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Synovial fibroblasts are the active and aggressive drivers in the
progression of arthritis, but the cellular and molecular me-
chanisms remain unknown. Here, our results showed that
regulator of G protein signaling 12 (RGS12) maintained
ciliogenesis in synovial fibroblasts, which is critical for the
development of inflammatory arthritis. Deletion of RGS12
led to a significant decrease in ciliogenesis, adhesion, migra-
tion, and secretion of synovial fibroblasts. Mechanistically,
RGS12 overexpression in synovial fibroblasts increased the
length and number of cilia but decreased the protein level of ki-
nesin family member 2A (KIF2A). The results of LC-MS ana-
lyses showed that RGS12 interacted with MYC binding protein
2 to enhance its ubiquitination activity, through which the
KIF2A protein was degraded in synovial fibroblasts. Moreover,
overexpression of KIF2A blocked the increases in cilia length
and number. Mice with RGS12 deficiency or treatment of
RGS12 shRNA nanoparticles significantly decreased the clin-
ical score, paw swelling, synovitis, and cartilage destruction
during inflammatory arthritis by inhibiting the activation of
synovial fibroblasts. Therefore, this study provides evidence
that RGS12 activates synovial fibroblasts’ pathological function
via promoting MCYBP2-mediated degradation of KIF2A and
ciliogenesis. Our data suggest that RGS12 may be a potential
drug target for the treatment of inflammatory arthritis.

INTRODUCTION

Inflammatory arthritis is characterized by synovial hyperplasia, artic-
ular inflammation, and invasion of the synovium into the adjacent
cartilage and bone." Numerous different cells, including synovial
fibroblasts, macrophages, B lymphocytes, T lymphocytes, chon-
drocytes, and osteoclasts, contribute to the destructive process of
arthritis.” Accumulated studies indicate that activated synovial fibro-
blasts are one of the most important players in the development of
inflammatory arthritis.” Synovial fibroblasts predominantly
contribute to the progression of arthritis by attaching to, invading
into, and degrading cartilage and bone.””

One important characteristic of synovial fibroblasts often noted is the
presence of a primary cilium.*” Primary cilia are non-motile and an-
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tenna-like structures that play key roles in sensory functions, cell cycle
mediation, neurogenesis, and skeletal development.'® Ciliopathies,
rare recessive human disorders, include mental retardation, obesity,
and various developmental malformations and are caused by mal-
functions in ciliary proteins (e.g., kinesin family member protein
2A [KIF2A]) localized to cilia and ciliary basal bodies.""'? Genetic ex-
periments have revealed that cilia are required for mediating inflam-
matory signaling.” Primary cilia have been reported to contribute to
interleukin-1pB-induced nuclear factor kB signaling by mediating
IKK activity and controlling the inflammatory response.'’ However,
whether primary cilia involve in the pathogenesis of inflammatory
arthritis remains unknown.

Regulator of G protein signaling (RGS) proteins have important func-
tions in innate and adaptive immunity.'* RGS1 is upregulated in
vascular inflammation, which further promotes leukocyte accumula-
tion."” Interestingly, RGS21 and RGS18 have been revealed to regu-
late cilia function,'® while RGS18 controls the development of cilia
in hair cells.'” As the multifunctional RGS protein, RGS12 is involved
in various human diseases, including bone defects and oral cancer, by
regulating post-translational modifications such as phosphorylation,
ubiquitination, and SUMOylation."®"® Functional genomic screen
data by Kim et al.** showed that RGS12 is a positive regulator of cilio-
genesis in human retinal pigmented epithelium cells. However, the
function and mechanism of RGS12 in regulating ciliogenesis and im-
mune diseases remain undefined.

In this study, we investigated the critical roles and mechanisms of
RGS12 in regulation of cilia, the synovium tissues and synovial fibro-
blasts by using CAG-CreER; RGS12"" mice. Our data demonstrated
that RGS12 plays a critical role in activating synovial fibroblasts by
enhancing ciliogenesis, which in turn triggers arthritis.
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RESULTS

RGS12 expression and ciliogenesis are increased in the synovial
fibroblasts of inflammatory arthritis mice

The synovium is the primary site of inflammatory arthritis. To deter-
mine the biological functions of the synovium in inflammatory
arthritis, we created the collagen antibody-induced arthritis (CAIA)
mouse models by injecting a specific combination of monoclonal an-
tibodies (mAb cocktail). We found that the CAIA mice demonstrated
severe ankle swelling (Figure 1A), swollen synovium, and bone
erosion (Figure 1B) by morphological and histological observations.
Additionally, the synovitis score and the cartilage destruction score
were significantly increased in CAIA mice compared with those in
the control mice (Figure 1C). We also found synovitis marker genes
including IL18, IL6, MMPI, and MMP3 were significantly increased
in the synovium of CAIA mice (Figure S1). To determine whether
RGS12 in synovial fibroblasts plays a role in inflammatory arthritis,
we performed the immunofluorescence in synovial tissues. The re-
sults showed that RGS12 is significantly increased in synovium and
synovial fibroblasts in CAIA mice (Figure 1D). Interestingly, in the
synovium of CAIA mice, we found that the cilia length was signifi-
cantly increased in synovial fibroblasts (Figure 1E).

Ablation of RGS12 inhibits the development of inflammatory
arthritis by prohibiting ciliogenesis and inflammatory cytokines
and enzymes in synovial fibroblasts

To determine the functions of RGS12 in vivo, we crossed mice with a
floxed RGS12 allele with CAG-CreER mice to create the inducible
CAG-CreER; RGS1271 (RGS12 knockout [KO]) mice. Cre recombi-
nase expression was induced by tamoxifen to delete the RGS12 gene
in mice (Figure 2A). Deficiency of RGS12 in the synovium of RGS12
KO mice was confirmed by immunoblotting after tamoxifen induc-
tion for 5 consecutive days (Figure 2B). To determine the role of
RGS12 in inflammatory arthritis, we induced the CAIA models in
control (CAG-CreER) and RGS12 KO mice by intraperitoneal injec-
tion of mAD cocktails on day 0 and sacrificed the mice on day 9 (Fig-
ure 2C). The ankles of RGS12 KO mice showed less hypertrophy than
control mice with arthritis (Figure 2D). The ankle width and clinical
score of RGS12 KO mice were significantly lower than those of con-
trol mice with arthritis (Figures 2E and 2F), but the mean weight
showed no difference between the two groups (Figure 2G). Moreover,
the histological results showed that the synovitis score and cartilage
destruction score were decreased in RGS12 KO mice with CAIA (Fig-
ure 2H). The IL1P and IL6 protein levels in inflamed synovium were
also decreased in RGS12 KO mice with CAIA in comparison with the
control group (Figure 2I).

To study the functions of synovial fibroblasts in arthritis, we isolated
primary synovial fibroblasts from the ankle synovium of control and
RGS12 KO mice with CAIA (Figure 2J). To determine whether
RGS12 is a key regulator of cilia, we analyzed the Genome RNAi
database  (http://www.genomernai.org/v17/genedetails/6002) and
found the knockdown of RGS12 resulted in the reduction of cilia
length, which suggests that RGS12 is a critical regulator of cilia for-
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mation (Table S1). As expected, we found that the loss of RGS12
significantly decreased the cilia lengths and ciliated cell numbers
in synovial fibroblasts from RGS12 KO mice with CAIA compared
with control mice (Figure 2J). Moreover, the levels of synovitis
marker genes, including IL6, IL13, MMPI, and MMP3, were signif-
icantly decreased in RGS12 KO mice with CAIA compared with
control groups (Figure 2K).

RGS12 regulates the ciliogenesis, migration, attachment, and
activation of synovial fibroblasts

To identify the function of RGS12 in synovial fibroblasts, we stably
transfected porcine cytomegalovirus (pCMV)-RGS12 plasmids
(RGS12 overexpression [RGS12 OE]) into primary synovial fibro-
blasts. The synovial fibroblasts with deficient RGS12 were harvested
from the RGS12 KO mice and confirmed the loss of protein expres-
sion by immunoblotting (Figure S2). By analyzing the feature of cilia
via immunofluorescence, we found that RGS12 OE increased cilia
length, whereas RGS12 KO decreased the cilia length in synovial fi-
broblasts (Figure 3A). Previous studies showed that cilia mainly affect
cell adhesion.”"** To further understand whether RGS12 contributes
to cell adhesion, which causes the phenotypic abnormalities, a plastic
adhesion assay was performed in RGS12 OE and KO synovial fibro-
blasts. The results showed that synovial fibroblasts with RGS12 OE
mostly adhered to tissue culture plastic; however, synovial fibroblasts
with RGS12 KO poorly adhered and expanded on tissue culture plates
(Figure 3B). Moreover, the flipping assay showed enhanced synovial
fibroblasts-chondrocytes adhesion in RGS12 OE group but decreased
adhesion with the RGS12-deficient group compared with the control
group (Figure 3C). Given that synovial fibroblasts play a role in
arthritis pathogenesis through aggressive migration,” we examined
the migration of synovial fibroblasts using a Boyden chamber assay.
As shown in Figure 3D, the number of migrated synovial fibroblasts
was increased by approximately 1.9-fold in the RGS12 OE group, but
decreased by 46% in the RGS12 KO group compared with the control
group. To evaluate cell proliferation, we then performed a WST-1
assay and found that synovial fibroblast proliferation was not signif-
icantly changed after RGS12 OE or KO compared with that in control
synovial fibroblasts (Figure 3E). Furthermore, we found the levels of
the synovial fibroblast markers IL6, IL13, MMPI1, and MMP3 were
increased in RGS12 OE, but slightly decreased without statistical dif-
ference in RGS12 KO synovial fibroblasts compared with those in the
control group (Figure 3F). Consistently, we also confirmed the func-
tions of RGS12 in human synovial cells (SW982 cells) and found that
the RGS12 OE promoted the human synovial fibroblast attachment
(Figure S3A), migration (Figure S3B), and activation evidenced by
significantly increased MMPI and MMP3 expression (Figure S3D).
Moreover, the results from WST-1 assay for cell proliferation analysis
showed that RGS12 OE did not affect human synovial cell prolifera-
tion (Figure S3C).

RGS12 drives the ciliogenesis by promoting the degradation of
KIF2A
Since fibroblasts originate from and share the most features of bone

marrow cells,”** we further analyzed the protein profiles from
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Figure 1. RGS12 expression and ciliogenesis increased in the synovial fibroblasts from inflammatory arthritis mice

(A-C) CAIA mouse models were induced in C57BL/6 mice by injecting 5 mg mAb mixture for 9 days (Chondrex #53100). (A) Photographs of representative hind-paws from
the control (Ctrl) and CAIA mouse models. (B) Hematoxylin and eosin staining of synovial tissues from Ctrl and CAIA mice. B, bone area; S, synovium. Scale bar, 200 um. (C)
Synovitis score and cartilage damage score were evaluated in (B). The data are expressed as the means + standard error of the mean (n = 10; ***p < 0.001). (D) THY1 and
RGS12 showed colocalization in synovium from the Ctrl and CAIA mice. White arrows indicated the RGS12 in THY 1" cells. Scale bar, 25 um. The quantitative data of the
relative intensity of RGS12 (top) and the relative intensity of RGS12 per THY1* cell (bottom). The data are expressed as the means + standard error of the mean (n = 5;
***p < 0.001). (E) The primary cilia of synovial fibroblasts from Ctrl and CAIA mice were stained by immunofluorescent assay (green, Ac-Tubulin; red, ARL13b; blue, THY1;
scale bar, 10 um). The quantitative data showed the cilia length (n = 10; **p < 0.001).
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control and RGS12 KO bone marrow cells by liquid chromatography/
mass spectrometry (LC-MS) and identified the top 5 upregulated and
downregulated proteins (Figure 4A). Given that RGS12 plays a critical
role in ciliogenesis, we then performed a Venn analysis to identify the
overlapping proteins between the LC-MS results and CiliaCarta data-
base (Figure 4B).*® We discovered the five ciliary proteins with the
most significant expression changes and found that KIF2A was the
most upregulated protein (p < 0.05) after the ablation of RGS12 in
bone marrow cells (Figure 4C). To further confirm the role of
KIF2A in the regulation of cilia formation in fibroblasts, pCMV-
KIF2A was stably transfected into the mouse primary synovial
fibroblasts, we found that the forced expression of KIF2A impaired
ciliogenesis (Figure S4). To determine the relationship between
RGS12 and KIF2A in synovial fibroblasts, we examined the expres-
sion of KIF2A by immunoblotting in RGS12 KO and OE synovial fi-
broblasts. Consistent with the LC-MS data, the KIF2A level was
increased in RGS12 KO, but decreased in RGS12 OE synovial fibro-
blasts (Figure 4D). However, we found RGS12 neither binds to
KIF2A nor regulates the transcription levels of KIF2A (Figure S5).
Since RGS12 is a critical ubiquitination or SUMOylation regulator
when it is activated,"® we performed co-immunoprecipitation to iden-
tify whether RGS12 regulates KIF2A degradation through ubiquitina-
tion. Most interestingly, RGS12 OE not only increased the level of
ubiquitin (Ub), but also promoted the combination of Ub and
KIF2A in synovial fibroblasts (Figure 4E). To further determine
whether KIF2A can inhibit ciliogenesis caused by RGS12, RGS12
OE, and KIF2A OE or control plasmids were co-transfected into sy-
novial fibroblasts. We found that the overexpression of KIF2A
partially restored the inhibition of ciliogenesis, even in the presence
of RGS12 (Figures 4F and 4G).

RGS12 promotes the degradation of KIF2A by enhancing the
association of KIF2A-MYCBP2

To gain further insight into the relationship between RGS12 and
KIF2A, we performed co-immunoprecipitation to pull down the
RGS12 binding proteins and analyzed them by LC-MS (Figure 5A).
After performing a Reactome analysis, we confirmed that
SUMOylation and ubiquitination signaling play major roles in
RGS12 binding proteins (Table S2). These Ub-related proteins were

further constructed to an RGS12 interacting protein network by
combining with the LC-MS data and Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) database (Figure 5A). We
identified the top five Ub-related proteins and found that MYC bind-
ing protein 2 (MYCBP2) was the most reliable ligase (with five unique
peptides) that binds to RGS12 (Figure 5A).

To further validate the correlations of RGS12 with Ub ligases in
fibroblasts, we performed Pearson’s correlation analysis by Gene
Expression Profiling Interactive Analysis (GEPIA) 2 (Figure 5B). As
expected, the RGS12 signature was significantly correlated with the
MYCBP2 signature (R = 0.19; p = 0.003) in fibroblasts but was not
correlated with the RING1, RBBP6, HERC2, or LTN1 signature
(p > 0.05) (Figure S6). Additionally, RGS12 and MYCBP2 showed
co-localization in primary synovial fibroblasts by immunofluores-
cence staining (Figure 5C). We then confirmed through an immuno-
precipitation assay that RGS12 interacts with MYCBP2 (Figure 5D).
Strikingly, we found that the overexpression of RGS12 significantly
enhanced the interaction between MYCBP2 and KIF2A (Figure 5E).
Thus, these results suggested that RGS12 promotes the degradation of
KIF2A through MYCBP?2 in synovial fibroblasts.

Synovial injection of shRGS12 nanoparticles inhibits the
progression of inflammatory arthritis by decreasing the
ciliogenesis and synovial fibroblast activity

To examine the therapeutic efficacy of decreased RGS12 expression in
the joint synovium during the pathogenesis of arthritis, we performed
the synovial injection of shRGS12 nanoparticles (NPs) 7 days before
the induction of CAIA and administered twice per week for 2 weeks
thereafter (Figure 6A). Decreased expression of RGS12 was confirmed
in primary synovial fibroblasts by immunoblotting and real-time PCR
from the CAIA mice after the injection of shCtrl and shRGS12 NPs
into synovium for 2 weeks (Figure S7). Interestingly, we found that,
in comparison with shCtrl NPs, synovial injection of shRGS12 NPs
decreased the ankle width and the clinical score during arthritis (Fig-
ure 6B). Consistent with this result, the swollen synovium, synovitis,
and cartilage destruction in CAIA mice were decreased after siRGS12
NPs treatment (Figures 6C and 6D). Moreover, the levels of IL6, IL18,
MMP1, and MMP3 in the synovium from CAIA mice were decreased

Figure 2. Ablation of RGS12 inhibits the development of inflammatory arthritis by repressing ciliogenesis and inflammatory cytokines/enzymes in synovial
fibroblasts

(A) Organization of the wild-type (WT) RGS12 allele, the foxed RGS12 construct, the CAG-CreER transgene, and the recombinant RGS12 allele. Exons were indicated as dark
blue boxes. Cre: Cre recombinase coding sequence; neo: neomycin resistance gene; and loxP: loxP sites. (B) Immunoblot analysis of synovium lysates isolated from the
ankles showing the absence of RGS12 protein in RGS12 KO mice. (n = 5; **p < 0.001.) (C) Tamoxifen was introduced through the intraperitoneal injection every 24 h for a
total of 5 consecutive days before CAIA induction. CAIA was induced in control (Ctrl) and RGS12 KO mice by injection 5 mg of a mAb mixture (Chondrex #53100) suspended
in sterile PBS and subsequent challenge with 50 g lipopolysaccharide on day 3. The mice were sacrificed after immunization on day 9. (D) The ankles of Ctrland RGS12 KO
mice were immunized with the mAb mixture for 9 days. (E-G) Ankle widths (E), clinical scores (F), and mean weight (G) of Ctrl and RGS12 KO mice were evaluated every day
for 9 days. The data are expressed as the means = standard error of the mean (n = 3; ***p < 0.001). (H) Hematoxylin and eosin staining of synovial tissues from mice as
described in (C). B, bone area; S, synovium. Scale bar, 200 um. The synovitis score and cartilage destruction score were shown on the right. The data are expressed as the
means + standard error of the mean (n = 10, ***p < 0.001). () Levels of the IL1B and IL6 in the lysates of synovium isolated from the Ctrl and RGS12 KO mice with CAIA. The
data are expressed as the means =+ standard error of the mean (n = 10; ***p < 0.001). (J) The primary synovial fibroblasts were isolated by magnetic beads assay from the Ctrl
and RGS12 KO mice with CAIA induction (9 days). The primary cilia in synovial fibroblasts from Ctrl and RGS12 KO mice with CAIA were stained by immunofluorescent assay
(green, Ac-Tubulin; red, ARL13b; scale bar, 10 um). The lengths of cilia and the ciliated cell numbers were analyzed in (J) (n = 10; ***p < 0.001). (K) The relative mRNA levels of
IL18, IL6, MMP1, and MMP3 in synovial fibroblasts as described in (J) were analyzed. The values are the mean + standard error of the mean (n = 10; *p < 0.05; **p < 0.01).
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Figure 3. RGS12 regulates the ciliogenesis, migration, attachment, and activation of synovial fibroblasts

(A) The primary synovial fibroblasts were harvested from the control (Ctrl) and RGS12 KO mice. For overexpression of RGS12 (RGS12 OE), the primary synovial fioroblasts
from WT Ctrl mice were stably transfected with pCMV-RGS12 plasmids. Immunofluorescent staining of primary cilia in synovial fibroblasts (green, Ac-Tubulin; red, ARL13b;
scale bar, 2 um). The quantitative data showed the cilialength (n = 10; ***p < 0.001). (B) Adhesive nature of synovial fibroblasts in culture plastics. Gross (round) and magnified
(square) images of culture morphology. Relative statistics are shown on the right (n = 20; ***p < 0.001; scale bar, 100 um). (C) Synovial fibroblasts were stably transfected with
PCMV-GFP plasmids. The GFP-labeled synovial fibroblasts were added to confluent chondrocyte layers and incubated for 2 h for flipping assay. The attached synovial
fibroblasts (SFs) were counted in five different wells (n = 20; **p < 0.001; scale bar, 10 um). (D) Measurement of synovial fibroblast migration using a transwell system.
Migrated synovial fibroblasts were photographed and counted (n = 20; ***p < 0.001; scale bar, 200 um). (E) Synovial fibroblast proliferation was measured by the WST-1
colorimetric assay (N.S., not significant; n = 20). (F) The relative mRNA expression levels of IL18, IL6, MMP1, and MMP3 in synovial fibroblasts were evaluated by real-
time PCR assay from the Ctrl, RGS12 OE, and RGS12 KO mice. The values are the mean + standard error of the mean (n = 10; **p < 0.001; N.S., not significant).

after the introduction of shRGS12 NPs in comparison with shCtrl
NPs (Figure 6E).

To determine whether shRGS12 NPs affect the fibroblasts in inflam-
matory arthritis, we harvested the primary synovial fibroblasts from
CATA mice with shCtrl NPs or shRGS12 NPs treatment (Figure 6F).
We found that shRGS12 NPs inhibited the migration, adhesion, and
ciliogenesis of synovial fibroblasts in inflammatory arthritis (Figures
6G-6I). To further confirm whether shRGS12 NPs inhibit synovitis
by inhibiting the degradation of KIF2A, immunoblotting was per-
formed in synovial fibroblasts from CAIA mice with shCtrl or

202 Molecular Therapy: Nucleic Acids Vol. 31 March 2023

shRGS12 NPs treatment. As expected, the results showed the
shRGS12 NPs reduced the Ub levels and increased the KIF2A levels
in synovial fibroblasts during inflammatory arthritis (Figure 6]).

DISCUSSION

Synovial fibroblasts are the main stromal cells in the synovium that
produce extracellular matrix components and are essential for carti-
lage integrity and healthy joints.">*” During the development of
arthritis, the synovium thickens, and immune cells infiltrate into
the sublining layer of the synovium.”* Synovial fibroblasts are
recently regarded as innate immune cells because of their expression
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Figure 4. RGS12 drives the ciliogenesis by promoting the degradation of KIF2A

(A) Heatmap depicting the proteins which were up-regulated and down-regulated in RGS12 KO bone marrow cells as compared with control cells (n = 3; p < 0.05). The top
five upregulated and downregulated proteins were selected on the right panel. (B and C) Venn diagram showed the number of significantly changed proteins and ciliary
proteins (CiliaCarta). The gray shaded area represented the overlapping cilia proteins (B). The five overlapped proteins were depicted as a heatmap (green, downregulation;
red, upregulation). Note that KIF2A was the most upregulated cilia protein in RGS12 KO groups (C). (D) The synovial fibroblasts were harvested as described in Figure 3A.
KIF2A expression levels were measured by western blot. Note that RGS12 KO promotes KIF2A expression, whereas the RGS12 OE inhibits KIF2A expression in synovial
fibroblasts (n = 5; ***p < 0.001). (E) The synovial fibroblasts were stably transfected with pCMV-vector (control [Ctrl]) or pPCMV-RGS12 (RGS12 OE) plasmids. The cell lysates
were incubated with anti-Ub or control immunoglobulin G (IgG) antibodies, and bound protein was examined by immunoblotting as indicated. The relative levels of bound
KIF2A and Ub proteins were measured by immunoblotting. The values are the mean + standard error of the mean (n = 5; ***p < 0.001). (F and G) The synovial fibroblasts were
transfected with pCMV-RGS12 (RGS12 OE) and pCMV-KIF2A (KIF2A OE) or pCMV-Vector (Ctrl) for 48 h. Primary cilia were visualized by immunofluorescence labeling of Ac-
Tubulin and ARL13b (scale bar, 10 um). Note that KIF2A OE can inhibit the increased ciliogenesis caused by RGS12 OE (n = 10; ***p < 0.001).

of various pattern recognition receptors that can detect invading  identified the critical role of RGS12-mediated primary cilia in the

pathogens and joint damage.”>>' However, the specific mechanism  migratory, adhesive, and secretory properties of synovial fibroblasts
of synovial fibroblast activation remains unclear. In this study, we  during the pathogenesis of arthritis.
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A LC-MS/MS analysis

UniProtKkB  Symbol  Unique
peptides
075592 MYCBP2 5
Q06587 RING1 2
Q7Z6E9 RBBP6 2
095714 HERC2 2
094822 LTN1 2
c RGS12 MYCBP2

Synovial fibroblasts
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Figure 5. RGS12 promotes the degradation of KIF2A by enhancing the association of KIF2A-MYCBP2

(A) HEK293T cells were stabled transfected with pCMV-Flag or pPCMV-RGS12-Flag plasmids. The cell lysates were incubated with the anti-Flag antibody, and the bound
protein was examined by LC-MS/MS analysis. The Ub-related proteins were indicated in the left table. The module of the RGS12-Ub-related protein network was shown on
the right. Nodes represented proteins, and edges showed the interactions identified by LC-MS and STRING database. The widths of the edges were proportional to the
number of unique peptide cross-links. (B) Pearson’s correlation analysis of RGS12 and MYCBP2 was analyzed by GEPIA in fibroblasts. (C) Immunofluorescence indicating
that RGS12 and MYCBP2 show colocalization in synovial fibroblasts (scale bar, 10 um). (D) RGS12 interacts with MYCBPZ2 in synovial fibroblasts (co-immunoprecipitation [IP]
assay). The cell lysates were incubated with anti-RGS12 or control immunoglobulin G (IgG) antibodies and bound MYCBP2 was examined by western blot. (E) Synovial
fibroblasts were stably transfected with pCMV or pPCMV-RGS12 plasmids. The cell lysates were incubated with anti-MYCBP2 or control IgG antibody, and bound KIF2A was
examined by western blot. The statistical data showed the relative expression of bound KIF2A (right). Note that RGS12 OE enhanced the combination of MYCBP2 and KIF2A

(n = 5, *p < 0.001).

Primary cilia are related to a number of pathological conditions.””* In
this study, we found that more cilia are produced and elongated in sy-
novial fibroblasts during inflammatory arthritis, which suggests that
ciliogenesis is positively related to the development of arthritis. Sup-
portively, the degenerative condition of osteoarthritis is associated
with increased expression of cilium-related hedgehog signaling
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genes.”” The cilium-related proteins C50rf30 and GSN were demon-
strated to be negative regulators of arthritis in mice.”**” The ciliary
protein SPAG16 in synovial fibroblasts was reported to be a genetic
risk factor for joint damage progression in patients with rheumatoid
arthritis.”® The primary cilium acts as a hub for several cell signaling
pathways, including the Notch and WNT pathways.””*® Thus, the
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Figure 6. Synovial injection of shRGS12 NPs inhibits the progression of inflammatory arthritis by decreasing ciliogenesis and synovial fibroblast activity

(A) Graphical representation of the experimental strategy. shRGS12 or shCtrl NPs (10 ng) were injected through the synovial cavity 7 days before the CAIA induction (twice per
week). CAIA mouse models were induced in C57BL/6 mice by injecting 5 mg of mAb mixture (Chondrex #53100) suspended in sterile PBS and subsequent challenge with
50 ng lipopolysaccharide on day 3. At 9 days after immunization, the mice were sacrificed. (B) Ankle widths and clinical scores of CAIA mice with shCtrl or shRGS12 NPs
treatment were evaluated for 9 days. The values are the mean + standard error of the mean (n = 5; ***p < 0.001). (C) Hematoxylin and eosin staining showed a decrease of
inflamed synovium in the CAIA mice with shRGS12 NPs treatment. B, bone area; S, synovium (scale bar, 200 um). (D) Synovitis score and cartilage destruction score were
evaluated from (C). The data were expressed as the means + standard error of the mean (n = 10; *p < 0.01; **p < 0.001). (E) Real-time PCR analysis for the expression of
IL18,IL6, MMP1, and MMP3 in synovium from the CAIA mice with shCtrl NPs and shRGS12 NPs treatments (n = 10; **p < 0.01; **p < 0.001). (F) The sketch showing that the

(legend continued on next page)
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increased ciliogenesis in synovial fibroblasts during arthritis may
enhance the transduction of inflammatory signals to regulate cellular
functions.

RGSI12 contains several functional domains that regulate multiple
signaling pathways.””*” We previously found that RGS12 enhances
the SUMOylation and phosphorylation of the PTEN protein.'” Ub-
proteasome-mediated degradation is essential for the regulation of
anumber of cellular processes, such as ciliogenesis, and defects in cilia
contribute to a number of disorders ranging from the development of
cystic kidneys to perturbed left-right symmetry.*'~* In this study, we
found that RGS12 enhanced Ub levels by activating the Ub ligase
MYCBP2 and, therefore, degraded the KIF2A protein. KIF2A is a
ciliary protein that localizes to mitotic spindle microtubules and poles
to promote primary cilia disassembly via microtubule depolymeriza-
tion."” Loss of KIF2A in hTERT-RPE1 KO cells caused impairment of
primary cilia disassembly after inappropriate ciliogenesis.'* We found
that the KIF2A level was quantitatively controlled by the Ub ligase
MYCBP2 and that RGS12 was associated with MYCBP2, but not
with KIF2A in synovial fibroblasts. Thus, our findings suggest that
RGS12 may serve as a scaffold that binds to MYCBP2 to promote
the degradation of KIF2A.

In summary, this study provides the first evidence that RGS12 pro-
motes ciliogenesis by regulating KIF2A stability in inflammatory
arthritis (Figure 7). The increased ciliogenesis results in the activation
of synovial fibroblasts, which leads to joint swelling and cartilage
damage. Therefore, this study provides genetic evidence that RGS12
may be a potential drug target for the treatment of inflammatory
arthritis.

MATERIALS AND METHODS

Cre/flox mouse generation

To generate RGS12-KO mice, RGS12%% mice were crossed with mice
expressing Cre recombinase under the control of the tamoxifen-
inducible chicken beta actin promoter/enhancer fused to the cyto-
megalovirus promoter (B6.Cg-Tg (CAG-Cre/Esrl*) 5Amc/] or
CAG-CreER; Stock No: 004,682, The Jackson Laboratory). Recipient
mice were injected intraperitoneally with 100 mg/kg body weight
tamoxifen daily for 5 consecutive days.** CAG-CreER control and
(CAG-CreER; RGS12"V1 KO mice (8 weeks old; n = 20) were litter-
mates derived from breeding heterozygous animals. Mice were fed
a chow diet and raised in a clean room on a 12-h light/12-h dark cycle.
All animal studies were performed in accordance with institutional
guidelines and with approval by the Institutional Animal Care and
Use Committee of the University of Pennsylvania.

Molecular Therapy: Nucleic Acids

CAIA mouse models

CAIA was induced in control and RGS12 KO mice (C57BL/6 back-
ground; 8 weeks old; n = 10) using a mixture of 5 mg of mAbs
(Chondrex #53100) according to the manufacturer’s instructions.
Mice in both groups were intraperitoneally injected with 5 mg of
mAbs on day 0 and 50 pg lipopolysaccharide (Chondrex #9028)
on day 3 to synchronize the development of arthritis.*” Mice began
to develop arthritis on day 4 and were euthanized with carbon di-
oxide on day 9.

Clinical scoring of CAIA in the model

Each hind paw of the mice was scored on a scale of 0-3 based on the
following evaluation criteria: 0 (normal), 1 (emergence of ankle
swelling), 2 (moderate to severe redness and swelling of the ankle,
wrist, and pad), and 3 (swelling of the entire paw, including digits,
and inflamed limbs with involvement of multiple joints)."® The thick-
ness of each hind paw was measured using a thickness gauge and is
expressed in millimeters.

Synovial injection of shRGS12 NPs in CAIA mice

shRGS12 or shCtrl NPs were injected through the synovial cavity
7 days before the CAIA induction (twice per week). For each injec-
tion, 10 pg of psi-nU6.1-shRGS12 was mixed with 20 pL of a NP
in vivo DNA transfection reagent (Entranster in vivo; North Shore)
according to the manufacturer’s protocol and the procedure previ-
ously described.”” Mice synovial tissues were harvested on day 9.

Histological scoring

Hind paws were fixed in 10% formalin, decalcified, and embedded in
paraffin. Tissues were sliced into 6-pum sections and stained with he-
matoxylin and eosin to assess joint pathology. The degrees of cartilage
damage and inflammation in the joints were determined using stan-
dard scoring.*® The severity of inflammation was scored according to
the extent of inflammatory cell infiltration into the infrapatellar fat
pads, joint capsule, and area adjacent to the periosteal sheath (0, ab-
sent; 1, mild [1%-10%]; 2, moderate [11%-50%]; or 3, severe [51%—
100%]). Cartilage destruction was scored according to the percentage
of the cartilage surface that was eroded (0, absent; 1, mild [1%-10%];
2, moderate [11%-50%]; or 3, severe [51%-100%]).***

Cell culture

Primary synovial fibroblasts were isolated from knee and ankle
synovium of CAG-CreER control and RGS12 KO mice with or
without CAIA as described.’® In brief, synovial tissues were minced
and dissociated prior to gentle rocking for 2 h at 37°C in DMEM
(Sigma-Aldrich) containing 1 mg/mL type IV collagenase (Wor-
thington Biochemical) and 0.1 mg/mL DNase (Sigma-Aldrich).

primary synovial fibroblasts (SFs) purified from the CAIA mouse models were treated with shCtrl and shRGS12 NPs, respectively. (G) The migration of SFs from CAIA mice
was inhibited by the shRGS12 NPs treatment (n = 10; ***p < 0.001; scale bar, 200 um). (H) The attachment of SFs from CAIA mice was repressed by the treatment of
shRGS12 NPs (scale bar, 10 um). The data are presented as the mean + standard error of the mean (n = 10; ***p < 0.001). (I) The lengths of cilia and the ciliated cell numbers in
synovial fibroblasts were decreased in shRGS12 NPs treatment (n = 10; **p < 0.01; ***p < 0.001; scale bar, 10 um). (J) The synovial fibroblasts were harvested as described in
(F). The protein expression levels of KIF2A, Ub, and B-actin were determined by Western blot. Note that shRGS12 NPs promote KIF2A expression whereas inhibit the Ub
expression. The data are presented as the mean + standard error of the mean (n = 5; **p < 0.001).
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The isolated fibroblasts were suspended in PBS containing an anti-
CD90 antibody (Proteintech, 66766-1-Ig) for 30 min and were then
washed with PBS and mixed with streptavidin-labeled magnetic
beads (Thermo Fisher Scientific,11203D). Labeled cells were sub-
jected to magnetic separation and collected by the addition of
DMEM. Fibroblasts were cultured in DMEM/F12 (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS), nones-
sential amino acids, sodium pyruvate, and 1% penicillin/strepto-
mycin (Thermo Fisher Scientific). Cultures were serum starved for
12 h to promote ciliogenesis. The SW982 human synovial cell line
(HTB-93; ATCC) was maintained in Leibovitz’s L-15 medium sup-
plemented with 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 10% FBS. The ADTC mouse chondrocyte cell
line (99,072,806; Sigma-Aldrich) or C20A4 human chondrocyte
cell line (SCC041, Sigma-Aldrich) were maintained in DMEM/
F12 supplemented with 2 mM glutamine, 100 U/mL penicillin,
100 mg/mL streptomycin, and 5% FBS.

Immunofluorescence

Primary synovial fibroblasts or SW982 cells were fixed with 4% para-
formaldehyde for 10 min at room temperature and incubated with an
anti-acetylated o-tubulin (1:100 dilution; Sigma-Aldrich), anti-
RGS12 (1:100 dilution; Sigma-Aldrich), anti-KIF2A (1:200 dilution;
Proteintech, or anti-MYCBP2 (1:100 dilution; Sigma-Aldrich) anti-
body before incubation with the appropriate secondary antibody
(1:500 dilution; Jackson ImmunoResearch Laboratory). A LAS-X (Le-
ica) microscope was used to create maximum projections of z-stacks
from which the cilia length and ciliated cell numbers were measured
using Image] software (National Institutes of Health).” At least three
different mounted preparations were used to acquire images of cells in
five fields of view per subgroup at 40 x magnification. All images were

Primary cilium

N
MYCBP2

Degradation *~

Figure 7. Schematic for RGS12 in synovial
fibroblasts regulates the inflammatory arthritis
Inflammatory signals enhance RGS12 expression in sy-
novial fibroblasts, which leads to synovial fibroblast
accumulation, hyperactivation, and a sustained inflam-
matory response. Mechanism studies showed the upre-
gulation of RGS12 promotes ciliogenesis by activating
MYCBP2-mediated degradation of KIF2A. The increased
ciliogenesis leads to the enhancement of synovial
fibroblast migration, attachment, and secretion in the
synovium, which thereby contributes to joint swelling
and cartilage damage.

visualized on a microscope and acquired with
the same exposure time. The relative fluores-
cence intensity values were determined by
comparing each intensity value with the average
intensity over the field of view.

Cell adhesion assay

For the plastic adhesion assay, synovial fibro-

blasts were centrifuged and seeded in 24-well

plates at 1 x 10* cells/well. After incubation
for 12 h at 37°C, the plates were shaken at full speed for 5 min, and
nonadherent or weakly attached cells were removed by washing
with PBS. The remaining attached synovial fibroblasts were stained
with 0.1% crystal violet dye in methanol for 10 min and counted un-
der a microscope.

Flipping assay

For the cell-cell binding assay, ADTC5 or C20A4 chondrocytes were
seeded in 24-well plates and cultured to 100% confluence. Synovial fi-
broblasts were stably transfected with pCMV-GFP plasmids, and the
same number of GFP-labeled synovial fibroblasts was then plated on
top of the monolayer and allowed to attach for 2 h (before assay). The
dish was flipped 180° and shaken, and the number of GFP-labeled sy-
novial fibroblasts remaining on the substrate was counted (after
assay). The ratio of the total area of fluorescence in the post-flipping
image to that in the pre-flipping image was calculated to determine
the percentage of cells that remained attached.”*

Migration assay

The fibroblast migration assay was performed using the Boyden
chamber method and 6.5-mm diameter filters with an 8.0-mm pore
size (Corning). Briefly, synovial fibroblasts were seeded into a Boyden
chamber at a final concentration of 6 x 10* cells/mL. DMEM/F12 was
added to the upper compartments, and DMEM/F12 supplemented
with 10% FBS was added to the lower compartments. The chambers
were incubated at 37°C in the presence of 5% CO, for 24 h. Cells on
the filters were fixed with methanol for 15 min and stained with 0.1%
crystal violet for 15 min. Migration was quantified by counting the
stained cells that migrated to the lower side of the filter. The mean
number of stained cells per 10 random fields of view was counted
for each assay.
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WST-1 assay

The cell proliferation and viability assay was performed by following
the WST-1 kit instructions (Sigma-Aldrich). Briefly, synovial fibro-
blasts were seeded in 90 pL fresh growth medium supplemented
with 10 uL of WST-1 reagent and were then incubated at 37°C for
1 h. The absorbance was measured at 490 nm using a 96-well plate
reader (Bio-Rad).

Plasmid construction

Mouse RGS12 (NM_173402.2) cDNA was cloned and inserted into
the p3xFLAG-Myc-CMV-26 backbone (Sigma-Aldrich). The nontar-
geting RGS12 short hairpin/small interfering RNA (sh/siRNA) and
RGS12 sh/siRNAs were obtained from GeneCopoeia. Target se-
quences were as follows: control sh/siRNA: GCTTCGCGCCGTA
GTCTTA; RGS12 sh/siRNA 1: CTAGGCAAGTCTAACTCTATT;
RGS12 sh/siRNA 2: CCTGTCCATGATTAATAAAGG; RGS12 sh/
siRNA 3: AGTCTGCAACTGTGTCTGATGGCGAGTTG. The pE
GFP-KIF2A plasmid was obtained from Addgene (52,401). KIF2A
shRNAs were obtained from Santa Cruz Biotechnology (sc-
60885-SH).

Cell transfection

Primary synovial fibroblasts isolated from C57/BL6 mice were seeded
on six-well plates at 3 x 10° cells/well (approximately 90% conflu-
ence). Cells (primary mouse synovial fibroblasts or SW982 cells
[HTB-93 - ATCC]) were transfected with pCMV-vector or pCMV-
RGS12 or with shControl, shRGS12, or shKIF2A on the following
day with Lipofectamine 3000 reagent (Thermo Fisher Scientific) ac-
cording to the instructions. Cells were harvested 24-48 h after trans-
fection. For stable transfection, synovial fibroblasts were seeded at
2 x 10° cells per well in a six-well plate and transfected with
pCMV-vector or pCMV-RGS12 plasmids using Lipo3000 reagent
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Forty-eight hours after transfection, cells were treated with
0.4 mg/mL geneticin (G418; Thermo Fisher Scientific) every other
day for 1 week until G418-resistant colonies had formed. Stably trans-
fected cells were thereafter maintained in complete medium (DMEM
supplemented with 2 mM glutamine, 100 U/mL penicillin, 100 mg/
mL streptomycin, and 10% FBS) containing 0.4 mg/mL G418.

ELISA

SE lysates were prepared according to the commercial kit instructions
(DY401-05, R&D Systems). Standard ELISA kits were used to mea-
sure IL6 (KE10007, Proteintech) and IL-1B (DY401-05; R&D Sys-
tems) concentrations. The optical density (OD) values of the plate
wells were measured at 450 nm, and the OD values for the duplicate
wells were averaged.

Western blot analysis

Synovium tissue or synovial fibroblasts were homogenized with ra-
dioimmunoprecipitation assay buffer containing protease inhibitor
cocktails (PICs) and phenylmethanesulfonylfluoride (phenylmethyl-
sulfonyl fluoride [PMSF]) (Sigma-Aldrich) on ice. Equal amounts
of protein (30 pg) from the different groups were denatured in SDS
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loading buffer and separated on 10% SDS-PAGE gels. Proteins
were transferred to NC membranes in the transfer buffer containing
20% methanol. Membranes were sequentially blocked with 5% skim
milk, incubated with the primary antibodies described below over-
night (4°C), and incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibody (1:2,000, Jackson ImmunoResearch) at
room temperature for 1 h. Signals were analyzed using an enhanced
chemiluminescence western blot system (Bio-Rad Laboratories).
B-Actin (1:3000, sc-47778 HRP; Santa Cruz) was used as the internal
control. The following antibodies were used: anti-RGS12 (1:1,000;
GW?21317; Sigma-Aldrich), anti-KIF2A (1:1,000; 13105-1-AP; Pro-
teintech), and anti-MYCBP2 (1:1,000; MABN2397; Sigma-Aldrich).

Immunoprecipitation

Primary synovial fibroblasts or HEK293 cells (CRL-1573; ATCC)
were lysed in NP-40 buffer supplemented with a PIC and PMSF
(Sigma-Aldrich). Briefly, lysates with equal amounts of protein
(800 pg) were incubated first with primary antibodies or IgG at
room temperature for 1 h and then with protein A/G beads overnight,
after which the beads were washed with PBS with Tween. Bound pro-
teins were solubilized in loading buffer for western blot analysis.

LC-MS

LC-MS was performed to compare the protein profiles of bone
marrow cells from 8-week-old control and RGS12 KO mice. A strin-
gent set of criteria including a low peptide/protein false discovery rate
of less than 0.05 was used for protein identification. Heatmap visual-
ization was performed using the R package cluster. Reactome data-
base (https://reactome.org/) was used to perform gene functional
analysis.

Protein-protein interaction analysis

The STRING (https://string-db.org) database was used to predict
functional interactions among RGS12 binding proteins. Active inter-
action sources along with the criterion of an interaction score of more
than 0.4, were applied to construct the protein-protein interaction
networks. In the networks, the nodes correspond with proteins and
the edges represent interactions.

Gene correlation analysis

The GEPIA (http://gepia.cancer-pku.cn/index.html) database was
used to confirm the significantly correlated genes in fibroblasts.
GEPIA is an interactive database that analyzes RNA sequencing
data from the TCGA and GTEx projects. Gene expression correlation
analysis was performed on given sets of TCGA expression data.
Spearman correlation analysis was used to calculate correlation coef-
ficients. RGS12 is shown on the x axis, and other genes of interest are
shown on the y axis. Pearson correlation coefficients were calculated
by using the transformed fibroblast datasets (GTEx).

Real-time PCR

RNA from synovial fibroblasts was isolated using TRIzol reagent
(Sigma-Aldrich) according to the manufacturer’s instructions.
Then, 1 pg of RNA was reverse transcribed into cDNA using a
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Reverse Transcription Kit (Takara). Real-time PCR was performed
with a reaction mixture containing primers, the cDNA template,
and SYBR Green PCR Master Mix (Bimake). The sequences of the
real-time PCR primers are listed in Table S3.

Statistical analyses

All data are expressed as the mean =+ standard error of the mean. Sta-
tistical significance was determined by unpaired two-tailed Student’s
t-test. Analysis of variance was first performed to compare the mean
values among groups, and the Student-Newman-Keuls test was used
to compare the mean values between two conditions with GraphPad
software 7.0 (San Diego). A p values of less than 0.05 was considered
significant.
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