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ABSTRACT OF THE DISSERTATION 

 

The Role of Twist1 in Promoting Tumor Invasion and Metastasis 

by Regulation of Invadopodia Formation 

 

by 

 

Mark Adam Eckert 

 

Doctor of Philosophy in Molecular Pathology 

 

University of California, San Diego, 2012 

 

Professor Jing Yang, Chair 

 

 Metastasis is a multistep process during which cancer cells gain the ability to 

invade through the extracellular matrix (ECM) to disseminate to distant organs. Cancer 

cells can degrade ECM by forming invasive structures called invadopodia which 

concentrate protease activities to areas of the cell in contact with the ECM. Twist1 is a 

key transcription factor known to promote the epithelial mesenchymal transition (EMT)
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and tumor metastasis. We find that Twist1 promotes local invasion in metastasis by 

inducing invadopodia formation via transcriptional regulation of platelet-derived growth 

factor α (PDGFRα) and a disintegrin and metalloprotease 12 (ADAM12). 

We find that Twist1 is both necessary and sufficient for invadopodia formation 

and ECM degradation in multiple cell lines. Twist1 induces PDGFRα expression, which 

in turn activates Src, to promote invadopodia formation. We demonstrate that Twist1 

and PDGFRα are central mediators of invadopodia formation in response to various 

EMT-inducing signals. Induction of PDGFRα and invadopodia is essential for Twist1 to 

promote tumor metastasis. Consistent with PDGFRα being a direct transcriptional target 

of Twist1, co-expression of Twist1 and PDGFRα predicts poor survival in breast tumor 

patients. Therefore, invadopodia-mediated matrix degradation is a key function of 

Twist1 in promoting tumor metastasis. 

Moreover, we find that the transmembrane metalloprotease ADAM12 is 

strongly induced by Twist1 and localizes to both invadopodia and focal adhesions. 

Knockdown of ADAM12 reduces both migration and invasion while increasing 

adhesion and focal adhesion number. We show that ADAM12 is required for formation 

of invadopodia and gelatin degradation. Using a series of ADAM12 mutants, we find 

that the disintegrin domain of ADAM12 is involved in both regulation of focal 

adhesions and invadopodia while the metalloprotease domain is specifically required for 

efficient invadopodia formation. Functionally, ADAM12 is required for efficient 

metastasis of tumor cells to the lung in a human xenograft breast cancer metastasis 

model in mice. 
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Our work defines a novel role for Twist1 in regulating ECM degradation during 

tumor invasion and metastasis. These results could lead to new biomarkers and targeted 

therapeutics for invasive and metastatic breast cancer. 
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Chapter I 

Introduction: Roles of the Epithelial-Mesenchymal Transition 

and Invadopodia in Local Invasion and Metastasis 
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MECHANISMS OF METASTASIS 

Cancer arises from the transformation of a single normal cell into a malignant 

cell that subsequently develops into a tumor. Over the course of cancer development, a 

pattern of abnormalities develops that sustain and drive the progression of the disease. 

In 2000, Hanahan and Weinberg synthesized and summarized the existing literature to 

develop a list of the “hallmarks of cancer.” They propose that cancer development 

requires sustained proliferative signaling, evasion of growth suppressors, gain of 

replicative immortality, resistance to apoptosis, activation of angiogenesis, and an 

induction of invasion and metastasis. Importantly, the authors note that there may be 

variation in the order in which key events in cancer progression occur between 

individual tumors (Hanahan and Weinberg, 2000). In 2011, Hanahan and Weinberg 

revisited the hallmarks of cancer and added two emerging hallmarks, avoidance of 

immune destruction and deregulation of cellular energetics, and two enabling 

characteristics, genome instability and tumor-promoting inflammation (Hanahan and 

Weinberg, 2011). These papers have been enormously influential in driving research 

and hypotheses in the field of cancer biology over the last decade. Importantly, one 

hallmark, metastasis, is responsible for over 90% of cancer deaths (Chaffer and 

Weinberg, 2011). 

Metastasis itself is a multistep process (Hanahan and Weinberg, 2000; Schedin 

and Elias, 2004). Most cancers are carcinomas that arise from epithelial tissues. In the 

first steps of metastasis, carcinoma cells that proliferate abnormally lose polarity and 

become dysplastic. In breast cancer, this is characteristic of ductal carcinoma in situ, 

one of the first clinically detectable lesions in breast cancer (Virnig et al., 2010). 
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Carcinoma cells go on to breach the basement membrane that underlies all epithelial 

tissues. Following local invasion through the stroma or surrounding tissues, cancer cells 

intravasate into the circulatory system. Those cells that survive transit in the circulatory 

system extravasate at distant sites to form metastases. Eventually, some 

micrometastases will proliferate at distant sites leading to formation of overt 

macrometastases. Alternatively, cancer metastasis may be thought of as a two step 

process: in the first step, cancer cells invade and disseminate to distant organs. In the 

second step, outgrowth of micrometastases occurs in distant organs. This model reflects 

the hypothesis that the rate-limiting steps of metastasis are late events involving growth 

at the metastatic site (Chaffer and Weinberg, 2011). 

Recently, a process termed the epithelial-mesenchymal transition, or EMT, has 

been recognized as important in promoting multiple steps of the metastatic process. 

EMT itself is a developmentally-conserved program in which epithelial cells gain 

properties typically associated with mesenchymal cells including increased motility and 

invasiveness (Boyer and Thiery 1993; Hay 1995). In the first description of the EMT 

process, this process was characterized primarily by the morphological changes 

associated with the individual cell migration of lens epithelial cells in 3D culture: 

migrating cells lost their characteristic cobblestone morphology with strong apical-basal 

polarity and became spindle-shaped (Greenburg, 1982).  

At the molecular level, EMT is defined by a repression of epithelial genes and a 

complementary induction of mesenchymal genes. Loss of epithelial cadherin (E-

cadherin) is one of the most characteristic features of EMT. Normal epithelial cells form 

tight connections with one another via E-cadherin mediated junctions that are linked to 
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the cytoskeleton via catenins (Yap et al., 1997). During EMT, these E-cadherin-

mediated junctions are lost in a process that promotes the cell-cell dissociation 

associated with metastasis (Onder et al., 2008). Catenins associated with epithelial 

junctions, including α, β, and γ-catenin, are also reduced at the protein level during 

EMT (Yang et al., 2004). In concert with the loss of epithelial junctions, a host of 

mesenchymal markers are upregulated. A weaker, neural-cadherin (N-cadherin) is 

upregulated in place of E-cadherin and cells replace cytokeratin intermediate filaments 

with vimentin filaments (Yang and Weinberg, 2008; Lee et al., 2006). In addition to the 

forward EMT process, the reverse process, mesenchymal-epithelial transition (MET), 

also occurs (Chaffer et al., 2007). It is hypothesized that EMT in the primary tumor is 

followed by a reversion through an MET process following metastasis to explain the 

observation that the cytological properties of metastases are usually identical to those 

found in the primary tumor (Thiery, 2002). 

The EMT process is primarily a transcriptional program that is activated by a 

suite of zinc-finger and basic helix-loop-helix (bHLH) transcription factors. The zinc-

finger transcription factors Snail, Slug, Zeb1, and Zeb2 directly inhibit E-cadherin 

expression via binding to E-box elements in the E-cadherin promoter (Hajra et al., 

2002; Peinado et al., 2003; Sánchez-Tilló et al., 2010; Vandewalle et al., 2005). All of 

these transcription factors are sufficient to induce the characteristic features of EMT 

including increased migration and invasion in epithelial cells (Medici et al., 2008; 

Vandewalle et al., 2005; Sánchez-Tilló et al., 2010). As β-catenin associates with the 

intracellular portion of cadherin-mediated junctions, destabilization of E-cadherin 

junctions also has the effect of increasing the cytoplasmic pool of β-catenin (Orsulic et 
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al., 1999). Under certain cellular contexts, this can lead to nuclear accumulation of β-

catenin (Papkoff and Aikawa, 1998). In the nucleus, β-catenin has additional roles as a 

transcriptional co-activator that associates with lymphoid enhancer-binding factor 1 

(LEF1) and transcription factor 4 (TCF4) to drive further changes characteristic of EMT 

via induction of Slug and Twist1 (Conacci-Sorrell et al., 2003; Onder et al., 2008). In 

addition, the bHLH transcription factors Twist1 and Twist2 are sufficient to induce a 

robust EMT in epithelial cells (Yang et al., 2004; Fang et al., 2011). The roles of Twist1 

in EMT are discussed further in the subsequent section. 

EMT processes occur on multiple occasions during development. During 

gastrulation, the primitive ectoderm invaginates to form the mesoderm in a process that 

involves a loss of cell-cell adhesion and local breaching of the basement membrane 

(Kimelman, 2006; Viebahn, 1995). This process requires a Snail1-mediated EMT in 

mice; knockout of Snail1 leads to a dramatic failure of mesoderm formation in which 

the mesoderm continues to express E-cadherin (Carver et al., 2001). An additional EMT 

occurs during neural crest formation in early embryonic development. The neural crest 

arises from the ectodermal neural tube via a process that involves individual cell 

migration and loss of cadherin-mediated junctions (Tucker et al., 1988). Within the 

cranial and cardiac neural crest, this process also entails breaching a basement 

membrane similar to the process that occurs during gastrulation (Sternberg and Kimber, 

1986). Knockout of Twist1 in mice leads to a failure of proper neural crest formation 

and embryonic lethality (Chen & Behringer 1995; Soo et al. 2002). Additional Twist1-

dependent EMT events occur during cardiac valve formation and secondary palate 

formation (Fitchett and Hay, 1989; Morabito et al., 2001). 
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Multiple markers of EMT have been associated with increased invasiveness and 

metastasis in human cancers. Loss of E-cadherin, a defining feature of EMT, occurs in 

many aggressive cancers. Reduced staining for E-cadherin by immunohistochemistry is 

associated with disease prognosis in breast and gastric carcinomas (Gould Rothberg and 

Bracken, 2006; Guilford et al., 1998). Nuclear β-catenin staining associated with EMT 

is strongly correlated with poor survival and prognosis in colorectal cancer (Horst et al., 

2009) Slug expression is also increased in subpopulations of colorectal and squamous 

cell cancers that have poor prognosis (Shioiri et al., 2006; Uchikado et al., 2005). 

Increased Snail1 expression also correlates with both poor survival and metastasis in 

adenoid cystic carcinoma of the salivary gland (Jiang et al., 2010). Twist1 is associated 

with poor prognosis and reduced survival in multiple cancers, which is discussed more 

fully in the subsequent section. 

TWIST1 AND EMT 

 In 2004, Yang et al. described a crucial role for the transcription factor Twist1 in 

promoting breast cancer metastasis. Knockdown of Twist1 in the highly metastatic 4T1 

mouse mammary carcinoma cell line led to a reduction in metastasis to the lungs in an 

orthotopic mouse model of metastasis. In addition, overexpression of Twist1 in human 

mammary epithelial cells promoted an EMT process in which cells lost E-cadherin 

mediated junctions, upregulated mesenchymal genes such as N-cadherin and 

fibronectin, and became more invasive and metastatic. Importantly, Twist1 expression 

was found to be upregulated in more invasive cell lines and in invasive lobular 

carcinoma (Yang et al. 2004). In subsequent years, Twist1 has been associated with 
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aggressiveness and metastasis in melanomas, neuroblastomas, prostate cancers, and 

gastric cancers, among others (Peinado et al., 2007). 

Mammalian Twist1 is a Class B basic helix-loop-helix (bHLH) transcription 

factor which lacks a transactivation domain (Franco et al., 2010). In order to regulate 

transcription, Twist1 must dimerize with other class A or B bHLH transcription factors 

such as E12/47 or Hand2 (Firulli et al., 2005; Laursen et al., 2007). There is additional 

evidence that Twist1 homodimers play a role in fibroblast growth factor receptor 

(FGFR) regulation during cranial suture development (Connerney et al., 2008). As 

either a homodimer or heterodimer, Twist1 binds E-box elements with the consensus 

sequence 5’-CANNTG-3’ in promoter regions of target genes to regulate gene 

expression (Franco et al., 2010). Depending on the binding partner for Twist1, gene 

expression may be upregulated or downregulated following recruitment of the complex 

to a promoter (Castanon et al., 2001). Twist1 also possesses a domain called a TWIST-

box which can interact with and repress the transcriptional activation properties of runt-

related transcription factor 1 (RunX1) and (Sex determining region Y)-box 9 (SOX9) 

(Gu et al., 2012; Kronenberg, 2004).  

Twist1 is regulated at both the transcriptional and post-translational level. 

Hypoxia directly induces Twist1 transcription via both hypoxia inducible factor 1 (HIF-

1) α and β (Gort et al. 2007; Yang et al. 2008). Tumor necrosis factor alpha (TNF-α) 

induces an EMT in some cell lines via direct upregulation of Twist1 by nuclear factor 

kappa B (NF-КB) (Li et al., 2012; Pham et al., 2007). This suggests a strong link 

between inflammatory processes that occur in many cancers and Twist1-induced EMT 

and invasion. Finally, the Wnt pathway, which is often aberrantly activated in cancers 
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and associated with stem cells, induces Twist1 transcription via stabilization of 

cytoplasmic β-catenin in mammary carcinoma cells (Howe et al., 2003). 

Phosphorylation of Twist1 at several different residues regulates both the 

stability and the localization of Twist1. Protein kinase B (PKB or Akt) serine 

phosphorylates Twist1 and induces nuclear translocation of Twist1. This 

phosphorylation event is also associated with an attenuation of p53 in response to pro-

apoptotic signals. Significantly, a monoclonal antibody against serine-phosphorylated 

Twist was generated and found to localize specifically to the nucleus in multiple human 

cancer samples (Vichalkovski et al., 2010).  In response to transforming growth factor β 

(TGF-β) signaling, Twist1 is serine phosphorylated by a mitogen activated protein 

kinase (MAPK). This phosphorylation event leads to increased stability of the Twist1 

protein and associated regulation of Twist1 target genes and invasion (Hong et al., 

2011).  In addition to being phosphorylated, Twist1 is also a substrate for ubiquitination 

mediated by the E3-ligase partner of paired (PPa) (Lander et al., 2011). This provides 

yet another potential mechanism for regulation of Twist1 stability and protein levels. 

In Drosophila, Twist1 is required for induction of mesoderm formation and 

myogenic differentiation (Furlong et al., 2001). In mammalian systems, Twist1 is 

essential for formation of the neural crest as described in the preceding section. The 

differing roles of Drosophila and mammalian Twist1 proteins is hypothesized to be due 

to the fact that Drosophila Twist1 possesses a transactivation domain and does not 

require a dimerization partner to regulate gene transcription (Franco et al., 2010). 

Twist1 knockout mice are not viable due to failure of neural tube closure (Soo et al., 

2002). Interestingly, Twist1 haploinsufficiency induces craniofacial abnormalities due 



9 
	
  

	
  

to premature fusion of cranial sutures in heterozygous knockout mice (Franco et al., 

2010). This possesses remarkable similarity to Saerthe-Chotzen syndrome in humans, a 

developmental disorder characterized by abnormal craniofacial development associated 

with mutations in both Twist1 and FGFRs (Kress et al., 2005). This suggests additional 

roles for Twist1 in cranial bone development and differentiation. 

 Interestingly, Yang et al. report that transducing cancer cells that express Twist1 

with E-cadherin is not sufficient to suppress invasion (Yang et al. 2004). This suggests 

that Twist1 promotes other cellular processes independent of E-cadherin loss to 

promote local invasion and metastasis. Defining these active processes associated with 

local invasion and metastasis is essential to understanding how EMT promotes disease 

progression.  

INVADOPODIA STRUCTURE AND FUNCTION 

 Subcellular structures called invadopodia play key roles in driving local invasion 

during cancer progression. Invadopodia are dynamic actin-based protrusions occurring 

on the basal surface of some cancer cells or Src-transformed fibroblasts that localize 

proteoytic activity to areas of the cell in contact with the ECM to drive local invasion. 

By convention, in non-transformed cells similar structures are termed podosomes. 

When referring to both structures in general terms, the term invadosome may be used 

(Murphy and Courtneidge, 2011). Although first identified in Src-tranformed 

fibroblasts, invadopodia and podosomes have subsequently been identified in a large 

number of cancer and normal cell types. Breast, prostate, head and neck cancer, bladder, 

and pancreatic cancer cell lines all form invadopodia under normal cell culture 

conditions (Bowden et al., 1999; Desai et al., 2008; Neel et al., 2012). Untransformed 
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cells that invade or remodel the ECM, including macrophages, osteoclasts, dendritic 

cells, and activated endothelial cells, also form podosomes (Evans et al., 2003; Gawden-

Bone et al., 2010; Pfaff and Jurdic, 2001; Moreau et al., 2003). 

The fundamental structure of an invadosome consists of a core of F-actin 

associated with actin-regulatory proteins, scaffolding and adhesion proteins, and 

proteases. The overall structure of an invadopodia is typically a projection 0.5-2 µm in 

diameter that may extend over 5 µm into the surrounding ECM (Murphy and 

Courtneidge, 2011). Invadopodia length is highly-dependent on matrix composition and 

depth, with intact peritoneal membrane substrates leading to formation of long-lived 

invadopodia up to 12 µm long (Schoumacher et al., 2010). Invadopodia can be 

identified with fluorescence microscopy by the colocalization of invadopodia marker 

proteins, such as tyrosine kinase substrate 5 (Tks5) or cortactin, with F-actin puncta on 

the basal surface of the cell (Seals et al. 2005; Bowden et al. 2006). Cortactin or F-actin 

positive puncta can also be positively identified as invadopodia by colocalization with 

phosphotyrosine staining due to the fact that many of the components of invadopodia 

are tyrosine phosphorylated by Src kinase (Bowden et al., 2006).  

Live-cell imaging experiments using fluorescently-tagged invadopodia proteins 

such as cortactin and membrane-type metalloprotease 1 (MT1-MMP) reveal that 

individual invadopodia are dynamic structures with lifetimes ranging from minutes to 

hours depending on the ECM substrate (Yamaguchi et al., 2005; Schoumacher et al., 

2010). Electron microscopy studies of invadopodia suggest that invadopodia form in 

close association with collagen fibrils and concentrate metalloproteases, including 

secreted matrix metalloproteases 2 and 9 (MMP2 and 9) and membrane-type 1
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Figure 1.1: Invadopodia. (A) Hs578t breast cancer cell stained with cortactin and F-
actin. Invadopodia are clearly apparent as punctuate areas of yellow colocalization in 
the merged image. Scale bar = 5 µm. (B) Z-projection demonstrating that invadopodia 
are projections from the basal surface of the cell in contact with the ECM (grey). Not to 
scale. (C) Cartoon of invadopodia emphasizing key aspects of structure. The center of 
the invadopodia is a branched F-actin core (red) that is formed through the action of the 
Arp2/3 complex (lavender) and other actin-regulatory proteins. Integrin α/β 
heterodimers (blue) may play adhesive and signaling roles both at the tip of the 
invadopodia and in a ring surrounding the structure. Multiple scaffolding and structural 
proteins, including Tks5 and cortactin (cort, green) are involved in regulating actin 
polymerization, interaction with other proteins, and delivery of proteases to the 
invadopodia. Several metalloproteases are highlighted (pink), including the 
transmembrane MT-MMPs and ADAMs. Other matrix metalloproteases, including 
MMP2 and MMP9, are secreted locally at invadopodia. Src activity is necessary for 
invadopodia, and multiple component of invadopodia are tyrosine phosphorylated 
(yellow circles, Tks5, cortactin, and ADAMs). Not to scale. 
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metalloprotease (MT1-MMP) to the tip of individual invadopodia (Vishnubhotla et al., 

2007). Tolde et al. report that invadopodia in a dermis-derived 3D culture system form 

significantly larger invadopodia in which proteolytic activity is concentrated near the 

base of the invadopodia (Tolde et al., 2010). There are few reports of invadopodia in in 

vivo systems, although Quintavalle et al. identify podosomes in intact mouse aorta 

smooth muscle tissue via immunoelectron microscopy (Quintavalle et al., 2010).  

Although they possess many similarities, invadosomes are distinct from other 

actin-based cellular protrusions such as filopodia, lamellopodia, and focal adhesions. 

Filopodia are thin, actin based protrusions often associated with lamellopodia thought to 

function as cellular probes of the surrounding environment (Mattila and Lappalainen, 

2008). In contrast to filopodia, invadosomes form exclusively on the basal surface of 

the cell and are capable of proteolytic processing of ECM components. In addition, 

invadosomes contain both branched and parallel actin fibers while filopodia are 

composed entirely of parallel actin filaments (Murphy and Courtneidge, 2011). 

Although also composed primarily of branched F-actin, lamellipodia are distinct sheet-

like projections from the lateral edges of cells involved in cell motility (Small et al., 

2002). Invadosomes differ from lamellipodia in their localization to the basal surface of 

the cell and their narrow, punctate architecture (Murphy and Courtneidge, 2011). Focal 

adhesions perhaps possess the greatest similarity to invadosomes. Both focal adhesions 

and invadosomes are associated with branched and parallel F-actin and associate with 

integrins. Many structural proteins are shared between focal adhesions and invadopodia, 

including paxillin and actinin (Hirooka et al., 2011; Badowski et al., 2007). 

Complicating differentiation of invadopodia from focal adhesions, Wang et al. recently 
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described a novel function for focal adhesions in mediating MT1-MMP-dependent focal 

matrix degradation. In the same manuscript, however, Wang et al. describe a key 

difference between invadosomes and focal adhesions: focal adhesion-mediated 

degradation occurs on the cell periphery and has a distinctive elongated shape 

characteristic of focal adhesions (Wang and McNiven, 2012). In contrast, invadosome-

mediated degradation consists of circular, punctate degradation associated with F-actin 

(Murphy and Courtneidge, 2011). This is consistent with previous reports that 

invadopodia preferentially form in areas of the cell in close proximity to the Golgi 

apparatus (Baldassarre, 2002).  

Although invadopodia formation correlates well with in vitro models of invasion 

in Matrigel and collagen matrices (Yu and Machesky, 2012; Schoumacher et al., 2010), 

relatively few studies have directly addressed the role of invadopodia in metastasis. 

Although cortactin is expressed at high levels in invasive human colorectal and head 

and neck cancers, cortactin has other functions outside of invadopodia as an actin-

bundling protein associated with cortical actin (Cai et al., 2010; Hofman et al., 2008). 

The most direct evidence that cortactin-mediated invadopodia formation is essential for 

metastasis comes from animal experiments in which mice were injected with MDA-

MB231 cells overexpressing wild type or mutant cortactin that lacked several tyrosine 

phosphorylation sites. The MDA-MB231 cells expressing the mutant form of cortactin 

metastasized at a significantly lower rate than those expressing the wild type cortactin 

(Li et al., 2001). Interestingly, the tyrosine phosphorylation sites Li et al. mutated have 

been identified as essential sites of phosphorylation for invadopodia formation (Ayala et 

al., 2008). Tks5 is perhaps the protein most specifically related to invadopodia. 
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Knockdown of the invadopodia-specific scaffolding protein Tks5 in Src-transformed 

fibroblasts led to a reduction in tumor growth and angiogenesis in a subcutaneous tumor 

model (Blouw et al. 2008). The authors suggested a role for invadopodia in shedding or 

release of growth factors from the matrix in driving proliferation and angiogenesis in 

vivo. More work is clearly necessary to fully characterize the effects and roles of 

invadopodia using in vivo models of metastasis. 

COMPONENTS OF INVADOPODIA 

Actin-Regulatory Proteins 

As the primary core of invadopodia consists of polymerized F-actin, many actin 

regulatory proteins are associated with invadopodia formation and regulation. The actin 

regulatory protein 2/3 complex (Arp2/3 complex) consists of a seven unit complex that 

promotes actin nucleation and polymerization (D’Agostino, 2005). Arp2/3 is enriched at 

invadopodia where it is required for formation of branched actin filaments and 

invadopodia formation (Weed et al., 2000; DesMarais et al., 2009). A recently 

developed small-molecule inhibitor of the Arp2/3 complex completely abrogates 

podosome formation in monocytes (Nolen et al., 2009).  Another class of actin-

nucleating proteins, the formins, is also enriched at invadopodia in breast cancer cells 

(Lizárraga et al., 2009). In contrast to Arp2/3, formins mediate linear actin 

polymerization (Goode and Eck, 2007). It is hypothesized that formins are necessary for 

elongation of invadopodia and extension into the ECM (Lizárraga et al., 2009). In 

addition to actin-nucleating proteins, the actin-severing protein cofilin cleaves F-actin 

filaments at invadopodia to create new barbed ends that promote additional actin 

polymerization at invadopodia (Oser and Condeelis, 2009). The actin-bundling protein 
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fascin is also necessary for initiation and stabilization of invadopodia formation and 

promotes ECM degradation and invasion (Li et al., 2010). Similarly the actin-bundling 

protein cortactin is an essential component of invadopodia with roles in actin bundling 

and trafficking of proteases to invadopodia (Ayala et al., 2008; Artym et al., 2006). 

Phosphorylation of cortactin by Arg or Src has important effects on initiating 

invadopodia formation in some models of invadopodia formation (Mader et al., 2011). 

Adhesive Proteins 

Invadopodia and podosomes are tightly linked to the ECM via cluster-of-

differentiation 44 (CD44) and integrin-mediated interactions. CD44 is a transmembrane 

receptor with high affinity for many components of the ECM, including hyaluronic acid 

and fibronectin (Goodison et al., 1999). In both osteoclast podosomes and cancer cell 

invadopodia, there is evidence that CD44 is involved in membrane trafficking of MMP9 

to the cell surface (Yu and Stamenkovic, 1999; Samanna et al., 2007). Despite the 

strong localization of CD44 with invadopodia and podosomes, there have been few 

studies characterizing its function at invadosomes.  

Integrin heterodimers, composed of one alpha and one beta subunit, bind to 

ECM components through an extracellular domain that can bind a diverse range of 

substrates, including collagens, fibronectin, vitronectin, and gelatin, with the specificity 

of the interaction depending on the specific alpha-beta heterodimers involved (Destaing 

et al, 2011). The intracellular domains of integrin heterodimers mediate interactions 

with the cytoskeleton through proteins including vinculin, α-actinin, and talin (Hood 

and Cheresh, 2002; Kanchanawong et al., 2010). In addition, integrins can mediate 

signal transduction through interactions with intracellular kinases including focal 
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adhesion kinase (FAK) and Src (Mitra and Schlaepfer, 2006). Both β1 and β3 integrins 

have been localized to invadopodia and podosomes via immunofluorescence staining 

(Mersich et al., 2010; Mueller and Chen, 1991). Interestingly, in Src-transformed 

fibroblasts that express both β1 and β3 integrins, inhibition of β1 integrin eliminated 

invadopodia formation while β3 was dispensable (Destaing et al., 2010). In addition, 

different integrins have been localized to different areas of invadopodia. In oral 

squamous carcinoma cells, α3β1 integrin localized to rings surrounding the F-actin rich 

core of the invadopodia. The invadopodia project itself was strongly positive for αvβ5 

integrin (Takkunen et al., 2010). The specific integrin heterodimers involved in 

invadopodia may vary by cell-type and depend on the range of integrins expressed by 

the cell line being examined. More work is clearly necessary to identify the specific 

roles of integrins at invadopodia and the significance of integrin localization to the 

invadopodia protrusion versus the surrounding area. 

Scaffolding Proteins 

Scaffolding proteins play an integral role in invadopodia, linking the actin 

cytoskeleton to the adhesive and proteolytic components of invadopodia. Tks5 is a large 

scaffolding protein consisting of an amino-terminal Phox-homology (PX) domain 

following by five SH3 domains that was first described as an essential component of 

invadopodia in Src-transformed fibroblasts, breast cancer cells, and melanoma cells 

(Seals et al., 2005). The PX domain of Tks5 regulates localization of the protein to 

phosphatidylinositol 3-and-4-phosphate 2 (PI(3,4)P2) enriched areas of the cell 

membrane associated with lipid-rafts while the five SH3 domains mediate interactions 

with intracellular proteins containing PxxP or RxxK amino acid sequences (Mayer, 
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2001; Oikawa et al., 2009). Tks5 interaction with Nck, Grb2, and neural Wiskott-

Aldrich Syndrome protein (N-WASP) promote invadopodia formation via promotion of 

Arp2/3-mediated actin nucleation and polymerization (Stylli et al., 2009). Alternatively, 

recruitment of Tks5 to focal adhesions may promote a transition from focal-adhesion 

mediated attachment to invadopodia-mediated degradation (Oikawa et al., 2009). Tks5 

also interacts with the transmembrane metalloproteases ADAM12 and 19 that are also 

enriched in invadopodia (Abram et al., 2003). A related scaffolding protein, Tks4, 

resembles Tks5 in possessing a PX domain and four SH3 domains and is hypothesized 

to play complementary roles in localization of MT1-MMP to invadopodia (Buschman et 

al., 2009). 

In addition to Tks4 and 5, cortactin and N-WASP play important structural roles 

in invadopodia. N-WASP is activated by phosphorylation by Src or Abl kinases, leading 

to an association with the Arp2/3 complex that then promotes Arp2/3-mediated actin 

nucleation and polymerization (Yamaguchi et al., 2005). Interaction of N-WASP with 

cortactin also promotes Arp2/3 activation and actin polymerization at invadopodia 

(DesMarais et al., 2009). Cortactin is an additional adaptor protein that functions as an 

actin bundling protein and regulator of actin polymerization, primarily via its interaction 

with N-WASP (DesMarais et al., 2009). Cortactin appears to have key roles in transport 

of proteases to invadopodia. Upon knockdown of cortactin, invadopodia-like structures 

still form in head and neck cancer cells but fail to degrade ECM components (Clark et 

al., 2007). Even when MT1-MMP is overexpressed in MDA-MB231 cells, cortactin co-

expression is required for efficient transport of MT1-MMP to invadopodia and 

subsequent ECM degradation (Clark and Weaver, 2008). Live-cell imaging suggests 
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that cortactin is one of the earliest proteins recruited to invadopodia, preceding even 

actin polymerization (Artym et al., 2006). The mechanism by which cortactin is 

recruited to the membrane prior to invadopodia formation remains uncharacterized and 

poorly understood. 

Proteases 

Consistent with a role for invadopodia in mediating ECM degradation and local 

invasion, a wide variety of proteases are enriched at invadopodia. The serine proteases 

fibroblast activation protein α (FAPα, or seprase) and dipeptidyl peptidase 4 (DPPiv) 

are both highly enriched at invadopodia in multiple cell types (O’Brien and O’Connor, 

2008). FAPα and DPPiv are both dipeptidyl peptidases that possess gelatinase and 

collagenase activity (Kelly, 2005). In addition, FAPα localizes to invadopodia via an 

interaction with α3β1 integrin (Mueller et al., 1999). Interestingly, FAPα activity is also 

associated with formation of more ordered, linear collagen matrices that are associated 

with increased cell velocity and migration (Lee et al., 2011). Although inhibition of 

DPPiv activity with a specific monoclonal blocking antibody abrogated invasion in cells 

on collagen matrices, the exact role for these proteases in invadopodia formation and 

regulation are still poorly understood (Ghersi et al., 2002). Similarly to knockdown of 

Tks5, FAPα appears to have roles in cancer growth and proliferation (Huang et al., 

2011). This may suggest a more general role for invadopodia in promoting tumor 

growth through an unknown mechanism that may involve release of growth factors 

from the cell surface or the surrounding ECM. The recent development of small-

molecule inhibitors specific for both FAPα and DPPiv will allow more thorough 
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investigation of the unique roles of these proteases in invadopodia biogenesis and 

metastasis (Brennen et al., 2012). 

Matrix metalloproteases (MMPs) are zinc-dependent metalloproteases that have 

important roles in cleavage of membrane components and other substrates. Both 

secreted and membrane bound MMPs are involved in invadopodia formation and 

function. Due to the central role of MMPs in mediating ECM degradation and the 

observation that the metalloproteases inhibitor BB94 inhibits invadopodia formation, 

the role of MMPs in invadopodia has been a popular topic for investigation (Ayala et 

al., 2008).  

MT1-MMP is a transmembrane endopeptidase with critical roles in mediating 

local invasion and metastasis. Substrates for MT1-MMP include collagens, vitronectin, 

fibronectin, and laminins (Sabeh et al., 2004). In multiple cancer cell lines and 

endothelial cells and osteoclasts, MT1-MMP localizes to invadopodia (Poincloux et al., 

2009). Knockdown of MT1-MMP is sufficient to abrogate invadopodia-mediated 

degradation and formation (Steffen et al., 2008). Interestingly, in addition to roles in 

degrading ECM components, MT1-MMP can activate other, secreted MMPs. Via an 

αvβ3 integrin-dependent mechanism, MT1-MMP cleaves the propeptidase domain from 

MMP2 leading to localized activation of soluble MMP2 (Deryugina et al., 2001). 

Interestingly, immunoelectron microscopy reveals that MT1-MMP localizes to the 

extreme tip of invadopodia where both MMP2 and MMP9 are also localized 

(Vishnubhotla et al., 2007). Components of the exocyst complex, including exocyst 

complex component 7 (Exo70 or Sec8) localize to invadopodia and are required for 

efficient delivery of MMPs (Liu et al., 2009). As MT1-MMP is constitutively activated 
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by cleavage of its prodomain by furin peptidase, its activity is primarily regulated by 

localization. Protein kinase C (PKC)-mediated phosphorylation of the cytoplasmic tail 

of MT1-MMP is sufficient to induce membrane localization of MT1-MMP (Urena et 

al., 1999).  

Several members of the a disintegrin and metalloprotease (ADAM) family of 

proteases, including ADAM12 and ADAM19, localize to invadopodia (Seals et al., 

2005; Abram et al., 2003). ADAM family proteases are zinc-dependent transmembrane 

metalloproteases that possess additional cysteine-rich and disintegrin domains that 

mediate interactions with the ECM through syndecans and integrins, respectively 

(Kveiborg et al., 2008). ADAM12 and 19 are known to act as sheddases, capable of 

cleaving and releasing ligands including epidermal growth factor (EGF) and delta-like 1 

(Dl1) from the cell surface (Dyczynska et al., 2007; Horiuchi et al., 2006). Both 

ADAM12 and ADAM19 directly interact with Tks5, implying a potential role in 

invadopodia formation or regulation (Abram et al., 2003). Current functional studies in 

invadopodia are limited to the observation that inducing clustering of ADAM12 with a 

monoclonal antibody leads to localized shedding of EGF and formation of invadopodia 

(Albrechtsen et al., 2011). The biological relevance of this antibody-directed ligation to 

a potential role for ADAM12 in invadopodia formation remains unresolved. 

Due to the central role of proteases in invadopodia, techniques have been 

developed to allow visualization and quantification of invadopodia-mediated 

degradation of ECM components. Fluorescently-labeled gelatin can be covalently 

conjugated to a poly-L-lysine coated coverslip substrate via gluteraldehyde 

crosslinking. Areas that are degraded by cells plated on the fluorescent substrate will 
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appear as dark areas in a uniformly fluorescent background. Relative degradation can be 

assayed by calculating the relative area degraded per cell to investigate the effects of 

small-molecule inhibitors or mRNA knockdown on invadopodia-mediated degradation 

(Even-Ram and Artym, 2009). Substrates other than gelatin, including fibronectin, 

collagen, and gelatin-Matrigel mixtures, have also been used as fluorescent substrates in 

similar assays (Nascimento et al., 2009; Aga et al., 2008; Furmaniak-Kazmierczak et 

al., 2007). These data suggest that invadopodia are capable of degrading a diverse array 

of ECM components.  

REGULATION OF INVADOPODIA 

 Consistent with their diverse protein components, multiple signaling pathways 

converge to regulate invadopodia formation and activity. These include Src, PKC, and 

integrins. Although numerous biochemical pathways have been implicated in 

invadopodia formation, there is a paucity of information on the role of transcriptional 

regulation in invadopodia biogenesis.  

 The nonreceptor tyrosine kinase Src has always been recognized as an important 

regulator of invadopodia formation. Invadopodia were, in fact, first described in Src-

transformed fibroblasts: upon transformation with constitutively active chicken Src, 

fibroblasts formed numerous rosettes of invadopodia capable of degrading ECM 

components (David-Pfeuty and Singer, 1980; Tarone et al., 1985; Chen et al., 1985). 

Transduction of other cell lines with constitutively active Src similarly induces robust 

invadopodia formation (Kelley et al., 2010), while inhibition with Src kinase inhibitors, 

such as SU6656 and PP2, prevent invadopodia formation (Mader et al., 2011; Balzer et 

al., 2010). Src phosphorylates multiple components of invadopodia, including cortactin 



22 
	
  

	
  

and Tks5 (Ayala et al., 2008; Stylli et al., 2009). In a series of mutagenesis experiments, 

tyrosine resides in cortactin were found to be necessary for invadopodia formation in a 

Src-dependent manner (Ayala et al., 2008). Phosphorylation of Tks5 by Src leads to 

recruitment of the adaptor protein Nck and subsequent actin polymerization, indicating 

a role for Src signaling in invadopodia formation (Stylli et al., 2009). Osteoclasts 

derived from Src knockout mice form significantly fewer podosomes. Paradoxically, the 

podosomes that do form in Src-null osteoclasts have much longer half-lives, suggesting 

that Src can have dual roles in promoting both invadopodia formation and turnover 

(Destaing et al., 2007).  

Regulation of Src activity in the context of invadopodia formation has primarily 

focused on activation of Src via the EGF receptor pathway. A recent publication 

describes the observation that the Abl-related kinase Arg is activated by Src 

downstream of EGFR and that Arg itself phosphorylates cortactin to induce 

invadopodia formation (Mader et al., 2011). A potential role for localized shedding of 

EGF at invadopodia is suggested by the observation that ADAM12 clustering correlates 

with increased EGF shedding at invadopodia (Albrechtsen et al., 2011). Understanding 

the cellular contexts during metastasis during which Src is activated is clearly a priority 

in understanding the regulation of invadopodia during metastasis. 

 There are multiple lines of evidence indicating that protein kinase C (PKC) 

plays important roles in regulating invadopodia formation and structure. PKCµ localizes 

to invadopodia with cortactin and paxillin in MDA-MB231 cells (Bowden et al., 1999). 

Although the function of PKC activity was not described in this paper, a subsequent 

paper by Li et al. found that phosphorylation of fascin by PKC is required for 
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localization of fascin to invadopodia (Li et al., 2010). This suggests a role for PKC in 

regulating actin dynamics and stability in invadopodia. Activation of PKCα with 

phorbol esters also induces Src activation and invadopodia formation in a mechanism 

that is dependent on phosphoinositide-3-kinase (PI3K) activity (Walker et al., 2007). 

Interestingly, PKC activity promotes membrane localization of both MT1-MMP and 

ADAM12. For both MT1-MMP and ADAM12, this relocalization is dependent on a 

region in the cytoplasmic tail that sequesters the proteins away from the membrane in 

the absence of PKC signaling (Sundberg et al., 2004; Urena et al., 1999). This suggests 

that PKC may play dual roles in regulating invadopodia formation or stability and 

recruitment of essential proteases to invadopodia. 

 Although a wide variety of integrins localize to invadopodia and podosomes in 

different cell lines, the role of integrin signaling in invadosome regulation remains 

controversial. There are multiple models for invadopodia formation. In one model, focal 

adhesions are converted to invadopodia via recruitment of Tks5 to nascent focal 

adhesions (Oikawa et al., 2009). Conversely, other models propose that Tks5 or 

cortactin phosphorylation by Src or Arg, respectively, promotes de novo actin synthesis 

at areas of invadopodia with other proteins subsequently being recruited to the 

invadopodia (Stylli et al., 2009; Mader et al., 2011). It should be noted that these 

models do not preclude the possibility that focal adhesions induce the Src activation 

required for invadopodia formation.  

Consistent with these multiple models, focal adhesions have been described as 

both essential for invadopodia formation and as potent inhibitors of invadopodia 

formation. In Src-transformed cells, FAK promotes Src kinase recruitment to 



24 
	
  

	
  

invadopodia and subsequent invasion (Schlaepfer and Hunter, 1997). Similarly, Pan et 

al. report that formation of rosettes of invadosomes in Src-transformed fibroblasts, 

endothelial cells, and cancer cells requires FAK signaling, with FAK localizing to 

invadosomes (Pan et al., 2011). In addition, increased matrix stiffness, which 

potentiates focal adhesion mediated signaling, was found to promote invadopodia 

formation in breast cancer cells (Alexander et al., 2008).  

Conversely, Chan et al. report that focal adhesion formation and FAK inhibit 

invadopodia formation by sequestering Src kinase activity (Chan et al., 2009). It has 

also been reported that FAK is not necessary for invadopodia formation in colon cancer 

cells with overexpression of FAK actually suppressing invadopodia formation (Vitale et 

al., 2008). Bowden et al. report that invadopodia can be discriminated from focal 

adhesions with immunofluorescence by the observation that invadopodia are negative 

for FAK (Bowden et al., 2006). These contradictory results regarding the contributions 

of FAK and focal adhesions to invadopodia formation suggest that multiple pathways 

may regulate invadopodia formation in a manner that may depend on cell type, ECM 

substrate, or status of signaling pathways in the cells. The recent observation that MT1-

MMP localizes to focal adhesions to promote local invasion and ECM degradation 

raises many new questions in the field regarding the relative contribution of focal 

adhesions and invadopodia to local invasion and metastasis (Wang and McNiven, 

2012). 

CONCLUDING REMARKS 

 EMT provides a new paradigm in which to understand how cancer cells gain the 

ability to complete multiple steps of the metastatic process. Although the transcriptional 
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networks governing EMT and the downstream effectors of EMT essential for metastasis 

are beginning to be understood, major unanswered questions still remain. Identifying 

the most important and conserved pathways regulating invasion downstream of these 

transcription factors is essential in identifying new treatment modalities and biomarkers. 

In particular, identifying the active processes responsible for driving invasion 

independent of loss of E-cadherin is necessary to reveal in detail the mechanisms 

driving metastasis during EMT. 

 Invadopodia provide an elegant explanation for how cells can direct proteolysis 

to areas of the cell in contact with the ECM. A picture is beginning to emerge of how 

the interplay of adhesive, actin-regulatory, and proteolytic proteins unite in the 

formation of invadopodia. Although much is understood about the components of 

invadopodia and the basic signaling pathways driving their formation, major 

unanswered questions remain. In particular, the relevance of invadopodia to in vivo 

metastasis has yet to be resolved for multiple cancer types. Targeted disruption of 

invadopodia formation in in vivo models of cancer invasion and dissemination are 

required to answer this urgent question.  

In light of the advances made in understanding transcriptional regulation of 

metastasis via the EMT program, it will be interesting to determine how transcriptional 

networks influence invadopodia formation. Regulation of invadopodia by transcription 

factors could occur via direct regulation of gene products involved in invadopodia 

structure, or by indirectly affecting pathways essential for invadopodia formation. 

Finally, following the observation that focal adhesions are capable of proteolysis of the 

ECM, more research is necessary to better understand the relative contributions of 
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invadopodia and focal adhesions to cancer cell invasion, migration, and metastasis. This 

will likely require not only methods to specifically disrupt only invadopodia or focal 

adhesion-mediated degradation, but also use of robust in vitro and in vivo models that 

mirror the metastatic process in human disease. 
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ABSTRACT 

The Twist1 transcription factor is known to promote tumor metastasis and 

induce the epithelial-mesenchymal transition (EMT). Here, we report that Twist1 is 

both necessary and sufficient for the formation of invadopodia in multiple cells lines. 

Invadopodia are specialized membrane protrusions on the basal surface of cells that 

regulate localized degradation of the extracellular matrix. Twist1 induces PDGFRα 

expression, which in turn activates Src, to promote invadopodia formation. Src 

signaling is essential for invadopodia formation. We show that Twist1 and PDGFRα are 

central mediators of invadopodia formation in response to various EMT-inducing 

signals, including the transcription factor Snail and TGFΒ. Induction of PDGFRα and 

invadopodia is essential for Twist1 to promote tumor metastasis in a mouse model of 

breast cancer metastasis. Consistent with the observation that PDGFRα is a direct 

transcriptional target of Twist1, coexpression of Twist1 and PDGFRα predicts poor 

survival in human breast cancer patients. Therefore, invadopodia-mediated matrix 

degradation is a key and specific function of Twist1 in promoting tumor metastasis 

during the EMT process. 
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INTRODUCTION 

During metastasis, carcinoma cells acquire the ability to invade surrounding 

tissues and intravasate through the endothelium to enter systemic circulation. Both the 

invasion and intravasation processes require degradation of basement membrane and 

extracellular matrix (ECM). Although proteolytic activity is associated with increased 

metastasis and poor clinical outcome, the molecular triggers for matrix degradation in 

tumor cells are largely unknown. 

Invadopodia are specialized actin-based membrane protrusions found in cancer 

cells that degrade ECM via localization of proteases (Tarone et al., 1985; Chen, 1989). 

Their ability to mediate focal ECM degradation suggests a critical role for invadopodia 

in tumor invasion and metastasis. However, a definitive role for invadopodia in local 

invasion and metastasis in vivo has not yet been clearly demonstrated. As actin-based 

structures, invadopodia contain a primarily branched filamentous actin (F-actin) core 

and actin regulatory proteins, such as cortactin, Wiscott-Aldrich Syndrome protein 

(WASp), and the actin-related protein 2/3 complex (Arp2/3 complex) (Linder, 2007). 

The SH3-domain-rich proteins tyrosine kinase substrate 4 (Tks4) (Buschman et al., 

2009) and Tks5 (Seals et al., 2005) function as essential adaptor proteins in clustering 

structural and enzymatic components of invadopodia. The matrix degradation activity 

of invadopodia has been associated with a large number of proteases, including 

membrane type 1 metalloproteases (MT1-MMP) (Linder 2007). Invadopodia formation 

requires tyrosine phosphorylation of several invadopodia components including 

cortactin (Ayala et al., 2008), Tks4 (Buschmann et al., 2009), and Tks5 (Seals et al., 

2005) by Src family kinases. 
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Our previous study found that the Twist1 transcription factor, a key regulator of 

early embryonic morphogenesis, was essential for the ability of tumor cells to 

metastasize from the mammary gland to the lung in a mouse breast tumor model and 

was highly expressed in invasive human lobular breast cancer (Yang et al., 2004). Since 

then, studies have also associated Twist1 expression with many aggressive human 

cancers, such as melanomas, neuroblastomas, prostate cancers, and gastric cancers 

(Peinado et al., 2007). Twist1 can activate a latent developmental program termed the 

epithelial-mesenchymal transition (EMT), thus enabling carcinoma cells to dissociate 

from each other and migrate. 

The EMT program is a highly conserved developmental program that promotes 

epithelial cell dissociation and migration to different sites during embryogenesis. 

During EMT, cells lose their epithelial characteristics, including cell adhesion and 

polarity, and acquire a mesenchymal morphology and the ability to migrate (Hay, 

1995). Biochemically, cells downregulate epithelial markers such as adherens junction 

proteins epithelial cadherin (E-cadherin) and catenins and express mesenchymal 

markers including vimentin and fibronectin (Boyer and Thiery, 1993). In addition to 

Twist1, the zinc-finger transcription factors, including Snail, Slug, zinc finger E-box 

binding 1 (ZEB1), and ZEB2 (Peinado et al., 2007), can also activate the EMT program 

by directly binding the E-boxes of the E-cadherin promoter to suppress its transcription. 

However, it is unclear how Twist1, as a basic helix-loop-helix (bHLH) transcription 

factor, controls the EMT program. In this study, we test the hypothesis that Twist1 

plays a major role in regulating ECM degradation to promote tumor metastasis. 
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RESULTS 

Twist1 is necessary and sufficient for invadopodia formation. Our previous 

studies found that Twist1 expression was associated with increased metastatic potentials 

in a series of mouse mammary tumor cell lines, including 67NR, 168FARN, and 4T1 

(Yang et al., 2004). Furthermore, Twist1 is required for the ability of 4T1 cells to 

metastasize from the mammary gland to the lung. To dissect the cellular functions of 

Twist1 in promoting tumor metastasis, we first tested whether expression of Twist1 was 

associated with increased ability to degrade ECM. 67NR, 168FARN, and 4T1 cells 

were plated onto fluorescein isothiocyanate (FITC)-conjugated gelatin matrix to assess 

their abilities to degrade matrix. We found that Twist1-expressing metastatic 168FARN 

and 4T1 cells potently degraded ECM in eight hours, while non-metastatic 67NR cells 

that do not express Twist1 failed to do so (Figure 2.1A–C). To test whether Twist1 is 

required for the ability of 168FARN and 4T1 cells to degrade ECM, 168FARN and 4T1 

cells expressing two independent shRNAs against Twist1 were processed for the matrix 

degradation assay (Figure 2.1 A-B). Indeed, we found that suppressing Twist1 

expression resulted in a potent reduction in matrix degradation in both cell types (Figure 

2.1 B–C). Together, these results demonstrate that Twist1 is required for ECM 

degradation ability in tumor cells. 

Localized matrix degradation can be mediated through actin-based subcellular 

protrusions called invadopodia. Colocalization of F-actin with the actin-bundling 

protein cortactin (Bowden et al., 2006) or the unique adaptor protein Tks5 (Abram et 

al., 2003) can be used to identify invadopodia. To determine whether invadopodia are 

present in 168FARN and 4T1 cells and whether Twist1 is required for invadopodia
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Figure 2.1: Twist1 is necessary for gelatin degradation. (A) Indicated cell lysates 
were analyzed by SDS-PAGE and probed for Twist1 and β-actin (B) 67NR, 168FARN 
(expressing control or Twist1 knockdown shRNA), and 4T1 (expressing control or 
Twist1 knockdown shRNA) cells were plated on FITC-conjugated gelatin (green) for 8 
hours. F-actin was stained with phallodin (red) and nuclei with DAPI (blue). Areas of 
gelatin degradation appear as punctuate black areas beneath the cells. (C) Quantification 
of FITC-gelatin degradation. Error bars are standard error of mean (SEM). N=3 
replicates, n=150 cells/sample. *p<0.02. Scale bars are 1 µm for insets, 5 µm for full 
images. 
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formation, we examined the presence of invadopodia in 168FARN and 4T1 cells by 

immunofluorescence. Invadopodia are transient structures, so only a fraction of cells 

possess invadopodia at any given time. Indeed, over 50% 168FARN and 4T1 cells 

contain invadopodia, while suppression of Twist1 expression reduced the occurrence of 

invadopodia to 5–20% in both cell lines (Figure 2.2 A–C). These data indicate that 

Twist1 is necessary for the formation of invadopodia for ECM degradation. 

Since 168FARN and 4T1 mouse tumor cells contain additional genetic and 

epigenetic changes essential for their tumorigenic and metastatic abilities (Mani et al., 

2007), we next tested whether Twist1 is sufficient to promote invadopodia formation 

and matrix degradation in HMLE cells, immortalized normal human mammary 

epithelial cells. As reported, expression of Twist1 induced EMT in HMLE cells (Yang 

et al., 2004). We examined the presence of invadopodia and found that over 60% of 

HMLE cells expressing Twist1 contained invadopodia, compared to 10% of HMLE 

control cells with invadopodia (Figure 2.3 A-C). Importantly, these invadopodia were 

all localized to the basal surface of the cell directly adjacent to the underlying matrix 

when examined with Z-sectioning (Figure 2.3 D). To determine whether these Twist1-

induced invadopodia are functional, we compared the ability of these two cell lines to 

degrade matrix using the FITC-gelatin degradation assay. Expression of Twist1 

increased matrix degradation by approximately 10 fold (Figure 2.3 E-F). Strikingly, 

focal matrix degradation precisely colocalized with F-actin positive puncta (Figure 2.3 

E), indicating that Twist1 is sufficient to promote the formation of functional 

invadopodia in HMLE cells. Furthermore, Twist1-induced matrix degradation is 
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Figure 2.2: Twist1 is necessary for invadopodia formation. (A) 168FARN and (B) 
4T1 cells expressing control or Twist1 shRNAs were stained with phalloidin (red), 
DAPI (blue), and cortactin (green) or Tks5 (green). (C) Quantification of percentage of 
cells with invadopodia. Error bars are SEM. N=3 replicates, n=150 cells/sample. 
*p<0.02. Scale bars are 1 µm for insets, 5 µm for full images. 
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protease-driven since suppression of metalloproteases by GM6001 inhibited the ability 

of HMLE-Twist1 cells to degrade FITC-gelatin (Figure 2.3 F). Together, these data 

demonstrate that Twist1 is both necessary and sufficient to promote invadopodia 

formation and focal matrix degradation. 

Twist1-induced degradation is invadopodia and Src-dependent. Since both 

invadopodia-associated proteases and secreted proteases can mediate matrix 

degradation, we next set out to determine whether invadopodia, not secreted proteases, 

are solely responsible for Twist1-induced matrix degradation. In HMLE-Twist1 cells, 

we expressed shRNAs against Tks5, an adaptor protein that is required for invadopodia 

formation, but not MMP secretion (Seals et al., 2004). Both shRNAs effectively 

suppressed Tks5 expression (Figure 2.4 A), and gelatin zymography showed that 

knockdown of Tks5 did not affect the secretion of proteases, mainly MMP2, into 

conditioned media (Figure 2.4 G). In contrast, suppression of Tks5 significantly reduced 

their abilities to form invadopodia (Figure 2.4 B-C) and degrade FITC-gelatin matrix 

(Figure 2.4 D). Complementary to these data, Boyden chamber migration and invasion 

assays showed that suppression of Tks5 inhibited the ability of HMLE-Twist1 cells to 

invade through Matrigel, but did not affect cell migration (Figure 2.4 E-F). Together, 

these results demonstrate that the protease activity associated with invadopodia is the 

sole mediator of Twist1-induced matrix degradation. 

We next set out to understand how Twist1 promotes invadopodia formation. 

While no transcription factor has been implicated in invadopodia regulation, tyrosine 

phosphorylation of invadopodia components, including cortactin and Tks5, is necessary 
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Figure 2.3: Twist1 is sufficient to promote invadopodia formation. (A) HMLE cells 
expressing a control vector or Twist1 were plated on 0.2% gelatin matrix for 72 hours 
and invadopodia were visualized by colocalization of cortactin (green) and F-actin 
(red). (B) Quantification of cells with invadopodia. (C) HMLE cells expressing a 
control vector or Twist1 were plated on 0.2% gelatin matrix for 72 hours and 
invadopodia were visualized by colocalization of Tks5 (green) and F-actin (red). (D) 
Colocalization of F-actin (red) and cortactin (green) is restricted to the basal side of 
cells in direct contact with the underlying matrix. (E) HMLE control or HMLE-Twist1 
cells were plated on FITC-gelatin for 8 hours and stained for F-actin (red) and nuclei 
(blue). (F) Quantification of degradation by HMLE-ctrl and HMLE-Twist1 cells and 
HMLE-Twist1 cells treated with 25 µM GM6001 Negative Control (GMNC) or 25 µM 
GM6001 for eight hours. Error bars are SEM. N=150 cells/sample. *p<0.02. Scale bars 
are 1 µm for insets, 5 µm for full images. 
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Figure 2.4: Twist1-mediated matrix degradation is invadopodia-driven and Src-
dependent. (A)	
   Cell lysates from HMLE-Twist1 cells expressing control or Tks5 
shRNA were analyzed by SDS-PAGE and probed for Tks5 and β-actin.  Both shRNAs 
against Tks5 were effective at knocking down Tks5 at the protein level. (B) HMLE-
Twist1 cells expressing a control or Tks5 shRNA were plated on 0.2% gelatin and 
stained for Tks5 (green) or phosphotyrosine (green) and F-actin (red). (C) 
Quantification of cells with invadopodia. N=150 cells/sample (D) Quantification of 
FITC-gelatin degradation. N=150 cells/sample (E) 40,000 HMLE-Twist1 cells 
expressing control or Tks5 shRNAs were plated on Transwell inserts.  Cells that 
migrate through the insert were stained with crystal violet and number of cells 
quantified by releasing dye with 10% acetic acid and measuring absorbency at 520 nm. 
No significant differences in migration were observed. (F) 40,000 HMLE-Twist1 cells 
expressing control or Tks5 shRNAs were plated on Transwell inserts coated with a thin 
layer of Matrigel to assay invasion.  Invasion was quantified identically to migration.  
Knockdown of Tks5 caused a significant reduction in invasion by HMLE-Twist1 cells. 
(G) Conditioned media from HMLE-Twist1 cells expressing control or Tks5 shRNA 
were analyzed with gelatin zymography.  No differences in protease activity can be 
observed between control and shTks5 knockdown cells. Bands correlating to expression 
of pro-MMP2 and cleaved, active MMP2 are indicated on gel. (H) HMLE-Twist1 cells 
were plated on 0.2% gelatin and treated with treated with DMSO or 5µM SU6656 for 
12 hours and stained for phosphotyrosine (green) and F-actin (red). Error bars are SEM. 
N=150 cells/sample. *p<0.02. Scale bars are 1 µm for insets, 5 µm for full images. 
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for invadopodia formation (Ayala et al., 2008). We therefore assessed whether tyrosine 

phosphorylation at invadopodia was increased in HMLE-Twist1 cells. 

Immunofluorescence staining with a phosphotyrosine antibody revealed enrichment of 

phosphotyrosine at invadopodia (Figure 2.4 H). Cortactin immunoprecipitated from 

HMLE-Twist1 cells also showed increased tyrosine phosphorylation compared to 

HMLE control cells (Figure 2.5 C). 

Src family kinases are the major kinases that promote tyrosine phosphorylation 

and formation of invadopodia. We therefore examined whether Twist1 induced 

expression of any of the three major Src family kinases, Src, Yes, and Fyn. Both real-

time RT-PCR and immunoblotting analyses showed that none of the three Src kinases 

were greatly induced by Twist1 (Figure 2.5 A-C). Interestingly, when we probed for the 

activation status of Src, Yes, and Fyn in HMLE-Twist1 cells using an antibody 

recognizing the active form of Src family kinases (phosphotyrosine 416), Src was 

significantly activated upon Twist1 expression (Figure 2.5 C), while Yes and Fyn 

phosphorylation remained constant (Figure 2.5 B). These data suggest that activation of 

Src kinase activity, but not transcriptional induction of Src kinase expression, might be 

responsible for tyrosine phosphorylation at invadopodia in HMLE-Twist1 cells. To 

determine whether Src kinase activity is required for Twist1-induced invadopodia 

function, we treated HMLE-Twist1 cells with SU6656, a selective inhibitor of Src 

family kinases (Blake et al., 2000) (Figure 2.5 D) or expressed a dominant-negative Src 

(SrcK295M/Y527F) (Figure 2.5 E). Both treatments reduced the ability of HMLE-

Twist1 cells to degrade by 5-fold (Figure 2.5 F), indicating that Src kinase activity
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Figure 2.5: Twist1-induced activation of Src is necessary for invadopodia 
formation. (A) mRNA collected from HMLE and HMLE-Twist1 cells was reverse-
transcribed and analyzed with real-time PCR for expression levels of three Src family 
kinases: Src, Fyn, and Yes.  Values were normalized against GAPDH values. (B) The 
Src family kinases Yes and Fyn were immunoprecipitated from cell lysates from HMLE 
control and HMLE-Twist1 cells and analyzed by SDS-PAGE.  Blots were probed with 
Yes and Fyn antibodies as well as a pTyr416Src antibody that recognizes the active 
(phosphorylated) form of all Src family kinases. (C) Cortactin and Src were 
immunoprecipitated from HMLE control and HMLE-Twist1 cell lysates, analyzed by 
SDS-PAGE, and probed for cortactin and phosphotyrosine and Src and pTyr416Src, 
respectively. Input lysates were probed for β-actin, Src, and cortactin. (D) HMLE-
Twist1 cells were treated for eight hours with 5 µM SU6656 or DMSO control.  Cell 
lysates were harvested from these cells and analyzed by SDS-PAGE.  Blots were 
probed for total Src and active pTyr416Src. (E) Lysates from HMLE-Twist1 cells 
transfected with either control or dominant-negative Src (DN-Src) constructs were 
harvested and cortactin immunoprecipitated, analyzed by SDS-PAGE, and probed for 
cortactin and phosphotyrosine. (F) Quantification of FITC-gelatin degradation. 
Indicated cells were treated with 5 µM SU6656 or DMSO for 12 hours or transfected 
with control or SrcK295M/Y527F vectors. N=3 replicates, n=150 cells/sample. (G) 
Quantification of cells with invadopodia. N=3 replicates, n=150 cells/sample. Error bars 
are SEM. *p<0.02. 
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is essential for Twist1–mediated invadopodia function. Treatment with SU6656 also 

inhibited colocalization of the phosphotyrosine signal with F-actin (Figure 2.4 H) and 

caused a significant reduction in the number of cells that formed invadopodia (Figure 

2.5 G). Together, these results indicate that Twist1-induced invadopodia formation and 

function is dependent on activation of the Src kinase. 

Twist1-induced PDGFR expression and activation is required for 

invadopodia formation. As a transcription factor, Twist1 cannot directly activate Src 

kinase, so we probed how Twist1 promotes activation of Src in HMLE-Twist1 cells. 

Since activation of Src kinase is downstream of growth factor receptor (GFR) 

activation, we examined induction of known GFRs upstream of Src by Twist1. Using an 

inducible Twist1 (Twist1-ER) construct (Mani et al., 2008), we found that expression of 

platelet-derived growth factor α (PDGFRα) mRNAs increased 3-fold within 3 hours of 

Twist1 activation and reached over 6000-fold induction at Day 15, while induction of 

PDGFRβ mRNAs occurred significantly later (Figure 2.6 A). PDGFRs can directly 

activate Src family kinases by tyrosine phosphorylation (Kypta et al., 1990), and 

activation of a PDGF autocrine loop is associated with the EMT program (Jechlinger et 

al., 2003). We found that PDGFRα and β proteins were also induced in HMLE-Twist1 

cells and both PDGFR α and β were phosphorylated at tyrosine residues corresponding 

to their active states (Figure 2.6 B). This activation of PDGFR without exogenous 

PDGF ligands implies the existence of an autocrine activation loop in vitro most likely 

mediated by PDGF-C, the only PDGF ligand significantly expressed and upregulated 

upon activation of Twist1 in HMLE cells (Figure 2.6 C). Upregulation of PDGFRs by 

Twist1 therefore presented a potential mechanism for activation of Src by Twist1. 
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Figure 2.6: Induction of PDGFRα by Twist1 induces phosphorylation of 
invadopodia components. (A) Real-time PCR analysis of PDGFRα and PDGFRβ 
expression in HMLE-Twist1-ER cells treated with 20 nM 4-hydroxy-tamoxifen for 
indicated amount of time. (B) Cell lysates from HMLE control, HMLE-Twist1 cells, 
HMLE-Twist1 cells treated with vehicle or 8µg/ml PDGFRα blocking antibody (ctrl 
and mAb), and HMLE-Twist1 cells expressing control (shC) or PDGFR (shα1 and 3) 
shRNA were analyzed by SDS-PAGE and probed for β-actin, PDGFRα, PDGFRβ, 
pTyr754PDGFRα, and pTyr1009PDGFRβ. (C) mRNA from HMLE control and HMLE-
Twist1 cells was analyzed for expression of all PDGF ligands (PDGF-A, PDGF-B, 
PDGF-C, and PDGF-D) normalized to GAPDH expression. (D) Cortactin and Src were 
immunoprecipitated from cell lysates of HMLE-Twist1 cells treated with 8 µg/mL 
PDGFRα blocking antibody (mAb) or vehicle control (ctrl) or HMLE-Twist1 cells 
expressing indicated shRNAs (control, shC; shPDGFRα, shα1 and shα3) and probed for 
total cortactin and phosphotyrosine or total Src and pTyr419Src, respectively. Input 
lysates were probed for β-actin, cortactin, and total Src. Error bars are SEM.  
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We next set out to determine whether activation of PDGFRs is required for 

Twist1-induced invadopodia formation and matrix degradation. Given the immediate 

and robust induction of PDGFRα upon Twist1 activation, we focused on inhibiting 

PDGFRα to examine its role in mediating Twist1-induced Src activation and 

invadopodia formation. We first treated the HMLE-Twist1 cells with a monoclonal 

blocking antibody against PDGFRα and examined invadopodia formation and matrix 

degradation. This antibody effectively inhibited PDGFRα activation (Figure 2.6 B), Src 

activation, and tyrosine phosphorylation of cortactin in HMLE-Twist1 cells (Figure 2.6 

D). This PDGFRα blocking antibody significantly inhibited invadopodia formation and 

tyrosine phosphorylation at invadopodia and suppressed the ability of HMLE-Twist1 

cells to degrade FITC-gelatin by over 5-fold (Figure 2.7 A-C). To verify the results 

observed with the PDGFRα blocking antibody, we also expressed two independent 

shRNAs against PDGFRα in HMLE-Twist1 cells to stably suppress and inhibit 

PDGFRα signaling. Both shRNAs potently suppressed PDGFRα expression (Figure 2.6 

B), Src activation, and cortactin phosphorylation (Figure 2.6 D), and effectively 

suppressed the ability of HMLE-Twist1 cells to degrade matrix (Figure 2.7 C). 

Importantly, expression or secretion of proteases was not affected by PDGFRα 

knockdown as measured with gelatin zymography (Figure 2.7 D). Together, these data 

indicate that PDGFRα expression and activation is required for Twist1-induced 

invadopodia formation and invasion. 

We also examined expression of PDGFRα in 168FARN cells expressing control 

and Twist1 knockdown constructs. PDGFRα was highly expressed in control cells and 

significantly reduced upon knockdown of Twist1 (Figure 2.7 E). These results provide
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Figure 2.7: PDGFRα is necessary for Twist1-induced invadopodia formation. (A) 
HMLE-Twist1 cells were treated for 24 hours with 8 µg/mL PDGFRα blocking 
antibody (αPDGFRα) or control and stained for phosphotyrosine (green), F-actin (red), 
and nuclei (blue). (B) Quantification of invadopodia formation. (C) Quantification of 
gelatin degradation. (D) Conditioned media from HMLE-Twist1 cells expressing 
control or PDGFRα shRNA were analyzed with gelatin zymography. (E) SDS-PAGE 
analysis of lysates from 168FARN cells expressing indicated shRNA probed for N-
cadherin, E-cadherin, PDGFRα, and β-actin. Scale bars are 1 µm for insets, 5 µm for 
full images. N=3 replicates, n=150 cells/sample. Error bars are SEM. *p<0.02.  
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further evidence that expression of PDGFRα depends on the presence of Twist1 in 

breast tumor cells. 

Invadopodia formation is a specific function of Twist1 in EMT. Since other 

inducers of EMT, such as transforming growth factor Β (TGFβ) and Snail, have also 

been associated with tumor invasion and metastasis, we sought to understand whether 

invadopodia formation also occurs in response to other EMT-inducing signals and 

whether Twist1 mediates invadopodia formation in response to these signals. 

To do so, we first tested the ability of Snail, another EMT-inducing transcription 

factor, to promote invadopodia formation and matrix degradation. As previously 

reported, Snail overexpression induces EMT similarly to Twist1 in HMLE cells (Mani 

et al., 2009). HMLE-Snail cells have similar numbers of invadopodia and ECM-

degradation activities as HMLE-Twist1 cells (Figure 2.8 A-D). To determine whether 

Snail, like Twist1, could induce the expression of PDGFRα to promote invadopodia 

formation, we examined the expression of PDGFRα mRNA in HMLE cells that express 

an inducible Snail (Snail-ER) construct. In contrast to the immediate induction of 

PDGFRα upon Twist1 activation, PDGFRα mRNA only began to increase 6 days after 

Snail activation, indicating that induction of PDGFRα by Snail is indirect (Figure 2.8 

E). Interestingly, endogenous Twist1 mRNA levels increased significantly after 4 days 

of Snail activation, before PDGFRα mRNA began to increase (Figure 2.8 E). These 

data suggest that induction of endogenous Twist1 could be responsible for PDGFRα 

expression and invadopodia formation upon Snail activation. 
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Figure 2.8: Twist1 is necessary for Snail-induced invadopodia formation. (A) 
HMLE-Snail cells expressing indicated shRNA were seeded on 0.2% gelatin for 72 
hours, and stained for cortactin (green), F-actin (red), and nuclei (blue). (B) 
Quantification of cells with invadopodia. (C) HMLE-Snail cells expressing control or 
Twist1 shRNA were seeded on FITC-gelatin (green) for 8 hours and stained for F-actin 
(red) and nuclei (blue). (D) Quantification of FITC-gelatin degradation. (E) Real-time 
PCR analysis of PDGFRα and Twist1 mRNA expression in HMLE-Snail-ER cells 
treated with 20 nM 4-hydroxy-tamoxifen. (F) Cell lysates from indicated cells were 
analyzed by SDS-PAGE and probed for PDGFRα, Twist1, and β-actin. Scale bars are 1 
µm for insets, 5 µm for full images. N=3 replicates, n=150 cells/sample. Error bars are 
SEM. *p<0.02. 
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Figure 2.9: Twist1 is not necessary for Snail-induced EMT. (A) Brightfield images 
of HMLE-Snail cells expressing control or Twist1 shRNA.  Both cells have similar 
mesenchymal morphologies with loss of cell adhesions and cell scattering. Scale bars 
are 10 µm. (B) Cell lysates from HMLE control, HMLE-Twist1, and HMLE-Snail cells 
expressing indicated  shRNA were analyzed with SDS-PAGE and probed for markers 
of mesenchymal cells (N-cadherin) or epithelial cells (E-cadherin) and β-actin.  (C) Cell 
lysates from HMLE-Snail cells treated with vehicle or 8 µg/ml PDGFRα blocking 
antibody were analyzed with SDS-PAGE and probed for phosphorylated PDGFRα, total 
PDGFRα, and β-actin.  (D) Quantification of degradation in HMLE-Snail cells treated 
with 8 µg/ml PDGFRα blocking antibody or vehicle control. Error bars are SEM, N=3 
experiments, n=150 cells/experiment. * p<0.05. 
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To assess whether Twist1 mediates the induction of invadopodia and PDGFRα 

in HMLE-Snail cells, we expressed shRNAs against endogenous Twist1 in HMLE-

Snail cells. Indeed, suppression of endogenous Twist1 significantly inhibited expression 

of PDGFRα in HMLE-Snail cells (Figure 2.8 F). Significantly, suppression of Twist1 

expression inhibited invadopodia formation in HMLE-Snail cells and reduced their 

ability to degrade matrix (Figure 2.8 A-D). Importantly, HMLE-Snail cells that express 

shRNAs against Twist1 presented an EMT phenotype with loss of E-cadherin 

expression and a mesenchymal morphology (Figure 2.9 A-B), indicating that 

suppression of E-cadherin by Snail and induction of invadopodia by Twist1 are 

regulated independently. Treating HMLE-Snail cells with the PDGFRα blocking 

antibody also significantly suppressed the ability of HMLE-Snail cells to degrade FITC-

gelatin (Figure 2.9 C-D). Together, these results indicate that Twist1 and PDGFRα are 

responsible for invadopodia formation in response to Snail activation. 

To further generalize our finding, we also investigated the role of Twist1 and 

PDGFRα in regulating invadopodia formation in response to TGFβ. In EpH4 mouse 

mammary epithelial cells, TGFβ has been shown to collaborate with Ras to promote 

EMT and activates an autocrine PDGF loop (Jechlinger et al., 2003). When we 

examined the invadopodia formation and matrix degradation in EpH4-Ras cells treated 

with TGFβ, we found that TGFβ treatment induced over 5-fold increase of invadopodia 

formation and matrix degradation in 2D culture (Figure 2.10 A-C). When these cells 

grew in 3D culture with TGFβ, invadopodia were visible at the leading edge of cells 

invading out of the organoids (Figure 2.10 E). Both Twist1 and PDGFRα were induced 

upon TGFβ treatment (Figure 2.10 D). When endogenous Twist1 induction was
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Figure 2.10: Twist1 is required for TGFΒ-induced invadopodia formation in 
EpH4Ras cells. (A) EpH4Ras cells expressing control or Twist1 shRNAs were seeded 
on 0.2% gelatin for 72 hours before and after treatment with 5 ng/ml TGFβ1 for seven 
days and stained for cortactin (green), F-actin (red), and nuclei (blue). (B) 
Quantification of cells with invadopodia before and after seven days of 5 ng/ml TGFβ1 
treatment for EpH4Ras cells expressing indicated shRNAs. N=150 cells/sample. 
*p<0.02. (C) Quantification of FITC-gelatin degradation for cells expressing indicated 
shRNA before and after seven days of 5 ng/ml TGFβ1 treatment. (D) Cell lysates from 
indicated cells before and after treatment with 5 ng/mL TGFβ1 for seven days were 
analyzed by SDS-PAGE and probed for PDGFRα, Twist1, and β-actin. (E) Indicated 
cells were embedded in 1:1 mixture of Matrigel and collagen, allowed to form 3D 
structures, and processed for IF before and after 7 days of induction with 7 ng/ml 
TGFβ1. Cells were stained for Tks5 (green) and F-actin (red). Error bars are SEM, N=3 
experiments, n=150 cells/experiment. * p<0.05. 
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Figure 2.11: Twist1 is not required for TGFΒ-induced EMT in EpH4Ras cells. (A) 
Brightfield images of Eph4-Ras cells expressing control or Twist1 shRNA before and 
after seven days of 5 ng/ml TGFβ1 treatment. Scale bars are 10 µm. (B) Cell lysates 
from EpH4-Ras cells expressing control or Twist1 shRNA were collected before and 
after 7 days of treatment with 5 ng/m TGFβ1 treatment, analyzed by SDS-PAGE, and 
probed for E-cadherin, N-cadherin, and β-actin. (C)  Cell lysates from EpH4-Ras cells 
treated with 5 ng/ml TGFβ1 for 7 days and DMSO or 25 µg/ml STI571 for 1 day were 
analyzed by SDS-PAGE and probed for phosphorylated PDGFRα, total PDGFRα, and 
β-actin. (D) Quantification of degradation in Eph4-Ras cells treated with TGFβ1 and 25 
µM STI571 or DMSO. (E) Cell lysates from cells with indicated treatment of TGFβ1 or 
STI571were analyzed by SDS-PAGE and probed for E-cadherin, and N-cadherin, β-
actin. Error bars are SEM, N=3 experiments, 150 cells. * p<0.05. 
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inhibited by shRNAs, invadopodia formation and matrix degradation were significantly 

reduced in 2D and 3D cultures (Figure 2.10 A-C and E). Importantly, knocking down 

Twist1 abolished induction of PDGFRα in EpH4-Ras cells treated with TGFβ (Figure 

2.10 D), but did not prevent induction of EMT morphogenesis and loss of E-cadherin 

(Figure 2.11 A-B), similar to knockdown of Twist1 in HMLE-Snail cells. Furthermore, 

treating EpH4-Ras cells with the PDGFRα inhibitor ST1571 significantly suppressed 

their ability to degrade FITC-gelatin in response to TGFβ treatment (Figure 2.11 C-D). 

Importantly, treatment with STI571 did not revert the EMT phenotype (Figure 2.11 E). 

Together, these results support our conclusion that Twist1 is a central mediator of 

invadopodia formation and matrix degradation via induction of PDGFRα in response to 

EMT-inducing signals. 

Invadopodia are necessary for Twist1-induced metastasis. Twist1 is required 

for mammary tumor cells to metastasize from the mammary gland to the lung. We then 

tested whether PDGFRα and invadopodia are required for the ability of Twist1 to 

promote tumor metastasis in vivo. To do so, we generated HMLE-Twist1 cells that were 

transformed with oncogenic Ras (HMLER-Twist1) and expressed shRNAs against 

either PDGFRα or a control shRNA. These cells also expressed GFP to allow 

identification of tumor cells in mice. Individual cell lines were injected subcutaneously 

into nude mice. Suppression of PDGFRα did not affect cell proliferation in culture or 

tumor growth rate in vivo (Figure 2.12 A-B). Six weeks after tumor implantation, we 

sacrificed the mice and examined primary tumors for histology and invadopodia. Since 

HMLER-Twist1 tumors expressing large T antigen, we used an antibody against large T 

antigen to stain implanted tumor cells. Interestingly, HMLER-Twist1 tumor cells 
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invaded into surrounding stroma and adjacent adipose tissue, while PDGFRa 

knockdown inhibited local invasion and tumor cells remained encapsulated (Figure 2.13 

A). Staining for invadopodia using cortactin and Tks5 in sections of primary tumor 

tissue revealed that HMLER-Twist1 tumor cells contained abundant invadopodia, while 

knocking down PDGFRα significantly reduced their occurance (Figure 2.13 B-C). To 

test whether PDGFRα is required for distant metastasis, examination of lung lobes and 

sections revealed clusters of HMLER-Twist1 shControl cells throughout the lungs 

(Figure 2.13 E-F). Significantly, suppression of PDGFRα expression significantly 

reduced the number of disseminated tumor cells in the lung (Figure 2.13 D). These 

results strongly indicate that induction of PDGFRα is required for the ability of Twist1 

to form invadopodia and promote tumor metastasis without affecting primary tumor 

growth in vivo. 

To demonstrate that invadopodia are required for the ability of Twist1 to 

metastasize in vivo, we expressed shRNAs against Tks5 to inhibit invadopodia 

formation in HMLER-Twist1 cells. Knockdown of Tks5 did not affect cell growth rate 

in vitro (Figure 2.12 C). These cells were implanted subcutaneously into nude mice to 

follow primary tumor growth and lung metastasis. Consistent with the results from the 

PDGFRα knockdown experiments, Tks5 knockdown inhibited local tumor invasion and 

significantly reduced the numbers of tumor cells that disseminated into the lung, while 

primary tumor growth was not affected (Figure 2.12 D, Figure 2.13 A, D and E). 

Together, these data demonstrate that induction of invadopodia formation via PDGFRα 

activation is essential for the ability of Twist1 to promote tumor metastasis in vivo. 
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Figure 2.12: Knockdown of Tks5 and PDGFRα do not affect proliferation or 
tumor growth. (A) HMLE-Twist1 cells expressing control or PDGFRα shRNAs in 
triplicates were counted every 24 hours to establish growth curve. (B)  Nude mice 
were injected with 1.5 million HMLER-Twist1 cells expressing control or PDGFRα 
shRNAs. Tumor diameters were measured every 5 days starting 15 days after injection 
until tumors reached 20 mm in diameter. N=5 mice per group. (C) HMLE-Twist1 cells 
expressing control or Tks5 shRNAs in triplicates were counted every 24 hours to 
establish growth curve.  (D) Nude mice were injected with 1.5 million HMLER-Twist1 
cells expressing control or Tks5 shRNAs. Tumor diameters were measured every 5 days 
starting 15 days after injection until tumors reached 20 mm in diameter. N=5 mice per 
group. Error bars are SEM.  
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Figure 2.13: Twist1-induced metastasis is mediated by invadopodia in vivo and 
requires PDGFRα. (A) Representative images of primary tumor paraffin tissue 
sections stained with SV40 Large-T antigen IHC and counterstained with hematoxylin. 
Tumor margin is indicated with dashed line when apparent. Closed triangles indicate 
invasive, Large-T positive tumor cells. Asterisks indicate adjacent adipose tissue. Scale 
bars are 100 µm. (B) Images of sections of primary tumors stained with cortactin 
(green), Tks5 (red), and DAPI (blue). Scale bars are 1 µm for insets, 5 µm for full 
images. (C) Quantification of number of invadopodia (cortactin/Tks5 colocalization) 
per cell. N=3 tumors, n=150 cells/sample. *p<0.02. (D) Quantification of total number 
of GFP positive tumor cells (HMLER-Twist1 cells expressing indicated shRNAs) in 
individual lungs. N=5 mice per group. (E) Representative images of lungs from mice 
injected with HMLER-Twist1 cells expressing indicated shRNAs show a decrease in 
dissemination of GFP positive tumor cells (green) to the lungs upon knockdown of 
PDGFRα or Tks5. (F) Representative images of GFP-positive (green) cells within lung 
tissue (indicated by GFP-negative, DAPI-positive cells). Cells disseminated as groups 
of 1-5 cells, with some larger nodules occasionally found. Scale bars are 5 µm. Error 
bars are SEM. *p<0.05. 
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Twist1 and PDGFRα in human breast cancer patients. Given the immediate 

induction of PDGFRα by Twist1 and their tight association in various tumor cells, we 

set out to determine whether PDGFRα is a direct transcriptional target of Twist1. We 

examined the human PDGFRα promoter for potential Twist1-binding E-box sequences 

(CANNTG). We designed three sets of primers on the putative promoter: primer sets 1 

and 2 target the identified E-box, and primer set 3 targets an adjacent region lacking the 

putative E-box (Figure 2.14 A). By chromatin immunoprecipitation, we found that 

Twist1 directly bound to the E-box on the putative PDGFRα promoter (Figure 2.14 B). 

Twist1 was able to activate the isolated human PDGFRa promoter in an E-box-

dependent fashion in a luciferase reporter assay (Figure 2.14 C-D). Furthermore, this 

consensus E-box sequence is highly conserved between all mammalian species 

examined and chickens (Figure 2.14 E), indicating that induction of PDGFRα by Twist1 

is direct and evolutionally conserved. 

To more directly probe the in vivo association between Twist1 and PDGFRα in 

human breast tumor samples, we analyzed four published large human breast tumor 

gene expression datasets summarizing 860 primary breast cancers (Pawitan et al., 2005; 

Sotiriou et al., 2006; Wang et al., 2005; Miller et al., 2005). In each data set, we 

calculated the rank-based Spearman correlation coefficient between Twist1 and all 

22282 genes on the array, including PDGFRα. PDGFRα was consistently among the top 

ranked genes associated with Twist1 (4th, 17th, 47th, and 54th out of 22282 genes) in 

all four breast cancer datasets (Figure 2.15 A-B). Expression of Twist1 and PDGFRα 

were positively correlated with correlation coefficients ranging from 0.56 to 0.70 
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Figure 2.14: PDGFRα is a direct target of Twist1. (A) Schematic of the human 
PDGFRα gene promoter region with conserved E-box element 1839 bp upstream of 
transcriptional start site (TSS), and regions targeted by three primer pairs (#1–3, dashed 
lines). Primer pairs #1 and #2 target the putative E-box while primer pair #3 targets a 
downstream region lacking a conserved E-box. (B) HMLE-Twist1-ER cells were 
treated with 20 nM 4-hydroxytamoxifen for 0, 1, or 4 hours. Chromatin was 
immunoprecipitated using estrogen receptor antibody and PCR was performed on the 
ChIP product using three primer pairs. (C) Region of promoter mutated for assay, 
WT=wild-type promoter, MT=mutated, E-box null promoter. (D) Relative luciferase 
activity of MCF7 cells transfected with indicated plasmids. (E) Alignment of conserved 
E-box (underlined) in PDGFRα promoter. Number in parenthesis indicates distance 
upstream from transcription start site. Hs=Homo sapiens, Pt=Pan troglodytes, Mm=Mus 
musculus, Md=Monodelphus domesticus, Gg=Gallus gallus. N=3 experiments. Error 
bars are SEM. * p<0.05. 
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Figure 2.15: Twist1 and PDGFRα are correlated with reduced survival in human 
patients. (A) Correlation between Twist1 and PDGFRα expression in four human 
breast cancer gene expression datasets. Microarray measurements of PDGFRa (y-axis) 
are plotted against the measurements of Twist1 (x-axis). Each dot is a pair of probeset-
level aggregated values for the corresponding gene. The regression line between two 
genes is drawn as a solid line. The Spearman correlation coefficient, p-value, and the 
number of patient samples in each study are listed for each dataset. (B) Histogram of 
rank of correlation between all genes and Twist1 in four human breast cancer gene 
expression datasets. Location of PDGFRα correlation is indicated with blue line and 
label. (C) Representative images of normal human breast tissue or human breast cancer 
samples stained for Twist1 and PDGFRα. Scale bar is 5 µm for inset, 100 µm for full 
images. (D) Kaplan-Meier survival curve for samples classified as high PDGFRα/high 
Twist1 expression and low PDGFRα/low Twist1 by IHC analysis. Censored data are 
indicated with X. 
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(Figure 2.15 A-B). Furthermore, in all four data sets, PDGF ligand expression 

correlated with PDGFRα and Twist1 expression in over 95% of tumor samples, 

indicating that PDGFRα could be active in these samples. To further assess whether 

coexpression of Twist1 and PDGFRα could affect survival in breast tumor patients, we 

stained Twist1 and PDGFRα in a set of human invasive breast tumor tissue array 

samples and found that co-expression of Twist1 and PDGFRα was negatively 

associated with long-term survival (Figure 2.15 C-D). Together, these data provides 

further support for a direct and functional association between Twist1 and PDGFRα in 

human breast cancers and suggests that regulation of invadopodia by Twist1 and 

PDGFRα contributes to human breast cancer progression. 

DISCUSSION 

Our study has identified a unique function of the Twist1 transcription factor in 

promoting invadopodia formation and matrix degradation during tumor metastasis. We 

demonstrate that transcriptional induction of PDGFRα and activation of Src by Twist1 

are essential for invadopodia formation and matrix degradation. Induction of PDGFRα 

and invadopodia formation is also essential for the ability of Twist1 to promote 

metastasis in vivo. Twist1 and PDGFRα are central mediators of invadopodia in 

response to several EMT-inducing signals. Finally, we provide evidence for a tight 

association between Twist1 and PDGFRα in human breast tumor samples. 

ECM degradation is considered a key step promoting tumor invasion and 

metastasis. Extensive studies have largely focused on secreted MMPs as key proteases 

in tumor invasion. More recent studies suggest a role for invadopodia and their 

associated proteases in localized matrix degradation during cell invasion. Conceptually, 
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invadopodia provide an elegant solution to restrict protease activity to areas of the cell 

in direct contact with ECM, thus precisely controlling cell invasion in vivo. In this 

study, we show that Twist1, a key transcription factor in tumor metastasis, is both 

necessary and sufficient to promote invadopodia formation. Importantly, invadopodia 

formation is required for the ability of Twist1 to promote tumor metastasis in vivo. 

Together, these results demonstrate an essential role for invadopodia in tumor invasion 

and metastasis in vivo. 

How invadopodia formation is regulated at the molecular level is still not well 

understood. Our current study indicates that Twist1 directly induces the expression and 

activation of PDGFRα, thus promoting Src kinase activation and invadopodia 

formation. Although we did not detect induction of several important invadopodia 

proteins, including cortactin, Tks4, Tks5, and MT1-MMP, by Twist1 (data not shown), 

we are actively exploring additional mechanisms by which Twist1 regulates 

invadopodia. 

Another question arising from our study is whether invadopodia function is 

required for the EMT process. Epithelial cells sit on top of a layer of basement 

membrane. For the EMT program to occur in vivo, these cells must breach the 

underlying basement membrane to dissociate (Nakaya et al., 2008). Little is known 

about the functional relationship between basement membrane integrity and the EMT 

program. In HMLE-Snail cells and EpH4-Ras cells treated with TGFβ, knockdown of 

Twist1 inhibited invadopodia formation, while these cells underwent the morphological 

changes associated with EMT and lost E-cadherin expression. Additionally, knockdown 

of Tks5, a required component of invadopodia, did not revert the EMT phenotype in 
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HMLE-Twist1 cells. These results indicate that invadopodia function is not essential for 

EMT to occur in 2D cultures. However, it is plausible that the EMT program requires 

activation of Twist1 and invadopodia formation to allow degradation of the basement 

membrane in vivo. Studies in vivo or in 3D cultures with intact basement membrane are 

required to fully answer this question. 

The EMT program is considered a key event promoting carcinoma cell 

dissociation, invasion, and metastasis. Several transcription factors, including Snail, 

Slug, ZEB1, ZEB2, and Twist1, promote EMT in epithelial cells (Peinado et al., 2007). 

During mesoderm formation and neural crest development, these transcription factors 

are activated to allow the dissociation and migration of epithelial cells. A major 

unsolved question is to determine the distinct cellular functions and molecular targets of 

individual EMT-inducing transcription factors. Extensive studies in recent years have 

demonstrated that Snail (Batlle et al., 2000; Cano et al., 2000), Slug (Hajra et al, 2002), 

and ZEB2 (Comijin et al., 2001), all zinc-finger-containing transcriptional repressors, 

directly bind to the E-boxes on the E-cadherin promoter and suppress its transcription. 

In this study, we identified a unique function of Twist1 in promoting matrix degradation 

via invadopodia. We show that Twist1 functions as a transcriptional activator to directly 

induce the expression of PDGFRα, in contrast to the EMT-inducing Zn-finger 

transcription factors. 

Vertebrate Twist1 lacks a transcription activation domain and requires 

dimerization with other bHLH transcription factors to activate transcription. Previous 

studies have shown Twist1 heterodimers with MyoD function as transcriptional 

repressors (Hamamori et al., 1997). In contrast, heterodimerization with E12 enables 



80	
  
	
  

	
  

Twist1 to activate FGF2 transcription (Laursen et al, 2007). Here we demonstrate that 

Twist1 functions as a transcriptional activator to directly induce the transcription of 

PDGFRα. Twist1 might function as an activator or repressor of transcription based on 

dimerization partners under different physiological and cellular environments. The 

factors that heterodimerize with Twist1 to activate PDGFRα transcription remain 

unknown, although the E12/E47 proteins could perform this function. 

The pathway linking Twist1, PDGFR, and invadopodia is likely to play a 

conserved role in matrix degradation during both tumor metastasis and embryonic 

morphogenesis 

Twist1 has been associated with increased metastasis in both experimental 

tumor metastasis models and in many types of human cancers. Interestingly, PDGFRα 

overexpression and activation have also been observed in aggressive human breast 

tumors (Seymour and Bezwoda, 1994; Jechlinger et al, 2006). Activation of PDGFRs 

was first observed in TGFβ-induced EMT and shown to be involved in cell survival 

during EMT and experimental metastasis in mice (Jechlinger et al., 2006). Here, we 

demonstrated a role of PDGFRα in invadopodia formation and matrix degradation 

during tumor metastasis. Interestingly, suppression of PDGFRα had no significant 

effects on cell proliferation or survival in vitro and in vivo. These results could be due to 

the greater specificity of shRNAs compared to chemical inhibition as well as 

differences in cellular and signaling contexts. Indeed, we found that STI571 (Gleevec), 

a c-ABL and c-Kit inhibitor that also inhibits PDGFR at a higher concentration, 

suppressed Twist1-induced invadopodia formation and matrix degradation. However, 
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long-term (four days) treatment with STI571 resulted in cell toxicity in HMLE-Twist1 

cells (data not shown). 

Our analyses identified Twist1 as a transcription inducer of PDGFRα and 

demonstrate a tight correlation between the expression level of Twist1 and PDGFRα in 

four large human breast tumor gene expression studies. Interestingly, PDGF ligand was 

also present in over 95% of tumor samples that expressed Twist1 and PDGFRα, 

indicating PDGFRα is activated in these tumors. Although these two genes alone are 

not sufficient to predict survival with statistical significance in these studies, these data, 

together with our metastasis data in mice and human breast cancer tissue array data, 

strongly suggest their involvement in breast cancer progression. Twist1, as a 

transcription factor, is difficult to target therapeutically. As a downstream target of 

Twist1 with roles in tumor invasion, PDGFRα might be a potentially valuable target for 

future therapeutics against metastasis. 

Although our study focuses on the role of Twist1-induced invadopodia in 

metastasis, it also has important implications in development. Twist1 null mice and 

PDGFRα null mice both show defects in cranial neural crest development (Chen and 

Behringer, 1995, Sun et al., 2000). In addition, the expression pattern of Twist1 and 

PDGFRα are similar along the developing neural crest and craniofacial region in 

developing mouse embryos (Gitelman, 1997, Takakura et al., 1997). Our identification 

of PDGFRα as a highly conserved transcriptional target of Twist1 suggests that the 

pathway linking Twist1, PDGFRα, and invadopodia might play a key role in regulating 

neural crest development. Reactivation of this developmental machinery in tumor 
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metastasis is another example of an important developmental pathway regulating tumor 

progression. 

METHODS 

Cell Lines: 67NR, 168FARN, 4T1 cells and the human mammary epithelial cell 

lines HMLE and HMLER were cultured as previously described (Yang et al., 2004). 

EpH4Ras cells were maintained in mammary epithelial growth media (MEGM; Lonza; 

Basel, Switzerland) mixed 1:1 with Dulbecco’s modification of Eagle’s Media (DMEM, 

Mediatech, Manassas, VA)/F12 (Mediatech) supplemented with human EGF (Sigma-

Aldrich, Saint Louis, MO), insulin (Sigma Aldrich), and hydrocortisone (Sigma 

Aldrich).  

 Antibodies: Antibodies were used at the following concentrations: Β-actin 

(Abcam, ab8226, 1:20000 WB), Cortactin (Upstate, 05-180, 1:1000 WB, 1:1000 IF), 

Cortactin (Santa Cruz, sc-11408, 1:2000 WB), E-cadherin (BD Laboratories, 610182, 

1:1000 WB), Fyn (Alexis Biochemicals, 804-564-C100, 1:1000 WB), N-cadherin 

(Santa Cruz, H-63, 1:1000 WB), GFP (Abcam, ab6556-25, 1:100 IF), PDGFRα (Cell 

Signaling, 3174, 1:2000 WB, 1:200 IHC), PDGFRΒ (Cell Signaling, 3169, 1:2000 

WB), pY754PDGFRα (Cell Signaling, 2992, 1:2000 WB), pY1009PDGFRΒ (Cell 

Signaling, 3124, 1:2000 WB), Phosphotyrosine (Millipore, 05-0321, 1:1000 WB, 1:500 

IF), Phosphotyrosine (Chemicon, AB1599, 1:1000 WB), Src (Cell Signaling, 2109, 

1:1000 WB), Src (Cell Signaling, 2110, 1:500 IP), pY416Src (Cell Signaling, 2101, 

1:1000 WB), SV40LargeT (Santa Cruz , sc-147, 1:100 IHC), Tks5 (Generous gift from 

Dr. Sara Courtneidge, 1:1000 WB, 1:250 IF), Twist1 (Generous gift from Dr. Gitelman, 
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1:500 WB), Yes (BD Laboratories, BD610376, 1:1000 WB). Western blot, WB; 

Immunofluorescence, IF; Immunohistochemistry, IHC; Immunoprecipitation, IP) 

Viral Production and Infection: Stable cell lines were created via infection of 

target cells using either lentiviruses or Moloney viruses. 293T cells were seeded at 1 × 

106 cells per 6 cm dish in DMEM supplemented with 10%FBS (Biopioneer, San Diego, 

CA). After 18 hr, cells were transfected as follows: 6 µl TransIT-LT1 (Mirus Bio, USA) 

was added to 150 µl DMEM and incubated 20 min. One microgram of viral vector 

along with 0.9 µg of the appropriate gag/pol expression vector (pUMCV3 for pBabe or 

pWZL or pCMVΔ8.2R for lentiviral vectors) and 0.1 µg VSV-G expression vector were 

then added to the DMEM/LT-1 mixture. The mixture was incubated 30 min and then 

added to 293T cells overnight. The next day fresh media was added to the transfected 

293T cells. Viral supernatant was harvested at 48 and 72 hr posttransfection, passed 

through a 0.45 micron syringe filter, and added to the recipient cell lines with 6 µg/ml 

protamine sulfate for a 4 hr infection. HMLE and EpH4Ras cells were then selected 

with 2 µg/ml puromycin (EMD Biosciences, USA), or 10 µg/ml blasticidin (Invitrogen, 

Carlsbad, CA). 

Plasmids: The Twist1 and Snail cDNAs and the Twist1-ER and Snail-ER in the 

pWZL-Blast vector were described in Mani et al., 2009. The three shRNA lentiviral 

constructs against Twist1 in the pSP108 vector were described in Yang et al. (2004). 

The shRNA lentiviral constructs against Tks5 in the pLKO vector were provided by Dr. 

Sara Courtneidge (Sanford-Burnham Institute for Biomedical Research, La Jolla, CA). 

The shRNAmir lentiviral constructs against PDGFRα in the pGIPZ vector were 
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purchased from Open Biosystems. The oncogenic Ras (V12) was cloned into the pRRL 

lentiviral vector. 

Real-Time PCR: Total RNAs were extracted from cells at 80%–90% 

confluency using RNeasy Mini Kit coupled with DNase treatment (QIAGEN, Venlo, 

Netherlands) and reverse transcribed with High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Foster City, CA). Resulting cDNAs were analyzed in 

triplicates using SYBR-Green Master PCR mix (Applied Biosystems) using an Applied 

Biosystems 7500 Fast Real Time PCR System with SDS Software. Relative mRNA 

concentrations were determined by 2-(Ct-Cc) where Ct and Cc are the mean threshold 

cycle differences after normalizing to GAPDH values. Primer pairs used for RT-PCR 

are as follows:  

GAPDH: 5’-GAGAGACCCTCACTGCTG, 5’-GATGGTACATGACAAGGTGC 

PDGFRα: 5’-CCTGGTCTTAGGCTGTCTTCT,5’-GCCAGCTCACTTCACTCTCC 

PDGFRΒ: 5’-AGACACGGGAGAATACTTTTGC,5’-AGTTCCTCGGCATCATGGG 

Twist1: 5’-TCCGCGTCCCACTAGCA,5’-GTTATCCAGCTCCAGAGTCTCTAGAC  

Src: 5’-GAGACGTGCTCACCATTGTG, 5’-GCTTCTGGACGTAGTTGGCT 

Fyn: 5’-TCTGCTGCCGCCTAGTAGTT-3’,5’-ACAGACAGATCGGTAAGCCTT  

Yes: 5’-CTCCAGAGCCTGTCAGTACAA,5’-CTGCTGAAATTAACTGCTGTTCC 

PDGF-A: 5’-CCAGCGACTCCTGGAGATAGA,5’-CTTCTCGGGCACATGCTTAGT 

PDGF-B: 5’-TCTCTGCTGCTACCTGCGT, 5’-CAAAGGAGCGGATCGAGTGG 

PDGF-C: 5’-ATTCACAGCCAAGGTTTCCT, 5’-GGGTCTTCAAGCCCAAATCTTT 

PDGF-D: 5’-AAACGGCTACGTGCAGAGTC, 5’-CCGTGTATTCTCCGAGAGTGA 
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Immunoprecipitation: Cells at 80%–90% confluence were washed with PBS 

containing 100 µM Na3VO4 and lysed in lysis buffer (50 mM Tris-HCL [pH 7.5], 

150 mM NaCl, 1% Triton X-100, 10 mM NaF, 100 µM Na3VO4, 2 mM DTT) 

containing 1:50 dilution Protease Inhibitor Cocktail Set III (Calbiochem, San Diego, 

CA). For immunoprecipitations, lysates were incubated with antibodies overnight at 

4°C. Fifty microliters Protein G-Sepharose 4B conjugated beads (Invitrogen) were 

added for 12 hr at 4°C. Beads were washed in lysis buffer and in PBS containing 

100 µM Na3VO4. Proteins were eluted from beads using SDS sample buffer and 

analyzed on 4%–12% precast SDS gels (PAGEgel, San Diego, CA). 

In Situ Zymography: This protocol is adapted from Artym et al. (2009). In 

brief, 12 mm coverslips were incubated in 20% nitric acid for 2 hr and washed in H2O 

for 4 hr. Coverslips were incubated with 50 µg/ml poly-L-lysine diluted in PBS for 

15 min followed by PBS washes before 0.15% gluteraldehyde in PBS was added for 10 

min, followed by PBS washes. Coverslips were inverted onto 20 µl droplets of 1:9 0.1% 

fluorescein isothiocyante (FITC)-gelatin (Invitrogen): 0.2% porcine gelatin (Sigma-

Aldrich) for 10 min. Coverslips were washed in PBS and then incubated 15 min in 

5 mg/ml NaBH4. Coverslips were rinsed in PBS and incubated at 37° in 10% calf serum 

(Hyclone, USA) in DMEM for 2 hr. Twenty thousand cells were seeded on each 

coverslip, incubated for 8 hr, and processed for immunofluorescence. Each experiment 

was performed in triplicate. Images were taken at ten fields per sample for a total of 

approximately 150 cells per sample with a Deltavision RT Deconvolution Microscope 

with MetaMorph software. Gelatin degradation was quantified using ImageJ software. 

To measure the percentage of degraded area in each field, identical signal threshold for 
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the FITC-gelatin fluorescence are set for all images in an experiment and the degraded 

area with FITC signal below the set threshold was measured by ImageJ. The resulting 

percentage of degradation area was further normalized to total cell number (counted by 

DAPI staining for nuclei) in each field. The final gel degradation index is the average 

percentage degradation per cell obtained from all ten fields. Each experiment was 

repeated at least three times. 

Immunofluorescence: Matrix substrates were prepared using 0.2% porcine 

gelatin as for in situ zymography. Cells were fixed at 37°C in 4% paraformaldehyde 

(PFA)/PBS with 50 µM CaCl2 for 15 min, permeabilized with 0.1% Triton X-100/PBS 

for 10 min, and blocked with 5% goat serum. Samples were incubated with primary 

antibodies overnight at 4°C and with secondary antibodies and/or phalloidin for 2 hr. 

After washing, coverslips were mounted with VectaShield HardSet (Vector 

Laboratories, Burlingame, CA). Images were collected with a Deltavision RT 

Deconvolution Microscope with MetaMorph software.  

Chromatin Immunoprecipitation: Cells at 80% confluence were crosslinked 

with 4% PFA, lysed, and sonicated. Nuclear lysates were incubated with Protein G 

Dynabeads (Invitrogen) preconjugated with antiestrogen receptor antibody overnight. 

DNA was reverse crosslinked and purified by phenol-chloroform and ethanol 

precipitation. 

Subcutaneous Tumor Implantation and Metastasis Assay: All animal care 

and experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of California, San Diego. Cells (1.5 million) resuspended in 

50% Matrigel (BD Biosciences, USA) were injected into the left and right flanks of 
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nude mice and allowed to grow to about 2 cm in diameter before mice were sacrificed. 

Primary tumor size was measured every 5 days. Lungs were harvested and imaged for 

GFP positive tumor cells with a Leica MZ16F with ImagePro MC6.1 software. Tissues 

were embedded in paraffin, sectioned, stained with hematoxylin and eosin, and imaged 

to identify GFP positive tumor cells. 

Three-Dimensional Cell Culture: Equal volumes of neutralized collagen I 

(Millipore, USA) and Matrigel were mixed on ice and 20 µl added to the bottom of each 

well of an eight chamber coverglass slide. Cells of interest were mixed with the 

Matrigel:collagen mix to give a final concentration of 200,000 cells per ml and 100 

cells µl of the cell:matrix mixture added to each well. Media was changed every other 

day until establishment of spherical colonies. TGFβ1 (R&D Systems, Minneapolis, 

MN) was added at 5 ng/ml every other day for up to 2 weeks. Cells were fixed with 4% 

PFA and processed as described above for immunofluorescence. 

Immunohistochemistry: Paraffin sections of human or mouse samples were 

rehydrated through xylene and graded alcohols. Antigen retrieval was accomplished 

using a pressure cooker in 10 mM sodium citrate with 0.05% Tween. Samples were 

incubated with 3% H2O2 for 30 min followed by 5 hr blocking in 20% goat serum in 

PBS. Endogenous biotin and avidin were blocked using a Vector Avidin/Biotin 

blocking kit (Vector Laboratories). Primary antibodies were incubated overnight at 4°C 

in 20% goat serum. Biotinylated secondary antibody and Vectorstain ABC kit (Vector 

Laboratories) were used as indicated by manufacturer. Samples were developed with 

diaminobenzidine (DAB) (Vector Laboratories) and samples counterstained with 

hematoxylin (Vector Laboratories) and mounted with Permount. 
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Gelatin Zymography: Conditioned media were collected from cells at 80-90% 

confluency for 2 days.  SDS loading buffer without DTT was added to samples of 

conditioned media and incubated at room temperature for 15 min. Samples were 

analyzed using 10% gelatin zymogram gels (Invitrogen). Gels were first incubated in 

Zymogram Renaturing Buffer (Invitrogen) for one hour and then incubated in 

Zymogram Developing Buffer (Invitrogen) overnight at 37oC. Gels were stained in hot 

0.1% Coomassie R-250 (EMD)/40% ethanol/10% acetic acid for 30 min and destained 

in 10% ethanol/7.5% acetic acid for 30 min. 

Invasion and Migration Assays: For invasion assays, 50 µg of Matrigel was 

overlayed on Transwell permeable supports, dried overnight, and reconstituted with 

mammary epithelial growth media lacking recombinant epidermal growth factor.  

40,000 cells were plated onto each well in triplicate and incubated for 72 hours.  Cells 

were fixed with 4% PFA in PBS, washed extensively with PBS, stained with 0.1% 

crystal violet, washed extensively with PBS, and dried.  Crystal violet was released with 

50 µL 10% acetic acid and absorbency measured at 520 nm with an IMPLEN 

Nanophotometer.  Identical protocols were used for migration assays using Transwells 

without Matrigel.  All assays were performed in triplicates. 

Luciferase Reporter Assay: MCF7 cells were transfected with PDGFRα prom-

Luc reporter plasmid, pGL4[Rluc] plasmid, Twist1 and its dimerization partner E47. 24 

hours later, the cell lysates were assayed using dual-luciferase assay kit (Promega, 

USA) with an EG&G Berthold AutoLumat LB953. The firefly luciferase activity was 

normalized to that of Renilla luciferase to control transfection efficiency between 

samples. 
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Bioinformatics and Statistical Analysis: Four published microarray datasets 

were downloaded from NCBI’s Gene Expression Omnibus (GEO), a public repository 

of microarray data. Obtained GEO identifiers (Study name, sample size) were GSE1456 

(STOCKHOLM, n=159), GSE2034 (EMC, n=286), GSE2990 (NCI, n=187), and 

GSE3494 (UPPSALA, n=236). All samples were from breast cancer patients. Quantile-

normalization was performed on an integrated dataset of .CEL files from individual 

patients to achieve the same distribution of signals across samples within a study 

(Bolstad et al., 2005).  Multiple measurement values were aggregated at the probeset-

level per patient with the Median-Polish technique (Irrizary et al., 2003). Measurement 

values of the two probesets were plotted in Figure S8C with a linear regression model 

fit. The rank-based Spearman correlation coefficient is displayed in the figure. 

Spurious probesets were removed from the data analysis after a custom 

annotation process based on the probe sequences. In Affymetrix arrays, a gene is 

represented by multiple probesets composed of 11-20 probes. However, some probe 

sequences did not align to an exon and therefore produced off-target measurement 

values (as opposed to the manufacturer’s probeset-to-gene annotation).  For example, 

none of the 11 probes of the probeset ‘211533_at’ in HG-133A platform aligned to the 

gene/transcript region (chr4:54790021-54841682) of the gene PDGFRα that was the 

suggested target by the manufacturer’s original annotation. This erroneous annotation of 

probesets has been previously pointed out by other investigators (Dai et al., 2005; 

Ferrari et al., 2007).  Previously, our group has also shown that re-annotation of 

microarray probes using their sequence is a crucial step in cross-platform studies of 
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microarray data (Kuo et al., 2006). The same filtering technique was applied to the four 

breast cancer studies above.   

Once each probe was aligned to genome using BLAT (Kent et al., 2002), its 

genomic position was matched against AceView gene models to obtain the target gene, 

as AceView provides a comprehensive evidence-based gene/transcript annotation 

(Thierry-Mieg et al., 2006). Our selection criteria for a “good” probeset was that it 

needed to have all its member probes perfectly aligned within exons of a given gene 

using the AceView gene model.  Therefore, probeset ‘213943_at’ was chosen for 

TWIST1 and ‘203131_at’ for PDGFRα. Two probesets ‘211533_at’ and ‘215305_at’ 

supposedly targeting PDGFRα in the original annotation were removed. Follow-up RT-

PCR results supported our findings. 
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Chapter III: 

ADAM12 is Required for Twist1-Induced Motility 

 and Invadopodia Formation 
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ABSTRACT 

Invadopodia play a central role in mediating local invasion and metastasis 

downstream of Twist1. Although PDGFRα plays an essential role in inducing 

invadopodia formation regulated by Twist1, other genes involved in invadopodia are 

also regulated by Twist1. Here we find that Twist1 strongly induces expression of a 

disintegrin and metalloprotease 12 (ADAM12). Knockdown of ADAM12 leads to a 

decrease in motility and invasion independent of any effects on the epithelial-

mesenchymal transition (EMT) in multiple cell lines. In addition, we find that 

knockdown of ADAM12 increases focal adhesion number and increases overall cell 

adhesion to the ECM. ADAM12 is also involved in regulation of invadopodia 

formation: knockdown of ADAM12 significantly decreases invadopodia formation and 

associated gelatin degradation. In a series of mutagenesis rescue experiments, we find 

that the disintegrin domain of ADAM12 is involved in both regulation of focal 

adhesions and invadopodia formation while the metalloprotease domain is also required 

for efficient invadopodia formation. Finally, we demonstrate a role for ADAM12 in 

local invasion in a 3D organoid model of local invasion and in metastasis in a mouse 

model of breast cancer metastasis.  
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INTRODUCTION 

 Understanding how cells gain the ability to invade during the metastatic process 

is essential in not only elucidating the mechanisms of cancer invasiveness, but also in 

designing new therapeutics targeting conserved pathways. Invadopodia are 

hypothesized to be essential mediators of local invasion and eventual metastasis in 

cancer by increasing proteolytic activity at areas of the cell in contact with the 

extracellular matrix (Linder, 2009; Gimona et al., 2008; Murphy and Courtneidge, 

2011). Identifying invadopodia components essential for the formation and function of 

invadopodia has great potential to discover new pathways and regulatory components 

necessary for metastasis. The transmembrane metalloprotease a disintegrin and 

metalloprotease 12 (ADAM12) is an exciting target with interesting roles in metastasis 

and invadopodia formation.  

ADAM12 is a member of the adamlysin family of zinc-dependent 

metalloproteases united by the common feature of possessing both a metalloprotease 

and a disintegrin domain (Kveiborg et al., 2008). Immediately C-terminal to the 

disintegrin domain are a cysteine-rich domain, an epidermal growth factor (EGF)-like 

domain, and a short (33 amino acid), unique cytoplasmic tail. ADAM12 is embedded in 

the membrane via a transmembrane domain (Figure 3.1). In addition to the full-length 

ADAM12 protein, there is an additional splice variant of ADAM12, ADAM12S, that 

lacks the transmembrane and cytoplasmic domains, replacing them with a short, unique 

peptide sequence (Gilpin et al., 1998). 

The metalloprotease domain of ADAM12 is typical of metzyncins with a 

conserved HEXXHXXGXXH zinc-binding consensus sequence (Jacobsen et al., 2008).
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Figure 3.1: ADAM12 Structure. Schematic of ADAM12 domain architecture. 
Domains, from amine to carboxy terminus: PRO, propeptidase; MMP, zinc 
metalloprotease; DIS, disintegrin; CYS, cysteine-rich; EGF, EGF-like. Following the 
transmembrane domain is a C-terminal cytoplasmic tail that can be tyrosine 
phosphorylated (P). Proteins that have been shown to directly interact with specific 
domains of ADAM12 are indicated by the double-headed arrow (Kveiborg et al., 2008) 
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The catalytic activity of the enzyme remains latent until processed in the Golgi by a 

furin-like proprotein convertase (Wewer et al. 2006). The prodomain also contains a 

short signal sequence to direct ADAM12 to the secretory pathway for eventual delivery 

to the membrane (Loechel et al., 1999). The propeptidase domain remains associated 

with ADAM12 after cleavage and may be required for its trafficking to the membrane 

(Wewer et al. 2006).  

As a transmembrane protease, ADAM12 acts as a sheddase capable of releasing 

membrane-bound ligands from the cell surface (Seals and Courtneidge, 2003). The most 

well-characterized substrates for ADAM12 in this regard are heparin-binding EGF (HB-

EGF), delta-like 1 (Dl1), and phospholipase A2-activating protein (P-LAP) (Ito et al., 

2004; Dyczynska et al., 2007; Asakura et al., 2002). HB-EGF and Dl1 cleavage leads to 

activation of the EGF and Notch pathways, respectively, while cleavage of P-LAP 

releases a placental oxytocinase (Ito et al., 2004; Dyczynska et al., 2007; Asakura et al., 

2002). In addition, ADAM12S is capable of proteolytically processing insulin-like 

growth factor binding protein 3 (IGFBP-3) and IGFBP-5 (Loechel et al., 2000). 

Cleavage of IGFBPs by ADAM12 may have contradictory effects that depend on cell 

context, as IGFBPs may either potentiate IGFR signaling or sequester IGF ligands 

(Clemmons, 1998).  

ADAM12 was initially described as capable of in vitro cleavage of ECM 

components, including fibronectin, collagen, and gelatin, but more recent reports have 

been unable to duplicate these observations (Jacobsen et al., 2008; Roy et al., 2004). 

The metalloprotease activity of ADAM12 is attenuated at the cell surface via 

interactions with tissue inhibitor of metalloprotease 2 (TIMP-2) and TIMP-3 (Loechel 
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et al., 2000). No commercially-available small-molecule inhibitors specific to ADAM12 

exist, although its activity is strongly attenuated by hydroxamate metalloprotease 

inhibitors such as GM6001 (Oh et al., 2004). A synthetic peptide derived from TIMP-2 

shows strong promise as a specific inhibitor of ADAM12 metalloprotease activity with 

nanomolar affinities for ADAM12 (Kveiborg et al., 2010). 

Directly C-terminal to the metalloprotease domain of ADAM12 is a disintegrin 

domain (Kveiborg et al., 2008). Initially discovered in snake venom metalloproteases, 

the disintegrin domain usually contains an integrin-interacting sequence such as an 

RGD motif that is suspected to disrupt integrin-ECM interactions through competitive 

inhibition (Gutiérrez et al., 2005). ADAM12 lacks such an RGD motif, instead 

possessing an RX6DEVF motif that can interact with α9β1 integrin (Zolkiewska 1999). 

In addition, ADAM12 has been reported to directly interact with α7β1 and α5β1 

integrin heterodimers and individually with β1 and β3 subunits (Thodeti et al. 2005; 

Zhao et al. 2004; Huang, Bridges, and White 2005). ADAM12 preferentially interacts 

with β1 integrin in the presence of both β1 and β3 integrin, but interactions with β3 

integrin do occur in the abscence of β1 integrin (Thodeti et al., 2005). Direct 

interactions with β1 integrin attenuate attachment and integrin-linked signaling 

(Kawaguchi et al., 2003). 

Functional studies on the role of the disintegrin domain of ADAM12 in 

mediating integrin activation and signaling have reached contradictory conclusions. 

When cells were plated on a substrate coated with recombinant peptides derived from 

the disintegrin domain of ADAM12, overall cell attachment was increased (Thodeti et 

al., 2005). In contrast, expression of ADAM12 in adipocytes led to a loss of focal 
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adhesions and an increase in integrin solubility, indicative of a decrease in cell 

attachment strength (Kawaguchi et al., 2003; Kveiborg et al., 2008). These results imply 

that cell-bound ADAM12 is capable of disrupting cell-ECM integrin interactions, while 

use of ADAM12 as a substrate for cell attachment enhances integrin-mediated adhesion 

via direct interactions between exogenous ADAM12 and cell-anchored integrins. 

The cysteine-rich domain of ADAM12 immediately follows the disintegrin 

domain and has roles in mediating cellular-adhesion and interactions with ECM. The 

mechanism of the interaction with the ECM through this domain is primarily through 

binding of proteoglycans such as syndecan-4 (Thodeti et al., 2003). Interactions with 

syndecan-4 promotes cell adhesion and spreading and require the cysteine-rich domain. 

In addition, the cysteine-rich region of ADAM12 also cooperates with the disintegrin 

domain to mediate interactions with α7β1 integrin (Zhao et al., 2004). Interestingly, a 

hydrophobic region within the cysteine-rich region bears strong similarities to a viral 

fusion protein sequence (Blobel et al., 1992). This has led to proposals that ADAM12, 

which is highly expressed in developing muscles, is involved in myoblast fusion during 

muscle development (Kveiborg et al., 2008; Yagami-Hiromasa et al., 1995). The 

cysteine-rich domain of ADAM12 remains relatively uncharacterized, however, and is 

clearly an interesting target for future research. 

The EGF-like domain of ADAM12 has not been studied by mutagenesis or with 

any functional assays. EGF-like domains in other proteins contribute to the 3D structure 

and topology of membrane-bound proteins through formation of dual beta-sheets 

formed via the interactions of six conserved cysteine residues within the domain (Bork 

et al., 1996). It is likely the EGF-like domain in ADAM12 plays a similar role. 
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ADAM12 has a unique 179 amino acid cytoplasmic tail that may play roles in 

the subcellular localization of ADAM12 or in recruitment of other proteins. The 

cytoplasmic tail possesses proline-rich PxxP regions that are classic Src homology 3 

(SH3)-binding domains (Abram et al., 2003; Kang et al., 2001). In addition, ADAM12 

is tyrosine phosphorylated in response to constitutive Src activity, creating potential 

sites for interaction with proteins that contain SH2 domains (Stautz et al., 2010). The 

cytoplasmic tail also directly interacts with the nonreceptor tyrosine kinases Src and 

Yes, the p85α subunit of phosphoinositide 3-kinase (PI3-K), the adaptor protein Grb2, 

and the invadopodia-specific scaffolding protein Tks5 (Kang et al., 2001; Kang et al., 

2000; Suzuki et al., 2000; Abram et al., 2003). Unknown regions of the cytoplasmic tail 

also mediate interactions with both actinin 1 and 2 (Galliano et al., 2000; Cao et al., 

2001). Both actinins are involved in linkage of the actin cytoskeleton to focal adhesions, 

suggesting a role for ADAM12 in focal adhesion biogenesis or regulation (Sjöblom et 

al., 2008). The cytoplasmic tail of ADAM12 additionally serves as a subcellular 

retention signal, preventing translocation of the protein to the membrane until 

phosphorylation by protein kinase C ε (PKCε) (Sundberg et al., 2004).  

Under non-pathological conditions, ADAM12 expression is highest in muscle 

and adipose tissue during development and was initially thought to play an essential 

role in myogenesis and muscle formation (Yagami-Hiromasa et al., 1995). ADAM12 

knockout mice are viable and fertile, however (Kurisaki et al., 2003). In fact, in 

ADAM9-ADAM12-ADAM15 triple knockout mice, the only overt defects were a slight 

reduction in skeletal muscle in the upper trunk and a lack of brown fat tissue (Sahin et 

al., 2004). As there are over twenty adamalysins, many of them poorly characterized, 
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compensation by other members of the family is a clear possibility (Kveiborg et al., 

2008).  

ADAM12 is associated with disease stage in both breast and bladder cancer 

(Narita et al., 2012; Fröhlich et al., 2006). In addition, expression of ADAM12 has been 

reported in liver, lung, stomach, and colon cancer, as well as glioblastoma (Kveiborg et 

al., 2008). Soluble ADAM12, either ADAM12S or a cleaved form of full-length 

ADAM12, is found at high levels in the urine of breast cancer patients and is associated 

with cancer progression (Roy et al., 2004). Expression of ADAM12 under the control of 

a mammary-gland specific promoter was not sufficient for tumorigenesis is a transgenic 

mouse model (Kveiborg et al., 2005). Induction of mammary cancer by crossing this 

mouse into a mouse mammary tumor virus (MMTV)-polyoma middle T (pYMT) 

background led to a significant increase in tumor growth rate and metastasis to the lung 

with an additional expansion of the stromal compartment in the primary tumor 

(Kveiborg et al., 2005). Similarly, in a mouse model of prostate cancer, ADAM12 was 

found to be essential for prostate tumor growth (Peduto et al., 2006). Combined, these 

models demonstrate a clear role for ADAM12 in tumor growth and progression, but do 

not address the potential mechanism by which ADAM12 induces these phenotypes. 

Interestingly, these results are reminiscent of those obtained when Tks5 was knocked 

down in xenotransplantation experiments (Blouw et al., 2008). These results may 

suggest an important role for invadopodia in mediating tumor growth through release of 

growth factors from the cell surface or surrounding ECM. 

 Interestingly, ADAM12 localizes to invadopodia in Hs578t cells (Courtneidge et 

al., 2005). In addition, both ADAM12 and the highly-related ADAM19 directly interact 
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with the vital invadopodia scaffolding protein Tks5 (Abram et al., 2003). Albrechtsen et 

al. developed an antibody directed against ADAM12 that induces clustering of 

ADAM12 and subsequent invadopodia formation at sites of clustering. The mechanism 

is dependent on the metalloprotease activity of ADAM12 and is hypothesized to induce 

localized shedding of EGF ligand at invadopodia (Albrechtsen et al., 2011). In light of 

the critical role for Src activity in invadopodia formation, the observation that 

ADAM12 expression increases Src activation via an unknown mechanism when 

expressed in C2C12 cells provides a potential role for ADAM12 in inducing localized 

activation of Src kinases at invadopodia (Kang et al., 2001). The ability of ADAM12 to 

interact with integrins through the disintegrin domain suggests a possible role for 

ADAM12 in modulating integrin interactions at invadopodia (Kawaguchi et al., 2003). 

 Based on the roles of ADAM12 in invadopodia formation and interesting ability 

to act as a robust biomarker for progression, we were therefore interested in determining 

the functions of ADAM12 in Twist1-induced invasion and invadopodia formation. 

RESULTS 

Twist1-induced ADAM12 is necessary for efficient migration. Due to the possible 

role for ADAM12 in invadopodia formation and the robust induction of invadopodia 

observed following Twist1 expression, we first sought to determine if ADAM12 was in 

fact upregulated following Twist1 activation. To these ends, we first utilized a Twist1-

estrogen receptor (Twist1-ER) fusion protein construct (Yang et al., 2004). In the 

absence of 4-hydroxytamoxifen (4-OHT), the Twist1-ER protein is sequestered in the 

cytoplasm due to interactions with heat shock proteins (HSPs). Upon addition of 4-

OHT, the interaction between Twist1-ER and HSPs is disrupted, allowing the fusion 
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protein to translocate to the nucleus (Whelan and Miller, 1996). We induced Twist1-ER 

activation (nuclear translocation) by addition of 4-OHT and collected mRNA at time 

points from 0 days to 14 days. A robust induction of ADAM12 expression in response 

to Twist1 expression was observed, beginning 24 to 48 hours after addition of 4-OHT 

(Figure 3.2 A). These results implied that ADAM12 is a downstream target of Twist1. 

We next verified that Twist1 mRNA was translated and expressed at the protein 

level. Overexpression of Twist1 in human mammary epithelial cells (HMLEs) was 

sufficient to induce a strong upregulation of ADAM12 protein (Figure 3.2 B); the two 

bands likely correspond to pro-ADAM12 and the activated, cleaved form of ADAM12 

(Wewer et al., 2006). To determine if Twist1 was necessary for invadopodia formation 

we made use of the Hs578t cell line. This breast cancer cell line is ideal due to both 

forming large numbers of ADAM12-positive invadopodia and expressing Twist1 

(Figure 3.2 B) (Courtneidge et al., 2005). We virally transduced the Hs578t cells with 

constructs containing control (shCtrl) or knockdown (shTwist) shRNAs against Twist1 

(Yang et al., 2004). Both were effective at knocking down expression of Twist1 and 

also reduced expression of ADAM12 (Figure 3.2 C). We therefore concluded that 

Twist1 is both necessary and sufficient for induction of ADAM12 expression. 

To investigate more fully the effects of ADAM12 on Twist1-induced invasion 

and metastasis, we virally transduced HMLE-Twist1 and Hs578t cell populations with 

two shRNA constructs against ADAM12 (shADAM12.1 and shADAM12.4). Both 

constructs were stable and efficient at knocking down ADAM12 expression at the 

protein level in both HMLE-Twist1 (Figure 3.2 B) and Hs578t cells 
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Figure 3.2: Twist1 is necessary and sufficient for ADAM12 expression. (A) RT-
PCR for ADAM12 normalized to GAPDH in HMLE cells expressing either Twist1-ER 
or Myc-ER (Control) at the indicated time points following treatment with 4-
hydroxytamoxifen. Y-axis is log2 scale. (B) Immunoblot for ADAM12 and β-actin of 
SDS-PAGE of HMLE or HMLE-Twist1 cells expressing the indicated constructs. (C) 
Immunoblot for ADAM12, Twist1, and Β-actin of SDS-PAGE of Hs578t cells 
expressing the indicated constructs. (D) Immunoblot for ADAM12 and β-actin of SDS-
PAGE of Hs578t cells expressing the indicated constructs. (E) Brightfield images of 
HMLE-Twist1 cells expressing the indicated constructs. (F) Immunoblot for N-
cadherin, E-cadherin, MT1-MMP, and β-actin of SDS-PAGE of HMLE or HMLE-
Twist1 cells expressing the indicated constructs. 
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(Figure 3.2 D). At the cellular level, knockdown of ADAM12 did not prevent or revert 

the EMT process in HMLE-Twist1 cells. Although the shADAM12 cells lost cell-cell 

junctions, they were less elongated and spindle shaped than shCtrl cells (Figure 3.2 E). 

In spite of this change in morphology, HMLE-Twist1 cells expressing shADAM12 

constructs still upregulated mesenchymal markers such as neuronal-cadherin (N-

cadherin) and downregulated epithelial markers such as E-cadherin (Figure 3.2 F). 

Importantly, knockdown of ADAM12 did not affect levels MT1-MMP (Figure 3.2 F). 

Upregulation of Twist1 has multiple effects that promote cancer progression. 

During the EMT process, cells not only gain the ability to invade and metastasize, but 

also become more intrinsically motile (Kalluri and Weinberg, 2009). We therefore 

tested if ADAM12 was essential for Twist1-induced migration in both HMLE cells 

overexpressing Twist1 (HMLE-Twist1 cells) and in Hs578t cells. In both HMLE-

Twist1 and Hs578t cells, knockdown of ADAM12 was sufficient to induce a decrease 

in motility in Transwell migration assays (Figure 3.3 A-B). 

 To further assay defects in cell motility we also performed scratch assays with 

the same cell lines used above. In this assay, the wells were first coated with a layer of 

collagen I to mimic endogenous ECM. A significant decrease in motility upon 

knockdown of ADAM12 was observed over all time points collected (Figure 3.3 C-D).  

Knockdown of ADAM12 increases focal adhesion number. In the course of 

performing experiments, an obvious defect in apparent cell size was observed. Both 

HMLE-Twist1 and Hs578t cells expressing shADAM12 constructs appeared 

significantly larger than shCtrl-expressing cells (Figure 3.4 A). When quantified by 

measuring the relative surface area of each cell, a significant difference in 
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Figure 3.3: ADAM12 is necessary for efficient migration. (A) Representative 
brightfield images of Transwell migration assay inserts following two hour incubation 
of HMLE-Twist1 or Hs578t cells expressing the indicated constructs. Cells are stained 
with crystal violet. (B) Relative migration of HMLE-Twist1 and Hs578t cells 
expressing the indicated constructs normalized to HMLE-Twist1-shCtrl migration. 
Error bars are standard error of the mean (SEM). * p < 0.05. (C) Representative 
brightfield images of scatch assay at indicated time points for HMLE-Twist1 and 
Hs578t cells expressing the indicated constructs. Dashed red line delineates edge of 
scratch. (D) Quantification of relative migration in the scratch assay following six hour 
incubation for HMLE-Twist1 and Hs578t cells expressing the indicated constructs 
normalized to HMLE-Twist1-shCtrl migration. Error bars are SEM. * p < 0.05. 
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Figure 3.4: Knockdown of ADAM12 increases cell spreading. (A) Representative 
brightfield images of HMLE-Twist1 and Hs578t cells expressing the indicated 
constructs plated on 0.1% collagen matrix. Cell borders are outlined with dashed red 
line. Images are taken at same magnification. (B) Quantification of relative cell area in 
HMLE-Twist1 and Hs578t cells expressing the indicated constructs normalized to 
Hs578t-shCtrl cells. Error bars are SEM. * p < 0.05. (C) Representative brightfield 
images of HMLE-Twist1 and Hs578t cells in suspension expressing the indicated 
constructs. Images are taken at same magnification. (D) Quantification of relative cell 
volume of HMLE-Twist1 and Hs578t cells expressing the indicated constructs 
normalized to Hs578t-shA12.1 cells. Error bars are SEM. NS = Not significant, * p > 
0.05. (E) Immunofluorescence for ADAM12 (green), F-actin (red), and vinculin (blue) 
in Hs578t cells plated on 0.1% collagen matrix. White line within inset is analyzed for 
pixel intensity across a single focal adhesion. Colors of the plot correspond to those in 
the fluorescence image. Y-axis is arbitrary intensity. Scale bar = 5 µm. 
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apparent cell size was noted (Figure 3.4 B). Increased cell size in two dimensions can 

be due to either an intrinsic increase in cell volume or an increase in cell spreading 

(Xiong et al., 2010). We therefore measured cell size in suspension by trypsinizing the 

cells and measuring the relative volume of HMLE-Twist1 and Hs578t cells expressing 

shCtrl and shADAM12 constructs in suspension using a hemocytometer. We observed 

no significant difference in cell volume upon knockdown of ADAM12 (Figure 3.4 C-

D), implying that the apparent increase in cell size is due to an increase in cell spreading 

rather than an actual increase in cell size. 

 Increased cell spreading directly correlates with increased focal adhesion 

number (Tamura et al., 1998). This was particularly interesting in light of the fact that 

ADAM12 is capable of interaction with integrins involved in focal adhesions (Kveiborg 

et al., 2008). Indeed, when Hs578t cells were stained with for ADAM12 and the focal 

adhesion protein vinculin, ADAM12 localized to focal adhesions on the periphery of 

the cell (Figure 3.4 E). This is consistent with previous reports that ADAM12 localizes 

to both invadopodia and peripheral areas of the cell (Abram et al., 2003; Kawaguchi et 

al., 2003).  

We therefore went on to assay focal adhesion formation by staining both Hs578t 

and HMLE-Twist1 cells expressing control and shADAM12 vectors for focal adhesion 

formation on collagen I. A clear increase in focal adhesion formation (elongated 

ellipsoid vinculin staining adjacent to F-actin stress fibers) was observed with an 

associated increase in stress fiber formation upon ADAM12 knockdown (Figure 3.5 A).  

Stress fiber formation requires focal adhesion formation and is a surrogate marker for 

focal adhesion formation in many cell lines. Quantification of both 
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Figure 3.5: Knockdown of ADAM12 increases focal adhesion number. (A) 
Representative immunofluorescence images of HMLE-Twist1 and Hs578t cells 
expressing the indicated constructs stained for vinculin (green), F-actin (red), and nuclei 
(blue). Scale bar = 5 µm. (B) Quantification of total number of vinculin-positive focal 
adhesions per cell in HMLE-Twist1 and Hs578t cells expressing the indicated 
constructs. Error bars are SEM. * p < 0.05. (C) Quantification of total number of F-
actin-positive stress fibers per cell in HMLE-Twist1 and Hs578t cells expressing the 
indicated constructs. Error bars are SEM. * p < 0.05. 
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focal adhesions (vinculin-positive elongated puncta) and stress fiber formation indicated 

a significant increase in both adhesive and cytoskeletal structures upon knockdown of 

ADAM12 (Figure 3.5 B-C). 

 Increased attachment strength is associated with focal adhesions and increased 

interactions with the surrounding matrix (Elineni and Gallant, 2011). We therefore 

sought to determine the relative strength of integrin binding between the shCtrl and 

shADAM12 cell line. Live cells were briefly washed with 0.01% TritonX-100 to extract 

integrins not bound to matrix or in focal adhesions. Cells were then fixed and stained 

for β1-integrin with immunofluorescence. Relative levels of β1-integrin were quantified 

by calculating the integrated pixel intensity of staining before and after extraction to 

measure the strength of integrin interactions (Kawaguchi et al., 2003). We observed a 

significant decrease in soluble integrins in those cells expressing the shADAM12 

construct (Figure 3.6A), implying that a larger proportion of integrins were interacting 

with matrix molecules in the knockdown cells. This was consistent with our hypothesis 

that integrin-mediated focal adhesions are more numerous and stronger upon 

knockdown of ADAM12. 

To determine if the increase in focal adhesion number upon ADAM12 

knockdown affected the adhesive properties of the cells, we performed a cell 

detachment assay. Briefly, subconfluent Hs578t cells expressing shCtrl or shADAM12 

constructs were treated with 0.05% trypsin for the indicated amount of time before 

washing, fixing, and staining with crystal violet. Crystal violet was extracted with dilute 

acetic acid and relative percentage of cells remaining attached quantified. A significant 

difference in detachment between the shCtrl and shADAM12 cell lines was observed 
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Figure 3.6: Knockdown of ADAM12 increases adhesion and focal adhesion 
signaling. (A) Percentage of integrins remaining following 5 minute extraction with 
0.01% TritonX-100 as measured with fluorescence microscopy. Error bars are SEM. * p 
< 0.05. (B) Fraction of Hs578t cells remaining following treatment with 0.05% Trypsin 
for indicated amount of time followed by washing to remove non-adherent cells. Error 
bars are SEM. (C) Immunoblot for total FAK and FAK phosphorylated at tyrosine 397 
(pY397FAK) in Hs578t cells expressing the indicated constructs. Ctrl = empty vector 
control; A12FL = ADAM12 expression construct. Tyrosine phosphorylation of 
Y397FAK relative to total FAK quantified below blots, normalized to Hs578t-shCtrl or 
Hs578t-Ctrl. (D) Quantification of F-actin-positive stress fibers per cell in Hs578t cells 
expressing the indicated constructs treated with control mouse immunoglobin G (IgG) 
antibody (Ctrl) or with 1:50 dilution of AIIB2 β1-integrin inhibitory antibody (AIIB2) 
for 12 hours. Error bars are SEM. * p < 0.05. (E) Quantification of relative cell area in 
Hs578t cells expressing the indicated constructs treated with control mouse IgG 
antibody (Ctrl) or with 1:50 dilution of AIIB2 β1-integrin inhibitory antibody (AIIB2) 
for 12 hours. Error bars are SEM. * p < 0.05. 
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with shADAM12 expressing cells being more resistant to trypsin-mediated detachment 

(Figure 3.6 B). 

Focal adhesion kinase (FAK) is a downstream effector of focal adhesion 

activation (Schlaepfer et al., 1999). Autophosphorylation of FAK at tyrosine 397 is an 

early event in focal adhesion formation and is required for subsequent signaling through 

Src kinase and PI3-K (Schlaepfer and Hunter, 1997). We therefore investigated the 

status of FAK phosphorylation upon knockdown of ADAM12 in Hs578t cells. Both 

knockdowns induced a greater than four-fold increase in Y397FAK phosphorylation 

(Figure 3.6 C). Conversely, overexpression of full-length ADAM12 in Hs578t led to an 

almost 10-fold reduction in FAK tyrosine phosphorylation (Figure 3.6 D). 

Overexpression of ADAM12 in both Hs578t and HMLE-Twist1 cells was associated 

with large amounts of cell death making maintaining cell lines difficult. 

To determine if the effects of ADAM12 knockdown were dependent on β1-

integrin, we used a mouse monoclonal blocking antibody against β1-integrin, AIIB2 

(Park et al., 2006). Concentrations of AIIB2 hybridoma supernatant were empirically 

determined that reduced, but did not eliminate FAK tyrosine phosphorylation. 

Treatment of Hs578t cells expressing shADAM12 constructs with AIIB2 led to a 

decrease in stress fiber formation (Figure 3.6 E) and a reduction in cell spreading on 

collagen matrices (Figure 3.6 F). This implied that the increase in stress fibers and cell 

spreading was associated with β1 integrins. 

ADAM12 is required for invadopodia formation. In addition to impairing cell 

motility, knockdown of ADAM12 caused an even more severe defect of invasion in the 

Transwell invasion assay (Figure 3.7 A). ADAM12 has been described as localized to 
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invadopodia and directly interacts with the invadopodia-specific scaffolding protein 

Tks5 (Abram et al., 2003). We therefore suspected that ADAM12 could be playing 

additional roles in invadopodia formation. 

 First, we verified that ADAM12 localized to invadopodia in Hs578t cells grown 

on collagen by costaining for cortactin, F-actin, and ADAM12 with 

immunofluorescence. Robust colocalization of ADAM12 with puncta of F-actin and 

cortactin corresponding to invadopodia was observed in Hs578t cells (Figure 3.7 B). 

When ADAM12 was knocked down in both Hs578t and HMLE-Twist1 cells, however, 

we observed a significant decrease in F-actin/cortactin positive invadopodia formation 

on collagen matrices with most of the cortactin associated with cortical actin in 

shADAM12 cells (Figure 3.7 C-F).  

 As it appeared that ADAM12 was essential for invadopodia formation in Hs578t 

and HMLE-Twist1 cells, we went on to test the ability of the cells to degrade ECM with 

the FITC-gelatin degradation assay. In these assays, areas of gelatin degradation or 

proteolysis are visualized as dark areas beneath the cell as the fluorescent FITC-labeled 

gelatin is degraded by the action of invadopodia. As expected, a significant decrease in 

gelatin degradation was observed upon knockdown of ADAM12, indicating that 

invadopodia are required for gelatin degradation in our system (Figure 3.8 A-B). 

The disintegrin and MMP domains of ADAM12 have distinct roles. 

ADAM12 has multiple functional domains, including a metalloprotease domain that 

cleaves other proteins, a disintegrin domain that interacts with integrins, and a 

cytoplasmic tail that may act as a scaffold for signaling or a physical linkage to the 

cytoskeleton (Kveiborg et al., 2008). To determine what domains of ADAM12 were 
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Figure 3.7: ADAM12 is necessary for Twist1-induced invasion and invadopodia 
formation. (A) Relative invasion of HMLE-Twist1 and Hs578t cells expressing the 
indicated constructs normalized to HMLE-Twist1-shCtrl invasion after 36 hour 
incubation. Error bars are standard error of the mean (SEM). * p < 0.05. (B) 
Representative immunofluorescence for ADAM12 (green), F-actin (red), and cortactin 
(blue) in Hs578t cells plated on 0.1% collagen. Inset corresponds to white box and 
corresponds to cluster of ADAM12, F-actin, and cortactin positive puncta indicative of 
invadopodia. Graph is plot of pixel intensity across single invadopodia in inset. Y-axis 
is arbitrary intensity. Scale bar = 5 µm. (C) Representative immunofluorescence for 
cortactin (green), F-actin (red), and nuclei (blue) in Hs578t cells expressing the 
indicated constructs. Inset corresponds to white box in full-size image. Scale bar = 5 
µm. (D) Quantification of percentage of Hs578t cells expressing indicated construct 
with invadopodia (cortactin and F-actin positive puncta). Error bars are SEM. * p < 
0.05. (E) Representative immunofluorescence for cortactin (green), F-actin (red), and 
nuclei (blue) in HMLE-Twist1 cells expressing the indicated constructs. Inset 
corresponds to white box in full-size image. Scale bar = 5 µm. (F) Quantification of 
percentage of HMLE-Twist1 cells expressing indicated construct with invadopodia 
(cortactin and F-actin positive puncta). Error bars are SEM. * p < 0.05. 
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Figure 3.8: ADAM12 is required for Twist1-induced gelatin degradation. (A) 
Representative fluorescence images for F-actin (red), FITC-gelatin (green), and nuclei 
(blue) in Hs578t and HMLE-Twist1 cells expressing the indicated constructs following 
incubation for 12 hours on matrix. Areas of degradation appear as black areas beneath 
the cells. Scale bar = 5 µm. (B) Quantification of relative gelatin degradation of Hs578t 
and HMLE-Twist1 cells expressing the indicated constructs normalized to HMLE-
Twist1 level following 12 hour incubation. Error bars are SEM. * p < 0.05. 
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necessary for its roles in focal adhesion and invadopodia regulation, we performed a 

series of rescue experiments with mutant ADAM12 proteins. Mutant constructs were 

designed using site-directed mutagenesis to generate a metalloprotease-null ADAM12 

(E351Q, A12ΔMMP) and a disintegrin domain mutant ADAM12 (D488A, A12ΔDis). 

The metalloprotease mutation disrupts a critical catalytic glutamate while the disintegrin 

mutation replaces a critical charged aspartate with an uncharged alanine residue 

(Jacobsen et al., 2008; Huang et al., 2005). An additional truncation mutation was 

generated in which the protein is terminated following the transmembrane domain at 

amino acid 727 (A12ΔCyt) to remove the ADAM12 cytoplasmic tail (Kang et al., 

2001). Unfortunately, the cytoplasmic truncation mutation construct was consistently 

expressed at a much higher level than the other mutants (Figure 3.9 A). 

 Hs578t-shADAM12 cells transiently transfected with ADAM12 constructs on 

0.1% collagen were stained for vinculin and F-actin to visualize focal adhesions. All 

constructs reduced focal adhesion number to approximately control levels except for 

A12ΔDis (Figure 3.9 B). Interpretation of the cytoplasmic truncation mutation is 

difficult, as it is expressed at a much higher level when transiently transfected (Figure 

3.9 A). This may be due to more efficient translocation to the membrane due to a lack 

of a retention signal. Invadopodia formation was assayed identically, except cells were 

stained with cortactin and F-actin and cells positive for punctuate colocalization of F-

actin and cortactin were quantified as invadopodia positive. In this case, only the 

A12FL and A12ΔCyt constructs were able to increase invadopodia formation to levels 

comparable to Hs578t-shCtrl cells with A12ΔMMP and A12ΔDis mutation constructs 

failing to increase invadopodia number to Hs578t-shCtrl levels (Figure 3.9 C).
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Figure 3.9: The disintegrin and MMP domains of ADAM12 have different roles in 
regulation of focal adhesions and invadopodia. (A) Immunoblot for ADAM12 and β-
actin in Hs578t-shADAM12.1 cells transfected with control vector (Ctrl), A12FL (FL), 
A12ΔMMP (MMP), A12ΔDis (Dis), and A12ΔCyt (Cyt) constructs. (B) Quantification 
of total number of vinculin-positive focal adhesions per cell in Hs578t-shADAM12 
cells transfected with the indicated constructs. Error bars are SEM. NS = Not 
significant, p > 0.1. * p < 0.1. P-value based on combination of both knockdowns 
transfected with indicated construct compared to Hs578t-shADAM12 cells transfected 
with control vector (B) Quantification of percentage of cells with cortactin/F-actin 
positive invadopodia in Hs578t-shADAM12 cells transfected with the indicated 
constructs. Error bars are SEM. NS = Not significant, p > 0.1. * p < 0.1. P-value based 
on combination of both knockdowns transfected with indicated construct compared to 
Hs578t-shADAM12 cells transfected with control vector (C) Quantification of 
percentage of Hs578t-shADAM12 cells treated with the indicated compounds that are 
positive for F-actin/cortactin positive invadopodia. AIIB2 is β1 integrin blocking 
antibody (1:50 dilution hybridoma supernatant, 12 hours); PF-228 is FAK inhibitor (10 
µM, 12 hours). Error bars are SEM. * p < 0.05. 
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 Previous reports have suggested that focal adhesions inherently antagonize 

invadopodia formation by sequestering signaling molecules necessary for invadopodia 

formation, particularly Src (Chan et al., 2009). As other reports have suggested integral 

roles for focal adhesions and FAK in invadopodia formation, we were eager to 

determine the role of focal adhesions in regulating invadopodia in our cell lines 

(Alexander et al., 2008; Hauck et al., 2002). To test this hypothesis, we treated Hs578t-

shADAM12 cells with AIIB2 blocking antibody or the FAK-specific tyrosine kinase 

inhibitor PF-228 at concentrations sufficient to significantly reduce FAK tyrosine 

phosphorylation (Slack-Davis et al., 2007). Following incubation, we then performed an 

invadopodia formation assay by quantifying the percentage of cells with cortactin/F-

actin positive invadopodia under the different treatment conditions. If focal adhesions 

intrinsically inhibit invadopodia formation, we hypothesized that inhibition of focal 

adhesions should increase invadopodia formation. At these concentrations, however, we 

observed an almost complete elimination of invadopodia formation suggesting that 

focal adhesions are essential for invadopodia formation in our system (Figure 3.9 C). 

ADAM12 is necessary for efficient metastasis to the lungs. Due to the role of 

invadopodia in regulating directed proteolysis of the ECM, we were interested if 

ADAM12 was also required for invasion in a 3D culture system. To test this hypothesis, 

we embedded HMLE-Twist1 cells expressing control or shADAM12 constructs in a 

Matrigel culture system. In this culture system, cells are plated as single cells embedded 

in Matrigel. Structure growth was monitored over time by bright field microscopy. 

After one week in 3D Matrigel culture, cells expressing the control knockdown had 

projected into the surrounding matrix. HMLE-Twist1-shADAM12 cells remained 



130 
	
  

	
  

largely rounded with few projections into the surrounding ECM (Figure 3.10 A). When 

quantified, a significant decrease in 3D invasiveness of HMLE-Twist1-shADAM12 

cells was observed (Figure 3.10 B). 

Due to the clear role of ADAM12 in regulating both motility and invasion in 

vitro, we were curious if ADAM12 was also required for in vivo metastasis. Before 

going on to a mouse model, we verified that there was no growth defect in HMLE-

Twist1 cells upon knockdown of ADAM12 in vitro by performing a growth curve 

analysis. There was no significant difference in growth rate (Figure 3.10 C). To 

determine if ADAM12 promotes metastatic dissemination we utilized a 

xenotransplantation model in which we first transformed the HMLE-Twist1 cells 

expressing shCtrl or shADAM12 constructs by infection with constitutively active Ras. 

Cells were then fluorescently labeled by infection with a lentiviral GFP construct. 

Following transformation and labeling, we subcutaneously injected cells along with 

Matrigel into the flanks of nude mice. Approximately 40 days later, when tumors 

reached 1.5 cm in diameter, we sacrificed the mice and collected lung and primary 

tumor tissue for further analysis. 

As HMLE cells are immortalized with SV40 Large T Antigen, we could 

conveniently use IHC to identify tumor cells as positive for SV40. When examined with 

brightfield microscopy, the periphery of those tumors expressing shADAM12 

constructs remained largely encapsulated in a layer of connective tissue and fibroblasts. 

In contrast, those cells expressing control shRNA constructs had a poorly defined 

border and projected into the surrounding tissue, often as single cells (Figure 3.10 D). 

When we examined the lungs for GFP-positive disseminated tumor cells, we
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Figure 3.10: ADAM12 is required for efficient metastasis to the lung. (A) 
Representative brightfield images of HMLE-Twist1 cells expressing indicated 
constructs grown in Matrigel for one week. Images were taken at same magnification. 
(B) Quantification of percentage of organoid structures with projections greater than 
half the diameter of the structure. Error bars are SEM. * p < 0.05. (C) Relative cell 
number of HMLE-Twist1 cells expressing the indicated constructs at the indicated time 
points normalized to starting cell number. Error bars are SEM. (D) Representative 
immunohistochemistry for SV40 Large-T antigen in tumor sections collected from mice 
injected with HMLER-Twist1 cells expressing the indicated constructs. Primary tumors 
are labeled 1oT and tumor margins are represented by dashed line. Note invasion of 
surrounding ECM by single cells in control knockdown (black arrows) (E) Fluorescence 
image of GFP-positive puncta of disseminated HMLER-Twist1 cells expressing the 
indicated constructs in lungs of nude mice (indicated by yellow triangles). Lung is in 
grayscale. Scale bar = 1 mm (F) Quantification of total number of GFP-positive lung 
metastases (sum of all five lobes) in mice injected with HMLER-Twist1 cells 
expressing the indicated constructs. * p < 0.05. 
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 observed a large and significant increase in disseminated cells in the HMLER-Twist1-

shControl cells compared to those cells expressing the shADAM12 construct (Figure 

3.11 E-F). We thus concluded that ADAM12 is necessary for metastasis in a 

xenotransplantation model of cancer dissemination. 

DISCUSSION 

 ADAM12 is a multifunctional protein with roles in regulating cell signaling, 

adhesion, and invadopodia formation. Due to our observation that Twist1 induces 

invadopodia formation, we were curious to understand the possible role of ADAM12 in 

mediating Twist1-induced invadopodia formation and local invasion. Despite numerous 

investigations into the role of ADAM12 in both cancer cells and normal tissues, 

ADAM12 had not previously been associated with the EMT process. We characterized 

ADAM12 as an essential regulator of migration, focal adhesions, and invadopodia 

during Twist1-induced EMT with important roles in regulation of invasion and 

metastasis. 

 In order to characterize the function of ADAM12 in regulating Twist1-mediated 

invasion, we used two model cell lines: Hs578t breast carcinoma cells and HMLE cells 

overexpresssing Twist1. The Hs578t cell line was selected due to the observations that 

it forms numerous invadopodia that colocalize with ADAM12 and that they express 

high levels of Twist1. HMLE-Twist1 cells exogenously express Twist1 and form 

numerous invadopodia that are essential for metastasis. In addition HMLE cells are 

amenable to many experimental techniques.  

In both HMLE-Twist1 and Hs578t cells we observed a tight correlation between 

ADAM12 expression and Twist1. Overexpression of Twist1 led to an increase in 
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ADAM12 expression in HMLE cells while stable knockdown of Twist1 led to a 

decrease in ADAM12 levels in Hs578t cells. We were able to generate two different 

shRNAs targeting ADAM12 that strongly reduced protein levels of ADAM12. This is 

the first report of an association of ADAM12 expression with EMT or Twist1. The only 

previous report on transcriptional regulation of ADAM12 implicated NFК-B as a direct 

regulator of ADAM12 gene expression (Ray et al., 2010). It is important to note, 

however, that ADAM12 is unlikely to be a direct target of Twist1 as the promoter for 

ADAM12 lacks E-box elements essential for Twist1-mediated transcriptional 

regulation. Importantly, however, knockdown of ADAM12 did not affect the EMT 

process. As loss of E-cadherin is necessary, but not sufficient, for metastasis it was 

important to demonstrate that E-cadherin was still downregulated in response to Twist1 

(Yang et al., 2004). The role we demonstrate for ADAM12 downstream of Twist1 in 

inducing invasion and metastasis is therefore an active process regulated by Twist1. 

 In order to characterize the effects of ADAM12 on Twist1-mediated invasion, 

we first examined the effects of ADAM12 on cell motility. ADAM12 expression has 

previously been both positively and negatively correlated with cell migration in 

different cell lines (Rao et al., 2011; Roy et al., 2011). Characterizing the specific 

effects of ADAM12 in Twist1-mediated migration was therefore a priority. Upon 

knockdown of ADAM12, we observed a significant decrease in migration in both 

Transwell migration and scratch assays in both HMLE-Twist1 and Hs578t cells.  This 

implies that for Twist1-induced EMT processes, ADAM12 positively regulates 

migration. It will be interesting to characterize the roles of ADAM12 in regulation of 

motility in EMT induced by transforming growth factor β (TGF-β) or other 
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transcriptional regulators of EMT such as Snail to determine the generalizability of our 

findings. 

 We also observed a dramatic and significant increase in cell spreading 

independent of cell size in response to knockdown of ADAM12. Cell spreading has 

previously been associated with increases in focal adhesion number and we observed 

strong colocalization of ADAM12 at focal adhesions in Hs578t cells (Xiong et al., 

2010). This led us to examine focal adhesions in both HMLE-Twist1 and Hs578t cell 

lines. Using immunofluorescence techniques, we observed significant increases in focal 

adhesion and stress fiber number in both cell lines upon knockdown of ADAM12. 

Previous experiments utilizing substrates coated in recombinant ADAM12 fragments 

have indicated a role for ADAM12 in mediating Β1 integrin-dependent attachment and 

focal adhesion formation (Thodeti et al., 2005). These experiments are inherently 

artificial, however, and may reflect the relative binding affinity of ADAM12 for 

integrins rather than a real role in adhesion. Sundberg et al. found that PKC-induced 

translocation of ADAM12 to the membrane led to attenuation of focal adhesion number 

and strength (Sundberg et al., 2004). The most direct evidence for an inhibitory role of 

ADAM12 in focal adhesions was described in adipocytes, however. Overexression of 

ADAM12 led to a dramatic decrease in both stress fiber and vinculin-positive focal 

adhesion formation (Kawaguchi et al., 2003). This suggests that transmembrane 

ADAM12 is capable of disrupting focal adhesion formation and adhesion.  

 Our data suggested that ADAM12 was regulating focal adhesion number 

downstream of Twist1. To further characterize the effects of ADAM12, we examined 

the effects of knockdown on measurements of integrin binding and cell adhesion. In an 
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integrin extraction assay, more integrins were solubilized in control cells than those 

expressing shADAM12 constructs. As integrins not participating in interactions with 

the ECM are more easily solubilized, this implies that a larger pool of β1 integrins were 

engaged in interactions with the ECM in knockdown cells than controls. This is 

consistent with a model in which ADAM12 disrupts integrin-mediated interactions with 

ECM components. Knockdown cells also took significantly longer to trypsinize than 

control cells, indicating a stronger attachment with the ECM upon knockdown of 

ADAM12. Tyrosine phosphorylation of FAK, a marker of focal adhesion formation and 

signaling, was significantly increased in ADAM12 knockdown cells and almost 

eliminated when ADAM12 was overexpressed in Hs578t cells (Mitra and Schlaepfer, 

2006). This suggests that knockdown of ADAM12 induces an increase in the formation 

of functional focal adhesions. Significantly, stress fiber formation and cell spreading in 

Hs578t-shADAM12 cells were reduced when treated with the β1 integrin blocking 

antibody AIIB2 (Park et al., 2006). This suggests that the mechanism by which 

ADAM12 knockdown increases focal adhesions is primarily through β1 integrin-

mediated interactions with the ECM. 

Due to the tight association of ADAM12 with invadopodia and previous 

associations with increased invasiveness, we went on to characterize the roles of 

ADAM12 in mediating invasion downstream of Twist1 (Albrechtsen et al., 2011; 

Abram et al., 2003). In a Transwell invasion assay, ADAM12 was necessary for 

invasion through a Matrigel-derived ECM. Additionally, ADAM12 both localized to 

invadopodia and was required for efficient invadopodia formation and gelatin 

degradation. Although ADAM12 has previously been described as localized to 
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invadopodia where it directly interacts with Tks5, relatively few studies have 

investigated the functional role of ADAM12 at invadopodia (Abram et al., 2003). 

Ligation of ADAM12 with a monoclonal antibody led to clustering of ADAM12 at the 

cell surface and localized shedding of EGF that induced invadopodia formation. This 

phenotype required the metalloprotease domain of ADAM12 and is hypothesized to 

lead to localized activation of Src kinases necessary for invadopodia formation 

(Albrechtsen et al., 2011). We therefore attempted to understand the dual roles of 

ADAM12 in focal adhesion and invadopodia regulation with a series of mutagenesis 

rescue experiments. 

We generated three mutant forms of ADAM12: ADAM12ΔMMP, with an 

inactivating mutation in the metalloprotease domain (Jacobsen et al., 2008); 

ADAM12ΔDis, with a mutation that disrupts interactions with β1 integrin (Huang et al., 

2005); and ADAM12ΔCyt, a truncation mutation that eliminates the cytoplasmic tail C-

terminal to the transmembrane domain (Kang et al., 2001). Hs578t cells transiently 

transfected with either mutant or wild-type ADAM12 were assayed for both 

invadopodia formation and focal adhesion formation. Focal adhesion formation was 

rescued by all constructs except for ADAM12ΔDis. This suggests that ADAM12 is 

capable of negatively regulating focal adhesion formation via interactions with the 

disintegrin domain. This is consistent with reports that the disintegrin domain of 

ADAM12 directly interacts with β1 and β3 integrins (Thodeti et al., 2005). We 

hypothesize that the interaction is most likely through β1 integrin, due to the fact that 

treatment of Hs578t-shADAM12 cells with AIIB2 β1 integrin blocking antibody 

decreased stress fiber formation and cell spreading. 
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Interestingly, both the metalloprotease and disintegrin domains of ADAM12 

were required for efficient rescue of the defect in invadopodia formation. This suggests 

that ADAM12 plays multiple roles in the regulation of invadopodia formation. 

Consistent with previously published data, the MMP domain may in fact play a role in 

the localized shedding of growth factors at invadopodia (Albrechtsen et al., 2011). 

Recently, it was found that the related ADAM family protease ADAM10 cleaves 

PDGFRβ to induce constitutive PDGFR signaling (Mendelson et al., 2010). Building on 

the observation of the important role of PDGFR signaling in invadopodia formation, it 

would be interesting to explore the possibility that PDGFR shedding is regulated by 

ADAM12. Probing for the presence of cleaved PDGFR in conditioned media in cells 

expressing control and ADAM12 knockdown constructs would allow initial verification 

of this hypothesis. 

The observation that the disintegrin domain of ADAM12 is required for 

invadopodia formation can be explained by either an inhibitory role for focal adhesions 

in invadopodia formation or an intrinsic role for ADAM12 disintegrin activity at 

invadopodia. Previous publications have suggested that focal adhesions inhibit 

invadopodia formation via a mechanism involving sequestering of Src kinase activity at 

focal adhesions (Vitale et al., 2008; Chan et al., 2009). This conflicts with multiple 

other reports that FAK localizes to invadopodia and is required for invadopodia 

formation (Hauck et al., 2002; Alexander et al., 2008). In addition, some models of 

invadopodia formation suggest that they result from conversion of nascent focal 

adhesions to invadopodia (T. Oikawa et al., 2009). 
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To determine if focal adhesions intrinsically inhibit invadopodia formation, we 

treated Hs578t-shADAM12 cells with the β1 integrin blocking antibody AIIB2 or the 

FAK inhibitor PF-228 at concentrations sufficient to significantly reduce FAK tyrosine 

phosphorylation (Slack-Davis et al., 2007). We hypothesized that if focal adhesions 

inhibit invadopodia formation, inhibition of focal adhesions would lead to a rescue of 

invadopodia formation. Treatment with both AIIB2 and PF-228 led to a virtually 

complete elimination of invadopodia in Hs578t-shADAM12, however. This suggests 

that focal adhesions do not negatively regulate invadopodia formation in our system. 

The fact that the ADAM12ΔDis mutation fails to rescue invadopodia formation still 

suggests a role for ADAM12 in regulating focal adhesions or integrin-mediated 

interactions in invadopodia formation, however.  

We hypothesize that dynamic interaction of integrins and focal adhesions with 

the ECM are required for efficient invadopodia formation. This is consistent with a 

model in which the increase in number of focal adhesions associated with ADAM12 

knockdown is due to an increase in the stability of focal adhesions rather than an 

intrinsic increase in focal adhesion formation. This may also explain the migratory 

phenotype: knockdown of ADAM12 inhibits migration by inhibiting the turnover of 

focal adhesions required for cell motility (Owen et al., 2007; Urra et al., 2012). To test 

this hypothesis, it would be interesting to perform live-cell imaging experiments using 

fluorescently labeled paxillin and LifeAct to investigate the dynamics of these 

processes. LifeAct is a 17 amino acid fluorescently-tagged peptide that binds F-actin for 

use in live-cell imaging (Riedl et al., 2010). Use of total internal reflectance 

fluorescence (TIRF) microscopy will allow us to detect and quantify the dynamics of 
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both invadopodia and focal adhesions. If our hypotheses regarding focal adhesion 

dynamics are correct, we expect to observe decreased focal adhesion turnover in cells 

expressing ADAM12 knockdown constructs. Manipulating the dynamics of focal 

adhesions and invadopodia with inhibitors that regulate the turnover and formation of 

focal adhesions will be critical to understand any potential link between focal adhesions 

and invadopodia. These experiments will be essential in building a model of the role of 

ADAM12 in the regulation of both of these subcellular structures. 

Further complicating any exploration of potential crosstalk between invadopodia 

and focal adhesions, however, is the recent report that focal adhesions are capable of 

degrading ECM components via recruitment of MT1-MMP to focal adhesions (Wang 

and McNiven, 2012). In light of this observation, it is vitally important to discriminate 

between invadopodia and focal adhesion-mediated degradation in any assays. Wang et 

al. report that focal adhesion-mediated degradation appears at the edges of the cell as 

oblong areas of degradation similar to the morphology of focal adhesions (Wang and 

McNiven, 2012). Due to the large increase in focal adhesions we observed upon 

knockdown of ADAM12, we therefore propose to analyze the relative contribution of 

invadopodia-mediated and focal adhesion-mediated degradation upon ADAM12 

knockdown by grouping areas of degradation by morphology and location. Use of this 

technique at multiple time points will also allow us to characterize the relative kinetics 

of the two modes of ECM proteolysis, an area that remains unexplored. Correlating 

degradation ability with invasion assays will allow us to better understand the relative 

contributions of focal adhesions and invadopodia in mediating Twist1-induced invasion.  
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As both focal adhesions and invadopodia are capable of degrading the ECM and 

knockdown of ADAM12 leads to robust focal adhesion formation, this suggests the 

defect in ADAM12 mediated metastasis may be related to the migration defect. 

Performing invasion and migration rescue experiments with the mutant ADAM12 

constructs are a priority in understanding what domains of ADAM12 are responsible for 

regulating these more complex processes. Future experiments characterizing the relative 

contributions of focal adhesions and invadopodia to metastasis in in vivo systems will 

be essential in understanding the most relevant targets for both future experiments and 

future therapeutic interventions. 

METHODS 

Cell Lines: HMLE cells were cultured as previously described (Yang et al., 

2004). Hs578t breast carcinoma cells were maintained in Dulbecco’s modification of 

Eagle’s Media (DMEM, Mediatech, Manassas, VA) supplemented with 10% fetal 

bovine serum (Clontech), insulin (Sigma-Aldrich), and penicillin/streptomycin. All cells 

were maintained at 37oC with 5% CO2. 

 Antibodies: Antibodies were used at the following concentrations: ADAM12 

(GeneTex, GTX11536, 1:2000 WB, 1:500 IF), β-actin (Abcam, ab8226, 1:20000 WB), 

β1 integrin (P4C10, a kind gift from Dr. David Cheresh, 1:500 IF), Cortactin (Upstate, 

05-180, 1:1000 IF), Cortactin (Santa Cruz, sc-11408, 1:2000 WB), E-cadherin (BD 

Laboratories, 610182, 1:1000 WB), MT1-MMP (GeneTex, EP1264Y, 1:500), N-

cadherin (Santa Cruz, H-63, 1:1000 WB), SV40LargeT (Santa Cruz , sc-147, 1:100 

IHC, Twist1 (Generous gift from Dr. Gitelman, 1:500 WB), Vinculin (GeneTex, 
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SPM227, 1:500 IF). Western blot, WB; Immunofluorescence, IF; 

Immunohistochemistry, IHC. 

Viral Production and Infection: Stable shADAM12 cell lines were created via 

infection of target cells using either lentiviruses or Moloney viruses. 293T cells were 

seeded at 1 × 106 cells per 6 cm dish in DMEM supplemented with 10% FBS 

(Biopioneer, San Diego, CA). After 18 hr, cells were transfected as follows: 6 µl 

TransIT-LT1 (Mirus Bio, USA) was added to 150 µl DMEM and incubated 20 min. 

One microgram of viral vector along with 0.9 µg of the appropriate gag/pol expression 

vector (pUMCV3 for pBabe or pWZL or pCMVΔ8.2R for lentiviral vectors) and 0.1 µg 

VSV-G expression vector were then added to the DMEM/LT-1 mixture. The mixture 

was incubated 30 min and then added to 293T cells overnight. The next day fresh media 

was added to the transfected 293T cells. Viral supernatant was harvested at 48 and 72 hr 

posttransfection, passed through a 0.45 micron syringe filter, and added to the recipient 

cell lines with 6 µg/ml protamine sulfate for a 4 hr infection. HMLE and Hs578t cells 

were then selected with 2 µg/ml puromycin (EMD Biosciences, USA), or 10 µg/ml 

blasticidin (Invitrogen, Carlsbad, CA). 

Plasmids: The three shRNA lentiviral constructs against Twist1 in the pSP108 

vector were described in Yang et al. (2004). ADAM12-Myc construct in pcDNA3.1 

was a kind gift from Dr. Sara Courtneidge (Sanford-Burnham Institute for Biomedical 

Research, La Jolla, CA). ADAM12 was subcloned into pWb expression construct from 

pcDNA3.1 by ligation into pWZL-Blast mammalian expression vector after cutting 

with XhoI/SalI restriction enzymes. The shRNA constructs against ADAM12 were 

created using the Invitrogen Blockit RNAi Designer. Candidate shRNAs were screened 
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with NCBI BLAST to ensure specificity. Oligos were synthesized by Integrated DNA 

Technologies and were cloned into pSp81 vector with BstBI and BamHI restriction 

digestion followed by ligation. The shRNA constructs with associated U6 lentiviral 

promoter cassette and construct were cloned into pSp108 transfer vector with BamHI 

and SalI cuts followed by ligation. 

Site-Directed Mutagenesis: Primers were generated for mutagenesis using 

PrimerX software to target the described residues in ADAM12. Primers were 

synthesized by Integrated DNA Technologies. Mutagenesis was performed using the 

QuikChange PCR protocol with Phusion DNA polymerase (New England Biolabs) 

using the ADAM12-myc construct as the template for mutagenesis. Following 30 cycles 

of synthesis, the template plasmid was digested with DpnI. DH5α cells were directly 

transformed with the product of the reaction. Colonies were screened by ampicillin 

resistance. Mutagenesis of final product was verified by sequencing by Retrogen (San 

Diego, CA) to verify sequence. The cytoplasmic tail truncation mutant was generated 

by PCR cloning of the extracellular and transmembrane domains from the pWZL-Blast 

construct, restriction digest with XhoI/SalI, and relegation into pWZL-Blast vector. 

Real-Time PCR: Total RNAs were extracted from cells at 80%–90% 

confluency using RNeasy Mini Kit coupled with DNase treatment (QIAGEN, Venlo, 

Netherlands) and reverse transcribed with High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Foster City, CA). Resulting cDNAs were analyzed in 

triplicates using SYBR-Green Master PCR mix (Applied Biosystems) using an Applied 

Biosystems 7500 Fast Real Time PCR System with SDS Software. Relative mRNA 

concentrations were determined by 2-(Ct-Cc) where Ct and Cc are the mean threshold 
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cycle differences after normalizing to GAPDH values. Primer pairs used for RT-PCR 

are as follows:  

GAPDH: 5’- GAGAGACCCTCACTGCTG, 5’-GATGGTACATGACAAGGTGC 

ADAM12:5’-TCAAAAGCCCCTGTAGAGAA, 5’-TCTGTGTGCACGAGCAAAAG 

In Situ Zymography: This protocol is adapted from Artym et al. (2009). In 

brief, 12 mm coverslips were incubated in 20% nitric acid for 2 hr and washed in H2O 

for 4 hr. Coverslips were incubated with 50 µg/ml poly-L-lysine diluted in PBS for 

15 min followed by PBS washes before 0.15% gluteraldehyde in PBS was added for 10 

min, followed by PBS washes. Coverslips were inverted onto 20 µl droplets of 1:9 0.1% 

fluorescein isothiocyante (FITC)-gelatin (Invitrogen): 0.2% porcine gelatin (Sigma-

Aldrich) for 10 min. Coverslips were washed in PBS and then incubated 15 min in 

5 mg/ml NaBH4. Coverslips were rinsed in PBS and incubated at 37° in 10% calf serum 

(Hyclone, USA) in DMEM for 2 hr. Twenty thousand cells were seeded on each 

coverslip, incubated for 8 hr, and processed for immunofluorescence. Each experiment 

was performed in triplicate. Images were taken at ten fields per sample for a total of 

approximately 150 cells per sample with an Olympus FV1000 confocal microscope. 

Gelatin degradation was quantified using ImageJ software. To measure the percentage 

of degraded area in each field, identical signal threshold for the FITC-gelatin 

fluorescence are set for all images in an experiment and the degraded area with FITC 

signal below the set threshold was measured by ImageJ. The resulting percentage of 

degradation area was further normalized to total cell number (counted by DAPI staining 

for nuclei) in each field. The final gel degradation index is the average percentage 
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degradation per cell obtained from all ten fields. Each experiment was repeated at least 

three times. 

Immunofluorescence: Matrix substrates were prepared by coating glass 

coverslips with 0.1% rat tail collagen I in DMEM for one hour. 20,000 cells were 

seeded onto coverslips in a 24 well plate and collected following three days of 

incubation. Cells were fixed at 37°C in 4% paraformaldehyde (PFA)/PBS with 50 µM 

CaCl2 for 15 min, permeabilized with 0.1% Triton X-100/PBS for 10 min, and blocked 

with 5% goat serum. Samples were incubated with primary antibodies overnight at 4°C 

and with secondary antibodies and/or phalloidin (Invitrogen) for 2 hr. After washing, 

coverslips were mounted with VectaShield HardSet (Vector Laboratories, Burlingame, 

CA). Images were collected with an Olympus FV1000 confocal microscope.  

Quantification of Cell Size: Images of cells on 0.1% collagen coated 24 well 

plates or in suspension were collected and identical thresholds applied to all images to 

isolate area of cell. Total area of cells was calculated using ImageJ. Relative areas were 

calculated by normalization to cells expressing shCtrl constructs. 

Integrin Extraction Assay: Adapted from Kawaguchi et al., 2003. Cells were 

plated on 0.1% rat tail collagen I matrix in a 24 well plate. After incubation for 48 

hours, media was aspirated and replaced with 0.01% TritonX-100 diluted in DMEM for 

5 min at 4oC with gentle agitation. Following incubation, media was quickly aspirated, 

rinsed once with PBS, and fixed with 4% PFA/PBS. Cells were processed for 

immunofluorescence for Β1 integerin without additional permeabilization. Images were 

collected at random of the basal surface of cells stained for β1 integrin with an Olympus 

FV1000 confocal microscope. Total integrated pixel intensity normalized to cell 
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number was calculated for each sample with ImageJ. Fifty fields were analyzed and 

experiment was repeated in triplicate. Samples were normalized to samples not 

extracted with TritonX-100 to normalize the percentage of integrins lost by detergent 

extraction. 

Trypsin Release Assay: 24 well plates were coated with 0.1% rat tail collagen I 

diluted in DMEM for one hour. Cells were plated on 0.1% rat tail collagen I matrix in a 

24 well plate and allowed to sit for 48 hours. 0.05% trypsin was added into each well 

for the indicated amounts of time. Trypsin was inactivated by addition of an equal 

volume of 10% calf serum in DMEM. Wells were rinsed with PBS, fixed with 4% PFA, 

and stained with 0.1% crystal violet. Acetic acid was used to extract crystal violet from 

cells and the amount of crystal violet extracted quantified with an IMPLEN 

Nanophotometer. Relative cell number, normalized to un-trypsinized samples, was 

quantified for each time point. 

Quantification of Focal Adhesion and Stress Fibers: Cells cultured for 48 

hours on 0.1% rat tail collagen substrates were fixed and stained for F-actin and 

vinculin. Stress fibers were quantified by counting visually at 60x magnification on an 

Olympus FV1000 confocal microscope. Cortical actin was not counted; only stress 

fibers crossing the entire cell body were included in the count. Images of vinculin 

immunofluorescence were processed by applying identical threshold to all cells. Focal 

adhesions were quantified by setting minimum and maximum sizes limits for analysis. 

Settings were calibrated by quantification of positive and negative standards: Hs578t 

cells treated with MnCl2 (increase in focal adhesions) or AIIB2 integrin blocking 
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antibody (decrease in focal adhesions) to ensure that changes in focal adhesion number 

were captured with the algorithm. 

Three-Dimensional Cell Culture: Equal volumes and concentrations of NaOH-

neutralized collagen I (Millipore, USA) and Matrigel were mixed on ice and 20 µl 

added to the bottom of each well of an eight chamber coverglass slide. Cells of interest 

were mixed with the Matrigel:collagen mixture to give a final concentration of 200,000 

cells per ml and 100 cells µl of the cell:matrix mixture added to each well. Media 

supplemented with 5% Matrigel was changed every other day throughout assays. 

Quantification of Invasive Spheroids: After one week in 3D culture (described 

above), images were collected of spheroid structures. Structures were counted as 

invasive if they had projections from the main spheroid body that extended farther than 

half the diameter of the spheroid. Structures that did not have a well defined spheroid 

structure were not quantified. Images were analyzed with ImageJ software. 

Subcutaneous Tumor Implantation and Metastasis Assay: All animal care 

and experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of California, San Diego. Cells (1.5 million) resuspended in 

50% Matrigel (BD Biosciences, USA) were injected into the left and right flanks of 

nude mice and allowed to grow to 1.5 cm in diameter before mice were sacrificed. 

Primary tumor size was measured every 5 days. Lungs were harvested and imaged for 

GFP positive tumor cells with a Leica MZ16F with ImagePro MC6.1 software. Tissues 

were embedded in paraffin, sectioned, stained with hematoxylin and eosin, and imaged 

to identify GFP positive tumor cells. 
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Immunohistochemistry: Paraffin sections of mouse samples were rehydrated 

through xylene and graded alcohols. Antigen retrieval was accomplished using a 

pressure cooker in 10 mM sodium citrate with 0.05% Tween. Samples were incubated 

with 3% H2O2 for 30 min followed by 5 hr blocking in 20% goat serum in PBS. 

Endogenous biotin and avidin were blocked using a Vector Avidin/Biotin blocking kit 

(Vector Laboratories). Primary antibodies were incubated overnight at 4°C in 20% goat 

serum. Biotinylated secondary antibody and Vectorstain ABC kit (Vector Laboratories) 

were used as indicated by manufacturer. Samples were developed with 

diaminobenzidine (DAB) (Vector Laboratories) and samples counterstained with 

hematoxylin (Vector Laboratories) and mounted with Permount. 

Invasion and Migration Assays: For invasion assays, 50 µg of Matrigel was 

overlayed on Transwell permeable supports, dried overnight, and reconstituted with 

mammary epithelial growth media lacking recombinant epidermal growth factor.  

40,000 cells were plated onto each well in triplicate and incubated for 72 hours.  Cells 

were fixed with 4% PFA in PBS, washed extensively with PBS, stained with 0.1% 

crystal violet, washed extensively with PBS, and dried.  Crystal violet was released with 

50 µL 10% acetic acid and absorbency measured at 520 nm with an IMPLEN 

Nanophotometer.  Identical protocols were used for migration assays using Transwells 

without Matrigel.  All assays were performed in triplicates. 
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 The discovery of an important role for EMT in cancer progression has provided 

a new framework in which to address questions regarding how cells gain the ability to 

invade and metastasize. In particular, it has highlighted the importance of transcription 

factors, including Twist1, in inducing multifactorial changes in cells that promote 

metastasis. Understanding the downstream targets of these transcription factors is 

essential to build models that recapitulate the cellular changes that occur during EMT in 

cancer progression. To those ends, we characterized the roles of the tyrosine kinase 

receptor PDGFRα and the metalloprotease ADAM12 in promoting metastasis 

downstream of Twist1. 

 A major unanswered question regarding Twist1 is the mechanism by which it 

induces local invasion. Forced expression of E-cadherin in cells that have undergone a 

Twist1-induced EMT is insufficient to prevent invasion (Yang et al., 2004). We 

therefore attempted to determine how Twist1 actively regulates invasion. Using a series 

of mammary cancer cell lines derived from a single mouse tumor, we found that the 

ability to degrade gelatin correlated with Twist1 expression. Indeed, this degradation 

was dependent on Twist1, as knockdown of Twist1 at the protein level led to a decrease 

in gelatin degradation in these same cell lines. Interestingly, we observed a pattern of 

degradation associated with degradation mediated by invadopodia. We therefore 

investigated if Twist1 regulated invadopodia formation. We found that Twist1 was both 

necessary and sufficient for invadopodia formation in mouse mammary carcinoma cell 

lines and human mammary epithelial cell lines, respectively. Importantly, the structures 

formed were bona fide invadopodia that were localized to the basal surface of the cell, 

dependent on metalloprotease activity, and required Tks5 expression. 
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 Based on the observation that Twist1 was necessary and sufficient for 

invadopodia formation, we went on to characterize the mechanism by which Twist1 

regulates invadopodia formation. Twist1 expression in human mammary epithelial cells 

led to an increase in Src activity that was dependent on expression and activity of 

PDGFRα. Knockdown or antibody-mediated inhibition of PDGFRα was sufficient to 

inhibit tyrosine phosphorylation of the invadopodia component cortactin and to prevent 

invadopodia formation and gelatin degradation. When human mammary epithelial cells 

expressing knockdown constructs against either Tks5 or PDGFRα were used in a 

xenotransplantation model of breast cancer metastasis, we found a significant reduction 

of metastasis with both knockdowns. These experiments were interesting as they 

indicated that both invadopodia and signaling pathways regulating invadopodia 

formation are essential for metastasis in a mouse model. 

 We then went on to investigate if PDGFRα and Twist1 were correlated with 

survival in human breast cancer patient data. In both microarray data sets and in human 

patient data, Twist1 and PDGFRα correlated both with each other and poor survival. 

This was consistent with an additional observation based on chromatin 

immunoprecipitation and luciferase assays that Twist1 binds the PDGFRα promoter to 

directly regulate its transcription. We also described a specific role for Twist1 in 

mediating invadopodia formation during EMT. Both forced expression of the EMT-

inducing transcription factor Snail and treatment with TGF-β induced formation of 

invadopodia. Importantly, Twist1 was highly upregulated downstream of both signals. 

Knockdown of Twist1 in both systems led to a decrease in invadopodia formation while 
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not leading to a reversion of the EMT process. This indicated that Twist1 has specific 

roles in mediating local invasion during EMT. 

 This study answers several important questions regarding the role of Twist1 in 

EMT. Significantly, it provides a mechanism to explain how Twist1 actively induces 

invasion during the EMT process. Formation of invadopodia is downstream of Twist1 

and required for local invasion and metastasis. This was especially important as 

relatively few studies have directly addressed the roles of invadopodia in models of 

metastasis. Although cortactin was found to be necessary for dissemination in a model 

of breast cancer metastasis, cortactin has other roles in normal cell biology as an actin 

bundling protein associated with cortical actin (Li et al., 2001). Previous experiments 

utilizing knockdown of Tks5 in a mouse model of metastasis found that Tks5 

knockdown reduced tumor growth and angiogenesis, but had no effects on metastasis 

(Blouw et al., 2008). This observation could be due to the effects of using Src-

transformed fibroblasts instead of transformed mammary epithelial cells. Although Src-

transformed fibroblasts are an excellent model of fibrosarcomas, there may be inherent 

differences in the details of the metastatic process in these cells versus cell lines derived 

from breast carcinomas (Murphy and Courtneidge, 2011). 

 In addition, this study was the first to propose a mechanism for transcriptional 

regulation of invadopodia formation. A previous publication suggested that 

invadopodia-mediated degradation was dependent on upregulation of MMP2 

transcription by AP1, but AP1 was not required for invadopodia formation in the 

described system (Hasegawa et al., 2009). Interestingly, a role for post-transcriptional 

regulation of mRNA in podosomes has been described. In vascular smooth muscle cells, 
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inhibition of the microRNAs (mir)-143 and 145 downstream of PDGF signaling is 

essential for podosome formation (Quintavalle et al., 2010). It will be interesting to 

determine if other microRNAs are similarly involved in regulation of invadopodia 

formation in cancer cells. As transcription factors involved in EMT are increasingly 

being investigated as clinical biomarkers for prognosis, there is potential to integrate 

markers of invadopodia formation with markers of EMT. Interestingly, a recent paper 

reported a role for the focal adhesion protein hydrogen peroxide-inducible clone 5 (Hic-

5) in regulating invadopodia formation downstream of TGF-β signaling (Pignatelli et 

al., 2012). 

 The observation that invadopodia are essential for invasion and dissemination in 

a mouse model of metastasis suggests that treatments targeting invadopodia formation 

could be clinically useful. Experiments using both small molecule inhibitors and 

knockdown of signaling components have demonstrated an essential and central role for 

Src in mediating invadopodia formation. As a tyrosine kinase, Src is relatively easily 

druggable with multiple small molecule inhibitors on the market (Kim et al., 2009). 

Unfortunately, use of Src inhibitors, including dasatinib and bosutinib, have not shown 

dramatic effects in treatment of solid tumors, including breast cancer (Mayer and Krop, 

2010). Upstream of Src, the PDGFR inhibitor Gleevec could have obvious applications 

to solid cancer therapeutics (Druker et al., 1996). Although previous small clinical trials 

have found little benefit from Gleevec in breast cancer, these trials took place in 

advanced stage cancer patients in which metastasis likely had already occurred 

(Cristofanilli et al., 2008). The recent development of antibody-based inhibitors against 

MT1-MMP may provide alternative methods of inhibiting metalloproteases at 
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invadopodia without the toxicities associated with hydroxamate metalloprotease 

inhibitors (Devy et al., 2009; Gialeli et al., 2011). In order for any therapeutic targeting 

invadopodia to be approved, however, the patient population must be carefully selected. 

Observations from our lab and others suggest that agents targeting invadopodia would 

be most helpful in the early stages of cancer progression in which tumor cells invade the 

surrounding stroma and breach basement membranes. 

 Although this study answered many questions regarding the role of Twist1 in 

local invasion and invadopodia formation, it raised several other important questions. 

Twist1 and PDGFRα are both induced during development and required for normal 

craniofacial development (Chen and Behringer, 1995; Sun et al., 2000). In addition, 

defects in the ECM associated with the neural crest were observed in PDGFRα mice 

(Hoch and Soriano, 2003). This raises the obvious possibility that Twist1-induced 

invadopodia may function in development, particularly in neural crest cell invasion and 

migration. A recent report by Murphy et al. suggests a vital role for Tks5-mediated 

invadopodia during invasive processes in zebrafish development (Murphy et al., 2011). 

Similar techniques could be applied to investigate the roles of Twist1 and PDGFRα 

orthologous genes in zebrafish development. Alternatively, similar process could be 

investigated in mammalian species using fluorescently labeled genes or 

immunofluorescence in developing embryos. To these ends, a transgenic mouse 

expressing LifeAct-GFP has been developed in which all F-actin is labeled by 

interaction with a fluorescent LifeAct peptide (Riedl et al., 2010).  

 The association between EMT and invadopodia formation also suggests a 

possible role for invadopodia in mammalian gastrulation. During gastrulation, the 
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primitive ectoderm invaginates to form the mesoderm in a process that requires 

breakdown of a basement membrane underlying the ectoderm (Sanders, 1984). This 

process resembles an EMT as cells in the ectoderm lose cadherin-mediated junctions 

and invade individually to form the mesoderm (Thiery et al., 2009). Importantly, EMT-

inducing transcription factors, most prominently Snail, are associated with mesoderm 

formation (Carver et al., 2001). There are multiple in vitro models of mammalian 

gastrulation that entail use of embryoid body culture. Differentiation and gastrulation 

may be triggered by withdrawal of leukemia inhibitory factor (LIF) to promote 

gastrulation, providing a convenient model of early development that is amenable to 

genetic and small molecule manipulation (Kurosawa, 2007). Investigation of potential 

roles for invadopodia in gastrulation could be performed by knocking down essential 

invadopodia component proteins with shRNA and investigating the integrity of the 

basement membrane during gastrulation with immunofluorescence. As developmental 

pathways are often co-opted and inappropriately expressed during cancer progression, 

better characterizing the functions of invadopodia in developmental systems will be key 

to understanding the metastastic process. 

 In addition, the identification of PDGFRα as a downstream target of Twist1 

during EMT has other applications in addition to inhibition of local invasion and 

metastasis. In a recent model for cancer development, a subpopulation of cancer cells, 

cancer stem cells, promote sustained growth of the tumor and are resistant to many 

chemotherapeutics (Visvader and Lindeman, 2008). Importantly, EMT and Twist1 

expression is associated with development of a cancer stem cell-like phenotype (Mani et 
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al., 2008). As PDGFRα is a direct target of Twist1, PDGFRα would be an appealing 

target for treatments aimed at depleting cancer stem cells. 

 Additionally, we describe a role for the metalloprotease ADAM12 in regulating 

both invadopodia formation and migration downstream of Twist1. ADAM12 is an 

interesting protein with the ability to both act as a metalloprotease and modulate 

integrin-dependent adhesion and signaling via a disintegrin domain. We identify roles 

for both of these domains in regulating Twist1-induced motility and invasion. 

 Upon observing a robust induction of ADAM12 in response to Twist1 

expression, we went on to find that Twist1 is both necessary and sufficient for 

ADAM12 expression in Hs578t breast cancer cells and breast epithelial cells, 

respectively. Knockdown of ADAM12 in both Hs578t cells and breast epithelial cells 

led to a decrease in motility in both Transwell and scratch assays. In addition, 

knockdown of ADAM12 was associated with an increase in cell spreading independent 

of cell size and was associated with an increase in focal adhesion number. Consistent 

with an increase in focal adhesion formation, we observed a decrease in β1 integrin 

solubility and an increase in adhesion in ADAM12 knockdown cells. This implied a 

strong role for ADAM12 in regulating adhesion downstream of Twist1.  

 In addition to effects on focal adhesions, knockdown of ADAM12 also reduced 

cell invasion in a Matrigel-Transwell invasion assay. Due to the previously observed 

localization of ADAM12 to invadopodia, we therefore investigated the possibility that 

knockdown of ADAM12 affected invadopodia formation (Abram et al., 2003). 

Knockdown of ADAM12 was sufficient to inhibit invadopodia formation and gelatin 

degradation in both Hs578t and human mammary epithelial cells. ADAM12 was 
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necessary for local invasion in both in vitro and in vivo models. In a mouse model of 

metastasis, we observed a significant decrease in lung metastasis upon knockdown of 

ADAM12 that was associated with a similar decrease in local invasion detected with 

immunohistochemistry.  

As ADAM12 is a multidomain protein with potential roles in invadopodia 

formation by both locally shedding growth factors and modulating integrin-mediated 

adhesions, we performed a series of rescue experiments (Kveiborg et al., 2008). We 

expressed constructs of ADAM12 in which the metalloprotease, disintegrin, or 

cytoplasmic tail were mutated in Hs578t ADAM12 knockdown cells and assayed for 

focal adhesion and invadopodia formation. Surprisingly, the cytoplasmic tail was 

dispensible for rescuing either phenotype, while the disintegrin domain was required for 

rescue of both the focal adhesion and invadopodia defects. The metalloprotease domain 

was additionally required for rescue of the invadopodia defect. Previously, the 

metalloprotease domain of ADAM12 has been described as essential for formation of 

invadopodia via directing localized shedding of EGF (Albrechtsen et al., 2011). The 

disintegrin domain could possess obvious roles in disrupting integrin-mediated focal 

adhesions. To explain the effect of the disintegrin domain on invadopodia formation, we 

propose two possible hypotheses. ADAM12 may be necessary for dynamic regulation 

of integrin-mediated adhesions at both focal adhesions and invadopodia. Alternatively, 

the disintegrin domain of ADAM12 may be required for localized ADAM12 proteolysis 

at invadopodia. A similar model has been proposed in which MT1-MMP activation of 

MMP2 requires an association with αvβ3 integrin to efficiently cleave the prodomain of 

MMP2 (Deryugina et al., 2001). 
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 Our investigation of the role of ADAM12 in mediating Twist1-induced local 

invasion and migration answers several unresolved questions. Importantly, it provides 

information about the regulation of ADAM12 during EMT and previously 

undocumented roles for ADAM12 domains in both focal adhesion and invadopodia 

regulation. 

 Although ADAM12 expression has been associated with multiple cancers, 

relatively little was known about its transcriptional regulation. High levels of ADAM12 

have been observed in breast and bladder cancer (Narita et al., 2012; Fröhlich et al., 

2006). In addition, levels of soluble ADAM12 in the urine of breast cancer patients 

correlates with prognosis (Roy et al., 2004). The only previously described 

transcriptional regulator of ADAM12 is NFК-B, which induces ADAM12 in response 

to TGF-β signaling (Ray et al., 2010). Our data suggests that ADAM12 may be 

correlated with Twist1 expression or EMT in human patient samples. It should be 

noted, however, that ADAM12 is unlikely to be a direct target of Twist1 as the 

ADAM12 promoter lacks E-box elements. More work is therefore necessary to 

completely describe the transcriptional regulation of ADAM12 during EMT. It will be 

interesting to determine if ADAM12 is associated with other transcriptional regulators 

of EMT such as Snail or Zeb1 and Zeb2.  

 In addition, our data suggests a positive role for ADAM12 in promoting 

migration during EMT. Increased motility and migration are required for efficient 

metastasis and a prerequisite for invasiveness. Although an increase in migration is 

observed upon expression of Twist1, regulators of migration have not been as 

thoroughly studied. Previously activation of Rac1 has been associated with increased 
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motility downstream of Twist1 (Yang et al., 2012). Our data suggests ADAM12 may 

play roles in promoting migration downstream of Twist1 via interactions with integrin-

mediated adhesions. 

 Previous studies have suggested a role for ADAM12 in regulating adhesion, but 

ours is one of the first to specifically address the role of ADAM12 in regulating focal 

adhesions. In adipose cells, translocation of ADAM12 to the membrane is associated 

with a reduction in focal adhesion-like structures and stress fibers (Kawaguchi et al., 

2003). In addition, Twist1 expression has been associated with a reduction in focal 

adhesion formation in liver cancer (Matsuo et al., 2009). Although we observe an 

increase in focal adhesions upon knockdown of ADAM12, this effect may be due to 

changes in the dynamics of focal adhesions. The disintegrin domain of ADAM12 is 

capable of directly interacting with integrins and may regulate focal adhesion lifetime. 

It is difficult to investigate dynamic processes using immunofluorescence of fixed cells. 

Therefore in order to more fully understand this process, live cell imaging using total-

internal reflectance fluorescence (TIRF) microscopy to study focal adhesion dynamics 

with fluorescently tagged paxillin would be interesting. This technique would allow one 

to measure the absolute lifetimes of focal adhesions in control and ADAM12 

knockdown cells to characterize the potential effects of ADAM12 on focal adhesion 

stability. Similar techniques using fluorescently labeled actin or cortactin would more 

fully reveal the effects of ADAM12 on invadopodia stability. 

 The relative contributions of focal adhesions and invadopodia to invasion and 

potential interactions between these structures are still unresolved. Previous reports 

have identified focal adhesions as opposed to invadopodia formation with increased 
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focal adhesion formation correlating with decreased invadopodia (Chan et al., 2009). 

The authors suggest that this is due to sequestering of active Src at focal adhesions. 

Other investigators have reported that invadopodia can be distinguished from focal 

adhesions by a lack of staining for FAK with immunofluorescence (Bowden et al., 

2006). In contrast, other groups have reported an essential role for FAK in invadopodia 

biogenesis (Hauck et al., 2002; Pan et al., 2011). FAK localizes to invadopodia in other 

cell lines as well (Alexander et al., 2008). This contradictory information regarding 

focal adhesions and their roles in invadopodia suggests that major unresolved questions 

remain in the field. It is possible that invadopodia can be formed through multiple 

mechanisms, with some invadopodia arising from nascent focal adhesions and others 

from de novo actin polymerization (Mader et al., 2011; Oikawa and Takenawa, 2009). 

The recent observation that focal adhesions are also capable of degrading the ECM 

raises additional questions regarding the relative contributions of invadopodia and focal 

adhesions to local invasion (Wang and McNiven, 2012). It will be necessary to perform 

robust in vitro and in vivo characterizations of focal adhesion and invadopodia-mediated 

invasion to fully understand these processes. As invadopodia and focal adhesions both 

behave differently in 3D culture systems, it will be necessary to investigate these 

relative contributions in 3D matrices to more fully resolve these questions. 

 Although significant process has been made to understand the regulation of 

invasion and metastasis during the EMT process, many open questions remain in the 

field. Addressing these questions will require use of sophisticated imaging and culture 

systems to recapitulate the environments cells experience in vivo. In addition, more 

robust in vivo characterization of the role of invadopodia and focal adhesions is 
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essential to understanding these unique cellular processes. Although these experiments 

will be challenging, they have the potential to reveal new targets and biomarkers for 

cancer treatment and diagnosis. 
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