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ABSTRACT Pasteurella multocida toxin (PMT) induces atrophic rhinitis in animals, which is characterized by a degradation of
nasal turbinate bones, indicating an effect of the toxin on bone cells such as osteoblasts and osteoclasts. The underlying molecu-
lar mechanism of PMT was defined as a persistent activation of heterotrimeric G proteins by deamidation of a specific glutamine
residue. Here, we show that PMT acts directly on osteoclast precursor cells such as bone marrow-derived CD14* monocytes and
RAW246.7 cells to induce osteoclastogenesis as measured by expression of osteoclast-specific markers such as tartrate-resistant
acid phosphatase and bone resorption activity. Treatment performed solely with PMT stimulates osteoclast differentiation,
showing a receptor activator of nuclear factor-«B ligand (RANKL)-independent action of the toxin. The underlying signal trans-
duction pathway was defined as activation of the heterotrimeric G proteins G, leading to the transactivation of Ras and the
mitogen-activated protein kinase pathway. Ge,,, transactivates Ras via its effector phospholipase CB-protein kinase C (PKC)
involving proline-rich tyrosine kinase 2 (Pyk2). PMT-induced activation of the mitogen-activated protein kinase pathway results
in stimulation of the osteoclastogenic transcription factors AP-1, NF-kB, and NFATc1. In addition, Ca2*-dependent calcineurin
activation of NFAT is crucial for PMT-induced osteoclastogenesis. The data not only elucidate a rationale for PMT-dependent
bone loss during atrophic rhinitis but also highlight a noncanonical, G-protein-dependent pathway toward bone resorption that
is distinct from the RANKL-RANK pathway but mimics it. We define heterotrimeric G proteins as as-yet-underestimated enti-
ties/players in the maturation of osteoclasts which might be of pharmacological relevance.

IMPORTANCE Pasteurella multocida toxin (PMT) induces degradation of nasal turbinate bones, leading to the syndrome of atro-
phic rhinitis. Recently, the molecular mechanism and substrate specificity of PMT were identified. The toxin activates heterotri-
meric G proteins by a covalent modification. However, the mechanism by which PMT induces bone degradation is poorly under-
stood. Our report demonstrates a direct effect of PMT on osteoclast precursor cells, leading to maturation of bone-degrading
osteoclasts. Interestingly, PMT stimulates osteoclastogenesis independently of the cytokine RANKL, which is a key factor in in-
duction of osteoclast differentiation. This implicates a noncanonical osteoclastogenic signaling pathway induced by PMT. The
elucidated Ga,,,-dependent osteoclastogenic signal transduction pathway ends in osteoclastogenic NFAT signaling. The nonca-
nonical, heterotrimeric G protein-dependent osteoclast differentiation process may be of pharmacological relevance, as mem-
bers of this pathway are highly druggable. In particular, modulation of G protein-coupled receptor activity in osteoclast progeni-
tors by small molecules might be of specific interest.
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teins. Of the four major families of heterotrimeric G proteins, PMT
activates Gayy 3, Gagpp, and Ga /15 but not Gey (7). The molecular

asteurella multocida is a facultative pathogenic commensal which
is important for causing various diseases in animals and humans

(1). P. multocida toxin (PMT), produced by serotype D and some
serotype A strains, is the causative agent of atrophic rhinitis, which is
characterized by the loss of nasal turbinate bones, implicating an ef-
fect of the P. multocida infection on bone cells (2—4). It was earlier
shown that PMT stimulates osteoclastic bone resorption (5, 6). How-
ever, the exact molecular mechanism and the underlying signaling
remained enigmatic. Previous work from our laboratory elucidated
the primary action of PMT as the activation of heterotrimeric G pro-
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mechanism of G protein activation by PMT is the deamidation of a
conserved glutamine residue in the switch II region of the a-subunit
of heterotrimeric G proteins (8). This glutamine residue is critical for
the inactivation reaction, i.e., hydrolysis of GTP by the G protein (9).
Therefore, PMT-induced deamidation leads to a permanent activa-
tion of heterotrimeric G proteins. As a consequence, PMT overcomes
the tight regulation of endogenous signaling by heterotrimeric G pro-
teins.
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Bone is a dynamic tissue, consisting of specialized cells, osteo-
blasts and osteoclasts, that are engaged in continuous regenera-
tion, remodelling, and maintenance of bone tissue (10). Dysregu-
lation of osteoclasts or osteoblast activities causes diseases such as
osteoporosis or osteopetrosis. Moreover, bone destruction can be
due to the presence of pathogenic bacteria, which can directly
affect bone cells or release factors to indirectly target the skeleton
system (11). Osteoclasts are multinuclear giant cells that are dif-
ferentiated from the hematopoietic cells, i.e., monocyte/
macrophage-lineage precursor cells (12). RANKL (receptor acti-
vator of nuclear factor-«B ligand) plays an essential role in
osteoclastogenesis. It is produced by various cells such as osteo-
blasts, bone marrow stromal cells, and also osteocytes (13).
RANKL binds to the RANK (receptor activator of nuclear factor-
kB) osteoclast surface receptor and stimulates various signaling
cascades. TRAF6 (tumor necrosis factor receptor-associated pro-
tein 6) and Gab-2 (Grb-associated binder-2) are RANK-
interacting proteins and crucial for RANK signaling (4). These
adaptor proteins stimulate activation of several signaling mole-
cules such as mitogen-activated protein (MAP) kinases, Akt ki-
nase, or PI3 kinases, leading to stimulation of transcription factors
such as AP-1 and NF-«kB (14). Finally, RANKL, in concert with
additional factors, induces NFATc1 activation (15-18). Another
key factor for NFAT activity is the interaction with calcineurin,
which is controlled by Ca?*/calmodulin (14). NFATc1 activation
was recognized as an essential step for proper osteoclastogenesis
(16). Control of osteoclastogenesis has been linked to paracrine
signaling, such as parathyroid hormone stimulation of G protein-
coupled receptors (GPCR) on osteoblasts, which can lead to an
increase in RANKL levels over osteoprotegerin levels (19, 20).
Proinflammatory cytokines such as interleukin-13 (IL-18) or tu-
mor necrosis factor (TNF) increase RANKL expression and
thereby promote bone resorption (21). However, regulation or
fine-tuning of osteoclastogenesis via other signaling cascades—
especially in osteoclasts—is not well understood.

Here, we show that PMT directly affects bone marrow cells
and, especially, osteoclast precursors, leading to osteoclast matu-
ration. By activation of heterotrimeric G proteins, the MAP kinase
pathway is transactivated and transcription factors essential for
osteoclastogenesis are stimulated. Additionally, Ca?*-dependent
calcineurin interaction with NFAT is required for PMT-
stimulated osteoclastogenesis. Our results highlight the impor-
tance of G protein signaling in osteoclastogenesis and open per-
spectives for new therapeutic principles in osteoclast dependent
diseases.

(Parts of the work were included in the doctoral thesis of J.
Strack.)

RESULTS

PMT induces osteoclastogenesis. The bone-degrading pheno-
type of PMT intoxication can be explained by noting that it affects
differentiation and activity of specialized bone cells such as osteo-
blasts and osteoclasts. In addition to the inhibitory effect of PMT
on osteoblasts (22), osteoclasts might be of major importance be-
cause of the observed strong and fast depletion of bone matrix. To
identify osteoclast precursor cells as direct targets of PMT, we used
isolated primary bone marrow-derived CD14" monocytes and
cultured RAW246.7 cells, a CD14" monocyte-like cell line (see
Fig. S1 in the supplemental material). These CD14* monocytes
give rise to macrophages or osteoclasts, depending on the culture
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conditions (12), and RAW246.7 cells are a frequently used cell
culture model to analyze osteoclast differentiation (23). To dem-
onstrate that PMT deamidates G proteins in these cells, we ana-
lyzed PMT-induced deamidation of heterotrimeric G proteins
(Fig. 1A and B). PMT-induced deamidation can be directly mon-
itored by immunoblot analysis using a recently described anti-
body which recognizes only the deamidated form of heterotri-
meric Ga proteins (24). As osteoclast progenitor cells originate
from the bone marrow, we investigated whether PMT is able to
reach this compartment. We intraperitoneally administered PMT
or the biological inactive mutant PMTC!195S to mice. After 72 h,
bone marrow cells were prepared and checked for intoxication. As
shown in Fig. 1C, catalytically active PMT but not PMT<!1655 Jed
to a deamidation of heterotrimeric G proteins in bone marrow-
derived cells. This indicates that the toxin spreads to this compart-
ment, leading to the proposition that PMT acts far from the infec-
tion site (Fig. 1C).

To study the effect of PMT on osteoclast differentiation, we
utilized RAW246.7 cells. Treatment of RAW246.7 cells with
RANKL led to expression of tartrate-resistant acid phosphatase
(TRAP), a specific marker of osteoclasts (16). As shown in Fig. 1D,
TRAP was stained using an enzyme-linked fluorescence 97 (ELF
97) kit. PMT stimulated TRAP expression after incubation for
6 days (Fig. 1D). However, cells left untreated or incubated with
the inactive enzymatic mutant of PMT (PMTC!165), which is not
capable of activating G proteins by deamidation, did not induce
TRAP formation. Additionally, CD14" monocytes were treated
with RANKL or PMT or left untreated for 6 days. RANKL and
PMT strongly induced TRAP expression (Fig. 1E). Quantification
of TRAP-positive cells showed the same levels of induction by
PMT and RANKL. Moreover, formation of multinucleated cells,
another hallmark of osteoclastogenesis (25), was stimulated by
PMT and RANKL (Fig. 1F).

Signaling cascades induced by PMT. Next we compared the
effect of PMT with that of RANKL, which acts via RANK to induce
the MAP kinase pathway and to activate gene transcription, re-
sulting in differentiation of osteoclast progenitor cells (15). We
found comparable activation patterns induced by RANKL and
PMT. Two members of the MAP kinases are c-Jun N-terminal
kinase (JNK) and extracellular-regulated kinase 1/2 (ERK1/2).
Both were activated by incubation of RAW246.7 cells with
RANKL as shown by phosphorylation-specific immunoblot anal-
ysis. RANKL acts via the RANK receptor, leading to fast activation
of downstream signaling cascades. Stimulation was detectable af-
ter just 25 min of treatment with RANKL. PMT, but not the inac-
tive PMTC11655 induced JNK and ERK1/2 activation (Fig. 2A). As
the action of PMT depends on cellular uptake, toxin-induced sig-
naling occurs with a delay. Interestingly, PMT-induced signaling
persisted at least for 24 h (Fig. 2B), which is in line with the per-
sistent activation of heterotrimeric G proteins. Because Ras activ-
ity is of major importance for the regulation of downstream MAP
kinases (26), we analyzed the effect of PMT treatment on the Ras
activation level. As measured by effector pulldown experiments of
active Ras, we detected strong transactivation of Ras by PMT but
not by PMTC11655 (Fig. 2C).

Stimulation of transcription factors such as AP-1, NF-«B, or
NFATCcl is essential for induction of osteoclast differentiation
(16-18). RANKL stimulated all three transcription factors in a
dual-luciferase assay system. PMT induced transcriptional activ-
ity of the tested transcription factors, whereas the inactive PMT
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FIG1 Susceptibility of osteoclast precursor cells to PMT. (A to C) Immunoblot analyses were performed with deamidation-specific antibody (GaQE). Loading
control: actin (bone marrow-derived cells and CD14* cells) or nuclear matrix protein p84 (RAW246.7). (A and B) Primary CD14* (A) and RAW246.7 (B) cells
were treated with PMT (1 nM) for 20 h or left untreated as a control (con). PMT deamidates various a-subunits of heterotrimeric G proteins ranging in size
between 40 and 43 kDa; therefore, multiple bands can appear in PMT-treated samples. (C) Mice were injected intraperitoneally with PMT or PMT¢!165S (each
at 500 ng/kg of body weight). After 72 h, bone marrow cells were prepared. PMT-induced deamidation of heterotrimeric G proteins was detected by immuno-
blotting with anti-GaQE antibody (n = 3). (D and E) Osteoclast differentiation of osteoclast precursor cells by PMT. RAW246.7 cells (D) or bone marrow-
derived CD14 ™ cells (E) were incubated with PMT or PMTC11655 (each at 1 nM) or RANKL (35 ng/ml) for 6 days. Expression of an osteoclast-specific marker,
TRAP, was shown by enzyme-linked fluorescence. TRAP is depicted in green and nuclei in blue. The scale bars indicate 10 um (CD14") and 20 wm (RAW246.7).
(F) Quantification of PMT-induced osteoclastogenesis in CD14" monocytes as shown in panel E. TRAP-positive cells and multinuclear cells were counted
(white, multinucleated TRAP-positive [TRAP*] cells; gray, TRAP* cells). Images of 3 independent experiments were analyzed, and data are given as = standard

errors of the means (SEM).

mutant exhibited no stimulation (Fig. 2D to F). Moreover, we
analyzed the concentration-dependent activity of the transcrip-
tion factors. These results show the high potency of PMT with
respect to induction of AP-1, NF-«kB, and NFATc] activity. Incu-
bation of cells with low concentrations (10 to 100 pM) of PMT
effectively stimulated these transcription factors.

In addition, we studied the influence of NFAT and calcineurin
activity on PMT-induced osteoclastogenesis. Inhibition of cal-
cineurin interaction with NFAT performed using the cell-
permeative inhibitor MCV1 clearly blocked RANKL- and PMT-
induced TRAP expression (Fig. 3). These data indicate that
NFATCclI activity and the interaction with the Ca?*-dependent
calcineurin pathway are crucial not only for RANKL but also for
PMT-induced osteoclastogenesis.

In the pathogenesis of atrophic rhinitis, PMT should act on
osteoclasts concomitantly with RANKL, which is probably present
at physiological levels. Therefore, we studied the effect of PMT
and RANKL together on NFATc1 activity. Different concentra-
tions of PMT were used to stimulate NFATc] transcriptional ac-
tivity. RANKL alone stimulated NFATc1 only marginally, and a
combination of RANKL with a high concentration (100 pM) of
PMT did not enhance the strong signal of PMT. However, addi-
tion of RANKL to a low concentration (10 pM) of PMT led to a
more-than-additive effect on NFATcl-dependent transcription
(Fig. 3B).
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Heterotrimeric G proteins and osteoclastogenesis. Recent re-
ports showed that the toxin activates the Geyy 5, Gayyy, and
Ga,),5 family of heterotrimeric G proteins, whereas Ga, is not
susceptible to PMT action (7). The activated a-subunits led to
stimulation of various signaling cascades (27). To elucidate the
basis of the effect of the toxin on osteoclastogenesis, the relevant
PMT-induced signaling cascades were studied in detail.

First, the heterotrimeric G protein families were analyzed for
their contribution to PMT-stimulated NFATc1 activity. For the
analysis, different regulators of G protein signaling (RGS) pro-
teins were ectopically expressed in RAW246.7 cells. RGS proteins
enhance the inherent GTPase activity of Ge, leading to faster in-
activation of G protein signaling (28). Moreover, they are able to
compete with the effectors of Ga to block signaling (29). To dif-
ferentiate between the G protein families, we utilized Lsc-RGS and
RGS2 and the RGS domain of G protein-coupled receptor kinase
2 (GRK2). Lsc-RGS couples to Gey,/13, RGS2 blocks Geyyq; and
Ga; signaling, and RGS-GRK2 specifically interacts with the
Gayy, family (30, 31). PMT-induced NFATCcI activity was not
affected by Lsc-RGS, but ectopic expression of RGS2 or RGS-
GRK2, each interacting with Gagp diminished the effect of PMT
(Fig. 4A). Our results showed that Gay,y, signaling is essential for
PMT-stimulated NFATc] activity. These results were corrobo-
rated by utilizing YM-254890, a specific inhibitor of Gay;. This
compound is a cyclic depsipeptide from Chromobacterium, and
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FIG 2 PMT-activated signal transduction pathways related to RANKL-
induced osteoclastogenesis. (A) Immunoblot of pERK/2, pJNK, or p84 as a
loading control. RAW246.7 cells were treated with PMT or PMTC!1655 (each
1 nM) for 20 h or with RANKL (35 ng/ml) for 25 min or left untreated as a
control (con). (B) Time-dependent activation of ERK1/2 and JNK by PMT.
RAW?246.7 cells were incubated with PMT (1 nM) for the indicated times. (C)
Effector pulldown assay of activated Ras. RAW246.7 cells were incubated with
or without PMT or PMT¢!1655 (1 nM) for 4 h. An immunoblot of precipitated
Ras is shown. Quantification was performed using MultiGauge and demon-
strated as the portion of maximum induction = SEM (n = 3). (D, E, and F)

(Continued)
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several reports show that only the G, family of heterotrimeric
G proteins is affected (32, 33). Treatment of RAW246.7 cells with
YM-254890 blocked PMT-induced NFATc1 activity (Fig. 4B). We
next focused on the issue of which Gayy, effector transduces the
signal to NFATcl activation. Well-known effectors of Gey1, are
p63RhoGEF and phospholipase CB (PLCB). Recently, it was re-
ported that p63RhoGEF-induced RhoA activation is important
for PMT-derived inhibition of osteoblastogenesis by transactiva-
tion of the MAP kinase cascade (22). However, p63RhoGEF has a
restricted tissue expression profile (34) and we were not able to
detect p63RhoGEF expression in RAW?246.7 cells (see Fig. S2 in
the supplemental material). Additionally, in these osteoclast pro-
genitor cells, PMT-induced RhoA activation was not dependent
on Gayg,y, signaling alone, as inhibition of Ga,; by YM-254890
did not hamper RhoA activation (see Fig. S2). The other effector,
PLCp, stimulates expression of protein kinase C (PKC) via forma-
tion of diacylglycerol (DAG) (35). Pharmacological inhibition of
PKC (GF109203X) efficiently blocked PMT-induced NFATc1 ac-
tivity, indicating that the canonical Ge,,-PLCB-PKC pathway
transfers the PMT effect (Fig. 4B).

PMT and RANKL potently induce mitogen-activated protein
kinase (MAPK) signaling, as demonstrated by phosphorylation of
ERK1/2 and JNK. That MAPK signaling is critical for PMT-
stimulated NFATc1 transcriptional activity was shown by inhibi-
tion of MEK-1, the kinase upstream of ERK1/2. Treatment of
RAW246.7 cells with MEK-1 inhibitor PD98059 completely abol-
ished NFATc1 activity (Fig. 4B).

This result prompted us to study the signaling cascade of Ras
activation by PMT in detail. Receptor tyrosine kinase-
independent stimulation of Ras can be evoked by different factors
(36), and additional tyrosine kinases such as proline-rich tyrosine
kinase 2 (Pyk2) and/or Src may be involved in heterotrimeric G
protein-dependent transactivation of Ras (37, 38). Moreover,
Pyk2 has been implicated in proper osteoclast differentiation by
binding to cSrc and the Traf6-RANK complex (39, 40). We could
demonstrate the stimulation of Pyk2 by PMT but not by
PMTC165 (Fig. 4C). Moreover, a short hairpin RNA (shRNA)-
mediated knockdown of Pyk2 diminished PMT-induced MAPK
activation as measured by ERK1/2 phosphorylation, indicating a
contribution of Pyk2 to transactivation of the MAPK pathway
(Fig. 4D).

Additionally, a direct measurement of the activation status of
Ras was performed with an effector pulldown assay. Pharmaco-
logical inhibition of Gay;, by YM-254890 and of its downstream
effector PKC by GF109203X and blockade of Src kinase by PP2
abolished PMT-induced Ras activity (see Fig. S2 in the supple-
mental material). Also, inhibition of Src kinase blocked PMT-
induced NFATc1 activity (Fig. 4B).

Gay,y, is important for osteoclastogenesis induced by PMT.
To support our results indicating that Gy, is of pivotal impor-
tance in PMT-induced osteoclastogenesis, we studied its contri-
bution to differentiation. We utilized CD14* monocytes and in-

Figure Legend Continued

PMT and RANKL stimulate AP-1-, NF-kB-, and NFATcl-dependent tran-
scriptional activation as measured by luciferase expression. Cells were treated
with PMT or PMT¢!1658 (each at 1 nM) or with RANKL (50 ng/ml) for 20 h
(left panels) or with the indicated concentrations of PMT (right panels). Data
represent the fold stimulation of luciferase compared with control results.
Experiments were performed at least three times with similar results.
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FIG 3 NFATcI activity is essential for PMT-induced osteoclastogenesis. (A) RAW246.7 cells were differentiated with RANKL (50 ng/ml) or PMT (100 pM) or
left untreated (con). After 8 days, TRAP was stained with ELF 97 as a marker of osteoclastogenesis. Samples treated with an inhibitor of NFAT (MCV1; 100 nM)
exhibited no TRAP staining. TRAP is depicted in green and nuclei in blue. The scale bar indicates 20 wm. Experiments were performed at least three times with
similar results. (B) PMT and RANKL act synergistically at submaximal concentrations on NFATc1 transcriptional activity. RAW246.7 cells were treated solely
with RANKL (50 ng/ml) or in combination with the indicated concentrations of PMT. NFATc] activity was calculated as the percentage of maximum activation

* SEM (n = 3).

duced osteoclastogenesis by PMT and determined differentiation
results by analysis of TRAP formation. As expected, inhibition of
Gayy, signaling by YM-254890 completely blocked PMT-
dependent differentiation (Fig. 5A and B). Interestingly, RANKL-
induced osteoclastogenesis was also hampered by inhibition of
Gaygq;- These results provide strong evidence that PMT-
stimulated osteoclastogenesis mainly depends on Ge,,y;. In the
case of the physiological osteoclastogenic factor RANKL, Gay, is
not essential but contributes to differentiation.

The major feature of mature osteoclasts is the ability to degrade
bone matrix. To test whether the differentiation induced by PMT
led to formation of proper osteoclasts, we cultivated CD14"
monocytes on an artificial bone matrix and analyzed matrix re-
sorption after 14 days. As shown in Fig. 4C, when cultivated cells
were treated with PMT, the surface exhibited resorption lacunae.
Equivalent results were observed after RANKL-induced differen-
tiation. This result is a strong indication that PMT is able to stim-
ulate differentiation of CD14" monocytes, leading to functional
osteoclasts. Moreover, cocultivation of CD14" monocytes with
PMT and the inhibitor of G, completely blocked bone matrix
degradation, supporting the idea of an essential role for Ga,; in
PMT-dependent osteoclastogenesis (Fig. 5C and D).

DISCUSSION

Tight regulation and interaction of osteoblasts and osteoclasts are
essential to maintenance of the structure and functions of bone
tissue. Pasteurella multocida toxin (PMT) disturbs this functional
balance. The toxin is the causative agent of atrophic rhinitis, which
is primarily characterized by the degradation of nose turbinate
bones (4, 41). This effect is most likely based on enhanced bone
resorption by osteoclasts and a lack of bone regeneration by os-
teoblasts. Recently, we identified the PMT-sensitive signaling
pathway involved in differentiation of preosteoblasts. Stimulation
of this pathway by PMT prevents osteoblast development and
eventually blocks new bone formation (22). However, it has been
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suggested that the harsh degradation of bone matrix by PMT pre-
dominantly depends on the stimulated activity of osteoclasts,
whereas the blockade of osteoblasts enhances this effect. There-
fore, we analyzed the PMT-induced effects on osteoclast precursor
cells in detail. PMT treatment of osteoclast precursor cells stimu-
lated maturation of functional osteoclasts as measured by expres-
sion of TRAP and resorption activity.

Mullan et al. detected differentiation of osteoclasts by PMT in
a coculture model of osteoblasts and preosteoclasts. Based on the
coculture system, it was not possible to clarify whether PMT acts
directly on osteoclast precursor cells (42). More recently, it was
proposed that the effect of PMT on osteoclast differentiation re-
sults from changes in the lymphoid system and expression of stim-
ulatory cytokines such as IL-13, IL-6, TNF-c, or RANKL by B cells
rather than from a direct effect on osteoclast precursor cells (43).
Here, we demonstrate that PMT is able to act directly on isolated
bone marrow-derived CD14* monocytes as shown by toxin-
specific deamidation of heterotrimeric G proteins. Moreover,
PMT efficiently stimulated osteoclastic differentiation of CD14*
cells without any further addition of cytokines. These results
clearly show that PMT acts directly on osteoclast precursor cells.
Osteoclast precursor cells originate from the hematopoietic lin-
eage in the bone marrow. By detecting the primary molecular
action of PMT in bone marrow-derived cells after intraperitoneal
injection, we were able to demonstrate that the toxin spreads to
this compartment, suggesting that the toxin acts not only at loca-
tions close to the infection site.

We next compared the toxin effect with that of RANKL, the
well-known inducer of osteoclast differentiation (13). Surpris-
ingly, we found comparable activation patterns induced by
RANKL and PMT. PMT stimulated Ras and, as known for
RANKL (15), the MAPK pathway. Like RANKL (14, 16-18), PMT
increased the transcriptional activity of NF-«B, AP-1, and
NFATcl. Moreover, in agreement with the essential role of
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FIG 4 PMT-induced signaling cascade to stimulate osteoclastogenesis. (A)
Inhibition of heterotrimeric G protein signaling by overexpression of RGS
proteins. NFATcI activity was measured by the use of a dual-luciferase assay
and calculated as fold induction over the results seen with untreated samples.
Data represent immunoblots of PAGE gels from representative cell lysates,
using anti-HA antibodies against HA-Lsc-RGS, HA-RGS2, and N-GRK2, with
anti-p84 used as a loading control. (B) PMT-dependent NFATcI transcrip-
tional activity in the presence of the indicated inhibitor. Cells were treated with
the indicated inhibitor (YM-254890, 10 uM; GF109203X, 10 uM; PP2, 5 uM;
PD98059, 50 uM) and/or PMT (100 pM). Results are presented as percentages
of the maximum activity = SEM (n = 3). (C) Immunoblot of phosphorylated
Pyk2. RAW246.7 cells were treated without or with PMT or PMT¢1165S (each
1 nM) for 4 h. Shown are immunoblots representative of the results of at least
three experiments. (D) Immunoblots of pERK/2, Pyk2, and tubulin as a load-
ing control. RAW246.7 cells were transduced with Pyk2-targeting or control
shRNA (con-shRNA) followed by puromycin selection. Cells were treated with
PMT (1 nM) or left untreated as a control (con) for 20 h, and lysates were
prepared for immunoblot analysis. Quantification was calculated using Mul-
tiGauge and demonstrated as the portion of maximum induction = SEM (n =
3).

NFATcl in RANKL-induced osteoclastogenesis (44), inhibition
of NFATc1 completely blocked PMT-dependent differentiation.
Furthermore, blockade of MAPK signaling inhibited the tran-
scriptional activity of NFATc1, indicating that the transactivation
of the MAPK cascade is a crucial step in PMT-mediated osteoclas-
togenesis.

What is the mechanism of PMT-induced transactivation, and
which factors are involved? PMT is known to activate the Gy,
Gayyns and Gayq, family of heterotrimeric G proteins (7). By
ectopic expression of RGS proteins, which specifically block sub-
sets of G proteins (28), we identified G, as an essential player
in PMT-induced osteoclastogenesis. The identification of the spe-
cificrole of Geyq, is corroborated by the finding that YM-254890,
which selectively blocks Gagiy (32, 33), inhibited the PMT effect
on osteoclast differentiation.

Recently, we reported that PMT blocked differentiation of os-
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teoblasts in a Ga,;-dependent manner via the MAPK cascade
(22). This PMT-induced transactivation of the MAPK pathway
and the subsequent inhibition of osteoblast differentiation de-
pend on Gag,,-p63RhoGEF-induced RhoA/Rho-kinase activa-
tion (22). In osteoclast precursor cells, however, we failed to detect
p63RhoGEF- and Gey;,-dependent RhoA activation (see Fig. S2
in the supplemental material), indicating the presence of a differ-
ent signaling cascade. In contrast, our findings in osteoclasts sug-
gested that PMT-induced transactivation of the Ras/MAPK path-
way depended on the presence of the Gay,; effector PKC.
Activation of PKC has been implicated in transactivation of the
MAPK cascade via the kinases Src and Pyk2 (38). In line with this
report, we detected stimulation of Pyk2 by PMT. Moreover, a
knockdown of Pyk2 diminished PMT-induced MAPK activation
and inhibition of Src kinase blocked PMT-induced Ras activation.
These findings suggest that in osteoclasts, PMT stimulates Ras by
activating the Ga,,,-PKC-Src/Pyk2 axis. In addition, it is well
known that activation of Gy, by PMT also induces Ca®™ signal-
ing, which is important for NFATc1 activity (16), via the PLCB-
IP; pathway (27, 45). Our data showing inhibition of PMT-
induced osteoclastogenesis using MCV1, which blocks interaction
of calcineurin with NFAT, indicate that, in addition to the MAPK
pathway, Ca?*-calmodulin-calcineurin signaling is crucial for
PMT-stimulated osteoclastogenesis.

Whereas canonical signaling depends on the activity of
RANKL on osteoclast precursor cells, RANKL can be substituted
by other cytokines such as IL-6, IL-8, or TNF-« in noncanonical
signaling pathways (46). However, heterotrimeric G proteins
(Ga/GBy) were detected only recently as players in the regulation
of osteoclast differentiation, which stands in contrast to the exten-
sive knowledge of heterotrimeric G protein signaling in osteo-
blasts (19, 47). One of the few examples is the influence of OGR1
(ovarian cancer GPCR 1) on the differentiation and/or activity of
osteoclasts (48-50). Interestingly, OGR1 couples to heterotri-
meric G proteins of the G, family to regulate osteoclastogenesis.
In line with the regulation by heterotrimeric G protein signaling, a
specific RGS protein (RGS18) in osteoclasts was previously de-
scribed as a negative regulator of OGR1 signaling (51).

In summary, we have shown that PMT induces osteoclastogen-
esis by direct stimulation of the osteoclastogenic transcription
program in preosteoclasts (Fig. 6). This effect is independent of
RANKL but ends up in its signaling cascade. Furthermore, it is a
potentially important finding that activation of Gey4, is sufficient
for osteoclastogenesis and that inhibition of Gey,;, by YM-254890
also affected osteoclast differentiation by RANKL. These effects
indicate that signal transduction of heterotrimeric G proteins has
a previously underestimated role in the differentiation of oste-
oclasts. Thus, our results may offer a new rationale for pharmaco-
logical treatment of osteoclast-dependent diseases via Gougy;-
interacting GPCR.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle medium (DMEM) and fetal bovine
serum (FBS) were obtained from Biochrom (Berlin, Germany). Recom-
binant murine soluble RANKL (sRANKL) was purchased from Pepro-
Tech (Hamburg, Germany). MCV1, a cell-permeative peptide inhibitor
blocking calcineurin interactions with NFAT, was purchased from Milli-
pore. An ELF 97 endogenous phosphatase detection kit, Opti-MEM, Li-
pofectamine 2000 transfection reagent, and Syto24 were purchased from
Life Technology.
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FIG 5 Inhibition of PMT-induced osteoclastogenesis. (A) CD14* cells were treated with PMT (100 pM) or RANKL (50 ng/ml) for 8 days. ELF-labeled TRAP
is depicted in green and nuclei in blue. (B) Quantification of PMT-induced osteoclastogenesis in CD14* monocytes as shown in panel A. TRAP-positive cells
were counted and quantified as the portion of all cells. (C) Resorption pit assay of CD14* cells. Cells were incubated without (con) or with PMT (100 pM) in the
absence (PMT) or presence of YM-254890 (10 uM; PMT + YM). (D) Resorption areas were analyzed by differential interference contrast microscopy and
quantified. At least 3 independent experiments were analyzed, and results are given as = SEM. Scale bars indicate 20 wm.

Cells and differentiation. RAW264.7 cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin. Murine
bone marrow cells were isolated from the femurs of 6-to-10-week-old
mice and separated to segregate CD14™" cells by the use of a PluriBead kit
(pluriSelect, Leipzig, Germany) according to the manufacturer’s manual.
Isolated CD14* cells were cultured in DMEM containing 10% FBS and
1% penicillin-streptomycin. For osteoclast differentiation, RAW264.7
cells were seeded on coverslips in a 24-well plate with a density of 2.85 X
10° cells per well. Cells were treated with 35 ng/ml RANKL or PMT or the
inactive mutant PMT¢!165S at the indicated concentrations for 6 days. All
samples were washed with phosphate-buffered saline (PBS) and fixed
with 4% paraformaldehyde for 30 min. Fixed cells were subjected to TRAP
staining with an ELF 97 endogenous phosphatase detection kit according
to the manufacturer’s instructions. In addition, the nuclei were stained

with Syto24. Isolated CD14* cells were cultured on coverslips in a 24-well
plate and treated with RANKL (35 ng/ml) or PMT (1 nM). After 6 days,
TRAP staining with an ELF 97 endogenous phosphatase detection kit, in
line with the manufacturer’s instructions, was performed. In addition, the
nuclei were stained with Syto24.

Resorption pit assay. CD14™" cells were seeded in a 24-well Corning
Osteo assay plate with a density of 1 X 10° cells per well. For differentia-
tion, cells were treated with or without 100 pM PMT for 14 days, with a
change of the medium on every second day. A resorption pit assay for
osteoclasts was performed in line with the manufacturer’s instructions.
The resorption area was measured utilizing the MetaMorph Microscopy
Software package.

Transfection. To knock down Pyk2, the mouse kinase activity GIPZ
lentiviral microRNA-adapted short hairpin RNA gene family collection
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FIG 6 Scheme of PMT-induced signal transduction pathway to stimulate osteoclastogenesis. PMT constitutively activates heterotrimeric G proteins of the
Gaygy; family by deamidation. Transactivation of Ras and the MAPK pathway is due to the presence of Ga,, effectors PLCS and PKC. Finally, transcription
factors (AP-1, NF-kB, and NFATc1) are activated. For details, see the Discussion. YM, YM-254890; GF, GF109203X; PD, PD98059.
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(Open Biosystems) was used. The constructs targeting Pyk2 (V2ZLMM_
21947) and a nonsilencing control (Open Biosystems) were transduced into
RAW246.7 cells followed by puromycin (3 wg/ml) selection.

Immunoblot analysis. To detect PMT-deamidated Ga proteins,
RAW264.7 cells and CD14-positive cells were seeded in a 6-well plate with
adensity of 1.5 X 10 or 5.5 X 10 cells per well in the presence or absence
of PMT (1 nM, 20 h). To detect phosphorylation of ERK1/2 and JNK,
RAW264.7 cells were plated in a 6-well plate with a density of 1.5 X 106 per
well and allowed to adhere overnight. Cells were then treated with PMT or
PMTC!1658 (each at 1 nM) for 6 h. Afterward, cells were lysed with 200 ul
radioimmunoprecipitation assay (RIPA) buffer (1 mM EDTA, 25 mM
Tris, 150 mM NaCl, 1% [vol/vol] Triton X-100, 1% [wt/vol] sodium
deoxycholate, pH 7.4) containing complete protease inhibitor (Roche)
and phosphatase inhibitor cocktail 2 and 3 (Sigma) for 20 min on ice.
Lysates were then incubated on an overhead shaker for 30 min at 4°C and
centrifuged (14,000 rpm for 20 min) at 4°C. Samples were separated by
SDS-PAGE and transferred to a polyvinylidene (PVDF) membrane.
Deamidation-specific antibody anti-Gey Q209E (3G3) (24) was used to
detect PMT-induced deamidation. Primary antibodies against pERK/2,
PSARK/JNK, and pPyk2 were obtained from Cell Signaling (Frankfurt,
Germany). p63RhoGEF antibody (51004) was from Proteintech. Equal
loading of immunoblots was tested by detection of tubulin, actin, or p84.
Monoclonal p84 antibody was purchased from ProSci Inc. (Poway, CA,
USA), and actin and monoclonal anti-a-tubulin antibody were purchased
from Sigma (Taufkirchen, Germany). Binding of the appropriate second-
ary antibody conjugated to horseradish peroxidase was visualized by an
enhanced chemiluminescence system, using an LAS-3000 imaging system
(Fujifilm, Diisseldorf, Germany).

Gene reporter assay. Activity of AP-1-, NF-kB-, or NFATcl-
dependent protein expression was measured by the use of a dual-
luciferase reporter assay system (Promega, Mannheim, Germany).
RAW?264.7 cells were seeded at 2.9 X 10° cells per well in a 24-well plate
and allowed to adhere overnight. Cells were then incubated with a mixture
of 0.5 ug of Renilla luciferase plasmid (pRL-TK; Promega) and 1.0 pg
pAP1-Luc (Stratagene, Waldbronn, Germany), NF-kB (Stratagene), or
NFAT (pGL3-NFAT; Addgene plasmid 17870 [deposited by Jerry
Crabtree]) plasmid, 48 ul Lipofectamine 2000, and 1.2 ml Opti-MEM.
After 5 h of incubation, the medium was changed to DMEM containing
10% FBS and antibiotics. RANKL and PMT were added at the indicated
concentrations and incubated for another day. In the case of NFAT and
cotransfection with RGS-encoding plasmids, PMT was incubated for 48 h
with hemagglutinin-tagged RGS2 (HA-RGS2) and HA-Isc-RGS as de-
scribed previously (52). The plasmid, encoding the RGS fragment of
GRK2 (N-GRK?2), was a kind gift of M. Lohse (University of Wiirzburg).

Effector pulldown assay. RAW264.7 cells were seeded at 8.7 X 10° per
10-cm-diameter dish and allowed to adhere overnight. After serum starvation
for 24 h, cells were treated with or without YM-254890, GF109203X, and PP2
for 30 min prior incubation with PMT for a further 4 h. Thereafter, cells were
lysed and Ras pulldown experiments were performed using a glutathione
S-transferase (GST)-Raf fusion protein as described previously (53). Acti-
vated RhoA was precipitated using the RhoA-binding region of rhotekin
(rhotekin pulldown) as described previously (52).

PMT expression. Wild-type PMT (PMT) and the catalytically inactive
mutant PMTC1165S were expressed and purified as described previously (54).

Statistics. Results are presented as means = standard errors (SE). Sig-
nificance was assessed by paired Student’s t tests. P values of <0.05 were
considered to represent statistical significance (¥, P < 0.05; **, P < 0.01;
ns, not significant). Multiple-group comparisons were analyzed by anal-
ysis of variance (ANOVA) followed by Student’s ¢ test.

Ethics statement. All animal experiments were performed in compli-
ance with the German animal protection law (TierSchG). The animals
were housed and handled in accordance with good animal practice as
defined by FELASA (http://www.felasa.eu/) and the national animal wel-
fare body GV-SOLAS (http://www.gv-solas.de). The animal welfare com-
mittees of the University of Freiburg as well as the local authorities
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(Regierungsprasidium Freiburg; licenses G-08/02, X-09/31S, and X-13/
03A) approved all animal experiments.
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Supplemental material for this article may be found at http://mbio.asm.org
Nlookup/suppl/doi:10.1128/mBi0.02190-14/-/DCSupplemental.

Figure S1, PDF file, 0.6 MB.

Figure S2, PDF file, 0.4 MB.
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