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Abstract

Periodontitis is a complex inflammatory disease affecting the supporting structures of teeth and is associated with systemic inflammatory
disorders. Regulator of G-protein signaling 12 (RGS12), the largest protein in the RGS protein family, plays a crucial role in the
development of inflammation and bone remodeling. However, the role and mechanism(s) by which RGS12 may regulate periodontitis
have not been elucidated. Here, we showed that ablation of RGS12 in Mx|* hematopoietic cells blocked bone loss in the ligature-induced
periodontitis model, as evidenced morphometrically and by micro—computed tomography analysis of the alveolar bone. Moreover,
hematopoietic cell-specific deletion of RGSI2 inhibited osteoclast formation and activity as well as the production of inflammatory
cytokines such as ILIf3, IL6, and TNFa in the diseased periodontal tissue. In the in vitro experiments, we found that the overexpression
of RGS12 promoted the reprogramming of macrophages to the proinflammatory MI type, but not the anti-inflammatory M2 type,
and enhanced the ability of macrophages for migration. Conversely, knockdown of RGS12 in macrophages inhibited the production of
inflammatory cytokines and migration of macrophages in response to lipopolysaccharide stimulation. Our results demonstrate for the
first time that inhibition of RGS12 in macrophages is a promising therapeutic target for the treatment of periodontitis.
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IL4 and IL10 (Mosser and Edwards 2008), which can inhibit
the inflammatory process and promote local tissue repair and
wound healing (Wynn and Vannella 2016). Importantly, the
major functions of macrophages are the elimination of bacteria,
clearance of the extra neutrophils, and activation of the immune
response (Navegantes et al. 2017). Macrophages first migrate to
the microorganisms and engulf them through binding certain
surface molecules of bacteria such as lipopolysaccharides

Introduction

Periodontitis is a complex inflammatory disease that involves
the supporting structures of teeth and is also associated
with increased risk of systemic inflammatory disorders
(Hajishengallis and Chavakis 2021). Chronic periodontitis usu-
ally results from untreated gingivitis that progresses to the loss
of ligament and bone and eventually leads to tooth loss
(Kononen et al. 2019). In the United States, periodontitis affects
more than 50% of the population and mostly occurs in elderly
individuals (Eke et al. 2020). The role of genetics in chronic
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periodontitis has been studied, but no single-nucleotide poly-
morphism has been consistently identified (Laine et al. 2010).
Studies showed that the levels of inflammatory factors such as
IL1B, IL17, TNFa, and COX2 are related to periodontal tissue
damage and bone loss (Kayal 2013; Dutzan et al. 2018).
Therefore, the dysfunctional host response caused by the
immune system may be an important reason for periodontitis.
Macrophages, as one of the most important inflammatory
cells, play critical roles in the pathogenesis of periodontitis
(Hasturk and Kantarci 2015). Macrophages have a feature of
highly plastic phenotypes in response to microenvironmental
signals (Italiani and Boraschi 2014). Macrophages have 2 phe-
notypes: M1 macrophages (classically activated macrophages)
are related to the proinflammatory factors’ activation and host
defense, which can be induced by IL1, IL6, and TNFo (Mosser
and Edwards 2008). Conversely, M2 macrophages (nonclassi-
cally activated macrophages) are involved in stimulating
immune cells to secrete anti-inflammatory cytokines such as
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(LPSs) (Hirayama et al. 2017). Inflammatory mediators such as
cytokines and chemokines are released from activated immune
cells, which can also stimulate the macrophages to migrate into
the defective area to remove the necrotic tissues (Sokol and
Luster 2015). Moreover, under an inflammatory environment,
macrophages can differentiate into osteoclasts to dissolve the
hard tissue such as alveolar bone. Thus, the dysregulation of
macrophages during periodontitis contributes to inflammation
and bone loss (Hasturk et al. 2012).

Regulators of G protein signaling (RGS proteins) regulate
the G protein—dependent signals from the external environ-
ment (O’Brien et al. 2019). As the largest protein in the RGS
family, RGS12 is involved in multiple signaling pathways,
including the G protein—coupled receptors (GPCRs) and
nuclear factor « light chain enhancer of activated B-cell (NF-
«B) pathways (Lambert et al. 2010; Yuan, Yang, Ng, et al.
2020). RGS12 regulates the occurrence and development of
numerous diseases such as oral cancer, arthritis, and bone dis-
cases (Fu et al. 2020; Yuan, Yang, Liu, et al. 2020; Yuan, Yang,
Ng, et al. 2020). More important, RGS12 in macrophages was
found as a key regulator in bone erosion and inflammation
(Yang et al. 2013; Ng et al. 2019; Yuan, Yang, Ng, et al. 2020).
Deletion of RGS12 in myeloid cell lineage using Mx1-Cre
transgenic mice and LysM-Cre leads to a significant increase
of bone mass (Yang et al. 2013; Ng et al. 2019). Moreover,
RGS12 deficiency in macrophages can prevent the develop-
ment of rheumatoid arthritis by regulating the nuclear translo-
cation and activation of NF-kB (Yuan, Yang, Ng, et al. 2020).
However, how RGS12 regulates the function of macrophages
to affect periodontitis and bone erosion is still unclear.

In this study, we found that RGS12 plays a critical role in
inflammatory bone erosion in periodontitis through controlling
proinflammatory cytokines’ production, macrophage polariza-
tion, and migration, indicating that RGS12 is an important
regulator of macrophages and a potential drug target for peri-
odontitis and other inflammatory bone loss diseases.

Materials and Methods

The Appendix Methods section describes the following meth-
ods: the materials and reagents, the details of plasmid construc-
tion, migration assay, cell culture and osteoclastogenesis,
real-time polymerase chain reaction (PCR), Western blot anal-
ysis, and immunofluorescence (IF).

Mice

All animal studies were performed in accordance with Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines and with approval by the Institutional Animal Care and
Use Committee (IACUC) of the University of Pennsylvania.
To generate the conditional RGS12-knockout (cKO) mice,
RGS 12 mice were randomly crossed with mice expressing
Cre recombinase under the control of the Mx1 promoter (Mx!1-
Cre*). Cre control (8 wk old, n=10) and cKO mice (8 wk old,
n=10) were littermates derived from the breeding of heterozy-
gous animals. The mice were fed a chow diet and raised in a

clean-grade room with 12-h light and 12-h dark cycles. All ani-
mals were of a BALB/c background.

Periodontitis Mouse Model

Experimental periodontitis and bone resorption were induced
by insertion of ligature wire (5-0 silk ligature) between the left
second molars for 10d as described previously (Yuh et al.
2020). The ligature-induced periodontitis model generates a
subgingival biofilm-retentive environment resulting in local
inflammation and bone loss in conventional (but not germ-
free) mice (Jiao et al. 2013; Kourtzelis et al. 2019). The mice
were monitored and kept warm until recovery from the anes-
thesia. The presence of the ligature wire in each mouse was
evaluated every 3 d. Mice in which the ligature wire was absent
were excluded from the study.

The morphological changes in the alveolar bone and maxil-
lae were analyzed by the micro—computed tomography (CT)
system (Micro-CT 35; Scanco Medical AG). The distal coronal
one-third area of the distal root and the mesial coronal one-
third area were selected as the region of interest (ROI) for
micro-CT analysis. Three-dimensional reconstruction images
were used to determine bone volume over total volume (BV/
TV) and bone mineral density (BMD) by using bonelJ software
(National Institutes of Health).

Maxillary samples were collected on day 10 following liga-
ture insertion. For bone loss evaluation, the distance from the
cement-enamel junction (CEJ) to the alveolar bone crest
(ABC) for each mouse was measured on 6 predetermined
points on the ligated second molar. The measurement of alveo-
lar bone loss in the mice was performed by 3 experienced
examiners (Yuh et al. 2020).

Histology

The maxillae were fixed in 10% formalin, decalcified, and
embedded in paraffin. Tissues were cut into 5-pm sections and
stained with hematoxylin and eosin to assess maxillae pathol-
ogy. The degree of inflammation was evaluated on a scale from
0 to 3 scores: 0=no inflammation, 1=mild inflammation (5—
25% inflammatory cells), 2=moderate inflammation (25-50%
inflammatory cells), and 3=severe inflammation (>50%
inflammatory cells) by 3 different experts as described previ-
ously (Gully et al. 2014).

For tartrate-resistant acid phosphatase (TRAP) staining, the
maxillae were fixed in 4% formaldehyde and decalcified in
10% ethylenediaminetetraacetic acid (EDTA). The maxillae
were stained with a TRAP activity kit (387A; Sigma) to mea-
sure the osteoclast activity according to the manufactural
instructions. The TRAP-positive cells were quantified relative
to the total trabecular bone surface by Image] software
(National Institutes of Health).

Statistics

All statistical analyses were performed using Prism 7.0 soft-
ware (GraphPad Software). The unpaired Student’s ¢ test was
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used to compare the difference between 2 groups, and 1-way
analysis of variance (ANOVA) followed by Tukey multiple
comparison test was used to analyze the changes between mul-
tiple groups. Values are expressed as mean+SEM, and P val-
ues <.05 were considered significant.

Results

Conditional Deletion of RGSI2 in MxI* Cells
Inhibits Ligature-Induced Bone Loss

RGS12 is a multi-functional protein that regulates the pro-
cesses of inflammation and bone remodeling (Ng et al. 2019;
Yuan, Yang, Ng, et al. 2020). Moreover, RGS12 plays a key
role in regulating bone resorption (Yang and Li 2007). To iden-
tify the role of hematopoietic cell-derived RGS12 in periodon-
titis, RGS12 was deleted in hematopoietic lineage by mating
RGS12 floxed mice with Mx1-Cre mice expressing Cre-
recombinase under the control of the inducible Mx1 promoter
(Kuhn et al. 1995; Yang et al. 2013). Poly I:C stimulates the
production of IFNa, which leads to the activation of the Mx1
promoter and subsequent Cre expression. Thus, exon 2 of the
floxed RGS12 gene was removed specifically in hematopoietic
cells of RGS12-cKO mice by the Cre-recombinase induced by
intraperitoneal (i.p.) injection of poly I:C (Fig. 1A, B). Loss of
RGS12 protein in bone marrow macrophages (BMMs) of cKO
animals was confirmed by immunoblotting (Fig. 1C). Mx1-
Cre* BMMs (control) showed a clear band indicating the
RGS12 protein expression, whereas RGS12 protein was nearly
absent in Mx1-Cre";RGS 127 BMMs (RGS12 cKO) after poly
I:C injection (Fig. 1C), demonstrating effective RGS12 deletion.

To determine the role of RGS12 in periodontitis, RGS12
¢KO mice and Mx1-Cre* controls were subjected to ligature-
induced periodontitis. The expression of Cre recombinase was
induced by i.p. administration of poly I:C on days 1, 3, and 5
before ligature (Fig. 1D).

To analyze alveolar bone changes upon the conditional
deletion of RGS12, the distances between the cementoenamel
junction (CEJ) and alveolar bone crest (ABC) in the palatal and
buccal surfaces were measured at the second maxillary molar
in three-dimensionally constructed images in the RGS12 cKO
and Mx1-Cre* control (Ctrl) mice with or without periodontitis
(Fig. 1E-F). The CEJ-ABC distances were significantly
decreased in the RGS12 ¢cKO group in comparison to the con-
trol group (Fig. 1E—F). In periodontitis, the specimens from the
Mx1-Cre* control groups displayed aggravation of bone loss,
but the bone loss was significantly reduced in RGS12 ¢cKO
groups (Fig. 1E-F). The average CEJ-ABC distance in the
Mx1-Cre* control group was 0.27+0.01 mm, which was larger
than that in the RGS12 c¢KO group (0.2£0.03 mm) under the
periodontitis condition (Fig. 1E-F).

To further determine if RGS12 affects alveolar bone erosion
upon ligature-induced periodontitis using an independent
approach, the morphology of the maxilla was reconstructed
and analyzed by micro-CT in Mx1-Cre* control and RGS12
c¢KO mice with or without ligature (10d). We found that the
alveolar bone BMD and the ratio of BV/TV increased in

RGS12 ¢KO mice compared with those in Mx1-Cre* control
mice in the mock (no-ligature) groups (Fig. 1G-I). In the
ligature-induced periodontitis groups, bone mass as indicated
by BV/TV and BMD was decreased in both Mx1-Cre* control
and RGS12 cKO as compared to those in the mock condition.
However, RGS12 cKO significantly inhibited bone loss com-
pared to the Mx1-Cre* controls in the ligature-induced peri-
odontitis mice (Fig. 1G-I).

Ablation of RGS |2 in Hematopoietic Lineage
Prevents Inflammatory Bone Loss through
Inhibiting Osteoclast Formation

Our previous studies showed that RGS12 cKO increases bone
mass by decreasing osteoclastogenesis but not affecting the
osteogenesis in long bone (Yang et al. 2013). Here, we further
found RGS12 ¢KO mice also showed an increased bone mass in
the skull bone in comparison with Mx1-Cre* control mice
(Appendix Fig. 1). To confirm whether RGS12 cKO affects
bone formation or erosion, we detected the messenger RNA
(mRNA) levels of osteoclast makers (Atp6v0d2 [adenosine tri-
phosphatase VO] and Dcstamp [dendritic cell-specific trans-
membrane protein]) and osteoblast markers (ALP [alkaline
phosphatase] and OC [osteocalcin]) in alveolar bone tissues. We
found that only osteoclast markers were significantly reduced in
RGS12 cKO mice with or without ligature but not the osteoblast
markers (Appendix Fig. 2). These results suggested that RGS12
mainly regulates osteoclastogenesis in the alveolar bone.

Consistent with these findings, TRAP staining results
showed that osteoclast numbers and osteoclast surface were
significantly decreased in alveolar bone and especially in the
junction areas of alveolar bone and cortical bone in RGS12
cKO mice in comparison to the Mx1-Cre* control mice with or
without ligature (Fig. 2A—C and Appendix Fig. 3). Furthermore,
we found that osteoclast marker genes NFATCI, CTSK, and
ACPS5 were decreased in the alveolar bone of the RGS12 cKO
group in comparison to the Mx1-Cre* control group (Fig. 2D).
To further confirm the RGS12 role in the osteoclast differentia-
tion, BMMs from the Mx1-Cre* control and RGS12 ¢cKO mice
were isolated and induced with macrophage colony stimulat-
ing factor (M-CSF)/receptor activation of NF-kB ligand
(RANKL) and phosphate-buffered saline (PBS) or LPS for 4d
and stained by the TRAP activity kit (Fig. 2E). We found that
RGS12 inhibited osteoclastogenesis in both conditions of
M-CSF/RANKL and M-CSF/RANKL with LPS inductions
(Fig. 2E). Collectively, these data establish that hematopoietic
cell-specific RGS12 regulates bone resorption in ligature-
induced periodontitis.

Ablation of RGS12 in Mx1* Cells Inhibits Periodontitis

To determine whether loss of RGS12 affects periodontitis, the
maxillae pathology was analyzed by histology (Fig. 3A-B).
The histological analysis showed higher inflammation scores
in the Mx1-Cre* control groups (2.4£0.24 scores) in compari-
son to the RGS12 cKO groups (1.2£0.2 scores) (Fig. 3D). We
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Figure I. Conditional deletion of RGS12 in Mx|* cells inhibits bone loss during ligature-induced periodontitis. (A) Diagrams of RGS12 conditional
knockout (cKO) generation. Exons are depicted as blue boxes and are numbered. Cre, Cre recombinase coding sequence; loxP, loxP sites; neo,
neomycin resistance gene. (B) Appearance of Mx|-Cre* (Ctrl) and MxI-Cre*;RGS12"" (RGS12 cKO) after injection of poly I:C. (C) The bone marrow
macrophages were extracted and the RGS|2 deletion was confirmed by immunoblot after injection of poly I:C. Values are means+SEMs. **P<0.01
versus Mx|-Cre* control (Ctrl), n=5. (D) Schematic diagram depicting the timing of injection of poly I:C and ligature-induced periodontitis model in
mice. (E, F) The cementoenamel junction distance (CEJ-ABC) (white line) was to show the bone loss analysis of Mx|-Cre* control (Ctrl) and RGS12
cKO mice in mock and ligation groups. Values are means+SEMs. *P<0.05 versus Ctrl, n=10. (G-l) Micro—computed tomography analysis of bone
density in MxI-Cre* control (Ctrl) and RGS12 cKO mice in mock and ligation groups. Quantitative analysis of bone volume fraction (BV/TV) (H) and
bone mineral density (BMD) (l) are shown in (F). *P<0.05, ¥**P<0.01, **P<0.001. Values are means£SEMs (n=10).

inflammation, total RNA was extracted from the periodontal
tissues of Mx1-Cre* control and RGS12 ¢KO mice with or
without ligature-induced periodontitis and analyzed for the
expression of inflammation-related genes /LIS, IL6, ILI2,
TNFa, CCL2, and iNOS by a real-time quantitative polymerase
chain reaction (qPCR) assay (Fig. 1G). The results showed that

then stained the periodontal tissues with F4/80 antibody by
immunofluorescence to further identify the infiltrated macro-
phages (Fig. 3C). As shown in Figure 3C and D, the F4/80"
cells were significantly decreased in RGS12 ¢cKO groups in
comparison with Mx1-Cre* control groups during periodonti-
tis. To further determine the regulation of RGSI2 in
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Figure 2. Ablation of RGSI2 in hematopoietic lineage prevents inflammatory bone loss through inhibiting osteoclastogenesis. (A) The maxillae
(ligature on day 10) were stained with the tartrate-resistant acid phosphatase (TRAP) kit (Sigma) (bar, 100 um). (B) High-magnification image of

(A) demonstrating the osteoclast in alveolar bone (bar, 25 um). The RGS12 conditional knockout (cKO) showed fewer TRAP-positive osteoclasts
compared to the Mx|-Cre* control (Ctrl) group (red arrows) in ligature-induced periodontitis (day 10). (C) Histomorphometric analysis of the
number of TRAP-positive osteoclasts (N.Oc/BS) and the percentage coverage of TRAP-positive osteoclasts on the alveolar bone surface (Oc.S/

BS) from the Ctrl and RGS12 cKO after ligation for 10d (values are means £ SEMs, ***P<0.001 versus Ctrl, n=5). (D) Relative messenger RNA
expressions of Nfatcl (nuclear factor of activated T cells I), Ctsk (cathepsin K), and Acp5 (acid phosphatase 5) were measured by quantitative real-time
polymerase chain reaction. *P<0.05, **P<0.01 versus Mx|-Cre* control (Ctrl), n=5. (E) Bone marrow macrophages (BMMs) from Ctrl and RGS12
cKO mice were incubated with macrophage colony stimulating factor (M-CSF) (20 ng/mL) and receptor activation of NF-kB ligand (RANKL)

(100 ng/mL) and with and without lipopolysaccharide (LPS) (100ng/mL) for 4d. The cells were stained for TRAP. TRAP-positive cells with more than 3
nuclei were scored (bar, 50 um). Note that BMMs from RGS12 cKO mice showed fewer TRAP-positive cells with or without LPS treatment. **P<0.01,
*#%P<0.001 versus Ctrl, n=10.
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Figure 3. Ablation of RGS12 in MxI* cells inhibits periodontitis. (A) Histological analysis of periodontal tissues; arrow indicates increased infiltration
of inflammatory cells (black box) (bar, 100 um). (B) High-magnification image of (A) demonstrating infiltration of inflammatory cells. (C) F4/80
immunofluorescence to detect macrophages in periodontal tissues (besides the second molar) from Ctrl and RGS|12 conditional knockout (cKO)

mice (bar, 50 um). (D) Infiltration of inflammatory cells as depicted in (A) and (B) was assessed as a histopathological score in the hematoxylin and
eosin—stained section (top panel). The percentage of F4/80 cells as depicted in (C) was analyzed by Image] software (National Institutes of Health).
Note that RGS12 cKO mice showed less infiltration of inflammatory cells and F4/80-positive cells in comparison with Ctrl. Results are shown as
meanSEM. ¥¥P<0.01, **P<0.001 versus Mx|-Cre* control (Ctrl), n=5. (E=J) The control and inflamed periodontal tissues were collected from
mock or ligature-induced periodontitis models on day 10. RNAs from Mx|-Cre* control (Ctrl) and RGS12 cKO periodontal tissues were extracted by
the Trizol kit (Sigma). Real-time polymerase chain reaction showing altered expression of ILI 3 (E), IL6 (F), CXCLI (G), TNFo. (H), CCL2 (1), and iNOS (J).

*P<0.05, ¥¥P<0.01 versus Ctrl. Values are means+SEMs (n=5).

ablation of RGS12 significantly inhibited the expression of
IL1B, IL6, CXCLI, and TNF o in periodontitis compared to the
Mx1-Cre* control group (Fig. 1G). These results suggest that
the loss of RGS12 in macrophages inhibits ligature-induced
periodontal inflammation.

RGS 12 Promotes the Migration of Macrophages

To investigate the effects of RGS12 on macrophage function,
we first overexpressed RGS12 (pCMV-RGS12) or silenced
RGS12 (psi-nU6.1-shRGS12) in RAW264.7 cells and con-
firmed the RGS12 protein changes by Western blot (Fig. 3A,

B). To examine whether RGS12 plays a role in macrophage
migration, we performed a Transwell migration assay in
RGS12 overexpressed (OE) RAW264.7 cells, which were
treated with or without LPS for 24 h. The results showed that
the number of migrated macrophages in RGS12 OE group was
much more than that in the control group after introducing the
LPS (1 pg/mL) for 24h (Fig. 3C, D). Moreover, without LPS
induction, RGS12 OE also slightly increased macrophage
migration (Fig. 3D). Consistently, we found that knockdown of
RGS12 attenuated macrophage migration with and without
LPS induction (Fig. 3E, F). To determine whether RGS12
affects the proliferation of macrophages, we performed the
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Figure 4. RGSI2 promotes the migration of macrophages. (A) RAW264.7 cells were transfected with pCMV-empty or pCMV-RGSI2 plasmids

for 24 h by using Lipofectamine 3000 (ThermoFisher), and lysates were extracted to perform immunoblots. The right panels show the quantitative
data of relative intensity from immunoblots (means £SEMs, ***P<0.001, n=3). (B) RAW264.7 cells were transfected with shCtrl or shRGSI2 for

24h as described in (A), and lysates were analyzed by immunoblots. The right panels show the quantitative data of relative intensity. The data were
normalized to B-actin. **P<0.001 versus the shCtrl group (n=3). (C, D) Representative images from Transwell assays in RAW264.7 macrophages
transfected with pCMV-RGS12 for 24 h with lipopolysaccharide (LPS) or phosphate-buffered saline (PBS) (I pg/mL). The migrated average cell number
was measured and calculated under random 20x fields (C). Bar charts showed the quantification of migrated cells per field (D). **P<0.01, ***P<0.001
versus the vector group, n=5. (E, F) RAW264.7 macrophages were transfected with shRGSI2 or shCtrl for 24 h with LPS or PBS and analyzed by
Transwell assays (bar, 25 um). Quantification of migrated cells as described in (C) and (D). Values are means+SEMs (***P<0.001 versus the shCtrl

group, n=5).

WST-1 assay (Appendix Fig. 4). RGS12 OE or knockdown did
not affect macrophage proliferation (Appendix Fig. 4). These
results indicate that RGS12 promotes macrophage migration
but does not affect cell proliferation.

RGS 12 Promotes the Polarization
of Macrophages toward the M| Phenotype

Numerous pharmacological agents have been identified to reg-
ulate the inflammatory pathways of M1 and M2 macrophages
(Gensel et al. 2017). Recent studies showed that the inflamma-
tory setting can be diverted from proinflammation to anti-
inflammation by using different natural analogs (Amantea
et al. 2016). However, the regulatory mechanism by which
these molecules control the M1-M2 phenotype remains
unknown. To determine whether RGS12 affects macrophage
polarization, RAW264.7 cells were transfected with pCMV-
empty (control) or pCMV-RGS12 (RGS12 OE) plasmids for
48h, and then M1 macrophage marker CD86 and M2 macro-
phage marker CD163 were detected by performing the immu-
nofluorescence staining (Fig. 4A). We found that fluorescence

intensity of M1 macrophage marker CD86, but not of M2
marker CD163, was significantly increased in the RGS12 OE
group compared with the control group (Fig. 4A, B). To further
detect the cytokine markers of the M1 and M2 macrophages,
RAW264.7 cells were transfected with pCMV-RGS12 plas-
mids for 48h, and then the phenotype marker genes for M1
(IL1p, IL6, and TNF o) and M2 macrophages (IL4, ILIRA, and
IL10) were determined by the real-time PCR as described
(Jablonski et al. 2015). The results showed that RGS12 mark-
edly upregulated the expression of M1 macrophage marker
genes (Fig. 4C—E) but did not affect the expression of M2 mac-
rophage marker genes (Fig. 4F—H), suggesting that RGS12 can
promote the M1 macrophage formation.

Discussion

The pathological consequences of periodontitis result from the
dynamic and polymicrobial oral microbiome and thereby
inflammatory cell infiltration (Lamont et al. 2018).
Phagocytosis is a basic process for nutrition in unicellular
organisms, and it is also found in professional phagocytes such
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as macrophages and neutrophils (Uribe-Querol
and Rosales 2020). These cells are critical in elim-
inating dead cells and maintaining homeostasis
(Gordon 2016; Uribe-Querol and Rosales 2020).
By analyzing the protein database in human
peripheral blood mononuclear cells, we found that
RGS12 showed the highest expression level in
monocytes and the lowest expression level in neu-
trophils compared to other immune cells. Its
expression level in monocytes was 8-fold higher
than that in neutrophils (Appendix Fig. 5). Thus,
these findings suggest that the knockout of RGS12
may dominantly affect the monocytes and have a
limited impact on the activation of neutrophils
(Appendix Fig. 5). M1 macrophages could trans-
fer to M2 macrophages under specific conditions.
M1 macrophages exposed to the IL13 cytokine
showed the M2 phenotype and gained phagocytic
activity, whereas M2 macrophages that switched
to M1 macrophages lost their endocytic activity
(Tarique et al. 2015). A previous study also found
M2 macrophages have higher phagocytic activity
than M1 macrophages, so the M2 macrophages
play a major role in phagocytosis (Jaggi et al.
2020). In our study, we found RGS12 promotes
the M1 macrophage polarization and its marker
gene expression and does not alter M2 macro-
phage marker gene expression. These findings
suggest that phagocytosis may not be a major fac-
tor regulated by RGS12. However, we cannot
neglect the phagocytosis ability since it could
maintain homeostasis. Therefore, in future stud-
ies, we will focus on whether RGS12 can regulate
the macrophage phagocytosis ability in different
environments.

RGS proteins were reported to play critical
roles in regulating cell functions (De Vries and
Gist Farquhar 1999). Our previous studies showed
that RGS12 promotes osteoclast differentiation
through regulating RANKL signaling (Yang and
Li 2007), but whether RGS12 also regulates
osteoclastogenesis in alveolar bone during peri-
odontitis is unknown. Osteoclasts are multinucle-
ated giant cells that differentiate from myeloid
precursors under the influence of the M-CSF and
RANKL (Feng and Teitelbaum 2013). Thus, study
of hematopoietic lineage cells will help us better
understand the different stages for RGS12 regu-
lating osteoclastogenesis and inflammatory
response during periodontitis. Macrophages have
different functional properties in response to
environment-derived signals (Mantovani et al. 2004).
Gosselin et al. (2007) reported that macrophages
transferred to a different environment can upregu-
late or downregulate the expression of a vast array
of genes, such as preferentially decreasing the
expression of microglia-specific genes such as
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Figure 5. RGSI12 promotes the polarization of macrophages toward the M|
phenotype. (A, B) RAW264.7 cells were transfected with pCMV-empty or pCMV-
RGS12 plasmids for 48h, and the M| macrophage marker CD86 and M2 macrophage
marker CD 163 were detected by the immunofluorescence staining assay. (A)
RAW?264.7 cells were incubated with the anti-CD86 or anti-CD 163 antibody followed
by incubation with fluorescein isothiocyanate—conjugated secondary antibody, and

the nuclei were stained with DAPI (blue). Images show CD86 in red and CD163

in green. (B) The expression of CD86 and CD163 in each cell was analyzed by the
Image] densitometry method. Ten views in each well were analyzed. The relative
intensity of the fluorescence was determined by comparing each intensity value

to the average intensity. The blue bar represents pCMV-empty (Ctrl) and the red

bar represents the pCMV-RGS|12 overexpression (RGSI2 OE) (bar, 10um). n=5,
%P <0.001. (C-E) RAW264.7 cells were transfected with pCMV-RGS|2 or pCMV-
empty (Ctrl) plasmids for 48h, and the M| macrophage markers were detected by
real-time polymerase chain reaction (PCR) assay. Note that overexpression of RGS|2
can increase the ILIf3, IL6, and TNFa. levels. *P<0.01, **¥P<0.001 versus the control
group, n=5. (F-H) RAW264.7 cells were treated as described in (C) to (E), and the
M2 macrophage markers (IL4, ILIRA, and IL/0) were detected by real-time PCR assay.
Values are means+SEMs (P>0.05 versus the control group, n=5). (I) Schematic for
RGS12 role in periodontitis. RGS12 promotes the polarization of M| macrophages, the
migration of macrophages, and the expression of proinflammatory factors. Moreover,
RGS12 enhances osteoclast formation under inflammatory conditions. Finally, the
conditional knockout of RGS|2 prevents inflammation and alveolar bone erosion during
periodontitis.
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RUNX (RUNX1 and RUNX2) and SMAD3 (Gosselin et al.
2017). In an inflammatory environment, RGS12 is activated
and translocated into the nucleus to further promote inflamma-
tion (Yuan, Yang, Ng, et al. 2020). In this study, we found over-
expression of RGS12 in macrophages showed a feature similar
to macrophage exposure to LPS, which promotes M1 macro-
phage polarization and function. These findings suggest that
RGS12 may trigger the potentiated cytotoxic properties of mac-
rophages via promoting an inflammatory setting.

Taken together, this study for the first time uncovers that
RGS12 activates the innate immune response through promot-
ing the macrophage polarization toward M1 phenotype, migra-
tion, and osteoclastogenesis (Fig. 5I). Importantly, the lack of
RGS12 in macrophages can inhibit both bone loss and inflam-
matory cell infiltration in periodontitis. Thus, our study pro-
vides a promising drug target that may facilitate the clinical
treatments for periodontitis.
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