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Abstract 
The type III TGF-β receptor (TβRIII) is a TGF-β co-receptor that presents ligand 

to the type II TGF-β receptor to initiate signaling. TβRIII also undergoes ectodomain 

shedding to release a soluble form (sTβRIII) that can bind ligand, sequestering it away 

from cell surface receptors. We have previously identified a TβRIII extracellular mutant 

that has enhanced ectodomain shedding (“super shedding (SS)” – TβRIII-SS). Here we 

utilize TβRIII-SS to study the balance of cell surface and soluble TβRIII in the context of 

lung cancer. We demonstrate that expressing TβRIII-SS in lung cancer cell models 

induces epithelial-mesenchymal transition (EMT) and that these TβRIII-SS (EMT) cells 

are less migratory, invasive and adhesive and more resistance to gemcitabine. Moreover, 

TβRIII-SS (EMT) cells exhibit decreased tumorigenicity but increased tumor growth in 

vitro and in vivo. These studies suggest that the balance of cell surface and soluble TβRIII 

may regulate a dichotomous role for TβRIII during cancer progression. 

We have also demonstrated that cathepsin G and neutrophil elastase, proteases 

stored in the azurophil granules of neutrophils, can induce cleavage of cell surface 

TβRIII though no functional sTβRIII was detected. Similarly, activated neutrophils could 

induce TβRIII shedding on cancer cells. Interestingly, neutrophils generate sTβRIII that 

is resistant to shedding. These studies suggest that neutrophils may modulate the 

balance of cell surface and soluble TβRIII in the tumor microenvironment.  
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1. Introduction 
Portions of the introduction were originally published as Huang JJ and Blobe 

GC.  Biochem Soc Trans. 2016 Oct 15:44(5): 1441-1454. 

http://www.biochemsoctrans.org/content/44/5/1441.long 

Transforming growth factor-β (TGF-β) is a ubiquitously-expressed cytokine that 

mediates or regulates a wide spectrum of biological processes including embryonic 

development, maintenance of cellular homeostasis, angiogenesis and immune 

regulation in a context dependent manner. Consistent with its pervasive and central role 

in maintaining cellular homeostasis, inhibition of TGF-β signaling results in disruption 

of normal homeostatic processes and subsequent carcinogenesis, defining the TGF-β 

signaling pathway as a tumor suppressor. However, once carcinogenesis is initiated, the 

TGF-β signaling pathway functions to promote cancer progression (Figure 1). This 

dichotomous function of the TGF-β signaling pathway during cancer initiation and 

progression presents a tremendous challenge, both in terms of understanding how the 

same pathway mediates these divergent effects, and in confounding efforts to target this 

pathway for therapeutic purposes. 
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Figure 1: TGF-β has cell autonomous roles as a tumor suppressor and promoter 
by controlling proliferation, apoptosis and EMT, as well as non-cell autonomous 
tumor promoting roles in the microenvironment by remodeling the extracellular 
matrix, inducing angiogenesis and suppressing immune surveillance. Abbreviations: 
CDK-I (cell-dependent kinase inhibitors), CDKs (cell-dependent kinases), TβRI (type 
1 TGF-β), TβRII (type II TGF-β receptor), TβRIII (type III TGF-β receptor), MMPs 
(matrix metalloproteinases), Tregs (regulatory T cells), MDSCs (myeloid-derived 
suppressor cells), NK cells (natural killer cells), DCs (dendritic cells). Reproduced 
from Huang JJ and Blobe GC.  Biochem Soc Trans. 2016 Oct 15:44(5): 1441-1454. 
http://www.biochemsoctrans.org/content/44/5/1441.long 

1.1 Transforming growth factor-β signaling 

TGF-β initiates downstream signaling when the dimerized TGF-β ligand binds to 

the type III TGF-β receptor (TβRIII), which then presents ligand to the type II TGF-β 

receptor (TβRII) (Lopez-Casillas, Wrana et al. 1993, Sankar, Mahooti-Brooks et al. 1995). 
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TβRII then recruits and phosphorylates the type I TGF-β receptor (TβRI) to active its 

kinase activity (Attisano, Carcamo et al. 1993, Franzen, ten Dijke et al. 1993). In canonical 

TGF-β signaling, activated TβRI phosphorylates the intracellular proteins Smad2 or 

Smad3, which then complex with Smad4 before translocating into and accumulating in 

the nucleus where they act with co-activators or co-repressors to initiate transcriptional 

changes (Figure 2) (Chen, Lebrun et al. 1996, Eppert, Scherer et al. 1996, Lagna, Hata et 

al. 1996, Zhang, Feng et al. 1996). TGF-β can also signal through non-canonical pathways 

including p38, JNK, Erk1/2 and PI3K (Mu, Gudey et al. 2012) and has also been reported 

to signal through Smad1/5/8 (Daly, Randall et al. 2008, Liu, Schilling et al. 2009). The 

TGF-β signaling pathway is regulated at many levels. At the extracellular level, TGF-β 

ligand bioactivity is regulated by activation steps, which release it from a latent complex 

(Annes, Munger et al. 2003), as well as by interaction with antagonists, including the 

soluble type III TGF-b receptor (Lopez-Casillas, Payne et al. 1994, Elderbroom, Huang et 

al. 2014). At the intracellular level, negative feedback is provided both by the inhibitory 

Smad6 and Smad7, which are upregulated by TGF-β and antagonize signaling at the 

receptor/Smad level (Hayashi, Abdollah et al. 1997, Imamura, Takase et al. 1997, Nakao, 

Afrakhte et al. 1997), and by transcriptional repressors, including Ski and SnoN, which 

are upregulated by TGF-β and antagonize signaling at the Smad/promoter level 

(Deheuninck and Luo 2009). Perturbations to TGF-β signaling can occur at each of these 

multiple levels of regulation, including increased ligand availability due to loss of shed 
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TβRIII (Lopez-Casillas, Payne et al. 1994, Elderbroom, Huang et al. 2014), loss or 

mutation of cell surface receptors (Markowitz, Wang et al. 1995, Myeroff, Parsons et al. 

1995, Chen, Carter et al. 1998, Lynch, Nakashima et al. 1998, Tokunaga, Lee et al. 1999, 

Chen, Triplett et al. 2001, Levy and Hill 2006) or of downstream mediators 

(Thiagalingam, Lengauer et al. 1996, Howe, Roth et al. 1998, Bartsch, Barth et al. 1999, 

Ohtaki, Yamaguchi et al. 2001, Han, Kim et al. 2004).  
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Figure 2: Schematic of canonical TGF-β signaling. Reproduced with 
permission from Blobe GC, Schiemann WP and Lodish HF. NEJM. 2000 May 
4;342(18):1350-8. Copyright Massachusetts Medical Society. 
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1.2 Dichotomous roles of TGF-β in cancer 

1.2.1 TGF-β as a tumor suppressor 

Dysregulation of TGF-β signaling pathway is a frequent event in human cancers. 

Disruption can occur either through deletion or inactivating mutations of the TGF-β 

receptors or their downstream effectors.  TβRII deletions or mutations are often seen in 

colon, gastric, bladder and ovarian cancers (Markowitz, Wang et al. 1995, Myeroff, 

Parsons et al. 1995, Lynch, Nakashima et al. 1998, Tokunaga, Lee et al. 1999, Levy and 

Hill 2006), and TβRI receptor altercations are also commonly seen in ovarian, head and 

neck, breast, bladder, and prostate cancers, among others (Chen, Carter et al. 1998, 

Tokunaga, Lee et al. 1999, Chen, Triplett et al. 2001, Levy and Hill 2006). Over 50% of 

pancreatic cancers and 15% of colon cancers harbor altercations to the downstream 

effector Smad4 (Thiagalingam, Lengauer et al. 1996, Bartsch, Barth et al. 1999, Ohtaki, 

Yamaguchi et al. 2001). Additionally, Smad4 mutations are a known cause juvenile 

polyposis, an inherited autosomal dominant disease that predisposes patients to 

hamartomatous polyp formation and colorectal cancer (Howe, Roth et al. 1998). Other 

mediators of TGF-β signal transduction, including Smad2 and Smad3, are mutated in 

colorectal cancer (Ohtaki, Yamaguchi et al. 2001), hepatocellular carcinoma (Dumont, 

Lallemand et al. 2003) and gastric cancer (Han, Kim et al. 2004). Contrary to the loss of 

function of TGF-β mediators, antagonists of the TGF-β pathway including Smad7, Ski, 

and SnoN are often overexpressed in colorectal cancer, melanoma and breast cancer, 
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among others (Boulay, Mild et al. 2001, Reed, Bales et al. 2001, Boulay, Mild et al. 2003, 

Zhang, Lundin et al. 2003, Buess, Terracciano et al. 2004). The tumor suppressive role of 

TGF-β is largely thought to be due to TGF-β’s roles in limiting proliferation, promoting 

apoptosis and inducing senescence in normal cells.  

1.2.1.1 Tumor suppressive role of TGF-β in proliferation 

In normal epithelial and hematopoietic cells, TGF-β inhibits cell growth by 

targeting cell-dependent kinases (CDKs) and their inhibitors (CDK-Is) that are 

responsible for controlling progression past the G1 phase of the cell cycle during 

proliferation. TGF-β promotes the expression of the CDK-Is p15INK4B, p21CIP1 and p27KIP1, 

which inhibit cyclin-CDK complexes, leading to G1 phase cell cycle arrest (Hannon and 

Beach 1994, Polyak, Kato et al. 1994, Datto, Li et al. 1995, Li, Nichols et al. 1995). In 

addition, TGF-β inhibits CDK4, which is required for exit from the G1 phase and 

progression into the S phase of the cell cycle, directly mediating growth suppression. 

(Ewen, Sluss et al. 1993, Geng and Weinberg 1993). TGF-β also suppresses c-Myc, 

leading to suppression of p15INK4B and p21CIP1, and thus, loss of cell proliferation (Seoane, 

Pouponnot et al. 2001, Yagi, Furuhashi et al. 2002, Pardali, Kowanetz et al. 2005). Id 

family proteins including Id1, Id2 and Id3, which help mediate differentiation and 

cytostasis, are also repressed by TGF-β, resulting in decreased proliferation (Kang, Chen 

et al. 2003, Kowanetz, Valcourt et al. 2004).  
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When TGF-β signaling is disrupted by mutation, deletion or altered expression 

of critical components, this anti-proliferative signaling is lost, leading to sustained 

proliferation due to lack of G1 cell cycle arrest. The critical role for loss of TGF-β 

signaling in mediating sustained proliferation in human cancers is supported by the 

ability of restoration of TGF-β signaling to rescue TGF-β responsiveness and control of 

proliferative signaling. Thus, restoration of TβRII in the human breast cancer cell line, 

MCF-7, or of Smad3 in the gastric cancer cell line, SNU-484, rescues TGF-β sensitivity 

while TGF-β stimulation once again initiates growth arrest (Sun, Wu et al. 1994, Han, 

Kim et al. 2004). In a reciprocal manner, loss of negative regulators of TGF-β signaling, 

including SnoN and SKI, can inhibit proliferation of breast, lung and pancreatic cancer 

cells (Heider, Lyman et al. 2007, Zhu, Krakowski et al. 2007).  

1.2.1.2 Tumor suppressive role of TGF-β in apoptosis  

TGF-β triggers apoptosis in a wide range of cell types acting through both Smad-

dependent and independent pathways. The Smad-dependent pathway involves the 

induction of pro-apoptotic proteins including TGF-β inducible early response gene 

(TIEG1) (Tachibana, Imoto et al. 1997), death-associated protein kinase (DAPK) (Jang, 

Chen et al. 2002, Valderrama-Carvajal, Cocolakis et al. 2002), and inositol-5-phophatase 

(SHIP) (Valderrama-Carvajal, Cocolakis et al. 2002). TIEG1 induces oxidative stress 

(Ribeiro, Bronk et al. 1999) while DAPK induces mitochondrial cytochrome c release to 

trigger apoptosis (Jang, Chen et al. 2002). SHIP inhibits the pro-survival PI3K-Akt 
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pathway to instigate cell death (Valderrama-Carvajal, Cocolakis et al. 2002). TGF-β also 

works through Smad4 to induce SAPK/JNK pathway signaling to induce the expression 

of pro-apoptotic genes including BIM, BMF, and BAX and caspase 9 (Atfi, Buisine et al. 

1997, Wildey, Patil et al. 2003, Ohgushi, Kuroki et al. 2005). Independent of the 

SAPK/JNK pathway, TGF-β can also promote the expression of pro-apoptotic genes, 

including BIK and caspase 3 and 8, while suppressing anti-apoptotic genes, including 

Bcl-XL, XIAP, and Bcl-2 (Saltzman, Munro et al. 1998, Shima, Nakao et al. 1999, Francis, 

Heyworth et al. 2000, Chipuk, Bhat et al. 2001). TGF-β is also linked to the Fas-mediated 

apoptosis pathway through DAXX, an adaptor protein that mediates Fas receptor 

signaling. DAXX stabilizes TβRII, leading to JNK activation and potentiation of Fas 

apoptosis signaling (Perlman, Schiemann et al. 2001). Interestingly, cells that are 

resistant to TGF-β induced growth inhibition can still respond to TGF-β induced 

apoptosis through inducing the translocation of the mitochondrial protein ARTS to the 

nucleus. This translocation then stimulates caspase 3 activation and suppresses the anti-

apoptotic proteins Bcl-XL and XIAP to induce apoptosis (Larisch-Bloch, Danielpour et al. 

2000, Larisch, Yi et al. 2000, Gottfried, Rotem et al. 2004). Apoptosis can also be induced 

after malignant epithelial-to-mesenchymal transition (EMT) if cells are TGF-β 

responsive. In Smad4-expressing TGF-β responsive pancreatic cancer, TGF-β can 

stimulate cells to undergo EMT while simultaneously suppressing Klf5 signaling. 

Without Klf5 cooperation, Sox4 induces apoptosis (David, Huang et al. 2016). 
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These TGF-β-induced apoptotic homeostatic mechanisms are also disrupted 

when intact TGF-β signaling is lost. In many cases, TGF-β’s apoptotic signaling is Smad 

dependent, with overexpression of Smad4 inducing apoptosis in MDA-MB-468 breast 

cancer cells (Dai, Bansal et al. 1999). Meanwhile, use of a dominant-negative Smad3 

prevented apoptosis in the Hep3B hepatocarcinoma cell line (Yamamura, Hua et al. 

2000). TβRII’s role in mediating apoptosis is also critical for regenerating epithelial 

tissue, where apoptosis helps prevent hyperproliferation. When TβRII is lost in skin 

epithelial cells, the loss of apoptosis disrupts this balance between apoptosis and 

hyperproliferation, leading oncogenic progression and invasive squamous cell 

carcinoma (Guasch, Schober et al. 2007).  Similarly, knock-down of Smad2 or expression 

of a dominant negative TβRII in NRP-152 cells, a non-tumorigenic prostate epithelial cell 

line, greatly reduced sensitivity to TGF-β-induced apoptosis, subsequently leading to 

malignant transformation and the newfound ability to form tumors when injected into 

nude mice (Tang, de Castro et al. 1999, Yang, Wahdan-Alaswad et al. 2009),. On the 

other hand, in TGF-β non-responsive Smad4 null pancreatic cancer cells, Klf5 signaling 

is induced, inhibiting apoptosis, leading to cell immortalization and subsequent 

tumorigenesis (David, Huang et al. 2016).  

1.2.2 TGF-β as a tumor promoter 

While TGF-β may suppress cancer initiation, in cancers that do form, increased 

expression of TGF-β ligands has been broadly reported, including in breast (Walker and 
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Dearing 1992, Dalal, Keown et al. 1993), esophageal (Fukai, Fukuchi et al. 2003), 

colorectal (Shim, Kim et al. 1999), gastric (Saito, Tsujitani et al. 1999), lung (Hasegawa, 

Takanashi et al. 2001) and pancreatic cancers (Friess, Yamanaka et al. 1993). In these 

cancers, increases in TGF-β ligand levels have been demonstrated both locally and 

systemically, with elevated circulating levels. Higher levels of TGF-β have been 

demonstrated in lymph node metastasis compared to primary tumors or in tumors that 

eventually metastasize. High levels of TGF-β also correlate with increased invasiveness, 

disease progression and a poorer prognosis (Walker and Dearing 1992, Friess, 

Yamanaka et al. 1993, Friedman, Gold et al. 1995, Wikstrom, Stattin et al. 1998, Saito, 

Tsujitani et al. 1999, Shim, Kim et al. 1999, Hasegawa, Takanashi et al. 2001). TGF-β can 

be produced by the tumor cell itself or other cells in the tumor microenvironment 

including stromal cells, macrophages and platelets (Assoian, Fleurdelys et al. 1987, 

Wakefield, Smith et al. 1988, De Wever, Demetter et al. 2008). Additionally, secreted 

TGF-β that is stored in the extracellular matrix can be release by the tumor-associated 

increase in matrix degradation factors (Derynck, Goeddel et al. 1987, Piek, Heldin et al. 

1999, Yu and Stamenkovic 2000). Although the increase in TGF-β may enhance the cell 

autonomous tumor suppressive effects, many tumorigenic cells have already lost their 

TGF-β responsiveness and thus, its homeostatic effects. Instead, this increase in TGF-β 

may act in the tumor microenvironment to promote changes that encourage tumor 
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progression. Along those lines, TGF-β has roles in promoting angiogenesis, inducing 

EMT, modifying the extracellular matrix, and suppressing immune surveillance.  

1.2.2.1 Tumor promoter role of TGF-β in EMT and metastasis 

TGF-β induces EMT during normal growth and development. It is essential for 

embryonic tissue differentiation (Kimelman and Kirschner 1987) and normal heart and 

lung development (Potts and Runyan 1989, Kaartinen, Voncken et al. 1995). EMT is also 

accompanied by changes in tight junction and cell adhesion molecules, including 

decreasing E-cadherin, claudin and occludin expression while upregulating vimentin 

and N-cadherin (Piek, Moustakas et al. 1999, Moustakas and Heldin 2007). The EMT 

gene signature involves the Smad-mediated induction of HMGA2 to mediate Snail, Slug, 

ZEB2 and Twist expression (Thuault, Valcourt et al. 2006) as well as the Smad-

independent upregulation of the polarity protein Par6 (Ozdamar, Bose et al. 2005) which 

lead to loss of cell polarity, E-cadherin downregulation and increased invasion and 

metastasis (Xu, Lamouille et al. 2009). TGF-β also induces cytoskeleton re-organization 

by inducing focal adhesion kinase signaling, smooth muscle actin expression and stress 

fiber formation (Thannickal, Lee et al. 2003). These EMT-associated changes allow cells 

to change to lose connections to other epithelial cells, acquire a fibroblast phenotype and 

migrate away from their initial location. This EMT process can be hijacked by cancer 

cells to lead to decrease cell adhesion and encourage migration and invasion to promote 

to cancer metastasis. 
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TGF-β signaling is essential to EMT in cancer cells. In squamous cell carcinoma 

and breast cancer, use of a dominant negative TβRII abrogated their ability to undergo 

EMT and migration and metastasize to distant sites (Portella, Cumming et al. 1998, Yin, 

Selander et al. 1999, Dumont, Bakin et al. 2003). Meanwhile, restoration of TβRII activity 

in the typically TβRII-null and non-invasive hereditary nonpolyposis colorectal cancer 

cells promoted invasive behavior (Oft, Heider et al. 1998). Transgenic mice with 

activated TGF-β1 expression in keratinocytes demonstrated an increased propensity to 

form spindle cell carcinomas, suggesting that TGF-β1 is involved in this keratinocyte-to-

spindle cell transition (Cui, Fowlis et al. 1996). In breast cancer, TGF-β also has been 

demonstrated to induce MDM2, destabilizing p53, leading to EMT and tumor 

progression (Araki, Eitel et al. 2010). In addition, in cancers where p53 is mutated, TGF-β 

induces the formation of a mutant p53, Smad and p63 complex. In this complex, p63 

loses its tumor suppressive function, allowing both TGF-β and mutant p53 to initiate 

EMT and metastasis (Adorno, Cordenonsi et al. 2009). Moreover, high levels of TGF-β 

are often seen at the invasive front, suggesting that TGF-β is involved in the EMT, 

migration and invasion of tumor cells (Portella, Cumming et al. 1998).   

TGF-β can also increase migration, invasion and the metastasis of cancer cells, 

including mediating the balance between single-cell versus group migration of cancer 

cells. In TGF-β responsive breast cancer cells, single cell migration occurs through a 

Smad-mediated pathway involving downstream activation of EGFR, Jun and Rho 
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signaling pathways and CTGF. However, collective migratory behavior and increased 

lymph node metastasis is seen in when TGF-β signaling is inhibited (Giampieri, 

Manning et al. 2009). TGF-β has been demonstrated to promote migration in prostate 

cancer by inducing cytoskeletal rearrangement in a Cdc42 and RhoA dependent fashion, 

increasing formation of stress fibers and lamellipodia (Edlund, Landstrom et al. 2002) 

while TGF-β-mediated induction of DOCK4 in lung cancer also leads to increased cell 

protrusion, motility and metastasis (Yu, Tai et al. 2015). Breast cancer migration and 

invasion can also be inhibited by ectodomain shedding of TβRIII, which generates a 

soluble form of the receptor that can act as a ligand sink. Abrogation of soluble receptor 

generation increases migration and invasion (Elderbroom, Huang et al. 2014). 

Meanwhile, the cytoplasmic domain of TβRIII signals through GIPC to suppress cancer 

progression and loss of the receptor increases migratory and invasive behavior (Lee, 

Hempel et al. 2010). TGF-β is also able to down-regulate tumor-suppressive microRNAs 

that including miR-124 and miR-187, enhancing EMT and metastasis. miR-124 also 

contributes to a positive feedback loop that further upregulates TGF-β expression 

leading increased metastasis (Zhang, Luo et al. 2016, Zu, Xue et al. 2016).  

In addition to promoting EMT and metastasis, TGF-β can also promote 

colonization of metastatic cells through mesenchymal-to-epithelial transition (MET) and 

upregulation of metastatic niche genes. TGF-β promotes MET in breast cancer cells that 

metastasize to the lung through an Id1-Twist1 signaling axis, leading to lung 
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colonization (Stankic, Pavlovic et al. 2013). Furthermore, TGF-β is critical for the 

establishment of bone metastasis in breast cancer by inducing growth factors, including 

PTHrP, RANKL, IL-11 and CTGF, which encourage bone colonization (Thomas, Guise et 

al. 1999, Yin, Selander et al. 1999, Kang, Siegel et al. 2003, Korpal, Yan et al. 2009). TGF-β 

is also released from the bone itself, further promoting bone metastasis, bone 

destruction, muscle weakness and loss of muscle mass (Waning, Mohammad et al. 2015).  

1.2.2.2 Tumor promoter role of TGF-β in the tumor microenvironment 

The stroma in the tumor microenvironment consists of many cells and structures 

that are important for normal tissue physiology but also can influence tumor 

progression. These cells and structures include myofibroblasts, blood vessels and 

immune cells which reside in the extracellular matrix (ECM), which is comprised of 

collagen, elastin, fibronectin and laminin scaffolding proteins (Frantz, Stewart et al. 

2010). Together with its cell autonomous effects, TGF-β can influence these complex 

stromal components to support tumor growth and progression. 

1.2.2.3 Tumor promoter role of TGF-β on the extracellular matrix 

Differentiation of fibroblasts, stellate cells or smooth muscle cells into 

myofibroblasts occurs normally in response to tissue injury and TGF-β, and these 

myofibroblasts secrete extracellular matrix (ECM) components and help remodel the 

ECM to aid with wound healing. Once repair is completed, they undergo apoptosis, 

suggesting that myofibroblasts are a transient rather than permanent cell population 
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(Hinz 2007). In cancer, TGF-β helps differentiate fibroblast into myofibroblasts, which 

then become a persistent and important component of the tumor microenvironment, 

where they secrete pro-tumor growth factors (Desmouliere, Geinoz et al. 1993, De Wever 

and Mareel 2003, Massague 2008). This progression from fibroblastic to myofibroblastic 

characteristics correlates with tumor progression in colon and breast cancer (Martin, 

Pujuguet et al. 1996, Kojima, Acar et al. 2010). Myofibroblasts also acquire autocrine and 

paracrine signaling that promote a pro-tumorigenic phenotype by stimulating the 

expression of proteins including MMPs, cytokines and chemokines to promote 

proliferation, EMT, invasion and angiogenesis. These proteins lead to further increase in 

TGF-β levels and also stimulate tumor cells to further promote progression (De Wever 

and Mareel 2003, Allinen, Beroukhim et al. 2004, Bhowmick, Chytil et al. 2004, Cheng, 

Bhowmick et al. 2005, Hawinkels, Paauwe et al. 2014). Loss of TGF-β signal by deletion 

of TβRII in fibroblasts resulted in prostate and gastric cancer due to the dysregulation of 

HGF, MST1 and TGF-α in surrounding tissue, further suggesting that fibroblasts are 

involved in both autocrine and paracrine signaling in the tumor microenvironment. 

Further, co-injecting TβRII null fibroblasts with renal cell carcinoma cells promoted 

tumor invasion, angiogenesis and proliferation (Bhowmick, Chytil et al. 2004, Cheng, 

Bhowmick et al. 2005). Stromal TGF-β signaling also helped establish a metastatic niche 

for colorectal cancer cells, promoting colonization, while use of a TβRI inhibitor 

prevented metastasis. A TGF-β induced gene signature in fibroblasts is also predictive of 
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disease recurrence while low stromal signaling correlated with improved survival 

(Calon, Espinet et al. 2012). 

TGF-β is also involved in ECM remodeling through increasing the expression of 

matrix metalloproteinases (MMPs), including MMP1, MMP2, MMP7, MMP9, MMP13 

and MMP14. These MMPs degrade the ECM, providing a pathway for tumor migration 

and invasion and activates the TGF-β sequestered in the ECM, feeding a positive 

feedback loop. ECM remodeling also stimulates angiogenesis, further supporting tumor 

growth (Hagedorn, Bachmeier et al. 2001, Krstic and Santibanez 2014). Meanwhile, 

MMP13 induced by TGF-β promoted tumor extravasation from the tumor 

microenvironment to support metastatic growth (Kominsky, Doucet et al. 2008, 

Mendonsa, VanSaun et al. 2015). Changing the ECM force mechanics also influence 

tumor progression: decreasing the ECM rigidity increased the sensitivity of cells to TGF-

β-induced apoptosis while increasing rigidity promoted TGF-β-mediated EMT (Leight, 

Wozniak et al. 2012). 

1.2.2.4 Tumor promoter role of TGF-β in angiogenesis 

Endothelial cells are the major cell type regulated during angiogenesis and 

exhibit increased permeability, proliferation, migration and invasion during the 

formation of new blood vessels (Tian and Schiemann 2009). The TGF-β signaling 

pathway has an important role in endothelial biology and normal angiogenesis. Mice 

deficient in TGF-β signaling in endothelial cells due to the loss of ALK-1, a type I TGF-β 
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receptor (Oh, Seki et al. 2000); TβRII (Choi and Ballermann 1995, Oshima, Oshima et al. 

1996); endoglin, a TGF-β co-receptor (Li, Sorensen et al. 1999, Arthur, Ure et al. 2000); or 

TGF-β1 (Dickson, Martin et al. 1995) exhibit dysregulated angiogenesis and embryonic 

lethality (Li, Sorensen et al. 1999, Arthur, Ure et al. 2000, Oh, Seki et al. 2000). TGF-β also 

induces the production pro-angiogenic growth factors, including VEGF and CTGF by 

epithelial cells and fibroblasts (Pertovaara, Kaipainen et al. 1994, Shimo, Nakanishi et al. 

2001) and directly stimulates endothelial cells to form capillaries. Meanwhile, TGF-β-

induced VEGF and CTGF induces endothelial migration that is necessary for 

angiogenesis (Choi and Ballermann 1995, Darland and D'Amore 2001).  

During tumor growth the tumor quickly outgrows the existing vasculature and 

induces angiogenesis to provide nutrients and oxygen to the cancer cells  (Nishida, Yano 

et al. 2006). TGF-β has an important role for inducing and sustaining tumor 

angiogenesis, which in turn supports cancer progression and metastasis. Higher levels 

of TGF-β in the tumor microenvironment correlates with increased vascular density, 

tumor progression and worse prognosis in a non-small cell lung cancer cohort 

(Hasegawa, Takanashi et al. 2001). High circulating levels of TGF-β1 in plasma also 

correlated with increased tumor angiogenesis and poor prognosis in prostate cancer, 

renal cell carcinoma and hepatocellular carcinoma (Ito, Kawata et al. 1995, Ivanovic, 

Melman et al. 1995, Junker, Knoefel et al. 1996, Wikstrom, Stattin et al. 1998). TGF-β can 

also induce the endothelial microRNA miR-29a, leading to PTEN/AKT pathway 
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activation and increased angiogenesis (Wang, Wang et al. 2013). In xenografts, Chinese 

hamster ovary cells transfected to overexpress TGF-β1 resulted in increased 

angiogenesis while a TGF-β neutralizing antibody inhibited angiogenesis, further 

demonstrating the importance of TGF-β in angiogenesis and tumor progression (Ueki, 

Nakazato et al. 1992). In addition to TGF-β ligand effects, TGF-β receptors are also 

critical for angiogenesis. Treating mice xenografted with TβRII null 786-O renal 

carcinoma cells with a TGF-β neutralizing antibody also decreased angiogenesis 

(Ananth, Knebelmann et al. 1999). Endoglin also works in concert with VEGF to induce 

tumor angiogenesis. Suppression of both endoglin and VEGF led to decreased 

endothelial tube formation and subsequent angiogenesis (Liu, Tian et al. 2014, Paauwe, 

Heijkants et al. 2016).  

TGF-β can also generate an environment more conducive to endothelial cell 

migration, which is essential for angiogenesis, by inducing MMP activity to modify the 

ECM. TGF-β can act through one of its type I receptors, ALK5, to enhance MMP9 

expression, and promote the formation of new blood vessels. Use of dominant negative 

ALK5 or knock-down of MMP9 enhanced angiogenesis and tumor progression in breast 

and prostate cancer cell lines (Safina, Vandette et al. 2007, Wang, Lee et al. 2013).  

1.2.2.5 Tumor promoter role of TGF-β in immune surveillance  

TGF-β is generally immunosuppressive and exerts these suppressive effects on 

all the components of the immune system. It suppresses the activity of cytotoxic T-cells, 
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natural killer cells and dendritic cells and creates a pro-inflammatory environment, 

which recruits macrophages and neutrophils. These effectors secrete tumor promoting 

cytokines and chemokines including TGF-β, initiating a positive feedback loop that 

further promotes tumor progression (Yang 2010, Yoshimura and Muto 2011). Since TGF-

β is often upregulated in the tumor microenvironment, tumors are able to evade 

immune destruction through both immunosuppression and decreased immune 

surveillance. 

Cytotoxic CD8+ T-cells can produce cytokines including perforins, granzymes 

and IFN-γ to induce apoptosis of any cancer cell that the encounter. However, TGF-β 

can inhibit their activity through transcriptional repression of these mediators by Smads 

and ATF1. Moreover, preventing TGF-β signaling through generating cytotoxic T-cells 

that express dominant-negative TβRII restored the cytotoxic T-cell activity and 

prolonged survival (Thomas and Massague 2005). In patients with urothelial cancer, 

increased TGF-β signaling in the tumor microenvironment was associated with lack of 

response to anti-PD-L1 therapy, which activate T-cells to promote anti-tumor immunity 

(Zou, Wolchok et al. 2016, Mariathasan, Turley et al. 2018). In mouse models, co-

administering TGF-β inhibitors with anti-PD-L1 blockade promoted T-cell responses led 

to tumor regression and fewer metastasis compared to using checkpoint inhibitors alone 

(Mariathasan, Turley et al. 2018, Tauriello, Palomo-Ponce et al. 2018).   
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In addition to suppressing cytotoxic T-cell activity, TGF-β can also induce 

regulatory T-cell (Treg) differentiation (Fu, Zhang et al. 2004, Liu, Zhang et al. 2008), 

leading to immunosuppression and loss of immune surveillance. Tregs then respond to 

TGF-β by preventing cytotoxic CD8+ T-cell proliferation and induction, inhibiting the 

release of cytotoxic cytokines and chemokines and further dampening anti-tumor 

immune responses (Somasundaram, Jacob et al. 2002). 

Natural killer (NK) cells also play an important role in immune surveillance by 

recognizing tumor cells and initiating a cytotoxic response (Vivier, Tomasello et al. 

2008). TGF-β can suppress NK cell activation by inhibiting IL-15 production and 

downregulating its activating receptor NKG2D (Crane, Han et al. 2010, Wilson, El-

Jawhari et al. 2011). In addition, TGF-β also can induce miR-183 expression to destabilize 

DAP12, a receptor that is required for NK cell cytotoxicity (Donatelli, Zhou et al. 2014). 

Treating NK cells with TGF-β decreased their ability to release cytokines including 

perforin to induce tumor cell apoptosis while TGF-β neutralizing antibodies reversed 

this phenotype by promoting IL-15 production and NKG2D and DAP12 expression, 

which promoted NK cell survival and activation and allowed them to regain their 

effector function (Crane, Han et al. 2010, Wilson, El-Jawhari et al. 2011, Donatelli, Zhou 

et al. 2014).  

Dendritic cells (DC) are antigen presenting cells that responsible to inducing the 

adaptive T-cell response and their activity is important for anti-tumor immunity 
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(Diamond, Kinder et al. 2011, Fuertes, Kacha et al. 2011). TGF-β prevents the 

differentiation of DCs from its myeloid precursors and instead shifts differentiation 

toward the anti-tumorigenic myeloid-derived suppressor cells through the upregulation 

of the TGF-β responsive gene ID1 (Papaspyridonos, Matei et al. 2015). Specifically 

deleting TβRII in myeloid cells to abolish TGF-β signaling in dendritic cells increased 

their ability to activate T-cells, leading to decreased tumor growth. On the other hand, 

treating myeloid precursor cells with TGF-β inhibited their ability to activate T cells 

(Novitskiy, Pickup et al. 2012). In addition, TGF-β inhibition alone has been shown to 

subdue DC-mediated Treg activation, and when combined with anti-CTLA-4 

immunotherapy, synergistically decreased melanoma growth and metastasis though 

neither alone prevented progression (Hanks, Holtzhausen et al. 2014).       

TGF-β has been shown to drive polarization of neutrophils from an anti-tumor 

phenotype (N1) to a tumorigenic phenotype (N2). In the presence of TGF-β, neutrophils 

develop into a pro-tumorigenic phenotype and showed a decreased ability to activate 

cytotoxic T-cells and secrete anti-tumorigenic cytokines and chemokines. Furthermore, 

depletion of these neutrophils led to a decrease in tumor size. However, treating mice 

with SM16, an Alk4/Alk5 TβRI kinase inhibitor, allowed tumor suppressive neutrophils 

to hone to the tumor, leading to cytotoxic T-cells activation and secretion of cytokines 

and chemokines to promote immune surveillance. When these neutrophils were then 

systemically depleted, tumors exhibited rapid growth, suggesting that without TGF-β 
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stimulation, neutrophils retain their tumor suppressive phenotype (Fridlender, Sun et al. 

2009).  

Macrophages can also be divided into two groups, with the classically activated 

M1 phenotype regarded as tumor suppressive and the alternatively activated M2 

phenotype as tumor promoting. TGF-β is a critical driver for macrophages adopting the 

M2 phenotype (Gong, Shi et al. 2012), which produce cytokines and chemokines 

including MMP9, CXCL8, CXCL12, VEGF, and IL-10 that induce tumor growth and 

invasion, modify the ECM and promote angiogenesis. Moreover, macrophages also 

suppress the adaptive arm of the immune system, further preventing immune responses 

(Sica, Schioppa et al. 2006). 

1.3 The type III TGF-β receptor  

1.3.1 Structure and function 

As previously discussed, TGF-β initiates downstream signaling when the 

dimerized TGF-β ligand binds to the type III TGF-β receptor (TβRIII), which then 

presents ligand to the type II TGF-β receptor (TβRII). TβRII then forms a heterocomplex 

with TβRI to initiate downstream signaling (Lopez-Casillas, Wrana et al. 1993, Sankar, 

Mahooti-Brooks et al. 1995). TβRIII, also known as betaglycan, is expressed on nearly all 

cell types with more than 200,000 receptors per cells and can bind to all 3 isoforms of 

TGF-β (TGF-β1, TGF-β2, and TGF-β3) (Cheifetz, Hernandez et al. 1990, Gatza, Oh et al. 

2010). In addition, it can bind to other TGF-β superfamily members including BMP2, 
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BMP4, BMP7, GDF5, and inhibin. TβRIII is thought to enhance binding of ligand to TβRI 

and TβRII to augment TGF-β signaling (Gatza, Oh et al. 2010). 

Structurally, TβRIII is a membrane-anchored chondroitin sulfate and heparan 

sulfate proteoglycan expressed as a homodimer (Segarini and Seyedin 1988). It is 

composed of a large extracellular domain, with two TGF-β binding domains, a 

transmembrane domain, and a short cytoplasmic domain. The core protein is 

approximately 100kDa, and post-translational modification with glycosaminoglycan 

(GAG) side chains increases its molecular weight to 180-300kDa. These GAG chains 

enable binding to bFGF2 and are thought to have roles in regulating TβRIII’s activity 

since loss of these GAG modifications lead to decreased TGF-β signaling and increased 

proliferation (Gatza, Oh et al. 2010).  

Unlike many other receptors, TβRIII’s cytoplasmic domain lacks intrinsic kinase 

activity. However, the cytoplasmic domain binds to the phosphorylated cytoplasmic 

domain of TβRII, which, as a complex, engages β-arrestin2 to regulate TGF-β, BMP and 

NF-κB signaling.  Additionally, TβRIII’s interaction with β-arrestin2 can induce 

endocytosis, leading to decreased TGF-β signaling (Finger, Lee et al. 2008). The 

cytoplasmic domain can also bind to GAIP-interacting protein C-terminus (GIPC) via a 

PDZ binding domain. This interaction stabilizes TβRIII on the cell surface to enhance 

TGF-β signaling (Gatza, Oh et al. 2010).  
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TβRIII can also undergo physiologic ectodomain shedding to produce a soluble 

form that is also able to bind ligand. sTβRIII found is found serum and in the 

extracellular matrix in human samples (Andres, Stanley et al. 1989). Soluble TβRIII 

(sTβRIII) acts as a ligand sink, sequestering TGF-β away from cell surface receptors to 

prevent downstream signaling. It has the highest binding affinity to TGF-β2, which 10-

fold higher than that to TGF-β1. Its binding affinity to TGF-β3 is in between that of TGF-

β1 and TGF-β2 (Lopez-Casillas, Payne et al. 1994, Vilchis-Landeros, Montiel et al. 2001). 

sTβRIII is similar in size to full-length TβRIII, suggesting that cleavage occurs 

proximal to the cell membrane and that it is also extensively modified by GAG chains 

(Lopez-Casillas, Wrana et al. 1993, Lopez-Casillas, Payne et al. 1994). However, common 

inducers of ectodomain shedding including the phorbol ester PMA, a protein kinase C 

activator, and A23187, a calcium ionophore, have been shown to not regulate TβRIII 

cleavage (Arribas, Lopez-Casillas et al. 1997).  Instead, previous work has demonstrated 

that pervanadate, a tyrosine phosphatase inhibitor; plasmin, a serine proteinase; and 

membrane type matrix metalloproteases 1 and 3 (MT1-MMP and MT3-MMP, 

respectively) can cleave cell surface TβRIII. Pervanadate generates a near full-length 

form of sTβRIII but MT1-MMP and MT3-MMP generates a smaller fragment in vitro 

(Velasco-Loyden, Arribas et al. 2004). Additionally, cleavage by plasmin reduces 

sTβRIII’s ability to bind to TGF-β and act as a ligand sink (Mendoza, Vilchis-Landeros et 

al. 2009). The transmembrane cytoplasmic remnant following ectodomain cleavage 
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stably remains on the cell surface and may contribute to regulation of TGF-β signaling. 

This cytoplasmic fragment can also be cleaved by γ-secretase (Blair, Stone et al. 2011). 

However, the physiological proteases responsible for ectodomain cleavage of TβRIII is 

still unknown or how cleavage is regulated is still unknown. 

1.3.2 Biology 

TβRIII has critical roles in normal development and function, and its loss cannot 

be compensated by the presence of other TGF-β receptors, as evidenced by the 

embryonic lethality of TβRIII knockout in mice (Stenvers, Tursky et al. 2003). TβRIII is 

highly expressed in the heart and liver during development, and accordingly, loss of 

TβRIII leads to defects in these organs. TβRIII knockout mice exhibit increased liver 

apoptosis by embryonic day 14.5, leading to liver degeneration and dysregulated 

hematopoiesis. Additionally, nearly half of embryos before embryonic day 18.5 also had 

defective cardiac development evidenced by thin ventricular walls, ventricular septal 

defects, decreased myocyte proliferation, abnormal epicardium development and 

defective coronary vessel development. Murine embryonic fibroblasts isolated from 

these TβRIII-null mice demonstrated decreased responsiveness to TGF-β2 but not TGF-

β1, suggesting the particular importance that TβRIII plays in TGF-β2 signaling and 

biology (Stenvers, Tursky et al. 2003, Compton, Potash et al. 2007). Work in chicken 

cardiac development have suggested that TβRIII mediates epithelial-to-mesenchymal 
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transition of cardiac endothelial cells and that loss of TβRIII abrogates this process, 

leading to defective valvulogenesis (Brown, Boyer et al. 1999).  

In addition, TβRIII seems to play a vital role in the mandatory epithelial-to-

mesenchymal (EMT) transition that occurs during palatal fusion. TβRIII is temporally 

expressed in the medial edge epithelium during closure of the palatal shelf, and knock-

down of TβRIII in these medial edge epithelial cells resulted in a loss of fusion (Cui and 

Shuler 2000, Nakajima, Ito et al. 2007).  

1.3.3 Roles in cancer 

Given TβRIII’s important role in development, it is unsurprising that 

dysregulation of TβRIII can contribute to carcinogenesis. TβRIII seems to be a tumor 

suppressor since it’s expression is decreased at both the mRNA and protein level in 

many human cancers, including breast lung, prostate, pancreatic, ovarian and renal 

cancer. Mechanisms of decreased expression include loss of heterozygosity and 

epigenetic repression, and rescuing expression has been linked to decreased migration, 

invasion, wound healing, metastasis and angiogenesis. In renal cell carcinoma, prostate 

cancer, and non-small cell lung cancer, decreased TβRIII is often detected at the earliest 

stages of disease, and level of decrease correlates with a worse disease stage. In prostate 

cancer, TβRIII expression is lower at metastatic sites than at the primary tumor, 

potentially suggesting a role in tumor progression (Gatza, Oh et al. 2010). Low TβRIII 

expression in tissue also correlated with worse response. In melanoma, patients in the 
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bottom quantile of TβRIII expression in their tumors were more than 5-time less likely to 

achieve complete response to isolated limb infusion therapy (Hanks, Holtzhausen et al. 

2013). In pancreatic cancer, TGF-β-mediated epithelial-to-mesenchymal transition (EMT) 

seemed to first increase generation of sTβRIII before decreasing TβRIII and, thus, also 

sTβRIII expression. This loss of TβRIII expression was required for the increased 

migration and invasion characteristic of cells that undergo EMT (Gordon, Dong et al. 

2008). However, in many other cancer models, EMT was not necessary for TβRIII’s 

inhibition of migration and invasion (Gatza, Oh et al. 2010).  

Serum and plasma levels of sTβRIII have been also been studied in patients 

diagnosed with melanoma and breast cancer. In melanoma, elevated serum levels of 

sTβRIII has also been correlated with better response to isolated limb infusion therapy 

and with better overall survival (Hanks, Holtzhausen et al. 2013). Similarly, in breast 

cancer, lower plasma sTβRIII levels were found in breast cancer patients compared to 

healthy controls and higher sTβRIII levels in patients correlated with better progression-

free survival. Moreover, after surgical resection of the tumor, plasma sTβRIII levels 

increased (Jurisic, Erjavec et al. 2015).  

Previous studies have also looked the balance of cell surface and soluble TβRIII 

in breast cancer. Using a structure/function approach, genetic mutants of TβRIII were 

identified that either exhibited loss of shedding (ΔShed-TβRIII) or increase in shedding 

(“super shed” SS-TβRIII). We demonstrated that expression of SS-TβRIII in the highly 
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metastatic breast cancer cell line MDA-MB-231-4175 that specifically hones to the lung 

significantly delays the onset of lung metastasis compared to the parental cells, which 

have low TβRIII expression, or the cell lines expressing wild-type TβRIII (WT-TβRIII) 

(Figure 3). Mice injected with SS-TβRIII cells also had better survival compared to those 

injected with either of the other cell lines.  Moreover, both WT-TβRIII and SS-TβRIII cells 

were also less migratory and invasive and had decreased TGF-β signaling compared to 

the parental cell line. Meanwhile, the ΔShed-TβRIII cells had the opposite behavior, with 

greatly increased migration and invasion and enhanced TGF-β signaling. This work 

suggested that the balance of cell surface to soluble TβRIII was critical to metastasis and 

response to TGF-β (Elderbroom, Huang et al. 2014).  
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Figure 3: Effects of TβRIII ectodomain shedding on MDA-MB-231-4175 
metastatic growth. MDA-MB-231-4175 cells expressing EV (N = 13), WT-TβRIII (N = 
14), or SS-TβRIII (N = 10) were injected into 6-wk-old athymic mice via tail-vein 
injection. (A) Initial and weekly bioluminescence of lung metastatic lesions expressed 
as photon flux of mice after initial injection. Kruskal–Wallis analysis: *p < 0.05, **p < 
0.01. (B) Kaplan–Meier survival curve of mice injected with cells expressing EV, WT-
TβRIII, or SS-TβRIII. Log-rank Mantel–Cox test: p < 0.01. (C) Representative images 
of bioluminescence scans of each cohort of mice at each time point. (D) Schematic 
summary of the effects of altered ratios of soluble and cell-surface TβRIII on TGF-β–
mediated signaling and biology in the context of breast cancer. Figure was published 
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in Elderbroom JL, Huang JJ, et al. Mol Biol Cell. 2014 Aug 15;25(16):2320-32. 
https://www.molbiolcell.org/doi/10.1091/mbc.e13-09-0524 

2. Soluble TGF-β-induced epithelial-to-mesenchymal 
transition decreases initial tumorigenesis but increases 
tumor growth 

Below work has been submitted for publication in a peer-reviewed journal.  

2.1 Introduction 

The transforming growth factor β (TGF-β) family of ligands have established 

roles in most human cancers, including lung cancer, with specific roles in regulating 

proliferation, migration, invasion and metastasis (Massague 2008). As discussed in the 

introduction, TGF-β has a dichotomous role in cancer, acting as a tumor suppressor in 

normal cells by inhibiting proliferation and promoting apoptosis, but then functions as a 

tumor promoter during cancer progression by inducing epithelial-mesenchymal 

transition, remodeling the extracellular matrix, promoting metastasis, sustaining 

angiogenesis, and suppressing immunosurveillance.  

The type III transforming growth factor receptor (TβRIII), also known as 

betaglycan, is a transmembrane homodimeric proteoglycan that is ubiquitously 

expressed (Massague 2008, Massague 2012, Huang and Blobe 2016). TβRIII is the most 

abundantly expressed TGF-β receptor, with ~200,000 receptors/cell, and can bind to all 

three isoforms of TGF-β. Interestingly, TβRIII can undergo receptor shedding to produce 

a soluble protein (sTβRIII) that can also bind ligand. sTβRIII is thought to sequester 
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ligand, preventing binding to cell surface receptors and thus, blocking TGF-β-induced 

downstream signaling (Lopez-Casillas, Wrana et al. 1993, Vilchis-Landeros, Montiel et 

al. 2001, Gatza, Oh et al. 2010). TβRIII expression is lost or reduced in most human 

cancers, with loss of TβRIII correlating with disease progression, advanced stage or 

grade, and a poorer prognosis (Dong, How et al. 2007, Turley, Finger et al. 2007). 

Restoring TβRIII expression decreases cancer cell motility and invasion in vitro, and 

reduces angiogenesis, invasion and metastasis in vivo (Dong, How et al. 2007, Hempel, 

How et al. 2007, Turley, Finger et al. 2007) while shRNA-mediated silencing of TβRIII 

expression increases cancer cell migration and invasion, supporting a role for TβRIII as a 

suppressor of cancer progression. 

Consistent with studies in other cancer contexts, restoring TβRIII expression in 

lung cancer cell models decreased cancer cell migration, invasion and anchorage-

dependent cell growth (Finger, Turley et al. 2008). Moreover, in breast cancer cell lines, 

expressing a genetic mutant of TβRIII that leads to diminished shedding capability 

(TβRIII-ΔShed) lead to an increase in migration and invasion while expressing a genetic 

mutant of TβRIII that leads to an increase in shedding (TβRIII-SS) resulted in an even 

greater decrease in migration, invasion and metastasis compared to expression of wild-

type TβRIII (Elderbroom, Huang et al. 2014), suggesting that the balance of cell surface 

TβRIII and sTβRIII is important in mediating the suppression of cancer progression. 
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Here we investigate the role of the balance of cell surface TβRIII and sTβRIII on cancer 

progression in the context of lung cancer. 

2.2 Materials and Methods 

2.2.1 Cell culture and reagents 

A549, H460 and 293FT cell lines were obtained from the American Type Culture 

Collection (ATCC) and authenticated using short tandem repeat analysis. The cell lines 

were cultured in RPMI-1650 supplemented with 1mM sodium pyruvate, 10mM HEPES, 

2.25g/L glucose and 10% FBS. 293FT cell lines were cultured in Dulbecco’s modified 

Eagle’s minimum essential medium supplemented with 10% FBS. All cells were grown 

at 37°C in 5% CO2.   

2.2.2 Generation of constructs and stable cell lines 

sgRNA targeting TβRIII and a non-targeting control guide were selected from 

the GeCKO library (cr-TβRIII #1: GATTATCGAGGCGTCCAGCG; cr-TβRIII #2: 

GTCCTGAATCTCCGCACTGC; cr-NTC: ACGGAGGCTAAGCGTCGCAA) and 

subcloned into the lentiCRISPRv2 vector (gift from Feng Zhang, Addgene plasmid # 

52961) (Sanjana, Shalem et al. 2014). Overexpression constructs of TβRIII-WT, TβRIII-

ΔShed and TβRIII-SS genetic mutants were previously described (Elderbroom, Huang et 

al. 2014). Luciferase positive cell lines were generated using pLenti-PGK-Blast-V5-Luc 

(w528-1) (gift from Eric Campeau, Addgene plasmid #19166) (Campeau, Ruhl et al. 

2009). Stable cell lines were generated using X-tremeGENE 9 transfection reagent 
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(Sigma-Aldrich, St. Louis, MO, USA) and psPAX2 packaging and pMD2.G envelop 

plasmids according to manufacturer’s directions. 2ug/mL of puromycin was used to 

select for positive constructs.  

2.2.3 Binding and crosslinking 

TβRIII was identified through binding and crosslinking of iodinated TGF-β1 

(Perkin Elmer, Waltham, MA, USA), as previously described (Dong, How et al. 2007). 

Briefly, iodinated TGF-β1 was incubated with either adherent cells or cell medium at 

4°C before being crosslinked with DSS. An antibody against the extracellular domain of 

TβRIII (R&D Systems, Minneapolis, MN, USA) was used to immunoprecipitate TβRIII. 

The sample was run on an SDS-PAGE gel, and signal was visualized using a 

phosphorimager.  

2.2.4 Transwell migration and invasion 

Transwell migration was assessed by seeding 2.5 x 104 A549 cells or 1.5 x 105 

H460 cells in complete medium with 1% serum in the upper chamber of a transwell with 

8.0 μM pores (Corning, Corning, NY, USA) and allowed to migrate for 24 hours at 37°C 

toward complete medium with 10% serum.  Transwell invasion was assessed in a 

similar manner by seeding 1 x 105 A549 cells or 5 x 105 H460 cells in the upper chamber 

of a Matrigel-coated transwell with 8.0 μM pores (BD Biosciences, Franklin Lakes, NJ), 

and invasion was assessed after incubation at 37°C for 24 hours. Colonies were counted 

using ImageJ.  
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2.2.5 Proliferation 

Click-iTTM Plus EdU Incorporation Assay (Invitrogen, Carlsbad, CA, USA) was 

used to assess proliferation and assay was performed according to manufacturer’s 

directions. Briefly, A549 and H460 cells were seeded at 3x105 cells and 4x105 cells 

respectively in 6 well dishes. After 24 hours, A549 and H460 cells were incubated with 

EdU at a final concentration of 5 μM and 10 μM. Cells were then fixed with 4% 

paraformaldehyde and resuspended in saponin-based permeabilization and wash 

reagent. Cells were incubated with the Click-iTTM cocktail (PBS, copper protectant, Alexa 

FluorTM 488 picolyl azide, and reaction buffer additive) for 30 minutes at room 

temperature and then resuspended in wash reagent. 4',6-diamidino-2-phenylindole 

(DAPI) was added to each sample at a final concentration of 0.2 μg/mL. A549 and H460 

cells were analyzed on a BD Bioscience FACSCanto II flow cytometer (BD Biosciences). 

A total of 10,000 events were analyzed from each sample. Cells were analyzed using 

FlowJo software (Tree Star, Inc., Ashland, OR, USA) and gated to remove dead cells and 

debris. 

2.2.6 Adhesion assay 

5 x 104 A549 or H460 cells were plated per well in a 96-well plate and allowed to 

incubate at 37°C and adhere for 30 minutes. After incubation, cells were washed with 

PBS, fixed with 5% glutaraldehyde for 30 minutes at room temperature or overnight at 

4°C, stained with 0.01% crystal violet, and solubilized using 10% acetic acid. Absorbance 
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of the solubilized crystal violet was then measured. If extracellular matrix proteins were 

used, 96-well dishes were pre-coated overnight with 5ug/mL of either fibronectin (EMD 

Millipore, Burlington, MA, USA), laminin (Invitrogen) or collagen I (BD Biosciences). 

2.2.7 Colony formation assay 

1.8% bacto-agar, 2X DMEM, 10% FBS and 1% penicillin-streptomycin was plated 

on the bottom layer of a 6-well plate. Upper agar was mixed in a 1:1 ratio with 1 x 105 

A549 or H460 cells before plating. Wells were hydrated with complete media every 3-5 

days. A549 cells were grown for 24 days and H460 cells were grown for 16 days. Cells 

were then stained with crystal violet and imaged. Colonies were counted using ImageJ.   

2.2.8 Chemotoxicity assay 

2.5 x 103 A594 or H460 cells in 96-well opaque plates and allowed to proliferate 

for 24 hours before treating with 10-fold dilutions of docetaxel (Cayman Chemical, Ann 

Arbor, MI, USA) #11637), paclitaxel (Cayman Chemical #10461), etoposide (Cayman 

Chemical #12092), vinblastine (Cayman Chemical #11762), and gemcitabine (Duke 

Pharmacy Store Room, Durham, NC, USA). Cells were treated with chemotherapy 

reagents for 48 hours, and cell viability was assessed using CellTiter-Glo (Promega, 

Madison, WI, USA) and normalized to an untreated control.  

2.2.9 Western blotting 

Cells were serum-starved overnight and treated with 100pM TGF-β for 60 

minutes. Cells were lysed in 2X Laemmli sample buffer, and the proteins were resolved 
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on a 10% SDS-PAGE gel. All primary antibodies were purchased from Cell Signaling 

(Danvers, MA, USA) except for N-cadherin and E-cadherin (BD Biosciences). Anti-

mouse (5470) and anti-rabbit (5151) secondary antibodies were purchased from Cell 

Signaling. Blots were scanned using the LI-COR Odyssey (LI-COR Biosciences, Lincoln, 

NE, USA).  

2.2.10 Xenograft 

2 x 106 A549 cells or 2.5 x 105 H460 cells expressing luciferase were injected 

subcutaneously into the right flank of athymic nude mice (Duke Breeding Core, 

Durham, NC, USA). Tumors were measured with calipers twice a week, and tumor 

volume was calculated as 0.5 x width2 x length. Mice were injected with 100uL of 

15mg/mL luciferin and scanned weekly using an IVIS Kinetic (Caliper Life Sciences, 

Waltham, MA, USA) to assess bioluminescence. Tumors and any metastatic lesions were 

harvested, and necropsy was performed when tumors reached 2000 mm3 or at end of 

study.  

2.2.11 Statistical Analysis 

All assays were performed at least in triplicate with technical replicates within 

each trial as appropriate. One-way analysis of variance (ANOVA) followed by a Tukey’s 

post-hoc test to determine significance among groups and a Mantel-Cox log-rank test 

was used to determine significance for Kaplan-Meier graphs. Statistical significance was 
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defined as a p-value less than 0.05. Graphpad Prism 7 software was used for analysis 

(GraphPad Software, La Jolla, CA). 

2.3 Results 

2.3.1 TβRIII-SS cells undergo a gradual EMT 

To investigate the significance of TβRIII ectodomain shedding in the context of 

lung cancer, we knocked out endogenous TβRIII in A549 and H460 lung cancer cell lines 

using CRISPR-Cas9 (cr-TβRIII), and then expressed either an empty vector construct 

(EV), wild-type (TβRIII-WT), loss of shedding (TβRIII-ΔShed) or increase in shedding 

“super shedding (SS)” (TβRIII-SS) TβRIII construct. Binding and crosslinking studies of 

these stable cell lines confirmed effective CRISPR-mediated abrogation of TβRIII 

expression, and restoration of wild-type, TβRIII-ΔShed and TβRIII-SS receptor 

expression (Figure 4). Interestingly, expression of TβRIII-SS resulted in a phenotypic 

change in cells as they were passaged, from an epithelial morphology (TβRIII-SS (epi)) 

to a mesenchymal morphology (TβRIII-SS (EMT)), reminiscent of epithelial-to-

mesenchymal (EMT) transition (Figure 5A and 5B). Cells expressing cr-TβRIII, TβRIII-

WT, or TβRIII-ΔShed did not undergo a comparable EMT change after a similar number 

of passages (Figure 5A and 5B). This transition occurred progressively 3-12 passages 

after completing antibiotic selection for expression of the transfected constructs (Figure 

5C and 5D). The EMT phenotype of TβRIII-SS cells was further supported by a loss of E-

cadherin and a gain of N-cadherin and Slug (Figure 6A and 6B) that occurred during the 
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phenotypic transition (Figure 7A and 7B). This data establishes that expression of 

TβRIII-SS, with increased production of sTβRIII, can induce EMT in these lung cancer 

models.  

 

Figure 4: Binding and crosslinking verification of A549 and H460 TβRIII 
knockdown and overexpression constructs. Brian Dunn assisted with the generation 
of this data.  
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Figure 5: TβRIII-SS induces EMT. (A, B) Representative phase contrast 
microscopy images of A549 (A) and H460 (B) cells stably transfected with the 
indicated constructs. Representative phase contrast microscopy images of A549 (C) 
and H460 (D) at different passages after completion of antibiotic selection. Passages 
count starts after completion of antibiotic selection. EMT transition was observed in 
at least three independent experiments. Scale bar = 100μM.  
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Figure 6: Analysis of EMT markers by Western blotting of A549 (A) and H460 
(B) cell lines stably expressing the indicated constructs and are representative of three 
trials. Brian Dunn assisted in the generation of this data.  

 

Figure 7: Analysis of EMT markers by Western blotting of A549 (G) and H460 
(H) TβRIII-SS cell lines over several passages after completion of antibiotic selection. 
EMT transition was observed in at least three independent experiments. Brian Dunn 
assisted in the generation of this data. 

2.3.2 TβRIII-SS (EMT) cells are less migratory and invasive  

As EMT is often linked to increased migration and invasion, we performed 

transwell migration and invasion assays to examine the effect of increased TβRIII 

shedding. Surprisingly, TβRIII-SS (EMT) cells exhibited markedly decreased transwell 
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migration and invasion relative to epithelial TβRIII-SS (epi), control (cr-NTC/EV), knock-

out (cr-TβRIII/EV), wild-type (TβRIII-SS-WT) and loss of shedding (TβRIII-ΔShed). A549 

(Figure 8A, 8B, 8C, and 8D) and H460 cells (Figure 9A, 9B, 9C, and 9D). In contrast, 

knocking out TβRIII and re-expressing TβRIII-ΔShed enhanced invasion two-fold but 

did not change migration in A549 cells and enhanced both migration and invasion 2-3 

fold in H460 cells. TβRIII-WT expressing A549 cells also increased migration and 

invasion two-fold. These differences in migration and invasion were not due to 

differences in proliferation (Figure 10A, 10B, and 10C). Thus, while we expected that 

EMT would promote migration and invasion, the TβRIII-SS induced EMT was instead 

associated with inhibition of migration and invasion.  



 

43 

 

Figure 8: TβRIII-SS (EMT) decreases migration and invasion. Representative 
images of A549 cells that migrated (A) or invaded (B) through transwell. 
Quantification of A549 transwell migration (C) and invasion (D). Quantification 
represents at least three independent experiments with technical replicates within 
each trial. Scale bar = 100μM. *** p < 0.001, **** p < 0.0001. Error bars are ±S.E.M. 
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Figure 9: TβRIII-SS (EMT) decreases migration and invasion. Representative 
images of H460 cells that migrated (A) or invaded (B) through filter. Quantification of 
H460 transwell migration (C) and invasion (D). Quantification represents at least 
three independent experiments with technical replicates within each trial. Scale bar = 
100μM. *** p < 0.001, **** p < 0.0001. Error bars are ±S.E.M. 
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Figure 10: TβRIII-SS (EMT) has same proliferation rate as other constructs. 
Quantification of A549 (A) and H460 (B) EdU incorporation assay. (C) Representative 
analysis of EdU incorporation for A549 and H460 cell lines. n.s – not significant, p > 
0.05. Quantification represents at least three independent experiments with technical 
replicates within each trial.  Error bars are ±S.E.M. Brian Dunn assisted with the 
generation of this data.  

2.3.3 TβRIII-SS (EMT) cells are less adhesive 

Cell migration is a tightly controlled process that can be regulated by cellular 

adhesion properties (Huttenlocher, Sandborg et al. 1995). Accordingly, to gain insight 

into how migration and invasion were being altered, we performed adhesion assays on 
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plastic and different extracellular matrix (ECM) proteins. In both A549 and H460 cell 

lines, the TβRIII-SS (EMT) cell lines exhibited 50-75% less adhesion to plastic compared 

to the other cell lines (Figure 11A and 11B). The TβRIII-SS (epi) cell lines exhibited better 

adhesion than the TβRIII-SS (EMT) cells but still had decreased ability to adhere to 

plastic. To assess whether these differences in adhesion could be due to specific 

interactions with extracellular matrix proteins, we coated plates with fibronectin, 

laminin or collagen. Similar to the results on plastic, H460 TβRIII-SS (EMT) cell lines 

exhibited 50-75% less adhesion to these ECM proteins compared to the other cell lines 

(Figure 12). This data demonstrates that EMT induced by TβRIII-SS inhibits cellular 

adhesion both to plastic and extracellular matrix proteins.  

 

Figure 11: TβRIII-SS (EMT) decreases adhesion. Quantification of A549 (A) 
and H460 (B) adherence to plastic. ** p< 0.01, *** p < 0.001, **** p < 0.0001. 
Quantification represents at least three independent experiments with technical 
replicates within each trial. Error bars are ±S.E.M. 



 

47 

 

 

Figure 12: TβRIII-SS (EMT) adhesion to the indicated extracellular matrix 
proteins is not increased relative to adhesion to plastic. Quantification represents at 
least three independent experiments with technical replicates within each trial. Error 
bars are ±S.E.M. Elise Cai assisted with the generation of this data.  

2.3.4 TβRIII-SS (EMT) cells are more resistant to gemcitabine 

EMT has been linked to chemoresistance independent of its role in metastasis 

(Fischer, Durrans et al. 2015, Zheng, Carstens et al. 2015). Accordingly, we investigated 

the impact of EMT on chemoresistance.  Cells expressing TβRIII-SS with an EMT 

phenotype were more resistant to gemcitabine at concentrations greater than 200nM 

compared to cells with TβRIII knocked out (Figure 13A and 13B). Interestingly, this 

increase in resistance was dependent on whether or not the TβRIII-SS cells had 

undergone EMT. Cells exhibited greater than 50% viability for these TβRIII-SS (EMT) 

cells compared to the TβRIII-SS (epi) cells, in which only 10-20% of cell survived. 

Comparing the response of EMT versus epithelial TβRIII-SS to other chemotherapy 
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reagents including docetaxel, paclitaxel, etoposide and vinblastine all suggested a trend 

toward increased resistance with the EMT phenotype in TβRIII cells (Figure 14). Re-

expression of wild-type TβRIII also shifted the growth rate inhibition (GR50), 

demonstrating increased resistance to gemcitabine treatment than cells with loss of 

TβRIII (cr-TβRIII/EV) (Figure 13A). Together, these data suggest that TβRIII-SS-induced 

EMT mediates chemoresistance.  

 

Figure 13: TβRIII-SS (EMT) increases gemcitabine resistance. Dose response of 
A549 (A) and H460 (B) cells to 10-fold dilutions of gemcitabine. Quantification 
represents at least three independent experiments with technical replicates within 
each trial. Error bars are ±S.E.M. 
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Figure 14: H460 TβRIII-SS (EMT) cells trend toward chemoresistance. Dose 
response of H460 cells treated with 10-fold dilutions of etoposide (A), paclitaxel (B), 
vinblastine (C), and docetaxel (D). Cells are normalized to an untreated control. 
Quantification represents at least three independent experiments with technical 
replicates within each trial. Error bars are ±S.E.M. 

2.3.5 TβRIII-SS (EMT) cells have decreased tumorigenicity in vitro 

Since TβRIII-SS-induced EMT decreased migration, invasion and adhesion, we 

investigated its role in tumorigenicity by performing a soft agar colony formation 

assays. The colony formation assay demonstrated that TβRIII-SS (EMT) cells form 75% 

fewer colonies than TβRIII-SS (epi) cells (Figure 15A, 15B, 15C, and 15E)) suggesting that 

they were less tumorigenic. However, the colonies that formed were three times as large 

(Figure 15A, 15B, 15D and 15F) despite the lack of differences in proliferation (Figure 

10A, 10B, and 10C).  
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Figure 15: TβRIII-SS (EMT) decreases in vitro tumorigenicity but increases 
colony size. Representative images of A549 (A) and H460 (B) soft agar colonies. A549 
cells were grown for 24 days and H460 cells were grown for 16 days. The total number 
of colonies (C, E) and the total area of colonies (D, F). *** p < 0.001, **** p < 0.0001. 
Quantification represents at least three independent experiments with technical 
replicates within each trial. Error bars are ±S.E.M. Brian Dunn assisted with the 
generation of this data.  

2.3.6 TβRIII-SS (EMT) cells are less tumorigenic in vivo but exhibit 
enhanced tumor growth rate 

Given the striking effects of TβRIII-SS on tumorigenicity in vitro, we examined 

effects on tumorigenicity in vivo. We injected A549 and H460 subcutaneously into 

athymic mice and assessed tumor growth. The A549 TβRIII-SS (EMT) bearing mice 

exhibit delayed onset of tumor growth in both cell lines, with tumors not appearing until 

nearly 3 weeks after injection (Figure 16A and 16B). Mice injected with H460 TβRIII-SS 

cells took more than 6 weeks to develop tumors (Figure 17A and 17B). The TβRIII-SS 

(EMT) bearing mice had a better tumor-free survival than mice bearing the other cell 

lines, with 33% of the A549 TβRIII-SS (EMT) mice never developing tumors, compared 

to 8% of the TβRIII-WT bearing mice. All of the other mice bearing cr-NTC/EV, cr-

TβRIII/EV, or TβRIII-ΔShed developed tumors (Figure 16B). Similarly, 83% of the H460 

mice never developed tumors while than less than 20% of the other mice were tumors 

free at the end of the study (Figure 17B). When TβRIII-SS (EMT) tumors started growing, 

they were initially smaller than the other tumors at the same timepoint (Figure 16A). 

However, once they reached a critical mass, they demonstrated a faster growth rate than 

the other cells (Figure 16C, 16D, 16E, 16F, and 16G). This rapid tumor growth lead to a 
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decrease in overall survival of the mice injected with A549 TβRIII-SS cells (Figure 15H). 

As only 2 of the 12 mice injected with H460 TβRIII-SS (EMT) developed tumors (Figure 

17B), and these tumors had not reached critical mass by the end of study, the increased 

growth rate or impact on survival following tumor formation could not be assessed in 

this model (Figure 17C, 17D, 17E, 17F). Palpation and caliper measurements of tumor 

growth was verified by bioluminescence scanning (Figures 18 and 19).  Together, the in 

vivo and in vitro data establish that TβRIII-SS-induced EMT decreases tumorigenesis but 

increases tumor growth once tumors are established.  
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Figure 16: TβRIII-SS (EMT) decreases in vivo tumorigenicity but increases 
tumor growth rate. (A) A549 cells were subcutaneously injected in athymic mice and 
tumor growth was assessed via caliper measurement twice a week. Mean tumor 
volume was quantified. 4-week timepoint highlights differences in early tumor 
growth. (B) Mice were palpated twice a week for tumors and tumor-free was survival 
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plotted. (C, D, E, F) Tumor size of individual mice over time comparing TβRIII-SS 
(EMT)-injected mice with other groups. (G) Area under the curve calculation to assess 
tumor growth rate tumors. Mice without tumors were excluded. (H) Mice were 
sacrificed when tumors reached 2000mm3 or reached humane endpoints, and survival 
was plotted. n = 12 for each cohort of mice. * p< 0.05, ** p < 0.01, **** p < 0.0001. Error 
bars are ±S.E.M. 
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Figure 17: H460 TβRIII-SS (EMT) decreases in vivo tumorigenicity. H460 cells 
were subcutaneously injected in athymic mice and tumor growth was assessed via 
caliper measurement twice a week. Mean tumor volume was quantified. 4-week 
timepoint highlights differences in early tumor growth. (B) Mice were palpated twice 
a week for tumors and tumor-free survival was plotted. (C, D, E) Tumor size of 
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individual mice over time comparing TβRIII-SS (EMT)-injected mice with other 
groups. (G) Mice were sacrificed when tumors reached 2000mm3 or reached humane 
endpoints, and survival was plotted. n = 12 for each cohort of mice. * p< 0.05, **** p < 
0.0001. Error bars are ±S.E.M. 
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Figure 18: Representative bioluminescent IVIS images of A549 xenograft 
experiment. 
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Figure 19: Representative bioluminescent IVIS images of H460 xenograft 
experiment.  

2.3.7 TβRIII-SS (EMT) cells have decreased canonical but increased 
non-canonical TGF-β signaling 

To gain insight into how TβRIII-SS might regulate cancer cell biology, we 

analyzed effects on both canonical and non-canonical TGF-β signaling pathways. Both 
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A549 and H460 TβRIII-SS (EMT) cells lines demonstrated decreased canonical Smad2 

and Smad3 signaling compared to both the parental cr-NTC/EV and the TβRIII-SS (epi) 

cell lines with TGF-β stimulation. Interestingly, there was also a decrease in total Smad2 

and Smad3 for the TβRIII-SS (EMT) cells. In contrast, TβRIII-SS (EMT) cell demonstrated 

increased non-canonical signaling with activation of ERK1/2, AKT and p38 at baseline 

and with TGF-β stimulation compared to the TβRIII-SS (epi) lines (Figure 20A and 20B). 

These data support a role for TβRIII-SS-induced EMT in inhibiting canonical but 

increasing non-canonical TGF-β signaling. 

 

Figure 20: TβRIII-SS (EMT) have decreased canonical and increases non-
canonical signaling. Western blot analysis of canonical and non-canonical TGF-β 
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signaling pathways in A549 (A) and H460 (B) cells. Results are representative of at 
least three independent experiments with technical replicates within each trial. 

2.4 Discussion 

Here we have demonstrated for the first time that expression of TβRIII-SS, which 

increases soluble TβRIII production, can induce epithelial-mesenchymal transition 

(EMT) in a cell autonomous manner, decreasing cell migration, invasion, adhesion, 

gemcitabine sensitivity and tumorigenesis (Figure 21). The role of TβRIII-SS in inducing 

EMT was unexpected as TGF-β is a predominant driver of EMT (Xu, Lamouille et al. 

2009, Lamouille, Xu et al. 2014) and soluble TβRIII has been thought to function largely 

to sequester TGF-β. Thus, one would hypothesize that expression of TβRIII-SS would 

decrease TGF-β bioavailability and subsequent EMT induction. However, this EMT 

induction may not be TGF-β dependent as TGF-β-induced EMT occurs in 24-72 hours 

(Valcourt, Kowanetz et al. 2005) while the TβRIII-SS induced EMT took much longer, 

suggesting an indirect mechanism, including potential epigenetic rewiring of the cells. 

Our TβRIII-SS construct exhibits increased levels of soluble TβRIII, decreased levels of 

cell surface TβRIII and increased amount of the transmembrane and cytoplasmic 

remnant left after ectodomain cleavage. The respective contribution of each of these 

components to the phenotypes described here remains unknown and remains an active 

area of investigation.  
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Figure 21: Model of TβRIII-SS function. TβRIII-SS induces epithelial-to-
mesenchymal transition. TβRIII-SS (EMT) then decreases migration and invasion, 
potentially through decreased adhesion. TβRIII-SS also increases gemcitabine 
resistance, decreases tumorigenicity but increases tumor growth rate, potentially 
through inhibiting canonical TGF-β signaling and promoting non-canonical TGF-β 
signaling. 

 

Although EMT is classically associated with increased migration, invasion and 

metastasis (Nieto, Huang et al. 2016), recent studies have demonstrated that EMT is not 

necessary for metastasis but instead is critical for inducing chemoresistance (Fischer, 

Durrans et al. 2015, Zheng, Carstens et al. 2015). Our TβRIII-SS (EMT) cells have 

decreased transwell migration and invasion, in vitro surrogate assays for metastasis, in 

comparison to their epithelial counterparts, lending support to potential disconnect 

between EMT and metastasis. However, the decreased adherence of TβRIII-SS (EMT) 

cells may explain this decrease in migration and invasion since cells need to be able to 

cyclically adhere and detach from the extracellular matrix for effective motility (Guan 

2015) and invasion. Although our TβRIII-SS (EMT) cells do not support the classical idea 

that EMT promotes motility, our studies do support a role for EMT in mediating 
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chemoresistance, as we demonstrate that TβRIII-SS (EMT) cells are more resistant to 

gemcitabine than the TβRIII-SS (epi) cells, along with a similar trend with other 

chemotherapy agents. Thus, assessing sTβRIII levels in the tumor microenvironment 

might be a method for predicting response to therapy. Future studies will focus on 

investigating the role of soluble TβRIII in metastasis and in vivo drug resistance.  

In addition to mediating chemoresistance, TβRIII-SS also influences 

tumorigenicity and tumor growth, further establishing the complex role that TβRIII 

plays in tumor biology. Both our soft agar and xenograft studies demonstrate that 

TβRIII-SS (EMT) cells were less tumorigenic but grew faster once established despite 

similar in vitro proliferation rates, suggesting that TβRIII-SS can initially suppress 

tumorigenesis but once tumors develop and a critical mass has been reached, TβRIII-SS 

promotes tumor growth. Thus, similar to the dichotomous role of the TGF-β signaling 

pathway during cancer initiation and progression (Huang and Blobe 2016), TβRIII-SS 

also has a dichotomous role. Our signaling data suggests that the TβRIII-SS (EMT) cells 

have decreased canonical TGF-β signaling through Smad2 and Smad3 and increased 

signaling through non-canonical pathways including ERK, p38 and AKT. This decrease 

in canonical TGF-β signaling suggests that sTβRIII from the TβRIII-SS (EMT) line can 

effectively sequester ligand away from the cell surface, preventing downstream 

signaling and the pro-tumorigenic effects of TGF-β. This could potentially explain the 

loss of tumorigenicity of established cancer cells demonstrated here. Meanwhile, the up-
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regulation of ERK and AKT are linked to dysregulated cell cycle control and increased 

survival (Franke, Hornik et al. 2003, Song, Ouyang et al. 2005, Chambard, Lefloch et al. 

2007, Cagnol and Chambard 2010) and unchecked activation of these pathways may 

allow the TβRIII-SS (EMT) cells to avoid apoptosis and attain uncontrolled tumor 

growth once tumors form. Although p38 activation’s role in apoptosis is cell type 

dependent, studies suggest that p38 is activated in lung cancer leading to prevention of 

apoptosis (Greenberg, Basu et al. 2002, Zarubin and Han 2005). Thus, p38 activation 

could also contribute to cell survival and the rapid growth. This baseline increase in 

ERK, AKT and p38 phosphorylation and the lack of further activation upon TGF-β 

stimulation suggests that these pathways are already maximally activated or that a TGF-

β-independent mechanism is activating these pathways. However, ERK, AKT and p38 

are often activated during EMT (Lamouille, Xu et al. 2014), and sTβRIII’s induction of 

EMT could be driving their activation. Consistent with this hypothesis, ERK, AKT and 

p38 were elevated only in the TβRIII-SS (EMT) model and not the epithelial TβRIII-SS 

(epi) model. The relative contribution of decreased canonical signaling and elevated 

non-canonical signaling to the effects of TβRIII-SS on tumor biology demonstrated here 

remains to be established. 

Although our work focuses on the role of TβRIII-SS in cancer cells, enhanced 

shedding of cell surface TβRIII on other cells within the tumor environment including 

fibroblasts, immune cells and endothelial cells could also lead to increased levels of 
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sTβRIII in the tumor microenvironment. TβRIII found on these other cells is especially 

notable since although TβRIII is often decreased or lost in cancer (Gatza, Oh et al. 2010), 

sTβRIII generated from these other cells could contribute to the overall levels in the 

tumor environment and can influence tumorigenesis, growth and metastasis. In vitro, 

TβRIII shedding can be modulated by pervanadate, a tyrosine phosphatase inhibitor, 

and plasmin and can be inhibited by tissue inhibitors of metalloproteinases (TIMPs). 

Overexpression of membrane-type 1 matrix metalloprotease (MT1-MMP) also leads to 

cell autonomous TβRIII cleavage and sTβRIII generation (Velasco-Loyden, Arribas et al. 

2004). However, specific physiological proteases that target TβRIII shedding within the 

tumor microenvironment are still unknown and specific binding protease binding sites 

within TβRIII have not been identified. Ongoing work in our lab have suggested that 

neutrophil elastase and cathepsin G secreted from activated neutrophils can cleave cell 

surface TβRIII (unpublished data). Neutrophil infiltration and extracellular matrix 

remodeling, which often involves matrix metalloproteinases (MMPs) occur in the lung 

cancer microenvironment (Stamenkovic 2003, Treffers, Hiemstra et al. 2016), and their 

activity may also generate sTβRIII. How cells in the tumor microenvironment regulate 

shedding of TβRIII and how this contributes to remodeling the tumor 

microenvironment remains to be explored. 

While TβRIII-SS was identified in a structure/function screen (Elderbroom, 

Huang et al. 2014), and mutations that alter TβRIII shedding have not been identified, as 
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there are numerous proteases in the tumor microenvironment, the elevated levels of 

sTβRIII with TβRIII-SS may well be recapitulated in the tumor microenvironment.  

Studies in melanoma and breast cancer have found that elevated circulating sTβRIII 

levels in plasma correlated to better survival (Hanks, Holtzhausen et al. 2013, Jurisic, 

Erjavec et al. 2015). However, the levels of sTβRIII in the tumor microenvironment are 

currently unknown. As we have demonstrated a critical role for TβRIII in metastasis, 

tumorigenesis and tumor growth and current studies have suggested the importance of 

TGF-β and EMT for responses to chemotherapy or checkpoint inhibitors (Fischer, 

Durrans et al. 2015, Zheng, Carstens et al. 2015, Mariathasan, Turley et al. 2018, 

Tauriello, Palomo-Ponce et al. 2018), investigating sTβRIII levels and its impact on 

metastasis, survival and response to chemotherapy and checkpoint inhibitors is of 

interest.  Disitertide (P144) is a synthetic peptide based on TβRIII that acts as a soluble 

TβRIII mimetic intended to sequester TGF-β.  Disitertide is currently undergoing clinical 

trials to treat fibrosis  (Dotor, Lopez-Vazquez et al. 2007, Akhurst and Hata 2012). Early 

studies of these drugs in the context of glioblastoma, thymoma and melanoma have 

suggested a role in decreasing tumorigenicity and enhancing immunotherapy efficacy 

(Llopiz, Dotor et al. 2009, Gallo-Oller, Vollmann-Zwerenz et al. 2016). However, since 

sTβRIII also seems to have dichotomous roles, in which it first decreases tumorigenesis 

but then later supports tumor growth, it is vital to have a better understanding of the 

role of sTβRIII in carcinogenesis and tumor progression will allow us to better harness 
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and combine therapeutic strategies to inhibit tumor growth and metastasis both in lung 

cancer and other types of cancer. 

The role of soluble TβRIII in the complex tumor microenvironment has been 

difficult to study because of challenges of modeling differences in sTβRIII levels in vivo. 

It is also challenging to study the role of endogenous proteases in the tumor 

microenvironment since the extracellular matrix is a rich source of a variety of proteases, 

and TβRIII may be the target of multiple proteases. However, since TβRIII-SS is a 

NAAIRS mutagenesis variant of TβRIII, we hope to study the role of sTβRIII in tumor 

cancer initiation, progression and spontaneous metastasis by making a genetically 

engineered mouse model with this mutant TβRIII-SS variant. This model would also 

facilitate study the interaction between sTβRIII and the tumor microenvironment. 

Altering levels of sTβRIII in the microenvironment can impact the bioavailability of 

TGF-β, which has numerous roles in immunosurveillance, angiogenesis and ECM 

remodeling. TGF-β suppresses the immune system by inhibiting cytotoxic T cells, 

regulatory T cells, NK cells, and dendritic cells. Moreover, it also is a critical mediator of 

angiogenesis, which is needed to sustain tumor growth. TGF-β also remodels the 

extracellular matrix by inducing MMP production and myofibroblast differentiation 

(Huang and Blobe 2016). Current studies have emphasized the importance of TGF-β in 

anti-tumor immune responses by demonstrating that combining TGF-β inhibitors with 

PD-L1 checkpoint inhibitors was more effective at promoting anti-tumor immunity and 
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decreasing tumor growth and metastasis than checkpoint inhibitor alone (Mariathasan, 

Turley et al. 2018, Tauriello, Palomo-Ponce et al. 2018). Similarly, modulating TβRIII 

levels by altering shedding can also impact TGF-β bioavailability and activity and be 

critical to determining responsiveness to checkpoint inhibitor therapy. A genetically 

engineered TβRIII-SS mouse model would enable understanding of the role of sTβRIII 

in the complex tumor microenvironment of an immunocompetent model.  

In summary, we have demonstrated that TβRIII-SS decreases tumorigenesis by 

inducing EMT. We have also demonstrated that TβRIII-SS may have dichotomous roles 

since it also acts as a tumor promoter by supporting tumor growth. This suggests a 

critical role for the cell autonomous effects of TβRIII/sTβRIII on tumor characteristics 

behavior and the potential paracrine roles it plays in the tumor microenvironment. In 

turn, the microenvironment may also modify sTβRIII levels through cleavage of cell 

surface TβRIII. This further adds to previous work in breast cancer that suggests that 

soluble TβRIII can prevent pro-tumorigenic downstream effects (Elderbroom, Huang et 

al. 2014). Further exploring the mechanism through which TβRIII-SS induces EMT and 

influences biology and identifying the proteases that enhance soluble TβRIII production 

will lead to better understanding of strategies to manipulate the TGF-β pathway to 

develop better therapeutic approaches. 
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3. Cathepsin G and neutrophil elastase cleave cell 
surface type III TGF-β receptor  
3.1 Introduction 

Many cell surface proteins including cell adhesion molecules, growth factors, 

growth factor receptors and immunomodulators undergo ectodomain shedding, a 

process in which cell surface proteins are cleaved to generate functional soluble proteins. 

Phorbol esters, calcium ionophores and G-protein coupled receptor agonists are thought 

to stimulate many of these ectodomain shedding events while protein tyrosine kinase 

inhibitors and MAP kinases inhibit ectodomain cleavage (Hayashida, Bartlett et al. 

2010). These extracellular stimuli regulate most ectodomain shedding events although 

some can be mediated by intracellular interaction with the cytoplasmic domain or 

sequestration of either substrate or protease.  

As discussed previously, cell surface TβRIII is known to undergo ectodomain 

shedding with cell surface and soluble TβRIII having opposing effects. Modulating the 

ratio of cell surface and soluble TβRIII using structure/functional mutants of TβRIII has 

allowed us to gain critical insight into the how the balance impacts tumorigenesis, tumor 

growth and biology. In breast cancer, we demonstrated that cells with high levels of cell 

surface and low levels of soluble TβRIII (TβRIII-ΔShed) have enhanced TGF-β signaling 

and are more migratory and invasive. Meanwhile, cells that have low levels of cell 

surface and high levels of soluble TβRIII (“super shed (SS)” TβRIII-SS) have decreased 

TGF-β signaling and are less migratory, invasive and metastatic (Elderbroom, Huang et 
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al. 2014). Additionally, work in the previous chapter suggested that enhancing TβRIII 

shedding in non-small cell lung cancer may lead to decreased tumorigenesis but 

increased tumor growth.  

Limited prior work on identifying mechanisms of TβRIII cleavage have 

suggested that, unlike many proteins that undergo ectodomain shedding, phorbol esters 

and calcium ionophore do not enhance TβRIII ectodomain shedding. However, treating 

cells with pervanadate, a tyrosine phosphatase inhibitor, increased TβRIII shedding. 

Meanwhile, tissue inhibitor of metalloprotease-2-sensitive (TIMP2) was able to inhibit 

TβRIII shedding. Over-expression of several of the membrane-type metalloproteinases 

(MT-MMP) that TIMP2 inhibits found that MT1-MMP was able to cleave cell surface 

TβRIII (Velasco-Loyden, Arribas et al. 2004). Although a soluble fragment was 

generated, it was smaller than expected and the functional ability of this fragment was 

not tested.  

Here we investigate the ability of physiologically relevant substrates to regulate 

TβRIII ectodomain shedding. More insight into potential physiological regulators of 

TβRIII is critical to better understanding TGF-β biology.  
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3.2 Materials and Methods 

3.2.1 Cell culture and reagents 

A549, H460, SK-MES-1, and HL-60 cell lines were obtained from the American 

Type Culture Collection (ATCC) and authenticated using short tandem repeat analysis. 

A549 and H460 cell lines were cultured in RPMI-1650 supplemented with 1mM sodium 

pyruvate, 10mM HEPES, 2.25g/L glucose and 10% FBS. SK-MES-1 cells were cultured in 

MEM supplemented with 10% FBS. HL-60 cells were grown in Iscove's Modified 

Dulbecco's Medium supplemented with 20% FBS.  

3.2.2 Binding and crosslinking 

TβRIII was identified through binding and crosslinking of iodinated TGF-β1 

(Perkin Elmer, Waltham, MA, USA), as previously described (Dong, How et al. 2007). 

Briefly, iodinated TGF-β1 was incubated with either adherent cells or cell medium at 

4°C before being crosslinked with DSS. An antibody against the extracellular domain of 

TβRIII (R&D Systems, Minneapolis, MN, USA) was used to immunoprecipitate TβRIII. 

The sample was run on an SDS-PAGE gel, and signal was visualized using a 

phosphorimager. 

3.2.3 Protease and inhibitor treatment 

Cathepsin G and neutrophil elastase were purchased from Elastin Products 

Company. Cathepsin G inhibitor I was purchased from Millipore Sigma and sivelestat 

was purchased from Sigma Aldrich. 2 x 106A549 or 3 x 106 H460 cells were plated in 6-
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well dishes and then serum-starved overnight before incubating with the appropriate 

proteases for the stated time at 37°C. After incubation, binding and crosslinking was 

performed on the adherent cells and conditioned media. Cells were pre-treated with 

cathepsin G inhibitor I or sivelestat for 6 hours prior to CTSG or neutrophil elastase 

treatment.  

3.2.4 Neutrophil activation 

Extra neutrophils isolated from human patients were donated, courtesy of Bruce 

Sullenger. 3 x 106 neutrophils resuspended in 1mL of media in a 6-well dish were 

activated with 25μM of the calcium ionophore A23187 (Sigma) for 90 minutes. 

Neutrophils were then pelleted and conditioned media harvested. Conditioned media 

was then applied to A549 cells for 60 minutes. 2 x 106A549 cells were plated overnight in 

serum-free media for treatment with neutrophil conditioned media.  

3.3 Results 

3.3.1 TβRIII contains consensus cleavage sites for cathepsin G and 
neutrophil elastase 

To identify candidate proteases that can induce TβRIII ectodomain shedding, we 

utilized the Protease Specificity Prediction Server (PROSPER), which assesses protein 

sequence and structure to predict potential proteases (Song, Tan et al. 2012). Out of the 

generated predictions, we focused on proteases that had predicted cleavage sites around 

our TβRIII-ΔShed genetic mutant (M740) and would generate sTβRIII close to the size of 

endogenously detected sTβRIII. We identified two proteases, cathepsin G and 
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neutrophil elastase that met these criteria (Table 1). Moreover, the identified consensus 

cleavage sites were well conserved among many species including mouse, rat, pig and 

rabbit, with TβRIII shedding also conserved across species (Figure 22).   

Table 1: Predicted proteases that target TβRIII near location of TβRIII-ΔShed 
mutation.  

Protease Cleavage position 
(human) 

Segment (human) sTβRIII size 
(human) 

Neutrophil elastase 740 IIWA—MMQN 87.34 kDa 
Cathepsin G 742 WAMM-QNKK 87.60 kDa 
 

 

Figure 22: TβRIII consensus cleavage sites are well conserved among human, 
mouse, rat, pig and rabbit.  

3.3.2 Cathepsin G cleaves cell surface TβRIII rapidly and in a dose-
dependent manner 

To test whether the PROSPR-predicted proteases could cleave TβRIII, we treated 

A549, SK-MES-1 and H460 cells with exogenous cathepsin G. We found that cathepsin G 

cleaved cell-surface TβRIII in a dose-dependent manner in A549 and SK-MES-1 cells. 

2mU of cathepsin G was able to almost completely abrogate cell surface TβRIII levels in 

A549 cells while 3mU of cathepsin G only partially decreased cell surface levels after 60 

minutes of treatment (Figure 23A and 23B). Interestingly, we did not see a concordant 

increase in soluble TβRIII levels. Similar levels of cleavage of cell surface TβRIII was 

seen after treatment with 2mU of cathepsin G for 15 minutes as after 60 minutes (Figure 



 

73 

24), and this cleavage is still dose-dependent with 15 minutes of protease treatment 

(Figure 25). Pre-treatment of cells with 65nM of cathepsin G inhibitor I was also able to 

partially rescue TβRIII cleavage (Figure 26).  

 

Figure 23: Cathepsin G cleaves cell surface TβRIII in a dose-dependent 
manner in A549 (A) and H460 (B) cells. CTSG – cathepsin G. Results are 
representative of at least three independent experiments. 
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Figure 24: Cathepsin G cleaves cell surface TβRIII in 15 minutes. CTSG – 
cathepsin G. 15 minute data representative of at least 3 trials.  
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Figure 25: Cathepsin G rapidly cleaves cell surface TβRIII in 15 minutes in a 
dose-dependent manner. CTSG – cathepsin G. Single dose-dependence trial.  
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Figure 26: Pre-treatment with cathepsin G inhibitor I was able to partially 
rescue TβRIII cleavage in A549 cells. inh = cathepsin G inhibitor I. Brian Dunn 
assisted in the generation of this data. Single trial.  

3.3.3 Neutrophil elastase cleaves cell surface TβRIII in a dose-
dependent manner 

While we validated that cathepsin G identified in the PROSPR screen could 

cleave cell surface TβRIII, we wanted to investigate whether the closely related protease 

neutrophil elastase could also mediate cell surface TβRIII cleavage. We found that 
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neutrophil elastase cleaved cell-surface TβRIII in a dose-dependent manner in A549 and 

H460 cells. 40nM of neutrophil elastase was able to almost completely abolish cell 

surface TβRIII levels in A549 and H460 after incubation with protease for 45 minutes. 

The magnitude of loss seems to correlate with protease concentration (Figure 27). Pre-

treating cells with 100μM sivelestat, a neutrophil elastase inhibitor, had modest effects in 

rescuing cell surface receptor levels but seemed to increase levels of sTβRIII (Figure 28).  
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Figure 27: Treatment of A549 and H460 cells with neutrophil elastase leads to 
dose-dependent cleavage of cell surface TβRIII. Single dose-dependence trial. 40nM 
data representative of at least three independent experiments.  
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Figure 28: Pre-treatment of A549 cells with sivelestat, a neutrophil elastase 
inhibitor, modestly rescues cell surface TβRIII levels but increases level of sTβRIII. 
Teresa Meng assisted with the generation of this data. Single trial.  

3.3.4 Bound ligand does not interfere with cathepsin G and neutrophil 
elastase-mediated cleavage 

To investigate whether binding to TGF-β to TβRIII provided steric hinderance to 

limit protease accessibility, we first pre-treated cells with I125-TGF-β before treatment 
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with cathepsin G and neutrophil elastase. TβRIII was effectively cleaved by both 

cathepsin G and neutrophil elastase regardless of TGF-β bound to receptor. Again, we 

do not see an increase in sTβRIII when ligand is bound to the cell surface receptor prior 

to protease treatment (Figure 29).  

 

Figure 29: Cathepsin G and neutrophil elastase can cleave TβRIII when it is 
bound to TGF-β (B) as effectively as receptor alone (A). Teresa Meng assisted in the 
generation of this data. Single trial.  
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3.3.5 Activated neutrophils cleave cell surface TβRIII 

To study the proteolytic activity of cathepsin G and neutrophil elastase in a 

physiological context, we investigated the ability of neutrophils, which secrete cathepsin 

G and neutrophil elastase upon activation, to induce TβRIII ectodomain cleavage. We 

activated human neutrophils using A23187 and then applied the neutrophil conditioned 

media to A549 cells. We demonstrated that activated neutrophil conditioned media can 

cleave cell surface TβRIII as effectively as 2mU cathepsin G. Levels of sTβRIII generated 

from this cleavage was difficult to assess because of high endogenous levels of sTβRIII 

in both activated and latent neutrophils. However, it is worth noting that sTβRIII 

generated from neutrophil are resistant to further cleavage from proteases released by 

neutrophil activation, including cathepsin G and neutrophil elastase (Figure 30).  
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Figure 30: Conditioned media (CM) from activated neutrophils can cleave cell 
surface TβRIII on A549 cells. A23187 – neutrophil activator. Single trial.  

3.4 Discussion 

We have demonstrated that cathepsin G and neutrophil elastase can cleave cell 

surface TβRIII rapidly in a dose-dependent manner. Moreover, conditioned media from 
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neutrophils, the endogenous source of these two proteases, also rapidly cleaved cell 

surface TβRIII. Interestingly, although cleavage with purified cathepsin G and 

neutrophil elastase did not result in a concomitant increase in sTβRIII, sTβRIII generated 

from neutrophils were resistant to further proteolytic cleavage by proteases secreted 

after neutrophil activation. sTβRIII released from neutrophils may be differentially post-

translationally modified in a way that inhibits protease access to its site. Alternatively, 

the GAG chains may be associated with other proteins that inhibit protease access or 

cleavage. Studying the role of cell surface and soluble TβRIII and why neutrophil 

sTβRIII is resistant to further cleavage upon exposure to endogenous cathepsin G and 

neutrophil elastase remains an active area of investigation. 

Despite not increasing soluble levels, the loss of cell surface TβRIII still has 

critical implications to biology. Loss of cell surface TβRIII decreases TGF-β signaling, 

potentially impacting cell proliferation, apoptosis, immunosurveillance, and 

angiogenesis (Huang and Blobe 2016). Moreover, cleavage of cell surface leaves the 

transmembrane and cytoplasmic domain as remnants. Although the cytoplasmic 

domain does not have endogenous kinase activity, it can interact with β-arrestin2 and 

GIPC to mediate proliferation, actin reorganization, migration and invasion (Gatza, Oh 

et al. 2010).   

In addition to impacting future TGF-β signaling through cleavage of the cell 

surface receptor, cathepsin G and neutrophil elastase may be able to abrogate ongoing 
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TGF-β since they are able to cleave TβRIII while it is already engaged with ligand. This 

suggests that exposure to these proteases can lead to rapid termination of TGF-β 

signaling without waiting for receptor internalization or degradation of ligand.   

The ability of activated neutrophil conditioned media, which contains cathepsin 

G and neutrophil elastase, is exciting because it suggests a physiological model in which 

cell surface TβRIII can be cleaved. Cathepsin G and neutrophil elastase are two of the 

three proteases stores in the azurophil granules of neutrophils. They stored in the active 

form and released from these granules via exocytosis when neutrophils are activated, 

typically during an inflammatory response (Pham 2006).  TβRIII in the tumor 

microenvironment can encounter cathepsin G and neutrophil elastase since neutrophils 

are often recruited to the tumor by the pro-inflammatory microenvironment (Coffelt, 

Wellenstein et al. 2016).  

Interestingly, cathepsin G and neutrophil elastase, along with proteinase 3, the 

third protease stored in neutrophil azurophil granules, have been identified in other 

contexts as proteases that mediate ectodomain shedding of cell surface receptors in 

which the cleaved soluble form can also bind ligand (Pham 2008). Thus, TβRIII could be 

another substrate for cathepsin G and neutrophil elastase. We are investigating whether 

proteinase 3 can also mediate TβRIII ectodomain shedding. In addition to generating 

more sTβRIII from ectodomain cleavage of cell surface receptors on cells in the tumor 
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microenvironment, neutrophils may be another source of sTβRIII since they themselves 

generate substantial levels of sTβRIII.  

In summary, we have identified cathepsin G and neutrophil elastase as proteases 

that can cleave cell surface TβRIII. Moreover, the endogenous source of these proteases, 

neutrophils, can similarly induce TβRIII cleavage. Although functional sTβRIII that 

could still bind ligand generated from lung cancer cell lines could not be verified, 

sTβRIII is generated from neutrophils and is not further degraded upon neutrophil 

activation. This suggests a critical role for neutrophils in modulating the ratio of cell 

surface to soluble TβRIII in the tumor microenvironment and another way in which the 

interaction of the immune system with the tumor microenvironment can modify tumor 

and microenvironment behavior.  
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4. Future Directions 
Although we have gained more insight into the significance of the balance of cell 

surface and soluble TβRIII, much remains to be investigated.  

While we have demonstrated that TβRIII-SS induces tumorigenesis via induction 

of epithelial-to-mesenchymal transition, the mechanism through which it induces EMT 

is unknown. Our TβRIII-SS mutant has 3 main effects – it increases soluble TβRIII levels, 

decreases cell surface TβRIII levels, and increases the amount of the cytoplasmic domain 

fragment.  We hope to investigate the relative contributions of the increase in soluble 

receptor, the loss of the cell surface receptor or the increase the cytoplasmic domain. 

Preliminary studies treating cr-TβRIII/EV cells with either conditioned media from 

TβRIII-SS (EMT) cells or recombinant TβRIII induced a mesenchymal morphology in 

only a subset of cells. Thus, the concomitant loss of cell surface receptor and/or increase 

in the cytoplasmic domain may be critical to EMT induction. We could use a 

structure/function approach by expressing the transmembrane and cytoplasmic domain 

with and without expression of sTβRIII to investigate their respective roles in inducing 

EMT.  

Previous studies in mouse models have demonstrated that expression of 

dominant negative TβRII leads to paradoxical reactivation of the TGF-β pathway 

(Denton, Zheng et al. 2003). Moreover, patients with Marfan or Loeys-Dietz syndrome 

harbor mutations or deletions in TGF-β2 but also have high TGF-β signaling signatures 
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(Akhurst 2012, Boileau, Guo et al. 2012, Lindsay, Schepers et al. 2012). Since the 

induction of EMT occurs over several passages rather than in 24-72 hours, as with TGF-

β-induced EMT, it suggests that a lengthy signaling cascade, potentially through 

paradoxical activation of portions of the TGF-β pathway, which may activate pathways 

for EMT induction. Moreover, the lengthy induction period may also suggest the 

epigenetic modulation of genes related to EMT. Using unbiased RNA-seq on single cells 

at different passages during EMT may give insight into pathways that are modulated. 

Moreover, epigenetic screens using DNA methylation screens or histone modification 

profiling may propose targets of epigenetic rewiring. 

Although TGF-β is the predominant ligand for TβRIII, it can also bind to others 

including BMP2, BMP4, BMP7, GDF-5, and inhibin A (Gatza, Oh et al. 2010). The 

increase in sTβRIII or loss of cell surface TβRIII may also modulate the ability of these 

other ligands to induce signaling. RNA-seq analysis of BMP, GDF or inhibin-related 

pathways may suggest their level of involvement in inducing EMT in TβRIII-SS cells.  

The finding that TβRIII-SS (EMT) cells were less mobile and invasive was 

surprising and contrary to the classical theory that EMT enhances motility and invasion. 

Moreover, it also seemed that that TβRIII-SS (EMT) has dichotomous roles in tumor 

biology, acting as a tumor suppressor by inhibiting tumorigenesis but also as a tumor 

promotor by enhancing tumor growth. Though we have identified differences in 

canonical and non-canonical signaling, the relative contribution of decreased canonical 



 

88 

signaling and elevated non-canonical signaling to the effects of TβRIII-SS on tumor 

biology demonstrated here remains to be established. We can evaluate the importance of 

each signaling pathway via inhibitor or knockdown experiments and with rescue by 

constitutive active kinases.  

The ability of TβRIII-SS (EMT) to induce chemoresistance is also intriguing, and 

we hope to investigate the in vivo implications. We can treat mice xenografted with 

control and TβRIII-SS (EMT)-expressing tumors with gemcitabine and compare tumor 

growth rate and overall survival. Cancer cells can acquire chemoresistance through 

mechanisms including alterations in drug uptake into the cell, mutations in drug targets, 

activation of signaling pathways related to survival and downregulation of apoptotic 

pathways, and increased DNA repair (Abdullah and Chow 2013, Zahreddine and 

Borden 2013). It is currently unclear which mechanism(s) contributes to TβRIII-SS 

(EMT)-mediated chemoresistance and remains to be explored.  

Although we have gained much insight into the impact of increased TβRIII 

shedding on tumor biology with the use of human cancer cell lines and xenografts, these 

models do not completely recapitulate the tumor biology in vivo. We are developing a 

genetically engineered mouse model that exhibits increased TβRIII shedding to study its 

role in tumor initiation, progression and metastasis in an immunocompetent 

environment. TGF-β and the immune system seem to be critical mediators for tumor 

growth as the simultaneous inhibition led to tumor regression (Mariathasan, Turley et 
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al. 2018, Tauriello, Palomo-Ponce et al. 2018). Thus, studying the role of increased TβRIII 

shedding in an immunocompetent model is also critical for understanding its role in 

mediating response to chemotherapies or targeted immunotherapies.     

Since increased TβRIII shedding has important implications in tumorigenesis 

and tumor growth, investigating potential modulators of TβRIII is also critical. Although 

we have preliminarily identified cathepsin G and neutrophil elastase as putative 

proteases, we have not identified the binding sites of these proteases. We can perform a 

proteomics-based screen to identify the cleavage site. It would be interesting to compare 

the proteolytic fragments generated from purified cathepsin G and neutrophil elastase 

cleavage to sTβRIII generated from neutrophils and our TβRIII-SS model. Perhaps 

differences in cleavage site determine whether the sTβRIII is further cleaved upon 

ectodomain shedding.  

Cathepsin G and neutrophil elastase has numerous substrates, and we also wish 

to investigate whether they can broadly cleave TGF-β superfamily receptors, including 

TβRI and TβRII. Moreover, we also hope to assess whether the proteinase 3, the third 

protease stored in neutrophil azurophil granules, can induce TβRIII ectodomain 

shedding. Perhaps the three proteases work in concert to mediate TβRIII cleavage in 

vivo. Though there has been work to correlate soluble TβRIII levels and neutrophil 

infiltration independently with survival (Hanks, Holtzhausen et al. 2013, Jurisic, Erjavec 

et al. 2015), it would be interesting to see if neutrophilia correlates with increased serum 
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or plasma sTβRIII, further suggesting that neutrophils are important mediators of 

sTβRIII generation.  

Since sTβRIII from neutrophils seem to be resistant to further protease-mediated 

cleavage and still retain their ligand-binding ability, unlike their cancer cell counterparts 

treated with purified proteases, it would be intriguing to investigate the differences 

between neutrophil and cancer cell TβRIII. Since TβRIII are highly post-translationally 

modified with GAG chains and proteases require close interaction with their substrates 

for effective cleavage, we can express a mutant form of TβRIII in neutrophils that lack 

GAG modification to assess impacts of sTβRIII degradation. Human patients with cyclic 

and severe congenital neutropenia often have mutations in neutrophil elastase, and they 

also lack functional neutrophil granules (Horwitz, Corey et al. 2013). It would be 

interesting to investigate the serum from these patients to see if the loss of functional 

neutrophil elastase and cathepsin G decreases levels of sTβRIII.  

We are exploring the possibility of using HL-60 cells, a promyeloblast cell line, as 

a neutrophil surrogate for our in vitro studies given the challenges of obtaining and 

isolating human neutrophils. HL-60 cell lines also release cathepsin G and neutrophil 

elastase upon activation (Skold, Rosberg et al. 1999), and preliminary studies have 

suggested that HL-60 cells also generate sTβRIII that is resistant to further proteolytic 

cleavage.  
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On a broader scale, the role of TβRIII in neutrophils has yet to be explored. It is 

thought that TGF-β is a neutrophil chemoattractant and polarizes tumor-infiltrating 

neutrophils toward a pro-tumorigenic phenotype (Reibman, Meixler et al. 1991, 

Fridlender, Sun et al. 2009). Characterizing how TβRIII influences neutrophil function 

and behavior can have far-reaching implications in not only tumor biology but also in 

inflammation and disease.  

Further exploring these questions will provide more insight into the role of cell 

surface and soluble TβRIII, their impact on tumor biology and the microenvironment, 

and the regulation of TβRIII ectodomain shedding. Better understanding these 

interactions will help us develop targeted therapies against TGF-β that can be used to 

for the benefit of patients.  
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5. Conclusions and Significance 
Lung cancer is the second most commonly diagnosed cancer in the United States 

(Siegel, Miller et al. 2018) and the leading cause of cancer-related deaths among both 

men and women in the United States. In 2018, there are expected be over 234,000 new 

lung cancer diagnoses, which translates to men having a 1 in 15 lifetime probability of 

developing lung cancer and women having a 1 in 17 lifetime probability. An estimated 

154,000 people will die from lung cancer in 2018, contributing to over 25% of all cancer-

related deaths. Worldwide, lung cancer leads all cancer diagnoses, with an estimated 2 

million new diagnoses per year and contributes to over 1.7 million deaths (Ferlay J 

2013). Despite advances in the cancer field, much work remains for successfully treating 

lung cancer as the 5-year survival rate after diagnosis is 20% between 2007 – 2013 

(Siegel, Miller et al. 2018). Thus, this work in further characterizing the role of the 

balance of cell surface to soluble TβRIII is critical to developing novel therapies to treat 

lung cancer.  

 Currently, there are several clinical trials targeting the TGF-β pathway. 

Numerous strategies have been employed, including using TGF-β small molecule 

inhibitors, monoclonal antibodies against TGF-β, receptor tyrosine kinase inhibitors, 

antisense nucleotides, and TGF-β-based anti-sense vaccines, and clinical trials with these 

various inhibitors have targeted a wide array of cancers, including non-small cell lung 

cancer, pancreatic cancer, breast cancer, melanoma and hepatocellular carcinoma. 
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Although many of these are in early Phase I or Phase II clinical trials, early data from 

some trials suggest that these inhibitors may increase relapse-free and overall survival 

(Buijs, Stayrook et al. 2012, de Gramont, Faivre et al. 2017).   

Recently, new in vitro studies combining the TGF-β inhibition with PD-L1 

checkpoint blockade induced better anti-tumor cytotoxic T-cell responses and decreased 

immune evasion compared to using checkpoint inhibitor alone, leading to tumor 

regression and decreases metastasis. This supports correlative studies that have 

suggested that patients with high tumor or fibroblast TGF-β signaling have poor 

response to PD-L1 immunotherapy. These studies further highlight the critical role of 

TGF-β in the tumor microenvironment and suggests that targeting TGF-β in 

combination with current therapeutic strategies may lead to better overall survival.  

Disitertide (P144), a synthetic peptide based on TβRIII that acts as a soluble 

TβRIII mimetic intended to sequester TGF-β, can also be considered for use in 

combination with checkpoint inhibitor blockade to treat cancer.  Disitertide is currently 

undergoing clinical trials to treat fibrosis as a paste, it may be able to be reformulated for 

systemic administration in concert with PD-L1 checkpoint inhibitors and/or 

chemotherapies to achieve maximal therapeutic effect (Dotor, Lopez-Vazquez et al. 2007, 

Akhurst and Hata 2012) . However, our work also suggests caution since we have 

demonstrated both anti- and pro-tumorigenic effects of increasing TβRIII shedding. 

Understanding the mechanism through which increased shedding inhibits 
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tumorigenesis but enhances tumor growth may help identify subsets of patients for 

whom this combined therapy may be beneficial.  

Overall, this work demonstrated the complex role of increased TβRIII shedding 

in tumor biology and on the tumor microenvironment, where it can act as both a tumor 

promoter and tumor suppressor, and the critical impact of the tumor microenvironment, 

which can regulate TβRIII shedding. Further investigation of TβRIII shedding and 

biology will allow us to finely target the TGF-β pathway to develop better therapeutic 

strategies for the 234,000 patients newly diagnosed with lung cancer each year and 

improve the overall survival. This therapeutic approach may also be broadly applied to 

other cancers and diseases such as system sclerosis characterized by aberrant TGF-β 

levels.  

 

  



 

95 

References 
Abdullah, L. N. and E. K. Chow (2013). "Mechanisms of chemoresistance in cancer stem 
cells." Clin Transl Med 2(1): 3. 

Adorno, M., M. Cordenonsi, M. Montagner, S. Dupont, C. Wong, B. Hann, A. Solari, S. 
Bobisse, M. B. Rondina, V. Guzzardo, A. R. Parenti, A. Rosato, S. Bicciato, A. Balmain 
and S. Piccolo (2009). "A Mutant-p53/Smad complex opposes p63 to empower TGFbeta-
induced metastasis." Cell 137(1): 87-98. 

Akhurst, R. J. (2012). "The paradoxical TGF-beta vasculopathies." Nat Genet 44(8): 838-
839. 

Akhurst, R. J. and A. Hata (2012). "Targeting the TGFbeta signalling pathway in disease." 
Nat Rev Drug Discov 11(10): 790-811. 

Allinen, M., R. Beroukhim, L. Cai, C. Brennan, J. Lahti-Domenici, H. Huang, D. Porter, 
M. Hu, L. Chin, A. Richardson, S. Schnitt, W. R. Sellers and K. Polyak (2004). "Molecular 
characterization of the tumor microenvironment in breast cancer." Cancer Cell 6(1): 17-
32. 

Ananth, S., B. Knebelmann, W. Gruning, M. Dhanabal, G. Walz, I. E. Stillman and V. P. 
Sukhatme (1999). "Transforming growth factor beta1 is a target for the von Hippel-
Lindau tumor suppressor and a critical growth factor for clear cell renal carcinoma." 
Cancer Res 59(9): 2210-2216. 

Andres, J. L., K. Stanley, S. Cheifetz and J. Massague (1989). "Membrane-anchored and 
soluble forms of betaglycan, a polymorphic proteoglycan that binds transforming 
growth factor-beta." J Cell Biol 109(6 Pt 1): 3137-3145. 

Annes, J. P., J. S. Munger and D. B. Rifkin (2003). "Making sense of latent TGFbeta 
activation." J Cell Sci 116(Pt 2): 217-224. 

Araki, S., J. A. Eitel, C. N. Batuello, K. Bijangi-Vishehsaraei, X. J. Xie, D. Danielpour, K. E. 
Pollok, D. A. Boothman and L. D. Mayo (2010). "TGF-beta1-induced expression of 
human Mdm2 correlates with late-stage metastatic breast cancer." J Clin Invest 120(1): 
290-302. 

Arribas, J., F. Lopez-Casillas and J. Massague (1997). "Role of the juxtamembrane 
domains of the transforming growth factor-alpha precursor and the beta-amyloid 
precursor protein in regulated ectodomain shedding." J Biol Chem 272(27): 17160-17165. 



 

96 

Arthur, H. M., J. Ure, A. J. Smith, G. Renforth, D. I. Wilson, E. Torsney, R. Charlton, D. 
V. Parums, T. Jowett, D. A. Marchuk, J. Burn and A. G. Diamond (2000). "Endoglin, an 
ancillary TGFbeta receptor, is required for extraembryonic angiogenesis and plays a key 
role in heart development." Dev Biol 217(1): 42-53. 

Assoian, R. K., B. E. Fleurdelys, H. C. Stevenson, P. J. Miller, D. K. Madtes, E. W. Raines, 
R. Ross and M. B. Sporn (1987). "Expression and secretion of type beta transforming 
growth factor by activated human macrophages." Proc Natl Acad Sci U S A 84(17): 6020-
6024. 

Atfi, A., M. Buisine, A. Mazars and C. Gespach (1997). "Induction of apoptosis by DPC4, 
a transcriptional factor regulated by transforming growth factor-beta through stress-
activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) signaling pathway." J Biol 
Chem 272(40): 24731-24734. 

Attisano, L., J. Carcamo, F. Ventura, F. M. Weis, J. Massague and J. L. Wrana (1993). 
"Identification of human activin and TGF beta type I receptors that form heteromeric 
kinase complexes with type II receptors." Cell 75(4): 671-680. 

Bartsch, D., P. Barth, D. Bastian, A. Ramaswamy, B. Gerdes, B. Chaloupka, Y. Deiss, B. 
Simon and A. Schudy (1999). "Higher frequency of DPC4/Smad4 alterations in 
pancreatic cancer cell lines than in primary pancreatic adenocarcinomas." Cancer Lett 
139(1): 43-49. 

Bhowmick, N. A., A. Chytil, D. Plieth, A. E. Gorska, N. Dumont, S. Shappell, M. K. 
Washington, E. G. Neilson and H. L. Moses (2004). "TGF-beta signaling in fibroblasts 
modulates the oncogenic potential of adjacent epithelia." Science 303(5659): 848-851. 

Blair, C. R., J. B. Stone and R. G. Wells (2011). "The type III TGF-beta receptor betaglycan 
transmembrane-cytoplasmic domain fragment is stable after ectodomain cleavage and is 
a substrate of the intramembrane protease gamma-secretase." Biochim Biophys Acta 
1813(2): 332-339. 

Boileau, C., D. C. Guo, N. Hanna, E. S. Regalado, D. Detaint, L. Gong, M. Varret, S. K. 
Prakash, A. H. Li, H. d'Indy, A. C. Braverman, B. Grandchamp, C. S. Kwartler, L. Gouya, 
R. L. Santos-Cortez, M. Abifadel, S. M. Leal, C. Muti, J. Shendure, M. S. Gross, M. J. 
Rieder, A. Vahanian, D. A. Nickerson, J. B. Michel, L. National Heart, P. Blood Institute 
Go Exome Sequencing, G. Jondeau and D. M. Milewicz (2012). "TGFB2 mutations cause 
familial thoracic aortic aneurysms and dissections associated with mild systemic 
features of Marfan syndrome." Nat Genet 44(8): 916-921. 



 

97 

Boulay, J. L., G. Mild, A. Lowy, J. Reuter, M. Lagrange, L. Terracciano, U. Laffer, R. 
Herrmann and C. Rochlitz (2003). "SMAD7 is a prognostic marker in patients with 
colorectal cancer." Int J Cancer 104(4): 446-449. 

Boulay, J. L., G. Mild, J. Reuter, M. Lagrange, L. Terracciano, A. Lowy, U. Laffer, B. Orth, 
U. Metzger, B. Stamm, S. Martinoli, R. Herrmann and C. Rochlitz (2001). "Combined 
copy status of 18q21 genes in colorectal cancer shows frequent retention of SMAD7." 
Genes Chromosomes Cancer 31(3): 240-247. 

Brown, C. B., A. S. Boyer, R. B. Runyan and J. V. Barnett (1999). "Requirement of type III 
TGF-beta receptor for endocardial cell transformation in the heart." Science 283(5410): 
2080-2082. 

Buess, M., L. Terracciano, J. Reuter, P. Ballabeni, J. L. Boulay, U. Laffer, U. Metzger, R. 
Herrmann and C. Rochlitz (2004). "Amplification of SKI is a prognostic marker in early 
colorectal cancer." Neoplasia 6(3): 207-212. 

Buijs, J. T., K. R. Stayrook and T. A. Guise (2012). "The role of TGF-beta in bone 
metastasis: novel therapeutic perspectives." Bonekey Rep 1: 96. 

Cagnol, S. and J. C. Chambard (2010). "ERK and cell death: mechanisms of ERK-induced 
cell death--apoptosis, autophagy and senescence." FEBS J 277(1): 2-21. 

Calon, A., E. Espinet, S. Palomo-Ponce, D. V. Tauriello, M. Iglesias, M. V. Cespedes, M. 
Sevillano, C. Nadal, P. Jung, X. H. Zhang, D. Byrom, A. Riera, D. Rossell, R. Mangues, J. 
Massague, E. Sancho and E. Batlle (2012). "Dependency of colorectal cancer on a TGF-
beta-driven program in stromal cells for metastasis initiation." Cancer Cell 22(5): 571-
584. 

Campeau, E., V. E. Ruhl, F. Rodier, C. L. Smith, B. L. Rahmberg, J. O. Fuss, J. Campisi, P. 
Yaswen, P. K. Cooper and P. D. Kaufman (2009). "A versatile viral system for expression 
and depletion of proteins in mammalian cells." PLoS One 4(8): e6529. 

Chambard, J. C., R. Lefloch, J. Pouyssegur and P. Lenormand (2007). "ERK implication in 
cell cycle regulation." Biochim Biophys Acta 1773(8): 1299-1310. 

Cheifetz, S., H. Hernandez, M. Laiho, P. ten Dijke, K. K. Iwata and J. Massague (1990). 
"Distinct transforming growth factor-beta (TGF-beta) receptor subsets as determinants of 
cellular responsiveness to three TGF-beta isoforms." J Biol Chem 265(33): 20533-20538. 



 

98 

Chen, T., D. Carter, L. Garrigue-Antar and M. Reiss (1998). "Transforming growth factor 
beta type I receptor kinase mutant associated with metastatic breast cancer." Cancer Res 
58(21): 4805-4810. 

Chen, T., J. Triplett, B. Dehner, B. Hurst, B. Colligan, J. Pemberton, J. R. Graff and J. H. 
Carter (2001). "Transforming growth factor-beta receptor type I gene is frequently 
mutated in ovarian carcinomas." Cancer Res 61(12): 4679-4682. 

Chen, Y., J. J. Lebrun and W. Vale (1996). "Regulation of transforming growth factor 
beta- and activin-induced transcription by mammalian Mad proteins." Proc Natl Acad 
Sci U S A 93(23): 12992-12997. 

Cheng, N., N. A. Bhowmick, A. Chytil, A. E. Gorksa, K. A. Brown, R. Muraoka, C. L. 
Arteaga, E. G. Neilson, S. W. Hayward and H. L. Moses (2005). "Loss of TGF-beta type II 
receptor in fibroblasts promotes mammary carcinoma growth and invasion through 
upregulation of TGF-alpha-, MSP- and HGF-mediated signaling networks." Oncogene 
24(32): 5053-5068. 

Chipuk, J. E., M. Bhat, A. Y. Hsing, J. Ma and D. Danielpour (2001). "Bcl-xL blocks 
transforming growth factor-beta 1-induced apoptosis by inhibiting cytochrome c release 
and not by directly antagonizing Apaf-1-dependent caspase activation in prostate 
epithelial cells." J Biol Chem 276(28): 26614-26621. 

Choi, M. E. and B. J. Ballermann (1995). "Inhibition of capillary morphogenesis and 
associated apoptosis by dominant negative mutant transforming growth factor-beta 
receptors." J Biol Chem 270(36): 21144-21150. 

Coffelt, S. B., M. D. Wellenstein and K. E. de Visser (2016). "Neutrophils in cancer: 
neutral no more." Nat Rev Cancer 16(7): 431-446. 

Compton, L. A., D. A. Potash, C. B. Brown and J. V. Barnett (2007). "Coronary vessel 
development is dependent on the type III transforming growth factor beta receptor." 
Circ Res 101(8): 784-791. 

Crane, C. A., S. J. Han, J. J. Barry, B. J. Ahn, L. L. Lanier and A. T. Parsa (2010). "TGF-beta 
downregulates the activating receptor NKG2D on NK cells and CD8+ T cells in glioma 
patients." Neuro Oncol 12(1): 7-13. 

Cui, W., D. J. Fowlis, S. Bryson, E. Duffie, H. Ireland, A. Balmain and R. J. Akhurst 
(1996). "TGFbeta1 inhibits the formation of benign skin tumors, but enhances 
progression to invasive spindle carcinomas in transgenic mice." Cell 86(4): 531-542. 



 

99 

Cui, X. M. and C. F. Shuler (2000). "The TGF-beta type III receptor is localized to the 
medial edge epithelium during palatal fusion." Int J Dev Biol 44(4): 397-402. 

Dai, J. L., R. K. Bansal and S. E. Kern (1999). "G1 cell cycle arrest and apoptosis induction 
by nuclear Smad4/Dpc4: phenotypes reversed by a tumorigenic mutation." Proc Natl 
Acad Sci U S A 96(4): 1427-1432. 

Dalal, B. I., P. A. Keown and A. H. Greenberg (1993). "Immunocytochemical localization 
of secreted transforming growth factor-beta 1 to the advancing edges of primary tumors 
and to lymph node metastases of human mammary carcinoma." Am J Pathol 143(2): 381-
389. 

Daly, A. C., R. A. Randall and C. S. Hill (2008). "Transforming growth factor beta-
induced Smad1/5 phosphorylation in epithelial cells is mediated by novel receptor 
complexes and is essential for anchorage-independent growth." Mol Cell Biol 28(22): 
6889-6902. 

Darland, D. C. and P. A. D'Amore (2001). "TGF beta is required for the formation of 
capillary-like structures in three-dimensional cocultures of 10T1/2 and endothelial cells." 
Angiogenesis 4(1): 11-20. 

Datto, M. B., Y. Li, J. F. Panus, D. J. Howe, Y. Xiong and X. F. Wang (1995). 
"Transforming growth factor beta induces the cyclin-dependent kinase inhibitor p21 
through a p53-independent mechanism." Proc Natl Acad Sci U S A 92(12): 5545-5549. 

David, C. J., Y. H. Huang, M. Chen, J. Su, Y. Zou, N. Bardeesy, C. A. Iacobuzio-Donahue 
and J. Massague (2016). "TGF-beta Tumor Suppression through a Lethal EMT." Cell 
164(5): 1015-1030. 

de Gramont, A., S. Faivre and E. Raymond (2017). "Novel TGF-beta inhibitors ready for 
prime time in onco-immunology." Oncoimmunology 6(1): e1257453. 

De Wever, O., P. Demetter, M. Mareel and M. Bracke (2008). "Stromal myofibroblasts are 
drivers of invasive cancer growth." Int J Cancer 123(10): 2229-2238. 

De Wever, O. and M. Mareel (2003). "Role of tissue stroma in cancer cell invasion." J 
Pathol 200(4): 429-447. 

Deheuninck, J. and K. Luo (2009). "Ski and SnoN, potent negative regulators of TGF-beta 
signaling." Cell Res 19(1): 47-57. 



 

100 

Denton, C. P., B. Zheng, L. A. Evans, X. Shi-wen, V. H. Ong, I. Fisher, K. Lazaridis, D. J. 
Abraham, C. M. Black and B. de Crombrugghe (2003). "Fibroblast-specific expression of 
a kinase-deficient type II transforming growth factor beta (TGFbeta) receptor leads to 
paradoxical activation of TGFbeta signaling pathways with fibrosis in transgenic mice." J 
Biol Chem 278(27): 25109-25119. 

Derynck, R., D. V. Goeddel, A. Ullrich, J. U. Gutterman, R. D. Williams, T. S. Bringman 
and W. H. Berger (1987). "Synthesis of messenger RNAs for transforming growth factors 
alpha and beta and the epidermal growth factor receptor by human tumors." Cancer Res 
47(3): 707-712. 

Desmouliere, A., A. Geinoz, F. Gabbiani and G. Gabbiani (1993). "Transforming growth 
factor-beta 1 induces alpha-smooth muscle actin expression in granulation tissue 
myofibroblasts and in quiescent and growing cultured fibroblasts." J Cell Biol 122(1): 
103-111. 

Diamond, M. S., M. Kinder, H. Matsushita, M. Mashayekhi, G. P. Dunn, J. M. 
Archambault, H. Lee, C. D. Arthur, J. M. White, U. Kalinke, K. M. Murphy and R. D. 
Schreiber (2011). "Type I interferon is selectively required by dendritic cells for immune 
rejection of tumors." J Exp Med 208(10): 1989-2003. 

Dickson, M. C., J. S. Martin, F. M. Cousins, A. B. Kulkarni, S. Karlsson and R. J. Akhurst 
(1995). "Defective haematopoiesis and vasculogenesis in transforming growth factor-
beta 1 knock out mice." Development 121(6): 1845-1854. 

Donatelli, S. S., J. M. Zhou, D. L. Gilvary, E. A. Eksioglu, X. Chen, W. D. Cress, E. B. 
Haura, M. B. Schabath, D. Coppola, S. Wei and J. Y. Djeu (2014). "TGF-beta-inducible 
microRNA-183 silences tumor-associated natural killer cells." Proc Natl Acad Sci U S A 
111(11): 4203-4208. 

Dong, M., T. How, K. C. Kirkbride, K. J. Gordon, J. D. Lee, N. Hempel, P. Kelly, B. J. 
Moeller, J. R. Marks and G. C. Blobe (2007). "The type III TGF-beta receptor suppresses 
breast cancer progression." J Clin Invest 117(1): 206-217. 

Dotor, J., A. B. Lopez-Vazquez, J. J. Lasarte, P. Sarobe, M. Garcia-Granero, J. I. Riezu-Boj, 
A. Martinez, E. Feijoo, J. Lopez-Sagaseta, J. Hermida, J. Prieto and F. Borras-Cuesta 
(2007). "Identification of peptide inhibitors of transforming growth factor beta 1 using a 
phage-displayed peptide library." Cytokine 39(2): 106-115. 

Dumont, E., F. Lallemand, C. Prunier, N. Ferrand, A. Guillouzo, B. Clement, A. Atfi and 
N. Theret (2003). "Evidence for a role of Smad3 and Smad2 in stabilization of the tumor-
derived mutant Smad2.Q407R." J Biol Chem 278(27): 24881-24887. 



 

101 

Dumont, N., A. V. Bakin and C. L. Arteaga (2003). "Autocrine transforming growth 
factor-beta signaling mediates Smad-independent motility in human cancer cells." J Biol 
Chem 278(5): 3275-3285. 

Edlund, S., M. Landstrom, C. H. Heldin and P. Aspenstrom (2002). "Transforming 
growth factor-beta-induced mobilization of actin cytoskeleton requires signaling by 
small GTPases Cdc42 and RhoA." Mol Biol Cell 13(3): 902-914. 

Elderbroom, J. L., J. J. Huang, C. E. Gatza, J. Chen, T. How, M. Starr, A. B. Nixon and G. 
C. Blobe (2014). "Ectodomain shedding of TbetaRIII is required for TbetaRIII-mediated 
suppression of TGF-beta signaling and breast cancer migration and invasion." Mol Biol 
Cell 25(16): 2320-2332. 

Eppert, K., S. W. Scherer, H. Ozcelik, R. Pirone, P. Hoodless, H. Kim, L. C. Tsui, B. Bapat, 
S. Gallinger, I. L. Andrulis, G. H. Thomsen, J. L. Wrana and L. Attisano (1996). "MADR2 
maps to 18q21 and encodes a TGFbeta-regulated MAD-related protein that is 
functionally mutated in colorectal carcinoma." Cell 86(4): 543-552. 

Ewen, M. E., H. K. Sluss, L. L. Whitehouse and D. M. Livingston (1993). "TGF beta 
inhibition of Cdk4 synthesis is linked to cell cycle arrest." Cell 74(6): 1009-1020. 

Ferlay J, S. I., Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, 
Bray, F. (2013). "GLOBOCAN 2012 v1.0." Cancer Incidence and Mortality Worldwide: 
IARC CancerBase No. 11  Retrieved 1/4, 2018, from http://globocan.iarc.fr, accessed on 
1/4/2018. 

Finger, E. C., N. Y. Lee, H. J. You and G. C. Blobe (2008). "Endocytosis of the type III 
transforming growth factor-beta (TGF-beta) receptor through the clathrin-
independent/lipid raft pathway regulates TGF-beta signaling and receptor down-
regulation." J Biol Chem 283(50): 34808-34818. 

Finger, E. C., R. S. Turley, M. Dong, T. How, T. A. Fields and G. C. Blobe (2008). 
"TbetaRIII suppresses non-small cell lung cancer invasiveness and tumorigenicity." 
Carcinogenesis 29(3): 528-535. 

Fischer, K. R., A. Durrans, S. Lee, J. Sheng, F. Li, S. T. Wong, H. Choi, T. El Rayes, S. Ryu, 
J. Troeger, R. F. Schwabe, L. T. Vahdat, N. K. Altorki, V. Mittal and D. Gao (2015). 
"Epithelial-to-mesenchymal transition is not required for lung metastasis but contributes 
to chemoresistance." Nature 527(7579): 472-476. 

Francis, J. M., C. M. Heyworth, E. Spooncer, A. Pierce, T. M. Dexter and A. D. Whetton 
(2000). "Transforming growth factor-beta 1 induces apoptosis independently of p53 and 

http://globocan.iarc.fr/


 

102 

selectively reduces expression of Bcl-2 in multipotent hematopoietic cells." J Biol Chem 
275(50): 39137-39145. 

Franke, T. F., C. P. Hornik, L. Segev, G. A. Shostak and C. Sugimoto (2003). "PI3K/Akt 
and apoptosis: size matters." Oncogene 22(56): 8983-8998. 

Frantz, C., K. M. Stewart and V. M. Weaver (2010). "The extracellular matrix at a glance." 
J Cell Sci 123(Pt 24): 4195-4200. 

Franzen, P., P. ten Dijke, H. Ichijo, H. Yamashita, P. Schulz, C. H. Heldin and K. 
Miyazono (1993). "Cloning of a TGF beta type I receptor that forms a heteromeric 
complex with the TGF beta type II receptor." Cell 75(4): 681-692. 

Fridlender, Z. G., J. Sun, S. Kim, V. Kapoor, G. Cheng, L. Ling, G. S. Worthen and S. M. 
Albelda (2009). "Polarization of tumor-associated neutrophil phenotype by TGF-beta: 
"N1" versus "N2" TAN." Cancer Cell 16(3): 183-194. 

Friedman, E., L. I. Gold, D. Klimstra, Z. S. Zeng, S. Winawer and A. Cohen (1995). "High 
levels of transforming growth factor beta 1 correlate with disease progression in human 
colon cancer." Cancer Epidemiol Biomarkers Prev 4(5): 549-554. 

Friess, H., Y. Yamanaka, M. Buchler, M. Ebert, H. G. Beger, L. I. Gold and M. Korc 
(1993). "Enhanced expression of transforming growth factor beta isoforms in pancreatic 
cancer correlates with decreased survival." Gastroenterology 105(6): 1846-1856. 

Fu, S., N. Zhang, A. C. Yopp, D. Chen, M. Mao, D. Chen, H. Zhang, Y. Ding and J. S. 
Bromberg (2004). "TGF-beta induces Foxp3 + T-regulatory cells from CD4 + CD25 - 
precursors." Am J Transplant 4(10): 1614-1627. 

Fuertes, M. B., A. K. Kacha, J. Kline, S. R. Woo, D. M. Kranz, K. M. Murphy and T. F. 
Gajewski (2011). "Host type I IFN signals are required for antitumor CD8+ T cell 
responses through CD8{alpha}+ dendritic cells." J Exp Med 208(10): 2005-2016. 

Fukai, Y., M. Fukuchi, N. Masuda, H. Osawa, H. Kato, T. Nakajima and H. Kuwano 
(2003). "Reduced expression of transforming growth factor-beta receptors is an 
unfavorable prognostic factor in human esophageal squamous cell carcinoma." Int J 
Cancer 104(2): 161-166. 

Gallo-Oller, G., A. Vollmann-Zwerenz, B. Melendez, J. A. Rey, P. Hau, J. Dotor and J. S. 
Castresana (2016). "P144, a Transforming Growth Factor beta inhibitor peptide, 
generates antitumoral effects and modifies SMAD7 and SKI levels in human 
glioblastoma cell lines." Cancer Lett 381(1): 67-75. 



 

103 

Gatza, C. E., S. Y. Oh and G. C. Blobe (2010). "Roles for the type III TGF-beta receptor in 
human cancer." Cellular signalling 22(8): 1163-1174. 

Gatza, C. E., S. Y. Oh and G. C. Blobe (2010). "Roles for the type III TGF-beta receptor in 
human cancer." Cell Signal 22(8): 1163-1174. 

Geng, Y. and R. A. Weinberg (1993). "Transforming growth factor beta effects on 
expression of G1 cyclins and cyclin-dependent protein kinases." Proc Natl Acad Sci U S 
A 90(21): 10315-10319. 

Giampieri, S., C. Manning, S. Hooper, L. Jones, C. S. Hill and E. Sahai (2009). "Localized 
and reversible TGFbeta signalling switches breast cancer cells from cohesive to single 
cell motility." Nat Cell Biol 11(11): 1287-1296. 

Gong, D., W. Shi, S. J. Yi, H. Chen, J. Groffen and N. Heisterkamp (2012). "TGFbeta 
signaling plays a critical role in promoting alternative macrophage activation." BMC 
Immunol 13: 31. 

Gordon, K. J., M. Dong, E. M. Chislock, T. A. Fields and G. C. Blobe (2008). "Loss of type 
III transforming growth factor beta receptor expression increases motility and 
invasiveness associated with epithelial to mesenchymal transition during pancreatic 
cancer progression." Carcinogenesis 29(2): 252-262. 

Gottfried, Y., A. Rotem, R. Lotan, H. Steller and S. Larisch (2004). "The mitochondrial 
ARTS protein promotes apoptosis through targeting XIAP." EMBO J 23(7): 1627-1635. 

Greenberg, A. K., S. Basu, J. Hu, T. A. Yie, K. M. Tchou-Wong, W. N. Rom and T. C. Lee 
(2002). "Selective p38 activation in human non-small cell lung cancer." Am J Respir Cell 
Mol Biol 26(5): 558-564. 

Guan, X. (2015). "Cancer metastases: challenges and opportunities." Acta Pharm Sin B 
5(5): 402-418. 

Guasch, G., M. Schober, H. A. Pasolli, E. B. Conn, L. Polak and E. Fuchs (2007). "Loss of 
TGFbeta signaling destabilizes homeostasis and promotes squamous cell carcinomas in 
stratified epithelia." Cancer Cell 12(4): 313-327. 

Hagedorn, H. G., B. E. Bachmeier and A. G. Nerlich (2001). "Synthesis and degradation 
of basement membranes and extracellular matrix and their regulation by TGF-beta in 
invasive carcinomas (Review)." Int J Oncol 18(4): 669-681. 



 

104 

Han, S. U., H. T. Kim, D. H. Seong, Y. S. Kim, Y. S. Park, Y. J. Bang, H. K. Yang and S. J. 
Kim (2004). "Loss of the Smad3 expression increases susceptibility to tumorigenicity in 
human gastric cancer." Oncogene 23(7): 1333-1341. 

Hanks, B. A., A. Holtzhausen, K. Evans, M. Heid and G. C. Blobe (2014). "Combinatorial 
TGF-{beta} signaling blockade and anti-CTLA-4 antibody immunotherapy in a murine 
BRAFV600E-PTEN-/- transgenic model of melanoma." ASCO Meeting Abstracts 
32(15_suppl): 3011. 

Hanks, B. A., A. Holtzhausen, K. S. Evans, R. Jamieson, P. Gimpel, O. M. Campbell, M. 
Hector-Greene, L. Sun, A. Tewari, A. George, M. Starr, A. Nixon, C. Augustine, G. 
Beasley, D. S. Tyler, T. Osada, M. A. Morse, L. Ling, H. K. Lyerly and G. C. Blobe (2013). 
"Type III TGF-beta receptor downregulation generates an immunotolerant tumor 
microenvironment." J Clin Invest 123(9): 3925-3940. 

Hannon, G. J. and D. Beach (1994). "p15INK4B is a potential effector of TGF-beta-
induced cell cycle arrest." Nature 371(6494): 257-261. 

Hasegawa, Y., S. Takanashi, Y. Kanehira, T. Tsushima, T. Imai and K. Okumura (2001). 
"Transforming growth factor-beta1 level correlates with angiogenesis, tumor 
progression, and prognosis in patients with nonsmall cell lung carcinoma." Cancer 91(5): 
964-971. 

Hawinkels, L. J., M. Paauwe, H. W. Verspaget, E. Wiercinska, J. M. van der Zon, K. van 
der Ploeg, P. J. Koelink, J. H. Lindeman, W. Mesker, P. ten Dijke and C. F. Sier (2014). 
"Interaction with colon cancer cells hyperactivates TGF-beta signaling in cancer-
associated fibroblasts." Oncogene 33(1): 97-107. 

Hayashi, H., S. Abdollah, Y. Qiu, J. Cai, Y. Y. Xu, B. W. Grinnell, M. A. Richardson, J. N. 
Topper, M. A. Gimbrone, Jr., J. L. Wrana and D. Falb (1997). "The MAD-related protein 
Smad7 associates with the TGFbeta receptor and functions as an antagonist of TGFbeta 
signaling." Cell 89(7): 1165-1173. 

Hayashida, K., A. H. Bartlett, Y. Chen and P. W. Park (2010). "Molecular and cellular 
mechanisms of ectodomain shedding." Anat Rec (Hoboken) 293(6): 925-937. 

Heider, T. R., S. Lyman, R. Schoonhoven and K. E. Behrns (2007). "Ski promotes tumor 
growth through abrogation of transforming growth factor-beta signaling in pancreatic 
cancer." Ann Surg 246(1): 61-68. 



 

105 

Hempel, N., T. How, M. Dong, S. K. Murphy, T. A. Fields and G. C. Blobe (2007). "Loss 
of betaglycan expression in ovarian cancer: role in motility and invasion." Cancer Res 
67(11): 5231-5238. 

Hinz, B. (2007). "Formation and function of the myofibroblast during tissue repair." J 
Invest Dermatol 127(3): 526-537. 

Horwitz, M. S., S. J. Corey, H. L. Grimes and T. Tidwell (2013). "ELANE mutations in 
cyclic and severe congenital neutropenia: genetics and pathophysiology." Hematol 
Oncol Clin North Am 27(1): 19-41, vii. 

Howe, J. R., S. Roth, J. C. Ringold, R. W. Summers, H. J. Jarvinen, P. Sistonen, I. P. 
Tomlinson, R. S. Houlston, S. Bevan, F. A. Mitros, E. M. Stone and L. A. Aaltonen (1998). 
"Mutations in the SMAD4/DPC4 gene in juvenile polyposis." Science 280(5366): 1086-
1088. 

Huang, J. J. and G. C. Blobe (2016). "Dichotomous roles of TGF-beta in human cancer." 
Biochem Soc Trans 44(5): 1441-1454. 

Huttenlocher, A., R. R. Sandborg and A. F. Horwitz (1995). "Adhesion in cell migration." 
Curr Opin Cell Biol 7(5): 697-706. 

Imamura, T., M. Takase, A. Nishihara, E. Oeda, J. Hanai, M. Kawabata and K. Miyazono 
(1997). "Smad6 inhibits signalling by the TGF-beta superfamily." Nature 389(6651): 622-
626. 

Ito, N., S. Kawata, S. Tamura, Y. Shirai, S. Kiso, H. Tsushima and Y. Matsuzawa (1995). 
"Positive correlation of plasma transforming growth factor-beta 1 levels with tumor 
vascularity in hepatocellular carcinoma." Cancer Lett 89(1): 45-48. 

Ivanovic, V., A. Melman, B. Davis-Joseph, M. Valcic and J. Geliebter (1995). "Elevated 
plasma levels of TGF-beta 1 in patients with invasive prostate cancer." Nat Med 1(4): 
282-284. 

Jang, C. W., C. H. Chen, C. C. Chen, J. Y. Chen, Y. H. Su and R. H. Chen (2002). "TGF-
beta induces apoptosis through Smad-mediated expression of DAP-kinase." Nat Cell 
Biol 4(1): 51-58. 

Junker, U., B. Knoefel, K. Nuske, K. Rebstock, T. Steiner, H. Wunderlich, K. Junker and 
D. Reinhold (1996). "Transforming growth factor beta 1 is significantly elevated in 
plasma of patients suffering from renal cell carcinoma." Cytokine 8(10): 794-798. 



 

106 

Jurisic, D., I. Erjavec, V. Trkulja, I. Dumic-Cule, I. Hadzibegovic, L. Kovacevic, T. 
Svagusa, Z. Stanec, S. Vukicevic and L. Grgurevic (2015). "Soluble type III TGFbeta 
receptor in diagnosis and follow-up of patients with breast cancer." Growth Factors 
33(3): 200-209. 

Kaartinen, V., J. W. Voncken, C. Shuler, D. Warburton, D. Bu, N. Heisterkamp and J. 
Groffen (1995). "Abnormal lung development and cleft palate in mice lacking TGF-beta 3 
indicates defects of epithelial-mesenchymal interaction." Nat Genet 11(4): 415-421. 

Kang, Y., C. R. Chen and J. Massague (2003). "A self-enabling TGFbeta response coupled 
to stress signaling: Smad engages stress response factor ATF3 for Id1 repression in 
epithelial cells." Mol Cell 11(4): 915-926. 

Kang, Y., P. M. Siegel, W. Shu, M. Drobnjak, S. M. Kakonen, C. Cordon-Cardo, T. A. 
Guise and J. Massague (2003). "A multigenic program mediating breast cancer 
metastasis to bone." Cancer Cell 3(6): 537-549. 

Kimelman, D. and M. Kirschner (1987). "Synergistic induction of mesoderm by FGF and 
TGF-beta and the identification of an mRNA coding for FGF in the early Xenopus 
embryo." Cell 51(5): 869-877. 

Kojima, Y., A. Acar, E. N. Eaton, K. T. Mellody, C. Scheel, I. Ben-Porath, T. T. Onder, Z. 
C. Wang, A. L. Richardson, R. A. Weinberg and A. Orimo (2010). "Autocrine TGF-beta 
and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-
promoting mammary stromal myofibroblasts." Proc Natl Acad Sci U S A 107(46): 20009-
20014. 

Kominsky, S. L., M. Doucet, M. Thorpe and K. L. Weber (2008). "MMP-13 is over-
expressed in renal cell carcinoma bone metastasis and is induced by TGF-beta1." Clin 
Exp Metastasis 25(8): 865-870. 

Korpal, M., J. Yan, X. Lu, S. Xu, D. A. Lerit and Y. Kang (2009). "Imaging transforming 
growth factor-beta signaling dynamics and therapeutic response in breast cancer bone 
metastasis." Nat Med 15(8): 960-966. 

Kowanetz, M., U. Valcourt, R. Bergstrom, C. H. Heldin and A. Moustakas (2004). "Id2 
and Id3 define the potency of cell proliferation and differentiation responses to 
transforming growth factor beta and bone morphogenetic protein." Mol Cell Biol 24(10): 
4241-4254. 



 

107 

Krstic, J. and J. F. Santibanez (2014). "Transforming growth factor-beta and matrix 
metalloproteinases: functional interactions in tumor stroma-infiltrating myeloid cells." 
ScientificWorldJournal 2014: 521754. 

Lagna, G., A. Hata, A. Hemmati-Brivanlou and J. Massague (1996). "Partnership 
between DPC4 and SMAD proteins in TGF-beta signalling pathways." Nature 383(6603): 
832-836. 

Lamouille, S., J. Xu and R. Derynck (2014). "Molecular mechanisms of epithelial-
mesenchymal transition." Nat Rev Mol Cell Biol 15(3): 178-196. 

Larisch-Bloch, S., D. Danielpour, N. S. Roche, R. Lotan, A. Y. Hsing, H. Kerner, T. 
Hajouj, R. J. Lechleider and A. B. Roberts (2000). "Selective loss of the transforming 
growth factor-beta apoptotic signaling pathway in mutant NRP-154 rat prostatic 
epithelial cells." Cell Growth Differ 11(1): 1-10. 

Larisch, S., Y. Yi, R. Lotan, H. Kerner, S. Eimerl, W. Tony Parks, Y. Gottfried, S. Birkey 
Reffey, M. P. de Caestecker, D. Danielpour, N. Book-Melamed, R. Timberg, C. S. 
Duckett, R. J. Lechleider, H. Steller, J. Orly, S. J. Kim and A. B. Roberts (2000). "A novel 
mitochondrial septin-like protein, ARTS, mediates apoptosis dependent on its P-loop 
motif." Nat Cell Biol 2(12): 915-921. 

Lee, J. D., N. Hempel, N. Y. Lee and G. C. Blobe (2010). "The type III TGF-beta receptor 
suppresses breast cancer progression through GIPC-mediated inhibition of TGF-beta 
signaling." Carcinogenesis 31(2): 175-183. 

Leight, J. L., M. A. Wozniak, S. Chen, M. L. Lynch and C. S. Chen (2012). "Matrix rigidity 
regulates a switch between TGF-beta1-induced apoptosis and epithelial-mesenchymal 
transition." Mol Biol Cell 23(5): 781-791. 

Levy, L. and C. S. Hill (2006). "Alterations in components of the TGF-beta superfamily 
signaling pathways in human cancer." Cytokine Growth Factor Rev 17(1-2): 41-58. 

Li, D. Y., L. K. Sorensen, B. S. Brooke, L. D. Urness, E. C. Davis, D. G. Taylor, B. B. Boak 
and D. P. Wendel (1999). "Defective angiogenesis in mice lacking endoglin." Science 
284(5419): 1534-1537. 

Li, J. M., M. A. Nichols, S. Chandrasekharan, Y. Xiong and X. F. Wang (1995). 
"Transforming growth factor beta activates the promoter of cyclin-dependent kinase 
inhibitor p15INK4B through an Sp1 consensus site." J Biol Chem 270(45): 26750-26753. 



 

108 

Lindsay, M. E., D. Schepers, N. A. Bolar, J. J. Doyle, E. Gallo, J. Fert-Bober, M. J. 
Kempers, E. K. Fishman, Y. Chen, L. Myers, D. Bjeda, G. Oswald, A. F. Elias, H. P. Levy, 
B. M. Anderlid, M. H. Yang, E. M. Bongers, J. Timmermans, A. C. Braverman, N. 
Canham, G. R. Mortier, H. G. Brunner, P. H. Byers, J. Van Eyk, L. Van Laer, H. C. Dietz 
and B. L. Loeys (2012). "Loss-of-function mutations in TGFB2 cause a syndromic 
presentation of thoracic aortic aneurysm." Nat Genet 44(8): 922-927. 

Liu, I. M., S. H. Schilling, K. A. Knouse, L. Choy, R. Derynck and X. F. Wang (2009). 
"TGFbeta-stimulated Smad1/5 phosphorylation requires the ALK5 L45 loop and 
mediates the pro-migratory TGFbeta switch." EMBO J 28(2): 88-98. 

Liu, Y., H. Tian, G. C. Blobe, C. P. Theuer, H. I. Hurwitz and A. B. Nixon (2014). "Effects 
of the combination of TRC105 and bevacizumab on endothelial cell biology." Invest New 
Drugs 32(5): 851-859. 

Liu, Y., P. Zhang, J. Li, A. B. Kulkarni, S. Perruche and W. Chen (2008). "A critical 
function for TGF-beta signaling in the development of natural CD4+CD25+Foxp3+ 
regulatory T cells." Nat Immunol 9(6): 632-640. 

Llopiz, D., J. Dotor, N. Casares, J. Bezunartea, N. Diaz-Valdes, M. Ruiz, F. Aranda, P. 
Berraondo, J. Prieto, J. J. Lasarte, F. Borras-Cuesta and P. Sarobe (2009). "Peptide 
inhibitors of transforming growth factor-beta enhance the efficacy of antitumor 
immunotherapy." Int J Cancer 125(11): 2614-2623. 

Lopez-Casillas, F., H. M. Payne, J. L. Andres and J. Massague (1994). "Betaglycan can act 
as a dual modulator of TGF-beta access to signaling receptors: mapping of ligand 
binding and GAG attachment sites." J Cell Biol 124(4): 557-568. 

Lopez-Casillas, F., J. L. Wrana and J. Massague (1993). "Betaglycan presents ligand to the 
TGF beta signaling receptor." Cell 73(7): 1435-1444. 

Lynch, M. A., R. Nakashima, H. Song, V. L. DeGroff, D. Wang, T. Enomoto and C. M. 
Weghorst (1998). "Mutational analysis of the transforming growth factor beta receptor 
type II gene in human ovarian carcinoma." Cancer Res 58(19): 4227-4232. 

Mariathasan, S., S. J. Turley, D. Nickles, A. Castiglioni, K. Yuen, Y. Wang, E. E. Kadel Iii, 
H. Koeppen, J. L. Astarita, R. Cubas, S. Jhunjhunwala, R. Banchereau, Y. Yang, Y. Guan, 
C. Chalouni, J. Ziai, Y. Senbabaoglu, S. Santoro, D. Sheinson, J. Hung, J. M. Giltnane, A. 
A. Pierce, K. Mesh, S. Lianoglou, J. Riegler, R. A. D. Carano, P. Eriksson, M. Hoglund, L. 
Somarriba, D. L. Halligan, M. S. van der Heijden, Y. Loriot, J. E. Rosenberg, L. Fong, I. 
Mellman, D. S. Chen, M. Green, C. Derleth, G. D. Fine, P. S. Hegde, R. Bourgon and T. 



 

109 

Powles (2018). "TGFbeta attenuates tumour response to PD-L1 blockade by contributing 
to exclusion of T cells." Nature 554(7693): 544-548. 

Markowitz, S., J. Wang, L. Myeroff, R. Parsons, L. Sun, J. Lutterbaugh, R. S. Fan, E. 
Zborowska, K. W. Kinzler, B. Vogelstein and et al. (1995). "Inactivation of the type II 
TGF-beta receptor in colon cancer cells with microsatellite instability." Science 268(5215): 
1336-1338. 

Martin, M., P. Pujuguet and F. Martin (1996). "Role of stromal myofibroblasts infiltrating 
colon cancer in tumor invasion." Pathol Res Pract 192(7): 712-717. 

Massague, J. (2008). "TGFbeta in Cancer." Cell 134(2): 215-230. 

Massague, J. (2012). "TGFbeta signalling in context." Nature reviews. Molecular cell 
biology 13(10): 616-630. 

Mendonsa, A. M., M. N. VanSaun, A. Ustione, D. W. Piston, B. M. Fingleton and D. L. 
Gorden (2015). "Host and tumor derived MMP13 regulate extravasation and 
establishment of colorectal metastases in the liver." Mol Cancer 14: 49. 

Mendoza, V. n., M. M. Vilchis-Landeros, G. Mendoza-Hernández, T. Huang, M. M. 
Villarreal, A. P. Hinck, F. López-Casillas and J.-L. Montiel (2009). "Betaglycan has Two 
Independent Domains Required for High Affinity TGF-β Binding: Proteolytic Cleavage 
Separates the Domains and Inactivates the Neutralizing Activity of the Soluble 
Receptor." Biochemistry 48(49): 11755-11765. 

Moustakas, A. and C. H. Heldin (2007). "Signaling networks guiding epithelial-
mesenchymal transitions during embryogenesis and cancer progression." Cancer Sci 
98(10): 1512-1520. 

Mu, Y., S. K. Gudey and M. Landstrom (2012). "Non-Smad signaling pathways." Cell 
Tissue Res 347(1): 11-20. 

Myeroff, L. L., R. Parsons, S. J. Kim, L. Hedrick, K. R. Cho, K. Orth, M. Mathis, K. W. 
Kinzler, J. Lutterbaugh, K. Park and et al. (1995). "A transforming growth factor beta 
receptor type II gene mutation common in colon and gastric but rare in endometrial 
cancers with microsatellite instability." Cancer Res 55(23): 5545-5547. 

Nakajima, A., Y. Ito, M. Asano, M. Maeno, K. Iwata, N. Mitsui, N. Shimizu, X. M. Cui 
and C. F. Shuler (2007). "Functional role of transforming growth factor-beta type III 
receptor during palatal fusion." Dev Dyn 236(3): 791-801. 



 

110 

Nakao, A., M. Afrakhte, A. Moren, T. Nakayama, J. L. Christian, R. Heuchel, S. Itoh, M. 
Kawabata, N. E. Heldin, C. H. Heldin and P. ten Dijke (1997). "Identification of Smad7, a 
TGFbeta-inducible antagonist of TGF-beta signalling." Nature 389(6651): 631-635. 

Nieto, M. A., R. Y. Huang, R. A. Jackson and J. P. Thiery (2016). "Emt: 2016." Cell 166(1): 
21-45. 

Nishida, N., H. Yano, T. Nishida, T. Kamura and M. Kojiro (2006). "Angiogenesis in 
cancer." Vasc Health Risk Manag 2(3): 213-219. 

Novitskiy, S. V., M. W. Pickup, A. Chytil, D. Polosukhina, P. Owens and H. L. Moses 
(2012). "Deletion of TGF-beta signaling in myeloid cells enhances their anti-tumorigenic 
properties." J Leukoc Biol 92(3): 641-651. 

Oft, M., K. H. Heider and H. Beug (1998). "TGFbeta signaling is necessary for carcinoma 
cell invasiveness and metastasis." Curr Biol 8(23): 1243-1252. 

Oh, S. P., T. Seki, K. A. Goss, T. Imamura, Y. Yi, P. K. Donahoe, L. Li, K. Miyazono, P. ten 
Dijke, S. Kim and E. Li (2000). "Activin receptor-like kinase 1 modulates transforming 
growth factor-beta 1 signaling in the regulation of angiogenesis." Proc Natl Acad Sci U S 
A 97(6): 2626-2631. 

Ohgushi, M., S. Kuroki, H. Fukamachi, L. A. O'Reilly, K. Kuida, A. Strasser and S. 
Yonehara (2005). "Transforming growth factor beta-dependent sequential activation of 
Smad, Bim, and caspase-9 mediates physiological apoptosis in gastric epithelial cells." 
Mol Cell Biol 25(22): 10017-10028. 

Ohtaki, N., A. Yamaguchi, T. Goi, T. Fukaya, K. Takeuchi, K. Katayama, K. Hirose and 
T. Urano (2001). "Somatic alterations of the DPC4 and Madr2 genes in colorectal cancers 
and relationship to metastasis." Int J Oncol 18(2): 265-270. 

Oshima, M., H. Oshima and M. M. Taketo (1996). "TGF-beta receptor type II deficiency 
results in defects of yolk sac hematopoiesis and vasculogenesis." Dev Biol 179(1): 297-
302. 

Ozdamar, B., R. Bose, M. Barrios-Rodiles, H. R. Wang, Y. Zhang and J. L. Wrana (2005). 
"Regulation of the polarity protein Par6 by TGFbeta receptors controls epithelial cell 
plasticity." Science 307(5715): 1603-1609. 

Paauwe, M., R. C. Heijkants, C. H. Oudt, G. W. van Pelt, C. Cui, C. P. Theuer, J. C. 
Hardwick, C. F. Sier and L. J. Hawinkels (2016). "Endoglin targeting inhibits tumor 
angiogenesis and metastatic spread in breast cancer." Oncogene. 



 

111 

Papaspyridonos, M., I. Matei, Y. Huang, M. do Rosario Andre, H. Brazier-Mitouart, J. C. 
Waite, A. S. Chan, J. Kalter, I. Ramos, Q. Wu, C. Williams, J. D. Wolchok, P. B. Chapman, 
H. Peinado, N. Anandasabapathy, A. J. Ocean, R. N. Kaplan, J. P. Greenfield, J. 
Bromberg, D. Skokos and D. Lyden (2015). "Id1 suppresses anti-tumour immune 
responses and promotes tumour progression by impairing myeloid cell maturation." Nat 
Commun 6: 6840. 

Pardali, K., M. Kowanetz, C. H. Heldin and A. Moustakas (2005). "Smad pathway-
specific transcriptional regulation of the cell cycle inhibitor p21(WAF1/Cip1)." J Cell 
Physiol 204(1): 260-272. 

Perlman, R., W. P. Schiemann, M. W. Brooks, H. F. Lodish and R. A. Weinberg (2001). 
"TGF-beta-induced apoptosis is mediated by the adapter protein Daxx that facilitates 
JNK activation." Nat Cell Biol 3(8): 708-714. 

Pertovaara, L., A. Kaipainen, T. Mustonen, A. Orpana, N. Ferrara, O. Saksela and K. 
Alitalo (1994). "Vascular endothelial growth factor is induced in response to 
transforming growth factor-beta in fibroblastic and epithelial cells." J Biol Chem 269(9): 
6271-6274. 

Pham, C. T. (2006). "Neutrophil serine proteases: specific regulators of inflammation." 
Nat Rev Immunol 6(7): 541-550. 

Pham, C. T. (2008). "Neutrophil serine proteases fine-tune the inflammatory response." 
Int J Biochem Cell Biol 40(6-7): 1317-1333. 

Piek, E., C. H. Heldin and P. Ten Dijke (1999). "Specificity, diversity, and regulation in 
TGF-beta superfamily signaling." FASEB J 13(15): 2105-2124. 

Piek, E., A. Moustakas, A. Kurisaki, C. H. Heldin and P. ten Dijke (1999). "TGF-(beta) 
type I receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal 
transdifferentiation in NMuMG breast epithelial cells." J Cell Sci 112 ( Pt 24): 4557-4568. 

Polyak, K., J. Y. Kato, M. J. Solomon, C. J. Sherr, J. Massague, J. M. Roberts and A. Koff 
(1994). "p27Kip1, a cyclin-Cdk inhibitor, links transforming growth factor-beta and 
contact inhibition to cell cycle arrest." Genes Dev 8(1): 9-22. 

Portella, G., S. A. Cumming, J. Liddell, W. Cui, H. Ireland, R. J. Akhurst and A. Balmain 
(1998). "Transforming growth factor beta is essential for spindle cell conversion of mouse 
skin carcinoma in vivo: implications for tumor invasion." Cell Growth Differ 9(5): 393-
404. 



 

112 

Potts, J. D. and R. B. Runyan (1989). "Epithelial-mesenchymal cell transformation in the 
embryonic heart can be mediated, in part, by transforming growth factor beta." Dev Biol 
134(2): 392-401. 

Reed, J. A., E. Bales, W. Xu, N. A. Okan, D. Bandyopadhyay and E. E. Medrano (2001). 
"Cytoplasmic localization of the oncogenic protein Ski in human cutaneous melanomas 
in vivo: functional implications for transforming growth factor beta signaling." Cancer 
Res 61(22): 8074-8078. 

Reibman, J., S. Meixler, T. C. Lee, L. I. Gold, B. N. Cronstein, K. A. Haines, S. L. 
Kolasinski and G. Weissmann (1991). "Transforming growth factor beta 1, a potent 
chemoattractant for human neutrophils, bypasses classic signal-transduction pathways." 
Proc Natl Acad Sci U S A 88(15): 6805-6809. 

Ribeiro, A., S. F. Bronk, P. J. Roberts, R. Urrutia and G. J. Gores (1999). "The transforming 
growth factor beta(1)-inducible transcription factor TIEG1, mediates apoptosis through 
oxidative stress." Hepatology 30(6): 1490-1497. 

Safina, A., E. Vandette and A. V. Bakin (2007). "ALK5 promotes tumor angiogenesis by 
upregulating matrix metalloproteinase-9 in tumor cells." Oncogene 26(17): 2407-2422. 

Saito, H., S. Tsujitani, S. Oka, A. Kondo, M. Ikeguchi, M. Maeta and N. Kaibara (1999). 
"The expression of transforming growth factor-beta1 is significantly correlated with the 
expression of vascular endothelial growth factor and poor prognosis of patients with 
advanced gastric carcinoma." Cancer 86(8): 1455-1462. 

Saltzman, A., R. Munro, G. Searfoss, C. Franks, M. Jaye and Y. Ivashchenko (1998). 
"Transforming growth factor-beta-mediated apoptosis in the Ramos B-lymphoma cell 
line is accompanied by caspase activation and Bcl-XL downregulation." Exp Cell Res 
242(1): 244-254. 

Sanjana, N. E., O. Shalem and F. Zhang (2014). "Improved vectors and genome-wide 
libraries for CRISPR screening." Nat Methods 11(8): 783-784. 

Sankar, S., N. Mahooti-Brooks, M. Centrella, T. L. McCarthy and J. A. Madri (1995). 
"Expression of transforming growth factor type III receptor in vascular endothelial cells 
increases their responsiveness to transforming growth factor beta 2." J Biol Chem 
270(22): 13567-13572. 

Segarini, P. R. and S. M. Seyedin (1988). "The high molecular weight receptor to 
transforming growth factor-beta contains glycosaminoglycan chains." J Biol Chem 
263(17): 8366-8370. 



 

113 

Seoane, J., C. Pouponnot, P. Staller, M. Schader, M. Eilers and J. Massague (2001). 
"TGFbeta influences Myc, Miz-1 and Smad to control the CDK inhibitor p15INK4b." Nat 
Cell Biol 3(4): 400-408. 

Shim, K. S., K. H. Kim, W. S. Han and E. B. Park (1999). "Elevated serum levels of 
transforming growth factor-beta1 in patients with colorectal carcinoma: its association 
with tumor progression and its significant decrease after curative surgical resection." 
Cancer 85(3): 554-561. 

Shima, Y., K. Nakao, T. Nakashima, A. Kawakami, K. Nakata, K. Hamasaki, Y. Kato, K. 
Eguchi and N. Ishii (1999). "Activation of caspase-8 in transforming growth factor-beta-
induced apoptosis of human hepatoma cells." Hepatology 30(5): 1215-1222. 

Shimo, T., T. Nakanishi, T. Nishida, M. Asano, A. Sasaki, M. Kanyama, T. Kuboki, T. 
Matsumura and M. Takigawa (2001). "Involvement of CTGF, a hypertrophic 
chondrocyte-specific gene product, in tumor angiogenesis." Oncology 61(4): 315-322. 

Sica, A., T. Schioppa, A. Mantovani and P. Allavena (2006). "Tumour-associated 
macrophages are a distinct M2 polarised population promoting tumour progression: 
potential targets of anti-cancer therapy." Eur J Cancer 42(6): 717-727. 

Siegel, R. L., K. D. Miller and A. Jemal (2018). "Cancer statistics, 2018." CA Cancer J Clin 
68(1): 7-30. 

Skold, S., B. Rosberg, U. Gullberg and T. Olofsson (1999). "A secreted proform of 
neutrophil proteinase 3 regulates the proliferation of granulopoietic progenitor cells." 
Blood 93(3): 849-856. 

Somasundaram, R., L. Jacob, R. Swoboda, L. Caputo, H. Song, S. Basak, D. Monos, D. 
Peritt, F. Marincola, D. Cai, B. Birebent, E. Bloome, J. Kim, K. Berencsi, M. Mastrangelo 
and D. Herlyn (2002). "Inhibition of cytolytic T lymphocyte proliferation by autologous 
CD4+/CD25+ regulatory T cells in a colorectal carcinoma patient is mediated by 
transforming growth factor-beta." Cancer Res 62(18): 5267-5272. 

Song, G., G. Ouyang and S. Bao (2005). "The activation of Akt/PKB signaling pathway 
and cell survival." J Cell Mol Med 9(1): 59-71. 

Song, J., H. Tan, A. J. Perry, T. Akutsu, G. I. Webb, J. C. Whisstock and R. N. Pike (2012). 
"PROSPER: an integrated feature-based tool for predicting protease substrate cleavage 
sites." PLoS One 7(11): e50300. 



 

114 

Stamenkovic, I. (2003). "Extracellular matrix remodelling: the role of matrix 
metalloproteinases." J Pathol 200(4): 448-464. 

Stankic, M., S. Pavlovic, Y. Chin, E. Brogi, D. Padua, L. Norton, J. Massague and R. 
Benezra (2013). "TGF-beta-Id1 signaling opposes Twist1 and promotes metastatic 
colonization via a mesenchymal-to-epithelial transition." Cell Rep 5(5): 1228-1242. 

Stenvers, K. L., M. L. Tursky, K. W. Harder, N. Kountouri, S. Amatayakul-Chantler, D. 
Grail, C. Small, R. A. Weinberg, A. M. Sizeland and H. J. Zhu (2003). "Heart and liver 
defects and reduced transforming growth factor beta2 sensitivity in transforming 
growth factor beta type III receptor-deficient embryos." Mol Cell Biol 23(12): 4371-4385. 

Sun, L., G. Wu, J. K. Willson, E. Zborowska, J. Yang, I. Rajkarunanayake, J. Wang, L. E. 
Gentry, X. F. Wang and M. G. Brattain (1994). "Expression of transforming growth factor 
beta type II receptor leads to reduced malignancy in human breast cancer MCF-7 cells." J 
Biol Chem 269(42): 26449-26455. 

Tachibana, I., M. Imoto, P. N. Adjei, G. J. Gores, M. Subramaniam, T. C. Spelsberg and R. 
Urrutia (1997). "Overexpression of the TGFbeta-regulated zinc finger encoding gene, 
TIEG, induces apoptosis in pancreatic epithelial cells." J Clin Invest 99(10): 2365-2374. 

Tang, B., K. de Castro, H. E. Barnes, W. T. Parks, L. Stewart, E. P. Bottinger, D. 
Danielpour and L. M. Wakefield (1999). "Loss of responsiveness to transforming growth 
factor beta induces malignant transformation of nontumorigenic rat prostate epithelial 
cells." Cancer Res 59(19): 4834-4842. 

Tauriello, D. V. F., S. Palomo-Ponce, D. Stork, A. Berenguer-Llergo, J. Badia-Ramentol, 
M. Iglesias, M. Sevillano, S. Ibiza, A. Canellas, X. Hernando-Momblona, D. Byrom, J. A. 
Matarin, A. Calon, E. I. Rivas, A. R. Nebreda, A. Riera, C. S. Attolini and E. Batlle (2018). 
"TGFbeta drives immune evasion in genetically reconstituted colon cancer metastasis." 
Nature 554(7693): 538-543. 

Thannickal, V. J., D. Y. Lee, E. S. White, Z. Cui, J. M. Larios, R. Chacon, J. C. Horowitz, R. 
M. Day and P. E. Thomas (2003). "Myofibroblast differentiation by transforming growth 
factor-beta1 is dependent on cell adhesion and integrin signaling via focal adhesion 
kinase." J Biol Chem 278(14): 12384-12389. 

Thiagalingam, S., C. Lengauer, F. S. Leach, M. Schutte, S. A. Hahn, J. Overhauser, J. K. 
Willson, S. Markowitz, S. R. Hamilton, S. E. Kern, K. W. Kinzler and B. Vogelstein (1996). 
"Evaluation of candidate tumour suppressor genes on chromosome 18 in colorectal 
cancers." Nat Genet 13(3): 343-346. 



 

115 

Thomas, D. A. and J. Massague (2005). "TGF-beta directly targets cytotoxic T cell 
functions during tumor evasion of immune surveillance." Cancer Cell 8(5): 369-380. 

Thomas, R. J., T. A. Guise, J. J. Yin, J. Elliott, N. J. Horwood, T. J. Martin and M. T. 
Gillespie (1999). "Breast cancer cells interact with osteoblasts to support osteoclast 
formation." Endocrinology 140(10): 4451-4458. 

Thuault, S., U. Valcourt, M. Petersen, G. Manfioletti, C. H. Heldin and A. Moustakas 
(2006). "Transforming growth factor-beta employs HMGA2 to elicit epithelial-
mesenchymal transition." J Cell Biol 174(2): 175-183. 

Tian, M. and W. P. Schiemann (2009). "The TGF-beta paradox in human cancer: an 
update." Future Oncol 5(2): 259-271. 

Tokunaga, H., D. H. Lee, I. Y. Kim, T. M. Wheeler and S. P. Lerner (1999). "Decreased 
expression of transforming growth factor beta receptor type I is associated with poor 
prognosis in bladder transitional cell carcinoma patients." Clin Cancer Res 5(9): 2520-
2525. 

Treffers, L. W., I. H. Hiemstra, T. W. Kuijpers, T. K. van den Berg and H. L. Matlung 
(2016). "Neutrophils in cancer." Immunol Rev 273(1): 312-328. 

Turley, R. S., E. C. Finger, N. Hempel, T. How, T. A. Fields and G. C. Blobe (2007). "The 
Type III Transforming Growth Factor-{beta} Receptor as a Novel Tumor Suppressor 
Gene in Prostate Cancer." Cancer Res 67(3): 1090-1098. 

Ueki, N., M. Nakazato, T. Ohkawa, T. Ikeda, Y. Amuro, T. Hada and K. Higashino 
(1992). "Excessive production of transforming growth-factor beta 1 can play an 
important role in the development of tumorigenesis by its action for angiogenesis: 
validity of neutralizing antibodies to block tumor growth." Biochim Biophys Acta 
1137(2): 189-196. 

Valcourt, U., M. Kowanetz, H. Niimi, C. H. Heldin and A. Moustakas (2005). "TGF-beta 
and the Smad signaling pathway support transcriptomic reprogramming during 
epithelial-mesenchymal cell transition." Mol Biol Cell 16(4): 1987-2002. 

Valderrama-Carvajal, H., E. Cocolakis, A. Lacerte, E. H. Lee, G. Krystal, S. Ali and J. J. 
Lebrun (2002). "Activin/TGF-beta induce apoptosis through Smad-dependent expression 
of the lipid phosphatase SHIP." Nat Cell Biol 4(12): 963-969. 



 

116 

Velasco-Loyden, G., J. Arribas and F. Lopez-Casillas (2004). "The shedding of betaglycan 
is regulated by pervanadate and mediated by membrane type matrix metalloprotease-1." 
J Biol Chem 279(9): 7721-7733. 

Vilchis-Landeros, M. M., J. L. Montiel, V. Mendoza, G. Mendoza-Hernandez and F. 
Lopez-Casillas (2001). "Recombinant soluble betaglycan is a potent and isoform-selective 
transforming growth factor-beta neutralizing agent." Biochem J 355(Pt 1): 215-222. 

Vivier, E., E. Tomasello, M. Baratin, T. Walzer and S. Ugolini (2008). "Functions of 
natural killer cells." Nat Immunol 9(5): 503-510. 

Wakefield, L. M., D. M. Smith, K. C. Flanders and M. B. Sporn (1988). "Latent 
transforming growth factor-beta from human platelets. A high molecular weight 
complex containing precursor sequences." J Biol Chem 263(16): 7646-7654. 

Walker, R. A. and S. J. Dearing (1992). "Transforming growth factor beta 1 in ductal 
carcinoma in situ and invasive carcinomas of the breast." Eur J Cancer 28(2-3): 641-644. 

Wang, J., Y. Wang, Y. Wang, Y. Ma, Y. Lan and X. Yang (2013). "Transforming growth 
factor beta-regulated microRNA-29a promotes angiogenesis through targeting the 
phosphatase and tensin homolog in endothelium." J Biol Chem 288(15): 10418-10426. 

Wang, X., S. O. Lee, S. Xia, Q. Jiang, J. Luo, L. Li, S. Yeh and C. Chang (2013). 
"Endothelial cells enhance prostate cancer metastasis via IL-6-->androgen receptor--
>TGF-beta-->MMP-9 signals." Mol Cancer Ther 12(6): 1026-1037. 

Waning, D. L., K. S. Mohammad, S. Reiken, W. Xie, D. C. Andersson, S. John, A. Chiechi, 
L. E. Wright, A. Umanskaya, M. Niewolna, T. Trivedi, S. Charkhzarrin, P. Khatiwada, A. 
Wronska, A. Haynes, M. S. Benassi, F. A. Witzmann, G. Zhen, X. Wang, X. Cao, G. D. 
Roodman, A. R. Marks and T. A. Guise (2015). "Excess TGF-beta mediates muscle 
weakness associated with bone metastases in mice." Nat Med 21(11): 1262-1271. 

Wikstrom, P., P. Stattin, I. Franck-Lissbrant, J. E. Damber and A. Bergh (1998). 
"Transforming growth factor beta1 is associated with angiogenesis, metastasis, and poor 
clinical outcome in prostate cancer." Prostate 37(1): 19-29. 

Wildey, G. M., S. Patil and P. H. Howe (2003). "Smad3 potentiates transforming growth 
factor beta (TGFbeta )-induced apoptosis and expression of the BH3-only protein Bim in 
WEHI 231 B lymphocytes." J Biol Chem 278(20): 18069-18077. 

Wilson, E. B., J. J. El-Jawhari, A. L. Neilson, G. D. Hall, A. A. Melcher, J. L. Meade and G. 
P. Cook (2011). "Human tumour immune evasion via TGF-beta blocks NK cell activation 



 

117 

but not survival allowing therapeutic restoration of anti-tumour activity." PLoS One 
6(9): e22842. 

Xu, J., S. Lamouille and R. Derynck (2009). "TGF-beta-induced epithelial to mesenchymal 
transition." Cell Res 19(2): 156-172. 

Yagi, K., M. Furuhashi, H. Aoki, D. Goto, H. Kuwano, K. Sugamura, K. Miyazono and 
M. Kato (2002). "c-myc is a downstream target of the Smad pathway." J Biol Chem 
277(1): 854-861. 

Yamamura, Y., X. Hua, S. Bergelson and H. F. Lodish (2000). "Critical role of Smads and 
AP-1 complex in transforming growth factor-beta -dependent apoptosis." J Biol Chem 
275(46): 36295-36302. 

Yang, J., R. Wahdan-Alaswad and D. Danielpour (2009). "Critical role of Smad2 in tumor 
suppression and transforming growth factor-beta-induced apoptosis of prostate 
epithelial cells." Cancer Res 69(6): 2185-2190. 

Yang, L. (2010). "TGFbeta and cancer metastasis: an inflammation link." Cancer 
Metastasis Rev 29(2): 263-271. 

Yin, J. J., K. Selander, J. M. Chirgwin, M. Dallas, B. G. Grubbs, R. Wieser, J. Massague, G. 
R. Mundy and T. A. Guise (1999). "TGF-beta signaling blockade inhibits PTHrP secretion 
by breast cancer cells and bone metastases development." J Clin Invest 103(2): 197-206. 

Yoshimura, A. and G. Muto (2011). "TGF-beta function in immune suppression." Curr 
Top Microbiol Immunol 350: 127-147. 

Yu, J. R., Y. Tai, Y. Jin, M. C. Hammell, J. E. Wilkinson, J. S. Roe, C. R. Vakoc and L. Van 
Aelst (2015). "TGF-beta/Smad signaling through DOCK4 facilitates lung adenocarcinoma 
metastasis." Genes Dev 29(3): 250-261. 

Yu, Q. and I. Stamenkovic (2000). "Cell surface-localized matrix metalloproteinase-9 
proteolytically activates TGF-beta and promotes tumor invasion and angiogenesis." 
Genes Dev 14(2): 163-176. 

Zahreddine, H. and K. L. Borden (2013). "Mechanisms and insights into drug resistance 
in cancer." Front Pharmacol 4: 28. 

Zarubin, T. and J. Han (2005). "Activation and signaling of the p38 MAP kinase 
pathway." Cell Res 15(1): 11-18. 



 

118 

Zhang, F., M. Lundin, A. Ristimaki, P. Heikkila, J. Lundin, J. Isola, H. Joensuu and M. 
Laiho (2003). "Ski-related novel protein N (SnoN), a negative controller of transforming 
growth factor-beta signaling, is a prognostic marker in estrogen receptor-positive breast 
carcinomas." Cancer Res 63(16): 5005-5010. 

Zhang, F., Y. Luo, Z. Shao, L. Xu, X. Liu, Y. Niu, J. Shi, X. Sun, Y. Liu, Y. Ding and L. 
Zhao (2016). "MicroRNA-187, a downstream effector of TGFbeta pathway, suppresses 
Smad-mediated epithelial-mesenchymal transition in colorectal cancer." Cancer Lett 
373(2): 203-213. 

Zhang, Y., X. Feng, R. We and R. Derynck (1996). "Receptor-associated Mad homologues 
synergize as effectors of the TGF-beta response." Nature 383(6596): 168-172. 

Zheng, X., J. L. Carstens, J. Kim, M. Scheible, J. Kaye, H. Sugimoto, C. C. Wu, V. S. 
LeBleu and R. Kalluri (2015). "Epithelial-to-mesenchymal transition is dispensable for 
metastasis but induces chemoresistance in pancreatic cancer." Nature 527(7579): 525-530. 

Zhu, Q., A. R. Krakowski, E. E. Dunham, L. Wang, A. Bandyopadhyay, R. Berdeaux, G. 
S. Martin, L. Sun and K. Luo (2007). "Dual role of SnoN in mammalian tumorigenesis." 
Mol Cell Biol 27(1): 324-339. 

Zou, W., J. D. Wolchok and L. Chen (2016). "PD-L1 (B7-H1) and PD-1 pathway blockade 
for cancer therapy: Mechanisms, response biomarkers, and combinations." Sci Transl 
Med 8(328): 328rv324. 

Zu, L., Y. Xue, J. Wang, Y. Fu, X. Wang, G. Xiao, M. Hao, X. Sun, Y. Wang, G. Fu and J. 
Wang (2016). "The feedback loop between miR-124 and TGF-beta pathway plays a 
significant role in non-small cell lung cancer metastasis." Carcinogenesis 37(3): 333-343. 

 



 

119 

Biography 
Jennifer Huang was born in 1988 in XiNing, QingHai, China. She attended 

Stanford University, graduating with a B.S. in Biological Sciences with Honors in 2010. 

Immediately after graduation, she matriculated into Duke University’s Medical Scientist 

Training program. She is expected to receive her Doctor of Philosophy in Pharmacology 

and Doctor of Medicine degrees from Duke University in May 2019.   

 

Publications 

1. Huang JJ, Dunn BP, Cai EM, Prakken JN, Blobe GC. Increased Type III TGF-β 
Receptor Shedding Decreases Tumorigenesis Through Induction of Epithelial-to-
Mesenchymal Transition. Oncogene. Under Review. 

2. Tian H, Huang JJ, Golzio C, Gao X, Hector-Greene M, Katsanis N, Blobe GC. 
Endoglin interacts with VEGFR2 to promote angiogenesis. FASEB J. 2018. Epub ahead 
of print.  
 

3. Huang JJ, Blobe GC. Dichotomous Roles of TGF-β in Human Cancer. Biochem Soc 
Trans. Review.  2016 Oct 15;44(5):1441-1454. 
 

4. Hesler RA, Huang JJ, Starr MD, Treboschi VM, Bernanke AG, Nixon AB, McCall 
SJ, White RR, Blobe GC. TGF-β-induced Stromal CYR61 Promotes Resistance to 
Gemcitabine in Pancreatic Ductal Adenocarcinoma Through Down-Regulation of the 
Nucleoside Transporters hENT1 and hCNT3. Carcinogenesis. (2016) 37 (11): 1041-
1051. 
 

5. Elderbroom J*, Huang J*, Gatza C, Chen J, How T, Starr M, Nixon A, Blobe G. 
Ectodomain shedding of TβRIII is required for TβRIII-mediated suppression of TGF-β 
signaling and breast cancer cell migration and invasion. Mol Bio Cell. 25(16):2320-32, 
2014. *co-first authors. 
 

6. Jenks JA, Seki S, Kanai T, Huang J, Morgan AA, Scalco RC, Nath R, Bucayu R, 
Wit JM, Al-Herz W, Ramadan D, Jorge AA, Bacchetta R, Hwa V, Rosenfield R, 



 

120 

Nadeau KC. Differentiating the roles of STAT5B and STAT5A in human CD4+ T cells. 
Clin Immunol. 148(2):227-36, 2013.  
 

7. Huang JJ*, Joh JW*, Fuentebella J, Patel A, Nguyen T, Seki S, Hoyte L, 
Reshamwala N, Nguyen C, Quiros A, Bass D, Sibley E, Berquist W, Cox K, 
Kerner J, Nadeau KC. Eotaxin and FGF enhance signaling through an extracellular 
signal-related kinase (ERK)-dependent pathway in the pathogenesis of eosinphilic 
esophagitis. Allergy Asthma Clin Immunol. 5: 6(1):25, 2010. *co-first authors. 
 

8. Fuentebella J, Patel A, Nguyen T, Sanjanwala B, Berquist W, Kerner JA, Bass D, 
Cox K, Hurwitz M, Huang J, Nguyen C, Quiros JA, Nadeau K. Increased number 
of regulatory T cells in children with eosinophilic esophagitis. J Pediatr Gastroenterol 
Nutr. 51(3):283-9, 2010. 
 

9. Yu GP, Chiang D, Song SJ, Hoyte EG, Huang J, Vanishsarn C, Nadeau KC. 
Regulatory T cell dysfunction in subjects with common variable immunodeficiency 
complicated by autoimmune disease. Clin Immunol. 131(2): 240-53, 2009. 
 

Honors and Awards 

2016 Jo Rae Wright Fellowship for Outstanding Women in Science. Duke University. 
Durham, NC 

2016 Conference Travel Award. Duke Graduate School. Durham, NC.  

2015 Fitzgerald Academic Achievement Award. Duke University, Durham, NC 

2015 Ruth L. Kirschstein National Research Service Award (NRSA) Individual 
Predoctoral M.D./Ph.D. Degree Fellowship (F30) 

2014 Gertrude B. Elion Mentored Medical Student Research Award; Triangle 
Community Foundation 


	Abstract
	List of Tables
	List of Figures
	Acknowledgements
	1. Introduction
	1.1 Transforming growth factor-β signaling
	1.2 Dichotomous roles of TGF-β in cancer
	1.2.1 TGF-β as a tumor suppressor
	1.2.1.1 Tumor suppressive role of TGF-β in proliferation
	1.2.1.2 Tumor suppressive role of TGF-β in apoptosis

	1.2.2 TGF-β as a tumor promoter
	1.2.2.1 Tumor promoter role of TGF-β in EMT and metastasis
	1.2.2.2 Tumor promoter role of TGF-β in the tumor microenvironment
	1.2.2.3 Tumor promoter role of TGF-β on the extracellular matrix
	1.2.2.4 Tumor promoter role of TGF-β in angiogenesis
	1.2.2.5 Tumor promoter role of TGF-β in immune surveillance


	1.3 The type III TGF-β receptor
	1.3.1 Structure and function
	1.3.2 Biology
	1.3.3 Roles in cancer


	2. Soluble TGF-β-induced epithelial-to-mesenchymal transition decreases initial tumorigenesis but increases tumor growth
	2.1 Introduction
	2.2 Materials and Methods
	2.2.1 Cell culture and reagents
	2.2.2 Generation of constructs and stable cell lines
	2.2.3 Binding and crosslinking
	2.2.4 Transwell migration and invasion
	2.2.5 Proliferation
	2.2.6 Adhesion assay
	2.2.7 Colony formation assay
	2.2.8 Chemotoxicity assay
	2.2.9 Western blotting
	2.2.10 Xenograft
	2.2.11 Statistical Analysis

	2.3 Results
	2.3.1 TβRIII-SS cells undergo a gradual EMT
	2.3.2 TβRIII-SS (EMT) cells are less migratory and invasive
	2.3.3 TβRIII-SS (EMT) cells are less adhesive
	2.3.4 TβRIII-SS (EMT) cells are more resistant to gemcitabine
	2.3.5 TβRIII-SS (EMT) cells have decreased tumorigenicity in vitro
	2.3.6 TβRIII-SS (EMT) cells are less tumorigenic in vivo but exhibit enhanced tumor growth rate
	2.3.7 TβRIII-SS (EMT) cells have decreased canonical but increased non-canonical TGF-β signaling

	2.4 Discussion

	3. Cathepsin G and neutrophil elastase cleave cell surface type III TGF-β receptor
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Cell culture and reagents
	3.2.2 Binding and crosslinking
	3.2.3 Protease and inhibitor treatment
	3.2.4 Neutrophil activation

	3.3 Results
	3.3.1 TβRIII contains consensus cleavage sites for cathepsin G and neutrophil elastase
	3.3.2 Cathepsin G cleaves cell surface TβRIII rapidly and in a dose-dependent manner
	3.3.3 Neutrophil elastase cleaves cell surface TβRIII in a dose-dependent manner
	3.3.4 Bound ligand does not interfere with cathepsin G and neutrophil elastase-mediated cleavage
	3.3.5 Activated neutrophils cleave cell surface TβRIII

	3.4 Discussion

	4. Future Directions
	5. Conclusions and Significance
	References
	Biography

