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CHAPTER I 

 

INTRODUCTION 

 

Overview 

Transforming growth factor beta (TGF-β) signaling is known to regulate 

tumorigenesis, and in human cancer its signaling pathways are often modified during 

progression.  Prior to initiation and early during progression, TGF-β acts upon the 

epithelium as a tumor suppressor, however at later stages it is often a tumor promoter.  

Recent studies addressing TGF-β mediated stromal-epithelial and host-tumor interactions 

have significantly improved our understanding related to the regulation of cancer.  

According to the current literature and experimental evidence, TGF-β is a potent 

mediator of carcinoma initiation, progression and metastasis through a broad and 

complex spectrum of interdependent interactions.  Our current results, presented herein, 

primarily explore the mammary carcinoma cell response to TGF-β signaling and the 

impact on intrinsic, stromal-epithelial and host-tumor interactions during tumor 

progression in vivo.  We have now shown that loss of the carcinoma cell TGF-β response 

results in carcinoma cell survival, increased smooth muscle actin positive stroma, tumor 

cell heterogeneity, inflammatory gene expression and inflammation that can promote 

tumor progression to metastasis.  Further, our gene expression profiling results have been 

able to demonstrate a significant link between the loss of carcinoma cell specific TGF-β 

signaling and risk for relapse in human breast cancer. 
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The TGF-β signaling network 
 

The three TGF-β isoforms (TGF-β1, TGF-β2 and TGF-β3) signal through type I, 

II and III TGF-β receptors (TβRI, TβRII and betaglycan or endoglin respectively) to 

initiate signaling through downstream pathways (Lin et al., 1992; Wang et al., 1991).  

The TGF-β1 and TGF-β3 ligands, when expressed and activated through proteolytic 

cleavage or structural modification in the extracellular matrix or at the cell membrane, 

can bind TβRII with high affinity (Crawford et al., 1998; Lin et al., 1995; Munger et al., 

1999; Yu and Stamenkovic, 2000).  The active TGF-β2 ligand can only bind TβRII with 

high affinity in the presence of a TGF-β type III receptor (Lin et al., 1995; Moustakas et 

al., 1993).  Prior to heteroligomerization, the TGF-β type I and type II receptors form 

homodimers in the endoplasmic reticulum and at the cell surface in the absence of ligand 

(Gilboa et al., 1998).  TGF-β ligands preferentially bind to TβRII homodimers, and the 

ligand bound receptor complex has a high affinity for binding to and transactivating the 

TβRI receptors, resulting in an activated heteromeric signaling complex (Goumans et al., 

2003b; Moustakas et al., 1993; Wrana et al., 1992).   

Currently, seven type I and five type II TGF-β family receptors have been 

described.  In most cell types, Alk-5 (TGFβR1) is the predominant TβRI activated by 

TGF-β through its cognate type II receptor, TβRII (TGFBR2).  This interaction requires 

both extracellular and intracellular domains for signal transduction (Luo and Lodish, 

1996).  Alk-5 and TβRII proteins can also form active heteroligomeric complexes in the 

absence of ligand that are able to transduce basal signals when both receptors are 

coexpressed due to their intrinsic affinity for interaction (Feng and Derynck, 1996).  In a 

limited subset of tissues, other TβRII–TβRI interactions have been reported.  In 
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endothelial cells, Alk-1 and Alk-5 are both activated in response to TGF-β signaling 

through TβRII (Goumans et al., 2003b).  In addition, another TβRI, Alk-2 (also known as 

TSK7L), has been directly implicated in signaling mediated by TGF-β in vitro, and in 

association with processes related to cardiac development in vivo (Olivey et al., 2006).  

Importantly, Alk-5 signaling results in activation of the transcriptional co-regulators 

Smad2 and Smad3, whereas Alk-1 or Alk-2 activate Smad1, Smad5 and Smad8 (Shi and 

Massague, 2003).  These alternate receptor complexes are important to consider when 

interpreting results or designing therapeutic strategies involving modification of this 

pathway in vivo. 

The functional TβRII–TβRI (Alk-5) heteromeric signaling complex is commonly 

associated with human cancer, and it regulates activation of downstream Smad dependent 

and Smad independent pathways (Figure 1) (Barrios-Rodiles et al., 2005; Derynck and 

Zhang, 2003; Moustakas and Heldin, 2005; Siegel and Massague, 2003).  In response to 

activation through this complex the receptor associated Smads, Smad2 and Smad3, form 

homo- and heterotrimeric complexes involving the common mediator Smad4.  These 

complexes then translocate to the nucleus where they regulate transcription (Feng and 

Derynck, 2005).  In addition to the well characterized interactions known to regulate 

Smad activity, as exquisitely detailed in several review articles (Akhurst and Derynck, 

2001; Derynck et al., 2001; Derynck and Zhang, 2003; Feng and Derynck, 2005; 

Massague, 2000; Siegel and Massague, 2003), one paper has recently  shown that the 

Smad anchor for activation (SARA) requires a cytoplasmic promyelocytic leukemia 

(PML) isoform to bind Smad2 and Smad3 (Lin et al., 2004).  This interaction was 

necessary for SARA to stabilize the Smad receptor interaction for activation by TβRI.  
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Primary fibroblasts that were deficient in expression of PML, similar to cells derived 

from patients with acute promyelocytic leukemia (APL), did not exhibit growth 

inhibition, cellular senescence or apoptosis in response to TGF-β stimulation (Lin et al., 

2004).   

In addition to the well characterized canonical Smad signaling pathways known to 

have a role in the regulation of cancer, Smad independent TGF-β regulated networks are 

currently known to include RhoA, Cdc42, Rac1, Ras, phosphatidylinositol 3 kinase 

(PI3K), protein phosphatase 2A (PP2A), mitogen activated protein kinase, kinase, kinase 

1 (MAP3K1, also known as MEKK1), TGF-β activated kinase 1 (TAK1), death 

associated protein 6 (DAXX) and partitioning-defective protein 6 (Par6) (Barrios-Rodiles 

et al., 2005; Bhowmick et al., 2001; Chiu et al., 2001; Derynck and Zhang, 2003; Edlund 

et al., 2004; Moustakas and Heldin, 2005; Mulder and Morris, 1992; Ozdamar et al., 

2005; Perlman et al., 2001; Petritsch et al., 2000; Shibuya et al., 1996; Siegel and 

Massague, 2003; Wilkes et al., 2003; Yamaguchi et al., 1995; Yi et al., 2005; Zhang et 

al., 2003).  Although the cytostatic and apoptotic effects of Smad signaling are 

considerable when present (Akhurst and Derynck, 2001; Derynck et al., 2001; Derynck 

and Zhang, 2003; Feng and Derynck, 2005; Massague, 2000; Siegel and Massague, 

2003), the balance and interplay between Smad dependent and independent signaling 

networks, ultimately control individual tumor cell autonomous and host-tumor 

interactions mediated by TGF-β in cancer (Figure 1).  Further information regarding each 

of the Smad dependent and Smad independent pathways is given in (Akhurst and 

Derynck, 2001; Derynck et al., 2001; Feng and Derynck, 2005). 
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Figure 1.  Simplified diagram of TGF-β signaling.  Transforming growth factor-beta 
(TGF-β) ligands are activated in the extracellular matrix or at the cell membrane.  The 
activated ligands bind the extracellular domain (EC) of type II TGF-β receptor (TβRII) 
homodimers with high affinity. The ligand-bound TβRII complex then binds and 
transactivates a type I TGF-β receptor (TβRI), which results in the phosphorylation of 
a glycine serine-rich region termed the GS box (GS). In carcinoma cells the 
predominant TβRI receptor is activin-like kinase 5 (ALK5). The activation of ALK5, a 
serine threonine kinase, results in the activation of downstream pathways. The level of 
signaling through each downstream pathway is context and cell type dependent. The 
resulting net activation of downstream pathways in each cell type determines the 
response to TGF-β in vivo and in vitro. Significant roles for canonical Smad signaling 
in the TGF-β pathway have been identified that mediate the TGF-β-dependent 
regulation of tissue homeostasis and cancer. The Smad independent networks are 
known to include CDC42, cell division cycle 42; DAXX, death-associated protein 6; 
EMT, epithelial–mesenchymal transition; MAP3K1, mitogen-activated protein kinase, 
kinase, kinase 1; PAK, p21-activated kinase; PAR6, partitioning-defective protein 6; 
PI3K, phosphatidylinositol 3-kinase; PP2A, protein phosphatase 2A; ROCK1, Rho-
associated, coiled-coil containing protein kinase 1; SMURF1, Smad ubiquitination 
regulatory factor 1; TAK1, TGF-β-activated kinase 1; TM, transmembrane domain. 
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Figure 1: Simplified diagram of TGF-β signaling. 
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General features of TGF-β signaling associated with cancer 
 

The tumor microenvironment is a broad term that refers to all of the cells and 

signaling factors present in any specific cancerous lesion.  Matrix and stromal signals are 

essential for the regulation of cancer, and many of these interactions involving TGF-β 

have been thoroughly reviewed (Bhowmick et al., 2004b; de Caestecker et al., 1997; de 

Caestecker et al., 2000; De Wever and Mareel, 2003; Derynck et al., 2001).  The 

presence of a diverse population of cell types responding to TGF-β in the tumor 

microenvironment creates a complex milieu of factors that together regulate cancer 

initiation, progression and metastasis. 

In cancer, TGF-β1 is upregulated to a greater extent than either TGF-β2 or TGF-

β3 (Derynck et al., 1987; Dickson et al., 1987), and as a result TGF-β1 has been the focus 

for most of the cancer related studies to date.  Initial observations in epithelial cells 

demonstrated that TGF-β1 could induce growth inhibition suggesting a role in tumor 

suppression (Moses, 1985; Tucker et al., 1984).  Previously, it was shown that TGF-β 

could transform normal fibroblasts (Moses et al., 1981; Roberts et al., 1981).  TGF-β 

signaling has since been implicated in an array of cell type and tissue specific responses.  

It is now generally accepted that TGF-β signaling has multiple roles in epithelial cell 

types, from which malignant carcinomas arise, ranging from arrest of cell growth (Moses, 

1985; Pierce et al., 1993; Tucker et al., 1984; Wakefield and Sporn, 1990) to enhancing 

migration (Dumont and Arteaga, 2000; Dumont et al., 2003) and initiating changes in cell 

morphology (Bakin et al., 2002; Bakin et al., 2000; Bhowmick et al., 2001; Brown et al., 

2004; Miettinen et al., 1994; Oft et al., 1998; Oft et al., 1996; Xie et al., 2003; Zavadil et 

al., 2001).  These predominant features have been the focus for many studies 
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investigating TGF-β signaling that encompass tumor cell autonomous and host-tumor 

dependent interactions.   

In cancer, TGF-β will often suppress early tumorigenesis and later enhance tumor 

progression (Derynck et al., 2001; Pasche, 2001; Roberts and Wakefield, 2003).  The 

specific response to TGF-β during tumor progression can be attributed to both 

independent and interrelated factors including changes in receptor expression, availability 

of downstream signaling components, evasion of the immune response, stimulation of 

inflammation, presence of local and systemic factors (autocrine, endocrine, paracrine, 

juxtacrine or matricrine interactions) and the recruitment of cell types that lead to an 

advantage in tumor growth or promote angiogenesis.  Recently, several studies have 

illustrated new cell autonomous effects and relationships between the stromal and 

epithelial compartments mediated by TGF-β that can significantly contribute to cancer 

initiation and progression.  These observations may provide new avenues for exploration 

or modification of the TGF-β signaling cascade in translational cancer research with 

further experimental analysis.  

There are several aspects of cellular communication that must be considered when 

addressing TGF-β related signal transduction in vivo.  Epithelial cells communicate with 

each other through secretion of soluble factors, junctional complexes or interactions with 

matrix and basement membrane substrates that promote signal transduction and liberation 

of additional signaling factors.  Fibroblasts communicate in their microenvironment 

mainly through the secretion of soluble factors that interact with neighboring cells and 

deposition of extra-cellular matrix (ECM) components.  Fibroblasts also possess the 

ability to transdifferentiate in response to TGF-β, producing a myofibroblast that is able 

8 
 



to communicate with the tumor microenvironment through secretion of soluble factors 

and modification of the ECM.  Epithelial cells, fibroblasts and myofibroblasts are each 

able to produce and respond to cytokines and growth factors.  Ablation of TGF-β 

signaling in these cell types from the tumor microenvironment can have profound cell 

autonomous, local and systemic consequences.  Consequently, fibroblast and epithelial 

cell autonomous signaling in addition to the resulting stromal-epithelial interactions are 

essential for regulation of cancer initiation and progression.  Disrupting the cell 

autonomous signaling or stromal-epithelial interactions can lead to both developmental 

defects and carcinoma in vivo. 

 

Regulation of the TGF-β pathway in human cancer 
 

TGF-β signaling has both positive and negative effects on cancer depending on 

the cell type and context in which a mutation, amplification or deletion occurs.  Genetic 

alterations that have been identified in the TGF-β pathway include TGF-β ligand and 

receptor mutation, deletion or amplification.  In addition, mutations and altered 

expression profiles for SMAD family members, which are central TGF-β signaling 

components, have been observed in human cancer (Levy and Hill, 2006).   

TGF-β mis-regulation has a significant impact on tumor progression and patient 

prognosis.  Increased serum levels of TGF-β1 associated with a mutation in the TGF-β1 

gene, for example, have been associated with a lower incidence of breast cancer (Ziv et 

al., 2001).  This correlation suggests that the TGF-β1 ligand promotes tumor suppression 

during the early stages of initiation and progression.  Complimentary observations have 

9 
 



shown that low levels of TβRII expression correlate with an increased risk of breast 

cancer (Gobbi et al., 1999).  In immunohistochemical studies on frozen sections it was 

shown that out of 45 invasive breast carcinoma cases only 2% stained positive for TβRII 

while TGF-β1 was present in 67% of the cases examined (de Jong et al., 1998b).  When 

TβRII was present it was correlated areas of higher microvessel density (de Jong et al., 

1998a).  Interestingly, endogenous overexpression of TβRII in the stromal compartment 

of human breast cancer correlated with a poor prognosis for the patient (Barlow et al., 

2003).  This critical observation suggested that in addition to tumor cell autonomous 

effects of TGF-β signaling, stromal cell stimulation by TGF-β may contribute to 

regulation of the adjacent epithelial cell population in human tumors.  In contrast to the 

role of tumor suppression during tumor initiation and early progression, TGF-β1 may 

actually promote cancer progression in later stages.  TGF-β is expressed at high levels 

during these late stages, as illustrated in many studies including observations correlating 

with advanced disease progression in human colorectal cancer (Tsushima et al., 1996).  

Further, in prostate cancer, TGF-β1 upregulation has been associated with angiogenesis, 

metastasis and poor patient prognosis (Wikstrom et al., 1998).  This particular study, 

involving 73 patients, also demonstrated that the loss of TβRII expression in tumors from 

patients with elevated TGF-β1 correlated with a significant decrease in survival 

compared to the control population (Wikstrom et al., 1998).  These combined results 

suggest that TGF-β is able to mediate cell autonomous, local and systemic responses that 

together regulate initiation, progression and prognostic outcome in human cancer. 

In human cancer TGFBR2 is often mutated and the conserved mutations in a large 

percentage of the cases lead to pathway inactivation (Grady et al., 1999).  The TGFBR2 
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gene is commonly the target for both microsatellite instable (+MIN) and microsatellite 

stable (-MIN) mutations in cancer (Akhurst and Derynck, 2001; Grady et al., 1999).  

TGFBR2 mutations occur frequently in colon cancer (+MIN 30%; -MIN 15%), gastric 

cancer (+MIN 30-80%; -MIN <5%), glioma (+MIN 70%; -MIN <5%), non-small cell 

lung cancer (+MIN 75%; -MIN <5%) and pancreatic cancer (Akhurst and Derynck, 

2001).  Point mutations occur in the TGFBR2  gene as shown in cells isolated from 

human tumors (Lucke et al., 2001).  Further, inherited and spontaneous colon tumors 

have been associated with mutation of a microsatellite repeat region in the TGFBR2 gene 

(Grady, 2004; Markowitz et al., 1995).  This region in the TGFBR2 gene, encoding a 

portion of the extracellular domain, is often mutated in mismatch repair deficient colon 

cancers and results in a truncated protein that lacks function.  In addition to colon cancer, 

TGFBR2 microsatellite region mutations have been noted in other mismatch repair 

deficient tumor tissues including the breast (Seitz et al., 2003).  Compared to the 

prevalence of microsatellite region mutations in colon cancer the observed mutations in 

liver, pituitary gland, myelodisplastic syndrome, endometrial or breast cancers are 

relatively rare (Kretzschmar, 2000; Takenoshita et al., 1998).  In human colon cancer it 

has also been shown that 55% of the microsatellite stable cases harbor mutations distal to 

the TGFBR2 receptor that effectively block signaling through this pathway (Grady et al., 

1999).  The conservation and frequency of mutations observed for TGFBR2 in human 

cancer indicates that a selective advantage exists for inactivation of this pathway during 

tumorigenesis. 

Signaling mediated by TGF-β involves activation of a number of direct 

downstream targets including MEKK1, TAK1, MAPK, PI3K, Ras, RhoA, PP2A and 
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SMADs that have been investigated in cancer (Bakin et al., 2000; Derynck and Zhang, 

2003).  The only downstream targets that are thought to be specific for the TGF-β family 

are the SMADs.  In pancreas and colon cancer, regions of the human locus 18q21 

encoding SMADs 2 and 4 are often mutated or lost completely (Blobe et al., 2000; de 

Caestecker et al., 2000; Derynck et al., 2001; Eppert et al., 1996; Hahn et al., 1996; 

MacGrogan et al., 1997; Massague, 2000; Massague and Chen, 2000; Schutte et al., 

1996; Takagi et al., 1998; Thiagalingam et al., 1996).  In pancreas cancer 90%, of the 

cases demonstrate a loss at 18q21 which includes both the DPC4 (Deleted in Pancreatic 

Carcinoma; SMAD4) and DCC (Deleted in Colorectal Carcinoma) genes (Hahn et al., 

1996).  The deletion in pancreatic cancer was further isolated to 18q21.1 which includes 

DPC4, and excludes DCC as the target for mutation.  The loss of SMAD4 eliminates the 

classic Smad2/3/4 heteromeric complexes that have been implicated in a large number of 

TGF-β dependent transcriptional regulatory complexes.  SMAD4 mutations are rare but 

present in the breast, and SMAD2 mutations have been detected at low levels in colon, 

head and neck, and lung carcinomas (Kretzschmar, 2000).  SMAD3 mutations have not 

been identified in correlation with any specific cancer, however the level of expression 

may be altered during progression as observed in human gastric or extravillous 

trophoblast cancer (Han et al., 2004; Xu et al., 2003).  Gastric cancer cells that lacked 

SMAD3 were not growth inhibited by TGF-β, and upon re-introduction of SMAD3 again 

demonstrated growth inhibition (Han et al., 2004).  Loss of SMAD3 expression in 

choriocarcinoma cells has been linked to downregulation of TIMP-1, and this may allow 

the enhanced activity of MMPs classically identified to have a role in tumor invasion (Xu 

et al., 2003).  In another informative study, reduction of SMADs 2 and 3 from human 

12 
 



breast cancer cell lines resulted in enhanced tumorigenesis with a reduction in metastasis 

(Tian et al., 2003).  Implications from this data and many other related studies clearly 

indicate that SMAD family mutations and mis-regulation can contribute to the 

progression of cancers from which they were derived. 

In the tumor microenvironment, many factors can contribute to the presence of an 

active TGF-β signal including transcriptional, translational or protein processing 

differences between adjacent cell types (Mizoi et al., 1993).  This is an interesting issue, 

since many studies assume that the presence of TGF-β mRNA means that the ligand will 

be translated and processed properly.  This is not always the case for adjacent cells within 

the tumor microenvironment, since subsequent translation or processing of the protein 

product may be hindered in a specific cell type sub-population within a tumor.  An 

interesting study published over a decade ago used an immunoelectron microscopy 

approach to address the production of pro-TGF-β1 and the latent TGF-β binding protein 

(LTBP) products in gastric carcinoma associated cell types.  The electron microscopy 

identified differences in the intracellular distribution of these products between stromal 

and epithelial gastric cancer-derived cell types.  In the cancer stromal cells pro-TGF-β1 

was located in the rough endoplasmic reticulum and perinuclear cisternae.  Conversely, in 

the cancer-derived epithelium pro-TGF-β1 was dispersed throughout the cytoplasm 

indicating that epithelial cell intracellular transport may be defective.  In addition, LTBP 

was only detected in fibroblasts and smooth muscle cells derived from the gastric 

carcinomas and found in the ECM surrounding these cells (Mizoi et al., 1993).  These 

results indicate that in some tumors and cell types expression of bioactive and functional 
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TGF-β depends on cell specific factors that include a combination of transcriptional, 

translational and post-translational processes for functional activity in vivo. 

 

The role for TGF-β signaling during tumor initiation, progression and metastasis 
 

Over the past two decades, it has been clearly shown that TGF-β can delay early 

tumorigenesis in mouse models that recapitulate human cancer.  In one of the first studies 

conducted in vivo, transgenic mice overexpressing bioactive TGF-β1 under control of the 

mouse mammary tumor virus promoter/enhancer (MMTV-TGFβ1) demonstrated a tumor 

suppressive role for this pathway when bred to the transgenic MMTV-TGFα 

(transforming growth factor alpha) mouse model of mammary tumorigenesis (Pierce et 

al., 1995).  In this study, it was also shown that the MMTV-TGFβ1 mice had a delay in 

tumorigenesis when treated with 7,12-dimethylbenz[a]anthracene, a potent chemical 

carcinogen.  In a similar study it was shown that TGF-β1 was able to suppress 

tumorigenesis in the MMTV-c-neu transgenic mouse model of mammary tumorigenesis 

(Siegel et al., 2003).  Conversely, the loss of one TGF-β1 allele lead to enhanced 

tumorigenesis in response to carcinogen treatment, and TGF-β1 gene disruption alone 

was able to enhance colon carcinoma formation (Engle et al., 1999; Tang et al., 1998).   

Several studies have shown that expression of dominant negative TβRII 

constructs in mice led to enhanced mammary tumorigenesis either in the presence of 

carcinogens or without (Amendt et al., 1998; Bottinger et al., 1997b; Gorska et al., 2003; 

Siegel et al., 2003).  Further, squamous cell carcinomas result from conditional deletion 

of Smad4 from mouse mammary epithelial cells in vivo (Li et al., 2003).  Results 

obtained from the conditional ablation of Smad4 in mammary epithelium, confirm the 
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importance of signaling through the TGF-β/Smad pathway during tumor initiation and 

progression suggested in earlier reports of enhanced colon tumorigenesis using Smad4 

null mouse models (Takaku et al., 1998; Takaku et al., 2002; Taketo and Takaku, 2000).  

Further, these effects were not limited to the mammary gland and colon since dominant 

negative TβRII expression in the lung and skin also resulted in enhanced carcinogen 

induced tumorigenesis (Amendt et al., 1998; Bottinger et al., 1997a). 

Many recent studies have been designed to address the issue of micro-

environment versus epithelial cell autonomous TGF-β mediated effects in cancer using 

dominant active (DA), dominant negative (DN) or conditional knockout TΒRII receptors 

in vivo.  Most of the available transgenic and knockout models are unique in the precise 

aspects of TGF-β signaling they address.  Due to the unique nature of each mouse model, 

though individually informative, they often should not be directly compared.  In one such 

study, DA and DN TΒRII constructs were crossed with two mutant MMTV-ErbB2 

transgenic lines that constitutively signal through only Grb2 (YB) or Shc (YD) pathways 

(Siegel et al., 2003).  The data indicated that signaling through the TβRII receptor results 

in an increase of tumor latency with a reduction in metastasis.  The results from this study 

further indicated that overexpression of a dominant active type I TGF-β receptor (TβRI) 

resulted in a delay of tumorigenesis with an increase in metastasis.  In another related 

study, epithelial cell specific ablation of TβRII in mammary tissues from mice expressing 

the MMTV-PyVmT (polyoma virus middle T antigen) transgene resulted in decreased 

mammary tumor latency with an increase in pulmonary metastases (Forrester et al., 

2005).  Both studies indicate that TGF-β is an early tumor suppressor, but the results are 

in direct opposition regarding the role for TGF-β during metastasis.  The differences 
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between these studies may indicate, amongst other possibilities, that the specific 

epithelial cell autonomous tumor promoter driving each individual carcinoma can 

contribute to a different net response elicited by TGF-β in vivo.  In addition, another 

significant difference was the expression of a dominant negative construct versus total 

ablation of the receptor.  Both of these models in addition to other related studies, despite 

their differences, indicate that modification of epithelial cell autonomous TGF-β 

signaling can significantly influence tumor progression and metastasis. 

Cell culture and xenograft methods have also been widely used to analyze the 

TGF-β contribution to epithelial cell autonomous regulation of tumor progression and 

metastasis.  One of the first studies to clearly suggest a role for TGF-β during tumor 

progression and metastasis, demonstrated enhanced invasion in vitro and metastasis in 

vivo after treating adenocarcinoma cells with TGF-β (Welch et al., 1990).  The enhanced 

invasion in vitro and metastasis in vivo was thought to be partially attributed to TGF-β 

dependent upregulation of type IV collagenase activity (Welch et al., 1990).  It is now 

known that many factors contribute to this process in response to TGF-β stimulation.  

Epithelial cells can be induced to increase migration and invasion in response to TGF-β, 

while inhibition of systemic TGF-β has been shown to reduce the number of metastases 

from MMTV-ErbB2 overexpressing tumors  (Ueda et al., 2004; Yang et al., 2002a).  The 

conditional expression of TGF-β1 in MMTV-PyVmT tumor cells also promoted 

metastasis without having an effect on primary tumor proliferation or size.  Inhibition of 

TGF-β1 in MMTV-PyVmT tumor cells reduced basal cell motility, survival, anchorage-

independent growth, tumorigenicity, and metastases.  The results suggested that the 

changes in metastasis were epithelial cell autonomous (Muraoka-Cook et al., 2004).  
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These results are consistent with those previously obtained in which the soluble Fc:TβRII 

fusion protein (Fc:TβRII) was used to block TGF-β signaling in transgenic and 

transplantable models of breast cancer metastases (Muraoka et al., 2002).  Further, 

expression of a soluble truncated extracellular domain of TβRIII (sRIII) in cells derived 

from a pleural effusion of human breast cancer (MDA-MB-231) prevented metastasis 

when compared to controls after injection into nude mice (Bandyopadhyay et al., 1999).  

The expression of sRIII reduced the available TGF-β ligand in cultured medium and it 

was suggested that the resultant reduction in TGF-β signaling mediated the change in 

metastatic potential (Bandyopadhyay et al., 1999).  Together these results help to 

substantiate and confirm numerous postulates suggesting that there is a delicate balance 

between the net signal transduction driving a tumor and the response elicited by 

subsequent or concurrent TGF-β stimulation in vivo. 

 

Shifting the paradigm: identification of TGF-β dependent stromal-epithelial 
interactions within the tumor microenvironment 

 

Carcinoma suppression mediated by TGF-β is not limited to carcinoma cell 

autonomous signaling.  Recent results that highlight stromal-epithelial crosstalk in the 

regulation of cancer have demonstrated that the stromal fibroblast response to TGF-β 

signal transduction can be important for suppression of tumorigenesis in adjacent 

epithelium (Bhowmick et al., 2004a).  The role for TGF-β mediated tumor suppression in 

this context involved the negative regulation of secreted factors such as hepatocyte 

growth factor (HGF), macrophage stimulating protein 1 (MSP1) and TGF-α that are 

overexpressed by fibroblasts when TβRII expression has been conditionally ablated 
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(Bhowmick et al., 2004a; Cheng et al., 2005).  The first study to report this regulatory 

role for TGF-β in vivo, involved conditional ablation of exon 2 from Tgfbr2 specifically 

in fibroblasts (Bhowmick et al., 2004a).  This resulted in prostatic intraepithelial 

neoplasia and invasive squamous cell carcinoma of the forestomach that occurred with 

100% penetrance.  In this model, HGF was upregulated and complementary activation of 

the HGF receptor c-Met was detected in tissues where TβRII had been ablated, 

implicating this paracrine signaling network as a potential mechanism for regulation of 

carcinoma (Bhowmick et al., 2004a).  It has now been shown, using fibroblasts derived 

from these mice, that paracrine HFG, MSP1 and TGF-α signaling results in activation of 

c-Met, RON, ErbB1 and ErbB2 in adjacent epithelium when combined with carcinoma 

cells under the subrenal capsule (Cheng et al., 2005).  When compared with control 

fibroblasts, those lacking TβRII were able to promote invasion of adjacent carcinoma 

cells in vivo.  In addition, tumors produced from carcinoma cells grafted with fibroblasts 

lacking TβRII were more proliferative, exhibited a higher degree of angiogenesis and a 

decreased rate of apoptosis when compared to tumors produced from carcinoma cells 

grafted with control fibroblasts.  Further, inhibition of HGF, MSP1 or TGF-α signaling in 

conditioned medium derived from TβRII deficient fibroblasts, has been shown to 

attenuate the increased proliferation and migration of carcinoma cells treated with the 

conditioned medium in vitro (Cheng et al., 2005).  The expression of these ligands, in 

particular TGF-α and HGF, suggest that stromal-epithelial interactions have a significant 

role in the regulation of adjacent carcinoma initiation and progression.   TGF-α and 

activated erbB2 have been widely used to induce mammary tumors in mice (Guy et al., 

1992b; Matsui et al., 1990).  In addition, HGF expression in the mammary gland has 
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recently been shown to result in lobular-alveolar hyperplasia and subsequent 

adenocarcinoma (Gallego et al., 2003).  The current results in vivo, suggest that ablation 

of TGF-β signaling within stromal fibroblasts can result in activation of paracrine signals 

that are able to act upon adjacent epithelial cells to promote tumor initiation and 

progression. Together, these results indicate that distinct TGF-β responses mediated by 

stromal fibroblasts can regulate carcinoma initiation and progression of adjacent 

epithelium in vivo and in vitro. 

The contribution of stromal carcinoma associated fibroblast signaling in the tumor 

microenvironment has been known for many years (Barcellos-Hoff and Ravani, 2000; 

Hayward et al., 2001), and we are now beginning to understand some of the mechanisms 

governing these interactions.  It is clear that there are differences between fibroblast cell 

populations with respect to regulation by TGF-β, however it is not completely clear 

which factors regulate the differential responses to TGF-β stimulation.  It is likely that the 

distinct molecular profile, and microenvironment associated with an individual fibroblast 

population (for example prostate stromal fibroblast versus mammary stromal fibroblast), 

determines the response to TGF-β stimulation in vivo.  The concept of unique signaling in 

alternate fibroblast cell populations, has been addressed through global mRNA 

expression analyses, that indicated that distinct molecular profiles could be used to 

identify the tissue from which individual fibroblast cell populations were derived (Chang 

et al., 2002).  The alternate transcriptional signatures observed for fibroblasts derived 

from different areas of the body has been termed positional memory.  The effect of 

positional memory on TGF-β signaling may partially explain why carcinomas were 

observed specifically in the prostate and forestomach of mice expressing a fibroblast 
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specific ablation of TβRII (Bhowmick et al., 2004a).  A recent study that further 

demonstrated this type of differential response to TGF-β stimulation, contrasted 

fibroblasts derived from fetal and adult tissues.  In fetal fibroblasts, stimulation with 

TGF-β resulted in growth inhibition, while in adult fibroblasts stimulation resulted in 

enhanced proliferation (Giannouli and Kletsas, 2005).  This study clearly demonstrated 

that individual subpopulations of fibroblasts initiate unique molecular programs in 

response to TGF-β stimulation.  Together, these results indicate that TGF-β may act to 

suppress carcinoma promoting factors in some fibroblasts, but this mechanism for tumor 

suppression may be dependent on the distinct molecular profile of each individual 

fibroblast cell population in vivo. 

Modification of the TGF-β pathway in stromal fibroblasts has been shown to 

regulate tumorigenesis in adjacent human mammary epithelium.  This is important, since 

many of the previously described systems involved modified mouse models and it was 

not clear if this type of stromal-epithelial interaction would have an impact on the 

regulation of human mammary epithelium.  However, this has now been addressed in a 

mouse-human hybrid system (Kuperwasser et al., 2004).  Human fibroblasts and 

mammary epithelial cells used for these experiments were derived from reduction 

mammoplasty.  The human fibroblasts were used to “humanize” NOD/SCID mouse 

mammary fat pads before transplantation of the human mammary epithelial cells, thus 

allowing the normal growth of human mammary epithelial cells in the mouse.  In these 

experiments, genetic changes in the stromal fibroblasts used for colonization of the 

humanized mouse mammary fat pads could alter the phenotype of the implanted 

epithelial cells.  When normal mammary epithelial cells were not co-injected, the growth 
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of the mammary epithelial cells had a predisposition toward varying levels of hyperplasia 

through carcinoma.  The abnormal lesions may have been due to precancerous alterations 

in the mammary epithelial cells that were suppressed by the normal stromal fibroblasts.  

Further, when TGF-β1 expression was increased in humanized fat pad fibroblasts, 

additional human mammary epithelial cell derived lesions were observed.  Interestingly, 

the lesions in the TGF-β1 overexpressing humanized stromal fibroblast mice resembled 

lesions obtained from mice with humanized stromal fibroblasts overexpressing HGF 

(Kuperwasser et al., 2004). 

Stromal-epithelial interactions derived from the fibroblast compartment that are 

dependent upon TGF-β signaling can clearly regulate initiation and progression of tumors 

in adjacent epithelia.  However, it has now been shown that this type of stromal-epithelial 

interaction is not limited to fibroblast derived regulation of tumor suppression.  TGF-β 

signaling in T cells can regulate carcinoma in adjacent epithelium (Kim et al., 2006).  

Specifically, ablation of Smad4 in T cells can result in adjacent gastrointestinal 

carcinoma.  In this study, the Lck and CD4 promoters were used to inactivate the Smad4 

gene in mouse T cells using Cre-LoxP technology.  At nine months of age the small and 

large intestines were significantly thickened in all of the animals lacking Smad4 

expression in their T cell populations.  In addition, 25% of the animals demonstrated 

rectal prolapse.  The lesions observed in the thickened intestines were primarily linear 

sessile and peduncular polyps.  Histological analyses revealed that the lesions in this 

model had a large stroma rich mixed mononuclear stromal cell infiltrate.  It was also 

shown that the deletion of the Smad4 signaling in T cells resulted in enhanced plasma 

cell activation and TH2 cytokine production (including interleukins IL-4, IL-5, IL-6, IL-9 
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and IL-13).  In this model the heterozygous loss of Smad4 signaling produced results 

similar to the homozygous loss of this protein in vivo.  Interestingly, it was also shown in 

this study that deletion of Smad4 signaling in the gastrointestinal epithelium alone, using 

two different promoters to drive Cre expression, did not result in gastrointestinal 

carcinoma (Kim et al., 2006).  The results associated with T-cell signaling obtained in 

this experimental system may also have clinical relevance.  In human familial juvenile 

polyposis (FJP), an autosomal dominant disorder that is associated with hamartomatous 

polyps and gastrointestinal cancer, SMAD4 germline mutations are observed with a 

penetrance of approximately 50% (Howe et al., 1998; Howe et al., 2002).  Results 

obtained in the mice with deficient Smad4 signaling in T cells suggest that the T cell 

populations in human FJP patients may be contributing to their carcinoma associated 

disease initiation and progression (Kim et al., 2006).  Further, these results together with 

those previously described in fibroblasts (Bhowmick et al., 2004a; Cheng et al., 2005), 

suggest that TGF-β signaling in stroma cell populations can potently regulate carcinoma 

initiation and progression in adjacent epithelium.     

In addition to direct fibroblast associated stromal-epithelial interactions, TGF-β 

signaling has in some systems been associated with transdifferentiation of fibroblasts to 

myofibroblast cell types.  The transdifferentiation if present may be important since the 

myofibroblast cells could provide a new subset of cytokines and growth factors that 

contribute to tumor progression.  Tumor-derived TGF-β can cause fibroblast to 

myofibroblast differentiation, and the resulting myofibroblasts can produce smooth 

muscle actin, cytokines, proteases and matrix components.  HGF is an example of a 

factor secreted by cells following TGF-β-induced myoepithelial differentiation that can 
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contribute to enhanced migration of the tumor epithelial cells (Lewis et al., 2004).  This 

suggests a system wherein tumor cells may produce TGF-β that can cause myofibroblast 

differentiation, followed by myofibroblast secretion of a tumor enhancing factor.  

Tenascin-C and HGF produced by myofibroblasts have been shown to act synergistically 

to promote invasive tumor progression.  The synergistic activity of tenascin-C and HGF 

was shown to involve signaling through RhoA and Rac to promote invasion (De Wever et 

al., 2004a).  The invasive potential of the myofibroblast compartment has been 

implicated in the invasive potential of the adjacent cells within the tumor 

microenvironment.  TGF-β is able to upregulate N-cadherin at the tips of the filopodia in 

myofibroblasts and this contributes to their relative invasive potential.  Activation of c-

Jun N-terminal kinase (JNK), seems to regulate TGF-β-mediated invasion and expression 

of N-cadherin.  This regulation in myofibroblasts was shown through pharmacological 

inhibition of JNK (De Wever et al., 2004b).  Finally, microarray data has been able to 

catalogue the genes expressed as a result of TGF-β-mediated myofibroblast 

differentiation over the time-course associated with this process (Chambers et al., 2003). 

Together the epithelium, stromal fibroblast and myofibroblast signaling 

contributes significantly to the regulation of tumorigenesis.  Although cell autonomous 

signaling should not be neglected, the tumor microenvironment consists of a complicated 

network of signals derived from many cell types.  In addition to stromal-epithelial 

signaling the tumor microenvironment includes many transient cell populations including 

immune and inflammatory mediators that provide additional cytokines and growth factors 

upon TGF-β stimulation.  The diverse nature of the cell populations responding to TGF-β 

in this complex environment necessitates careful exploration and cautious interpretation.  
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Within the analysis of TGF-β mediated signaling in the tumor microenvironment, all cell 

types should be considered to avoid missing vital regulatory interactions since most cell 

types respond to TGF-β signaling.  With these central factors in mind, we continue to 

move toward effective manipulation of TGF-β pathway components in vivo, to improve 

individual and overall patient prognoses in cancer. 

 

Effects of TGF-β on immune mediators known to be associated with the tumor 
microenvironment 

 

TGF-β signaling has been studied in the immune system with an intense focus on 

its contribution to cancer.  In fact, TGF-β2 was first named glioblastoma-derived T cell 

suppressor factor (G-TsF) before being renamed, based on structural features that 

identified it as a TGF-β (Fontana et al., 1991).  Many studies, including those involving 

ablation of the TGF-β genes in mice, illustrate a central role for TGF-β signaling in 

immune regulation.  Tgfb1-/- mice show  mis-regulation of the immune system resulting 

in a massive infiltration of immune cells to specific internal organs.  The immune activity 

in this mouse model resembles an autoimmune disorder, graft rejection or viral infection 

(Kulkarni et al., 1993). 

Immune evasion by tumor-derived TGF-β secretion has effects in both the innate 

and adaptive immune responses.  The main cell-mediated immune components regulated 

by TGF-β in the tumor microenvironment include T lymphocytes, NK cells, cytotoxic T 

lymphocytes (CTLs), neutrophils (polymorphonuclear cells; PMNs) and macrophages.  It 

is important to make the distinction between immune evasion and inflammation in the 

tumor microenvironment, since the two are intimately related.  Inhibition of immune 
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effector functions (immune evasion) can contribute to the enhanced inflammation that 

can be associated with increased expression of cytokines, chemokines and growth factors 

in the tumor microenvironment. 

Immune cell responses to TGF-β have been shown to regulate tumorigenesis.   

Expression of a dominant negative TβRII in T cells causes an increase in the immune 

response mediated by the CD8+ T cell population leading to ablation of grafted tumor 

cells in vivo (Gorelik and Flavell, 2001).  Bone marrow cells engineered to carry a 

dominant negative TβRII can also contribute to an increase in survival of the host, when 

challenged with injection of tumor cells (Shah et al., 2002).  In addition, experiments in 

which an antisense TGF-β1 or TGF-β2 RNA was expressed in tumor cells prior to 

injection into the host, demonstrate an increase in rejection of the resulting tumors.  

Rejection of tumor tissue in the presence of antisense TGF-β1 or TGF-β2 RNA was 

attributed to an increase in tumor cell immunogenicity due to diminished TGF-β 

signaling (Fakhrai et al., 1996; Park et al., 1997).  In addition, administration of SD-208, 

a small molecule inhibitor of TGF-β signaling, also resulted in increased peripheral blood 

lymphocyte or purified T cell lytic activity and increased the secretion of interferon-γ and 

tumor necrosis factor alpha in response to mouse and human glioma cells (Uhl et al., 

2004).  These results, similar to earlier findings related to natural killer (NK) cell 

activation (Arteaga et al., 1993c), demonstrate that systemic inhibition of TGF-β 

signaling to reduce tumor progression can involve modification of immune effectors in 

vivo.  

TGF-β was identified as a potent inhibitory signal for the immune response 

mediated by CTLs (Chen et al., 2005; Thomas and Massague, 2005; Wallick et al., 1990).  
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Mechanistically, the regulation of CTLs by TGF-β involves inhibition of perforin, 

granzyme A, granzyme B, Fas ligand, and interferon-γ expression (Thomas and 

Massague, 2005).  Among these, the expression of granzyme B and interferon-γ were 

induced by TGF-β through Smad-responsive elements in their respective promoter 

regions.  In human pancreatic adenocarcinomas about 90% of the tumors express mucin 1 

(MUC1), and this protein has been used as an immunotherapeutic target for CTL killing 

of tumor cells (Mukherjee et al., 2001).  TGF-β downregulates the MUC-1 induced CTL 

activity and decreases the expression of major histocompatibility complex (MHC) class I 

genes, which would normally contribute to an immune response elicited by the tumor.  

Inhibition of TGF-β signaling using a neutralizing antibody did not result in complete 

tumor regression, suggesting that other factors, such as upregulation of interleukin-10 or 

interleukin-4 expression in the tumor microenvironment, also contribute to the immune 

evasion in vivo (Hsiao et al., 2004; Mukherjee et al., 2001).  TGF-β has also been linked 

to suppression of MHC class II expression in addition to the decrease in MHC class I 

expression (Geiser et al., 1993; Gorelik and Flavell, 2002; Johns et al., 1992; Lee et al., 

1997; Ma and Niederkorn, 1995).  Furthermore, TGF-β can inhibit immune responses to 

tumors elicited by NK cells and CD4+CD25+ regulatory T cells (Arteaga et al., 1993c; 

Chen and Wahl, 2003; Witham et al., 2003).  It is widely accepted that TGF-β is an 

immunosuppressive factor for tumor infiltrating lymphocytes (TILs) and lymphokine-

activated killer (LAK) cells through suppression of their effector functions.  Inhibition of 

TGF-β can restore both TIL and LAK cell efficacy (Hsiao et al., 2004).  The TIL cell 

population in this study was composed of mostly non-B or T cells (~90%) and the LAK 

cell population included non-B and T cells (~66%), monocytes (~18%), T cells (13%) 
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and B cells (~2%).  In addition to TGF-β mediated regulation of LAK effector functions, 

TGF-β and interleukin-6 secreted from some tumors can induce the chemotactic behavior 

of this cell population, when purified and cultured in vitro (Delens et al., 1994).  The 

negative effect of TGF-β on cytolytic activities mediated by LAK and CTL cells has long 

been known (Mule et al., 1988).  LAK cells can be isolated from interleukin-2-activated 

NK cells, and interleukin-2 production that is often associated with NK cell activation is 

downregulated by TGF-β in T cells (D'Angeac et al., 1991).  The downregulation of 

interleukin-2 prevents further activation of NK cells in the tumor microenvironment.  The 

antigen-dependent activation of T helper cells can also be prevented by TGF-β (Gorelik 

and Flavell, 2002).  In culture, one of the first direct demonstrations for this response 

came from several T helper cell lines that were resistant to TGF-β1.  In the resistant cell 

lines, it was shown that the inhibition of T cell activation was due to a decrease in TGF-β 

receptor expression (Siepl et al., 1991).  Further, the TGF-β pathway signaling has been 

shown to regulate T cell activation without physically interfering with interleukin-2 

ligand binding or internalization (Ortaldo et al., 1991).  These data suggest that, similar to 

results obtained in NK cells, the effect of TGF-β in the tumor microenvironment is T cell 

autonomous.     

The mechanisms through which tumors evade the immune system include 

suppression of responses from neutrophils (polymorphonuclear cells; PMNs) that have 

the ability to eliminate Fas ligand (CD95L) expressing tumor cells (Hahne et al., 1996).  

Tumors that express the Fas ligand are able to eliminate immune mediators such as tumor 

reactive T lymphocytes that express the Fas receptor (CD95). In one set of experiments, 

injected malignant melanoma cells that express CD95L grew rapidly and formed tumors 
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in nude mice.  In mutant mice deficient for expression of CD95, however, injection of the 

tumor cells resulted in a delay of tumorigenesis.  This was due to the inability of the 

CD95L+ cells to initiate cell death of CD95+ cells including T lymphocytes (Hahne et 

al., 1996).  The contribution of TGF-β to CD95L signaling is that it prevents neutrophils 

from killing cells that express CD95L.  This inhibition of neutrophil activity was blocked 

using a soluble TGF-β receptor fusion protein and stimulated using TGF-β in vitro.  In 

vivo, ectopic expression of TGF-β at the site of tumorigenesis protected the lesion from 

neutrophil-mediated tumor cell death.  TGF-β signaling in the neutrophil prevents p38 

MAP kinase activation in response to CD95 stimulation, and this has been suggested as a 

major factor in the inactivation of this important immune component (Chen et al., 1998).  

These surprising results regarding TGF-β reveal a unique way in which TGF-β helps to 

both evade the innate immune system, and promote the CD95L-mediated death of cells 

sensitive to this pathway including tumor reactive T lymphocytes. 

The involvement of TGF-β in the evasion of cancers from the host immune 

response is also intimately related to inflammatory responses in the tumor 

microenvironment (Figure 2).  TGF-β attracts immune and inflammatory mediators, 

while inactivating their ability to kill tumor cells.  TGF-β attracts many cell types that 

contribute to inflammation including T cells, neutrophils, monocytes, NK cells, and mast 

cells (Adams et al., 1991; Gruber et al., 1994; Hanazawa et al., 1991; Maghazachi and al-

Aoukaty, 1993; Reibman et al., 1991).  
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Figure 2. Immune evasion and inflammation are directly regulated by 
TGF-β in the tumor microenvironment.  TGF-β is a chemoattractant for T cells, 
neutrophils, mast cells, macrophages, monocytes, natural killer and lymphokine-
activated killer cells.  In addition to acting as a chemoattractant, TGF-β can prevent 
the active and passive immune response within the tumor microenvironment.  Evasion 
of the primary immune responses can lead to secondary immune evasion by allowing, 
for example, carcinoma cells to express CD95L that subsequently promotes T cell 
ablation.  Carcinoma cells can express markers that would allow immune recognition 
and destruction in the absence of TGF-β.  In carcinoma cells, TGF-β can change the 
level of MHC class I and II expression levels, and this would normally flag these cells 
for destruction.  These cells are not eliminated due to the TGF-β-mediated immune 
suppression that prevents this response.  The immune evasion mediated by TGF-β also 
contributes to enhanced inflammation.  Classic inflammatory mediators and newly 
recruited inactive immune components synergistically contribute to the inflammation 
often observed within the tumor microenvironment. 
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Figure 2. Direct regulation of immune evasion and inflammation by TGF-β. 
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TGF-β is a chemotactic factor for monocytes and promotes their expression of 

proinflammatory factors including tumor necrosis factor (TNF), interleukin-1 and 

interleukin-6 (Bogdan and Nathan, 1993; Fontana et al., 1992).  Interleukin-1 has been 

shown to upregulate the expression of factors that promote cancer progression, such as 

macrophage migration inhibitory factor-1 (MIF-1), in the tumor microenvironment (Hira 

et al., 2005; Ren et al., 2004; Sun et al., 2005; Takahashi et al., 1998).  TGF-β also 

upregulates the expression of the chemokine receptor CXCR4 on monocytes, 

macrophages and T cells, which contributes to their response to stromal cell-derived 

factor-1 (SDF-1/Cxcl12) (Buckley et al., 2000; Wang et al., 2001).  The CXCR4-

mediated response to SDF-1 may include transactivation of the epidermal growth factor 

(EGF) receptor, and increased motility and metastatic progression (Porcile et al., 2004; 

Sun et al., 2002).  

In addition to acting as a chemotactic and cytokine stimulating factor, TGF-β 

promotes monocyte to macrophage differentiation (Bombara and Ignotz, 1992; Fontana 

et al., 1992).  Similar to monocytes in the tumor microenvironment, tumor-associated 

macrophages (TAMs) are attracted to TGF-β and often secrete cytokines and growth 

factors that can further contribute to neoplastic progression (Coussens and Werb, 2002; 

Schoppmann et al., 2002; Young et al., 1996).  In vitro, stimulation of LPS activated 

macrophages with TGF-β can result in downregulation of chemokines, macrophage 

inflammatory protein-2 (MIP-2), TNF-α, interleukin-1β, interleukin-8, granulocyte-

macrophage colony-stimulating factor (GM-CSF) and to a lesser extent interleukin-10.  

In addition, TGF-β can stimulate the expression of the cytokine MIP-1.   
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The differences between the level of expression for these chemokines may be due 

to the relative dependence on NF-kB versus AP-1 for transcriptional regulation.  Many 

chemokines such as TNF-α and MIP-2, are dependent on NF-kB while others, 

exemplified by MIP-1 are dependent on AP-1.  TGF-β has been shown to stimulate AP-1 

dependent transcription of MIP-1 in LPS-activated macrophages while inhibiting 

transcription of several NF-kB dependent chemokines.  Further, the mechanism for 

stimulation of the AP-1 activity in the MIP-1 promoter depends on activation of Smad3 

(Fadok et al., 1998; McDonald et al., 1999; Xiao et al., 2002).  The chemokine monocyte 

chemoattractant protein-1 (MCP-1), is also expressed by macrophages, and TGF-β 

stimulates its expression, as opposed to the TGF-β mediated suppression of MCP-1 

expression in fibroblasts (Kitamura, 1997).  The expression of MCP-1 also depends on 

AP-1, but, unlike MIP-1, Smad3 activation inhibits its transcription.  In Smad3-deficient 

macrophages, stimulation with TGF-β does not result in upregulation of MCP-1 

transcription.  Conversely, expression of a constitutively active Smad3 inhibits MCP-1 

expression (Feinberg et al., 2004).  These and other results suggest that monocytes and 

macrophages are initially attracted to TGF-β, and that monocytes are stimulated to 

terminally differentiate into macrophages yet are subsequently prevented from producing 

inflammatory proteins if the macrophages should become activated in the tumor 

microenvironment.   

Activated macrophages offer another immune response to tumor cells that can be 

modified by TGF-β in the tumor microenvironment.  Early observations suggested that 

the effect of TGF-β on macrophages in the tumor microenvironment was related to 

inhibition of macrophage activation (Haak-Frendscho et al., 1990).  In the presence of 
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TGF-β, a human macrophage cell line was unable to be activated by interferon-γ or 

bacterial lipopolysaccharide (LPS).  The lack of activation due to TGF-β stimulation 

prevented the macrophages from killing tumor cells in vitro.  It was determined that 

TGF-β had no effect on the cytostatic activity of the macrophages, but the cytotoxic 

activity of the macrophages was greatly reduced at concentrations up five times as high 

as used for inhibition of macrophage activation (Haak-Frendscho et al., 1990).  

Furthermore, tumor-derived TGF-β induces immune suppressive activities from 

macrophages that may prevent T cell proliferation and contribute to additional tumor cell 

survival (Alleva et al., 1995). 

 

Regulation of tumor associated angiogenesis by TGF-β 
 

Vasculogenesis occurs during development throughout embryonic life, and 

complemented and replaced by angiogenesis later during development, and in tumor 

progression and wound healing (Hanahan and Folkman, 1996).  Over the years many 

groups have studied various aspects of the role of TGF-β signaling in the molecular 

mechanisms that regulate angiogenesis in the tumor microenvironment (Figure 3).  The 

most informative mechanistic studies on the role of TGF-β have been performed in vitro, 

and little has been definitively shown in vivo.  The problem with many correlative studies 

in vivo, and especially those using a systemic inhibition strategy, is that many different 

cell types in the tumor microenvironment are affected by the inhibition of TGF-β.   
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Figure 3. TGF-β regulates angiogenesis in the tumor microenvironment.  TGF-β 
upregulates TGF-α, VEGF, PDGF, FGF-2 (bFGF), uPA and PAI-1 that all contribute 
to angiogenesis.  uPA allows the release of active FGF-2, TGF-β and VEGF from the 
ECM.  In addition to releasing the pro-angiogenic factors, uPA also produces plasmin 
from plasminogen and this has an anti-angiogenic effect.  The upregulation of PAI-1 
inhibits uPA and this has a pro-angiogenic effect.  Together, the net effect of 
stimulation by TGF-β yields the release and activation of a pro-angiogenic gradient 
toward the tumor microenvironment.   
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Although studies in vivo may show a decrease in tumor endothelial cell density, 

but this may coincide with a change in tumor volume, epithelial cell growth and survival, 

immune response, inflammation or stromal-epithelial interactions.  To address the 

endothelial cell response to TGF-β in vivo, specific ablation of TGF-β signaling in tumor 

endothelial cells would be informative.  In culture, however, the current data are more 

convincing with respect to a role for TGF-β in angiogenesis.     

In vitro, endothelial cells form capillary-like structures when embedded in type I 

collagen gels.  This process in vitro requires either serum in the culture medium or 

addition of TGF-β to propagate angiogenesis.  The effect of TGF-β in the culture medium 

was found to promote endothelial cell survival and induce formation of the capillary-like 

tubular structures.  In this system, TGF-β induces the expression of TGF-α, which 

activates the EGF tyrosine kinase receptor on the same cells.  Cells that are incubated 

with a soluble EGF receptor ectodomain or EGF receptor endogenous tyrosine kinase 

inhibitor AG1478 to block TGF-α signaling through the endogenous EGF receptor 

demonstrate that autocrine TGF-α signaling is required for TGF-β-induced capillary tube 

formation in vitro.  Furthermore, this mechanism is dependent on EGF receptor-mediated 

activation of PI3 kinase and Akt and of p42/p44 Erk MAP kinase (Vinals and 

Pouyssegur, 2001).  The endothelial cell response to TGF-β may depend on the level of 

stimulation for positive and negative regulation of angiogenesis, as demonstrated by early 

work in cell culture.  One of the first examples for biphasic regulation of angiogenesis by 

TGF-β demonstrates that high levels of TGF-β inhibit, while low levels promote capillary 

tube formation in vitro (Pepper et al., 1993). 
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A central signaling pathway in the regulation of angiogenesis by TGF-β involves 

the expression of vascular endothelial growth factor (VEGF), which is currently 

considered as the most potent known angiogenic polypeptide. Stimulation of endothelial 

cells with TGF-β1 can lead to a significant increase of VEGF expression (Benckert et al., 

2003; Breier et al., 2002; Donovan et al., 1997; Kitamura et al., 2003; Nagineni et al., 

2003).  Metastatic carcinoma cells express more VEGF in response to TGF-β than their 

non-metastatic counterparts (Donovan et al., 1997).  In addition to the induction of VEGF 

expression by TGF-β1 made by the tumor cells, other factors such as hypoxia, can 

synergistically enhance VEGF expression in the tumor microenvironment (Breier et al., 

2002).  The expression of VEGF in response to TGF-β may be induced by MAP kinase 

signaling and involve the AP-1 and HIF (hypoxia-inducible factor) transcription factors 

(Nagineni et al., 2003; Shih and Claffey, 2001; Tokuda et al., 2003).    

The induction of angiogenesis in the tumor microenvironment may include the 

regulation of expression of other factors by TGF-β, including platelet-derived growth 

factor (PDGF) and fibroblast growth factor-2 (FGF-2, also known as basic FGF).  In 

addition to VEGF and TGF-α, TGF-β induces the expression of PDGF and FGF-2 in 

many cell types that are commonly associated with the tumor microenvironment (Leof et 

al., 1986; Pepper, 1997).  TGF-β and PDGF are both able to increase the expression of 

VEGF and FGF-2, whereas  hypoxic conditions induce the expression of VEGF only in 

vitro (Brogi et al., 1994).  In the tumor microenvironment, however, hypoxic regions in 

the center of a tumor are often associated with concurrent TGF-β expression.  In addition 

to hypoxia, other indirect effects can further contribute to angiogenesis.  For example, the 
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TGF-β-induced recruitment of inflammatory cells provides additional cytokine and 

growth factor signaling to the tumor microenvironment. 

The expression of the angiogenic factor FGF-2 in response to TGF-β has been 

shown to contribute to TGF-β-activated endothelial cell organization.  In vitro, FGF-2 

alone can induce capillary tube-like structures from endothelial cells in a monolayer.  

However, the appearance and length of the capillary-like structures that are formed in 

response to both TGF-β and FGF-2 are more reminiscent of those formed in vivo.  This 

convergent signaling to regulate capillary morphogenesis further parallels data in vivo, 

involving the observations of altered lumen size in the Tgfb1- or Tgfbr2-defective mice 

(Pepper, 1997).  It is likely that, in the tumor microenvironment, inflammation, hypoxia, 

PDGF, FGF-2, VEGF and a number of other factors synergize with TGF-β to promote 

angiogenesis that contributes to tumor progression and metastasis.   

Importantly, TAMs can produce urokinase-type plasminogen activator (uPA) in 

response to stimulation with TGF-β, and the expression of uPA leads to conversion of 

plasminogen to plasmin (Hildenbrand et al., 1998).  Plasmin has been shown to mediate 

anti-angiogenic signaling through several mechanisms including fibrinolysis.  In addition 

to its role in the production of anti-angiogenic signaling, uPA also induces the release of 

FGF-2, hepatocyte growth factor (HGF), TGF-β and VEGF from latency-associated 

complexes (Falcone et al., 1993; Mazar et al., 1999).  However, TGF-β also induces the 

expression of plasminogen activator inhibitor (PAI)-1, which inhibits the activity of uPA.  

In the presence of PAI-1, the activity of uPA is inhibited and fibrin formation is 

increased.  Furthermore, the combination of VEGF and fibrin has been associated with an 

increase in angiogenesis (Mazar et al., 1999).   
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TGF-β based therapeutic strategies in cancer 
 

  In human carcinoma, tumor cell autonomous TGF-β expression is often 

increased while expression of the receptor dependent signaling components is decreased, 

mutated or silenced.  It is now generally accepted that TGF-β is an early tumor 

suppressor that can subsequently promote progression through tumor cell autonomous 

and host-tumor interactions.  During tumor progression, TGF-β signaling has been shown 

to promote metastasis, while the complete absence of TGF-β signaling in the carcinoma 

cell population has also been shown to increase the rate of metastasis.  TGF-β also 

regulates important host-tumor interactions including immune evasion and stimulation of 

angiogenesis during tumor progression.  In addition it has been shown that TGF-β 

signaling mediated by stromal fibroblasts can suppress tumor formation and progression 

in adjacent epithelia.  It is clear that a large number of cell type and context dependent 

factors contribute to the dynamic regulatory roles for TGF-β in each unique tumor 

microenvironment.   

The complexity associated with TGF-β dependent regulation of tumor progression 

(Figure 4, A-E) is further convoluted by the disease itself, since cancers cells often 

demonstrate mis-regulation of multiple networks that are further amplified to promote 

progression (Hanahan and Weinberg, 2000; Hill et al., 2005; Rajagopalan et al., 2003; 

Vogelstein and Kinzler, 2004).   
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Figure 4. Visual representation of results from the current literature related to 
TGF-β signaling in cancer. (A) TGF-β tumor suppressor activity.  TGF-β signaling 
has a positive correlation with tumor suppression early during tumorigenesis, and as a 
primary tumor progresses this correlation decreases as it becomes a tumor promoter. 
(B) TGF-β tumor promoter activity.  Initiation and early progression negatively 
correlate with the tumor promoter activity of TGF-β.  As a tumor progresses, there is 
an increasing correlation with tumor promoting activity mediated by TGF-β signaling. 
(C) During tumor progression there is a positive correlation with the mutations 
acquired in TGF-β signaling components. (D) Systemic inhibition of TGF-β reduces 
the aggression during tumor progression.  In many cases, systemic inhibition of TGF-β 
will result in a decrease of metastases and therefore negatively correlates with 
aggression as compared to untreated controls. (E) Epithelial cell autonomous ablation 
of TGF-β signaling results in a delayed initiation and progression.  There are mixed 
results in the literature regarding the effect on advanced progression and metastasis 
(both positive and negative correlations have been reported). (F) Ablation of TGF-β 
signaling in fibroblasts can potentiate carcinoma formation in adjacent epithelial 
populations over time. 
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As a result of this inherent complexity, TGF-β based therapeutic strategies must 

be carefully considered prior to administration.  In opposition to general clinical 

application of an anti-TGF-β therapy, recent emphasis has been placed on global 

molecular profile screening.  The application of various profiling techniques may help to 

indicate when a specific TGF-β based treatment strategy should be administered, to 

maximize efficacy while reducing the adverse effects potentially associated with this type 

of intervention.  However, with the advance of global profiling technologies and their 

concurrent application during the screening process, we are moving cautiously toward 

tailored therapies that include regulation of this potent regulatory pathway in cancer. 

The complex nature of TGF-β signaling and crosstalk in the tumor 

microenvironment presents a unique challenge, as well as an opportunity for therapeutic 

intervention strategies targeting cancer.  Currently, the TGF-β pathway has been targeted 

using strategies including modification of immune components or delivery of small 

molecule inhibitors and soluble protein or antisense compound inhibitors.  

Immunotherapeutic strategies, at the current time have only been used to target the TGF-

β pathway in animals, however these approaches are appealing since a major contribution 

to tumor progression mediated by TGF-β is evasion of the immune system (Chen and 

Wahl, 2003; de Visser and Kast, 1999; Gorelik and Flavell, 2002; Wahl et al., 2004).  

The strategies employed in immunotherapy related to TGF-β usually decrease TGF-β 

signaling in an immune component, prior to reconstitution in a tumor bearing recipient, 

thereby permitting a productive interaction with cancer cells.  Alternatively, systemic 

delivery of compounds used to inhibit TGF-β usually abrogate all host-tumor interactions 

regulated by TGF-β including those involving immune evasion, angiogenesis, stromal-
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epithelial crosstalk and tumor cell autonomous signaling (Bierie and Moses, 2006a; 

Goumans et al., 2003a; Lebrin et al., 2005; Muraoka-Cook et al., 2005a).  Due to the 

immune mediated disease and lethality associated with genetic ablation or inhibition of 

TGF-β signaling in mice (Gorelik and Flavell, 2000; Kulkarni et al., 1993; Leveen et al., 

2002; Shull et al., 1992), it was unclear if inhibiting this pathway to treat cancer would be 

compatible with patient survival when delivered for a sustained duration in vivo.  

However, it has recently been shown that a lifetime exposure to systemic soluble TGF-

β1/3 or pan-TGF-β inhibitors in mouse models did not result in significant adverse effects 

(Ruzek et al., 2003; Yang et al., 2002b).  These studies have demonstrated that TGF-β 

specific inhibition should be compatible with long-term survival when administered to 

humans for a sustained duration in vivo.  Importantly, the mechanism of action is known 

for many of the published inhibitors, and some of these agents are currently being 

evaluated in human clinical trials (Yingling et al., 2004).   

It has been known for many years that one of the major contributions to tumor 

progression mediated by TGF-β is evasion of the immune response (de Visser and Kast, 

1999; Fontana et al., 1991; Fontana et al., 1992; Gorelik and Flavell, 2002; Smyth et al., 

2006).  In addition to evasion of tumor cell immunoreactivity, TGF-β attracts immune 

components to the tumor microenvironment, thereby permitting the expression of 

additional tumor promoting factors (Figure 5).  The first definitive results indicating that 

TGF-β mediated suppression of T-cell populations could be subverted to eliminate cancer 

came from experiments using transgenic mice that expressed a dnTβRII in all T-cells 

resulting in suppression of metastasis when challenged with B16-F10 or EL-4 cell lines 

(Gorelik and Flavell, 2001).   
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Figure 5. Previously described roles for TGF-β in the tumor microenvironment 
and drugs designed to attenuate systemic signaling.  Transforming growth factor-
beta (TGF-β) is a potent regulator of T-cell, neutrophil, monocyte, macrophage, 
natural-killer (NK)-cell, carcinoma-associated fibroblast and carcinoma-cell-
autonomous signaling in the tumor microenvironment. In addition, TGF-β contributes 
to the regulation of angiogenesis through direct and indirect mechanisms. TGF-β 
stimulates the migration of fibroblasts, T cells, neutrophils and monocytes, and 
influences their behaviour to suppress or promote tumor progression. TGF-β inhibits 
T-cell function, the secretion of cytolytic factors from cytotoxic T cells and stimulates 
monocytes to differentiate into macrophages, but inhibits the effector function of 
macrophages when present. TGF-β might stimulate tumor-homing T cells and 
macrophages through the upregulation of CXCR4 in response to CXCL12 secretion by 
carcinoma-associated fibroblasts. TGF-β enables the expression of FAS ligand 
(FASL) by inhibiting the activation of neutrophils, cells that would normally kill 
FASL-expressing cells. This is an important role for TGF-β, as the expression of 
FASL promotes immune evasion by inducing cell death in FAS-expressing cells, 
including tumor-reactive T-cell populations. TGF-β signaling also results in a 
reduction of major histocompatibility complex (MHC) class I and II gene expression 
that would normally induce NK-cell activation, but TGF-β has been shown to inhibit 
NK-cell activation, which further contributes to the promotion of tumor progression. 
Finally, TGF-β signaling influences tumor-cell-autonomous signaling that can 
suppress or promote progression and metastasis depending on the context of 
stimulation. These interactions are often manipulated individually, through 
immunotherapy, or globally, through systemic inhibition strategies, in cancer research 
or clinical therapy. References are available in the corresponding text. GMCSF, 
granulocyte-macrophage colony-stimulating factor; HGF, hepatocyte growth factor; 
IL, interleukin; MCP1, macrophage chemoattractant protein 1; MIP, macrophage 
inflammatory protein; MST1, macrophage stimulating 1; TNF, tumor-necrosis factor. 
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Another exciting approach that has recently been used to eliminate cancer in 

mice, based on the original work describing subversion of immune evasion to eliminate 

tumor cells, is the adoptive transfer of tumor-reactive, TGF-β insensitive, CD8+ T-cells 

using a mouse prostate cancer model (Zhang et al., 2005).  In this system, donor mice 

were primed with irradiated TRAMP-C2 prostate cancer cells and then CD8+ T-cells 

isolated from the spleen of these mice were expanded ex vivo.  A dominant negative 

TGF-β type II receptor was then introduced into the CD8+ T-cells through retroviral 

infection to render these cells insensitive to TGF-β.  In vitro, these engineered cells 

demonstrated specific cytotoxicity for the TRAMP-C2 cell line, and after adoptive 

transfer of these cells into mice a marked reduction or complete elimination of pulmonary 

metastases was observed.  This study also showed that only the engineered TGF-β 

insensitive T-cells were able to penetrate the tumor in order to mediate apoptosis, and the 

engineered cell numbers declined in tumor free animals over time, however they 

persisted in tumor bearing mice (Zhang et al., 2005).  These results indicate that the high 

levels of TGF-β secreted by the TRAMP-C2 cell line (as demonstrated by ELISA) 

prevented endogenous T-cell cytotoxicity that would otherwise eliminate tumor cells in 

vivo.  Together these studies demonstrate a general principle — that TGF-β produced by 

tumor cells can suppress a functional immune response, and inhibition of this suppressive 

signal enhances recognition and destruction of tumor cells in vivo. 

The TGF-β pathway has recently been targeted through the use intracellular 

strategies involving administration of small molecule inhibitors of the TβRI and TβRII 

kinase domains.  Several well characterized specific small molecule inhibitors have been 

identified for this purpose, including A-80-01, LY364947, LY550410, LY580276, 
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LY566578, SB-505124, SD-093, SD-208 and SB-431542 (DaCosta Byfield et al., 2004; 

Ge et al., 2004; Inman et al., 2002; Peng et al., 2005; Tojo et al., 2005; Uhl et al., 2004; 

Yingling et al., 2004).  The Alk-5 small molecule inhibitors can also target the TβRI Alk-

4 and Alk-7 receptors, and therefore results obtained through their application may not 

directly correlate with TGF-β specific signaling and will require substantial validation 

(Peng et al., 2005).  Inhibition of Alk-4 and Alk-7, in addition to TGF-β specific Alk-5 

may have an influence on tumorigenesis.  In particular Alk-4 may be important in the 

regulation of tumorigenesis, since upregulation of Alk-4 expression in the MMTV-Neu 

mouse model has been demonstrated in correlation with activated Smad2 and loss of Alk-

5 expression (Landis et al., 2005).  In addition, expression of activin A, the ligand 

responsible for Alk-4 activation, has been associated with esophageal carcinoma, 

providing a clinical link to activation to this pathway in human cancer (Yoshinaga et al., 

2003).  The use of specific small molecule inhibitors, as highlighted through studies 

involving the SD-208 and SD-093 compounds, can result in the potent regulation of 

cancer cells in vitro and in vivo.  SD-208 could regulate growth of intracranial SMA-560 

gliomas in syngeneic mice, resulting in prolonged survival that correlated with increased 

immune infiltration without significant changes in proliferation, apoptosis or 

angiogenesis (Uhl et al., 2004).  The positive effect on tumor reactive immune regulation 

mediated by the SD-208 compound seems to be direct as demonstrated through parallel 

analyses conducted in vitro (Uhl et al., 2004).  In another study, the SD-093 inhibitor was 

shown to negatively regulate invasiveness without changing the morphology or growth 

rate in SMAD4 deficient pancreatic carcinoma cells (Subramanian et al., 2004).  SMAD4 

expression is often decreased or lost in cancer, and this suggests that the use of small 
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molecule inhibitors in this context has potential for therapeutic application.  These 

results, in addition to a growing number of similar small molecule inhibitor studies, have 

demonstrated efficacy in blocking this pathway through attenuation of intracellular kinase 

signaling to modify tumor cell behavior in vitro and in vivo. 

In contrast to the current small molecule inhibitors, soluble proteins including 

Fc:TβRII (Cosgrove et al., 2000), the soluble type III TGF-β extracellular domain 

(Bandyopadhyay et al., 1999) and TGF-β specific antibodies are highly specific for 

attenuation of extracellular TGF-β mediated pathway activation.  The Fc:TβRII fusion 

protein is thought to bind TGF-β1 and TGF-β3 with high affinity, while the soluble 

TβRIII extracellular domain (sTβRIII) is able to bind all three TGF-β isoforms.  The 

expression of the sTβRIII protein, similar to the results obtained through administration 

of the Fc:TβRII fusion protein, resulted in reduced tumor incidence, growth rate and lung 

metastases when expressed in MDA-231 cells inoculated into nude mice 

(Bandyopadhyay et al., 1999; Muraoka et al., 2002).  It was later shown that 

administration of a recombinant sTβRIII protein significantly inhibited tumor growth and 

metastases to the lung (Bandyopadhyay et al., 2002).  The use of the relatively new 

Fc:TβRII and sTβRIII inhibitors in vitro and in vivo, have produced results similar to 

those obtained through the use of TGF-β neutralizing antibodies over the past decade.  

The most prominent antibodies that have been used for the purpose of systemic inhibition 

include 1D11 (Dasch et al., 1989), metelimumab/CAT-192 (clinicaltrials.gov ID: 

NCT00043706), lerdelimumab/CAT-152 (Cordeiro et al., 1999; Thompson et al., 1999), 

GC1008 (clinicaltrials.gov ID: NCT00125385) and 2G7 (Lucas et al., 1990).  In 

experimental cancer research, the neutralizing 2G7 pan-TGF-β mouse monoclonal IgG2B 
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antibody has been particularly useful in the identification and verification of unique 

regulatory roles for TGF-β signaling in the tumor microenvironment.  One of the early 

applications of this antibody in the study of cancer, demonstrated that TGF-β can 

overcome estrogen receptor dependence to promote tumorigenesis, as shown in 

experiments using modified estrogen receptor positive (ER+) MCF-7 cells in 

ovariectomized or castrated nude mice (Arteaga et al., 1993a).  Normally the MCF-7 cells 

will not form tumors when grafted into ovariectomized nude mice without estrogen 

supplementation.  When a TGF-β1 expression plasmid was introduced into this cell line, 

tumors developed in 100% of the mice, and these tumors could be completely ablated 

using 2G7 (Arteaga et al., 1993a).  In a complementary approach, estrogen independent 

MDA-231 cells were used to address the effect of TGF-β on tumorigenesis (Arteaga et 

al., 1993b).  When MDA-231 cells were grafted into nude mice they were able to form 

metastatic tumors.  Tumorigenesis and metastasis in this model could be blocked using 

the 2G7 antibody.  Interestingly, the MDA-231 cells inhibited, and 2G7 enhanced, spleen 

NK-cell activity.  Further, conditioned medium from MDA-231 cells inhibited 

lymphocyte-mediated NK activity in vitro, and this correlated with results demonstrating 

that the 2G7 neutralizing antibody was unable to inhibit MDA-231 tumors in NK cell 

deficient hosts (Arteaga et al., 1993b; Arteaga et al., 1993c).  In the years following these 

initial systemic extracellular TGF-β based inhibition studies, many subsequent reports 

have further illustrated the importance of cell autonomous and host-tumor interactions 

such as immune evasion, in the regulation of cancer mediated by TGF-β in the tumor 

microenvironment.  
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Early antisense therapy used to treat intracranial rat glioma, based on inhibition of 

Tgfβ2 demonstrated some success, but more importantly demonstrated that TGF-β2 in 

this context would be a good target for antisense based intervention (Fakhrai et al., 1996; 

Liau et al., 1998).  A new type of therapeutic agent composed of soluble 

phosphorothioate oligodeoxynucleotide (S-ODN) antisense specific for human TGFβ2 

mRNA has recently been used to target the TGF-β pathway in vivo (Schlingensiepen et 

al., 2005a; Schlingensiepen et al., 2005b).  Although limited information is available 

regarding the use of this compound in treating human cancer, it is currently in clinical 

trials, and some interesting information has been reported regarding delivery of this 

compound to human cancer patients in vivo.  The compound (AP 12009) was initially 

tested for use in treating brain tumors, and it was shown to be well tolerated when 

delivered into the brain parenchyma.  The sequence used for AP 12009 was selected 

based on its ability to mediate TGF-β2 silencing in cells without the use of a carrier such 

as lipofectin.  The AP 12009 compound was also screened for efficacy in vitro using 

TGF-β2 expression, proliferation, migration and effect on immune suppression as 

markers for activity in glioma, pancreatic carcinoma and malignant melanoma cell lines.  

The AP 12009 compound is currently being evaluated in clinical trials as a potential 

glioma, pancreatic carcinoma and malignant melanoma therapy while a second 

compound targeting TGFβ1 mRNA (AP 11014) is in preclinical development for the 

treatment of human non-small-cell lung, colorectal and prostate cancers (Schlingensiepen 

et al., 2005a; Yingling et al., 2004).  Initial results from human clinical trials, involving 

treatment of high-grade glioma with AP 12009 administered locally into brain tumors via 

convection-enhanced delivery, have demonstrated that this strategy has the potential for 
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clinical application.  In the initial phase I/II open-label dose escalation study, some of the 

first data indicating efficacy for this strategy was obtained.  Specifically, the compound 

was able to significantly prolong the median time to relapse compared with the published 

relapse times for temozolomide chemotherapy.  In addition, seven of twenty-four patients 

demonstrated stabilization of their disease, and two patients were shown to be in 

complete remission after treatment.  The initial studies using AP 12009 show potential 

for therapeutic intervention without significant adverse effects, and this S-ODN 

compound has now moved to a phase IIb clinical study for further evaluation in high-

grade glioma (Schlingensiepen et al., 2005a). 

 

Summary 
 

TGF-β has a clear role in cancer cell autonomous regulation of tumorigenesis, but 

it also has several roles in the tumor microenvironment that contribute to the progression 

of disease.  In many types of normal epithelium and during early tumorigenesis, TGF-β 

acts as a tumor suppressor while later in progression it is a tumor promoting factor 

(Akhurst and Derynck, 2001; Cui et al., 1996).  The effects of TGF-β can be attributed to 

tumor cell autonomous, immune, inflammatory, angiogenic and stromal signaling in vivo.  

Due to this broad spectrum of activity, the balance of TGF-β signaling should be 

considered when designing a therapeutic targeting strategy that involves modification of 

this pathway in vivo.  As an example, systemic TGF-β blockers may inhibit the fibroblast 

signaling, angiogenic stimulation and immune evasion while promoting epithelial cell 

proliferation and this could result in subsequent tumor progression.  Conversely, 

proliferation of the epithelial cells may be increased by TGF-β stimulation and the net 
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result would then be tumor inhibition.  It is clear that in order to develop effective 

treatments based on modification of TGF-β signaling, we must understand the role for 

this pathway in each cell type known to contribute to the tumor microenvironment. 

Immune evasion has been associated with tumor progression, and TGF-β is a 

potent mediator of this process.  Lack of TGF-β1 resulted in an overactive immune 

system and this clearly demonstrated a role for TGF-β in immune regulation in vivo.  In 

cancer, several groups have shown that tumor progression can be decreased through 

ablation of TGF-β signaling specifically in the immune system.  The effects of TGF-β 

signaling on immune invasion are both direct and indirect.  The direct effects mediated 

by TGF-β include preventing the activation and function of immune killer cells.  Indirect 

effects on immune evasion can be exemplified by neutrophil suppression, which allows 

sustained expression of CD95L in the tumor microenvironment.  The increase in CD95L 

expression further prevents T lymphocyte-mediated tumor targeting.  Immune evasion 

prevents destruction of tumor tissues, but it also contributes to inflammation.  Many of 

the immune components that are suppressed by TGF-β are also attracted to TGF-β 

expressing tissues.  The chemotactic activity of TGF-β can promote immune infiltration 

of the tumor tissues.  The presence of infiltrating immune cells in the tumor 

microenvironment leads to expression of many cytokines and growth factors that can 

contribute to tumor progression.  The current data suggests that together, TGF-β-

mediated immune evasion and enhanced inflammation work synergistically to promote 

tumor progression. 

In the tumor microenvironment, a large portion of the TGF-β literature has 

focused on the epithelial tumor cell autonomous and immune evasion responses in 

51 
 



cancer.  There are however other key factors for TGF-β-mediated signaling in the areas 

of angiogenesis and stromal fibroblast contributions to disease initiation and progression.  

TGF-β has been found to promote the upregulation of angiogenic ligands in tumor cells 

and this recruits endothelial cells to the growing tumor.  Hypoxia can further enhance the 

TGF-β-mediated angiogenic ligand production while concurrently upregulating TGF-β1 

transcription.  Upon recruitment to the tumor microenvironment, TGF-β helps to promote 

angiogenic vessel organization and integrity.  To promote migration and growth of cells 

in a tumor there must be a matrix to build upon.  Many of the matrix proteins are 

produced by stromal fibroblasts, but this is only one function for these cells in the tumor 

microenvironment.  In addition to the production of collagen and other essential matrix 

proteins it is now clear that stromal fibroblasts produce potent signals that are able to 

modulate adjacent cell populations.  In the case of epithelial cells, the fibroblasts 

juxtaposed within the tumor microenvironment can have a profound influence on tumor 

progression.  Stromal fibroblasts may become activated in a tumor, and this produces 

permanent changes in gene expression that modify their respective tumor stromal-

epithelial interactions.  Current data suggests that lack of a TGF-β signal in the stromal 

fibroblasts, through ablation of TβRII in the fibroblasts for example, can cause 

production of factors that subsequently act upon adjacent cancer cells to promote 

tumorigenesis. 

The tumor microenvironment is complex, and we are only now beginning to 

understand the enormous scope of interactions that result from the presence of TGF-β 

signaling in this context.  The current data relating to TGF-β spans two decades, and it is 

likely that the next two decades will provide many more key mechanisms without 
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exhausting the need for continued persistent study of this central signaling pathway in 

cancer.  Our current results presented herein, explore the role for TGF-β signaling in the 

regulation of mammary development and tumorigenesis.  The data that we have produced 

strongly suggest that TGF-β can suppress mammary epithelial cell differentiation, 

tumorigenesis and metastasis in vivo.  We have demonstrated that TGF-β signaling in 

mammary carcinoma cells can promote apoptosis and mediate interactions with the 

adjacent fibrovascular stroma.  We have also shown that TGF-β signaling regulates 

inflammatory gene expression and recruitment of bone marrow derived cells that are 

known to promote metastasis.  In addition, we have now demonstrated that TGF-β 

signaling can regulate tumor cell heterogeneity in the tumor microenvironment.  At the 

molecular level, we have identified and validated gene expression signatures that 

represent carcinoma cell specific loss or activation of TGF-β signaling.  The carcinoma 

cell gene expression signatures further substantiated a role for TGF-β in regulation of 

chemokine expression and were able to provide a link to progression of human disease.  

Importantly, the gene expression signature associated with loss of TGF-β signaling in 

mammary carcinoma cells significantly correlated with an increased risk of relapse in 

human Luminal A, ER+ or lymph node positive breast cancer.  Together, our results and 

the previously published literature strongly suggest, that loss the carcinoma cell response 

to TGF-β signaling during progression of disease, can significantly increase the risk of 

relapse and poor outcome for breast cancer patients. 
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CHAPTER II 

 

TGF-β DEPENDENT REGULATION OF NORMAL MAMMARY DEVELOPMENT 

 

Introduction 
 

The TGF-β pathway is known to significantly regulate mammary development 

and tumorigenesis.  During mammary development, the TGF-β isoforms TGF-β1, TGF-

β2 and TGF-β3 are expressed in distinct spatial and temporal patterns (Robinson et al., 

1993; Robinson et al., 1991; Streuli et al., 1993).  It has been shown that all three 

isoforms are present during virgin mammary development and pregnancy.  TGF-β1 and 

TGF-β3 levels were shown to be more abundant than TGF-β2 during virgin development 

and associated predominantly with the terminal end bud and ductal structures.  However, 

TGF-β1 and TGF-β3 were also expressed in the mammary fat pad in the absence of 

epithelium.  During pregnancy all three isoforms were abundantly expressed in mammary 

alveoli, ducts and fat pad.  Upon parturition, all three TGF-β isoforms were significantly 

downregulated and only TGF-β3 was detected at low levels in mammary alveoli 

(Robinson et al., 1991).  During involution, TGF-β3 expression was markedly increased 

through a process regulated by milk stasis and has been shown to be more abundant than 

TGF-β1 or TGF-β2 (Clarkson et al., 2004; Nguyen and Pollard, 2000; Stein et al., 2004; 

Streuli et al., 1993). 



Relevance for TGF-β signaling during mammary development was shown in 

early studies using ethylene vinyl acetate copolymer (EVAc) pellets containing TGF-β 

that were implanted in the mammary fat pad of five week old virgin mice (Silberstein and 

Daniel, 1987).  The TGF-β implants were able to inhibit growth terminal end buds 

(TEBs) into the fat pad, thereby preventing ductal elongation.  It was further shown that 

the effect of growth inhibition by TGF-β was reversible.  The effect of TGF-β signaling 

was specific to the epithelium and had no observed effect on the proliferation of adjacent 

stroma (Daniel et al., 1989).   

It was later shown that TGF-β1 +/- mammary epithelium, which produced 

approximately 10% of the TGF-β1 present in wild type tissue, exhibited aberrant 

mammary lobuloalveolar proliferation in vivo (Ewan et al., 2002; Geiser et al., 1993; 

Kulkarni et al., 1993).  Further, TGF-β could restrain hormone dependent mammary 

epithelial cell proliferation (Ewan et al., 2002).  These results correlated well with data 

obtained through expression of a dominant negative type II TGF-β receptor mutant under 

control of the MMTV promoter/enhancer (MMTV-DNIIR) (Gorska et al., 1998). 

Attenuation of TGF-β signaling using this strategy resulted in mammary alveolar 

hyperplasia and precocious terminal differentiation (Gorska et al., 1998).  Further, at 

twenty weeks of age the hyperplasia positively correlated with diestrus and estrus stages 

of development (Gorska et al., 1998).  During pregnancy, the MMTV-DNIIR mice also 

exhibited an increased rate of precocious differentiation (Gorska et al., 2003), further 

linking the TGF-β pathway to regulation of the mammary epithelial cell response to 

endocrine signaling in vivo.   
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TGF-β3 signaling has been associated with regulation of the first stage of 

mammary involution (Nguyen and Pollard, 2000).  To determine the effect of TGF-β3 

signaling during mammary development an initial approach involved the use of 

transplanted glands derived from TGF-β3 null mice that have been shown to die shortly 

after birth (Nguyen and Pollard, 2000; Proetzel et al., 1995).  The transplants indicated 

that the apoptotic effect involved autocrine signaling during mammary involution.  

Further, transgenic overexpression of TGF-β3 under control of the Blg promoter resulted 

in increased signal transducer and activator of transcription 3 (Stat3) phosphorylation and 

positively correlated with increased cell death in the first three days of post-partum 

transgene expression (Nguyen and Pollard, 2000).   

Subsequently, the MMTV-DNIIR mouse model was used to demonstrate a similar 

delay in mammary involution upon forced weaning of pups during lactation (Gorska et 

al., 2003).  In addition mammary epithelial cell specific loss of Smad3, a well 

characterized downstream mediator of TGF-β signaling, was shown to have a similar 

effect on apoptotic induction during the first three days of involution (Yang et al., 2002c).  

Interestingly deletion of Smad4, a central mediator and Smad3 binding partner that 

regulates canonical TGF-β signaling, in mammary epithelium did not reveal a 

corresponding involution defect (Li et al., 2003).  

TGF-β and Prolactin (Prl) exert opposing effects on mammary epithelial cell 

survival (Bailey et al., 2004).  It has been shown that in the non-transformed HC11 

murine mammary epithelial cell line, TGF-β1 inhibits Akt phosphorylation at S473.  

Conversely, Prl activates Akt S473 phosphorylation and is dominant over the effect of 

TGF-β in the activation of this pathway.  It was shown that TGF-β mediated apoptosis in 
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this model system was dependent upon downregulation of Akt signaling.  Conversely, Prl 

promoted cell survival through upregulation of Akt signaling.  It was further shown, that 

the hyperplastic growth of mammary epithelium observed in MMTV-DNIIR mice was 

dependent upon Prl signaling in vivo (Bailey et al., 2004).  These results were correlated 

with reduced apoptosis in the MMTV-DNIIR mouse model after nipple sealing 

experiments designed to induce localized involution of mammary tissue in vivo (Bailey et 

al., 2004).   

The literature has suggested that TGF-β signaling could regulate initiation of early 

mammary involution (Bailey et al., 2004; Gorska et al., 2003; Nguyen and Pollard, 2000; 

Proetzel et al., 1995; Yang et al., 2002c).  Several reports have also suggested that TGF-β 

signaling was able to suppress terminal differentiation of mammary epithelium 

(Cocolakis et al., 2008; Gorska et al., 2003; Gorska et al., 1998).  However, it was 

unclear what impact either effect had on the global process of mammary involution.  

Previously, we have used an MMTV-Cre transgene to delete exon 2 from the Tgfbr2 gene 

in mammary epithelium, however we observed a gradual loss of TβRII deficient 

epithelial cells that precluded an accurate study of the role for TGF-β signaling during 

involution timepoints (Chytil et al., 2002; Forrester et al., 2005).  To address this issue, 

using the WAP-Cre transgene and our floxed TβRII mouse model (Chytil et al., 2002; 

Wagner et al., 1997), we have now selectively ablated TβRII signaling in mammary 

epithelium predominantly associated with late pregnancy, lactation and early involution 

timepoints.  Using this strategy, we have been able to determine that many of the 

processes that should occur during the first-to-second phase transition of mammary 

involution are not significantly altered in the absence of TGF-β signaling.  Notably, we 
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were able to detect the silencing of Na–Pi type IIb co-transporter (Npt2b) expression by 

day three of involution in both control and TβRII deleted tissues.  In addition, we did not 

detect a significant difference in the level of apoptosis or metalloproteinase induction at 

day three of involution.  However, by day seven of involution Npt2b, a previously 

described Jak/Stat dependent terminal differentiation marker (Long et al., 2003; Miyoshi 

et al., 2001; Shillingford et al., 2003), was re-initiated in TβRII deficient tissues.  

Together, the results suggest that induction of the second irreversible stage of mammary 

involution is not significantly altered when TGF-β signaling is completely abrogated.  

However, late during the second stage of mammary involution, suppression of terminal 

differentiation by TGF-β is required to efficiently remodel the mammary tissue in vivo. 

 

Experimental Procedures 

 

Animal models 
 

WAP-Cre, TβRII(WKO)Rosa26R, TβRII(MKO) and MMTV-DNIIR mice were bred 

and genotyped as previously described (Bierie et al., 2008; Forrester et al., 2005; Gorska 

et al., 2003; Gorska et al., 1998; Soriano, 1999; Wagner et al., 1997).  Virgin timepoints 

for the TβRII(WKO)Rosa26R and WAP-Cre control analyses included twelve and twenty 

weeks of age.  Four to six mice were used for each genotype at the virgin timepoints.  

Virgin tissues from the TβRII(MKO) model were collected at nineteen weeks of age and the 

virgin MMTV-DNIIR tissues were collected at twenty weeks of age.  Mice were checked 

for plugs after breeding to determine the first day of pregnancy for the day fifteen 
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pregnancy timepoint.  Four mice were used for each genotype at day fifteen of 

pregnancy.  Day three of lactation was used for the corresponding lactation timepoint 

with five mice in the control group and four mice in the TβRII(WKO)Rosa26R group.  

Forced involution was conducted by allowing pups to suckle for ten days after 

parturition, then removing the pups to induce involution.  A range of five to eight mice 

were collected for each genotype and timepoint at day one and two after forced 

involution.  Seven to ten mice were collected for each genotype and timepoint at day 

three, seven and ten after forced involution.  Animals were handled according to 

approved Vanderbilt Institutional Animal Care and Use Committee protocols. 

 

Histology, immunofluorescence (IF) and TUNEL analyses 
 

Paraffin embedded tissues were sectioned at 5uM for both hematoxylin and esosin 

stained sections and unstained sections used for immunofluorescence (IF) and TUNEL 

analyses.  Npt2b IF was conducted using a custom polyclonal rabbit C-terminal antibody 

(1:2000, two hours at room temperature) kindly provided by Dr. Fayez Ghishan at the 

University of Arizona Steele Children’s Research Center.  Sodium citrate (pH6) was used 

for antigen retrieval.  The secondary antibody was goat anti-rabbit alexa 594 from 

Invitrogen (A11012).  Apoptag TUNEL analyses were conducted as previously described 

(Bierie et al., 2008).  Quantitation of relative TUNEL positive cell counts was determined 

using three random fields of lobular alveolar structures for each tissue section and three 

sections from individual mice for each genotype and timepoint.  p-values were 

determined using un-paired t-tests. 
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Western and northern blot analyses 
 

Tissues were snap frozen and kept at -80C until protein or RNA were prepared for 

analysis.  Protein was prepared and western blots were run as previously described 

(Bierie et al., 2008).  Primary antibodies including Stat3 (Cell Signaling #9132, 1:1000), 

p-Stat3 Tyr-705 (Cell Signaling #9131, 1:1000), p53 (Novacastra #NCL-p53-CM5p, 

1:500) and β-Actin (Sigma #A-2066, 1:5000) were incubated at 4C overnight.  The HRP 

conjugated secondary antibody was visualized using Amersham ECL (Stat3 and β-actin) 

or ECL plus (p-Stat3 and p53) reagent from GE Healthcare, UK.  RNA was prepared 

using a standard guanidinium thiocyanate phenol chloroform extraction (Chomczynski 

and Sacchi, 1987).  Northern blots were performed as previously described (Gorska et al., 

2003; Gorska et al., 1998).  WAP, p53 and CypA probes have been previously reported 

(Gorska et al., 2003; Gorska et al., 1998; Thangaraju et al., 2005).  The p53 probe was 

kindly provided by Dr. Esta Sterneck, Laboratory of Cell and Developmental Signaling, 

NCI at NIH. 

 

Results 

 

WAP-Cre mediated epithelial cell specific deletion of TβRII resulted in 
accumulation of milk protein and lipid products during mammary involution 
 

We deleted TβRII in mammary epithelial cell populations using WAP-Cre and 

examined tissues derived from virgin, pregnancy, lactation and involution timepoints.  

The Rosa26R reporter was used to determine the efficiency of WAP-Cre mediated 

60 
 



recombination at each timepoint used for analysis (data not shown).  The results for 

Rosa26R activation in our WAP-Cre targeted type II TGF-β receptor (TβRII) deficient 

model [TβRII(WKO)Rosa26R] closely paralleled the previously reported expression profile 

for the WAP-Cre transgene in vivo (Wagner et al., 1997).  During virgin mammary 

development we collected tissues at twelve and twenty weeks of age.  The virgin 

timepoints were included due to recent reports that WAP-Cre can mediate recombination 

in a small subset of virgin mammary progenitor cells during development with a slight 

increase in the number of cells targeted during estrus (Kordon et al., 1995).  However, we 

did not observe a phenotype in the virgin tissues at either timepoint related to lobular 

alveolar hyperplasia or aberrant terminal differentiation through analyses conducted 

using whole mount staining, histological sections and milk gene expression profiles by 

northern blot.  We examined tissues at day fifteen of pregnancy and day three of lactation 

when WAP-Cre is known to be induced.  We did not observe a significant difference in 

the mammary tissues by whole mount staining and histology or precocious milk gene 

expression by northern blot analyses at either timepoint.  We next examined day one, 

two, three, seven and ten of involution.  We did not observe any differences in 

morphology at day one or two of involution; however, at day three of involution many of 

the alveoli in the control tissues had collapsed whereas the alveoli in the 

TβRII(WKO)Rosa26R tissues were predominantly distended (Figure 6A, a-d).  Further, we 

observed a clear difference in milk protein expression by day three of involution (Figure 

6B).  At this timepoint the TβRII(WKO)Rosa26R tissues failed to downregulate WAP 

protein expression to the extent observed in control tissues.   
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Figure 6. Histology and accumulation of WAP protein during early involution.  
A. Histology from mammary tissues during involution. (a, c, e) Control mammary 
tissues expressing only the WAP-Cre transgene at day one (a), two (c) and three (e) 
after forced involution.  (b, d, f) TβRII(WKO)Rosa26R tissues at day one (b), two (d) 
and three (f) after forced involution.  No differences were noted in histology 
associated with the first two days of involution.  However, by the third day of 
involution control lobular alveolar structures began to collapse while many lobular 
alveolar structures in TβRII(WKO)Rosa26R tissues at the same timepoint remained 
distended. B. Western blot analysis of WAP protein expression indicated an 
accumulation in TβRII(WKO)Rosa26R tissues when compared with the control tissues 
at the same timepoint. Ctl, WAP-Cre; KO, TβRII(WKO)Rosa26R; L3, lactation day 
three; D1, involution day one; D2, involution day two; D3, involution day three.  
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Figure 7. Histology during late stages of mammary involution and remodeling. A. 
Histology of mammary tissue associated with day seven after forced involution. (a, b) 
Control mammary tissues expressing only the WAP-Cre. (c, d) TβRII(WKO)Rosa26R 
tissues.  At low magnification (a, c) the control tissues appeared largely remodeled 
with minimal evidence of residual terminally differentiated lobular alveolar structures 
while TβRII(WKO)Rosa26R tissues display an intermediate stage of partial remodeling 
with many residual expanded lobular alveoli.  At higher magnification (b, d), the 
alveoli in control tissues appear to have returned to a virgin like state while the 
TβRII(WKO)Rosa26R tissues displayed the presence an eosin stained protein component 
in addition to abundant lipid droplets within the alveolar lumina. B. Histology of 
mammary tissue associated with day ten after forced involution. (a, b) Control 
mammary tissues expressing only the WAP-Cre. (c, d) TβRII(WKO)Rosa26R tissues.  
The control tissue at this timepoint exhibited nearly complete remodeling at low (a) 
and high magnification (b).  TβRII(WKO)Rosa26R tissues at this timepoint remained in 
an intermediate state of partial involution and remodeling (c).  At higher magnification 
distended alveoli were visible (d), however the expansion was not as prevalent at this 
timepoint when compared with tissues from day seven of involution. 
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During later timepoints, at seven and ten days of involution, the alveoli present in 

TβRII(WKO)Rosa26R tissues appeared distended and demonstrated evidence of milk 

protein and lipid secretion from mammary epithelium in hematoxylin and eosin stained 

sections.  Together, these observations suggested that the TβRII(WKO)Rosa26R were 

resistant to complete involution and the remaining alveoli were actively secreting milk 

protein and lipid products during late involution (Figure 7).   

 

Loss of TβRII is associated with differences in the rate of apoptosis during late 
stages of involution in TβRII(WKO)Rosa26R tissues 
 

The difference in WAP protein expression at day three of involution prompted 

apoptosis analyses starting at this timepoint, since it was known that the second 

irreversible stage of mammary involution correlates with the downregulation of milk 

gene expression.  We performed TUNEL analyses on tissues from day three, seven and 

ten of involution in TβRII(WKO)Rosa26R and control mammary tissues (Figure 8).  At day 

three of involution we did not detect a difference in the level of cell death when 

comparing the two models.  However, at day seven and ten of involution we detected a 

significant increase in the percentage of apoptotic epithelial cells associated with 

TβRII(WKO)Rosa26R tissues when compared to the controls.  This observation together 

with the gross histological analyses suggested that most of the apoptosis was complete in 

the control tissues by day seven of involution and the process had been delayed upon 

deletion of TβRII in the mammary epithelium. 
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Figure 8. Apoptosis analysis at day three, seven and ten of involution. A. Apoptag 
(TUNEL) IHC of mammary tissues during involution. (a, c, e) Control mammary 
tissues expressing only the WAP-Cre transgene at day three (a), seven (c) and ten (e) 
after forced involution.  (b, d, f) TβRII(WKO)Rosa26R tissues at day three (b), seven (d) 
and ten (f) after forced involution. B. Quantitation of Apoptag positive cells at day 
three (D3), seven (D7) and ten (D10) of involution.  Three random apoptotic fields per 
section were counted with three individual mice per genotype at each timepoint. 
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Figure 8. Apoptosis analysis at day three, seven and ten of involution. 
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Figure 9. Stat3 and p53 expression during late stages of mammary involution. A. 
At day three of involution, activated Stat3 (phosphorylation of Tyr-705) was more 
prevalent in TβRII(WKO)Rosa26R tissues.  p53 expression was also elevated at this 
timepoint.  Stat3α was more prevalent than Stat3β in both models at this timepoint.  β-
actin was used as a loading control. Ctl, WAP-Cre; KO, TβRII(WKO)Rosa26R. B. At 
seven days of involution Stat3 activation and level of expression is comparable 
between the control and TβRII(WKO)Rosa26R models.  Stat3β expression was observed 
in both models at this timepoint, however the level of p53 protein expression was no 
longer detectable at a significant level in either model. β-actin was used as a loading 
control. C. At day ten after forced involution, Stat3 activation was significantly 
reduced in the control and TβRII(WKO)Rosa26R models with only one of the three 
TβRII(WKO)Rosa26R models exhibiting an elevated level of Stat3 activation at this 
timepoint.  Stat3α and Stat3β levels were comparable in the control and 
TβRII(WKO)Rosa26R models.  p53 protein was not detected at a high level during this 
timepoint in either model. D. p53 mRNA expression analyses by Northern blot 
revealed an elevated level of expression was maintained in TβRII(WKO)Rosa26R 
tissues at day seven and ten of involution when compared with the WAP-Cre controls.  
CycA, cyclophillin A was used as a loading control. Ctl, WAP-Cre; KO, 
TβRII(WKO)Rosa26R. 
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Figure 9. Stat3 and p53 expression during late stages of mammary involution. 
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To determine if major changes in known apoptotic signaling pathways could 

account for the apparent delay in apoptosis associated with the TβRII(WKO)Rosa26R 

tissues we performed a panel of western and northern blot analyses.  Specifically, we 

examined the expression of Stat3, p-Stat3, p42/44, p-p42/44, MEK1/2, p-MEK1/2, p38, 

p53, Bax, Bad, Bid, Bim, Bcl-xl, Bcl-2, GP130, CEBPd, Dapk2, Puma, c-jun, jun-D, fos-

B, c-fos and cleaved Caspase-3.  Interestingly, the only consistent difference that 

corresponded to the changes observed during late involution timepoints occurred in the 

pro-apoptotic Stat3 and p53 pathways (Figure 9).  Although we were unable to identify a 

mechanism for the cell survival signals if present, the Stat3 and p53 data indicated that an 

elevation of pro-apoptotic signaling was present within the TβRII(WKO)Rosa26R tissues.  

Due to the absence of a difference in the rate of apoptosis (Figure 8) and 

metalloproteinase induction (data not shown) at day three of involution, our results 

suggested that the elevated pro-apoptotic signals were unable to significantly enhance the 

progression of involution in TβRII(WKO)Rosa26R tissues. 

 

Na–Pi type IIb co-transporter (Npt2b) protein silencing was not altered during the 
first phase of mammary involution when TβRII was ablated in mammary 
epithelium 
 

The histological examination and differences in the rate of apoptosis, together 

with the western and northern blot analyses suggested that there may be a delay in 

committing to the second irreversible phase of involution associated with the 

TβRII(WKO)Rosa26R tissues.  However, further analysis was necessary to refine the 

interpretation.  Although we were able to show increased WAP protein accumulation in 
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TβRII(WKO)Rosa26R mammary tissues at day three of involution, the western blot 

analyses alone did not indicate whether the mammary tissues were actively producing 

lactation associated gene products.  Further, western blot analyses lacked the ability to 

demonstrate specifically which cells were actively secreting lactation products if present 

at each timepoint during involution.  We felt that it was critical to understand if the 

TβRII(WKO)Rosa26R glands were responding to any of the normal apoptotic stimuli 

present during involution, or alternatively, if they were resistant to the signals that induce 

commitment to the second stage of mammary involution.  A highly sensitive marker for 

active lactation, Npt2b, has been used previously as a correlate with lactation status in 

other systems (Long et al., 2003; Miyoshi et al., 2001; Shillingford et al., 2003).  To 

address this issue, we performed IHF for Npt2b to determine if there was a shift in the 

downregulation of this lactation marker during the process of involution in our tissues 

(Figure 10 and 11).  We analyzed day three of lactation as a positive control and 

involution timepoints including day one, two and three after forced weaning.  During 

lactation, no differences were observed in Npt2b expression with regard to intensity or 

localization (Figure 10A).  In the early involution timepoints, at day one through three 

after forced weaning, there were no observed differences in Npt2b expression (Figure 

10B).  Notably, at day three of involution (data not shown), Npt2b was not expressed at 

the apical surface of either the TβRII(WKO)Rosa26R or control tissues.   
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Figure 10. Analysis of Npt2b expression during lactation and early involution. A. 
Expression and localization of Npt2b during lactation.  Npt2b was expressed at the 
apical surface of lobular alveoli whereas no expression was detected in association 
with ductal epithelium (a, arrow).  During lactation, no significant differences were 
observed when comparing the WAP-Cre (a) and TβRII(WKO)Rosa26R tissues (b). B. 
Expression and localization of Npt2b during day one and two of involution.  No 
significant difference in Npt2b localization or level of expression were observed at 
either timepoint when comparing WAP-Cre and TβRII(WKO)Rosa26R tissues.  In 
control and TβRII(WKO)Rosa26R tissues no shift in Npt2b silencing was observed that 
would indicate a significant difference in the initiation of mammary involution.  At 
day three of involution (not shown) Npt2b expression was completely silenced in both 
models. 
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Figure 10. Analysis of Npt2b expression during lactation and early involution. 
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Figure 11. Re-initiation of a lactogenic phenotype during late stages of mammary 
involution. A. Npt2b expression at day ten after forced involution.  (a) WAP-Cre 
control tissues did not display Npt2b expression, while TβRII(WKO)Rosa26R tissues (b) 
continued to express Npt2b at the apical surface of luminal lobular alveolar epithelial 
cells.  B. Whey acidic protein (WAP) mRNA expression during late involution.  WAP 
expression was completely silenced in WAP-Cre control tissues by day seven of 
involution, however it was expressed at a relatively high level in TβRII(WKO)Rosa26R 
tissues. CypA, cyclophillin A was used as a loading control. C. Localization of Npt2b 
in virgin TβRII(MKO) and MMTV-DNIIR tissues (19 and 20 weeks of age 
respectively).  Hyperplastic terminally differentiated lobular alveolar structures 
obtained from mice during virgin mammary development expressed Npt2b at the 
luminal apical epithelial surface in both alternate models of mammary epithelial cell 
specific TGF-β signaling deficiency. 
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Lactation associated Npt2b protein expression was re-initiated in TβRII ablated 
mammary epithelium during late stages of involution   
 

Our apoptosis and Npt2b results indicated that the glands lacking TβRII in 

mammary epithelium were able to respond to apoptotic stimuli through the first three 

days of involution.  The rate of apoptosis and silencing of Npt2b expression did not 

appear to be significantly altered throughout these timepoints in vivo.  However, the 

histology associated with late involution timepoints suggested that the glands were 

actively producing milk protein and lipid products (Figure 7A and B).  Importantly, at 

day seven and ten of involution there was a clear difference between the models with 

regard to Npt2b expression (Figure 11A).  In the TβRII(WKO)Rosa26R tissues, the 

remaining distended lobular alveolar structures also demonstrated robust Npt2b 

expression at the apical luminal surface.  The mammary alveolar epithelial cells that 

remained within the gland closely resembled hyperplastic lobular alveolar side-branches 

previously described as functionally regulated by TGF-β in vivo (Chytil et al., 2002; 

Forrester et al., 2005; Gorska et al., 2003; Gorska et al., 1998). 

To further validate the Npt2b results, and to examine the status of milk gene 

expression, we performed Northern blot analyses for WAP mRNA using control and 

TβRII(WKO)Rosa26R tissue during late involution timepoints (Figure 11B).  The results 

indicated that WAP gene expression was completely silenced in the control tissues by day 

seven of involution, whereas the TβRII(WKO)Rosa26R tissues maintained expression at a 

relatively high level through day ten of involution.  These results were unexpected due to 

the complete silencing of Npt2b expression in both control and TβRII(WKO)Rosa26R 

tissues at day three of involution (data not shown).  Together, the Npt2b data and WAP 
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gene expression profile indicated that lactation had been re-initiated in the 

TβRII(WKO)Rosa26R tissues during the late stages of mammary involution and 

remodeling. 

 

Terminally differentiated mammary epithelium during late stage 
TβRII(WKO)Rosa26R involution resembled hyperplastic terminal differentiation in 
alternate models of TGF-β signaling deficient mammary tissue 
 

The localization of Npt2b expressing lobular alveolar structures in the 

TβRII(WKO)Rosa26R tissues appeared morphologically similar to those observed in the 

previously described TβRII(MKO) and MMTV-DNIIR models.  However, Npt2b 

expression was not previously assessed in these models and this made the direct 

comparison difficult.  We probed the TβRII(MKO) and MMTV-DNIIR models for Npt2b 

protein expression and found a striking similarity between our TβRII(WKO)Rosa26R late 

involution tissues and the hyperplastic lobular alveolar structures from mammary tissues 

in the two previously described mouse models (Figure 11C).  Together, the results 

suggested that the late involution phenotype observed in our TβRII model may actually 

represent both resistance to apoptosis and subsequent hyperplastic expansion with 

spontaneous differentiation of mammary epithelium as previously described in the 

TβRII(MKO) and MMTV-DNIIR models.  This compound influence is likely, since we 

have permanently deleted TβRII from the mammary lobular alveolar epithelium starting 

at mid-pregnancy.  As a result, the TβRII deleted epithelial cells may no longer be able to 

respond to TGF-β dependent suppression of hyperplastic growth or spontaneous terminal 

differentiation during late involution and remodeling within the mammary 

78 
 



microenvironment.  The only substantial difference between our TβRII(WKO)Rosa26R 

model and the MMTV driven lines during late involution and remodeling is the epithelial 

cell subpopulation targeted by the promoter driving transgene expression in each model.  

In our WAP-Cre targeted TβRII ablation model, the phenotype should only arise from 

terminally differentiated lobular alveolar mammary epithelial cells or the previously 

described parity induced mammary epithelial cell (PiMEC) population (Henry et al., 

2004; Wagner et al., 1997).  In the MMTV-Cre mediated deletion of TβRII or MMTV-

DNIIR models the phenotype may have arisen from the basal, ductal or lobular alveolar 

cell populations (Andrechek et al., 2000; Wagner et al., 2001).  We are currently working 

to determine whether the mammary epithelial cell populations and mechanisms 

responsible for the observed terminal differentiation phenotypes are similar or unique to 

each of the three models of diminished and ablated TGF-β signaling in vivo. 

 

Discussion 

Our observations upon ablation of the TGF-β response within mammary 

epithelium suggested that TGF-β can regulate the duration of post-lactation milk 

accumulation during the process of involution.  We initially considered the effect of 

TGF-β on these two inter-related processes.  In the case of TGF-β dependent regulation 

of milk gene expression, it has been previously shown that TGF-β dependent Smad 

signaling can inhibit β-casein production though competition with Stat5 for CBP binding 

at the β-casein gene promoter (Cocolakis et al., 2008).  The interaction between Smad3 

and Smad4 with CBP prevented Stat5 from co-activating transcription that is dependent 
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upon functional Stat5/CBP complexes.  It was also shown that hydrocortisone, insulin 

and prolactin treatment significantly blocked TGF-β dependent activation of the 3TP-luc 

reporter (Cocolakis et al., 2008).  Together, these results suggest a mutually antagonistic 

relationship between the Jak/Stat and TGF-β/Smad signaling pathways with regard to the 

regulation of transcription.  Although this mechanism was clearly demonstrated using a 

promoter construct in vitro, the mechanism may be slightly different in the context of a 

three dimensional mammary microenvironment.  In mammary explant cultures TGF-β 

signaling was also shown to suppress casein synthesis; however, the data indicated that 

TGF-β regulated casein secretion without having an effect on transcription (Robinson et 

al., 1993).  In subsequent independent experiments, it was shown that TGF-β stimulation 

had an impact on the differentiation of mammary epithelial cells through preventing the 

acquisition of a lactogenic phenotype rather than directly inhibiting production or 

secretion of existing β-casein protein in mammary organ culture explants (Sudlow et al., 

1994).  In our studies, the data suggested an intermediate mechanism that does not 

entirely align with any of the previously described models.  During the first two days of 

involution in our study, Npt2b expression which is dependent upon Jak/Stat signaling, 

demonstrated no difference in either mouse model and was completely silenced by day 

three of involution.  However, in the TβRII(WKO)Rosa26R tissues the expression of Npt2b 

was re-initiated by day seven of forced involution.  Whereas the literature has suggested 

that lactation may be maintained upon loss of TGF-β signaling, our results indicate that 

loss of TGF-β signaling can promote re-initiation of lactation rather than prolonged 

maintenance of this process in vivo. 
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In addition to increased sensitivity to stimuli that may result in re-initiation of a 

lactation phenotype, our results suggested that there were intrinsic differences that 

enhanced epithelial cell survival in the presence of elevated pro-apoptotic signaling.  In 

mammary epithelial cells, previously published data has suggested that pro-apoptotic 

effectors may be activated when cells are stimulated with TGF-β1 (Kolek et al., 2003; 

Mieth et al., 1990).  Using a combination of confocal microscopy and immunoelectron 

spectroscopy to determine the spatial distribution of pro-apoptotic proteins after TGF-β1 

stimulation it was shown that Bax/Bid, caspase-8/Bax/Bid and Bax/VDAC-1 co-localized 

on the membranes of mitochondria (Kolek et al., 2003).  The co-localization of these 

complexes on the mitochondrial membrane was suggested to represent activation.  We 

had hypothesized that if present, some of the resistance to apoptosis may have been due 

to alteration of these well characterized apoptotic pathways.  However, we were unable to 

detect changes in caspase-3 cleavage that would indicate an altered balance in the net 

pro- versus anti-apoptotic pathways in vivo.  Further, we did not detect any changes in the 

abundance of these pro-apoptotic factors that would be another indication of disrupting 

the delicate balance of survival and death signals within the mammary epithelium.   

In addition, no changes were observed in the expression of GP130 or CEBPd that 

are thought to be the main activator and effector proteins for the Stat3 signaling pathway 

during mammary involution respectively.  Stat3 has been previously shown to be a 

dominant player in the initiation of the second irreversible stage of mammary involution 

(Chapman et al., 1999; Humphreys et al., 2002).  Interestingly, our data suggested that 

Stat3 activation was elevated in TβRII(WKO)Rosa26R tissues despite the lack of difference 

in apoptosis rates or CEBPd elevation at day three of involution.  This data correlates 
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with recent reports demonstrating that TGF-β was able to limit Stat3 activation by IL-6, 

and IL-6 signaling is known to be an important regulatory ligand for Stat3 activation and 

progression of involution in vivo (Walia et al., 2003; Zhao et al., 2004; Zhao et al., 2002; 

Zhao et al., 2008).  In addition, p53 presence represents a second pro-apoptotic signal that 

was elevated in the TβRII(WKO)Rosa26R tissue at this critical timepoint during mammary 

involution.  This link is also interesting, in light of recent data demonstrating that the p53 

and TGF-β pathways may interact to regulate a number of processes in vivo (Cordenonsi 

et al., 2003; Cordenonsi et al., 2007; Dupont et al., 2004). In summary, our data suggests 

that some of the early mammary involution processes are not entirely dependent upon 

TGF-β signaling.  However, our results also suggest that an unknown TGF-β dependent 

mechanism is required for efficient commitment to apoptotic cell death and suppression 

of terminal differentiation that may occur during the second irreversible phase of 

mammary involution in vivo. 



CHAPTER III 

 

TGF-β DEPENDENT REGULATION OF MAMMARY CARCINOMA 
PROGRESSION AND METASTASIS 

 

Introduction 

The transforming growth factor beta (TGF-β) ligands TGF-β1, TGF-β2 and TGF-

β3 are potent regulators of cell behavior, that in addition to the regulation of mammary 

development, can significantly regulate processes involved in tumor initiation, 

progression and metastasis (Akhurst and Derynck, 2001; Bierie and Moses, 2006b; 

Derynck et al., 2001; Derynck and Zhang, 2003).  TGF-β signaling pathways are altered 

in a large number of human cancers including those in the breast (Levy and Hill, 2006).  

Currently, a diverse repertoire of tumor cell autonomous and tumor cell independent 

mechanisms for the regulation of carcinoma initiation and progression by TGF-β in vitro 

and in vivo have been described (Bierie and Moses, 2006a; Bierie and Moses, 2006b).  

TGF-β in normal epithelium is known to induce arrest of the cell cycle in G1, and it has 

been suggested that this cytostatic mechanism is important for the suppression of tumor 

initiation and early tumor progression (Siegel and Massague, 2003).  In later stages of 

tumor progression, TGF-β signaling in the tumor microenvironment is thought to 

enhance tumor progression (Akhurst and Derynck, 2001; Bierie and Moses, 2006b).  

TGF-β stimulation in some normal and carcinoma-associated epithelial cell populations is 

known to induce an epithelial to mesenchymal transition (EMT) that in the context of a 

tumor microenvironment may enhance carcinoma cell migration and invasion to promote 
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metastasis (Akhurst and Derynck, 2001; Bierie and Moses, 2006b).  Together these 

observations suggest that TGF-β functions as a tumor suppressor or tumor promoter 

depending on the context of stimulation.  However, many of the early studies were not 

able to control for local and systemic influences of exogenous TGF-β expression in the 

mammary tumor microenvironment. 

TGF-β signaling has an effect on many cell types within the tumor 

microenvironment, and it is clear that some of the regulation occurs through direct 

control of tumor cells in vivo.  Attenuation of TGF-β signaling in the mammary 

epithelium has been shown to result in lobular alveolar hyperplasia and decreased tumor 

latency in the presence of oncogenic stimuli (Gorska et al., 2003; Lenferink et al., 2003).  

Attenuation of TGF-β signaling in mammary carcinoma cells also resulted in decreased 

pulmonary metastasis while activation of the pathway specifically within mammary 

carcinoma cells increased metastasis (Muraoka-Cook et al., 2006; Siegel et al., 2003).  

The results obtained using transgenic dominant negative Type II TGF-β receptor 

attenuation of TGF-β signaling suggested that a significant carcinoma cell autonomous 

role for TGF-β signaling in breast cancer was the cytostatic suppression of early tumor 

progression and later promotion of tumor progression through enhanced carcinoma cell 

invasion and metastasis (Oft et al., 1998; Oft et al., 1996).  This dogmatic view of TGF-β 

signaling was subsequently modified when TβRII expression was completely ablated in 

mice.  It was shown, that attenuation of TGF-β signaling produced results that were 

different from those obtained with the complete tissue specific ablation of TβRII 

expression in vivo (Forrester et al., 2005).  Importantly, when TβRII was completely 
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ablated in the MMTV-PyVmT mouse model, there was a decrease in tumor latency with 

a dramatic increase in lung metastases (Forrester et al., 2005).   

However, off-target effects of TβRII deletion using the MMTV-Cre transgene 

included a wasting syndrome and spontaneous morbidity due to currently unknown 

systemic influences of TGF-β signaling (Forrester et al., 2005).  Therefore, a more 

specific approach was necessary to accurately determine the effect and mechanisms for 

enhanced tumor growth and metastasis when carcinoma cell TGF-β signaling responses 

were lost in vivo.  Therefore to address this issue, using Cre/LoxP technology, with the 

whey acidic protein promoter driving transgenic expression of Cre recombinase (WAP-

Cre) we have now ablated the type II TGF-β receptor (TβRII) expression specifically 

within mouse mammary alveolar progenitors.  Transgenic expression of the polyoma 

virus middle T antigen under control of the mouse mammary tumor virus 

enhancer/promoter was used to produce mammary tumors in the absence or presence of 

Cre (TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC respectively).  The loss of TGF-β signaling 

significantly decreased tumor latency and increased the rate of pulmonary metastasis.  

The loss of TGF-β signaling was significantly correlated with increased tumor size and 

enhanced carcinoma cell survival.  In addition, we observed significant differences in 

stromal fibrovascular abundance and composition accompanied by increased recruitment 

of F4/80+ cell populations in TβRII(fl/fl);PY;WC mice when compared to TβRII(fl/fl);PY 

controls.  The recruitment of F4/80+ cells correlated with increased expression of known 

inflammatory genes including Cxcl1, Cxcl5 and Ptgs2 (cyclooxygenase-2 [COX-2]).  

Notably, we also identified an enriched K5(+) dNp63(+) cell population in primary 

TβRII(fl/fl);PY;WC tumors and corresponding pulmonary metastases, suggesting that loss of 
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TGF-β signaling in this subset of carcinoma cells can contribute to metastasis.  Together, 

our current results indicate that loss of TGF-β signaling in mammary alveolar progenitors 

may impact tumor initiation, progression and metastasis through regulation of both 

intrinsic cell signaling and adjacent stromal-epithelial interactions in vivo.   

 

Experimental Procedures 
 

 

Mouse models 
 

TβRII(fl/fl) mice were crossed with MMTV-PyVmT, WAP-Cre, MMTV-Cre and 

Rosa26R(fl/fl) transgenic mice to produce the TβRII(fl/fl);PY, TβRII(fl/fl);PY;WC, 

TβRII(fl/fl);PY;WCRosa26(fl/fl) and TβRII(fl/fl);PY;MC lines used for analysis (Andrechek et al., 

2000; Chytil et al., 2002; Guy et al., 1992a; Soriano, 1999; Wagner et al., 1997).  Mice 

were housed and handled according to approved IACUC protocols.  X-gal staining was 

performed using standard protocols. 

 

Preparation of lung whole mounts 
 

Lungs were removed and fixed in 10% NBF overnight at four degrees Celsius.  

The next day lungs were dehydrated, placed in xylene for one hour then changed to fresh 

xylene overnight.  Lungs were re-hydrated then placed under running tap water for 30 

minutes.  The tissues were dipped in Mayer’s hematoxylin for 2 minutes then washed in 

running tap water for five minutes.  Tissues were de-stained in HCl (fresh 1% v/v from a 
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12N solution) for 20 minutes, rinsed in running tap water overnight, dehydrated and 

placed in xylene overnight.   

Immunohistochemistry and immunofluorescence 
 

Immunohistochemistry (IHC) and immunofluorescence (IF) were conducted 

using standard protocols (available upon request).  All IHC and IF protocols were 

blocked and incubated in the presence of normal horse serum (Vector Laboratories S-

2000).  Briefly, smooth muscle actin (Dako U7033), vimentin (Dako U7034) and p63 

(Lab Vision MS1081P0; 1:200) IHC was conducted as described in the manufacturer’s 

protocol.  IHC for von Willebrand Factor (vWF) was performed with a standard pH 8 

EDTA epitope retrieval buffer.  IHC and IF for phospho-Histone 3 (UBI 06-570; 1:1000), 

cytokeratin 5 (Covance PRB-160P; 1:5000 IHC, 1:1000 IF), dNp63 (Santa-Cruz SC-

8609; 1:200), cytokeratin 8 (Developmental Studies Hybridoma Bank at the University of 

Iowa TROMA-1; 1:1000) and smooth muscle actin (IF - Calbiochem CP47, mAb 1A4; 

1:1000) was performed using a standard pH 6 sodium citrate buffer.  IHC for CD31 

(OCT frozen sections) and F4/80 (paraffin embedded) was performed by the Vanderbilt 

Immunohistochemistry Core Facility.  Note: due to the low abundance of dNp63 it was 

essential to use the blue or red wavelength for IF detection to eliminate background 

autofluorescence. Values obtained were normalized to total tumor tissue present in each 

image (histogram values for inverted threshold images obtained from the red channel) 

and reported as a ratio of the value for specific IHC divided by total tissue present in each 

image (relative pixel density).   
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Apoptag analysis 
 

Re-hydrated paraffin embedded tissue sections were washed three times for five 

minutes in PBS, incubated for 20 minutes with 0.3% H2O2, washed three times for five 

minutes in PBS and then subjected to the rest of the ApopTag Peroxidase In Situ 

Apoptosis Detection Kit (Chemicon S7100) protocol starting with incubation in TdT 

buffer as described by the manufacturer.  Quantitation was performed as described for 

IHC.   

 

Protein preparation and blotting 
 

Protein collection and blotting techniques have been previously described 

(Forrester et al., 2005), however the following buffer was used for lysis:  50mM Tris 

pH7.5, 150mM NaCl, 10mM EDTA pH 8.0, 0.2% sodium azide, 50mM NaF and 0.5% 

NP40; Sigma inhibitor cocktails (P2850, P5726 and 8340) were added at 1:100 fresh.  

Proteins were prepared for loading by mixing 40ug protein with Laemmli Sample Buffer 

(Bio-Rad 161-0737) and BME (5% final concentration).  Primary antibodies TβRII 

(Santa Cruz L-21; 1:1000), p-Smad3 (kind gift from Dr.  Ed Leof; 1:8000), b-actin 

(Sigma A-2066; 1:4000); cyclin D1 (Santa Cruz SC-717; 1:1000), cyclin D2 (Santa Cruz 

SC-181; 1:1000) and Cleaved PARP-1 (Cell Signaling 9544; 1:1000) were incubated on 

the membranes for 2 hours room temperature.  The Smad3 antibody (Zymed 51-1500; 

1:500) was incubated on the membranes overnight at four degrees. 
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Cytokine antibody array 
 

Cells were isolated as previously described (Forrester et al., 2005) and cultured in 

complete medium (5% ABS).  Sample collection, incubation and detection were 

performed as outlined by the manufacturer’s protocol (Raybiotech, Inc.  AAM-CYT-

1000). 

 

RNA preparation and Real-time PCR 
 

RNA was collected using Trizol reagent then Dnase treated using the 

manufacturer’s protocols (Invitrogen 15596-018 and Promega M610A respectively).  

RNA samples were further purified using a RNeasy Mini Kit (Qiagen, 74104).  cDNA 

was prepared using Superscript II reverse transcriptase as described by the manufacturer 

(Invitrogen, 11904-018).  Primers used for SYBR green (Bio-Rad, 170-8882) based Real-

time PCR analyses were: Cxcl1 (Ruddy et al., 2004), Cxcl5 (Ruddy et al., 2004), Cxcl16 

(Ruddy et al., 2004), Ccl5 (Lean et al., 2002), Ccl9 (Lean et al., 2002), Ccl20 (Lean et al., 

2002), Ptgs2 (Brown et al., 2007), and 18S F 5’- CAA GAA CGA AAG TCG GAG GTT 

C -3’, 18S R 5’- GGA CAT CTA AGG GCA TCA CAG -3’.  Samples were run on a 

Bio-Rad iCyclerIQ and the Ct values were subjected to statistical analyses after 

normalization to 18S and transformation to the median. 
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Results 

 

Loss of TβRII in mammary tumor progenitor cells significantly decreased tumor 
latency while increasing tumor burden and pulmonary metastases 
 

 In order to mediate recombination in the mammary gland we used the 

WAP gene promoter to drive expression of Cre recombinase in vivo (Wagner et al., 

1997).  In contrast to the MMTV-Cre transgene, which mediates a mosaic deletion in all 

mammary epithelial cell lineages, the WAP-Cre transgene was used in virgin mice to 

ablate TβRII expression specifically within hormone responsive alveolar progenitors 

(Ahmed et al., 2002; Henry et al., 2004).  We have used the MMTV-PyVmT transgenic 

mouse line to induce mammary tumors in our mice in the context of intact or ablated 

TβRII expression to determine the influence of this signaling pathway on tumor 

progression and metastasis.  The WAP-Cre transgene used in this study targeted the 

tumor progenitor cell population with exquisite specificity (Figure 12A, a-d).  At the 

earliest sign of hyperplasia and in the solid tumor mass we observed a robust 

recombination of the Rosa26R reporter allele in vivo.  We observed a highly significant 

decrease in tumor latency associated with the TβRII(fl/fl);PY;WC mice when compared with 

the TβRII(fl/fl);PY controls (Figure 12B).  TβRII(fl/fl);PY;WC mice also developed tumors 

significantly earlier than observed in the TβRII(fl/fl);PY;MC model (Figure 12B).  However, 

both TβRII null models had increased lung metastases at 28 days after tumor palpation 

when compared to the controls (Figure 12C).   
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Figure 12.  Loss of TGF-β signaling specifically within the mammary tumor 
precursor cell population significantly decreased tumor latency and promoted 
progression to metastasis.  A.  WAP-Cre mediated Rosa26R activation in MMTV-
PyVmT tumors.  (a) TβRII(fl/fl);PY;WCRosa26R(fl/fl) whole mount x-gal staining of a 
mammary tumor 28 days after palpation.  Blue staining (arrow) indicates 
recombination in lobular alveolar lesions.  The mammary fat pad (fp) did not show 
evidence of recombination.  (b) TβRII(fl/fl);PY;WC whole mount x-gal staining of a 
mammary tumor 28 days after palpation as a negative control.  Large cysts (cy) were a 
common feature in the distal pre-neoplastic TβRII(fl/fl);PY;WC tumor tissue.  (c and d) 
10uM sections through TβRII(fl/fl);PY;WCRosa26R(fl/fl) whole mount x-gal stained 
mammary tumor tissue 28 days after palpation.  (c) In areas of hyperplasia, 
recombination was observed (asterisks; light and dark blue stain).  Adjacent mammary 
epithelium surrounding an extended lumen (lu) was negative for reporter gene 
expression (arrow).  (d) Solid tumor tissue (T) demonstrated evidence of efficient 
recombination whereas adjacent stroma (S) was negative.  B.  Kaplan-Meier curves of 
the time until tumor palpation in WAP-Cre and MMTV-Cre mediated TβRII 
conditional null MMTV-PyVmT tumors.  WAP-Cre dependent loss of TβRII in 
MMTV-PyVmT tumors significantly decreased tumor latency.  The TβRII(fl/fl);PY;WC 
mice developed palpable tumors with a median time of 31 days whereas the 
TβRII(fl/fl);PY control mice had a median time to tumor palpation of 44 days (n=30 for 
each genotype; p<0.0001).  MMTV-Cre dependent loss of TβRII in MMTV-PyVmT 
tumors also significantly decreased tumor latency similar to results from a previous 
study(14).  The TβRII(fl/fl);PY;MC mice developed palpable tumors at 36 days whereas 
the TβRII(fl/fl);PY control mice had a median time to tumor palpation of 45 days (n=30 
for each genotype; p<0.0001).  Interestingly, when TβRII was deleted using WAP-
Cre, palpable tumors were detected earlier than when using MMTV-Cre to mediate 
deletion (n=30 for each genotype; p<0.0001).  The difference in littermate control 
groups was not significant (n=30 for each group).  Significance of data represented in 
the Kaplan-Meier curves was determined using Log-rank (Mantel-Cox) and Gehan-
Breslow-Wilcoxon tests for statistical significance.  C.  Visible lung metastases in 
whole mount stains 28 days after tumor palpation.  A significant increase in the 
number of visible metastases occurred in the TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC 
models when compared to the TβRII(fl/fl);PY controls (n=30 for each genotype; p<0.005 
and p<0.0005 respectively).  The TβRII(fl/fl);PY, TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC 
models had 0.9 (+/- 0.3 SEM), 5.1 (+/-1.5 SEM) and 4.4 (+/- 1.0 SEM) metastases 
respectively.  There was not a significant difference when comparing the 
TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models to each other (n=30 for each genotype).  
Significance for metastasis data was determined using the Wilcoxon signed rank test.  
D.  Total body weight at the time of sacrifice demonstrated a significant increase in 
tumor burden associated with the TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models when 
compared with TβRII(fl/fl);PY controls (n=20 for each genotype; p<0.0001 and p<0.0005 
respectively using un-paired t-tests).  The mean body weight in the TβRII(fl/fl);PY;WC 
model was 32.75g (+/- 0.99) and the TβRII(fl/fl);PY;MC model had a mean body weight 
of 30.26g (+/- 0.88) while the mean body weight in the TβRII(fl/fl);PY control mice was 
24.6g (+/- 0.6).   
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Figure 12. Loss of TGF-β signaling specifically within the mammary tumor 
precursor cell population significantly decreased tumor latency and promoted 
progression to metastasis. 
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In this study, it was necessary to sacrifice the mice at 28 days after tumor 

palpation as opposed to 45 days after tumor palpation in the previous study (Forrester et 

al., 2005), due to the exceptionally large size of the conditional TβRII null tumors at this 

time point in the pure FVB background (n>12).  At this timepoint, the number of 

metastases could be quantified by counting the lesions in lung whole mounts rather than 

using lung weights as previously described (Forrester et al., 2005).  The number of 

metastases in the WAP-Cre and MMTV-Cre models was significantly higher than the 

controls.  However, there was no difference in the number of metastases when comparing 

the TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models to each other (Figure 12C).  Further, the 

total body weight as a measure of tumor burden at the time of sacrifice, was significantly 

higher in TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC mice when compared with the TβRII(fl/fl);PY 

controls (Figure 12D).  

  

Loss of TβRII increased the abundance of cystic mammary pre-neoplastic 
hyperplasias, solid tumor tissue, pseudo-papillary structures and moderate to well-
differentiated extravascular pulmonary metastases 
 

In the absence of TβRII we found that distal pre-neoplastic hyperplasias present in 

the MMTV-PyVmT tumors were significantly expanded (Figure 13A, a-c).  The 

hyperplastic growth predominantly involved lobular alveolar epithelium that formed 

well-differentiated lobular alveoli with distended lumina.  The hyperplastic alveoli were 

often filled with a secretory product that appeared to have an abundant protein 

composition as indicated by eosin staining.   
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Figure 13.  TGF-β regulates the expansion and differentiation of pre-neoplastic, 
solid and pseudo-papillary lesions within primary mammary tumor tissues.  
Histopathological analysis of tumor tissues derived from the TβRII(fl/fl);PY, 
TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models revealed differences in three main 
mammary tumor compartments.  A.  The distal portion of all MMTV-PyVmT 
mammary tumor tissues had pre-neoplastic lobular-alveolar mammary hyperplasias 
(mammary intra-epithelial neoplasia; MIN) with small foci of carcinoma in situ (a-c).  
One of the most striking histopathologic differences among the models was the 
presence of large cysts in hyperplastic areas associated with the TβRII(fl/fl);PY;WC and 
TβRII(fl/fl);PY;MC mice (cyst, C; hyperplasia, h; lumen, lu).  The cysts often contained 
proteinaceous material.  Adjacent and proximal to the MIN region all the tumor 
models had a mix of solid carcinoma in situ and invasive adenocarcinoma (d-f).  
Mammary tumor tissues associated with the TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC 
models were more differentiated than the TβRII(fl/fl);PY controls as determined by the 
increased frequency of small tubular gland-like structures throughout the solid tumor 
compartment (yellow arrows).  The fibrovascular stroma was more abundant in the 
TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models when compared with the TβRII(fl/fl);PY 
controls (white arrows).  Large regions of pseudo-papillary mammary hyperplasia 
were also observed in all three tumor models (g-i).  The pseudo-papillary regions 
associated with the TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC models were more cystic than 
the TβRII(fl/fl);PY controls (asterisks).  B.  The lung metastases in all three models had a 
moderate to well-differentiated morphology with abundant lobular alveolar structures 
(a-c, arrows).  Lung parenchyma (lp). 
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Figure 13. TGF-β regulates the expansion and differentiation of pre-neoplastic, 
solid and pseudo-papillary lesions within primary mammary tumor tissues. 
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The solid TβRII(fl/fl);PY;WC and TβRII(fl/fl);PY;MC tumor tissues demonstrated a 

moderate to well-differentiated morphology with tubular gland-like structures that were 

less abundant in the TβRII(fl/fl);PY controls (Figure 13A, d-f).  The solid TβRII(fl/fl);PY;WC 

and TβRII(fl/fl);PY;MC tumor tissues also demonstrated an expansion of the stromal 

compartment when compared to the TβRII(fl/fl);PY controls (Figure 13A, d-f).  All three 

tumor models had an abundant pseudo-papillary component, however TβRII(fl/fl);PY;WC 

and TβRII(fl/fl);PY;MC pseudo-papillary tissues were more cystic than in the TβRII(fl/fl);PY 

controls (Figure 13A, g-i).  The lung metastases in all three models had a moderate to 

well-differentiated morphology with abundant lobular alveolar structures (13B, a-c).   

 

In the absence of TβRII, mammary carcinoma cells exhibit enhanced tumor cell 
survival 
 

 In order to address the mechanisms for enhanced tumor growth and 

metastasis observed when TβRII was lost in carcinoma cells, we used the highly specific 

TβRII(fl/fl);PY;WC model in comparison with TβRII(fl/fl);PY controls.  The abundant tumor 

volume visible by gross physical examination and histological analyses indicated that the 

TβRII(fl/fl);PY;WC tumor tissues grew faster than those in the TβRII(fl/fl);PY controls.  This led 

us to hypothesize that the carcinoma cells had a difference in the rate of proliferation or 

cell survival.  Using phospho-histone 3 as a marker of mitosis, we were able to determine 

that there was not a significant difference in the rate of proliferation within individual 

proliferative cell clusters when TβRII was ablated in the mammary carcinoma cells 

(Figure 14A, a and c).   
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Figure 14.  TGF-β signaling promotes carcinoma cell death in primary mammary 
tumor tissues.  A.  Primary tumor proliferation and apoptosis were analyzed using 
phospho-histone 3 (pH3) and Apoptag immunohistochemistry (IHC) respectively.  
IHC for pH3 revealed clusters of carcinoma cells in mitosis (a and c, brown nuclei).  
The TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC models both demonstrated proliferating cells in 
close proximity to the adjacent fibrovascular stroma.  Proliferation within the stromal 
compartment was not observed at a significant level in either tumor model.  Apoptag 
labeling and immunohistochemistry was performed to determine the relative level of 
apoptotic cell death in the primary tumor tissues (b and c).  Quantitation of 
proliferation and apoptosis in primary tumor tissue IHC was performed (bar graphs).  
No statistically significant difference was observed when the number of pH3+ cells 
from random proliferative clusters were quantified in the TβRII(fl/fl);PY tumor tissues 
and compared to those from the TβRII(fl/fl);PY;WC mice (65.4 +/- 6.2 SEM versus 61.2 
+/- 7.6 SEM cells per field of view respectively, un-paired t-test; n=6 individual 
tumors for each genotype and 3 random fields analyzed per tissue section).  Apoptag 
labeling and IHC revealed a significant decrease in apoptosis associated with the 
TβRII(fl/fl);PY;WC tumor tissues when compared to the TβRII(fl/fl);PY controls (median 
transformed mean pixel density was 0.65 +/- 0.08 SEM versus 1.13 +/- 0.16 SEM 
respectively; p<0.01, un-paired t-test; n=6 individual tumors for each genotype and 3 
random fields analyzed per tissue section).  B.  Analysis of TβRII expression and 
Smad3 activation in TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC mammary tumor tissues.  TβRII 
protein was efficiently deleted in TβRII(fl/fl);PY;WC tumor tissues and this correlated 
with a decrease in Smad3 phosphorylation (pSmad3).  Residual TβRII expression 
identified by Western blot analysis was likely due to the presence of non-epithelial cell 
populations within the tumor microenvironment.  Total Smad3 levels were not altered 
in the TβRII(fl/fl);PY;WC model when compared to the TβRII(fl/fl);PY controls.  C.  Cyclin 
D1 and D2 (annotated Ccnd1 and Ccnd2) expression was significantly higher in the 
TβRII(fl/fl);PY control tissues.  This positively correlated with cyclin A and cyclin B1 
expression (data not shown).  beta-Actin (Actβ) was used as a loading control.  D.  
PARP-1 cleavage was more abundant in control tissues.  Typical caspase dependent 
and atypical caspase independent cleavage products were observed (bands at 89 kDa 
and 60 kDa, respectively). E. Death associated protein kinase 2 (Dapk2) expression 
was consistently higher in TβRII(fl/fl);PY control tumor tissues. beta-Actin (Actβ) was 
used as a loading control. 
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Figure 14. TGF-β signaling promotes carcinoma cell death in primary mammary 
tumor tissues. 
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Figure 15.  Consolidation of IHC and Western blot proliferation data.  Relative 
proliferation levels were approximated using the number of mitotic cells (phospho-
histone 3 positive nuclei) per proliferative cluster in a microscopic field of view (a) 
and alternatively by comparing total protein expression of cell cycle associated gene 
products (Cyclins) in tumor tissue lysates (b).  In proliferative clusters (yellow 
circles), analyses conducted to determine the number of proliferative cells per 
microscopic field of view (a, white circles surrounding proliferative clusters) resulted 
in an equal number of proliferative cells per cluster when comparing the two models.  
In this simplistic illustration (a) the experimental result would be 4 cells per cluster in 
both tumor models.  However, when an equal amount of total tumor tissue was 
homogenized for total protein analysis by Western blot (b, white circles surrounding 
proliferative clusters) the result indicated a higher percentage of total tumor tissue was 
actively cycling in TβRII(fl/fl);PY tumor tissues when compared with those in the 
TβRII(fl/fl);PY;WC model.  In the case of this simple illustration (b) the result indicates a 
greater relative percentage of cell cycle dependent protein expression per gram of 
tissue in the TβRII(fl/fl);PY tumors when compared to the TβRII(fl/fl);PY;WC model.  
Together, this concept along with the increased rate of apoptosis observed in the 
TβRII(fl/fl);PY controls by Apoptag staining, increased PARP-1 cleavage in the 
TβRII(fl/fl);PY controls determined by Western blot analyses, and abundant previously 
published data demonstrating a pro-apoptotic role for TGF-β signaling in mammary 
epithelium suggest that the TβRII(fl/fl);PY;WC carcinoma cells have enhanced cell 
survival characteristics when compared with those in the TβRII(fl/fl);PY control tumor 
tissues. 
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Figure 15. Consolidation of IHC and Western blot proliferation data. 
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Interestingly, the proliferation in both models was predominantly localized within 

carcinoma cells adjacent to the fibrovascular stroma whereas no significant proliferation 

was observed in the stromal compartment.  Conversely, we found that the TβRII(fl/fl);PY 

tumor tissues had an increased rate of apoptosis when compared with tissues from the 

TβRII(fl/fl);PY;WC model (Figure 14A, b and d).  When quantified, the relative increase in 

apoptosis associated with the control tumors was significant (Figure 14A, bar graph).   

In order to further assess the status of total proliferation within the tumor tissue 

rather than within microscopic proliferative clusters we examined the expression of 

TβRII, Smad3 and p-Smad3 protein (Figure 14B) in addition to several common cell 

cycle markers including cyclin D1, cyclin D2, cyclin D3, cyclin A, cyclin B1, Cdk2 and 

Cdk4 (Ccnd1 and Ccnd2, Figure 14C).  The control tissues had a significantly higher 

level of cyclin D1, cyclin D2, cyclin A and cyclin B1 expression without a corresponding 

change in cyclin D3, Cdk2 or Cdk4 (data not shown for cyclin A, cyclin B1, cyclin D3, 

Cdk2 and Cdk4).  This suggested that a greater percentage of the cells in the TβRII(fl/fl);PY 

control tissue were actively proliferating (Figure 15).  We subsequently examined the 

expression of cleaved PARP-1 protein as an indicator of caspase activity in our tumor 

tissues.  The control tissues had more cleaved PARP-1 expression than TβRII(fl/fl);PY;WC 

tissues (Figure 14D).  Interestingly, the presence of both typical and atypical PARP-1 

cleavage products suggest that both caspase dependent and independent pathways 

together contribute to the increased cell death associated with TβRII(fl/fl);PY tumor tissues 

in vivo (Bey et al., 2007).  Further, the death associated protein kinase 2 (Dapk2) was 

consistently upregulated in TβRII(fl/fl);PY tissues (Figure 14E), suggesting that resistence 

to cell death by autophagy is a factor worth consideration in the TβRII(WKO);PY model. 
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TGF-β signaling in mammary carcinoma cells can regulate the adjacent 
fibrovascular stroma during tumor progression 
 

In the tumor H&E sections, a reactive stroma was observed in the invasive tissues 

at 28 days after tumor palpation in the TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor models 

(Figure 16A, a and b).  Notably, this reactive stroma was detected in TβRII(fl/fl);PY;WC 

tissues as early as nine days after tumor palpation (Figure 16A, c).  In addition, we 

observed an expansion of the stromal fibroblast cell compartment in TβRII(fl/fl);PY;WC 

tumors when compared to TβRII(fl/fl);PY controls (Figures 12A, d-f and 13A, a-d).  

However, it was not clear if there were phenotypic differences in the stromal fibroblasts 

associated with the alternate tumor models.  Interestingly, most of the stroma in both 

models expressed vimentin (Figure 16B, a and b), however the stroma in TβRII(fl/fl);PY;WC  

tumors also had a high level of smooth muscle actin (SMA) expression (Figure 16B, c 

and d).  In the TβRII(fl/fl);PY control tumor tissues, SMA expression was predominantly 

localized in the stroma around the outer margin of the tumor.  In contrast, the 

TβRII(fl/fl);PY;WC model had abundant SMA expression in stromal cells adjacent to the 

carcinoma lobules throughout the tumor tissue.   

The abundant stroma in TβRII(fl/fl);PY;WC tumors correlated with vascular structures 

in H&E sections, and we hypothesized that the abundant fibrovascular stroma may have 

been due to a general increase in angiogenesis.  However, the endothelial cell component 

of the fibrovascular network did not increase in abundance when TβRII was deleted in 

the carcinoma epithelium.  To determine the relative vascular contribution within the 

tumor microenvironment we performed immunohistochemistry for von Willebrand 

Factor (vWF) and CD31.   
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Figure 16.  TGF-β signaling within mammary carcinoma cell regulates the 
adjacent fibrovascular stroma.  A. Invasive regions within TβRII(fl/fl);PY and 
TβRII(fl/fl);PY;WC tumor tissues were often associated with a reactive tumor stroma.  
Tumor invasion with a reactive stroma was observed in both models 28 days after 
palpation (a and b).  However, in the TβRII(fl/fl);PY;WC model invasion associated with a 
reactive stroma was observed as early as 9 days after tumor palpation (c).  Vimentin 
expression (B; a and b), as a general marker for all fibroblast cells, was not 
significantly altered when comparing the TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor 
tissues (relative pixel density was 10.2 +/- 0.9 SEM versus 14.0 +/- 2.1 SEM 
respectively).  Smooth muscle actin (SMA) expression (B; c and d) was significantly 
increased in TβRII(fl/fl);PY;WC tumor tissues when compared to TβRII(fl/fl);PY controls 
(relative pixel density was 6.4 +/- 0.4 SEM versus 2.2 +/- 0.3 SEM respectively; 
p<0.0001).  No significant difference was observed in von Willebrand Factor (vWF) 
staining (C; a and b) when comparing the TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor 
tissues (relative pixel density was  0.35 +/- 0.04 SEM versus 0.36 +/- 0.06 SEM 
respectively).  CD31 staining was decreased in the TβRII(fl/fl);PY;WC tumor tissues (C; c 
and d) when compared to the TβRII(fl/fl);PY controls (relative pixel density was 5.5 +/- 
0.5 SEM versus 9.5 +/- 0.8 SEM respectively; p<0.0005).  Statistical significance for 
pixel density measurements was determined using un-paired t-tests; n=6 individual 
tumors for each genotype and 3 random fields analyzed per tissue section. 

103 
 



 

 

 

Figure 16. TGF-β signaling within mammary carcinoma cell regulates the 
adjacent fibrovascular stroma.   
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vWF is often associated with macrovasculature whereas CD31 is often associated 

with microvascular structures, and the two markers when analyzed together produce 

distinct complementary data related to tumor vascularization.  We observed no difference 

in vWF abundance in the areas where this protein was detected (Figure 16C, a and b), 

however we did observe a significant decrease in the amount of CD31 expression in 

TβRII(fl/fl);PY;WC tumor tissues when compared with the TβRII(fl/fl);PY controls (Figure 16C, 

c and d).  We subsequently analyzed the level of VEGF165 mRNA expression by real-time 

PCR and found that there was not a significant difference in the level of expression when 

comparing the conditional TβRII null and control tumor tissues (data not shown).  These 

results together suggested that the stromal expansion in TβRII(fl/fl);PY;WC tumor tissue was 

not simply the result of a general increase in angiogenesis.   

 

The loss of TβRII in mammary carcinoma cells can enhance recruitment of F4/80+ 
cells to the tumor microenvironment and increase the expression of pro-
inflammatory genes including Cxcl1, Cxcl5 and Ptgs2 (COX-2) 
 

Recent work in our laboratory has demonstrated an abundant bone marrow 

derived inflammatory cell infiltrate often associated with areas of mammary tumor 

invasion (Yang et al., 2008).  The morphology and tissue degradation surrounding areas 

of inflammation suggested that a major component of this infiltrate may include F4/80+ 

cells that have been previously implicated in the progression of human disease to 

malignancy (Leek et al., 1996).  To analyze the abundance and localization of the F4/80+ 

cell populations within our tumor samples we performed immunohistochemistry (Figure 

17A, a and b).  We were able to detect a significant increase in the F4/80+ cell population 
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associated with our TβRII(fl/fl);PY;WC tumor tissues when compared to the TβRII(fl/fl);PY 

controls.   

To determine the inflammatory factors regulated by TGF-β that may influence the 

recruitment of the F4/80+ cell population in vivo, it was necessary to first determine 

which inflammatory factors were produced by MMTV-PyVmT mammary carcinoma 

cells in vitro.  We performed a cytokine and chemokine antibody array to identify factors 

that were produced and secreted by the carcinoma cells (Figure 17B).  We were able to 

identify Cxcl1, Cxcl5, Cxcl16, Ccl5, Ccl9 and Ccl20 as chemotactic factors that were 

normally produced at a significant level by MMTV-PyVmT tumor cells.  In order to 

further determine which factors were highly dependent on TGF-β signaling for their 

regulation we searched some of our preliminary microarray data.  The microarray data set 

was produced to determine the changes in gene expression associated with TGF-β 

stimulation of control MMTV-PyVmT tumor cells for one hour in vitro.  The results 

indicated that TGF-β decreased the expression of Cxcl1, Cxcl5, Ccl20 and Ptgs2 in the 

MMTV-PyVmT carcinoma cells (Figure 17C).  The level of mRNA suppression was 

similar to c-myc, a well-known TGF-β repressed gene (Pietenpol et al., 1990).  Further, 

when we compared the proteins expressed by the carcinoma cells to the genes regulated 

by TGF-β in vitro, the results suggested that deleting TβRII in the carcinoma epithelium 

would permit an increased level of Cxcl1, Cxcl5 and Ccl20 expression.  We performed 

real-time PCR for Cxcl1, Cxcl5, Cxcl16, Ccl5, Ccl9, Ccl20 and Ptgs2 using RNA from 

our TβRII(fl/fl);PY control and TβRII(fl/fl);PY;WC tumor tissues to determine if the results 

obtained in vitro would be relevant in vivo.   
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Figure 17.  Inflammation and inflammatory gene expression. TGF-β signaling 
regulates the infiltration of F4/80+ cells and correlates with the expression of genes 
known to promote inflammation including Cxcl1, Cxcl5 and Ptgs2 (COX-2) in 
primary mammary tumor tissues.  A.  F4/80+ bone marrow derived cell infiltration 
into primary TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor tissues.  F4/80 IHC in 
TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tissues (a and b, respectively).  The F4/80+ cell 
population (brown staining, arrows) was primarily localized in the stroma (S) along 
the leading edge between the distal pre-neoplastic hyperplasias and adjacent solid 
tumor tissues (T).  Quantitation of the F4/80+ staining revealed a significant increase 
in F4/80+ cells recruited to the TβRII(fl/fl);PY;WC tumor microenvironment when 
compared with TβRII(fl/fl);PY controls (p<0.001).  The TβRII(fl/fl);PY;WC tumors had a 
mean pixel density of 12.7 (+/- 1.7 SEM) whereas the TβRII(fl/fl);PY controls had a 
mean pixel density of 5.9 (+/- 0.6 SEM).  Statistical significance was determined using 
an un-paired t-test with 6 individual tumors for each genotype and 3 random fields 
analyzed per tissue section.  B.  Identification of factors that were produced by 
TβRII(fl/fl);PY carcinoma cells using a cytokine antibody array incubated with 
conditioned medium that was collected after 24 hours of growth.  Cytokine and 
chemokine proteins were captured on the antibody array membrane and visualized 
using a secondary chemoluminescent detection.  Several chemotactic factors were 
detected at a relatively high level in the conditioned medium from TβRII(fl/fl);PY 
carcinoma cells including Cxcl1, Cxcl5, Cxcl16, Ccl5, Ccl9 and Ccl20.  Background 
was determined using complete growth medium alone.  C.  Array data from 
TβRII(fl/fl);PY control cells versus TβRII(fl/fl);PY control cells +TGF-β (5ng/ml; 1 hour of 
stimulation) demonstrated expression changes in genes that are known to promote 
inflammation.  In the presence of serum, TGF-β was able to suppress the expression of 
Ccl20, Cxcl1, Cxcl5 and Ptgs2 mRNA at a level that was similar to c-myc which is a 
gene known to be potently repressed by TGF-β signaling.  D.  Real-time PCR analysis 
of genes identified in B and C revealed that the loss of TGF-β signaling significantly 
increased the expression of Cxcl1, Cxcl5 and Ptgs2 in TβRII(fl/fl);PY;WC primary 
mammary tumor tissues when compared with the TβRII(fl/fl);PY controls (p<0.0005, 
p<0.0001 and p<0.005 respectively).  No statistically significant difference was 
observed for Cxcl16, Ccl5, Ccl9 or Ccl20 in the primary mammary tumor tissues.  
Eight primary mammary tumor samples for each genotype (four from the fourth 
inguinal gland and four from the third thoracic gland) were used to produce RNA that 
was used for subsequent Real-time PCR experiments.  Each tumor sample was tested 
in triplicate for each gene of interest and statistical significance was determined using 
un-paired t-tests for (1/ΔCt) values normalized to 18S and transformed to the median. 
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Figure 17. Inflammation and inflammatory gene expression. 
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The results indicated that Cxcl1, Cxcl5 and Ptgs2 mRNA was significantly 

upregulated in the TβRII(fl/fl);PY;WC tumor tissues when compared with the TβRII(fl/fl);PY 

controls (Figure 17D).  Our results suggest that in mammary carcinoma cells, when TGF-

β signaling is lost, the upregulation of pro-inflammatory factors can enhance the 

recruitment of bone marrow derived cell populations that are known to promote tumor 

progression and metastasis (Condeelis and Pollard, 2006; Coussens and Werb, 2002; 

Lewis and Pollard, 2006; Yang et al., 2008). 

 

Basal and myoepithelial cell markers cytokeratin 5 and p63 are more prevalent in 
mammary carcinomas that lack TβRII expression in vivo 
 

 Currently it is not known whether multipotent basal progenitors or lineage 

committed carcinoma cells in the primary mammary tumor microenvironment give rise to 

distant pulmonary metastases.  Our initial observations in the primary tumors and 

pulmonary metastases suggested that moderate to well-differentiated carcinoma cells 

were responsible for the distant metastases.  However, we wanted to address this issue 

more directly using previously defined mammary cell lineage markers since it is known 

that the MMTV promoter/enhancer (used to drive expression of the PyVmT oncogene) 

can express in all mammary epithelial cell lineages including the basal cell population.  

As a marker for the basal and myoepithelial cell populations we have examined 

cytokeratin 5 (K5) expression, which has been used previously to identify putative 

mammary progenitors, basal myoepithelium and bona fide basaloid carcinoma cells in 

situ (Abd El-Rehim et al., 2004; Mikaelian et al., 2006; van de Rijn et al., 2002).   
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Figure 18.  Keratin 5 and p63 localization in primary mammary tumors and lung 
metastases. Loss of TGF-β signaling increased the abundance of carcinoma cell 
populations that express basal and myoepithelial markers in primary mammary tumors 
and associated lung metastases.  Cytokeratin 5 (K5) expressing carcinoma cells were 
enriched in TβRII(fl/fl);PY;WC tumor tissues when compared to TβRII(fl/fl);PY controls (A 
and B).  A.  In the primary mammary tumors (a and b), K5 expression was localized in 
the carcinoma cell compartment adjacent to the fibrovascular stroma.  K5 expressing 
cells constituted a minor sub-population of invasive cells (arrows) present within 
primary mammary carcinomas (c and d).  B.  K5 expressing cells were present in lung 
metastases associated with the MMTV-PyVmT tumor model.  Abundant K5 
expression was observed in all TβRII(fl/fl);PY;WC metastases (a and b).  The large (a) and 
small (b) metastases present in the TβRII(fl/fl);PY;WC model expressed K5 in cells that 
surround the lobular alveolar structures associated with the moderate and well-
differentiated lung metastases.  K5 expression in the TβRII(fl/fl);PY model was more 
variable (c and d).  In the large TβRII(fl/fl);PY lung metastases, K5 expression was often 
sparse or not observed in stained 5uM sections (c).  In the small TβRII(fl/fl);PY lung 
metastases, K5 expression was variably expressed with some foci that had an abundant 
K5+ cell population surrounding moderate to well-differentiated lobular alveolar 
structures (d).  C.  Total p63 IHC staining of primary mammary tumor tissues.  The 
distribution of p63 in the TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor tissues was similar to 
the K5 profile.  Staining was predominantly observed around the outer edge of lobules 
adjacent to the fibrovascular stroma.   D.  Quantitation of the relative K5+ and p63+ 
cell populations within primary mammary tumor tissues.  The relative pixel density for 
K5 was 33.4 (+/- 5.1 SEM) in the TβRII(fl/fl);PY tumor tissue versus 51.7 (+/- 4.6 SEM) 
in the TβRII(fl/fl);PY;WC model (p<0.02).  The relative pixel density for total p63 was 
46.5 (+/- 5.2 SEM) in the TβRII(fl/fl);PY tumor tissue versus 62.7 (+/- 4.0 SEM) in the 
TβRII(fl/fl);PY;WC model (p<0.02).  Statistical significance for pixel density 
measurements was determined using un-paired t-tests; n=6 individual tumors for each 
genotype and 3 random fields analyzed per tissue section.  (a and b) K5 and delta-
Np63 (dNp63) IF demonstrating that all K5+ cells (green) were dNp63+ (red) whereas 
many dNp63+ cells were negative for K5 (arrows).   
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Figure 18. Keratin 5 and p63 localization in primary mammary tumors and lung 
metastases. 
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K5 expression was more abundant in the epithelial cell compartment of 

TβRII(fl/fl);PY;WC tumor tissues when compared with TβRII(fl/fl);PY controls (Figure 18A, a 

and b).  In the TβRII(fl/fl);PY control tissues, K5 expression was predominantly limited to 

small lobules (Figure 19, a).  However, the TβRII(fl/fl);PY;WC tumors had a relatively high 

number of K5+ cells throughout the tissue regardless of individual lobule size (Figure 19, 

b).  The K5 staining, when present, in both tumor models predominantly localized at the 

outer edge of each lobule directly adjacent to the stroma (Figure 18A, a and b; Figure 19, 

a and b).   

We observed invasive areas in both tumor models that contained K5+ cells 

(Figure 18A, c and d).  Due to the moderate and well-differentiated lobular alveolar 

morphology of the lung metastases in both tumor models, we did not expect that K5+ 

cells would be present in the metastatic tumor tissues.  However, we did entertain the 

possibility.  To address this issue we performed IHC and IF for K5 on the TβRII(fl/fl);PY 

and TβRII(fl/fl);PY;WC lung metastases (Figure 18B, a-d).  Interestingly, in the 

TβRII(fl/fl);PY;WC tumor model K5 expression was abundant in the lung metastases and 

localized in the same pattern observed in the primary lesions (Figure 18B, a and b).  

Every metastatic nodule identified in the TβRII(fl/fl);PY;WC model was associated with a 

prevalent K5+ cell population.  In contrast, the TβRII(fl/fl);PY controls had fewer K5+ cells 

in the metastatic foci when present (Figure 18B, c and d) and in many cases the K5 

positive cells were absent.   

In order to determine if the K5+ population could be further stratified using 

additional basal and myoepithelial cell lineage markers, we performed IF co-localization 

with SMA and p63.  Some of the K5+ cells were SMA+, however many of the K5+ cells 
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were SMA- (Figure 20A, a-d).  The SMA+ cells likely represented differentiated 

myoepithelial cells whereas the SMA- population did not express this differentiation 

marker.  p63 gene expression, like cytokeratin 5, has been associated with basal and 

myoepithelial cell populations (Barbareschi et al., 2001; Buono et al., 2006).  We 

therefore performed immunohistochemistry for total p63 to determine if it was enriched 

to a similar extent as K5 (Figure 18C, a and b).  The p63 stain had a similar spatial 

distribution as K5, however quantitation of the staining suggested that there were more 

p63+ cells than K5+ cells (Figure 18D, graphs).  Due to the putative difference in K5 and 

total p63 abundance we performed IF to co-localize the two proteins in our tumor tissues.  

It is known that there are at least six alternate p63 isoforms, and we therefore limited our 

co-localization analyses to the deltaNp63 (dNp63) isoforms that have been previously 

associated with the early stages of progenitor cell differentiation (Figure 18D, a and b) 

(Barbareschi et al., 2001; Candi et al., 2007; Senoo et al., 2007).  Every K5+ cell was also 

dNp63+.  However, we also observed dNp63+ K5- cells in all primary and metastatic 

tumor tissues analyzed.  These results suggested that the neoplastic K5+ dNp63+ cells 

represented a distinct MMTV-PyVmT carcinoma cell subpopulation.  Next, we verified 

that the K5+ cells did not express markers indicative of genuine luminal cells.  We 

performed immunofluorescence co-localization of K5 and cytokeratin 8 (K8), a known 

marker for the luminal cell lineage found within ducts and alveoli (Figure 20B, a-d) 

(Mikaelian et al., 2006).  The K5+ cell population was absolutely distinct from the K8+ 

cell population, indicating that the K5 staining represented a subset of carcinoma cells 

rather than a trait acquired by partially differentiated carcinoma cells of ductal or lobular 

alveolar origin. 
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Figure 19.  Keratin 5 (K5) IHC localization in primary mammary tumor tissues.  
K5 staining was more prevalent in tumors associated with the TβRII(fl/fl);PY;WC model 
when compared to those in the TβRII(fl/fl);PY controls (a and b).  Specifically, the most 
significant difference in K5+ cell abundance was observed in the large tumor lobules 
(L).  Smaller tumor lobules (s) in both models demonstrated the presence of K5+ 
arcinoma cells, however in TβRII(fl/fl);PY tumor tissues the K5 abundance negatively 

correlated with increased lobule size. 
c

 

 

Figure 19.  Keratin 5 (K5) IHC localization in primary mammary tumor tissues.  
K5 staining was more prevalent in tumors associated with the TβRII(fl/fl);PY;WC model 
when compared to those in the TβRII(fl/fl);PY controls (a and b).  Specifically, the most 
significant difference in K5+ cell abundance was observed in the large tumor lobules 
(L).  Smaller tumor lobules (s) in both models demonstrated the presence of K5+ 
carcinoma cells, however in TβRII(fl/fl);PY tumor tissues the K5 abundance negatively 
correlated with increased lobule size. 
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Figure 20.  IF analyses to determine K5/SMA and K5/K8 co-localization in 
primary mammary tumor tissues.  K5+ SMA+ cells were detected in the 
TβRII(fl/fl);PY and TβRII(fl/fl);PY;WC tumor models (data not shown).  However, many 
K5+ SMA- cells were also detected in both tumor models (A, a-d; red).  SMA+ 
stromal fibroblasts were included in each image as an internal control (A, a-d; green).  
K8 and K5 positive cells (B, a-d; red and green respectively) were mutually exclusive 
in all tumor tissues analyzed.  DAPI was used to visualize cell nuclei (A, c and d; B, c 
and d; blue). 
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Figure 20. IF analyses to determine K5/SMA and K5/K8 co-localization in 
primary mammary tumor tissues.   



Discussion 
 

TGF-β in normal epithelium is known to induce arrest of the cell cycle in G1, and 

during early tumor progression it has been suggested that this cytostatic regulation is a 

major contribution to carcinoma cell autonomous TGF-β mediated tumor suppression 

(Siegel and Massague, 2003).  However, our data now suggests that the programmed cell 

death response to TGF-β signaling also plays a significant role in early mammary tumor 

suppression.  The decrease in both typical and atypical PARP-1 cleavage products 

associated with the TβRII(fl/fl);PY;WC tumor tissue suggests that both the extrinsic and 

intrinsic caspase dependent and independent cell death pathways are impaired in the 

absence of TGF-β signaling (Bey et al., 2007).  The inhibition of programmed cell death 

is an important consideration with regard to clinical treatment of cancer involving 

radiation or chemotherapy (Fulda and Debatin, 2006; Pommier et al., 2004).  Radiation or 

conventional chemotherapies are often used to eliminate cancer cells that have been left 

behind during surgery, those that remain in circulation at the time of surgical resection or 

those that have already metastasized.  Our current results suggest, that radiation and 

chemotherapies designed to induce carcinoma cell death may be less effective in 

eliminating the cells that have diminished TGF-β signaling during tumor progression.  

We are currently testing this hypothesis in vitro and in vivo. 

It is now well known that carcinoma-associated fibroblasts (CAFs) can contribute 

to tumor progression (Barcellos-Hoff and Ravani, 2000; Hayward et al., 2001; Sakakura 

et al., 1981).  However, it is not known specifically which endogenous fibroblast 

subpopulations are involved in the regulation of adjacent carcinoma progression.  

Previously, it has been shown that individual fibroblast populations can be differentially 
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classified based on their unique molecular signatures (Chang et al., 2002).  The unique 

signatures obtained by mRNA expression profiling, suggested that much like epithelial or 

myeloid cells, there may be distinct fibroblast subpopulations present within each tissue 

type.  Further, a recent study that used the vimentin, type I collagen, FSP (S100A4), 

αSMA, PDGFRβ and NG2 markers to examine fibroblast heterogeneity within mammary 

and pancreatic carcinomas indicated that several distinct fibroblast sub-populations could 

be identified and quantified within the tumor microenvironment (Sugimoto et al., 2006).  

Together these results provide evidence for a fibroblast contribution to tumor initiation 

and progression while suggesting that individual sub-populations of fibroblasts may play 

similar or alternate roles that together contribute to the regulation of tumor progression.   

In our system, the difference in total stromal abundance, SMA expression and 

macro/microvascular phenotype suggests that TGF-β signaling within the carcinoma cell 

significantly regulates the composition of adjacent fibrovascular stroma in the mammary 

tumor microenvironment.  Currently we do not know what factors the SMA+ fibroblast-

like cells are producing or how these unknown factors impact tumor progression.  It is 

known, however that myofibroblasts are often associated with the leading edge of 

invasive tumors and it has been suggested that they promote tumor progression (Bierie 

and Moses, 2006a).  In our study, we observed SMA+ staining in the stroma associated 

with most of the invasive areas (data not shown), and this further suggests that a SMA+ 

tumor reactive stroma may be involved in early invasion thereby promoting progression 

to metastasis. 

Chemokines are a group of proteins that potently promote tumor inflammation 

through recruiting host cells to the organ where they are expressed.  The data generated in 
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this study suggests that in vivo, carcinoma cell specific loss of TGF-β signaling increases 

Cxcl1, Cxcl5 and Ptgs2 (COX-2) gene expression that correlates with increased 

infiltration of F4/80+ bone marrow derived cells to the tumor microenvironment.  

Further, we have shown that the TGF-β dependent chemokine expression observed in the 

tumor microenvironment likely involves direct tumor cell autonomous regulation of gene 

expression by TGF-β, though experiments demonstrating suppression of Cxcl1, Cxcl5 

and Ptgs2 when carcinoma cells were treated with TGF-β1 in vitro.   

In the normal mammary gland, a common progenitor cell can differentiate to 

produce lobular alveolar and ductal epithelium in addition to basal myoepithelium 

(Hennighausen and Robinson, 2005).  Each of these cells types express different subsets 

of proteins that are often used to identify their lineage (Buono et al., 2006; Mikaelian et 

al., 2006; Shillingford et al., 2003).  The basal and myoepithelial cell populations in 

mammary tissue are known to express cytokeratin 5.  Importantly, cytokeratin 5 gene 

expression significantly correlates with a basal cell subtype classification that is known to 

have a poor prognosis in human breast cancer (Perou et al., 2000; Sorlie et al., 2003).  In 

a study composed of 611 human breast cancer samples, cytokeratin 5/6 protein 

expression in node negative breast tumor tissue was a prognostic factor for poor clinical 

outcome, independent of primary tumor size or grade (van de Rijn et al., 2002).  In a 

similar study composed of 1944 human breast cancer samples, cytokeratin 5/6 protein 

expression was correlated with poor prognosis in addition to loss of ER expression and 

early age of tumor onset (Abd El-Rehim et al., 2004).   

The tumors produced in our mouse models were predominantly adenocarcinoma, 

however the data indicate that the loss of TGF-β signaling in mammary tumor precursors 
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can enrich for a K5+ cell population.  The presence of K5+ cells did not classify the total 

tumor tissue as a basaloid subtype, however it did indicate that there was an increased 

number of carcinoma cells with basaloid characteristics in tissues lacking TβRII 

expression.  Many of the K5+ cells in our tumor tissues were negative for SMA 

suggesting that they were less differentiated than the cells expressing SMA.  In addition, 

all of the K5+ cells were dNp63+ and negative for the luminal epithelial cell marker K8.  

Together the SMA, K8 and dNp63 co-localization data suggest that the K5+ carcinoma 

cell population includes a poorly differentiated sub-population of cells that may 

contribute to tumor progression and metastasis in the absence of TβRII signaling in vivo.  

Further, our analyses revealed that the K5+ p63+ cell population was enriched within the 

corresponding pulmonary metastases.  It is our current hypothesis that some of the K5+ 

cells are carcinoma progenitors that can metastasize then divide asymmetrically, resulting 

in progenitor expansion and amplification of differentiated progeny.  In subsequent 

experiments, it would be informative to determine if the K5+ cells express additional 

markers such as CD44 or CD24 that will permit sorting to test if they can function as 

self-renewing carcinoma progenitors. 

Our current results indicate that when TGF-β signaling is lost in the mammary 

tumor microenvironment, several factors should be considered including the impact on 

carcinoma cell apoptosis, regulation of adjacent stromal fibrovascular cell populations, 

carcinoma cell lineage selection, regulation of inflammatory gene expression, and 

infiltration of tumor promoting bone marrow derived cell populations to the tumor 

microenvironment.  It is likely that together, these factors significantly contribute to the 

TGF-β mediated regulation of early tumor progression and metastasis. 
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CHAPTER IV 

 

TGF-β DEPENDENT GENE EXPRESSION AND PATIENT PROGNOSIS 
 

 

Introduction 
 

Transforming growth factor beta (TGF-β) ligands are known to significantly 

regulate tumor initiation, progression and metastasis.  In human breast cancer, alterations 

in the carcinoma cell response to TGF-β signaling have been linked to tumor progression.  

It has been shown, using tissues from women with mammary epithelial hyperplasia 

lacking atypia, that decreased immunohistochemical staining for the type II TGF-β 

receptor (TβRII) correlated with an increased risk of developing invasive breast cancer 

(Gobbi et al., 1999).  In this study, a three-fold reduction in the number of TβRII positive 

carcinoma cells correlated with an approximate three-fold increase in the risk of 

developing a subsequent invasive breast cancer (Gobbi et al., 1999).  The loss of TβRII 

expression has also been correlated with high grade human in situ and invasive breast 

cancer (Gobbi et al., 2000).  In addition, these observations fit previously reported data 

that demonstrated human breast cancer cells with deficient TβRII expression were more 

tumorigenic than the same tumor cells in which the receptor was experimentally re-

introduced (Sun et al., 1994).  Recently, it has been shown that silencing of the TGFBR2 

gene can occur through promoter hypermethylation in human breast carcinoma cells 

(Shipitsin et al., 2007).  It has also been shown that in human breast cancer, the presence 

of a T29->C polymorphism in the TGFB1 gene increased the serum levels of TGFβ1 
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ligand and correlated with a reduced risk of developing breast cancer (Ziv et al., 2001).  

However, the effect of TGF-β signaling is known to be context specific; TGF-β is 

thought to be an early tumor suppressor and late tumor promoter during disease 

progression.  Recently, gene expression profiling was used to identify a signature in 

established human cell lines indicative of TGF-β stimulation (Padua et al., 2008).  In this 

study, the TGF-β responsive gene expression signature was shown to predict for 

increased lung metastasis in human breast cancer whereas no significant correlation was 

made with metastasis to bone.  Further, the correlation between TGF-β signaling and 

increased lung metastasis was more significant in association with estrogen receptor (ER) 

negative tumors.  Interestingly, this effect was functionally validated using late stage 

breast cancer cells originally derived from a pleural effusion, wherein it was shown that 

TGF-β signaling primed the cells for lung metastasis through upregulation of 

Angiopoietin-like 4 (ANGPTL4) gene expression (Padua et al., 2008).   

To experimentally determine the impact of TGF-β signaling on tumor initiation, 

progression and metastasis in vivo, we and others have used several mouse models of 

mammary tumorigenesis with engineered alterations in TGF-β pathway signaling 

components.  Using this approach, it was shown that TGF-β signaling could suppress 

early tumor progression.  This was first demonstrated using a model that expressed 

TGFβ1 under control of the mouse mammary tumor virus enhancer/promoter (MMTV-

Tgfβ1) (Pierce et al., 1995).  In this study, it was shown that TGF-β conferred resistance 

to DMBA induced carcinogenesis and prolonged the latency of MMTV-TGFα 

(transforming growth factor alpha) induced mammary tumors.  In transgenic mice that 

expressed TGF-β1 under control of the whey acidic protein promoter (WAP-Tgfβ1), it 
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was subsequently shown that TGF-β signaling was able to confer resistance to mammary 

tumors induced by injection of the Mouse mammary tumor virus (Boulanger and Smith, 

2001).   

These early observations were later paralleled by results obtained through 

expression of a dominant negative type II TGF-β receptor in mammary epithelium 

(MMTV-DNIIR) (Gorska et al., 2003).  In this study, it was shown that attenuation of 

TGF-β signaling significantly decreased tumor latency in the MMTV-TGFα mouse 

model.  However, expression of the MMTV-DNIIR transgene also resulted in decreased 

carcinoma cell invasion (Gorska et al., 2003).  This correlated with previous results 

demonstrating that systemic inhibition of TGF-β signaling, through administration of an 

Fc conjugated TβRII (Fc:TβRII), resulted in resistance to spontaneous metastasis in the 

MMTV-Neu mouse mammary tumor model and an experimental metastasis model via 

carcinoma cell tail vein injection (Yang et al., 2002b).  Several subsequent studies further 

illustrated the link between enhanced TGF-β signaling and enhanced metastasis in vivo 

(Muraoka-Cook et al., 2004; Muraoka-Cook et al., 2006; Muraoka et al., 2003; Siegel et 

al., 2003).  Together the results suggested that secretion of TGF-β and thereby 

stimulation of all cells in the mammary tumor microenvironment could result in enhanced 

tumor metastasis while the effect on tumor growth was context dependent.  Further, the 

data suggested that at least some of the invasion and metastasis effects were dependent 

upon direct carcinoma cell specific responses to TGF-β stimulation in vivo.  However, it 

has now been shown in the MMTV-PyVmT (polyoma virus middle T antigen) model of 

mammary tumorigenesis, that there may be a significant difference between attenuation 

and complete abrogation of TGF-β signaling with regard to the regulation of metastasis 
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(Forrester et al., 2005).  This study was the first to clearly demonstrate in vivo, that a 

complete loss of TGF-β response in mammary carcinoma cells could significantly 

increased the occurrence of spontaneous pulmonary metastases (Forrester et al., 2005). 

In recent studies, we have been able to further validate the increased pulmonary 

metastasis when carcinoma cell specific TGF-β signaling is ablated (Bierie et al., 2008; 

Yang et al., 2008) and Chapter III.  In addition, we have identified a decrease in 

apoptosis, increased abundance of adjacent smooth muscle actin positive fibrovasculature 

stroma, increased carcinoma cell heterogeneity, and increased inflammatory gene 

expression that correlated with bone marrow derived cell infiltration in TβRII ablated 

mammary carcinoma tissues when compared to the controls (Bierie et al., 2008; Yang et 

al., 2008) and Chapter III.  However, it was difficult to understand precisely how TGF-β 

regulated these effects due to the complex nature of our observed compound phenotypic 

differences.  Therefore, to address the mechanistic role for TGF-β signaling associated 

with regulation of tumorigenesis in this context, we have now isolated and established 

multiple parallel independent polyclonal carcinoma cell lines from control and TβRII 

ablated MMTV-PyVmT derived tumor models (TβRII(fl/fl;PY) and TβRII(WKO;PY) 

respectively) (Bierie et al., 2008) and Chapter III.  Using these cell lines, we performed 

microarray analyses to determine the differences in gene expression between the models 

and in response to TGF-β stimulation.  These analyses were conducted in an effort to 

identify mechanisms that mediate TGF-β dependent regulation of tumorigenesis in vivo, 

and the results indicate that a major function for TGF-β signaling is the regulation of 

chemokine expression. 
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The strength of functional analyses associated with mouse modeling is balanced 

by limitations in interpretation of individual observations with regard to the direct impact 

on human disease.  However, molecular profiling offers an ability to directly assess the 

prognostic value of results obtained from genome scale networking interactions identified 

in experimental model systems.  The power associated with molecular profiling in 

differentiating tumor subtypes and patient prognosis has been highlighted in recent years 

(Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003).  We have been able to obtain 

high quality microarray profiles for 1646 human breast cancer tissues with well 

documented clinical data related to tumor size, lymph node involvement, estrogen 

receptor (ER) status, treatment regimen and time of relapse detection over a ten year 

period if present (Gene Expression Omnibus ID: GSE10886, GSE4922, GSE6532, 

GSE2845 and GSE2034)(Carroll et al., 2006; Ivshina et al., 2006; Loi et al., 2007; Loi et 

al., 2008; van 't Veer et al., 2002; van de Vijver et al., 2002; Wang et al., 2005b).  Using 

the clinical data and gene profiles represented by these five data sets, we have been able 

to determine that the gene expression signature associated with our TβRII deficient 

carcinoma cells predicted an increased risk of early tumor recurrence during human 

breast cancer progression.  Further, the patients presenting with Luminal A or ER+ 

subtype breast cancer and those in the hormone only treatment group demonstrated a 

significant elevation in the risk of recurrence if they had a gene expression profile that 

was similar to the TβRII deficient carcinoma cell signature at the time of tissue 

collection.  
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Experimental Procedures 

 

Cell line derivation and culturing conditions 
 

Carcinoma cell lines were derived from TβRII(WKO;PY) and TβRII(fl/fl;PY) primary 

tumors as previously described.  Once established, cells were isolated then cultured in 

DMEM/F12 with 5% adult bovine serum as previously described (Bierie et al., 2008) and 

Chapter III.  NMuMG cells were cultured in DMEM with 10% fetal calf serum and 150ul 

of insulin per 500ml of medium.  HC11 cells were HC11 cells were a gift from Jeffery 

Rosen (Baylor College of Medicine, Houston) on behalf of Dr. Bernd Groner (Georg-

Speyer-Haus, Institute for Biomedical Research, Frankfurt am Main, Germany) and were 

grown in RPMI 1640 medium containing 10% bovine calf serum, 5mg/ml insulin 

(Sigma), 10 ng/ml epidermal growth factor (Sigma), 2mM L-glutamine, 100 units/ml 

penicillin, and 100 mg/ml streptomycin.  Medium was changed twenty-three hours before 

collection for microarray and real-time PCR analyses.  One hour before collection, the 

medium was aspirated and complete medium or complete medium containing TGF-β was 

added to the cells.  Cell lines were approximately 70% confluent at the time of RNA 

isolation.  Chemokine expression studies were carried out in the presence or absence of 

10ng/ml TGF-β or 100ng/ml OSM that was added one hour prior to RNA isolation as 

indicated. 
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Southern blot and TGF-β response analyses 
 

DNA and Southern blot analyses were performed as previously described.  

Briefly, DNA was collected using phenol-chloroform extraction and stored at 4°C until 

use.  Southern blots were performed using 10ug of DNA after digestion with BglII.  Blots 

were pre-hybridized and hybridized using a buffer containing 4X SSCP, 1X Denhardt’s 

solution, 1% SDS and 100ug/ml of sheared salmon sperm.  The previously described 3’ 

probe for recombination (Chytil et al., 2002), was hybridized overnight at 65°C.  All 

washes were also performed at 65°C.  Tritiated thymidine incorporation was performed 

using 4x104 cells that were plated in a 24-well dish and allowed to grow overnight.  The 

next day, when cells were approximately 50% confluent, the medium was aspirated and 

replaced with complete medium or complete medium containing 0.1, 1.0 or 10.0ng/ml 

TGF-β.  Twenty two hours later cells were pulsed with 3μCi of tritiated thymidine per 

well (Perkin Elmer Life Sciences, Boston, MA, USA). After two hours, the cells were 

fixed with 1 ml 10% trichloroacetic acid for 30 min at room temperature, followed by 

two additional 30 minute washes with 10% trichloroacetic acid. DNA was solubilized by 

incubation in 300 μl 0.2 N NaOH for 30 minutes.  Radioactivity was counted using 100 

μl of solubilized DNA in 4 ml of scintillation fluid.  Six replicates were performed for 

thymidine incorporation analyses.  Results were reported as the mean +/- standard error 

of the mean (SEM) and two-tailed un-paired t-tests were used to determine significance. 
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H&E staining and immunofluorescence 
 

Hematoxylin and eosin staining was performed using standard techniques.  

Immunofluorescence was performed using standard techniques.  Briefly, medium was 

aspirated and cells were washed with PBS then fixed in 10% neutral buffered formalin 

for 30 minutes at room temperature (RT).  Cells were washed (2X) with PBS + 10mM 

glycine then permeabilized PBS + 0.2% Triton X-100 for 5 minutes at RT.  Slides were 

washed (2X) with PBS + 10mM glycine.  Slides were blocked with PBS containing 3% 

milk for 10 minutes at RT.  Primary antibody (diluted in PBS + 3% milk) was added for 

30 min at RT.  Texas Red conjugated Phalloidin (Invitrogen, T7471) was used at 1:200 

diluted in PBS + 3% milk.  Slides were washed (3X) for 5 minutes in PBS and blocked 

for 3 minutes in 3% milk.  Secondary antibodies were added at 1:800 for 30 minutes in 

the dark then washed (3x) for 5 minutes with PBS.  Slides were mounted using ProLong 

Antifade Gold with DAPI.  Texas Red conjugated phalloidin images were displayed in 

the green channel for the purpose of illustration. 

 

Hybrid Trizol and Rneasy RNA isolation 
 

Cells were grown and treated in T-75 flasks prior to collection.  1ml of Trizol per 

T-75 flask was used to lyse the cells.  The lysates were incubated at room temperature for 

5 minutes then 0.2ml of chloroform was added.  The samples were shaken vigorously by 

hand for 15 seconds, incubated at room temperature for three minutes and centrifuged at 

13,000g for 15 minutes at 4°C.  300ul from the aqueous phase was removed and an equal 

volume of 70% RNA-free EtOH was added slowly while mixing with a pipette tip to 
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avoid localized precipitation.  The samples were loaded into an RNeasy column (Qiagen) 

and centrifuged for 30 seconds at 8,000g. 700μl buffer RW1 was added to the column 

and centrifuged for 30 seconds at 8,000g.  500μl of RPE buffer was added to the column 

and centrifuged for 30 sec at 8,000xg (2X; column was placed in a new collection tube 

for the second wash). The column was centrifuged for 1 min at 8,000g to eliminate the 

remaining buffer.  RNA was eluted in a fresh RNase-free microfuge tube using 30μl of 

RNase-free water then stored at -80°C until use. 

 

Affymetrix microarray, real-time PCR and cytokine antibody array analyses 
 

Samples were checked for integrity and subjected to microarray hybridization 

using the Affymetrix Mouse 430 2.0 gene chip according to standard protocols (available 

from the Vanderbilt Microarray Shared Resource core upon request).  Genes were 

selected if they met all of the following criteria: signal was up- or downregulated at least 

1.5 fold in all experimental samples when compared to the controls, at least two of the 

three experimental samples represented a 2.0 fold or higher change in expression when 

compared to the controls, and the CV value for the control group was less than 2.0.  

Validation for microarray data was conducted using real-time PCR according to the 

manufacturer’s instructions with a custom template and proprietary primer sets for the 

reported gene products (SuperArray, custom template #CAPM-0439).  Genes included 

for validation from the TβRII(WKO;PY) and TGF-β treatment signatures were analyzed 

using TβRII(WKO;PY), TβRII(WKO;PY) + TGF-β (10ng/ml), TβRII(fl/fl;PY), TβRII(fl/fl;PY) + 

TGF-β (10ng/ml) samples.  In grouped analyses, results with a two-tailed unpaired t-test 
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p<0.05 were reported as significant.  In paired analyses, results were reported if the fold 

change moved in the same direction for all samples and was at least 1.5 in all three 

samples with at least a 2.0 or greater fold change in the other two samples.  Cxcl1, Cxcl5 

and Ccl20 expression analyses in HC11 and NMuMG cells were conducted using the 

primer sets and conditions previously reported (Bierie et al., 2008) and Chapter III.  

Results were reported as mean of the median transformed 1/ΔCt values +/- standard error 

of the mean (SEM) and two-tailed un-paired t-tests were used to determine significance.  

The cytokine antibody array was performed using conditioned medium as previously 

described (Bierie et al., 2008) and Chapter III.  Results were reported as the mean +/- 

standard error of the mean (SEM) and two-tailed un-paired t-tests were used to determine 

significance.  Correlative analyses for our gene expression signatures with human gene 

profiling and clinical status data, were performed using normalized data representing 

1646 patients from five independent previously reported studies (Gene Expression 

Omnibus ID: GSE10886, GSE4922, GSE6532, GSE2845 and GSE2034)(Carroll et al., 

2006; Ivshina et al., 2006; Loi et al., 2007; Loi et al., 2008; van 't Veer et al., 2002; van 

de Vijver et al., 2002; Wang et al., 2005b).  Probes were median centered across each 

dataset to minimize platform effects. Gene symbols were assigned using the manufacturer 

provided annotation, and duplicate gene symbols were collapsed by averaging within 

each sample.  Breast cancer subtypes were assigned based on a nearest centroid classifier 

(Parker et al., submitted).  Analysis of variance (ANOVA) was used to test the null 

hypothesis that the mean correlation to a signature is equal across the breast cancer 

subtypes.  The similarity of each human breast cancer test case to the TβRII(WKO;PY) or 

TGF-β treated TβRII(fl/fl;PY) carcinoma cell signatures was computed using Pearson 
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correlation.  Correlations were associated with relapse-free survival using univariate Cox 

proportional hazards.  Categorical survival analyses were performed by splitting samples 

into groups based on the positive or negative correlation with the signature.  Association 

of these groups with relapse-free survival was evaluated with the Log Rank test and 

visualized with Kaplan-Meier plots.   

 

Results 

 

PyVmT mammary carcinoma cells exhibit an epithelial to mesenchymal transition 
(EMT) in response to TGF-β stimulation 
 

To determine functional and molecular roles for TGF-β signaling in mammary 

carcinoma cells we established individually derived polyclonal carcinoma cell lines from 

TβRII(fl/fl;PY) control and TβRII(WKO;PY) mammary tumors.  Three of the cell lines from 

each model were selected for analysis.  The cell lines were screened for TβRII 

recombination (Figure 21A).  The TβRII(fl/fl;PY) control cells demonstrated presence of the 

floxed allele without any evidence of recombination.  The TβRII(WKO;PY) cells were 100% 

recombined with no evidence of a loxP flanked TβRII allele.  The recombination 

efficiency was functionally validated using a TGF-β growth response assay twenty-four 

hours after stimulation.  The TβRII(fl/fl;PY) control cells demonstrated a dose dependent 

response to TGF-β stimulation that resulted in reduced tritiated thymidine incorporation 

(Figure 21A).  As expected, the TβRII(WKO;PY) cells did not demonstrate a significant 

difference in tritiated thymidine incorporation after TGF-β treatment.   
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Figure 21. Recombination of TβRII and induction of TGF-β dependent EMT in 
MMTV-PyVmT mammary carcinoma cells.  A. Southern blot analysis of the 
established polyclonal mammary carcinoma cell lines and respective TGF-β 
dependent growth responses in vitro.  Analysis of southern blot hybridization 
demonstrated that the independently derived polyclonal TβRII(fl/fl;PY) control 
mammary carcinoma cells (FL1, FL2 and FL3; biological replicates) had intact floxed 
Tgfbr2 alleles with no evidence of recombination.  Alternatively, the independently 
derived polyclonal TβRII(WKO;PY) carcinoma cells (KO1, KO2 and KO3; biological 
replicates), were completely recombined with no evidence of a remaining floxed 
Tgfbr2 allele.  As expected, the growth of TβRII(fl/fl;PY) control carcinoma cell lines, 
measured by tritiated thymidine incorporation 24 hours after stimulation, was 
significantly inhibited by TGF-β stimulation whereas the TβRII(WKO;PY) carcinoma cell 
growth was not altered. B. In response to TGF-β stimulation (10ng/ml) for 48 hours, 
the TβRII(fl/fl;PY) control carcinoma cells demonstrated consistent changes in 
morphology and cell scattering that suggested an epithelial to mesenchymal transition 
had occurred.  C. Loss of E-cadherin (a and b) and changes in F-actin localization 
from the cell membrane (c) to predominant association with stress fibers (d)  further 
confirmed an EMT-like state in TβRII(fl/fl;PY) cells that had been treated with 10ng/ml 
of TGF-β for 48 hours. D. Loss of TGF-β signaling in TβRII(WKO;PY) cells did not 
result in a spontaneous state of EMT, as determined by the presence of membrane 
bound E-cadherin, in the presence or absence of TGF-β ligand at 10ng/ml after 48 
hours of stimulation. 
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Figure 21. Recombination of TβRII and induction of TGF-β dependent EMT in 
MMTV-PyVmT mammary carcinoma cells.   
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It has recently been shown that some, but not all epithelial cell lines respond to 

TGF-β with an epithelial to mesenchymal transition (EMT) (Brown et al., 2004).  The 

EMT process has been linked to increased carcinoma cell motility, invasion and 

metastasis (Oft et al., 2002; Oft et al., 1998; Onder et al., 2008; Yang et al., 2004a).  In 

vitro, the control TβRII(fl/fl;PY) control lines were predominantly present in clusters of 

cells with an epithelial morphology (Figure 21B, a).  In response to TGF-β, the 

TβRII(fl/fl;PY) control cell lines exhibited an elongated, fibroblast-like morphology and cell 

scattering that are hallmarks of EMT (Figure 21B, b).  The changes in cell morphology 

correlated with loss of E-cadherin and F-actin tethering to the cell surface (Figure 21C 

and 21D).  In TGF-β treated tissues, E-cadherin appeared to be degraded rather than 

accumulate in the cytoplasm (Figure 21C, b).  In complete medium F-actin was detected 

in the cytoplasm and tethered to the cell membrane, however when TGF-β was added to 

the medium F-actin was predominantly associated with stress fibers in the cytoplasm 

(Figure 21C, d).  Interestingly, N-cadherin was not significantly upregulated in the EMT-

like carcinoma cells after the observed TGF-β dependent response (data not shown).  Due 

to the enhanced rate of metastatic spread observed in our TβRII(WKO;PY) model, we also 

hypothesized that the mammary carcinoma cells lacking TβRII expression may have an 

increased sensitivity to growth factors or a predisposition toward spontaneous EMT.  

However, the response to serum was similar for the TβRII(fl/fl;PY) control and 

TβRII(WKO;PY) cell lines.  In addition , the TβRII(WKO;PY) cells did not exhibit a 

spontaneous EMT under complete culturing conditions or when cultured in the presence 

of TGF-β (Figure 21D).  Together, the data demonstrated that our TβRII(fl/fl;PY) control 

and TβRII(WKO;PY) cell lines were suitable for comparison.  Further, differences in 
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response to growth factor stimulation or spontaneous EMT could not account for the 

enhanced metastatic spread observed in the TβRII(WKO;PY) model when compared with the 

TβRII(fl/fl;PY) controls. 

 

Molecular profiling revealed a difference in expression of genes that are known to 
regulate tumor progression 
 

To understand how TGF-β could regulate carcinoma cell associated gene 

expression, which ultimately regulates tumor progression and metastasis, we performed 

Affymetrix microarray analyses.  TβRII(WKO;PY), TβRII(fl/fl;PY) and TGF-β treated 

TβRII(fl/fl;PY) cell lines were hybridized for subsequent analyses.  We were able to identify 

108 genes that were upregulated and 48 genes that were downregulated in TβRII(WKO;PY) 

cell lines when compared with the TβRII(fl/fl;PY) controls (Table 1).  To determine the 

genes that were acutely regulated by TGF-β we performed pairwise analyses using 

TβRII(fl/fl;PY) mammary carcinoma cells in the presence or absence of TGF-β treatment for 

one hour prior to collection.  Genes were selected if they were consistently differentially 

regulated in the same direction in all three cell lines.  Using the paired analysis strategy, 

we were able to identify 41 genes that were consistently upregulated and 16 that were 

consistently downregulated in response to TGF-β treatment (Table 2).  Real-time PCR 

validation and was performed using a common pool of genes selected from both 

experiments with TβRII(WKO;PY), TβRII(fl/fl;PY), TβRII(WKO;PY) + TGF-β and TβRII(fl/fl;PY) + 

TGF-β samples.  

We were able to validate significant differences (p<.05) in the expression of 11 

genes identified by microarray in the TβRII(WKO;PY), TβRII(fl/fl;PY) dataset using real-time 
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PCR analyses (Table 3, top; clustered in Figure 22A).  In the list of validated genes 

validated by real-time PCR, one out of the 11 (Junb) was actually identified in the TGF-β 

treatment experiment but did not meet the filtering criteria for our TβRII(WKO;PY) versus 

TβRII(WKO;PY) microarray analyses.  This suggested that our conservative filtering 

approach likely excluded some genes that were differentially regulated, however for the 

purpose of determining a gene expression signature this was preferable.  TGF-β was 

present in the complete cell culture medium, however the amount was not enough to 

observe a difference in activation of downstream Smad pathways when comparing serum 

free to complete medium conditions.  Therefore, to better model the stimulation likely 

experienced by the carcinoma cells during tumor progression, we also performed 

validation in the presence of TGF-β.  When stimulated with TGF-β, we were able to 

detect a significant difference (p<.05) in the expression of 21 genes using the pooled gene 

validation approach (Table 3, bottom; clustered in Figure 22B).  Importantly, we 

identified differences in expression of genes that are known to be TGF-β responsive 

including Serpine1 (PAI-1), Smad6, PDGF-β, Gadd45a, Ctgf, Lmcd1 and Bcl2l11 (Bim).  

The genes identified as differentially expressed included some that offered potential 

mechanisms our previous observations in vivo.  Bim and Itgb3 have both been linked to 

promoting apoptosis and their expression was higher in the control cells.  This is 

important, since we have observed higher rates of apoptosis in the control tumor tissues 

in situ.  Wisp1, a CTGF family member, was also expressed at a higher level in the 

control cells and this gene has been genetically identified as a likely tumor suppressor.   
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Table 1.  Differentially expressed genes identified when TβRII(WKO;PY) and 
TβRII(fl/fl;PY) mammary carcinoma cells were compared.  Genes that had a higher 
level of expression in the TβRII(WKO;PY) samples were considered upregulated and 
those that were lower in the TβRII(WKO;PY) model were considered downregulated.  
Genes were selected if they met all of the following criteria: signal was consistently 
up- or downregulated at least 1.5 fold in all TβRII(WKO;PY) samples when compared to 
the TβRII(fl/fl;PY) controls, at least two of the three experimental samples represented a 
2.0 fold or higher change in expression when compared to the TβRII(fl/fl;PY) controls, 
and the CV value for the TβRII(fl/fl;PY) group was less than 2.0. 
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Table 1. Differentially expressed genes identified when TβRII(WKO;PY) and 
TβRII(fl/fl;PY) mammary carcinoma cells were compared.   
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Table 2.  Differentially expressed genes identified as a result of TGF-β 
stimulation in TβRII(fl/fl;PY) mammary carcinoma cells. Genes that had a higher 
level of expression in response to TGF-β treatment were considered upregulated and 
those that were lower were considered downregulated.  Genes were selected if they 
met the following criteria: signal was consistently up- or downregulated at least 1.5 
fold in all TGF-β treated samples when compared to the controls, at least two of the 
three TGF-β treated samples represented a 2.0 fold or higher change in expression 
when compared to the controls. 
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Table 3. Real-time PCR validation of differences in gene expression associated 
with TβRII(WKO;PY) and TβRII(fl/fl;PY) mammary carcinoma cells.  Real-time PCR 
was performed using the biological replicates for each model and the 1/ΔCt values 
were used to determine the significance using two-tailed, unpaired t-tests.  Validation 
was performed using TβRII(WKO;PY) and TβRII(fl/fl;PY) mammary carcinoma cells 
cultured in complete medium (top).  To further stratify the differences between the cell 
populations validation was also performed using TβRII(WKO;PY) cells cultured in 
complete medium compared with TβRII(fl/fl;PY) cells cultured in complete medium 
containing TGF-β ligand at 10ng/ml one hour after stimulation (bottom).  No 
differences in gene expression were observed when TβRII(WKO;PY) cells cultured in 
complete medium were compared with TβRII(WKO;PY) cells cultured in complete 
medium containing TGF-β ligand at 10ng/ml one hour after stimulation.    Values 
were normalized to Gusb, Hprt1, Hsp90ab1, Actb and PPIA. 
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Table 3. Real-time PCR validation of differences in gene expression associated 
with TβRII(WKO;PY) and TβRII(fl/fl;PY) mammary carcinoma cells.  
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Figure 22.  Cluster analyses for genes that were validated by real-time PCR.  
Genes that demonstrated a significant difference in expression with a two-tailed 
unpaired t-test value of 0.05 or less were used for clustering.  Each row represents the 
heatmap interpretation of 1/ΔCt values associated with a specific gene.  A. 
TβRII(WKO;PY) and TβRII(fl/fl;PY) carcinoma cell lines cultured in complete medium.  B. 
TβRII(WKO;PY)  cells cultured in complete medium compared with TβRII(fl/fl;PY) 
carcinoma cells in the presence of complete medium with TGF-β at 10ng/ml one hour 
after stimulation.  No differences in gene expression were observed when 
TβRII(WKO;PY) cells cultured in complete medium were compared with TβRII(WKO;PY) 
cells cultured in complete medium containing TGF-β ligand at 10ng/ml one hour after 
stimulation. FL1, FL2 and FL3, TβRII(fl/fl;PY); KO1, KO2 and KO3, TβRII(WKO;PY). 
Values were normalized to Gusb, Hprt1, Hsp90ab1, Actb and PPIA. 

142 
 



 

 

Figure 22. Cluster analyses for genes that were validated by real-time PCR. 
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Figure 23. TGF-β dependent chemokine protein secretion by mammary 
carcinoma cells and the effect of Cxcl1 stimulation on metastatic mammary 
carcinoma cell migration.  A.  Conditioned medium from TβRII(WKO;PY) and 
TβRII(fl/fl;PY) mammary carcinoma cells revealed increased secretion of Cxcl1 and 
Cxcl5 protein by the TβRII(WKO;PY) populations.  Quantitation of Cxcl1 and Cxcl5 
presence was performed and represented at the median transformed mean values +/- 
standard error of the mean (SEM).  Two-tailed unpaired t-tests were performed and 
the values were significant with p-values<0.05. Ctl, TβRII(fl/fl;PY); KO, TβRII(WKO;PY). 
B. Wound closure assays were used to determine the effect of Cxcl1 presence on 
metastatic carcinoma cell migration.  Values reported as mean percentage +/- (SEM).  
In the 4T1 carcinoma cell line, two-tailed unpaired t-test p-values were 0.5018 at 
5ng/ml, 0.0853 at 20ng/ml, 0.0588 at 40ng/ml and less than 0.005 at 80ng/ml.  In the 
MDA-MB-231 cell line, two-tailed unpaired t-test p-values were 0.0019 at 5ng/ml, 
0.0411 at 20ng/ml and 0.0068 at 40ng/ml. 
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Figure 23. TGF-β dependent chemokine protein secretion by mammary 
carcinoma cells and the effect of Cxcl1 stimulation on metastatic mammary 
carcinoma cell migration. 
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Table 4. Annotated legend for the Raybiotech Antibody Array.  The antibody 
array description was analyzed to determine alias designations for the included 
antibody antigens.  Chemokine ligands were listed with their respective Ccl and Cxcl 
designations. 
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Notably, Cxcl1, Cxcl5, Bst2 and Ctsa were significantly upregulated in the 

TβRII(WKO;PY) cells when compared with the TGF-β treated controls.   Based on our 

previous work with Cxcl5 (Bierie et al., 2008; Yang et al., 2008) and Chapter III, and the 

presence of Cxcl1 in a lung metastasis gene expression signature identified in human 

breast cancer cells (Minn et al., 2005a), we selected these chemokines for further 

validation.   

To examine the effect of our observed difference Cxcl1 and Cxcl5 mRNA 

expression with regard to protein secretion, we performed cytokine antibody array 

analyses with conditioned medium from the TβRII(WKO;PY) and control TβRII(fl/fl;PY) cell 

lines.  Cxcl1 and Cxcl5 were the only secreted cytokines, out of sixty-two represented on 

the array, that were consistently differentially regulated when comparing the two models 

(Figure 23A and Table 4).  The results paralleled those obtained in our real-time PCR 

validation of the microarray analyses.  Previously we have shown that signaling through 

the Cxcr2 receptor, which is activated by both Cxcl1 and Cxcl5, was responsible for part 

of an enhanced inflammatory cell recruitment observed in association with the 

TβRII(WKO;PY) tumor microenvironment as compared to TβRII(fl/fl;PY) controls (Yang et al., 

2008).  However, the literature suggested that in addition to recruitment of inflammatory 

cell populations, Cxcr2 signaling may enhance the migration of carcinoma cells 

(Kawanishi et al., 2008; Li et al., 2004; Warner et al., 2008).  To test this in mammary 

carcinoma cells we stimulated the highly metastatic murine 4T1 and human MDA-MB-

231 cell lines with Cxcl1 at increasing doses in wound closure assays (Figure 23B).  Our 

results indicated that carcinoma cell migration was enhanced in the presence of Cxcl1 
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stimulation, thereby providing another potential mechanism for enhanced metastasis 

when chemokine expression is elevated in vivo.    

 

TGF-β responsive genes were identified in TβRII(fl/fl;PY) mammary carcinoma cells 
 

 Grouped analyses of the microarray results were able to identify genes that 

differed between the models, however a difference between the models did not 

necessarily equate to genes that were also TGF-β responsive.  Out of the genes that we 

identified as differentially regulated by TGF-β (Table 2) we were able to validate 23 by 

real-time PCR (Table 5).  As expected, many previously described TGF-β responsive 

genes were identified including Serpine1, Smad6, PDGF-β, Lmcd1, Gadd45a and FosB.  

In the list of differentially expressed genes that were validated by real-time PCR, the 

expression of Tnfrsf1b (tumor necrosis factor alpha receptor) was initially identified the 

TβRII(WKO;PY) versus TβRII(fl/fl;PY) profile.  As previously mentioned this suggested that 

our conservative approach was effective in filtering genes for our TGF-β response 

signature.  In addition to known TGF-β target genes, we were able to identify novel TGF-

β responsive genes that may play a significant role in tumorigenesis.  In particular, 

upregulation of Map3k14 (NIK; NF-kB inducing kinase) by TGF-β was interesting since 

it has been shown that expression of this kinase alone was able to activate the NF-kB 

pathway.  Importantly, the chemokines Cxcl1, Cxcl5 and Ccl20 were consistently 

suppressed by TGF-β.  This data further substantiated and extended our previous 

preliminary analyses regarding TGF-β dependent regulation of host-tumor interactions 

associated with differential chemokine expression in vitro and in vivo (Bierie et al., 2008; 

Yang et al., 2008) and Chapter III. 
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Table 5. Real-time PCR validation of TGF-β responsive genes in TβRII(fl/fl;PY) 
mammary carcinoma cells.  Each column represents 1/ΔCt values associated with an 
individually derived polyclonal control TβRII(fl/fl;PY) carcinoma cell line in the 
presence or absence of TGF-β at 10ng/ml for one hour.  Genes that demonstrated the 
same direction of regulation were reported if all values were 1.5 fold or higher with a 
2 fold or greater change in 2 out of 3 of the cell lines.  Values were normalized to 
Gusb, Hprt1, Hsp90ab1, Actb and PPIA. 
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Table 5. Real-time PCR validation of TGF-β responsive genes in TβRII(fl/fl;PY) 
mammary carcinoma cells.   
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Figure 24. TGF-β and OSM effect on HC11 cell growth.  Both TGF-β and OSM 
stimulation at varying concentrations resulted in decreased tritiated thymidine 
incorporation 24 hours after stimulation.  TGF-β stimulation resulted in a significant 
decrease in tritiated thymidine uptake at 0.1, 1.0 and 10.0 ng/ml.  OSM significantly 
decreased thymidine uptake at 10ng/ml and 100ng/ml.  Results represent normalized 
mean counts per minute (CPM) +/- standard error of the mean.  Significance was 
implied if the two-tailed unpaired t-test p-values were less than 0.05.  The results for 
TGF-β and OSM appeared to be additive when both ligands were present in 
comparison with the values obtained from individual ligand stimulation. 
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Figure 25. TGF-β attenuates basal and OSM induced expression Cxcl1, Cxcl5 
and Ccl20 in mammary epithelium.  TGF-β (10ng/ml) and OSM (100ng/ml) 
stimulation was performed for one hour in vitro.  Real-time PCR was performed using 
the HC11 (A-D, a) and NMuMG (A-D, b) cell lines.  The median transformed 1/ΔCt 
values were reported as mean values +/- standard error of the mean (SEM).  
Differences when compared to the control were considered significant (**) if two-
tailed, unpaired t-test p-values were less than 0.05.  TGF-β significantly decreased 
Cxcl1, Cxcl5 expression in HC11 and Cxcl1, Cxcl5 and Ccl20 in NMuMG cells (A-C, 
a and b).  In the OSM responsive HC11 cell line, OSM significantly upregulated 
Cxcl1, Cxcl5 and Ccl20 expression (A-C, a).  Importantly, TGF-β was able to 
significantly attenuate the effect of OSM with regard to Cxcl1, Cxcl5 and Ccl20 
expression in the HC11 cell line. In the NMuMG cell line, which did not respond to 
OSM in growth or molecular response assays, did not demonstrate chemokine 
regulation by OSM (A-C, b).  D. Ccl5 expression was not altered by TGF-β or OSM 
treatment in the HC11 or NMuMG cell lines. 
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Figure 25. TGF-β attenuates basal and OSM induced expression Cxcl1, Cxcl5 and 
Ccl20 in mammary epithelium.   
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TGF-β suppressed basal and Oncostatin-M (OSM) induced Cxcl1, Cxcl5 and Ccl20 
expression in established mammary epithelial cell lines 
 

In our previous work, and in the current study, we have shown that TGF-β is able 

to suppress Cxcl1, Cxcl5 and Ccl20 expression in carcinoma cells that arise from 

mammary tissue in the MMTV-PyVmT mouse model.  However, it was unclear if this 

regulation was specific for MMTV-PyVmT driven carcinoma cells or alternatively a 

general feature of TGF-β signaling in mammary epithelial cell populations.  Therefore, 

we selected the non-transformed HC11 and NMuMG cell lines for analysis to address 

this issue.  An important difference between the HC11 and NMuMG cell lines is that the 

HC11 cells do not express a functional p53 whereas the NMuMG cells have intact p53 

signaling (Merlo et al., 1994; Rajan et al., 1996).  Also, the NMuMG cells were able to 

activate p38 MAPK in response to TGF-β whereas the HC11 cells were not.  Neither cell 

line demonstrated activation of the p44/42 pathway in response to TGF-β.  To stimulate 

chemokine expression, we selected the OSM ligand due to its previously reported ability 

to upregulate Cxcl1 and Cxcl5 expression without a significant increase in Ccl2 

expression (Lafontant et al., 2006).  Although this data was not produced in carcinoma 

cells it did demonstrate that in opposition to TNF-α, a ligand that is known to potently 

activate NF-Kb and thereby upregulate a large number of chemokines, OSM stimulation 

was more selective for regulation of the Cxcl1 and Cxcl5 chemokines that we had 

identified in our analyses.  In addition, the presence of OSM in breast cancer is clinically 

relevant (Holzer et al., 2004; Jorcyk et al., 2006).  OSM expression has been shown to be 

present in 66% of breast tumors (Crichton et al., 1996).  Further, immunohistochemical 

analyses have been used to demonstrate that 35% of breast carcinomas and 88% of 

inflammatory breast cancers express this ligand (Holzer et al., 2004).  The correlation 
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with inflammatory breast cancer is important since this disease is often highly aggressive 

and associated with poor patient prognosis (Lopez and Porter, 1996).   

HC11 cells were responsive to OSM as determined by reduced tritiated thymidine 

uptake (Figure 24), and increased phosphorylation of signal transducer and activator of 

transcription 3 (Stat3) after stimulation.  The HC11 cells were also responsive to TGF-β 

as determined by reduced tritiated thymidine uptake (Figure 24), and increased 

phosphorylation of Smad2 after stimulation.  Importantly, TGF-β had no effect on OSM 

induced Stat3 phosphorylation and OSM had no effect on TGF-β dependent Smad2 

phosphorylation.  In HC11 cells, TGF-β and OSM treatment for one hour in vitro had a 

significant effect on Cxcl1 expression (Figure 25A).  In response to TGF-β for one hour 

Cxcl1 expression was significantly decreased in HC11 cells.  OSM treatment for one hour 

resulted in a significant upregulation of Cxcl1 expression.  Importantly, TGF-β treatment 

was able to significantly attenuate the effect of OSM with regard to regulation of Cxcl1 

expression.  The results in HC11 cells were similar for Cxcl5 (Figure 25B) and Ccl20 

(Figure 25C).  The NMuMG monoclonal cell line that we have used for analysis 

responded well to TGF-β with regard to growth inhibition, induction of EMT and Smad2 

phosphorylation.  However, this clone did not respond to OSM stimulation with a growth 

response or Stat3 activation.  Accordingly, TGF-β treatment for one hour significantly 

decreased the expression of Cxcl1, Cxcl5 and Ccl20 in the NMuMG cell line and OSM 

had no significant effect (Figure 25A-C).  To determine if the observed regulation of 

Cxcl1, Cxcl5 and Ccl20 was selective, or alternatively a general chemokine effect, we 

analyzed the expression of Ccl5 in response to TGF-β and OSM stimulation.  Ccl5 
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mRNA was expressed by both cell lines, however no significant differences were 

observed in response to TGF-β, OSM or both ligands together (Figure 25D). 

 

The TβRII(WKO;PY) gene expression signature correlates with poor prognosis in 
human breast cancer 
 

To determine the impact of our gene expression signatures in human breast 

cancer, we initially compared our TβRII(WKO;PY) and TGF-β treated gene expression 

signatures to the profiles obtained in the NKI295 dataset (Figure 26 and 27).  Analysis of 

this comparison revealed a correlation with breast cancer subtype and reduced relapse-

free survival when tumors had a gene profile similar to the TβRII(WKO;PY) signature.  

Therefore, to further extend and increase the power of our analysis, we subsequently 

compared our TβRII(WKO;PY) and TGF-β treated TβRII(fl/fl;PY) carcinoma cell signatures to 

microarray and survival data representing 1646 human breast cancer tissues (Figure 

28A).  The analyses revealed that the TβRII(WKO;PY) carcinoma signature correlated with 

Basal, HER2+ and Luminal B breast cancer subtypes more closely than with the Luminal 

A breast cancer subtype or Normal tissues (Figure 28A, top left).  Importantly, the 

TβRII(WKO;PY) signature significantly correlated with a reduced ten year relapse-free 

survival (Figure 28A, top right).  In contrast, the signature obtained from TGF-β 

treatment was correlated with the Luminal B tumor subtype, and more importantly, it did 

not correlate with a significant difference in relapse-free survival (Figure 28A, bottom 

left and right, respectively).   

156 
 



Figure 26. Cluster analysis of the TβRII(WKO;PY) gene expression signature in the 
NKI295 dataset.  The results were the first to indicate that there may be an 
association between the TGF-β signaling deficient TβRII(WKO;PY) mammary carcinoma 
cell signature and subtype classification in human breast cancer. 
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Figure 26. Cluster analysis of the TβRII(WKO;PY) gene expression signature in the 
NKI295 dataset. 



 

 

Figure 27. Increased risk of poor prognosis when TGF-β signaling deficient 
TβRII(WKO;PY) mammary carcinoma cell gene expression signature correlated 
with samples within the NKI295 dataset.  A. The TβRII(WKO;PY) mammary 
carcinoma cell signature significantly correlated with reduced relapse-free survival 
(Continuous r p-value was 0.0008 and the Log Rank p-value was 0.0036).  B. No 
significant correlation was noted between the TGF-β treatment gene expression 
signature and relapse-free survival. 
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Figure 28. Loss of TGF-β signaling in mammary carcinoma cells resulted in a 
signature that correlated with tumor subtype and increased risk of relapse 
during human breast cancer progression.  A. TβRII(WKO;PY) and TβRII(fl/fl;PY) 
mammary carcinoma gene expression signatures were compared with profiles from 
1646 human breast cancer tissues.  The TβRII(WKO;PY) and TβRII(fl/fl;PY) + TGF-β 
treatment signatures were used to determine the correlation with previously described 
Basal, Her2, Luminal A or Luminal B tumor subtypes (left, top and bottom 
respectively).  The TβRII(WKO;PY) signature was better at stratifying the tumors than the 
TβRII(fl/fl;PY) profile (ANOVA p-values were 8.4e-44 and 2.6e-08, respectively).   The 
TβRII(WKO;PY) signature was more closely correlated with Basal, Her2 and Luminal B 
tumor subtypes than with the Luminal A subtype or Normal tissues.  The 
TβRII(WKO;PY) and TβRII(fl/fl;PY) + TGF-β treatment signatures were also used to 
determine the correlation with relapse-free survival (right, top and bottom 
respectively).  The TβRII(WKO;PY) signature significantly correlated with decreased 
relapse-free survival (Continuous r p-value was 0.018 and the Log Rank p-value was 
0.0107).  No significant difference in relapse-free survival was observed in correlation 
with the TGF-β treatment gene expression signature. B. In human lymph node positive 
(N+) breast cancer patients, the TβRII(WKO;PY) signature correlated with reduced 
relapse-free survival (left, Log Rank p-value was 0.0268) whereas the TGF-β 
treatment signature did not have a significant correlation (right). 
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Figure 28. TβRII(WKO;PY) and TGF-β signature correlation with human breast 
cancer subtype and relapse-free survival.   



Figure 29.  Increased risk of poor prognosis when human Luminal A, ER+ or 
hormone only treated breast cancer was associated with a TGF-β signaling 
deficient mammary carcinoma cell gene expression signature.  In human Luminal 
A, ER+ or hormone only treated breast cancer the TβRII(WKO;PY) signature correlated 
with a significant decrease in relapse-free survival (A-C, left; Log Rank p-values were 
0.0188, 0.0005 and 0.0239 respectively).  The TGF-β treatment signature did not 
correlate with a difference in relapse-free survival (A-C, right). 
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Figure 29. TβRII(WKO;PY) and TGF-β signature correlation with human Luminal 
A, ER+ or hormone only treated breast cancer relapse-free survival. 



The TβRII(WKO;PY) signature significantly also correlated with a reduced ten year 

relapse-free survival in node positive breast cancer (Figure 28B, left) whereas the TGF-β 

treatment did not predict for a significant difference (Figure 28B, right).  In node negative 

breast cancer, neither signature predicted for a difference in relapse-free survival.    We 

further stratified the data based on primary tumor size at the time of tissue collection.  In 

tumors that were less than two centimeters, there was not a significant difference for 

patient prognosis in correlation with the TβRII(WKO;PY) or TGF-β treatment signatures.  In 

tumors that were larger than two centimeters the TβRII(WKO;PY) signature demonstrated a 

trend toward a correlation with reduced survival, however the p-value did not reach the 

95% confidence interval that we had set for significance.    

To further determine the impact of our TβRII(WKO;PY) gene expression signature 

we compared the results with individual categorical groups of gene profiles contained 

within the global human data set.  In the human Luminal A group, our TβRII(WKO;PY) 

signature significantly correlated with a reduction in ten year relapse-free survival 

(Figure 29A, left).  A significant correlation was not observed with regard to survival for 

either signature in association with human Luminal B and ER- tumors or those derived 

from patients that had not been treated with a systemic adjuvant.  However, we observed 

a significant correlation between the TβRII(WKO;PY) signature and reduced ten year 

survival in human ER+ breast cancer (Figure 29B, left).  In addition, we observed a 

significant correlation with reduced ten year relapse-free survival in the group of patients 

associated with hormone only treatment (Figure 29C, left).  Alternatively the gene 

expression signature corresponding to TGF-β treatment did not predict for a difference in 
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relapse-free survival for the Luminal A, ER+ or hormone only treated patients (Figure 

29A-C, right).   

The TβRII(WKO;PY) and TGF-β treatment signatures were not correlated with a 

significant difference in survival for patients that had not been treated with a systemic 

adjuvant or Basal and Her2 breast cancer subtype patient populations.  Together, our 

results suggest that TGF-β signaling may interact with the ER signaling network to 

regulate tumor recurrence during human breast cancer progression. 

 

Discussion 
 

TGF-β is a well known regulator of tumor progression and metastasis, however it 

remains unclear how TGF-β actually regulates these processes.  In early work, the focus 

of TGF-β signaling was on the tumor cell and a large amount of data supported an early 

tumor suppressive role for TGF-β in this context.  However, it was also shown that TGF-

β signaling within the carcinoma cell could promote tumor progression and metastasis.  

This dual role for TGF-β signaling has been referred to as the TGF-β paradox, and it is 

not known how TGF-β signaling switches from tumor suppressor to tumor promoter.  

However, our recent work demonstrating the recruitment of metastasis enhancing bone 

marrow derived cells to the tumor microenvironment could help explain this paradox.  In 

addition to TGF-β signaling within the tumor cell, strong experimental evidence has also 

shown that an excess of secreted TGF-β could promote tumor progression.  In our 

TβRII(WKO;PY) model of mammary carcinoma cell specific TGF-β signaling deficiency we 

observed a role for TGF-β as a suppressor of tumor initiation, progression and metastasis.  
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We observed differences in overall tumor burden, apoptosis, interaction with the adjacent 

fibrovascular stroma, angiogenesis, tumor cell heterogeneity and inflammation involving 

bone marrow derived cell populations (Bierie et al., 2008; Yang et al., 2008) and Chapter 

III.  However, due to the complexity of the compound phenotype it was difficult to assess 

the molecular mechanisms of TGF-β signaling within the carcinoma cells that ultimately 

regulated the observed effects.  Therefore, we established polyclonal carcinoma cell lines 

from our primary tumor tissues in order to more precisely determine the molecular 

differences present in the TβRII(WKO;PY) and TβRII(fl/fl;PY) models. 

We subjected the carcinoma cells to microarray analyses and identified a 

relatively small number of genes that were differentially regulated when comparing the 

TβRII(WKO;PY) and TβRII(fl/fl;PY) models.  Within this subset of genes, some of those we 

identified were previously described TGF-β responsive target genes.  The identification 

of previously described TGF-β responsive genes in this analysis further substantiated the 

validity of our approach.  Importantly, we were able to identify many genes that were 

differentially regulated between the two models that had not been previously reported.  In 

addition, we were able to identify genes that were TGF-β responsive within one hour of 

stimulation.  Together, these results provide an initial step toward identification of the 

essential molecular details related to mechanisms, including regulation of chemokine 

expression, that mediate TGF-β dependent control of tumor progression and metastasis in 

vivo. 

Our previous work has shown that TGF-β within the carcinoma cell can regulate 

adjacent stromal-epithelial and host-tumor interactions within the tumor 

microenvironment (Bierie et al., 2008; Yang et al., 2008) and Chapter III.  In addition, 
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our previously reported results and preliminary gene expression data suggested that the 

chemokines Cxcl1, Cxcl5 and Ccl20 were regulated by TGF-β in mammary carcinoma 

cells (Bierie et al., 2008; Yang et al., 2008) and Chapter III.  Functionally, we were able 

to demonstrate that signaling through Cxcr2, a common receptor for Cxcl1 and Cxcl5, 

was responsible for a significant proportion of the enhanced immature bone marrow 

derived cell (myeloid immune suppressor cell; MISC) recruitment to the TβRII(WKO;PY) 

tumor microenvironment when compared to the TβRII(fl/fl;PY) controls (Yang et al., 2008).  

In our current study, we have now been able to demonstrate that these gene products are 

consistently suppressed by TGF-β in multiple independently derived TβRII(fl/fl;PY) 

mammary carcinoma cell lines.  Upon TGF-β stimulation, suppression of Cxcl1, Cxcl5 

and Ccl20 expression was a feature that significantly differentiated the TβRII(WKO;PY) and 

TβRII(fl/fl;PY) models.  We have also been able to determine that the regulation of this 

chemokine subset by TGF-β is not specific for the MMTV-PyVmT transformed cell 

populations.  In the non-transformed HC11 and NMuMG mammary epithelial cell lines, 

TGF-β significantly suppressed Cxcl1, Cxcl5 and Ccl20 expression.  In the absence of 

TGF-β treatment, OSM stimulation increased the expression of these chemokines.  Since 

OSM presence is clinically relevant in breast cancer (Crichton et al., 1996; Holzer et al., 

2004; Jorcyk et al., 2006), the link we have identified with TGF-β signaling is likely 

important.  Specifically, it has been shown that a majority of inflammatory breast cancers 

express this ligand (Holzer et al., 2004), and our current results suggest that TGF-β and 

OSM dependent chemokine production may have a functional role in the regulation of 

this type of breast cancer that is often aggressive and associated with poor patient 

prognosis (Lopez and Porter, 1996).  Further, Cxcl1 expression was recently correlated 
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with a metastasis gene expression signature in human breast cancer (Minn et al., 2005b).  

Together, the data suggest that TGF-β can suppress basal and OSM induced Cxcl1, Cxcl5 

and Ccl20 expression in non-transformed mammary epithelium and in carcinoma cells 

thereby regulating inflammation that is known to promote tumor progression and 

metastasis. 

The power of molecular profiling has been highlighted in recent years, since it has 

been shown to effectively predict for mammary tumor subtype and relapse-free survival 

over time (Carroll et al., 2006; Ivshina et al., 2006; Loi et al., 2007; Loi et al., 2008; 

Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003; van 't Veer et al., 2002; van de 

Vijver et al., 2002; Wang et al., 2005b).  According to the literature, many of the genes 

that we identified in this study may have a significant role in the regulation of tumor 

progression and metastasis (Table 1 and 2).  However, the literature at the level of gene 

by gene analysis often lacks the ability to predict interactions between signaling networks 

that ultimately regulate the process of tumor progression and metastasis in vivo.  Further, 

it is not feasible to concurrently upregulate roughly two-hundred genes and downregulate 

seventy others in a single cell to experimentally model the compound networking 

interactions in vivo.  Therefore, we used the gene expression signatures obtained in our 

current study to compare with the individual profiles obtained in five previously 

described human breast cancer data sets representing 1646 breast cancer patients (Carroll 

et al., 2006; Ivshina et al., 2006; Loi et al., 2007; Loi et al., 2008; van 't Veer et al., 2002; 

van de Vijver et al., 2002; Wang et al., 2005b).  The patient data included tumor subtype 

classification, size, lymph node status, ER status, treatment regimen and survival over a 

ten year period.  Importantly, we were able to determine that the TβRII(WKO;PY) signature 
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predicted for reduced relapse-free survival in lymph node positive, ER+ or tamoxifen 

only treated patients.  There was also a trend toward reduced relapse-free survival in 

patients that presented with primary tumors larger than two centimeters and exhibited a 

gene expression signature that correlated with the TβRII(WKO;PY) profile.  Notably, the 

TGF-β treatment gene expression signature did not predict for a difference in relapse-free 

survival in any of the correlative analyses that we conducted.  

In summary, we have now been able to identify significant molecular differences 

in mammary carcinoma cells lacking the ability to respond to TGF-β when compared to 

mammary carcinoma cells that are capable of a TGF-β response.  The molecular 

signatures suggested that intrinsic, stromal-epithelial and host-tumor interactions together 

mediate tumor progression and metastasis as a result of the tumor cell response to TGF-β 

stimulation.  Further at the time of diagnosis in human breast cancer, if a molecular 

signature that resembles the carcinoma cell specific TGF-β signaling deficiency is 

detected in Luminal A subtype, ER+ and lymph node positive tumors, the corresponding 

patients may benefit from an aggressive post-operative treatment regimen to increase 

their chance for relapse-free survival. 
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CHAPTER V 

 

DISCUSSION AND FUTURE DIRECTIONS 
 

 

My work presented herein has primarily focused on the role for normal epithelial 

and carcinoma cell response to TGF-β signaling in vivo and in vitro.  The results have led 

to the identification of intrinsic, stromal-epithelial and host-tumor interactions that 

significantly regulate normal mammary development and tumorigenesis.  Notably, the 

results demonstrate that the regulation of tumorigenesis by carcinoma cell specific 

responses to TGF-β signaling can promote carcinoma cell apoptosis, interaction with the 

adjacent fibrovascular stroma, decreased tumor cell heterogeneity, suppression of 

inflammatory gene expression and suppression of metastasis enhancing bone marrow 

derived cell recruitment.  Further, upon loss of signaling through this pathway in 

mammary carcinoma cells, a global gene expression profile was induced that correlated 

with increased risk of relapse for patients that had Luminal A, ER+ or lymph node 

positive tumors at the time of tissue collection.  Together, these studies have made a 

significant step forward with regard to our understanding of the complex role for TGF-β 

signaling during normal mammary development and subsequent tumorigenesis.  The 

following text will review the previous literature to put our findings in context and 

discuss the impact of our results with regard to human disease. 
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The TGF-β superfamily 
 

The TGF-β superfamily now contains around 40 secreted ligands that potently 

regulate cell growth and differentiation through heteromeric signaling complexes 

composed of TGF-β type I and type II receptors (TGFβ-RI and TGFβ-RII respectively).  

The TGFβ-RIs, activin-like receptors 1-7 (Alk-1, Alk-2, Alk-3, Alk-4, Alk-5, Alk-6 and 

Alk-7), pair with specific TGFβ-RIIs (TβRII, BmpRII, ActRII, ActRIIB and AmhRII) to 

transduce signals from TGF-β superfamily ligands (Shi and Massague, 2003).   TGF-β1, 

TGF-β2 and TGF-β3 signal through a TβRII in association with Alk-1, Alk-2 or Alk-5.  

In most cell types, the TβRII/Alk-5 complex transduces the signal from TGF-β1, TGF-β2 

and TGF-β3 whereas TβRII also associates with Alk-1 in endothelial cells and Alk-2 in 

cell types related to cardiovascular development (Derynck and Zhang, 2003; 

Desgrosellier et al., 2005; Lai et al., 2000; Lebrin et al., 2005; Miettinen et al., 1994; 

Olivey et al., 2006).  

Important differences in the alternate heteromeric TβRII signaling complexes 

initiated by TGF-β involves activation of alternate Smad family members.  In general, the 

Smad family of proteins influences cell behavior through transcriptional regulation of 

gene expression.  Alk-1 and Alk-2 activate receptor associated Smad (R-Smad) proteins 

Smad1, Smad5 and Smad8, while Alk-5 activates Smad2 and Smad3 (Derynck and 

Zhang, 2003; Desgrosellier et al., 2005; Lai et al., 2000; Lebrin et al., 2005; Miettinen et 

al., 1994; Olivey et al., 2006).  The Alk-5 kinase domain specifically mediates 

downstream signal transduction in response to TGF-β stimulation, however it is 

structurally similar to Alk-4 and Alk-7 kinase domains.  The structural similarity between 

the Alk-4, Alk-5 and Alk-7 kinase domains contributes to the observed inhibition of Alk-
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4 and Alk-7 using small molecule inhibitors designed to attenuate Alk-5 kinase activity 

(Peng et al., 2005).  Although similar to Alk-5 structurally, the Alk4 and Alk-7 type I 

receptors preferentially bind the activin type II-B receptor, ActR-IIB, and display 

extracellular domains that are specific for alternate TGF-β family ligands.  The Alk-4 

receptor binds ActR-IIB in the presence of inhibin ligands whereas the Alk-7 binds the 

ActR-IIB receptor in the presence of Nodal, Gdf-1 or Vg1.  In addition, the Alk-7/Act-

RIIB receptor pair has been shown to bind the accessory receptor Cripto.  Importantly, 

both Alk-4 and Alk-7, like Alk-5 activate downstream Smad 2 and Smad3 signaling (Shi 

and Massague, 2003). 

 

TGF-β dependent regulation of mammary development 
 

To understand how TGF-β regulates tumorigenesis, it is essential to also 

understand how signaling through this pathway regulates normal mammary development.  

During the process of normal mammary development, the three TGF-β ligands appear to 

be functionally redundant and when present they are able to significantly inhibit epithelial 

cell growth.  The developmental regulation derived from TGF-β signaling in vivo, was 

initially demonstrated through administration of slow release TGF-β1, TGF-β2 or TGF-

β3 implants within the mammary fat pad (Robinson et al., 1991; Silberstein and Daniel, 

1987).  The regulation of epithelial cell growth by TGF-β in these experiments resulted in 

the reduction of lateral ductal branching, decreased proliferation in the mammary stem 

cell associated endcaps and increased involution in the ductal endbuds.  One of the 

earliest studies in vivo, involving transgenic expression of TGF-β in mice, featured the 

production of a TGF-β ligand targeted to the mammary gland under control of the 
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MMTV promoter/enhancer (MMTV-TGF-β1) (Pierce et al., 1993).  In this study, it was 

shown that expression of TGF-β1 by the mammary epithelium resulted in hypoplastic 

growth of mammary ducts.  In an effort to understand the role for TGF-β at later points 

during functional differentiation in the mammary gland, the TGF-β1 ligand was 

expressed under control of the whey acidic protein (WAP) gene promoter, and the result 

was a decrease in the formation of lobular alveolar structures, milk protein expression 

and premature stem cell senescence (Boulanger et al., 2005; Jhappan et al., 1993; Kordon 

et al., 1995).  The data again suggested that TGF-β had a role in suppressing epithelial 

growth and also suggested that it had a role in regulation of milk protein gene expression.  

In similar studies, the TGF-β3 ligand was shown to have an impact on mammary 

involution when expressed from mammary epithelium under control of the beta-

lactoglobulin (BLG) gene promoter (Nguyen and Pollard, 2000).  However, we have now 

been able to identify an additional feature of TGF-β signaling during mammary 

involution that suggests that signaling through this pathway is essential for suppression of 

terminal differentiation during late stages of this process in order to completely remodel 

the mammary gland.  The previously described apoptotic role for TGF-β signaling was 

shown to be prevalent during the first three days of involution.  However, commitment to 

cell death is not thought to be as prevalent at this reversible stage of involution as it is 

during the second irreversible stage of mammary involution.  Importantly, our data 

demonstrates that in the complete absence of epithelial cell response to TGF-β signaling, 

there is not a significant shift in the timing of commitment to the second irreversible 

stage of mammary involution.  Rather, it appears that after initiation of the second stage 

of involution, TGF-β signaling is essential for suppression of spontaneous terminal 
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differentiation.  Together, our results suggest that in addition to cytostatic and apoptotic 

control of mammary epithelial cell behavior, TGF-β signaling can regulate the mammary 

epithelial cell response to endocrine signaling during late stages of mammary involution 

in vivo.  

Previous work in the field have been able to demonstrate clear links between the 

TGF-β pathway and endocrine signaling associated with mammary epithelium.  One of 

the first studies to suggest a role for TGF-β signaling demonstrated that when expressed 

under control of the Wap promoter, TGF-β1 resulted in normal ductal development with 

impaired lobular alveolar differentiation and subsequent deficiencies in the ability to 

lactate (Jhappan et al., 1993).  Later, it was suggested that TGF-β restrains the response 

of differentiated mammary epithelium to systemic hormones in correlation with estrogen 

receptor-alpha (ER-α) expression (Ewan et al., 2005).  In this study, mice that were 

heterozygous for Tgfb1 were used to determine the rate of estrogen receptor-alpha 

positive mammary epithelial cell proliferation during estrus.  Loss of TGF-β signaling 

resulted in an increased number of ERα+ cell populations in vivo.  The loss of function 

experiments were complemented by gain of function experiments through overexpression 

of TGF-β1 under control of the MMTV promoter/enhancer.  Increased TGF-β expression 

resulted in a decreased number of ERα+ cells within the mammary tissues.  The results, 

in both systems demonstrated that activation of the TGF-β pathway negatively regulated 

estrogen receptor positive mammary epithelial cell proliferation in vivo (Ewan et al., 

2005). 

Previously it has been shown that TGF-β and Prolactin (Prl) exert opposing 

effects on mammary epithelial cell survival (Bailey et al., 2004), however this 

174 
 



observation did not exclude the effect of Prl on endocrine hormone production that may 

have had a significant impact on mammary development and function in vivo.  The 

difficulty of interpreting the prolactin impact in correlation with TGF-β signaling is 

complicated by previous work demonstrating that prolactin can act as a systemic 

stimulant for production of endocrine effectors in vivo.  Importantly, this includes the 

production of estrogen that is known to significantly interact with TGF-β signaling to 

regulate mammary development.  The importance of systemic regulation of endocrine 

signaling was demonstrated in early studies related to this process in vivo.  Systemic 

administration of prolactin was sufficient to reduce mouse mammary epithelial cell 

apoptosis during involution (Sheffield and Kotolski, 1992).  However, local delivery of 

prolactin using slow release pellet implants was shown to exert no effect on mammary 

involution (Feng et al., 1995).  The results associated with these studies supported a 

hypothesis postulated nearly thirty years ago wherein systemic prolactin was thought to 

enhance endocrine factors that subsequently regulate mammary involution whereas local 

prolactin stimulation alone would not be sufficient for regulation of this process in vivo 

(Ossowski et al., 1979). 

The regulation of mammary development by TGF-β and prolactin signaling is 

further complicated by data demonstrating that the observed effect of estrogen 

stimulation involves a mammary stromal response through paracrine signaling that 

significantly regulates the adjacent epithelium (Cunha et al., 1997; Mueller et al., 2002).  

The significant effect of mammary stroma on adjacent epithelial cell fate and 

differentiation has been known for many years.  In early studies, embryonic mesenchyme 

was shown to regulate the fate of mammary epithelial cell progenitors (Topper and 
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Freeman, 1980).  In this early work, mammary anlagen when recombined with mammary 

mesenchyme produced outgrowths that resembled normal mammary tissue with ductal 

structures and terminal end buds.  However, if the embryonic mammary anlagen was 

recombined with salivary mesenchyme the progenitors formed adenomere-like structures 

resembling those typically associated with salivary tissue (Topper and Freeman, 1980).  

The paracrine stromal-epithelial relationship involving ERα was clearly shown in 

experiments that demonstrated mammary epithelial ducts could be formed in the absence 

of epithelial cell specific expression of ERα (Mueller et al., 2002).  When stimulated with 

estrogen and progesterone, the stromal response was sufficient to promote the full effect 

normally observed with regard to adjacent epithelial cell proliferation in vivo.  However, 

in the absence of stromal ERα no mammary epithelial growth was observed unless the 

mice were treated with high levels of estrogen and progesterone.  Importantly, only a 

rudimentary ductal system was observed with stromal loss of ERα, whereas full lobular 

alveolar proliferation was observed when ERα was present in the stroma (Mueller et al., 

2002).  The stromal contribution to ERα signaling was similar to progesterone receptor 

results attained through tissue recombination experiments.  Transplanting PR null 

mammary epithelium into a wild type host demonstrated that a significant response to 

progesterone is dependent upon epithelial cell specific PR expression during mammary 

development (Humphreys et al., 1997).  Interestingly, using the reciprocal transplant 

approach, this study also revealed a requirement for stromal PR expression to promote 

proper ductal extension within developing mammary tissue.  Together, these results and 

supporting literature suggest that prolactin mediates the production of endocrine factors 
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that subsequently interact with the TGF-β pathway to regulate terminal differentiation of 

mammary epithelium in vivo. 

Our current results highlight the role for TGF-β signaling in the suppression of 

terminal differentiation in mammary epithelium during post-lactation involution.  Over 

the years we and others have made observations related to the apparent delay of 

mammary involution in our mouse models that have mammary epithelial cell specific 

attenuation of TGF-β signaling.  In the past, our interpretation has been that TGF-β has 

an effect on the involution process through inhibition of apoptosis in mammary 

epithelium.  However, we now realize that the observed phenotypes likely represent 

TGF-β dependent regulation of at least two distinct processes that correspond with 

mammary involution: regulation of apoptosis during the first phase of involution and 

perhaps more importantly suppression of terminal differentiation late during the second 

phase of involution. 

Despite well documented regulation of apoptosis during the first three days of 

mammary involution, our results demonstrate that many of the processes that should 

occur during transition from the first-to-second phase of involution are not significantly 

altered when TGF-β signaling is completely abrogated in mammary epithelium (Chapter 

II).  This juncture normally denotes the timepoint when mammary involution changes 

from a reversible to irreversible process in vivo.  During the second stage of mammary 

involution, activation of caspase and metalloproteinase proteins are known to correlate 

with significant mammary epithelial cell death.  Mammary epithelial cell death during the 

second phase of involution normally proceeds until the gland is completely remodeled, 

thereby resembling a virgin-like state.  However, in our tissues with ablated TGF-β 
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signaling in mammary epithelium, terminal differentiation is silenced at the transition 

point then subsequently re-initiated late during this process.  These results and others 

presented in our current work (Chapter II), demonstrate that suppression of terminal 

differentiation by TGF-β is essential for remodeling of mammary tissue during post-

lactation involution in vivo.   

Importantly, the previous literature does not accurately represent the dual role for 

TGF-β during mammary involution, and the work presented herein makes a significant 

step forward with regard to addressing this concept in vivo (Chapter II).  Specifically, we 

have previously shown that mammary epithelial cell specific loss of the type II TGF-β 

receptor (TβRII) results in selective ablation of TβRII deficient cell populations in vivo.  

To subvert complications in analysis that arise from the gradual loss of TβRII deficient 

cell populations we have now targeted TβRII ablation within mammary epithelium using 

the WAP-Cre transgene [TβRII(WKO)Rosa26R].  Interestingly, our results demonstrated 

that ablation of TGF-β signaling did not have a significant impact on several key 

processes during the transition from first to second phase of mammary involution.  

Importantly, at day three of mammary involution the Na–Pi type IIb co-transporter 

(Npt2b), a selective marker for active lactation in luminal lobular alveolar epithelium, 

was completely silenced in the WAP-Cre control and TβRII(WKO)Rosa26R tissues.  

However, by day seven of involution the TβRII(WKO)Rosa26R tissues had distended 

lobular alveoli with robust Npt2b expression at the apical luminal surface.  The Npt2b 

expression and corresponding increase in WAP mRNA expression, suggested that the 

expansion was due to re-initiation of an active lactation program rather than the result of 

residual milk protein and lipid accumulation.  In summary, our current results suggest 
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that a critical function for TGF-β signaling in mammary epithelium during the second 

stage of involution and remodeling is suppression of spontaneous terminal differentiation 

in vivo. 

 

Alterations of the TGF-β pathway in human cancer 
 

The TGF-β ligands (TGF-β1, TGF-β2 and TGF-β3), receptors and downstream 

signaling components have been the subject of a large number of studies involving cancer 

over the past two decades.  It is now generally accepted that the transforming growth 

factor beta ligands TGF-β1, TGF-β2 and TGF-β3 are potent regulators of cell growth, 

differentiation and migration (Derynck and Zhang, 2003; Siegel and Massague, 2003).  A 

large number of studies have identified mutations in components associated with the 

TGF-β pathway that correlate with cancer occurrence and prognosis in a diverse array of 

human tissues (Levy and Hill, 2006).  In human, overexpression of TGF-β1 has been 

associated with breast, colon, esophageal, gastric, hepatocellular, lung and pancreatic 

cancer (Bierie and Moses, 2006a; Levy and Hill, 2006).  Importantly, the overexpression 

of TGF-β in human cancer has been correlated with tumor progression, metastasis, 

angiogenesis and a poor prognosis (Bierie and Moses, 2006a; Levy and Hill, 2006).   

However, TGF-β mediated signaling has a dual role in the regulation of cancer; initially 

as a tumor suppressor and then as the tumor develops, as a positive mediator of tumor 

progression.  Retrospective studies have revealed that in various tumor types, TGFBR1, 

TGFBR2, SMAD2 and SMAD4 are commonly inactivated through mutation or allelic loss 

of heterozygosity (Bierie and Moses, 2006a; Grady, 2004; Levy and Hill, 2006; 
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Markowitz et al., 1995; Pasche, 2001). In addition to these analyses, common TGFBR2 

mutations in the 10bp adenine repeat (polyA10) region have been introduced 

experimentally through controlled induction of microsatellite instability (MSI), providing 

a causal relationship between MSI and the reported observations of TGFBR2 polyA10 

mutations in human cancer (Bacon et al., 2001).  Furthermore, transcriptional repression 

and DNA methylation of TGFBR1 and TGFBR2 also occur in human cancer (Kang et al., 

1999; Kim et al., 2000).  Transcriptional repression of TGFBR2 is particularly important, 

since it appears that this mode of regulation may be responsible for most of the tumor 

associated TGF-β resistance observed in vivo (Kim et al., 2000).  Retrospective studies, 

though informative, do not provide a mechanistic insight into the role for TGF-β 

signaling in cancer. Most of the recent valuable insights into the function of the TGF-β 

pathway in tumorigenesis have come from mouse models. 

 

Mouse models permit the study of TGF-β signaling in vivo 
 

Many elegant systems have been used to demonstrate that TGF-β can directly 

contribute to the regulation of tumor cell autonomous signaling, immune evasion, 

angiogenesis, fibroblast-to-myofibroblast transdifferentiation and stromal-epithelial 

crosstalk (Akhurst and Derynck, 2001; Bierie and Moses, 2006a; Derynck et al., 2001; 

Lebrin et al., 2005; Siegel and Massague, 2003).  Importantly, the use of mouse models 

has enabled the dissection of the function for TGF-β in tumor development and 

progression when TGF-β is expressed by the tumor cells themselves, or when it is 

expressed by the cellular components of the surrounding tumor stroma. Moreover, these 

models have been used to differentiate between the effect of TGF-β on epithelial cells, 
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the established tumor cells or on the surrounding stromal cells.  In this respect, 

experimental mouse models related to breast and skin development have been 

particularly useful.  However, homozygous Tgfβ1, Tgfβ2, Tgfβ3, Tgfbr1 or Tgfbr2 

deletions in mice are lethal (Pangas and Matzuk, 2004), and for this reason manipulation 

of the TGF-β pathway has been largely achieved through transgene expression or 

conditional null mutations in vivo.  The transgenes used modify the TGF-β pathway in 

various ways including overexpression of the ligand or production of a dominant active 

or negative receptor — usually a dominant active TβRI or a dominant negative TβRII — 

under the control of a tissue specific promoter.   

The function of TGF-β in breast development and cancer has been studied using 

various mouse models. Many of the models use a mouse mammary tumor virus (MMTV) 

promoter/enhancer to drive expression of transgenes in the mammary gland epithelium 

throughout development, pregnancy, lactation and involution.  Other models use the whey 

acidic protein (WAP) promoter to drive expression of transgene in the mammary lobular-

alveolar epithelium beginning around day 13 of pregnancy through to the second day of 

post-lactation involution.  Many of these mouse models have been cross bred with 

transgenic mice that have a predisposition towards the development of breast tumors, 

such as the MMTV-c-Neu also known as ErbB2 mice, MMTV-TGFα mice and MMTV-

polyoma virus middle T antigen (PyVmT) mice (Guy et al., 1992a; Guy et al., 1992b; 

Matsui et al., 1990).  In addition to transgene expression, chemically induced 

carcinogenesis is used, though with less frequency, to induce mammary tumors in mice.  

Studies of skin carcinogenesis in mice often use defined chemicals to induce skin tumors 

and this is a reliable method with which to study the effect of TGF-β signaling in vivo. 
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Functional effects of mammary epithelial cell derived TGF-β production on tumor 
initiation and progression 
 

The mammary gland can develop from a single stem cell producing ductal, 

lobular-alveolar and myoepithelial cell types that proceed through several distinct stages 

including virgin, pregnancy and lactation followed by a post-lactation involution that 

returns the gland to a virgin-like state (Hennighausen and Robinson, 2005; Shackleton et 

al., 2006).  TGF-β signaling can potently regulate the mammary stem cell and 

differentiated epithelial cell populations in vivo (Boulanger and Smith, 2001; Boulanger 

et al., 2005; Jhappan et al., 1993; Joseph et al., 1999; Kordon et al., 1995; Nguyen and 

Pollard, 2000; Pierce et al., 1993).  Expression of a constitutively active TGF-β1 protein 

(containing two site specific mutations that replace cysteines with serine residues at 

positions 223 and 225 to prevent binding of the latency associated peptide (LAP) that 

would otherwise inactivate the mature TGF-β1 protein product), when placed under the 

control of the MMTV promoter/enhancer, resulted in the development of mammary 

ductal hypoplasia (Lebrin et al., 2005).  Although ductal development was impaired in 

these mice, lobular-alveolar structures were able to develop sufficiently to sustain the 

survival of full litters during lactation.  Mammary epithelium-specific expression of TGF-

β1 under control of the WAP promoter (WAP-TGF-β1) also resulted in inhibition of 

lobular-alveolar structures and reduced milk protein expression (Jhappan et al., 1993).  

Premature aging of the mammary epithelial cells was evident in this mouse model and 

this has been suggested to be the result of TGF-β-induced stem cell senescence 

(Boulanger et al., 2005; Kordon et al., 1995).  These initial studies indicated that 

overexpression of TGF-β in the mammary epithelium is growth inhibitory and suggested 

that it might have a tumor suppressive effect in cancer. 
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The first study to clearly address the function of TGF-β in mammary carcinoma 

development in vivo used MMTV-TGF-β1 transgenic mice either crossed with MMTV-

TGF-α transgenic mice, or MMTV-TGF-β1 mice treated with 7,12-

dimethylbenz[a]anthracene (DMBA) to induce mammary tumors (Pierce et al., 1995).  

The time taken for the tumors to develop was increased in the bigenic mouse model 

compared with the mice expressing TGF-α alone. In addition, the MMTV-TGF-β1 

transgenic mice were resistant to DMBA-induced mammary tumorigenesis, and the 

induction of breast tumors induced by injecting an active form of MMTV, was inhibited 

in WAP-TGF-β1 transgenic mice (Boulanger and Smith, 2001).  Interestingly, when the 

MMTV-TGF-β1 transgenics were crossed with MMTV-c-Neu transgenics, there was no 

difference in the time taken for the tumors to develop in the bigenic versus the single 

transgenic animals (Muraoka et al., 2003).  However, tumors from the bigenic mice 

demonstrated higher levels of vimentin expression compared with the MMTV-c-Neu 

controls.  Increased vimentin expression is associated with increased cellular mobility 

and  tumors from the bigenic animals were more invasive and metastatic than in the 

MMTV-c-Neu controls.  Finally, expression of a tetracycline-inducible (tet-op7) MMTV-

TGF-β transgene for 2 weeks in MMTV-PyVmT;tet-op7 MMTV-TGF-β mice with 

established breast tumors produced a ten fold increase in the number of lung metastases, 

while no effect was observed in primary tumor size or rate of cell proliferation with the 

induction of TGF-β expression (Muraoka-Cook et al., 2004).  Together the results from 

these studies involving the expression of TGF-β by epithelial cells indicate that TGF β 

has a role in early tumor suppression but later it can contribute to tumor progression.   
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Mammary epithelial cell response to TGF-β signaling can regulate tumor initiation 
and progression  
 

The studies above increased our understanding of how epithelial cell derived 

TGF-β production could influence mammary development and tumorigenesis, but they 

did not specifically address the response of the epithelial cells themselves to TGF-β 

expression (the cell autonomous response) in vivo.  This has been addressed through the 

expression of dominant active and dominant negative TGF-β receptors in vivo.  

Expression of the dominant negative Tgfbr2 transgene (MMTV-DNIIR) in mammary 

epithelium resulted in alveolar hyperplasia and differentiation in virgin mice, precocious 

differentiation during early pregnancy, and unlike the TGF-β transgenic mice, mammary 

gland development during late pregnancy and lactation were impaired, and involution 

was delayed (Gorska et al., 2003).  MMTV-DNIIR mice develop spontaneous tumors at 

approximately 27.5 months of age, and when crossed with MMTV-TGF-α mice, the time 

taken for the tumors to develop and incidence of invasion were decreased. The invasive 

tumors, when they did occur, showed that expression of the MMTV-DNIIR transgene 

was repressed, indicating that re-establishment of the TGF-β signaling pathway was 

selected for in these invading tumor cells.  Precocious lobular-alveolar differentiation and 

aberrant proliferation was also observed in mice that express antisense Tgfbr2 under 

control of the MMTV promoter/enhancer, further indicating that the inhibition of TGF-β 

signaling in mammary epithelium could result in enhanced growth (Lenferink et al., 

2003).  In another study using a different dominant negative TβRII receptor construct 

(MMTV-TβRIIΔCyt), transgenic mice were crossed with MMTV-c-NeuYB and MMTV-c-

NeuYD transgenic mice to induce mammary tumors (Siegel and Massague, 2003).  The 

modified Neu transgenes activate only a restricted number of downstream signaling 
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molecules that are dependent on the binding of the adaptors molecules GRB2 (YB) or 

Shc (YD). Crossing TβRIIΔCyt mice with either MMTV-c-NeuYB or MMTV-c-NeuYD 

mice resulted in a decreased time to tumor development and the development of 

metastases within the lung parenchyma (extravascular metastases).  It was further shown 

in this study that expression of a dominant active TβRI (MMTV-TβRIAAD) was also able 

to influence mammary development and tumorigenesis.  The TβRIAAD construct has 3 

mutations: T204D to activate the kinase and L193A and P194A, which prevent inhibition 

of TβR1 by the ligand FKBP-12.  The mice were unable to lactate properly as a result of 

increased rates of apoptosis within the mammary epithelium and decreased rates of 

proliferation.  These mice were also crossed with the MMTV-c-NeuYB and MMTV-c-

NeuYD mice.  In both crosses the tumors took longer to develop compared with controls, 

but these mice had an increased incidence of lung metastases.  The results using the 

TβRIAAD construct were similar to those using the constitutively active Alk5T204D (Oft et 

al., 1998).  In the MMTV-Alk5T204D transgenic mouse model spontaneous tumors did not 

occur, however when crossed with MMTV-Neu mice the bigenic mice had an increased 

incidence of metastases compared with the MMTV–Neu mice.  Systemic inhibition of 

TGF-β1 using the chimeric IgG–TβRII fusion protein (Fc–TβRII) also reduced tumor cell 

viability, migration, intravasation and lung metastasis in the MMTV-PyVmT transgenic 

mouse model, and mice transplanted with 4T1 or EMT6 mammary tumor cells (Muraoka 

et al., 2002).  Together the results from transgenic TGF-β, dnTβRII, TβRIIΔCyt, TβRIAAD 

and Alk5T240D expression during development and tumorigenesis further indicate that 

TGF-β signaling can act as an early tumor suppressor, but can later enhance tumor 

progression (Table 6). 
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Table 6.  Mouse models used to study mammary development and tumorigenesis.  
Many of the models use a mouse mammary tumor virus (MMTV) promoter/enhancer 
to drive expression of transgenes in the mammary gland epithelium throughout 
development, pregnancy, lactation and involution.  The whey acidic protein (WAP) 
promoter drives expression of transgenes in the mammary lobular-alveolar epithelium 
around day 13 of pregnancy through the second day of post-lactation involution.  The 
beta-lactoglobulin (Blg) promoter drives expression primarily in secretory lobular-
alveolar epithelium.  In the mammary gland the use of a zinc inducible 
metallothionine (MT) promoter resulted in transgene expression primarily in the 
fibroblast population.  TGF-β1s223/225, TGF-β3, TβRI (T204D) and TβRI (AAD) 
activated, while dominant negative TGF-β type II receptor (dnTβRII) and the chimeric 
IgG/TβRII fusion protein (Fc:TbetaRII) attenuated the TGF-β pathway in vivo.  In the 
conditional Tgfbr2 mouse model, expression of Cre in mammary epithelium, mediated 
recombination of LoxP sites flanking exon 2 of the Tgfbr2 gene, resulting in excision 
of the flanked region.  In addition to chemical carcinogenesis, tumors occurred 
spontaneously or were induced through expression of transforming growth factor 
alpha (TGF-α), polyoma middle T antigen (PyVmT) or ErbB2 (neu) as indicated.   
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Attenuation versus complete mammary specific deletion of TβRII signaling during 
development and tumorigenesis 
 

During mammary development, deletion of the loxP flanked exon 2 from Tgfbr2 

using MMTV-Cre mediated recombination resulted in lobular-alveolar hyperplasia 

accompanied by an increase in the rate of apoptosis (Forrester et al., 2005), much like the 

results from the expression of a dominant negative TβRII transgene, TβRII antisense or 

loss of a Tgfβ1 allele in the mammary gland (Ewan et al., 2002; Gorska et al., 2003; 

Lenferink et al., 2003)  This result indicated that TGF-β signaling during development in 

the mammary epithelium may function to limit growth while concurrently acting as a cell 

survival signal.  It was previously shown that the response to systemic hormones could be 

increased by the reduction of TGF-β signaling in the mammary epithelium (Ewan et al., 

2005; Ewan et al., 2002), however this link has not been tested at present in the TβRII 

conditional null mouse model.  When conditional MMTV-Cre TβRII mice were crossed 

with the MMTV-PyVmT mouse line, mammary tumors developed more rapidly and an 

increase in the numbers of lung metastases was observed (Forrester et al., 2005).  This 

model was the first to demonstrate the effect of complete ablation of endogenous TβRII 

expression in the context of cell autonomous tumor initiation and progression in vivo.  

The results obtained in the absence of TβRII were interesting, since they appeared 

contradictory to the previous results discussed above--that TGF-β is a suppressive factor 

during early tumorigenesis, but later it increases tumor progression and metastasis 

(Gorska et al., 2003; Muraoka-Cook et al., 2004; Muraoka-Cook et al., 2005b; Oft et al., 

1998; Siegel et al., 2003; Tang et al., 2003).  Furthermore, it had been hypothesized that 

TGF-β signaling was necessary for invasion and metastasis to occur through the 

induction of an epithelial-mesenchymal transition (EMT) in vivo (Deckers et al., 2006; 
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Oft et al., 1998).  It is now clear that there are differences between reducing the TGF-β 

signal in a tumor cell through mechanisms such as dominant negative receptor expression 

and genetic modifications that lead to a complete loss of TβRII expression.  Together, 

observations from these pivotal mouse studies, both new and old, indicate that the 

presence and relative level of TGF-β pathway activation together regulate cancer cell 

behavior in vivo. 

 

Lessons related to the dual role for TGF-β regulation of tumorigenesis from studies 
using skin carcinogenesis as a model system 
 

In a defining set of experiments, TGF-β was clearly shown to be both a tumor 

suppressor and tumor promoter in vivo in five different mouse models of skin 

carcinogenesis (Cui et al., 1996).  Mice expressing a TGF-β transgene targeted to the 

suprabasal keratinocytes in the skin (four TPA inducible transgenic lines and one 

constitutive line (Cui et al., 1995; Fowlis et al., 1996)), showed that expression of TGF-

β1 was able to initially suppress the growth of benign DMBA/TPA induced tumors and 

then to increase the malignant conversion rates of the benign papillomas, the rate of 

tumor progression (Cui et al., 1996).  Interestingly, endogenous expression of TGF-β1 

and TGF-β3 was increased in the spindle cell carcinomas (Cui et al., 1996).  This study 

was later complemented by inhibition of TGF-β signaling through tissue specific 

transgenic expression of a dominant negative TβRII in mouse epidermal basal and 

follicular cells (Amendt et al., 1998).  Expression of this transgene did not disturb normal 

homeostasis.  However, attenuation of TGF-β signaling in the basal and follicular cells 

did enhance carcinogenesis, with a 25% increase in the conversion frequency from 
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papilloma to carcinoma, during TPA induced tumor promotion after initiation by DMBA 

(Amendt et al., 1998).  In this study, it was also reported that carcinomas occurred more 

frequently in transgenic mice after DMBA induced initiation without administration of a 

tumor promoter such as TPA.  Correlating with these results, chronic TPA administration 

was shown to increase the rate of proliferation in the epidermis of transgenic mice 

expressing the dominant negative TβRII transgene (Amendt et al., 1998).   

Similar studies later confirmed and extended these initial observations (Go et al., 

2000; Go et al., 1999).  Inducible expression of TGF-β1 in mice, under the control of the 

epidermal interfollicular keratinocyte specific loricrin promoter, demonstrated that early 

expression resulted in tumor suppression and induction at later stages promoted a rapid 

progression to metastasis (Wang et al., 1999; Weeks et al., 2001).  In this system a 

reduction in the expression level of Smad2, Smad3, Smad4, Alk-5 and TβRII was 

observed in the DMBA/TPA induced papillomas from the TGF-β1 expressing transgenic 

mice, but it was not possible to determine if this reflected normal events during tumor 

progression or artifacts due to prolonged transgenic TGF-β1 expression (Han et al., 2005; 

Weeks et al., 2001).  These results correlate with the pattern of TGF-β expression in 

human skin cancer samples: immunohistochemistry showed that increased expression of 

TGF-β1 was evident and suppression of TβRII expression correlated with tumor 

progression (Han et al., 2005).  In order to address issues related to concurrent cell 

autonomous induction of TGF-β1 expression and the downregulation of components 

from the TGF-β signaling pathway in skin tumorigenesis, the same TGF-β1 transgenic 

mouse line was crossed with a loricrin promoter driven dnTβRII mouse line (Han et al., 

2005; Wang et al., 1997). 
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Table 7.  Mouse models used to study skin development and tumorigenesis.  Many 
of the mouse models designed to study the effects of TGF-β in the skin have used the 
keratin 6 and keratin 10 promoters to target suprabasal keratinocytes or the loricrin 
promoter to drive transgene expression in the interfollicular epidermis.  In addition, 
the keratin 5 promoter has been used to drive transgene expression in the basal cell 
compartment and interfollicular epidermis and outer root sheath cells of the hair 
follicle in the skin.  *Inducible expression dependent upon hyperplasia achieved 
through TPA administration.  ** Inducible expression of TGF-β1 s223/225 was achieved 
through transgenic expression of a loricrin promoter driving the GLVPc transactivator 
(a fusion molecule of the truncated progesterone receptor and the GAL4 DNA binding 
domain), and a thymidine kinase promoter with GAL4 binding sites upstream of the 
promoter driving TGF-β1s223/225 expression.  TGF-β1 s223/225 expression activated, 
while dominant negative TGF-β type II receptor (dnTβRII) attenuated the TGF-β 
pathway in vivo.  DMBA/TPA is a common two-step chemical carcinoma induction 
protocol applied to the skin wherein DMBA initiates and TPA promotes 
tumorigenesis.   
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Skin tumors were induced in these mice using DMBA and TPA.  The highest 

occurrence of malignant tumors was observed in the TGF-β1;dnTβRII mice followed by 

the TGF-β1 transgenics, the dnTβRII transgenics and the control mice respectively.  

Interestingly, 30% of the TGF-β1 transgenic animals exhibited spindle cell carcinoma 

(SPCC), whereas lesions in the other genotypes were predominantly classified as 

squamous cell carcinoma.  The SPCC lesions have a characteristic EMT morphology, and 

this correlates with loss of proper junctional adhesion protein localization at the cell 

membrane and increased expression of components of the Notch signaling pathway, 

Hey1 and Jag1.  Conversely, the dnTβRII and TGF-β1;dnTβRII metastases retained 

junction related protein expression at the cell membrane, but despite this, TGF-

β1;dnTβRII mice had the highest rate of metastasis (Han et al., 2005).  These results 

clearly demonstrate that in the skin, TGF-β is an early tumor suppressor, and tumor cell 

autonomous loss of TGF-β response accompanied by an increase in TGF-β production 

can promote tumor progression (Table 7).  

 

Fibroblast associated signaling in the tumor microenvironment 
 

TGF-β mediated signaling has been shown to regulate epithelial and fibroblast 

cell autonomous functions during the past two decades, but recently we are beginning to 

appreciate the magnitude of downstream stromal-epithelial interactions that contribute to 

the regulation of cancer.  Many of the early studies, and pioneering work in the field of 

stromal-epithelial interactions, have been able to demonstrate clear interactions between 

the stromal and epithelial compartments during tumorigenesis.  An illustration for the 
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general stromal-epithelial interactions involved in the regulation of cancer is clearly 

shown when benign prostatic hyperplasia epithelial cells (BPH-1) are grafted under the 

mouse kidney capsule with carcinoma associated fibroblasts (CAFs) (Hayward et al., 

2001).  Further, the malignant transformation of the epithelial cells by the CAFs resulted 

in permanent changes in the epithelial cell population.  The epithelial cells cultured from 

tumors in which BPH-1 and CAF cells had been mixed, were able form colonies in soft 

agar whereas the controls did not acquire this trait (Hayward et al., 2001).  A more recent 

study using human derived CAFs clearly outlined some of the major characteristics for 

these cells and their contribution to adjacent tumor growth (Orimo et al., 2005).  

Fibroblasts extracted from invasive human breast cancers potentiate tumor growth more 

effectively than those isolated from outside the tumor mass.  The fibroblasts isolated from 

within the tumor masses also expressed α-SMA and exhibited an increase in contractility 

which indicates that the majority of these cells may be myofibroblasts.  The CAFs were 

able to promote vascularization, and SDF-1 produced by the fibroblasts contributed to the 

recruitment of endothelial progenitor cells in the tumor mass.  Further, the SDF-1 

produced by the CAFs contributed to an increase in growth through the cognate CXCR4 

receptor expressed by the human breast carcinoma cells (Orimo et al., 2005).  Previous 

experiments profiling gene expression through SAGE analysis resulted in identification 

of several other genes expressed by myofibroblasts including CXCL12 that promote 

tumor growth (Allinen et al., 2004).  The observed CXCL12 expression was verified as a 

myofibroblast limited gene product through mRNA in situ hybridization.  It was shown 

that CXCL12 was able to induce proliferation of MDA-MD-231 and MCF10A cells.  The 

expression of CXCL12 was also able to induce an increase in migration and invasion of 
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the MDA-MB-231 cells (Allinen et al., 2004).  It is clear that stromal fibroblasts and 

myofibroblast cells within the tumor microenvironment have an impact on tumor 

progression. 

Advances in stromal-epithelial signaling related research have been instrumental 

in the analysis of interactions regulating the tumor microenvironment.  The stroma in the 

mammary gland has been shown to regulate the tumorigenesis in adjacent epithelial cells 

when modified in vivo.  Several key studies involving breast cancer have recently 

addressed the issue of stromal-epithelial interactions and the data suggests that stromal 

fibroblasts may act as mediators of the adjacent epithelial cell compartment to regulate 

tumor initiation and progression.  Irradiation of mouse mammary fat pads, can provide an 

activated stromal compartment that promotes tumorigenesis of otherwise non-

tumorigenic epithelial cells (Barcellos-Hoff and Ravani, 2000).  In this study the host 

mammary fat pads were cleared and irradiated to produce an activated stroma in which 

COMMA-D epithelial cells were implanted.  The COMMA-D line harbors genetic 

mutations including the loss of p53 on both alleles, but it does not consistently form 

tumors when implanted into wild type syngeneic non-irradiated control mice.  In the mice 

that were treated by irradiating the cleared mammary fat pads, introduction of this 

epithelial cell line at three days post irradiation produced a four-fold increase in tumor 

incidence at six weeks post implantation.  In addition to an increase in incidence within 

irradiated stromal implants the results indicated an increase in size and rate of tumor 

growth as compared to the controls.  The irradiation in these experiments limited 

systemic contributions to tumor progression though hemibody delivery.  This further 

suggested that local stromal influences were responsible for the observed changes in 
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tumorigenesis since the control and irradiated tissues were implanted within the same 

mouse (Barcellos-Hoff and Ravani, 2000). 

Another important illustration of the precedence for stromal-epithelial interactions 

in cancer research came from a study which, in addition to demonstrating stromal-

epithelial interactions, developed a novel system wherein human stromal cells could be 

engineered into the mouse mammary fat pad thereby allowing introduction of human 

epithelial cells in vivo (Kuperwasser et al., 2004).  Human epithelial cells do not normally 

reconstitute the mouse mammary gland when introduced into clear mammary fat pads 

due to the lack of signals from human mammary fibroblasts that are necessary for their 

function in vivo.  This limitation had previously made it difficult to determine if human 

epithelial cells had the same dependence on fibroblast regulation since well controlled 

experiments could not be adequately constructed to model this interaction.  In the study 

by Kuperwasser and colleagues they were able to circumvent this problem by introducing 

irradiated human fibroblasts admixed with non-irradiated normal fibroblasts into the 

mouse mammary fat pad.  The introduction of the admixed fibroblasts resulted in 

colonization by the human fibroblasts in a process they refer to as humanization of the 

mouse mammary fat pad.  Human epithelial cell organoids (myoepithelial and luminal 

epithelial cell clusters) derived from reduction mammoplasty in patients aged 29-37 years 

old were able to colonize the humanized mouse mammary fat pad when mixed with 

human fibroblasts prior to implantation.  The human epithelial cell colonization resulted 

in growth of normal ductal tissue, benign hyperplastic ducts (hyperplasia), in situ ductal 

cancer (DCIS), and invasive carcinoma.  The resulting tissues, exhibiting various 

hyperplastic and neoplastic lesions, were interesting since the samples used from 
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reduction mammoplasty were relatively normal prior to implantation (Kuperwasser et al., 

2004).  These experiments suggest that in human, as reflected in mouse cancer models, 

stromal signaling can regulate adjacent epithelial cell tumorigenesis. 

 

Fibroblast to myofibroblast transdifferentiation and tumor progression 
 

One likely explanation for our observed increase in smooth muscle actin positive 

stromal fibrovasculature is that the fibroblasts are induced to become myofibroblasts.  It 

has been shown that some fibroblasts that respond to TGF-β have the potential to 

transdifferentiate into a myofibroblast cell type.  In light of recent evidence 

demonstrating elevated stromal TGF-β1 expression in tumors with TβRII deficient 

carcinoma cells (Yang et al., 2008), this is a likely mechanism for induction of a 

fibroblast to myofibroblast transdifferentiation process in vivo.  It has been suggested that 

fibroblasts are at first attracted to low levels of TGF-β1 (Postlethwaite et al., 1987), but as 

they approach the tumor microenvironment the concentration of TGF-β increases leading 

to their transdifferentiation (De Wever and Mareel, 2003).  In the tumor 

microenvironment myofibroblasts promote tumorigenesis through secretion of factors 

that are thought to contribute to tumor progression (Allinen et al., 2004; De Wever et al., 

2004a; Orimo et al., 2005).   It was recently shown that squamous cell carcinoma (SCC) 

cells can induce normal fibroblasts to transdifferentiate into myofibroblast cells.  This 

study demonstrated that TGF-β1 produced by the SCC cells led to the transdifferentiation 

of the normal fibroblast cell population.  Myofibroblast cells derived from the 

transdifferentiation process produced significantly higher levels of hepatocyte growth 
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factor (HGF) and promoted an increase in migration on matrigel (Lewis et al., 2004).  In 

addition to the expression of TGF-β1 from carcinoma cells, TGF-β1 may be upregulated 

in the stromal cells of malignant tumors.  The stromal upregulation of TGF-β is not a new 

concept and has been shown in a number of systems including human carcinoma 

associated fibroblasts derived from the prostate when compared to normal human 

prostatic fibroblast populations.  Further, the TGF-β1 produced by the carcinoma 

associated fibroblasts was able to promote an increase in colony formation on soft agar 

(San Francisco et al., 2004).   

The process of myofibroblast transdifferentiation in response to TGF-β1 

expression is not strictly limited to tumor associated fibroblasts.  An interesting 

demonstration of this process was performed using PS-1 prostate fibroblast cells.  In the 

PS-1 cells both androgen and TGF-β1 were able to induce myofibroblast 

transdifferentiation alone or in combination.  Upon stimulation with TGF-β1 the PS-1 

cells demonstrated a translocation of the androgen receptor from the nucleus to cytoplasm 

during myo-transdifferentiation, and re-localization of the receptor to the nucleus after 

the transdifferentiation to a myofibroblast cell type was completed (Gerdes et al., 2004).  

Myofibroblasts have been shown in culture to lead invasion of colon cancer cells on a 

collagen matrix, and TGF-β production by the cancer cells was necessary for invasion.  

TGF-β1 was shown to be necessary and sufficient for invasion of myofibroblasts and 

induced N-cadherin expression at the tips of the filopodia.  N-cadherin expression was 

necessary for invasion, and the upregulation by TGF-β1 was found to be induced by the 

jun N-terminal kinase (JNK), a known downstream target of TGF-β receptor activation 

(De Wever et al., 2004b).  Another change in signaling that may be attributed to TGF-β1 
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induced transdifferentiation of fibroblasts to myofibroblasts, includes modulation and 

balance of RhoA/Rac activity.  This was demonstrated along with the synergistic 

signaling of Tenascin C and HGF expressed by myofibroblasts upon adjacent human 

colon cancer cells (De Wever et al., 2004a). 

Integrins may also play a role in TGF-β mediated fibroblast to myofibroblast 

transdifferentiation.  The integrins αvβ5 and αvβ3, have been shown to contribute to 

myofibroblast transdifferentiation in fibroblasts derived from human mouth and skin, 

since this process was diminished when these elements were blocked.  Fibroblasts 

derived from kidney in this study were only dependent on αvβ5, and this suggests that 

there may be differences in the requirements for these factors or alternate thresholds for 

signaling in these cell types (Lygoe et al., 2004).  The association of αvβ3 integrin with 

TβRII using bioluminescence resonance energy transfer (BRET) has recently been 

demonstrated, and signaling through αvβ3 was shown to enhance TGF-β mediated 

growth stimulation in human lung fibroblasts.  The interaction with TβRII was not 

observed with αvβ5 or α5β1 integrins (Scaffidi et al., 2004).  These results suggest that 

the specific integrins have the ability to potentiate TGF-β, and it is likely that other 

integrin family members will demonstrate specific interactions involving fibroblast 

signaling in this pathway when they are examined experimentally. 

 Recently, a characterization of gene expression during the 

transdifferentiation process has been performed in human lung fibroblasts after 

stimulation with TGF-β (Chambers et al., 2003).  Timepoints used for analysis were 1.5, 

6, 16 and 24 hours after treatment.  Many of the upregulated genes demonstrated a 

progressive increase in expression over the timecourse of the experiment.  Genes 
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identified during the timecourse included subgroups of cytoskeletal reorganization, 

matrix formation, metabolism and protein synthesis, cell signaling, proliferation and 

survival, gene transcription and a group of genes that do not fit into any of these 

categories.  The fibroblast cells before treatment expressed low levels of smooth muscle 

α-actin and h-caldesmon.  In addition, prior to treatment the cells were vimentin positive 

and desmin negative.  When TGF-β was used for stimulation of the fibroblasts for 36 

hours, in agreement with the array data, there was a marked increase in smooth muscle α-

actin, h-caldesmon and smooth muscle myosin heavy chain.  Further, by 

immunocytofluorescent microscopy smooth muscle α-actin, h-caldesmon and smooth 

muscle myosin heavy chain were shown to be organized in fibers and filaments 

indicating proper assembly after TGF-β stimulation (Chambers et al., 2003).   

Currently, there is sufficient evidence to suggest that TGF-β mediated fibroblast 

to myofibroblast transdifferentiation can contribute to tumor progression.  Our current 

results suggest that loss of carcinoma cell specific TGF-β signaling can lead to the 

recruitment, transdifferentiation or selection of adjacent smooth muscle actin positive 

fibroblasts in vivo (Bierie et al., 2008) and Chapter III.  If transdifferentiation is 

responsible for the phenotype then enhanced TGF-β production, which we have observed 

(Yang et al., 2008), within the TGF-β signaling deficient mammary tumor 

microenvironment may be partially responsible for this phenotype.  Regardless of the 

mechanism whereby the stroma is altered, the important part is that there are more SMA+ 

fibroblasts in the tumors with a carcinoma cell specific TGF-β signaling deficiency and 

this cell population has been linked to increased carcinoma cell invasion and metastasis.  
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TGF-β mediated stromal-epithelial interactions in the tumor microenvironment 
 

The results that we have attained suggested that one of the contributions to the 

smooth muscle actin expression in fibroblast cells from tumors with a carcinoma cell 

specific TGF-β signaling deficiency may be the increased TGF-β production present in 

those tissues (Bierie et al., 2008; Yang et al., 2008) and Chapter III.  Therefore, it is 

important to consider the known roles for TGF-β in this adjacent cell population.  

Fibroblast contributions to cancer initiation and progression have been the subject of 

recent investigation with respect to TGF-β mediated regulation of cancer.  Notably, the 

current studies addressing stromal fibroblast regulation of proliferation in adjacent 

epithelial cells can be partially attributed to initial work performed over two decades ago 

(Cunha et al., 1980).  At present, there is not a model  of activated TGF-β signaling that 

specifically targets the fibroblast cell population.  However, several key observations in 

TGF-β signaling deficient fibroblasts have offered strong evidence to promote the 

concept that fibroblasts can significantly regulate adjacent epithelial or carcinoma cell 

populations in vivo.     

Stromal-epithelial interactions can mediate adjacent epithelial cells leading to 

both developmental defects and carcinoma if sufficiently altered in vivo.  Ablation of 

Tgfbr2 in stromal fibroblasts resulted in developmental defects and carcinoma of adjacent 

epithelial cell populations (Bhowmick et al., 2004a; Cheng et al., 2005; Cheng et al., 

2007; Chytil et al., 2002).  In the mammary gland Tgfbr2 was ablated from the fibroblast 

cell population and this resulted in a decrease of proliferation in the terminal end buds 

accompanied by an increase in apoptosis from the ductal cell compartment (Cheng et al., 

2005).  In the same mouse model it was found that ablation of Tgfbr2 in stromal 
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fibroblasts can lead to prostatic intraepithelial neoplasia and invasive squamous cell 

carcinoma of the forestomach (Bhowmick et al., 2004a).  In the case of forestomach and 

prostate, p27 and p21 were downregulated in the TβRII null tissues while conversely c-

myc was upregulated.  Further, in the forestomach both c-met phosphorylation and pro-

HGF were upregulated indicating a possible contribution to the observed occurrence of 

squamous cell carcinoma.  The HGF ligand was also found to be expressed in the prostate 

fibroblasts (Bhowmick et al., 2004a).  The consistency in HGF ligand expression 

suggests that this TGF-β dependent mechanism can contribute to the regulation of 

carcinoma progression. 

Experiments conducted in fibroblasts derived from a mouse model in which 

TβRII was conditionally ablated were informative in illustrating several mechanisms that 

allow the fibroblast cell population to influence adjacent epithelial cells (Cheng et al., 

2005).  In xenograft experiments under the kidney capsule, TβRII null mammary 

fibroblasts implanted with mammary carcinoma cells were able to cause an increase in 

phosphorylation of erbB1, erbB2, RON and c-met when compared to the controls.  The 

increased phosphorylation for these central signaling receptors also correlated with an 

increase in tumor growth and invasion.   Expression of TGF-α, MSP and HGF were also 

shown to be upregulated by fibroblasts in this study, further suggesting that many potent 

epithelial cell signaling components were involved in the TGF-β mediated fibroblast 

specific stromal-epithelial regulation of cancer.  Treatment of tumor cells with 

conditioned medium from TβRII null fibroblasts lead to an increase in proliferation and 

motility.  In addition, blocking TGF-α using pharmacological inhibitors or MSP, HGF 

and c-met by neutralizing antibodies prevented the stimulation observed in the un-treated 
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controls (Cheng et al., 2005).  These experiments provide a novel mechanism wherein 

TGF-β signaling suppresses expression of TGF-α, MSP and HGF signaling that normally 

function to enhance progression in the tumor microenvironment. 

The regulation of cancer initiation, progression and metastasis involves the entire 

cast of players in the tumor microenvironment including both resident and transient cell 

populations.  Cancers are often composed of cells that harbor alterations in a number of 

pathways through genetic mutation or epigenetic regulation of expression.  Many of the 

predominant pathways altered in human cancer have been analyzed to determine their 

relative contribution to TGF-β mediated regulation of tumorigenesis.  Recently it has 

been shown that expression of HER2 unmasks the migratory response to TGF-β in 

epithelial cells (Ueda et al., 2004).  The regulation of migration was shown to be 

dependent upon signaling through the PI3K, MAPK, P38 MAPK and Integrin-β1 which 

are often present and active in many cancers.  In addition to migration and invasion, 

expression of EGF and HGF can inhibit TGF-β dependent growth inhibition (Massague 

and Chen, 2000).  Experimental evidence has also shown that activation of EGF, HGF, 

Erk or Ras signaling can inhibit activity of the central signaling components, Smads 2 

and 3 (Calonge and Massague, 1999).  These results further suggest that the erbB and 

HGF signaling regulated by TGF-β in stromal fibroblasts can have an impact on the 

growth and migration of adjacent epithelial cell populations in vivo.  Together, the data 

clearly demonstrates that signals derived from fibroblasts can have an impact on adjacent 

normal and carcinoma associated mammary epithelium.  Since we have observed 

differences in both the abundance and phenotype of stromal fibroblasts within our tumors 

with a carcinoma cell specific ablation of TGF-β signaling, it is likely that the alternate 
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fibroblast cell populations regulate tumor progression in different ways.  It would be 

informative to isolate the fibroblast cells associated with the two types of tumor tissue 

and determine how they individually contribute to the regulation of tumor progression 

and metastasis.  However, the myofibroblast-like phenotype exhibited by the stroma in 

the tumors with TGF-β signaling deficient carcinoma cells suggests that they promote 

these processes in vivo. 

 

Carcinoma cell mediated selection of stromal fibroblasts within the tumor 
microenvironment 
 

Carcinomas contain not only transformed epithelial cells, but also stromal 

fibroblasts that may be altered or activated.  Our data suggested that loss of TGF-β 

signaling in mammary carcinoma cells may select for a smooth muscle positive fibroblast 

cell population in vivo.  This parallels results described in other systems wherein, it has 

been proposed that the epithelial cells influence the identity and behavior of adjacent 

fibroblasts in a tumor.  Some convincing studies have been performed using the prostate 

as a model, in which the stromal-epithelial interactions have been well established.  To 

demonstrate the interaction, modified stromal-epithelial interactions were demonstrated 

by recombining benign prostate hyperplasia-derived epithelial cells with CAFs (Hayward 

et al., 2001; Olumi et al., 1999).  In this model, permanent changes were induced in 

epithelial cells by the CAFs that resulted in the formation of aggressive carcinomas 

(Hayward et al., 2001; Olumi et al., 1999).  Importantly, at present it is not known 

precisely how the carcinoma cells cause permanent alterations in the adjacent stroma.  

However, one option for acquisition of a permanent alteration is the selection and 
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expansion of tumor promoting sub-populations of fibroblasts by adjacent carcinoma 

epithelium. 

Tumor associated loss of heterozygosity (LOH), genetic mutation and epigenetic 

changes often occur in both tumor cells and adjacent cell populations during tumor 

progression.  In a recent study, it was demonstrated that an epithelial cell cancer 

(carcinoma) in the murine prostate could initiate and promote expansion of stromal 

fibroblasts lacking p53, and subsequently result in the selection for highly proliferative 

tumor promoting carcinoma associated fibroblasts in vivo (Hill et al., 2005).  Over the 

years it has been clearly shown that mutations and LOH occur in both the epithelium and 

stroma from the tumor microenvironment, but until now a direct link has not been 

established between these aberrations and resulting selective pressures derived from 

stromal-epithelial interactions.  However, in a mouse model of prostate cancer, that elicits 

a paracrine p53 mediated downregulation of fibroblast proliferation, the selective 

expansion of a p53-/- fibroblast cell population has now been demonstrated (Hill et al., 

2005).  This newly demonstrated presence of selective pressure from the carcinoma upon 

fibroblasts within the tumor microenvironment helps to explain the mutation frequency 

previously noted for p53 in tumor associated stroma.  It now appears that rather than 

actively inducing widespread p53 mutation in tumor associated stromal fibroblasts, there 

is a selective evolution of a highly proliferative p53 null sub-population of carcinoma 

associated fibroblasts.  At present it is not known whether this phenomenon occurs in all 

tumor microenvironments or in response to other signaling aberrations.  However, it is 

clear that carcinoma cells can select for alternate stromal cell populations that ultimately 

lead to a growth advantage during tumor progression. 
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Importantly, in human cancer, stromal mutation including loss of heterozygosity 

(LOH) in the genome is a common feature associated with tumor progression.   

Interestingly, analysis of the genome from 134 sporadic invasive breast carcinomas 

revealed that the stromal components exhibited a higher number genes preferentially lost 

due to LOH as compared to the number lost due to LOH in the epithelium (Fukino et al., 

2004).  In this study it was reported 38 markers could be identified as preferentially lost 

in the stroma while 19 markers were preferentially lost in the epithelium.  Since many of 

the markers, representing hot spots for mutation, in the stroma were non-redundant when 

compared to those identified in the epithelium it is likely that the stromal mutations were 

a result of independent mutation rather than divergence from a common progenitor (i.e., 

through epithelial to mesenchymal transition).  Another interesting result obtained from 

this study, indicated that on average there was an increased frequency of LOH in the 

epithelium when compared to the stroma with the exception of three genes in which LOH 

occurred at a higher frequency in the tumor stroma.  Genomic instability and mutation of 

individual cell populations in the microenvironment is likely a regulated process.  

Evidence for the regulation of mutation comes from the statistical analysis of genomic 

markers and direct analysis of the deleted regions from each cell population.  Mutations 

observed at the genomic 11q region are a good illustration of differentially regulated 

LOH in the genome.  Six LOH hot spot markers were identified in the 11q region with a 

44Mb region deleted in the epithelium flanked by 29Mb and 11Mb regions deleted in the 

stroma.  The 44Mbp region deleted in the epithelium notably contains the matrix 

metalloproteinase (MMP) gene cluster (Fukino et al., 2004).  The stage of tumor 

progression and proximal distance from the primary tumor also impact the number of 
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LOH events in the stroma (Moinfar et al., 2000).  Stromal components from human 

breast ductal carcinoma in situ (DCIS; n=7) exhibit fewer mutations at 10-65% of 12 

markers selected for analysis than stromal components within infiltrating ductal 

carcinoma (IDC; n=5) that contained a 20-75% mutation rate.  At a distance, 10 of the 12 

markers displayed a 11-57% LOH rate indicating an association of mutation with the 

relative proximity to a tumor mass (Moinfar et al., 2000).  Together these results indicate 

that LOH in the tumor microenvironment is regulated in a cell specific manner and the 

rate of LOH depends on the stage of tumor progression and proximity to the tumor mass. 

Mutation and LOH represent two mechanisms wherein cell populations from the 

tumor microenvironment may be altered, however there are other genetic and epigenetic 

changes that can occur and these change clearly influence tumor progression.  Epigenetic 

modification of gene expression is also dependent on the proximity to the tumor mass, 

stage of progression and cell type used for analysis (Hu et al., 2005).  Using a new 

innovative technique called methylation-specific digital karyotyping these epigenetic 

trends were clearly demonstrated, and the results suggest that these epigenetic changes 

can alter gene expression thereby regulating disease progression (Hu et al., 2005).  

Genetic and epigenetic alterations are important since they either directly or indirectly 

influence gene expression profiles that ultimately regulate cancer initiation, progression 

and metastasis.  In our tumor tissues, we have not performed analyses to determine if 

there are common genetic or epigenetic alterations in the stroma, however if the alternate 

fibroblast cell populations are selected rather than the result of transdifferentiation or 

differential recruitment these are two likely mechanisms that should be addressed. 
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Bone marrow derived cells significantly contribute to tumor progression 
 

The tumor microenvironment is a complex mixture of cell types, matrix 

components and signaling molecules that provide a network of regulatory interactions.  

Our results demonstrated that a significant role for carcinoma cell specific response to 

TGF-β signaling is the suppression of chemokine expression and inflammation (Bierie et 

al., 2008; Yang et al., 2008) and Chapter III-IV.  Specifically, we have shown that TGF-β 

potently suppresses the expression of Cxcl1, Cxcl5 and Ccl20 in mammary carcinoma 

cells and in non-transformed mammary epithelial cells (Bierie et al., 2008; Yang et al., 

2008) and Chapter III-IV.  Importantly, our laboratory has shown the Cxcr2, a receptor 

for both Cxcl1 and Cxcl5, is responsible for a significant portion of the bone marrow 

derived cell recruitment regulated by carcinoma cell specific response to TGF-β (Yang et 

al., 2008).  We have been able to demonstrate the enhanced recruitment of an F4/80+ cell 

population to the tumor microenvironment when TGF-β signaling is ablated in mammary 

carcinoma cells.  It is likely that this infiltrate represented both mature and immature 

bone marrow derived cell infiltrates.  It has been known for many years that tumor 

associated macrophages can significantly contribute to tumor progression and metastasis 

(Coussens and Werb, 2002).  However in recent years, the immature myeloid component 

has also been shown to significantly enhance tumor progression and metastasis.  This 

immature cell population, termed myeloid immune suppressor cells (MISCs), is also 

known as myeloid derived suppressor cells (MDSCs).  MISCs have been shown to 

represent approximately five percent of the cells within the tumor mass (Yang et al., 

2004b).  The MISC population is an immature myeloid derivative that expresses the GR1 

and CD11b markers (GR1+CD11b+).  Although this cell population was first described 
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over two decades ago and is now known to suppress the function of immune cells 

(Almand et al., 2001; Bronte et al., 2000; Gabrilovich et al., 1996; Kusmartsev and 

Gabrilovich, 2002; Kusmartsev and Gabrilovich, 2003; Serafini et al., 2004; Young and 

Lathers, 1999), the MISCs had not been directly associated with the regulation of tumor 

progression until recently (Yang et al., 2004b).  The MISC cell population consists of 

immature macrophage, immature dendritic and hematopoietic progenitor cells (Almand et 

al., 2001; Yang et al., 2004b) that arise from altered host hematopoiesis induced by 

tumors (Almand et al., 2001; Bronte et al., 2000; Gabrilovich et al., 1996; Kusmartsev 

and Gabrilovich, 2002; Kusmartsev and Gabrilovich, 2003; Serafini et al., 2004; Young 

and Lathers, 1999) through currently unidentified systemic signals.  In mice, the MISCs 

accumulate in the bone marrow, spleen and peripheral blood of tumor bearing hosts.  

MISCs have also been identified at a significant level in the peripheral blood of human 

tumor bearing hosts (Almand et al., 2001; Young and Lathers, 1999).  One of the earliest 

studies to directly address the role for MISCs in the tumor microenvironment 

demonstrated that they had the ability to directly promote tumor progression and 

metastasis to the lung when present in tumor bearing hosts.  The MISCs were shown to 

produce high levels of MMP9 and had the ability to integrate within the tumor 

vasculature.  In addition, the incorporation into the tumor vasculature was further 

supported by induction of endothelial cell characteristics associated with MISCs in pro-

angiogenic culture conditions which further demonstrated the plasticity of this immature 

myeloid derived cell population (Yang et al., 2004b).  These results parallel independent 

observations associated with dendritic cells in vivo (Conejo-Garcia et al., 2004; Conejo-

Garcia et al., 2005), or immature dendritic cells, monocytes and macrophages under pro-
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angiogenic conditions in vitro (Fernandez Pujol et al., 2000; Fernandez Pujol et al., 2001; 

Schmeisser et al., 2001; Schmeisser and Strasser, 2002).  The recently described roles for 

MISCs in vivo, supports and confirms previous observations that suggest host 

inflammatory responses significantly contribute to the production of angiogenic factors 

and proteinases that enhance tumor progression and metastasis (Coussens and Werb, 

2002; Ono et al., 1999; Torisu et al., 2000).  Importantly, it has been shown in a recent 

study conducted in our laboratory, that loss of the TGF-β response in mammary 

carcinoma cells can significantly enhance Cxcr2 dependent recruitment of tumor 

promoting MISCs to the mammary tumor microenvironment (Yang et al., 2008). 

In addition to contributions associated with progression in the primary tumor 

microenvironment, myeloid derived cells in tumor bearing hosts have been reported to be 

associated with establishing a pre-metastatic niche in the lung that subsequently promotes 

tumor metastasis (Hiratsuka et al., 2002; Kaplan et al., 2006; Kaplan et al., 2005).  

Recently, it has been shown that primary tumors can produce circulating factors 

including TNF-α, VEGF-A and TGF-β1 that upregulate S100A8 and S100A9 production 

in the lung (Hiratsuka et al., 2006).  S100A8 and S100A9 are known to be potent chemo-

attractants and it has been shown that these factors promote recruitment of Mac1+ cells to 

the pre-metastatic lung and promote tumor cell colonization of the lung tissue in vivo 

(Hiratsuka et al., 2006).  This study, together with the previous results suggest that when 

bone marrow derived cells are present, they are able to significantly promote tumor 

progression and metastasis.  Therefore, this diverse cell population should be further 

investigated and potentially targeted as an adjuvant therapeutic strategy to improve 

clinical prognoses and overall long-term survival.  
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Summary and concluding remarks 
 

We primarily examined the role for TGF-β signaling in MMTV-PyVmT induced 

mammary tumor initiation and progression through carcinoma progenitor cell specific 

deletion of TβRII in vivo.  Using this strategy we have been able to show that when TGF-

β signaling is lost in the mammary tumor microenvironment, several factors should be 

considered including the impact on carcinoma cell apoptosis, regulation of adjacent 

stromal fibrovascular cell populations, carcinoma cell lineage selection, regulation of 

inflammatory gene expression, and infiltration of tumor promoting bone marrow derived 

cell populations to the tumor microenvironment.  It is likely that together, these 

compound factors significantly contribute to the TGF-β mediated regulation of early 

tumor progression and metastasis (Figure 30).   

In systems designed to model human disease it is important to determine if the 

results can be linked to human disease.  Therefore we designed a strategy that would 

allow us to correlate the loss of TGF-β signaling in carcinoma cells with the progression 

of human breast cancer.  Toward this end, we have been able to determine that the global 

changes in gene expression when TGF-β signaling is lost in carcinoma cells likely results 

in a network of intrinsic, stromal-epithelial and host-tumor interactions that significantly 

regulate tumor progression and metastasis.  In support of the importance for identifying 

global network interactions during tumor progression, our TGF-β signaling deficient gene 

expression signature significantly correlated with an increased risk of relapse in a breast 

cancer patients that exhibited Luminal A, ER+ or lymph node positive tumors at the time 

of tissue collection. 
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Figure 30.  Gain or loss of carcinoma cell specific TGF-β can promote tumor 
progression and metastasis.  TGF-β (β) can induce an epithelial to mesenchymal 
transition (EMT) that promotes metastasis.  Loss of carcinoma cell specific TGF-β 
signaling (X) also increases metastasis and correlates with increased carcinoma cell 
apoptosis, regulation of adjacent stromal fibrovascular cell populations, carcinoma cell 
lineage selection, increased inflammatory gene expression and infiltration of tumor 
promoting bone marrow derived myeloid cell (BMDC) populations.  In addition, the 
gene expression profile associated with the loss of carcinoma cell specific TGF-β 
signaling significantly correlated with reduced relapse-free survival in human breast 
cancer.  Importantly, it is known that when human breast cancers do relapse they are 
often more aggressive and metastatic than the associated primary lesions.  Together, 
our current data and those presented in the previous literature, demonstrate that gain or 
loss of TGF-β signaling in the mammary carcinoma cell population can promote 
metastasis. 
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Figure 30. Gain or loss of carcinoma cell specific TGF-β can promote tumor 
progression and metastasis.   
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Our results suggested that a major contribution to the regulation of mammary 

tumor initiation and progression by TGF-β in our model system was stimulation of 

apoptosis (programmed cell death, type I).  This is important, since TGF-β in normal 

epithelium is known to induce arrest of the cell cycle in G1, and during early tumor 

progression it has been suggested that this cytostatic regulation is a major contribution to 

carcinoma cell autonomous TGF-β mediated tumor suppression (Siegel and Massague, 

2003).  However, our data now suggests that the apoptotic response to TGF-β signaling 

also plays a significant role in early tumor suppression.  In order to understand how the 

apoptotic gene regulation by TGF-β can intersect within the carcinoma cell it is necessary 

to have an understanding of Caspase dependent and independent mechanisms for 

induction of this process.  Many of the mechanisms regulating Caspase dependent 

induction of apoptosis have been thoroughly reviewed (Boatright and Salvesen, 2003; 

Riedl and Salvesen, 2007; Schuster and Krieglstein, 2002).  Briefly, Caspase 2, 8, 9 and 

10 are initiator caspases while Caspases 3, 6 and 7 are considered to be executioner 

caspases.  Caspases 8 and 10 are often associated with the extrinsic pathway while 

Caspases 2 and 9 are predominantly associated with the intrinsic pathway.  Caspases 3 

and 7 have been well studied whereas caspase 6 has not been characterized in as much 

detail.  The extrinsic pathway is often initiated by death receptor activation and assembly 

of the death-inducing signaling complex (DISC) assembly.  Assembly of the DISC 

complex promotes activation of caspase 8 and 10.  The intrinsic pathway is activated by 

oxidative stress, ionizing radiation, some chemotherapies and mitochondrial damage.  

Activation of the intrinsic pathway is associated with mitochondrial membrane 

permeability that permits the release of cytochrome C and subsequent assembly of the 
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apoptosome.  The apoptosome is a propeller like complex that has cytochrome C at the 

core bound to APAF-1 and caspase 9.  Caspase 9 bound in the apoptosome cleaves and 

activates other caspase 9 proteins bound to the complex in trans.  The activation of 

extrinsic or intrinsic Caspase pathways can lead to the activation of executioner caspases 

followed by cell death.  In our tumor tissues however, there was no evidence of 

differential Caspase activation (data not shown).  This supported the results in Chapter III 

demonstrating a predominant Caspase independent atypical PARP-1 cleavage product 

associated with the TβRII(fl/fl);PY tissues when compared with those in the TβRII(WKO);PY 

model.  The atypical PARP-1 cleavage strongly suggested that μ-calpain may be more 

highly active, thereby mediating Caspase independent cell death,  in TβRII(fl/fl);PY model 

when compared to those in the TβRII(WKO);PY model (Bentle et al., 2006) and Chapter III.  

Together, these results suggested that TGF-β can mediate mammary carcinoma cell death 

primarily through Caspase independent signaling. 

In addition to μ-calpain activation, autophagy is a process present within 

carcinoma cells that can lead to programmed cell death (type II), and the mechanisms 

regulating this process have also been linked to Caspase independent signaling (Gozuacik 

and Kimchi, 2004).  Prior to induction of cell death, it is currently thought that autophagy 

is a process wherein cells have the ability to digest their own organelles in nutrient 

deprived conditions to produce materials necessary for survival (Kondo and Kondo, 

2006).  Notably, we have now been able to demonstrate that the death associated protein 

kinase 2 (Dapk2; also known as DRP-1) is consistently upregulated in control 

TβRII(fl/fl;PY) tumor tissues when compared with those in the TβRII(WKO;PY) model 

(Chapter III).  This was an important result, because Dapk2 is a calcium/calmodulin 
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dependent protein kinase that has been shown to induce autophagosome production and 

cell death independent of Caspase activation (Inbal et al., 2002; Inbal et al., 2000; Kondo 

and Kondo, 2006).  Further, Dapk2 has been shown to promote cell death in response to 

IFN-γ, TNF-α, Fasl and TGF-β that are known to be produced by several cell populations 

within the tumor microenvironment (Gozuacik and Kimchi, 2004; Inbal et al., 2002) and 

Chapter I.   

Together, our results presented in Chapter III suggested that TGF-β can regulate 

apoptosis and autophagy in mammary tumor tissues.  This positively correlated with 

previous results produced in bovine mammary epithelial cells demonstrating that TGF-β1 

stimulation could promote both apoptotic and autophagy associated cell death programs 

(Gajewska et al., 2005).  Importantly, the regulation of cell death through either 

mechanism is clinically relevant since many conventional frontline chemotherapeutic 

agents are known to activate these pathways in the carcinoma cell population (Kondo and 

Kondo, 2006).  Therefore, the resistance to programmed cell death may contribute to 

therapeutic resistance and recurrence when carcinoma cell response to TGF-β is lost in 

vivo.  Further, resistance to programmed cell death may also permit the cells to travel 

better through the harsh environments outside of the primary tumor and consequently 

enable them to survive long enough to setup distant metastases. 

In addition to intrinsic carcinoma cell signaling, the stromal microenvironment 

has recently been the focus of growing interest with regard to the regulation of tumor 

initiation, progression and metastasis.  In the absence of carcinoma cell specific TGF-β 

signaling we were able to identify a significant difference in the stromal phenotype 

associated with adjacent stromal fibrovasculature.  Further, we have now identified an 
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increase in the abundance of a F4/80+ bone marrow derived cell population in the tumors 

with carcinoma cell specific deletion of TβRII (Bierie et al., 2008; Yang et al., 2008) and 

Chapter III.  We have been able to correlate the infiltration with increased expression of 

inflammatory genes including Cxcl1, Cxcl5 and Ptgs2 (COX-2) in the tumor tissues 

where TGF-β signaling has been deleted.  Our current results suggest that regulation of 

inflammation is one of the major roles for TGF-β during tumor progression.  Importantly, 

the F4/80 antigens have been widely used for the identification of macrophage lineage 

cell populations in vivo, and tumor-associated macrophages (TAMs) are known to 

significantly regulate normal mammary development and tumor progression (Condeelis 

and Pollard, 2006; Coussens and Werb, 2002; Lewis and Pollard, 2006).   

Clinically, identification of TAM cell populations in invasive breast carcinoma 

tissue has been correlated with a poor prognosis that includes reduced relapse-free and 

overall survival (Leek et al., 1996).  Monocytes can be recruited to the tumor 

microenvironment where they undergo limited macrophage differentiation and 

significantly contribute to tumor progression.  It has been suggested that TAMs 

contribute to at least six central processes involved in tumor progression including tumor 

cell invasion, inflammation, matrix remodeling, intravasation, seeding at distant sites and 

promotion of angiogenesis (Condeelis and Pollard, 2006).  Interestingly, it has been 

shown that carcinoma cells and tumor-associated macrophages have the ability to migrate 

together in response to the reciprocal expression of CSF-1 and EGF respectively (Wang 

et al., 2005a).  Functionally, based on the literature it is clear that TAMs promote tumor 

progression and metastasis, therefore it is important to determine the factors produced by 

tumor cells that regulate the recruitment of TAMs to the tumor microenvironment.  In 
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addition to previously described TAMs, recent work in our laboratory has now shown 

that TGF-β signaling in carcinoma cells can significantly regulate chemokine dependent 

recruitment of additional bone marrow derived cell lineages that contribute to tumor 

progression and metastasis (Yang et al., 2008). 

 In addition, we have identified a subtype of carcinoma cells with progenitor 

characteristics that were enriched in the mammary tumors that have a carcinoma 

progenitor cell specific deletion of TβRII in vivo.  In the mammary gland, there is a 

common progenitor cell population that gives rise to ductal, lobular alveolar and 

myoepithelial cells.  We have detected a population of cells in MMTV-PyVmT tumors 

that express K5 and dNp63, but lack the differentiation markers SMA and K8 that would 

be indicative of differentiation to myoepithelium and luminal epithelium respectively.  It 

is likely that the K5+ dNp63+ SMA- K8- carcinoma cell subtype can be further stratified 

and we are currently working on techniques to sort these cells using putative stem cell 

markers such as CD44+ CD24- and Sca-1 with primary tumor isolates.  Strikingly, we 

were able to detect an abundant K5+ dNp63+ cell population in the moderate to well 

differentiated MMTV-PyVmT lung metastases.  This was unexpected due to the lobular 

and luminal morphology of the lung metastases in this tumor model.  The presence of a 

basaloid cell population surrounding the moderate to well differentiated lobules in the 

lung metastases suggests that a bona fide carcinoma progenitor cell gave rise to the 

observed metastases. 

In human breast cancer, loss of carcinoma cell specific response to TGF-β 

signaling has been linked to poor patient prognosis.  However, many of the mechanisms 

through which TGF-β regulates these processes remain unknown.  In an effort to address 
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this issue, we have now identified gene expression signatures indicative of ablated TGF-β 

signaling or TGF-β pathway activation in mammary carcinoma cells.  The results suggest 

that TGF-β signaling mediates intrinsic, stromal-epithelial and host-tumor interactions 

during breast cancer progression.  To determine the impact of our results relative to 

human breast cancer, we correlated our gene expression signatures with 1646 human 

breast cancer gene profiles and associated clinical data.  Importantly, the TGF-β signaling 

deficient gene expression signature correlated with a significant increase in the risk of 

relapse for patients that presented with Luminal A, ER+ or lymph node positive breast 

cancer at the time of tissue collection.   

The results we have reported herein, together with those reported in previous 

literature suggest that modification of the TGF-β pathway has a significant impact on the 

prognosis of human breast cancer progression.  However at present, we do not have 

enough information to determine if therapeutic strategies involving this pathway will be 

beneficial for patients.  Likely, the effect will depend upon the specific carcinoma cell 

alterations and stage of tumor progression present in each patient at the time of 

administration.  However, our results strongly suggest that loss of TGF-β signaling can 

predispose women to post-operative relapse if they present with Luminal A, ER+ or 

lymph node positive breast cancer at the time of tissue collection.  Consequently, if a 

TGF-β signaling deficiency is detected in a human mammary breast cancer our data may 

suggest that the patient should be treated more aggressively to decrease their risk of 

relapse and mortality.  
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