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Abstract
Introduction—The transforming growth factor-β (TGF-β) signaling pathway has a pivotal role
in tumor suppression and yet, paradoxically, in tumor promotion. Functional context dependent
insights into the TGF-β pathway are crucial in developing TGF-β-based therapeutics for cancer.

Areas covered—This review discusses the molecular mechanism of the TGF-β pathway and
describes the different ways of tumor suppression by TGF-β. It is then explained how tumors can
evade these effects and how TGF-β contributes to further growing and spreading of some of the
tumors. In the last part of the review, the data on targeting TGF-β pathway for cancer treatment is
assessed. This review focuses on anti-TGF-β based treatment and other options targeting activated
pathways in tumors where the TGF-β tumor suppressor pathway is lost. Pre-clinical as well up to
date results of the most recent clinical trials are given.

Expert opinion—Targeting the TGF-β pathway can be a promising direction in cancer
treatment. However, several challenges still exist, the most important are differentiating between
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the carcinogenic effects of TGF-β and its other physiological roles, and delineating the tumor
suppressive versus the tumor promoting roles of TGF-β in each specific tumor. Future studies are
needed in order to find safer and more effective TGF-β-based drugs.
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1. Introduction
The Transforming Growth Factor-β (TGF-β) signaling pathway is instrumental in
mammalian development as well as in tumor suppression through inhibition of proliferation
and induction of apoptosis in multiple cell types. Yet paradoxically, TGF-β has a dual role
in tumor development as it can also promote tumor cell invasiveness and metastasis mainly
through modulation of the immune system as well as of the tumor microenvironment [1,2].
Key functional insights into this powerful pathway are vital for developing new therapeutics
in cancer. Current clinical approaches are now aimed at establishing novel cancer drugs that
target activated pathways when the TGF-β tumor suppressor pathway is inactivated, and in
some cancers they are aimed at targeting TGF-β signaling itself [3,4].

2. Molecular mechanism of TGF-β signaling
2.1 Ligands, receptors and Smads

TGF-β is one of the members in a large family of growth factors that include TGF-βs,
activins, inhibins, bone morphogenetic proteins (BMPs) and others [2,5–7]. In mammals
three isoforms of TGF-β exist, TGF-β1, -β2 and -β3. TGF-β1, the most abundant and
widely studied isoform is a 390 amino acids polypeptide while TGF-β2 and TGF-β3 contain
412 amino acids. All three forms share high degree of homology. TGF-β is secreted from
variety of cells, among them platelets play a major role in humans [8]. TGF-β is secreted
from the cell as an inactive latent homodimeric polypeptide bound to other extracellular
proteins [9–12]. The mature, bioactive ligand is produced on proteolytic cleavage of the
latent complex. TGF-β binding results in the activation of type II (TβRII) and then type I
(TβRI) receptors. Activated TβRI then initiates cytoplasmic signaling pathways to produce
cellular responses (Figure 1).

TβRI and TβRII are transmembrane serine/threonine kinases [5]. Seven type I receptors and
five type II receptors are encoded in humans [3,13] and paired in different combinations for
different ligands (e.g., the combination of ALK5 and TβRII is needed for TGF-β1 signaling
in most cells). Two co receptors: endoglin and β-glycan (type III TGF-β receptor) bind
soluble ligands and regulate their binding, accessibility and signaling through the signaling
receptors (TβRI and TβRII) [14]. β-glycan binds all three isoforms of TGF-β with high
affinity and helps the ligands bind more efficiently to the type II receptors [3,13,15].
Endoglin is expressed more specifically in hematopoietic and endothelial cells, does not
bind TGF-β2 and interacts with both receptors [14,16].

A heterotetramer of two TβRI and two TβRII molecules comprises the functional receptor
[13,17,18]. The association of TβRII with TβRI triggers the cross-phosphorylation of TβRI
by TβRII activating its kinase activity and switching this domain into a docking site for
substrate Smad proteins [13,19,20].

The current model of ligand-induced response to TGF-β is a canonical signaling pathway
from the type II to the type I receptor to Smad activation and target gene transcription
(Figure 1) [1,2,21]. Smads are small intracellular effector proteins characterized by
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homologous regions at their N- and C-termini, known as Mad homology domains MH-1 and
MH-2, respectively. An intermediate linker connects the MH-1 and MH-2 domains. This
linker recruits ubiquitin ligases and is phosphorylated by other signaling kinases such as
MAPKs and cyclin dependent kinases (CDKs) [1]. Three classes of Smads have been
defined: the receptor-regulated Smads (R-Smads), which include Smad-1, -2, -3, -5 and -8;
the common mediator Smad-4; and the inhibitory Smads, Smad-6 and -7 [5,20,22–28]. R-
Smads act as direct substrates of specific type I receptors. Regulation of R-Smads by the
receptor kinase confers specificity in this system: Smad-2 and Smad-3 are substrates of
TGF-β receptors [29–31], whereas Smad-1, -5 and -8 are targets of BMP receptors [32–35].
Once phosphorylated by TβRI, R-Smads associate with Smad-4 [36] and mediate nuclear
translocation of the heterohexameric complex. In the nucleus, Smad complexes activate
specific genes, through cooperative interactions with Smad binding elements within the
promoter regions of the target genes [13,37], together with other DNA-binding cofactors
that increase their affinity and specificity for such target genes. The R-Smad transcription
factor complex recruits co-activators and co-repressors to regulate the expression of
hundreds of genes [3,9]. The cellular context (i.e., the differential expression of these
regulatory cofactors in the cells) determines which specific genes are induced. The
antagonistic Smads, Smad-6 and Smad-7, are thought to function by blocking ligand-
dependent signaling [25,38]. Smad-6 binds to receptor activated Smad-1, preventing its
association with Smad-4. Smad-7 in turn induces Smurf inactivation of TGF-β and BMP
receptors.

2.2 Receptor interacting proteins, adaptors and E3 ligases
Key functional insights into the tight and coordinated regulation of this ubiquitous pathway
have been gained from mouse knockout studies. This regulation largely occurs through a
multitude of adaptor proteins (β2-Spectrin (β2SP), Filamin, menin among others) [7,20–
22,27,39,40], E3 ligases (Smurfs, PRAJA, WWP1 and Nedd4-2) [13,21,22,41–43], as well
as interacting proteins at all levels from ligand binding to receptors to Smad signaling.
Smad-2/-3 and Smad-4 are thought to be distributed along the microtubule (MT) network
such that MT stability is thought to be involved in Smad inactivation [44,45]. Genetic and
biochemical studies demonstrate that β2SP, an adaptor protein, is required for Smad-3/-4
activation. Moreover, it is thought that β2SP modulates the recruitment of Smads to the
receptor by controlling the subcellular localization of Smad-3 and Smad-4. Some of the
proximal signaling events coupling TGF-β receptor activation to biological responses
involve proteins such as SARA [46], FKBP12, TβRI associated protein (TRAP) 1 and 2 and
others.

Interactions involving ubiquitination are an integral part of the signaling functions of Smads,
involving several ubiquitin pathways e.g., Cytoplasmic and nuclear R-Smad (e.g., Smad-1
and -2) ubiquitination and proteasomal degradation mediated by Smurfs [47].

More recently, PRAJA1 has been identified as a RING finger protein that ubiquitinates
β2SP and Smad3 in a TGF-β-dependent manner. PRAJA1 is involved in cell proliferation,
apoptosis, juxtaposition and architecture [48]. Our studies demonstrate that loss of Smad3/
β2SP through ubiquitination by PRAJA1 could play a significant role in the development of
liver and gastrointestinal (GI) tumors [22].

Nuclear phosphatases, such as PPM1A, dephosphorylate 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 transcriptional Smad signal [39,49].
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2.3 Smad-independent signaling
In addition to activation of the Smad pathway, TGF-β promotes the activity of several other
signaling pathways, including mitogen activated protein kinases (MAPKs), phosphoinositide
3′ kinase (PI3K), TRAF6-TAK1-p38/JNK, Rho-Rock, among others [50]. Such alternative
signal transducers often regulate the Smad pathway and mediate signal transduction by
various other effectors. Thus, TGF-β transmits biological signals to cells through Smad-
dependent pathway, and also through alternative signaling pathways which offer nodal
points for crosstalk with other signal transduction pathways.

3. TGF-β signaling in tumor suppression
3.1 Clinical-genetic data

Genetic studies have identified mutations in genes encoding the components of TGF-β
signaling. The most commonly mutated TGF-β associated genes are TβRII, TβRI, Smad-2
and Smad-4. These mutations occur mainly in GI tract cancers. In colorectal cancer (CRC)
the TβRII gene mutations occur late during tumorigenesis, at the adenoma to carcinoma
transition [51]. These mutations are also abundant in gastric, pancreatic, biliary tract, lung
and brain (glioma) tumors [52]. Those inactivating mutations in TβRII occur in most human
colorectal and gastric carcinomas with microsatellite instability (MSI), since TβRII is a
mutational hotspot due to its 10 base poly-A repeat within its coding sequence [37,53–57].
Mutations in TβRI are less frequent, although they have been described in pancreatic,
colorectal, ovarian and head and neck cancers [58–60]. Mutations of TβRII and TβRI are
relatively rare in breast and skin cancers [37,52], as well as in hematological malignancies
[16]. A number of point mutations have been identified in Smad-2, mainly in ovarian,
cervical, liver, CRC and lung cancers [58,61–63].

The most frequently mutated Smad gene in human cancer is Smad-4. It undergoes biallelic
loss in one-half of all of pancreatic cancers [64,65], one third of metastatic colon tumors
[59,66] and smaller subsets of other carcinomas (hepatocellular, breast, bladder, biliary tract,
ovarian, intestinal, colorectal and lung carcinomas as well as tumors of prostate and cervical
origin) [52,62,67–70]. In addition, germline mutations in Smad-4 cosegregate in a subgroup
of patients with juvenile polyposis syndromes (JPSs), an autosomal dominant disorder
characterized by the development of hamartomatous intestinal polyps and increased risk of
GI cancers [71].

The genetic evidence from human tumors supports a clear role of the Smad-dependent TGF-
β pathway as a tumor suppressor in many types of human cancers, particularly those of the
GI tract.

3.2 Mechanisms of TGF-β signaling in tumor suppression (Figure 2)
TGF-β achieves its tumor suppressive effect by several arms: the most important one is the
cytostatic or cell proliferation regulation arm. Other modes of action include its effects on
apoptosis and cell differentiation, genomic stability and several indirect effects on the tumor
stroma. Very detailed mechanistic description of the TGF-β signaling in tumor suppression
and promotion are beyond the scope of this review but can be found in very good other
reviews [1,3,4].

3.2.1 Cell proliferation—TGF-β regulates cell proliferation mainly by inhibiting cell
cycle progression through G1-arrest. In epithelial cells it does so through a coordinated
cytostatic program with dual effects: i) induction of CDK inhibitors p21Cip1 and p15Ink4b
to arrest cell proliferation and ii) suppression of proliferative drivers such as c-Myc and ID.
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p21Cip1 inhibits the activity of cyclin E/A-cdk2 complex; and p15Ink4b inhibits the
interaction between cyclin D and cdk4/6, and also the interaction between cyclin E/A-cdk2
(through mobilization of p27 from cyclin D-cdk4 by p15). The inactivation of the cdk
complexes prevents phosphorylation of pRB and the progression from G1 to S phase [4]. In
order to induce p21Cip1 and p15Ink4b, Smad-3/-4 form a complex with FoxO and with Sp1
transcription factors [1,4,72–74].

The repression of the important oncogene c-Myc which stimulates proliferation, but also
inhibits the transcriptional activation of p21 and p15 adds another component to the tight
regulation of the TGF-β signaling pathway on these two target genes [74–76]. TGF-β
inhibits ID1,2,3 – nuclear factors which play a role in cell differentiation and progression
from G1 to S phase.

3.2.2 Apoptosis and senescence—TGF-β can both induce and suppress apoptosis [77]
depending on cellular and extracellular factors. Unlike the TGF-β cytostatic program, there
is not a unique TGF-β-induced apoptotic program. In vitro studies have shown some Smad-
dependent and -independent mechanisms, e.g., TGF-β increases the expression of death-
associated protein kinase (DAPK) in HCC cell-lines [78], but it induces the expression of
SH2-domain-containing inositol-5-phosphate (SHIP) in hematopoietic cell-lines, which in
turn inhibits the survival signals from the PI3K-AKT pathway. TGF-β can induce
senescence of mammary stem cell population by diminishing their self-renewing capability
[37,79]. Other apoptotic related genes affected by TGF-β pathway are DAXX (that normally
activates p38MAPK), FAS and BIM (in gastric cancer cell lines) and GADD45b (in
hepatocytes) [1,4,38]. The final targets in TGF-β-induced apoptosis are the proapoptotic
caspases and several members of the BCL2 family [3].

3.2.3 Genomic stability—Another tumor suppressor function of TGF-β is to maintain the
genomic stability. It has been shown that keratinocytes from TGFβ1-null mice exhibit
marked genomic instability in vitro and this could accelerate tumor progression [37,80].
TGF-β also functions as an extracellular sensor of DNA damage. Inhibition of TβRI as well
as knockout of Tgfb1 impaired phosphorylation of ATM, p53, Chk2 and Rad17, which
results in reduced gammaH2AX radiation-induced foci; and increased radiosensitivity
compared with TGF-β competent cells [81]. Studies in the Smad-4 conditional knockout
mice, that develop head and neck cancers, demonstrate a significant role for Smad-4 in
promoting genomic stability through regulation of the Fanconi anemia/BRCA DNA repair
pathway [82]. Recently, we have shown that β2SP has a major role in maintaining genomic
stability from alcohol-induced DNA damage, also through regulation of the Fanconi Anemia
pathway (Shukla V et al., under review).

3.2.4 Tumor microenvironment—Besides its direct effect on epithelial tumor cells,
TGF-β further controls tumor development by modulating growth factors produced by the
surrounding stroma. A murine model showed that overexpression of dominant negative
TβRII in the stroma of the mammary gland increases expression of hepatocyte growth factor
(HGF) in the fibroblasts and resulted in increase in the lateral branching of adjacent
mammary ducts [1,4,83]. In addition, inactivation of TβRII expression in mouse fibroblasts
causes prostatic intraepithelial hyperplasia and squamous cell carcinoma of the forestomach,
accompanied by higher expression of HGF and its receptor MET in the TβRII negative
fibroblasts and the neighboring epithelial cells, respectively [84].

Another non-cell autonomous role of TGF-β during tumorigenesis is to suppress immune
and inflammatory processes. This was demonstrated in several mouse models with
deficiency/deletion of TGF-β, TβRII and Smad-3 [1,85]. TGF-β inhibits CD8+ cytotoxic T
cells, CD4+ T cells, macrophages, dendritic cells and NK cells and it stimulates the
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generation of regulatory T cells and Th17 cells [1]. TGF-β disruptive signaling is one of the
molecular mechanisms in the pathogenesis of the pre-cancerous inflammatory bowel
diseases (IBD) which are characterized by alteration of intestinal mucosal immune
tolerance. Indeed, colonic T cells from IBD patients exhibit high level of Smad-7 and
decreased responsiveness to TGF-β [86].

4. Escaping the tumor suppressive mechanisms of TGF-β pathway
As previously mentioned, the first way by which tumors evade TGF-β’s tumor suppressive
mechanisms, exhibited mainly by GI and head and neck cancers, is through inactivating
mutations of the core elements of the TGF-β signaling pathway, the receptors and the Smads
genes. However, other types of cancer like breast cancers, melanomas, gliomas, prostate
cancers and some hematopoietic cancers retain the core components of the TGF-β pathway,
and only inhibit its tumor suppressive arm. In order to lose the tumor suppressive arm, some
of the cancer cells alter the Smad-regulated genes that mediate the cytostatic program [3].
This anti-proliferative mechanism is based on dual, and hence redundant, effects: induction
of CDK inhibitors to hold up cell proliferation, and suppression of proliferative drivers, so
combined alteration is needed for disrupting this cytostatic program. Indeed, TGF-β still
inhibit cell proliferation very effectively even in cells that lack its p15 or c-Myc reaction
alone [87,88], however, the combined loss of those two responses causes an effective escape
from cell proliferation [89]. Studies in breast cancer have shown intact core elements of the
TGF-β pathway, but partial to complete loss of TGF-β-induced cell cytostasis due to failure
of p15 induction as well as c-Myc suppression in response to TGF-β [3]. The mechanism
behind this combined action involves the cofactor C/EBPβ [3,90].

Other mechanisms for the loss of the TGF-β suppressive arm have been described in other
types of cancers, e.g., homozygous deletion of p15Ink4b in some gliomas, which prevents
TGF-β-mediated induction of this gene in those cancers [91]; over expression of oncogenes
like cyclin D1 and c-Myc that reduce the TGF-β effect on CDK inhibitors or expression of
Ras signaling which inhibits Smads [1]; and induction of ID1 instead of its suppression in
metastatic breast cancer [1,92].

In hematological malignancies, resistance to the suppressive effects of TGF-β takes place
mostly through decreased expression of the TGF-β receptors on the cell membrane (e.g.,
decreased TβRI expression in CLL [93]; TβRII in polycythemia vera [94] and essential
thrombocytosis [94]; both receptors in cutaneous T-cell lymphoma [95]; or deficient
trafficking of the receptors to the cell surface in multiple myeloma (MM) [96]). Other
mechanisms in hematological malignancies include repression of TGF-β signaling by
oncoproteins such as Tax and Evi-1 in chronic myeloid leukemia (CML) and adult T-cell
acute lymphoblastic leukemia (ALL) [16,97,98], or the t(8;21) in acute myeloid leukemia
(AML) M2 that results in the fusion protein AML1 (Runx1)/ETO that binds to Smad-3 as
the original AML1 protein, but instead of activating the TGF-β pathway, it represses it
[16,99]. More examples for mechanisms of TGF-β pathway disruption in hematological
malignancies can be found elsewhere [16].

Mutation of the tumor suppressor p53 can also be responsible for changing the TGF-β
response [100,101] through suppression of p63. Other possible mechanisms can be found in
more detail elsewhere [100]. The ability of certain tumors to escape the cytostatic program
permits the consequent use of the TGF-β pathway for tumor promotion.

5. TGF-β signaling in tumor promotion (Figure 3)
Once the tumor has undergone the genetic changes necessary for escaping TGF-β’s tumor
suppressive mechanisms, augmented expression of TGF-β can paradoxically result in tumor
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progression and metastasis. The most important mechanisms of tumor progression caused by
TGF-β are epithelial-to-mesenchymal transition/transdifferentiation (EMT), evasion of the
immune system and, promotion of cancer cell proliferation by modulation of the tumor
microenvironment [102,103]. These mechanisms result in enhanced tumor cell invasion and
migration which lead to tumor progression and metastatic dissemination.

5.1 Epithelial-to-mesenchymal transition
EMT is a well-coordinated process during which cells lose many of their epithelial
characteristics and acquire fibroblast-like properties. EMT is a cardinal process during
embryogenesis and plays a role in wound healing; however, EMT also takes place in
pathological process of fibrogenesis and tumorigenesis.

During EMT, the cells lose their polarity and cell–cell contact by downregulating the
expression of E-cadherin and other components of the cell junction [104]. Concomitantly,
they upregulate the expression of mesenchymal cell associated transcription factors such as
Snail, Slug, Twist and FoxC3 among others, and cytoskeleton associated genes such as
Fibronectin, α-smooth muscle actin and Vimentin, [3,105,106], which are essential for
enhanced motility and invasiveness.

In vitro evidence has demonstrated that TGF-β is a major regulator of the EMT process.
Notably, cells that overexpress Smad-7 or have reduced expression of Smad-3/-4 show
significantly decreased EMT in response to TGF-β1 [4,107]. Conversely, overexpression of
Smad-3/-4 results in increased EMT [107]. In human carcinomas, cells that have undergone
EMT are found in the invading tumor edges which are usually areas rich in TGF-β and other
related cytokines.

EMT is a reversible process until the mesenchymal phenotype becomes fixed by other
genetic and epigenetic changes. The plasticity and reversibility of this process are TGF-β-
dependent and respond to the local TGF-β level [37]. It is important to mention that TGF-β
is not the only determinant factor of EMT, and other cytokines such as HGF also regulates
EMT, even in the absence of TGF-β [108].

Besides acquiring mesenchymal cell properties during EMT, the epithelial cells also obtain
some stem cell characteristics under the regulation of TGF-β [3,4]. In immortalized
mammary epithelial cells, induction of EMT by TGF-β, Snail or Twist, stimulates
expression of surface markers associated with cancer stem cells. These cells share high
homology to bone marrow-derived mesenchymal stem cells [109].

5.2 Immune evasion
Despite of its anti-inflammatory properties which result in tumor suppression, when the
immunosuppressive effects of TGF-β become more dominant, the net effect is towards
tumor progression [1]. In mouse model with T cell specific dominant negative form of
TβRII challenged with melanoma or thymoma cell lines, growth and metastasis formation
were repressed [110]. TGF-β suppresses transcription of pro-apoptotic and cytolytic factors
in CTLs like granzyme A and B, perforin, interferon-γ and FAS ligand [4,111]. TGF-β can
inhibit the function of antigen presenting cells, thereby further decreasing T cell activation
[112]. TGF-β acts on both CD4+ and CD8+ T cells as well as on natural killer (NK) cells.
The inhibition of the NK cells is caused by transcriptional repression of NKG2D and NKp30
[4,113,114]. Inhibition of TGF-β increases NK cells activity to suppress metastasis
formation in breast cancer cell line [112].

TGF-β drives the immune response from type 1 differentiated anti-tumor cells into the more
immature type 2. This modulation occurs in the innate immune system (neutrophils and
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macrophages) as well as in the T cells level. These immature cells release more TGF-β and
IL-11 into the tumor environment, which result in a tumorigenic effect [37,115].

5.3 Invasion and angiogenesis
TGF-β promotes the production and secretion of matrix metalloproteases MMP-2 and
MMP-9, and it downregulates the expression of the protease inhibitor TIMP [3,66,116].
TGF-β also potently stimulates hyaluronan synthesis through upregulation of hyaluronan
synthase 2 in mammary epithelial cells [117].

TGF-β can stimulate angiogenesis by its effects on local angiogenic factors such as vascular
endothelial growth factor (VEGF) and connective tissue growth factor (CTGF) [3,118,119].
Impairment of TGF-β signaling in mouse models lacking TβRI or TβRII has revealed
defects in angiogenesis leading to death of those mice [120,121], and increased expression
of TGF-β either in tumor cells or their environment resulted in amplification of angiogenesis
[3,122].

5.4 Metastasis
TGF-β has an impact on the metastatic process; however, this effect is complicated and
context-dependent [3,4]. A detailed description of the roles of TGF-β in metastasis can be
found elsewhere [3].

Clinical evidence ties TGF-β to the metastatic process. The extent of TβRII expression in
estrogen receptor (ER) negative breast cancer is negatively associated with overall survival
[123], and higher expression of TGF-β is seen in metastatic breast cancer than in the
primary tumors [124]. Pre- and postoperative plasma levels of TGF-β are correlated to the
presence of metastases in different types of cancer like breast, prostate, CRC, pancreas and
more [1].

Mouse models have shown that radiotherapy and chemotherapy cause increased TGF-β1
levels as well as circulating tumor cells and lung metastases in breast metastasis model
[125], while administration of anti-TGF-β neutralizing antibodies prevented the enhanced
metastasis [1,4,125].

However, not all studies point to the same direction. While short-term stimulation with
TGF-β increases metastasis formation, persistent TGF-β stimulation reduces lung
metastases [126]. Furthermore, while expression of activated TβRI enhances lung metastasis
in transgenic mouse model of breast cancer, targeted deletion of TβRII results in the same
phenomenon [4,127,128]. Approximately 40% of the human breast cancers show a positive
TGF-β gene response signature, that is context dependent, and appears more in ER- tumors
(as opposed to ER+ tumors) and in lung metastasis (as opposed to bone metastasis) [1]. The
mechanism of the TGF-β induced lung metastasis in breast cancer is related to the induction
of the angiopoietin-like 4 (ANGPTL4) gene by TGF-β in the primary tumor, enabling the
cells which leave the breast to disrupt the lung capillary walls [92]. The fenestrated
capillaries of the bone marrow do not have any advantage from the action of ANGPTL4,
and that might explain why the impact of TGF-β is directed to lung and not to bone
metastasis [1].

Besides its role in priming the tumor cells to distal metastasis, TGF-β affects the growth of
the metastases themselves. TGF-β is a major player in the formation of bone metastases.
TGF-β is released from bone matrix when metastatic cells activate osteoclasts that degrade
the bone matrix. On its discharge, TGF-β stimulates releasing of other osteolytic cytokines
from the metastatic cells, such as parathyroid hormone related protein (PTH-rP), IL-11 and
CTGF to perpetuate the metastatic process [129]. Smad-3 and -4 are necessary for the

Katz et al. Page 8

Expert Opin Ther Targets. Author manuscript; available in PMC 2013 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



metastatic expansion in bone, while positive staining of phospho-Smad-2 is presented in
lung, liver and brain metastases of breast cancer [1,4,130].

6. Targeting TGF-β signaling – therapeutic applications
High serum or tissue TGF-β levels are associated with worse prognosis for breast cancer,
HCC and gastric cancer [131–133], the rationale for targeting the tumor promoting side of
TGF-β is clear [134]. Indeed, powerful anti-TGF-β strategies have been developed and
tested in pre-clinical studies and some even in clinical trials.

We will first describe the current knowledge of anti-TGF-β treatments and then suggest
other treatment options based on the enhancement of TGF-β’s tumor suppressive properties.

6.1 Treatments targeted against the TGF-β pathway (Figure 4)
Therapeutic strategies against TGF-β can be divided into three levels:

1. Ligand level: prevention of TGF-β synthesis by using antisense molecules.

2. Ligand–receptor level: prevention of ligand–receptor interaction by ligand traps
(monoclonal antibodies and soluble receptors) and anti-receptor monoclonal
antibodies.

3. Intracellular level: prevention of signal transduction by receptor kinase inhibitors
and peptide aptamers.

6.1.1 Antisense molecules—Antisense molecules (oligonucleotides) are single stranded
oligonucleotide molecules containing 13 – 25 nucleotides that bind complementary
sequences on specific mRNA, thereby preventing its translation and accelerating its
degradation [37,135]. Since TGF-β production is usually increased during tumor
progression, blocking its synthesis has the potential to reduce excess TGF-β levels within
the tumor microenvironment. AP12009 (Trabedersen, Antisense, Pharma) is an anti-sense
molecule against TGF-β2, whose expression is correlated with poor prognosis in
glioblastoma and pancreatic cancer. In vitro studies in glioma cells and in a mouse model of
pancreatic cancer have shown the efficacy of this drug in decreasing proliferation,
migration, tumor growth and metastasis [136,137]. AP11014 and AP15012 are other two
antisense molecules in pre-clinical trials for treatment of non-small cell lung cancer, prostate
carcinoma and CRC; and MM, respectively [138].

Trabedersen (AP12009) was successfully tested in Phase I/II study in patients with
refractory high grade glioma that showed significant increase in median survival compared
with chemotherapy [136]. The results of an open-label, Phase I/II study of Trabedersen, in
patients with advanced tumors known to overproduce TGF-β2 (pancreatic cancer, multiple
melanoma and CRC – all of them in stage III/IV) were presented in the ASCO meeting of
2012. Trabedersen was safe and well-tolerated. The only expected adverse reaction
identified was thrombocytopenia. Survival analysis of pancreatic cancer patients revealed a
median overall survival (mOS) of 13.4 months (n = 9). One patient had a complete response
of liver metastases and was still alive after 75 months. Promising efficacy data were also
seen in MM patients with a current mOS of 9.3 months (n = 14) [139].

6.1.2 Ligand traps—The excess of TGF-β production in the tumor microenvironment can
be controlled by using ligand traps. Ligand traps include monoclonal neutralizing antibodies
against TGF-β; soluble TGF-β receptors and TGF-β receptor antibodies.
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6.1.2.1 Neutralizing antibodies: Treatment of metastatic breast cancer mouse model with
1D11 (Genzyme Corp., Sanofi), a monoclonal antibody (mAB) that binds TGF-β1, 2 and 3,
resulted in suppression of lung metastasis, mainly by significant increase in the anti-tumor
response of CD8+ T-cells [140]. It also decreased bone loss by reduced expression of PTHrP
and its regulator Gli2 [37]. Another mAB in pre-clinical trials is 2G7, which has shown
efficacy in inhibiting breast cancer metastasis, increasing NK cells activity and preventing
radiation induced acceleration of metastases [112,125,141].

Three fully humanized mAB were developed by Genzyme and tried in clinical trials:
GC-1008 (Fresolimumab), CAT-152 (Lerdelimimab) and CAT-192 (Metelimumab).
GC-1008 was tested in Phase I/II clinical trial on patients with advanced renal cell
carcinoma (RCC) (n = 1) and MM (n = 22). The results of this trial were presented at the
2008 ASCO meeting [142]. Overall, no dose limiting toxicities were reported; however,
several adverse events were reported such as dose-dependent skin rash (mainly non-
malignant keratoacanthomas), fatigue and gingival bleeding. Five patients achieved stable
disease and continued with treatment. Two current trials of GC-1008 are in recruitment
phase: Fresolimumab and radiotherapy in metastatic breast cancer (NCT01401062) and
safety and imaging study of GC1008 in glioma (NCT01472731). The other two mABs have
not been tried yet on cancer patients.

6.1.2.2 Soluble TGF-β receptors: Another way to block TGF-β before it interacts with its
receptor is by adding soluble TGF-β receptors. Soluble TβRII and TβRIII (betaglycan)
have been tested in pre-clinical studies [4]. Expression of soluble TβRII reduced breast
cancer and pancreatic cancer metastasis [143–145], and soluble TβRIII inhibited pulmonary
metastasis when administered intraperitoneally to athymic nude mice [146]. No clinical
trials have been undertaken with those soluble receptors.

6.1.2.3 Monoclonal antibodies against the receptors: PF-03446962 is an anti-TβRI mAB
which competes highly efficiently with the binding of the TβRI ligands BMP9 and TGF-β to
TβRI. This antibody inhibits endothelial cell sprouting and can serve as an anti-angiogenesis
agent [147]. This is the first compound of this family to be tested in a Phase I clinical trial,
reported in the 2012 ASCO meeting to be a promising anti-angiogenic agent [148]. A Phase
II clinical trial of PF-03446962 in patients with advanced malignant pleural mesothelioma is
recruiting patients now (NCT01486368).

6.1.3 Signal transduction blockade—Two therapeutic strategies exist in order to block
signal transduction after binding of the ligand and its receptors. The first is the use of
receptor kinase inhibitors, and the second is targeting the intracellular TGF-β signaling
pathway molecules, such as the Smads, with peptide aptamers [37].

6.1.3.1 Receptor kinase inhibitors: Targeting receptor kinases has been extensively
investigated in cancer treatment during the last years, mainly because of the ease of drug
production and the ability to administer it through the oral route [37]. Blocking of the
downstream signaling is more efficient by receptor kinase inhibitors than by ligand traps or
antisense molecules, however, it is less specific. Most of the receptor kinase inhibitors act by
inhibition of the catalytic ATP-binding site of TβRI.

SB-431542 (GlaxoSmithKline) is a small molecule inhibitor of TβRI, preventing
phosphorylation of Smad-2 and Smad-3. SB-431542 inhibits TGF-β-induced proliferation of
osteosarcoma cell lines as well as proliferation, motility and angiogenesis of glioma cells,
and transcription of collagen and fibronectin in renal carcinoma cells [149,150]. This
compound also induces dendritic cells maturation, CD8+ T cell activity and releases stromal
cells from MM-induced differentiation arrest [37,151,152]. Another inhibitor SB-505124
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has found to be 3–5 times more potent [135,153]. However, these two inhibitors are unstable
and non-specific. This lack of specificity can lead to unpredictable results and side effects.
Ki26894, LY364937 and SD-208 are other TβRI inhibitors which have shown promising
results in in vitro and in vivo experiments using breast and gastric cell line [154,155],
xenografts [154,156] and mouse models of glioma [157] and metastatic MM [158].

LY2109761 is a small molecule inhibiting the kinase activity of both TβRI and TβRII. This
compound inhibits matastasis formation in mouse models of breast cancer, CRC and
pancreatic cancer [159–161]. However, long-term use of this drug in a skin cancer mouse
model resulted in resistance and cancer progression [162], suggesting that more than one
drug may be needed for long-term inhibition of one signaling pathway [37].

Another approach to target the kinase is by blocking the substrate-binding site of the TβRI
kinase by peptides that mimic Smad-2 as was shown in Mv1Lu cells [135,163].

LY2157299 (Eli-Lilly & Co) is a TβRI kinase inhibitor that reduces growth of lung and
breast cell lines [164]. This is the only TGF-β receptor kinase inhibitor currently in clinical
trials. During the 2011 ASCO meeting the results of the first human dose study were
reported. Twenty-eight patients with Grade IV glioma were treated, and LY2157299 was
well tolerated at all doses. There were two drug-related dose limiting toxicities, a pulmonary
embolism and thrombocytopenia. Three patients taking the lowest dose, 160 mg/day, were
treated for > 20 cycles. Totally there were three confirmed and two unconfirmed partially
responses [165]. At present the drug is tested in four clinical trials, all of them are still
recruiting patients: Phase Ib/II in stage II – IV pancreatic cancer of LY2157299 combined
with gemcitabine versus gemcitabine plus placebo (NCT01373164); Phase II in HCC
patients who have had disease progression on Sorafenib or are not eligible to receive
sorafenib (NCT01246986); Phase Ib/IIa study combining LY2157299 with standard
Temozolomide-based radiochemotherapy in patients with newly diagnosed malignant
glioma (NCT01220271); and Phase II Study of LY2157299 monotherapy or LY2157299
plus Lomustine therapy compared to Lomustine monotherapy in patients with recurrent
glioblastoma (NCT01582269).

6.1.3.2 Peptide aptamers: Peptide aptamers are small peptide molecules containing a target
binding site and a scaffolding domain that impedes the function of the target. They are
designed against specific targets, such as the Smad proteins and other targets downstream
the TGF-β signaling pathway. Trx-SARA is an example of a peptide aptamer which reduces
the levels of TGF-β-induced Smad-2/-3 in complex with Smad-4 [37], and inhibit EMT after
TGF-β stimulation in breast cancer epithelial cells [166]. No clinical trials have been
undertaken with peptide aptamers.

6.2 Therapeutic targets that arise from enhancing TGF-β’s tumor suppressive properties
In several tumor cell type, activation of cell cycle proteins such as CDK4, c-Myc, β-catenin
and h-TERT occurs when TGF-β signaling is inactivated. Thus, those molecules could
represent new functional targets for therapeutics of lethal cancers that evade TGF-β [167–
169]. Most human cancers appear to have lost their growth-inhibitory response to TGF-β.
However, only about 10% of the tumors (mainly GI and head and neck tumors) appear to
exhibit loss of expression of TGF-β receptors or Smads, suggesting that other mechanisms
such as amplification and overexpression of cell cycle regulatory proteins such as Cyclin D1
and/or CDKs, or loss of expression of scaffolding proteins, such as β2SP, may account for
the loss of TGF-β signaling in human tumors. Foregut cancers with inactivation of TGF-β
signaling express high levels of cyclin D1 and CDK4 levels. Small molecule inhibitors that
specifically inhibit CDK4 but do not exhibit cross-reactivity with other known CDKs could
be very useful in cancer therapy. The results of a Phase I clinical trial of P1446A-05, a
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CDK4 inhibitor, were presented at the 2012 ASCO meeting. A total of 29 patients were
dosed. Six SAEs including one death related to study drug were reported. Stable disease for
4 – 6 cycles was reported in five patients, however, no objective responses were observed in
this group of heavily pre-treated patients [170]. Other clinical trials with this drug and other
CDK4 inhibitors are currently ongoing (Table 1).

Pathways that control stem-cell proliferation are other options for cancer treatment. The
canonical Wnt signaling maintains the growth of stem cells. In the intestine, the presence of
TGF-β-signaling and the absence of Wnt signaling in the villus compartment result in rapid
cell cycle arrest and differentiation. Thus, Tcf4 (affected by Wnt signaling) and Smad-4
constitute a dominant switch between the proliferative progenitor and the transitional
progenitor of differentiated epithelial cell. At all stages of CRC this switch is permanently
reversed because TGF-β signaling is inactivated while Tcf4 is constitutively activated by
mutations in the Wnt cascade, leading to aberrant crypt foci and the long lived adenomatous
polyps. These observations make the Wnt signaling pathway a useful target in GI cancers. A
vitamin D3 analog, Seocalcitol, has been known to be able to inactivate β-catenin [171,172],
the key protein in the wnt signaling. Our preliminary data demonstrate the promising effects
of vitamin D in treatment of colon and liver cancers. Other drugs targeting Wnt signaling are
listed in the Table 1.

Cross-talk between TGF-β/Smad and JAK/STAT signaling pathways has been reported.
TGF-β can downregulate IL-6-induced phosphorylation of STAT3 [173]. Our data shows
that STAT3 level is remarkably increased in HCC tissues in β2SP knockout mice model, in
which TGF-β signaling is disturbed [174]. Moreover, NSC 74859, a STAT3-specific
inhibitor, markedly inhibits STAT3 phosphorylation in HCCs with inactivation of the TGF-
β/β2SP pathway, indicating that IL6/STAT3, can provide a novel approach to the treatment
of specific HCCs [175]. Aberrant activation of STAT3 occurs in many human tumors. Up to
now, many STAT3 inhibitors have been developed. The strategies of targeting STAT3 are
shown in Table 1.

Carcinoembryonic antigen (CEA) is a cellular glycoprotein [176] which has been widely
used as a marker for metastatic CRC. Increased CEA expression in metastatic CRC may
enhance metastasis to liver [177,178]. We recently identified a key mechanism by which
CEA plays a role in CRC metastasis [179]. We observed that CEA inhibits downstream
TGF-β tumor suppressor signaling by interacting directly with TβR1. Targeting CEA with
either an anti-CEA specific antibody or siRNA-mediated CEA silencing restores the tumor
suppressive properties of TGF-β signaling. Future studies are needed to evaluate the
therapeutic potential of small molecule inhibitors, blocking peptides or antibodies which
block the interaction between CEA and TβR1 and thereby restores the tumor suppressive
function of TGF-β signaling.

7. Conclusions
The TGF-β signaling pathway has a pivotal role in tumor suppression through inhibition of
proliferation and induction of apoptosis in multiple cell types, as well as effect on tumor
microenvironment. Yet, TGF-β has a paradoxical role in tumorigenesis by which it can also
promote tumor development by stimulating EMT, tumor cell invasiveness and metastasis
[1,2,10]. Functional context dependent insights into the TGF-β pathway are crucial in
developing new therapeutics in cancer. Effective anti-TGF-β compounds have been
developed and tested in pre-clinical studies, and Phase I and II clinical trials. These drugs
are working in three different levels: the ligand level, the ligand–receptor interaction level
and the intracellular one. Other therapeutic approaches are aimed at targeting activated
pathways in tumors where the TGF-β tumor suppressor pathway is lost. In spite of the
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concerns from severe adverse events due to the multifunctional role of TGF-β in normal
physiology, the results from these trials are encouraging and call for further research and
drugs development.

8. Expert opinion
Although the name of TGF-β was given to this cytokine in recognition to its ability to
transform fibroblasts [180,181], it is known today to be one of the most important growth
inhibitors of normal epithelial and hematopoietic cells as well as of transformed cells. TGF-
β has many roles in physiological processes from embryogenesis to wound healing and from
cell proliferation to apoptosis. However, it is also tightly related to pathological processes
such as fibrosis and carcinogenesis.

More than 58,000 articles were published through the last 30 years on TGF-β, > 13,000 of
them dealing with its role in cancer. Numerous studies on the TGF-β signaling pathway and
its context-dependent properties have helped us better understand the paradox of this
cytokine that can be both tumor suppressor and tumor promoter. We know that timing is a
critical factor because during early phases of the cancer process TGF-β serves as a tumor
suppressor, while later on it becomes tumor promoter. We also understand now that the type
of tumor determines if this cytokine will act as a tumor suppressor or a tumor promoter.

Through its Smad-dependent and -independent branches the TGF-β pathway cross-talks
with other signal transduction pathways and together with other cofactors, coactivators and
corepressors it is responsible for the activation or inhibition of numerous genes. These
actions are context specific and explain the diversity of influences of this one molecule.

Several challenges exist in the development of TGF-β pathway-related drugs: first,
delineating the tumor suppressive versus the tumor promoting roles of TGF-β in each
specific tumor, and even more important, differentiating between the carcinogenic effects of
TGF-β and its other physiological roles. In order to prevent systemic side effects, we should
be able to target only the tumor promoting arm of TGF-β pathway. This can be done by
considering factors such as patient selection and timing before starting the treatment. This
personalized treatment can take place by using future tools such as genetic screens and
biomarkers [4]. Future research must focus on this issue.

Another caveat in anti-TGF-β based therapy is the lack of impressive success in clinical
trials, especially in primary tumors. Future research should focus on combination treatments
containing anti-TGF-β drugs + ionized irradiation/ chemotherapy. TGF-β inhibitors can
sensitize the tumor to radiation treatment and some chemotherapeutic drugs. Concomitant
targeting of several targets (e.g., EGFR, TGF-β and src) may be more effective than
targeting each of them alone, due to its impact on deleterious cross-talks between those
pathways [182].

In summary, inhibition of the TGF-β pathway and targeting activated pathways in tumors
which the TGF-β tumor suppressor pathway is lost are two attractive options for cancer
treatment. Future studies are needed in order to find more safe and effective drugs, based on
a better understanding of all the diverse functions of TGF-β and their molecular
mechanisms.
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Article highlights

• The TGF-β signaling pathway is instrumental in tumor suppression, yet
paradoxically, it can also promote tumor cell invasiveness and metastasis.

• Through its Smad-dependent and -independent branches TGF-β is responsible
for the activation or inhibition of numerous genes. These actions are context
specific and explain the diversity of influences of this one molecule.

• TGF-β achieves its tumor suppressive effect by cytostatic or cell proliferation
regulation, effects on apoptosis and cell differentiation, genomic stability and
indirect effects on the tumor stroma.

• Tumors can evade TGF-β’s suppressive mechanisms by inactivating mutations
of the core elements of the TGF-β signaling pathway or by escaping the
cytostatic program, thus, permiting the consequent use of the TGF-β pathway
for tumor promotion.

• The most important mechanisms of tumor progression caused by TGF-β are
EMT, evasion of the immune system and, promotion of cancer cell proliferation
by modulation of the tumor microenvironment.

• Therapeutic strategies against TGF-β are based on prevention of TGF-β
synthesis by using antisense molecules; prevention of ligand–receptor
interaction by ligand traps and anti-receptor monoclonal antibodies; and
prevention of signal transduction by receptor kinase inhibitors and peptide
aptamers.

• Targeting activated pathways in tumors which the TGF-β tumor suppressor
pathway is lost is another promising therapeutic strategy.

• Future research should focus on finding safer and more effective drugs, based
on a better understanding of all the diverse functions of TGF-β and their
molecular mechanisms.

This box summarizes key points contained in the article.
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Figure 1. TGF-β signaling pathway
A. TGF-β ligands signal through distinct receptors and Smads that are modulated by adaptor
proteins and ubiquitinators. TGF-β binds to serine threonine kinase receptor complexes that
phosphorylate R-Smads as well as adaptor proteins such as β2-spectrin. R-Smads, β2-
spectrin and Smad-4 form a heteromeric complex, translocate to the nucleus and regulate
target genes expression. At all levels, Smad modulation occurs through adaptor proteins as
well as E3 ligases such as PRAJA and Smurfs, generating diverse and complex signals. B.
Smad-independent signaling. TGF-β can promote the activity of several signaling pathways
other than Smad, including mitogen activated protein kinases (MAPKs), phosphoinositide 3′
kinase (PI3K), TRAF6-TAK1-p38/JNK, Rho-Rock, among others. Such alternative signal
transducers often regulate the Smad pathway.
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Figure 2. TGF-β signaling in tumor suppression
TGF-β achieves its tumor suppressive effect by several arms: the most important one is the
cytostatic or cell proliferation regulation arm. Here, TGF-β induces expression of cyclin-
dependent kinase (CDK) inhibitors p21 and p15 and decrease expression of proliferative
drivers such as c-Myc and ID. Other modes of TGF-β action include its effects on apoptosis
and cell differentiation, genomic stability and indirect effects on the tumor stroma, such as
inhibition of growth factors secretion and anti-inflammatory effects.
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Figure 3. TGF-β signaling in tumor promotion
TGF-β achieves its tumor promoting effect by several mechanisms: EMT, evasion of the
immune system, promotion of cancer cell proliferation by modulation of the tumor
microenvironment and effect on the metastatic process.
APC: Antigen presenting cells; EMT: Epithelial-to-mesenchymal transition; NK: Natural
killer.
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Figure 4. Treatments targeted against the TGF-β pathway
(A) antisense molecules prevent TGF-β synthesis (B – D) monoclonal antibodies, soluble
receptors and anti-receptor monoclonal antibodies prevent ligand–receptor interaction (E,F)
receptor kinase inhibitors and peptide aptamers prevent signal transduction.
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Table 1

Drugs targeting signaling pathways which are activated with loss of TGF-β signaling.

Agent name Type Target Indications

Targeting Wnt signaling

Sulindac and derivatives NSAID β-catenin Hereditary forms of colon cancer

Retinoids Vitamin A β-catenin Colon cancer

1α,25-Dihydroxyvitamin D3 and
synthetic derivatives

Vitamin D β-catenin Colon, breast and prostate cancers

Targeting CDKs

P1446A-05 Small molecule inhibitors CDK4 Phase I, advanced refractory malignancies

PD-0332991 Small molecule inhibitors CDK4, CDK6 Phase I, advanced cancer

Targeting telomerase

GV1001 Peptide vaccine TERT epitopes Phase III trial for advanced pancreatic patients

Telomelysin® Adenovirus Containing the hTERT
promoter

Phase I solid tumor clinical trials

Targeting Stat3 signaling

PY*LKTK, Y*LPQTV Peptide STAT3 SH2 Preclinical

NSC 74859 Small molecule inhibitors STAT3 SH2 Activated STAT3 in HCCs with increased cancer
stem cells4, 5

Targeting TGF-β signaling

Belagenpumatucel-L Anti-TGF-β2 vaccine TGF-β2 Nonsmall-cell lung cancer

AP 12009 Antisense oligonucleotide TGF-β2 Glioma, pancreatic carcinoma, melanoma
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