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ARTICLE INFO ABSTRACT

Keywords: The human disease fibrodysplasia ossificans progressiva (FOP) is a rare and highly disabling disorder of ex-
Osteoblast differentiation tensive heterotopic bone growth that is caused by a point mutation (R206H) in the activation domain of Alk2, a
FOP BMP (bone morphogenic protein) type 1 receptor. The mutation leads to extensive BMP-signaling induced by
BMP

Activin A, which is normally an antagonist for wildtype receptors, resulting in excessive and uncontrolled bone
formation. Here, we studied the effects of Pasteurella multocida toxin (PMT), which activates osteoclasts and
inhibits osteoblast activity, in C2C12 myoblasts expressing the mutant Alk2(R206H) receptor as model of FOP.
In our study, we mainly used alkaline phosphatase (ALP) activity as marker to determine osteoblast differ-
entiation.

BMP-4 stimulated an increase in ALP activity in C2C12-Alk2wt and C2C12-Alk2(R206H) cells. By contrast,
Activin A only induced ALP activity in C2C12-Alk2(R206H) cells. In both cases, PMT acted as a potent inhibitor
of ALP activity. PMT-induced inhibition of ALP activity was paralleled by a constitutive activation of the het-
erotrimeric Gq protein. Expression of a permanently active Gog blocked Activin A/Alk2(R206H)-dependent
increase in ALP activity. Inactivation of G4 by specific inhibitor FR900359 blocked the PMT effect. Similarly,
canonical second messengers and effectors of Ga, (e.g. ionophore A23187-induced increase in intracellular Ca%*
and activation of PKC by PMA (phorbol 12-myristate 13-acetate)) inhibited Alk2(R206H)-mediated induction of
ALP activity. Notably, Activin A-induced increase in ALP activity in C2C12-Alk2(R206H) cells was also inhibited
by stimulation of the a,-adrenoceptor, which couples to Ga,, by phenylephrine. PMT did not alter tail phos-
phorylation of the major downstream effectors of the Alk2 receptor, Smadl/5/9; neither did the toxin affect
nuclear translocation of the Smad-complex. However, PMT diminished BMP responsive element-induced gene
expression.

The data indicate that PMT potently inhibits the induction of osteoblast markers in a FOP model via acti-
vation of G proteins. Moreover, our findings indicate that activation of G protein-coupled receptors and of G
protein signaling might be a rationale for pharmacological therapy of FOP.

Activin A
Alk2
Smad

1. Introduction ultimate stages, FOP causes immobility due to metamorphosis of ske-
letal muscle and soft tissue into a second skeleton [1,2]. Patients suffer

Fibrodysplasia ossificans progressiva (FOP) is a rare and highly from painful inflammatory flare-ups (soft tissue swellings) that trans-
disabling autosomal dominant disorder with symptoms of congenital form soft connective tissue like fascia, ligaments, tendons and skeletal
skeletal malformations and progressive heterotopic ossification. In its muscle into bones. Surgical removal of heterotopic bone causes
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episodes of rapid and painful new bone growth [2,3]. The majority of
patients are bound to the wheelchair by their third decade of life and in
their forties, most patients die from complications of the thoracic in-
sufficiency syndrome [4].

Classical FOP patients show a single nucleotide exchange
(c.617G > A) in the Acvrl/Alk2 gene resulting in a mutation (R206H)
in the glycine-serine activation domain of bone-morphogenic-protein
(BMP) Alk2 receptor [1]. This mutation activates the receptor by ren-
dering Alk2(R206H) responsive to the normally inhibitory ligands such
as Activin A [5,6]. Also, other mutations in the Acvrl gene have been
reported, leading to less drastic forms of FOP [7,8].

PMT is the major toxin of Pasteurella multocida, which colonizes the
gastrointestinal tract and nasopharynx of animals like cats, dogs and
pigs [9]. This toxin is the causative agent of progressive atrophic rhi-
nitis in pigs, which is characterized by the loss of nasal turbinate bones
[10,11]. After entering of target cells, the toxin deamidates an essential
glutamine residue in the switch II region of Ga subunits of hetero-
trimeric G proteins resulting in glutamic acid [12,13]. This modifica-
tion blocks the intrinsic GTPase activity of the G protein rendering the
protein constitutively active. PMT is able to act on Gag/11, GA12/13, and
Gay, whereas Ga is not activated by the toxin [13,14]. The constitutive
activation of heterotrimeric G proteins has profound consequences on
bone metabolism. In previous studies, we showed that PMT inhibits the
differentiation and/or function of osteoblasts by activating Gog,1; in
pre-osteoblasts [15]. At the same time, PMT induces osteoclastogenesis
by directly acting on osteoclast precursor cells as shown in bone
marrow derived CD14+ monocytes and RAW246.7 cells [16]. These
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actions provide a rationale for the bone loss as observed in atrophic
rhinitis in pigs.

Here, we studied the impact of heterotrimeric G protein signaling on
osteoblastogenic markers in a cell culture model of FOP by using C2C12
myoblast cells, which were engineered to express Alk2(R206H). In this
cell model, both BMP-4 and the patho-physiological agonist Activin A
stimulated osteoblastogenesis-like differentiation, which we de-
termined both by studying ALP activity as an early differentiation
marker [17] and by measuring osteoblast-associated gene expression.
We report that PMT strongly inhibited BMP-4- and Activin A-stimulated
increase in ALP activity by activation of G, proteins. Moreover, we
show that activation of G, signaling via adrenoceptors blocked ALP
activity in these cells.

2. Results
2.1. C2C12 cells are efficiently intoxicated by PMT

One established cellular model of FOP is C2C12, a mouse myoblast
cell line [18,19], which is able to differentiate to osteoblasts when in-
cubated with osteogenic BMPs [20]. We intoxicated C2C12 cells over-
night with PMT or the catalytically inactive mutant PMT¢!'%%5, Dea-
midation of heterotrimeric G proteins was determined in immunoblot
studies using a monoclonal anti-GaQE antibody, which specifically
detects deamidation of glutamine-209 in Gag and glutamine-204/205
in Ga; [13,21,22]. PMT but not PMT®''®% led to a distinct band at a
molecular weight of ~40 kDa (Fig. 1A). This finding was confirmed in
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Fig. 1. Susceptibility of C2C12 cells to PMT. Ga-deamidation after incubating C2C12 cells with 1 nM PMT/PMT ! for 16 h is shown in immunoblot (A) and
immunofluorescence (B/C) experiments. A Deamidation of Ga was detected in cellular lysates in immunoblot analysis using a deamidation-specific anti-GaQE
antibody. A representative immunoblot from 3 independent experiments is shown. Tubulin was used as loading control. The corresponding quantifications represent
mean values and SEM relative to maximum values. B Immunofluorescence images from confocal microscopy show deamidated Ga (green) and nuclei of the cells
(blue). Representable pictures from one of 3 independent experiment are shown (scale bar = 30 um). C Quantification of immunofluorescence pictures. Means and
SEM are shown of 3 independent experiments (15 fields of view for each condition). (AU: arbitrary units) D/E ERK1/2 and Akt phosphorylation after incubating
C2C12 cells with 1 nM PMT/PMT'*®>S for 16 h and subsequently serum starving them for 1 h. Panels show representative immunoblots from at least 3 independent
experiments with tubulin or GAPDH as loading controls. The corresponding quantifications represent mean values and SEM relative to maximum values. F RhoA
activity after incubation of C2C12 cells with 1 nM PMT/PMT'%% for 4 h. The picture represents a representative blot from 4 independent effector-pulldown assays
using total RhoA as a loading control. Means and SEM are shown. A larger fraction of blots displayed in Fig. 1 can be found in Fig. S1A-C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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immunofluorescence studies with the anti-QE antibody, showing that
treatment of C2C12 cells with PMT resulted in an increase in fluores-
cence intensity compared to untreated controls or cells treated with
PMTC1%S (Fig. 1B, C). In line with an activation of G proteins, PMT
induced ERK1/2 (Fig. 1D) and Akt (Fig. 1E) phosphorylation and
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Fig. 2. Effects of PMT on ALP activity and
Smad signaling. A Alkaline phosphatase
(ALP) activity after incubating C2C12 cells
for 5d with 100 ng/ml BMP-4 with/without
100 pM PMT/PMTC!1%%5  Means and SEM
(n = 3) are shown. B PMT efficiency (ALP
activity assay) after incubating C2C12 cells
for 5 d with 100 ng/ml BMP-4 and indicated
concentrations of PMT. Means and SEM
(n = 3) are shown. The dotted line re-
presents the 95% confidence interval of the
non-linear regression. An ECs, (inhibition
of ALP activity by PMT) of 1.2 pM was
calculated from the regression. C Analysis
of Smadl/5/9 phosphorylation by im-
munoblotting after intoxication of C2C12
cells with 1nM PMT/PMT®'®S for 16h
and further incubation with 100ng/ml
BMP-4 for indicated durations. Tubulin is
used as a loading control. Means and
SEM (n = 3) are depicted relative to control
cells treated with BMP-4 for 1h. The
panels show representative immunoblots
from 3 independent experiments. D
Immunofluorescence images show phos-
phorylated Smad1/5/9 (green) and nuclei
of the cells (blue). Cells were intoxicated
with 1nM PMT/PMT''®5S for 16h and
then incubated with 100 ng/ml BMP-4 for
1h. Representative images from one of 3
independent experiments are shown (scale
bar = 20 um). E Quantification of micro-
scopic images. Nucleus/cytosol fluores-
cence intensity ratios are depicted as means
and SEM (n = 3; at least 25 cells analyzed
per experiment and condition). F The ef-
fects of PMT on BMP-dependent transcrip-
tional activity was measured in a dualluci-
ferase system. One day after transfection
with luciferase constructs (see Materials
and methods), C2C12 cells were incubated
with 10nM PMT/PMTM® for 16h and
then stimulated with indicated concentra-
tions of BMP-4 for 6h. Means and SEM
(n = 3) are depicted relative to untreated
controls (***: statistical significance com-
pared to BMP-4 concentration-matched
controls, RLU: relative light units). A larger
part of the blots shown in Fig. 2 can be
found in Fig. S1D. (AU: arbitrary units
(absorption at 405nm normalized to cell
numbers)). (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of this
article.)

stimulated the activation of the small GTPase RhoA as measured by an
effector (rhotekin) pull-down assay (Fig. 1F). Thus, as shown previously
for osteoblasts [23], C2C12 cells are a cellular model, which is sus-

ceptible for PMT.
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2.2. PMT inhibits BMP-4-mediated increase in alkaline phosphatase (ALP)
activity

Next, we studied osteoblast differentiation of C2C12 cells by mea-
suring ALP activity, which is an early marker for osteoblastogenesis
[17]. Treatment of cells with BMP-4 for 5 days caused 8fold increase in
ALP activity suggesting differentiation of C2C12 cells to osteoblasts.
This increase in ALP activity induced by BMP was completely inhibited
by PMT but not by the inactive mutant PMT'1®5 (Fig. 2A). Notably,
we determined an ECsq of 1.2 pM for inhibition of ALP activity by PMT,
indicating the high potency of the toxin (Fig. 2B). Smad proteins
(Smad1/5/9) are involved in the downstream signaling of Alk2, they
are phosphorylated in their carboxy-terminal SSXS motive subsequently

**
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Fig. 3. Inhibition of ALP activity by activation of G,
signaling. A ALP activity after incubating C2C12
cells for 5d with 100 ng/ml BMP-4 and 100 pM PMT
with/without 100nM FR900359. Means and SEM
(n = 3) are depicted. B ALP activity after (over)ex-
pressing a wild type (wt) or a constitutively active
(QE) version of Gag in C2C12 cells and then stimu-
lating the cells with 100 ng/ml BMP-4 for 5 d. Means
and SEM (n = 3) are shown. (AU: arbitrary units
(absorption at 405 nm normalized to cell numbers)).
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to BMP receptor activation and then translocate into the nucleus (re-
viewed in [24,25]). Therefore, we were prompted to study whether
PMT has any effect on the phosphorylation of Smad1/5/9 proteins or
on nuclear translocation. As shown in Fig. 2C-E, we did not observe a
change of the phosphorylation of Smadl/5/9 by PMT. Furthermore,
PMT had no effects on their nuclear localization. However, PMT de-
creased the expression of a BMP response element (BRE)-luciferase
construct, which suggests that the toxin decreases BMP-dependent gene
expression (Fig. 2F).

2.3. G signaling inhibits BMP-4-mediated increase in ALP activity

Previously, it has been shown that the effect of PMT on bone cell
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Fig. 4. Inhibition of osteoblastogenesis markers by PMT in C2C12-Alk2(R206H) cells. C2C12 cells were transduced with the FOP-variant of Alk2 bearing the R206H
mutation. A stable cell line was generated as described in the Materials and methods section. A Alkaline phosphatase (ALP) activity after incubating C2C12wt and
C2C12-Alk2(R206H) (mut) cells for 5d with 100 ng/ml BMP-4 or Activin A with/without 100 pM PMT/PMT'!6%5, Means and SEM (n = 3) are shown. B PMT
efficiency (ALP activity assay) after incubating C2C12mut cells for 5d with 100 ng/ml Activin A and indicated concentrations of PMT. Means and SEM (n = 3) are
depicted. The dotted line represents the 95% confidence interval of the non-linear regression. An ECs, (inhibition of ALP activity by PMT) of 4.1 pM was calculated
from the regression. C The expression of osteogenic markers after incubating C2C12 Alk2-R206H cells for 5 d with 100 ng/ml Activin A with/without 100 pM PMT/
PMT®!'%%8 was determined by RT-qPCR analysis. Means and SEM (n = 3) of expression levels of ALP, osterix, Runx2 and collagen1A2 are shown relative to Activin A-
stimulated samples. D/E The effects of PMT on BMP- and Activin A-dependent transcriptional activity is measured using dualluciferase system in C2C12wt and
C2C12mut cells. One day after transfection with luciferase constructs, cells were incubated with 10nM PMT for 16h and then stimulated with indicated con-
centrations of BMP-4 or Activin A for 6 h (described in detail in the Materials and methods section). Means and SEM (n = 3) are depicted relative to untreated
controls (RLU: relative light units; AU: arbitrary units (absorption at 405 nm normalized to cell numbers)).
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metabolism is mainly based on its action on Gag,1; signaling [15,16].
To elucidate whether Gag is also a key player in PMT-induced inhibi-
tion of ALP activity in C2C12 cells, we employed the specific Goq in-
hibitor FR900359. The addition of FR900359 completely inhibited the
PMT effect and allowed an increase in ALP activity after stimulation by
BMP-4 (Fig. 3A). Moreover, to mimic the effect of PMT, we expressed
the constitutively active Ga, Q209E mutant in C2C12 cells. Gag Q209E
but not expression of wild type (wt) Gag blocked an increase in ALP
activity (Fig. 3B). These data suggest that activation of G signaling is
sufficient to inhibit osteoblast-related differentiation, which was de-
termined in our model system by measuring ALP activity.

2.4. PMT inhibits Activin A-mediated induction of osteoblast markers in
FOP model cells

To test the capability of PMT to inhibit the induction of osteoblast
markers in the context of a FOP cell model, we expressed Alk2wt (wt)
and the FOP mutation Alk2(R206H) (mut) under the control of a
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doxycycline-responsive promoter in C2C12 cells. Doxycycline-induced
expression of wild type or mutant Alk2 was monitored by RFP fluor-
escence (Fig. S2). In all following experiments, doxycycline was added
to cell culture medium to induce expression of the indicated versions of
Alk2 and at the same time RFP.

C2C12wt, C2C12mut, and C2Cl2empty (transduced with empty
pFRIPZ) cells showed increased ALP activity in response to BMP-4
(Fig. 4A). The observed increase in ALP activity was strongly inhibited
by PMT (Fig. 4A). Under normal conditions, the Alk2 antagonist Activin
A dampened BMP-4-induced expression of the BRE-luciferase construct
(Fig. S3) suggesting that Activin A normally counteracts BMP-4-induced
osteoblast-related differentiation. However, Activin turns into an Alk2
agonist in the context of FOP and was therefore able to induce an in-
crease in ALP activity in C2C12mut cells but not in C2C12wt and
C2C12empty cells (Fig. 4A). Notably, PMT inhibited both Activin A-
and BMP-4-induced ALP activity (Fig. 4A, B). The ECsq value (4.1 pM)
of PMT-mediated inhibition of Activin A-induced ALP activity was in
the same range as the inhibition for BMP-4-induced osteoblast
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Fig. 5. Effects of PMT on nuclear translocation of the Smad complex. A/B Localization of phosphoSmad1/5/9 and Smad4 in nuclear and cytosolic fractions of the cell
lysate. Analysis by immunoblotting after intoxication of C2C12mut cells with 1 nM PMT/PMT'®> for 16 h and further incubation with Activin A for 40 min.
GAPDH and histonH2A.Z were used as a loading controls for the cytosolic and nuclear fractions, respectively. Panels show representative blots from at least 3
independent experiments. Means and SEM (n = 3) are depicted relative to nuclear (for phosphoSmad1/5/9) or cytosolic (for Smad4) fraction treated with Activin A
only. C/D Immunofluorescence images show phosphoSmad1/5/9 and Smad4 in green and nuclei in blue. Cells were intoxicated with 1 nM PMT/PMT!'%% for 16 h
and then incubated with 100 ng/ml Activin A for 1h. Representative images from one of 3 independent experiments are shown (scale bars = 20 um). E/F
Quantification of microscopic images. Nucleus/cytosol fluorescence intensity ratios are depicted as means and SEM (n = 3; at least 15 cells analyzed per experiment
and condition). Larger parts of the blots shown in Fig. 5 can be found in Fig. S1E-F. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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differentiation in C2C12wt cells (Fig. 4B).

Furthermore, the influence of Activin A on the expression of a panel
of osteogenic markers was determined 5days after incubation of
C2C12mut cells with Activin A. Activin A increased the expression of
alkaline phosphatase (ALP), osterix, Runx2 and collagen1A2 as com-
pared to undifferentiated control cells (Fig. 4C). PMT but not the in-
active mutant PMT''%%S attenuated the expression of osteoblast mar-
kers (Fig. 4C). In line with these findings, both BMP-4 and Activin A
induced the expression of a BRE-luciferase construct in a concentration-
dependent manner in C2C12mut cells but only BMP-4 and not Activin A
was able to stimulate the expression of the reporter construct in
C2C12wt cells (Fig. 4D, E). Notably, PMT diminished luciferase ex-
pression under all conditions (Fig. 4D, E).

To assure that the induction of the BRE-construct solely relies on
binding of the Smad complex to its distinct response elements (AGAQC),
the respective sequences were mutated to ACTC (Fig. S4A). Using this
mutant BRE-construct, stimulation of luciferase activity by Activin A
was negligible (Fig. S4B). Thus, luciferase expression depended ex-
clusively on R-Smad-signaling, which was modulated by PMT.

2.5. PMT does not alter cellular Smad localization in response to Activin A

Stimulation of C2C12mut cells with 100 ng/ml Activin A for 40 min
caused nearly complete nuclear localization of phosphorylated Smad1l/
5/9 (Fig. 5A). However, PMT had no effect on the efficiency of nuclear
accumulation of the Smad complex (Fig. 5A). In line with these results,
confocal microscopy analysis of C2C12mut cells intoxicated with PMT
for 16h, followed by Activin A stimulation revealed a strong
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localization of phospho-Smadl/5/9 in the nucleus (Fig. 5C, E).

Finally, we also investigated nuclear localization of Smad4, which
binds to R-Smads and enables them to alter gene expression [25]. We
did no detect any change in Smad4 localization in response to Activin A
or PMT in immunoblot studies (Fig. 5B). In contrast, immuno-
fluorescence analysis revealed a slight increase in nuclear translocation
of Smad4 after treatment of C2C12mut cells with Activin A for 1h
(Fig. 5D, F). PMT, however, did not change nuclear accumulation of
Smad4 (Fig. 5D, F).

2.6. Gg-Calcium signaling inhibits Activin A-mediated induction of ALP
activity

To verify the involvement of Gag-signaling in PMT-mediated in-
hibition of osteoblast marker activation, we transduced C2C12mut cells
with constitutively active versions of different Ga-proteins (Fig. S5). In
cells expressing permanently active Gag, but not constitutively active
versions of the other family members (Ga;, Gos and Ga), Activin A-
mediated induction of ALP was strongly diminished (Fig. 6A). This
suggests that Gag is able to negatively regulate the osteoblast-like dif-
ferentiation. In contrast, active Gog further stimulated ALP activity
(Fig. 6A). Also in C2C12mut cells, pharmacological inhibition of Gag,/11
(FR900359) reversed the PMT-mediated inhibition ALP activity
(Fig. 6B), providing additional evidence for the importance of Gq in
PMT-mediated inhibition of ALP activity.

Further downstream of the G, signaling pathway, Gaog activates
phospholipase C (PLC) which - via the cleavage of PIP; - leads to a
calcium release from intracellular storage compartments as the ER.

Fig. 6. Inhibition of ALP activity by activation
of Gq signaling. A ALP activity after expressing
constitutively active versions of Ga family
members in C2C12mut cells and stimulating
them with 100ng/ml Activin A for 5d. Means
and SEM (n = 3) are shown. (EV: empty vector)
B ALP activity after incubating C2C12mut cells
for 5d with 100 ng/ml Activin A and 100 pM
PMT with/without 100 nM FR. Means and SEM
(n = 3) are depicted. C ALP activity after in-
cubating C2C12mut cells with 500 uM pheny-
lephrine (PE) and stimulating the cells with
100 ng/ml Activin A for 5d. Grey bars represent
cells overexpressing ajA-adrenergic receptor,
black bars represent untransfected controls.
Means and SEM (n = 3) are shown. D PE effi-

= PMT PMT ciency after incubating C2C12mut cells for 5d
+ FR with 100 ng/ml Activin A and indicated con-
ActA centrations of PE. Open dots represent cells

overexpressing aj;A-adrenergic receptor, black
dots represent untransfected controls. Means
and SEM (n = 3) are shown. (AU: arbitrary units
(absorption at 405 nm normalized to cell num-
bers)).

10 100

Phenylephrine [pM]
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Here, we demonstrate that the increase of cytoplasmic Ca®>* induced by
the Calcium-ionophore A23187 both decreased ALP activity (Fig. S6B)
and the expression of a BRE-luciferase-construct (Fig. S6A) when
C2C12mut cells were additionally stimulated with Activin A. We show
that activating PKC using PMA had the same effect in ALP activity and
luciferase reporter assays as PMT or A23187 (Fig. S6C, D).
Furthermore, we demonstrate that PMT activates PKC (Fig. S6E), which
identifies this pathway as a potential mechanism of action of PMT-
mediated inhibition of ALP activity in our C2C12 FOP model cell line.

Last, we asked whether Gg-activation via GPCRs might also affect
ALP activity. To this end, we employed phenylephrine (PE), which is an
a4 5-adrenoceptor agonist, to activate Gq. Also, PE inhibited Activin A-
induced increase in ALP activity in C2C12mut cells as observed for PMT
(Fig. 6C). ALP activity was concentration-dependently decreased by PE
in cells overexpressing the a;a-adrenergic receptor and in C2C12mut
cells not overexpressing this receptor (Fig. 6D).

3. Discussion

FOP is a highly disabling human disease with poor prognosis and
limited therapeutic options [4]. Currently, no effective medical therapy
is known. Prevention of injury and soft tissue trauma, and adminis-
tration of bisphosphonates and corticosteroids during flare-ups to
control inflammatory reactions are strategies to slow down disease
progression [26]. A few years ago, it has been found that the classical
Alk2 mutation in FOP (R206H) leads to an over-activation of the re-
ceptor by rendering it responsive to the normally inhibitory ligand
Activin A [5,6].

Here, we show that C2C12 cells, which are frequently used as a FOP
model cell line, are susceptible for the activity of PMT. Previously, the
toxin had been shown to inhibit differentiation and activity of osteo-
blasts and increased activity and differentiation of osteoclasts [16,23].
In C2C12 cells, PMT potently and efficiently inhibited the BMP-4-in-
duced increase in ALP activity, which we measured as a surrogate for
osteoblastogenesis. PMT is known to activate G-proteins by deamida-
tion [12,13]. We confirmed this specific deamidation of G proteins by
PMT also in C2C12 cells. Our studies with a specific antibody that
identifies the deamidation of a glutamine residue in the a-subunit of
Gg/11, Gi/o and G113, demonstrate that G proteins are deamidated by
PMT in C2C12 cells. However, in line with previous reports on the
toxin's effects on differentiation of osteoblasts and osteoclasts, several
data indicate that the activation of the Gg,,; protein appears to be
predominant for inhibition ALP activity in C2C12 cells following acti-
vation by BMP-4. First, a specific inhibitor of Gq/1; blocked the effect of
PMT. Moreover, expression of the persistently active Ga, mutant ex-
hibited the same inhibitory effects in an ALP activity assay as PMT.
However, the functional connection between BMP-receptor signaling
and activation of Gq remains elusive. PMT did not affect phosphoryla-
tion of the SSXS motif in Smadl/5/9. Also, the translocation of Smads
into the nucleus was not affected by PMT. Interestingly, the toxin sig-
nificantly reduced the transcription activity of the BMP responsive
element determined with a selective reporter construct which might
suggest a decreased efficiency in binding of the Smad complex to its
target DNA sequence.

To improve the C2C12 cell culture-FOP model, we expressed Alk2,
containing the classical FOP mutation (R206H), in these cells under the
control of a doxycycline-dependent promoter. Results obtained with
C2C12 cells expressing Alk2(R206H) are fully in line with the hy-
pothesis that both BMP-4 and the patho-physiological ligand Activin A
induced the differentiation to osteoblasts, which was determined both
by ALP activity measurements and the induction of Smadl/5/9-sig-
naling. Notably, Activin A caused an increase in ALP activity and ex-
pression of a BRE-luciferase construct only in cells with the
Alk2(R206H) mutant but not in wildtype cells. PMT did not only inhibit
BMP-4-induced osteoblastogenesis-related differentiation but also
counteracted Activin A-mediated activation of osteoblast markers. This
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was demonstrated both by a decreased alkaline phosphatase activity as
well as decreased expression of the osteogenic markers collagen1A2,
Runx2 and osterix in response to the toxin. Consequently, PMT is able
to block osteoblast-like differentiation induced by Activin A in a FOP-
relevant cellular model.

We further found that the overexpression of active Gay, an increase
in intracellular Ca®>* by the ionophore A23187 and an activation of
PKC by PMA had the same effect on ALP activity and Smad1/5/9-de-
pendent gene expression as PMT, suggesting that Gq-dependent sig-
naling cascades may be responsible for PMT-mediated inhibition of
osteoblast-like differentiation. Most importantly, also the activation of a
Ggq-coupled GPCR, a;a-adrenoceptor, was sufficient to inhibit ALP ac-
tivity in our FOP cell model. In line with these findings, previous works
have shown impaired osteoblast differentiation and severe osteopenia
in mice expressing a constitutively active version of Gagy (Q209L) in the
osteoblast lineage [27]. PKC has been proposed as important player in
inhibition of osteoblast differentiation [27-29]. Thereby, PKC stabilizes
Msx2 protein, which in turn negatively regulates osteoblast differ-
entiation by suppressing transcriptional activity of DIx5, a key tran-
scription factor in osteoblastogenesis [28,30].

In our study, however, the crosstalk between BMP-Smad signaling
and GPCR-G-calcium signaling remains elusive. We show that PMT did
not alter receptor Smadl/5/9 phosphorylation or translocation of the
activated Smad complex into the nucleus but decreased the BMP/
Activin A-dependent expression of a BRE-luciferase reporter construct.
Moreover, PMT inhibited Activin A-induced expression of a panel of
osteoblast markers. The osteogenic transcription factor DIx5 has been
reported to be directly regulated by the BMP-Smad-cascade; DIx5
mRNA increases after BMP treatment of cells without the need of fur-
ther protein synthesis [28]. In a subsequent study it would be worth
testing the impact of PMT on DIx5 synthesis and Msx2. It would be
interesting to challenge the hypothesis that PMT suppresses DIx5
synthesis by decreasing the efficiency of BMP-Smad-dependent gene
expression. Additionally, PMT might stabilize Msx2 via the activation of
PKC leading to an even stronger suppression of osteoblast marker gene
expression.

Although the molecular mechanism is not fully understood yet, our
study provides plenty of evidence that the activation heterotrimeric G
proteins and especially of Gq-signaling might be a novel therapeutic
approach in the treatment of FOP. This is of great relevance because
GPCRs are highly druggable which is mirrored by the fact that ca. 35%
(475 compounds) of all drugs approved by the US Food and Drug
Administration (FDA) act on 108 different GPCRs [31]. Therefore,
screening of already clinically approved GPCR agonists might be con-
sidered as method to find novel therapeutic concepts for FOP. The in-
troduction of an effective drug to treat this severe condition is urgently
needed and the possibility of drug repositioning would critically
shorten the approval procedure compared to a completely new com-
pound.

4. Materials and methods
4.1. Materials

C2C12 cells were obtained from Bioss (Centre for Biological
Signaling Studies, Freiburg, Germany) Toolbox. Dulbecco's modified
Eagle medium (DMEM) and fetal bovine serum (FBS) were obtained
from Biochrom (Berlin, Germany). Recombinant BMP-4 and Activin A
were purchased from  Pepro-Tech (Hamburg, Germany).
Oligonucleotides were obtained from Apara (Denzlingen, Germany) or
biomers.net GmbH (Ulm, Germany). The Gag,11 inhibitor FR900359
was a gift from Prof. G. M. Konig and Prof. E. Kostenis. The calcium
ionophore A23187 was purchased from Sigma-Aldrich (St. Louis, USA).
PMA was obtained from Biomol (Hamburg, Germany). All other re-
agents were of analytical grade and purchased from commercial
sources.
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4.2. Cell culture and osteoblast differentiation

C2C12 cells were cultured in DMEM supplemented with 10% FCS,
100 units/ml penicillin, 100 ug/ml streptomycin, 1X non-essential
amino acids and 1 mM sodium-pyruvate and kept at 37 °C, 5% CO,
during all experiments. For osteoblast differentiation, cells were cul-
tured in low-proliferation medium (DMEM with 5% FCS, 100 units/ml
penicillin, 100 ug/ml streptomycin, 0.5X non-essential amino acids
and 0.5 mM sodium-pyruvate) supplemented with 100 ng/ml BMP-4 or
Activin A for 5d.

4.3. Alkaline phosphatase activity

After 3 or 5d of osteoblast differentiation, the early osteogenic
marker alkaline phosphatase was detected. Cells were washed with PBS
and incubated with 100 ul of assay solution (12mM MgCl,, 100 uM
ZnCl,, 100 mM Glycin-NaOH (pH 10.5), 8 mM p-Nitrophenylphosphate
(added freshly prior to assay)) per 24 well for 10 min at 37 °C. The
reaction was stopped by adding 100pl 0.2M NaOH to each well.
Absorption was measured at 405 nm. For normalization to the number
of viable cells in our samples, a CellTiter Blue assay (Promega;
Mannheim, Germany) was performed according to manufacturer's in-
structions prior to alkaline phosphatase activity measurements.

4.4. Generation of C2C12-Alk2(R206H) cells

The classical FOP mutation 617G > A was introduced into the
Acvrl gene by site-directed mutagenesis. Wild type (wt) and 617G > A
Acvrl were cloned into the lentiviral and tetracycline-inducible vector
pFRIPZ (a kind gift from Prof. Brummer, Freiburg). To control for ex-
pression of the target genes, RFP is expressed simultaneously via an
IRES site. Lentiviruses were generated by transfecting HEK293T cells
with a set of lentiviral packaging plasmids (pTLA1-Pak, pTLA1l-Enz,
pTLA-Env, pTLA-Tat/Rev, pTLA1-TOFF, all ThermoFisher; Waltham,
USA) in addition to the pFRIPZ vector. C2C12 cells were transduced
and selected using the puromycin-resistance gene encoded on the
pFRIPZ vector for 4weeks. In all experiments using C2C12-
Alk2(R206H) cells (C2C12mut), doxycycline was added to induce the
expression of Alk2(R206H).

4.5. Rhotekin pulldown assay

The detection of RhoA activation by Rhotekin pulldown assay was
performed as described previously [32]. C2C12 cells were intoxicated
for 4h, washed 2 times with PBS and lysed with GST-fishbuffer. Then
the lysates were incubated with Rhotekin beads on a rotating shaker for
1h at 4°C and the amount of bound active RhoA was determined by
immunoblot analysis.

4.6. Immunoblot detection

For detection of G protein deamidation and effects of PMT on the
phosphorylation status of ERK1/2, Akt and Smad1/5/9 in cell lysates,
C2C12 cells were treated for 17 h with PMT or PMT''®%8 (1 nM). To
assess the phosphorylation levels of ERK1/2 and Akt, cells were starved
(culture medium with 1% FCS) for one hour prior to immunoblotting.
To assess phosphorylation of PKC substrate, C2C12mut cells were in-
toxicated for 2, 4 or 6 h with PMT or PMT!1%%% (1 nM) or stimulated
with PMA (200 nM) as positive control for 30 min. Additionally, cells
were starved for 1h prior to lysis. To verify the (over-) expression of
different (constitutively active) G proteins, cells were lysed one week
after transduction with the respective constructs.

For lysis, RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Triton-X 100,
137.5mM NaCl, % glycerol, 1mM sodium orthovanadate, 0.5mM
EDTA pH 8, 0.5% sodium deoxycholate, 0.1% SDS) containing complete
protease inhibitor and phosphatase inhibitor cocktails II and III (Sigma
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Aldrich; Taufkirchen, Germany) was used. Protein concentrations in the
lysates were determined by the Bradford method. 50 to 70 ug of total
protein were loaded per lane of the SDS-polyacrylamide gel, whereby
the same protein amounts were loaded to each lane within each ex-
periment. Lysates were separated using SDS-PAGE and the proteins
were transferred onto polyvinylidene (PVDF)-membranes. The mono-
clonal rat anti-Goq Q209E (3G3) was a kind gift of Dr. Y. Horiguchi. The
antibody against phospho-p44/42 MAPK (Erkl1/2) (Thr202/Tyr204)
(#4370 (D13.14.4E)), phospho-Akt (Ser473) (#4060), the phosphos-
pecific Smad1/5/9 (#9511) antibody and the antibody against phos-
phorylated PKC substrate (#2261) were purchased from Cell Signaling
(Frankfurt, Germany). Antibodies against Galpha i-2 (sc7276), Galpha
q/11 (s¢392), Galpha s/olf (sc383) and Galpha 12 (sc409) were pur-
chased from Santa Cruz (Heidelberg, Germany). Anti-tubulin- (T9026;
Sigma Aldrich; Taufkirchen, Germany) or anti-GAPDH- (MAB374
(6C5); ThermoFisher; Waltham, USA) antibodies were used as loading
controls. For visualization, the binding of the second horseradish per-
oxidase-coupled antibody was detected with an enhanced chemilumi-
nescent detection reagent (SignalFire ECL Reagent; NEB, Frankfurt am
Main, Germany). The imaging system LAS-3000 (Fujifilm; Diisseldorf,
Germany) was used and the quantifications were done using
MultiGauge software.

4.7. Cell fractionation

For each examined condition, cells from 2 10 cm-plates (confluency
ca. 80%) were lysed on ice using 250 pl of fractionation buffer (250 mM
sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM
EGTA, 1mM DTT, 1Xx complete protease inhibitor, phosphatase in-
hibitor cocktail II and III (Sigma Aldrich; Taufkirchen, Germany)) per
plate. Cells were collected, passed through a 25 G needle 10 times, and
left on ice for 20 min. The nuclear pellet was centrifuged out (750g,
5min, 4°C; supernatant was collected and represents the cytosolic
fraction) and taken up in 500pl fractionation buffer again, passed
through a needle again 10 times and centrifuged as described above for
10 min. The nuclear pellet was resuspended in nuclear buffer (50 mM
Tris-HCl pH 7.4, 1% Triton-X 100, 137.5 mM NaCl, 10% glycerol, 1 mM
sodium orthovanadate, 0.5 mM EDTA pH 8, 0.5% sodium deoxycholate,
0.1% SDS, 1x complete protease inhibitor, phosphatase inhibitor
cocktail II and IIT (Sigma Aldrich; Taufkirchen, Germany)), and soni-
cated briefly. The cytosolic fraction was centrifuged (10,000g, 5 min,
4°C). The supernatant was concentrated by centrifuging through a filter
unit with 10 kDa cutoff (Millipore; Darmstadt, Germany). Protein con-
centrations in both the cytosolic and nuclear fractions were determined
by the Bradford method to ensure loading of each lane in the gel with
equal protein amounts. Lysates were separated using SDS-PAGE (50 to
70 ug of total protein per lane) and the proteins were transferred onto
polyvinylidene (PVDF)-membranes. The localization of Smads was de-
tected using the anti-Smad4 antibody (#46535 (D3R4N)) and the
phosphospecific Smad1/5/9 (#9511) antibody from Cell Signaling
(Frankfurt, Germany). The mouse anti-GAPDH antibody, (MAB374
(6C5); ThermoFisher; Waltham, USA) and the rabbit anti-Histone
H2A.Z antibody (#2718S; Cell Signaling; Frankfurt, Germany) were
used as loading controls for the cytosolic and nuclear fractions, re-
spectively. Visualization was done as described above.

4.8. Retroviral transduction of C2C12 cells

PcDNA plasmids encoding Gag, Gag (short version), Ga,, and Ga»
(all with internal EE-tag) and a;A-adrenergic receptor were obtained
from the “cDNA Resource Center” (www.cdna.org). The DNA were in-
serted into pMIG vector via TOPO cloning (ThermoFisher; Waltham,
USA). To generate active versions of the G proteins, point mutations
were introduced via quickchange PCR resulting in an exchange of
glutamine to glutamate as induced by PMT via deamidation (G.EE
C625G, G;;EE C613G, G,EE C637G, G1-EE C691G). 1.8 x 10° @NXeco
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cells were seeded per 10 cm dish and grown for 24 h. Then they were
transfected with 3 pg of pMIG vectors in 500 pl of plain DMEM con-
taining 24 pg PEI (polyethylenimine) per 10 cm dish. 24 h after trans-
fection, medium was replaced by 5 ml fresh culture medium. Cells were
incubated for additional 48h to allow production of viral particles.
Viral particles-containing medium was filtered through a 0.45 um pore
size filter and was used immediately for infection of C2C12 cells or was
stored at 4°C for up to one week. For transduction of C2C12 or
C2C12mut cells, medium was replaced by a mixture of two parts C2C12
medium and one part virus-containing filtered medium containing
8 ug/ml polybrene. The procedure was repeated 24 h after the first
transduction to increase infection rates. 24 h after the second infection,
cells were seeded for respective experiments.

4.9. Gene reporter assay

Activity of BMP-dependent protein expression was measured by the
use of a dualluciferase reporter assay system (Promega; Mannheim,
Germany). C2C12 cells were seeded in a 48-well plate and allowed to
adhere overnight. Cells were then incubated for 24 h with a mixture of
0.125 g of Renilla luciferase plasmid (pRL-TK; Promega; Mannheim,
Germany) and 0.125 pug pGL3 firefly luciferase reporter plasmid, 0.5 pl
Lipofectamine 2000 (ThermoFisher, Waltham, USA) and 25pl Opti-
MEM per well. Medium was changed to culture medium with reduced
FCS (2.5%), 10nM PMT was added and incubated for another 16 h.
Afterwards, cells were incubated with BMP-4 or Activin A for 6 h before
lysis and luciferase activity detection.

PGL3-BRE was obtained from Addgene (plasmid 45126; deposited
by Martine Roussel, Peter ten Dijke). The pGL3-BREmut plasmid as well
as the empty pGL3 vector was a kind gift from Prof. A. Hecht and
Patrick Frey (University of Freiburg, Germany).

To engineer the pGL3-BREmut plasmid, a single-stranded, palin-
dromic BRE-SBEmut oligonucleotide (ctagcTCACTCCGTTACTCGCCAG
GACGGGCTGTCAGGCTGGCGCCGCGGCGCCAGCCTGACAGCCCGTCCT
GGCGAGTAACGGAGTGAg, lowercase letter represent Nhel restriction
site overhangs) was heated to 99°C for 10 min with a mixture of
200 pmol oligonucleotides, 10 ul of restriction enzyme buffer NEB-2
(NEB; Ipswich, USA) and 88l of water. Then, the mixture was gra-
dually cooled down to room temperature. The resulting double-
stranded DNA fragment was phosphorylated using T4 polynucleotide
kinase (NEB; Ipswich, USA) according to the manufacturer's re-
commendations. Subsequently, the fragment was cloned into the pGL3-
Luc backbone via the Nhel restriction site.

4.10. Quantification of mRNA levels

To detect expression levels of osteogenic marker genes, total RNA
was purified from C2C12mut cells using the RNeasy Mini Kit (Qiagen;
Hilden, Germany) and transcribed in ¢cDNA using QuantiTect Reverse
Transcription Kit (Qiagen; Hilden, Germany) according to manufac-
turer's instructions. GoTaq qPCR Master Mix (Promega; Mannheim,
Germany) was used for quantitative PCR. As an internal control ex-
pression levels of mouse ribosomal Protein S29 were measured. Fold
changes were calculated using the LinRegPCR method [33,34]. For
analysis following primer pairs were used: mS29 (forward-ATGGGTC
ACCAGCAGCTCTA, reverse-AGCCTATGTCCTTCGCGTACT), mALP
(forward-CACCCGAGTGGTAGTCACAA, reverse-AATGAGGTCACATCC
ATCCTG), mSP7 (Osterix) (forward-CTCCTGCAGGCAGTCCTC, reverse-
GGGAAGGGTGGGTAGTCATT), mRunx2 (forward-TGCCCAGGCGTAT
TTCAG, reverse-TGCCTGGCTCTTCTTACTGAG), mCollagen1A2 (for-
ward-GCAGGTTCACCTACTCTGTCCT, reverse-CTTGCCCCATTCATTTG
TCT).

4.11. Confocal microscopy

Cells grown on coverslips were intoxicated with PMT or PMT<!165%
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(1nM) for 17 h and were then incubated with BMP-4 or Activin A for
1 h. Cells were fixed using 4% paraformaldehyde in PBS for 15 min at
room temperature, washed three times with PBS and were then in-
cubated with 100% Methanol at —20 °C for 10 min. Cells were washed
once with PBS and then incubated overnight in a light-tight box at 4 °C
with primary antibody (Smad4 or phosphospecific Smad1/5/9 antibody
(as described above)), diluted in antibody solution (PBS, 1% BSA, 0.3%
Triton-X-100). Then, cells were rinsed again tree times with PBS before
they were incubated with fluorochrome-conjugated secondary antibody
(AlexaFluor 488 chicken anti-rabbit; A21441, Invitrogen; Darmstadt,
Germany) diluted in antibody solution for 1-2 h at room temperature in
the dark. Cells were again washed three times with PBS. Then, the
coverslips were mounted onto microscope slides using a mounting so-
lution containing Mowiol and DAPI (prewarmed to 55 °C). The slides
were left to dry overnight at 4 °C. Pictures were taken using confocal
microscopy (microscope: Observer Z1, Zeiss; Oberkochen, Germany,
equipped with confocal scanner unit CSU-X1, Yokogawa; Musashino,
Japan; objective: EC Plan-Neofluar 40 x /1.3 Oil, Zeiss; Oberkochen,
Germany) with 40 x magnification. Per condition, at least 5 pictures
were taken. Nucleus/cytosol-intensity ratios were calculated using the
MetaMorph Microscopy Automation and Image Analysis Software.

For visualizing deamidated Ga using the monoclonal rat anti-Goyg
Q209E (3G3)-antibody, C2C12 cells grown on coverslips were in-
toxicated with PMT or PMTC''®%5 (1 nM) for 17 h before there were
washed once and then fixed with 4% PFA in PBS for 12 min at room
temperature. After three washes with PBS, cells were permeabilized
using 0.15% Triton-X-100 in PBS for 10 min at room temperature. After
three more washes, cells were blocked with 1% BSA in PBS-T (PBS,
0.05% Tween 20) for 30 min at room temperature. Then, cells were
incubated for 3h with primary antibody (anti-Ga, Q209E (3G3)) di-
luted in PBS-T, 1% BSA and then washed again three times. Cells were
then incubated with fluorochrome-coupled secondary antibody
(AlexaFlour 488 goat anti-rat; A11006, Invitrogen; Mannheim,
Germany) diluted in PBS-T for 1h at room temperature. Finally, cells
were washed three times with PBS and once with water before they
were mounted as described above. Pictures were taken as described
above using 100 x magnification (objective: Plan-Apochromat 100 x /
1.4 Oil, Zeiss; Oberkochen, Germany). For quantification of fluores-
cence intensities, the area of the nuclei was excluded and intensities of
the cytosolic part of cells were determined using the MetaMorph
Microscopy Automation and Image Analysis Software.

4.12. PMT expression

Wild-type PMT (PMT) and the catalytically inactive mutant
PMT®!%%5 were expressed and purified as previously described [35].

4.13. Statistics

Results are presented as means + SEM. Significance was assessed
by ANOVA followed by Tukey's (Figs. 2C/E, 3A/B, 5A/B/E/F, 6A/C) or
Dunnett's (Figs. 1A/D/E/F, 2A/F (F: respective concentration-matched
controls), 4A/B (B: respective cells treated with Activin A only), 6B)
post test. p values < 0.05 were considered statistically significant
(*=p < 0.05, **=p < 0.01, ***=p < 0.001; n.s., not sig-
nificant). Non-linear regressions were calculated in SigmaPlot using the
4 parameter logistic or sigmoid curve fit.
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