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1. ABSTRACT 
 

Transforming growth factor-beta (TGF-beta) 
family members are secreted multifunctional cytokines that 
play pivotal roles in development and disease. The 
prototypic member of this family, TGF-beta, plays a dual 
role in carcinogenesis, acting as a tumor suppressor in early 
stages and as tumor promoter in late stages of tumor 
progression. Numerous studies support the notion that 
pathological angiogenesis is one of the hallmarks of cancer. 
Tumor angiogenesis is regulated by a network of growth 
factors, including members of the TGF-beta family. TGF-
beta acts in a context-dependent manner and can either 
stimulate or inhibit tumor angiogenesis. In this review, we 
discuss our current understanding on how TGF-beta family 
members affect endothelial and smooth muscle cell 
function and how perturbed TGF-beta signaling may 
contribute to tumor angiogenesis and tumor progression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 

 
Survival and maintenance of mammalian tissues 

is dependent upon adequate supply of oxygen and nutrients 
and the removal of toxins by blood vessels. The 
cardiovascular system circulates blood around the body and 
it is the first functional organ system to develop in 
mammals. Its maintenance is critical for tissue survival and 
proper function (1). 

 
During embryonic development, blood vessels 

develop de novo from endothelial precursors, called 
angioblasts, which differentiate into a primitive capillary 
network. This process is referred to as vasculogenesis (2-4). 
The primitive capillary network is then remodeled by a 
process termed angiogenesis; new blood vessels sprout and 
branch from the pre-existing capillaries in order to develop 
the vascular system (5). The latter is a complex series of 
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events that includes: i) an initiation/activation phase, 
characterized by destabilization of the vessel and increased 
permeability, degradation of the extra cellular matrix 
(ECM) by proteolytic enzymes, endothelial cell (EC) 
proliferation and migration and ii) a resolution phase, 
during which endothelial cells stop proliferating and 
pericytes and vascular smooth muscle cells (VSMCs) are 
recruited to ensure stabilization, remodeling and maturation 
of the newly formed vessels (6). Progenitor ECs and 
mesenchymal cells may participate in this process by 
incorporating into the neovessels or by secreting factors 
that will regulate angiogenesis (7). The vasculature in the 
adult is mainly quiescent, but angiogenesis does take place 
in adult life to maintain physiological homeostasis and 
tissue integrity after wound healing, inflammation, 
ischemia and during the female menstrual cycle (8). 

 
Angiogenesis is tightly regulated by a balance 

between pro- and anti-angiogenic signals. An alteration of 
this equilibrium can promote deregulated vessel growth and 
may result in different pathologies, including arthritis, 
diabetes, psoriasis and juvenile hemangiomas (5,8). 
Importantly, angiogenesis is needed for tumors to grow 
beyond a few cubic millimeters (9). In addition, the new 
intra-tumoral blood vessels provide a way for tumor cells to 
enter the circulation and to metastasize to distant organs 
(10). 

 
Genetic studies in man and mice have provided 

evidence for the important role of TGF-beta family 
members and their signaling components in vasculogenesis 
and (tumor) angiogenesis. TGF-beta family members and 
their receptors are expressed by both endothelial cells and 
mural cells (such as pericytes and VSMCs), and depending 
on ligand concentration and cellular context they can elicit 
different, even opposite effects (11). Cancer cells often 
secrete high amounts of TGF-beta that can act directly on 
vascular cells and regulate their activity. In addition, TGF-
beta can induce an influx of inflammatory cells that secrete 
inflammatory cytokines thereby indirectly regulating 
angiogenesis (12). Interestingly TGF-beta can also have 
direct effects on tumor cells. At the early stages of tumor 
progression, it acts as a tumor suppressor (growth 
inhibition and pro-apoptosis) and at late stages acts as a 
tumor promoter. Moreover, TGF-beta by inducing 
epithelial to mesenchymal differentiation (EMT) and 
invasion (13) of epithelial cancer cells and by suppressing 
anti-tumor immune responses (14) further promotes tumor 
progression. Clearly, TGF-beta has a multifaceted role in 
tumor progression. 

 
3. TGF-BETA SIGNALING PATHWAYS 
 

Members of the TGF-beta family, which includes 
TGF-betas, bone morphogenetic proteins (BMPs) and 
activins, are secreted pleiotropic dimeric proteins (15). 
They are involved in a number of patho-physiological 
events, such as embryonic development and angiogenesis, 
immune surveillance, wound healing, malignant 
transformation and tumor angiogenesis. TGF-beta isoforms 
(TGF-beta 1, -2 and –3) are produced as inactive latent 
forms that need to be activated before binding can occur to 

the TGF-beta signaling receptors that are located within the 
plasma membrane (11). Proteases, integrins and 
components of the extracellular matrix play an important 
role in this activation process (11). BMPs appear to be 
secreted in an active form; their availability is regulated by 
many soluble extracellular antagonists such as noggin, 
chordin and DAN (16). 

 
TGF-beta family members signal through 

heteromeric complexes of type I (also known as activin 
receptor-like kinase, ALK) and type II transmembrane 
serine/threonine kinase receptors (17,18). Several type I 
and II receptors have been identified that have different 
affinities for individual members of the TGF-beta family. 
TGF-betas signal via a type II receptor (TbRII) and a type I 
receptor (TbRI, also known as ALK5) (19). In most cell 
types ALK5 is the predominant type I receptor mediating 
responses to TGF-beta but there is evidence that suggests 
that ALK1 and ALK2 can also form complexes with TbRII 
and transduce TGF-beta signals (20). BMP ligands bind to 
BMP and activin type II receptors (BMPRII and ActRII or 
ActRIIB) in combination with the type I receptors ALK1, -
2, -3 or -6. In addition to these signaling receptors, co-
receptors have been identified that modulate signaling by 
presenting or sequestering ligand to the type I and type II 
receptors (17). Betaglycan and Endoglin are 
transmembrane co-receptors with short intracellular 
domains that lack enzymatic motifs. Betaglycan binds all 
three TGF-beta isoforms and facilitates their binding, in 
particular to TGF-beta2, to the signaling receptors (21). 
Endoglin expression enhances BMP and TGF-beta /ALK1 
signaling, while it has inhibitory effects on TGF-beta 
/ALK5 signaling (22,23). Soluble Betaglycan and Endoglin 
have both been shown to interfere with the TGF-beta 
signaling pathway (24,25). 

 
Upon ligand binding to the heteromeric receptor 

complex, the type II receptor, which is constitutively 
active, phosphorylates the type I receptor (26). Once 
activated, the type I receptor propagates the signal into the 
cell by phosphorylating the receptor-regulated (R-)Smads 
(i.e. Smad1, Smad2, Smad3, Smad5 and Smad8) at two 
carboxy terminal serine residues. Whereas TGF-beta and 
activin predominantly induce Smad2 and Smad3 
phosphorylation, BMPs stimulate Smad1, Smad5 or Smad8 
phosphorylation (27,28). Phosphorylated R-Smads form an 
heteromeric complexe with Smad4 (Co-Smad) (29), and 
translocate to the nucleus, where in cooperation with cell-type-
specific transcriptional activators, co-activators and co-
repressors, they regulate the transcription of specific target 
genes (30) (Figure 1). Inhibitory (I)-Smads, Smad6 and Smad7 
interfere with TGF-beta signaling by competing with R-Smads 
for receptor interaction (31). Moreover, I-Smads may recruit 
phosphatases and ubiquitin ligases to the activated 
receptors thereby inactivating the receptor by promoting 
their dephosphorylation and degradation, respectively 
(32,33). In addition to the Smad signaling TGF-beta and 
BMP signaling can result in activation or inhibition of the 
TAK1, Erk, Jnk, MAPK, PI3K and other non-Smad 
signaling pathways (30) (Figure 1). Consequently, TGF-
beta and BMP effects are the result of an extensive 
interplay between Smad and non-Smad signaling pathways.
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Figure 1. Overview of the TGF-beta and BMP signaling pathways. TGF-beta and BMP homodimers induce heteromeric 
complex formation between specific type II and type I (ALK) receptors (i.e. ALK1, 2, 3, 5 and 6). The type II receptors then 
transphosphorylates the type I receptors on specific serine and threonine residues in the juxtamembrane domain, leading to type I 
receptor activation. Subsequently, the type I receptor propagates the signal into the cell by phosphorylating receptor regulated 
(R)-Smads, which can form heteromeric complexes with Smad4. Upon nuclear accumulation, they can contact 
promoter/enhancer DNA elements in target genes directly and indirectly by interacting with other transcription factors (TF) and 
regulate gene transcriptional responses in collaboration with transcriptional activators or repressors. In addition to the Smad-
dependent pathways, non-Smad pathways can be activated by TGF-beta. 
 
4. TGF-BETA AND VASCULAR DEVELOPMENT 
 

TGF-beta exerts diverse functional effects on 
ECs. At low concentrations, TGF-beta promotes EC 
proliferation and migration (34-38), while these responses 
are inhibited at high concentrations (39-41). Recent studies 
have demonstrated that, in mouse ECs, TGF-beta signals 
through two distinct type receptor pathways, i.e. the ALK5 
and the ALK1-dependent pathway, resulting in activation 
of Smad2/3 and Smad1/5/8, respectively (42,43). 
Transcriptional profiling studies in ECs have shown that 
ALK1 regulates expression of genes involved in EC 
proliferation and migration, while ALK5 regulates genes 
involved in cell-cell interactions, cell adhesion and 
extracellular matrix remodeling (42,44,45). Moreover, 
TGF-beta/ALK1/Smad1 signaling was found to antagonize 
ALK5/Smad2/3 signaling by attenuating Smad 
transcriptional responses (43). Interestingly, ALK5 
deficient mouse EC show defects both in TGF-beta/ALK5 

responses and TGF-beta/ALK1 responses suggesting that 
ALK5 is essential for ALK1 recruitment into the TGF-beta 
receptor complex and its activation (42). In contrast to the 
above described studies, it was shown that ALK1 
overexpression could inhibit proliferation and migration of 
a human microvascular EC line (46). Those results are 
consistent with the phenotype observed in ALK1 deficient 
mice which have fragile blood vessels (47). In the same 
study, it was shown that ALK1 knockout embryos 
exhibited increased mRNA levels for genes involved in the 
activation phase of angiogenesis, suggesting that ALK1 
promotes the resolution phase of angiogenesis (47). Those 
discrepancies may be due to the different cell types used in 
the studies or to the adaptive processes that take place in 
the ALK1 deficient embryos. Interestingly, a new member 
of the TGF-beta superfamily BMP9 was show shown to 
bind with high affinity to ALK1 on ECs (48,49). BMP9, as 
well as BMP10, display inhibitory effects on EC 
proliferation and migration (22,49). This could suggest that 



Transforming growth factor-beta signaling and tumor angiogenesis 

4851 

ALK1 is involved in both the activation and in the 
resolution phase of angiogenesis. In this case the type of 
ligand (TGF-beta or BMP9/10) and the receptor complexes 
that are activated, results in activation of different Smad 
and non-Smad transcriptional activations that will 
determine the fate of the ECs. 

 
Endoglin is predominantly expressed in activated 

highly proliferating ECs. Both TGF-betas and BMPs, and 
also hypoxia have been shown to potently induce Endoglin 
expression (49,50). Ectopic expression of Endoglin was 
shown to inhibit TGF-beta/ALK5-induced anti-proliferative 
response in several cell systems (51,52). Abrogation of 
Endoglin expression in ECs results in inhibition of 
proliferation and migration (23). It was also shown that on 
ECs, Endoglin potentiates the TGF-beta/ALK1 pathway 
and in this way it inhibits indirectly the TGF-beta/ALK5 
signaling. Interestingly, it was shown that mouse 
embryonic ECs from Endoglin heterozygotes mice had not 
only impaired ALK1, but also impaired ALK5 signaling as 
a result of downregulated ALK5 expression levels (53). 
Consistent with this finding, blood outgrowth endothelial 
cells (BOECs) from hereditary hemorrhagic telangiectasia 
(HHT) patients with Endoglin mutations (see below) were 
found to have impaired TGF-beta/ALK1 and TGF-
beta/ALK5 signaling due to downregulation of ALK5 
expression (54). Endoglin was also shown to play 
important role in BMP9/ALK1 induced transcriptional 
responses on ECs (22). Taken together those results suggest 
that Endoglin may regulate EC function by balancing TGF-
beta and BMP responses. 

 
Pericytes and VSMCs play important roles in 

blood vessel formation and stability. Several studies have 
highlighted the critical importance of pericytes and VSMCs 
in vascular homeostasis, vascular disorders and tumor 
angiogenesis. Furthermore it is evident that intercellular 
communication between ECs and pericytes and VSMCs 
also play an important role in vascular stability. 
Collectively, this suggests that pericytes and VSMCs may 
be potential therapeutic targets (55,56). Several factors 
including TGF-betas and BMPs have been shown to 
regulate mural cell migration, proliferation and 
differentiation. Also genetic studies in mice have 
demonstrated the importance of the TGF-beta signaling for 
de novo formation of VSMCs (see below). TGF-beta 
potentiates vascular smooth muscle differentiation by 
increasing the expression of alpha-smooth muscle actin and 
smooth muscle myosin (57,58). Moreover, TGF-beta 
promotes proliferation of VSMCs at low concentrations, 
whereas, at high concentrations inhibits VSMCs 
proliferation and migration (59-61). TGF-beta effects on 
VSMCs are mediated by the ALK5 pathway and they 
involve Smad2/3 as well as activation of p38 mitogen 
activated protein kinase (MAPK), Erk and JNK signaling 
cascades (58,62).  

 
5. BMP AND VASCULAR DEVELOPMENT 
 

Several studies have investigated the role of the 
BMP signaling pathway on EC function. BMP2, 4, and 6 
have been shown to stimulate EC proliferation, migration 

and capillary tube formation in vitro (63-66). In line with 
those results, it was shown that BMP treatment of bone 
explants could stimulate angiogenesis (67). This effect 
could be inhibited by soluble BMP receptor 1A and the 
BMP2, 4 and 7 inhibitor, noggin. Moreover, addition of a 
vascular endothelial growth factor-A (VEGF-A) 
neutralising antibody, inhibited both basal and BMP 
stimulated angiogenesis, suggesting that (endogenous) 
BMPs may induce angiogenesis through VEGF (67). 
BMP2 and 4 pro-angiogenic effects are mediated not only 
by the Smad1/5/8 pathway, but also by activation of the 
ERK pathway (64,68). Interestingly, BMP4 was shown to 
induce expression and phosphorylation of VEGFR2 and 
Tie2 proteins in mouse stem cell derived endothelial cells 
and human microvascular endothelial cells (69). Those 
results suggest that BMP4 may exert its pro-angiogenic 
effects by activating also the VEGF/VEGFR2 and 
Angiopoietin-1/Tie2 signaling cascades (69). The direct 
pro-angiogenic effects of BMP6 have been shown to be 
mediated by the upregulation of transcription factor 
inhibitor of differentiation 1 (Id1) expression in ECs (66). 
Independent studies have identified, in addition to Id1, 
cycloeoxygenase 2 (Cox2) as an essential downstream 
component mediating BMP6-dependent EC activation (70). 
BMP9 and BMP10 were shown to bind to ALK1 and 
potently inhibit EC migration and growth (22,49). 
Surprisingly, Drm/gremlin, a BMP2, BMP4 and BMP7 
antagonist (71,72), was shown also to potentiate 
angiogenesis by inducing proliferation, migration and 
sprouting of ECs in vivo and in vitro (73). BMP4 did not 
influence the pro-angiogenic effects of Drm/gremlin, 
suggesting that Drm/gremlin may interact directly with the 
ECs and in this way promote angiogenesis. Indeed it has 
been demonstrated that Drm/gremlin can bind directly to a 
cell-membrane protein complex on different ECs types and 
to induce phosphorylation and activation of focal adhesion 
kinase (FAK) and mitogen activated protein kinase ERK. 
Interestingly, addition of recombinant BMP4 could not 
prevent binding of Drm/gremlin to the ECs (73). Further 
studies are awaited to unravel the role of Drm/gremlin in 
angiogenesis. 

 
6. ROLE OF TGF-BETA SIGNALING IN 
MAINTENANCE OF VASCULAR INTEGRITY 
 

TGF-beta and BMPs as well as many of their 
signaling components, are expressed in the embryonic and 
adult vasculature. Genetic studies in mice and human have 
shown that disruption of TGF-beta and BMP signaling 
pathways results in defects in vasculogenesis, and 
angiogenesis (74). TGF-beta1 deficient mice have fragile 
vessels and die due to defective yolk sac vasculogenesis 
(75,76). TbRII deficient mice are highly reminiscent of 
TGF-beta null mice (77); they die at midgestation and 
exhibit severe deficiencies in yolk sac hematopoiesis and 
vasculogenesis with defects in angiogenesis. Mice deficient 
in TbRI expression die also at midgestation due to severe 
defects in vascular development of yolk sac and placenta 
(78). A recent report suggested that ALK5 is not expressed 
in ECs but only on VSMCs (79). However, analysis of 
mice with ECs or smooth muscle cell specific deletion of 
either TbRII or TbRI has clearly shown that both receptors 
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play important roles in ECs function as well as in VSMCs 
(80,81). 

 
The defective vascular phenotype described in 

TGF-b1 and TbRII knockout mice is highly reminiscent of 
the vascular lesions described in patients with hereditary 
hemorrhagic telangiectasia (HHT), an autosomal dominant 
vascular disorder. There are two major types of the disease, 
HHT1 and HHT2 that are linked to mutations in the 
Endoglin and ALK1 genes, respectively (82,83). Both 
Endoglin and ALK1 are expressed in the vascular 
endothelium. Endoglin deficient mice are embryonic lethal 
due to defective heart and vascular development probably 
due to impaired differentiation and recruitment of VSMCs 
(84-86). ALK1 knockout mice also die during 
embryogenesis and exhibit defective vascular remodeling 
and dilated vessels and defective differentiation and 
recruitment of VSMCs (47,87). Moreover, the vascular 
defects seen in Endoglin deficient mice and the 
endothelium-specific knockouts of TbRII and TbRI are to a 
certain extent due to reduced levels of TGF-beta expression 
and defective TGF-beta/ALK5 signaling in adjacent 
mesenchymal cells (80). As a result, mesenchymal cell 
differentiation into VSMCs and their association with the 
endothelial tubes are impaired. Those results suggested that 
TGF-beta signaling in EC promotes TGF-beta expression, 
synthesis, and release by these cells which in turn, induces 
differentiation of VSMCs from surrounding mesenchymal 
cells, but also sustains TGF-beta expression in ECs through 
an autoregulatory loop. Smad4 mutations have also been 
implicated in HHT, since a subset of patients with juvenile 
polyposis has been shown to develop vascular 
malformations and frequent nosebleeds (88). Smad5 
deficient mice display defects in vasculogenesis with 
enlarged blood vessels and decreased numbers of VSMCs 
(89,90). Another vascular disorder that has been associated 
with BMP signaling components is primary pulmonary 
hypertension (PPH), which was linked to mutations in 
BMPRII (91). This disease is characterized by uncontrolled 
remodeling of the pulmonary arteries due to increased 
proliferation of smooth muscle cells and increased 
pulmonary EC apoptosis (92,93). Interestingly, certain 
HHT2 patients develop PPH-like syndromes, suggesting 
that ALK1 mutations may also be involved in PPH (94,95). 
 
7. TUMOR ANGIOGENESIS 
 

Several studies revealed that tumors cannot grow 
more than 1-2mm3 if the supply of oxygen and nutrients is 
limited. Many tumors as well as metastatic lesions may be 
dormant for years. Several mechanisms can explain tumor 
dormancy such as cancer cell cycle arrest, balancing cancer 
cell proliferation by apoptosis, an active immune system or 
limitations in blood supply. Tumor angiogenesis is essential 
to escape this period of dormancy. This process, also 
known as the angiogenic switch, is regulated by a variety of 
pro- and anti-angiogenic factors (10). It is now evident that 
cancer is not a single cell disease and that tumor 
progression depends on the signals from the tumor cells as 
well as the surrounding stroma. Several factors have been 
shown to promote tumor angiogenesis and tumor growth, 
such as VEGF, basic fibroblast growth factor (bFGF), 

platelet derived growth factor (PDGF), placental growth 
factor (PlGF), as well as TGF-betas and BMPs. 
 
7.1. TGF-beta and tumor angiogenesis 

TGF-beta expression is upregulated in many 
cancers, such as breast and pancreatic cancer, and it 
correlates with poor prognosis (96,97). Moreover, over-
expression of TGF-beta1 in Chinese hamster ovary cells 
and human prostate cancer cells significantly stimulates 
tumor growth and angiogenesis upon injection into mice 
(98-100). Prostate carcinoma cells overexpressing TGF-
beta showed enhanced tumor angiogenesis in tumor 
xenografts, while local administration of neutralizing 
antibodies to TGF-beta1 strongly reduced tumor 
angiogenesis (101). Moreover, intraperitoneal injection of 
TGF-beta antibodies reduced angiogenesis and 
tumorigenicity of a renal carcinoma cell line in 
nude/athymic mice (102). 

 
Inhibition of the TGF-beta signaling was shown 

in several in vivo models to inhibit tumor growth and tumor 
angiogenesis. Ectopic expression of soluble TbRIII (sRIII) 
significantly inhibited the growth of tumors formed by 
human colon carcinoma HCT116 and breast carcinoma 
MDA-MB-435 cells in nude mice, in part due to the 
inhibition of angiogenesis. It also reduced the metastatic 
potential of the MDA-MB-435 cells. Treatment of human 
EC with recombinant sRIII significantly inhibited their 
ability to form a capillary structures on matrigel (103-105). 
Moreover, administration of sRIII into MDA-MB-231 
xenograft-bearing athymic nude mice significantly 
inhibited the tumor growth by inhibiting angiogenesis 
(106). Growth of three-way differential reactive stroma 
tumors was inhibited by administration of TGF-beta1 
latency-associated peptide (LAP) or TGF-beta1 
neutralizing antibody due to inhibition of angiogenesis 
(107). SB-431542, a TbRI/ALK5 kinase inhibitor, was 
shown to inhibit the tumor-promoting effects of TGF-beta, 
including TGF-beta-induced EMT, cell motility, migration 
and invasion, and VEGF secretion in human cancer cell 
lines (108-110). 

 
The mechanism by which TGF-beta induces 

tumor angiogenesis is not fully understood, but presumably 
is the product of direct and indirect effects. TGF-beta can 
activate EC proliferation and migration, it can induce 
capillary formation of EC when they are cultured on a 
collagen matrix and promote angiogenesis in vivo in the 
chicken chorioallantoic membrane assay (38). TGF-beta 
can induce expression of VEGF in various cells in the 
tumor microenviroment such as tumor cells, stromal 
fibroblasts and cells of the immune system (macrophages) 
(111) (Figure 2). VEGF expression in response to TGF-
beta is enhanced by hypoxia (50). TGF-beta was shown to 
potentiate tumor angiogenesis by inducing VEGF 
expression in a Ras-transformed mouse mammary 
carcinoma model (112). In addition, TGF-beta can recruit 
inflammatory cells that produce angiogenic signals (113). 
Moreover, TGF-beta can induce the expression of various 
extracellular matrix components such as matrix 
metalloproteinases (MMPs), collagen, urokinase 
plasminogen activator and integrins (114-116) (Figure 2).  
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Figure 2. Working model on the role of TGF-beta in tumor angiogenesis.Normal epithelial cells are sensitive to TGF-beta -
mediated growth inhibition, however oncogenic initiation results in an increase in TGF-beta expression within the tumor micro-
environment and subsequent loss of TGF-beta inhibitory growth control. The tumor-promoting effects of TGF-beta are mediated 
by regulation of tumor growth, angiogenesis and immune system. TGF-beta can induce angiogenesis directly by acting on the 
vasculature and indirectly by inducing expression of pro-angiogenic factors (VEGF, PDGF) and extracellular matrix components 
(MMPs). Finally, TGF-beta can induce epithelial to mesenchymal transition (EMT) of the tumour cells and production of MMPs, 
which contribute to extracellular matrix degradation, resulting in migration, invasion and tumor metastasis. 
 

Extracellular matrix components have been found 
to play important role in both the initiation and resolution 
phase of angiogenesis as well as in the regulation of tumor 
angiogenesis (117). In addition degradation of ECM 
components by MMPs may release or activate certain 
angiogenic growth factors and in this way promote 
angiogenesis. 

 
In contrast to the above described studies in other 

models TGF-beta was shown to inhibit tumor angiogenesis. 
Blocking endogenous TGF-beta signaling by over-
expression of sTbRII in a mouse hepatoma cell line 
MH129F, resulted in enhanced tumor formation and 
increased angiogenesis in vivo. MH129F/TRIIs tumors 
showed increased expression of VEGF, KDR/Flk-1 
receptor (VEGFR2) and CD31 staining. Those results 
suggest that endogenous TGF-beta can act as a negative 
regulator of the VEGF/Flk-1-mediated angiogenesis 
pathway in hepatoma progression (118). In another study it 
was demonstrated that expression of the type-1 repeats of 
thrombospondin (TSP)-1 in the human squamous cell 
carcinoma cell line A431 inhibits tumor growth and 
angiogenesis through activation of endogenous TGF-beta 
(119). In addition, studies in the primary gallbladder wall 
tumor microenvironment revealed that elevated TGF-beta1 

levels inhibited tumor growth and angiogenesis (120). High 
levels of TGF-beta1 (i.e. activation of ALK5 pathway) may 
inhibit the processes of angiogenesis by maintaining the 
microvasculature in a quiescent state. It was also suggested 
that TGF-beta1 may suppress angiogenesis by down-
regulating cell adhesion molecules and in this way 
inhibiting rolling and extravasation of pro-angiogenic 
leukocytes (120). 

 
7.3. Role of Smads in tumor angiogenesis 

Several studies tried to elucidate the role of R-
Smads in tumor angiogenesis. In NRK52E proximal tubular 
cells it was shown that TGF-beta/Smad2 pathway induces 
production of the antiangiogenic factors TSP-1 and soluble 
Flt-1 (VEGFR1), while TGF-beta/Smad3 pathway induces 
VEGF expression (121). Consistent with those results, 
conditioned media from Smad2 knockout cells, but not 
Smad3 knockout cells, stimulated endothelial proliferation. 
However, in another study it was shown that introduction 
of Smad3 into human gastric cancer cells, which did not 
express Smad3, restored TGF-beta responsiveness and 
decreased their tumorogenicity and tumor angiogenesis 
(122). This was due to the inhibitory effects of Smad3 on 
VEGF and CD31 expression. Smad4 was also shown to 
affect expression of pro- and anti-angiogenic factors. 
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Ectopic expression of Smad4 in pancreatic carcinoma cells 
suppressed tumor growth in vivo by suppressing tumor 
angiogenesis (123). Smad4 restoration resulted in 
decreased expression levels of VEGF and increased the 
expression of TSP-1 and reduced vascular density (123). 
Thus, Smad intracellular signaling can influence 
angiogenesis by altering the balance between pro-(VEGF) 
and anti-(TSP-1, sFlt-1) angiogenic factors in a cell 
dependent manner. 

 
7.3. Role of Endoglin in tumor angiogenesis 

Endoglin is predominantly expressed on activated 
ECs. Several studies provided evidence for the role of 
Endoglin in tumor angiogenesis and tumor progression. 
Endoglin expression is upregulated on the ECs of tumors 
compared to the ECs from normal adjusted tissues and 
Endoglin upregulation correlates with poor prognosis (124-
127). Moreover, tumor vascularization and tumor growth 
are decreased in Endoglin heterozygotes mice (128). Those 
defects were associated with lower levels of endothelial 
nitric oxide synthase (eNOS) in the tumors of Endoglin 
heterozygotes compared with those of Endoglin wild type 
mice (128). Systemic administration of Endoglin antibodies 
conjugated with immunotoxins and immuno-radioisotopes 
can target ECs and selectively inhibit tumor angiogenesis 
and carcinoma development without affecting the 
vasculature in the normal tissues (129-132). The above 
studies suggest that Endoglin may be a powerful diagnostic 
and prognostic marker and a vascular target in therapeutic 
anti-angiogenic approaches in cancer. 
 
7.4. BMP and tumor angiogenesis 

BMPs have also been reported to enhance tumor 
angiogenesis. Recombinant BMP2 could enhance 
angiogenesis in Matrigel plugs containing A549 cells in 
nude mice (133). The BMP2, 4 and 7 antagonist noggin 
abrogated BMP2 induced angiogenic response (64). In a 
murine breast cancer xenograft model, human MCF-7 cells 
expressing BMP2 developed vascularized tumors while the 
parental MCF-7 cells failed to form tumors, suggesting that 
BMP2 can promote tumor angiogenesis in vivo (65). 
Tumors derived from melanoma cells with impaired BMP4 
expression, displayed reduced tumor growth or large 
necrotic areas owing to lack of angiogenesis (134,135). 
BMPs have also been shown to induce VEGF expression. 
Moreover, it has also been suggested that BMP2 might 
promote tumor angiogenesis by recruiting endothelial 
progenitor cells and by triggering mesenchymal stem cells 
of the tumor stroma to secrete angiogenic growth factors 
such as VEGF and PlGF (136). Finally, Drm/gremlin was 
shown to be expressed by the stroma of human tumor 
xenografts in nude mice and in ECs of human lung tumors 
vasculature when compared with non-neoplastic lung (73). 
 
8. FUTURE PERSPECTIVES 
 

The realization that tumor growth does not 
depend only on uncontrolled tumor cell proliferation but 
also on angiogenesis has opened a new road in cancer 
therapy. Inhibition of tumor angiogenesis and selective 
destruction of tumor blood vessels offers a unique strategy 
for cancer treatment including preventing recurrence (137). 

Despite the fact that the recent insights into the molecular 
basis of angiogenesis have resulted in development of new 
treatment strategies to inhibit angiogenesis, many questions 
remain unanswered. The better understanding of the non-
neoplasticand tumor angiogenesis will reveal specific 
markers as targets for the development or improvement of 
new, effective angiogenesis inhibitors. 

 
TGF-beta signaling plays a central role in 

tumor development, metastasis and in tumor 
angiogenesis. Several therapeutic strategies targeting 
TGF-beta signaling, such as the delivery of small-
molecule inhibitors of TGF-beta receptors, soluble-
receptors (soluble Fc-TbRII and sTbRIII) and antisense-
compound inhibitors, have been shown to prevent the 
growth and metastasis of certain cancers (138). However, 
there may be adverse effects caused by inhibition of 
TGF-beta signaling, including induction of cancers. In a 
recent study using low doses of TbbRI kinase inhibitor in 
experimental intractable solid tumors, resulted in 
decreased VSMCs coverage of the tumor endothelium 
and promoted the accumulation of anticancer drugs in the 
tumour tissue (139). Endoglin has a unique tissue 
distribution since is highly expressed on actively 
proliferating ECs and in tumor associated angiogenic 
vasculature. Although the exact molecular mechanism by 
which Endoglin acts remains unclear, emerging evidence 
identifies Endoglin as a suitable vascular target for anti-
angiogenic therapy in solid tumors and other angiogenic 
diseases (130,132). Nevertheless, additional studies are 
required to define the most appropriate antibody-based 
therapeutic approaches for Endoglin and their application 
in clinical trials. 
 

Considering the dynamic regulatory roles of 
TGF-beta in tumor progression and angiogenesis, anti-
TGF-beta-based therapeutic strategies must be carefully 
considered before administration. A better understanding of 
the regulation of angiogenesis by TGF-beta family 
members is of great importance for the rational 
development of new therapeutic strategies targeting the 
TGF-beta signaling pathway. 
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