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Abstract
Tumorigenesis is in many respects a process of dysregulated cellular evolution that drives
malignant cells to acquire six phenotypic hallmarks of cancer, including their ability to proliferate
and replicate autonomously, to resist cytostatic and apoptotic signals, and to induce tissue
invasion, metastasis, and angiogenesis. Transforming growth factor-β (TGF-β) is a potent
pleiotropic cytokine that functions as a formidable barrier to the development of cancer hallmarks
in normal cells and tissues. Paradoxically, tumorigenesis counteracts the tumor suppressing
activities of TGF-β, thus enabling TGF-β to stimulate cancer invasion and metastasis.
Fundamental gaps exist in our knowledge of how malignant cells overcome the cytostatic actions
of TGF-β, and of how TGF-β stimulates the acquisition of cancer hallmarks by developing and
progressing human cancers. Here we review the molecular and cellular mechanisms that underlie
the ability of TGF-β to mediate tumor suppression in normal cells, and conversely, to facilitate
cancer progression and disease dissemination in malignant cells.

Keywords
Angiogenesis; Apoptosis; Epithelial-mesenchymal Transition; Immunosurveillance; Invasion;
Metastasis; Signaling Transduction; Tumor Suppressor

1. Introduction
Since the inception of the National Cancer Act of 1971, science and medicine have waged
an intense battle aimed at conquering cancer. Although considerable progress has been
achieved in terms of our understanding of the molecular mechanisms that underlie cancer
development and progression, cancer itself remains a significant health concern and burden
in the United States. Indeed, 1 in 4 deaths in the United States results from cancer, which
also is the leading cause of death in individuals younger than 65 years of age. Despite these
grim statistics, overall cancer incidence and mortality rates have begun to decline over the
last decade [1]. Continuing along this positive trend will require the development of new
diagnostic and chemotherapeutic regimens, as well as the elucidation of new knowledge of
how cancer cells acquire the six essential phenotypes, or hallmarks, necessary to become
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malignant. Included in this phenotypic list is the ability of cancer cells to (i) grow
autonomously; (ii) disregard cytostatic signals; (iii) ignore apoptotic signals; (iv) stimulate
angiogenesis; (v) invade and metastasize; and (vi) become immortal [2]. Failure by
developing neoplasms to acquire each of these phenotypes prevents their conversion to
aggressive states, suggesting that these cancer hallmarks represent various rate-limiting steps
during malignant development. As such, pharmacological targeting of cancer hallmarks,
both singly and in combination, may offer new inroads to effectively treat the development
and dissemination of human malignancies.

Transforming growth factor-β (TGF-β) is a multifunctional cytokine that regulates
mammalian development, differentiation, and homeostasis. It is also a potent anticancer
agent that prohibits the uncontrolled proliferation of epithelial, endothelial, and
hematopoietic cells. Aberrations in the TGF-β signaling pathway bring about resistance to
TGF-β-mediated growth arrest, and thus give rise to human malignances [3–5].
Paradoxically, these genetic and epigenetic aberrations conspire to convert TGF-β from a
suppressor of tumor formation to a promoter of their growth, survival, and metastasis.
Although the molecular details underlying the oncogenic activities of TGF-β remain to be
fully elucidated, recent evidence implicates TGF- β as a principle player involved in
regulating the acquisition of cancer hallmarks by malignant cells [3–5]. This review focuses
on the complex roles played by TGF-β during cancer progression, particularly its ability to
regulate the development and progression of malignant cells through each of the individual
hallmarks of cancer (Figure 1).

2. TGF-β signaling system
2.1. Canonical TGF-β signaling

The diverse biological activities of TGF-β are mediated through its stimulation of a
deceptively simple signaling system that at its core is comprised of three TGF-β receptors,
types I (TβR-I), II (TβR-II), and III (TβR-III), and three latent transcription factors, Smads
2, 3, and 4 (Figure 2; [4–8]). The initiation of transmembrane signaling by TGF-β takes
place upon its binding to TβR-III, which then presents TGF-β to TβR-II [9]. This ligand
presentation mechanism is especially important for TGF-β2, which only interacts with TβR-
II when bound to TβR-III [10]. It should be noted that the requirement for TβR-III in
propagating messages by TGF-β2 is not absolute, particularly in cells that express a TβR-II
variant that binds TGF-β2 independently of TβR-II expression [11]. In contrast, TGF-β1 and
TGF-β3 both readily bind to TβR-II and induce intracellular signaling in the absence or
presence of TβR-III. The differential requirements of individual TGF-β isoforms for TβR-
III, coupled with the spatiotemporal differences observed in their expression and activation
patterns [12], likely underlies the more than 30 distinct phenotypes observed in TGF-β1-,
TGF-β2-, and TGF-β3-deficient mice [13]. Regardless of its mode of activation, ligand-
bound TβR-II subsequently associates with and binds to TβR-I. Both TβR-I and TβR-II
house intrinsic Ser/Thr protein kinase activity in their cytoplasmic domains, and the
conversion of these ligand:receptor ternary complexes from their inactive to active states
requires TβR-II to transphosphorylate TβR-I, thereby stimulating its protein kinase activity
[14]. Activated TβR-I in turn stimulates Smads 2 and 3 by phosphorylating these latent
transcriptional factors at their C-terminal SXS motif. Phosphorylated Smads 2 and 3 undergo
a rapid conformational change that facilitates their association with common Smad, Smad4.
This conformational change also unveils cryptic nuclear localization sequences in Smads 2,
3, and 4 that promotes heterocomplex accumulation in the nucleus [4–8]. Access to the
nucleus enables Smad2/3/4 complexes to interact with an expanding list of transcriptional
co-activators and -repressors that collectively alter cell fates through the coordinated
induction and repression of TGF-β-responsive genes in a cell- and context-specific manner
[4–8].
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Signaling through this canonical TGF-β pathway is regulated and fine-tuned via multiple
mechanisms that span all cellular compartments. For instance, several adapter/anchoring
proteins such as SARA [15], Hgs [16], and Dab2 [17] bind Smad2/3 and facilitate their
phosphorylation and activation by TβR-I. This phosphotransferase reaction can be negated
by expression of the inhibitory Smad, Smad7, which (i) interacts physically with TβR-I and
occludes its access to Smad2/3 [18–20], and (ii) recruits the E3 ligase Smurf1/2 to facilitate
TGF-β receptor ubiquitination and degradation [21,22]. Moreover, the ability of Smad7 to
inhibit TGF-β signaling is augmented by its interaction with STRAP [23], and conversely, is
attenuated by its association with either AMSH2 [24] or Arkadia [25–27].

The cellular response to TGF-β also is fine-tuned by the continual nucleocytoplasmic
shuttling of Smad2/3, which facilitates their ability to sense and respond rapidly to
fluctuations in TGF-β receptor activity [28,29]. Moreover, regulated phosphorylation of
Smad2/3 linker regions is mediated by a variety of protein kinases, including MAP kinases
(i.e., ERK1/2 [30], JNK [31], p38 MAPK [32,33]), Ca++-calmodulin kinase II [34], casein
kinase I-ε [35,36], and CDKs 2 and 4 [37], and is readily reversed by SCP1/2/3-mediated
dephosphorylation of Smad2/3 linker regions [38]. At present, the precise role of linker
phosphorylation in regulating the biology and pathology of TGF-β action remains to be fully
clarified. Similar ambiguity exists concerning the role of sumoylation in regulating the
function of Smad4, whose transcriptional activity can be strengthened or weakened by
sumoylation in a promoter-dependent manner [39–43]. Finally, termination of Smad2/3/4
signaling takes place primarily through three distinct mechanisms. First, Smad2/3 are
rapidly dephosphorylated and inactivated by the nuclear phosphatase PPM1A [44]. Second,
Smad2/3/4 undergo polyubiquitination by the E3 ligases Smurf1, Smurf2, and SCF/Roc1
[45–49], leading to their proteosomal degradation. And third, Smad4 activity is suppressed
by Ecto/Tifγ, which monoubiquitinates Smad4 on Lys519 and prevents its association with
phosphorylated Smad2 [50]. This inhibitory event is readily reversed by FAM/USP9x,
which deubiquitinates Smad4 and restores its responsiveness to TGF-β [50].

2.2. Noncanonical TGF-β signaling
Besides its ability to stimulate the canonical Smad2/3 pathway, TGF-β also alters cell
behavior through its activation of Smad2/3-independent signaling systems. Included in this
growing list of noncanonical effector molecules stimulated by TGF-β are (i) the MAP
kinases ERK1/ERK2, p38 MAPK, and JNK; (ii) the growth and survival kinases PI3K,
AKT/PKB, and mTOR; and the small GTP-binding proteins Ras, RhoA, Rac1, and Cdc42
[51–56]. Additionally, activation of the NF-κB signaling system typically is repressed by
TGF-β in normal epithelial cells [57]. Recent evidence also implicates TGF-β in mediating
the activation of a number of protein tyrosine kinases, including FAK [58,59], Src [60–63],
and Abl [60–62], particularly in mesenchymal or dedifferentiated epithelial cells.
Importantly, amplified activation of these noncanonical TGF-β signaling components has
been shown to override the normal cellular homeostatic mechanisms governed by Smad2/3
in a manner that figures prominently in the development of human cancers. Precisely how
TGF-β couples to the activation of these noncanonical effector systems remains unknown, as
does the manner in which their activities becomes dysregulated in response to TGF-β in
developing and progressing human cancers. Recent studies linking the inappropriate and/or
aberrant activation of alterative TGF-β signaling systems to the acquisition of various cancer
hallmarks in developing neoplasms will be presented in the following sections.

2.3. Mutated TGF-β signaling components and cancer
Initial studies aimed at establishing how tumorigenesis negates the cytostatic and tumor
suppressing activities of TGF-β were focused primarily on monitoring the expression,
mutation, and/or activation status of various TGF-β signaling components. Indeed,
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considering the fact that TGF-β is a principle player operant in preventing the uncontrolled
growth of epithelial cells, and that ~90% of all human malignancies derive from epithelial
cell origins [64], it should come as no surprise to learn that components of the TGF-β
signaling system are indeed subjected to frequent mutational inactivation. Moreover, many
of these genetic defects are heritable and predispose affected individuals to develop cancer
[65,66]. This scenario is especially evident in colon cancers that exhibit microsatellite
instability, which produces frameshift mutations in TβR-II and the synthesis of
nonfunctional TβR-II proteins that elicit complete cellular insensitivity to TGF-β [67–69].
Clinically, patients with defective TβR-II proteins present with significantly more polyps
and preneoplastic lesions than do their TGF-β-responsive counterparts [70]. However, in an
interesting twist of fate, patients housing these TβR-II mutants possess a better overall
survival rate due to their failure to progress to aggressive, metastatic disease [71]. As will be
discussed later, these findings point to an essential role for TGF-β signaling in promoting
cancer progression and the acquisition of metastatic phenotypes, particularly in late stage
cancers that garner a selective advantage by maintaining their ability to respond to TGF-β.
In addition, TβR-II defects also are observed in cancers of the stomach, prostate, breast,
lung, liver, and pancreas, and in some hematological malignancies (see [3,4,72]).

Likewise, diminished expression and/or activity of TβR-I has been correlated with the
development of TGF-β resistance in cancers of the colon, pancreas, ovary, breast, cervix,
head and neck, and in T and B cell leukemias [3,72–75]. As a group, TβR-I mutations tend
to partition into two general classes, namely those that target its signal sequence [75–77,78],
and those that target its protein kinase domain [79,80]. Interestingly, an inactivating
Ser387Tyr mutation in TβR-I was observed to be more prevalent in metastatic lesions as
compared to their corresponding primary tumors, suggesting that this mutation occurs
predominantly in late stage cancers where it may play a role in promoting metastasis. Along
these lines, cancers of the breast, ovary, prostate, lung, and pancreas frequently lose
expression of TβR-III [81–85], an event that enhances the ability of cancer cells to undergo
EMT and, consequently, to acquire invasive and metastatic phenotypes. Thus, while TβR-
III-deficiency resulting from a loss-of-heterozygousity at or epigenetic silencing of the TβR-
III locus clearly drives progression of tumors from indolent to aggressive states, the
molecular mechanisms underlying the ability of TβR-III to normally suppress these
tumorigenic processes remains to be fully elucidated.

Given the importance of Smads 2, 3, and 4 in mediating the tumor suppressing activities of
TGF-β, it is not surprisingly to learn that these latent transcription factors also manifest a
variety of missense mutations during tumorigenesis. Structurally, Smad2/3/4 are comprised
of three distinct domains: (i) a globular N-terminal Mad-homology 1 (MH1) domain, which
binds TGF-β-regulated promoters at stimulatory Smad-binding elements (SBE;
GTCTCAGA, CAGA, or AGAC), or at inhibitory repressive SBE (RSBE; GGCGGG) or
TGF-β inhibitory elements (TIE; GNNTTGGtGa) [8,86-90]; (ii) a central Pro-rich linker
region subject to regulated phosphorylation by a variety of protein kinases (see above); and
(iii) a globular C-terminal MH2 domain, which mediates transactivation through its ability
to interact physically with Smad partners, and with various components of the nuclear pore
and transcriptional machinery [4,6,8]. Most missense mutations identified to date in Smads 2
and 4 localize to the oligomerization sequences within their MH2 domains [91], and to a
lesser extent, to the DNA-binding sequences within their MH1 domains [92]. In either
scenario, the ability of TGF-β to mediate cytostasis is compromised severely, which enables
malignant cells to progress unabated through the cell cycle even in the continued presence of
cytokine. This situation occurs frequently in cancers of the gastrointestinal tract, where
Smad4 mutations are observed in 50% of pancreatic cancers [66], in 30% of colorectal
cancers [3], and in 25% of patients with juvenile polyposis syndrome [3]. Targeted deletion
of Smad4 in mouse keratinocytes [93] or T cells [94], or global Smad4 heterozygousity in
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combination with APC inactivation [95] further confirmed the essential function of Smad4
in suppressing tumor formation, particularly that in the gastrointestinal track. Although the
prevalence of Smad2 mutations is considerably less than that observed for Smad4, mutations
in Smad2 are detected in 11% of colorectal cancers, and in 7% of lung cancers [3]. Lastly,
despite the fact that Smad3 mutations have thus far remained undetected in human cancers,
its expression is lost in 37% of human gastric cancers [96], and in essentially all childhood
cases of acute T cell ALL [97]. Furthermore, unlike mice deficient in either Smad2 or
Smad4, mice lacking Smad3 are viable and develop colorectal cancers only in response to
Helicobacter infection and its accompanying inflammatory reaction [98]. More importantly,
Smad3-deficiency protects mice from developing chemically-induced skin carcinomas [99].
Collectively, these findings indicate Smad2 and Smad3 mediate distinct aspects of the
biology and pathology of TGF-β; they also suggest that retaining selective features of the
TGF-β signaling system functions in promoting oncogenic signaling by TGF-β. The
molecular mechanisms that underlie oncogenic signaling by TGF-β, as well as their role in
achieving the hallmarks of cancers are discussed below.

3. TGF-β and dysregulated cell proliferation
3.1. Resistance to TGF-β-mediated cytostasis

TGF-β is a principle player involved in suppressing autonomous growth by epithelial,
endothelial, and hematopoietic cell lineages, doing so primarily through its ability to induce
cell cycle arrest, but also through its stimulation of cell differentiation or apoptosis in a cell-
and context-specific manner. Importantly, the ability to preneoplastic cells to acquire
resistance to growth arrest governed by TGF-β represents a major hallmark in the
development of numerous human cancers. The ability of TGF-β to mediate cytostasis takes
place late in the G1 phase of the cell cycle and occurs primarily through the initiation of two
synchronized events. First, TGF-β downregulates the expression of the growth-promoting
transcription factors, c-Myc and Ids 1–3 [4,6,100,101]. In doing so, TGF-β inhibits Myc
transcription by inducing the binding of Smad3 to E2F4/5 and p107 at RSBE sites housed in
the Myc promoter [87,89]. Smad3 also mediates Id1 repression by TGF-β through a “self-
enabled” signaling system that first requires Smad3 to induce the expression of ATF3,
which subsequently interacts with Smad3 to inhibit Id1 promoter activation [102]. Loss of
Id2 expression requires TGF-β to induce the expression of the Myc antagonists, Mad2 and
Mad4, which form heterodimers with Max and prevent Id2 transcription [101].

The second major pathway whereby TGF-β mediates cytostasis occurs through its
production of the cyclin-dependent protein kinase (CDK) inhibitors, p15INK4b and p21CIP

[4,6,100]. The ability of p15 to prevent cell cycle progression takes place by its binding to
CDK4/6, which occludes their access to and activation by cyclin D. TGF-β induces p15
expression via a bimodal mechanism involving (i) Smad3-mediated repression of Myc,
which together with Miz-1 binds and inactivates p15 transcription; and (ii) the formation of
Sp1:Smad3:Miz-1 complexes that stimulate p15 transcription [103,104]. Whereas p15
preferentially inactivates CDK4/6, p21 preferentially targets and antagonizes cyclin
E:CDK2 complexes [100]. In doing so, TGF-β stimulates the formation of
Sp1:Smad2/3:FoxO complexes that transactivate the p21 promoter [105,106].

Developing and progressing neoplasms have evolved several mechanisms to override the
cytostatic activities of TGF-β. For example, dysregulated Myc expression negates cell cycle
arrest induced by TGF-β by (i) promoting the formation of Myc:Miz-1 complexes, which
inhibit p15 and p21 transcription induced by Smad3:Miz-1 complexes [103,104]; and (ii)
recruiting the DNA methyltransferase, Dnmt3a, to Myc:Miz-1 complexes, which methylates
and inactivates p21 transcription [107]. In addition, human cancers frequently exhibit
hyperactivation of the PI3K/AKT pathway [108], which inactivates the cytostatic activities
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of TGF-β by (i) phosphorylating FoxO, which subsequently is exported from the nucleus
and sequestered in the cytoplasm by 14-3-3, and as such, is unavailable to induce p21
expression with Smad3 [105,109]; and (ii) binding and sequestering inactive Smad3 to
prevent its stimulation by active TGF-β receptors [110,111]. Moreover, in conjunction with
activated AKT, FoxG1 interacts physically with Smad3:FoxO complexes to inhibit their
induction of p21 in glioblastomas [105]. Whether FoxG1 or other Forkhead family members
function similarly to inactive p15 and p21 expression in other human cancers remains to be
determined definitively.

Cancer cells also evade the cytostatic activities of TGF-β via cancer cell-specific alternative
splicing of C/EBPβ into transcriptionally active LAP or inactive LIP variants [112]. Under
normal circumstances, LAP C/EBPβ variants participate in TGF-β-mediated cytostasis by
cooperating with Smad3:FoxO complexes to induce p15 expression, and with
Smad3:E2F4/5 complexes to repress Myc expression [112]. Cancer cells, particularly those
of the breast, elevate their expression of inactive LIP C/EBPβ variants, which uncouples
TGF-β from regulation Myc and p15 expression and correlates with metastatic disease
development [112]. Along these lines, ELAC2 recently was identified as a transcriptional
co-factor that mediates p21 expression in conjunction with Smad2:FAST-1 complexes in
prostate epithelial cells [113]. Importantly, loss of ELAC2 in developing and progressing
prostate cancers inactivates their ability to undergo growth arrest in response to TGF-β
[114]. Finally, overexpression or oncogenic activation of the Ski and SnoN induces cellular
transformation in part via their ability to bind Smad2/3/4 complexes and recruit
transcriptional inactivation machinery, including N-Cor, mSin3A, and HDAC, which
collectively repress gene induction stimulated by TGF-β [115,116].

3.2. Cell cycle progression induced by TGF-β
In addition to developing resistance to TGF-β-mediated growth arrest, cancer cells routinely
acquire the ability to undergo enhanced proliferation when stimulated by TGF-β. The
precise mechanisms underlying this phenomenon has yet to be established, but likely reflects
a combination of the inactivation of cytostasis mediated by TGF-β coupled to its ability to
induce the expression of cytokines and growth factors or their cognate receptors. For
instance, TGF-β stimulates the synthesis of IL-1 [117], CTGF [118], bFGF [119], PDGF
[120], and TGF-α [121], and of the receptors for PDGF [122] and EGF [123]. Moreover, a
common feature of mitogenic signaling systems is their coupling to activation of the Ras/
MAP kinase pathways, which results in ERK1/2-mediated phosphorylation of the linker
region of Smad2/3 linker and their exclusion from the nucleus, perhaps via Smurf-mediated
sequestration of Smad2/3 from the nuclear pore machinery [124]. Hyperactivation of the
Ras/MAP kinase pathway also promotes ERK1/2-mediated phosphorylation of TGIF,
leading to its stabilization and nuclear localization where it functions as a transcriptional co-
repressor by recruiting Smad2:HDAC complexes to the p15 promoter [125]. More recently,
activation of RTK and Ras/MAP kinase signaling was shown to stimulate CK1ε/δ
phosphorylation of p53, which interacted physically with Smad2/3 to promote the initiation
of the cytostatic program by TGF-β. Importantly, restoring p53 function to cancer cells
devoid of p53 expression or activity reinstated the ability of TGF-β to induce p21 expression
and, consequently, cell cycle arrest [36]. Finally, besides their ability to activate the Ras/
MAP kinase pathway, mitogens also activate CDKs when promoting cell cycle progression.
In doing so, the cytostatic function of TGF-β can be subverted by CDK2- and CDK4-
mediated phosphorylation of the linker region of Smad2, which inactivates its ability to
induce the expression of p15 and p21, and to repress the expression of Myc [37].
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4. TGF-β and cancer cell motility
4.1. TGF-β and epithelial-mesenchymal transition

The process whereby immotile, polarized epithelial cells to transdifferentiate into highly
motile, apolar mesenchymal cells is known as epithelial-mesenchymal transition (EMT),
was described initially as a phenomenon that took place during chick embryonic
development nearly 100 years ago by Frank Lillie [126], and which was first documented as
a discrete physiological event in 1982 by Greenburg and Hay [127]. Today, EMT is
recognized as a normal and essential physiological process operant in mediating embryonic
development, wound healing, and tissue morphogenesis, remodeling, and repair. EMT itself
compromises several distinct features, including (i) the loss of cell polarity due to
downregulated expression of epithelial cell markers (e.g., E-cadherin, zona occluden-1, and
β4 integrin); (ii) cytoskeletal architecture reorganization and intracellular organelle
redistribution; (iii) upregulated expression of fibroblast markers (e.g., vimentin, N-cadherin,
α-smooth muscle actin); and (iv) elevated cell invasion and migration [126,128–131].
Besides its role in mediating normal tissue morphogenesis and repair, inappropriate
initiation of EMT also underlies the development of several human pathologies, such as
chronic inflammation, rheumatoid arthritis, and chronic fibrotic degenerative disorders of
the lung, liver, and kidney [126,128–132]. In addition, the acquisition of metastatic
phenotypes by dedifferentiated tumors is critically dependent on EMT and its ability to
actively remodel tumor microenvironments in a manner that promotes the evolution and
selection of metastatic cells [126,128–131].

The essential role of TGF-β in mediating EMT was first described by Miettinen et al
[133]who showed that TGF-β stimulation of normal mammary epithelial cells readily
induced their transdifferentiation into fibroblastoid-like cells. Since that time, TGF-β has
been identified as a master regulator both of physiological and pathophysiological EMT in a
variety of epithelial cell types and tissues. For instance, TGF-β3-deficiency in mice elicits
defective palatogenesis and cleft palate formation due to faulty initiation of EMT [134].
Along these lines, neutralization of TGF-β2 function impairs chick heart endocardial
cushion development by inhibiting Slug expression and, consequently, its induction of EMT
[135]. Finally, targeted-deletion of Smad3 in mice prevents their development of EMT-
driven retinal [136,137] and renal [138] fibrosis. Aberrant EMT also is an essential facet of
the oncogenic activities of TGF-β, particularly its ability to stimulate the progression and
metastasis of late stage cancers. The molecular mechanisms underlying the ability of TGF-β
to induce cancer cell EMT and metastasis are described below.

4.2. TGF-β, invasion, and metastasis
The activities of fibroblasts and their associated stromal components play important roles in
determining whether TGF-β either suppresses or promotes tumor formation [139,140].
Indeed, the ability of TGF-β to inhibit tumor formation occurs not only through its actions in
epithelial cells, but also through its stimulation of adjacent fibroblasts, which synthesize and
secrete a variety of cytokines, growth factors, and extracellular matrix (ECM) proteins that
mediate tissue homeostasis and suppress cancer development. Importantly, genetic or
epigenetic events that inactivate paracrine TGF-β signaling between adjacent epithelial and
stromal compartments can lead to the formation of neoplastic cells, as well as to their
selection and expansion by promoting their growth, survival, and motility [141,142]. For
instance, conditional inactivation of TβR-II in mouse fibroblasts elicits the formation of
prostate intraepithelial neoplasias and invasive carcinoma of the forestomach [143]. Similar
targeted inactivation of TβR-II in mouse mammary fibroblasts inhibits mammary gland
ductal morphogenesis, as well as the formation of terminal end buds [144]. Importantly,
grafting mammary carcinoma cells with TβR-II-deficient fibroblasts, not their normal
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counterparts, significantly enhanced the growth and invasion of breast cancer cells in
subrenal capsules [144]. Mechanistically, inactivation of TGF-β signaling in fibroblasts
promotes tumorigenesis by upregulating the expression and signaling of TGF-α, MSP, and
HGF within cell microenvironments [139,140,143,144]. Furthermore, inactivating TGF-β
signaling in fibroblasts also promotes breast cancer metastasis by activating two chemokine
receptor axes, namely SDF-1:CXCR4 and CXCL5:CXCR2, which recruit immature
GR1+CD11b+ myeloid cells that (i) suppress host tumor immunosurveillance, and (ii)
induce MMP expression within tumor microenvironments that promotes the dissemination
of breast cancer cells [145].

In addition to its metastatic-promoting activities initiated in fibroblasts and tumor
microenvironments, TGF-β also induces EMT and metastasis by directly effecting the
activities and behaviors of developing and progressing malignant cells. For instance, TGF-β
stimulates human MDA-MB-231 breast cancer cells to metastasize specifically to bone by
inducing their expression of PTHrP, IL-11, and CTGF [146–148]. Interestingly, although
TGF-β1 had no effect on the growth of mammary tumors induced by transgenic
polyomavirus middle T antigen expression, conditional TGF-β1 expression significantly
enhanced the ability of these same mammary tumors to metastasize to the lungs [149]. In
addition, TGF-β stimulation of EMT in breast cancer cells has been linked to the selection
and expansion of cancer initiating/stem cells [150–153], which may underlie breast cancer
resistance to neoadjuvant chemotherapies, as well as disease progression and recurrence.
Thus, following inactivation of its cytostatic function, TGF-β preferentially promotes the
acquisition of metastatic phenotypes in previously nonmetastatic malignant cells.

Accumulating evidence indicates that TGF-β stimulates cancer cell EMT and metastasis
through a combination of Smad2/3-dependent and -independent signaling systems. Indeed,
engineering metastatic human MCF10ACA1a breast cancer cells to express a dominant-
negative Smad3 [154] or a TβR-I mutant incapable of activating Smad2/3 (i.e., L45 mutant)
[154] both significantly reduced the ability of MCF10ACA1a cells to colonize the lung.
Along these lines, Smad4-deficiency elicited by RNA interference inhibited the ability of
MDA-MB-231 xenografts to metastasize to bone in part via diminished expression of IL-11
and CTGF in response to TGF-β [146,155]. As above, the extent of tumor formation and
their rate of growth was unaffected by altering the response of these breast cancer cells to
TGF-β [146,155], which again points to the importance of maintaining the fidelity of the
TGF-β signaling system during metastasis development. Accordingly, whereas Smad4-
deficiency conspires with oncogenic K-Ras to promote pancreatic cancer initiation and
development, maintaining intact Smad4 signaling is necessary to induce EMT and TGF-β-
dependent growth of advanced pancreatic ductal adenocarcinomas [156]. In addition,
overexpression of Smad7, which inhibits TGF-β stimulation of Smad2/3 [18–20], prevents
the invasion of breast [157] and head and neck cancers [158,159], as well as impairs the
ability of melanoma cells to metastasize to bone [160]. Recently, TGF-β was shown to
cooperate with Ras to promote the formation of mutant p53/p63 complexes that are bridged
by Smad2/3, and that result the inactivation of p63 and its ability to downregulate the
expression of metastasis suppressor genes, Sharp-1 and cyclin G2 [161]. Along these lines,
Smad2 has been observed to promote EMT in mammary epithelial cells by stimulating the
DNA binding activity of the DNA methyltransferase, DNMT1, leading to the chronic
epigenetic silencing of epithelial-associated genes, including CDH1, CGN, CLDN4, and
KLK10 [162]. Collectively, these findings demonstrate the importance of Smad2/3/4
signaling in mediating metastasis stimulated by TGF-β; they also suggest that the
development and implementation of novel Smad2/3 antagonists may improve the clinical
course of metastatic cancer patients whose tumors house functional Smad2/3 signaling
systems.
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Equally important to the ability of TGF-β to stimulate cancer cell EMT and metastasis is its
coupling to activation of noncanonical signaling systems (Fig. 2; [7]). Indeed, activation of
Ras/MAP kinase [51,163–167], PI3K/AKT [52], Rho/ROCK [53]; NF-κB [168], Jagged/
Notch [169], Wnt/β-catenin [170], and MDM2/p53 [171] pathways by TGF-β all play
essential roles in mediating its induction of cancer cell EMT, invasion, and metastasis. In
particular, Ras/MAP kinase signaling cooperates synergistically with TGF-β to elicit EMT
and metastasis during the progression of skin cancers from squamous to spindle cell
phenotypes [172–174]. In addition, TGF-β stimulation of NF-κB promotes EMT in and lung
colonization by breast cancer cells that house oncogenic Ras [168]. Furthermore, activation
of the Ras effector, c-Raf-1, induces autocrine TGF-β expression and activation that
ultimately results in its stimulation of EMT and invasion [175]. Finally, TGF-β-induces
elevated MDM2 expression that leads to the destabilization of p53, a key component of
EMT [171].

Integrins also have been implicated in regulating oncogenic signaling by TGF-β, particularly
its ability to induce EMT, invasion, and metastasis. For instance, administering neutralizing
antibodies against β1 integrin prevented TGF-β stimulation of p38 MAPK and EMT in
mammary epithelial cells [163]. In addition, TGF-β stimulates the binding of the adapter
protein Dab2 [17] to β1 integrin, leading to FAK activation and the induction of EMT in
mammary epithelial cells [176]. Similarly, work in our laboratory led to the discovery of a
novel αvβ3 integrin:Src:phospho-Y284-TβR-II:Grb2:p38 MAPK signaling axis whose
activation mediates oncogenic signaling – i.e., EMT, invasion, and metastasis – by TGF-β in
normal and malignant mammary epithelial cells [60–62]. Importantly, the ability of TGF-β
to stimulate the growth and pulmonary metastasis of breast cancers in mice absolutely
requires activation of this oncogenic signaling complex [62]. In addition to its role in
mediating pulmonary metastasis of breast cancers, αvβ3 integrin also mediates breast cancer
metastasis to bone [177,178] in a TGF-β-dependent manner. Lastly, new insights into the
role of TGF-β in regulating tight junction dissolution during EMT recently was elucidated
by Wrana and colleagues [179] who observed that the tight-junction assembly protein,
PAR-6, interacts physically with TβR-I. Activation of TGF-β receptors by ligand results in
TβR-II-mediated phosphorylation of PAR-6, which binds Smurf1 and coordinates its
ubiquitination and degradation of RhoA. The net effect of these TGF- β-dependent events
results in the dissolution of epithelial cell tight junctions and the disassembly of their actin
cytoskeleton, leading to the induction of EMT [179]. Future studies need to more thoroughly
examine the role of additional phosphorylation events in potentially regulating PAR-6
function, as well as the role of integrins and other adhesion-regulated signaling systems to
collaborate with TGF-β in mediating EMT and tight junction dissolution. Similar analyses
aimed at determining the importance of these events in regulating metastasis development
stimulated by TGF-β also is warranted.

5. TGF-β and tumor angiogenesis
Angiogenesis is a normal physiological process whereby new blood vessels develop from
preexisting vessels, and which is an essential component of embryonic development, wound
healing, and the female reproductive cycle [180,181]. Pathological activation of
angiogenesis also figures prominently in mediating the development of a number of human
diseases, including rheumatoid arthritis, diabetic retinopathy, and age-related macular
degeneration [181,182]. Indeed, inappropriate initiation of angiogenesis perhaps is best
known and characterized for its role in mediating the development and progression of
tumors, whose growth is limited by the extent of nutrient diffusion into tumor
microenvironments. Tumor angiogenesis circumvents this limitation by providing
developing neoplasias with an efficient supply of nutrients, and ultimately, with a route for
their metastatic spread. Angiogenesis is comprised of two distinct and sequential phases
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referred to as angiogenesis activation and angiogenesis resolution [180–182]. Angiogenesis
activation encompasses the initiation and development of new blood vessels, and is
characterized by (i) increased endothelial cell (EC) permeability, proliferation, migration,
and invasion, and (ii) reduced EC adhesion and basement membrane integrity. In contrast,
angiogenesis resolution encompasses the maturation of newly formed vessels and entails (i)
increased EC adhesion and basement membrane deposition, (ii) decreased EC proliferation
and motility, and (iii) the recruitment of perivascular cells, namely pericytes, vascular
smooth muscle cells, or mural cells, that function in regulating vessel stability and
hemodynamics. Importantly, normal endothelium in adult tissues exists in a quiescent,
inactive state, a fact that underlies the continued enthusiasm to selectively target tumor
vascular when treating human malignancies.

Consistent with its multifunctional nature, TGF-β has been reported to regulate the
activation and resolution phases of angiogenesis [183–186]. In addition, TGF-β also affects
ECM production and remodeling in EC microenvironments, and as such, impacts the
interactions and communications between ECs and their supporting mesenchymal cells
[187]. The ability of TGF- β to regulate angiogenesis was discovered by analyzing the
vasculature of TGF-β1-deficient mice, which exhibit severe defects in hematopoiesis and
EC differentiation that results in the production of weak, aberrantly formed capillaries [188].
Additional studies demonstrating a crucial role of TGF-β signaling in regulating
angiogenesis were gleaned from analyses of mice lacking TβR-I [189], TβRII [190,191],
TβR-III [192,193], ALK1 [194,195], endoglin [196], Smad1 [197], or Smad5 [198], all of
which exhibited vascular and endothelial defects. Clinically, the development of hereditary
hemorrhagic telangiectasia type 1 (HTT1) results from the loss or inactivation of the gene
for endoglin [199,200], while the loss or inactivation of the gene for ALK1 elicits HHT2
[201,202]. Moreover, HHT1 and HHT2 both are phenocopied in knockout mice lacking
either endoglin [196,203] or ALK1 [204], respectively. Thus, aberrant TGF-β signaling
clearly underlies the development of multiple vascular disorders [205].

Genetic inactivation of ALK1 [195] and ALK5 [189] elicits embryonic lethality at E11.5
and E10.5, respectively, demonstrating the indispensable function of these genes in
mediating normal embryonic angiogenesis and vasculogenesis. Quite surprisingly, recent
studies have established that TGF-β differentially activates TβR-I/ALK5 versus ALK1,
which elicits dramatically different angiogenic responses by ECs. For instance, TGF-β
stimulation of TβR-I/ALK5 activates Smad2/3 and their transcription of the ECM proteins,
plasminogen activator inhibitor type 1 (PAI-1) and fibronectin, which mediate angiostasis
and vessel maturation [194,206,207]. In addition, Miyazono and colleagues [208] showed
that TβR-I/ALK5 mediates TGF-β stimulation of EC gene expression profiles characteristic
of angiostasis and vessel maturation, and of periendothelial cell differentiation. Thus,
activation of TβR-I/ALK5 by TGF-β functions preferentially in regulating angiogenesis
resolution [185,208]. In contrast, activation of ALK1 by TGF-β stimulates Smad1/5/8
transcriptional activity and the expression of angiogenic genes, such as Id1 and interleukin 1
receptor-like 1 [194,206–208]. Thus, activation of ALK1 by TGF-β functions preferentially
in regulating angiogenesis activation. Interestingly, the decision by TGF-β to couple to
either ALK1 or ALK5 likely depends on the balance between TGF-β and angiogenic
cytokines within tumor microenvironments. Indeed, low TGF-β concentrations enhance the
ability of bFGF and VEGF to stimulate EC proliferation and angiogenic sprouting, while
high TGF-β concentrations inhibit these angiogenic activities [185,186].

In addition to regulating angiogenesis via its activation of ALK1 and ALK5, TGF-β also
controls vessel development via its actions on the co-receptors, TβR-III/betaglycan and
endoglin. Several recent studies have shown the importance of epithelial cell expression of
TβR-III in suppressing the growth and metastasis of breast [81], lung [82], pancreatic [83],
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ovarian [84], and prostate [85]cancers. However, the ability of soluble TβR-III to bind and
sequester TGF-β has been used successfully to antagonize tumor angiogenesis and,
consequently, to inhibit the growth and progression of human tumors produced in mice
[209–211]. In contrast, endoglin is expressed predominantly on proliferating ECs, and its
expression also can be upregulated by ALK1 [208]. When expressed in human umbilical
vein endothelial cells, endoglin inhibits ALK5 signaling and promotes EC proliferation,
migration, and tubulogenesis in conjunction with stimulation of ALK1 [212,213]. Moreover,
the redundant clinical symptoms of HHT1 (i.e., endoglin defects) and HHT2 (i.e., ALK1
defects) in humans, together with the overlapping phenotypes observed between ALK1- and
endoglin-deficient mice, suggest that ALK1 and endoglin both function as negative
regulators of TGF-β/ALK5 signaling.

Collectively, these studies highlight the complexities associated with the ability of TGF-β to
regulate EC activities coupled to angiogenesis. Future studies clearly need to (i) better
define the precise mechanisms that enable TGF-β and its downstream effectors to govern the
induction of angiogenic or angiostatic gene expression profiles; (ii) establish the impact of
EC and perivascular cell differentiation states to influence the angiogenic response to TGF-
β; and (iii) identify the microenvironmental cues and signals the cooperate with TGF-β in
mediating angiogenesis activation and resolution.

6. TGF-β and cancer cell survival
Although cancer typically is viewed as a disease that arises from uncontrolled cell
proliferation, it also is a disease of dysregulated apoptosis that enhances cancer cell survival
by conferring developing neoplasms resistance to stimuli that would normally induce their
programmed cell death [2]. Under normal physiological conditions, TGF-β inhibits
autonomous cell growth by inducing cell cycle arrest or by stimulating cellular
differentiation [3,4,214]; however, TGF-β also guards against the development of
dysregulated cell growth through its ability to promote programmed cell death, particularly
in lymphocytes and hepatocytes [3,4,214,215]. Importantly, TGF-β stimulation of apoptosis
occurs independently of its regulation of EMT and cell motility [216,217], and is mediated
through its regulation of a variety of proapoptotic proteins (Table 1).

One of the hallmarks of cancer is the ability of malignant cells to acquire resistance to
apoptotic stimuli [2]. As mentioned previously, tumorigenesis frequently subverts the tumor
suppressing activity of TGF-β, thereby enabling TGF-β to promote oncogenesis by
stimulating the growth, invasion, metastasis, and angiogenesis of developing tumors (see
above). Along these lines, alterations within the TGF-β signaling system also conspire to
convert TGF-β from activator of apoptosis to a promoter of cancer cell survival. This altered
cellular response to TGF-β is especially evident through its ability to protect and promote
the recovery of cancer cells following their targeting by radiation and chemotherapy
treatments [218,219]. Thus, the continued reliance on radiation and chemotherapy regimens
to treat cancer patients necessitates that science and medicine fully elucidate the molecular
mechanisms that affords TGF-β to protect developing neoplasms from apoptotic stimuli.

Numerous studies have established that dysregulated activation of the NF-κB and PI3K/
AKT pathways by TGF-β functions in promoting cancer cell survival during tumorigenesis
[220–223]. Interestingly, TGF-β routinely suppresses the activation of NF-κB in normal
epithelial cells by inducing their expression of IκBα, a phenomenon that is inactivated
during oncogenic progression [157,215]. Quite intriguingly, TGF-β stimulation of late stage
cancer of the breast, prostate, and liver results in NF-κB activation, leading to the induction
of pro-survival and -tumorigenic gene expression profiles [220,224–226]. The aberrant
activation of NF-κB by TGF-β has been attributed its stimulation of TAK1, which induces
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IKK activation [220,224,225]. Indeed, recent work in our laboratory defined a novel
TAB1:TAK1:IKKβ:NF-κB signaling axis that forms aberrantly in breast cancer cells, and in
normal mammary epithelial cells following their induction of EMT by TGF-β [225]. Once
formed, this signaling axis enables oncogenic signaling by TGF-β in part via activation of
NF-κB and its consequential production of proinflammatory cytokines, and of Cox-2 [227],
which engages a PGE2:EP2 signaling axis coupled to breast cancer development and
progression [228]. In addition, TAK1-deficiency abrogated the ability of TGF-β to induce
the invasion of breast cancer cells, as well as restored their ability to undergo cytostasis in
response to TGF-β. More importantly, expression of a dominant-negative TAB1 mutant
dramatically reduced the growth of mammary tumors in normal mice, as well as in their
immunocompromised counterparts, suggesting a potentially important role of NF-κB in
regulating innate immunity by TGF-β [225]. Recently, TGF-β was shown to induce xIAP
expression in hepatic and endometrial carcinomas, which enhanced their survival and
invasiveness via xIAP-mediated regulation of PK3K/AKT, TAK1, PKC, JNK, and MMP-9
[229,230]. Along these lines, work in our laboratory has identified xIAP as an essential
mediator underlying the formation of TAB1:TAK1:IKKβ complexes and, consequently,
their activation of NF-κB solely in cancer cells [231]. Thus, pharmacological targeting of
xIAP may represent a novel approach to antagonize the oncogenic activities of TGF-β in
developing and progressing human malignancies.

Altered coupling of TGF-β that results in its stimulation of AKT [232] and p38 MAPK [233]
may also serve in potentiating the activation of IKKβ and NF-κB. Furthermore, activated
IKK [234] complexes and AKT [223] both directly phosphorylate FoxO, which
subsequently is inactivated and sequestered in the cytoplasm by its binding to 14-3-3
proteins. In doing so, phosphorylated FoxO transcription factors are no longer available to
participate in Smad2/3-mediated expression of apoptotic and cytostatic genes, thereby
enhancing cancer cell survival. Finally, activated AKT has been shown to bind and sequester
inactive, cytoplasmic Smad3, which prevents TGF-β stimulation of programmed cell death
[110,111].

In addition to its anti-apoptotic function, NF-κB also plays an important role in mediating
TGF-β stimulation of EMT and metastasis [168], and of pro-inflammatory gene expression
[226]. For instance, inhibiting NF-κB activity in Ras-transformed mammary epithelial cells
blocked the ability of TGF-β to (i) induce MMP-13 and MCP1 expression, and (ii) repress
E-cadherin expression. Moreover, TGF-β stimulation of EMT is sufficient in eliciting its
ability to stimulate, not inhibit, NF-κB activity in mammary epithelial cells [225]. When
stimulated with TGF-β, cancer cells synthesize and secrete an array of pro-inflammatory
genes following NF-κB activation. Included in this list of proinflammatory mediators
regulated by TGF-β and its activation of NF-κB are Cox-2, GM-CSF, TNF-α, and
interleukins 1, 6, and 8 [225,226,235,236], which collectively drive oncogenesis by
stimulating tumor angiogenesis and metastasis, as well as by inhibiting host
immunosurveillance. Recently, aberrant expression of Cox-2 was shown to negate the
cytostatic activities of TGF-β [237], and to promote its ability to induce breast cancer
metastasis to bone [235]. Thus, pharmacological targeting of Cox-2 may enhance the tumor
suppressing activities of TGF-β. Finally, TGF-β also enhances cancer cell survival through
its ability to modulate and suppress immunosurveillance mediated by the adaptive immune
system [238,239]. The role of TGF-β in regulating immune system function during
tumorigenesis is discussed below.

7. TGF-β and dysregulated immunosurveillance
It has been appreciated from many years now that cancer initiation, promotion, and
progression all are linked to aberrant and/or persistent inflammation within tumor
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microenvironments [240]. Indeed, the balance between host immunosurveillance and
proinflammatory activity within the tumor milieu plays an essential role in determining
whether tumor development and progression is induced or inhibited [240]. An implicit factor
in regulating this delicate balancing act is TGF-β, which governs the activities and behaviors
of cancer cells and their associated stromal components [239]. Indeed, while many cytokines
and chemokines participate in the inflammatory process, the prominent and essential role of
TGF-β in maintaining proper immune system function and homeostasis is underscored by
the finding that TGF-β1-deficient mice exhibit lethal multifocal inflammatory disease
[241,242], while mice lacking Smad3 exhibit defects in the responsiveness and chemotaxis
of their neutrophils, and their T and B cells [243]. In addition, a characteristic feature of
cancer cells is their capacity to increase the production and secretion of TGF-β into tumor
microenvironments, and into the general circulation of cancer patients [244–246]. Elevated
concentrations of active TGF-β also are detected within the tumor milieu due to enhanced
ECM degradation mediated by resident and recruited leukocytes –i.e., monocytes/
macrophages, dendritic cells, granulocytes, mast cells, T cells, and natural killer (NK) cells
– that either promote or suppress tumor development in a context-specific manner [240]. It
is interesting to note that the recruitment of leukocytes to developing neoplasms in many
respects reflects the processes underlying their normal recruitment to regions of wounding,
inflammation, or infection. This observation, coupled with the fact that cancer cells house
genetic or epigenetic alterations that elicit persistent tumor inflammation and chronic
leukocyte infiltration undoubtedly led to Dvorak to liken “tumors to wounds that never heal”
[247].

In general, high levels of TGF-β inactivate host anti-tumor immunosurveillance systems,
which confers immune privilege to developing neoplasms and ensures for their continued
progression. Mechanistically, TGF-β inhibits the proliferation and differentiation of NK and
T cells, as well as their production of cytotoxic effector molecules. Moreover, the ability of
TGF-β to affect the behaviors of cytotoxic CD8+ T cells occurs in a manner that reflects
their differentiation status. For instance, TGF-β is a potent inhibitor of naïve CD8+ T cell
populations, but elicits little to no response in their fully differentiated and activated
counterparts, which downregulate expression of TβR-II. The insensitivity of differentiated
CD8+ T cells to TGF-β can be overcome by the production of either IL-1o or IL-2, or by the
expression of the co-stimulatory molecule CD28 [238,239,248]. Interestingly, TGF-β
stimulation of T cells expressing CD28 ultimately promotes the survival of memory/effector
phenotypes in thymic and peripheral T cell populations.

The lymphocyte defects observed in Smad3-deficient mice suggest an important role for this
latent transcription factor in mediating immunosuppression by TGF-β. Accordingly,
activation of Smad3 by TGF-β prevents mitogenesis in CD8+ T cells by (i) inhibiting their
production of IL-2; (ii) repressing their expression of c-Myc, cyclin D2, and cyclin E; and
(iii) stimulating the expression of the CDKIs p15, p21, and p27 [239,248,249]. In addition,
TGF-β also represses the expression and production of cytotoxic effector molecules,
including IFN-γ, lymphotoxin-α (LT- α), perforin/granzyme, and Fas ligand [239,248,249].
Although TGF-β has no effect on proliferation of CD4+ T cells, it does inhibit CD4+ T cell
differentiation into T helper 1(Th1) and Th2 cell lineages, which readily secrete IFN-γ and
LT-α (Th1) or IL-4, IL-5, and IL-13 (Th2), respectively. The inhibitory activities of TGF-β
in CD4+ T cells result from its ability to downregulate T cell receptor expression, to
diminish intracellular Ca++ signaling, and to reduce the expression and activation of
transcription factors [239,248,249], which collectively serve to alleviate host
immunosurveillance. Accordingly, inactivation of TGF-β in CD8+ or CD4+ T cells results in
T cell-mediated eradication of skin [250] and prostate [251] in mice. The ability of TGF-β to
suppress the activities of tumor-infiltrating T cells also has been associated with its
activation of Tregs, which represent a subset of CD4+ and CD8+ peripheral T cells that also
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express CD25 and Fox3P, and which routinely localize to tumor microenvironments where
they promote immune privilege by inhibiting tumor targeting T and NK cells [248].

In addition to regulating the adaptive immune system, TGF-β also figures prominently in
governing the behavior and activation of the innate immune system. Indeed, TGF-β is a
potent inhibitor of NK cell cytolytic activity, presumably by attenuating NKp30 and
NKG2D receptor activation. Neutralizing TGF-β not only prevents NKG2D downregulation,
but also restores NK cell anti-tumor reactivity [252]. In addition, NK cell production of IFN-
γ is repressed by TGF-β through cellular mechanisms that remain incompletely understood.
Dendritic cells are professional antigen presenting cells whose expression of MHC class II,
of the co-stimulatory molecules CD40, CD80, and CD86, and of cytokines TNF-α, IL-12,
and CCL5/Rantes is inactivated following their stimulation with TGF-β [239,248,249,253].
In addition, the increased production of TGF-β within tumor microenvironments serves as a
chemoattractant for mast cells that enhance tumor progression through their synthesis and
release of a variety of factors, including histamine, proteases, and cytokines (e.g., VEGF and
TGF-β) [249,254]. Lastly, TGF-β stimulation of resting monocytes (i.e., non-phagocytic)
promotes their chemotaxis to and infiltration into tumor microenvironments where they (i)
enhance oncogenesis by stimulating ECM degradation, and by inducing tumor angiogenesis,
invasion, and metastasis, and (ii) contribute to immunosuppression through upregulated
production and release of TGF-β into tumor microenvironments [255,256]. Furthermore,
activation of differentiated macrophages by TGF-β inhibits their expression of the scavenger
receptors, CD36 and SR-A, of the opsonizing IgG receptors, FcγRI and FcγRIII, and of the
antigen presenting receptor, MHC class II, which collectively function to enhance the
progression and survival of developing neoplasms. In addition to macrophages, TGF-β also
induces the infiltration of tumor-associated neutrophils (TAN) that bear a tumor promoting
phenotype, and as such, antagonizing TGF-β function facilitates the recruitment of TANs
that possess an anti-tumor phenotype [257].

8. TGF-β and cancer cell immortality
An important and widely recognized hallmark of cancer lies in the ability of malignant cells
to become immortal, a process achieved through the reactivation of human telomerase
reverse transcriptase (hTERT) and its consequential lengthening of chromosomal telomeres.
Structurally, telomeres are complex nucleoproteins comprised of single- and double-
stranded DNA and associated proteins that function in safeguarding against chromosomal
end-to-end fusions. With the exception of germ cells, hTERT expression is silenced and
undetectable in normal somatic cells. Thus, in the absence of hTERT and its ability to
maintain telomere integrity, each successive cell division results in telomere erosion and,
ultimately, in cell senescence, crisis, and apoptosis [258]. Collectively, these events conspire
to suppress dysregulated cell growth and survival, and as such, to prevent tumor formation.

In contrast to their normal counterparts, cancer cells readily overcome the negative
constraints that repress hTERT expression, resulting in the reinitiation and activation of
telomerase activity and the acquisition of cellular immortalization. Human telomerase
consists of a telomerase RNA template (hTER) and hTERT, both of which function in
coordinating the synthesis of telomere repeats that mediate chromosomal integrity and
prolong cellular replication [258,259]. Given the importance of dysregulated hTERT
expression and activity to promoting cancer development, it is fitting that TGF-β may in fact
be the principle cytokine operant in silencing hTERT expression in normal cells [260].
Indeed, the extent of TGF-β signaling in responsive cells displays an inverse relationship
with the levels of hTERT expression observed in cancers of the colon and breast [260–263].
Moreover, elevating hTERT expression in epithelial cells elicits resistance to the cytostatic
activities of TGF-β [264].
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Current evidence indicates that TGF-β represses hTERT expression via several distinct
mechanisms. For instance, cellular depletion of SIP1/ZEB2, a zinc-finger transcription
factor more commonly associated with induction of EMT, significantly attenuates the ability
of TGF-β to repress hTERT expression in human osteosarcoma cells [265]. Moreover as
mentioned above, TAK1 plays a major role in promoting the activation of NF-κB by TGF-β
in breast cancer cells, thereby enhancing their tumorigenicity in mice [225]. Quite
surprisingly, activation of TAK1 by TGF-β also has been linked to the repression of hTERT
expression in human lung cancer cells. In doing so, TAK1 suppresses Sp1 transcriptional
activity via recruitment of HDAC to the hTERT promoter [266]. Future studies clearly are
warranted to delineate how TAK1 participates in mediating tumor suppression (i.e.,
repressing hTERT expression) and tumor promotion (i.e., NF-κB activation and
proinflammatory gene expression) in response to TGF-β. Along these lines, upregulated
expression of the negative regulator of TGF-β signaling, Smurf2, contradicts the
immortalization activities of hTERT in a manner independent of the ability of Smurf2 to
ubiquitinate target proteins and inhibit TGF-β signaling [267]. Thus, the interplay between
Smurf2, hTERT, and TGF-β awaits further clarification. Finally, two recent studies have
shown that TGF-β represses hTERT transcription by inducing the assembly of Myc:Smad3
complexes on E-box and SBE sites in the hTERT promoter [262]. Thus, dysregulated Myc
expression or aberrant Smad3 signaling can promote upregulated telomerase expression and
activity.

9. Concluding remarks
Defining the molecular mechanisms that underlie the initiation of the TGF-β paradox in
human malignancies remains the most important and unanswered question concerning the
biology and pathology of this multifunctional cytokine. In their seminal paper, Hanahan and
Weinberg [2] proposed that all neoplasms must evolve 6 physiological traits during the
course of their malignant progression. Importantly, the acquisition of each trait – i.e.,
autonomous cell growth, resistance to cytostatic, apoptotic, and morality signals, and the
induction of angiogenesis and invasion/metastasis – represents an essential rate-limiting step
operant in mediating cancer development and progression. The studies reviewed herein
show that TGF-β plays a major role, both directly and indirectly, in regulating the
acquisition by cancer cells of each of these cancer hallmarks, and as such, the development
of novel TGF-β chemotherapeutics capable of targeting these cancer hallmarks offers new
inroads into alleviating the devastating effects of TGF-β in promoting metastatic disease
development in humans.
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Fig. 1.
TGF-β and the hallmarks of cancer. Tumorigenesis converts TGF-β from a powerful tumor
suppressor to a lethal tumor promoter that enables evolving cancer cells to acquire the 6
phenotypic traits or hallmarks of cancer. In normal epithelial, endothelial, and hematopoietic
cells, TGF-β suppresses the formation of cancer hallmarks (red wheel). However, genetic or
epigenetic events conspire to inactivate the tumor suppressing functions of TGF-β, thereby
conferring oncogenic behaviors upon this multifunctional cytokine and its ability to
stimulate the development of cancer hallmarks (green wheel). Bracketed numbers
correspond to individual chapter subheadings that describe the indicated functions of TGF-β.
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Fig. 2.
Canonical and noncanonical TGF-β signaling. TGF-β stimulates responsive cells by binding
and activating two transmembrane Ser/Thr protein kinase receptors termed, TGF-β type I
(TβR-I) and type II (TβR-II). Activation of these ligand:receptor ternary complexes requires
TβR-II to transphosphorylate TβR-I, which phosphorylates and activates Smad2/3. Once
activated, Smad2/3 form heterocomplexes with Smad4, which collectively translocate to the
nucleus to mediate canonical signaling events by TGF-β (left panel). Noncanonical TGF-β
signaling takes place through the ability of TGF-β to stimulate MAP kinases, small
GTPases, and PI3K/AKT, and to inhibit NF-κB. Altered coupling of TGF-β to its canonical
and noncanonical effector pathways contributes to the development of oncogenic signaling
by TGF-β. See text for specific details of TGF-β signaling in normal and malignant cells.
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Table 1

Expression of Proapoptotic Genes Induced by TGF-β

Gene Mechanism of Action Reference

SHIP SH2-containing lipid phosphatase that inhibits cell survival mediated by PI3K [268]

DAPK Ca++/calmodulin-dependent protein kinase that regulates mitochondrial-, caspase-, and autophagic cell death [269,270]

TIEG1 Zinc-finger transcription factor that represses Bcl-2 expression [271,272]

Daxx TβR-II-adaptor protein that stimulates JNK [54]

ARTS Mitochondrial septin-like protein that inactivates XIAP to elicit caspase activation [273,274]

TAK1 MAP kinase kinase kinase that stimulates JNK and p38 MAPK [275–278]
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