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as a myostatin-binding protein (8). FLRG was first identified as
a molecule located near the chromosomal breakpoint in human
B cell leukaemia (29]. FLRG has a similar domain structure to
follistatin, and also has a similar binding specificity (30].

As chemical TGF+8 inhibitors, SB431542 and SB505124
were developed (31.321. SB431542 and SB505124 are selective
inhibitors of TGEF- ‘9 type I receprors, ALK4, ALK5 and
ALK7 (31,32). These compounds are not specific and inhibit
TGF-f, activins, myostatin and nodal with similar potency.
Various therapeutic strategies for muscular dystrophy by
myostatin inhibition are underway.

3.2 Sarcopenia, disuse atrophy and cachexia

In addition to genetic disorders such as muscular dystrophy,
muscles are affected by ageing (sarcopenia), denervation,
cachexia, immobilisation by disability, and stroke. Atrophying
muscles show increased rates of protein degradation over new
protein synthesis and regeneration. The precise molecular
mechanism of disuse muscle atrophy was not fully understood
until recently. Decreased activity of the IGF-1/phosphatidyl-
inositol 3-kinase (PI3K)/Akt kinase pathway leads to muscle
atrophy {33]. Recent investigation revealed that FOXO and
related forkhead transcription factors act as cofactors of
nuclear receptors and play a major role in muscle atrophy by
inducing atrophy-related ubiquitin ligase atrogin-1, leading to
growth suppression and protein degradation [34,35). Akt kinase
activated by IGF-1 phosphorylates the FOXO family of
transcription factors, leading to sequestration of FOXO
factors in the cytoplasm -from the nucleus of the target
cells (34,35]. Muscle atrophy could be prevented by modulating

the IGF-1/P13K/Ake pathway and cellular localisation and

phosphorylation of FOXO factors. Interestingly, interaction
of forkhead transcription factors such as FAST1 (FOXH1)
and the TGF-f downstream molecule Smad has been
characterised. Smad proteins activated by TGF-f° form a
complex with FOXO proteins to activate p21, which is
involved in growth suppression. This pathway is negatively
controlled by the PI3K pathway, an inhibitor of FOXO
nuclear localisation (36. Thus, it is likely that FOXO
transcription factors act at the crossroads of skeletal muscle
growth and proliferation, in response to both the IGF
pathway and myostatin pathway [36].

- Several reports showed that the level of myostatin increased
in human ageing associated with muscle wasting, and may be
a biomarker of age-associated muscle wasting and
cachexia (37-39]. Even with prolonged inhibition of myostatin
in senescent mice, skeletal muscle is still capable of regenera-
tion (40). Thus, myostatin inhibition would be beneficial for
sarcopenia and disuse atrophy.

Cachexia occurs in the advanced phase of cancer or severe
infection. Myostatin administration iz vivo induced severe
weight loss and decreased muscle mass that is reminiscent of
cachexia [41). Among TGF-ﬁ family members, activins are
involved in hepatic cachexia with severe weight loss [42]. Thus,
either myostatin blockage or activin inhibition would be

beneficial for preventing cachexia. In fact, administration of
follistatin, a potent antagonist of myostatin and activin, has
been shown to be effective for preventing myostatin-induced
cachexia {41). As no clinically effective drugs for cachexia have
yet been developed, myostatin and activins would be novel
drug targets for cachexia [1,2.

3.3 Neurogenic muscle atrophy

Skeletal muscles receive neuronal inputs and are affected by
neuronal disorders. ALS, also known as Lou Gehrig’s disease,
is an incurable fatal neuromuscular disease characterised by
progressive muscle weakness and paralysis. The disease is
caused by the selective loss of motor neurons in the brain and
spinal cord. Motor neurons, which control the movement of
voluntary muscles, deteriorate and eventually die. As muscles
no longer receive the signals from neurons, they gradually
weaken and become atrophied. Various types of neurodegen-
erative disease, such as Parkinson’s disease, Huntington’s
chorea and spinocerebellar degeneration, affect skeletal
muscle via neurodegenerative pathways.

Peptide growth factors, such as IGF, hepatocyte growth
factor and nerve growth factor, are promising interventions
for treatment. In the case of IGF-1, retrograde delivery from
skeleral muscle to motor neurons by adeno-associated virus
prolonged neuron survival and delayed disease onser and
progression [43). Whether myostatin inhibition is effective for
neurogenic muscle atrophy is unknown ar present.

Activins and BMPs are involved in the development and
survival of specific neurons. Activins are expressed in a
subset of spinal motor neurons, sensory neurons and central
nervous system neurons, and affect neurotransmitter expres-
sion (44]. Activin is essential for neuroprotection in the
hippocampus {45). As BMP/activin signals are involved in the
development of NM] structure and specify neuronal cell
types and survival in spinal cord [4,12], modulartion either of
the activin or BMP signal would be favourable for survival
of specific neurons.

3.4 Myosarcomas

Although malignancy of muscles is rare, rhabdomyosarcomas

are one of the most common solid tumours of childhood. -
Interestingly, overexpression of myostatin is a common feature

of rhabdomyosarcoma. An autocrine myostatin loop

contributed to maintain rhabdomyosarcoma cells in an

undifferentiated stage, and inhibition of myostatin enhanced

differentiation, indicating that new therapeutic approaches

could be developed for the treatment of rhabdomyosarcoma

by inactivation of myostatin (46]. Unlike in normal myoblasts,

signalling of myostatin does not rely on the p21 or Rb-
pathways, indicating that myostatin signalling is dependent

on the differentiation state of cell types (47). Histone deacetylase

inhibitors increased muscle cell size by the induction of
follistatin, a potent myostatin and activin antagonist [4].

Thus, chemicals that induce myostatin inhibitors could be

used as drugs for rhabdomyosarcoma.
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Table 1. Muscular disorders and myostatin.

Tsuchida

Disease Mode of Gene locus Gene defect Myostatin blockage Reference
inheritance

Muscular dystrophies (selected)

Duchenne XR Xp21 Dystrophin Effective in mdx mouse (19-21]

LGMD1C AD 3p25 Caveolin-3 ND

LGMD2A AR 15915 Calpain-3 ND

LGMD2B AR 2p13 Dysferlin ND

LGMD2E AR 4q12 P -Sarcoglycan ND

MDC1A AR 6q22 Lamining-2 ‘Not effective in dy mouse s8]

Fukuyama AR 9931-33 Fukutin ND

Disease Overproduction Myostatin blockage Reference

Myosarcoma

Rhabdomyosarcoma myostatin Effective in vitro [46-48]

AD: Autosomal dominant; AR: Autosomal recessive; LGMD: Limb-girdle muscular dystrophy; MDC: Muscular dystrophy congenital type; ND: Not determined;

XR: X-linked recessive.

3.5 Diabetes mellitus/obesity
Metabolic syndrome includes obesity, high blood glucose,
hyperlipidaemia, hypercholesterolemia and hypertension, and
is a life-threatening disease. Adipocytes and myocytes are
derived from common precursor cells, and both cell types
secrete hormones that regulate homeostasis of skeletal muscle
and adipose tissues. Thus, understanding the regulatory
mechanisms that control adipocytes and myoblasts is crucial
for understanding the pathophysiology and developing
therapies for diabetes/obesity. Interestingly, loss of myostatin
not only increases muscle mass, but also prevents an
age-related increase in the total mass of adipose tissues.
Myostatin-deficient mice showed a reduction in fat accumula-
tion with increasing age [49]. Levels of essential transcription
factors such as C/EBPX and PPAR{ were reduced in myostatin
knockout mice [50]. Conversely, myostatin transgenic mice that
overexpressed myostatin in the skeletal muscle had decreased
muscle mass and increased fat mass in male mice (51}.
Inhibition of myostatin activity in diabetes model mice,
such as agouti lethal yellow and Lep®°®, partially suppressed
the obese and diabetic phenotypes. Thus, myostatin could be
a novel target for diabetes mellitus (49). Several in vitro studies
showed that myostatin inhibited both myogenesis and adipo-
genesis, whereas one study reported that myostatin inhibited
myogenesis and promoted adipogenesis in mesenchymal
multipotent cells (24,52). Thus, the mechanisms by which the
number of adipocytes is reduced in myostatin knockout mice
are not clear. As adipocytes and myocytes are derived from
common mesenchymal progenitors, a massive increase of
skeletal muscle in vivo by myostatin inhibition may reduce
the number of reservoir cells destined to become adipocyte
precursor cells in myostatin knockout mice. It is also likely
that skeletal muscles with increased mass may secrete factors

that inhibit adipocyte growth.

In summary, in addition to adipocytokines, such as leptin
and adiponectin, TGFaﬁ> family members, including myosta-
tin, are involved in glucose homeostasis and diabetes, and are
potential targets for diabetes treatment [53].

4. Biological therapies for muscular disorders

Towards intractable muscular disorders such as muscular
dystrophies, no specific therapies have been developed yet.
Although many defective genes for various types of muscular
dystrophy have been elucidated, therapies for muscular
dystrophies have not been realised to date. As described in this
review, myostatin blockage is one of the realistic therapies for
muscular dystrophy, especially for DMD (Table 1). At present,
the biosafety and effectiveness of myostatin inhibitors are
under investigation in clinical trial studies. A myostatin
antibody called MYO-029 is in Phase I/II studies in the US to
investigate its effects on > 100 patients suffering from
adult-type muscular dystrophies, including BMD, FSHD and
LGMD. The results of these clinical trials will be made public
in late 2006 (see n101] for details) [54). In addition to muscular
dystrophy, myosarcoma and neurogenic muscle atrophy may
be treatable by myostatin blockage. '

Two different muscle fibres, type I fibre (red muscle) and
type 1l fibre (white muscle), exist and have different
functions. As indicated in section 2, myostatin inhibition
in cattle increased the relative percentage of type Il
fibres (11). In accordance with this finding, one report
indicated that myostatin was a muscle-wasting factor
contributing to type 2B and 2A atrophy [s5]. By contrast,
when FOXO was overexpressed in skeletal muscle, type I
fibre in skeletal muscle dramatically decreased (s¢). Thus,
modulation of the myostatin pathway and FOXO pathway
affects both skeletal muscle mass/atrophy and muscle fibre
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types. In pathological states, skeletal muscle mass and fibre
composition are altered. For example, the number of type |
fibres is reduced in obesity (57. Clinical regulation of
muscle mass and even fibre composition may become
realistic in the future.

5. Expert opinion and conclusion

Myostatin and BMPs are involved in skeletal myogenesis and
homeostasis. Myostatin inhibition is a promising and realistic
therapy for muscular disorders. We should keep in mind that
although myostatin inhibition favours an increase in muscle
mass, it may decrease the reservoir of skeletal muscle stem
cells. Experimentally, skeletal muscles regenerate robustly after
chronic and acute injury in mice with prolonged absence of
myostatin, suggesting that myostatin inhibition favours
skeletal regeneration for a prolonged time (s01. However, as
regeneration of skeletal muscle in mice is intrinsically more
active compared with humans, it remains to be determined
whether skeletal muscles are able to regenerate to a favourable
degree after myostatin inhibition in humans.

We should be careful about choosing proper types of
muscular dystrophies for myostatin inhibition (Table 1). In
mdx mouse, which is the DMD model mouse, myostatin
inhibition therapy was reported to be effective. (19-211. By
contrast, elimination of myostatin inhibition in dy mice,
which is the laminin-A-deficient mouse model of muscular
dystrophy, did not combat muscular dystrophy but increased
postnatal lethality (58] (Table 1). 4y Mice showed severe muscle
atrophy compared with mdx mice. As the number of
myoblasts and skeletal muscle stem cells that responded to
myostatin was severely reduced in 4y mice, myostatin
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Abstract

Activin type II receptors (ActRlIls) including ActRIIA
and ActRIIB are serine/threonine kinase receptors that
form complexes with type 1 receptors to transmit intra-
cellular signaling of activins, nodal, myostatin and a subset
of bone morphogenetic proteins. ActRlIls are unique
among serine/threonine kinase receptors in that they
associate with proteins having PSD-95, Discs large and
Z0-1 (PDZ) domains. In our previous studies, we
reported specific interactions of ActRlls with two inde-
pendent PDZ proteins named activin receptor-interacting
proteins 1 and 2 (ARIP1 and ARIP2). Overexpression of
both ARIP1 and ARIP2 reduce activin-induced tran-
scription. Here, we report the isolation of two isoforms of
ARIP2 named ARIP2b and 2¢c. ARIP2, ARIP2b and
ARIP2c recognize COOH-terminal residues of ActRIIA

that match a PDZ-binding consensus motif. ARIP2 and
its isoforms have one PDZ domain in the NH,-terminal
region, and interact with ActRIIA. Although PDZ
domains containing GLGF motifs of ARIP2b and 2c are
identical to that of ARIP2, their COOH-terminal
sequences differ from that of ARIP2. Interestingly, unlike
ARIP2, overexpression of ARIP2b or 2¢ did not affect
ActRIIA intemalization. ARIP2b/2c inhibit inhibitory
actions of ARIP2 on activin signaling. ARIP2 is widely
distributed in mouse tissues. ARIP2b/2c¢ is expressed in
more restricted tissues such as heart, brain, kidneys and
liver. Our results indicate that although both ARIP2 and
ARIP2b/2¢ interact with activin receptors, they regulate
ActRIIA function in a different manner.
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Introduction

Activins belong to the transforming growth factor-p
(TGF-B) superfamily, and signaling occurs via two types
of membrane-bound receptor complexes (Attisano et al.
1996, Tsuchida et al. 2001). The two types of activin
receptors, i.e. type 1 and type II, are serine/threonine
kinase receptors. The two subtypes of the activin type Il
receptor, ActRIIA and 1IB, are encoded by separate genes
(Sugino & Tsuchida 2000). In addition, two spliced
variants of ActRIIA including ActRITA-N (Mathews &
Vale 1991, Shoji ef al. 1998), and five spliced variants of
ActRIIB have been detected (Attisano ef al. 1992, Ethier
et al. 1997). Ligands that bind to ActRIls include activins,
myostatin, nodal and bone morphogenetic protein 7
(BMP-7). Direct binding of these ligands to ActRIIs
promotes the recruitment of type I receptors to the
complex, which in turn results in phosphorylation of
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type | receptors, activation of type I receptors, and
downstream propagation of the signal (Mathews 1994,
Sugino & Tsuchida 2000, Tsuchida 2004).

The significance of the different ActRIls is yet to
be determined. Signal transduction via transmembrane
receptors is regulated by their interaction with PDZ
domain-containing molecules. PDZ domain-containing
proteins play an important role in assenibly of receptors
and signaling molecules near submembranous regions
(Fanning & Anderson 1999). To detenmine the specific
functions of ActRlIls in regulating activin signal transduc-
tion, we searched for cytoplasmic proteins that interacted
with the receptors. We identified two cytoplasmic pro-
teins named activin receptor-interacting proteins 1 and 2
(ARIP1 and ARIP2). ARIP1 showed multiple protein—
protein interacting domains including two WW domains
which interacted with Smad3, and five to six PDZ
domains which interacted with ActRIls, phosphatase and
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tensin homologue deleted on chromosome 10 (PTEN)
and B-catenin (Hirao ef al. 1998, Shoji ef al. 2000). ARIP2
possesses one PDZ domain which interacts with ActRIIA.
ARIP2 also associates with Ral binding protein 1
(RalBP1), and assembles into a temary complex that
includes ARIP2, ActRll and RalBP1 (Matsuzaki er al.
2002). Overexpression of ARIP1 and ARIP2 inhibits
activin-induced transcriptional activity in a  dose-
dependent manner (Shoji et al. 2000, Matsuzaki er al.
2002). In the present study, we report the identification of
two isoforms of ARIP2, named ARIP2b and 2¢. Similar
to ARIP2, ARIP2b and 2c have only one PDZ domain,
which specifically interacts with ActRIIA. However, even
though ARIP2b and 2¢ were structural variants of ARIP2,
they showed different functions. Overexpression of
ARIP2b and 2c¢ resulted in increased activin-induced
signaling. Furthermore, we found that ARIP2b and 2¢
increased ActRIIA expression at the cell surface without
affecting internalization of ActRILA, whereas ARIP2 was
involved in endocytosis of ActRIIA (Matsuzaki et al.
2002). Thus, multiple ARIP2 proteins can interact with
ActRIl to regulate its signaling and trafficking in a
different manner. .

Materials and Methods

¢DNA doning

Yeast two-hybrid screening was performed using a com-
mercially available system (Matchmaker Two-Hybrid
System 2; Clontech) in accordance with the manufactur-
er’s protocol. Approximately 4 X 10° clones of a mouse
brain cDNA library were screened using the bait construct
pAS-ActRIIA, which contains nucleotide sequences for
the entire cytoplasmic region of mouse ActRIIA (554~
1995) fused to a GAL4 DNA binding domain (Shoji et al.
2000, Tsuchida er al. 2001). One clone obtained by
the yeast two-hybrid screening was named #YA-1. A
mouse brain cDNA library in the lambda ZAPII vector
(Stratagene, La Jolla, CA, USA) was screened using the
#YA-1 cDNA as probe. ARIP2 cDNA was identified by
screening as described previously (Matsuzaki ef al. 2002).
Additional clones encoding full-length ARIP2b and 2c
sequences were identified by screening the brain library
using full-length ARIP2 cDNA as hybridization probe.

DNA coustructs

DNA constructs for the yeast two-hybrid screening were
made using either the plassmid pAS2-1 to express the
fusion protein with the GAL4 DNA-binding domain, or
the plasmid pACT?2 to express the fusion protein with the
GAL4 activation domain. pAS-ActRIIA was made by
introducing nucleotides 554-1995 of mouse ActRIIA
(Mathews & Vale 1991) into pAS2—1. For the mammalian
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two-hybrid assay, DNA was constructed using the plasmid
pBIND to express the fusion protein with the GAL4
DNA-binding domain, and the plasmid pACT to express
the fusion protein with the VP16 activation domain. To
make pBIND-ActRIIA, cDNA fragments encoding the
entire cytoplasmic regions of ActRIIA were subcloned
into pBIND. Using PCR-based mutagenesis, mutations
in the COOH terminus of ActRIIA were generated by
replacing appropriate nucleotides with mutated oligo-
nucleotides (Shoji ef al. 2000). Other receptor constructs
have been described previously (Shoji er al. 2000). To
make pACT-ARIP2b and 2¢, cDNA fragments covering
coding regions (nucleotides 453-758 of ARIP2b, and
nucleotides 1-357 of ARIP2c) were prepared and sub-
cloned into pACT. To make pACT-ARIP2cAC and
pACT-ARIP2cAPDZ, ¢cDNA fragments composed of
nucleotides 1-297 and 298-357 of ARIP2¢ respec-
tively, were prepared by PCR and ligated into pACT.
Expression constructs of ARIP2b and 2¢ were made by
subcloning nucleotides 453-758 of ARIP2b and nucleo-
tides 1-357 of ARIP2¢ into pClneo and pcDNA3
respectively. FLAG-tagged ARIP2b and 2¢ were sub-
cloned into pcDNA3. Full length ActRIIA ¢cDNA was
subcloned into pcDLSRa. Myc-tagged ActRIIA ¢cDNA
in pcDNA3 was made by incorporating 7 myc epitopes
after the arginine residue (amino acid number 24) of
ActRIIA ¢DNA in pcDNA3.

Yeast and mammalian nwo-Irybrid analysis

Yeast two-hybrid assays were performed using a com-
mercially available kit (Matchmaker Two-Hybrid System
2; Clontech) in accordance with the manufacturer’s
protocol. Mammalian two-hybrid assays were per-
formed using the CheckMate Mammalian Two-Hybnd
System (Promega). In brief, Chinese hamster ovary K1
(CHO-K1) cells were co-transfected with appropriate
plasmids, a cytomegalovirus promoter-driven -
galactosidase (CMV-B-gal), and the reporter plasinid pG5
luc, which drives the luciferase gene under the control of
the GAL4-responsive promoter. Luciferase activity was
measured and nonnalized against the level of B-gal activity
as described previously (Tsuchida er al. 1995).

Immunoprecipitation and Westem blotting

Interactions of full-length ARIP2b or 2¢ with ActRITIA
were studied. Using the calcium phosphate precipitation
method, COS-7 cells or HEK 293 cells were transfected
either with pcDNA3-FLAG-ARIP2b or 2c¢ alone or
co-transfected with pcDNA3-FLAG-ARIP2b (or 2¢) and
pcDLSRo-ActRIIA. Two days after transfection, cells
were harvested using lysis buffer (1% Nonidet P-40,
50 mM Tris—HCI (pH 7-5), 150 mM NaCl, 1 mM NaF,
1 mM phenyhnethykulfonyl fluoride (PMSF), 4 pg/ml
leupeptin, and 1 pg/inl aprotinin). The lysate was cleared
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by centrifugation, and proteins were immunoprecipitated
by adding a rabbit anti-ActRIIA polyclonal antibody
(R&D Systems, Minneapolis, MN, USA), or anti-FLAG
M2 monoclonal antibody (Sigma). Samples were then
incubated with protein G-sepharose (Amersham Pharma-
cia Biotech) at 4 °C for 2 h. Precipitated proteins were
fractionated by SDS-PAGE, and transferred onto a poly-
vinylidene difluoride (PVDDF) membrane. Membranes
were initially incubated with an anti-FLAG antibody
(1:1000 dilution), and then with a horseradish peroxidase-
conjugated secondary antibody. Labeled proteins were
detected by chemiluminescence (ECL-Plus; Amersham
Pharmacia Biotech) (Bao et al. 2005). To study interac-
tions of ARIP2 or ARIP2¢ with RalBP1, FLAG-ARIP2
(or 2¢) and myc-tagged RalBP1 were co-transfected into
HEK 293 cells and the lysate was immunoprecipitated
with an anti-FLAG antibody and immunodetected using
myc antibody (1:1000 dilution).

RNA extraction and RT-PCR

Total RNA from mouse tissues was extracted using the
TRIzol reagent according to the manufacturer’s protocol
(Invitrogen). Polyadenylated RNA was further purified
using oligo (dT) latex beads (Takara, Tokyo, Japan). RNA
samples were then reverse transcribed with oligo dT
primer using SUPERSCRIPT II reverse transcriptase
(Gibco-BRL). The ARIP2 primer set included the sense
primer 5'-GGA GAG CAG TCA GAT ATG AAC G-3',
and the antisense primer 5'-CAC GAA GAC CAA AAG
AAC CTC CAA C-3', and the ARIP2c primer set
included the sense primer 5'-GGA GAG CAG TCA GAT
ATG AAC G-3', and the antisense primer 5'-CTA CTG
TCC CAT ATC CAG GTG C-3'. PCR was performed
for 28 cycles , with each cycle consisting of 94 °C for
30, 60 °C for 30 s and 72 °C for 30 s, followed by a final
extension step at 72 °C for 8 min. Amplified PCR prod-
ucts were subjected to 2% agarose gel electrophoresis, and
were stained using ethidium bromide for detection.

Antibody preparation and Westem blotting

Glutathione S-transferase (GST) fusion proteins of full-
length ARIP2b (amino acids 1-101) were used for
immunization of New Zealand White rabbits. To obtain
polyclonal antibodies recognizing the COOH-terminal
region of ARIP2b/2¢, but not ARIP2 and other PDZ
proteins, crude rabbit antibodies were purified using
protein A-Sepharose 4B (Amersham Biosciences), and
affinity-chromatography of GST fusion proteins with
N-terminal amino acids 1-82 of ARIP2b. The antibodies
that recognize the' COOH-tenninal region of ARIP2b/
2c, but not ARIP2, were thus obtained and used for
Western blot analysis. Multiple mouse tissues were
homogenized in buffer (1% Triton X-100, 50 mM Tris—
HCI (pH 7-5), 150 mM NaCl, 1 mM PMSF, 4 pg/ml
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leupeptin, 1 pg/ml aprotinin), and centrifuged to yield
supernatant fractions. Proteins were immunoprecipitated
by adding an anti-ARIP2b/2¢ polyclonal antibody to the
supernatant, and then incubated with protein G-sepharose

. (Amersham Pharmacia Biotech) at 4 °C for 2 h. Precipi-

tated proteins were fractionated by SDS-PAGE using a
15% gel, and transferred onto a PVDF membrane. Mem-
branes were initially incubated with an anti-ARIP2b/2c¢
polyclonal antibody (diluted 1:500), and then with a
horseradish peroxidase-conjugated secondary antibody.
As a loading control, membranes were also probed with
anti-actin antibody (Sigma).

Activin-responsive promoter analysis

The CAGA-lux construct has been described pre-
viously (Dennler ¢t al. 1998). CAGA-lux, CMV-p-gal,
pClneo-ARIP2b and pcDNA3-ARIP2c were intro-
duced into HEK 293 cells or LBT2 cells using TransFast
liposome reagents (Promega) in accordance with the
manufacturer’s protocol. Stimulation by activin A and
measurement of luciferase activity were performed as
described previously (Tsuchida et al. 1995). We used
activin A from WAKQO Chemicals (Osaka, Japan) that is
fully active.

Radioimmunoassay for follicle stimulating hormone (FSH)

LBT2 cells were grown in 12-well plates in DMEM
supplemented with 10% feral calf serum (FCS). ARIP2b
cDNA was introduced into LPT2 cells using TransFast
liposome reagents. Stimulation by 50 ng/ml activin A and
measurement of FSH levels in conditioned media by
radioimmunoassay (RIA) were performed as previously
described (Graham et al. 1999). The sensitivity of the RIA
was 4 ng/ml.

Cell surface 2’ Lactivin binding and interalization assa
I¢ Y

CHO-K1 cells grown in 6-well plates were transfected
with ActRIIA ¢cDNA with or without pcDNA3-ARIP2c
using TransFast liposome reagents. To examine total (cell
surface and internalized) activin binding activity of cells,
transfected cells were washed three times with cold
binding medium (minimum essential medium containing
20 mM HEPES-NaOH (pH 7-4) and 0-1% bovine serum
albumin), and incubated in 800 pl cold binding medium
containing 15 ng '?*I-activin A labeled by the chloramine
T method (Matsuzaki ef al. 2002) for the indicated time
periods on ice. Then unbound ligands were removed by
washing three times with cold PBS. Cells were solubilized
in 1 N NaOH, and the radioactivities of the cells were
counted in a2 y counter. To study internalization of
ActRIIA, transfected cells were washed three times with
binding medium, and incubated in 800l binding
medium containing 15 ng '**-activin A at 37 °C for the
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appropriate time periods. Following incubation, plates
were placed on ice, washed three times with cold PBS,
and then incubated with cold acid washing buffer (0-2 M
acetic acid and 0-5 M NaCl) for 5 min on ice. Then, cells
were solubilized in 1 M NaOH, and the radioactivities in
the lysates were counted as above. Cell-associated radio-
activity after the acid wash represented internalized activin
mainly through receptor binding. Internalization was
determined as the ratio of internalized '**I-activin-A/
surface bound '**I-activin-A. Nonspecific binding and
internalization activities were determined in the presence
of a 100-fold excess of unlabeled activin A.

Determination of AcRIIA expression at the cell surface

HEK 293 cells in 6-well dishes were transfected with
myc-tagged ActRIIA ¢cDNA and/or pcDNA3-ARIP2c
expression plasmids, then cells were harvested in 200 pl
PBS at various time points after transfection. Cells were
then treated with 3 pl rabbit anti-myc antibody at 4 °C for
2 h to label ActRIIA at the cell surface, washed three
times with PBS, and then extracted with lysis buffer as
described in the Materials amd Methods section. Labeled
receptors were collected with protein A sepharose,
and detected by blotting with anti-ActRIIA antibody as
described above.

Quantitative measurcment of cell surface AcRIIA associated
with ARIP2

HEK 293 cells were co-transfected with myc-tagged
ActRIIA, FLAG-ARIP2 and/or FLAG-ARIP2¢ cDNA:s.
To quantitate ARIP2s that associate with ActRIIA, cell
proteins were extracted with lysis buffer and immuno-
precipitated with anti-inyc antibody, and co-precipitated
ARIP2s were detected by blotting with anti-FLAG anti-
body. To detect cell surface ActRIIA associated with
ARIP2s, myc-tagged ActRIIA at the cell surface was
labeled with myc antibody, collected by protein A sepharose
and blotted with anti-FLAG antibody as described above.

Detection of recycling AaRIIA associated with ARIP2

HEK 293 cells were transfected with myc-tagged
ActRIIA, FLAG-ARIP2 and FLAG-ARIP2c ¢DNaAs.
Twenty-four hours after transfection, cells were washed
with PBS and exposed to 0-025% trypsin for 10 min at
4 °C. At the end of trypsin treatment, cells were washed
three times with medium containing 10% FCS to stop
trypsin activity. Then, cells were re-incubated in
medium with 10% FCS at 37 °C, and treated either with
500 mM chloroquine or 50 mM monensin from WAKO
Chemicals. Cells were collected at appropriate times. Cell
surface myc-ActRIIA was labeled with myc antibody,
collected with protein A sepharose and blotted with
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anti-FLAG antibody to detect ARIP2s as described above.
To detect recycling ActRIIA associated with ARIP2s,
total lysate was immunoprecipitated with myc antibody,
then co-precipitated ARIP2s were detected by blotting
with anti-FLAG antibody.

Results

Identification of isoforns of ARIP2

In the search for intracellular proteins that interact with
ActRIls, we obtained about 30 positive clones, including
ARIP1 and ARIP2, with the yeast two-hybrid screening.
Association of ARIP1 and ARIP2 with ActRIIA in
mammalian cells was verified by co-immunoprecipitation
and mammalian two-hybrid analysis (Shoji et al. 2000,
Matsuzaki et al. 2002). Screening of a mouse brain cDNA
library with the 462bp coding region of ARIP2 as
hybridization probe yielded full length cDNA clones of
ARIP2b and 2¢, and ARIP2 (Fig. 1A). ARIP2 encoded a
protein of 153 amino acids including the single PDZ
domain as reported previously (Matsuzaki et al. 2002).
ARIP2b cDNA encoded a protein of 101 amino acids
with one PDZ domain which was identical to that of
ARIP2 except for 8 amino acids at the NH,-tenminal.
However, the ARIP2b amino acid sequences differed
from ARIP2 outside the PDZ domain (Fig. 1A,B).
ARIP2c is composed of 118 amino acids, and is com-
pletely identical to ARIP2 from the NH,-terminal region
through the PDZ domain, but its COOH-terminal region
is identical with that of ARIP2b (Fig. 1A).

ARIP2b and 2c interact specifically with ActRIIA among
serine/threonine kinase receptors

PDZ domains recognize a class I consensus PDZ-binding
motif XSX(V/I/L) (where X is any amino acid) in the
COOH terminus of target proteins (Songyang et al. 1997).
In agreement with the consensus PDZ-binding sequence,

. the four COOH-terminal amino acids of ActRIIA were

ESSL. ARIP2b interacted with ActRIIA, but did not
associate with ActRIIB, TGF-f receptor type II
(TGFBRII) or BMP receptor type 11 (BMPRII) by
mammalian two hybrid analysis (Fig. 2A). Like ARIP2D,
ARIP2¢ also interacted with ActRIIA. ARIP2c did not
interact with mutated ActRIIA proteins that lacked either
the COOH-terminal SSL or COOH-tenminal leucine
(Fig. 2B). Similar results were obtained for ARIP2b (data
not shown). Thus, COOH-terminal amino acids of
ActRIIA play a key role in interactions between ARIP2b
and ARIP2c¢ via the PDZ domain. Amino acid sequences
of target proteins relate to specific interactions with
various PDZ proteins. It is worthwhile noting that
although ARIP2 interacted with both ActRIIA and
ActRIIB, ARIP2b and 2¢ interacted with ActRIIA,
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Activin receptor and PDZ protein z 1 uy and others

(A)

ARIP2 1 [MNGRVDYLVTEEE INLTRGPSGLGFNIVGGTDQOYVSNDSGIYVSRIKEDGAAAQDGRLY| 60
ARIP2b 1 |Mp==I-Fomeemme—e—e— —<SGLGFNIVGGTDQOYVSNDSGIYVSRIKEDGAAAQDGRLO| 43
ARIP2c 1 |MNGRVDYLVTEEEINLTRGPSGLGFNIVGGTDQQYVSNDSGIYVSRIKEDGAARQDGRLY| 60
ARIP2 61 [EGDKILSVNGQDLKNLLHODAVDLF RNAGCAVSLRVOHRLLVVGGSFGLREFSOIRYDAV 120
ARIP2b 44 |EGDKILSVNGQDLKNLLHQDAVDLFRNAGCAVSLRVOER-VGITCTW RLLHACSC| 100
ARIP2c 61 |[EGDKILSVNGQDLKNLLHQDAVDLFRNAGCAVSLRVQER-VGITCTW RLLHCSC| 117
ARIP2 121 TIKIDPELEKKLKVNKITLESEYERLLCLLCRQ 153
ARIP2b 101 101
ARIP2c 118 118
(B) 1 25 50 75 100 125 150

ariez E@ PDZ domain
ARIP2b [ PDZdomain
arip2. PDZ domain

Figure 1 Identification of ARIP2 isoforms. (A) Alignment of amino acid sequences of ARIP2 and its two
isoforms, ARIP2b and ARIP2c. PDZ domains are indicated in bold letters. Identical amino acids are boxed.
(B) Schematic illustration of protein structures of ARIP2 along with those of ARIP2b and 2c. The
NH,-terminal amino acid residues in ARIP2b that differ from ARIP2 are shown as a white box. The
COOH-terminal amino acid residues unique in ARIP2 are indicated as a white box. The COOH-terminal
amino acid residues in ARIP2b/2c¢ that differ from ARIP2 are shown as gray boxes.

but not with ActRIIB (Fig. 2A.B). These results indicate
that ARIP2b or 2c¢ interact specifically with ActRIIA
among type 1l serine/threonine kinase receptors of the
TGF-P superfamily, and that this interaction occurs in both
yeast and mammalian cells. We then studied which part of
ARIP2c¢ interacted with ActRIIA using a mammalian
two-hybrid method. ARIP2cAC, but not ARIP2cAPDZ
interacted with ActRIIA, indicating that ARIP2¢ interacts
with ActRIIA through a PDZ domain-mediated interac-
tion (Fig. 2C). ARIP2b, 2¢ and ARIP2 have an identical
amino acid sequence in the PDZ domain which is
important for interactions with ActRIJA. Lysates from
COS-7 cells that have been co-transfected with ActRIIA,
and FLAG-tagged ARIP2¢ were incubated with an anti-
ActRIIA antibody, and co-immunoprecipitated ARIP2¢
protein was detected by an anti-FLAG antibody. As
shown in Fig. 2D, ActRIIA and ARIP2c formed a pro-
tein complex in transfected cells. Similar interactions of
ActRIIA and ARIP2b were observed (data not shown).
ARIP1 interacts with-Smads via WW domains, whereas
ARIP2 does not interact with Smad proteins (Shoji ef al.
2000, Matsuzaki e al. 2002). ARIP2 isoforms, i.e.
ARIP2b and 2¢, like ARIP2, did not show any interaction
with Smad (data not shown).

www.endocrinology-journals.org

Expression of ARIP2 isoforms in 1ouse tissues

Northern blot analysis of poly(A)"RNA extracted from
several mouse tissues using full length ARIP2 cDNA
probe yielded two major bands of 4-5kb and 1-1kb
(Matsuzaki ef al, 2002). Since very short sequences in the
COOH-terminal of ARIP2b/2¢ are different from
ARIP2, and ARIP2 has an additional isoform called
synaptojanin binding protein (also known as outer mem-
brane protein of 25 kDa, OMP25) (Nemoto & DeCamilli
1999), it is difficult to detect ARIP2b/2¢ by Northern
blotting, Therefore, we compared the tissue distribution
of ARIP2 and ARIP2¢ mRNAs using RT-PCR. As
shown in Fig. 3A, both ARIP2 and ARIP2c are widely
expressed in varjous mouse tissues. ARIP2 mRNA was
detected in multiple tissues. ARIP2c mRNA was detected
in brain, liver, kidney, ovary and testis Although ARIP2
and 2c are structurally similar, their distributions differ
slightly. ARIP2b mRINA was detected in heart, spleen
and testes by RT-PCR, but its expression levels were
much lower than those of ARIP2¢ mRNA (data not
shown). We also studied protein expression of ARIP2b/
2c. Antibodies that recognized ARIP2b/2¢ but not
ARIP2 or OMP25 were prepared and used for Western
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Figure 2 Interactions of ARIP2b or 2¢ with ActRIIA assessed by mammalian two-hybrid analysis. (A) Interaction of ARIP2b with ActRIIA,
ActRIIB, TGFBRIl and BMPRII in CHO-K1 cells. Relative interaction is shown as luciferase activity, Expression vectors used were
PACT-ARIP2b and pBIND plasmids, into which the entire cytoplasmic region of each receptor was introduced. Values in the figure
represent means and so. of triplicate determinations, *P<0:01 vs ActRIIA using a t-test. (B) interaction of ARIP2c with ActRIIA,
ACtRIAASSL, ActRIIAAL, ActRIIB, TGFBRII and BMPRII in CHO-K1 cells. Relative interaction is represented as luciferase activity.
*P<0-01 vs ActRHIA using a t-test. (C) Interaction of ARIP2¢, ARIP2cAC or ARIP2cAPDZ with ActRIIA in CHO-K1 cells. Relative
interaction is represented as luciferase activity. Values in the figure represent means and so. of triplicate determinations. *P <0-01 vs
ACtRIIA using a t-tesl. (D) Interaction of ActRIIA with ARIP2¢ by immunoprecipitation (IP). In lanes 1-4, lysates of COS-7 cells transfected
with either pcDNA3-FLAG-ARIP2c (lane 2), or pcDLSRu-ActRIIA (lane 3), or both (lane 4), or untransfected (lane 1) were
immunoprecipitated with an anti-ActRIIA antibody, and probed with an anti-FLAG monoclonal antibhody (bottom row). On the top row,
transfected COS-7 cells were probed with an anti-FLAG antibody. The molecular weight marker is indicated on the right. In lanes 5-8,
COS-7 cells transfected either with pcDNA3-FLAG-ARIP2c¢ (lane 6) or pcDLSRe-ActRIIB (lane 7) or both (lane 8), or untransfected (lane
5) were immunoprecipitated with an anti-ActRIIB antibody, and probed with an anti-FLAG monoclonal antibody (middle row). To show
expression of ActRIIB, lysates were probed with ActRIIB antibody in the bottom row.
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Figure 3 Distribution of ARIP2 isoforms in mouse tissues. (A) Tissue distribution of ARIP2 and ARIP2c mRNAs. mRNA isolated from
various mouse tissues were identified by RT-PCR analysis. For control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was
also amplified. Lane 1, brain; lane 2, heart; lane 3, lung; lane 4, spleen; lane 5, liver; lane 6, kidney; lane 7, skeletal muscle; lane 8, ovary;
lane 9, testis. (B) Tissue distribution of ARIP2b/2¢c by Western blot analysis. A polyclonal antibody recognizing the COOH-terminus of
ARIP2b/2¢c was used for detection (top row). For control, antibody to actin was used (bottom row). The molecular weight marker is

indicated on the right.

blot analysis. As shown in Fig. 3B, ARIP2b/2c¢ signal was
present in heart, liver and kidneys, and to a lesser extent in
brain, ovaries and lungs.

ARIP2b/2¢ has a stimulatory cffect on activin-induced
signaling and secretion of FSH from LBT2 cells

HEK 293 cells were co-transfected with ARIP2¢ ¢cDNA
and the reporter plasmid CAGA-lux, and activin-induced
luciferase activity was measured. CAGA-lux is a reporter
plasmid that has CAGA tandem repeats, and responds well
to activin and TGF-B stimuli (Dennler er al. 1998).
Overexpression of ARIP2¢ augmented activin-induced
transcriptional activity in a  dose-dependent manner
(Fig. 4A). We also studied the effects of ARIP2b on FSH
secretion in gonadotroph LPT2 cells, which secrete FSH
in response to activin (Graham et al. 1999). LBT2 cells
were transfected with ARIP2b and CAGA-lux DNAs,
and activin-induced luciferase activity was measured.
Overexpression of ARIP2b ¢DNA increased activity of
CAGA promoter in a dose-dependent manner (Fig. 41B).
FSH secretion by activin in the culture media was actually
induced by ARIP2b ¢DNA transfection in LBT2 cells
(Fig. 4C). ARIP2¢ showed a similar activity to ARIP2b.

Antagonisii of ARIP2 and ARIP2b on activin sigualing

In a previous report, we showed that ARIP2 inhibited
activin signaling (Matsuzaki e al. 2002). Since ARIP2 dnd
ARIP2b/2¢ have opposite effects on activin signaling, we
investigated whether ARIP2 and ARIP2b have antagon-
istic activities when expressed simultaneously. Expression
of ARIP2b ¢cDNA augmented activin signaling in a dose-
dependent manner in HEK 293 cells (Fig. 4D). In the
presence of ARIP2, activin signaling was inhibited. When
ARIP2b was co-expressed with ARIP2, the inhibitory
effect of ARIP2 was blocked by ARIP2b ¢DNA in a
dose-dependent manner. This result indicates that ARIP2
and ARIP2b have antagonistic activities on activin

www.endocrinology-journals.org

signaling. ARIP2¢, like ARIP2b, showed antagonistic
activities to ARIP2 (data not shown). Since ARIP2b and
2c are expressed in numerous tissues, they could play a role
in controlling activin signaling transduction.

ARIP2b/2¢ neither affects endocytosis of AdRILA nor
interacts with RalBP 1

In a previous study, we reported that ARIP2 regulated
endocytosis of ActRIIA through the Ral/RalBP1-
dependent pathway (Matsuzaki er al. 2002). To study the
role of AR1P2b/2¢ in internalization of activin through
ActRIA, we performed an internalization experiment.
Unlike ARIP2, overexpression of ARIP2¢ did not
affect internalization of ActRIIA (Fig. 3A). In a parallel
experiment, we reproduced enhanced internalization of
ActRIIA by ARIP2 expression. To examine interactions
of ARIP2¢ with RalBP1, we performed an immuno-
precipitation experiment. As shown in Fig. 5B, ARIP2¢
did not significantly interact with RalBPI1, whereas
ARIP2 interacted with RalBP1. ARIP2b, like ARIP2c,
did not intereact with RalBP1 (data not shown).

ARIP2b/2¢ increases expression of AaRIIA on cell sufaces

To further investigate interactions between ARIP2c and
ActRRIIA, we co-expressed these proteins and examined
the effects on surface receptor expression levels. Figure 6A
shows the effects of activity of ARIP2¢ on the expression
of ActRIIA in HEK 293 cells. In the presence of ARIP2c,
the number of ActRRIIA at the cell surface increased faster
after the 18 h time point compared with control (Fig. 6A).
In contrast, in the presence of ARIP2, cell surface levels of
ActRIIA did not significantly change when compared
with control (Fig. 6B).

Mode of association of ARIP2c with A«RIA is differemt

Sfront that of ARIP2 with AaRIIA

We next quantitated the amounts of ARIP2¢ and ARIP2
that associated with cell surface ActRIIA. After 6 h
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Figure 5 Effects of ARIP2c on ActRIIA internalization. (A) CHO-K1 cells were transfected with control vector ([J), ActRIIA (O), ActRIIA
and ARIP2¢ (@) or ActRIA and ARIP2 (), treated in binding buffer with 15 ng *#*l-activin A, and incubated at 37 °C for appropriate
time periods, Graphs show internalization of ActRIIA calculated using the ratio of internalized activin/surface activin binding as
described in Materials and Methods. Values shown are means and sp. of triplicate determinations. (B) Interaction of RalBP1 with ARIP2
or ARIP2c. COS-7 cells were transfected with myc-RalBP1 and FLAG-ARIP2 or FLAG-ARIP2¢, and then lysates were immunoprecipitated
(IP) with anti-FLAG antibody, separated by SDS-PAGE, blotted onto a membrane, and probed with anti-myc antibody. In the middle
row, total lysate was analyzed for RalBP1 expression. In the bottom row, total lysate was analyzed for FLAG (F)-ARIP2 or F-ARIP2c

expression.

transfection, ARIP2 and ARIP2c¢ began to be expressed,
then increased and reached a maximal value at 18 h, and
finally remained constant from 18 to 36 h after transtec-
tion (Fig. 6C, middle row). After 12h transfection,
ARIP2¢ co-precipitated with cell surface ActRI1IA, and
gradually reached a maximal amount from 18 to 36 h.
In contrast, ARIP2 co-precipitated with cell surface
ActRIIA at a much slower rate than ARIP2c¢. After 18 h
transfection, co-precipitation of ARIP2 was observed, and
slowly increased thereafter (Fig. 6C, top row). We also
investigated total (cell surface and intracellular) ActRIIA
associating with ARIP2 or ARIP2¢ (Fig. 6D). ARIP2c
co-precipitated with total ActRIIA after 6 h transfection,
then increased to reach a maximal amount and then
remained constant from 18 to 36h. In contrast,

ARIP2 co-precipitated with ActRIIA after 12 h transfec-
tion, then slowly increased. We studied differences in
association mechanisms of ARIP2 and ARIP2¢ to cell
surface  ActRIIA. First, we  trypsinized transfected
HEK 293 cells to degrade cell surface receptor binding
activities, and newly synthesized ActRI1A associating with
ARIP2s was quantitated at various time points by co-
immunoprecipitation. As shown in Fig. 7A, after 2h
trypsin stripping, cell surface recepror-associated ARIP2
and ARIP2¢ were observed, and increased rapidly. Almost
the same amounts of ARIP2 and ARIP2¢ co-precipitated
with cell surface ActRIJA (Fig. 7A). Next, we used
cycloheximide to block new protein synthesis after trypsin
treatment, and measured the amounts of ARIP2 and
ARIP2c that bound to newly appearing ActRHA at the

Figure 4 Effects of ARIP2b or 2¢ on activin-induced transcription. (A) ARIP2c-mediated increase in activin-induced transcription in HEK
293 cells. Cells were transfected with CAGA-lux, CMV-B-gal, and various amounts of ARIP2¢ ¢cDNA, and then incubated with 50 ng/ml
activin A for 12 h. The level of luciferase activity of each cell lysate was measured, and normalized against the level of B-gal activity. Values
in the figure represent means and sp. of triplicate determinations. *P<0-01 vs activin-treated cells without ARIP2¢ (lane 2) using a t-test.
(B} Effects of ARIP2b on activin-induced transcription in LBT2 cells. Cells were transfected with CAGA-lux, CMV-B-gal, and various
amounts of ARIP2b ¢cDNA, and then incubated with 50 ng/ml activin A for 12 h. The level of luciferase activity of each cell lysate was
measured, and normalized against the level of B-gal activity. Values in the figure represent means and so. of triplicate determinations.
*P<0-05 vs activin-treated cells without ARIP2b (lane 2) using a t-test. (C) Activin-mediated increase in FSH secretion from LBT2 cells. Cells
were transfected with various amounts of ARIP2b cDNA, and incubated with 50 ng/ml activin A for 24 h. FSH was assayed by a
radioimmunoassay kit from NIDDK (Bethesda, MD, USA). FSH secretion from untransfected cells was 5-0 ng/ml, and was adjusted to 100.
** P<0-01 vs activin-treated cells without ARIP2b (lane 2) using a t-test. (D) Antagonist effects of ARIP2b and ARIP2 on activin signaling.
HEK 293 cells were transfected with CAGA-lux, CMV-B-gal, and various amounts of ARIP2 and/or ARIP2Zb ¢DNA, and then incubated with
50 ng/ml activin A for 12 h. The level of luciferase activity of each cell lysate was measured and normalized against the level of $-gal
activity. Values in the figure represent means and s.p. of triplicate determinations.
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to detect ARIP2s associating with total {cell surface and intracellular) ActRIIA. In the middle and bottom rows, total lysate was analyzed.

WB, Western blotting.

plasma membrane (Fig. 7B). Although almost equal
amounts of ARIP2 and ARIP2¢ were observed in the
total lysate, only small amounts of ARIP2¢ that
co-precipitated with cell surface ActRIIA were detected
(Fig. 7B). This result. indicates that ARIP2¢, possibly
acting in a dominant-negative manner to block ARP2, is
involved in blocking endocytosis of ActRIIA by ARIP2.
Then, we studied the association of ARIP2 or ARIP2¢
with ActRIIA using the recycling inhibitors, chloroquine
or monensin. When chloroquine was used to interfere
with recycling after trypsin treatment, the amounts of
cell surface ARIP2 associating with ActRIIA signifi-
cantly decreased, whereas the presence of chloroquine
did not significantly affect the amounts of ARIP2c
co-precipitating with cell surface ActRIIA (Fig. 7C, lefi
panel). When monensin was used to prevent recycling of
the internalized receptor back to the cell surface, only a
simall amount of ARIP2 co-precipitated with cell surface
ActRITA (Fig. 7C, right panel). Even without trypsin
treatment, chroloquine treatment affected the amounts of
cell surface ActRIIA associated with ARIP2, whereas it
did not signiticantly affect the amounts of ARIP2c
co-precipitating with cell surface ActRIIA (Fig. 7D).

Journal of Encdlocrinology (2006) 189, 409-421

Taken together, these results indicate that ARIP2 is
involved in endocytosis and recycling of ActRIIA, whereas
AR[P2c, acting in a dominant-negative manner to block
ARIP2, enhances ActRI1 Jevels at the cell surface.

Discussion

Activin type 1l receptors have been identified in multiple
tissues, and are involved in signaling pathways of activins
(Sugino & Tsuchida 2000, Tsuchida 2004). Activins first
bind to type II receptors, then type Il receptors induce
phosphorylation and activation of type | receptors. Then,
type I receptors activate Smads to propagate signal trans-
duction. ActRl1Is retain a basal level of autophosphoryla-
tion that is independent of either type I receptors or ligand
binding. Furthermore, type Il receptors undergo endo-
cytosis by adaptor proteins (Matsuzaki et al. 2002, Di
Guglielmo er al. 2003). These findings suggest that type 11
receptors act as primary signal determinants. As a conse-
quence, factors that control the actions of type 1l receptors
regulate downstream propagation of activin-induced sig-
naling. In the present study, we isolated and characterized

www.endocrinology-journals.org
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Figure 7 ARIP2 is involved in endocytosis of ActRIIA, whereas ARIP2c regulates surface expression of ActRIIA. (A) HEK 293 cells were
transfected with myc-tagged ActRIIA, FLAG (F)-ARIP2 and F-ARIP2¢c ¢cDNAs. After 24 h, cells were treated with trypsin, washed and then
reincubated for appropriate time periods. Then, cell surface receptors were labeled with myc antibody, extracted, immunoprecipitated (IP)
and blotted with FLAG antibody. In the middle and bottom rows, total lysate was analyzed. (B) Same experiment as in (A) except that
cells were incubated in the presence of cycloheximide (CHX) for appropriate time periods after trypsin treatment to inhibit protein
synthesis. (C) Same experiment as in (A) except that cells were incubated in the presence of chloroquine (left panel) or monensin (right
panel} for appropriate time periods after trypsin treatment to inhibit recycling. (D) Same experiment as in left panel of (C) except that

trypsin treatment was omitted. WB, Western blotting.

two isoforms of ARIP2, named ARIP2b and ARIP2c.
Interestingly, unlike ARIP2, overexpression of ARIP2b
or 2¢ enhanced activin signaling. ARIP1 and ARIP2 also
interacted with ActRIls, but they inhibited activin signal
transduction when overexpressed (Shoji ¢ al. 2000,
Matsuzaki et al. 2002). ARIP2b and ARIP2c are unique in
that they associate with ActRIIA and enhance activin
signaling. In a previous study, we reported characteriz-
ation of a PDZ domain deletion mutant of ARIP2 called
ARIP2AC. Interestingly, ARIP2AC, like ARIP2b and
2¢, enhances activin signaling (Matsuzaki e al. 2002). We
did not detect significant interaction between ARIP2b/2¢
and ActRIB. Similarly, there was no significant inter-
action between ARIP2b/2¢ and either TGFBRII or
BMPRII (Fig. 2A). Analysis of interactions between
ARIP2b/2¢ and ActRIIAs showed that ARIP2b/2c¢
interact with the COOH terminus of ActRIIAs through
the PDZ domain. The PDZ domains of ARIP2 and its
isoforms are identical. The three COOH terminal amino
acids of ActRIIA, consistent with the PDZ-binding motif,
are critical for this interaction (Fig. 2). ARIP2 interacts
with ActRIIA via its PDZ domain and with RalBP1 via

www.endocrinology-journals.org

its:. COOH-terminus, resulting in both endocytosis of
activin type I receptors and an attenuated activin-induced
transcriptional response (Matsuzaki er al. 2002). ARIP2b
and 2c did not interact with RalBP1. Overexpression of
ARIP2b or 2¢ augmented activin-induced transcription in
HEK 293 cells (Fig. 4A), and increased activin-induced
secretion of FSH from LPT2 cells (Fig. 4C). Further
characterization revealed that, unlike ARIP2, ARIP2b/2¢
did not affect internalization of ActRIl and showed
antagonistic activity to ARIP2. Whether ARIP2b or 2¢
increase signal transduction in physiological conditions
remains to be determined. Since ARIP2 and ARIP2b/2¢
have opposite effects on receptor localization and func-
tion, the ratio of ARIP2 to its isoforms, ARIP2b/2¢,
likely regulates ActRIIA activity. Our characterization of
ARIP2 and its isoforms offers another example of isoforms
having different functions.

Involvenmient of Smad proteins in cellular signaling
induced by the TGF- superfamily has been extensively
studied (Heldin ¢f al. 1997). In addition, there is accumu-
lating evidence that multiple adaptors and scaffolding
proteins interact with receptor serine/threonine kinases.

Journal of Endocrinology (2006) 189, 409-421
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ARIP1 and ARIP2 interact with ActRIIA and ActRIIB.
Dok-1 shows homologies to pleckstrin and to
phosphotyrosine-binding domains that associate with
activin and TGF-P receptors, and is a key element in
activin-mediated apoptosis in B cells (Yamakawa et al.
2002). TRIP1 is a WD domain-containing protein that
interacts with TGF-f type II receptors (Chen et al. 1995).
TRAP-1-like protein (TLP) also associates with activin
and TGF-P receptors (Felici ef al. 2003). Interestingly,
TLP suppresses Smad3-dependent signaling but potenti-
ates Smad2-dependent signaling. These results indicate
that adaptor proteins have a role in coordinating signal
transduction by regulating protein complexes including
receptor serine/threonine kinase receptors. ActRIIA is
shared with activins, myostatin, nodal and BMP-7. These
growth factors are known to form ligand gradients. One
potential mechanism for forming morphogenetic gradi-
ents involves regulation of receptor numbers at the cell
surface (McDowell & Gurdon 1999). Thus, ARIP2 and
its variants may have a role in shaping morphogenetic
gradients and in fine-tuning activin signaling during tissue
formation (McDowell & Gurdon 1999).

Our characterization of ARIP2 and its isoforms as
mediators of activin signaling has revealed a novel regu-
lation of receptor serine/threonine kinases, and adds new
insights into the mechanisms of regulation of signal
transduction through ActRII by PDZ proteins.
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(sarcopenia) %P CEHRBEMICERETH . BRTEECHEBEBEL &b, EYEEL LT, BEH
OWEFEMHERF A A X 5 F v 2R TFENE T 2HESHLOVEEEE LTEETH 5. XETIE, HiERLE
o - HERCH T 2 EFEEORRBORRKIC >V TREDOEE &Edic o W THERT 5.

F-0—F  BHEM BHYRAroOT 40—,

HEH L EON I MBEEBROHERICS, IETREYE
OB IEEAEORRBICREDEEMSE SN T VS,
MERFESLIHERBELTE, YR a7 —nREN
RKEBETH 5. HEOHTRZENLFEROESD S, £<
OEITBEFHEEENATVS, HEEEBETD, Y2 b
074 YEEEEECHBEERSR Y v B TR OER
FRENEHE SN S (Durbeej and Campbell, 2002;
Tsuchida, 2006). BiY X b0 7 4 —DIGEHED 3 DD K
g LT, () #zFEE Q) MIEBELE,
Q) FERGESES SN S, BTHEER, YXbo7 g4
YIEDRIBLIEDFOBRTFAEATBEBEETH 5.
AT 4 vENULLIETA 70V A o T 4 vHER
¥an, 757/ EY 102 (adeno-associated virus,
AAV) <2 5 —%H L‘ﬁiﬁ&?‘iﬁ‘%bfﬁﬁﬂ"]b:lﬂ}%é h
TV, BEFHca{biesd L 2EE0%EIasEE &
NIBHIEE > TW5B, ZHICEEL, BRI b
BHROSNTV S, BYFEECO>VWTIR, BREHOSRMEKE
DEBIEXNICFE DAL - BTEREA ML & ¥ 5 iR
HLETHS, L Th, TA44R5F v ERITNEERE
DEZRICHIET 2 HMERT %20 TEN E LisEs
&, RABEENLEEEE LTEFsATVWE, K=
LEa2—TR, HERBEI-THE HEROH L VWi
HOBF L £ OBRRIC DL TRV,

*ARBXIS, HAERORY - AYERES (2006 T H 15
H, ZtE) KBI2BEOEETH 5.

* T470-1192 SEATHEHMETHEE » 5 1-98
E-mail: tsuchida@fujita-hu.ac.jp
(BURIEESKSE © L HFRED

BB RRTE(LEE, <1 AR5 F v, HTHRE

L BRBORELHIME

B, DHRIERARTH 2 KE & IFE N B D EIEEIC
X9 5. BEGHRSRMmaS IR ERDEL, MEL, M
fERb & I & » THIRVWEMIRIC S Y, iR ETRT 5.
BB, EROSVELRNEE L THD, g
BEENITON S, HiRHORREICIE, HEEME @y
74 M) &N 3EERT Pax7 B o B
BEELTEY, BEEEHE-TW3, @Y, HEEME
BEIIREEIC & 558, BRESREC 5 &, EHkah, §
MBI~ M L EIEE AR DR L 7211, BRE LEBE
MBS T 5 (Parker et al, 2003). &EMICER XN
B, REVIENEFE &G (1 RHEE) &,
IbA VR TREABANCENCEDS (I RHRHD
DRAEL, BESBHEET-> TV, BEHEBEHOER = - —
o i, MEHESHOvF IRENL CEIE LHBL
F T AENET TV S,

II. BRBOBIBLMLEXRT S ITFHIRF

BRHBOTRIC I, iy SIEMA T % MR F»
felagERT &, MENHSLEIBRFOR S SFICEE
ThH5H, 1997512, TGF-beta R —¥—7 7 I J —IL[ET
% 4yFC& % growth differentiation factor 8 (GDF8) #43%
Ranf., CofTREETHEE~Y 2T, BKE250D
BHRHBPERTEIENS, w4427 F >~ (MSTN)
EMENBE LS o7 (Lee, 2004), =4 4R 5 F i,
R L UREOBRMICECREL, HREOHPKRES
ERETHIEHERFTHS. 20EEE LT, EEshi
BHROGALTOF -7 ) v 52 ) HEHE E DI,

B% 88 AAYV: adeno-associated virus, ALK: activin receptor-like kinase, ALS: amyotrophic lateral sclerosis, GDF8: growth differentiation
factor 8, GLT-1: glutamate transporter 1, HGF: hepatocyte growth factor, IGF: insulin like growth factor, MRF: myogenic regula-

tory factor, SOD1: CwZn superoxide dismutase 1
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BHHBHBHHEBHHHHHUB 2 SG WHHBIIHEND
EEEREREEFEEEBEER T @ 7 JKEEE IS

VAV

PAMOT 4y

i

N

B1 SRAMAT4Y BEAEEAH

N

saro7rery AChR
P2 = o

DG, PR bOTYAY
SGHNaAZ YN

NOS. NOS %

AChR, 7EFIL Y L BRE

K1 Yzbo7 4 vBEEOBESHK

x®1 RENUEHIR o7 —0RYEERRBET

Y WET-HEE RIS
Duchenne Xp2l Dystrophin
LGMD2D 17¢12-g21 a-sarcoglycan
LGMD2E 4q12 B-sarcoglycan
LGMD2C 13ql12 y-sarcoglycan
LGMD2F 5q33-q34 d-sarcoglycan

MDCI1A 6q22 Laminin a-2
LGMDI1C 3p25 Caveolin-3
LGMD2A 15q15 Calpain-3

LGMD2B 2p13 Dysferlin
Fukuyama 9q31-¢33 Fukutin

LGMD: limb-girdle muscular dystrophy (FE#EHEEH Y X b o
7 4 —), MDC: muscular dystrophy congenital type (5&X
HH YR bo T 4 —).

MR EEE LUEBHICE X » 0 3SR BEES 1L
5. AL RS F i, BERHBRAEP R AT
fEF L. p21 ®FE, MyoD D% /v L THINME - 185
I L CRENIMEER 284 5. <4425 F vidhl
RSB ET s F e B LTEY, TRHIFHEL
T ActRIIB, ActRIIA, I1&IZE{KE L T activin receptor-
like kinases 4, 5 (ALK4, ALKS) %4¢ L THlaW ITiEH %
ZiET 5. WA T, Smad2, Smadd B HEH I ZE S
LT3, oA, 72 F v TGF-beta & Hifl
LT3, —F, =44 29F &3, Bttt
THERFELTER, 1R vEREHERT (insulin like
growth factor, IGF), FFHIfaIESEK-F (hepatocyte growth
factor, HGF), #v 2 F v 15165 TW5 (Pownall et al,
2002).

b rRET HMIEREF L LT, MyoD 7 7 3 1) —

(MyoD, Myf5, myogenin, MRF4) M icEETH 5.
MyoD &, JFEFHIRET & % @hkEFania % i a{LFHE
Lo 2NEHMURERFTH S, MyoD 7 7 ¥ ) —id
BIE L CHSILRERF (myogenic regulatory factor,
MRF) &0EEH, basic helix-loop-helix #§1E % H 0z EH
HIETFTH 5. MyoD & Myf5 i3, EicHIHI0 (i< D
JaREDHREICHS L, myogenin &, FHBERMHED S5
Bt UHEMIAZIER T 2 RIERBICEE L LEZI ON
T3 (Pownall et al, 2002).

. HERESCTHE - HRBODHEEHEORK

1. ByAPOT 4 —

1) BEFEE

YR bo7 4 —ORBETFERTIR, AAV <75 —0
RS ICERNS R SN 3 (Blankinship et al, 2006; Yoshimura
et al, 2004). AAV <7 ¥ — i3, HEEFEATE 2 ELHE
Kbl 5 BABZFORBEOEMTENT VS, BE/HICTE
et A - 1 MERORTEP, SERIGETZ S1HOT
EhfsahTwa, F, YA bos)H voOEERRE
B8RSR E T3, LARGE & 3N 2B EO 77/ v
ANRNY 5 —DEANYZ LB oY H v OMEERL %0
BETx b EHExN (Barresi et al, 2004).

2) #ARABAEILRE

BERKADPFELED N+ —H S BIREERE A SR,
BonMIaE B E 0 SHIRES THEERE CEA
TEHETHY, BEMEIERIIICEEL, Bkt 3
TEEREEHLEEETH S, bl kHic, HEEME

SRR T OBIEHHMLEE S BMIIATH 5 T LM S



