
dral osteosclerosis, and osteophyte formation.® With OA occur-
rence and development, the patient gradually loses motor func-
tion and even becomes disabled, affecting the quality of life. OA
treatment brings serious economic burden to the country and
individuals.®

Appropriate mechanical stress has a vital impact on joint
health and maintenance, but excessive mechanical loading
can lead to articular cartilage degeneration and further OA devel-
opment.”® In recent decades, OA has been recognized as a me-
chanical force-related problem in clinical practice, and in most
patients with OA, the knee joint axis is asymmetrical, resulting
in various deformities and uneven force distribution. This, in

turn, leads to synovial hyperplasia and severe cartilage wear
within the joint, further accelerating OA progression.®'® In our
previous studies, we exposed chondrocytes to loading durations
of 6, 12, or 24 h, respectively. Interestingly, our findings revealed
that the application of a 24-h loading period resulted in detri-
mental effects on chondrocyte viability.'" However, the specific
effect of excessive mechanical loading on joint synovial cells has
not been elucidated.

Recent studies have shown that synovitis increased the risk of
OA. It triggers pannus and osteoclast formation, enhances syno-
vial tissue adhesion to cartilage, and leads to the release of in-
flammatory mediators. Intra-articular inflammation can cause
articular cartilage destruction and further exacerbate the OA pro-
cess.'?"® Synovial macrophages play an important role in syno-
vitis and OA."* Macrophages are plastic cells that can be divided
into activated pro-inflammatory macrophages and reactivated
anti-inflammatory macrophages. Pro-inflammatory macro-
phages produce a large number of pro-inflammatory mediators,
including interleukin (IL)-1, IL-6, IL-12, tumor necrosis factor
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alpha, and cyclooxygenase-2. Conversely, anti-inflammatory
macrophages exhibit anti-inflammatory effects and secrete
IL-4 and IL-10, contributing to tissue repair and reconstruc-
tion.'*'® The imbalance of pro-inflammatory/anti-inflammatory
macrophages can indicate the severity of knee OA."®'” Experi-
ments have shown that pro-inflammatory macrophages intensi-
fied experimental collagenase-induced OA, whereas anti-inflam-
matory macrophages reduced OA development.'® However, OA
pathogenesis is not fully understood.

In this study, we found that excessive mechanical loading stim-
ulated pro-inflammatory macrophages in cultured Raw246.7 cells
and identified Rapgef3. Rapgef3 is a cyclic AMP (cAMP-1)-acti-
vated exchange protein, also known as a new sensor of CAMP,
widely expressed and involved in many cell growth processes
(cell proliferation, migration, and adhesion).'®" Inretinal research,
the absence of Rapgef3 can significantly reduce vascular inflam-
mation.”” Rapgef3 is involved in diseases such as atherosclerosis,
Alzheimer’s disease, and retinal neurodegeneration and also plays
an important role in migration, proliferation, and apoptosis in
several types of cancer.””>* We observed that Rapgef3 exhibited
the highest stability among the top 10 upregulated proteins in
RAW246.7 and bone-marrow-derived macrophages (BMDMs)
subjected to 0.5 Hz and 20% cyclic tensile strain loading, which
was also increased in the synovium of patients with OA and desta-
bilization of the medial meniscus (DMM)-OA mice. In summary, we
speculated that there is a correlation between Rapgef3 and OA
caused by excessive mechanical loading. Because there is
currently no research on the role of Rapgef3 in OA, we decided
to investigate its potential participation. Additionally, Rapgef3 ac-
tivates the nuclear factor kB (NF-kB) pathway of osteoclasts and
induces osteoclast differentiation.>> Moreover, we found signifi-
cantly increased activation of the Rapgef3 and NF-«B pathways
in OA and that NF-«xB pathway activation promoted synovial
macrophage inflammatory. Pro-inflammatory macrophages
secrete inflammatory factors that act on chondrocytes, affecting
their anabolism and further exacerbating OA. Furthermore, we
reversed this process by knocking down Rapgef3 in synovial mac-
rophages. In addition, we investigated an “excessive mechanical
loading-macrophage-chondrocyte” model, through which we
can better understand OA pathogenesis and development and
identify new targets to investigate OA treatment.

RESULTS

Increased macrophage Rapgef3 expression under

excessive mechanical loading and in OA synovium

To investigate the effect of mechanical loading on macrophage
differentiation, RAW264.7 cells were treated using 0.5 Hz and
5%, 10%, and 20% cyclic tensile strain loading for 8, 16, and
24 h. The 0.5 Hz and 5% cyclic tensile strain loading treatment
for 24 h could down-regulate INOS and CD80 (pro-inflammatory
macrophage marker) but upregulated CD206 and ARG1 (anti-in-
flammatory macrophage marker) mRNA levels, indicating that
macrophages exhibited anti-inflammatory functions under low
mechanical load. In contrast, 10% and 20% cyclic tensile strain
for 24 h enhanced pro-inflammatory macrophages; anti-inflam-
matory macrophages were significantly inhibited at 20% cyclic
tensile strain (Figures 1A and S1A). To understand the mecha-
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nism of enhanced pro-inflammatory macrophages under me-
chanical loading, we conducted RNA sequencing on three
0.5 Hz and 0% cyclic tensile strain and three 0.5 Hz and 20% cy-
clic tensile strain for 24 h loading-treated RAW264.7 cells. On the
basis of the sequencing results, we repeatedly detected the top
10 genes with upregulated expression in the Raw246.7 cells and
BMDM s treated with 0.5 Hz and 20% cyclic tensile strain load for
24 h and found that Rapgef3 was stably and significantly upregu-
lated in pro-inflammatory macrophages induced by excessive
mechanical loading (Figures 1B-1D and S1C-S1F). Through
the analysis of Kyoto Encyclopedia of Genes and Genomes
pathway enrichment map of the sequencing results, we found
that the related pathway of RA rheumatoid arthritis changed
significantly after stretching, suggesting that stretched macro-
phages may be related to joint inflammation, so Rapgef3 is a po-
tential target (Figure S1B).

To investigate Rapgef3 expression in OA synovium, synovial
tissues were obtained from patients with OA and DMM-OA
mice. Immunohistochemistry (IHC) showed a significant in-
crease in Rapgef3 in human OA synovial tissue (Figure 1E). Addi-
tionally, immunofluorescence staining revealed that Rapgef3
was significantly increased in synovial macrophages of DMM-
OA mice (Figure 1F).

These findings suggested that excessive mechanical loading
led to pro-inflammation of macrophages with increased Rap-
gef3, which was closely associated with OA progression.

Rapgef3 enhances pro-inflammatory of macrophages
and inhibition of Rapgef3 reduces pro-inflammatory

To evaluate the effects of Rapgef3 on macrophages, RAW246.7
cells and BMDMs were transfected with different Rapgef3 con-
centrations with a Rapgef3-overexpression plasmid. Rapgef3
was found to be significantly overexpressed in RAW264.7 cells
and BMDMs treated with 3 pg/mL plasmid, which enhanced
pro-inflammation and inhibited anti-inflammation of macro-
phages (Figures 2A-2D and S2A-S2D). Subsequently, Rapgef3
was knocked down in RAW246.7 cells and BMDMs by transfec-
tion with Rapgef3 small interference RNA (siRNA). The results
showed that Rapgef3 knockdown inhibited macrophage pro-in-
flammatory direction, but had no significant effect on anti-inflam-
matory (Figures 2E, 2F, S2E, and S2F). Interestingly, upon
Rapgef3 knockdown in 0.5 Hz and 20% cyclic tensile strain
load-treated RAW246.7 cells, the enhancement of pro-inflam-
matory direction induced by excessive mechanical loading was
significantly inhibited, whereas the inhibited anti-inflammatory
direction was reversed (Figures 2G, 2H, S2G, and S2H). These
results suggested that Rapgef3 enhanced pro-inflammation
and inhibited anti-inflammation of macrophages, while Rapgef3
knockdown alleviated the pro-inflammatory/anti-inflammatory
imbalance caused by excessive mechanical loading.

Rapgef3 has no direct effect on chondrocytes

Subsequently, we investigated Rapgef3 expression and function
on chondrocytes. Interestingly, the results of IHC showed that
Rapgef3 was significantly increased in synovial macrophages
of DMM-OA mice but was barely expressed on articular cartilage
(Figure 3A). To determine whether Rapgef3 had an effect on
chondrocytes, primary mouse chondrocytes were transfected



Human-Synovium

¢ CellP’ress

OPEN ACCESS

Figure 1. Increased macrophage Rapgef3
expression under excessive mechanical
04 loading and in OA synovium

(A) Relative INOS and ARG mRNA expression in
RAW246.7 cells treated with different elongation
strain loads (5%, 10%, and 20%) for 24 h, n = 3 per
group.

(B) Differentially expressed mRNA in RAW246.7
cells treated with normal and 20% elongation
strain loading for 24 h.

(C) The mRNA expression levels of the top 10
genes that were differentially expressed in
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with Rapgef3-overexpression plasmid. The results showed that
the different plasmid concentrations did not produce significant
changes in MMP13, COL2, SOX9, or P21 in primary mouse
chondrocytes (Figures 3B and 3C). These results indicated that
Rapgef3 had no direct effect on chondrocytes. However, previ-
ous results showed that Rapgef3 enhanced macrophage pro-in-
flammatory. Therefore, we proposed that Rapgef3 affected
chondrocytes by mediating macrophage reprogramming.

Rapgef3 indirectly causes chondrocyte metabolic
disorders by regulating the pro-inflammatory response
of macrophages

To confirm this hypothesis, supernatant of macrophage treated
with lipopolysaccharide (LPS) or Rapgef3-overexpression
plasmid for 72 h was collected and co-cultured with chondro-

4W-NC

RAW246.7 cells treated with normal and 20%
elongation strain loading for 24 h, n = 3 per group.
(D) Immunoblotting of GAPDH, INOS, CD206, and
Rapgef3 of RAW264.7 cells treated with 20%
elongation strain loading for 24 h. Full-length
blots/gels are presented in Data S1 Original
Western Blots —1.

(E) Hematoxylin and eosin (H&E) (upper) and
immunohistochemistry (IHC) for Rapgef3 (middle)
from human synovial tissues of patients with no
history of patients with arthritis and OA. Scale bar:
50 um. Description of Rapgef3 quantification in
synovial tissues (lower), n = 8 per group.

(F) Immunofluorescence (IF) staining and quanti-
fication of Rapgef3 and F4/80 in knee synovium of
4-week sham operation mice and 4-week DMM
mice, n = 8 per group. Scale bar: 25 um.

*p < 0.05, ™p < 0.01, ™ p < 0.001, ns not signifi-
cant. Data are shown as means + SD. Statistical
analysis was performed by unpaired t test (A, C, E,
and F). The box area on the right is enlarged.

NC OA

cytes. Quantitative polymerase chain re-
action and western blot showed that the
culture supernatant of macrophages
treated with LPS promoted MMP13in pri-
mary chondrocytes and inhibited COL2
and SOX9. Similarly, the cultured super-
natants of overexpressed Rapgef3 (OE-
Rapgef3) macrophages also promoted
MMP13 expression and inhibited COL2
and SOX9 in chondrocytes (Figures 4A,
4B, and S3A).

Furthermore, macrophage supernatant from the untreated
group (NC), excessive mechanical loading-treated group (ten-
sile), and excessive mechanical loading-treated group with Rap-
gef3 knockdown (tensile-siRapgef3) was collected for co-culture
with chondrocytes. The MMP13 and P21 levels were upregu-
lated, whereas COL2 and SOX9 were inhibited in chondrocytes
treated with macrophage supernatant from the tensile group.
Notably, these changes were reversed by knocking down
macrophage Rapgef3 (Figures 4C, 4D, and S3B). Moreover,
when tibial plateau cartilage explants from 3-week-old mice
were cultured with OE-Rapgef3 macrophage supernatant for
5 days, significant proteoglycan loss was observed (Figures 4E
and S3C). Rapgef3 knockdown in macrophages significantly
alleviated proteoglycan loss in chondrocytes co-cultured
with excessive mechanical loading-treated macrophage

4W-DMM
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Figure 2. Rapgef3 enhances pro-inflammatory of macrophages and inhibition of Rapgef3 reduces pro-inflammatory

(A) Relative Rapgef3, INOS, and ARG mRNA expression levels in RAW246.7 cells transfected with Rapgef3 plasmid at different concentrations (1, 1.5, 3, and
5 pg/mL) for 48 h, n = 3 per group.

(B) Immunoblotting of GAPDH and Rapgef3 in RAW246.7 cells transfected with 3 ng/mL Rapgef3 plasmid and Rapgef3 control plasmid for 72 h. Full-length blots/

gels are presented in Data S1 Original Western Blots —2.
(C) Cell immunofluorescence staining (Cell IF staining) of GTP (labels that overexpress the Rapgef3 plasmid) in RAW246.7 cells used lipo3000 and transfected

with 3 ng/mL Rapgef3 plasmid for 72 h, n = 5 per group. Scale bar: 25 um.

(D) Cell IF staining and quantification of CD206, ARG, CD80, and INOS in RAW246.7 cells transfected with 3 pg/mL Rapgef3 plasmid and Rapgef3 control plasmid
for 72 h, n = 5 per group. Scale bar: 25 um.

(E) Relative Rapgef3 mRNA expression levels in RAW264.7 cells transfected for 48 h were controlled with different SIRapgef3 (SI1, SI2, SI3, and Sl4) or siRNA
negative control (SINC). The relative INOS and ARG mRNA expression levels in RAW264.7 cells transfected with SI3 and SINC for 48 h were controlled, n = 3 per
group.

(F) Treat with SI3 or SINC transfected into normal RAW264.7 cells. Immunoblotting for GAPDH and Rapgef3 in RAW264.7 cells. Full-length blots/gels are

presented in Data S1 Original Western Blots —2.
(G) Relative Rapgef3, INOS, and ARG mRNA expression levels in RAW264.7 cells at 20% elongation strain load and transfected with/without SIRapgef3 at 20%

elongation strain load for 24 h, n = 3 per group.
(H) Immunoblotting for GAPDH and Rapgef3 in RAW264.7 cells at 20% elongation strain load with/without SIRapgef3 transfection for 24 h. Full-length blots/gels

are presented in Data S1 Original Western Blots —2.
*p < 0.05, *p < 0.01, **p < 0.001, ns not significant. Data are shown as means + SD. Statistical analysis was performed by unpaired t test (A, E, and G).

in tibial cartilage on Rapgef3 knockdown (Figures 5G-5L).
This suggested that reducing Rapgef3 rescued synovial inflam-
mation and metabolic disorders of chondrocytes during OA
development.

supernatants (Figures 4F and S3D). These results indicated that
Rapgef3 had no direct effect on chondrocytes; rather, it indi-
rectly damaged chondrocytes by mediating macrophage
polarization.

Inhibition of Rapgef3 reverses synovitis and cartilage Rapgef3 promotes macrophage inflammatory by

lesions in mice

To further determine the role of Rapgef3 in OA, RAW246.7 cells
were transfected with a lentivirus (multiplicity of infection = 40
vgs/cell) carrying Rapgef3-siRNA, and Rapgef3 was knocked
down in RAW246.4 cells (Figure S4A). Male 10-week-old C57
mice were intra-articularly injected with the lentivirus twice
weekly after DMM surgery for 4 weeks. Compared to controls
(DMM group), knocking down Rapgef3 reversed synovitis
and cartilage lesions, characterized by decreased synovitis
and Osteoarthritis Research Society International scores
(Figures 5A-5F). Moreover, upregulated COL2 and SOX9
expression and reduced MMP13 expression were also observed

4 iScience 28, 112131, May 16, 2025

activating the p65/NF-«B pathway
We subsequently assessed how Rapgef3 induces pro-inflam-
matory macrophages. Earlier studies have shown that Rapgef3
activates the NF-«kB pathway.?® This pathway is a well-studied
inflammatory pathway that is overactivated in OA, contributing
to synovitis exacerbation, pro-inflammatory macrophage induc-
tion, and chondrocyte matrix degradation.>’=°

At the cellular level, the results showed that Rapgef3 overex-
pression activated the p65/NF-kB pathway in macrophages
compared with controls (Figure 6A). Treatment with a 0.5 Hz
and 20% cyclic tensile strain load also activated the p65/NF-
kB pathway in macrophages, and Rapgef3 knockdown inhibited
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Figure 3. Rapgef3 has no direct effect on chondrocytes

(A) Immunohistochemistry (IHC) and quantification of Rapgef3 in knee synovium and knee cartilage of 4-week sham operation mice and 4-week DMM mice, n=8

per group. Scale bar: 50 um, 200 um.

(B) Primary murine chondrocytes transfected with Rapgef3 plasmid at different concentrations (1, 1.5, 3, and 5 pg/mL) for 48 h, n = 3 per group.

(C) Immunoblotting for GAPDH, Rapgef3, MMP13, COL2, SOX9, and P21 in primary murine chondrocytes transfected with 3 ug/mL Rapgef3 plasmid or Rapgef3
control plasmid for 72 h. Full-length blots/gels are presented in Data S1 Original Western Blots —3.

*p < 0.05, **p < 0.01, **p < 0.001, ns not significant. Data are shown as means + SD. Statistical analysis was performed by unpaired t test (A and B). The box area

on the right is enlarged.

p65 phosphorylation (Figure 6B). In vivo, knocking down Rap-
gef3 inhibited the p65/NF-«xB pathway in synovial macrophages
(Figure 6C). Therefore, we concluded that Rapgef3 in macro-
phages promoted inflammatory macrophages by activating the
p65/NF-kB pathway, thereby exacerbating synovitis and carti-
lage degeneration and ultimately worsening OA.

DISCUSSION

In this study, we demonstrated for the first time, to our knowl-
edge, that Rapgef3 plays a crucial role in mediating macrophage
polarization and indirectly influencing chondrocyte synthesis
catabolism during the pathogenesis and progression of OA.
We observed a significant upregulation of Rapgef3 in synovial
macrophages due to excessive mechanical loading, which sub-
sequently affected macrophage polarization through NF-«B
signaling. This exacerbates synovial inflammation and disrupts
chondrocyte homeostasis during OA. Our findings highlight an
important functional pathway involved in OA development and
suggest that inhibiting intra-articular Rapgef3 could be a poten-
tial therapeutic approach for preventing and treating OA.

The role of excessive mechanical loading in the occurrence
and development of OA is well established. Excessive mechan-
ical loading in OA can stimulate chondrocytes to produce a sig-
nificant amount of MMP13, leading to alterations in the extra-
cellular matrix,>’ cause increased mitochondrial superoxide
generation in chondrocytes,® and induce iron-dependent
apoptosis and aging of chondrocytes.**** These findings indi-
cate that there is a strong correlation between excessive me-
chanical loading and OA severity. However, the regulatory
mechanism underlying this relationship remains unclear. In
our study, we found that the expression of mMRNA in CD206/
ARG1 increased slightly in the low load-exposed cells, which
may suggest that tensile stress regulates macrophages mainly
by affecting the expression of pro-inflammatory macrophages.
Additionally, knockdown of Rapgef3 significantly inhibited pro-
inflammation of macrophages induced by excessive mechani-
cal loading. This inhibition indirectly affected chondrocyte
anabolism. Similarly, lentivirus that knocks down Rapgef3
effectively reversed synovitis and articular cartilage destruction
in mechanically loaded DMM-OA mice. These results indicate
that Rapgef3 regulates the effects of excessive mechanical

iScience 28, 112131, May 16, 2025 5
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Figure 4. Rapgef3 indirectly causes chondrocyte metabolic disorders by regulating the pro-inflammatory response of macrophages

(A) Relative mRNA expression levels of MMP13, COL2, SOX9, and P21 in primary mouse chondrocytes co-cultured with the superserum of RAW264.7 for 48 h
(RAW264.7 cells were treated with LPS or transfected with 3 ng/mL Rapgef3 plasmid for 48 h), n = 3 per group.

(B) Immunoblotting for MMP13, COL2, SOX9, and P21 in primary mouse chondrocytes co-cultured with the superserum of RAW264.7 for 48 h (RAW264.7 cells
transfected with 3 pg/mL Rapgef3 plasmid or Rapgef3 control plasmid for 72 h), n = 3 per group. Full-length blots/gels are presented in Data S1 Original Western
Blots —4.

(C and D) Relative mRNA expression levels and western blot of MMP13, COL2, SOX9, and P21 in primary mouse chondrocytes co-cultured with RAW264.7
superserum for 72 h (RAW264.7 cells treated with 20% elongation strain load with/without SIRapgef3 transfection for 24 h), n = 3 per group. Full-length blots/gels
are presented in Data S1 Original Western Blots —4.

(E and F) Safranin O staining and grading of mouse tibial plateau cartilage explants co-cultured with RAW264.7 superserum for 5 days (RAW264.7 transfected
with 3 ng/mL Rapgef3 plasmid or Rapgef3 control plasmid for 72 h), n = 3 per group. Scale bar: 25 um.

(G and H) Safranin O staining and grading of mouse tibial plateau cartilage explants co-cultured with RAW264.7 superserum for 5 days (RAW264.7 treated with
20% elongation strain load with/without SIRapgef3 transfection for 24 h), n = 3 per group. Scale bar: 25 um.

*p < 0.05, *p < 0.01, **p < 0.001, ns not significant. Data are shown as means + SD. Statistical analysis was performed by unpaired t test (A, C, F, and H).

loading on synovium and cartilage, potentially contributing to
OA pathogenesis.

Recent evidence suggested that an imbalance in pro-inflamma-
tory/anti-inflammatory macrophages played a critical role in OA-
associated inflammation.'® Pro-inflammatory macrophages, but
not anti-inflammatory macrophages, accumulate in human and
mouse OA synovial tissue.>> We discovered that exogenous Rap-
gef3 enhances pro-inflammatory macrophages and affects the
metabolic balance of chondrocytes, ultimately exacerbating OA.

There is currently no definite conclusion on the role of Rapgef3
in inflammation. Rapgef3 deletion led to reduced retinal vascular
inflammation after retinal ischemia,?® but it has also been re-
ported that Rapgef3 deletion increased the retinal inflammatory
pathway in mice.*® These inconsistencies may be due to the fact
that different cell types can exhibit different expression patterns
and thus similar stimuli may produce opposite results. Our study
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found that in OA, administration of lentivirus that knocks down
Rapgef3 effectively reversed synovitis and partially prevented
cartilage destruction. Moreover, some studies have found that
Rapgef3 activated the NF-kB pathway that is closely associated
with macrophage polarization.?* Our intervention experiments in
macrophages and mouse joint synovial macrophages verified
this. These results indicated that Rapgef3 was an important
contributor to OA occurrence and development.

In conclusion, our findings demonstrate that excessive me-
chanical loading induces an upregulation of Rapgef3 expression
in synovial macrophages. This increased Rapgef3 expression
subsequently triggering the activation of the NF-«B pathway,
leading to polarization and inflammation of synovial macro-
phages, ultimately exacerbating OA. Lentiviruses that knock
down Rapgef3 can effectively reverse synovitis and chondro-
cyte degradation. Analyzing the interplay between Rapgef3,
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Figure 5. Inhibition of Rapgef3 reverses synovitis and cartilage lesions in mice

(A) H&E staining of knee synovial tissue from sham surgery and DMM mice treated for 4 weeks with a lentivirus vector that knocks down Rapgef3 (SI-Rapgef3).
Scale bar: 50 pm.

(B) Immunohistochemical staining for Rapgef3 in knee synovial tissue from sham surgery and DMM mice treated for 4 weeks with a lentivirus vector that knocks
down Rapgef3. Scale bar: 50 pm.

(C) Safranin O and Fast Green staining of knee cartilage from sham surgery and DMM mice treated for 4 weeks with a lentivirus vector that knocks down Rapgef3.
Scale bar: 50 pm.

(D) Synovitis score of the joint described in (A), n = 5 per group.

(E) Quantification of Rapgef3 in articular synovium described in (B), n = 5 per group.

(F) Osteoarthritis Research Society International (OARSI) grades for the joints described in (C), n = 5 per group.

(G) Immunofluorescence staining for MMP13 in knee cartilage tissue from sham surgery and DMM mice treated with a carrier, Rapgef3 lentivirus, for 4 weeks.
Scale bar: 25 pm.

(H) Immunohistochemical staining for COL2 in knee cartilage tissue from sham surgery and from DMM mice treated for 4 weeks with a lentivirus carrier that
knocks down Rapgef3. Scale bar: 50 um.

(I) Immunohistochemical staining for SOX9 in knee cartilage tissue from sham surgery and DMM mice treated for 4 weeks with a lentivirus carrier that knocks
down Rapgef3. Scale bar: 50 um.

(J) Quantification of MMP13 in articular cartilage described in (G), n = 5 per group.

(K) Quantification of COL2 in articular cartilage described in (H), n = 5 per group.

(L) Quantification of SOX9 in articular cartilage described in (l), n = 5 per group.

*p <0.05, **p < 0.01, **p < 0.001, ns not significant. Data are shown as means + SD. Statistical analysis was performed by unpaired ttest (D, E, F, J, K, and L). The
box area on the right is enlarged.

macrophages, and chondrocytes offers a new approach for
studying OA development. While clinical evidence supporting
the inhibition of Rapgef3 in OA is currently lacking, modulating
macrophage polarization may serve as a potential strategy to
delay OA progression.

Limitations of the study

This study has its limitations and provides a research direction
for the future. We found that culturing chondrocytes with super-
natant from macrophages that were loaded with 0.5 Hz and 20%
cyclic tensile strain affected the chondrocyte aging index (P21
increase), but culture of chondrocytes with supernatant from

macrophages that overexpressed Rapgef3 had no effect on
chondrocyte aging. Therefore, we hypothesized that chondro-
cyte aging may be regulated by other mediators. Despite these
limitations, this study reports for the first time that synovitis
induced by Rapgef3 under excessive mechanical loading further
affects chondrocytes and aggravates OA.
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Materials availability
This study did not generate new unique reagents.

Data and code availability

o RNA-seq data have been deposited at the GEO database and are pub-
licly available as of the date of publication. Accession numbers are listed
inthe key resources table. Original western blots are included in the sup-
plemental information. All other data reported in this paper will be
shared by the lead contact upon request.

e This paper does not report original code.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Rapgef3 Abclonal Cat#A4149; RRID: AB_2863197
Rabbit INOS Immunoway Cat# YT3169; RRID: N/A

Rabbit CD80 Abcam Cat#ab254579; RRID: AB_2943070
Rabbit CD206 Abcam Cat#ab64693; RRID: AB_1523910
Rabbit ARG 1 Abcam Cat# ab315110; RRID: AB_3096381
Rabbit MMP13 Affinity Biosciences Cat#AF5355; RRID: AB_2837840
Rabbit COL2 Abcam Cat# ab34712; RRID: AB_731688
Rabbit SOX9 Abclonal Cat#A19710; RRID: AB_2862748
Rabbit P21 Abcam Cat#ab109199; RRID: AB_10861551
Rabbit GADPH Abcam Cat#ab181603; RRID: AB_2687666
Mouse F4/80 Santa Cruz Cat# sc-377009; RRID: AB_2927461
Rabbit P65 CST Cat# C8242; RRID: N/A

Rabbit p-P65 CST Cat#C3033; RRID: N/A

Mouse Alexa Fluor 488
Rabbit Alexa Fluor 594

Life Technologies
Life Technologies

Cat#A-21202; RRID: AB_141607
Cat#A-11012; RRID: AB_2534079

Deposited data

GSE280230 GEO https://www.ncbi.nIm.nih.gov/geo/query/
acc.cgi?acc=GSE280230; GSE280230

Chemicals, peptides, and recombinant proteins

PBS powder Boster AR0186

TBS powder Boster AR0187

Neutral gum Biosharp Life Sciences BL704A

Goat serum Gibco R37624

Collagenase I Biosharp Life Sciences BS164

RIPA lysis buffer Boster AR0102

Protease inhibitors Boster Boster AR1182

Phosphatase inhibitors Boster Boster AR1183

DAPI reagent Boster Boster AR1176

4% polyformaldehyde Biosharp Life Sciences BL539A

RIPA lysis buffer Boster AR0102

ECL developer FUDE BIO FD8000

Fetal bovine serum Corning 35-081-CV

DMEM basic medium Corning 10-092-CVRC

1640 basic medium Corning 10-040-CVRC

Eosin dye Sigma 15086-94-9

Hematoxylin dye Sigma 517-28-2

Penicillin-streptomycin double resistance Hyclone SV30010

DNA transfection reagent -LipoFiter Thermo Fisher Scientific L3000075

Universal antibody diluent Biosharp Life Sciences BL1060A

Safranin O Stain Solution Solarbio Life Sciences G1067

Toluidine Blue Stain Solution Solarbio Life Sciences G3660

Universal antibody diluent Abcam ab79995

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

RAW246.7 Pricella CL-0190
Experimental models: Organisms/strains

C57BL/6J mouse GemPharmatech Strain NO.N000013

Oligonucleotides

GAPDH
Forward:AGGTCGGTGTGAACGGATTTG
Reverse:TGTAGACCATGTAGTTGAGGTCA

Rapgef3
Forward:AGCTGATCCATTATGTACTGGGC
Reverse:TGTAGACCATGTAGTTGAGGTCA

IONS
Forward:GTTCTCAGCCCAACAATACAAGA
Reverse:GTGGACGGGTCGATGTCAC

ARG
Forward:GCTTCCCAGGAGGTGTAGATG
Reverse:ATGTCGGTCGATTTGGTGAGA

Pcdhga10
Forward:AAATGTCGCCCCAGGAATG
Reverse:GCTCTGAACGACTAGGGAGAA

MMP12
Forward:GAGTCCAGCCACCAACATTAC
Reverse:GCGAAGTGGGTCAAAGACAG

Zfp91
Forward:GACCTCTATCTCTCGCCTTCG
Reverse:AAGGAGCCAGTCTTGGACCTA
Rgs8
Forward:GCAGGAACAAAGGCATGAGGA
Reverse:TGCTTCTTCCGTGGAGAGTCT

Ttyh1
Forward:CCGCGACCAAGAGTACCAG
Reverse:GAAGCGGATGAGGTAGACAGC

Sic22a4
Forward:CGTGACAGAGTGGAATCTGGT
Reverse:GAGAACGCCTACGAAGAACAG

Tnfsf8
Forward:GCAGCTACTTCTACCTCAGCA
Reverse:GCCATCTTCGTTCCATGACAGT

Spats2|
Forward:GCTGAACTCAACACTCATGTGA
Reverse:GCTGAACTCAACACTCATGTGA

GRCmM39
Forward:AGAGGATGTACGGCTGTGAC
Reverse:CACCTGCGTCGAGTGATCTG
MMP13
Forward:CTTCTTCTTGTTGAGCTGGACTC
Reverse:CTGTGGAGGTCACTGTAGACT
coL2
Forward:CTTAGGACAGAGAGAGAAGG
Reverse:ACTCTGGGTGGCAGAGTTTC
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TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnology
Co.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

TsingkeBiotechnologyCo.,Ltd.

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
SOX9 TsingkeBiotechnologyCo.,Ltd. N/A

Forward:GAGCCGGATCTGAAGAGGGA
Reverse:GCTTGACGTGTGGCTTGTTC

P21 TsingkeBiotechnologyCo.,Ltd. N/A
Forward:CCTGGTGATGTCCGACCTG

Reverse:CCATGAGCGCATCGCAATC

CD80 TsingkeBiotechnologyCo.,Ltd. N/A
Forward:ACCCCCAACATA ACTGAGTCT

Reverse:TTCCAACCAAGAGAAGCGAGG

CD206 TsingkeBiotechnologyCo.,Ltd. N/A
Forward:CTCTGTTCAGCTATTGGACGC

Reverse:CTCTGTTCAGCTATTGGACGC

Si-Rapgef3-1 TsingkeBiotechnology N/A
Forward:GCUCUUACCAGCUAGUGUU Co.,Ltd.

Reverse:AACACUAGCUGGUAAGAGC

Si-Rapgef3-2 TsingkeBiotechnologyCo.,Ltd. N/A

Forward:GAGAUGCCCGACUUAGCAA
Reverse:UUGCUAAGUCGGGCAUCUC

Si-Rapgef3-3 TsingkeBiotechnologyCo.,Ltd. N/A
Forward:GCAGGAACUGUGUUGUUCA
Reverse:UGAACAACACAGUUCCUGC

Si-Rapgef3-4 TsingkeBiotechnologyCo.,Ltd. N/A
Forward:CUACUCAGGAAGUUCAUCA
Reverse:UGAUGAACUUCCUGAGUAG

Software and algorithms

ImagedJ Version 1.53 National Institutes of Health https://www.nih.gov/
GraphPad Prism Version 8 GraphPad Software https://www.graphpad.com/
Adobe Photoshop 2022 Adobe https://www.downkuai.com/soft/148842.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

The source of human samples in this paper was approved by the Ethics Committee of the third affiliated Hospital of Southern Medical
University and carried out with the informed consent of patients. Eight of the samples were taken from normal synovium of road traffic
accident patients with no history of arthritis, whereas the other eight were taken from OA synovium of total knee arthroplasty patients,
which served as control and OA group respectively. All the patients were treated in the third affiliated Hospital of Southern Medical
University, and the sample collection was completed by the same person. Detailed information about the participants is provided in
Table S1.

Animals and OA model

All animals were purchased from the Experimental Animal Center of Southern Medical University (Guangzhou, China). All animal ex-
periments are approved by the Animal Care and Use Committee of the Southern Medical University Committee and are conducted in
accordance with the regulations of the Committee. The importation, transportation and captivity of the mice were performed accord-
ing to the recommendations of "Use of non-human primates in research". All mice are maintained according to institutional animal
care and use guidelines. Before the experiment, all animals were randomly assigned to three groups (n=5), and 10-week-old male
C57/BL6 mice were subjected to destabilization of the medial meniscus (DMM) surgery on the right knee to induce OA model.
The mice were anesthetized with pentobarbital by intraperitoneal injection prior to surgery. The NC group of mice was sham oper-
ation group. Following surgery, in DMM group, 5ug/5pL/week lentivirus (TsingKe, Beiding,China) with nonsense sequence was in-
jected into the right knee cavity. In the treatment group,Rapgef3-knockout siRNA lentiviral vector (TsingKe, Beiding,China) was in-
jected 5ug/5ul/ week into the right knee cavity (DMM+SI-Rapgef3). The mice were euthanized 4 weeks after operation, and the
specimens of right knee joint were collected. The Southern Medical University Animal Care and Use Committee approved all proced-
ures involving mice.
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Cells

Primary mouse chondrocytes were derived from the tibial plateau of 5-7 day-old C57/BL6 mice and cultured in Dulbecco modified
Eagle’s medium F12 (DMEM:F12) (Gibco, Carlsbad, CA,USA) containing 20% fetal bovine serum (Gibco) and 1% penicillin-strep-
tomycin at 37°C and 5%CO02. Mouse macrophage-like RAW246.7 cells (Pricella, CL-0190) in DMEM growth maintained at 10%
fetal bovine serum. Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) was used for plasmid transfection.The RNA
of the primary mouse chondrocytes transfected by Rapgef3 overexpression plasmid (1pg/ml, 1.5pg/ml, 3ug/ml, 5pug/ml) was
collected 48 hours after transfection (TsingKe, Beiding, China),Proteins of primary mouse chondrocytes transfected by Rapgef3
overexpression plasmid (3ug/ml) (TsingKe, Beiding, China) were obtained at 72 h. The RNA of RAW246.7 cells transfected by Rap-
gef3 overexpression plasmid (1pug/ml, 1.5pg/ml, 3pug/ml, 5ug/mi) (TsingKe, Beiding, China) or Rapgef3-siRNA (TsingKe, Beiding,
China) was collected 48 hours after transfection. Proteins of RAW246.7 cells transfected with Rapgef3 overexpression plasmid
(Bug/ml) or Rapgef3-SiRNA were obtained 72 hours after transfection. Regarding excessive mechanical loading, we applied the
method validated in our research group’s previous studies[40]. In brief, RAW246.7 cells of 60%-70% density were inoculated
onto a stretchable plate of fibrin-coated six-pore cells. A excessive mechanical loading cell model was induced in a 5%CO2 incu-
bator by applying a cyclic tensile strain of 20% elongation for 24h using the FLEXCELL-5000 mechanical tensile system. Control
cells were inoculated on the same plate and cultured without cyclic load-tensile strain. Primary bone marrow-derived macro-
phages were isolated from the bone marrow of 6-8-week-old C57 mice. The cells were inoculated in a six-hole petri dish (Corning,
New York, USA) and cultured in modified Eagle’s medium containing 37°C, 5% carbon dioxide, 10% fetal bovine serum, 100U/mL
penicillin and 100mg/mL streptomycin .The culture medium was changed every 3 days. Mouse macrophage colony stimulating
factor (RockyHill) was used to induce differentiation for 7 days at a concentration of 50ng/mL. Following incubation with
M-CSF, the cells differentiated into resting BMDM.

METHOD DETAILS

Cartilage explants

Tibial plateau explants were isolated from 3-week-old male C57 mice after euthanasia. The tibial platform was separated using eye
scissors at the position of the growth plate under the tibial platform, and other soft tissues such as synovium and muscle were
removed under the microscope.Before treatment, the explants were cultured in DMEM/F12 containing 20% fetal bovine serum in
a 96-well plate for 3 days (changing the medium every day). After 3 days, the activity of the explants was judged according to the
color change of the replaced medium. Then the explants were treated with 72-hour cell supernatant of RAW246.7 cells with trans-
fected plasmids OENC or OE-Rapgef3 and 24-hour cell supernatant of RAW246.7 cells transfected with NC, 20% stretch, or 20%
stretch with Rapgef3-siRNA, respectively, for 5 days (changing the medium daily).

Co-culture

RAW246.7 cells were treated with plasmid OENC or OE-Rapgef3 for 72 hours, and the supernatant was collected. RAW246.7 cells
were subjected to NC, 20% stretch or 20% stretch after transfection with lentivirus Rapgef3-siRNA for 24 hours, and the supernatant
was collected.This supernatant was co-cultured with primary chondrocytes in 6-well plates (1mL supernatant and 1mL DMEM/F12
containing 20% fetal bovine serum) for 72 hours. In addition, the supernatant and tibia-plateau explants were co-cultured in 96-well
plates (125uL supernatant and 125uL DMEM/F12 containing 20% fetal bovine serum) for 5 days.

Histological analysis

The knee joint was fixed with 4% paraformaldehyde for 24 hours, decalcified in 10% EDTA (pH=7.4) at 37°C for 21 days, and
embedded in paraffin wax.Slices of 4 um were used for hematoxylin and eosin (H&E) staining and Safranine O (Saf-O)/Fast green
staining.The severity of synovitis was assessed by two blind observers on the basis of increased cell layers in the resident sy-
novitis lining (1-3), resident cell density (1-3), and inflammatory infiltration (1-3), and the sum of the three scores (maximum site
score 9) was calculated, with a sum of 0 or 1 for no synovitis, a sum of 2-4 for mild synovitis, and a sum of 5-9 for severe sy-
novitis.®” The Saf-O/Fast green stained sections were assigned grades 0-6 by two blind observers to grade cartilage degrada-
tion based on the developed OARSI scoring system®®:0, normal cartilage; 0.5, Saf-O was slightly lost and no structural changes
occurred; 1, cartilage surface fibrosis without loss of cartilage area; 2. vertical cracks or defects on the surface of cartilage (hy-
aline cartilage); 3-6, the cartilage is vertically cracked or eroded to the deepest part of the cartilage < 25% (grade 3), 25-50%
(grade 4), 50-75% (grade 5) and >75% (grade 6). Saf-O/Fast green stained sections of cartilage explants were graded by two
blind observers based on the area of dye loss using a modified 6-point scale using a previously published system: 0, normal
explants; 1-3, affected the graft cartilage depth < 1/2 and affected the platform < 1/3(grade 1), 1/3-1/2 (grade 2), > 1/2 (grade
3) staining loss, respectively; 4-6, loss of staining with cartilage depth > 1/2 and involved platforms < 1/3(grade 4), 1/3-1/2
(grade 5), > 1/2 (grade 6).%°

e4  iScience 28, 112131, May 16, 2025



iScience ¢? CellPress
OPEN ACCESS

IHC/IF staining

For the preparation of 4 um by the above method, the slide was dewaxed, rehydrated, and washed in PBS three times for 5 minutes
each time. Antigen repair was performed by heating the slices in a water bath at 60°C and overnight in Tris/EDTA (pH=9.0). They were
subsequently returned to room temperature and washed in PBS.

For immunohistochemical staining (IHC), 3% hydrogen peroxide was added and left for 10 minutes to inactivate endogenous
peroxidase activity. After washing with PBS, it was closed with 1% goat serum (Solarbio, Beijing, China) at 37°C for 1 h and incubated
with primary antibody at 4°C for 12 h. After washing with PBS, the sections were incubated with species-matched horseradish perox-
idase-conjugated secondary antibodies (J Jackson ImmunoResearch Laboratories, West Grove,PA, USA) at room temperature for 1
hour, with 3, 3-diaminobenzidine (DAB) subsequently used to observe the chromogen, and hematoxylin for counterstaining and
finally sealed with neutral resin.

For immunofluorescence staining (IF), a secondary antibody conjugated with Alexa Fluor 488 or Alexa Fluor 594 (Life Technologies,
Carlsbad, CA,USA) was added and incubated at room temperature in the dark for 1 hour. IF sections were treated and sealed with a 4,
6-diaminidine 2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham, MA, USA) staining solution.

The following primary antibodies were used: rabbit anti-Rapgef3 (1:200 for IHC,1:300 for IF; Abclonal, Woburn, MA, USA, A4149),
rabbit anti-MMP13 (IF 1:500; Affinity Biosciences, AF 5355), rabbit COL2 resistance (IHC 1:200; Abcam, ab 34712), rabbit anti-SOX9
(IHC 1:200, Abclonal, A19170), rabbit anti-P-P65 (IF 1:50; CST, Danvers, MA, USA, 3033), mouse anti-F4/80 (IF 1:50; Santa Cruz, sc-
377009).

Cell IF staining

The processed RAW246.7 cells and BMDMs were treated with 4% paraformaldehyde to 15min, then then blocked the cells with 1%
sheep serum at 37°C for 30 minutes, and placed with the primary culture antibodys (in 1% BSA, 0.1% Triton X-100) at 4°C for 12
hours. Fluor 594 or Alexa Fluor 488 at room temperature for 1 hour in dark and the nuclei were labeled with DAPI. The following
primary antibodies were used: rabbit antibody Rapgef3(1; 100; Abclonal, Woburn, MA, USA, A4149), rabbit anti-INOS (1:100; Immu-
noway, Plano, TX, USA, YT3169), rabbit anti-CD80 (1:100; Abcam,ab254579), rabbit anti-CD206 (1:100; Abcam,ab64693), rabbit
anti-ARG (1:100; Abcam,ab315110).

Quantitative reverse transcription-polymerase chain reaction(RT-qPCR)

Total RNA was isolated from primary mouse chondrocytes and RAW246.7 cells using TRIzol reagent (Takara Bio Inc, Shiga, Japan).
Total RNA was purified with genomic (gDNA) remover, and 5x HiScript Il gRT Super-Mix Il (Vazyme Biotech, Nanjing, China) reverse
transcription cDNA. PCR was performed using 10 uL 2x ChamQ SYBR gPCR Master Mix (Vazyme) on a light cycler (Roche, Basel,
Switzerland) with the primers listed in key resources table.

Western blot analysis (WB)

RAW264.7 cells and primary chondrocytes cultured in six-well petri dish were lysed with 200uL radioimmunoprecipitation
assay (RIPA) buffer containing both phosphatase and protease inhibitors (Bey-time Institute of Biotechnology, Jiangsu, China).
Cell lysates were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to a nitrocellulose mem-
brane (Bio-Rad Corp, Hercules, CA, USA). After incubating with 5% buttermilk in 50mM Tris-buffered saline (TBS) containing 0.1%
Tween-20 (TBST) (pH 7.4) at room temperature for 1 hour, the membrane was further incubated with primary antibody diluted with
5%BSA TBST at 4° C for 12 hours. The membrane was washed with TBST three times (5 minutes each time) and incubated
with the secondary antibody (diluted with TBST at 1:4000) at room temperature for 1 hour.The target protein bands were
visualized by FDBIO-DURA ECL (FDbio science, Hangzhou, China). The following primary antibodies for WB were used: rabbit
antibody Rapgef3(1; 2000; Abclonal, Woburn, MA, USA, A4149), rabbit anti-INOS (1:1,000; Immunoway, Plano, TX, USA,
YT3169), rabbit anti-CD206 (1:1, 000; Abcam, ab64693), rabbit anti-GAPDH (1:10,000; Abcam, ab181603), rabbit resistance to
MMP13(1:2000; Affinity Biosciences, AF5355), rabbit COL2 resistance (1:1000; Abcam, ab34712), rabbit anti-SOX9 (1:2000; Ab-
clonal, A19170) for rabbit resistance to P65(1; 1000; CST,8242), rabbit resistance to p-P65 (1:1000; CST, Danvers, MA,
USA,3033).species-matched horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA).

Plasmid transfection and siRNA transfection
According to the manufacturer’s plan, lipofectamine 3000 (2.5 uL/mL) (Thermo Fisher Scientific) was used to compare the 3 pg/mL
Rapgef3 plasmid with the plasmid (TsingKe) were transfected into RAW264.7 cells and primary mouse chondrocytes and medium for
48 hours. A total of 50 nanomol siRapgef3 or siRapgef3 with C0535 LipoRNAI™ (2.5 uL/mL) (TsingKe) were transfected into normal
RAW 264.7 cells and RAW 264.7 cells with cyclic tensile strain of 20% elongation for 24 h. The cells are then treated with Trizol for
RNA analysis or RIPA for western blot analysis as described above.

The sequence of Rapgef3 overexpression plasmid was obtained from literature reading.“° Detailed information about the partic-
ipants is provided in key resources table.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted in two or three copies and were observed by independent observers. Adobe Photoshop 2021
was used for image processing, GraphPad Prism 8.0.2 was used for graph generation and statistical analysis. The specific statistical
analysis of all results is illustrated in the digital legend. The RNA sequencing data of RAW264.7 cells treated with 0.5 Hz and 0% cyclic
tensile strain and 0.5 Hz and 20% cyclic tensile strain were uploaded to dataset GSE280230. Between-group comparisons of nor-
mally distributed data were performed using a Student’s t-test. All statistical tests were two-tailed.

Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ns, p > 0.05. The statistical details of
all experiments can be found in the legend.
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