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Proteins in the transforming growth factor-� (TGF-�) family recognize transmembrane serine/threonine kinases known
as type I and type II receptors. Binding of TGF-� to receptors results in receptor down-regulation and signaling. Whereas
previous work has focused on activities controlling TGF-� signaling, more recent studies have begun to address the
trafficking properties of TGF-� receptors. In this report, it is shown that receptors undergo recycling both in the presence
and absence of ligand activation, with the rates of internalization and recycling being unaffected by ligand binding.
Recycling occurs as receptors are most likely internalized through clathrin-coated pits, and then returned to the plasma
membrane via a rab11-dependent, rab4-independent mechanism. Together, the results suggest a mechanism wherein
activated TGF-� receptors are directed to a distinct endocytic pathway for down-regulation and clathrin-dependent
degradation after one or more rounds of recycling.

INTRODUCTION

TGF-� is a ubiquitous 25-kDa polypeptide that regulates a
variety of cellular processes, including matrix deposition,
mitosis, development, differentiation, and apoptosis (Rob-
erts, 1992; ten Dijke et al., 1996). The response to TGF-�
treatment usually depends on the cell type involved, with
effects as diverse as growth and growth inhibition (Mas-
sagué, 1996; Moses and Serra, 1996). TGF-� binds to single-
pass transmembrane serine/threonine kinases referred to as
type I and II TGF-� receptors (Bassing et al., 1994; ten Dijke
et al., 1994). On binding of TGF-� to the constitutively active
type II receptor (T2R), the type I receptor (T1R) is recruited
and phosphorylated by T2R. The activated T1R then phos-
phorylates downstream signaling intermediates such as the
Smad proteins, which translocate to the nucleus and func-
tion as transcriptional comodulators (Franzén et al., 1993;
Macias-Silva et al., 1996; Yingling et al., 1996).

Study of the endocytic response of TGF-� receptors to
ligand has been difficult due to nonspecific TGF-� binding
and the fact that different receptor complexes form on the
cell surface (heteromers vs. homomers) and undergo distinct
endocytic fates (Anders et al., 1997). To overcome these
problems, our laboratory created a chimeric receptor system
where the ligand binding extracellular domains of the gran-
ulocyte/macrophage-colony stimulating factor (GM-CSF)
receptors were fused to the transmembrane and cytoplasmic
domains of the type I and type II TGF-� receptors (Anders
and Leof, 1996). Using a number of well-established assays
for TGF-� action, it could be shown that TGF-� signaling is
fully recapitulated by the chimeric system (Anders and Leof,

1996; Anders et al., 1997, 1998). In addition, use of the chi-
meric system (Anders et al., 1997) facilitated TGF-� endo-
cytic assays, which showed, similar to other studies (Ehrlich
et al., 2001; Yao et al., 2002), that ligand-induced internaliza-
tion of TGF-� receptor complexes occurs through a clathrin-
dependent process. Other reports, however, have proposed
roles for both clathrin-dependent and -independent pro-
cesses in TGF-� receptor endocytosis (Zwaagstra et al., 2001;
Di Guglielmo et al., 2003).

Recent work also has shown that although T1R activation
can occur at the plasma membrane, downstream signaling
through the Smads requires receptor internalization (Hayes
et al., 2002; Penheiter et al., 2002; Di Guglielmo et al., 2003),
thus illustrating the central role played by endocytosis in
TGF-� signaling. However, although the above-mentioned
information shows that our laboratory and those of others
have begun to address the topic of receptor trafficking, the
recycling of TGF-� receptors has been left largely unexam-
ined.

Recycling, defined as the return of a particular membrane
molecule to the cell surface after at least one round of
internalization, is a fundamental process used by a variety of
receptor systems. For example, the transferrin and low-den-
sity lipoprotein receptors recycle for the purpose of trans-
porting critical nutrients into the cell (Trowbridge, 1991;
Gliemann, 1998; Moos and Morgan, 2000; Hussain, 2001). In
addition, many G protein-coupled receptors as well as syn-
aptic vesicles are recycled back to the cell surface after
ligand-dependent activation or neurotransmitter release, re-
spectively (Guatimosim and von Gersdorff, 2002; Morgan et
al., 2002; Tyler et al., 2002). Although studies addressing the
recycling of TGF-� receptors are scarce, early reports pro-
posed that internalized receptors were either rapidly re-
placed or recycled back to the cell surface (Massagué and
Like, 1985; Sathre et al., 1991). More recent studies have
shown that the T2R is constitutively internalized, but the
question of whether the internalized receptors are degraded
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or recycled back to the plasma membrane was not addressed
(Ehrlich et al., 2001; Di Guglielmo et al., 2003). Additionally,
our laboratory has demonstrated that in the absence of
ligand, monensin treatment resulted in a dramatic loss of
surface receptor binding (Doré et al., 2001). Monensin is an
ionophoric drug that disrupts degradation and trafficking
pathways, but it leaves endocytosis unaffected (Mollenhauer
et al., 1990). Although the results with monensin indicate
that TGF-� receptors are likely internalized constitutively,
they do not rule out the possibility of rapid degradation and
replacement, thus failing to firmly establish a role for recy-
cling in TGF-� receptor homeostasis.

In the current study, we set out to determine the traffick-
ing itinerary of TGF-� receptors in both the presence and
absence of ligand activation. In addition, we desired to
define the rates and cellular machinery involved in these
processes. The results show that 1) TGF-� receptors recycle
and are degraded in a clathrin-dependent manner; 2) raft-
dependent endocytosis is likely of minor importance, al-
though it cannot formally be ruled out; 3) recycling occurs
through a rab11-dependent mechanism only (unlike trans-
ferrin, which recycles through both rab11 and rab4; Sheff et
al., 1999); and 4) ligand stimulation has no effect on the initial
rates of internalization or receptor recycling.

MATERIALS AND METHODS

Materials
Monensin, nystatin, chloramine T, and cycloheximide (CHX) were from Sig-
ma-Aldrich (St. Louis, MO). Alexa fluor 594 transferrin, Alexa fluor 488
cholera toxin B subunit, Prolong mounting reagent, and all fluorescent sec-
ondary antibodies were from Molecular Probes (Eugene, OR). Antibodies
against clathrin heavy chain and c-myc were from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-GM-CSFR-� antibody was from eBioscience (San
Diego, CA), and mouse anti-early endosome antigen 1 (EEA1) was from BD
Biosciences (San Diego, CA). EEA1 primary antibody was used in conjunction
with the Zenon fluorescent labeling system (Molecular Probes) to allow
simultaneous labeling with two mouse antibodies for immunofluorescence
studies. RNA oligonucleotides were synthesized by Dharmacon (Lafayette,
CO). Immobilized Ficin, protein A-Sepharose, D-salt polyacrylamide 6000
desalting columns, and BS3 cross-linking reagent were from Pierce Chemical
(Rockford, IL). 125I-TGF-�1, 125I-GM-CSF, and 35S-Easy Tag were from
PerkinElmer Life and Analytical Sciences (Boston, MA). DNA transfections
were performed using FuGENE 6 from Roche Diagnostics (Indianapolis, IN)
according to manufacturer’s instructions, by using 3 �l of transfection reagent
per microgram of DNA, whereas RNA transfections were performed using
Oligofectamine from Invitrogen (Carlsbad, CA). Rabbit anticaveolin-1 was a
generous gift from Dr. Mark McNiven (Mayo Clinic, Rochester, MN). DN
AP180-C (myc-tagged C-terminus) was generously provided by Dr. Harvey
McMahon (MRC Laboratory of Molecular Biology Neurobiology Division
Cambridge, England).

Cell Culture and Drug Treatment Assays
Mink lung epithelial cells (Mv1Lu) stably expressing either �1,�2 (Mb202�1-
18) or �2,�1 (Mb102�2-9) chimeric receptors were maintained in 10% fetal
bovine serum DMEM with 100 �g/ml geneticin and 50 �g/ml hygromycin as
described previously (Anders et al., 1997, 1998). � and � designations refer to
extracellular domains of the GM-CSFR-� and -� subunits, whereas 1 and 2
refer to the transmembrane and cytoplasmic domains of the TGF-� type 1 and
2 receptors, respectively. Thus, �2 refers to a chimeric receptor with a GM-
CSFR-� extracellular domain and a TGF-� type II receptor cytoplasmic do-
main. For drug treatment studies, cells were seeded in six-well plates at 4 �
105 cells/well. After overnight incubation, the cultures were treated with 20
�g/ml CHX or 100 �M monensin at 37°C for the indicated times, after which
cells were moved to 4°C and binding assays performed as described previ-
ously (Anders et al., 1997). CHX (20 �g/ml) resulted in �90% inhibition of
protein synthesis by 35S-amino acid incorporation assay (unpublished data).
After chemical treatments cells were moved to 4°C and processed for binding
assays performed as described previously (Anders et al., 1997) or for cross-
linking (below).

Immunofluorescence and Colocalization
To determine the colocalization of chimeric TGF-� receptors with markers of
endocytosis, cells were seeded on coverslips and preincubated with �2
�g/ml Fab fragment mouse monoclonal anti-GM-CSFR-� antibody (see be-

low) for 1 h at 4°C in antibody buffer (50 mM HEPES, DMEM, pH 7.2).
Coverslips were washed three times with antibody buffer and then incubated
for 4 min at 37°C in DMEM. For internalization assays, incubation at 4°C was
eliminated and cells were allowed to bind and internalize antibody for 20 min
at 37°C. Transferrin was visualized by incubation in serum-free medium for
30 min, followed by treatment with 20 �g/ml Alexa fluor 594 (red) transferrin
at 37°C for 2 min. Cells were fixed in 4% formaldehyde and permeabilized for
2 min in 0.4% Triton X-100 phosphate-buffered saline (PBS). Goat anti-clathrin
antibody (diluted 1:50 in blocking solution) or rabbit anticaveolin-1 (1:2000)
were added for 30 min at 37°C, followed by washing and incubation for 30
min at room temperature with the appropriate fluorescent secondary anti-
bodies, including anti-mouse to visualize receptors (all secondary fluorescent
antibodies diluted 1:400).

For triple labeling studies, cells were incubated in the presence of receptor
antibody at 12°C for 20 min, and then fixed and permeabilized. Primary goat
anti-clathrin antibody, followed by Alexa fluor 488 (green) anti-goat and
Alexa fluor 594 (red) antibodies were then incubated as described above.
Another round of fixation minimized subsequent antibody cross-reaction by
immobilizing all bound antibodies. Mouse anti-EEA1 antibody, precom-
plexed to the Zenon secondary antibody reagent according to the manufac-
turer’s instructions, was incubated on coverslips for 30 min. After washing
and a final fixation step, samples were mounted as described below.

For studies using fluorescent lactosylceramide (LacCer), cell membranes
were labeled with BODIPY-LacCer as described previously (Singh et al., 2003).
For colocalization of LacCer with caveolin-1, live cells transiently expressing
a caveolin-1-mRed (cav1-mRed) construct (fluorescent tag at C terminus,
transfected as described above) were used for colocalization studies as de-
scribed previously (Sharma et al., 2004).

To determine the effects of inhibitors of endocytosis on internalization
pathways, cells were pretreated with 25 or 50 �g/ml nystatin for 30 min or
transfected with dominant negative myc-tagged AP180 (DN AP180) 24 h
before staining. Transferrin was visualized as described above, except cells
were exposed to fluorescent transferrin for 10 min, followed by brief acid
treatment to remove surface fluorescence. Studies of BODIPY-LacCer inter-
nalization were performed as described previously (Singh et al., 2003) by
using a 3-min incubation at 37°C for internalization. For assessment of the
effects of DN AP180 on LacCer internalization, DN AP180 was transfected
concomitant with a DsRed nuclear (DsRed-Nuc) construct to allow identifi-
cation of transfected cells during live-cell imaging. For other experiments
with fixed cells expressing DN AP180, transfected cells were identified by
fluorescent labeling with a myc antibody (diluted 1:50). TGF-� receptor
trafficking was assessed after internalization of prebound mouse anti-GM-
CSFR-� antibody for 20 min at 37°C. For microscopy, coverslips were
mounted with Prolong mounting medium (for experiments with fixed cells)
and imaged by standard fluorescence microscopy at room temperature by
using an oil immersion 60� objective with a numerical aperture of 1.40 on an
Olympus AX70 fluorescence microscope equipped with a Hamamatzu
C4742-95 digital camera. Image processing and quantitation of colocalization
and total cell-associated fluorescence was performed using the MetaMorph
imaging program (Universal Imaging, Downingtown, PA).

Clathrin RNA Interference (RNAi)
Mb202�1-18 cells were transfected with the small interfering RNA (siRNA)
oligo chc-2, which specifically targets the clathrin heavy chain, as well as the
nonfunctional control oligo �2–1, as described previously (Motley et al., 2003).
For adequate clathrin knockdown, we found it necessary to transfect four
times at 24-h intervals, by using the transfection method described previously
(Motley et al., 2003). Cells were trypsinized and replated as needed to main-
tain optimum confluence (�50%). Clathrin levels were monitored using im-
munofluorescence labeling of clathrin (described above), whereas the effects
of clathrin knockdown on TGF-� receptor and transferrin internalization were
performed as outlined above.

Receptor Cross-linking
Mb202�1-18 cells expressing native and chimeric TGF-� receptors were
seeded at 1 � 106 cells/p60 tissue culture dish and incubated overnight at
37°C. Dishes were treated with or without 100 �M monensin or 20 �g/ml
CHX for various times at 37°C and then cross-linked with 125I-TGF-� as
described previously (Penheiter et al., 2002), after which the cells were har-
vested and snap frozen for later protein normalization and characterization
by SDS-PAGE and radiography. Alternatively, cross-linking was performed
with 100 pM 125I-GM-CSF in GM-CSF binding buffer (200 mM HEPES, 2.5%
bovine serum albumin, DMEM, pH 7.4). For receptor degradation studies,
Mv1Lu or Mb202�1-18 cells were seeded at 5 � 106/p100 plate and incubated
overnight. Cells were treated with or without potassium depletion as de-
scribed previously (Anders et al., 1997) and then allowed to bind either 1
ng/ml 125I-TGF-� or 100 pM 125I-GM-CSF in buffer B (50 mM HEPES, 100 mM
NaCl, 1 mM CaCl2, 2.5% bovine serum albumin, pH 7.4) with or without 10
mM KCl at 4°C for 1 h. Plates were then washed extensively in buffer A (50
mM HEPES, 100 mM NaCl, pH 7.4) with or without 10 mM KCl and cross-
linked as described above in buffer A at 4°C for 1 h. The cross-linking reaction
was quenched with 10 mM Tris, pH 7.0, after which cells were washed and
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incubated in buffer B with or without 10 mM KCl and with or without 25
�g/ml nystatin at 37°C for the incubated times, followed by harvesting and
processing as described above.

Direct Recycling Assay
Direct recycling was assayed based on a protocol by Fraile-Ramos et al. (2001).
Cells were seeded on coverslips as outlined above and incubated with anti-
GM-CSFR-� antibody Fab fragment at 4 or 37°C for 1 h. Any remaining
surface antibody was removed by washing in DMEM, pH 2.0. Cells were then
incubated with Alexa fluor 488-conjugated anti-mouse antibody (diluted
1:200) at 4 or 37°C for 1 h followed by a second round of washing and acid
stripping. Cultures were fixed and imaged with fluorescence microscopy as
described above.

Fab anti-GM-CSFR-� fragments were generated using immobilized ficin
and purified with protein A-Sepharose according to the manufacturer’s in-
structions. Approximately 2 �g/ml Fab fragments (as estimated by SDS-
PAGE) were used in the primary antibody incubation step of the direct
recycling assay.

Radiolabeled Antibody Internalization and Recycling
Purified Fab antibody (see above) was labeled with 125I to a specific activity
of 75 �Ci/�g with chloramine T and purified using D-salt polyacrylamide
6000 size exclusion columns. Cells were incubated 2 h at 4°C with 5–8 ng/ml
labeled antibody in antibody buffer. Buffer with labeled antibody was re-
moved and warmed to 37°C and then readded to cells for the indicated times
at 37°C. Incubation with fresh 37°C medium yielded similar results (unpub-
lished data). After acid stripping with DMEM, pH 2.0, cell-associated radio-
activity was assessed as described previously (Anders et al., 1997). For recy-
cling assays, after the acid strip, cells were placed at 37°C in fresh medium for
various times after which a second acid strip was performed and counts
collected.

RESULTS

Loss of Surface TGF-� Receptors Is Not Due to
Degradation and Replacement
Previous work in our laboratory showed a loss of surface
TGF-� receptors in the presence of monensin (Doré et al.,
2001). Although this result suggests that TGF-� receptors
recycle in the absence of ligand, an alternative explanation is
that receptors are continually undergoing a rapid cycle of
synthesis, export to the plasma membrane, internalization,
and degradation. To address that possibility, the loss in
TGF-� receptor binding after monensin treatment was com-
pared with that observed when new protein synthesis was
blocked with CHX. Addition of CHX resulted in an approx-
imate 15% loss of surface receptors by 2 h, consistent with
the receptors undergoing slow ligand-independent degrada-
tion (Figure 1A). This is in contrast to the 80% decrease in
receptor number after 2-h monensin treatment. The distinct
rates of receptor loss observed with monensin (half-life �53
min) and CHX (half-life �270 min) suggest that rapid deg-
radation and replacement cannot fully explain the monen-
sin-dependent receptor decrease.

To rule out the possibility that the above-mentioned re-
sults reflect properties of the chimeric receptor system only,
ligand/receptor cross-linking was used to determine
whether endogenous TGF-� receptors also recycle in the
absence of ligand (Figure 1B). Cells were treated in the
presence or absence of monensin for 2 h at 37°C, after which
125I-TGF-� was bound and cross-linked at 4°C by using a
membrane-impermeable cross-linker. In agreement with the
chimeric receptor results shown in Figure 1A, monensin
treatment resulted in a loss of both T1R (63.8% loss) and T2R
(85.4% loss) (Figure 1B, lanes 1–3). Analogous data were
obtained when radiolabeled GM-CSF was cross-linked to the
chimeric receptors (Figure 1B, lanes 4–6), further supporting
the conclusion that the two receptor systems display similar
trafficking behavior.

Direct Recycling Assay
Whereas the previous results strongly suggest a mechanism
of constitutive TGF-� receptor recycling, alternative conclu-

Figure 1. Effect of monensin is not due to rapid degradation and
replacement. (A) Mb102�2-9 cells were incubated with either 20
�g/ml cycloheximide (�) or 100 �M monensin (E) for the indicated
times at 37°C. After shifting to 4°C, 125I-GM-CSF binding was per-
formed for both conditions as described in Materials and Methods.
Data are expressed as percentage of ligand binding values of un-
treated cells and indicate the mean � SD of three experiments done
in duplicate. (B) Cells were treated (�) with cold ligand (10 ng/ml
TGF-�, left; 10 ng/ml GM-CSF, right) or 100 �M monensin as in
panel A for 2 h. 125I-TGF-� (left) or 125I-GM-CSF (right) binding was
performed for 2 h at 4°C, after which the plasma membrane ligand/
receptor complex was cross-linked at 4°C for 1 h with 1 �g/ml BS3

and visualized by SDS-PAGE and autoradiography. Results are
representative of two experiments each.
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sions are possible. To directly document recycling, a modi-
fication of a procedure by Fraile-Ramos et al. (2001) was used
whereby an antibody recognizing the extracellular receptor
domain is visualized through 1.5 cycles of recycling (illus-
trated in Figure 2A and discussed in the figure legend). To
eliminate the possibility of abnormal receptor complex for-
mation caused by the divalent monoclonal antibody, Fab
fragments were generated and purified for use. Cells incu-
bated at 4°C (to block vesicle trafficking) had similar back-
ground staining to those never treated with primary anti-
body (Figure 2, B and C), thus eliminating the possibility
that incomplete stripping might allow for the detection of
nonrecycling receptors. However, cells exposed to antibody
at 37°C for both the first and second 1-h incubations showed
vesicle labeling (Figure 2, B and C). Because intracellular
labeling could only occur if cell membrane receptors under-
went 1.5 rounds of recycling, the results directly document
that antibody-bound TGF-� receptors constitutively recycle
in a temperature-dependent manner. Similar findings were
observed when whole antibody was used (unpublished
data).

Recycling/Internalization of Ligand-activated Receptors
Although Figures 1 and 2 conclusively establish recycling of
unstimulated TGF-� receptors, the trafficking itinerary of
ligand-activated receptors is currently unknown. Because
the antibody used in Figure 2 binds to the � subunit of the
GM-CSF receptor in such a manner as to allow concomitant
ligand binding (unpublished data), the above-mentioned
direct recycling assay was performed in the presence of 10
ng/ml GM-CSF to determine whether ligand-bound recep-
tors recycle. As shown in Figure 3A, recycling activity was
observed after ligand addition in a similar manner to that of
nonactivated receptors. Given that TGF-� receptor down-
regulation has been well documented (Wakefield et al., 1987;
Mercier et al., 1995; Zhao and Buick, 1995; Anders et al., 1997,
1998; Zwaagstra et al., 1999), it might be assumed that li-
gand-bound receptors would be targeted for degradation
and recycle to a lesser extent (if at all) than unstimulated
receptors. Although Figure 3A indicates that is not the case,
a more readily quantitative assay was used to directly com-
pare recycling under these two conditions. This was accom-
plished by radiolabeling Fab fragment anti-GM-CSFR-� an-
tibody with 125I and following the cellular entrance and exit
of antibody-labeled plasma membrane receptors. Surpris-
ingly, ligand-dependent and -independent receptor recy-
cling occurred at the same rate (Figure 3B), suggesting that
TGF-� receptors may be directed through similar routes
regardless of their activation state. No significant difference
was observed if a 10-fold greater concentration of GM-CSF
was used, or if GM-CSF ligand also was present during the
60-min chase at 37°C (unpublished data).

Whereas Figure 3 shows similar TGF-� receptor recycling
independent of ligand binding, the majority of growth fac-
tor-activated receptors respond to ligand with an enhanced
rate of internalization (Wang et al., 1983; Wiley et al., 1991;
Knutson, 1992; Shapiro and Ahn, 1998). As such, to further
assess the effect of ligand activation on TGF-� receptor traf-
ficking, the internalization rates of ligand-bound and non-
bound receptors were compared. No significant difference
was observed by the addition of ligand (Figure 4), with an
internalization rate of 1.7% of total labeled receptors inter-
nalized per minute in the presence or absence of ligand. This
result further demonstrates that TGF-� receptors are traf-
ficked in a similar manner regardless of their activation
state.

Figure 2. Direct recycling assay. (A) Diagram of direct recycling
assay. 1, recycling receptors move from the plasma membrane to an
internal recycling compartment at 37°C. 2, antibody recognizes the
receptor extracellular domain, resulting in antibody internalization.
3, acid treatment at 4°C removes surface antibodies. 4, cells are
returned to 37°C (recycling continues) such that internalized anti-
body continues trafficking to the cell surface. 5, 37°C incubation
with fluorescent secondary antibody (green objects) labels recycled
receptors bound with primary antibody; continued recycling results
in internalization of fluorescent antibody. 6, acid strip (4°C) removes
any surface antibody, such that fluorescent label remains only on
those receptors that have undergone 1.5 rounds of recycling. (B and
C) Cells were incubated with or without Fab fragment mouse anti-
GM-CSFR-� antibody for 1 h at 4 or 37°C (first incubation). After
washing and acid stripping at 4°C to remove any noninternalized
antibody, cells were exposed to Alexa fluor 488 anti-mouse antibody
(1:200) for 1 h at 4 or 37°C (second incubation), washed, and acid
stripped again. Coverslips were fixed, mounted, and quantitated (C)
for cell-associated fluorescence as described in Materials and Meth-
ods. Outlines show individual cells indicated with (�). Data shown
in C are expressed as percentage of the cell-associated fluorescence
of the “37 37” result and indicate the mean � SEM of �100 cells. Bar,
10 �m.
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Receptor Recycling Occurs through a Clathrin-dependent
Mechanism
Previous work in our laboratory has shown that internaliza-
tion of TGF-� receptors in response to ligand is a clathrin-
dependent process (Anders et al., 1997, 1998). To determine
whether the internalization step in ligand-independent re-
ceptor recycling occurred through a similar mechanism, im-
munofluorescence microscopy was used to visualize the
colocalization of TGF-� receptors with either clathrin or
caveolin-1. As shown in Figure 5A, the type II TGF-� recep-
tor colocalized extensively with clathrin after a 4-min incu-
bation at 37°C, whereas little association with caveolin-1 was
detected. This finding was extended to include the type I
receptor and quantified (Figure 5B). Both the type I and type
II receptors colocalized 30–40% with clathrin. This level was
shown to be similar to the colocalization of clathrin with
transferrin, a well-established marker of clathrin-dependent
internalization (Figure 5B). Although a previous publication
has suggested that TGF-� receptors internalize through
caveolae as well as clathrin pits (Di Guglielmo et al., 2003),
and colocalization of cav1-mRed and BODIPY-LacCer was
easily detected, colocalization of TGF-� receptors with
caveolin-1 was shown to occur at a similar basal level to that
of transferrin and caveolin-1 (Figure 5B). Furthermore, li-
gand stimulation resulted in little or no difference in the
degree of receptor colocalization with either clathrin or
caveolin-1.

Figure 3. TGF-� receptors recycle at the same rate in the presence
and absence of ligand. (A) Mb202�1-18 cells were processed for
imaging and fluorescence quantitation as in Figure 2, B and C,
except 10 ng/ml GM-CSF was included in both incubations. Bar, 10
�m. (B) Cultures were labeled with 125I-Fab anti-GM-CSF receptor-�
for 2 h at 4°C in the presence (E) or absence (�) of 10 ng/ml
GM-CSF. After washing and incubation at 37°C for 30 min (in the
presence or absence of 10 ng/ml GM-CSF), labeled receptor anti-
body was removed by acid wash and the cultures returned to 37°C.
At the indicated times, trichloroacetic acid-precipitable radioactivity
in the spent medium and that removed from the cell surface by a
second DMEM, pH 2.0, wash were combined and designated recy-
cled counts. Results are expressed as percentage of the total cell-
associated radioactive counts after the first acid strip and before
further incubation at 37°C, and indicate the mean � SD of two
experiments done in duplicate.

Figure 4. TGF-� receptors internalize at the same rate regardless of
activation state. Mb202�1-18 cells were prebound with radiolabeled
antibody in the presence (E) or absence (�) of 10 ng/ml GM-CSF as
in Figure 3B and then incubated at 37°C for the indicated times.
Surface antibody was removed by acid treatment at 4°C, after which
cells were processed to determine internalized radioactivity (see
Materials and Methods). Results are expressed as percentage of total
cell-associated radioactive counts before incubation at 37°C and
indicate the mean � SD of two experiments done in duplicate.
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Whereas colocalization of TGF-� receptors with clathrin
strongly suggests internalization through clathrin-coated
pits, the fact that the above-mentioned experiments were
performed with a 4-min incubation at 37°C allows for the
possibility that receptors were internalized through a clath-
rin-independent pathway and then subsequently merged
with clathrin-associated endosomes. Although no associa-
tion of receptors with caveolin-1 could been seen at 4°C,
TGF-� receptors also could not be found associated with
clathrin at this temperature. Clathrin/receptor association
was observable, however, when cells were incubated at 12°C

(Figure 5C), at which temperature we have previously
shown that TGF-� receptors are not internalized (Penheiter
et al., 2002). To verify that colocalization under these condi-
tions did not result from receptors associated with intracel-
lular clathrin structures, cells were triple labeled for T2R,
clathrin, and EEA1, a marker for early endosomes. As
shown in Figure 5C, when internalization is prevented by
12°C incubation, TGF-� receptors colocalize with clathrin,
but not EEA1. Although the reason for the necessity of 12°C
incubation is not clear, it may reflect altered receptor anti-
body recognition or improper receptor conformation at 4°C.

Figure 5. Colocalization of TGF-� receptors with clathrin. (A) MB202�1-18 cells were used for colocalization of the T2R with clathrin or
caveolin-1. Live cells with prebound Fab anti-GM-CSFR-� antibody were allowed to internalize for 4 min at 37°C. After fixation, permeabi-
lization, and blocking, coverslips were treated with either goat anti-clathrin (top row, shown as costain with T2R) or rabbit anti-caveolin-1
(middle row, costain with T2R). Cultures were washed and incubated with Texas Red donkey anti-mouse and either Alexa fluor 488 (green)
donkey anti-goat (top row), or Alexa fluor 488 goat anti-rabbit (middle row). Alternatively, cells were transfected with cav1-mRed, surface
labeled with BODIPY-LacCer (see Materials and Methods), and imaged without fixation (bottom row). Insets are enlargements of outlined
regions in larger images. Images were collected as described in Materials and Methods. Bar, 10 �m for unenlarged images. (B) TGF-� T1R or
T2R were visualized by fluorescence microscopy by using Mb102�2-9 or Mb202�1-18 cells, respectively, for colocalization studies with
clathrin (black bars) or caveolin-1 (gray bars). Transferrin (Tf), caveolin-1 (cav), and (LacCer) were used as controls to colocalize with clathrin
or caveolin-1 as indicated. For colocalization with LacCer, transfected cav1-mRed was used instead of endogenous caveolin-1. Treatment with
fluorescent transferrin was performed as described in Materials and Methods. Each value in B represents the mean colocalization percentage
of the marker indicated on the x-axis with either clathrin or caveolin-1 as indicated, and represents the mean � SEM for 50–80 cells. (C) Cells
were incubated with receptor antibody at 12°C for 20 min and then fixed, permeabilized, and labeled so as to visualize three distinct
molecules: chimeric T2R (red), clathrin (green) and EEA1 (blue) (see Materials and Methods). Colocalization of red/green, yellow; blue/red,
magenta; blue/green, cyan; and red/green/blue, white.
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In light of the aforementioned study in which caveolae
were shown to be involved in TGF-� receptor internalization
(Di Guglielmo et al., 2003), the possible role of caveolae in
TGF-� receptor internalization was further explored. As
shown in Figure 5, A and B, LacCer colocalized well with
cav1-mRed in Mv1Lu-derived cells and has been previously
shown to be internalized through caveolae in human skin
fibroblasts (Singh et al., 2003; Sharma et al., 2004; reviewed in
Pelkmans and Helenius, 2002). Thus, LacCer was chosen as
a likely legitimate marker for endocytosis through caveolae.
As expected (Singh et al., 2003), LacCer internalization was
specifically inhibited by 25 �g/ml cholesterol-binding drug
nystatin, whereas transferrin uptake was greatly diminished
by dominant negative (DN) AP180, which is known to in-
hibit clathrin-dependent endocytosis (Zhao et al., 2001) (Fig-
ure 6, A and B). Interestingly, a higher nystatin concentra-
tion (50 �g/ml) nonspecifically inhibited the uptake of
transferrin (Figure 6B), in a manner analogous to results
obtained with methyl-�-cyclodextrin, another cholesterol
depleting drug, in which higher concentrations were shown
to inhibit both clathrin- and caveolae-dependent internaliza-
tion (Rodal et al., 1999; Subtil et al., 1999). Thus, 25 �g/ml
was chosen as an appropriate nystatin concentration for
inhibition of caveolar internalization. With the appropriate

conditions established for specifically inhibiting caveolae-
and clathrin-dependent internalization, the effects of nysta-
tin and DN AP180 on TGF-� receptor internalization were
examined. In agreement with the results of Figure 5, endo-
cytosis of TGF-� receptors was significantly inhibited (67%)
by DN AP180 transfection. In contrast, treatment with nys-
tatin (at the appropriate concentration of 25 �g/ml) had no
effect on receptor internalization, whereas 50 �g/ml nysta-
tin, which nonspecifically inhibited transferrin, also inhib-
ited TGF-� internalization by �45% (Figure 6B). As such,
specific disruption of caveolar internalization, in contrast to
inhibition of clathrin-dependent processes, does not effect
TGF-� receptor endocytosis. However, to eliminate a possi-
ble (although unlikely) scenario in which DN AP180 (as well
as other clathrin inhibitors used to study TGF-� receptor
internalization; Anders et al., 1997; Ehrlich et al., 2001; Razani
et al., 2001; Hayes et al., 2002; Penheiter et al., 2002; Yao et al.,
2002; Di Guglielmo et al., 2003) act nonspecifically to inhibit
both caveolar- and clathrin-dependent endocytosis, the ef-
fect of RNAi-mediated clathrin knockdown on internaliza-
tion was examined. As shown in Figure 7, extensive reduc-
tion of cellular clathrin levels (�70–100%) inhibited TGF-�
receptor internalization by �85%, with transferrin uptake
being impeded to a virtually identical extent. Thus, the

Figure 6. TGF-� receptors are dependent on clathrin-associated mechanisms, but not caveolae, for internalization. Mb202�1-18 cells were
transfected with myc-DN AP180 24 h before experiments or treated with 25 or 50 �g/ml nystatin as indicated. TGF-� receptors were
visualized after internalization of prebound mouse anti-GM-CSFR-� antibody for 20 min at 37°C in the presence of 25 �g/ml nystatin or DN
AP180, followed by processing with fluorescent secondary antibody as described in Figure 5. For transferrin and BODIPY-LacCer visual-
ization, cells were treated as described in Materials and Methods in the presence or absence of the indicated inhibitors. Outlines show
individual cells indicated with (�). Transfected cells (�) were identified by immunofluorescence by using the myc epitope of DN AP180 for
TGF-� receptor and transferrin internalization assays, whereas cotransfection of DsRed-Nuc allowed for identification of transfected cells
during live cell imaging of LacCer internalization. Bar, 10 �m. (B) Cell-associated fluorescence of the experiments depicted in A were
quantitated. Values for nystatin treatments represent the mean percentage of fluorescence of �300 cells � SEM as compared with untreated
controls. Values for transfected cells represent the mean percentage of fluorescence of 50–100 cells � SEM compared with untransfected
control cells.
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results of Figures 5–7 reveal that TGF-� receptors in Mv1Lu
cell clones are internalized through a clathrin-dependent
mechanism(s), with caveolar internalization being unlikely
to play a major role.

Lack of Caveolar Involvement in Receptor Degradation
The above-mentioned results (Figures 5–7) suggest that
caveolae are of minor importance in TGF-� receptor inter-

nalization. Because it has been proposed that TGF-� receptor
degradation and signaling is mediated via caveolar- and
clathrin-dependent internalization, respectively (Di
Guglielmo et al., 2003), we examined whether inhibiting
these pathways would affect the half-life of cell surface
TGF-� receptors by performing similar degradation experi-
ments. In contrast to results obtained elsewhere (Di
Guglielmo et al., 2003), inhibiting clathrin-dependent inter-
nalization by potassium depletion increased TGF-� receptor
half-life by �2–2.5 h (Figure 8), whereas nystatin treatment
had no effect. Similar results were obtained by cross-linking
chimeric receptors in MB202�1-18 cells with 125I-GM-CSF
(Figure 8A) or by assaying endogenous TGF-� receptors in
the parental Mv1Lu cells by using 125I-TGF-� (Figure 8B).
These results suggest that degradation, like signaling, is a
clathrin-dependent process that does not seem to involve
caveolae to any major extent (see Discussion).

Rab11-dependent and rab4-independent TGF-� Receptor
Recycling
Given the well-established role of the small GTPase rab
proteins in intracellular trafficking (Stenmark and Olkkonen,
2001; Zerial and McBride, 2001), the role(s) of rab4 and rab11
in TGF-� receptor recycling was examined. Rab4 is known
to regulate recycling from sorting/early endosomes to the
plasma membrane, whereas rab11 directs transport from the
perinuclear recycling compartment back to the cell surface
(Sonnichsen et al., 2000). To determine the function of rab4
and/or rab11 in TGF-� recycling, dominant negative forms
were overexpressed (concomitant with a nuclear-localized
DsRed construct to identify transfected cells) and the effect
on transferrin and TGF-� receptor trafficking was assessed.
Because transferrin is known to traffic both through a rapid
rab4-dependent recycling pathway and a slower, rab11-de-
pendent route (Sonnichsen et al., 2000), as expected, both
mutants altered the morphology and trafficking of trans-
ferrin-associated compartments (Figure 9A). In accordance
with previous studies, DN rab4 overexpression blocked re-
cycling to the plasma membrane from early endosomes and
caused a collapse of endosomal structures to the perinuclear
region (McCaffrey et al., 2001), whereas DN rab11-express-
ing cells showed increased intracellular transferrin and dis-
rupted recycling compartments and often demonstrated ab-
normal tubular structures (Wilcke et al., 2000; Choudhury et
al., 2002) (Figure 9A). For assessment of the role of rab4 and
11 in TGF-� receptor trafficking, DN rab-transfected cells
were first loaded with antibody at 16°C, at which tempera-
ture receptors were found to accumulate in endocytic vesi-
cles (Figure 9B), corresponding to early endosomes (unpub-
lished data). After stripping the antibody from the cell
surface, cells were incubated at 37°C for the indicated times.
As can be seen in Figure 9B, the receptor signal was similarly
lost in untransfected and DN rab4-transfected cells. DN
rab11 expression, however, caused a marked retention of
cellular fluorescence (Figure 9B), suggesting that rab11, but
not rab4, plays a significant role in intracellular TGF-� re-
ceptor recycling. Similar results were obtained when the
same experiments were conducted on ligand-activated re-
ceptors (Figure 9C). These findings are in keeping with a
recent report showing colocalization of TGF-� receptors
with rab11 (Di Guglielmo et al., 2003). Thus, after clathrin-
dependent internalization TGF-� receptors recycle (irrespec-
tive of their activation state) via a rab4-independent and
rab11-dependent manner.

Figure 7. Effect of RNAi-mediated clathrin knockdown on TGF-�
receptor internalization (A) Mb202�1-18 cells were transfected with
either a siRNA oligonucleotide targeting clathrin heavy chain, or a
nonfunctional control oligo as indicated. Outlines show individual
cells indicated with (�). After transfection, treated cell pools were
split onto two coverslips for analysis of TGF-� receptor and trans-
ferrin internalization studies (top row), and were costained with
clathrin antibody to monitor the extent of clathrin knockdown (bot-
tom row). Bar, 10 �m. (B) Cells displaying �70% clathrin knock-
down were selected and quantitated for TGF-� receptor and trans-
ferrin endocytosis. Values represent the cell-associated fluorescence
of cells targeted for clathrin heavy chain knockdown (CHC) com-
pared with those treated with nonfunctional oligonucleotide (cont)
and are the mean � SEM of 50–80 cells.
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DISCUSSION

Over the last few decades, the trafficking properties of many
receptor systems have been elucidated, with several differ-
ent regulatory mechanisms shown to be operative depend-
ing on the receptor(s) being studied (Stoorvogel et al., 1991;
Amigorena and Bonnerot, 1999; Carpenter, 2000; Clague and
Urbe, 2001; Kittler and Moss, 2001; Wiley and Burke, 2001;
Clark et al., 2003). Here, we are now able to elucidate various
aspects of TGF-� receptor trafficking, both in the presence
and absence of receptor activation.

Previous indirect evidence indicated that TGF-� receptors
undergo both constitutive and ligand-dependent recycling
(Massagué and Like, 1985; Sathre et al., 1991; Doré et al.,
2001). As such, to directly address these issues we devel-
oped a recycling assay that demonstrated that surface TGF-�
receptors were first internalized and then subsequently re-
turned to the plasma membrane (Figure 2). Similar results
were obtained in the presence or absence of ligand (Figure
3). In addition, the rates of internalization were shown to be
equivalent, with a value of 1.7% of total labeled receptors

internalized per minute regardless of ligand treatment (Fig-
ure 4). These findings are somewhat surprising and unique
in that 1) TGF-� receptors have been shown to be down-
regulated in response to ligand and would be expected to
remain intracellular (Anders et al., 1997, 1998); and 2) in
contrast to the insulin-like growth factor II receptor (Oka
and Czech, 1986; Braulke et al., 1987), most receptor systems
studied (i.e., epidermal growth factor, insulin and thrombin
receptors) are stimulated to internalize to a greater extent
upon ligand activation (Wang et al., 1983; Wiley et al., 1991;
Knutson, 1992; Shapiro and Coughlin, 1998). In that regard,
a model (Figure 10) is summarized below that integrates
these unique characteristics of TGF-� receptor trafficking.

Internalized molecules have been shown to enter cells via
a number of different pathways. Previous studies showed
conflicting evidence for TGF-� receptor association with
clathrin coated pits and/or caveolae/rafts (Anders et al.,
1997; Ehrlich et al., 2001; Razani et al., 2001; Hayes et al., 2002;
Penheiter et al., 2002; Yao et al., 2002; Di Guglielmo et al.,
2003). Although we and others (Hayes et al., 2002; Penheiter

Figure 8. TGF-� receptor degradation is
clathrin-dependent. Confluent cells were
treated with or without potassium depletion
and then affinity labeled with radiolabeled
ligand (see Materials and Methods). Cultures
were then incubated at 37°C for the indi-
cated times in the presence or absence of 25
�g/ml nystatin, after which cells were har-
vested and normalized protein samples pro-
cessed by SDS-PAGE and autoradiography.
Graphs represent the mean densitometric
data � SD from three separate experiments.
Untreated control samples (con) are com-
pared with samples undergoing potassium
depletion (K depleted) and nystatin treat-
ment (ny). (A) Mb202�1-18 cells were affin-
ity labeled with 100 pM 125I-GM-CSF. (B)
Mv1Lu cells were affinity labeled with 1
ng/ml 125I-TGF-�. Inset shows protein lev-
els as assessed at treatment time points and
represent the mean values � SD for three
separate experiments done in duplicate.
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et al., 2002; Di Guglielmo et al., 2003) have shown that
clathrin-dependent processes are required for TGF-� Smad
signaling, the current study extends this analysis to investi-
gating the pathway(s) for ligand-independent receptor traf-
ficking.

Our results showed receptor colocalization with clathrin
but not caveolin-1 (Figure 5). Functional significance of this
association was assessed by demonstrating that transfection
of DN AP180 and RNAi-mediated clathrin knockdown
(both to inhibit clathrin-dependent internalization) inhibited

Figure 9. TGF-� receptor recycling is rab11-dependent. Cells were grown on glass coverslips and transfected 48 h beforehand with DN
rab4S22N or DN rab11S25N in conjunction with the DsRedNuc construct to identify transfected cells. (A) For transferrin labeling, cells were
placed in serum-free medium for 30 min and then labeled with fluorescein isothiocyanate (FITC)-transferrin for 30 min at 37°C. Filled
arrowheads show collapsed endosomal structures surrounding the nucleus in a DN rab4-transfected cell, whereas the unfilled arrowhead
points out recycling endosomes in an untransfected cell (A, top). Long arrows indicate abnormal tubular structures (caused by inhibited
budding and disrupted transport) in the DN rab11-transfected cell (A, bottom expanded box from lower panel) in comparison with the
normal rounded structures in the untransfected cell (A, short arrows in top expanded box from lower panel). Bar, 10 �m for unenlarged
images and 2 �m for enlargements. (B) For receptor assays, cells overexpressing DN rab4S22N or DN rab11S25N were labeled with
GM-CSFR-� Fab antibody in the presence or absence of 10 ng/ml GM-CSF for 1 h at 16°C. After acid stripping of cell surface antibodies, cells
were incubated at 37°C for the indicated times while replacing spent media with prewarmed fresh media every 10 min. After extensive
washings, all cells were fixed, permeabilized, labeled with FITC-goat anti-mouse antibody, and mounted. Arrow shows retention of
fluorescent signal in DN rab11-transfected cells (B, bottom right) compared with DN rab4-transfected cells (B, bottom left). Bar, 10 �m. (C)
Fluorescence intensity remaining after various chase periods was quantified by image analysis and expressed as a percentage of the
fluorescence present at 0-min chase. Values indicate the mean � SD of the fluorescent values of 30 cells from three separate experiments.
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receptor internalization, whereas nystatin treatment (to dis-
rupt caveolae/lipid rafts) showed no effect (Figures 6 and 8).
However, given the recent report showing clathrin- and
caveolae/raft-dependent receptor pathways for TGF-� sig-
naling and degradation, respectively (Di Guglielmo et al.,
2003), we similarly examined the effects of endocytic inhib-
itors on receptor degradation. Whereas nystatin had no ef-
fect on receptor stability, the degradation of both chimeric
and endogenous TGF-� receptors was diminished by pre-
venting clathrin-dependent internalization (Figure 8). Al-
though it is unknown why we and Di Guglielmo et al. (2003)
show such distinct findings relating to caveolae function in
TGF-� receptor trafficking, two technical issues may play
important roles. First, in the same cell type we find that 50
�g/ml nystatin (the concentration used in the other study)
similarly inhibits transferrin as well as uptake of caveolar
markers (Figure 6, A and B); and, second, the long-term
potassium depletion (2–8 h) required for these experiments
results in significant cell loss (up to 40%; Figure 8B, inset),
potentially biasing these samples toward lower values and
obscuring the stabilizing effect of potassium depletion. In
addition, a conceptual inconsistency arises from the fact that
inhibiting clathrin-dependent processes would prevent the
E3 ubiquitin ligase Smurf2 from targeting the TGF-� recep-
tor for degradation (Kavsak et al., 2000; Piek et al., 2001). This
latter point is of considerable interest because the induction
of Smad7 is known to be dependent upon Smad3 (Piek et al.,
2001) and, as mentioned above, both we and others have
shown Smad activation to be dependent upon clathrin-de-
pendent internalization (Hayes et al., 2002; Penheiter et al.,
2002; Di Guglielmo et al., 2003). Thus, regardless of any role
(or not) for caveolae, potassium depletion should result in

TGF-� receptor stabilization simply by preventing Smad7
induction and subsequent Smurf2 ubiquitination of the re-
ceptor complex (Kavsak et al., 2000).

Treatment with DN rab constructs allowed us to compare
the involvement of rab4 and rab11 in TGF-� receptor traf-
ficking in the absence and presence of ligand. Whereas
transferrin, a well-studied constitutively recycling protein,
recycles through both rab4- and rab11-dependent processes
(Sheff et al., 1999), we found that TGF-� receptor recycling
involves only rab11 (Figure 9, B and C). Because ligand
activation causes drastic changes in receptor function, we
reasoned that activated receptors might recycle through dis-
tinct cellular compartments from quiescent receptors and
thus might be shown to be dependent on a different profile
of rab proteins. Interestingly, we found no effect of ligand
activation; that being, receptors recycled through a rab11-
dependent process irrespective of the receptors’ activation
state. Although this result is informative in elucidating the
involvement of specific rab proteins, the modification(s) that
distinguishes activated receptors from those that are consti-
tutively recycling is unknown. Two likely possibilities in-
clude receptor phosphorylation and/or ubiquitination be-
cause both have been reported to regulate aspects of TGF-�
receptor internalization/down-regulation and degradation,
respectively (Anders et al., 1998; Kavsak et al., 2000).

The current results suggest a model in which both acti-
vated and quiescent TGF-� receptors are internalized and
degraded via a clathrin-dependent pathway and recycle to
the cell surface through a rab11-dependent process (Figure
10). While chimeric TGF-� receptor internalization through
caveolae/rafts is likely to be of minor importance, it cannot
be formally ruled out for native receptors. Despite the fact

Figure 10. Model of TGF-� receptor traf-
ficking. Receptors are internalized in clath-
rin-coated pits at the same rate irrespective
of ligand binding (1); thus, both activated
and nonactivated receptors are shown in the
same clathrin-associated structure. Smad ac-
tivation likely occurs in a newly internalized
nascent vesicle (2), after which receptors are
trafficked to the sorting endosome (2) where
they are sorted to recycling endosomes for
rab 11-dependent recycling to the plasma
membrane (3). TGF-� ligand dissociates and
is transported to the lysosome (4) for deg-
radation (see text). From the recycling com-
partment receptors return to the plasma
membrane regardless of their initial activa-
tion state. Nonactivated receptors are sub-
jected to further recycling, whereas acti-
vated receptors undergo down-regulation/
degradation (5) (Mercier et al., 1995; Anders
et al., 1997). The mechanism/structure(s)
through which activated receptors are inter-
nalized for down-regulation or the compart-
ment(s) where Smad signaling occurs is un-
known.
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that activated TGF-� receptors stimulate Smad phosphory-
lation in an intracellular compartment downstream of dy-
namin function (Hayes et al., 2002; Penheiter et al., 2002)
(most likely in a newly internalized rab5-associated vesicle;
Panopoulou et al., 2002; Figure 10, 2), receptors reappear at
the plasma membrane irrespective of activation state. At this
time, activated receptors are evidently directed for eventual
down-regulation/degradation, whereas unstimulated re-
ceptors continue to recycle (Figure 10). Although our results
do not directly address the immediate itinerary of ligand,
TGF-� receptors are most likely targeted to the early/sorting
endosome where ligand dissociates and undergoes lysoso-
mal degradation. This is the most probable outcome because
the half-life of internalized TGF-� is significantly shorter
than that of its receptors (Frolik et al., 1984; Koli and Arteaga,
1997; Massagué and Kelly, 1986; Wells et al., 1997).

A central question might be why a cell would shuttle
receptors to and from the cell surface in the absence of
ligand activation. Although the question remains unan-
swered by this study, at least two possible explanations
exist. First, recycling may facilitate a receptors’ ability to
rapidly respond to ligand stimulation. Recycling promotes
immediate cellular entry without the need for recruitment of
the necessary internalization machinery. The receptors can
then be more quickly transported to the appropriate intra-
cellular locale where Smad signaling occurs (Hayes et al.,
2002; Penheiter et al., 2002). Consistent with such a model is
our recent demonstration that TGF-� receptors constitu-
tively associate with the �2 subunit of AP2 (Yao et al., 2002).
Second, constitutive recycling may provide a convenient
method for the cell to regulate surface receptor number
(Royle and Murrell-Lagnado, 2003), thereby regulating sen-
sitivity to TGF-� ligand. For example, if a rapid decrease in
surface receptors is needed, the internalization rate could be
increased and/or recycling decreased. Conversely, modulat-
ing trafficking rates in the opposite manner would increase
the number of plasma membrane receptors. Conclusively
addressing this question, however, will await our ability to
specifically inhibit constitutive and ligand-activated TGF-�
receptor internalization.
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Anders, R.A., Arline, S.L., Doré, J.J., and Leof, E.B. (1997). Distinct endocytic
responses of heteromeric and homomeric transforming growth factor beta
receptors. Mol. Biol. Cell 8, 2133–2143.
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