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Cytokines of the transforming growth factor g (TGF-B) family, including TGF-Bs, bone mor-
phogenic proteins (BMPs), activins, and Nodal, play crucial roles in embryonic development
and adult tissue homeostasis by regulating cell proliferation, survival, and differentiation, as
well as stem-cell self-renewal and lineage-specific differentiation. Smad proteins are critical
downstream mediators of these signaling activities. In addition to regulating the transcription
of direct target genes of TGF-B, BMP, activin, or Nodal, Smad proteins also participate in
extensive cross talk with other signaling pathways, often in a cell-type- or developmental
stage-specific manner. These combinatorial signals often produce context-, time-, and loca-
tion-dependent biological outcomes that are critical for development. This review discusses
recent progress in our understanding of the cross talk between Smad proteins and signaling
pathways of Wnt, Notch, Hippo, Hedgehog (Hh), mitogen-activated protein (MAP), kinase,
phosphoinositide 3-kinase (PI3K)-Akt, nuclear factor kB (NF-kB), and Janus kinase/signal

transducers and activators of transcription (JAK/STAT) pathways.

he transforming growth factor B (TGF-B)

family of cytokines, including TGEF-fs,
bone morphogenic proteins (BMPs), and acti-
vins, regulates a wide array of biological activi-
ties in various cell types and at different de-
velopmental stages. Smad proteins are critical
mediators of TGF-3, BMP, and activin signaling
(Feng and Derynck 2005; Heldin and Mousta-
kas 2011; Massagué 2012). On phosphorylation
by the activated type-I receptor kinase, the re-
ceptor-associated R-Smads form a heteromeric
complex with the co-Smad and translocate into
the nucleus, where they interact with sequence-
specific DNA-binding cofactors and transcrip-
tional coactivators or corepressors to regulate

the transcription of target genes. Additionally,
the activity of this Smad pathway can be reg-
ulated by positive and negative modulators,
including the inhibitory Smads, Smad6 and
Smad7, the corepressors Ski and SnoN, and
the Smurf family of E3 ubiquitin ligases.

The Smad pathway is integrated into the
intracellular signaling network through cross
talk with other signaling pathways, and these
cross talk activities play important roles in the
regulation of various biological responses. The
cross talk can occur at multiple levels: by alter-
ing the expression and activities of ligands, an-
tagonists, receptors, and signaling components;
by incorporating into transcription complexes
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and/or inducing changes in chromatin modifi-
cation complexes that globally impact gene ex-
pression; and by direct interactions between
Smads and other intracellular signaling com-
ponents. This review discusses the cross talk of
Smads with Wnt, Notch, Hippo, Hedgehog
(Hh), mitogen-activated protein (MAP) kinase,
phosphoinositide 3-kinase (PI3K)-Akt, nuclear
factor kB (NF-«kB), and JAK-STAT signaling
pathways, with a focus on the direct interactions
among key signaling components. This review
does not discuss the cross talk between TGEF-
B-activated non-Smad signaling pathways and
other signaling pathways.

CROSS TALK WITH Wnt SIGNALING

The Wnt signaling pathways regulate many
aspects of vertebrate development and play
important roles in cell-fate determination,
self-renewal, and maintenance of stem and early
progenitor cells. Deregulation of Wnt signaling
is associated with various types of human can-
cer, including colorectal cancer and leukemia.
The canonical Wnt signaling pathway is initi-
ated on binding of a Wnt ligand to its cognate
receptor Frizzled and the transmembrane pro-
tein Lrp5 or Lrp6, and is primarily mediated by
B-catenin (Nusse 2012). In the absence of a Wnt
ligand, the newly synthesized (3-catenin is found
in the destruction complex with the adenoma-
tous polyposis coli (APC) tumor suppressor
and scaffolding protein Axin, where it is phos-
phorylated by casein kinase I (CKI) and glyco-
gen synthase kinase-3@ (GSK-383) and targeted
for degradation. On ligand binding, Lrp5 or
Lrp6 binds to Axin in a Wnt- and phosphory-
lation-dependent manner, leading to the for-
mation of the complex containing Dishevelled
(Dvl), Axin, and GSK-3[3. As a consequence,
the kinase activity of GSK-3f3 is inhibited, re-
sulting in stabilization of 3-catenin. (3-catenin
then translocates into the nucleus and binds
to the closely related T-cell factor (TCF) or lym-
phoid enhancer—binding factor (LEF) trans-
cription factors. With the help of additional
nuclear components, including BCL9, Pygopos,
and cAMP-response element-binding (CREB)-
binding protein (CBP), this binding converts

TCF or LEF from transcriptional repressors
into activators. Wnt signaling also regulates pla-
nar cell polarity through the noncanonical
pathway, by activating Rho and Rac signaling,
and modulates calcium release through G-pro-
tein-dependent activation of the phospholipase
C (PLC) pathway (Krausova and Korinek 2014).

Combinatorial TGF- and Wnt Signaling
Is Essential for Early Development and
Tissue Homeostasis

Wnt signaling benefits from extensive cross
talk with other signaling pathways, particularly
TGEF-B and BMP signaling, and the combinato-
rial signaling often occurs in early embryos to
allow overlapping signaling pathways to specify
different territories and cell fates. In early em-
bryos, extensive mutual regulation and cross talk
between Wnt and Nodal/activin/BMP path-
ways and later between Wnt and BMP signaling
exist at multiple levels, and these interactions are
essential for embryonic patterning and devel-
opment of multiple lineages. For example, in
Drosophila, the BMP ligand Decapentaplegic
(Dpp) and Wnt ligand Wingless (Wg) cooperate
to pattern the wings, legs, imaginal discs, brain
and midgut (Attisano and Labbé 2004). In Xe-
nopus, signals from both pathways are critical for
the establishment of Spemann’s organizer and
activation of many organizer-specific genes, in-
cluding those encoding Twin, Goosecoid, chor-
din, and Cerberus, as well as dorsal fate specifi-
cation in mesoderm and endoderm (Cui et al.
1996; Crease et al. 1998; Zorn et al. 1999; Labbé
et al. 2000; Nishita et al. 2000; Schohl and Fa-
gotto 2002; Xanthos etal. 2002). In zebrafish, the
two pathways together regulate posterior meso-
derm formation by synergistically activating the
expression of posterior mesoderm genes such as
tbx6 (Szeto and Kimelman 2004). In mouse em-
bryos, Wnt signaling modulates the expression
of the BMP target gene Msx2, either directly
or through induction of expression of BMP
ligands, thereby influencing cell fates in the
ectoderm and the neural crest (Hussein et al.
2003). In the dorsal telencephalon, Wnt and
BMP signaling regulate graded emx2 expression
in a cooperative manner (Theil et al. 2002).
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In adult tissues, Wnt and BMP signaling
often interact to ensure proper tissue homeo-
stasis by regulating the expression of common
key target genes, and aberrant signaling in either
pathway often contributes to carcinogenesis and
diseases. Compound heterozygote mice lacking
both Smad4 and APC develop more intestinal
or pancreatic tumors than deletion of APC
alone, and deletion of Smad2 accelerates colon
cancer progression in APC-deficient mice (Ta-
kaku et al. 1998; Cullingworth et al. 2002; Ha-
mamoto et al. 2002). However, a separate study
reported that compound Smad2/Apc heterozy-
gotes are indistinguishable from Apc-null mice
in intestinal tumor progression (Takaku et al.
2002), and argued that Smad4 plays a more
prominent role in coordinating with Wnt sig-
naling in the intestine. In support of these ob-
servations, TGF-3 and Wnt were shown to syn-
ergize in the transcription activation of the Wnt
target gene encoding gastrin, a promoter of gas-
trointestinal cancer, indicating that TGF-3 and
Wnt signaling can cooperate to promote tu-
morigenesis (Lei et al. 2004).

Mechanistically, the TGF-/BMP and Wnt
pathways coordinate to regulate development
and homeostasis, likely by controlling the self-
renewal and differentiation of stem cells. In
mouse embryonic stem (ES) cells (mESCs),
BMP, acting together with leukemia inhibitory
factor (LIF), maintains pluripotency and is es-
sential for self-renewal (Ying et al. 2003). In the
presence of both TGF-B and Wnt signaling,
however, BMP induces a posterior primitive-
streak (PS)-like fate and promotes differentia-
tion of PS-like cells into Flk1-expressing hema-
topoietic mesoderm (Nostro et al. 2008). In
the Flkl-expressing hematopoietic mesoderm,
BMP activates Wnt signaling, and the two sig-
nals then act together to activate the Cdx-Hox
pathway, leading to blood cell-fate commit-
ment (Lengerke et al. 2008). The presence of
TGF-B and Wnt signaling is required for the
initial inductive activity of BMP, because inhi-
bition of either of these signals abolishes the
inductive activity. Similarly, in human ES cells
(hESCs), BMP induces mesendoderm differen-
tiation together with fibroblast growth factor 2
(FGF2), and this activity requires TGF-$3 or
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Wnt signaling (Yu et al. 2011). In early neural
crest stem cells, Wnt promotes sensory neuro-
genesis, whereas BMP antagonizes Wnt signal-
ing to suppress differentiation and neurogenesis
(Kleber et al. 2005). BMP also suppresses Wnt
signaling to maintain a proper balance in self-
renewal of intestinal stem cells in a phosphatase
and tensin homolog (PTEN)-Akt pathway-de-
pendent manner. BMP enhances the activity
of PTEN, leading to inactivation of Akt and
inhibition of the nuclear accumulation, and
transcription activity of B-catenin (He et al.
2004), resulting in inhibition of Wnt signaling.
Finally, in transformed mammary epithelial
cells, TGF-B and Wnt signaling synergize to in-
duce activation of the epithelial—-mesenchymal
transition (EMT) program, and function in an
autocrine fashion to maintain the resulting
stem-cell state (Scheel et al. 2011). Thus, a com-
mon theme that emerges from these observa-
tions is that the outcome of signaling cross talk
is determined by the context of the signaling
environment and that multiple signal inputs,
rather than BMP or Wnt alone, are needed to
allow stem-cell fate determination (Kimelman
and Griffin 2000; Loose and Patient 2004). This
theme is frequently repeated in cross talk among
other pathways as well.

Cross Talk between TGF-B Family and Wnt
Signaling Occurs at Multiple Levels

On receptor activation, cross talk between TGF-
B family and Wnt signaling can occur at multi-
ple levels (Fig. 1).

Reciprocal Regulation of the Expression
of Pathway Ligands and Antagonists

Wnt signaling modulates the expression of
BMP or Nodal ligands, coreceptor or BMP an-
tagonists in embryos, adult stem cells, and can-
cer cells (Guo and Wang 2009), whereas BMP-2
and BMP-4 regulate the expression of Wnt-8 in
Xenopus (Hoppler and Moon 1998) or Wnt-7¢
in chicken embryonic mesenchymal cells (Jin
et al. 2006). These regulations are likely to be
critical for establishing proper morphogen gra-
dients during cell-fate determination.
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Figure 1. Cross talk between the transforming growth factor § (TGF-$) family and Wnt signaling at multiple
points. In the absence of TGF-B stimulation (middle), Smad3 can form a complex with Axin and glycogen
synthase kinase (GSK)-3f3, where it is phosphorylated by GSK-33, leading to its degradation. In the presence of
TGF-B or bone morphogenic proteins (BMPs) stimulation (right), GSK-3f3 also phosphorylates the activated
R-Smads (Smadl or Smad3) in the linker region to inhibit their activity and promote degradation. Wnt
signaling inhibits GSK-3[ and stabilizes the Smad proteins. Other components of the TGF-{ pathway, including
Smurfl, Smurf2, and Smad7, also modulate Wnt signaling. In response to stimulation by Wnt, the canonical
Wnt pathway and the Smad pathway can synergize to activate transcription of target genes. Smad3 facilitates
{3-catenin nuclear translocation and coordinates with the complex of B-catenin and T-cell factor (TCF) or
lymphoid enhancer—binding factor 1 (LEF1) at regulatory promoter sequences of target genes that contain

TCF- or LEF1-binding sites and/or Smad-binding sequences to regulate gene expression.

Direct Physical Interaction between and
Modification of Key Components of the Two
Pathways in the Cytoplasm and/or Nucleus

A well-documented mechanism of Smad regu-
lation by Wnt signaling is through phosphory-
lation of Smad proteins in the linker region by
GSK-3B (Fuentealba et al. 2007; Millet et al.
2009; Aragon et al. 2011). In mammalian cells
and Xenopus embryos, in the absence of Wnt,
GSK-3B phosphorylates the linker region of
Smad], resulting in its polyubiquitylation and
degradation. Wnt signaling inhibits GSK-3(3 ac-

tivity and prevents Smad1 linker phosphoryla-
tion, leading to Smadl stabilization (Fuentealba
et al. 2007; Aragon et al. 2011). Similarly, GSK-
3B phosphorylates Smad3 in the linker region
on Ser204, and this phosphorylation appears to
inhibit the transcription activity of Smad3. Mu-
tation of Ser204 to alanine strengthens the in-
teraction of Smad3 with transcription coactiva-
tors, and promotes its ability to activate target
genes and its ability to induce cell-cycle arrest
(Millet et al. 2009; Wang et al. 2009a). In the
absence of TGF-B, Axin and GSK-3[3 can bind
to Smad3 to promote its degradation. GSK-383
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phosphorylates Smad3 at Thr66, leading to its
ubiquitylation and degradation, and this phos-
phorylation is further enhanced in the presence
of Axin. Through this linker phosphorylation,
Wnt signaling can control the basal level of
Smad3 activity in cells (Guo et al. 2008).

GSK-3B phosphorylation of Smadl or
Smad3 appears to be a critical step in the se-
quential regulation of Smad activation and
subsequent destruction in response to BMP or
TGEF-B and Wnt signals. Smad proteins are first
activated by BMP or TGF-f signaling through
phosphorylation at two carboxy-terminal ser-
ines. This activation is followed by a series of
phosphorylation events at the linker region
that is mediated by extracellular signal-regulat-
ed kinase (Erk) or p38 MAP kinases, or cyclin-
dependent kinase (CDK)8 or CDK9, which
prime the Smad proteins for binding to and
phosphorylation by GSK-3@3 (Fuentealba et al.
2007; Aragon et al. 2011). The regulation of
Smad proteins by GSK-38 in the presence of
BMP or TGEF- signals not only serves to inac-
tivate Smad signaling, but also provides a path
for the Wnt ligand to directly regulate Smad
activity. In vivo epistatic experiments in Xeno-
pus embryos indicate that Smad1 phosphoryla-
tion by GSK-3 plays a key role in mediating the
effects of Wnt signaling on neural development
at the gastrula stage and in ectodermal cells.
Furthermore, overexpression of Wnt-8 induced
epidermal differentiation dependent on activa-
tion of Smadl, 5, and/or 8 by BMP (Fuentealba
et al. 2007).

Negative regulation of Smad activity
through linker phosphorylation by GSK-33
has also been observed in Drosophila (Eivers et
al. 2009, 2011; Quijano et al. 2011). In Drosoph-
ila, Mad is capable of signaling in both the Dpp
(BMP subfamily) and Wingless (Wnt family)
pathways, and the pathway choice depends on
the phosphorylation state of Mad. Signaling
downstream of Dpp requires the carboxy-ter-
minal phosphorylation of Mad, whereas un-
phosphorylated Mad participates in canonical
Wingless signaling to restrict self-renewing
mitosis by interacting with the transcription
factors Armadillo and Pangolin (homologs of
B-catenin and TCE respectively). Both Wingless
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and Dpp-induced functions of Mad are termi-
nated by GSK-33-dependent linker phosphor-
ylation. Thus, Drosophila Mad can exist in three
functional states depending on the phosphory-
lation status. Given the conservation of Zw3/
GSK-3B phosphorylation sites in vertebrate
Smadl, 5, and 8, it is possible that this triphasic
response to Wingless- and TGF-f family- or
BMP-dependent Smad phosphorylation may
also be conserved during vertebrate embryonic
development (Shimmi and Newfeld 2013).

Smad proteins and Wnt pathway compo-
nents can also physically interact to regulate
the activity of each other (Fig. 1). Smad3 has
been found in the same complex as Axin and
CKle, and GSK-3 in transfected cells as well as
human mesenchymal stem cells (MSCs), in the
absence of TGF-B stimulation in which Smad3
can be phosphorylated and inhibited by CKle
or GSK-3B (Furuhashi et al. 2001; Waddell
et al. 2004; Jian et al. 2006). The interaction of
Axin and Smad3 appears to facilitate the phos-
phorylation of Smad3 by the active TGF-f3 type
I receptor (TRRI) kinase, resulting in enhanced
transcriptional activation of reporter constructs
(Furuhashi et al. 2001). Smad3 also plays an
essential role in shuttling B-catenin into the
nucleus, likely through TGF-B-induced phos-
phorylation of Smad3 and the subsequent re-
duction in the interaction of Smad3 with GSK-
38 (Jian et al. 2006). Dissociation of this protein
complex allows cotranslocation of B-catenin
and Smad3 into the nucleus, with Smad3 acting
as a chaperone, and this regulation is required
for the stimulation of MSC proliferation and
inhibition of MSC osteogenic differentiation
by TGF-B1.

Other positive and negative regulators of
the Smad pathway can also mediate cross talk
with the canonical Wnt pathway. For example,
Smurfl and Smurf2 have been shown to inhibit
Wnt signaling by targeting Axin for ubiquityla-
tion, but using distinct mechanisms and with
different consequences. Smurf2 induces poly-
ubiquitylation of Axin at Lys505, leading to its
degradation (Kim and Jho 2010). Reducing en-
dogenous Smurf2 levels results in accumulation
of Axin and a subsequent decrease in [3-catenin
signaling. Smurfl, on the other hand, ubiqui-
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tylates Axin at Lys789 and Lys821 mainly
through the Lys29 ubiquitin linkage, which dis-
rupts the association of Axin with Lrp5 or Lrp6,
leading to attenuation of Wnt signaling (Fei
et al. 2013). In addition to the Smurf proteins,
Smad7 and p38 MAP kinase (MAPK) together
regulate the expression of APC and cell migra-
tion in prostate cancer cells in response to TGF-
B (Ekman et al. 2012). Smad7 forms a complex
with APC and acts as an adaptor protein for the
p38 MAPK and GSK-3f kinases to facilitate
TGEF-B- and p38 MAPK-dependent inactiva-
tion of GSK-3f, leading to accumulation of
B-catenin and recruitment of APC to the micro-
tubule plus end in the leading edge of migrating
prostate cancer cells. The Smad7—APC complex
also links TRRI to the microtubule system to
regulate TGF-B-dependent cell migration.
Finally, cross talk between dSno, the fly ho-
molog of SnoN, and Wnt signaling in Drosoph-
ila wing development has also been reported
(Quijano et al. 2010). Analysis of the loss of
function mutant of dSno reveals the presence
of ectopic margin bristles and campaniform
sensilla in the anterior wing blade, whereas the
gain of function of dSno mutation results in a
loss of bristles and sensilla, features usually con-
trolled by Wingless (Wg) signaling. These phe-
notypes are consistent with a role of dSno in the
antagonism of Wg signaling. The biochemical
mechanism by which dSno cross talks to Wg
signaling has not been defined, and such a cross
talk has not been reported in vertebrate systems.

Convergence at Transcription Complexes
Assembled at Target Gene Regulatory
Sequences

The transcription complex containing {3-cate-
nin and TCF or LEF1 often functions as the
signal coordinator that interacts with the
Smad proteins to mediate Wnt-TGF-f family
cross talk (Labbé et al. 2000; Nishita et al. 2000;
Hussein et al. 2003; Szeto and Kimelman 2004).
In response to Wnt signaling and BMP or TGF-
B stimulation, R-Smads, including Smadl,
Smad2, and Smad3 as well as Smad4, directly
associate with TCF or LEF1 to form a transcrip-
tional activation complex on the promoter

DNA. The promoter regions of many Wnt-
and BMP- or TGEF-B-responsive genes, such as
Xtwin, tbx6, Msx2, and gastrin, often contain
Smad-binding element (SBE) and TCEF- or
LEF1-binding sites in juxtaposition, such that
the Smad proteins and TCF or LEF1, present in
the same transcription complex, can simultane-
ously bind to their own recognition sequences
and synergize to activate transcription (Labbé
et al. 2000; Nishita et al. 2000; Hussein et al.
2003; Szeto and Kimelman 2004). Optimal ac-
tivation of these genes under physiological con-
centrations usually requires the synergy of the
two pathways. Genome-wide chromatin immu-
noprecipitation-sequencing (ChIP-Seq) map-
ping studies reveal that the binding sites for
Smadl, 5, and/or 8 often overlap with those
for the key pluripotency transcription factors
Oct4, Sox2, and Nanog, as well as STAT3 (down-
stream of LIF) in mESCs (Chen et al. 2008).
Smad1 and TCF711/TCF3 have been found to
co-occupy target sites together with the Oct4/
Nanog/Sox2 complex in the pluripotency tar-
get genes in the ES cells (Chen et al. 2008; Cole et
al. 2008). In addition, both Smadl and TCF7L2
co-occupy sites with master regulators adjacent
to hematopoietic genes to regulate hematopoie-
tic stem-cell fate (Trompouki et al. 2011). These
data suggest that TGF-f family and Wnt sig-
naling extensively cross talk at many levels,
and that multiple signaling inputs are integrated
into the core transcription factor network to
regulate target gene expression in a cooperative
manner. Together, they regulate embryonic de-
velopment, tissue homeostasis, and carcinogen-
esis, and modulate the self-renewal and differ-
entiation of embryonic and adult stem cells.

CROSS TALK WITH NOTCH SIGNALING

Notch signaling is triggered by the binding of
the cell-surface Notch receptor to its ligands
Delta, Serrate, or Lag-2 (DSL family ligands),
located at the surface of neighboring cells on
cell—cell contact. This binding results in two
proteolytic cleavage events, first at the extracel-
lular domain by the membrane-associated me-
talloprotease tumor necrosis factor a—convert-
ing enzyme (TACE), also known as ADAM17 to
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shed the extracellular domain, and second with-
in the transmembrane domain by the y-secre-
tase activity of a multiprotein complex contain-
ing presenilin, APHI, nicastrin, and PEN2,
leading to the release of the signaling Notch
intracellular domain (NICD) from the cell
membrane. The NICD then translocates into
the nucleus and binds to DNA-binding pro-
teins of the CBF1/RBPjk/Su(H)/Lagl (CSL)
family (typified by hairless, RBP-Jk, and
CBF1). Binding of NICD to the DNA-bound
RBP-Jk then displaces the RBP-Jk-associated
histone deacetylase corepressor complex and re-
cruits the coactivator P/CAFE converting RBP-
Jk from a transcription repressor to an activator.
The NICD/RBP-Jk complex activates the pri-
mary Notch target genes, including members
of the Hairy/Enhancer of split (HES) and
HES-related repressor protein (HERP) families
of basic/helix—loop—helix transcription re-
pressors (Nowell and Radtke 2013). The HES
and HERP proteins subsequently regulate the
expression of downstream tissue-specific tran-
scription factors.

Notch signaling is an evolutionarily con-
served pathway that regulates stem-cell-fate de-
termination and differentiation during em-
bryonic development, tissue homeostasis, and
carcinogenesis. Many developmental processes
that are regulated by Notch signaling are also
controlled by TGF-f family ligands including
BMPs, thus setting the stage for frequently oc-
curring cross talk between the two pathways.
Several studies of the cross talk between BMP
and Notch pathways were performed in cell-
line-based differentiation models, such as myo-
genic or osteoblast differentiation of C2C12
myoblasts and MC3T3 pre-osteoblasts. In such
cell-culture systems, BMPs can synergize with
Notch signaling by enhancing transcription ac-
tivation of Notch target genes, such as Hes5,
Heyl, Herp2, Hesl, and Hesrl, to inhibit myo-
genic differentiation of C2C12 myoblasts and
to suppress differentiation of neuroepithelial
precursor cells (Dahlgvist et al. 2003; Takizawa
et al. 2003; de Jong et al. 2004; Itoh et al. 2004;
Zamurovic et al. 2004; Nobta et al. 2005). Notch
ligands also enhance BMP-induced osteo-
blast differentiation of C2C12 myoblasts and
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MC3T3 pre-osteoblasts (Tezuka et al. 2002;
Nobta et al. 2005). Dominant negative inhibi-
tion of Notch signaling by expressing an extra-
cellular domain of Notch, or downregulation of
Notchl expression using siRNA, impairs BMP-
induced osteoblast differentiation (Nobta et al.
2005). In addition, Notch signaling may lead
to negative feedback regulation of BMP-in-
duced osteoblast differentiation, because excess
BMP signaling or prolonged overexpression of
NICD induces Heyl expression, which then in-
teracts with and inhibits Runx2, thus inhibit-
ing osteoblast differentiation (Zamurovic et al.
2004).

Similar to BMPs, TGF-3 can also cooperate
with Notch to induce Hesl, Heyl, and Jagl
expression in a Smad3-dependent manner
through a Smad3—NICD interaction (Blokzijl
etal. 2003; Zavadil et al. 2004). In keratinocytes,
NMuMG mammary epithelial cells and prima-
ry kidney tubular epithelial cells, Notch sig-
naling is required for TGF-B-induced EMT
and cell differentiation (Zavadil et al. 2004), as
well as TGF-B-induced cytostasis and expres-
sion of TGF-f target genes, including the gene
encoding the CDK inhibitor p21“"" (Niimi
et al. 2007). Similarly, in epithelial ovarian can-
cer cells, the Notch and TGF-f3 pathways form a
reciprocal regulatory loop that enhances the ex-
pression and activities of each other to promote
EMT (Zhou et al. 2016). In other cases, how-
ever, Notch signaling was found to antagonize
TGEF-B-induced growth arrest and transcrip-
tion, and reducing Notchl expression using
siRNA or inhibition of Notch4 signaling using
a y-secretase inhibitor restored TGF-B-induced
cytostatic responses (Rao and Kadesch 2003;
Masuda et al. 2005; Sun et al. 2005). In one
study, NICD blocks TGF-B signaling through
sequestration of p300 or CBP away from
Smad3 (Masuda et al. 2005). These diverse
and sometimes conflicting results may be be-
cause of the different cellular contexts in the
cell culture model systems used. They may
also reflect the complexity of signaling networks
that may produce different signaling outcomes
depending on other signaling pathways. This
complexity highlights the importance of evalu-
ating the signaling outcome in the context of the
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entire signaling network, as well as the necessity
of understanding the mechanistic details of
cross talk among different pathways.

Mechanistically, the cross talk between
Notch and TGF-B/BMP signaling can occur
at multiple levels. TGF-B and Nodal affect the
expression of the Notch ligands Delta2 or Jag-
gedl and the Notch target gene Heyl in a vari-
ety of cell types (Zavadil et al. 2004; Hudson
and Yasuo 2006; Hudson et al. 2007). Several
Smad proteins, including Smad3 and Smadl
or Smad5 have been shown to directly associate
with NICD (Blokzijl et al. 2003; Zavadil et al.
2004) and, through this interaction, Smads are
recruited to the regulatory sequences of key
Notch target genes to enhance their expression
in conjunction with NICD/RBP-Jk. In some
cases, the Smad3—NICD interaction enables
synergistic activation of Notch target genes
(Blokzijl et al. 2003; Zavadil et al. 2004; Niimi
et al. 2007), whereas, in others, Smad3 and
NICD antagonize each other, through either se-
questration of p300 or CBP away from Smad3
by NICD (Masuda et al. 2005) or direct binding
of Notch4 NICD to Smad3 to inhibit its acti-
vity (Rao and Kadesch 2003; Masuda et al. 2005;
Sun et al. 2005).

Other studies document cross talk between
Notch and TGF- pathways in vivo, during de-
velopment and tissue regeneration, and reveal
further layers of complexity in the signaling
modulation. In muscle stem cells (satellite cells),
TGEF-B and Notch signals antagonize each other
to control the regenerative competence of these
stem cells. Although TGF-B inhibits satellite
cell proliferation and differentiation, through
activation of Smad3, Notch signaling enhances
regeneration, partially by blocking the binding
of Smad3 to its target promoters (Carlson et al.
2008). In embryonic endothelial cells, activin
receptor-like kinase 1 (ALK-1) signaling, acti-
vated by its high-affinity ligands BMP-9 or
BMP-10 and mediated by Smadl, 5, and/or 8,
cooperates with Notch signaling to inhibit an-
giogenesis (Larrivée et al. 2012). Although,
in this case, the detailed mechanism has yet to
be defined, the BMP-activated Smads could di-
rectly bind to regulatory sequences of key Notch
target genes, such as Heyl and Hey2, to activate

their expression in a manner independent of
canonical Notch activation.

Another mechanism of cross talk between
TGEF-B and Notch signaling has also been re-
ported, in which the TBRI receptor and Notch
signaling may cooperate to promote prostate
cancer invasion through a common vy-secretase
subunit that can cleave both receptors at the
transmembrane domains (Gudey et al. 2014).
In prostate cancer cells, TGF-B increases the
abundance and activity of presenilin 1 (PS1),
a catalytic core component of the y-secretase
complex, through tumor necrosis factor (TNF)
receptor-associated factor 6 (TRAF6)-mediated
ubiquitylation and activation of PS1. This re-
sults in cleavage of TBRI in the transmembrane
domain to generate its intracellular domain
(ICD), which then translocates into the nucle-
us and enhances prostate cancer cell invasion.
This ICD can interact and colocalize with NICD,
and their association promotes cell-invasive
behavior.

Taken together, Notch and TGEF-/BMP
signaling show frequent cross talk in a variety
of cell types and tissues. However, the outcomes
and mechanisms of these cross-talk activities
vary depending on the cellular context and pos-
sibly the activity of other signaling pathways,
such as Wnt and Hippo pathways, which are
also involved in the regulation of similar phys-
iological and pathological processes.

CROSS TALK WITH HIPPO SIGNALING

The Hippo pathway is evolutionarily conserved
from Drosophila to mammals and plays impor-
tant roles in the regulation of organ size, em-
bryonic development, tumorigenesis, and stem-
cell self-renewal (Yu and Guan 2013). The
canonical core Hippo kinase complex in mam-
mals comprises two kinases, Mst1 or Mst2 and
Lats1 or Lats2. The Mst kinase forms a complex
with the Sav1 adaptor protein to phosphorylate
and activate the Lats kinase. The activated Lats
kinase, in association with the tumor-suppres-
sor Mob, then phosphorylates and inhibits the
transcription coactivators TAZ and/or YAP
(Dong et al. 2007; Zhao et al. 2007; Hao et al.
2008; Lei et al. 2008; Oka et al. 2008). TAZ and
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YAP do not bind to DNA directly, but can be
recruited to specific target promoter sequences
through binding to the TEAD transcription fac-
tors (Wu et al. 2008; Zhang et al. 2008, 2009),
and regulate the expression of genes that are
essential for proliferation, apoptosis, EMT, and
various other developmental processes (Ota
and Sasaki 2008; Zhao et al. 2008, 2009; Zhang
et al. 2009; Lian et al. 2010). TAZ and YAP can
be phosphorylated at multiple sites and inhib-
ited by the Lats kinases (Wang et al. 2009b). In
particular, phosphorylation of TAZ at Ser89
(equivalent to YAP Ser127) allows its binding
to 14-3-3, leading to cytoplasmic sequestration
(Dongetal. 2007; Hao et al. 2008; Lei et al. 2008;
Zhao et al. 2008), and phosphorylation at
Ser311 primes it to be further phosphorylated
by CKle at Ser314, which mediates binding to
the F-box containing E3 ubiquitin ligase {3-
TrCP, leading to subsequent ubiquitylation
and degradation of TAZ (Liu et al. 2010). The
activities of YAP and TAZ can be regulated by
extracellular diffusible signals and growth fac-
tors, as well as signals generated by cell—cell
junctions, cell density and polarity, tissue archi-
tecture, and mechanotransduction (Dupont et
al. 2011; Aragona et al. 2013; Park and Guan
2013). These signals include ligands that bind
to G-protein-coupled receptors, such as those
for lysophosphatidic acid, thrombin, and epi-
nephrine, which have been shown to promote
or inhibit nuclear translocation of YAP and
TAZ, growth factors such as epidermal growth
factor (EGF), insulin-like growth factor (IGF),
or Wnt, and signals sensing cell—cell adhesion,
junctional structures, polarity, and matrix
stiffness. Various polarity complexes, including
Crumbs, Scribble, and cadherin complexes,
have been shown to regulate Hippo signaling
and the localization and stability of YAP and
TAZ (Piccolo et al. 2014).

The first reported cross talk between TGF-3
and Hippo signaling involves binding of YAP
to Smad7, leading to enhanced inhibition of
TGEF-B signaling (Ferrigno et al. 2002). YAP
and TAZ also bind to other Smad proteins and
participate in the regulation of BMP or TGF-$3
signaling through distinct mechanisms. In Dro-
sophila, the YAP homolog Yorkie binds to Mad,

Cross Talk between Smads and Other Pathways

the homolog of BMP-activated Smads, and pro-
motes Mad-dependent transcription (Alarcon
et al. 2009; Oh and Irvine 2011). In mammalian
cells, YAP can bind effectively to the PPxY mo-
tif in Smadl through its two WW domains,
and this binding is further strengthened by
the phosphorylation of the Smadl linker re-
gion by CDK9 (Alarcon et al. 2009). The
YAP-Smadl binding supports Smadl-depen-
dent transcription, and is required for the sup-
pression of neural differentiation of mESCs by
BMP In contrast, TAZ does not bind well to
Smadl, possibly because of the presence of
only one WW domain in TAZ, and may only
affect TGF-B but not BMP signaling. In re-
sponse to TGF-f signaling, TAZ and YAP were
shown to associate with heteromeric Smad2/
3/4 complexes and dictate their intracellular
localization (Varelas et al. 2008). By binding
to the Crumbs polarity complex, which pro-
motes the phosphorylation, cytoplasmic local-
ization, and inhibition of YAP and TAZ, TAZ
and YAP also block nuclear localization of
Smad?2 and Smad3, and control the cell density
inhibition of TGF-B /Smad signaling in murine
EpH4 mammary epithelial cells (Varelas et al.
2008). However, another study indicates that
most cell types show functional TGF-f3 signal-
ing under both high and low cell-density culture
conditions, and that Smad nuclear localization
in response to TGF-f occurs independent of the
YAP or TAZ levels (Nallet-Staub et al. 2015).
These data suggest that the inhibition of TGF-
B signaling by cell density is limited to polarized
epithelial cells and largely reflects the polarized
distribution of the TGF-f receptors and not the
levels of YAP or TAZ (Nallet-Staub et al. 2015).

YAP or TAZ were shown to participate with
Smads in the same transcription complexes at
promoters of target genes. In hESCs, a regula-
tory transcription complex consisting of TAZ
or YAP, TEADs, and Smad2 or Smad3, as well
as the pluripotent factor Oct4 was identified,
and may function in a switch-like manner to
regulate the maintenance of pluripotency and
cell-fate specification in conjunction with other
transcription factors (Beyer et al. 2013). TGF-$3
and Hippo signaling also converge at the level
of transcription regulation of common target
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genes, such as the gene-encoding connective
tissue growth factor (CTGF). In mesothelioma
cells with mutations in the Hippo pathway, a
YAP-TEAD4-Smad3-p300 complex forms at
the CTGF promoter to activate its expression,
leading to malignant progression of mesotheli-
oma (Fujii et al. 2012). Such cooperation be-
tween YAP or TAZ and Smads in transcription
complexes also extends to Drosophila. In Dro-
sophila, the BMP ligand Dpp and the Fat-Hippo
pathway synergize to promote growth, and this
cross talk is mediated by a direct interaction
between Mad and Yorkie, which forms a tran-
scription activating complex at the promoter
of the gene for bantam microRNA to promote
its expression (Oh and Irvine 2011). YAP and
Smad2 or Smad3 also antagonize each other’s
activities during endodermal differentiation
of hESCs. Although YAP suppresses the tran-
scription elongation of mesendodermal lineage
genes by promoting the binding of negative
transcription elongation factors to the regulato-
ry region of these genes, activin, acting through
Smad2 and/or Smad3, acts in concert with
Wnt-3a-[3-catenin signaling to counteract YAP
and promotes the expression of these genes (Es-
taras et al. 2015).

In addition to the direct cross talk between
YAP or TAZ and Smads, the negative regulators
of TGF-B/Smad signaling, Ski and SnoN, also
affect the stability and transcription activity of
YAP and TAZ by directly binding to compo-
nents of the Hippo core kinase complex, and
modifying the kinase activity of Lats2 and the
phosphorylation of YAP and TAZ. In particular,
Ski binds to Lats2, Sav, NF2, and Mob, and
increases the affinity of the Lats2—Sav interac-
tion to enhance the kinase activity of Lats2,
leading to increased phosphorylation of TAZ
and YAP, and their cytoplasmic accumulation
and degradation (Rashidian et al. 2015). In ad-
dition, Ski also induces TAZ degradation and
suppresses its biological activity in a Lats2-in-
dependent manner. Consistent with these find-
ings, Ski inhibits TAZ-induced transformation
and EMT of human breast cancer cells in vitro
and metastasis in xenograft mouse models in
vivo (Rashidian et al. 2015). Interestingly, the
ability of Ski to block TAZ and YAP signaling is

independent of its ability to antagonize the
Smad proteins (Rashidian et al. 2015).

SnoN also interacts with the Hippo kinase
complex but, different from Ski, this interaction
involves different components of the Hippo
complex and, more importantly, results in dif-
ferent outcomes (Zhu et al. 2016). SnoN binds
strongly to Lats2 and Sav, weakly to Mst2, but
not to Mob or TAZ, and these interactions pre-
vent the binding of Lats2 to TAZ and the phos-
phorylation of TAZ, leading to TAZ stabiliza-
tion. Consistent with this, SnoN enhances the
transcriptional and oncogenic activities of TAZ,
and reducing SnoN decreases TAZ expression
as well as malignant progression of breast can-
cer cells. The intracellular localization and ex-
pression levels of SnoN itself are sensitive to cell
density and are regulated by the cell polarity
complex—associated Hippo kinases. SnoN is
localized to the basolateral domain in polarized
epithelia and forms a complex with the Scribble
polarity protein and its associated Lats2 kinase.
The Lats2 kinase that is activated by the Scribble
complex can induce downregulation of SnoN
and TAZ expression, thereby suppressing the
proliferative potential of epithelial cells (Zhu
etal. 2016). Thus, SnoN is a critical component
of the Hippo regulatory network that receives
signals from the tissue architecture and polarity
to coordinate the activity of intracellular signal-
ing pathways. As our understanding of the Hip-
po pathway deepens and new components are
identified, more modes of cross talk between
TGF-B family signaling and Hippo signaling
will be revealed to coordinate various biological
processes.

CROSS TALK WITH HEDGEHOG SIGNALING

The Hh signaling pathway is evolutionarily con-
served and is required for embryonic pattern-
ing, tissue repair, and regeneration. It also plays
an important role in tumorigenesis, as muta-
tions in Hh pathway components that cause
constitutive activation of the pathway have
been identified in several types of human can-
cer, such as basal cell carcinomas (BCCs) and
medulloblastoma. Hh signaling is controlled by
two cell-surface transmembrane proteins, the
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Patched receptor (PTCH1 or PTCH2) and the
7-membrane-spanning receptor-like protein
Smoothened (SMO), and is intracellularly me-
diated by Gli (glioma-associated oncogene ho-
molog) proteins of the Kriippel family of zinc
finger transcription factors. In the absence of
ligand, PTCH1 and PTCH2 repress the activity
of SMO. This results in the phosphorylation of
Gli by several protein kinases, including protein
kinase A (PKA), GSK-3p, and CK1, and subse-
quent proteasome-mediated cleavage of Gli
into amino-terminal truncated forms that act
as repressors of Hh target genes (Hui and An-
gers 2011). Binding of Hh ligand abolishes the
inhibition of SMO by PTCH, leading to the
activation and translocation of Gli proteins
into the nucleus to control the expression of
Hh target genes.

During embryonic development and onco-
genesis, TGF-B/BMP signaling often regulates
the expression of Hh ligands and pathway com-
ponents, and Hh/Gli can also induce the ex-
pression of TGF-3 or BMP proteins, sometimes
in a tissue- or cell-type-specific manner to reg-
ulate lineage-specific development (Perrot et al.
2013). More often, TGF- can directly regulate
the expression of Gli proteins, and Gli may me-
diate some TGF- responses independent of Hh
signaling. In the developing cerebellum, BMP-2
and BMP-4 antagonize the proliferative func-
tion of Sonic Hedgehog (Shh) by downregulat-
ing SMO and Glil expression (Rios et al. 2004).
TGE-B has been shown to inhibit PKA activity,
while concomitantly inducing Gli2 and Glil ex-
pression (Perrot et al. 2013). The Gli2 gene is a
direct transcription target of the TGF-B/Smad
pathway in a variety of cell types, including ker-
atinocytes and fibroblasts, and a number of can-
cer cells such as melanoma. In several mouse
breast cancer metastasis models, including an
intracardiac tumor inoculation bone metastasis
model and in progression from ductal carcino-
ma in situ (DCIS) to invasive carcinoma, TGF-
B induces the expression of Gli2 and, sub-
sequently, Glil, independent of Hh signaling,
to promote bone metastasis (Hui and Angers
2011; Johnson et al. 2011). Activation of GIli2
transcription by TGF-f involves the actions of
both Smad3 and B-catenin (Dennler et al.

Cross Talk between Smads and Other Pathways

2009). In response to TGF-3, Smad3 and B-cat-
enin are recruited to distinct elements in the
Gli2 regulatory gene sequences to induce its ex-
pression. This activation of Gli2 expression is
not blocked by cyclopamine, an inhibitor of
SMO, suggesting that TGF-f-induced Gli2 ex-
pression occurs independent of the SMO/Hh
pathway (Dennler et al. 2007, 2009). Consistent
with this ability of TGF-B/Smad signaling to
directly activate Gli2 expression, high Gli2 levels
are detected in many malignant tumor cells, in-
cluding melanoma, breast cancer, glioblastoma,
and ovarian cancer, that also express high levels
of TGF-B (Edson et al. 2010; Steg et al. 2012).
High Gli2 expression is associated with loss of
E-cadherin expression and increased tumor
cell invasion, suggesting that high Gli2 and
Glil levels in melanoma and breast cancer cells
may mediate TGF-B-induced EMT and tumor
progression. Silencing Gli2 expression or phar-
macological inhibition of the TBRRI kinase
both result in inhibition of bone metastasis
and downregulation of prometastatic genes,
encoding PTHrP, interleukin-11, CXCR4, and
osteopontin (Javelaud et al. 2011, 2012; Mo-
hammad et al. 2011).

A more direct mode of cross talk is mediated
by functional interaction between Gli proteins
and Smads at common target promoter se-
quences. In zebrafish embryos, the eng2a pro-
moter integrates repressive signals from BMPs
and activating signals from Hh, and the cross
talk between the two pathways defines the spa-
tial pattern of eng2a gene expression. In this
case, Gli2 and Smad1 both bind to eng2a regu-
latory sequences to modulate its expression
(Maurya et al. 2011). Glil can also function as
an effector of TGF-B signaling in pancreatic
cancer cell lines to promote cell survival. In
the presence of TGF-B, Glil forms a complex
with Smad2 and Smad4 at BCL2 promoter se-
quences to stimulate its expression, leading to
cell survival (Nye et al. 2014).

Thus, in malignant human cancer cells, ex-
pression of Gli proteins is often induced by
TGEF-P signaling, and they in turn mediate the
tumor-promoting activity of TGF-f3 by form-
ing transcription complexes with the Smad
proteins. Whether this regulatory cooperation
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model also operates in untransformed cells or
during normal tissue development and homeo-
stasis is yet to be determined. More investigation
in this area is clearly needed.

CROSS TALK WITH MAP KINASE PATHWAYS

The TGF-B/Smad and MAP kinase pathways
are functional in most if not all cell types at all
stages of development and during disease devel-
opment and progression. TGF-3 and BMPs can
directly activate the Erk, c-Jun amino-terminal
kinase (JNK), and p38 MAP kinase pathways
independent of Smad proteins to regulate cell
motility, EMT, cell differentiation, and survival.
TGEF-B has also been shown to indirectly up-
regulate the Erk and p38 MAP kinase activity
by inducing the expression of ligands or recep-
tors that activate these pathways (Vinals and
Pouysségur 2001; Takekawa et al. 2002). This
section focuses on the cross talk and mutual
regulation between the Smad pathway and the
Erk, JNK, and p38 MAPK pathways.

Cooperative Interactions between Erk
MAPK and Smad Signaling

In mammals, the Smad and MAPK pathways are
often critical components of the same signaling
network that is essential for most cellular pro-
cesses (Guo and Wang 2009). In mESCs, BMPs
cooperate with LIE which signals through the
Erk MAPK pathway to maintain the pluripo-
tency state. When both BMP and LIF signaling
are activated, BMP suppresses neuroectoderm
differentiation, whereas LIF signaling inhibits
the differentiation to mesoderm and endoderm
lineages (Ying et al. 2003). Erk MAPK activity is
critical in mouse ES cell-fate determination—
low Erk activity is required for ES cell self-renew-
al (Burdon et al. 1999; Kunath et al. 2007; Stav-
ridis et al. 2007) and high Erk activity induces
differentiation (Yoshida-Koide et al. 2004). Al-
though LIF signaling can directly activate the
Erk activity through the gp130 subunit of the
LIF receptor (Fukada et al. 1996; Burdon et al.
1999), BMP-4 can attenuate Erk activation by
upregulating the expression of an Erk phospha-
tase, Dusp9, thereby maintaining a properly ba-

lanced Erk activity to ensure self-renewal of
mESCs (Li et al. 2012). In hESCs, BMPs act to-
gether with FGF2, which signals through the Erk
MAPK pathway (Yu et al. 2011) to drive mesen-
doderm differentiation. Thus, multiple signal-
ing inputs, often involving Smad signaling and
the Erk MAPK pathway, regulate stem-cell fate.

Mechanistically, the two pathways often di-
rectly interact and mutually regulate the activi-
ties or expression of each other. In cancer cells,
activation of TGF- signaling and the HER2-
Ras-Erk MAPK pathway often leads to the pro-
duction and/or secretion of additional growth
factors and cytokines. TGF-B can induce the
expression of platelet-derived growth factor,
which activates the Erk MAPK pathway, where-
as Erk MAPK can promote the expression of
TGF-B1 or Smad3, resulting in enhanced acti-
vation of both pathways. At the intracellular sig-
naling and transcription level, the Erk MAPK
and Smad pathways often associate with each
other, and these interactions can result in either
elevation or inhibition of Smad activity by Erk
MAPK, depending on the specific target genes
and cell types. A well-defined cooperative cross
talk occurs at regulatory DNA sequences of
TGEF-p target genes, many of which contain tis-
sue plasminogen activator (TPA)-responsive
elements (TREs) that can be bound by AP-1
transcription factors or bipartite TRE-SBE
(Smad-binding element) sequences. Smad3/4
complexes, either by themselves or in conjunc-
tion with AP-1, can bind to some of these TREs
to mediate TGF- responses (Yingling et al.
1997; Attisano and Wrana 2000). On activation,
Erk MAPK can phosphorylate AP-1, which then
binds to TRE sequences or physically interacts
with Smads to mediate synergistic activation
of TGF-B-responsive promoters with bipartite
TRE-SBE sequences (Zhang et al. 1998; Liberati
et al. 1999; Wong et al. 1999). Furthermore,
activation of MEK1 also induces Smad3 tran-
scription, thereby enhancing Smad3 signaling
in epithelial and smooth muscle cells (Ross
et al. 2007). The cooperation between the Erk
MAPK and Smad pathways has been well doc-
umented in many physiological and pathologi-
cal processes, including tooth and palate de-
velopment (Xu et al. 2008), TGF-B-induced
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autophagy (Kiyono et al. 2009) and progression
of aortic diseases (Holm et al. 2011).

Downregulation of TGF-8 Signaling by Erk
MAPK Pathway

In addition to cooperative interactions between
Erk MAPK signaling and Smads at the level of
target gene transcription, the two pathways also
directly modify the activities of each other in the
cytoplasm (Fig. 2). In human cancer cells, con-
stitutively active Ras-Erk MAPK can antagonize
TGEF-B-induced apoptosis and cell-cycle arrest
to promote proliferation, while allowing for
promigratory and proinvasive functions of
TGF-B. The inhibition of TGF-f/Smad signal-
ing by Ras-Erk MAPK signaling can occur
through several mechanisms. Erk MAPK signal-
ing can downregulate TGF-f signaling by in-
ducing cleavage of cell-surface TBRI (Liu et al.
2009). This shedding of ectodomain of TBRI is

Cross Talk between Smads and Other Pathways

mediated by TACE/ADAM17, which is activat-
ed by Erk MAPK. This regulation occurs in both
untransformed cells and in cancer cells, and
functions to attenuate all TBRI-dependent cel-
lular processes. In addition, Erk MAPK can di-
rectly phosphorylate the linker region of various
Smad proteins to alter their subcellular locali-
zation and inhibit their transcription activity.
The Smad linker region is highly flexible in
structure and contains many serines and threo-
nines in the context of proline residues, favoring
phosphorylation by MAPKs and GSK-3(3. In
human cancer cells, Erk MAPK activated by on-
cogenic Ras phosphorylates Smad3 on at least
three residues, Thr178, Ser203, and Ser207,
both in vitro and in vivo. Erk-mediated phos-
phorylation of these sites inhibits Smad3 tran-
scriptional activity (Matsuura et al. 2005) and
nuclear localization (Kretzschmar et al. 1997).
Erk MAPKs also antagonize BMP function
by phosphorylating the linker regions of Smad1

TGF-B/BMP

Cytoplasmic retention
Degradation

P

IKKa/IKKB

-
r'4
Degradation
NF-xB

Figure 2. Transforming growth factor 3 (TGF-) cross talks to NF-kB and mitogen-activated protein (MAP)
kinase pathways. TGF-f receptors activate p38 and c-Jun amino-terminal kinase (JNK) MAPK pathways and
NF-kB pathways through receptor-associated factor (TRAF4) or TRAF6 and TGF-B-activated kinase 1 (TAK1),
and Ras-Erk MAPK through Grb2 and Shc. The activated Ras-Erk MAPK and p38 pathways can trigger
activation of TACE, leading to cleavage of TBRI, and phosphorylation of Smads in the linker region, sequestering

it in the cytoplasm and promoting its degradation.
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at multiple Ser or Thr residues, and this phos-
phorylation primes them for further phosphor-
ylation by GSK-3. These sequential phosphor-
ylation events create a docking site for the
Smurfl E3 ubiquitin ligase that targets Smadl
for polyubiquitylation and degradation. The
binding of Smurfl also blocks the interaction
of Smad1 with the nuclear pore complex (Sap-
kota et al. 2007). As a result of this reduced
Smadl nuclear translocation and expression,
BMP signaling can be effectively suppressed by
growth factors that activate Erk MAPK signal-
ing, including EGE FGE and IGF (Kretzschmar
et al. 1997; Sapkota et al. 2007; Eivers et al.
2009). Indeed, FGF-induced Erk MAPK activa-
tion relieves BMP repression to induce neural
differentiation of Xenopus embryonic cells and
rat neural precursor cells (Kuroda et al. 2005;
Bilican et al. 2008).

In addition to the linker regions of R-
Smads, MAPKs also phosphorylate and regulate
the expression levels of Smad4 and Smad?7.
MEK-Erk MAPK signaling activated by onco-
genic Ras results in phosphorylation of Smad4
and decreases its protein stability (Saha et al.
2001). JNK and p38 MAPK have been found
to preferentially phosphorylate tumor-derived
mutant Smad4 to promote its degradation
(Liang et al. 2004). Finally, Erk, JNK, and p38
MAPK have all been implicated in activating the
expression of the Smad7 gene (Brodin et al.
2000; Uchida et al. 2001; Dowdy et al. 2003).

Activation of MAPK Signaling by TGF-8

TGEF-B is a potent activator of the Erk MAPK
pathway through Smad-independent mecha-
nisms. First, the TGF-f receptors can be phos-
phorylated on tyrosine residues. The TBRII cy-
toplasmic domain is autophosphorylated on
three tyrosines (Lawler et al. 1997). In a manner
analogous to receptor tyrosine kinase activa-
tion, these phosphorylated tyrosine residues in
TRRII create docking sites for the recruitment
of SH2 domain proteins. Src-mediated phos-
phorylation of TBRII on Tyr284 results in the
recruitment of Grb2 and Shc, leading to p38
MAPK activation (Galliher and Schiemann
2007). Similarly, activated TRRI contains an

intrinsic tyrosine kinase activity, in addition
to the well-characterized Ser-Thr kinase activi-
ty, and can phosphorylate Shc directly on tyro-
sine and serine residues (Lee et al. 2007). Phos-
phorylated Shc associates with TBRI and re-
cruits Grb2 and SOS, leading to activation of
Ras-Erk MAPK signaling (Fig. 2).

Through its Smad-independent signaling,
TPBRI activates TAK1 (Sorrentino et al. 2008;
Yamashita et al. 2008; Mu et al. 2012), a
MAPK kinase kinase (MAPKKK) family mem-
ber known to be an important activator of the
p38 MAPK pathway (Fig. 2) (Yamaguchi et al.
1995). This activation is mediated by TRAF6,
which was initially identified as an adaptor pro-
tein that activates NF-kB signaling in response
to interleukin-1 (Cao et al. 1996; Ishida et al.
1996) and TRAF4, which is differentially ex-
pressed in metastatic breast cancer (Regnier
et al. 1995). Both TRAF6 and TRAF4 contain
RING-domain E3 ubiquitin ligase activity.
On TGF-B stimulation, TRAF6 associates with
TPBRI at a conserved consensus motif (basic res-
idue-X-P-X-E-X-X aromatic/acidic residue),
leading to autoubiquitylation of TRAF6 and
subsequent Lys63-linked polyubiquitylation
of TAK1 (Sorrentino et al. 2008). TRAF4 also
associates with the activated TGF-B receptor
complex and stabilizes TBRI by antagonizing
Smurf2-mediated TBRI degradation. Similar
to TRAF6, this association of TRAF4 with
TRRI also promotes Lys63-linked autoubiqui-
tylation of TRAF4 as well as polyubiquitylation
of TAK1 (Zhang et al. 2013). The Lys63-linked
TAK1 polyubiquitylation causes its activation
through either a conformational change or re-
cruitment of the TAK1-binding proteins 2 and
3 (TAB2 and TAB3) (Xia et al. 2009). Once
activated, TAK1 functions as a MAPKKK to
stimulate activation of MKK3 and/or MKK®,
leading to p38 MAPK activation (Sorrentino
et al. 2008). TAK1 also phosphorylates IkB-ki-
nase a (IKKa) to activate NF-kB signaling
(Wang et al. 2001). Through these pathways,
TGF-B-induced activation of TAK1 and the
p38 MAPK and JNK MAPK pathways has been
implicated in the regulation of apoptosis, cell
migration, and EMT (Adhikari et al. 2007;
Sorrentino et al. 2008; Yamashita et al. 2008;
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Heldin et al. 2009; Landstrom 2010; Zhang et al.
2013).

These noncanonical TGF-B-induced TAK1-
P38 MAPK or JNK pathways can additionally be
regulated in positive or negative manners by the
inhibitory Smads (Fig. 2). Smad7 associates
with TAK1, MKK3, and p38 MAPK to facilitate
activation of the TAK1-p38 MAPK pathway in
human prostate cancer cells, leading to apopto-
sis (Edlund et al. 2003). In contrast, Smad6 in-
hibits TGF-B1-induced activation of TRAF6-
TAK1-p38 MAPK and/or -JNK signaling by
recruiting the A20 deubiquitylase to abolish
Lys63-linked polyubiquitination of TRAF6
(Jung et al. 2013).

Given the complexity and multiple levels
of the mutual regulation, the net outcome of
the Erk MAPK pathway cross talk with TGF-f8
signaling is highly complex depending on the
cellular context and influences of other signal-
ing inputs.

CROSS TALK BETWEEN Smad PROTEINS
AND THE PI3K-Akt PATHWAY

The PI3K-Akt pathway regulates diverse cellu-
lar responses, including glucose homeostasis,
cell proliferation and growth, motility, and sur-
vival. On activation by a variety of extracellular
stimuli, PI3K generates 3’'-phosphoinositides
(PI(3,4)P, and PI(3,4,5)P;) that recruit target
proteins with lipid-binding domains to the
plasma membrane. The Ser-Thr kinase Akt/
protein kinase B (PKB) is an important down-
stream effector of PI3K and initiates a kinase
cascade that plays a critical role in the regulation
of cell survival (Downward 2004). Akt con-
tains a pleckstrin homology (PH) domain at
its amino terminus that mediates interaction
with the 3’'-phosphoinositides, leading to its
translocation to the cell membrane where it is
subsequently phosphorylated at two key resi-
dues, Thr308 and Ser473. Plasma membrane
localization and phosphorylation are both re-
quired for optimal activation of Akt. Activated
Akt has been shown to phosphorylate impor-
tant proteins in the apoptotic machinery, in-
cluding Forkhead box O (FOXO) transcription
factors, Bax and Bad, as well as IKK and Mdm?2,

Cross Talk between Smads and Other Pathways

to modulate cell proliferation and survival. This
pathway is negatively regulated by the lipid
phosphatases PTEN and SH2-containing inosi-
tol 5'-phosphatase (SHIP). PTEN and SHIP de-
phosphorylate PI(3,4,5)P; and reverse the ac-
tion of PI3K (Rohrschneider et al. 2000).
Several targets of Akt play important roles in
the regulation of cellular metabolism and pro-
tein synthesis, including mammalian target of
rapamycin (mTOR) and GSK-3B. mTOR is a
large Ser-Thr kinase that can be found in two
complexes, mTOR complex 1 (mTORCI) and
mTORC2. mTORCI consists of mTOR, Raptor,
mLST8, and PRAS40 and, in response to acti-
vation by Akt, phosphorylates S6 kinase 1
(S6K1) and eukaryotic initiation factor 4E-
binding protein 1 (4E-BP1) to increase protein
translation and synthesis. mTORC2 is com-
posed of mTOR, Rictor, mSinl, and mLST8
and can phosphorylate Akt on Ser473, an event
required for full activation of Akt (Bozulic and
Hemmings 2009; Zoncu et al. 2011). The bio-
logical functions of mTORC2 are less defined.
Extensive cross talk between TGF-B and
PI3K pathways has been reported for various
cell types including stem cells and cancer cells.
The cross talk activities are often complex and
can result in mutual activation or inhibition
dependent on the cellular context and biological
processes involved. In hESCs, activin-induced
Smad2 and/or Smad3 signaling can modulate
cell-fate decisions depending on the status of
PI3K activation. In the presence of robust
PI3K signals, Smad2 and Smad3 activate the ex-
pression of the pluripotency gene Nanog to
maintain self-renewal. However, low PI3K activ-
ity switches Smad2 /3 signaling to direct mesen-
doderm differentiation (Singh et al. 2012). The
mechanism underlying this switch appears to
involve Erk MAPK and Wnt signaling. Activa-
tion of mesendoderm gene expression requires
the activities of Smad2 and Smad3 as well as
B-catenin. When PI3K activity is low, B-catenin
can bind to regulatory DNA sequences of line-
age-specific genes and, together with Smad2
and/or Smad3, activates their expression to in-
duce differentiation. High PI3K activity inhibits
Erk MAPK signaling to promote GSK-3( acti-
vation, leading to inhibition of -catenin. Un-
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der this condition, Smad2 and Smad3 signaling
activates Nanog expression, but is not sufficient
to activate mesendoderm gene expression,
thereby promoting self-renewal.

TGF-B/Smad signaling inhibits cell prolif-
eration in epithelial and lymphoid cells and can
induce apoptosis in resting B cells and hepato-
cytes. PI3K-Akt signaling has been shown to
antagonize the proapoptotic and cytostatic ac-
tivity of TGF-/Smad signaling to promote
survival through both Akt kinase-dependent
and -independent mechanisms. Akt was shown
to directly bind and sequester Smad3 in the
cytosol, and thus prevent Smad3-dependent
growth inhibition and apoptosis in hepatocytes
(Conery etal. 2004; Remy et al. 2004). Addition-
ally, Akt phosphorylates FOXO and prevents
its nuclear localization, and formation of the
FOXO-Smad complex required for expression
of p15™ P and p21°"™"; effectively blocking
the cytostatic responses of TGF-$ (Seoane
et al. 2004). This ability of the PI3K-Akt path-
way to inhibit the cytostatic activity of Smad
signaling may play an important role in the
switch of TGF- signaling from a tumor-sup-
pressor pathway to a tumor-promoting activity
at late stages of tumorigenesis.

In cancer cells, the PI3K-Akt pathway coop-
erates with TGF- or BMP to regulate EMT, cell
migration, tumor metastasis, and cell differen-
tiation. In a number of cell types, including fi-
broblasts, keratinocytes, and hepatic stellate
cells, the PI3K-Akt pathway is an important
mediator of TGF-B-induced activation of vari-
ous EMT responses (Asano et al. 2004; Jeong
and Kim 2004; Lechuga et al. 2004), and inhi-
bition of PI3K or Akt by pharmacological in-
hibitors or dominant negative mutants block
TGEF-B-induced transcription of target promot-
ers, EMT, and cell migration as well as BMP-
induced osteoblast differentiation (Ghosh-
Choudhury et al. 2002). TGF-f signaling can
activate the PI3K-Akt pathway either directly
or indirectly. In keratinocytes and mammary
epithelial cells, stimulation with TGF-f results
in phosphorylation of Akt at Ser473 and activa-
tion of its kinase activity. This activation ap-
pears to be Smad-independent and may be
mediated by a RhoA-dependent mechanism

(Bakin et al. 2000). The integrin-linked kinase
(ILK) has also been reported to be involved in
Akt activation by TGF-B (Lee et al. 2004). Ac-
tivated Akt enhances Smad3 transcriptional ac-
tivity to induce collagen I expression in human
mesangial cells (Runyan et al. 2004). In this
case, activation of the PI3K-Akt pathway alone
is not sufficient to increase gene expression, and
its ability to phosphorylate Smad3 on residues
outside the carboxy-terminal region is neces-
sary for optimal activation of Smad3. A similar
enhancement of Smadl- and/or Smad5-medi-
ated transcription activation by PI3K-Akt sig-
naling has also been reported for BMP-induced
colony-stimulating factor 1 (CSF-1) expression
during osteoclast differentiation (Mandal et al.
2009).

In neurons and fibroblasts, TGF-3 can acti-
vate PI3K indirectly, for example, by inducing
the expression of secreted growth factors (Vi-
nals and Pouysségur 2001; Horowitz et al. 2004)
to promote cell proliferation and survival (Zhu
et al. 2001, 2004; Horowitz et al. 2004; Wilkes
et al. 2005). TGF-f can also indirectly activate
PI3K by inducing the expression of several
microRNAs. In hepatoma cells and glomerular
mesangial cells, TGF-f3 can induce the expres-
sion of miR-216a/217 and miR-21, leading to
enhanced EMT, expanded stem-cell population,
and metastasis of hepatoma (Kato et al. 2009;
Xia et al. 2013). miR-216a/217 is a negative
regulator of Smad7 and PTEN. By inhibiting
Smad7 and PTEN expression, high levels of
miR-216a/217 can promote TGF-f signaling
and PI3K-Akt pathway activation (Kato et al.
2009; Xia et al. 2013). miR-21 also targets
PTEN to promote mesangial cell hypertrophy
and matrix protein synthesis through an Akt
-mTORCI pathway (Dey et al. 2012). Finally,
both TGF- and BMP signaling have been re-
ported to regulate the transcription or protein
levels of PTEN in a number of cancer or cell
types. None of these modes of regulation appear
to be direct and, therefore, are likely to involve
signaling pathways other than Smads (Guo and
Wang 2009).

During EMT, TGF-f induces increased cell
size and protein content (Lamouille and Der-
ynck 2007; Lamouille et al. 2012). This process
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is mediated by mTORCI, which activates trans-
lation initiation to increase protein content.
The completion of TGF-B-induced EMT also
requires activation of mTORC2, which pro-
motes cell migration and invasion. Further-
more, activation of mMTORC1 and mTORC2 in
response to TGF-( is mediated by the PI3K-Akt
pathway. The TGF-f receptors can form an in-
direct complex with the p85 regulatory subunit
of PI3K, resulting in its activation. This, in turn,
leads to activation of Akt and formation and
activation of mTORCI and mTORC2.

The PI3K-Akt pathway can also directly en-
hance the stability of TRRI, by regulating the
activity of the deubiquitylating enzyme, ubiq-
uitin-specific protease 4 (USP4) (Zhang et al.
2012). USP4 is activated by Akt phosphory-
lation at a conserved Ser445, resulting in its
translocation from the nucleus to the plasma
membrane, where USP4, together with USP11
or USP15, binds directly to TRRI, leading to its
deubiquitylation and stabilization at the plasma
membrane. Thus, by activating USP4, the PI3K-
Akt pathway enhances TGF-f3 signaling to pro-
mote EMT in breast cancer cells. Additionally,
activation of Akt leads to inhibition of GSK-
383, which promotes Smad3 polyubiquitylation
and degradation (Lim et al. 2012). Inactivation
of GSK-3f leads to Smad3 stabilization and
enhanced TGF- signaling. The PI3K-Akt path-
way could also induce phosphorylation of
Smad3 at residues preceding the carboxy-ter-
minal region, leading to increased transcription
activity of Smad3, thereby enhancing TGF-3
signaling (Runyan et al. 2004).

CROSS TALK BETWEEN THE SMADs AND
THE JAK-STAT PATHWAYS

The JAK-STAT pathways are activated by cyto-
kines and growth factors to regulate cell growth,
differentiation, and survival. Without stimula-
tion, latent STAT proteins exist as monomers
or nonphosphorylated N-domain-mediated di-
mers and shuttle between the cytoplasm and
nucleus. On stimulation by ligands, the cyto-
plasmic JAK kinases are activated by tyrosine
phosphorylation and dimerization. The activat-
ed JAK kinases subsequently phosphorylate

Cross Talk between Smads and Other Pathways

STAT proteins on tyrosine residues, allowing
the formation of active SH2-mediated dimers.
These phosphorylated STAT dimers are retained
in the nucleus and bind regulatory gene se-
quences containing an interferon-y-activated
sequence (GAS) consensus recognition motif
to activate transcription. In mammals, the
STAT family consists of seven members (STAT1,
2, 3, 4, 5a, 5b, and 6) that mediate signaling in
response to a diverse array of extracellular li-
gands (Li 2008).

Both Smads and STATs are intimately in-
volved in pluripotency and differentiation tran-
scription programs, and often combine in the
same transcription complexes (Chen et al.
2008). A direct cross talk between STAT3 and
Smadl is required for BMP-2- and LIF-induced
differentiation of primary fetal neural pro-
genitor cells into astrocytes (Nakashima et al.
1999). STAT3, activated by JAK kinase in re-
sponse to LIE binds to the amino-terminal re-
gion of the transcription coactivators p300,
whereas Smadl, activated by BMP-2, interacts
with the carboxy-terminal region of p300. This
complex of Smadl and STAT3 bridged by p300
at the promoter is required for the astrocyte-
specific activation of glial fibrillary acidic pro-
tein (GFAP) expression. During tumorigenesis,
STAT3 was shown to directly bind Smad3 and
to block its ability to bind to DNA and form a
complex with Smad4, attenuating the activity of
TGF-B in inducing cell-cycle arrest and pro-
moting EMT (Wang et al. 2015).

Additional studies show that TGF-B can
regulate JAK-STAT signaling either in a positive
or negative manner, depending on the cell type.
In T lymphocytes, TGF-@ inhibits interleukin-
12-induced activation of JAK2 and subsequent
phosphorylation and activation of STAT3 and
STAT4 (Bright and Sriram 1998; Pardoux
et al. 1999). In the liver, the activated hepatic
stellate cells produce CTGF in response to TGF-
B to promote liver fibrosis, and this process
can be mediated by STAT3 (Liu et al. 2013).
STAT3 activation in response to TGF-{ requires
the TBRI receptor, but is independent of the
Smad proteins. Instead, this activation depends
on the PI3K and MAPK pathways, and is medi-
ated by the JAKI kinase that induces STAT3
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phosphorylation and activation. Thus, STAT3
could act as a downstream effector of TGF-3
signaling in hepatic stellate cells. The JAK-
STAT pathway can also indirectly regulate
Smad3 activity by enhancing the expression
of the inhibitory Smad7. In a human fibrosar-
coma-derived cell line, interferon-v, acting
through JAK1 and STAT1, induces expression
of Smad7, which then inhibits phosphorylation
and activation of Smad3 (Ulloa et al. 1999).

In the mammary gland, prolactin, signaling
through JAK2 and STAT'5, enables alveologene-
sis and lactation. TGF-@ inhibits prolactin sig-
naling to block mammary epithelial prolifera-
tion and differentiation. In response to TGF-[3,
the Smad2/3/4 complex inhibits the transcrip-
tion activity of STAT5 by blocking its interaction
with the transcription coactivator CBP, leading
to inhibition of mammary gland differentiation
and lactation (Cocolakis et al. 2008). This may
be one of the mechanisms by which TGF-{ sup-
presses STAT5 activity in the mammary gland.
Interestingly, TGF- expression is known to
peak in mid-pregnancy, but the inhibitory ac-
tivity of TGF-3 must be suppressed to allow
alveologenesis and lactation. This suppression
is achieved by SnoN, a potent negative regulator
of the Smad proteins (Jahchan et al. 2012).
SnoN expression is transiently and sharply ele-
vated at the end of pregnancy, and elevated
SnoN promotes STAT5 signaling by enhancing
its stability, thereby sharply increasing the activ-
ity of prolactin signaling at the onset of lacta-
tion. SnoN~/~ mice display severe defects in
alveologenesis and lactogenesis, and mammary
epithelial cells from these mice fail to undergo
proper morphogenesis. These defects can be
rescued by an active STAT5. Thus, SnoN enables
cross talk to coordinate TGF- and prolactin
signaling to regulate alveologenesis and lacto-
genesis.

CROSS TALK WITH NF-«xB/IKK SIGNALING

The NF-«kB/Rel family comprises NF-kBI1
(p50/p105), NF-kB2 (p52/p100), RelA (p65),
c-Rel, and RelB, which function as dimeric tran-
scription factors. NF-«kB was originally identi-
fied as an important transcription factor that

mediates various immune and inflammatory
responses. Subsequently, NF-kB signaling was
found to contribute to a broad range of biolog-
ical processes, including cell adhesion, differen-
tiation, proliferation, autophagy, senescence,
and cell survival. Deregulated NF-«kB activity
is apparent in a number of diseases, including
cancer, arthritis, chronic inflammation, asthma,
neurodegenerative diseases, and heart disease
(Hinz and Scheidereit 2013). In the absence of
stimulating signals, NF-kB dimers are seques-
tered in the cytoplasm by binding to the inhib-
itory IkB proteins. In the canonical pathway,
proinflammatory cytokines, growth factors,
and antigen receptors activate an IKK complex
consisting of IKKa, IKKB, and NF-kB essential
modulator (NEMO), and the activated IKK
complex phosphorylates IkB at critical serine
residues, leading to its ubiquitylation by the
E3 ubiquitin ligase SCFP™" and proteasomal
degradation. The freed NF-kB/Rel complexes
are further activated by phosphorylation and
translocate into the nucleus where they induce
target gene expression. This canonical signaling
pathway strictly depends on NEMO, whereas
the two catalytic subunits (IKKa, IKKB) may
be more redundant (Hinz and Scheidereit
2013).

The noncanonical pathway is activated by a
specific group of receptors, such as the receptors
for the TNF family members lymphotoxin-a/8
or CD40L, and induces stabilization and ac-
tivation of NF-kB interacting kinase (NIK).
NIK then phosphorylates IKKa, which, in
turn, phosphorylates the carboxy-terminal res-
idues in NF-kB2 p100, leading to its proteaso-
mal processing to generate the transcriptionally
competent NF-kB or p52/RelB. NF-kB or p52/
RelB then translocates to the nucleus and induc-
es target gene expression. The noncanonical
pathway shows a slower kinetics, is independent
of IKKB and NEMO, and plays a critical role in
the development of lymphoid organs (Hinz and
Scheidereit 2013).

TGEF-B can synergize with TNF-a or inter-
leukin-1 to activate type VII collagen gene ex-
pression through both the NF-kB-binding site
and SBE sites in regulatory gene sequences (Kon
etal. 1999), suggesting a convergence of the two
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pathways at common target genes. NF-kB can
be activated by TGF-f and mediate transcrip-
tion activation of TGF-[3 target genes in a vari-
ety of cell types (Lopez-Rovira et al. 2000;
Ogawa et al. 2004; Yeh et al. 2008). For example,
TGEF-P increases the migration and cell-surface
avf33 integrin expression in chondrosarcoma
cells (Yeh et al. 2008), promotes EMT in pan-
creatic cancer cells (Brandl et al. 2010), survival
of osteoclasts (Gingery et al. 2008), prolifera-
tion and differentiation of keratinocytes (Des-
cargues et al. 2008), and activates transcription
of NF-kB target genes (Freudlsperger et al.
2013), all in an NF-kB-dependent manner.
Activation of the NF-kB by TGF-3 can be me-
diated by both Smad-dependent and Smad-
independent pathways. The Smad-dependent
mechanism often involves a physical interac-
tion between Smad3 and NF-«kB or its activator
IKKa (Lopez-Rovira et al. 2000; Descargues
et al. 2008; Brandl et al. 2010; Hogan et al.
2013). Smad3 was shown to physically interact
with NF-kB or p52/RelB to activate JunB ex-
pression (Lopez-Rovira et al. 2000). IKKa can
associate with Smad3 in response to TGF-3 and
undergo nuclear translocation. This is necessary
for TGF-B-induced downregulation of E-cad-
herin expression and transcription activation
of the genes encoding Slug and Snail in pancre-
atic cancer cells (Brandl et al. 2010). In mouse
keratinocytes, this interaction results in the
recruitment of Smad3 to regulatory DNA se-
quences of several genes encoding the Myc
antagonists, Madl, Mad2, and Ovoll, to inhibit
cell-cycle progression and promote differentia-
tion of keratinocytes in a Smad4-independent
manner (Descargues et al. 2008). In addition to
activating NF-kB on IKK-mediated phosphor-
ylation, TGF- also induces acetylation of p65/
RelA, dependent on Smad3 and Smad4, PKA,
and the coactivator p300. This acetylation of
p65/RelA at Lys221 is required for the synergy
of TGF-B in enhancing the activation of the
DNA-binding and transcription activity of
NF-kB in response to bacteria (Ishinaga et al.
2007). Thus, NF-kB and IKKa can function
both as signaling components for NF-«B acti-
vation and as an important interface for cross
talk between NF-kB and TGF-3 pathways.

Cross Talk between Smads and Other Pathways

TGF-B can also activate NF-kB in a Smad-
independent manner. In multiple cell types, in-
cluding osteoclasts, head and neck squamous
cell carcinoma (HNSCC) cells, murine B cells,
and hepatocytes, TGF-3 induces NF-«kB activa-
tion by TAK1 (Arsura et al. 2003; Gingery et al.
2008; Mao et al. 2011; Freudlsperger et al. 2013;
Zhang et al. 2013). This activation requires
Lys158 of TAK1, and is mediated by TRAF6-
or TRAF4-dependent polyubiquitylation of
TAK1 at Lys158 (Wang et al. 2001; Sorrentino
et al. 2008; Xia et al. 2009; Mao et al. 2011;
Zhang et al. 2013). Once activated, TAK1 pro-
ceeds to phosphorylate and activate IKKa, lead-
ing to NF-kB signaling (Wang et al. 2001; Xia
et al. 2009). Mutation of Lys158 abolishes TGF-
B-induced TAK1 activation and subsequent
IKK, JNK, and p38 activation by TAK1 (Mao
et al. 2011). RhoA-Rho-associated kinase
(ROCK) that is activated by TAKI in response
to TGF-B can also phosphorylate and activate
IKKP, leading to NF-kB activation (Kim et al.
2014). In addition to TAKI, TGF-B also acts
through the PI3K-Akt pathway to increase
phosphorylation of IKKa /B and subsequent
phosphorylation of IkB and NF-kB, leading to
increased integrin expression and cell migration
(Yeh et al. 2008).

Although most reports suggest that TGF-3
signaling activates NF-kB, TGF-B1 has also
been found to repress NF-kB signaling in hu-
man intestinal lamina propria mononuclear
cells (LPMCs). In these cells, TGF-B1 suppress-
es TNF-a-induced activation of NF-kB p65
by increasing IkB transcription (Monteleone
et al. 2004). This inhibition of NF-kB by TGF-
B could be caused by a negative feedback loop.
Indeed, in murine B cells and hepatocytes, TGF-
B could induce an initial activation of NF-kB,
which then leads to increased transcription of
IkB, resulting eventually in the inhibition of
NF-kB signaling (Arsura et al. 2003).

NF-kB/RelA can also inhibit TGF-/Smad
signaling by inducing Smad7 expression. In fi-
broblasts stimulated with lipopolysaccharide
(LPS) or proinflammatory cytokines, activated
NF-kB/RelA can induce transcription of the
Smad7 gene (Bitzer et al. 2000). Similarly, in
HNSCC cells, NF-kB activated by TAKI in re-
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sponse to TGF-f can also increase Smad7 ex-
pression, which then suppresses TGF-8/Smad
signaling (Freudlsperger et al. 2013). Through
this feedback cross talk, NF-kB may contribute
to the attenuation of cytostatic responses of
TGEF-B during malignant progression in human
cancer cells.

CROSS TALK WITH PLURIPOTENCY-
AND LINEAGE-SPECIFIC TRANSCRIPTION
FACTORS

In the cells, multiple inputs from various
pathways inevitably converge on transcription
complexes at regulatory DNA sequences of tar-
get genes. Smad proteins, acting as transcrip-
tion factors, are important components of these
transcription complexes or chromosome-
modification complexes, and physical and func-
tional interactions between Smads and other
high-affinity DNA-binding proteins or line-
age-specific transcription factors are essential
for signal integration and cooperation. Thus,
cross talk with various transcription factors at
regulatory gene sequences is an inherent feature
of Smad function. Consistent with this, recent
genome-wide profiling analyses using ChIP-Seq
in mouse and human ES cells have revealed
that Smad proteins exist in transcription com-
plexes together with pluripotency transcription
factors or chromosome modifiers to regulate
stem-cell-fate decision. ChIP-Seq profiling of
the binding sites of 13 transcription factors
and two transcription regulators in mESCs
showed that an ES-specific Smad-binding pat-
tern often contains Smadl in a complex with
Sox2 and Oct4 (Chen et al. 2008). In hESCs,
Smad2 and Smad3 acting downstream of Nodal
and activin signaling physically associates with
Oct4, Sox2, and Nanog at target DNA sequences
as part of the transcription program to maintain
pluripotency (Teo et al. 2011). During differen-
tiation toward mesendoderm, Nanog induces
the initial expression of the endoderm-speci-
fic transcription factor Eomes. Smad2 and/or
Smad3 then exchange their transcriptional
partners from the pluripotency factors (Oct4,
Sox2, and Nanog) to lineage-specification fac-
tors such as Eomes or FOXHI1 to enable a dif-

ferentiation program (Teo et al. 2011). Similarly,
Smad3 was found to co-occupy the genome
with various master transcription factors in a
lineage-specific manner (Mullen et al. 2011).
One of the mechanisms by which Smad2 or
Smad3 may activate the expression of lineage-
specific genes is by recruiting the histone de-
methylase J]MJD3 to Nodal target promoters
(Dahle et al. 2010), thereby directly acting on
the repressive chromatin state to induce their
activation. Indeed, using ChIP-Seq analysis in
hESCs, Smad2 or Smad3 was found to accumu-
late at regulatory promoter sequences of endo-
derm genes, and this coincided with the recruit-
ment of histone demethylase J]MJD3 and an
increase in histone acetylation (Kim et al. 2011).

CONCLUDING REMARKS

The past decade has seen major progress in the
area of stem-cell biology, and the availability of
genome-wide research tools further facilitates
the investigation on the dynamic changes in
global signaling networks and transcription
complexes. Mirroring their importance in em-
bryonic development, TGF-f family proteins
and activated Smad signaling are found to be
essential players in stem-cell self-renewal and
differentiation. Through extensive interactions
with other signaling pathways and pluripotency
or lineage-specific transcription factors, these
TGEF-B family pathways are effectively integrat-
ed into the cellular signaling network, which,
depending on the dosage, timing, and location
of various ligand inputs, interprets the combi-
natorial signals and produces an integrated out-
put that specifies cell-fate decisions within the
physiological context. Although the roles of the
TGF-B family in various biological processes
may appear complex and sometimes even con-
fusing, the interpretation of the outcomes of
TGEF-B signaling has to be placed under the
specific physiological context and take into con-
sideration the presence of other signaling path-
ways. A future challenge is to accurately predict
biological outcomes from these combinatorial
signaling activities. The exciting progress in ge-
nome-wide mapping technologies may reveal a
full signaling network at mechanistic levels in
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cells under varying physiological contexts, and
mathematical modeling combined with bio-
chemical analyses of global signaling networks
may yield important information in this area.
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