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Abstract

The transforming growth factor β (TGF-β) signaling pathway is a critical regula-

tor of multiple biological processes that are involved in cancer progression, such as

proliferation, migration, invasion and metastasis. TGF-β ligands bind to multiple

high-affinity receptors (TβRI, TβRII, TβRIII), whose expression on the cell sur-

face and subsequent ability to transduce signaling can be modulated by ectodomain

shedding.

TβRIII, also known as betaglycan, is the most abundantly expressed TGF-β re-

ceptor. TβRIII suppresses breast cancer progression through inhibiting migration,

invasion, metastasis and angiogenesis. TβRIII binds TGF-β ligands, with membrane-

bound TβRIII presenting ligand to enhance TGF-β signaling. However, TβRIII

can also undergo ectodomain shedding, releasing soluble TβRIII, which binds and

sequesters ligand to inhibit downstream signaling. To investigate the relative con-

tributions of soluble and membrane-bound TβRIII on TGF-β signaling and breast

cancer biology, here I describe TβRIII mutants with impaired (∆Shed-TβRIII) or

enhanced ectodomain shedding (SS-TβRIII). Relative to wild-type (WT)-TβRIII,

∆Shed-TβRIII increased TGF-β signaling and blocked TβRIII’s ability to inhibit

breast cancer cell migration and invasion. Conversely, SS-TβRIII, which increased

soluble TβRIII production, decreased TGF-β signaling and increased TβRIII-media-

ted inhibition of breast cancer cell migration and invasion.

TβRI is released from the cell surface by a common sheddase of the a disintegrin
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and metalloproteinase (ADAM) family, ADAM17. This shedding event results in a

downregulation of TGF-β signaling. Here, I present evidence that a closely related

protease, ADAM10, may be a novel sheddase for TβRI. A specific ADAM10 inhibitor

was able to increase cell surface expression of TβRI, and decrease levels of circulating

soluble TβRI in vivo. Interestingly, inhibition of ADAM10 concurrently increased

shedding of TβRIII, and was able to alter TGF-β signaling in a TβRIII-dependent

manner.

Together, these studies suggest that ectodomain shedding of TGF-β receptors is

an important determinant for regulation of TGF-β-mediated signaling and biology.
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1

Introduction

1.1 Transforming Growth Factor β Superfamily

The transforming growth factor β (TGF-β) signaling pathway is a critical regulator

of cellular processes including proliferation, differentiation, apoptosis, epithelial-to-

mesenchymal transition (EMT), migration, invasion and extracellular matrix pro-

duction, as well as of physiological functions, including immune responses and angio-

genesis. These myriad effects are executed by a group of over 30 functionally diverse

yet structurally conserved TGF-β superfamily cytokines that consists of the TGF-β,

bone morphogenetic protein (BMP), growth and differentiation factor (GDF) and

activin/inhibin ligand subfamilies. These ligands transduce signals through a family

of high-affinity cell-surface receptors. TGF-β superfamily ligands and cell surface

receptors are ubiquitously expressed, and have crucial roles during development and

tissue homeostasis. However, for these same reasons, aberrant TGF-β signaling is

associated with or results in the pathogenesis of a multitude of diseases, including

cancers.
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1.1.1 Canonical signaling pathway

The TGF-β cytokines were first discovered in 1981, as low-molecular weight se-

creted factors that were able to transform non-neoplastic cells and potentiate their

anchorage-independent growth (Roberts et al., 1981). Since then, we have gained a

wealth of knowledge about the form and functions of these pleiotropic growth fac-

tors. There are three isoforms of TGF-β in vertebrates, TGF-β1, -β2, -β3, encoded

by distinct genes. They are highly conserved in mammals, sharing between 70-80%

homology (ten Dijke et al., 1988). Other superfamily members include the BMPs,

activins/inhibins and GDFs, which, although more distantly related, all share a con-

served cysteine knot motif and dimerization through disulfide bonds. TGF-β1 is the

most well studied superfamily ligand, and the focus of our studies here.

TGF-β ligands signal through heteromeric cell-surface receptor complexes con-

sisting of a type I and type II receptor (Wrana et al., 1992). In addition, a growing

number of TGF-β superfamily co-receptors, including the type III TGF-β receptor

(TβRIII, also known as betaglycan) and endoglin, have been identified that can reg-

ulate and/or mediate signaling in several ways, including ligand presentation to the

type II receptors (Lopez-Casillas et al., 1993). However, the canonical TGF-β sig-

naling cascade begins with ligand binding to the type II TGF-β receptor (TβRII), a

constitutively active serine/threonine kinase, which induces a conformational change

resulting in recruitment and complex formation with the type I TGF-β receptor

(TβRI, also known as ALK5) (Wrana et al., 1994). TβRII can then directly phos-

phorylate TβRI to activate its serine/threonine kinase activity. Activated TβRI

phosphorylates receptor Smads (Smad2 and Smad3), members of the Smad tran-

scription factor family, which can then complex with the common Smad, Smad4,

and translocate to the nucleus to affect gene transcription (Derynck and Zhang,

1996) (Figure 1.1).
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type III receptor. Endoglin is mutated in patients
with hereditary hemorrhagic telangiectasia.

The type I and II receptors contain serine–thre-
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pathways.
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ing their protein kinase activity. The activated type I
receptors phosphorylate Smad2 or Smad3, which then
binds to Smad4. The resulting Smad complex then
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Proliferating cells pass through a cycle divided into
four phases. During the G1 (gap 1) phase, protein and
RNA are synthesized; during the S phase, new DNA
is synthesized; during the G2 (gap 2) phase, the new-
ly duplicated chromosomes condense; and during
the M phase, the cell undergoes mitosis to form two
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 is a potent
inhibitor of cell proliferation. It arrests the cell cycle
in the G1 phase by stimulating production of the cy-
clin-dependent protein kinase inhibitor p15 and by
inhibiting the function or production of essential cell-
cycle regulators, especially the cyclin-dependent pro-
tein kinases 2 and 4 and cyclins A and E (Fig. 2).
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ing uncontrolled proliferation of the cells.

 

Figure 1.

 

 Mechanism of Signal Transduction Mediated by Trans-
forming Growth Factor 

 

b

 

 (TGF-

 

b

 

).
In the extracellular space TGF-

 

b 

 

binds either to the type III TGF-

 

b

 

 receptor (RIII), which presents it to the type II receptor (RII),
or directly to RII on the cell membrane. The binding of TGF-

 

b

 

to RII then leads to binding of the type I receptor (RI) to the
complex and the phosphorylation of RI (as signified by the red
spheres). This phosphorylation activates the RI protein kinase,
which then phosphorylates the transcription factor Smad2 or
Smad3. Phosphorylated Smad2 or Smad3 binds to Smad4, the
common Smad, and the resulting complex moves from the cyto-
plasm into the nucleus. In the nucleus, the Smad complex in-
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Figure 1.1: TGF-β signaling pathway Adapted from (Blobe et al., 2000).
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1.1.2 Regulation of TGF-β signaling

This simplified paradigm belies the true complexity of the signaling pathway. The

diverse range of outcomes of TGF-β signal transduction necessitates numerous levels

of regulation and temporal and spatial context-dependence. Indeed, each step in the

signaling cascade is under regulatory control, from activation of latent pro-ligand to

the interacting Smad cofactors that determine specific target genes.

Activation of latent pro-peptide

TGF-β ligands are produced as pro-peptides, with a large amino-terminal pro-

domain, the latency associated protein (LAP), attached. After protein folding this

pro-domain is cleaved off by a furin protease, but the mature peptide is secreted with

the inhibitory pro-domain still non-covalently associated (Miyazono et al., 1991). An-

other binding protein, latent TGF-β binding protein (LTBP), is also attached, and

targets the complex to the extracellular matrix (ECM). The mature TGF-β must

be activated by removal of LAP and LTBP. Several molecules are capable of acti-

vating TGF-β, including the matrix-metalloproteases MMP2 and MMP9 (Yu and

Stamenkovic, 2000).

Co-receptors control access to the signaling receptors

In most cell types the most abundant TGF-β binding receptor is TβRIII. Despite

having no enzymatic activity in its cytoplasmic domain, this co-receptor can bind

all three isoforms of TGF-β and enhance TGF-β signaling via presentation to the

type II receptor (Lopez-Casillas et al., 1993). TβRIII and its function in TGF-β

signaling will be discussed in great detail in Chapter 1.2. In addition to TβRIII,

other co-receptors regulate TGF-β superfamily ligand signaling. For example, en-

doglin, which is preferentially expressed on endothelial cells, can bind TGF-β1 and

-β3, and several BMPs in conjunction with their respective ligand binding recep-
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tors, and regulate signaling through TβRII, TβRI and ALK1 (Guerrero-Esteo et al.,

2002). In addition, the pseudoreceptor BAMBI (BMP and activin membrane-bound

inhibitor) can dimerize with type I receptors, thus interfering with their activation

(Onichtchouk et al., 1999).

Ligand-receptor complex assembly

There are seven type I receptors, also known as activin receptor-like kinases (ALKs

1-7), and five type II receptors (TβRII, BMPRII, ActRII, ActRIIb and MISRII)

(reviewed in (Shi and Massague, 2003)). These receptors are single membrane pass

serine/threonine kinases that exist on the cell surface as homodimers but upon lig-

and addition form heterotetramers to initiate a phosphorylation cascade that results

in the activation of Smad transcription factors. TGF-β superfamily ligands can be

divided into two main subfamilies, based on the type I receptors that they interact

with and subsequent receptor Smads they phosphorylate and activate. Tradition-

ally, the two groups have been defined as the TGF-β and activin subfamily, which

activate Smads 2 and 3, and the BMP and GDF subfamily, which activate Smads

1, 5 and 8. However, these distinctions have been blurred by the recent definition of

TGF-β-mediated Smad1/5/8 phosphorylation by several groups (Liu et al., 2009b;

Daly et al., 2008). TGF-β ligands interact only with TβRII and TβRI (Wrana et al.,

1992; Radaev et al., 2010), while activin and BMP ligands promiscuously bind mul-

tiple type I and type II receptors (Liu et al., 1995; Groppe et al., 2008). TGF-β and

activin ligands cannot bind to type I receptors without first complexing with type

II receptors, while BMPs can bind directly to type I or type II receptors (Attisano

et al., 1996; Laiho et al., 1991; Liu et al., 1995). These differences in ligand-receptor

complex assembly are another possible mechanism of maintaining signaling speci-

ficity.
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Ectodomain shedding of receptors

Ectodomain shedding is a process in which transmembrane proteins are cleaved,

usually by a member of the metalloproteinase family, and a soluble fragment is

released into the extracellular space. This can be critical for activation of some

ligands, as in the case of TGF-α (Teixido et al., 1990). It can also regulate the

availability of signaling receptors on the cell surface, and create soluble receptors

that antagonize signaling by sequestering ligand from the cell surface receptors. The

previously identified effects of ectodomain shedding of TGF-β receptors on TGF-β

signaling will be discussed at length in Chapter 1.3.3, and novel effects of TGF-β

receptor ectodomain shedding are the focus of Chapters 3 and 4.

Regulation at the level of the Smads

SARA (Smad anchor for receptor activation) is an intracellular protein that interacts

with Smad2 and Smad3 and increases their association with activated type I receptors

(Tsukazaki et al., 1998). Inhibitory Smads, Smad6 and Smad7, can interact with type

I receptors to block access and activation of the receptor Smads, or bind to activated

receptor Smads to prevent association with Smad4 (Nakao et al., 1997; Hata et al.,

1998). Once receptor Smads are activated, they form a complex with the common

Smad, Smad4, and this complex then accumulates in the nucleus where it interacts

with co-activators or co-repressors to regulate transcription of TGF-β superfamily

responsive genes (Kawabata et al., 1998). The multitude of cofactors that Smads are

capable of interacting with allows TGF-β ligand stimulation to activate or repress a

variety of functionally diverse genes at once.

In addition to these regulatory mechanisms, there are still a number of other

mechanisms described, including internalization and degradation of receptors (Finger

et al., 2008a), ubiquitylation and degradation of the Smads (Zhu et al., 1999) and

de-phosphorylation of Smads by cytoplasmic and nuclear phosphatases (Bruce and
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Sapkota, 2012). Each level of control is necessary to ensure that the magnitude

and duration of TGF-β signaling is properly maintained, as inappropriate TGF-β

signaling can have severely detrimental consequences, all the way from the cellular

to the organismal level.

1.1.3 Dichotomous role in cancer progression

In normal epithelia and pre-malignant lesions, the TGF-β signaling pathway func-

tions both to maintain tissue homeostasis and suppress malignant initiation and

progression. However, once transformation has occurred, cancer cells are able to

subvert the actions of TGF-β to promote cancer progression. During malignant pro-

gression, the production of TGF-β ligands in the tumor and stroma often increases.

Most cancers develop resistance to the homeostatic effects of TGF-β, including TGF-

β-induced growth inhibition, and respond instead with increased migration, invasion

and metastatic potential. The exact mechanisms responsible for this dichotomous

role of TGF-β during tumorigenesis have not been completely defined. Alterations in

downstream components of the TGF-β signaling pathway may allow the malignant

cells to disable only the tumor-suppressive effects while retaining the pro-tumorigenic

functions of TGF-β. Indeed, inactivation of key signaling components, including the

type I and type II TGF-β receptors, and of Smad2, 3 and 4 are fairly common in

human cancer (Elliott and Blobe, 2005). In these tumors, stromal cells that retain

intact signaling can still respond to autocrine and paracrine TGF-β stimulation to

increase invasiveness, angiogenesis and metastasis. Another possibility is that acti-

vated oncogenes, such as c-Myc, can potentially override the growth inhibitory effects

of TGF-β. The ‘switch’ could also be the result of global protein expression changes

in the cancer cells, such as those that occur during EMT, that fundamentally change

the transcriptional response to TGF-β ligands.
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TGF-β induced growth inhibition and apoptosis

In non-transformed cells, TGF-β potently inhibits proliferation by inducing G1 cell

cycle arrest. TGF-β mediates growth arrest through several mechanisms, including

induction of the cyclin-dependent kinase (CDK) inhibitors p21Cip1 and p15Ink4b

(Datto et al., 1995; Hannon and Beach, 1994) as well as downregulation of the pro-

proliferative c-Myc oncogene (Alexandrow et al., 1995). However, many cancers

become resistant to these cytostatic effects of TGF-β signaling, often by harboring

mutations in one of the effector molecules for these pathways. TGF-β also induces

apoptosis in response to hyper-proliferative mitogenic signals, such as those that can

exist in pre-cancerous lesions. The mechanisms for the pro-apoptotic effects of TGF-

β are less well established, although several pathways have been described, including

inhibition of signaling by the pro-survival Akt pathway (Valderrama-Carvajal et al.,

2002). Interestingly, TGF-β signaling has also been shown to induce Akt signaling

and survival following apoptotic stimuli in cancer model systems (Gal et al., 2008;

Liu et al., 2012), further evidence of a phenotypic ‘switch’ of TGF-β signaling in

cancers.

TGF-β mediated angiogenesis

During tumor formation, insufficient oxygen and nutrient levels induce angiogenesis,

growth of new blood vessels off of existing vasculature, to connect the fast-growing

tissue to the blood supply. This also provides access of the tumor cells to the blood-

stream, and is a critical step for metastasis. TGF-β is a pro-angiogenic cytokine

in vivo, inducing several angiogenic factors, including vascular endothelial growth

factor (VEGF) (Sanchez-Elsner et al., 2001).
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TGF-β mediated migration and invasion

TGF-β can increase the motility and invasive phenotype of cancer cells by pro-

moting epithelial-mesenchymal transition (EMT). During EMT, cells lose contact

with neighboring cells which can increase mobility. Cells also gain characteristics

of fibroblasts, including increased expression of proteases that are necessary for the

degradation of the extracellular matrix, which is a requisite step in invasion. TGF-β

transcriptionally upregulates the transcription factors Snail and Slug, which leads

to a transdifferentiation program that includes downregulation of the epithelial ad-

hesion molecule E-cadherin and upregulation of mesenchymal markers, including

fibronectin and vimentin (Miettinen et al., 1994; Thuault et al., 2006). TGF-β also

directly induces transcription of the metalloproteinases MMP2, MMP9, ADAM12

and ADAM17 which have been shown to increase invasion in breast cancer, glioblas-

toma and hepatocellular carcinoma (Le Pabic et al., 2003; Lu et al., 2011; Gomes

et al., 2012). Additionally, TβRII can directly phosphorylate Par6, a regulator of

epithelial cell polarity and component of the tight-junction complex, and this phos-

phorylation leads to the dissolution of tight-junctions (Ozdamar et al., 2005). As

motility and invasion are necessary steps for metastasis, these mechanisms could

also contribute to promotion of metastasis by TGF-β.

TGF-β mediated immunosuppression

As TGF-β is an enforcer of immune tolerance, increased TGF-β levels may protect

tumors from immune surveillance. TGF-β controls the proliferation and differen-

tiation of T-cells, promoting a more immunotolerant environment for cancer cell

survival (Li et al., 2006). Our lab recently demonstrated that increased TGF-β sig-

naling in an orthotopic breast cancer system promoted immuno-evasion of the tumor,

by suppressing dendritic cell maturation and thus tumor-antigen specific immune re-

sponses, and that this could be reversed by inhibiting TGF-β signaling with soluble
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TβRIII (Hanks et al., 2013). Similar results have been found in multiple other types

of cancer, suggesting that targeting TGF-β signaling in cancer patients could boost

immune system recognition and destruction of tumor cells.

Many of these processes will be discussed further in the context of TGF-β medi-

ated effects on breast cancer in Chapter 1.4.2.

1.2 The Type III Transforming Growth Factor β Receptor

1.2.1 Structure and function as a co-receptor

Human TβRIII is an 851 amino acid single-pass transmembrane protein with a large

766 amino acid extracellular domain and a 42 amino acid cytoplasmic domain (Wang

et al., 1991). As it was discovered as a TGF-β binding molecule, but contains no

enzymatic activity in its cytoplasmic domain, it was originally classified as an ac-

cessory receptor (Lopez-Casillas et al., 1991). TβRIII has a 23 AA hydrophobic

signal sequence at the amino-terminus targeting it to the membrane, followed by

an orphan domain with sequence similarity only to its homolog in endothelial cells,

endoglin (Lopez-Casillas et al., 1991). The carboxyl-region of the extracellular do-

main has homology with the uromodulin protein, and contains a zona pellucida (ZP)

domain. There are two distinct ligand binding domains, one membrane-distal (BD1)

and one membrane-proximal (BD2), located within the ZP domain (Lopez-Casillas

et al., 1994; Pepin et al., 1995). These two domains are highly structured, and sepa-

rated by an unstructured linker region between AA 380-430 (Mendoza et al., 2009).

There are multiple sites of post-translational glycan modifications (N- and O-linked

glycosylations and two glycosaminoglycan attachment sites at Ser535 and Ser546)

(Lopez-Casillas et al., 1994). TβRIII is cleaved in its juxtamembrane region to re-

lease a ligand-binding soluble fragment. Both soluble and cell-surface TβRIII exist

as non-covalently attached homodimers (Lopez-Casillas et al., 1991; Vilchis-Landeros
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et al., 2001).

TβRIII is the most abundantly expressed TGF-β receptor on most cell types.

TβRIII binds multiple TGF-β superfamily ligands with high affinity, including all

three isoforms of TGF-β; BMP2, 4 and 7; GDF-5 and inhibin through two distinct

binding domains in its core protein (Wrana et al., 1992; Lewis et al., 2000; Kirkbride

et al., 2008), as well as bFGF through its heparan sulfate glycosaminoglycan (GAG)

chains (Andres et al., 1992) (Figure 1.2). As a co-receptor, TGF-β1 and TGF-β3

have a lower affinity for TβRIII than TβRII, which allows the more abundant TβRIII

to present ligand to the downstream signaling receptors and increases ligand binding

to TβRII (Lopez-Casillas et al., 1993). However, TGF-β2 has only a weak affinity

for TβRII, and actually requires TβRIII for active signaling (Stenvers et al., 2003;

De Crescenzo et al., 2006). Inhibin similarly requires TβRIII for binding to the

activin type II receptors (Lewis et al., 2000).

1.2.2 Regulation and role in mediating TGF-β signaling

TβRIII has non-redundant and essential roles in regulating TGF-β superfamily sig-

naling, as evidenced by the embryonic lethal phenotype of TβRIII knockout mice

at day E16.5 (Stenvers et al., 2003). Similar to most aspects of TGF-β signal-

ing, TβRIII’s effects on the canonical signaling pathway are exceptionally context

dependent. TβRIII regulates TGF-β signaling through protein interactions in its

cytoplasmic domain, as well as through its ability to modulate ligand presentation

to type II receptors. Both of these pathways are dependent on cell surface expression

levels of the receptor, which is itself regulated through several mechanisms.

Ectodomain shedding

Membrane-bound TβRIII presents ligand to TβRII to enhance signaling (Lopez-

Casillas et al., 1993). However, TβRIII can also undergo ectodomain shedding,
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Figure 1.2: TβRIII structure TβRIII domain structure showing ligand binding
domains and cytoplasmic domain interacting proteins.

releasing a soluble form that binds ligand in the extracellular space (Lopez-Casillas

et al., 1991), thereby reducing ligand availability to the signaling receptors and in-

hibiting downstream signaling. This topic will be the focus of Chapter 1.3.3.

Internalization

Regulation of TβRIII at the protein level also occurs through internalization and

degradation of the receptor. TβRIII endocytosis is a ligand-independent process,
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that occurs through both clathrin mediated and lipid-raft mediated endocytosis, al-

though preferentially through the latter (Finger et al., 2008a). Interestingly, lipid-raft

associated endocytosis of TβRIII is important for both canonical and non-canonical

signaling, possibly as a function of proper localization of the receptor at the cell sur-

face or a receptor recycling program (Finger et al., 2008a). It is also possible that by

reducing TβRIII endocytosis, there is increased production of soluble TβRIII, which

could inhibit downstream signaling. When a labeled pool of endogenous TβRIII is

tracked, its half-life on the cell surface is „ 17 hours, with a similar time period of

internalization observed for overexpressed TβRIII (Finger et al., 2008a).

Cytoplasmic interactions

TβRIII interacts with GAIP-interacting protein, C-terminus (GIPC) through its C-

terminus PDZ domain (Blobe et al., 2001). This interaction stabilizes TβRIII on

the cell surface, and increases TGF-β responsiveness. Conversely, the cytoplasmic

domain also interacts with the GPCR associating protein, β-arrestin 2 (β-arr2) (Chen

et al., 2003). This interaction is dependent upon phosphorylation of the threonine

residue at amino acid 841 of TβRIII by the type II receptor, and results in subsequent

endocytosis of both TβRIII and TβRII, and a downregulation of TGF-β signaling.

TβRIII has also recently been reported to mediate some non-canonical pathways

that are involved in cross-talk with TGF-β signaling. Most of these interactions

require the cytoplasmic domain of TβRIII, including β-arr2-mediated effects on NF-

κB signaling (You et al., 2009) and Cdc42 activation (Mythreye and Blobe, 2009), as

well as Smad-independent effects on p38/MAPK activation (Santander and Brandan,

2006; Margulis et al., 2008). TRAF6 can interact with TβRIII following phosphory-

lation of Ser829 by TβRI, and this interaction sequesters TβRIII from the activated

TβRII/TβRI signaling complex (Lim et al., 2012).
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Genetic and epigenetic regulation

Several single nucleotide polymorphisms (SNPs) have been discovered in the gene

encoding TβRIII, TGFBR3 (Zippert et al., 2000). Although these SNPs were not

originally associated with any known diseases, recently a polymorphism in the cod-

ing region of TGFBR3 was identified as a potential marker for susceptibility to

hepatitis-B induced hepatocellular carcinoma in East-Asian men (Kim et al., 2011;

Xin et al., 2012). Another mutation was also associated with idiopathic premature

ovarian failure in a cohort of Chinese women (Qin et al., 2012). A frequent chromo-

somal translocation in some sarcomas involves the TGFBR3 gene locus (Antonescu

et al., 2011). Additionally, the chromosomal locus for the TGFBR3 gene, 1p31-32,

is frequently lost in human cancers, and loss of heterozygosity of TGFBR3 has been

reported as a mechanism of reduced TβRIII expression in breast, prostate and lung

cancers (Dong et al., 2007; Turley et al., 2007; Finger et al., 2008b).

In prostate and ovarian cancer cells, treatment with methyltransferase and histone

deacetylase inhibitors increases TβRIII transcript levels (Turley et al., 2007; Hempel

et al., 2007), suggesting that TβRIII is also either directly or indirectly regulated at

the epigenetic level. Interestingly, this phenomenon only occurred in cells with low

endogenous levels of TβRIII, such as those that often occur during cancer progression.

Transcriptional regulation

Transcription of TβRIII is negatively regulated by TGF-β, in a TβRI-dependent

manner. This effect is mediated through the proximal promoter of TβRIII, and

has been demonstrated in multiple cancer cell lines, including breast, ovarian and

oral squamous cell (Hempel et al., 2008; Meng et al., 2011). In a pancreatic cancer

model, TβRIII was transcriptionally repressed during BMP-induced EMT (Gordon

et al., 2008), and BMP2 similarly repressed TβRIII transcription in osteoblasts (Ji

et al., 1999). Treatment of hepatic stellate cells with corticosteroids transcriptionally
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upregulated TβRIII; however, when these cells were induced to transdifferentiate to

a myofibroblast phenotype, TβRIII mRNA was reduced (Wickert et al., 2004).

1.2.3 Role in cancer progression

TβRIII has been implicated as a tumor suppressor in breast, kidney, lung, prostate,

ovarian, hematologic, oral squamous cell and pancreatic cancers (Dong et al., 2007;

Cooper et al., 2010; Finger et al., 2008b; Turley et al., 2007; Hempel et al., 2007;

Lambert et al., 2011; Meng et al., 2011; Gordon et al., 2008). In each of these cancers,

TβRIII levels are reduced compared to normal tissue samples. Functionally, TβRIII

can regulate a number of cancer-associated biologies, as discussed below.

Migration, invasion, EMT and metastasis

Metastasis is the final stage of a cancer’s progression, and is responsible for 90%

of the mortality associated with solid tumors (Gupta and Massague, 2006). The

metastatic cascade involves a series of events that endow epithelial-derived tumor

cells with properties that enable them to: lose adherence and invade locally into the

extracellular matrix (ECM), intravasate into blood vessels, survive transport through

the vasculature and lymph systems, arrest at distant organ sites, extravasate into

the new tissue, survive in a novel microenvironment to form a micrometastasis, and

ultimately recolonize a macroscopic tumor at the new site.

TβRIII is an important regulator of the critical first step of this process, in-

creased cell motility and invasiveness. Restoring TβRIII expression in cancer cell

lines with reduced levels has been shown to inhibit in vitro migration and invasion

in breast, lung, pancreatic, ovarian and prostate cancer model systems (Dong et al.,

2007; Lee et al., 2010; You et al., 2009; Finger et al., 2008b; Gordon et al., 2008;

Hempel et al., 2007; Turley et al., 2007; Bandyopadhyay et al., 2005). When TβRIII

overexpressing cells were grown in a murine mouse model of breast cancer, these cells
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exhibited decreased metastatic potential (Dong et al., 2007). Treating MDA-MB-231

or MDA-MB-435 orthotopic breast cancer xenografts systemically or intratumorally

with recombinant soluble TβRIII reduced spontaneous metastasis (Bandyopadhyay

et al., 2002a,b), suggesting that soluble TβRIII alone can mediate some, if not all, of

the inhibitory effects of TβRIII in vivo. This was also seen in vitro, where treating

breast or lung cancer cells with conditioned media from COS7 cells overexpressing

TβRIII reduced migration and invasion to a similar degree as overexpression of the

full-length receptor (Dong et al., 2007; Finger et al., 2008b). Mechanistically, treating

prostate cancer cells in vitro or prostate tumor xenografts with soluble TβRIII re-

duced both basal and TGF-β-induced MMP9 activity (Bandyopadhyay et al., 2005).

In ovarian cancer cells, TβRIII also reduced motility and invasiveness in an MMP-

dependent manner, by enhancing the ability of inhibin to repress MMPs at both the

transcript and protein level (Hempel et al., 2007).

As TGF-β signaling is one of the key drivers of epithelial-mesenchymal transition

(EMT), which is necessary for many of the steps of the metastatic cascade, TβRIII

can also affect this process. In a pancreatic cancer model system, TβRIII levels were

reduced when cells underwent EMT (Gordon et al., 2008). When TβRIII expression

was forced in these cells, the cells still underwent EMT, but had reduced motility and

invasion associated with it (Gordon et al., 2008). Interestingly, despite a decrease

in the total amount of TβRIII, EMT was associated with increased ectodomain

shedding of TβRIII (Gordon et al., 2008). During development, TβRIII is required

for the TGF-β2 and BMP2-induced EMT of endocardial cells that is necessary for

heart valve formation, and this defect is a contributing factor for the embryonic

lethality of TβRIII knock-out mice (Townsend et al., 2012).
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Proliferation and cell growth

In non-transformed adult tissues one of the predominant consequences of TGF-β

signaling is growth inhibition, as discussed in Chapter 1.1.3. In cancer the effects of

TGF-β on proliferation and cell growth are less well defined, as in many cases cancer

cells become resistant to the cytostatic effects of TGF-β. Possibly for this reason

the effects of TβRIII on proliferation are also highly context dependent. In some

studies overexpression of TβRIII had no effect on in vitro proliferation of human

cancer cell lines, including lung, breast and colon (Bandyopadhyay et al., 2002b;

Finger et al., 2008b). However, when these same cell lines were xenografted into

mice, primary tumor formation was delayed or tumors were smaller, suggesting that

there could be effects on in vivo growth (Bandyopadhyay et al., 2002b; Finger et al.,

2008b). Other reports in breast and ovarian cancer have similarly found no effect

of TβRIII on proliferation in vitro (Dong et al., 2007; Hempel et al., 2007), and

Dong et al. further showed no difference in primary tumor growth or proliferation as

determined by PCNA staining in a murine breast cancer model. Still, several other

in vivo systems have identified a possible role for TβRIII in proliferation of breast

cancer cells. MDA-MB-231 cells overexpressing TβRIII had a lower tumor incidence

and formed smaller tumors when injected into mice (Sun and Chen, 1997). Similarly,

treating already formed MDA-MB-231 xenografts with a recombinant soluble TβRIII

reduced tumor volume (Bandyopadhyay et al., 2002a). Soluble TβRIII was also able

to reduce prostate tumor growth (Bandyopadhyay et al., 2005). TβRIII-mediated

effects on proliferation are not limited to carcinomas, as overexpression of TβRIII

was also found to reduce proliferation and cell growth of multiple myeloma cells via

ligand-independent induction of p21 and p27 (Lambert et al., 2011).
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Apoptosis

There are fewer reports about the role of TβRIII in regulating apoptosis of cancer

cells. As several groups reported no change in either in vitro or in vivo apopto-

sis of TβRIII overexpressing cells (Lambert et al., 2011; Dong et al., 2007), it is

possible that others have similarly looked and did not identify any effects, and there-

fore did not publish those findings. However, there are two studies which identi-

fied a role specifically for soluble TβRIII in mediating apoptosis and cell survival.

Prostate tumors treated with soluble TβRIII had higher levels of intratumoral apop-

tosis (Bandyopadhyay et al., 2005), and MDA-MB-231 breast cancer cells had higher

levels of apoptosis both in vitro and in vivo following soluble TβRIII treatment (Lei

et al., 2002).

Adhesion

Cell-cell and cell-matrix adhesion are both altered during cancer progression. Loss of

cell-cell adhesion is a hallmark of EMT, a TGF-β driven process. In myeloma cells,

TβRIII overexpression increased cell-cell homotypic adhesion of the myeloma cells,

but reduced heterotypic adhesion to stromal cells (Lambert et al., 2011). Our lab

recently demonstrated that TβRIII promotes epithelial cell adhesion to fibronectin

in a TGF-β-independent manner (Mythreye et al., 2013). This effect depends on

β-arr2 association with TβRIII and is mediated by integrin α5β1 (Mythreye et al.,

2013). Additionally, having high TβRIII expression is a positive predictor of patient

outcome in breast cancer patients, and high TβRIII expression is associated with

high levels of α5β1 integrin at sites of cell-cell adhesion (Mythreye et al., 2013).

Angiogenesis

Angiogenesis is one of the hallmarks of cancer. Cancer cells secrete factors that

activate an ‘angiogenic switch’, prompting endothelial cells to continuously sprout
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new vasculature, thus providing oxygen and nutrients to the growing tumor. Soluble

TβRIII can inhibit this critical process of tumor progression. Breast and prostate

cancer xenografts treated with soluble TβRIII had reduced angiogenesis, as measured

by CD31 staining or tumor blood volume (Bandyopadhyay et al., 2002b,a, 2005). A

murine breast cancer model with cells overexpressing TβRIII exhibited a similar

phenotype, suggesting that soluble TβRIII produced endogenously can also inhibit

angiogenesis (Dong et al., 2007).

1.3 Ectodomain Shedding

Ectodomain shedding is a proteolytic cleavage that releases a solubilized extracel-

lular domain from transmembrane proteins. This is a common process that affects

2-4% of transmembrane proteins. A diverse range of protein types are substrates for

shedding, including many components of cell signaling pathways, such as transmem-

brane cytokines and growth factors, membrane receptors and adhesion molecules.

Solubilization can lead to activation or inactivation of the cleaved substrate, and in

this way ectodomain shedding can mediate autocrine, juxtacrine and/or paracrine

signaling, enabling this process to regulate a plethora of key cellular biologies.

1.3.1 Mechanisms of shedding

Ectodomain shedding happens at or near the cell surface, and can occur basally or

can be induced by a number of stimuli. Common activators of ectodomain shedding

include phorbol esters and other protein kinase C (PKC) activating agents (Jung

and Dailey, 1990), and activation of growth factor signaling pathways, whose effects

are often mediated by PKC (Baselga et al., 1996; Gechtman et al., 1999; Killock and

Ivetic, 2010). Indirectly, cellular insults including inflammation (Yabkowitz et al.,

1999; Jones et al., 1999) and UV irradiation (Seo et al., 2007; Singh et al., 2009) can

also stimulate ectodomain shedding through activation of growth factor pathways.
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The tyrosine phosphatase inhibitor pervanadate can also induce shedding of HER2,

as well as TβRIII (Codony-Servat et al., 1999; Velasco-Loyden et al., 2004).

Extracellular proteases include two families of metzincins, the matrix metallo-

proteinases (MMPs) and a disintegrin and metalloproteinases (ADAMs). Together,

MMPs and ADAMs are responsible for the majority of ectodomain shedding. MMPs

and ADAMs cleave substrates through a similar mechanism involving activation of

an active-site bound water molecule by a Zn2` ion at a conserved zinc-binding motif,

and are thus referred to as zinc-dependent metalloproteinases (Bode et al., 1993).

Currently, 13 catalytically active ADAMs and 23 MMPs have been identified in hu-

mans. While these all share homology in their catalytic domain, distinctions in the

non-catalytic domains often determine substrate specificity, although there is broad

overlap of some substrates. Substrate specificity between sheddases can be medi-

ated by recognition of unique conserved protease consensus sequences or structural

elements within the substrates’ juxtamembrane regions. Other factors that control

substrate specificity include distinct cell- and tissue-type expression, and localiza-

tion within the plasma membrane. For example, while most MMPs are secreted

molecules that act in the extracellular space, some are membrane-bound and are

active on the cell surface, the membrane-type MMPs (MT-MMPs). Conversely, al-

though all ADAMs are transmembrane proteins, several splice variants of specific

family members have been identified that lack the transmembrane and cytoplasmic

domain and are secreted (Gilpin et al., 1998).

Activity of sheddases can also be regulated by interacting factors. MMPs and

ADAMs are both produced as zymogens, and must have their prodomain proteolyt-

ically removed in order to become enzymatically active. Furin and PC7 convertases

constitutively remove the prodomain during secretory transport through the Golgi

network, although there are some reports that this process, or an autocatalytic ac-

tivation, may also be utilized as a regulatory step (Lopez-Perez et al., 2001; Schlo-
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PDIA6 or P5) may modulate the status of the tumour 
cell antigen MICA to promote its accessibility for 
proteolysis79, and this could be a general mechanism  
for the numerous disulphide-bonded ADAM sub-
strates. ARTS1 (also known as ERAP1) is thought to 
potentiate the ADAM-shedding activity of TNFRI, 
IL6R and the type II IL1 decoy receptor by bind-
ing to the substrate78,80, and nardilysin (N-arginine  
dibasic convertase; NRDc) specifically binds HBEGF 
and enhances its shedding by ADAM17 (REF. 81). 
However, nardilysin also formed a complex with 
ADAM17. Nardilysin increased ADAM17 cleavage in 
an HBEGF peptide cleavage assay, indicating that the 
interaction with nardilysin potentiates the catalytic 
activity of ADAM17. The metalloendopeptidase activ-
ity of nardilysin was not required for the enhancement 
of HBEGF shedding81.

Intracellular regulation of substrate availability is also 
likely: calmodulin and moesin regulate ADAM17 cleav-
age of L-selectin by interactions with the L-selectin cyto-
plasmic domain78. Integrins have been shown to bind 
to many ADAMs (FIG. 4b), so cell adhesion and specific 
ECM components and/or integrins might be involved 
in ADAM regulation. Cell spreading on fibronectin has 
been shown to enhance HBEGF shedding by phorbol 
ester-stimulated cells82. Localization of both ADAMs and 
their substrates in lipid rafts has received considerable 
attention78: this could be orchestrated by proteins like 
the tetraspanins but no clear picture has yet emerged. 
The direct association between the tetraspanin CD9, 
HBEGF and ADAM10 has been shown in bombesin-
stimulated COS7 cells83, and ADAM10 is associated with 
CD9 and other tetraspanins in colon cancer cells84. The 
ephrin receptors, which have tumour suppressor activ-
ity in colorectal cancer85 and also regulate angiogenesis, 
are thought to guide the path of migrating cells and also 
facilitate contact and communication between neigh-
bouring cell populations, in particular at epithelial–
mesenchymal boundaries in tumorigenesis86 (FIG. 3b). 
ADAM10 is regulated in a novel fashion, in that it is con-
stitutively associated with ephrin A3 receptor (EPHA3), 
and the subsequent formation of a functional EPHA3–
ephrin A5 complex creates a new molecular recognition 
motif for the ADAM10 cysteine-rich domain to reposi-
tion the proteinase domain for effective ephrin A5 cleav-
age. This cleavage occurs in trans, with ADAM10 and its 
substrate being on the membranes of opposing cells, and 
is a sophisticated mechanism for regulating ADAM10-
mediated ephrin receptor proteolysis, which ensures 
that only ephrin-bound ephrin receptors are recognized 
and cleaved87. On the other hand, a different method of 
regulation of shedding occurs for the Notch receptor, 
which is activated by binding to its ligands, Delta-like 1 
or jagged 1, in trans. Ligand endocytosis is then thought 
to produce Notch modifications that expose the juxta-
membrane stalk region to allow cleavage by ADAM10 
or ADAM17 (REF. 88).

GPCRs and EGFR. One of the most exciting develop-
ments has been the discovery that ADAMs are regulated 
by G-protein-coupled receptors (GPCRs) and hence act 

Figure 3 | Shedding and RIPping. a | The proteolytic ADAMs (a disintegrin and 
metalloproteinase) cleave a large number of transmembrane proteins, generally at a stalk 
region close to the plasma membrane. This solubilizes and detaches a part of each target 
from its intracellular connections, and is termed ‘shedding’. The soluble product may 
have paracrine, juxtacrine or even autocrine functions32. ADAM10 and ADAM17 are also 
known as -secretases in the context of amyloid precursor protein (APP) shedding14. 
Shedding of APP and other transmembrane proteins leaves a membrane-associated  
stub with an intact cytoplasmic domain. This can be processed by an intramembrane 
cleavage (regulated intramembrane proteolysis (RIPping)) by the -secretase activity of 
the presenilin complex. The fragment is recognized by the nicastrin component of this 
complex, which transfers the cleaved stub to the active site of the other members of  
the complex: presenilin, PEN2 and APH1A55. It is not known whether all membrane 
proteins that are shed by ADAMs become -secretase substrates, but it seems that 
shedding of the ectodomain of substrates by ADAMs facilitates the RIPping function of 
the -secretase complex55. However, the released products can be transmitted to the 
nucleus and can modify diverse activities including the determination of cell fate (Notch 
and Jagged), cell–cell adhesion (E-cadherin and N-cadherin), neurotrophin signalling 
(nerve growth factor (NGF) receptor) and growth factor signalling (ERBB4). Nuclear 
signalling roles have not been established for the -secretase cleavage products of some 
substrates, including APP, and it has been suggested that these are subjected  
to proteasomal degradation55,73. b | The transmembrane substrates cleaved by the 
proteolytic ADAMs are varied and a major question is how a specific ADAM–substrate 
partnership is effected. Cleavage and release of cytokines such as tumour necrosis 
factor-  (TNF , by ADAM17), chemokines such as CX3CL1 (REF. 38), or the epidermal 
growth factor receptor ligands (by ADAM9, ADAM10, ADAM12, ADAM17 or ADAM19)32 
is fast, as is that of cell adhesion molecules such as CD44, L-selectin and others  
(by ADAM10 or ADAM17)39,81, allowing a rapid means of modulating cellular activity.  
The same ADAMs can cleave many growth factor and cytokine receptors, including the 
TNF receptor I (TNFRI) and TNFRII, the Erbb receptors, interleukin 6 receptor (IL6R) and 
hepatocyte growth factor receptor. It is possible that these exist as oligomers at the cell 
surface that also regulate cleavage rates. The relationship of this mode of receptor 
downregulation relative to an endocytic route is yet to be ascertained. ADAM10- or 
ADAM17-mediated cleavage of the Notch receptor in cis appears to require its binding 
to either Delta or Jagged ligands in trans88, whereas ADAM10 is prebound to the receptor 
EPHA3 and cleaves the stalk region of its glycosylphosphatidylinositol-anchored ligand 
ephrin A5, bound in trans87. HBEGF, heparin binding EGF-like growth factor; IGF1R, 
insulin-like growth factor 1 receptor; TGF , transforming growth factor ; TRAIL, 
TNF-related apoptosis-inducing ligand. 
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Figure 1.3: Ectodomain shedding Adapted from (Murphy, 2008).

mann et al., 2002; Endres et al., 2003). Further, the enzymatic activity of specific

MMPs and ADAMs can be inhibited by different members of the endogenous pro-

tein families known as tissue inhibitors of metalloproteinases (TIMPs) and reversion

inducing cysteine-rich protein with Kazal motifs (RECKs) (summarized in (Baker

et al., 2002)). Many of these processes will be discussed in more detail in relation to

the ADAM family of proteases specifically in the following section.

MMPs and ADAMs are sometimes referred to as α-secretases, as following ecto-

domain shedding, a secondary cleavage often occurs in a process known as regulated

intra-membrane proteolysis, or RIPing. This cleavage event takes place within the

cell membrane by a presenilin-containing γ-secretase complex, and results in the

release of the intracellular domain (ICD) into the cytosol. The released ICDs can

then either be proteasomally degraded, or in many cases can enter the nucleus and act

as signaling molecules, altering gene transcription (Brown et al., 2000) (Figure 1.3).
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CAM) and selectins41, among others. Proteolysis of 
E-cadherin and the subsequent activation of -catenin 
are features of epithelial–mesenchymal transition, 
which occurs when cell adhesions are lost and the 
process of cell migration begins. Hence, the shedding 
of E-cadherin by ADAM10 modulates the subcellular 
localization of -catenin and downstream signalling to 
cyclin D1, enhancing cell proliferation42.

Interestingly in terms of cancer, ligands of the acti-
vating natural killer cell receptor, NKG2D, including 
the tumour-associated major histocompatibility com-
plex class 1 related proteins MICA and MICB, may be 
shed by ADAM17 (REF. 43). This loss of an immuno-
genic signal is thought to promote resistance to cancer 
by inducing internalization and degradation of NKG2D 
and stimulation of populations of T cells with negative 
regulatory functions. During apoptosis, cells shed many 

of their surface proteins and it is clear that ADAMs have a  
significant role in this activity35,44. For example, ADAM10 
activity at the tumour cell surface or within shed vesicles 
is responsible for the solubilization of membrane cofac-
tor protein CD46, which controls complement activation 
on cells and modulates immune responses by affect-
ing CD8+ T cells, hence downregulating local immune 
responses44.

ERBB regulation. The Erbb family of receptor tyrosine 
kinases are important regulators of cell fate and have 
been intensely studied and targeted in breast and other 
cancers45,46. ADAM17 is a major sheddase for the EGFR 
and other Erbb receptor ligands, including the proforms 
of heparin-binding EGF-like growth factor (HBEGF), 
transforming growth factor-  (TGF ), amphiregulin 
and epiregulin32. Studies of mice in which the catalytic 
domain of ADAM17 has been ablated indicate simi-
larities to an Egfr–/– phenotype and the analysis of iso-
lated Adam17–/– embryonic fibroblasts have shown that 
ADAM17 is a major regulator of EGFR signalling32. This 
has implications for many cancers in which signalling 
from EGFR affects cell proliferation and the migra-
tion both of tumour cells and stromal cells. In addition, 
ADAM10 can release soluble EGFR ligands that also 
occur in tumours, such as -cellulin and EGF32,47.

Recent studies have shown that increases in the  
levels of Erbb receptor ligands may abrogate the effec-
tiveness of inhibitors of their intracellular signalling; 
hence, the development of ADAM inhibitors is an area 
of preclinical activity48,49. ADAM-mediated proteo-
lysis of other Erbb receptors has also been described 
in human tumour cell lines, with implications for their 
signalling activities46,48–50. Studies of serum from cancer 
patients have also found proteolysed soluble forms of 
the Erbb receptors51. Detection of soluble ERBB2 has 
been correlated with poor prognosis for breast cancer 
patients and several studies have suggested that cleavage 
of ERBB2 activates the membrane-bound portion into 
a constitutively active kinase. Furthermore, the soluble, 
or shed, part of the molecule could neutralize thera-
peutic anti-ERBB2 antibodies. For example, Liu et al. 
found that an inhibitor of ADAM10, which was more 
effective than an ADAM17 inhibitor, inhibited ERBB2 
solubilization and potentiated the activity of low-dose 
trastuzumab (an ERBB2 antibody) in vitro50.

Biochemical studies had indicated that a number  
of the proteolytic ADAMs could act as the sheddases of 
Erbb ligands. Both loss-of-function studies and the com-
plementary gain-of-function studies in mice with spe-
cific Adam gene ablations and cells derived from them 
were used to resolve the question of which ADAMs 
may be cleaving which ligands in vivo. Distinct roles for 
ADAM10 and ADAM17 in the shedding of different  
ligands were mapped out, according to the stimulus and 
the cell type52. Gain-of-function studies showed that  
several proteolytic ADAMs have varying abilities to 
release EGFR ligands52. As many of these ADAMs appear 
to be expressed in cancers we can surmise that they could 
contribute to Erbb signalling, with consequences for cell 
proliferation, viability and many other effects45. Future 

Figure 2 | Schematic diagram of the domain structure of the Adam (a disintegrin 
and metalloproteinase) family. The Adam family of transmembrane proteins is defined 
by a distinct domain structure. A large amino-terminal propeptide (PRO) that has a role 
in initial protein folding also keeps the catalytic activity in check during intracellular 
trafficking60. Although cleavage of the propeptide from the metalloproteinase domain by 
furin-like enzymes occurs in the Golgi or later in the secretory pathway, it seems that the 
propeptide may remain bound within the catalytic cleft (metalloproteinase domain 
(MP)), requiring displacement and acting as a further level of regulation113. Three distinct 
regions carboxy-terminal to the catalytic domain (disintegrin domain (DIS), disulphide 
bonded to a cysteine-rich region (CR) often containing an epidermal growth factor-like 
repeat (EGF)) constitute the remainder of the Adam ectodomain. From structural data for 
the closely related snake venom haemorrhagins114 and for isolated domains of ADAM10 
(REF. 115) it appears that the DIS and CR domains form a disulphide bonded entity 
exposing a hypervariable region (HVR) in the CR domain that is likely to be a major 
interaction site with other molecules, including substrates116,117. Many studies have 
shown ADAMs to have integrin-binding activity, which was attributed to the DIS domain, 
but the haemorrhagin structures show that the putative disintegrin loop is packed 
against a subdomain of the CR and would be inaccessible for protein binding, unless 
significant conformational changes can occur that are not represented in the crystal 
structure114. Nevertheless, integrin interactions are clearly of some importance for Adam 
biology, but are outside the scope of this article. The crystal structures indicate that the 
Adam ectodomains are C-shaped with the catalytic site and the HVR juxtaposed. 
Preliminary studies using chimaeras of different domains from different ADAMs do imply 
that these extra-catalytic regions might confer specificity to an individual ADAM and 
could form the basis for studies of more targeted inhibitors than has been achieved with 
catalytic domain interactants118. CD, cytoplasmic domain; TM, transmembrane domain.
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Figure 1.4: Domain structure of the ADAMs Adapted from (Murphy, 2008).

1.3.2 The ADAM family of sheddases

To date, there are over 40 known ADAM family members in the mammalian genome,

with 22 identified in humans, of which 13 are proteolytically active enzymes (Duffy

et al., 2011). ADAMs were initially discovered in 1992 and hypothesized to have

proteolytic activity shortly after when it was determined that they share a conserved

zinc-binding consensus sequence with other metalloproteinases (Blobel et al., 1992;

Bode et al., 1993). This was proven in 1997 when it was discovered that ADAM17

(also known as TNF-α converting enzyme (TACE)) was responsible for release of

TNF-α (Moss et al., 1997). Over the last 20 years, our knowledge of this criti-

cal family of sheddases has exploded, and we now know that they are involved in

processing widely disparate substrates including TNF-α, APP, Notch, collagen, cad-

herins, EGF, FGFR, CD44 and HER2, and are thus essential in processes ranging

from development, differentiation, inflammation, adhesion, Alzheimer’s disease, car-

diovascular disease and a number of cancers (reviewed in (Weber and Saftig, 2012)).
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Domain structure

ADAMs have an N-terminal signal sequence targeting them to the membrane, fol-

lowed by a large prodomain, the catalytic metalloproteinase domain, the disintegrin

domain, a hypervariable region consisting of a cysteine-rich domain and EGF-repeat

domain, a transmembrane domain, and a short cytoplasmic domain (Figure 1.4). The

prodomain is necessary for proper protein folding and transport, and then acts as an

inhibitory domain that must be removed for the enzyme to become active (Schlon-

dorff et al., 2000). The catalytic domain is highly conserved between ADAM family

members and contains a conserved metalloproteinase HExxHxxGxxH zinc-binding

motif and catalytic cleft (Bode et al., 1993; Maskos et al., 1998). The disintegrin

domain is able to bind integrins, although the importance of this interaction remains

to be fully elucidated (Blobel and White, 1992). The hypervariable region containing

the cysteine-rich domain and EGF-repeat region is the least conserved across family

members, and is hypothesized to be the domain responsible for substrate recogni-

tion and specificity. The crystal structure of ADAMs reveals that they are C-shaped

molecules (Figure 1.4), with the hypervariable region adjacent to the catalytic region

(Takeda et al., 2006). As most substrates are cleaved just proximal to the membrane,

this C-terminal extracellular domain resides in an ideal location to recognize and in-

teract with specific substrates, inducing subsequent cleavage by the catalytic domain

(Janes et al., 2005). The cytoplasmic domains of ADAM family members are highly

variable in length and sequence, as well as ability to bind cytosolic proteins, indicat-

ing that this region may play an important role in regulation or activity of ADAMs

(reviewed in (Edwards et al., 2008)).

ADAM10

ADAM10 is one of the most well-studied ADAM family members. It is highly ho-

mologous to ADAM17, and they share many overlapping substrates, including APP,
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Notch-1, collagen XVII, IL-6, CD30 and CD44 (Brou et al., 2000; Buxbaum et al.,

1998; Eichenauer et al., 2007; Franzke et al., 2002; Hansen et al., 2000; Matthews

et al., 2003; Nagano et al., 2004; Postina et al., 2004). Other substrates for ADAM10

include CD23, E-cadherin, N-cadherin, EGF, Fas-L and HER2 (Liu et al., 2006;

Schulte et al., 2007; Maretzky et al., 2005; Sahin et al., 2004; Weskamp et al., 2006;

Reiss et al., 2005). ADAM10 knock-out mice are not viable, dying around day E9.5,

with defects in the central nervous system and cardiovascular system (Hartmann

et al., 2002). Therefore, physiological substrates of ADAM10 have been investigated

using tissue-specific or inducible knock-out mouse models. These models have sug-

gested an important physiological role for ADAM10 in B- and T-cell development

(Gibb et al., 2010; Tian et al., 2008), inflammation (Abel et al., 2004), Alzheimer’s

disease (Postina et al., 2004), angiogenesis (Glomski et al., 2011), and autoimmune

regulation (Gibb et al., 2011). Additionally, aberrant ADAM10 activity is associated

with many cancer types. ADAM10 is overexpressed in hematological malignancies

(Wu et al., 1997), as well as prostate, hepatocellular, colon and ovarian cancers (Mc-

Culloch et al., 2004; Yang et al., 2012; Gavert et al., 2007; Riedle et al., 2009). In ad-

dition to being overexpressed, the localization of ADAM10 is altered in prostate can-

cer. Immunohistochemical staining of prostate cancer specimens showed ADAM10

translocated to the nucleus, while this staining was absent in normal prostate or be-

nign prostate hypertrophy, both of which showed strong ADAM10 staining only on

the cell surface (Arima et al., 2007). In hepatocellular carcinoma (HCC), ADAM10

activity confers chemoresistance against doxorubicin-induced apoptosis, mediated

through activation of the PI3K/Akt pathway (Yang et al., 2012). As ADAM10 also

mediates inflammatory pathways, and chronic inflammation can contribute to liver

carcinogenesis (Idilman et al., 1998), ADAM10 activity may be involved in the initia-

tion of HCC or other cancers. The role of ADAM10 in breast cancer will be discussed

in Chapter 1.4.3.
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1.3.3 Shedding of TGF-β superfamily receptors

Since its discovery and characterization, TβRIII has been known to undergo ectodo-

main shedding (Lopez-Casillas et al., 1991). Soluble TβRIII can be found in condi-

tioned media from cell cultures as well as serum and extracellular matrices, so TβRIII

ectodomain shedding is a physiological process (Andres et al., 1989). Still, the mech-

anisms regulating ectodomain shedding and generation of soluble TβRIII remain

mostly undefined. TβRIII release is unaffected by PMA, calcium ionophores and

other factors that induce cleavage of canonical transmembrane shedding substrates

(Arribas et al., 1997), although it can be reduced with the pan-metalloproteinase

inhibitors BB-94 and TAPI-2 (Velasco-Loyden et al., 2004). In normal lung mem-

branes, TβRIII shedding was inhibited by TGF-β stimulation (Philip et al., 1999),

although in pancreatic cancer cells, soluble TβRIII levels were increased by TGF-β

(Gordon et al., 2008), suggesting that TβRIII ectodomain shedding is a context-

dependent process that may be aberrantly regulated during cancer progression.

Velasco-Loyden et al. also reported that production of a novel soluble fragment of

betaglycan (sBG-90, a lower molecular weight product) could be induced by pervana-

date, and that this TβRIII shedding event could be increased with overexpression

of MT1-MMP and MT3-MMP, suggesting that these sheddases may play a role in

soluble TβRIII production. However, whether these are the sheddases involved in

the endogenous production of full-length soluble TβRIII that is capable of binding

ligand is still unknown. MT1-MMP, also known as MMP-14, can cleave endoglin,

the type III receptor most abundantly expressed in endothelial cells, so it is a likely

candidate for a TβRIII sheddase (Hawinkels et al., 2010).

Functionally, soluble TβRIII antagonizes TGF-β signaling, and as summarized in

Chapter 1.2.3, is critical for many of the TβRIII-mediated effects on TGF-β signaling

and cancer biology. While the role of soluble TβRIII can be investigated by the
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addition of recombinant soluble TβRIII, it has been more difficult to delineate the

discrete functions of cell-surface TβRIII, or the relative contribution of cell-surface

TβRIII and soluble TβRIII to signaling and biology. Disentangling the differential

roles of soluble and membrane-bound TβRIII is the focus of the work shown here in

Chapter 3.

It was very recently reported that HTRA1, a serine protease long known to in-

hibit TGF-β signaling, could cleave both the type II and type III TGF-β receptors

(Graham et al., 2013). This group showed that a labeled pool of cell-surface TβRIII

and TβRII, but not TβRI, was decreased with exogenous HTRA1 protease treat-

ment. Although HTRA1 is capable of reducing TGF-β responsiveness, it is still

unknown whether the soluble fragments produced by HTRA1 cleavage are capable

of binding ligand and inhibiting downstream signaling through sequestration, or if

decreased TGF-β signaling is mediated solely through the loss of cell-surface expres-

sion, or through another mechanism entirely. However, this recent report is the first

evidence of an endogenous cleavage of TβRII, and opens an exciting area of study

of the role of TβRII ectodomain shedding and its effects on TGF-β signaling.

Ectodomain shedding of TβRI was also recently defined. ADAM17 (also known

as TACE) cleaves TβRI, resulting in decreased TGF-β responsiveness. Activation

of the Erk-MAPK pathway induces TACE-mediated cleavage of TβRI, and inhibit-

ing TACE activity and expression results in increased cell-surface levels of TβRI,

and a corresponding increase in TGF-β-mediated Smad3 and Akt activation (Liu

et al., 2009a). Further, this activity of TACE was found to be PKC-dependent, and

regulated by the association of TRAF6, a ubiquitin ligase, with TβRI (Mu et al.,

2011). TRAF6-induced TACE cleavage of TβRI results in the release of the TβRI

intracellular domain (ICD) by a secondary γ-secretase cleavage event. The TβRI-

ICD then accumulates in the nucleus, and regulates transcription via an interaction

with the transcriptional cofactor, p300 (Mu et al., 2011). This TβRI-ICD/p300-
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mediated transcription results in the increased expression of Snail and MMP2, both

important in EMT-mediated migration and invasion of cancer cells. Indeed, in vitro

TβRI-ICD nuclear accumulation was observed in prostate, breast and lung cancer

cell lines, but not in normal prostate cells, and importantly TβRI-ICD nuclear accu-

mulation could be detected in prostate, renal and bladder cancer patient specimens

(Mu et al., 2011). TβRIII was also recently found to be a substrate for γ-secretase

cleavage, dependent upon prior ectodomain shedding (Blair et al., 2011). However,

the fate of the TβRIII-ICD and whether it is involved in transcriptional regulation

is still unknown.

1.4 Breast Cancer

1.4.1 Incidence and progression

Breast cancer is the most common malignancy and the second most common cause

of cancer related death in females living in the United States. In 2012 there were

an estimated 227,000 new cases and almost 40,000 deaths associated with breast

cancer (Siegel et al., 2012), and approximately 1 out of 8 females will develop the

disease in their lifetime. Despite newer detection techniques and improved therapies,

10-25% of patients currently diagnosed will not survive 5 years (Siegel et al., 2012).

An increased understanding of the molecular mechanisms underlying mammary car-

cinogenesis is necessary to develop more successful targeted therapies.

1.4.2 Role of the TGF-β superfamily

TGF-β signaling is involved in mediating practically every aspect of cancer biology.

Here, I will focus on an overview of specific roles of canonical TGF-β signaling that

have been elucidated in breast cancer biology and are relevant to the work presented

in Chapters 3 and 4.
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Alterations in TGF-β signaling pathway components

In human breast cancers, TGF-β levels are frequently elevated and correlate with a

poor patient prognosis (Gorsch et al., 1992; Ghellal et al., 2000). However, most hu-

man breast cancers become resistant to the antiproliferative effects of TGF-β, despite

a typically intact core signaling pathway (Walker and Dearing, 1992). Mutations in

the receptor Smads and Smad4 are rare, but have been documented (Tram et al.,

2011). The type II receptor is also very rarely mutated in breast cancer, although

inactivating mutations in its kinase domain have been found. Interestingly, these mu-

tations were found only in recurrent breast tumors and not primary tumors (Lucke

et al., 2001). TβRII is frequently downregulated in invasive breast cancers, and levels

of TβRII are inversely correlated with tumor grade (Gobbi et al., 2000). The type III

TGF-β receptor is also frequently lost during breast cancer progression, and this loss

is correlated with increased disease stage (Dong et al., 2007). These alterations in

the signaling pathway may contribute to the loss of TGF-β mediated growth inhibi-

tion in some breast cancers, although they cannot account for the almost ubiquitous

circumvention of the cytostatic effects of TGF-β.

Effects of TGF-β signaling on cell growth and survival

Consistent with a fundamental ‘switch’ of TGF-β from a tumor suppressive to a tu-

mor promoting role in late stage tumors, autocrine TGF-β signaling has been shown

to actually promote cell growth and survival in the metastatic breast cancer cell

line MDA-MB-231. MDA-MB-231 cells treated with a TGF-β neutralizing antibody

or soluble TβRIII had decreased anchorage-dependent and anchorage-independent

growth and increased apoptosis (Lei et al., 2002). Similarly, MDA-MB-231 cells en-

gineered to overexpress TGF-β in the presence of a dominant-negative TβRII had

decreased cell growth in vivo compared to cells overexpressing just TGF-β, suggest-

ing that autocrine TGF-β signaling promoted tumor formation, although these cells
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did not have altered cell growth in vitro (Tobin et al., 2002). Gal et al. (2008) di-

rectly demonstrated the tumorigenic ‘switch’ in an elegant experiment. The normal

murine mammary epithelial cell line NMuMg was treated with TGF-β for five days.

NMuMgs responded initially with growth arrest and apoptosis, but a subpopulation

of surviving cells underwent EMT. These cells were then exposed to chronic TGF-β

stimulation for several weeks, such as might be found in the tumor microenviron-

ment. Signaling pathways that had been stimulated initially to induce growth arrest

and apoptosis were no longer activated after chronic TGF-β exposure. Importantly,

after 6-12 days of TGF-β withdrawal, the cytostatic responses of these cells could be

restored, suggesting that these changes are reversible, and that anti-TGF-β therapy

could be beneficial in breast cancer patients (Gal et al., 2008).

Effects of TGF-β signaling on migration, invasion and EMT

TGF-β can induce migration and invasion in breast cancer cells via several mecha-

nisms. TGF-β signaling has been demonstrated to switch breast cancer cells from

a collective motility to single-cell motility in a Smad-dependent manner (Giampieri

et al., 2009). This type of motility is necessary for metastasis formation, as cells

must intravasate into the vasculature as single cells. Inhibiting TGF-β signaling in

vivo prevented blood-borne metastasis, although cells were still locally invasive into

lymphatic vessels (Giampieri et al., 2009). Another mechanism by which TGF-β

can increase breast cancer invasion is induction of differentiation of stromal cells to

a myofibroblast phenotype (Di Tommaso et al., 2003; De Wever et al., 2008). As

‘cancer associated fibroblasts’, myofibroblasts secrete matrix-metalloproteases and

chemokines that promote tumor cell migration and invasion. TGF-β stimulation

also increases transcription of MMPs in MDA-MB-231 breast cancer cells, increasing

invasion in a cell autonomous manner (Gomes et al., 2012). One of the most well

studied mechanisms of TGF-β-mediated migration and invasion in breast cancer is
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induction of EMT. TGF-β signaling initiates a complex transcriptional program and

crosstalks with multiple other growth factor signaling pathways to orchestrate EMT

in breast cancer cells (reviewed in (Moustakas and Heldin, 2007)). Recently, it was

discovered that Sox4 expression is induced by TGF-β in breast cancer cells, and

this multipotent transcription factor alone is sufficient to induce an EMT program

(Zhang et al., 2012).

Effects of TGF-β signaling on metastasis

Common sites of breast cancer metastasis include the lungs and skeleton. TGF-β

has a very well documented role in bone metastasis. TGF-β and BMP ligands are

stored within the bone matrix, and osteoclastic bone remodeling releases these abun-

dant stores. Metastatic cancer cells respond to TGF-β with increased production of

parathyroid hormone-related protein (PTHrP), and PTHrP stimulates more osteo-

clastic activity, creating a positive feedback loop that potentiates formation of oste-

olytic bone lesions. MDA-MB-231 xenografts expressing a dominant-negative TβRII

had fewer osteolytic lesions compared to tumors with fully competent TGF-β sig-

naling, supporting a role for autocrine TGF-β signaling in regulating the metastatic

response in the skeleton (Yin et al., 1999). Further, bone metastases have active

TGF-β signaling and transcriptional activation in the bone microenvironment, as

detected by in vivo imaging of cancer cells expressing a Smad-dependent TGF-β-

responsive luciferase element (Kang et al., 2005).

Mammary tumor polyomavirus middle T antigen (PyVmT) mice engineered with

a doxycycline-inducible TGF-β1 gene in mammary epithelia had significantly higher

lung metastasis when TGF-β expression was induced, with no effect on primary

tumor formation or size (Muraoka-Cook et al., 2004). Interestingly, mice with a

conditional knock-out of TGFBR2 (the gene encoding TβRII) only in the mammary

epithelia that are crossed with PyVmT mice had a shorter tumor latency and in-
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creased pulmonary metastases (Forrester et al., 2005). This is surprising as TGF-β

has well-defined pro-metastatic roles that are mediated by autocrine responses in

breast cancer, yet lung metastases occurred in the absence of any autocrine TGF-

β response in the cancer cells. These data support a role for TGF-β in promoting

metastasis through both autocrine effects on the tumor cells themselves and paracrine

effects on stromal elements in the tumor microenvironment. This was also observed

in MDA-MB-231 xenografts co-expressing TGF-β with either a dominant-negative

TβRII (to exclude autocrine effects) or control vector (with autocrine and paracrine

signaling possible). Both formed more lung metastases than control tumors that did

not overexpress TGF-β (Tobin et al., 2002).

1.4.3 Role of ADAMs

Due to their role in altering EGF ligand and receptor levels, as well as molecules

involved in adhesion, inflammation and survival, several ADAM family members

have been implicated as having important roles in breast cancer diagnosis, prognosis

and progression.

ADAM12

ADAM12 is unique within the ADAM family in that it has an alternatively spliced

variant lacking its transmembrane and ctyoplasmic domains that is secreted and

enzymatically active (referred to as ADAM12-S) (Gilpin et al., 1998; Loechel et al.,

1998). This variant can be detected in the urine of breast cancer patients, at high

levels, and is absent in the urine of control patients (Roy et al., 2004; Pories et al.,

2008). Levels of secreted ADAM12-S in urine also correlate with disease stage,

increasing with disease progression (Roy et al., 2004), suggesting that ADAM12

presence in urine could be used as a novel, non-invasive diagnostic marker for breast

cancer. While both isoforms of ADAM12 are overexpressed in breast cancer and
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increased in vitro cell growth, ADAM12-S specifically has been found to be involved

in tumor invasion and increased metastasis (Lendeckel et al., 2005; Roy et al., 2011).

Interestingly, ADAM12 can also associate with the type II TGF-β receptor, and

increase its activity. This function of ADAM12 is independent of its proteolytic

activity, and seems to be mediated by facilitating the trafficking and localization of

TβRII (Atfi et al., 2007). Conversely, activated TGF-β signaling has been shown to

induce expression of ADAM12 in breast cancer cell lines, possibly creating a positive

feedback loop for oncogenic TGF-β signaling, promoting breast cancer migration,

invasion and metastasis (Ray et al., 2010).

ADAM17

ADAM17 is overexpressed in breast cancer cell lines and in breast cancer patient

specimens (Lendeckel et al., 2005; McGowan et al., 2008). Further, expression of

ADAM17 is significantly increased in high-grade breast cancer patient specimens

compared to low-grade tumor samples. Patients with high ADAM17 levels have

a significantly worse prognosis, and this correlation is independent of tumor size,

lymph node metastasis or estrogen receptor status (McGowan et al., 2008), suggest-

ing that ADAM17 levels could be used as a prognostic indicator, and that targeting

ADAM17 therapeutically may be beneficial. ADAM17 is responsible for cleaving

many members of the EGFR signaling family, including the ligands TGF-α, HB-

EGF, amphiregulin and epiregulin, leading to their activation (Sahin et al., 2004).

Therefore, not surprisingly, it has been shown that ADAM17 activity contributes

to an autocrine feedback loop of constitutively active oncogenic EGFR signaling in

breast cancer cell lines (Kenny and Bissell, 2007). Inhibiting ADAM17 sheddase

activity allowed cells to undergo morphological changes that resulted in decreased

pathway activation and cell growth (Kenny and Bissell, 2007). Further, activation of

downstream EGFR signaling by ADAM17 in MDA-MB-231 breast cancer cells pro-
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moted proliferation, invasion and angiogenesis (Zheng et al., 2009), suggesting that

targeting ADAM17 may also be beneficial for reducing metastasis. Interestingly,

TGF-β stimulation in HER2+ breast cancer cells leads to increased ADAM17 cell-

surface localization, and thus activity. Subsequently, increased ADAM17 shedding

of EGFR ligands desensitized cells to the anti-HER2 targeted therapy, Trastuzumab

(Wang et al., 2008).

ADAM10

Unlike ADAM12 and ADAM17, ADAM10 is not overexpressed at the protein level

in breast cancer cell lines (Lendeckel et al., 2005). However, ADAM10 is the main

physiological sheddase of the ErbB2 receptor (HER2) (Liu et al., 2006), as well as the

ligands EGF and betaceullulin (Sahin et al., 2004), so its activity is also implicated

in aberrant EGFR signaling in breast cancer. When HER2 is solubilized, the re-

maining membrane-bound portion of the receptor becomes constitutively activated,

and detection of soluble HER2 in serum is correlated with a poor prognosis in breast

cancer patients (Carney et al., 2003). A novel role for ADAM10 in regulating TGF-β

signaling in breast cancer cells is the focus of Chapter 4.

Targeting ADAMs in breast cancer therapy

As both ADAM10 and ADAM17 play critical roles in regulating EGFR signaling

in breast cancer, there are currently several therapies targeting the activity of these

sheddases in clinical trials. Incyte and Glaxo Smith Kline have both developed small

molecule inhibitors that target either ADAM10/17 in combination or ADAM10 alone

(summarized in (Duffy et al., 2011)). These molecules have been tested in vitro, and

are shown to reduce sheddase activity, EGFR signaling and importantly, cell growth

and survival (Fridman et al., 2007; Witters et al., 2008).

Doxorubicin is frequently used to treat breast cancer patients, although there
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are resistant populations that do not respond to the cytotoxic effects of the drug.

Doxorubicin-induced apoptosis in MCF-7 breast cancer cells in vitro requires tran-

scriptional downregulation of ADAM10, suggesting that doxorubicin-resistance might

be connected to aberrant ADAM10 activity, and that targeting these pathways in

conjunction might overcome this resistance (Liu and Chang, 2011).
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2

Materials and Methods

2.1 Cell Culture and Reagents

COS7, HEK293, L6, PANC1 and Mv1Lu cells were maintained in Dulbecco’s Mod-

ified Eagle’s Medium (DMEM) (Gibco) with 10% Fetal Bovine Serum (FBS) (In-

vitrogen). BT474 cells were maintained in RPMI-1640 supplemented with 10%

FBS, HEPES, L-Glutamine, sodium pyruvate and 0.01 mg/ml insulin. 293FT cells

were maintained in DMEM supplemented with 10% FBS, L-glutamine (Gibco) and

non-essential amino acids (Gibco). HMEC cells were maintained in DMEM supple-

mented with 10% FBS and 0.01 mg/ml recombinant human insulin (Life Technolo-

gies). MDA-MB-231 cells were grown in Modified Eagle’s Medium (MEM) (Gibco)

supplemented with 10% FBS, sodium pyruvate (Gibco) and non-essential amino

acids. All cells were incubated at 37˝C with 5% CO2. All cells were obtained from

the American Type Culture Collection (ATCC) with the exception of the HMEC

cell line which was kindly obtained from Dr. Robert Weinberg. proADAM9 and

proADAM10 constructs (described in (Moss et al., 2007)) were kindly provided by

Dr. Marcia Moss.

35



2.2 Transfections, Infections and Lentivirus Production

For transfections, cells were plated to be „70% confluent the following day (between

2-5 x 105 cells depending on cell line) on 6-well dishes. The following day, cells were

transfected with either Fugene 6 (Roche) or X-treme Gene 9 (Roche) transfection

reagent and 3 µg plasmid DNA at a ratio of 2.5:1. Experiments were performed on

transfected cells 48-72 h post-transfection, as indicated. For lentivirus production,

293FT cells were plated in 10-cm dishes. Cells were transfected with Lipofectamine

2000 (Invitrogen) at a ratio of 3:1 to DNA- 6 µg TβRIII wild-type, mutant or empty

vector (pSMPUW-Neo expression vector) (Cell Biolabs) and 3 µg each of 3 third

generation lentiviral packaging plasmids (AddGene) in Opti-MEM (Gibco). Media

was changed 6 h after transfection. 48 h later, media was collected, spun down to

clear, and filtered through a 0.45 µM pore membrane. Viral media was aliquoted and

stored at -80˝C. For lentiviral infections, viral media was added to cells in normal

growth media at a ratio of either 1:10 or 1:100 in the presence of Polybrene at 6

µg/ml. To create stable lentiviral-expressing cell lines, 48 h post-infection media

was changed and complete growth media containing 2 mg/ml G418 (KSE Scientific)

was added as a selection agent. Following selection, stable lentiviral cell lines were

maintained in complete growth media containing 0.5 mg/ml G418. For adenoviral

infections cells were infected with dsRed labeled NTC and shTβRIII constructs at

an MOI of 100 from frozen adenovirus stocks. Experiments were performed 96 h

after infection.

2.3 Site-Directed Mutagenesis

Primers for human TβRIII NAAIRS and alanine mutants were designed as shown in

Tables 3.1 and 3.2, respectively. Primers for human TβRIII double-alanine mutants

were designed as in Table 3.3. Primers for TβRIII Binding Domain 1 and Binding
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Domain 2 mutants were designed as shown in Tables A.1 and A.2, respectively.

Primers for mouse TβRIII mutants were designed as shown in Table 3.4. Mutagenesis

PCRs, digests, and transformations were performed using QuikChange XL Site-

Directed Mutagenesis Kit (Stratagene). NAAIRS and alanine mutants were made in

a pDNR-CMV Donor Vector (ClonTech) containing an N-terminally HA-tagged wild-

type TβRIII. Sequence analysis of all mutants was performed twice for verification.

2.4 Binding and Crosslinking

25,000 cells were plated on 6-well dishes and transfected 18-24 h later. 24 h later,

media was removed and replaced with 1 ml complete growth media. For protease

inhibitor experiments, TAPI-2, proADAM9, proADAM10 or a vehicle control was

added at the indicated concentration. Unless otherwise stated, media was condi-

tioned for 18-20 h before being removed, and both cells and conditioned media incu-

bated with 125I-TGF-β1 (Perkin Elmer), at 100 pM and 25 pM, respectively, in the

presence of BSA and protease inhibitors for 3 h at 4˝C. After incubation, ligand was

chemically crosslinked using 0.5 mg/ml disuccinimidyl suberate and quenched with 1

M glycine. Cells were lysed with RIPA buffer supplemented with protease inhibitors,

and ligand-receptor complexes were pulled down by immunoprecipitation overnight

at 4˝C with either an antibody against HA (Roche) or a polyclonal antibody against

the extracellular domain of TβRIII (R&D Systems). The resulting complexes were

separated via SDS-PAGE and dried gels were exposed to an autoradiograph. Im-

ages were acquired with phosphorimaging and were analyzed using ImageJ software

(NIH).

2.5 Enzyme-Linked Immunosorbent Assay (ELISA)

25,000 cells were plated in 6-well dishes and transfected the following day. After 24 h,

media was removed and replaced with 1 ml full growth media. For prodomain exper-
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iments, proADAM9, proADAM10 or a vehicle control was added. Culture medium

was allowed to condition for 24 h (unless otherwise indicated), then was removed and

immediately spun down at 4˝C to pellet dead cells and debris. Cleared media was

aliquoted and immediately placed at -80˝C. For the TβRIII ELISA, capture antibody

(R&D Systems) was immobilized onto an E1A/R1A plate (Corning Inc.) overnight.

After washing, samples were loaded onto plate and incubated at room temperature

for 2 h. Then detection antibody (R&D systems) was applied and incubated for 2

h, followed by Strepavidin-HRP (R&D systems) incubation for 30 min. Finally, Fast

OPD substrate (Sigma) was added, 3 M HCl was applied to stop reaction 30 min

later, and optical absorbance at 490 nm was recorded immediately.

2.6 Western Blotting

Cells were plated and transfected as described above. For HEK293 cells, 24 h after

transfection, media was removed and replaced with serum-reduced (5% FBS) me-

dia. After 18-20 h cells were treated with TGF-β1 or TGF-β2 (R&D Systems), at

the concentrations and time-periods indicated. For prodomain experiments, media

was removed and replaced with serum-free media containing either proADAM10 or a

vehicle control. After 18-20 h cells were treated with TGF-β1 or TGF-β2, at the con-

centrations and time-periods indicated. For MDA-MB-231 cells, media was removed

and replaced with full serum media 18-20 h before ligand treatment. Following lig-

and treatment, cells were lysed directly in 2X SB buffer and 20% of the lysate was

loaded onto 10% SDS-PAGE gels. After electrophoresis, protein was transferred onto

a PVDF membrane, which was blocked in 10% lowfat-milk in phosphate-buffered

saline + 0.5% Tween-20 (PBS-T) for 1 h. Blots were probed overnight at 4˝C with

antibodies in either 5% milk/PBS-T or 5% BSA/PBS-T against phosphorylated

Smad 2 (Cell Signaling), Total Smad2 (Cell Signaling), p21 (Cell Signaling), Cas-

pase3 (Cell SIgnaling), Cleaved-Caspase3 (Cell Signaling), β-actin (Sigma-Aldrich),
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or TβRIII-ECD (R&D Systems), and then probed for 1 h with horseradish-peroxide

conjugated secondary antibodies (Cell Signaling, Amersham). Bands were visualized

using ECL (Western Lightning ECL Pro, Perkin Elmer) and exposure to film, and

densitometry was quantified using ImageJ software (NIH).

2.7 Immunofluorescence

25,000 COS7 cells were plated on acid-washed, Poly-D-lysine coated coverslips in 6

well plates. The following day cells were transfected as previously described. 48 h

after transfections, cells were incubated with serum-free media for 1 h, then imme-

diately put on ice and washed with Hanks Balanced Salt Solution (HBSS) (Gibco)

containing 20 mM HEPES (Gibco) and 2% BSA. Then, coverslips were blocked for

1 hour in HBSS containing HEPES, BSA and 10% normal goat serum, followed by

another wash. Primary antibody (HA.11, Covance) was added at 20 µg/ml for 1 h in

HBSS plus HEPES and BSA, before cells were washed 3 times. Secondary antibody

(Alexa 488 goat-anti-rabbit) was added at 20 µg/ml in HBSS plus HEPES and BSA

for 1 h, followed by 3 more washes. Cells were then fixed in 4% paraformaldehyde

(PFA) in PBS for 30 minutes, and washed 2x before staining with DAPI at 1:500 in

HBSS. Following staining, coverslips were mounted onto slides with ProLong Gold

Antifade solution (Life Technologies).

2.8 Thymidine Incorporation Assay

1,500 cells were plated in 96-well plates, either in the absence or presence of 50

pM TGF-β1 (each condition in triplicate), in either fresh or pre-conditioned media

(conditioned for 24 h from cells expressing EV or corresponding TβRIII mutants).

20 h after plating, 1 µCi of 3H-Thymidine (Perkin Elmer) was added to each well,

and allowed to incubate for 4 h. After incorporation, cells were washed 2x with cold

PBS, 1x with cold 10% trichloroacetic acid (TCA), then rocked at 4C for 1 h in 10%
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TCA. Then, cells were washed 1x with 10% TCA, and 0.2N NaOH was added to

cells to lyse overnight. The following day, lysates were added to 2 ml scintillation

fluid (Ultima-Gold, Perkin Elmer) and the amount of incorporation was determined

by scintillation counting.

2.9 Cell Counting

5,000 cells were plated in 6 well plates (Day 0) in either the presence or absence of 50

pM TGF-β1 (each condition in duplicate) in full media. On Days 2, 4, 6 and 8, cells

were washed, trypsinized, and live cells were counted using Trypan Blue exclusion

dye and a hemocytometer. On alternate days from counting (Days 1, 3, 5 and 7)

cells were fed and TGF-β was replenished. At each time point, conditioned media

and cell lysates were harvested. For prodomain experiments, 10,000 cells were plated

in 96 well plates. The following day reduced serum (3%) media was added with the

indicated concentration of prodomain. After 48 h, cells were trypsinized and counted

as above.

2.10 Transwell Migration Assay

25,000 cells in serum-free conditioned media (24 h from corresponding cell lines)

were plated in the upper chamber of a 50 µg/ml fibronectin-coated transwell with

8 µM pores (Corning Inc.). Cells were either left untreated, or treated with 50

pM TGF-β1 (each condition in duplicate). Media containing serum was used as

a chemoattractant in the bottom well, and cells were allowed to migrate for 24 h.

After migration, the cells remaining on the top of the filter were removed by gently

washing with a cotton swab, and migrated cells on the bottom of the filter were fixed

in methanol and stained with H&E. Filters were cut out, mounted onto slides and

examined microscopically. 3 random fields of cells were chosen and counted.
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2.11 Matrigel Invasion Assay

75,000 cells in serum-free conditioned media (24 h from corresponding cell lines) were

plated in the upper chamber of a Matrigel-coated transwell with 8 µM pores (BD

Biosciences). Cells were either left untreated, or treated with 50 pM TGF-β1 (each

condition in duplicate). Media containing serum was used as a chemoattractant in

the bottom well, and cells were allowed to invade for 24 h. After invasion, the cells

remaining on the top of the filter were removed by gently washing with a cotton swab,

and invaded cells on the bottom of the filter were fixed in methanol and stained with

H&E. Filters were cut out, mounted onto slides and examined microscopically. 3

random fields of cells were chosen and counted.

2.12 Dual-Luciferase Reporter Assay

100,000 cells were plated in 6-well plates. 24 h later, cells were transfected with 2.3

µg of pE2.1 luciferase reporter plasmid and 0.2 µg of pRL-SV40 renilla plasmid. The

next day, cells were treated with 24 h pre-conditioned serum-free media, and 50 pM

of TGF-β1 or TGF-β2. 20 h later cells were lysed and the dual-luciferase reporter

assay (Promega) was performed per kit instructions.

2.13 Statistical Analysis

Data are presented as mean ˘ SEM. One-way or two-way ANOVAs were performed

followed by either a one-sample Student’s t-test for values compared to a normalized

control, or either a Tukey’s Test or a Two-tailed Student’s t-test for comparing two

experimental values. P values < 0.05 are considered significant.
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3

Ectodomain Shedding of TβRIII

3.1 Background

The TGF-β signaling pathway has a well established role in breast cancer progression

(Taylor et al., 2011). The type III TGF-β receptor (TβRIII) also plays an important

role in many oncogenic processes, in multiple cancer types, including breast cancer.

TβRIII expression is decreased in breast cancer cell lines and in human breast cancer

patient specimens (Dong et al., 2007). Restoring TβRIII expression suppresses breast

cancer progression by inhibiting migration, invasion, metastasis and angiogenesis

(Dong et al., 2007; Sun and Chen, 1997). Similar to the effects of restoring full-

length TβRIII expression, treatment with ectopic soluble TβRIII inhibits tumor

growth, angiogenesis and metastasis in breast cancer models (Bandyopadhyay et al.,

1999). These data suggest that the tumor-suppressive effects of TβRIII could be

mediated, in part, by the production of soluble TβRIII, which antagonizes the tumor

promoting effects of TGF-β signaling.

While the role of soluble TβRIII can be investigated by the addition of recombi-

nant soluble TβRIII, the mechanisms regulating ectodomain shedding and generation
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of soluble TβRIII remain undefined, making it more difficult to delineate the function

of cell-surface TβRIII, or the relative contribution of cell-surface TβRIII and soluble

TβRIII to signaling and biology. TβRIII shedding can be reduced, but not blocked,

with the pan-metalloproteinase inhibitor TAPI-2, as well as more specific inhibitors

against MT1-MMP and MT3-MMP (Velasco-Loyden et al., 2004) . However, studies

with these inhibitors are complicated by their ability to alter the shedding of many

other membrane proteins, making it difficult to use metalloprotease inhibition as a

method to specifically determine the role of cell-surface TβRIII. In this project, I set

out to identify TβRIII mutants with altered ectodomain shedding to investigate the

significance of TβRIII ectodomain shedding and the relative contribution of soluble

and membrane-bound TβRIII in TGF-β-mediated signaling and TβRIII-mediated

biology during breast cancer progression.

3.2 Identification of TβRIII Ectodomain Shedding Mutants

3.2.1 Mutating the juxtamembrane domain of TβRIII alters its ectodomain shedding

Human TβRIII is an 851 amino acid transmembrane proteoglycan with a large 766

amino acid extracellular domain, a single hydrophobic transmembrane region, and a

short 42 amino acid cytoplasmic domain (Lopez-Casillas et al., 1991). Endogenous

soluble TβRIII has nearly the same electrophoretic mobility as full-length, membrane

bound TβRIII (Figure 3.1A), suggesting that cleavage occurs just proximal to the

plasma membrane, consistent with what has been demonstrated with other shed

receptors (Perez-Torres et al., 2008). A substitution mutagenesis approach replacing

six amino acids of the endogenous TβRIII protein sequence with the NAAIRS amino

acid sequence (Asparagine-Alanine-Alanine-Isoleucine-Arginine-Serine) was chosen,

as this sequence can adopt multiple secondary structures, potentially minimizing

structural changes (Hamad et al., 2002). To identify regions important for TβRIII

shedding, a series of TβRIII NAAIRS mutants beginning 95 amino acids upstream
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of the transmembrane region and spanning the entire juxtamembrane region was

created (Figure 3.1B, Table 3.1).

I initially assessed and confirmed expression of all 17 mutants (M0-M16) in COS7

cells, which lack endogenous TβRIII (Figure 3.2A). To evaluate processing to the

cell surface, ligand binding ability and ectodomain shedding, I performed iodinated

TGF-β1 binding and crosslinking assays on both the conditioned media from COS7

cells and on COS7 cells expressing either controls (pDNR-EV or pDNR-WT-TβRIII)

or one of the membrane-proximal TβRIII NAAIRS mutants (M0-M16), followed by

immunoprecipitation of TβRIII and soluble TβRIII. While all TβRIII NAAIRS mu-

tants trafficked to the cell surface and bound ligand, there were significant differences

in the electrophoretic mobility of the mutants (Figure 3.2B), suggesting differential

post-translational processing of the TβRIII mutants. However, by directly compar-

ing levels of ligand binding to soluble TβRIII in the conditioned media to levels of

ligand binding to membrane-bound TβRIII on the cell surface, ectodomain shed-

ding of each mutant could be assessed independently of these factors. Four NAAIRS

mutants (M1, M2, M9 and M11) consistently exhibited decreased ectodomain shed-

ding compared to wild-type TβRIII controls (Figure 3.2B, C). Interestingly, three

NAAIRS mutants (M13, M14, M15) exhibited increased ectodomain shedding com-

pared to wild-type TβRIII controls (Figure 3.2B, C). These differences in shedding

were independently confirmed by performing ELISA analysis for soluble TβRIII (Fig-

ure 3.2D).

3.2.2 A single amino acid substitution at M742 inhibits TβRIII ectodomain shed-
ding

To further define the distinct amino acid residues regulating ectodomain shedding of

TβRIII, I created individual alanine point mutations in TβRIII of each amino acid

contained within the NAAIRS mutants M1, M2, M9 and M11 (Table 3.2). Expres-
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sion of each mutant was confirmed via western blotting (Figure 3.3A, Figure 3.4A).

Ectodomain shedding of each mutant was evaluated via both 125I-TGF-β1 binding

and crosslinking assays and ELISA. Perturbing any amino acid residue within the

M9 mutant disrupted ectodomain shedding to some degree, and substituting methio-

nine 742 to alanine (M742A) fully recapitulated the decreased ectodomain shedding

phenotype of the M9 NAAIRS mutant (Figure 3.3B-D). Mutation of isoleucine 738

to alanine (I738A) also significantly decreased ectodomain shedding (Figure 3.3B-

D). In contrast, no single point mutations within M1, M2 or M11 NAAIRS mutants

significantly altered ectodomain shedding (Figure 3.4).

As the M9 NAAIRS, M11 NAAIRS, M742A and I738A mutants all significantly

diminished but did not abrogate ectodomain shedding, I created mutants that com-

bined the M742A and I738A mutations within M9 and the L752A and V754A mu-

tations within M11 (Table 3.3). However, neither of these mutants exhibited any

further decrease in shedding compared to the M9 or M742A mutations alone (Fig-

ure 3.5). Therefore, I utilized the M9 NAAIRS and the M742A mutants as models for

shedding-deficient TβRIII (∆S-TβRIII), and M13 as a super-shedder (SS-TβRIII)

to investigate the effects of altering the ratio of soluble to cell-surface TβRIII (Fig-

ure 3.6). To investigate whether the shedding properties of these mutants were

retained in different cell contexts, I transiently expressed the mutants in human em-

bryonic kidney epithelial cells (HEK293) and in mink lung epithelial cells (Mv1Lu).

In all cases, the M9 NAAIRS and M742A mutants exhibited reduced ectodomain

shedding, and the M13 NAAIRS mutant exhibited increased ectodomain shedding

(Figure 3.7). Interestingly, in some cell lines the M742A point mutant inhibited

shedding more effectively than the NAAIRS M9 mutant. This observation will be

discussed further in Chapter 3.5.2.
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3.2.3 In silico analysis of TβRIII juxtamembrane domain

To gain insight into how these mutants were increasing or decreasing ectodomain

shedding, I used the protease specificity prediction server (PROSPER) to perform

in silico analysis of the TβRIII juxtamembrane domain sequence (Song et al., 2012).

The region containing the M9 NAAIRS mutant revealed several potential cleavage

sites at A740, M741 and M742 by MMP3, MMP9 and elastase-2 (Figure 3.8A),

suggesting that the M9 and M742A mutants could be disrupting these recognition

sequences. The region containing the NAAIRS M13-M15 mutants, which increased

TβRIII ectodomain shedding, is highly proline-rich. Due to the unique biochemical

and structural properties of proline, mutating this region may alter the structure of

the extracellular domain of TβRIII to make it more accessible to an endogenous,

constitutive sheddase. Indeed, while there were no protease consensus sites within

the M13-M15 region, when the M13 super-shedder sequence containing the NAAIRS

substitution was queried in the PROSPER software, two novel consensus sites for

MMP9 and elastase were introduced at that site (Figure 3.8B). Further evidence that

a novel TβRIII sheddase is responsible for the increased shedding of the M13 mutant

comes from protease inhibitor studies. TAPI-2 is a pan-metalloproteinase inhibitor

that inhibits ectodomain shedding of TβRIII (Blair et al., 2011). While TAPI-2 was

able to inhibit ectodomain shedding of WT-TβRIII in COS7 cells, production of

soluble TβRIII from the M13 super-shedding mutant was unaffected (Figure 3.9).

Together, these findings suggest a potential mechanism for the disrupted ectodomain

shedding of the TβRIII mutants identified here, and will be discussed further in

Chapter 3.5.2.
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3.2.4 The structures responsible for altered TβRIII ectodomain shedding are con-
served across species

To further examine the relevance of critical sequences within the TβRIII juxtamem-

brane domain on ectodomain shedding, I compared this region across multiple species

in which TβRIII has been fully sequenced. The WxMMQ motif identified by the

PROSPER search as a potential protease cleavage site within the NAAIRS M9 mu-

tant was conserved across all mammals examined (Figure 3.10A). Further, the me-

thionine residue at position 742 was also conserved in each species. While there

was less direct homology retained in the region of the super-shedder TβRIII mutant,

this area was still highly proline rich in all species (Figure 3.10A). To verify the

importance of these sequences, I created the same ∆shedding and super-shedding

mutations within mouse TβRIII, and examined expression and ectodomain shedding

via iodinated ligand binding and crosslinking assays. While all constructs expressed

equally on the cell-surface, the mouse M9 and mouse M740A mutants had signif-

icantly reduced ectodomain shedding compared to WT-TβRIII (Figure 3.10B,C).

The mouse M13 mutation did show a slight increase in shedding compared to WT-

TβRIII, however, this phenotype was more subdued than the human super-shedder

mutation (Figure 3.10B,C). These mutants will be utilized in examining the role of

TβRIII ectodomain shedding during development in a transgenic knock-in mouse

model, as discussed in Chapter 5.3.

3.3 Role in TGF-β Signaling

3.3.1 Expression and shedding of TβRIII mutants in stable MDA-MB-231 cell lines

To investigate the effects of increased or decreased TβRIII ectodomain shedding in

breast cancer, I utilized the well-characterized breast cancer cell line MDA-MB-231,

in which our lab and others have already demonstrated the ability of TβRIII and

soluble TβRIII to regulate its TGF-β-mediated signaling and cancer biology, includ-

47



ing migration and invasion in vitro and in vivo (Dong et al., 2007; Bandyopadhyay

et al., 1999). MDA-MB-231 cells exhibit low endogenous TβRIII levels, consistent

with loss of TβRIII expression during breast cancer progression. WT-TβRIII, ∆S-

TβRIII, SS-TβRIII or an empty-vector DNA control were stably incorporated into

MDA-MB-231 cells via lentiviral infection and single clones were selected, expanded

and examined for TβRIII expression and ectodomain shedding via 125I-TGF-β1 bind-

ing and crosslinking assays. Monoclonal MDA-MB-231 cell lines with equivalent lev-

els of cell-surface TβRIII were chosen for further study, and the expected levels of

soluble TβRIII production were confirmed via binding and crosslinking and ELISA

(Figure 3.11).

3.3.2 Effects of altered TβRIII ectodomain shedding on TGF-β1 signaling

In many cell lines, including MDA-MB-231 cells, increasing TβRIII expression re-

sults in decreased TGF-β signaling, as measured by Smad2 phosphorylation and

transcription of TGF-β-responsive genes (Dong et al., 2007). As increasing TβRIII

expression can result in increased soluble TβRIII (Lopez-Casillas et al., 1991), and

soluble TβRIII is sufficient to inhibit downstream TGF-β signaling (Bandyopad-

hyay et al., 2002b), this TβRIII-mediated decrease in TGF-β responsiveness has

been hypothesized to be the result of increased production of soluble TβRIII. To di-

rectly address this hypothesis, and to examine the effects of high levels of cell-surface

TβRIII in the absence of soluble TβRIII on TGF-β signaling, I utilized the stable

MDA-MB-231 TβRIII ectodomain shedding mutant cell lines.

As signaling experiments are usually performed in serum-free media, I first ex-

amined the effect of serum on TβRIII ectodomain shedding in the MDA-MB-231

cell lines. In the absence of serum, ectodomain shedding was potently inhibited

(Figure 3.12). Therefore, signaling experiments were performed in full-serum me-

dia that had been conditioned overnight to allow for production of soluble TβRIII
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from the cell lines. Consistent with prior studies, compared to empty vector con-

trol MDA-MB-231 cells, WT-TβRIII expressing cells exhibited slightly decreased

TGF-β1-mediated Smad2 phosphorylation (Figure 3.13A). In contrast, in ∆Shed-

TβRIII cells, TGF-β1-mediated Smad2 phosphorylation was increased, suggesting

that in the absence of significant ectodomain shedding, cell-surface TβRIII is able to

present ligand and enhance signaling (Figure 3.13A). Consistent with this hypoth-

esis, relative to WT-TβRIII cells, TGF-β1-mediated Smad2 phosphorylation was

further reduced in SS-TβRIII cells (Figure 3.13A). A dose response curve from 0-100

pM TGF-β1 demonstrated a similar pattern of responsiveness at all concentrations

tested (Figure 3.13B).

To determine whether alterations in Smad2 phosphorylation were leading to

changes in gene transcription, dual-luciferase reporter assays were performed us-

ing the TGF-β-responsive pE2.1 promoter. While there was no significant difference

between WT-TβRIII and EV expressing cells, SS-TβRIII cells treated with TGF-β1

had decreased TGF-β-induced transcription (Figure 3.14). Conversely, cells stably

expressing the ∆Shed-TβRIII had significantly increased TGF-β1-mediated pE2.1

transcription (Figure 3.14).

To establish whether the observed changes in signaling were due to changes in

soluble TβRIII levels, I treated cells with ectopic recombinant soluble TβRIII. Re-

combinant soluble TβRIII reduced TGF-β signaling in a dose-dependent manner in

each cell line, with the exception of the SS-TβRIII expressing cells (Figure 3.15),

perhaps because signaling is already maximally inhibited by the increased levels of

soluble TβRIII produced by this cell line. Together, these data demonstrate that

the decrease in TGF-β responsiveness frequently observed when TβRIII is expressed

requires TβRIII ectodomain shedding and generation of soluble TβRIII.
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3.3.3 Effects of altered TβRIII ectodomain shedding on TGF-β2 signaling

Next, I examined the effects of the shedding mutants on mediating TGF-β2 signaling.

As TGF-β2 cannot bind to TβRII on its own (De Crescenzo et al., 2006), TGF-β2

requires TβRIII for presentation to TβRII and functional signaling. Consistent with

this role, both WT-TβRIII and the ∆Shed mutant increased TGF-β2 responsiveness

in MDA-MB-231 cells (Figure 3.16). However, the high ratio of soluble TβRIII

relative to cell-surface TβRIII in the SS-TβRIII expressing cells shifted the balance

from TβRIII-mediated promotion of signaling to inhibition of signaling (Figure 3.16).

3.3.4 Effects of altered TβRIII ectodomain shedding on the kinetics and duration
of TGF-β signaling

To investigate the effects of TβRIII ectodomain shedding on the kinetics and du-

ration of TGF-β signaling, I performed timecourse experiments. In the absence of

significant soluble TβRIII (EV and ∆Shed-TβRIII), Smad2 phosphorylation peaked

at „ one hour and signaling persisted out to six hours (Figure 3.17A). In contrast,

in cells with higher levels of soluble TβRIII (WT-TβRIII and SS-TβRIII), Smad2

phosphorylation peaked earlier („ thirty minutes), and signaling persisted only out

to two-three hours (Figure 3.17, Figure 3.18). Similar results were obtained by tran-

sient transfection of these TβRIII shedding mutants in the normal human epithelial

cell line HEK293 (Figure 3.19). Interestingly, I also consistently observed evidence

of a biphasic signaling pattern in the ∆Shed-TβRIII cell line, with signal diminish-

ing between three-four hours, but then returning to nearly peak levels at five hours

post-treatment (Figure 3.17, Figure 3.18). This observation will be discussed further

in Chapter 3.5.3. Integrating the signaling that occurred over the six hour period

demonstrated a 50% reduction in total signaling in WT-TβRIII expressing cells com-

pared to ∆Shed-TβRIII (Figure 3.18). These data establish an important role for

the ratio of soluble and cell-surface TβRIII in regulating the kinetics and magnitude
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of TGF-β signaling.

3.4 Effects of Altered TβRIII Ectodomain Shedding on Breast Cancer
Biology

3.4.1 Inhibiting TβRIII ectodomain shedding abrogates its ability to inhibit TGF-β
stimulated migration and invasion

TβRIII inhibits epithelial and cancer cell motility and invasion in multiple human

cancers, including breast cancer (Finger et al., 2008b; Lambert et al., 2011; Turley

et al., 2007). Increasing TβRIII expression in MDA-MB-231 cells inhibited TGF-

β-induced transwell migration and invasion (Dong et al., 2007). Similarly, plating

MDA-MB-231 cells in conditioned media from COS7 cells over-expressing TβRIII

also reduced TGF-β-induced invasion (Dong et al., 2007), suggesting that the pro-

duction of soluble TβRIII is one mechanism for TβRIII-mediated inhibition of cell

motility and invasion. To directly determine the contribution of TβRIII ectodomain

shedding and soluble TβRIII production on TβRIII-mediated inhibition of migration

and invasion, I utilized the monoclonal stable MDA-MB-231 cell lines expressing the

TβRIII shedding mutants. As these experiments are usually performed in serum-free

media, and I have demonstrated that in the absence of serum TβRIII ectodomain

shedding was potently inhibited (Figure 3.12), for these experiments, cells were plated

in media that had been pre-conditioned from the corresponding cell lines for 24 hours,

to more accurately reflect the differential levels of ectodomain shedding.

I also investigated whether expression of the TβRIII shedding mutants altered

the proliferation rates of the stable cell lines using 3H-thymidine incorporation as-

says. In pre-conditioned media over 24 hours, the time frame for both the invasion

and migration assays, there was a decrease in the basal proliferation rates of WT-

TβRIII, ∆Shed-TβRIII and SS-TβRIII compared to EV control cells of „ 40%, 30%

and 50%, respectively (Figure 3.23B). TGF-β treatment also slightly reduced prolif-
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eration rates in all four cell lines (Figure 3.23B). To reflect these changes, migration

and invasion results were normalized to the proliferative index of each corresponding

condition.

While TGF-β1 stimulated migration of the MDA-MB-231 cells expressing EV,

cells expressing WT-TβRIII were unresponsive to ligand (Figure 3.20). Conversely,

cells expressing ∆Shed-TβRIII demonstrated a three-fold increase in basal migra-

tion and an increase in ligand-mediated migration relative to EV control cells (Fig-

ure 3.20). Expressing SS-TβRIII had an even more potent effect on motility than

WT-TβRIII, producing a significant decrease in ligand-induced transwell migration

(Figure 3.20). Similar results were obtained by transient transfection of the TβRIII

shedding mutants in normal human mammary epithelial cells (HMECs) (Figure

3.21).

I also evaluated the effects of altered TβRIII ectodomain shedding on MDA-MB-

231 cell invasion via Matrigel-coated transwell invasion assays. TGF-β-mediated

invasion was significantly inhibited in both the WT-TβRIII and SS-TβRIII express-

ing cells (Figure 3.22). In contrast, compared to EV, there was an increase in both

basal and TGF-β-mediated invasion in ∆Shed-TβRIII expressing cells (Figure 3.22).

Together, these data demonstrate that ectodomain shedding is required for TβRIII-

mediated inhibition of breast cancer cell migration and invasion.

3.4.2 Inhibiting TβRIII ectodomain shedding increases MDA-MB-231 cell growth

While the role of TβRIII in breast cancer cell migration and invasion is well estab-

lished, its effects on cell growth and proliferation are less defined. TβRIII knock-

down has been demonstrated to promote cell growth in normal murine mammary

cells via inhibition of TGF-β-mediated growth arrest (Criswell and Arteaga, 2007).

In MDA-MB-231 cells, treatment with recombinant soluble TβRIII induced apopto-

sis and inhibited cell growth (Lei et al., 2002), yet another report in MDA-MB-231
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cells found that knock-down of TβRIII also decreased cell growth (Criswell et al.,

2008). While performing thymidine-incorporation experiments in the stable MDA-

MB-231 cell lines as a control for the migration and invasion assays, I observed that

the amount of soluble TβRIII present affected proliferation. WT-TβRIII and SS-

TβRIII cells that were plated in fresh media and allowed to grow for 24 hours had

no decrease in thymidine incorporation, compared to a 40% and 50% decrease, re-

spectively, when plated in media that had been pre-conditioned for 24 hours prior to

plating, thus performing the experiment after 48 total hours of soluble TβRIII pro-

duction (Figure 3.23). In contrast, cells expressing ∆S-TβRIII showed no change in

proliferation between 24 and 48 hours of conditioned media exposure (Figure 3.23).

To investigate the role of TβRIII ectodomain shedding and the potentially dif-

ferential effects of cell-surface and soluble TβRIII on breast cancer cell growth, I

performed cell counting experiments in the stable MDA-MB-231 cell lines express-

ing TβRIII and its shedding mutants. Over an 8-day time-course, cells expressing

WT-TβRIII had significantly decreased cell growth compared to EV control cells in

the presence of TGF-β (Figure 3.24). Conversely, when ectodomain shedding was

inhibited in the ∆Shed-TβRIII expressing cells, the growth rate was significantly

increased in both the presence and absence of TGF-β (Figure 3.24). Surprisingly, in

the absence of TGF-β, cells expressing the SS-TβRIII mutant also had significantly

higher cell growth compared to EV cells (Figure 3.24). All four cell lines had slightly

decreased growth rates in the presence of TGF-β compared to untreated cells.

As these cell lines seemed to be slightly responsive to TGF-β-mediated growth in-

hibition, and MDA-MB-231 cells produce endogenous TGF-β (Sun and Chen, 1997),

mechanistically, I hypothesized that differences in both basal and ligand-treated cell

growth could be mediated by differential TGF-β-induced growth inhibition due to

the varying TGF-β-responsiveness of these cell lines. To address this hypothesis, I

performed western blotting for p21, a CDK-inhibitor that is upregulated in TGF-
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β-mediated cell-cycle arrest (Reynisdottir et al., 1995), on lysates harvested from

cells at Days 4 and 6. At Days 4 and 6, p21 levels were consistently higher in both

basal and TGF-β-treated WT-TβRIII expressing cells and lower in ligand-treated

∆S-TβRIII cells. While these data are consistent with the cell growth data, they

are inconsistent with signaling data. This contradiction will be discussed at length

in Chapter 3.5.4.

3.5 Discussion

3.5.1 Summary

Here I have demonstrated that mutating the juxtamembrane region of TβRIII can

alter its production of soluble TβRIII, and that a single conserved amino acid residue

at M742 (murine M740) is critical for ectodomain shedding of both human and

murine TβRIII. Inhibiting production of soluble TβRIII results in increased TGF-

β responsiveness and an increased duration of TGF-β signaling. Further, reducing

TβRIII ectodomain shedding in breast cancer cells resulted in increased cell growth

and an abrogation of TβRIII’s ability to inhibit TGF-β-mediated migration and

invasion. These studies suggest that ectodomain shedding of TβRIII may be a critical

regulatory mechanism to control levels of TGF-β mediated signaling and biology.

3.5.2 Mutagenesis discussion

While I have established discrete mutations in the TβRIII juxtamembrane region

that regulate TβRIII shedding, I have not fully elucidated how these mutations

result in increased or decreased ectodomain shedding. The M9 NAAIRS mutation

and M742A substitution could decrease shedding either by disrupting a potential

metalloprotease consensus sequence, or by altering the structure of TβRIII, so that it

is unable to physically interact with or be recognized as a substrate by the appropriate

proteases. Knowledge regarding the precise site of endogenous TβRIII cleavage and
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structural information regarding the extracellular domain of TβRIII would both be

useful in determining how these alterations regulate TβRIII shedding. Interestingly,

it was recently reported that the C-terminal zona pellucida (ZP) domain of murine

TβRIII contains a TGF-β2 ligand binding site (Diestel et al., 2013). In this report

the ZP domain of murine TβRIII is found to bind TGF-β2, and through a series of

narrowing mutations they identify the specific residues necessary to be between AA

734-748. Intriguingly, this is directly overlapping with our murine ∆Shed-TβRIII

mutation, which occurs at M740. A crystal structure of the ZP domain reveals that

these residues are located in an externally exposed loop connecting an α-helix and

β-strand, thus providing an accessible binding location for TGF-β2 (Diestel et al.,

2013). This recent finding substantiates our murine ∆shedding TβRIII mutant, as

this site would also provide accessibility for protease recognition and cleavage.

In silico analysis revealed that amino acids A740, M741 and M742 within the

∆Shed-TβRIII mutant were potential sites of proteolytic cleavage by MMP3, MMP9

or elastase-2 (Figure 3.8), and when TβRIII containing the NAAIRS mutation se-

quence at the site of the SS-TβRIII mutant was queried, novel consensus sequences

for MMP9 and elastase-2 shedding were introduced. TAPI-2, a protease inhibitor

that targets several MMP and ADAM family members including TACE, MMP1,

MMP7, MMP8, MMP10 and MMP12, can inhibit, though not completely abolish

TβRIII shedding (Figure 3.9). Interestingly, none of the known targets of TAPI-2

inhibition were identified as potential TβRIII sheddases, although this could be ex-

plained by the fact that the PROSPER server only predicts substrates for four MMP

family members (2, 3, 7 and 9) and no ADAM family members at this point in time

(Song et al., 2012). Whether MMP3, MMP9 or elastase-2 are actually responsible

for shedding TβRIII is currently being explored, as discussed in Chapter 5.3.

Interestingly, I observed that in some cell lines the single alanine point mutation

at M742 was more potent at inhibiting TβRIII ectodomain shedding than the full
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NAAIRS mutation covering this location (HEK293 cells, Figure 3.7). This could

be the result of the method of detection, specifically, determining the ratio of solu-

ble/cell surface via binding and crosslinking. In this cell line the M9 mutant is weakly

expressed at the cell surface, possibly because of improper protein folding or local-

ization to the cell surface as a result of the NAAIRS mutation. However, the M742A

point mutant is highly expressed on the cell surface, with no detectable increase in

soluble TβRIII over the EV control. It could also be that the NAAIRS mutation

abolishes the endogenous TβRIII sheddase recognition sequence, while concurrently

introducing a novel, yet weaker, recognition site for another metalloproteinase. This

possibility could account for cell-line specific differences that we observed, as the

milieu of endogenous metalloproteinases could be quite unique in each cell line, and

thus cannot be excluded. For future experiments using these shedding mutants in

new model systems, it will be advantageous to determine the efficiency of both the

M9 and M742A ∆Shed mutants at the onset.

3.5.3 TGF-β signaling discussion

It has been known for some time that soluble TβRIII is a potent inhibitor of TGF-

β signaling (Vilchis-Landeros et al., 2001; Lopez-Casillas et al., 1991), but here I

confirm for the first time that the converse is also true- that TGF-β sensitivity

is enhanced when ectodomain shedding of TβRIII is selectively inhibited, as pre-

dicted from previous studies showing that membrane-bound TβRIII enhances sig-

naling through ligand presentation (Lopez-Casillas et al., 1993).

One interesting phenomenon that was observed during the course of these studies

was evidence of a biphasic signaling pattern when ectodomain shedding of TβRIII

was inhibited via the ∆Shed-TβRIII mutation. Phosphorylation of Smad2 peaked

„ one-two hours, then was diminished, only to peak again five hours post-treatment.

I was unable to find other reports of a biphasic signaling pattern for the canonical
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Smad2-mediated TGF-β signaling pathway in the literature, although one group did

report a clear biphasic pattern for several non-canonical pathways in response to

TGF-β stimulation within the same time frame, including phosphorylation of Akt

and the MAPKs Erk1/2 and p38 (Lien et al., 2006). The mechanism and conse-

quences of this biphasic response are unknown. It could be the result of a positive

feedback loop, where the strong induction of TGF-β signaling results in an increase

in autocrine TGF-β production, or activation of latent ligand, or stabilization of re-

ceptors on the surface, or a Smad-mediated positive feedback. Most TGF-β feedback

responses involve negative regulation of the pathway, such as downregulation of the

receptors (Zwaagstra et al., 1999; Hempel et al., 2008) and induction of inhibitory

Smads (Nakao et al., 1997), but these possibilities cannot be ruled out at this time.

Also, I have not investigated the internalization rates of the TβRIII shedding mu-

tants. This could provide some insight into how stable the mutants are on the cell

surface in the absence and presence of ligand, which could be significantly altered by

the disrupted shedding, and might explain differences in the kinetics of signaling.

3.5.4 TβRIII-mediated biology discussion

Altering TβRIII ectodomain shedding has straightforward effects on TGF-β signal-

ing, and TGF-β-induced migration and invasion results mirror the signaling data,

with increased signaling resulting in increased migration and invasion. These data

suggest that the mechanism of altered TβRIII shedding on these biologies is me-

diated by the canonical TGF-β-Smad transduction pathway. However, I have not

investigated the potential role of the cytoplasmic domain in these results. TβRIII can

activate the Rho-GTPase Cdc42 in a ligand- and Smad-independent mechanism, via

its interaction with β-arrestin2 (Mythreye and Blobe, 2009). This activation results

in a reorganization of the actin cytoskeleton, and subsequent reduced motility. The

cytoplasmic interaction with GIPC has also been shown to be necessary for TβRIII
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mediated inhibition of migration and invasion in breast cancer cells (Lee et al., 2010).

As both of these interactions could potentially be altered by increased or decreased

stability at the cell surface due to the shedding mutants, I will investigate their con-

tribution. Mutating the threonine at TβRIII 841 (T841A) abolishes its interaction

with β-arr2, and a deletion mutant lacking the three amino acid PDZ domain at

the C-terminus (TβRIII-del) is unable to bind GIPC. I can create the ∆Shed- and

super-shed-TβRIII mutants in each of these backbones, and investigate the effects

on migration and invasion of these mutations in conjunction. These studies will elu-

cidate the relative contribution of TβRIII ectodomain shedding and its cytoplasmic

domain interactions on TβRIII-mediated inhibition of invasion and migration.

The mechanism of altered proliferation and cell growth in breast cancer cells

expressing the TβRIII ectodomain shedding mutants remains elusive. Initial results

from the thymidine incorporation experiments on stable cell lines expressing either

EV, WT-TβRIII or TβRIII shedding mutants that were exposed to media that

had been conditioned for either 24 or 48 hours (from the same cell line) suggested

that expressing any version of TβRIII reduced proliferation relative to EV 48 hours

after plating. Further, the amount of soluble TβRIII present seemed to affect cell

proliferation, as WT-TβRIII and SS-TβRIII expressing cells were more potently

growth inhibited by their 48 hour conditioned media, while there was no change

in EV or ∆Shed-TβRIII expressing cells between their 24 and 48 hour conditioned

media.

These results corroborate a previous report in the MDA-MB-231 cell line that

demonstrated using recombinant soluble TβRIII as an inhibitor of autocrine TGF-β

signaling that TGF-β promotes the growth and survival of those cells, in an Akt-

dependent manner (Lei et al., 2002). However, when I performed cell counting exper-

iments and looked at the effects on cell growth over an 8-day period, the SS-TβRIII

mutant actually had increased growth compared to EV or WT-TβRIII expressing
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cells at Day 8 in untreated conditions. In the presence of exogenous TGF-β stimu-

lation, the SS-TβRIII showed no change in growth compared to EV expressing cells,

but was significantly higher than WT-βRIII. The ∆Shed-TβRIII expressing cells had

the highest cell growth in both untreated and TGF-β stimulated conditions. These

results cannot be explained simply by the presence or absence of soluble TβRIII.

TβRIII interacts with several proteins in its cytoplasmic domain that contribute to

its regulation of signaling (Blobe et al., 2001; Chen et al., 2003; You et al., 2007),

and these functions may be altered in some way by the shedding mutants as a result

of increased or decreased stability on the cell-surface, as mentioned above. Another

possible explanation is that the results in this model system may include TGF-β-

dependent and TGF-β-independent mechanisms. TβRIII can regulate NF-κB signal-

ing mediated by its cytoplasmic interaction with β-arrestin2 (You et al., 2009), and

this interaction can affect cell growth in normal mammary epithelial cells (Criswell

and Arteaga, 2007). Further, TβRIII can mediate TGF-β signaling independent of

TGF-β stimulation through activation of the p38/MAPK pathway (Santander and

Brandan, 2006; You et al., 2007). These possibilities are currently being explored

through the use of TGF-β and other pathway inhibitors.

∆Shed-TβRIII expressing cells had the highest cell growth in cell counting ex-

periments, despite showing slightly reduced proliferation via thymidine incorporation

assays after 24 hours. This contradiction could be explained by the time period ex-

amined (one day vs. eight days) or differences in assay type. If the shedding mutants

are altering other cell properties, like adhesion or apoptosis, differences in experimen-

tal protocols and the dependent variable being measured could confound the results.

For example, the thymidine incorporation assay involves many high-volume washes,

while the cell counting assay wells were washed only twice before trypsinizing to

count. I performed an adhesion assay to address the potential that this was affecting

the thymidine incorporation results and found that the ∆Shed-TβRIII mutant did
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appear to have lower adhesion to both laminin and collagen, although as this experi-

ment was performed only once, these results need to be confirmed. Additionally, cell

counting experiments only provide data on the number of cells, and do not differ-

entiate between increased proliferation or increased survival (decreased apoptosis).

Therefore, I could also determine whether the TβRIII shedding mutants are altering

levels of apoptosis.

As TGF-β-mediated growth inhibition often occurs via induction of CDK in-

hibitors, I looked at the induction of p21 over the 8-day timecourse of the cell counting

experiments. Induction of p21 results in decreased cell-cycle progression, therefore

higher levels of p21 should be associated with decreased proliferation. Indeed, I

saw that WT-TβRIII expressing cells had the highest level of TGF-β-induced p21

expression, and also had higher levels of p21 in untreated conditions, while ∆Shed-

TβRIII expressing cells had the lowest amount of p21 expression at Days 4 and 6,

consistent with the cell growth data. Interestingly, as ∆Shed-TβRIII cells have the

highest amount of TGF-β signaling at these time points, the induction of p21 does

not appear to be mediated by the canonical TGF-β signaling pathway. It is pos-

sible that one of the non-canonical pathways mentioned above is regulating p21 in

this context, and this could be determined using inhibitors against several different

pathways during cell growth experiments.
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Figure 3.1: Soluble TβRIII is similar in size to the full-length receptor (A)
Binding and crosslinking of transiently transfected HA tagged WT-TβRIII in COS7
cells. Following 125I-TGF-β1 binding and crosslinking, cell lysate and conditioned
media were immunoprecipitated with an antibody against HA. (B) Schematic of
TβRIII with the amino acid sequence of the juxtamembrane domain highlighted.
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Table 3.1: Mutagenesis primers for juxtamembrane domain NAAIRS mu-
tants

!"#$%&'()))))*&+$%&'())))))))),&-.$-/)0-123-)435"3'+3()))))))))))))))))))))))))))))))))))))))6373-83)0-123-)435"3'+3()

!"#
!$#
!%#
!&#
!'#
!(#
!)#
!*#
!+#
!,#
!$"#
!$$#
!$%#
!$&-#
!$'#
!$(#
!$)#

./0.11.1/111.##/.12/.2121./1./10##.2/1./0./...####

..2.0.11.1/##/.12/.2121./1./10##.112/./0/012/####
/2.21.111.1.##/.12/.2121./1./10##1../0.11.1/####
/.21/1/1./.2/1.##/.12/.2121./1./10##/1.2.1..2.0.####
..2./0/2//12##/.12/.2121./1./10##/2/1/1/2.21.####
/01../11/0##/.12/.2121./1./10##/0/.21/1/1./####
./0/.2/1..1..##/.12/.2121./1./10##/2.....2./0/####
.2//1./.1..2##/.12/.2121./1./10##/1/1/1/01..####
..///1.1012##/.12/.2121./1./10##./1../0/.2/####
/0/010/2.##/.12/.2121./1./10##/.1../.2//1.####
/11..../0..2##/.12/.2121./1./10##/12/12..///1.####
./0/12..2..12##/.12/.2121./1./10##.11/.2/0/####
//002/021.1##/.12/.2121./1./10##/1/1./11....####

..2..1.1110..##/.12/.2121./1./10##2..1//002/####
//1.1//12..11##/.12/.2121./1./10##102..0//0/####
/12/1/..01...2##/.12/.2121./1./10##2..2..1.1110..#

///./11./2.1/##112./2./2121/.12/.##/02.2/0/11./#####
.1211.11./.10/##112./2./2121/.12/.##.2/0/11/1//####
.2/0/11.//2##112./2./2121/.12/.##/2/02/21/1.####
/11/1//2/1/2.##112./2./2121/.12/.##/2.1/./2.2.21/.####
/21/1.2.2.1.##112./2./2121/.12/.##12..1.11./1//####
./2.2.21/.11.##112./2./2121/.12/.##11.0.//211.####
.11./1/////1.##112./2./2121/.12/.##//2//2.1/.11./####
//211.2.2.2.##112./2./2121/.12/.##1//2/./2..1/####
.1/.11.//2./##112./2./2121/.12/.##12112/2...//####
/2..1/.//2/.##112./2./2121/.12/.##/1.11211.11.####
/2...//12.12.##112./2./2121/.12/.##1//11.////0.####
.11.1/.0/##112./2./2121/.12/.##12//1//12.11./####
////0./2.2.##112./2./2121/.12/.##2/2111.11111..#####
-#!134#56#!721.4849#
.11111..2//1##112./2./2121/.12/.##//1102/2//1//####
.11..11//1112##112./2./2121/.12/.##0//12..2/2..####
//1102/2//1//1##112./2./2121/.12/.##1///211//.2.12.####

::#)+&;)++#
::#)+,;),'#
::#),(;*""#
::#*"$;*")#
::#*"*;*$%#
::#*$&;*$+#
::#*$,;*%'#
::#*%(;*&"#
::#*&$;*&)#
::#*&*;*'%#
::#*'&;*'+#
::#*',;*('#
::#*((;*)"#
::#*)$;*))#
::#*)*;**%#
::##**&;**+#
::#**+;*+&#
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Figure 3.2: Expression and shedding of juxtamembrane domain NAAIRS
mutants (A) Western blot of WT-TβRIII and indicated NAAIRS mutants tran-
siently transfected in COS7 cells. (B) Binding and crosslinking of COS7 cells tran-
siently transfected with the indicated constructs. Cells were grown in full growth
media for 20 h. Following 125I-TGF-β1 binding and crosslinking, cell lysates and
conditioned media were immunoprecipitated with an antibody against HA. * de-
notes the mutants that were further utilized in these studies. Representative images
from 2 independent experiments. (C) Quantification of (B). Densitometric analy-
sis was performed in ImageJ software, and the ratio of soluble/cell-surface TβRIII
was determined. (D) ELISA analysis of soluble TβRIII from COS7 cells transiently
transfected with the indicated constructs. Media were conditioned for 24 h. Con-
centration of soluble TβRIII was determined from a standard curve. Soluble TβRIII
levels were then normalized to TβRIII expression determined via western blotting
from control lysates. Data are from 2 independent experiments and shown as mean
˘ SEM normalized to WT-TβRIII.
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Table 3.2: Mutagenesis primers for alanine mutants

!"#$%&'())))*&+,$+-).+/01+)213"1'41()))))))))))))))5161+71).+/01+)213"1'41()

!""!#!"$#%%!##%%$&!&#$#""!%%%%
!#!"$#"!#%%!##%%!&#$#""!##%%%%
!"$#"!#$&%%!##%%$#""!##&!%%%%
#"!#$&!&#%%!##%%""!##&!&#$#%%%%
!#$&!&#$#%%!##%%##&!&#$#""#%%%%
#$&!&#$#""!%%!##%%!&#$#""#"##%
%%%%%%%%
#$#""!##&%%!##%%$#""#"##%%%%
#""!##&!&#%%!##%%""#"##&#"#%%%%
!##&!&#$#%%!##%%"##&#"#&!#&#%%%%
#&!&#$#""#%%!##%%&#"#&!#&#%%%%
!&#$#""#"##%%!##%%#&!#&#$&#&"#%%%%
#$#""#"##&#"%%!##%%#&#$&#&"#"!%%%

#&!!"#!##&#!%%!##%%"&#&!!!##"&!%%%%
!"#!##&#!"&"%%!##%%&!!!##"&!"&!%%%%
!##&#!"&""&#%%!##%%!##"&!"&!#"!%%%%
!"&""&#&!!!##%%!##%%"&!#"!""&""!%%%%
#&!!!##"&!%%!##%%#"!""&""!""!%
%%%%%%
!""!"#!$#%%!##%%""!####$!#%%%%
!""!"#!$#"##%%!##%%####$!#&!&!%%%
#!$#"##""!%%!##%%#$!#&!&!"&#%%%%
#"##""!###%%!##%%!#&!&!"&##"#%%%%
#""!####$!#&%%!##%%"&##"##"&!""!%

#$!""!"#"""%%!!#%%!""&#!#$#%%%%
!!#$!""!"#%%!!#%%!#&!""&#!#%%%%
#"!!#$!""%%!!#%%"""!#&!""&#%%%%
!""!"#"!!#$%%!!#%%!"#"""!#&!%%%%
!$!""!"#"!!%%!!#%%!""!"#"""!#%%%%
!!&!$!""!"#%%!!#%%#$!""!"#"""!%

!!&!$!""%%!!#%%"!!#$!""!%%%
!&!"!!&!$%%!!#%%!"#"!!#$!%%%%
!"!#"!&!"!!&%%!!#%%!""!"#"!!#%%%%
!"!#"!&!"%%!!#%%!$!""!"#"!%%%%
!&"!"""!"!#"!%%!!#%%!!&!$!""!"#%%%%
#&!&"!"""!"!%%!!#%%&!"!!&!$!""!%

#"&!!###"!"&%%!!#%%#!"!!#!&##"!%%%%
#"&#"&!!###"%%!!#%%&"&#!"!!#!&#%%%%
#&!#"&#"&!!#%%!!#%%!"$"&#!"!!#%%%%
#$"$#&!#"&%%!!#%%!!###"!"$"&#%%%%
#$#$"$#&!%%!!#%%#"&!!###"!%

!#""!!!!#$%%!!#%%!""#!&#$#%%%%
#"#"!#""!!!!%%!!#%%!!&!""#!&#$#%%%%
!"&#"#"!#""!%%!!#%%#$!!&!""#!%%%%
!&!!"&#"#"!#%%!!#%%!!!#$!!&!%%%%
#$#"&!!&!!"&%%!!#%%"!#""!!!!#$!%

'()*"%
+(*,"%
-(*."%
+(*/"%
0(*1"%
2(*3"%

-(*4"%
+(*("%
5(*6"%
&(*)"%
'(**"%
76,,"%

8616"%
861)"%
961*"%
:63."%
:63/"%

&63*"%
064,"%
264."%
764/"%
-643"%
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Figure 3.3: A single amino acid substitution at M742 significantly in-
hibits TβRIII ectodomain shedding (A) Western blot showing expressing of
WT-TβRIII and M9 alanine point mutants transiently transfected in COS7 cells.
β-actin was used as a loading control. (B) Binding and crosslinking of COS7 cells
transiently transfected with the indicated constructs. Cells were grown in full growth
media for 20 h. Following 125I-TGF-β1 binding and crosslinking, cell lysates and con-
ditioned media were immunoprecipitated with an antibody against HA. Representa-
tive images from 2 independent experiments. (C) Quantification of (B). Densitomet-
ric analysis was performed in ImageJ software, and the ratio of soluble/cell-surface
TβRIII was determined. (D) ELISA analysis of soluble TβRIII from COS7 cells
transiently transfected with the indicated constructs. Media were conditioned for 24
h. Concentration of soluble TβRIII was determined from a standard curve. Soluble
TβRIII levels were then normalized to TβRIII expression determined via western
blotting from control lysates. Representative data from 2 independent experiments.
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Figure 3.4: No single point mutations within M1, M2 or M11 signifi-
cantly altered TβRIII ectodomain shedding (A) Western blot of transiently
transfected WT-TβRIII or alanine mutants in COS7 cells. β-actin was used as a
loading control. (B) Binding and crosslinking of transiently transfected WT-TβRIII
or alanine mutants in COS7 cells. 24 h after transfection media was changed to full
serum media and allowed to condition overnight. Following 125I-TGF-β1 binding and
crosslinking, lysates and conditioned media were immunoprecipitated with an anti-
body against HA. (C) Quantification of (B). Data shown as densitometry of soluble
TβRIII/cell surface TβRIII. Representative image from 2 independent experiments.
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Table 3.3: Mutagenesis primers for TβRIII double-alanine mutants
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Figure 3.5: Shedding of double-alanine TβRIII mutants (A) Binding and
crosslinking of double-alanine shedding mutants in COS7 cells. Following 125I-TGF-
β1 binding and crosslinking, lysates and conditioned media were immunoprecipitated
with an antibody against HA. Representative images from 2 independent experi-
ments.
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Figure 3.6: Shedding of final TβRIII mutants in COS7 cells (A) Binding and
crosslinking of final shedding mutants in COS7 cells. Following 125I-TGF-β1 binding
and crosslinking, lysates and conditioned media were immunoprecipitated with an
antibody against TβRIII. Representative images from 2 independent experiments.
(B) ELISA data from media conditioned from transiently transfected COS7 cells for
20 h. Data from 3 independent experiments are shown as average levels of soluble
TβRIII in the conditioned media normalized to β-actin loading controls from the
corresponding cell lysates ˘ SEM.
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Figure 3.7: Shedding of final TβRIII mutants in HEK293 and Mv1Lu
cells (A) Binding and crosslinking of HEK293 and Mv1Lu cells. Cells were tran-
siently transfected with EV, WT-TβRIII or shedding mutants and 24 h later media
was replaced and allowed to condition for 20 h. Following 125I-TGF-β1 binding
and crosslinking, lysates and conditioned media were immunoprecipitated with an
antibody against TβRIII. TβRIII and β-actin western blots are shown as loading
controls. Representative images from 2 independent experiments.
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Figure 3.8: In silico identification of protease consensus se-
quences in TβRIII juxtamembrane domain (A) The TβRIII juxtamem-
brane sequence: TSLDASIIWAMMQNKKTFTKPLAVIHHEAESKEKGPSMKEP-
NPISPPIFHGLD was queried using the PROSPER server available at:
www.lightning.med.monash.edu.au/PROSPER. Modified screenshot of the results
are shown. (B) Same as (A), querying the same region of TβRIII containing the
M13 NAAIRS mutation.
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Figure 3.9: TAPI-2 inhibits shedding of WT-TβRIII but does not affect
the M13 mutant (A) Binding and crosslinking of transiently transfected WT-
TβRIII or the M13 NAAIRS mutant in COS7 cells. Prior to binding, cells were
treated with 25 µMTAPI-2 for 24 h. Following 125I-TGF-β1 binding and crosslinking,
lysates and conditioned media were immunoprecipitated with an antibody against
TβRIII. Representative image from 3 independent experiments.

Table 3.4: Mutagenesis primers for mouse TβRIII mutants
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Figure 3.10: Structures responsible for altered TβRIII shedding are con-
served across species (A) Sequence alignment of the juxtamembrane domain of
human, mouse, rat, cow, pig and chicken TβRIII. Orange highlighted region shows
area of M9 mutation, blue highlighted region shows area of M13 mutation. (B) Bind-
ing and crosslinking of transiently transfected mouse TβRIII constructs (WT, mM9,
M740A, and mM13) in COS7 cells. Following 125I-TGF-β1 binding and crosslinking,
lysates and conditioned media were immunoprecipitated with an antibody against
TβRIII. Representative image from 4 independent experiments. (C) Quantifica-
tion of (B). Data are shown as average densitometry of soluble TβRIII/cell-surface
TβRIII ˘ SEM.
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Figure 3.11: Expression and shedding of TβRIII and mutants in sta-
ble MDA-MB-231 cell lines (A) Binding and crosslinking of monoclonal stable
lentiviral MDA-MB-231 cell lines made with EV, WT-TβRIII, ∆Shed-TβRIII (M9
mutant) or super-shed TβRIII (M13 mutant). Following 125I-TGF-β1 binding and
crosslinking, cell lysates and conditioned media were immunoprecipitated with an
antibody against the extracellular domain of TβRIII. β-actin was used as a loading
control. Representative data from 3 independent experiments. (B) ELISA analysis
of soluble TβRIII from stable MDA-MB-231 cell lines. Media were conditioned for
24 h. Concentration of soluble TβRIII was determined from a standard curve of
known amounts. Soluble TβRIII levels were then normalized to β-actin expression
determined via western blotting from control lysates. Data are from 3 independent
experiments and shown as mean ˘ SEM. One-way ANOVA p < 0.0001. Tukey’s
multiple comparisons tests: * p < 0.05; ** p < 0.001; *** p < 0.0001.
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Figure 3.12: TβRIII ectodomain shedding is affected by the presence of
serum in MDA-MB-231 cells (A) Binding and crosslinking of lentiviral stable
MDA-MB-231 cell lines expressing either EV, WT-TβRIII or the shedding mutants.
Cells were plated and the following day media was changed to either full serum me-
dia (10% FBS) or serum-free media and allowed to condition for 24 h. Following
125I-TGF-β1 binding and crosslinking lysates and conditioned media were immuno-
precipitated with an antibody against TβRIII. β-actin western blot is shown as a
loading control. Representative images from 2 independent experiments are shown.
(B) ELISA data from media conditioned from lentiviral stable cell lines for 24 h
in the absence or presence of 10% FBS. Data from 3 independent experiments are
shown as levels of soluble TβRIII in the conditioned media normalized to β-actin
loading controls from the corresponding cell lysates. Two-way ANOVA for cell line
and treatment p < 0.001.
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Figure 3.13: TβRIII-mediated decreases in TGF-β responsiveness re-
quire shedding Lentiviral stable MDA-MB-231 cell lines expressing either EV,
WT-TβRIII, ∆Shed-TβRIII or super-shed TβRIII were plated in full serum media
and allowed to condition for 20 h before treatment with the indicated concentrations
of TGF-β1 for 30 minutes. Western blot analysis was performed with the indicated
antibodies. Total Smad2 and β-actin were used as loading controls. Quantification
of densitometric analysis is shown as levels of phosphorylated Smad2/β-actin. Data
are representative of ě 3 independent experiments.
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Figure 3.14: Inhibiting TβRIII ectodomain shedding increases TGF-β-
induced gene transcription (A) Stable MDA-MB-231 cell lines were transfected
with a pE2.1 responsive luciferase construct and a renilla construct. The following
day cells were treated with serum-free media that had been pre-conditioned from
the corresponding cell line for 24 h and 50 pM TGF-β1. Cells were treated for
24 h. Results from 4 independent experiments are shown as pE2.1/renilla activity,
and normalized to ligand untreated condition of each cell line. Two-way ANOVA p
< 0.001. * One-sample t-test p < 0.05; # Two-tailed t-test p < 0.05 relative to ∆S
+ TGF-β1.
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Figure 3.15: TGF-β signaling is reduced by exogenous soluble TβRIII (A)
Lentiviral stable MDA-MB-231 cell lines were plated in full serum media and allowed
to condition for 20 h before treatment with 50 pM TGF-β1 and indicated amounts
of exogenous soluble TβRIII for 30 minutes. Western blot analysis performed with
indicated antibodies. TβRIII and β-actin western blots are shown as loading controls.
Representative image from 2 independent experiments. Densitometric analysis of
pSmad2/β-actin control is shown below.
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Figure 3.16: WT-TβRIII and ∆S-TβRIII sensitize MDA-MB-231 cells
to TGF-β2 (A) Lentiviral stable MDA-MB-231 cell lines were plated in full serum
media and allowed to condition for 20 h before treatment with 50 pM TGF-β2 for the
indicated time periods. Western blot analysis performed with indicated antibodies.
Representative images from 2 independent experiments. (B) Stable MDA-MB-231
cell lines were transfected with a pE2.1 responsive luciferase construct and a renilla
construct. The following day cells were treated with media that had been pre-
conditioned from the corresponding cell line for 24 h and 50 pM TGF-β2. Cells were
treated for 24 h. Results from 4 independent experiments are shown as pE2.1/renilla
activity, and normalized to ligand untreated condition of each cell line. * One-sample
t-test p < 0.05 relative to UnT. # Two-tailed t-test p < 0.05 relative to ∆S + TGF-
β2.
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Figure 3.17: TβRIII ectodomain shedding regulates the kinetics of TGF-β
signaling (A) Lentiviral stable MDA-MB-231 cell lines expressing either EV, WT-
TβRIII, ∆Shed-TβRIII or super-shed TβRIII were plated in full serum media and
allowed to condition for 20 h before treatment with 50 pM of TGF-β1 for the indi-
cated times. Western blot analysis was performed with indicated antibodies. Total
Smad2 and β-actin were used as loading controls. Quantification of densitometric
analysis of levels of phosphorylated Smad2/β-actin is shown below. Representative
data from 4 independent experiments.
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Figure 3.18: TβRIII ectodomain shedding regulates the magnitude of
TGF-β signaling (A) Summary of timecourse experiment data. Densitometric
analysis of phosphorylated Smad2/β-actin. Data for ě 3 independent experiments
for each time point is shown as mean ˘ SEM. One-way ANOVA p < 0.05 for 15m,
30m, 1h, 2h, 3h, 4h, 5h, and 6h timepoints. (C) Integrated signaling over 6h time-
course. Densitometric analysis of phosphorylated Smad2/β-actin of each experiment
plotted as line graphs, and the area under the curve was calculated for each cell line.
Data from 4 independent experiments are demonstrated as mean ˘ SEM. One-way
ANOVA p < 0.05. * Two-tailed t-test p < 0.05.
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Figure 3.19: TβRIII ectodomain shedding regulates the kinetics and mag-
nitude of TGF-β signaling in HEK293 cells HEK293 cells were transiently
transfected with EV, WT-TβRIII or shedding mutants. Following overnight serum
starvation, cells were treated with (A) 50 pM TGF-β1 for 30 minutes or (B) 50
pM TGF-β1 for indicated time period. Western blot analysis performed with indi-
cated antibodies. TβRIII and β-actin western blots are shown as loading controls.
Representative images from 3 independent experiments shown.
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Figure 3.20: Ectodomain shedding is necessary for TβRIII-mediated inhi-
bition of migration Stable MDA-MB-231 cell lines were plated in media that had
been pre-conditioned from the corresponding cell line for 24 h in fibronectin-coated
transwell chambers in either the absence (UnT) or presence of 50 pM TGF-β1. Cells
were allowed to migrate for 24 h. Experiments were performed by Cathy Gatza.
(A) Representative images of migrated cells. (B) Summary of 4 independent experi-
ments. Data normalized to EV UnT and shown as mean ˘ SEM. Two-way ANOVA
for cell line and treatment p < 0.05. Tukey’s multiple comparisons tests: # p < 0.05
relative to EV UnT; * p < 0.05 relative to EV + TGF-β1; † p < 0.05 relative to ∆S
UnT.
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Figure 3.21: TβRIII ectodomain shedding regulates TGF-β-mediated
migration in HMECs (A) Human Mammary Epithelial Cells (HMECs) tran-
siently transfected with EV, WT-TβRIII, or the shedding mutants were plated onto
fibronectin-coated transwells and allowed to migrate for 24 h in the absence or pres-
ence of 100 pM TGF-β1. Experiments were performed by Cathy Gatza. Data from
3 independent experiments are shown as number of migrated cells normalized to EV
UnT. * Two-tailed t-test p < 0.05 relative to EV + TGF-β1.
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Figure 3.22: Ectodomain shedding is necessary for TβRIII-mediated in-
hibition of invasion Stable MDA-MB-231 cell lines were plated in media that had
been pre-conditioned from the corresponding cell line for 24 h in Matrigel-coated
transwell chambers in either the absence (UnT) or presence of 50 pM TGF-β1. Cells
were allowed to invade for 24 h. Experiments were performed by Cathy Gatza. (A)
Representative images of invaded cells. (B) Summary of 5 independent experiments.
Data normalized to EV UnT and shown as mean ˘ SEM. Two-way ANOVA for
interaction, cell line and treatment p < 0.05. Tukey’s multiple comparisons tests:
# p < 0.05 relative to EV UnT; * p < 0.05 relative to EV + TGF-β1; † p < 0.05
relative to ∆S UnT.
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Figure 3.23: Effects of soluble TβRIII on MDA-MB-231 cell proliferation
(A) MDA-MB-231 lentiviral stable cell lines expressing either EV, WT-TβRIII or the
shedding mutants were plated in triplicate in the absence or presence of 50 pM TGF-
β1. 24 hours later proliferation was determined via 3H-Thymidine incorporation.
Data from 4 independent experiments are shown as mean CPM normalized to EV
UnT. (B) MDA-MB-231 lentiviral stable cell lines expressing either EV, WT-TβRIII
or the shedding mutants were plated in media that had been pre-conditioned for 24
h from corresponding cells in 96 well plates in triplicate in the absence or presence
of 50 pM TGF-β1. 24 hours later proliferation was determined via 3H-Thymidine
incorporation. Data from 4 independent experiments are shown as mean CPM nor-
malized to EV UnT. Two-way ANOVA for cell line p < 0.002. * One-sample t-test p
< 0.05 relative to EV UnT. † Two-tailed t-test p < 0.05 relative to EV + TGF-β1.
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Figure 3.24: Inhibiting TβRIII ectodomain shedding increases MDA-MB-
231 cell growth (A) At Day 0, 5,000 cells of each cell line (EV, WT-TβRIII, ∆S-
TβRIII, and SS-TβRIII) were plated. On Days 2, 4, 6 and 8 cells were trypsinized and
live cells were counted. Data from 4 independent experiments are shown as average
cell number ˘ SEM. Two-way ANOVA for interaction, cell line and treatment p
< 0.0001. Tukey’s multiple comparisons tests, Day 8, p < 0.05 for: EV vs. ∆S, EV
vs. SS, WT vs. ∆S, WT vs. SS, ∆S vs. SS. (B) Same as (A), with 50 pM TGF-β
treatment. Data from 4 independent experiments are shown as average cell number ˘
SEM. Two-way ANOVA for interaction, cell line and treatment p < 0.0001. Tukey’s
multiple comparisons tests, Day 8, p < 0.0001 for: EV vs. WT, EV vs. ∆S, WT vs.
∆S, WT vs. SS, ∆S vs. SS.
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Figure 3.25: Inhibiting TβRIII ectodomain shedding reduces TGF-β-
induced p21 expression (A) Cells harvested at Days 4 and 6 from cell counting
experiments were lysed and immunoblotted with p21, pSmad2 and β-actin antibod-
ies. Representative data from 3 independent experiments.
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4

Role of ADAM10 in TGF-β Receptor Shedding

4.1 Background

Due to their wide range of substrates, ADAMs have been implicated in many disease

processes, including cancer (Blobel, 2005). ADAM10 is overexpressed in multiple

kinds of cancer, including leukemia, colon, uterine and ovarian (Wu et al., 1997;

Gavert et al., 2007; Fogel et al., 2003). In breast cancer, ADAM10 cleaves the

HER2 receptor, leaving behind a constitutively active kinase fragment (Liu et al.,

2006). As this activity is associated with increased metastasis and a poor prognosis

in breast cancer patients, there have been several therapeutic agents designed to

inhibit ADAM10 in breast cancer (Duffy et al., 2011).

The prodomains of ADAMs are short, N-terminal peptide sequences that are im-

portant for proper protein folding and transport, but must be removed in order for

the zymogen to become enzymatically active (Schlondorff et al., 2000). The recom-

binant prodomain of mouse ADAM10 (proADAM10) was discovered to be a highly

selective inhibitor against ADAM10 (Moss et al., 2007). proADAM10 competitively

binds the catalytic domain of human ADAM10 with a Ki of 48 nM, while concen-
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trations greater than 30 µM are needed to inhibit ADAMs 17, 8 and 9, and MMP

family members are not inhibited at all. As most protease inhibitors target multiple

metalloproteinases, this highly specific ADAM10 inhibitor is an invaluable tool for

discovering substrates unique to this family member and exploring the specific role

of ADAM10 in cancer cell biology.

Our collaborator, Dr. Marcia Moss, performed an exploratory array measuring se-

creted factors from BT474 breast cancer cells treated with this peptide and found that

many proteins involved in the TGF-β signaling pathway were altered (unpublished

observations). There are no previous reports suggesting a direct role for ADAM10

in cleaving TGF-β receptors, although ADAM17 (also known as TACE), a highly

homologous family member with which ADAM10 is known to share many other sub-

strates (Caescu et al., 2009), can cleave the type I TGF-β receptor, TβRI (Liu et al.,

2009a). This shedding of TβRI by ADAM17 leads to downregulation of TGF-β

signaling and inhibition of TGF-β-mediated epithelial-mesenchymal transition and

anti-proliferative effects (Liu et al., 2009a). Therefore, I decided to investigate the

potential role of ADAM10 as a novel TGF-β receptor sheddase and its effects on

TGF-β-mediated signaling and breast cancer biology.

4.2 ADAM10 May Be a Novel Sheddase for TβRI and TβRII

4.2.1 Inhibiting ADAM10 alters the balance of surface and soluble TGF-β receptors

In an exploratory protein microarray that measured secreted factors from BT474

breast cancer cells treated with the highly specific ADAM10 inhibitor, proADAM10,

the TGF-β superfamily was identified as a novel signaling pathway of interest (un-

published data, Dr. Marcia Moss). TβRI and TβRII, as well as BMPRI and BM-

PRII, were reduced in the conditioned media of proADAM10 treated cells compared

to media from vehicle control treated cells, suggesting a direct role for ADAM10 in

cleaving these receptors. Interestingly, TβRIII and its homolog in endothelial cells,

89



endoglin, were both increased in the media of proADAM10 treated cells.

Therefore, to verify these array data I used a ligand binding and crosslinking assay

to label endogenous TGF-β receptors following proADAM10 treatment in a pancre-

atic cancer cell line, PANC1. PANC1 cells were chosen as these cells express TβRI,

TβRII, and TβRIII at detectable levels. Cell-surface TβRI and TβRII were both

increased following proADAM10 treatment, consistent with the array data showing

ADAM10 inhibition reduced ectodomain shedding of these receptors (Figure 4.1A).

Likewise, surface TβRIII was significantly decreased, consistent with the increased

shedding observed in the array, although increased soluble TβRIII was difficult to

detect in this cell line as there was limited endogenous ectodomain shedding (Fig-

ure 4.1A,B). I also observed increased labeling of a novel, lower molecular-weight

complex, which could be a ligand-binding fragment of the remaining TβRIII surface

receptor following cleavage. proADAM9, an inhibitor targeting ADAM9, showed

no effect on the TGF-β receptors, suggesting these results are specific to ADAM10

inhibition (Figure 4.1A,B).

4.2.2 ADAM10 inhibition decreases levels of soluble TβRI in vivo

While over 40 substrates for ADAM10 have been identified in vitro, far fewer sub-

strates have been confirmed in vivo (Crawford et al., 2009). To determine whether

proADAM10 was effective in vivo, and to discover novel physiological substrates,

mice bearing BT474 breast cancer xenografts were treated intratumorally twice daily

with 100 µg proADAM10 for three days, after which blood and tissue samples were

collected. Another human antibody array was performed measuring factors secreted

from the tumor cells into the blood. Levels of soluble TβRI were significantly re-

duced in the plasma of mice treated with proADAM10 compared to vehicle control

(Figure 4.2A). While there was a trend for reduced soluble TβRII levels in vivo,

this difference was not significant (Figure 4.2B). Together, these data suggest that
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TβRI, and possibly TβRII, may be a novel substrate for ADAM10, although more

experiments are required to confirm this, as discussed in Chapter 5.3.

4.3 Inhibition of ADAM10 Alters TGF-β Signaling in a TβRIII-
Dependent Manner

To examine the consequences of ADAM10 inhibition on TGF-β signaling, I treated

BT474 cells with proADAM10 and TGF-β1. Surprisingly, ADAM10 inhibition re-

sulted in reduced TGF-β signaling, despite higher levels of cell-surface TβRI and

TβRII (Figure 4.3A). A dosage curve of proADAM10 treatment showed a potent

inhibition of TGF-β signaling with as little as 1 µM of proADAM10 (Figure 4.3C).

I hypothesized that this could be due to increased shedding, or the subsequent de-

creased cell-surface levels, of TβRIII. To test this hypothesis, I first looked at the

effects of ADAM10 inhibition on TGF-β2 signaling. As TGF-β2 requires TβRIII

for ligand presentation to the type II receptor (De Crescenzo et al., 2006), I hy-

pothesized that if the effects of ADAM10 inhibition were mediated by TβRIII, these

effects would be more pronounced with TGF-β2 treatment. Indeed, even 100 pM of

TGF-β2 did not induce phosphorylation of Smad2 in the presence of proADAM10

(Figure 4.3B).

Next, I knocked-down endogenous TβRIII in the BT474 cells using transient

shRNA expression. When TβRIII was knocked-down, the effect of proADAM10 was

reversed, and ADAM10 inhibition slightly increased TGF-β1 signaling (Figure 4.4).

Additionally, I looked in a myoblast cell line, L6, which has no endogenous TβRIII,

but is TGF-β responsive. In this cell line, treatment with proADAM10 also in-

creased TGF-β signaling (Figure 4.5). When TβRIII expression was transiently

overexpressed in L6 cells, this was reversed, and ADAM10 inhibition once again

significantly reduced TGF-β responsiveness (Figure 4.6). Together, these data sup-

port a role for ADAM10 as a regulator of TGF-β signaling, in a TβRIII-dependent
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manner.

4.4 ADAM10 Inhibition Significantly Reduces Breast Cancer Cell
Growth

ADAM10 is known to be involved in several pathways that regulate cell survival and

proliferation, including the EGF/ErbB signaling pathway. ADAM10 cleaves EGF

ligands, releasing them from the membrane which is necessary for their activation

(Sahin et al., 2004). The ErbB2/HER2 receptor itself is also a substrate for ADAM10,

and a small-molecule inhibitor of ADAM10 can inhibit proliferation in HER2+ breast

cancer cells (Liu et al., 2006). We replicated these data using proADAM10 in BT474

cells, which are HER2+ (Kao et al., 2009). Cell-counting experiments showed that

proADAM10 treatment drastically reduced cell growth (Figure 4.7).

As our data demonstrates that ADAM10 is involved in TGF-β signaling, which is

also a potent regulator of proliferation and cell survival, we further tested the effects

of ADAM10 inhibition on cell growth in multiple cancer systems, summarized in

Table 4.1. ADAM10 inhibition significantly reduced cell growth in both breast cancer

cell lines (BT474 and MDA-MB-468), and the pancreatic cancer cell line BXPC3

(Table 4.1). However, ovarian, prostate and colon cancer cell lines were less sensitive

to proADAM10, with only high concentrations (15 µM) inducing significant growth

inhibition (Table 4.1). These results were surprising, as ADAM10 is overexpressed

in these each of these cancer types (Fogel et al., 2003; Gavert et al., 2007; McCulloch

et al., 2004), and will be discussed further in Chapter 4.5. These data suggest that

ADAM10 could be a specific target for anti-proliferative therapies in defined cellular

contexts.
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4.5 Discussion

Here, I demonstrate that inhibition of ADAM10 increases cell surface levels of TβRI

and TβRII, and decreases surface levels of TβRIII. In vivo treatment with proADAM-

10, a specific ADAM10 inhibitor, reduced plasma levels of TβRI. Altering the balance

of membrane-bound and soluble TGF-β receptors through ADAM10 inhibition reg-

ulates the responsiveness of breast cancer and myoblast cells to TGF-β ligands, in a

TβRIII-dependent manner. Functionally, ADAM10 inhibition is capable of inhibit-

ing growth of breast and pancreatic cancer cell lines. Together, these data suggest

that ADAM10 may be a novel protease for TβRI and TβRII, and provide further

support for therapeutically targeting ADAM10 activity in breast cancer.

While these data provide a strong rationale for further investigation into the role

of ADAM10 in TGF-β signaling, much more work is needed to verify ADAM10 as a

sheddase for TβRI, as outlined in Chapter 5.3, and there are still many unanswered

questions. For example, how does inhibition of a sheddase result in increased TβRIII

shedding? There are several possibilities to explain this apparent paradox. Although

the predominant sheddase for TβRIII has yet to be determined, it has been demon-

strated that when it is overexpressed MMP-14, or MT1-MMP, is capable of cleaving

TβRIII (Velasco-Loyden et al., 2004), and is the main sheddase of its homolog, en-

doglin (Hawinkels et al., 2010), which was also increased in the conditioned media of

proADAM10 treated BT474 cells in the protein array (unpublished data, Dr. Marcia

Moss). MMP-14 is a membrane-tethered protease (Sato et al., 1996), and the activ-

ity of other MT-MMPs has been shown to be dependent on their surface localization

(Wang and Pei, 2001). As many metalloproteinases are themselves substrates for

other family members (Moss et al., 2011), it is possible that ADAM10 inhibition

leads to decreased shedding of and increased surface levels of MMP-14, thereby in-

creasing its activity and subsequent production of soluble substrates. Indeed, levels
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of MMP-14 in conditioned media from BT474 cells were decreased, suggesting that

it may itself be a novel substrate of ADAM10 (unpublished data, Dr. Marcia Moss).

It is also possible that inhibition of ADAM10 activity results in compensation by

MMMP-14 or other metalloproteinases, leading to an increase in their activity, and

thus increased shedding of their substrates.

Another unanswered question is how the expression of TβRIII regulates the ef-

fects of proADAM10 on signaling. Based on the known roles of membrane-bound

and soluble TβRIII, there are several possible explanations. Decreased presence of

TβRIII on the surface might decrease the ligand presentation function of TβRIII to

TβRII, and thus inhibit responsiveness, despite higher TβRI and TβRII surface lev-

els. This effect could be more relevant in the case of TGF-β2, and would explain the

even further decrease in responsiveness to this ligand with proADAM10 treatment.

Another possibility is that increased soluble TβRIII could be acting as a ligand trap

to decrease signaling. Comparing the results from knock-down and overexpression

of TβRIII could provide some insight to these hypotheses. Knocking-down TβRIII

in BT474 cells did somewhat reduce TGF-β signaling on its own, comparable to the

amount of inhibition seen with proADAM10 treatment. This could suggest that it is

the former explanation, that the loss of TβRIII on the surface and decreased ligand

presentation function is responsible for reduced TGF-β signaling. However, in the

L6 cells, in the absence of any TβRIII, proADAM10 increases responsiveness, likely

as the result of increased cell surface levels of TβRI, suggesting that in this cell line

signaling can occur at high levels without any ligand presentation role of TβRIII.

Yet, adding in TβRIII still causes a reversal of this phenotype, suggesting that in

this cell line, it may be a function of the newly present soluble TβRIII acting as a

ligand trap. These differences could be due to context dependence, such as what

other proteases are endogenously expressed in these cell lines that could be affected

by ADAM10 inhibition, as discussed above. As increased levels of soluble TβRIII
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still need to be confirmed in each of these cell lines via ELISA, it is also possible

that the decrease in cell surface expression may be the result of a downregulation

of TβRIII at the protein level, and not actually of increased shedding, which would

further inform these studies. Overexpressing the ∆Shed-TβRIII and SS-TβRIII mu-

tants defined in Chapter 3 in each of these cell lines and then determining the effects

of proADAM10 on signaling would be another extremely informative way to address

this question.

While we have demonstrated here that inhibiting ADAM10 activity has a potent

effect on the viability of breast cancer and pancreatic cancer cell lines in vitro, it is

still unclear whether the effects of proADAM10 on cell growth in this context are

due to decreased proliferation or increased apoptosis or a combination of both. In

hepatocellular carcinomas, ADAM10 protein is overexpressed, and its activity has

been implicated in both of these processes. In the HCC cell line HepG2, ADAM10

overexpression resulted in decreased Akt-mediated apoptosis (Yang et al., 2012), and

inhibiting ADAM10 at the genetic level in the same cell line resulted in decreased

proliferation (Yuan et al., 2013). While ADAM10 has not been shown to be over-

expressed at the protein level in breast cancers (Lendeckel et al., 2005), its activity

as a major sheddase for HER2 (Liu et al., 2006) does provide a potential mecha-

nism for a function in cell growth and survival. Further, as TGF-β is known to be

a critical regulator of both proliferation and apoptosis, and ADAM10 inhibition al-

tered TGF-β responsiveness, what is the role of TGF-β signaling in this function of

ADAM10? These questions can be addressed by performing more specific assays to

look at proliferation and apoptosis independently, such as thymidine-incorporation

assays and Annexin V staining, in the presence and absence of TGF-β stimulation

or TGF-β inhibitors. The effects of ADAM10 inhibition on TGF-β responsiveness

is highly context dependent, as seen in the signaling data in BT474 and L6 cells.

If TGF-β signaling is found to be involved in mediating ADAM10’s effects on cell
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growth, this could be one mechanism for the differences seen in responsiveness to

ADAM10 inhibition across different cancer types. As ADAM10 has many context-

specific substrates, and is involved in many biological processes, it is also possible

that it is simply not involved in cell growth in some cancer types, despite being active

in those diseases. Further investigation into the physiological substrates of ADAM10

using the proADAM10 inhibitor in multiple cancer types could reveal functional tar-

gets involved in other cancer biologies, and could strengthen the already mounting

evidence for using therapeutic agents against ADAM10 in human cancers.
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Figure 4.1: ADAM10 inhibition alters shedding of TGF-β receptors (A)
Binding and crosslinking of endogenous TGF-β receptors in PANC1 cells treated for
20 h with either vehicle control, proADAM9 or proADAM10. Following 125I-TGF-β1
binding and crosslinking, binding complexes were separated on a gel and exposed to
an autoradiograph. Representative image from 3 independent experiments shown.
(B) Binding and crosslinking of endogenous TβRIII in PANC1 cells treated with
vehicle control, proADAM9 or proADAM10. Following 125I- TGF-β1 binding and
crosslinking, cell lysates and conditioned media were immunoprecipitated with an
antibody against the extracellular domain of TβRIII. Representative image from 2
independent experiments is shown.
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Figure 4.2: proADAM10 treatment reduces soluble TβRI levels in vivo
Mice bearing BT474 xenografts were treated with intratumoral injections of either
a vehicle control or 100 µg proADAM10 twice daily for 3 days. Mice were then
sacrificed and blood and tissue samples were collected. Plasma levels of soluble
factors were measured using a human cytokine antibody array (Ray BioTech, L-
series 507 Microarray). Experiments were performed by Piedmont Research Center.
(A) Levels of soluble TβRI. 4 mice in each treatment group. Two-tailed Student’s
t-test < 0.02. (B) Levels of soluble TβRII, difference not significant.
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Figure 4.3: ADAM10 inhibition reduces TGF-β signaling in BT474 cells
(A) Western blot of BT474 cells treated with 5 µM proADAM10 or a vehicle control
for 20 hours and the indicated amounts of TGF-β1 for the final 30 minutes. (B) Same
as in (A), except treated with TGF-β2. (C) A dosage curve of 20 h proADAM10
treatment in BT474 cells treated with 50 pM TGF-β1 for the final 30 minutes. Data
are representative of ě 2 experiments for each.
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Figure 4.4: In the absence of TβRIII, ADAM10 inhibition increases TGF-
β signaling in BT474 cells (A) BT474 cells were infected with either an adenoviral
shRNA construct targeting TβRIII or a non-targeting control (NTC). 72 h later, cells
were treated with either vehicle control or 5 µM proADAM10 for 20 h, and 50 pM
TGF-β1 for the final 30 minutes before harvesting lysates and performing western
blotting. Quantification of densitometry is shown below. Representative images from
2 independent experiments.
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Figure 4.5: ADAM10 inhibition increases TGF-β signaling in L6 cells (A)
Western blot of L6 cells treated with 5 µM proADAM10 for 20 h with 50 pM TGF-
β1 for the final 30 minutes. Representative data from 3 independent experiments is
shown.
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Figure 4.6: When TβRIII is restored, ADAM10 inhibition decreases
TGF-β signaling in L6 cells (A) Western blot of L6 cells transiently transfected
with either an EV or TβRIII construct. 48 h after transfection cells were treated
with 5 µM proADAM10 or vehicle control for 20 h and 50 pM TGF-β1 for the final
30 minutes. Quantification of densitometry is shown below. Representative images
from 3 independent experiments.

102



A 

C
el

l N
um

be
r

Vehicle 5 µM pA10 15 µM pA10
0

5000

10000

15000

20000

***
***

n.s.

Figure 4.7: proADAM10 inhibits BT474 cell growth (A) BT474 cells were
treated with the indicated concentration of proADAM10 for 48 h. Experiments per-
formed by BioQuant, Inc. in collaboration with Dr. Marcia Moss. Data from 4 in-
dependent experiments are shown as average cell number ˘ SEM. One-way ANOVA
< 0.001. Tukey’s multiple comparisons test p < 0.0001.
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Table 4.1: Summary of cancer cell growth inhibition by proADAM10
Summary of cell counting experiments (performed as described in Chapter 2.9 by
BioQuant, Inc.) with proADAM10 treatment in cancer cell lines.
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5

Conclusions

5.1 Summary

In these studies I have examined the consequences of ectodomain shedding of TGF-β

receptors on TGF-β-mediated signaling and breast cancer biology. Aberrant TGF-β

signaling clearly plays an important role in mammary carcinogenesis, yet the di-

chotomous nature of TGF-β signaling during tumor progression and the complexity

of the pathway has made it difficult to target. Understanding the distinct functions

of TGF-β signaling components and how they interact at different stages of tumori-

genesis will be essential in trying to design therapeutic interventions against this

fundamental signaling pathway.

I have demonstrated that ectodomain shedding of TβRIII is a critical regulatory

mechanism to control levels of TGF-β mediated signaling and biology. Specifically,

I have shown that mutating the juxtamembrane region of TβRIII can alter its pro-

duction of soluble TβRIII, and that a single conserved amino acid residue at M742 is

critical for ectodomain shedding of both human and murine (M740) TβRIII. Inhibit-

ing production of soluble TβRIII resulted in increased TGF-β responsiveness and

an increased duration of TGF-β signaling. Further, reducing TβRIII ectodomain
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shedding in breast cancer cells resulted in increased cell growth and an abrogation

of TβRIII’s ability to inhibit TGF-β-mediated migration and invasion.

I also present evidence that ADAM10 may be a novel sheddase for TGF-β super-

family receptors. I have found that inhibition of ADAM10 increases cell surface levels

of TβRI and TβRII, and decreases surface levels of TβRIII. In vivo treatment with

proADAM10, a specific ADAM10 inhibitor, reduced plasma levels of TβRI. Altering

the balance of membrane-bound and soluble TGF-β receptors through ADAM10 in-

hibition regulated the responsiveness of breast cancer and myoblast cells to TGF-β

ligands, in a TβRIII-dependent manner. Importantly, ADAM10 inhibition is capable

of inhibiting growth of breast and pancreatic cancer cell lines.

Together, these insights enhance our understanding of the overall context of TGF-

β superfamily signaling, directly increasing our ability to successfully target this

pathway in the chemoprevention and treatment of breast cancer.

5.2 Discussion

TGF-β levels are frequently elevated in human breast cancers (Ghellal et al., 2000),

and most human breast cancers become resistant to the antiproliferative effects of

TGF-β, despite an intact core signaling pathway (Riggins et al., 1997). These data

support an important role for the TGF-β signaling pathway in mammary carcino-

genesis. Accordingly, there are currently several strategies being explored for tar-

geting TGF-β signaling in breast cancer patients (Connolly et al., 2012). However,

the highly contextual nature and dichotomous functions of TGF-β signaling during

breast cancer progression suggest that further definition of this pathway is required

to safely and effectively target the TGF-β signaling pathway. As I have demonstrated

that there is increased TGF-β responsiveness when TβRIII ectodomain shedding is

inhibited, this work suggests that anti-TGF-β therapies may be more effective on

tumors with a low ratio of soluble/cell-surface TβRIII.
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Ectodomain shedding of transmembrane proteins is a common phenomenon that

often contributes to regulation of signal transduction. Ligands and growth factors,

including TGF-α, can be activated for autocrine signaling by release from the mem-

brane (Teixido et al., 1990), and cell-surface signaling receptor levels can be altered

to either increase or decrease cellular responsiveness. Recent studies demonstrated

that the type I TGF-β receptor is released from the membrane by TACE, resulting in

decreased TGF-β signaling (Liu et al., 2009a). Following this shedding event, a sec-

ondary γ-secretase cleavage releases the intracellular domain (ICD) of TβRI, which

can then accumulate in the nucleus and interact with transcriptional regulators to al-

ter TGF-β-induced gene transcription and subsequent tumor cell invasion (Mu et al.,

2011). As I demonstrate here that ADAM10 is also a candidate sheddase for TβRI,

it will be of interest to investigate the fate of the ICD following ADAM10-mediated

TβRI shedding.

It was recently reported that TβRIII is also a substrate for γ-secretase cleav-

age following its ectodomain shedding, and that its ICD is stable after this event

(Blair et al., 2011). In this study they show that inhibiting TβRIII ectodomain

shedding with the metalloproteinase inhibitor TAPI-2 resulted in reduced ICD frag-

ment production. They also show that inhibiting ICD production with a γ-secretase

inhibitor reduced TGF-β2, but not TGF-β1, induced gene transcription. However,

as both of these inhibitors act on many other molecules besides TβRIII, it is difficult

to verify that any effects on downstream TGF-β signaling are specifically mediated

through the TβRIII-ICD. The TβRIII shedding mutants identified here could provide

a unique system to further study the effects of the TβRIII-ICD. If the TβRIII-ICD

functions similarly to the TβRI-ICD, it is possible that some of the shedding mu-

tants effects on signaling and biology as reported here are regulated by increased or

decreased activity of the ICD.

The cytoplasmic domain of TβRIII, once thought to be expendable as removing
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it did not affect TβRIII’s ability to interact with and present ligand to TβRII, is

emerging as a critical regulatory domain for many of its functions related to canonical

TGF-β signaling regulation (Lee et al., 2009, 2010) and non-canonical functions in

regulating other pathways, such as NF-κB and p38 (Santander and Brandan, 2006;

You et al., 2009). One observation I made during these studies was that despite

altered levels of shedding, cell surface levels of TβRIII remained fairly constant. In

particular, the increased shedding of the SS-TβRIII mutant did not result in a cor-

responding decrease of cell surface levels. This suggests that cells might be sensitive

to the amount of membrane-bound TβRIII present, with mechanisms in place to

maintain appropriate levels in a cell context dependent manner. How might levels of

membrane bound TβRIII be conserved? This could occur either through regulating

receptor internalization rates or biosynthesis and trafficking of additional receptors

to the cell surface. The rapid rate at which the shed receptors are replaced suggest

that there is an intracellular reservoir of TβRIII. In addition, altered cell surface

levels of TβRIII might have cellular effects through sequestering or liberating its

cytoplasmic domain mediated interaction partners, including GIPC and β-arrestin2,

both of which are known to interact with many cell surface receptors.

Understanding the regulation and mechanism of TGF-β receptors’ shedding and

how this process might be altered during cancer progression could yield insight into

targeting TGF-β signaling in cancer patients. In addition to decreased TβRIII ex-

pression in human cancers, the balance of cell-surface and soluble TβRIII could be

altered by aberrant processes or signaling within the tumor that potentially could

be targeted therapeutically. The current studies suggest that increasing TβRIII

ectodomain shedding and soluble TβRIII levels could be beneficial in reducing the

pro-tumorigenic effects of TGF-β in established cancers. Indeed, receptor trap

molecules based partially on soluble TβRIII have been described (Verona et al.,

2008) and could be developed for this indication.
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In addition to TGF-β ligands, TβRIII binds other TGF-β superfamily members,

including multiple BMPs, and can enhance binding of these ligands to their signaling

receptors (Kirkbride, 2008). Parallel studies using the shedding mutants defined

here demonstrate that soluble TβRIII is similarly able to sequester BMP and reduce

downstream signaling and BMP-mediated biology, while ∆Shed-TβRIII enhances

BMP-mediated signaling and biology (Gatza and Blobe, unpublished data). These

studies corroborate my findings, and suggest that TβRIII ectodomain shedding plays

a critical role in regulating BMP signaling as well as TGF-β signaling. Future studies

will determine whether soluble and cell-surface TβRIII have differential effects on

other TβRIII binding proteins, including inhibin and bFGF.

Our lab and others have demonstrated an important role for TβRIII and soluble

TβRIII in regulating breast cancer progression, both through effects on breast cancer

cells themselves (Sun and Chen, 1997; Dong et al., 2007), as well as through effects

on the tumor microenvironment, including the local immune response (Hanks et al.,

2013) and angiogenesis (Bandyopadhyay et al., 1999; Dong et al., 2007). In this work

I have focused on the cell autonomous functions of TβRIII ectodomain shedding,

although the consequences of altered TβRIII ectodomain shedding in vivo are likely

to be mediated through both cell autonomous and paracrine roles. In Chapter 5.3,

I will discuss two different mouse models using the TβRIII shedding mutants. It

will be important to consider the potential implications of altered soluble TβRIII

production on both autocrine and paracrine functions when analyzing results from

these experiments.

5.3 Future Directions

5.3.1 Ectodomain shedding of TβRIII

Due to the potential of TβRIII to potently modulate ligand signaling by manip-

ulating the levels and ratio of its soluble and membrane-bound forms, it is likely
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that the generation of soluble TβRIII is a tightly controlled process. While TβRIII

does not appear to be a substrate of the canonical ectodomain shedding machinery

(Arribas et al., 1997), determining what factors do regulate TβRIII shedding could

be quite informative. Ectodomain shedding of other cell surface receptors can be

activated by numerous triggers, including UV irradiation, inflammation, and growth

factor stimulation (Seo et al., 2007; Killock and Ivetic, 2010). We are currently

planning experiments to delineate the mechanisms and cellular cues responsible for

ectodomain shedding. Shedding of TβRI by TACE can be induced by TRAF6 inter-

action in its cytoplasmic domain (Mu et al., 2011). As TRAF6 was recently reported

to interact with TβRIIII (Lim et al., 2012), it will be interesting to determine if this

interaction is involved in TβRIII shedding. Further, it will be interesting to deter-

mine if the ADAM10 mediated shedding of TβRI defined here is similarly induced

by TRAF6. We will also evaluate the effectiveness of different protease inhibitors at

blocking TβRIII shedding to narrow down potential proteases that may be involved.

By combining data from several pan-protease inhibitors along with more specific in-

hibitors against the potential sheddases identified via the PROSPER search, we can

hopefully determine a small number of probable candidates for the TβRIII sheddase.

We can then examine the endogenous levels of these potential sheddases in cell lines

that produce varying levels of soluble TβRIII via RT-PCR or western blotting. We

can also use knock-down or overexpression studies to determine if altering levels of

a specific protease affects TβRIII shedding.

Our lab and others have previously demonstrated that TβRIII inhibits breast

cancer progression, specifically inhibiting breast cancer invasion, angiogenesis and

metastasis. Mechanistically, production of soluble TβRIII (Bandyopadhyay et al.,

1999, 2002b,a; Dong et al., 2007) as well as cytoplasmic domain functions of TβRIII

(Lee et al., 2010) contribute to its tumor suppressor function in vivo. However, the

studies focusing on the role of soluble TβRIII have relied on ectopic treatment with
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recombinant soluble TβRIII. To address whether generation of soluble TβRIII from

endogenous membrane-bound TβRIII is necessary for TβRIII-mediated suppression

of breast cancer progression, I will use an orthotopic breast cancer model system.

I have created stable cell lines expressing either EV, WT-TβRIII, ∆Shed-TβRIII

or SS-TβRIII in MDA-MB-231-4175 cells, which are a sub-line of MDA-MB-231s

which were isolated for a strong metastatic tropism to the lungs (Minn et al., 2005).

These cell lines will be xenografted into athymic nude mice, and I will track their

primary tumor formation and metastatic progression in real time through an in vivo

imaging system (IVIS), as these cell lines constitutively express luciferase. Based on

our in vitro results with altered ectodomain shedding, I would predict that inhibit-

ing proteolytic cleavage will abrogate the suppressive effects usually observed when

TβRIII expression is restored in breast cancer models, and mice bearing tumors with

∆Shed-TβRIII will have a worse outcome, with higher invasion and metastasis.

Additionally, we are creating a transgenic knock-in mouse line expressing the

murine TβRIII ∆Shed mutation (M740A) that was identified here. These mice will

allow us to explore the role of TβRIII ectodomain shedding during development. If

the ∆Shed mutation causes embryonic lethality, as knocking-out TβRIII does, that

would suggest that soluble TβRIII mediates some of the developmentally necessary

functions that TβRIII has, or that enhanced TGF-β signaling mediated through the

increased membrane-bound TβRIII has detrimental consequences during develop-

ment. Further, if these mice are viable, it will be informative to cross them with

transgenic breast cancer mouse model systems, such as MMTV-Neu, to determine

the effects of soluble TβRIII production on spontaneous tumor initiation and pro-

gression.
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5.3.2 Role of ADAM10 on TGF-β receptor shedding

There are still many questions left to be answered about the specific role and poten-

tial mechanism of ADAM10 on TGF-β receptor shedding. One of the most important

will be gathering more data to fully determine if it is a novel sheddase for TβRI and

TβRII. In collaboration with Andy Nixon’s lab, we are developing ELISAs for TβRI

and TβRII to directly measure the soluble levels of these following proADAM10

treatment. We will also use knock-down and overexpression studies to verify effects

of ADAM10 expression on soluble TGF-β receptor levels. The effect of ADAM10 in-

hibition on TβRIII is also still unclear- it appears that TβRIII shedding is increased

in at least some systems following ADAM10 inhibition. If ADAM10 inhibition is

increasing shedding of TβRIII, elucidating the mechanism of this could provide an-

swers to the elusive question of the mechanism and regulation of TβRIII shedding.

Based on the original array results, MT1-MMP shedding was reduced via ADAM10

inhibition, which presumably would lead to more MT1-MMP on the cell-surface and

higher proteolytic activity of this sheddase. If this is true, this could provide a

hypothesis for the increased production of soluble TβRIII seen with proADAM10

treatment, as it has been reported that MT1-MMP cleaves endoglin and is capa-

ble of cleaving TβRIII when overexpressed. To investigate this, we are conducting

fluorescent substrate experiments to determine the proteolytic activity of multiple

ADAM and MMP family members following proADAM10 treatment.

Additionally, it will be important to explore whether the effect on cell viability

seen with proADAM10 treatment is due to decreased proliferation, increased apop-

tosis, or a combination of the two, as well as whether TGF-β signaling plays a role in

this phenotype. We are also exploring the effect of ADAM10 inhibition on TGF-β-

mediated migration and invasion. We would like to repeat the in vivo breast cancer

xenograft experiment with proADAM10 treatment, not only to confirm that the
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TGF-β receptors are relevant substrates for ADAM10 in vivo, but also to carry out

the proADAM10 treatments for a longer time period and examine the physiological

effects of this inhibitor on tumor biology and breast cancer progression, including

determining the mechanisms for these effects.

Ultimately, defining the effects of ectodomain shedding of TGF-β superfamily

receptors on signaling and cancer biology will create opportunities to more specifically

and effectively target these pathways for the treatment of human cancers.
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Appendix A

Identifying Ligand Binding Sites on TβRIII

A.1 Background

As a co-receptor, TβRIII is promiscuous in ligand binding, binding all three isoforms

of TGF-β; as well as BMP2, 4, and 7; GDF-5; inhibin and bFGF (Andres et al., 1989,

1992; Wiater et al., 2006; Kirkbride et al., 2008). Although TGF-β isoforms share a

significant amount of homology (between 70-80%) (Hinck et al., 1996), and therefore

functionality, there are distinct, non-overlapping roles for the different isoforms. This

can be demonstrated by the discrete phenotypes of TGF-β1, -β2, and -β3 knock-out

mice (Proetzel et al., 1995; ?; Shull et al., 1992), as well as by defined roles for specific

isoforms in pathologies (Mourskaia et al., 2009). While TβRIII is able to mediate

signaling of each isoform, the functional significance of TβRIII-mediated signaling of

the distinct isoforms is unknown.

TβRIII has two discrete ligand binding domains, one amino-terminal (BD1, AA

45-285) and one carboxyl-terminal (BD2, AA 575-769) (Pepin et al., 1995). TGF-

β and BMP ligands are capable of binding both domains (Kirkbride et al., 2008;

Esparza-Lopez et al., 2001). Several distinct regions have been further identified for
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ligand binding in the zona pellucida (ZP) domain contained within BD2. Inhibin

binds at amino acid V614 (Wiater et al., 2006), and it was very recently discovered

that TGF-β2 binds to a region between AA 734-748 (Diestel et al., 2013). The GAG

modifications, specifically the heparan sulfate chains, on TβRIII are necessary for

bFGF binding, similar to what has been shown with other proteoglycans (Andres

et al., 1992). However, the specific structures or residues necessary for TGF-β1

and -β3 and BMP family members’ binding have not been established. Therefore,

to determine the exact regions of ligand binding, and to define a role for TβRIII

in mediating specific functions of individual TGF-β isoforms, I attempted to create

TβRIII extracellular mutants that were incapable of binding specific TGF-β isoforms.

A.2 Results

A.2.1 Expression and ligand binding of TβRIII NAAIRS mutants

I used site-directed NAAIRS mutagenesis to create a series of mutants (N1-N76)

spanning both proposed binding domains in which 6 amino acids from TβRIII

were replaced with the NAAIRS sequence, Asparagine-Alanine-Alanine-Isoleucine-

Arginine-Serine (Figure A.1; primers shown in Tables A.1 and A.2; N60-N76 same as

M0-M16, described in Table 3.1). Unlike previously used deletion mutants, this mu-

tagenesis approach was used in order to minimally disrupt global protein folding, as

the NAAIRS sequence is naturally found in multiple protein structures (Hamad et al.,

2002). First, each mutant was evaluated for expression via immunoblotting following

transient transfection in COS7 cells, which do not express endogenous TβRIII. As

seen in Figure A.2, every mutant was recognized by a polyclonal antibody against

the extracellular domain of TβRIII with the exception of three mutants (N10, N17

and N38) from BD1. However, there was extreme variability in the expression level

and post-translational processing of many of the mutants, in both binding domains

(Figure A.2), suggesting that the NAAIRS mutations were affecting protein structure
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more than anticipated.

Next, we checked the ligand binding ability of each mutant by binding and

crosslinking iodinated TGF-β1 to transiently transfected COS7 cells. 26 of the 41

mutants in BD1 were completely deficient in ligand binding, while only 3 mutants in

BD2 had reduced binding (Figure A.3A). This is consistent with the observation us-

ing deletion mutants lacking either the entire BD1 or BD2 (∆BD1 and ∆BD2) that

although both reduce ligand binding, the ∆BD1 mutation has much lower binding

(Figure A.3B). These data suggest that although TGF-β1 can bind to both binding

domains, it may preferentially bind to a site within BD1, and that maintaining the

structure of BD1 is critical for TGF-β1 ligand binding.

A.2.2 Cell-surface expression of TβRIII NAAIRS mutants

To determine if the 26 mutants in BD1 were actually incapable of binding ligand, or

if the mutations were leading to disrupted trafficking to or stability at the cell-surface

that was responsible for this reduced binding, I evaluated cell-surface expression of

the NAAIRS mutants using immunostaining. In the first experiment looking at WT-

βRIII, EV and several NAAIRS mutants that either did (N1, N2, N3, N6) or did

not bind ligand (N5 and N7), both of the mutants that did not bind ligand were not

expressed on the cell surface (Figure A.4).

Further, when the ligand binding and cell-surface data were compared to the

Western blot data of these same mutants, I observed a correlation between mutants

that were not reaching the cell surface and binding ligand and mutants that were not

as heavily GAG modified (determined by the lack of the characteristic high-molecular

weight ‘smear’ above the core protein). Comparing the expression pattern and ligand

binding pattern of the remaining binding-deficient mutants within BD1 showed that

most mutants that did not bind ligand were also not GAG-modified (Figures A.2 and

A.3). As the GAG modifications are acquired during protein transport through the
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Golgi apparatus (Sasisekharan et al., 2006), this correlation suggests that at least

a portion of the differential binding seen in the mutants is likely due to alterations

in protein trafficking to the cell-surface, possibly due to improper protein folding,

rather than an actual ligand binding deficiency.

A.2.3 N26 is a candidate ligand binding deficient mutant

Within BD1 there were two contiguous NAAIRS mutants (N25, N26) that were

strongly GAG-modified, suggesting proper protein folding and transport, but still

did not bind ligand. Cell-surface immunostaining revealed that these mutants were

expressed on the cell-surface at roughly the same level as adjacent NAAIRS mutants

and WT-TβRIII, despite an inability to bind TGF-β1 (Figure A.5). These data

suggest that these could be truly ligand-binding deficient mutants and that AA 189-

200 of TβRIII may be a potential site of TGF-β1 interaction, and will be discussed

further in Chapter A.3.

A.3 Discussion and Future Directions

Here I describe the expression, TGF-β1 binding ability and cell-surface expression

of a series of extracellular mutants of TβRIII. My goal for these studies was to

find a mutant of TβRIII that was incapable of binding ligand, both as a means to

identify the structures on TβRIII that are critical for ligand binding, as well as to use

this mutant as a tool to explore the specific functions of TβRIII-mediated signaling

of different TGF-β isoforms. Significant progress has been made toward this goal,

although there is still much work to be done.

One obstacle that I encountered in this project was the unexpected disruption

in protein folding that occurred with NAAIRS mutagenesis, particularly in the N-

terminal region of TβRIII. As the NAAIRS sequence is found endogenously in both

α-helices and β-sheets (Wilson et al., 1985), it was thought that this substitution
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would have less deleterious side effects on global protein structure. However, many of

the NAAIRS mutants in BD1 were only expressed as the unmodified, core protein,

and were not properly trafficked to the cell surface. Moving forward, it might be

necessary to create smaller regions of mutation, possibly doing screening alanine

mutations throughout the mutants with disrupted modifications.

We could also perform iodinated TGF-β3 and BMP binding and crosslinkings on

the same panel of mutants to attempt to locate specific mutants that do not bind

these isoforms. Due to the structural similarity between TGF-β isoforms within

the same subfamily, it is possible that we would not be able to abrogate binding

of individual ligands, as multiple ligands may require the same binding site. If we

successfully create point mutants that abolish binding of multiple TGF-β or BMP

isoforms, these mutants would still be valuable reagents to examine TβRIII-mediated

TGF-β superfamily signaling, as they would likely have less deleterious side effects

than previously used TβRIII binding domain mutants.

To determine the effects of TβRIII-mediated binding of individual ligands, once

ligand-binding deficient mutants are discovered, we could examine the effects of

their overexpression on basal and ligand-stimulated signaling, migration, invasion,

apoptosis and proliferation. To further examine the distinct roles of specific ligands

in TβRIII-mediated signaling, we can create double-mutants that combine ligand-

binding mutants in the ∆Shed-TβRIII or SS-TβRIII mutant backbone. If inhibiting

binding of specific ligands in the mutant that is unable to be proteolytically cleaved

can rescue or attenuate any of the signaling or biological effects seen when expressing

the cleavage mutant, this would further support the role of that ligand in TβRIII-

mediated signaling and breast cancer biology.

Finally, it is possible that inhibiting membrane-bound TβRIII-mediated binding

and presentation of some ligands would not be enough to inhibit their signaling

and bioactivity, as most ligands can bypass TβRIII and bind directly to the type
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II receptors. In this situation, expressing a ligand-binding deficient mutant might

actually increase signaling relative to the wild-type TβRIII controls by eliminating

the ability of soluble TβRIII to bind and sequester these ligands. However, these

results would still be informative, as they would support the role of soluble TβRIII

in inhibiting signaling and bioactivity of those ligands.
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                     T!RIII Protein Sequence 
 

   1 mtshyviaif almsfclata gpepgalcel spvsashpvq almesftvls gcasrgttgl 

    61 pqevhvlnlr tagqgpgqlq revtlhlnpi ssvhihhksv vfllnsphpl vwhlkterla  

   121 tgvsrlflvs egsvvqfssa nfsltaetee rnfphgnehl lnwarkeyga vtsftelkia 

   181 rniyikvged qvfppkcnig knflslnyla eylqpkaaeg cvmssqpqne evhiielitp 

   241 nsnpysafqv ditidirpsq edlevvknli lilkckksvn wviksfdvkg slkiiapnsi 
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   721 pkcvppdeac tsldasiiwa mmqnkktftk plavihheae skekgpsmke pnpisppifh 

   781 gldtltvmgi afaafvigal ltgalwyiys htgetagrqq vptsppasen ssaahsigst 

   841 qstpcsssst a 
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Figure A.1: TβRIII protein sequence
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Table A.1: Mutagenesis primers for TβRIII Binding Domain 1 NAAIRS
mutants

!"#$%&'())))*&+$%&'()))))))),&-.$-/)0-123-)435"3'+3()))))))))))))))))))))))))))))))))))6373-83)0-123-)435"3'+3()

!"#
!$#
!%#
!&#
!'#
!(#
!)#
!*#
!+#
!",#
!""#
!"$#
!"%#
!"&#
!"'#
!"(#
!")#
!"*#
!"+#
!$,#
!$"#
!$$#
!$%#
!$&#
!$'#
!$(#
!$)#
!$*#
!$+#
!%,#
!%"#
!%$#
!%%#
!%&#
!%'#
!%(#
!%)#
!%*#
!%+#
!&,#
!&"#

-./--.0.0-..#.-0/.-/0/0-.0-.01#./..0/.00--..####
--.0-...0-1-/#.-0/.-/0/0-.0-.01#/-0.0000.0-/-####
--0.0/-.0../.#.-0/.-/0/0-.0-.01#-.././-./--.####
./--...-.0-/-.--0-#.-0/.-/0/0-.0-.01#./-/--.0-...0-1-####
-./--..0--...#.-0/.-/0/0-.0-.01#01.0--0.0/-.###
-/-/-0../././#.-0/.-/0/0-.0-.01#./--...-.0-/-.-##
--0-0/---01.0-#.-0/.-/0/0-.0-.01#./-/0-./--..##
--/--0/-/--0.#.-0/.-/0/0-.0-.01#-/-00-/-/-0..##
--00.0.00.0-0#.-0/.-/0/0-.0-.01#/-0--0-0/---#
---/-/----0-1#.-0/.-/0/0-.0-.01#.1-/--/--0/-##
.0-0/-..0.0.#.-0/.-/0/0-.0-.01#-0-.0--00.0.#
--.00-/././.#.-0/.-/0/0-.0-.01#.0-----/-/----###
.0-/./--0-0.#.-0/.-/0/0-.0-.01#/-/.1.0-0/-..##
-00.../.0-0.0.#.-0/.-/0/0-.0-.01#...0-/--.00-/#
-0/-0000./--0.#.-0/.-/0/0-.0-.01#.00000.0-/./--##
-/.00--0-00-1#.-0/.-/0/0-.0-.01#.0.0-00.../.0-#
..1/.1./-1/.#.-0/.-/0/0-.0-.01#/-./-0/-0000./-#
..0/-----00#.-0/.-/0/0-.0-.01#/-./-/.00--0-#
..001/00.0-0/-#.-0/.-/0/0-.0-.01#-1..1/.1./-##
..0/0./.11.-#.-0/.-/0/0-.0-.01#1.01/..0/---##
--/-00/-00-/00.#.-0/.-/0/0-.0-.01#--...001/00.#
.1-./0/.1-0-#.-0/.-/0/0-.0-.01#/-./..0/0./.11.-#
....0.1/00/0/000/#.-0/.-/0/0-.0-.01#1.--/-00/-00-#
---00.0.1-0/.1.#.-0/.-/0/0-.0-.01#-1/.1-./0/.######
-1-.0.1/--#.-0/.-/0/0-.0-.01#....0.1/00/0/000/-##
-0-0-00001.1#.-0/.-/0/0-.0-.01#0---00.0.1-##
.0-.00--/001#.-0/.-/0/0-.0-.01#.../0/-1-.0.##
-.1/---1-00-#.-0/.-/0/0-.0-.01#-0-/-0-0-00001.#
.0.0.0...1.#.-0/.-/0/0-.0-.01#-/0./.0-.00--###
./----./--./#.-0/.-/0/0-.0-.01#/-./-.1/---##
-0/-/-/0.1.#.-0/.-/0/0-.0-.01#--0.0/.0.0.0...##
-----/-010-#.-0/.-/0/0-.0-.01#./.01./----##
-.0./-/0----1#.-0/.-/0/0-.0-.01#./.-0/-0/-/-/0.##
-10/0/..0../-#.-0/.-/0/0-.0-.01#0-0-1-----/-##
-0-00--/.10/0/.#.-0/.-/0/0-.0-.01#-000-.0./-/0---#
..0.1.00-0/../.#.-0/.-/0/0-.0-.01#001-10/0/..0..##
-0/.0--0/-0-011/#.-0/.-/0/0-.0-.01#1-0-00--/.##
-.0.1.00#.-0/.-/0/0-.0-.01#-0..0.1.00-0/..##
-0/.0...0-1-0.#.-0/.-/0/0-.0-.01#-0/.0--0/-0-##
...100.0/.0000-0#.-0/.-/0/0-.0-.01#0-0.11/-.0.#
-.00/0011.0--./#.-0/.-/0/0-.0-.01#1/-0/.0...0-###

--..1-0/--0-#00/-./-./0/0.-0/.-#--./-/-..0-.#####
.0./-11-/.0#00/-./-./0/0.-0/.-#0.00./---./-..####
-..0-.0-0--.#00/-./-./0/0.-0/.-#-0--/-.0/-/..####
.00./---./-..0.0-#00/-./-./0/0.-0/.-#./..-.0./-.---..0-####
-.0/-/../-00/#00/-./-./0/0.-0/.-#---../--..0-.####
.-.0./-.---..0-#00/-./-./0/0.-0/.-#0-0-0--/.0.0.##
--..0-./0.0-#00/-./-./0/0.-0/.-#./-00/...0/./..##
--/.0.0.1.0.#00/-./-./0/0.-0/.-#-/..0.0/..0..###
...0/./../.0#00/-./-./0/0.-0/.-#/./-1-/-1..##
.0/..0..0.00-#00/-./-./0/0.-0/.-#00./....0.0...##
-/-1../-./.#00/-./-./0/0.-0/.-#-/-/--.0/./-##
....0.0...../-#00/-./-./0/0.-0/.-#-0-0-0.1-..##
--.0/./-00-0.0#00/-./-./0/0.-0/.-#-/./..0-0./-#
-0.1-..0./---#00/-./-./0/0.-0/.-#-/-/./-0---1.#
..0-0./-11/-#00/-./-./0/0.-0/.-#-/..0-11.0/.#
./-0---1./-/-#00/-./-./0/0.-0/.-#00.1./..1-0.#####
.0-11.0/.0-.0#00/-./-./0/0.-0/.-#-000.0-00-000--#
./..1-0.0-.0#00/-./-./0/0.-0/.-#1.....0/--###
.0-00-000--00.#00/-./-./0/0.-0/.-#.0/./-10001--##
...0/--000/-00#00/-./-./0/0.-0/.-#.-0000-0-/0/--#
-10001---..#00/-./-./0/0.-0/.-#-10.1.01.0..###
.-0000-0-/0/--0-.0#00/-./-./0/0.-0/.-#./.00-0/0-.00-##
.1.01.0..-00#00/-./-./0/0.-0/.-#01/0/01000-/----##
-0/0-.00-000.#00/-./-./0/0.-0/.-#-00-0/.00-/-1...##
.01/0/01000-/----#00/-./-./0/0.-0/.-#..000-/-.00.#
.00-/-1.../#00/-./-./0/0.-0/.-#00-0011././.###
-/-.00.0/0---#00/-./-./0/0.-0/.-#0010..1-./-##
-0011././.0./.#00/-./-./0/0.-0/.-#.1.00...000-.##
..1-./-0-/0.#00/-./-./0/0.-0/.-#-00---/-/-/-#
...000-.0-.0#00/-./-./0/0.-0/.-#0-..0-....0-#
---/-/-/-0/-/..#00/-./-./0/0.-0/.-#-00-/0.0.0/.#
....0-00/-0-#00/-./-./0/0.-0/.-#./00/.0.....##
-/0.0.0/.0/.-0-#00/-./-./0/0.-0/.-#00..../0.0-/-.#
.0.....00././#00/-./-./0/0.-0/.-#.0--/--0/0/00.##
.../0.0-/-.1/.#00/-./-./0/0.-0/.-#-0/0/00-0..1./.#
--/--0/0/00.001#00/-./-./0/0.-0/.-#-0--0/.1-00-/--##
-0..1./.00#00/-./-./0/0.-0/.-#00000/./.0/../-0/.###
--0/.1-00-/--/.#00/-./-./0/0.-0/.-#1-00-/-.####
./.0/../-0/.#00/-./-./0/0.-0/.-#-/.00./---/-0/.##
-/-.00000-/./#00/-./-./0/0.-0/.-#/.11-0/-100---##
./---/-0/.000#00/-./-./0/0.-0/.-#0-../-0000101-.####

22#&'3',#
22#'"3'(#
22#')3($#
22#(%3(*#
22#(+3)&#
22#)'3*,#
22#*"3*(#
22#*)3+$#
22#+%3+*#
22#++3",&#
22#",'3"",#
22#"""3""(#
22#"")3"$$#
22#"$%3"$*#
22#"$+3"%&#
22#"%'3"&,#
22#"&"3"&(#
22#"&)3"'$#
22#"'%3"'*#
22#"'+3"(&#
22#"('3"),#
22#")"3")(#
22#"))3"*$#
22#"*%3"**#
22#"*+3"+&#
22#"+'3$,,#
22#$,"3$,(#
22#$,)3$"$#
22#$"%3$"*#
22#$"+3$$&#
22#$$'3$%,#
22#$%"3$%(#
22#$%)3$&$#
22#$&%3$&*#
22#$&+3$'&#
22#$''3$(,#
22#$("3$((#
22#$()3$)$#
22#$)%3$)*#
22#$)+3$*&#
22#$*'3$+,#
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Table A.2: Mutagenesis primers for TβRIII Binding Domain 2 NAAIRS
mutants

!"#$%&'()))))*&+$%&'())))))),&-.$-/)0-123-)435"3'+3()))))))))))))))))))))))))))))))))))6373-83)0-123-)435"3'+3()

!"#$
!"%$
!""$
!"&$
!"'$
!"($
!")$
!"*$
!&+$
!&,$
!&#$
!&%$
!&"$
!&&$
!&'$
!&($
!&)$
!&*$

--.//00/-./-.$-/0.-/.0.0/-0/-01$00//-./-001000-$
/0./1.--/.////$-/0.-/.0.0/-0/-01$////1--.-0--$
/-.--0./1/00$-/0.-/.0.0/-0/-01$-./1--.//00/-$$
/0//.-0/./1$-/0.-/.0.0/-0/-01$//./0./1.--/$$$$
---.///0///-0-$-/0.-/.0.0/-0/-01$/.0.0/-.--0./$
-.//-0-0/0/00$-/0.-/.0.0/-0/-01$-00000/0//.-0/$
-0.000-/./.--$-/0.-/.0.0/-0/-01$/0-/---.///0//$$$
--10/.00-0/0.0-$-/0.-/.0.0/-0/-01$01-.-.//-0-0/$
--0/1-1/1-$-/0.-/.0.0/-0/-01$-.-00-0.000-/$$$$
/-0-/1.//0.//-$-/0.-/.0.0/-0/-01$0/--10/.00-0/$
-/00.0.//0/0/0.$-/0.-/.0.0/-0/-01$000.---0/1-1/$
/0-0.--.0.-0//$-/0.-/.0.0/-0/-01$000/-0-/1.//$$$
-00.00.//./.0$-/0.-/.0.0/-0/-01$/1-/00.0.//0/$
-1.0//0-000.$-/0.-/.0.0/-0/-01$0./0/0-0.--.0.-$$$
/001.-0-0/0$-/0.-/.0.0/-0/-01$01-.-00.00.//$$$
/-0-.-.-1///$-/0.-/.0.0/-0/-01$1-0.-1.0//0-$$
/-1/-///0.0//$-/0.-/.0.0/-0/-01$0-./.0/001.-$$
-/-1-10.--0.$-/0.-/.0.0/-0/-01$/00/./-0-.-.-$

/1.001/-0/--1$00./-./-.0.0-/0.-/$0/-0/-1--0//$$
//./0//00----$00./-./-.0.0-/0.-/$----0-//000-0.-$
/-1--0//00-0/$00./-./-.0.0-/0.-/$1-00-0.//0/-$$$$
-//000-0.-0--$00./-./-.0.0-/0.-/$00-0-./0--.-$$$
-0.//0/-.0.0-$00./-./-.0.0-/0.-/$/./---.---0///$$
-./0--.-11./$00./-./-.0.0-/0.-/$1-.-././--0/$$
--.---0///-/.-$00./-./-.0.0-/0.-/$//0-0-/1.0./$$
-././--0/0/00.$00./-./-.0.0-/0.-/$/.0.-./10-.00//$
-/1.0./1/0/$00./-./-.0.0-/0.-/$/00-00/00-.//$$$
-./10-.00//-.$00./-./-.0.0-/0.-/$/--0.--000-/./-$$
-00/00-.///01.$00./-./-.0.0-/0.-/$0.-.-.--0.01-/$
--000-/./-1.$00./-./-.0.0-/0.-/$--./0.0//0./.-$$$
-.--0.01-/00-$00./-./-.0.0-/0.-/$.0-0--0101/$$
/0.0//0./.-.-0.$00./-./-.0.0-/0.-/$01./.--.000/$$
--0101/0/00.$00./-./-.0.0-/0.-/$.-././0001-$$
/.--.000/0./00$00./-./-.0.0-/0.-/$---00/0/0/./-$$
/0001-.0-0/.$00./-./-.0.0-/0.-/$--.0.---/-00/-$$
/0/0/./-0-1-$00./-./-.0.0-/0.-/$0.//0.00/00/-/$$

22$&(&3&)+$
22$&),3&)'$
22$&)(3&*#$
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Figure A.2: TβRIII expression in NAAIRS mutants (A) Western blot of
COS7 cells transiently transfected with either WT-TβRIII, EV or NAAIRS mu-
tants. Top panel shows expression of TβRIII, lower panel shows β-actin as a loading
control. Red lines indicate where a mutant was missing at the time of experiment.
Representative data from 2 independent experiments.
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Figure A.3: Ligand binding of TβRIII NAAIRS mutants (A) Binding and
crosslinking of COS7 cells transiently transfected with EV, HA-tagged WT-TβRIII
or HA-tagged NAAIRS mutants. Following 125I-TGF-β1 binding and crosslinking,
lysates were immunoprecipitated with an antibody against HA. Red lines indicate
where a mutant was missing at the time of experiment, these mutants are shown in
a separate experiment below. Representative data from 2 independent experiments.
(B) Binding and crosslinking of COS7 cells transiently transfected with EV, HA-
tagged WT-TβRIII or HA-tagged binding domain deletion mutants. Following 125I-
TGF-β1 binding and crosslinking, lysates were immunoprecipitated with an antibody
against HA.
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Figure A.4: Cell surface expression of TβRIII NAAIRS mutants (A) Im-
munofluorescence on cell-surface TβRIII. COS7 cells plated on Poly-D-Lysine coated
coverslips were transiently transfected with EV, HA-tagged WT-TβRIII or HA-
tagged NAAIRS mutants. HA is labeled in green, and DAPI is labeled in blue.
(B) Binding and crosslinking and Western blot of relevant mutants are shown for
reference.
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Figure A.5: N26 is a candidate ligand-binding deficient TβRIII mutant
(A) Immunofluorescence on cell-surface TβRIII. COS7 cells plated on Poly-D-Lysine
coated coverslips were transiently transfected with EV, HA-tagged WT-TβRIII or
HA-tagged NAAIRS mutants. HA is labeled in green, and DAPI is labeled in blue.
(B) Repeat binding and crosslinking of relevant mutants performed concurrently with
immunofluorescence.
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