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Transforming growth factor $ (TGF-f) plays an important role in normal development and homeostasis.
Dysregulation of TGF-f responsiveness and its downstream signaling pathways contribute to many diseases,
including cancer initiation, progression, and metastasis. TGF-$ ligands bind to three isoforms of the TGF-$
receptor (TGFBR) with different affinities. TGFBR1 and 2 are both serine/threonine and tyrosine kinases, but
TGFBR3 does not have any kinase activity. They are necessary for activating canonical or noncanonical signaling
pathways, as well as for regulating the activation of other signaling pathways. Another prominent feature of

TGF-f signaling is its context-dependent effects, temporally and spatially. The diverse effects and context de-
pendency are either achieved by fine-tuning the downstream components or by regulating the expressions and
activities of the ligands or receptors. Focusing on the receptors in events in and beyond TGF-f} signaling, we
review the membrane trafficking of TGFBRs, the kinase activity of TGFBR1 and 2, the direct interactions be-
tween TGFBR2 and other receptors, and the novel roles of TGFBR3.

1. Introduction

Transforming growth factor B (TGF-p) is expressed by all cells in the
human body and plays an important role in normal development and
homeostasis. There are three TGF-f forms (TGF-p1, 2, and 3), which are
receptor ligands, have similar biological activity, and are important in
processes such as regulating proliferation, migration, differentiation,
and apoptosis. There are also three TGF-f receptors (TGFBR1, 2, and 3).
Canonical TGF-f signaling occurs when one of the three ligands binds
to TGFBR2, which then recruits and phosphorylates TGFBR1. In turn,
phosphorylated TGFBR1 phosphorylates downstream SMAD2 and
SMAD3 (mothers against decapentaplegic homolog 2 and 3), each on a
serine residue at its carboxy terminus (pSmad2/3C), which then recruit
SMAD4 and translocates to the nucleus where it regulates the tran-
scription of TGF-P target genes [1-4].

On the other hand, SMAD7 could be recruited to the complex of
activated TGFBRs or pSmad2/3C to initiate their degradation by SMAD-
specific E3 ligase. Depending on the proteins recruited to the ligan-
d-receptor complex, TGF-B binding its receptors can activate non-
canonical TGF- signaling by stimulating a variety of kinases, including
the MAPKs, ERK, P38, JNK, phosphatidylinositol 3 kinase (PI3K)/PKB,
or ROCK [5] (Fig. 1). These kinases are able to phosphorylate the linker
regions of SMAD2/3, which is the region between the N-terminus Mad-
homology 1 (MH1) and the C-terminus MH2 domains of a SMAD

protein. Signaling based on such linker region phosphorylation has
been defined as non-Smad (or Smad-independent) signaling [6,7]. The
functions of linker region phosphorylation are not well understood. To
avoid confusion, we will use “canonical signaling” for SMAD C-ter-
minus phosphorylation and “noncanonical signaling” for the other TGF-
[ downstream pathways.

TGF-f signaling is a crucial regulator of normal inflammatory re-
sponse, as demonstrated by homozygous TGF-B1-null mice that de-
velop multifocal inflammatory syndrome soon after weaning [8,9].
Furthermore, TGF-f signaling plays pivotal roles in cancer, having both
suppressor and promoter activity [10,11]. Since the discovery and
purification of TGF-f, many researchers have been drawn to study its
multiple roles in cancer. It is generally accepted that TGF-f signaling
has a tumor-suppressive role in normal cells but a tumor-promoting role
in malignant cells. Targeting TGF-B and its downstream signaling
components have been effective against many cancers in preclinical
animal models, but not clinically. Therefore, there is a crucial need for
further understanding the TGF-P signaling and its regulation. Major
advances have been made in dissecting the regulation of and identifying
downstream targets of TGF-$ signaling; these have been extensively
reviewed [9-15]. In this review, we focus on the three TGFBRs and
their kinase activities, their interactions with other proteins, and the
dynamic of their presence at the plasma membrane, in and beyond the
divergent TGF-f signaling effects.
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Fig. 1. TGF-P canonical and noncanonical signaling. Signaling starts with TGF-f binding to TGFBR2, a constitutively activated kinase, which phosphorylates TGFBR1
and activates its kinase activity, which then phosphorylates SMAD2/3 or noncanonical downstream components. EMT, epithelial-mesenchymal transition; ® in
green circle, tyrosine kinase phosphorylation; (P) in orange circle, serine/threonine kinase phosphorylation. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

2. Endocytosis of TGFBRs in signaling activation, receptor
trafficking, and degradation

At the plasma membrane, TGFBRs reside in both lipid raft and non-
raft membrane domains. All three TGFBRs have a rapid turnover from
the cell membrane. By using an '*>I-TGF-B1 binding assay, it was shown
that a 2-h cycloheximide treatment blocking new protein synthesis re-
sulted in decreased TGF-B1 binding to both TGFBR1 or TGFBR2 (down
to 50% of the initial level), and their activity was negligible after 24 h.
TGFBR3 binding was reduced to 50% after 6h of cycloheximide
treatment [16]. In addition, ligand-independent recycling of TGFBRs
has been observed [17], and ligand stimulation has no effect on the
rates of internalization or receptor recycling [16].

One possible mechanism for the rapid TGFBR turnover might be
linked to endocytosis, which is an important regulatory event in signal
transduction. TGFBRs internalize into both caveolin- and cla-
thrin—positive vesicles. Clathrin-dependent internalization into an early
endosome antigen (EEA)-1-positive endosome promotes canonical sig-
naling [18], by increasing SMAD2 nuclear translocation and thereby
the activation of downstream signaling [19,20]. In contrast, the lipid
raft-caveolar internalization pathway involves the SMAD7-SMURF1/2-
bound receptor and is required for receptor turnover [18] (Fig. 2). The
mechanism that directs the internalization of activated receptors for
signaling turnover or signaling activation is unknown.

Some insights have been gained by using a chimeric receptor model.
The findings included that TGFBRs constantly recycle in the absence of
ligands, and that ligand binding directs only heteromeric receptors
(TGFBR1/TGFBR2) for degradation, whereas the homomeric receptors
(TGFBR1/TGFBR1 or TGFBR2/TGFBR2) are recycled back to the
plasma membrane [21]. More interestingly, in epithelial Mv1Lu cells,
ligand-bound heteromeric receptors were all shuttled to the degrada-
tion pathway [21]. On the other hand, certain point mutations in
TGFBR1 or TGFBR2 keep the heteromeric receptors in the recycling
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pathway in NIH-3 T3 fibroblasts [21]. These observations raised more
questions. For example, is this mechanism applicable to a wide range of
epithelial cells and fibroblasts? Is this the direction to pursue for un-
covering the cell-specific effects of TGF-p signaling? And, what are the
mechanisms of membrane trafficking of TGFBRs in other types of cells?

3. TGFBR1 in TGF-f} signaling

TGFBR1 is the key component in passing extracellular stimulation to
the downstream TGF-f signaling pathway. TGFBR1 can be phos-
phorylated at multiple sites, and it phosphorylates either downstream
SMAD2/3 at the C-terminus, or kinases that activate noncanonical
pathways. TGFBR1 is tightly controlled through ubiquitination, which
regulates the amount of TGFBR1 protein and also mediates its activa-
tion of noncanonical signaling. TGFBR1 is important in the normal
development of mice: homozygous Tgfbri-null mice die at mid-gesta-
tion with a lack of circulating erythrocytes and defects in the yolk sac
and placenta [22].

3.1. TGFBR1 phosphorylation in canonical and noncanonical signaling
pathways

TGFBR1 is recruited and phosphorylated by ligand-bound TGFBR2.
The phosphorylation occurs on serine and threonine residues in an
extremely conserved glycine-serine-rich (GS) domain, TTSGSGSG.
Mutation of two or more of these residues impairs TGFBR1 kinase ac-
tivity, but replacement of the non-phosphorylation residue Thr204 by
aspartic acid leads to partial activation of the TGFBR1 kinase in-
dependent of ligand binding [23 and references in]. Both the TGFBR1
and TGFBR2 receptors are required for any downstream canonical or
noncanonical signaling response. TGFBR1 can phosphorylate only its
downstream factors such as SMAD2/3; it cannot autophosphorylate or
phosphorylate TGFBR2. Studies have shown that the noncanonical
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Fig. 2. Membrane trafficking of TGFBRs. TGFBRs on the plasma membrane are rapidly turned over through clathrin- or caveolin-mediated endocytosis. Endocytosis
not only directs the degradation or recycling of TGFBRs, but it is also necessary for activation of downstream TGF-f3 canonical or noncanonical signaling.

MAPK or ERK activations are associated with tyrosine kinase phos-
phorylation of TGFBRs [24].

Phosphorylation is a process which is reversed by protein phos-
phatases. Protein phosphatase 1 catalytic subunit gamma (PP1c) has
been reported to dephosphorylate TGFBR1. TGF-f3 promotes a ternary
complex formed by the PP1 regulatory subunit GADD34 (also known as
PPP1R15A), SMAD7, and TGFBR1, leading to the recruitment of PP1c
via SMAD7 and GADD34 to the receptor complexes. This serves as a
negative feedback mechanism, decreasing TGF-f signaling through
dephosphorylation of TGFBR1 [1,25-27]. It was also reported that in
Drosophila, SARA can recruit PP1c to reduce the phosphorylation level
of TGFBRI1. In addition, PP2A is known to associate with TGFBRs, but
there is no consistent evidence to conclude that PP2A direct depho-
sphorylates TGFBRs [1,25,26,28,29].

3.2. Ubiquitination in TGFBR1 degradation and signaling

Ubiquitination plays an important role in regulating and mediating
TGF-p signaling. TGFBRs can undergo either ubiquitination-mediated
or lysosomal degradation, depending on the proteins involved [23].
TGFBR1 is a ubiquitination target for either degradation or cleavage,
thus down-regulating TGF-f signaling or stimulating target gene ex-
pression in the nucleus, respectively. Furthermore, activated TGFBR1
recruits specific ubiquitin E3 ligases, which regulate canonical and/or
initiate noncanonical TGF-f signaling (Fig. 3).

TGFBR1 degradation requires an additional adaptor protein,
SMAD?. SMAD?7 interacts with activated TGFBR1 to recruit E3 ligases
SMURF1, SMURF2, NEDD4-2, or WWP1, resulting TGFBR1 ubiquiti-
nation and degradation and a subsequent decrease in downstream sig-
naling. Targeting protein in general for degradation is mediated by
lysine-48 (K48) polyubiquitin. On the other hand, ubiquitination via a
lysine at position 63 (K63) activates the target protein for signaling.
TGF-f activates TGFBR1, which binds with TRAF6 and increases the
auto-ubiquitination of TRAF6, which causes K63-polyubiquitylation of
TAK]1. This ubiquitination of TAK1 (a MAP kinase kinase kinase) in turn
phosphorylates MAP kinase kinase, leading to activation of p38 and
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JNK signaling, which induces cellular apoptosis, epithelial-mesench-
ymal transition, and cancer cell invasion [30-33].In addition to direct
activation of the PI3k/AKT pathway by TGFBR1, TGF-f can indirectly
activate PI3K/AKT. This can occur through the interaction of TGFBR1
and TRAF6, which in turn polyubiquitinates p85a, the PI3K regulatory
subunit in order to activate the PI3K/AKT pathway [34,35].

Interestingly, TRAF6 could also promote the proteolytic cleavage of
the polyubiquitinated TGFBR1 by TNF-alpha converting enzyme
(TACE) and presenilin-1, which would release the intracellular domain
of TGFBR1 for translocation to the nucleus. The intracellular domain
induces a set of genes, including Snail and MMP2, that promotes cancer
cell invasiveness [36-38]. TRAF6 is necessary for noncanonical TGF-3
signaling. In breast cancer cells, TRAF4 mediates noncanonical sig-
naling in a TRAF6-independent manner, and also regulates canonical
signaling by stabilizing the TGFBRs on the plasma membrane by ubi-
quitinating SMURF2 for degradation [39].

Other post-translational modifications of the receptors have been
identified. For example, sumoylation, the covalent attachment of the
small ubiquitin-like modifier (SUMO), is found in phosphorylated and
activated TGFBR1. TGF-p ligand binding and TGFBR2 are required for
TGFBR1 sumoylation, which enhances downstream canonical signaling
[40]. Neddylation is another ubiquitin-like modification, in which
NEDDS is covalently conjugated to lysine residues of TGFBR2. Neddy-
lation stabilizes TGFBR2 and promotes canonical TGF-f signaling [41].
Fucosylation of Ser and Thr on TGFBRs is required for TGFBRI phos-
phorylation and the activation of downstream signaling in the lungs,
colorectal cancer cells, vascular smooth muscle cells, and renal cells
[42-47]. N-linked glycosylation of TGFBR2 is necessary for its trans-
portation to the plasma membrane in many types of cell [48].

4. Kinase activity of TGFBR2

TGFBR2 is the receptor that TGF-f} binds directly, and thus it serves
as a gatekeeper for the activation of downstream signaling. TGFBR2 is a
constitutively active kinase independent of ligand binding, phosphor-
ylating itself, TGFBR1, or other receptors. This feature is the basis of the
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Fig. 3. Ubiquitination in signaling regulation. Ubiquitination plays roles not only in down-regulation of canonical TGF-f signaling (such as or SMAD7/SMURF1-
mediated ubiquitination of TGFBR1 or p-SMAD2/3) but also in activation of noncanonical signaling such as TRAF4 or 6 self-ubiquitination, which further ubi-
quitinates the downstream TAK1 or p85a. TRAF4 could also ubiquitinate Smurf for degradation, thus promoting canonical signaling. SMAD7 could also be involved
in dephosphorylating TGFBR1 and thus contribute to the down-regulation of canonical signaling.

manifold TGF-f signaling effects. Similar to the Tgfbrl knockout mice,
Tgfbr2 homozygous knockout mice suffer embryonic death at day 10.5
of gestation. These mice have defects in the yolk sac, in hematopoiesis,
and in vasculogenesis, while heterozygous Tgfbr2 knockout mice are
developmentally normal [49]. Homozygous deletion of the TGF-f1
gene (Tgfbl) also results in embryonic death, and these mice have a
phenotype undistinguishable from that of homozygous Tgfbr2 knock-
outs. Chimeric mice generated using a Tgfbr2 ™/~ embryonic stem cell
line showed several congenital abnormalities. The embryonic death and
congenital defects in these mice suggests that TGFBR2 is very important
for normal development of a variety of organs. TGFBR2 has both Ser/
Thr kinase activity and Tyr kinase activity.

4.1. Phosphorylation

In the 1990s, Weinberg and Lodish's group demonstrated for the
first time that TGFBR2 was phosphorylated even in the absence of TGF-
B and that phosphorylation occurred on multiple Ser residues [50].
Massague's group later showed that the phosphorylation patterns and
the amount of TGFBR2 phosphorylation were both independent of TGF-
B1 treatment. Mutation of lysine 277 in the putative ATP binding site
destroys the kinase and signaling activities of TGFBR2 [51]. Studies
have since reported that TGFBR2 can be autophosphorylated on
Tyr259, Tyr336, and Tyr424. Mutation of these three residues inhibited
its kinase activity, but not the canonical signaling activity, in reporter
assays [52].

Although this result was puzzling then, it's clear now that the tyr-
osine kinase activity of TGFBR2 is responsible for noncanonical sig-
naling but not for the canonical signaling that was tested. For example,
SRC (a non-receptor tyrosine kinase) phosphorylates TGFBR2 on
Tyr284 and recruits the Src homology 2-containing adaptors, Shc and
GRB2 to the receptor. This phosphorylation may play an important role

in TGF-B-mediated p38 activation, but it has no effect on canonical
signaling [52]. TGFBR1 can also be tyrosine-phosphorylated after sti-
mulation by TGF-f3, but we don't know whether this is due to autop-
hosphorylation or phosphorylation by TGFBR2. Tyrosine-phosphory-
lated TGFBR1 induces phosphorylation of both tyrosine and serine
residues of Shc, leading to the recruitment of GRB2 and SOS, which is a
guanine nucleotide exchange factor for Ras, and then to ERK activation
(Fig. 1) [24]. Taken together, these studies showed that TGFBR2 is
constitutively phosphorylated by cellular kinases and also has the
ability to autophosphorylate.

4.2. Interaction with other receptors

Moses' group generated the first Tgfbr2 exon 2—-floxed mice 15 years
ago, which allowed for cell-specific deletion of Tgfbr2 by crossing these
mice with promoter-driven Cre mice [53]. Almost all available Cre mice
have been crossed with this Tgfbr2 floxed mouse in order to study the
cell-specific effects of TGF-f signaling [54-70]. There have, however,
been discrepancies between TGFBR2 and downstream pSmad2C ex-
pression, suggesting that TGFBR2 plays a role beyond activating TGF-B
signaling [71]. Advances have revealed interactions of TGFBRs with
other proteins that contribute significantly to the stability of the re-
ceptors and to the diverse noncanonical TGF-f} signaling [72-74]. We
are interested in studies on the direct physical interactions of TGFBR2
with other receptors and how these direct interactions are involved in
the cross talk between canonical TGF-f signaling and other signaling
pathways. Thus, we here review the direct physical interactions of
TGFBR2 with other cell surface receptors such as GPCRs (G pro-
tein—coupled receptors), RTKs (receptor tyrosine kinases), and the type
I cytokine receptor.
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4.2.1. G protein—coupled receptors (GPCRs)

GPCR agonists such as thrombin and endothelin-1, binding to the
protease-activated receptor-1/2 (PAR-1/2) and endothelin receptor,
respectively, are able to transactivate TGFBR1 and the canonical TGF-f3
pathway [75]. However, the mechanism such as whether these GPCRs
direct interact with TGFBR1 is unknown. Ligand binding with GPCRs
activates the direct downstream PKA, PKB, or PLC signaling, depending
on the Ga subunit type. The activated GPCRs are then phosphorylated
by G protein—coupled receptor kinases (GRKs), which are Ser/Thr ki-
nases, and subsequently internalized for degradation or recycling back
to the membrane. This process serves the purpose of desensitization and
tight control of the downstream signaling [76-78].

One study showed that TGFBR2 can act as a GRK, which phos-
phorylates PTHIR (parathyroid hormone [PTH]/parathyroid hormone-
related peptide [PTHrP] receptor) and induces endocytosis of both re-
ceptors upon stimulation by PTH, but not by TGF-} (Fig. 4A). There-
fore, loss of TGFBR2 is expected to result in PTHIR being maintained
on the cell membrane and available for continuing activation of
downstream signaling upon simulation by ligand [54]. This mechanism
explains at least in part the anabolic effect of PTH/PTHTrP in osteoblasts,
and it was confirmed in vivo using mice with a Tgfbr2 knockout in
osteoblasts. Those mice have increased bone formation, a phenotype
similar to that of mice expressing constitutively active PTH1R. The
process of PTHIR-TGFBR2 endocytosis was blocked using a Ser/Thr
kinase-dead mutation of TGFBR2 [54]. This study demonstrated that
TGFBR2 directly phosphorylates proteins other than itself or TGFBR1.
This is different from TGFBR2 phosphorylation of Par6, a process that is
dependent on TGF-f stimulation and TGFBR1 binding with Par6 [79].
The direct phosphorylation of PTH1R by TGFBR2 raises other ques-
tions, such as why TGFBR2, but not GRK, phosphorylates PTH1R.
Whether TGFBR2 specifically phosphorylates PTHIR, other GPCRs, or

Cellular Signalling 52 (2018) 112-120

Fig. 4. Interactions with other receptors. A. PTH
binding with PTHIR activates its downstream sig-
naling. On the other hand, PTH/PTHI1R could be
phosphorylated by TGFBR2, which would result in
the endocytosis of PTH/PTH1R/TGFBR2 for de-
gradation, thus down-regulating TGF-( signaling. B.
TGF-P binding with TGFBR2 causes recruitment of
TGFBR1 and further of PDGFR-a for internalization.
This process could promote canonical TGF-B sig-
naling. C. PDGF-BB binding with PDGFR-f activates
its downstream signaling and could induce canonical
TGF-p signaling through CD44-mediated physical
interactions of PDGF-BB/PDGFR-, CD44, and
TGFBR1. In addition, PDGFR-f3 can form a complex
with TGFBR1 or TGFBR2 independent of ligand
binding or of the receptor kinase activity of either
receptor. D. Physical interaction of IL1R and TGFBR2
allows the cross talk between their signaling, such as
TGF-P activating NFkB or IL-1(3 activating canonical
TGF-p signaling. The red ovals are representative of
endosomes. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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other proteins? And whether TGFBR1 could also interact with GPCRs?

Indeed, one of the orphan GPCRs, GPR50, was shown to directly
interact with TGFBR1 independent of TGF-f stimulation [80]. This
binding activates the Ser/Thr kinase activity of TGFBR1 and down-
stream canonical signaling without TGFBR2. Functionally, GPR50
overexpression could mimic TGF-B-mediated cellular responses, such as
inhibiting MDA-MB-231 cell proliferation and tumor growth, as well as
promoting 4 T1 cell migration. Mechanistically, GPR50 competes with
FKBP12 (the 12-kDa FK506-binding protein; FK506 is an mTOR in-
hibitor and an immunosuppressive drug), whose binding maintains the
inactive conformation of TGFBR1 in the absence of ligand, thus pre-
venting the activation of TGF-p signaling [81,82]. The unanswered
question is, what factors induce the competition of GPR50 over FKBP12
binding with TGFBR1?

4.2.2. Receptor tyrosine kinases (RTKs)

Platelet-derived growth factor receptor-alpha (PDGFR-a), but not
PDGFR-f3, was shown to promote TGF-f signaling in cultured human
hepatic stellate cells [83]. PDGFR-a KO inhibits canonical TGF-f} sig-
naling, but not non-canonical signaling such as AKT or ERK. Interest-
ingly, this effect correlated with PDGFR-a KO repressing TGFBR1 but
increasing TGFBR2 at the transcriptional level, as well as blocking the
TGF-B-induced internalization of TGFBR2 at the protein level. To-
gether, these effects suppressed SMAD phosphorylation. Further studies
using confocal microscopy and immunoprecipitation showed that TGF-
B induced the co-localization of TGFBR1, TGFBR2, and further re-
cruitment of PDGFR-a (Fig. 4B) [83]. We suspect that the tyrosine ki-
nase activity of TGFBR2 might play an essential role in forming the
complex. Functionally, PDGFR-a KO in hepatic stellate cells reduced
the paracrine effects that promote liver metastatic cancer cell coloni-
zation. Increases of smooth muscle actin (a TGF-f target gene) and
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PDGFR-a were found together in hepatic stellate cells of liver meta-
static tissues. However, the role of PDGF and its influence on PDGFR-a
downstream signaling in this process were not addressed in this study
[83].

On the other hand, another study [84] demonstrated that in dermal
fibroblasts, PDGFR-p can form a complex with TGFBR1 or TGFBR2
independent of ligand binding or the receptor kinase activity of either
receptor. Functionally, PDGF-BB treatment could induce SMAD2
phosphorylation and decrease TGFBR1 on the cell surface. The knock-
down of PDGFR-B decreased TGF-B-induced canonical signaling.
However, TGF-f} treatment could not influence the amount of PDGFR-f3
on the cell surface. It was further shown that the physical interactions
are mediated by the extracellular or transmembrane domain of PDGFR-
B and are likely mediated by CD44 (Fig. 4C). Knockdown of CD44 re-
sulted in increases of PDGF-BB-induced and TGF-B-induced p-Smad2C,
as well as PDGFR-f activation, suggesting that CD44 is a negative
regulator of both signaling pathways through physical interactions with
PDGFR-p and TGFBRs. In addition, interactions between CD44 and
TGFBR1 have also been reported in breast cancer cells [85] and renal
proximal tubular cells [86]. A CD44 ligand, hyaluronan, was shown to
increase p-SMAD2 in breast cancer and to decrease p-Smad2C in renal
cells, but the mechanisms are not clear.

4.2.3. Type I cytokine receptor

Both TGFBR1 and TGFBR2 are able to immunoprecipitate with the
interleukin receptor. This is the mechanism for IL-1( (at greater than
2nM) activating SMAD signaling and TGF-f3 activating NFkB, the IL-1f3
downstream signal [87]. In chondrocytes, IL-13 causes TGFBR2 de-
gradation, possibly due to IL-13 increasing caveolin-1 expression,
leading to the internalization of TGFBR2 in lipid rafts and its sub-
sequent degradation by the proteasome [88]. Additionally, inter-
nalization in lipid rafts could be promoted by a physical interaction
between the IL-1 receptor (IL-1R) and TGFBR2 in a complex called a
“receptosome”. Thus, association of the two types of receptors triggers
the cross talk between their signaling pathways (Fig. 4D). The term
“receptosome” first appeared in 2001 in a study from Taniguchi's group
[89] to describe an assembly of cytokine receptor subunits, which re-
presents a structure that allows unique signaling and cross talk to occur.

5. TGFBR3 is more than a TGF-f co-receptor

TGFBR3, also known as betaglycan, and is the most abundantly
expressed TGFBR. This receptor is an 849-amino acid proteoglycan with
a short (41-amino acid) cytoplasmic domain. TGFBR3 has no kinase
activity, but it can bind all three TGF-p forms with high affinity and is
known to facilitate ligand binding to TGFBR2, particularly the binding
of TGF-B2. In addition, the extracellular domain of TGFBR3 can be
cleaved to a soluble extracellular domain (STGFBR3) that serves as an
antagonist of TGF-f to prevent its binding to TGFBR2, while the short
cytoplasmic domain can interact with other proteins. Due to its struc-
tural characteristics and lack of obvious signaling motifs, TGFBR3 was
originally thought to function as a TGF-f3 co-receptor serving only to
sequester and present ligand to TGFBR2 [90,91]. This assumption has
been challenged by studies demonstrating the embryonic death of
Tgfbr3 KO mice [92-95]. These mice do not survive past day 14.5, when
functional coronary vasculature is required for embryo viability. These
mice indeed develop cardiac as well as hepatic defects that lead to
embryonic death. Tgfbr3 KO results in only a slight decrease in
pSmad2C activity, suggesting that TGFBR3 works via a pathway that is
noncanonical.

5.1. Tumor-suppressive role of TGFBR3
TGFBR3 has been identified as a tumor suppressor gene in prostate

cancer [96]. Less TGFBR3 was found in prostate cancer cells than in
benign tissues, in metastatic versus primary tumors, and in advanced
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clinical stage tumors or in tumors with higher PSA recurrence; a loss of
heterozygosity in the TGFBR3 genomic locus was found in prostate
cancer cells [96]. A loss of TGFBR3 has been reported also in renal cell
carcinoma and endometrial cancer, and exogenous administration of
secreted TGFBR3 was shown to suppress breast cancer tumorigenicity
in vivo [97-101]. Aguirre-Ghiso's group determined that TGF-2 dic-
tates disseminated tumor cell fate through TGFBR3 and p38a/[ sig-
naling. RNAi against TGFBR3 was shown to completely eliminate the
growth-inhibition capacity of TGF-f2 [102,103]. However, the ques-
tion of how only TGF-B2/TGFBR3 activates p38a/PB signaling for
growth inhibition was not answered in this study.

5.2. TGFBR3 interaction with scaffold proteins

Although the cytoplasmic domain of TGFBR3 is not required for the
binding of TGF-P or of TGFBR2, nor for enhancing TGF-f binding to
TGFBR2, it is required for enhancing TGF-f signaling and interactions
with other proteins such as GIPC and p-arrestin 2, as well as with the
autophosphorylated (active) form of TGFBR2 [91]. GIPC binding sta-
bilizes TGFBR3 on the cell surface, increasing TGF-f3 responsiveness,
while B-arrestin 2 binding results in the internalization of both TGFBR3
and TGFBR2, leading to down-regulation of TGF-f signaling [104]. [3-
Arrestin is a well-known scaffold protein that is recruited to GPCRs after
ligand binding and phosphorylation by GRKs [105,106]. This leads to
the degradation of the GPCR or initiation of alternative G protei-
n-independent pathways including the B-arrestin signaling, such as
ERK signaling [107,108]. Thus, TGFBR3 may initiate signaling through
such alternatives to TGF-f signaling by binding with these scaffolding
proteins.

6. Concluding remarks

TGFBRs play important roles in mediating the diverse effects of
TGF-f and in fine tuning its signaling. The finding of TGFBRs by ligand-
crosslinking experiments was reported in 1980s [109-114], but the
structure and function of these receptors were not known until they
were molecularly cloned in 1990s [50,115,116]. Ever since then, the
Ser/Thr kinase activities and the dynamic presentations of the TGFBRs
on the plasma membranes have been studied extensively in activation
of the downstream canonical or noncanonical signaling pathways. Re-
cent observations of cross talk among TGF-f and other signaling
pathways have led to progress on understanding the physical interac-
tions of TGFBRs with other receptors. Furthermore, there are novel
discoveries of the independent roles of TGFBR3. In the future, studies
on the nuclear function of TGFBR1, the interactions of TGFBR2 with
other membrane proteins (such as cytokine receptors or GPCRs as ki-
nases), and the independent TGFBR3 pathways will help us more fully
understand the diverse roles of TGF-} and its signaling.

Conflicts of interest

The authors declare no conflicts of interest.
Acknowledgments

This study was supported by DOD PCRP (W81XWH-12-1-0271 to
X.L.) and Van Andel Research Institute internal funding (53010A to
X.L.). We thank David Nadziejka for his technical editing of this
manuscript. The content is solely the responsibility of the authors.

References

[1] A.Hata, Y.G. Chen, TGF-beta signaling from receptors to Smads, Cold Spring Harb.
Perspect. Biol. 8 (2016).

[2] K. Miyazono, TGF-beta signaling by Smad proteins, Cytokine Growth Factor Rev.
11 (2000) 15-22.


http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0005
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0005
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0010
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0010

A. Vander Ark et al.

[31
[4]
[5]
[6]
[71
[81

[91

[10]

[11]
[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

K. Miyazono, P. ten Dijke, C.H. Heldin, TGF-beta signaling by Smad proteins, Adv.
Immunol. 75 (2000) 115-157.

C.H. Heldin, A. Moustakas, Role of Smads in TGFbeta signaling, Cell Tissue Res.
347 (2012) 21-36.

Y. Mu, S.K. Gudey, M. Landstrom, Non-Smad signaling pathways, Cell Tissue Res.
347 (2012) 11-20.

Y.E. Zhang, Non-Smad pathways in TGF-beta signaling, Cell Res. 19 (2009)
128-139.

R. Derynck, Y.E. Zhang, Smad-dependent and Smad-independent pathways in
TGF-beta family signalling, Nature 425 (2003) 577-584.

A.B. Kulkarni, C.G. Huh, D. Becker, A. Geiser, M. Lyght, K.C. Flanders,

A.B. Roberts, M.B. Sporn, J.M. Ward, S. Karlsson, Transforming growth factor beta
1 null mutation in mice causes excessive inflammatory response and early death,
Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 770-774.

M.M. Shull, I. Ormsby, A.B. Kier, S. Pawlowski, R.J. Diebold, M. Yin, R. Allen,
C. Sidman, G. Proetzel, D. Calvin, et al., Targeted disruption of the mouse trans-
forming growth factor-beta 1 gene results in multifocal inflammatory disease,
Nature 359 (1992) 693-699.

H. Ikushima, K. Miyazono, TGFbeta signalling: a complex web in cancer pro-
gression, Nat. Rev. Cancer 10 (2010) 415-424.

J. Massague, TGFbeta in cancer, Cell 134 (2008) 215-230.

R.J. Akhurst, A. Hata, Targeting the TGFbeta signalling pathway in disease, Nat.
Rev. Drug Discov. 11 (2012) 790-811.

J. Massague, TGFbeta signalling in context, Nat. Rev. Mol. Cell Biol. 13 (2012)
616-630.

D. Padua, J. Massague, Roles of TGFbeta in metastasis, Cell Res. 19 (2009)
89-102.

B. Bierie, H.L. Moses, TGF-beta and cancer, Cytokine Growth Factor Rev. 17
(2006) 29-40.

J. Gebken, A. Feydt, J. Brinckmann, H. Notbohm, P.K. Muller, B. Batge, Ligand-
induced downregulation of receptors for TGF-beta in human osteoblast-like cells
from adult donors, J. Endocrinol. 161 (1999) 503-510.

H. Mitchell, A. Choudhury, R.E. Pagano, E.B. Leof, Ligand-dependent and -in-
dependent transforming growth factor-beta receptor recycling regulated by cla-
thrin-mediated endocytosis and Rab11, Mol. Biol. Cell 15 (2004) 4166-4178.
G.M. Di Guglielmo, C. Le Roy, A.F. Goodfellow, J.L. Wrana, Distinct endocytic
pathways regulate TGF-beta receptor signalling and turnover, Nat. Cell Biol. 5
(2003) 410-421.

S.G. Penheiter, H. Mitchell, N. Garamszegi, M. Edens, J.J. Dore Jr., E.B. Leof,
Internalization-dependent and -independent requirements for transforming
growth factor beta receptor signaling via the Smad pathway, Mol. Cell. Biol. 22
(2002) 4750-4759.

S. Hayes, A. Chawla, S. Corvera, TGF beta receptor internalization into EEA1-
enriched early endosomes: role in signaling to Smad2, J. Cell Biol. 158 (2002)
1239-1249.

J.J. Dore Jr., D. Yao, M. Edens, N. Garamszegi, E.L. Sholl, E.B. Leof, Mechanisms of
transforming growth factor-beta receptor endocytosis and intracellular sorting
differ between fibroblasts and epithelial cells, Mol. Biol. Cell 12 (2001) 675-684.
J. Larsson, M.J. Goumans, L.J. Sjostrand, M.A. van Rooijen, D. Ward, P. Leveen,
X. Xu, P. ten Dijke, C.L. Mummery, S. Karlsson, Abnormal angiogenesis but intact
hematopoietic potential in TGF-beta type I receptor-deficient mice, EMBO J. 20
(2001) 1663-1673.

F. Huang, Y.G. Chen, Regulation of TGF-beta receptor activity, Cell Biosci. 2
(2012) 9.

M.K. Lee, C. Pardoux, M.C. Hall, P.S. Lee, D. Warburton, J. Qing, S.M. Smith,

R. Derynck, TGF-beta activates Erk MAP kinase signalling through direct phos-
phorylation of ShcA, EMBO J. 26 (2007) 3957-3967.

K.H. Wrighton, X. Lin, X.H. Feng, Phospho-control of TGF-beta superfamily sig-
naling, Cell Res. 19 (2009) 8-20.

T. Liu, X.H. Feng, Regulation of TGF-beta signalling by protein phosphatases,
Biochem. J. 430 (2010) 191-198.

W. Shi, C. Sun, B. He, W. Xiong, X. Shi, D. Yao, X. Cao, GADD34-PP1c recruited by
Smad7 dephosphorylates TGFbeta type I receptor, J. Cell Biol. 164 (2004)
291-300.

J. Batut, B. Schmierer, J. Cao, L.A. Raftery, C.S. Hill, M. Howell, Two highly re-
lated regulatory subunits of PP2A exert opposite effects on TGF-beta/Activin/
Nodal signalling, Development 135 (2008) 2927-2937.

C. Petritsch, H. Beug, A. Balmain, M. Oft, TGF-beta inhibits p70 S6 kinase via
protein phosphatase 2A to induce G(1) arrest, Genes Dev. 14 (2000) 3093-3101.
A. Sorrentino, N. Thakur, S. Grimsby, A. Marcusson, V. von Bulow, N. Schuster,
S. Zhang, C.H. Heldin, M. Landstrom, The type I TGF-beta receptor engages TRAF6
to activate TAK1 in a receptor kinase-independent manner, Nat. Cell Biol. 10
(2008) 1199-1207.

M. Yamashita, K. Fatyol, C. Jin, X. Wang, Z. Liu, Y.E. Zhang, TRAF6 mediates
Smad-independent activation of JNK and p38 by TGF-beta, Mol. Cell 31 (2008)
918-924.

R. Mao, Y. Fan, Y. Mou, H. Zhang, S. Fu, J. Yang, TAK1 lysine 158 is required for
TGF-beta-induced TRAF6-mediated Smad-independent IKK/NF-kappaB and JNK/
AP-1 activation, Cell. Signal. 23 (2011) 222-227.

S.I. Kim, J.H. Kwak, H.J. Na, J.K. Kim, Y. Ding, M.E. Choi, Transforming growth
factor-beta (TGF-betal) activates TAK1 via TAB1-mediated autophosphorylation,
independent of TGF-beta receptor kinase activity in mesangial cells, J. Biol. Chem.
284 (2009) 22285-22296.

A. Hamidi, J. Song, N. Thakur, S. Itoh, A. Marcusson, A. Bergh, C.H. Heldin,

M. Landstrom, TGF-beta promotes PI3K-AKT signaling and prostate cancer cell
migration through the TRAF6-mediated ubiquitylation of p85alpha, Sci. Signal. 10

118

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[591]

[60]

[61]

Cellular Signalling 52 (2018) 112-120

(2017).

L. Zhang, F. Zhou, P. ten Dijke, Signaling interplay between transforming growth
factor-beta receptor and PI3K/AKT pathways in cancer, Trends Biochem. Sci. 38
(2013) 612-620.

R. Sundar, S.K. Gudey, C.H. Heldin, M. Landstrom, TRAF6 promotes TGFbeta-
induced invasion and cell-cycle regulation via Lys63-linked polyubiquitination of
Lys178 in TGFbeta type I receptor, Cell Cycle 14 (2015) 554-565.

S.K. Gudey, R. Sundar, Y. Mu, A. Wallenius, G. Zang, A. Bergh, C.H. Heldin,

M. Landstrom, TRAF6 stimulates the tumor-promoting effects of TGFbeta type I
receptor through polyubiquitination and activation of presenilin 1, Sci. Signal. 7
(2014) ra2.

Y. Mu, R. Sundar, N. Thakur, M. Ekman, S.K. Gudey, M. Yakymovych,

A. Hermansson, H. Dimitriou, M.T. Bengoechea-Alonso, J. Ericsson, C.H. Heldin,
M. Landstrom, TRAF6 ubiquitinates TGFbeta type I receptor to promote its clea-
vage and nuclear translocation in cancer, Nat. Commun. 2 (2011) 330.

L. Zhang, F. Zhou, A. Garcia De Vinuesa, E.M. de Kruijf, W.E. Mesker, L. Hui,

Y. Drabsch, Y. Li, A. Bauer, A. Rousseau, K.A. Sheppard, C. Mickanin, P.J. Kuppen,
C.X. Lu, P. Ten Dijke, TRAF4 promotes TGF-beta receptor signaling and drives
breast cancer metastasis, Mol. Cell 51 (2013) 559-572.

J.S. Kang, E.F. Saunier, R.J. Akhurst, R. Derynck, The type I TGF-beta receptor is
covalently modified and regulated by sumoylation, Nat. Cell Biol. 10 (2008)
654-664.

W. Zuo, F. Huang, Y.J. Chiang, M. Li, J. Du, Y. Ding, T. Zhang, H.W. Lee,

L.S. Jeong, Y. Chen, H. Deng, X.H. Feng, S. Luo, C. Gao, Y.G. Chen, c-Cbl-mediated
neddylation antagonizes ubiquitination and degradation of the TGF-beta type II
receptor, Mol. Cell 49 (2013) 499-510.

1.G. Ferreira, M. Pucci, G. Venturi, N. Malagolini, M. Chiricolo, F. Dall'Olio,
Glycosylation as a main regulator of growth and feath gactor receptors signaling,
Int. J. Mol. Sci. 19 (2018).

N. Shen, H. Lin, T. Wu, D. Wang, W. Wang, H. Xie, J. Zhang, Z. Feng, Inhibition of
TGF-betal-receptor posttranslational core fucosylation attenuates rat renal inter-
stitial fibrosis, Kidney Int. 84 (2013) 64-77.

H. Lin, D. Wang, T. Wu, C. Dong, N. Shen, Y. Sun, Y. Sun, H. Xie, N. Wang, L. Shan,
Blocking core fucosylation of TGF-betal receptors downregulates their functions
and attenuates the epithelial-mesenchymal transition of renal tubular cells, Am. J.
Physiol. Renal Physiol. 300 (2011) F1017-F1025.

X. Wen, A. Liu, C. Yu, L. Wang, M. Zhou, N. Wang, M. Fang, W. Wang, H. Lin,
Inhibiting post-translational core fucosylation prevents vascular calcification in
the model of uremia, Int. J. Biochem. Cell Biol. 79 (2016) 69-79.

M. Hirakawa, R. Takimoto, F. Tamura, M. Yoshida, M. Ono, K. Murase, Y. Sato,
T. Osuga, T. Sato, S. Iyama, K. Miyanishi, K. Takada, T. Hayashi, M. Kobune,

J. Kato, Fucosylated TGF-beta receptors transduces a signal for epithelial-me-
senchymal transition in colorectal cancer cells, Br. J. Cancer 110 (2014) 156-163.
H. Schachter, The search for glycan function: fucosylation of the TGF-betal re-
ceptor is required for receptor activation, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
15721-15722.

Y.W. Kim, J. Park, H.J. Lee, S.Y. Lee, S.J. Kim, TGF-beta sensitivity is determined
by N-linked glycosylation of the type II TGF-beta receptor, Biochem. J. 445 (2012)
403-411.

M. Oshima, H. Oshima, M.M. Taketo, TGF-beta receptor type II deficiency results
in defects of yolk sac hematopoiesis and vasculogenesis, Dev. Biol. 179 (1996)
297-302.

H.Y. Lin, X.F. Wang, E. Ng-Eaton, R.A. Weinberg, H.F. Lodish, Expression cloning
of the TGF-beta type II receptor, a functional transmembrane serine/threonine
kinase, Cell 68 (1992) 775-785.

J.L. Wrana, L. Attisano, R. Wieser, F. Ventura, J. Massague, Mechanism of acti-
vation of the TGF-beta receptor, Nature 370 (1994) 341-347.

A.J. Galliher, W.P. Schiemann, Src phosphorylates Tyr284 in TGF-beta type II
receptor and regulates TGF-beta stimulation of p38 MAPK during breast cancer
cell proliferation and invasion, Cancer Res. 67 (2007) 3752-3758.

A. Chytil, M.A. Magnuson, C.V. Wright, H.L. Moses, Conditional inactivation of the
TGF-beta type II receptor using Cre:Lox, Genesis 32 (2002) 73-75.

T. Qiu, X. Wu, F. Zhang, T.L. Clemens, M. Wan, X. Cao, TGF-beta type II receptor
phosphorylates PTH receptor to integrate bone remodelling signalling, Nat. Cell
Biol. 12 (2010) 224-234.

X. Meng, A. Vander Ark, P. Lee, G. Hostetter, N.A. Bhowmick, L.M. Matrisian,
B.O. Williams, C.K. Miranti, X. Li, Myeloid-specific TGF-beta signaling in bone
promotes basic-FGF and breast cancer bone metastasis, Oncogene 35 (2016)
2370-2378.

M. Yu, P. Trobridge, Y. Wang, S. Kanngurn, S.M. Morris, S. Knoblaugh,

W.M. Grady, Inactivation of TGF-beta signaling and loss of PTEN cooperate to
induce colon cancer in vivo, Oncogene 33 (2014) 1538-1547.

J. Iwata, A. Suzuki, R.C. Pelikan, T.V. Ho, Y. Chai, Noncanonical transforming
growth factor beta (TGFbeta) signaling in cranial neural crest cells causes tongue
muscle developmental defects, J. Biol. Chem. 288 (2013) 29760-29770.

H. Jjichi, A. Chytil, A.E. Gorska, M.E. Aakre, Y. Fujitani, S. Fujitani, C.V. Wright,
H.L. Moses, Aggressive pancreatic ductal adenocarcinoma in mice caused by
pancreas-specific blockade of transforming growth factor-beta signaling in co-
operation with active Kras expression, Genes Dev. 20 (2006) 3147-3160.

A.D. Frutkin, H. Shi, G. Otsuka, P. Leveen, S. Karlsson, D.A. Dichek, A critical
developmental role for tgfbr2 in myogenic cell lineages is revealed in mice ex-
pressing SM22-Cre, not SMMHC-Cre, J. Mol. Cell. Cardiol. 41 (2006) 724-731.
A. Spagnoli, L. O'Rear, R.L. Chandler, F. Granero-Molto, D.P. Mortlock,

A.E. Gorska, J.A. Weis, L. Longobardi, A. Chytil, K. Shimer, H.L. Moses, TGF-beta
signaling is essential for joint morphogenesis, J. Cell Biol. 177 (2007) 1105-1117.
Y. Wang, M.K. Cox, G. Coricor, M. MacDougall, R. Serra, Inactivation of Tgfbr2 in


http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0015
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0015
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0020
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0020
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0025
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0025
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0030
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0030
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0035
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0035
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0040
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0040
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0040
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0040
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0045
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0045
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0045
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0045
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0050
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0050
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0055
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0060
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0060
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0065
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0065
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0070
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0070
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0075
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0075
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0080
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0080
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0080
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0085
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0085
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0085
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0090
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0090
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0090
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0095
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0095
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0095
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0095
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0100
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0100
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0100
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0105
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0105
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0105
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0110
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0110
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0110
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0110
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0115
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0115
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0120
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0120
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0120
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0125
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0125
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0130
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0130
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0135
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0135
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0135
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0140
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0140
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0140
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0145
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0145
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0150
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0150
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0150
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0150
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0155
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0155
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0155
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0160
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0160
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0160
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0165
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0165
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0165
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0165
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0170
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0170
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0170
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0170
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0175
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0175
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0175
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0180
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0180
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0180
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0185
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0185
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0185
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0185
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0190
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0190
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0190
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0190
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0195
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0195
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0195
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0195
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0200
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0200
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0200
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0205
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0205
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0205
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0205
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0210
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0210
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0210
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0215
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0215
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0215
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0220
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0220
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0220
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0220
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0225
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0225
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0225
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0230
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0230
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0230
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0230
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0235
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0235
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0235
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0240
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0240
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0240
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0245
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0245
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0245
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0250
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0250
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0250
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0255
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0255
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0260
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0260
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0260
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0265
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0265
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0270
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0270
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0270
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0275
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0275
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0275
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0275
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0280
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0280
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0280
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0285
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0285
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0285
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0290
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0290
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0290
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0290
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0295
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0295
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0295
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0300
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0300
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0300
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0305

A. Vander Ark et al.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Osterix-Cre expressing dental mesenchyme disrupts molar root formation, Dev.
Biol. 382 (2013) 27-37.

G. Zhen, C. Wen, X. Jia, Y. Li, J.L. Crane, S.C. Mears, F.B. Askin, F.J. Frassica,
W. Chang, J. Yao, J.A. Carrino, A. Cosgarea, D. Artemov, Q. Chen, Z. Zhao,

X. Zhou, L. Riley, P. Sponseller, M. Wan, W.W. Lu, X. Cao, Inhibition of TGF-beta
signaling in mesenchymal stem cells of subchondral bone attenuates osteoarthritis,
Nat. Med. 19 (2013) 704-712.

A.C. Borczuk, M. Sole, P. Lu, J. Chen, M.L. Wilgus, R.A. Friedman, S.M. Albelda,
C.A. Powell, Progression of human bronchioloalveolar carcinoma to invasive
adenocarcinoma is modeled in a transgenic mouse model of K-ras-induced lung
cancer by loss of the TGF-beta type II receptor, Cancer Res. 71 (2011) 6665-6675.
W. Li, Q. Li, Y. Jiao, L. Qin, R. Ali, J. Zhou, J. Ferruzzi, R.W. Kim, A. Geirsson,
H.C. Dietz, S. Offermanns, J.D. Humphrey, G. Tellides, Tgfbr2 disruption in
postnatal smooth muscle impairs aortic wall homeostasis, J. Clin. Invest. 124
(2014) 755-767.

M.M. Weivoda, M. Ruan, L. Pederson, C. Hachfeld, R.A. Davey, J.D. Zajac,

J.J. Westendorf, S. Khosla, M.J. Oursler, Osteoclast TGF-beta receptor signaling
induces Wntl secretion and couples bone resorption to bone formation, J. Bone
Miner. Res. 31 (2016) 76-85.

J. Shi, Q. Liang, M. Zuscik, J. Shen, D. Chen, H. Xu, Y.J. Wang, Y. Chen,

R.W. Wood, J. Li, B.F. Boyce, L. Xing, Distribution and alteration of lymphatic
vessels in knee joints of normal and osteoarthritic mice, Arthritis Rheumatol 66
(2014) 657-666.

K.R. Allinson, H.S. Lee, M. Fruttiger, J.H. McCarty, H.M. Arthur, Endothelial ex-
pression of TGFbeta type II receptor is required to maintain vascular integrity
during postnatal development of the central nervous system, PLoS One 7 (2012)
e39336.

R. Ramalingam, C.B. Larmonier, R.D. Thurston, M.T. Midura-Kiela, S.G. Zheng,
F.K. Ghishan, P.R. Kiela, Dendritic cell-specific disruption of TGF-beta receptor II
leads to altered regulatory T cell phenotype and spontaneous multiorgan auto-
immunity, J. Immunol. 189 (2012) 3878-3893.

H.L. Nguyen, Y.J. Lee, J. Shin, E. Lee, S.O. Park, J.H. McCarty, S.P. Oh, TGF-beta
signaling in endothelial cells, but not neuroepithelial cells, is essential for cerebral
vascular development, Lab. Investig. 91 (2011) 1554-1563.

A. Robson, K.R. Allinson, R.H. Anderson, D.J. Henderson, H.M. Arthur, The
TGFbeta type II receptor plays a critical role in the endothelial cells during cardiac
development, Dev. Dyn. 239 (2010) 2435-2442.

O.E. Franco, M. Jiang, D.W. Strand, J. Peacock, S. Fernandez, R.S. Jackson 2nd,
M.P. Revelo, N.A. Bhowmick, S.W. Hayward, Altered TGF-beta signaling in a
subpopulation of human stromal cells promotes prostatic carcinogenesis, Cancer
Res. 71 (2011) 1272-1281.

E.H. Budi, D. Duan, R. Derynck, Transforming growth factor-beta receptors and
smads: regulatory complexity and functional versatility, Trends Cell Biol. 27
(2017) 658-672.

P. Lonn, A. Moren, E. Raja, M. Dahl, A. Moustakas, Regulating the stability of
TGFbeta receptors and Smads, Cell Res. 19 (2009) 21-35.

J.S. Kang, C. Liu, R. Derynck, New regulatory mechanisms of TGF-beta receptor
function, Trends Cell Biol. 19 (2009) 385-394.

D. Kamato, M.L. Burch, N. Osman, W. Zheng, P.J. Little, Therapeutic implications
of endothelin and thrombin G-protein-coupled receptor transactivation of tyrosine
and serine/threonine kinase cell surface receptors, J. Pharm. Pharmacol. 65
(2013) 465-473.

R.T. Dorsam, J.S. Gutkind, G-protein-coupled receptors and cancer, Nat. Rev.
Cancer 7 (2007) 79-94.

X.E. Zhou, K. Melcher, H.E. Xu, Understanding the GPCR biased signaling through
G protein and arrestin complex structures, Curr. Opin. Struct. Biol. 45 (2017)
150-159.

R. Lappano, M. Maggiolini, G protein-coupled receptors: novel targets for drug
discovery in cancer, Nat. Rev. Drug Discov. 10 (2011) 47-60.

B. Ozdamar, R. Bose, M. Barrios-Rodiles, H.R. Wang, Y. Zhang, J.L. Wrana,
Regulation of the polarity protein Par6 by TGFbeta receptors controls epithelial
cell plasticity, Science 307 (2005) 1603-1609.

S. Wojciech, R. Ahmad, Z. Belaid-Choucair, A.S. Journe, S. Gallet, J. Dam,

A. Daulat, D. Ndiaye-Lobry, O. Lahuna, A. Karamitri, J.L. Guillaume, M. Do
Cruzeiro, F. Guillonneau, A. Saade, N. Clement, T. Courivaud, N. Kaabi,

K. Tadagaki, P. Delagrange, V. Prevot, O. Hermine, C. Prunier, R. Jockers, The
orphan GPR50 receptor promotes constitutive TGFbeta receptor signaling and
protects against cancer development, Nat. Commun. 9 (2018) 1216.

T. Wang, B.Y. Li, P.D. Danielson, P.C. Shah, S. Rockwell, R.J. Lechleider, J. Martin,
T. Manganaro, P.K. Donahoe, The immunophilin FKBP12 functions as a common
inhibitor of the TGF beta family type I receptors, Cell 86 (1996) 435-444.

B. Aghdasi, K. Ye, A. Resnick, A. Huang, H.C. Ha, X. Guo, T.M. Dawson,

V.L. Dawson, S.H. Snyder, FKBP12, the 12-kDa FK506-binding protein, is a phy-
siologic regulator of the cell cycle, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
2425-2430.

C. Liu, J. Li, X. Xiang, L. Guo, K. Tu, Q. Liu, V.H. Shah, N. Kang, PDGF receptor-
alpha promotes TGF-beta signaling in hepatic stellate cells via transcriptional and
posttranscriptional regulation of TGF-beta receptors, Am. J. Physiol. Gastrointest.
Liver Physiol. 307 (2014) G749-G759.

H. Porsch, M. Mehic, B. Olofsson, P. Heldin, C.H. Heldin, Platelet-derived growth
factor beta-receptor, transforming growth factor beta type I receptor, and CD44
protein modulate each other's signaling and stability, J. Biol. Chem. 289 (2014)
19747-19757.

L.Y. Bourguignon, P.A. Singleton, H. Zhu, B. Zhou, Hyaluronan promotes signaling
interaction between CD44 and the transforming growth factor beta receptor I in
metastatic breast tumor cells, J. Biol. Chem. 277 (2002) 39703-39712.

119

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Cellular Signalling 52 (2018) 112-120

T. Ito, J.D. Williams, D. Fraser, A.O. Phillips, Hyaluronan attenuates transforming
growth factor-betal-mediated signaling in renal proximal tubular epithelial cells,
Am. J. Pathol. 164 (2004) 1979-1988.

T. Lu, L. Tian, Y. Han, M. Vogelbaum, G.R. Stark, Dose-dependent cross-talk be-
tween the transforming growth factor-beta and interleukin-1 signaling pathways,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 4365-4370.

C. Bauge, N. Girard, S. Leclercq, P. Galera, K. Boumediene, Regulatory mechanism
of transforming growth factor beta receptor type II degradation by interleukin-1 in
primary chondrocytes, Biochim. Biophys. Acta 1823 (2012) 983-986.

Y. Mitani, A. Takaoka, S.H. Kim, Y. Kato, T. Yokochi, N. Tanaka, T. Taniguchi,
Cross talk of the interferon-alpha/beta signalling complex with gp130 for effective
interleukin-6 signalling, Genes Cells 6 (2001) 631-640.

G.C. Blobe, X. Liu, S.J. Fang, T. How, H.F. Lodish, A novel mechanism for reg-
ulating transforming growth factor beta (TGF-beta) signaling. Functional mod-
ulation of type III TGF-beta receptor expression through interaction with the PDZ
domain protein, GIPC, J. Biol. Chem. 276 (2001) 39608-39617.

G.C. Blobe, W.P. Schiemann, M.C. Pepin, M. Beauchemin, A. Moustakas,

H.F. Lodish, M.D. O'Connor-McCourt, Functional roles for the cytoplasmic domain
of the type III transforming growth factor beta receptor in regulating transforming
growth factor beta signaling, J. Biol. Chem. 276 (2001) 24627-24637.

L.A. Compton, D.A. Potash, C.B. Brown, J.V. Barnett, Coronary vessel development
is dependent on the type III transforming growth factor beta receptor, Circ. Res.
101 (2007) 784-791.

M.A. Sarraj, R.M. Escalona, A. Umbers, H.K. Chua, C. Small, M. Griswold,

K. Loveland, J.K. Findlay, K.L. Stenvers, Fetal testis dysgenesis and compromised
Leydig cell function in Tgfbr3 (beta glycan) knockout mice, Biol. Reprod. 82
(2010) 153-162.

M.A. Sarraj, H.K. Chua, A. Umbers, K.L. Loveland, J.K. Findlay, K.L. Stenvers,
Differential expression of TGFBR3 (betaglycan) in mouse ovary and testis during
gonadogenesis, Growth Factors 25 (2007) 334-345.

M.A. Sarraj, R.M. Escalona, P. Western, J.K. Findlay, K.L. Stenvers, Effects of
TGFbeta2 on wild-type and Tgfbr3 knockout mouse fetal testis, Biol. Reprod. 88
(2013) 66.

R.S. Turley, E.C. Finger, N. Hempel, T. How, T.A. Fields, G.C. Blobe, The type III
transforming growth factor-beta receptor as a novel tumor suppressor gene in
prostate cancer, Cancer Res. 67 (2007) 1090-1098.

J.A. Copland, B.A. Luxon, L. Ajani, T. Maity, E. Campagnaro, H. Guo, S.N. Legrand,
P. Tamboli, C.G. Wood, Genomic profiling identifies alterations in TGFbeta sig-
naling through loss of TGFbeta receptor expression in human renal cell carcino-
genesis and progression, Oncogene 22 (2003) 8053-8062.

P. Florio, P. Ciarmela, F.M. Reis, P. Toti, L. Galleri, R. Santopietro, E. Tiso, P. Tosi,
F. Petraglia, Inhibin alpha-subunit and the inhibin coreceptor betaglycan are
downregulated in endometrial carcinoma, Eur. J. Endocrinol. 152 (2005)
277-284.

A. Bandyopadhyay, F. Lopez-Casillas, S.N. Malik, J.L. Montiel, V. Mendoza,

J. Yang, L.Z. Sun, Antitumor activity of a recombinant soluble betaglycan in
human breast cancer xenograft, Cancer Res. 62 (2002) 4690-4695.

A. Bandyopadhyay, Y. Zhu, M.L. Cibull, L. Bao, C. Chen, L. Sun, A soluble trans-
forming growth factor beta type III receptor suppresses tumorigenicity and me-
tastasis of human breast cancer MDA-MB-231 cells, Cancer Res. 59 (1999)
5041-5046.

A. Bandyopadhyay, L. Wang, F. Lopez-Casillas, V. Mendoza, I.T. Yeh, L. Sun,
Systemic administration of a soluble betaglycan suppresses tumor growth, an-
giogenesis, and matrix metalloproteinase-9 expression in a human xenograft
model of prostate cancer, Prostate 63 (2005) 81-90.

P. Bragado, Y. Estrada, F. Parikh, S. Krause, C. Capobianco, H.G. Farina,

D.M. Schewe, J.A. Aguirre-Ghiso, TGF-beta2 dictates disseminated tumour cell
fate in target organs through TGF-beta-RIII and p38alpha/beta signalling, Nat. Cell
Biol. 15 (2013) 1351-1361.

P. Bragado, M.S. Sosa, P. Keely, J. Condeelis, J.A. Aguirre-Ghiso,
Microenvironments dictating tumor cell dormancy, Recent Results Cancer Res.
195 (2012) 25-39.

W. Chen, K.C. Kirkbride, T. How, C.D. Nelson, J. Mo, J.P. Frederick, X.F. Wang,
R.J. Lefkowitz, G.C. Blobe, Beta-arrestin 2 mediates endocytosis of type III TGF-
beta receptor and down-regulation of its signaling, Science 301 (2003)
1394-1397.

J.S. Smith, S. Rajagopal, The beta-Arrestins: Multifunctional regulators of G
Protein-coupled Receptors, J. Biol. Chem. 291 (2016) 8969-8977.

L.M. Luttrell, R.J. Lefkowitz, The role of beta-arrestins in the termination and
transduction of G-protein-coupled receptor signals, J. Cell Sci. 115 (2002)
455-465.

A. Tohgo, K.L. Pierce, E.W. Choy, R.J. Lefkowitz, L.M. Luttrell, beta-Arrestin
scaffolding of the ERK cascade enhances cytosolic ERK activity but inhibits ERK-
mediated transcription following angiotensin AT1a receptor stimulation, J. Biol.
Chem. 277 (2002) 9429-9436.

S.J. Perry, G.S. Baillie, T.A. Kohout, I. McPhee, M.M. Magiera, K.L. Ang,

W.E. Miller, A.J. McLean, M. Conti, M.D. Houslay, R.J. Lefkowitz, Targeting of
cyclic AMP degradation to beta 2-adrenergic receptors by beta-arrestins, Science
298 (2002) 834-836.

S. Cheifetz, B. Like, J. Massague, Cellular distribution of type I and type II re-
ceptors for transforming growth factor-beta, J. Biol. Chem. 261 (1986)
9972-9978.

S. Cheifetz, J.A. Weatherbee, M.L. Tsang, J.K. Anderson, J.E. Mole, R. Lucas,

J. Massague, The transforming growth factor-beta system, a complex pattern of
cross-reactive ligands and receptors, Cell 48 (1987) 409-415.

S. Cheifetz, J.L. Andres, J. Massague, The transforming growth factor-beta


http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0305
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0305
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0310
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0310
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0310
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0310
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0310
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0315
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0315
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0315
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0315
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0320
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0320
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0320
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0320
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0325
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0325
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0325
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0325
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0330
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0330
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0330
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0330
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0335
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0335
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0335
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0335
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0340
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0340
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0340
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0340
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0345
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0345
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0345
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0350
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0350
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0350
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0355
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0355
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0355
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0355
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0360
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0360
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0360
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0365
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0365
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0370
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0370
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0375
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0375
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0375
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0375
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0380
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0380
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0385
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0385
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0385
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0390
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0390
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0395
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0395
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0395
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0400
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0405
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0405
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0405
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0410
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0410
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0410
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0410
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0415
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0415
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0415
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0415
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0420
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0420
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0420
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0420
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0425
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0425
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0425
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0430
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0430
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0430
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0435
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0435
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0435
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0440
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0440
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0440
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0445
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0445
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0445
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0450
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0450
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0450
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0450
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0455
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0455
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0455
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0455
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0460
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0460
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0460
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0465
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0465
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0465
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0465
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0470
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0470
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0470
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0475
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0475
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0475
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0480
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0480
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0480
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0485
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0485
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0485
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0485
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0490
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0490
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0490
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0490
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0495
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0495
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0495
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0500
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0500
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0500
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0500
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0505
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0505
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0505
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0505
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0510
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0510
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0510
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0510
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0515
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0515
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0515
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0520
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0520
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0520
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0520
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0525
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0525
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0530
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0530
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0530
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0535
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0535
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0535
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0535
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0540
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0540
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0540
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0540
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0545
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0545
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0545
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0550
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0550
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0550
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0555

A. Vander Ark et al.

[112]

[113]

[114]

receptor type III is a membrane proteoglycan. Domain structure of the receptor, J.
Biol. Chem. 263 (1988) 16984-16991.

C.A. Frolik, L.M. Wakefield, D.M. Smith, M.B. Sporn, Characterization of a
membrane receptor for transforming growth factor-beta in normal rat kidney fi-
broblasts, J. Biol. Chem. 259 (1984) 10995-11000.

J. Massague, B. Like, Cellular receptors for type beta transforming growth factor.
Ligand binding and affinity labeling in human and rodent cell lines, J. Biol. Chem.
260 (1985) 2636-2645.

R.F. Tucker, E.L. Branum, G.D. Shipley, R.J. Ryan, H.L. Moses, Specific binding to

120

[115]

[116]

Cellular Signalling 52 (2018) 112-120

cultured cells of 125I-labeled type beta transforming growth factor from human
platelets, Proc. Natl. Acad. Sci. U. S. A. 81 (1984) 6757-6761.

R. Ebner, R.H. Chen, L. Shum, S. Lawler, T.F. Zioncheck, A. Lee, A.R. Lopez,

R. Derynck, Cloning of a type I TGF-beta receptor and its effect on TGF-beta
binding to the type II receptor, Science 260 (1993) 1344-1348.

X.F. Wang, H.Y. Lin, E. Ng-Eaton, J. Downward, H.F. Lodish, R.A. Weinberg,
Expression cloning and characterization of the TGF-beta type III receptor, Cell 67
(1991) 797-805.


http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0555
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0555
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0560
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0560
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0560
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0565
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0565
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0565
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0570
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0570
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0570
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0575
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0575
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0575
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0580
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0580
http://refhub.elsevier.com/S0898-6568(18)30208-0/rf0580

	TGF-β receptors: In and beyond TGF-β signaling
	Introduction
	Endocytosis of TGFBRs in signaling activation, receptor trafficking, and degradation
	TGFBR1 in TGF-β signaling
	TGFBR1 phosphorylation in canonical and noncanonical signaling pathways
	Ubiquitination in TGFBR1 degradation and signaling

	Kinase activity of TGFBR2
	Phosphorylation
	Interaction with other receptors
	G protein–coupled receptors (GPCRs)
	Receptor tyrosine kinases (RTKs)
	Type I cytokine receptor


	TGFBR3 is more than a TGF-β co-receptor
	Tumor-suppressive role of TGFBR3
	TGFBR3 interaction with scaffold proteins

	Concluding remarks
	Conflicts of interest
	Acknowledgments
	References




