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Abstract Ubiquitination has important functions in osteoarthritis (OA), yet the mechanism
remains unclear. Here, we identify the regulator of G protein signaling 12 (RGS12) in macro-
phages, which promotes the association between ubiquitin and IkB during inflammation. We
also find that RGS12 promotes the degradation of IkB through enhancing the ubiquitination
whereas the process can be inhibited by MG132. Moreover, the increased ubiquitination further
inhibits the expression of MTAP, which can indirectly activate the phosphorylation of IkB.
Finally, due to the degradation of IkB, the NF-kB translocates into the nucleus and further pro-
motes the gene expression of cytokines such as IL1b, IL6, and TNFa during inflammation.
Importantly, RGS12 deficiency prevents ubiquitination and inflammation in surgically or chem-
ically induced OA. We conclude that the lack of RGS12 in macrophages interferes with the ubi-
quitination and degradation of IkB, thereby preventing inflammation and cartilage damage.
Our results provide evidence for the relevance of RGS12 in promoting inflammation and regu-
lating immune signaling.
Copyright ª 2022, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

Osteoarthritis (OA) is one of the most common bone-related
diseases in the world. The pathogenesis of OA results from a
complex interaction between cellular and inflammatory
factors.1,2 OA is morphologically characterized by a chronic
breakdown of cartilage and episodic synovitis.3 A number of
reports showed that synovial inflammation can be found in
both early and late stages in OA patients.4e6 Abundant
proinflammatory cytokines are the main reason for inflam-
mation and cartilage erosion found in the synovium of OA
patients.7,8 The infiltration and accumulation of macro-
phages in the synovial tissues are considered as a hallmark
of synovitis.7 Macrophages, as essential effectors of the
innate immune system, play a critical role in inflammation
and host defense.9 Activated macrophages can secrete
proinflammatory cytokines which are involved in inflam-
matory bone diseases such as OA.10

Ubiquitination exerts a critical role in regulating the pro-
cess of OA.11 Ubiquitination is a process that ubiquitin mole-
cules modify the targets to control protein stability, activity,
and function through an enzymatic reaction cascade.12

Ubiquitin itself is a highly conserved 76 amino acid poly-
peptide. The covalent attachment of ubiquitin to cellular
proteins occurs at lysine (K) residues.13 Ubiquitin contains
seven K residues that allow different poly-ubiquitin chains to
be created including K48 and K63 chains. It has been proved
that these chains play important roles in signal transduction
pathways, such as the NF-kB pathway.14 A large number of
ubiquitin E3 ligases and deubiquitylating enzymes have
recently been linked to inflammation responses. Several re-
ports indicated that ubiquitylation controls proximal signaling
induced by inflammatory cytokines, for example, tumor ne-
crosis factor (TNF), which increases endothelial permeability
and promotes tissue damage.15 Moreover, Marta Radwan
et al11 reported that inhibition of the 26S proteasome and
lysine-48 linked ubiquitination can inhibit OA.

The ubiquitin-proteasome system (UPS) plays a critical
role in the regulation of IkB degradation.16 IkB binds and
isolates NF-kB dimers to further inhibit the nuclear trans-
location of NF-kB and inflammatory signaling.17 As most
proteins are degraded via the UPS, IkB is modified by the
attachment of the small polypeptide ubiquitin. Finally,
additional ubiquitin polypeptides can be covalently
attached to the original ubiquitin to regulate the client
protein for proteasomal degradation.18

Regulators of G-protein signaling (RGS) proteins regulate
GTPase activating protein function as negativemodulators of
G-protein-coupled receptors.19 Among them, RGS12 was re-
ported to play pivotal roles in the inflammation process.20,21

RGS12 promotes macrophage activation and the release of
inflammatory factors in rheumatoid arthritis as an NF-kB
regulator.20 As the largest RGS protein, RGS12 involves in
several signaling pathways such as receptor tyrosine kinases
(RTKs), mitogen-activated protein kinases (MAPKs), G
protein-coupled receptors (GPCRs), and Ras GTPases.22,23

Moreover, RGS12 regulates post-modifications of multiple
proteins under physiological and pathological conditions.24

However, whether RGS12 regulates inflammatory diseases
like OA through controlling the ubiquitination of compo-
nent(s) in NF-kB is still unclear.

The aim of this study was to investigate the relationship
of macrophage RGS12 and ubiquitination in OA mouse
models and to identify novel targets of ubiquitination, all of
which may have potential therapeutic relevance in OA and
other inflammatory diseases.

Materials and methods

Animal

To generate macrophage lineage RGS12 conditional knock
out (cKO) mice, RGS12 fl/fl mice were crossed with mice
expressing Cre recombinase under the control of the lyso-
zyme 2 (Lyz2 or LysM)-promotor (LysM-Creþ). The LysM-
Creþ (wildtype, WT) and the LysM-Creþ; RGS12 fl/fl (cKO)
mice were littermates derived from the breeding of het-
erozygous animals. The animals were maintained under
specific pathogen-free conditions. All animal studies were
performed in accordance with institutional guidelines and
with approval by the Institutional Animal Care and Use
Committee (IACUC) of the University of Pennsylvania.

Cell culture

The macrophage cell line RAW 264.7 was obtained from the
American Type Culture Collection (TIB-71). Cells were
maintained in a complete growth medium (DMEM added
with 2 mM glutamine, 100 units/mL penicillin, 100 mg/mL
streptomycin, and 10% FBS).

Bone marrow macrophages (BMMs) from 8-week old WT
(LysM-Creþ) or RGS12 cKO (LysM-Creþ; RGS12 fl/fl) mice were
isolated from the femur and cultured for 6 days in BMMmedia
supplemented with 10% FBS, 5000 U/mL M-CSF, and 1%
penicillin and streptomycin as previously described.25

Anterior cruciate ligament transection (ACLT)

The OA model was created by transection of anterior cru-
ciate ligaments on the right knee joints of 8-week-old fe-
male mice.26,27 Briefly, the medial side of the joint was
opened, and the patella was dislocated laterally to expose
the femoral condyles after dissecting the soft tissue. The
anterior cruciate ligament was transected, and the tran-
section was confirmed by an anterior drawer test as pre-
viously described.26,27 The knee joints were harvested 4
weeks after ACLT surgery, and the OA pathogenesis was
analyzed by histological staining.

Collagenase-induced osteoarthritis (CIOA)

CIOA was induced as previously described.28 Briefly, mice
received an intra-articular injection of one unit of colla-
genase type VII (C0773, SigmaeAldrich, US) with saline on
days 0 and 2 to induce joint instability in the right knee.
The knee joints were harvested and processed for histo-
logical examination 4 weeks after CIOA.
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Histopathology analysis

To test the damage of cartilage, the sections from the knee
joints of 8-week old LysM-Creþ and RGS12 cKO mice with
ACLT or CIOA were stained with Safranin-O/light green.

The positive safranin O area was detected and analyzed
using Image J software (NIH, US) as previously described.29

The pathologic changes of knee joints were analyzed ac-
cording to OARSI score.30 Briefly, the following 0e4 sub-
jective scoring system was used in evaluating OA severity:
(0) no apparent changes; (1) loss of superficial zone in
articular cartilage; (2) defects limited above tidemark; (3)
defects extending to calcified cartilage; (4) exposure of
subchondral bone.

Liquid chromatography-tandem mass spectrometry
analysis

The LC-MS experiment was performed as described in the
previous study31 to compare the protein profiles in BMMs
from 8-week old WT and RGS12 cKO mice. A stringent set of
criteria including a low peptide and protein false discovery
rate (FDR) of <0.05 was used for protein identification.
Heat map visualizations were performed using the R Pack-
age cluster. The database for annotation, visualization, and
integrated discovery (DAVID) was utilized to perform gene
ontology (GO) enrichment analysis.

Quantitative real-time qPCR analysis

RNAs from synovial tissues or BMMs from 8-week old WT and
RGS12 cKO mice were extracted using Trizol reagent (Life
Technologies, USA) according to the manufacturer’s in-
structions. Then, 1 mg of RNA was reversely transcribed into
cDNA using the Reverse Transcription Kit (TAKARA, Japan).
Real-time PCR was performed with the reaction mixture
containing primers, the cDNA template, and SYBR Green
PCR Master Mix (Bimake, USA). The sequences of real-time
PCR primers were shown in Table S1.

Plasmid construction and transfection

RGS12 cDNA fragment (NM_173402.2) was cloned and
inserted into the p3xFLAG-Myc-CMV-26 backbone (pCMV-
RGS12) as previously described.20 Control (siCtrl, sc-37007)
and MTAP siRNAs (siMTAP, sc-60007) were purchased from
Santa Cruz. RAW264.7 cells or BMMs were seeded on 6-well
plates at 3 � 105 cells/well. Cells were transfected with
pCMV, pCMV-RGS12 plasmids, siCtrl or siMTAP by using the
Lipofectamine 3000 Transfection Reagent (L3000001,
ThermoFisher) for 24e48 h.

Immunoprecipitation (IP)

RAW264.7 cells were firstly lysed in NP-40 buffer supple-
mented with protein inhibitor cocktail (PIC) and phenyl-
methylsulfonyl fluoride (SigmaeAldrich, US). The major
methods were performed as described.32,33 Briefly, the ly-
sates of equal amounts of protein were incubated at room
temperature with primary antibodies mouse IgG (1:500, sc-
2025, Santa Cruz) and anti-ubiquitin (Ub) (1:500, sc-166553,
Santa Cruz) for 1 h and then with protein A/G beads over-
night, after which the beads were washed with PBST. Bound
proteins were solubilized in loading buffer for Western blot
analysis.

Western blot

Synovium or macrophages (BMMs or RAW264.7 cells) were
homogenized with RIPA (radioimmunoprecipitation assay)
buffer containing PIC (Protease Inhibitor Cocktails,
SigmaeAldrich, US) on ice. Nuclear and cytoplasmic pro-
teins were extracted using commercial reagents (2900,
Millipore, US) according to the manufacturer’s protocol.
Equal amounts of protein (30 mg) were denatured in SDS and
separated in 10% SDS-PAGE gels. Proteins were transferred
to NC membranes in transfer buffer containing 20% meth-
anol for 90 min. The membranes were blocked with 5% skim
milk, incubated with primary antibody overnight at 4 �C and
then incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibody (1:2,000, Jackson ImmunoR-
esearch, PA) at room temperature for 1 h. b-Actin (1:2000,
sc-47778, Santa Cruz) was used as the internal control. The
following primary antibodies were used: anti-RGS12
(1:1,000, GW21317, SigmaeAldrich), anti-ubiquitin (Ub)
(1:500, sc-166553, Santa Cruz), anti-Interleukin-1 (1:500,
sc-12742, Santa Cruz), anti-Interleukin-6 (1:500, sc-57315,
Santa Cruz), anti-TNFa (tumor necrosis factor alpha)
(1:1000, 60291-1-Ig, Proteintech), anti-MTAP (methyl-
thioadenosine phosphorylase) (1:500, sc-100782, Santa
Cruz), anti-IkBa (nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha) (1:1,000, 4814,
Cell Signaling Technology), and anti-Phospho IkBa (1:1,000,
2859, Cell Signaling Technology).

Immunofluorescence (IF)

The BMMs or RAW264.7 cells were fixed in 4% para-
formaldehyde for 20 min at room temperature, incubated
with NF-kB (p65) (1:200, 8242, Cell Signaling Technology)
and a-Tubulin (1:200, 66031-1-Ig, Proteintech, US) followed
by incubation with the donkey anti-rabbit IgG (H þ L) Alexa
Fluor 594 (1:500, A-21207, ThermoFisher) and the goat anti-
mouse IgG (H þ L) Alexa Fluor 488 (1:500, A28175, Ther-
moFisher). All images were visualized on a Leica micro-
scope and acquired at the same exposure time with Image J
software.

Statistical analysis

All data are expressed as the mean � S.E.M. Statistical
significance was determined by unpaired two-tailed Stu-
dent’s t-test. An analysis of variance test was first per-
formed to compare the mean values between groups, and
the StudenteNewmaneKeuls test was used to compare the
mean values between two conditions with GraphPad soft-
ware 7.0 (San Diego, CA, US). P-values less than 0.05 were
considered significant.
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Results

Ablation of RGS12 in macrophages does not affect
the cartilage development

The joint inflammatory environment is critical for the initi-
ation and aggregation of cartilage lesion.34 Macrophage
accumulation in proliferative synovial tissue is the common
feature of OA.35 RGS12 plays an important role in regulating
the cartilage homeostasis24 and the functions of macro-
phages.20,24 To identify whether RGS12 cKO in macrophages
affects the cartilage formation, macrophage-specific RGS12
cKOmicewere generated by crossing RGS12 floxedmicewith
LysM-Cre transgenic mice, which is predominantly active in
macrophages.36 In this setting, theCre recombinase removed
Figure 1 Ablation of RGS12 in macrophages does not affect the
mice. RGS12 genomic locus, the floxed RGS12 targeting allele, th
Exons are indicated by black boxes and numbered. Neo, neomycin
sequence. (B) Two-month-old female RGS12 cKO (LysM-Creþ; RGS
(LysM-Creþ) mice (n Z 10). (C) Measurement of body weight at 8 w
(P > 0.05). (D) Measurement of body length at 8 weeks shows no sign
derived from WT and RGS12 cKO were immunoblotted with an antib
***P < 0.001, vs. WT group, n Z 5. (F) Sagittal sections of the knee
Note that the Safranin O positive area showed no significant chang
IL1b, IL6, and TNFa in the cartilage tissue from WT and RGS12
means � SEM (n Z 5). ND: no difference (P > 0.05). (H) Gene expre
RGS12 KO mice. Data are reported as means � SEM (n Z 5). ND: n
exon 2 of the floxed RGS12 gene (Fig. 1A) in LysMþ cells. The
macrophage lineage RGS12 cKOmicewere viable and fertile.
The animals showed no difference in body weight and length
at 8 weeks between LysM-Creþ (wild-type, WT) and LysM-
Creþ; RGS12 fl/fl (cKO) mice (Fig. 1BeD). Loss of RGS12 pro-
tein from BMMs was confirmed by immunoblotting from the
RGS12 cKO mice (Fig. 1E). Nevertheless, loss of RGS12 in
macrophages did not affect the articular cartilage develop-
ment when assessed at the age of 8 weeks (Fig. 1F). The
mRNA level of pro-inflammatory factors such as IL1b, IL6, and
TNFa exhibited a mild decrease but no significance in syno-
vial tissues (Fig. 1G). Moreover, the mRNA level of cartilage
markersCol2 and Sox9did not showany significant changes in
synovial tissues (Fig. 1H). Thus, the loss of RGS12 in macro-
phages does not affect cartilage development.
cartilage development in mice. (A) Generation of RGS12 cKO
e LysM-Cre transgene, and the recombinant RGS12 cKO allele.
resistance gene; loxP, loxP sites; Cre, Cre recombinase coding
12 fl/fl) mice show no growth retardation in comparison to WT
eeks shows no significant change (n Z 10). ND: no difference
ificant change (nZ 10). ND: no difference (P > 0.05). (E) BMMs
ody against mouse RGS12. b-Actin was used as a loading control.
joint of WT and RGS12 cKO mice at the age of 8 weeks (n Z 10).
e. ND: no difference (P > 0.05). (G) Gene expression levels of
KO mice were measured by RT-qPCR. Data are reported as
ssion levels of Col2 and Sox9 in the cartilage tissue from WT and
o difference (P > 0.05).
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The loss of RGS12 in macrophages attenuates the
cartilage destruction and inflammation in OA
mouse models

To further explore the effect of RGS12 in OA, the surgical
OA model was created in 8-week old WT and RGS12 cKO
mice through the anterior cruciate ligament transection
(ACLT), and then mice were harvested at 4 weeks following
the ACLT. Histological analysis of OA was performed by
safranin O staining of the cartilage (Fig. 2A). The ACLT in
WT group resulted in cartilage destruction, massive pro-
teoglycan loss, and apparent hypocellularity compared to
the RGS12 cKO group (Fig. 2A). Quantitative analysis was
Figure 2 The loss of RGS12 in macrophages attenuates the car
Safranin O staining of the cartilage from WT and RGS12 cKO groups
cartilage OARIS scores were analyzed as depicted in (A). The data i
between WT and RGS12 cKO groups are indicated as **P < 0.01, ***P
detected by immunoblotting in synovial tissues lysis from (A). Quan
are represented as means � SEM. *P < 0.05, n Z 3. (E) Western b
tissues from (A). b-Actin was used as a loading control. (F) Quanti
represented as means � SEM. ***P < 0.001, n Z 3.
performed by evaluating the positive safranin area and the
Osteoarthritis Research Society International (OARSI)
score. The WT (ACLT) group showed a less positive safranin
area and higher OARSI score compared to RGS12 cKO (ACLT)
group (Fig. 2B, C). To further confirm the effect of RGS12 in
OA, we also conducted the collagenase induced osteoar-
thritis mouse models (CIOA) and found the loss of RGS12 in
macrophages (RGS12 cKO) attenuates the cartilage
destruction by indicating the more positive safranin area
and decreased OARSI score (Fig. S1A, B). Recently, the
UPS was proved to be involved in regulating inflammatory
diseases such as OA.11 To identify whether RGS12 is
involved in the regulation of ubiquitination, we extracted
tilage destruction and inflammation in OA mouse models. (A)

at 4 weeks post-surgery. (B, C) The safranin O positive area and
n the figures represent the mean � SEM. Significant differences
< 0.001, vs. WT group, nZ 5. (D) The ubiquitin (Ub) levels were
titative analysis of Ub level was depicted on the right. The data
lot analysis of the levels of IL1b, IL6, and TNFa in the synovial
tative analysis of the Western blots in Figure 1E. The data are
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the synovial tissues from the OA or CIOA models of WT and
RGS12 cKO mice and performed immunoblotting. As shown
in Figure 2D and S1C, RGS12 cKO resulted in a significant
reduction of ubiquitin protein levels in synovial tissues
(Fig. 2D, S1C). Moreover, the expression levels of the
proinflammatory factors including IL1b, IL6, and TNFa were
decreased in RGS12 cKO synovial tissues during OA (Fig. 2E,
F, S1).

RGS12 promotes ubiquitination and IkB degradation
in macrophages

To get further insights into the potential association, we
treated the RAW264.7 cells with LPS at indicated different
doses (Fig. 3A). We found that LPS upregulated the
expression levels of RGS12 and ubiquitin protein in a dose-
dependent manner (Fig. 3B, C).

To determine whether RGS12 regulates ubiquitin levels
in macrophages, we transfected the RAW264.7 cells with
pCMV (3 mg) and pCMV-RGS12 (3 mg) plasmids for 24 h. Then
the cells were incubated with MG132 for 12 h for Western
blot analysis (Fig. 3D). The results showed RGS12 over-
expression (OE) significantly enhanced the ubiquitin level in
macrophages which was significantly inhibited by MG132
(proteasome inhibitor) treatment (Fig. 3E, F). This sug-
gested that MG132 could suppress RGS12-induced
ubiquitination.

Ubiquitin targets IkB for degradation and then activates
NF-kB and its downstream signaling pathways.16 To further
explore the relationship between RGS12 and IkB, we per-
formed the IP experiments. The results showed the ubiq-
uitinated-IkB was significantly increased in RGS12 OE group
(Fig. 3G). Moreover, the total IkB levels were decreased in
the RGS12 OE group (Fig. 3H). These results indicated that
RGS12 promotes ubiquitination to degrade the IkB in
macrophages.

The loss of RGS12 inhibits ubiquitination and
promotes molecule metabolic process

To further understand the mechanism of RGS12, we
collected the BMMs from the WT and RGS12 cKO mice. We
first detected the ubiquitin level and found that was
significantly decreased in the RGS12 cKO BMMs in compar-
ison to WT (Fig. 4A). We then performed the liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-
based quantitative proteomics strategy to profile the dy-
namics in the global proteins in WT and RGS12 cKO BMMs
and identified the most significant up and down-regulated
proteins (Fig. S2 and Table S2). Within this dataset, we
identified 55 unique proteins that were significantly
changed in RGS12 cKO BMMs relative to control. Among
these proteins, 17 proteins were found up-regulated in
RGS12 cKO BMMs (Fig. 4B and Table S2).

Proteins were considered significantly changed if they
exceeded the empirically determined threshold set at
P < 0.05. To analyze the biological significance of these
changed proteins, we performed gene ontology (GO) anal-
ysis to identify the biological functions (Fig. 4C). The
analysis revealed several biological functions related to the
metabolic process that were impacted by RGS12 deletion
including purine-containing compound metabolic process,
small molecule metabolic process, nucleobase-containing
molecule metabolic process, and glycosyl compound
metabolic process (Fig. 4C). We identified the top 5 up-
regulated proteins including MTAP, AGPAT4, PPP1R14B,
KIF2A, and HINT1 in RGS12 cKO BMMs (Fig. 4D). MTAP can
phosphate the downstream MTA to further inhibit the IkB
activation.37 We found that the MTAP was increased and
pIkB was decreased in the RGS12 cKO BMMs by immuno-
blotting assay (Fig. 4E, F). To determine the relationship
between RGS12 and MTAP, we overexpressed the RGS12 in
RAW264.7 cells and found RGS12 decreases the protein
levels of MTAP but does not affect its transcriptional
expression (Fig. 4G, H). We then performed the IP experi-
ments to further explore whether RGS12 affects MTAP
degradation (Fig. 4I). The results showed the ubiquitinated-
MTAP was significantly increased in RGS12 OE group
(Fig. 4I). These results indicated that RGS12 also promotes
the degradation of MTAP through ubiquitination in macro-
phages. To further determine whether MTAP regulates the
activation of NF-kB signaling under inflammatory condi-
tions, BMMs were transfected with MTAP siRNAs and then
treated with LPS for 24 h to knock down MTAP (Fig. 4J). We
found that the knockdown of MTAP further promoted the
expressions of pIkB and pNF-kB under inflammatory condi-
tions (Fig. 4K).
MG132 inhibits the activation of NF-kB caused by
RGS12

RGS12 is increased and promotes the activation of NF-kB in
macrophages under inflammatory conditions.20 Under
normal conditions, we found the loss of RGS12 in BMMs only
mildly decreases the expressions of pIkB and pNF-kB, the
nuclear translocation activity of NF-kB, and the expressions
of proinflammatory cytokines (Fig. S3, P > 0.05). However,
the loss of RGS12 in BMM significantly reduced the expres-
sion levels of Ub levels, pIkB and pNF-kB, IL1b, and IL6 after
stimulating the cells with LPS for 24 h (Fig. S4).

To determine whether MG132 inhibits the RGS12-
induced activation of IkB and NF-kB, we transfected the
BMMs with pCMV or pCMV-RGS12 for 24 h and treated the
cells with MG132 for 12 h (Fig. 5A). The results showed
MG132 could inhibit pIkB/pNF-kB expression and IkB
degradation (Fig. 5A, B). IkB degradation promotes the
nuclear translocation of NF-kB (p65). In comparison to
control, the NF-kB translocates into the nucleus in RGS12
OE macrophages (Fig. 5CeE). However, MG132 inhibits the
nuclear translocation of NF-kB (p65) caused by the RGS12
OE (Fig. 5CeE). We further confirmed the nuclear trans-
location of NF-kB in control, RGS12 OE, and RGS12 OE with
MG132 conditions by Western blot analysis (Fig. 5F, G).
Consistently, RGS12 OE promotes the nuclear trans-
location of NF-kB (p65) whereas MG132 can inhibit NF-kB
translocation caused by RGS12 OE (Fig. 5F, G). Moreover,
by analyzing the downstream genes of NF-kB such as IL1b,
IL6, and TNFa, we found that MG132 inhibits IL1b, IL6 and
TNFa mRNA expression caused by RGS12 OE in macro-
phages (Fig. 5H). These results suggest that MG132 blocks
the activation of NF-kB (p65) signaling pathways induced
by RGS12.



Figure 3 RGS12 promotes ubiquitination and IkB degradation in macrophages. (A) Increased levels of ubiquitin (Ub) and RGS12 in
LPS-treated macrophages. Protein expression levels of Ub and RGS12 following treatment of LPS with different doses (0, 0.5, 1, and
2 mg/mL) in RAW264.7 cells for 24 h. (B) Quantitative analysis of RGS12 level in (A). b-Actin as an internal control. Data are
mean � SEM. **P < 0.01, ***P < 0.001 versus RGS12 fl/fl group, (n Z 3). (C) Quantitative analysis of Ub level in (A). b-Actin as an
internal control. Data are mean � SEM. **P < 0.01, ***P < 0.001 versus control group (LPS, 0 mg/mL). The representative of three
experiments. (D) RAW264.7 cells were transfected with pCMV control and pCMV-RGS12 plasmids (RGS12 OE) for 24 h. Then the cells
were treated with PBS and MG132 (10 mm) for 12 h. The Ub and RGS12 protein levels were detected by Western blot. (E) The RGS12
protein level was quantitatively analyzed as depicted in (D). ***P < 0.001 versus Control group (pCMV OE), (n Z 3). (F) The Ub
protein level was quantitatively analyzed as depicted in (D). b-Actin as an internal control. Note that RGS12 increases the Ub levels
while MG132 could inhibit this process. Data are mean � SEM. **P < 0.01 and ***P < 0.001, n Z 3. (G) RGS12 promotes the
interaction of Ub and IkB in macrophages. The RAW264.7 cells were transfected with pCMV or pCMV-RGS12 plasmids for 48 h with
Lipofectamine 3000 (ThermoFisher, US). The cell lysates of macrophages were incubated with anti-Ub or control immunoglobulin G
(IgG) antibody, and bound protein was examined by Western blotting with the corresponding antibodies. The level of Ub associated
IkB (Ub-IkB) was analyzed in the right panel. Note that the overexpression of RGS12 can promote the combination of Ub and IkB.
***P < 0.001 versus pCMV group, (n Z 3). (H) RAW264.7 cells were transfected with pCMV control and pCMV-RGS12 plasmids (RGS12
OE) for 48 h. The IkB protein levels were detected by Western blot. Note that the overexpression of RGS12 enhances the degra-
dation of IkB in macrophages. ***P < 0.001 versus pCMV group, (n Z 3).
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Discussion

The pathogenesis of OA is associated with mechanical, in-
flammatory and metabolic factors, which finally leads to
structural destruction.3 New insights indicated that syno-
vial macrophages have a large impact on the pathogenesis
of OA.7 O’Brien et al38 reported that more macrophages are
showed in the early stages of synovial OA than in the late
stages. They also discovered that MSCs and macrophages
are spatially closer to each other in normal joints than in OA
cases.38 Our study also found that ablation of RGS12 in
macrophages can protect the cartilage destruction in OA by



Figure 4 The loss of RGS12 inhibits ubiquitination and promotes molecule metabolic process. (A) Immunoblot showed the Ub
protein in WT and RGS12 cKO BMMs. Quantitative data showed the relative levels of Ub. A t test showed significant differences
between the two groups, **P < 0.01 versus WT. Data are representative of three separate experiments. (B) Heatmap depicting the
proteins which were up-regulated in RGS12 KO BMMs as compared to control cells. Optimized cutoff thresholds for significantly
altered proteins was set at 1.3 log2-transformed ratios and P < 0.05, (n Z 3). (C) Gene ontology (GO) enrichment analysis to
identify biological processes corresponding to the significantly altered proteins. The percentage of significant biological processes
was shown in the pie chart with various colors. (D) Heatmap and bar graph depicting the top 5 significant up-regulated proteins as
depicted in (B). (E) Immunoblot showed the MTAP, pIkB, IkB, and b-Actin protein levels in WT and RGS12 cKO BMMs. (F) Quantitative
data showed the MTAP and pIkB expression as depicted in (E). A t test showed significant differences between the two groups,
**P < 0.001 versus WT. Data are representative of three separate experiments. (G) RAW264.7 cells were transfected with pCMV
control and pCMV-RGS12 plasmids (RGS12 OE) for 48 h. The MTAP protein levels were detected by Western blot. Note that the
overexpression of RGS12 promotes the degradation of MTAP in macrophages. ***P < 0.001 versus pCMV group, (n Z 3). (H) Gene
expression levels of MTAP in the macrophages as described in (G). Data are reported as means � SEM (n Z 5). (I) RAW264.7 cells
were transfected with pCMV or pCMV-RGS12 plasmids for 48 h with Lipofectamine 3000 (ThermoFisher, US). The cell lysates of those
cells were incubated with anti-Ub or control immunoglobulin G (IgG) antibody, and bound protein was examined by Western
blotting with the corresponding antibodies. The level of Ub associated MTAP (Ub-MTAP) was analyzed. Note that the overexpression
of RGS12 enhanced the combination of Ub and MTAP. ***P < 0.001 versus pCMV group, (n Z 3). (J) The BMMs from WT mice were
transfected with siCtrl and siMTAP for 24 h and treated with LPS (1 mg/mL) for 24 h. The MTAP protein level was determined by
Western blot. Quantitative analysis of the MTAP level was shown on the right panel. The data are represented as means � SEM.
***P < 0.001, n Z 3. (K) The levels of pIkB, IkB, pNF-kB, and NF-kB in BMM lysis were detected by immunoblotting as described in
(J). Quantitative analyses were shown on the right panel. Note that reduced MTAP enhanced the expression of pNF-kB and pIkB.
***P < 0.001, n Z 3.
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Figure 5 MG132 inhibits the activation of NF-kB caused by RGS12. (A) BMMs were transfected with pCMV-RGS12 or pCMV control
for 48 h and treated with MG132 for 12 h. The protein levels of pIkB, IkB, pNF-kB, NF-kB, and b-Actin were measured by immu-
noblotting assay. (B) The ratio of pIkB/IkB, pNF-kB/NF-kB, and IkB/b-Actin in (A) were calculated. b-Actin as an internal control.
Note that the MG132 could inhibit the pIkB and pNF-kB activation induced by RGS12 in macrophages. Data are mean � SEM.
***P < 0.001 and **P < 0.01 versus WT group, (n Z 3). (C, D) The RAW264.7 cells were transfected with pCMV (Control) (C) and
pCMV-RGS12 (RGS12 OE) (D) for 24 h. Immunofluorescence showing that the nuclear translocation of NF-kB (p65) in control and
RGS12 OE group (Red, NF-kB (p65); Green, a-Tubulin; Blue, DAPI; bar Z 5 mm). Parts of the whole table showed the location of NF-
kB (Blue, nucleus and cytoplasm, green, cytoplasm only and purple, nucleus only). (E) The RAW264.7 cells were transfected with
pCMV-RGS12 (RGS12 OE) and added MG132 for 24 h. Immunofluorescence showing that the nuclear translocation of NF-kB (p65) in
RGS12 OE with MG132 group (Red, NF-kB (p65); Green, a-Tubulin; Blue, DAPI; barZ 5 mm). The pie chart table showed the location
of NF-kB (Blue: nucleus and cytoplasm, green: cytoplasm only and purple: nucleus only). (F, G) The RAW264.7 cells were trans-
fected with pCMV (Control) or pCMV-RGS12 (RGS12 OE) with or without MG132 for 24 h. Immunoblots showing the expression of NF-
kB in the nucleus and cytoplasm. Data are mean � SEM. ***P < 0.001, **P < 0.01, and *P < 0.05, (n Z 3). (H) Real-time PCR analysis
for the expression of TNFa, IL6, and IL1b in Control, RGS12 OE and RGS12 OE þ MG132 groups as depicted in (F). Data are presented
as the mean � SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group (n Z 5).
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inhibiting the expression of proinflammatory factors such as
IL1b, IL6, and TNFa. These findings suggest that RGS12
regulation in macrophages plays important role in OA
pathogenesis and RGS12 may be a promising target for
future therapeutic advances.

The ubiquitin-proteasome pathway plays a pivotal role in
the pathways of NF-kB.16 Ubiquitin is first activated by a
ubiquitin-activating enzyme (E1) and then transferred to a
ubiquitin-conjugating enzyme (E2 or Ubc). Finally, in the
presence of a ubiquitin-protein ligase (E3), ubiquitin is
attached to a target protein to promote protein degradation.
Upon stimulation, IkB is phosphorylated and subsequently
ubiquitinated and degraded by 26S proteasome, thus allowing
NF-kB to translocate to the nucleus, where it regulates the
expression of a plethora of genes.39 Interestingly, it has been
shown that IL-1-induced NF-kB activation is dependent on
Ubc13, which is highly specific in synthesizing K63-linked
polyubiquitin.40 In our study, we found RGS12 could affect
the LPS induced ubiquitination and IkB degradation. Forced
expression of RGS12 in macrophages can promote ubiquiti-
nation and NF-kB activation. Moreover, we found that MG132
could specifically inhibit the increase of ubiquitin caused by
RGS12 in themacrophages.MG132was reportedtoprotect the
cartilage from cytokine-mediated resorption and degradation
in DMM-induced OA mice.11 Inhibition of the lysine-48 linked
ubiquitination is a proved protection against murine OA.
Similarly, our study showed thatMG132could inhibit theNF-kB
nuclear translocation caused by RGS12, and then further
Figure 6 Proposed model of RGS12 regulation of inflamma-
tion via enhancing the ubiquitination. Under inflammatory
conditions such as OA, RGS12 promotes the degradation of IkB
through enhancing the ubiquitination whereas the process can
be inhibited by MG132. Moreover, the increased ubiquitination
further degrades the MTAP protein, which can indirectly acti-
vate the phosphorylation of IkB. Finally, due to the degradation
of IkB, the NF-kB translocates into the nucleus and further
promotes the gene expression of cytokines such as IL1b, IL6,
and TNFa during inflammation.
inhibit theexpressions of inflammatorycytokines suchas IL1b,
IL6, and TNFa.

Interestingly, we also found that the loss of RGS12 in
macrophages depicted the decreased ubiquitination while
increasing the proteins related to molecular metabolism
such as MTAP. Moreover, the forced expression of RGS12
drives the degradation of MTAP in macrophages. Suppor-
tively, Georgi Kirovski reported that the downregulation of
MTAP can promote IL-8 and MMP1 expression and activate
the NF-kB signaling.37 Similarly, we found the knockdown of
MTAP can promote the NF-kB and pIkB expressions in BMMs
under inflammatory conditions. These results demonstrated
that RGS12 promotes NF-kB expression and activation
through the degradation of MTAP. As the largest RGS pro-
tein, RGS12 contains PDZ, PTB, RGS, RBD1/2, and GoLoco
motif that may act as a scaffold to associate with ubiquitin-
activating enzyme or ubiquitin-protein ligase. Thus, our
future study will focus on studying the potential ubiquitin-
activating enzyme(s) that are regulated by RGS12.

In summary, the findings of this study provide new evi-
dence that RGS12 in macrophages acts as a ubiquitination
enhancer to promote OA. During inflammation, RGS12
promotes ubiquitination and IkB degradation which further
activates the nuclear translocation of NF-kB. However,
deficiency of RGS12 in macrophages inhibits ubiquitination
and activates MTAP to inhibit the degradation of IkB and
finally inhibits the OA (Fig. 6). Therefore, this study pro-
vides the first evidence that RGS12 may become a potential
target for the treatment of OA.
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