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Abstract 

The majority of cancer fatality is caused by tumor metastasis which is underlined by 

Epithelial-Mesenchymal-Transition (EMT) and its opposing process 

Mesenchymal-Epithelial-Transition (MET) at the cellular level. Transforming Growth 

Factor-β (TGF-β) is one of the main molecular driving forces for EMT. Therefore, 

more than 20 phase I/II/III clinical trials targeting TGF-β signaling have been 

developed with mixed outcomes, highlighting the complex nature of TGF-β signaling 

in driving EMT and metastasis.  

Bioactive vesicles, exosomes, have recently been an exciting focus of research. An 

increasing number of publications have shown that exosomes play an essential role in 

both primary tumor growth and metastatic evolution. However the mechanisms of 

how exosomes promote cancer malignancy are poorly understood. In this thesis, 

exosomes were isolated from highly-invasive breast cancer cells MDA-MB-231 and 

fibroblast NIH3T3 cells by differential centrifugation. We demonstrated that 

exosomes mediated amplification of TGF-β signaling in highly-invasive breast cancer 

cells, as well as phenocopying of invasive/metastatic behavior. Targeting exosomes 

trafficking, secretion and uptake significantly reduced TGF-β responses and 

consequent cellular functions, indicating a new therapeutic strategy for cancer 

treatment. 

Another Transforming Growth Factor-β superfamily member bone morphogenetic 

proteins (BMPs) inhibit TGF-β-induced EMT and promote MET. However, the 

mechanism regarding the antagonism and interaction between these two signaling 

pathways in breast cancer remains unclear. TGF-β abolished BMP-induced Smad1/5 

activation in the highly-invasive MDA-MB-231 cells, but to a less extent in the 

non-invasive MCF7 cells, and even lesser in the normal MCF10A cells. This suggests 

TGF-β signaling acts in a double whammy fashion in driving cancer invasion and 

metastasis. We discovered that restored BMP signaling, by combining suboptimal 

concentration of UO126 and FK506, significantly reduced breast cancer cell 

self-seeding, liver and bone metastasis in vivo. Surprisingly, no effect on lung 
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metastasis was observed, suggesting a differential role played by BMP signaling in 

organ specific metastasis. Consequently, there is a potential for them or their analogs 

to be developed for clinical use. 

Opposite to EMT, MET is the process whereby disseminated cancer cells re-establish 

epithelial-like cells and reinitiate proliferative programs. Thus, MET maybe 

represents a rate-limiting step of metastasis. While a plethora of studies in EMT have 

been published, more research is needed regarding the MET process and its regulation. 

In this thesis, a novel modified transwell assay was designed for detecting cell 

migration as well as detaching-reseeding. Meanwhile, TGF-β signaling activity per 

cell was measured by infecting MDA-MB-231 cells with Ad-CMV-Gaussia-luc and 

TGF-β-Smad3 reporter Ad-CAGA-luc. We illustrated that TGF-β plays a positive role 

in inducing cell migration but a negative one in detaching-reseeding, which may shed 

new lights for future cancer treatment.	Taken together, this study demonstrates that 

multiple mechanisms may account for the TGF-β-mediated breast cancer cell 

migration/metastasis, providing substantial evidences for the development of new 

cancer therapeutics. 
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Chapter 1. Literature Review 

1.1. Brief introduction 

As a leading cause of death, cancer is still a serious problem worldwide. More 

importantly, for most cancer types, metastatic spread leads to clinically incurable 

disease [1]. Based on American Association for Cancer Research (AACR) cancer 

progress report, 90% of cancer deaths are a result of metastatic disease. For instance, 

more than 90% of patients diagnosed with breast cancer at the early stage have the 

possibility of surviving longer than 5 years. However, the 5-year survival rate of stage 

IV or metastatic breast cancer patients is only 22% [2]. 

At cellular level, cancer metastasis involves at least two opposing processes: 

Epithelial-Mesenchymal Transition (EMT) to deliver invasion and dissemination and 

Mesenchymal-Epithelial Transition (MET) to deliver metastatic seeding. At molecular 

level, the convergence of signaling pathways is essential for EMT, and Transforming 

Growth Factor-β (TGF-β) has been established as a major player [3]. As such, more 

than 20 phase I/II/III clinical trials targeting TGF-β signaling have been developed in 

the hope to treat cancer invasion and metastasis. Surprisingly, none of them become a 

successful drug, raising the complex nature of TGF-β signaling in driving EMT and 

metastasis. 

Bioactive vesicles, exosomes, have recently been an exciting focus of research. Over 

the last few years, studies have focused on the biogenesis, composition and secretion 

of exosomes, and their biological effects on recipient cells. An increasing number of 

publications have shown that exosomes play an essential role in both primary tumor 

growth and metastatic evolution by inducing tumor initiation, proliferation, and 

angiogenesis. However the mechanisms of how exosomes promote cancer malignancy 

are poorly understood.   

The TGF-βs and bone morphogenetic proteins (BMPs) belong to Transforming 

Growth Factor β superfamily which also includes growth and differentiation factors 
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(GDF), activins/inhibins, Anti-Mullerian Hormone (AMH) and NODAL [4-7]. Most 

members of Transforming Growth Factor β superfamily are originally known for their 

function in early vertebrate development and in adult tissue maintenance [8, 9]. 

However a recent surge of publications have revealed that aberrant TGF-β and/or 

BMP signaling is linked to cancer [10, 11]. In contrast to TGF-β, BMP signaling 

inhibits TGF-β-induced EMT and promotes MET. Moreover, it has been reported that 

TGF-β and BMP can antagonize each other in many cells types. However, the 

mechanism regarding the antagonism and interaction between these two signaling 

pathways in breast cancer remain unclear. 

The importance of EMT during metastasis has been the focus of many studies [12], it 

has also been hypothesized that cells transition back to an epithelial state through 

MET to form macrometastases [13]. EMT and MET are two opposing processes 

linked by circulating tumor cells (CTCs) in blood. While TGF-β plays a positive role 

in EMT, there is no explanation of its mechanism in regulating MET.   

1.2. TGF-β signaling 

1.2.1 TGF-β signaling transduction 

Transforming Growth Factor-β (TGF-β) was first discovered in 1978 by Joseph E. De 

Larco, and was originally called “sarcoma growth factor” [14-17]. As an extracellular 

protein secreted by many cell types, TGF-β is produced in a latent form which is a 

complex composed of the mature TGF-β-dimer, the latent TGF-β binding protein 

(LTBP) and latency-associated protein (LAP) [18-20]. There exists at least three 

different proteins, TGF-β1, TGF-β2 and TGF-β3 which contain extensive regions of 

similarity in their amino acids [21]. The dissociation of LAP from the mature 

TGF-β-dimer can activate TGF-β and trigger subsequent signaling [22].  
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1.2.1.1 Receptors and transducers 

It is well known that Smad activation is the canonical response to TGF-β signaling 

pathway [23-25]. The cellular component of TGF-β-Smad pathways is comprised of 

two types of cell surface receptors and intracellular Smad proteins. TGF-β signaling 

receptors include TGF-β type I receptor (TβRI, i.e. ALK1) and TGF-β type II receptor 

(TβRII) [26-28]. Both TβRI and TβRII consist of around 500 amino acid	 residues 

which is organized into a small extracellular binding domain at N-terminal, a 

trans-membrane region and a C-terminal serine/threonine kinase at cytoplasmic tail 

[29, 30]. The type I receptors, ALK1 and 5 contain a 30-amino acid regulatory 

segment (GS domain), immediately N-terminal to the kinase domain. Phosphorylation 

of the serine and threonine residues in the GS domain is involved in the activation of 

TβRI by TβRII, with subsequent formation of active receptor signaling complex [31]. 

The Sma and Mad related proteins (Smads) are small intracellular proteins containing 

Mad homology domains MH1 and MH2 at their N-terminals and C-terminals, 

respectively, linked by a sequence which can recruit ubiquitin ligase and are activated 

through phosphorylation [32]. There are eight Smad family members (Smad1-8) in 

mammalian cells, which are divided into three subfamilies: R-Smads 

(receptor-regulated Smad 1, 2, 3, 5 and 8), I-Smads (inhibitory Smad6 and 7) and 

Co-Smad (common Smad4) [33]. The structure of these Smads is quite similar except 

for a few differences which have an effect on their respective functions [32, 34, 35]. 

The Smad family of proteins and their functional roles in TGF-β signaling are shown 

in Figure 1.1. 
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Figure 1.1. The Smad protein family and their functional aspects in TGF-β 

signaling. R-Smads can be divided into two groups, Smad1/5/8 and Smad2/3 which 

are directly phosphorylated by activated type I receptors in the receptor complexes 

[36]. Upon phosphorylation of their MH1 domain, trimer or dimer configuration for 

R-Smads-Co-Smad oligomers are formed. I-Smads contain an MH2 domain but have 

very little similarity to the classical MH1 domain in other Smads [32, 37]. Although 

the two I-Smad members have similar structure, the mechanisms about inhibition by 

Smad6 and Smad7 in TGF-β signaling are different [38]. SSXS: Ser-Ser-X-Ser motif. 
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1.2.1.2 Canonical TGF-β signaling transduction  

Canonical TGF-β-Smad signaling initiates from the binding of ligands to TβRII and 

TβRI, forming an active ligand-receptor complex [39]. TβRII is a constitutive kinase, 

which phosphorylates and activates TβRI upon ligand binding. R-Smads are then 

phosphorylated by the active TβRI [40]. A cytoplasmic protein PML (promyelocytic 

leukemia tumor suppressor) is necessary for the interaction of R-Smads (Smad2/3) 

with Smad anchor for receptor activation (SARA), which promotes the recruitment of 

Smad2/3 to receptors [41-43]. The phosphorylated R-Smads then form complexes 

with Co-Smad, Smad4 to translocate into nucleus. Smad complexes associate with 

transcriptional cofactors, binding to DNA to regulate expression of target genes, either 

positively or negatively [44-46]. The traditional view of TGF-β signaling is that 

TGF-β activates Smad2 and 3 through ALK5 and that BMP activates Smad1/5/8 

(Figure 1.2) [47]. However, this view has been revised after findings that TGF-β can 

phosphorylate Smad1, 5 and 8 through ALK1 in many cell types besides Smad2 and 3 

[48-53]. Both transcriptional and non-transcriptional cellular responses are induced by 

TGF-β/Smad signaling pathway, resulting in cellular functions such as cell cycle and 

EMT (Figure 1.2). 

TGF-β signaling activation cause diverse cellular responses, both transcriptional and 

non-transcriptional, through Smad pathways. In normal epithelial and tumor cells at 

early stage, TGF-β represses cell growth by inducing cell cycle arrest and apoptosis 

through inhibiting cyclin dependent kinases (CDKs) and mitogenic c-MYC [54]. 

More importantly, TGF-β promotes epithelial-mesenchymal-transition (EMT) leading 

to tumor metastases and extracellular matrix (ECM) deposition. 
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Figure 1.2. TGF-β and BMP signaling through Smad pathways and subsequent 

cellular responses [5]. TGF-β and BMP proteins transduce signals through 

Smad-dependent pathways where TGF-β preferentially activates Smad2/3 while BMP 

activates Smad1/5/8. Signaling pathways activation leads to diverse cellular responses, 

both transcriptional and non-transcriptional.  
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1.2.1.3 Non-canonical TGF-β signaling  

In addition to canonical TGF-β-Smad signaling, TGF-β also signals through 

non-canonical factors, such as tumor necrosis factor (TNF) receptor-associated factor  

4  (TRAF4),  TRAF6,  TGF-β-activated  kinase  1  (TAK1; also known as 

MAP3K7), p38 mitogen-activated protein kinase (p38 MAPK), RHO, 

phosphoinositide 3’-kinase (PI3K), AKT (also known as protein kinase B, PKB), 

extracellular  signal-regulated  kinase  (ERK),  JUN  N-terminal kinase (JNK) 

or nuclear factor-κB (NF-κB) (Figure 1.3) [55]. For instance, activation of Erk by 

TGF-β was observed in epithelial cells, fibroblasts and breast cancer cells [56, 57]. 

TGF-β can rapidly activate JNK and p38 MAPK through MAP kinase kinases (MKKs) 

in various cell lines [56, 58]. These non-canonical, non-Smad pathways are activated 

directly by ligand occupied receptors to reinforce, attenuate, or otherwise modulate 

downstream cellular responses [57].  

TGF-β signaling can be influenced by pathways other than the canonical 

Smad-dependent and non-canonical TGF-β signaling pathways. However,	 signaling 

cross-talks between TGF-β and other pathways are extremely complex and highly 

context-dependent [59, 60]. It has been reported that MAPK activation communicates 

intimately with TGF-β/Smad in controlling mammary epithelial cell biology [61] and 

breast cancer development [60, 62]. Furthermore, the PI3K/Akt activity has been 

shown to reduce TGF-β-induced apoptosis and/or cell cycle arrest in multiple types of 

cells [60, 63]. More research is needed to reveal the whole TGF-β signaling map.  
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Figure 1.3. Non-canonical TGF-β signaling pathways [55]. In the non-canonical 

pathways, the activated TGF-β receptor complex activates other non-canonical 

effectors, such as TRAF4/TRAF6, TAK1, p38 MAPK, RHO, PI3K/AKT, ERK, JNK 

or NF‑κB. ROCK: RHO-associated protein kinase. 
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1.2.2 Tightly regulated TGF-β signaling 

TGF-β signaling pathways are tightly regulated at every step of its synthesis and 

activation, formation and destruction of functional TGF-β receptor complex, and 

formation of Smad transcription complex [29, 64]. For example, Heparanase (HPSE) 

is an endo-β-D-glucuronidase expressed in several cell types and tissues where it 

plays a key role in regulation of the release of TGF-β, leading to its involvement in 

inflammation, wound healing and tumor invasion [65]. It has been demonstrated that 

BMP and activin membrane-bound inhibitor (BAMBI) and the ETV6-NTRK3 

chimeric tyrosine kinase could comprise TGF-β signaling by interfering with the 

formation of TGF-β receptor complex [28, 66-68]. Furthermore, regulation of 

post-translational modifications and molecular interaction networks in the function of 

receptors and Smads in TGF-β signaling have a context specific impact on pathway 

activities [64]. The kinase LKB1 can interfere with Smad4’s binding to DNA by 

phosphorylating MH1 domain of Smad4, resulting in inhibition of Smad-mediated 

gene expression [69]. Erk1/2 MPAK, however, promotes Smad-mediated transcription 

by phosphorylating Smad4 at a sequence in the linker region which leads to stable 

heteromeric Smad complex [70]. Additionally, TGF-β-positive exosomes, which may 

be a novel TGF-β signaling regulator, can activate Smad-dependent signaling pathway 

in many cancer cell types [71, 72]. 

As one of the most important TGF-β signaling negative regulators, intracellular 

protein Smad7 antagonizes TGF-β signaling through multiple mechanisms as shown 

in Figure 1.4 [73, 74]. Smad7 was first found to inhibit the phosphorylation of 

R-Smad and thereby formation of R-Smad-Co-Smad complex by binding to TβRI 

stably [75]. Additionally, Smad7 is able to recruit E3 ubiquitin ligases (Smurf1/2) 

onto the plasma membrane, resulting in the ubiquitination and degradation of TβRI in 

either the lysosomal or proteasomal pathways [76]. The phosphatase GADD34 

(growth-arrest and DNA-damage-inducible protein 34)-PP1c (protein phosphatase 1c) 

can be recruited by Smad7 to dephosphorylate TβRI. Many other proteins, including 

v-ski sarcoma viral oncogene homolog (Ski), Ski-related novel protein N (SnoN), 
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salt-inducible kinase (SIK), yes-associated protein 65 (YAP65), and H202-inducible 

clone 5 (Hic5), are also involved in the regulation of TβRI activity [77-79]. 

Furthermore, Smad7 can bind to DNA through its MH2 domain, which leads to the 

regulation of TGF-β-driven gene transcription [80-82]. The fact that Smad7 

expression is increased in the presence of TGF-β reveals that it plays a negative 

feedback role in regulating TGF-β signaling pathways [83]. 
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Figure 1.4. Smad7 interferes with TGF-β signaling through multiple mechanisms. 

As a key negative regulator, inhibitory Smad7 mediates TGF-β signaling both in the 

cytoplasm and nucleus. Different protein complexes, for instance Smurf1/2, can be 

recruited to TβRI by Smad7 leading to inactivity and/or degradation of TβRI. In the 

nucleus, Smad7 inhibits R-Smad-Smad4/DNA association by binding to DNA via its 

MH2 domain, thus interfering with TGF-β-targeted gene transcription. U: 

Ubiquitination. 
  



24 
	

1.2.3 TGF-β signaling in cancer 

1.2.3.1 Dual role of TGF-β in cancer progression 

In addition to regulating cell cycle arrest, apoptosis, homeostasis and wound healing 

in normal cell types, TGF-β signaling plays a context dependent dual role, both as a 

tumor promoter in advanced tumor cells and a tumor suppressor in cancer cells at 

early stage, which is known as “TGF-β paradox” [84, 85]. Under normal 

physiological conditions, TGF-β inhibits the ability of cells to undergo cell cycle and 

induces apoptosis or differentiation, thus functioning as a tumor suppressor. However, 

tumor cells, particularly established cancer cells, often show increased production of 

TGF-β while they are insensitive to its induced growth inhibition [86]. TGF-β acting 

as an important tumor promoter is proved by using murine animal model and human 

cellular systems where TGF-β signaling components are required for tumor invasion 

in vitro and metastasis in vivo [87-90]. 

1.2.3.2 TGF-β signaling in EMT and MET programs 

There are at least six types of cellular mechanisms which cooperate with each other to 

generate a fully malignant carcinoma [91]. Of these, local tumor invasion and 

metastasis are the least well known at both molecular and cellular levels, although 

metastasis spread leads to clinically incurable disease for most cancer types [92]. 

At cellular level, cancer metastasis which causes the majority of cancer patient deaths, 

involves at least two opposing processes: Epithelial-Mesenchymal Transition (EMT) 

to deliver invasion and dissemination into circulation and Mesenchymal-Epithelial 

Transition (MET) to deliver metastatic seeding [13, 93]. Circulating tumor cells link 

the two opposing processes. EMT underlies the basic cellular biology of tumor 

progression of carcinoma towards metastasis [94]. In EMT program, epithelial 

polarized cells adopt motile mesenchymal phenotype, and lose cell-cell connection, 

cell polarity and epithelial markers, especially E-cadherin [95-98]. Additionally, 

several major changes occur including increased expression of mesenchymal markers 
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(e.g. Vimentin and Fibronectin), and acquired migratory, invasive and metastatic 

phenotypes [99, 100]. MET program that drives disseminated cancer cells to form a 

secondary tumor, is an opposite process compared with EMT [101]. During MET, 

mesenchymal tumor cells regain some epithelial cell characteristics including 

polarized epithelial-like phenotype and cell-cell junctions. Moreover, the decrease in 

expression of N-cadherin and Vimentin, and increase in E-cadherin can also be 

observed in MET process [102, 103]. It has been also reported that	 EMT is not 

required for lung metastasis but contributes to chemoresistance [104]. More detailed 

research is needed to fully recover the roles of EMT in cancer metastasis. 

At the molecular level, it is well established that TGF-β signaling plays a key role in 

EMT (Figure 1.5). TGF-β can be converted from a tumor suppressor to a tumor 

promoter with the ability to induce EMT during tumorigenesis. As such, many TGF-β 

signaling targeted therapies have been developed in the hope to treat invasion and 

metastasis with mixed outcomes [105]. Novitskiy et al demonstrated that attenuated 

TGF-β signaling led to a delay of tumor onset, but increased the number of metastases 

in MMTVNeu/DNIIR mice [106]. As mentioned before, besides the canonical 

TGF-β-Smad signaling pathway, TGF-β also activates an ever expanding list of 

non-canonical effectors ranging from non-receptor protein tyrosine kinases (e.g. FAK) 

to mediators of cell survival (e.g. PI3K/Akt) to MAP kinases (e.g. ERK1/2) [96, 107, 

108]. It has been reported that both canonical and non-canonical TGF-β effectors are 

involved in driving EMT program by TGF-β [109, 110]. However, the precise 

mechanisms of how the canonical and non-canonical TGF-β signaling pathways work 

together during EMT program remain to be fully elucidated.  

It is well known that the majority of cancer patients die of metastasis in multiple 

organs, and MET is the process whereby disseminated cancer cells re-establish as 

epithelial-like cells and reinitiate proliferative programs. Thus, MET maybe 

represents the rate-limiting step of metastasis [95, 101, 111, 112]. TGF-β induces 

hypermethylation of the miRNA-200 family which is involved in promoting MET by 

upregulating E-cadherin expression [113]. In MDA-MB-231 breast cancer cell line, 
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ectopic expression of Grainyhed-like-2 (GRHL2) promotes MET via suppressing 

TGF-β-Smad2/3 signaling [114]. Additionally, the embryonic stem cell transcription 

factors Oct4, Sox2, Klf4 and c-Myc promote MET initiation which reduces TβRII 

expression and then leads to inhibition of  TGF-β signaling [115]. Another TGF-β 

superfamily member, BMPs, has been implicated in regulating MET in breast cancer 

cells, which will be discussed later. While a plethora of studies in EMT has been 

published by many scientists, more needs to be discovered regarding MET process 

and its regulation. 
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Figure 1.5. TGF-β signaling in EMT and MET programs. Normal epithelial cells 

lined by a basement membrane can transform into in situ cancer cells surrounded by 

an intact basement membrane. Augmentation in TGF-β signaling leads to EMT. 

Consequently, mesenchymal tumor cells invade through stroma and blood vessels to 

enter circulation. MET occurs and thus results in seeding or metastasizing of the 

circulating tumor cells. 
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1.2.3.3 Molecular TGF-β signaling amplification in advanced breast cancer 

patients 

As mentioned before, cancer metastasis accounts for the majority of cancer deaths 

worldwide. Epithelial-Mesenchymal-Transition (EMT) underlies the basic cellular 

biology of tumor progression of carcinoma towards metastasis. TGF-β is among the 

most important contributors to EMT and tumor metastasis [44]. It has been well 

developed that cell-cell adhesion receptor, E-cadherin is one of the key targets for 

repression during TGF-β-dependent EMT [116, 117]. Impaired TGF-β signaling via a 

dominant-negative form of TβRII or SMAD4 knockdown in mouse model and breast 

cancer cell line decreased cells invasion [118-120]. However, unlike in colon cancer 

where a loss-of-function of TGF-β signaling is at the genetic level, breast cancers 

frequently retain functional TGF-β signaling [121, 122]. That might explain why 

TGF-β has been ignored or rather not on the radar of breast cancer oncologists. 

Somatic mutations in TGF-β signaling pathway (Table 1.1) and TGF-β-dependent 

EMT signatures mRNA expression (Table 1.2) in breast cancer patients were analyzed 

based on The Cancer Genome Atlas (TCGA) database. Limited somatic mutations in 

the genes for TGF-β receptors and in the Smad genes provided support for unchanged 

TGF-β signaling at the genetic level. Surprisingly, ZEB1/2, TWIST1/2 and some 

matrix metalloproteinase (MMPs) are dramatically overexpressed in tumors of breast 

cancer patients compared to health control. Taken together, this analysis showed it is 

the gain-of-function of TGF-β in breast cancer at biochemical level-amplification of 

TGF-β signaling. However, the nature of TGF-β signaling amplification remains 

unclear. 
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Table 1.1. Somatic mutations in TGF-β signaling pathway in breast cancer 

patients* 

 
*Cited from TCGA database. Total number of patients is 1098. 
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Table 1.2. EMT signature mRNA expression change in breast cancer patients 

 
*FC=Fold of Change  
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1.3. BMP signaling 

1.3.1 BMP signaling transduction 

Bone morphogenetic proteins (BMPs) which are multi-functional growth factors, 

belong to the TGF-β superfamily [123]. BMPs were first discovered to induce ectopic 

bone formation potentially by Urist in 1965, and 6 years later he proposed the name 

“bone morphogenetic proteins” [124, 125]. It has been found that there are more than 

20 BMP-related proteins which can be divided into four subgroups: BMP2/4 group 

(BMP2, BMP4 and Drosophila decapentaplegic (dpp) gene product), OP-1 group 

(BMP5, BMP6, BMP7, BMP8 and Drosophila gbb-60A gene product), BMP9/10 

group and GDF group (GDF5, BMP12 and BMP13) [126, 127].  

BMPs are known to transduce signals through two distinct types of serine/threonine 

kinase receptors: type I and type II receptors. The type II receptors contain BMP type 

II receptors (BMPR II), activin type II receptor (ActR II) and activin type IIB receptor 

(ActR IIB). Moreover, there are four kinds of type I receptors including activin 

receptor-like kinase-2 (ALK2 or ACTR I), ALK3 (or BMPR IA) and ALK6 (or 

BMPR IB) [128]. In spite of a long C-terminal tail of BMPR II, all the type II 

receptors have similar structures [129]. BMP2/4 group members preferentially bind to 

ALK3 and ALK6, which is different from OP-1 group who bind to ALK2 and ALK6. 

GDF5 group, however, can only activate ALK6 efficiently [130].  

It is well established that BMP signaling can be transduced through both 

Smad-dependent and Smad-independent pathways including Erk1/2, Akt and JNK 

pathways [5, 131]. Here we mainly talk about the canonical BMP-Smad signaling 

pathways. Different from TβRI, BMP type I receptors preferentially activate 

Smad1/5/8 of the identified R-Smads in mammals [30, 132]. Upon ligand binding, 

BMP type II receptors are activated and then phosphorylate type I receptors. This is 

followed by the formation of active receptor complexes which phosphorylate 

Smad1/5/8 in the cytoplasm. Furthermore, R-Smad-Co-Smad triggers the formation 
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of complexes and then translocate into nucleus to mediate the BMP-targeted gene 

transcription in the presence of cofactors (Figure 1.2) [60, 134].  

1.3.2 Regulation of BMP signaling 

Given that BMPs play a crucial role in cellular and systemic functions during both 

embryonic and adult life, BMP signaling pathway is tightly regulated at various levels 

ranging from ligand bioavailability to post-translational modifications of Smads. 

Extracellular, membrane and intracellular regulators have been found to be involved 

in BMPs mediation (Table 1.3) [135]. 

Several secreted proteins including Follistatin, Cerberus, TSG, CCN family, Dan 

family (Gremlin, Usag1, Sclerostin, Coco and PRDC), Chordin family (Chordin and 

Crim1) and noggin which are known as BMP antagonists, mediate BMP activities by 

binding to them and thus inhibiting their subsequent signaling through receptors 

[136-138]. BAMBI that contains an extracellular domain interacts with BMP type I 

receptors and prevents formation of the active receptor complexes. Furthermore, it has 

been demonstrated that the repulsive guidance molecule (RGM) family of proteins 

acts as co-receptors for BMP signaling pathway, resulting in promoting BMP 

signaling transduction [128].  

Additionally, there are plenty of intracellular molecules to regulate BMP signaling 

through distinct mechanisms. For example, Tob, which is an anti-proliferative gene 

family protein, inhibits BMP signaling via interaction with both Smad1/5/8 (R-Smads) 

and I-Smad at the plasma membrane [139]. Moreover, c-Ski and SnoN have been 

described as inhibitors of BMP signaling by interacting with Smad4 [140, 141]. 

Inhibitory Smads, Smad6 and Smad7, which act as important negative modulators of 

BMP signaling pathway, interfere with the formation of BR-Smad/Co-Smad complex 

and/or interact with BMP type I receptors to inhibit activation of BR-Smad or to 

induce receptors degradation or dephosphorylation [142]. Other signaling pathways 

such as canonical TGF-β, PI3K/Akt and STAT pathways are also involved in 

regulation of BMP signaling both positively and negatively by cross-talking. The 
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cross-talk between TGF-β and BMP signaling pathways will be discussed later. 
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Table1.3. BMP signaling regulators 
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1.3.3 BMP signaling in cancer 

It is well known that BMPs are involved in not only physiologic functions such as 

development and iron metabolism, but also pathological conditions like cancer and 

fibrosis [143, 144]. Aberrant BMP signaling has been linked to disruption of stem cell 

self-renewal and differentiation, and tumor formation in mammals [6]. Similar to 

TGF-β, BMP also shows both tumor suppressive and oncogenic properties during 

tumorigenesis [145, 146]. For example, BMP7 have been demonstrated as a novel 

therapeutic molecule for inhibiting growth of local and bone metastatic breast cancer 

[147]. The same group also reported that BMP2/7 heterodimer acts as an efficient 

repressor of TGF-β signaling inhibiting the human breast cancer stem cell 

subpopulation and bone metastasis formation [148]. In addition to the tumor 

inhibitory effect by BMP, it also has been found that BMP2 and BMP4 promote 

migration and invasion in breast cancer cells [146, 149]. 

Similar to TGF-β, BMP also plays a key role in both EMT and MET which are two 

opposing processes of cancer metastasis (Figure 1.6). For instance, BMP7 represses 

TGF-β-stimulated EMT through downregulating Vimentin expression and promotes 

MET progression by upregulating E-cadherin expression, leading to inhibition of 

metastatic in breast cancer and melanoma cells [147, 150, 151]. Additionally, 

disruption of BMP receptor (BMPR II) in breast cancer cells enhances migration and 

invasion by inducing EMT [145]. However, the mechanisms of BMP-regulated tumor 

metastasis as well as how it can be successfully used for a therapeutic target in cancer 

treatment are still unclear. 
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Figure 1.6. Roles of BMP in metastasis [6]. At the primary tumor site, BMP 

functions as a tumor suppressor by inhibiting EMT through downregulating the 

expression of mesenchymal marker Vimentin. High BMP signaling at the metastatic 

site promotes MET, resulting in successful metastasis once the dormant tumor cells 

are activated. 
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1.3.4 Antagonism between TGF-β and BMP signaling 

It is well established that TGF-β and BMP signaling pathways exhibit antagonistic 

activities in a variety of biological contexts including bone development, stem cell 

maintenance and osteoblast differentiation [152-154]. Furthermore, they have also 

been shown to antagonize each other during tumor invasion and metastasis. For 

instance, BMP7 suppresses TGF-β-induced EMT in both kidney and breast cancer 

cells [147, 155, 156]. On the other hand, it has been reported that TGF-β inhibits BMP 

signaling in many different cell types, such as breast cancer cells and osteoblasts [141, 

157]. However, the exact mechanisms about how TGF-β and BMP antagonize each 

other in both normal and tumor cells are still unclear. Smad3, an important 

downstream effector of TGF-β, targets BMPRII via miR-17-92 cluster in carotid 

artery restenosis, which may have an effect on BMP signaling [158]. BMP7 can 

induce TGF-β binding to the ECM and reduce its expression in renal proximal tubular 

epithelial cells, resulting in abrogation of  TGF-β activity [159]. Gronroos etc. have 

demonstrated that TGF-β induced a novel complex comprising of phosphorylated 

Smad1/5 and Smad3, which resulted in inhibition of BMP response in MDA-MB-231 

cells [157]. More studies are needed to fully reveal the interaction between TGF-β and 

BMP signaling during tumor metastasis especially in mammary cancer. 

1.4. Exosomes 

Normally, transfer of signal occurs from one molecule to another, followed by 

regulation of biological functions. Nowadays, scientists found that not only soluble 

ligands but also microvesicles or exosomes that carry signaling cargoes such as 

TGF-β are able to transduce signaling intracellularly and extracellularly. Increasing 

number of publications has found exosomes play an essential role in both primary 

tumor growth and metastatic evolution.	 Considering their crucial functions, it is 

exciting to study exosomes, the newest family member of bioactive vesicles. 
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1.4.1 What are exosomes 

Exosomes are cell-derived vesicles whose diameter is between 30-100nm. The word 

“exosome” was first defined by Rose Johnstone for Extracellular Vesicles (EV) of 

endosomal origin in 1987 [160, 161]. Before 1980s, EVs were thought to be formed 

by outward budding from the plasma membrane. However, Rose Johnstone and Philip 

Stahl showed these vesicles were formed by inward budding of the endosome’s 

limiting membrane into its lumen, forming multivesicular bodies (MVBs) [162, 163]. 

Due to their MVB origin, exosomes carry proteins and lipids that is involved in 

membrane trafficking and MVB biogenesis. TSG101, the endosome membrane 

protein, is defined as an exosome marker. A cytosolic protein Alix that regulates 

endosomal trafficking is also enriched in the exosome proteome [164, 165]. Moreover, 

tetraspanin family members such as CD37, CD63 and CD81 were found in both 

MVBs and exosomes. Further studies confirmed the composition of exosomes and its 

secretion in different cell types such as epithelial cells and tumor cells, which shed 

new light on cell-cell communication [166-168]. 

1.4.2 Biogenesis of exosome 

Exosome formation occurs inside the MVBs as shown in Figure 1.7. In short, early 

endosomes with cargoes such as membrane proteins are formed by inward budding 

inside plasma membrane, followed by formation of late endosome. Then, the 

inward-budding vesicles form and pinch into endosome lumen, leading to MVBs. 

When MVBs fuse with the plasma membrane, exosomes can be released into 

extracellular environment. Alternatively, fusion of the MVB with the lysosomal 

membrane leads to lysosome formation [161].  

The endosomal sorting complex required for transport (ESCRT) machinery was 

shown to regulate MVB sorting through ubiquitination of proteins [169, 170]. 

ESCRTs comprised of approximately twenty proteins assemble into four complexes: 

ESCRT-0, -I, -II and -III [171]. Each complex functions in different ways to mediate 
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exosome biogenesis. For example, ESCRT-0 recognizes and engages ubiquitinated 

proteins through its ubiquitin-binding motif, while ESCRT-I and ESCRT-II seem to be 

associated with membrane budding. Additionally, ESCRT-III drives the pinching off 

of the cargo-containing vesicles into endosome lumen, leading to the formation of 

intraluminal vesicles (ILVs) [172]. 

It has been reported that lipid metabolism is responsible for MVBs formation and 

exosome biogenesis. Particularly, PI3K could localize to the plasma membrane, 

intracellular vesicles and cytoplasmic lipid bodies [173] and Hopkins has reported 

PI3K activity was required for MVB pathway in mammalian cells [174]. As it would 

be expected, factors that affect the formation of MVBs, from which exosomes 

specifically arise, affect the formation of exosomes [175]. As such, exosomes are 

decreased by inhibitors of PI3K such as wortmannin.  

Additionally, ceramide was identified to involve in exosome biogenesis as its 

production led to vesicles formation [176, 177]. Furthermore, tetraspannins such as 

CD37, CD63, CD81 and CD82 were also found to be accumulated in exosomes, 

which may indicate their roles in exosomes formation [178].  

1.4.3 Regulation of exosomes secretion 

It is well established that Rab subfamily of GTPases containing approximately 70 

distinct proteins are  involved in regulating various vesicular trafficking processes 

such as budding and vesicle fusion [179]. Studies have shown that each Rab protein 

regulates a distinct intracellular transport step [180, 181]. Specifically, the 

involvement of Rab27a/b in exosome secretion was illustrated by many scientists 

[164]. Rab27a was shown to affect the size of the MVBs while Rab27b mediated the 

transfer of membrane from the Trans Golgi network (TGN) to MVBs [182]. 

Ostrowski et al have found depletion of Rab27a/b, efficiently reduced exosome 

secretion [183]. 

It has been documented that the intracellular calcium changes also participate in the 

regulation of exosomes secretion by controlling the fusion of vesicles with plasma 
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membrane [184]. Ca2+ concentration is closely associated with the fusion of secretory 

vesicles with the plasma membrane. Incubation with dimethyl amiloride (DMA), an 

inhibitor of Na+/H+ and Na+/Ca2+ exchanger, impairing exosome release was observed 

[185]. Moreover, many other proteins such as TSAP6 and Nedd4 family have also 

been demonstrated to play a role in exosome release [186, 187]. 

1.4.4 Exosomes uptake by recipient cells 

It has been well accepted that exosomes are internalized into recipient cells, in a 

process called exosome uptake.	 Transfer of mRNAs and microRNAs through 

exosome has been shown as a novel mechanism of genetic exchange between cells 

[168]. New approaches for direct and specific targeting of KRAS in tumors using 

exosomes containing siRNA or shRNA (iExosomes) have been reported. Treatment 

with iExosomes dramatically inhibited cancer progression in pancreatic cancer mouse 

models, suggesting efficient transfer of exosome cargos to recipient cells [188]. 

Notably,	exosome uptake can also be visualized directly both in vitro and in vivo [189].	

Fluorescent lipid membrane dyes such as PKH67,	PKH26 and rhodamine B	are the 

most common method for detecting EV internalization [190-192]. Furthermore, a 

combination of high-resolution intravital imaging with a Cre recombinase-based 

method has been developed to observe the exchange of exosomes between cells in 

vivo [193]. Helena et al has reported that cancer cell exosomes depend on cell-surface 

heparan sulfate proteoglycans (HSPGs) for their internalization and functional activity. 

As such, heparin with ligand binding to HSPG [194] and PNP-xyl which inhibits 

proteoglycans biosynthesis were used as exosome uptake inhibitors [195]. 
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Figure 1.7. Biogenesis, secretion and uptake of exosomes. Exosomes originate from 

MVBs with the involvement of molecules such as ESCRT machineries, ceramide and 

tetraspanins. PI3K localizing to plasma membrane, intracellular vesicles, as well as 

cytoplasmic lipid bodies, is required in MVBs formation. Calcium ion and Rab 

protein family members including Rab11, Rab27 and Rab35 play a key role in 

exosome secretion. Treatments with DMA/wortmaninn and Rab27a/b silencing 

efficiently decrease exosome formation. Heparan Sulfate Proteoglycans (HSPG) 

regulates exosomes uptake by recipient cells. Heparin and PNP-xyl are two inhibitors 

for this uptake process. Vesicles budding directly from the plasma membrane are 

named as microvesicles. 
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1.4.5 Exosomes composition 

The existence of different exosome subpopulations has been reported [196]. And the 

actual composition of each subtype of extracellular vesicles (EVs) or exosome is 

unknown [197]. Here is a summarization of current literature reporting some 

well-known exosome cargos (Figure 1.8). 

1.4.5.1 Proteins 

As a specific subcellular compartment, exosomes carry a specific subset of proteins 

from endosomes, the plasma membrane and the cytoplasm [161]. Because of their 

MVB origin, proteins such as Alix and TSG101 which participate in MVB biogenesis 

are found in exosomes [198]. Additionally, exosomes contain cytosolic proteins such 

as tubulin and actin as well. As membrane trafficking molecules, Annexins and Rabs 

are found on exosomes to regulate intracellular membrane fusion and transport [199]. 

Exosomes also contain molecular chaperones including Heatshock Proteins such as 

HSP70 and HSP90 which are involved in antigen presentation [200]. It has been 

shown that Ras is heavily enriched in exosomes seen in the highly metastatic SW620 

cells [201]. Moreover, other oncogenic proteins such as EGFRvIII, LMP1 and HIF1α 

are also present in exosomes [202-204]. One of the most abundant protein families 

that are found in exosomes is tetraspannin which include CD9, CD63, CD81 and 

CD82. Especially, CD63 is normally used as a typical exosome marker [199].  

One of the well-known functions of exosomes is to regulate intracellular 

communication both locally and distally by transferring signaling molecules. It has 

been well documented that exosomes carry epidermal growth factor (EGF) ligands 

(such as TGF-α and amphiregulin) and receptors (EGFR) [198, 205]. Higginbotham 

and Beckler discovered that the amphiregulin (AREG)-containing exosomes activated 

the EGFR in recipient cells and dramatically increased the recipient cancer cells’ 

invasion [205]. Moreover, Clayton et al revealed the expression of active TGF-β in 

association with the transmembrane proteoglycan betaglycan (the type III TGF-β 
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receptor) in tumor cell-derived exosomes for the first time [206, 207]. Additionally, 

they also demonstrated that the active TGF-β in exosomes was able to activate 

Smad-dependent signaling pathway in recipient cells [207]. 

1.4.5.2 Genetic materials 

Nucleic acids in exosomes were first described by Valadi and colleagues [168]. Later, 

more evidences were provided from many groups confirming the presence of genetic 

materials in exosomes [168, 208].	 Mitochondrial DNA (mtDNA), single-stranded 

DNA (ssDNA) and double-stranded DNA (dsDNA) have all been discovered in 

exosomes [209, 210]. Notably, the same mutation was found in DNAs from both 

exosomes and the donor cells, implicating the potential of exosomal DNAs as 

biomarkers in cancer diagnosis and further drug administration [211].  

Moreover, RNAs including mRNAs, microRNAs (miRNAs) and long non-coding 

RNAs (lncRNAs) were also found to be secreted in association with exosomes [168, 

212]. Among them, miRNA is one of the most significant components in exosome 

cargos. miRNA are small non-coding RNA molecules (containing about 22 

nucleotides) found in plants, animals and some viruses, that functions in RNA 

silencing and post-transcriptional regulation of gene expression [213]. Interestingly, it 

has been reported that higher proportion of miRNA was detected in exosomes than in 

their donor cells [214, 215].	Exosomal miRNAs function on recipient cells in two 

ways: downregulating target genes as well as	 activating immune cells [214]. For 

instance, exosomes containing PTEN-targeting microRNAs promoted brain 

metastasis outgrowth, while depletion of the PTEN-targeting microRNAs or blockade 

of exosome secretion restored PTEN expression and suppresses brain metastasis in 

vivo [216].	Exosomal miR-21 and miR-29a were able to activate immune cells by 

binding to toll-like receptors (TLRs).  
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1.4.5.3 Lipids 

Lipid molecules are essential components of exosomal membranes and enrichment of 

specific lipids was observed in exosomes compared to their donor cells [217]. It has 

been documented that cholesterol, sphingomyelin (SM), glycosphingolipids and 

phosphatidylserine (PS) are enriched in exosomes while less exosomal 

phosphatidylcholine (PC) was detected compared to their donor cells [217]. It has 

been well-known that some lipids play key roles in exosome biogenesis, and the 

others are responsible for cell-cell communication. For example, ceramide formation 

has been linked to exosome biogenesis and secretion [177]. Furthermore, 

exosomes-mediated transfer of prostaglandin E2 (PGE2) led to immune suppression 

[218]. More research is needed to understand the use of exosomal lipids as biomarkers 

and how the exosomal lipids may be of importance for researchers aiming to use 

exosomes as drug delivery vehicles.  
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Figure 1.8. Exosomes composition. Exosomes are nanometer-sized vesicles secreted 

by various types of cells and tissues. They are typically enriched in certain molecules 

including tetraspannin, oncogenic proteins, membrane trafficking molecules, 

cytoskeletal molecules, proteins involved in MVB formation, chaperones, 

cytoplasmic enzymes, signal transduction proteins, lipids and genetic materials. 

Antigen-presenting cells (APC) derived exosomes contain immune regulator 

molecules including MHC class I/II, and co-stimulatory molecules including CD86. 
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1.4.6 Exosomes in cancer 

Nowadays increasing evidences support the notion that exosome is a key player in the 

development of human disease, especially cancer (Figure 1.9). Exosomes are able to 

affect tumor progression by regulating tumor initiation, proliferation, angiogenesis, 

drug resistance and most importantly invasion and metastasis [219]. Exosomes 

contain oncogenic elements such as proteins, lipids and microRNAs that can promote 

tumor progression and metastasis by activating some signaling pathways [220]. For 

instance, successful delivery of mutant KRAS through exosomes to colon cancer cells 

expressing wild-type KRAS resulted in accelerated growth and tumorigenicity of 

recipient cells [221]. Exosomal miR-23a regulates TGF-β-induced 

epithelial-mesenchymal transition by targeting E-cadherin in lung cancer cells [222]. 

Furthermore, fibroblast-derived exosomes induced breast cancer cell motility and 

invasion by stromal mobilization of the Wnt-planar cell polarity signaling pathway 

[223]. It has been reported metastatic behavior can be phenocopied through 

extracellular vesicle (mainly exosomes) exchange, indicating exosomes’ key role in 

regulating tumor malignancy. 

Moreover, exosomes can deliver messages from tumor cells to immune cells and 

tumor microenvironment, leading to the escape from the immune system and 

facilitating tumor aggressiveness [224]. For example, exosomal prostaglandin E2 

(PGE2) and TGF-β increased the number of myeloid-derived suppressor cells 

(MDSCs), leading to regulatory T-cell (Treg) expansion and apoptosis of 

tumor-reactive CD8-positive T lymphocytes [225]. Moreover, exosomes expressing	

human epidermal growth factor receptor 2 (Her2) and epithelial cell adhesion 

molecule (EpCAM) antigens neutralized antibodies which could interfere with 

antibody-dependent cytotoxicity (ADCC) of tumor cells expressing these antigens. 

Consequently, the effect of Trastuzumab, a major therapeutic drug in metastatic breast 

cancer was reduced [226, 227]. However, the exact mechanisms of the involvement of 

exosomes and how they can be targeted in cancer metastasis remain to be revealed. 
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Figure 1.9. Exosomes function in cancer. Cancer cell-derived exosomes cause 

oncogenic transformation of recipient cells by transferring oncogenic molecules such 

as Ras superfamily of GTPases, mRNA and miRNAs. Moreover, exosomes accelerate 

proliferation through up-regulating PI3K/Akt, MAPK/Erk or KIT-SCF signaling. 

Exosomes have been found to transport EMT inducers (such as LMP1 and miRNAs) 

to induce tumor invasion and metastasis. Tspan8-positive exosomes induce 

endothelial cell activation and angiogenesis in association with angiogenic factor 

pathways. Additionally, exosomes are related to extracellular matrix (ECM) 

production to facilitate tumorigenesis and inducing anticancer drug resistance. Tumor 

immune escape is also partly contributed by tumor-derived exosomes including 

recruitment, expansion, and regulation of the regulatory T (Treg) cells function as 

well as blocking dendritic cells (DC) differentiation.  
  



48 
	

1.5. Questions 

In summary, TGF-β and BMP signaling play context dependent roles in cancer 

progression, either as a tumor promoter or a tumor suppressor. However, the cellular 

and molecular mechanisms of their involvement in regulating EMT and MET which 

are two vital processes during metastasis require further investigation. More 

specifically, cross-talk between TGF-β and BMP signaling pathways and how TGF-β 

and BMP affect the function of each other in breast cancer metastasis are yet to be 

answered. Furthermore, the role of exosomes in regulating cancer metastasis needs 

clarification. The mapping of signaling pathways and subsequent cellular processes 

driven by exosomes will provide clear molecular and cellular targets for new 

anti-cancer therapeutics at different stages of cancer development. 
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Hypothesis and Aims 

This thesis addresses the following hypothesis: 

Chapter 3. Exosomes are major drivers of TGF-β signaling amplification and 

EMT. 

Chapter 4. Restoration of TGF-β-impaired BMP signaling attenuates breast 

cancer metastasis. 

Chapter 5. Double edged sword in cancer invasion and metastasis: activation of 

TGF-β-Smad2/3 signaling drives EMT, but inhibits MET.  

 

The specific aims of the study are: 

1. To demonstrate exosomes have higher TGF-β signaling capacity than free 

ligand TGF-β and are able to induce EMT and cell migration in non-invasive 

breast cancer cells. 

2. To discover how to restore BMP signaling activity and its effects on breast 

cancer metastasis. 

3. To obtain evidence that optimum tumor reseeding and metastasis require 

dynamic fluctuation of TGF-β signaling: activation of TGF-β-Smad2/3 signaling 

delivers EMT, inhibition of TGF-β-Smad2/3 signaling enables MET. 
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Chapter 2. Materials and Methods 

2.1. DNA constructs and adenovirus  

The Ad-CAGA-luc, Ad-BRE-luc, Ad-CAGA-Gaussia-luc, Ad-CAGA-Td-Tomato, 

Ad-CMV-Tomato, Ad-CMV-Gaussia-luc and Ad-Cre-GFP adenoviruses were 

produced and amplified as previously described [228, 229]. Ad-CMV-Smad6 and 

Ad-CMV-Smad7 viruses were produced similarly for the purpose being infect cultured 

cells for overexpression of Smad6 and Smad7 [229]. The pE-GAP (1-20 a.a.)-GFP 

construct was a kind gift from Prof. Richard Simpson (La Trobe Institute for 

Molecular Science (LIMS), La Trobe University, Australia).  

2.2. Cell lines and cell culture  

The human breast cancer cell line MDA-MB-231 and MCF7, human breast epithelial 

cell line MCF10A, human epidermal carcinoma cell line A431, human head and neck 

tumor cell line HN5, Madin-Darby canine kidney cell line MDCK, the 

v-Ha-Ras-transformed MDCK (21D1 cells) and mouse fibroblast cell line NIH3T3 

were originally obtained from ATCC (American Type Culture Collection). The human 

bladder cancer cell lines RT4 and T24 were kind gifts from Prof. Chris Hovens 

(Department of Surgery, University of Melbourne, Australia). The human colon 

cancer cell lines SW480 and SW620 were gifts from Prof. Richard J. Simpson (La 

Trobe Institute for Molecular Science (LIMS), La Trobe University, Australia). 

MDA-MB-231-GAP-GFP was generated by co-transfection with pE-GAP (1-20 

a.a.)-GFP construct and puromycin resistant vector (PEF-Puro) at a ratio of 10:1 using 

FuGENE HD®. Similarly, NIH3T3-GAP-GFP was generated by co-transfection with 

pE-GAP (1-20 a.a.)-GFP construct and G418 resistant vector 

(PSF-MINCMV-NEO/G418) at a ratio of 10:1 using FuGENE HD® transfection 

reagent (Promega, USA). The transfected cells were selected with 2µg/ml puromycin 

or 1mg/ml G418 for 2 weeks. Clones with GFP fusion protein expression were picked 
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up and cultured with 2µg/ml puromycin or 1mg/ml G418 for a further 4 weeks. 

MDA-MB-231, MCF7, A431, HN5, MDCK, 21D1, NIH3T3, 

MDA-MB-231-GAP-GFP and NIH3T3-GAP-GFP were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, USA). 

MCF10A was cultured in Dulbecco's modified Eagle's medium-F12 (DMEM/F12) 

(Invitrogen, USA) supplemented with 5% horse serum (Invitrogen, USA), 1% 

penicillin/streptomycin (Invitrogen, USA), 0.5 µg/ml hydrocortisone (Sigma, USA), 

100 ng/ml cholera toxin (Sigma, USA), 10 µg/ml insulin (Sigma, USA), and 20 ng/ml 

recombinant human EGF (Peprotech, USA). RT4 and T24 were cultured in McCoy's 

5a (Gibco, Life technology). SW480 and SW620 were maintained in RPMI 1640 

(Gibco, Life technology). All culture medium except for MCF10A were supplemented 

with 10% fetal bovine serum (HyCloneTM, GE Healthcare Life Sciences, Australia), 

10 µg/mL penicillin and 100 µg/mL streptomycin (Invitrogen, USA). The cells were 

maintained at 37 °C with 10% CO2 in a humidified atmosphere. 

2.3. Animals  

Mice homozygous for the severe combined immune deficiency spontaneous mutation 

PrkdcSCID were purchased from animal resource center (ARC, West Australia). All 

animal experiments were performed in accordance with National Health Medical 

Research Council of Australia code of practice for the care and use of animals for 

scientific purposes and approved by The University of Melbourne Animal Ethics 

Committee (Ethics ID: 1613813). 

2.4. Antibodies and reagents 
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Table 2.1. Western blotting antibodies list 

Antibody Species Dilution Source 
Primary Antibodies (in PBS, 1%BSA, 0.1%Tween20, 0.02% NaN3) 

Anti-phospho-Smad2 Rabbit 1:1000 Prof. Peter ten Dijke, Leiden 
University Medical Centre, 
Netherlands 

Anti-phospho-Smad1 Rabbit 1:1000 Prof. Peter ten Dijke, Leiden 
University Medical Center, 
Netherlands 

Anti- Smad2/3 Mouse 1:1000 610843, BD Biosciences, 
Australia 

Anti-Actin Mouse 1:5000 A5441, Sigma-Aldrich, USA 
Anti-FLAG(M2) 
Antibody 

Mouse 1:5000 F3165, Sigma-Aldrich, USA 

Anti-TSG101 Mouse 1:1000 612696, BD Biosciences, 
Australia 

Anti-Alix Mouse 1:1000 2171, Cell Signalling, USA 
Anti-Rab27a Mouse 1:200 ab55667, Abcam, UK 
Anti-E-cadherin Mouse 1:1000 610182, BD Biosciences, 

Australia 
Anti-Vimentin Mouse 1:1000 ab8069, Abcam, UK 
Anti-ZO-1 Mouse 1:1000 610967, BD Biosciences, 

Australia 
Anti-α-Smooth Muscle 
Actin 

Mouse 1:250 ab7817, Abcam, UK 

Anti-phospho-ERK1/2 Rabbit 1:1000 9101, Cell Signalling, USA 
Anti-total-ERK1/2 Rabbit 1:1000 9102, Cell Signalling, USA 
Anti-phospho-Smad1/5 Rabbit 1:1000 9516, Cell Signalling, USA 
Anti-total-Smad5 Goat 1:500 sc-7443, Santa-Cruz, USA 
Anti-phospho-AKT Rabbit 1:1000 9275, Cell Signalling, USA 
Anti-total-AKT Rabbit 1:1000 9272, Cell Signalling, USA 

Secondary Antibodies (in PBS, 0.1%Tween20) 
Anti-Mouse Goat 1:5000 Bio-Rad Laboratories, 

Australia 
Anti-Rabbit Goat 1:5000 Bio-Rad Laboratories, 

Australia 
Anti-Goat Rabbit 1:5000 Bio-Rad Laboratories, 

Australia 
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Table 2.2. Immunofluorescence staining antibodies list 

Antibody Species Dilution Source 
Primary Antibodies (in PBS, 1%BSA, 0.1%Tween20, 0.02% NaN3) 

Anti-E-cadherin Mouse 1:200 610182, BD Biosciences, Australia 
Anti-Vimentin Mouse 1:200 ab8069, Abcam, UK 
Anti-ZO-1 Mouse 1:250 610967, BD Biosciences, Australia 
Anti-α-Smooth Muscle 
Actin 

Mouse 1:100 ab7817, Abcam, UK 

Secondary Antibodies (in PBS, 1%BSA, 0.1%Tween20) 
Alexa Fluor® 488 (mouse) Goat 1:500 A-11029, Thermo Fisher 

Scientific, USA 
Alexa Fluor® 546 (mouse) Goat 1:500 A-11003, Thermo Fisher 

Scientific, USA 

 
Table 2.3. Other reagents 

Reagent Source 
Recombinant Human TGF-β1 100-21, PEPROTECH, USA 
Recombinant Human BMP-7 120-03, PEPROTECH, USA 
Puromycin P8833, Sigma-Aldrich, USA 
FuGENE® HD E2312, Promega, USA 
Lipofectamine® RNAiMAX Reagent 13778075, Thermo Fisher Scientific, USA 
Polybrene sc-134220, Santa-Cruz, USA 
G418 Solution 4727894001, Sigma-Aldrich, USA 
Hoechst-33258 H6024, Sigma-Aldrich, USA 
5-(N,N-Dimethyl) Dimethyl amiloride 
(DMA) 

A4562, Sigma-Aldrich, USA 

Wortmannin (Wort) W1628, Sigma-Aldrich, USA 
Heparin H3149, Sigma-Aldrich, USA 
p-Nitrophenyl-beta-D-xylopyranoside 
(PNP-xyl) 

N2132, Sigma-Aldrich, USA 

SB431542 S4317, Sigma-Aldrich, USA 
Dimethyl sulfoxide (DMSO) 2225, Thermo Fisher Scientific, USA 
UO126 U120, Sigma-Aldrich, USA 
LY294002 L9908, Sigma-Aldrich, USA 
PD98059 9900, Cell Signalling, USA 
FK506 ab120223, Abcam, UK 
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2.5. Luciferase assay  

Ad-CAGA-luc/Ad-BRE-luc/Ad-TCF-luc (MOI: 2000) and 

Ad-CMV-Gaussia-luc/Ad-CAGA-Gaussia-luc (MOI: 1000) virus infected reporter 

cells (3000 cells/well) were cultured in a 96-well plate as previously described [229]. 

After 16-24hrs infection, the cells were stimulated with the indicated concentration of 

free ligand TGF-β, BMP7, exosomes or other reagents as shown in the results section. 

Thereafter, cells were lysed with Cell Culture Lysis Reagent (Promega, USA) and 

assessed for luciferase activity using Luciferase Assay Kit (Promega, USA) following 

the manufacturer’s instructions. Luciferase activities were presented as relative light 

units (RLU) or the fold change as compared with the basal reporter level.  

2.6. Quantification of exosomal TGF-β 

MDCK Ras-transformed 21D1 cells (3000 cells/well) were infected with 

Ad-CAGA-luc (MOI: 2000) in 96-well plate for 24hrs. Thereafter, cells were 

stimulated with various concentrations of free ligand TGF-β (0-2ng/ml) for another 

24hrs to generate a standard curve. Simultaneously, luciferase activity of cells 

incubated with exosomes was detected. The equivalent exosomal TGF-β was 

measured based on the standard curve.  

2.7. Western blotting assay 

Cells were seeded into a 6-well plate and harvested when they reached 90-100% 

confluence. The cells were lysed using ice-cold lysis buffer (30mM HEPES, 1% 

TritonX-100, 2mM MgCl2, 150mM NaCl, 5mM EDTA, complete protease inhibitor 

tablet and phosphostop phosphatase cocktail tablet) and shaken on ice for 30min, 

followed by centrifugation at 13000 rpm for 15 min to remove the cell debris. The 

lysate supernatant samples were mixed with 4×Laemmli sample buffer (Bio-Rad 

laboratories, Australia) and heated at 95 °C for 10 minutes. Proteins were separated by 

10% or 4-20% Mini-Protean® TGXTM Gel system (Bio-Rad laboratories, Australia) 
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and transferred to a nitrocellulose membrane (GE Healthcare, Australia) with 100 

Volts. Skim milk (5%) was used to block the membrane for 1hr at room temperature 

(RT). The membrane was then probed with indicated primary antibody and 

corresponding horse radish peroxidase (HRP) conjugated secondary antibody. The 

signal was visualized by using the Western Lightning® ECL Pro Enhanced 

Chemiluminescence Substrate (PerkinElmer, USA) and exposed to X-ray film 

(Fujifilm Australia, Australia). The target protein expression level was calculated by 

quantitatively measuring the intensity of each band using ImageJ. 

2.8. Exosome isolation 

Exosomes were isolated through differential centrifugation as previously described 

[230]. Briefly, MDA-MB-231, MDA.Rab27a.shRNA, NIH3T3 or NIH3T3-GAP-GFP 

cells (5×106 cells/dish for 5 dishes) were grown in 15cm dishes for 48h before cells 

were cultured in serum free medium containing 5ng/ml TGF-β for another 24hrs. The 

culture media were collected and subjected to sequential centrifugation steps (300×g 

for 5min, 2000×g for 15min and 3000 x g for 15min). The supernatants were further 

concentrated by 100K NMWL centrifugal filtration (Amicon Ultra-15, Millipore) and 

washed twice with ice-cold serum free medium before centrifuged at 10,000 × g for 

another 90min. Exosomes were recovered from the cleared, condensed supernatant by 

ultracentrifugation at 100,000 × g for 17hrs at 4 °C. The exosome pellet was 

resuspended in ice-cold 1 × PBS and stored at 4°C. For some experiments, the 

concentrated medium was directly used without the last ultracentrifugation step. 

Exosomes used for western blotting analysis were resuspended in 1×Laemmli Sample 

Buffer (Bio-Rad) before application. Exosomal protein amount was determined by 

BCA Protein Assay Kit (Thermo Scientific). 

2.9. siRNA transfection 

MDA-MB-231 cells were transiently transfected with control siRNA or 

Rab27a/Smad6 siRNA using Lipofectamine® RNAiMAX Reagent (Thermo Fisher 
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Scientific, USA) according to the manufacturer's protocol. Briefly, MDA-MB-231 

(3×105 cells/well) was cultured in a 6-well plate. Optimal amount of Rab27a 

/Smad6/control siRNA and 9µl transfection reagent RNAiMAX was dilluted in 300µl 

antibiotics and serum free medium and incubated for 0.5hr at RT. The transfection 

solution was added directly to the cells and incubated for another 24hrs. Successful 

knockdown of Rab27a and Smad6 were confirmed by western blotting assay. 

2.10. Lentiviral infection and selection of stable cell line generation 

MDA-MB-231 cells (1.5×105 cells/well) were plated in a 12-well plate 24 hrs prior to 

viral infection. Following this, media were removed from the plate wells and replaced 

with 1 ml of complete medium containing 5µg/ml polybrene. Infection of cells were 

completed by adding the Rab27a shRNA Lentiviral Particles to the culture (MOI=0.5). 

On the next day, medium was discarded and replaced with normal 10% FCS medium, 

followed by incubation overnight. Thereafter, cells were split 1:3 and selected with 

5µg/ml puromycin. Medium were replaced with fresh puromycin-containing medium 

every 3-4 days, until resistant colonies were identified. The stable clone was named as 

MDA.Rab27a.shRNA. Exosomes isolated from parental MDA-MB-231 and 

MDA.Rab27a.shRNA cells were resuspended in 1×Laemmli Sample Buffer (Bio-Rad) 

for western blotting assay. TSG101 and Alix were used to confirm the reduction of 

exosome production in MDA.Rab27a.shRNA cells. 

2.11. Immunofluorescence staining 

MCF7 cells (1×104 cells/well) were seeded into a 24-well plate and stimulated with 

exosomes or 5ng/ml free ligand TGF-β for 96hrs. Cells were fixed in 3.7% 

formaldehyde in PBS (Sigma-Aldrich, USA) for 5 min at RT. After washing 3 times 

with 1×PBS, cells were permeabilized with 0.1% Triton-X-100 (Merck, USA) for 5 

min at RT and washed 3 times with 1× PBS. Cells were then blocked with PBS 

containing 5% BSA for 1hr at RT. Thereafter, cells were probed with the indicated 

primary antibodies for 2hrs at RT. After washing with 1× PBS for 3 times, cells were 



57 
	

incubated with Alexa Fluor® 488- or Alexa Fluor® 546-conjugated secondary 

antibodies for 1hr at RT with a foil cover and were then washed 3 times with 1× PBS. 

Cell nuclei were stained with Hoechst stain for 10 minutes at RT in the dark. 

Following two times 1×PBS wash and two times double-distilled water (DDW) wash, 

images were collected by microscope with a CCD camera (magnification = 20×). 

Representative images were presented. 

2.12. Z-stack confocal microscopy and reconstruction of 3D images 

MDA-MB-231(5×103 cells/well) were grown on an 8-well glass chamber slides (ibidi, 

Germany) and infected with Ad-CAGA-Td-Tomato for 24hrs. The infected cells were 

then stimulated with 10µg/ml NIH3T3-GAP-GFP-derived exosomes or 5ng/ml free 

ligand TGF-β for another 24hrs. Live Cell nuclei were stained with Hoechst for 5 

minutes at 37 °C. Z-stack sequential images were collected by Olympus FV1000 

confocal microscope using 60× lens with the following lasers: 488 (GFP), 594 

(Tomato) and 405 (Hoechst) nm. Up to 65 slides with spacing of 0.15 µm were 

scanned and reconstructed into 3D images using FIJI software. Representative images 

were presented. 

2.13. In vitro scratch assay 

MDA-MB-231(5×105 cells/well) were cultured onto a 6-well plate and pre-treated 

with the indicated concentration of TGF-β, BMP-7 or FK506 for 24hrs. Scratches 

were created using a P200 pipette tip to scratch a straight line on the culture plate	

through the cell monolayer. The culture medium was replaced with 1% serum fresh 

medium containing the same treatment as before to remove detached cells. 

Phase-contrast images were acquired at 0 and 16hrs post-scratch using a microscope 

equipped with a CCD camera, and ImageJ was used to analyze the closed area. 
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2.14. Migration transwell assay 

Dual-labelled (Ad-CAGA-luc and Ad-CMV-Gaussia-luc) MDA-MB-231 or 

Ad-CMV-G-luc labelled MCF7 (1×104 cells/insert) cells were seeded in the upper 

chamber of Transwell® polycarbonate membrane cell culture inserts (8.0 µm pore 

size, Corning, USA) and at the same time non-migrated cells were seeded in a 96-well 

plate (2500 cells/well). Additionally, 5ng/ml TGF-β or exosomes was applied to the 

seeded cells in both lower chambers of transwell and 96-well plates. 48hrs later, the 

cells in the upper chamber were wiped off with cotton buds dipped in PBS. The 

membranes were peeled off the upper chamber and placed into empty wells, followed 

by cell lysis. The numbers of migrated or reseeded cells and the signaling activities of 

those cells were quantitated via Gaussia and Firefly luciferase assay respectively. 

2.15. Fibroblast coculture 

MDA-MB-231 or MCF7 cells were infected with 

Ad-CAGA-Td-Tomato/Ad-CAGA-luc and Ad-CMV-Gaussia-luc for 24hrs before 

co-culturing with fibroblast NIH3T3. The reporter cells together with NIH3T3 

(reporter cell: NIH3T3=1:1) were seeded into a 24-well plate or a transwell plate for 

further luciferase assay or migration/invasion assay. The treatment was indicated in 

the Results and Discussion section. 

2.16. Droplet digital PCR 

MDA-MB-231 cells in a 6-well plate were stimulated with 5ng/ml TGF-β at different 

time points (0-24hrs). Cellular RNAs were extracted with RNeasy Mini Kit (Qiagen, 

The Netherlands) following the manufacturer’s instructions. Then RNAs were 

subjected to RT-PCR to get cDNA for consequent Droplet Digital PCR (ddPCR, 

QX200™ Droplet Digital™ PCR System). The samples were placed in the QX200 

Droplet Reader, which analyses each droplet individually using a two-color detection 

system. The QuantaSoft software fits the fraction of positive droplets to a Poisson 
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distribution to determine the absolute starting copy number in units of copies/µl input 

sample and then reports the target DNA concentration in the form of copies per µl in 

the sample. 

2.17. Mice tumor challenge 

In the BMP signaling restoration model (Figure 5.5A), mice were challenged with 

3×106 Ad-BRE-luc labelled MDA-MB-231-G-luc tumor cells (2 tumors/mouse, 12 

mice in total) orthotopically in mammary fat pads on day 0. Five days post tumor 

implantation, mice were divided into 4 groups (Control, 0.02mg/ml FK506, 2µmol/kg 

UO126 and FK506/UO126 combination) followed by daily IVIS imaging and 

treatment via intraperitoneal (i.p.) injection for five days. In the metastasis model 

(Figure 5.6A), mice were challenged with 1×106 MDA-MB-231 and 3×106 

MDA-MB-231-G-luc tumor cells in the contralateral fat pads (left side: unlabeled 

MDA-MB-231; right side: labelled MDA-MB-231-G-luc) on day 0. Mice were 

divided into 5 groups (Control, 0.02mg/kg FK506, 2µmol/kg UO126, FK506/UO126 

combination and 0.1mg/kg FK506) at day 5 followed by daily treatment for 3 weeks. 

Mice were monitored for body weight and tumor size 2-3 times per week. Blood, 

tumors and organs were all collected for further analysis. 

2.18. In vivo bioluminescence imaging 

For bioluminescence imaging, mice were administered 150 mg/kg of D-Luciferin by 

intraperitoneal injection and mice were anesthetized with 1–2% inhaled isoflurane in 

oxygen. Five minutes after Luciferin administration, bioluminescence signal was 

measured using a Xenogen IVIS-200 imaging system (Caliper). Living Image 

software Version 3.2 (Xenogen, Alameda, CA, USA) was used to compute regions of 

interest (ROI) and integrate the total bioluminescence signal in each ROI. Data were 

analysed using total flux (photons/second) in the drawn ROIs and normalized to 

background signal.  
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2.19. Circulating tumor cells (CTCs) detection and tumor metastasis 

measurement 

Immediately after human killing of the mice, cardiac blood puncture using 25 gauge 

needles was performed to obtain 1 ml whole blood was performed by cardiac 

puncture using 25 gauge needles and collected into heparin containing tubes. 5µl of 

the blood samples were lysed with Cell Culture Lysis Reagent (Promega, USA) and 

assessed for Gaussia luciferase activity using Luciferase Assay Kit (Promega, USA) 

following the manufacturer’s instructions. Blood from mice without MDA-G-LUC 

tumor implantation was used as a negative control (NC). Unlabeled MDA-MB-231, 

lung, liver, leg, brain were harvested for detection of self-seeding and metastasis. 

Muscle and G-luc labelled tumors were used as negative and positive control, 

respectively. All tumors and organs were washed with 1xPBS with three pieces from 

different sites cut. Samples were lysed for luciferase assay to detect 

self-seeding/metastasis. 

2.20. Statistics 

Data are presented in bar and line graphs as the mean ± SD or mean ± SEM as 

indicated in the figure legends. All statistical analyses were performed either by 

one-way analysis of variance (ANOVA) (multiple groups) or student’s t-test (two 

groups). P < 0.05 indicated statistical significance.  
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Chapter 3. Exosome: A Major Driving Force for TGF-β 

Signaling Amplification and EMT 

3.1 Abstract 

It is well established TGF-β signaling plays a key role in EMT underlining the basic 

cellular biology of tumor progression of carcinoma towards metastasis. Nowadays, 

increasing number of research publications support the notion that exosomes play an 

essential role in both primary tumor growth and metastatic evolution. Importantly, 

cancer derived exosomes have been found to be able to activate TGF-β-Smad 

signaling pathway in recipient cells. Here	the role of exosomes or exosomal TGF-β in 

breast cancer metastasis has been explored. We discovered tumor cell or 

fibroblast-derived exosomes mediate amplification of TGF-β signaling in breast 

cancer cells, resulting in cellular behaviors supporting tumor progression. Moreover, 

targeting exosome trafficking, secretion and uptake by DMA, wortmannin, Rab27a 

knockdown, heparin and PNP-xyl efficiently reduced TGF-β signaling and 

corresponding cellular functions. The data suggest a new therapeutic target for 

developing cancer metastasis treatment. 

	

  



62 
	

3.2 Introduction 

For most cancer types, metastatic spread leads to clinically incurable disease [231]. 

Breast cancer is the most commonly diagnosed cancer among women in the world. 

The survival of breast cancer patient has improved considerably after surgery mainly 

due to chemo/radiotherapies and subsequent tamoxifen treatment. However, breast 

cancer fatality is still very high for long term patients due to metastasis in multiple 

organs [232, 233]. 

There are at least six types of cellular mechanisms which cooperate with each other to 

generate a fully malignant carcinoma [91]. Of these, local tumor invasion and 

metastasis are the least well known at both molecular and cellular levels [231, 234]. 

At cellular level, Epithelial-Mesenchymal Transition (EMT) underlies the basic 

cellular biology of tumor progression of carcinoma towards metastasis [235].	 At 

molecular level, it is well established that TGF-β signaling plays a key role in EMT. 

TGF-β can be converted from a tumor suppressor to a tumor promoter with the ability 

to induce EMT during tumorigenesis. As such, many TGF-β signaling targeted 

therapies have been developed in the hope to treat invasion and metastasis with mixed 

outcomes [236, 237].  

A	growing number of studies suggest that tumor-secreted extracellular vesicles (EVs)	

play an essential role in both primary tumor growth and metastatic evolution [238]. 

Exosomes are EVs whose diameter is between 30-100nm and are formed by inward 

budding of the endosome’s limiting membrane into its lumen [239, 240]. It has been 

well documented that exosomes carry epidermal growth factor (EGF) ligands (such as 

TGF-α and amphiregulin) and receptors (EGFR) [241, 242]. Higginbotham and 

Beckler discovered that the amphiregulin (AREG)-containing exosomes activated the 

EGFR in recipient cells and dramatically increased the recipient cancer cells’ invasion 

[242]. Moreover, Clayton et al have revealed the expression of active TGF-β in 

association with the transmembrane proteoglycan betaglycan (the type III TGF-β 

receptor) in tumor cell-derived exosomes for the first time [71, 243]. Additionally, 

they also demonstrated the active TGF-β in exosomes was able to activate 
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Smad-dependent signaling pathway in recipient cells [71]. What roles do exosomes 

play in breast cancer metastasis? 

In this study, we established exosomes as a major mediator driving hyperactivation of 

TGF-β signaling in breast cancer cells and consequent biological functions. Moreover, 

exosome trafficking, secretion and uptake affect significantly TGF-β responses. 

Importantly, fibroblast-derived exosomes are also potent drivers of TGF-β signaling 

amplification in breast cancer cells, suggesting a major role for exosome as a mediator 

of cancer cell-microenvironment interaction. As such, a new chapter focusing on 

exosomes in tumor progression and as therapeutic target may begin. 

3.3 Results 

3.3.1 Highly-invasive cancer cells produce more exosomes and exhibit higher 

TGF-β signaling activity than their non-/weakly-invasive counterparts 

Webber et al. have reported that TGF-β is expressed at the exosome surface and able 

to elicit Smad-dependent signaling [71]. Pervious researchers in our lab have 

examined the exosomes production from three pairs of weakly-/highly-invasive 

human cancer cell lines (breast cancer MCF7 and MDA-MB-231; colon cancer 

SW480 and SW620; bladder cancer cell lines RT4 (non-invasive) and T24) by using 

bicinchoninic acid (BCA) assay. The exosomes were harvested and their yields were 

normalized to the same number of cells (million) for each line. As shown in Figure 

3.1A, highly-invasive breast cancer cells MDA-MB-231 produced 0.3µg/million cells 

exosomes while the non-invasive MCF7 less than 0.1µg/million cells exosomes. 

Likewise, more than 0.2µg/million cells exosomes were secreted by T24 cells than 

RT4. No significant difference was observed in exosome production between colon 

cancer cell lines SW620 and SW480. 293T cell is a human embryonic kidney cell line 

used as a normal control. Interestingly, highly-invasive cancer cells exhibited higher 

TGF-β-Smad3 transcriptional reporter activity than the weakly- or non-invasive cells 

(Figure 3.1B). Take breast cancer cell lines as an example, the fold of induction in 
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MDA-MB-231 was around 1000, but it was less than 10 in MCF7 cells. This trend 

could be further applied to other types of cancer cell lines such as colon cancer and 

bladder cancer. Therefore, we examine whether exosome’s role in TGF-β signaling 

amplification and consequent cancer metastasis. 

3.3.2 Exosome mediates amplification of TGF-β signalling in MDA-MB-231 cells 

Tumor exosomes were isolated through differential centrifugation (see “Materials and 

methods” for details) using serum-free medium collected from multiple 15cm petrol 

dishes of MDA-MB-231 cells. Exosomes were characterized by both transmission 

electron microscope (by Lin Liu and Jingyi Sheng) and western blotting as shown in 

Figure 3.2A & B. Exosomes’ TGF-β activity was determined by the reporter activity 

assay using the reporter adenovirus infected 21D1 cells (Figure 3.2C). This is a 

modified method from reporter cell line method [229] to avoid the reporter instability 

in the cell line in long term. Indeed, similar to free ligand TGF-β, the tumor exosomes 

induced TGF-β-Smad3 transcription activity in the same tumor cells as determined by 

the luciferase reporter assay (Figure 3.2D). Likewise, exosomes stimulated Smad2 

phosphorylation as shown in Figure 3.2E. Furthermore, exosomes like free ligand 

TGF-β, was able to induce Smad2/3 nucleus translocation (Figure 3.2F). To confirm 

the specificity of the exosome-mediated TGF-β signaling activation, the Wnt reporter 

adenovirus Ad-TCF-luc infected MDA-MB-231 cells were stimulated with Wnt3a and 

exosomes. As shown in Figure 3.2G, exosomes failed to activate Wnt reporter while 

Wnt3a did. Collectively, MDA-MB-231 cells produce TGF-β-positive exosomes 

which specifically activate TGF-β-Smad signaling.   

TGF-β (as a free ligand) activated signaling in MDA-MB-231 cells in a 

dose-dependent manner, reaching plateau when the ligand concentration was higher 

than 2ng/ml (Figure 3.3A, grey line). To determine if exosomes stimulation leads to a 

similar result, TGF-β Smad3 reporter labelled MDA-MB-231 cells were treated with 

different doses of exosomes. Interestingly, unlike free ligand TGF-β, exosomes caused 

sustained elevation in TGF-β-Smad3 transcription activity in MDA-MB-231 cells 
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(Figure 3.3A, black line). It is particularly noticeable that the exosome signaling 

capacity is beyond the plateau reached by the free ligand TGF-β. Consistently, 

phosphorylation levels of Smad2 induced by the tumor exosomes were also exceeded 

the ones by free ligand (Figure 3.3B). In spite of exosomes’ capacity of amplification 

of TGF-β signaling, exosomes were not capable of prolonging the signaling activation 

than the free ligand in MDA-MB-231 cells as shown in Figure 3.3C & D, providing 

the magnitudes of activation were similar to start with. Taken together, tumor 

exosomes specifically activate TGF-β signaling, exceeding the capacity of ligand 

TGF-β in breast cancer MDA-MB-231 cells. 

3.3.3 Inhibition of exosome trafficking and secretion decrease TGF-β signalling 

activity in MDA-MB-231 cells 

To further examine the role of exosomes in TGF-β signaling in MDA-MB-231 cells, 

small molecular chemicals DMA and wortmannin (Wort) were used to interfere with 

exosome formation and secretion. DMA is an inhibitor of Na+/H+ and Na+/Ca2+ 

exchanger which can suppress exosome release [244]. And phosphatidylinositol 

3-kinase (PI3-K) inhibitor wortmannin affects the formation of MVBs which causes 

reduction of exosomes secretion [175]. Indeed, DMA or Wort treatment of the cells 

gave rise to reduction of exosomes secreted in the medium as evidenced by reduced 

the exosomal markers Alix and TSG101 expression levels in exosomes (Figure 3.4A). 

In fact, exosomes derived from either DMA or Wort treated MDA-MB-231 cells 

showed reduced levels of TGF-β signaling activation (Figure 3.4B), though the same 

numbers of cells were used to produce the exosomes. Importantly, TGF-β signaling 

activities of MDA-MB-231 cells were reduced by DMA or Wort treatments in a dose 

dependent manner (Figure 3.5A). More than 70% inhibition was observed in cells 

treated with 100µM DMA. Similar result was observed with Wort treatments (Figure 

3.5B), indicating a major role of exosomes in enhancing TGF-β signaling activation in 

the highly-invasive MDA-MB-231 cells. Consistent with the effect on the 

transcriptional luciferase reporter assay, DMA and Wort treatments have also led to 
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obvious decreases in the levels of Smad2 phosphorylation (Figure 3.5C), further 

confirming the importance of exosome trafficking and secretion in regulating TGF-β 

signaling capacity. 

At the molecular level, exosome secretion can be regulated by Rab27a/b [216]. As 

such, Rab27a was knocked down using siRNA to interfere with the exosome secretion 

and to examine the effect on TGF-β signaling. Indeed, knockdown of Rab27a resulted 

in reduced TGF-β-Smad3 reporter activation as well as Smad2 phosphorylation 

(Figure 3.5D & E). Alternatively, shRNA lentiviral particles targeting Rab27a was 

transduced into MDA-MB-231 cells to generate stable Rab27a knockdown cells. Both 

parental MDA-MB-231 cells (P) and Rab27a knockdown cells MDA.Rab27a.shRNA 

(KD) were cultured in 15cm dishes for exosome isolation through differential 

centrifugation. Both total cell lysate and exosomes were analyzed for exosome 

markers TSG101 and Alix as shown in Figure 3.6B. Indeed, Rab27a knockdown cells 

produced less exosomes as evidenced by reduced levels of Alix and TSG101 in 

comparison with the parental MDA-MB-231 cell derived exosomes, confirming its 

effect on exosome secretion. Lower exosomal TGF-β activity was also observed when 

normalized to the same exosome-producing cell numbers (Figure 3.6C). 

MDA-MB-231 (P) and MDA.Rab27a.shRNA (KD) cells were then used to examine 

their TGF-β signaling capacities. As shown in Figure 3.6D, knockdown of Rab27a 

resulted in marked reduction of the levels of TGF-β-Smad3 reporter activation at 

either 24 or 48hrs time points examined. The reduction of phosphorylation levels of 

Smad2 was again supportive of the conclusion that reduced exosome secretion leads 

to decrease of TGF-β signaling activity (Figure 3.6E). Collectively, these data 

establish that exosome trafficking and secretion play a key role in the amplification of 

TGF-β signaling in highly-invasive breast cancer cells. 

3.3.4 Exosome uptake regulates TGF-β signaling activity in MDA-MB-231 cells  

It is known that cell surface situated Heparan sulfate proteoglycans (HSPG) is 

required for uptakes of tumor-derived exosomes into receipt cells. Heparin with 
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ligand binding to HSPG [194] and PNP-xyl with inhibition of proteoglycans 

biosynthesis [195] are capable of blocking exosome uptake by receipt cells. They 

were used as exosome uptake inhibitors in this study. As such, nearly 50% of 

TGF-β-Smad3 reporter activity induced by exosomes were inhibited by Heparin 

(Figure 3.7A) while 70% by PNP-xyl (Figure 3.7B). Moreover, PNP-xyl also 

markedly reduced exosomes’ ability to induce phosphorylation of Smad2 (Figure 

3.7C). Importantly, not only the exosome induced, but also the ligand induced reporter 

activities were inhibited by these uptake inhibitors (Figure 3.7B&D). This result 

suggests that exosome uptake contributes to TGF-β ligand mediated intracellular 

TGF-β signaling, possibly through an (exosome) autocrine fashion. Supporting this 

notion, an additive effect of signaling inhibition was observed when exosomes 

secretion inhibitor DMA and uptake inhibitor Heparin were combined to treat 

MDA-MB-231 cells in the presence of ligand TGF-β (Figure 3.7D). Furthermore, 

similar additive effect was also obtained when cells were stimulated with exosomes, 

suggesting the requirement of intracellular exosome trafficking in activating TGF-β 

signaling by exosomes that were taken up. Taken together, intracellular exosome 

trafficking, secretion and uptake collectively form an autocrine cycle to enforce or 

amplify TGF-β signaling activation in highly-invasive breast cancer MDA-MB-231 

cells. 

3.3.5 Exosome enhances TGF-β signaling in non-invasive MCF7 cells 

Exosome trafficking plays a critical role in amplifying TGF-β signaling in 

highly-invasive MDA-MB-231 cells whose TGF-β signaling activity is much higher 

than the non-invasive MCF7 cells (Figure 3.1). In addition, the latter produce much 

less exosomes and with much less TGF-β activity. Similarly with MDA-MB-231 cells, 

exosomes were able to induce TGF-β-Smad3 transcriptional reporter activity and 

phosphorylation of Smad2 (Figure 3.8A&B), however to a much higher extent than 

the free ligand did (3-fold, Figure 3.8C). Augmentation of phosphorylation level of 

Smad2 in exosome-treated cells compared to free ligand TGF-β further validated this 
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result (Figure 3.8D). In contrast to MDA-MB-231 cells, inhibition of exosome 

trafficking in MCF7 by DMA or Wort had minimum impact on TGF-β signaling 

originated from ligand (Figure 3.8E). This is consist with the fact that the intrinsic 

exosome trafficking is less active in MCF7 cell in comparison with MDA-MB-231 

cells given their difference in exosome production (Figure 3.1A). Not surprisingly, the 

exosome mediated vast increases of TGF-β signaling activation (reporter activity) in 

MCF7 were largely abolished in the presence of exosome uptake inhibitors heparin 

and PNP-xyl (Figure 3.9A & B). This is further supported by western blotting assay 

(Figure 3.9C) where phosphorylation of Smad2 was remarkably reduced in the 

presence of heparin and PNP-xyl. These results further support the notion that 

exosomes play a critical role in TGF-β signalling amplification.    

3.3.6 Exosome trafficking is required for TGF-β signaling mediated 

MDA-MB-231 cell migration 

Having established that exosomes play a key role in TGF-β signaling amplification, 

we next turned our attention to the biological function of exosomes in breast cancer 

cells. We labelled MDA-MB-231 cells with Ad-CMV-Gaussia-luc and conducted 

transwell assay (Figure 3.10A) to determine the cell migration [228]. Similar to free 

ligand TGF-β, MDA-MB-231 cell-derived exosomes stimulated the migration of 

MDA-MB-231 cells (Figure 3.10B), suggesting exosomes’ capacity to promote tumor 

cell motility.  

To investigate if exosome trafficking is required for TGF-β mediated cell migration, 

DMA treatment and Rab27a silencing by siRNA were used to block exosomes 

trafficking/secretion in MDA-MB-231 cells. Indeed, the number of migrated cell in 

DMA treatment group was remarkably lower than in the control group (Figure 3.10C), 

and DMA incubation even suppressed cell migration in the absence of TGF-β. 

Similarly Rab27a knockdown also reduced TGF-β mediated migration (Figure 3.10D), 

indicating exosomes trafficking and secretion blockade efficiently attenuated cell 

migration. Furthermore, the application of PNP-xyl (exosome uptake inhibitor) also 
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significantly blocked both TGF-β- and exosomes-induced cell migration, further 

confirming the functional effect of exosomes on cell migration (Figure 3.10E).  

Given the complex signaling network involved in regulating cell migration, we then 

investigated if TGF-β signaling is the key player for exosome-dependent cell 

migration. Treatment of SB-431542 (small-molecule inhibitor of TβRI kinase activity) 

dramatically abolished both TGF-β- and exosome-induced cell migration (Figure 

3.10F), suggesting exosome mediated cell migration is TGF-β signaling dependent. 

Additionally, we also detected the migration ability of MDA-MB-231 and 

MDA.Rab27a.shRNA cells which was similar with siRNA knockdown (Figure 3.11). 

Collectively, exosome trafficking not only drives amplification of TGF-β signaling 

also the consequent cell migration in MDA-MB-231 cells. 

3.3.7 Uptake of MDA-MB-231-derived exosomes leads to EMT and migration of 

MCF7 cells 

Since we have found MDA-MB-231-isolated exosomes can be taken up by 

non-invasive MCF7 cells, resulting in TGF-β signaling enhancement, we next 

investigated whether these exosomes can further affect the migratory behavior of 

MCF7 recipient cells. As shown in Figure 3.12A, although free ligand TGF-β failed to 

induce MCF7 cells migration, exosomes positively altered MCF7 cells migratory 

ability. To further confirm exosomes’ effect on MCF7 cell migration, transwell 

migration assay was then performed in the presence of two exosome uptake inhibitors 

(Heparin and PNP-xyl). Compared to the untreated group, cell migration was 

diminished by both Heparin and PNP-xyl treatments (Figure 3.12B). Similarly, 

abolished cell migration with SB-431542 treatment indicated that TGF-β signaling 

makes major contribution to exosome-induced MCF7 cell migration (Figure 3.12C).  

As EMT plays an integral role in both normal development and cancer metastasis 

[245], we then investigated whether exosomes promoted EMT in MCF7 cells. We 

stimulated MCF7 cells with free ligand TGF-β or exosomes for 5 days to detect cell 

phenotype and changes in EMT markers expression levels. While ligand TGF-β failed 



70 
	

to make any changes, but when treated with exosomes, MCF7 cells lost cell-cell 

adhesion and exhibited elongated cell morphology (Figure 3.13A). More importantly, 

tight-junction protein ZO-1 and epithelial marker E-cadherin expression level were 

significantly reduced by exosomes treatment but not by free ligand TGF-β (Figure 

3.13B). Additionally, immunofluorescence staining (IF) for E-cadherin further 

supported that exosomes was able to induce EMT in non-invasive MCF7 cells (Figure 

3.13C).  

To extend these studies, labelled MCF7 cells were next cocultured with TGF-β 

pretreated MDA-MB-231 for investigating TGF-β signaling as well as cell migration 

of MCF7. It has been developed by our group that tumor cells with TGF-β treatment 

release much more TGF-β-active exosomes compared with untreated ones 

(unpublished data). Notably, Smad3 transcription activity of MCF7 cells was 

significantly enhanced when cocultured with pretreated MDA-MB-231, suggesting 

activated TGF-β signaling by exosomes in the absence of free ligand TGF-β (Figure 

3.14A). Functionally, coculture of MDA-MB-231 cells led to MCF7 cell migration 

indicating metastatic behavior can be phenocopied through exosomes (Figure 3.14B). 

Taken together, tumor cell with a high invasiveness can functionally transfer 

exosomes to less invasive cells that could potentially affect their physiology. 

3.3.8 Fibroblast coculture amplifies TGF-β signaling in breast cancer cells 

It has been well known that the tumor microenvironment plays an important role in 

the development of cancer [198]. As fibroblast is one of the most important 

components of tumor microenvironment, we next turned our attention to investigate if 

fibroblast-derived exosomes could enhance TGF-β signaling in breast cancer cells. 

We cocultured Ad-CAGA-luc labelled MDA-MB-231/MCF7 with NIH3T3 cells and 

then examined TGF-β-Smad3 transcription activity in the presence of TGF-β. As 

expected, when treated with high concentration of TGF-β, MDA-MB-231cells with 

fibroblast coculture showed 3 folds increase in the fold of induction compared to 

non-coculture cells (Figure 3.15A). Similarly, coculturing with fibroblasts also greatly 
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increased TGF-β signaling capacity in MCF7 cells, suggesting an important role of 

fibroblast in amplifying TGF-β signaling (Figure 3.15A). Additionally, we infected 

MDA-MB-231 cells with Ad-CAGA-Td-Tomato [229] and cocultured them with 

NIH3T3 in the absence of TGF-β. As shown in Figure 3.16, TGF-β induced 

Smad3-driven Td-Tomato expression in MDA-MB-231 cells, indicating the activation 

of TGF-β signaling pathway. 

To further determine that TGF-β signaling activation in MDA-MB-231 cells was 

induced by exosomes, exosomes were isolated from the NIH3T3-GAP-GFP which 

could stably express GFP fusion protein that was incorporated into the exosomes 

(Figure 3.15C, left panel). Then Ad-CAGA-Td-Tomato infected MDA-MB-231 cells 

were incubated with NIH3T3-GAP-GFP cell-derived exosomes for 24hrs. Z-stack 

sequential images were collected by confocal microscope as shown in Figure 3.15C 

(right panel). Indeed, GFP-labelled exosomes were present inside the cells with 

Td-Tomato expression, suggesting TGF-β signaling activation induced by exosomes. 

Moreover, we applied DMA and wortmannin in the coculture experiments to block 

exosomes release from both fibroblast and tumor cells. Not surprisingly, high dose 

DMA and wortmannin notably decreased the TGF-β-Smad3 transcription activity 

(Figure 3.15D & E). Taken together, fibroblast-derived exosomes either directly or in 

coculture transmits enhanced TGF-β signaling in breast cancer cells. 

3.3.9 Fibroblast coculture promotes cell migration  

The aforementioned data provide evidence that fibroblast-derived exosomes were 

capable to enhance TGF-β signaling directly or in coculture. Thus, the relevance of 

the TGF-β signaling amplification for the functional activity of fibroblast isolated 

exosomes was investigated. Fibroblast cell-derived exosomes dramatically stimulated 

the migration of MDA-MB-231 as well as MCF7 cells (Figure 3.17A). Further, we 

performed transwell assay with fibroblast coculture in both MDA-MB-231 and MCF7 

cells (Figure 3.17B). Not surprisingly, cell migration was efficiently enhanced by 

fibroblast coculture (Figure 3.17C & D). Interestingly, fibroblast coculture seems 
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more potent than isolated exosomes from NIH3T3 in inducing MDA-MB-231 and 

MCF7 migration. The possible reason is that cancer-associated fibroblast has been 

shown to play an active role in regulating survival and proliferation of cancer cells 

[246]. As such, more cells could migrate and be detected. To verify that TGF-β 

signaling is responsible for fibroblast coculture mediated cell migration, 

MDA-MB-231 and MCF7 with NIH3T3 coculture were incubated with SB-431542. 

Less number of migrated cells was observed in inhibitor treatment groups (Figure 

3.17 E & F). Collectively, fibroblast exosomes regulate TGF-β signaling amplification 

and cell migration in both highly-invasive and non-invasive breast cancer cells. 

3.4 Discussion 

In this study, we demonstrate that exosomes released by tumor cell or fibroblast are 

able to enhance TGF-β signaling activation as well as promote cell migration, 

especially inducing migration and EMT process in non-invasive breast cancer cells. 

Given that tumor cells as well as surrounding fibroblast secret a large number of 

exosomes which could mediate phenocopying of migratory/metastatic behavior in 

non-invasive cancer cells, the requirement for a novel exosome-targeting strategy is 

probably urgent. Most notably, we identify that less tumor cell migration in vitro is 

associated with efficient inhibition of exosomes release/uptake, implying a potential 

therapeutic strategy for cancer metastasis.  

Our data showed that tumor cell-derived exosomes amplify TGF-β signaling to a 

significantly higher extent in highly-invasive MDA-MB-231 cells. In general, TGF-β 

signaling activation of tumor cells becomes saturated because of the limitation of 

receptors on cell surface. People in our lab have found	that TGF-β-positive exosomes 

contain the TβRIs and TβRIIs, and transduce TGF-β signaling in TGF-β receptor 

defective cells (unpublished data). As such, exosomes containing TGF-β receptors 

break the limitation and further enhance TGF-β signaling activity. Given the role of 

TGF-β in cancer progression, the amplification of TGF-β signaling implies the 

increased metastatic potential of tumor cells. Indeed, tumor cell migration is 
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dramatically promoted under the condition of fibroblast coculture or exosomes 

incubation. Particularly, non-invasive breast cancer MCF7 cells fail to migrate in the 

presence of free ligand TGF-β. Exosomes released by either tumor cells or fibroblast, 

however, dramatically induce migration as well as EMT process in MCF7 cells. EMT 

is strongly associated with cancer progression and metastasis. Because metastasis is 

the major cause of cancer-related death, identifying novel therapies targeting 

exosomes has become the focus of our research.  

Therapeutically, several strategies including TGF-β neutralizing antibodies and small 

molecular inhibitors that target different components of TGF-β signaling pathway 

have been developed and shown efficacy [55]. However, none of them has been 

successful in clinical trials. Moreover, as exosomes play a crucial role in amplifying 

TGF-β signaling, targeting exosomes would be a novel and efficient approach. This 

finding reveals that exosomes release/uptake blockade successfully attenuates TGF-β 

signaling as well as exosome-depend cell migration. By stimulating donor cells with 

exosome secretion/trafficking inhibitors or silencing exosome secretion regulators, 

cell migration is efficiently blocked, indicating a potential therapy target to cancer 

metastasis. Moreover, inhibition of exosome uptake by recipient cells is another 

promising way to decrease cell migration in vitro and probably metastasis in vivo. 

Combination of exosome secretion and uptake inhibitors shows additive effect on 

impaired TGF-β signaling activation, which might shed new light on cancer 

metastasis treatment in the future. 

In conclusion, this study discovers not only amplification of TGF-β signaling in breast 

cancer cells by exosomes, but also phenocopying of invasive/metastatic behavior in 

biological function aspect. Specifically, exosomes have the capacity of promoting 

EMT and migration in non-migratory tumor cells. This finding may have important 

impact on our understanding of the tumor progression and metastasis. Therapeutically, 

blocking exosome formation/secretion regulators and developing inhibitors targeting 

exosome trafficking/secretion/uptake are promising strategies to treat 

exosome-dependent cancer metastasis. Taken together, a new chapter for focusing 
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exosomes in tumor progression and therapeutic approach may begin.  
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Figure legends 

Figure 3.1. TGF-β signaling sensitivity and exosome production. (A) 3×103 

cells/well were infected with adenoviral reporter Ad-CAGA-luc and seeded in 96-well 

plate for 24 hrs. They were then treated with or without TGF-β at 5ng/ml for 24hrs. 

Cells then were lysed and their Firefly luciferase activities measured by illuminometer 

(see “Material and methods” for details). (B) Exosomes harvested from each cell line 

were applied to TGF-β reporter Ad-CAGA-luc infected 21D1 cells and the cells’ 

luciferase activities were measured as in (A) while a standard curve of reporter 

activity against free ligand TGF-β was determined at the same time. The exosomes 

equivalent TGF-β activities were calculated against the standard curve and normalised 

to exosomes produced per million cells. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3) within the 

experiments. **P<0.01.  

Figure 3.2. Exosome activated TGF-β signaling in MDA-MB-231 cells. (A & B) 

Purified exosomes were subjected to cryo-TEM and western blotting analysis (10µg) 

for exosome characterization.	Scale bar, 100nm. (C) 3×103 cells/well 21D1 cells were 

infected with adenoviral Smad3 reporter Ad-CAGA-luc in 96-well plate. Cells were 

then incubated with free ligand TGF-β or exosome for 24hrs. Firefly luciferase 

activity was measured to determine the amount of equivalent exosomal TGF-β (see 

“Material and methods” for details). (D) Purified exosomes from confluent 15cm 

petrel dishes of MDA-MB-231 were resuspended in SFM. 3×103 cells/well adenoviral 

reporter Ad-CAGA-luc infected MDA-MB-231 cells in 96-well plate were treated with 

0.2ng/ml free ligand or equivalent exosomal TGF-β for 24hrs. Cells were then lysed 

for luciferase assay. (E) 5×105 cells/well MDA-MB-231 cells were seeded into 6-well 

plate and exposed to 0.2ng/ml free ligand or equivalent exosomal TGF-β for 1hr. Then 

the cells were harvested and phospho-Smad2 and total Smad2/3 were detected using 

western blotting assay. Actin was used as loading control (see “Material and methods” 

for details). Stripping was applied between different antibodies. (F) 1×105 cells/well 

MDA-MB-231 cells were stimulated with 2ng/ml free ligand or equivalent exosomal 
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TGF-β for 1hr in a 24-well plate. Cells were fixed, permeabilized and then blocked. 

Following with 2hrs incubation of anti-Smad2/3 primary antibody and 1hr Alexa 

Fluor® 488-conjugated secondary antibody, images were collected by fluorescence 

microscope with a CCD camera (magnification = 40×). Representative images were 

presented. (G) 3×103 cells/well MDA-MB-231 cells were seeded and infected with 

adenoviral Wnt reporter Ad-TCF-luc in 96-well plate. Followed by overnight 

infection, cells were exposed to 50% Wnt3a or 2ng/ml equivalent exosomal TGF-β 

for 24hrs. Luciferase assay was performed to detect Wnt3a signaling activity. Results 

are representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3).    

Figure 3.3. Exosome-mediated amplification of TGF-β signaling in 

MDA-MB-231 cells. (A) 3×103 cells/well Ad-CAGA-luc labelled MDA-MB-231 cells 

were treated with either free ligand or exosomal TGF-β at indicated concentrations for 

24hrs. Then the cells were harvested for detecting Firefly luciferase activity. (B) 

1×106 cells/well MDA-MB-231 cells were stimulated with indicated doses of 

exosomal or free ligand TGF-β for 1hr in 6-well plate. Phospho-Smad2 and total 

Smad2/3 were assessed by western blotting assay. The target protein expression level 

was calculated by quantitatively measuring the intensity of each band using ImageJ. 

(C) Similar to (A), labelled MDA-MB-231 cells were exposed to exosomal or free 

ligand TGF-β at indicated time points. Firefly luciferase activity of cell lysate was 

measured through luciferase assay. (D) 1×106 cells/well MDA-MB-231 cells were 

stimulated with free ligand or exosomal TGF-β at indicated time points in 6-well plate. 

Phospho-Smad2 and total Smad2/3 Actin were detected by WB assay. Stripping was 

applied between different antibodies. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3) within the 

experiments. Significance level as indicated: *P <0.05, **P <0.01. 

Figure 3.4. DMA and wortmannin treatment caused reduced exosome 

production. (A) 5×106 cells/well MDA-MB-231 cells were seeded into 15cm dishes 

and starved with SFM containing 100µM DMA or 500nM Wort in the presence of 
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TGF-β for 24hrs before exosome isolation. Alix and TSG101 were analyzed in both 

total cell lysate (TCL) and exosomes (Exo.). Stripping was applied between different 

antibodies. Actin was used as a loading control. (B) 3×103 cells/well Ad-CAGA-luc 

labelled MDA-MB-231 cells were stimulated with the collected exosomes in A for 

24hrs. Luciferase activity was detected by illuminometer. Results are representatives 

of repeated experiments. Error bars are standard deviations (s.d) of triplicates (n=3). 

Significance level as indicated: *P <0.05. 

Figure 3.5. Inhibition of exosome secretion/trafficking led to reduced TGF-β 

signaling activity. (A & B) 1×105 cells/well Ad-CAGA-luc infected MDA-MB-231 

cells were seeded into 24-well plate. Either DMA (12.5-100µM) or Wort (62.5-500nM) 

was applied to MDA-MB-231 cells with or without 5ng/ml TGF-β for another 24hrs. 

Cells were lysed for Firefly luciferase assay. (C) MDA-MB-231 cells were stimulated 

with 100µM DMA or 500nM Wort overnight before the incubation of 5ng/ml TGF-β. 

Cells were lysed and phopho-Smad2 and total Smad2/3 were determined by western 

blotting assay. Stripping was applied between different antibodies. (D) 3×103 

cells/well control siRNA or Rab27a siRNA transfected cells were seeded into 96-well 

plate and infected with Ad-CAGA-luc for 24hrs. Cells were then treated with 5ng/ml 

TGF-β for another 24hrs. Successful Rab27a knockdown by siRNA was shown in the 

bottom WB result. (E) 2×105 cells/well MDA-MB-231 cells were transfected with 

control siRNA or Rab27a siRNA for 48hrs and then treated with 5ng/ml TGF-β for 

another 1hr. Phopho-Smad2, total Smad2/3, Rab27a and β-Actin expression were 

analyzed by western blotting. Stripping was applied between different antibodies. 

Results are representatives of repeated experiments. Error bars are standard deviations 

(s.d) of triplicates (n=3). Significance level as indicated: **P <0.01, ***P <0.001, 

****P <0.0001. 

Figure 3.6. TGF-β signaling activity reduction by Rab27a silencing in 

MDA-MB-231 cells. (A) 4×104 MDA-MB-231 cells were seeded into a 12-well plate 

24hrs prior shRNA lentiviral infection. Lentiviral particles (MOI: 0.5) were added 

into the cells in the presence of polybrene (5µg/ml) for another 24hrs. Stable clones 
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were selected by 5µg/ml Puromycin for two weeks. Phase-contrast images were taken 

by microscope with a CCD camera. (B) Exosomes were harvested from the same 

number of MDA-MB-231 (P) and MDA.Rab27a.shRNA (KD) cells. Total cell lysate 

and exosomes samples were analyzed for Alix, TSG101 and Rab27a expression by 

WB. Stripping was applied between different antibodies. Actin was used as a loading 

control. (C) 3×103 cells/well Ad-CAGA-luc labelled MDA-MB-231 cells were treated 

with free ligand TGF-β or exosomes secreted by P/KD cells for 24hrs in 96-well plate. 

Firefly luciferase was detected by luciferase assay. (D) Ad-CAGA-luc infected P/KD 

cells were stimulated with different concentration of TGF-β for 24 or 48hrs. 

Luciferase activity was determined by illuminometer. (E) 1×106 cells/well P/KD cells 

were plated in 6-well plate and exposed to 0.5 or 5ng/ml TGF-β for 1hr. 

Phospho-Smad2, total Smad2/3 and Rab27a were analyzed by western blotting assay. 

Stripping was applied between different antibodies. Actin was used as loading control. 

Results are representatives of repeated experiments. Error bars are standard deviations 

(s.d) of triplicates (n=3).  Significance level as indicated: *P<0.05, **P<0.01, 

****P<0.0001. 

Figure 3.7. Inhibition of exosome uptake caused TGF-β signaling activity 

reduction. (A & B) 3×103 cells/well Ad-CAGA-luc labelled MDA-MB-231 cells were 

pre-treated with Heparin or PNP-xyl for 1hr and then exposed to 5ng/ml free ligand 

TGF-β and/or exosomes for another 24hrs. Luciferase activity was detected by 

illuminometer. (C) 1×106 cells/well MDA-MB-231 in 6-well plate with Heparin or 

PNP-xyl pretreatment were stimulated with exosomes for 1hr. Cells were lysed and 

the cell lysates were analyzed for phospho-Smad2, total Smad2/3 and β-Actin 

expression by western blotting. Stripping was applied between different antibodies. 

(D) 3×103 cells/well MDA-MB-231 cells were infected with Ad-CAGA-luc in 96-well 

plate for 24hrs before 6hrs DMA/1h Heparin pretreatment. Then the cells were 

stimulated with free ligand TGF-β or exosomes for another 24hrs. Firefly luciferase 

activity was determined via luciferase assay. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3). Significance 
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level as indicated: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  

Figure 3.8. Enhanced TGF-β signaling by exosomes in MCF7 cells. (A) 4×103 

cells/well Ad-CAGA-luc labelled MCF7 cells in 96-well plate were treated with 

exosomes (Exo.) or free ligand TGF-β for 24hrs. Cells were lysed and Firefly 

luciferase activity assessed by luciferase assay. (B) 1×106 cells/well MCF7 cells were 

seeded into 6-well plate and exposed to free ligand TGF-β or exosomes for 1hr. Then 

phospho-Smad2 and total Smad2/3 in the cell lysate were analyzed using WB assay. 

Actin was used as loading control. (C) 4×103 cells/well labelled MCF7 cells were 

treated with either free ligand or exosomal TGF-β at indicated concentrations for 

24hrs. Then the cells were harvested for luciferase assay.  (D) 1×106 cells/well 

MCF7 cells in 6-well plate were lysed after stimulation with the indicated doses of 

free ligand or exosomal TGF-β for 1hr. WB assay was used to analyze 

phospho-Smad2 and total Smad2/3. Stripping was applied between different 

antibodies. (E) MCF7 cells were infected with Ad-CAGA-luc for 24hrs before 

treatment. 4×103 cells/well was seeded into 24-well plate. Either DMA (50-100µM) or 

Wort (200-400nM) was applied to MCF7 cells with or without 5ng/ml TGF-β for 

another 24hrs before luciferase assay. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3). Significance 

level as indicated: *P <0.05, ***P <0.001. 

Figure 3.9. Inhibition of exosome uptake caused TGF-β signaling activity 

reduction in MCF7 cells. (A & B) 4×103 cells/well Ad-CAGA-luc labelled MCF7 

cells were pre-treated with Heparin or PNP-xyl for 1hr and then exposed to free 

ligand TGF-β and/or exosomes for another 24hrs. Luciferase activity was detected by 

illuminometer. (C) 1×106 cells/well MCF7 cells with 50µg/ml Heparin or 5mM 

PNP-xyl pretreatment were stimulated with exosomes for 1hr. Cells were lysed and 

the cell lysates analyzed for phospho-Smad2, total Smad2/3 and β-Actin expression 

by western blotting assay. Stripping was applied between different antibodies. Results 

are representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: *P <0.05, **P <0.01. 
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Figure 3.10. Exosome promoted MDA-MB-231 cell migration. (A) Diagram 

showing transwell assay. (B) 1×104 cells/insert Ad-CMV-Gaussia-luc labelled 

MDA-MB-231 cells were cultured on top of 24-well membrane of transwells with 

free ligand TGF-β/exosome treatment for 48hrs. The migrated cells were lysed and 

Gaussia luciferase activity measured by luciferase assay. (C) 1×104 cells/insert 

labelled MDA-MB-231 cells in transwell plates were treated with 50µM DMA in the 

presence of TGF-β. Gaussia luciferase activity was detected to determine the migrated 

cell number. (D) 1×104 cells/insert MDA-MB-231 cells transfected with control 

siRNA or siRNA targeting Rab27a prior were seeded into transwell plates. And after 

48hrs TGF-β incubation, the migrated cells were determined by luciferase assay. 

(E&F) Similar to (C) with 2.5mM PNP-xyl/1µM SB-431542 replacing DMA. Results 

are representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: *p<0.05, **p<0.01.    

Figure 3.11. Impaired cell migration by Rab27a knockdown. Parental 

MDA-MB-231 and stable MDA.Rab27a.shRNA were infected with 

Ad-CMV-Gaussia-luc before seeding into transwells (1×104 cells/insert). Following 

with 48hrs TGF-β treatment, the migrated cell number was determined by luciferase 

assay. Results are representatives of repeated experiments. Error bars are standard 

deviations (s.d) of triplicates (n=3). Significance level as indicated: **p<0.01.   

Figure 3.12. Exosome promoted MCF7 cell migration. (A) 1×104 cells/insert 

Ad-CMV-Gaussia-luc labelled MCF7 cells were cultured on top of 24-well membrane 

of transwells with free ligand TGF-β/exosome treatment for 48hrs. The migrated cells 

were lysed and Gaussia luciferase assay measured by luciferase assay. (B & C) 

labelled MCF7 cells in transwell plate were treated with 1µM SB-431542, 2.5mM 

PNP-xyl or 100µg/ml Heparin in the presence of TGF-β/exosomes. Gaussia luciferase 

activity was detected to determine the migrated cell number. Results are 

representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: *p<0.05, **p<0.01. 

Figure 3.13. Exosome induced EMT in MCF7 cells. (A) 4×104 cells/well MCF7 
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cells were plated and simultaneously stimulated with free ligand TGF-β or exosome in 

a 12-well plate. Five days later, phase-contrast images were taken by microscope with 

a CCD camera. (B) 1×106 cells/well MCF7 cells with 5-day treatment in 6-well plate 

were harvested for detecting the expression of ZO-1, E-cadherin (E-cad) and vimentin 

by WB assay. Stripping was applied between different antibodies. Actin was used as a 

loading control. (C) 1×105 cells/well MCF7 cells with 5-day treatment in 24-well 

plate were fixed, permeabilized and blocked before E-cadherin primary antibody 

incubation. Alexa Fluor® 546-conjugated secondary antibody was applied for 1hr at 

RT. Cell nuclei were stained with Hoechst stain for 10 minutes at RT. Images were 

collected by fluorescence microscope with a CCD camera (magnification = 40×). 

Results are representatives of repeated experiments.  

Figure 3.14. Activated TGF-β signaling and enhanced cell migration in MCF7 

cells cocultured with highly-invasive MDA-MB-231. (A) MDA-MB-231 cells were 

stimulated with TGF-β for 4hrs before coculturing with Ad-CAGA-luc labelled MCF7 

cells in 24-well plate. Following with 24hrs incubation, luciferase activity was 

detected by illuminometer. (B) Similar to (A), 1×104 cells/insert Ad-CMV-Gaussia-luc 

labelled MCF7 cells were seeded into transwell plate together with TGF-β pretreated 

MDA-MB-231 cells (MDA-MB-231:MCF7=1:1). 48hrs after seeding, Gaussia 

luciferase activity of migrated cells was measured by luciferase assay. Results are 

representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: *p<0.05, ***p<0.001. 

Figure 3.15. Enhancement of TGF-β signaling activity by fibroblast coculture. (A 

& B) 2×104 cells/well NIH3T3 cells were seeded into 24-well plate before coculturing 

with Ad-CAGA-luc labelled MDA-MB-231 or MCF7 cells. Cells were treated with 

TGF-β titration (0-10ng/ml) for 24hrs and then Firefly luciferase activity measured by 

luciferase assay. (C) 1×104 cells/well Ad-CAGA-td-Tomato infected MDA-MB-231 

cells were treated with NIH3T3-GAP-GFP-derived exosomes in 8-well glass chamber 

slide for 24hrs. Z-stack sequential images were collected by Olympus FV1000 

confocal microscope using 60× lens with the following lasers: 488 (GFP), 594 
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(Tomato) and 405 (Hoechst) nm. (D & E) 2×104 cells/well NIH3T3 were seeded as 

well as treated with either DMA (12.5-100µM) or Wort (50-400nM) in 24-well plate. 

MDA-MB-231 cells were infected with Ad-CAGA-luc for 24hrs and washed twice 

with PBS before coculture. During coculture, cells were stimulated with 5ng/ml 

TGF-β in the presence of inhibitors for 24hrs. Firefly luciferase activity of the cell 

lysate was assessed by luciferase assay. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3). Significance 

level as indicated: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Figure 3.16. TGF-β signaling activation in MDA-MB-231 cells by fibroblast 

coculture. Ad-CAGA-td-Tomato infected MDA-MB-231 cells were either treated with 

free ligand TGF-β or cocultured with NIH3T3 for 48hrs. Phase contrast and red 

fluorescence pictures were taken by fluorescence microscope (magnification = 40×). 

Representative images were presented. 

Figure 3.17. Fibroblast derived-exosome promoted cell migration. (A) 1×104 

cells/well Ad-CMV-Gaussia-luc labelled MDA-MB-231/MCF7 cells were cultured on 

top of 24-well membrane of transwells with NIH3T3 derived-exosome stimulation for 

48hrs. The migrated cells were lysed and Gaussia luciferase activity measured by 

luciferase assay. (B) Diagram showing NIH3T3 coculture transwell assay. (C & D) 

1×104 cells/insert NIH3T3 cells were cocultured with 1×104 labelled 

MDA-MB-231/MCF7 cells in the presence of TGF-β. 48hrs later, migrated cell 

number was determined by measuring Gaussia luciferase activity. (E & F) 1×104 

cells/insert Ad-CMV-Gaussia-luc labelled MDA-MB-231/MCF7 cells were seeded 

onto the upper chamber of transwell plate with NIH3T3 fibroblasts coculture in the 

presence of 5ng/ml TGF-β and/or 5µM SB-431542. Similarly, luciferase assay were 

used to analyze the migrated cell number. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3). Significance 

level as indicated: *p<0.05, **p<0.01, ***p<0.001.   
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Chapter 4. Restoration of TGF-β-impaired BMP-Smad1/5 

Signaling Attenuates Breast Cancer Metastasis 

4.1 Abstract 

It is well known that TGF-β is a major driving force for EMT and cancer metastasis, 

while BMP inhibits EMT and induces MET in contrast. We discovered that TGF-β 

also abolished BMP-induced Smad1/5 activation in the invasive and metastatic 

MDA-MB-231 cells, but to a less extent in the non-invasive MCF7 cells, and even 

lesser in the normal MCF10A cells. This suggests an inversed correlation between 

BMP signaling and invasiveness of tumor cells and TGF-β signaling acts in a double 

whammy fashion in driving cancer invasion and metastasis. Sustained activation of 

MAPK/Erk by TGF-β was specifically observed in MDA-MB-231 cells, inhibition of 

which (by UO126 or PD98059) gave rise to the restoration of BMP signaling. In 

addition, the immune suppressor FK506, which interacts with receptor binding 

FKBP12, was also potent in restoring BMP signaling activity. There appeared to be a 

synergistic effect when both were targeted, suggesting their targets may work in the 

same signaling pathway. More importantly, suboptimal concentrations of MAPK/Erk 

inhibitor UO126 and FK506 worked in combination to restore BMP signaling 

effectively both in vitro and in vivo. Consequently, tumor bearing mice treated with 

these two small molecular drugs showed less tumor self-seeding, liver and bone 

metastasis from primary orthotopic breast cancer MDA-MB-231 tumors. Surprisingly, 

no effect on lung metastasis was observed, suggesting a differential role played by 

BMP signaling in organ specific metastasis. Given the effectiveness of UO126 and 

FK506 at their suboptimum dosages in treatment of breast cancer metastasis in mouse 

model, there is a potential for them or their analogs to be developed for clinical use.  
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4.2 Introduction 

Approximately 90% of the cancer related deaths are a result of metastatic disease. 

Epithelial-Mesenchymal-transition (EMT) underlies the basic cellular biology of 

tumor progression of carcinoma towards metastasis. It is well known that TGF-β is a 

main driver of EMT and cancer metastasis, while another TGF-β superfamily member 

bone morphogenetic proteins (BMP) has a negative effect on EMT. For instance, 

BMP7 suppresses TGF-β-induced EMT in both kidney and breast cancer cells [147, 

155, 247]. On the other side, it has been reported that TGF-β inhibits BMP signaling 

in many different cell types, such as breast cancer cells and osteoblasts [141, 157]. 

However, little research has been published to fully reveal TGF-β and BMP signaling 

pathways crosstalk in tumor cells with different invasive and metastatic capacity. 

Gronroos etc. have demonstrated that TGF-β induced a novel complex comprising of 

phosphorylated Smad1/5 and Smad3 resulting in inhibition of BMP response in 

highly-invasive MDA-MB-231 cells [157]. This research suggests BMP signaling was 

suppressed in metastatic mammary cancer. As such, it is worthwhile to investigate 

whether restoring BMP signaling activity in metastatic cancer cells could reduce 

metastasis. 

TGF-β has been shown to mediate a few non-canonical signaling pathways such as 

PI3K/Akt and MAPK/Erk [248, 249]. It has been reported that MAPK activation 

communicates intimately with TGF-β/Smad in controlling mammary epithelial cell 

biology [61] and breast cancer development [60, 62]. TGF-β and BMP antagonize 

each other in breast cancer cells, indicating signaling pathways crosstalk is highly 

complex. How non-canonical TGF-β signaling pathways affect TGF-β and BMP 

crosstalk remain unclear.  

In this study, we found TGF-β-induced abolishment of the BMP signaling activity in 

MDA-MB-231 cells, revealing a double whammy effect of TGF-β in highly-invasive 

breast cancer cells. TGF-β was found to activate MAPK/Erk signaling continuously in 

MDA-MB-231 cells. Consequently, BMP-Smad1/5 activation was restored by 

MAPK/Erk inhibitors UO126 and PD98059 or immunosuppressant FK506 which has 
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been reported binding to BMP signaling repressor. Notably, suboptimal concentration 

of UO126 and FK506 exhibited synergistic effect on restoration of BMP signaling 

both in vitro and in vivo, indicating their targets may work in the same pathway. 

Consequently, liver, bone metastasis and tumor self-seeding were reduced by UO126 

and FK506 combination treatments in breast cancer animal model. No significant 

reduction in lung metastasis was observed indicating BMP’s differential organ effect. 

As such, future therapies targeting BMP signaling restoration to treat cancer 

metastasis may be worthwhile to develop. 

4.3 Results 

4.3.1 TGF-β abolishes BMP-induced Smad1/5 activation in highly-invasive breast 

cancer cells 

TGF-β and BMP exert opposing functions during EMT [250, 251]. To determine 

TGF-β’s effect on Smad1/5 activation, MDA-MB-231 cells were infected with 

adenoviral reporter Ad-BRE-luc and stimulated with TGF-β at different time points. 

As shown in Figure 4.1A, Smad1/5 transcription activity was induced by TGF-β 

initially (up to 6hrs) and then gradually reduced to a level even lower than the basal 

activity (without treatment). Analysis of phosphorylation of Smad1/5 by western 

blotting assay further confirmed TGF-β’s stimulatory and inhibitory effects (Figure 

4.1B). The phosphorylation of Smad1/5 was increased in the first 0.5h and 

subsequently decreased. After 2hrs, the Smad1/5 phosphorylation was reduced to 

levels lower than the baseline (0h). Unlike Smad1/5, Smad3 phosphorylation 

continued (above baseline) though there was reduction after peaking, indicating a 

difference between Smad2/3 and Smad1/5 signaling dynamics. To confirm the 

specificity of TGF-β’s anti-Smad1/5 effect, the Wnt reporter adenovirus Ad-TCF-luc 

infected MDA-MB-231 cells were stimulated with Wnt3a and TGF-β. As shown in 

Figure 4.1C, TGF-β had little effect on Wnt reporter with or without Wnt3a. 

Collectively, TGF-β is capable of specifically inhibiting Smad1/5 activation in 
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highly-invasive MDA-MB-231 cells. In fact, TGF-β also suppressed BMP-induced 

Smad1/5 phosphorylation in MDA-MB-231 cells (Figure 4.1D). In contrast, in MCF7 

cells, this effect is much less (Figure 4.1C), indicating a TGF-β’s suppression of 

BMP-Smad1/5 signaling is cell context dependent.  

To investigate whether this suppressive effect by TGF-β occurs in cells with different 

invasiveness, we infected highly-invasive breast cancer MDA-MB-231, non-invasive 

MCF7 or the normal mammary epithelial MCF10A cells with Ad-BRE-luc and 

Ad-CAGA-Gaussia-luc for 24hrs. Following TGF-β and BMP7 treatments, Firefly and 

Gaussia luciferase activities from the same cells were measured at the same time to 

quantitate BMP-Smad1/5 and TGF-β-Smad3 signalings respectively. Indeed, TGF-β 

suppressed activation of Smad1/5 significantly and more importantly inhibited 

BMP-induced Smad1/5 activation to the level lower than the basal activity (without 

treatment) in MDA-MB-231 cells, whereas BMP7 had no effect on TGF-β-Smad3 

reporter activity (Figure 4.2A). However, in MCF7 cells, TGF-β could inhibit 

BMP-induced Smad1/5 activation but not as significant as seen in MDA-MB-231 

cells (Figure 4.2B). Notably, TGF-β failed to suppress BMP-induced Smad1/5 

activation to a level lower than the basal activity in MCF10A cells (Figure 4.2C). 

Moreover, BMP7 significantly impaired TGF-β signaling activity in these two cell 

lines, which was not observed in MDA-MB-231 cells. Furthermore, TGF-β receptor 

type I inhibitor SB-431542 was utilized to block TGF-β signaling activity in 

MDA-MB-231 cells. As shown in Figure 4.3, TGF-β signaling was suppressed while 

abolished BMP-Smad1/5 activation was restored by SB-431542 incubation in a 

dose-dependent manner, suggesting the effect is TGF-β receptor kinase dependent. 

Taken together, these data demonstrate that BMP signaling is negatively correlated 

with invasiveness of tumor cells; the effectiveness of TGF-β suppressing BMP 

signaling also goes in parallel with the tumor cells’ invasiveness. And on the other 

hand, BMP count acts on TGF-β in an opposite way. 
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4.3.2 Smad6 partially contributes to TGF-β’s anti-BMP effect 

Inhibitory Smads, Smad6 and Smad7 act as important negative modulators of BMP 

signaling pathway. It is well established that Smad7 blocks both TGF-β and BMP 

signaling pathways while Smad6 preferentially inhibits the effects of BMPs through a 

negative feedback loop [252]. Therefore, we postulated that TGF-β blocks BMP 

signaling activity by inducing Smad6 or Smad7 expression. To examine the 

hypothesis, MDA-MB-231 cells were treated with TGF-β and the Smad6 and Smad7 

RNA expressions were examined (Figure 4.4A). Both Smad6 and Smad7 mRNA 

increased with the treatment of TGF-β. Given that TGF-β signaling activity was not 

affected by BMP in MDA-MB-231 cells (Figure 4.2), Smad7 expression was not 

enough to inhibit TGF-β and BMP signaling even its production was enhanced. Thus, 

TGF-β may block BMP signaling pathways through up-regulating Smad6 in 

MDA-MB-231 cells.  

To further study Smad6’s contribution, we optimized the dose of siRNA for successful 

Smad6 knockdown in MDA-MB-231 cells infected with Ad-CMV-Smad6 (Figure 

4.4B). Thus, MDA-MB-231 cells were transfected with siRNA targeting Smad6 and 

then infected with Ad-BRE-luc to investigate if BMP signaling activity was restored. 

Indeed, TGF-β blocked Smad1/5 transcription activity remarkably in both control and 

control siRNA groups (~75%), which was consistent with previous results in Figure 

4.2. With Smad6 knockdown, fold of induction in both untreated and TGF-β treated 

groups significantly increased by 20~30% compared to the control (Figure 4.4C). This 

result has been consistently repeated more than 4 times, indicating a small level of 

restoration of BMP-Smad1/5 signaling. However, the signaling activity was not fully 

recovered to the similar level in cells without TGF-β treatment. We reasoned that 

Smad6 may partially contribute to TGF-β’s anti BMP effect but not the main 

mechanism. 

4.3.3 MAPK/Erk inhibitors specifically restore BMP signaling activity 

To explore further other possible mechanism of TGF-β suppression of BMP signaling, 
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we turned to TGF-β’s non-canonical signaling pathways [56, 57]. Surprisingly, TGF-β 

induced sustained Erk1/2 phosphorylation in MDA-MB-231 cells as shown in Figure 

4.5A. To ascertain Erk1/2 activation is TGF-β specific, we analyzed the 

phospho-Erk1/2, phospho-Smad1/5 and phospho-Smad2 of TGF-β treated 

MDA-MB-231 cells in both serum free medium (SFM) and normal 10% serum 

medium. When in the SFM, the activation of Erk1/2 increased continuously with 

TGF-β stimulation, which is different from either Smad2/3 or Smad1/5. This trend 

also applied to 10% serum medium. The basal activation of both p-Erk1/2 and 

p-Smad1/5 were lower in SFM than in the 10% serum. Furthermore, TGF-β also 

induced phosphorylation of Akt suggesting PI3K signaling pathway activation (Figure 

4.5B). Does TGF-β inhibit BMP-Smad1/5 activation through inducing MAPK/Erk 

and/or PI3K/Akt signaling pathways? 

PI3K inhibitor (LY294002) and two MEK inhibitors (UO126 and PD98059) were 

utilized to determine which pathway affect BMP-Smad1/5 signaling in 

MDA-MB-231 cells. As shown in Figure 4.6A, LY294002 treatment had little effect 

on BMP-Smad1/5 signaling activity, indicating PI3K may not play a role in TGF-β’s 

anti-BMP effect. UO126 and PD98059 treatments, however, significantly enhanced 

BMP-Smad1/5 transcription activity in SFM (Figure 4.6B & C). More importantly, 

both UO126 and PD98059 overcame TGF-β’s inhibitory effect on BMP-induced 

Smad1/5 activation. Similarly BMP signaling enhancement and restoration by UO126 

were observed in normal 10% serum medium (Figure 4.8A), further confirming 

UO126’s capacity to rescue BMP signaling. Perturbation of TGF-β’s activation of Akt 

and Erk1/2 had no effect on TGF-β -Smad3 reporter activity (Figure 4.6A-C).  

To further examine whether MAPK/Erk activation indeed suppresses BMP signaling, 

we utilized cell lines where its activation is TGF-β independent, i. e. by Ras and EGF. 

In EGFR-overexpression A431 and HN5 cells, EGF stimulation significantly 

activated Erk1/2 and suppressed BMP-induced Smad1/5 activation (Figure 4.7A & B), 

supporting MAPK/Erk activation negatively regulates BMP signaling pathway. 

Importantly, UO126 treatment overcame such suppression. Additionally, 
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BMP-induced Smad1/5 activation in Ras-transformed 21D1 cells was significantly 

lower than in its parental MDCK cells, suggesting inhibitory effect of activated 

Ras-MAPK/Erk on BMP signaling (Figure 4.7C). Notably, UO126 incubation even 

without BMP resulted in an increase Smad1/5 transcription activity in 21D1 cells. 

More importantly, BMP-induced Smad1/5 activity in 21D1 cells were fully restored 

by UO126, which further confirms the key role of MAPK/Erk in suppressing BMP 

signal transduction. Furthermore, using a doxycycline-inducible-Ras expression 

NIH3T3 cells (Figure 4.7D), similar results were obtained, except UO126 further 

amplified BMP-Smad1/5 signaling activity in inducible NIH3T3 cells without 

doxycycline treatment, possibly due to leaked Ras expression in the system [253]. 

Collectively, those data establishes that MAPK/Erk activation abolishes 

BMP-Smad1/5 activation which can be reversed by small molecular inhibitors.  

4.3.4 FK506 abolishes TGF-β’s inhibitory effect on BMP-Smad1/5 activation 

It has been reported that FK506 (tacrolimus) activates BMP signaling pathway by 

binding to FK-binding protein-12 (FKBP12), a repressor of BMP signaling [254]. As 

such, we examined whether FK506 restores BMP signaling activation in the presence 

of TGF-β. As expected, FK506 increased BMP-Smad1/5 activity substantially and 

prevented any TGF-β suppression of BMP signaling (Figure 4.6D). However, FK506 

did not have an effect on TGF-β-Smad3 activation, similar to UO126 and PD98059. 

Overexpression of the negative regulator Smad6 in MAD-MB-231 cells blocked BMP 

signaling activity (Figure 4.8B), and UO126 and FK506 treatments did not overcome 

Smad6’s blocking of BMP signaling restoration. This may suggest UO126 and 

FK506’s targets lay downstream of receptors. Results of Smad1/5 phosphorylation by 

western blotting assay (Figure 4.8F) were consistent with luciferase assay. Taken 

together, both MAPK/Erk inhibitors and FK506 efficiently restore BMP signaling 

activity suppressed by TGF-β.  
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4.3.5 The combination of suboptimal dosages of UO126 and FK506 treatment 

exhibits synergistic effect on BMP signaling restoration  

Given that UO126, PD98059 and FK506 were able to restore BMP signaling at 10µM, 

20µM and 100ng/ml respectively, this may raise a potential risk of side effect on 

clinical usage. Therefore, we questioned if lower concentration of UO126, PD98059 

and FK506 could amplify BMP signaling activity. Cells were incubated with various 

doses of these drugs in the presence of BMP. As a result, the fold of induction 

increased with UO126, PD98059 and FK506 treatment in a dose-dependent manner. 

Even 1µM UO126, 4ng/ml FK506 and 2µM PD98059 was able to enhance 

BMP-Smad1/5 activation significantly (Figure 4.8C, D & E). As such, we tried to 

combine UO126 and FK506 with their suboptimal concentrations to minimize the 

toxicity (Figure 4.9). As expected, TGF-β dramatically blocked BMP signaling 

activity while combination of 1µM UO126 and 20ng/ml FK506 amplified 

BMP-induced Smad1/5 activation. Interestingly, the combination of UO126 and 

FK506 exhibited synergistic effect on restoration of BMP signaling in the presence of 

TGF-β. And the BMP signaling activity was fully recovered to the level even higher 

than of BMP single treatment group. Moreover, TGF-β-Smad3 activity was not 

influenced by UO126 or FK506 stimulation. Taken together, suboptimal concentration 

of UO126 and FK506 combination treatment could synergistically abolish TGF-β’s 

inhibitory effect on BMP in highly-invasive MDA-MB-231 cells. 

FK506 and UO126 combination treatment was able to restore BMP signaling 

synergistically in vitro, indicating they are targeting the same pathway. As such, the 

question is what the target is and how it works. Due to the fact that FK506 is 

considerably potent to amplify BMP signaling activity, we wondered if FK506 could 

efficiently inactivate MAPK/Erk signal transduction. Surprisingly, FK506 incubation 

had little effect on TGF-β induced phosphorylation of Erk1/2 in MDA-MB-231 cells 

as shown in Figure 4.10. As such, more research is needed to fully reveal what target 

is responsible for MAPK/Erk inhibitors and FK506 rescuing BMP signal transduction.   
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4.3.6 The combination of suboptimal dosages of UO126 and FK506 treatment 

restores BMP signaling in vivo  

Having found synergistic effect of UO126 and FK506 on BMP signaling restoration 

in vitro, we sought to study their effect in vivo. G-luc labelled MDA-MB-231 cells 

were infected with Ad-BRE-luc adenovirus reporter and then implanted orthotopically 

in the mammary fat pads of mice to monitor BMP signaling activation by IVIS 

imaging (Figure 4.11A). Mice were then imaged and treated daily for 5 days. The 

treatment doses in mice were equivalent to the suboptimal dosages in vitro. After 

24hrs treatment (day6), signals in UO126 and FK506 combination treated mice were 

higher than that in PBS control, while single treatment had little effect on BMP 

signaling activity. This indicates efficient BMP signaling activity restoration by the 

combination of suboptimal dosages of these two drugs (Figure 4.11C). Similarly, 

significantly higher bioluminescent signals were also observed in mice stimulated 

with UO126 and FK506 combination 24hrs after the second treatment (day 7, Figure 

4.11D). Collectively, suboptimal dosages of UO126 and FK506 combination 

treatment could abolish TGF-β’s anti-BMP effect and restore BMP signaling activity 

efficiently both in vitro and in vivo.       

4.3.7 FK506 and UO126 treatments suppress tumor self-seeding, liver and bone 

metastasis in vivo 

It has been reported that BMP7 was a novel therapeutic molecule for inhibiting 

growth of local and bone metastatic breast cancer [147]. We wondered if restored 

BMP signaling activity functionally affects tumor cell migration in vitro and 

metastasis in vivo. As shown in Figure 4.12, BMP treatment had no significant effect 

on TGF-β-induced cell migration in transwell assay. The number of migrated cells 

was reduced by UO126 treatment. This is probably due to the involvement of 

MAPK/Erk pathway in regulating cell migration [255]. FK506 which has more potent 

effect on BMP signaling amplification, failed to suppress cell migration. Similar 

results were observed in wound healing assay, where wound closure area was not 
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affected by FK506 incubation. These data indicate BMP signaling has little effect on 

migration, which is contrary to the conventional belief. 

As UO126 and FK506 synergistically restored BMP signaling both in vitro and in vivo, 

it is worthwhile to investigate if breast cancer metastasis can be reduced by these two 

drugs. Mice were challenged with MDA-MB-231 and MDA-MB-231-G-luc tumor 

cells in contralateral mammary fat pads respectively. Five days later, mice were 

treated as indicated and monitored for another three weeks (Figure 4.13A). Tumor 

size was measured and plotted in Figure 4.14A & B. UO126 and FK506 treatments 

had little effect on primary tumor growth. Circulating tumor cells (CTCs) were 

analyzed by measuring the Gaussia luciferase activity of lysed blood sample. 

Interestingly, as shown in Figure 4.14C, CTCs number in different treatment groups 

were almost the same. We reasoned that the shedding of tumor cells into the 

circulation was mainly TGF-β-regulated which was not influenced by UO126/FK506 

stimulation as indicated in vitro. Mi-Young Kim et al have found that CTCs can 

reinfiltrate an established tumor, in a process that they call “tumor self-seeding” [256]. 

MDA-MB-231 tumors were collected and lysed for detecting tumor self-seeding. As 

shown in Figure 4.13B, UO126, UO126/FK506 combination and higher dose of 

FK506 treatment significantly reduced MDA-MB-231-G-luc tumor cells self-seeding. 

This indicates BMP signaling restoration efficiently suppressed tumor cells colonizing 

their tumors of origin. Lower dose of FK506 diminished tumor cell self-seeding as 

well but it was not statistically significant. 

In addition, mice liver, lung, bone and brain were also collected and tissue lysate 

measured for Gaussia luciferase activity. Both liver and bone metastasis in 

UO126/FK506 combination, lower and higher dose FK506 treatment groups were 

significantly less compared with control group (Figure 4.13C & D). Surprisingly, no 

significant reduction in lung and brain metastasis was observed in all treatment groups 

(Figure 4.14D & E), suggesting that restored BMP signaling plays a differential role 

in organ specific metastasis. Taken together, restoration of BMP signaling activity in 

vivo by FK506 and UO126 treatment efficiently suppressed tumor self-seeding and 
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distant organ metastasis especially to liver and bone. 

4.4 Discussion 

Metastasis is the major cause of cancer-related death. It is well known that TGF-β is a 

main driver of EMT which is the first step of metastasis. Cancer cells undergoing 

EMT acquire the capacity to migrate and invade the secondary organ. It has been 

reported BMP7 inhibits genes involved in TGF-β-induced EMT in breast cancer [257]. 

Our data confirm that BMP signaling was abolished by TGF-β in MDA-MB-231 cells, 

suggesting TGF-β is a dominant player in highly-invasive breast cancer cells. BMP 

signaling in non-invasive MCF7 cells were suppressed by TGF-β but not to the extent 

seen in MDA-MB-231 cells. Moreover, TGF-β could inhibit BMP-induced Smad1/5 

activation in normal mammary epithelial MCF10A cells but the activity was not 

reduced to basal level. Interestingly, unlike in MDA-MB-231 cells, TGF-β signaling 

activity in MCF7 and MCF10A cells was significantly inhibited by BMP stimulation. 

It seems that TGF-β gradually loses its power in antagonizing BMP in parallel to the 

decrease in cell malignancy. Given that BMP is a negative regulator for EMT, 

impairing BMP signaling by TGF-β likely would result in a loss of its anti-EMT 

function in breast cancer patients. As such, TGF-β signaling may act in a double 

whammy fashion in driving cancer invasion and metastasis. 

Notably, TGF-β specifically activates sustained Erk1/2 phosphorylation in 

highly-invasive MDA-MB-231 cells. MAPK/Erk inhibitors UO126 and PD98059 

were found to markedly recover BMP-Smad1/5 activity inhibited by TGF-β in vitro. 

And a commonly used immunosuppressive drug FK506 which can bind to BMP 

suppressor FKBP12 also restores BMP signaling efficiently. We further noticed a 

synergistic effect arose between suboptimal concentrations of UO126 and FK506 in 

restoring BMP signaling both in vitro and in vivo, which can be beneficial to patients 

who suffer from drug toxicity. Importantly, BMP signaling was obviously amplified 

by UO126 and FK506 combination treatment within 24hrs in tumor-bearing mouse 

model, indicating efficacy of this treatment.  
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UO126 and FK506 treatment efficiently suppresses breast cancer self-seeding and 

adaptation to distant organs (liver and bone) in mice, suggesting a potential for them 

or their analogs to be developed for clinical use. Interestingly, no effect has been 

observed in lung and brain metastasis, suggesting BMP signaling has a differential 

organ effect on breast cancer homing/reseeding. As such, it might be possible to apply 

BMP in treating some subclasses of cancer.  

BMP signaling pathway is specifically regulated by inhibitory Smad6 [258]. We 

found the knockdown of Smad6 which was upregulated by TGF-β, partially restored 

BMP signaling activity, suggesting its contribution in mediating cross-talk between 

TGF-β and BMP signaling pathways although the contribution is small. More 

importantly, suboptimal dosages of UO126 and FK506 synergistically restore BMP 

signaling pathway, indicating their target works in the same signaling pathway. 

However, FK506 does not suppress MAPK/Erk activation as UO126 and PD98059 do, 

suggesting MAPK/Erk pathway is not the direct target. Focusing on the MAPK/Erk 

signaling downstream target which is also mediated by FK506 may be a promising 

direction. Thereafter, more research is required to reveal what the target is and how it 

works.  

In conclusion, our study reveals TGF-β has the capacity to abolish BMP-Smad1/5 

activation in highly-invasive breast cancer cells while this does not apply to 

non-invasive cancer and normal epithelial cells. This finding may have an important 

impact on our understanding of the double whammy effect by TGF-β signaling in 

human breast cancer invasion and metastasis. Due to sustained activation of 

MAPK/Erk pathway by TGF-β, MAPK/Erk inhibitors UO126 and PD98059 are 

found to restore BMP signaling efficiently. Moreover, a clinically used 

immunosuppressant FK506 is also potent to rescue BMP signaling in the presence of 

TGF-β. Interestingly, UO126 and FK506 synergistically abolished TGF-β’s inhibitory 

effect on BMP, indicating they target the same pathways. However, more research is 

needed to discover what the target is and how it mediates TGF-β’s anti-BMP effect. In 

breast cancer animal model, UO126 and FK506 combination treatment significantly 
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reduces liver and bone metastasis but no effect on lung and brain, suggesting BMP’s 

differential organ effect on cancer metastasis. However, before full application of our 

observations, more detailed future studies are required, especially in a clinical setting. 
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Figure legends 

Figure 4.1. TGF-β impaired Smad1/5 activation. (A) 3×103 cells/well 

MDA-MB-231 cells were infected with adenoviral BMP reporter Ad-BRE-luc in 

96-well plate. Cells were then stimulated with 5ng/ml TGF-β at indicated time points. 

Cells were then lysed for luciferase assay. (B) 1×106 cells/well MDA-MB-231 cells 

were cultured in 6-well plate and stimulated with TGF-β at indicated time points. 

Phospho-Smad1/5, Phospho-Smad3 and total Smad5 were analyzed by western 

blotting assay. (C) 3×103 cells/well MDA-MB-231 cells were infected with 

Ad-TCF-luc in 96-well plate for 24hrs. Cells were then incubated with Wnt3a (50%) 

and/or 5ng/ml TGF-β for another 24hrs. Firefly luciferase activity was measured by 

luciferase assay. (D) 1×106 cells/well MDA-MB-231 or MCF7 cells were pretreated 

with 5ng/ml TGF-β in 6-well plate and 5hrs later cells were incubated with 200ng/ml 

BMP for another 1hr. Phosphorylation of Smad1/5 and Smad2/3, total Smad5 and 

total Smad2/3 were assessed by WB assay. Stripping was applied between different 

antibodies. Actin was used as loading control. Results are representatives of repeated 

experiments. Error bars are standard deviations (s.d) of triplicates (n=3). 

Figure 4.2. TGF-β abolished BMP-induced Smad1/5 activation in highly-invasive 

breast cancer cells. 3×103 cell/well MDA-MB-231 (A), MCF7 (B) or MCF10A (C) 

cells were labelled with Ad-BRE-luc and Ad-CAGA-Gaussia-luc for 24hrs in 96-well 

plate. Then the infected cells were treated with TGF-β at indicated concentrations. At 

6hrs after TGF-β treatment, BMP7 (200ng/ml) was added to the cells for another 

24hrs. The cells were lysed and measured for Firefly and Gaussia luciferase activities. 

Results are representatives of repeated experiments. Error bars are standard deviations 

(s.d) of triplicates (n=3). Significance levels as indicated: *p<0.05, **p<0.01, 

***p<0.001.    

Figure 4.3. TβRI inhibitor SB-431542 restored BMP-Smad1/5 activation. 3×103 

cells/well Ad-BRE-luc and Ad-CAGA-Gaussia-luc labelled MDA-MB-231 cells were 

stimulated with TGF-β, BMP7 or various concentration of SB-431542 for 24hrs in 

96-well plate. Cells were lysed for Firefly and Gaussia luciferase assay. Results are 
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representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: **p<0.01, ***p<0.001, 

****p<0.0001.    

Figure 4.4. Smad6 knockdown partially blocked TGF-β’s anti-BMP effect. (A) 

5×105 cells/well MDA-MB-231 cells in 6-well plate were treated with 5ng/ml TGF-β 

at different time points as indicated. Cellular RNAs were extracted and subjected to 

RT-PCR to obtain Smad6 and Smad7 cDNA for consequent Droplet Digital PCR (see 

details in “Materials and methods”). (B) 2×105 cells/well Smad6 overexpressed 

MDA-MB-231 cells were seeded into 6-well plate and transfected with indicated 

amount of siRNA targeting Smad6. After 48hrs, cells were harvested and Smad6 

expression was assessed by WB assay. Stripping was applied between different 

antibodies. Actin was used as loading control. (C) 3×103 cells/well Smad6 siRNA 

transfected MDA-MB-231 cells were infected with Ad-BRE-luc before TGF-β 

stimulation. Firefly luciferase activity was determined by luciferase assay. Results are 

representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: **p<0.01. 

Figure 4.5. TGF-β induced sustained Erk1/2 activation. 1×106 cells/well 

MDA-MB-231 cells were cultured into a 6-well plate and stimulated with 5ng/ml 

TGF-β at indicated time points in normal 10% serum or serum free medium (SFM). 

Phospho-Erk1/2, total Erk1/2, phospho-Smad1/5, phospho-Smad2 and total Smad5 (A) 

or Phospho-Akt, total Akt (B) were assessed by AB assay. Stripping was applied 

between different antibodies. Actin was used as loading control. Results are 

representatives of repeated experiments. 

Figure 4.6. UO126, PD98059 and FK506 restored BMP-Smad1/5 activation. 

3×103 cells/well MDA-MB-231 cells were infected with Ad-BRE-luc and 

Ad-CAGA-Gaussia-luc for 24hrs.Then the infected cells were treated with 1ng/ml 

TGF-β, 100ng/ml BMP7 and 10µM LY294002 (A), 10µM UO126 (B), 20µM 

PD98059 (C) or 100ng/ml FK506 (D) in SFM. The cells were lysed and measured for 

Firefly and Gaussia luciferase activities. Results are representatives of repeated 
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experiments. Error bars are standard deviations (s.d) of triplicates (n=3). Significance 

level as indicated: *p<0.05, ***p<0.001, ****p<0.0001. 

Figure 4.7. UO126 restored BMP-Smad1/5 signaling in MAPK/Erk activated 

cells. (A & B) 3×103 cells/well EGFR-overexpression cell lines A431 and HN5 were 

infected with Ad-BRE-luc in 96-well plate for 24hrs. Cells were further stimulated 

with 50ng/ml BMP7 and 10µM UO126 for extra 24hrs following 5 min pre-treatment 

of EGF in SFM. The cells were lysed and Firefly luciferase activities measured by 

luciferase assy. (C) Dog kidney epithelia cell line MDCK and its Ras-transformed 

21D1 cells were labelled with Ad-BRE-luc for 24hrs, followed by incubation of 

50ng/ml BMP7 and 10µM UO126 in SFM. Firefly luciferase activity was detected 

using illuminometer. (D) Doxycycline-inducible-Ras expressed NIH3T3 cells were 

stimulated with Doxycycline (Dox.) for 24hrs before exposure to BMP7 and UO126. 

Firefly luciferase activities were measured by luciferase assay. Results are 

representatives of repeated experiments. Error bars are standard deviations (s.d) of 

triplicates (n=3). Significance level as indicated: *p<0.05, **p<0.01, ***p<0.001. 

Figure 4.8. Low dose of UO126, PD98059 and FK506 could restore 

BMP-Smad1/5 activation. (A) 3×103 cells/well Ad-BRE-luc and 

Ad-CAGA-Gaussia-luc labelled MDA-MB-231 cells were incubated with TGF-β, 

BMP7 and/or UO126 in normal 10% serum medium. The cells were lysed and 

measured for Firefly and Gaussia luciferase activities.	 (B) Ad-CRE-GFP or 

Ad-CMV-Smad6 infected MDA-MB-231 cells were further labelled with Ad-BRE-luc. 

After 24hrs, cells were stimulated with BMP7, UO126 or FK506 for another 24hrs. 

Firefly luciferase activity was measured by luciferase assay. (C, D & E) Ad-BRE-luc 

labelled MDA-MB-231 cells were stimulated with different concentration of FK506, 

UO126 or PD98059 in the absence/presence of 100ng/ml BMP7. Firefly luciferase 

activity was assessed by luciferase assay. (F) 1×106 cells/well MDA-MB-231 cells 

were plated into 6-well plates and stimulated with TGF-β, BMP7 or UO126/FK506 

for 0.5hr. Phospho-Smad1/5, phospho-Smad2 and total Smad2/3 were analyzed by 

WB assay.  Actin was used as a loading control. Results are representatives of 
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repeated experiments. Error bars are standard deviations (s.d) of triplicates (n=3). 

Significance level as indicated: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Figure 4.9. The combination of suboptimal concentration of UO126 and FK506 

treatment exhibited synergistic effect on amplification of BMP signaling. 3×103 

cells/well MDA-MB-231 cells were infected with Ad-BRE-luc and 

Ad-CAGA-Gaussia-luc for 24hrs followed by exposure to TGF-β, BMP7 or 20ng/ml 

FK506/1µM UO126 in SFM. The cells were lysed and measured for Firefly and 

Gaussia luciferase activity. Results are representatives of repeated experiments. Error 

bars are standard deviations (s.d) of triplicates (n=3). Significance level as indicated: 

*p<0.05, ***p<0.001, ****p<0.0001. 

Figure 4.10. FK506 failed to inhibit MAPK/Erk signaling activation. 1×106 

cells/well MDA-MB-231 cells were cultured in 6-well plate and exposed to 5ng/ml 

TGF-β and different doses of FK506 in SFM for 6hrs.The cells were harvested and 

analyzed for phospho-Erk1/2 and total Erk-1/2. Stripping was applied between 

different antibodies. Actin was used as a loading control. Results are representatives 

of repeated experiments.  

Figure 4.11. Restoration of BMP signaling by FK506 and UO126 combination 

treatment in vivo. (A) A diagram of BMP signaling detection experiment. 

MDA-MB-231-Gaussia-luc cells were infected with Ad-BRE-luc two days before 

tumor implantation. 3x106 cells were orthotopically injected into the mammary fat 

pads of SCID mice (2 tumors / mouse, 3 mice per group). Daily treatment with PBS 

(Ctrl.), 0.02mg/kg FK506, 2µmol/kg UO126 or combination of FK506 and UO126 

started at day5, and 24hrs later the reporter activity in the tumors was monitored by 

IVIS Lumina imaging system equipped with a cooled CCD camera following i.p. 

injection with 150mg/kg D-Luciferin (luciferase substrate). Representative figures 

and corresponding quantification of the signal in the mammary fat pad area (B for 

before treatment (day5), C for 24hrs treatment (day7) and D for 48hrs treatment 

(day8)), shown as mean ± SEM. Significance level as indicated: *p<0.05. 

Figure 4.12. UO126 suppressed TGF-β-induced cell migration. (A) 3×103 
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cells/well Ad-CMV-Gaussia-luc labelled MDA-MB-231 cells were seeded into 

transwell plates in the presence of TGF-β, BMP7, UO126 or FK506. Gaussia 

luciferase activity was detected to analyze the number of migrated cells. (B) 1×106 

cells/well MDA-MB-231 cells were cultured in a 6-well plate with pre-treatment of 

TGF-β, BMP7 or FK506 for 24hrs. The cell monolayer was scraped in a straight line 

to create a "scratch" with a p200 pipet tip. Images were taken by microscope with a 

CCD camera at 0hr and 16hrs after scratch. The wound closure area was quantitated 

by imageJ. Results are representatives of repeated experiments. 

Figure 4.13. FK506 and UO126 treatments suppressed tumor self-seeding, liver 

and bone metastasis. (A) A diagram of breast cancer metastasis experiment. 

Unlabeled and MDA-MB-231-Gaussia-luc cells were injected into contralateral 

mammary fat pads of SCID mice (2 tumors / mouse, 6 mice per group) as shown. 

Daily treatment with PBS (Ctrl.), 0.02mg/kg FK506, 2µmol/kg UO126, combination 

of FK506 and UO126 and 0.1mg/kg FK506 started at day5. 3 weeks later, mice were 

culled for tumor/organ collection. Unlabeled tumor (B), liver (C) and bone (D) were 

lysed to determining Gaussia luciferase activity by illuminometer. Error bars are the 

standard error of the mean (SEM). Significance level as indicated: *p<0.05, 

**p<0.01. 

Figure 4.14. FK506 and UO126 treatment had limited effect on tumor growth, 

circulating tumor cells, and lung and brain metastasis. (A) Tumor volume of 

unlabeled MDA-MB-231 and MDA-G-LUC at the indicated time. (B) Representative 

figures of tumors in different groups at day 25 when the mice were culled. (C) 

Terminal blood puncture to obtain 1 mL whole blood was performed by cardiac 

puncture and collected into heparin containing tubes. 5µl of the blood samples were 

lysed for detecting Gaussia luciferase activity. Blood from mice without 

MDA-G-LUC tumor implantation was used as a negative control (NC). (D & E) 

Lungs and brains were collected and lysed for metastasis analysis by luciferase assay. 
	 	



118 
	

Figures 

	
Figure 4.1 



119 
	

	
	

Figure 4.2 
  



120 
	

 
Figure 4.3 

  



121 
	

 
 

Figure 4.4 
  



122 
	

 
Figure 4.5 

  



123 
	

	

 
 

Figure 4.6 
  



124 
	

 
Figure 4.7 

  



125 
	

 
Figure 4.8 

  



126 
	

 
 

Figure 4.9 
  



127 
	

 
Figure 4.10 

  



128 
	

 

 
Figure 4.11 

  



129 
	

 
 

Figure 4.12 
  



130 
	

 
 

Figure 4.13 
  



131 
	

 
Figure 4.14 

  



132 
	

Chapter 5. Positive and Negative TGF-β Signaling 

Regulation in Breast Cancer Metastasis 

5.1 Abstract 

It is well established that cancer metastasis causes the majority of cancer related 

deaths. At cellular level, cancer metastasis involves at least two opposing processes: 

Epithelial-Mesenchymal Transition (EMT) for dissemination and 

Mesenchymal-Epithelial Transition (MET) for homing/re-seeding. TGF-β has the 

ability to induce EMT during tumorigenesis as a tumor promoter. As such, many 

TGF-β signaling targeted therapies have been developed in the hope to treat cancer 

metastasis. However, the outcomes are often mixed, suggesting other TGF-β effect 

working in cancer metastasis. Here, we infected MDA-MB-231 cells with 

Ad-CMV-Gaussia-luc and TGF-β-Smad3 reporter Ad-CAGA-luc to determine cell 

number and TGF-β signaling activity simultaneously. By using a novel modified 

transwell assay, we showed TGF-β induces cell migration but inhibits detaching and 

reseeding, suggesting that TGF-β plays a dual role in different cancer metastasis steps. 

In addition, cells with high TGF-β signaling activity migrated first and then detached 

and reseeded with a low signaling activity, indicating the signaling dynamics in 

different cancer progression stages. Thereafter, attention should be given to careful 

consideration as for when and how TGF-β targeting therapies are applied in cancer 

treatment. 
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5.2 Introduction 

There are at least six types of cellular mechanisms which cooperate with each other to 

generate a fully malignant carcinoma [91]. Of these, local tumor invasion and 

metastasis are the least well known at both molecular and cellular levels, although 

metastasis spread leads to clinically incurable disease for most cancer types [231, 

234]. 

At cellular level, cancer metastasis leading to the majority of cancer patients deaths, 

involves at least two opposing processes: EMT to deliver invasion and dissemination 

into circulation and MET to deliver metastatic seeding [235, 259]. Circulating tumor 

cells links the two opposing processes. EMT underlies the basic cellular biology of 

tumor progression of carcinoma towards metastasis [235]. In EMT program, polarized 

epithelial cells adopt motile mesenchymal phenotype, and lose cell-cell connection, 

cell polarity and epithelial markers, especially E-cadherin [95-98]. Additionally, 

several major changes occur including increased expression of mesenchymal markers 

(e.g. Vimentin and Fibronectin), and acquired migratory, invasive and metastatic 

phenotypes [99, 100]. The decreases in expression of N-cadherin and Vimentin, and 

increase in E-cadherin can be observed in MET process [102, 103]. So MET program 

is an opposite process compared with EMT [101]. MET is the process in which 

disseminated cancer cells are driven to re-establish epithelial-like cells and reinitiate 

proliferative programs. MET may be responsible to limit metastasis rate [95, 101, 111, 

112].  

At molecular level, it is well established that TGF-β signaling plays a key role in EMT. 

TGF-β can be converted from a tumor suppressor to a tumor promoter with the ability 

to induce EMT during tumorigenesis. As such, many TGF-β signaling targeted 

therapies have been developed in the hope to treat invasion and metastasis with mixed 

outcomes [105]. Interestingly, Novitskiy et al demonstrated that attenuated TGF-β 

signaling led to a delay tumor onset, but increased the number of metastases in 

MMTVNeu/DNIIR mice [106]. This conflicts against our conventional understanding 

of TGF-β being the main driver of metastasis. As such, it raises the question of 
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whether TGF-β plays various roles in different stages of cancer metastasis. It has been 

reported that TGF-β induces hypermethylation of the miRNA-200 family which is 

involved in promoting MET by upregulating E-cadherin expression [113]. In 

MDA-MB-231 breast cancer cell line, ectopic expression of Grainyhed-like-2 

(GRHL2) promotes MET via suppressing TGF-β-Smad2/3 signaling [114]. 

Additionally, the embryonic stem cell transcription factors Oct4, Sox2, Klf4 and 

c-Myc promote MET initiation which reduces TβRII expression and then leads to 

inhibition of TGF-β signaling [115]. However, the number of publications about 

TGF-β regulation in MET is still limited. More needs to be discovered regarding this 

process and its regulation. 

In this study, TGF-β signaling activity of migrated and detached-reseeded cells was 

measured by infecting MDA-MB-231 cells with Ad-CMV-Gaussia-luc and 

TGF-β-Smad3 reporter Ad-CAGA-luc. Meanwhile, a novel inverse transwell assay 

was designed for detecting cell detaching-reseeding. Our study illustrates that TGF-β 

plays a positive role in inducing cell migration (known) but a negative one in 

detaching-reseeding, which might provide some new insights for future cancer 

treatment.   

5.3 Results 

5.3.1 TGF-β signaling promotes migration but inhibits detaching-reseeding 

In order to examine the role of TGF-β signaling in tumor cells migration, we used 

transwell assay as shown in Figure 5.1A. The metastatic breast cancer cells 

MDA-MB-231 were labelled with Ad-CMV-Gaussia-luc and TGF-β-Smad3 reporter 

Ad-CAGA-luc. As such in a transwell assay, we were able to determine quantitatively 

the numbers of migrating and reseeding cells as well as the TGF-β signaling activity 

of those cells simultaneously. As expected, TGF-β stimulated the migration of cells 

from the upper side of insert to the lower side. And those migrated cells exhibited 

higher TGF-β signaling activity than the average. Surprisingly, the number of cells 
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detached from low side of the membrane and seeded onto well was reduced by TGF-β 

treatment, though there were more cells on the lower side of the insert (Figure 5.1B). 

More surprisingly, the TGF-β signaling activities of detaching-reseeding cells were 

lower than either the migrated or the non-migrated cells (Figure 5.1D). This result 

may suggest a suppressing role of TGF-β in the second step of metastasis 

homing/reseeding. Additionally, migrated and reseeded cells were stained by Hoechst 

for direct visualization. And indeed, the observation was consistent with the results of 

the luciferase assay (Figure 5.1C). 

To further establish that TGF-β signaling blocks MDA-MB-231 cancer cells 

undergoing detaching and reseeding, we designed a novel inverse transwell assay. The 

transwell upper chamber was reversed and cells seeded on the lower side of the 

membrane. This design ensures that the initial cell numbers for detaching-reseeding 

with or without TGF-β stimulation are the same. Indeed, cells detaching-reseeding 

from the lower side of membrane to the well bottom was suppressed by TGF-β 

(Figure 5.1E). This result demonstrates directly that TGF-β inhibits 

detaching-reseeding, suggesting a need for re-consideration as for how 

TGF-β-targeted therapy should be applied. 

5.3.2 TGF-β signaling can be manipulated by Smad7 and SB-431542  

It has been well established that TGF-β induces phosphorylation of Smad2/3. Here we 

first infected cells with adenovirus TGF-β-Smad3 reporter Ad-CAGA-luc and 

measured Firefly luciferase activity after TGF-β treatment. TGF-β-Smad3 

transcription activity was dramatically induced by TGF-β in a dose-dependent manner 

(Figure 5.2A). Then MDA-MB-231 cells were stimulated with TGF-β at different 

time points (from 0 to 8hrs) and cell lysate harvested for western blotting assay. 

Phosphorylation of Smad2 and Smad3 were induced significantly in the first half hour 

and subsequently reached to a peak in 1hr followed by a decrease after 2hrs treatment.  

To modulate TGF-β signaling to Smad2/3, we generated an adenovirus expressing 

Smad7. In cell culture, Smad7 expression increased with the raising of MOI from 500 
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to 5000 (Figure 5.2C) and nearly 100% cells were infected and overexpressed Smad7. 

Then MDA-MB-231 cells were infected with either Ad-Cre-GFP (control virus) or 

Ad-CMV-Smad7 (MOI=2000), and without adenovirus (control) for 24hrs followed by 

1hr TGF-β treatment detecting Smad2 phosphorylation. The western blotting results 

showed that Smad7 suppressed Smad2 phosphorylation remarkably in MDA-MB-231 

cells (Figure 5.2D). To further confirm the suppression of TGF-β-Smad signaling, we 

used luciferase assay to detect Smad3 transcription activity. As shown in Figure 5.2E, 

MDA-MB-231 cells with Smad7 overexpression exhibited significant decrease in 

TGF-β signaling activation. In addition, TGF-β receptor type I inhibitor SB-431542 

successfully blocked TGF-β Smad3 signaling activity (Figure 5.2F). Thus we can 

manipulate TGF-β signaling through Ad-CMV-Smad7 infection or SB-431542 

treatment in cells for the following experiments. 

5.3.3 Smad7 overexpression and SB-431542 treatment abolish TGF-β’s inhibitory 

effect on cell detaching-reseeding 

To further confirm TGF-β’s inhibitory effect on cell detaching-reseeding, we 

performed the inverse transwell assay using G-luc stably labelled MDA-MB-231 cells 

infected with Ad-CAGA-luc and either Ad-CMV-Tomato (control virus) or 

Ad-CMV-Smad7 (MOI=1000). In control virus group, the number of 

detaching-reseeding cells was dramatically reduced by TGF-β, which is consistent 

with the previous observation in Figure 5.1E. The TGF-β signaling activity of cells 

infected with Ad-CMV-Smad7 was suppressed as expected. Consequently, cell 

detaching-reseeding was not affected by TGF-β stimulation in Smad7 overexpressed 

cells (Figure 5.3A). Likewise, SB-431542 treatment also significantly blocked 

TGF-β’s anti detaching-reseeding effect in inverse transwell assay (Figure 5.3C). 

Furthermore, in conventional transwell assay, SB-431542 abolished TGF-β-induced 

cell migration as expected. However, cell detaching-reseeding in the presence of 

TGF-β was recovered by SB-431542 to the level similar as the control group (Figure 
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5.3D). Collectively, these data confirms TGF-β’s inhibitory effect on cell 

detaching-reseeding. 

5.4 Discussion 

Metastasis is the major cause of cancer related death. It involves in at least two 

opposing processes EMT and MET. TGF-β has been well established as a main driver 

of EMT while its role in MET remains unclear. In this study, we designed a technique 

to quantify migrated or detached-reseeded cell numbers and TGF-β signaling activity 

per cell simultaneously. Little publications have reported to detect cell 

detaching-reseeding process and TGF-β signaling in migrated and detached-reseeded 

cells. New reagents for improving in vitro and in vivo examination of TGF-β signaling 

have been developed by our group. Adenoviral Smad3 reporter system offers 

advances to understand TGF-β signaling by measuring Smad3 transcriptional activity 

with far greater efficiency and reliability compared to original DNA reporter 

constructs [229]. When cells were infected with Ad-CAGA-luc and 

Ad-CMV-Gaussia-luc, TGF-β signaling and cell number were simultaneously 

determined by Firefly and Gaussia luciferase activities, respectively.  

As previously reported [228], TGF-β promoted cell migration obviously and these 

migrated cells exhibited higher TGF-β signaling activity than non-migrated cells. 

Here, as non-migrated cells are difficult to collect, we seeded cells into a 96-well plate 

as a model. Surprisingly, TGF-β inhibited migrated cell detaching from the lower side 

of the insert and reseeding onto the well bottom, even more cell migration were 

induced by TGF-β stimulation. In addition, the TGF-β signaling in these reseeded 

cells were lower than in their migrated counterparts without cell detaching, even if 

they originally came from the same cohort of migrated cells with high signaling 

activity (Figure 5.1). This indicates cells require high TGF-β signaling for migration, 

however, some of these migrated cells need to reduce their signaling for subsequent 

detaching and reseeding. Importantly, previous research in our lab showed TGF-β 
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treated cells presented three levels of signaling activity: low, medium and high [228]. 

Furthermore, 4 weeks later after we isolated the medium signaling cells, they returned 

to the original signaling distribution pattern (unpublished data). It seems cellular 

TGF-β signaling is dynamic instead of stable in order to meet the requirements for 

each step of cancer metastasis. Higher TGF-β signaling drives the first step for 

invasion and dissemination but the lower signaling activity may enable the second 

step for reseeding to distant organs.  

Additionally, a novel inverse transwell assay was designed to directly investigate 

TGF-β’s effect on cell detaching-reseeding. In the conventional transwell setup, it is 

hard to directly investigate cell detaching-reseeding process due to the involvement of 

cell migration. However, in inverse transwell assay, this drawback could be overcome 

by directly seeding cells onto the lower side of the membrane. Indeed, cell 

detaching-reseeding was dramatically inhibited by TGF-β stimulation, which is 

consistent with the finding in conventional transwell assay.  

Suppression of TGF-β signaling by its negative regulator Smad7 [36, 260] or receptor 

kinase inhibitor SB431542 [261, 262] (Figure 5.2) inhibited TGF-β mediated cell 

migration but recovered cell detaching-reseeding in the conventional transwell assay 

(Figure 5.3). It’s likely then that TGF-β signaling targeted therapy may reduce tumor 

cell invasion but increase tumor cell dissemination and metastatic seeding. This may 

provide a possible explanation why TGF-β-targeted therapies are not that successful 

in clinical trials as expected. If this is the case, how and when to apply TGF-β 

signaling targeted treatments would be of critical importance. Prior to cancer 

metastasis, therapies targeting TGF-β signaling could be applied to inhibit tumor cells 

shedding from the primary tumor. While under some situations such as after primary 

tumor removal surgery, therapies could focus on reducing cancer cell reseeding by 

enhancing TGF-β signaling or at least not applying any targeted therapies. 

Due to time limitation, animal work to verify the effects of TGF-β signaling on 

suppression of cancer cell distant organ reseeding and tumor self-seeding in vivo 

hasn’t been completed. For future directions, mice will be tail-vein injected with 
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G-luc labeled MDA-MB-231 cells with or without Ad-CMV-Smad7 infection in 

orthotropic breast cancer mouse models. Subsequently, the mouse tissues and tumors 

will be analyzed and the number of labelled tumor cells quantitated. Moreover, in 

order to obtain evidence to support that tumor cell self-seeding and metastasis require 

dynamic fluctuation of TGF-β signaling sensitivity,	 a MDA-MB-231 cell line with 

Smad7 expression under the control of doxycycline (Dox) has been generated. By this, 

Smad7 expression can be turned on and then off, and consequently, TGF-β signaling 

activity can be inhibited and then restored. Mice will be fed with diverse conditions: 1) 

water only, 2) water with Dox and 3) with then without Dox, followed by metastasis 

measurement after mice scarification. If the results in animal model support the in 

vitro findings, reconsideration of when and how TGF-β targeting therapies should be 

applied may be worthwhile. 
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Figure legends 

Figure 5.1. TGF-β signaling promoted migration but inhibited reseeding. (A) 

Both conventional and modified inverse transwell assay were used for detecting 

migrated and detaching-reseeding cells as shown in the schematic models. (B & D) 

2×104 cells/well Ad-CAGA-luc and Ad-CMV-Gaussia-luc labelled MDA-MB-231 

cells were seeded in the upper chamber of 24-well transwell plate. Simultaneously, 

non-migrated cells were seeded in 96-well plate (2500 cells/well) to normalize the cell 

number. Cells in both transwell and 96-well plate were exposed to 5ng/ml TGF-β. 

48hrs later, the numbers of cells migrated or reseeded (B) and the signaling activities 

of those cells (D) were quantitated via Gaussia and Firefly luciferase assay 

respectively. (C) Conventional transwell seeding was set as shown in (A). After 48hrs 

TGF-β incubation, the migrated (insert) and detaching-reseeding cells (well) were 

fixed and stained with Hoechst 33258 for 10min at room temperature. Images were 

collected using fluorescence microscope with a CCD camera (magnification = 10×). 

(E) The dual-labelled MDA-MB-231 cells (2×104 cells/well) were seeded on the 

bottom side of the membrane as shown in (A). 6hrs later, the insert were reversed and 

put into 24-well plate with or without TGF-β treatment. After the membrane was 

peeled off, the cells on both the topside of the membrane and the well bottom were 

lysed, and the samples were measured for Gaussia and Firefly luciferase activities. (F) 

TGF-β plays dual roles in cells metastasis: positive in migration but negative in 

detaching-reseeding. Firefly luciferase activity was normalized by using Gaussia 

luciferase activity. Results are representatives of repeated experiments. Error bars are 

standard deviations (s.d) of triplicates (n=3). Significance level as indicated:*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

Figure 5.2. TGF-β signaling was regulated by Smad7 overexpression and 

SB-431542. (A) 3×103 cells/well Ad-CAGA-luc infected MDA-MB-231 cells were 

seeded in 96-well plate followed by TGF-β titration for 24hrs. Firefly luciferase 

activity was measured by luciferase assay. (B) 1×106 cells/well MDA-MB-231 cells 

were seeded in a 6-well plate and stimulated with 5ng/ml TGF-β at indicated time 
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points. After cells were lysed, phospho-Smad2/3, phospho-Smad1/5 and total 

Smad2/3 were analyzed by western blotting assay. Stripping was applied between 

different antibodies. Actin was used as loading control. (C) 2×105 cells/well 

MDA-MB-231 cells were infected with Ad-Cre-GFP or Ad-CMV-Smad7 at different 

MOI for 48hrs in 6-well plate. Cells were harvested for WB and Flag M2 antibody 

was applied for Smad7 blotting. (D) 4×105 cells/well MDA-MB-231 Cells were 

infected with either Ad-Cre-GFP or Ad-CMV-Smad7 (MOI=2000) in 6-well plate for 

24hrs. TGF-β was added to cells with indicated concentrations for 1hr before 

harvesting for WB. Phospho-Smad2, phospho-Smad1/5, Smad2/3and Smad7 were 

assessed by WB assay. (E) 3×103 cells/well Ad-CAGA-luc labelled cells were infected 

with Ad-Cre-GFP or Ad-CMV-Smad7 in 96-well plate. 24hrs after TGF-β stimulation, 

Firefly luciferase activity was measured by luciferase assay. (F) 3×103 cells/well 

Ad-CAGA-luc labelled MDA-MB-231 cells were incubated with 5ng/ml TGF-β 

and/or 5µM SB-431542 in 96-well plate for 24hrs. Cells were lysed for luciferase 

assay. Results are representatives of repeated experiments. Error bars are standard 

deviations (s.d) of triplicates (n=3). Significance level as indicated: **p<0.01, 

****p<0.0001. 

Figure 5.3. Impaired TGF-β signaling led to recovery of cell detaching-reseeding. 

(A & B) G-luc stably labelled MDA-MB-231 cells were infected with Ad-CAGA-luc 

and either Ad-CMV-Tomato or Ad-CMV-Smad7 (MOI=1000) for 24hrs. Then 6×103 

cells/well were seeded inversely on the bottom side of the membrane pre-coated with 

10% Matrigel. 24hrs later, the detaching-reseeding cells were lysed and Gaussia and 

Firefly luciferase activities measured. Firefly luciferase activity was normalized by 

using Gaussia luciferase activity. (C) 1×104 cells/well G-luc stably labelled 

MDA-MB-231 cells were seeded inversely on the bottom side of the membrane. 

48hrs later after 5ng/ml TGF-β/5µM SB-431542 incubation, the detaching-reseeding 

cells were lysed for luciferase assay. (D) Similar to (C) but cells were seeded in the 

upper chamber of transwell plate. The numbers of migrated or reseeded cells were 

quantitated by analyzing Gaussia luciferase activity. Results are representatives of 



142 
	

repeated experiments. Error bars are standard deviations (s.d) of triplicates (n=3). 

Significance level as indicated: *p<0.05, **p<0.01, ***p<0.001. 
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