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Bone morphogenetic proteins (BMPs) signal through the BMP type I and type II receptors to regulate cellular processes,
including embryonic development. The type I BMP receptors activin-like kinase (ALK)3 and ALK6 share a high degree
of homology, yet possess distinct signaling roles. Here, we report that although the transforming growth factor (TGF)-
type III receptor (TBRIII) enhanced both ALK3 and ALK®6 signaling, TBRIII more potently enhanced ALK6-mediated
stimulation of the BMP-responsive promoters XVent2 and 3GC2, and up-regulation of the early response gene Smadé6. In
contrast, TBRIII specifically enhanced ALK3-mediated up-regulation of the early response gene ID-1. TBRIII associated
with ALK3 primarily through their extracellular domains, whereas its interaction with ALK6 required both the extracel-
lular and cytoplasmic domains. TBRIII, along with its interacting scaffolding protein f-arrestin2, induced the internal-
ization of ALK6. In contrast, TBRIII colocalized with and resulted in the cell surface retention of ALK3, independently
of B-arrestin2. Although complex formation between TBRIII, ALK6, and B-arrestin2 and TBRIII/ALK6 internalization
resulted in maximal BMP signaling, the TBRIII mutant unable to interact with B-arrestin2, TBRIII-T841A, was unable to
do so. These studies support a novel role for TBRIII in mediating differential ALK3 and ALK6 subcellular trafficking

resulting in distinct signaling downstream of ALK3 and ALK6.

INTRODUCTION

Bone morphogenetic proteins (BMPs), with 20 members,
comprise the largest subfamily in the transforming growth
factor (TGF)-B superfamily (Griffith et al., 1996; Massague et
al., 2000). BMPs regulate many processes, including devel-
opment, bone formation, and remodeling, as well as cel-
lular proliferation, differentiation, survival, and migration
(Massague et al., 2000; Shi and Massague, 2003; Zhao, 2003;
Bierie and Moses, 2006; Gordon and Blobe, 2008). BMPs
signal through BMP type I (activin-like kinase [ALK]1,
ALK2, ALK3, and ALK®6) and type II (BMPRII, ActRII, and
ActRIIB) cell surface receptors, both of which contain
serine/threonine kinases in their intracellular domains (Liu
et al., 1995; Yamashita et al., 1995). Signaling in response to
BMP begins when BMP-bound type I receptors recruit one
of the type II receptors into a heterocomplex (Koenig et al.,
1994; Liu et al., 1995). The type Il receptor in turn transphos-
phorylates the type I receptor activating its kinase activity.
Subsequently, the type I receptors engage and phosphory-
late their intracellular effectors, the BMP-responsive Smads

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E09-07-0539)
on September 2, 2009.

Address correspondence to: Gerard C. Blobe (blobe001@mc.duke.edu).

Abbreviations used: ALK, activin-like kinase; BMP, bone morpho-
genetic protein; TGF, transforming growth factor; TBRIII, type III
transforming growth factor-p receptor; TBRIII-T841A, TARIII with a
point mutant at Thr 841.

4362

(Smadl, -5, and -8), which upon phosphorylation, complex
with Smad4 and accumulate in the nucleus to regulate the
transcription of target genes.

Among the BMP type I receptors, ALK3 and ALK6 are
notable in that they share significant structural homology,
with 85% identity in their kinase domain and 42% identity in
their extracellular domain (Ide et al., 1997). In particular, the
two receptors possess identical glycine-serine (GS)-rich do-
mains and L45 loops, known structural elements essential
for their kinase activation and Smad recognition, respec-
tively. In addition, their comparable ability to activate the
BMP Smads and compensate for one another during chon-
drogenesis suggests a redundant role for ALK3 and ALK6
in BMP-mediated signaling (Kretzschmar et al., 1997;
Nishimura et al., 1998; Yoon et al., 2005). However, as would
be suggested by the evolution and conservation of similar
yet distinct receptors, studies have also defined unique fea-
tures for these receptors. Importantly, deletion of these re-
ceptors in mice reveals unique phenotypes. The ALK3-null
mice are embryonic lethal due to defects in epiblast prolif-
eration and gastrulation, whereas ALK6-null mice are viable
but have defects in the formation of distal phalanges and in
their reproductive tract (Mishina et al., 1995; Ashique et al.,
2002; Gaussin et al., 2002). In terms of expression, although
ALK3 is ubiquitously expressed, ALK6 expression is more
confined, with highest expression in the brain, lung, and
ovary (Dewulf et al., 1995; Kawabata et al., 1998; Gouedard et
al., 2000). TGE-B superfamily ligands differentially regulate
ALK3 and ALK6 expression, with TGF-B1 inhibiting ALK3
expression but promoting ALK6 expression. ALK3 and
ALKG6 also differ in their ability to bind BMP ligands with
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ALKG6 but not ALK3 able to bind BMP-7, growth and differ-
entiation factor (GDF)-5, and BMP-15, whereas ALK3 pref-
erentially binds BMP-6 (ten Dijke et al., 1994; Rosenzweig et
al., 1995; Nishitoh et al., 1996; Ebisawa et al., 1999). Function-
ally, constitutively active ALK3 drives the preosteoblast 2T3
cells toward adipocyte differentiation, whereas constitu-
tively active ALK6 drives them toward osteoblast differen-
tiation (Chen et al., 1998; Gilboa et al., 2000). Although many
functional differences between ALK3 and ALK6 have been
characterized, the molecular mechanisms by which these
receptors are differentially regulated have remained elusive.
For example, aberrant accumulation of ALK3 on the cell
surface has been linked to fibrodysplasia ossificans progres-
siva (FOP), a disorder characterized by the heterotropic
ossification of connective tissues due to excessive BMP sig-
naling and ID-1 expression (Harradine and Akhurst, 2006).
Defining the mechanistic aspects of ALK3 receptor traffick-
ing would provide valuable insight into the causal role in
the development of FOP.

The TGF-B superfamily coreceptor, the TGF-B type III
receptor (TBRIII, or betaglycan) is the most abundantly ex-
pressed TGF-B receptor in most cell types (Lopez-Casillas et
al., 1991; Wang et al.,, 1991). TBRIII has classically been
defined as a ligand-presenting coreceptor, promoting the
binding of TGF-B superfamily ligands to their respective
signaling receptors (Lopez-Casillas et al., 1993). However,
recent studies support essential, nonredundant roles for
TBRIII, including the embryonic lethal phenotype of TBRIII-
null mice (Stenvers et al., 2003), the increasingly complex
roles for TBRIII in regulating TGF-B receptor trafficking
(Blobe et al., 2001; Chen et al., 2003; Finger et al., 2008a) and
both Smad-dependent (Blobe et al., 2001; You et al., 2007) and
Smad-independent (You et al., 2007; Mythreye and Blobe,
2009) signaling, as well as the emerging role of TBRIII as a
suppressor of cancer progression in a broad spectrum of
human cancers (Bandyopadhyay et al., 2002a,b; Dong et al.,
2007; Hempel et al., 2007; Turley et al., 2007; Finger et al.,
2008b; Gordon ef al., 2008). We recently reported that TBRIII
is a cell surface coreceptor for BMP ligands, serving to
enhance ligand binding to ALK3 and ALK6 and mediate
BMP signaling in a biologically relevant assay (Kirkbride,
2007; Kirkbride ef al., 2008). Here, we investigate the role of
TBRIII in BMP signaling through ALK3 and ALK6.

MATERIALS AND METHODS

Cell Culture and Constructs

COS-7 and human embryonic kidney (HEK)293 cells were maintained in
DMEM with 10% fetal bovine serum (FBS). P19 (derived from mouse embry-
onic teratocarcinoma) cells were cultured in a-minimal essential medium
(MEM) with 7.5% fetal calf serum (FCS) and 2.5% FBS. Hemagglutinin (HA)-
tagged wild-type ALK3 and ALK®, as well as constitutively active HA-tagged
ALK3 (GIn233 to Asp233) and HA-tagged ALK6 (GIn203 to Asp203) con-
structs were generous gifts from Dr. Kohei Miyazono (The Cancer Institute,
Tokyo, Japan). Xvent2 and 3GC2 luciferase reporter constructs were generous
gifts from Dr. Douglas Marchuk (Duke University, Durham, NC). FLAG-
tagged p-arrestin2 and green fluorescent protein (GFP)-fused p-arrestin2
were generous gifts from Dr. Robert Lefkowitz (Duke University, Durham,
NC). Recombinant BMP-2 (355-BM), along with TBRIII (AF-242), ALK3 (AF-
346), and ALK6 (AF-505) goat antibodies were all purchased from R&D
Systems (Minneapolis, MN). Fluorescently tagged secondary antibodies were
purchased from Invitrogen (Carlsbad, CA).

Luciferase Assay

P19 cells plated at 20,000 cells/well in 24-well plates were transfected with
simian virus 40 (SV40)-Renilla, 3GC2-lux, B-arretin2, ALK3 or ALK6, and
TBRIII by using Lipofectamine 2000. In XVent2 experiments, Xvent2 lucif-
erase construct was transfected with constitutively active ALK3 or ALK6, in
the presence or absence of wild-type TSBRIIL. Twenty to 24 h after transfection,
the cells were changed to media containing 0.2% FCS and treated with 10 nM
BMP-2 overnight. Cells were lysed with 1X passive lysis buffer, and 20 ml of
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lysate was assayed using dual-luciferase assay (Promega, Madison, WI).
Luminescence was determined using a Victor®> 1420 multilabel counter
(PerkinElmer Life and Analytical Sciences, Boston, MA).

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (PCR)

Total RNA was isolated using an RNeasy Mini kit (QIAGEN, Valencia, CA)
from P19-transfected cells after stimulation with 10 nM recombinant human
BMP-2 for 24 h. cDNA was generated with 1 mg of total cellular RNA using
200 U of SuperScript II reverse transcriptase (Invitrogen) with 500 ng of
oligo(dT);, ;g in a total volume of 20 ml. PCR was performed using 2 ml of
cDNA and 2 U of Tag DNA polymerase (Invitrogen) in a 25-ml final reaction
volume. The PCR products were resolved on 2% agarose gels.

Coimmunoprecipitation

HEK293 cells were transiently transfected with the indicated constructs using
Lipofectamine 2000 and maintained in Opti-MEM (Invitrogen) until assaying.
The cells were lysed 48 h after transfection in lysis buffer (20 mM HEPES, pH
7.4, 0.5% NP-40, 2 mM EDTA, 0.15 M NaCl, and 10% glycerol, wt/vol). The
lysates were immunoprecipitated for 4 h at 4°C with specified antibodies
followed by three washes. The samples were resolved by SDS-polyacrylamide
gel electrophoresis (PAGE) and immunoblotted for the proteins of interest.

Immunofluorescence

HEK293 cells were plated at 50,000 cells/well into six-well dishes containing
poly-p-lysine—coated coverslips. After 24 h, the cells were transiently trans-
fected using Lipofectamine 2000 (Invitrogen) with the indicated constructs.
The cells were serum starved in Opti-MEM, washed with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde, permeabilized in 0.1% Triton
X-100/PBS, and then blocked with 5% bovine serum albumin in PBS contain-
ing 0.05% Triton X-100 for 1 h. ALK3-, ALK6- or TBRIII-specific antibodies
were used to probe for transient receptor expression for 1 h. Cells were
washed with PBS and incubated with Cy3-conjugated anti-rabbit or fluores-
cein isothiocyanate-conjugated anti-goat secondary antibodies for 1 h at room
temperature, washed, then mounted with Vectashield. Immunofluorescence
images were obtained using an LSM-510 laser scanning confocal microscope
(Carl Zeiss, Thornwood, NY).

RESULTS

TBRIII Differentially Promotes ALK3 and ALK6 Signaling

TBRIII functions as a BMP cell surface coreceptor for a
number of BMP ligands, including BMP-2, BMP-4, BMP-7,
and GDF-5 (Kirkbride, 2007; Kirkbride et al., 2008). In this
capacity, TBRIII binds these ligands and enhances their
binding to the type I BMP receptors, ALK3 and ALK6
(Kirkbride, 2007; Kirkbride et al., 2008). We reported previ-
ously that TBRIII presents BMP-2 to ALK3 and ALK6 to a
similar extent (Kirkbride, 2007; Kirkbride et al., 2008). To
investigate the effect of TBRIII on downstream BMP signal-
ing, we assessed the effects of TBRIII expression on tran-
scription of a BMP-responsive XVent2 promoter-driven lu-
ciferase reporter in the BMP-responsive P19 mouse embryonic
carcinoma cells. Although the expression of either TSRIIIL,
constitutively active ALK3 (GIn 233 to Asp233), or constitu-
tively active ALK6 (GIn203 to Asp203) independently in-
creased XVent2 promoter-driven luciferase activity to a sim-
ilar extent relative to the control (Figure 1A), the expression
of TPRIII preferentially enhanced ALK6-mediated luciferase
activity, with approximately a sixfold induction for ALK®6,
relative to a twofold induction for ALK3 (Figure 1A). To
further characterize the effect of TBRIII on ALK3 and ALK6
signaling, we examined the message level of the endogenous
BMP-responsive genes Smadé6 and ID-1 in response to
BMP-2 stimulation and TBRIII expression. TBRIII expression
specifically enhanced BMP-2-mediated induction of Smad6
transcription in the presence of ALK6 (Figure 1, B and C,
lanes 5 and 6) but not in the presence of ALK3 (Figure 1, B
and C, lanes 9 and 10). In contrast, TBRIII expression en-
hanced BMP-2-mediated up-regulation of ID-1 in the pres-
ence of ALK3 (Figure 1, B and C, lanes 9 and 10) but not in
the presence of ALK6 (Figure 1, B and C, lanes 5 and 6).
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Figure 1. TBRII modulates distinct ALK3 and
ALK6-mediated BMP signaling. (A) P19 cells
were transiently transfected with the indicated
constructs (vector alone, constitutively active
ALK3, ALK6, TARII, TARII with ALK3, and
TBRII with ALK6) in the presence of the XVent2
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Together, these data suggest a role for TBRIII in differen-
tially modulating ALK3 and ALK6 downstream signaling,
with a preference for enhancing ALK6 signaling to some
target genes (i.e., XVent2 and Smadé6) and ALK3 signaling to
other targets (i.e., ID-1) (Kirkbride, 2007).

TPBRIII Associates with ALK3 and ALK6

We had established previously that TBRIII serves as a core-
ceptor, enhancing BMP-2 binding to both ALK3 and ALK6
to an equivalent effect (Kirkbride et al., 2008). To define the
mechanism of differential TBRIII-mediated effect on ALK3
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luciferase reporter construct. Each luminescence
reading was normalized to the cytomegalovirus-
driven B-galactosidase activity to account for
transfection efficiency. The -fold induction was
determined by dividing normalized values to
the value of the samples containing only the
luciferase promoter and p-galactosidase. Exper-
iments were performed in 24-wells with 20,000
cells, by using 0.5 ug of XVent2, 0.2 ug of TBRIII,
and 0.2 ug of ALK3 or ALK6. SE of the mean
was calculated for each experimental condition
performed in triplicates. (B) P19 cells transiently
expressing human TBRIII and either ALK3 or
ALK®6, as indicated, were treated with 10 nM
BMP-2 for 12 h. Total RNA was isolated from
these cells and cDNA was made. PCR was per-
formed to look at changes in transcription of the
BMP-responsive target gene Smadé6 (top) and
ID-1 (second panel). Increased expression of
ALKS3, ALK6, and human TBRIII was verified by
RT-PCR (bottom, respectively). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as
a total cDNA control. The data represents three
independent experiments. (C) Graphical repre-
sentation of the Smad6 (top) and ID-1 (bottom)
bands normalized to the GAPDH housekeeping
gene, followed by normalization to empty vector
(mock)-transfected cells.

4 56 78 910

and ALKS®6 signaling, we tested whether TBRIII selectively
forms complexes with either ALK3 or ALK6 by coimmuno-
precipitation analysis. Full-length TBRIII was able to coim-
munoprecipitate both ALK6 (Figure 2A, lane 2) and ALK3
(Figure 2B, lane 2). To define the region of TBRIII facilitating
its interaction with ALK3 and ALK®6, three mutant TBRIII
constructs were used, including TBRIIAGAG (TBRIII har-
boring extracellular point mutations demonstrated previ-
ously to abolish glycosaminoglycan [GAG] modification),
TBRRIMAcyto (cytoplasmic domain truncation), and TBRIII-
T841A (point mutant demonstrated previously to be unable
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Figure 2. TpRIII associates with ALK6 and ALK3. COS-7 cells were transiently transfected with 1.5 ug of either vector, wild-type HA-tagged
TBRIIL, or a mutant HA-TBRIII construct (HA-TBRIII-AGAG, HA-TBRII-AcytoAGAG, and TBRIII-T841A-AGAG) along with 1.5 ug of
HA-ALK3 or HA-ALKS, as indicated. (A) The lysates were immunoprecipitated with TBRIII-specific antibody that recognizes the extracel-
lular domain of TBRIII, resolved by SDS-PAGE, and immunoblotted with ALK6-specific antibody to detect coprecipitated ALK®6 (top; 1:1500
dilution of ALK6 primary antibody), TBRIII antibody for TBRIII (middle; 1:5000 dilution of TBRIII primary antibody), and ALK6-specific
antibody for ALK6 expression in the lysate (bottom; 1/20 input of total lysate). (B) The lysates were immunoprecipitated with TBRIII-specific
antibody and resolved by SDS-PAGE and immunoblotted with ALK3-specific antibody to detect coprecipitated ALK3 (top; 1:1500 dilution
of ALK3 primary antibody), TBRIII antibody for TBRIII (middle; 1:5000 dilution of TBRIII primary antibody), and ALK3 antibody for ALK3
expression in the lysate (bottom; 1/20 of total lysate).
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to bind B-arrestin2; Chen et al., 2003). The extracellular GAG
modification of TBARIII had little impact on the interaction
between TBRIII and ALK6 (Figure 2A, compare lanes 2 and
3) or ALKS3 (Figure 2B, compare lanes 2 and 3), and deletion
or mutation of the cytoplasmic domain had little impact on
the interaction between TBRIII and ALK3 (Figure 2B, com-
pare lanes 2, 4, and 5). In contrast, deletion or mutation of
the cytoplasmic domain significantly decreased the interac-
tion between TBRIII and ALK®6 (Figure 2A, compare lanes 2,
4, and 5). These results suggest that the TBRIII extracellular
domain largely mediates its association with ALK3, whereas
the TBRIII intracellular domain is also required for its effi-
cient interaction with ALK®6.

TBRIII Differentially Alters the Subcellular Localization
of ALK3 and ALK6

The steady-state levels of both TGF-f and BMP receptors are
regulated through a dynamic process, involving constitutive
endocytosis and recycling back to the cell surface. BMP
receptors have been shown to internalize through both
clathrin-dependent and clathrin-independent/lipid raft-me-
diated pathways (Nohe et al., 2005; Hartung et al., 2006).
However, how BMP receptors are localized to their appro-
priate cellular microenvironment remains to be elucidated.
We have reported previously that p-arrestin2 binds TBRIII
to mediate the internalization of TBRIII and its associated
receptors TBRII and TBRI into endocytic vesicles (Chen et al.,
2003). To determine whether TBRIII and/or B-arrestin2 alter
the localization of the BMP receptors, we assessed the local-
ization of ALK3 and ALK®6 in the presence and absence of
TBRIII and GFP-fused B-arrestin2 by using ALK3-, ALK6-,
and TpBRIII-specific antibodies (see Supplemental Figure 1
for antibody specificity controls). As reported previously
(Chen et al., 2003), TBRIII expression alone in HEK293 cells
was predominantly plasma membrane-localized (Figure 3
O), whereas B-arrestin2-GFP displayed a diffusely localized
pattern in the cytoplasm (Figure 3P). Similar to the subcel-
lular distribution of TBRIII, ALK6 expression was largely
confined to the plasma membrane when expressed indepen-
dently (Figure 3A) and colocalized with TSRIII on the cell
surface when coexpressed (Figure 3, C-E). In the presence of
B-arrestin2-GFP expression, ALK6 remained plasma mem-
brane-localized (Figure 3F), whereas B-arrestin2-GFP re-
mained diffusely cytoplasmic (Figure 3G) with no apparent
colocalization (Figure 3H). However, when coexpressed
with B-arrestin2-GFP and TBRIII, ALK6 was internalized
from the plasma membrane (Figure 3I) at which it colocal-
ized with B-arrestin2 in endocytic vesicles (Figure 3, ] and
K). As these results suggest that ALK6 internalization is
dependent on the interaction of ALK6 with TBRIII and
TBRII with B-arrestin2-GFP, we tested the previously estab-
lished TBRIII point mutant unable to associate and internal-
ize with B-arrestin2-GFP, TBRRIII-T841A(Chen et al., 2003).
As expected, in the presence of B-arrestin2-GFP and TBRIII-
T841A, ALK6 remained predominantly at the plasma mem-
brane (Figure 3L), whereas B-arrestin2-GFP was diffusely
cytoplasmic (Figure 3M) with no apparent colocalization of
ALK6 and B-arrestin2-GFP (Figure 3N). Together, these re-
sults suggested that TBRIII, B-arrestin2, and ALK6 form a
complex, with TBRIII mediating ALK6 internalization into
endocytic vesicles in a B-arrestin2—dependent manner.

We next examined the effect of TBRIII and B-arrestin2 on
ALK3 subcellular localization. The subcellular distribution
of ALK3 was predominantly in endocytic vesicles (Figure
3B). In sharp contrast to that observed for ALK6, ALK3
expression in the presence of TBRIII resulted in its shift from
endocytic vesicular localization to the plasma membrane
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(Figure 3Q), where it colocalized with TBRIII (Figure 3, R
and S). When coexpressed with B-arrestin2-GFP, ALK3 re-
mained in endocytic vesicles (Figure 3T), whereas B-arres-
tin2-GFP remained diffusely cytoplasmic (Figure 3U) with
no apparent colocalization (Figure 3V). When coexpressed
with B-arrestin2-GFP and TPRIII, the vesicular pattern of
ALKS3 persisted (Figure 3W), whereas -arrestin2 was redis-
tributed from diffusely cytoplasmic to endocytic vesicles
(Figure 3X). Interestingly, no colocalization was observed
between vesicles containing B-arrestin2 and vesicles contain-
ing ALK3 (Figure 3Y), suggesting that the alteration in B-ar-
restin2-GFP localization was due to the previously defined
interaction between TBRIIl and pB-arrestin2 (Chen et al.,
2003). Finally, to test whether the apparent effect of TBRIII
on the expression and the vesicular to membrane localiza-
tion of ALK3 was dependent on B-arrestin2-GFP, we ex-
pressed the TBRII-T841A mutant. TERIII-T841A (Figure
3AA) also resulted in the recruitment of ALK3 to the cell
surface (Figure 3Z) where it colocalized with TERIII-T841A
(Figure 3AB), supporting that these effects were indepen-
dent of the ability of TBRIII to interact with B-arrestin2.

TBRIII Differentially Complexes with ALK3 and ALK6

Our immunofluorescence results revealed altered subcellu-
lar distribution of ALK6 and ALKS3 on the basis of differen-
tial complex formation with TBRIII and B-arrestin2. To de-
termine the specificity of these interactions biochemically,
coimmunoprecipitation studies were performed. When
ALKS6 and B-arrestin2 were coexpressed, B-arrestin2 did not
coprecipitate ALK6 (Figure 4 A, lane 1). However, when
ALK6 and B-arrestin2 were coexpressed in the presence of
TBRIII, B-arrestin2 coprecipitated ALK6 and TSRIII (Figure
4 A, lane 2), whereas in the presence of TBRIII-T841A, B-ar-
restin2 did not coprecipitate ALK6 or TBRIII-T841A (Figure
4A, lane 3). For ALK3, no association was observed between
ALK3 and B-arrestin2 (Figure 4B, lane 4). Moreover, ALK3
failed to coprecipitate with S-arrestin2 even when expressed
in the presence of TBRII or TPRIII-T841A (Figure 4B,
lanes 5 and 6), consistent with our immunofluorescence
studies. Together, these results provide further support
for a specific interaction between TSBRIII and ALK6, me-
diated by B-arrestin2.

Because TBRIII failed to recruit ALK3 to the cell surface in
the presence of B-arrestin2 (Figure 3 W), we hypothesized
that ALK3 might be functionally competing with B-arrestin2
for TBRIIL To address this possibility, we expressed a con-
stant level of TBRIII and B-arrestin2 in the presence of
increasing expression of either ALK3 or ALK6. Consistent
with this hypothesis, the ability of B-arrestin2 to coprecipi-
tate TBRIII decreased with increasing ALK3 expression (Fig-
ure 5, lanes 1-4). In contrast, the ability of B-arrestin2 to
coprecipitate TBRIII increased with increasing ALK6 expres-
sion (Figure 5, lanes 5-8). These results further support a
cooperative interaction between TBRIII, ALK6 and B-arres-
tin2, while supporting mutually exclusive interactions be-
tween TBRII, ALK3 and B-arrestin2.

TBRIII and B-Arrestin2 Preferentially Mediate ALK6
Signaling

The internalization of the BMP-receptors has been shown to
mediate BMP signaling (Hartung et al., 2006). Having estab-
lished that the subcellular distribution of ALK3 and ALK6
are differentially altered by either TBRIII and/or B-arrestin2,
we next assessed the impact of their internalization on
downstream signaling via a BMP-responsive luciferase re-
porter, 3GC2, in BMP-responsive P19 cells. Compared with
the 3GC2 vector alone, the expression of TBRIII, B-arrestin2,
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Figure 3. p-Arrestin2 induces the internalization of ALK6 in TBRIII-dependent manner. HEK293 cells transiently expressing wild-type HA-

tagged ALK6 alone (A) or wild-type HA-tagged ALK3 alone (B) were detected using ALK6- and ALK3-specific antibodies, respectively.
HA-tagged TBRIII and GFP-fused B-arrestin2 (B-arrestin2-GFP) expressed independently are shown in O and P. Cells coexpressing
HA-ALK6 and HA-TBRIII were probed with ALK-6 and TBRIII-specific antibodies, respectively (C and D), and their merged image is shown
(E). Coexpression of HA-ALK6 and B-arrestin2-GFP are shown separately (F and G, and merged image H). HA-ALK6 coexpressed with
HA-TBRIII and B-arrestin2-GFP were probed for ALK6 with ALK6-specific antibody (I) and observed for p-arrestin2-GFP distribution (J),
with their merged image shown in panel K. HA-ALK6 coexpressed with p-arrestin2-GFP and HA-TBRIII-T841A were probed for ALK6 and
B-arrestin2-GFP distribution (L and M, respectively, and merged image N). HA-ALK3 and HA-TBRIII distribution are shown in Q and R,
respectively, with their merged image shown in S. HA-ALK3 expressed with p-arrestin2-GFP are shown in T and U, respectively, with their
merged image in V. HA-ALK3 coexpressed with -arrestin2-GFP and HA-TBRIII were probed for ALK3 (W) and observed for B-arrestin2-
GFP (X) distribution, with their merged image in Y. The coexpression of HA-ALK3 with HA-TBRIII-T841A is represented in Z and AA,
respectively, with their merged image shown in AB. For each experimental condition, HEK293 cells grown on six-well coverslips received

a total of 2.5 ug of DNA, comprising 1 ug of each receptor where appropriate, and 0.5 ug of B-arrestin2-GFP.

or TBRIII with B-arrestin2 yielded modest one- to twofold
increases in basal luciferase activity, with minor responses to
exogenous BMP stimulation (Figure 6A, lanes 1-4). Like-
wise, ALK3 expression resulted in relatively weak basal and
BMP-induced responses, even in the presence of TBRIII and
B-arrestin2 (Figure 6A, lanes 5-7). In contrast, expression of
ALK6 or ALK6 with B-arrestin2 in P19 cells resulted in a
fourfold induction in BMP-induced luciferase signal (Figure
6A, lanes 8 and 9), and expression of TBRIII, B-arrestin2 and
ALKS resulted in a fivefold increase in basal luciferase activity
along with a sevenfold induction after BMP-2 stimulation (Fig-
ure 6A, lane 10), supporting a role for TBRIII and B-arrestin2 in
specifically enhancing ALK6 signaling through regulation of
ALKG® trafficking (Kirkbride, 2007). To determine whether the
interaction between ALK6 and the TBRIII/B-arrestin2 com-
plex and the resulting alterations in ALK6 trafficking were
necessary for the observed effects on BMP signaling, TBRIII-
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T841A was expressed in place of wild-type TBRIII in P19 cells.
As predicted, compared with ALK6 coexpressed with TSRIII
and B-arrestin2, ALK6 in the presence of TBRIII-T841A and
B-arrestin2 yielded reduced levels of luciferase activity, both in
the presence and absence of ligand (Figure 6B, lanes 2 and 3).
These results support the specific interaction of ALK6 and
TBRIIL, mediated by B-arrestin2 and resulting in ALK6 inter-
nalization as a mechanism for TBRIII-mediated activation of
ALKG® signaling.

DISCUSSION

The response of cells to extracellular signals can be modu-
lated by regulating the steady-state cell surface levels of
receptors for these signals, including regulating biosynthesis
and trafficking to the cell surface, stability on the cell surface,
internalization, degradation, and recycling back to the cell

Molecular Biology of the Cell
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Figure 4. B-Arrestin2 associates with ALK6 through TBRIIL (A) HA-ALK®6 is expressed in HEK293 cells in the presence of FLAG-tagged
B-arrestin2 (lane 1), FLAG-B-arrestin2 and HA-TBRIII (lane 2), FLAG-B-arrestin2 and HA-TBRIII-T841A (lane3), or with HA-TBRIII (lane 4).
FLAG-B-arrestin2 was immunoprecipitated using FLAG antibody (10 pg/1 ml lysate) and immunoblotted for coprecipitated TBRIII (top;
detected with TBRIII-specific antibody at 1:2000 dilution) and ALK6 (second panel; detected with ALK6-specific antibody at 1:000 dilution).
Lysates were probed for TBRIII, ALK6, and B-arrestin2 expression by using TBRIII- and ALK6-specific antibodies, and FLAG antibody (at
1.5 ug/1 ml primary antibody), respectively (third, fourth, and fifth panels, respectively). (B) FLAG-B-arrestin2 is expressed in the presence
of wild-type HA-TBRIII (lane 2), HA-TBRII-T841A (lane 3), HA-ALK3 (lane 4), HA-ALK3 with HA-TBRIII (lane 5), HA-ALK3 with
HA-TBRIII-T841A (lane 6). As control, anti-FLAG immunoprecipitation was performed on HEK293 cells transfected with vector alone (lane
1) or cells expressing HA-TBRIII and HA-ALK3 (lane 7). In all conditions, cell lysates were immunoprecipitated for FLAG-B-arrestin2 with
FLAG antibody (10 pg/1 ml lysate) and immunoblotted for TBRIII with TBRIIl-specific antibody (top; 1:2000 dilution) and ALK3
precipitation (second panel; ALK3-specific antibody at 1:1500 dilution). Cell lysate for each condition (1/20 of total cell lysate) was probed
for TRRIII, ALK3, and B-arrestin2 (FLAG antibody at 1.5 ug/1 ml primary antibody) expression with their respective antibodies (third, fourth,

and fifth panels, respectively).

surface. For BMP receptors, recent studies support regulated
internalization as a major mechanism for regulating their
cell surface expression. Both BMPRII and ALK3 interact
with caveolin-1, a major component of lipid rafts and clath-
rin-independent internalization, which results in inhibition
of BMP signaling (Nohe et al., 2005). BMP ligand decreases
the interaction of these BMP receptors with caveolin. Al-
though ALKS associates with lipid rafts, ALK6 associates
with clathrin-rich regions (Nohe et al., 2005; Hartung et al.,

TBRIIl + B-arrestin2

ALK3 ALK6
IP: a-Flag — —

“TNALK6

1 2 3 4 5 6 7 8

Figure 5. p-Arrestin2 modulates the association of TBRIII with
ALK6 and ALK3. HA-TBRIII and FLAG-tagged B-arrestin2 were
coexpressed in HEK293 cells in the presence of increasing levels of
HA-ALK3 (lanes 1-4) or HA-ALK6 (lanes 5-8). FLAG-B-arrestin2
was immunoprecipitated using FLAG antibody (10 ug/1 ml lysate)
from cell lysates and immunoblotted for coprecipitated TBRIII (top;
TBRIII-specific antibody at 1:2000 dilution), HA-tagged ALK3 or
ALK6 with use of HA-antibody at 1.5 ug/1 ml primary dilution
(second panel, indicated arrows). The expression of TBRII and
B-arrestin2 levels were assessed with TBRIII-specific antibody (at
1:2000 dilution) and FLAG antibody (1.5 ug/1 ml of primary dilu-
tion), respectively (third and fourth panels).
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2006). Inhibiting clathrin-mediated endocytosis decreases
BMP-mediated activation of BMP-responsive transcriptional
elements. These data indicate that BMP-activated pathways
are differentially regulated by the mode of endocytosis.
However, the precise mechanisms by which BMP receptor
endocytosis is regulated remains largely undefined. Because
TBRIII and the TPRIIl-interacting protein B-arrestin2 have
been demonstrated to regulate the internalization of associ-
ated receptors (Chen et al., 2003), and we had recently dem-
onstrated the functional interaction of TBRIII with the BMP
receptors (Kirkbride et al., 2008), we explored the role of
TBRIII and B-arrestin2 in ALK3 and ALK6 internalization
and signaling. Surprisingly, although we had demonstrated
previously that TBRIIL presents BMP-2 to both ALK3 and
ALK®6 to an equivalent extent (Kirkbride et al., 2008), TBRIII
preferentially activated ALK6 signaling to BMP-responsive
promoters (Figures 1A and 6A) and stimulated ALK6-medi-
ated transcription of the BMP-responsive gene Smadé6 (Fig-
ure 1, B and C), whereas preferentially stimulating ALK3-
mediated transcription of the BMP-responsive gene, ID-1
(Figure 1, B and C). TBRII also differentially regulated
ALK3 and ALKG6 receptor trafficking. For ALK3, TBRIII sta-
bilized ALK3 at the cell surface, potentially by inhibiting
ALKS3 internalization in a B-arrestin2-independent manner
(Figure 3). In addition, ALK3 and B-arrestin2 seem to com-
pete for the extracellular and intracellular domains, of
TBRIII, respectively (Figure 5, lanes 1-4). One explanation
for their ability to compete through mutually exclusive in-
teractions may involve conformational changes induced by
the extracellular interaction between TBRIII and ALKS,
which disrupts B-arrestin2 binding to the intracellular do-
main. Alternatively, the competitive interaction may be me-
diated by other proteins known to associate with TSRIII,
including GAIP-interacting protein, C terminus (GIPC), a
TBRIII membrane-anchoring adaptor protein (Blobe et al.,
2001). One intriguing possibility is that TBRIII-ALK3 com-
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Figure 6. TPBRIII/B-arrestin2 complex enhances ALK6-mediated BMP-signaling. (A and B) P19 cells were transfected (20,000 cells in 24-well)
with the BMP-responsive promoter, 3GC2-lux (0.5 ng), the indicated receptor constructs (0.2 ug each), B-arrestin2 (0.1 pg), and SV40-Renilla
transfection control (10 ng). Cells were treated for 16—24 h with 10 nM BMP-2 followed by luminescence reading. The luciferase readings were
normalized to SV40-Renilla readings followed by normalization of the readings to samples that were transfected with luciferase and Renilla
reporters alone or empty vector to determine -fold induction. SE of the mean was calculated for each experimental condition performed in

triplicates.

plex enhances the recruitment of GIPC to the cell surface,
stabilizing TBRIII and ALK3 while minimizing B-arrestin2
interaction. This notion is especially appealing because B-ar-
restin2 and GIPC target largely the same C-terminal tail
segment of TBRIII but possess distinct trafficking roles in the
spatial context of TBRIII (Blobe et al., 2001, Chen et al., 2003).
The coordinated role of GIPC and B-arrestin2 in regulating
TBRIII and associated TGF-B superfamily receptors is cur-
rently under investigation.

In contrast, TBRIII formed a complex with ALK6 and
cointernalized ALK6 in a B-arrestin2-dependent manner
(Figure 3). The complex of TBRIII, ALK6 and p-arrestin2 was
necessary for maximal BMP signaling (Figure 6A), and the
inability of the TBRIII mutant unable to interact with B-ar-
restin2, TBRIII-T841A, to mediate this effect (Figure 6B), or
for TBRIII and B-arrestin2 to stimulate ALK3 signaling (Fig-
ure 6A), supports the effect of TBRIII and B-arrestin2 on
ALK®6 internalization as the mechanism for the differential
effects of TBRIII on ALK6- and ALK3-mediated BMP signal-
ing. Because B-arrestin2 associates with components of the
clathrin-dependent endocytic pathway, the specific interac-
tion of ALK6 with TBRIII and B-arrestin2 also likely repre-
sents the mechanism by which ALK®6 specifically associates
with clathrin-coated pits, as reported previously (Gruenberg,
2001; Di Guglielmo et al., 2003).

How does the differential trafficking of ALK3 and ALK6
result in different signaling outputs? As mentioned, it is well
established that the spatial regulation of BMP receptors
modulates distinct downstream signaling. For example, al-
though ALK6 activates Smad1/5 signaling at the plasma
membrane, its signal propagation to elicit a transcriptional
response requires clathrin-mediated endocytosis of the re-
ceptor (Hartung et al., 2006). In addition, it is now known
that Smad-independent BMP-2-mediated induction of alka-
line phosphatase is initiated from distinct cholesterol-
enriched membrane microdomains (Hartung et al., 2006).
Given these findings, it is possible that transcription of ID-1
requires cell surface retention of the receptor, whereas
Smad6 requires internalization. Alternatively, the accumu-
lation of Smad6 expression may trigger ALK6 down-regu-
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lation as result of a negative feedback mechanism. Although
the current studies place TBRIII and B-arrestin2 in the path-
way for regulating not only TGF-B, but also BMP receptor
trafficking and resulting signaling, the precise mechanism
by which receptor trafficking is linked to signaling out-
comes in TGF-B superfamily signaling pathways remains
to be explored. Based on our data, TBRIII facilitates BMP
binding to both ALK3 and ALK6 and results in unique
physiological outcomes downstream of both receptors.
These unique responses are likely a result of distinct inter-
actions between the receptors, either solely extracellular (as
with TBRIII and ALK3) or through both the extracellular
domain and the cytoplasmic tail of TBRIII (as with TBRIII
and ALK®; Figure 2).

In addition to forming a complex together, ALK6 also
seems to promote the interaction between TSRIII and B-ar-
restin2 (Figure 5). This finding suggests that ALK6 facilitates
the heteromeric stability via a favorable protein—protein in-
teraction, perhaps via phosphorylation events. Indeed, we
previously determined that the TBRIII-B-arrestin2 interac-
tion is mediated by the phosphorylation of threonine 841 in
the cytoplasmic domain of TBRIII by TBRII (Chen et al.,
2003). Whether TBRIII phosphorylation can also be medi-
ated by ALK6 and/or other BMP receptors, and the impact
of these interactions on TBRIII function and TGF-B super-
family signaling is currently under investigation. In addi-
tion, we observed that increased expression of ALK3 could
compete with B-arrestin2 for binding to TBRIII, suggesting
that TGF-B superfamily receptors may alter not only TBRIII
function through phosphorylation, but signaling of other
superfamily receptors by altering the ability of B-arrestin2 to
bind to the cytoplasmic tail of TBRIIL

The role of TBRIII in BMP signaling and BMP-mediated
biology is an emerging area. Evidence for a direct physio-
logical association between TBRIII and the BMP receptors is
limited. Available data suggests that TBRIII, ALK3 and
ALKG6 are all essential for proper development and alter-
ations in any one of these components of the signaling
pathway will alter proper tissue development and ho-
meostasis. Loss of TBRIII in mice results in an arrest in the
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development of the skeletal system at embryonic day 14.5.
These mice display reduced ossification and size, a pheno-
type that does not mimic the loss of TGF-f2, a ligand de-
pendent on TBRIII for signaling (Stenvers et al., 2003). These
data suggest the possibility that loss of TBRIII may alter
BMP signaling during skeletal development. An exact role
for TBRII in ALK3- and/or ALK6-mediated effects on skel-
etal development remains to be determined. Based on our
data, we suggest that during development TSRIII differen-
tially regulates ALK6 and ALK3 signaling. The presence
TBARIII may potentially explain the mechanism by which
constitutively active ALK3 and ALK6 have unique roles in
the differentiation of the preosteoblast cell line, 2T3 (Chen et
al., 1998; Gilboa et al., 2000). A role for a BMP coreceptor in
shifting the use of cell surface receptors is supported by the
role of DRAGON, a GPI-linked BMP coreceptor, in enhanc-
ing BMP signaling through the use of the activin receptor
type IIA (ActRIIA) by endogenous BMP-2 and BMP-4 in
pulmonary artery smooth muscle cells in the absence of
BMPII, normally the preferred BMP type II signaling recep-
tor (Xia et al., 2007). These data suggest that regulation of
BMP signaling by coreceptor expression is critical for en-
hanced BMP signaling by ensuring the utilization of all
functional BMP receptors.

Aberrant subcellular localization of type I BMP receptors
have biological implications, as evidenced by misregulated
localization of ALKS3 being linked to FOP (Gordon and
Blobe, 2008). Patients with FOP display heterotropic ossifi-
cation of connective tissues due to excessive BMP signaling
and ID-1 expression. The increase in BMP signaling is due to
a sixfold increase in ALK3 on the cell surface (Nohe et al.,
2005; Hartung et al., 2006). These data support the possibility
that cell surface expression of ALK3 is necessary for ID-1
expression. Our data demonstrate that TBRIII dramatically
increases ALK3 on the cell surface and downstream ID-1
expression. Whether increased TBRIII expression or mu-
tations in B-arrestin? are linked to FOP remains to be
explored.

We have shown that loss of TBRIII expression is associ-
ated with tumor progression (Dong et al., 2007). We have
also shown that BMP-mediated invasion of pancreatic cells
is blocked by maintaining TBRIII expression (Gordon et al.,
2008). Data presented here suggest several potential mech-
anisms by which TBRIII abrogates BMP-mediated cancer
cell invasion: 1) TRRIII alters the subcellular localization of
ALK3 altering downstream signaling; 2) the extracellular
domains of ALK3 and TBRIII interact, resulting in a confor-
mational change in the cytoplasmic tail of ALK3 that
prevents downstream signaling or 3) TBRIII increases
ALKS3 on the cell surface where their interaction prevents
TBRIII from associating with B-arrestin2 and enhancing
ALK6 signaling; and 4) ALK6-mediated signaling en-
hanced by TBRIII is responsible for controlling BMP sig-
naling via Smadé6 feedback and loss of this regulation
results in aberrant BMP signaling. In addition, altered
expression of both ALK6 and TBRIII has been associated
with breast cancer. Loss of either TBRIII or ALK6 corre-
lates with a poor prognosis (Dong et al., 2007; Bokobza et
al., 2009); however, the consequence of loss of both recep-
tors remains to be established. Based on data presented
here, loss of TBRIII during carcinogenesis may be critical
for shifting the downstream signaling of both ALK3 and
ALKS6, resulting in an alteration in BMP signaling and
function during carcinogenesis and cancer progression.
Investigating the role of TBRIII in these BMP functions
during cancer progression is currently being explored.
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