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PROSPECTS

TGF-b Signaling: A Tale of Two Responses
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Abstract Transforming growth factor-b (TGF-b) regulates awide variety of cellular processes including cell growth,
apoptosis, differentiation,migration, and extracellular matrix production among others. The canonical signaling pathway
induced by the TGF-b receptor complex involves the phosphorylation of Smad proteins which upon activation
accumulate in the nucleus and regulate transcription. Interestingly, the cellular response to TGF-b can be extremely
variable depending on the cell type and stimulation context. TGF-b causes epithelial cells to undergo growth arrest and
apoptosis, responseswhich are critical to suppressing carcinogenesis, whereas it can also induce epithelial-mesenchymal
transition and mediate fibroblast activation, responses implicated in promoting carcinogenesis and fibrotic diseases.
However, TGF-b induces all these responses via the same receptor complex and Smad proteins. To address this apparent
paradox, during the last few years a number of additional signaling pathways have been identified which potentially
regulate the different cellular responses to TGF-b. The identification of these signaling pathways has shed light onto the
mechanismswhereby Smad and non-Smad pathways collaborate to induce a particular cellular phenotype. In this article,
we review TGF-b signaling in epithelial cells and fibroblasts with a focus on understanding the mechanisms of TGF-b
versatility. J. Cell. Biochem. 102: 593–608, 2007. � 2007 Wiley-Liss, Inc.
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Transforming growth factor-b (TGF-b) was
originally identified as a component of ‘sarcoma
growth factor’ secreted from Moloney sarcoma
virus infected 3T3 cells that could mediate trans-
formation (anchorage-independent cell growth)
of non-neoplastic rat kidney NRK and murine
AKR-2B fibroblasts [DeLarco and Todaro, 1978;
Moses et al., 1981; Anzano et al., 1983]. Since the
discovery of TGF-b, a superfamily of related
signaling proteins has been identified that
regulate a wide variety of biological processes
including cell growth, apoptosis, differentiation,
migration, extracellular matrix (ECM) produc-
tion, angiogenesis, immunity, and development
[Massagué et al., 2000; Patterson and Padgett,
2000; ten Dijke et al., 2002]. Members of the

TGF-b superfamily are characterized by the
presence of common sequence and structural
features that include the unique positioning of
seven cysteine residues resulting in the formation
of a core structure known as the ‘cysteine knot’
[SunandDavies, 1995].TheTGF-bsuperfamily is
composed of the TGF-b isoforms (TGF-b1, 2, and
3), Activins,Nodals, bonemorphogenetic proteins
(BMPs), growth and differentiation factor (GDF),
and Mullerian inhibitory substance (MIF).

The active form of TGF-b is a 25 kDa dimer
in which the two polypeptides interact via a
disulfide bond and hydrophobic interactions.
TGF-b is initially synthesized as a precursor
protein which is proteolytically processed into
an inactive (latent) form composed of mature
TGF-b non-covalently bound to the amino-
terminal precursor remnant termed latency-
associated peptide (LAP) [Munger et al., 1997].
After being secreted by the cell, latent TGF-b
can be activated via a variety of mechanisms
[Yang et al., 2007]. Once activated, TGF-b
family members initiate signaling by interact-
ing with and complexing two receptor serine/
threonine kinases referred to as the type I and
type II receptors. Ligand binding mediates
formation of a heterotetrameric complex in
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which the constitutively active type II receptor
phosphorylates the glycine-serine rich domain
in the juxtamembrane region of the type I
receptor resulting in activation of the kinase.
The most well characterized mechanism
whereby TGF-b superfamily members initiate
signal transduction is via the phosphorylation
andactivation of theSmadproteins by the type I
receptor. Phosphorylated Smad proteins accu-
mulate in the nucleus where they collaborate
with other transcription factors to regulate gene
expression [Massagué et al., 2005].

The cellular response to many TGF-b super-
family members can be variable, promoting as
well as antagonizing a variety of responses includ-
ing proliferation, apoptosis, and differentiation
depending on the cell type and stimulation context
[Siegel andMassague, 2003]. For instance, TGF-b
causes epithelial cells to undergo growth arrest
and apoptosis, responses which suppress carcino-
genesis, whereas it can also induce epithelial-
mesenchymal transition (EMT) and mediate
fibroblast activation, responses implicated in
promoting carcinogenesis and fibrotic diseases
[Siegel and Massague, 2003]. Interestingly, TGF-
b induces all of these responses via the same type I
and II receptors and the same Smad proteins. The
diversity of cellular responses to TGF-bhas been a
driving force for identifying additional complexity
to TGF-b signaling. Not surprisingly, our model
of TGF-b signaling has dramatically increased
in complexity from the simple receptor-Smad-
gene regulation model. Knowledge of the TGF-b
signaling pathways which mediate particular
cellular responses will allow for the development
of therapeutics which target certain TGF-b
responses but not others. In this article, we will
review the current models of TGF-b signaling in
epithelial cells and fibroblasts with a focus on
understanding how the same growth factor and
receptor can induce such different responses. We
hope this article will provide a framework for
future investigation into these importantsignaling
proteins.

CANONICAL RECEPTOR-Smad
SIGNALING PATHWAY

The TGF-b superfamily members utilize a
variety of type I and type II receptors. There
are seven known mammalian type I receptors
termed ALK1-7 (activin receptor-like kinase)
and five type II receptors. TGF-b utilizes ALK5
and TbR-II receptors in the vast majority of

cell types. There are additional receptors for
TGF-b including the type III (TbR-III) and type
V (TbR-V). TbR-III, also knownas betaglycan, is
a proteoglycan containing glycoprotein that
functions as a co-receptor by presenting ligand
to TbR-II [Blobe et al., 2001; Eickelberg
et al., 2002]. TbR-V, also known as IGFBP-3R
or LRP-1, is a receptor for TGF-b and IGFBP-3
and is co-expressed with TbR-I, TbR-II, and
TbR-III in most cell types [O’Grady et al., 1991,
1992; Leal et al., 1997, 1999; Liu et al., 1997;
Huang et al., 2003]. An additional layer of
complexity is provided by ligand traps, proteins
which regulate the accessibility of TGF-b for its
cognate receptors [Shi and Massagué, 2003].
As mentioned above, the best characterized
mechanism whereby TGF-b initiates signal
transduction is via ALK5-mediated activation
of the Smad proteins. There are eight Smad
proteins in mammals that can be grouped into
three classes based on function: the receptor-
activated Smads (R-Smads: Smad1, 2, 3, 5, and
8), the Common mediator Smad (Co-Smad:
Smad4), and the Inhibitory Smads (I-Smads:
Smad6 and 7). It is generally accepted that
the TGF-b/Activin/Nodal subfamily activates
Smad2 and 3 whereas the BMP/GDF/MIS
subfamily functions through Smad1, 5, and 8.
However, there are exceptions to this classi-
fication. For instance, in endothelial cells TGF-b
can induce phosphorylation of Smad1/5 and
Smad2 via utilization of ALK1 and ALK5,
respectively [Goumans et al., 2002]. While it
is unclear whether similar mechanisms are
operative in other cell types, the ultimate
determinant of which R-Smads are activated is
dependent upon the type I receptor utilized, and
more specifically, a region within the type I
receptor referred to as the L45 loop [Feng and
Derynck, 1997; Chen et al., 1998; Persson et al.,
1998].

Upon ligand binding, the type I receptor
directly phosphorylates R-Smads on the
C-terminal Ser-Ser-X-Ser (SSXS) motif. This
phosphorylation is facilitated by other proteins
including SARA (Smad anchor for receptor
activation) and HRS/HGS (hepatocyte growth
factor-regulated tyrosine kinase substrate)
[Tsukazaki et al., 1998; Miura et al., 2000].
Both SARA and HRS/HGS contain the phos-
pholipid binding FYVE domain and function as
adaptors to aid in recruitment of Smad2 and
3 to the TGF-b receptor complex. In addition to
SARA andHRS/HGS, cPML is another recently
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identified adaptor that promotes ALK5
mediated R-Smad phosphorylation [Lin et al.,
2004]. In addition to the need for adaptor
proteins to generate the active receptor
complex, R-Smad phosphorylation is coupled
to TGF-b receptor internalization [Hayes et al.,
2002; Penheiter et al., 2002; Le Roy, 2005, p.
2529]. Understanding the relation of R-Smad
activation and receptor endocytic activity is
critical as it directly impacts on defining
potential targets for pathologies resulting from
diminished/enhanced TGF-b signaling.
Once phosphorylated, theR-Smads dissociate

from the receptor/SARA complex and form an
oligomeric complex with Smad4 whereupon
they translocate to the nucleus and interact
with Smad binding elements (SBE: GTCT) or
GC-rich sequences present in certain promoters
[Shi et al., 1998; Zawel et al., 1998; Ishida et al.,
2000]. SBEs are often adjacent to binding
sites for other transcription factors and Smad
proteins have been shown to cooperate with a
wide variety of transcription factors to regulate
gene expression [Massagué et al., 2005]. How-
ever, this canonical model has been challenged
by various studies. For instance, there is
evidence that SARA is not required for Smad3
activation [Goto et al., 2001]. A mutant Smad3
which is incapable of binding to SARA retains
its ability to be phosphorylated by ALK5,
oligomerize with Smad4, shuttle to the nucleus,
and regulate transcription [Goto et al., 2001]. In
addition, homo-oligomers of type I and type II
receptors have been identified in both the
absence or presence of ligand [Henis et al.,
1994; Gilboa et al., 1998]. Finally, Levy andHill
have demonstrated that a subset of Smad-
dependent TGF-b target genes do not require
Smad4 [Levy and Hill, 2005]. Thus, although
themajority of Smad signaling canbeaccounted
by the aforementioned canonical model, it is
clear that there are still a number of component
and regulatory interactions to be defined.
In contrast to the R-Smads and Co-Smad, the

I-Smads (Smad6 and 7) lack the C-terminal
sites for phosphorylation by the type I receptor
and negatively regulate TGF-b signaling.
Smad7 inhibits the TGF-b/activin and BMP
pathways whereas Smad6 appears to only
inhibit the BMP pathway [Hayashi et al.,
1997; Imamura et al., 1997; Nakao et al., 1997;
Hata et al., 1998]. Smad6and7 inhibit signaling
via distinct mechanisms. Smad6 competes with
Smad4 for binding receptor phosphorylated

Smad1, thereby creating Smad1/6 complexes
unable to regulate transcription [Hata et al.,
1998]. In contrast, Smad7 competes with R-
Smads for interacting with the type I receptor
[Hayashi et al., 1997;Nakao et al., 1997]. Smad7
is also able to mediate TGF-b receptor
ubiquitination and degradation by recruiting
Smurf ubiquitin ligases [Kavsak et al., 2000;
Suzuki et al., 2002]. Interestingly, Smad6 and
7 can be upregulated by the TGF-b superfamily
members which they regulate. Smad7 expres-
sion is induced by TGF-b, activin, and BMP
signaling whereas Smad6 expression is induced
by BMP [Nakao et al., 1997; Afrakhte et al.,
1998; Ishisaki et al., 1998; Ishida et al., 2000;
Benchabane and Wrana, 2003]. These studies
demonstrate how TGF-b superfamily signaling
requires the integration of both positive and
negative signals for appropriate cellular
responses.

THE ANTI-TUMOR RESPONSE

Growth Arrest and Apoptosis

One of the most well characterized cellular
responses to TGF-b is growth arrest. TGF-b is
able to induce growth arrest in a variety of cell
types including epithelial, endothelial, hema-
topoietic, neural, and certain types of mesen-
chymal cells. TGF-b stimulation can induce
signaling at any stage in the cell cycle but only
induces arrest at G1 [Massague and Gomis,
2006]. TGF-b stimulation of epithelial cells has
been shown to induce a G1 cell cycle arrest by
activating various anti-proliferative responses
such as the transcriptional upregulation of
the cyclin-dependent kinase (CDK) inhibitors
p21Cip1/WAF1 and p15Ink4b [Hannon and Beach,
1994; Datto et al., 1995]. The upregulation of
these cell cycle inhibitors is dependent on
Smads as well as the FoxO transcription factors
[Seoane et al., 2004; Gomis et al., 2006a,b].
FoxO transcription factors belong to the
large family of Forkhead transcription factors
which have been shown to be critical for
numerous cellular processes including meta-
bolism, cell division, and cell survival [Wijchers
et al., 2006]. TGF-b induction of p21CIP1/WAF1 in
epithelial cells requires the formation of a
Smad-FoxO complexwhereas p15INK4b requires
the formation of a Smad-FoxO-C/EBPb complex
[Seoane et al., 2004; Gomis et al., 2006b].
Along with inducing the upregulation of CDK
inhibitors, TGF-b also induces downregulation
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of cdc25A, a phosphatase that removes inhibi-
tory phosphoryl groups from CDKs [Iavarone
and Massague, 1997; Iavarone and Massague,
1999].

In addition to regulating the activity of CDK
complexes in cycling epithelial cells, TGF-b
causes transcriptional repression of the pro-
growth transcription factor c-Myc and the
inhibitors of differentiation Id1, Id2, and Id3
[Pietenpol et al., 1990; Alexandrow et al., 1995;
Kang et al., 2003; Siegel and Massague, 2003].
TGF-b mediated transcriptional repression of
c-Myc and Id1 is Smad-dependent, though
different Smad co-factors are utilized to repress
the expression of these two genes. For instance,
c-Myc repression requires formation of a
Smad-E2F4/5-C/EBPb transcriptional complex
on a TGF-b inhibitory element (TIE) within the
c-Myc promoter [Chen et al., 2001; Gomis et al.,
2006b]. Interestingly, TGF-b mediated down-
regulation of c-Myc is required for TGF-b
induced p15INK4b upregulation [Warner et al.,
1999; Massagué et al., 2000]. This process
involves the transcription factor Miz-1 which
associates with the transcription initiator
element within the p15INK4b gene [Seoane
et al., 2001; Staller et al., 2001]. c-Myc and its
binding partner Max associate with Miz-1 and
prevent recruitment of the co-activator CBP/
p300.Upon initiation ofTGF-b signaling, Smad-
mediated downregulation of c-Myc liberates
Miz-1 and allows it to associate with Smad3/4
complexes which recognize a SBE within the
p15INK4b promoter. TGF-b also induces Sp1
recruitment to the p15INK4b promoter via
Smad4 which collaborates with Miz-1 to induce
transcription of p15INK4b [Seoane et al., 2001;
Staller et al., 2001]. On the other hand, tran-
scriptional repression of Id1 requires the trans-
criptional repressor ATF3 which complexes
with Smad proteins. ATF3 itself is upregulated
in a Smad-dependent manner and thus a
similar two-step mechanism is required for Id1
repression [Kang et al., 2003].

In addition to Smad-dependent induction
of growth arrest in epithelial cells, TGF-b
also activates non-Smad pathways that inhibit
proliferation. ALK5has been shown to associate
with the Ba subunit of phosphatase 2A (PP2A)
[Griswold-Prenner et al., 1998]. In EpH4
polarized mammary epithelial cells, TGF-b
stimulation leads to PP2A mediated dephos-
phorylation and inactivation of the serine/
threonine kinase p70 S6K, a known regulator

of ribosome biogenesis and cell growth
[Petritsch et al., 2000]. As such, both the
Smad and PP2A pathways need to be overcome
to prevent growth inhibition in response to
TGF-b [Petritsch et al., 2000]. It would not be
unexpected to see this paradigm extended to
numerous aspects of TGF-b action.

AlongwithALK5andTbR-IImediated signals
leading to growth arrest, there is evidence that
the TGF-b type V receptor (TbR-V) also plays a
role in inducing growth inhibition of epithelial
cells [Liu et al., 1997; Huang et al., 2003; Tseng
et al., 2004]. TbR-V exhibits Ser/Thr kinase
activity and has been shown to complex with
ALK5 upon TGF-b treatment [Liu et al., 1994;
Liu et al., 1997]. CHO cells lacking TbR-V
do not exhibit growth inhibition in response to
TGF-bwhile reintroduction of TbR-V can rescue
the response [Tseng et al., 2004]. TbR-V also
mediates growth inhibition in response to
IGFBP-3 which involves dephosphorylation of
the insulin receptor substrate (IRS) proteins,
well characterized adaptor proteins that
mediate insulin and insulin-like growth factor
receptor signaling [Huang et al., 2004]. Murine
32D myeloid cells, which lack endogeneous
IRS proteins, do not exhibit growth inhibition
in response to IGFBP-3 but stable transfection
of IRS-1 or IRS-2 confers sensitivity to growth
inhibition [Huang et al., 2004]. While these
studies suggest that TbR-V plays a role in
TGF-b-dependent growth arrest, the precise
mechanism remains unclear.

In addition to inducing epithelial cell growth
arrest, TGF-b has been shown to induce a
number of pro-apoptotic responses [Siegel and
Massague, 2003]. The role of Smad proteins in
TGF-b mediated apoptosis is well documented.
For instance, in gastric carcinoma cells TGF-b
induces caspase-8 activation via Smad3 up-
regulation of the Fas receptor [Kim et al., 2004],
while in hepatoma cells, Smads have been
shown to transcriptionally induce death asso-
ciatedproteinkinase (DAPK) [Janget al., 2002].
In addition, several studies have suggested
that PI3K-Akt signaling may regulate TGF-b
mediated apoptosis by modulating Smad
activation. One proposed mechanism has Akt
binding and sequestering Smad3 from the
transcriptional machinery [Conery et al., 2004;
Remy et al., 2004]. In contrast, a more
recent study suggests that Akt inhibits Smad3
function and subsequent apoptosis not via direct
association, but by activating mammalian

596 Rahimi and Leof



Target of Rapamycin (mTOR) [Song et al.,
2006]. Moreover, there is evidence that an
upstream activator of Akt, phosphoinositide-
dependent kinase 1 (PDK1), inhibits Smad
function and TGF-b mediated apoptosis [Seong
et al., 2007]. It is clear that a number of players
in the PI3K-Akt pathway regulate TGF-b
mediated apoptosis in various cell types. Addi-
tional studies are required to determine which
of these mechanisms play a predominant role
in vivo.
Anothermechanismwhereby TGF-bmediates

apoptosis is by regulating the expression of Bcl-2
family members [Motyl et al., 1998; Francis
et al., 2000; Chipuk et al., 2001; Ohgushi et al.,
2005; Yano et al., 2006; Ramjaun et al., 2007].
The Bcl-2 family consists of at least 17 proteins
which can be grouped as either pro-apoptotic or
anti-apoptotic [Adams and Cory, 2007]. The
relative expression of pro-apoptotic and anti-
apoptotic members determines the eventual
cellular outcome. For instance, in prostate
cancer cells, TGF-b downregulates Bcl-xL, an
anti-apoptotic Bcl-2 family member, and cells
stably overexpressing Bcl-xL exhibit resistance
to TGF-b induced apoptosis but not growth
arrest [Chipuk et al., 2001]. In addition, TGF-b
induces upregulation of the pro-apoptotic BH3-
only proteins Bim and Bmf via a Smad4- and
p38-dependent mechanism also requiring the
transcription factor RUNX3 [Ohgushi et al.,
2005; Yano et al., 2006; Ramjaun et al., 2007].
RUNX3 recognizes binding sites within the Bim
promoter and Runx3�/� as well as Bim�/�
gastric epithelial cells exhibit reduced TGF-b
induced apoptosis compared to wild-type cells
despite similar expression of TGF-b receptors
[Yano et al., 2006]. Clearly, Smad proteins
can mediate apoptosis via a variety of mecha-
nisms including transcriptionally upregulating
pro-apoptotic proteins and downregulating
pro- survival proteins. However, there also is
evidence that theSmadproteinsarenot required
for TGF-bmediated apoptosis.
Several non-Smad pathways mediating

TGF-b apoptosis have been identified. Themost
well characterized of these pathways include
the MAP kinase members JNK and p38.
Interestingly, TbR-II has an additional role in
TGF-b mediated JNK signaling aside from its
well established function in ALK5 activation.
TbR-II interacts with the pro-apoptotic adaptor
protein Daxx which upon TGF-b treatment
leads to Daxx phosphorylation by HIPK2 and

activation of the MAP kinase kinases MKK4
and 7, resulting in JNK-dependent apoptosis
[Perlman et al., 2001; Hofmann et al., 2003].
In addition, TGF-b can activate p38 and
JNK via the MAPKKK family member TGF-b-
activated kinase 1 (TAK1) [Yamaguchi et al.,
1995]. Although themechanism remains poorly
defined, there is evidence that the TGF-b
receptor complex activates TAK1 via HPK1
and TAB1 [Shibuya et al., 1996; Wang et al.,
1997].

Numerous studies have shown that TGF-b
induces a large number of tumor suppressive
signaling events in epithelial cells via both
Smad and non-Smad pathways (Figs. 1 and 2).
The importance of understandingTGF-b signal-
ing in epithelia is underscored by the con-
siderable evidence that these pathways can be
subverted during oncogenesis. For instance,
brain tumor progression to advanced stages is
associatedwith loss of TGF-b cytostasiswhich is
mediated in part by the expression of FoxG1,
anSmad-FoxOantagonist, and enhancedPI3K-
Akt signaling [Seoane et al., 2004]. Also,
metastatic breast cancer cells which exhibit
evasionof theTGF-b cytostatic programexpress
high levels of the C/EBPb inhibitory isoform
LIP and are unable to downregulate c-Myc
expression [Chen et al., 2001; Gomis et al.,
2006b]. Future investigations will undoubtedly
reveal additional layers of regulatory com-
plexity as well as entirely new pathways
whereby TGF-b modulates epithelial cell bio-
logy and shed more light on the mechanisms
cancer cells utilize to evade TGF-b growth
inhibition.

THE ONCOGENIC AND
FIBROGENIC RESPONSE

Epithelial-Mesenchymal Transition (EMT)

During the process of carcinogenesis, cells
often lose the anti-proliferative or apoptotic
response to TGF-b. Moreover, during the
advanced stages of carcinogenesis, TGF-b (as
well as other superfamily members) has been
shown to induce a type of transdifferentiation
termed EMT. The hallmarks of EMT include
the disruption of cell–cell and cell–matrix
interactions, degradation of the surrounding
ECM, and actin reorganization whereby the
cell becomes more migratory. While EMT is a
normal physiological process necessary for
proper development, the pathologic induction
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of EMT is associatedwith carcinomametastasis
and fibrotic diseases [Condeelis and Segall,
2003; Gotzmann et al., 2004; Lee et al., 2006;
Radisky et al., 2007]. Once cancer cells acquire
a capacity to evade the tumor suppression of
TGF-b and induce EMT, there is a selective
advantage for the cancer cells to produce and/
or activate TGF-b and further promote the
carcinogenic process by activating fibroblasts
in the surrounding stroma and inhibiting anti-
tumor immune responses. As such, understand-
ing the signaling pathways regulating EMT is
critical.

A number of studies have shown that Smad
proteins are required for TGF-bmediated EMT.
A mutant TGF-b type I receptor (ALK5) that is
unable to bind Smads, but retains MAPK
signaling fails to induce EMT [Yu et al., 2002;
Itoh et al., 2003]. Similarly, Smads have been
shown to be required for TGF-b mediated EMT
both in vitro and in vivo [Oft et al., 2002; Li
et al., 2003; Saika et al., 2004; Tian et al., 2004;

Valcourt et al., 2005]. For instance, Smad3
has been shown to upregulate the zinc-finger
transcription factor Snail, which represses
the transcription of E-cadherin [Cho et al.,
2007]. Interestingly, in prostate cancer cells
TGF-b induces actin cytoskeleton rearrange-
ment via Smad7 mediated activation of Cdc42
[Edlund et al., 2004]. While the mechanism
whereby Smad7 regulates Cdc42 is unclear,
this is further evidence that the I-Smads may
have broader functions than TGF-b signaling
attenuation.

However, as is common in the TGF-b field,
there are studies which have generated alter-
native conclusions. For instance, reduction of
Smad4 expression via RNA interference in
human keritinocytes and pancreatic cancer
cells reveals that Smad4 is required for TGF-b
mediated growth arrest and migration, but not
for EMT [Levy and Hill, 2005]. This result is
consistent with the reports showing that TGF-b
mediated upregulation of the EMT promoting

Fig. 1. TGF-b signaling mediating growth arrest of epithelial
cells. TGF-b (red diamonds) mediates oligomerization of TbR-II
(gray) and ALK5 (black) resulting in TbR-II phosphorylating
and activating ALK5. Activated ALK5 phosphorylates Smad2
and 3 which oligomerize with Smad4. The Smad complexes
collaborate with other transcription factors including FoxO,

ATF3, E2F4/5, and C/EBPb to transcriptionally regulate genes
critical in cell cycle progression. In addition, the TbR-II/ALK5
complex can cause growth arrest via the Smad-independent
pathway involving dephosphorylation of p70 S6K via the
recruitment of PP2A. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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transcription factor Snail is independent of
Smad4 [Peinado et al., 2003; Medici et al.,
2006]. However, several other studies have
demonstrated a requirement for Smad4 in
TGF-b mediated EMT [Valcourt et al., 2005;
Medici et al., 2006]. While this may simply
reflect the myriad of potential mechanisms by
which different cell types induce EMT, further
investigation of these processes is critical as
they provide potential targets for therapeutic
intervention.
In addition to the Smad requirement for

EMT, a number of non-Smad pathways have
also been shown to be necessary. In epithelial
cells, ALK5 has been shown to interact with
the tight junction protein Par6 [Ozdamar
et al., 2005]. Par6 phosphorylation by TbR-II
regulates tight junction integrity via recruiting
the ubiquitin ligase Smurf1, subsequently
resulting in ubiquitination and degradation of
RhoA GTPase and tight junction dissolution
[Ozdamar et al., 2005]. This studydemonstrates
a number of important findings. First, previous

work on EMT has primarily focused on the
mechanisms of adherens junction dissolution,
but much less is known regarding the dis-
assembly of tight junctions; second, the identi-
fication of Par6 as a substrate for TbR-II
provides an additional target downstream
of the TGF-b receptor complex; and third, a
potential mechanism integrating the proposed
scaffolding function of Par6 with an important
biological response to TGF-b is defined.
Whether TbR-II has additional substrates that
play a role in EMT remains unclear, as does
the potential mechanisms regulating TbR-II
substrate accessibility.

Additional non-Smad pathways have been
shown to be critical forEMT including activation
of ERK and PI3K signaling [Bakin et al., 2000;
Peinado et al., 2003; Medici et al., 2006; Cho
et al., 2007; Wang et al., 2007]. TGF-b induced
ERK and PI3K activation has been shown to
upregulate Snail expression [Carver et al., 2001;
Peinado et al., 2003]. Furthermore, PI3K-Akt
signalingpromotesEMTbyAktphosphorylation

Fig. 2. TGF-b signaling mediating apoptosis of epithelial cells. Activated R-Smads collaborate with other
transcription factors to transcriptionally regulate genes critical to cell survival including Bim, Bmf, Fas, and
DAPK. Furthermore, the TbR-II/ALK5 complex activates a number of non-Smad pathways such as JNK and
p38 which can cause apoptosis in the absence of Smad signaling. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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and inactivation of GSK-3b which allows for
formation of LEF-1/b-Catenin complexes and
upregulation of EMT promoting genes [Medici
et al., 2006]. Similarly, Wang et al. have shown
that the metastasis-associated phosphatase
PRL-3 can promote EMT by downregulating
the PI3K negative regulator PTEN [Wang et al.,
2007]. These studies demonstrate that ERK and
PI3K signaling plays an important role in
determining the epithelial response to TGF-b.
However, it is currently unclear how the TGF-b
receptor complex couples to Ras and PI3K. The
TbR-II receptor has been reported to interact
constitutively with the p85 subunit of PI3K
and TGF-b stimulation induces an association
with ALK5 [Yi et al., 2005]. However, this
interaction was determined to be indirect and
the adaptor(s) utilized to couple the receptor
complex to p85 is unknown [Yi et al., 2005].
While much progress has been made in under-
standing the Smad and non-Smad pathways
required for EMT (Fig. 3), defining additional
regulatory mechanisms whereby an epithelial

cell growth inhibitor induces the transdif-
ferentiation to a more aggressive mesenchymal
phenotype is fundamental.

Fibroblast Activation

TGF-b was originally identified for its ability
to induce anchroage-independent growth of
non-neoplastic rat kidney fibroblasts and
murine AKR-2B fibroblasts [DeLarco and
Todaro, 1978; Moses et al., 1981; Anzano et al.,
1983]. The subsequent discovery that TGF-b
induces growth arrest of most cell types includ-
ing epithelial, endothelial, hematopoietic,
and neural cells suggested that the initial
pro-growth response in fibroblasts may not
have been a bona fide physiological response.
In addition, TGF-b induces growth arrest of
primary mouse embryonic fibroblasts [Datto
et al., 1999]. However, a number of studies have
demonstrated that fibroblasts isolated from
adult organisms do not growth arrest, but
instead proliferate in response to TGF-b [Kay

Fig. 3. TGF-b signaling mediating epithelial-to-mesenchymal transition (EMT). Activated R-Smads
transcriptionally regulate genes which play an important role in EMT such as Snail and LEF-1. In addition,
Smad7 can cause activation of Cdc42 independent of its ability to attenuate receptor activation of R-Smads.
Finally, TGF-b activates non-Smadpathways such as Ras andPI3K aswell as Par6whichplay important roles
in promoting EMT. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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et al., 1998; Dkhissi et al., 1999; Strutz et al.,
2001; Khalil et al., 2005; Pelaia et al., 2007].
Along with mediating fibroblast proliferation,
TGF-b also induces fibroblasts to differentiate
into myofibroblasts, which have been shown to
be present in areas of fibrosis and appear to be
key mediators of ECM production in vivo
[Kuhn and McDonald, 1991; Phan, 2002].
Thismorphological transformation tomyofibro-
blasts is associated with upregulation of the
smooth muscle isoform of a-actin (a-SMA) and
the reorganization of the actin cytoskeleton,
resulting in a spindle shape morphology [Sime
et al., 1997]. Numerous studies have demon-
strated that TGF-b is one of the most, if not
primary, pro-fibrotic cytokine in vivo [George
et al., 1999; Qi et al., 1999; Nakamura et al.,
2000; Ueno et al., 2000; Bissell, 2001; Flanders,
2004]. Adenoviral or IL-13 mediated over-
expression ofTGF-b induces severe lungfibrosis
in animal models [Sime et al., 1997; Lee et al.,
2001]. Furthermore, administration of TGF-b
neutralizing antibodies has been shown to
prevent skin and lung fibrosis in a murine
scleroderma model and soluble TGF-b type II
receptor attenuates bleomycin-induced lung
fibrosis as well as injury-induced liver fibrosis
[George et al., 1999; McCormick et al., 1999;
Wanget al., 1999]. These studiesunderscore the
critical role of TGF-b in organ fibrosis, and
therefore make the signaling pathways acti-
vated by this cytokine potential therapeutic
targets.
The role of Smad signaling in TGF-b driven

fibrosis has been demonstrated using Smad3
null mice which are resistant to TGF-b medi-
ated pulmonary fibrosis [Bonniaud et al., 2004].
Interestingly, these mice also develop increas-
ed lung spaces and emphysema [Bonniaud
et al., 2004]. This study, demonstrating the
importance of Smad proteins in the fibroblast
response to TGF-b, has been complemented by a
number of in vitro studies. Overexpression
of Smad proteins induces upregulation of
a-SMA, actin cytoskeleton reorganization, and
morphological transformation of fibroblasts
independent of TGF-b [Evans et al., 2003; Hu
et al., 2003]. These results are consistent with
studies demonstrating that a constitutively
activate ALK5 causes actin stress fiber forma-
tion in fibroblasts while a constitutively active
receptor with a mutant L45 loop unable to
associate with Smads has no effect [Vardouli
et al., 2005]. Similarly, several studies have

demonstrated a role of R-Smads in TGF-b
mediated regulation of ECM components.
For instance, TGF-b stimulated a2(I)-collagen
expression occurs via cooperation between
Smad3/4, Sp1, CBP/p300, and Egr-1 [Ghosh
et al., 2000; Zhang et al., 2000; Chen et al.,
2006]. In addition, upregulation of the ECM
glycoprotein Tenascin-C has been shown to
require Smad3 as well as the transcription
factors Sp1, Ets1, and CBP/p300 [Jinnin et al.,
2004]. Finally, TGF-b represses expression
of matrix metalloproteinase-1 (MMP-1) via
Smad3/4 with dominant negative Smad3 or
4 mutants abrogating this response [Yuan and
Varga, 2001]. While the R-Smads are clearly
critical for increased matrix deposition in
response to TGF-b, whether they are dif-
ferentially regulated in epithelial cells and
fibroblasts is unclear.

Given that activation of R-Smads occur in all
cell types stimulatedbyTGF-b, inhibition of these
proteins indiseasestates is likely tohaveavariety
of undesirable side effects. One approach to this
problemwould be to identify non-Smadpathways
which are activated in a cell type specificmanner.
In that regard, recent studies have identified a
number of distinct non-Smad pathways required
for the fibroblast response to TGF-b. TGF-b
activates p21 activated kinase 2 (PAK2) and Akt
in fibroblasts but not epithelial cells indepen-
dently of Smad proteins [Wilkes et al., 2003;
Wilkes et al., 2005]. Although TGF-b mediates
PAK2andAktactivationviaPI3K,PAK2andAkt
are independently regulated by PI3K [Wilkes
et al., 2005]. While the targets downstream of
Akt have not as yet been identified, pharmaco-
logical inhibition of PI3K or expression of a
dominant negative PAK2 prevents TGF-b
mediated fibroblast proliferation and morpho-
logical transformation [Wilkes et al., 2005].More-
over, one of the critical effectors downstream of
PAK2 is the non-receptor tyrosine kinase c-Abl
[Plattner et al., 2003; Wilkes and Leof, 2006].
As TGF-b was shown to stimulate c-Abl
kinase activity independent of Platelet derived
growth factor (PDGF) and the c-Abl inhibitor
Imatinib/ Gleevec attenuated bleomycin-induced
lung fibrosis and ureter obstruction induced
kidney fibrosis [Daniels et al., 2004; Wang
et al., 2005], these preclinical findings have been
extended to a Phase II clinical trial testing
the efficacy of imatinib versus placebo for the
treatment of idiopathic pulmonary fibrosis (http://
clinicaltrials.gov/ct/show/NCT00131274?order¼1).
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In addition to directly modulating the fibro-
blast response, TGF-b also induces the expres-
sion of other pro-fibrotic cytokines via both
Smad and non-Smad pathways. TGF-b upregu-
lates connective tissue growth factor (CTGF)
which is known to induce fibroblast prolifera-
tion and ECM production [Moussad and
Brigstock, 2000]. Induction of CTGF requires
Smad3/4 which recognize a SBE within the
CTGF promoter [Holmes et al., 2001]. TGF-b
has also been shown to increase the expression
of the peptide endothelin-1 (ET-1) through a
Smad-independent, JNK-AP1-dependent path-
way [Shi-Wen et al., 2006]. Interestingly, ET-1
itself activates JNK via TAK1, suggesting that
TGF-b stimulation of fibroblasts may lead to an
ET-1 autocrine loop that further promotes ECM
production [Shi-Wen et al., 2006]. In addition to
these cytokines, TGF-b also transcriptionally

induces PDGF and Fibroblast growth factor-2
(FGF-2) [Leof et al., 1986; Strutz et al., 2001;
Khalil et al., 2005]. While the precise mecha-
nism(s) whereby TGF-b increases the expres-
sion of a number of pro-fibrotic mediators is
unclear, these findings are consistent with its
role as a critical regulator of fibrosis in vivo and
underscore the importance of understanding
cytokine crosstalk. Figure 4 is a schematic
summary of TGF-b signaling in fibroblasts.

CONCLUDING REMARKS

Over the last several years, a great deal of
progress has beenmade in our understanding of
the signal transduction pathways that mediate
the various cellular responses to TGF-b. It
is now clear that the integration of Smad
and non-Smad signaling pathways determines

Fig. 4. TGF-b signaling mediating fibroblast activation. Activated R-Smads transcriptionally upregulate
aSMA which is associated with myofibroblast differentiation. Activated Smad3 and 4 collaborate with
transcription factors Sp1 and CBP/p300 to induce production of extracellular matrix components
a2(I)collagen and TenascinC. Smad3 and 4 also upregulate the cytokine CTGF which promotes fibroblast
activation. The TbR-II/ALK5 complex activates a number of non-Smad pathways such as PI3K-Akt and
PI3K-PAK2-c-Ablwhich promote fibroblast proliferation andmyofibroblast differentiation. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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the cellular responses to TGF-b. Moreover, the
realization that Smad2 and Smad3 can execute
different functions and may be distinctly
regulated has further increased the complexity
of TGF-b signaling [Brown et al., 2007]. For
instance, Smad3, but not Smad2, associates
with FoxO transcription factors and ATF3
to regulate p21Cip1/WAF1 and Id1 expression,
respectively [Kang et al., 2003; Seoane et al.,
2004]. In addition, E1A-like inhibitor of dif-
ferentiation (EID-2), which attenuates TGF-b
mediated upregulation of the CDK inhibitors
p21Cip1/WAF1 and p15Ink4b, preferentially binds
Smad3and inhibitsSmad3/4 complex formation
but not Smad2/4 complex formation [Lee et al.,
2004]. For a review on the differential regula-
tion and function of Smad2 and Smad3 see
[Brown et al., 2007]. It will be interesting to
determine if these Smad regulatory mecha-
nisms are cell type specific or influence the
particular epithelial response to TGF-b.
The mechanisms regulating non-Smad path-

ways also require additional elucidation. Of
primary interest is the relation between TGF-b
and PI3K-Akt. Though PI3K-Akt signaling has
been implicated in promoting EMT, recent
evidence indicates that PI3K-Akt activation
by TGF-b primarily occurs in fibroblasts, not
epithelia [Wilkes et al., 2005]. As many of
TGF-b0s cytostatic responses require FoxO
transcription factors which are known to be
inhibited by Akt via direct phosphorylation
[Greer and Brunet, 2005], PI3K activation
may be a critical factor in determining the
cellular response to TGF-b. In that regard,
while phosphotyrosine mediated engagement
of the SH2 domains within the p85 regulatory
subunit of PI3K is a commonmeans for receptor
tyrosine kinase activation of PI3K, how TGF-b
receptor Ser/Thr kinase activity leads to PI3K
activity remains unclear. Since PI3K appears
to have a central role in TGF-b mediated
proliferation, apoptosis, growth arrest, and/or
EMT, defining the mechanism(s) and cell con-
text of TGF-b receptor-p85 coupling is essential.
It is an exciting time for the TGF-b signaling

field. Our current models lead to a number of
interesting questions, the answers to which
will reveal in greater detail the mechanisms
underlying critical cellular responses to TGF-b,
and hopefully lead to the development of more
effective therapeutics for a number of human
diseases.
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