
The Role of Beta-1 Integrin Signaling in Regulating the Phosphorylation and 
Recycling of MT1-MMP at Invadopodia 

by 

Olivia Rachel Grafinger 

A Thesis 
presented to  

The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

Doctor of Philosophy 
in 

Molecular and Cellular Biology 

Guelph, Ontario, Canada 

© Olivia Rachel Grafinger, September, 2020 
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Advisor(s): 

Dr. Marc Coppolino 

Malignant cancer cells can invade extracellular matrix (ECM) through the formation of F-actin-

rich subcellular structures, termed invadopodia.  ECM degradation at invadopodia is mediated by 

matrix metalloproteinases (MMPs), and recent findings indicate that membrane-anchored 

membrane type-1 matrix metalloproteinase (MT1-MMP) has a primary role in this process.  

Maintenance of an invasive phenotype is dependent on internalization of MT1-MMP from the 

plasma membrane and its recycling to sites of ECM remodeling, which requires phosphorylation 

of the enzyme’s cytoplasmic domain.  In addition to ECM degradation, invadopodia are sites 

where ECM adhesion is upregulated through increased localization of integrin receptors.  The 

expression of integrins containing the β1 subunit has been found to be upregulated in numerous 

invasive cancer cells, and downstream signaling from integrins has been found to play a role in 

cellular behaviours such as migration, proliferation, and survival.  ECM adhesion and degradation 

at invadopodia are tightly regulated processes which must be balanced for cells to efficiently 

invade and migrate.  The goal of this study was to identify and characterize a signaling pathway 

that links β1 integrin and MT1-MMP at sites of invadopodia in invasive cancer cells.  We utilized 

an antibody-mediated approach, both to activate and inhibit β1 integrin, and monitored the 

resulting changes in MT1-MMP activity and invadopodia formation.  The activation of β1 integrin 

was found to be crucial for MT1-MMP phosphorylation which facilitated the internalization of the 
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enzyme from the cell surface.  It was also found that MT1-MMP was recycled in Rab5-positive 

early endosomes and Rab7-positive late endosomes prior to delivery to newly forming 

invadopodia at the migration front.  The activation of focal adhesion kinase (FAK), Src, and the 

epidermal growth factor receptor (EGFR), in response to β1 integrin activation, was also observed 

and it was determined that these signaling molecules act in a pathway to promote phosphorylation 

of MT1-MMP on Thr567.  Furthermore, inhibition of β1 integrin did not result in the 

phosphorylation of MT1-MMP, instead causing its accumulation at the cell surface and a loss of 

long-term invasiveness.  Together, these results define the importance of a β1 integrin signaling 

axis in the regulation of MT1-MMP activity at invadopodia.    
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1 Introduction 

1.1 Overview 

The process of metastasis is dependent on the ability of a cell to invade the surrounding 

extracellular matrix (ECM), which is composed of the basement membrane (BM) and the 

interstitial matrix (Lu et al., 2012).  Proteins, glycoproteins, proteoglycans, and polysaccharides 

make up the ECM, contributing both physical and biochemical properties to the surrounding cells 

(Lu et al., 2012).  In some malignant cell types, navigation through the ECM is facilitated by 

membrane protrusions known as invadopodia (Artym et al., 2009; Hastie and Sherwood, 2016).  

Invadopodia are F-actin-rich extensions of the plasma membrane which can facilitate cellular 

invasion in both protease-independent and -dependent modes (Artym et al., 2009; Wisdom et al., 

2018).  During protease-independent invasion, invadopodia extend into the matrix and use 

contractile force to physically expand pores in order to facilitate cell movement (Wisdom et al., 

2018).  During the protease-dependent mode of invasion the ECM is locally modified through the 

activity of adhesion receptors (integrins) and proteolytic enzymes (matrix metalloproteinases, 

MMPs).   

The MMP family consists of over 25 zinc-containing endopeptidases and is further 

subdivided into two classes – secreted and membrane-tethered (MT) (Poincloux et al., 2009).  Due 

to its expression in various cancer cell types and high catalytic activity, membrane type-1 matrix 

metalloproteinase (MT1-MMP) is the most thoroughly studied and well characterized of all MMPs 

(Moss et al., 2009b).  The enzyme is delivered to sites of invadopodia formation where it is able 

to enzymatically digest various components of the ECM, thereby facilitating the spread of cancer 

cells to distant sites in the body (Artym et al., 2009).  MT1-MMP activity is highly dependent on 
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its internalization and recycling to sites of new invadopodia formation at the migration front.  It 

has been found that the expression of a truncated MT1-MMP mutant lacking its 20 amino acid C-

terminal cytoplasmic domain resulted in its confinement to the plasma membrane, unable to be 

internalized (Lehti et al., 2000).  These cells displayed a significantly less invasive phenotype, 

demonstrating the importance of MT1-MMP intracellular recycling in the process of metastasis 

(Lehti et al., 2000).  Importantly, previous research has identified that a reversible phosphorylation 

event on the cytoplasmic tail of MT1-MMP is sufficient to stimulate enzyme internalization from 

the cell surface (Nyalendo et al., 2007; Moss et al., 2009b; Williams and Coppolino, 2011).  Thus, 

phosphorylation and subsequent internalization of MT1-MMP from the cell surface is important 

for metastasis; however, the mechanisms involved in the regulation of MT1-MMP 

phosphorylation and internalization remain unclear.  

 A possible mode of MT1-MMP regulation is that mediated through ECM adhesion.  

Adhesion of ECM components is accomplished primarily by the integrin family of receptors, 

which physically link the matrix surrounding cells to the actin cytoskeleton and intracellular signal 

transduction pathways (Hynes, 2002; Guo and Giancotti, 2004; Destaing et al., 2010).  Signaling 

through β1 integrin has been found to play an important role in invadopodia biology, contributing 

to their establishment and maintenance in numerous cancer cell types (Nakahara et al., 1998; 

Antelmi et al., 2013; Beaty et al., 2013).  The activation of β1 integrin has been shown to increase 

cellular invasiveness, and this is partly due to an increase in association with various signaling 

molecules within the cell (Nakahara et al., 1998; Moro et al., 2002; Murphy and Courtneidge, 

2011).  This introduction will provide an overview of the processes of ECM adhesion and 
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proteolysis, and how the balance of these two activities at sites of invadopodia promote tumour 

cell invasion and metastasis.   

1.2 The Metastatic Cascade 

Metastasis is the process by which tumour cells from a primary tumour invade surrounding 

tissue, travel through the body, and form a secondary tumour at a distant location (Fig. 1.1) 

(Chaffer and Weinberg, 2011).  Despite metastasis being responsible for more than 90% of all 

cancer-related deaths, it remains the most poorly understood component of cancer pathogenesis 

(Chaffer and Weinberg, 2011; Bravo-Cordero et al., 2012).  Metastasis is also a highly inefficient 

process, with fewer than 0.1% of all infiltrating tumour cells successfully forming functional 

secondary tumours (van Zijl et al., 2011).  This low metastatic rate is due to the complexity of the 

process, as the invading cells must be able to survive in the circulation and subsequently proliferate 

in other organs (Chambers et al., 2002).  Cells may undergo an epithelial-to-mesenchymal 

transition (EMT) during dissemination through the body which increases their survival and 

prevents apoptosis (Chaffer and Weinberg, 2011).  EMT encompasses a dynamic spectrum of 

abilities, and plasticity of both epithelial and mesenchymal characteristics promotes increased 

metastatic potential (Williams et al., 2019).  Additionally, these cells are able to sustain rear-front 

polarity to form focal adhesions with the surrounding ECM and facilitate its degradation through 

both protease-dependent and -independent means (van Zijl et al., 2011).  Metastasis is a complex 

process with many different elements, and this section will focus on our current understanding of 

the processes which promote cellular invasion through the ECM, including: EMT, cellular 

adhesion to ECM, and protease-dependent vs. -independent invasion.   
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Figure 1.1 – The Metastatic Cascade. 1, The metastatic cascade begins when cells from a primary 
tumour acquire invasive potential and invade the basement membrane and surrounding tissue.  2, 
Invasive cancer cells migrate towards blood and/or lymphatic vessels and intravasate.  3, Cells 
survive in circulation as they are transported around the body.  4, Cells extravasate from the vessel 
at a secondary site and locally invade the tissue.  5, Cells establish new vasculature and proliferate 
to form a secondary tumour.  Adapted from Fig.1 of Jiang et al. (2015). 
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1.2.1 Cell Invasion and Metastasis 

The transdifferentiation program defined as epithelial-mesenchymal transition (EMT) is 

not unique to metastasizing cancer cells, as it also plays important roles in embryogenesis, chronic 

inflammation, and wound healing (Chaffer and Weinberg, 2011; van Zijl et al., 2011).  EMT is 

prompted by EMT-inducing transcription factors (EMT-TFs) which confer the loss of epithelial 

characteristics (e.g. cell-to-cell contact) and the acquisition of a mesenchymal phenotype (van Zijl 

et al., 2011).  One of the hallmark steps of the transition is a cell’s downregulation of epithelial 

(E)-cadherin, an essential component of adherence junctions which hold neighbouring cells 

together (Hanahan and Weinberg, 2011; van Zijl et al., 2011).  Subsequently, neuronal (N)-

cadherin is overexpressed in a process termed the cadherin-switch, and it is this switch that 

accounts for enhanced invasiveness and cellular motility (Jiang et al., 2015).  The exact process 

which triggers EMT to begin is not fully understood; however, external initiation signals including 

hepatocyte growth factor (HGF), epidermal growth factor (EGF), and transforming growth factor 

β (TGF-β) are believed to play a role in EMT-TF upregulation (Jiang et al., 2015).  Snail, Slug, 

Twist, and Zeb1/2 were first identified using developmental genetics, and these are the EMT-TFs 

which predominantly influence metastasis by altering the expression of EMT proteins (Hanahan 

and Weinberg, 2011).  In addition to triggering the cadherin-switch these EMT-TFs have been 

implicated in the upregulation of members of the matrix metalloproteinase (MMP) family (Jiang 

et al., 2015).  MMPs are enzymes which facilitate degradation of the surrounding extracellular 

matrix (ECM) and their expression is positively correlated with cell invasion and motility 

capabilities (Jiang et al., 2015).    
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During the metastatic process the transition from an epithelial to mesenchymal state may 

play a role in the formation of functional secondary tumours.  Initially cells within a primary 

carcinoma exist in epithelial sheets, tightly bound to surrounding cells and matrix through tight 

junctions, adherens junctions, and desmosomes (Chaffer and Weinberg, 2011).  In this state, cells 

invade collectively while maintaining their contacts to one another, with an asymmetry in cellular 

characteristics being established throughout the group (van Zijl et al., 2011).   Differential gene 

expression leads to distinct cell morphologies between cells at the tip of the cluster and the 

following cells.  Notably, leader cells at the tip exhibit a mesenchymal phenotype responding to 

growth factor and chemokine signals which maintain asymmetry between them and follower cells 

(van Zijl et al., 2011).  Leader cells possess the ability to secrete MMPs which remodel the local 

ECM and form tracks through which the cell mass can move through (Wolf et al., 2007).  In 

collective cell invasion it is critical that the cell cluster generates tractional force to enable 

directional motility through these tracks.  Transmembrane integrin receptors facilitate adhesion to 

the surrounding basement membrane (BM) while communicating with intracellular cytoskeletal 

adaptor proteins (e.g. cortactin, vinculin, paxillin) (van Zijl et al., 2011).  This adhesion signaling 

leads to the rearrangement of the actin cytoskeleton and initiates a cascade of events ultimately 

resulting in cell propulsion forward through the MMP-generated tracks (Artym et al., 2006; Wolf 

et al., 2007).   

Conversely, in the process of mesenchymal cell invasion, cells which have undergone EMT 

invade the surrounding ECM individually.  In this form of cell invasion, a five-step invasion cycle 

has been observed that entails pseudopod protrusion, formation of focal adhesions, proteolysis, 

actomyosin contractility, and detachment from the trailing edge (van Zijl et al., 2011).  Fewer than 
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5% of cells within a primary tumour undergo EMT and become mobile, with the remaining 95% 

of cells maintaining adherence and undergoing collective cell migration (Hanahan and Weinberg, 

2011; van Zijl et al., 2011).  In mesenchymal invasion, single cells must form focal adhesions at 

the front edge to attach to the ECM, allowing the transformation of actomyosin contractions in the 

tail into forward movement (Condeelis and Segall, 2003).  Regardless of whether invading cells 

are undergoing collective or mesenchymal invasion, adhesion to the surrounding ECM plays a 

pivotal role.   

1.2.2 Cell Adhesion to ECM 

Alteration of adhesion receptor expression has been frequently documented in many types 

of cancers and has been linked to cancer aggressiveness (Hoshino et al., 2013).  Integrins are the 

most common family of adhesion receptors that act to connect ECM components to the 

cytoskeleton; however, cadherins and selectins also play a role in this process (Jiang et al., 2015).  

Integrins are transmembrane heterodimeric receptors composed of an α and β subunit and possess 

the ability to switch between low and high affinity conformations upon ECM binding (Destaing et 

al., 2011).  Once in a high affinity active state, integrins can recruit various signaling and 

scaffolding molecules and initiate downstream signaling cascades that control many cellular 

functions (Lin et al., 2013).   

In vertebrates, the family of integrin receptors consists of 18 α and 8 β subunits which can 

combine to form over 20 unique heterodimers, each with differential substrate specificities 

(Ganguly et al., 2013).  Although some subunits only appear in a single heterodimer, the β1 subunit 

is able to associate with 12 of the α subunits (Humphries et al., 2006).  Members of this family 
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can attach to ECM components including laminin, fibronectin, collagen, and vitronectin through 

their extracellular ligand-binding domain (Ganguly et al., 2013).  Interestingly, this integrin-ligand 

interaction induces separation of the cytoplasmic domains of the subunits which consequently 

allows recruitment of intracellular signal transduction molecules and cytoskeletal components 

(Ganguly et al., 2013).  Since the cytoplasmic tails of integrins do not possess intrinsic enzymatic 

capacity, it is the recruitment of adaptor proteins which allow for “outside-in” signaling to occur 

(Guo and Giancotti, 2004; Mitra and Schlaepfer, 2006).  Conversely, “inside-out” signaling can 

also be mediated by integrins when intracellular proteins (e.g. talin, kindlin) cause separation of 

the cytoplasmic tails thereby promoting the interaction of the extracellular domains with ECM 

ligands (Ganguly et al., 2013).  Inside-out signaling is dependent on NPXY (Asn-Pro-X-Tyr) 

motifs in the cytoplasmic tails of integrin β subunits, which serve as recognition sequences for 

phosphotyrosine-binding (PTB) domains in effector molecules such as talin and kindlin 

(Calderwood, 2004).  It is this ability to transmit signals bidirectionally across the plasma 

membrane which makes integrin receptors so important in sensing and responding to 

environmental cues. 

The general structural features of integrin monomers appear to be conserved across the 

family.  All subunits contain three basic elements: a single membrane-spanning helix, a short 

cytoplasmic tail (<70 residues), and a large extracellular domain (>700 residues) (Ulmer, 2010).  

The extracellular head domains contain sites for subunit association, and together the extracellular 

domains of an α and β subunit form a functional ligand-binding domain with specificity to certain 

ECM molecules (Hynes, 2002; Campbell and Humphries, 2011).  Both  α and β subunits are 

capable of binding several divalent cations (Mg++, Ca2+, and Mn++) within their extracellular 
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domains, and these cations contribute to ligand specificity (Campbell and Humphries, 2011).  

Some integrin receptors recognize a specific RGD (Arg-Gly-Asp) motif within their ECM ligands, 

and binding is coordinated between the Mg++ and the aspartate side chain of the ligand (Campbell 

and Humphries, 2011).  The RGD motif was first identified in fibronectin and has since been 

understood to be both sufficient and necessary for cell-ECM attachment.  It is the stereochemical 

fit of the ligand RGD motif in the α-β active site pocket which dictates ligand affinities to 

particular heterodimers.  In addition to the RGD motif other binding sites can exist in ECM ligands 

including the LDV (Leu-Asp-Val) motif, and these have been found to bind the integrin active 

pocket in a similar manner (Campbell and Humphries, 2011).    

The change in conformation that is induced upon integrin-ligand binding remains a 

controversial topic.  Various models have been proposed to describe the change in conformation 

from inactive to active, and the most universally accepted model supported by crystallization and 

fluorescence resonance energy transfer will be described.  In this model, coined “switch-blade”, 

ligand binding causes integrins to undergo a conformational change from a bent to an extended 

state, otherwise referred to as an inactive to a primed state, with a near doubling in receptor height 

(Fig. 1.2) (Hynes, 2002; Campbell and Humphries, 2011).  Crystal structures of various integrin 

receptors have observed that in their bent state the ligand-binding pocket of integrins may be 

oriented towards the plasma membrane, physically impeding the binding of a ligand (Campbell 

and Humphries, 2011).  Even in their bent/inactive state integrins retain some flexibility through 

their juxtamembrane domains enabling them to undergo a “breathing” motion, and this allows the 

possibility of epitope recognition by a nearby ligand (Campbell and Humphries, 2011).  

Understanding of the conformation changes that occur upon ligand binding has allowed for the 
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development of “activating antibodies” which cause conformation changes in the integrin receptor 

to increase the affinity of ligand binding (Campbell and Humphries, 2011).  These antibodies 

recognize epitopes which are usually regulated by divalent cations, known as ligand-induced 

binding sites (LIBS).  The majority of activating antibodies recognize the β subunit with various 

epitopes distributed throughout the entirety of the polypeptide, in agreement of the “switch-blade” 

model’s suggestion of large-scale conformation alteration of the receptor upon activation 

(Campbell and Humphries, 2011).  On the other hand, integrin antagonists have been developed 

as therapeutics for diseases such as thrombosis and multiple sclerosis.  RGD and LDV peptides 

have been converted into inhibitory antibodies which function to stabilize the unoccupied state of 

the receptor or prevent a conformation change necessary for ligand binding (Campbell and 

Humphries, 2011).   

When integrins associate with extracellular ligand they cluster and participate in 

cooperative binding which strengthens the transmission of intracellular signals (Schwartz and 

Ginsberg, 2002).  This clustering effect signals the recruitment of various cytoskeletal and 

signaling molecules, and together these components are referred to as the ‘adhesome’ (Kammerer 

et al., 2017).  Signaling complexes promote the assembly of actin filaments into stress fibers which 

recruits more integrins, and this positive feedback system results in the formation of focal 

adhesions at the site of cell-ECM contact (Goldfinger, 2013).  Focal adhesions serve two main 

purposes: they mediate cell shape and are a hub for signal transduction.  Actin stress fibers within 

the cell become physically associated with ECM through integrin receptors and the scaffolding 

proteins talin, vinculin, and α-actinin (Huttenlocher and Horwitz, 2011).  The structural role of 

focal adhesions is vital in the formation of membrane protrusions such as podosomes and 
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invadopodia, as well as in force generation necessary for cellular migration (Huttenlocher and 

Horwitz, 2011).  Additionally, focal adhesions are the sites at which integrins initiate downstream 

signals controlling processes such as cell survival, motility, and proliferation.  Integrins are 

responsible for activating various protein tyrosine kinases, the most studied of which being focal 

adhesion kinase (FAK) and the Src-family kinases (Goldfinger, 2013).  It has been observed that 

most integrin receptors can activate the FAK pathway at sites of focal adhesion assembly.  The 

recruitment of FAK to the cytoplasmic tail of a β integrin causes autophosphorylation of Tyr397 

which creates a binding site for Src or Fyn on FAK (Guo and Giancotti, 2004; Goldfinger, 2013).  

Additional signaling molecules recruited to activated integrins at focal adhesions include the 

adaptor protein Shc, the serine-threonine kinases ILK (integrin linked kinase), PKC (protein kinase 

C), and PKA (protein kinase A), and the tyrosine kinase Csk1 (Src tyrosine kinase) (Huveneers 

and Danen, 2009).  The recruitment of these signaling molecules allow integrins to control various 

downstream signaling pathways including the mitogen-activated protein kinase (MAPK) and 

phosphatidylinositol 3-kinase (PI3K) cascades, and allows for the possibility of receptor cross-talk 

with receptor tyrosine kinases (RTKs) at focal adhesion sites (Guo and Giancotti, 2004).   

Integrins containing the b1 subunit are highly expressed in numerous cancer cell types, 

suggesting that b1 integrin signaling plays a significant role in mediating cancer progression and 

resistance to chemotherapies (Park et al., 2006).  β1 integrin has been found to associate with, and 

activate, Src and the epidermal growth factor receptor (EGFR) at invadopodia, and formation of a 

complex of β1 integrin-Src-EGFR has been found to enhance invadopodia formation and tumour 

cell invasion (Williams and Coppolino, 2014).  The inhibition of b1 integrin using neutralizing 

antibodies has been shown to reduce the metastatic ability of various cancer types, further 
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indicating the importance of this and other integrin subunits as targets of cancer therapies (Elliott 

et al., 1994; Kawamura et al., 2001).   
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Figure 1.2 – The “Switch-Blade” Model of Integrin Activation. Heterodimeric integrin 
receptors are localized at the cell surface where they can facilitate both inside-out and outside-in 
signaling. Integrins in their bent form (left) are inactive, with their ligand-binding pocket oriented 
towards the plasma membrane unable to bind ECM components.  In their bent form the 
cytoplasmic tails of the α and β subunit are in close proximity and cannot associate with 
intracellular signaling molecules.  Once bound to ECM components the receptor changes 
confirmation to its active or extended form (right).  In this form the cytoplasmic tails are separated 
and allow the binding of cytoplasmic proteins.  Changes in integrin conformation are reversible 
which allows for tight control of both inside-out and outside-in signaling. Adapted from Fig. 7 of 
Hynes (2002). 
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1.2.3 Protease-independent vs -dependent Invasion 

As discussed above, cellular invasion is a dynamic process requiring communication 

between the cell and its extracellular environment, the formation of focal adhesion signaling hubs, 

and downstream activation of signaling cascades.  In addition, cells may or may not recruit 

proteolytic enzymes to the cell surface to assist in the degradation of surrounding ECM 

components.  Invading cells may therefore adopt a protease-independent or -dependent approach 

to migration, and the differences in these two modes will be described here.   

In protease-independent invasion, cells rely on physical expansion of pores in the matrix 

achieved through contractile force (Sinkus et al., 2007).  This results from the fact that the matrix 

displays some degree of elasticity and plasticity.  Studies of tumour tissue composition 

demonstrate them to be more viscous than normal tissues due to abnormal matrix cross-linking, 

and it is this architecture which enables forces generated within invading cells to structurally 

rearrange the matrix (Sinkus et al., 2007).  Using artificial matrices with different sized pores, a 

direct correlation was found between pore and cell size in determining whether cells utilized a 

protease-independent or -dependent mode of migration, and this was directly associated with the 

size of the nucleus (Wisdom et al., 2018).  For pores larger than the nucleus the cell is able to 

squeeze through them in order to migrate; however, if pores were smaller than the nucleus the cell 

required protease-mediated degradation of the matrix.  Interestingly, if pores were smaller than the 

nucleus but the matrix was sufficiently plastic the cells could extend actin-rich protrusions forward 

to progressively open up a channel through which they would then propel forward (Wisdom et al., 

2018).   
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Most malignant cancer cells undergo protease-dependent invasion, whereby the ECM is 

locally modified by enzymes such as matrix metalloproteinases (MMPs).  In humans, the MMP 

family consists of more than 25 endopeptidases which are subdivided based on substrate 

preference (Nagase et al., 2006).  There are numerous ECM substrates cleaved by MMPs which 

include collagens, laminins, and fibronectin.  Another common classification is based on whether 

or not the MMP contains a transmembrane domain allowing them to be tethered to the plasma 

membrane or if they are simply secreted into the extracellular space, and these are designated 

membrane-type (MT) and secreted MMPs, respectively (Nagase et al., 2006).  There are three 

domains common to all MMPs: a propeptide (~80 amino acids), a catalytic domain (~170 amino 

acids), and a hemopexin (Hpx) domain (~200 amino acids) (Nagase et al., 2006).  All MMPs are 

initially synthesized as proMMPs, or zymogens, with an N-terminal propeptide and low enzymatic 

activity.  Post-translational cleavage of the propeptide can be accomplished by furin, or another 

MMP, depending on the recognition sequence on the propeptide domain, and this renders the MMP 

fully activated and able to digest ligand with high efficiency (Nagase et al., 2006).  As all MMPs 

are zinc-dependent, the catalytic domain of these enzymes contains a catalytic zinc ion, which 

requires a water molecule to complete catalysis.  In their proMMP form, a cysteine in the 

propeptide domain coordinates with the zinc ion to prevent the water molecule from accessing the 

ion, thereby keeping the zymogen inactive (Nagase et al., 2006).  Finally, the Hpx domain acts to 

facilitate the binding of MMPs to other proteins, including members of the tissue inhibitor of 

metalloproteinase (TIMP) family (Murphy and Knäuper, 1997).   

The most well characterized of all MMPs involved in protease-dependent invasion is MT1-

MMP, which is a membrane-anchored anchored enzyme with a C-terminal transmembrane domain 
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(Benyon and Arthur, 2001).  MT1-MMP is initially synthesized as a 64 kDa proMMP and becomes 

fully activated following cleavage of its propeptide by furin in the trans-Golgi network (Poincloux 

et al., 2009).  The furin recognition motif is Arg108-Arg-Lys-Arg, and following cleavage the 

resulting active enzyme starts at Tyr112 (Pahwa et al., 2014).  The 55 kDa active enzyme is 

transported to the plasma membrane where it is embedded with its catalytic domain in the 

extracellular space.  Here, MT1-MMP is able to digest a variety of ECM components, such as: 

collagen types I, II, and III, fibronectin, gelatin, and laminin 1 and 5 (Artym et al., 2006).  The 

active form of MT1-MMP also facilitates the activation of the secreted enzymes MMP2 and 

MMP13 by cleaving their propeptides, further increasing cellular proteolytic capabilities (Benyon 

and Arthur, 2001).  Processing of proMMP2 and proMMP13 occurs at the plasma membrane 

where the zymogen first associates with one molecule of MT1-MMP.  This association requires 

stabilization by TIMP2 which recognizes the Hpx domain of the secreted proMMP and recruits a 

second molecule of  MT1-MMP molecule to form a four-protein complex (Frittoli et al., 2011).  It 

has been recognized that MT1-MMP must be O-glycosylated on its linker domain in order to 

interact with TIMP2; however, the reason for this remains unclear (Itoh and Seiki, 2004).  One 

proposed model is that carbohydrate addition to MT1-MMP alters its conformation slightly to 

make the TIMP2 binding site more accessible while preventing enzyme binding to other cell 

surface molecules.  

At the cell surface MMPs can cleave their ECM substrates in the area directly surrounding 

the cell.  Simultaneous actin polymerization within the cell mediated by focal adhesion signaling 

results in membrane protrusion forward into MMP-degraded areas (Pahwa et al., 2014).  In the 

case of metastasizing cancer cells, this cycle between ECM digestion and directional actomyosin 
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contractility continues until the cell reaches the blood or lymphatic system, where they can 

intravasate and circulate throughout the body in the later stages of the metastatic cascade.  In 

addition to the important role that MT1-MMP activity plays in cancer invasion and metastasis, this 

enzyme is also crucial in the processes of wound healing, bone development, angiogenesis, 

inflammation, and rheumatoid arthritis (Itoh and Seiki, 2004).  Knockout of MT1-MMP results in 

craniofacial dysmorphism, osteopenia, and fibrosis of soft tissues (Itoh and Seiki, 2004), 

illustrating the fact that other MMPs cannot substitute for MT1-MMP’s activity and also why the 

use of anti-MT1-MMP inhibitors have been unsuccessful as cancer therapeutics. 

1.3 Invadopodia Formation 

Recent research concerning the EMT process has identified that the formation of 

invadopodia is a pivotal step for many cancer cell types (Bravo-Cordero et al., 2012).  Invadopodia 

are 2 µm long membrane protrusions with an actin-rich core which extend from the ventral cell 

surface, often under the nucleus (Fig. 1.3) (Murphy and Courtneidge, 2011).  Until recently, the 

term “invadopodium” and “podosome” were used to describe the same cellular structure; however, 

differences in protein and lipid composition, structure lifespan, and morphology have allowed 

researchers in the field to make a clear distinction between the two.  In contrast to podosomes, 

invadopodia demonstrate increased pericellular proteolysis through their recruitment of numerous 

MMPs and ADAMs and are also capable of maintaining their structure for hours as opposed to 

minutes (Murphy and Courtneidge, 2011).  The most evident difference between these two 

structures is in their morphology – invadopodia are long and thin protrusions from the cell while 

podosomes have a characteristic ring-like pattern (Weaver, 2006).  Despite much debate in the 

scientific community concerning their classification, the term “invadopodia” 
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 has been reserved for actin-based protrusions arising from cancer cells, while “podosomes” 

describes those in non-malignant cells.  This section will focus on the biology of invadopodia in 

invasive cancer cells and in particular how their initiation, maturation, and eventual disassembly 

are regulated. 
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Figure 1.3 – Molecular Components Involved in Invadopodia Formation and Function.  A 
single invasive cancer cell is shown with an invadopodia protruding into the ECM (composed 
largely of collagen, fibronectin, and laminin).  Several, but not all, of the intracellular and 
extracellular components regulating invadopodia are shown here and are grouped by their 
functional activities.  FAK, focal adhesion kinase; PKC, protein kinase C; PAK, p21-activated 
kinase; ERK, extracellular signal-related kinase; EGF, epidermal growth factor; PMA, phorbol 12-
myristate 13-acetate; MMP, matrix metalloproteinase; MT1-MMP, matrix-type 1 MMP; Arf, 
ADP-ribosylation factor; CDC42, cell division control protein 42; Vamp7, vesicle-associated 
membrane protein 7; SNAP23, synaptosomal-associated protein 23kDa; TKS4, tyrosine kinase 
substrate with four SH3 domains; TKS5, tyrosine kinase substrate with five SH3 domains; Arp2/3 
complex, actin-related protein 2/3 complex; PtdIns(3,4)P2, phosphatidylinositol (3,4) 
bisphosphate; PtdIns(4,5)P2, phosphatidylinositol (4,5) bisphosphate; PDGF, platelet-derived 
growth factor; TGFβ, transforming growth factor beta; EGFR, epidermal growth factor receptor; 
RHO, Ras-homologous protein; N-WASP, neural Wiskott-Aldrich syndrome protein; WIP, 
WASP-interacting protein. Adapted from Fig. 1 of Murphy & Courtneidge (2011).   
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1.3.1 Initiation 

Invadopodia formation is a dynamic process with new structures being formed at cell-ECM 

contact points from recycled molecular components of older invadopodia which have been 

displaced from the leading edge due to extension of the invadopodial membrane forward – a 

process termed “treadmilling” (Fig. 1.4) (Weaver, 2006).  The acquisition of a migratory 

phenotype is what marks the shift from focal adhesion to invadopodia formation in a cancer cell, 

due to the fact that cell motility is negatively impacted by strong ECM attachment at focal 

adhesions (Murphy and Courtneidge, 2011).  In the first step of invadopodia formation, initiation, 

cells establish focal adhesions with the ECM through the interaction of integrins, FAK, and Src 

kinase (Murphy and Courtneidge, 2011).  In particular, it has been identified that integrins 

containing the β1 and β3 subunits play a predominant role in the formation and maintenance of 

invadopodia (Guo and Giancotti, 2004; Ganguly et al., 2013).  Stimulation with growth factors 

such as epidermal growth factor (EGF) induces the release of Src from its interaction with FAK 

and integrin, allowing Src to phosphorylate and activate tyrosine kinase substrate with five SH3 

domains (TKS5) as well as phosphatidylinositol 3-kinase (PI3K) and protein kinase C (PKC) 

(Oikawa et al., 2008).  Focal generation of the lipid phosphatidylinositol-3,4,-bisphosphate 

(PtdIns(3,4)P2) recruits active TKS5 with its phosphoinositide-binding (PX) domain, stimulating 

scaffold formation at the plasma membrane and the subsequent recruitment of cortactin (Murphy 

and Courtneidge, 2011).   
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Figure 1.4 – The Stages of Invadopodia Formation.  In the initiation stage (1) focal adhesions 
are formed via interactions between integrins, FAK, and Src.  EGF stimulation of the cell causes 
Src to dissociate and phosphorylate TKS5 which colocalizes with actin in PtdIns(3,4)P2-rich 
regions.  The assembly stage (2) begins with cortactin and TKS5 binding to N-WASP, WIP, and 
the ARP2/3 complex.  These molecules form a complex capable of regulating both cortactin and 
TKS5, and consequently invadopodia formation.  Cortactin dissociates from cofilin following 
phosphorylation by EGF signaling which allows cofilin to carry out its actin-severing activity, 
promoting actin polymerization.  The maturation stage (3) constitutes protease activity being 
established at invadopodia. MMP2 and MMP9 are secreted from the structures in response to 
cortactin and TKS4 activity.  MT1-MMP is localized to invadopodia via cortactin, TKS4, and β1-
integrin signaling methods (not shown).  Once activated, these and other proteolytic enzymes are 
able to digest the surrounding ECM allowing the cancer cell to continue migration.  Invadopodia 
can remain stable at the cell surface for multiple hours following which their components are 
recycled to sites of new invadopodia formation (4). Adapted from Fig. 5 of Murphy & Courtneidge 
(2011).   
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1.3.2 Assembly 

Following TKS5 and cortactin recruitment to the plasma membrane, the assembly phase 

of invadopodia formation is marked by the recruitment of the actin-regulatory complex and actin 

polymerization.  The sequence of events in this phase is not fully understood; however, previous 

studies have found that cortactin and TKS5 localized to the plasma membrane have the ability to 

recruit and activate intracellular molecules that modulate the actin cytoskeleton (Murphy and 

Courtneidge, 2011).  Through either direct or indirect methods, cortactin and TKS5 bind key 

regulators of the actin cytoskeleton including neural Wiskott-Aldrich syndrome protein (N-

WASP), growth factor receptor-bound protein (GRB2), and the actin-related protein (ARP2/3) 

complex (Yamaguchi et al., 2005).  Other proteins associated with invadopodia at this point 

include WASP-interacting protein (WIP), and the adaptor proteins Nck1 and Nck2 (Murphy and 

Courtneidge, 2011).  This protein complex can mediate the phosphorylation of TKS5 and cortactin 

by Src.  The assembly stage concludes with the phosphorylation of cortactin downstream of EGF-

signaling, causing it’s dissociation from cofilin (Murphy and Courtneidge, 2011).  Barbed ends 

are generated by cofilin through its actin-severing activity which initiates spontaneous actin 

polymerization and the formation of immature invadopodia (Oser et al., 2009).  From this point 

onwards invadopodia may be stabilized by dephosphorylation of cortactin causing its reassociation 

with cofilin, thereby blocking its actin-severing activity (Oser et al., 2009).     

1.3.3 Invadopodia Maturation 

It is in the third step of invadopodia formation that these structures acquire their 

degradative abilities through the recruitment of several MMPs and ADAMs.  The secretion of 

soluble MMPs (MMP2 and MMP9) is facilitated by cortactin and tyrosine kinase substrate with 
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four SH3 domains (TKS4), and their delivery to the cell surface is likely dependent on microtubules 

(Buschman et al., 2009).  Additionally, MT1-MMP delivery to invadopodia is mediated through 

a variety of mechanisms including interactions with cortactin, TKS4, and signaling downstream 

of β1 integrin (Buschman et al., 2009).  The mechanism by which most MMPs and ADAMs are 

delivered to sites of invadopodia remains unresolved; however, the delivery of MT1-MMP to 

invadopodia has been extensively researched in recent years and the complexity of this process is 

beginning to be understood.  Three mechanisms for MT1-MMP delivery to invadopodia have been 

identified: 1) endocytic recycling, 2) Rab8-dependent secretory pathway, 3) coordination of the 

actin cytoskeleton and exocytic machinery (Murphy and Courtneidge, 2011).  The importance of 

upstream b1 integrin signaling in the exocytosis of MT1-MMP-containing vesicles has recently 

been established, whereby blocking of b1 integrin with a soluble peptide prevented enzyme 

delivery to already-formed invadopodia (Branch et al., 2012).  b1 integrin is thought to regulate 

the localization of caveolar vesicles to the plasma membrane through the cell polarity regulator, 

IQGAP1 (IQ motif containing GTPase activating protein 1), and the actin- and microtubule-

binding protein, mDia1 (Hoshino et al., 2013).  These data support an attractive model in which 

upstream adhesion signaling regulates the delivery of MT1-MMP-containing vesicles via 

microtubules, similar to other members of the MMP family.  Independent of the route taken to the 

plasma membrane, the expression of MT1-MMP at invadopodia is a complex process with various 

upstream signaling inputs which synergize to balance enzyme exocytosis.  Once localized to 

invadopodia and activated, MMPs and ADAMs coordinate proteolytic digestion of surrounding 

ECM components.   
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1.3.4 Invadopodia Disassembly and Reformation 

The majority of research concerning invadopodia biology concerns their formation and 

maturation, with little being known about what regulates their disassembly.  It is clear that invading 

cells constantly reform invadopodia at the leading edge of migration, which in turn moves older 

invadopodia away from the leading edge (often compared to a conveyer belt).  It is therefore 

theorized that components of invadopodia are sequentially removed and recycled to sites of new 

invadopodia formation, and ongoing research is investigating how this is regulated (Murphy and 

Courtneidge, 2011).  Much of what is known concerning invadopodia disassembly is in regards to 

actin dynamics, which suggest that a core structure remains embedded in the membrane even after 

F-actin dissociates from it (Artym et al., 2006).  Additionally, the turnover of invadopodia has 

been shown to be accelerated by F-actin disassembly mediated by tyrosine phosphorylation of 

cortactin (Murphy and Courtneidge, 2011).  Despite their importance in the metastatic process, 

much about invadopodia biology remains to be discovered, and further study of this complex 

process may identify numerous points of regulation for the future development of anti-cancer 

therapies.   

1.4 MT1-MMP Internalization 

Invadopodia are constantly reformed at the leading edge of invasion; therefore, it is 

necessary that proteins required for invadopodium activity are internalized and recycled to sites of 

invadopodium formation.  In particular, the internalization and recycling of MT1-MMP has been 

found to play a vital role in the maintenance of an invasive cellular phenotype and this will be 

described in detail in the following section.  Intracellular trafficking pathways, post-translational 
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modifications that promote internalization, and how molecular association with β1 integrin 

influences internalization will be discussed below.   

1.4.1 Intracellular Recycling of MT1-MMP 

Following its synthesis in the cytoplasm, the zymogen form of MT1-MMP is translocated 

to the endoplasmic reticulum (ER), enters the Golgi complex via the cis-cisterna, and moves 

through the organelle until it exits the trans-cisterna (Frittoli et al., 2011).  It is in the Golgi 

complex that the propeptide is cleaved by furin resulting in full activation of MT1-MMP.  Once 

the enzyme has reached the trans-cisterna, MT1-MMP is packed into vesicles which may be 

targeted to either the plasma membrane, endosomes, lysosomes, or back to the ER – the destination 

is dependent on signals received by the cell (Frittoli et al., 2011).  In invadopodia-forming cancer 

cells simply the presence of dense ECM surrounding a cell will cause the accumulation of F-actin 

and cortactin and initiate downstream signals to deliver MT1-MMP-containing vesicles to the 

plasma membrane (Murphy and Courtneidge, 2011).  Cell surface expression of MT1-MMP does 

not, however, necessarily translate into an actively invading cell.  Recent findings suggest that for 

a cancer cell to maintain its invasiveness MT1-MMP must be constantly relocated to the migration 

front via internalization and recycling mechanisms (Itoh and Seiki, 2004).  Furthermore, it was 

found that a failure to internalize and recycle MT1-MMP resulted in a loss of its spatiotemportal 

regulation, and subsequent reduction of cellular invasion capability (Uekita et al., 2001).   

Internalization of MT1-MMP from the cell surface has been shown to occur through both 

clathrin-mediated and caveolar endocytosis (Poincloux et al., 2009).  Both of these mechanisms 

function to control the net amount of active enzyme at the cell surface, allowing for rapid cellular 
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responses to changes in the environment (Remacle, Murphy, and Roghi 2003).  For an invading 

cell, it has been suggested that relocalization of active MT1-MMP to the leading edge of migration 

could be achieved rapidly through its internalization at distal cell locations (Remacle, Murphy, and 

Roghi 2003).  Clathrin-dependent endocytosis is the process used most often to rapidly uptake 

hormones, growth factors, and transport molecules (Remacle et al. 2006).  In the context of MT1-

MMP internalization, clathrin-dependent endocytosis by this method requires the integrity of the 

enzyme’s cytoplasmic domain as a binding site for the adaptor protein 2 (AP2)-clathrin adaptor 

complex (Uekita et al., 2001; Poincloux et al., 2009; Wiesner et al., 2013).  The enzyme can then 

be internalized in clathrin-coated vesicles which are targeted to the recycling endosome (Fig. 1.5) 

(Frittoli et al., 2011).  It has been found that the rate of clathrin-dependent endocytosis is higher 

for proMT1-MMP as compared to the active form of the enzyme, suggesting that this method of 

internalization plays a key role in clearing inactive enzyme from the cell surface (Wiesner et al., 

2013).  Additionally, it has been found that binding of TIMP-2 to MT1-MMP enhances the 

internalization of MT1-MMP in clathrin-containing compartments, further supporting the theory 

that clathrin-dependent endocytosis serves to clear inactive enzyme (Remacle et al. 2006).  

Following internalization the MT1-MMP-TIMP-2 complex dissociates within endosomes to 

regenerate active MT1-MMP, which is then recycled back to the cell surface (Poincloux, 

Lizarraga, and Chavrier 2009; Remacle et al. 2006).   

Caveolar endocytosis is also known to play a role in MT1-MMP internalization.  

Previously it has been shown that cell surface MT1-MMP preferentially localizes to small non-

protein-coated membrane invaginations, termed caveolae (Nyalendo et al., 2007).  Caveolae are 

enriched in lipids and their internalization is facilitated by the binding of caveolin proteins 
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localized at caveolae to cholesterol (Frittoli et al., 2011).  MT1-MMP has been found to interact 

with phosphorylated caveolin-1 (Poincloux et al., 2009), which may explain the enzyme’s 

preferential internalization by caveolae as opposed to clathrin-coated pits. 

In order for vesicles to be properly targeted to organelles, the action of Rab guanine 

triphosphate hydrolases (GTPases) is required (Remacle, Murphy, and Roghi 2003; Williams and 

Coppolino 2011).  These peripheral membrane proteins can change their nucleotide-bound state 

and function as molecular switches in the control intracellular transport.  The Rab GTPases 

relevant for MT1-MMP trafficking differ between cell types; however, findings suggest that a 

common recycling pathway exists for the enzyme (Williams and Coppolino 2011).  For example, 

in macrophages the important Rab GTPases have been identified as Rab5a, Rab8a, Rab14, and 

Rab22, while in HT-1080 fibrosarcoma cells the important players are Rab5 and Rab7 (Uekita et 

al. 2001; Williams and Coppolino 2011).  Regardless of the manner of internalization, it is clear 

that MT1-MMP is first delivered to the early endosome, then the recycling endosome, and 

subsequently the late endosome (Frittoli et al., 2011).  At any point in this pathway, MT1-MMP 

can be targeted back to the plasma membrane and this is dependent on environmental changes and 

signals (Poincloux et al., 2009).  The enzyme can also be delivered to the Golgi for processing, or 

the lysosome for degradation, which is again dependent on stimuli received by the cell (Frittoli et 

al., 2011).   
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Figure 1.5 – A Simplified Model of MT1-MMP Intracellular Transport.  proMT1-MMP is 
synthesized and transported to the Golgi complex where it is activated through cleavage by furin.  
Newly synthesized MT1-MMP is directed either to the recycling endosome or the plasma 
membrane.  From the plasma membrane MT1-MMP is endocytosed through either a clathrin-
dependent or caveolar mechanism and is routed to the early endosome.  From the early endosome 
the protein can either be transported directly back to the cell membrane or further to the recycling 
endosome. MT1-MMP in the recycling endosome is directed back to the cell membrane or on to 
the late endosome where the protein is most likely destined for degradation in the lysosome. The 
recycling of MT1-MMP is important for replenishing active MT1-MMP at invadopodia which 
promotes the invasive phenotype of the cancer cell.  Adapted from Fig. 1 of Frittoli et al. (2011) 
and Fig. 3 of Poincloux et al. (2009).   
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1.4.2 Phosphorylation of the Cytoplasmic Domain of MT1-MMP  

Due to the importance of MT1-MMP recycling for invadopodia formation and cell 

invasion, the mechanisms controlling enzyme internalization from the cell surface have become 

an area of intense study.  A study of HT-1080 cells expressing an MT1-MMP variant lacking its 

cytoplasmic tail provided the first indication that this domain is required for the internalization 

process to occur (Jiang et al. 2001).  Cells containing the truncated mutants remained confined to 

the plasma membrane, unable to be internalized through either clathrin-mediated or caveolar 

endocytosis.  Additionally, these cells demonstrated an impairment in their invasive and migratory 

capabilities, consistent with the notion that MT1-MMP recycling is required for maintaining 

invasiveness (Jiang et al. 2001).  Using the knowledge gained from this study it was proposed that 

the cytoplasmic tail of MT1-MMP contains one or more sequences which mediates its 

internalization, possibly via an interaction with another protein (Jiang et al. 2001; Remacle, 

Murphy, and Roghi 2003).  One possibility that was investigated is that MT1-MMP internalization 

is regulated through post-translational modifications, such as a reversible phosphorylation event, 

similar to mechanisms by which other cell surface proteins are regulated.  Analysis of the enzyme’s 

cytoplasmic domain identified three potential phosphorylation sites: Thr567, Tyr573, and Ser577 

(Moss et al., 2009b). 

Phosphorylation of Tyr573 was first investigated for its involvement in MT1-MMP 

internalization in monkey kidney cells (COS-7) (Nyalendo et al., 2007).  The group focused on 

the investigation of kinases involved in the phosphorylation of Tyr573 – more specifically, Src 

kinase.  It was found that in cells expressing a dominant-negative Src mutant MT1-MMP was not 

tyrosine phosphorylated, indicating the involvement of Src in this process.  It was confirmed that 
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Src played a role in phosphorylation of the tyrosine at residue 573 through the use of a non-

phosphorylable MT1-MMP construct where the tyrosine was replaced with alanine (Y573A-MT1-

MMP) (Nyalendo et al., 2007).  Phosphorylation of Tyr573 was also found to impact the migratory 

ability of HT-1080, human umbilical vein endothelial cells (HUVEC), and bovine aortic 

endothelial cells (BAEC) on fibronectin.  Additionally, Tyr573 phosphorylation has been found to 

stimulate MT1-MMP internalization and intracellular trafficking in human ovarian carcinoma cells 

(OVCA 433) (Moss et al., 2009a).  When cells expressing the Y573A-MT1-MMP mutant were 

stimulated with EGF, the mutated constructs were unable to be internalized from the plasma 

membrane while the wild-type form of the enzyme was rapidly internalized and trafficked within 

the cell, suggesting a role for RTK signaling in regulating MT1-MMP trafficking.   

The other potential phosphorylation site on the cytoplasmic tail of MT1-MMP which has 

been a focus of study in recent years is Thr567.  Moss et al. (2009) utilized an in vitro kinase assay 

to investigate if Thr567 was a target of phosphorylation.  The tail sequence of the enzyme was 

incubated in the presence or absence of purified PKC (chosen due to sequence homology) and 

reactions were initiated in the presence or absence of PKC-activating cofactors (Moss et al., 

2009b).  Results demonstrated that the phosphorylation of the cytoplasmic domain only occurred 

in the presence of PKC and its cofactors, indicating that MT1-MMP can be phosphorylated at 

Thr567.  The group then proceeded to investigate the effect that Thr567 phosphorylation had on the 

invasiveness of MDA-MB-231 human breast adenocarcinoma cells.  Cells were generated that 

expressed mutant constructs which mimicked either a constitutively phosphorylated (T567E-MT1-

MMP) or non-phosphorylable (T567A-MT1-MMP) form of MT1-MMP and were subjected to a 

Matrigel invasion assay.  It was found that cells expressing the T567E-MT1-MMP mutant 
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construct had a significantly increased ability to invade the ECM analogue as compared to the 

T567A-MT1-MMP-expressing cells (Moss et al., 2009b).   

MT1-MMP-Thr567 phosphorylation was further investigated in HeLa cells by Williams and 

Coppolino (2011).  They found that cells transiently expressing the T567E-MT1-MMP 

demonstrated significantly less of the enzyme at the cell surface in comparison to cells expressing 

wild-type control, while those expressing the T567A-MT1-MMP construct demonstrated a 

significant increase in surface expression.  Additionally, confocal immunofluorescence 

microscopy was used to monitor intracellular trafficking of the mutant constructs following 

cellular treatment with phorbol-12-myristate-13-acetate (PMA), a potent PKC activator (Williams 

and Coppolino 2011).  Although wild-type and T567E-MT1-MMP could be detected in endosomal 

structures following PMA stimulation, T567A-MT1-MMP remained on the cell surface.  These 

results compliment those of Moss et al. (2009) and they collectively indicate that phosphorylation 

of MT1-MMP on Thr567 is necessary for its internalization and trafficking within the cell, as well 

as for maintenance of an invasive cellular phenotype. 

1.4.3 MT1-MMP-β1 Integrin Interaction and Internalization 

It is evident that both MT1-MMP and β1 integrin play important roles in invadopodia 

biology.  Downstream signals from activated β1 integrin receptors at the cell surface have been 

found to increase cellular invasiveness, and likewise, MT1-MMP activity at the plasma membrane 

is required for protease-dependent invasion.  Colocalization of proteins is important for the precise 

control of protein activity and function at distinct cellular locations; therefore, it is not surprising 

that MT1-MMP has been detected with integrins at cellular microdomains (Gonzalo et al., 2010).  
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The clustering and binding of b1 integrin to ECM components has been found to stimulate the 

delivery of MT1-MMP to distinct invasive structures, further indicating the coordinated interaction 

between these two molecules in the processes of tumour cell invasion and metastasis (Gálvez et 

al., 2002; Bravo-Cordero et al., 2007).  It is interesting to note that clustering of these molecules 

at the cell surface has been found to increase cell surface levels due to stabilization of their 

interaction, and it has been hypothesized that this stabilization may block their internalization due 

to interference with the endocytosis motif (Gálvez et al., 2002).   

1.5 Thesis Objectives 

Evidence suggests that for a cell to invade MT1-MMP must be phosphorylated, internalized, 

and recycled to invadopodia at the leading edge of the cell.  It has also been established that β1 

integrin signaling plays a vital role in the establishment and maintenance of invadopodia, as well 

as in promoting an invasive phenotype through downstream signaling modulation.  The activities 

of β1 integrin and MT1-MMP must be balanced in an invading cell, yet there is very limited data 

available regarding how this balance is achieved.  The research herein therefore aims to investigate 

the link between β1 integrin and MT1-MMP activity during invadopodia formation and tumour 

cell invasion.   

This thesis has three objectives: 

• Objective 1: Examine the role of β1 integrin signaling in regulating the recycling of MT1-

MMP, and subsequent effects on invadopodium formation and cell invasion. 

• Objective 2: Identify signaling molecules required for the regulation of MT1-MMP 

downstream of β1 integrin signaling. 
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• Objective 3: Inhibit β1 integrin signaling and observe the effects on MT1-MMP activity 

and cell surface expression. 

The focus of the research in this thesis is to investigate the role of β1 integrin signaling in the 

regulation of MT1-MMP activity during invadopodia formation.  This is being investigated in 

order to better understand how cell surface levels of MT1-MMP are regulated in actively invading 

cells, and to better understand signal transduction pathways required for invadopodia function.  

This, in turn, may provide opportunities for the future development of anti-cancer therapies, 

particularly for types of cancer that rely on invadopodia during the metastatic process. 
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2 Materials and Methods 

2.1 Reagents  

 Reagents and chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO) or Fisher 

Scientific Ltd. (Nepean, ON, Canada) unless otherwise indicated.  Antibodies to the following 

proteins were obtained from the indicated suppliers: GFP, MT1-MMP (ab290, ab51074; Abcam, 

Toronto, Canada); phospho-serine/threonine, Integrin b1 clone 9EG7 (612548; 553715; BD 

Biosciences, Mississauga, Canada); ERK1/2, pERK1/2, phospho-FAK-Tyr397 (9107, 4377, 3283; 

Cell Signaling Technology, Danvers, MA); AIIB2, P4G11 b1 Integrin, P4C10, E7-s, hGAPDH-

2G7 (Developmental Systems Hybridoma Bank, Iowa City, IA); Cortactin, Src-(active)-28; (PA1-

9030; AHO0051; Fisher Scientific, Nepean, ON); TKS5 (SH3 #4) (09-268; Millipore, Billerica, 

MA); EGFR, c-Src (B-12), c-Src (H-12) (sc-03; sc-8056; sc-5266; Santa Cruz Biotechnology, 

Dallas, TX); actin (A2228; Sigma-Aldrich Co.); phospho-tyrosine clone 4G10, Vinculin clone 

V284 (05-321; 05-386; Upstate Biotechnology, Lake Placid, NY).  All fluorescently labeled 

secondary antibodies, Hoechst 33342, and Alexa Fluor 647–conjugated phalloidin were purchased 

from Life Technologies (Mississauga, ON, Canada).  Src, FAK and control siRNA were purchased 

from Santa Cruz Biotechnology (sc-29228, sc-29310, and sc-37007, respectively).   

2.2 Cell culture and transfection 

MDA-MB-231 and HT-1080 cells were obtained from the American Type Culture 

Collection (Manassas, VA, USA) and cultured in DMEM supplemented with 10% bovine calf 

serum (BCS).  Growth conditions were kept at 37°C with humidity and a 5% CO2 atmosphere. 

Cells were lifted using 5 mM EDTA/PBS (pH 7.4).  Cells used in experiments were passaged 
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between 5 and 20 times, and were passaged a maximum of 24 h prior to each experiment.  Cells 

were plated in serum-free DMEM for 16 h prior to plating onto 0.2%-gelatin-coated coverslips or 

culture plates in serum-free medium.  Cells were treated with AIIB2 (10 µg mL-1), P4G11 (10 µg 

mL-1), PP2 (10 µM), AG1478 (11 nM), or EGF (60 ng mL-1) where indicated.  Control conditions 

for all experiments were cells treated with the same concentration of a nonspecific IgG (E7-s).  

cDNAs for human wild-type Src, constitutively active Src (Y529F), and dominant-negative Src 

(K296R/Y528F) were obtained from Upstate Biotechnology.   

cDNA for Y573A-MT1-MMP-GFP was obtained from GenScript (Piscataway, NJ), and 

the generation of MT1-MMP-GFP and T567A-MT1-MMP-GFP is described elsewhere (Williams 

and Coppolino, 2011).  The pEGFP Rab5 and Rab7 were kind gifts from Dr. John Brumell 

(Hospital for Sick Children, Toronto, Canada).  Cells were transfected using jetPRIME Polyplus 

(VWR International) according to the protocol of the manufacturer.  All transiently transfected 

constructs were expressed for 24 h.  Cells were transfected with 50 nM siRNA and underwent 

knockdown for 48 hours. 

2.3 Cell spreading assay 

Cell spreading assay was performed as described previously (Iba et al., 2000).  Glass 

coverslips were coated with 50 µg mL-1 poly-L-lysine/PBS, followed by 0.5% 

glutaraldehyde/PBS. Coverslips were then inverted onto a 70 µL drop of 0.2% unlabeled 

gelatin/PBS.  Cells were plated for 2 h at 50% confluency, then fixed and permeabilized. 

Coverslips were visualized by bright-field microscopy and images were captured.  Image analysis 

was completed using ImageJ software (National Institutes of Health, Bethesda, MD).    
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2.4 Boyden chamber migration and invasion 

Cell culture inserts were prepared as described previously (Williams and Coppolino, 2014).  

Bottoms of transwell inserts (8-µm pore diameter, Corning Inc.) were coated with 20 µg mL-1 

fibronectin/PBS.  MDA-MB-231 cells were serum-starved for 24 h, lifted, seeded into chambers 

with simultaneous antibody treatment, and allowed to migrate for 20 h.  The cells that invaded 

towards the lower chamber (10% BCS/0.1% BSA in DMEM) were fixed in 4% paraformaldehyde, 

stained with Hoechst 33342 for nuclear visualization, and counted.  Cells that did not migrate 

through the membrane were removed with a cotton swab prior to fixation.  Ten fields of cells per 

membrane were counted per treatment.  Data is presented as percent of control.  For invasion assay 

the protocol was the same with the addition of coating the top of the chamber with 0.125 mg mL-

1 growth factor reduced Matrigel (BD Biosciences).   

2.5 Invadopodia formation assay 

Quantification of invadopodium formation was performed as described previously 

(Williams et al., 2014).  Glass coverslips were coated with 50 µg mL-1 poly-L-lysine/PBS, 

followed by 0.5% glutaraldehyde/PBS.  The rationale for the use of a gelatin coating in this assay 

was that it is more amenable to imaging compared to substrates such as Matrigel, as described 

previously (Yu and Machesky, 2012).  Coverslips were then inverted onto a 70 µL drop of Alexa 

Fluor 594-labeled gelatin. The coverslips were then incubated with 5 mg mL-1 sodium borohydride 

(Sigma-Aldrich) and then washed extensively in PBS.  Tissue culture plates were coated similarly, 

with the exception being that 0.2% unlabeled gelatin/PBS was used.  Cells were plated onto 
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coverslips at 50% confluency and incubated for 4 h.  Cells were fixed, permeabilized, and stained 

for an invadopodia marker (e.g. F-actin, TKS5).  Invadopodia were counted as spots of gelatin 

degradation overlayed by F-actin punctae as visualized by epifluorescent microscopy.  Fifty cells 

per coverslip per treatment were scored for their ability to form invadopodia.   

2.6 Invadopodia size analysis 

 Invadopodia size analysis was performed using cells in the “Invadopodia Formation 

Assay.”  Images of cells were obtained by epifluorescent microscopy, and invadopodia were 

characterized as F-actin punctae overlaying spots of gelatin degradation.  The pixel area of each 

invadopodia was measured using the Freehand selection tool in ImageJ, and the number of pixels 

was converted to area in mM.  One invadopodia was measured per cell, and ten invadopodia per 

coverslip per treatment were measured.   

2.7 Local gelatin degradation assay 

Gelatin degradation assays were performed as described previously (Hoover et al., 2005).  

Coverslips were prepared as described under “Invadopodia Formation Assay.”  Cells were seeded 

at 30% confluency and incubated for 16 h or 24 h, as indicated.  Cells were fixed, permeabilized, 

and stained for visualization.  Gelatin degradation was quantified by measuring the area of 

degradation and scoring it as a percent of total cell footprint.  Alternatively, gelatin degradation 

was scored as described previously (Kean et al., 2009). 
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2.8 Confocal immunofluorescence microscopy 

Cells were serum-starved overnight and plated onto coverslips for 4 h or onto 0.2% gelatin-

coated coverslips (as described under “Invadopodia Formation Assay”).  Cells were fixed in 4% 

paraformaldehyde/PBS and then washed in 150 mM glycine/PBS.  Cells were permeabilized in 

0.1% Triton X-100/PBS and blocked in 5% (w/v) BSA/PBS prior to antibody staining.  Samples 

were imaged using a 63X (NA 1.4) lens on a Leica TCS SP2 system (Leica, Heidelberg, Germany).  

Images were captured using Leica confocal software.  Image processing and analysis was 

completed using ImageJ software (National Institutes of Health, Bethesda, MD).   Alexa Fluor 

594-labeled gelatin images were converted from red to white using ImageJ to improve the contrast 

of areas of degradation. 

2.9 Cell surface biotinylation  

Cells that had been serum-starved overnight were plated onto 0.2% gelatin with 

simultaneous antibody treatment and incubated for the time period specified.  Cells were then 

washed with ice-cold PBS (pH 7.4) once and incubated with 0.5 mg mL-1 Sulfo-NHS-SS-Biotin 

(APExBIO) in 10 mM boric acid and 150 mM NaCl (pH 8.0) for 45 min at 4°C, turning once 

halfway through the incubation.  The cells were then washed with 15 mM glycine/PBS to quench 

unreacted biotin and lysed using 1% Nonidet P-40, 10% glycerol, 0.5% sodium deoxycholate, 137 

mM NaCl, 20 mM Tris-HCl (pH 8.0), 10 mM NaF, 10 mM Na2P4O7, 0.2 mM Na3VO4, and protease 

inhibitor mixture.  Lysate was incubated overnight with streptavidin-agarose beads (Novex, 

Thermo Fisher Scientific) at 4°C.  Lysate was removed and beads were washed three times with 
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cold lysis buffer.  Proteins bound to the beads were eluted by boiling at 100°C in 2.5x Laemmli 

loading buffer.    

2.10 Biotin internalization assay 

Cells were plated and surface labeled with biotin as described in “Cell Surface 

Biotinylation.”  Following incubation, cells were washed with 15 mM glycine/PBS 2x and ice-

cold PBS 1x.  Cells were then incubated in serum-free DMEM and simultaneous antibody 

treatment for 2 h at 37°C to allow for internalization of surface proteins.  Cells were then washed 

with PBS and remaining surface biotin was cleaved by incubating cells for 25 min in an ice-cold 

solution containing 150 mM 2-mercaptoethanesulfonate (MeSNa)/PBS (pH 8.2).  Cells were 

washed 3x with PBS and lysed as described above (Fig. 2.1).   

2.11 Immunoprecipitation 

Antibodies were coupled to protein G Dynabeads (Invitrogen) according to manufacturer’s 

instructions.  Cells were lysed in situ with cold lysis buffer (described in “Cell Surface 

Biotinylation”).  Lysate was incubated with antibody-bound Dynabeads overnight at 4°C,  then 

washed 3x with ice-cold PBS.  Proteins bound to the beads were eluted with 2.5x Laemmli loading 

buffer heated to 95°C.  Immunoprecipitates were separated using SDS-PAGE and analyzed by 

Western blot. 
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2.12 MT1-MMP and β1 integrin trafficking 

 Protein trafficking assays were performed as described previously (Williams and 

Coppolino, 2011).  MDA-MB-231 cells expressing Rab5-GFP or Rab7-GFP were serum-starved 

overnight and plated onto gelatin-coated glass coverslips for 2 h to induce delivery of MT1-MMP 

b1 integrin to the cell surface.  Cells were washed with ice-cold PBS and incubated with 1% 

BSA/PBS for 20 min at 4°C on ice to prevent internalization of surface proteins.  Anti-MT1-MMP 

(8 µg mL-1) and anti-b1 integrin (5 µg mL-1) antibodies were added to the cells for 1 h.  Cells were 

then rinsed with 0.2 M glycine/HCl (pH 5.0) followed by successive rinses with PBS to remove 

any unbound antibody.  Cells were slowly warmed to 37°C in serum-free medium with or without 

antibody treatment for 40 min to induce internalization, then fixed and permeabilized.  Samples 

were incubated with fluorescently labeled secondary antibodies in 1% BSA/PBS for 1 h and 

visualized by confocal microscopy.  Colocalization analyses of MT1-MMP or b1 integrin with 

Rab5-GFP or Rab7-GFP were performed using the Coloc2 ImageJ plugin. 

2.13 Gelatin zymography 

Overnight serum-starved cells were plated onto 0.2% gelatin in serum-free media with 

simultaneous antibody treatment for 16 h.  Conditioned media was collected and centrifuged to 

eliminate dead cells.  Samples were prepared by adding 5x Laemmli buffer to 10 µg samples.  

Samples were run through a 7.5% acrylamide gel containing gelatin at 100 V to allow for band 

separation.  The gel was then incubated in a wash buffer containing 2.5% Triton X-100, 50 mM 

Tris-HCl, 5 mM CaCl2, and 1 µM ZnCl2 (pH 7.5) at room temperature 2x for 30 min at 75 rpm.  
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The gel was then rinsed in an incubation buffer (similar to wash buffer listed above, with the 

exception that the final concentration of Triton X-100 is 1%) for 10 min at 75 rpm at room 

temperature.  The gel was then incubated in fresh incubation buffer for 48 h at 37°C.  The gel was 

stained with Coomassie Blue for 1 h at room temperature with agitation.  The gel was then 

incubated with a destaining solution of 40% methanol and 10% acetic acid until bands could be 

visualized.  Densitometric analysis of band intensity was performed using ImageJ software and 

reported as a percent of the control condition.      

2.14 On-bead digestion for LC-MS/MS analysis 

 Cells were lysed as described in “Cell Surface Biotinylation” and 1 mg of lysate was 

incubated with protein G Dynabeads (Invitrogen) coupled with an anti-MT1-MMP antibody for 2 

h at 4°C.  The beads were washed 2x with cold lysis buffer and samples were reduced with 10 mM 

DTT, alkylated with 55 mM IAA, followed by enzymatic digestion overnight at room temperature. 

Samples were then were loaded onto Stop And Go Extraction (STAGE) tips (consisting of three 

layers of C18) to desalt and purify.   

2.15 LC-MS/MS 

Samples were eluted from STAGE-tips with 50 ml buffer B (80% acetonitrile [ACN] and 

0.5% acetic acid), dried, and resuspended in 12 ml buffer A (0.1% TFA).  Nanoflow liquid 

chromatography on an Ultimate 3000 LC system (ThermoFisher Scientific) through a 

nanoelectrospray flex-iron source (ThermoFisher Scientific) was used to analyze 6 ml fractions 

from each sample.  Samples were loaded onto a 5 mm m-precolumn (ThermoFisher Scientific) 
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with 300 mm inner diameter filled with 5 mm C18 PepMap100 beads.  A 15 cm column with 75 

mm inner diameter with 2 mm reverse-phase silica beads was used to separate peptides, and were 

electrosprayed directly into the mass spectrometer using a 4%-30% ACN linear gradient in 0.1% 

formic acid at a constant flow of 300 nl/min for 45 min.  A washout with up to 95% ACN was then 

used to clean the column followed by an equilibrium stage.  The Fusion Lumos was operated in 

data-dependent mode, switching automatically between one fill scan and subsequent MS/MS scans 

of the most abundant peaks with a cycle time of 3 s.  The Orbitrap analyzer acquired full scan 

MS1s with a resolution of 120,000 and a scan range of 400-1600 m/z.  Maximum injection time 

was set to 50 ms with an automatic gain control of 4e5.  The fragment ion scan was done in the 

Orbitrap using a Quadrupole isolation window of 1.6 m/z and HCD fragmentation energy of 30 

eV.  Orbitrap resolution was set to 30,000 with a maximum ion injection time of 50 ms and an 

automatic gain control target set to 5e4.   

2.16 Raw data processing for LC-MS/MS 

Raw files were analyzed together using MaxQuant software (version 1.6.0.26).  The derived 

peak list was searched with the build-in Andromeda search engine against the reference homo 

sapiens proteome (July 2019; 74,811 sequences) from Uniprot (http://www.uniprot.org).  The 

parameters were as follows: strict trypsin specificity, allowing up to two missed cleavages, 

minimum peptide length was seven amino acids.  A minimum of two peptides required for protein 

identification and peptide spectral matches and protein identifications were filtered using a target-

decoy approach at a false discovery rate (FDR) of 5%.  ‘Match between runs’ was enabled with a 

match time window of 0.7 min and an alignment time window of 20 min.  Relative, label-free 
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quantification (LFQ) of proteins used the MaxLFQ algorithm integrated into MaxQuant using a 

minimum ratio count of one.   

2.17 Bioinformatics 

Perseus (version 1.6.2.2) was used to further analyze the MaxQuant-processed data.  Hits to 

the reverse database, contaminants, and proteins only identified with modified peptides were 

eliminated.  LFQ intensities were converted to a log scale (log2), and only those proteins present 

in triplicate within at least one sample set were used for further statistical processing (valid-value 

filter of 3 in at least one group).  Missing values were inputted from a normal distribution 

(downshift of 1.8 S.D. and a width of 0.3 S.D.).  A Student’s t-test identified proteins with 

significant changes in abundance (p-value ≤ 0.05) with multiple hypothesis testing correction using 

the Benjamini-Hochberg FDR cutoff at 0.05.  A principal component analysis (PCA) was 

performed, as well as a Pearson correlation with hierarchical clustering by Euclidean distance to 

determine replicate reproducibility, and a Student’s t-test for 1D annotation enrichment (FDR = 

0.05) allowed for visualization of enrichment by gene ontology and keywords within the RStudio 

platform (http://www.R-project.org/).  The STRING: functional protein association networks 

provided visualization of protein networks (https://string-db.org).   

2.18 Statistical analysis 

The percent of controls for three independent experimental replicates is shown with error 

bars representing the standard deviation.  The mean is represented by the horizonal bar in all 

graphs.  Analysis of Western blot densitometry was performed using ImageJ software (National 
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Institutes of Health, Bethesda, MD).  Images were scanned and the picture mode was changed to 

“grayscale.”  The region of interest was defined using the rectangle tool, and a rectangle was drawn 

to the minimum area that contained the entire band in the row.  The measure tool was used to 

record pixel density in the region of interest, and this process was repeated using the same rectangle 

size for all conditions.  For all experiments each treatment group was compared to the control 

treatment by Student’s t test, with a statistical significance threshold of p = 0.05.  Treatments that 

differed significantly from the control (p < 0.05) are indicated by an asterisk in the figures.  

Statistical analysis for all data was completed using Microsoft Excel.  Graphs were prepared using 

GraphPad Prism 8.3 (GraphPad Software, La Jolla, CA).   
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Figure 2.1 – Representation of the Biotin Internalization Assay. 1, Cells were plated onto 
gelatin-coated cell culture plates to allow for cell surface delivery of proteins. 2, Proteins at the 
cell surface were labeled with a membrane-impermeable biotinylating reagent (sulfo-NHS-SS-
biotin). At this point cells could either be treated with the membrane-impermeable reducing agent, 
MeSNa, to remove cell surface biotin (MeSNa control, 3A) or incubated at 37°C to allow for 
internalization of surface proteins (3B). 3A, Immediately following biotin labeling cells are treated 
with MeSNa at 4°C to cleave biotin from proteins, effectively removing all biotin labeling from 
the sample. 3B, In the experimental conditions, cells are incubated at 37°C to allow for 
internalization of the biotin-labeled surface proteins to occur. 4, Cells are treated with MeSNa at 
4°C to remove any biotin remaining at the cell surface. Cells can then be lysed, 
immunoprecipitated with streptavidin-agarose beads, and analyzed by Western blot to measure 
internalization.  Adapted from Fig. 7 of O’Reilly et al. (2011). 
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3 β1 integrin is a Key Regulator of Invadopodium Formation and 
Facilitates the Phosphorylation and Trafficking of Membrane-
type 1-Matrix Metalloproteinase (MT1-MMP) 

Portions of this chapter are published in: 

Grafinger OR, Gorshtein G, Stirling T, Brasher MI, and Coppolino MG. Journal of Cell Science 
133 (2020). https://doi.org/10.1242/jcs.239152 

3.1 Summary 

The process of metastasis is dependent on the ability of cells to invade the surrounding 

extracellular matrix (ECM).  In some malignant cell types navigation through the ECM is 

facilitated by membrane protrusions known as invadopodia, which are F-actin-rich structures that 

are formed at the ventral cell surface.  These projections are enriched with numerous signaling 

molecules, cytoskeletal elements, as well as proteolytic enzymes from the matrix 

metalloproteinase (MMP) family.  MMPs are able to digest a variety of ECM molecules including 

collagen, laminin, and fibronectin in order to form a path through the matrix for the cell to move 

through during invasion.  Directional motility through these paths is dependent on MMP-mediated 

ECM degradation and ECM adhesion facilitated by integrin receptors which transform actomyosin 

contractility within the cell into forward movement.   

One of the most well characterized of all MMPs is membrane type-1 matrix 

metalloproteinase (MT1-MMP) which carries out its proteolytic functions while anchored to the 

cell surface via its transmembrane domain.  Recent findings suggest that in order for a cell to 

maintain its invasive phenotype MT1-MMP must be internalized and recycling to sites of new 

invadopodia formation at the leading edge of migration.  Phosphorylation of the enzyme’s 
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cytoplasmic domain was found to be necessary for internalization to occur; however, the signaling 

mechanisms regulating this process remain unknown.  

Antibody-mediated activation of β1 integrin with P4G11 increased cellular invasiveness 

through the formation of invadopodia, consistent with the findings that integrin signaling plays an 

important role in invadopodia formation and maintenance.  Furthermore, MT1-MMP association 

with invadopodial cytoskeletal elements was found to increase when β1 integrin was activated.  

Cell surface levels of β1 integrin and MT1-MMP (as well as MMP2 and MMP9) were found to be 

heightened in β1-integrin-activated cells.  Under these conditions MT1-MMP was found to be 

phosphorylated, coinciding with increased enzyme internalization and intracellular trafficking.  

The endosomal trafficking of the enzyme was found to be through a Rab5-Rab7 pathway and was 

observed to be partly coupled with β1 integrin trafficking.  Collectively these results identify that 

MT1-MMP regulation is dependent on β1 integrin activation, which plays a role in the 

establishment and maintenance of invadopodia and cellular invasiveness. 

3.2 Results 

3.2.1 Activation of β1 Integrin Induces FAK Phosphorylation and Stimulates Cell 
Invasion 

It has previously been shown that b1 integrin-mediated signaling plays an important role 

in many aspects of metastasis (Guo and Giancotti, 2004; Aoudjit and Vuori, 2012; Ganguly et al., 

2013).  Here, we examined the role of integrin receptors during cell invasion.  MDA-MB-231 cells 

were subjected to Matrigel invasion assays, using standard Boyden chambers, after treatment with 

antibodies to stimulate (P4G11) or inhibit (AIIB2) b1 integrin.  The effects of antibody treatment 

on b1 integrin signaling were first confirmed by analysis of FAK phosphorylation (Mitra and 
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Schlaepfer, 2006).  Treatment with the b1-integrin-activating antibody increased FAK Y397 

phosphorylation by 89.6 ± 16.7% relative to the control (Fig. 3.1A,B).  Cell invasion was increased 

87.5 ± 17.3% after treatment with the b1-integrin-activating antibody, whereas treatment with the 

b1-integrin-inhibiting antibody decreased cellular invasion by 45.5 ± 6.2%, compared to control 

(Fig. 3.1C).  It is important to consider that the observed decrease in cell invasion associated with 

b1-integrin-inactivating antibody treatment may partly result from cells adhering more slowly to 

the Matrigel substrate.  Staining of cells with an anti-active-b1 integrin antibody which binds to 

epitopes accessible exclusively in the extended conformation of the receptor, revealed partial 

overlap of active b1 integrin with areas of gelatin degradation in cells treated with the b1-integrin-

activating antibody (Fig. 3.2). 
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Figure 3.1 – Activation of b1 Integrin Induces Phosphorylation of FAK and Stimulates Cell 
Invasion. A, Analysis of FAK phosphorylation in whole cell lysates by Western blot.  Cells were 
plated onto gelatin and treated with AIIB2 and P4G11 for 2 h.  Western blots show amount of 
FAK-397 phosphorylation and GAPDH as loading control.  Blots were then stripped and reprobed 
for FAK.  B, Densitometric analysis of pFAK from blots as shown in A, relative to the control. C, 
Quantification of cell invasion using Matrigel-coated transwell chambers.  Serum-starved MDA-
MB-231 cells were seeded onto wells, treated with AIIB2 or P4G11 antibody, and allowed to 
invade toward chemoattractant for 20 h.  Percentages of cells are shown from three independent 
experiments in which 10 fields of view were counted per treatment, and data are presented as 
percent of control ± S.D.  Asterisks denote values significantly different from control (*, p < 0.05).  
All data represent three or more biological replicates with at least three technical replicates. 
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Figure 3.2 – Cells Treated with P4G11 Display Colocalization of Active b1 Integrin and 
Areas of Gelatin Degradation.  MDA-MB-231 cells were serum-starved for 24 hours, then plated 
onto fluorescent gelatin-coated coverslips for 4 hours with simultaneous antibody treatment.  Cells 
were then fixed, permeabilized, and stained for active b1 integrin. Cells were analyzed by confocal 
microscopy. A representative section from the ventral region of a cell is shown.  Insets show 
magnification of the boxed areas.  White arrows indicate areas of colocalization. All data represent 
three or more biological replicates with at least three technical replicates. Scale bars, 10 μm. 
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3.2.2 Invadopodium Formation and Gelatin Degradation are Increased Upon β1 Integrin 
Activation 

We hypothesized that the increased level of cellular invasion observed upon b1 integrin 

activation may be due to an increase in invadopodium formation.  We first assessed the formation 

of invadopodia precursors by analyzing the subcellular distribution of proteins involved in the 

initiation step of invadopodia formation.  Visualization of cortactin and TKS5 by 

immunofluorescent microscopy revealed that activation of b1 integrin markedly increased the 

number of invadopodia precursors in cells (Fig. 3.3A,B) (Branch et al., 2012).  A similar 

colocalization pattern was observed in cells stained for cortactin and vinculin (Fig. 3.3C).  Using 

a fluorescent gelatin-based invadopodium formation assay (Williams et al., 2014), it was observed 

that treatment with b1-integrin-activating antibody increased the number of cells forming 

invadopodia by 97.4 ± 16.0% relative to the control (Fig. 3.4A,B).  Incubation of cells on 

fluorescent gelatin for a longer time period revealed that b1-integrin activation caused an increase 

in local ECM degradation compared to the control (Fig. 3.4C,D) [Note that invadopodia are 

frequently disassembled/turned over, and therefore areas of gelatin degradation do not always align 

with F-actin punctae in captured images (Murphy and Courtneidge, 2011)].  Similar effects on 

invadopodium formation and ECM degradation were observed in HT-1080 fibrosarcoma cells 

treated with b1-integrin-activating antibody (data not shown).  Upon analyzing the abundance of 

the invadopodial proteins TKS5 and F-actin by Western blot, we observed no significant difference 

in expression levels between treatments (data not shown).   

 



 

 

52 

 

 

 
 
 
 



 

 

53 

 

Figure 3.3 – Cells Treated with P4G11 Display Colocalization of Invadopodia Precursor 
Markers. Cells were serum-starved for 24 hours, then seeded onto coverslips for 2 hours with 
antibody treatment, then fixed, permeabilized, and stained for (A) cortactin and TKS5, or (B) 
cortactin and vinculin. Cells were analyzed by confocal microscopy. A representative section from 
the ventral region of a cell is shown.  White arrows indicate invadopodia precursors as defined by 
overlay of stained proteins. C, Quantification of invadopodia precursor formation using 
immunofluorescence microscopy.  Serum-starved MDA-MB-231 cells were seeded onto gelatin-
coated coverslips and incubated with P4G11 for 2 h.  Colocalization of TKS5 and cortactin puncta 
were counted as an invadopodia precursors, and the number of precursors were counted per cell.  
All data represent three or more biological replicates with at least three technical replicates. Scale 
bars, 10 μm. 
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Figure 3.4 - Invadopodium Formation and Gelatin Degradation are Increased When b1 
Integrin is Activated.  (A,B) Cells were serum-starved, treated with P4G11, and plated on 
fluorescently labelled gelatin-coated coverslips for 4 h (A) or 24 h (B).  Cells were then fixed, 
permeabilized, and stained for F-actin, and analyzed by confocal microscopy. Scale bars = 10 µm. 
C, Quantification of invadopodium formation shown in A. D, Quantification of gelatin degradation 
shown in B. In C, percentages of cells are shown from experiments in which 50 cells/sample were 
analyzed and normalized to the control condition.  In D, areas of degradation were scored for 10 
cells per coverslip per treatment.  All data represent three or more biological replicates with at 
least three technical replicates.  Asterisks denote values significantly different from control (*, p 
< 0.05).   
 

 
 
 
 



 

 

55 

 

3.2.3 Activation of β1 Integrin Stimulates MT1-MMP Association with Invadopodial 
Proteins 

It is widely recognized that MT1-MMP is largely responsible for the degradative activity 

at invadopodia (Poincloux et al., 2009; Murphy and Courtneidge, 2011).  We hypothesized that 

the highly invasive phenotype and high degree of invadopodia formation observed in cells treated 

with the b1-integrin-activating antibody may result in increased MT1-MMP association with 

invadopodial proteins.  It has been established that MT1-MMP targeting to invadopodia and 

exocytosis are highly linked to cytoskeletal organization (Poincloux et al., 2009), and therefore we 

predicted such elements to be associated with MT1-MMP in b1-integrin-activated cells.  Using 

immunoprecipitation coupled with mass spectrometry (IP-MS) we analyzed proteins that 

associated with MT1-MMP during invadopodium formation.  Through this method we identified 

an elevation in protein-protein interactions between MT1-MMP and various structural and 

scaffolding proteins known to localize at invadopodia in cells treated with the b1-integrin-

activating antibody compared to the control condition (Fig. 3.5A-D).  Key proteins that play a role 

in invadopodial biology which were identified to associate with MT1-MMP under this condition 

include: vimentin (VIM), keratin 18 (KRT18) plectin (PLEC), and myosin heavy chain 9 (MYH9).  

These results are consistent with the finding that signals downstream of active b1 integrin induce 

invadopodia formation and cell invasion, and corresponds with an increase in MT1-MMP 

association with invadopodial cytoskeletal elements.  
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Figure 3.5 – Profiling the Effect of b1 Integrin Activation of MT1-MMP Molecular 
Associations During Invadopodia Formation. A, Principal component analysis; clustering based 
on treatment (component 1) and biological reproducibility (component 2).  B, Volcano plot 
depicting all proteins identified in b1 integrin activated or control conditions, highlighting proteins 
with a significant increase in abundance during b1 integrin activated (blue) conditions.  C, Pie 
chart illustrating molecular functions of associated proteins.  D, STRING network analysis of 
significantly different proteins with an increase in abundance during b1 integrin activated vs. 
control conditions. Protein clusters highlighted.  All data represent three or more biological 
replicates with at least three technical replicates.  For volcano plots: Student’s t-test, p-value < 
0.05; FDR = 0.05, S0 = 1.   
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3.2.4 Activation of β1 Integrin Increases Expression of β1 Integrin and MT1-MMP at the 
Cell Surface, and Secretion of MMPs 

Previous studies have shown that b1 integrin signaling can influence trafficking of 

invadopodia components (Williams and Coppolino, 2014).  We examined the distribution of b1 

integrin and MT1-MMP, a key proteolytic enzyme localized to invadopodia during tumour cell 

invasion, in response to b1 integrin activation.  A cell surface protein biotinylation assay was 

performed, and surface expression of b1 integrin and MT1-MMP were found to be increased by 

19.3 ± 6.8% and 30.4 ± 3.3%, respectively, in b1-integrin-activated cells compared to control (Fig. 

3.6A,B).  Similar changes in surface MT1-MMP expression in response to b1 integrin activation 

were also observed in HT-1080 cells (data not shown).  In agreement with our biotinylation data, 

examination of b1-integrin-activated cells by epifluorescent microscopy revealed visibly increased 

cell surface levels of MT1-MMP and b1 integrin co-localized at discrete punctae (Fig. 3.6C).  

Additionally, we observed increased levels of secreted MMP2, MMP9, and proMMP9 in these 

cells using gelatin zymography (Fig. 3.6D).  Thus, the increased level of invadopodium formation 

observed in b1-integrin-activated cells correlates with higher levels of cell surface MT1-MMP and 

of secreted MMPs required for ECM degradation.   
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Figure 3.6 – b1 Integrin Activation Increases Cell Surface Levels of Integrin and MT1-MMP.  
A, Streptavidin pull-downs of biotinylated proteins from surface-labelled MDA-MB-231 cells 
plated on gelatin, with or without treatment of P4G11 for 2 h.  Western blots show amounts of b1 
integrin and MT1-MMP captured, and GAPDH as loading control for inputs.  Control cells were 
treated with a non-specific supernatant antibody, untreated control cells were not exposed to 
antibody, and buffer control cells were exposed to buffer without biotin.  B, Densitometric analysis 
of the amount of cell surface b1 integrin and MT1-MMP as shown in A, relative to the control 
condition.  Data are presented as percent of control ± S.D. Asterisks denote values significantly 
different from the control condition (*, p < 0.05).  C, Serum-starved cells were plated onto gelatin-
coated coverslips for 2 hours with or without P4G11 treatment, then were fixed and stained using 
antibodies to MT1-MMP and b1 integrin.  Cells were visualized by epifluorescent microscopy, 
and representative images are shown.  Insets show magnification of the boxed areas.  Scale bars = 
10 µm.  D, Gelatin zymographs showing MMP2, MMP9, and proMMP9 activity in serum-starved 
MDA-MB-231 cells treated with P4G11 and plated onto gelatin for 16 h.  All data represent 3 or 
more biological replicates with at least three technical replicates. 
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3.2.5 Phosphorylation of MT1-MMP is Induced When β1 Integrin is Activated, 
Upregulating Intracellular Trafficking 

During the process of cell invasion, invadopodia are disassembled and reformed at the 

leading edge of the cell, and in cells plated on a 2D substrate this is typically observed at the ventral 

surface, often under the nucleus (Murphy and Courtneidge, 2011).  The dynamic nature of 

invadopodium formation requires that cells recycle MT1-MMP, and it has been determined that 

the phosphorylation of MT1-MMP is crucial for regulating its intracellular recycling (Lehti et al., 

2000; Williams and Coppolino, 2011).  We hypothesized that b1 integrin activation may influence 

MT1-MMP phosphorylation and its internalization from the cell surface.  Western blots with 

phospho-Ser/Thr specific antibodies revealed that activation of b1 integrin resulted in increased 

phosphorylation of MT1-MMP after 2 h (Fig. 3.7A), as well as at 40 min and 4 h time points (data 

not shown).  MT1-MMP immunoprecipitates were also probed for phospho-Tyr and a similar 

effect on MT1-MMP phosphorylation was observed (Fig. 3.7A).  Additionally, a reverse 

immunoprecipitation of phospho-Ser/Thr from cell lysates revealed an increase in eluted MT1-

MMP following b1 integrin activation (Fig. 3.7C).  Similar changes in MT1-MMP 

phosphorylation in response to activation of b1 integrin were observed in cells plated on 

fibronectin and collagen substrates, as well as in HT-1080 cells plated on gelatin (Fig. 3.7D).  [Note 

that three forms of MT1-MMP exist (pro-form, active form, and cleaved form), which are 

recognized by the antibody and enriched in immunoprecipitates, appearing as three distinct bands 

when blots are stripped and re-probed for MT1-MMP (Bernardo and Fridman, 2003)].  Consistent 

with previously reported findings that ERK1/2 is phosphorylated downstream of active MT1-

MMP (Gingras et al., 2001; Cepeda et al., 2017), this activation was also observed in b1-integrin-

activated cells (Fig. 3.7E).  



 

 

60 

 

 To assess internalization of MT1-MMP, a modified cell surface biotinylation assay was 

performed, as described previously (Remacle et al., 2003), utilizing the membrane-impermeable 

reducing agent sodium 2-mercaptoethanesulfonate (MeSNa) (Fig. 3.8A,B).  In this protocol, 

detection of internalized proteins is achieved through the external application of biotin to label 

proteins on the cell surface; incubation of cells, followed by cleavage of surface biotin label with 

MeSNa allows detection of only biotin-labelled proteins that had been internalized.  Treatment 

with b1-integrin-activating antibody for 2 h resulted in the internalization of 56.2 ± 2.6% of b1 

integrin and 62.1 ± 22.9% of MT1-MMP from the cell surface, significantly more than both the 

control and b1-integrin-inhibited cells (Fig. 3.8C).  Examination of MT1-MMP and b1 integrin 

intracellular trafficking by confocal microscopy yielded results consistent with these biochemical 

data, revealing a visible increase in MT1-MMP and b1 integrin association with the early 

endosome marker, Rab5 (Fig. 3.9A).  Quantification of protein colocalization was done using data 

taken from images of multiple cells from multiple replicates, and it was observed that in b1-

integrin-activated cells MT1-MMP and b1 integrin colocalized with Rab5 at 40 min (Pearson’s 

correlations of 0.78 ± 0.13 and 0.48 ± 0.15, respectively) (Fig. 3.9B).  It was also observed that 

MT1-MMP and b1 integrin colocalized with Rab7, a late endosome marker, at 2 h with Pearson’s 

correlations of 0.52 ± 0.17 and 0.41 ± 0.11, respectively (Fig. 3.9A [bottom row]).  These results 

suggest that activation of b1 integrin promotes the phosphorylation of MT1-MMP and its 

internalization from the cell surface, where it is trafficked through early endosomes marked by 

Rab5 and late endosomes marked by Rab7.   

 



 

 

61 

 

 

 

 

 

 

 



 

 

62 

 

Figure 3.7 – Activation of β1 Integrin Induces Phosphorylation of MT1-MMP. 
Immunoprecipitation of MT1-MMP from (A) MDA-MB-231 cells and (B) HT-1080 cells.  Cells 
were plated onto gelatin-coated cell culture plates for 2 h, with or without treatment of P4G11, and 
immunoprecipitates of MT1-MMP were analyzed by Western blot for phospho-Ser/Thr and 
phospho-Tyr.  Blots were stripped and re-probed for MT1-MMP. C, Immunoprecipitation of 
Phospho-Ser/Thr from MDA-MB-231 cells.  Cells were plated onto gelatin-coated cell culture 
plates for 2 h, with or without treatment of P4G11, and immunoprecipitates of phospho-Ser/Thr 
were analyzed by Western blot for MT1-MMP. D, Cell culture plates were coated with either 
fibronectin (5 µg cm-2) or collagen type I (10 µg cm-2), and serum-starved cells were plated for 2 
h with or without treatment of P4G11.  Immunoprecipitates of MT1-MMP were analyzed by 
Western blot for phospho-Ser/Thr. Arrow indicates immunoprecipitated MT1-MMP. Control cells 
were treated with a non-specific supernatant antibody, untreated control cells were not exposed to 
antibody.  b+L, beads plus lysate; b+a, beads plus antibody. E, Serum-starved cells were plated 
onto gelatin-coated cell culture plates for 2 h, with or without treatment with integrin antibodies, 
and whole cell lysate was analyzed for pERK1/2 by Western blot. Blots were then stripped and re-
probed for ERK1/2. ERK1/2 phosphorylation was quantified and presented as percent of control 
± S.D. GAPDH served as loading control in A-D.  Asterisks denote values significantly different 
from the control condition (*, p < 0.05).  All data represent three or more biological replicates with 
at least three technical replicates.   
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Figure 3.8 – Activation of b1 Integrin Induces Internalization of MT1-MMP.  A-B, MT1-
MMP is internalized when b1 integrin signaling is activated. Serum-starved MDA-MB-231 cells 
were plated on gelatin for 2 h and surface labeled with biotin.  Biotinylated cells were then 
incubated at 37°C to allow internalization of labeled proteins, with or without antibody treatment.  
Following incubation cells were treated with MeSNa to remove any biotin-labeled proteins 
remaining at the cell surface, and internalized biotinylated proteins were pulled out of the lysate 
using streptavidin-coated beads.  Western blots show amounts of internalized b1 integrin and 
MT1-MMP captured, and GAPDH as loading control for inputs.  4°C control cells were treated 
with both biotin and borate buffer, buffer control cells were exposed to buffer only, MeSNa control 
cells were treated with MESNA immediately following surface labeling, control cells were treated 
with a non-specific supernatant antibody.  C, Quantification of internalized b1 integrin and MT1-
MMP as shown in C, relative to the 4°C control condition.  Data are presented as percent of 4°C 
control ± S.D. Asterisks denote values significantly different from the 4°C control condition (*, p 
< 0.05). Data represent three or more biological replicates with at least three technical replicates.   
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Figure 3.9 – Activation of b1 Integrin Induces Intracellular Trafficking of MT1-MMP 
through a Rab5 and Rab7 Endosomal Pathway. A, MDA-MB-231 cells expressing Rab5-GFP 
or Rab7-GFP were serum-starved overnight and plated onto gelatin for 2 h.  Cell surface MT1-
MMP and b1 integrin were labeled using antibodies at 4°C, followed by incubation at 37°C for 40 
min (Rab5) or 2 h (Rab7) to allow internalization.  Cells were fixed, permeabilized, and stained, 
and protein localization following internalization was analyzed by confocal microscopy.  Insets 
show magnification of the boxed areas.  White arrows in zoomed region indicate overlay of 
proteins.  B, Colocalization of MT1-MMP or b1 integrin with Rab5-GFP was quantified as a 
Pearson’s Correlation Coefficient and represented graphically (n=10 cells per treatment).  
Asterisks denote values significantly different from the control condition (*, p < 0.05).  Data 
represent three or more biological replicates with at least three technical replicates.  Scale bars, 10 
μm. 
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3.3 Discussion 

Studies of tumour cell invasion have identified the important role that MT1-MMP plays in 

proteolytic digestion of the ECM and metastatic progression (Moss et al., 2009b).  It has been 

established that endocytosis and recycling of the enzyme to sites of invadopodium formation are 

necessary for a cell to maintain invasiveness (Moss et al., 2009b; Williams and Coppolino, 2011).  

Truncation of the MT1-MMP’s cytoplasmic domain has been shown to lead to its enrichment on 

the plasma membrane, indicating a role for this domain in the regulation of the enzyme’s 

internalization and trafficking (Lehti et al., 2000; Uekita et al., 2001).  Results reported here 

suggest that b1 integrin-mediated signaling plays a role in the control of MT1-MMP cell surface 

expression, and accordingly, the invasive capacity of tumour cells.   

Using modified Boyden chamber and gelatin degradation assays, we observed that 

activation of b1 integrin with antibody P4G11 increases cellular invasion and invadopodium 

formation.  MT1-MMP is reported to be enriched in the invadopodia of numerous invasive cancer 

cell types (Weaver, 2006; Poincloux et al., 2009; Frittoli et al., 2011; Beaty and Condeelis, 2014; 

Williams and Coppolino, 2014), and we therefore hypothesized that the observed differences in 

cellular invasiveness may result, in part, from increased surface expression of MT1-MMP in b1-

integrin-activated cells.  We found that activation of b1 integrin led to increased cell surface 

expression of MT1-MMP, as well as enhanced secretion of the soluble enzymes MMP2, MMP9, 

and proMMP9.  These effects are consistent with the observed increases in gelatin degradation and 

cell invasion that resulted from b1 integrin activation.  MT1-MMP is known to be a potent 

activator of MMP2 and MMP9 through cleavage of their pro-domains, and this action contributes 
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to increased proteolytic activity at the cell surface during cell invasion (Deryugina et al., 2001; 

Toth et al., 2003).  

We utilized immunoprecipitation coupled with mass spectrometry (IP-MS) to investigate 

possible molecular interactions occurring with MT1-MMP during invadopodium formation.  We 

found that the activation of b1 integrin stimulates protein-protein interactions between the enzyme 

and several structural and scaffolding proteins.  Interactions found through IP-MS include 

vimentin, keratin 18 (KRT18), plectin, and myosin heavy chain 9 (MYH9), all of which have been 

found to play key roles in invadopodia biology.  Vimentin and keratin intermediate filaments have 

been found in mature invadopodia, and perturbation of the vimentin network inhibited invadopodia 

elongation (Schoumacher et al., 2010).  A vimentin-plectin-F-actin link was also found to be 

necessary for invadopodia formation, and perturbation of this scaffold reduced ECM degradation 

and cellular invasion (Sutoh Yoneyama et al., 2014).  Finally, non-muscle (class II) myosins, 

including MYH9, are known to contribute to tumour progression and cancer cell invasion through 

the formation and maintenance of lamellipodia (Ouderkirk and Krendel, 2014).  The delivery of 

soluble MMPs (e.g. MMP2 and MMP9) to sites of invadopodia has been found to be dependent 

on cytoskeletal elements (Poincloux et al., 2009), and evidence suggests that MT1-MMP delivery 

may also be regulated in a similar fashion.  Consistent with this theory, a 2012 study found that 

vimentin silencing decreased MT1-MMP membrane translocation (Kwak et al., 2012).  

Accordingly, the findings reported in this chapter suggest that MT1-MMP delivery to invadopodia 

is enhanced downstream of b1 integrin signaling and may be a result of increased enzyme 

association with cytoskeletal elements. 
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Our observations suggest that the activity of b1 integrin supports the development of 

invadopodia by stimulating the recycling MT1-MMP, a key component of invadopodia.  Previous 

work indicates that phosphorylation of MT1-MMP promotes its internalization, and subsequent 

delivery to sites of invadopodium formation (Remacle et al., 2003; Nyalendo et al., 2007; Williams 

and Coppolino, 2011).  Here, we find that activation of b1 integrin by P4G11 antibody treatment 

stimulates phosphorylation of MT1-MMP in both MDA-MB-231 cells and HT-1080 cells.  Future 

studies utilizing non-functional b1 integrin mutant constructs, along with b1 integrin knockout cell 

lines, are planned to further investigate the specificity of b1 integrin signaling on the internalisation 

and phosphorylation of MT1-MMP.  We also observed an increase in extracellular signal-regulated 

kinase (ERK1/2) phosphorylation in b1-integrin-activated cells, consistent with previous findings 

that ERK1/2 phosphorylation is increased downstream of activated MT1-MMP to promote cellular 

migration and invasion (Shin et al., 2010; Williams and Coppolino, 2011).  We also report that 

increased MT1-MMP phosphorylation coincided with increased internalization of the enzyme, 

consistent with previous findings (Nyalendo et al., 2007; Moss et al., 2009b; Williams and 

Coppolino, 2011), as well as trafficking of both MT1-MMP and b1 integrin through early and late 

endosomes.  As increased levels of cell surface MT1-MMP were detected under these conditions, 

it is thus possible that intracellular pools of MT1-MMP are being diverted from degradative 

pathways and trafficked to the cell surface.   

In summary, we have described a putative mechanism by which activation of integrin 

receptors leads to the phosphorylation and subsequent internalization of MT1-MMP during cell 

invasion.  Previous studies have identified the association and functional cooperation between 

integrins and matrix metalloproteinases (Gálvez et al., 2002, 2003), and to these we now add the 
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identification of a role for b1 integrin signaling in regulating MT1-MMP phosphorylation and 

activity.  At this point, the kinase responsible for the phosphorylation of MT1-MMP in this model 

is not known, and future studies are aimed at determining this.   
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4 β1 Integrin Facilitates the Activation of FAK, Src, and EGFR in 
Order to Induce MT1-MMP Thr567 Phosphorylation 

Portions of this chapter are published in: 

Grafinger OR, Gorshtein G, Stirling T, Brasher MI, and Coppolino MG. Journal of Cell Science 
133 (2020). https://doi.org/10.1242/jcs.239152 

4.1 Summary 

Invadopodia formation is dependent upon the establishment of focal adhesions through 

interactions with components of the surrounding extracellular matrix (ECM).  We have previously 

established that the activity of b1 integrin contributes to invadopodia formation and cancer cell 

invasion by mediating the phosphorylation of MT1-MMP.  Here, we aim to elucidate key players 

in the b1 integrin signaling network which results in the phosphorylation of MT1-MMP.  In the 

context of invasive cancer cells, b1 integrin has been shown to activate signaling molecules such 

as focal adhesion kinase (FAK) and Src, as well as RTKs such as the epidermal growth factor 

receptor (EGFR) in actively invading cells.  In addition to investigating the role that these signaling 

molecules play in the b1 integrin-MT1-MMP signaling pathway, we aimed to identify the specific 

residue being post-translationally modified using phospho-mutant constructs of MT1-MMP. 

In the present study we examined the role of b1 integrin signaling in the phosphorylation of 

MT1-MMP and identified key signaling molecules that are part of this cascade.  Using RNA 

interference (RNAi) and chemical inhibitors, we identified that FAK, Src, and the EGFR are 

required for the phosphorylation of MT1-MMP downstream of b1 integrin.  Confocal microscopy 

and immunoprecipitation revealed that b1 integrin, Src, and the EGFR formed a complex in b1-

integrin-activated cells.  Through the expression of a non-phosphorylable T567A-MT1-MMP 
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construct, we identified that the signaling axis downstream of activated b1 integrin resulted in the 

phosphorylation of Thr567 on the cytoplasmic tail of MT1-MMP.  Cell surface levels of T567A-

MT1-MMP were higher than WT-MT1-MMP, consistent with reduced internalization and 

recycling, and this led to decreased invadopodium formation and cellular invasiveness.  Taken 

together, these findings illustrate that b1 integrin promotes the phosphorylation of MT1-MMP-

Thr567 via downstream activation of FAK, Src, and the EGFR to increase cellular invasiveness. 

4.2 Results 

4.2.1 Association of Src, EGFR, and β1 Integrin is Enhanced Downstream of β1 Integrin 
Activation 

It is well documented that b1 integrin associates with Src kinase and EGFR to facilitate 

their activation during tumour cell invasion (Moro et al., 2002; Williams and Coppolino, 2014).  

We hypothesized that antibody-mediated activation of b1 integrin induces association of these 

proteins and analyzed this by co-immunoprecipitation and immunofluorescence microscopy.  

Probing of Src immunoprecipitates by Western blot revealed increased amounts of both b1 integrin 

and EGFR as a result of treatment with b1-integrin-activating antibody (Fig. 4.1A).  Src 

association with b1 integrin was quantified and found to have increased by 51.6 ± 10.6%, and 

association with EGFR by 36.5 ± 12.7%, as a result of antibody treatment (Fig. 4.1B).  

Immunoprecipitation of b1 integrin produced similar observations, with co-immunoprecipitation 

of EGFR and Src being increased over the control condition by 36.2 ± 8.5% and 39.3 ± 13.7%, 

respectively as a result of integrin activation by P4G11 treatment (Fig. 4.1C).  Consistent with the 

co-immunoprecipitation of these proteins, immunofluorescent microscopic examination of Src, b1 

integrin, and EGFR with the invadopodia marker cortactin revealed that these signaling molecules 
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associate at distinct invadopodial punctae when b1 integrin signaling is activated (Fig. 4.2).   
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Figure 4.1 – b1 Integrin Activation Increases the Association of Invadopodial Proteins. 
Serum-starved MDA-MB-231 cells were plated onto gelatin for 2 hours with or without treatment 
with P4G11.  A, Immunoprecipitates of Src kinase were analyzed for association with b1 integrin 
and EGFR by Western blot. Arrow indicates Src recognized by the anti-Src antibody.  GAPDH is 
loading control. Control cells were treated with a non-specific supernatant antibody, untreated 
control cells were not exposed to antibody. b+L, beads plus lysate; b+a, beads plus antibody. B, 
Quantification of amount of co-immunoprecipitated proteins presented in A.  C, 
Immunoprecipitates of b1 integrin were analyzed for association with Src kinase and EGFR by 
Western blot and quantified.  Data are presented as percent of control ± S.D. Asterisks denote 
values significantly different from the control condition (*, p < 0.05).  Data represent 3 or more 
biological replicates with at least three technical replicates. 
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Figure 4.2 – b1 Integrin Activation Increases the Colocalization of Invadopodial Proteins. Serum-
starved MDA-MB-231 cells were plated onto gelatin-coated coverslips for 4 h with or without 
P4G11 treatment then fixed, permeabilized, and stained for either b1 integrin (antibody P4C10) 
and EGFR (top), or b1 integrin and Src (bottom).  Cells were analyzed by confocal microscopy 
and representative sections from the ventral region of cells are shown. Insets show magnification 
of the boxed areas.  White arrows in the zoomed region indicate overlay of all three stained 
proteins.  Scale bars, 10 μm.  
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4.2.2 EGFR is Phosphorylated Downstream of β1 Integrin in a Src Kinase-dependent 
Manner 

Previous findings have shown that integrin-mediated adhesion can activate growth factor 

receptors, independent of growth factor binding (Moro et al., 1998, 2002; Kuwada and Li, 2000; 

Yu et al., 2000).  Here, we tested the effect of b1 integrin activation on the phosphorylation of Src 

kinase and EGFR in MDA-MB-231 cells (Fig. 4.3A,B).  Cells treated with the b1-integrin-

activating antibody had a 25.6 ± 6.2% increase in Src phosphorylation, relative to control (Fig. 

4.3C).  These cells also displayed a 35.5 ± 2.6% increase in tyrosine phosphorylation of EGFR 

(Fig. 4.3D).   

To test if EGFR phosphorylation is downstream of Src, cells were treated with an inhibitor 

of Src family kinases, PP2, in combination with the b1-integrin-activating antibody (Fig. 4.3E).  

Treatment with PP2 significantly decreased tyrosine phosphorylation of EGFR in response to b1 

integrin activation by 24.8 ± 2.2% (Fig. 4.3G).  To verify the involvement of Src in EGFR 

phosphorylation, MDA-MB-231 cells were transfected with Src phospho-mutant constructs, 

exposed to b1-integrin-activating antibody, and phosphorylation of EGFR then was analyzed (Fig. 

4.3F).  Expression of a constitutively active Src mutant (Y529F) increased tyrosine 

phosphorylation of EGFR by 30.9 ± 16.9% over control (Fig. 4.3H).  Expression of dominant-

negative Src (K296R/Y528F) had the opposite effect; EGFR phosphorylation was decreased by 

23.7 ± 15.0% compared to control (Fig. 4.3H).  These results suggest that activation of b1 integrin 

stimulates Src kinase, which can subsequently lead to phosphorylation of EGFR.   
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Figure 4.3 – b1 Integrin Stimulation Induces the Phosphorylation of Src Kinase and 
Subsequent Activation of EGFR.  A-D, Serum-starved cells were plated onto gelatin with or 
without treatment of P4G11 for 2 h and then lysed.  Whole cell lysates were analyzed by Western 
blot for phosphorylation of Src (A) and EGFR (B), and blots were then stripped and re-probed for 
Src and EGFR.   C-D, Densitometric analysis of Src kinase and EGFR phosphorylation as shown 
in A and B.  E-H, Analysis of EGFR tyrosine phosphorylation in whole cell lysates by Western 
blot.  E, Cells were plated onto gelatin and treated with P4G11, PP2, or a combination of both for 
2 h.  Blots were probed for phospho-Ty, and then stripped and re-probed for EGFR.  Control cells 
were treated with a non-specific supernatant antibody.  F, Cells were transiently transfected with 
Src-WT, Src-Y529F, or Src-K296R/Y528F, plated on gelatin, treated with P4G11, and analyzed 
as in E.  Blots were probed for phospho-Tyr and Src kinase, and then stripped and re-probed for 
EGFR.  Control cells were untransfected and treated with P4G11.  G-H, Quantification of 
phospho-Tyr as shown in E and F.  GAPDH served as loading control in A, E, F; F-actin is loading 
control in B.  Data are presented as percent of control ± S.D.  Asterisks denote values significantly 
different from the control condition (*, p < 0.05).  All data represent three or more biological 
replicates with at least three technical replicates.  
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4.2.3 β1 Integrin-stimulated Phosphorylation of MT1-MMP is Dependent on Src, EGFR, 
and FAK Activity 

The observation that b1 integrin signaling correlated with the phosphorylation of FAK, Src 

kinase, EGFR, and MT1-MMP suggested that these molecules may share a common signaling 

cascade culminating in the post-translational modification of MT1-MMP.  To test this, MDA-MB-

231 cells were treated with b1-integrin-activating antibody, in combination with either the Src 

inhibitor PP2 or the EGFR inhibitor AG1478, and phosphorylation of MT1-MMP was analyzed 

by immunoprecipitation-Western blot.  Phosphorylation of MT1-MMP in response to b1 integrin 

activation was strongly reduced when Src was inhibited (Fig. 4.4A,B).  MT1-MMP 

phosphorylation induced by b1-integrin-activating antibody was similarly reduced in cells treated 

with AG1478 (Fig. 4.4C,D).  Treatment of cells with EGF alone did result in phosphorylation of 

MT1-MMP, further supporting a requirement for EGFR signaling in the phosphorylation of the 

enzyme (Fig. 4.4E).  The requirement for Src kinase function was also tested by transfecting cells 

with a pool of siRNAs targeting Src, or a nonspecific control siRNA.  Knockdown of Src was 

observed after 48 h, where endogenous levels of the protein were reduced by 62.7 ± 10.7% (Fig. 

4.5A,B).  Knockdown of Src kinase had a substantial effect on EGFR activation following integrin 

activation, decreasing tyrosine phosphorylation of the receptor by 65.6 ± 2.7% relative to the 

control siRNA condition (Fig. 4.5C).  Analysis by immunoprecipitation revealed that knockdown 

of Src resulted in decreased phosphorylation of MT1-MMP by 77.3 ± 6.0% compared to control 

(Fig. 4.5D,E).  FAK knockdown by RNAi resulted in a 74.4 ± 13.8% decrease in endogenous 

protein levels, and this led to a similar decrease in MT1-MMP phosphorylation (Fig. 4.5F). These 

findings suggest that Src, EGFR, and FAK act downstream of b1 integrin and are necessary for b1 
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integrin-stimulated phosphorylation of MT1-MMP.   
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Figure 4.4 – Inhibition of Src or EGFR Decreases MT1-MMP Phosphorylation when b1 
Integrin is Activated.  (A,C) Immunoprecipitation of MT1-MMP from MDA-MB-231 cells 
treated with (A) P4G11, PP2, or a combination of both, or (C) P4G11, AG1478, or a combination 
of both.  Western blots were probed for phospho-Ser/Thr, and then stripped and re-probed for 
MT1-MMP. Control cells were treated with a non-specific supernatant antibody. b+a, beads plus 
antibody.  B and D, Quantification of phospho-Ser/Thr as shown in A and C.  E, Serum-starved 
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MDA-MB-231 cells were plated onto gelatin and treated with either EGF or PBS (vehicle) for 2 h 
prior to being lysed. Immunoprecipitates of MT1-MMP were analyzed for phospho-Ser/Thr, then 
stripped and re-probed for MT1-MMP by Western blot.  Arrows indicate the active form of MT1-
MMP recognized by the anti-MT1-MMP antibody. In A, C, E, GAPDH blots were done as loading 
controls.  All data are presented as percent of control ± S.D.  Asterisks denote values significantly 
different from the control condition (*, p < 0.05).  All data represent three or more biological 
replicates with at least three technical replicates.   
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Figure 4.5 – RNAi-mediated Knockdown of Src Kinase and FAK Decreases the 
Phosphorylation of MT1-MMP Downstream of b1 Integrin Activation. MDA-MB-231 cells 
were transiently transfected with either siRNA targeting Src, FAK, or nonspecific control siRNA 
for 24 hours, followed by incubation in serum-free media for 22 hours. A, Degree of Src 



 

 

82 

 

knockdown assessed by Western blot. B, Densitometric analysis of the relative amount of Src 
expressed by cells as presented in A. C, Quantification of EGFR tyrosine phosphorylation 
following treatment with P4G11 for 2 hours as analyzed by Western Blot. D, Phosphorylation of 
MT1-MMP as analyzed by Western Blot in cells transiently transfected with Src siRNA or 
nonspecific control siRNA. Following incubation, cells were plated onto gelatin for 2 hours with 
simultaneous treatment with P4G11 prior to being lysed. Immunoprecipitates of MT1-MMP were 
analyzed for phospho-Ser/Thr, then stripped and re-probed for MT1-MMP by Western Blot.  
Arrow indicates the active form of MT1-MMP immunoprecipitated from the lysate. E, 
Quantification of the relative degree of MT1-MMP phosphorylation presented in D F, 
Phosphorylation of MT1-MMP as analyzed by Western Blot in cells transiently transfected with 
FAK siRNA or nonspecific control siRNA. Following incubation, cells were plated onto gelatin 
for 2 hours with simultaneous treatment with P4G11 prior to being lysed. Immunoprecipitates of 
MT1-MMP were analyzed for phospho-Ser/Thr, then stripped and re-probed for MT1-MMP by 
Western Blot. b+L, beads plus lysate; b+a, beads plus antibody. All data represent three or more 
biological replicates with at least three technical replicates.   
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4.2.4 MT1-MMP is Phosphorylated on Thr567 Downstream of β1 Integrin Activation, 
Which Decreases its Localization to Invadopodia 

Previously, it has been shown that phosphorylation of MT1-MMP on Thr567 of its 

cytoplasmic domain is important for enzyme internalization and, consequently, cell invasion 

(Uekita et al., 2001; Williams and Coppolino, 2011).  We hypothesized that if b1 integrin 

activation induces phosphorylation of MT1-MMP on Thr567, then expression of a mutant construct 

that is non-phosphorylable at this residue may impair the ability of cells to form invadopodia.  

Using the invadopodia formation assay as previously described, we observed that expression of 

T567A-MT1-MMP-GFP decreased the number of cells forming invadopodia by 63.1 ± 6.8% 

compared to the control (Fig. 4.6A,B).  Incubation of cells on the fluorescent gelatin substrate for 

a longer time period revealed a substantial decrease in local ECM degradation in cells transfected 

with T567A-MT1-MMP-GFP (Fig. 4.6C).  By contrast, minimally observable changes in 

invadopodium formation and gelatin degradation were seen in cells expressing an MT1-MMP 

construct with Tyr573 mutated to alanine (Y573A-MT1-MMP-GFP) (Fig. 4.6A-C).  The decrease 

in invadopodia formation and local gelatin degradation observed in T567A-MT1-MMP-GFP cells 

translated to impaired migration and invasion through a Boyden chamber, decreasing these 

phenotypes by 51.6 ± 9.3% and 28.4 ± 4.5%, respectively (Fig. 4.6D,E). 

In cells expressing both WT-MT1-MMP-GFP and Y573A-MT1-MMP-GFP, strongly 

overlapping distributions of the mutant constructs with the invadopodia markers cortactin and β1 

integrin were observed.  Interestingly, in cells expressing T567A-MT1-MMP-GFP colocalization 

of the mutant construct with cortactin and β1 integrin was not observed (Fig. 4.7).  Western blot 

analysis of GFP immunoprecipitates showed a 56.5 ± 3.9% decrease in MT1-MMP Ser/Thr 
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phosphorylation in cells expressing T567A-MT1-MMP-GFP, despite treatment of cells with b1-

integrin-activating antibody (Fig. 4.8A,B).  Importantly, expression of T567A-MT1-MMP-GFP 

led to increased cell surface expression of the mutant MT1-MMP, as well as b1 integrin and 

endogenous MT1-MMP, by 39.7 ± 11.8%, 61.4 ± 19.4%, and 57.1 ± 27.5%, respectively (Fig. 

4.8C,D).  These results are consistent with previous findings indicating that phosphorylation of 

MT1-MMP at Thr567 regulates its intracellular trafficking, which is coupled to integrin trafficking 

(Williams and Coppolino, 2011).  Together, our observations suggest that activation of b1 integrin 

induces phosphorylation of MT1-MMP on Thr567, and that this phosphorylation event is important 

for the expression of an invasive phenotype.   
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Figure 4.6 – MT1-MMP is Phosphorylated on Thr567 Downstream of b1 Integrin Activation 
to Increase Invadopodium Formation and Gelatin Degradation. (A) Cells transfected with 
WT-MT1-MMP-GFP, T567A-MT1-MMP-GFP, or Y573A-MT1-MMP-GFP were serum–
starved, treated with P4G11, and plated on fluorescently labelled gelatin-coated coverslips for 4 h.  
Cells were then fixed, permeabilized, stained for F-actin, and analyzed by confocal microscopy. 
Scale bars = 10 µm. B, Quantification of invadopodium formation shown in A.  Transfected cells 
forming F-actin punctae overlaying dark spots of gelatin degradation were counted. C, 
Quantification of 16 h gelatin degradation. Areas of gelatin degradation were analyzed 
microscopically and scored.  In B and C, percentages of cells are shown from experiments in which 
50 cells/sample were analyzed and normalized to the control condition. Serum-starved transfected 
cells were seeded into wells of transwell chambers, either coated with fibronectin alone (D) or 
fibronectin and Matrigel (E).  Cells were simultaneously treated with P4G11 and incubated for 20 
h. In D and E percentages of cells are shown from three independent experiments in which 10 
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fields of view were counted per treatment.  All data are presented as percent of control ± S.D. All 
data represent three or more biological replicates with at least three technical replicates.  Asterisks 
denote values significantly different from control (*, p < 0.05).  
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Figure 4.7 - MT1-MMP-T567A Expression Demonstrate Decreased Association Between the 
GFP-tagged Construct, Cortactin, and β1 Integrin. Cells transfected with WT-MT1-MMP-
GFP, T567A-MT1-MMP-GFP, or Y573A-MT1-MMP-GFP were serum-starved and treated with 
P4G11 and plated onto gelatin-coated coverslips for 4 h.  Cells were then fixed, permeabilized, 
and stained for cortactin and β1 integrin, and analyzed by confocal microscopy. White arrows in 
the zoomed region indicate overlap of all three proteins. All data represent three or more biological 
replicates with at least three technical replicates. Scale bars, 10 μm. 
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Figure 4.8 – MT1-MMP-Thr567 Phosphorylation Induces Internalization from the Cell 
Surface. Cells transfected with WT-MT1-MMP-GFP, T567A-MT1-MMP-GFP, or Y573A-MT1-
MMP-GFP were serum–starved and plated onto gelatin-coated cell culture plates for 2 h, with 
treatment of P4G11. A, Immunoprecipitates done with antibody to GFP were analyzed by Western 
blot for phospho-Ser/Thr, followed by stripping and re-probing for GFP.  Arrows indicate GFP-
tagged constructs recognized by the anti-phospho-Ser/Thr and anti-GFP antibodies. b+L, beads 
plus lysate; b+a, beads plus antibody.  B, Densitometric analysis of MT1-MMP phosphorylation 
in A.  C, Transfected cells were plated onto gelatin-coated plates for 2 h, treated with P4G11, and 
streptavidin pull-downs of biotinylated proteins were analyzed by Western blot to show relative 
amounts of cell surface proteins.  Buffer control cells were exposed to buffer without biotin. D, 
Densitometric analysis of the amount of cell surface b1 integrin, MT1-MMP construct, and 
endogenous MT1-MMP as shown in C, relative to the WT-MT1-MMP-GFP condition.  In A and 
C, GAPDH was used as loading control.  All data are presented as percent of control ± S.D. All 
data represent three or more biological replicates with at least three technical replicates.  Asterisks 
denote values significantly different from control (*, p < 0.05).  
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4.3 Discussion 

Studies of MT1-MMP activity at invadopodia have identified the vital role that MT1-MMP 

plays in the establishment of an invasive phenotype and metastatic progression.  Invasiveness 

requires the presence of MT1-MMP at the leading edge of migrating cells, and this is achieved 

through phosphorylation and recycling of the enzyme from established invadopodia to sites where 

invadopodia are forming (Murphy and Courtneidge, 2011).  Internalization of MT1-MMP can 

occur through either clathrin-dependent or caveolar endocytosis.  Regardless of the mechanism, 

phosphorylation of the enzyme’s cytoplasmic domain is a key regulatory event, as demonstrated 

in chapter 3.  The 20 amino acid cytoplasmic domain of MT1-MMP contains 3 potential 

phosphorylation sites (Thr567, Tyr573, and Ser577), and evidence suggests that post-translational 

modification of Thr567 and Tyr573 play major regulatory roles in invading cells (Nyalendo et al., 

2007; Moss et al., 2009b, 2009a; Williams and Coppolino, 2011).   

We have previously reported that downstream signaling from β1 integrin can increase 

invadopodium formation and surface expression of MT1-MMP as a consequence of MT1-MMP 

phosphorylation.  In the present chapter, the use of non-phosphorylable mutant constructs suggests 

that the phenotype caused by activation of b1 integrin primarily results from phosphorylation of 

the enzyme on residue Thr567.  Accumulation of T567A-MT1-MMP at the cell surface is consistent 

with previous findings (Williams and Coppolino, 2011), and further suggests that phosphorylation 

of the enzyme at Thr567 is a key regulator of its endocytosis.  Our studies focusing on Thr567 build 

upon previously reported findings that expression of T567A-MT1-MMP mutants impairs cellular 

invasion and migration (Moss et al., 2009b; Williams and Coppolino, 2011).  MT1-MMP 

phosphorylation on Tyr573 has also been shown to play a role in tumour cell migration and MT1-
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MMP internalization (Uekita et al., 2001; Nyalendo et al., 2007; Moss et al., 2009a).  A signaling 

pathway has been characterized involving LIMK1, which results in the phosphorylation of MT1-

MMP on Tyr573 (Lagoutte et al., 2016), and it is possible that this occurs in parallel to the pathway 

involving Thr567 described here.  Furthermore, it has previously been shown that expression of a 

Y573A mutant leads to reduced internalization of MT1-MMP, due to the fact that this residue 

resides in the binding site for the µ2 subunit of adaptor protein 2, a component of clathrin-mediated 

endocytosis (Uekita et al., 2001).  These observations, combined with the results presented here, 

lead us to conclude that the upstream signaling mechanism resulting in Thr567 phosphorylation is 

different from that of Tyr573, and future studies aim to elucidate whether this results in a clathrin-

dependent or caveolar form of endocytosis.    

It has been demonstrated previously that b1 integrin associates with Src kinase and EGFR 

at the plasma membrane, and facilitates their activation during tumour cell invasion (Moro et al., 

2002; Williams and Coppolino, 2014).  Adhesion of b1 integrin to the ECM signals the recruitment 

of Src kinase, and subsequently phosphorylation and activation of EGFR, independently of growth 

factors (Moro et al., 2002).  In this study, we have determined that b1 integrin activation by P4G11 

antibody can stimulate activation of Src and EGFR as well as their association.  Our observations 

of attenuated MT1-MMP phosphorylation when FAK, Src, and EGFR were inhibited 

pharmacologically, as well as when FAK and Src were knocked down, despite activation of b1 

integrin indicate that these signaling molecules are necessary for b1 integrin-mediated activation 

of MT1-MMP.  These results are consistent with previously published studies showing that 

inhibition of Src or EGFR (using the same inhibitors as used here) impairs invadopodia formation 

and consequent cell invasion (Yamaguchi et al., 2005; Chan et al., 2009; Liu et al., 2010; Hwang 
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et al., 2011; Williams and Coppolino, 2014; Genna et al., 2018).  We thus propose a possible 

mechanism for the regulation of MT1-MMP’s internalization and recycling, wherein 

phosphorylation of the enzyme is regulated by signaling through b1 integrin, FAK, Src, and EGFR.  

Because knockdown of Src did not result in a complete abrogation of EGFR tyrosine 

phosphorylation, we cannot conclude that Src is the only kinase responsible for activation of the 

receptor downstream of b1 integrin signaling.  Indeed, other potential candidates involved in 

invadopodia biogenesis may be involved in this pathway, for example c-Met or p38 MAPK (Frey 

et al., 2006; Velpula et al., 2012; Saunders et al., 2015).  Although our findings do not define 

recycling pathways that are specific for invadopodia, these structures do represent highly 

specialized subcellular membrane compartments (Hastie and Sherwood, 2016), and future 

characterization of potential unique recycling pathways associated with them will provide 

important advancement of our understanding of invadopodia biology. 

In conclusion, we have identified a signaling axis which translates b1 integrin-elicited 

signals into the phosphorylation of MT1-MMP on Thr567.  This phosphorylation event is dependent 

on the activity of FAK, Src, and the EGFR for signal transmission, and loss of any one of these 

pathway components abrogates the phosphorylation of the enzyme.  The activity of each of these 

molecules at invadopodia is well established, and the findings reported here are the first to identify 

a functional link between them to mediate MT1-MMP phosphorylation on Thr567.  Future work 

will explore additional signaling molecules involved in the b1 integrin-MT1-MMP signaling 

pathway, as they may represent additional regulatory factors within metastatic cells that could be 

of interest as therapeutic targets.   
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5 Antibody-mediated Inhibition of b1 Integrin Induces its 
Association with MT1-MMP and Decreases Enzyme 
Internalization and Subsequent Cellular Invasiveness 

5.1 Summary 

The ability of a cell to adhere and interact with the surrounding extracellular matrix (ECM) 

is important in dictating various cellular behaviours including proliferation and migration.  Cells 

primarily interact with the ECM through integrin receptors which can bind ECM components and 

subsequently elicit intracellular signals, termed outside-in signaling.  Integrins containing the b1 

subunit are highly expressed in many cancers including human breast carcinomas, and evidence 

suggests that b1 integrin signaling plays a significant role in mediating cancer progression and 

resistance to chemotherapies.  b1 integrin is not only able to modulate protein activity through 

downstream signals, but it has also been found to do so through colocalization at cellular 

microdomains.   

Here we report that antibody-mediated inhibition of b1 integrin resulted in the delivery of 

membrane type-1 matrix metalloproteinase (MT1-MMP) to the invadopodial membrane which 

resulted in short-term cellular invasiveness.  MT1-MMP is a membrane-tethered enzyme which 

facilitates the degradation of numerous ECM components, and is a vital player in protease-

dependent cell invasion.  In order for a cell to maintain its invasiveness MT1-MMP must be 

internalized and recycled to the migration front, and a failure to internalize the enzyme results in 

a loss of migratory capabilities.  Prolonged treatment with the b1-integrin-inhibiting antibody 

resulted in a loss of invasiveness which we attribute to confinement of b1 integrin and MT1-MMP 

to the cell surface, unable to be internalized and recycled.  Immunoprecipitation coupled with mass 



 

 

93 

 

spectrometry (IP-MS) identified that b1 integrin and MT1-MMP physically associate during 

invadopodia formation, and we conclude that molecular stabilization between the two proteins 

blocks the endocytosis motif.  Taken together, antibody-mediated inhibition of b1 integrin in this 

system resulted in decreased sustained cell invasion due to a failure to recycle MT1-MMP and b1 

integrin to sites of new invadopodia formation.  The results reported here describe key implications 

of b1 integrin at invadopodia and confirm that signaling downstream of this receptor is 

indispensable in cellular invasion.   

5.2 Results 

5.2.1 Treatment of Cells with b1 Integrin Antibodies Influences Cell Spreading 

Perturbation of integrin function using antibodies is an established approach to probe the 

role of integrin activity in several cellular contexts (Takada and Puzon, 1993; Thodeti et al., 2005; 

Park et al., 2006; Pekkonen et al., 2018). We confirmed the effects of treating MDA-MB-231 cells 

with the inhibitory anti-b1 integrin antibody, AIIB2, using standard cell adhesion and migration 

assays. Cell spreading on a ligand-coated surface was reduced 1.5-fold in cells treated with the 

inhibitory antibody AIIB2 (Fig. 5.1A[top panel],B), while spreading was increased in cells treated 

with the integrin-activating antibody P4G11 (Fig. 5.1A[middle panel],B).  Antibody treatment also 

induced alterations in cell morphology, with AIIB2-treated cells being more rounded and P4G11-

treated cells being more elongated (Fig. 5.1A).  Together, these results are consistent with those 

reported previously indicating that integrin-mediated adhesion to ECM controls cytoskeletal 

rearrangements that regulate changes in cell shape.  (Delon and Brown, 2009).  These observations 

also confirm that the effects of treating MDA-MB-231 cells with anti-integrin antibodies, AIIB2 

or P4G11, are consistent with those observed in other cell systems. 
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Figure 5.1 – Alteration of b1 Integrin Signaling Results in Differential Cell Spreading.  MDA-
MB-231 cells were serum-starved, treated with AIIB2 or P4G11, and plated on gelatin-coated 
coverslips for 2 h.  Cells were then fixed, permeabilized, and stained for F-actin.  A, Cells were 
visualized by immunofluorescence microscopy and images were obtained. Scale bars, 10 μm.  B, 
Quantification of cell surface area was performed for at least 10 cells per coverslip per treatment.  
Asterisks denote values significantly different from the control (*, p < 0.05).  All data represent 
three or more biological replicates with at least three technical replicates.   
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5.2.2 Antibodies to β1 Integrin Perturb Cell Invasion 

 The effects of integrin activation or inhibition on cell migration and invasion were 

examined using a modified Boyden chamber-based assay, as described previously (Shaw, 2005).  

Inhibition, or activation, of b1 integrin had minimal effect on cell migration, compared to control 

conditions (Fig. 5.2A).  This finding is consistent with the fact that focal adhesion formation and 

the establishment of cell polarity which are required for cell migration are controlled by the signals 

of multiple integrin receptors (Huttenlocher and Horwitz, 2011), suggesting that the inhibition of 

one integrin subunit is unlikely to abolish cell migration.  Additionally, previous findings indicate 

that in cells expressing both b1 and b3 integrins, b3 integrin is the main adhesion receptor 

responsible for mediating cell migration (Slepian et al., 1998), which may be the case in our 

system.  As reported previously (Grafinger et al., 2020), when cells were seeded into chambers 

coated with Matrigel, treatment with the inhibitory antibody AIIB2 resulted in decreased cellular 

invasion, by 45.5 ± 6.2% compared to control treatments (Fig. 5.2B).  Treatment with the 

activating antibody P4G11 resulted in an increase in cell invasion by 87.5 ± 17.3% (Fig. 5.2B).  

These results suggest that inhibition of b1 integrin, using the antibody AIIB2, impairs cell invasion 

through a 3D substrate. 
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Figure 5.2 – Inhibition of b1 Integrin Does Not Significantly Alter Cell Migration but 
Negatively Affects Invasion.  Serum-starved cells were seeded into wells of transwell chambers, 
either coated with fibronectin alone (A) or fibronectin and Matrigel (B).  Cells were simultaneously 
treated with AIIB2 or P4G11 and incubated for 20 h.  Percentages of cells are shown from three 
independent experiments in which 10 fields of view were counted per treatment, and data are 
presented as percent of control ± S.D.  Asterisks denote values significantly different from control 
(*, p < 0.05).  All data represent three or more biological replicates with at least three technical 
replicates.   
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5.2.3 β1 Integrin Inhibition Influences the Formation of Invadopodia 

  Given the effects of integrin antibody treatment on cell-ECM interactions and invasion, 

we hypothesized that these treatments might be altering the capacity of the cells to degrade ECM.  

MDA-MB-231 cells are known to degrade and invade ECM substrates through the extension of 

invadopodia, so ECM degradation and invadopodia formation were quantified using fluorescent 

gelatin as a substrate, as described previously (Hoover et al., 2005; Artym et al., 2009).   

Surprisingly, inhibition of b1 integrin resulted in a significantly more invasive phenotype than 

control treatments (Fig. 5.3A,B).  Invadopodia formation and local gelatin degradation were 

increased by 74.0 ± 2.1% and 430.7 ± 114.2%, respectively, in cells treated with AIIB2 (Fig. 

5.3C,D).  Similar effects on invadopodia formation and local gelatin degradation were observed 

in HT-1080 fibrosarcoma cells (data not shown).  Interestingly, we observed that the morphology 

of the invadopodia formed in b1 integrin-inhibited cells was different from control treatments, and 

quantification of invadopodia size indicated that they were 1.6 fold larger (Fig. 5.3E).  Together, 

these results suggest that inhibition of b1 integrin results in a more invasive cellular phenotype, 

possibly due to the formation of larger invadopodia.   
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Figure 5.3 – Inhibition of b1 Integrin Results in the Formation of Large Invadopodia Which 
Promote Localized Gelatin Degradation.  Cells were serum-starved, treated with AIIB2 or 
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P4G11, and plated onto fluorescently labelled gelatin-coated coverslips for 4 h (A) or 16 h (B).  
Cells were fixed, permeabilized, and stained for F-actin, and analyzed by confocal microscopy. 
Scale bars, 10 μm.  C, Quantification of invadopodium formation in A.  D, Quantification of gelatin 
degradation in B.  In E, the size of invadopodia was measured for 10 cells per coverslip per 
treatment.  All data represent three or more biological replicates with at least three technical 
replicates.  Asterisks denote values significantly different from control (*, p < 0.05). 
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5.2.4 Inhibition of β1 Integrin Increases Cell Surface Levels of β1 Integrin and MT1-
MMP 

The observation that antibody-mediated inhibition of b1 integrin caused the formation of 

enlarged invadopodia prompted examination of cell surface levels of key invadopodial proteins 

under these same conditions.  A cell surface biotinylation assay was used and it was determined 

that both activation and inhibition of b1 integrin resulted in significant increases in surface 

expression of b1 integrin and MT1-MMP, compared to control cells (1.2- and 1.4-fold increase in 

b1 integrin, and 1.3- and 1.3-fold increase in MT1-MMP, respectively) (Fig. 5.4A,B).  Similar 

changes in cell surface expression were observed in HT-1080 fibrosarcoma cells treated with b1-

integrin antibodies (data not shown).  Next, we wanted to assess cell surface levels of these proteins 

over a prolonged period of 16 h following plating on gelatin.  Similar to the results observed 

following 3 h, both activation and inhibition of b1 integrin for 16 h resulted in significant increases 

in surface expression of both proteins compared to the control (1.2- and 1.7-fold increase in b1 

integrin, and 1.1- and 1.5-fold increase in MT1-MMP, respectively) (Fig. 5.4C,D).  Interestingly, 

we observed that longer incubation resulted in a significant elevation of cell surface protein levels 

in b1 integrin-inhibited cells over -activated cells indicating either increased delivery to, or 

accumulation at, the cell surface (Fig. 5.4D).  Consistent with these observations, analyses using 

epifluorescent microscopy revealed increased levels of fluorescence for both b1 integrin and MT1-

MMP on the cell surface of non-permeabilized b1-integrin-inhibited cells, compared to the control 

(Fig. 5.4E). 
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Figure 5.4 – MT1-MMP and b1 Integrin Cell Surface Expression is Increased when b1 
Integrin is Inhibited. Streptavidin pull-downs of biotinylated proteins from surface-labelled 
MDA-MB-231 cells plated on gelatin, with simultaneous AIIB2 or P4G11 treatment for 3 h (A-B) 
or 16 h (C-D).  A,C, Western Blot shows amounts of b1 integrin and MT1-MMP captured, and 
GAPDH as loading control for inputs.  Control cells were treated with a non-specific supernatant 
antibody and buffer control cells were exposed to buffer without biotin.  B,D, Densitometric 
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analysis of the amount of cell surface b1 integrin and MT1-MMP as shown in A and C, relative to 
the control condition.  Data are presented as percent of control ± S.D.  Asterisks denote values 
significantly different from the control condition (*, p < 0.05).  E, Cells were plated onto gelatin-
coated coverslips for 1 h prior to treatment with AIIB2 or a control antibody.  Cells were incubated 
for 3 h or 16 h prior to fixation and staining using antibodies for MT1-MMP and b1 integrin.  Cells 
were visualized by epifluorescent microscopy with the same intensity settings and representative 
images of cell surface intensity are shown. Scale bars, 10 μm.  In A and C, GAPDH is loading 
control.  All data represent three or more biological replicates with at least three technical 
replicates. 
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5.2.5 Profiling the Effect of β1 Integrin Inhibition of MT1-MMP Molecular Associations 
During Invadopodium Formation 

It is well recognized that clustering of integrin receptors plays a role in modulating 

downstream signaling events, and that integrin clustering occurs at invadopodia (Deryugina et al., 

2001).  Previous studies have also revealed that clustering of b1 integrin receptors with MT1-

MMP functions to stabilize their interaction and leads to a subsequent increase in their surface 

expression (Gálvez et al., 2002).  We hypothesized that the high cell surface levels of b1 integrin 

and MT1-MMP caused by treatment with the b1-integrin-inhibiting antibody may be a result of 

their association and stabilization at the cell surface.  Using immunoprecipitation coupled with 

mass spectrometry (IP-MS), we analyzed proteins that associate with MT1-MMP during 

invadopodium formation.  Through this approach, associations of MT1-MMP with several integrin 

subunits, including b1 integrin, were detected in cells treated with the b1-integrin-inhibiting 

antibody, in comparison to control conditions where cells were treated with a non-specific IgG 

(Fig. 5.5A-D).  This observation was confirmed by co-immunoprecipitation-Western blot, 

demonstrating that treatment of cells with the b1-integrin-inhibiting antibody increases the 

association of b1 integrin with MT1-MMP (Fig. 5.5E).  Additionally, a reverse 

immunoprecipitation of b1 integrin from cell lysates revealed an increase in eluted MT1-MMP 

following b1 integrin inhibition (data not shown). 
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Figure 5.5 – Profiling the Effect of b1 Integrin Inhibition of MT1-MMP Molecular 
Associations During Invadopodia Formation. A, Principal component analysis; clustering based 
on treatment (component 1) and biological reproducibility (component 2).  B, Volcano plot 
depicting all proteins identified in b1 integrin inhibited or control conditions, highlighting proteins 
with a significant increase in abundance during b1 integrin inhibited (red) conditions.  C, Pie chart 
illustrating molecular functions of associated proteins.  D, STRING network analysis of 
significantly different proteins with an increase in abundance during b1 integrin inhibited vs. 
control conditions. Protein clusters highlighted.  E, Western blot showing co-immunoprecipitation 
of MT1-MMP with b1 integrin, with GAPDH as loading control.  Control cells were treated with 
a non-specific supernatant antibody, and untreated control cells were not exposed to antibody. 
b+L, beads plus lysate; b+a, beads plus antibody.  All data represent three or more biological 
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replicates with at least three technical replicates.  For volcano plots: Student’s t-test, p-value < 
0.05; FDR = 0.05, S0 = 1.   
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5.2.6 Association of MT1-MMP and β1 Integrin at the Cell Surface Restricts their 
Internalization and Alters Phosphorylation of MT1-MMP 

Finally, we investigated whether the interaction between MT1-MMP and b1 integrin 

observed in cells treated with the b1-integrin-inhibiting antibody influenced their ability to be 

internalized and delivered to early endosomes.  Previous studies have reported that clustering of 

these two proteins may interfere with the endocytosis motif, thereby impeding internalization 

(Gálvez et al., 2002).  Examination of b1 integrin and MT1-MMP delivery to early endosomes 

was done using immunofluorescence confocal microscopy and antibodies to the early endosomal 

marker, Rab5.  Micrographs revealed that MT1-MMP and b1 integrin had a discernable increase 

in association when b1 integrin was inhibited (Fig. 5.6A).  Quantification of protein colocalization 

indicated that, in b1-integrin-inhibited cells, MT1-MMP and b1 integrin colocalized together at 

40 minutes (Pearson’s correlation of 0.50 ± 0.22) (Fig. 5.6B).  Furthermore, we found that this 

treatment did not yield colocalization of either b1 integrin or MT1-MMP with Rab5 (Pearson’s 

correlations of 0.19 ± 0.14 and 0.24 ± 0.11, respectively), both values of which were lower than 

the control condition.   

The phosphorylation of MT1-MMP in response to treatment of cells with anti-integrin 

antibodies was analyzed, and it was observed that MT1-MMP was phosphorylated in response to 

b1 integrin inhibition (Fig. 5.6C).  Interestingly, the phosphorylation was observed on the pro-

form of MT1-MMP, as indicated by the protein band of approximately 63 kDa (Fig. 5.6C).  The 

latent zymogen form of MT1-MMP exhibits decreased proteolytic function, and must be cleaved 

by furin to assume its active form (Remacle et al., 2006).  Furin is known to interact with integrin 

receptors (Lissitzky et al., 2000; Molloy and Thomas, 2002), and it is possible that the inhibition 
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of b1 integrin negatively affects furin’s ability to cleave MT1-MMP.  Collectively, the results 

suggest that inhibition of b1 integrin signaling promotes the association of b1 integrin and MT1-

MMP at the cell surface, reducing their internalization and delivery to Rab5-containing early 

endosomes, and altering the pattern of MT1-MMP phosphorylation.   
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Figure 5.6 – b1 Integrin Inhibition Results in Altered MT1-MMP Phosphorylation and 
Prevents Enzyme Internalization and Delivery to Early Endosomes.  A, MDA-MB-231 cells 
expressing Rab5-GFP were serum-starved overnight and plated onto gelatin for 2 h.  Cell surface 
MT1-MMP and b1 integrin were labeled using antibodies at 4°C, followed by incubation with 
AIIB2 at 37°C for 40 min to allow internalization.  Cells were fixed, permeabilized, and stained 
with secondary antibody, and protein localization following internalization was analyzed by 
confocal microscopy.  White arrows in zoomed region indicate overlay of proteins. Scale bars, 10 
μm.  B, Colocalization of MT1-MMP and b1 integrin with Rab5-GFP was quantified as a 
Pearson’s Correlation Coefficient and represented graphically (n=10 cells per treatment).  C, 
Immunoprecipitation of MT1-MMP from MDA-MB-231 cells.  Cells were plated onto gelatin-
coated cell culture plates for 4 h with simultaneous antibody treatment, and immunoprecipitates of 
MT1-MMP were analyzed by Western blot for phospho-Ser/Thr.  Blots were stripped and re-
probed for MT1-MMP.  GAPDH is loading control.  Control cells were treated with a non-specific 
supernatant antibody. b+L, beads plus lysate; b+a, beads plus antibody.  All data represent three 
or more biological replicates with at least three technical replicates. 
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5.3 Discussion 

Metastasis is one of the most important factors in cancer leading to the deaths of many 

individuals (Ganguly et al., 2013).  The metastatic process is dependent on cells interacting with, 

and responding to, the surrounding ECM, through the activation of intracellular signalling 

pathways (Ganguly et al., 2013).  Much evidence indicates that signaling pathways regulated by 

integrin receptors are required for the formation and regulation of invadopodia, subcellular sites 

of cell-ECM interaction that are important for cell invasion during metastasis (Hoshino et al., 

2013).  In studies using both b1 and avb3 blocking antibodies, it has been shown that b1-integrin-

containing integrins are crucial for the regulation of invadopodial activity (Branch et al., 2012). 

Consistent with these findings, we recently reported that b1 integrin plays a key role in regulating 

MT1-MMP activity during invadopodium-based cell invasion regulating phosphorylation of 

Thr567 on the enzymes cytoplasmic domain (Grafinger et al., 2020).  Phosphorylation of the 

enzyme results in its co-internalization with b1 integrin, first to Rab5-positive early endosomes, 

and then to Rab7-positive late endosomes, and this recycling appears to be necessary for delivery 

to sites of new invadopodia formation (Grafinger et al., 2020).  Here, we report that inhibition of 

b1 integrin signaling results in the accumulation of MT1-MMP at the cell surface, through 

clustering with b1 integrin, and this ultimately reduces the internalization and recycling of these 

proteins to sites of invadopodia formation at the migration front.   

 We observed that antibody-mediated inhibition of b1 integrin decreased the size of cellular 

footprints, and resulted in a rounded cell morphology.  This phenotype has been reported 

previously in cells lacking integrin expression, and was found to be a result of loss in cell polarity 
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and F-actin organization at the basal surface (Delon and Brown, 2009).  Using modified Boyden 

chamber migration and invasion assays, we observed that inhibition of b1 integrin signaling 

significantly impaired invasion through an ECM analogue but had no measurable effect on cell 

migration.  This observation is consistent with the notion that several integrin receptors contribute 

to focal adhesion formation and the establishment of cell polarity (Huttenlocher and Horwitz, 

2011); however, invadopodia are mainly regulated through signaling downstream of b1 integrins 

(Branch et al., 2012; Beaty et al., 2013).  With the observed decrease in cellular invasion we 

hypothesized that inhibition of b1 integrin may result in a decrease in invadopodia formation and 

subsequent local invasion.  Interestingly, we found that inhibition of b1 integrin resulted in an 

increase to both of these processes, including the formation of significantly larger invadopodia.   

 The observation that inhibition of b1 integrin results in the formation of large invadopodia, 

along with previous findings that b1 integrin signaling is required for phosphorylation and 

internalization of MT1-MMP (Grafinger et al., 2020), suggests that reduced b1 integrin signaling 

may lead to the accumulation of b1 integrin and MT1-MMP at the cell surface.  We tested this 

possibility using a cell surface biotinylation assay to analyse cells plated on a gelatin substrate, 

and found that inhibition of b1 integrin resulted in increased levels of b1 integrin and MT1-MMP 

at the cell surface.  These data, combined with the fact that the active form of MT1-MMP is not 

phosphorylated in b1 integrin-inhibited conditions, are consistent with the notion that MT1-MMP 

is delivered to, and accumulates, at the cell surface as result of reduced internalization.  Future 

work aims to investigate the signaling mechanism resulting in phosphorylation of pro-MT1-MMP, 

as well as any biological implications of this.  It is possible that accumulation of MT1-MMP at the 
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cell surface contributes to the high level of pericellular gelatin degradation we observed, but that 

reduced internalization and recycling of MT1-MMP ultimately leads to an impairment in cell 

invasion.  The observed increase in surface levels of both b1 integrin and MT1-MMP also suggests 

that these proteins may be associating and stabilizing one another at the plasma membrane, 

consistent with previous studies (Deryugina et al., 2001; Gálvez et al., 2002).  Importantly, 

although clustering of MT1-MMP with b1 integrin yields increased levels of these proteins at the 

cell surface, decreased proteolytic activity has been reported due to a blockade in enzyme 

internalization (Gálvez et al., 2002).  These results are consistent with our observation of decreased 

cellular invasion despite an initial increase in invadopodium formation, consistent with a loss of 

proteolytic activity at the cell surface. 

 Further evidence supporting the association of b1 integrin with MT1-MMP was obtained 

by employing an IP-mass spectrometry approach to investigate protein-protein interactions with 

MT1-MMP during invadopodium formation.  We found that under these conditions MT1-MMP 

associates with several integrin subunits, and b1 integrin had the highest probability of association.  

The association between MT1-MMP and b1 integrin was confirmed by IP-Western Blot and 

immunofluorescence microscopy.  Our co-immunoprecipitation analysis by Western Blot 

indicated the presence of two variants of b1 integrin, a ~140 kDa species as well as a ~120 kDa 

species.  The existence of these integrin variants has been identified at the cell surface of MDA-

MB-231 cells previously, and the differences in molecular mass are attributable to the level of N-

glycosylation (Meng et al., 2005).  Protein glycosylation plays a known role in integrin distribution 

and function, which in turn influences cellular adherence properties. The difference in b1 integrin 
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N-glycosylation status has been found to directly influence its ability to associate with a chains, 

with the ~120 kDa species existing at the cell surface in its monomeric form, incapable of 

dimerization (Meng et al., 2005).  Of note, our IP-MS analysis identified the presence of three 

a subunits associating with MT1-MMP (a2, a3, and a6), all of which are known to form 

heterodimers with the b1 subunit.  The presence of a low-mass b1 species with no a chain 

association raises questions concerning the receptors’ signaling capabilities, and future studies aim 

to elucidate the functional properties of this b1 monomer.  It has been identified that some integrins 

retain their signaling properties even in their monomeric form (Solovjov et al., 2005; Myllymäki 

and Manninen, 2019); however, this observation has not yet been extended to the b1 subunit.   

Previous studies indicate that the early endosomal protein Rab5 is an important regulator 

of MT1-MMP trafficking (Remacle et al., 2003; Williams and Coppolino, 2011; Wiesner et al., 

2013; Linder and Scita, 2015; Grafinger et al., 2020), and here we investigated whether inhibition 

of b1 integrin might alter MT1-MMP trafficking through Rab5-containing compartments.  Our 

observations suggest that inhibition of b1 integrin does not induce delivery of b1 integrin and 

MT1-MMP to Rab5-containing compartments.  The observations are consistent with the notion 

that, when b1 integrin is inhibited, MT1-MMP and b1 integrin cluster and are stabilized at the cell 

surface, and further studies will be aimed at exploring the possible mechanisms by which this 

association alters their endocytosis. 

Collectively, our data illustrate the importance of cell-ECM interactions in modulating 

signals required for the establishment and maintenance of an invasive phenotype.  Our findings 

show that inhibition of b1 integrin can result in its association with the enzyme MT1-MMP at the 
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cell surface, which leads to a reduction in their endocytosis and accumulation at the plasma 

membrane.  Of note, accumulation of these proteins at the cell surface does increase cellular 

invasion in the short term through the formation of large invadopodia; however, over an extended 

period of time the lack of recycling to the leading edge of migration ultimately results in a loss of 

invasiveness.  We can conclude that signaling by b1 integrin is essential for the regulation of MT1-

MMP trafficking and subsequent maintenance of invasive capacity.   
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6 General Discussion and Future Directions 
6.1 General Conclusions  

 The findings from the studies described here illustrate the importance of adhesion signaling 

mediated by b1 integrin in regulating MT1-MMP cell surface turnover in invading cancer cells.  

Key players in this signaling pathway have been identified whose function is indispensable in 

facilitating this phosphorylation event.  The use of chemical inhibitors and RNAi methods clearly 

demonstrate the importance of FAK, Src, and the EGFR in transducing the signal from b1 integrin 

to downstream MT1-MMP.  Furthermore, using non-phosphorylable mutant constructs we have 

identified that this signaling axis mediates phosphorylation of MT1-MMP on cytoplasmic Thr567.  

Our initial studies identified the importance of b1 integrin-mediated phosphorylation of MT1-

MMP in regulating cell surface expression using a biotin internalization assay and confocal 

microscopy methods.  Phosphorylation of MT1-MMP was shown to be required for enzyme 

endocytosis, and subsequent delivery to Rab5-containing early endosomes and Rab7-containing 

late endosomes.  Inhibition of b1 integrin using a function-blocking antibody resulted in a failure 

to internalize MT1-MMP due to cell surface stabilization of the enzyme in a complex with b1 

integrin, consequently blocking the endocytosis motif.  Finally, we report that increased MT1-

MMP intracellular recycling by means of b1 integrin-mediated phosphorylation increased 

invadopodia formation and the invasive capability of cells in vitro.  In a broader sense, results of 

the current studies demonstrate the importance of b1 integrin signaling in not only the initiation of 

invadopodia, but the sustained invasive phenotype of metastasizing cells. 
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6.2 Role of β1 Integrin Signaling in Regulating MT1-MMP 
Phosphorylation 

   The role of adhesion receptors in invadopodia biology is widely recognized, and well 

understood.  The initiation phase of invadopodia formation requires cell-ECM interaction, which 

is facilitated primarily by the integrin family of receptors (Beaty and Condeelis, 2014).  Recent 

evidence has shown that integrins are not only important for the formation of invadopodia 

precursors, as once believed, but also promote invadopodia maturation through downstream 

signaling.  In our study we initially sought to identify the role of b1 integrin signaling in invading 

cancer cells by monitoring its effect on invadopodia formation.  We utilized an antibody-mediated 

approach to activate (P4G11) and inhibit (AIIB2) b1 integrin in our model system of MDA-MB-

231 cells.  We demonstrated that activation of b1 integrin promoted cellular invasion using Boyden 

chamber assays, and this corresponded to an increased ability for these cells to form invadopodia.  

This finding was not exclusive to MDA-MB-231 cells but was also observed in HT-1080 human 

fibrosarcoma cells treated with the b1-integrin-activating antibody.  Immunoprecipitation coupled 

to mass spectrometry in these cells identified molecular associations between MT1-MMP and 

numerous structural and scaffolding proteins known to be important in the formation and 

maintenance of invadopodia.  Vimentin, keratin 18, plectin, and myosin heavy chain 9 all have 

known functions in modulating invadopodia formation and elongation, and here we report their 

association with MT1-MMP during invadopodium formation.  The mechanisms regulating MT1-

MMP delivery to invadopodia are currently unidentified; however, the results demonstrated here 

may suggest a delivery method similar to that of secreted MMPs (e.g. MMP2 and MMP9) along 

microtubule tracks.  Consistent with increased invadopodium formation, the activation of b1 
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integrin significantly increased MT1-MMP and b1 integrin cell surface expression, as well as the 

secretion of the soluble MMPs MMP2, MMP9, and proMMP9.  These results combined, with 

those reported from the IP-MS study, suggest that the delivery of invadopodial proteins to the cell 

surface is increased in b1-integrin-activated conditions, and is possible that this occurs via 

cytoskeletal tracks.   

MT1-MMP activity is well known to be controlled by its expression at the cell surface.  

Previous reports identified a loss in cellular invasiveness when MT1-MMP was unable to be 

internalized and subsequently recycled to sites of new invadopodia formation at the migration front 

(Remacle et al., 2003; Frittoli et al., 2011).  Enzyme internalization is possible through both 

clathrin-dependent and caveolar endocytosis, and for either of these mechanisms to occur MT1-

MMP must be post-translationally modified.  MT1-MMP has a 20 amino acid long cytoplasmic 

tail which contains three potential phosphorylation sites: Thr567, Tyr573, and Ser577 (Lehti et al., 

2000).   Evidence suggests that Tyr573 phosphorylation is Src-dependent and induces clathrin-

dependent endocytosis by facilitating enzyme association with the µ2 subunit of adaptor protein 2 

at clathrin pits (Uekita et al., 2001; Nyalendo et al., 2007).  Phosphorylation of Thr567 has also 

been found to be important in regulating enzyme internalization and recycling; however, less is 

known about the signaling events which occur upstream of this modification.  Here, we identified 

a novel role for b1 integrin signaling in stimulating MT1-MMP phosphorylation .  Phosphorylation 

of MT1-MMP downstream of b1 integrin activation was found to be induced by cellular adhesion 

to ECM substrate, including gelatin, collagen, or fibronectin.  We have not confirmed the 

specificity and necessity of the b1 integrin subunit in the phosphorylation of MT1-MMP, and it 
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will be important to investigate this using non-functional b1 integrin mutant constructs and b1 

integrin knockout cell lines. 

Consistent with the current understanding that MT1-MMP phosphorylation is required for 

internalization, we found that b1-integrin-mediated phosphorylation of MT1-MMP enhanced 

intracellular recycling of the enzyme.  Using a biotin internalization assay and confocal 

microscopy, we identified that treatment of cells with b1-integrin-activating antibody stimulated 

endocytosis and delivery of both b1 integrin and MT1-MMP to Rab5-positive early endosomes 

and Rab7-positive late endosomes.  Our results, combined with those of others (Gálvez et al., 

2002, 2003), allow us to propose a model whereby MT1-MMP is phosphorylated downstream of 

activated b1 integrin at invadopodia.  This phosphorylation event triggers endocytic machinery to 

internalize MT1-MMP and recycle it to sites of new invadopodia formation at the migration front 

of invading cells (Fig. 6.1). 
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Figure 6.1 – Proposed Model for Regulation of MT1-MMP Phosphorylation by β1 Integrin.  
Binding of ECM substrate by β1 integrin receptors at the cell surface induces a conformational 
change from inactive-bent to extended-active.  The cytoplasmic tail of β1 integrin in its active 
form is able to interact with a variety of intracellular signaling molecules including FAK and Src.  
Autophosphorylation of FAK renders it active and able to phosphorylate Src kinase.  Activated 
Src then phosphorylates tyrosine residues on the cytoplasmic domain of the EGFR to activate the 
receptor, which elicits downstream signaling cascades resulting in the eventual phosphorylation of 
MT1-MMP on cytoplasmic Thr567.  Phosphorylated MT1-MMP is then able to be internalized via 
either clathrin-dependent or caveolar endocytosis and recycled intracellularly through Rab5-early 
endosomes and Rab7-late endosomes to new sites of invadopodia formation at the migration front.   
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6.3 FAK, Src, and EGFR are Required for β1 Integrin Signal 
Transduction  

Invadopodia are known to be dynamic subcellular structures, with over 150 associated 

molecules (Huttenlocher and Horwitz, 2011), and with two primary activities – ECM adhesion and 

degradation.  It is understood that adhesion signaling mediated by integrin receptors is responsible 

for controlling essential cellular processes such as migration, proliferation, and survival.  Integrins 

containing the b1 subunit have been found to be overexpressed in invadopodia in several invasive 

cancer cell types, consistent with their important roles in invadopodia initiation and maintenance 

(Murphy and Courtneidge, 2011; Beaty and Condeelis, 2014).  b1 integrin signaling at 

invadopodia has been found primarily to activate signaling molecules, such as FAK and Src, and 

crosstalk with nearby RTKs has also been reported (Schwartz and Ginsberg, 2002; Huveneers and 

Danen, 2009; Soung et al., 2010).  A signaling complex containing b1 integrin, Src, and the EGFR 

has been previously identified to contribute to invadopodia formation in invasive cancer cells 

(Williams and Coppolino, 2014).  Here, we report that the formation of this complex is enhanced 

upon cellular treatment with the b1-integrin-activating antibody as assessed by both 

immunoprecipitation and confocal microscopy.  Furthermore, colocalization of these signaling 

molecules was found to occur at cortactin-positive punctae, suggesting that the formation of this 

complex occurs at invadopodia.  It would be of interest to express dominant negative mutants of 

Src and the EGFR, as we would expect cells to maintain their capacity to form this complex at 

invadopodia but lack the ability to transduce the signal to phosphorylate MT1-MMP downstream.  

Crosstalk between b1 integrin and the EGFR has been found to play an important role in 

breast carcinoma progression, with b1 integrin signaling capable of activating the EGFR 
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independent of EGF binding (Soung et al., 2010).  EGFR tyrosine-phosphorylation downstream 

of b1 integrin-mediated ECM adhesion has been found to require Src kinase, with chemical 

inhibition and knockdown of Src abrogating this response (Moro et al., 2002).  Here we utilized 

chemical inhibitors, siRNA, and transient expression of dominant negative mutants to confirm that 

Src kinase is required as an intermediate in the b1 integrin-mediated activation of EGFR.  We used 

these approaches to confirm the activity of Src and EGFR in modulating MT1-MMP 

phosphorylation downstream of b1 integrin activation.  Additionally, we utilized an RNAi 

approach to investigate the role that FAK plays in this signaling axis, and we found that 

knockdown of FAK impeded MT1-MMP phosphorylation downstream of b1 integrin.  The role 

that FAK plays in Src and EGFR activation was not investigated here, and use of dominant 

negative FAK constructs would be an interesting method to study this.  If FAK is upstream of 

these signaling molecules, we would expect that cells expressing a dominant-negative form of 

FAK would demonstrate decreased activation of Src and EGFR and be significantly less invasive. 

6.4 MT1-MMP is Phosphorylated on Thr567 Downstream of β1 Integrin 

In the current study, the specific site on MT1-MMP that is phosphorylated downstream of 

b1 integrin signaling was identified.  The use of phospho-mutant constructs has been employed by 

numerous groups in efforts to mimic either constitutive phosphorylation or dephosphorylation of 

a protein of interest (Sieracki and Komarova, 2013).  In this study, we utilized non-phosphorylable 

MT1-MMP constructs wherein the amino acid at the phosphorylation site of interest was altered 

to be an alanine.  Despite cellular treatment with the b1-integrin-activating antibody, cells 

transiently expressing a T567A-MT1-MMP non-phosphorylable mutant construct were found to 

be have impaired invadopodia formation and were significantly less invasive.  The same cells 
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demonstrated an accumulation of the T567A-MT1-MMP construct at the cell surface.  Taken 

together, we have shown that b1 integrin regulates the phosphorylation of MT1-MMP on Thr567, 

which is required for regulation of cell surface levels of the enzyme.  These results are consistent 

with previous findings that MT1-MMP-Thr567 phosphorylation plays an important role in 

invadopodium formation (Williams and Coppolino, 2011), and here we report the first evidence 

that b1 integrin signaling regulates this event.  To date, the specific kinase responsible for MT1-

MMP-Thr567 phosphorylation remains unidentified, and determining this would be of interest for 

increasing our knowledge and understanding of invadopodia biology and the metastatic process.   

6.5 Inhibition of β1 Integrin Prevents MT1-MMP Internalization 

To further address the importance of b1 integrin signaling in mediating MT1-MMP activity 

during invadopodia formation, we utilized a b1-integin-inhibiting antibody (AIIB2) approach.  

This monoclonal antibody binds to a region connecting two ligand-binding sites on the b1 integrin 

extracellular domain, inducing a conformational change consistent with receptor inactivation 

(Takada and Puzon, 1993).  Treatment of cells with the b1-integrin-inhibiting antibody resulted in 

decreased malignancy and proliferation (Park et al., 2006), and here we report an impairment of 

cell spreading on an ECM substrate.  Interestingly, we report that antibody-mediated b1 integrin 

inhibition did not significantly alter cell migration; however, cell invasion through Matrigel was 

decreased substantially.  These results are consistent with previous findings which indicate that b1 

integrin activity is expendable for migration, with  b3 integrin being the primary adhesion receptor 

responsible (Clyman et al., 1992; Miao et al., 2005).  It is possible that the activity and surface 
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expression of other integrin subunits (e.g. b3) are upregulated in response to b1 integrin inhibition, 

which would be interesting to investigate in the future.   

The observation that cellular invasion required b1 integrin activity suggests that 

downstream signaling from this receptor is indispensable in this process, and that the processes of 

cell migration and invasion are differentially regulated.  Consistent with the increase in invasion 

that was observed, we found that the processes of invadopodia formation and local gelatin 

degradation were increased in cells treated with the b1-integrin-inhibitory antibody.  The 

phenotype exhibited by b1-integrin-inhibited cells was very similar to that of -activated cells with 

one key difference – the invadopodia formed by the -inhibited cells were significantly larger.  

Although it was not pursued here, it will be interesting to study the protein composition of these 

large invadopodia as this may provide evidence for the enhanced invasiveness of these cells.  A 

potential candidate that may be upregulated in these large invadopodia is b3 integrin.  This integrin 

subunit has been found to play an important role in invadopodia maintenance and is known to 

influence cellular behaviours similar to those of b1 integrin (Goldfinger, 2013).  It is also 

interesting to note that both b1 and b3 integrin have been shown to associate with MT1-MMP, 

albeit at distinct cell compartments (Gálvez et al., 2002).  With this knowledge in mind, it will be 

pertinent to study both changes in integrin expression levels and their localization to invadopodia 

when b1 integrin is inhibited.  Future research in this area may address altered modes of 

invadopodia formation and cell invasion, and identify potential therapeutic targets in the process. 

 We have observed that inhibition of b1 integrin signaling significantly increased cell 

surface levels of both b1 integrin and MT1-MMP, especially over prolonged periods of time.  It is 
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possible that the proximity of these two proteins within invadopodia allows them to stabilize each 

other at the cell surface, which has been previously reported in other systems (Deryugina et al., 

2001; Gálvez et al., 2002).  This stabilization has been found to prevent internalization through 

blockade of the endocytosis motif, and through IP-MS methods we found that this is indeed what 

was occurring in the b1-integrin-inhibited cells.  In these cells, MT1-MMP was found to associate 

with numerous integrin subunits, including b1, and this finding was also confirmed by co-

immunoprecipitation.  It is interesting to note that MT1-MMP associated with b1 integrin in both 

its heterodimeric (N-glycosylated) and monomeric (non- N-glycosylated) form.  Molecular 

stabilization between MT1-MMP and b1 integrin was found to play a role in the internalization 

and intracellular recycling of these proteins.  We observed decreased association of these proteins 

with Rab5-positive early endosomes, indicating a failure for them to be properly recycled when 

b1 integrin was inhibited.  Consistent with the IP-MS and immunoprecipitation data that we 

collected, we observed co-staining of b1 integrin and MT1-MMP in distinct cellular regions.  We 

predict that colocalization of these proteins is occurring at old invadopodia distant from the 

migration front, and future work using live cell imaging methods are planned to explore this 

hypothesis.   

Minimal data is available describing the activity and biological significance of the b1 

monomer; however, it has recently been determined that some integrin subunits retain their 

signaling properties regardless of their dimerization state (Solovjov et al., 2005; Myllymäki and 

Manninen, 2019).  Furthermore, cells exclusively expressing the α or β subunits of a specific 

heterodimer pair have been shown to demonstrate significantly different phenotypes, indicating 
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that each subunit of a pair contributes distinct properties to the cell (Solovjov et al., 2005).  It will 

be interesting to investigate differential localization of b1 integrin heterodimers and monomers in 

b1-integrin-inhibited cells as well as their functions at newly forming invadopodia, as this could 

provide novel information regarding b1 integrin-specific functions.  The observation of proMT1-

MMP phosphorylation in b1-integrin-inhibited cells may be a downstream consequence of b1 

integrin monomer activity, and this will be an interesting area of study for the future. 

6.6 Summary 

  Here we have described a role for b1 integrin signaling in regulating the activity of MT1-

MMP at invadopodia through the modulation of Thr567 phosphorylation and subsequent 

internalization.  In a broad sense, these results contribute to the growing field of invadopodia 

biology and enhance our knowledge of the metastatic process.  Through a therapeutic lens, the 

signaling axis described here has the potential to yield potential targets for anticancer treatments.  

Signaling molecules such as FAK, Src, and the EGFR are highly expressed in the cells of 

aggressive tumours; however, targeting of these signaling molecules has proven to be problematic.  

In recent years significant strides have been made in the development of chemical inhibitors and 

antibodies specifically targeting these molecules (Bolós et al., 2010; Wykosky et al., 2011; Tiede 

et al., 2018).  Despite this forward progress, hurdles still exist, the most significant being that these 

signaling molecules also play an important role in focal adhesion formation and outside-in 

signaling in non-malignant cells.  Therefore, our findings may prove valuable in laying the 

foundation for further investigation into additional signaling molecules involved in the b1 integrin-

MT1-MMP signaling cascade.  In particular, the identification of the kinase responsible for 

phosphorylating MT1-MMP-Thr567 could prove to be a valuable target for anti-cancer therapies 
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against tumours expressing high levels of b1 integrin and EGFR.  Overall, the studies outlined 

here are the first to illustrate a signaling relationship between b1 integrin and MT1-MMP in 

invasive cancer cells.  Our findings offer enhanced knowledge of the role that b1 integrin-mediated 

signaling plays in regulating MT1-MMP turnover at invadopodia and how this signaling functions 

to regulate prolonged cell invasion.   
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APPENDICES 
Table 1: List of antibodies and chemical inhibitors used 

Name Target Function/Mechanism of Action 
AIIB2 β1 Integrin Function-blocking monoclonal antibody that blocks 

the extracellular domain of β1 integrin receptors to 
block cell attachment to ECM components. 
Epitope sequence and location: NKGECFNELVGK 
(amino acids 207-218). 

P4G11 β1 Integrin Monoclonal antibody that recognizes a Ca2+-
dependent epitope on the extracellular domain of β1 
integrin which triggers cross-linking and binding to 
extracellular matrix substrates. 

PP2 Src kinase Selective inhibitor of Src-family kinases that binds 
to the ATP binding pocket within the catalytic 
domain. 

AG1478 Epidermal Growth Factor 
Receptor (EGFR) 

Selectively inhibits EGFR by blocking its protein 
tyrosine kinase activity and by promoting the 
formation of inactive EGFR dimers. 

EGF Epidermal Growth Factor 
Receptor (EGFR) 

Human EGF is a 6 kDa (53 amino acids) protein 
that binds to the extracellular ligand-binding 
domain of its cognate receptor to stimulate 
dimerization. 

Table 2: List of function-altering constructs 

Name Function/Mechanism of Action 
Src-Y529F Constitutively active mutant construct whereby Tyr529 is 

replaced with phenylalanine.  Tyr529 acts as a negative 
regulator of kinase function by interacting with the SH2 
domain when phosphorylated, keeping Src in its inactive 
form.  This conformation blocks phosphorylation of Tyr418 of 
the catalytic domain, which thereby prevents Src activation.  
The Y529F mutant is non-phosphorylable, allowing Tyr418 to 
be maximally phosphorylated which fully activates Src. 

Src-K296R/Y528F Dominant-negative mutant whereby Lys296 is replaced with 
arginine, and Tyr528 is replaced with phenylalanine.  This 
mutant exerts a loss-of-function by reacting with putative 
activators of Src, thus inhibiting endogenous Src kinase 
activity.   

T567A-MT1-MMP Non-phosphorylable mutant construct of MT1-MMP with 
cytoplasmic Thr567 mutated to alanine. 

Y573A-MT1-MMP Non-phosphorylable mutant construct of MT1-MMP with 
cytoplasmic Tyr573 mutated to alanine. 
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