
REVIEW

The Role of Endocytic Pathways in TGF-β Signaling

P. Balogh & S. Katz & A. L. Kiss

Received: 13 June 2012 /Accepted: 17 December 2012 /Published online: 30 December 2012
# Arányi Lajos Foundation 2012

Abstract Transforming growth factor β (TGF-β) super-
family consists of numerous cytokins that regulate vari-
ous cellular processes. TGF-β, the prototype of the
family, signals through its cell surface serine/threonin
kinase receptors and besides its role in cell differentia-
tion, migration, adhesion etc. it is also able to induce
epithelial-mesenchymal (EMT) transition via both Smad-
pathway and MAPK- pathway. Among the different types
of epithelial-mesenchymal transition, type II that is de-
scribed to be associated with wound healing, tissue regen-
eration, organ fibrosis and is induced upon inflammatory
stimuli. It can be triggered by secretion of growth
factors such as TGF-β, EGF. Different endocytic routes
are used for the internalization of TGF-β ligand and its
receptors and these pathways can control the activity of
downstream events. Internalization via clathrin-coated
vesicles promotes the signaling while the caveola-
mediated endocytosis plays important role in the termi-
nation of the events, although the steps of the latter
event are less clear. The early endosome is considered
a clue compartment in promoting the signaling. Recent-
ly published data suggest that the early endosome plays
crucial role in the termination of the TGFβ signaling as
well. It is not only maintain a special environment for
the effective signaling but can direct the internalized
cargos towards degradative pathways (multivesicular bodies,
lysosomes).
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Introduction

Transforming growth factor β (TGF-β) superfamily consists
of numerous groups of cytokins that regulate a diverse set of
cellular processes. Besides the TGF-β isoforms (TGF-β1,
TGF-β2 and TGF-β3), members of the family also include
the bone morphogenetic proteins (BMP), inhibin, myostatin,
Nodal, GDF, GDNF, MIS (Müllerian Inhibiting Substance),
each with different roles in cell differentiation, apoptosis,
cell migration, adhesion during embryogenesis and in adult
tissues [1].

TGF-β has also dual role depending on the cell type and
the environment. While it is able to suppress cell growth in
epithelial and hemopoetic cells by inducing G1 arrest, it also
initiates cell proliferation and differentiation in mesenchy-
mal cells. These cellular processes regulate the morpholog-
ical plasticity of a cell and result in phenotypic change that
is known as epithelial-mesenchymal transition (EMT) [2].

Three subtypes of EMTcan be distinguished with different
functional consequences. Besides epithelial-mesenchymal
transition during embryogenesis (type I) and tumorigenesis
(type III), type II EMT is associated with wound healing,
tissue regeneration and organ fibrosis. It has been demonstrat-
ed that during inflammation many cells can trigger type II
EMT through secretion of growth factors such as TGF-β,
EGF [3]. Most prominent among these cells are the macro-
phages and activated resident fibroblasts that accumulate at
the site of injury and release these growth factors [4]. TGF-β
was described to induce EMT via both Smad 2/3-dependent
pathway and MAPK-dependent pathway.

The biochemistry of TGF-β signaling is in the focus of
many articles and well characterized. It is less clear, however
in which cellular/cytoplasmic compartments the molecules
along the downstream pathway are accomodated and how
their localization changes during the signaling. Another ques-
tion of great interest is wether the different compartments can
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be involved in regulating the pathway and if so, wether
they can promote or suppress the signaling? The universal
role of TGF-β in the different types of EMTs is evident.
The subcellular localization of the elements of different
signaling pathways that might be the clue to define the
adequate cellular response to TGF-β indicating the impor-
tance of compartmentalization.

The Signaling Events (Smad-Dependent Pathway)

TGF-β, the prototype of the family, signals through its cell
surface serine/threonin kinase receptors. Functionally and
structurally type I and type II TGF-β receptors (TβR-I,
TβRII) can be distinguished. The type II receptor is consid-
ered a constitutively active kinase (activated by autophos-
phorylation) while type I receptor contains a special GS
domain the phosphorylation of which leads to the activation
of the receptor.

In the prototypic TGF-β pathway, ligand binds to type II
receptor and induces the formation of a heterotetrameric
receptor complex within which TβR-II transphosphorylates
and activates the type I receptor and the activated TβR-I
initiates the Smad signal transduction pathway [1, 5, 6].

The Smad proteins can be divided into three classes
based on their structural and functional differences. The 1)
receptor-regulated (R) - Smad proteins are Smad 2,3 that are
the only substrates for type I receptor kinases and further
members of this group are Smad 1,5,8, that are phosphory-
lated by the activated BMP receptors. After phosphoryla-
tion, thus activation, the R-Smads associate with 2) common
mediator (Co)-Smad protein, Smad4. They form oligomeric
complexes and are transported to the nucleus to regulate the
transcription of target genes together with other nuclear
cofactors. The members of third class of Smads act as
negative regulators of the signaling pathway, the 3) inhibi-
tory (I)-Smads, Smad6 and Smad7 proteins [6–8].

Recent findings have demonstrated that accessory pro-
teins interact with type I, type II receptors and Smad
proteins [7]. An example is SARA (Smad anchor for
receptor activation) that facilitates the association of R-
Smads with TGF-β receptor at the plasma membrane,
though it is predominantly localized to phosphatidylinosi-
tol 3-phosphate (PtdIns3P) rich early endosomes [9, 10].
Furthermore, some data suggest that SARA can interact
with cell surface TβRs and in this way protects the
complex from degradation [11–14].

Ligand binding to its cell surface receptors means not
only the beginning of the signaling events through Smads
but also triggers internalization of both ligand and receptors
[11–15]. The receptor internalization is required for the
initiation of downstream signaling. There are two main
endocytic pathways through which the TGF-β ligand-
receptor complex can be internalized. One of them is the

well-characterized clathrin-mediated endocytosis and a less
clear pathway is the lipid/caveolae-mediated endocytosis.
Both types of pathways are used for the internalization of
TβRs. It is already clear that via different internalization
routes cells can control the number of surface-receptors and
this is crucial for regulating the signaling, receptor turnover,
the magnitude and duration of the events [11].

Clathrin-Mediated Endocytosis Promotes the Signaling

Internalization of most cell surface receptors is mediated by
short specific sequences in their cytoplasmic domain.
Tyrosine-containing sequences and di-leucin-based motifs
function as internalization signals for clathrin-dependent
endocytosis. These sequences can directly bind to the endo-
cytic machinery and play important role in cargo enrichment
on the clathrin-coated pit as well as in vesicle formation [16,
17]. Such internalization signals have also been identified in
TGFβ receptors. Both TβRI and TβRII appear to be rapidly
internalized. After receptor-ligand internalization in clathrin
coated vesicles, the complex is targeted into early endosome
antigene-1 (EEA1) positive endosomes. It promotes the
signal transduction by recruiting the FYVE domain-
containing proteins (like SARA). The C-terminal phosphor-
ylation of R-Smads occurs in endosomes leads to their
dissociation from both SARA and receptor [10, 18, 19].
Then the phosphorylated R-Smads can bind to Smad4 [20]
forming the oligomeric complex that can enter into the
nucleus to regulate target genes in association with other
coactivators and corepressors.

The shuttling of TGFβ-induced Smad complexes be-
tween the cytoplasm and the nucleus is strictly regulated.
The R- Smad and Co- Smad proteins have conserved Mad-
homology 1 (MH1) and MH2 domains connected by a
linker domain, while the I-Smads are lack of a distinct
MH1 domain. The R-Smads and Co-Smad have a nuclear
localization sequence (NLS) in their Mad-homology 1
(MH1) domain while their MH2 domain contains nuclear
export signal (NES) and nuclear pore signal (NPS) as well
[21] (Fig. 1). Phosphorylated Smad3 was shown to interact
with importin-β1 of the nuclear pore and enters into the
nucleus in a GTPase dependent manner [22, 23].

Early endosomes (EE), however, provide not only spe-
cialized environment for signaling events in the TGF-β
pathway by recruiting the signaling molecules [18], but they
are important cellular compartments where the internalized
cargo proteins and receptors are sorted. The main factor in
this process is the acidifying pH of endosomes that helps in
the dissociation of receptor and ligand. After dissociation,
TGF-β receptors can recycle back to the plasma membrane
with the help of Rab11 positive recycling endosomes [24]. It
is important to emphasise that although clathrin-mediated
endocytosis of TβRs can enhance Smad-mediated TGFβ
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signaling, it is still debated wether this process is required
for the signaling [18, 19]

Caveola-Mediated Endocytosis Turns off TGF-β Signaling

Another internalization route into the cell is via caveolin-1
positive vesicles and it is also known that TβRs are local-
ized in lipid rafts of the plasma membrane. Caveolae are
small plasma membrane invaginations that play important
role in many cellular functions including signal transduc-
tion, cellular growth control, apoptotic cell death. The main
protein components of caveolae are the scaffolding proteins
termed caveolin-1,-2,-3 [25, 26]. Complex events lie behind
the regulation of the internalization pathway through cav-
eolae and the intermediate compartments are still less clear.
Earlier data showed that caveolae internalize into the cell,
and form so-called caveosomes that were supposed not to
communicate with other cellular compartments. According
to this idea caveosomes would represent a cellular compart-
ment the content of which could avoid lysosomal degrada-
tion [27, 28]. Recent data, however, have shown that
caveolin-positive vesicles can also associate with early
endosomes [29, 30] and caveosomes are most likely modi-
fied late endosomes or lysosomes, thus they are part of the
classical endocytic pathway [31]. According to this, caveo-
lar endocytosis can also provide a possible way for seques-
tering receptors [15]. Several lines of evidence support the

idea that receptor-ligand internalization via the (non-classi-
cal) caveolar pathway turns off the TGFβ signaling events
by targeting the receptor-ligand complex to lysosomal and/
or proteasomal degradation [10, 11, 15]. This receptor deg-
radation plays an important role in controlling the amount of
receptors on the plasma membrane. The possible pathways
targeting the signaling molecules towards degradation are
not entirely known and most of the papers avoid the detailed
discussion of these routes. The inhibitory Smad (I-Smad),
Smad7 is one of the main regulator in the degradative
events. I-Smad inhibits TGFβ signaling through multiple
mechanisms as a decoy substrate forming a stable complex
with receptors to prevent recruitment of R-Smads [32, 33]
and also disrupts the functional Smad-DNA complex for-
mation [34]. Smad7 exerts its negative effects at the level of
the plasma membrane by competing with R-Smads for the
receptor and also by recruiting the E3 ubiquitin ligase
Smurf1/2 proteins to the active TβRs [32, 35, 36] to pro-
mote receptor ubiquitination and degradation [21]. (Smad7
has a putative NLS in its N-terminal region and resides in
the nucleus in non-stimulated cells. In response to TGFβ
stimulus, Smad7 leaves the nucleus in complex with the
ubiquitin ligases, Smurf1/2 [21, 35–37]). The interaction
of Smad7 and Smurf proteins with activated TβRs targets
the complex to lipid rafts/caveolae and in this way the
caveola-mediated endocytosis could promote receptor turn-
over and the termination of signaling [10]. TGFβ receptors

Fig. 1 Functional domains of Smad proteins. The R- Smad (Smad2/
3) and Co- Smad (Smad4) proteins have conserved Mad- homology
1 (MH1) and MH2 domains connected by a linker domain, while the
I-Smad (Smad7) is lack of a distinct MH1 domain. The MH1
domain contains DNA-binding site (except for Smad2) and nuclear
localization signal (NLS) and mediates interactions with different
transcription factors to stabilize the nuclear Smad complex. MH2 domain

is higly conserved among all Smads and it is responsible for receptor
interaction, the nucleocytoplasmic shuttling of Smad proteins (NPS,
NES) and also mediates the formation of Smad oligomer complexes
and the interaction of other proteins such as SARA. The linker
region contains phosphorylation sites allowing crosstalks with other
signaling pathways and binds ubiquitin ligases (Smurf proteins) via
the PY motif
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after receptor ubiquitination have been shown to be degrad-
ed by both lysosomal and proteasomal machineries [35, 38].
Though limited data are available on factors controlling the
proteasomal degradation of TGFβ receptors. Recent data
showed that a GPI-anchored protein, CD109 functions as a
TGFβ co-receptor, associates with caveolin-1, promotes the
caveolar localization of the TGFβ receptors and might reg-
ulate its proteasomal degradation [39]. However, it is not
clear how the caveolar endocytic machinery can drive recep-
tors to the proteasomal pathway.

Besides TβRs, the stability of Smad proteins and
caveolin is also controlled by ubiquitination suggesting
the regulatory role of different ubquitination signals.
While poliubiquitination is a sign that directs the cargos to
proteasomes, mono/multiubiquitination is a signal for the
entry of proteins via the endocytic pathways. Thus, ubiquiti-
nation, indeed plays essential role both in signal transduction
and also to determine the way of degradation towards protea-
somes or towards multivescular body/late endosome forma-
tion [40, 41].

The lysosomal degradation of internalized cargos via cav-
eolar endocytosis includes multivesicular body (MVB) for-
mation and the early endosomes are the clue compartments of

this process as well. Not only the receptor and ligand, but
the caveolin itself can also be ubiquitinated, though the
ubiquitinated caveolin is not directly degraded via multi-
vesicular body (MVB) formation. Internalized cargo pro-
teins are targeted first to early endosomes [31] indicating
that MVB formation starts at the level of this cellular
compartment. MVBs are formed when limiting membrane
of endosomes invaginates and buds into the lumen of the
organelles [42, 43]. A subset of membrane proteins within
the limiting membrane of the endosomes are sorted into
these invaginating vesicles and this sorting requires the
inclusion of a 350 kDa complex, called ESCRT-1 (endo-
somal sorting complexes required for transport). The mem-
brane of early endosome (EE) contains the ESCRT
complex that recognizes and binds ubiquitinated cargos
and initiates the transport of the cargos to late endosomes/
multivesicular bodies. MVB sorting and the subsequent
lysosomal degradation of cell surface receptors is therefore
a critical mechanism for regulating the signaling events [44,
45]. Hence, the early endosome plays a central role not
only promoting the TGF-β pathway, but it seems to be an
important intermediate cellular compartment that helps to
turn off the signaling as well (Fig. 2).

Fig. 2 The early endosome (EE) plays central role in determinating the
activity of TGF-β pathway. Internalization via clathrin-coated vesicles
promotes the signaling as the EE provides a special environment where
the phosphorylation of Smad 2/3 (which direct the downstream events)
can occur. Afterwards the receptors can return back to the plasma mem-
brane for reuse in Rab11 positive recycling endosomes. In contrast, the
caveola-mediated endocytosis turns off the signaling events by associat-
ing with inhibitory Smad, Smad7 that recruits the E3 ubiquitin ligase
Smurf 1/2. Thus, the ubiquitinated receptor-ligand complex is targeted for

degradation. The early endosomes seem to be the intermediate organelles
in this procedure as well. The early endosomal membrane contains the
ESCRT-I complex necessary for multivesicular body (MVB) formation.
Afterwards the multivesicular bodies fuse with lysosomes and the inter-
nalized cargos are degraded. Thus the early endosome plays crucial role
not only in promoting but turning off the TGFβ signaling. The direct
route of caveolae towards the proteasomes is still debated. CCV: clathrin-
coated vesicle, CAV: caveola, P: phosphorylation, U: ubiquitination,
MVB: multivesicular body, LE:late endosome
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Negative Regulation Occurs at Different Cellular Levels

There are events both at the level of the cytoplasm and the
nucleus that finally lead to the termination of signaling.
During the degradative events (to turn off the signaling)
various complex mechanisms occur in the cytoplasm. We
have to consider that not only the receptor is ubiquitinated
by Smurfs, but mono- and/or poliubiquitination can regulate
the internalization and degradation rate of the caveolin-1 as
well [31, 46].

Besides this, the level of Smad4 is also controlled by
ubiquitination that regulates its stability and modulates its
activity, thus the ubiquitin-mediated degradation both in
proteasomes and lysosomes can regulate the stability of
Smad proteins. Phosphorylation, dephosphorylation, acety-
lation, sumoylation can also have effect on the stability of
Smads and can have effect on their proteasomal degradation
[21]. It is well known that poliubiquitination targets the
cargo to proteasomes. It is not clear whether the two inde-
pendent pathways (MVB/lysosomal and proteasomal degra-
dation) communicate with each other. Is there any cross talk
between the two degradative routes? Another question is
wether Smad7-Smurf proteins can be reused or is there any
possibility for the recycling of these proteins during the
caveolar internalization if we suppose that they also reach
the early endosome? That might be another fine tuning for
determinating the activity of the pathway.

In the nucleus an autoinhibitory feedback loop controls
that parallel with the TGF-β stimulus, the transcription com-
plex Smad2-Smad3/4 induces the expression of Smad7 and in
this way it accumulates continuously in a concentration-
dependent manner and helps to terminate the signaling [44].
Another mechanism at the nuclear level that blocks the tran-
scription of target genes is the ubiquitination of the active
transcription complex (Smad2–3/4) which targets them
from the nucleus out to the cytoplasm for proteasomal
degradation. This process is distinct from the Smurf-
mediated ubiquitination in the cytoplasm. Further investi-
gations will be required to describe the difference between
nuclear and cytoplasmic degradation of Smad proteins and
how they control the signaling [8].

There are data that indicate the role of estrogen-receptor
(ER) α as a negative regulator of TGF-β pathway by in-
creasing the degradation of nuclear Smad proteins. ERα
forms a protein complex with Smad3/4 and ubiquitin ligases
in the nucleus and enhances the degradation of the transcrip-
tion complex by the ubiquitin-proteasome system [47].

TGF-β Induced Smad- Independent Pathways

Besides the (canonical) Smad- pathway, TGFβ activates other
non-Smad signaling pathways such as Erk, JNK, p38 MAP
kinase pathways in a cell-specific and context-dependent

manner. MAPK pathways help and complete the process of
TGFβ induced epithelial-mesenchymal transition, although
the mechanism by which TGFβ activates these pathways
and their biological consequences are poorly characterized
[48, 49].

MAPK cascade is composed of several protein kinases
that specifically phosphorylate and activate each other. The
elements of the cascade are organized in levels that are
termed MAP kinase kinase kinase (MAPKKK), MAP ki-
nase kinase (MAPKK) and MAP kinase (MAPK). The
activation of MAPK leads to its translocation to the nucleus
where MAPK phosphorylates and activates its targets, e.x
transcription factors. It is well known that MAPK pathways
transmit extracellular signals to the nucleus to regulate dif-
ferent cellular processes [50–52]. However, it has recently
been described that non-Smad signaling proteins (the ele-
ments of MAPK cascade) take part in the physiological
responses of TGFβ as well by other different mechanisms:
I) they can directly modify the activity of Smad proteins by
e.x phosphorylation (p38 MAP kinase and JNK kinase have
been reported to phosphorylate Smad2/3 and suppress their
activity [53, 54]). II) They can directly interact or be phos-
phorylated by TβRs, hence a parallel signaling is initiated
that might agonise Smad pathway or III) non-Smad proteins
can directly be modulated by Smads that transmit signals to
other pathways [49]. Emerging new data reflects the com-
plexity of how the Smad- and non-Smad pathways are
interconnected. The Erk MAPK phosphorylates the MH1
domain of Smad2 and blocks its nuclear translocation, thus
transcriptional output. TGF-β induced JNK can also phos-
phorylate Smad3 and induces its translocation to the nucleus
[55, 56]. The role of regulation of TβRs (phosphorylation,
ubiquitination, sumoylation) is also necessary to be elucidated
[57]. The phosphorylation of TβRII on tyrosine can contribute
to the activation of TGFβ-induced p38 MAPK pathway and
also the tyrosine phosphorylation of TβRI is necessary
for the initiation of Erk MAPK pathway in response to TGFβ
stimulus [58] (Fig. 3).

Both Smad and MAPK signaling induced by TGF-β
work together in a complex cellular network and the sub-
cellular localization of both Smad and non-Smad proteins
play an important role to define the final outcome for dif-
ferent extracellular stimuli. The signaling elements of
MAPK pathways (MAPKKKs, MAPKKs,) are found at
the plasma membrane and on endosomes, while the activat-
ed MAPKs are bounded to endosomal membranes. Thus,
endosomes are crucial cytoplasmic compartments; as they
create a platform and a special environment for the signaling
molecules they can orchestrate the spatial and temporal
regulation of different signaling routes [59, 60].

By now it is accepted that TGFβ induced Smad activa-
tion occurs in both lipid rafts/cavolae and non-lipid rafts, but
a recent observation suggests that activation of MAPK in

The role of endocytic 145



lipid rafts/cavolae is specially required for TGFβ induced
EMT [61]. The role of raft compartments and endosomes is
best charactarized in the Raf-MEK-Erk MAPK pathway.
Raf kinases are localized near to the plasma membrane in
the cytoplasm through interactions with different anchoring
and scaffolding proteins or lipid compounds [62]. MEKs are
localized in the cytoplasm of resting cells due to their
nuclear export signal (NES). They shuttle between the cy-
toplasm and the nucleus constantly and they serve as cyto-
plasmic anchors for Erks. With the help of adaptor protein
p18, MEKs are localized in the lipid rafts of late endosomes
indicating the importance of endosomal compartments. Up-
on stimulation, Erks dissociate from MEK and through the
formation of homodimers Erks enter into the nucleus by
active transport mechanism, while as a monomer it can enter
into the nucleus by passive diffusion. The nuclear export of
Erks is mediated by a MEK dependent active transport
mechanism due to their nuclear export signal [51, 59, 60,
63–65] (Fig. 4).

Conclusions

TGF-β exerts its effects in a cell-specific and context-
dependent manner. There have been growing number of
articles and evidences that reflected the importance of the
different cellular compartments (endosomes, caveolae) and

Fig. 3 Summary of Smad-dependent and Smad-independent path-
ways that play role in TGF-β induced epithelial-mesenchymal tran-
sition. The formation of TGF-β ligand- receptor complex activates
Smad2/3 proteins that form oligomer complexes with Smad4 and
enter into the nucleus exerting their effects on target genes. Besides
this signaling route, TGF-β ligand-receptor complex activates MAPK

pathways (Erk, p38, JNK) that not only carry different extracel-
lular signals towards the nucleus and contribute to the activity of
transcription, but MAP kinases also modify the activity of Smad-
proteins. The balance between activation of Smad proteins and
MAPK pathways defines the cellular responses to TGF-β. For more
details, see text.

Fig. 4 The subcellular localization of Erk MAP kinase pathway.
Activated MAPKKK (H-Ras) is localized in lipid rafts/caveolae
(CAV). MEK proteins are bounded to lipid compartments of late endo-
somes through adaptor proteins and MEKs serve as anchors for Erk.
Upon stimulation, Erk dissociates from MEK and enters into the
nucleus by passive transport and is replaced to the cytoplasm with
the help of MEK proteins that has nuclear export signal (NES). For
more details, see text. EE: early endosome, CAV: caveola, MVB:
multivesicular body, LE:late endosome, P:phosphorylation
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their essential role in determinating the activity of signaling
pathways, also in the case of TGFβ signaling. Endosomal
compartments are now generally accepted signaling centers
that organize the downstream events and help in the sorting
of signal molecules (recycling, ubiquitination, degradation).
Emerging new data suggest that early endosomes play im-
portant role to define the activity of TGF-β pathways - both
(canonical) Smad-dependent and (non-canonical) Smad-
independent pathways - as they not only promote the sig-
naling but are important in the termination of the events and
can direct the cargos towards degradative pathways. Late
endosomal membranes form also a physical surface that can
bind the elements of non canonical TGF-β pathways
through the lipid compound of caveolae reflecting that both
lipid and non-lipid internalization routes are essential for the
effective signaling. Endosomal compartments, thus provide
a physical platform for the cross-talk of different signaling
pathways by binding the singaling molecules that might be
the explanation for also the heterogen and complex effects
of TGF-β.

To define the exact role of different cytoplasmic compart-
ments with complex integrity of the regulation of canonical
and non-canonical pathways might bring us closer to under-
stand better the cellular processes and mechanism of TGF-β
induced epithelial-mesenchymal transition.
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