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Abstract

Transforming growth factor-β (TGF-β) is a secreted polypeptide that signals via receptor serine/threonine kinases and intracellular Smad
effectors. TGF-β inhibits proliferation and induces apoptosis in various cell types, and accumulation of loss-of-function mutations in the TGF-β
receptor or Smad genes classify the pathway as a tumor suppressor in humans. In addition, various oncogenic pathways directly inactivate the
TGF-β receptor-Smad pathway, thus favoring tumor growth. On the other hand, all human tumors overproduce TGF-β whose autocrine and
paracrine actions promote tumor cell invasiveness and metastasis. Accordingly, TGF-β induces epithelial–mesenchymal transition, a
differentiation switch that is required for transitory invasiveness of carcinoma cells. Tumor-derived TGF-β acting on stromal fibroblasts remodels
the tumor matrix and induces expression of mitogenic signals towards the carcinoma cells, and upon acting on endothelial cells and pericytes,
TGF-β regulates angiogenesis. Finally, TGF-β suppresses proliferation and differentiation of lymphocytes including cytolytic T cells, natural
killer cells and macrophages, thus preventing immune surveillance of the developing tumor. Current clinical approaches aim at establishing novel
cancer drugs whose mechanisms target the TGF-β pathway. In conclusion, TGF-β signaling is intimately implicated in tumor development and
contributes to all cardinal features of tumor cell biology.
© 2006 Elsevier B.V. All rights reserved.
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1. How does TGF-β work?

1.1. TGF-β, a secreted cytokine with opposing modes of action

Transforming growth factor-β (TGF-β) was discovered as a
secreted polypeptide factor from chemically or virally trans-
formed fibroblasts that could elicit transformation of normal
fibroblasts in classical in vitro assays [1,2]. Soon after its
discovery, TGF-β was found to also act as an inhibitor of cell
proliferation, thus establishing a dual role of TGF-β in cell
growth control, which is cell type-dependent [3,4]. Similar to
the dual role TGF-β plays in regulating cell proliferation, this
growth factor was rapidly established to affect a large variety of
cellular processes during embryonic development and adult
tissue homeostasis, and the action of TGF-β in one target cell
type or developmental stage was frequently reported to be the
opposite in a neighboring cell type or a subsequent develop-
mental stage [5]. This intriguing feature of TGF-β biology is
well established even in the field of cancer research. TGF-β is
known to act as a tumor suppressor in early stages of
tumorigenesis, but it can also promote advanced tumor cell
invasiveness and metastasis [6,7].

1.2. Relevance of TGF-β to the six cardinal features of cancer
biology

The complex roles TGF-β plays during cancer progression
make this polypeptide factor and its signaling pathway become
involved in essentially all six cardinal changes of normal cell
physiology that characterize cancer cells [8]. Accordingly,
TGF-β indirectly promotes self-sufficiency to growth signals,
as it is over-produced by cancer cells and induces production of
several mitogenic factors such as hepatocyte growth factor/
scatter factor (HGF/SF) or platelet derived growth factor
(PDGF) in the tumor stroma [9]. The TGF-β pathway is
targeted by loss-of-function mutations in various human
cancers, thus relieving tumor cell growth from a major
cytostatic agent and an inducer of apoptosis of diverse cell
types [10]. TGF-β also protects the genome from harmful
recombination and suppresses telomerase activity, offering
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another reason why tumor cells inactivate its signaling pathway
[11]. Finally, via an array of cellular mechanisms, TGF-β
signals to the tumor stromal environment, by targeting
fibroblasts, myofibroblasts, the vasculature and surveilling
immune cells, thus promoting tumor cell survival, invasiveness,
angiogenesis and metastasis in advanced cancer stages
(reviewed in [12]). The elucidation of mechanisms by which
TGF-β regulates the function of the diverse set of cells that
participate in tumor development is progressing rapidly [13–
15], thus offering novel territories for pharmaceutical
intervention.

1.3. The signaling pathway: Smads and alternative signaling
inputs

1.3.1. TGF-β and its receptors
TGF-β is the prototype of 34-some extracellular ligands that

form the TGF-β superfamily of morphogenetic factors,
additionally including bone morphogenetic proteins (BMPs),
growth differentiation factors (GDFs), müllerian inhibiting
substance (MIS), activins and others [16,17]. All these
cytokines regulate cell proliferation, apoptosis, differentiation
and migration and each ligand presents unique features of
action, while they all share a common machinery to transmit
intracellular signals. In this review we primarily discuss TGF-β,
which is represented by three isoforms, TGF-β1, -β2 and -β3,
and wherever possible, we refer to other members of the
superfamily.

TGF-β is secreted as an inactive latent disulfide-linked
homodimeric polypeptide that is bound to other extracellular
proteins such as latent TGF-β binding proteins (LTBPs) that
tether the ligand in the extracellular matrix (reviewed in
[18,19]). The mature, bioactive ligand that consists of the
processed C-terminal homodimeric polypeptide is produced
upon proteolytic cleavage of the latent complex. Recently, it has
been postulated that interactions between the latent TGF-β with
thrombospondin or integrin receptors might possibly exert
direct physical forces on the latent complex in order to release
mature TGF-β [18].

The mature ligand binds directly to the protein core of a
transmembrane proteoglycan receptor, β-glycan or TGF-β type
III receptor (reviewed in [16,20]). β-glycan is not expressed in
all cell types, thus revealing that the function of this co-receptor
is not absolutely necessary for TGF-β signaling, and at least in
endothelial cells, β-glycan function seems to be replaced by a
related transmembrane glycoprotein named endoglin (reviewed
in [21]). These co-receptors form complexes with the signaling
receptor serine/threonine kinases and mediate ligand presenta-
tion to them (Fig. 1). Two related receptors transmit biological
signals, the TGF-β type II receptor (TβRII) and TGF-β type I
receptor (TβRI), the latter also named activin receptor-like
kinase 5 (ALK5) (reviewed in [16,20]). TβRII and TβRI form
hetero-tetrameric complexes of two identical TβRII/TβRI
receptor heterodimers, bound to dimeric TGF-β. In the receptor
complex, upon TGF-β binding, each receptor subunit reorients
along the transmembrane domain axis in a manner that the
intracellular kinase domains of TβRII face the juxtamembrane
segments of the corresponding TβRI within each pair of
heteromeric receptors [22–24]. The end result is trans-
phosphorylation of specific serine and threonine residues in
the juxtamembrane segment of TβRI by the TβRII kinase (Fig.
1). Receptor trans-phosphorylation results in a conformational
change of TβRI so that its dormant catalytic center can be
activated (reviewed in [20]). This model of TGF-β receptor
signaling seems to apply to most other cases of receptor serine-
threonine kinases that transmit signals by various other ligands
of the large TGF-β superfamily [16]. However, in endothelial
and possibly in other cell types, a more complex scenario takes
place (reviewed in [21]). Accordingly, endothelial cells express
the accessory receptor endoglin, TβRII, TβRI and a fourth
receptor, the type I receptor named ALK1. Thus, depending on
signaling inputs from other pathways that define the prolifera-
tion and differentiation state of endothelial cells, this cell type
presents dual signaling pathways downstream of TGF-β [25].
TβRII activates TβRI, which then elicits endothelial cell cycle
arrest by activating the TGF-β branch of Smad signaling (i.e.
Smad2 and Smad3, see below). Alternatively, endoglin
promotes signaling of TβRII to TβRI and then TβRI switches
on ALK1 activity within the hetero-tetrameric complex, while
ALK1 switches off TβRI, leading to induction of endothelial
proliferation [26,27]. ALK1, in contrast to TβRI, activates the
so-called BMP branch of Smad signaling (i.e., Smad1, Smad5
and Smad8) [16]. Recent evidence points to a possible new
ligand for the ALK1 receptor, namely the bone morphogenetic
protein 9 (BMP-9) [28]. This will possibly demand re-
evaluation of the above signaling model of endothelial cells,
as for example it is formally possible that TβRI activates rapid
BMP-9 signaling via ALK1, thus making the activation of
ALK1 by TGF-β indirect. Future research in the mechanisms of
TGF-β receptor assembly and regulation is amply warranted to
examine such signaling scenarios in the context of not only
normal but also malignant cells.

1.3.2. Smad signaling
The activated TβRI phosphorylates the intracellular effector

proteins Smads, which constitute a small, evolutionarily
conserved family of signal transducers (Fig. 1) (reviewed in
[17]). Smads are modular proteins with conserved N-terminal
Mad-homology 1 (MH1), intermediate linker and C-terminal
MH2 domains. The MH1 domain participates in nuclear
localization, DNA-binding and protein–protein interactions.
The linker domain accepts regulatory phosphorylations by other
signaling kinases (e.g. mitogen activated protein kinases
(MAPKs) or cyclin-dependent kinases (CDKs)), and recruits
ubiquitin ligases that regulate Smad and TGF-β receptor half-
life. The MH2 domain is a major protein–protein interaction
domain, including phospho-serine-binding activity. The cataly-
tically active TβRI phosphorylates the C-terminal serine
residues of a subclass of Smads named R-Smads (receptor-
activated Smads), which are Smad2 and Smad3, two distinct
proteins that play non-redundant functions in eliciting the
biological effects of TGF-β. Receptor-phosphorylated R-Smads
exhibit high affinity for Smad4, also termed Co-Smad, which is
not phosphorylated by receptors but rapidly oligomerizes with



Fig. 1. TGF-β signaling by Smads. TGF-β bound to β-glycan on the cell surface is presented to the signaling TβRII/TβRI heterotetrameric receptor complex. TβRII
trans-phosphorylates TβRI, which then phosphorylates R-Smads that move to the nucleus and form complexes with the Co-Smad. The heterotrimeric Smad complex
binds to DNA and interacts with transcriptional co-factors (TF) and co-activators to regulate transcription. I-Smads and Smurfs reside in the nucleus and are exported in
response to TGF-β signaling, to form complexes with each other and with the receptor, leading to receptor ubiquitylation (Ub) and endocytosis followed by lysosomal
degradation (not shown). The I-Smad also inhibits R-Smad phosphorylation by the receptor complex.

24 K. Pardali, A. Moustakas / Biochimica et Biophysica Acta 1775 (2007) 21–62
phosphorylated Smad2 and Smad3, thus forming functional
trimeric protein complexes (Fig. 1). All monomeric Smad
proteins constantly shuttle in and out of the nucleus, but
formation of the receptor-activated R-Smad/Co-Smad com-
plexes favors their nuclear accumulation [29]. In the nucleus,
the active R-Smad/Co-Smad complexes bind directly to DNA
(Smad-binding elements) and associate with a plethora of
transcription factors, co-activators or co-repressors, thus leading
to transcriptional induction or repression of a diverse array of
genes (roughly 500 in mammalian cells) (reviewed in [16,17]).
Within this basic signal transduction pathway, a negative
regulatory feedback loop is intricately built that involves
primarily three types of proteins: inhibitory Smads (I-Smads),
ubiquitin ligases of the Smurf family and phosphatases
(reviewed in [17]). TGF-β/Smad signaling rapidly induces I-
Smad (e.g. Smad7) and Smurf (e.g. Smurf1 and Smurf2) gene
expression. Smad7 is then recruited to the TGF-β receptor
complex and competitively inhibits the phosphorylation of R-
Smads by TβRI (Fig. 1). Smad7 also recruits phosphatases that
dephosphorylate and inactivate the receptor complex. Finally,
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Smad7 directly binds and activates the catalytic activity of
Smurf ubiquitin ligases, leading to ubiquitylation of TβRI (Fig.
1), and thus promoting endocytosis and final lysosomal
degradation of the receptor–ligand complex (reviewed in
[30]). Finally, nuclear phosphatases such as PPM1A depho-
sphorylate the C-terminal tails of R-Smads and lead to
disassembly of the transcriptionally active R-Smad/Co-Smad,
initiating a molecular cascade for termination of the transcrip-
tional Smad signal [31,32]. Despite the importance of these
negative regulators of TGF-β/Smad signaling, the exact
sequence of molecular events and the full details of the
regulatory processes present significant gaps that await future
elucidation.

1.3.3. Alternative signaling inputs
In addition to activation of the Smad pathway, TGF-β

mobilizes the activity of several other intracellular pathways,
including MAPKs, phosphoinositide 3′ kinase (PI3K), small
GTPases of the Ras superfamily and more (reviewed in [33]).
Such alternative signal transducers often regulate the Smad
pathway itself and mediate signal transduction by various
other growth or morphogenetic factors. In conclusion, TGF-β
transmits biological signals to normal or cancer cells via the
central Smad pathway and via alternative signaling proteins
that regulate the quantitative output of the pathway, and offer
nodal points for crosstalk with other signal transduction
pathways that govern the complex life of cells. Understanding
the critical steps of the TGF-β pathway that become
perturbed during tumorigenesis essentially amounts to
explaining complex but defined signaling networks, whose
activity cannot be properly regulated at critical stages of adult
tissue homeostasis.

2. TGF-β as tumor suppressor

2.1. Human cancer mutations

Genetic studies have identified a plethora of mutations in the
genes encoding for the two receptors and the three Smads that
mediate TGF-β signaling (reviewed in [10]). All reported tumor
mutations in the TGF-β pathway target the receptors and
Smads, however, misregulation of the ligand is abundant in
human cancer (see below).

2.1.1. Receptor mutations
The TβRII gene contains characteristic short nucleotide

repeats (poly-adenine tract) in its kinase-coding portion, that
makes it a hot-spot in human cancers that exhibit DNA
replication errors, also known as microsatellite instability.
This phenomenon leads to the generation of mutant receptor
transcripts (e.g., frameshifts after single nucleotide deletion)
and loss of expression of the functional receptor [34–36].
This type of mutation occurs late during colon tumorigen-
esis, at the stage of adenoma to carcinoma transition [37],
and is also abundant in gastric, pancreatic, biliary tract, lung
and brain (glioma) tumors (reviewed in [10]). The activin
type II receptor (AcvRII) undergoes similar replication error-
dependent mutations of a poly-adenine tract in gastrointestinal
tumors and in one case of a non-microsatellite unstable
pancreatic cancer [38].

In head-and-neck tumors, G–C transversions either inacti-
vate the TβRII kinase activity, thus blocking the ligand-
dependent activation step of TβRI, or constitutively activate
this kinase, also leading to aberrant signaling [39,40]. In T-cell
lymphomas, a different point mutation in the TβRII kinase
domain dominantly inhibits the function of the wild type
receptor encoded by the second, non-mutated chromosomal
copy [39,40]. Advanced, recurrent breast cancers, but not
primary breast tumors, accumulate point mutations in the kinase
domain of TβRII [41]. Comparable mutations in the kinase
domain or the poly-adenine tract of TβRII have been described
in ovarian and lung cancers, and, interestingly, in a significant
proportion of microsatellite stable colon cancers [42–44]. A
common feature of all studied genetic lesions of TβRII is that
such tumors express very low or even undetectable levels of this
receptor and thus, even in cases where no specific mutational
defect can be mapped on TβRII, loss of its expression becomes
a major mechanism by which tumor cells acquire resistance to
the TGF-β tumor suppressive effects (see discussion on
epigenetic control).

The next component in the signal transduction cascade,
TβRI/ALK5, can also be mutated in human tumors, as for
example pancreatic and biliary cancers suffer from homo-
zygous deletions of the gene [45]. Frameshift or missense
mutations in TβRI have been described in metastatic head-
and-neck tumors and in ovarian cancers [44,46]. On the
other hand, metastatic breast and head-and-neck cancers
accumulate a point mutation in the conserved TβRI kinase
domain, leading to suboptimal TGF-β signaling during
lymph node metastasis [46,47]. However, the prevalence of
such a TβRI-dependent mechanism during breast, lung and
colon cancer metastasis has been challenged [48]. In addition
to TβRI, the activin type I receptor (AcvRI/ALK4) gene can
be point mutated and inactivated in pancreatic cancers [49].
Thus, at least in the pancreas, both type II and type I
receptors for activin can be mutationally inactivated. The
only receptor of the BMP branch of this superfamily of
cytokines that has been genetically linked to human cancer is
the type I receptor BMPRIA/ALK3. ALK3 accumulates
germline nonsense mutations that are transmitted to children
that inherit juvenile polyposis (JPS), Cowden and Banna-
yan–Riley–Ruvalcaba familial syndromes [50,51]. These
patients develop gastrointestinal hamartomas, benign colonic
epithelial polyps that predispose to gastrointestinal cancer.
Despite the lack of mutational data, the second BMP-specific
type I receptor, BMPRIB/ALK6 mediates growth suppres-
sion of prostate cancer cells by BMP-7 [52]. When a
constitutively active form of this receptor is introduced into
such tumor cells, upon xenografting to nude mice, results in
significant reduction of tumor size. These experiments
demonstrate a potential tumor suppressor role for BMP/
ALK6 signaling in prostate cancer and possibly relate to the
findings that link BMP family members to the process of
prostate tumor progression.
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2.1.2. Smad mutations
The Smad2 gene maps on chromosome 18q21, in a genetic

locus that exhibits frequent loss of heterozygosity, and which is
closely linked to two other tumor suppressors, Smad4 and DCC,
but also to the Smad7 gene [53]. A number of inactivating
missense or nonsense point mutations have been mapped
primarily in the MH2 domain and less frequently in the MH1
domain of Smad2 in colorectal, ovarian, cervical, lung and liver
cancers [44,53–55]. The mechanism of inhibition of TGF-β
signaling by cancer mutations in Smad2 varies: some create
truncated MH2 domains that cannot be phosphorylated by the
receptor, others mutate the critical L3 loop of the MH2 domain
that allows docking of Smad2 to TβRI, yet others inhibit the
process of Smad2 dissociation from the receptor upon
phosphorylation [53,55,56]. A single Smad2 MH2 domain
point mutant, first identified in colorectal cancers, inhibits
Smad2 phosphorylation but additionally inactivates the tran-
scriptional activity of both Smad2 and Smad3 by yet unknown
nuclear mechanisms [57]. Alternatively, many MH1 and MH2
domain point mutants result in protein instability, thus creating
rapidly degrading Smad2 variants that cannot transmit proper
signals [58,59]. In all cases, loss of Smad2 function appears
sufficient in inhibiting the physiological TGF-β signaling
pathway.

In contrast to Smad2, the second R-Smad of the TGF-β
pathway, Smad3 has not been found to be mutated in colon,
breast, pancreatic, lung, ovarian, parathyroid or hematological
cancers, neither in JPS [60–65]. All these studies conclude that
Smad3 may suffer loss of heterozygosity or it can exhibit
characteristic DNA polymorphisms, which are silent at the
protein level. In one report on gastric carcinoma cells, Smad3
expression was severely downregulated, and reconstitution of
wild type Smad3 could rescue the growth suppressive response
of these cells to TGF-β in vitro [66]. In pediatric T-cell acute
lymphoblastic leukemia (ALL), Smad3 protein expression is
also absent, while no genetic mutations can be detected in the
Smad3 gene and its mRNA expression is normal [67]. However,
at this moment, no specific mutational or epigenetic mechanism
exists that explains how Smad3 gene expression can be silenced
and thus contribute to resistance to TGF-β signaling by the
tumor cells. This is curious as mechanistic experiments in vitro
and in vivo suggest Smad3 as a major mediator of anti-
proliferative effects of TGF-β (see below). If the above
conclusion stands true, it is possible that TGF-β-mediated
growth suppression is not a primary mechanism that explains
the tumor suppressor action of TGF-β.

The most frequently mutated Smad gene in human cancer is
Smad4, which was originally discovered as a novel tumor
suppressor gene of chromosome 18q21.1 that is deleted in
pancreatic cancers (DPC4) with relatively high frequency
(48%) [68]. In addition to pancreatic tumors, Smad4 deletions
and intragenic mutations have since been mapped in hepato-
cellular, breast, bladder, biliary tract and ovarian carcinomas,
intestinal, colorectal and lung cancers, and tumors of prostate
and cervical origin, albeit with lower frequencies compared to
tumors of pancreatic origin [10,54,69–72]. The molecular
mechanisms by which Smad4 mutations, other than complete
deletions of the gene, alter the flow of TGF-β signaling have
been studied quite extensively. The majority of MH2 missense
mutations and short C-terminal truncations of Smad4 lead to
defective homo-oligomerization or hetero-oligomerization with
phosphorylated R-Smads, as analyzed at the atomic level by
crystallography and molecular modeling [73–75]. Furthermore,
as discussed for Smad2, MH1 and MH2 domain missense
mutations and C-terminal truncations lead to Smad4 protein
instability and proteasomal degradation that is catalyzed by the
ubiquitin ligase SCFSkp2 [59,76–78].

Based on its tumor suppressor role, Smad4 can be used
as a marker gene for prediction of colon cancer progression,
thus offering the possibility to define better chemother-
apeutic protocols [79]. Smad4 accumulates primarily
intragenic mutations in epithelial cells of colorectal cancer
patients, and in JPS, such germline mutations often lead to
C-terminal truncation of the Smad4 protein [80–82].
Interestingly, JPS patients with mutations in Smad4 exhibit
a more expanded and massive form of gastric polyposis
compared to patients with mutations in the BMPR1A gene
discussed above or in other unidentified genes, suggesting a
more aggressive phenotype resulting from loss-of-function
of Smad4 [82]. Furthermore, a rare set of patients that
exhibit the combined syndromes of JPS (previously linked
to Smad4 or BMPRIA) and of hereditary hemorrhagic
telangiectasia (HHT), a vascular disorder with causal links
to the genes of the co-receptor endoglin or the type I
receptor ALK1, were found to carry only mutations in
Smad4 [83]. This finding suggested the need for more
sophisticated medical screening of JPS patients as they
might also develop defects in their vasculature. Studies of
colorectal cancers from various stages of malignancy,
including metastases to liver, have demonstrated that the
Smad4 mutations are selected at late stages of carcinogen-
esis and their frequency increases as tumors progress
towards metastasis, whereas early stage adenomas almost
never accumulate mutations in Smad4, again arguing that
the TGF-β pathway is not a classic initiator of tumorigen-
esis [84]. Similarly, loss of Smad4 expression during
pancreatic tumorigenesis is clear at advanced tumor stages
of in situ carcinomas but not at earlier stages [85]. Despite
that, a careful genetic, molecular and cytogenetic analysis
of Smad4 mutagenesis and expression in colorectal cancers
has suggested a model whereby this gene is selectively
inactivated after the onset of the microsatellite instability
pathway but clearly prior to the onset of chromosomal
instability and aneuploidy, suggesting a more intermediate
stage in colorectal tumor progression as the sensitive step to
loss of Smad4 function [86].

R-Smads of the BMP signaling pathways, Smad1, Smad5
and Smad8, have also been proposed to mediate signals by
TGF-β, at least in breast cancer and normal endothelial cells
[25,87]. Accordingly, these three Smad genes have been
screened for loss or gain-of-function mutations in various
human cancers. Several such screens have not identified any
mutations in the Smad1 gene, while its expression is severely
repressed in cervical carcinomas and inversely, Smad1 is
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overexpressed in follicular lymphoma [63,88,89]. Similarly,
the Smad5 gene was not found to be mutated in several
gastric and a large set of human tumor cell lines, but its
expression was found elevated in hepatocellular carcinomas
[90,91]. Due to its chromosomal location on 5q31.1, a locus
that is frequently deleted in myelodysplastic syndromes and
acute myeloid leukemia (AML), the Smad5 gene has been
proposed as a candidate tumor suppressor. However, muta-
tional analysis in leukemic patients could only reveal
hemizygosity but no loss-of-function mutations, while a
spliced variant of Smad5 that lacks its normal C-terminal
sequence was found constitutively expressed in leukemic but
also hematopoietic stem cells [92–94]. This truncated Smad5
fails to signal properly or form functional complexes with
Smad4. Smad8 shows similar behavior as the only known
cases so far indicate decreased or complete loss of its
expression in various cancers, including breast, prostate and
colorectal cancers [95,96]. Thus, no evidence for clear tumor
suppressor function of the BMP-specific R-Smads has
emerged to this date.

The inhibitory Smad6 and Smad7 attenuate normal TGF-β
or BMP signaling, and accordingly the prediction has been
that these proteins might be overexpressed in human tumors
that acquire resistance to TGF-β-mediated growth inhibitory
responses. This prediction has been proven in some cancer
cases, while in many others, no obvious alterations in I-Smad
gene structure or expression have been found. Thus, failure to
identify I-Smad mutations or aberrations in expression has
been reported in hepatocellular, ovarian or certain colorectal
carcinomas [97–99]. On the other hand, Smad7 overexpres-
sion has been found in malignant follicular thyroid carcino-
mas, endometrial and another cohort of colorectal cancers,
and in gastric tumors or in the gastric mucosa of Helicobacter
pylori-positive patients [100–104]. Both Smad6 and Smad7
seem to be overexpressed in pancreatic cancer and in
squamous cell carcinomas of the esophagous [105–107]. In
the cases of esophageal, gastric and colorectal carcinomas, I-
Smad overexpression was suggested to have prognostic
significance as the degree of I-Smad expression correlated
with poor survival rate of the patients and more aggressive
and invasive tumor behavior [100,102,107]. Such tumor
studies have revealed that Smad7, in addition to acting as a
general inhibitor of TGF-β receptor-Smad signaling, it could
promote tumor growth by inactivating the retinoblastoma
protein, which leads to E2F-mediated transcriptional de-
repression in colon cancer cells, while Smad7 could also
induce expression of the thioredoxin gene, leading to
accelerated growth and resistance to apoptosis of pancreatic
carcinoma cells [108,109]. Despite these observations, the
role of inhibitory Smads and especially of Smad7 remains
rather obscure and is possibly complex, as we discuss again
later in the metastasis sections.

In conclusion, the genetic evidence from human tumors, so
far supports a clear role of the two TGF-β receptors, of
Smad4 and less frequently of Smad2 as tumor suppressors
implicated in the progression of several types of human
cancers. The rest of the signaling components may be
selectively misregulated during tumorigenesis, but their action
as tumor suppressors cannot be supported by current genetic
evidence.

2.2. Epigenetic control of receptor-Smad expression

Many human tumors often downregulate or overexpress
specific components of the TGF-β signaling pathway, which
results in loss of the tumor suppressor action of the pathway.
The accessory receptor β-glycan is silenced in various tumors
such as breast cancer, and this leads to relative but not absolute
insensitivity to the growth inhibitory action of TGF-β [110].
Thus, restoration of high levels of β-glycan in breast cancer
cells leads to restoration of an autocrine TGF-β pathway that
partially suppresses tumor cell growth. In a similar manner,
renal cell carcinomas lose expression of β-glycan at earlier
stages of carcinogenesis, and when they become metastatic,
they also lose TβRII expression [111]. Isolation of renal
carcinoma cell lines that represent the various stages of
tumorigenesis and reconstitution of the expression of β-glycan,
TβRII or both together indicated that only the combined
presence of β-glycan and TβRII could lead to significant
suppression of the transformed cell phenotype.

The best mechanistic examples of epigenetic control of TGF-
β pathway components come from studies on the loss of
expression of the two signaling receptors, TβRII and TβRI.
Squamous cell carcinomas harbor point mutations in the TβRII
promoter region, leading to significant inhibition of its
transcription [112]. In pancreatic carcinoma cells, defective
TβRII expression correlates with decreased activity of the
transcription factor Sp1 that binds to and regulates TβRII
transcription [113]. In this case, the DNA methyl transferase
inhibitor 5′-aza-2′-cytidine enhances Sp1-mediated transcrip-
tion and restores TβRII expression and growth suppression by
TGF-β. This study emphasizes the role of DNA methylation in
the control of TβRII expression, a fact that is corroborated by
additional studies in lung carcinomas, which also exhibit TβRII
silencing due to methylation of the CpG islands of this promoter
and also due to enhanced histone deacetylation at the same
regulatory regions of the TβRII gene [114,115]. Similar to
TβRII, hypermethylation of CpG islands in the TβRI promoter
results in suppression of its expression in gastric carcinomas,
thus revealing a common mechanistic theme in repression of
TGF-β signaling in human tumors [116].

The evidence for misregulation of Smad gene expression has
been summarized above. Recent studies that are based on large
scale tissue microarray technology have confirmed the general-
ity of the importance of Smad level regulation in human tumors
such as breast and head-and-neck carcinomas [117,118].
However, in contrast to TGF-β receptors, no specific me-
chanism for misregulation of Smad gene expression has yet
been presented. This is largely because analysis of the regu-
latory sequences of the various Smad genes has not yet been
performed in a systematic manner. Despite that, it is worth
mentioning that for example Smad3, for which the genetic
evidence for a clear tumor suppressor role is absent, is essentially
not expressed by choriocarcinomas, thus contributing to their
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relative insensitivity to TGF-β [119]. The clearest case of
epigenetic regulation of a Smad gene though comes from
Smad8, the BMP-specific R-Smad, whose expression is lost in a
significant proportion of breast and colon cancers due to DNA
hypermethylation of Smad8 regulatory sequences [95]. This
example highlights that much more remains to be discovered
about the role of Smad signaling during tumorigenesis, as
Smad8 is the least studied member of this family. The specific
contribution of epigenetic control of this pathway clearly
deserves further attention and promises improvement of our
understanding of the tumor suppressor role of TGF-β.

2.3. Mouse models of tumorigenesis that demonstrate tumor
suppressor activity

Although genetic and molecular studies in human cancer
patients are most important for the establishment of a new tumor
suppressor gene, complementary evidence from mouse models
makes the findings more convincing and further contributes to
the understanding of molecular mechanisms. Several mouse
models have been created over the past 10 years in the TGF-β
signaling pathway, and many of these models address the
question of the tumor suppressor action of this pathway.

2.3.1. TGF-β models
Transgenic mice with targeted expression of TGF-β1 in their

mammary gland due to a mouse mammary tumor virus
(MMTV) enhancer-promoter that drives expression of the
transgene, exhibit hypo-proliferation and poor development of
their mammary ducts, and at the same time fail to develop breast
tumors [120]. Interestingly, when these mice are crossed with
another mouse model that expresses TGF-α under the control of
MMTV in the breast, and which develops mammary hyperpla-
sia and carcinomas, the bigenic mouse shows suppression of
mammary carcinoma development. Further challenging of the
mice with chemical carcinogens such as 7,12-dimethylbenz[α]
anthracene, which induces potently mammary carcinoma
formation in normal mice, proves that the TGF-α/TGF-β1
mice develop significant resistance to carcinogenesis induced
by this chemical, thus enforcing the notion that ectopic
expression of TGF-β1 in the breast acts as a tumor suppressor
and protects mice from mammary tumor development. The
inverse experiment is also illustrative as heterozygote knockout
mice for TGF-β1 express only 10–30% of the normal levels of
TGF-β1 in various tissues, and are essentially normal.
However, such mice exhibit mild cellular hyperproliferation
in their lungs and livers, and when challenged with chemical
carcinogens develop more frequent and bigger tumors com-
pared to wild type mice [121]. These experiments proved that
TGF-β1 protects against tumorigenesis and a single copy of its
gene is not sufficient to confer the full protective effect. More
recent studies in the above two mouse models with an emphasis
on estrogen receptor α (ERα)-positive mammary epithelial
cells, support the previous findings and further suggest that
lowering the dose of TGF-β1 in the mouse leads to an increase
in the population of ERα-positive epithelial cells that exhibit
high proliferative index [122]. Conversely, when the dose of
TGF-β1 was increased in the mammary gland, the ERα-
positive epithelial population decreased significantly. Thus,
escape of ERα-positive mammary cells from the negative
control of TGF-β contributes to breast carcinogenesis.

2.3.2. TGF-β receptor models
The same as above conclusions have been derived from

transgenic mouse models where TβRII signaling has been
perturbed using a dominant-negative TβRII construct that pairs
with the normal receptor and blocks physiological signaling in
vitro in cell lines but also in vivo. Accordingly, mice expressing
the dominant negative TβRII under the control of MMTV
exhibit high transgene expression in the breast and lower in the
lung and a few other organs [123]. Branching of mammary
alveoli in these mice is significantly enhanced, and no signs of
spontaneous tumorigenesis were detected. However, upon
challenge with 7,12-dimethylbenz[α]anthracene, the incidence,
numbers and size of developing tumors increased dramatically
in the breast and to a lesser extent in the lung. These results were
confirmed in an independent MMTV-dominant negative TβRII
mouse model, and when these mice were crossed with the
MMTV-TGF-α model, inhibition of endogenous TGF-β
signaling effectively decreased the latency of mammary
carcinoma development, followed by dramatic suppression of
tumor cell invasion [124]. A similar conclusion is derived in a
mammary epithelium-specific knockout of the TβRII gene, as
such mice develop alveolar hyperplasia, and when crossed with
anMMTV-polyoma virus middle Tantigenmouse, the middle T-
driven mammary tumors are more aggressive and metastasize to
lung with an increased rate [125]. Models demonstrating the
tumor suppressor effect of TGF-β are not limited only to the
breast and lung, but additionally the dominant negative TβRII or
the conditional knockout strategy for this gene have been used in
a rat prostate pre-malignant cell line and in colonic epithelium
respectively, and in both cases enhancement of tumorigenesis
could be observed [126,127]. Thus, in vivomousemodels amply
corroborate the genetic data from human cancers, supporting a
role of TβRII as a tumor suppressor gene.

2.3.3. Smad models
The first knockout model for Smad3 reported significant

frequency of colon cancer development with lymph node
metastasis, and suggested strongly the role of Smad3 as a
tumor suppressor, despite weak evidence on this direction from
human studies [128]. This result has been challenged by the
generation of two additional Smad3 knockout mice, which did
not reveal any spontaneous tumor development in addition to the
immunological or mild limb malformation phenotypes observed
[129,130]. Furthermore, one of the Smad3 knockout models and
its heterozygote littermate were exposed to a classic protocol for
skin carcinogenesis, showing reduced formation of papillomas
and no evidence for squamous cell carcinomas, which appeared
to be dependent on the dose of the Smad3 gene [131]. The latter
study emphasizes a role of Smad3 in mediating the effects of
TGF-β not so much in the tumor cell per se but more in the
infiltrating macrophages, for which TGF-β acts as a potent
chemo-attractant. The three distinct phenotypes of these
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independent Smad3 knockout models have been attributed to the
different genetic background of the mouse strains used. Despite
that, the first Smad3 knockout mouse remains an interesting
model for the study of colorectal cancer.

The Smad2, Smad4 and Smad7 genes reside on chromosome
18 in humans and on a syntenic stretch of chromosome 18 of the
mouse, and in addition the adenomatous polyposis coli (APC)
tumor suppressor is closely linked on the same mouse
chromosome, thus allowing the generation of compound
heterozygous mice for mutations in the APC and Smad2 genes
[132]. Such compound heterozygotes in the cis configuration
give rise to intestinal polyps and invasive adenocarcinomas,
which are causally related to the APCmutation only, as the result
is identical to single APC mutant heterozygote animals. This
result suggests that in the mouse, loss of heterozygosity in the
Smad2 locus does not contribute significantly to colon cancer
development. In a second study of the compound heterozygote
APC/Smad2 knockout mouse model, the same general result
was found, confirming that Smad2 does not contribute to the
initiation process of colorectal tumorigenesis [133]. However,
the latter study reported abnormally large tumors with multiple
invasions that were clearly different from the smaller and less
invasive tumors generated by the APC heterozygote alone.

These results with the compound APC/Smad2 mutant are
drastically different from the similar compound heterozygote
mouse model for APC and Smad4 [134]. In these mice, the
intestinal polyps were much more aggressive compared to the
APC mutant alone or the APC/Smad2 double mutant, and
support the conclusion that loss of heterozygosity of the Smad4
locus contributes more essentially to the development of
colorectal cancer compared to loss of the Smad2 locus. The
constitutive Smad4 knockout mouse dies from early embryonic
defects, however, the apparently normal heterozygote, upon
aging (more than 1 year) develops polyps in the stomach and
duodenum, and the tumor epithelial cells suffer from loss of
heterozygosity [135]. This mouse model best resembles human
JPS. Furthermore, conditional inactivation of Smad4 in the
mammary gland has no apparent effects on normal mammary
gland development; however, mutant mammary epithelial cells
were hyperproliferative and changed their differentiation
towards a squamous epithelial phenotype [136]. The net result
was development of squamous cell carcinomas, in which the β-
catenin levels increased dramatically, indicating that normal
TGF-β/Smad4 signaling induces degradation of β-catenin and
thus promotes EMT (see Section 3.3.1). We therefore conclude
that mouse models support a strong tumor suppressor role for
Smad4 and less for Smad2.

Similar to the human studies for expression levels of various
Smad proteins, analysis of Smad expression in animal models
supports the general conclusion that specific Smad expression is
altered during tumorigenesis in a tissue-specific manner. For
example, in a rat model for prostate cancer, Smad2, 3, 4, 6 and
Smad7 protein levels were found rather elevated in tumor areas
that associated with apoptosis, suggesting an overall activation
of the levels and of signaling by TGF-β in the prostate cancer
model [137]. In the chemical carcinogenesis model of mouse
skin, Smad1, 2, 3, 4 and Smad5 protein levels were found to be
significantly reduced in the carcinoma cells, while Smad7 levels
increased dramatically, thus supporting the general attenuation
of endogenous TGF-β signaling [138]. Interestingly, Smad7
induction in a mouse model of gastric cancer with aberrant
STAT3 signaling, leads to inhibition of endogenous TGF-β
signaling, which is critical for the formation and survival of
gastric polyps that eventually develop to gastric adenomas [139].
This model provides a good example of crosstalk between
cytokine-STAT and TGF-β signaling via the negative regulator
of the latter pathway, Smad7. Consistent with a pro-tumorigenic
action of Smad7, a transgenic mouse model with pancreas-
specific expression of Smad7 develops pancreatic intraepithelial
neoplasia (PanIN), the precursor stage to pancreatic carcinoma
[140]. The premalignant lesions of the pancreas showed
characteristic overproliferation of the epithelial cells and
increased fibrosis around the lesions, which are strongly
indicative of loss of TGF-β signaling efficacy in this tissue.
The same conclusion was derived from studies of pancreatic
carcinoma and colon adenocarcinoma cell lines stably trans-
fected with Smad7, which lost their ability to be growth inhibited
by TGF-β and showed enhanced anchorage-independent growth
in vitro [105,141]. Upon xenografting into nude mice, the
Smad7-expressing cells gave rise to tumors with increased
growth compared to control carcinoma cells. On the other hand,
ectopic expression of Smad7 in highly malignant and metastatic
melanoma cells that exhibit relative resistance to the growth
inhibitory action of TGF-β and constitutive Smad signaling,
leads to inhibition of melanoma cell invasiveness and ancho-
rage-independent colony growth in vitro, and significant
reduction in tumor formation in xenografted nude mice [142].
The latter supports fully the general concept, as stated from the
beginning in this review, that TGF-β actions are context and
tissue-dependent.

2.4. Cellular mechanisms of tumor suppressor action

2.4.1. The cytostatic program

2.4.1.1. Cell cycle arrest at the G1 phase. TGF-β arrests the
cell cycle of epithelial, endothelial and hematopoietic cells at
the early G1 phase via Smad-mediated transcriptional regula-
tion of critical regulators of the cell cycle (Fig. 2) [143]. The
first direct transcriptional target of the TGF-β pathway that
explained how this cytokine inhibits proliferation of epithelial
cells was c-Myc, whose expression was repressed by TGF-β
[144]. At the same time, it was discovered that TGF-β
maintains pRb (retinoblastoma protein) in its hypophosphory-
lated status during arrest of the cell cycle in early G1 phase
[145]. The two processes were immediately linked as
oncoproteins from DNAviruses such as HPV-16 E7, adenovirus
E1A and SV-40 large T antigen were all shown to abrogate
TGF-β-mediated epithelial growth arrest and c-Myc repression
in a manner that depended on the ability of these proteins to
block the function of pRb [146]. These findings fit well with
evidence from retinoblastoma tumor cells that exhibit severe
loss of TGF-β receptors and lack of growth inhibitory responses
to TGF-β [147]. Today, we appreciate a rather detailed



Fig. 2. The cytostatic response to TGF-β/Smad signaling. The TGF-β receptor activates Smad signaling that induces directly (circular nodes) transcription of
downstream genes: p21, Runx3, p27, p57 and p15, or represses transcription of c-Myc and Id. Runx3 is used to propagate further p21 response, while c-Myc
represses transcriptionally p21 and p15 and Smad-mediated downregulation of c-Myc is required prior to p21 and p15 induction. c-Myc also induces expression of the
phosphatase Cdc25A. Oncogenic stimuli such as Ski, SnoN, Evi-1, Smurf and Ras directly interact or post-translationally modify the Smad complex thus repressing its
transcriptional activity. Tumor suppressors, Elf, menin and cPML interact with activated Smads and enhance their signaling pathway directly. Tumor suppressors,
TSC2/tuberin and ELAC2 interact with activated Smads and enhance their transcriptional output towards p21 gene regulation. The CKIs and Cdc25A directly affect
the function of cyclin/CDK complexes, while p27 is displaced from the cyclin-D/CDK4/6 complexes via p15 to cyclin-E/A/CDK2 complexes, leading to arrest of the
cell cycle at the early G1 phase. Oncogenic or anti-cytostatic components are shown in red ovals, while tumor suppressor or pro-cytostatic components are shown in
green ovals.
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mechanism of how c-Myc transcriptional repression is mediated
by TGF-β. Smad3 carries from the cytoplasm to the nucleus the
co-repressor protein and pRb family member p107 together
with the transcription factor E2F4, and the complex is recruited
together with Smad4 to a transcriptional inhibitory element on
the c-Myc promoter, residing adjacent to an E2F4-binding site
[148–151]. Thus, repression of a major mitogenic transcription
factor is a key event in the epithelial cytostatic program of
TGF-β (Fig. 2).

The TGF-β pathway directly affects components of the cell
cycle machinery. Accordingly, TGF-β inhibits translation of the
CDK4 mRNA [152]. The tumor suppressor p53 binds to
specific sequences of the 5′ untranslated region of the CDK4
mRNA, and the mechanism by which TGF-β/Smad signaling
instructs p53 to act as a translational repressor remains to be
elucidated [153]. A better understood mechanism of regulation
of cell cycle components by TGF-β is the transcriptional and
post-translational control of cell cycle inhibitors (CKIs) of the
Ink4 and Kip/Cip families (Fig. 2). The CKI p27Kip1 is induced
by TGF-β to bind to cyclinE-CDK2 complexes and inhibit them
[154]. TGF-β also induces transcriptionally the expression of
p15Ink4B [155] and of p21Cip1 [156,157], and the scenario of
CDK inhibition works as follows, at least in epithelial cells:
increase of p15Ink4B levels leads to binding to CDK4 and
CDK6, thus displacing p27Kip1 and p21Cip1 from these kinases,
which can then associate with available CDK2 and inhibit its
activity; the concomitant increase in p21Cip1 ensures a maximal
block of CDK2 activity and cell cycle arrest at the G1 to S phase
transition [157]. In contrast, in hematopoietic cells, TGF-β
employs the CKI p57Kip2, whose expression is also transcrip-
tionally induced and this CKI plays similar roles as p21Cip1 and
p27Kip1 in arresting the cell cycle of these cells [158]. Finally,
TGF-β also represses expression of the Cdc25A tyrosine
phosphatase that dephosphorylates and activates G1 phase
CDKs (Fig. 2) [159]. An E2F-p130 repressor complex mediates
Cdc25A transcriptional repression and the involvement of
Smads in this process remains unexplored. It is formally
possible that regulation of Cdc25A is indirect and is mediated
by the direct repression of c-Myc (Fig. 2).

2.4.1.2. Cytostatic control by Smads. Recent studies have
clarified the mechanisms by which Smad signaling induces
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transcription from the p15Ink4B and p21Cip1 genes. A large
complex of Smad2, Smad3 and Smad4, together with
transcription factor Sp1 binds to a GC-rich proximal p15Ink4B

promoter region and activates expression of this gene [160].
Interestingly, the direct binding of c-Myc to Smad2 and Smad3
inhibits this transcriptional event on the p15Ink4B promoter
[161]. When c-Myc levels prevail in the nucleus, c-Myc
pairs with the p15Ink4B initiator element-binding protein Miz1,
forming repressor complexes that block expression of this gene
[162]. Conversely, upon TGF-β signaling, c-Myc levels
decrease and relieve p15Ink4B from active repression, while at
the same time allowing Miz1 to cooperate with the Smad–Sp1
complex and elicit full activation of this gene [163]. A rather
similar transcriptional scenario operates during induction of
p21Cip1 by TGF-β. Smad3 and Smad4 make protein complexes
with Sp1 that bind with high affinity to the proximal GC-rich
promoter of this gene and elicit its transactivation [164,165].
Simultaneously, TGF-β activates protein kinase Cα (PKCα)
that phosphorylates the regulatory calcium-binding protein
S100C/A11, which translocates to the nucleus, binds to
transcription factor Sp1 and recruits it to the GC-rich p21Cip1

promoter [166,167]. In addition, p53, a major transactivator of
p21Cip1 expression, or its relatives, p63 and p73, bind to a distal
enhancer element of this gene and via direct interaction with
Smads, stabilize the ternary transcriptional complex and
provide robust induction of its expression [168]. Similar to
the action of p53, the Smad3/Smad4 complex binds directly to a
distal enhancer element of the p21Cip1 gene, and this binding is
stabilized by transcription factors of the FoxO family that
recognize DNA elements lying adjacent to the Smad binding
sites on the enhancer [169]. Thus, TGF-β signaling employs a
plethora of signaling components and transcription factors,
acting at both enhancer and proximal promoter sites to mediate
rapid but also sustained induction of p21Cip1 expression. The
precise role of Smad4 in the Smad complex that mediates
p21Cip1 induction by TGF-β has been challenged. For example,
in pancreatic carcinoma cells that lack the Smad4 locus, or in
immortalized keratinocytes in which the normal levels of
Smad4 are depleted after short interfering (si) RNA transfection,
p21Cip1 can be transcriptionally induced by TGF-β via the
action of Smad2 or Smad3 alone [170,171]. Similar to the
p15Ink4B mechanism of repression by elevated c-Myc levels,
this proto-oncogene also binds to the p21Cip1 promoter via
transcription factor Sp1 and blocks its transactivation by the
incoming Smad signal [172]. Based on the combined models of
c-Myc, p15Ink4B and p21Cip1 transcriptional regulation, it is
obvious that c-Myc repression is a critical prerequisite for the
execution of the full cytostatic response of epithelial cells
(Fig. 2).

Transcriptional induction of p21Cip1 is not a unique response
to TGF-β, but actually all pathways of the TGF-β superfamily
can potently induce expression of this CKI in mediating the
cytostatic response [173]. Furthermore, TGF-β seems to
additionally stabilize p21Cip1 protein levels post-transcription-
ally via an as yet poorly understood mechanism that clearly
involves the action of Smad4 [171,174]. Thus, regulation of this
CKI by TGF-β appears to be a major mechanism within the
cytostatic program and loss of this specific response is a
common feature described in a large variety of tumor cells
[175]. The critical role of the p21Cip1 response to TGF-β is also
highlighted by the fact that K-Ras transformed colon carcinoma
cells that are growth stimulated by TGF-β elicit the opposite
response in terms of p21Cip1 regulation, whereby this CKI is
downregulated at the protein level and thus permits cell growth
[176].

More recently, another group of target genes of the TGF-β
pathway has been implicated in the cytostatic response of
epithelial cells. This is the Id family of transcriptional
regulators, whose expression is repressed by TGF-β while
induced by BMP family members in epithelial cells [177–179].
Transcriptional repression of Id1, Id2 and Id3 is mediated by
Smad signaling (Fig. 2), and at least in the case of Id1, Smad
complexes engage transcription factor ATF3 to repress this
gene, while in the case of Id2, Smads utilize the c-Myc
antagonists, Mad2 and Mad4 to elicit repression [177,178].
Downregulation of endogenous epithelial Id2 and Id3 by
TGF-β is absolutely necessary for growth arrest to take place,
and at least Id2 antagonizes the anti-proliferative effects of the
CKI p21Cip1 in a direct manner, thus explaining why TGF-β
needs to repress Id2 expression while inducing p21Cip1

expression [173,179].
During TGF-β-mediated cytostasis, Smads act in association

with other factors some of which are tumor suppressors (e.g.
p53). Another tumor suppressor co-factor is the transcription
factor Runx3, whose expression is lost during gastric
carcinogenesis, leading to resistance to growth inhibitory
responses by TGF-β [180]. Runx3 cooperates with Smads
during p21Cip1 transcriptional induction in stomach epithelial
cells (Fig. 2), thus providing a tissue-specific mechanism of the
cytostatic, p21Cip1-mediated response [181]. A second tissue-
specific mechanism for integrated transcriptional regulation of
p21Cip1 during prostate epithelial cell cytostasis (Fig. 2)
involves the tumor susceptibility protein ELAC2 [182].
ELAC2 acts as a scaffold protein that coordinates the Smad–
Sp1 protein complex together with transcription factor FAST-1
(FoxH1) on the p21Cip1 enhancer-promoter, as ELAC2 interacts
with all these proteins. The tumor suppressor protein tuberous
sclerosis complex 2 (TSC2, tuberin) also interacts with Smad2
and Smad3 proteins and potentiates the transcriptional regula-
tion of p21Cip1 and p27Kip1, while repressing cyclin A
expression and thus eliciting growth arrest of hematopoietic
cells [183]. TSC2 is an established downstream effector of
signaling by the LKB1 tumor suppressor [184]. TSC2 mediates
the anti-proliferative effects of LKB1 in epithelial cells and
represents an interesting nodal point of convergence between
two major tumor suppressor pathways, TGF-β and LKB1. ELF
(embryonic liver fodrin), a spectrin family scaffolding protein,
interacts with phosphorylated Smad3 and with Smad4 and
promotes their nuclear translocation, while loss of ELF in
mouse knockouts results in defective TGF-β/Smad signal
transduction (Fig. 2) [185]. ELF function within the TGF-β
pathway seems to explain why expression of this protein is
lost in various human cancers, such as colon, liver and
stomach [186,187]. The promyelocytic leukemia (PML)
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tumor suppressor that is mutated in acute promyelocytic
leukemias (APL) localizes in the nucleus, in the so-called
PML bodies but also in the cytoplasm. The cytoplasmic form
of PML (cPML) directly interacts with R-Smads and
promotes proper TGF-β receptor endocytosis and R-Smad
phosphorylation, thus being essential for TGF-β signaling
(Fig. 2) [188]. Accordingly, APL cells are resistant to TGF-β
and reconstitution of wild type cPML restores TGF-β-
mediated growth arrest and apoptosis in the leukemic cells.

2.4.1.3. Cytostatic control by other pathways. In addition to
the above mechanisms of the cytostatic response to TGF-β
that center primarily on the function of Smads, alternative
pathways can be involved. The ability of Smad4-deficient
epithelial cells to undergo growth arrest by TGF-β supports
the action of alternative signaling mechanisms [170,171,189].
For example, Smad2 activates Erk1/2 in carcinoma cells
growing in suspension cultures, while Smads bind to the
regulatory subunit of the cAMP-dependent protein kinase A
(PKA) and activate this enzyme independent from modulation
of the cAMP levels in the cells [190,191]. These mechanisms
link to the transcriptional activation of the CKI p21Cip1 gene
during inhibition of cell growth. Alternatively, the TGF-β
receptor complex binds the regulatory subunit Bα of the
protein phosphatase PP2A and TGF-β induces assembly of
the tri-subunit (PP2A-Bα, Aβ, Cα) phosphatase and its
association with p70 S6 kinase, thus dephosphorylating and
inhibiting the p70 S6 kinase [192,193]. Finally, the small
GTPase RhoA activates the ROCK1 kinase, which phosphor-
ylates and inactivates the cell cycle-specific phosphatase
Cdc25A in epithelial cells [194]. Thus, Cdcd25A is targeted
by dual transcriptional and post-translational mechanisms by
TGF-β signaling. A similar mechanism of Rho and p38
activation seems to operate during growth arrest of mammary
epithelial cells in a Smad-co-dependent manner [195].
Interestingly, the Rho-based mechanism could explain why
TGF-β inhibits epithelial growth while inducing fibroblast
mitogenesis, at least in NIH-3T3 cells [194].

In conclusion, the status of our knowledge on the cytostatic
response to TGF-β strongly implicates regulation of various
Fig. 3. The apoptotic response program. TβRII in the TGF-β receptor complex direct
leading to activation of MKK3/4/7. The same kinases can be activated by TAK1 wh
phosphorylate and activate JNK or p38 MAPKs. JNK activates the AP-1 transcriptio
cooperation with Smads. p38 activates caspase-8 (Cas8), which activates the pro-apo
apoptosome (cyt C/Apaf1/Caspase-9 (Cas9) complex), which activates caspase-3 (C
mechanism (?) to mitochondrial ARTS, which inhibits XIAP, the inhibitor of ca
transcription of pro-apoptotic genes such as Bim, DAPK, GADD45β, TIEG1, and S
and caspase activation. DAPK modulates the action potential of the mitochondrial
GADD45β interacts with and activates MKK4, thus activating the p38 pro-apoptotic
genes, but it is not clear whether these include those listed in the figure (?). SHIP in
addition to transactivating pro-apoptotic target genes. Activated Smads also induce ex
transcriptional activity of NF-κB, thus inducing the expression of other anti-apoptotic
Ras/PI3K/Akt/PKB pathway. Akt phosphorylates the pro-apoptotic protein Bad, th
release. Akt also activates mTOR, which inhibits R-Smad phosphorylation by the
activating the pro-survival NF-κB pathway. In addition to NF-κB Akt phosphoryl
retention and transcriptional inactivation of its target pro-apoptotic genes such as Fas l
events are shown in green.
genes by Smads, which together with additional effectors
orchestrate a global cellular network aiming at the precise block
of the cell cycle prior to the G1 restriction point.

2.4.2. The apoptotic program
Inherent to the tumor suppressor action of TGF-β is its

ability to induce apoptosis in a cell type-specific manner, and
mutations in components of the signaling pathway are thought
to contribute to resistance to pro-apoptotic responses. Interest-
ingly, TGF-β is also known to promote cell survival under
certain conditions, such as in specific neuronal populations, and
even in carcinoma cells. The plethora of reports on the apoptotic
responses of various cell types to TGF-β obliges us here to
summarize some of the mechanisms that have been established
so far.

2.4.2.1. Apoptotic control by Smads. Smad signaling reg-
ulates expression of several genes whose function directly feeds
to the apoptotic machinery (Fig. 3), and in this respect the
apoptotic gene program resembles the cytostatic program
outlined above. Such critical gene targets of Smad signaling
are the TGF-β-inducible early response gene-1 (TIEG1), the
signaling factor GADD45β, the Bcl-2 homology domain-only
factor Bim, the death-associated protein kinase (DAPK) and the
phospholipid phosphatase SHIP. TIEG1 is a zinc-finger
transcription factor which regulates expression of other pro-
apoptotic genes, although specific transcriptional mechanisms
have not been yet outlined [196,197]. GADD45β is a signaling
protein that interacts with and activates the mitogen-activated
protein kinase kinase 4 (MKK4), which then activates the
MAPK p38, leading to caspase-8 and Bad activation, thus
mobilizing mitochondrial release of cytochrome C and further
caspase pathways [198,199]. Transcriptional induction of the
pro-apoptotic gene Bim also feeds to the same mitochondrial
pathway as Bim activates the pro-apoptotic factor Bax that
induces cytochrome C release and caspase-dependent apoptosis
[200]. DAPK also acts on mitochondria by modulating the
membrane action potential of these organelles, and although not
clear yet, DAPK may mobilize mitochondrial cytochrome C
release and caspase activation [201]. Finally, Smad-mediated
ly binds DAXX, which recruits HIPK2 and becomes phosphorylated by HIPK2,
ich is activated by Smad7 (I-Smad) bound to the receptor complex. MKKs then
nal complex, leading to induction of pro-apoptotic genes (red circular nodes) in
ptotic factor Bid, leading to cytochrome C (cyt C) release and activation of the
as3) and executes apoptosis. The TGF-β receptor complex signals by unknown
spase 3, leading to apoptosis. The activated nuclear Smad complex induces
HIP. Bim activates the pro-apoptotic Bax, which leads to cytochrome C release
membrane and induces apoptosis via yet unknown molecular mechanisms (?).
pathway. TIEG1 is a transcription factor that regulates additional pro-apoptotic
hibits PI3K. Smad3 can directly interact and inhibit the activity of Akt/PKB in
pression of the pro-survival factor FLIP, which exits the nucleus and activates the
factors. Growth factors signaling via receptor tyrosine kinases (RTK) activate the
us activating the anti-apoptotic protein Bcl-xL, which blocks cytochorome C
TGF-β receptor complex, and directly inhibits the pro-apoptotic JNK, while
ates the pro-apoptotic transcription factor FoxO3a, leading to its cytoplasmic
igand (FasL). All pro-apoptotic events are shown in dark red and all pro-survival
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transcriptional induction of the lipid phosphatase SHIP inhibits
phospholipid phosphorylation catalyzed by PI3K thus inhibit-
ing activation of Akt/PKB, a major pro-survival kinase, which
leads to induction of apoptosis of hematopoietic cells (Fig. 3)
[202]. Another major mechanism that directly targets mito-
chondrial functions is the regulation of the mitochondrial septin
family member ARTS (Fig. 3) [203]. TGF-β, via unknown
signaling effectors, leads to ARTS delocalization from the
mitochondrion to the nucleus. During this translocation, ARTS
interacts with and inactivates XIAP, a major inhibitor of
apoptosis, which results in activation of caspase 3 and apoptosis
[204]. Signaling pathways, such as Ras/PI3K, which can be
activated by growth factors or hormones like insulin that signal
via receptor tyrosine kinases (RTK), protect cells from TGF-β
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mediated apoptosis by enhancing the activity of Akt/PKB [205].
According to one model, the ratio of Smad3 protein over Akt/
PKB levels defines whether an epithelial cell undergoes
apoptosis in response to TGF-β, because Smad3 interacts and
sequesters Akt/PKB, in a manner independent from Akt/PKB
kinase activity (Fig. 3) [206,207]. According to another model,
Akt/PKB signals via its downstream effector, mammalian target
of Rap (mTOR), in a kinase-dependent manner, leading to
inhibition of Smad3 phosphorylation by its receptor, by an as
yet unresolved mechanism [208]. Alternatively, TGF-β can
enhance epithelial cell survival via rapid activation of the PI3K/
Akt pathway, which phosphorylates the pro-apoptotic transcrip-
tion factor FoxO3a/FKHRL1 leading to its cytoplasmic
sequestration and inhibiting transcriptional induction of Fas
ligand (FasL) by FoxO3a [209]. Akt/PKB also phosphorylates
the transcription factor NF-κB, which is involved in regulation
of several pro-survival genes such as Bcl-2 family members,
FLIP and XIAP (reviewed in [210]). TGF-β signaling
transiently activates NF-κB via the TGF-β-activated kinase 1
(TAK1)-mediated pathway, but this is not sufficient to elicit pro-
survival signals [211]. However, upon long-term exposure to
TGF-β, a great variety of cell types inactivate the NF-κB
pathway, via transcriptional induction of the inhibitor of NF-κB
(IκBα), thus favoring a pro-apoptotic fate [212,213]. The
adaptor molecule CD2-associated protein (CD2AP) can activate
the PI3K/Akt pathway, thus enhancing cell survival [214].
Interestingly, the TGF-β receptor complex seems to activate the
PI3K enzyme after forming protein complexes with its
regulatory subunit, p85 [215]. It is formally possible that
CD2AP or another protein serves as a bridge between the
receptor complex and p85 of PI3K.

In addition, TGF-β, in a Smad3-dependent manner induces
expression and activates the Fas receptor, without affecting its
cognate Fas ligand, leading to caspase-8 activation and
apoptosis of gastric carcinoma cells [216]. Smad3 also mediates
the caspase-dependent cleavage of BAD in rat hepatoma cells
[217], and whether activation of DAPK is an intermediate step
in this mechanism remains unclear. In lymphoma cells, TGF-β
induces apoptosis by activating the caspase cascade but like in
the gastric carcinomas, Fas ligand is not an intermediate effector
of the process [218]. On the other hand, Fas ligand-dependent
induction of apoptosis has also been observed in lung epithelial
cells responding to TGF-β, which leads to caspase 3 activation
[219].

2.4.2.2. Apoptotic control by other pathways. A common
feature in the vast array of mechanisms that lead to apoptosis in
response to TGF-β is the involvement of MAPKs, such as p38
and c-Jun N-terminal kinase (JNK). TβRII directly associates
with the Fas receptor adaptor protein Daxx, which mediates
JNK activation in response to TGF-β and during apoptosis of
lymphocytes or hepatocytes [220]. The Daxx-JNK pathway
additionally involves as an intermediate regulator, the home-
odomain-interacting protein kinase 2 (HIPK2), which interacts
with and phosphorylates Daxx, induces the activities of
mitogen-activated protein kinase kinase 4 (MKK4) and
MKK7, which ultimately activate JNK and induce apoptosis
(Fig. 3) [221]. TGF-β-activated JNK crosstalks directly with
Smad3 and Smad4 in regulation of gene expression, as it
phosphorylates Jun family members that interact with the
Smads and bind to regulatory sequences of genes involved in
eliciting the apoptotic response [222–224]. Whether this
pathway directly crosstalks with Smad-induced expression of
GADD45β in regulating pro-apoptotic MAPKs remains
unexplored. In addition to Daxx, another direct link between
TGF-β receptors and pro-apoptotic effectors such as p38
MAPK and JNK, is the inhibitory Smad7, leading to apoptosis
of normal and tumor epithelial cells [225–229]. Smad7, like
GADD45β is another immediate-early target gene of Smad
signaling [230]. TAK1, MKK3 and MKK4 seem to act as
upstream inducers of p38 and JNK, in response to the Smad7
signal, and whether the TGF-β receptors directly phosphorylate
and activate any of these effector kinases, which are tethered to
the receptor complex via Smad7 remains to be elucidated (Fig.
3). Alternatively, the mixed lineage kinase MLK3 can also be
the upstream activator of p38 in response to TGF-β in
apoptosing hepatoma cells [231]. Finally, nuclear Smad7 also
antagonizes the pro-survival signal of transcription factor NF-
κB during TGF-β-induced apoptosis of epithelial cells [232].

In conclusion, the apoptotic response of normal or tumor
cells to TGF-β is complex, incorporating both pro-survival and
pro-apoptotic pathways and a series of cytoplasmic and nuclear
effectors, many of which are kinases. In all cases, the net
decision of whether TGF-β will elicit apoptosis or might favor
survival depends on alternative signaling inputs that the cell
receives.

2.4.3. Suppression of immortalization and maintenance of
genomic stability

In contrast to the overwhelming number of studies that
analyzed how TGF-β mediates cell cycle arrest and apoptosis,
the effects of this cytokine on genome integrity and the process
of tumor cell immortalization are poorly analyzed. Studies of
the TGF-β1 knockout mouse revealed that TGF-β plays a
protective role on the genome. In TGF-β1-null keratinocytes
exposure to the drug N-phosphonoacetyl-L-aspartate (PALA)
leads to enhanced gene amplification when compared to wild
type cell counterparts [233]. Conversely, ectopic expression of
TGF-β1 in keratinocytes could protect the cells from genomic
instability induced by PALA. These findings led to the proposal
that loss-of-function mutations in the tumor suppressor TGF-β
pathway would lead to higher risk for genomic instability, thus
leading to aneuploidy and further cancer progression. The
model has been verified in vitro using keratinocytes that are
either null for TGF-β1 or express the dominant negative TβRII,
and simultaneously overexpress a hyperactive Ha-Ras onco-
gene [234]. Cells lacking endogenous TGF-β or its signaling
receptor undergo spontaneous transformation with higher
frequency, and this phenomenon is preceded by large scale
aneuploidy and accumulation of chromosomal abnormalities,
phenotypes that can be suppressed upon exposure of cells to
exogenous TGF-β1. This protective effect of TGF-β on
genomic stability also supports the extensive evidence on
activation of latent TGF-β1 by DNA damage caused by
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ionizing radiation [235]. Interestingly, the well-established role
of apoptosis induced by radiation in vivo has been directly
linked to the activation of endogenous TGF-β1 using knockout
mice for this gene [236]. Furthermore, p53 activation by DNA
damage seems to also involve the intermediate activation of
latent TGF-β1, which mediates p53 phosphorylation by as yet
unknown mechanisms.

On the other hand, recent studies have proposed the opposite
function of TGF-β as an inducer of genomic instability in cell
culture systems in vitro [237]. These studied revealed a novel
mechanism based on which TGF-β induced proteasomal
degradation of the DNA repair factor Rad51, thus inhibiting
proper DNA repair upon genotoxic stress. In a similar but
distinct scenario, the TGF-β-activated Smad3 forms nuclear
complexes with the tumor suppressor protein BRCA1, thus
inhibiting the activity of BRCA1 towards DNA repair upon
induction of DNA damage [238]. Whether the two distinct
mechanisms of Rad51 degradation and Smad3/BRCA1 com-
plex formation are linked remains to be examined. Establishing
also conditions during which TGF-β induces genomic instabil-
ity in vivo is quite important, as this will support strongly a pro-
tumorigenic role of this cytokine as we discuss extensively later.

Senescence is a physiological response of all cell types and
represents a form of resistance to malignancy, usually
associated with the onset of genomic instability. Based on the
role of TGF-β as a protector of genome integrity, sparse but
interesting reports support the model that TGF-β can also
induce senescence of tumor cells, thus expressing a tumor
suppressor role that aims at shifting tumor cells back to
normalcy [239]. Inability of tumor cells to undergo senescence
usually links to abnormal activation of telomerase, which is
often observed as an overexpression of its catalytic subunit
TERT [8]. Accordingly, ectopic expression of TERT blocks the
growth inhibitory effect of TGF-β1 in mammary epithelial cells
[240]. More important is the finding of an elegant genetic screen
for negative regulators of TERT expression, which uncovered
two novel regulators of TERT expression: Smad-interacting
protein 1 (SIP1) and the tumor suppressor Menin [11]. Both
proteins directly interact with Smad3, and SIP1 recruits co-
repressors leading to transcriptional repression of TGF-β-
regulated genes, while Menin cooperates with TGF-β signaling
in mediating Smad3 binding to DNA and transcriptional
regulation [241–243]. Thus, it is clear that TGF-β, together
with its cooperating factors represses TERT expression and
protects cells from spontaneous immortalization. The above
result is corroborated by studies in rat cells where TGF-β, via
Smad3, transcriptionally represses expression of TERT [244]. c-
Myc downregulation is a prerequisite for TERT repression by
TGF-β as c-Myc is a major transcriptional inducer of TERT
expression.

In summary, the specific mechanisms by which TGF-β
suppresses genomic instability and immortalization remain
open to further investigation, while the conditions during which
TGF-β switches into an agent that promotes genomic instability
and tumorigenesis need better definition, as they are crucially
important for the full understanding of how TGF-β controls the
evolution of human tumors.
2.4.4. Inactivation of TGF-β signaling by oncogenes
While the various mechanisms of genetic and epigenetic

inactivation of TGF-β signaling components explain the tumor
suppressor action of this pathway in certain types of cancer, the
large majority of tumors do not exhibit any of these alterations.
Yet, most tumor cells exhibit relative resistance to TGF-β
signaling, which is often expressed as resistance to growth
inhibition or apoptosis. Such tumor cells may have a fully
functional TGF-β signaling pathway, but specific regulatory
events in the transmission of the signal may have been altered.
Today, we recognize a large set of such regulatory mechanisms.
Many of them have recently explained the molecular action of
classical oncogenes, which suppress TGF-β signaling in order
to promote oncogenesis.

2.4.4.1. Myc. As described above, the discovery that TGF-β
represses c-Myc expression during epithelial growth arrest was
intimately connected with the finding that viral oncogenes such
as adenoviral E1A or SV-40 large T antigen block both growth
inhibitory responses and c-Myc repression by TGF-β [146]. In
addition to blocking c-Myc repression, the adenoviral onco-
protein E1A also affects the immediate-early transcriptional
induction of p15Ink4B and p21Cip1 by TGF-β [245]. Initially it
was proposed that these oncoproteins sequester pRb or its
relatives in mediating their inhibitory effects. However, based
on the current understanding of the transcriptional mechanisms
that regulate expression of these genes by TGF-β, it appears that
the oncoproteins either inhibit the interaction of Smad proteins
with the co-activator p300/CBP [246–249], or alternatively,
based on their direct ability to bind to Smads, block their
transactivation potential [250].

Not only is c-Myc expression repressed by TGF-β/Smad
signaling, but additionally, aberrant expression of Myc in
tumor cells leads to resistance to the growth suppressor res-
ponse, since c-Myc actively represses expression of critical
cell cycle regulatory genes like p15Ink4B and p21Cip1 (Fig. 2)
[148,163,172,251]. Myc becomes the mediator of loss of
TGF-β anti-proliferative responses for another oncogenic path-
way, the Wnt/β-catenin pathway [252]. Accordingly, in colon,
breast and liver cancers, hyperactive β-catenin/LEF/TCF
signaling leads to sustained expression of c-Myc; this
secondarily makes cells unable to elicit epithelial growth arrest
in response to TGF-β. Interestingly, the Wnt pathway directly
interacts and crosstalks with TGF-β signaling during embryonic
development, as β-catenin and LEF/TCF form complexes with
Smads during regulation of common target genes [253,254].
Furthermore, the negative regulator of Wnt/β-catenin signal-
ing, axin, associates with Smad3 and promotes TGF-β
signaling [255]. In addition, axin forms complexes with
Smad7 and promotes degradation of the latter by the ubiquitin
ligase Arkadia [256]. These data suggest that hyperactivation
of Wnt signaling due to axin disregulation, also affects TGF-β
signaling in a negative manner.

2.4.4.2. Ras. A second major oncogene whose action affects
normal TGF-β signaling is Ras and its downstream Raf/MAPK
pathway. Oncogenic Ras superactivates Erk1/2, which directly
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phosphorylate specific serine residues in the linker domain of
Smad2 and Smad3 [257]. Linker phosphorylation results in
cytoplasmic retention of the Smads, thus blocking their
physiological nuclear function and thus providing an interesting
mechanism by which the Ras pathway subverts the activity of
the Smad pathway in tumor cells (Fig. 2). However, this model
has been challenged by independent investigations that
analyzed modulation of Smad signaling induced by mitogenic
stimuli. Accordingly, physiological HGF/SF signaling can
induce Smad2 phosphorylation mediated by the MAPK path-
way, which possibly targets the C-terminal tail of Smad2 instead
of its linker, leading to positive activation of Smad signaling
[258]. Hyperactive Raf induces high Erk activity and does not
perturb basic Smad functions, but surprisingly blocks the
apoptotic response of kidney epithelial cells to TGF-β, which to
a large extent depends on proper Smad signaling [259]. Since
the phosphorylation status of Smads by the activated Erk was
not analyzed in this study, it is hard to judge what the effects of
Smad linker phosphorylation were in this cell system. More
convincingly, two recent studies demonstrated that linker
phosphorylation of Smad3 and Smad4 by the p38 MAPK and
Raf/Erk pathways respectively, elicited positive TGF-β signal-
ing responses, leading to mammary epithelial growth arrest in
the former case, and enhanced Smad4-dependent transcriptional
activation in the latter [195,260]. Thus, despite apparently
contradicting reports, the importance of downregulation of
Smad signaling activity by oncogenic Ras signaling remains an
interesting possibility that deserves further attention and cell
type specificity or quantitative differences in the strength of Ras
signaling between the various systems may well explain the
observed discrepancies.

In agreement with the above, not only Erk1/2 but also JNK
was reported mediating phosphorylation of the linker region of
Smad2 and Smad3, resulting in the same negative effects on
TGF-β signaling, and such post-translational modifications
have been firmly established in a series of colorectal
adenocarcinomas [261]. In fact, the more invasive or metastatic
the tumor, the higher the degree of Smad linker phosphorylation
was found. These mechanisms explain why in colon cancer
cells with loss of Smad4 expression, plain reconstitution of
Smad4 is not sufficient to restore growth arrest responses and
proper regulation of c-Myc and p21Cip1 gene responses [262].
This is due to the concomitant presence of the Ki-Ras oncogene
in such cells that attenuates endogenous Smad signaling.
Ectopic expression of a mutant Smad3 that cannot be
phosphorylated by Erk1/2 in its linker together with wild type
Smad4 can rescue the cytostatic response in such tumor cells,
emphasizing the synergistic inactivation of TGF-β signaling by
both Smad4 genetic and epigenetic control and by Ras-
mediated suppression of the pathway. Interestingly, the same
model explains why TGF-β sometimes acts as a potent
mitogenic factor of carcinoma cells. In prostate carcinoma
cells with hyperactive Ha-Ras, endogenous TGF-β signaling
appears normal, yet not only TGF-β fails to induce cytostasis,
but it even enhances cell proliferation [263]. Pharmacological
inhibition of MEK1, anti-sense oligonucleotides targeting Ha-
Ras or dominant negative Raf mutants, all block aberrant Ras
signaling and concomitantly restore TGF-β-mediated cytostasis
and transcriptional induction of p15Ink4B and p21Cip1. Similarly,
in colon carcinoma cells that overexpress Ki-Ras, TGF-β
induces proliferation and enhances their tumorigenic aggres-
siveness [264]. The mechanism behind this phenotype seems to
be aberrant post-translational processing of the β-glycan
receptor, but whether such an effect on the receptor modulates
the ability of Ki-Ras to attenuate endogenous Smad signaling
has not been determined. An equally important and even more
widespread action of Ras signaling is to induce robust TGF-β
secretion from carcinoma cells, while at the same time
modulating Smad signaling. Based on this model, Ras-mediated
tumorigenesis and metastasis depends critically on the induction
of TGF-β and an autocrine response of the carcinoma cells to
TGF-β signaling, a process that defines the potency of EMTand
tumor cell invasiveness and metastatic rate in vivo [265,266].
Similar to Ras, other oncogenic signaling pathways could
possibly inactivate normal Smad function by post-translational
modifications. A good such example is activation of PKC by
tumor promoting agents such as phorbol esters, leading to direct
phosphorylation of serines in the MH1 domain of Smad3, thus
inactivating the DNA-binding activity of Smad3, which results
in suppression of the cytostatic and apoptotic response of
epithelial cells to TGF-β [267]. It is therefore clear that Ras
signaling can convert TGF-β from a tumor suppressor to a
tumor promoter and for this reason the crosstalk between Ras
and TGF-β will be addressed again later.

2.4.4.3. Ski and SnoN. TGF-β signaling misregulation has
recently explained the molecular action of the oncogene Ski and
of its related protein SnoN. Ski is a well-recognized viral
oncogene with presumed nuclear functions, however, its
oncogenic activity was rationalized upon discovering that Ski
directly interacts with Smad2, Smad3 and Smad4 [268–271].
Ski confers resistance to the TGF-β cytostatic response and
when bound to the nuclear Smad complex on target genes,
recruits co-repressors of the N-CoR family and histone
deacetylases, thus blocking the positive transcriptional activity
of Smads (Fig. 2). Additionally, Ski was shown to stabilize the
DNA-binding activity of transcriptionally inactive Smad
complexes and was also found capable of inhibiting the
phosphorylation of Smad2 and Smad3 by the TGF-β receptor
complex [272,273]. A similar mechanism was described for the
close relative of Ski, the SnoN protein (Fig. 2), which
additionally was found to be proteasomally degraded by TGF-
β signaling, in order for Smad proteins to be able to act
transcriptionally at physiological levels [274,275]. Further-
more, sustained TGF-β signaling induces SnoN mRNA
expression, thus restoring the levels of SnoN in the cell.
According to this model, SnoN acts as a repressor of
endogenous TGF-β-responsive genes, which must be removed
for proper TGF-β signaling to occur, and eventually needs to be
restored to bring the cell to its default state. This elegant model
proposed that tumor cells with abnormally high Ski or SnoN
levels would exhibit defective TGF-β signaling and resistance
to the cytostatic or apoptotic responses. Interestingly, in order
for Ski and SnoN to act as potent repressors of Smad
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transcriptional activity, they must bind to both Smad3 and
Smad4 [276–278]. Accordingly, mutant Ski or SnoN proteins
that fail to associate with Smads are also defective oncogenes in
vitro.

The in vivo relevance of the interaction between Smads and
Ski or SnoN has been analyzed in mouse models and in human
tumors. In mice where only one copy of the Ski or SnoN gene
has been knocked out, spontaneous tumorigenesis was
observed, which was enhanced further upon exposure to
chemical carcinogens [279,280]. These results defined Ski and
SnoN as tumor suppressor genes instead of oncogenes, and
mouse embryonic fibroblasts derived from these heterozygous
mice exhibited hyperproliferation in vitro and potent oncogenic
transformation upon ectopic expression of Ki-Ras. This dual
role of Ski and SnoN in tumorigenesis mimics the role of TGF-
β in human cancer. In human tumors, the oncogenic potential of
Ski and SnoN is compatible with the model of inactivation of
TGF-β responses. Cutaneous melanomas express high Ski
levels and as these tumors progress towards metastasis, the Ski
subcellular distribution shifts from nuclear to cytoplasmic
[281]. Such cytoplasmic Ski is equally potent in binding and
suppressing Smad signaling in melanomas. SnoN seems to
exhibit the inverse behavior as normal cells express primarily
cytoplasmic SnoN, while SnoN is predominantly nuclear in
tumor cells [282]. The cytoplasmic form of SnoN cannot be
easily degraded by TGF-β signaling, as this degradative
pathway primarily operates in the nucleus via the action of
ubiquitin ligases such as Smurf2 and the anaphase promoting
complex [283–285]. Thus, in normal cells, cytoplasmic SnoN is
more stable and can repress endogenous Smad signaling even
more potently than nuclear, oncogenic SnoN, which presents an
unresolved problem, since it raises the question of how can
TGF-β signaling bypass the obstacle of cytoplasmic SnoN
during normal tissue homeostasis. Despite these mechanistic
difficulties in understanding the precise, yet complex mode of
action of Ski and SnoN, additional tumor studies support high
expression of these proteins in human cancers. SnoN has been
proposed to have prognostic value in breast carcinomas, and Ski
overexpression correlates with the more advanced stages of
squamous cell carcinomas of the esophagous [286,287]. In
esophageal cancers, SnoN disregulation is also important, as
such carcinoma cells exhibit resistance to TGF-β-mediated
degradation of SnoN, thus maintaining inhibitory Smad–SnoN
complexes on DNA, such as the promoter of c-Myc, thus, stably
repressing the transcriptional activity of physiological Smad
signaling [288]. Finally, regulation of SnoN expression by
TGF-β has been recently proposed to explain why this cytokine
acts as a mitogen and transforming factor in AKR-2B and NRK
fibroblasts, the cellular system that led to the discovery of TGF-
β [289]. According to this model, these fibroblast cell lines
express sustained levels of SnoN in response to TGF-β and this
correlates with their ability to become transformed. In summary,
Ski and SnoN have provided a plethora of new mechanistic
insight about the functional inactivation of physiological Smad
signaling during tumorigenesis, and these two tumor suppres-
sors/oncogenes promise to offer even more revelations to the
mode of action of TGF-β during cancer progression.
2.4.4.4. Other oncogenes and tumor suppressors. We will
close this section by enumerating a small number of additional
proteins that promote or inactivate Smad signaling and thus act
as tumor suppressors or oncogenes (Fig. 2). The ubiquitin ligase
Smurf2 that induces Smad, SnoN and TGF-β receptor down-
regulation and inhibits overall TGF-β signaling, has been found
overexpressed in squamous cell carcinomas of the esophagous,
and the degree of expression of this protein correlated with poor
prognosis in such cancer patients [290]. The oncoprotein Evi-1
interacts with Smad3 and inhibits its transcriptional function,
thus leading to resistance to the cytostatic effect of TGF-β
[291]. Menin is a nuclear tumor suppressor protein that
normally interacts with nuclear Smad complexes and cooperates
in their transcriptional function [242]. Endocrine tumors carry
inactivating Menin mutations that truncate this protein such that
it antagonizes TGF-β signaling instead of promoting this
pathway. The ubiquitin ligase of p53 and oncogene MDM2 was
found to confer resistance to the growth inhibitory response of
epithelial cells to TGF-β and thus explain TGF-β resistance in
breast cancer [292]. It was then shown that MDM2 and its
relative MDMX repress the transcriptional activity of Smads, by
enforcing cytoplasmic retention of Smad4 and by sequestering
the coactivator p300 from nuclear Smad complexes, in cells that
overexpress these proteins [293,294]. However, the physiolo-
gical relevance of MDM2 acting as an inhibitor of TGF-β
signaling and thus enforcing resistance to the cytostatic
response of epithelial cells to TGF-β has been strongly
challenged, as MDM2 overexpression was proposed to lead to
genomic instability that enhances the mutational load of tumor
cells, thus acquiring additional defects that impinge on the
functionality of the TGF-β pathway [295]. Despite that, the
established link between Smad signaling and p53 and the
role of MDM2 in regulating p53 function may necessitate
further examination of the Smad-MDM2 connection during
tumorigenesis.

In summary, a set of well-established mechanisms seem to
mediate the tumor suppressor action of TGF-β. The rapid pace
of research in this field promises even wider but also deeper
understanding of such mechanisms. In addition, diverse cellular
pathways that drive mitogenesis and tumor formation target the
TGF-β pathway. This area of research is particularly open to
new discoveries and promises to explain fully how tumor cells
manipulate TGF-β signaling in order to convert it from a tumor
suppressor to a tumor promoter.

3. TGF-β as tumor promoter or pro-metastatic factor

3.1. TGF-β is commonly overproduced by cancer cells

One of the long-standing enigmas of TGF-β biology with
relation to cancer has been why do human tumors universally
oversecrete bioactive TGF-β, when this cytokine acts as a
growth inhibitor? Since the early days of TGF-β cDNA cloning,
it was found that human tumors and tumor cell lines express
higher levels of TGF-β1 mRNA compared to normal tissues
[296]. Ectopic expression of latent or mature TGF-β1 in
transformed tumor 293 cells resulted in enhanced metabolic rate
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and synthesis of cell adhesion markers. When introduced into
nude mice such engineered tumor cells exhibited increased rate
of tumor formation compared to their parental counterparts
[297]. Under in vivo conditions, plasma levels of bioactive
TGF-βmeasured prior to bone marrow transplantation and after
chemotherapy correlate well with the chance of such patients to
develop fibrotic disorders in their lungs and livers, which
complicates the effectiveness of breast cancer therapy [298].
This finding correlates with the abundant TGF-β1 levels
detected immunohistochemically at the edges of breast tumor
spread and in the corresponding lymph node metastases
[299,300]. In addition to breast cancer, hepatocellular and
lung carcinomas also overproduce TGF-β1 in vivo and the
higher the level of this cytokine the higher the degree of
neovascularization observed in these tumors and the higher their
chance for metastasis [301,302]. Prostatic tumors also stain
positively for bioactive TGF-β1 and the level of the cytokine
correlates with loss of TβRII expression, the degree of
malignancy, tumor invasiveness and metastatic potential
[303,304]. Furthermore, the plasma levels of TGF-β1 in
prostate cancer patients can serve as a good predictor of further
progression of the disease after surgical removal of the gland
[305]. The higher the TGF-β1 level in plasma the higher is the
chance for the patient to progress further into disease post-
operatively. The same positive correlation has been made for
colorectal cancer progression and plasma levels of TGF-β1
seem to reflect the degree of TGF-β1 gene overexpression in
the carcinoma cells [306]. Interestingly, upon surgical resection
of such colorectal tumors, the plasma levels of TGF-β1 reduce
significantly, confirming the model that a major source of the
cytokine is the carcinoma cell itself [307]. Like in other cancers,
colorectal tumor metastasis to the liver can be securely
predicted by measuring the plasma levels of TGF-β1 in these
patients [308].

While the TGF-β1 isoform is the primary ligand associated
with tumor progression in humans, increased levels of TGF-β2
have also been measured together with TGF-β1 in the plasma of
patients with metastatic melanoma, whereas TGF-β3 levels
together with TGF-β1 constitute a better prognostic marker for
the progression of breast cancer and its metastasis to lymph
nodes [309,310]. Furthermore, increased TGF-β2 secretion is
strongly associated with the progression of glioblastoma, a
finding that led to direct therapeutic approaches as we discuss
later [311]. Interestingly, one case where a mechanism of TGF-
β1 gene upregulation has been established in vivo in humans, is
renal carcinoma with mutations in the tumor suppressor von
Hippel-Lindau (VHL) gene [312]. In such renal carcinomas, the
plasma and urine levels of TGF-β1 are elevated abnormally and
this is due to the loss of the negative control exerted by VHL on
TGF-β mRNA stability.

TGF-β is not the only member of its superfamily that is
overproduced by tumor cells. High levels of BMPs can easily be
measured in aggressive bone tumors, while squamous cell
carcinoma of the esophagous secrete high BMP-6 amounts,
which correlate best with the more malignant grade of these
tumors [313,314]. BMP-6 secretion by prostate carcinoma cells
is critical for invasiveness of the tumor cells during metastasis to
bone and additionally for enhanced osteoblastic activity in the
bone microenvironment that supports metastatic growth [315].
In addition to BMP-6, adenocarcinomas of the prostate secrete
high BMP-7 and this factor protects such tumor cells from
apoptosis, while promoting cell invasiveness and tumor
metastasis [316]. Lung carcinomas produce aberrant amounts
of BMP-2, which promotes growth of the tumor in vivo by
activating the Smad1/5 signaling pathway and its downstream
gene target Id1 [317]. An equivalent positive effect on tumor
cell proliferation and dedifferentiation has been demonstrated in
advanced breast carcinomas, which are estrogen receptor-
positive and overexpress the BMP receptor BMPRIB/ALK6
[318]. Thus, future studies may implicate even more members
of the TGF-β superfamily in the process of tumor progression,
and possibly, combinatorial detection of multiple such ligands
in human tumors may offer improved methods for prognosis of
the disease at least in advanced stages.

3.2. Mouse models of the pro-tumorigenic activity of TGF-β

3.2.1. TGF-β models
Xenografts of breast adenocarcinoma cells into syngeneic

rats lead to lung metastases that are strongly accelerated by pre-
treatment of the cells with TGFβ1, an effect that is fully
inhibited by neutralizing antibodies against TGF-β1 [319].
TGF-β1 enhances extravasation of these metastatic carcinoma
cells based on their ability to degrade the lung basement
membrane and despite its ability to inhibit the growth of the
tumor cells in vitro. In a sarcoma model, stable overexpression
of TGF-β1 results in profound growth inhibitory effects in vitro
(tumor suppressor action), but when tested in xenograft assays
in vivo, the TGF-β1-expressing tumor cells established tumors
much faster and the final tumor size was bigger, an effect that
was blocked by anti-TGF-β neutralizing antibodies adminis-
tered to the mice [320].

These findings have been consolidated by construction of
transgenic mouse models that oversecrete TGF-β1 in the skin or
mammary gland [321–324]. When TGF-β1 is conditionally
overexpressed in keratinocytes and the mice are exposed to
long-term chemical carcinogenesis, a dual action on tumor
outcome was observed: TGF-β1 suppressed tumor growth
reducing the number of primary tumors, but at the same time
TGF-β1 enhanced the invasiveness and metastatic potential of
these tumors [321]. Under the influence of the transgenic
TGF-β1, the benign skin tumor cells underwent EMT, thus
forming invasive spindle carcinoma cells in vivo, which ex-
pressed high levels of TGF-β3. In this mouse skin model, TGF-
β acted directly on the carcinoma cells that secreted the cyto-
kine, leading to EMT, which was sufficient for the acceleration
of malignancy in vivo [322].

In a comparable conditional mouse skin model, expression
of the TGF-β1 transgene was switched on at specific stages of
carcinogenesis after exposure to the same chemical protocol
[323]. When TGF-β1 was induced early during tumor
formation, it suppressed tumorigenesis, while induction at
later, papilloma stages, accelerated metastasis, thus demonstrat-
ing that TGF-β is capable of directly inducing the necessary
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steps towards metastasis. When this mouse model was
combined with keratinocyte-targeted expression of a dominant
negative TβRII, TGF-β1 could not suppress benign tumor
growth anymore [325]. Unexpectedly, the dominant negative
receptor could not block metastasis of advanced tumor stages,
and this was proposed to indicate that TGF-β promotes
metastasis by a mechanism that does not depend strongly on
TβRII and that involves activation of intracellular MAPK and
Rho GTPase activities. This is one of the few reports where the
dominant negative TβRII fails to block all measured TGF-β
responses during tumor progression. Based on the current
understanding of TGF-β signaling whereby all physiological
effects of this cytokine are mediated by its primary ligand-
binding receptor, TβRII, it is hard to reconcile this result, as it
suggests that TGF-β mediates MAPK and Rho GTPase
signaling via a different receptor system. One possible
mechanism that can explain such results is the ability of the
TGF-β receptor complex to form complexes with many other
cell surface signaling proteins. An example with relevance to
this discussion is the hyaluronan receptor CD44, which
primarily interacts with TβRI and less with TβRII [326].
Thus, in metastatic breast carcinoma cells, hyaluronan binds to
CD44 and induces signaling by TβRI towards Smad phosphor-
ylation and activation of canonical TGF-β responses. However,
TβRI in the complex with CD44 phosphorylates the latter
receptor and induces stronger interaction between CD44 and the
actin cytoskeleton, which promotes carcinoma cell migration.
Whether such a scenario operates in the transgenic mice
discussed above remains an open possibility. In addition, it must
be kept in mind that recent findings on the small mucin-like
protein, podoplanin, indicate that this protein elicits formation
of filopodia and induces carcinoma cell migration, without
affecting the overall differentiation of epithelial cells or
inducing EMT [327]. Podoplanin seems to strictly be involved
in the regulation of Rho GTPase activity and actin cytoskeleton
reorganization at the invasive front of tumor cells. Thus, tumor
cell invasiveness in the absence of EMT becomes recently
molecularly established.

In a breast model, the TGF-β1 transgene was inducibly
expressed by doxycycline in the mammary epithelium, into
which a polyoma virus middle T antigen was also expressed
concomitantly [324]. While induction of TGF-β1 did not affect
primary breast tumor formation, it strongly increased the
number of lung metastases of these tumors. The expression of
TGF-β1 and the activation of endogenous Smad signaling was
strictly confound to the carcinoma cells, thus favoring an
autocrine action of TGF-β in promoting metastasis.

3.2.2. TGF-β receptor models
In a second series of mouse models, the function of

endogenous TGF-β signaling was investigated by expressing
the dominant negative TβRII receptor in the carcinoma cells. A
prominent tumor model of breast cancer metastasis that
critically depends on EMT is the EpH4 mouse mammary
epithelial cell line that stably expresses Ha-Ras, leading to
oversecretion of TGF-β and followed by loss of growth
suppression responses, induction of EMT, enhanced cell
invasiveness and high rate metastasis [265]. Expression of the
dominant negative TβRII receptor in this cell model resulted in
inhibition of autocrine TGF-β signaling, inhibition of EMT and
delayed tumor formation with significantly fewer metastases
[328]. Neutralizing antibodies against TGF-β or soluble TβRII
that sequesters TGF-β, both had the same effect as the dominant
negative receptor.

In a second model of human breast carcinoma cells, MDA-
MB-231, that are resistant to growth inhibitory responses and
metastasize to bone, the dominant negative TβRII inhibits
endogenous TGF-β signaling in this tumor cell and it
significantly inhibits metastasis in xenograft experiments
[329]. Conversely, ectopic expression of the constitutively
active TβRI/ALK5 enhanced metastatic potential by inducing
the secretion of parathyroid hormone-related peptide (PTHrP),
which promotes osteoclast activation during osteolytic metas-
tasis. In a third model of 4T1 metastatic breast carcinoma cells,
the dominant negative TβRII again blocks distant metastases,
emphasizing the role of endogenous TGF-β signaling for this
phenotype [330].

In a fourth model of a series of human mammary epithelial
MCF-10A cell lines that express Ras and exhibit various
degrees of malignancy upon xenografting to nude mice, the
dominant negative TβRII did not affect tumor formation by the
oncogenically transformed cells [331]. This experiment also
demonstrated that TGF-β is not sufficient to initiate tumorigen-
esis. However, in the presence of the Ras oncogene, which
plays the initiator role, TGF-β enforces a more malignant
phenotype, so that in the high grade tumor cell line, dominant
negative TβRII could effectively block metastasis rate despite
its inability to reduce primary tumor growth. All these models
are based on the engineering of tumor cell lines and xenograft
experiments in nude mice.

Transgenic mice with breast-specific (MMTV-driven)
expression of the constitutively active TβRI/ALK5, when
crossed to mice expressing activated Neu receptor mutants that
cause breast cancer, show that the active TβRI inhibits primary
mammary cancer formation but it accelerates the rate of
metastasis to lung [332]. This result has been reproduced
independently with the same combination of transgenic mouse
crosses [333]. In the inverse experiment, dominant negative
TβRII accelerates the rate of primary tumor formation and
inhibits the rate of lung metastasis. This is a clear model of the
dual role of TGF-β in tumor progression that is strictly based on
genetic manipulation of the TGF-β receptors. An essentially
similar result was obtained when the MMTV-Neu mouse was
crossed to an MMTV-TGF-β1 transgenic that expressed
bioactive TGF-β1 in the mammary gland, confirming that the
in vivo action of TGF-β1 or its two signaling receptors is
virtually redundant [334].

3.2.3. Smad models
The role of Smad signaling in the pro-metastatic action of

TGF-β has also been addressed with multiple models of
xenograft experiments in nude mice and with transgenic mice.
Using the series of MCF-10A/Ras cells lines described above
and ectopic expression of a mutant TβRI/ALK5 that fails to
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bind and phosphorylate the Smads, while retaining an active
kinase, it was shown that the pre-malignant cell model was
pushed to form larger and more malignant tumors, indicating
that Smad signaling is required for the tumor suppressor action
of TGF-β [335]. Similarly, the aggressive cell model failed to
metastasize to lung as efficiently in the presence of the mutant
receptor, demonstrating that Smad activation by receptor is also
required for the pro-metastatic action of TGF-β. The same
result was obtained when the experiment was repeated using the
same set of mammary cell lines after ectopic expression of
dominant negative Smad2 and Smad3, implicating these two R-
Smads in both tumor suppressor and pro-metastatic actions of
TGF-β [336]. Similar to breast carcinoma cells, dominant
negative Smads could effectively block metastasis of the skin
spindle cell carcinoma model discussed previously [328].
Furthermore, mammary epithelial specific knockout of Smad4
revealed the role of Smad4 during mammary EMT and
squamous cell carcinoma formation [136]. The same result
was obtained using the metastatic human MDA-MB-231 cell
model and RNA interference (RNAi) against Smad4, which led
to significant reduction of bone metastasis in mice [337,338].
Finally, the inhibitory Smad7, upon adenoviral delivery to
metastatic breast carcinoma cells led to significant decrease of
Fig. 4. TGF-β actions during carcinoma progression. A normal epithelium is disrupte
over-proliferate and some of which switch differentiation (EMT) and become migra
transverse the tumor stroma that is rich in tumor-associated fibroblasts and immune
neighboring blood microvessels. Metastatic tumor cells circulate in the bloodstream
establish new sites of metastasis on a new epithelial layer. TGF-β is shown being p
fibroblasts; TGF-β produced by fibroblasts and acting on tumor cells, endothelial cells
on normal epithelial cells as an inhibitor (tumor suppressor).
metastasis in xenografted mice [339]. The evidence so far
supports primarily a canonical TGF-β receptor-Smad pathway
eliciting pro-metastatic effects of TGF-β in mouse tumor
models, and important gene targets of the pathway that mediate
the pro-metastatic activity can be PTHrP or other secreted
proteins (e.g. interleukin-11, connective tissue growth factor
(CTGF)) as identified by recent large scale transcriptomic
analyses [340].

3.3. Mechanisms of the pro-tumorigenic action

Currently, the pro-tumorigenic role of TGF-β can be
explained by a complex set of cellular mechanisms that affect
the carcinoma cell itself and its associated extracellular matrix,
cells from the surrounding tumor stroma, including cancer-
associated fibroblasts and immune cells, and finally cells of the
vascular system.

3.3.1. Epithelial–mesenchymal transition
As already mentioned, EMT is a critical differentiation

switch that allows epithelial cells to migrate, invade their local
tissue environment and even intravasate to the vasculature
during metastasis (Fig. 4). EMT causes destruction of fully
d by the growth of a primary tumor creating a mass of cells with lost polarity tha
tory and invasive, thus degrading the basement membrane. Invasive tumor cells
cells (e.g., macrophages or natural killer cells), and eventually intravasate into
and extravasate at distant sites, transverse the surrounding connective tissue and
roduced by primary tumor cells and acting on the same carcinoma cells or on
or inhibiting macrophage/natural killer cell function. TGF-β is also shown to ac
t

t
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polarized epithelia and creation of mesenchymal, migratory
cells, processes that require the disorganization of cell–cell
adhesion and cell–matrix adhesion, and degradation of the
extracellular matrix associated with the epithelial layer. EMT
therefore represents a basic morphogenetic process that is
controlled by many signaling pathways and which is utilized in
many instances during normal development, but also during
disease pathogenesis, including carcinoma invasiveness and
tissue fibrosis [341–344].

3.3.1.1. In vitro and in vivo models of EMT. In vitro culture
systems gave the first evidence that TGF-β1 could induce EMT,
and today, many studies have described this widespread
mammalian epithelial response in both primary and immorta-
lized normal epithelial cells and in tumor and fibrotic epithelial
cells of mammary, lung, kidney, colon, pancreatic, thyroid, lens,
skin and liver origin [179,322,325,328,345–359]. EMT in
response to TGF-β1 is characterized phenotypically by down-
regulation of epithelial markers such as E-cadherin, specific
keratins and ZO-1, and upregulation of mesenchymal markers
such as fibronectin, Fsp1, α-smooth muscle actin and vimentin.
During EMT, the actin cytoskeleton becomes reorganized from
a cortical arrangement that supports the polarized plasma
membrane to a stress-fiber network connected to focal
adhesions. In addition to TGF-β1, TGF-β2 and TGF-β3 can
induce EMT in vitro and in vivo, while signaling pathways that
activate Smad2 and Smad3, i.e. TGF-β/activin/nodal/myostatin
and other ligands, should in principle be able to elicit EMT,
because ectopic expression of their corresponding type I
receptors can induce EMT in vitro [358,360]. On the other
hand, ligands that activate Smad1, Smad5 and Smad8 signaling
pathways, i.e. BMPs/GDFs/MIS fail to elicit robust EMT [358].
In addition, BMPs can antagonize the TGF-βs in normal
mammary and lens epithelial cells in vitro [179,361]. In other
words, higher level of BMP inhibits TGF-β from eliciting EMT.
Alternatively, BMPs induce mesenchymal–epithelial transition
(MET) of fibrotic kidney cells or of mesenchymal cells
generated via an EMT process [362]. In vivo, BMP-7 induces
MET of adult renal fibroblasts and acts therapeutically by
helping the regeneration and healing of the injured kidney
(reviewed in [342]). Whether other BMP/GDF members are
capable of inducing MET in other organs, and in particular
during tumor progression, remains to be investigated and is of
clinical importance.

As already discussed above in the mouse models, spindle cell
carcinomas developed by exposure of mice to chemical
carcinogens, mouse mammary carcinomas created by Ras
or Raf oncogenic transformation, and both colon carcinomas
and hepatocarcinomas, led to the understanding that onco-
genes such as Ras or Raf induce EMT and tumor cell invasive-
ness in vitro and in vivo in a TGF-β-dependent manner
[259,266,322,328,350]. Indeed, when the TGF-β pathway is
inactivated, Ras alone cannot promote tumor cell invasiveness
and metastasis. Conversely, upon activation of the TGF-β
pathway, carcinoma cells that exhibit more overt and irreversible
EMT lead to more aggressive and metastatic tumors [328].
Overall, it is accepted that mouse and human carcinomas
oversecrete TGF-β, are sensitized to TGF-β signaling, which
leads to loss of growth inhibitory or apoptotic responses to TGF-
β, yet allows the development of EMT.

3.3.1.2. Control of EMT by Smads. A series of in vitro and in
vivo mouse model studies using dominant negative Smad
mutants, tissue specific Smad knockouts or Smad RNAi and the
mutant TβRI/ALK5 that cannot bind and activate R-Smads
have established the role of Smad signaling in TGF-β-induced
EMT [136,179,335,336,338,353,354,356,358,360,363,364].
Surprisingly, partial depletion of Smad4 using RNAi in
human HaCaT keratinocytes and colon carcinoma cells could
not block TGF-β-induced EMT despite very low Smad4 levels
[171]. This suggests that low levels of endogenous Smad
signaling are sufficient for EMT to occur. In addition, the
nuclear transcriptional regulators YY1 and c-Ski, which bind
directly to Smad complexes and repress either Smad DNA-
binding (YY1) or Smad transcriptional activity (c-Ski), block
TGF-β-driven EMT in vitro, thus reinforcing the role of
transcriptional Smad signaling in establishment of EMT
[365,366].

Smad signaling mediates EMT presumably by regulation of
critical gene targets that may act as effectors of EMT, or that
may be required for the maintenance and full deployment of
EMT. Transcriptomic screens of EMT under in vitro and in vivo
conditions and screens for genes contributing to carcinoma
invasiveness and metastasis are very useful as for example they
have implicated TGF-β signaling as a major regulator of tumor
cell invasiveness [340,349,358,367–369]. Due to the avail-
ability of such large-scale gene expression data, the number of
genes that become functionally linked to EMT grows steadily.
We will discuss below some specific TGF-β gene targets that
provide a deeper understanding of the mechanism of EMT. Such
work also aims at identification of markers of the EMT process
that could serve as screening tools in the laboratory and the
clinic in order to identify unequivocally EMT in various
pathophysiological processes [343].

3.3.1.3. Control of EMT by other pathways. TGF-β not only
activates Smad signaling but also affects the activity of various
non-Smad signaling effectors, a number of which have an
impact on EMT [33]. In carcinoma cells expressing an activated
Ras oncogene, Erk1/2 and PI3K activities contribute to the
establishment of EMT [266,350]. Erk, PI3K, Rho GTPase and
p38 MAPK signaling are also important in immortalized and
malignant human keratinocytes, human pancreatic carcinoma
cells, pig thyrocytes, and normal mammary epithelial cells
[348,349,351,370–373]. In addition, NF-κB signaling coop-
erates with Smads and contributes to EMT in vitro and
metastasis in vivo in Ras-transformed breast carcinomas
[374]. A possible mechanism of activation of NF-κB by TGF-
β involves TAK1 that directly phosphorylates the IκB kinase 2
(IKK-2), which phosphorylates and induces degradation of
IκBα, thus releasing active NF-κB [375]. Finally, integrin
signaling cooperates with TGF-β receptors in eliciting EMT
[376,377]. Integrin β1 function is required for p38 MAPK
activation in mammary cells and integrin β1 inhibition
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effectively blocks EMT [376]. During progression of human
colon carcinoma cells EMT takes place and integrin β6
expression is induced, making the cells more invasive and
migratory, which leads to activation of autocrine TGF-β, thus
enhancing further EMT in a circular fashion [377]. In this case,
integrin β6 functions upstream of TGF-β mediating its
activation, instead of transmitting TGF-β signals towards EMT.

The only direct mechanism of non-Smad signaling that
contributes to EMT links TGF-β receptor signaling to the
polarity complex that regulates the Rho GTPase pathway [378].
In polarized epithelial cells, TβRI localizes to tight junctions by
interacting with the integral membrane protein occludin, where
it also interacts with the polarity protein Par6 [378]. Upon
TGF-β signaling, TβRII is recruited to tight junctions and
phosphorylates the type I receptor together with the type I
receptor-tethered Par6. Phosphorylated Par6 can subsequently
recruit the ubiquitin ligase Smurf1, which ubiquitylates and
degrades RhoA [378]. This results in local disassembly of the
actin cytoskeleton and tight junction dissolution, one of the
hallmarks of EMT. Direct phosphorylation of Par6 by the TβRII
kinase opens the possibility that this receptor has additional
substrates, which may link TGF-β to non-Smad effectors.
Another interesting example of EMT where at least Smad4-
mediated responses do not seem to be important is the de-
differentiation of Smad4-null pancreatic carcinoma cells
induced by TGF-β [379]. In these cell models, TGF-β induces
tyrosine phosphorylation of α- and β-catenin, which disrupts
the cortical E-cadherin/catenin complexes with actin, leading to
dissociation of adherens junctions. Although not yet mechan-
istically clear, tyrosine phosphorylation of catenins depended
on Ras and PI3K activities (possibly suggesting a role for Src
family kinases) and modulation of the activity of the
phosphatase and tensin homologue (PTEN) that associates
with the E-cadherin/catenin complexes. However, PTEN has
been reported to directly interact with Smad3 and down-
modulate the transcriptional signal of Smad3 [380]. Accord-
ingly, loss-of-function of PTEN contributes to the TGF-β/
Smad3-dependent enhancement of carcinoma cell motility and
tumor invasiveness, emphasizing the established tumor sup-
pressor role of PTEN as an inhibitor of the pro-tumorigenic
action of TGF-β. Thus, although plasma membrane proximal
signaling events downstream of TGF-β receptors may offer
territory for discovery of novel signal transduction mechanisms
that govern EMT and tumor cell invasiveness, the involvement
of Smad protein function in such mechanisms necessitates
careful consideration.

3.3.1.4. Transcriptional control of EMT. Regarding the
transcriptional targets of the TGF-β pathway that are mediated
in the process of EMT, Id (Id2, Id3) genes play critical roles
[179,381]. TGF-β-specific Smads transcriptionally repress Id
genes, whereas BMP-specific Smads induce robust levels of Ids
in epithelial cells, and sustained repression of Id2 and Id3 is
critical for TGF-β to downregulate E-cadherin and ZO-1 and
eventually establish EMT [179]. Id2 repression releases the
E12/E47 basic helix–loop–helix (bHLH) factors so they can
bind to the E-cadherin promoter and repress the gene [381]. In
contrast, the high levels of Ids induced by BMP signaling
enforce global inhibition of various bHLH proteins, and failure
to induce EMT. We therefore propose that regulation of Id gene
expression explains the aforementioned antagonism between
TGF-β and BMP, whereby, BMP dominantly antagonizes TGF-
β-induced EMT and promotes MET [179,342,361,362]. Our
model proposes that during EMT of early stage carcinomas, Id
levels will be reduced. However, upon metastasis and homing
into a new site of tumor growth, Id levels may gradually
increase in order to support more robust proliferation and
survival of the transitory carcinoma cells so that a new
metastatic tumor is established. In fact, Id2 levels are
abnormally high in bone or lung metastatic sites of certain
tumors (reviewed in [382]). However, direct proof of Id
reduction in carcinomas that prepare for metastasis in vivo is
an open challenge for the future.

In addition to Ids, transcriptional repressors of the E-
cadherin gene, such as members of the Snail family of zinc
finger proteins (Snail, Slug), two-handed zinc finger/home-
odomain proteins (ZEB1, ZEB2), basic helix–loop–helix
(bHLH) proteins (E12/E47, Twist) and high mobility group
box-containing proteins (LEF-1), are involved in the EMT
response to TGF-β [383]. These repressors recognize E-box
DNA sequences located near the transcriptional initiation site of
the E-cadherin gene, and recruit transcriptional co-repressors
and histone deacetylases. Such regulation is critical as E-
cadherin is a central component of adherens junctions, whose
levels must get decreased in order for EMT to proceed. TGF-β
induces interaction between Smads and ZEB1 or ZEB2, thus
forming repressor complexes on the E-box region of the E-
cadherin gene but also on other gene targets [383–385]. On the
other hand, TGF-β induces expression of (a) Slug during EMT
in normal heart vulval development in the chicken, (b) Snail via
Smad3 or via activation of the Erk and PI3K pathways in renal
epithelia cells, (c) LEF-1 via Smad signaling during normal
palate development or in mammary epithelial cells that are
transformed by a synthetic Fos-estrogen receptor oncogene
[354,369,386–390]. An interesting open question is whether all
these transcriptional mechanisms of E-cadherin repression act
in concert downstream of TGF-β or whether they represent
tissue-specific scenarios. We have recently addressed this
problem by identifying a new key regulator of the EMT process
downstream of TGF-β/Smad signaling, the high mobility group
nuclear factor HMGA2, which is known to be expressed only in
mesenchymal cell types [391]. Upon transcriptional induction
of HMGA2 by the TGF-β pathway, the EMT process starts and
this factor induces expression of Snail, Slug and Twist.
Depletion of mammary epithelial cells from the inducible
levels of HMGA2 prevents them from undergoing EMT and
from expressing mesenchymal protein markers. This example
illustrates that TGF-β is capable of eliciting a global network of
transcriptional changes that involves many, if not all, of the
above regulators of E-cadherin.

Despite the understanding of how E-cadherin expression is
regulated, little is known about transcriptional regulation of
other genes that are required for establishment of the
mesenchymal phenotype. Transcriptomic analyses of the
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TGF-β response of immortalized keratinocytes showed that
TGF-β, via the Smad pathway, induces expression of the ligand
of Notch signaling, Jagged1 [349]. Thus, TGF-β primes Notch
signaling and then TGF-β cooperates with active Notch to
regulate expression of the Hey1 transcriptional repressor during
the establishment of EMT [392]. Similar to the Notch example,
TGF-β induces expression of PDGF ligands and receptors, thus
activating autocrine PDGF signaling that promotes EMT and in
vivo metastasis of mammary epithelial cells [393]. The same
mechanism has been described in hepatocellular carcinomas,
where TGF-β induces autocrine PDGF signaling, which
promotes tumor growth in vivo [394]. These recent reports
open the exciting possibility that TGF-β induces mitogenic
signaling that acts towards tumor stromal cells, as discussed
below, and towards the carcinoma cell itself, thus creating a
more complicated scenario of signaling crosstalk during
tumorigenesis. Finally, TGF-β induces expression of the
adaptor protein disabled-2 (Dab2) that participates in clathrin-
mediated endocytosis [395]. During EMT, Dab2 protects
mammary cells from apoptosis and permits the differentiation
switch to the mesenchymal phenotype. The above findings
suggest that several additional gene targets of the TGF-β/Smad
pathway must link to the EMT response and promise the
identification of the most immediate and direct effectors of the
EMT process downstream of TGF-β.

In conclusion, the EMT response to TGF-β involves a
complex signaling network, including non-Smad and Smad
signals that lead to the dissolution of epithelial cell adhesion,
while changes in gene expression dictate the differentiation
switch and the generation of the mesenchymal cell.

3.3.2. Tumor cell invasiveness
An immediate corollary to EMT is the process of cancer cell

invasiveness. This process requires both a motile cellular
phenotype and the ability of tumor cells to degrade and remodel
their extracellular milieu. Traditionally, these cellular functions
were ascribed to fibroblasts or highly tumorigenic carcinoma
cells. The current understanding of EMT provides a unified
framework that proposes that migratory and matrix remodeling
(fibrotic) properties may not necessarily depend on the action of
different cell types in the tumor environment, but rather
characterize different stages of differentiation of the original
carcinoma cell. We will therefore emphasize some of the
features of the invasive properties of tumor cells from this
perspective.

TGF-β secreted from gastric carcinoma cells best correlates
with the invasive and metastatic properties of the tumors than
with systemic actions away from the location of the tumor
[396]. Such observations led to the concept that the action of
TGF-β is more important locally as a modulator of tumor
microenvironment. Such tumor invasive properties can be
induced by aberrant Smad signaling as demonstrated by the
analysis of cancer mutant Smad2 forms that promote tumor cell
invasiveness and synergize with TGF-β stimulation to increase
the malignant feature of the tumor [397]. According to these
findings, the tumor suppressor action of Smad2 is also linked
not just to the loss of anti-proliferative or apoptotic responses,
but also to pro-invasive cell behavior. In a similar scenario,
pancreatic carcinoma cells with loss-of-function mutations in
Smad4, respond to autocrine TGF-β by enhanced phosphoryla-
tion of Smad2 and Smad3, an event that supports carcinoma cell
invasiveness [398]. Pharmacologic treatment of such carcino-
mas with a specific inhibitor of the TβRI/ALK5 kinase blocked
in vitro motility and invasiveness.

The cellular mechanisms that explain the motile and invasive
phenotype in response to TGF-β are diverse and include both
Smad-dependent gene regulation and activation of alternative
signaling effectors in the carcinoma cell. Accordingly, tran-
scriptomic screens showed that TGF-β, via Smad3, induces
expression of the guanine exchange factor NET1, which
activates Rho GTPases, thus supporting actin reorganization
and cell motility [399]. In addition, TGF-β, induces expression
of several tropomyosin genes in a Smad- and p38 MAPK-
dependent manner [400]. High tropomyosin levels contribute to
cytoskeletal contractility and metastatic carcinoma cell motility.
Induction of the homeobox transcription factor CUTL1 by
TGF-β leads to activation of many genes that regulate cell
motility, tumor cell invasiveness and extracellular matrix
deposition [401]. In addition, CUTL1 serves as a poor
prognosis marker for metastatic breast carcinoma. TGF-β also
induces expression of α3β1-integrin in hepatocellular carci-
noma cells and motility and invasiveness of these cells depends
critically on the level of this integrin receptor [402]. The
motility of metastatic breast carcinoma cells that respond to
autocrine TGF-β1 in vitro depends on the activity of both
TβRII and TβRI kinases and additionally seems not to require
Smad activation but rather the activity of the PI3K/Akt pathway
[403]. The motility of epithelial cells seems to depend on the
phase of the cell cycle that the TGF-β-responding cells reside
[404]. Apparently, epithelial cells that have just completed their
cytokinesis are significantly more motile compared to cells that
prepare for DNA synthesis prior to cell division. This
interesting in vitro finding might have diverse implications for
the in vivo behavior of invasive, migratory tumor cells, a
possibility worth exploring with the new non-invasive imaging
technologies. Finally, the interplay of Smad signaling with
alternative effector proteins, such as the p38 MAPK regulates
the production of PTHrP from metastatic breast carcinoma cells
[405]. As described under the metastatic mouse models, PTHrP
is required for the productive establishment of metastatic foci to
bone, based on its ability to mobilize osteoblasts at the invasive
front of the tumor. These specific examples illustrate a recurrent
theme of signaling effectors of TGF-β as regulators of
carcinoma invasiveness. Understanding therefore the conditions
under which the signaling pathway makes specific choices for
regulation of cell proliferation, EMT or motility most probably
involves a deeper analysis of the integrated crosstalk of TGF-β
signaling with other pathways that become activated during
cancer progression.

3.3.3. Actions in the tumor stroma
The previous discussion on the role of EMT and cell motility

during carcinoma progression clearly emphasizes the role of the
tumor microenvironment and its three-dimensional architecture
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[406]. This microenvironment, in addition to the extracellular
matrix components provides the functions and control of tumor
growth and behavior by the embedded cellular components,
which include cancer-associated fibroblasts or myofibroblasts,
immune cells and microvessels. TGF-β is known to be
produced by and act upon all these cell types (Fig. 4), and in
this section, we will focus on the fibroblast–myofibroblast
compartment [9]. Interestingly, the developmental origin of the
tumor-associated fibroblasts is still debated, and an exciting
possibility is that they are derived from the actual epithelial
layer or the carcinoma cells based on the process of EMT. Such
a possibility is already well documented in the literature and one
characteristic example is human breast cancer cells that undergo
EMTand derive fibroblastoid or myofibroblast-like cells, which
retain weak residual features of their epithelial origin, such as
specific keratins, and whose function is to communicate with
the carcinoma cells and affect their proliferation [407]. These
tumor-surrounding cells provide a rich source of growth and
angiogenic factors in addition to chemokines, and a primary
action of TGF-β acting on such fibroblasts is the release of new
cytokines [408]. A prominent mitogenic factor produced by
cancer-associated fibroblasts is PDGF, whose expression was
first shown to be induced at the mRNA level by TGF-β in
leukemic cells [409]. In human fibroblasts, TGF-β regulates
expression of many PDGF ligand isoforms and of some of its
receptor chains, with the net effect of promoting PDGF binding
to its receptors and inducing mitogenic signaling via PDGF
[410]. A second major mitogen that signals via receptor tyrosine
kinases is basic fibroblast growth factor (bFGF), whose mRNA
and protein levels are also induced by TGF-β, for example in
human renal fibroblasts [411]. The positive effect of TGF-β on
renal fibroblast proliferation can therefore be attributed to the
effects of bFGF that acts downstream of the original TGF-β
signal. Another important factor whose mRNA and protein
expression is induced by TGF-β acting on fibroblasts is CTGF,
which acts in an autocrine or paracrine manner to induce
mitogenesis of fibroblasts themselves or other neighboring cells
[412]. Recent screens of gene signatures that correlate with
breast carcinoma metastasis to bone, have repeatedly identified
the CTGF gene as a major target of TGF-β at the site of bone
metastasis [340]. In addition to secreted growth factors, as
mentioned before, TGF-β induces expression of integrin
receptors that receive signals from matrix components in the
extracellular milieu. For example, human lung fibroblasts
respond to TGF-β by inducing expression of αvβ3-integrin,
which forms complexes with TβRII, and thus promotes rapid
fibroblast mitogenesis that depends on integrin receptor
activation by matrix ligands [413].

Another prominent cell type of the tumor stroma is the so-
called “activated” myofibroblast, whose differentiation status is
characterized by the expression of α-smooth muscle actin.
According to some models, such myofibroblasts create an
invasive front that paves the way to the carcinoma cells that
initiate metastasis. For example, colon cancer cells, under in
vitro culture conditions drive the invasiveness of neighboring
myofibroblasts into various extracellular matrices, and TGF-β,
which is secreted by the carcinoma cells drives this process by
acting on the myofibroblasts [414]. In such invasive myofibro-
blasts, TGF-β1 stimulates the JNK pathway and expression of
N-cadherin at the tips of filopodia, while migratory and invasive
behavior is effectively blocked by an antibody or siRNA against
N-cadherin or by low molecular weight inhibitors of JNK. In
addition, the stroma of squamous cell carcinomas is rich in such
myofibroblasts, which reside at the invasive front of the tumor
and are derived via an EMT process from the carcinoma cells
based on the action of the carcinoma-secreted TGF-β1 [415].
Upon formation of these myofibroblasts, TGF-β1 continuously
acts on them and induces expression of HGF/SF, which
promotes even further carcinoma proliferation and invasion.
This study demonstrates beautifully the significant contribution
of tumor stromal elements on the invasive character of human
tumors and implicates strongly TGF-β on every step of this
process. The importance of this model has been verified
elegantly by tissue-specific knockout of TβRII in fibroblasts, in
a tumor mouse model [416]. The result is dramatically revealing
as the loss of TGF-β signaling in the fibroblasts led to the
formation of prostate neoplasms and of invasive squamous cell
carcinoma in the forestomach of these mice. These types of
tumors exhibited abnormally high numbers of stromal cells and
the fibroblasts that could not mediate TGF-β signals secreted
high amounts of HGF/SF that acted in a paracrine manner on the
adjacent epithelial cells, thus leading to stimulation of over-
proliferation. The same TβRII knockout experiment done
specifically in mammary gland fibroblasts showed that normal
mammary ductal development was inhibited significantly, as
epithelial cells decreased in number while the knockout
fibroblasts increased in numbers in the tissue [417]. Further-
more, the TβRII knockout mammary fibroblasts when used in
xenograft experiments together with mammary carcinoma cells,
they promoted significantly high tumor growth and invasion,
which correlates with over-secretion of HGF/SF, macrophage-
stimulating protein (MSP) and other mitogenic factors by the
knockout fibroblasts. These recent mouse models open a new
way of analyzing the epithelial/carcinoma–mesenchymal inter-
actions and emphasize the complexity of the actions TGF-β has
within the evolving tumor microenvironment.

Future studies concentrating on cancer-associated fibroblasts
and their roles in regulating not only carcinoma cell behavior
but also the function of stromal immune cells and blood
microvessels promise much towards the more effective design
of anti-tumor therapies.

3.3.4. Regulation of tumor angiogenesis
Another functional consequence of intense growth factor

activity in the tumor microenvironment is the induction of neo-
angiogenesis and microvessel formation from pre-existing
normal blood vessels of the diseased tissue that sprout and
provide nutritional, hormonal and immunological support to the
growing tumor [418]. Mouse studies using knockouts for the
TGF-β1, TβRII, TβRI/ALK5, and the endothelial-specific
TGF-β co-receptor endoglin show clear defects in vasculo- or
angiogenesis and essentially the mice suffer or die due to such
defects of their vasculature [419–422]. A similar function has
been ascribed to the type I receptor ALK1 upon knockout of its
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gene in the mouse [423]. Furthermore, genetic mutations in the
ALK1 and endoglin genes are the causative agents for the
development of hereditary hemorrhagic telangiectasia, estab-
lishing the role of the TGF-β pathway in human angiogenic
syndromes [424,425]. Thus, current efforts of understanding the
signaling mechanisms and the associated biology of TGF-β in
endothelial cells and pericytes that form the contractile vascular
wall are of primary clinical importance [426].

In vitro studies with normal endothelial and carcinoma cells
established that TGF-β induces expression of selected members
of the vascular endothelial growth factor (VEGF) at the mRNA
level [427,428]. Hypoxic conditions in conjunction with TGF-β
induce robust levels of VEGF mRNA based on the activation of
hypoxia-inducible factor 1 (HIF1) and Smad proteins, which
interact and promote transcription of the VEGF gene [429].
Thus, TGF-β can induce endothelial cell proliferation and
differentiation based on its effects on VEGF expression. On the
other hand, TGF-β can directly induce growth arrest and
apoptosis of endothelial cells at least in vitro, by inducing
cytostatic and apoptotic responses similar to those discussed
above for epithelial cells. The opposing effects of TGF-β on
endothelial proliferation and differentiation are currently
explained by the elegant model of signaling by the type I
receptors TβRI/ALK5 and ALK1 [25,26], as described in the
introduction.

3.3.4.1. TGF-β promotes tumor angiogenesis. TGF-β
secreted from tumor cells can play either a positive or a
negative role on angiogenesis, thus acting either as a promoter
of tumor growth indirectly presumably via induction of VEGF
or as a tumor suppressor by inhibiting VEGF function [430].
There is ample evidence supporting both models. Chinese
hamster ovary cells stably transfected with TGF-β1 and injected
subcutaneously into nude mice, result in faster tumor growth
compared to control cells and this correlates with massive
angiogenesis inside the tumor mass, a phenotype that can be
effectively blocked by anti-TGF-β neutralizing antibodies
[431]. In human prostate cancer studies, overexpression of
TGF-β1 best correlates with enhanced angiogenesis around the
tumor, which leads to an increased frequency of metastasis of
prostate carcinoma cells [304]. Treatment of tumors with TGF-
β1 latency-associated peptide or neutralizing antibody against
TGF-β1, both representing mechanisms of sequestration of
TGF-β from access to its receptors, resulted in a decrease of
blood vessel density, which then led to a significant reduction in
tumor size [432]. A transgenic mouse model of head-and-neck
cancer where ectopic TGF-β1 expression is targeted to head-
and-neck epithelial cells, exhibited severe inflammation and
increased angiogenesis of the epithelium, thus promoting its
hyper-proliferation [433]. In this model, TGF-β that is
misexpressed in the epithelium creates a favorable microenvi-
ronment for tumor growth. Tumor cells utilize several mechan-
isms by which they achieve their pro-angiogenic effects based
on the action of TGF-β. For example, secreted latent TGF-β gets
activated by the proteolytic cleavage of metalloproteinase-9
(MMP-9) in order for TGF-β to signal its pro-angiogenic effects
[434]. For MMP-9 to activate TGF-β it must be properly
localized at the cell surface, which is achieved by the interaction
of MMP-9 with the transmembrane receptor CD44.

3.3.4.2. TGF-β inhibits tumor angiogenesis. On the other
hand, gallbladder tumors secrete TGF-β, which inhibits
angiogenesis and results in reduced tumor growth, consistent
with a tumor suppressor function of TGF-β [435]. Ectopic
expression, in hepatoma cells, of a mutant TβRII that represents
only the extracellular, soluble domain of this receptor, which
binds TGF-βwith high affinity, results in inhibition of autocrine
TGF-β activity and subsequent secretion of VEGF [436]. Thus,
blocking autocrine TGF-β induces expression of VEGF, which
results in significant angiogenic effects within the tumors that
these hepatoma cells develop upon implantation into mice. A
similar scenario develops in the transgenic mouse model of skin
carcinogenesis with epidermal-specific expression of dominant
negative TβRII. Upon treatment with chemical carcinogens, the
increased number of tumors that developed with a shorter
latency exhibited a dramatic degree of neovascularization,
which correlated with their increased rate of metastasis [437].
Thus, inhibiting endogenous TGF-β signaling does not simply
promote tumor growth but it has a profound effect on neo-
angiogenesis of the tumor that leads to tumor metastasis. The
same anti-angiogenic effect of TGF-β signaling was proposed
when Smad4-negative pancreatic carcinoma cells were trans-
fected with wild type Smad4 [438]. Reconstitution of Smad4
led to a clear tumor suppressor effect measured by assays of
mouse tumor growth. However, these carcinoma cells did not
become sensitive to TGF-β signaling, but Smad4 expression
suppressed VEGF transcription and induced the anti-angiogenic
protein thrombospondin-1. This resulted in development of
small tumors with relatively low numbers of microvessels. This
experiment proposes a function of Smad4 that may be
independent of TGF-β signaling. However, Smad4 might well
act downstream of several other cytokines of the TGF-β
superfamily that has not been examined yet.

Neuroblastomas that are characterized by oncogenic N-
Myc amplification, downregulate activin-A via direct repres-
sion of its gene by N-Myc, thus suppressing the anti-
proliferative and anti-angiogenic action of this TGF-β family
member [439]. Activin-A produced from neuronal cells
inhibits proliferation of normal endothelial cells and blocks
in vivo angiogenesis. Ectopic expression of activin-A in
neuroblastomas with N-Myc amplifications suppresses their
proliferation via Smad-mediated induction of cell cycle
inhibitors, as well as tumor growth in vivo and angiogenesis
formed by such tumors via repression of VEGF transcription
[440,441]. Furthermore, screening various human neuroblas-
tomas identified activin-A expression in differentiated, early
stage tumors but loss of its expression in undifferentiated,
more aggressive tumors. Thus, activin-A signaling resembles
the anti-angiogenic action of TGF-β. In contrast, BMP-2
stimulates angiogenesis by lung carcinoma cells, which
promotes their tumor growth [442]. BMP-2 has a similar
pro-angiogenic role on breast carcinoma cell-derived tumors
as it also promotes endothelial tube formation in three-
dimensional in vitro cultures [443]. In both cases, BMP-2
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induces expression of Id1, the transcriptional regulator that
has strong biological effects as a pro-angiogenic factor.

We conclude that similar to the overall dual effect of TGF-β
on tumor progression, TGF-β exhibits dual roles in regulating
tumor angiogenesis, acting either as inhibitor or as enhancer of
neo-vascularization. This dual property is reflected by the
known actions of other family members, suggesting that the net
outcome of tumor angiogenesis in vivo may depend on the
concerted action of more than one TGF-β family cytokines.

3.3.5. Regulation of immunologic action
A final and very important function of TGF-β in the tumor

stroma is the modulation of immune cells. TGF-β acts as an
inhibitor of B or T lymphocyte proliferation and differentiation,
resulting in the most potent natural immunosuppressor in the
human body (reviewed in [15]). In addition, TGF-β deactivates
scavenging macrophages and thus protects the developing
tumor from proper immune surveillance (Fig. 4) [444]. Such a
potent role of tumor-secreted TGF-β in helping escape from
proper immunological control has been described in natural
cases of human cancer such as pancreatic carcinomas or brain
glioblastomas, where the secretion of TGF-β1 or TGF-β2
respectively has a clear immunosuppressive effect [445,446].
Direct experimental proof of this action of TGF-β comes from
experimental tumors, whereby stable transfection of TGF-β1
into a highly immunogenic tumor, resulted in loss of activation
of primary cytolytic T-lymphocytes (CTL), despite the
continuous and robust surface expression of tumor-specific
antigens and class I major histocompatibility complexes [447].
This behavior of the transfected tumor cells allowed progressive
growth and expansion of the tumor. Possibly the most
convincing evidence of this mechanism of TGF-β action
stems from transgenic mouse models where the dominant
negative TβRII is targeted for expression in T-lymphocytes
[448]. The engineered T cells develop a proper and enhanced
immune response against experimental tumors implanted into
the mouse, proving that the T-lymphocyte is a potent cell type
that provides effective therapy against cancer when its
endogenous TGF-β pathway is inactivated. The same conclu-
sion is derived from colon carcinoma studies in transgenic mice
that either overexpress TGF-β1 or the dominant negative TβRII
receptor in T-lymphocytes that infiltrate the tumor stroma, since
these T-cells drastically inhibit carcinoma cell growth in vivo
[449]. In this colon cancer study, TGF-β acting on T cells
induced secretion of interleukin 6 (IL-6) that elicited STAT-
mediated signaling in the carcinoma cells that is detrimental for
proper immune surveillance. Inhibiting TGF-β responses in the
T-cell breaks this signaling circuit and provides therapeutic
benefits for the host organism. The immune-suppressive effects
of TGF-β are closely linked to the function of a special class of
lymphocytes, the regulatory CD4+CD25+ T cells (Treg). Treg
suppress the anti-tumor activity of CD8+ T cells by inhibiting
their cytotoxic activity and TGF-β signaling is important for
this regulatory step as dominant negative TβRII specifically
targeted in CD8+ cells results in resistance of these cells to the
action of Treg [450]. CD8+ cell resistance to TGF-β signaling
then elicits strong anti-tumor activities. Interestingly, Treg
themselves are under the control of TGF-β signaling as Treg-
specific expression of the dominant-negative TβRII blocks the
suppressive activity of Treg towards other CD8+ T cells [451].
Finally, the molecular mechanism and the gene network that
mediates the suppressive activity of TGF-β against tumor-
fighting CTLs has been recently deciphered using transcrip-
tomic analysis coupled to functional validation of the findings
in a mouse thymoma tumor model [452]. Accordingly, TGF-β
signaling inhibits expression of perforin, granzyme A and B,
Fas ligand and interferon-γ, which act together in order to elicit
cytotoxicity mediated by CTLs. At least in the case of
interferon-γ and granzyme B, direct transcriptional repression
of their genes by Smad protein complexes has been demon-
strated and when endogenous TGF-β is neutralized either in the
thymoma tumor cells or systemically by engineering expression
of a secreted, soluble form of TβRII by the same tumor cells,
then the CTL cytotoxic program is restored and mediates its
anti-tumor action.

Thus, as outlined above, the activities of TGF-β that target
the function of T lymphocytes provide a strong case for the
tumor promoting action of this cytokine. Furthermore, T
lymphocytes represent excellent targets for anti-tumor therapy
in the clinic as exemplified by the various transgenic mouse
models utilized so far that lead to tumor eradication upon
inhibition of TGF-β signaling.

4. Can TGF-β offer novel therapeutic means against
human cancer?

Significant research activity currently focuses on the
development of therapeutic approaches against cancer that are
based on manipulation of the TGF-β pathway [453]. Here we
outline the general approaches taken by pharmaceutical industry
and academic research.

4.1. Low molecular weight inhibitors: regulation at the
receptor level

Several drugs developed for the treatment of cancer have
been analyzed so far and found to have direct or indirect links to
the TGF-β signaling pathway. Since this represents a very large
body of studies, we will here outline some characteristic
examples. Farnesyltransferases are enzymes that post-transla-
tionally modify the small GTPases of the Ras family, thus
regulating their proper localization on cellular membranes. As
we outlined in the signaling part of this review a number of
small GTPases seem to mediate signals by TGF-β. Specific
inhibitors for farnesyltransferases have been developed as
agents that block the oncogenic activity of some of the members
of the Ras family [454]. The action of a specific inhibitor
against farnesyltransferases, FTI-277, was tested in a pancreatic
carcinoma cell line that responds to TGF-β [455]. Interestingly,
FTI-277 led to enhanced expression of TβRII mRNA, protein
and cell surface ligand-binding activity, thus increasing the
responsiveness of the tumor cells to TGF-β with respect to
downstream transcriptional and cytostatic responses. This study
established that drugs that target oncogenic proteins like Ras,
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have additional beneficiary effects as they simultaneously
enhance the cytostatic functions of TGF-β against tumor cell
growth. However, if we consider the pro-tumorigenic actions of
TGF-β, such drugs, if used systemically, they may also have
detrimental effects by promoting tumor invasiveness and
suppression of cytolytic T cell activities. The TβRII gene is a
common target for regulation by several other drugs. (a)
Catopril induces TβRII mRNA expression and leads to
suppression of renal cancer growth [456]. (b) Dietary ω-3
fatty acids that are used as chemopreventive agents lead to
induction of TβRII expression in a mouse model of colon
cancer, thus enhancing TGF-β responsiveness of the carcinoma
cells that leads to cytostasis [457]. The beneficiary effect of ω-3
fatty acids is not direct on TβRII expression, but rather is
mediated by PKCβII, which acts oncogenically during colon
tumorigenesis and which suppresses TGF-β signaling by
repressing TβRII expression. Thus, ω-3 fatty acids derepress
TβRII from the oncogenic action of PKCβII. (c) Similar to the
examples that affect TβRII expression, the histone deacetylase
inhibitor suberoylanilide hydroxamic acid (SAHA) induces
high levels of TβRI in breast cancer cells, which leads to
cytostatic responses to TGF-β in the carcinoma cells [458]. (d)
In a screen for novel compounds that potentiate the cytostatic
effect of TGF-β, the known anti-cancer drug rapamycin was
identified as a compound that synergizes with TGF-β in
eliciting cytostatic responses in epithelial cells [459]. Interest-
ingly, rapamycin allowed TGF-β to arrest the growth of cell
lines transformed by oncogenes such as Ha-Ras, Myc and
E2F1. The molecular action of rapamycin seemed to be at the
cell cycle level, by inducing the activity of cell cycle inhibitors
and decreasing the activity of CDK2. (e) Finally, synthetic
triterpenoids with potent cytostatic properties were shown to
induce expression of TβRII and mimic the response of TGF-β
[460]. These organic compounds were able to enhance Smad
signaling at the phosphorylation and transcriptional level and
blocked the action of I-Smads, thus providing novel means for
induction of endogenous TGF-β responses in pathological
conditions.

Despite these various pharmacologic agents that exhibit
beneficiary side effects by affecting TGF-β signaling, current
intense efforts have led to the development of the first specific
low molecular weight inhibitors against the enzymatic activity
of the TβRI/ALK5 and TβRII kinases [461,462]. These
inhibitors are ATP-binding analogues and competitively block
the catalytic pocket of the receptor kinase [463]. The current
TβRI/ALK5 kinase inhibitors are relatively specific for this
family of receptor kinases, excluding many other serine/
threonine kinases and the BMP-specific receptor kinases,
however, they inhibit in addition to TβRI/ALK5, the activin/
nodal receptors ALK4 and ALK7 [464]. Despite this problem of
not absolute specificity against the TGF-β receptor kinase, one
of the novel TβRI/ALK5 inhibitors, SD-108, was tested against
gliomas [465]. SD-108 was shown to affect all aspects of TGF-
β physiology with respect to tumor growth: inhibition of
autocrine or paracrine signaling by TGF-β produced by
gliomas, inhibition of TGF-β-induced glioma cell migration
and invasiveness, and enhancement of the cytotoxic activity of
CTLs against glioma cells. Thus, the inhibitor exhibited a
promising profile of activities against TGF-β signaling and
since the glioma model depends primarily on the pro-
tumorigenic action of TGF-β, SD-108 is beneficial against
this specific tumor. In another set of studies, the TβRI/ALK5
inhibitors SB-431542, A-83-01 and LY2109761, all inhibited
potently TGF-β-induced EMT in vitro, suggesting a possible
use of these inhibitors against the pro-tumorigenic action of
TGF-β in many types of cancers [358,462,466]. Interestingly,
the latter compound, LY2019761, was demonstrated to induce
expression of the Coxsackie and adenovirus receptor (CAR),
whose expression is normally repressed by TGF-β [467]. This
event coincides with the onset of EMT as CAR is a tight
junction component that must be downregulated for EMT to
take place. The clinical interest of this study lies to the fact that
the new TGF-β inhibitor can be possibly used to enhance
adenovirus-mediated gene delivery protocols, at least in their
initial in vitro phase, prior to transplantation of the engineered
cells to the patient. Whether LY2109761 could also be
administered directly to the patient that is treated with
adenovirus-mediated gene therapy regimes remains to be
examined pre-clinically. At the current moment, some of the
above-mentioned “specific” inhibitors of TβRI/ALK5 have
entered phase I clinical trials against various forms of human
cancer and the results of these studies are anxiously awaited.

4.2. Antibody- or affinity-based therapy

Throughout this review, we cited examples where anti-TGF-
β experimental approaches have been used in mouse models.
We mentioned the use of neutralizing anti-TGF-β antibodies,
the soluble extracellular domain of TβRII that binds with high
affinity TGF-β and neutralizes its receptor-binding activity, and
the soluble extracellular domain of β-glycan, which acts in a
similar manner. Some of these reagents have actually advanced
to the pre-clinical level.

Using the neutralizing antibody 2G7 that has high affinity for
all three mammalian isoforms of TGF-β, TGF-β1, -β2 and -β3,
and the metastatic human breast cancer cell line MDA-MB-231,
it was demonstrated that the antibody had a small and transient
negative effect on primary tumor growth but it could suppress
abdominal and lung metastases [468]. The mode of action of
this antibody appeared to be primarily the dramatic increase in
natural killer lymphocyte activity that apparently enhanced
tumor immune surveillance. In the same tumor model, enforced
expression of a soluble extracellular domain of β-glycan (sRIII)
binds to TGF-β produced by the breast carcinoma cells and
inhibits its activity, such that it lowered the incidence and
growth of the primary tumors, but more significantly, it
completely blocked their metastasis to lung [469]. In this breast
cancer model system, sRIII was shown to antagonize autocrine
TGF-β, by inducing apoptosis of the carcinoma cells, which
exhibited enhanced PTEN levels and reduced Akt activation
[470]. Along the same line of thinking, enforced expression of
the extracellular, ligand-binding domain of TβRII in various
human pancreatic carcinoma cells lines, followed by xenograft
experiments in mice, demonstrated weak activity towards
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limiting primary tumor growth and strong activity towards
inhibiting metastasis [471]. This soluble TβRII antagonist also
reduced rat tumors derived from implantation of gliosarcoma
cells primarily because of an enhanced natural killer cell-
mediated immune response against the primary tumor [454].
The same therapeutic effect has been demonstrated for a soluble
extracellular domain of TβRII fused to the immunoglobulin Fc
fragment (Fc:TβRII), which resulted in apoptosis of primary
breast cancer and inhibition of tumor cell migration, intravasa-
tion and lung metastasis in a transgenic mouse model of
MMTV-polyoma virus middle T antigen, or in xenograft mouse
models with various breast cancer cell lines [472]. The same
antagonist, Fc:TβRII, when expressed in the mammary gland of
an MMTV-based transgenic mouse model, and the mouse was
challenged either with melanoma cells or by crossing it to the
MMTV-Neu oncomouse, it fully blocked metastasis [473]. In
addition, this mouse model did not exhibit adverse effects from
the chronic presence of the antagonist when aged animals were
tested, suggesting that the inhibitor acted on the tumor-derived
TGF-β without affecting the physiological action of TGF-β on
all other tissues of the animal. The clinical potential of this
experiment is great and in addition, this experiment pointed to
the possibility of using anti-TGF-β therapy without severe
adverse effects.

A monoclonal antibody against human endoglin, TEC-11, is
a good marker of proliferating endothelial cells in vivo since
endoglin is often overexpressed by vascular endothelial cells in
the tumor stroma. When TEC-11 was coupled to the
deglycosylated ricin A chain, it provided a new cytotoxic
drug that targeted human endothelial cells and inhibited their
proliferation only when the cells were dividing rapidly, thus
promising a therapeutic advantage against tumor angiogenesis
that depends on the rapid proliferation of such cells during neo-
vascularization [474]. This principle was actually tested in
mouse tumor models of breast cancer, with two additional anti-
endoglin antibodies (SN6j and SN6k), which inhibited primary
tumor growth and more significantly, they led to a regressed
tumor size even 100 days after withdrawal from therapy [475].

Finally, very recently, the first approaches of using Smad-
based therapy have surfaced [476]. In this approach, the Smad-
interacting domains of FoxH1, LEF1 and CBP, all transcrip-
tional cofactors of Smads during regulation of gene expression,
have been used to create high affinity peptide aptamers that are
fused to E. coli thioredoxin A in order to create stable and
highly expressed chimeric proteins that would bind endogenous
Smads and block their activity. When tested for biological
activity, these anti-Smad peptide aptamers showed highly
selective effects for specific gene targets without inhibiting
overall TGF-β signaling. Although preliminary, this approach
may eventually lead to the development of gene group-specific
inhibitors that might interfere solely with the pro-tumorigenic
effects of TGF-β.

In conclusion, affinity-based approaches have already shown
promising effects and the soluble TβRII reagent seems to
provide a rather efficacious alternative to receptor kinase
inhibitors, since at least in mice, its chronic presence does not
reveal obvious adverse effects. These reagents clearly act as
anti-metastatic drugs with small beneficial effects against the
primary tumor. Furthermore, the beginnings of anti-Smad
reagents may offer future possibilities to target more effectively
the pro-tumorigenic action of TGF-β, while leaving its tumor
suppressor activity intact.

4.3. Anti-sense RNA approaches

Finally, we should discuss the very promising development
of anti-sense oligodeoxynucleotide therapy against gliomas,
which as we described above are characterized by over-
secretion of TGF-β2. The oligonucleotide AP 12009 is directed
against human TGF-β2 and has been administered into brain
tumors by continuous infusion [477]. The lack of toxicity of this
reagent was tested in rabbits and monkeys [478]. After phase I
and II clinical trials, AP 12009 showed better survival time after
recurrence when compared to the currently used protocol of
chemotherapy against gliomas [477]. Based on this initial
success, AP 12009 is now tested in a phase I/II study of
pancreatic carcinoma and of malignant melanoma, in order to
establish whether this antisense oligonucleotide can be used
more widely as an anti-tumor reagent. Picking on the success of
the antisense approach another recent effort to exploit RNAi
against both TGF-β1 and TGF-β2 in human glioblastoma has
been reported [479]. In human gliomas, TGF-β suppresses the
differentiation of natural killer cells that attack the primary
tumor, and the siRNAs cause reversion of this effect, leading to
proper immunological response, which decreases significantly
the glioma cell motility and invasiveness.

Thus, brain tumors are currently the major targets of anti-
TGF-β therapy that is based on antisense DNA or RNAi
technology. These approaches fit to the need for infusion of the
drugs directly to the brain; however, the possible use of these
inhibitors against other types of solid tumors is open to future
trials.

5. Conclusions and perspectives

In this review we tried to provide an authoritative account of
the action of TGF-β and some of its relative cytokines during
tumor formation, progression and metastasis. We outlined the
major signaling pathways involved and provided several
examples of the action of this multifunctional cytokine in
both human and experimental tumor studies. The current
evidence suggests that it is possible to differentiate between the
tumor suppressor and pro-tumorigenic effects of TGF-β. The
latter appear to be more widespread and essentially affect many
if not all solid tumors developed by humans. The tumor
suppressor activity operates apparently in some distinct groups
of tumors and the mechanisms that dictate the tissue specificity
and the frequency by which the TGF-β pathway is inactivated
by genetic mutation or epigenetic control is still not fully
understood. Among the cellular mechanisms that explain the
tumor promoting action of TGF-β, EMT still represents a
chapter of active research that requires deeper investigation and
further establishment as a major mechanism operating during
human tumor progression. On the other hand, suppression of
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immune surveillance, and more specifically of cytolytic T
lymphocyte action against tumor cells, is a proven action of
TGF-β that can be used effectively in a therapeutic approach.
More efforts are needed in order to derive specific protocols that
will restore such cytolytic T cell activity in cancer patients by
targeting the TGF-β pathway with some of the newly developed
drugs. Alternatively, if the new TGF-β inhibitors prove to have
the long-feared adverse side effects due to the multifunctionality
of this cytokine, the more targeted approaches towards Smad
function or towards some of the regulators of the pathway that
represent drugable entities is amply warranted. We are confident
that the near future will prove that anti-TGF-β therapy will join
the ranks of other novel therapies that target receptor tyrosine
kinases or angiogenesis, in the ever-increasing efforts to
conquer cancer.
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