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Abstract 
Breast cancer remains among the most common cancers of the developed world.  

Despite advances in treatment modalities, deaths due to breast cancer are the second 

leading cause of cancer death among women.  The transforming growth factor-beta 

(TGF-β) pathway is an important modulator of breast cancer progression, acting in a 

tumor suppressing fashion in early carcinogenesis but switching in a poorly understood 

fashion to a promoter of cancer progression in later stages.  Mutations and loss of 

function of TGF-β components are common across a variety of cancers.  In particular, 

the expression of the type III TGF-β receptor (TβRIII) is decreased with cancer grade 

and clinical progression in prostate, lung, ovarian, and pancreatic cancers.  In an effort 

to enhance our understanding of the biology of TGF-β on carcinogenesis, this 

dissertation looks at the role of TβRIII in breast cancer progression. 

Through an examination of clinical specimens, loss of TβRIII was seen at both 

the message and protein levels with increasing tumor grade.  Analysis of correlated 

patient outcomes showed that low TβRIII expression was predictive of a shorter time to 

recurrence, demonstrating clinical relevance for TβRIII expression.  The contribution of 

TβRIII to tumor progression was further examined by examining known TGF-β functions, 

including proliferation, apoptosis, migration, and invasion.  TβRIII had no effect on 

proliferation or apoptosis, but had a suppressive effect on metastasis in vivo, as 

mammary cancer cells stably expressing TβRIII that were orthotopically injected 

exhibited lower metatstatic burden and local invasion.  In vitro, breast cancer cells 

exhibited suppression of migration and invasion in transwell assays.  Finally, soluble 

TβRIII (sTβRIII) was shown to recapitulate the suppressive effects on invasion. 
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To further explore other potential mechanisms by which TβRIII may be mediating 

its tumor suppressive effects, I examined the contribution of the cytoplasmic domain of 

TβRIII, which is known to be critical in the regulation of TβRIII cell surface expression 

and downstream signaling.  In vitro, I demonstrated that abrogation of the cytoplasmic 

domain attenuates the TβRIII-mediated suppression of migration and invasion.  TβRIII’s 

suppressive effects are also concomitant with loss of TGF-β signaling, as abrogation of 

the cytoplasmic domain failed to attenuate TGF-β signaling while the full length receptor 

was able to do so.  In vivo, I also showed that in the absence of the cytoplasmic domain, 

TβRIII is unable to suppress metastasis and local invasion.  Finally, a closer dissection 

of the cytoplasmic domain revealed that abolishing the interaction of TβRIII with the 

scaffolding protein GIPC also attenuated TβRIII’s ability to dampen TGF-β signaling and 

invasion. 

In sum, TβRIII was established as a prognostic marker for recurrence-free 

survival of breast cancer patients and as a suppressor of metastasis, migration, and 

invasion.  Furthermore, several mechanisms contribute to TβRIII’s tumor suppressive 

effects, namely the generation of sTβRIII and the interaction of TβRIII with GIPC.  Taken 

together, these studies further demonstrate the importance of TGF-β signaling in cancer 

biology, elucidate mechanisms by which TβRIII suppresses breast carcinogenesis, and 

expand upon our understanding of the emerging roles of TβRIII in regulating tumor 

biology in general. 
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1. Introduction 
This is adapted from:  Lee JD and Blobe GC.  “TGF-β signaling: a novel target for 

treatment of breast cancer?”  Breast Cancer in the Post-Genomic Era.  2009, Humana 

Press:  New York.  p. 137-150.  With kind permission of Springer Science + Business 

Media. 

 
 

Targeted therapies for breast cancer rely on an understanding of cellular 

signaling in both normal and neoplastic tissue.  One signaling pathway, the transforming 

growth factor-beta (TGF-β), is an important regulator of both normal mammary gland 

development as well as mammary carcinogenesis.  It is involved in a wide variety of 

cellular processes, including proliferation, apoptosis, migration, and invasion, in addition 

to contributing to angiogenesis and modulation of the immune system.  With the wide 

variety of roles it plays, TGF- β has sometimes diametrically opposed effects that are cell 

and context specific.  Moreover, TGF-β possesses a unique dichotomy of function in 

cancer progression.  Generally acting as a tumor suppressor early in breast cancer 

progression, TGF-β signaling undergoes a still unrevealed switch that leads to tumor 

promotion in the later stages of cancer.  Highlighting the complexities inherent in TGF- β 

signaling, along with our current efforts to better our understanding of it, several 

strategies are outlined that may enable the creation of focused therapies in the 

prevention and treatment of breast cancer. 
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1.1  Overview 

Worldwide, breast cancer is one of the most significant causes of cancer 

morbidity and mortality with over one million new cases and 400,000 deaths every year 

globally [1].  Through advances in detection and treatment modalities, the number of 

women with poor outcomes after diagnosis has steadily decreased.  The prevalence of 

breast cancer remains high, however, justifying continued studies into the etiology and 

biology of breast cancer with the aim of further reducing morbidity and mortality. 

Chemotherapeutic and targeted agents are used in adjuvant and neoadjuvant 

settings in combination with surgical resection and radiation therapy for the treatment of 

breast cancer.  Until recently, chemotherapeutic drugs were blunt instruments lacking 

specificity for breast cancer cells.  The relatively recent introduction of targeted therapies 

heralded a new paradigm of breast cancer treatment, promising greater specificity and 

thus a lower attendant potential for toxicity.  The selective estrogen receptor modulator 

(SERM) tamoxifen and the HER-2/neu receptor antagonist trastuzumab, targeting ER-

positive and HER-2-overexpressing breast cancers respectively, have revolutionized the 

treatment of breast cancer patients.  The demonstrated efficacy of these targeted drugs 

provides proof of principle for developing rational, targeted strategies for breast cancer 

therapy based on studies of both normal and tumor biology. 

The transforming growth factor-beta (TGF-β) signaling pathway, an important 

regulator of normal mammary gland development and homeostasis whose disruption is 

a common event during mammary carcinogenesis, is a pathway with promise for 

potential chemotherapeutic targeting.  As such, what follows is background of TGF-β 

biology at the molecular, cellular, and systemic levels in normal and tumor states and the 
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potential for and challenges posed by targeting the TGF-β pathway in the prevention and 

treatment of breast cancer. 

1.2  The TGF-β Signaling Pathway 

1.2.1  Canonical TGF-β signaling 

The canonical signaling cascade for TGF-β involves the binding of TGF-β ligand 

dimer to its cognate cell surface receptors.  TGF-β binds either to the type III TGF-β 

receptor (TβRIII, or betaglycan) dimer, which in turn presents TGF-β to the dimeric type 

II TGF-β receptor (TβRII), or binds directly to TβRII.  Once either of these occurs, ligand 

binding to TβRII favors recruitment and interaction with the type I receptor (TβRI) dimer, 

forming a multimeric ligand-receptor complex.  In this complex, TβRII 

transphosphorylates serine residues on TβRI in the cytoplasmic domain, thereby 

activating TβRI serine/threonine kinase activity.  Activated TβRI then recruits and 

phosphorylates receptor Smads.  Depending on the ligand, members of the Smad2/3 

axis or the Smad 1/5/8 axis are activated.  Once phosphorylated, these receptor Smads 

bind to Smad4, a co-Smad.  This complex then translocates to the nucleus and directly 

interacts with other transcription factors to regulate expression of TGF-β-responsive 

genes in a cell- and context-specific manner [2, 3].  Concomitant with activation of TGF-

β responsive genes, a negative feedback loop attenuates activation of the pathway with 

the upregulation of the inhibitory Smad Smad7.  Smad7 competes with the receptors 

Smads for binding to the activated receptors and recruits an E3 ubiquitin ligase, the 

Smad ubiquitination regulatory factor (SMURF), which consequently leads to 

internalization of the receptor/Smad7/SMURF complex for proteasomal degradation [4]. 
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Figure 1:  The TGF-β signaling pathway. 

TGF-β binds to either TβRIII or TβRII which leads to complex formation with TβRI.  
Activated TβRI phosphorylates Smad2 or Smad3.  The Smad2/3 complex with Smad4 
translocates to the nucleus and regulates target gene transcription. 
 

1.2.2  Non-canonical TGF-β signaling 

In addition to the canonical signaling pathway, TGF-β signaling has also been 

demonstrated to elicit downstream effects through crosstalk with other signing pathways, 

including the NFκB, p38, and JNK MAPK pathways.  TGF-β and NFκB signaling have 

been shown to exhibit crosstalk at several points along their respective pathways.  At the 

receptor level, interleukin-1 (IL-1) and its cognate receptor interleukin-1 receptor (IL-1R) 

are able to stimulate Smad signaling; likewise, TGF-β2 and the TGF-β receptor complex 

can stimulate NFκB.  This signaling crosstalk requires the interaction of the TGF-β 

receptor complex with the IL-1 receptor complex [5].  In a neuronal model system, TGF-
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β1 activation of NFκB could be recapitulated by the addition of a constitutively active 

type I receptor, ALK1 [6].  Another important modulator of NFκB signaling is 

transforming growth factor beta activated kinase-1 (TAK1), a MAPKKK member that is 

itself activated by TGF-β stimulation.  This particular kinase has been shown in various 

model systems to activate NFκB, in addition to having effects on downstream MAPK 

effectors such as p38 and JNK MAPK [7-9]. 

In addition, effects on non-canonical signaling are seen by the ability of TGF-β 

pathway components to activate p38 mitogen-activated protein kinases (MAPK).  In an 

NMuMg mouse mammary model, a mutant form of TβRI unable to phosphorylate 

downstream Smads demonstrated that TGF-β activation of p38 could occur independent 

of Smad signaling [10].  Phosphorylated p38 MAPK also has been shown to elicit 

increased activation of Smad2 [11].  In addition, TβRIII has been shown to activate p38 

MAPK activation in a ligand independent manner, and this activation is dependent on an 

intact cytoplasmic domain [12]. 

There is also crosstalk between the TGF-β and JNK MAPK pathways.  JNK can 

phosphorylate Smad3, which consequently leads to the potentiation of TGF-β dependent 

Smad3 activation and enhancement of Smad3 translocation to the nucleus.  In addition, 

stimulation of Mv1Lu cells with TGF-β leads to a biphasic activation of JNK; the peak of 

the first phase of activation occurs within a relatively rapid 10 minutes [13, 14].  JNK can 

also enhance TGF-β mediated Smad3 signaling through the phosphorylation of the 

linker region, further evidence that there is crosstalk between these pathways [15].  

Thus, JNK MAPK can impinge on the TGF-β pathway to modify TGF-β gene responses, 

while the rapid activation of JNK by TGF-β suggests a complementary Smad-

independent mechanism to elicit JNK-mediated downstream effects. 
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In addition to these effects, TGF-β can effect changes on Rho GTPases.  In 

particular, TGF-β stimulation can regulate the activation of GTPases involved in 

cytoskeletal organization, such as Cdc42 and RhoA.  In a prostate cancer cell line, TGF-

β stimulation induced a rapid 15-minute peak of activation of Cdc42 and a slightly longer 

time to peak activation of RhoA [16].  Similar results were found in NMuMg cells in which 

TGF-β stimulation led to a rapid induction of RhoA activation in as little as 5 minutes, 

with peak induction occurring at 15 minutes [17].  Effects on these GTPases have also 

been shown to occur in the absence of ligand stimulation.  In an ovarian cancer cell 

system, overexpression of TβRIII led to constitutive activation of both Cdc42 and Rac1 in 

the absence of exogenous ligand [18].  Coupled with the fact that these GTPases can 

regulate NFκβ and MAPK activity themselves [19], the complexity of the crosstalk 

among the above described pathways becomes clear, and likely accounts for the 

context-specific and highly variegated signaling and cellular functional effects seen 

across different biological systems. 

1.3  Effects of TGF-β on Cancer Biology 

The relative simplicity of the canonical TGF-β signaling pathway as outlined 

above belies the complexities of TGF-β-mediated biology. The TGF-β superfamily of 

growth factors influences a wide variety of biological processes in both normal and 

disease states.  Physiologically, TGF-β plays prominent roles in development, wound 

healing, and modulating immune system responses.  Subversion of these normal 

processes by TGF-β misregulation can contribute, for example, to abnormal fibrotic 

changes, immunosuppression, and carcinogenesis.  Underlying these systemic 

manifestations, TGF-β signaling is involved at the cellular level in the intricate regulation 

of proliferation, apoptosis, differentiation, extracellular matrix deposition, migration, and 
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invasion.  The following discussion examines the role of TGF-β signaling in cellular and 

systemic processes relevant to breast cancer development and progression.   

1.3.1  Regulation of Proliferation 

 Proliferation is perhaps the most well-characterized role for TGF-β in 

carcinogenesis.  Normally, TGF-β acts as a potent inhibitor of proliferation.  TGF-β 

activation leads to cell cycle arrest at the G1/S phase.  TGF-β signaling primarily 

impinges on proliferation through the upregulation of cyclins and the cyclin-dependent 

kinase inhibitors, including p15 [20] and p21 [21].   Furthermore, activation of TGF-β 

signaling represses c-myc [22], which itself has also been shown to be involved in the 

repression of p15 and p21 in a feedback loop [23]. 

During cancer progression, however, cells become resistant to TGF-β-mediated 

inhibition of proliferation and instead TGF-β can promote a malignant phenotype.  In the 

MDA-MB231 breast cancer cell line, as well as the Ras-transformed MCF-10A breast 

line, c-myc repression was found to be lost, in contrast to non-cancer breast cells.  

Importantly, inhibition of proliferation was found to be dependent on the binding of TGF-β 

activated Smad complexes to the c-myc promoter to repress transcription.  In these 

breast cancer models where c-myc repression was lost, this Smad complex binding was 

attenuated [24].  Resistance to TGF-β mediated inhibition of proliferation is seen in a 

gastric cancer model as well.  A panel of micro RNAs inappropriately overexpressed in 

gastric cancer were identified, and two of these were shown to inhibit the TGF-β 

mediated expression of p21 [25].  Thus, the loss of TGF-β mediated inhibition of 

proliferation can contribute to the progression of cancer. 
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1.3.2  Regulation of Apoptosis 

In addition to proliferation, another mechanism by which cell number can be 

controlled is apoptosis, or programmed cell death.  TGF-β mediates the induction of 

apoptosis in normal epithelia as well as in hematopoetic cells.  TGF-β and its family 

members influence prototypical regulators of apoptosis, including upregulation of the 

pro-apoptotic factors Bax and caspases [26, 27], and downregulation of the anti-

apoptotic Bcl-2 family members [28].  In hematopoietic cells, TGF-β activation of Smads 

leads to the transcriptional activation of the inositol phosphate SHIP, which itself acts to 

inhibit Akt-mediated cell survival [29].  DAP-kinase, a protein responsible for triggering 

downstream mitochondria-associated apoptotic factors, has also been shown to play a 

critical role in apoptosis triggered by TGF-β.  TGF-β stimulation leads to a Smad-

dependent transcriptional activation of DAP-kinase, which consequently leads to 

increased apoptosis [30].  In addition, in an example of a TGF-β receptor interaction that 

is involved in the regulation of apoptosis, TβRII has been shown to interact with the pro-

apoptotic protein Daxx, a protein that is associated with the Fas-receptor and JNK-

mediated programmed cell death.  Furthermore, the interaction of TβRII and Daxx is 

critical in mediating TGF-β induced apoptosis in hematopoietic cells [31]. 

Similar to inhibition of proliferation, TGF-β mediated regulation of apoptosis also 

undergoes a switch in cancer progression.  While TGF-β can modulate the tumor 

suppressor p53 by inducing p53 activity and consequent apoptosis in a Smad-

dependent manner [32], there is evidence in certain systems that TGF-β signaling in fact 

suppresses apoptosis [33].  In MCF-7 breast cancer cells, over-expressing dominant 

negative TβRII or treating with a TβRI inhibitor increased apoptosis compared to normal 

breast epithelia [34].  Furthermore, micro RNAs overexpressed in gastric cancer were 
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found to have inhibitory effects on TGF-β mediated activation of the pro-apoptotic 

mediater BIM, in addition to their negative effects on p21-mediate cell cycle arrest [25]. 

1.3.3  Regulation of Angiogenesis 

Tumorigenesis eventually reaches a point where the volume of the tumor begins 

to outstrip the ability of blood vessels supplying oxygen and nutrients to adequately 

supply the tumor’s increasing metabolic needs [35].  Angiogenesis is the process by 

which tumors recruit vasculature to meet these needs, and thus plays an important role 

in cancer progression.  This makes targeting angiogenesis an attractive strategy for 

pharmacotherapy; for example, the efficacy of bevacizumab, a monoclonal antibody 

directed against the angiogenic activator vascular endothelial growth factor (VEGF), in 

treating metastatic colon and non-small cell lung cancers validates the clinical utility of 

anti-angiogenic agents.  In concert with VEGF and other growth factors critical in 

angiogenesis, TGF-β plays an important role by upregulating their secretion into the 

cellular milieu.  TGF-β induces VEGF expression in a smooth muscle cell model [36].  In 

addition, TGF-β stimulation under hypoxic conditions was able to induce the expression 

of VEGF in a hepatoma line [37].  Similarly, a gene signature describing breast cancer 

cell lines whose metastases target bone revealed the overexpression of the pro-

angiogenic factor connective tissue growth factor (CTGF), and importantly this growth 

factor was expressed to a greater degree with TGF-β stimulation [38]. 

Along with upregulation of these growth factors, TGF-β also regulates the activity 

of endothelial cells responsible for the composition of the local vascular milieu.  

Recruitment of these vascular endothelial cells requires the breakdown of mature 

vessels and the basement membrane.  This process is mediated in part by the activation 

of matrix metalloproteinases (MMP’s), which enhance the migratory and invasive 
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abilities of endothelial cells necessary for angiogenesis.  TGF-β has been shown to be 

sufficient for the upregulation of TGF-β; in a breast cancer line, for example,  TGF-β 

upregulates MMP-9 to induce angiogenesis [39].  Vascular endothelial cells also exhibit 

a reduction in cell adhesion in response to TGF-β, contributing in yet another fashion to 

the pro-angiogenic function of TGF-β [40, 41].  Thus, TGF-β signaling triggers enhanced 

growth factor and endothelial cell activity in vitro. 

Additionally, TGF-β signaling is not only sufficient but critical in inducing 

angiogenesis in vivo in animal models and humans.  Overexpressing TβRIII, in part 

through an inhibition of TGF-β signaling through the sequestering of ligand, decreases 

angiogenesis in both the primary and metastatic tumor of an orthotopic breast cancer 

model [42].  Downregulation of TGF-β signaling as a result of the deletion of TGF-β 

signaling pathway components such as TβRI, TβRII, and TβRIII in mice leads to the 

appearance of vascular defects, particularly in embryonic development [43-46].  Genetic 

manifestations of aberrant TGF-β signaling can result in defects of angiogenesis.  

Mutations of the type III TGF-β receptor endoglin and type I receptor ALK-1 in humans 

are linked to defective vascular formation in hereditary hemorrhagic telangiectasia type 2 

(HHT-2) [47, 48].  In breast and lung cancer patients, elevated levels of circulating TGF-

β correlate with increased microvessel density and poor prognosis [49, 50].  Taken 

together, the above findings demonstrate that TGF-β signaling has a positive effect on 

angiogenesis. 

1.3.4  Regulation of the Immune System 

 Another facet that affects cancer progression is the systemic surveillance of 

cancer cells, for which the immune system is responsible.  One of the various roles that 

TGF- β plays is its modulation of the immune system.  TGF-β signaling has an overall 
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suppressive effect on the immune system, specifically on cellular immunity mediated by 

T-cells and antigen presenting cells (APCs).  TGF-β influences T-cell development at the 

level of both proliferation and differentiation.  TGF-β suppresses T-cell proliferation, as 

seen in CD4+ cells [51] and CD8+ cells [52], and promotes T-cell differentiation, as 

exemplified by the conversion of naïve CD4+CD25- T-cells to regulatory CD4+CD25+ T-

cells [53] and by the conversion of naïve T-cells to helper T-cells [54].  Given the 

intimate interaction between T-cells and APCs required for cell-mediated immunity, it is 

not surprising that TGF-β also regulates APCs themselves.  Mice with conditional 

dendritic cell knockout of a TGF-β-activating integrin lack regulatory T-cell activity and 

display an autoimmune phenotype in the colon [55].  TGF-β also inhibits macrophage 

activation [56] and Langerhans cell development [57]. 

Enhanced TGF-β activity, as seen for example with higher TGF-β levels 

associated with increased tumor burden, would therefore be predicted to promote 

immunosuppression.  This would create an environment whereby cancer cells could 

more effectively evade immune system surveillance.  Findings from mouse models are 

consistent with this notion.  Abrogation of TGF-β signaling through the use of transgenic 

dominant negative TβRII in either CD4+ or CD8+ T-cells are able to more effectively 

eliminate tumors derived from thymoma or melanoma cell lines [58].  In addition, deletion 

of Smad4 in T-cells of mice leads to an enhanced formation of gastrointestinal 

carcinomas [59].  In both breast cancer and colon cancer models, IL-17 secreted by 

CD8+ cells promotes tumor growth. This effect is enhanced with TGF-β as TGF-β 

signaling results in increased IL-17, and blockade of TGF-β signaling with neutralizing 

antibody in vivo reduces IL-17 expression and consequently increases apoptosis [60].  

Taken together, TGF-β signaling has a suppressive effect on the immune system; given 
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the role of the immune system in scavenging cancer cells and preventing tumorigenesis, 

enhanced local and systemic TGF-β levels associated with cancer progression serve to 

help tumors evade the body’s defenses. 

1.3.5  Regulation of Migration and Invasion 

The TGF-β signaling pathway is a key regulator of cellular migration and invasion 

through effects on cellular adhesion, motility, and the extracellular matrix.  In normal 

epithelia, TGF- β facilitates extracellular matrix deposition by increasing the biosynthesis 

of extracellular matrix proteins and by inhibiting the degradation of extracellular matrix 

proteins via upregulation of PAI-1 and TIMP-1 [61].  In the later stages of 

carcinogenesis, however, TGF-β fosters a permissive environment for migration and 

invasion by upregulating matrix metalloproteases (MMPs) and other enzymes that 

degrade extracellular matrix [62].  In an immunohistochemical analysis of breast tumors, 

TGF-β staining was concentrated at the tumor periphery as compared to the central 

tumor bulk [63], suggesting that TGF-β may play an important function in the invasive 

front of the tumor.  Furthermore, in a pre-neoplastic breast epithelial line, TGF-β 

triggered the transcriptional induction of MMP-2 [64] and MMP-9 [65].  Interestingly, 

while TGF-β modulates p53-mediated apoptosis as previously discussed, p53 affects 

TGF-β-mediated migration.  A p53 mutant was shown to downregulate TβRII and 

attenuate Smad2/3 phosphorylation, thereby decreasing migration in vitro [66]. 

TGF-β is an important regulator of epithelial-mesenchymal transition (EMT), 

whereby epithelial cells undergo a morphological and phenotypical change.  This occurs 

in both normal and pathological processes, including embryonic differentiation, tissue 

development, and carcinogenesis.  Important in this process is the cells assumineg a 

more motile and invasive characteristic [67].  There are numerous cell types in which 
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TGF-β alone can enhance motility and invasion in this manner, including normal 

mammary epithelia [68, 69], breast cancer [70], pancreatic cancer [71], endothelial cells 

[72], and heart tissue [73].  The changes that take place after TGF-β activation differ by 

cellular context, but common traits shared among these tissues is a loss of cell-cell 

junctions, as well as a reorganization of the actin cytoskeleton to elicit a more motile 

phenotype.  That TGF-β stimulation alone can induce the motility phenotype begs the 

question of whether downstream Smad activation is itself sufficient to propagate this 

signal.  Indeed, in some contexts, this is the case.  Activated Smad4 is essential for 

increasing migration associated with TGF-β induced EMT in pancreatic cancer [74], and 

the same requirement of Smad4 is similarly seen in a breast cancer model [75].   

However, given the significant crosstalk with other pathways, it is not surprising to note 

that in certain other cellular contexts, non-Smad pathways are often required for this to 

occur.  The p38 MAPK pathway has been shown to be required for EMT in the NMuMg 

breast cancer model [76, 77] with pharmacological inhibition of p38 MAPK abrogating 

TGF-β mediated EMT.  In another breast cancer model system, NF-κB activation was 

required for TGF-β induced EMT [78].  ROCK/Rho signaling, an important mediator of 

cytoskeletal reorganization in its own right, has also been shown to be critical for the 

increased motility seen with TGF-β induced EMT, as inhibition of this pathway through 

dominant negative RhoA expression blocked TGF-β induced EMT [17]. 

What has become increasingly clear is that TGF-β signaling within the epithelia is 

not the only factor at play in the physiological context of cell migration and invasion.  

Indeed, in addition to the EMT that occurs with the cells themselves, contributions of the 

surrounding stroma have received increasing attention and study.  From the deposition 

and breakdown of the extracellular matrix in which the epithelia reside, to the release of 
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paracrine cytokines and growth factors, fibroblasts take part in a complex interplay with 

the parenchyma.  Generally, fibroblasts tend to keep their associated epithelia in check, 

with increased TGF-β signaling to the fibroblasts leading to the regulation of growth 

factor release and extracellular matrix reorganization hostile to tumorigenesis and local 

invasiveness.  In a prostate cancer model, abrogation of TGF-β signaling through the 

use of dominant negative TβRII leads to prostatic intraepithelial neoplasia (PIN) [79].  

Similar use of dominant negative TβRII in a breast cancer model led to a 

hyperproliferative and more invasive mammary carcinoma, with concomitant 

enhancement of secretion of growth factors TGF-α, MSP, and HGF and consequent 

activation of their cognate receptor tyrosine kinases [80]. 

As a cancer develops, fibroblasts can undergo a transdifferentiation into 

myofibroblasts in a TGF-β dependent manner [81].  Myofibroblasts facilitate tumor 

development and can play a significant role in stromal-epithelial interactions not only 

through the enhanced generation of matrix metalloproteinases and growth factors, but 

also in their ability to guide epithelia motility, thus enhancing migration and invasion of 

tumor cells.  Conditioned media from myofibroblasts of colon tissue enhanced the 

migratory ability of epithelial cells in vitro, and increased TGF-β3  secretion by the 

myofibroblasts induced this effect [82].  Myofibroblasts themselves are more motile than 

fibroblasts, and this presumably facilitates myofibroblast invasion to localize with the 

burgeoning tumor to facilitate tumor escape.  TGF-β signaling also plays a role in 

potentiating this myofibroblast motility, as co-culture of colon cancer cells secreting TGF-

β enhances myofibroblast migration and invasion in Matrigel [83]. Further examination of 

the parenchymal-stromal will potentially yield a more intricate understanding of the 

enhancement of migration and invasion in tumorigenesis and metastasis. 
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Table 1:  Summary of TGF-β functions 

Function General effect of TGF-β signaling 

Proliferation ↓ 

Apoptosis ↑ 

Angiogenesis ↑ 

Immune surveillance ↓ 

Migration ↑ 

Invasion ↑ 

 

1.4  TGF-β in Cancer Progression 

1.4.1  TGF-β pathway alterations in cancer 

The cellular and systemic activities of TGF-β take on great clinical and 

therapeutic significance in the face of evidence that most human cancers exhibit 

alterations in the TGF-β signaling pathway.  All three TGF-β receptors display evidence 

of mutation, deletion, or reduced protein expression with corresponding implications for 

tumor biology and clinical prognosis.  Inactivating TβRI mutations are associated with 

advanced stages of breast cancer [84, 85], and are seen with frequency of up to one-

third in ovarian cancers [86].  Loss of TβRI expression in prostate cancer is associated 

with tumor stage, Gleason score, and decreased 4 year survival rate [87].  Reduced 

expression or inactivating mutation of TβRII receptor has been observed in some breast 
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and colon cancers [88, 89].  Loss of TβRII expression in hyperplastic breast lesions is 

associated with an increased risk of invasive breast cancer [90], while reduced TβRII 

expression is associated with higher tumor grades [91].  TβRIII displays reduced 

expression in breast, prostate, and ovarian cancers, as well as in kidney, pancreatic, and 

lung cancers [42, 92-96]. 

In addition to mutations or changes in expression of receptors, changes in Smad 

levels have also been seen across different cancers.  Germline mutations of Smad4 are 

seen in up to 50% of patients with the hereditary disorder juvenile polyposis, a condition 

predisposing patients to colon cancer [97]; mouse models consistent with this link are 

seen in heterozygous Smad4 knockout mice demonstrating increased gastrointenstinal 

polyp formation [98].  Examination of a panel of pancreatic adenocarcinomas similarly 

revealed allelic loss of Smad4 [99].  Mutations or loss of the receptor Smads, Smad2 

and Smad3, have also been reported in certain colon, lung, and gastric tumors, though 

the clinical significance of these mutations has not been as well-established as Smad4 

[100-102].  Finally, alterations in Smad signaling components that negatively regulate 

TGF-β signaling reveal further clinical findings consistent with those of loss of function of 

Smad4 , Smad2 and Smad3.  Lower levels of the inhibitory Smad7 predicted better 

disease-free survival in colon cancer patients, while Smad7 duplication showed a 

decrease in disease-free survival [103].  Similarly, lower levels of Smurf2 predicted 

better survival rates, and high levels of Smurf2 expression were predictive of local 

invasiveness and lymph node metastasis in esophageal cancers [104]. 

TGF-β ligand expression is elevated in the late stages of a wide variety of 

cancers, including breast, colon, lung, gastric, pancreatic, and hepatic carcinomas [105].  

With regards to downstream mediators, microarray analysis of human breast carcinomas 
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reveals that decreased levels of phosphorylated Smad2 are associated with decreased 

survival times in patients with stage II breast cancer [106].  Notably, a plethora of 

evidence points to TGF-β as a major player in breast cancer progression.  Increasing 

circulating TGF-β levels are correlated with advancing stages of breast cancer [107], and 

elevated TGF-β levels, as well as those of the family member BMP-7, are prognostic of a 

poorer outcome for breast cancer patients [108, 109].  After surgical removal of 

cancerous breast tissue, circulating TGF-β levels decline, suggesting that reduced tumor 

burden leads to a decrease in TGF-β secretion [110].  In addition, an aggressive 

subpopulation of breast cancers featuring increased invasion and poorer outcome was 

associated with increased TβRII expression and TGF-β activation [111].  These findings 

demonstrate that increased TGF-β levels or activity are associated with later stages of 

breast cancer and less favorable prognoses. 
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Table 2:  Summary of TGF-β alterations 

TGF-β  pathway 
component Tumor type Alteration Clinical outcome 

TGF-β 

breast, colon, 
lung, gastric, 
pancreatic, 

hepatic 

↑ expression 

metastasis, 
lymph node 
metastasis, 
↓ survival 

TβRI breast, prostate ↓ expression, 
inactivating mutation 

↑ tumor grade, 
↓ survival 

TβRII breast, colon, 
lung 

↓ expression, 
inactivating mutation 

↑ tumor grade, 
↓ survival 

TβRIII 
breast, prostate, 

ovarian, lung 
pancreatic, kidney 

↓ expression ↑ tumor grade, 
↓ survival 

Smad2 colon, lung inactivating mutation none observed 

Smad3 gastric ↓ expression none observed 

Smad4 pancreatic, colon ↓ expression, 
inactivating mutation ↑ tumor grade 

Smad7 colon ↑ expression ↓ survival 

Smurf2 esophogeal ↑ expression ↓ survival 
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Figure 2:  Alterations in the TGF-β signaling pathway in breast cancer. 

The progression of human breast cancer is linked to changes at different levels of the 
TGF-β signaling cascade, from the levels of TGF-β ligand and its cognate receptors to 
the expression and activation of the downstream signaling mediator Smads. 

 

Taken together with our current understanding of the biology of TGF-β signaling, 

these findings are seemingly paradoxical.  Losses or deficiencies in TGF-β signaling are 

associated with increasingly malignant tumors, suggesting that decreased TGF-β 

signaling output is associated with advancing stages of cancer and that TGF-β acts as a 

tumor suppressor.  Increased TGF-β levels, however, are also associated with increased 

tumor progression and poorer survival, suggesting that TGF-β promotes tumorigenesis.  

This dichotomy of TGF-β activity remains a central and fundamental focus of 

investigation.  Delving into the intricacies of the complex interplay of tumor-suppressing 

and tumor-promoting activities is critical to our eventual understanding of TGF-β in 
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cancer and, importantly, in developing sound therapeutic strategies in breast cancer 

treatment. 

1.4.2  Changes in TGF-β responsiveness – dichotomy of TGF-β 
signaling 

The dichotomy of TGF-β signaling, whereby TGF-β has opposing effects in early 

versus late carcinogenesis, remains one of the mostly critically examined questions in 

studies of the multifaceted cytokine.  As described above, alterations in specific 

components of the TGF-β signaling pathway can contribute to changes in TGF-β 

signaling during carcinogenesis.  In addition to this, the dichotomy of TGF-β-mediated 

effects is explained by the observation that cells develop altered responsiveness to TGF-

β or sensitivity to TGF-β signaling.  Indeed, though the previously mentioned alterations 

in TGF-β signaling pathway components are found in various types of cancer, breast 

cancer is actually more likely to be associated with subtle alterations in cellular 

responses downstream of the receptors and effectors of TGF-β signaling.  The majority 

of breast cancers is not associated with overt loss of function or expression of TβRII or 

TβRI, while TβRIII is lost at both the mRNA and protein levels in the progression from 

early to late stages of breast cancer in a majority of cancers [42].  Smads, including 

Smad2 and Smad4, are also not frequently mutated in human breast cancer [106, 112]. 

Indeed, the scaffolding of the TGF-β signaling pathway remains largely intact in 

human breast cancers.  What ultimately determines TGF-β’s role during cancer 

progression—tumor suppression or tumor promotion—is the milieu and time point in 

which cells are exposed.  Generally, TGF-β tends to act in a tumor suppressor role in 

normal tissue and in early carcinogenesis but as a tumor promoter in the later stages of 

carcinogenesis.  Studies in animal models support this dual, context-dependent role for 
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TGF-β in various cancer models.  In a skin cancer model, chemical promotion and 

initiation of tumor was induced with DMBA/TPA treatment on the skin of transgenic TGF-

β mice.  These mice exhibited a decrease in the number of benign skin papilloma 

formation, as would be expected in TGF-β’s tumor suppressive role as an inhibitor of 

proliferation.  However, these mice went on to sustain a higher degree of conversion to 

malignant lesions, along with a great incidence of spindle cell carcinomas, 

demonstrating a switch in TGF-β’s behavior to that of a tumor promoter [113].  Targeted 

mammary expression of dominant-negative TβRII in the context of chemically-induced 

breast cancer enhanced the tumorgenicity of both mammary and pulmonary tumors 

[114].  In contrast, expression of dominant-negative TβRII in a mouse model of 

oncogenic Neu-driven breast cancer decreased tumor but decreased lung metastatic 

potential [115].   Targeted expression of activated TβRI in the mammary glands of 

oncogenic Neu mice elicited yet another response: delayed initial tumor onset but 

increased lung metastasis [115].  

The precise mechanisms underlying the switch in the functional effects of TGF-β 

signaling remain unclear.  An attractive possibility is that early tumor epithelia become 

gradually more resistant to the anti-proliferative effects of TGF-β, effectively driving an 

anomalous feedback cycle that increases TGF-β signaling.  This TGF-β signaling 

eventually leads to autocrine and paracrine effects, both on the adjacent epithelia and 

the extracellular environment.  In an increasingly unregulated fashion, TGF-β signaling 

ramps up to a critical point at which it becomes pro-oncogenic. 

In this context, it should be noted that TGF-β effects depend not only on the 

epithelia in situ but also the surrounding extracellular matrix.  The differential effects of 

TGF-β in epithelial versus mesenchymal cells is long-established, but more intense 
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study of the interplay between the tumor and its microenvironment has been undertaken 

only recently [116].  Stromal secretion of TGF-β contributes to the inhibition of 

proliferation and tumor progression in the epithelia [79].  Changes in stromal TGF-β 

signaling can also dictate cancer progression and the balance of oncogenic potential.  

One study demonstrated, for example, that fibroblasts lacking TβRII are able to induce 

an invasive phenotype in adjacent carcinomas, featuring increased proliferation rate, 

greater angiogenesis, and reduced apoptosis [80].  Furthermore, TβRII-null fibroblasts 

grafted into the mammary fat pads of wild-type mice induced epithelial changes in the 

new local microenvironment [80]. 

This interplay between the stromal and epithelial compartments lends credence 

to another explanation for the functional dichotomy of TGF-β in cancer progression.  In 

this model, the carcinoma in situ derived from an epithelial cell type acquires traits of a 

mesenchymal cell in the process of EMT.  Epithelial cells are characterized by a low 

level of motility, enhanced cell-cell contact, and flattened morphology.  In contrast, 

mesenchymal cells exhibit relatively higher levels of motility and invasiveness, 

decreased cell-cell contact, and a spindle-like morphology.  A subset of cancer cells at 

the primary site switch to a more mesenchymal phenotype.  The more invasive 

mesenchymal cells can then break through the immediate extracellular matrix, including 

the basement membrane, greatly facilitating  metastasis to secondary sites [67].  

Interestingly, differences in TGF-β signaling in epithelial cells and mesenchymal cells 

parallel those of early and late carcinogenesis; that is, TGF-β in epithelial cells inhibits 

proliferation, migration, and invasion, whereas TGF-β tends to promote these processes 

in mesenchymal cells.  We have found that TβRIII modulates the EMT-associated 

migration and invasion of pancreatic carcinomas.  Specifically, during EMT TβRIII 
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expression decreases, and either membrane-bound or soluble TβRIII can inhibit this 

EMT-associated migration and invasion [95].  Evidence also implicates TGF-β and EMT 

in breast cancer progression.  In one model, TGF-β induced EMT and consequent 

migration in a PI3K-dependent manner [117].  In another cell culture model of breast 

cancer, dominant negative TβRII was associated with a decrease in tumor progression 

with concomitant inhibition of EMT [118].  Thus, the EMT model presents an attractive 

explanation for the dichotomy of TGF-β signaling. 

Importantly, alterations in cells’ responsiveness to TGF-β do not occur in a 

vacuum.  As described by Hanahan and Weinberg, there are multiple hallmarks of cell 

behavior that distinguish normal from cancer cells, including the evasion of apoptosis, 

growth signal self-sufficiency, insensitivity to anti-growth signals, sustained angiogensis, 

limitless replicative potential, and tissue invasion and metastasis [119].  Mindful of these 

changes during carcinogenesis, one must consider that alterations in other key 

mediators of oncogenesis impact TGF-β signaling.  For instance, TGF-β counteracts 

mitogenic signals of epithelial cells through inhibition of proliferation under wild-type 

conditions, and by abrogation of TβRII alone, a hyperproliferative phenotype is 

observed.  However, in cells made premalignant with KRAS oncogene expression, TGF-

β’s role as a mediator of apoptosis becomes dominant, and abrogation of TβRII leads to 

a decrease in apoptosis and consequently enhances squamous cell carcinoma 

development [120].  In addition, an examination of metastatic breast cancer cells 

demonstrate intact TGF-β signaling components, while half of these samples 

demonstrate insensitivity to TGF-β mediated inhibition of proliferation through the 

induction of p15 and repression of c-myc.  This deficiency in this subset of cells was 

found to be caused by an increase in a dominant negative isoform of the transcription 
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factor C/EBPβ, the aberrant expression of which causes a coordinate dysregulation of 

proliferation regulation [121].  Thus, differential effects of TGF-β in neoplastic disease 

versus normal cellular contexts must take into account the changes in the intracellular 

makeup of the cell that occur during cancer progression. 
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Figure 3:  The dichotomy of TGF-β in tumor progression 

In early carcinogenesis, TGF-β plays a tumor suppressive role, affecting among other 
processes proliferation, and extracellular matrix deposition.  TGF-β becomes tumor 
promoting, and can do so through two generalized alternatives.  Components of the 
TGF-β signaling pathway can be lost or mutated (e.g., loss of Smad expression or cell 
surface receptor mutation), or cancer cells can subvert the functional effects of TGF-β 
tumor suppression and create an environment whereby TGF-β becomes tumor 
promoting.  Adapted from Massague, 2008 [122]. 

 

1.4.3  TGF-β as a target for breast cancer therapy 

Efforts are underway to target the TGF-β pathway for the prevention or treatment 

of breast cancer.  Unlike other targeted therapies, however, the therapeutic strategy for 

TGF-β is not straightforward.  The complex and sometimes diametrically opposed 

aspects of TGF-β signaling render the outcome of TGF-β inhibition difficult to predict.  
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Nevertheless, the varying degrees of success in initial forays into this field of TGF-β 

targeted therapy have laid the groundwork for more promising approaches. 

Given the observed anti-proliferative effect of TGF-β in early carcinogenesis, one 

potential strategy for preventing the initiation or progression of early stage breast cancer 

is to functionally increase local TGF-β signaling.  TGF-β seems to play an inhibitory role 

in the early stages of hormone-dependent breast cancers in particular [123].  In fact, 

tamoxifen use in ER-positive breast cancers augments TGF-β secretion and consequent 

growth inhibition [124].  In addition, a human breast cancer line treated with a histone 

deacetylase inhibitor displayed increased expression of TβRII, consequent downstream 

TGF-β signaling, and inhibition of cancer cell proliferation [125]. 

 Despite these telling findings, to date no definitive evidence demonstrates high 

efficacy in directly exploiting the early anti-proliferative effects of TGF-β.  The difficulties 

in employing a strategy of functionally increasing TGF-β signaling for prevention and 

treatment of early breast cancer are compounded by the contrasting role of TGF-β in 

later stages of cancer.  Given that several models suggest that primary tumors initially 

inhibited by TGF-β signaling eventually give rise to more aggressive and malignant 

tumors, some serious considerations must be made.  First, what constitutes an “early 

stage” of breast cancer in the spectrum of TGF-β function must be defined so as to avoid 

a scenario in which artificially enhanced TGF-β signaling unintentionally becomes tumor- 

promoting.  The association of stage or grade with TGF-β functionality has not yet been 

rigorously established.  Second, the present benefit of TGF-β-mediated delay in tumor 

onset must be weighed against the future risk a more aggressive tumor phenotype.  The 

risk-benefit ratio for each individual patient would need to account for improvements in 



 

27 

morbidity and quality of life as well as the availability and efficacy of treatment strategies 

for the contingency of an increasingly aggressive tumor. 

 In comparison to the complications inherent to exploiting TGF-β’s tumor 

suppressing role in early carcinogenesis, the approach of targeting increased TGF-β 

signaling in later stages of cancer is much more straightforward.  A number of 

therapeutic strategies designed to inhibit TGF-β signaling locally or systemically are 

currently being evaluated.  

One attractive strategy for targeting breast carcinomas directly, one exploits the 

fact that both TβRI and TβRII are receptor kinases whose downstream effects are 

mediated by the phosphorylation of their target residues.  High-throughput screening for 

specific activity against the TβRI and TβRII kinase domains have identified many 

promising small molecule inhibitors.  A few compounds, including SB-431542, SB-

505124, and SB-203580, have been shown to specifically inhibit TβRI with consequent 

inhibition of proliferation, angiogenesis, motility, and TGF-β-dependent transcription 

[126-128].  Another small molecule inhibitor, Ki26894, has been shown to selectively and 

effectively inhibit TGF-β responsiveness in a breast cancer-specific assay.  In a 

xenograft mouse model of a highly metastatic human breast cancer cell line, application 

of Ki26894 significantly inhibited metastatic potential and prolonged survival time [129].  

Continued small molecule discovery combined with testing in preclinical trials promises 

to expand the possibilities of carcinoma-directed TGF-β therapy. 

A complementary approach for TGF-β inhibition is based on limiting the 

bioavailability of the TGF-β ligand itself.  Increased circulating serum TGF-β levels are 

correlated with increasing tumor grade [105], making the attenuation of TGF-β ligand 

another avenue of intense investigation.  At the cellular level, increased availability of 



 

28 

TGF-β for autocrine and paracrine signaling is thought to contribute to tumor-promoting 

activity, and TGF-β mediates important interplay between the epithelial and stromal 

compartments in the tumor microenvironment [116].  The use of neutralizing antibodies 

to sequester TGF-β ligand has yielded encouraging results.  One such antibody has 

been used in a mouse xenograft model to abrogate TGF-β-mediated tumor progression 

and metastasis of the human breast cancer line MCF-7 [130], with similar results 

reported using another human cancer line MDA-MB231 [131].  Another way to sequester 

TGF-β ligand is to utilize soluble forms of the cognate TGF-β receptors which, when 

circulated, bind to free serum TGF-β and prevent signaling to cell surface receptors.  A 

soluble form of recombinant TβRII has been used to inhibit breast cancer progression in 

a mouse model, both increasing apoptosis in the primary tumor and decreasing 

pulmonary metastatic potential [132].  Similarly, introduction of a soluble recombinant 

TβRIII reduced metastasis and angiogenesis in a xenograft of a human breast cancer 

line [133].  Importantly, soluble TβRIII affects other important mediators of breast cancer 

progression, including apoptosis [134], migration, and invasion [42]. 

In addition to carcinoma-directed strategies, therapies are now increasingly 

geared towards modulation of TGF-β specifically in the immune system.  As TGF-β 

signaling suppresses the immune system in general and cell-mediated immunity in 

particular, an approach inhibiting TGF-β signaling in the immune compartment would be 

predicted to bolster immune surveillance of rogue cancer cells.  In experiments 

demonstrating proof-of-principle using a syngeneic mouse model, expression of 

dominant negative TβRII in T-cells led to a marked decrease in metastases of murine 

melanoma and lymphoma lines [58].  In another experiment, CD8+ T-cells were 

sensitized in a nude mouse xenograft model of prostate cancer, manipulated to express 
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dominant negative TβRII, and then re-introduced into the mice.  Remarkably, 

introduction of modified T-cells reduced metastasis compared to introduction of 

unmodified control T-cells [135].  These results illustrate the significant role of TGF-β in 

the interplay between tumor and cell-mediated immunity.  Further, continued research 

into immune-targeted approaches for breast cancer therapy is justified, with 

simultaneous consideration for the undesired side effects of immunosuppression. 

Because TGF-β’s sometimes antithetical effects depend on temporal and spatial 

context, a straightforward approach to utilizing TGF-β-modulating chemotherapeutic or 

biologic agents in the treatment of breast cancer is unlikely.  However, initial preclinical 

investigations reveal opportunities which may be exploited to enhance the mode and 

timing of treatment.  As our understanding of TGF-β signaling in proliferation, apoptosis, 

migration, invasion, angiogenesis, and immune system modulation continues to 

advance, so will our knowledge of how these diverse biological processes are implicated 

in breast cancer progression.  As further efforts reveal the nuances of the TGF-β 

pathway, a wider range of successful therapeutic strategies will be developed.  TGF-β-

targeted therapies that minimize serious side effects while selectively and potently 

targeting breast cancer cells will add alternatives to traditional therapies to the clinician’s 

armamentarium. 
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1.5  The Type III TGF-β Receptor 

 

 

Figure 4:  The Type III TGF-β receptor (TβRIII) 

 

The type III TGF-β receptor (TβRIII, also known as betaglycan) is a member of 

the family of TGF-β signaling receptors.  It is an 851 amino acid cell surface receptor 

characterized by chondroitin sulfate and heparan sulfate proteoglycan chains found on 

the extracellular portion of the protein [136, 137].  TβRIII also has a short cytoplasmic tail 

(42 amino acids) that contains no known intrinsic kinase activity, suggesting that it 

cannot directly phosphorylate downstream mediators of signaling like TβRI or TβRII.  

However, the cytoplasmic domain does contain residues that are important for its 

interaction with scaffolding proteins, including β-arrestin2 as well as GAIP-interacting 

protein C-terminus (GIPC) [138, 139].  TβRIII is found ubiquitously in epithelial cells and 

is the most abundant and ubiquitously expressed TGF-β superfamily coreceptor.  TβRIII 
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binds to a variety of ligands, including all three TGF-β isoforms (TGF-β1, TGF-β2, and 

TGF-β3), along with FGF, inhibin, activin, BMP-2, BMP-4, and BMP-7 [140-142]. TGF-β 

has classically been regarded as a co-receptor which presents ligand to the TβRI/TβRII 

receptor complex [143].  However, evidence points increasingly to a role for TβRIII in 

TGF-β signaling that is more complex than might appear at first glance.  TβRIII is shed 

into the extracellular matrix as a soluble form cleaved from its short cytoplasmic domain 

[137], and this process has been shown to be mediated in part by MMP-1, a matrix 

metalloprotease [144].  This shed form of TβRIII has been shown across different 

models, including in breast and prostate xenograft models, to reduce downstream TGF-β 

signaling through the sequestration of ligand [133, 145].  Precisely how TGF-β signaling 

is modulated by TβRIII has yet to be fully defined. 

Even though TβRIII has no signaling motif itself, recent studies suggest that 

TβRIII has essential, nonredundant roles for in regulating signaling through and 

independent of TβRI [141].  Knockout mouse models of TβRIII demonstrate TβRIII-null 

embryos that die on embryonic day 16.5, exhibiting defects in hepatic and 

cardiovascular development [146].  TβRIII has also been demonstrated to have an 

essential role in EMT during the development of endocardial cushion in chicks [46].  

Similarly, TβRIII is critical in mediating differential TGF-β responses in gastrointestinal 

cells [147]. 

 Mutations of TβRIII arising in patient tumor samples have not been reported, but 

altered expression of TβRIII has been well documented.  In a minority of tumor types, 

increased TβRIII is associated with higher tumor grade, typically in liquid tumors 

examined.  Non-Hodgkin’s lymphomas with high grade are associated with increased 

expression of TβRIII at the message level [148].  Gene expression arrays also revealed 
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upregulation of TβRIII in B-cell chronic lymphocytic leukemias (B-CLL) compared to 

normal B-cells [149].  However, the overwhelming evidence demonstrates loss of TβRIII 

with cancer progression across different tumor types.  A decrease in TβRIII levels is 

seen in prostate cancer and is correlated with increasing tumor stage [92], while patients 

with non-small cell lung carcinomas having low TβRIII expression exhibit increasing 

tumor grade and disease progression [96].  Similarly, ovarian and pancreatic cancers 

with decreased TβRIII expression correlate with increasing tumor grade [93, 95].  In 

addition, staining of patient biopsies of endometrial adenocarcinomas demonstrated 

progressive loss of message and protein levels of TβRIII as neoplasias became more 

poorly differentiated [150].  Finally, renal cell carcinomas (RCC) exhibited loss of TβRIII 

at the message level compared to patient-matched normal renal tissue [94].  

In sum, TβRIII plays a role in the modulation of TGF-β signaling through an 

incompletely understood process.  This modulation of TGF-β signaling is critical and 

non-redundant.  Furthermore, changes in TβRIII expression are seen in a wide variety of 

cancers, with loss of TβRIII expression being the overwhelming alteration observed 

particularly in solid tumors.  Taken together, given that modulation of TGF-β signaling 

and changes in responsiveness to TGF-β in target cells underlie many of the phenotypes 

observed in breast cancer progression, the question of TβRIII’s functional role in breast 

cancer progression naturally follows.  In this dissertation, I examine the role of TβRIII in 

breast cancer progression, particularly as it relates to mediating migration, invasion, and 

metastatic potential. 
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2.  TβRIII as a suppressor of breast cancer progression 
This is a modified version of a paper published in the JCI, which I contributed to 

by assisting with experimental design, as well as technical assistance and data analysis.  

Dong M., et al., The type III TGF-beta receptor suppresses breast cancer progression. J. 

Clin. Invest., 2007. 117(1): p. 206-217.  [42] 

2.1  Introduction 

Transforming growth factor-β (TGF-β) is a member of a superfamily of cytokines 

involved in regulating and mediating a variety of normal and pathological processes, 

including wound healing, fibrosis, and cancer progression [61, 151].  In the context of 

breast cancer, TGF-β plays important roles in both normal and pathological processes.  

In normal mammary epithelial cells, TGF-β functions in ductal and glandular 

development as an inhibitor of proliferation [152].  In mammary carcinogenesis, TGF-β 

initially acts as a tumor suppressor, as supported by murine models in which 

overexpressing TGF-β suppresses tumor formation [153] and a chemically-induced 

breast cancer mouse model in which overexpressing a dominant negative TβRII 

enhances tumor progression [114].  Throughout breast cancer development, however, 

cells become increasingly resistant to the antiproliferative effects of TGF-β, and TGF-β 

then functions as a tumor promoter.  Indeed, dominant-negative TβRII decreased lung 

metastatic potential in oncogenic Neu mice, while targeted expression of activated TβRI 

in the mammary glands increased lung metastases [115]. 

Changes in expression of specific TGF-β pathway components can contribute to 

breast cancer progression.  For example, loss of TβRII expression correlates with high 

tumor grade and tumor invasiveness in early cancer progression [90, 91], while in later 
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stages, increased TGF-β levels in breast cancer patients correlate with poor prognosis 

[108].  We have shown that TβRIII specifically is downregulated in a variety of cancers, 

including non-small cell lung, ovarian, pancreatic and prostate cancer models [92, 93, 

95, 96].  Concomitant with these changes in TβRIII expression, enhancement of 

migration, invasion, and tumor progression have also been demonstrated.  Given the 

wide variety of cancers in which loss of TβRIII expression is seen in cancer progression, 

we sought to define the role of TβRIII in breast cancer progression. 

2.2  Materials and Methods 

TβRIII gene expression analysis on cDNA filter array.  A filter array containing 

normalized cDNA from 50 breast cancers and corresponding normal tissues (Cancer 

Profiling Array; Clontech; Takara Bio Co.) was probed with 32P-labeled cDNA probes for 

TβRIII following methods recommended by the manufacturer.  In the 50 breast cancer 

samples, 33 were ductal carcinoma, 10 were lobular carcinoma, and 2 were tubular 

carcinoma; the remaining samples consisted of 1 each of mixed lobular/ductal 

carcinoma, medullary carcinoma, mucinous adenocarcinoma, fibrosarcoma, and DCIS.  

The TβRIII cDNA probe was PCR amplified using the forward primer 

GTAGTGGGTTGGCCAGATGGT and reverse primer CTGCTGTCTCCCCTGTGTG.  

Purified PCR products (25 ng) were labeled by random primsed DNA labeling using α-

32P-dCTP following the manufacturer’s protocol (Roche Diagnostics).  Labeled cDNA 

probe was purified on a BD CHROMA SPIN+STE-100 column (BD Biosciences – 

Clontech).  Images were acquired using a phosphorimager, and subsequent data 

analysis was performed using NIH ImageJ software (http://rsb.info.nih.gov/ij/).  A 

normal/tumor ratio of 2 or higher was considered to be significant. 
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Breast cancer tissue array.  A polyclonal antibody recognizing TβRIII protein was custom 

made by immunizing rabbits with a GST-fusion protein of the entire cytoplasmic domain 

of human TβRIII.  The IgG fraction of pre-immune and immune rabbit serum was 

collected using Immuno-Pure IgG Purification kit (Pierce Biotechnology), and the 

specificity of the antibody was established by comparing staining of the breast cancer 

tissue arrays (Cooperative Breast Cancer Tissue Resource; National Cancer Institute) 

with preimmune serum and with the immune serum under identical conditions, by the 

specific pattern of staining of cells known to express TβRIII (breast epithelial cells) and 

lack of staining of cells known not to express TβRIII (lymphocytes), and by Western blot 

deparaffinized, rehydrated, treated with 3% hydrogen peroxide, and then blocked with 

10% goat serum.  The arrays were incubated with anti-TβRIII antibody overnight at 4°C, 

washed in PBS, and further incubated with HRP-conjugated anti-rabbit IgG (Vector 

Laboratory).  Counterstaining was performed using hematoxylin.  As a negative control, 

duplicate sections were immunostained with IgG purified from prebleed rabbit serum.  

The immunoreactivity for TβRIII in breast epithelial and breast cancer cells was relatively 

uniform within a specimen and was thus semiquantitatively scored by staining intensity 

in a blinded manner with 0-1 defined as no or weak staining, 2-3 as moderate staining, 

and 4-5 as intense staining.  Standards for each staining score were used to maintain 

consistent scoring across specimens. 

Cell culture and reagents: 4T1 cells stably transfected with the luciferase gene under 

puromycin selection were generously provided by MW Dewhirst (Duke University).  

MDA-MB231 cells were obtained from ATCC. 
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Fibronectin migration and Matrigel invasion assays.  Fibronectin (Calbiochem) was 

coated on transwells (Costar) at a concentration of 50μg/mL in serum-free DMEM, while 

Matrigel transwells (BD Biosciences) were preincubated with serum-free DMEM for 2 

hours at 37°C.  For migration assays, 50,000 cells were plated in 200µL of serum-free 

DMEM in the upper chamber; for invasion assays, 200,000 cells were plated in 200µL of  

and allowed to migrate for 24 hours towards 600µL of 10% FBS in DMEM.  Cells on the 

upper surface were scraped with a cotton swab, and wells were stained with 3 Step 

Stain Kit (Richard-Allen Scientific).  Filters were then mounted on microscope slides with 

Vectamount (Vector Laboratories).  Three random fields on each filter were counted.  

Cells were plated in duplicate, and each experiment was conducted at least three times. 

TGF-β binding and crosslinking assay.  For cell media, we incubated 100 pM 125I-TGF-

β1 with 500 uL of the cell medium in the presence of protease inhibitors for 3 hours at 

4°C.  The 125I-TGF-β1-sTβRIII complex was then crosslinked with 0.5 mg/mL 

disuccinimidyl suberate and immunoprecipitated with a polyclonal antibody recognizing 

the extracellular domain of TβRIII (R&D Systems).  The final complex was visualized 

after SDS-PAGE and autoradiography. 

 

In vivo metastasis.  Animal procedures were approved by the Institutional Animal Care 

and Use Committee of Duke University.  Empty vector pcDNA3.1-neo and TβRIII lines 

were generated by transfecting 4T1 cells with Lipofectamine 2000 (Invitrogen), further 

selected with G418, and confirmed by 125I-TGFβ binding and crosslinking as previously 

described [42].  25,000 cells were injected into the right axillary mammary fat pad of 6-

week old virgin female Balb/c mice.  The resulting primary tumors were excised, 

weighed, and measured with calipers (volume calculated by 0.52 x length x width2).  
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Bioluminescent imaging with intraperitoneal injections of 150μg/g luciferin (Xenogen) 

was conducted with an IVIS camera (Xenogen) every three days.  Regions of interest 

were defined automatically, and luciferase units expressed as photons/s/cm2/steradian.  

Background signal was defined by imaging a mouse without luciferin.  Mice were 

sacrificed at the end of the study, organs visually inspected, and samples of interest 

preserved for immunohistochemical analysis. 

 

Immunohistochemistry.  Tissue samples were formalin fixed, paraffin embedded, and cut 

onto microscope slides.  Slides were then either stained for hematoxylin and eosin, or 

prepared for immunohistochemical analysis.  Staining for TUNEL (Roche Diagnostics) 

and PCNA (Santa Cruz) was performed according to manufacturers’ instructions.  

 

Statistical analysis.  All data are presented as mean +/- SEM.  2-tailed Student’s t-test 

was performed.  p-values of less than 0.05 were considered significant. 

 

 

2.3  Results 

2.3.1  Loss of TβRIII expression in breast carcinogenesis 

As TβRIII is downregulated in cancers including non-small cell lung, ovarian, 

pancreatic and prostate [92, 93, 95, 96], the expression status of TβRIII in human breast 

cancer was investigated.  A cDNA array of 50 human breast cancer samples with 

matched normal controls (Figure 5) was analyzed.  In a vast majority of the samples 

examined (greater than 80% of the matched samples), TβRIII mRNA levels in tumor 

samples were lower than their patient-matched normal tissue samples. 
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Figure 5:  TβRIII mRNA levels in normal versus patient-matched tumors 

TβRIII mRNA levels were detected by hybridizing 32P-labeled human TβRIII cDNA probe 
to the Clontech Cancer Profiling Array I.  The portion of the array containg breast 
samples is shown, with tumor specimens (T) and matched normal breast tissue (N).  
Data courtesy of Dr. Mei Dong, a post-doctoral fellow, whom I aided with analysis. 

 

In addition to message levels of TβRIII, immunohistochemical analysis of patient 

tumors was conducted to confirm loss of TβRIII in breast cancer progression.  A breast 

cancer tissue array was stained which contained 252 breast cancers of different stages 

(20 DCIS, 64 lymph node-negative, 64-lymph node-positive, and 64 distant metastases) 

and 40 normal breast specimens.  These samples also had available clinical data 

including tumor size, TNM stage, number of nodes positive, invasive grade, ER status, 

and progesterone receptor (PR) status.  TβRIII expression progressively decreased from 

normal to DCIS to invasive tumor, and in certain DCIS samples, TβRIII expression in 

normal glands served as a useful internal control (Figure 6).  In addition, to directly 

assess the role of TβRIII loss of expression in breast cancer progression, matched 

tissue sets of normal breast and invasive breast cancer specimens, or matched DCIS 

and invasive breast cancer specimens were analyzed.  Samples on the tissue array 

were scored for expression levels of TβRIII.  When examining TβRIII expression in 

matched normal breast and invasive breast cancer specimens, TβRIII expression 

decreased in every case (10 of 10), with 6 cases decreasing from high expression (IHC 

score of 5) in normal breast tissue to low expression (IHC score of 0-1) in the matching 
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invasive breast cancer tissue (Figure 7).  When examining TβRIII expression in matched 

DCIS and invasive breast cancer specimens, TβRIII expression decreased in 63% of the 

case (5 of 8), with 1 additional case where expression was already absent at the DCIS 

stage (Figure 8).  These data indicate that TβRIII expression is significant decreased in 

human breast cancer, with loss of TβRIII expression correlating with breast cancer 

progression. 

 

 

Figure 6:  Representative IHC analysis of TβRIII expression 

TβRIII expression in normal breast ductal cells, low grade DCIS (DCIS-1), high grade 
DCIS (DCIS-2), and invasive cancer.  Magnification 10x.  Data courtesy of Dr. Mei Dong, 
whom I aided with experimental design. 
 



 

40 

 

Figure 7:  TβRIII expression in matched normal breast vs. invasive cancer 

Immunoreactivity was scored on a scale of 0-5 and characterized as low staining (0-1), 
medium staining (2-3), or high staining (4-5).  M. Dong and I scored the samples, while I 
conducted the data analysis. 

 

 

Figure 8:  TβRIII expression in matched DCIS vs. invasive cancer 

Immunoreactivity was scored on a scale of 0-5 and characterized as low staining (0-1), 
medium staining (2-3), or high staining (4-5).  Blue lines indicate a decrease of TβRIII in 
matched samples.  Red lines indicate an increase of TβRIII in matched samples.  M. 
Dong and I scored the samples, while I conducted the data analysis. 
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2.3.2  TβRIII expression attenuates metastatic potential in vivo 

The frequent loss of TβRIII expression observed during progression to invasive 

disease suggested that TβRIII loss during mammary carcinogenesis may specifically 

promote tumor invasion and metastasis in vivo.  To investigate a causal role for 

decreased TβRIII expression in breast cancer progression, the effect of TβRIII on in vivo 

tumor growth and metastasis was examined using a murine model for mammary 

carcinogenesis.  Murine 4T1 mammary cancer cells, which are derived from a BALB/c 

murine mammary tumor, share many characteristics with human mammary cancers 

including spontaneous lung metastasis in immunocompetent mice and have been widely 

used as a model of breast cancer [154, 155].  The 4T1 cells were genetically engineered 

to express the firefly luciferase gene so that by periodically injecting the substrate 

luciferin into mice carrying these cells and taking bioluminescent images, in vivo growth 

and metastatic potential could be followed closely.  The 4T1 cells were stably 

transfected with TβRIII (4T1-TβRIII) or control plasmid pcDNA-Neo (4T1-neo).  The cells 

were then injected into the axillary mammary fat pads of BALB/c mice.  The primary 

tumor was measured every 2 days starting from day 10 after injection and removed on 

day 20.  Tumor metastases were then followed by bioluminescent imaging every 3 days 

over a period of 19 days.  No significant difference was observed in the growth of the 

primary tumors from 4T1-TβRIII or 4T1-Neo cells as shown by tumor growth curve 

(Figure 9) and tumor mass at the time of resection (Figure 10), establishing that TβRIII 

had no effect on tumorigenicity in vivo.  However, mice injected with 4T1-TβRIII cells 

demonstrated a significantly delayed onset of tumor metastasis as well as a significant 

reduction in both the size and number of lung metastases compared with the mice 

injected with control 4T1-Neo cells (Figure 11, Figure 12).  Proliferation and apoptosis of 
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the primary tumor and metastatic lesions was also assessed with staining for the 

proliferation marker PCNA and apoptotic marker TUNEL.  Consistent with the lack of 

significant difference seen in primary tumor volume or mass, there was no difference in 

PCNA staining or TUNEL staining in the primary tumors (Figure 13).  In addition, 

metastatic lesions to the lung also exhibited no significant difference in proliferation or 

apoptosis (Figure 13).  These data support a specific suppressor effect of TβRIII on 

metastasis, but not on primary tumorigenesis. 

 

 

Figure 9:  Primary tumor growth in vivo 

Primary tumor growth was recorded by measuring tumor size every 2 days beginning at 
10 days after injection and presented as mean +/- SEM.  Data courtesy of Dr. Mei Dong, 
whom I aided with technical assistance conducting the experiment. 
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Figure 10:  Primary tumor mass 

Weight of the primary tumors upon surgical removal on day 20 after injection.  Data are 
mean +/- SEM (n=16).  Data courtesy of Dr. Mei Dong, whom I aided with technical 
assistance conducting the experiment. 
 
   

 

Figure 11:  Bioluminescent imaging of 4T1-Neo, 4T1-TβRIII 

Bioluminescent imaging was performed every 3 postoperative days (POD).  
Representiative images are shown.  Red and voilet signals correspond to the maximum 
and minimum intensity values, respectively, with other colors representing values in 
between.  Data courtesy of Dr. Mei Dong, whom I aided with technical assistance 
conducting the experiment. 
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Figure 12:  Average luminescent signal in each group 

Average luminescent signal in each group at the indicated time points.  ** p<0.01.  Data 
courtesy of Dr. Mei Dong, whom I aided with technical assistance conducting the 
experiment. 
 

 

Figure 13:  Proliferation and apoptosis of primary tumor and metastatic lesions 

Tissue sections of primary tumors and lung metastases from mice implanted with 4T1-
Neo and 4T1-TβRIII cells were immunostained for PCNA and TUNEL to evaluate cell 
proliferation and apoptosis, respectively.  Representative stainig frequency and intensity 
is shown (original magnification x40).  Data courtesy of Dr. Mei Dong, whom I aided with 
histopathological analysis. 
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2.3.3  TβRIII expression attenuates invasion 

Further pathologic examination of the primary tumors demonstrated that the 4T1-

Neo tumors exhibited increased invasion of the surrounding normal mammary tissue 

(Figure 14A) and skin (Figure 14B), while the 4T1-TβRIII tumors exhibited little to no 

invasion and instead maintained a distinct margin with the adjacent normal tissue 

(Figure 14C).  In addition, primary recurrences in the 4T1-Neo mice exhibited invasion of 

tumor cells into the blood vessels, resulting in internal hemorrhage (Figure 14D).  

Pathologic examination of tumor metastasis revealed distant metastasis to the 

mesentery (Figure 14E), the paratracheal lymph nodes (Figure 14F), and the cecum in 

addition to the lung in control 4T1-Neo mice, while 4T1-TβRIII exhibited only lung 

metastases.  In addition, when lung metastases were observed in 4T1-TβRIII mice, 

these metastatic lesions were always small, well circumscribed, and isolated (Figure 

14H, Figure 14I) compared to the large, locally invasive lung metastases observed in 

4T1-Neo mice (Figure 14G). 
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Figure 14:  Local invasiveness in 4T1-Neo, 4T1-TβRIII tumors 

Representative H & E staining (original magnification, x10) of (A and B) primary tumors 
from mice implanted with 4T1-Neo cells exhibiting local invasion (red arrows) of tumor 
cells into the adjacent normal mammary tissue (A) and skin (B).  C, a representative 
primary tumor from mice implanted with 4T1-TβRIII cells demonstrated the absence of 
local invasion, as indicated by the clear margin between the tumor and the adjacent 
normal mammary tissue (yellow arrow).  D, a recurring tumor in a mouse at the primary 
injection site of 4T1-Neo cells exhibiting internal bleeding due to invasion of tumor cells 
into the blood vessels.  E,  A metastatic tumor (black arrow) adjacent to the pancreas 
(Green arrowhead) found on the mesentery of a mouse implanted with 4T1-Neo cells.  
F, a significantly enlarged paratracheal lymph node adjacent to the trachea (blue 
arrowhead) containing metastatic tumor cells (black arrow) in a mouse with 4T1-Neo 
cells, indicating the presentce of lymphatic metastasis.  G, multiple large metastatic 
tumor nodules (black arrows) in the lung of a mouse implanted with 4T1-Neo cells. H 
and I, representative lung metastases in mice implanted with 4T1-TβRIII cells (black 
arrows).  Data courtesy of Dr. Mei Dong, whom I aided with histopathological analysis. 
 

To further define the mechanisms by which TβRIII regulated breast cancer 

invasiveness and metastasis in vivo, the effect of expressing TβRIII in breast cancer cell 
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lines in vitro was examined.  Using the tumorigenic, invasive, and metastatic human 

breast cancer cell line MDA-MB231, TβRIII was overexpressed .  Overexpression of 

TβRIII dramatically repressed the ability of MDA-MB231 cells to invade through Matrigel 

and significantly attenuated the responsiveness of MDA-MB231 cells to TGF-β induced 

invasion (Figure 15).  This demonstrates a direct effect of TβRIII on inhibiting breast 

cancer cell invasion. 

 

 

Figure 15:  TβRIII-mediated suppression of invasion in vitro 

MDA-MB231 cells were infected with equivalent amounts of adenoviral constructs 
carrying GFP or HA-tagged TβRIII.  75,000 cells were then seeded in a Matrigel-coated 
upper chamber and treated with TGF-β1 (15pM) 2 hours later.  Cell invasion through the 
Matrigel after 24 hours incubation was detected by H & E staining and quantitated.  Data 
courtesy of Dr. Mei Dong,  whom I aided with experimental design. 
 

2.3.4  Soluble TβRIII attenuates invasion 

The extracellular domain of TβRIII can be proteolytically cleaved in the 

juxtamembrane region [156], and the resulting soluble TβRIII (sTβRIII) has been 

demonstrated to suppress tumor growth and angiogenesis, potentially through binding 

and sequestering TGF-β and preventing signaling through the membrane-bound 

receptor [157].  To assess whether the effects of TβRIII could be mediated by the 
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production of sTβRIII, media from 4T1 and MDA-MB231 cells were examined to 

determine whether they produced sTβRIII.  Conditioned media from each cell line was 

collected, crosslinked with iodinated TGF-β1, and specifically immunoprecipitated 

sTβRIII with an antibody to the extracellular domain.  These studies confirmed that both 

the 4T1-TβRIII and MDA-MB231-TβRIII cell lines produce a significant amount of 

sTβRIII (Figure 16).  Accordingly, the effect of sTβRIII on MDA-MB231 breast cancer cell 

invasion in vitro was examined.  Conditioned media collected from COS-7 cells 

transiently transfecrted with full-length TβRIII or sTβRIII potently decreased TGF-β 

induced invasion of MDA-MB231 breast cancer cells through Matrigel (Figure 17). 
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Figure 16:  sTβRIII from conditioned media 

Detection of sTβRIII in media of MDA-MB231-TβRIII and 4T1-TβRIII cells.  Cells were 
plated to confluence, media collected and debris removed.  Media was then subjected to 
125I-TGF-β1 binding and crosslinking followed by immunoprecipitation.  Data courtesy of 
Dr. Mei Dong,  whom I aided with optimization of the experiment. 
 
 

 

Figure 17:  sTβRIII effects on Invasion in vitro 

Matrigel invasion assay was performed after resuspending MDA-Mb231 cells in the 
conditioned media collected from pcDNA3.1-Neo-, TβRIII-, and sTβRIII-transfected 
COS-7 cells.  Data are mean +/- SEM, n=3 in triplicate.  Data courtesy of Dr. Mei Dong, 
whom I aided with experimental design. 
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2.3.5  Decreased TβRIII expression predicts decreased recurrence-
free survival 

As decreased TβRIII expression is frequently observed in human breast cancers 

and restoring TβRIII expression decreased invasiveness and metastasis in vivo, there 

was the possibility that TβRIII expression could be a useful prognostic marker for breast 

cancer patients.  This was done by examining publicly available microarray data sets in 

which both TβRIII expression and recurrence-free survival data were available [158-

161].  TβRIII expression was set as a dichotomous variable, with high expression as 

above the mean and low expression as below the mean.  In the largest data set (that of 

Wang et. al., [161]), composed of 286 patients with lymph node-negative breast cancers, 

low expression of TβRIII was significantly associated with a decrease in recurrence free 

survival (Figure 18, p=0.043), with recurrence defined as a distant metastatic event.  The 

hazard ratio (HR) for recurrence based on TβRIII expression (HR,1.569) was higher than 

that for ER status (HR, 1.18) or for Her2/Neu status (HR, 1.06) [162]. 
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Figure 18:  TβRIII and recurrence-free survival 

Low levels of TβRIII predict decreased recurrence-free survival in women with breast 
cancer.  Five-year recurrence-free survival for breast cancer with high or low TβRIII 
expression was analyzed based on a microarray data set containing 286 patients.  
Kaplan-Meier survival analysis was utilized, with log-rank test used to determine 
statistical significant.  *p<0.05. 

 

In addition, the predictive value of TβRIII was assessed to determine whether it 

was independent of other known prognostic factors.  As all samples in the Wang et. al. 

data set [161] came from lymph node-negative patients, ER status was analyzed, which 

was the only other available prognostic factor available within the data set.  A Pearson 

correlation coefficient of -0.08 (95% confidence interval, -0.19 to 0.036) supported little 

correlation between TβRIII expression and ER status, although the data set was not 

large enough to power the analysis (p=0.177).  In 3 other completely independent data 

sets (Sorlie et. al., [158], containing 74 locally advanced ER-positive and –negative 

primary breast cancers; van’t Veer et. al. [159], containing 97 ER-positive and –negative 

lymph node-negative breast cancers; and Ma et. al., [160], containing 60 hormone 

receptor-positive breast cancers), there was a trend toward decreased recurrence-free 

survival associated with low TβRIII expression, although in each case the number of 
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patients was not large enough to reach statistical significance.  Taken together, these 

data suggest that TβRIII expression is predictive of recurrence-free survival in breast 

cancer patients. 

2.4  Discussion 

In the present study, we demonstrate that expression of the TGF-β coreceptor 

TβRIII was frequently decreased at the mRNA level and approximately 70% 

demonstrating decrease or loss at the protein level.  As previously discussed, loss of 

TGF-β signaling components in breast cancer is a relatively rare event [106, 163].  Given 

this, loss of TβRIII expression we see in breast cancer tissue samples makes it the most 

common TGF-β signaling pathway alteration described in human breast cancer to date.  

Loss of TβRIII expression was an early event, occurring initially in the preinvasive state, 

DCIS, with degree of loss correlating with breast cancer progression.  In addition, loss of 

TβRIII has a functional effect in vivo and in vitro, as restoring TβRIII expression 

dramatically inhibited tumor invasiveness in Matrigel and metastasis in the 4T1 

orthotopic mouse model.  Furthermore, decreased TβRIII expression is predictive of 

recurrence free survival in patients, highlighting the significance of TβRIII expression on 

clinical outcome in breast cancer patients.  Taken together, these results support loss of 

TβRIII expression as a frequent and important step in breast cancer progression, directly 

promoting breast cancer invasion and metastasis. 

How might loss of TβRIII expression contribute to breast cancer invasion and 

metastasis?  The answer may lie in TβRIII’s role as a modulator of TGF-β signaling.  

Canonically thought of as a coreceptor, TβRIII initially was shown to enhance TGF-β 

signaling by presenting ligand to the TβRII-TβRI complex [143].  However, TβRIII’s 

effects on TGF-β signaling are undoubtedly more complex, as there is evidence that 
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TβRIII can also act to dampen TGF-β signaling through sequestration of ligand [133, 

145], particularly in the setting of systemic administration of a soluble form of TβRIII.  

Our data are consistent with the latter observation of TβRIII functioning as a dampener 

of TGF-β signaling, as cells expressing TβRIII additionally elicited sTβRIII generation 

(Figure 16), and conditioned media containing sTβRIII was sufficient to inhibit migration 

in Matrigel (Figure 17).  This suggests that the invasive properties in vitro may in part by 

due to downregulation of TGF-β signaling, which is consistent with the overwhelming 

evidence in the literature defining TGF-β as a promoter of migration and invasion [68-

73]. 

In addition, TGF-β signaling has effects on non-canonical signaling pathways.  In 

particular, the TGF-β pathway has effects on other signaling pathways, including p38, 

JNK, and NF-κB as described in the Introduction.  Given their roles in migration, 

attenuation of these pathways by decreased TGF-β signaling could contribute to the 

decrease in invasion and metastasis observed.  In fact, TβRIII has been observed to 

inhibit breast cancer cell migration through the dampening of NF-κB signaling [164].  In 

addition, TβRIII may suppress invasion and metastasis independent of TGF-β signaling.  

TβRIII can suppress migration of breast cancer cells in a TGF-β independent, 

cytoplasmic domain-dependent manner [18], which opens the possibility that there may 

be similar effects on invasion and metastasis as well.  Expression of TβRIII then may 

have an effect on migration, invasion, and metastasis not only via TGF-β signaling, but 

through TGFβ-signaling independent pathways as well. 

The contribution of the full length TβRIII at the cell surface and its canonical 

function as a presenter of ligand cannot be discounted.  Reconciling the complex, 

opposing effects of TβRIII function requires a closer examination of TβRIII itself.  In 
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addition to its long extracellular domain, TβRIII contains a short cytoplasmic domain with 

no known intrinsic kinase activity.  However, the cytoplasmic domain does contain 

specific sites that are required for TβRIII to interact with other proteins.  Particularly, the 

terminal three amino acids contain a PDZ-binding domain regulating TβRIII interaction 

with GIPC, a scaffolding protein which in various cellular contexts can either upregulate 

or downregulate TGF-β signaling [139].  In addition, the phosphorylation of threonine 

residue 841 allows for the interaction of TβRIII with β-arrestin2, another scaffolding 

protein which can enhance internalization of TβRIII [138].  In light of these observations, 

cell surface TβRIII in the cellular context of our experiments may also in fact be 

contributing to a downregulation of TGF-β signaling and could consequently lead to 

suppression of migration, invasion, and metastasis.  Thus, a closer examination of the 

cytoplasmic domain may yield a more refined understanding of the mechanism by which 

TβRIII leads to the observed inhibition of invasion and metastasis and is explored in 

further detail below. 
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3.  The cytoplasmic domain of TβRIII plays a role in 
breast cancer progression 

This is a modified version of a paper submitted to Carcinogenesis. 

3.1  Introduction 

Mechanistically, TβRIII appears to function as a suppressor of cancer 

progression through several discrete mechanisms.  We have demonstrated that cell 

surface TβRIII undergoes ectodomain shedding, releasing the soluble extracellular 

domain, which can sequester TGF-β ligand to inhibit TGF-β signaling and inhibit 

invasion in breast cancer models in vitro and lung metastasis in vivo  [42].  TβRIII also 

inhibits cancer cell migration through interacting with the scaffolding protein β-arrestin2 

to activate Cdc42 and reduce directional persistence of cancer cells [18]. 

The cytoplasmic domain of TβRIII is a relatively short region (42 amino acids) 

with no known intrinsic kinase activity but functional importance in TβRIII expression and 

in mediating downstream signaling.  TβRII phosphorylates TβRIII’s cytoplasmic domain 

at Thr841, resulting in β-arrestin2 binding [138].  This interaction is important for TβRIII 

internalization and ultimately leads to downregulation of TGF-β signaling.  In addition, 

the adaptor protein GIPC binds to the PDZ-binding domain located at the terminal three 

amino acids of TβRIII.  Depending on cellular context, the interaction of GIPC with TβRIII 

can either upregulate or downregulate cell surface expression [139].  In terms of 

signaling, evidence suggests that the cytoplasmic domain is critical in mediating 

downstream Smad signaling of TGF-β2 [165].  In addition, modulation of p38 MAP 

kinase signaling by TβRIII has been shown to depend on an intact cytoplasmic domain, 

independent of Smad signaling [12, 166].  These findings suggest that the cytoplasmic 

tail is important in the regulation of the expression of TβRIII at the cell surface and plays 
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a role in mediating both Smad-dependent and Smad-independent signaling.  

Accordingly, the contribution of the cytoplasmic domain of TβRIII in mediating the 

suppressor of cancer progression role of TβRIII in vitro and in vivo is examined here. 

3.2  Materials and Methods 

Cell culture and reagents: 4T1 cells stably transfected with the luciferase gene under 

puromycin selection were generously provided by MW Dewhirst (Duke University). 

Antibodies used were phospho-p65 (Cell Signaling), Iκβ (Santa Cruz), pSmad2 (Cell 

Signaling), total Smad2 (Cell Signaling), TβRIII (R&D Systems) and GIPC (Santa Cruz). 

shGIPC plasmid was generously provided by JC Rathmell (Duke University) [167].  

SB431542 was obtained from Sigma. 

 

Immunoblotting.  Cells were plated overnight, serum starved for four hours, and 

stimulated for 20 minutes at varying doses of TGF-β.  Lysates were harvested with hot 

sample buffer and boiled for 5 minutes.  Lysates were separated using SDS-PAGE gels, 

transferred onto PVDF membranes, blocked in 5% milk in PBS/Tween, and incubated 

overnight at 4°C with gentle agitation.   

 

Fibronectin migration and Matrigel invasion assays.  Fibronectin (Calbiochem) was 

coated on transwells (Costar) at a concentration of 50μg/mL in serum-free DMEM, while 

Matrigel transwells (BD Biosciences) were preincubated with serum-free DMEM for 2 

hours at 37°C.  For migration assays, 50,000 cells were plated in 200µL of serum-free 

DMEM in the upper chamber; for invasion assays, 200,000 cells were plated in 200µL of  

and allowed to migrate for 24 hours towards 600µL of 10% FBS in DMEM.  Cells on the 

upper surface were scraped with a cotton swab, and wells were stained with 3 Step 
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Stain Kit (Richard-Allen Scientific).  Filters were then mounted on microscope slides with 

Vectamount (Vector Laboratories).  Three random fields on each filter were counted.  

Cells were plated in duplicate, and each experiment was conducted at least three times. 

 

TGF-β binding and crosslinking assay.  For cell media, we incubated 100 pM 125I-TGF-

β1 with 500 uL of the cell medium in the presence of protease inhibitors for 3 hours at 

4°C.  The 125I-TGF-β1-sTβRIII complex was then crosslinked with 0.5 mg/mL 

disuccinimidyl suberate and immunoprecipitated with a polyclonal antibody recognizing 

the extracellular domain of TβRIII (R&D Systems).  The final complex was visualized 

after SDS-PAGE and autoradiography. 

 

In vivo metastasis.  Animal procedures were approved by the Institutional Animal Care 

and Use Committee of Duke University.  Empty vector pcDNA3.1-neo, TβRIII, and 

TβRIII-cyto lines were generated by transfecting 4T1 cells with Lipofectamine 2000 

(Invitrogen), further selected with G418, and confirmed by 125I-TGFβ binding and 

crosslinking as previously described [42].  25,000 cells were injected into the right 

axillary mammary fat pad of 6-week old virgin female Balb/c mice, using 15 mice in each 

group.  After twelve days, the resulting primary tumors were excised, weighed, and 

measured with calipers (volume calculated by 0.52 x length x width2).  Bioluminescent 

imaging with intraperitoneal injections of 150μg/g luciferin (Xenogen) was conducted 

with an IVIS camera (Xenogen) every three days for 24 days.  Regions of interest were 

defined automatically, and luciferase units expressed as photons/s/cm2/steradian.  

Background signal was defined by imaging a mouse without luciferin.  Mice were 
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sacrificed at the end of the study, organs visually inspected, and samples of interest 

preserved for immunohistochemical analysis. 

 

Immunohistochemistry.  Tissue samples were formalin fixed, paraffin embedded, and cut 

onto microscope slides.  Slides were then either stained for hematoxylin and eosin, or 

prepared for immunohistochemical analysis.  Staining for TUNEL (Roche Diagnostics) 

and PCNA (Santa Cruz) was performed according to manufacturers’ instructions.  

phospho-Smad2 (Cell Signaling) was performed following antigen retrieval with boiling 

Tris-EDTA (10mM Tris, 1mM EDTA, 0.05% Tween, pH 9.0) for 5 minutes. 

 

Statistical analysis.  All data are presented as mean +/- SEM.  2-tailed Student’s t-test 

was performed.  p-values of less than 0.05 were considered significant. 
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3.3  Results 

3.3.1  TβRIII’s cytoplasmic domain has a role in TβRIII-mediated 
inhibition of breast cancer cell migration and invasion 

We have previously demonstrated a role for TβRIII in inhibiting breast cancer 

metastases in vivo and cancer cell migration and invasion in vitro [42].  The cytoplasmic 

domain of TβRIII has a critical role in regulating TβRIII cell surface expression and 

endocytosis through its interaction with GIPC [139] and β-arrestin2 [138]. The 

cytoplasmic domain is also important in mediating TβRIII-dependent downstream 

signaling to both Smad-dependent [2, 165, 168] and Smad-independent signaling 

pathways [12, 164, 169]. Accordingly, to further define the mechanism by which TβRIII 

suppresses breast cancer progression, we investigated the specific contribution of the 

cytoplasmic domain of TβRIII in the 4T1 syngeneic murine model of mammary 

carcinogenesis. 

 Full length TβRIII (TβRIII), TβRIII lacking the cytoplasmic domain (TβRIII-cyto) or 

empty vector (Neo) was stably expressed in the 4T1 cell line (Figure 19).  While TβRIII 

inhibited migration by approximately 50% (Figure 20), consistent with our prior results 

[42], TβRIII-cyto failed to inhibit the migration of 4T1 cells (Figure 20).  In addition, while 

TβRIII expression inhibited invasion by approximately 40%, TβRIII-cyto expression failed 

to inhibit invasion (Figure 21). Interestingly, TβRIII-cyto slightly enhanced the invasive 

potential of 4T1 cells in comparison to the negative control (Figure 21), although these 

results were not significantly different. These results suggest an important role for the 

cytoplasmic domain of TβRIII in TβRIII-mediated inhibition of breast cancer cell 

migration and invasion. 
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Figure 19:  TβRIII expression in 4T1 stable cell lines 

4T1 cells were transfected with empty vector control (Neo), full length TβRIII (TβRIII), or 
TβRIII lacking the cytoplasmic domain (TβRIII-cyto), selected by growth in G418 
(600μg/mL) and pools of resistant colonies selected.  Cells were subjected to 125I-TGF-
beta binding and crosslinking to examine TβRIII expression, with β-actin as loading 
control.   

 

 

Figure 20:  Migration of Neo, TβRIII, and TβRIII-cyto cells 

4T1-Neo, TβRIII, or TβRIII-cyto were plated on fibronectin transwells and allowed to 
migrate for 24 hours towards media with 10% FBS.  Counts of three random fields were 
averaged and representative data of three independent experiments are shown.  
*p<0.05. 
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Figure 21:  Invasion of Neo, TβRIII, and TβRIII-cyto cells 

4T1 cells were infected with adenoviral GFP, full length TβRIII, or TβRIII-cyto for 48 
hours, washed, and plated on Matrigel inserts.  Cells were allowed to invade for 24 
hours towards media with 10% FBS.  Counts of three random fields were averaged and 
representative data of three independent experiments are shown.  *p<0.05. 
 

3.3.2  TβRIII’s cytoplasmic domain contributes to TβRIII-mediated 
inhibition of migration and invasion by inhibiting TGF-β signaling 

Given TβRIII’s known role in regulating TGF-β signaling, the contribution of the 

cytoplasmic domain of TβRIII to TGF-β signaling was examined.  4T1 cells stably 

expressing TβRIII, TβRIII-cyto or empty vector were stimulated with TGF-β and analyzed 

for activation of pathways known to be downstream of TGF-β and TβRIII, including the 

Smad2 [2], p38 [12, 166] and NFκB [164, 169, 170] pathways.  While TβRIII expression 

decreased TGF-β-mediated Smad2 phosphorylation, TβRIII-cyto expression had no 

effect (Figure 22).  In contrast, activation of the NFκB signaling pathway, as assessed by 

phosphorylation of p65 or IκB levels, or p38 signaling, as assessed by phosphorylation 

of p38, were not differentially regulated by TβRIII and TβRIII-cyto (Figure 22), 

suggesting a specific role for cytoplasmic domain of TβRIII in negatively regulating TGF-

β signaling. 
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Figure 22:  Signaling in Neo, TβRIII, and TβRIII-cyto cells 

4T1 cells stably transfected with TβRIII, TβRIII-cyto or empty vector (Neo) were serum 
starved for four hours, treated with the indicated doses of TGFβ for 20 minutes, and 
subjected to Western blot analysis with the indicated antibodies. 
 
 

To investigate whether the effects of TβRIII in inhibiting breast cancer cell 

migration and invasion might be through TβRIII-mediated attenuation of TGF-β 

signaling, we directly assessed the effect of altering autocrine TGF-β signaling on breast 

cancer cell migration and invasion.  Consistent with a role for inhibition of TGF-β 

signaling, directly inhibiting TGF-β signaling with the ALK5 pharmacological inhibitor 

SB431542 inhibited the migration of Neo and TβRIII-cyto to the same extent as TβRIII 

(Figure 23).  If TβRIII inhibits migration and invasion by inhibiting TGF-β signaling, we 

hypothesized that activating TGF-β signaling downstream of TβRIII utilizing constitutively 

active type I TGF-β receptor (ALK5QD) might bypass this inhibition.  Consistent with this 

hypothesis, while ALK5QD expression had minimal effect on the migration or invasion of 

4T1-Neo and 4T1-TβRIII-cyto cells (Figure 24, Figure 25), ALK5QD expression 

significantly attenuated TβRIII-mediated inhibition of migration (Figure 24) and invasion 
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(Figure 25).  Taken together, these data support a role for TβRIII-mediated inhibition of 

autocrine TGF-β signaling in TβRIII-mediated inhibition of migration and invasion. 

 

 

Figure 23:  Invasion of Neo, TβRIII, and TβIII-cyto cells with TGF-β blockade 

4T1-Neo, TβRIII, or TβRIII-cyto cells were preincubated with either vehicle (DMSO) or 
the ALK5 inhibitor SB431542 (20 μM) for 20 minutes prior to plating on Matrigel 
transwells, and allowed to invade for 24 hours.  Counts of three random fields were 
averaged and representative data of three independent experiments are shown.  Counts 
of three random fields were averaged and representative data of three independent 
experiments are shown are shown.  *p<0.05. 
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Figure 24:  Migration of Neo, TβRIII, and TβRIII-cyto cells with constitutive TGF-β 
signaling 

4T1-Neo, TβRIII, or TβRIII-cyto cells were infected with either adenoviral GFP or a 
constitutively active ALK5 mutant (ALK5QD) for 48 hours, plated on transwells, and 
incubated for 24 hours. Counts of three random fields were averaged and representative 
data of three independent experiments are shown are shown.  *p<0.05. 
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Figure 25:  Invasion of Neo, TβRIII, and TβRIII-cyto cells with constitutive TGF-β 
activation 

4T1-Neo, TβRIII, or TβRIII-cyto cells were infected with either adenoviral GFP or a 
constitutively active ALK5 mutant (ALK5QD) for 48 hours, plated on transwells, and 
incubated for 24 hours.  Counts of three random fields were averaged and 
representative data of three independent experiments are shown are shown.  *p<0.05. 
 
 

3.3.3  The interaction of TβRIII with GIPC is required for TβRIII-
mediated suppression of TGF-β signaling and invasion 

As TβRIII-mediated inhibition of TGF-β signaling appears to have a predominant 

role in TβRIII-mediated inhibition of migration and invasion, we further investigated the 

mechanism of TβRIII action. TβRIII undergoes ectodomain shedding to release the 

soluble extracellular domain, soluble TβRIII (sTβRIII), which can function to bind and 

sequester ligand and can also inhibit breast cancer invasion [42, 133].  We initially 

investigated whether TβRIII and TβRIII-cyto differed in their ability to produce sTβRIII. 

Examining the conditioned media from 4T1-TβRIII and 4T1-TβRIII-cyto revealed that 

both TβRIII and TβRIII-cyto were shed to a similar extent (Figure 26).  As the sTβRIII 

produced by TβRIII and TβRIII-cyto might function to differentially inhibit breast cancer 
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migration or invasion, we examined the ability of conditioned media from 4T1-TβRIII and 

4T1-TβRIII-cyto cells to inhibit 4T1 cell migration. Consistent with our prior results [42], 

conditioned media from TβRIII and TβRIII-cyto both inhibited 4T1 cell migration to a 

similar extent (Figure 27), further supporting that differential shedding was not 

responsible for differences in TβRIII-mediated inhibition of TGF-β signaling, migration 

and invasion between TβRIII and TβRIII-cyto. 

 

Figure 26:  Expression of soluble TβRIII in media of Neo, TβRIII, and TβRIII-cyto 
cells 

Conditioned media from 4T1 cells stably transfected with TβRIII, TβRIII-cyto, or empty 
vector (Neo) were subjected to 125I-TGF-beta binding and crosslinking, with β-actin 
from plated cells used as loading control. 
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Figure 27:  Migration of Neo cells with conditioned media from TβRIII and TβRIII-
cyto cells 

4T1-Neo cells were resuspended in the indicated conditioned media, plated on 
fibronectin transwells and allowed to migrate for 24 hours towards media with 10% FBS.  
Counts of three random fields were averaged and representative data of three 
independent experiments are shown.  *p<0.05. 

 

We next investigated the contribution of specific previously defined TβRIII 

cytoplasmic domain functions, namely the interactions with scaffolding proteins GIPC 

and β-arrestin2.  TβRIII mutants unable to bind β-arrestin2 (TβRIII-T841A) or GIPC 

(TβRIII-del, lacking three C-terminal amino acids) were expressed in 4T1 cells alongside 

with TβRIII and TβRIII-cyto (Figure 28).  Consistent with our prior results (Figure 22), 

TβRIII inhibited TGF-β signaling while TβRIII-cyto did not (Figure 29).  Interestingly, 

while TβRIII-T841A also inhibited TGF-β signaling (Figure 29), TβRIII-del was 

completely unable to inhibit TGF-β signaling (Figure 29), suggesting a specific role for 

this region of the cytoplasmic domain of TβRIII in inhibiting TGF-β signaling. To 

investigate the contribution of interactions with GIPC and β-arrestin2 on breast cancer 
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invasion, we expressed TβRIII, TβRIII-cyto, TβRIII-T841A or TβRIII-del in 4T1 cells. 

Again, TβRIII inhibited invasion, while TβRIII-cyto did not (Figure 30).  Consistent with 

the TGF-β signaling data, TβRIII-T841A also inhibited invasion (Figure 30), while TβRIII-

del was completely unable to inhibit invasion (Figure 30).  The tight correlation between 

the ability of TβRIII mutants to inhibit TGF-β signaling (Figure 29) and inhibit breast 

cancer invasion (Figure 30) supports a functional relationship between these effects. 

This functional relationship is further supported by the ability of pharmacological 

inhibition of ALK5 to inhibit invasion in the context of TβRIII-del expression (Figure 31). 

 

 

Figure 28:  Expression of TβRIII, TβRIII-cyto, TβRIII-T841A, and TβRIII-del 

4T1 cells were infected with adenovirus for GFP, TβRIII, TβRIII-cyto, TβRIII-T841A, and 
TβRIII-del for 48 hours.  Cells were then harvested by hot sample buffer lysis and 
subjected to western blot analysis with the TβRIII-ECD antibody.  β-actin was used as a 
loading control. 
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Figure 29:  TGF-β dose response in Neo, TβRIII, TβRIII-cyto, TβRIII-T841A, and 
TβRIII-del cells 

4T1 cells were infected with adenoviral constructs of GFP, TβRIII, TβRIII-cyto, a mutant 
unable to bind β-arrestin2 (TβRIII-T841A), or a mutant unable to bind GIPC (TβRIII-del) 
for 48 hours.  Cells were then plated and serum starved for four hours, stimulated with 
the indicated doses of TGFβ for 20 minutes, and subjected to Western blot analysis with 
the indicated antibodies. 
 
 

 

Figure 30:  Invasion of TβRIII, TβRIII-cyto, TβRIII-T841A, TβRIII-del cells 

4T1 cells were infected with adenoviral constructs of GFP, TβRIII, TβRIII-cyto, TβRIII-
T841A, or TβRIII-del for 48 hours, plated on Matrigel transwells, and allowed to invade 
for 24 hours. Counts of three random fields were averaged and representative data of 
three independent experiments are shown.  Counts of three random fields were 
averaged and representative data of three independent experiments are shown.  
*p<0.05. 
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Figure 31:  Invasion of GFP, TβRIII, and TβRIII-del cells 

4T1 cells were infected with GFP, TβRIII, or TβRIII-del constructs for 48 hours, 
preincubated with either vehicle (DMSO) or the ALK5 inhibitor SB431542 (20 μM) for 20 
minutes prior to plating on Matrigel transwells, and allowed to invade for 24 hours.  
Counts of three random fields were averaged and representative data of three 
independent experiments are shown.  Counts of three random fields were averaged and 
representative data of three independent experiments are shown.  *p<0.05. 
  

While deletion of the C-terminal three amino acids in TβRIII-del is known to 

abrogate the interaction of TβRIII with GIPC [139], this region could also mediate other 

TβRIII functions.  To investigate the specific function of GIPC, we utilized shRNA-

mediated silencing of GIPC expression, which efficiently decreased GIPC expression 

(Figure 32).  Consistent with a role for GIPC in TβRIII-mediated inhibition of autocrine 

TGF-β signaling and breast cancer invasion, shRNA-mediated silencing of GIPC 

expression attenuated both TβRIII-mediated inhibition of TGF-β signaling (Figure 32) 

and TβRIII-mediated inhibition of invasion (Figure 33). Taken together, these data 

support a model in which TβRIII through interacting with GIPC inhibits TGF-β signaling 

to inhibit breast cancer invasion. 
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Figure 32:  TGF-β signaling and GIPC knockdown 

4T1 cells stably transfected with TβRIII or empty vector (Neo) were cotransfected with 
either GFP or shGIPC plasmid for 48 hours.  Cells were then serum starved for four 
hours, stimulated with the indicated doses of TGFβ for 20 minutes, and subjected to 
western blot analysis with the indicated antibodies. 
 
 
 
 
 

 

Figure 33:  Invasion and GIPC knockdown 

4T1 cells stably transfected with TβRIII or empty vector (Neo) were cotransfected with 
either GFP vector or shGIPC plasmid for 48 hours.  Cells were then plated on Matrigel 
transwells, and allowed to invade for 24 hours.  Counts of three random fields were 
averaged and representative data of three independent experiments are shown.  
*p<0.05. 
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3.3.4  The cytoplasmic domain of TβRIII has a role in TβRIII-mediated 
suppression of breast cancer progression 

Having established that the cytoplasmic domain of TβRIII has an important role in 

TβRIII-mediated inhibition of migration and invasion, coupled with our previous findings 

that TβRIII suppresses breast cancer metastases in vivo, we examined the role of the 

cytoplasmic domain of TβRIII in TβRIII-mediated suppression of breast cancer 

progression in vivo in the 4T1 syngeneic murine model of breast cancer.  The 4T1 cells 

were stably cotransfected with a constitutively active luciferase reporter, which allowed 

the non-invasive in vivo tracking of cells during tumor development, along with either 

Neo, TβRIII, orTβRIII-cyto.  After cells were injected, primary tumors were allowed to 

develop for twelve days, after which they were surgically excised and assessed.  After 

excision of the primary tumor, the formation of metastases was followed by 

bioluminescent imaging every three days over a period of 24 days.  Consistent with our 

previous studies [42], there were no significant differences in primary tumor growth 

among the 4T1-Neo, -TβRIII, or -TβRIII-cyto groups, as measured by both primary tumor 

mass and volume (Figure 34, Figure 35).  However, consistent with our previous studies 

[42], mice with the 4T1-TβRIII cells had a delay tumor metastasis onset and decreased 

metastatic tumor burden as compared to mice injected with the control 4T1-Neo cells 

(Figure 36, Figure 38).  In contrast to the results with mice with the 4T1-TβRIII cells, 

mice with the 4T1-TβRIII-cyto cells had no delay in onset of tumor metastases and no 

decrease in metastatic tumor burden as compared to mice with the control 4T1-Neo cells 

(Figure 36, Figure 38).  Upon necropsy, the 4T1-Neo, 4T1-TβRIII and 4T1-TβRIII-cyto 

mice were examined for gross metastatic lesions.  Consistent with bioluminescent 

imaging, significantly more lesions were found in the mice with 4T1-Neo cells and 4T1-

TβRIII-cyto as compared to mice with 4T1-TβRIII cells (Figure 37, Table 3). 
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Figure 34:  Primary tumor mass of Neo, TβRIII, and TβRIII-cyto groups 

After 12 days, tumors were excised and weighed.  Bars above are presented as mean ± 
s.e.m.  N=15. 

 

Figure 35:  Primary tumor size of Neo, TβRIII, and TβRIII-cyto groups 

Tumors were measured with calipers and volume calculated based on the formula 0.52 x 
length x width2 and presented as mean ± s.e.m., N=15.  
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Figure 36:  Time series of tumor burden in Neo, TβRIII, and TβRIII-cyto groups 

4T1 cells stably transfected with TβRIII, TβRIII-cyto or empty vector (Neo) were injected 
into the axillary mammary fat pad of groups of 15 Balb/c mice, with excision of the 
primary tumors after 12 days.  Bioluminescence imaging was conducted every 3 
postoperative days (POD) and representative images are shown. 

 

 

Figure 37:  Metastatic events in Neo, TβRIII, and TβRIII-cyto groups 

The number of grossly observed metastatic lesions upon necropsy in each group of mice 
is presented. *p<0.05. 
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Table 3:  Summary of metastases 

 
Number of mice 

with 
metastases 

Number of total
metastatic 

events 
Sites of metastases 

Neo 8 of 11 
(73%) 10 lungs, liver 

TβRIII 5 of 12 
(42%) 7 lungs 

TβRIII-
cyto 

9 of 11 
(82%) 13 lungs, liver, kidney 

 

 

 

Figure 38:  Scatterplot of bioluminescent intensities of tumors 

Signal intensities for each mouse are plotted, with open symbols indicating a mouse that 
died before POD 24, and horizontal lines indicating mean intensities.  *p<0.05. 
 

Further histological examination of the primary tumors demonstrated local 

invasiveness of the primary tumor into the stroma in the 4T1-Neo (Figure 39A) and 4T1-

TβRIII-cyto (Figure 39C) tumors, while the 4T1-TβRIII tumors instead displayed a well-

demarcated border with the surrounding stroma (Figure 39B).  Furthermore, lung 

metastases from 4T1-Neo (Figure 39D) and 4T1-TβRIII-cyto (Figure 39F) tumors 
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revealed invasion into the lung parenchyma, while lung metastases from 4T1-TβRIII 

tumors (Figure 39E) were smaller and well-circumscribed.  In addition, while 4T1-Neo 

and 4T1-TβRIII-cyto tumors both metastasized to the liver (Figure 39G, Figure 39I), and 

a 4T1-TβRIII-cyto tumor metastasized to the kidney (Figure 39J), none of the 4T1-TβRIII 

tumors metastasized to these sites (Figure 39H). These studies support a specific 

suppressor effect of TβRIII on breast cancer invasiveness and metastasis mediated 

through its cytoplasmic domain. 
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Figure 39:  Histology of primary tumors and metastatic lesions 

Representative H&E stains (at 10x) of primary tumors (A, B, C) demonstrate local 
invasion of tumor cells into the surrounding stroma in Neo and TβRIII-cyto mice (A,C), 
while the TβRIII tumors exhibit a clearly demarcated tumor border (B).  Lung metastases 
(D,E,F) with a more invasive phenotype in the Neo and TβRIII-cyto groups (D,F); note 
that the TβRIII-cyto tumor impinges upon the airway (F), while the tumor adjacent to the 
airway in the TβRIII tumor retains its architecture (E).  Liver metastases were also noted 
in the Neo and TβRIII-cyto groups (G,I), while none of the TβRIII liver tissues examined 
revealed metastatic lesions (H).  A metastatic tumor in the kidney was noted in one of 
the TβRIII-cyto mice (J).  Scale bar=100µm. 
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To investigate the mechanism of the cytoplasmic domain of TβRIII on decreasing 

metastasis in vivo, we performed immunohistochemistry for PCNA as a marker of 

proliferation in the primary tumor and lung metastases. There were no significant 

differences in PCNA staining between 4T1-Neo, 4T1-TβRIII and 4T1-TβRIII-cyto tumors 

in either the primary or metastatic lesions (Figure 40, Figure 41).   We also performed 

TUNEL staining as a marker of apoptosis in the primary tumor and lung metastases.  

Similarly, there were no significant differences observed between 4T1-Neo, 4T1-TβRIII 

and 4T1-TβRIII-cyto tumors for TUNEL staining (Figure 42, Figure 43).  These results 

suggested that differences in proliferation or apoptosis do not account for the differences 

in invasion and metastases among 4T1-Neo, 4T1-TβRIII and 4T1-TβRIII-cyto tumors. 

 

Figure 40:  Proliferation in primary tumors 

Tissue sections of primary tumors from mice implanted with 4T1-Neo,  4T1-TβRIII and 
4T1-TβRIII-cyto cells were immunostained for PCNA to evaluate cell proliferation. Three 
random fields were counted with ImageJ software used to quantify positively staining 
cells and total number of cells.  Indices were calculated for each count by normalizing 
the number of positively staining cells to the total number of cells. 
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Figure 41:  Proliferation in lung metastases 

Tissue sections of lung metastases from mice implanted with 4T1-Neo,  4T1-TβRIII and 
4T1-TβRIII-cyto cells were immunostained for PCNA to evaluate cell proliferation. Three 
random fields were counted with ImageJ software used to quantify positively staining 
cells and total number of cells.  Indices were calculated for each count by normalizing 
the number of positively staining cells to the total number of cells. 
 

 

Figure 42:  Apoptosis in primary tumors 

Tissue sections of primary tumors from mice implanted with 4T1-Neo,  4T1-TβRIII and 
4T1-TβRIII-cyto cells were immunostained for TUNEL to evaluate apoptosis. Three 
random fields were counted with ImageJ software used to quantify positively staining 
cells and total number of cells.  Indices were calculated for each count by normalizing 
the number of positively staining cells to the total number of cells. 
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Figure 43:  Apoptosis in lung metastases 

Tissue sections of lung metastasis from mice implanted with 4T1-Neo,  4T1-TβRIII and 
4T1-TβRIII-cyto cells were immunostained for TUNEL to evaluate apoptosis. Three 
random fields were counted with ImageJ software used to quantify positively staining 
cells and total number of cells.  Indices were calculated for each count by normalizing 
the number of positively staining cells to the total number of cells. 
 

As we had observed differences in TGF-β signaling between 4T1-Neo, 4T1-

TβRIII and 4T1-TβRIII-cyto which potentially accounted for differences in cell migration 

and invasion in vitro, we explored whether differences in TGF-β signaling could account 

for differences in cancer progression in vivo.  Tissues from 4T1-Neo, 4T1-TβRIII and 

4T1-TβRIII-cyto tumors and their lung metastases were analyzed for phospho-Smad2 

staining.  Although there was no difference in phospho-Smad2 staining in the 4T1-Neo, 

4T1-TβRIII and 4T1-TβRIII-cyto primary tumors (Figure 44A-C), we did observe a 

dramatic decrease in phospho-Smad2 staining in pulmonary metastases from 4T1-

TβRIII tumors relative to pulmonary metastases from 4T1-TβRIII-cyto and 4T1-Neo 

tumors (Figure 44D-F).  These results suggest that TβRIII specifically suppresses TGF-β 

signaling in the metastatic tumor microenvironment specifically through functions 

mediated through its cytoplasmic domain. 
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Figure 44:  TGF-β signaling of primary tumors and lung metastases 

Tissues sections of primary tumors and lung metastasis from mice implanted with 4T1-
Neo, 4T1-TβRIII and 4T1-TβRIII-cyto cells were stained with phospho-Smad2 antibody.  
Representative results are shown (at 40X).  Scale bar=100µm. 
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3.4  Discussion 

 Breast cancer remains a leading cause of morbidity and mortality worldwide, with 

most of this morbidity and mortality resulting from recurrent and metastatic disease [1].  

Previous studies have amply demonstrated an important role for TGF-β signaling during 

mammary carcinogenesis.  In early breast cancer progression, TGF-β generally acts as 

a tumor suppressor, inhibiting proliferation and promoting apoptosis.  However, breast 

cancer cells in an established tumor become resistant to TGF-β-mediated effects on 

proliferation and apoptosis through an incompletely understood process and instead 

respond with increased migration and invasion.  We have previously reported that the 

TGF-β superfamily co-receptor TβRIII is a suppressor of breast cancer progression, with 

frequent loss during breast cancer progression corresponding with decreased patient 

survival [42].  Functionally, TβRIII inhibited tumor invasiveness in vitro and tumor 

invasion, angiogenesis and metastasis in vivo [42].  Mechanistically, TβRIII appeared to 

function, at least in part, by undergoing ectodomain shedding, with the resulting sTβRIII 

antagonizing TGF-β signaling to reduce invasiveness and angiogenesis in vivo [42].  In 

the present study, we further investigate the mechanism by which TβRIII mediates its 

suppressor of cancer progression function.  We demonstrate that the cytoplasmic 

domain of TβRIII has an important role in TβRIII-mediated suppression of cancer 

progression, as deletion of the cytoplasmic domain abolishes the ability of TβRIII to 

inhibit migration or invasion in vitro and invasion and cancer progression in vivo.  

Mechanistically, TβRIII-mediated inhibition of migration and invasion appears to be 

modulated by TβRIII-mediated inhibition of TGF-β signaling, as supported by (1) the tight 

correlation between the ability of TβRIII mutants to inhibit TGF-β signaling and to inhibit 

migration and invasion in vitro, (2) the tight correlation between diminished TGF-β 



 

83 

signaling and decreased invasion and metastasis mediated by TβRIII in vivo, (3) the 

ability of directly inhibiting TGF-β signaling to mimic the effects of TβRIII on inhibiting 

migration in vitro and (4) the ability of bypassing TβRIII-mediated inhibition of TGF-β 

signaling to abrogate TβRIII-mediated inhibition of migration and invasion in vitro. 

Finally, we demonstrate that a discrete function of the cytoplasmic domain of TβRIII, 

namely binding to the PDZ domain containing protein, GIPC, is largely responsible for 

mediating the effects of TβRIII on inhibiting TGF-β signaling and inhibiting cell migration 

and invasion in vitro, as either inhibiting the ability of TβRIII to bind GIPC or silencing 

GIPC expression is sufficient to abolish these effects. These results provide another 

mechanism by which TβRIII mediates its suppressor of cancer progression effects and 

emphasize the importance of the conserved TβRIII cytoplasmic domain in mediating 

TβRIII functions. 

How does TβRIII inhibit TGF-β signaling through its cytoplasmic domain and 

GIPC binding function? While we have previously demonstrated that TβRIII can inhibit 

TGF-β signaling through generation of sTβRIII, which sequesters TGF-β to inhibit TGF-β 

signaling [42], here we show that TβRIII and TβRIII-cyto do not differ in their ability to 

produce or to inhibit cell migration through sTβRIII. Thus, differences in generation of 

sTβRIII likely do not account for cytoplasmic domain-mediated inhibition of TGF-β 

signaling.  We have also previously demonstrated that GIPC binding to TβRIII stabilized 

TβRIII on the cell surface and increased TGF-β signaling in epithelial cells and 

myoblasts [139].  However, these studies utilized GIPC overexpression as opposed to 

the loss of function studies performed here.  In addition, breast epithelial and/or breast 

cancer cells could have altered responsiveness to GIPC.  In any case, the ability of 

GIPC to regulate cell surface stability of TβRIII suggests that GIPC might serve to 
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regulate TGF-β signaling by regulating its internalization and trafficking.  Consistent with 

this hypothesis, the other scaffolding protein that interacts with the cytoplasmic domain 

of TβRIII, β-arrestin2, functions to regulate TβRIII endocytosis and TGF-β signaling 

[138].  In addition, we have demonstrated that internalization of TβRIII through both 

clathrin-dependent and clathrin-independent signaling pathways is important for TβRIII–

mediated signaling through both Smad-dependent and Smad-independent signaling 

pathways [168].  Alternatively, GIPC could be functioning as a scaffolding protein to link 

TβRIII to other pathways that either directly or indirectly inhibit TGF-β signaling.  Current 

studies are aimed at defining the precise mechanism by which TβRIII and GIPC function 

to inhibit TGF-β signaling, including the connection between receptor trafficking and 

signaling. 

Here we present data supporting a model for TβRIII in inhibiting breast cancer 

progression through inhibition of TGF-β signaling, not through generation of sTβRIII, but 

through its cytoplasmic domain.  In separate studies we have also demonstrated that 

TβRIII might inhibit breast cancer progression through TGF-β signaling independent and 

β-arrestin2-dependent activation of Cdc42 to inhibit breast cancer cell migration [18] as 

well as through β-arrestin2-dependent inhibition of NF-κB signaling to inhibit breast 

cancer cell migration [164]. Taken together, these results suggest several mechanisms 

that could either act in concert or in isolation to mediate the suppressor of cancer 

progression function of TβRIII.  These multiple mechanisms by which TβRIII functions 

also provide an explanation for the selective pressure which likely results in the frequent 

loss of TβRIII expression during breast cancer progression, as we have already reported 

[42].  While these mechanisms may function in isolation, as TβRIII-cyto also produces 

sTβRIII (Figure 26), why does it not have any effect in inhibiting cell migration and 
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invasion in vitro and cancer progression in vivo?  While this paradox remains to be fully 

explored, it is possible that the different mechanisms defined operate in different 

contexts or that TβRIII-cyto, which cannot be internalized and downregulated [168], 

functions as a constitutively active ligand presenter and functionally competes with 

sTβRIII as a suppressor of signaling.  These possibilities are currently being explored. 

In summary, our work has demonstrated that the cytoplasmic domain of TβRIII is 

critical for its function in inhibiting migration and invasion, as well as TβRIII’s role in 

attenuating TGF-β signaling.  In vivo, the cytoplasmic domain is important for the ability 

of TβRIII to inhibit metastatic potential.  Furthermore, we have identified the interaction 

with GIPC as a critical mediator of TβRIII’s effects in vitro on signaling and invasion.  

Coupled with further work to identify the contribution of GIPC / TβRIII interactions in vivo, 

these studies have the potential to open a path towards a novel target for the treatment 

of breast cancer patients. 
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4.  Summary and Future Directions 

4.1  Summary 

 TGF-β plays a significant role in cancer progression, having effects on 

proliferation, apoptosis, differentiation, migration, and invasion.  Though TGF-β generally 

acts in a tumor suppressive fashion, a switch occurs sometime during carcinogenesis 

whereby TGF-β can act paradoxically to promote tumor progression.  This dichotomy of 

functional effects in cancer progression remains one of the central mysteries of TGF-β 

signaling.  TGF-β signaling has been shown to be a significant modulator of breast 

cancer progression specifically.  Evidence to date suggests that loss of expression of 

TGF-β signaling components is a relatively uncommon event in patients with breast 

cancer, and that contributions of TGF-β to cancer progression are due to changes in 

how cells respond to signals.  My studies have focused on the contribution of the type III 

TGF-β receptor (TβRIII).  First thought of as a co-receptor for ligand presentation to the 

TGF-β signaling apparatus, TβRIII is emerging as a more complex regulator of TGF-β 

signaling and function.  Furthermore, TβRIII loss has been seen in cancer progression in 

other cancers [92, 93, 95, 96], lending support to the notion that TβRIII loss may be a 

significant event in breast cancer progression. 

 In contrast to other signaling components, TβRIII is significantly downregulated 

both at the message and protein levels with breast cancer progression.  Samples from a 

variety of patients were compared and analyzed.  Loss of TβRIII was demonstrated to 

occur not just with increasing grade, but was seen across several different subtypes of 

breast cancer.  We had also demonstrated that there is loss of heterozygosity at the 

TβRIII locus in breast cancer patients, and that this was correlated with a decrease in 

TβRIII expression.  Furthermore, TGF-β stimulation led to the downregulation of TβRIII 
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transcription [42].  These data suggest multiple potential mechanisms of TβRIII loss in 

breast cancer, and that the loss of TβRIII expression may be a relatively ubiquitous 

phenomenon that, in conjunction with other data, has implications for a variety of breast 

cancers in terms of understanding underlying biology, clinical outcome, and therapeutic 

approach. 

 Having established that TβRIII loss of expression is a significant event in breast 

cancer progression, we sought to further establish whether this loss functionally impacts 

the biology of the tumor.  We used an orthotopic mammary cancer model to address this 

question.  Given TGF-β’s role in tumor cell growth, we first examined whether there were 

differences in tumor growth.  Gross examination of the tumor revealed no differences in 

growth.  Tumor growth was further dissected with a closer look at the underlying 

processes of proliferation and apoptosis.  With immunohistochemical analysis, TβRIII 

demonstrated no significant effect on the proliferative or the apoptotic behavior of tumor 

cells in vivo.  Thus, TβRIII in this model reveals no effects on tumor growth, proliferation, 

or apoptosis. 

 Cancer progression is also characterized by the metastasis of primary tumor.  

Thus, the next question addressed was whether TβRIII had any effect on metastatic 

potential.  In the orthotopic mouse model, TβRIII did have a significant effect on 

metastatic tumor formation, both delaying the onset of metastatic lesions as well as 

decreasing the overall metastatic tumor burden.  Furthermore, this was accompanied by 

a decrease in local invasiveness, as histopathological analysis of both primary tumor 

and metastatic lesions revealed that TβRIII tumors tended to have well-demarcated 

borders and less involvement with the surrounding parenchyma and stroma.  This 

difference in invasiveness was confirmed in vitro, with a Matrigel transwell assay used to 
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demonstrate that overexpression of TβRIII results in the attenuation of TGF-β stimulated 

invasion.  We have also seen that primary and metatstatic tumors expressing TβRIII 

exhibit decreases in angiogenesis as seen by vessel density and number [42].  Together 

with the decrease in invasiveness, TβRIII-mediated decreases in angiogenesis reveals 

another potential mechanism by which TβRIII suppresses metastasis. 

Given that invasion of cells with TGF-β stimulation was significantly altered in the 

presence of TβRIII, coupled with the fact that soluble TβRIII (sTβRIII) can dampen TGF-

β signaling through the sequestration of ligand, we next determined whether sTβRIII 

may be contributing to TβRIII’s suppression of invasion.  Having established that TβRIII 

overexpression in our in vitro system does in fact yield sTβRIII species that bind TGF-β, 

we used conditioned media containing sTβRIII to show that sTβRIII is sufficient to induce 

the suppression of invasion in vitro.  This suggests a potential mechanism in vivo by 

which TβRIII may suppress metastasis; the generation of sTβRIII leads to an overall 

decrease in TGF-β signaling through the sequestration of ligand, and this decrease in 

TGF-β signaling contributes to attenuation of local invasion at both the primary and 

metastatic sites, leading to an end result of a suppression of metastatic disease. 

 The clinical relevance of TβRIII on the suppression of metastatic potential was 

further examined by a retrospective analysis of previously published microarray data 

containing gene transcripts of breast cancer patients.  Complementing the gene arrays 

were the accompanying data of clinical outcomes and characterization of tumor 

samples.  The significance of TβRIII expression in breast cancer patients was further 

amplified with the finding that TβRIII expression levels correlate with patient prognosis; 

patients with low TβRIII levels have a shorter time to recurrence compared to those with 
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high levels of TβRIII.  Thus, while TβRIII expression has a measurable biological effect, 

it may also be a useful prognostic marker for predicting patient survival. 

 Examination of the structure of TβRIII reveals that, in addition to the extracellular 

domain that is important for sTβRIII sequestration of ligand, TβRIII contains a short 

cytoplasmic domain that contributes to its regulation of cell surface expression as well as 

non-canonical TGF-β signaling.  Thus, I sought to determine the contribution, if any, of 

the cytoplasmic domain in mediating TβRIII’s effects on breast cancer metastasis.  My 

initial approach was to use a deletion mutant abolishing the entire cytoplasmic domain 

and determining whether this mutant had any differential effects compared to the full 

length receptor. 

 In transwell assays, the role of the cytoplasmic domain of TβRIII on migration 

and invasion in vitro was assessed.  Abrogation of the cytoplasmic domain failed to 

suppress both migration through fibronectin and invasion through Matrigel, suggesting 

an important role for the cytoplasmic domain in regulating TβRIII’s function.  

Furthermore, this effect was associated with changes in TGF-β signaling; while full 

length TβRIII suppressed TGF-β signaling, deletion of the cytoplasmic domain failed to 

suppress Smad activation.  TβRIII might also be affecting migration and associated 

breast cancer progression through other mechanisms.  Specifically, as mentioned 

previously, TβRIII might inhibit migration through TGF-β signaling independent and β-

arrestin2-dependent activation of Cdc42, as seen in ovarian cancer cells [18].  TβRIII 

can also mediate its effects on migration through β-arrestin2-dependent inhibition of NF-

κB signaling to inhibit cell migration in another breast cancer cell line [164].  Given that 

TβRIII is likely to act through multiple mechanisms to suppress cancer in a context-

specific manner, I examined other signaling pathways to determine their potential 
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contribution to breast cancer progression.  I examined MAPK and NF-κB signaling.  

Changes in both MAPK and NF-κB signaling were not detected with either the full length 

or cytoplasmic domain deletion mutant.  These findings suggest that non-TGF-β 

pathways are less likely in this system to contribute to TβRIII’s effects on migration and 

invasion, and suggest that full length TβRIII may be modulating its effects in part through 

attenuation of TGF-β signaling. 

 TβRIII’s effects on TGF-β signaling and consequent migration and invasion were 

further examined.  Abrogation of TGF-β signaling through the use of a pharmacological 

inhibitor of TβRI revealed abrogation of invasion.  Furthermore, a constitutively active 

mutant of TβRI demonstrated that migration and invasion suppressed by TβRIII could be 

rescued.  These data taken together demonstrate that TβRIII mediates invasion and 

migration through modulation of the TGF-β signaling pathway. 

 As previously mentioned, the cytoplasmic domain of TβRIII contains sites 

important for interaction with scaffolding proteins, namely β-arrestin2 and GIPC [138, 

139].  Given their roles in regulating cell surface expression and consequent modulation 

of downstream TGF-β signaling, I sought to address the question of whether the effects 

seen with abrogation of the cytoplasmic domain were due to the inability of TβRIII to 

interact with these proteins.  Using mutants specific to the interactions with each of these 

proteins, I demonstrated that dampening of TGF-β signaling by TβRIII could be 

abrogated by the deletion of the GIPC binding domain alone.  The importance of the 

interaction of GIPC with TβRIII in modulating TGF-β signaling was confirmed with the 

shRNA knockdown of GIPC yielding similar results.  Finally, the functional effect of 

abolishing GIPC and TβRIII interaction was assessed by looking at Matrigel transwell 

invasion.  By using both the GIPC-binding mutant as well as GIPC knockdown, I showed 
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that inhibition of invasion by TβRIII could be abrogated by eliminating the TβRIII 

interaction.  Furthermore, TGF-β signaling modulated this GIPC-dependent effect on 

invasion, as the use of pharmacological inhibition of TβRI led to abrogation of invasion. 

 Having demonstrated the importance of the cytoplasmic domain in TGF-β 

signaling as well as its contribution to mediating migration and invasion in vitro, I next 

determined whether the cytoplasmic domain has biological effects in vivo.  As expected, 

there were no differences in tumor growth, proliferation, or apoptosis with the deletion of 

the cytoplasmic domain.  However, deletion of the cytoplasmic domain did affect 

metastatic growth.  While TβRIII suppressed metastatic tumor formation, deletion of the 

cytoplasmic domain abrogated TβRIII-mediated suppression of metastasis, as assessed 

by overall metastatic burden, time to onset, and sites of metastases.  Furthermore, 

decreases in local invasiveness of primary tumor and metastases in tumor cells with 

TβRIII were not seen in those tumors with the deletion mutant.  Finally, these effects 

were associated with changes in TGF-β signaling in the metastatic lesions, as TβRIII 

decreased Smad2 phosphorylation while the deletion mutant failed to have the same 

effects. 

 In conclusion, this work in aggregate amplifies the existing body of knowledge 

defining TGF-β signaling as an important mediator of breast cancer progression.  TβRIII 

is identified as a commonly downregulated TGF-β signaling component with prognostic 

implications for breast cancer patients.  It is shown to be important in breast cancer 

progression through its suppressive effects on migration, invasion, and metastasis.  

Additionally, TGF-β signaling is critical to TβRIII’s tumor suppressive effects.  These 

effects are also modulated by the cytoplasmic domain, and in particular TβRIII’s 

interaction with GIPC contributes to the invasive properties suppressed by TβRIII. 
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4.2  Future directions 

I have demonstrated the importance of the cytoplasmic domain of TβRIII in 

suppressing migration, invasion, and metastasis, as well as associated dampening of 

TGF-β signaling.  Furthermore, I have also shown that the interaction of TβRIII with 

GIPC is important in modulating TGF-β signaling as well as in the suppression of 

invasion in vitro.  Determining whether this interaction has biological relevance would 

significantly add to our understanding of the GIPC-TβRIII interaction.  The experiments 

with GIPC interaction with TβRIII utilized transient overexpression, and constructs were 

thus not stably expressed as they were in the in vivo experiments utilizing the complete 

cytoplasmic deletion.  Thus, a logical next step would be to develop a 4T1 cell line with 

the same constitutively active luciferase reporter and stably express the GIPC deletion 

mutant.  After verifying expression of this GIPC deletion mutant, as well as in vitro 

functional effects on invasion as seen in my work, these could then be orthotopically 

injected into mice and compared with an empty vector control group and a TβRIII group.  

Given the observations we have seen thus far, the expectation would be for the GIPC 

deletion mutant group to phenocopy the cytoplasmic deletion mutant seen in my 

experiments.  That is, while full length TβRIII would lead to a decrease in metastatic 

burden, number of metastatic sites, and local invasiveness, deletion of the GIPC binding 

domain would abrogate these effects. 

My dissertation demonstrated the importance of GIPC in mediating TβRIII’s 

suppressive effects in vitro.  Beyond looking at a mouse model, a more clinically relevant 

question would be to determine whether GIPC expression itself is correlated with or 

predictive of disease progression.  GIPC in cancer has been examined in a relatively 

small number of studies in which GIPC expression is measured in a panel of cancer 
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tissue samples or cell lines.  The data do not demonstrate a clear trend of changes in 

expression in cancer progression.  In an array of pancreatic cancer tumor tissues, GIPC 

protein was largely overexpressed compared to normal pancreatic tissue [171].  

Furthermore, GIPC expression of human breast cancer cell lines revealed a majority that 

overexpressed GIPC compared to a normal breast epithelial cell line [172].  However, in 

another study examining a panel of tissue samples by immunohistochemical staining, 

GIPC was overexpressed in gastric and pancreatic cancers, while kidney, colorectal, 

and prostate cancers had decreased expression of GIPC [173].  These disparate results 

are not altogether unsurprising, given the multifaceted and complex role of GIPC as a 

mediator of internalization, cell surface receptor expression, and downstream signaling.  

Overall expression levels of GIPC may be important in its effects on TβRIII and other cell 

surface receptors, but subcellular localization of GIPC also likely plays a role in 

mediating GIPC’s effects.  It may be that because of the wide variety of proteins with 

which GIPC interacts, most studies have focused on disrupting the GIPC interaction with 

a protein of interest.  There are few studies that directly knockdown GIPC to determine 

GIPC’s biological effects; however, one study did demonstrate that tumor growth of a 

pancreatic cell line was decreased with knockdown of GIPC and subsequent orthotopic 

injection [174].  Beyond this example of GIPC’s effects on tumor growth, GIPC’s 

generalized role in invasiveness and metastasis remains to be explored, along with 

GIPC’s association with patient survival and outcome. 

Another key issue that begs further consideration is reconciling the functions of 

the soluble form of TβRIII and the cytoplasmic deletion mutant.  As previously discussed, 

sTβRIII sequesters ligand to inhibit TGF-β signaling [133], and TβRIII is cleaved to yield 

sTβRIII species [144].  In our hands, expression of full length receptor yields sTβRIII in 
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conditioned media, and reduces migration and invasion in vitro, consistent with the 

existing literature [133].  Overexpressing the cytoplasmic deletion, furthermore, also 

yields sTβRIII in the conditioned media, and this species functions similarly to the 

sTβRIII species arising from full length TβRIII expression in terms of signaling and in 

migration and invasion in vitro.  This leads to an apparent paradox:  if sTβRIII is 

sufficient to dampen TGF-β signaling and consequently have tumor suppressive effects, 

how does the cytoplasmic deletion mutant, which also gives rise to a sTβRIII that 

similarly suppresses migration and invasion, fail to inhibit migration, invasion, and 

metastasis?  It may be that the cytoplasmic domain also contributes to tumor 

suppressive activity itself independent of sTβRIII generated, and that deletion of the 

cytoplasmic domain has a dominant negative effect on sTβRIII’s suppressive functions 

on TGF-β signaling, migration and invasion.  One way to address this would be to create 

a full length receptor unable to generate sTβRIII by identifying the cleavage site of TβRIII 

and mutating it, and in fact this avenue is being explored currently.  One would expect 

then that this cleavage mutant could either mimic the full length receptor or have no 

suppressive effect.  If it were to mimic the full length receptor in vitro and in vivo, we 

could conclude that sTβRIII is sufficient but not required for TβRIII-mediated suppression 

of migration and invasion.  If the cleavage mutant had no suppressive effects, then 

sTβRIII would be shown to be absolutely essential in mediating TβRIII’s effects, and that 

the observed effects of the cytoplasmic deletion mutant and the GIPC-binding mutant 

are due to a dominant negative effect that overrides the contribution of sTβRIII. 

As described in the Introduction, TβRIII binds a wide variety of other TGF-β 

superfamily ligands, including BMP’s, activin, and inhibin [140-142].  These ligands 

operate through different type II and type I receptors, and can modulate Smads 1/5/8 to 
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mediate their downstream effects [140-142].  My studies focused on the specific effects 

of TGF-β on the ALK5/Smad2 axis of signaling.  It is possible that the effects on 

migration, invasion, and metastasis observed for TβRIII-mediated dampening of TGF-β 

signaling may have concurrent mechanisms of action mediated by these other 

superfamily members.  For example, in the MDA-MB231-D mammary cancer cell line, 

BMP-2 has been shown to potentiate invasion in vitro and enhance mammary cancer 

metastasis in a xenograft model [175].  Furthermore, in an ovarian cancer cell model, a 

mutant TβRIII that was deficient in its ability to bind inhibin exhibited a decrease in 

invasion in vitro [176].  Smads1/5/8 have been shown to mediate effects in endothelial 

cells, particularly on the stimulation of endothelial cell proliferation and migration [177].  

In addition, Smads1/5/8 are integral to BMP effects on tumor growth suppression in 

bone [178].   Disruptions to these processes lead to alterations in angiogenic and tumor 

growth potential, and such alterations would be interesting to examine in the context of 

TβRIII-mediated alterations in signaling.  Studies to determine whether sTβRIII and 

GIPC interaction are important in mediating these effects with other superfamily ligands 

would elucidate yet another mechanism by which metastasis is inhibited by TβRIII in 

vivo.  Also interesting would be an examination of whether these pathways converge 

and synergize or compete for TβRIII in these and other functional effects. 

The wide variety of mechanisms mentioned, including the effects of sTβRIII, 

contribution of TGF-β independent pathways like Cdc42 and NF-κB, and the role of 

GIPC and the cytoplasmic domain of TβRIII, may be further explored by looking at other 

types of cancer.  As TGF-β signaling is context-dependent, and as one or more of these 

mechanisms in concert may contribute to the observed differences in migration, 

invasion, and metastasis, examining other systems may yield more insight.  Generalizing 
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these insights to a wider variety of cancers would enhance the relevance of our 

biological understanding of TβRIII’s tumor suppressor effects.  In addition, TGF-β 

signaling has a significant impact on other processes, both normal and pathological [2].  

As described before, beyond cancer progression, TGF-β has demonstrated roles in 

processes as varied as embryonic development, vascular remodeling, immune 

responses, and wound healing [2].  These functions are intimately involved with cellular 

migration and invasion.  In embryonic development and vascular remodeling, motility 

and local invasiveness of tissues is critical with EMT driving the process of tissue 

reorganization [67].  Immune responses and wound healing require the localization of 

cells to target regions of interest, whether to mount an attack against a foreign pathogen 

or to bring cells into an area to initiate a cascade of repair [179].  My findings with 

regards to migration and invasion may have broader applicability beyond cancer 

disease.  Further examination of processes such as these may not only generalize these 

insights, but may also better define how these multiple mechanisms of TβRIII’s 

potentially work together to mediate migration and invasion specifically.Ultimately, the 

goal of examining the effects of TβRIII would ideally lead to better outcomes for breast 

cancer patients.  As I have demonstrated, TβRIII may be used as a prognostic indicator 

for recurrence free survival.  Whether high levels of TβRIII actually lead to better overall 

survival remains to be seen, and as more clinical specimens and survival data become 

available, this is an important question which can be readdressed.  TβRIII as a marker 

for recurrence-free survival may also prove to be useful in terms of planning treatments 

for patients.  Again, as more data become available, it may be possible to determine 

gene profiles in conjunction with other predictive markers that predict patient response to 

chemotherapy. 



 

97 

Further defining how TβRIII acts to suppress metastasis may lead to a more 

targeted prevention or treatment approach that enhances the quality of life and 

survivability of breast cancer patients.  Our work has shown that sTβRIII is sufficient to 

inhibit migration and invasion in vitro.  In addition, our work has shown that in the 4T1 

mouse model, there is a tight link between TGF-β signaling and invasiveness.  Previous 

studies utilizing systemic soluble TβRIII in mice show some promise [133, 145] in 

inhibiting metastatic growth.  This modality hinges upon repression of TGF-β signaling 

through the sequestration of ligand.  As described in the Introduction, it is evident from 

human trials that using a strategy of TGF-β signaling repression alone is fraught with 

complications due to TGF-β’s multifaceted roles on various tissues, tumor type, and 

tumor stage.  There are other factors that beg consideration with regards to therapeautic 

strategies.  In particular, TβRIII exhibits loss of heterozygosity in breast cancer patients; 

as a tumor suppressor, targeting TβRIII might be of therapeautic value through the 

inhibition of epigenetic loss of TβRIII expression.  In addition, TβRIII –mediated effects 

on migration and invasion are modulated in part through its cytoplasmic domain, in 

particular through its interactions with GIPC, β-arrestin2, and Cdc42.  A closer 

examination of these components in other cellular contexts and tumor types would 

reveal  the extent of how generalizable these effects might be in various cancer types, 

as well as any potential side effects which could obviate such therapy. 



 

98 

References 
1. Kamangar, F., G.M. Dores, and W.F. Anderson, Patterns of Cancer Incidence, 

Mortality, and Prevalence Across Five Continents: Defining Priorities to Reduce 
Cancer Disparities in Different Geographic Regions of the World. J Clin Oncol, 
2006. 24(14): p. 2137-2150. 

 
2. Massague, J., TGF-beta signal transduction. Annu Rev Biochem, 1998. 67: p. 

753-91. 
 
3. Shi, Y. and J. Massague, Mechanisms of TGF-beta signaling from cell 

membrane to the nucleus. Cell, 2003. 113(6): p. 685-700. 
 
4. Di Guglielmo, G.M., et al., Distinct endocytic pathways regulate TGF-beta 

receptor signalling and turnover. Nat Cell Biol, 2003. 5(5): p. 410-21. 
 
5. Lu, T., et al., Dose-dependent cross-talk between the transforming growth factor-

beta and interleukin-1 signaling pathways. Proc Natl Acad Sci U S A, 2007. 
104(11): p. 4365-70. 

 
6. Konig, H.G., et al., TGF-{beta}1 activates two distinct type I receptors in neurons: 

implications for neuronal NF-{kappa}B signaling. J Cell Biol, 2005. 168(7): p. 
1077-86. 

 
7. Delaney, J.R. and M. Mlodzik, TGF-beta activated kinase-1: new insights into the 

diverse roles of TAK1 in development and immunity. Cell Cycle, 2006. 5(24): p. 
2852-5. 

 
8. Adhikari, A., M. Xu, and Z.J. Chen, Ubiquitin-mediated activation of TAK1 and 

IKK. Oncogene, 2007. 26(22): p. 3214-26. 
 
9. Wang, C., et al., TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature, 

2001. 412(6844): p. 346-51. 
 
10. Yu, L., M.C. Hebert, and Y.E. Zhang, TGF-beta receptor-activated p38 MAP 

kinase mediates Smad-independent TGF-beta responses. EMBO J, 2002. 
21(14): p. 3749-59. 

 
11. Carta, L., et al., p38 MAPK is an early determinant of promiscuous Smad2/3 

signaling in the aortas of fibrillin-1 (Fbn1)-null mice. J Biol Chem, 2009. 284(9): p. 
5630-6. 

 
12. Santander, C. and E. Brandan, Betaglycan induces TGF-beta signaling in a 

ligand-independent manner, through activation of the p38 pathway. Cell Signal, 
2006. 18(9): p. 1482-91. 

 



 

99 

13. Engel, M.E., et al., Interdependent SMAD and JNK signaling in transforming 
growth factor-beta-mediated transcription. J Biol Chem, 1999. 274(52): p. 37413-
20. 

 
14. Derynck, R. and Y.E. Zhang, Smad-dependent and Smad-independent pathways 

in TGF-beta family signalling. Nature, 2003. 425(6958): p. 577-84. 
 
15. Mori, S., et al., TGF-beta and HGF transmit the signals through JNK-dependent 

Smad2/3 phosphorylation at the linker regions. Oncogene, 2004. 23(44): p. 7416-
29. 

 
16. Edlund, S., et al., Transforming growth factor-beta-induced mobilization of actin 

cytoskeleton requires signaling by small GTPases Cdc42 and RhoA. Mol Biol 
Cell, 2002. 13(3): p. 902-14. 

 
17. Bhowmick, N.A., et al., Transforming growth factor-beta1 mediates epithelial to 

mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol 
Biol Cell, 2001. 12(1): p. 27-36. 

 
18. Mythreye, K. and G.C. Blobe, The type III TGF-beta receptor regulates epithelial 

and cancer cell migration through beta-arrestin2-mediated activation of Cdc42. 
Proc Natl Acad Sci U S A, 2009. 106(20): p. 8221-6. 

 
19. Bishop, A.L. and A. Hall, Rho GTPases and their effector proteins. Biochem J, 

2000. 348 Pt 2: p. 241-55. 
 
20. Hannon, G.J. and D. Beach, pl5INK4B is a potentia| effector of TGF-[beta]-

induced cell cycle arrest. Nature, 1994. 371(6494): p. 257-261. 
 
21. Datto, M.B., et al., Transforming Growth Factor {beta} Induces the Cyclin-

Dependent Kinase Inhibitor p21 through a p53-Independent Mechanism. 
Proceedings of the National Academy of Sciences, 1995. 92(12): p. 5545-5549. 

 
22. Pietenpol, J.A., et al., TGF-[beta]1 inhibition of c-myc transcription and growth in 

keratinocytes is abrogated by viral transforming proteins with pRB binding 
domains. Cell, 1990. 61(5): p. 777-785. 

 
23. Seoane, J., H.V. Le, and J. Massague, Myc suppression of the p21(Cip1) Cdk 

inhibitor influences the outcome of the p53 response to DNA damage. Nature, 
2002. 419(6908): p. 729-34. 

 
24. Chen, C.R., Y. Kang, and J. Massague, Defective repression of c-myc in breast 

cancer cells: A loss at the core of the transforming growth factor beta growth 
arrest program. Proc Natl Acad Sci U S A, 2001. 98(3): p. 992-9. 

 
25. Petrocca, F., et al., E2F1-regulated microRNAs impair TGFbeta-dependent cell-

cycle arrest and apoptosis in gastric cancer. Cancer Cell, 2008. 13(3): p. 272-86. 
 



 

100 

26. Lagna, G., et al., BMP-dependent activation of caspase-9 and caspase-8 
mediates apoptosis in pulmonary artery smooth muscle cells. Am J Physiol Lung 
Cell Mol Physiol, 2006. 291(5): p. L1059-67. 

 
27. Inman, G.J. and M.J. Allday, Apoptosis induced by TGF-beta 1 in Burkitt's 

lymphoma cells is caspase 8 dependent but is death receptor independent. J 
Immunol, 2000. 165(5): p. 2500-10. 

 
28. Motyl, T., et al., Expression of bcl-2 and bax in TGF-beta 1-induced apoptosis of 

L1210 leukemic cells. Eur J Cell Biol, 1998. 75(4): p. 367-74. 
 
29. Valderrama-Carvajal, H., et al., Activin/TGF-beta induce apoptosis through 

Smad-dependent expression of the lipid phosphatase SHIP. Nat Cell Biol, 2002. 
4(12): p. 963-9. 

 
30. Jang, C.W., et al., TGF-beta induces apoptosis through Smad-mediated 

expression of DAP-kinase. Nat Cell Biol, 2002. 4(1): p. 51-8. 
 
31. Perlman, R., et al., TGF-beta-induced apoptosis is mediated by the adapter 

protein Daxx that facilitates JNK activation. Nat Cell Biol, 2001. 3(8): p. 708-14. 
 
32. Zhang, S., et al., TGFbeta1-induced activation of ATM and p53 mediates 

apoptosis in a Smad7-dependent manner. Cell Cycle, 2006. 5(23): p. 2787-95. 
 
33. Siegel, P.M. and J. Massague, Cytostatic and apoptotic actions of TGF-beta in 

homeostasis and cancer. Nat Rev Cancer, 2003. 3(11): p. 807-21. 
 
34. Lei, X., et al., Abrogation of TGF[beta] signaling induces apoptosis through the 

modulation of MAP kinase pathways in breast cancer cells. Experimental Cell 
Research, 2007. 313(8): p. 1687-1695. 

 
35. Erler, J.T. and V.M. Weaver, Three-dimensional context regulation of metastasis. 

Clin Exp Metastasis, 2009. 26(1): p. 35-49. 
 
36. Yamamoto, T., et al., Involvement of p38 MAP kinase in TGF-beta-stimulated 

VEGF synthesis in aortic smooth muscle cells. J Cell Biochem, 2001. 82(4): p. 
591-8. 

 
37. Sanchez-Elsner, T., et al., Synergistic cooperation between hypoxia and 

transforming growth factor-beta pathways on human vascular endothelial growth 
factor gene expression. J Biol Chem, 2001. 276(42): p. 38527-35. 

 
38. Kang, Y., et al., A multigenic program mediating breast cancer metastasis to 

bone. Cancer Cell, 2003. 3(6): p. 537-49. 
 
39. Safina, A., E. Vandette, and A.V. Bakin, ALK5 promotes tumor angiogenesis by 

upregulating matrix metalloproteinase-9 in tumor cells. Oncogene, 2006. 26(17): 
p. 2407-2422. 



 

101 

 
40. Bertolino, P., et al., Transforming growth factor-beta signal transduction in 

angiogenesis and vascular disorders. Chest, 2005. 128(6 Suppl): p. 585S-590S. 
 
41. Pepper, M.S., Transforming growth factor-beta: vasculogenesis, angiogenesis, 

and vessel wall integrity. Cytokine Growth Factor Rev, 1997. 8(1): p. 21-43. 
 
42. Dong, M., et al., The type III TGF-beta receptor suppresses breast cancer 

progression. J Clin Invest, 2007. 117(1): p. 206-17. 
 
43. Larsson, J., et al., Abnormal angiogenesis but intact hematopoietic potential in 

TGF-beta type I receptor-deficient mice. EMBO J, 2001. 20(7): p. 1663-73. 
 
44. Oshima, M., H. Oshima, and M.M. Taketo, TGF-beta receptor type II deficiency 

results in defects of yolk sac hematopoiesis and vasculogenesis. Dev Biol, 1996. 
179(1): p. 297-302. 

 
45. Compton, L.A., et al., Coronary vessel development is dependent on the type III 

transforming growth factor beta receptor. Circ Res, 2007. 101(8): p. 784-91. 
 
46. Brown, C.B., et al., Requirement of type III TGF-beta receptor for endocardial cell 

transformation in the heart. Science, 1999. 283(5410): p. 2080-2. 
 
47. McAllister, K.A., et al., Endoglin, a TGF-beta binding protein of endothelial cells, 

is the gene for hereditary haemorrhagic telangiectasia type 1. Nat Genet, 1994. 
8(4): p. 345-51. 

 
48. Johnson, D.W., et al., Mutations in the activin receptor-like kinase 1 gene in 

hereditary haemorrhagic telangiectasia type 2. Nat Genet, 1996. 13(2): p. 189-
95. 

 
49. de Jong, J.S., et al., Expression of growth factors, growth-inhibiting factors, and 

their receptors in invasive breast cancer. II: Correlations with proliferation and 
angiogenesis. J Pathol, 1998. 184(1): p. 53-7. 

 
50. Hasegawa, Y., et al., Transforming growth factor-beta1 level correlates with 

angiogenesis, tumor progression, and prognosis in patients with nonsmall cell 
lung carcinoma. Cancer, 2001. 91(5): p. 964-71. 

 
51. Classen, S., et al., Human resting CD4+ T cells are constitutively inhibited by 

TGF beta under steady-state conditions. J Immunol, 2007. 178(11): p. 6931-40. 
 
52. Cheng, M.L., et al., Clonal restriction of the expansion of antigen-specific CD8+ 

memory T cells by transforming growth factor-{beta}. J Leukoc Biol, 2006. 79(5): 
p. 1033-42. 

 



 

102 

53. Chen, W., et al., Conversion of Peripheral CD4+CD25- Naive T Cells to 
CD4+CD25+ Regulatory T Cells by TGF-{beta} Induction of Transcription Factor 
Foxp3. J. Exp. Med., 2003. 198(12): p. 1875-1886. 

 
54. Mangan, P.R., et al., Transforming growth factor-[beta] induces development of 

the TH17 lineage. Nature, 2006. 441(7090): p. 231-234. 
 
55. Travis, M.A., et al., Loss of integrin alpha(v)beta8 on dendritic cells causes 

autoimmunity and colitis in mice. Nature, 2007. 449(7160): p. 361-5. 
 
56. Bogdan, C., et al., Contrasting mechanisms for suppression of macrophage 

cytokine release by transforming growth factor-beta and interleukin-10. J Biol 
Chem, 1992. 267(32): p. 23301-8. 

 
57. Borkowski, T.A., et al., Langerhans cells in the TGF beta 1 null mouse. Adv Exp 

Med Biol, 1997. 417: p. 307-10. 
 
58. Gorelik, L. and R.A. Flavell, Immune-mediated eradication of tumors through the 

blockade of transforming growth factor-beta signaling in T cells. Nat Med, 2001. 
7(10): p. 1118-22. 

 
59. Kim, B.G., et al., Smad4 signalling in T cells is required for suppression of 

gastrointestinal cancer. Nature, 2006. 441(7096): p. 1015-9. 
 
60. Nam, J.S., et al., Transforming growth factor beta subverts the immune system 

into directly promoting tumor growth through interleukin-17. Cancer Res, 2008. 
68(10): p. 3915-23. 

 
61. Blobe, G.C., W.P. Schiemann, and H.F. Lodish, Role of Transforming Growth 

Factor {beta} in Human Disease. N Engl J Med, 2000. 342(18): p. 1350-1358. 
 
62. Desruisseau, S., et al., Divergent effect of TGFbeta1 on growth and proteolytic 

modulation of human prostatic-cancer cell lines. Int J Cancer, 1996. 66(6): p. 
796-801. 

 
63. Dalal, B.I., P.A. Keown, and A.H. Greenberg, Immunocytochemical localization of 

secreted transforming growth factor-beta 1 to the advancing edges of primary 
tumors and to lymph node metastases of human mammary carcinoma. Am J 
Pathol, 1993. 143(2): p. 381-9. 

 
64. Kim, E.-S., Y.-W. Sohn, and A. Moon, TGF-[beta]-induced transcriptional 

activation of MMP-2 is mediated by activating transcription factor (ATF)2 in 
human breast epithelial cells. Cancer Letters, 2007. 252(1): p. 147-156. 

 
65. Kim, E.S., M.S. Kim, and A. Moon, TGF-beta-induced upregulation of MMP-2 

and MMP-9 depends on p38 MAPK, but not ERK signaling in MCF10A human 
breast epithelial cells. Int J Oncol, 2004. 25(5): p. 1375-82. 

 



 

103 

66. Kalo, E., et al., Mutant p53 attenuates the SMAD-dependent TGF-{beta}1 
signaling pathway by repressing the expression of TGF-{beta} receptor type II. 
Mol. Cell. Biol., 2007: p. MCB.00374-07. 

 
67. Thiery, J.P., Epithelial-mesenchymal transitions in development and pathologies. 

Curr Opin Cell Biol, 2003. 15(6): p. 740-6. 
 
68. Xie, L., et al., Activation of the Erk pathway is required for TGF-beta1-induced 

EMT in vitro. Neoplasia, 2004. 6(5): p. 603-10. 
 
69. Valcourt, U., et al., TGF-beta and the Smad signaling pathway support 

transcriptomic reprogramming during epithelial-mesenchymal cell transition. Mol 
Biol Cell, 2005. 16(4): p. 1987-2002. 

 
70. Zhou, B.P., et al., Dual regulation of Snail by GSK-3beta-mediated 

phosphorylation in control of epithelial-mesenchymal transition. Nat Cell Biol, 
2004. 6(10): p. 931-40. 

 
71. Ellenrieder, V., et al., Transforming growth factor beta1 treatment leads to an 

epithelial-mesenchymal transdifferentiation of pancreatic cancer cells requiring 
extracellular signal-regulated kinase 2 activation. Cancer Res, 2001. 61(10): p. 
4222-8. 

 
72. Kokudo, T., et al., Snail is required for TGFbeta-induced endothelial-

mesenchymal transition of embryonic stem cell-derived endothelial cells. J Cell 
Sci, 2008. 121(Pt 20): p. 3317-24. 

 
73. Romano, L.A. and R.B. Runyan, Slug is an essential target of TGFbeta2 

signaling in the developing chicken heart. Dev Biol, 2000. 223(1): p. 91-102. 
 
74. Bardeesy, N., et al., Smad4 is dispensable for normal pancreas development yet 

critical in progression and tumor biology of pancreas cancer. Genes Dev, 2006. 
20(22): p. 3130-46. 

 
75. Deckers, M., et al., The tumor suppressor Smad4 is required for transforming 

growth factor beta-induced epithelial to mesenchymal transition and bone 
metastasis of breast cancer cells. Cancer Res, 2006. 66(4): p. 2202-9. 

 
76. Bakin, A.V., et al., p38 mitogen-activated protein kinase is required for TGFbeta-

mediated fibroblastic transdifferentiation and cell migration. J Cell Sci, 2002. 
115(Pt 15): p. 3193-206. 

 
77. Bhowmick, N.A., et al., Integrin beta 1 signaling is necessary for transforming 

growth factor-beta activation of p38MAPK and epithelial plasticity. J Biol Chem, 
2001. 276(50): p. 46707-13. 

 



 

104 

78. Neil, J.R., et al., Cox-2 inactivates Smad signaling and enhances EMT stimulated 
by TGF-beta through a PGE2-dependent mechanisms. Carcinogenesis, 2008. 
29(11): p. 2227-35. 

 
79. Bhowmick, N.A., et al., TGF-beta signaling in fibroblasts modulates the 

oncogenic potential of adjacent epithelia. Science, 2004. 303(5659): p. 848-51. 
 
80. Cheng, N., et al., Loss of TGF-beta type II receptor in fibroblasts promotes 

mammary carcinoma growth and invasion through upregulation of TGF-alpha-, 
MSP- and HGF-mediated signaling networks. Oncogene, 2005. 24(32): p. 5053-
68. 

 
81. Brenmoehl, J., et al., Transforming growth factor-beta 1 induces intestinal 

myofibroblast differentiation and modulates their migration. World J 
Gastroenterol, 2009. 15(12): p. 1431-42. 

 
82. McKaig, B.C., et al., Normal human colonic subepithelial myofibroblasts enhance 

epithelial migration (restitution) via TGF-beta3. Am J Physiol, 1999. 276(5 Pt 1): 
p. G1087-93. 

 
83. De Wever, O., et al., Critical role of N-cadherin in myofibroblast invasion and 

migration in vitro stimulated by colon-cancer-cell-derived TGF-beta or wounding. 
J Cell Sci, 2004. 117(Pt 20): p. 4691-703. 

 
84. Chen, T., et al., Int7G24A variant of transforming growth factor-beta receptor 

type I is associated with invasive breast cancer. Clin Cancer Res, 2006. 12(2): p. 
392-7. 

 
85. Xu, Y. and B. Pasche, TGF-beta signaling alterations and susceptibility to 

colorectal cancer. Hum Mol Genet, 2007. 16 Spec No 1: p. R14-20. 
 
86. Chen, T., et al., Transforming growth factor-beta receptor type I gene is 

frequently mutated in ovarian carcinomas. Cancer Res, 2001. 61(12): p. 4679-82. 
 
87. Kim, I.Y., et al., Loss of expression of transforming growth factor-beta receptors 

is associated with poor prognosis in prostate cancer patients. Clin Cancer Res, 
1998. 4(7): p. 1625-30. 

 
88. Markowitz, S., et al., Inactivation of the type II TGF-beta receptor in colon cancer 

cells with microsatellite instability. Science, 1995. 268(5215): p. 1336-8. 
 
89. Lucke, C.D., et al., Inhibiting mutations in the transforming growth factor beta 

type 2 receptor in recurrent human breast cancer. Cancer Res, 2001. 61(2): p. 
482-5. 

 
90. Gobbi, H., et al., Transforming Growth Factor-{beta} and Breast Cancer Risk in 

Women With Mammary Epithelial Hyperplasia. J. Natl. Cancer Inst., 1999. 
91(24): p. 2096-2101. 



 

105 

 
91. Gobbi, et al., Loss of expression of transforming growth factor beta type II 

receptor correlates with high tumour grade in human breast in-situ and invasive 
carcinomas. Histopathology, 2000. 36(2): p. 168-177. 

 
92. Turley, R.S., et al., The type III transforming growth factor-beta receptor as a 

novel tumor suppressor gene in prostate cancer. Cancer Res, 2007. 67(3): p. 
1090-8. 

 
93. Hempel, N., et al., Loss of betaglycan expression in ovarian cancer: role in 

motility and invasion. Cancer Res, 2007. 67(11): p. 5231-8. 
 
94. Copland, J.A., et al., Genomic profiling identifies alterations in TGFbeta signaling 

through loss of TGFbeta receptor expression in human renal cell carcinogenesis 
and progression. Oncogene, 2003. 22(39): p. 8053-62. 

 
95. Gordon, K.J., et al., Loss of Type III Transforming Growth Factor {beta} Receptor 

Expression Increases Motility and Invasiveness associated with Epithelial to 
Mesenchymal Transition during Pancreatic Cancer Progression. Carcinogenesis, 
2007: p. bgm249. 

 
96. Finger, E.C., et al., TbetaRIII suppresses non-small cell lung cancer invasiveness 

and tumorigenicity. Carcinogenesis, 2008. 29(3): p. 528-35. 
 
97. Woodford-Richens, K.L., et al., Comprehensive analysis of SMAD4 mutations 

and protein expression in juvenile polyposis: evidence for a distinct genetic 
pathway and polyp morphology in SMAD4 mutation carriers. Am J Pathol, 2001. 
159(4): p. 1293-300. 

 
98. Takaku, K., et al., Gastric and duodenal polyps in Smad4 (Dpc4) knockout mice. 

Cancer Res, 1999. 59(24): p. 6113-7. 
 
99. Hahn, S.A., et al., Allelotype of pancreatic adenocarcinoma using xenograft 

enrichment. Cancer Res, 1995. 55(20): p. 4670-5. 
 
100. Takagi, Y., et al., Somatic alterations of the SMAD-2 gene in human colorectal 

cancers. Br J Cancer, 1998. 78(9): p. 1152-5. 
 
101. Uchida, K., et al., Somatic in vivo alterations of the JV18-1 gene at 18q21 in 

human lung cancers. Cancer Res, 1996. 56(24): p. 5583-5. 
 
102. Han, S.U., et al., Loss of the Smad3 expression increases susceptibility to 

tumorigenicity in human gastric cancer. Oncogene, 2004. 23(7): p. 1333-41. 
 
103. Boulay, J.L., et al., SMAD7 is a prognostic marker in patients with colorectal 

cancer. Int J Cancer, 2003. 104(4): p. 446-9. 
 



 

106 

104. Fukuchi, M., et al., High-level expression of the Smad ubiquitin ligase Smurf2 
correlates with poor prognosis in patients with esophageal squamous cell 
carcinoma. Cancer Res, 2002. 62(24): p. 7162-5. 

 
105. Bierie, B. and H. Moses, TGF-beta and cancer. Cytokine & growth factor reviews, 

2006. 17(1): p. 29-40. 
 
106. Xie, W., et al., Alterations of Smad signaling in human breast carcinoma are 

associated with poor outcome: a tissue microarray study. Cancer Res, 2002. 
62(2): p. 497-505. 

 
107. Kopp, A., et al., Transforming growth factor beta 2 (TGF-beta 2) levels in plasma 

of patients with metastatic breast cancer treated with tamoxifen. Cancer Res, 
1995. 55(20): p. 4512-5. 

 
108. Ghellal, A., et al., Prognostic significance of TGF beta 1 and TGF beta 3 in 

human breast carcinoma. Anticancer Res, 2000. 20(6B): p. 4413-8. 
 
109. Buijs, J.T., et al., Bone morphogenetic protein 7 in the development and 

treatment of bone metastases from breast cancer. Cancer Res, 2007. 67(18): p. 
8742-51. 

 
110. Kong, F.M., et al., Elevated plasma transforming growth factor-beta 1 levels in 

breast cancer patients decrease after surgical removal of the tumor. Ann Surg, 
1995. 222(2): p. 155-62. 

 
111. Shipitsin, M., et al., Molecular Definition of Breast Tumor Heterogeneity. Cancer 

Cell, 2007. 11(3): p. 259-273. 
 
112. Benson, J.R., Role of transforming growth factor beta in breast carcinogenesis. 

Lancet Oncol, 2004. 5(4): p. 229-39. 
 
113. Cui, W., et al., TGF[beta]1 Inhibits the Formation of Benign Skin Tumors, but 

Enhances Progression to Invasive Spindle Carcinomas in Transgenic Mice. Cell, 
1996. 86(4): p. 531-542. 

 
114. Bottinger, E.P., et al., Transgenic Mice Overexpressing a Dominant-negative 

Mutant Type II Transforming Growth Factor {beta} Receptor Show Enhanced 
Tumorigenesis in the Mammary Gland and Lung in Response to the Carcinogen 
7,12-Dimethylbenz-[a]-anthracene. Cancer Res, 1997. 57(24): p. 5564-5570. 

 
115. Siegel, P.M., et al., Transforming growth factor beta signaling impairs Neu-

induced mammary tumorigenesis while promoting pulmonary metastasis. Proc 
Natl Acad Sci U S A, 2003. 100(14): p. 8430-5. 

 
116. Stover, D., B. Bierie, and H. Moses, A delicate balance: TGF-beta and the tumor 

microenvironment. Journal of Cellular Biochemistry, 2007. 101(4): p. 851-861. 
 



 

107 

117. Bakin, A.V., et al., Phosphatidylinositol 3-kinase function is required for 
transforming growth factor beta-mediated epithelial to mesenchymal transition 
and cell migration. J Biol Chem, 2000. 275(47): p. 36803-10. 

 
118. Oft, M., K.H. Heider, and H. Beug, TGFbeta signaling is necessary for carcinoma 

cell invasiveness and metastasis. Curr Biol, 1998. 8(23): p. 1243-52. 
 
119. Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000. 100(1): p. 

57-70. 
 
120. Guasch, G., et al., Loss of TGFbeta signaling destabilizes homeostasis and 

promotes squamous cell carcinomas in stratified epithelia. Cancer Cell, 2007. 
12(4): p. 313-27. 

 
121. Gomis, R.R., et al., C/EBPbeta at the core of the TGFbeta cytostatic response 

and its evasion in metastatic breast cancer cells. Cancer Cell, 2006. 10(3): p. 
203-14. 

 
122. Massague, J., TGFbeta in Cancer. Cell, 2008. 134(2): p. 215-30. 
 
123. Butta, A., et al., Induction of transforming growth factor beta 1 in human breast 

cancer in vivo following tamoxifen treatment. Cancer Res, 1992. 52(15): p. 4261-
4. 

 
124. Buck, M.B. and C. Knabbe, TGF-beta signaling in breast cancer. Ann N Y Acad 

Sci, 2006. 1089: p. 119-26. 
 
125. Lee, B.I., et al., MS-275, a histone deacetylase inhibitor, selectively induces 

transforming growth factor beta type II receptor expression in human breast 
cancer cells. Cancer Res, 2001. 61(3): p. 931-4. 

 
126. Matsuyama, S., et al., SB-431542 and Gleevec inhibit transforming growth factor-

beta-induced proliferation of human osteosarcoma cells. Cancer Res, 2003. 
63(22): p. 7791-8. 

 
127. Callahan, J.F., et al., Identification of novel inhibitors of the transforming growth 

factor beta1 (TGF-beta1) type 1 receptor (ALK5). J Med Chem, 2002. 45(5): p. 
999-1001. 

 
128. Yakymovych, I., et al., Inhibition of transforming growth factor-beta signaling by 

low molecular weight compounds interfering with ATP- or substrate-binding sites 
of the TGF beta type I receptor kinase. Biochemistry, 2002. 41(36): p. 11000-7. 

 
129. Ehata, S., et al., Ki26894, a novel transforming growth factor-beta type I receptor 

kinase inhibitor, inhibits in vitro invasion and in vivo bone metastasis of a human 
breast cancer cell line. Cancer Sci, 2007. 98(1): p. 127-33. 

 



 

108 

130. Arteaga, C.L., et al., Transforming growth factor beta 1 can induce estrogen-
independent tumorigenicity of human breast cancer cells in athymic mice. Cell 
Growth Differ, 1993. 4(3): p. 193-201. 

 
131. Arteaga, C.L., et al., Evidence for a positive role of transforming growth factor-

beta in human breast cancer cell tumorigenesis. J Cell Biochem Suppl, 1993. 
17G: p. 187-93. 

 
132. Muraoka, R.S., et al., Blockade of TGF-beta inhibits mammary tumor cell 

viability, migration, and metastases. J Clin Invest, 2002. 109(12): p. 1551-9. 
 
133. Bandyopadhyay, A., et al., Antitumor activity of a recombinant soluble betaglycan 

in human breast cancer xenograft. Cancer Res, 2002. 62(16): p. 4690-5. 
 
134. Lei, X., et al., Autocrine TGFbeta supports growth and survival of human breast 

cancer MDA-MB-231 cells. Oncogene, 2002. 21(49): p. 7514-23. 
 
135. Zhang, Q., et al., Adoptive transfer of tumor-reactive transforming growth factor-

beta-insensitive CD8+ T cells: eradication of autologous mouse prostate cancer. 
Cancer Res, 2005. 65(5): p. 1761-9. 

 
136. Wang, X.F., et al., Expression cloning and characterization of the TGF-beta type 

III receptor. Cell, 1991. 67(4): p. 797-805. 
 
137. Andres, J.L., et al., Membrane-anchored and soluble forms of betaglycan, a 

polymorphic proteoglycan that binds transforming growth factor-beta. J Cell Biol, 
1989. 109(6 Pt 1): p. 3137-45. 

 
138. Chen, W., et al., Beta-arrestin 2 mediates endocytosis of type III TGF-beta 

receptor and down-regulation of its signaling. Science, 2003. 301(5638): p. 1394-
7. 

 
139. Blobe, G.C., et al., A novel mechanism for regulating transforming growth factor 

beta (TGF-beta) signaling. Functional modulation of type III TGF-beta receptor 
expression through interaction with the PDZ domain protein, GIPC. J Biol Chem, 
2001. 276(43): p. 39608-17. 

 
140. Massague, J., The transforming growth factor-beta family. Annu Rev Cell Biol, 

1990. 6: p. 597-641. 
 
141. Lewis, K.A., et al., Betaglycan binds inhibin and can mediate functional 

antagonism of activin signalling. Nature, 2000. 404(6776): p. 411-4. 
 
142. Kirkbride, K.C., et al., Bone morphogenetic proteins signal through the 

transforming growth factor-beta type III receptor. J Biol Chem, 2008. 283(12): p. 
7628-37. 

 



 

109 

143. Lopez-Casillas, F., J.L. Wrana, and J. Massague, Betaglycan presents ligand to 
the TGF beta signaling receptor. Cell, 1993. 73(7): p. 1435-44. 

 
144. Velasco-Loyden, G., J. Arribas, and F. Lopez-Casillas, The shedding of 

betaglycan is regulated by pervanadate and mediated by membrane type matrix 
metalloprotease-1. J Biol Chem, 2004. 279(9): p. 7721-33. 

 
145. Bandyopadhyay, A., et al., Systemic administration of a soluble betaglycan 

suppresses tumor growth, angiogenesis, and matrix metalloproteinase-9 
expression in a human xenograft model of prostate cancer. Prostate, 2005. 
63(1): p. 81-90. 

 
146. Stenvers, K.L., et al., Heart and liver defects and reduced transforming growth 

factor beta2 sensitivity in transforming growth factor beta type III receptor-
deficient embryos. Mol Cell Biol, 2003. 23(12): p. 4371-85. 

 
147. Deng, X., et al., Differential responsiveness to autocrine and exogenous 

transforming growth factor (TGF) beta1 in cells with nonfunctional TGF-beta 
receptor type III. Cell Growth Differ, 1999. 10(1): p. 11-8. 

 
148. Woszczyk, D., et al., Expression of TGF beta1 genes and their receptor types I, 

II, and III in low- and high-grade malignancy non-Hodgkin's lymphomas. Med Sci 
Monit, 2004. 10(1): p. CR33-7. 

 
149. Jelinek, D.F., et al., Identification of a global gene expression signature of B-

chronic lymphocytic leukemia. Mol Cancer Res, 2003. 1(5): p. 346-61. 
 
150. Florio, P., et al., Inhibin alpha-subunit and the inhibin coreceptor betaglycan are 

downregulated in endometrial carcinoma. Eur J Endocrinol, 2005. 152(2): p. 277-
84. 

 
151. Gordon, K.J. and G.C. Blobe, Role of transforming growth factor-beta 

superfamily signaling pathways in human disease. Biochim Biophys Acta, 2008. 
1782(4): p. 197-228. 

 
152. Pierce, D.F., Jr., et al., Inhibition of mammary duct development but not alveolar 

outgrowth during pregnancy in transgenic mice expressing active TGF-beta 1. 
Genes Dev, 1993. 7(12A): p. 2308-17. 

 
153. Pierce, D.F., Jr., et al., Mammary tumor suppression by transforming growth 

factor beta 1 transgene expression. Proc Natl Acad Sci U S A, 1995. 92(10): p. 
4254-8. 

 
154. Pulaski, B.A. and S. Ostrand-Rosenberg, Reduction of established spontaneous 

mammary carcinoma metastases following immunotherapy with major 
histocompatibility complex class II and B7.1 cell-based tumor vaccines. Cancer 
Res, 1998. 58(7): p. 1486-93. 

 



 

110 

155. Heppner, G.H., F.R. Miller, and P.M. Shekhar, Nontransgenic models of breast 
cancer. Breast Cancer Res, 2000. 2(5): p. 331-4. 

 
156. Lopez-Casillas, F., et al., Betaglycan can act as a dual modulator of TGF-beta 

access to signaling receptors: mapping of ligand binding and GAG attachment 
sites. J Cell Biol, 1994. 124(4): p. 557-68. 

 
157. Bandyopadhyay, A., et al., Extracellular domain of TGFbeta type III receptor 

inhibits angiogenesis and tumor growth in human cancer cells. Oncogene, 2002. 
21(22): p. 3541-51. 

 
158. Sorlie, T., et al., Repeated observation of breast tumor subtypes in independent 

gene expression data sets. Proc Natl Acad Sci U S A, 2003. 100(14): p. 8418-23. 
 
159. van 't Veer, L.J., et al., Gene expression profiling predicts clinical outcome of 

breast cancer. Nature, 2002. 415(6871): p. 530-6. 
 
160. Ma, X.J., et al., A two-gene expression ratio predicts clinical outcome in breast 

cancer patients treated with tamoxifen. Cancer Cell, 2004. 5(6): p. 607-16. 
 
161. Wang, Y., et al., Gene-expression profiles to predict distant metastasis of lymph-

node-negative primary breast cancer. Lancet, 2005. 365(9460): p. 671-9. 
 
162. Moody, S.E., et al., The transcriptional repressor Snail promotes mammary tumor 

recurrence. Cancer Cell, 2005. 8(3): p. 197-209. 
 
163. Elliott, R.L. and G.C. Blobe, Role of transforming growth factor Beta in human 

cancer. J Clin Oncol, 2005. 23(9): p. 2078-93. 
 
164. You, H.J., T. How, and G.C. Blobe, The type III transforming growth factor-{beta} 

receptor negatively regulates nuclear factor-{kappa}B signaling through its 
interaction with {beta}-arrestin2. Carcinogenesis, 2009. 

 
165. Blobe, G.C., et al., Functional roles for the cytoplasmic domain of the type III 

transforming growth factor beta receptor in regulating transforming growth factor 
beta signaling. J Biol Chem, 2001. 276(27): p. 24627-37. 

 
166. You, H.J., et al., The type III TGF-beta receptor signals through both Smad3 and 

the p38 MAP kinase pathways to contribute to inhibition of cell proliferation. 
Carcinogenesis, 2007. 28(12): p. 2491-500. 

 
167. Wieman, H.L., et al., An essential role for the Glut1 PDZ-binding motif in growth 

factor regulation of Glut1 degradation and trafficking. Biochem J, 2009. 418(2): p. 
345-67. 

 
168. Finger, E.C., et al., Endocytosis of the type III transforming growth factor-beta 

(TGF-beta) receptor through the clathrin-independent/lipid raft pathway regulates 



 

111 

TGF-beta signaling and receptor down-regulation. J Biol Chem, 2008. 283(50): p. 
34808-18. 

 
169. Criswell, T.L. and C.L. Arteaga, Modulation of NFkappaB activity and E-cadherin 

by the type III transforming growth factor beta receptor regulates cell growth and 
motility. J Biol Chem, 2007. 282(44): p. 32491-500. 

 
170. Lu, T., et al., Secreted transforming growth factor beta2 activates NF-kappaB, 

blocks apoptosis, and is essential for the survival of some tumor cells. Proc Natl 
Acad Sci U S A, 2004. 101(18): p. 7112-7. 

 
171. Muders, M.H., et al., Expression and regulatory role of GAIP-interacting protein 

GIPC in pancreatic adenocarcinoma. Cancer Res, 2006. 66(21): p. 10264-8. 
 
172. Rudchenko, S., et al., A human monoclonal autoantibody to breast cancer 

identifies the PDZ domain containing protein GIPC1 as a novel breast cancer-
associated antigen. BMC Cancer, 2008. 8: p. 248. 

 
173. Kirikoshi, H. and M. Katoh, Expression of human GIPC1 in normal tissues, 

cancer cell lines, and primary tumors. Int J Mol Med, 2002. 9(5): p. 509-13. 
 
174. Muders, M.H., et al., Targeting GIPC/synectin in pancreatic cancer inhibits tumor 

growth. Clin Cancer Res, 2009. 15(12): p. 4095-103. 
 
175. Katsuno, Y., et al., Bone morphogenetic protein signaling enhances invasion and 

bone metastasis of breast cancer cells through Smad pathway. Oncogene, 2008. 
27(49): p. 6322-33. 

 
176. Bilandzic, M., et al., Loss of betaglycan contributes to the malignant properties of 

human granulosa tumor cells. Mol Endocrinol, 2009. 23(4): p. 539-48. 
 
177. Lebrin, F., et al., TGF-beta receptor function in the endothelium. Cardiovasc Res, 

2005. 65(3): p. 599-608. 
 
178. Li, B., Bone morphogenetic protein-Smad pathway as drug targets for 

osteoporosis and cancer therapy. Endocr Metab Immune Disord Drug Targets, 
2008. 8(3): p. 208-19. 

 
179. Ward, S.G. and F.M. Marelli-Berg, Mechanisms of chemokine and antigen-

dependent T-lymphocyte navigation. Biochem J, 2009. 418(1): p. 13-27. 
 



 

112 

 

Biography 
 

Born 

September 25, 1979, Los Angeles, CA 

Education 

Duke University Medical Scientist Training Program, Durham, NC  2001-2010 
 PhD, Pharmacology         2003-2009 
 Advisor:  Dr. Gerard Blobe 
 
Yale University, New Haven, CT 

BS, Molecular Biophysics and Biochemistry    1997-2001 
 

Publications 

Lee JD, Hempel N, Lee NY, and Blobe GC.  The Type III TGF-β Receptor Suppresses 
Breast Cancer Progression through GIPC-mediated Inhibition of TGF-β Signaling.   
Submitted for review. 
 
Lee JD and Blobe GC.  “TGF-β signaling: a novel target for treatment of breast cancer?”  
Breast Cancer in the Post-Genomic Era.  A. Giordano and N. Normanno, Editors.  2009, 
Humana Press:  New York.  p. 137-150. 
 
Dong M, *How T, *Kirkbride KC, *Gordon KJ, *Lee JD, *Hempel N, Kelly P, Moeller BJ, 
Marks JR, Blobe GC.  The type III TGF-beta receptor suppresses breast cancer 
progression. J. Clin. Invest., 2007. 117(1): p. 206-217. 
*these authors contributed equally to this work 

Honors and Awards 

Duke University 
 Department of Defense Breast Cancer Research Program, 2005 
  Predoctoral Fellowship 
 
Yale University 
 Honors, Yale College       2001 
 Gatorade Undergraduate Research Fellowship   2000 
 


