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Macrophage regulator of G-protein signaling 12 contributes to 
inflammatory pain hypersensitivity
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Background: Pain is a predominant symptom in rheumatoid arthritis (RA) patients that results from joint 
inflammation and is augmented by central sensitization. Regulator of G-protein signaling 12 (RGS12) is 
the largest protein in the RGS protein family and plays a key role in the development of inflammation. This 
study investigated the regulation of RGS12 in inflammatory pain and explored the underlying mechanisms 
and potential RA pain targets.
Methods: Macrophage-specific RGS12-deficient (LysM-Cre+;RGS12fl/fl) mice were generated by mating 
RGS12fl/fl mice with LysM-Cre+ transgenic mice. Collagen antibody-induced arthritis (CAIA) models were 
induced in LysM-Cre+;RGS12fl/fl mice by the administration of a cocktail of five monoclonal antibodies 
and LPS. Mouse nociception was examined using the von Frey and heat plate tests. Primary macrophages 
and RAW264.7 cells were used to analyze the regulatory function and mechanism of RGS12 in vitro. The 
expression and function of RGS12 and COX2 (cyclooxygenase 2) were determined by real-time PCR, 
ELISA, and luciferase assays.
Results: Ablation of RGS12 in macrophages decreased pain-related phenotypes, such as paw swelling, 
the clinical score, and the inflammatory score, in the CAIA model. LysM-Cre+;RGS12fl/fl mice displayed 
increased resistance to thermal and mechanical stimulation from day 3 to day 9 during CAIA, indicating the 
inhibition of inflammatory pain. Overexpression of COX2 and PGE2 in macrophages enhanced RGS12 
expression, and PGE2 regulated RGS12 expression through the G-protein-coupled receptors EP2 and EP4. 
Furthermore, RGS12 or the RGS12 PTB domain strengthened the transcriptional regulation of COX2 by 
NF-κB, whereas inhibiting NF-κB suppressed RGS12-mediated regulation of COX2 in macrophages.
Conclusions: Our results demonstrate that the deletion of RGS12 in macrophages attenuates 
inflammatory pain, which is likely due to impaired regulation of the COX2/PGE2 signaling pathway.

Keywords: Regulator of G-protein signaling; macrophage; inflammatory pain; hypersensitivity

Submitted Aug 09, 2020. Accepted for publication Dec 24, 2020.

doi: 10.21037/atm-20-5729

View this article at: http://dx.doi.org/10.21037/atm-20-5729

448

Original Article

https://crossmark.crossref.org/dialog/?doi=10.21037/atm-20-5729


Yuan et al. Macrophage RGS12 regulates pain hypersensitivity 

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(6):448 | http://dx.doi.org/10.21037/atm-20-5729

Page 2 of 14

Introduction

Rheumatoid  arthr i t i s  (RA)  pa in  i s  one the  most 
prevalent symptoms in RA patients and can further cause 
psychological distress and fatigue (1). RA pain is associated 
with local inflammation in the peripheral tissue or central 
nervous system. Recent studies suggest that immune cells 
such as T lymphocytes, monocytes, and macrophages 
play active roles in the pathogenesis and resolution of 
pain (2). Moreover, inflammatory mediators released by 
macrophages, such as cytokines or enzymes, may provoke 
central pain sensitization through both local and systemic 
inflammation (3). This study aimed to identify a novel 
molecular mechanism by which macrophages regulate pain 
sensation (4).

During RA, cyclooxygenase (COX) enzymes (COX1 
and COX2) may be the most important molecular players. 
These enzymes are membrane-bound glycoproteins that 
are predominantly located in the endoplasmic reticulum 
and produce prostanoids in macrophages (5). COX1 and 
COX2 share a 61% amino acid sequence homology and 
have molecular weights of 72 kD (6). However, COX2 
contains multiple transcriptional regulatory sequences in 
the promoter region, including an enhancer box (E-box), 
TATA box, nuclear factor interleukin-6 (NF-IL6) motif, 
nuclear factor kappa B (NF-κB) motif, Apetala 2 and 
specificity protein 1 sites (7). COX2 gene expression can be 
regulated by multiple transcription factors, cytokines, and 
growth factors (8). Numerous prostanoids are produced 
by COX enzymes, including prostaglandin E2 (PGE2), 
prostaglandin D2 (PGD2), and prostaglandin I2 (PGI2). 
PGE2 is the major contributor to inflammatory pain in 
arthritic conditions and exerts its effects via a variety of E 
prostanoid (EP) receptors (EP1-EP4), which is a family 
of G protein-coupled receptors (GPCRs), in various cells, 
such as neurons and macrophages (9). EP1 associates with 
the Gq pathway, EP2 and EP4 couple with Gs and regulate 
the cAMP pathway, and EP3 inhibits cAMP generation 
via a Gi-coupled mechanism (10). Four subtypes of 
PGE2 receptors (EP1-4) have been cloned and are seven 
hydrophobic transmembrane-segment GPCRs (11,12).

Regulator of G protein signaling (RGS) proteins are 
negative modulators of GPCR signaling and play important 
roles in regulating cellular responses. Therefore, RGS 
proteins have a variety of functions and are critically 
involved in clinical diseases, including cancer, inflammation, 
and cardiovascular processes (13). Recently, several RGS 
proteins have been shown to regulate pain symptoms. For 

example, RGS4 maintains chronic pain, and inhibiting 
RGS4 promotes recovery from sensory hypersensitivity 
symptoms (14). RGS9 in the spinal cord also contributes to 
sensory and affective components of pain (15).

RGS12 regulates multiple signaling pathways, such as 
GPCRs, receptor tyrosine kinases (RTKs) and mitogen-
activated protein kinases (MAPKs) (16,17). RGS12 was 
recently shown to play a critical role in macrophages 
and is involved in the regulation of inflammation and 
immunity (17). RGS12 also regulates the downstream 
kappa opioid receptor (KOR) via both G protein-dependent 
and G protein-independent signaling mechanisms, 
which could affect neuropathic pain (18). However, the 
exact function and mechanism of RGS12 in regulating 
inflammatory pain are still unknown. Based on its potent 
modulatory effect on inflammatory signal transduction 
(16,17), we expect that changes in RGS12 activity in 
macrophages will affect the functional responses of GPCR 
signaling and inflammatory pain.

In this study, we used monocyte/macrophage-specific 
RGS12-knockout (cKO) (C57/BL6 background) mice 
to examine the role of RGS12 in the induction and 
maintenance of chronic pain symptoms in an RA model. 
Our data demonstrate that macrophage RGS12 is an 
activator of the COX2/PGE2 signaling pathway, which 
results in enhanced inflammatory pain during RA. Thus, 
targeting RGS12 is a new promising therapeutic strategy 
for the management of RA or other diseases related to pain.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5729).

Methods

RGS12 conditional knockout mice

To generate monocyte/macrophage-specific RGS12-
knockout (cKO) mice, RGS12fl/fl mice were crossed with 
mice expressing Cre recombinase under the control of the 
LysM promoter (LysM-Cre+) (19). Cre control (females,  
8 weeks old, n=5) and cKO mice (females, 8 weeks old, n=5) 
were littermates derived from the breeding of heterozygous 
animals. The animals were randomly assigned to cages  
(5 animals/cage) by a computer-generated randomized list 
and maintained under specific pathogen-free conditions. 
The number of animals used per experiment is stated in the 
figure legends as described in previous studies (20,21), and 
three independent replicate experiments were performed. 
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The mice were fed a chow diet and raised in a clean-grade 
room with 12-h light and 12-h dark cycles. Experiments 
were performed under a project license (No. 806005) 
granted by the board of the American Association for 
Laboratory Animal Science (IACUC) in compliance with 
the University of Pennsylvania guidelines for the care and 
use of animals.

Collagen antibody-induced arthritis (CAIA)

CAIA was induced in LysM-Cre+ and LysM-Cre+;RGS12fl/fl 
mice (C57BL/6 background, females, 8 weeks old, n=5/
cage) using a mixture of 5 mg of mAbs (Chondrex #53100) 
according to the manufacturer’s instructions. Mice were 
randomly selected from both groups and intraperitoneally 
injected with 5 mg of monoclonal antibodies (mAbs) on day 
0 and 50 μg of lipopolysaccharide (LPS) (Chondrex #9028) 
on day 3 to synchronize the development of arthritis. 
The mice began to develop arthritis on day 4 and were 
euthanized with carbon dioxide (CO2) on day 9.

Clinical scoring of the mouse RA model

Mice were scored on a scale of 0–3 per hind paw based 
on the following score evaluation criteria as previously 
described (22): Score 1, the emergence of ankle swelling, 
which is the earliest visible sign of arthritis; Score 2, 
moderate to severe redness and swelling of the ankle/wrist/
pad; and Score 3, redness and swelling of the entire paw, 
including digits, and inflamed limbs with the involvement 
of multiple joints. The thickness of each hind paw was 
measured using a thickness gauge and is expressed in 
millimeters (mm).

Histology and inflammation scores

Hind paws were fixed in 10% formalin, decalcified, and 
embedded in paraffin. Tissues were cut into 6 µm sections 
and stained with hematoxylin and eosin to assess joint 
pathology. The degree of inflammation was evaluated 
on a scale from 0 to 4 (0= no inflammation, 1= minimal 
inflammation, 2= mild inflammation, 3= moderate 
inflammation, and 4= severe inflammation) by three 
different experts as described previously (23).

Hotplate test

The analgesic effects of morphine were examined in female 

mice (8 weeks old, n=5) with CAIA using a hotplate set at 
52 ℃ as described with slight modifications (24). Briefly, 
CAIA-control LysM-Cre and CAIA-LysM-Cre;RGS12fl/fl 
mice were individually placed on the hotplate, any physical 
signs of sensitivity to heat (i.e., licking paw) were observed, 
after which the mice were quickly removed to avoid 
burns. The data were analyzed by two-way ANOVA with 
Dunnett’s post hoc test.

von Frey microfilament test

Female control LysM-Cre and LysM-Cre;RGS12fl/fl mice 
with CAIA (8 weeks old, n=5) were subjected to manual von 
Frey microfilament tests to evaluate mechanical allodynia 
and hyperalgesia. A series of von Frey fibers (0.41–3.63 g)  
were applied to the plantar surface of both hind paws 
beginning with the finest fiber as previously described 
(20,21,25). Once the mice showed brisk paw withdrawal, 
licking or shaking/flicking of the paw, the stimulus was 
removed to avoid harm. The time at which monofilament 
was applied to the hind paw until the time of the withdrawal 
response was recorded. All animals were tested 5 times with 
a 10-second interval. The data were analyzed by two-way 
ANOVA with Dunnett’s post hoc test.

Real-time PCR

Total RNA was extracted from cells using a QIAsymphony 
RNA kit (Qiagen, USA). Then, the RNA was reverse 
transcribed into complementary DNA (cDNA) using a 
Prime Script RT reagent kit (Takara Bio, USA) according 
to the manufacturer’s instructions. Reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) was 
then conducted using a SYBR Green PCR kit (Bio-
Rad, USA). The relative gene expression levels were 
calculated by the 2−ΔΔCT method. GAPDH was used as 
the internal reference. The primer sequences were as 
follows: COX2-F: AGAAGGAAATGGCTGCAGAA; 
COX2-R: GCTCGGCTTCCAGTATTGAG; RGS12-F: 
T G G T G A G T T G A C T G G A  G C T G ;  R G S 1 2 - R : 
AT C C T G A A G G A G A C G C T C A A ;  G A P D H - F : 
AGGTCGGTGT GAAC GGATTTG; and GAPDH-R: 
TGTAGACCATGTAGTTGAGGTCA.

Pull-down assay

A flag pull-down assay was used to identify the interactions 
between the RGS12 PTB domain and NF-κB p65. In brief, 
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Flag-fused beads (L00432, GeneScript, USA) were prepared 
in a rotating incubator at room temperature for 1 hour, and 
the resins were washed 3 times. Input proteins (1 mg/mL) 
were dissolved in the reaction buffer and incubated with the 
resins overnight at 4 ℃. After removing the supernatant, 
the beads were washed three times. The target proteins 
were washed with 10% sodium dodecyl sulfate (SDS). The 
eluates were then analyzed by SDS-polyacrylamide gel 
electrophoresis (PAGE) and Western blotting.

Western blotting

In brief, protein lysate was extracted from macrophages 
and synovium by radioimmunoprecipitation assay buffer. 
Protein extracts were boiled and subjected to SDS-
PAGE and then transferred and incubated as previously 
described (26). Anti-β-Actin (sc-8432, Santa Cruz, USA) at 
a dilution of 1:2,000 was used as the internal control. Anti-
RGS12 (1:1,000 dilution, GW21317, Sigma-Aldrich, USA) 
anti-COX2 (1:1,000 dilution, 4842, CST, USA), anti-NF-κB 
P65 (1:1,000 dilution, 10745-1-AP, Proteintech, USA), and 
anti-Flag (1:2,000 dilution, F3165, Sigma-Aldrich, USA) 
were used. Protein bands were visualized on a ChemiDoc™ 
touch imaging system (Bio-Rad, Hercules, CA, USA) using 
a Clarity™ Western enhanced chemiluminescence (ECL) 
detection kit (Bio-Rad, Hercules, CA, USA). The analysis 
was performed using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA).

ELISA

Synovial tissues or BMM homogenates were collected 
according to the commercial kit instructions (KGE004B, 
R&D Systems, USA). Standard ELISA kits were used 
to measure PGE2 (KGE004B, R&D Systems, USA), 
COX2 (DYC4198-2, R&D Systems, USA), and RGS12 
(MBS9326858, MYBIOSOURCE, USA). The plate wells 
were measured at 450 nm, and the OD readings for the 
duplicate wells were averaged.

Plasmid construction

Plasmids were constructed by subcloning the mouse RGS12 
gene open‐reading frame (ORF) or the RGS12 PTB domain 
into p3xFLAG-Myc-CMV-26 (pCMV) and subcloning the 
COX2 gene (ORF) into pcDNA3.1+C-HA. The COX2 
reporter plasmid (COX2‐luc), containing the 5'‐flanking 
sequence (2 kilobase) of the COX2 gene (NM_011198.4), 

was constructed into the pGL3-basic vector (Promega, 
Madison, WI, USA). pcDNA3.1-NF-κBp65 (#20012), 
pSicoR-shNF-κBp65-1 (#22507) and pSicoR-shNF-
κBp65-2 (#22508) were obtained from Addgene.

Luciferase assay

The luciferase assay was performed as previously  
described (27). The macrophage cell line RAW264.7 was 
transiently transfected with 1 μg of pGL3‐COX2 plasmid, 
1 μg of pRL‐TK plasmid, and 1 μg of pCMV-RGS12 
or pCMV-RGS12 PTB domain and pcDNA3.1-NF-κB 
plasmids using Lipofectamine 3000 (Thermo Fisher, USA). 
Cells were harvested 24 hours after transfection for firefly 
and Renilla luciferase activity analysis using the Dual-
Luciferase® Reporter Assay System (Promega, Madison, 
WI, USA). Firefly luciferase activity was normalized to 
Renilla luciferase activity.

Cell culture and transfection

RAW264.7 cells were maintained in 5% CO2 at 37 ℃ 
in Eagle’s minimal essential medium supplemented with 
L-glutamine, penicillin/streptomycin, nonessential amino 
acids and 10% fetal bovine serum. For cell transfection, 
RAW264.7 cells or BMMs were grown in 6-well plates and 
transfected with 3 μg of the indicated plasmid for 24 hours 
using Lipofectamine 3000 reagent (Thermo Fisher, USA) 
according to the instructions. Then, the cells were used for 
cell biology and molecular biology analyses.

Statistical analysis

The data are presented as the mean ± SEM, and significance 
was determined by using GraphPad Prism software 
(GraphPad Software 7.0). A two‐tailed Student’s t-test was 
performed to determine the significance of any difference 
between two groups. One-way or repeated two-way 
ANOVA with a post hoc multiple comparison test was used 
when more than two groups were compared. Any P values 
<0.05 were considered significant.

Results

Generation of macrophage-specific RGS12-cKO mice

To determine the role of RGS12 in inflammatory diseases, 
macrophage-specific RGS12-cKO mice were generated 
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by mating mice with a floxed RGS12 gene with LysM‐
Cre+ mice expressing Cre‐recombinase under the control 
of the endogenous LysM promoter. Therefore, the Cre‐
recombinase removes exon 2 of the floxed RGS12 gene 
(Figure 1A) specifically in macrophages. Cre‐recombinase-
negative mice, with or without the floxed RGS12 gene, 
exhibited a WT phenotype and were distinguished from 
cKO mice harboring the Cre and floxed RGS12 alleles. 
Each phenotype of mouse was fertile. The loss of RGS12 
protein from bone marrow macrophages in cKO animals 
was confirmed by immunoblotting. Only LysM-Cre+ 
control BMM samples showed a clear signal for the RGS12 
protein, whereas the RGS12 protein was nearly absent in 
LysM-Cre+;RGS12fl/fl BMMs (Figure 1B,C).

RGS12 deficiency in macrophages inhibits the development 
of CAIA

Macrophages play key roles in the induction and resolution 
of inflammation. During inflammation, intracellular 
events lead to the formation of prostaglandins (PEGs) in 
macrophages and the perception of pain (28). Here, to 
determine the role of RGS12 in regulating inflammation 
and pain via  macrophages,  we deleted RGS12 in 
macrophages by using the Cre/loxP system. CAIA model 
mice were inducted by i.p. injection of collagen type II 
antibodies on day 0 and LPS on day 3 according to the 
kit instructions (Arthritogenic Monoclonal Antibody 
Cocktails, 53100, Chondrex, US), and all mice were 
sacrificed on day 9 (Figure 2A). The paws in the LysM-

Cre+;RGS12fl/fl mouse group showed much less severe 
swelling and hypertrophy than those in the LysM-Cre+ 
group at 9 days after immunization (Figure 2B). The ankle 
widths and of scores of LysM-Cre+;RGS12fl/fl mice were 
also significantly less than those in LysM-Cre+ control 
mice (Figure 2C,D). LysM-Cre+;RGS12fl/fl mice showed a 
decrease in ankle width and clinical score beginning on day 
2. On day 9, LysM-Cre+;RGS12fl/fl mice showed a 23.3% 
(P<0.01) decrease in ankle width and a 156% (P<0.01) 
decrease in clinical score (Figure 2C,D). Moreover, LysM-
Cre+;RGS12fl/fl mice showed a 1.13-fold reduction in 
inflammatory cell infiltration in the synovium (P<0.001) by 
HE staining compared with LysM-Cre+ mice at 9 days after 
immunization (Figure 2E). These findings suggest that the 
loss of RGS12 in macrophages can inhibit the development 
of CAIA.

Loss of RGS12 in macrophages attenuates RA pain

To examine whether the loss of RGS12 in macrophages 
affects pain behavior during RA, we first measured the 
responses evoked by heat in LysM-Cre+ and LysM-
Cre+;RGS12fl/fl mice. LysM-Cre+;RGS12fl/fl mice showed 
9.4% (P<0.05), 35.7% (P<0.01) and 139.2% (P<0.01) 
increases in reaction latencies on days 5, 7 and 9, respectively, 
compared to those of LysM-Cre+ mice (Figure 3A).  
Moreover, the results of the von Frey microfilament 
test showed that LysM-Cre+;RGS12fl/fl mice had lower 
sensitivity to pressure-induced pain than LysM-Cre+ 

mice. The pressure-induced pain thresholds in the LysM-

Figure 1 Generation of macrophage‐specific RGS12-KO mice. (A) Organization of the wild-type RGS12 allele, the floxed RGS12 targeting 
construct, the LysM-Cre+ transgene, and the recombinant RGS12 allele. Exons are shown as black boxes and are numbered. Cre: Cre 
recombinase coding sequence; neo: neomycin resistance gene; and loxP: loxP sites. (B) Immunoblot analysis of bone marrow macrophage 
(BMM) lysates isolated from the long bone showing the absence of RGS12 protein in RGS12-cKO mice. (C) Quantitative analysis of the 
results in (B). Note that an immunoreactive band for RGS12 (150 kD) is detectable in LysM-Cre+ mice, whereas LysM-Cre+;RGS12fl/fl mice 
almost completely lack the RGS12 protein. ***, P<0.001, n=5.

A B C
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Cre+;RGS12fl/fl groups were increased by 30.7% (P<0.05), 
128.6% (P<0.01) and 166.7% (P<0.01) in the LysM-Cre+ 
group on days 5, 7 and 9, respectively, compared to those of 
the control group (Figure 3B). These results indicate that 
the loss of RGS12 decreased physiological pain sensitivity. 
To further determine whether the deletion of RGS12 affects 
pain during CAIA independent of disease severity, we 
analyzed the pain threshold and latency time in LysM-Cre+ 
and LysM-Cre+;RGS12fl/fl mice, which had the same clinical 
scores (score =2). The results showed that the deletion of 
RGS12 led to a 16.5% (P<0.01) increase in latency time in 
the LysM-Cre+;RGS12fl/fl group compared to the LysM-
Cre+ group (Figure 3C). Additionally, the pain threshold was 
increased 1.5-fold (P<0.001) in LysM-Cre+;RGS12fl/fl mice 
compared to LysM-Cre+ mice (Figure 3D) These results 
demonstrated that, under the same pathological conditions, 

the loss of RGS12 in macrophages reduces pain sensitivity.

COX2 and PGE2 regulate RGS12 expression via EP2 and 
EP4 

The inflammatory enzyme COX2 is  expressed in 
macrophages in response to various stimuli (9). The lipid 
mediator PGE2 is produced by COX2 during inflammation 
and is considered a major PGE species in RA due to an 
increased level of PGE2 in the synovial tissues of RA 
patients (29). PGE2 exhibits multiple biological effects, 
such as mediating pain and inflammatory responses (29). 
We first measured the protein expression levels of PGE2 
and COX2 in synovial macrophages from control and 
CAIA mice by ELISA (Figure 4A,B). We found that the 
expression levels of PGE2 (402.9±18 pg/mL) (Figure 4A)  

Figure 2 Conditional RGS12 KO in mice inhibits the development of CAIA. (A) CAIA was induced in LysM-Cre+ and LysM-Cre+;RGS12fl/fl  
mice by injection 5 mg of a mAb mixture (Chondrex #53100) suspended in sterile PBS and subsequent challenge with 50 μg of LPS on  
day 3. At 9 days after immunization, the mice were sacrificed. (B) The paws of LysM-Cre+ and LysM-Cre+;RGS12fl/fl mice were immunized 
with 5 mg of a mAb mixture for 9 days as described in (A). Note that LysM-Cre+;RGS12fl/fl mice showed less swelling in the ankles (yellow 
double arrow) than LysM-Cre+ mice. (C) Ankle widths and (D) arthritis clinical scores of LysM-Cre+ and LysM-Cre+;RGS12fl/fl mice were 
measured and evaluated every day for 9 days. Statistically significant differences (***, P<0.001) were observed between LysM-Cre+ and 
LysM-Cre+;RGS12fl/fl mice. The data are expressed as the means ± SEM. (E) Hematoxylin and eosin (H&E) staining of RA synovial tissue 
samples from mice as described in (A) and (B). H&E staining showed a decrease in local inflammatory cell infiltration (yellow arrows) within 
synovial tissue in the LysM-Cre+;RGS12fl/fl group (B, bone area). ***, P<0.001, n=5. Scale bar: 500 mm.

lmmunization for 9 days 

A B

C D E
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and COX2 (627.2±44.2 pg/mL) (Figure 4B) in macrophages 
were significantly increased in CAIA mice compared 
to control mice [COX2 (156±16.3 pg/mL) and PGE2 
(149±26.4 pg/mL)].  Moreover,  we found that the 
RGS12 expression level (527±98.1 pg/mL) was increased  
1.78-fold (P<0.01) in CAIA mice compared with control 
mice (198.4±25.5 pg/mL) (Figure 4C). We then measured 
the gene expression levels of RGS12 and COX2 in control 
and CAIA mice on day 9. The results showed that the 
expression of RGS12 and COX2 was significantly increased 
in mice with CAIA (Figure 4D,E). To determine how 
RGS12 regulates COX2 expression in macrophages, we 
extracted BMMs from LysM-Cre+ and LysM-Cre+;RGS12fl/fl  
mice. We found that the mRNA expression of COX2 was 
decreased in LysM-Cre+;RGS12fl/fl BMMs (Figure 4F,G).

To further determine whether there was a correlation 
between COX2 and RGS12, COX2 was overexpressed in 
primary BMMs by transfection with pcDNA3.1-COX2. 

The COX2 protein level was confirmed by immunoblotting 
(Figure 5A). Interestingly, real-time PCR results showed 
that COX2 overexpression in primary BMMs increased 
RGS12 mRNA levels (Figure 5B). Since COX is the 
major enzyme that catalyzes arachidonic acid conversion 
into prostaglandins (PGs) and PGE2 facilitates both 
inflammation and immune regulation (9), we further 
determined whether increased PGE2 could regulate RGS12 
expression in macrophages. Indeed, PGE2 upregulated 
RGS12 mRNA levels by threefold-in primary BMMs 
compared to PBS-treated cells (Figure 5B). Consistent with 
the gene expression level, immunoblotting showed that 
RGS12 protein expression was also increased by exogenous 
enhancement of COX2 and PGE2 (Figure 5C,D).

Significant progress has been made in elucidating 
the function of PGE2 and EP receptors in health 
and diseases (30,31). The biological effects of PGE2 
are  regula ted  through four  EP receptors  (EP1-

Figure 3 The loss of RGS12 in macrophages attenuates RA pain. (A) Effect of RGS12 deletion in macrophages on pain thresholds as 
measured by the von Frey pain test in arthritic mice. A significant decrease in the pain thresholds of LysM-Cre+;RGS12fl/fl mice compared to 
LysM-Cre+ mice was observed in arthritic animals beginning on day 5 after induction with mAbs. The data are expressed as the means ± SEM. 
n=5, **, P<0.01. (B) Effect of RGS12 deficiency in macrophages on the latency of paw withdrawal from the thermal stimulus in arthritic mice. 
Each value in the line graph represents the mean ± SEM. A significant decrease in the latency time of LysM-Cre+;RGS12fl/fl mice compared 
to LysM-Cre+ mice was observed in arthritic animals beginning on day 5 after induction with mAbs. (C,D) Behavioral responses of LysM-
Cre+ and LysM-Cre+;RGS12fl/fl mice with the same clinical score (score level 2) to mechanical and heat stimulation in the context of RA. (C) 
Mechanical paw withdrawal thresholds of naive LysM-Cre+ and LysM-Cre+;RGS12fl/fl mice obtained by von Frey monofilament stimulation. 
(D) Heat-induced paw withdrawal thresholds of LysM-Cre+ and LysM-Cre+;RGS12fl/fl mice obtained by the plantar heat test. **, P<0.01; ***, 
P<0.001. 

A B

C D
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EP4),  which are GPCRs (29,30) .  EP1 is  coupled 
to the Gαq protein and activates phosphoinositide‐
PLC. EP3 exists as alternatively spliced variants. EP2 
and EP4 are linked to G‐stimulatory (Gαs) proteins, 
which are responsible for the activation of PKA (29).  
Interestingly, we found that both RGS12 gene and protein 
levels were increased by PGE2 induction, which was 
inhibited by EP2 and EP4 antagonists but not EP1 or EP3 
antagonists (Figure 5E,F,G). These results suggest that 
COX2/PGE2 regulates RGS12 expression mainly through 
EP2- and EP4-mediated signaling pathways.

RGS12 or the RGS12 PTB domain promotes COX2 
expression through NF-κB

C O X 2  i s  a  c r i t i c a l  p a i n  m e d i a t o r  t h a t  c a n  b e 
transcriptionally regulated by NF-κB in acute and chronic 
pain states (32). Recently, RGS12 was shown to have a 
strong relationship with NF-κB activity (17). However, 
whether RGS12 regulates pain signaling through the NF-
κB/COX2 pathway is still unclear. To elucidate whether 
RGS12 regulates COX2 levels, we first overexpressed 
RGS12 in primary BMMs using the pCMV-RGS12 vector 

and confirmed the RGS12 protein level by Western blotting 
(Figure 6A). Interestingly, we found that ectopic expression 
of RGS12 upregulated the mRNA and protein levels of 
COX2 (Figure 6B,C). To further examine whether RGS12 
regulates COX2 levels through NF-κB activation, we 
verified the efficiency of NF-κB knockdown (Figure 6D) or 
overexpression (Figure 6E) in BMMs by immunoblotting. 
BMMs were then treated with TNFα and transfected 
with shNF-κB and/or pcDNA-RGS12 plasmids for 48 
hours. We found that RGS12 significantly increased COX2 
mRNA levels, which were blocked by NF-κB knockdown  
(Figure 6F). A previous report showed that RGS12 or the 
RGS12 PTB domain regulates NF-κB activity by enhancing 
its nuclear translocation (17). To further determine whether 
the RGS12 PTB domain could promote the transcriptional 
activity of NF-κB, we performed a protein pulldown 
assay. The results showed that the RGS12 PTB domain 
was associated with NF-κB p65 in macrophages (Figure 
6G). Furthermore, we found that NF-κB overexpression 
promoted COX2 luciferase activity and that overexpression 
of RGS12 or the RGS12 PTB domain significantly enhanced 
NF-κB overexpression-induced COX2 production  
(Figure 6H). Thus, our results show that RGS12 or the 

Figure 4 The protein levels of PGE2, COX2, and RGS12 in the synovium is increased in CAIA model mice. (A,B,C) The 
levels of PGE2, COX2, and RGS12 in the synovium of control and CAIA model mice were analyzed by ELISA. ***, P<0.001, 
**, P<0.01 compared with the control group, n=5. The values are the mean ± SEM. (D,E) Analysis of RGS12 and COX2 
mRNA levels in the synovium from control and CAIA mouse models. ***, P<0.001 compared with those in the control group, 
n=5. The values are the mean ± SEM. (F,G) Gene expression levels of RGS12 and COX2 in BMMs from LysM-Cre+ and 
LysM-Cre+;RGS12fl/fl mice. The data are presented as the mean ± SEM, n=5. *, P<0.05, and ***, P<0.001. 
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Figure 5 COX2/PGE2 enhances RGS12 expression through EP2 and EP4. (A) Western blot analysis of COX2 overexpression 
(OE) in BMMs. Primary BMMs were isolated from WT mice and transfected with pCMV-empty vector (control) and 
pCMV-COX2 (COX2 OE) plasmids by Lipofectamine 3000 for 24 hours. Immunoblot quantification shows significantly 
increased expression of COX2. ***, P<0.001 versus the control. n=5. (B) Analysis of RGS12 levels after COX2 overexpression 
(OE) and PGE2 induction. RGS12 levels were determined by strand-specific RT-qPCR analysis of total RNA. The data are 
presented as the mean ± SEM, n=5. **, P<0.01; ***, P<0.001. (C,D) Western blot analysis of RGS12 expression after COX2 
overexpression (OE) and PGE2 induction in BMMs (C). RGS12 levels were measured by semiquantitative Western blotting 
(D). The data are presented as the mean ± SEM, n=5. **, P<0.01 and ***, P<0.001. (E) RGS12 mRNA levels were determined 
by real-time PCR. Primary BMMs were treated with PGE2 (Cayman) or PGE2 plus individual PGE2 receptor antagonists 
(EP1 (ONO-8711, Cayman) 10 μM; EP2 (TG11-77, Cayman) 10 μM; EP3 (Sulprostone, Cayman) 10 μM; or EP4 (GW 
627368X, Cayman) 10 μM). The data were normalized to GAPDH levels and are presented as the mean ± SEM, n=5. *, 
P<0.05 and ***, P<0.001. (F,G) RGS12 protein levels were quantitatively analyzed. Primary BMMs were treated as described 
in (E). **, P<0.01 and ***, P<0.001, n=5. The data are presented as the mean ± SEM.

RGS12 PTB domain regulates COX2 expression by 
regulating NF-κB activity.

Discussion

Chronic pain is a disease process that includes neuropathic 
pain and inflammatory pain (33). Neuropathic pain is 
caused by damage to neurons in the peripheral and central 
nervous systems (34). Inflammatory pain is associated 
with tissue damage and the subsequent inflammatory 
process, which elicits physiological responses to promote 
healing (35). A previous report showed that RGS12 was 
expressed in the ventral striatum (vSTR) of the mesolimbic 
dopaminergic system and regulates vSTR dopamine (DA) 

homeostasis via KOR signaling (18), suggesting that RGS12 
is involved in the regulation of pain-related signaling by 
the nervous system. Interestingly, RGS12 was also shown 
to play a key role in regulating the phosphorylation and 
activation of NF-κB, which serves as a pivotal mediator 
of inflammatory responses (17). Moreover, we found that 
RGS12 was involved in inflammatory pain in CAIA model 
mice by regulating the pain-specific molecule COX2, which 
forms a positive feedback loop to regulate the expression 
of downstream pain factors such as PGE2 and pain-related 
signaling pathways via EP2 and EP4. Thus, our results 
provide evidence that RGS12 regulates pain through the 
NF-κB-COX2-PGE2-EP2/4 axis. Although we found that 
RGS12 regulates inflammatory pain, it is still not clear 
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Figure 6 RGS12 can strengthen the transcriptional regulation of COX2 via NF-κB. (A) Western blot analysis of RGS12 expression. Primary 
BMMs were transfected with pCMV-empty (control) or pCMV-RGS12 (RGS12 OE) plasmids by Lipofectamine 3000 for 24 hours, and the 
expression levels of RGS12 were analyzed. **, P<0.01 vs. the control group, n=3. (B) Relative mRNA expression of COX2 was analyzed by 
real-time PCR. Primary BMMs were treated as described in (A), and the expression levels of COX2 were analyzed. **, P<0.01, ***, P<0.001 
compared with the control group. The values are the mean ± SEM (n=5). (C) COX2 expression levels in BMMs were analyzed by ELISA. 
Primary BMMs were treated as described in (A), and COX2 expression levels were analyzed. Note that RGS12 OE enhanced the expression 
level of COX2. **, P<0.01, ***, P<0.001 compared with the control group. (D) Relative protein levels of NF-κBp65. RAW264.7 cells 
were transfected with shControl (pSicoR-empty) or shNF-κB plasmids (pSicoR-shNFκBp65-1 and pSicoR-shNFκBp65-2) for 24 hours. 
β-Actin was used as an internal reference. The data are presented as the means ± SEM. ***, P<0.001 vs. shControl group, n=3. (E) Western 
blot analysis of NF-κBp65. RAW264.7 cells were transfected with pcDNA3.1-empty (control) or pcDNA3.1-NF-κBp65 (NF-κBp65 OE) 
plasmids for 24 hours. β-Actin was used as an internal reference. The data are presented as the means ± SEM. ***, P<0.001 vs. the control 
group, n=3. (F) RAW 264.7 cells were transfected with pUC-shNF-κBp65 and/or pCMV-RGS12 for 24 hours and then induced with TNFα 
for 24 hours. Relative mRNA expression was measured by real-time PCR. Note that RGS12 could not increase COX2 expression when 
NF-κB expression was decreased. The values are the mean ± SEM. ***, P<0.001, n=5. (G) Analysis of the interactions between RGS12-
PTB and NF-κBp65 by pulldown assay. RAW264.7 cells were transfected with pCMV-Flag or pCMV-PTB-Flag plasmids, and cell lysates 
were precipitated with anti-Flag affinity gel and immunoblotted (IB) with anti-NF-κB p65 and anti-Flag antibodies. (H) RGS12 promotes 
the transcriptional activity of NF-κB and COX2 expression (luciferase assay). Stable knockdown of NF-κB in RAW264.7 cells was achieved 
via the transfection of pSicoR-shNFκBp65-1 and pSicoR-shNFκBp65-2 vectors. The stably transfected RAW264.7 cells were treated with 
COX2-Luc, pcDNA3.1-NF-κBp65, pCMV-RGS12 and/or pCMV-PTB for 48 hours. *, P<0.05, ***, P<0.001 versus the control. The data 
are presented as the means ± SEM. Note that RGS12 or PTB could increase the transcriptional activity of NF-κB.
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whether RGS12 is involved in the crosstalk and balance 
between inflammatory pain and neuropathic pain during 
RA, which will be examined in future studies.

There is wide variation in RA prevalence and incidence (36).  
The female-to-male ratio of RA prevalence has been 
indicated to be approximately 3:1 (37). Thus, most studies 
use female mice for RA-related research because of the 

increased susceptibility (38,39). Additionally, population-
based studies indicated a higher pain prevalence in females 
than males (40). Studies have shown that women are at 
higher risk for many common pain conditions, including 
fibromyalgia, RA, and osteoarthritis (41,42). It has been 
suggested that interactions between biological and 
psychological factors lead to these differences (43). Based on 
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these reports, female mice were used in the present study. 
Future studies will examine whether RGS12 is also involved 
in sex differences in the prevalence of RA.

Macrophages play critical roles in many conditions 
associated with chronic pain by releasing proinflammatory 
mediators that induce pain via the activation of multiple 
nociceptors (44). Local depletion of macrophages 
after complete Freund’s adjuvant (CFA)-induced paw 
inflammation inhibits the development of inflammatory 
pain (45). In our study, we found that conditional 
deletion of RGS12 in macrophages could attenuate pain 
sensitivity. Moreover, we found that RGS12 overexpression 
in macrophages could enhance the expression of 
proinflammatory mediators such as COX2. Consistently, 
macrophages expressing high levels of COX2 were shown to 
exacerbate inflammation-driven pathology in arthritis (46). 
COX2 is a crucial mediator of pain in inflammatory diseases 
such as RA and OA (osteoarthritis), making it an attractive 
therapeutic target (47). COX2 deletion considerably 
suppresses synovial inflammation and joint destruction and 
suppresses inflammatory pain (9). We found that RGS12 
or the RGS12 PTB domain regulated COX2 expression 
at the transcriptional level, which was dependent on NF-
κB. Moreover, RGS12 enhanced the transcriptional activity 
of NF-κB, which was consistent with previous studies 
showing that RGS12 or the PTB domain activates NF-κB 
via phosphorylation (17). Thus, RGS12 controls COX2 
expression through NF-κB activation in macrophages.

Macrophages express a large number of GPCRs that are 
critical for the migration and accumulation of inflammatory 
cells. Here, we found that RGS12 plays a role in regulating 
inflammation through specific GPCR-dependent pathways. 
PGE2 controls the immune response through four GPCR 
subtypes (EP1-4) (48). In this study, RGS12 was regulated 
by PGE2-mediated EP2 and EP 4 but not EP1 or EP3 
signaling. RGS12 is involved in regulating the activity of 
several Gα subunits, such as Gαi and Gα12/13 (49). Huang 
et al. showed that RGS12 inactivates Gαi to abrogate 
the inhibition of cAMP formation (50). RGS12 inhibits 
the activity of Gα12 and Gα13 but not Gαs in NIH3T3  
cells (49). Therefore, it is believed that RGS12 is activated 
by specific and functional GPCRs. In addition to regulating 
GPCRs, RGS12 shares features with MAPK scaffolds, which 
regulate nucleotide release and endosomal targeting (51).  
RGS12 also interacts with multiple components of the Ras/
Raf/MEK signaling cascade via PDZ and PTB domains 
to mediate neuronal differentiation (52). However, there 

are still numerous GPCRs and signaling pathways that 
can trigger RGS12 due to its multiple functional domains 
(53,54). The RGS domain and the GoLoco motif display 
high-affinity for Gαi, while the PTB domain associates with 
a large number of proteins (53,55). Thus, our future studies 
will identify the functional GPCRs and related signaling 
pathways during arthritis pathogenesis.

PGE2 is a crucial mediator of inflammatory pain 
sensitization that is produced in peripheral inflamed tissues 
and the spinal cord (56). PGE2 activates prostaglandin E 
receptors and leads to different cellular outcomes (57). Here, 
we found that PGE2 could enhance RGS12 expression in 
macrophages mainly through EP2 and EP4, suggesting 
that PGE2 may act upstream of RGS12 signaling pathways. 
Interestingly, we also found that RGS12 overexpression 
promotes COX2 expression and PGE2 production. Thus, 
RGS12 and COX2/PGE2 form a positive feedback loop 
to regulate inflammatory pain. Previous studies indicated 
that RGS12 overexpression in inflamed macrophages could 
promote osteoclast differentiation, which has a similar 
effect as that of EP2/EP4 agonists (58). Hence, these results 
demonstrate that RGS12 is the key factor and therapeutic 
target in regulating bone remodeling and inflammatory pain.

In summary, the findings of the current study provide 
new evidence that RGS12 in macrophages contributes 
to inflammatory pain hypersensitivity via the COX2/
PGE2/EP2 and EP4 pathways. Our study provides a new 
therapeutic target that may facilitate the design of clinical 
treatments for inflammatory pain during RA.
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