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Abstract

With the development of growth factors and growth factor modulators as therapeutics for a range 

of disorders, it is prudent to consider whether modulating the growth factor profile in a tissue can 

influence tumour initiation or progression. As recombinant human TGF-β3 (avotermin) is being 

developed for the improvement of scarring in the skin it is important to understand the role, if any, 

of this cytokine in tumour progression.

Elevated levels of TGF-β3 expression detected in late-stage tumours have linked this cytokine with 

tumourigenesis, although functional data to support a causative role are lacking. While it has 

proved tempting for researchers to interpret a ‘correlation’ as a ‘cause’ of disease, what has often 

been overlooked is the normal biological role of TGF-β3 in processes that are often subverted in 

tumourigenesis. Clarifying the role of this cytokine is complicated by inappropriate extrapolation 

of the data relating to TGF-β1 in tumourigenesis, despite marked differences in biology between 

the TGF-β isoforms. Indeed, published studies have indicated that TGF-β3 may actually play a 

protective role against tumourigenesis in a range of tissues including the skin, breast, oral and 

gastric mucosa. Based on currently available data it is reasonable to hypothesize that 

administration of acute low doses of exogenous TGF-β3 is unlikely to influence tumour initiation 

or progression.
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1. Introduction

The role of TGF-β1 in tumourigenesis has been extensively studied and reviewed in some 

depth in a number of publications [1–5]. However, the data are often contradictory, 

reflecting the complexity of the biological role of this cytokine. Data from a number of 

studies have helped to determine which molecular and cellular mechanisms involving TGF-

β1 play a causative role in tumourigenesis [6–8]. In contrast to the TGF-β1 isoform, the role 

of the TGF-β3 isoform in tumourigenesis has been considerably less well studied, with 

assumptions regarding its role in tumourigenesis often being made based on observations 
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reported for TGF-β1. While there is overlap in some of the biological roles of these 

isoforms, it has been demonstrated in a number of systems that TGF-β3 and -β1 display 

clear isoform-specific biology, such that extrapolation of data generated for TGF-β1 to the 

other TGF-β isoforms is inappropriate and may be misleading.

This review summarises published studies investigating the expression and potential role of 

TGF-β3 in tumourigenesis and attempts to place this information in the context of the 

unique isoform-specific biology of TGF-β3, the normal biological role of TGF-β3 in 

development and healthy tissues, and the potential role of TGF-β3 in tumour suppression or 

protection from carcinogenesis.

2. TGF-β3 is structurally and biologically unique compared to TGF-β1 and 

-β2

2.1. Sequence and structural differences between the TGF-β isoforms

Alignment of the amino acid sequences of the three mammalian TGF-β isoforms reveals that 

the different isoforms share a high level of similarity between the active domains; TGF-β3 is 

86% similar to that of TGF-β1 while it shares 91% similarity with that of TGF-β2 (Fig. 1). 

However, despite TGF-β2 and -β3 sharing the highest level of sequence similarity of the 

three isoforms, TGF-β2 binds to the TGF-β receptor II (TβRII) in a different way from 

TGF-β1 and -β3, through different residues [9]. Furthermore, while TGF-β1 and -β3 are 

both capable of binding directly to the type II receptor (TβRII), presentation of TGF-β2 to 

the receptor requires the presence of a co-receptor (beta glycan or endoglin), which may 

explain the differences in activities of TGF-β2 and -β1 [10–12].

Despite homology in amino acid sequence, it is known that TGF-β3 differs significantly 

from TGF-β1 and -β2 in its detailed tertiary structure of the active domain (Fig. 2A). 

Nuclear Magnetic Resonance (NMR) data show that the alpha3 helical region of TGF-β1 is 

structurally ordered [13], while the alpha3 helical region of TGF-β3 is structurally 

disordered [14,15]. This indicates that TGF-β3 can adopt a more flexible “open” state, 

which is observed in both the crystal structure of free TGF-β3 [16] and in its complex with 

TβRII [17]. One consequence of this difference in structural flexibility is that TGF-β1 may 

lock the receptor complex in a closed tight conformation, while TGF-β3 may allow a more 

open conformation of the receptor complex due to the greater flexibility of the TGF-β3 

dimer (Fig. 2B). The implications of these observations are that the structure of the ligand/

receptor complexes for TGF-β1 and -β3 may be significantly different and may engage the 

downstream signaling pathways in different ways, thus leading to qualitatively and 

quantitatively different biological outcomes. Furthermore, the temporal-spatial expression of 

the TGF-β isoforms in embryogenesis is very different, indicating uncompensated non-

overlapping functions throughout development [18].

2.2. Individual TGF-β isoform null animals display unique phenotypes

The distinct, uncompensated non-overlapping functions of the TGF-β isoforms are most 

clearly defined in transgenic knockout mice. Targeted disruption of the TGF-β1 gene leads 

to hematopoietic and vasculogenic defects that result in death of about half of null embryos 
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by 10 days gestation [19]. The embryos that survive succumb to a wasting syndrome and 

multi-organ failure due to inflammation after weaning [20]. TGF-β2 knockout mice exhibit 

perinatal mortality as a result of multiple developmental abnormalities affecting the 

cardiopulmonary, urogenital, visual, auditory, neural and skeletal systems [21]. These 

phenotypes contrast to that of mice lacking TGF-β3 which exhibit cleft palate with 100% 

penetration and die immediately after birth due to an inability to suckle effectively [22,23]. 

The unique feature of TGF-β3 knockout mice compared with knockout mice deficient in 

either of the other TGF isoforms is that no other morphological anomalies occur in the 

craniofacial region or in other organs with the exception of the lung [22,23].

2.3. TGF-β3 isoform-specific biology

TGF-β3 has been found to have an important role in normal developmental biology 

including systems such as the heart, lung and breast and to display isoform-specific biology 

at both the in vivo and in vitro level. Understanding the unique biology of TGF-β3 is 

important to understanding the role it may have in tumourigenesis. However, this is not the 

primary focus of this review and a summary of the major TGF-β3 isoform-specific 

biological differences is given in Table 1. Two of the models where the differences in TGF-β 
biology have been studied in some depth are in the palate and in cutaneous wound healing.

TGF-β1, -β2 and -β3 are present in independent localised patterns during the process of 

secondary palate formation in the mouse embryo [24]. Subsequent functional studies 

demonstrated that while inhibition of TGF-β1 or TGF-β2 activity did not prevent normal 

mouse embryonic palate fusion, inhibition of TGF-β3 (using either antisense 

oligonucleotides or neutralising antibodies) resulted in an inability of palatal shelves to fuse. 

Palatal fusion was restored by the exogenous addition of TGF-β3 in ex vivo studies[25]. 

TGF-β3 induces filopodia, a phenotype strongly associated with palatal shelf fusion, on the 

surface of medial edge epithelial cells whereas TGF-β1 and -β2 do not [26]. It could be 

argued that some of the differences observed in vivo are due to differences in the temporal-

spatial expression of individual isoforms rather than different biological activities. However, 

the intrinsic differences in the biological activities of different isoforms have been elegantly 

demonstrated in vivo where TGF-β1 has been knocked into the TGF-β3 locus. In these 

studies TGF-β1 could only partially rescue the cleft palate phenotype [27].

One of the most dramatic examples of TGF-β isoform-specific differences is in cutaneous 

scarring [28]. In contrast to adults, mammalian embryos were found to heal with no signs of 

scarring and complete restitution of the normal skin architecture [29] and exhibit expression 

of high levels of TGF-β3 and low levels of TGF-β1 and -β2 [30]. Further scarring studies in 

adult rodents demonstrated that exogenous addition of recombinant TGF-β3 or 

neutralisation of TGF-β1 and/or TGF-β2 in cutaneous wounds reduced scarring and 

markedly improved the architecture of the neodermis; in contrast, control wounds healed 

with a scar [31–33]. TGF-β3 also improves scarring in man [34].

Taken together, these studies demonstrate different and specific roles for the isoforms of 

TGF-β in palate development and cutaneous scarring. These roles are elicited by isoform-

specific effects on the modulation of several cellular processes such as cell migration, actin 

cytoskeleton organisation, angiogenesis and epithelial-mesenchymal transformation.
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3. The role of TGF-β3 in tumourigenesis

At the time of its discovery, TGF-β1 was found to induce malignant behaviour of normal 

fibroblasts, leading to the hypothesis that TGF-β1 may be involved in uncoupling a cell from 

normal growth control [35]. This presumed malignant function was difficult to reconcile 

with the ubiquitous pattern of expression of TGF-β1 in normal tissues, including its 

prevalence in human platelets. Subsequently TGF-β1 was found to have a profound growth 

suppressive effect on many cells, including epithelial cells and lymphoid cells indicating that 

TGF-β1 may be a potent tumour suppressor [36]. Data from experimental systems and 

human cancers clearly show that, in addition to the TGF-β ligands, the TGF-β receptors and 

their primary cytoplasmic signal transducers all play an important role in suppressing 

primary tumourigenesis in many organs [37,38]. However, observations made in the later 

stages of disease suggest that increased TGF-β1 expression is required for disease 

progression [37,39] indicating a duality for TGF-β1 in terms of tumourigenesis. It has since 

become clear that TGF-β1 maintains tissue homeostasis and prevents incipient tumours from 

progressing to a malignant phenotype by regulating not only cellular proliferation, 

differentiation, survival and adhesion, but also the cellular microenvironment. However, 

many cancer cells have the capacity to evade the suppressive influence of the TGF-β 
pathway, leading to dominance of the pro-progression activities of the pathway, such as 

promoting tumour growth and invasion, evasion of immune surveillance, and cancer cell 

metastasis. This subversion of the tumour suppressive effects of TGF-β can be achieved by 

many different mechanisms and at different points in the TGF-β signaling pathway. 

Importantly any role that TGF-β may have in promoting tumourigenesis is dependent on the 

context in which these disruptions occur [5].

This paradigm of duality in tumourigenesis established for TGF-β1 is now widely accepted 

for all TGF-β isoforms, but there is a paucity of functional data specifically relating to the 

role of TGF-β3 in disease progression. The few observations that have been reported for 

TGF-β3 expression in disease tissues have been limited by the low number of samples 

analysed and the scope of the study, e.g., immunohistochemical analysis of late-stage 

tumour biopsies. While these observations are interesting, they provide only correlative data 

from which a causative role in disease progression cannot be robustly determined. 

Observations based on transcript profiling or immunohistochemical data do not take account 

of the multiple levels of control of TGF-β activity. All TGF-β isoforms are expressed as 

latent complexes that have to be activated and, in order to propagate a signal, the activated 

ligand must complex with cell surface receptors [40–42]. Hence most immunohistochemical 

techniques measure total and not biologically active ligand. It is, therefore, difficult to 

determine the amount of active ligand present from isolated observations at the gene 

expression or protein level. Often overlooked in the interpretation of these observations is 

the normal role of TGF-β3 expression in tissue homeostasis and response to injury. If a 

tumour is recognised as an insult to tissue homeostasis then elevated TGF-β3 levels could be 

interpreted as a tissue response to injury. In an effort to further define the specific role of 

TGF-β3 in tumourigenesis, we have reviewed data published on the expression of TGF-β3 

in different tumour types and attempted to place these observations in the context of the 

unique biology of TGF-β3.
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3.1. Skin neoplasms

3.1.1. Melanocytic neoplasia—Cutaneous melanoma is an often aggressively 

metastatic and fatal neoplasm that accounts for most skin cancer deaths [43,44]. The early 

stages of melanoma are characterised as being susceptible to TGF-β-mediated growth 

inhibition, while later stages are increasingly less affected [45]. Several studies show that 

melanomas resistant to TGF-β-mediated growth inhibition are more aggressively invasive 

and metastatic than variants that retain the ability to respond to growth inhibitory signals 

[46–48].

3.1.2. Animal skin carcinogenesis models—Understanding the role of TGF-β1 in 

skin carcinogenesis has been greatly helped by the use of the mouse skin model of chemical 

carcinogenesis [49–51]. In this model cells are initiated with the mutation and activation of 

the Ha-ras oncogene by a single treatment with 7,12-dimethylbenz(a)anthracene (DMBA), 

followed by repeated doses of phorbo 12-myristate 13-acetate (TPA) to induce a 

hyperproliferative response in keratinocytes [50].

Using the skin chemical carcinogenesis model, transgenic mice over-expressing TGF-β1 

were found to be more resistant to the induction of benign skin tumours than controls, but 

the malignant conversion rate was vastly increased [52] with a higher incidence of spindle 

cell carcinomas that were found to express high levels of TGF-β3. The data suggest that 

TGF-β1 elicits an epithelial-mesenchymal transition in vivo and that TGF-β3 might be 

involved in the maintenance of the spindle cell phenotype [52]. Gold et al.[53] investigated 

the introduction of keratinocytes of different tumourigenic phenotypes in vivo, into surface 

transplants and subcutaneous tumours in nude mice, and examined what effect this had on 

metastasis of the cell lines and the expression of TGF-β isoforms. In keratinized epithelia 

TGF-β1 was localised to the upper differentiated layers, the stratum granulosum and the 

corneum in a perimembranous pattern, whereas TGF-β2 and -β3 were detected in all 

suprabasal layers of normal keratinizing epithelia. Immunohistochemical staining for TGF-

β3 was much lower than that for TGF-β1 and -β2. In contrast, non-keratinizing transplants 

of non-tumourigenic or highly aggressive cells showed little to no immunoreactivity for 

TGF-β1. TGF-β2 staining was moderate in the upper layers of non-tumourigenic epithelia, 

whereas large tumour cells of malignant HaCaT-ras clones were strongly positive for TGF-

β2, particularly at the invasion front. Interestingly TGF-β3 immunostaining was most 

pronounced in the stroma of malignant tumours, implying its paracrine induction by the 

malignant tumour transplants. These results suggest differential functions for each of the 

TGF-β isoforms in epidermal carcinogenesis, such that TGF-β1 is associated with the more 

differentiated state; TGF-β2 with highly malignant and invading cells; and TGF-β3 is 

induced in cells surrounding the tumour by factors produced by the tumour itself. These data 

indicate that rather than being causative of non-melanoma skin cancer progression, TGF-β3 

expression in the surrounding tissue is being induced by the tumour. However the precise 

role of TGF-β3 remains unclear due to a lack of in vivo studies investigating the 

experimental manipulation of TGF-β3 in appropriate animal models.

3.1.3. Transcriptomic analysis of melanoma progression—In order to identify 

the transcriptional changes that underpin changes in metastatic potential of melanomas, 
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several analyses have been undertaken. A comparison of the gene expression profile of an 

early melanoma cell type with a variety of isogenic derivative cell lines of increasing 

aggressiveness identified 66 genes whose expression correlated with melanoma progression 

[54]. Interestingly, none of the identified genes included TGF-β3 or any members of the 

TGF-β superfamily. Detailed examination of the 66-gene cohort suggested that DNA 

methylation had an important role in mediating gene expression alterations between parental 

and derivative cell lines.

Uveal melanoma is the most common form of eye cancer and the second most common site 

for melanoma [55]. Using microarray-based gene expression profiling of human biopsies it 

was shown that uveal melanoma clusters into two distinct groups [56,57]. Class 1 tumours 

are associated with an excellent prognosis, whereas class 2 tumours are associated with 

epithelioid cytology, looping matrix patterns, monosomy 3 and metastasis [56–58]. TGF-β3 

expression was not associated with either of the two classes reported. Indeed the profiling 

data suggest that a global down-regulation of neural crest/melanocyte genes and an up-

regulation of epithelial genes are associated with metastatic disease [59].

Hoek et al. [60] carried out three separate DNA microarray analyses on a total of 86 cultures 

of melanoma-derived cells. By combining the transcriptional profiles of three panels of 

melanoma cell cultures the transcriptional variations responsible for intra-panel sample 

differences could be excluded allowing the identification of co-regulating gene sets. Cohort 

differentiating genes were split between only two expression patterns: Motif 1 contained 

genes critical to neural crest differentiation and cell cycle control, whereas Motif 2 genes 

were up-regulated in melanoma of high metastatic potential. Many of the genes in Motif 2 

are regulated by TGF-β-type signaling, however there was no cohort specific-expression of 

TGF-β receptors or Smad genes, or any change in the expression pattern of the three TGF-β 
isoforms (TGF-β1, TGF-β2 or TGF-β3). This suggests that the progression of 

tumourigenesis observed in metastatic melanoma is associated with a subversion of TGF-β 
responsive genes but not the TGF-β signal transduction pathway [60]. This observation is 

supported by the results of a study that used genetics to map the genetic architecture of 

mouse skin inflammation, tumour susceptibility and pigmentation [61]. Interestingly, the 

TGF-β pathway does not appear anywhere in the tumour susceptibility or genetic hierarchy.

3.1.4. The expression of TGF-β3 in skin neoplasms—Early in vitro studies found 

that normal melanocytes and some melanoma-derived cells express TGF-β [62], although 

melanoma cells have shown varying degrees of TGF-β resistance [63,64]. In vivo studies 

using in situ hybridisation analysis of primary melanomas revealed that TβRII was 

heterogeneously distributed when compared to benign melanocytic nevi, suggesting variable 

degrees of TGF-β resistance among melanoma cells within individual lesions [65]. Of the 

three TGF-β isoforms that were studied (TGF-β1, -β2 and -β3), TGF-β3 was the only 

isoform identified as being consistently expressed in skin metastases at both the mRNA and 

protein level [65]. However, this reported pattern of expression for TGF-β3 was not 

supported by observations made by Van Belle et al. [66] who identified significant linear 

trends of expression for TGF-β1, -β2 and -β3 associated with the progression from 

melanocytes through nevi to primary metastatic melanomas. TGF-β1 was expressed by 

some melanocytes and almost uniformly by nevi and melanomas. TGF-β2 and -β3 were not 
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expressed in normal melanocytes but were expressed in nevi, early, advanced primary and 

metastatic melanomas in a tumour-progression-related manner. The expression of TGF-β3 

increased with progression from melanocytes to nevi and again from nevi to the more 

biologically advanced vertical growth phase (VGP) primary melanoma [66]. Extramammary 

Paget’s Disease (EPD) and Bowen’s Disease are skin cancers of unknown histogenesis and 

TGF-β3 over-expression was detected in all EPD patients and down-regulated TGF-β3 

expression was detected in all Bowen’s Disease patients [67]. The data, from this 

comparatively small study, suggest that TGF-β3 levels may be higher or lower depending on 

the context and not necessarily related to, or indeed causative of, tumour progression.

3.1.5. TGF-β signaling is intact in melanoma—In keeping with the failure to 

identify a TGF-β transcriptional signature in melanoma progression [54,59,60], genetic 

studies have shown no inactivating mutations in the TGF-β receptor system or in the Smad 

signaling cascade, suggesting other mechanisms are involved in resistance to the growth-

inhibitory effects of TGF-β in melanoma [68]. The level and activity of the V-Ski avian 

sarcoma viral oncogene homologue (SKI), rather than the levels of individual TGF-β 
ligands, may be a critical determinant in melanoma progression by activating b-catenin 

signaling and repressing TGF-β activity [69]. Elevated levels of SKI repress TGF-β 
signaling in the absence of inactivating mutations to the TGF-β signal transduction pathway, 

highlighting the importance of mutations in other pathways modulating TGF-β 
responsiveness and the dangers of interpreting isolated observations of TGF-β ligand levels.

3.1.6. The role of TGF-β3 in suppressing melanoma progression—In contrast 

to the previously discussed reports linking TGF-β3 expression with the progression of 

melanoma, one report identified a strong tumour suppressive role for TGF-β3 expression in 
vivo. TGF-β3 is reported as being the predominant TGF-β isoform expressed in human 

epidermis [70]. It has been shown that TGF-β3 mRNA expression is decreased in the 

epidermis overlaying primary melanomas, when compared to normal epidermis, suggesting 

that melanoma cells themselves may suppress keratinocyte TGF-β3 expression via a 

paracrine mechanism [63]. The authors suggest that a lack of TGF-β3 expression in the 

epidermis could precede melanoma development and promote clonal expansion of 

transformed melanocytes. Since TGF-β1 is a potent inhibitor of melanocyte proliferation in 
vitro [63], epidermal TGF-β3 may have a physiological function to control cell division 

and/or the differentiation of melanocytes. Consequently, melanomas may arise 

predominantly at sites of low epidermal TGF-β3 expression [63]. In this context exogenous 

TGF-β3 applied to the dermis may produce the same paracrine suppressive effect on any 

activated melanocytes that may be present.

3.2. Breast carcinoma

Interpretation of data from clinical samples has indicated a potential role for TGF-β ligands 

in breast carcinoma metastasis. Data from histological analysis of human tumour biopsies, 

although an important source of information, are limited by the fact that clinical samples are 

frequently derived from late-stage disease tissues when the events that result in disease 

initiation and progression have already occurred. Furthermore, specific samples may 

potentially be unrepresentative of the overall heterogeneity of the tumour. Unfortunately 
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very few pre-clinical animal studies have specifically investigated the role of TGF-β3 in 

breast carcinoma, with the majority of studies concentrating solely on TGF-β1.

3.2.1. Animal breast carcinogenesis models—Using four cell lines that spanned 

the spectrum of tumour progression previously described [71,72], Tang et al. [6] introduced 

a dominant negative TβRII receptor into all four cell lines and tested for effects on 

tumourigenicity in vivo. Decreased TGF-β responsiveness alone was demonstrated not to 

initiate tumourigenesis. Another initiating oncogenic lesion was required to make a 

premalignant breast cell (and a low grade tumourigenic cell line) tumourigenic. However, 

although reduced TGF-β responsiveness had no effect on primary tumourigenesis, it 

significantly decreased metastasis. Results of a more recent publication suggest that TGF-β 
signaling is not required for the metastasis of breast cancer cells[73]. When mice carrying a 

conditional deletion of TβRII in the mammary epithelium (Tgfbr2MGKO) were mated with 

the mouse mammary tumour virus-polyomavirus middle T antigen (PyVmT) transgenic 

mouse model of metastatic breast cancer, loss of TβRII in the mammary epithelium resulted 

in formation of mammary tumours with a significantly shortened median latency when 

compared with PyVmT mice. Contrary to expectation, the mice in which the TβRII had 

been conditionally knocked out displayed significantly more pulmonary metastases 

compared with wild type mice on the PyVmT background, consistent with TβRII acting as a 

tumour suppressor in the mammary gland. These findings are in agreement with other 

studies using colon and prostate mouse models in which disruption of TGF-β signaling, by 

introduction of a mutant TβRII, results in enhanced tumour progression [74,75].

Support for the hypothesis that normal TGF-β signaling is affected by mutation of its 

receptors is provided by in vitro observations using a variety of cell lines, some of which 

express the estrogen receptor (ER). The data indicate that, not only is TGF-β signaling 

reduced by receptor mutation, but also that mutation of other signaling pathways is required. 

ER-positive MCF7 cells transfected with the mouse oncogene Ha-Ras show increased 

growth despite a resultant rise in constitutive TGF-β1 [76]. Human breast cancer cells stably 

transfected with the TGF-β1 gene have an unaltered response to estrogen and anti-estrogens 

despite greatly increased expression of TGF-β1. These transfected cells have increased 

tumourigenicity and show estrogen independence when grown in athymic mice [77]. The 

high production of TGF-β1 by these cell lines would not be expected if this growth factor 

was acting as a primary epithelial inhibitor, rather it might indicate disruption of a negative 

feedback loop or a switch of function from growth suppression to growth promotion [77,78]. 

Fibroblasts from benign and malignant breast tumours produce and secrete TGF-β1 and -β2, 

and there is increased synthesis of TGF-β1 in primary cultures of breast-tumour fibroblasts 

after tamoxifen exposure[79]. Other studies have confirmed that primary cultures of breast-

tumour fibroblasts secrete TGF-β1 and -β2 [80].

Studies that have reported an involvement of TGF-β in metastases have also shown the 

requirement for other signal transduction pathways in order for cells to metastasise. For 

example TGF-β/Smad and p38 signaling pathways have been shown to co-operate to 

promote metastasis of human breast cancer cell lines to bone by inducing expression of the 

osteolytic factor, Parathyroid hormone-related protein (PTHrP; [81,82]), supporting the 

hypothesis that mutations in other pathways may lead to the increased TGF-β expression 
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levels observed in tumours. However, Lebrecht et al. have reported that there is no 

correlation between serum TGF-β1 levels and the clinicopatho-logical parameters of breast 

diseases including carcinoma [83].

It appears that breast cancer cell lines express more TGF-β than less tumourigenic cell lines 

in an attempt to inhibit their own proliferation via both autocrine and paracrine inhibitory 

loops. However these cell lines are unable to respond to the inhibitory effects of TGF-β via 

as yet unidentified molecular mechanisms.

3.2.2. Gene expression associated with human breast carcinoma metastases 
and prognosis—Given that some clinical observations have reported an association 

between TGF-β expression and disease progression it would be expected that a screen for 

genes important in the metastasis of breast carcinoma would identify one or more of the 

TGF-β isoforms or TGF-β signaling pathways. van de Vijver et al.[84] used microarray data 

derived from clinical breast-tumour biopsies to define a 70 gene signature that was strongly 

predictive of a short interval to distant metastases (poor prognosis). TGF-β3 was identified 

as one of the genes in this signature but with reduced expression associated with poor 

prognosis. Increased expression of TGF-β3 mRNA was associated with a good prognosis. 

The prognostic value of this gene expression profile was subsequently validated in 

independent clinical data sets [85,86]. Minn et al. [87] had previously derived a similar gene 

expression profile for breast cancers that metastasise to the lung. Of the 95 genes identified 

in the metastatic gene expression signature, none were TGF-β superfamily ligands, TGF-β 
superfamily receptors or downstream signaling components. The only gene related to the 

TGF-β superfamily was Latent TGF-β Binding Protein (LTBP1), a molecule that sequesters 

TGF-β and limits its activity [88]. In experiments to validate the role of these genes in the 

metastasis of cancer cell lines it was found that single gene expression changes alone were 

not capable of conferring metastatic potential, indicating that multiple gene expression 

changes are characteristic of metastasis [87].

More recently, a TGF-β gene response signature was defined using human epithelial cell 

lines and turned into a bioinformatics classifier tool [89]. In different clinical cohorts 

approximately 40% of human breast tumours showed a TGF-β gene response signature and 

this status coincided with a high expression of TGF-β1, -β2, LTBP1, Smad3 and Smad4. 

Interestingly, high TGF-β3 expression was not found to be part of this gene expression 

signature. A review of the Oncomine database (www.oncomine.org) identified six 

independent breast cancer studies that showed an inverse correlation between TGF-β3 

mRNA levels and increasing tumour grade i.e., lower TGF-β3 expression correlated with 

higher tumour grade ((using a P value threshold of 1E-4); [84,90–94]). A similar trend 

between increasing tumour grade and decreasing TGF-β3 expression has been reported for 

prostate cancer studies (discussed later).

The studies described above highlight the importance of context in determining any role that 

TGF-β3 might have. Although all studies investigated breast cancer, each attempted to 

measure something different: the first study was investigating a signal of prognostic value; 

the second a signal associated with metastases; and the third study tried to define a TGF-β 
gene response signature. Each produced a different result because of the context and this 

Laverty et al. Page 9

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2020 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.oncomine.org/


highlights the care that should be used when interpreting and comparing data. Although each 

study investigated a different aspect of breast tumourigenesis the only TGF-β3 specific data 

showed that increased TGF-β3 expression is associated with good prognosis.

3.2.3. The role of TGF-β3 in breast carcinogenesis—Although animal studies and 

transcriptional analysis have not identified changes in TGF-β3 expression as causative of 

breast cancer progression, several clinical studies have reported an increase in TGF-β3 

expression associated with breast tumourigenesis. Li et al. [95] describe an assessment of 

plasma levels of TGF-β1 and -β3 (using chemiluminescence Enzyme Linked 

Immunosorbent Assay, ELISA) in 80 patients with untreated breast cancer, 14 of whom had 

lymph node metastases. Enhanced levels of TGF-β3 and TGF-β3/receptor complexes (as 

measured by ELISA for receptor/ligand complexes) were found to correlate with the 

presence of lymph node metastases. This correlation was supported by a subsequent study of 

153 invasive breast cancer tissue samples [96] that found intense immunostaining for TGF-

β3 in breast cancer samples. The increased expression of TGF-β3 correlated significantly 

with a decrease in overall survival (p = 0.0204), with elevated TGF-β3 expression becoming 

a more significant prognostic factor when linked to lymph node metastasis. Additional 

support for a role of TGF-β3 in breast carcinoma metastasis is provided by a study 

performed by Amatschek et al.[97], who found that the expression of the TGF-β3 gene was 

elevated in patients with short survival time from breast cancer.

In an analysis of 25 breast carcinomas and adjacent normal tissue specimens Soufla et al. 

[98] found that TGF-β3 transcript levels were significantly elevated in cancer specimens 

compared to normal tissues (in contradiction of gene expression data described previously). 

In this study they evaluated the mRNA expression profile of Vascular Endothelial Growth 

Factor (VEGF), Fibroblast Growth Factor 2 (FGF2), TGF-β1, -β2 and -β3 and TβRI, TβRII 

and TβRIII in 25 breast cancer samples. The majority of samples were infiltrating ductal 

carcinoma and the most frequent histological grade was G3 [98]. Increased levels of all three 

TGF-β isoforms were associated with cancer specimens compared to controls whereas all 

TβRs displayed lower levels of expression. However, only levels of FGF2 and TGF-β3 were 

statistically significantly elevated in tumours compared with adjacent normal breast tissue (p 
= 0.031 and p = 0.043, respectively). Importantly, even though the elevated level of TGF-β3 

mRNA expression was significant between tumour tissue and adjacent normal tissue no 

correlation was established between TGF-β3 transcript levels in normal or malignant breast 

tissue and the grade of the tumour [98].

3.2.4. Parity-induced protection from breast cancer—Women who give birth to a 

child when they are younger than 24 years of age exhibit a decrease in their lifetime risk of 

developing breast cancer, and additional pregnancies increase their protection [99]. The 

protective effect of full-term pregnancy is a well established concept not only in humans, but 

also in experimental rodent models [100–107]. In rodents, maximal incidence of DMBA-

induced mammary cancer occurs when the carcinogen is administered to young, virgin 

cycling rats. However the same carcinogen fails to induce tumours when administered to rats 

that have had a full-term pregnancy [100–107]. The high susceptibility of the young, virgin 

rat mammary gland to develop malignancies is the result of the interaction of the carcinogen 
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with the rapidly dividing epithelium composed of undifferentiated terminal end buds 

(TEBs), which are contained in the ductal structure of the mammary parenchyma. Both the 

binding of the carcinogen DMBA to the DNA of rapidly proliferating epithelial cells and a 

low DNA repair capacity result in fixation of transformation, leading to the initiation of 

cancer [108–112].

D’Cruz et al. [113] used high density oligonucleotide microarrays to analyse the impact of 

early, first, full-term pregnancy on global gene expression profiles within the murine 

mammary gland. A panel of genes was subsequently identified whose expression in the 

mammary gland is persistently altered as a consequence of parity. These observations were 

replicated in three strains of mice, as well as in two widely used rat models for parity-

induced protection against breast cancer. The findings demonstrated that parity induces the 

persistent up-regulation of TGF-β3, and several of its downstream targets e.g., Eta-1, 

Clusterin and Id2. In addition, their findings indicate that parity results in a persistent 

increase in the differentiated state of the mammary gland as well as permanent changes in 

the hematopoietic cell type’s resident within the gland and that the expression of TGF-β3 is 

of central importance to the parity-induced protection against breast cancer [113].

3.3. Other tumour types

TGF-β3 expression levels have been reported for several other tumour types. Key data are 

summarised below to provide an overview of the field.

3.3.1. Colon carcinoma

3.3.1.1. Animal model of colon carcinoma.: Placement of a null TGF-β1 locus onto the 

immunodeficient background of (129S6 X CF-1) Rag2−/− mice, which lack both B- and T-

cells, permits the double knockout animals to survive to adulthood. However, by five months 

of age the TGF-β1−/− Rag2−/− mice exhibit carcinomas in caecum the and the multiple 

colon [113]. In contrast the caecums and colons from nearly all TGF-β1+/+Rag2−/− and 

TGF-β1+/+ Rag2−/− mice remain hyperplastic [114]. TGF-β2 and TGF-β3 continue to be 

expressed in the caecum and colon of TGF-β1 −/− Rag2−/− mice. Interestingly, when the 

TGF-β signal transduction molecule Smad3 was mutated, Smad3-deficient mice (which in 

contrast to Smad4 knockout mice are viable) become moribund at 4–6 months of age, 

manifesting highly invasive and metastatic colorectal adenocarcinoma [115]. This is in 

contrast to the TGF-β1−/− Rag2−/− mice which develop only non-metastatic colon cancer. 

As Smad3 has been shown to transduce the signals of all three TGF-β ligands it is 

reasonable to hypothesize that in TGF-β1−/− Rag2−/− mice TGF-β2 and TGF-β3 inhibit 

metastasis at late stages of colon tumourigenesis via Smad3.

3.3.1.2. Clinical studies of colon carcinoma.: Biopsies from 39 colon carcinoma patients 

who underwent surgical resections were examined for the expression of all three TGF-β 
isoforms at both the protein and mRNA level [116]. The data from this study indicate that 

the pattern of TGF-β3 expression in colonic mucosa is distinct from that observed for the 

other two TGF-β isoforms. Immunoreactivity for TGF-β3 was high in normal mucosa and 

not statistically different between normal mucosa and tumour sections, whereas a linear 

relationship was found between elevated TGF-β1 expression and colon cancer progression. 
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In addition tumour-associated expression of TGF-β3 was uniform across successive stages 

of tumour progression and TGF-β3 mRNA levels were similar between normal and tumour 

tissues. Taken together the clinical observations and pre-clinical data suggest that it is 

unlikely that changes in the expression of TGF-β3 at both the protein and mRNA level play 

a role in the initiation and progression of colon cancer in humans.

3.3.2. Gastric carcinoma—In a study of 110 gastrectomy specimens, of which 95 were 

low grade and 15 were high grade malignancies [117], TGF-β3 protein was detected in both 

normal mucosa and neoplastic tissue although there was no statistically significant 

difference in TGF-β3 protein levels between the normal and neoplastic cells [117]. Whereas 

TGF-βb1 protein expression correlated with better patient survival and longer disease-free 

survival time, TGF-β2 protein expression correlated with worse survival, and no such 

correlation was found between TGF-β3 expression and patient survival or disease-free 

survival time. Interestingly, TGF-β3 expression has been associated with protection from 

mucosal injury. In a study in which mice were irradiated with X-rays (15.8-Gy) almost 

100% of animals pre-treated with TGF-β3 survived to 30 days but only approximately 35% 

of vehicle control animals survived to the same time point [118]. Following injury to the oral 

mucosa, the levels of TGF-β3 are elevated three-fold. In contrast, TGF-β1 levels fall 

following injury indicating that there is a shift in the ratio of these isoforms that protects the 

oral mucosa and reduces subsequent scarring [118,119]. Therefore it is possible that elevated 

levels of TGF-β3 reflect a protective, rather than a causative, role in disease biopsies.

3.3.3. Ovarian carcinoma—Two studies have reported contradictory levels of TGF-β3 

expression in ovarian carcinoma biopsies. Bristow et al. [120] found that enhanced TGF-β1 

and -β3 expression, as well as loss of expression of TβRI and TβRII, may contribute to 

ovarian carcinogenesis and/or tumour progression. However in a separate analysis of 

angiogenesis markers in biopsies of ovarian tumours from 40 patients, no change in the 

expression of TGF-β3 was found between normal and disease tissue [121]. Evidence is 

available that increased TGF-β3 expression protects against the development of ovarian 

cancer. Routine use of oral contraceptives (especially the estrogen-progestin combination 

oral contraceptive) for as little as 3 years confers as much as a 50% reduction in the risk of 

ovarian cancer and this protective association increases with duration of use and lasts for as 

long as 20 years after discontinuation of use [122]. In young adult female cynomolgus 

macaques progestin treatment, either alone or when combined with estrogen, was associated 

with a highly statistically significant decrease in the expression of TGF-β1 in ovarian 

epithelium (p < 0.001) and a moderate decrease in the expression of TGF-β1 in the oocyte 

cytoplasm (p = 0.002) [123]. In contrast, progestin treatment was associated with a marked 

increase in the expression of TGF-β2 and -β3 in the ovarian epithelium (p < 0.001). 

Analysis of the ovarian epithelium revealed that the progestin induced changes in TGF-β-

isoform expression correlated with an increase in apoptosis. Taken together these data 

demonstrate that progestin-induced apoptosis in the ovarian epithelium is associated with an 

isoform switch in expression from TGF-β1 to the protective expression of TGF-β2 and -β3 

[123]. The observation of increased TGF-β3 expression associated with a reduction in the 

risk of developing ovarian cancer [123] is similar to the role identified for TGF-β3 in parity-

induced protection from breast cancer described earlier [113].
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3.3.4. Prostate cancer—In an analysis of 14 prostate adenocarcinomas using 

immunohistochemistry only three displayed TGF-β3 expression [124]. Other studies have 

reported the loss of TGF-β3 expression from basal epithelial cells of prostate carcinoma 

[125]. Gene expression analyses of epithelial tissues found TGF-β3 expression to be 

increased two-fold in one study [126], but down-regulated in another study [127]. A review 

of four independent datasets for prostate cancer in the Oncomine database 

(www.oncomine.org) revealed that TGF-β3 expression was lower in diseased tissue 

compared with healthy tissue, indicating that elevated TGF-β3 expression levels are 

associated with suppression of prostate cancer [128–131].

3.3.5. Osteosar—Immunohistochemical analysis for TGF-β3 staining of 25 high grade 

osteosarcoma samples identified minimal to moderate staining in 11 of 25 tumours (44%) 

and strong to intense immunoreactivity was observed in the remaining 14 tumours (56%) 

[132]. Immunoreactivity for TGF-β3 was found to be related to disease progression (p = 

0.027) whereas immunoreactivity for TGF-β1 and -b2 was not. Although the level of TGF-

β3 expression was found to correlate with disease progression, it was not significantly 

related to patient survival (p = 0.39) [132]. In an independent study of 16 human 

osteosarcoma biopsies, expression of the TGF-β1 or TGF-β3 isoforms was associated with a 

higher rate of subsequent lung metastases (p < 0.05; [133]). Although Kleon et al. [132] 

reported that there was no link between TGF-β expression and metastases, in this study 5 of 

the 10 patients whose tumour displayed immunoreactivity for TGF-β3 later developed lung 

metastases. However the small sample size of these studies makes interpretation of the data 

difficult.

Increased levels of TGF-β3 detection in osteosarcoma can be explained when the normal 

biological role of TGF-β3 in bone is taken into consideration. High levels of TGF-β3 are 

present in the bone matrix and in instances of bone damage, such as during osteoporosis, 

high levels of TGF-β3 appear to be released [134]. TGF-β3 is considered a more potent 

regulator of functions associated with osteogenesis and angiogenesis compared with the 

other TGF-β isoforms [135]. Indeed, TGF-β3 has been found to stimulate remarkable 

regeneration of alveolar bone, periodontal ligament and cementum within exposed furcations 

in non-human primate periodontal tissue [136]. It is possible that elevated levels of TGF-β3 

observed may be associated with attempts by the tissue to repair rather than disease 

progression.

3.3.6. Uterine leiomyomas—Comparison of TGF-β1 and -β3 mRNA levels in matched 

pairs of myometria and leiomyoma specimens showed that leiomyomas had a five-fold 

higher level of expression of TGF-β3 mRNA than did the corresponding myometria ((p < 

0.05); [137]), whereas levels of TGF-β1 mRNA were similar among all biopsies. 

Furthermore, immunohistochemical analysis of TGF-β3 protein expression showed an 

increase in TGF-β3 levels in leiomyoma tissues compared with normal myometrial tissues. 

Unfortunately the majority of data relating to uterine leiomyomas and TGF-β3 are based on 

expression levels determined by immunohistochemistry and, with a lack of supporting 

animal model data, are only correlative. Based on the available data it is difficult to interpret 

the observed increases in TGF-β3 expression and whether they are related to leiomyoma 
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progression or simply to the extensive changes observed in the myometrium given the 

important role for TGF-β3 in maintenance and turnover of the endometrium [138].

3.3.7. Acute lymphoblastic leukaemia, malignant fibrous histiocytoma and 
desmoplastic small round cell tumour—Quantification of the plasma levels of TGF-

β3 in 60 children with acute lymphoblastic leukaemia (ALL) using a specific enzyme linked 

immunosorbent assay (ELISA) found that TGF-β3 levels were significantly lower in patients 

with ALL compared to controls [139]. In a major subgroup of this study 45 children with 

common acute lymphoblastic leukaemia (cALL) had significantly lower TGF-β3 levels 

compared with controls (p = 0.0006).

Immunostaining of samples from 43 malignant fibrous histiocytoma biopsies identified 

TGF-β3 expression in 38 (88%) of the biopsies. Due to the nature of the study control 

specimens were not examined [140].

In an analysis of 24 desmoplastic small round cell tumours that carried the EWS-WT1 

fusion product variable immunoreactivity was reported for TGF-β3 with expression detected 

in 21 of 24 biopsies examined. However, no correlation between tumour-associated 

desmoplasia and TGF-β3 expression was found [141].

4. Summary and perspective

Compared with the wealth of data available for TGF-β1 it is apparent that there is a lack of 

functional data demonstrating a causative role for TGF-β3 in tumourigenesis. The majority 

of data that have been published in respect of TGF-β3 are correlative, generated by either 

analysis of protein or mRNA expression in tumour biopsies. In addition, the small sample 

sizes analysed in the majority of studies may explain the often contradictory data generated. 

Consequently, the interpretation of reported observations is not only very difficult but 

potentially confusing. Of particular note is the widespread extrapolation by researchers of 

data generated for the TGF-β1 isoform to the TGF-β3 isoform. As isoform specific roles 

have been identified in normal biological processes and in tumourigenesis, these 

extrapolations are both incorrect and misleading; TGF-β3 is not the same as TGF-β1. 

Clearly there is a need to further define the relevance of the correlative clinical observations 

with data from robust animal models that address the functional role of TGF-β3 in 

tumourigenesis.

Interestingly, TGF-β3 expression has been associated with protection against the onset of 

disease in several situations. TGF-β3 is expressed at high levels in the epidermis where it is 

reported to have a protective effect against the onset of melanoma. Although increased 

expression of TGF-β3 has been observed in breast cancer biopsies, elevated levels of TGF-

β3 have been associated with good prognosis in breast cancer. In large epidemiological 

studies it has been found that women who give birth when they are younger than 24 years of 

age exhibit a decrease in their lifetime risk of developing breast cancer, and additional 

pregnancies increase the level of protection. Gene expression studies have identified an 

association between TGF-β3 expression and parity-induced protection against breast cancer. 

Additionally, the use of oral contraception is associated with a 50% reduction in the risk of 
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developing ovarian cancer and this protection has been correlated with an increased 

expression of TGF-β3 (Table 2).

While it has proved tempting for researchers to report a ‘correlation’ as a ‘cause’ of disease, 

what has often been overlooked is the normal biological role of the TGF-β3 molecule. TGF-

β3 is important in embryonic development, scarless repair of injury in the embryo, adult 

wound healing and tissue homeostasis. It has an important role in regulating cell migration, 

angiogenesis, epithelial-mesenchymal transition, apoptosis, modulation of immune function, 

extracellular matrix (ECM) production and the regulation of ECM remodelling; biological 

processes that are often required for tumour growth and maintenance. Therefore the 

expression patterns of TGF-β3 observed in some tumours may directly reflect the subversion 

of these biological processes in tumour progression rather than a specific role for TGF-β3 in 

driving tumour progression. Again, the functional relevance of these observations remains to 

be tested in appropriate models. It has also been proposed that tumour stroma is ‘normal 

wound healing gone awry’ [142] and that many of the normal reparative processes are active 

in the tumour milieu [143,144]. Indeed a similar gene expression signature has been 

identified that is shared between fibroblasts responding to serum and that of some tumours 

[145]. In light of the protective role that TGF-β3 has in many tissues including the breast, 

skin, oral and gastric mucosa, and given its prominent role in scar-free healing, it is 

reasonable to hypothesize that increased TGF-β3 expression in tumours is a tissue protective 

response to tumour ‘injury’.

Clearly, the administration of biologicals such as growth factors and antibodies to patients 

for therapeutic benefit raises questions about the safety and the potential risk of 

tumourigenicity with these agents (e.g., becaplermin, recombinant human PDGF; and 

ustekinumab, human monoclonal antibody against interleukin-12 and interleukin-23; both of 

which are applied to the skin). Avotermin (human recombinant TGF-β3) is in clinical 

development for the improvement of scar appearance in the skin. To date, there are no data 

from studies of avotermin applied to wounds that raise any safety concerns. Indeed pre-

clinical data showing the suppressor effects of TGF-β3 in the early stages of tumourigenesis, 

coupled with the acute, low doses applied and the low systemic bioavailability all give 

reassurance. Clinical trial subjects exposed to avotermin are closely monitored and 

appropriate supportive animal studies are planned in order to confirm the safety profile of 

avotermin and to better understand the isoform-specific biology of TGF-β3.
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Fig. 1. 
Amino acid sequence alignments of human TGF-β isoforms. Comparison of the amino acid 

sequence of the active domains of the three human isoforms of TGF-β reveals that the active 

domain of TGF-β3 shares 76% identity (86/112) and 86% similarity (97/112) with TGF-β1; 

79% identity (89/112) and 91% similarity (103/112) with TGF-β2; and 76% identity 

(86/112). TGF-β isoform sequences were sourced from NCBI (TGF-β3: accession number 

P10600; TGF-β1: accession number P01137; TGF-β2: accession number P61812). (*) 

Indicates positions of identical residues; (:) indicates positions of conserved substitution; ( ) 

indicates positions of semi-conserved substitutions.
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Fig. 2. 
The structure of TGF-β3 differs from that of the other TGF-β isoforms and is capable of 

undergoing extensive rearrangement. (A) The structures of TGF-β1 (blue), TGF-β2 (red) 

and TGF-β3 (black) in their ‘closed’ form are shown (the dimeric forms of each isoform 

consisting of two monomers are represented). Domains of the protein which differ with the 

other isoforms are highlighted in the panels beneath each isoform; (a) β-strand β4 and β5; 

(b) α-helix α2; (c) a-helix α3 (d) monomer interface comprising N-terminal, a-helix a1 and 

the C-terminal domain. (B) Structural differences between ‘closed’ and ‘open’ forms of 

TGF-β3. The ‘closed’ structure of TGF-β3 is shown in black in two orientations (i) side-on 

and (ii) from above; while the ‘open’ structure of TGF-β3 is represented in green in two 

orientations (iii) side-on and (iv) from above. Individual peptide motifs of the TGF-β3 
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protein that undergo steric rearrangement are denoted on the individual representations. The 

direction of the steric rearrangement of peptide motifs between the ‘closed and ‘open’ forms 

is denoted by black arrows on the open form. Note that in the ‘open’ form the structure of 

the α-helices α1 and α3 is not represented as these motifs are disordered and therefore co-

ordinates are not available. The structures of the individual isoforms are derived from co-

ordinates previously published [12,17,146–148]. Images were generated using Weblab 

Viewer Lite (Molecular Simulations Inc. (now Accelrys)); superpositions of the structures 

were performed with a previously written software [149]. The structural alignments were 

based on the carbon a-atoms of the similar residues (as indicated by the sequential 

alignments) of the individual TGF-β isoforms. Other proteins that were reported in the 

published structures were disregarded for this analysis.
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Table 2

Summary of data indicating a protective role for TGF-β3 in tumourigenesis.

• Shares tumour suppressive role early in disease with TGF-β and TGF-β2

• Increased TGF-β3 expression associated with good prognosis in breast cancer

• TGF-β3 is a key determinant in parity-induced protection against breast cancer

• Increased TGF-β3 expression associated with oral contraceptive protection against ovarian cancer

• TGF-β3 expression associated with inhibition of metastases at late stage of colon cancer

• Decreased TGF-β3 expression observed in the epithelium overlying primary melanomas

• Decreased TGF-β3 expression observed in prostate cancer biopsies
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