However, elimination of myostatin did not improve the
phenotype in a laminin-a2-deficient dy* mouse (13).
Thus, myostatin inhibition may show disease-specific
effects. It is also of note that one report showed that
lack of myostatin results in excessive muscle growth but
impaired force generation (14). In addition to myosta-
tin propeptide and myostatin antibodies, follistatin
(FS) and FS domain-containing proteins can bind to
myostatin #n vivo and act as effective myostatin inhibi-
tors (7, 15, 16). FS was originally identified as a

single-chain polypeptide with a weak inhibitory activity -

toward follicle-stimulating hormone secretion from an-
terior pituitary cells. Later, FS was found to be an
activin-binding protein (16-18). Gene knockout analy-
ses revealed that FS genc ablation causes multiple
effects, including skeletal and cutaneous abnormalities,
suggesting that FS may have additional functions other
than activin inhibition (19). Recently, FS was shown to
bind to myostatin and inhibit its activity (20). Similar to
myostatin, activins belong to the TGF-8 superfamily
and have pleiotrophic effects on numerous tissues.
Because activins have a variety of functions in tissues
other than skeletal muscles, and their inhibition by FS
is very efficient, FS has multiple effects on not only
skeletal muscles but also other tissues. In fact, trans-
genic expression of the FS gene under the control of
the metallothionein promoter has profound effects on
reproductive performance and fertility (21)." Recent
crystallographic analyses have revealed that the mini-
mal activin-inhibiting fragment of FS comprises the FS
I and FS I domains, and each FS domain may have
different ligand binding activity (22, 23).

In the present study, we developed and characterized
a myostatin inhibitor derived from FS, designated FS
L1, and further investigated its effects on muscle mass
and strength in mdx mice. Because myostatin blockade
is one of the most promising therapies for muscular
dystrophy, the results of our study should provide an
additional rational therapeutic strategy for intractable
muscular diseases.

MATERIALS AND METHODS
DNA constructs

A human FS ¢DNA was used as a template for polymerase
chain reaction (PCR) amplification (24). A cDNA fragment
containing the N-terminal region and FS I domain (FS-A) was
amplified using the sense primer 5 -CGGAATTCATGGTC-
CGCGCGAGGCACCAG-3' and antisense primer 5'-CGAA-
GCTTTTTACATCTGCCTTGG-3'. A cDNA fragment contain-
ing only the FS 1 domain (FS-B) was amplified using the sense
primer 5-GCAAGCTTTGTGAGAACGTGGACTGTG-8' and
antisense primer 5-GCCTCGAGATATCTTCACAAGTCTT-
TTTACATCTGCC-3'. The FS-A and FS-B ¢cDNA fragments
were subcloned into the pGEM-T Easy cloning vector (Pro-
mega, Tokyo, Japan). and the EcoRI-Hindl fragment of FS-A
and Hindll-Sall fragment of FS-B were then inserted into the
pBluescript cloning vector. The resultant ¢cDNA contained
the N-terminal region and the two FS [ domains in tandem
(FS LI in pBluescript). The EcoRI-Spel fragment of FS I in
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pBluescript was subcloned into the pcDNA3 expression vec-
tor (Invitrogen, Tokyo, Japan). To create an FS I-4-Fc cDNA,
a BamHI-Xbal fragment of human Fc was subcloned into
pcDNA3 (25), and digested with Kpnl and BamHI. Next, a
Kpnl-BamHI fragment covering the whole FS I- sequence was
subcloned into the Kpnl-BamHl-digested human Fc in
pcDNAS3 (FS I-1-Fc in pcDNA3). Coding sequences of FS I-1-Fc
consist of nucleotide 1-501 and 283-501 of GenBank acces-
sion number CR541813, fused to BumHI-Xbal fragment of
human IgG Fc portion (25).

GST-FS I enzyme-linked immunosorbent assay analysis

The Psfl-EcoRV fragment of FS 11 in pcDNA3 was subcloned
into pBluescript, and the Smd-Xhkol fragment was then sub-
cloned into the bacterial expression vector pGEX6P-1 (GE
Healthcare Bioscience, Tokyo. Japan). pGEX6P-1-FS I-1 cDNA
or empty pGEX6P-1 vector cDNA was transtormed in Origami
competent cells (Takara Bio, Tokyo. Japan). A GST-FS I-
fusion protein and naive GST protein were expressed and
purified using glutathione-Sepharose beads, as described
previously (26). Enzymedinked immunosorbent assay
(ELISA) plates (Sumilon Bakelite Co., Ltd., Tokyo, Japan)
were coated with either 100 pl of 1 pg/ml bovine activin A
(WAKO Chemicals, Osaka, Japan) or human myostatin in
carbonate buffer (pH 9.6) at 4°C overnight, and then washed
wwice with washing buffer (0.05% Tween-20 in 25 mM Tris-
buffered saline, pH 7.5). After blocking with Blocking One
solution (Nakalai Tesque, Kyoto, Japan) for 45 min at room
temperature, the wells were washed three times with washing
buffer, and incubated with various amounts of GST or GST-FS
K proteins at 37°C for 60 min in PBS containing Blocking
One solution and 0.01% Tween-20, according to the manu-
facturer’s protocol. After three washes with washing buffer,
the wells were incubated with a rabbit polyclonal anti-GST
antibody at a dilution of 1:750 in Blocking One solution ar
37°C. for 50 min, washed, incubated with a horseradish
peroxidase-conjugated secondiny antibody at a dilution of
1:1000, and then incubated with o-phenylenediamine dihy-
drochloride for color development. The optical densities at
450 nm were measured.

Purification of human FS I-I-Fc protein

Chinese hamster oviny (CHO-K1) cells were transfected with
the human FS I-I-Fc ¢DNA in pcDNA3 by electroporation,
and clonal cells were established by limiting dilution (27).
CHO-K1 cells stably expressing the FS I--Fc ¢cDNA were
grown in a-modified essential medium (MEM)-10% fetal calf
serum (FCS) until they reached confluency, and then condi-
tioned by EX-CELL301 medium (Nichirei Biosciences, To-
kyo, Japan). The conditioned medium was passed through a
heparin-Sepharose 6 Fast Flow column, followed by protein
A-Sepharose Fast Flow chromatography (GE Healthcare Bio-
sciences, Bucks, UK). The FS I-I-Fc protein was eluted with 5
ml of 100 mM glycine-HCI (pH 3.0), and immediately neu-
tralized with 500 pl of 1 M Tris-HCI (pH 8.0). A total of 850
pg of FS I-I-Fc protein was obtained from 4 liters of condi-
tioned medium.

Surface plasmon resonance biosensor analysis

All surface plasmon resonance (SPR) measurements were
taken using a BlAcore X system (Biacore AB, Tokyo, Japan),
as described previously (28). For immobilization of samples,
proteins were dissolved in 20 mM sodium acetate (pH 4.5) at
a concentration of 10 pg/ml and immobilized on a CM5H
sensor chip at a How rate of 5 pl/min at 25°C using an
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aminecoupling method. Kinetic measurements were per-
formed by injection of each analyte for 240 s followed by
dissociation in buffer flow for 240 s at a flow rate of 20 pl/min
at 25°C. The immobilized ligands were regenerated after each
cycle using a 40 pl injection of 10 mM HEPES (pH 7.4)/2 M
guamdlnc-H(,l The kinetic parameters, association rate con-
stant (In,,.) and dissociation rate constant (k,,;) were deter-
mined using BlAevaluation software version 3.0 (Biacore AB).
Activin A was purified from bovine follicular fluid, as de-
scribed previously (29). Human FS and mouse myostatin were
obtained from R&D Systems (Minneapolis, MN, USA).

Biological assay for myostatin signaling

A204 rhabdomyosarcoma cells were purchased from the
American Type Culture Collection (Manassas, VA, USA), and
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich Japan, Tokyo, Japan) supp]ememed with 10%
FCS. Cells were plated at a density of 8 X 107 cells/well in
24-well dishes and were transfected with 0.5 ng of CAGA-lux
and 0.1 ngofa ()tomcgalovlrm promoter-driven p-galactosi-
dase (CMV-B-gal}) DNA using the GeneJammer transfection
reagent (Soratagene, La Jolla, CA, USA), according to the
manufacturer’s protocol. At 24 h aftel transfection, the cells
were stimulated with either myostatin or activin A in DMEM
containing 1% FCS for 24 h. To examine whether FS or FS
IJ-Fc had inhibitory effects on myostatin or activin, FS or FS
II-Fc¢ was simultaneously added with either myostatin or
activin. The luciferase activities were measured and normal-
ized by the corresponding B-galactosidase activities, as de-
scribed previously (30).

CHO-K1 cells were transfected with 0.2 ng each of ActRIIB
and wild-type ALK5 or ALK4 expression plasmids, 0.3 ng of a
CAGA-ux reporter plasmid and 0.1 ng of the CMV-B-gal
plasmid per well of 12-well dishes using the Transfast lipo-
some reagent (Promega K.K Japan, Tokyo, Japan) (30).
10T1/2 mouse fibroblastic cells were transfected with 0.2 ng
each of a MyoD plasmid, Smad3 plasmid, and wild-type ALK5
or ALK4 expression plasmid, 0.3 ng of a MyoD-responsive
6R-lux reporter plasmid and 0.1 ng of the CMV-B-gal plasmid
per well of 12-well dishes using the Effectene reagent (Qiagen
in Japan, Tokyo, Japan) (31) At 24 h after nansfecuon the
cells were stimulated with 20 ng/ml of myostatin either alone
or in the presence of increasing amounts of FS Ll-Fc.

Generation and characterization of FS I-I transgenic mice

An EcoRI-Xhol fragment containing the whole FS I-1 cDNA was
subcloned into the CAG-GS vector (CAGGS-FS 1) (32).
Next, an EcoRI-Smal fragment covering the whole coding
sequence of FS Il from CAGGS-FS Il was subcloned into the
MDAF2 vector containing the myosin light chain promoter,
SV40 processing sites and MLC1/3 enhancer (33). The FS LI
uansgene with the skeletal musclesspecific promoter consist-
ing of 3.9 kb was recovered by Cldal digestion, and transgenic
mice were generated by standard pronuclear microinjection
techniques (21). The presence of the transgene was deter-
mined by PCR aniplification of tail genomic DNA. The PCR
was performed using the sense primer 5-CACCACTGCTCT-
TCCAAGTGTC-3' (MDAF2S) and antisense primer 5'-GTCA-
CACCACAGAAGTAAGGTCE" (MDAF2AS) with a program
of 85 cycles of denaturation for 30 s at 94°C, annealing for
15 s and extension for 30 s at 72°C. The annealing tempera-
ture was altered from 74°C to 54°C in five steps of 4°C
intervals at 3 cycles per step, followed by 20 additional cycles
at 54°C. The final extension reaction was carried out for 10
min at 72°C. The PCR products were separated in a 2%
agarose gel and visualized by ethidium bromide staining.
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Transgenic founders were mated to wild-type C57BL/6
mice, and the offspring were analyzed. Individual muscles
were manually dissected from five mice and weighed. To
obtain transgenic mdx mice expressing FS L1, female mdx
mice were crossed with male FS 1] transgenic mice, and the
male F1 generation was screened for the presence of the FS -
transgene as described above and used for analyses.

Immunoblot analysis

Sections of the quadriceps femoris muscles from FS I
.transgenic mice and age-matched control mice were homog-
enized in a buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5
mM NaF, 5 mM B-glycerophosphate, 1 mM Na vanadate, 1%
Nonidet P40, 1 mM phenylmethylsulfonyl fluoride, 4 pg/ml
leupeptin, and 1 pg/ml aprotinin) and centrifuged at 15,000
rpm for 10 min at 4°C. The supernatants were recovered as

. cell lysates. Aliquots of the lysates containing 250 pg of

protein were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred onto polyvinyli-
dene difluoride membranes (27). The membranes were
probed with antiphosphorylated Smad2, anti-Smad2, an-
tiphosphorylated Erk1/2 and anti-Erk1/2 antibodies (all ob-
tained from Cell Signaling Technology, Beverly, MA, USA).
After incubation with horseradish peroxidase-conjugated sec-
ondary antibodies and chemiluminescence reactions, images
of the developed immunoblots were captured using a cooled
CCD camera system (Light-Capture; ATTO, Tokyo, Japan).

Immunohistochemical analysis and determination of muscle
fiber size and number

Mice were subjected to histological analysis at 5,9, and 13 wk
of age. The quadiiceps femoris and diaphragm muscles were
snap-rozen in liquid nitrogen-cooled isopentane and sec-
tioned using a cryostat (Leica Microsystems Japan, Tokyo,
Japan). The sections were stained with hematoxylin and
eosin, The myofiber size and total myofiber number in
individual skeletal muscles were measured from fluorescence
images of antilaminin-a2-stained sections using WinROOF
software (Mitani Corporation, Fukui, Japan). Infiltration of
macrophages into the skeletal muscles was detected by stain-
ing with an anti-Macl (CD11b/18) antibody (COSMO BIO,
Tokyo, Japan).

Rotarod analysis and grip strength test

A rotarod RRAC-3002 (O’Hara & Co. Lid., Tokyo, ]dpdn was
used. Mice were subjected to the rumrud analysis in the
acceleration mode (3-30 rpm/min) over 5 min. In rotal, 21
wild-type male mice and 20 FS I male mice were analyzed.

The peak grip force was measured using an MK-380S grip
strength meter (Muromachi Kikai Co. Ltd., Tokyo, Japan),
according to the manufacturer’s protocol. Male mice (9-13
wk of age) were allowed to grasp a wire mesh with their
forelimbs and hindlimbs, and then pulled steadily by their
tails horizontally until they lost their grip. The maximal force
values were recorded. Measurements were performed 8 times
using wild-type mice, FS -l transgenic male mice, mdx mice
and mdx/FS 11 mice (n=6-8).

RESULTS

Characterization of a myostatin inhibitor derived
from FS

FS is composed of an N-terminal domain and three FS
domains (FS I, FS II, and FS III). We created FS
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mutants containing two FS I domains, designated FS I-1
and FS HII, and characterized their binding activities
toward myostatin and activin A (Fig. 14). Since the two
mutants were found to have similar activities and FS I-I
is shorter than FS I, we characterized FS I in the
subsequent experiments. Interestingly, FS I-I retained
its myostatin binding but showed a significantly weaker
activin-binding activity. The results of solid-phase bind-
ing assays of GST-FS I-I with myostatin and activin A are
shown in Fig. 1B. GST alone did not show any binding
to either myostatin or activin. In contrast, GST-FS I-I
lost its binding activity toward activin but bound to
myostatin in a dose-dependent manner (Fig. 1B). To
determine the affinities of FS 1 for myostatin and
activin, we prepared a highly purified FS I recombi-
nant protein. Since the naive FS Il protein showed
weak heparin-binding activity and was difficult to pu-
rify, we used an FS I-I-Fc fusion protein and character-
ized its. binding activities toward myostatin and activin
by SPR biosensor analysis. First, we analyzed the affini-
ties of FS for myostatin and activin A. The association
constant (k,,,) of FS for activin A was slightly faster than
that for myostatin, while the dissociation constants
(k.x) of FS for myostatin and activin A were compara-
ble. We further calculated the affinities (K;) of FS for
myostatin and activin A to be 128 and 1.72 nM,
respectively (Table 1). Next, we analyzed the binding
activities of FS I-I-Fc to myostatin and activin. Myostatin
and activin A were separately immobilized on sensor
chips, and various concentrations of FS I-I-Fc were
passed over these sensor chips as analytes. As shown in
Table 1, the association constant (k,,) of FS I.I-Fc for
myostatin was much faster than that for activin A, while
the dissociation constants (k) of FS I-I-Fc for myosta-
tin and activin A were comparable. On the basis of the
association and dissociation rate constants obtained
through the SPR analyses, we calculated the affinites
(Ky) of FS I-I-Fc for myostatin and activin A to be 46.8
nM and 64.3 puM, respectively (Table 1). Thus, FS
showed high-affinity binding activities toward both
myostatin and activin, whereas ¥S I-I retained the
high-affinity myostatin-binding activity but lost the
high-affinity activin-binding activity.

Next, we studied the actions of FS I.I on the myosta-
tin- and activinsignaling pathways. The intracellular
signaling pathway of myostatin is similar to those of
activin and TGF-B. Myostatin signals through a combi-
nation of activin type 1l receptors (ActRIIB and Ac-

I .
»

Figure 1. Structure and binding activities of follistatin (FS)
and two FS mutants. A) FS has three cysteine-rich domains,
called FS domains, which are shown as boxes. The FS mutants
have two consecutive FS I domains. B) Binding activities of
GST-FS H (@) and GST (O) toward myostatin and activin A.
ELISA plates coated with myostatin (1) or activin {2) were
incubated with various amounts of GST fusion proteins. The
relative binding activities were quantified by a colorimetric
assay. GST does not bind to either myostadn or activin,
whereas GST-FS Il shows myostatin-binding activity in a
dose-dependent manner.
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tRIIA) and activin receptor-like kinases 5 and 4 (ALK5
and ALK4) (34). The activated receptors phosphorylate
Smad2/3, which then associate with the common
Smad, Smad4, and translocate into the nucleus to
activate gene transcription (1, 2, 16). Myostatin signal-
ing can be monitored by a conventional reporter assay,
called the CAGA-lux assay, in human A204 rhabdomyo-
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TABLE 1.  Kinetic rale constanls for binding of follistatin and FS I-F¢ lo activin A and myostatin evaluated by surface plusmon

resonance biosensor analysis

Ligand Analye k,, ko K,

Follistatin Activin A 8.31x10° 1.43%1073 1.72x107°
Myostatin 5.29x10" 6.51x10~* 1.23x10°"

FS 1 Activin A 4.12 2.65x10~" 6.43%107°
Myostatin 1.06x10% 4.98%x10™" 4.68%107"

sarcoma cells, which are responsive to both myostatin
and activin. The reporter activity stimulated by myosta-
tin was repressed by coincubation with FS I-I-Fc in a
dose-dependent manner (Fig. 24, left panel). The 1G5,
(median inhibitory dose) of FS I-I-Fc for inhibition of
20 ng/ml of myostatin was estimated to be 60 ng/ml. In
contrast, the reporter activity stimulated by activin was

inhibited both the myostatin and activin activities. The
myostatin-inhibiting activity of FS I-I was further studied
in another cell line, CHO-K1 cells (Fig. 2B). In this
experiment, the myostatin signaling was augmented by
exogenous transfection of ActRIIB expression plasmid
cither with wild-type ALK5 or ALK4 expression plas-
mids. Similar to the A204 cells, the myostatin activity

not repressed by coincubation with FS II-Fc, even at 1
pg/ml (Fig. 24, right panel). As expected, FS efficiently
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was efficiently blocked by FS I-I. We also studied the
actions of FS I-] using a different reporter construct.
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Figure 2. Effects of FS I-I and follistatin on myostatin- and
activin A-induced transcription activities. A) Inhibition of
myostatin signaling by FS I-1-Fc or follistatin in A204 rhab-
domyosarcoma cells. A204 cells were wansfected with
CAGA-lux and then incubated without myostatin (lane 1)
or with 20 ng/ml myostatin in the absence (lane 2) or
presence of increasing amounts of F$ I-I-Fc (40 ng/ml in
lane 3, 80 ng/ml in lane 4, and 160 ng/ml in lane 5) or
follistatin (80 ng/m! in lane 6 and 160 ng/ml in lane 7).
Similarly, transfected A204 cells were incubated without
activin A (lane 8) or with 20 ng/ml activin A in the absence
(lane 9) or presence of increasing amounts of FS I-1-Fe (100
ng/ml in tane 10 and 1 pg/mlin lane 11) or follistatin (40
ng/ml in lane 12 and 80 ng/ml in lane 18). B) Inhibition of
myostatin signaling by FS I-Fc in CHO-K1 cells. CHO-K1
cells were transfected with CAGA-lux, without receptor
cDNAs (lanes 1 and 2), or with ActRIIB and ALK4 (lanes
3-7), or with ActRIIB and ALK5 (lanes 8-12), and then
incubated either without myostatin (lanes 1, 3, and 8) or
with 20 ng/ml of myostatin in the absence (lanes 2, 4, and

9) or presence of increasing amounts of F$ -Fe (80 ng/ml in lanes 5 and 10), 120 ng/ml in lanes 6 and 11, and 160 ng/ml
in lanes 7 and 12). ) Suppression of MyoD-induced transcription by myostatin is inhibited by FS 1-[-Fc. 10T1/2 cells were
uansfected with MyoD-dependent 6R1ux, MyoD, ALK4, and Smad3 (lanes 3-7), or with 6R-lux, MyoD. ALK5, and Smad3
(lanes 8-12), and incubated either without myostatin (lanes 1, 3, and 8) or with 20 ng/ml myostatin (lanes 2, 4-7, and
9-12) in the absence (lanes 2, 4, and 9) or presence of increasing amounts of FS I-I-Fc (80 ng/ml in lanes 5 and 10, 120
ng/ml in lanes 6 and 11, and 160 ng/ml in lanes 7 and 12). In lanes 1 and 2, the cells were transfected with 6R-ux plasmid,
without MyoD/Smad3/ALK plasmids. The luciferase activity of each lysate was measured. The values represent the

means * sE of uiplicate determinations.
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10T1/2 cells differentiate into myoblastic cells on
forced expression of a MyoD ¢DNA, and myostatin is
capable of repressing the activity of a MyoD-dependent
reporter, 6R-lux. In this experiment, Smad$ and wild-
type ALK5 or ALK4 plasmids were cotransfected to
evaluate the actions of myostatin. As shown in Fig. 2C,
the inhibition of the MyoD-dependent reporter activity
by myostatin was recovered by coincubation with FS
I-I-Fc. In summary, FS Il was capable of inhibiting the
actions of myostatin in multiple assays but hardly af-
fected the activin activity. These observations are con-
sistent with the low binding activity of FS I-I toward
activin (Fig. 1B and Table 1).

Analysis of transgenic mice overexpressing FS 11 in
skeletal muscles

To evaluate the actions of FS LI in vivo, we overex-
pressed FS Il in mice. FS I was placed downstream of
a skeletal muscle-specific myosin light chain promoter
(Fig. 3A) (33). Four founders positive for the transgene
by PCR genotyping were obtained (Fig. 3B). Protein
expression of FS I-I was also verified by Western blot
analysis (Fig. 3C). We selected one high-expressing line
that showed significant increases in skeletal muscle
mass for further characterization. Lysates from the
quadriceps femoris muscles of male FS I-I transgenic
mice and matched wild-type littermates were prepared
and subjected to immunoblot analysis for phosphory-
lated and total Smad2 (Fig. 4A4). Although the total
Smad?2 levels were comparable between wild-type and
transgenic mice, phosphorylated Smad2 was reduced in
the transgenic mice compared with the level in wild-
type mice. Since FS I inhibits myostatin in vitro, and
myostatin signals through phosphorylation of Smad?2
and Smad3, it is reasonable that the FS I-I expressed in
skeletal muscles suppressed myostatin signaling in FS I-1
transgenic mice. Interestingly, we found that phosphor-
ylation of Erkl/2, a MAP kinase family member, was
also reduced in FS I-1 transgenic mice. Next, changes in
the body weight and skeletal muscle mass were studied
(Fig. 4B). No difference in the weights was detected
until 5 wk of age. From 6 to 14 wk of age, the weight of
the transgenic male mice was greater than that of
wild-type littermates. However, after 15 wk, the weight
of the wild-type mice became larger than that of FS I-1
transgenic mice. This is likely to be due to an increase
in the adipose tissue mass in wild-type mice. Transgenic
mice exhibited pronounced muscles, especially the
pectoralis major, triceps brachii, gluteus, and quadri-
ceps femoris muscles (Fig. 4C). Representative skeletal
muscles were dissected out and weighed. The weight of
the tibialis anterior muscle of transgenic mice showed
1.33-fold increase compared with that of wild-type mice
(Fig. 4D and Table 2). Other individual muscles also
showed increases (Table 2). To investigate whether the
increases in skeletal muscle mass and weight arose from
hypertrophy and/or hyperplasia, we measured the
myofiber size and number (Table 2). As shown in Table
2, FS LI transgenic mice and their wild-type littermates
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14kbp  770bp  1.8kbp

FS I-1

myosin light chain SV40T myosin light chain

promoter Intron/polyA  enhancer
B
Tg WT
C
Tg WT

Figure 3. Transgenic expression of the myostatin inhibitor FS
1. A) The FS I-I transgene consists of the myosin light chain
promoter, FS I-1 ¢cDNA, SV40T antigen intron/poly(A) and
myosin light chain enhancer. bp, base pairs; kbp, kilobase
pairs. B, C) Total RNA samples (B) and protein lysates (C)
from the quadriceps femoris muscles of transgenic offspring
(Tg) and nontransgenic wild-type (WT) mice were analyzed
by PCR (B) or immunoblotting (0).

had 3,372 * 467 and 2,707 * 284 fibers in their tibialis
anterior muscles, respectively, indicating that the fiber
number in the transgenic mice showed 1.254old in-
crease. In other skeletal muscles such as the extensor
digitorum longus, the fiber numbers were increased by
1.2-fold. Next, we quantified the myofiber size by
staining each fiber of the quadriceps femoris muscle
with an antilaminin-o2 antibody (Fig. 4F). Enlargement
of the myofibers in FS I-I transgenic mice was noted.
Quantification of the fiber areas of individual myofibers
is shown in Fig. 4F. The mean fiber areas were in-
creased in FS I transgenic mice. The estimated mean
fiber sizes in wild-type littermates and FS I-l transgenic
mice were 1924 and 2504 pm?® respectively. These
results indicate that both hypertrophy and hyperplasia
were responsible for the increase in muscle mass in FS
I transgenic mice.

FS I-I transgenic mice did not show any behavioral
abnormalities and reproduced normally. To assess the
functionality of the increased muscle mass, we used two
independent methods, namely the rotarod test and
grip strength test. In the rotarod test, FS I-I transgenic
mice performed better than control mice (Fig. 54).
The endurance times for wild-type and FS II transgenic
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Figure 4. Analyses of FS 1] expressing transgenic mice. A) Immunoblot analyses for Smad and Erk1/2. Aliquots (250 pg protein)
of lysates of the quadriceps femoris muscles of wild-type (WT) littermates, and wansgenic (Tg) mice were analyzed by
immunoblotting using antibodies against phosphorylated Smad2 (P-Smad2), Smad2, phosphorylated Erkl/2 (P-ERK1/2), and
Erkl/2. B) Growth cuives of wild-type littermates (WT, {J) and FS I-I transgenic mice (FS L1, ¢). Mice were weighed at the
indicated weeks (n=5). *P < 0.001, Student’s { test. C) Phenotypes of ¥S I transgenic mice (left) and wild-type littermates
(right). Pictures of the pectoral regions (top panels, 1), quadriceps femoris muscles (middle panels, 2) and upper and lower
limbs (bottom panels, 3) of skinned transgenic mice and wild-type littermates are shown. D) Picrures of dissected skeletal
muscles from FS 1] transgenic and wild-type litermates. TA, tibialis anteror muscle; EDL, extensor digitorum longus muscle;
Qf, quadriceps femoris muscle. E) Immunohistochemical analysis of the quadriceps femoris muscles from FS 1] transgenic mice
and wild-type litterinates using an antilaminin-a2 antibody. F) Distributions of single myofiber areas in the quadriceps femoris
muscles of FS I transgenic mice and wild-type littermates at 13 wk of age. From five transgenic mice and five wild-type mice,
500 myofibers per mice (total 2500 myofibers for each genotype) were counted. Percentage of myofibers with indicated areas
per total fibers were plotted. Mean areas are 1924 * 921 and 2504 * 1603 pm? for wild-type and transgenic mice, respectively.
P < 0.0001, Student’s 1 test.
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Single myofiber area (pm?)
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TABLE 2.

Muscle weights and fiber mumbers in FS I- (ransgenic mice and wild-type lilternates

Characteristic TA Soleus EDIL Quadriceps
Weight (mg)
FS I 68.0 + 5.1* 10.2 = 1.2% 13.4 x 2.1* 245.1 * 16.0*
Wild 51.1 £39 8.4* 10 11.0+£1.2 201.0 = 20.0
Fiber number
FS I 3372 * 467%* 953 * 12]1%* 1101 + 99** 8137 £ 523%*
Wild 2707 = 284 783 = 52 912 + 99 7213 * 492

Ten male mice were analyzed for their muscle weights and the fiber number counts. TA, tibialis anterior muscle; EDL., exiensor digitorum

longus muscle. *P < 0.005; **P < 0.001, Student’s { test

mice were 160.8 = 48.7 and 211.8 * 76.6 s, respectively.
We further studied the muscle function by the grip
strength test (Fig. 5B). In the grip test, the mice
grasped a mesh with both their forelimbs and hind-
limbs, and the horizontal force required to dislodge
their grip was measured. The mean values for wild-type
and FS I-I transgenic mice were 218.4 * 17.0 and
297.9 * 32.7 g, respectively. Thus, these two indepen-
dent tests for assessing muscle strength both indicated
that the skeletal muscles of FS I-I transgenic mice were
functional and had increased strength.

Amelioration of the pathophysiology of mdx mice by
crossing with FS I-] transgenic mice

Myostatin inhibition is one of the most promising
therapeutic approaches for muscular dystrophy. We
analyzed the effects of FS I-I on the mdx mouse model
of Duchenne muscular dystrophy. mdx mice are defi-
cient in the dystrophin gene carried on the X chromo-
some. Male FS Il mice were crossed with female mdx
mice to generate mdx/FS I-I mice. The skeletal muscles
of mdx/FS I-1 mice were larger than those of mdx mice
(Fig. 64). One of the characteristics of mdx mice was
irregularity of myofiber size. The diameters of the
myofibers in the quadriceps femoris of mdx/FS 1-I mice
became larger than those of mdx mice (Fig. 6A4). More
importantly, the sizes of the myofibers in mdx/FS 1-I
mice were homogeneous (Fig. 6A4). Massive cell infiltra-
tion and tissue damage were evident in the skeletal
muscles of mdx mice (Fig. 68). Interestingly, at both
early (5 wk, Fig. 6B; see also ref. 1) and late (9 wk, Fig.

A
Figure 5. Anulyses of muscle strength of FS I-1
transgenic mice. 4) FS I transgenic male mice
and wild-type littermates were subjected to ro- 250 —]
tarod tests. The endurance times (s) on the
rotarod apparatus are plotted. Data are ex- _ 200 —
pressed as means * sp. *P < 0.01, Student’s ¢ §
test. B) Peak force measurements (g) of grip 3 150 —
strength for FS Il transgenic mice and wild-type  E
. - 100 —
litermates at 10-12 wk of age. Daa are ex- &
pressed as means * sp (n=6). **P < 0.001, 50 ]
Student’s { test.

o
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6B; see also ref. 2) phases, the cell infiltration and
fibrous changes observed in the diaphragm of mdx mice
were significantly reduced in mdx/FS I-I mice. At 9 wk
of age, several sections without cell infiltration were
observed histologically (Fig. 6B; see also ref. 2). Simi-
larly, recovery from cell infiltration was observed in the
quadriceps femoris muscle in mdx/FS I-I mice (Fig. 6C).
We quantified the cell infiltration in the skeletal mus-
cles by counting Macl-positive macrophages in tissue
sections of the diaphragm. In mdx mice, 8.45% of the
total surface area of the diaphragm was positive for
Macl, compared to only 4.03% in mdx/FS I mice,
indicating that macrophage infiltration was signifi-
cantly reduced in mdx/F$ Il mice. In addition, a grip
strength test showed that the muscle strength in
mdx/FS 1-1 mice was increased compared with that in
mdx mice and became comparable with that of wild-type
mice (Fig. 6F).

DISCUSSION

Duchenne muscular dystrophy is an X-linked degener-
ative disorder caused by mutations of dystrophin. In
addition to gene therapy and cell therapy, myostatin
blockade is one of the promising therapeutic strategies
for muscular diseases, such as muscular dystrophy (35).
Inhibition of myostatin is capable of increasing skeletal
muscle mass, even in adults, and myostatin blockade
could increase skeletal muscle mass regardless of the
type of muscular dystrophy. Experimentally, the pathol-
ogy of the mdx mouse model of Duchenne muscular

B ok
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Figure 6. Analyses of myofiber size, cellular infiltration, and muscle
strength in mdx/FS I mice. A) Myofiber diameter measurements.
Sections of quadriceps femoris muscles were stained with an antilami-
nin-a2 antibody. Three hundred myofibers were measured in mdx mice
and mdx/FS 11 mice, respectively, and plotted in the right graph. B)
Hematoxylin and eosin staining of sections was prepared from the
diaphragms of mdxand mdx/FS Il mice at 5wk (I)-and 9 wk (2) of age.
Cell infiltration is prevented in mdx/FS I mice. C) Hematoxylin and
eosin staining of sections was prepared from the quadriceps femoris
muscles of mdx and mdx/FS I-1 mice at 5 wk (I) and 9 wk (2) of age. D)
Quanuhcatlon of macrophage infiltration by counting Macl-posmv

cells in the quadriceps femoris muscles of mdx and mdx/FS 11 mice.
Macl-positive areas/total surface areas (%) were measured. *P < (.01,

Student’s ¢ test. Represemativc pictures of Mac] staining for mdx dnd
mdx/FS - sre shown in right. E) Peak force measurements (g) of gnp
strength for wild-type mice, FS 1-I mice, mdx mice and mdx/FS -] mice
at 9 wk of age. Data are expressed as means * sp (n=6-8). *P < 0.001,

wild FSI1-¥ mdx  mdx/FSI-1

dystrophy can be recovered by myostatin inhibition (11,
12, 36). In addition, three models of limb-girdle mus-
cular dystrophy, including 8sarcoglycan deficiency,
caveolin-3 mutation, and calpain-3 deficiency, are also
ameliorated by myostatin blockade (37-39). Even the
muscle atrophy associated with amyotrophic lateral
sclerosis and aging can be ameliorated by myostatin
inhibition (40). Itis also noteworthy that elimination of
myostatin did not combat a laminin-a2-deficient dy"
mouse model but did increase postnatal lethality due to
fat loss in one study (13).

There are multiple ways to inhibit myostatin (1, 2).
Myostatin propeptide, FS, FLRG, and antimyostatin
antibodies bind to myostatin and inhibit its activities. FS
is a naturally occurring hormone that shows potent
myostatin inhibition (2). It is also an activin-binding
protein that causes activin inhibition (2, 16, 20). Myo-

~statin is primarily produced in skeletal muscles and acts
specifically on skeletal muscles. In contrast, activins are
produced by various organs, including the gonads,
pituitary, brain, liver, and gastrointestinal tract, and
have pleiotrophic effects on various cell types.

MYOSTATIN .INHIBITOR AND MUSCULAR DYSTROPHY

Student’s f test.

In the present study, we developed a myostatin-
specific inhibitor derived from FS$, which did not affect
the activin bioactivity. This molecule, designated FS 1,
consists of the FS N-terminal domain and two consec-
utive FS T domains. The precise mechanisms for how F§
I-I discriminates between myostatin and activins remain
to be determined. Recent crystallographic analyses
have revealed that the minimal activin-inhibiting frag-
ment of FS comprises the FS I and FS 1l domains. Two
FS 1] molecules encircle and wrap around the back of
the ‘wings’ of activin, thereby blocking its type Il
receptor-binding site. In particular, arginine residue
192 in the FS II domain is a key player in this interac-
tion and inserts itself into the activin finger (22, 23). It
is also worthwhile to note that an analogous arginine
residue is conserved in the COOH-terminal activin-
binding region of FLRG (22, 26). Although myostatin
and activins are structurally similar among the TGF-8
superfamily members, several key residues are different
(1). Our findings that FS II binds and inhibits myosta-
tin much more effectively than its effects on activin
argue that the FS 11 domain, which is important for
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binding to activin, could be dispensable for the inter-
action with myostatin, although the precise mechanism
remains to be determined.

We established transgenic mouse lines stably express-
ing FS Il under the control of a skeletal muscle-specific
promoter. The FS LI overexpressing mice showed
increased skeletal muscle mass. The mice were fertile
and did not show any abnormalities except for in-
creased muscle mass. A lack of reproductive phenotype
in FS I overexpressor could be due to low-affinity
binding of FS Il to activin in vivo. However, since a
skeletal muscle-specific promoter was used, it is likely
that FS I-I did not express at high levels in tissues other
than skeletal muscle where activins were expressed.
The individual weights of the tibialis anterior, quadri-
ceps femoris, and extensor digitorum longus muscles
were apparently increased. The masses of other skeletal
muscles were also increased, whereas the sizes of other
internal organs, including the heart, did not differ
from those of control mice (data not shown). Both
hypertrophy and hyperplasia of the myofibers were
found to be responsible for the increased muscle
weight.

Similar to our FS$ -] transgenic mice, both hypertro-
phy and hyperplasia are observed in skeletal muscles in
myostatin knockout mice (3). The myosin light chain
promoter used in the present study is activated weakly
during the prenatal period and becomes active in the
postnatal period (41). Thus, myostatin is inhibited after
the postnatal period in FS ] transgenic mice, whereas
myostatin is missing throughout embryonic develop-
ment and the postnatal period in mmyostatin knockout
mice. Qur findings argue that inhibition of inyostatin,
even in the postnatal period, could regulate both the
number and size of the myofibers. Interestingly, the
increased skeletal muscle mass induced by myostatin
inhibition can be caused by hyperplasia without hyper-
trophy (42, 43), hypertrophy without hyperplasia (44,
45) or both hyperplasia and hypertrophy (3, 20,
present study). The question of whether these differ-
ences are caused by species differences and/or the
extents of myostatin inhibition remains to be deter-
mined.

The functionality of the skeletal muscles of FS I-1
transgenic mice was studied by two independent ap-
proaches, namely the rotarod test and grip strength
test. Both of these analyses revealed that the skeletal
muscles of FS I-1 transgenic mice were functional and
had increased strength. The possibility that FS I could
ameliorate the pathophysiology of mdx Duchenne mus-
cular dystrophy model mice was studied by crossing FS
I transgenic mice with mdx mice. The myofibers of the
skeletal muscles in mdx/FS I-I mice became homoge-
neous and were larger than those in mdx mice. Further-
more, the fibrosis and cell infiltration normally ob-
served in the diaphragm and quadriceps femoris
muscle of mdx mice were significantly ameliorated.
Muscle strength was also recovered in mdx/FS 11 mice.

In summary, we have developed and characterized a
myostatin inhibitor, FS I-1, derived from FS. The myo-
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statin inhibition by FS Il is capable of promoting
muscle regeneration and preventing muscle fibrosis in
mdx mice without any adverse effects. An antimyostatin
antibody is currently under investigation in clinical
trials for the treaiment of several forms of muscular
dystrophy. Thus, similar to other myostatin inhibitors,
FS I could be a candidate for a lead compound for the
development of drugs for muscular dystrophy. Al-
though myostatin inhibition by FS I-I did not restore
the dystrophin expression in mdx mice, it could offer
effective amelioration of the symptoms of muscular
dystrophy caused by the primary loss of dystrophin.  [fj]
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I REVIEW

Signal Transduction Pathway through Activin Receptors as a
Therapeutic Target of Musculoskeletal Diseases and Cancer

KUNMHIRO TSUCHIDA, MASASHI NAKATANI, AKIYOsHI UEZUMI, TATSUYA MURAKAMI AND XUELING CUI

Division for Therapies against Intractable Diseases, Institute for Comprehensive Medical Science (ICMS), Fujita Health University,

Toyoake, Aichi 470-1192, Japan

Abstract. Activin, myostatin and other members of the TGF-f superfamily signal through a combination of type II and
type I receptors, both of which are transmembrane serine/threonine kinases. Activin type II receptors, ActRIIA and
ActRIIB, are primary ligand binding receptors for activins, nodal, myostatin and GDF11. ActRIls also bind a subset of
bone morphogenetic proteins (BMPs). Type I receptors that form complexes with ActRIls are dependent on ligands. In
the case of activins and nodal, activin receptor-like kinases 4 and 7 (ALK4 and ALK7) are the authentic type I receptors.
Myostatin and GDF11 utilize ALKS5, although ALK4 could also be activated by these growth factors. ALK4, 5 and 7 are
structurally and functionally similar and activate receptor-regulated Smads for TGF-B, Smad2 and 3. BMPs signal
through a combination of three type Il receptors, BMPRII, ActRIIA, and ActRIIB and four type I receptors, ALK1, 2, 3,
and 6. BMPs activate BMP-specific Smads, Smad1, 5 and 8. Smad proteins undergo multimerization with co-mediator
Smad, Smad4, and translocated into the nucleus to regulate the transcription of target genes in cooperation with nuclear
cofactors. The signal transduction pathway through activin type II receptors, ActRIIA and ActRIIB, with type I receptors
is involved in various human diseases. In this review, we discuss the role of signaling through activin receptors as

therapeutic targets of intractable neuromuscular diseases, endocrine disorders and cancers.

Key words: Activin, Myostatin, Activin receptor, Muscular dystrophy, Bone formation, Cancer, Targeted therapy

(Endocrine Journal 55: 11-21, 2008)

I. An overview of activins, myostatin and
BMPs that signal through activin receptors

Activins were first discovered as regulators of secre-
tion of follicle-stimulating hormone from the anterior
pituitary [1-3]. Various reproductive and non-repro-
ductive roles of activins have been characterized [3, 4].
Activins have potent mesoderm inducing activity in
Xenopus laevis embryos [5], although nodal is an au-
thentic mesoderm inducer in many species including
mammals [6]. Since nodal shares activin receptors
with activins, exogenous administration of activins
mimics the actions of an endogenous role of nodal
(Table 1). Myostatin, like activins, belongs to the
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transforming growth factor-§ (TGF-B) superfamily
and has a distinct role in myogenesis [7]. Myostatin is
an endogenous negative regulator of muscle growth
and plays a major role in determining skeletal muscle
mass. Mice with a targeted deletion of the myostatin
gene were shown to have hypermuscular phenotypes
[8]. Interestingly, inactivating mutations in the myo-
statin gene have been identified in double-muscling
cattle breeds, sheep, dogs and even humans [9-11].
These findings indicate that myostatin works as a neg-
ative regulator of skeletal muscle growth and develop-
ment. Myostatin is also known as growth and
differentiation factor 8 (GDF8) and is structurally clos-
est to GDF11, which is involved in development of
spinal cord and kidney organogenesis [12, 13].

The TGF-B superfamily is subdivided into several
subfamilies; TGF-B subfamily, activin/inhibin subfam-
ily, myostatin/GDF11 subfamily and BMP subfamily.
TGF-B, activin, myostatin, nodal activate TGF-f path-
way-restricted Smads, Smad2 and 3 in the cytoplasm,
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Table 1. Type Il and type I receptors for activins, myostatin
and the related TGF-f family
Ligand Type II Receptors Type I Receptors
Activins  ActRIIA (ACVR2) & ALK4 (ACVRIB) &
nodal ActRIIB (ACVR2B) ALK7 (ACVRIC)
Myostatin  ActRIIB (ACVR2B) & ALKS (TGFBR1) &
GDF1l  ActRIIA (ACVR2) ALK4 (ACVRIB)
ALK2 (ACVR]) &
BMPs BMPRII, ActRIIA, ActRIIB ALK1, ALK3, ALK6
TGF-Bs TGF-BRII (TGFBR2) ALKS (TGFBR1)

Various combinations of type II and type I receptors elicit signal-
ing of activins and related ligands. Activins and nodal signal
through a combination of type II receptors, ActRIIA/ActRIIB and
type I receptors, ALK4/7. Myostatin and GDF11 signal through
combination of type Il receptors, ActRIIA/ActRIIB and type I
receptors, ALK5/4. BMPs signal through a combination of type II
receptors, BMPRI], ActRIIA and ActRIIB and type I receptors,
ALK 1/2/3/6.

wheréas BMPs phosphorylate and activate BMP-
specific Smad, Smadl, S and 8 [14, 15]. Although the
intracellular signaling pathway of BMPs is different
from that of activins, activin type II receptors (ActRITA
and ActRIIB) are shared and can be activated by
BMP6 and BMP7 [16, 17]. This difference is attribut-
ed to different type I receptors, which form complexes
with ActRIIs by ligand stimulation (Table 1). ALK4/
5/7 are structurally similar and activate Smad 2 and 3,
receptor-regulated Smads specific for the TGF-f
pathway {3, 4, 18, 19], whereas ALK1/2/3/6 activate
receptor-regulated Smad specific for the BMP path-
way [15] (see next section). :

II. Activin Receptors and
their Unique Signal Transduction Pathway

Mathews and Vale performed expression cloning
studies to identify activin receptors, and successfully
isolated a transmembrane serine/threonine kinase re-
ceptor in 1991 [20] (Fig. 1). The cloned receptor from
AtT20 cells was named as an activin type II receptor,
ActRII [20]. ActRII is also known as ActRIIA or
ACVR2 [20]. A second type of activin receptor, Ac-
tRIIB, also known as ACVR2B, was also identified
[21]. ActRIIs are activin receptors; however, they also
work as receptors for a subset of BMPs, notably BMP6
and BMP7 {16, 17]. The distinct TGF-p type Il recep-
tor (TGF-BRII) and BMP type II receptor (BMPRII)

Type 1I receptor for activin (ACVR2, ACVR2B)

™ SSL

Adem’ncBI tract in ACVR2

Ser/Thr kinase domain

Type I receptor for activin (ACVR1B, ACVRIC)

ECD g Ser/Thr kinase domain

™ 1
GS domam\
{ F. v
YDy ASGSGSGI.PLLVQRT (ARTIVLQE

Type I receptor for BMP (ACVRI1)

ECD ' Ser/Thr kinase domain
]
™ GS domain.
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H(FOP) ECD : extracellular domain

TM : transmembrane domain

Fig. 1. Schematic structures of activin receptors.

Type II receptors for activin (ACVR2 and ACVR2B)
have an extracellular domain, a single transmembrane
domain and an intracellular serine/threonine kinase
domain. COOH-terminal sequences SSL/I are binding
sites for PDZ proteins and are unique to activin type II
receptors.  In gastrointestinal cancers, polyadenine
tracts in ACVR2 were identified as targets for
frameshift mutations. Type I receptors have also a
similar domain organization. In contrast with the type
11 receptor, the type [ receptor has a GS domain that is
located between trasnmembrane domain and kinase
domain. The amino acid sequences of the GS domains
of type I receptors for activins and BMPs show
differences, reflecting the preference of Smad proteins.

bind and transmit TGF- and BMP signaling, respec-
tively [14, 15]. Using degenerate DNA primers based
on the conserved sequences of ActRII, TGF-BRII and
C. elegans Daf-1 gene, a number of receptor serine/
threonine kinases have been identified [15, 22, 23] and
termed activin receptor-like kinases 1 to 7 (ALK1~7).
Subsequent characterization of ALKs revealed that
ALK4 (ACVRI1B) and ALK7 (ACVRIC) act as type |
receptors for activins and nodal [3, 14, 18, 19] (Fig. 1).
ALK2 (ACVRI1) was termed an activin type I receptor
since it could bind activins; however, it is highly likely
that ALK2 acts as a type I receptor for BMPs [15].
Myostatin and GDF11 bind ActRIIB and ActRIIA and
utilize ALKS and ALK4 as type I receptors [24-26]
(Table 1).

The activin type Il receptor has an extracellular
ligand binding domain, a single transmembrane do-
main and an intracellular serine/threonine kinase do-
main (Fig. 1). Type I receptors also have a similar
domain organization. In contrast with the type II
receptor, the type 1 receptor has a GS domain that is
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ActRII

Smad2/3 by ALK4/5/7
pathway | Smad1/s/8 by ALK172/3/6

Regulation of gene expression

An overview of signal transduction through activin receptors.

Activin (Act), myostatin (MSTN) and BMP are dimeric ligands. Follistatin binds and neutralizes Act and MSTN, whereas’
BMP inhibitors, like noggin, bind to and inhibit BMPs. Once Act, MSTN and BMP bind to activin type II receptors, type 1
receptors are recruited to the complex and GS domains of type I receptors are phosphorylated by ActRIls. Then, receptor-
specific Smads are phosphorylated by activated type 1 receptors. When ALK4/5/7 is activated by ligand/ActRIls, TGF-B
specific Smads, Smad2/3, are phosphorylated. Whereas, when ALK1/2/3/6 is activated by BMP/ActRIls, BMP specific
Smads, Smad1/5/8 are activated. Activated Smads form a complex with common-Smad4, and are transported to the nucleus to
regulate expression of specific genes. Transcription factors and cofactors form complex with Smad and are responsible for the

gene expression.

located between transmembrane domain and kinase
domain (Fig. 1). The amino acid sequences of GS do-
mains of type I receptors for activins and BMP show
distinct differences, reflecting the preference of Smad
proteins (Fig. 1). Once ligands bind to activin type II
receptors, type I receptors are recruited to the complex
and GS domains of type I receptors are phosphorylated
by ActRIls. Then, receptor-specific Smads are phos-
phorylated by the activated type I receptors. When
ALK4/5/7 are activated by ligand/ActRIIs, TGF-B
specific Smads, Smad2/3, are phosphorylated (Fig. 2).
By contrast, when ALK 1/2/3/6 are activated by BMP/
ActRlIls, BMP specific Smads, Smad1/5/8 are activat-
ed. Activated Smads form a complex with common-
Smad4, and are transported to the nucleus to regulate
expression of specific genes. Transcription factors and
cofactors form complex with Smad and are responsible
for the gene expression (Fig. 2).

HI. Crystal Structures of Activin Receptors

The crystal structure of the extracellular domain

(ECD) of activin type Il receptor (ActR1l) in complex
with ligand, BMP7, has been reported [27]. The ECD
of ActRII has a fold similar to that of three finger
toxins. Intriguingly, the ligand mediates cooperative
receptor assembly without receptor contact [27]. The
structure of the activin complex with ActRIIB was also
revealed [28, 29]. The activin dimer exhibits an unex-
pected flexibility dependent on whether or not it con-
tacts with receptors, and the affinity of activin to the
two ActRIIBs is greatly affected by spatial localization
of ActRIIB in the membrane [28, 29]. The dimeric na-
ture of activin and TGF-B ligands suggests that the
ligand/type II receptor/type 1 receptor form complexes
with 1:2:2 stoichiometry. The knuckle region of
activin or BMP-7 dimer has a type II receptor binding
site, and the concave-shaped region of the ligands
serves as type I receptor binding site [27, 28].
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IV. Activin Receptors as Therapeutic
- Targets of Neuromuscular Diseases,
Endocrine Disorders and Cancers

A. Muscular dystrophy and related diseases

Muscular dystrophy is a severe muscle-wasting dis-
order. Although the genes responsible for various
types of muscular dystrophies have been identified, no
effective therapies are not available yet. The most
common type is Duchenne muscular dystrophy
(DMD) in which the dystrophin gene is mutated and
defective. The milder Becker muscular dystrophy
(BMD), Fukuyama congenital muscular dystrophy
[30], myotoninc dystrophy, and multiple types of limb
girdle muscular dystrophy (LGMD) are other impor-
tant muscular dystrophies [31]. Skeletal muscle in
dystrophy patients becomes susceptible to tissue in-
flammation and atrophy. Progressive muscle weak-
ness is also a characteristic feature of the disease.
Most of the deficient molecules in muscular dystro-
phies are components of dystrophin-glycoprotein
complexes [32]. Although gene therapy and cell trans-
plantation therapy have greatly advanced, drug thera-
pies to increase muscle size and strength and to reduce
inflammation are also needed for patients. Insulin-like
growth factor-1 (IGF-1) is a potent growth factor for
myoblast growth and proliferation, whereas- myostatin
negatively controls myoblast growth. Myostatin inhi-
bition is considered to be one of the most hopeful and
realistic molecular therapies for muscular dystrophy.
Monoclonal antibody-mediated myostatin blockade
improved function of dystrophic muscle of mdx mice,
an animal model of DMD [33]. Studies where myosta-
tin null mice were crossed with mdx mice indicated
that mdx mice lacking myostatin were stronger and
more muscular. Furthermore, muscles in mdx mice
without myostatin showed less fibrosis and fatty re-
modeling, suggesting improved regeneration process
[34]. A number of endogenous peptides including
myostatin propeptide and follistatin bind and inhibit
myostatin [32, 35]. Myostatin propeptide, stabilized
by fusion to IgG-Fc, was injected into mdx mice to
pharmacologically block myostatin [36]. This strategy
is also effective to ameliorate dystrophic pathophysiol-
ogy [36]. A mouse model of LGMDIC caused by a
mutation of caveolin-3 was established and crossed
with myostatin propeptide transgenic mice [37, 38].
Muscle atrophy caused by mutant caveolin-3 transgen-

ic mice was dramatically recovered [37]. Myostatin
propeptide was used for gene therapy using adeno-
associated virus (AAV) vector in LGMD2A caused by
mutation in the calpain 3 and LGMD2D caused by
mutation in the a-sarcoglycan gene (SGCA) [39]. In-
terestingly, in calpain 3-deficient mice, muscle mass
and force were recovered by myostatin inhibition,
whereas in the highly regenerative Sgca-null mice,
survival was not improved [39]. In addition, myosta-
tin blockage in early stage in a murine model of 5-
sarcoglycan-deficient muscular dystrophy was effec-
tive to improve muscle loss, regeneration and reduce
fibrosis [40]. Importantly, elimination of myostatin
did not combat a laminin-a2-deficient dy¥ mouse
model but did increase postnatal lethality due to fat
loss [41]. Taken together, these studies suggest that
although myostatin inhibition can ameliorate several
different types of muscular dystrophy, it is important
to choose the proper type of dystrophy and disease
stages. One report showed that neurogenic muscle at-
rophy by amyotrophic lateral sclerosis could be slowed
by myostatin inhibition [42].

In addition to myostatin antibody and myostatin
propeptide, soluble forms of ActRIIB and follistatin-
related peptide would effectively block myostatin in
vivo [24, 43]. The soluble form of ActRIIB has a
strong muscle enhancing activity. Only 2 weeks are
required for up to 60% increase of muscle mass by sol-
uble form of ActRIIB in mice studies [24]. Since my-
ostatin regulates skeletal muscle mass even in adults
[44], myostatin inhibition would ameliorate muscle
atrophy by aging (sarcopenia), disuse atrophy and
even cachexia [32].

B. Bone formation

BMPs are identified by their ability to induce ectop-
ic bone formation [15]. Activin is also involved in
bone remodeling and tooth development. Activin is an
essential cofactor for osteoclastgenesis and powerfully
synergizes with receptor activator of NF-kappaB
ligand (RANKL) for induction of osteoclast-like cells
[45, 46]. Activins are also potent inhibitors for miner-
alization in osteoblast, whereas follistatin, the activin
antagonist, increased mineralization [47]. The osteo-
genic signal by BMPs is transmitted through a combi-
nation of BMP type Il receptors (BMPRII, ActRIIA
and ActRIIB) and BMP type I receptors (ALK1, 2, 3,
6). Fibrodysplasia ossificans progressiva (FOP) is a
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disabling genetic disorder that leads to the formation
of a secand (heterotopic) skeleton. It is the most cata-
strophic disorder of heterotopic ossification in humans.
Recently, a recurrent mutation in the juxtamembrane
glycine-serine domain of the ALK2 (ACVR1, ActRIA)
was reported in all sporadic and familial cases of clas-
sic FOP [48]. The ACVR1 617G>A mutation is recur-
rent in all the affected FOP patients including Japanese
and Taiwanese [49] (Fig. 1). Since the mutated

molecule for FOP was identified, gene diagnosis will _

become possible and a therapeutic strategy could be
developed in near future.

C. Cancers

The involvement of TGF-f in the regulation of
growth of cancer cells is well characterized [14].
TGF-B has a dual role in tumorigenesis. TGF-§ inhib-
its growth of cancer cells in early phase of tumor for-
mation, and TGF-p regulates metastasis in the later
phase of cancer progression. Mutation of TGF-B sig-
naling pathway including TGF-BRII, Smad4 (Dpc4)
and Smad2 have been reported in various cancers in-
cluding colorectal and pancreatic cancers [50-52].

The importance of activins and their receptors in
cancer biology is also well recognized. Expression of
activin receptors is dramatically altered in cancers
[53]. Furthermore, somatic mutations of signal trans-
duction pathways through activin receptors have been
characterized in colon and pancreatic cancers [54, 55]
(Table 2). In the case of ACVR2, 8-bp polyadenine
tracts were identified as targets for frameshift muta-

tions in gastrointestinal cancers with microsatellite in-
stability [54] (Fig. 1). Deletion and frame-shift
mutations of ACVRIB were identified in pancreatic
cancer xenograft [55]. In addition, several truncated
ACVRIB receptor isoforms, that are not functionally
active, are exclusively expressed in human pituitary
tumors [56].

Inhibin is an antagonist hormone for activins. In
mice deficient of the inhibin o gene, sex cord-stromal
tumors developed as early as 4 weeks of age both in
males and females [57]. The tumors cause an activin-
dependent cachexia and wasting syndrome and affects
mordality due to the absence of inhibin [58). Activins
secreted from tumors activate ACVR2 in excess and
cause apoptosis of hepatocytes [57].

V. Inhibitors of Signaling through
Activin Receptors

As discussed above, signaling through activin recep-
tors is a target of multiple diseases (Table 2). There-
fore, various strategies are possible to regulate signal-
ing through activin receptors for therapies against
various diseases.

A. Dominant negative forms of activin receptors

ActRIIs (ActRIIA and ActRIIB) are primary ligand-
binding receptors for activins, myostatin and GDF11.
Soluble forms of ActRIIs containing the extracellular
domain lacking transmembrane and cytoplasmic ki-

Table 2. Activin receptors and Online Mendelian Inheritance in Man (OMIM)
Receptors  Other names Qene locus Ligands Relatlxonshxp to OMIM
in human diseases
ACVR2 ActRIL 2q22.2-23.3  Activins, BMPs Gastrointestinal cancers 102581
ActRIIA
ACVR2B  ActRIIB 3p22-21.3 Activins, nodal Left-right axis malformation +602730
GDF11, myostatin
ACVRI] ALK2 2q23-24 BMPs Fibrodysplasia ossificans 102576
ACVRLK2 progressiva (FOP, OMIM135100)
ACVRIB ALK4 12q13 Activins, nodal Pancreatic carcinoma 601300
ACVRLK4 GDF11, myostatin  Pituitary tumor
ACVRIC ALK7 2q924.1-3 Activin AB, 608981
activin B, nodal
TGFBR1  ALKS5 9q33-34 TGF-Bs Aortic aneurysm 190181

GDF11, myostatin

Loeys-Dietz syndrome

Gene locus and relationship to human diseases of the listed activin receptors are available from OMIM database.



16 TSUCHIDA et al.

nase domains retain ligand-binding activity similar to
wildtype receptors. Soluble ActRIls are useful to
block actions of ligands that bind to ActRIIs. To en-
hance stability in vivo, the Fc¢ domain of IgG was
fused at the COOH-termini of ActRIIs. As mentioned
above, soluble ActRIIB has a strong muscle enhancing
activity [24]. When 6 week-old female mice were in-
jected with ActRIIB/Fc, a 39-61% increase of skeletal
muscle mass was achieved [24]. It is likely that solu-
ble ActRIIB/Fc may inhibit the activities of various
ligands including myostatin, activins, GDF11 and
other unidentified ligands. Whether soluble ActRII
has a similar activity to soluble ActRIIB remains to be
determined. Since activin signaling through ActRII is
involved in the development of pancreatic islets, apo-
ptosis of hepatocytes, tubulogenic morphogenesis of
vessels and osteogenesis, soluble ActRII would affect
digestive organs, endocrine pancreas, vasculogenesis
and osteogenesis [45, 46, 59-61].

Interestingly, the pseudo-receptor BMP and activin
membrane-bound inhibitor, called BAMBI, was iden-
tified [62]. BAMBI shares 53% similarity with BMP
type I receptor, ALK3, and lacks an intracellular
serine/threonine kinase domain. BAMBI interacts
with the intracellular domain of several type I recep-
tors for TGF-B, activin and BMPs, and inhibits the for-
mation of active receptor signaling complex. In this
sense, BAMBI serves as an endogenous dominant neg-
ative receptor. Interestingly, the expression level of
BAMBI was aberrantly elevated in most colorectal and
hepatocellular carcinomas by activation of B-catenin
signaling [63]. This suggests that B-catenin interferes
with TGF-B and activin-mediated growth arrest by in-
ducing the expression of BAMBI, and this may con-
tribute to colorectal and hepatocellular tumorigenesis
[63].

B. Ligand binding proteins

Many of the TGF-B superfamily member have
distinct ligand-binding proteins. They are important
regulators of signaling for the TGF-p superfamily.
Follistatin is the prototype of activin-binding protein
[64, 65] and is a cysteine-rich single chain protein that
exhibits a high affinity activin binding activities. Mice
lacking the follistatin gene showed musculoskeletal
and cutaneous abnormalities due to excess signaling of
activins and other related ligands [66]. In fact, follista-
tin not only inhibits activins but also myostatin and

GDF11 [32, 43].

The crystallographic structures of the follistatin-
activin complex were reported [67, 68]. The activin-
inhibiting fragment of follistatin comprises two con-
secutive follistatin domains. They encircle activin,
neutralizing the ligand by burying one-third of its resi-
dues and receptor binding sites. Both type I and type
I1 receptor binding sites of activin are blocked by fol-
listatin binding to activin, explaining the strong activin
inhibiting actions of follistatin [67, 68]. The follistatin-
related gene, called FLRG, is a recently characterized
follistatin-domain containing protein. Like follistatin,
FLRG binds and neutralizes activin, myostatin and a
subset of BMPs [69, 70]. Both in human and mouse
sera, FLRG proteins were shown to be associated with
myostatin [71]. FLRG gene deletion indicates that
FLRG is involved in glucose metabolism and fat ho-
meostasis by regulating the action of activin, myo-
statin and related ligands [72]. Noggin, chordin, and
DAN/Cer family are BMP inhibitors that regulate
BMP activities [73]. Each BMP inhibitor shows a
preferential binding to BMP family members.

C. Cripto

The nodal co-receptor Cripto plays a regulatory role
in signaling through activin receptors [6, 74]. Cripto
can bind both to nodal and activin receptors and is an
essential component of nodal signaling. Interestingly,
Cripto also binds and inhibits activin B, and functional
blocking of Cripto by monoclonal antibody enhances
activin B signaling and suppresses tumor cell growth
[74]. Cripto also has TGF-p binding activity and can
reduce association of TGF-B with its type I receptor
and inhibts TGF-f signaling [75].

D. Chemical kinase inhibitors

SB431542 was the first chemical inhibitor of TGF-3
type I receptor kinase to be developed [76]. SB431542
is selective for inhibition of ALK4/5/7. Chemical
TGF-B type I receptor inhibitors may offer novel drug
options for cancer therapy by preventing cell prolife-
ration, angiogenesis, metastasis and fibrosis [76, 77].
Other chemical TGF-B inhibitors, SB505124,
LY364947, A-83-01, Ki26894 have also been subse-
quently developed [78-81].

TGF-B type 1 receptor kinase inhibitors inhibit
TGF-P, activins, nodal and myostatin that signal
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through ALK4/5/7. Since intracellular kinase domains
of ALK4/5/7 are structurally very similar, SB431542
and chemical TGF-f type I receptor inhibitors do not
discriminate ALLK4/5/7 and inhibit all three receptors.
Thus, it must be kept in mind that undesirable side
effects may occur by inhibiting multiple ligands.

VI. Perspectives

Signaling through activin receptors controls cell
growth and differentiation, hormonal homeostasis, and
development and regeneration of musculoskeletal
system. Understanding the regulation of signaling
through activin receptors should shed light on the
mechanism of this diverse signal transduction net-
work. Activin, myostatin, GDF11 and nodal signal
through receptor combinations of ActRIls and ALK4/
5/7. TGF-B-specific Smads, Smad2/3, act downstream
of activin, myostatin, GDF11 and nodal. ActRIls are
shared with BMP6 and BMP7. BMPs signal through
a combination of type II receptors, ActRIls and
BMPRII, and type I receptors, ALK1/2/3/6. BMP-
specific Smads, Smad1/5/8 are downstream effectors
for BMPs. Extracellular ligand binding proteins are
important regulators of the TGF-B superfamily. Fol-
listatin and related proteins are potent inhibitors of
activins and myostatin, whereas BMP inhibitors con-
trol BMP activities throughout development and in
adulthood.

To inhibit signaling through activin receptors, vari-
ous strategies are possible. In section V, dominant
negative acrivin receptors, ligand-binding proteins,
Cripto and chemical kinase inhibitors are listed as in-
hibitors of activin receptor signaling, since they are
useful therapeutic tools for human diseases. Small

interfering RNAs for components of activin receptors
may also become promising therapeutic tools to inhibit
activin receptor signaling. In addition, functions of
signaling through activin receptors are regulated by
intracellular receptor binding proteins. Adaptor pro-
tein Dok-1 associates both with activin receptors and
Smads, and is indispensable for activin-induced apo-
ptosis [82]. Activin type II receptors are unique among
serine/threonine kinase receptors in that PDZ protein-
binding motifs are found at their COOH-terminus
(Fig. 1). Two PDZ proteins, activin receptor interact-
ing proteins 1 and 2 (ARIP1 and 2), were identified
by two-hybrid screening system to bind with ActRIls
[83, 84]. ARIP1 is likely to act as a scaffolding mole-
cule for ActRIIs in the submembraneous regions [83].
ARIP2 is involved in endocytosis and trafficking of
ActRIIs [84]. FKBP12 that associates with the GS do-
main for type I receptors might have inhibitory role of
receptor activation [85].

Signaling through activin receptors are targets of
multiple human diseases including muscular dystro-
phy, bone formation and cancers. Inhibition of myo-
statin is one of the plausible options of therapy against
muscular dystrophies. Abnormalities of activin recep-
tor signaling are common in cancers of digestive and
endocrine organs. Disregulation of the activin signal-
ing pathway has a role in pathogenesis of tumors and
regulation of this pathway would have therapeutic po-
tential in cancer.

In summary, the signaling pathway through activin
receptors and its involvement in intractable muscular
diseases and cancer are highlighted in this review. It is
hoped that therapeutic interventions targeted to this
signaling pathway through activin receptors would en-
ter clinic trials in near future.
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