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Abstract

Encoded in mammalian cells by 33 genes, the transforming growth factor-g (TGF-p) family of
secreted, homodimeric and heterodimeric proteins controls cell differentiation of most, if not all,
lineages and many aspects of cell and tissue physiology in multicellular eukaryotes. Deregulation
of TGF-p family signaling leads to developmental anomalies and disease, and enhanced TGF-B
signaling contributes to cancer and fibrosis. Here, we review the fundamentals of the signaling
mechanisms that are initiated upon TGF-B ligand binding to its cell-surface receptors, and the
dependence of the signaling responses on input from and cooperation with other signaling
pathways. We discuss how cells exquisitely control the functional presentation and activation of
heteromeric receptor complexes of transmembrane dual-specificity kinases and, thus, define their
context-dependent responsiveness to ligands. We also introduce the mechanisms through which
proteins called Smads act as intracellular effectors of ligand-induced gene expression responses,
and that the specificity and impressive versatility of Smad signaling depend on crosstalk from
other pathways. Finally, we discuss how non-Smad signaling mechanisms, initiated by distinct
ligand-activated receptor complexes, complement Smad signaling and thus contribute to the cell
responses.

INTRODUCTION

Cells communicate through membrane-associated proteins or secreted molecules that define
their proliferation, differentiation, metabolism and behavior. Secreted hormones, cytokines,
chemokines and growth factors interact with cell surface receptors over long distances or in
close proximity. The latter involves paracrine communication between neighboring cell
populations, or autocrine responses within the same cell population that produces the
secreted factors. Many secreted proteins have been named growth factors, since cell
proliferation was historically easy to score, yet proliferation is closely linked to cell
differentiation and metabolism, and gene expression that control cell phenotype and
behavior. Most growth factors are grouped in structurally related families that reflect
evolutionary diversification from ancestral genes.

"Corresponding author. rik.derynck@ucsf.edu.

Competing Interests:

The authors have no competing interests. R.D. is a Founder of Pliant Therapeutics, and a consultant to Genentech Inc. and NGM
Biopharmaceuticals Inc.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derynck and Budi

Page 2

Among the secreted growth factors and cytokines, the transforming growth factor-g (TGF-
B) family receives a lot of attention because of its many functions at the cellular level and in
development, and roles in many diseases including cancer (1). TGF-p family proteins are
secreted and function as homo- or heterodimers, and recognized by a characteristic spacing
of seven cysteines in the mature, fully processed polypeptide (2). Among these, the TGF-p1
homodimer is seen as prototype, since it was the first TGF-p family protein to be
biochemically characterized and defined by complementary DNA (cDNA) cloning (3, 4). It
was also the first one to be readily available as a purified protein for experimental use (3, 4),
and, thus, has been most extensively studied. Many concepts about the modes of actions of
the other TGF-B family proteins have been inferred by analogy with TGF-B; in how far this
is fully justified should be further explored.

Many TGF-p family proteins stimulate cell proliferation, albeit often modestly compared to
other growth factors, and depending on the cell type and environment. TGF-p, however,
strongly inhibits the proliferation of various cell types, including epithelial, endothelial,
hematopoietic and immune cells (5). Most prominent are the many effects of TGF-g family
proteins on cell differentiation, as they control differentiation of all cell lineages at multiple
steps in development (1, 2). Besides cell proliferation and differentiation, they exert many
additional cell functions; they promote or protect against cell death, promote extracellular
matrix (ECM) protein expression, cell motility and invasion, and control cell metabolism (1,
2). Yet, in spite of a wealth of information, the developmental and physiological functions of
most TGF-B family proteins remain poorly defined, with most attention focused on only few
TGF-p proteins. TGF-p family proteins are also well studied because of their roles in
disease, with most attention given to the roles of TGF-B1 in cancers, primarily carcinomas
(6-8), and fibrosis (9), and the deregulated activities of TGF-p and related Bone
Morphogenetic Proteins (BMPs) in connective tissue diseases (10). The activities and
functions of TGF-B family proteins at the cellular level, in development and disease, have
been extensively reviewed (1).

Consistent with its roles in cell-cell communication and cell differentiation, the signaling
system activated by the TGF-f family emerged during evolution with the appearance of
multicellular metazoa. The simplest extant metazoan consisting of two cell layers,
Trichoplax adhaerens, has a minimal yet complete TGF-p family signaling system with
recognizable receptors and Smads, the intracellular signaling effectors (11). The receptor-
Smad system duplicated and diversified with the emergence of chordates to give rise to the
vertebrate receptor-Smad signaling network (11). Plants have a heteromeric receptor system
that structurally resembles the heteromeric TGF-P receptor system, yet is activated by
brassinosteroids as ligands (12). No Smad genes have been found in unicellular organisms or
plants.

LIGAND DIVERSITY

The mouse and human genomes have 33 functional genes encoding TGF- family
polypeptides (2). Each of these consists of a signal peptide, required for secretion, a long
pro-polypeptide, and the mature polypeptide that, as a dimer, binds and activates the
receptors (13) (Fig. 1A). Besides three TGF-f and five inhibin (activin) polypeptides, the
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TGF-p family sequences comprise many that are named BMPs or “growth and
differentiation factors” (GDFs) (2). The nomenclature is confusing; many proteins received
several names that do not reflect their natural functions (2).

Four structurally related, dimeric secreted proteins, named glial-derived neurotrophic factor
(GDNF), neurturin, artemin and persephin, share key structural similarities with the mature
TGF-B family ligands, but are, based on sequence similarities, more distant from the TGF-B
family (14, 15). These neurotrophins signal through a small family of receptors that is
distinct from TGF-p family receptors; that is through cell surface-linked GDNF family
receptor a. (GFRa) proteins in combination with the Retl transmembrane tyrosine kinase
(14, 15). They are therefore no longer seen as members of the TGF-p family. Growth/
differentiation factor 15 (GDF15), which is structurally seen as a bona fide member of the
TGF-B family (2), does not act through TGF-p family receptors either. Rather, it binds to
GFRa-like (GFRAL), a transmembrane receptor that is related to the GFRa receptors and
also signals through association with Ret1, thus activating signaling pathways commonly
associated with receptor tyrosine kinases (RTKSs) (16, 17). Consequently, GDF15 has
signaling properties that link it to the GDNF family of neurotrophins. The dimeric nerve
growth factor (NGF) and platelet-derived growth factor (PDGF) also show similarities with
TGF-B in their three-dimensional topologies, yet have no apparent sequence similarities,
suggesting an ancient structural conservation and phylogenic relationship among these
growth factor families (18). Thus, TGF-p family proteins, GDNF-related neurotrophins,
NGF and PDGF proteins combine into a superfamily (18).

The mature TGF-B family polypeptides are recognized by a conserved cysteine pattern and
sequence features that define their structural folding and enable their dimerization (13).
Basic residues that are predicted cleavage sites of furin proteases separate the pro-segments
from the conserved mature polypeptide (13) (Fig. 1A). Cleavage by furins occurs generally
but not always in the endoplasmic reticulum, and may be constitutive for the TGF-fs, yet
regulated for some TGF-p family proteins (19). Such regulation is apparent with Gbb, the
Drosophilahomolog of BMP-5, =6 and -7, and illustrates an underappreciated scenario of
differential proteolytic processing of the precursor as basis for tissue-specific activities (20—
22). The pro-segments act as chaperones required for folding and secretion of TGF-f family
dimers (19, 23).

Among the three TGF-Bs, TGF-B1 is abundant in platelets, which allowed its initial
purification and the discovery that it is a disulfide-linked homodimer (3, 24). Biochemical
studies showed that inhibin BA and BB naturally exist as disulfide-linked homodimers and
heterodimers, both designated as activins, whereas inhibin a and inhibin f combine in a
heterodimer, named inhibin (13, 25-27). Whether the other TGF-B family proteins naturally
occur as homo- or heterodimers has largely remained uncharacterized. The commercial
availability of BMPs and GDFs as homodimers and the preferred concept of
homodimerization explain why most studies define their activities as homodimers, and the
assumption that they physiologically act as homodimers. Increasing evidence, however,
much of it from developmental genetics, indicates or suggests that TGF-f family proteins
often act as heterodimers with activities that are stronger or distinct from the homodimers, as

Sci Signal. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derynck and Budi

Page 4

illustrated with the BMP-2/-7 (28) and VVg1/Nodal (29, 30) heterodimers (Fig. 1A), a new
concept that requires increased appreciation.

Three-dimensional structures have been elucidated for ten fully mature and active TGF-p
family protein homodimers, including all three TGF-Bs and several BMPs (13). They show
symmetric conformations with a single disulfide between the two monomers and overall
structural similarities, including a cystine knot (13, 31, 32). Some have a “closed”
configuration of the two monomers, and others show an open conformation with little
contact between the two monomers except for the disulfide (13). With TGF-p3 able to
acquire both conformations, conformational transitions may provide inherent flexibility in
the association of a TGF-B family ligand with inhibitor proteins or receptor ectodomains
(33, 34). BMP-9 exists as disulfide-bonded dimers as well as stable dimers without a
disulfide bond, and both forms are both able to bind and activate the receptors (35). Redox-
dependent interconversion between both dimers controls their balance, with the non-linked
dimer showing increased susceptibility to proteolytic degradation (35). Whether similar
transitions control the properties of other TGF-p family ligands remains to be seen. A few
TGF-p family polypeptides lack the cysteine that mediates dimerization, suggesting other
means to dimerize, or act as competitive antagonists (13). Much has to be learnt about the
nature of the physiological ligands, and structures for asymmetric heterodimers need to be
defined.

Mature TGF-p family dimers were shown or are thought to be secreted in a complex, in
which the large prosegments remain associated with the disulfide-linked mature protein (19).
For all three TGF-Bs, this association confers latency, meaning that it prevents binding of
active TGF-p to its receptors. This complex is most often associated, through a disulfide
linkage, with a latent TGF-B binding protein (LTBP) that directs its deposition in the ECM
(19) (Fig. 1B). Instead of association with an LTBP, the latent TGF-p complex has also been
found to be disulfide-linked to a membrane-associated protein named GARP (glycoprotein-
A repetitions predominant), also known as LRRC32 (leucine-rich repeat containing 32) (19,
36-39), or the closely related LRRC33 protein (40) (Fig. 1B). The secretion and deposition
of TGF-ps in large latent complexes necessitates activation mechanisms to locally release
active TGF-p that can bind its receptors on target cells. When expressed in transfected cells,
myostatin, also known as GDF8, and GDF11 are also secreted as latent complexes, in which
the pro-polypepide association prevents mature ligand from binding and activating the
receptors (19, 41). These findings suggest that the ability of the propeptide to confer latency
may extend to additional TGF-f proteins. In contrast, activins and several BMPs are not
secreted as latent complexes, even though they associate with their pro-segments. The
structural basis for how the pro-peptide confers latency to TGF-p1, and the BMP-9 pro-
polypeptide does not confer latency to BMP-9, has been addressed (42, 43).

LIGAND PRESENTATION TO THE RECEPTORS

While some TGF-B family proteins may freely diffuse, the complexes of mature ligands
with their pro-segments are most often locally retained in the ECM. With only a few TGF-p
family proteins studied, ECMs, basement membranes, and cartilage and bone matrices, act
as reservoirs from which the active proteins can be released. The secreted complexes are
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targeted to the ECM through association of either the mature proteins or their pro-
polypeptides with select ECM proteins (19, 44). Among the many ECM proteins, collagens
bind and sequester TGF-Bs, BMPs and activins, whereas fibulin glycoproteins selectively
bind BMPs and TGF-p, and fibronectin and thrombospondin bind TGF-g (10, 19). Fibrillins
interact with the pro-polypeptides of several BMPs, and are thought to retain secreted BMP
complexes (10, 19, 45). These associations also control TGF-p deposition and activation,
given that LTBP1, for example, with its structural similarity to fibrillins, directs the latent
TGF-B1 complexes to interact with fibrillins, and thus prevents or attenuates the activation
of latent TGF-B (10). Mutations in the fibrillin-1 gene lead to increased TGF-p activation,
and Marfan syndrome in humans (10, 46). Proteolytic degradation of ECM proteins, during
physiological remodeling or in response to injury or cell invasion, is thought to release the
ligands or their complexes, enabling their activation and ligand-induced cell responses.
Thus, depending on the protein association and the secreted ligand complex, ECM proteins
not only sequester TGF-p family proteins, but also facilitate or direct their activities (47).

For those ligands that are secreted as latent complexes, specialized mechanisms control the
release of the active ligand in response to stimuli. The latent complexes of the three TGF-Bs,
myostatin/GDF8 and GDF11 require activation mechanisms to release the mature ligand;
however, only the activation of the TGF-B1 complex has been well characterized (19). The
diverse modes of latent TGF-B1 activation strongly suggest cell type- or tissue-selective
mechanisms that may depend on the signaling context (19). In various contexts, interaction
of the pro-segment with integrins—notably the integrins avp1, avp6, and avp8—enables
stress-induced, integrin-mediated changes in conformation of the latent TGF-f complex that
result in the release of active TGF-pB1 (9, 13, 19, 42, 48). Various proteases also confer
activation of latent TGF-p1 (19). Together, the many studies strongly suggest that
physiological activation of latent TGF-B1 requires combined activities of integrins and
proteases (19, 49). The ECM proteins thrombospondin and fibronectin, as well as fibrillin-1,
also direct TGF-p activation, but their roles are less defined (19). Latent TGF-2 and -3
activation are expected to require distinct mechanisms and regulation, because of sequence
divergence among the three pro-polypeptides (13, 19). No evidence exists for integrin-
mediated activation of latent myostatin and GDF11 complexes. Rather, the release of
myostatin and GDF11 from latency depends on cleavage of the pro-domain by BMP1 and
mTolloid metalloproteases (50, 51). With increasing appreciation that differential splicing
controls the nature and activities of the secreted TGF-p family proteins and cell responses,
one may speculate that such regulation, for example that resulting in an additional 28 amino
acids in the TGF-p2 pro-segment (52), might control the association of ligand complexes
with ECM proteins and their activation.

The localized activities of TGF-f family proteins are further controlled and restricted by a
repertoire of proteins that selectively bind active TGF-p family proteins to thus prevent their
binding to the receptors (44). Most known inhibitors inactivate BMPs, whereas few
inactivate activins or TGF-Bs. Others, however, can act as agonists that potentiate ligand
binding to the receptor and enhance ligand-induced cell signaling (44). Among the secreted
BMP-binding inhibitors, noggin, chordin and Twisted Gastrulation (Tsg) have been
extensively studied (44). Tsg can either promote or inhibit BMP activities, and associate
with chordin and BMP to prevent BMP receptor activation (44, 53-56). The most studied
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activin inhibitor is follistatin, the binding of which prevents activin binding to the receptor
(25, 44, 57). Other proteins form stable complexes with TGF-, thus preventing TGF-p
receptor activation. For example, decorin and biglycan, which are localized in the ECM, and
a2 macroglobulin, which is abundant in plasma, have high affinity for TGF-f and enable its
sequestration (44). The regulation of ligand inhibition by soluble or ECM-associated
proteins is complex, involving a plethora of proteins with tissue-dependent regulation.

The exquisite regulation of ligand availability and receptor binding through protein
associations, at the cell surface or in the ECM, which is here only touched upon, ensures that
most TGF-B family proteins act locally in a highly controlled fashion, rather than by free
diffusion. Inadvertent escape from the site of activation is likely to result in sequestration to
prevent unwanted activities in unintended cells. Accordingly, tissue-specific activities of
TGF-B family proteins and morphogen activity gradients of TGF-p family proteins must
invoke scenarios beyond mere ligand diffusion that take into account the localized control.
Besides diffusion-based models (58), substantial evidence has emerged that ligands and
receptors are presented to each other over distances that span many cell diameters, through
thin, filipodia-like membrane protrusions, named cytonemes (Fig. 1C). These have been
seen in Drosophila and vertebrate tissues, as well as tumors. Cytoneme-mediated ligand
presentation can explain the highly localized ligand-receptor activities, as well as gradients
of morphogen signaling (59, 60). Considering the narrow diameter of the cytoneme and the
large surface of the target cell, cytoneme-mediated receptor activation and signaling are
expected to initiate in synapse-like structures at sites of contact that could function as highly
localized signaling centers (60). As cytonemes are selective for ligands or receptors (59),
they could confer differential signaling in distinct and different subcellular signaling centers.
In contrast, signaling mechanisms by TGF-B family proteins or any soluble ligands are
studied in cell culture, in which soluble ligand is made available to all cell surface receptors,
not taking into account localized activation at membrane microdomains or selective
signaling centers.

TGF-p FAMILY RECEPTORS

Mature, dimeric TGF-p family ligands bind and signal through cell surface receptor
complexes that combine two “type I1” and two “type I”” receptors (61) (Fig. 2), initially
designated as such based on the mobilities in gel of the 125I-TGF-B-crosslinked proteins (3,
62). Both receptor types are transmembrane kinases and share structural similarities; they
have a glycosylated, disulfide-rich ectodomain of about 100 amino acids, a transmembrane
region, a short juxtamembrane sequence and a cytoplasmic kinase with its 11 subdomains
organized in an N- and a C-lobe (61, 63). The juxtamembrane sequences of type | receptors
have a short Gly-Ser-rich sequence, named the GS domain, that is phosphorylated by the
type Il receptor kinase in response to ligand binding (61, 63, 64). The mammalian genome
encodes five type 11 and seven type | receptors, and different ectodomain combinations
enable selective or specific binding of TGF-p family ligands, and ligand-induced activation
of signaling (61).

Based on sequence characteristics, the type | and type Il receptors are predicted dual-
specificity kinases, able to phosphorylate on serine and threonine as well as tyrosine, and are
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phylogenetically clustered, proximal to other dual-specificity kinases such as MEK kinases
(65, 66). Because the type | receptors activate Smads through phosphorylation at two C-
terminal serines, and Smads are seen as the major signaling effectors of TGF-p proteins, the
TGF-p family receptors have often been referred to as Ser/Thr kinases (61). However, their
ability to phosphorylate on Tyr is illustrated by the autophosphorylation on tyrosine of the
type Il TGF-p receptor, TBRII (67), and ShcA phosphorylation on serine and tyrosine by the
type | TGF-B receptor, TBRI (also known as ALK-5), and tyrosine phosphorylation then
activating mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK)-kinase (MEK)-ERK (also collectively referred to as ERK/MAPK) pathway in
response to TGF-B (68). Similarly to other dual-specificity kinases (69), TGF-p family
receptors have a lower ability to phosphorylate on tyrosine than on serine and threonine (61,
67, 68).

In the absence of ligand, the type | and type 11 receptors at the plasma membrane exist as
monomers, homodimers, as well as heterodimers, strongly suggesting inherent, non-random
affinities of both receptor types, and a need for protein associations that prevent signaling
activation in the absence of ligand (70-72). Ligand binding promotes the formation and
stabilization of the heteromeric receptor complexes, with the dimeric ligand interfacing with
the four receptor ectodomains (61, 63, 70). TGF-B1 and TGF-B3 bind with high affinity to
TPRII receptor dimers without the need for TBRI receptors, whereas TBRI receptors have
only low affinity for TGF-B and require TRRII for ligand binding (13). This difference in
ligand affinities suggests an ordered sequential assembly of the TGF-g dimer with the four
receptors that is initiated by TGF-p binding to TBRII (70). In contrast, TGF-p2 has low
affinity for both the TBRII or TRRI receptors in the absence of TRRI or TERII, respectively,
suggesting a random sequential assembly process with TGF-B2 initially binding to either the
TPRI or TRRII receptors in preformed receptor complexes (70). Similarly to TGF-p1 and
TGF-B3, activins bind with high affinity to their type Il receptors, prior to binding to type I
receptors in heteromeric receptor complexes (61, 70). In contrast, BMPs have generally
higher affinities for their type | receptors than for the type Il receptors, and BMP binding to
preformed complexes ensures high affinity binding (61, 70).

The three TGF-Bs bind and activate signaling through heteromeric complexes of the type Il
receptor TBRII with the type | receptor TBRI, but have also been shown to act through the
type | receptors ALK-1 (also known as ActRL1 or ACVRL1) and ALK-2 (also known as
ActRIA or ACVR1). Activins signal by binding to the type I receptors ActRIl or ActRIIB
in combination with the type | receptors ActRIB (also known as ALK-4) or ActRIC (also
known as ALK-7). BMPs and GDFs act primarily through the type Il receptors ActRII,
ActRIIB, or BMPRII in partnership with the type I receptors ALK-2, BMPRIA, or BMPRIB
(also known as ActRIA, ALK-3, and ALK-6, respectively) (61). The diversity of ligand
binding to functional combinations of type Il and type | receptors has been summarized
elsewhere (61), and structural studies of ligand-ectodomain interactions have provided
insights into the nature and specificity of ligand binding (13).

TGF-B family ligands bind to the heteromeric receptor complexes with very high affinity,
mostly with KD values around 1011, which contrasts with the lower affinities of growth
factor ligands for RTKs (KD values around 1079) (73, 74). Receptor abundance at the
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plasma membrane is much lower, often 10-fold lower, than that of RTKSs, ranging around
<1000-5000 per cell. The low abundance of cell surface receptors and very high affinity
ligand binding allow the cells to exquisitely regulate their ligand sensitivity in response to
cell-intrinsic or extracellular stimuli, as will be discussed. Such regulation complements the
control of ligand availability by secreted proteins that often prevent ligand-induced receptor
activation, as discussed above, and by membrane-associated proteins (discussed below).

TGF-B FAMILY CORECEPTORS

In addition to extensive control of TGF-f ligand presentation through association with
secreted proteins, cells control ligand binding to the receptors and, thus, activation of
signaling, by expressing transmembrane or membrane-anchored co-receptors that selectively
aid in ligand binding to the receptors. Some co-receptors enhance ligand binding, while
others help specify ligand binding, and their secreted ectodomains may sequester ligands
(13, 61, 75) (Fig. 3). The best characterized TGF-f family coreceptors are the structurally
related betaglycan, first described as TGF-p type Il receptor, and endoglin (13, 61, 75-77).
Betaglycan is a single-pass transmembrane proteoglycan with chondroitin and heparin
sulfate side chains in its extracellular domain that binds all three TGF-ps, yet with highest
affinity for TGF-B2 (78). This high affinity may be particularly relevant for TGF-p2, which
binds TBRII and TRRI with lower affinities than TGF-B1 and TGF-p3. Betaglycan also
binds TBRI and TRRII independently, and stabilizes the TBRI-TBRII association, which may
help TGF-p2 binding to preformed TRRI-TPRII complexes. Consequently, cell surface
betaglycan facilitates and enhances ligand-induced TGF-p signaling (13, 61, 75, 76).
Conversely, however, betaglycan can be cleaved to release its ectodomain that then functions
to sequester TGF-p, thus dampening TGF-p responses (78, 79). The expression and
ectodomain shedding of betaglycan are major determinants of TGF-f responsiveness.
Betaglycan also binds other TGF-f family proteins, notably BMP-2 and -4, GDF5 and
inhibins, and therefore may play a broader role in promoting TGF-p family signaling (75,
76). Additionally, it binds basic fibroblast growth factor (bFGF or FGF2) through separate
domains, enabling betaglycan to control FGF-induced RTK signaling (80), and raising the
possibility for coordinated regulation of distinct pathways by betaglycan.

Endoglin is also a single-pass transmembrane protein, but lacks glycosaminoglycan side
chains, and is expressed at the cell surface as a disulfide-bonded dimer (61, 75, 77).
Endoglin is expressed as two isoforms with different cytoplasmic domains and functions
(81). Its preferential expression on endothelial cells suggests roles in vasculogenesis and
angiogenesis (77, 82). Endoglin binds TGF-p1 and -p3, and promotes TGF-p signaling
through ALK-1, a predominant BMP type | receptor, while inhibiting signaling through the
type | receptor TBRI, also known as ALK-5 (61, 75). Endoglin also binds activin A, BMP-7
and BMP-2, but does so only by associating with the corresponding type Il receptors (75). In
contrast to these ligands, endoglin binds BMP-9 and BMP-10 with high affinity, suggesting
a natural physiological role in the presentation of these ligands to their receptors and in the
vascular roles of these ligands (77, 82, 83). Like betaglycan, the ectodomain of endoglin can
be proteolytically released, and may thus serve as a soluble scavenger (84).
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The membrane-associated, glycosylphosphatidylinositol (GPI)-linked “repulsive guidance
molecules” (RGMs) act as BMP coreceptors. Three related RGMs, RGMa, RGMb (also
known as DRAGON) and RGMc (also known as hemojuvelin), have been identified in
mammalian cells. They interact with neogenin, a netrin receptor with neuronal function, yet
also bind BMPs and promote BMP binding to the type |1 BMP receptors (13, 85-88). How
RGMs promote BMP binding to receptor complexes and enhance BMP signaling remains to
be clarified, although they are thought to control endocytosis of the ligand-receptor
complexes in a clathrin-dependent manner, thus promoting BMP-induced Smad activation
(13, 85, 86). How RGM-mediated clustering of neogenin with BMP receptors controls
neogenin signaling and function also remains to be elucidated.

Some coreceptors help define the ligand specificity, as illustrated with the epidermal growth
factor-Cripto-1/FRL-1/Cryptic (EGF-CFC) family protein Cripto, a GPI-anchored
membrane protein. Cripto has affinity for some type | receptors, most notably ActRIB
(ALK-4), which in combination with the type Il receptor ActRIl or ActRIIB, mediates
activin signaling. Cripto enables Nodal binding to the activin receptor complex, thus
activating Nodal signaling, whereas its absence promotes activin signaling and prevents
Nodal signaling (75, 89, 90). Cripto also binds TGF-p and prevents its binding to the TBRI
receptor (91). Cripto may have additional roles in integrating signaling pathways, including
EGF receptor and Wnt signaling (92).

BAMBI (acronym for “BMP and activin membrane-bound inhibitor”), a transmembrane
type | receptor with a truncated cytoplasmic domain without kinase activity, interacts with
type I receptors, binds TGF-B, activins and BMPs, and thus dampens the responses to TGF-
B ligands through interference with functional receptor complexes (75, 93). The induction of
BAMBI expression in response to TGF-f suggests that it acts in a negative feedback loop of
TGF- signaling (75, 93), yet BAMBI also represses BMP signaling in development (93,
94).

Besides enhancing or attenuating, or helping to specify, ligand binding to their receptors,
coreceptors also determine the functional availability of the receptors and receptor
compartmentalization at the cell surface, and the intracellular routing and fate of the ligand-
receptor complexes. Such functions are expected to be major determinants of the signaling
response, but have only been minimally studied, and are therefore less appreciated (61, 75).
Additional cell surface proteins that do not act as coreceptors may control the cell surface
distribution of the TGF-B family receptors or their assembly in multiprotein complexes that
act as signaling centers, possibly allowing crosstalk between TGF-f family receptors and
other signaling receptors and mediators. For example, vascular endothelial (VE-) cadherin
can interact with the TBRII and TBRI receptors as well as endoglin, and promotes TGF-p
signaling in endothelial cells (95). The tight junction protein occludin associates with the
TPRI receptor and promotes the localization of TGF-p receptor complexes at tight junctions
(96). Also, the hyaluronan receptor CD44 associates with the TRRI receptor, and hyaluronan
promotes TGF-p-induced Smad activation by the TBRI receptor, while TBRI-mediated
phosphorylation of the short cytoplasmic tail of CD44 enables anchoring of CD44
complexes to the actin cytoskeleton, and promotes cell migration (97, 98). Finally, TGF-p
and/or BMP receptors can associate with RTKs (98-100), again illustrating possible
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functional interactions in signaling centers that control TGF-p family receptor signaling and
enable signaling crosstalk between different receptor types.

POSTTRANSLATIONAL CONTROL OF FUNCTIONAL RECEPTOR
AVAILABILITY

In addition to secreted, ligand-interacting proteins and membrane-associated coreceptors
that help define the ligand binding, post-translational mechanisms further control the
functional availability of TGF-p family receptors at the cell surface (Fig. 2). TGF-p family
receptors are modified by N-glycosylation at Asn, and possibly O-glycosylated at serine
and/or threonine, in their ectodomains (61, 101). Whereas ectodomain glycosylation can
regulate the transport to the cell surface, the stability, and/or ligand binding of other
transmembrane receptors, little is known about its roles in the control of TGF-p family
receptors (102, 103). N-glycosylation facilitates transport of the TBRII receptor to the cell
surface (102), and impaired glycosylation decreases ligand binding to TBRII (104).
Consequently, inhibition of N-glycosylation reduces TGF-p responsiveness (102).
Additionally, ectodomain N-glycosylation enhances the binding of BMP-2 to the BMP-RI|I
but not the ActRII or ActRIIB type Il receptors (103). High glucose (meaning 25 mM the
amount associated with hyperglycemia) promotes N- and O-glycosylation of proteins (105,
106), raising the possibility that it might also promote TGF-p or BMP receptor glycosylation
and thus increase ligand binding.

Ectodomain shedding also controls the functional availability of the cell surface TGF-$
receptors, and, consequently, TGF-f responsiveness. The transmembrane metalloprotease
TACE, also known as ADAM17, cleaves TBRI, but not the TRRII receptor, in response to
ERK or p38 MAPK signaling (107, 108). Consequently, mitogenic and inflammatory stimuli
that activate either pathway dampen TGF- signaling by attenuating the TBRI responses,
without decreasing ligand binding to TBRII (107, 108). TACE-mediated ectodomain
shedding of TBRI is followed, through the activity of -y-secretase, by intracellular release of
the TBRI cytoplasmic domain, which translocates into the nucleus where it controls
transcription of target genes (109, 110).

The TACE-mediated decrease in TGF-B responsiveness illustrates that the sensitivity to
TGF-p family proteins depends on the abundance of functional receptors at the cell surface.
Thus, processes that enhance the abundance of cell surface TGF-p receptors increase TGF-p
responsiveness (107). A large pool of the TBRII and TRRI receptors resides inside cells,
enabling rapid receptor transport to the cell surface to enhance the sensitivity to TGF-p and
autocrine TGF- signaling (111, 112). Glucose at 25 mM and insulin both induce a rapid
transport of intracellular TBRII and TPRI receptors to the cell surface (111, 112). This
induction results from rapid activation of AKT, which phosphorylates the intracellular,
membrane-associated Rab guanosine triphosphatase (GTPase)-activating protein (RabGAP)
AS160, thus relieving the intracellular retention and promoting cell surface transport of both
TBRIl and TRRI (112), similarly to AKT-mediated cell surface transport of the glucose
transporter Glut4 (113-115). This mechanism positions AKT activation as a central
regulator of TGF-B responsiveness, and enables other AKT-activating ligands, such as
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growth factors that act through RTKSs, to enhance TGF-B responsiveness. This mechanism
may be highly relevant in diabetes-associated hyperglycemia, which is treated with insulin, a
major inducer of AKT activation, and in cancers, which often show increased Akt activation.
Whether similar mechanisms control the responsiveness of other TGF-g family receptors at
the cell surface remains to be seen. Because also TGF-p induces AKT activation (see further
below), TGF- itself induces, through a positive feedback loop, an increase in cell surface
abundance of TGF- receptors, thus enabling signal amplification.

The functional availability of TGF-p family receptors is also extensively regulated by poly-
ubiquitylation and, consequently, degradation, involving several ubiquitylating enzymes and
multiple de-ubiquitylases (DUBs) (61, 116, 117). Proteins are ubiquitylated on lysine
through the sequential activities of ubiquitin-activating E1, ubiquitin-conjugating E2, and a
plethora of E3 ubiquitin ligases that provide target selectivity, including HECT-type E3
ligases (116, 118). Among these, Smurfl and Smurf2, identified for their ability to
ubiquitylate Smads, target the TBRI receptors for poly-ubiquitylation. They are recruited by
Smad7 to the TPRRI receptors, enabling them to ubiquitylate TBRI and promote receptor
degradation (119, 120). Other HECT-like E3 ligases, such as NEDDAL, also known as
NEDD4-2, and WWP1, also target TBRI for ubiquitylation and degradation (121, 122). The
differential contributions of the different E3 ligases, and their roles in the degradation of
other TGF-B family receptors remain to be clarified.

Substrate ubiquitylation is balanced by ubiquitin removal by DUBs. Among the DUBs that
have been implicated in the control of receptor availability, USP4, USP11, USP15 and
UCH37 deubiquitylate TBRI, directly or through the association either of Smad7 with TBRI
or of tumor necrosis factor (TNF) receptor-associated factor 4 (TRAF4) with the TRII-
TBRI receptor complex (116, 117). DUB associations prevent receptor degradation, thus
sustaining TGF-B receptor abundance and responsiveness (116, 117). Phosphorylation of
USP4 by AKT enhances the association of USP4 with cell surface TBRI, and USP4-
mediated TBRI de-ubiquitylation (123). As with the E3 ubiquitin ligases, further studies
need to define the context-dependent roles, regulation and contributions of the different
DUBs to the functional availability of TGF-p family receptors. Finally, neddylation, which
results in the covalent attachment of a single ubiquitin-like NEDD8 polypeptide, controls the
stability of the TBRII but not the TERI receptor. TBRII neddylation is mediated by the
NEDDS8 E2 conjugating enzyme Ubc12 and the E3 ligase c-Cbl, and stabilizes the receptor,
presumably by opposing ubiquitylation and degradation while promoting TRRII
internalization, and thus enhancing TGF- signaling (124). Neddylation is reversed by
isopeptidases that remove NEDD8 from its substrate; thus, the de-neddylase NEDP1 has
been shown to attenuate TBRII neddylation (124).

LIGAND-INDUCED RECEPTOR ACTIVATION

Signaling initiates when ligand binds the complex of two type Il and two type | receptors at
the cell surface. In polarized epithelial cells, the cell surface receptors localize basolaterally,
leaving the apical surface insensitive to TGF-f stimulation (125, 126). In non-polarized cells
or cells with front-rear polarity, the cell surface receptors are more equally distributed, with
high levels at sites of cell contacts and at the leading edge of migrating cells, or at the tips of
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filopodia and cytonemes (60, 61). The type | and type Il TGF-p receptors are continuously
internalized, both in the absence and in response to TGF-p (127), and it is often assumed
that TGF-P proteins do not induce receptor internalization, in contrast to growth factor-
induced RTK internalization. Observations, however, argue for TGF-p-induced receptor
internalization that results in decreased cell surface abundance and might lead to increased
receptor degradation (128-131). Studies of receptor routing may be affected by the basal,
autocrine TGF- signaling, and the distribution of cell surface receptors in clathrin-
associated nascent endosomes versus, predominantly, caveolar lipid raft compartments (128-
130, 132), and perhaps more importantly from insufficient antibody quality to track
endogenous receptor routing.

Ligand contacts with all four ectodomains induce conformational changes at the ligand-
receptor interface, and stabilize the receptor association, thus bringing their cytoplasmic
domains in close proximity (13, 63). This stabilization enables the type Il receptors to
phosphorylate the type | receptors in their juxtamembrane GS domain at serines and a
threonine, which then induces conformational changes that release the 12 kd immunophilin
FKBP12 from the GS domain (133, 134). This dissociation relieves the inhibitory interaction
of the kinase domain with the GS domain, and activates the kinase of the type | receptors
(63, 134). FKBP12 association with the type | receptors prevents inadvertent signaling
activation in the absence of ligand (133, 135).

Also the inhibitory Smad6 and Smad7 help silence the type | receptors in the absence of
ligand (136); this occurs through association with the GS domains and likely other
sequences of the cell surface type | receptors (63, 136). The ligand-induced conformational
changes in the receptor complex (63) enable the arginine methyltransferase PRMT1, which
is associated with the type Il receptors, to methylate Smad6 or Smad?7, resulting in their
dissociation from the type I receptors (137, 138). Thus, PRMT1-mediated methylation of
inhibitory Smads and their dissociation from the type | receptors precede and enable the
recruitment of the effector Smads for subsequent activation through C-terminal
phosphorylation (63, 136, 137). It is not known how Smad6 and/or Smad7 methylation
temporally and functionally relates to type | receptor phosphorylation and activation, nor
whether this process controls non-Smad signaling.

Ligand binding also induces phosphorylation at other receptor sites, besides the GS-domain
of the type | receptors. Their roles have remained poorly characterized, but allow additional
regulation and functions (61, 63). TGF-p family proteins induce type Il receptor
autophosphorylation (61, 67), similarly to growth factor-induced RTKSs, and enable the type
| receptors kinase to phosphorylate the type 1l receptors (61); yet these processes remain to
be dissected. Autophosphorylation at Ser?13 and Ser?4? enhances the kinase activity of
TBRII, whereas autophosphorylation at Ser#16 attenuates it (139). Phosphorylation on Tyr,
either through autophosphorylation (67) or by Src (140), enhances the TRRII activity (67).
Ligand binding also induces TBRI phosphorylation on tyrosine, likely through
autophosphorylation (68), and on serine and threonine outside the GS domain. Tyrosine
phosphorylation of the receptors may generate docking sites for additional signaling
mediators. Thus, TGF-p induces recruitment of ShcA, through its phosphotyrosine-binding
PTB and SH2 domains, to the tyrosine-phosphorylated TBRI or TRRII, thereby initiating
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ERK/MAPK signaling (68, 140). TGF-p-induced TBRI phosphorylation also promotes
Lys389 sumoylation of TBRI, which facilitates the recruitment and activation of effector
Smads, and Smad-mediated signaling (141).

Consistent with the reversible nature of phosphorylation, several phosphatases target TGF-f
family receptors. GADD34, a regulatory subunit of the protein phosphatase 1 (PP1) complex
can associate with Smad7, and thus recruit the PP1 catalytic subunit to TBRI for
dephosphorylation (142). Also the PP2A phosphatase complex can associate with type |
receptors and modulate their signaling, although its effect may depend on the identity of the
receptor-interacting B subunit of PP2A (143, 144). Additionally, the tyrosine phosphatase
TCPTP was found to tyrosine-dephosphorylate TRRII after its recruitment by a1p1 integrin
to TRRII (145). Finally, in Xenopus oocytes, the association of the protein phosphatase
Dullard with BMP receptor complexes results in BMPRIA dephosphorylation, poly-
ubiquitylation and degradation (146). The prevalence of phosphorylation and
dephosphorylation at an array of cytoplasmic domain sites in the tetrameric receptor
complexes stands in contrast with how little we know about the regulation of receptor
activities and functions by (de)phosphorylation.

Various transmembrane proteins and receptors are functionally regulated by acetylation on
Lys (147, 148), or methylation on Lys or Arg (149); however, these modes of post-
translational regulation are less studied than the control of protein function by
phosphorylation. It is not known whether TGF-p family receptors are regulated by these
modifications.

SMADS AS SIGNALING EFFECTORS

Upon ligand-induced receptor activation, Smads (Fig. 4) transmit signals from the receptors
into the nucleus to repress or activate target gene expression. While TGF-g family proteins
also induce non-Smad signaling, the Smads are seen as the major TGF-p family transducers;
they direct changes in gene expression and uniquely act as signaling effectors to the TGF-$
family proteins. Thus, upon ligand binding, the type | receptors that are activated by type 1l
receptors in turn activate effector Smads through phosphorylation of their C-terminal two
serines. These “receptor-activated Smads” (R-Smads) then dissociate from the receptors, and
combine with Smad4 to form complexes that translocate into the nucleus, where they
cooperate with high affinity DNA-binding transcription factors and coregulators to activate
or repress target genes (150-152) (Fig. 5, A and B). This model resonates because it seems
simple and linear; however, it allows for substantial versatility, largely because of its
dependence on functional association with other transcription factors, many of which act as
effectors of other signaling pathways (discussed below), as well as through its roles in target
repression/activation outside of a strictly transcriptional manner (Fig. 5, B-F; also discussed
in more detail below).

Structure and functional activation of Smads.

The mammalian genome encodes eight Smads, including the inhibitory Smads, Smad6 and
Smad7, which, as mentioned above, control receptor stability. Smad2 and Smad3 act as R-
Smads for activin and TGF-p signaling, whereas Smad1, Smad5 and Smad8 mediate
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responses to BMPs and GDFs (151, 152). Which Smads are activated by the less studied
TGF-B family ligands has not been fully resolved, nor have the functions of Smad8 been
well defined. Smad4, the common partner for the activated R-Smads in trimeric Smad
complexes, does not require activation by type | receptors (151, 152). The R-Smads and
Smad4 have a conserved N-terminal MH1 and C-terminal MH2 domain (151) (Fig. 4). Their
MH21 domains have nuclear localization signals and, with the exception of the most
commonly expressed form of Smad2, a § hairpin structure that enables Smad binding to
DNA (63, 151-153). The L3 loop in the MH2 domains mediates the R-Smad association
with the type | receptors, and thus helps specify the ligand-induced R-Smad activation, yet
also mediates Smad-Smad interactions in trimeric Smad complexes (63). The MH2 domains
in all R-Smads, but not Smad4 or the inhibitory Smadé and Smad7, are followed by a short
sequence with two C-terminal serines that are phosphorylated by type | receptors (151, 154)
(Fig. 4). A variable linker region between the MH1 and MH2 domains has phosphorylation
sites for several kinases, including some that function in other signaling pathways (Fig. 4).
When phosphorylated, these sites serve as docking sites for other proteins, and define the
stability, nuclear localization and other properties of these Smads (154). Thus, linker regions
of the R-Smads serve as hubs for functional crosstalk with other kinase-driven signaling
pathways, complementing the crosstalk at regulatory sequences of target genes (Fig. 6).
Consequently, each R-Smad has distinct properties and is individually regulated. Adding to
this complexity, several Smads are expressed as differently spliced isoforms (155). For
example, R-Smads with deletions in their linker domains (155-157) and a variant of Smad8
lacking the C-terminal two serines required for its activation (157) have been reported. The
commonly studied Smad2 lacks DNA binding capacity, due to a sequence insert that disrupts
the B sheet in the MH1 domain, whereas the Smad2p isoform lacks this insert and thus binds
DNA similarly to Smad3 (63, 158, 159) (Fig. 4).

Ligand-induced activation of R-Smads results from their recruitment to activated type |
receptors, dependent on prior dissociation of FKBP12 from the type | receptor GS domains
(133-135), and Arg methylation and dissociation of the inhibitory Smad6 and/or Smad7
from the receptors (137, 138). Thus, ligand-induced phosphorylation of the type | receptor’s
GS domain by the type Il receptor kinase switches its affinity from FKBP12 binding to R-
Smad recruitment (134). The association of R-Smads with the receptor complexes then
enables the type | receptor kinases to phosphorylate R-Smads at two C-terminal serines, thus
promoting the dissociation of the two activated R-Smads from the receptors and their
association with Smad4 in trimeric complexes (63, 151, 160, 161). R-Smad recruitment and
activation occur in association with clathrin-mediated endocytosis (131). Dab2, which
associates with the TGF- type | receptor, promotes clathrin-mediated endocytosis of the
receptor complexes; thus, increased Dab2 expression enhances TGF-p-induced Smad
activation (162, 163). Conversely, antiviral RLR signaling results in activation of IRF-3,
which then associates with Smad3, thus preventing its recruitment to TBRI and attenuating
TGF-p-induced Smad3 activation and gene expression. This signaling crosstalk depends on
structural similarities between interferon-regulatory factor 3 (IRF3) and Smads that enable
their association (164).

The selectivity in Smad activation is dictated by the type | receptors to which the R-Smads
are recruited. The major type | receptors for activin and TGF-B, ActRIB and TBRI, activate
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Smad2 and Smad3, while the major BMP type | receptors, ALK-1, ALK-2 (also known as
ActRIA), BMPRIA and BMPRIB, activate Smadl and Smad5 (61, 63, 151). The R-Smad
association involves the GS domain and L45 loop between kinase subdomains 4 and 5 of the
type | receptors, and the MH2 domains of the R-Smads (63, 165-168). Phosphorylation of
the GS domain by the type Il receptors enables this negatively charged surface of the type |
receptor to interface with a basic patch in the MH2 domain, whereas a cluster of four amino
acids in the receptor’s L45 loop provides receptor-Smad specificity by interfacing with
complementary amino acids in the L3 loop of the R-Smad MH2 domain (63). The
membrane-anchored cytoplasmic SARA or structurally and functionally related Hgs/Hrs
proteins facilitate and stabilize the association of activated Smad2 and Smad3 with type |
receptors, and thus promote TGF-B-induced Smad2 and Smad3 activation (63, 131, 132,
151, 169-171). Endofin may have a similar function in the activation of BMP-specific R-
Smads (172, 173). Conformational changes upon C-terminal phosphorylation of the
receptor-associated R-Smads enable the dissociation of the activated R-Smads from the
receptors and SARA, and promote R-Smad association with Smad4 in trimeric Smad
complexes (63, 161, 174).

The trimeric assembly of Smad complexes is mediated by the MH2 domains and
phosphorylated C-termini of R-Smads (161, 174). Heterotrimeric complexes of two R-
Smads and one Smad4 are thought to be the most common and predominant functional
complexes. Association of Smad4 with two activated R-Smads creates three distinct binding
interfaces that are likely to define protein interactions in transcription complexes (63, 161,
174). Smad complexes are often assumed to have two identical R-Smads; however, the
inclusion of two different R-Smads provides further functional versatility. Thus, TGF-p-
induced heterotrimers of Smad2, Smad3 and Smad4 are abundantly formed, but differ
functionally from complexes that contain pairs of Smad2 or Smad3, and target distinct genes
(175). Also trimers that consist of only activated R-Smads have been observed (160, 175),
and complexes of two Smad3s and one Smad2 are prevalent in TGF-p-treated hepatoma
cells, as are complexes of one R-Smad and two Smad4 molecules (175). BMPs and GDFs
may similarly induce the formation of trimeric complexes of Smadl and/or Smad5 with
Smad4. Additional diversity is achieved when the receptor complexes comprise two distinct
type | receptors, e.g. TBRI (also known as ALK-5) and ALK-1, resulting in coordinated
activation of Smad2 and Smad3 as well as Smad1 and Smad5 in response to TGF-f. Mixed
Smad complexes that combine R-Smads activated by distinct type | receptors target distinct
genes that are not controlled by complexes of two identical R-Smads with Smad4 (176,
177).

R-Smads and Smad4 shuttle between the cytoplasm and nucleus, but the activated Smad
complexes are mostly in the nucleus (151, 178). Nuclear localization sequences are found in
the MH1 domains of several Smads, and Smad interactions with distinct importins or
nucleoporins suggest differential regulation of nuclear import depending on the Smad, and
involving C-terminal R-Smad phosphorylation (151, 178-181). Also nuclear export
sequences have been identified in some Smads, and nuclear export of the individual Smads
may be differentially regulated by different exportins and associated Ran GTPases (182—
185). Additionally, the cytoplasmic retention of the Smads may be regulated, possibly
involving microtubules and associated motor proteins (186, 187). Signaling crosstalk,
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including signals that confer changes in Smad linker phosphorylation, further defines the
cytoplasmic and nuclear retention and subcellular Smad movement (151, 154, 178). A better
appreciation of the extensive regulation of the subcellular Smad distribution and ligand-
induced nuclear Smad accumulation is required to understand the dynamics and termination
of Smad-mediated transcription responses.

Smads control transcription and histone modifications and enable signaling crosstalk at
target genes.

Direct transcriptional activation or repression of target genes requires association of Smad
complexes with transcription factors that bind specific DNA sequences in proximal promoter
regions or enhancers with high affinity (Fig. 5, A and B). Whether Smads activate or repress
transcription depends on the associated transcription factors and coregulators, the target
gene, the physiological state of the cell and trimeric composition of the Smad complexes.
The extensive diversity of transcription factors with which Smads associate explains the
large number of target genes, and inability to reliably predict a consensus sequence for
activin-, TGF-B- or BMP-responsive genes (150, 152, 188, 189).

With the exception of the most prevalent Smad2 isoform, all R-Smads and Smad4 can bind
DNA directly through an 11 amino acid B-hairpin in their MH1 domains that positions itself
in the major groove of the DNA helix (63, 152, 153). Optimal DNA sequences have been
proposed for Smad binding, and are named Smad binding elements (SBEs). For Smad3 and
Smad4, this sequence is AGAC or its reverse complement GTCT (152, 190-192), while
Smad1 and Smad5 prefer GGCGCC (152, 193). These sequences, which have been
experimentally validated, are therefore often thought of as predictive of Smad binding.
Additional ChIP analyses, however, revealed preferential binding of all R-Smads and Smad4
to GC-rich sequences that approximate a consensus sequence GGCGC or GGCCG, not only
making Smad binding sites less stringent, but also removing the divergence between Smad¥s
and Smad1/5/8 binding sequences (194). As Smad complexes act through cooperation with
transcription factors that bind specific DNA sequences, their binding to proximal promoter
sequences is primarily dictated by the associated transcription factor. Without this
association, Smads bind DNA only weakly, meaning with a Kd of around 1 x 10~/ M (153),
whereas sequence-specific transcription factors often bind DNA with Kds of 1079 to 10711
M. Hence, tandem or palindromic repeats of SBEs are required to enable Smad binding with
high affinity or to direct Smad-mediated transcription in reporter assays. The juxtaposition
of Smad complexes with associated DNA sequence-specific transcription factors raises two
scenarios for ligand-induced recruitment of Smad complexes to regulatory gene sequences,
meaning either the high-affinity DNA-binding transcription factor associates with proximal
promoter sequences prior to Smad recruitment, or a Smad complex is coordinately recruited
with the high-affinity DNA binding transcription factor (152). Either way, the juxtaposition
of a Smad binding site and a high affinity DNA sequence for the associated transcription
factor is expected to cooperatively increase the DNA binding affinities of both components.
This cooperation not only facilitates Smad recruitment, but also enhances the DNA binding
of the Smad-associated transcription factor in response to TGF-$ (195, 196).
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The number and diversity of DNA-binding transcription factors with which Smads both
physically and functionally associate are staggering, and a structural basis for association
with Smad complexes is not apparent. Smads often associate with their partner through MH2
domains, yet MH1 domains provide the interface with many other partners, or both MH1
and MH2 domains are required (152, 188). This extensive versatility of Smads in partnering
with DNA binding transcription factors can only be explained through structural versatility
at protein interfaces, which remains to be explored.

Among the Smad-associated transcription factors are many that are regulated in their DNA
binding and/or transactivation function by signaling pathways, and thus serve as signaling
effectors (197), e.g. in response to RTK activation or inflammation pathways. For example,
Smad3-Smad4 complexes associate and cooperate with c-Jun in the AP1 transcription
complex (198) or with ATF3 (199), which are activated in response to growth factors,
cytokines and stresses through other pathways, including MEK-MAPK signaling.
Additionally, Smads cooperate with p53, when phosphorylated in response to RTK
activation (200). Other Smad-associated transcription factors are effectors of signaling
pathways that control cell differentiation (197). Thus, Smads can interact with the
transcription factors TCF or LEF, which are activated by Wnt signaling, enabling extensive
crosstalk between Smad and Wnt signaling at promoter sequences (201). Similar scenarios
promote the crosstalk of Smad signaling with Notch and Hedgehog signaling in the control
of target gene expression (197, 202-204). Consequently, the cooperation of Smad complexes
with DNA-binding specific transcription factors imposes a dependence of the Smad activity
on signaling crosstalk with other pathways that control the functions of these transcription
factors and coregulators (Fig. 6, 1VV). Conversely, activated Smads also control cell responses
downstream of signaling pathways that activate or control the functions of transcription
factors that associate with Smad complexes.

The association and cooperation of Smads with DNA binding transcription factors also
explain the regulation of cell differentiation and tissue patterning by TGF-p family proteins
during development. Thus, TGF-p family signaling enables cooperation of Smads with
pluripotency-associated or lineage-specific, DNA-binding transcription factors, promoting,
repressing or facilitating differentiation initiation or progression along many if not all
lineages. Besides the interactions of Smads with effectors of Wnt, Hedgehog and Notch
signaling, activated Smads also cooperate with Sox, GATA, Runx and myogenic bHLH
transcription factors in diverse lineages (49, 205, 206).

The combination of Smad4 with two R-Smads in Smad complexes enables Smad4 to
function as transcription coactivator that stabilizes the association of the activated R-Smads
with the histone acetyltransferases CBP or p300, and thus enhances R-Smad-mediated
transactivation (207). Consistent with its role in gene responses to all TGF-p family proteins,
Smad4 inactivation is often thought to abolish Smad-mediated gene expression changes.
This is not the case. Smad4 is required for or strongly enhances R-Smad-mediated
transcription activation of many genes, consistent with its role as coactivator, yet many target
genes are still activated by R-Smads in the absence of Smad4, albeit often to a much lower
extent than in the presence of Smad4 (208). Hence, the requirement for Smad4 depends on
the target gene, and presumably the cell type and signaling physiology, with its role ranging
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from obligatory to unnecessary. R-Smad-mediated transcription without Smad4 contribution
is consistent with the TGF-B-induced formation of R-Smad trimers, such as
Smad2:Smad3:Smad3 complexes (175).

Interactions of Smad complexes with corepressors and coactivators define the level of
transcription activation and functions of Smads as transcription activators or repressors (Fig.
5A-C). Many of these cofactors modify the histone acetylation and/or methylation, directly
or indirectly, enabling Smads to direct epigenetic changes (Fig. 5C). The association of the
C-terminally phosphorylated R-Smad sequence with the histone acetyl transferase p300
(152), and stabilization of this association by Smad4 (152, 207), position p300 and Smad4 as
coactivators of R-Smads. These interactions allow Smads to direct p300 to acetylate histone
3 (209, 210). The enzymatic activity of p300 is required for Smad2-mediated transcription
activation, suggesting that chromatin remodeling is required for transcription activation by
Smads (210). The histone acetyltransferases GCN5 and P/CAF have also been shown to
associate with TGF-p-activated Smads and potentiate Smad signaling (211, 212). TGF-p-
activated Smad complexes can also recruit histone methyltransferases, rather than histone
acetyltransferases. Recruitment of Suv39h1 (213) or SETDBL1 (214) confer TGF-p-induced
H3K9 methylation and transcription repression at promoter sequences of the //2and Snail
genes, respectively (187,188), while Smad3-mediated recruitment of the H3K4
methyltransferase SET9 targets the ACTAZgene (215). Differential recruitment of histone
acetyltransferases versus methyltransferases can provide a balance in Smad-mediated
transcription activation versus repression (214) (Fig. 5C). Smad complexes can also recruit
histone deacetylases, either directly, as in the case of the HDAC4 or HDACS recruitment by
Smad3 to the osteocalcin promoter (209), or through recruitment of a corepressor such as
TGIF, which in turn recruits histone deacetylases (216), thus possibly inhibiting the
recruitment of the p300 acetyltransfereases. HDAC4 or HDACS recruitment mediates Smad-
mediated transcription repression (209), whereas TGIF recruitment dampens transcription
activation (216). Ski and the Ski-related SnoN, renamed SKIL, strongly repress the activated
Smad complexes at target promoters (152, 217). They attenuate Smad-activated transcription
through association with the Smad complexes and corepressors such as NCOR or SIN3A,
thus preventing p300 recruitment (217). Also Evi-1, which cooperates with the corepressor
CtBP and ZNF451, and thus blocks recruitment of p300 to Smad complexes, acts as
corepressor to repress Smad-mediated transcription activation (218-220). The E3 ubiquitin
ligase TIF1y (also known as TRIM33 or ectodermin) also interacts with Smad complexes,
but its proposed roles in Smad signaling seem conflicting (152, 221, 222). While TIF1+y and
Smad4 association with the R-Smads were seen as mutually exclusive (221), TIF1ly
recruitment to Smad complexes following its association with acetylated (and possibly
methylated) histone 3 tails results in Smad4 mono-ubiquitylation (222). The TIFly
association may allow for further chromatin remodeling that facilitates binding of Smad
complexes to enhancers of target genes (221, 222). Finally, Smad complexes can repress
transcription by interfering with nucleoprotein complex formation at gene promoters (223,
224).
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Smads direct RNA processing

Many genes are transcribed into several mRNAs due to differential RNA splicing of the
primary transcript, and thus encode protein isoforms with alternate functions. This
regulation may depend on the cell type, and may change as cells differentiate from one cell
type to another, e.g. during epithelial-mesenchymal transition (EMT) (225, 226). TGF-p
induces changes in RNA splicing through Smad-mediated repression of genes encoding
splicing regulators, such as the epithelial splicing regulatory factors ESRP1 and ESRP2
(227). TGF-B signaling also directly controls RNA splicing through association of Smad3
with the primary transcript (Fig. 5D). Indeed, in response to TGF-f, Smad3 was shown to
associate with the RNA-binding protein PCBP1, also known as hnRNPE1, and thus directs
changes in splicing of the CD44 pre-mRNA, yielding functionally distinct CD44 isoforms
(228).

Small noncoding miRNAs control gene expression through association with partially
complementary sequences that are often located in 3’UTRs of mRNAs, leading to mRNA
degradation or direct inhibition of translation. miRNA genes are transcribed by RNA
polymerase Il into pri-miRNAs that are then processed through cleavage into pre-miRNAs
and give rise to mature miRNAs (229). Smads directly activate or repress miRNA gene
expression through association with DNA sequence-specific transcription factors, in a
similar way as in the control of protein encoding genes (151, 230) (Fig. 5B). They also
indirectly control the generation of miRNAs, by inducing the expression of transcription
factors that activate or repress miRNA genes (151, 230), as seen with e.g. TGF-p-induced
repression of miR-200 expression through Smad3-mediated activation of ZEBI expression
(231). Smad complexes also direct the maturation of miRNAs (Fig. 5E). Indeed, TGF-B- and
BMP-activated Smads were seen to associate with a Smad-binding dsRNA motif in select
pri-miRNAs and with the p68 RNA helicase in complex with Drosha RNAse, and thus
promote the pri-miRNA processing into miRNAs (151, 232, 233). Since individual miRNAs
target a large number of MRNAS, the TGF-B-induced, Smad-mediated control of pri-miRNA
expression and processing is bound to have substantial effects. Additionally, longer
LncRNAs that also control the expression of a variety of genes, either transcriptionally or
post-transcriptionally, contribute to the TGF-p response. The expression of some of these is
under the direct control of TGF-p/Smad signaling (230, 234).

Finally, reminiscent of Smad-mediated epigenetic changes, Smad2 and/or Smad3 were
shown to associate with the METTL3-METLL14-WAPP complex, which N6-methylates
adenosine in RNA (Fig. 5F). Smad-mediated recruitment of this m6A-methyltransferase
complex at targeted nascent pre-mRNAs results in their co-transcriptional adenosine
methylation, consequently promoting their degradation, and decreased expression of
encoded proteins (235).

Inhibitory Smads attenuate Smad activation and control transcription

Smad6 and Smad?7, and their homologs, Dad in Drosophila and TAG68 in C. elegans, inhibit
ligand-induced activation of R-Smads (136). These inhibitory Smads have an MH2 domain
similar to all other Smads, but distinguish themselves structurally by their lack of an MH1
domain. Similarly to Smad4, they are not known to require functional activation, and lack
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the two C-terminal serines that in R-Smads are phosphorylated by type I receptors. The long
N-terminal sequence of inhibitory Smads does not represent a domain, yet has motifs for
post-translational modifications or protein interactions (136). Its seemingly unstructured
nature suggests variable conformations depending on protein associations and post-
translational modifications, and functional versatility. Inhibitory Smads localize in the
nucleus and cytoplasm, and TGF-p and BMP induce their rapid export from the nucleus
(236, 237), raising the as yet unanswered question which signal from the receptor induces
this translocation. A sequence preceding the MH2 domain helps define the subcellular
localization (238).

Although less characterized than the effector Smads, the inhibitory Smads have several roles
in the control of TGF-B family signaling. Smadé6 is thought to predominantly inhibit BMP
signaling, while Smad7 acts in both BMP and TGF-p signaling (136). Inhibitory Smads
associate with the type | receptors, primarily through their MH2 domains, similarly to the
effector Smads, but also involving the N-terminal sequence, and this association needs to be
undone to enable R-Smad recruitment and activation (136, 238). As mentioned, ligand-
induced Arg methylation of Smad6 and/or Smad7 by PRMT1 promotes their dissociation,
enabling recruitment and activation of R-Smads (137, 138). Since they also function in non-
Smad signaling activation (136) ( see further), inhibitory Smad association with the type |
receptor may balance activation of Smads versus hon-Smad pathways. The association of
inhibitory Smads with type | receptors also allows for recruitment of E3 ubiquitin ligases,
and, consequently, receptor ubiquitylation and proteasome-mediated receptor degradation
(136), resulting in decreased TGF-p responsiveness, as already discussed.

The inhibitory Smads repress ligand-induced R-Smad activation at two levels (136). Their
association with type | receptors through interfaces that primarily involve their MH2
domains prevents R-Smad recruitment through their MH2 domains to type I receptors (136,
239, 240). This competition for receptor association is easily seen as a basis for inhibition of
ligand-induced R-Smad activation by inhibitory Smads (136) . Inhibitory Smads also
associate with R-Smads through their MH2 domains, similarly to the interaction of activated
R-Smads with each other or Smad4. In this scenario, the competition of an inhibitory Smad
with Smad4 for binding to R-Smads represses the formation of R-Smad complexes with
Smad4 as transcription coactivator at target genes (241). Such inhibitory Smad complexes
are consistent with the roles of the MH2 domains in complex formation, and lack of C-
terminal phosphorylation in both Smad4 and the inhibitory Smads.

Consistent with their predominant nuclear localization, inhibitory Smads are also likely to
act as transcription factors in the control of target gene expression (136). Several
observations provide the basis for this assertion. First, the participation of Smadé or Smad7
in heteromeric complexes with R-Smads allows for recruitment of inhibitory Smads by R-
Smads to regulatory DNA sequences of target genes (136, 242). Association of Smad6 with
the corepressor CtBP and recruitment of Smad6 to the /dZ gene repress BMP-induced /d1
expression (243), while Smad6 was also seen to recruit histone deacetylases (244).
Furthermore, linking Smad7 to a DNA binding sequence confers transcription repression
(245). These observations support the notion that inhibitory Smads may direct transcription
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repression of target genes. Which genes are directly controlled by inhibitory Smads and the
underlying mechanisms need to be defined.

Signaling crosstalk and posttranslational control of Smad functions

In addition to functional association with DNA binding transcription factors that are
themselves controlled by signaling pathways (Fig. 6, 1), Smads receive extensive crosstalk
through post-translational modifications by other signaling effectors (Fig. 6, Il and I11) that
thus define the behavior and activities of the Smads (154, 197).

Various kinases, including some that act in MAP kinase pathways, and cyclin-dependent
kinases, phosphorylate R-Smads on serines and/or threonines in their linker regions (154)
(Fig. 6, Il and I11). With a presumed unstructured nature of Smad linker regions, their
phosphorylation can create conformational interfaces for recruitment and association with
other proteins. Phosphorylation at linker sites enhances or attenuates the nuclear
translocation and activities of R-Smads, depending on the kinase and phosphorylation
site(s), and additional post-translational modifications (154). Consequently, R-Smad
activation by C-terminal phosphorylation is by no means the only determinant of Smad
activity, and scenarios are easily envisioned of increased R-Smad activities in response to
non-TGF-B family ligands. Smad4 and the inhibitory Smads are also targeted by other
kinases (154), albeit most likely less extensively than the R-Smads.

C-terminal and linker phosphorylation of R-Smads can be reversed by dephosphorylation.
Among the phosphatases that have been invoked, PPMA1/PP2Ca dephosphorylates the C-
terminal serines of Smad2 and Smad3, as well as Smad1 and Smad5, thus dampening Smad-
mediated transcription and promoting nuclear export of R-Smads (246, 247). MTMR4 also
C-terminally dephosphorylates, and thus deactivates Smad2 and Smad3 (248), and SCP4
dephosphorylates BMP-activated Smad1 and Smad5 (249). In contrast, the SCP
phosphatases SCP1, SCP2 and SCP3 remove the linker phosphorylation of Smad2 and
Smad3, as well as Smad1 (250, 251). The control of Smad activities through
phosphorylation by kinases that function in other pathways is extensive and diverse (154,
197) (Fig. 6, Il and 111), but what signaling pathways promote Smad dephosphorylation is
unclear.

The stability and availability of Smads are extensively regulated by poly-ubiquitylation on
lysine, which targets Smads for proteasomal degradation, and opposing deubiquitylases
(154, 252). This level of control affects the R-Smads at steady state and after C-terminal
activation, as well as Smad4 and the inhibitory Smads, although most studies relate to R-
Smads (154, 252). R-Smad ubiquitylation and degradation lead to signal attenuation and
termination (154, 252), although to which extent R-Smads are targeted for degradation or
deubiquitylation remains unclear. Various E3 ubiquitin ligases, i.e. the enzymes that provide
ubiquitylation specificity, were shown to ubiquitylate R-Smads (154, 252). Among these, the
HECT family E3 ligases Smurfl and Smurf2 are best studied, and target TGF-p-activated
Smad2 and Smad3, and BMP-activated Smadl and Smad5 (253, 254). TGF-B-activated
Smad3 is also ubiquitylated by SCF family E3 ubiquitin ligases, as well as the CHIP E3
ligase and nuclear Arkadia/RNF111 E3 ligase, leading to Smad3 degradation (255-257).
Also Smad4 ubiquitylation is controlled by several E3 ubiquitin ligases, including Smurf
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and SCF E3 ligases (258), whereas the stabilities of inhibitory Smads are controlled through
ubiquitylation by Smurfl and Smurf2, Arkadia and several other E3 ligases (154).
Conversely, Smad de-ubiquitylation opposes ubiquitin-mediated degradation, and thus
stabilizes the Smad levels. The diversity of E3 ligases and deubiquitylases illustrate an
extensive network of control mechanisms that define the functional Smad availability and
contribute to Smad signal termination in a context-dependent manner (117).

Although little is known about how signaling controls Smad ubiquitylation and de-
ubiquitylation, Smad phosphorylation has been linked to ubiquitylation and degradation
(154). For example, the Wnt signaling effector GSK3p, as well as CDK8 and CDK9
phosphorylate activated Smad2 and Smad3 in the linker region, and the phosphorylated
motif is then recognized by the E3 ubiquitin ligase Nedd4L, resulting in ubiquitylation and
degradation. CDK8 and CDK®9 also phosphorylate the Smad1 linker, leading to recognition
of Smadl by Smurfl or Nedd4L, and Smad1 degradation (154, 259, 260). Additionally,
MH1 domain phosphorylation of non-activated Smad3 by GSK3p leads to ubiquitylation
and degradation (261). Further insight will come from learning how Smad ubiquitylation
and stability relate to the subcellular localization of Smads, their activation state and control
by other pathways.

Attachments of a single ubiquitin or SUMO polypeptide also control the activities of R-
Smads, Smad4 and inhibitory Smads. Unlike poly-ubiquitylation, mono-ubiquitylation and
sumoylation do not lead to degradation, but mediate protein-protein interactions, and/or
control subcellular localization and stability (262, 263). Smad2 and Smad3 are mono-
ubiquitylated in response to TGF-B, albeit with different consequences. Smad2 mono-
ubiquitylation enhances its association with the TBRI receptor (264), whereas Smad3 mono-
ubiquitylation in its MH1 domain interferes with Smad3 binding to DNA (265), and Smad3
mono-ubiquitylation in its MH2 domain, after phosphorylation by CDK8 or CDK9,
interferes with Smad complex formation (266). Smad4 mono-ubiquitylation at Lys507 in its
MH2 domain promotes trimer formation with Smad3, and TGF-B-induced transcription, yet
also enhances its nuclear export (267), whereas Smad4 mono-ubiquitylation by TRIM33/
TIF1y at another lysine in its MH2 domain interferes with complex formation with Smad?2
or Smad3 (268). Smad6 mono-ubiquitylation impairs its binding to the BMP type | receptor
(269). Smad3 and Smad4 were found to be sumoylated (270, 271), but the effects of Smad
sumoylation need to be better defined; stabilization, protection against ubiquitylation, and
effects on subcellular localization are likely possibilities (238).

Smad2, Smad3 and Smad4 can also be poly-ADP-ribosylated in their MH1 domains by
PARP-1, thus interfering with DNA binding of Smad4 and Smad-mediated transcription
(272). TGF-B also induces MH2 domain acetylation of Smad2 and Smad3. Their acetylation
occurs in the Smad complexes following association with the acetyltransferases CBP or
p300, and enhances Smad-mediated transcription (273). Also Smad7 can be acetylated in the
nucleus by p300, albeit not in the MH2 domain. In this case, the acetylation at two lysines
prevents their ubiquitylation, allowing acetylation to stabilize Smad7 (274). Smad7
acetylation is reversed by the HDACL1 and SRT1 deacetylases, thus enhancing Smurfl-
mediated ubiquitylation and degradation (273, 275). Finally, BMP- or TGF-B-induced Arg
methylation of Smad6 and Smad7 by PRMT1 induces their dissociation from type |
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receptors, enabling R-Smad activation (137, 138), as discussed, and recruitment of the H3K4
methyltransferase SET9 results in Smad7 methylation, promotes Smad7 association with the
E3 ubiquitin ligase Arkadia, and, consequently, destabilizes Smad7 (276).

Context-dependent regulation of gene expression by Smads

As is apparent from the mechanisms underlying Smad signaling, Smad complexes not only
direct target gene transcription that then leads to secondary gene expression changes, but
also control mMRNA splicing, miRNA expression and processing, and epigenetic changes.
Functional interactions of Smads with transcription factors define the dependence of gene
responses on signaling cooperation, while post-translational mechanisms control the
availability, properties and behavior of Smads. With further diversity in Smad complex
formation, the Smad pathway is a highly nuanced, context-dependent and versatile pathway
that controls gene expression.

Several scenarios illustrate far-reaching effects of Smad signaling in gene reprogramming.
Direct Smad-mediated changes in transcription of genes encoding splicing mediators (227),
combined with direct effects of Smads on hnRNA processing (228), reprogram the diversity
of mRNASs and encoded protein isoforms with diverse functional properties. “Self-enabling”
scenarios direct the Smad-mediated expression of transcription factors with which Smad
complexes subsequently cooperate to activate or repress target gene transcription. For
example, TGF-B-induced, Smad¥s-directed transcription of genes encoding EMT
transcription factors, such as Snaill, enable subsequent cooperation of Smad¥.: complexes
with these transcription factors in driving EMT-associated gene reprogramming (277-279).
Conceptually similarly, activin-induced activation of Mixer expression by Smad2/4
complexes enables cooperation of Smad2/4 with Mixer in targeting genes (152, 280, 281),
and the TGF-p-induced activation of ATF3 expression enables cooperation of Smad¥s
complexes with ATF3 in the TGF-p-induced repression of /dZ (199).

In Smad-mediated gene expression, the cooperation of Smad complexes with individual
DNA-binding transcription factors defines gene synexpression groups, meaning sets of
coordinately regulated target genes that similarly respond to the same signaling crosstalk.
For example, cooperation of TGF-B-activated Smad¥. complexes with Snaill confers
coordinate regulation of genes during EMT (279), while Smad associations with myogenic
bHLH transcription factors coordinately repress myogenic differentiation genes (191, 205,
282). Self-enabling scenarios and Smad-mediated control of gene synexpression groups
enable TGF-B family proteins to direct gene reprogramming and differentiation of most, if
not all, lineages through cooperation of Smads with lineage-defining master transcription
factors (191, 205).

Finally, Smad-mediated control is often transient, not only because of the transient nature of
Smad activation, but also because TGF-$-, activin- and BMP-induced Smad complexes
activate negative feedback loops through the expression of proteins that subsequently repress
Smad activation or Smad-mediated transcription. For example, TGF-Bs, activins and BMPs
induce, through Smad complexes, the expression of Smad6 and/or Smad7 that subsequently
repress ligand-induced R-Smad activation (136). Also, TGF-p induces the expression of
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SnoN, which then inhibits Smad-mediated transcription activation, yet also controls
unrelated processes (217).

NON-SMAD SIGNALING PATHWAYS

Whereas Smad activation defines TGF-p family signaling, TGF-p family receptors also
activate other signaling pathways, including the MAPK and phosphoinositide 3-kinase
(PI3K)-AKT-mammalian target of rapamycin (mTOR) pathways, which are well-studied
mediators of RTKs (283) (Fig. 7). Intuitively, one might attribute these pathways to tyrosine
phosphorylation by the receptors, a notion supported by the mechanism of TGF-B-induced
ERK/MAPK signaling (68), yet activation of some non-Smad signaling effectors appears to
not require the type | receptor kinase activity (283). The activation levels of these non-Smad
pathways in response to TGF-p or BMPs are generally lower than their activation by growth
factors that act through RTKSs. This may relate to the low efficiency tyrosine phosphorylation
by dual specificity kinases, but is also consistent with the much lower levels of cell surface
receptors, when compared to RTKSs. The variability in non-Smad signaling pathway
activation also suggests the existence of functionally different receptor complexes (Fig. 7).
TGF-p-induced ERK/MAPK and AKT signaling emanate from caveolar compartments
(284, 285), similarly to activation by RTKSs, and Smad signaling associates with clathrin-
mediated endocytosis (131). TGF-B family proteins additionally often induce a delayed
activation of non-Smad pathways that may result from Smad-mediated gene expression of
transcription factors, growth factors that act through RTKSs, or miRNAs that control
signaling.

Activation of the ERK MAP kinase pathway

TGF-p and BMPs often induce ERK/MAPK signaling within 5-10 min, with similar
kinetics as RTKSs, albeit at lower levels (286, 287). The activation of this pathway by TGF-p
depends on ShcA (68). TGF-p induces p52ShcA recruitment, through its phosphotyrosine-
binding SH2 and PTB domains, to the tyrosine-phosphorylated TBRI receptor, and ShcA
phosphorylation on serine and tyrosine (68). As with RTKs, tyrosine phosphorylation of
ShcA enables activation of ERK/MAPK signaling, while the roles of the extensive serine
phosphorylation (68) remains uncharacterized. ShcA was also seen to associate with the
TPRII receptor as a result of TBRII phosphorylation on tyrosine by Src (140). TGF-B-
induced ShcA phosphorylation on tyrosine promotes the formation of ShcA-Grb2-SOS
complexes and Ras activation, leading to MEK1 and/or MEK2, and ERK/MAPK activation,
similarly to activation of this pathway by tyrosine kinases (68, 288). It should be noted that
Ras activation leading to ERK/MAPK activation was the first identified TGF-p signaling
readout (286, 289), prior to the discovery of Smads. ShcA is also required for BMP-induced
ERK/MAPK activation (290), suggesting related scenarios for BMP-induced MEKY2-ERK/
MAPK activation. Whether ShcB, ShcC and ShcD exert similar roles has not yet been
shown.

TGF-p receptor complexes that activate ERK/MAPK signaling differ from those that
activate Smads. TGF-p-induced ERK/MAPK signaling occurs in caveolar lipid-raft
microdomains (284), whereas Smad signaling associates with clathrin-mediated endocytosis
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(131, 132). Furthermore, p52ShcA association with TBRI precludes Smad recruitment, since
p52ShcA and Smad3 compete for TRRI association (291). Consequently, p52ShcA not only
initiates ERK/MAPK pathway activation, but also represses TGF-p-induced Smad3
activation, and ShcA expression defines the balance between TGF-B-induced Smad and
ERK/MAPK signaling (291).

Activation of the ERK/MAPK pathway, or any other non-Smad pathway, by TGF-g family
receptors complements Smad signaling and contributes to physiological TGF-p family
responses. Such contributions, for example to the control of cell differentiation by TGF-p
family proteins, depend on coordinated regulation of signaling pathways, and are illustrated
with the roles of ERK/MAPK signaling in TGF-p-induced EMT that is driven by Smad-
mediated gene responses (292). TGF-B-induced ERK/MAPK signaling is expected to induce
the same responses as RTK-induced ERK/MAPK pathway activation, although differences
in subcellular receptor localization may lead to different responses. ERK/MAPK
phosphorylates and controls the functions of transcription factors that cooperate with Smads
in the activation or repression of TGF-p/Smad target genes, and additionally controls,
through phosphorylation of the R-Smad linker regions, the nuclear import and functions of
the R-Smads, as discussed.

Activation of p38 MAPK and JNK pathway signaling through TAK1

TGF-B family proteins also induce rapid activation of the c-Jun N-terminal kinase (JNK) and
p38 MAPK pathways (283). Similarly to inflammatory cytokines, TGF-f induces JNK
activation through phosphorylation by the MAPK kinase (MAPKK) named MKK4 (293,
294), and p38 MAPK activation by the related MAPK kinases MKK3 or MKK®6 (295, 296).
These MKKs are activated through phosphorylation by the MAPKK kinase TAK1 (TGF-p-
activated kinase, also known as MAP3K7) (283, 297, 298). In spite of its name, TAK1
signaling is not restricted to TGF-; it also activates JNK and p38 MAPK signaling in
response to inflammation or stress signals, including interleukin-1, TNF and Toll-like
receptor (TLR) ligands (298). Other MAPKK Kkinases have been implicated in TGF-p-
induced p38 MAPK and/or JNK activation (283) , but their roles are less characterized.

TGF-B induces TAK1 recruitment to TGF-p receptor complexes, through association with
the RING domain E3 ubiquitin ligases TRAF6 or TRAF4 (299-301). This association
induces intramolecular TRAF6 or TRAF4 polyubiquitylation, allowing either to serve as a
scaffold for TAK1 activation. TAK1 is then ubiquitylated by TRAF6 or TRAF4 at a site that
does not lead to degradation but is required for its activation, resulting in JNK and p38
MAPK activation (283, 300, 301). This mechanism of pathway activation does not require
direct phosphorylation by the type I receptor kinases (299, 300), and resembles JNK and p38
MAPK activation by the interleukin-1 receptor and Toll-like receptors, which also recruit
TRAFG6 to activate TAK1 (302). It is not known whether TRAF6 and TRAF4 are
differentially recruited or activated, or induce different responses, whether BMP-induced
JNK and p38 MAPK activation result from a similar mechanism, and whether other
MAPKK Kkinases that activate these pathways similarly act through TRAFs. TRAF6-
mediated TAK1 ubiquitylation can also lead to activation of IKK (inhibitor of xB kinase),
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and thus to nuclear factor kB (NFxB) signaling, in response to TGF-g (303), similarly to
NF«xB activation by interleukin-1, TNF or TLR ligands (304).

Smad6 and Smad7 also control JNK and p38 MAPK pathway activation (283) . The reported
findings are confusing. An attractive scenario involves Smad7 as scaffold for TAK1, MKK3
and p38 MAPK that enables TGF-B-induced p38 MAPK phosphorylation and activation
(305), but other observations argue against a role of Smad6 or Smad7 as facilitators of INK
and p38 MAPK pathway activation. For example, Smad6 and Smad7 can inhibit BMP-
induced p38 MAPK activation (306), and Smad6 was reported to inhibit TGF-B-induced
TAK1, JNK and p38 MAPK activation (307).

Similarly to ERK/MAPK activation, TGF-p-induced JNK and p38 MAPK activation occur
in lipid raft and caveolar microdomains (284). This is consistent with the predominant
presence of TRAF6, and the TRAF6-mediated NFxB signaling in response to IL-1 or TLR
signaling, in such microdomains (308, 309). Athough localized in the same types of
compartments, TGF-p receptor complexes that activate JNK and p38 MAPK are most likely
distinct from those that activate ERK/MAPK signaling (Fig. 7), since TGF-p-induced ERK/
MAPK signaling has not been linked to inhibitory Smads and does not involve TRAF-
mediated TAK1 recruitment. How they relate to lipid-raft caveolar receptor complexes that
are ubiquitylated and degrade through association of Smurf2 to Smad7 remains unclear.
Better characterization of these complexes and the roles of inhibitory Smads in TGF-§- or
BMP-induced non-Smad signaling is needed.

The roles of INK, p38 MAPK and/or NFxB signaling in many processes, such as gene
expression, inflammation responses, cell differentiation and cell death, make it likely that
their activation contributes to TGF-p responses. Supporting this notion, blocking p38 MAPK
activation, silencing TRAF6 expression or interfering with TAK1 function prevent TGF-$-
or BMP-induced apoptosis (296, 299, 300, 305-307). p38 MAPK activation and TRAF6 or
TRAF4 expression or ubiquitylation are also required for TGF-p-induced EMT (284, 300,
301, 310).

PI3K-AKT-mTOR signaling

Growth factors and cytokines that act through RTKSs or receptor-associated tyrosine kinases
induce AKT activation through PI3K, a dimer of a regulatory and a catalytic subunit (311).
AKT controls many processes and promotes cell survival and proliferation. AKT
phosphorylates and thus activates mTOR, which, among other responses, promotes protein
synthesis and cell metabolism, is required for cell migration, and phosphorylates AKT in a
positive feedback loop (311, 312). TGF-Bs and BMPs rapidly induce AKt and mTOR
activation, often followed by delayed, indirect activation, as seen with other non-Smad
signaling pathways (283, 313, 314).

In several cell systems, TGF-B-induced AKT activation requires the TBRI kinase, and the
regulatory P13-kinase subunit, p85, was seen to associate constitutively with the TBRII
receptor, and with TBRI in response to TGF-p (315). These findings await further
characterization, but suggest similarities with RTKs. However, AKT can be activated
through ubiquitylation by TRAF6 (316), and TGF- can induce p85 ubiquitylation by TGF-
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B receptor-associated TRAF®6, resulting in its association with the TBRI receptor, and
activation of PI3 kinase and AKT (317). In this scenario, TGF-B-induced P13 kinase and
AKT activation does not require the TBRI kinase (317). These observations suggest alternate
mechanisms of TGF-p-induced AKT activation, perhaps dependent on cell type. BMP-
induced AKT activation has not been biochemically defined.

TGF-B-induced AKT activation can initiate from caveolar receptor complexes (285).
Silencing caveolin 1 or ShcA expression abolishes TGF-p-induced AKT activation (285,
291), suggesting that the same receptor complexes activate ERK/MAPK and AKT in
response to TGF-B. In contrast, TRAF6-mediated PI3K and AKT activation in response to
TGF-p is reminiscent of TGF-B-induced, TRAF6-mediated JNK and p38 MAPK pathway
activation, perhaps linking AKT activation to TGF-p receptors that activate the JNK and p38
MAPK pathways.

The substantial activation of the PI3K-AKT-mTOR pathway by TGF-f or BMPs suggests
major contributions of this pathway to TGF-p family responses (283). Among these, Akt
regulates transcription factors, in some cases through phosphorylation, thus attenuating
degradation. Many of these control cell differentiation and cooperate with Smad complexes
in activating or repressing target genes in response to TGF-p family signals. For example,
TGF-p-activated Smad3/4 complexes induce Snaill expression, which initiates EMT and
then cooperate with Snaill in the control of target genes that elaborate the EMT program
(277-279). Furthermore, AKT activation stabilizes Snaill and thus enhances Snaill activity
and EMT (318). Additional crosstalk between TGF-p-induced AKT activation and Smad
complexes explains the requirement for AKT activation in TGF-p-induced EMT. AKT also
phosphorylates FOXO transcription factors and thus attenuates their nuclear import and
cooperation with Smad complexes in activating genes encoding the cyclin-dependent kinase
(CDK) inhibitors p15'"k4B and p21CiP, This crosstalk may help protect the cells against
TGF-B-induced growth arrest and apoptosis (319, 320). Also mTOR contributes to TGF-p
family responses. For example, mTOR activity is required for TGF-p-induced cell motility,
and directs the TGF-B-induced increase in protein synthesis and cell size (313, 321). AKT
also associates with Smad3, and thus attenuates Smad3 activation and Smad3-mediated
TGF-p responses (322, 323), yet AKT activation was also reported to stabilize Smad1 and
Smad3, thus enhancing TGF-p and BMP responses (261, 324). Finally, phosphorylation of
the RabGAP AS160 by AKT promotes transport of TGF- receptors to the cell surface, thus
increasing TGF-p sensitivity in response to AKT activation (112).

JAK-STAT activation

TGF-B and BMP signaling exert crosstalk with cytokine signaling through functional
associations of activated Smad complexes with STAT transcription factors that are activated
through phosphorylation by receptor-associated Janus kinases (JAKSs). This mechanism is
fully consistent with the general mode of Smad-mediated transcription control through
association of Smads with DNA sequence-specific transcription factors at regulatory gene
sequences, and thus controls a subset of STAT-activated target genes. Such crosstalk has
been illustrated with the cooperation of BMP and LIF signaling through Smad1-STAT3
complexes (325), and of TGF-B and interleukin-6 signaling through Smad3-STAT3
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complexes (326); however, Smad3 has also been shown to antagonize STAT-mediated
transcription (327, 328). Adding to this level of crosstalk, TGF-f also induces JAK-STAT
signaling, leading to activation of JAK1-STAT3 signaling in hepatic stellate cells (329), and
JAK2 in fibroblasts (330). JAK1 that associates constitutively with the TBRI receptor
directly activates STAT3 signaling in response to TGF-p in hepatic stellate cells and
fibroblasts, independently of Smad signaling (331). Like several other non-Smad signaling
pathways, such direct TGF-p-induced JAK1-STAT3 activation is context-dependent, and
followed by a second wave of JAK1-STAT3 signaling that depends on new protein synthesis
(331). TGF-p-induced JAK1-STAT3 signaling is required for or contributes to a subset of
TGF-p target genes, consistent with the crosstalk between Smads and STATSs in the control
of gene expression. Cooperation of Smad with JAK-STAT signaling plays essential roles in
cell differentiation, immune responses and fibrosis.

Less characterized, but not less functional non-Smad pathways

Again similarly to RTKSs or receptor-associated tyrosine kinases, TGF-g family ligands
induce a rapid activation of Rho-like GTPases that control cytoskeletal dynamics and cell
motility, and contribute to changes in gene expression (283). The mechanisms of their
activation by TGF-p family receptors need to be defined, but may depend on the cell type or
even cell line. For example, TGF-B induces transient RhoA activation in epithelial cells
within 5 min (332, 333), and BMP rapidly induces activation of RhoA and Rho-associated
kinase in mesenchymal cells during cell spreading (334). Remarkably, TGF-p induces
repression of RhoA activity at tight junctions of epithelial cells during TGF-B-induced
epithelial junction dissolution (335), even though RhoA activation is required for EMT. It is
therefore likely that RhoA activation and function are controlled at the subcellular level,
depending on the physiological state of the cells. TGF-p also induces activation of Rho-like
proteins, such as Racl and Cdc42 (336), and Cdc42 was shown to associate with TGF-p
receptor complexes (96). Furthermore, association of the BMP-RII receptor with LIMK
kinase 1 with cooperation from Cdc42 inactivates cofilin, and regulates BMP-induced
changes in actin dynamics (337, 338). As with other non-Smad pathways, delayed activation
of RhoA and Cdc42 is seen in response to TGF- ligands, and can result from Smad-
mediated expression of some regulators, as apparent with the TGF-p-induced expression of
the RhoA guanine exchange factor (GEF) NET1 (339).

TGF-p ligands can also induce other pathways that are not considered as major effector
pathways of RTKs (283). For example, TGF-p was seen to induce protein kinase A (PKA)
activation in association with Smad complexes (340). TGF-B-induced NFxB signaling is
also observed, and might be due to IKK activation (303), as discussed, although other
scenarios may also be plausible. Additionally, TGF- can induce activation the c-Abl
tyrosine kinase (341), whereas c-Abl was seen to associate with and phosphorylate the
BMP-RIA receptor (342).

Adding to this complexity, the cytoplasmic domain of TBRI can directly regulate
transcription (109, 110). ERK and p38 MAP kinase pathways induce TACE to
proteolytically release the TBRI ectodomain, thus decreasing TGF-p responsiveness (107).
Similarly to Notch processing, this cleavage can be followed in cancer cells by intracellular
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release of the TRRI cytoplasmic domain, resulting from cleavage by y-secretase (109). In
response to TGF-B, TGF- receptor-associated TRAF6 recruits presenilin, a component of
the y-secretase complex, to TBRI, activates presenilin through polyubiquitylation, and
ubiquitylates the TBRI cytoplasmic domain prior to its intramembranous cleavage. The
ubiquitylated TRRI cytoplasmic domain then translocates into the nucleus, associates with
the coactivator p300, and promotes the activation of genes that facilitate cell invasion (109,
110). Whether these genes are direct targets for TGF-p/Smad signaling, and the intracellular
domain cooperates with Smad complexes is unknown.

Finally, time-dependent dissection of early TGF-B-induced changes in the phospho-
proteome revealed a plethora of phosphorylation changes that do not require Smad-mediated
gene expression (343). Many, if not most, might result from activation of Smad-independent
kinases and kinase pathways, yet others might result from direct phosphorylation by the
ligand-activated type Il and/or type | receptors.

Concluding remarks

As apparent from this introduction to TGF-f family signaling, it has become apparent that
the mere expression of the ligands and signaling mediators does not allow predictions about
the cellular responses to TGF-p family members, and that a simple linear pathway of TGF-$
family signaling through Smads does not and cannot account for the TGF-f family
responses. Ligands, often thought to act as homodimers, may physiologically and
developmentally function as heterodimers. With the identities of the receptors resolved for
several ligands, it has become apparent that cells exquisitely regulate TGF-f responsiveness
at the receptor level, and that much remains to be learned about the control of functional
receptor availability and activation through posttranslational modifications in response to
other pathways. With much emphasis on Smad signaling, we have come to appreciate their
extensive functional versatility and dependence on other signaling pathways. How they
control epigenetic modifications and RNA processing deserves additional exploration.
Finally, the ability of TGF-p family ligands to directly activate non-Smad signaling
pathways complements Smad signaling and is integral to the cell responses to these ligands.
Hopefully, this introduction provides a basis and a reference to those who enter this
inescapable yet exciting area of research on TGF- family signaling.
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Gloss:

The transforming growth factor-g (TGF-B) family of secreted proteins is implicated in
the control of widely diverse physiologies, and its dysregulation with disease. In this
review, which contains 7 figures and 343 references, we describe the exquisite nature of
TGF-B family signaling in its roles in diverse and context-specific cellular behaviors.
These pathways are far from linear and still far from being fully illuminated.
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Figure 1. Ligand processing and presentation.
(A) TGF-p family proteins are synthesized as precursor molecules consisting of a signal

peptide, a prodomain (termed latency-associated peptide, LAP, for TGF-g), and the mature
polypeptide. After signal peptide removal, the precursor is further processed by proteolytic
cleavage at basic residues, thus separating the prodomain from the mature polypeptide,
which remain non-covalently associated. Concomitant, disulfide-linked dimerization of the
mature polypeptides into mature homo- and heterodimeric proteins is shown. (B) Latent
TGF-p complex can associate through disulfide bonding with LTBP into a large latent
complex (LLC) that in turn associates with the extracellular matrix (top), or with the plasma
membrane-associated GARP (bottom). (C) Cytoneme-associated activation of TGF-f family
signaling. Long cytonemes extend from the cell body, and present TGF-f family receptors to
ligand complexes. Binding of ligand to the receptors results in activation of the type I
receptors (light to dark blue).

Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 2. Posttranslational and functional modifications of the glycosylated TGF-f receptors
TBRII and TBRI beforeor after ligand-induced activation.

AKT activation in response to insulin or other stimuli drives TGF-f receptor transport from
intracellular compartments to the cell surface (center). Prior to activation (left, light blue),
the plasma membrane-associated TBRI (blue) can undergo TACE-mediated ectodomain
cleavage, thus preventing ligand-induced activation of signaling, or polyubiquitylation that
leads to receptor degradation. Ligand-induced activation of the TBRI receptor (right, dark
blue) results in phosphorylation (P) of its GS domain by TBRII (green), and phosphorylation
of TBRII and TRRI lead to TBRII neddylation (N), TBRI sumoylation (SUMO), and TBRII
and TBRI ubiquitylation (U). Activation of the TBRI receptor may also result in proteolytic
release of its intracellular cytoplasmic domain (ICD) by presenilin-1 after TACE-mediated

ectodomain cleavage, and then nuclear translocation of the ICD.

Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 3. Roles of coreceptorsin TGF-p family ligand binding to heteromeric complexes of type

11 (green) and type| receptors.
The membrane-anchored coreceptors (pink) are generally present as dimers at the cell

surface and can promote ligand binding to the receptors (top left), as shown for betaglycan,
which enhances binding of TGF-B2 to the TGF-B receptors, or for crypto which enables
nodal binding to activin receptors, and nodal signaling. Alternatively, association of
coreceptors with type Il receptors (green) can interfere with the formation of complexes
between type 11 and type | (blue) receptors (top right), as reported for the roles of RGMs as
BMP coreceptors. Co-receptors, such as betaglycan and endoglin, can also be cleaved at the
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cell surface, resulting in the release of their ectodomains (bottom left). The released
ectomains retain their affinity for ligand, resulting in ligand sequestration and repression of
signaling activation. Co-receptors also provide opportunities to coordinate activation of
distinct signaling pathways (bottom right). Thus, betaglycan can bind bFGF in addition to
TGF-B and coordinately regulate FGF and TGF-p signaling.

Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 4. Schematic comparison of the simplified structures of R-Smads (Smadl, Smad2, Smad3,
Smad5 and Smad8), Smad4, and inhibitory Smads (Smad6 and Smad7).

The R-Smads and Smad4 have two conserved domains, the MH1 (brown-grey) and MH2
(dark orange) domains, separated by a variable serine- and proline-rich linker region (light
grey). The linker region is targeted for phosphorylation (P) by various signaling kinases that
thus control the stabilities and functions of the Smads. A B-hairpin (B-hp; arrow head),
which in Smad2 is interrupted by a sequence encoded by exon 3 but is maintained in the
Smad2A3 variant, enables MH1 domain binding to DNA. The inhibitory Smads lack an
MHZ1 domain, and have a long and variable sequence (light orange) preceding the MH2
domain. This sequence is thought to be structurally versatile depending on post-translational
modifications and protein interactions. The positively charged L3 loop in the MH2 domain
mediates association with the activated type | receptors and with other Smads. The R-Smads,
but not Smad4 and the inhibitory Smads, have a conserved C-terminal SXS motif that is
phosphorylated by the activated type | receptor, resulting in R-Smad activation.

Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 5. Smad-dependent regulation of gene expression.
(A) Simplified model of TGF-B-induced R-Smad activation leading to Smad-mediated

activation of gene expression. Signaling is initiated by TGF- binding to a heteromeric
complex of type Il (green) and type | (blue) receptors, resulting in activation of the type |
receptors (dark blue) and C-terminal R-Smad phosphorylation. The activated R-Smads
dissociate from the type | receptors, form a complex with Smad4 and the R-Smad/Smad4
complexes translocate into the nucleus, where they regulate gene expression with
transcription factors (TF) and coregulators. Inhibitory Smads (Smad6 and Smad7) interfere
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with functional Smad activation, by associating with type I receptors, thus preventing R-
Smad activation, or by interfering with the complex formation of R-Smads with Smad4. (B)
Activated R-Smad/Smad4 complexes associate and cooperate with high affinity DNA-
binding transcription factors to activate or repress the transcription of genes into mRNA or
microRNA precursors. (C) Activated R-Smad/Smad4 complexes recruit histone modifying
enzymes, resulting in chromatin remodeling. Recruitment of the p300 acetyltransferase,
which commonly acts as transcription coactivator for Smad complexes, confers H3K9
acetylation, whereas recruitment of the SETDB1methyltransferase induces H3K9
methylation and thus represses transcription. Smad-mediated recruitment of histone
deacetylases leads to histone deacetylation (not depicted). (D) TGF-B-activated Smad
complexes regulate mMRNA splicing in association with hnRNPE1. (E) Activated R-Smads
direct miRNA processing through association with the p68 RNA helicase in complex with
Drosha RNAse. (F) Activated Smad2 or Smad3 can associate with m6A methyltransferase
complexes to promote methylation of MRNA.

Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 6. Signaling crosstalk through posttrandational control of Smad activation and functions.
R-Smad association with the receptors (1) is controlled by inhibitory Smad6 and/or Smad7,

which prevent R-Smad access to the activated type | receptors (dark blue). Additionally,
upon activation in response to various signaling pathways, AKT and IRF3 bind to Smad3
and thus attenuate Smad3 binding to activated type | receptors. Various signaling pathways
that act through kinases target the linker regions of R-Smads for phosphorylation (1), with
the possibility for further regulation by subsequent dephosphorylation, and thus control the
subcellular localization, stability and function of Smads. Smads can also be poly-
ubiquitylated, leading to degradation, and in some cases targeted linker phosphorylation is a
prerequisite for subsequent poly-ubiquitylation and degradation. Some kinases and a
phosphatase are listed as examples. In the nucleus (111), phosphorylation and
dephosphorylation by kinases and phosphatases further regulate the Smad activities. Direct
transcriptional activation or repression of target genes requires association of Smad
complexes with DNA-binding transcription factors (TFs) and coregulators (IV). Smads have
been shown to associate with a wide variety of TFs, depending on the signaling status of the
cells and the targeted gene. Extensive signaling crosstalk occurs at the level of Smad-
complex association with DNA-binding TFs, because they are also regulated by
phosphorylation or other modifications in response to signaling pathways. Some examples
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are listed. Such crosstalk may occur before binding of Smad-TF complexes to regulatory
gene sequences or after formation of the DNA-binding nucleoprotein complexes.
Credit: Veronica Falconieri Hays/ Science Signaling
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Figure 7. TGF-B receptor s activate Smad signaling and non-Smad signal transduction pathways.
Smad-mediated signaling occurs in association with nascent clathrin-dependent endosomal

compartments, while receptor-induced non-Smad signaling pathways emanate from caveolar
compartments or are not yet known to associate with either type of compartment. TGF-§-
induced ERK/MAPK pathway activation occurs in caveolar lipid raft compartments and
requires ShcA. TGF-p-induced PI3K-AKT signaling has also been shown to emanate from
caveolar lipid raft compartments and to require ShcA, raising the possibility that both
pathways initiate from the same receptor complexes. However, TGF-p-induced AKT
activation was also shown in different cells to require TRAF6 and to not require the TRRI
kinase activity, suggesting that it initiates from different receptor complexes, as shown.
TGF-p-induced p38 MAPK and JNK activation has been shown to require TRAF6 and to be
initiated by TAK1 activation, while TGF-B-induced p38 MAPK activation has been
localized to cholesterol-rich lipid raft compartments, suggesting the existence of distinct
complexes for TGF-B-induced p38MAPK, JNK and NF«xB signaling, as shown. Whether
Smad7 association with the type | receptor facilitates, is required for or antagonizes TGF-$-
induced p38 MAPK activation is unclear because of seemingly conflicting reports.

Credit: Veronica Falconieri Hays/ Science Signaling
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