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Endocytosis is important for a variety of functions in eukaryotic cells, including the regulation of signaling
cascades via transmembrane receptors. The internalization of bone morphogenetic protein (BMP) receptor
type I (BRI) and type II (BRII) and its relation to signaling were largely unexplored. Here, we demonstrate that
both receptor types undergo constitutive endocytosis via clathrin-coated pits (CCPs) but that only BRII
undergoes also caveola-like internalization. Using several complementary approaches, we could show that (i)
BMP-2-mediated Smad1/5 phosphorylation occurs at the plasma membrane in nonraft regions, (ii) continu-
ation of Smad signaling resulting in a transcriptional response requires endocytosis via the clathrin-mediated
route, and (iii) BMP signaling leading to alkaline phosphatase induction initiates from receptors that frac-
tionate into cholesterol-enriched, detergent-resistant membranes. Furthermore, we show that BRII interacts
with Eps15R, a constitutive component of CCPs, and with caveolin-1, the marker protein of caveolae. Taken
together, the localization of BMP receptors in distinct membrane domains is prerequisite to their taking
different endocytosis routes with specific impacts on Smad-dependent and Smad-independent signaling
cascades.

The endocytosis of transmembrane receptors by clathrin-
dependent and -independent pathways plays a major role in
the control of receptor density at the cell surface (21). The
most common and best-characterized endocytic route is via
clathrin-coated pits (CCPs). Internalized cell surface receptors
undergo either recycling to the plasma membrane or transport
to lysosomes for degradation (32). Furthermore, CCP-medi-
ated endocytosis was proposed to be required for the signaling
of several transmembrane receptors (7, 11, 42).

Cholesterol-enriched domains were demonstrated in artifi-
cial lipid bilayers and proposed to exist in cell membranes as
lipid rafts (5, 63, 64). Insolubility in cold nonionic detergents,
resulting in detergent-resistant membrane fractions (DRMs),
became the biochemical fingerprint of raft-resident proteins,
although this is clearly an operational definition that depends
on the detergent and extraction conditions (30, 64). The raft
hypothesis has gained widespread but not general acceptance,
and there is considerable debate about the existence and char-
acteristics of rafts in biological membranes (2, 12, 43, 61). An
alternative hypothesis is that cholesterol plays a role in the
formation of lipid shells, small dynamic lipid-cholesterol as-
semblies that can associate with proteins; accordingly, specific
protein interactions are involved in forming the larger choles-
terol-dependent structures in the membrane (2). Lipid rafts

were proposed to function in membrane protein sorting and in
the formation of signaling complexes, as well as in endocytic
trafficking (60, 64).

Caveolae are membrane invaginations containing the inte-
gral membrane protein caveolin (36, 55) and are considered to
be a subset of lipid rafts. They display the detergent insolubility
features of DRMs, but DRMs are also highly abundant in cells
lacking caveolae and caveolin-1 (cav-1). Caveolae were re-
ported to be involved in potocytosis (3), endocytosis, and the
regulation of signaling cascades (1, 47). While some publica-
tions describe caveolae as stable, immobile structures not in-
volved in endocytic trafficking (68), others have revealed cav-
1-positive, EEA-1-negative, and transferrin-negative vesicles
(caveosomes) using real-time video microscopy (48, 49).

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor � (TGF-�) superfamily and are
involved in the regulation of proliferation, differentiation, che-
motaxis, and apoptosis (28, 40). BMP signaling involves two
types of transmembrane serine/threonine kinases, BMP type I
and type II receptors (BRI and BRII, respectively) (6, 29).
BMP receptor activation occurs upon ligand binding to pre-
formed receptor complexes (PFCs) or BMP-induced signaling
complexes (BISCs) composed of BRI and BRII. Binding of
BMP-2 to PFCs results in activation of the Smad pathway,
whereas BISCs initiate the activation of Smad-independent,
p38-dependent pathways, resulting in the induction of alkaline
phosphatase (ALP) (45).

BMP receptor endocytosis has not been extensively studied,
and the potential role of localization to different regions of the
plasma membrane in determining the signaling pathways acti-
vated by PFCs and BISCs has not been explored. One report
that suggests such involvement showed that cav-1 isoforms
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bind to overexpressed BRII and that cav-1� influences Smad
signaling in A431 cells (46).

Beyond that, the present work shows that BRI and BRII are
continuously internalized via clathrin-mediated endocytosis;
additionally, BRII is endocytosed via a caveola- and cholesterol-
dependent route. BMP-2 binding to PFCs induces Smad1/5
phosphorylation at the plasma membrane, while continuation
of Smad signaling requires receptor endocytosis into CCPs. A
second population of BMP receptors resides in DRMs, which
is a prerequisite for Smad-independent signaling. Cholesterol
depletion inhibits specifically BMP-2-mediated ALP produc-
tion, while Smad signaling is unaffected. Inhibition of clathrin-
mediated endocytosis affects also the induction of ALP, sug-
gesting that both Smad-dependent and Smad-independent
signaling pathways are required for BMP-2 induced ALP pro-
duction. Our data demonstrate a distinct membrane localiza-
tion of BMP receptors for specific signaling properties and a
tight regulation of signaling by different endocytic routes.

MATERIALS AND METHODS

Materials. The cell lines C2C12, 293T, and COS7 were from the American
Type Culture Collection, mouse monoclonal immunoglobulin G (IgG) against
the hemagglutinin (HA) tag (12CA5) was from Roche, antibody against cav-1�
and small interfering RNA (siRNA) specific for cav-1 were from Santa Cruz
Biotechnology, phospho-Smad1/5-specific antibody was from Cell Signaling, per-
oxidase-coupled goat anti-mouse IgG and goat anti-rabbit IgG were from
Dianova, and Alexa 546-goat anti-mouse F(ab�)2 was from Molecular Probes.
Fluorescent F(ab�)2 was converted to Fab� as described by us earlier (18). Goat
IgG was from Jackson ImmunoResearch Laboratories, and anti-myc (9E10)
antibody (14) was from Harvard Monoclonal Antibodies. Lovastatin was from
CALBIOCHEM, Lipofectamine was from Invitrogen, polyethylenimine was
from Aldrich, and DEAE-dextran was from Amersham Biosciences. Plasmids
encoding the HA-tagged wild-type (wt) dynamin 2 (dyn2) protein and dyn2 with
the K44A mutation (dyn2-K44A) were a gift of S. Schmid (The Scripps Research
Institute, La Jolla, CA).

Separation of detergent-insoluble membrane domains. Stably transfected
C2C12 cells (45) or transiently transfected 293T cells were lysed with TNE-
CHAPS buffer (20 mM CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, 25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 3 mM EDTA,
protease inhibitor cocktail [Roche], 1 mM phenylmethylsulfonyl fluoride
[PMSF]) and homogenized using a Potter apparatus (five strokes at 1,000 rpm,
4°C). An OptiPrep (Axis-Shield) concentration of 40% was adjusted in the lysate,
and a discontinuous OptiPrep gradient (30%, 5%) was formed above the lysate.
After ultracentrifugation (39,000 rpm, 20 h, 4°C; SW40Ti Beckman rotor), the
gradient was fractionated at 4°C from the top by pipetting 12 1-ml fractions.
Fractions were analyzed using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blotting.

Coimmunoprecipitation. Stably transfected C2C12 cells (45) were lysed in
TNE lysis buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 60 mM n-octyl-D-glucoside, proteinase inhibitor cocktail [Roche],
1 mM PMSF). Immunoprecipitation was accomplished using 1 �g cav-1� anti-
body. For investigation of ligand effect, cells were starved in Dulbecco’s modified
Eagle’s medium (DMEM) plus 0.5% fetal calf serum (FCS) for 2 h, followed by
stimulation with 20 nM BMP-2 for 30 min.

Immunofluorescence microscopy. COS7 or C2C12 cells were grown on glass
coverslips. Incubations for various treatments to inhibit endocytosis were timed
such that the labeling with fluorescent antibodies would start 48 h posttransfec-
tion. Prior to antibody labeling, cells were incubated (30 min, 37°C) with DMEM
to allow digestion of serum-derived ligands. After being washed with cold Hanks’
balanced salt solution (HBSS)-HEPES-bovine serum albumin (HBSS, 20 mM
HEPES [pH 7.2], 2% bovine serum albumin), cells were incubated (4°C, 30 min)
in the same buffer supplemented with normal goat IgG (200 �g/ml) to block
nonspecific binding. This was followed by successive incubation (4°C, with three
washes between incubations) with anti-myc or anti-HA mouse IgG (20 �g/ml, 45
min) and then Alexa 546–goat anti-mouse Fab� (40 �g/ml, 30 min) in the same
buffer. After being washed, labeled cells were either kept at 4°C (control) or
incubated at 37°C for different periods. The cells were then fixed by successive
incubation in methanol (5 min, �20°C) and acetone (2 min, �20°C) and

mounted with ProLong antifade (Molecular Probes). Digital fluorescence images
were acquired with a Leica DMRB/E microscope with a 100� oil immersion
objective, coupled to a Magnafire charge-coupled-device camera (Optronics).
Images were exported to and processed with Adobe Photoshop.

Electron microscopy. Preembedding immunogold labeling of HA-tagged BRII
was accomplished on C2C12 cells on glass coverslips. The immunolabeling was
carried out by applying anti-HA antibody for 1 h at 4°C, and after mild fixation
with 4% paraformaldehyde for 10 min at 4°C, secondary antibody coupled to
12-nm colloidal gold beads was incubated for 2 h at room temperature. The cells
were fixed with 2.5% glutaraldehyde and subsequently with 2% osmium tetroxide
buffered in 0.05 M cacodylate buffer and after that contrasted using 0.5% uranyl
acetate at 4°C overnight. Cells were dehydrated, embedded in EPON (Sigma),
and, after polymerization at 60°C (for at least 24 h), ultrathin sectioned. Sections
were analyzed with a Zeiss EM10 electron microscope (Zeiss) and processed
with Adobe Photoshop.

As an alternative method, cells were centrifuged and the cell pellet was fixed
using 4% paraformaldehyde. After dehydration, cells were embedded using
LR-White (Science Services GmbH) in gelatin capsules. After polymerization at
40°C (for at least 3 days), ultrathin sections were incubated in primary-antibody
solution (anti-HA and anti-cav-1�) and subsequently with gold-conjugated sec-
ondary reagents (6 nm goat anti-rabbit and 12 nm goat anti-mouse). Sections
were fixed using glutaraldehyde and contrasted with uranyl acetate and Reynolds
lead citrate.

Internalization measurements. Internalization of epitope-tagged BMP recep-
tors was quantified by the point confocal method as described previously (13).
The intensity measurement was performed using a fluorescence recovery after
photobleaching setup described by us earlier (25) under nonbleaching illumina-
tion conditions. For that, cells were transfected with HA-BRIb or myc-BRII. The
cell surface receptors were labeled at 4°C with anti-myc or anti-HA followed by
Alexa 546–goat anti-mouse Fab�, as described for immunofluorescence micros-
copy. The cells were fixed (either immediately or following appropriate incuba-
tion at 37°C) and taken for the point confocal measurements.

Treatments affecting internalization and BMP signaling steps. Treatments
employed to inhibit CCP-mediated endocytosis include hypertonic treatment,
cytosol acidification, and incubation with chlorpromazine (CP). Hypertonic
treatment (22, 27) and cytosol acidification (22, 27, 57) were performed as
described previously (13). CP treatment (70, 72) was used in two alternative
protocols: incubation with 100 �M CP in HBSS-HEPES buffer for 15 min at 37°C
or incubation with 5 �M in growth medium for 16 to 72 h for BMP-2 signaling
assays.

To inhibit caveola-like endocytosis, genistein, nystatin, or metabolic inhibition
with lovastatin was employed. Cells were treated with genistein (4, 38) as de-
scribed previously (53) by incubation with 200 �M genistein in MEM (60 min,
37°C). Treatment with nystatin (3) was employed by applying 25 �g/ml nystatin
(in MEM containing 10 mM HEPES [pH 7.2]) for 30 min at 37°C. Cholesterol
depletion using lovastatin was carried out as described previously (31, 37) by
incubating C2C12 cells with 50 �M lovastatin and 50 �M mevalonate in DMEM
plus 0.5% lipoprotein-deficient serum (LPDS) (prepared as described in refer-
ence 20). Incubation was for 16 to 72 h, depending on the type of the experiment
and the required length of stimulation with BMP-2.

Analyzing BMP signaling. To detect Smad1/5 phosphorylation, cells were
starved for 24 h, stimulated with 20 nM BMP-2 for 30 min, and lysed with TNE
lysis buffer. Thirty micrograms of protein per lane was subjected to SDS-PAGE
and Western blotting. For analyzing BMP-2-dependent transcriptional response,
C2C12 cells were transfected with a BMP response element (BRE) luciferase
reporter construct [p(BRE)4-luc] (35), renilla luciferase (pRLTK) (Promega),
and the DNA constructs indicated in Results. Cells were starved for 5 h and
stimulated for 16 to 24 h with 1 nM BMP-2. Cell lysis and luciferase measure-
ments were carried out according to the manufacturer’s instructions (dual-lucif-
erase assay system; Promega). For quantitative analysis of ALP activity, C2C12
cells were starved for 5 h and stimulated with 5, 50, or 100 nM BMP-2 for 72 h.
ALP activity was determined as described by us earlier (45). For ALP measure-
ments following cholesterol depletion by lovastatin treatment, C2C12 cells were
incubated for 24 h in 10% LPDS (plus lovastatin and mevalonate [LM]) prior to
starvation in 0.2% LPDS (plus LM). For real-time PCR measurements, RNA
was isolated from C2C12 cells treated with or without lovastatin (as in ALP
activity measurements) using peqGOLD TriFast (Peqlab) and reversed tran-
scribed by Moloney murine leukemia virus reverse transcriptase (Promega).
Real-time PCR was performed with the Taq CORE Kit10 (Q-BIOgene) using
the Opticon 1 DNA engine (MJ Research). Primer sequences are available upon
request.
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RESULTS

BMP receptors float with DRM domains. cav-1 is a struc-
tural component of caveolae (36, 55), membrane invaginations
enriched in cholesterol and sphingolipids proposed to com-
prise a specialized subpopulation of lipid rafts (2, 64). Proteins
interacting with such regions are often identified by their in-
solubility in nonionic detergents, floating to a low density on
sucrose or OptiPrep gradients after ultracentrifugation (5, 58).
To verify whether BMP receptors reside in such domains, we
separated DRMs from C2C12 or 293T cells by OptiPrep gra-
dient ultracentrifugation.

The occurrence of BRIa in DRMs was investigated by co-
expressing HA-tagged BRIa and cav-1� in 293T cells, which
express very low endogenous levels of cav-1 (see Fig. SA1 in
the supplemental material). Western blot analyses using anti-
cav-1� antibodies identified fraction 6 (Fig. 1A, B, and D) or
fraction 7 (Fig. 1C) as the main cav-1 fraction. The higher
fractions resemble insoluble regions of the plasma membrane
(i.e., lanes 10 to 12). BRIa was predominantly found in DRM
fractions (Fig. 1A). To estimate the percentage of the receptor
found in a special fraction, the density of each lane was mea-
sured and divided by the sum of the densities of all lanes. This
analysis showed that 34% of BRIa is found in DRM fraction 6.

The distribution of BRIb was examined using C2C12 cells
stably expressing HA-tagged BRIb. Thirty-five percent of
BRIb floated to the main cav-1 fraction 6 (Fig. 1B).

BRII exists in two splice variants, the “long form” BRII
(BRII-LF) and the “short-form” BRII (BRII-SF) (54). The
distribution of these variants in the OptiPrep gradient was
studied in C2C12 cells stably expressing HA-tagged BRII-LF
or BRII-SF. Both BRII splice variants appear widely distrib-
uted over the gradient (Fig. 1C and see Fig. SA2 in the sup-
plemental material). Twelve percent of total BRII-LF was
found in the main cav-1-positive fraction, fraction 7 (Fig. 1C).

To exclude the possibility of cell type-specific differences in
receptor distributions, we also examined 293T cells, transiently
transfected with HA-tagged BRII-LF and cav-1� (compare
levels of BRIa in Fig. 1A). In these cells, about 17% of
BRII-LF cofractionated with overexpressed cav-1� in fraction
6 (Fig. 1D), suggesting that in both C2C12 and transfected
293T cells, similar percentages of the receptors cofractionate
with cav-1� (compare the BRII-LF distributions in C2C12 cells
in Fig. 1C). The addition of BMP-2 showed no alterations in
both BRII and BRI distributions (data not shown). As an
additional control, the same blots were examined for endoge-
nous interleukin 2 receptor � (IL-2R�), reported to be con-
centrated in DRMs before stimulation with IL-2 (19). Indeed
IL-2R� was found mainly in fraction 6, along with cav-1� (Fig.
1D, bottom panel).

In order to test whether BMP receptors can associate with
DRMs in the absence of cav-1, we transfected cav-1-deficient
293T cells with receptor constructs but not with cav-1�. The
results (Fig. 1A and D, bottom panels) demonstrate a signifi-
cant association of BRIa and BRII-LF with DRM fractions,
suggesting that both receptor types are present also in non-
caveolar raft-like regions.

BMP receptors interact with cav-1�. To investigate whether
the DRM-associated subpopulation of BRII and BRI interacts
with cav-1, we performed coimmunoprecipitation experiments.

FIG. 1. BMP receptors float with DRM domains. BRIa, BRIb, and
BRII distribution was studied in 293T (A and D) and C2C12 (B and C)
cells. CHAPS lysates were subjected to Optiprep gradient fraction-
ation and analyzed by Western blotting with anti-cav-1 or anti-HA
antibodies. (A) BRIa, analyzed in 293T cells transfected with HA-
BRIa and HA-cav-1�, is detected in DRM fractions. The distribution
of BRIa was not altered when cav-1� was not transfected (bottom
panel). (B) In C2C12 cells stably expressing HA-BRIb, the receptor
cofractionates with endogenous cav-1� in DRM fractions. (C) C2C12
cells stably expressing HA-BRII-LF or (D) 293T cells transiently trans-
fected with HA-BRII-LF and HA-cav-1� show a wide receptor distri-
bution. Western blotting with IL-2R�-specific antibody verifies frac-
tion 6 as the main DRM fraction. The distribution of BRII was not
altered when no cav-1� was transfected (bottom panel). WB, Western
blotting.
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Endogenously expressed cav-1� was immunoprecipitated from
C2C12 cells stably expressing HA-tagged BRII-LF or BRII-SF.
Figure 2A (Western blotting using anti-HA) demonstrates that
both BRII-LF and -SF interact with cav-1�. To map the po-

tential interaction site, the coprecipitation studies were re-
peated with BRII-TC1, a truncation mutant of BRII with a
short, cytoplasmic tail that lacks the entire kinase domain (45).
BRII-TC1 did not associate with cav-1� (Fig. 2B). One possi-

FIG. 2. BMP receptors interact and colocalize with endogenous cav-1�. cav-1� was immunoprecipitated from C2C12 cells stably expressing
HA-tagged BRII-LF, BRII-SF, BRII-TC1, or BRIb (A to C). (A) BRII-LF and BRII-SF interact with cav-1�. BMP-2 stimulation shows no effect.
(B) BRII-TC1 is not associated with cav-1�. (C) BRIb interacts with cav-1�, which is unaffected by BMP-2 stimulation. (D) Immunogold electron
microscopy analysis of BRII in C2C12 cells stably expressing HA-BRII-LF. BRII-LF was labeled as described in Materials and Methods, using secondary
antibodies conjugated with 12-nm colloidal gold. For images I and II, cells were treated with antibodies before fixation and embedding. BRII-LF is
observed at the cell surface (I) or in vesicles, which were identified as CCV (II). For images III to V, cell pellets were fixed and embedded before antibody
application. BRII-LF is located in clusters of 50 to 75 nm in diameter. In images IV and V, sections were additionally incubated with an antibody which
recognizes endogenous cav-1�, followed by secondary antibody conjugated with 6-nm colloidal gold. BRII-LF (arrows) is located in clusters together with
cav-1� (arrowheads), indicating the localization of BRII in caveolae/caveosomes. Bar, 100 nm. IP, immunoprecipitation; WB, Western blotting.
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ble explanation is that the interaction site of cav-1� with BRII
lies between amino acids 202 and 501, i.e., within the kinase
domain of this receptor. Stimulation with BMP-2 shows no
effect on the interaction of receptors with cav-1� (Fig. 2A and
B). BRIa (data not shown) and BRIb (Fig. 2C) were also
coimmunoprecipitated with cav-1�. Association of cav-1� with
BRIb was observed in the absence of ligand and is not affected
by the addition of BMP-2 (Fig. 2C). Furthermore, BRII was
immunogold labeled in C2C12 cells stably expressing HA-
tagged BRII at 4°C and its localization was analyzed by elec-
tron microscopy. Under noninternalizing conditions using a
preembedding labeling method, receptors were detected pre-
dominantly at the cell surface and to a minor degree in invagi-
nations, which were identified as clathrin-coated vesicles
(CCVs) (Fig. 2D, panels I and II). CCVs are distinguishable by
their ciliated border and also their size, which was found to be
mostly around 100 nm in C2C12 cells (Fig. 2D, panel II). In
additional experiments, a postembedding labeling method was
applied to cell pellets. Here, BRII was accumulated in clusters
of 50 to 75 nm in diameter (Fig. 2D, panel III). However, it was
not possible to identify vesicles because of the method applied
in these experiments. Therefore, we performed double-label
immunogold electron microscopy and verified the colocaliza-
tion of BRII and cav-1� by observing BRII in cav-1�-contain-
ing clusters, which were 50 to 75 nm in diameter (Fig. 2D,
panels IV and V). From that, we conclude that BRII is local-
ized in both CCPs/CCVs and smaller vesicles containing cav-
1�, i.e., caveolae/caveosomes.

BMP receptors undergo constitutive endocytosis. To study
BMP receptor endocytosis, extracellularly HA-tagged BRIb
or myc-tagged BRII-LF (HA-BRIb, myc-BRII-LF [17]) was
transfected into COS7 cells. Live cells were labeled at 4°C (to
allow only extracellular surface labeling) with anti-HA or anti-
myc antibodies, followed by incubation with fluorescent mono-
valent goat anti-mouse Fab� fragments. Internalization was
initiated by shifting the cells to 37°C for different periods.
Typical images are depicted in Fig. 3A for HA-BRIb; similar
results (not shown) were obtained for myc-BRII-LF. The ini-
tial distribution of both receptors prior to their being warmed
to 37°C was homogeneous, characteristic for cell surface label-
ing. Incubation at 37°C resulted in a time-dependent shift to a
vesicular pattern typical of endocytic vesicles (Fig. 3A). Clear
vesicular staining was detected already after 5 min at 37°C,
with longer incubation leading to larger vesicles, which con-
centrated in the perinuclear region. The intracellular nature of
the vesicular staining was validated by acid stripping to remove
noninternalized fluorescent antibodies from the cell surface
(Fig. 3A, panel marked 30 min�stripping); this treatment re-
moved the membrane-associated uniform staining but not the
vesicular labeling.

In order to quantify the internalization rates of BRIb and
BRII-LF, we measured the endocytosis of the receptors by the
point confocal method described by us earlier (see Materials
and Methods and reference 13). This method measures the
level of antibody-labeled receptors remaining at the cell sur-
face as a function of the incubation time at 37°C. Typical
locations of measurement (laser focus spots) on a cell are
shown in Fig. 3A (panel marked 20 min). The results for
HA-BRIb expressed in COS7 cells are depicted in Fig. 3B. A
control experiment demonstrating that the dissociation of flu-

orescent Fab� from the cell surface during the incubation is
negligible is shown in Fig. 3C; in this experiment, cells were
fixed with paraformaldehyde to eliminate endocytosis,
quenched by excess glycine, and only then subjected to anti-
body labeling and incubation at 37°C as in the endocytosis
experiments. As shown in Fig. 3B, HA-BRIb undergoes con-
stitutive endocytosis with a half-life (t1/2) of �14 min. The
endocytosis rate (fraction of the surface receptor population
internalized per minute), as calculated from the initial linear
part of the internalization curve, was 0.028 min�1. These val-
ues are very close to those measured for the TGF-� type II
receptor, the high-affinity receptor in the TGF-� system, with
a t1/2 of �15 min and endocytosis rate of 0.022 min�1 (13). The
endocytosis rate of myc-BRII-LF in COS7 cells was rather
similar and only slightly higher (Fig. 3D), exhibiting a t1/2 of
�10 min and an endocytosis rate of 0.025 min�1. Similar en-
docytosis measurements were also conducted on C2C12 cells
transfected with the same receptor constructs; the results (Fig.
3E and data not shown) were very close to those obtained with
COS7 cells (t1/2 values of 14 and 15 min for BRIb and BRII-
LF, respectively). For both receptor types, inclusion of a ligand
(50 nM BMP-2) before and during endocytosis had no signif-
icant effects on the t1/2 values (Fig. 3, legend). In summary, we
conclude that both types of BMP receptors undergo constitu-
tive endocytosis at close rates resembling those of the TGF-�
receptors and that there are basically no differences between
the internalization rates of these receptors in COS7 and in
C2C12 cells.

BRII-LF and BRIb are internalized through CCPs, but only
BRII-LF also undergoes caveola-like endocytosis. To deter-
mine the relative importance of specific mechanisms for the
internalization of BRIb and BRII-LF, we employed several
pathway-specific inhibitors that interfere selectively with either
caveola-like endocytosis or clathrin-dependent internalization
through CCPs. To investigate whether caveola-like internaliza-
tion may contribute to BRIb or BRII-LF internalization, we
used two independent pharmacological inhibitors, nystatin and
genistein, which disrupt caveola-like endocytosis by different
mechanisms. Nystatin (55) is a sterol-binding agent that disas-
sembles caveolae and cholesterol assemblies in the membrane;
genistein is a tyrosine kinase inhibitor that inhibits specific
phosphorylation of cav-1 (4, 38). Both agents were shown to
selectively inhibit caveola-like endocytosis with no effects on
CCP-mediated internalization (53). The effects of these treat-
ments on the internalization of HA-BRIb and myc-BRII-LF in
COS7 and C2C12 cells are shown in Fig. 4. In both cell types,
HA-BRIb internalization, as measured by the point confocal
method (13), was not inhibited significantly by either nystatin
or genistein. On the other hand, both treatments significantly
inhibited the internalization of myc-BRII-LF; at the 20-min
time point, the amount of fluorescently labeled receptors re-
maining at the cell surface was �80% of the time zero level in
the presence of the inhibitors, compared to �50% in untreated
cells (Fig. 4B). We conclude that caveola-like internalization is
negligible for BRIb but significant for BRII-LF.

To determine the dependence of the internalization of the
BMP receptors on CCPs, we employed three independent
treatments known to disrupt CCP-mediated endocytosis. These
include hypertonic treatment, cytosol acidification, and CP.
Incubation in hypertonic medium dissociates and alters the
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clathrin lattices, while cytosol acidification freezes invaginated
coated pits and prevents their being pinched off as CCVs (22,
27, 57). CP mediates redistribution of assembly protein com-
plex-2 (AP-2) from the plasma membrane to endosomes (70,
72); it was shown to inhibit CCP-mediated endocytosis without
affecting caveola-like internalization processes (53, 65). Typical
images obtained in these experiments are depicted in Fig. 5A, and
the average data of point confocal measurements are summa-
rized in Fig. 5B. The results demonstrate that all the treat-
ments that interfere with CCP-mediated endocytosis strongly
inhibit the internalization of both BRIb and BRII-LF in either

COS7 or C2C12 cells. Effective inhibition by CP was also
observed following incubation with a lower concentration for a
longer time (5 �M, 16 h), conditions employed for reporter
gene assays in C2C12 cells (see Fig. 8B). We conclude that
clathrin-dependent endocytosis is a major pathway for the in-
ternalization of both types of BMP receptors.

dyn2 plays a key role in the fission of vesicles like CCVs or
caveosomes (26, 67). Overexpression of the dominant negative
dyn2-K44A mutant protein is often used to inhibit endocytosis
in general (69). As expected, overexpression of dyn2-K44A
fully inhibited the endocytosis of both BMP receptors (Fig.

FIG. 3. Quantitative measurement of BMP receptor endocytosis. COS7 cells (A to D) or C2C12 cells (E) were transiently transfected with
HA-BRIb (A to C) or myc-BRII-LF (D and E). After 48 h, live cells were labeled at 4°C with anti-HA or anti-myc IgG followed by Alexa 546 goat
anti-mouse Fab�. After being washed, cells were incubated either at 4°C (time zero) or for the indicated periods at 37°C, shifted back to 4°C, and
fixed. (A) Typical images of HA-BRIb in COS7 cells during endocytosis. As a control (A, lower rightmost panel), cells incubated at 37°C for 30
min were acid stripped to remove noninternalized fluorescent Fab�. Bar, 20 �m. (B to E) Quantitative measurements of BRIb and BRII-LF
internalization. Measurements were done using the point confocal method (see Materials and Methods). (C) Control experiment where the cells
were fixed with 4% paraformaldehyde in phosphate-buffered saline and quenched by three incubations with 50 mM glycine in phosphate-buffered
saline prior to the labeling with antibodies, thus eliminating endocytosis and enabling the evaluation of the dissociation of the fluorescent
antibodies from the surface during the incubation at 37°C (no significant dissociation occurred). The laser beam was focused on defined spots in
the plasma membrane focal plane, away from vesicular staining (typical spots where the beam was focused are shown as white circles in the panel
marked 20 min in panel A). The results shown at each time point are means 	 standard errors of the means (SEM) of measurements for 80 to
150 cells. Addition of ligand (50 nM BMP-2; 1 h of preincubation at 4°C, keeping the ligand in during all subsequent incubations with antibodies
and warming to 37°C) had no significant effects on the endocytosis rates of either receptor (data not shown).
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5B). It did not have significant effects on the cell surface levels
of the BMP receptors relative to the levels in the absence of
dyn2-K44A (changes were less than 5%), measured by the
point confocal method following labeling with fluorescent an-

tibodies of epitope-tagged BRIb or BRII-LF at the surfaces of
cells cotransfected with the dynamin mutant and prefixed with
paraformaldehyde prior to antibody labeling to prevent endo-
cytosis (as for Fig. 3C; data not shown).

FIG. 4. Influence of inhibitors of caveola-like endocytosis on the internalization of BMP receptors. COS7 or C2C12 cells were transiently transfected with
HA-BRIb or myc-BRII-LF as described for Fig. 3. After 48 h, they were incubated with nystatin (25 �g/ml, 30 min) or genistein (200 �M, 60 min) at 37°C. The
surface receptors were then labeled at 4°C with fluorescent antibodies as for Fig. 3, followed by a 20-min incubation at 37°C or 4°C (control) in media containing
inhibitors. Cell surface receptor levels were quantified by the point confocal method. (A) Typical images (COS7 cells) showing inhibition by genistein of the shift
in HA-BRIb and myc-BRII-LF to vesicular endocytic patterns. Analogous results (not shown) were obtained with C2C12 cells or by using nystatin in place of
genistein. Bar, 20 �m. (B) Quantification of the internalization studies. The reduction in cell surface labeling due to internalization was quantified by the point
confocal method as described for Fig. 3. The fluorescence intensity in identically treated cells at time zero was taken as 100% for each treatment individually to
eliminate the contribution of potential alterations in the steady-state surface levels of the receptors in the presence of the inhibitors. The results are means 	
SEM of measurements of 80 to 140 cells in each case. In a comparison of the results from pairs of treated versus untreated cells for each group, neither genistein
nor nystatin had significant effects on HA-BRIb internalization (P 
 0.05, Student’s t test); similar results (not shown) were obtained for HA-BRIb in C2C12
cells. However, both treatments had significant inhibitory effects on myc-BRII-LF internalization either in COS7 cells (P � 10�12 for genistein and P � 10�15

for nystatin) or in C2C12 cells (P � 10�12 and P � 10�17 for genistein and nystatin, respectively).
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Cholesterol depletion has distinct effects on BMP-2 signal-
ing. To examine the influence of cholesterol-dependent plasma
membrane regions on signaling, we performed cholesterol de-
pletion experiments by metabolic inhibition of cholesterol syn-
thesis in the presence of LPDS using lovastatin and a low
concentration of mevalonate (31, 37). The conditions em-
ployed (see Materials and Methods) resulted in depletion of
the cholesterol level by 30 to 33% in both COS7 and C2C12
cells (data not shown). These levels of cholesterol depletion
were shown to be sufficient to disrupt the association of specific
proteins with rafts in cell membranes (44, 62).

At first we studied the impact of cholesterol depletion on the
level of phosphorylated Smad1/5. Western blot analyses using
a specific antibody show that Smad1/5 phosphorylation is not
affected by cholesterol depletion (Fig. 6A). To further investi-
gate signaling downstream of Smad1/5 phosphorylation, we
examined whether cholesterol depletion altered the BMP-me-
diated transcriptional response by the use of reporter genes.
BRE luciferase assays (35) revealed that also the continuation
of BMP signaling is almost unaffected by lovastatin, exhibiting

only a 10% decrease in BMP-2-dependent transcriptional ac-
tivity (Fig. 6B).

To explore whether the production of ALP, which depends
on Smad-independent signaling, is influenced by cholesterol
depletion, ALP assays were performed. Treatment with lova-
statin reduced both the mRNA level (Fig. 6C) and ALP pro-
duction (Fig. 6D) by 80% and 75%, respectively, suggesting an
influence of cholesterol-enriched membrane regions on Smad-
independent signaling.

In summary, we found that lovastatin does not inhibit the
phosphorylation of Smad1/5 or the activation of the Smad-
dependent transcriptional response, although it disrupts rafts/
caveolae. However, lovastatin selectively inhibits the BMP-2-
induced Smad-independent pathway.

Induction of caveola formation at the cell surface decreases
BMP signaling via Smads. Previously, it was shown that over-
expression of cav-1 leads to de novo synthesis or increased
numbers of caveolae at the cell surface but that caveola-medi-
ated endocytosis via caveosomes is not enhanced (15, 59). By
investigating the level of phosphorylated Smad1/5 after BMP-2

FIG. 5. Treatments that disrupt CCP-mediated endocytosis inhibit the internalization of BMP receptors. COS7 or C2C12 cells were transfected
with HA-BRIb or myc-BRII-LF as described for Fig. 3. In some experiments, the cells were cotransfected with a sixfold excess of dyn2-K44A along
with the BMP receptor construct. Hypertonic treatment, cytosol acidification, and treatment with CP were employed as described in the text.
(A) Typical images of the effects of hypertonic treatment (sucrose) or CP (100 �M, 15 min) on the endocytosis of HA-BRIb and myc-BRII-LF
in COS7 cells. Similar levels of inhibition were observed following cytosol acidification (data not shown), as well as in cells cotransfected with
dyn2-K44A and in C2C12 cells (see panel B). Bar, 20 �m. (B) Quantification by the point confocal method. The fluorescence intensity measured
at time zero on similarly treated cells was taken as 100% for each specific treatment. Bars represent means 	 SEM of measurements conducted
on 80 to 140 cells in each case. A comparison of pairs on treated versus untreated cells demonstrates highly significant effects of all the treatments
on both COS7 and C2C12 cells (P � 10�12 and in some cases P � 10�25). Analogous results (not shown) were obtained for BRIb in C2C12 cells.
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stimulation in C2C12 cells, we saw no differences, regardless of
whether cav-1 was overexpressed or not (Fig. 7A). From this,
we conclude that BMP-2-induced Smad1/5 phosphorylation
occurs independently of caveola formation.

Furthermore, we show that the BMP-mediated reporter
gene response is significantly reduced when cav-1� was trans-
fected (Fig. 7B). To verify that this effect relies on signaling via
BMP receptors, we additionally cotransfected BRII and BRIa
to cav-1�. BMP-2 signaling was increased when BRIa, BRII, or
both receptor types were transfected. This effect was abrogated
when cav-1� was cotransfected (Fig. 7B), suggesting that the
continuation of BMP-Smad signaling is not also mediated by
caveolae, but caveolae rather resemble structures which trap
the receptors from their signaling compartment.

To further address the effect of caveolae on Smad phos-
phorylation, we performed siRNA experiments to down-
regulate endogenous cav-1 in C2C12 cells. As controls, we
transfected an empty vector and a fluorescently labeled non-
targeting siRNA. Western blot analyses showed �90%-de-

creased cav-1� expression when cav-1-specific siRNA was
transfected (Fig. 7C, upper panel). However the phosphor-
ylation of Smad1/5 is not affected by a reduced cav-1 ex-
pression (Fig. 7C, bottom panel), demonstrating again that
this step in BMP signaling occurs independently of cav-1,
i.e., caveola formation.

Inhibition of endocytosis by the dyn2-K44A mutant has no
impact on BMP-induced Smad phosphorylation. To verify the
independence of Smad1/5 phosphorylation from endocytosis,
we transfected C2C12 cells with wt dyn2 or the K44A mutant
dyn2. Western blot analyses revealed no significant differences
in the levels of phosphorylated Smad1/5 between dyn2-K44A
and wt dyn2 or when an empty vector was transfected (Fig.
7D). This result indicates that BMP-2-mediated Smad1/5 phos-
phorylation is triggered while the receptors are at the plasma
membrane.

Influence of CCP-mediated endocytosis on BMP signaling.
Likewise, we investigated the effect of CP on different steps of
BMP signaling. In dose-response experiments, we show that

FIG. 6. Influence of cholesterol-enriched plasma membrane regions on BMP signaling pathways. C2C12 cells were treated with 50 �M
lovastatin and 50 �M mevalonate and stimulated with BMP-2 as described in the text. (A) Western blot (WB) analyses using an anti-phospho-
Smad1/5 (P-Smad1/5) antibody show that Smad1/5 phosphorylation is not altered by LM. For a loading control, the membrane was incubated with
anti-�-actin antibody. (B) C2C12 cells were transfected with p(BRE)4-luc and pRLTK before metabolic inhibition using LM was accomplished.
BMP signaling is only slightly reduced by LM. Error bars represent standard deviations from three different assays. (C) RT-PCR of ALP expression
levels shown as the level of induction (n-fold) upon BMP-2 stimulation; cholesterol depletion by LM results in a reduction of the ALP transcript
by 80%. Error bars represent standard deviations (SD) from duplicates. The experiment was done two times. (D) ALP activity measurements after
cholesterol depletion by LM (this experiment was performed in parallel with the experiment whose results are shown in panel C) show reduction
by 75%. Error bars represent SD from two independent experiments, each with triplicates. w/o, without.
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both conditions, incubation with a low CP concentration, i.e., 5
�M for 16 h, and a high CP concentration, i.e., 100 �M for 30
min, were efficient in blocking the endocytosis of BRII in
C2C12 cells (Fig. 5B).

By investigating the phosphorylation of Smad1/5, we
found that CP does not affect this initial step of Smad
signaling (Fig. 8A). Furthermore, we examined whether the
continuation of BMP-initiated signaling is influenced by CP

FIG. 7. Effect of cav-1�, cav-1-siRNA, or wt dyn2 and -K44A expression on BMP signaling. (A) C2C12 cells were transfected with HA-tagged
cav-1� and stimulated with 20 nM BMP-2 for 30 min. Western blot analyses using anti-P-Smad1/5-specific antibodies reveal no significant change
in Smad1/5 phosphorylation. For a loading control, the same membrane was incubated with anti-�-actin antibody. (B) Cells were transiently
transfected with cav-1�, BRII-LF, and BRIa as indicated, together with reporter constructs. cav-1� expression significantly reduced both
ligand-independent and -dependent BMP signaling. Error bars represent standard deviations from three different assays. (C) cav-1-specific siRNA
was transfected in C2C12 cells to knock down endogenous cav-1 expression. A P-Smad1/5 Western blot shows no influence of cav-1 downregulation
on the phosphorylation level. (D) Expression of HA-tagged wt dyn2 and the dyn-K44A mutant shows no significant alteration in the level of
phosphorylated Smad1/5. Controls confirm wt dyn2, dyn2-K44A, and �-actin expression. WB, Western blotting; w/o, without.
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treatment. Therefore, we accomplished BRE reporter gene
assays while specifically inhibiting CCP-mediated endocytosis.
As seen in Fig. 8B, BMP signaling is decreased by 65% after
CP treatment. Therefore, we conclude that, while the tran-
scriptional response on BMP signaling is dependent on CCP-
mediated endocytosis, the phosphorylation of Smad1/5 is not
affected by this endocytic process. Moreover, we investigated
the effect of CP on ALP production. Here, we observed that
the production of functional ALP was reduced by around 80%
after CP treatment (Fig. 8C). Taking our previous results into
consideration (Fig. 6C), we conclude that the BMP-2-mediated
induction of ALP is dependent both on Smad-dependent and
on Smad-independent signaling.

BRII is associated with Eps15R, a constituent component of
CCPs. Recently, we performed a proteomics-based approach
to identify BRII-associated proteins (23). Eps15R, a protein
which constitutively resides in CCPs (8, 52), was found to
interact with the cytoplasmic domain of BRII. Here, we con-
firm this interaction by coimmunoprecipitation using anti-
Eps15R antibody. For this, 293T cells were transfected with
HA-tagged BRII and enhanced green fluorescent protein
(EGFP)-tagged Eps15R. After immunoprecipitating the re-
ceptor via its HA tag, Eps15R is detected in the precipitate by
Western blotting with an EGFP antibody (Fig. 9A). The ex-
periment was repeated during the expression of truncation
mutants of BRII to map the potential binding site of Eps15R
at BRII. Here, Eps15R was precipitated by using an Eps15R-
specific antibody and the receptor variants were detected in the
precipitate via HA antibody. BRII-SF and BRII-TC1 interact
with Eps15R (Fig. 9B). This suggests that one Eps15R-BRII
interaction site resides at the 27-amino-acid (aa) juxtamem-
brane domain of the receptor (aa 176 to 202). Since Eps15R
was identified by glutathione S-transferase pulldown experi-
ments using the 537 residues of the cytoplasmic tail of BRII (aa
502 to 1038) (see Fig. SA3 in the supplemental material), a
second binding site of Eps15R to BRII is proposed.

DISCUSSION

The endocytosis of growth factor receptors plays an impor-
tant role in the activation and propagation as well as the
attenuation of signaling pathways (41). It is also one of the key
processes in several pathologies; e.g., it controls the level of
receptors at the cell surface (16, 66).

Recently, it was shown that TGF-� and epidermal growth
factor signaling pathways depend on endocytic events and ves-
icles. In this context, CCPs and early endosomes are described
to be the signaling compartments, but caveolae and caveo-
somes seem to represent sites where signaling is downregu-
lated or attenuated (10, 11, 24).

Here, we report the localization of BMP receptors in distinct
membrane domains, their endocytosis, and their consequential
impact on BMP signaling. We demonstrated that BRI and
BRII reside in both DRM domains and CCPs and that both
membrane regions influence BMP signaling in distinct ways.

First, we showed that BRI and BRII reside in DRMs and
cofractionate with cav-1� (Fig. 1). Moreover, in cells which do
not exhibit caveolae due to a lack of cav-1 expression, BMP
receptors are still included in DRM fractions (Fig. 1A and D).
These findings suggest that BMP receptors are present in

FIG. 8. Influence of CP on BMP signaling. C2C12 cells were
treated with 5 �M CP and stimulated with BMP-2 as described in the
text. (A) Western blot analyses with anti-P-Smad1/5 antibody show
that the level of phosphorylated Smad1/5 was not altered by CP treat-
ment. The loading control is shown by anti-�-actin antibody (lower
panel). (B) C2C12 cells were transfected with p(BRE)4-luc and
pRLTK and treated with CP. This results in a 65%-reduced BMP
response. Error bars represent standard deviations (SD) from three
different assays. (C) ALP activity was measured after CCP-mediated
endocytosis was blocked by CP. This treatment reduces ALP activity by
around 80%. Error bars represent SD from three different assays. WB,
Western blotting; w/o, without.
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caveolae and/or noncaveolar DRMs. Support for an associa-
tion of BMP receptors with caveolae in C2C12 cells was pro-
vided by coimmunoprecipitation and immunogold electron mi-
croscopy studies (Fig. 2). We showed that BRI and BRII
interact with endogenously expressed cav-1� (Fig. 2A and C)
and colocalize with cav-1� in clusters of the size of caveolae
(Fig. 2D, panels IV and V). Sequence analyses of BMP type I

receptors revealed a cav-1 consensus motif (9) in the kinase
domain (YSFGLILW with respect to aa 401 to 408 in BRIb
and YSFGLIIW with respect to aa 431 to 438 in BRIa), which
confirms our finding of a strong association between cav-1�
and type I receptors (Fig. 2C) as well as the high occurrence
of BRI in DRM fractions (Fig. 1A and B). The interaction of
BRII and cav-1� requires the kinase domain of BRII, because
BRII-SF is able to bind cav-1�, whereas BRII-TC1, a trunca-
tion mutant lacking the kinase domain, fails to bind cav-1�
(Fig. 2A and B). Sequence analyses of the BRII cytoplasmic
region showed no correlation with the cav-1 binding site (9),
suggesting an association via an alternative mechanism. Since
we could show previously that BRII-TC1 is too short to form
PFCs with BRI (45), the observed coimmunoprecipitation of
BRII with cav-1 might be indirect via the associated BRI.

With respect to the proposed localization of BMP receptors
in caveolae/DRMs, we studied their mode of endocytosis in
more detail. The results point to a constitutive internalization
of the receptors (Fig. 3), while the kinetics of the internalized
receptors (Fig. 3B) parallels those measured for the TGF-�
receptors (13). Investigating the effects of inhibitors of caveola-
and raft-dependent endocytosis on the internalization of BMP
receptors, we found that, while BRIb was internalized regard-
less of whether nystatin or genistein was present or not, BRII
internalization was blocked efficiently by the same treatments
(Fig. 4). This finding suggests a contribution of cholesterol-
dependent endocytosis on the internalization of BRII but not
of BRIb.

Next we analyzed the classical clathrin-mediated endocytosis
pathway. Using inhibitors to specifically block this route, we
could show that the endocytosis of both types of BMP recep-
tors was inhibited (Fig. 5).

In summary, we found that BRII is internalized through
both CCP- and caveola/DRM-mediated endocytic mechanisms
but that BRIb is internalized exclusively through CCPs.

To investigate the contribution of BMP receptor localization
in distinct regions of the plasma membrane and of receptor
endocytosis on BMP signaling, we studied how Smad-depen-
dent and Smad-independent BMP signaling pathways are al-
tered, while intervening in endocytosis.

To disrupt DRM regions and caveolae, the method of met-
abolic inhibition of cholesterol synthesis using lovastatin was
applied (31, 37). We could show that lovastatin, although it
disrupts rafts/caveolae, did not inhibit the BMP-2-mediated
phosphorylation of Smad1/5 (Fig. 6A) or transcriptional ac-
tivity via Smads (BRE-reporter gene assay) (Fig. 6B). From
this, we propose that the entire Smad pathway is insensitive
to cholesterol depletion. However, the BMP-2-mediated in-
duction of the ALP transcript and ALP protein activity is
strongly sensitive to lovastatin treatment (Fig. 6C and D),
suggesting that a Smad-independent pathway initiates from
BMP receptors localized in cholesterol-enriched plasma
membrane regions.

It was reported that cav-1 overexpression leads to the for-
mation of more caveolae at the cell surface; however, endocy-
tosis via these plasma membrane invaginations is blocked (59).
We show that while Smad1/5 phosphorylation was unaffected
upon cav-1� overexpression, the Smad-dependent transcrip-
tional activity in response to BMP-2 was significantly reduced
(Fig. 7A and B). This leads to the conclusion that caveolae

FIG. 9. Association of BRII with Eps15R. 293T cells were trans-
fected with HA-tagged BRII-LF, BRII-SF, or BRII-TC1 and EGFP-
tagged Eps15R. Immunoprecipitation (IP) and Western blotting (WB)
were accomplished as indicated in the text. (A) Eps15R and BRII-LF
form a complex in 293T cells. (B) All receptor variants are verified in
the Eps15R precipitate with HA antibody. Eps15R interacts also with
BRII-TC1.
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might represent compartments where BMP receptors certainly
reside but where BMP-Smad signaling is abrogated by trapping
the receptors from their actual signaling compartments. Others
have shown that caveolae and caveosomes resemble sites
where TGF-� receptors are degraded, and therefore signaling
is retarded (11).

We clearly demonstrate here that caveolae are not required
for BMP-2-mediated Smad1/5 phosphorylation, as cav-1�
overexpression and also cav-1 knockdown by specific siRNA
did not alter the phosphorylation level (Fig. 6A and D).

Taking our previous findings into consideration (45), we can
conclude that BMP-Smad signaling induced at PFCs is inde-
pendent of raft/caveola association. On the other hand, signal-
ing initiated at BISCs, which leads to Smad-independent sig-
naling, is reliant on the association of BMP receptors with rafts
and caveolae (Fig. 10).

Next, we applied the inhibition of both caveola- and clathrin-
mediated endocytosis to investigate its impact on Smad signal
transduction. Dynamin2 is a GTPase that regulates CCP as-

sembly as well as late events in CCV and caveosome formation
(26, 71). We demonstrated here that blocking dynamin2 action
by using dominant negative dyn2-K44A had no impact on
BMP-mediated Smad1/5 phosphorylation (Fig. 7D) but that
receptor endocytosis was completely blocked by this mutant
(Fig. 5B). This result indicates that Smad1/5 is phosphorylated
independently of endocytic events at the plasma membrane.

To further address CCP-mediated endocytosis, we employed
inhibition of this pathway by CP. While CP blocks endocytosis
of the BMP receptors (Fig. 5), BMP-mediated Smad1/5 phos-
phorylation was unaffected (Fig. 8A), suggesting again that this
initial step in Smad signaling occurs while the receptors are still
present at the plasma membrane. However, CP treatment re-
sults in a strong reduction of Smad-dependent transcription
(Fig. 8B). The same was observed when ALP was measured
after stimulation with BMP-2 (Fig. 8C), proving that ALP
induction requires, besides the Smad-independent pathway
(induced by BISCs [45]), a Smad-dependent cascade. Also,
signaling via TGF-� receptors along the Smad pathway was

FIG. 10. Smad-dependent signaling and Smad-independent BMP signaling originate from distinct endocytic routes of the BMP receptors.
Smad-dependent signaling is initiated upon BMP-2 binding to PFCs, which exist in an inactive state at the cell surface prior to ligand binding (45).
Activation of this signaling cascade by BMP-2 binding results in the phosphorylation of Smad1/5 by the type I receptor. This step in Smad signaling
occurs while the receptors reside at the plasma membrane; inhibition of endocytosis (treatment with chlorpromazine or expression of dominant
negative dynamin) does not affect BMP-2-mediated Smad phosphorylation. Subsequent endocytosis of the receptors through CCPs, however, is
needed to transmit the Smad signal into the nucleus to control the transcriptional activity of target genes. Treatment with lovastatin to perturb
cholesterol-dependent plasma membrane regions does not affect Smad signaling but reduces BMP-2-mediated ALP induction through a Smad-
independent cascade. This signaling pathway is initiated by the binding of BMP-2 to high-affinity BRI, and a subsequent recruitment of BRII into
the signaling receptor complex BISC occurs (45). From the data presented here, we conclude that Smad-independent signaling resulting in ALP
induction starts from receptors (BISCs) residing in cholesterol-enriched plasma membrane regions.
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reported to occur mainly via CCPs and on the early endosomal
membrane. But while some publications favor an impact of
endocytic events on Smad2/3 phosphorylation (11, 24, 50),
others report endocytosis-independent Smad2/3 phosphoryla-
tion (39, 56). However, the results presented in our study
concerning BMP signaling clearly conclude that Smad1/5 is
phosphorylated at the plasma membrane—independently from
cav-1 (Fig. 7A and C)-, clathrin (Fig. 8A)-, and dynamin2-
mediated endocytosis (Fig. 7D) as well as a cholesterol-sensi-
tive membrane environment (Fig. 6A).

In addition, we found BRII localized in CCPs/CCVs using
immunogold electron microscopy (Fig. 2D) and associated
with Eps15R (Fig. 9). Eps15R is a protein related to Eps15 and
epsin, which play an important role in the clathrin-mediated
endocytosis of growth factor receptors (33). They function
as adaptors between ubiquitinated membrane cargo and the
clathrin coat or other endocytic scaffolds (51). Therefore, the
interaction between BRII and Eps15R represents a new link
between the BMP signaling network and endocytic/trafficking
events inside the cell.

Taken together, our data imply that BMP-2-induced signal
transduction is compartmentalized into an early part, the phos-
phorylation of Smad1/5, which takes place independently of
endocytosis at the cell surface and a subsequent signaling cas-
cade. Here, the Smad-dependent signaling pathway is dependent
on a functional CCP-mediated endocytosis, whereas Smad-inde-
pendent pathways, resulting in the production of ALP, rely on the
association of caveolae/DRMs with the receptor complexes
(Fig. 10).
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