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Abstract

How RANKL evokes [Ca?*]; oscillations and leads to osteoclast differentiation is unclear. We
identified a new signaling protein, RGS12, and found that RGS12 is essential for [Ca2™];
oscillations and osteoclast differentiation induced by RANKL. RGS12 may play a critical role in
the RANKL-evoked PLCy- calcium channels—[Ca2*]; oscillation—-NFAT2 pathway.

Introduction—RANKL-induced [Ca2*]; oscillations play a switch-on role in NFAT2 expression
and osteoclast differentiation. However, RANKL evokes [Ca2*]; oscillations and leads to
osteoclast differentiation by an unknown mechanism. In this study, we identified a new RANKL-
induced signaling protein, regulator of G signaling protein 12 (RGS12), and investigated its effect
on osteoclast differentiation in vitro.

Materials and Methods—We used a genome-wide screening approach to identify genes that
are specifically or prominently expressed in osteoclasts. To study the role of the RGS12 in
osteoclast differentiation, we used vector and lentivirus-based RNAI gene silencing technology to
silence the RGS12gene in the monocyte progenitor cell lines and primary bone marrow—derived
monocytes (BMMSs). The interaction between RGS12 and N-type calcium channels was elucidated
using co-immunoprecipitation and immunoblotting.

Results—We found that RGS12was prominently expressed in osteoclast-like cells (OLCs)
induced by RANKL. This result was further confirmed at both the mRNA and protein level in
human osteoclasts and mouse OLCs. Silence of RGS12 expression using vector and lentivirus
based RNA interference (RNAI) impaired phosphorylation of phospholipase C (PLC)y and
blocked [CaZ*]; oscillations, NFAT2 expression, and osteoclast differentiation in RANKL-induced
RAW264.7 cells and BMMs. We further found that N-type calcium channels were expressed in
OLCs after RANKL stimulation and that RGS12 directly interacted with the N-type calcium
channels.

Conclusions—These results reveal that RGS12 is essential for the terminal differentiation of
osteoclasts induced by RANKL. It is possible that RGS12 regulates osteoclast differentiation
through a PLC y—calcium channel-[Ca?*]; oscillation-NFAT2 pathway.
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Introduction

Osteoclasts are the principal, if not exclusive, bone Oresorbing cells, and their activity has a
profound impact on skeletal health. Disorders of skeletal insufficiency, such as osteoporosis,
are typically characterized by enhanced osteoclastic bone resorption relative to bone
formation. A more complete understanding of the mechanisms by which osteoclasts
differentiate from their precursors and degrade the skeleton is therefore critical to
developing therapies for these often-debilitating diseases.

In the past several years, important progress has been made in the mechanisms of osteoclast
differentiation and activation, particularly the role of RANKL.(1-6) RANKL occupying
RANK on the surface of osteoclast precursors leads to a recruitment of TRAF family
proteins such as TRAF6, which activates the NF-xB, c-fos, and Jun N-terminal kinase
(JNK) pathways.(7:8) The essential role of these factors in bone homeostasis is fully
underscored.(1:9.10) Recently, Takayanagi et al.1) reported that NFAT2 plays an essential
and sufficient role in osteoclastogenesis. They showed that RANKL induces and activates
NFAT2 through calcium signaling. Both the transient initial release of Ca2* from
intracellular stores and the influx through specialized Ca2* channels control the
dephosphorylation of the cytoplasmic components (NFAT2 proteins) and lead to their
nuclear localization, which is followed by the activation of osteoclast-specific genes.
Despite the importance of the calcium signaling—-NFAT pathway, it remained unclear how
RANKL activates calcium signals leading to the induction of NFAT2. Most recently, Koga
et al.(12) reported that immunoreceptor tyrosine-based activation motif (ITAM)-dependent
co-stimulatory signals activated by multiple immunoreceptors are essential for the
maintenance of bone homeostasis. In osteoclast precursor cells, FcRy and DAP12 associate
with multiple immunoreceptors and activate calcium signaling through phospholipase Cy
(PLCy). RANKL-induced phosphorylation of PLC+y and [Ca2*]; oscillations were impaired
in DAP127~ FcRy™!~ cells, suggesting that both proteins are involved in the PLCy pathway
and phosphorylation of PLCy is the critical component involved in the RANKL-induced
[CaZ*); oscillations-NFAT2 pathway. However, the question remains as to how RANKL
evokes the NFAT2 signaling pathway. The molecular linkage between RANKL and [Ca?*];
oscillations is still unknown.

We hypothesized that related signaling proteins critical to osteoclast differentiation may be
induced by RANKL and involved in the [Ca2*]; oscillation-NFAT2 pathway. To test the
hypothesis, we used a genome-wide microarray (Affimetrix) to screen osteoclast-specific
genes and identified a new RANKL-induced signaling protein, regulator of G signaling
protein 12 (RGS12), which is prominently expressed in RANKL-induced osteoclast-like
cells (OLCs). We further determined the effect of RGS12 on [Ca2*]; oscillations and
osteoclast differentiation in vitro. Our results showed that RGS12 plays an essential role in
RANKL-regulated osteoclast differentiation possibly through the PLCy—calcium channel—
[CaZ*); oscillation-NFAT?2 pathway.

Materials and Methods

Cells and cell culture

MOCP-5 and RAW?264.7 are the monocyte progenitor cell lines. MOCP-5 was generated in
our laboratory.(13) RAW264.7 was obtained from the American Type Culture Collection
(ATCC, Bethesda, MD, USA). Human osteoclastoma tumors were obtained courtesy of Dr
Andrew Rosenberg.(14:15) Stromal cells from tumors were obtained as described.(16)

J Bone Miner Res. Author manuscript; available in PMC 2013 January 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang and Li

Page 3

GeneChip analysis

MOCP-5 cells were stimulated with RANKL (10 ng/ml) and macrophage-colonly
stimulating factor (M-CSF; 20 ng/ml) for 96 h. Total RNA was extracted from these cells
using Trizol reagent (Life Technologies) as described by the manufacturer. Total RNA (15
pg) was used for cONA synthesis by reverse transcription followed by synthesis of
biotinylated cRNA through in vitro transcription. After cRNA fragmentation, hybridization
with mouse U74Av2 Gene-Chip (Affymetrix) displaying probes for 12,000 mouse genes/
ESTs was performed according to the manufacturer's protocol. Chips were washed, stained
with streptavaidinphycoerythrin (SA-PE), and analyzed using an Affymetrix GeneChip
scanner and accompanying gene expression software.

RNA blotting analysis

Total RNA from mouse tissues, human osteoclast and stromal cells obtained from human
osteoclastoma tumors,(14:15) and deferent cell lines were isolated using the method of
Chomczynski and Sacchi.(”) A 1.2-kb mouse RGS12 cDNA fragment was used as a probe.
Hybridization was performed as described.(18)

RT-PCR and sequencing analysis

Total RNA from RANKL-induced OLCs was isolated using Trizol reagent. One-step RT-
PCR was performed using Access RT-PCR system (Promega).

Construction of RGS12 RNAi vectors

Oligonucleotides encoding shRNA directed against the RGS1.2gene (accession no.
NM_173402) were designed using Insert Design Tool for the Vectors (Ambion) and
BLOCK-iT RNAI Designer (Invitrogen) and cloned into the Sal/ Xbal site of pAVUG + 27
RNAI expression vector (gift of Paul D Good, Michigan University, Ann Arbor, MI, USA)
and pENTR/H1/TO vector (Invitrogen). The LR recombination reaction was completed
between the pPENTR/H1/TO-RGS12 vector and pLenti6/BLOCK-iT-DEST construct to
generate pLenti6/BLOCK-iT expression constructs according to the manufacturer's
instructions. By transfecting these vectors into RAW264.7 cell lines and bone marrow—
derived monocytes (BMMs), we performed a quick screen analysis of ShRNA expression
with TRACP staining and selected five constructs (pPAVU-R12a or pAVU-R12b; pAVU-
R12c; pLenti-R12a; or pLenti-R12b) for further study. The oligonucleotides for these
constructs are located at site 298-318 (a), 671-691 (b), and 2182-2200 bp (c), respectively,
in the RGS12gene locus.

Production and titer of lentivirus

Lentiviral production was completed according to the manufacturer's instructions. The
293FT producer cell line was co-transfected with the expression constructs. The viral
supernatant was harvested after 48—72 h, and titers were determined by infecting Hela or
293T cells with serial dilutions of concentrated lentivirus. The viral supernatant was added
to the primary mouse BMMs and mature osteoclasts. After 24 h, the virus-containing media
was removed and replaced with fresh, complete medium. After incubating the cells at 37°C
for 24-48 h, we started to assay the cells for silence of the RGS12gene.

Target cell transduction

The RAW264.7 cells were plated on 35-mm dishes at a density of 2.5 x 10 cells/cm?2. After
24 h, the cells were transfected with LipofectAMINE 2000 (Invitrogen) according to the
manufacturer's instructions. Each transfection contained 0.5 g of the expression vector. The
cells were cultured in growth media for 24 h and switched to a medium containing 400 pxg/
ml G418 to select stable colonies.
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In vitro mouse osteoclastogenesis

Mouse BMMs containing osteoclast precursors were obtained from female BalB/c mice as
described.(1920) BMMs and RGS12-silenced stable cells were seeded at 5 x 104 cells/well in
a 24-well plate and cultured in a-MEM (GIBCO-BRL) with 10% FBS (GIBCO-BRL)
containing M-CSF (20 ng/ml). After 24 h, RGS12-silenced stable cells were further cultured
in the presence of 10 ng/ml soluble RANKL (Peprotech) and 20 ng/ml M-CSF to generate
osteoclasts. BMMs were infected with pLenti-R12a or pLenti-R12b viral supernatant plus 8
pg/ml polybrene (Sigma) for 24 h. They were treated with the same concentration of
RANKL/M-CSF. Ninety-six hours later, the cells were fixed for determination of
differentiation. M-CSF and RANKL/M-CSF were used at these concentrations throughout
the paper unless otherwise described.

TRACP® staining

TRACP was used as a marker for osteoclasts. Preosteoclasts and OLCs derived from BMMs
and RGS12-silenced stable cell lines were fixed and stained for TRACP activity using a
commercial kit (Sigma Chemical). Multinucleated (more than three nuclei) TRACP™ cells
(MNCs) appeared as dark purple cells and were counted by light microscopy. The size of a
“random field of view” is 50 mm(?. Six fields were counted for each group. All data are
expressed as mean + SD.

Bone resorption assay

BMMs were plated on dentine slices and infected with pLenti-scrambled and pLenti-R12a
lentiviruses followed by RANKL/M-CSF induction for 96 h. The resorption pits were
determined by immunostaining with collagen | antibody and compared with control cells.(?)

Immuno cell staining

The cells were induced as indicated above, sequentially fixed with 100% methanol, and
incubated with 5% BSA/PBS for 30 minutes with their respective antibodies, goat anti-
RGS12 antibody (1 pg/ml; Santa Cruz Biotechnology), rabbit anti-Atp6i antibody, anti-
cathepsin K antibody (both produced in our laboratory), mouse anti-NFAT2 (1 pg/ml; Santa
Cruz Biotechnology), or anti-a.1g calcium-channel antibody (Alomone Laboratories;
ACC-002) in TBST for 60 minutes. Positive reactions were identified following reaction
with anti-1IgG-FITC or horseradish peroxidase (HRP; 1 (ig/ml; Santa Cruz Biotechnology)
for 60 minutes. For cells with FITC-conjugated antibody, coverslips were washed three
times in PBS, mounted on glass slides, and examined with microscopes. For cells with
horseradish peroxidase—conjugated antibody, coverslips were further stained with
VECTASTAIN Elite ABC kit (Vector Laboratories).

Ca2* measurements

Ca%* measurements were performed as described.(!1) The cells were first incubated with M-
CSF or RANKL/M-CSF for 24, 48, or 72 h and then with 5 M fluo-4 AM, 5 1M Fura Red
AM, and 0.05% pluronic F127 for 30 minutes. The cells were postincubated in DMEM
media with 20 ng/ml M-CSF for 20 minutes and mounted on a confocal microscope (Leica).
The images of cells were scanned and plotted with an interval of 5 s. To estimate
intracellular Ca?* concentration in single cells, the ratio of fluorescence intensity of the
fluo-4 to Fura Red was calculated with an interval of 5 s.

Co-immunoprecipitation assay

RANKL-induced BMMs were washed with PBS and lysed in buffer containing 50 mM Tris-
HCI (pH 8.0), 0.15 M NaCl, 1% Nonidet P-40, and phosphatase and protease inhibitors.(18)
For immunoprecipitations, lysates were incubated for 2 h at 4°C with the anti-a1g calcium-
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channel antibody (ACC-002; Alomone Laboratories) or an anti-RGS12 antibody and protein
G-Sepharose beads (Amersham Biosciences). The precipitates were washed three times with
lysis buffer and resuspended in SDS sample buffer. The samples were separated by 4-15%
SDSPAGE.

Western blot

The cells were incubated with RANKL/M-CSF as above for 60 minutes or 96 h. Cell lysates
containing 15 g protein were electrophoresed, transferred to blots, and probed by reaction
with antibodies as described.(!8) Immunoreactivity was detected by enhanced
chemiluminescence (ECL; Amersham), and blots were visualized and quantified using
Fluor-S Multilmager and MULTIANALYST software (Bio-Rad).

Acridine orange staining

Acid production was determined using acridine orange, according to the method of Baron et
al.2D The cells were observed under a fluorescence microscope with a 490-nm excitation
filter and a 525-nm arrest filter.

Apoptosis assay

Apoptosis was measured by Hoechst 33258 staining of condensed chromatin.(22:23) pAVU-
scrambled and pAVU-R12a transfected stable cells were, respectively, treated with RANKL
for 48 and 96 h. Next, the cells were fixed with 2% glutaraldehyde solution (WAKO) for 10
minutes and stained with 0.2 mM Hoechst 33258 to visualize the localization of DNA. Cells
were examined under a fluorescence microscope for determination of osteoclasts with
chromatin condensation and/or nuclear fragmentation.

Statistical analysis

Results

Where indicated, experimental data are reported as means + SD of triplicate independent
samples. Studies using multiple groups were analyzed using ANOVA followed by Tukey-
Kramer multiple comparisons test to determine statistically significant differences between
groups. Statistical significance for two groups was assessed using Student's #test.

RGS12 is prominently expressed in mouse OLCs and human osteoclasts

To identify genes selectively activated by RANKL, we performed a genome-wide screening
of MRNA in mouse monocyte progenitor cell line (MOCP-5)(3) with or without RANKL
stimulation, using an oligonucleotide array (Affymetrix GeneChip). As shown in Fig. 1A,
RGS12was highly induced by RANKL in OLCs. To evaluate whether RGS12is
prominently expressed in authentic osteoclasts, Northern blots were performed on human
osteoclasts and various mouse tissues (Fig. 1B). The results showed that RGS12was
prominently expressed in human osteoclast. The expression of RGS12was also observed in
the brain, and to a far lesser extent, in the spleen, calvaria, and lungs of mice. The
expression of RGS12was undetectable in the liver, heart, kidneys, and skeletal muscles of
mice and in human stromal cells (Fig. 1B), indicating that KGS12was prominently and
fairly selectively expressed in OLCs. These results were further confirmed by RT-PCR in
RAW264.7 cells with the induction of different doses of RANKL. As shown in Fig. 1C, the
expression of RGS12 is dose-dependent to RANKL. To analyze RGS12 expression in
osteoclasts at the protein level, we examined the expression of RGS12 in OLCs derived
from RANKL-induced BMMs. The result indicated that RKGS12is prominently expressed in
mouse OLCs but is undetectable in BMMs without RANKL stimulation (Fig. 1D).
Consistent with this result, Western blotting analysis revealed that the expression of RGS12
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is undetectable in BMMs without RANKL stimulation and dominant at 2 h after RANKL/
M-CSF induction. In addition, compared with the expression of RGS12, the prominent
expression of NFAT2 begins at 24 h and reaches its peak at 72 h after RANKL induction
(Fig. 1E). Our results show that RGS12is prominently expressed in RANKL-induced mouse
OLCs and human authentic os-teoclasts at both the mRNA and protein levels, and RGS12
plays its role upstream of NFAT2 during osteoclast differentiation in vitro.

RGS12 silencing blocks RANKL-induced osteoclast differentiation in osteoclast precursor

cell line

To study the role of the RGS12 in osteoclast differentiation, we used vector-based RNAI
gene silencing technology in RAW264.7 cells.(24) After stable transfection with RGS12
RNA. constructs, we performed a quick screening analysis of ShRNA expression with
TRACP staining and chose for passage the colonies carrying three constructs (pAVU-R12a,
pAVU-R12b, and pAVU-R12c), which had inserts that were located at 298-318, 671-691,
and 2182- 2200 bp (Fig. 2A). To assess silencing efficiency, we performed RT-PCR (Fig.
2B), Western blotting (Fig. 2C, lane 1-4), and immuno cell staining (Fig. 2D). As shown in
Figs. 2A-2D, RGS12 mRNA transcription and protein expression were silenced in stably
transfected RGS12-silenced cell lines after RANKL stimulation compared with control cells
transfected with the pAVU-scrambled vector. Cells stably transfected with pAVU-
scrambled vector, pAVU-R12a, pAVU-R12b, and pAVU-R12c, were induced with
RANKL/M-CSF for 96 h. Approximately 80% of the cells differentiated into TRACP*
MNCs cells when transfected with the control vector (Fig. 3A). In contrast, only 3-4% of
the cells were induced to differentiate into TRACP* MNCs cells with pAVU-R12a, pAVU-
R12b, or pAVU-R12c transfection (Fig. 3A). The number of TRACP* MNCs in RGS12-
silenced groups was 18.7 times lower than that of the control groups (Fig. 3B), indicating
that RGS12 silencing almost completely blocks osteoclast differentiation from osteoclast
precursor cells.

To characterize the effects on osteoclast function, we studied whether extracellular acid
compartments were formed beneath RGS12-silenced cells. Acridine orange staining,
indicative of acid transport, showed strong orange fluorescence in control cells but not in the
RGS12-silenced cells (Fig. 3C). This result shows that the RGS12-silenced cells induced by
RANKL had lost their extracellular acidification function.

Because RANKL is a survival factor for osteoclasts, the question remains whether RGS12 is
also required for cell survival. Accordingly, pAVU-scrambled and pAVU-R12a- transfected
stable cells were, respectively, stimulated with RANK/M-CSF for 48 and 96 h as indicated.
Using Hoechst 33258 staining, we detected characteristic apoptotic changes in the nuclei.
There was no significant difference in survival between normal cells and silencing cells or
multinucleated cells formed from RGS12-silenced cells as showed in Fig. 3D.

RGS12 silencing blocks osteoclast differentiation in authentic osteoclasts

To confirm our findings on authentic osteoclasts derived from primary bone marrow cells
induced by RANKL, we used the same RNAI sequences at sites of 298-318 (a) and 671-
691 bp (b) to generate recombinant lentiviruses carrying pLenti-scrambled shRNA, denoted
as pLenti-scrambled, and RGS12shRNA, denoted as pLenti-R12a and pLenti-R12b. The
effect of silencing RGS12expression was confirmed by Western blotting (Fig. 2C, lanes 6
and 7). Similar to the results with the osteoclast precursor cell line, as many as 80% of the
cells differentiated into TRACP* MNCs when infected with control viruses, but only 5%
with pLenti-R12a or pLenti-R12b (Figs. 4A and 4B). To determine the effect of RGS12
RNAI on osteoclast gene expression, we also examined the expression of osteoclast marker
genes, Cathepsin K and Afp6i, using immunofluorescent staining. As shown in Fig. 4C,
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RGS12 silencing blocked both Cathepsin K and Afp6i gene expression. To further
characterize the bone-resorbing activity of TRACP* MNCs, we performed a bone resorption
assay. As shown in Fig. 4D, pLenti-scrambled-infected cells underwent differentiation into
TRACP? cells, which are multinucleated and have bone-resorbing activity; however, a few
pLenti-R12a- infected cells differentiated into TRACP* but have no bone-resorbing activity
on dentine slices.

RGS12 silencing impairs osteoclast differentiation by blocking the RANKL-evokingPLCy—
[CaZ*]; oscillation—-NFAT2 signaling pathway

The above observations suggest that RGS12 is essential for RANKL-induced osteoclast
differentiation. Because other RGS proteins play an important role in the regulation of
[Ca2*]; oscillations in acinar cells,(2) T lymphocytes,?6) neurons,??) and cardiac
myocytes,(28) we hypothesized that RGS12 may be a specific regulator of [Ca?*];
oscillations during osteoclast differentiation. To test this hypothesis, we visualized [Ca2*];
fluctuations using confocal microscopy in the cells with pAVU-scrambled or pAVU-R12a
after RANKL induction. [Ca2*]; changes in cells co-loaded with fluo-4 and Fura Red were
estimated as the ratio of fluorescence intensity of the fluo-4 to Fura Red, and the percent
maximum ratio increase was plotted with an interval of 5 s. We found a sustained [Ca2*];
oscillation was initiated as late as 24 h after RANKL induction and was sustained thereafter,
provided that RANKL was present (data not shown). As shown in Figs. 5A and 5B, in
control (pAVU-scrambled) cells, sustained oscillations occurred at a frequency of ~2-
minute intervals. However, in the RGS12-silenced cells, [Ca%*]; oscillations were
completely blocked, indicating that RGS12 is an essential regulator of this function.

To gain further insight into the molecular mechanisms underlying RANKL-initiated [Ca?*];
oscillations, we analyzed the activation of PLC-y, which is a key participant in the PLCy—
[Ca2*]; oscillatioin~-NFAT2 pathway.(12) BMMs were infected with pLenti-scrambled or
pLenti-R12a viruses and induced with RANKL/M-CSF for 60 minutes. Activation of PLCy
was detected using anti-PLC+y and antiphospho-PLCry antibodies. The results showed that
RANKL-induced phosphorylation of PLCy was impaired in RGS12-silenced cells (Figs. 5C
and 5D).

To determine whether RGS12 silencing affects NFA T2 expression, we examined the
expression of NFAT2 protein in RANKL/M-CSF-induced RGS12-silenced cells and control
cells using immuno cell staining and Western blotting. As shown in Fig. 5E, the expression
of NFATZwas significantly blocked in RGS12-silenced cells, whereas it was highly
expressed in control cells. The Western blotting result (Fig. 5F) showed that the expression
of NFAT2 in RGS12-silenced cells was much lower than that in control cells, indicating that
RGS12 acts upstream of NFAT2 in the RANKL-induced PLCy— [Ca2*]; oscillation-NFAT2
pathway during osteoclast differentiation.

RGS12 interacts with the N-type calcium channel in OLCs

Recent evidence has shown that influx of extracellular Ca2* through multiple channels,
which include L- and N-type channels, is necessary for Ca?* oscillations.(2%-31) Previous
studies of the involvement of RGS12 in modulating presynaptic GABAg-receptor signaling
suggest that RGS12 is capable of direct interaction with the tyrosine-phosphorylated N-type
calcium channel through its PTB domain. It modulates channel activity directly and
accelerates G-subunit GTPase activity.(32-35)) Based on the literature and our data, we
hypothesized that RGS12 may regulate the [Ca%*]; oscillation-NFAT?2 pathway through N-
type calcium channels. By examining the expression of N-type calcium channels in
RANKL-induced RAW?264.7 cells, we found that RANKL is able to increase the expression
of N-type calcium channels in OLCs as shown in Figs. 5G and 5H. To further analyze
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whether RGS12 interacts with one of its binding partners, we examined the interaction of
RGS12 with a5 N-type calcium channels by co-immunoprecipitation. As shown in Fig. 5I,
RGS12 interacts directly with phosphorylated N-type calcium channels in OLCs, indicating
that RGS12 regulates [Ca?*]; oscillations and osteoclast differentiation possibly through
calcium channels.

Discussion

How RANKL evokes [Ca2*]; oscillations and leads to osteoclast differentiation is unclear.
Several lines of evidence have shown that RGS proteins play an important part in the
regulation of [Ca?*]; oscillations.(36-38) Luo et al. (2%) reported that RGS proteins provide
biochemical controls of agonist-evoked [CaZ*]; oscillations. [Ca2*]; oscillations could be
evoked by G-protein—coupled receptors (GPCRs) and require the action of RGS proteins.
Inhibition of endogenous RGS protein action disrupted agonist-evoked [Ca2*]; oscillations
by a stepwise conversion to a sustained response. Dolmetsch et al.(26) reported that [Ca?*];
oscillations regulate gene expression and cell differentiation in T cells. Rapid oscillations
stimulate all three transcriptional factors (NFAT, Oct/OAP, NF-xB), whereas infrequent
oscillations activate only NF-xB. We have found that one of these proteins, RGS12, is
prominently expressed in RANKL-induced osteoclast-like cells. Our further results provide
the first evidence that RGS12 is involved in the RANKL-evoked signaling pathway as a
critical regulator of [Ca2*]; oscillations and an essential factor in the terminal differentiation
of osteoclasts induced by RANKL.

It is as yet unknown how RANKL induces the expression of RGS12 and how the RGS12
goes on to regulate the [Ca2*]; oscillations that finally lead to NFAT2 expression and
activation and osteoclast differentiation from monocyte progenitor cells. It has been shown
that RGS proteins share the conserved structure of ~120 amino acids, called an RGS
domain, which is responsible for their GAP activity.(3®) RGS proteins act as GTPase-
activating proteins (GAPs) specific to the G, subunit of the G-protein and play a crucial role
in shutting off G-protein—mediated cell responses in eukaryotes. Occupation of receptor with
agonist initiates a cycle of inhibition of RGS protein action by binding to phosphoinositide
(P1P3) and relief of the inhibition by binding to Ca2*-CaM to promote cyclical activation of
PLC, inosital 1,4,5-trisphosphate (IP3) production, and Ca2* release. RGS cyclically
regulates [Ca%*]; signaling to lead to production of [Ca2*]; oscillations.(2®) RGS12 is the
largest member of the RGS protein family and has the potential to serve as a signal
transduction “nexus” that modulates multiple signaling pathway components by virtue of its
multidomain architecture. It contains the RGS domain, the Go Loco motif, a pair of Ras-
binding domains (RBDs),® an N-terminal PDZ (PSD-95/Dlg/Z0O-1) domain, and a
phosphotyrosine-binding (PTB) domain.(2 Our results showed that silencing of RGS12
impaired phosphorylation of PLCy, blocked [Ca2*]; oscillations, and inhibited NFAT2
expression and osteoclast differentiation, suggesting RGS12 may be involved in PLCy
activation and [Ca?*]; oscillations evoked by the GAP activity of its RGS domain.

Some studies(9-31) have shown that initiation and maintenance of [Ca?*]; oscillations need
not only Ca?* release from internal stores of endoplasmic reticulum (ER) but also influx of
extracellular CaZ* through multiple channels, which include L- and N-type channels. A large
body of evidence(41-46) has suggested that agonist binding to receptor initiates activation of
PLC and IP3 production, which promotes a brief spike of [Ca2*]; increase by depleting ER
Ca?* store; store depletion is sensed by an as yet uncharacterized signaling mechanism that
triggers a plasma membrane calcium entry pathway through calcium channels. Schiff et
al.32) showed that, in chick dorsal root ganglion neurons, the PTB domain of RGS12
interacts directly with the N-type calcium channel, which is tyrosine phosphorylated in
response to GABAB receptor stimulation.(33) They further found that RGS12 and the N-type
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calcium channel form a complex in a src-like kinase-dependent manner. In the presence of
genistein, a tyrosine kinase inhibitor, the calcium channel did not co-precipitate with
RGS12. Similarly, our data showed that the expression levels of RGS12 and tyrosine
phosphorylated N-type calcium channels are increased in RANKL-induced OLCs and that
RGS12 directly interacted with the tyrosine phosphorylated N-type calcium channels. In
addition, we found that the expression of RGS12 is dominant at 2 h after RANKL induction,
whereas [Ca2*]; oscillations appeared between 24 and 72 h after RANKL induction and that
RGS12 silencing blocked [Ca%*]; oscillations and osteoclast differentiation. These results
suggested that, before [Ca2*]; oscillations begin, a signaling protein is induced by RANKL
to regulate [Ca?*]; oscillations (i.e., RGS12). RGS12 interacts with N-type calcium channels
to regulate the transient changes in intracellular calcium, leading to the generation of [Ca%*];
oscillations and triggering osteoclast differentiation.

Based on these results and cited works, it is reasonable to propose that RGS12 may play
dual functions in regulating [Ca2*]; oscillations and triggering osteoclast differentiation,
such as (1) RGS12 protein acts through an interaction between the RGS domain of RGS12
and G-protein to promote cyclical activation of IP3 and Ca?* release from ER; and (2)
RGS12 interacts with tyrosine-phosphorylated N-type Ca2* channel by binding its PTB
domain and regulates extracellular Ca2* influx. Whether either or both of these functions are
in operation needs to be further determined in vitro by functional dissection of RGS12
domains and in vivo gene knockout, which are being studied in our laboratory.
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Fig. 1.

RGSI12is prominently expressed in osteoclasts and osteoclast precursors induced by
RANKL/M-CSF. (A) Genome-wide screening of RANKL-inducible genes by GeneChip.
MOCP-5 cells were stimulated for 96 h with and without RANKL (10 ng/ml) and M-CSF
(20 ng/ml). mRNA of osteoclast marker genes (such as TRACP, calcitomin receptor [CR],
cathepsin K [CATP K], matrix metalloprotease [MMP-9], and NFATZ2) was strongly
induced by RANKL in osteoclasts, confirming the validity of our screening protocol.
Compared the other factors (c- fos, NF-kBp50, etc.), which are involved in osteoclast
differentiation, RGS12 was significantly induced by RANKL. (B) RNA blotting analysis of
RGS12 mRNA. Total RNA was extracted from mouse and human tissue. Lane 1, mSpleen;
lane 2, mLiver; lane 3, mHeart; lane 4, mBrain; lane 5, mCalvaria; lane 6, mLung; lane 7,
mKidney; lane 8, mMuscle; lane 9, human stromal cells; lane 10, human osteoclasts. (C)
RT-PCR analysis of RGS12 mRNA in OLCs derived from RAW264.7 cells induced with 0,
5, and 10 ng/ml of RANKL, respectively, for 96 h. Lane 1, 1-kb plus marker; lane 2,
RANKL 10 ng/ml; lane 3, RANKL 5 ng/ml; lane 4, no RANKL. (D) Immuno cell staining
of RGS12 protein in BMM cells stimulated with RANKL (10 ng/ml)/M-CSF (20 ng/ml) for
96 h to produce OLCs. RGS12 is prominently expressed in OLCs. (E) Western blotting
analysis for the expression of RGS12 and NFAT2 in RANKL-induced OLCs at the indicated
time. The expression of RGS12 is undetectable in BMMs without RANKL stimulation and
dominant at 2 h after RANKL/M-CSF induction. The prominent expression of NFAT2
begins at 24 h and reaches its peak at 72 h after RANKL induction.
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Fig. 2.

RGS12 RNAI blocks RGS12expression. (A) Oligonucleotides for the constructs are located
at sites 298-318, 671-691, and 2182-2200. (B) RT-PCR analysis of RGS12 transcription in
RAW?264.7 cells induced by RANKL (10 ng/ml)/M-CSF (20 ng/ml) for 96 h with or without
RGS12 silencing. The RGS12 gene was strongly detected in control cells (lane 2) and
weakly detected in RGS12-silenced cells (lanes 3 and 4). Lane 1, 1-kb plus marker. (C)
Western blotting of RGS12 protein in RGS12-silenced RAW264.7 cells (lanes 1-4) and
BMMs (lanes 5-7) stimulated with RANKL (10 ng/ml)/M-CSF (20 ng/ml) for 96 h. The
signals were strong in control cells (lanes 1, 2, and 5) and weak in RGS12-silenced cells
(lanes 3, 4, 6, and 7). Lane 1, mock; lane 2, pAVUG6-scrambled shRNA; lane 3, pAVU-
R12a; lane 4, pAVU-R12b; lane 5, pLenti-scrambled shRNA; lane 6, pLenti-R12a; lane 7,
pLenti-R12b. (D) Immuno cell staining of RGS12 protein in control (1, mock; 2, pAVU-
scrambled) or RGS12 RNAI expression vectors (3, pAVU-R12a; 4, pAVU-R12b; 5, pAVU-
R12c) induced by RANKL. RGS12 RNAI blocks osteoclast differentiation.

J Bone Miner Res. Author manuscript; available in PMC 2013 January 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang and Li

Page 14

A q 2 3 4 F'AVU sC RAMBLED PAVU-R12A
TeE" oE iﬂw R H
Y /. aw | 5% J\ Y g SOy IreEE.
.’ \ | 11 ) Ca -4 -.:v ]‘_: A
‘ / ]) . 9 -+, ,'I\f -~ "o o
® ) o et
/ ’ 5 B Ay .-\ - ‘ﬁl an o

NUMBER OF TRAP+ OCLS PER
RAMDOM FIELD OF VIEW

PAVU

SCRAMBLED
PAVU-R12a
PAVUR12b
PAVU-R12C §

PAVU—FQ12A PAVU-R12B
PAVU-SCRAMBLED PAVU-R12A

2 DAYS 4 DAYS 2 DAYS 4 DAYS

Fig. 3.

RGS12 silencing blocks RANKL-induced osteoclast differentiation in osteo-clast precursor
cell lines. (A) TRACP* MNCs were formed in RANKL-induced RAW264.7 cells
transfected with pAVU-scrambled shRNA but not in the cells trans-fected with pAVU-
R12a, b, or c. (B) Quantitative analysis of TRACP* MNCs as in A. TRACP* MNCs in the
pAVU-scrambled group are >18.2 times (p < 0.05) that in the pAVU-R12a, b, and ¢ groups.
(C) Acridine orange staining. Strong orange fluorescence indicates extracellular
acidification in the mock or pAVU-scrambled, but not in pAVU-R12a or pAVU-R12b. (D)
Hoechst 33258 staining, apoptotic changes in the nuclei. There was no significant difference
in survival between normal cells and silencing cells or multinucleated cells formed from
RGS12-silenced cells.
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Fig. 4.

RGS12 silencing blocks RANKL-induced osteoclast differentiation in primary bone marrow
cells. (A) Formation of TRACP* MNCs in RANKL-induced BMMs infected with pLenti-
scrambled and the absence of TRACP* MNCs in the cells infected with pAVU-R12a or
pAVU-R12b are shown. (B) Quantitative analysis of TRACP* MNCs as in Fig. 3C, pLenti-
R12a or b vs. RGS12-silenced groups (p < 0.05). (C) Immunostaining of cathepsin K and
Atp6i in RGS12-silenced BMMs stimulated with RANKL/M-CSF. RGS12 silencing blocks
the expression of cathepsin K and Atp6i as shown in pLenti-R12a groups. (D) Bone
resorption assay. pLenti-scrambled infected cells underwent differentiation into TRACP*
cells, which are multinucleated and have bone-resorbing activity; however, a few pLenti-
R12a infected cells differentiated into TRACP*, but have no bone-resorbing activity on
dentine slices.
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Fig. 5.

RGS12 silencing impairs osteoclast differentiation by blocking the PLCy—[Ca2*];
oscillation-NFAT?2 signaling pathway. (A and B) [Ca?*]; oscillations were observed in
RANKL-induced BMMs or RAW?264.7 cells ~24-72 h after RANKL/M-CSF stimulation.
[Ca?*]; oscillations was initiated as late as 24 h after RANKL/M-CSF induction and
sustained thereafter with RANKL/M-CSF induction. [Ca2*]; changes were estimated as the
ratio of fluorescence intensity of the fluo-4 to fura red plotted at 5-s intervals. (A) Example
of successive pseudocolored Ca%* images of normal cells treated with RANKL/M-CSF for
48 h. The cells show oscillations with a frequency of ~2-minute intervals. (B) Ca?* changes
were traced in RGS12-silenced or control cells treated with RANKL/M-CSF for 72 h. Each
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color indicates a different cell in the same field. [Ca2*]; oscillations are blocked in RGS12-
silenced cells (pAVU-R12a). (C) Western blotting. BMMs were infected with lentiviruses
carrying pLenti-scrambled shRNA (lanes 1 and 2) or pLenti-R12a (lane 3) and stimulated
with RANKL/M-CSF for 0 or 60 minutes. RGS12 silencing impaired phosphorylation of
PLC+y1 (lane 3). (D) Quantification of PLCy and Phosphor-PLC-y levels from immunblots,
as in C. The protein levels of PLC-y and Phosphor-PLC+y were normalized to (B-actin. The
levels of PLCy were not significantly different between the RQS12-silenced and
nonsilenced groups; however, the level of Phosphor-PLCy in the silenced group (pLenti-
R12a-60min) stimulated with RANKL/M-CSF was 5.1 times lower than that in the control
(pLenti-scrambled-60min) at 60 minutes. (E) Immunoperoxidase cell staining revealed that
the expression of NFAT2 was blocked in RGS12-silenced cells induced with RANKL/M-
CSF for 96 h. (F) There were weak signals of NFAT2 protein detected in RGS12-silenced
cells (lane 2, pAVU-R123; lane 3, pAVU-R12b) compared with the control (lane 1, pAVU-
scrambled). (G) Immuno cell staining revealed that the expression of N-type calcium
channels is increased in RANKL-induced OLCs (pAVU-R12a). (H) Western blotting of a1g
N-type calcium channel protein in OLCs. BMMs were treated with RANKL/M-CSF for 96
h. RANKL increased the expression of a1g N-type calcium channels. (I) Precipitation of
RGS12 followed by Western blotting with an antibody against the ag-subunit of the
calcium channel. RGS12 directly interacts with the a.1g-subunit of the calcium channel in
RANKL-induced OLCs (pAVU-scrambled).
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