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Fibrodysplasia ossificans progressiva (FOP) is a genetic disorder characterized by progressive het-
erotopic ossification in soft tissues, such as the skeletal muscles. FOP has been shown to be caused
by gain-of-function mutations in activin receptor-like kinase (ALK)-2, which is a type | receptor for
bone morphogenetic proteins (BMPs). In the present study, we examined the molecular mecha-
nisms that underlie the activation of intracellular signaling by mutant ALK2. Mutant ALK2 from
FOP patients enhanced the activation of intracellular signaling by type Il BMP receptors, such as
BMPR-II and activin receptor, type Il B, whereas that from heart disease patients did not. This
enhancement was dependent on the kinase activity of the type Il receptors. Substitution muta-
tions at all nine serine and threonine residues in the ALK2 glycine- and serine-rich domain simul-
taneously inhibited this enhancement by the type Il receptors. Of the nine serine and threonine
residues in ALK2, T203 was found to be critical for the enhancement by type Il receptors. The T203
residue was conserved in all of the BMP type | receptors, and these residues were essential for
intracellular signal transduction in response to ligand stimulation. The phosphorylation levels
of the mutant ALK2 related to FOP were higher than those of wild-type ALK2 and were further
increased by the presence of type Il receptors. The phosphorylation levels of ALK2 were greatly
reduced in mutants carrying a mutation at T203, even in the presence of type Il receptors.
These findings suggest that the mutant ALK2 related to FOP is enhanced by BMP type II
receptors via the T203-regulated phosphorylation of ALK2. (Molecular Endocrinology 29:
140-152, 2015)

one morphogenetic proteins (BMPs) are members of
Bthe TGF-B family, which contains more than 35
members that control cell proliferation, differentiation,
and death in various tissues (1-3). Among the members of
this family, several BMPs and growth and differentiation
factors (GDFs) have been shown to induce heterotopic
bone formation in skeletal muscle tissue (4, 5). Other
growth factors, including other members of the TGF-3
family and certain hormones, do not show this bone-
inducing activity in vivo. Treatment of C2C12 myoblasts
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with osteogenic BMPs in vitro inhibits their terminal dif-
ferentiation into mature myocytes and induces the expres-
sion of typical osteoblastic phenotypes, such as high levels
of alkaline phosphatase (ALP), PTH receptor, and osteo-
calcin (6). Although nonosteogenic members of the
TGF-B family also inhibit myogenesis in C2C12 cells,
they do not induce osteoblastic differentiation in these
cells (6). Thus, C2C12 cells are used to examine the os-
teogenic and nonosteogenic activities of TGF-8 family
members in vitro.

Abbreviations: ActR-ll, activin receptor, type II; Ala, alanine; ALK, activin receptor-like
kinase; ALP, alkaline phosphatase; BMP, bone morphogenetic protein; D, aspartic acid; E,
glutamic acid; FOP, fibrodysplasia ossificans progressiva; GDF, growth and differentiation
factor; GS, glycine and serine rich; KR, kinase activity-deficient type Il receptor; Ser, serine;
Thr, threonine; TBR-II, TGF-B type Il receptor; Val, valine; WT, wild type.
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The members of the TGF-B family transduce intracel-
lular signaling via two types of transmembrane serine
(Ser)/threonine (Thr) kinase receptors: type I and type II
receptors (7). Osteogenic BMPs bind to four types of type
I receptors [activin receptor-like kinase (ALK; ALK,
ALK2, ALK3/BMPR-IA, and ALK6/BMPR-IB)] and
three types of type II receptors [BMPR-II, activin recep-
tor, type II (ActR-II), and ActR-1IB] (8). The nonosteo-
genic members of the TGF-B family bind to different type
I (ALK4, ALKS, and ALK7) and type II (TBR-II) recep-
tors. ActR-II and ActR-IIB bind both osteogenic and
nonosteogenic ligands, indicating that the type I receptors
determine ligand-specific biological activities. Type II re-
ceptors are constitutively active kinases that directly
phosphorylate type I receptors on Ser/Thr residues in their
intracellular glycine- and serine-rich (GS) domains (9).
The phosphorylated BMP type I receptors, in turn, phos-
phorylate downstream effectors, such as Smad-1, Smads3,
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Smad8 (also known as Smad9), and p38 MAPK. The
phosphorylated Smad proteins form a heteromeric com-
plex with Smad4 and regulate the transcription of early
BMP-responsive genes, such as Id1, Id2, Id3, and BIT-1
(10-12). Thus, a luciferase reporter driven by a BMP-
responsive element in the Id1 gene is able to specifically
detect BMP signaling in vitro (10).

Fibrodysplasia ossificans progressiva (FOP; online in-
heritance in man 135100) is a rare hereditary disorder
characterized by postnatal progressive heterotopic ossifi-
cation in the skeletal muscle. The ACVR1 gene on chro-
mosome 2q23-24 encodes ALK2, a BMP type I receptor
that has been identified as the gene responsible for both
familial and sporadic cases of FOP (13). Typical FOP
patients exhibit congenital malformation of the great toes
at birth and heterotopic ossification beginning in early
childhood (14, 15). Acute heterotopic ossification is in-
duced by muscle injury, such as through accidental

trauma, biopsies, or surgical treat-
ment, in typical FOP cases. These
patients present a substitution muta-
tion from arginine to histidine at
codon 206 (p.R206H) in the GS do-
main of ALK2 (13). Overexpression
of ALK2(R206H) in vitro induces
the phosphorylation of Smad1 and
Smad$ and activates BMP signaling
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Figure 1. Overexpression of ALK2(G325A) in C2C12 cells induces BMP activity via the
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without ligand stimulation, suggest-
ing that FOP represents the first
known case of a natural gain-of-
function mutation in the TGF-B
family of receptors (16). More than
10 types of mutations in ALK2 have
been identified in patients with FOP,
and these variations result in differ-
ent clinical features (17, 18). One of
these mutations, a p.G325A muta-
tion in ALK2, was identified in a
patient who showed late-onset het-
erotopic ossification in adulthood
without heterotopic ossification af-

10 100

phosphorylation of Smad1/5. A, BMP-specific luciferase reporter activity induced by mutant
ALK2. C2C12 cells were cotransfected with increasing amounts of wild-type ALK2, ALK2(G325A)
or ALK2(R206H) and a BMP-specific reporter plasmid, IdTWT4F-luc. After 24 hours, the activities
of firefly and renilla luciferase were determined. The data are expressed as the mean + SD (n =
3). B, Inhibition of mutant ALK2 activity by a kinase inhibitor of BMP receptors. C2C12 cells
transfected with ALK2 and the Id1TWT4F-luc reporter were treated overnight with or without
increasing amounts of LDN-193189 (0—100 nM). The data are expressed as the mean = SD (n =
3). C, Western blot analysis of phosphorylated Smad1/5. C2C12 cells were cotransfected with
WT or mutant V5-ALK2 and FLAG-Smad1. Whole-cell lysates were analyzed with antibodies
against phospho-Smad1/5, V5-tag, FLAG-tag, Smad1, and tubulin. D, ALP activity induced by the
cooperative activity of ALK2 and Smad1. C2C12 cells were cotransfected with WT or mutant
ALK2 and Smad1. After 3 days, ALP activity was determined by measuring the absorbance at 405
nm. The data are expressed as the mean = SD (n = 3). *, P < .05 and **, P < .01 vs mock-
transfected cells (ANOVA).

ter muscle injury (19). Recently sev-
eral novel mutations in ALK2 have
been identified in patients with con-
genital heart defects (20, 21). In con-
trast to FOP, these mutant ALK2
showed less activity than wild type
in vitro and in vivo, suggesting that
they are loss-of-function mutations
(20, 21)

In the present study, we exam-
ined the molecular mechanisms of

20z udy /| uo 1senb Aq £989GGZ/0¥L/1/6Z/2101E/PUSW/WOS"dNO"olWSpEdE//:SARY WOy POPEojuMod



142 Fujimoto et al

signal activation by a typical ALK2 mutant (containing
R206H) and a variant ALK2 mutant (containing
G325A). Both of these mutant ALK2 proteins were en-
hanced by BMP type II receptors in a kinase activity-
dependent manner. Analysis of a series of substitution
mutations at Ser/Thr residues in the GS domain of ALK2
identified the Thr residue at amino acid 203 as the crucial
residue for the type II receptor-dependent activation of
ALK2. This Thr residue is conserved in all BMP type I
receptors and is essential for intracellular signal transduc-
tion in response to ligand stimulation.

Materials and Methods

Plasmids

The V5-tagged human wild-type, R206H, G356D, L196P,
and Q207D ALK2 constructs used in this study were described
previously (16, 22, 23). Mutant ALK2 constructs such as
G325A, R202I, PF197-8L, Q207E, R258S, G328R, G328W,
G328E, and R375P were generated via a standard PCR tech-
nique with Prime Star HS DNA polymerase (TaKaRa) using a
plasmid carrying V5-tagged wild-type human ALK2 as a tem-
plate. Murine ActR-ITA, ActR-IIB, and TBR-II cDNAs were am-
plified through RT-PCR. Human BMPR-II was kindly provided
by Dr K. Miyazono (University of Tokyo, Tokyo, Japan). In
accordance with previous studies, we introduced alanine and
valine mutations at serine and threonine residues in the GS do-

Mutant ALK2 Is Activated by BMP type Il Receptors
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main (9, 24): the 9AV, 8AV, 7AV, 2AV, T203V, and T209V
mutations were introduced into human ALK2(R206H) and
ALK2(G325A) via PCR. Murine ALK1 and ALK3 cDNAs were
cloned from C2C12 cells, and murine ALK6 was cloned from
cartilage through RT-PCR. The T197V, T229V, and T199V
mutations were introduced through PCR. The primer sequences
used in these assays are indicated in Supplemental Table 1. Each
c¢DNA was cloned into the pcDEF3 expression vector, which
was kindly provided by Dr J. A. Langer (25). All of the final
constructs were confirmed via DNA sequencing using an
ABI3500 genetic analyzer (Applied Biosystems). The new ver-
sion of Id1WT4F-luc in pGL4.26 used in this work (Promega),
in which firefly luciferase is driven by four copies of a BMP-
responsive element in the human Id1 gene (10), was described
previously (23).

Cell culture, transfection, ALP assay, and luciferase

reporter assay
Murine C2C12 myoblasts were maintained in DMEM
containing 15% fetal bovine serum (6). C2C12 cells were
plated at a density of 5 X 10° cells/well in a 96-well plate 1
day before each transfection. Human embryonic kidney
(HEK) 293A cells maintained in DMEM containing 10%
fetal bovine serum were inoculated at a density of 1 X 10*
cells/well in a 96-well plate treated with 1.0 ng/mL GDF2/
BMP9 (Peprotech), 10 ng/mL BMP7 (Miltenyi Biotec), 10
ng/mL BMP4 (R&D Systems) or 10 ng/mL GDFS (Pepro-
tech). The cells were transfected with 200 ng of plasmid DNA
using 0.5 pL of Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions, with
the additional medium change to fresh
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Figure 2. BMPR-Il and ActR-IIB, but not ActR-IIA or TBR-Il, enhance ALP activity in C2C12 cells
in cooperation with mutant ALK2. A-D, BMPR-Il and ActR-IIB induced ALP activity in cooperation
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with mutant ALK2. C2C12 cells were cotransfected with 100 ng of WT ALK2 (closed triangles),
ALK2(R206H) (open circles), ALK2(G325A) (closed squares), or a mock vector (x) and with
increasing amounts (0—100 ng) of BMPR-II (A), ActR-IIA (B), ActR-1IB (C), or TBR-II (D). The total

amount of transfected DNA was adjusted to 200 ng/well using an empty vector. ALP activity was

determined on day 3. The data are expressed as the mean = SD (n = 3).

measured at 405 nm (16, 26). The lu-
ciferase reporter assay was performed
using Id1WT4F-luc (10) and phRL-
SV40 (Promega) with the Dual-Glo
luciferase assay system (Promega) ac-
cording to the manufacturer’s instruc-
tions (10, 27).

Western blot analysis

Whole-cell extracts were prepared
using lysis buffer (10 mM Tris-HCI, pH
7.8; 1% Triton X-100; and 1X protease
inhibitor cocktail [Roche Diagnostics]).
The extracts were then separated via so-
dium dodecyl sulfate-containing PAGE
and transferred to polyvinyl difluoride
membranes. Specific proteins were de-
tected by immunoblotting using anti-
bodies targeting the following proteins:
phosphorylated Smad1/5 (rabbit monoclo-
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nal antibody; Cell Signaling Technology), V5-tag (mouse
monoclonalantibody, clone V5005; Nacalai Tesuque), FLAG-
tag (mouse monoclonal antibody, clone M2; Sigma), Smad1
(rabbit monoclonal antibody; Cell Signaling Technology),
and tubulin (rabbit polyclonal antibody; Cell Signaling
Technology). The target proteins were detected using a horse-
radish peroxidase-conjugated antimouse or antirabbit IgG
antibody (Jackson ImmunoResearch Laboratories). Chemilu-
minescence was detected using the ChemiDoc XRS+ system
(Bio-Rad Laboratories). To determine the levels of phosphor-
ylated ALK2, we used a Phos-tag reagent (Wako Chemicals)
in SDS-PAGE analysis, according to the manufacturer’s in-
structions (28-31). Briefly, 7.5% polyacrylamide gels con-
taining 75 uM Phos-tag and 100 uM MnCl, were used to
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separate phosphorylated and unphosphorylated ALK2
through SDS-PAGE, followed by a Western blot analysis with
an antibody against the V5-tag. The amounts of phosphory-
lated and unphosphorylated ALK2 were determined using
ChemiDoc XRS+ and are expressed as the percentage of
phosphorylated ALK2 among total (phosphorylated and un-
phosphorylated) ALK2.

Statistical analysis
Comparisons were performed using unpaired ANOVA with
a Tukey-Kramer post hoc test and a Student’s ¢ test. The results

are expressed as the mean = SD (n = 3). Statistical significance
is indicated (*, P < .05, or **, P < .01).

[ Mock I BMPR-I Results
1.2 Overexpression of ALK2(G325A)
induces Smad1/5-dependent
08 BMP signaling but more weakly
than does ALK2(R206H)
0.4
First, we examined the biologi-
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Figure 3. BMPR-Il and ActR-IIB enhance mutant ALK2 associated with FOP but not mutant
ALK2 associated with heart disease. A-D, The effects of BMPR-Il and ActR-IIB on ALK2
mutants identified in FOP and heart disease patients were examined. The C2C12 cells were
cotransfected with 100 ng of an ALK2 vector carrying mutations identified in FOP (A and B)
or heart disease patients (C and D) and 100 ng of BMPR-II (A and C) or ActR-IIB (B and D).
ALP activity was determined on day 3. The expression levels of mutant ALK2 were
determined through a Western blot analysis using antibodies against V5-tag and tubulin. The
data are expressed as the mean + SD (n = 3). *, P < .05 and **, P < .01 vs BMPR-Il or

ActR-IIB transfected cells (ANOVA).

enous Smad1, but the detected ALP
activity was lower in ALK2(G325A)-
expressing cells than in ALK2(R206H)-
expressing cells (Figure 1D). Wild-
type ALK2 did not induce BMP
activity in these experiments (Figure
1, A, C, and D). These findings indi-
cate that the kinase activity of
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ALK2(G325A) is
ALK2(R206H).

activated but is weaker than

BMPR-II and ActR-1IB enhance the kinase activity
of mutant ALK2

Within the TGF-B family, the kinase activity of type I
receptors is activated by type Il receptors (15, 32). There-
fore, we examined the effect of each type Il receptor (such
as BMPR-II, ActR-IIA, ActR-IIB, and TBR-II) on the ac-
tivity of mutant ALK2 by evaluating the induction of ALP
activity. Increasing amounts of BMPR-II induced ALP
activity in the presence of ALK2(R206H) but not
ALK2(WT) or ALK2(G325A) (Figure 2A). Overexpres-
sion of ActR-IIA alone induced ALP activity in C2C12
cells, and this activity was decreased by the coexpression
of wild-type or mutant ALK2 (Figure 2B). ActR-IIB in-
creased ALP activity in a cooperative manner with either
ALK2(R206H) or ALK2(G325A) but not ALK2(WT)
(Figure 2C). TBR-II did not induce ALP activity in the
absence or presence of any form of ALK2 (Figure 2D).

Mutant ALK2 Is Activated by BMP type Il Receptors

Mol Endocrinol, January 2015, 29(1):140-152

These data suggest that BMPR-II and ActR-IIB are in-
volved in the activation of BMP signaling by
ALK2(G325A) and ALK2(R206H), which are ALK2 mu-
tants found in FOP patients.

Recently novel mutations in ALK2, including A15G,
H286N, R307L, and L343P, were identified in patients
with serious congenital heart defects (20, 21). In contrast
to the mutant ALK2 in FOP, these ALK2 mutants showed
lower activity than that of wild-type (20, 21). We further
examined the stimulatory effects of BMPR-II and ActR-
IIB on other types of ALK2 mutants identified in FOP or
heart disease patients, including L196P, R2011, PF197-8L,
Q207E, R258S, G328R, G328W, G328E, G356D, and
R375P or A15G, H286N, R307L, and L343P, respec-
tively. ALP activity in C2C12 cells was synergistically
increased by the coexpression of BMPR-II and all of the
ALK2 mutants identified in FOP patients (more than
4-fold compared with BMPR-II alone), except for G325A
and Q207E (less than 3-fold) (Figure 3A). ActR-IIB also
increased ALP activity upon the coexpression with each

of the ALK2 mutants identified in
FOP patients (more than 20-fold

A 05 *—*| = B 05 == == compared with ActR-IIB alone)
o _ | | (Figure 3B). However, neither
E o6 E 04 BMPR-II nor ActR-1IB induced ALP
*§§ ‘§§ 0.3 activity in C2C12 cells when coex-
SE 4 SE pressed with any of the ALK2 mu-
éé ;§ 02 tants associated with heart disease,
§ 0.2 éi 01 and even their protein levels were
- - equivalent to wild-type ALK2 and
ALK2(R206|-(|))' P R ALK2(G325A(;- P N other ALK2 mutants identified in
' ' FOP (Figure 3, C and D). These find-
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ings suggest that the pathological
phenotypes of FOP are caused by the
C . s a4 D s 3 4 synergistic activation of BMP signal-
ing by mutant ALK2 and BMPR-II
P-Smad1/5 — P-Smad1/5 e or ActR-IIB, whereas heart disease is
caused by a reduction in BMP sig-

V5 (ALK2) - - - V5 (ALK2) - -| naling via ALK2.
FLAG (BMPR-Il) - . FLAG (ActR-1IB) L

The kinase activity of type Il

receptors is essential for the

activation of ALK2(G325A) and
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Figure 4. The kinase activity of BMPR-Il and ActR-IIB is essential for the enhancement of mutant
ALK2. A-D, Kinase activity-deficient type Il receptors failed to enhance mutant ALK2.
ALK2(R206H) (A) and ALK2(G325A) (B) were cotransfected in C2C12 cells with WT or KR BMPR-
Il (A) and ActR-IIB (B), respectively. ALP activity was determined on day 3. The data are expressed
as the mean = SD (n = 3). *, P< .05 and **, P < .01 (ANOVA). Whole-cell lysates prepared
from the transfected cells were analyzed via a Western blot analysis using antibodies against
phospho-Smad1/5, V5-tag (ALK2), FLAG-tag (type Il receptors), Smad1, and tubulin (C and D).

ALK2(R206H) but not
ALK2(Q207D)

Because type II receptors act as
Ser/Thr kinases of type I receptors,
we examined the effect of kinase ac-
tivity-deficient type II receptors
(KR) on ALK2 mutants. Coexpres-
sion of BMPR-I[(KR) with ALK2
(R206H) induced ALP activity but
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at significantly lower levels than that induced by wild-
type BMPR-II (Figure 4A). ActR-IIB(KR) failed to induce
ALP activity in the presence of ALK2(G325A) (Figure
4B). The levels of phosphorylated Smad1/5 were also
lower in cells transfected with BMPR-II(KR) or ActR-
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IIB(KR) than in cells transfected with wild-type BMPR-II
or ActR-IIB (Figure 4, C and D). These findings suggest
that the enhancement of mutant ALK2 by type Il recep-

tors is a phosphorylation-dependent event. We observed
that the protein levels of ALK2(R206H) and ALK2
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ALK2(Q207D): - + o+ 4+ ALK2(Q207D): + o+ o+
BMPR-II: - WT KR ActR-IIB: - WT KR

Figure 5. ALK2(Q207D) is activated by BMPR-Il and ActR-IIB in a kinase activity-independent

manner. A-D, The effect of type Il receptors on ALK2(Q207D) was examined. ALK2(Q207D) was
cotransfected into C2C12 cells with increasing amounts of BMPR-II (A), ActR-IIA (B), ActR-IIB (C),

and TBR-II (D). ALP activity was determined on day 3. The data are expressed as the mean + SD
(n = 3). Eand F, ALK2(Q207D) was cotransfected in C2C12 cells with WT and KR BMPR-II (E)
and ActR-IIB (F), and ALP activity was determined on day 3. The data are expressed as the

mean = SD (n = 3). *, P< .05 and **, P < .01 (ANOVA). G and H, Whole-cell lysates prepared
from the transfected cells were analyzed through a Western blot analysis with antibodies against

phospho-Smad1/5, V5-tag (ALK2), FLAG-tag (type Il receptors), Smad1, and tubulin.

(G325A) detected by VS5 were de-
creased by the coexpression of type
IT receptors due to an unknown
mechanism. The phosphorylation
level of Smad1/5 appeared to be in-
dependent of the protein levels of
ALK2 because both active ALK2
and inactive ALK2 were decreased
in the presence of type II receptors
(see below).

ALK2(Q207D) was created through
genetic engineering and is a consti-
tutively activated form of ALK2.
However, this mutation has not
been identified in FOP patients (33,
34). Because the ALK2 mutants
identified in FOP were enhanced by
BMPR-II and ActR-IIB, we exam-
ined the effect of type Il receptors on
the constitutively active ALK2(Q207D)
mutant in our assay system. Overex-
pression of ALK2(Q207D) alone in-
duced weak ALP activity in C2C12
cells (Figure 5, A-D, 0 ng DNA/well
of type II receptor), and coexpres-
sion of ALK2(Q207D) and
BMPR-II or ActR-IIB, but not ActR-
A or TBR-II, further increased the
ALP activity (Figure 5, A-D). In con-
trast to ALK2(R206H) and ALK2
(G325A), ALK2(Q207D) still in-
duced high levels of ALP activity
cooperatively with the KR mutants
of BMPR-II and ActR-IIB (Figure 3,
E and F). An increase in phosphory-
lated Smad1/5 was observed even in
cells overexpressing ALK2(Q207D)
alone, and that was constant in the
presence of wild-type and KR mu-
tant type II receptors (Figure 5, G
and H). These findings suggest that
the activity of ALK2(Q207D) is also
enhanced by BMP type II receptors,
but this activity is independent of the
kinase activity of type Il receptors, in
contrast to the findings for ALK2
(G325A) and ALK2(R206H).
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Figure 6. Functional analysis of the role of the ALK2 GS domain in type Il receptor-
dependent enhancement. A, Amino acid sequences of the GS domains of WT and mutant
ALK2. Of the nine Ser and Thr residues (in bold) present in WT ALK2, nine, seven, and two
residues were mutated to Ala and Val residues in the 9AV, 7AV, and 2AV constructs,
respectively. These mutations were introduced in ALK2(R206H) and ALK2(G325A), and their
activity was analyzed. B and C, Cooperative induction of ALP activity in C2C12 cells by
mutant ALK2 carrying mutations in the GS domain plus type Il receptors. ALK2(R206H) (B)
and ALK2(G325A) (C) carrying the 9AV, 7AV, and 2AV mutations (or empty vector) were
cotransfected with BMPR-II (B) and ActR-IIB (C), respectively. ALP activity was determined on
day 3. The data are expressed as the mean = SD (n = 3). *, P< .05 and **, P < .01 vs
mock-transfected cells (Student’s t test). D and E, Whole-cell lysates from cells transfected
with the indicated ALK2 and BMPR-II (D) or ActR-IIB (E) constructs were analyzed via a
Western blot analysis with antibodies against phospho-Smad1/5, V5-tag (ALK2), FLAG-tag
(type Il receptors), Smad1, and tubulin.

Effects of substitution mutations in the GS domain

Mol Endocrinol, January 2015, 29(1):140-152

C2C12 cells. The presence of the
9AV mutation in both ALK2
(R206H) and ALK2(G325A) almost
completely blocked the induction of
ALP activity in a cooperative man-
ner with BMPR-II and ActR-IIB
(Figure 6, B and C). In contrast, the
7AV mutation, in which both T203
and T209 were left intact, did not
block the increase in ALP activity in
ALK2(R206H) and ALK2(G325A)
in cooperation with the type II re-
ceptors (Figure 6, B and C). More-
over, the 2AV mutation, in which
only T203 and T209 were mutated
(of the nine Ser/Thr residues),
blocked the ALP activity of ALK2
(R206H) and ALK2(G325A) to a
similar extent to the 9AV mutation
(Figure 6, B and C). The phosphor-
ylation of Smad1/5 induced by the
cooperative action of the mutant
ALK2 and type II receptors was also
blocked by the 9AV and 2AV muta-
tions but not the 7AV mutation (Fig-
ure 6, D and E). The mobility of the
mutant ALK2 with the 9AV and
7AV mutations was slightly faster
than that of the parental ALK2 and
2AV mutant (the second blots in Fig-
ure 6, D and E). These findings sug-
gest that T203 and/or T209 in the
ALK2 are crucial for the enhance-
ment of signaling by the type II
receptors.

To examine the roles of T203 and
T209 in ALK2, we mutated these
residues individually in ALK2
(R206H) and ALK2(G325A) and
examined their activity in C2C12
cells (Figure 7A). As shown in Figure

of ALK2 on the enhancement of signaling by BMP
type Il receptors

The GS domain of type I receptors has been shown to
be phosphorylated by the Ser/Thr kinase activity of type IT
receptors (9). The nine Ser and Thr residues in the GS
domain of ALK2 were substituted with alanine (Ala) and
valine (Val) in various combinations in the ALK2
(R206H) and ALK2(G325A) mutants (Figure 6A). The
activity of each AV mutant ALK2 construct was exam-
ined via coexpression with BMPR-II or ActR-IIB in

7, B and C, the T203V mutation almost completely
blocked the induction of ALP activity by both ALK2
(R206H) and ALK2(G325A) in cooperation with type II
receptors. In contrast, significant ALP activity was still
induced by ALK2(R206H) and ALK2(G325A) carrying
the T209V mutation in the presence of BMPR-II and
ActR-IIB (Figure 7, B and C), suggesting that T203, but
not T209, is crucial for the observed synergism with type
II receptors. To examine this hypothesis, we constructed
another ALK2 mutant carrying the 8AV mutation, in
which eight Ser/Thr residues (excluding T203) are mu-
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0 0 tively (Figure 8A). Hence, these res-
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ing ligands such as GDF2/BMP9,

ALK2(R206H): - + T203V T209V 8AV ALK2(G325A): -

BMPR-II: - + + + + ActR-1IB: -

Figure 7. Thr203 of ALK2 is a crucial residue for the type Il receptor-dependent enhancement
of ALK2. A, Amino acid sequences of the GS domains of WT and mutant ALK2. Of the nine Ser
and Thr residues (in bold) present in WT ALK2, Thr203, Thr209, or the eight residues other than

+ T203V T209V 8AV

+

BMP7, BMP4, and GDFS5, respec-
tively (Figure 8, B-E). However,
cells overexpressing the TV mutant
forms of ALK1, ALK2, ALK3, and
ALK6 showed decreased luciferase

+ o+ o+

Thr203 were mutated to Ala and Val residues in the T203V, T209V, and 8AV mutants,
respectively. These mutations were introduced in ALK2(R206H) and ALK2(G325A), and their
activity was analyzed. B and C, Cooperative induction of ALP activity in C2C12 cells by type I
receptors and mutant ALK2 constructs bearing mutations in the GS domain. ALK2(R206H) (B)
and ALK2(G325A) (C) carrying the T203V, T209V, and 8AV mutations (or empty vector) were
cotransfected with BMPR-II (B) and ActR-IIB (C), respectively. ALP activity was determined on day
3. The data are expressed as the mean + SD (n = 3). *, P < .05 and **, P < .01 vs mock-
transfected cells (Student’s t test). D and E, Whole-cell lysates from C2C12 cells transfected with
the indicated ALK2 and BMPR-II (D) or ActR-IIB (E) constructs were analyzed via a Western blot

activity in response to the ligand
stimulation relative to cells express-
ing wild-type (WT) receptors and
mock vector-transfected cells (Fig-
ure 8, B-E). These findings suggest
that the conserved Thr residues in
the GS domain of all BMP type I re-

analysis with antibodies against phospho-Smad1/5, V5-tag (ALK2), FLAG-tag (type Il receptors),

Smad1, and tubulin.

tated to the Ala/Val residues (Figure 7A). As expected,
both ALK2(R206H) and ALK2(G325A) carrying the
8AV mutation induced ALP activity in the presence of
type Il receptors (Figure 7, B and C). The T203 mutation
inhibited the ALP activity induced by a cooperation of
ALK2(Q207D) and type II receptors (data not shown).
The levels of phosphorylated Smad1/5 induced by the
mutant ALK2 and type II receptors were consistent with
the levels of ALP activity, confirming that the Smad-de-
pendent intracellular pathway induces osteoblastic differ-
entiation in C2C12 cells (27) (Figure 7, D and E).

ceptors are crucial for signal trans-
duction in response to ligand
stimulation.

The T203 residue in ALK2 regulates the type I
receptor-dependent phosphorylation of ALK2

We examined whether the phosphorylation of T203 is
involved in the enhancement of type II receptor-depen-
dent BMP signaling by ALK2. To test this possibility, we
created two additional mutations at T203, T203D and
T203E, in which the threonine residue has been substi-
tuted with aspartic acid (D) and glutamic acid (E), respec-
tively. This type of acidic amino acid substitution muta-
tion has been reported to mimic the phosphorylation state
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A 178 203 209 phosphorylated state, rather than
ALK2: STLADLLDHSCTSGSGSGLPFLVQRTVARQIT in the presence of a phosphory-
172 197 203 lated threonine.

ALK1: SMLGDLLDSDCTTGSGSGLPFLVQRTVARQVA To further examine the role of
ALK3: B SLKDLIDQSQSSGSGSGLPLLVQRTTAKQOTQ 1203 in type II receptor-dependent
signal transduction, we analyzed the
ALK6: ESLRDLIEQSQSSGSGSGLPLLVQRTIAKQLQ phosphorylation levels of wild-type
ALK2 and the R206H and G325A
mutants using a Phos-tag reagent
B [J control W GDF2 C [ control W BMP7 (28, 29). The Phos-tag reagent al-
0.5 i ” G 0.06 ***_*lll aad lohws 1115 to distipguish the phos-
phorylated proteins as more slowly
g 0.20 é migrating bands in Western blot
§ § 0.04 analysis compared with the unphos-
g 015 @ phorylated forms (30, 31). Both
8 5 ALK2(R206H) and ALK2(G325A)
o 010 ° 002 showed higher basal phosphoryla-
S 005 g tion levels than the wild-type ALK2
- - (Figure 9C). The phosphorylation
0 0 levels of ALK2(R206H) and ALK2
ALK1: - WT  Ti97V ALK2: WT  T203V (G325A) were further increased by
the coexpression with BMPR-II and
D O Control M BMP4 E [J Control I GDF5 ActR-IIB (Figure 9C). Moreover, the
o o . . introduction of the T203V mutation
0.25 K| 0.40 ok || into each form of ALK2 greatly re-
> > duced the phosphorylation levels of
2 020 Z 030 ALK2, even in the presence of type II
§ 0.15 ; receptors (Figure 9D), suggesting
5 8 020 that the T203 residue regulates the
% 0.10 % type 1I .receptor—dependent phos-

E . E 010 phorylation of ALK2.

T 4
0 0 . .
ALK3: - WT  T220V ALK6: - WT  T199v Discussion

Figure 8. The Thr residue at position 203 in ALK2 is conserved among BMP type | receptors,
and these conserved Thr residues are crucial for ligand-induced signal transduction. A, Alignment
of the GS domains of BMP type | receptors human ALK2, murine ALK1, ALK3, and ALK6. The Thr
residue at position 203 in ALK2 is conserved in all of the receptors; these residues are mutated to
the Val residues in ALK1(T197V), ALK3(T229V), and ALK6(T199V). B-E, Effect of substitution
mutations at positions of the conserved BMP type | receptor Thr residues on ligand-induced
signaling. HEK 293A cells were cotransfected with WT or mutant type | receptors [T197V, T203V,
T229V, and T199V in murine ALK1 (B), human ALK2 (C), murine ALK3 (D), and murine ALK®6 (E),
respectively] and a BMP-specific IdTWT4F-luc reporter plasmid. The cells were stimulated with 1.0
ng/mL GDF2/BMP9 (B), 10 ng/mL BMP7 (C), 10 ng/mL BMP4 (D) or 10 ng/mL GDF5 (E).
Luciferase activity was measured on day 1. The data are expressed as the mean = SD (n = 3). *,

P <.05; **, P < .01 (ANOVA).

of proteins (24, 27, 35). However, in contrast to unmu-
tated T203, neither ALK2(R206H) nor ALK2(G325A)
carrying the T203D or T203E mutation induced ALP
activity in C2C12 cells, even in the presence of BMPR-II
and ActR-IIB (Figure 9, A and B). Thus, both T203D and
T203E were inactive, similar to T203V. These results
suggest that T203 enhances BMP signaling in an un-

In the present study, we examined
the molecular mechanisms of intra-
cellular signal activation by several
mutants of ALK2 identified in pa-
tients with FOP. Patients with typi-
cal FOP show progressive hetero-
topic ossification in childhood, and
acute heterotopic ossification is in-
duced after muscle trauma or virus
infection (14, 15). A recurrent mu-
tation in ALK2, R206H, has been
identified in familial and sporadic cases of typical FOP
(13). Recently a novel mutation in ALK2, G325A, was
found in a patient with atypical FOP, in whom hetero-
topic ossification had not occurred in childhood or after
muscle injury but started at age 47 years (19). This late-
onset phenotype led us to examine the molecular mecha-
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[ Mock M BMPFR-I 0p, Mook MACtR-IB ALK2(R206H) was activated by
06 ' * BMPR-II or ActR-IIB, whereas
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N . enhancement of mutant ALK2 ob-
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an experimental Drosophila model
ALK2(R206H) ALK2(G325A) (36). Thus, it was suggested that the
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C ALK2-V5: wWT R206H G325A with respect to sensitivity to BMP
BMPRILFLAG. - + - - 4+ - - 4 - type I receptors may affect the clin-
AMRAB-ELAG: - - + - -+ - -+ ical features of FOP, especially the

onset of heterotopic ossification.
V5 We previously reported that the
(+ Phos-tag) . . . Phos. AL bovine serum used in cell cultures
- .- < Hypo. ALK2 contains active bovine BMP4, which
T;:’;; ﬁ)';;? O 54 27 34 84 91 20 75 67 induces BMP signaling and regulates
the differentiation of the cells (26).
v |--“__- — |+ALK2 Moreover, we and others (35, 37—
FLAG | - -— .Jtim;ﬁ[g 39) have reported that C2C12 cells
express the known type 1 (ALK1,
ALK2, and ALK3/BMPR-IA) and
D ALK2-V5:  WT-T203V  R206H-T203V G325A-T203V type II (BMPR-II, ActR-IIA, and
BMPRILELAG: - 4+ - - + - - + - ActR-IIB) receptors. Thus, the en-
ACRIB-FLAG: - - 4+ - - 4+ - - dogenous BMP receptors may affect
the activity of exogenously ex-
V5 Phos. ALK2 pressed receptors, including ALK2
(+ Phos-tag) mutants. Indeed, the ALP activity in-
®-- ol < rvpo- ALKE duced by the overexpression of

Phos. ALK2

(®oftotal) 11 44 11 9 51

17 4 43 12

V5

|-— ---—---—-|<—ALK2

FLag |

ALK2. A and B, The T203D and T203E ALK2 mutants did not induce ALP

presence of type Il receptors. C2C12 cells were cotransfected with ALK2(R206H) (A) or
ALK2(G325A) (B), either without or with one of mutations indicated in the figure, and with

BMPR-II (A) and ActR-IIB (B), respectively. ALP activity was determined on

expressed as the mean = SD (n = 3). **, P < .01 vs mock-transfected cells (Student's t test). C
and D, Phosphorylation levels of ALK2 without (C) and with (D) the T203V mutation. C2C12 cells
were cotransfected with ALK2 wild type, R206H, and G325A with BMPR-
cell lysates were separated in SDS-PAGE with and without a Phos-tag reagent followed by a
Western blot analysis with antibodies against V5-tag (ALK2) and FLAG-tag (type Il receptors). The
amount of phosphorylated ALK2 was expressed as percentage of total (phosphorylated and

hypophosphorylated) ALK2.

nisms of signal activation by mutant ALK2. Although
both ALK2 mutants activated Smad-dependent BMP
signaling without adding ligands in vitro, the kinase ac-
tivity of ALK2(G325A) was weaker than that of

BMPR-Il
- ﬂt ActR-IIB

Figure 9. T203 in ALK2 regulates the type Il receptor-dependent phosphorylation levels of

ActR-TTA in C2C12 cells was inhib-
ited by a specific chemical inhibitor
of BMP type I receptors, LDN-
193189 (data not shown), suggest-
ing that ActR-IIA activates endoge-
nous type I receptor(s) in the cells.
ALK3/BMPR-IA is a candidate type
I receptor responsible for signal
transduction by ActR-IIA in C2C12
cells because it is expressed abun-
dantly and is functional in the cells
(37). The dominant-negative effect
of ALK2 on the ALP activity in-
duced by ActR-ITA may be caused by
a competition between ALK2 and
ALK3/BMPR-IA for ActR-IIA. In the present study, we
found that BMPR-II and ActR-IIB are potential type II
receptors responsible for the activation of the ALK2 mu-
tant related to FOP. Thus, interactions with other types of

activity, even in the

day 3. The data are

Il or ActR-IIB. Whole-
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BMP receptors, ligands, and antagonists in the microen-
vironment around the cells influence the biological activ-
ity of mutant ALK2.

We also observed that the enhancement of mutant
ALK2 by type II receptors was dependent on the kinase
activity of the receptors. ALK2(Q207D) was created by
genetic engineering and is a constitutively active form of
ALK2 that activates BMP signaling without the addition
of ligands (24). Although the Q207D mutation has not
been identified in patients with FOP, transgenic mice car-
rying this mutation have been used as an in vivo model of
FOP (40-42). We found that ALK2(Q207D) was en-
hanced by the coexpression of BMPR-II or ActR-IIB.
However, this effect was independent of the kinase activ-
ity of type Il receptors; the ALK2(Q207D)-induced phos-
phorylation levels of Smad1/5 were constant in the pres-
ence of both wild-type and KR mutant BMPR-II or ActR-
IIB. Our findings were supported by a recent study from
Haupt et al (43), in which the activity of FOP-related
ALK2(Q207E) was inhibited by adding noggin, an antag-
onist of BMP ligands, whereas the constitutively active
ALK2(Q207D) mutant was not inhibited in the model.
These findings suggest that we must be careful when eval-
uating the phenotypes of ALK2(Q207D) mice because
this mutant receptor has different characteristics than the
mutant receptors related to FOP. Moreover, it was sug-
gested that a new model based on the ALK2 mutant re-
lated to FOP will be needed to establish an in vivo model
reflecting the phenotypes of FOP.

We identified T203 in ALK2 as the crucial residue for
the activation of intracellular signal transduction in both
the mutant ALK2 associated with FOP and wild-type
BMP type I receptors in response to ligand stimulation.
There are some potential molecular mechanisms that may
describe the roles of T203 in signal transduction. First,
T203 may act as a site that is directly phosphorylated by
the type II receptors because the ALK2 mutant was en-
hanced in a type II receptor kinase activity-dependent
manner. However, the T203D and T203E mutants,
which mimic the form of the protein phosphorylated at
T203, did not induce ALP activity in C2C12 cells, even in
the presence of type II receptors. These mutants were
inactive, similar to the T203V mutant. These findings
suggested that T203 enhances type II receptor-dependent
signal transduction in an unphosphorylated form, rather
than as a phosphorylated Thr residue.

Alternatively, T203 could regulate ALK2 phosphory-
lation at other Thr and/or Ser residues in the GS domain.
A similar regulation of phosphorylation levels in the GS
domain has been reported for another type I receptor,
TBR-I (24). We found that ALK2(R206H) and
ALK2(G325A) were phosphorylated at higher basal lev-

Mutant ALK2 Is Activated by BMP type Il Receptors
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els than wild-type ALK2, and these levels were further
increased by the presence of type II receptors. However,
the introduction of T203V mutation greatly reduced the
type II receptor-dependent phosphorylation of ALK2.
These findings suggest that the T203 residue is crucial for
regulation of the type II receptor-dependent phosphory-
lation of ALK2.

It is noteworthy that the phosphorylation levels of
ALK2(G325A) were increased by the presence of not only
ActR-IIB but also BMPR-II, although this increase did not
enhance the BMP signaling. It is possible that BMPR-II
failed to phosphorylate a critical residue required for such
enhancement, although it phosphorylated other residues.
Moreover, the 8AV mutant of ALK2, in which all of the
Ser/Thr residues except T203 were substituted with Ala/
Val residues, was still enhanced by the type Il receptors at
levels that were equivalent to the wild-type ALK2. Taking
these findings together, it was suggested that the critical
residue for enhancement by the type Il receptors is located
outside the GS domain of ALK2. Further studies are re-
quired to elucidate the functional role of ALK2 T203 in
type II receptor-dependent signal transduction.

In conclusion, the mutant forms of ALK2 found in
patients with typical and atypical FOP are enhanced by
BMPR-II or ActR-IIB. The sensitivity of the ALK2 mu-
tants to BMP type II receptors may affect the clinical
features of individuals with FOP. The T203 residue of
ALK2 was shown to be crucial for the enhancement of
ALP activity by the type II receptors. The conserved Thr
resides were demonstrated to be essential for intracellular
signal transduction by all of the BMP type I receptors in
response to ligand stimulation. It was suggested that the
T203 residue enhances type II receptor-dependent signal
transduction by regulating the phosphorylation levels of
ALK2.
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