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Abstract 
 

A quantitative assessment of Tks5 SH3 domain function on invadopodia 
development and activity 

 
Brewer Douglas Logan 

B.S., Appalachian State University  
M.S., Appalachian State University  

 
 

Chairperson: Darren F. Seals, Ph.D. 
 
 

When cancer cells acquire the ability to move out of their tissue of origin 

and traverse to other body locations as part of metastatic disease, patient 

morbidity and mortality declines. Thus, preventing or combating metastasis is 

perhaps the most significant therapeutic challenge in cancer. Some cancer cells 

invade foreign tissues by creating actin-rich structures that focalize proteolytic 

degradation of the extracellular matrix. These structures are called invadopodia. 

Catalyzing invadopodia development is the scaffolding protein and Src tyrosine 

kinase substrate Tks5. Previous research suggests that both Src and Tks5 are 

necessary and sufficient for invadopodia formation, and that their expression 

correlates with tumor growth, angiogenesis, and metastasis. There is also a 

direct correlation between the amount of Tks5 phosphorylation and the amount 

of matrix degradation mediated by invadopodia. However, relatively little is 
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known about the five, protein-binding SH3 domains of Tks5. In the LNCaP 

prostate carcinoma cell line, ectopic expression of Tks5 constructs harboring 

inactivating mutations in any one of the first three SH3 domains accentuated 

invadopodia development and their matrix degrading capabilities. However, 

when these constructs were transfected into invadopodia-competent Src-

transformed NIH3T3 (Src3T3) cells, invadopodia formation and matrix 

degradation were disrupted in dominant-negative fashion. Here I have used 

sophisticated measurements of invadopodia numbers, invadopodia marker 

protein localization at high magnification, and quantitative measurement of 

matrix degradation among individually transfected cells to highlight the 

remarkable disparity of these results across the different cancer cell lines. Based 

on these results, I hypothesize that Tks5 acts in either a closed (inactive) or open 

(active) conformation. The closed conformation is possibly mediated by the 

binding of a polyproline motif in the PX domain of Tks5 to one or more of its own 

first three SH3 domains. Src-dependent Tks5 phosphorylation is expected to 

disrupt these putative intramolecular interactions and create an open 

conformation suitable for the binding of other proteins involved in invadopodia 

development. Mutations in the first three SH3 domains create an aberrantly 

active form of Tks5 that mis-localizes it and other invadopodia marker proteins 

(i.e. Src, N-WASp) to endosome compartments and impairs both vesicle 

trafficking and invadopodia development as a result. 
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Prologue 
 

Uninterrupted intracellular communication mediated by protein-protein 

interactions is crucial to normal cellular function. Such interactions form large 

complexes and contribute to strikingly important processes including but not 

limited to DNA replication, transcription, translation etc. There is strict 

regulation of these protein complexes, from assembly, to function, and to finally 

complex breakdown. This is no less the case for macromolecular complexes called 

invadopodia. In the context of cancer, invadopodia regulate cell motility and the 

invasion of foreign tissues during metastasis. Key features of invadopodia 

regulation include actin dynamics modulation, adhesion molecule regulation, 

and protease secretion. Central to the regulation of invadopodia are Src tyrosine 

kinase and its substrate, the scaffolding protein Tks5. Src is known to 

phosphorylate many proteins, but its control of Tks5 has been known to 

fundamentally increase the ability of cancer cells to create functional 

invadopodia. However, less is known of how the five protein-binding SH3 

domains of Tks5 regulate invadopodia. Each SH3 domain likely has many 

binding partners and some of those may be unique to a particular SH3 domain, 

thus suggesting a high complexity to Tk5 SH3 domain interactions as well as 

invadopodia complex assembly. This thesis study sought to clarify the nuances of 

Tks5 SH3 domain function in relation to invadopodia development. The 

following introductory literature review will provide the framework for this 

study. This includes the nature of cancer as a disease, its ability to metastasize, 
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the factors that control invadopodia assembly by cancer cells, and the particular 

scaffolding roles of Tks5 PX and SH3 domains. Consideration will also be given 

towards Tks5 signaling as a possible target for future cancer therapeutics. 
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CHAPTER 1 :   

LITERATURE REVIEW 
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1.1  CANCER CELL INVASION AND METASTASIS   

 

As cancer progresses as a disease, newfound properties take hold. Among 

these is metastasis, the spread of cancer to distant tissues of the body. Metastasis 

accounts for approximately 90% of all cancer-related deaths and remains to this day 

a formidable therapeutic challenge. Cancer cell invasion as a prerequisite for 

metastasis requires degradation of surrounding tissues as well as enhanced cellular 

motility (Sporn, 1996; Chang and Werb, 2001; Friedl and Wolf, 2003). 

Tissues/organs of tumor origination are surrounded by a macromolecular network of 

fibrous proteins (e.g. collagen) and proteoglycans known as the extracellular matrix 

(ECM). The ECM helps scaffold tissues/organs as well as the vasculature within the 

interstitial matrix, it harbors extracellular signals that control tissue 

morphogenesis, and it supports both cell adhesion and chemotaxis (Jarvelainen et 

al., 2009; Schaefer and Schaefer, 2009; Franz et al., 2010; Rozario and DeSimone, 

2010).  The specialized ECM at the boundary of tissues is known as the basement 

membrane (BM). This BM separates epithelial tissue from the less dense stroma 

where both the lymphatic and circulatory components of the vasculature are located 

(Franz et al., 2010). Unique molecular components of the basement membrane 

include collagen IV and laminin-entactin/nidogen complexes, which form a thin 

specialized layer for epithelial and endothelial cells to attach and grow. The BM 

helps to create defining barriers and tissue boundaries that are unique to the 

tissues in which they are associated (Paulsson, 1992). During metastasis, cancer 
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cells of epithelial origin (known as carcinomas) degrade and move through the BM 

into the underlying interstitial matrix, make their way through the vascular 

endothelium to traverse the bloodstream until settling at a secondary sight. As a 

prerequisite for invasion, cancer cells form actin-rich protrusions at the plasma 

membrane called invadopodia. Invadopodia focalize proteolytic degradation of the 

ECM, thus creating a passageway by which the cancer cells can travel (Figure 1) 

(Murphy and Courtneidge, 2011; Beaty and Condeelis, 2014). It is well-appreciated 

that alternative forms of cancer cell invasion exist, namely a highly contractile, 

amoeboid-type movement that functions independent of proteolysis. Other modes of 

cancer cell invasion include mesenchymal and collective, which are utilized under 

rare conditions. Although proteolysis is not always the necessary instrument for 

invasion, cancer cells are more likely to utilize this mechanism when the collagen is 

connected through tight covalent cross-links, which is highly characteristic of the 

BM at tissue boundaries. Evidence suggest that cells desiring motility will more 

likely require protease driven invasion versus petitioning an amoeboid phenotype 

(Sabeh et al., 2009). These arguments justify a more thorough understanding of 

invadopodia structures, not only as an appreciation for cancer cell biology, but quite 

possibly as the target of anti-metastasis drugs. Thus, greater knowledge of 

formation and function of invadopodia is vital for the progression of our 

understanding of cancer metastasis.  
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1.2 ACTIN-RICH PROTRUSIONS  

 

1.2.1     Defining different cell protrusions  

Invadopodia are just one of many types of actin-rich structures created by 

motile/invasive cells. Others include filopodia, lamellipodia, focal adhesions, and 

podosomes. Filopodia, lamellipodia, and focal adhesions are locomotory structures 

at the leading edge of cells, while podosomes and invadopodia are protrusions 

formed on the ventral surface of the cell with a primary function in ECM 

degradation (Alblazi and Siar, 2015). Lamellipodia are long but thin protrusions 

formed by a meshwork of actin filaments that steer cells across a substrate 

(Clainche and Carlier, 2008). Filopodia are tightly bundled actin microfilament 

arrays that extend narrow, finger-like protrusions beyond the reach of lamellipodia 

and may provide a sensory function in response to chemotactic factors within a cell’s 

microenvironment (Mattila and Lappalainen, 2008). Focal adhesions are integrin-

based adhesion complexes that cross-link the ECM to the branched actin 

microfilaments within lamellipodia (Wozniak et al., 2004; Geiger et al., 2009). By 

enabling attachment of cells to the ECM, focal adhesions serve as anchor points for 

the contraction-based forward movement of cells, though they also relay survival 

messages to and from the ECM as well. All of these structures are actin based and 

require the concerted action of several actin-modulating proteins for full 

functionality. 
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Invadopodia are of particular interest given that these structures form as a 

prerequisite for cancer cell invasion leading to metastasis. The surge of actin 

activity leading to motility and degradation in both invadopodia and the related 

podosomes can be visually evident in cells when stained for F-actin. Previously this 

led to a confusion in nomenclature for invadopodia and podosomes given that both 

terms were historically applied to the same structure in the same cell type (David-

Pfeuty and Singer, 1980; Tarone et al., 1985; Chen, 1989). However, it has now been 

established that podosomes represent actin-rich protrusions in professionally 

invasive cells (smooth muscle cells, macrophages, osteoclasts, dendritic cells, etc.) 

while invadopodia represent actin-rich protrusions in cancerous cells. Both are able 

to degrade ECM (Figure 1). A “catch all” term utilized by many today is invadosome 

which describes both aforementioned structures (Murphy and Courtneidge, 2011). 

Although these structures have been validated in many cell lines, their 

development, including the sequential order in which proteins of an invadosome 

complex are assembled remains ambiguous. Tks5 is known to play an integral role 

in creating this complex and deriving their ECM degradation function upon full 

invadosome maturation, but it has not been observed at other actin based 

structures like focal adhesions (Abram et al., 2003; Oikawa et al., 2008a; Stylli et 

al., 2008; Diaz et al., 2009).This suggests that Tks5 is a selective invadosome 

marker protein.  
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Figure 1. A Model of Tks5-regulated Invadopodia Formation and Function. 
Invadopodia are shown as fine protrusions of the ventral surface of cancer cells 
driven by the focalized polymerization of actin microfilaments. The scaffolding 
protein Tks5 is a central scaffolding agent in invadopodia formation/function. Here, 
Src kinase (purple), a known oncoprotein, activates Tks5 by phosphorylating it at 
one or more tyrosine (Y) residues (P, yellow). This enables the lipid-binding phox 
homology (PX) domain of Tks5 (Panigrahi et al.) to bind to phosphoinositides (PIPs; 
orange) at the plasma membrane. It may also enable the five protein-binding Src 
homology 3 (SH3) domains (turquoise) to bind other actin-associated invadopodia 
markers (lime) and/or membrane-associated proteases (MT1-MMP, ADAMs; brown) 
that mediate the matrix remodeling function of invadopodia during cancer cell 
invasion/metastasis. These putative Tks5 binding partners contain polyproline 
motifs (not shown) that are bound by Tks5 SH3 domains during invadopodia 
complex assembly. 
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1.2.2     Similarities in invadopodia and podosomes 

To distinguish invadosomes from archetypal focal adhesions, both ECM 

degradation and active actin nucleation need to be detected. These are well accepted 

fundamental characteristics which establish that invadosomes are present and not 

merely an adhesion complex within a cell. Also characteristic of invadosomes are a 

cohort of actin binding and modulation proteins, kinases, GTPases, and scaffolding 

proteins, all which help regulate and maintain these dynamic structures (Gimona et 

al., 2008b; Kelley et al., 2010). It has been demonstrated that invadosomes degrade 

the ECM after full maturation of the structure by recruitment of proteases (Artym 

et al., 2006). As is the case for both podosomes and invadopodia, the degradation 

that takes place is forcibly the results of an intrinsic signal to maneuver cells out of 

one tissue site and into another. Previous research suggests that both Src and Tks5 

are necessary and sufficient for invadopodia formation, and that their expression 

correlates with tumor growth, angiogenesis, and metastasis. A previous study also 

demonstrated that Tks5 is necessary in podosome formation in vascular smooth 

muscle cells as it recruits key proteins for full maturation, including cortactin 

(cortical actin binding protein), p190RhoGAP, and AFAP-110 (Crimaldi et al., 2009).  

 

1.2.3 Differences in invadopodia and podosomes 

It is far more likely to find similarities in invadosomes than differences; 

however, there is research suggest these structures are phenotypically and 

functionally distinct. A study using TIRF microscopy was devised to look distinctly 
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at invadopodia in MDA-MB-231 breast carcinoma cell lines along with podosomes in 

IC-21 macrophages(Artym et al., 2011). They found that a particular 

invagination/ruffling of the membrane around the invadopodium (which was termed 

the membrane lacuna) during the extension of the filament-like invadopodia into 

the ECM is an interrelated event. This was found to be different from macrophage 

podosome extension into the ECM in which there is less dynamic changes to the 

membrane around the podosomes (Artym et al., 2011). Another distinction between 

these two invasive structures is their duration. Podosomes have a turnover rate of 

about 2-20 minutes while invadopodia last for several hours before disassembly 

(Gimona et al., 2008b). It has been shown that on average podosomes measure 0.4 

µm in length and 1 µm in diameter while invadopodia measure 2 µm in length and 

0.8 µm in diameter (Artym et al., 2006; Gimona et al., 2008a; Sibony-Benyamini and 

Gil-Henn, 2012). Not only are there morphological differences but studies suggest 

signaling differences exist as well. Invadopodia can form in the absence of b3 

integrin while podosomes cannot (Destaing et al., 2010). They both however lack the 

ability to form in the absence of b1 integrin. This suggests a different signal 

transduction pathway leading to the formation of these structures.  
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1.3 INVADOPODIA FORMATION AND REGULATION  

 

1.3.1 Initiation of invadopodia formation 

The complexity and size of invadopodia require sequential structuring where 

each stage is completed before the next starts. The start of this process will usually 

rely on stimuli that upregulate a consortium of proteins. Currently these stimuli 

include growth factors, hypoxia, reactive oxygen species (ROS), miRNAs, and/or 

oncogene expression/activation. These stimuli function as the initiation for 

invadopodium precursor assembly, a core structure which is not yet able to degrade 

ECM proteins. The precursor core assembly relies on proper sequential signaling 

that will eventually lead to precursor core stabilization and finally invadopodia 

maturation (Figure 2).  This requires extensive actin polymerization and is marked 

by phosphorylation and activation of Cdc42, cofilin, and cortactin (by Src tyrosine 

kinases or serine/threonine kinases), and N-WASp-Arp2/3 complex localization 

(Eddy et al., 2017).  
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Figure 2. Illustration of sequential invadopodia development and invasion. (A)  
Depicts a cancer cell starting with adhesion to the basement membrane, 
invadopodia formation by increased actin nucleation, formation of adhesion rings, 
breach of the BM, widening of the breach, and finally increased motility leading to 
invasion (left to right, respectively). (B) Illustrated in more detail is an 
invadopodium breaching the BM resulting in a decreased invadopodia turnover. A 
hypothesized illustration of Tks5 is depicted at each stage. The decrease in 
invadopodium turnover allows for an increase in branched actin network and 
microtubule formation leading to an increase in protease secretion and a widening 
of the breach. Simultaneously, the invadopodium converts to lamellipodia 
containing filopodia extensions, which assist with invasion into the underlying 
stroma, and eventually into the lymphatic or circulatory system resulting in 
metastasis. 
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1.3.2 External stimuli leading to invadopodia precursor core formation 

Extracellular stimuli customarily include chemokines and soluble growth 

factors, such as epidermal growth factor (EGF), transforming growth factor beta 

(TGF-b), platelet derived growth factor (PDGF), and vascular endothelial growth 

factor (VEGF), all of which have been verified in many cell lines to promote 

invadopodia formation (Tague et al., 2004; Yamaguchi et al., 2005; Desmarais et al., 

2009; Oser et al., 2009; Lucas et al., 2010; Eckert and Yang, 2011; Pignatelli et al., 

2012; Diaz et al., 2013). Along with these known growth factors, hypoxic 

environments and ROS have been demonstrated to stimulate invadopodia formation 

as well (Chan and Giaccia, 2007; Finger and Giaccia, 2010; Liou and Storz, 2010).  

Prompting cellular activity with growth factors primarily results in the 

stimulation of receptor tyrosine kinases, which upregulate Ras/Raf signaling and/or 

the non-receptor Src and Abl kinases. EGF and PDGF will bind and activate their 

respective receptor tyrosine kinases, which, in turn, support the binding of the 

Grb2/Sos complex. Sos then activates Ras, Ras activates Raf, and the ensuing 

mitogen-activated protein kinases (MAPK) signaling cascade will activate 

transcription factors associated with the upregulation of genes involved in cell 

survival, proliferation and invadopodia assembly (Scaltriti and Baselga, 2006; 

Murphy and Courtneidge, 2011). In the context of cancer these pathways have been 

known to activate phosphorylation of the invadopodia precursor core protein 

cortactin (Oser et al., 2009).  
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TGF-b can work in a similar fashion to upregulate the Ras/Raf pathway as 

well as to phosphorylate and activate the Smad family of transcription factors that 

bind with cofactors to upregulate specific genes. TGF-b has a particular nuanced 

function in that it can signal for tumor suppression or tumor promotion depending 

on Smad partner involved. This creates a challenge for cancer treatment when 

determining whether or not to use TGF-b cancer therapeutics. One study found that 

a member of the 14-3-3 family of regulatory proteins, 14-3-3 z, executed a switch in 

TGF-b signaling (Xu et al., 2015). This signaling led to an epithelial to 

mesenchymal transition (EMT) and tumor cell invasion through the upregulation in 

the EMT programmer and invadopodia inducer TWIST1, thus tying invadopodium 

initiation to TGF-b signaling. A consequence of these signals is an increase in actin 

nucleation and formation of the invadopodia precursor core (Pignatelli et al., 2012; 

Xu et al., 2015).  

VEGF is known to play an important role in angiogenesis signaling, but more 

recently it has been demonstrated to upregulate cell migration and protease-

dependent ECM remolding via invadosomal precursor core formation that 

eventually leads to invadopodia maturation (Osiak et al., 2005; Dean et al., 2007; 

Wang et al., 2008; Lucas et al., 2010). Moreover, there is a relationship between 

VEGF signaling and the matrix metalloproteinase MMP2. Specifically, invadopodia 

associated MMP2 proteolytic activity led to an increase in VEGF signaling which 

was shown to be crucial for tumor growth (Dean et al., 2007). In another study it 

was also shown that when serum starved human umbilical vein endothelial cells 
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(HUVECs) were treated with VEGF, podosome formation was initiated (Osiak et al., 

2005).  

The aggressive and fast-pace growth of cancer cells can cause hypoxic tumor 

microenvironments as the blood supply to the tumor decreases. This is known to 

cause an increase in invadopodia formation through the hypoxia regulatory protein 

and transcription factor HIF-1a (Hypoxia inducible factor 1 alpha), however the 

level of HIF-1a does not affect invadopodia formation in normoxic tumor 

microenvironments (Lucien et al., 2011; Zhang et al., 2012; Diaz et al., 2013). It has 

been shown that the increase in invadopodia formation during hypoxia is linked to 

an increase in Notch signaling and ADAM12 sheddase activity. More specifically, 

during hypoxia, NOTCH1 activity is stimulated through cell surface ligand 

interactions with neighboring cells through JAG2 causing the intracellular domain 

of NOTCH1, called NIC (Notch intracellular fragment), to be cleaved and enter the 

nucleus. NIC then binds to HIF-1a and upregulates target genes. One of the target 

proteins, ADAM12, is a cell surface protein with sheddase activity. When activated, 

it results in the ectodomain shedding of HB-EGF, which can stimulate epidermal 

growth factor receptor (EGFR) of the same or nearby cells leading to invadopodia 

formation (Diaz et al., 2013).  

Superoxide generation through the NADPH oxidase (Nox) system is a major 

contributor to ROS production in cancer cells. Such ROS production has been shown 

to enhance cancer progression, including invadopodia formation. This frequently 

occurs through inhibition of protein tyrosine phosphatases (PTPases), an increase in 
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MMPs, and activation of protein kinase C (PKC) and Src (Tonks, 2005; Wu, 2006; 

Svineng et al., 2008; Wu et al., 2008; Diaz et al., 2009). In one study it was shown 

that knockdown of Tks5 reduced the amount of ROS in cancer cells. Moreover, 

tyrosine phosphorylation of Tks5 was reduced when Nox inhibitors were introduced. 

This suggests an interrelationship between the invadopodia marker protein Tks5 

and the ROS-generating Nox system in invadopodia development (Diaz et al., 2009). 

 

1.3.3 Internal stimuli leading to invadopodia precursor core formation 

Research efforts devoted to understanding the intracellular signaling 

paradigms that lead to tumor metastatis are ongoing. MicroRNAs (miR) have been 

shown to be a key regulator in cancer cell invasion across multiple cell lines. miR-

182, miR-200c, miR-375, miR-29a, miR-133a, and miR-142-3p are but a few of the 

well-studied miRNAs known to be involved (Akanuma et al., 2014; Jimenez et al., 

2014; Schwickert et al., 2015; Sundararajan et al., 2015; Li et al., 2018; Zhao et al., 

2019). These are non-coding RNAs containing 20-25 nucleotides that regulate 

protein expression by binding to the 3’ untranslated region of their respective target 

genes (Svoronos et al., 2016). miR-182 in particular has been shown to regulate the 

known invadopodia precursor core protein cortactin. In a study using multiple lung 

cancer cell lines it was shown that increased levels of miR-182 decreased mRNA 

and protein levels of cortactin as well as the levels of cortactin phosphorylation. The 

opposite result was achieved when a miR-182 inhibitor was introduced into the cell 

lines (Li et al., 2018). Another study was able to demonstrate a novel target for miR-



	 15	

200c known as Tks5. In this study, EMT programing is being addressed as it relates 

to cancer of an epithelial origin. A known EMT programmer and target of miR-200c 

is ZEB1, but through in silico screening and validation in vitro it was shown that 

Tks5 mRNA is also a target of miR-200c (Sundararajan et al., 2015). In both cases 

the miRs achieved decreases in invadopodia development. 

 A well characterize method of invadopodia production is through the 

expression/activation of oncogenes, which are host genes that have the potential to 

cause cancer through increased expression or hyperactivation of the coded protein. 

Many of the genes are initially turned on during the cell cycle and development, 

which are two procedures known to malfunction in the context of cancer (Cantley et 

al., 1991) but they can regulate invadopodia too. For example, the oncogene Abelson 

tyrosine-protein kinase 1 (Sundararajan et al.) usually functions in cell 

differentiation, adhesion, and division but after the deletion of its regulatory 

domain, Abl becomes constitutively active and can induce invadopodia formation in 

fibroblasts (Smith-Pearson et al., 2010).  

 

1.3.4 Stages of invadopodia turnover  

After internal/external stimuli application, Stage I of invadopodia formation 

relies on the actin modulating functions of cortactin, N-WASp, cofilin, and Tks5. 

The GTPase Cdc42 is also known to become active at this time, usually through 

integrin based pathways and p-21 activated kinase (PAK1) interactions. Tyrosine 

phosphorylation of Cdc42, in turn, activates N-WASp thus allowing for association 
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with cortactin at the precursor core (Rohatgi et al., 2000; Li et al., 2013). It is still 

unclear exactly how Tks5 is trafficked to the plasma membrane at the invadopodia 

precursor core. Some evidence suggests that N-WASp may accumulate at 

invadopodia prior to Tks5 where it then acts to recruit Tks5 via SH3 domain-

polyproline (PXXP) motif interactions (Sharma et al., 2013). However, there is other 

evidence that Tks5/N-WASp binding is crucial for recruitment of N-WASp to the 

invadopodia (Oikawa et al., 2008b). Still, binding of Tks5 to phosphotidylinositol 

3,4-bisphosphate (PtdIns(3,4)P2) at the plasma membrane appears to be crucial for 

invadopodia stability, though this interaction is not thought to participate in initial 

recruitment (Sharma et al., 2013). This is because an enrichment of PtdIns(3,4)P2 is 

not seen at precursor core sights until 3-4 minutes after the core assembly. Yet, 

basal levels of this lipid may provide an anchoring sight for Tks5 as well as for the 

lipid-binding domain of N-WASp (Sharma et al., 2013). SHIP2 is a 5’-inostitol 

phosphatase that is recruited to invadopodia after the core assembly. It functions to 

enrich PtdIns(3,4)P2 by dephosphorylating PtdIns(3,4,5)P3 leading to further 

stabilization of the invadopodia precursor core by increasing Tks5-PtdIns(3,4)P2 

interactions.  

Stage II takes place when there is an increase in communication between the 

plasma membrane and the ECM facilitated by actin-based adhesion rings. This 

invokes signal transduction pathways that increase expression of integrins while 

receptor tyrosine kinases (RTKs), PKC, Src, Abl-related nonreceptor tyrosine kinase 

(Arg), and phosphoinositide 3-kinases work to heighten protein activity involved in 
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enhancing the branched actin network. This is done by increasing 

phosphatidylinositol dynamics, increasing the F-actin severing capability of cofilin, 

and continuing actin nucleation through N-WASp-Arp2/3 interactions, all anchored 

by adaptor proteins like Tks5 (Yamaguchi and Oikawa, 2010; Murphy and 

Courtneidge, 2011; Beaty and Condeelis, 2014; Paz et al., 2014). Following the 

increase in actin nucleation, a maturing invadopodium will recruit added 

cytoskeletal elements that help with its extension into the ECM. These elements 

include microtubules and vimentin intermediate filaments, which are only present 

upon maturation of invadopodia (Schoumacher et al., 2010). These cytoskeletal 

elements are upregulated during the elongation of invadopodia and simultaneously 

help traffic protease-containing endosomes to support ECM remolding.  

Stage III of invadopodia assembly and maturation is usually marked by the 

ability to degrade ECM proteins. Secreted proteases like MMP2 and MMP9 and 

transmembrane proteases like ADAMs and MT1-MMP assist in this endeavor. 

There are many factors that induce protease expression and activation. It has been 

shown that extracellular acidification by NHE1 (Na+/H+ exchanger) induces ERK1/2 

and p83 MAPK phosphorylation leading to NF-kB and AP-1 activation, which are 

transcription factors that regulate protease expression (Moon et al., 2004; Busco et 

al., 2010; Lin et al., 2011). These newly translated proteases are then 

compartmentalized around the Golgi at which point vesicle trafficking will 

translocate the proteases to sites of invadopodia elongation (Hu et al., 2011). 

Simultaneous to protease secretion and ECM degradation, invadopodia will begin to 
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elongate through the BM (Weaver, 2006; Stylli et al., 2008; Hagedorn et al., 2013; 

Revach et al., 2015).  

Once the BM has been breached, invadopodia turnover begins to decrease 

from its usual rapid turnover rate. This is thought to be due to a signal initiating a 

UNC-40/netrin receptor transition, which causes all efforts of invasion to be 

targeted at the most significant BM breach site. This breach site is then expanded 

(Hagedorn et al., 2013). Netrins and netrin receptors play an important role during 

development for targeted cell motility and these signals have now been shown to 

impact the direction of cancer cell invasion.  

Stage IV consist of elongation of the invadopodium into the underlying 

stroma. Many similar regulators are used for both invadopodia and lamellipodia 

development, which suggests that during this elongation and the start of migration 

the primary invadopodium transitions into the broader lamellipodia of motile cells 

(Schoumacher et al., 2010; Hagedorn et al., 2013). 

 
 
1.4 SRC, CORTACTIN, N-WASP, AND TKS5 REGULATION AND 

FUNCTION  

 

1.4.1 Src regulation and function 

The first recognition of invadopodia in culture was found in the 1980’s when 

fibroblasts were infected with the Rous Sarcoma Virus (RSV) (Spector et al., 1978; 

David-Pfeuty and Singer, 1980). It was later found that the v-src gene was 

responsible for the cellular transformation (Chen et al., 1985). Moreover, the normal 
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gene c-src gene was found to be structurally and sequentially homologous to the 

transformative v-src gene in the virus (Takeya and Hanafusa, 1983). Src is a non-

receptor tyrosine kinase encoded by this first discovered oncogene, and a well 

appreciated invadopodia marker protein. Src is also a key driver of cytoskeletal 

remodeling and invadopodia development as well as of tumor growth and 

progression. It is overexpressed or activated in many types of advanced carcinomas 

(Frame, 2002b). There are nine proteins in the Src family of non-receptor tyrosine 

kinases, including the ubiquitously expressed Src, Fyn, and Yes proteins. Frk, Blk, 

Yrk, Hck, Lck, and Lyn exhibit tissue-restricted expression (Thomas and Brugge, 

1997a). Src family proteins are involved in a plethora of signal transduction 

pathways, including cell proliferation, survival, and migration/invasion. 

Src is both held at rest (inactive) as well as activated by post translational 

modifications. At rest, human Src is phosphorylated at a tyrosine residue at 

position 527 by the tyrosine kinase Csk (C-terminal Src kinase). This creates an 

intramolecular interaction mediated by the binding of its own SH2 (Src homology 2) 

domain to the newly generated phosphotyrosine. This closed conformation, based on 

immunolocalization in Swiss3T3 cells, was associated with perinuclear-localized 

endosomes. When the cells were treated with nocodazole, which interferes with 

microtubule polymerization, Src relocated to sites of invadopodia development 

indicating a relationship between Src localization and the microtubule network 

(Fincham et al., 2000). 
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There are several ways in which Src can go from its closed, inactive to open, 

active conformation:  the SH2 domain of Src may come in contact with a higher 

affinity phosphotyrosine ligand, Src may come in contact with a phosphatase 

targeting the phosphorylated tyrosine residue at position 527, inactivating 

mutations may occur at the inhibitory tyrosine 527 residue, or an activating 

phosphorylation can occur at tyrosine 416 (Frame, 2002b). Full activation of Src 

tyrosine kinase activity, however, requires (i) auto-phosphorylation in its activation 

loop at tyrosine 416, and (ii) displacement of the intramolecular interaction between 

Src’s SH3 domain and its own polyproline motifs (Moroco et al., 2014) (Figure 3).  

The substrates of activated Src have been extensively studied, and prominent 

among them are cytoskeletal-remodeling proteins. Most of its substrates contain 

either SH1 (kinase), SH2 (phosphotyrosine-binding), or SH3 (polyproline-binding) 

domains. For example, phosphorylation of cortactin by Src leads to greater actin 

polymerization. Other Src substrates, including AFAP1 and p130cas of the cortical 

actin matrix, are not only phosphorylated by Src, but also bind to Src’s SH2 and 

SH3 domains (Reynolds et al., 2014). Meanwhile, the SH3 domain of Src is 

fundamental to its localization to focal adhesion structures like invadopodia via 

interactions with RhoA and ROCK (Rho kinase) (Playford and Schaller, 2004).  
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Figure 3. Src conformational changes during activation. This modified figure from 
Playford and Shaller (2004) shows inactive and active human Src conformations. 
Possible causes of conformational changes are (i) protein tyrosine phosphatases like 
PTPa, PTPIB and Shp2 cleaving the phosphate found at tyrosine 527, (ii) clustering 
of integrins (e.g. integrin b3) (Arias-Salgado et al., 2003), (iii) higher affinity ligands 
for Src’s phosphotyrosine-binding SH2 and proline-rich binding SH3 domains, 
and/or (iv) the deletion of the residue at position 527. Activation of Src involves 
autophosphorylation of tyrosine 416. 
 
 
1.4.2 Cortactin regulation and function 

Cortactin was the first discovered in v-Src transformed cells as a hyper-

phosphorylated protein (Wu et al., 1991). Src-dependent cortactin phosphorylation 

allows for its association with the adaptor protein Nck whose localization to sites of 

invadopodia has been shown to be necessary for formation (Stylli et al., 2009). 

Named for its binding to cortical actin structures, the Src substrate cortactin has an 

N-terminal acidic domain, tandem repeats, and a C-terminal SH3 domain. The 

acidic domain is known to associate and regulate Arp2/3 complex activity (Uruno et 
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al., 2001). The ability to control the Arp2/3 complex demonstrates that cortactin 

functions at sites of branched actin filaments that are required for invadopodia 

formation (Uruno et al., 2001; Bryce et al., 2005).  The SH3 domain of cortactin is 

known to bind a proline-rich motif in N-WASp, which is also involved in the 

regulation of actin nucleation (Ren et al., 2009). These adaptor functions in 

cortactin may also assist in forming large protein complexes at sites of invadopodia 

formation, and perhaps in the full maturation of invadopodia leading to ECM 

degradation (Bryce et al., 2005; Hill et al., 2006; Oser et al., 2009). 

 

1.4.3 N-WASp regulation and function 

N-WASp is a ubiquitously expressed substrate of Src tyrosine kinase and a 

binding partner of Tks5 (Miki et al., 1998; Martinez-Quiles et al., 2004). It has 

previously been shown that each of Tks5’s SH3 domains can associate with N-WASp 

(Oikawa et al., 2008b). Members of the Wiskott-Aldrich syndrome family of proteins 

(N-WASp, WASp, WAVE, Scar) are heavily involved in activation of the actin 

nucleating Arp2/3 complex. This complex is responsible for creating the actin rich 

core of invadopodia. Previous research has shown that formulation of an actin core 

is a prerequisite step for invadopodia maturation, and depends on activation of the 

Arp2/3 complex through the activity of N-WASp (Badowski et al., 2008; Albiges-Rizo 

et al., 2009). Similarly, WASp acts as a cytoskeletal regulator in hematopoietic cells 

and plays a key role in T-cell migration.  
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At the C-terminal end of N-WASp lies a conserved verprolin-cofilin homology-

acidic (VCA) domain that is used to recruit G-actin and associate with the Arp2/3 

complex. At the N-terminal end of N-WASp lies an Ena/VASP homology domain 1 

(EVH1) that binds to WIP (WASp interacting protein) (Martinez-Quiles et al., 

2004). WIP appears to traffic N-WASp to the plasma membrane where it is further 

activated by PtdIns(4,5)P2-binding to the basic region of N-WASp. N-WASp also has 

a GTPase binding domain (GBD) and a proline-rich region capable of binding SH3 

domains. Both are important for N-WASp functionality (Carlier et al., 2000; Higgs 

and Pollard, 2000; Prehoda et al., 2000; Rohatgi et al., 2000; Rohatgi et al., 2001).  

Activation of N-WASp involves disassociation of an intramolecular auto-

inhibitory interaction (Figure 4). This intramolecular interaction is generated 

through binding of the C-terminal VCA domain with either the GBD and/or basic 

region that precedes it (Higgs and Pollard, 2000; Kim et al., 2000; Rohatgi et al., 

2000). After disassociation, the DDW sequence of amino acids in the VCA domain is 

available to bind and activate the Arp2/3 complex (Martinez-Quiles et al., 2004). 

This may also enable N-WASp-mediated activation of cortactin through polyproline 

motif-mediated binding to cortactin’s SH3 domain. Such binding may enable 

cortactin to interface with the Arp2/3 complex as well. Strikingly, MAP kinase-

dependent phosphorylation of cortactin positively regulates N-WASp-Arp2/3 

interactions while Src-dependent phosphorylation of cortactin negatively regulates 

these interactions (Martinez-Quiles et al., 2004). This information is interesting as 

Src is a well-documented driver of cytoskeletal remodeling and is expressed in many 
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cancers. It has also been demonstrated that cortactin phosphorylation by either 

MAPK or Src does not affect the precursor invadopodia complex formation, however 

degradation was inhibited when cortactin was not properly phosphorylated after 

full invadopodia maturation (Oser et al., 2009). In the same study using MTLn3 

cells it was determined that precursor invadopodia contain the same marker 

proteins as mature invadopodia. These include, but are not limited to, cortactin, 

cofilin, N-WASp, the Arp2/3 complex, F-actin, Tks5, and MT1-MMP. When this 

complex of proteins is found within invadopodia, invadopodia associated ECM 

degradation can take place as part of full invadopodia maturation (Oser et al., 

2009). This indicates that N-WASp activity takes place at invadopodia from the 

precursor stages to full maturation and its intramolecular activity assists in 

regulating its function.  

 

Figure 4. Conformational Changes in N-WASp.  An association between the VCA 
domain, the B (basic) region, and the GBD keeps N-WASp in a closed, inactive 
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conformation. The interacting partners of N-WASp are present when N-WASp is in 
its open, active conformation.  
 
 
1.4.4 Tks5 regulation and function  

Because of the vital role of Src in cancer progression, substrates of Src were 

screened to identify proteins that may be involved in invadopodia formation and 

activity. This lead to the discovery of Tks5 (Lock et al., 1998). Murine Tks5 contains 

three, possible Src phosphorylation sites at tyrosines 552, 557, and 619; the human 

homolog replaces tyrosine 557 with tyrosine 558 (Lock et al., 1998; Stylli et al., 

2008; Oikawa et al., 2012; Burger et al., 2014). There is a direct positive correlation 

between Src-dependent Tks5 phosphorylation, the amount of invadopodia-

associated gelatin matrix degradation, and the overall invasive behavior exhibited 

by cancerous cells (Seals et al., 2005; Burger et al., 2014). The LNCaP prostate 

cancer cell line is incompetent for invadopodia production, but they were able to 

form invadopodia and degrade a gelatin matrix only upon overexpression of ectopic 

Tks5 (Burger et al., 2014). This attribute was accentuated following the transient 

co-expression of Tks5 and an activated version of chicken Src in which the tyrosine 

at position 527 had been mutated to a phenylalanine. Point mutations at the 

putative phosphorylation sites in Tks5 indicated that disruption of tyrosines 557 

and 619 led to an inability to detect Tks5 phosphorylation and a loss in invadopodia 

activity (Burger et al., 2014). Tks5 adaptor/scaffolding function is also affected by 

its phosphorylation status. The adaptor protein Nck associates with Tks5 at 

invadopodia (Stylli et al., 2009). This association was disrupted when tyrosine 557 
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of Tk5 was mutated to a phenylalanine, and this further disrupted invadopodia 

formation and development. The control of the Tks5/Nck interaction was directly 

correlated with Src kinase activity. As of now, Src is the only enzyme known to 

phosphorylate Tks5, however the exclusivity of Src-mediated Tks5 phosphorylation 

is an open avenue for investigation. 

The gene locus for human Tks5, called SH3PXD2A, encompasses 267 kb of 

sequence on chromosome 10 (Cejudo-Martin et al., 2014). The full coding sequence 

is spread across 15 exons, and is translated into 1124 amino acids. There are 

several, distinct domains, including the phox homology (PX) domain and five SH3 

domains. There are two known alternative splice sites in the gene encoding Tks5 

that correspond to exons 7 and 10, and encode regions of the protein that lie on 

either side of the first SH3 domain. There are also three alternative transcriptional 

start sites in Tks5. The two splice forms and the alternative start sites gives rise to 

multiple forms of Tks5 protein, some of which completely lack the PX domain (Li et 

al., 2013; Cejudo-Martin et al., 2014; Saini and Courtneidge, 2018). One study was 

able to show that the full-length isoform of Tks5 containing the PX domain was 

associated with metastatic adenocarcinoma of the lung (Li et al., 2013). However, 

the other isoforms lacking the PX domain were found in non-metastatic forms of the 

disease. Since Tks5 isoforms lacking the PX domain lead to Tks5 mis-localization in 

the cell and a loss of invadopodia, it is possible that metastatic carcinomas require 

invadopodia development (Cejudo-Martin et al., 2014). 
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Using a probe to detect Tks5 mRNA levels in tissues, it was established fairly 

early that Tks5 is ubiquitously expressed among many different tissue types, 

including heart, lung, brain, skeletal muscle, liver, and kidney, but excluding the 

spleen and testis, which exhibited undetectable levels of Tks5 (Lock et al., 1998). 

This suggests that Tks5 may have certain housekeeping functions outside of 

podosome development that are currently not well appreciated.  

We do know that Tks5 function is crucial for cell motility during embryonic 

development. It has been shown, for example, that Tks5 expression in the neural 

crest cells of zebrafish is necessary for proper craniofacial development and 

pigmentation (Murphy et al., 2011). Neural crest cells arise from the neural crest in 

the embryonic structure of vertebrates. These cells give rise to the majority of the 

peripheral nervous system as well as pigment cells, craniofacial bone and cartilage, 

and some connective tissue. Podosomes are highly characteristic in this cell type, 

and TGFb is known to induce podosome development. When Tks5 was knocked 

down in a murine neural crest cell line using shRNAs, treatment with TGFb was 

unable to produce podosomes (Murphy et al., 2011). This also suggests that TGFb 

signaling might be a regulator of Tks5 expression in this cell type. Tks5 expression 

during development was also shown to be necessary in a mouse model where a 

trapping cassette was used to transcriptionally terminate Sh3pxd2a (the murine 

Tks5 gene locus) between exons 1 and 2 (Cejudo-Martin et al., 2014). In the 

genetically altered mice neonatal death was observed along with a cleft palate. 

Similar to zebrafish, it is possible that impairments in neural crest migration, 
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possibly due to podosome deficiencies, contributed to the altered craniofacial 

development in these mice (Murphy et al., 2011). In conjunction with the previous 

research it supports the role of Tks5 for proper cellular migration in association 

with podosome formation and development. 

Tks5 expression may be regulated at both the transcriptional and 

translational levels. In an earlier study a cohort of breast cancer cells was screened 

for Tks5 mRNA and protein levels. Two of the cell lines were non-invasive (TD47 

and MCF7) while the rest were invasive (BT549, Hs578T, MDA231). Tks5 protein 

levels correlated with invasion, but this was not the case at the mRNA level as 

MCF7 cells showed similar levels of Tks5 mRNA as the highly invasive cancer cell 

lines. This suggests both transcriptional and translational control of Tks5 in breast 

cancer cells (Seals et al., 2005). It is uncertain whether the known regulation of 

Tks5 translation by miR-200c accounts for the differences in protein levels in these 

breast cancer cell lines (Sundararajan et al., 2015).  

Recent research has suggested that there is possible metabolic control of 

Tks5 in pathogenic T cells extracted from a mouse with rheumatoid arthritis (RA) 

(Shen et al., 2017). In murine T cells under conditions of rheumatoid arthritis (RA), 

the reduce glycolytic flux leads to deficiencies in ATP and pyruvate. This causes 

glucose to shunt to the pentose phosphate pathway leading to hyper-production of 

NADPH and a metabolic state of energy storage. This increases the production of 

fatty acids and cytoplasmic lipid droplets. This condition also led to increased Tks5 

and cortactin expression, a state of hypermotility, and the pathogenic phenotype of 
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RA T cells. These RA T cells maneuver into non-lymphoid tissue and create long-

lasting inflammatory microstructures. This locomotion leading to the 

microstructure formation also correlated with increased podosome development 

(Shen et al., 2017). 

 

1.5 TKS5 DOMAINS IN DETAIL  

 

1.5.1 Tks5 PX domain 

Tks5 is a modular protein with scaffolding capabilities. Such is the case of the 

amino terminal PX domain. The PX domain of Tks5 is hydrophobic in character and 

is found among a wide variety of proteins, often in association with SH3 domains. 

This includes the Tks5-related proteins p47phox and Tks4 (Ago et al., 2003; 

Buschman et al., 2009). The PX domain of Tks5 preferentially binds to 

phosphoinositides (PIPs), specifically phosphatidylinositol 3-phosphate (PtdIns3P) 

and PtdIns(3,4)P2 (Abram et al., 2003). This was determined when arginine-to-

alanine mutations (i.e. R42A and R93A) created in the PX domain of Tks5 negated 

association with purified PIPs applied to a nitrocellulose membrane (Abram et al., 

2003). Such lipid-binding likely mediates the localization of Tks5 to membrane 

structures like invadopodia. In a high-resolution, spatiotemporal, live-cell imaging 

study of Src-transformed breast cancer cells that was designed to stage invadopodia 

development, Tks5 was initially absent as invadopodia precursor structures started 

to form (Sharma et al., 2013). But later, Tks5 was recruited, at least partly by 
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anchoring its PX domain to the phosphoinositides present in the invadopodia 

precursor membranes. This presence of Tks5 enabled so-called invadopodia 

maturation.   

Although it has been established that there is an interaction between the 

Tks5 PX domain and PtdIns(3)P and PtdIns(3,4)P2 at lipid membranes, the 

mechanistic approach to how this occurs has not been revealed. A recent study 

using bioinformatic programs and SPR (surface plasmon resonance) determined 

that the cationic arginine residues in the PX domain of Tks5 (i.e. R42 and R93) 

interact strongly with PtdIns(3)P and PtdIns(3,4)P2 via the direct binding of 

phosphates at the D3 and D4 position respectively (Gorai et al., 2018). The other 

cationic residues in the PX domain of Tks5 (i.e. K78, R43, R82, and R83) help 

maintain a strong lipid interaction. This same study also demonstrated that the 

hydrophobic residues I79, L80 and F81 in the PX domain of Tks5 support PIP-

dependent binding by penetrating the plasma membrane (Gorai et al., 2018).  

Another study also addressed the necessity of the Tks5 PX domain by 

overexpression of the wild-type form of Tks5 in invadopodia-incompetent LNCaP 

prostate carcinoma cell line. This overexpression led to invadopodia formation and 

associated gelatin matrix degradation, but this was not true of a Tks5 construct 

lacking its PX domain (Li et al., 2013; Burger et al., 2014). It also appears, based on 

studies of human lung carcinomas, that of the three Tks5 isoforms derived from 

alternative promoters, it is Tks5b and Tks5short, the isoforms lacking the PX 

domain, that get mis-localized in cells and fail to form invadopodia (Li et al., 2013; 
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Cejudo-Martin et al., 2014; Saini and Courtneidge, 2018). This suggests that Tks5 

function for invadopodia development is highly regulated by the PX domain (Lock et 

al., 1998; Li et al., 2013; Cejudo-Martin et al., 2014). 

 

1.5.2 Tks5 SH3 domains 

In addition to the PX domain, Tks5 has a series of five SH3 domains that are 

known to be involved in protein-protein interactions through selective binding to 

proline-rich motifs. Some of these interactions are with other invadosome marker 

proteins and are vital for invadosome development and maturation. It is possible 

that Tks5 may be involved in recruitment for such processes as extracellular matrix 

degradation or growth factor shedding (e.g. ADAMs) (Schoumacher et al., 2010) or 

for actin polymerization (e.g. N-WASp). Intramolecular interactions may also be 

possible as Tks5 contains several proline-rich motifs of its own, including one in the 

PX domain (Hiroaki et al., 2001; Abram et al., 2003). Although intramolecular 

interactions are hypothesized, the majority of previous research regarding SH3 

domains of Tks5 has been devoted to finding interactions with other proteins. This 

has generated a plethora of potential protein binding partners for Tks5.  

As mentioned before, N-WASp is a key protein needed for actin 

polymerization through its crucial involvement in activating the Arp2/3 complex, 

and has demonstrated capabilities of binding all 5 SH3 domains of Tks5 regardless 

of the presences or absents of Src (Oikawa et al., 2008b). Dynamin is a small 

subfamily of GTP-binding proteins mostly known for their role in endocytosis and 
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vesical trafficking. However, they also regulate cell motility through association 

with microtubules and organization of invadopodia (Gonzalez-Jamett et al., 2013). 

Dynamin 2 was shown to interact with the 1st and 5th SH3 domains of Tks5 (Oikawa 

et al., 2008b). Both of the N-WASp and dynamin interactions with Tks5 were 

identified using immunoprecipitation assays or GST-pull-downs. 

As mentioned previously, Tks5 is necessary for podosome formation as it 

recruits key proteins for full maturation. These include cortactin, p190RhoGAP, and 

AFAP-110 (Crimaldi et al., 2009). These proteins are necessary for actin 

polymerization, the local down-regulation of RhoA activity, and Src activation, 

respectively. This study also demonstrated that the fifth SH3 domain of Tks5 was 

necessary for recruiting these proteins to podosomes in A7r5 rat smooth muscle 

cells. This was determined by staining for mitochondrial-targeted forms of GFP-

tagged Tks5 while the other proteins in the study were visualized through 

fluorescently conjugated antibodies. Tks5, now with a mitochondrial targeting 

region, accumulated around the mitochondria but also recruited cortactin, 

p190RhoGAP, and AFAP-110 away from the podosome core. The mis-localization of 

these proteins disrupted podosome formation and led to a diffuse actin distribution. 

However, none of these proteins could be co-immunoprecipitated suggesting that 

their interactions with the 5th SH3 domain of Tks5 may be indirect (Crimaldi et al., 

2009).  

The 5th SH3 domain of Tks5 also binds to the cytoplasmic tail of a small 

group of transmembrane proteins known as ADAMs family metalloproteinases, 



	 33	

specifically ADAMs 12, 15 and 19 (Abram et al., 2003). This interaction might be 

instrumental to the matrix degradation function of invadopodia as this is at least 

one role for ADAMs family enzymatic activity (Abram et al., 2003; Seals and 

Courtneidge, 2003). However, these proteases also have a sheddase function at the 

cell surface, and can release growth factors and other signaling molecules (Abram et 

al., 2003). In a later study, human fetal cerebral cortical tissue (HCC) cells were 

used as a model to observe amyloid-b neurotoxicity regulation as it relates to 

Alzheimer’s disease. It was discovered that Tks5 phosphorylation increased in HCC 

cells treated with amyloid-b, which in tandem increased the sheddase activity of 

ADAM12 as well as ECM degradation (Malinin et al., 2005). It was later 

determined that this increased sheddase activity was due to Tks5 association with a 

polyproline motif found in the cytoplasmic tail region of ADAM12 (Abram et al., 

2003; Malinin et al., 2005; Rufer et al., 2009; Eckert and Yang, 2011). 

 

1.6    SH3 DOMAIN BINDING NUANCES  

1.6.1 Importance of SH3 domains 

The SH3 domain is a small non-catalytic protein domain of ~60 amino acids. 

This domain was first identified in a virally transformed version of Src, thus the 

given name Src Homology 3 domain. Src is the namesake for the Src Homology 1 

(Src kinase) and Src Homology 2 (SH2) domains as well. Sequence similarities were 

soon observed within regions of many other proteins including the normal Src 

oncogene, Crk, phospholipase C, and Abl (Mayer et al., 1988). It was later 
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determined that all eukaryotic cells contain at least one copy of this domain in the 

genome. The SH3 domain is a common and widely distributed module, being 

represented over 16,000 times in over 12,500 different proteins (Tatárová et al., 

2012).  In humans, the SH3 domain is found 320 times among 219 different proteins 

(Li, 2005; Karkkainen et al., 2006; Teyra et al., 2017). The omnipresence of the SH3 

domain suggests a reliance on its activity for cellular processes, from growth and 

survival to motility (Carducci et al., 2012; Kurochkina and Guha, 2013). And this is 

all true despite a lack of any enzymatic function. This observation led to a series of 

protein interaction experiments with gene expression libraries that were screened 

for SH3 domain binding activity using the GST-tagged SH3 domain of the Src-

related kinase Abl as bait (Mayer et al., 1988; Cicchetti et al., 1992; Ren et al., 

1993). While multiple ligands of variable affinities were identified, the most robust 

binding occurred to short amino acid sequences enriched with prolines. Analogous 

studies showed binding between other SH3 domains to proline-rich ligands (Lim et 

al., 1994; Yu et al., 1994). While today we know that the selectivity and affinity for 

its ligands is rather unassertive, it is clear that SH3 domains act as proline 

recognition domains in the scaffolding of large protein complexes involved in cell 

signaling, including invadopodia formation leading to cancer metastasis. 

 

1.6.2 Structure of SH3 domains 

SH3 domains, along with WW (have a conserved pair of tryptophans) and 

EVH (Enabled/VASP Homology) domains, represent a select group of protein 
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modules that bind to proline-rich motifs. The ~60 amino acid-long SH3 domain 

contains a pair of conserved tryptophans (WW) that motivates its proline-binding 

activity (Carducci et al., 2012). The complete proline-binding structure of the SH3 

domain, as derived from the crystallization of the SH3 domains of Src and Hck, 

consists of 5 to 6 b-strands arranged in anti-parallel form within two 

perpendicularly arranged b-sheets (Sicheri et al., 1997). These b-sheets are 

connected by an RT-loop, an n-Src loop, and a distal loop (Figure 5). There is also a 

short 310 helix between b-strands 4 and 5 that creates a highly conserved b-barrel 

fold representative of all SH3 domains (Carducci et al., 2012). 

 

Figure 5. SH3 domain structure of Tks5. This structure of the 2nd SH3 domain of 
Tks5 was adapted from the NCBI Conserved Domain Database with accession ID: 
cd12077 using the Cn3D software. b-strands are shown in green along with labeled 
structural groups. The RT and n-Src loops are known to face toward the ligand for 
association. 
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Much of the SH3 domain is hydrophobic, containing two relatively shallow 

hydrophobic binding pockets along with a third specificity pocket (Figure 6A). The 

hydrophobic binding pockets are lined with aromatic residues, most notably by the 

pair of tryptophans mentioned before (Nguyen et al., 1998; Kay et al., 2000; 

Zarrinpar and Lim, 2000). These tryptophans help achieve specificity for proline-

rich motifs. Supporting the binding of proline-rich motifs is the specificity pocket of 

the SH3 domain. This pocket interacts with basic amino acids (e.g. arginine, lysine) 

adjacent to the proline-rich motif (Musacchio et al., 1992; Yu et al., 1992; Lim et al., 

1994). The specificity pocket increases overall binding energy and serves as a pivot 

point to confer proper binding orientation (Figure 6A) (Carducci et al., 2012). 

Although SH3 domain binding to proline-rich motifs is considered to be a relatively 

weak interaction overall, the specificity pocket does lead to greater binding 

specificity and affinity. This may be an important attribute given that proline-rich 

sequences are among the most abundant in the human proteome (Chandra et al., 

2004). 

 

1.6.3 Structure of proline-rich motifs 

Prolines are unique among the natural amino acids in that they are N-

substituted; i.e. their side chains form a ring structure that is covalently bonded to 

its own amino group (Figure 6B). This property imparts rigidity to the amino acid 

backbone of proteins and can disrupt common secondary structures like a- 
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Figure 6. SH3 domain/proline-rich motif interactions. (A) Class I (Dean et al.) and 
class II (bottom) proline-rich motifs show the binding orientations to the SH3 
domain binding pockets. The blue hexagon depicts the location of the conserved pair 
of tryptophans. The blue box denotes the perspective for viewing a single binding 
groove as seen in panel B. (B) Nitrogen substitution of proline to an SH3 binding 
groove in green with a hydrophobic residue (isoleucine) in red. Above is the 
canonical sequence for an SH3 peptide ligand following the same pattern as the 
class I proline-rich motif in panel A. This displays the unique features of proline 
binding while exhibiting the minimal recognition units for SH3/proline-rich motif 
interactions. The single backbone carbon separation is noted with the blue circle. 
(C) Proline-proline chain with the backbone carbon noted with a blue circle.  
 

 

helices and b-sheets along protein surfaces (Li, 2005). Proline-rich motifs adopt a 

unique polyproline type II (PPII) left-hand helical structure. The side chains of each 

proline project outward from this helical backbone where they are free to undergo 

van der Waals interactions with large hydrophobic residues, including the 

tryptophans in the hydrophobic pockets of SH3 domains. The importance of N-
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substitution has been shown experimentally by exchanging prolines with synthetic 

N-substituted amino acids (e.g. sarcosine) that enhanced SH3 domain binding. This 

interaction was further enhanced when the N-substitution followed an alpha carbon 

(Nguyen et al., 1998) (Figure 6B and 6C). This property of prolines is important for 

SH3 domain binding because it allows for a unique structure where a single 

backbone carbon separates two alkylated residues. This small separation allows 

binding to the small shallow pockets in the SH3 domain (Figure 6B). Conversely, 

substitution of prolines with other, non-N-substituted amino acids eliminates SH3 

domain binding (Nguyen et al., 1998). The typical “lock and key” protein binding 

description simply describes the recognition of surface amino acids that can fit the 

shape and size of a ligand binding site. This mechanism can tolerate multiple amino 

acid switches so long as the substituted amino acids do not drastically change the 

size and shape of the protein. In contrast, SH3 domain proline recognition derives 

specificity by requiring a specific backbone characteristic, N-substitution of the 

proline (Figure 6B and 6C). This suggests that SH3 domains do not necessarily 

recognize a proline but the specific characteristic of proline to be the only N-

substituted amino acid. All other residues would be disfavored on the basis that 

they are unable to be N-substituted (Nguyen et al., 1998). Whether viewed from the 

amino or carboxy terminus, the PPII structure exhibits enough similarity to allow 

SH3 domain-binding from either orientation. These orientations are represented by 

the highly conserved class I (R/K)xfPxfP and class II fPxfPx(R/K) ligand 

sequences, where ‘P’ is a proline, ‘R/K’ is a basic/positively charged amino acid (i.e. 



	 39	

arginine or lysine), ‘f’ is a hydrophobic amino acid, and ‘x’ can be any naturally 

occurring amino acid (Feng et al., 1994; Lim et al., 1994) (Figure 6A). The conserved 

sequence in the binding ligands follows a proline-rich pattern where three proline 

residues are located per full turn in the helix. Hydrophobic-proline (fP) dipeptides 

will occupy two of the binding pockets in the SH3 domain while the R/K residue 

occupies the specificity pocket. The proline-rich ligand creates a triangular prism 

structure (Figure 6A).  

In the most standard circumstances an SH3 domain prefers class I and/or II 

ligand orientation where typically an arginine is bound in the specificity pocket. 

This suggest a minimal requirement for SH3 binding as stated previously and 

describes many protein interactions by which SH3 domain interactions were 

originally studied (i.e. Src, p85, and PI3K) (Carducci et al., 2012). However, there 

are many instances where SH3 domain containing proteins will determine binding 

favorability beyond the minimally required interacting residues. For example, the 

non-receptor tyrosine kinase Abl prefers a class I binding orientation with a 

hydrophobic amino acid interaction at the specificity pocket. This was due to a 

threonine (basic residue) located in the specificity pocket of Abl in place of the 

canonical acidic residue, aspartic acid (Ren et al., 1993; Weng et al., 1995; Mayer, 

2001). This forces the SH3 domain of Abl to prefer a hydrophobic residue in its 

specificity pocket instead of an arginine. The hydrophobic ligand selectivity of Abl’s 

SH3 domain was determined by mutating Abl ligands with an arginine residue 

(non-hydrophobic/basic canonical class I SH3 binding residue) adjacent to the 
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proline-rich binding motif which disabled the interaction (Ren et al., 1993; Weng et 

al., 1995). Another atypical SH3 domain interaction exists in the adaptor protein 

Crk. The SH3 domain of Crk prefers a class II ligand binding orientation in which a 

lysine interacts with the specificity pocket instead of arginine. This is mandatory for 

the interaction between Crk and the guanine nucleotide exchange factor C3G (Ren 

et al., 1993; Weng et al., 1995; Wu et al., 1995). It was determined by characterizing 

the interaction between Crk and the guanine nucleotide exchange factor C3G, 

where a lysine oriented downstream of C3G’s proline-rich motif was determined to 

be essential for their binding. Co-crystal structures were created displaying the 

interaction, one with C3G containing the lysine and another containing arginine. 

The interaction was least geometrically favorable when C3G contained arginine 

(Ren et al., 1993; Weng et al., 1995; Wu et al., 1995).  

Although SH3 domains and proline-rich motifs are highly abundant there is 

evidence that selectivity can be achieved. Indeed, it has been suggested that the 

non-consensus binding of SH3 domains dominate the most efficient (high affinity) 

and selective interactions whereas canonical class I and class II ligand binding 

occupy interactions that are not as efficient or selective (Mayer, 2001; Saksela and 

Permi, 2012; Teyra et al., 2017).  

 

1.6.4 Super SH3 domains 

An additional caveat to SH3 domain binding activity is when two tandem 

SH3 domains act in concert to invoke a specific ligand interaction. These are termed 
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superSH3 domains. Supporting this additional binding paradigm, Wilson and 

colleagues created mutated GST fusions of p47phox containing a PX domain and 

two SH3 domains (Wilson et al., 1997). They found that the full length form of 

p47phox, interacted with p22phox, however a deletion of either the N- or C-terminal 

SH3 domain blocked the interaction. Thus, the interactions between these proteins 

as part of the NADPH oxidase system, requires that both SH3 domains be present. 

For Tks5, it was demonstrated that the 1st and 2nd SH3 domains bind Sos1 and 

dynamin, a positive regulator in RAS signaling pathway and a GTPase, respectively 

(Rufer et al., 2009). Similar to the p47phox study, GST pull down assays showed 

that the first two SH3 domains of Tks5 was able to bind both of these proteins while 

the separated SH3 domains could not. The associations between Tks5, Sos1, a 

positive regulator of the Ras signaling pathway, and dynamin were further 

supported through co-localization studies in human lung carcinoma cell lines (Rufer 

et al., 2009; Destaing et al., 2013). Using membrane-bound peptide arrays it was 

discovered that the binding sequence recognized by the first two SH3 domains of 

Tks5 were found to be non-canonical sequences. In many cases, proline-rich motifs 

were not always responsible for the recognition of peptide ligands (Rufer et al., 

2009). This suggesting multiple methods by which two tandem SH3 domains bind to 

a single ligand. 
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1.6.5 SH3 domain function 

The binding nature of SH3 domains to their target proteins is less 

discriminate than other types of protein-protein interactions (Mayer, 2001; Agrawal 

and Kishan, 2002). This can be attributed to both the high abundance of SH3 

domains and polyproline motifs in proteins combined with the moderate binding 

affinity and specificity of their interactions. It has been suggested that stronger and 

more specific interactions might occur between proteins in vivo through the 

compartmentalization of interacting proteins at discrete sites in the cell, by the 

presence of additional binding mechanisms between two proteins, and/or by the 

cooperative assembly of multi-protein complexes (Mayer, 2001). The true nature of 

SH3 domain interactions in cells can perhaps best be appreciated by looking at a 

couple of physiological case studies. 

Sometimes two different SH3 domains may compete for the same polyproline 

motif. For example, the first SH3 domain in the adaptor protein Nck and the 

epidermal growth factor receptor substrate Eps8 both bind to a polyproline motif in 

CD3e, a cytoplasmic subunit of the antigen-recognizing T cell receptor-CD3 

complex, but they do so through different methods. The amino-terminal SH3 

domain of Nck binds to a canonical class II polyproline motif in CD3e except that 

both an aspartic acid and tyrosine residue replace the typical basic amino acid at 

the specificity pocket (Takeuchi et al., 2007; Aitio et al., 2008; Santiveri et al., 2009). 

Binding by Nck to the CD3e tail unit of the T cell receptor is crucial for T cell 

activation and maturation and thus is important for immune regulatory function 
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(Gil et al., 2002). The SH3 domain of Eps8 binds the same polyproline motif in CD3e 

as Nck. However, mutagenesis studies show that the first proline in CD3e abrogates 

binding to Nck but not Eps8. This might be attributed to tyrosine and isoleucine 

residues that broaden the first hydrophobic binding pocket of Eps8 to accommodate 

residue interactions other than proline (Takeuchi et al., 2007; Aitio et al., 2008; 

Santiveri et al., 2009). The interaction between Nck and CD3e supports the validity 

of SH3 domain interactions in immune system regulation. The change in 

physiological function of T cell activity through the Eps8 and CD3e interaction still 

requires investigation. Evidence shows that T cell receptors are crucial for the 

adaptive immune response, thus it is likely that Eps8 SH3 domain activity has a yet 

undiscovered effect on T cell function.  

Occasionally one SH3 domain can bind more than one polyproline motif. As 

described previously, the non-receptor tyrosine kinase Src is phosphorylated at 

tyrosine 527 by Csk. This creates an intramolecular interaction mediated by the 

binding of the SH2 domain of Src to the newly generated phosphotyrosine (Fincham 

et al., 2000). This resting configuration is supported by an intramolecular 

interaction between Src’s own SH3 domain and polyproline motif (Moroco et al., 

2014). Along with the negative regulation of Src activity, the SH3 domain of Src, 

when available, influences the activity of other proteins, including the potassium 

channel protein hKv1.5 (Holmes et al., 1996). An interaction between Src and 

hKv1.5 has been validated with immunoprecipitation assays. Moreover, The SH3 

domain of Src was shown to be vital for its association with hKv1.5, their co-
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localization, and for the Src-dependent phosphorylation of hKv1.5 leading to 

suppression of the potassium current. This interaction thus changes the electrical 

properties of the cell, and in so doing generates action potentials, contracts muscles, 

and controls vesicle secretion. 

SH3 domains play pivotal roles in pathways vital to cellular and physiological 

processes that require highly regulated interactions. SH3 domain regulated 

pathways as mentioned above, validate the specificity and efficiency of their 

function and yield understanding of how adaptor protein interactions can govern 

major cellular processes. Even seemingly small changes in SH3 domain interactions 

can have profound downstream effects. Wu and colleagues discovered an alanine to 

serine mutation at position 1628 in the SH3 domain of VIIa that is linked to Usher 

syndrome, which causes hearing loss and vision impairment (Wu et al., 2011). The 

exact molecular malfunction is unknown, but it is believed that the mutation causes 

a lack of binding to proteins involved in mechanosensing structures known as 

stereocilia. So common are proline-rich recognition sites to disease progression that 

viruses utilize SH3 domain function for proliferative processes (e.g. HIV-1 and 

Ebola) (Hiipakka et al., 1999; Martin-Serrano et al., 2001).  Certainly, the 

physiological functions that rely on proper SH3 domain activity cannot be 

understated, this is especially true regarding the signaling pathways that are 

operational in the growth, spread, and proliferation of cancer cells.  

The physiological functions that rely on proper SH3 domain activity cannot 

be understated. This is especially true regarding the signaling pathways that are 
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operational in the growth, spread, and proliferation of cancer cells. For example, Src 

family kinases, which are involved in cellular transformation, are regulated, in 

part, by their own SH3 domains (Briggs et al., 1997; Thomas and Brugge, 1997b; 

Frame, 2002a; Playford and Schaller, 2004; Solheim et al., 2008; Moroco et al., 

2014).  Adaptor protein function via proline-rich recognition is found in many 

oncoproteins and proteins involved in signaling pathways much of which become 

deregulated in cancers. Moreover, developmental pathways, once dormant upon 

mature growth, can be activated again in cancer progression. Much of the proteins 

involved in these pathways also rely on adaptor protein function i.e. SH3 domain 

activity (Gaidarenko and xu, 2011; Nwabo Kamdje et al., 2017). Cell cycle 

regulation by the GRAF gene (GTPase regulator associated with the focal adhesion 

kinase pp125FAK) is one example of SH3 domain-mediated regulation of the cell 

cycle. Fusion of GRAF to MLL (mixed-lineage leukemia) following a translocation 

event gives rise to myelodysplastic syndrome/acute myeloid leukemia (Borkhardt et 

al., 2000). In a case study, bone marrow samples were collected from patients with a 

GRAF mutation in which the SH3 domain was deleted, and there was no longer an 

association between GRAF and pp125FAK (Hildebrand et al., 1996; Borkhardt et al., 

2000). It has been shown that GRAF will bind pp125FAK, a tyrosine kinase that 

excites the GTP-binding activity of RhoA, which is known to inhibit p21 tumor 

suppressor function. In this way GRAF acts as a negative regulator of RhoA 

activity, thus allowing p21 to function in the tumor suppressor pathway (Borkhardt 

et al., 2000; Sahai et al., 2001; Barrios and Wieder, 2009).  Realizing the 
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commonality of cancer progression and SH3 domain involvement in multiple cancer 

types, scientist have been thoroughly searching alternate therapies specifically 

targeting SH3 domains. 

 

1.6.6 SH3 domains as a therapeutic target for cancer 

Given the vast amount of biochemical, genetic, and structural data on SH3 

domains, the abundance of SH3 domains in the human proteome, including 

oncoproteins, and their general importance to a wide range of cellular activities, 

including those involved in cancer, it is rational to conceptualize how drugs 

targeting SH3 domain-mediated protein-protein interactions could be used as 

cancer therapies. Along these lines, much of the previous focus has been on 

designing drugs that attack phosphorylation sites of enzymes or phosphorylation 

binding proteins. This has been demonstrated with many chemotherapy drugs as 

well as monoclonal antibody treatment. However, SH3 domains have been shown to 

contribute so much to enzymatic regulation that focus has shifted to utilizing the 

structural and functional knowledge to develop better targeted cancer therapies 

intended to effect SH3 domain function.  

One approach involves a common signaling pathway mediated by the 

oncoprotein HER2. HER2 is a receptor tyrosine kinase that gets overexpressed or 

activated in many cancers, particularly in those of breast tissue. Under these 

conditions, HER2 dimerizes with other EGF family receptor tyrosine kinases and 

activates many downstream pathways associated with cell proliferation and 
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survival. Trastuzumab is a monoclonal antibody that targets HER2, and initially 

has yielded great results for many breast cancer patients. In NIH3T3 cells 

overexpressing HER2, mutations in the SH3 domain of Grb2 can revert cells back to 

a typical fibroblast phenotype (Xie et al., 1995). Grb2 is an adaptor protein that 

links receptor tyrosine kinase activation with the Ras and phosphoinositide-3 

kinase/protein kinase B (PI3K/AKT) pathways (Gril et al., 2007). Based on the vital 

role of Grb2 in this and other signaling pathways, Gril and colleagues have pursued 

downstream treatment of Grb2 SH3 domains for the effective treatment of HER2-

overexpressing cancer cells. More specifically, they designed a SH3 domain-

targeting peptide-dimer called peptidimer-C. Peptidimer-C is a short peptide 

sequence conjugated to penetratin that binds with high affinity to both SH3 

domains of Grb2 (Gril et al., 2007). Peptidimer-C was first used by Cussac and 

colleagues to inhibit Grb2 and son of sevenless (Sos) interactions, which were found 

to block ERK1/2 phosphorylation as part of the Ras signaling pathway (Cussac et 

al., 1999). This compound exhibited no toxic effects on normal cells in culture. In a 

later study, pre-treatment with peptidimer-C increased apoptosis by 70% when 

compared with the common chemotherapy agent docetaxel in the HER2-positive 

SkBr3 breast cancer cell line (Gril et al., 2007). In mice harboring HER2-positive 

breast tumor xenografts, tumor growth was inhibited as a result of peptidimer-C 

alone. Combined treatment with docetaxel blocked the growth of an aggressive 

HER2-positive prostate cancer cell line. No effect was observed on HER2-negative 

tumors. Combined treatment with docetaxel and peptidimer-C on HER2-positive 
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tumors demonstrated massive tumor regression with little to no tumor detection 

from day 8 onward (Gril et al., 2007). Peptidimer-C also induces cell cycle arrest 

and apoptosis in Bcr-Abl positive K562 leukemia cells (Ye et al., 2008). It was 

shown that with treatment of peptidimer-C, K562 cell proliferation was arrested 

and apoptosis ensued further supporting the efficacy of peptide targeting SH3 

inhibition of Grb2. This method of Grb2 SH3 domain-targeted peptides to inhibit 

downstream kinase pathways has more recently given rise to another peptide that 

covalently binds to the N-terminal SH3 domain of Grb2. This reactive peptide called 

RP-D becomes cross-linked to Grb2 to yield a much stronger and longer lasting 

cytotoxic effect in cancer cells (Yu et al., 2017). It was shown that Erk 

phosphorylation, cancer cell motility, and cell survival were all decreased as a result 

of treatment with this peptide (Yu et al., 2017).  

Another example of an SH3 domain targeting cancer drug is apoptin. Apoptin 

is a protein made by the chicken anemia virus with a proposed range of oncolytic 

mechanisms (Los et al., 2009). Recently, Panigrahi and colleagues used in silico 

screening and three-dimensional modeling to determine that the SH3 domain of Abl 

is a strong binding partner for apoptin (Panigrahi et al., 2012). The interaction was 

verified using GST-tagged apoptin to pull down Bcr-Abl, while Bcr-Abl mutants 

lacking the SH3 domain did not bind. The amino acid sequence in apoptin that 

binds to the SH3 domain is proline-rich (81-PKPPSK-86). Bcr-Abl is a constitutively 

expressed oncoprotein in chronic myelogenous leukemia (CML) patients. While the 

Bcr-Abl inhibitor imatinib (Gleevec®) has been immensely successful in fighting 
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CML, mutations can still occur that lead to drug resistance. Using the 

phosphorylation status of STAT5 as a biomarker for CML, apoptin strikingly 

reduced STAT5 phosphorylation in K562 cells (Panigrahi et al., 2012).  

Another novel and less understood method of SH3 domain exploitation is 

through manipulation of binding energetics. SH3 binding to proline-rich motifs are 

of moderate affinity, but studies have demonstrated that greater specificity and 

affinity can be achieved. Zafra-Runano and Luque suggest that interfacial water 

molecules could be a missing factor in the current understanding of SH3 domain 

binding properties, and could be a method in which targeted cancer therapies could 

be developed (Zafra-Ruano and Luque, 2012). In this study researchers used the 

structural and thermodynamic interaction data between c-Abl and p41 to study the 

nuances of SH3 binding. c-Abl’s SH3 domain and the proline-rich motif of p41 have 

extremely negative binding enthalpies (-92 kJ/mol) in comparison with canonical 

SH3 binding signatures (-20 to -50 kJ/mol) (Palencia et al., 2004). This suggests 

that other interactions are taking place outside of the canonical SH3 binding 

sequences. A crystal structure of the Abl-p41 complex revealed a series of interfacial 

water molecules characterized by water-coordinating amino acids (Zafra-Ruano and 

Luque, 2012). There are 5 specific areas where water molecules connect the SH3 

domain to its ligand, including the n-Src loop (3 water molecules) and the 310 helix 

region (2 water molecules). The specificity pocket (310 helix region) interact with 

waters 4 and 5, and coordinate with serine 113 and asparagine 114 of p41 (Zafra-

Ruano and Luque, 2012). The interfacial water molecules appear to increase the 
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stability of the van der Waals bonds that are common in most protein-protein 

interactions. They also help with charge stability between the SH3 domain and its 

ligand. It was later determined through in silico screenings and multiple protein 

database services that 77% of SH3 domain structures have this conserved 

interfacial water molecule at position 4. Furthermore, Sixty percent of all SH3 

structures had a conserved structural water molecule located in the n-Src loop. 

From all SH3 structures studied 93% had at least one structural water molecule 

(Zafra-Ruano and Luque, 2012). A separate thermodynamic study was performed 

with mutations in the SH3 domain at these specific water binging regions that did 

not change protein folding but disrupted hydrogen bonding. There was a drop in 

enthalpy in the interaction and the overall additional force contributed by the water 

molecules was calculated to be -20 kJ/mol, which is in the range of the missing 

binding energy calculated from the canonical binding sequence of an SH3 domain 

(Zafra-Ruano and Luque, 2012). Other researchers have produced evidence to 

support the importance of understanding SH3 domain binding energetics as well 

(Young et al., 2007; Martin-Garcia et al., 2012; Breiten et al., 2013; Bhatt et al., 

2016) however, further work into this possible opportunity of drug design is still 

needed.  

The current excepted understanding of SH3 domain binding is constantly 

evolving as new information comes forth, and now water-mediated interactions 

provides a new avenue for rational drug design.  
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A full understanding of this paradigm would allow developers to take 

advantage of structural water molecule anchor sites to design a compound that 

exhibits more energetically favorable associations than the endogenous proline-rich 

motifs recognized by SH3 domains. A recent review regarding this topic of research 

investigates further into the validity of utilizing this knowledge for drug design and 

developed a standardization of the terminology to describe water molecules in 

protein interaction studies. “Cold water molecules” has been used to describe water 

molecules that increase the binding affinity between two proteins (Spyrakis et al., 

2017). It has been suggested that the drug bosutinib, used to treat CML, acts to 

inhibit Bcr-Abl activity by utilizing water molecule binding for its full function 

(Spyrakis et al., 2017). This drug is sometimes used in concert with imatinib as it 

attacks a different Bcr-Abl conformation. Inhibition of Bcr-Abl activity by bosutinib 

was abolished when the water binding site of Bcr-Abl was mutated such that a 

hydrogen bond was no longer available (Spyrakis et al., 2017). Because more 

evidentiary backing is needed, there has been no evidence of anti-cancer drug 

development utilizing this method, although support for its efficacy in rational drug 

design is evident.  
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1.7    PROJECT OBJECTIVES  

 

Tks5 has been shown to play a critical role in the complex process of 

invadopodia biogenesis. Its activity and localization at the plasma membrane relies 

on tyrosine phosphorylation by Src and on the association between the PX domain 

with phosphoinositides. Once localized, the main function of Tks5 appears to be to 

scaffold invadopodia associated proteins in close proximity to eventually create a 

mature structure with an ability to degrade ECM proteins. It is hypothesized that 

the five SH3 domains of Tks5 maintain protein-protein interactions at invadopodia; 

however, the precise responsibility of each singular SH3 domain is not known. 

Additionally, Src phosphorylation likely changes Tks5 activity. For example, Tks5 

cooperative binding with the adaptor protein Nck was shown to be necessary for 

proper invadopodia development. This binding was inhibited when Src mediated 

Tks5 phosphorylation was diminished through a mutation at tyrosine 557 (Stylli et 

al., 2009). However, the precise mechanism for Tks5 alteration upon Src 

phosphorylation is also not known (Stylli et al., 2009; Burger et al., 2014). We have 

recently described differential impacts for each Tks5 SH3 domain in invadopodia 

development. In a prostate cancer model, inactivating mutations in the first three 

SH3 domains of Tks5 accentuated ECM degradation while mutations in the fourth 

and fifth SH3 domains resembled basal levels (Daly et al., 2020). Further research 

was required to fill some of the holes in our understanding of Tks5 SH3 domain 

functionality. 
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We hypothesize that the SH3 domains of Tks5 are key influencers in the 

formation and function of invadopodia by (i) modulating the cellular localization of 

Tks5, (ii) determining localization of other key invadopodia proteins, and (iii) 

regulating ECM degradation. Thus, the specific aims of the project were: 

1. Determine the specific SH3 domains of Tks5 that are involved in ECM 

degradation and what extent their proper function is required.  

2. Determine Tks5 localization within the cell and how the SH3 domains might 

control where Tks5 resides in the cell.  

3. Assess any necessary role of Src phosphorylation of Tks5 in these processes. 
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CHAPTER 2 :   

METHODS AND MATERIALS 
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2.1    CELL CULTURE 

 

 The LNCaP human prostate adenocarcinoma cell line was cultured at 37°C 

and 5% CO2 in RPMI-1640 media containing 2mM L-glutamine, 10mM HEPES, and 

100 mg/L sodium pyruvate, and augmented to a final concentration of 10% fetal 

bovine serum and 1% penicillin/streptomycin.  

 The HEK293 human embryonic kidney cell line and Src-transformed NIH3T3 

(Src3T3) mouse fibroblast cell line were cultured at 37°C and 5% CO2 in DMEM 

media containing 2mM L-glutamine and 110 mg/L sodium pyruvate, and 

augmented to a final concentration of 10% fetal bovine serum and 1% 

penicillin/streptomycin.  

 

2.2    PLASMID CONSTRUCTS  

 

A murine Tks5 cDNA had previously been introduced into the pSGT 

mammalian expression vector with an in-frame myc epitope tag at the carboxy 

terminus. To study the function of Tks5 SH3 domains, inactivating point mutations 

were created in each of the individual SH3 domains of Tks5 by site-directed 

mutagenesis (QuickChange II, Stratagene) such that the first in a conserved pair of 

tryptophans was converted to an alanine (Figure 7). These five constructs were 

given the names m1 (W188A), m2 (W260A), m3 (W441A), m4 (W827A), and m5 

(W1056A). [Note that the position of the mutations is based on the form of murine 
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Tks5 containing the PX domain, but lacking both alternative splice insertions (Lock 

et al., 1998; Saini and Courtneidge, 2018). We later noted that the expression of 

Tks5 in LNCaP cells electroporated with the wild-type Tks5 construct was much 

higher when driven by the CMV promoter of pcDNA3 than from the SV40 promoter 

of pSGT. We therefore moved the regions surrounding the mutations in the m1-m5 

constructs in pSGT to the corresponding regions of the wild-type and untagged Tks5 

construct in the pcDNA3 vector so that all Tks5 mutations could be expressed to the 

more robust levels necessary to support gelatin degradation in LNCaP cells. This 

was accomplished by exchanging BlpI-BstEII fragments for the m1-m3 constructs 

and exchanging a BstEII-BsrGI fragment for the m4 construct. The m5 construct 

had been created before (Abram et al., 2003). All Tks5 mutant constructs were 

verified by DNA sequencing (GeneWiz). The GFP-tagged, tandem FYVE domains of 

Hrs that binds to PtdIns(3)P has been described previously and was a generous gift 

of Dr. Ed Skolnik (Skirball Institute of Biomolecular Medicine, New York NY) 

(Gillooly et al., 2000). The GFP-tagged PX domain of Tks5 (amino acids 1–121) was 

previously constructed by subcloning a PCR-generated PX domain fragment (XhoI-

KpnI ends; contains a Kozak sequence) into pEGFP-N1 (BD Biosciences). A murine 

N-WASp cDNA was previously introduced into a pEGFP-C1 expression vector 

(Clontech) for GFP tagging. The activated chicken Src construct (Y527F) was 

previously subcloned into a pSGT mammalian expression vector (Burger et al., 

2014). 
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Figure 7. Illustration of Tks5 SH3 domain mutant constructs. These constructs 
were created as described in section 2.2 (Plasmid constructs). Each large ‘X’ 
designates a tryptophan to alanine point mutation in an individual SH3 domain of 
Tks5 (m1, W188A; m2, W260A; m3, W441A; m4, W827A; m5, W1056A). PX, PX 
domain; SH3, SH3 domain; Y, Src phosphorylation sites. 
 

2.3    Electroporation  

 

In order to introduce Tks5 constructs into LNCaP cells, Nucleofector® 

technology (Lonza) was used. This proprietary technique uses electroporation to 

make the cells vulnerable to the uptake of mammalian plasmid expression vectors. 

Tks5 was previously cloned into a plasmid vector to be taken up by the LNCaP cells 

through this procedure. In brief, LNCaP cells (2x106) were mixed with 3-10 µg of 

plasmid DNA and solutions from Nucleofector® Kit R to a volume of 100 µL. This 

mixture was then placed in a cuvette, placed into the Nucleofector® device, and set 

to run program T-009. Once the program was completed the cells were then placed 

in a microcentrifuge tube with warm media to recover for 30 minutes, then added to 

culture dishes for 48 hours of outgrowth. 

Tryptophan

Alanine

Point		Mutation
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2.4    LIPID BASED TRANSFECTION 

 

For HEK293 and Src3T3 cells, Tks5 constructs were transfected with 

LipofectamineTM 3000 (ThermoFisher) where synthetic liposomes are used to carry 

plasmid DNAs inside the cell. Cell cultures were allowed to reach 70% confluency 

prior to transfection. A solution was created containing 3-10µg of DNA and 

materials from the kit, including 4µL of Lipofectamine 3000 and 10µL of P3000 

reagent. Opti-MEM® reduced serum media (ThermoFisher) was added to bring the 

total volume to 125µL per reaction, which was then mixed and left to incubate at 

room temperature for 10 minutes. Later the DNA mixture was added to cells in 

culture for 24-48 hours of outgrowth. For the Src3T3 cells, glass coverslips were 

included for subsequent analysis by immunocytochemistry. 

 

2.5    CELL LYSIS 

 

Transfected cells were allowed to recover and proliferate for 24-48 hours, 

after which the cells were lysed in order to retrieve data on protein composition and 

Tks5 interactions. First, cells were washed twice with ice-cold phosphate-buffered 

saline (PBS), then lysed in NP40 buffer (500 µL per 10 cm dish) composed of 20 mM 

Hepes (pH=7.0), 110 mM sodium chloride, 40 mM sodium fluoride, 1% NP40, 1mM 

dithiothreitol (DTT), 1 mM sodium orthovandate, 10 µg/mL aprotinin, 10 µg/mL 

benzamidine, 10 µg/mL leupeptin, 10 µg/mL pepstatin, and 1 mM 



	 59	

phenylmethylsulfonyl fluoride (PMSF). Cells were then scraped in this buffer, 

collected into an ice-cold microcentrifuge tube, and any remaining cellular debris 

was removed by centrifugation at 10,000xg for 10 minutes at 4°C. The supernatant 

was then assayed for protein using a detergent-compatible assay kit (Bio-Rad) 

against known standard concentrations of bovine serum albumin (BSA) at 650nm. 

Whole cell lysate protein concentrations generally varied from 1.5-3 µg/µL.  

 

2.6    IMMUNOPRECIPITATION 

 

 One microliter of rabbit Tks5 (1:1000, sc-30122, Santa Cruz) or mouse GFP 

(1:1000, sc-9996, Santa Cruz) antibody was added to whole cell lysates (500 µg 

protein) in a final volume of 500 µL and mixed on a rotator for 2 hours at 4°C.  

Antibody-bound proteins were then precipitated using Protein A-conjugated 

Sepharose beads (BioVision) (10 µl packed volume) on a rotator for 1 hour at 4°C. 

NP40 buffer was used to extract unbound proteins into the supernatant of 3 x 500 

µL wash-and-centrifugation steps at 1000xg for 1 minute at 4°C each. Elution of 

bound proteins took place using 50 µL of sodium dodecyl sulfate (SDS) gel loading 

buffer plus 2 mM DTT at 95°C for 5 minutes, thus leaving a protein solution that 

was further analyzed by immunoblotting.   
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2.7    GST-TAGGED SH3 DOMAIN PROCUREMENT 

 

 The GST-tagged SH3 domains from Tks5 were isolated following expression 

from E. coli stocks. Briefly, E. coli glycerol stocks were transferred to solid lysogeny 

broth (LB) agar plates at 37°C for overnight growth in order to generate isolated 

colonies. Individual clones were then selected and grown in LB liquid cultures (250 

mL) to an optical density at 600 nm of 0.4-0.8 before inducing fusion protein 

expression with 250 µM isopropyl b-D-1-thiogalactopyranoside (IPTG) for 4 hours at 

37°C. After induction the cells were lysed in STE buffer containing 10 mM Tris (pH 

8.0), 150 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid (EDTA), and 1 

mg/mL lysozyme for 15 minutes. DTT (5 mM final concentration) was then added 

along with a cocktail of protease inhibitors that includes 10 µg/mL aprotinin, 

benzamidine, leupeptin, and pepstatin, and 1 mM PMSF, as well as 1.5% sarkosyl. 

After probe sonication and centrifugation (4200xg for 10 minutes at 4°C), 2% Triton 

X-100 was supplemented in along with glutothione Sepharose beads (500 µL per 

250 mL culture) (Amersham) for a 2-hour incubation at 4°C. A buffer containing 75 

mM Hepes (pH 7.5), 150 mM sodium chloride, 20 mM glutathione, 5 mM DTT, 0.1% 

Triton X-100, and the aforementioned protease inhibitors was used to elute bound 

fusion proteins. This solution was then dialyzed overnight against 5 mM Hepes 

(pH=7.5), 1 mM DTT, 0.2 mM PMSF, 1 mM EDTA, and 10% glycerol in 1L PBS at 

4°C to remove the glutathione and Triton X-100. Each GST-tagged SH3 domain was 

flash frozen in liquid nitrogen and stored at -80°C. 
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2.8    GST PULL DOWN ASSAY 

 

The isolated GST-tagged SH3 domains from Tks5 were mixed with NP40 

buffer and glutathione Sepharose beads (10 µl packed volume) in a total volume of 

600 µl for 1 hour at 4°C. NP40 buffer was then used to wash the beads in 3 x 500 µl 

wash-and-centrifugation steps at 1000xg for 1 minute at 4°C each. This was 

followed by an incubation with the whole cell lysate from HEK293 cells transfected 

with the HA-tagged PX domain of Tks5 (500 µg protein) in a final volume of 500 µL 

for 2 hours at 4°C. NP40 buffer was again used to wash the beads in 3 x 500 µl 

wash-and-centrifugation steps at 1000xg for 1 minute at 4°C each. Elution of bound 

proteins took place using 50 µL of SDS gel loading buffer plus 2 mM DTT at 95°C 

for 5 minutes.  

 

2.9    IMMUNOBLOTTING 

 

 Whole cell lysates (30 – 55 µg of proteins mixed into SDS gel loading buffer) 

or the indicated dilutions from the immunoprecipitation or GST pull down assays 

were analyzed by SDS-PAGE and immunoblot analysis. Proteins were loaded onto a 

denaturing 7.5% polyacrylamide gel where 150 volts were passed through the gel to 

separate the proteins. Proteins were then transferred to a 0.45 µm nitrocellulose 

membrane using a semi-dry transfer apparatus (Bio-Rad) at 0.22 amperes per 

membrane (7 x 5cm) for 35 minutes. The membrane was then blocked overnight in 
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5% milk, 0.5% BSA, and 0.002% sodium azide in a phosphate-buffered saline 

containing 0.1% tween (PBST) (blocking solution) at 4°C, incubated with a primary 

antibody specific to either Tks5 (1:1000, sc-30122, Santa Cruz), the PX domain of 

Tks5 (1:750, D7768, Sugen), GAPDH (1:1000, sc-25778, Santa Cruz), GFP (1:1000, 

sc-9996, Santa Cruz), HA (1:1000, clone 12CA5, Roche Life Science), myc (1:1000, 

clone 9E10, Van Andel Research Institute), myc (1:1000, clone 4A6, Millipore), or 

WASp (1:500, sc-8353 or sc-13139, Santa Cruz) in 10% blocking solution for 1 hour 

at room temperature, and then with a species-specific secondary antibody 

conjugated to horseradish peroxidase for 35 minutes at room temperature. Proteins 

were visualized using SuperSignalTM West Dura extended duration substrate 

(ThermoFisher) and a ChemiDoc imaging system (Bio-Rad) according to 

manufacturer instructions. Image J was used for the densitometric analysis of Tks5 

expression, reported as a ratio to that of GAPDH and normalized to wild-type Tks5 

protein levels. 

 

2.10    IMMUNOCYTOCHEMISTRY 

 

 Transfected LNCaP (2.7 x 105) or Src-3T3 cells were grown under standard 

growth conditions for 48 hours in 6-well plates (LNCaP cells) or 6cm dishes (Src-3T3 

cells) containing uncoated glass coverslips. All cells on the coverslips were fixed in 

0.3% formaldehyde/PBS and permeabilized in 0.4% Triton-X-100/PBS as described 

above. In LNCaP cells, the localization of Tks5 and F-actin were based on staining 
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with a primary antibody to Tks5 (1:1000, Santa Cruz, #sc-30122) or an antibody 

specific to the myc epitope tag (1:1000, Millipore, clone 4A6) for 3 hours and then 

with AlexaFluor 488-conjugated mouse secondary antibody (1:2000, GE Healthcare) 

and AlexaFluor 594-conjugated phalloidin (1:200, Invitrogen) for 1 hour, all in 5% 

donkey serum/PBS. In Src-3T3 cells, when studying the co-localization of Tks5 with 

other proteins, the coverslips were stained with an antibody specific to the myc 

epitope tag (1:1000, Millipore, clone 4A6) and with primary antibodies to cortactin 

(1:1000, Santa Cruz, #05-180), Src (1:1000, Cell Signaling, #2108) or EEA1 (1:1000, 

BD Transduction Labs, #610456) for 3 hours, and then with AlexaFluor 488-

conjugated rabbit secondary antibody (1:2000, GE Healthcare) and AlexaFluor 594-

conjugated mouse secondary antibody (1:2000, GE Healthcare) for 1 hour, all in 5% 

donkey serum/PBS. The fluorescence emitted from the GFP-tagged, tandem FYVE 

domains of Hrs was analyzed directly. Coverslips were mounted on glass slides 

containing a single droplet of ProLongTM Gold Antifade Mountant with DAPI (Life 

Technologies). Random images of each experimental condition were taken on an 

Olympus BX51 microscope equipped with a Retiga EXi Fast 1394 camera (Q-

Imaging). Image processing was conducted with Q-Capture 64 Suite, Adobe 

Photoshop CS6, and/or Adobe Illustrator CS6 software. In selected images, pixel 

intensities relative to background were quantified for each marker protein along a 

transect using the Plot Profile macro available in ImageJ 1.49 software with the 

data presented as stacked histograms.   
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2.11    IN SITU ZYMOGRAPHY 

 

Transfected LNCaP cells (3.2 x 105) were grown under standard growth 

conditions for 48 hours in 12-well plates where each well contained a glass coverslip 

coated sequentially with 50µg/mL poly-L-lysine and 111µg/mL Oregon Green 488-

labeled gelatin(Martin et al., 2012). For the transfected Src3T3 cells, cells were re-

plated after a 24- to 48- hour post-transfection recovery period into 12-well plates 

containing the same gelatin-coated coverslips as the LNCaP cells, but were only 

cultured for 4 hours. All cells on the coverslips were subsequently fixed in 0.3% 

formaldehyde/PBS and permeabilized in 0.4% Triton-X-100/PBS, each for 10 

minutes at room temperature. LNCaP cells were stained with AlexaFluor 594-

conjugated phalloidin (1:200, A12381, Invitrogen) for 1 hour in 5% donkey 

serum/PBS. Src3T3 cells were stained with a primary antibody to the myc epitope 

tag of Tks5 (1:1000, clone 4A6, Millipore) for 3 hours and then with AlexaFluor 594-

conjugated mouse secondary antibody (1:2000, A11005, GE Healthcare) for 1 hour, 

all in 5% donkey serum/PBS. Three, 5-minute washes in PBS were done after 

phalloidin and/or antibody applications. Coverslips were mounted and imaged as 

described above. For LNCaP cells, the area of gelatin degradation was quantified 

using ImageJ 1.49 software and normalized based on the number of cells within 

each image. For Src3T3 cells, the area of gelatin degradation per cell area was also 

quantified using ImageJ 1.49 software. For this analysis, gelatin images were first 

analyzed using a 50-pixel radius to subtract the background and then empirically 
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thresholded to highlight areas of degradation. Both the pixel radii and threshold 

conditions were held constant for each image and experimental condition. Next, the 

outline drawing tool was used on the F-actin stained images to identify the 

perimeter of each cell. The pixel threshold was then collected to only identify pixels 

within the cell in order to determine total cell area. These processed gelatin and F-

actin images were merged in order to identify the area of degradation within each 

cell area. Next, the total cell area was correlated with degradation per individual 

cell to determine degradation per cell area. Numerical pixel data was collected and 

statistical analysis was performed in Microsoft Excel. This analysis was performed 

for 10 random images with an average of 4 cells per image for each experimental 

condition. 

 

2.12    BIOINFORMATICS 

 

The UniProt database (http://www.uniprot.org/) was used to obtain FASTA 

sequence formatting for human p47phox (NCF1) and human Tks5 (SH3PXD2A). 

These sequences were then placed into EMBOSS water server for a pairwise 

sequence alignment using the Smith-Waterman algorithm to calculate local 

alignment of the two proteins (https://www.ebi.ac.uk/Tools/psa/emboss_water/). The 

two sequences were copied and pasted in FASTA format and the output format was 

used with default settings. The UniProt database was used to highlight domain 

regions. The search query for the PX and SH3 domain containing human proteins 



	 66	

utilized the UniProtKB database (http://www.uniprot.org/help/uniprotkb). This 

procedure performed a mass search query looking for human proteins containing at 

least one PX domain and one SH3 domain. The search results were manually 

filtered to include human proteins that contained both domains.  
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CHAPTER 3 :   

RESULTS 
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3.1    TKS5 MUTANT SH3 DOMAIN CONSTRUCTS DIFFERENTIALLY 
AFFECT INVADOPODIA-ASSOCIATED GELATIN 
DEGRADATION IN LNCAP CELLS 

 

To address the invadopodia-associated functions of Tks5 SH3 domains, 

inactivating mutations were introduced to Tks5 constructs such that the first of a 

conserved pair of tryptophans was changed to an alanine within each individual 

SH3 domain (Figure 7). These newly created mutant Tks5 constructs, named m1, 

m2, m3, m4, and m5, were subcloned into the mammalian expression vector 

pcDNA3, verified by DNA sequencing, and introduced one-by-one into LNCaP cells 

by electroporation. An initial indication of invadopodia development used a highly 

sensitive in situ zymography assay that has long been used to measure 

invadopodia-associated matrix degradation activity. Such activity is present when 

there are areas of fluorescent gelatin clearance following cell culture. The LNCaP 

prostate carcinoma cell line does not naturally form invadopodia nor degrade this 

gelatin matrix, but demonstrates invadopodia-dependent gelatin degradation 

activity when transfected with a wild-type Tks5 construct (Figure 8) (Burger et al., 

2014; Daly et al., 2020). We had initially hypothesized that mutations in the SH3 

domains would disrupt this function of Tks5 and disable its ability to stimulate 

gelatin degradation in LNCaP cells, but this was not observed. Two of the mutant 

Tks5 constructs, m4 and m5, seemed to induce gelatinolytic activity to levels similar 

to the wild-type Tks5 construct; however, the others, namely m1, m2, and m3 (m1-

m3), remarkably accentuated it. Quantitative analysis of gelatin degradation 
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confirmed these initial observations where the m1-m3 mutant Tks5 constructs 

exhibited an induction in gelatin degradation that varied from 2.5- to 4.1-fold over 

that of wild-type Tks5 and in all cases was verified to be statistically significant. 

Thus, in the context of the LNCaP model system, there are differential 

contributions for each Tks5 SH3 domain on the gelatin degradation component of 

invadopodia development with the 4th and 5th SH3 domains having no significant 

effect and the 1st, 2nd, and 3rd SH3 domains exhibiting a previously unappreciated 

inhibitory role. 

 

3.2    TKS5 MUTANT SH3 DOMAIN CONSTRUCTS DIFFERENTIALLY 
LOCALIZE TO INVADOPODIA IN SRC3T3 CELLS 

 

Despite the ability to see invadopodia-associated gelatin degradation in 

LNCaP cells, the visualization of distinct F-actin puncta was far less clear. Rarely 

could they be seen after electroporation with any Tks5 construct, the gelatin 

degradation pattern was rather diffuse in nature anyway (Figure 8), and by design 

the experiment did not enable detection of which cells had actually been 

electroporated in the first place (Daly et al., 2020).Thus, while this LNCaP model 

system aptly described the differential impact of Tks5 SH3 domains on gelatin 

matrix degradation activity, it was unable to render decisive conclusions on the 

nature of invadopodia structures themselves. 
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Figure 8. Inactivating mutations in the SH3 domains of Tks5 differentially alter 
gelatin matrix degradation in LNCaP cells. LNCaP cells were transiently 
transfected with the indicated wild-type and mutant (m1-m5) SH3 domain Tks5 
constructs and analyzed for gelatin matrix degradation by in situ zymography. 
Control LNCaP cells were transfected with the pcDNA3 vector alone. (A,B) 
Representative images show the sites where gelatin degradation (black regions 
within the green fluorescent gelatin monolayer; e.g. black circles) occurred over 48 
hours of culture post-transfection. Scale bars (right and bottom panels) = 20µm. (C) 
The areas of gelatin degradation were normalized per cell from 10 random images 
for each experimental condition and expressed as the fold change relative to cells 
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expressing wild-type Tks5 (n = 3). Statistical comparisons were done using a 
Student’s t-test (*P < 0.05). (D) Representative immunoblot analysis of Tks5 and 
GAPDH (loading control) among LNCaP whole cell lysates after 48 hours of culture 
post-transfection. The numerical values are the average densitometric 
measurements of Tks5:GAPDH ratios normalized to wild-type Tks5 expression (n = 
3). 

Since LNCaP cells did not readily form visible invadopodia upon acute 

changes in Tks5 expression, we decided to examine the localization of the wild-type 

and mutant SH3 domain Tks5 constructs in a more robust, invadopodia-competent 

model system represented by Src-transformed NIH3T3 (Src3T3) fibroblasts. Src3T3 

cells ectopically express a mutation in chicken Src (Y527F) that makes its tyrosine 

kinase activity constitutive. These cells also have high levels of endogenous Tks5 

(Seals et al., 2005). In order to observe how ectopic expression of wild-type and 

mutant SH3 domain constructs affect Tks5 invadopodia localization in transfected 

cells, we used pSGT vector constructs that contained in-frame myc epitope tags. 

From previous studies it had been demonstrated that myc-tagged Tks5 localized to 

invadopodia and that the localization could be attributed to the PX domain’s 

association with phosphoinositides.  

After observing the accentuation in gelatin degradation with the m1-m3 Tks5 

mutants in LNCaP cells, it was originally thought that localization to invadopodia 

would certainly occur in Src3T3 cells when transfected with these same mutant 

forms of Tks5. However, when the wild-type and mutant Tks5 constructs were 

introduced into Src3T3 cells by lipid-based transfection and the cells visualized by 

fluorescent microscopy, the m1-m3 constructs did not localize to 
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invadopodia/rosettes while the wild-type, m4, and m5 constructs did (Figure 9A). 

Based on F-actin staining, quantitation of punctate and rosette-shaped invadopodia 

structures were either significantly reduced or completely absent, respectively, in 

the Src3T3 cells ectopically expressing the m1-m3 constructs (Figure 9B and 9C). To 

validate this observation fluorescent micrograph images were analyzed and counts 

were obtained for individual punctate and rosette shaped structure across all 

experimental conditions for each independent experiment. We were able to 

determine a significant decrease in punctate invadopodia for cells expressing the 

m1-m3 Tks5 constructs over wild-type, m4, and m5. Rosette shaped invadopodia 

were completely absent from all successfully transfected cells expressing m1-m3 

Tks5 constructs. In contrast to the wild-type, m4, and m5 constructs, the m1-m3 

SH3 domain mutants of Tks5 also showed a unique, and very repeatable, 

localization pattern around the nucleus in this Src3T3 model system. 

 

3.3    ECTOPIC EXPRESSION OF THE M1-M3 SH3 DOMAIN 
MUTANTS OF TKS5 DISABLE INVADOPODIA DEVELOPMENT 
AND MIS-LOCALIZE INVADOPODIA MARKERS TO THE PERI-
NUCLEAR REGION OF THE CYTOPLASM 

 

After observing how invadopodia and rosettes were not able to form in 

Src3T3 cells transfected with the m1-m3 SH3 domain mutants of Tks5, we wanted 

to use this same model system to check for localization of other known invadopodia 

marker proteins. We were able to observe the typical invadopodia localization of 
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cortactin when Src3T3 cells were transfected with the wild-type, m4 and m5 Tks5 

constructs (Figure 10A).  
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Figure 9. Tks5 SH3 domain mutations differentially co-localize with invadopodia in 
Src3T3 cells. (A) Src3T3 cells were transiently transfected with the indicated wild-
type and mutant (m1-m5) SH3 domain Tks5-myc constructs and analyzed for its 
localization (myc antibody, green) alongside F-actin (phalloidin, red) by fluorescence 
microscopy. Nuclei (DAPI, blue). The white boxes in the left-most panels indicate 
regions of image enlargement depicted in the inset panels at right. Representative 
punctate- and rosette-shaped invadopodia based on co-incident F-actin/Tks5-myc 
staining are indicated with green circles and arrowheads, respectively. Scale bars 
(bottom left and bottom right panels) = 20µm. (B,C) Punctate- and rosette-shaped F-
actin structures as representations of invadopodia were counted among transfected 
cells in 5 random images for each experimental condition and expressed as the fold 
change relative to the cells expressing wild-type Tks5 (n = 3). Statistical 
comparisons were done using a Student’s t-test (**P < 0.01, ***P < 0.001). 
 

However, Src3T3 cells transfected with the m1-m3 Tks5 constructs demonstrated 

co-localization of Tks5 and cortactin in the cytoplasm around the nucleus. This was 

validated by performing a quantitative measure of fluorescence at areas of co-

incident staining of Tks5 and cortactin. The peaks depicting relative pixel intensity 

in each color channel matches up along the length of the line of transect 

(Figure10A). Using the same quantitative analysis as done previously with F-actin, 

there was also a significant decrease in punctate- and rosette-shaped invadopodia 

based on cortactin staining (Figure 10B and 10C).  

Src is also a known driver of invadopodia and rosette formation, and localizes 

to these structures. Thus, the same co-localization study conducted for cortactin was 

conducted for Src, just to see if any disruptions in Src localization occurred in the 

presence of the m1-m3 SH3 domain mutants of Tks5. The co-localization results 

were the same. 
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Figure 10. Cortactin is mis-localized in Src3T3 cells transfected with the m1-m3 
SH3 domain mutants of Tks5. Src3T3 cells were transiently transfected with the 
indicated wild-type and mutant (m1-m5) SH3 domain Tks5-myc constructs and 
analyzed for its localization (myc antibody, green) alongside cortactin by 
immunofluorescence microscopy. Nuclei (DAPI, blue). Scale bar (bottom right panel) 
= 10µm. The panels at right show the fluorescence intensity of Tks5-myc and 
cortactin relative to background along a transect (white box in merged image). (B,C) 
Punctate- and rosette-shaped cortactin structures as representations of invadopodia 
were counted among transfected cells in 5 random images for each experimental 
condition and expressed as the fold change relative to the cells expressing wild-type 
Tks5 (n = 3). Statistical comparisons were done using a Student’s t-test (***P < 
0.001). 
 
 

The wild-type, m4, and m5 forms of Tks5 all localized to invadopodia/rosettes, 

and Src was found at these sites as well. However, when Src3T3 cells were 

transfected with the m1-m3 Tks5 constructs, there was a reduction/depletion of 

invadopodia/rosettes, while both ectopic Tks5 and endogenous Src co-localized in the 

perinuclear region of the cytoplasm (Figure 11). This was again validated by 

performing a quantitative measure of fluorescence at areas of co-incident staining of 

Tks5 and Src. Relative pixel intensity peaks match up along the length of the line of 

transect in cells expressing any form of Tks5 (Figure 11A).  
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Figure 11. Activated Src is mis-localized in Src3T3 cells transfected with the m1-m3 
SH3 domain mutants of Tks5. Src3T3 cells were transiently transfected with the 
indicated wild-type and mutant (m1-m5) SH3 domain Tks5-myc constructs and 
analyzed for its localization (myc antibody, green) alongside activated Src (Src-
pY418 antibody, red) by immunofluorescence microscopy. Nuclei (DAPI, blue). Scale 
bar (bottom right panel) = 10µm. The panels at right show the fluorescence 
intensity of Tks5-myc and Src relative to background along a transect (white box in 
merged image). (B,C) Punctate- and rosette-shaped Src structures as 
representations of invadopodia were counted among transfected cells in 5 random 
images for each experimental condition and expressed as the fold change relative to 
the cells expressing wild-type Tks5 (n = 3). Statistical comparisons were done using 
a Student’s t-test (***P < 0.001).   
 

 Understanding the crucial role N-WASp plays in actin nucleation and 

invadopodia formation, we further wanted to see if the lack of punctate- and rosette-

shaped invadopodia formation in Src3T3 cells expressing the m3 SH3 domain 

mutant Tks5 construct could also attribute to a mis-localization of N-WASp. Using 

the same method of study with cortactin and Src localization, Src3T3 cells were 

transfected with the m3 Tks5 construct and N-WASp containing a GFP tag. We first 

established that N-WASp-GFP does localize to sites of invadopodia by observing co-

localization with F-actin staining (Figure 12A). We were also able to demonstrate 

that ectopic expression of N-WASp-GFP co-localized with endogenous expression of 

Tks5 at rosette shaped invadopodia. The same trend as seen with Src and cortactin 

mis-localization was noticed in cells expressing the m3 Tks5 mutant construct. N-

WASp-GFP was unable to localize to punctate- and rosette-shaped invadopodia, 

though it did exhibit the same perinuclear localization pattern as the m3 Tks5 

construct (Figure 12B). Similar results were observed for endogenous N-WASp 

when Src3T3 cells were transfected with the m3 Tks5-myc construct (Figure 12B).   
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Figure 12. N-WASp is mis-localized in Src3T3 cells transfected with the m3 SH3 
domain mutant of Tks5. Src3T3 cells were transiently transfected with N-WASp-
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GFP and/or the m3 mutant Tks5-myc construct and analyzed for co-localization 
(GFP antibody, green; myc antibody and endogenous Tks5, red) by 
immunofluorescence microscopy. F-actin was analyzed with fluorescent-conjugated 
phalloidin. (A) Representative punctate- and rosette-shaped invadopodia based on 
co-incident N-WASp-GFP/Tks5 (top panels) and F-actin/Tks5 (bottom panels) 
staining are indicated with green circles and arrowheads, respectively. (B) Top 
panel. Immunostaining of the m3 mutant Tks5-myc construct shows perinuclear 
localization. Middle/bottom panels. Perinuclear co-localization of WASp-m3 Tks5-
myc can be seen with ectopic expression of N-WASp-GFP and with endogenous 
WASp. Specific ectopic or endogenous staining conditions are indicated to the right 
of the images. Scale bar (bottom right panel) = 10µm. 
 

 

3.4    ECM DEGRADATION DECREASES IN SRC3T3 CELLS WHEN 
TRANSFECTED WITH THE M1-M3 SH3 DOMAIN MUTANTS OF 
TKS5.  

 

 There was a repeatable loss in invadopodia structures, particularly rosettes, 

when Src3T3 cells were transfected with the m1-m3 SH3 domain mutants of Tks5. 

However, there was still co-localization of Tks5, cortactin, Src, and N-WASp in the 

perinuclear region. We considered the possibility that these sites were still able to 

perform the ECM degradation function of mature invadopodia. To address this 

hypothesis, Src3T3 cells were again transfected with wild type and Tks5 mutant 

constructs, then, after 48 hours, the cells were passaged onto a gelatin-coated 

coverslip for an additional 4 hours prior to fixation. This procedure allowed for co-

localization of invadopodia marker proteins before the cells exhibited the kind of 

lateral movements that would obscure the detection of invadopodia that were 

actively degrading gelatin. This was evident in Figure 13A where wild-type Tks5 

was introduced to Src3T3 cells. Staining of the myc-epitope tag showed clear co-
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localization to punctate holes in the gelatin matrix (Figure 13A). The same 

observation was made for the m4 and m5 mutant Tks5 constructs. This result was 

very different from the LNCaP cell model which had a diffuse Tks5 distribution and 

gelatin degradation pattern. It was also a different observation from the Src3T3 

cells transfected with m1-m3 constructs where the Tks5 localization pattern was 

perinuclear and no gelatin degradation existed (Figure 13A). When quantifying the 

amount of degradation per cell, these areas exhibited a 5-fold degrease in 

degradation relative to the wild-type-transfected cells (Figure 13B). There was also 

a significant decrease in degradation from the m4- and m5-transfected cells (Figure 

13B).  

Taken altogether, the m1-m3 mutant Tks5 constructs had opposing effects on 

invadopodia development. In the LNCaP cell line there was an accentuation in 

gelatin matrix degradation (Figure 8), but in the Src3T3 cell line there was a 

dominant-negative inhibitory effect (Figure 13).  
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Figure 13. Tks5 SH3 domain mutations differentially co-localize with invadopodia-
associated gelatin matrix degradation in Src3T3 cells. (A) Src3T3 cells were 
transiently transfected with the indicated wild-type and mutant (m1-m5) SH3 
domain Tks5-myc constructs and analyzed for invadopodia-associated gelatin 
matrix degradation (dark spots in the green gelatin monolayer) by in situ 
zymography in individually transfected cells (see cell demarcations in white). The 
localization of ectopic Tks5 was based on an antibody to the myc epitope tag. Nuclei 
(DAPI, blue). The white boxes in the left-most panels indicate regions of image 
enlargement depicted in the inset panels at right. Green circles indicate puncta 
with co-incident Tks5-myc staining and gelatin degradation; yellow circles indicate 
puncta with Tks5-myc staining alone; and red circles indicate sites with gelatin 
degradation alone. Scale bars (bottom left and bottom right panels) = 20µm. (B) The 
areas of gelatin degradation occupied by transfected cells were normalized per cell 
from 10 random images for each experimental condition and expressed as the fold 
change relative to the cells expressing wild-type Tks5 (n = 3). Statistical 
comparisons were done using a Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 
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3.5    RELOCATION OF M1-M3 SH3 DOMAIN MUTANTS OF TKS5 TO 
ENDOSOMES 

 

 In Src3T3 cells, the localization pattern of the m1-m3 SH3 domain mutants of 

Tks5 resembled the localization pattern of the isolated GFP-tagged PX domain of 

Tks5 in non-transformed NIH3T3 cells (Abram et al., 2003). In that study the 

conclusion was made that the isolated PX domain of Tks5 was binding to the 

phosphoinositide-rich endosomal compartment located around the nucleus. This 

conclusion was supported by a similar localization pattern for the GFP-tagged 

FYVE domain of the endosomal marker protein Hrs (Abram et al., 2003). Due to the 

similar distribution pattern in the Src3T3 model system we sought to perform an 

analogous study to test if endosomes were sequestering the Tks5 m1-m3 mutants, 

and the other invadopodia marker proteins, away from the cellular membrane, thus 

blocking formation of invadopodia. To determine the identity of the perinuclear 

structures, Src3T3 cells were co-transfected with the WT, m1-m5 Tks5 constructs 

and a GFP-tagged FYVE domain. 

 To start, we determined that the origin of the perinuclear compartments in 

the m1-m3-transfected Src3T3 cells by co-transfecting with the GFP-tagged FYVE 

construct. All Src3T3 cells revealed positive GFP florescence in the perinuclear 

region thus indicating the general location of the endosomes in this cell line (Figure 

14). Similar to before, patterns of co-localization between the FYVE domain and the 

m1-m3 Tks5 mutant constructs were quantified using a line of transect to quantify 

relative co-incident fluorescence (Figure 14). The results support the hypothesis 
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that the m1-m3 constructs are indeed mis-localized to sites where endosomes also 

exist. It is important to note that there are also basal levels of perinuclear co-

localization in Src3T3 cells expressing the wild-type, m4, and m5 constructs; 

however, staining also revealed prominent localization of these constructs at sites of 

punctate- and rosette-shaped invadopodia as well.  
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Figure 14. Co-localization of Tks5 harboring mutations in the first, second, or third 
SH3 domains with the FYVE domain of Hrs. Src3T3 cells were transiently co-
transfected with the indicated wild-type and mutant (m1-m5) SH3 domain Tks5-
myc constructs and with the tandem FYVE domain of the endosomal marker 
protein Hrs tagged with GFP. The localization of ectopic Tks5 was based on an 
antibody to the myc epitope tag. The localization of FYVEHRS was based on direct 
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detection of GFP fluorescence (pseudocolored red). Nuclei (DAPI, blue). Scale bar 
(bottom right panel) = 10µm. The panels at right show the fluorescence intensity of 
Tks5-myc and GFP-FYVEHRS relative to background along a transect (white box in 
merged image).   
 

 To validate these observations, staining for the early endosomal marker 

EEA1 was also performed. This revealed the same florescent pattern as the GFP-

FYVE domain of Hrs in Src3T3 cells (Figure 15). This perinuclear localization of 

EEA1 in the presence of ectopic wild-type Tks5 occurred even as prominent 

invadopodia rosettes continued to form. When transfected with the Tks5 SH3 

domain mutant constructs, Src3T3 cells continued to demonstrate invadopodia with 

the m4 and m5 constructs, but not with m1-m3. In this case, both the mutant forms 

of Tks5 as well as EEA1 demonstrated perinuclear staining. This was quantitated 

by a line of transect across the cell revealing the pattern described previously 

between Tks5 and the FYVE domain of Hrs.  
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Figure 15. Co-localization of Tks5 harboring mutations in the first, second, or third 
SH3 domains with the endosomal marker protein EEA1. Src3T3 cells were 
transiently transfected with the indicated wild-type and mutant (m1-m5) SH3 
domain Tks5-myc constructs and analyzed for its localization (myc antibody, green) 
alongside EEA1 by immunofluorescence microscopy. Nuclei (DAPI, blue). Scale bar 
(bottom right panel) = 10µm. The panels at right show the fluorescence intensity of 
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Tks5-myc and EEA1 relative to background along a transect (white box in merged 
image).   
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4.1    CONCLUSION 

 

Invadopodia formation relies on the sequential action of properly positioned 

proteins to an actin-rich core. Tks5 is known to facilitate this orderly formation to 

achieve fully functional matrix-remodeling proteolytic activity, which is 

characteristic of invasive cell types. Tks5 is sequestered to sites of invadopodia 

formation by an interaction between its PX domain and phosphoinositides 

(PtdIns(3)P and PtdIns(3,4)P2) enriched at the plasma membrane. Two proteins 

that assist in Tks5 trafficking are the adaptor proteins Nck and Grb2. The SH2 

domain of Nck binds to a phosphotyrosine residue on Tks5 following Src-dependent 

Tks5 phosphorylation (Stylli et al., 2009). Grb2 contains an SH3 domain that binds 

to a Tks5 polyproline motif to assist with its localization at invadopodia (Oikawa et 

al., 2008b). What remains unknown is the seemingly important yet poorly 

characterized function of the Tks5 SH3 domains. The specific functionality of each 

SH3 domain was the topic of study here.  

SH3 domains bind to polyproline motifs, but the interaction is much more 

nuanced. Tks5 has several putative binding partners to its SH3 domains, including 

N-WASp, dynamin, cortactin, p190RhoGAP, AFAP-110, and several members of the 

ADAMs family of matrix metalloproteinases. These previously discussed binding 

partners of Tks5 demonstrate the complexity of Tks5 interactions as well as yield 

understanding into possible Tks5 functions.  
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In this study we sought to elucidate the functionality of the Tks5 SH3 

domains by introducing mutated forms of the protein into multiple cell models and 

assessing the morphological and functional changes to the cell as it relates to 

invadopodia development. The systematic creation of inactivating mutations in each 

individual SH3 domain of Tks5 was designed to disable their binding activity to 

polyproline motifs (Figure 7). This allowed for discernment of whether the SH3 

domain-mediated binding between Tks5 and other proteins impacts invadopodia 

development and invadopodia-associated matrix degradation. Following 

transfection of these mutant Tks5 constructs into the LNCaP and Src3T3 cell lines, 

we were able to attribute regulatory activity of invadopodia formation and ECM 

degradation to the 1st, 2nd and 3rd SH3 domains of Tks5. Inactivating any one of 

these SH3 domains increased degradation up to 4-fold in LNCaP cells, but 

decreased degradation by up to 5-fold in Src3T3 cells. In Src3T3 cells we were able 

to demonstrate that this disruption in degradation could be attributed to the mis-

localization of Tks5, Src, cortactin, and N-WASp to what are likely endosomal 

compartments around the nucleus.  

 

4.2    PUTATIVE CONFORMATIONAL STATES IN TKS5 

 

4.2.1   Description of putative conformational states in Tks5 

To help explain these incongruent results among the different cell lines we 

hypothesized that Tks5 might exist in different conformational states. One 
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conformational state might include an intramolecular association between one of 

the SH3 domains of Tks5 and one of its own polyproline motifs (Figure 16). One 

possibility is the prominent polyproline motif located in the PX domain. Binding of 

this polyproline motif to any one of the first three SH3 domains of Tks5 might 

shield the PX domain from the phosphoinositides it typically binds at the plasma 

membrane. Accordingly, the other conformational state might take place after 

phosphorylation of Tks5 by Src, thus linking a post-translational modification to 

dissociation of the PX-SH3 domain interaction. This would enable Src activation of 

Tks5’s lipid-binding capabilities and association with invadopodia. It might also 

lead to activation of the other SH3 domains of Tks5 to invoke newfound protein-

protein interactions at invadopodia as well.  
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Figure 16. Hypothesized modeling of Tks5 conformational states. Tks5 is 
hypothesized to be a cytosolic protein when Src is inactive. In this case the 
polyproline motif in the PX domain of Tks5 is associated with its own SH3 domain 
(e.g. 3rd SH3 domain is shown) keeping it in a closed, inactive conformation. Src-
dependent Tks5 phosphorylation creates an open and active Tks5 conformational 
state whereby the PX domain is freed for lipid-binding at invadopodia, the SH3 
domains for the recruitment of other invadopodia machinery, and the cancer cell 
itself for invasion and possible metastasis. 
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4.2.2   Support for multiple conformational states in Tks5 

The described conformational states of Tks5 mirror those that have been well 

established in similar proteins. For example, p47phox shares with Tks5 an N-

terminal PX domain with a polyproline motif, multiple SH3 domains, and target 

sites for phosphorylation (Figure 17). The closed conformation of p47phox occurs 

when the C-terminal SH3 domain binds to its own polyproline motif located within 

the PX domain (Ago et al., 2003). However, phosphorylation at serine residues by 

protein kinase C creates an open conformation that allows both SH3 domains to 

bind p22phox as part of the assembly of the NADPH oxidase complex. Like p47phox, 

Tks5 also contains a conserved polyproline motif in its PX domain (Figure 17). The 

similarity in sequences and their shared property as kinase substrates suggest that 

Tks5 may have analogous conformational states to p47phox.  

There is preliminary data to suggest binding between the 3rd SH3 domain of 

Tks5 and the polyproline motif in its PX domain. In a lipid-based co-transfection 

experiment using HEK293 cells, interactions were tested between an isolated, GFP-

tagged PX domain with either the wild-type form of Tks5 or with a mutant form of 

Tks5 lacking its own PX domain (DPX). When immunoprecipitating with a GFP 

antibody, we were able to demonstrate that the isolated GFP-PX domain was able to 

interact with the DPX form of Tks5, but exhibited a diminished interaction with 

wild-type Tks5 (Figure 18). 
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Figure 17. Multiple Sequence Alignment of Tks5 and p47phox. Sequences for Tks5 
(SPD2A) and p47phox (NCF1) were obtained through the UniProt database and the 
FASTA sequences were used in a pairwise sequence alignment. Only the PX domain 
and the first 3 SH3 domains of Tks5 are represented while full length p47phox is 
shown. The sequences for the PX and SH3 domains as well as p47phox 
phosphorylation sites are highlighted. A class 1 polyproline motif in the PX domain 
of both proteins is boxed. Using EMBOSS Water, which uses the Smith-Waterman 
algorithm for a pairwise sequence alignment of proteins, sequence identity and 
similarity were 28.1% and 44.9%, respectively. (*) represents positions which have a 
single fully conserved residue. (:) Indicates conservation between groups with 
strongly similar properties scoring >0.5 in the Gonnet PAM 250 matrix. (.) Indicates 
conservation between groups with weakly similar properties scoring <= 0.5 in the 
Gonnet PAM 250 matrix.   
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Potentially, the DPX form of Tks5 does not exhibit intramolecular 

associations like wild-type Tks5 does, and therefore is able to bind to the isolated 

PX domain in trans. This also suggests that the PX domain of Tks5 might therefore 

interact with one of the SH3 domains of Tks5.  

 

 

Figure 18. The isolated PX domain of Tks5 binds to a PX domain deletion mutant of 
Tks5. HEK293 cells were transiently co-transfected to express an isolated GFP-
tagged PX domain from Tks5 and either wild-type Tks5 or a form of Tks5 lacking its 
PX domain (DPX). These three constructs are depicted below the immunoblots. 
Whole cell lysates were precipitated with a GFP antibody, and both lysates (left) 
and immunoprecipitates (Malinin et al.) were analyzed for GFP and Tks5 by 
immunoblot. n=1  
  

To evaluate the specific PX-SH3 domain interaction within Tks5, another 

immunoprecipitation experiment was performed whereby HEK293 cells were co-

transfected with the GFP-tagged isolated PX domain of Tks5 and the wild-type or 

DPX mutant constructs of Tks5, with or without Src. First, this experiment showed 
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higher background associations between the isolated PX domain and all Tks5 

constructs (Figure 18 and 19). However, there was a weaker binding between GFP-

PX and the m3 Tks5 mutant, which suggests that inactivation of the 3rd SH3 

domain disables intramolecular Tks5 interactions, speculatively with the 

polyproline motif in Tks5’s PX domain (Figure 19). In this experiment, we 

determined that the DNA plasmid concentration for expressing the m4 construct 

was low, which could account for the diminished expression seen in the whole cell 

lysate immunoblot and the lack of association seen in the GFP immunoprecipitate. 

Second, this experiment showed an increased association between GFP-PX and 

wild-type Tks5 when Src was co-transfected. Src was included to test whether Src-

dependent phosphorylation unmasked Tks5, leading to an open conformation that 

would facilitate GFP-PX domain-Tks5 interactions in trans (Figure 19). We 

hypothesize that the m1 and m2 Tks5 constructs might also disrupt intramolecular 

Tks5 folding. In this way, m1 and m2 Tks5 constructs exhibit a similar 

conformational state to a phosphorylated form of wild-type Tks5. The data here 

support that hypothesis.  
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Figure 19. The isolated PX domain of Tks5 differentially binds to wild-type and SH3 
domain mutants of Tks5 in the presence and absence of Src. HEK293 cells were 
transiently co-transfected to express an isolated GFP-tagged PX domain from Tks5, 
with either wild-type Tks5, a form of Tks5 lacking its PX domain (DPX), or the 
previously indicated SH3 domain mutants of Tks5 (m1-m5). An activated chicken 
Src constructs was also transfected where indicated. Whole cell lysates were 
precipitated with a GFP antibody, and both lysates (bottom) and 
immunoprecipitates were analyzed for GFP and Tks5 by immunoblot. n=1 
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4.3    DESCRIPTION AND JUSTIFICATION OF DIFFERING CELL 
MODELS 

 

LNCaP cells have very little expression of active Src and Tks5 (Burger et al., 

2014). Thus, the Tks5 constructs introduced to this cell line would only be activated 

if they were in close proximity to the basal levels of active Src and/or 

phosphoinositides at the plasma membrane. Once Tks5 is bound to the membrane, 

a diffuse pattern of ECM degradation attributed to invadopodia activity ensues. In 

this case, the accentuation in degradation seen with the m1-m3 Tks5 constructs 

could be due to a forced open Tks5 conformation catalyzed by the disabled binding 

of the Tks5 SH3 domains to the PX domain polyproline motif. This would also favor 

Tks5’s binding to phosphoinositides at the plasma membrane as well as other 

possible invadopodia marker proteins. We were not able to observe an increase in 

invadopodia formation in LNCaP cells with ectopic expression of Tks5. However, in 

a previous study using stable, Tks5-overexpressing LNCaP cells, invadopodia 

structures capable of matrix degradation formed (Burger et al., 2014). It is possible 

that the more sustained and widespread expression of Tks5 available in a stable cell 

line is needed for mature invadopodia formation in this model system (Figure 20).  
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Figure 20. Hypothesized illustration of accentuated ECM degradation by m1-m3 
Tks5 SH3 domain mutants in LNCaP cells.  (Left) Wild-type Tks5 (or m4 and m5 
Tks5 SH3 domain mutants; not shown) exists in a closed conformation mediated by 
SH3 domain-binding to the PX domain polyproline motif. Tks5 is activated by basal 
levels of Src and phosphoinositides (PIPs) to enable diffuse patterns of ECM 
degradation. m1-m3 Tks5 SH3 domain mutants exist in an open conformation that 
more readily lead to PX domain-mediated membrane association and ECM 
degradation.  
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Src3T3 cells express high levels of constitutively-active Src and high levels of 

endogenous Tks5, and are thus capable of forming robust invadopodia, some of 

which coalesce into rosette shapes. The ectopic expression of wild-type Tks5, or the 

m4 and m5 Tks5 constructs, exist in closed conformation, are activated similar to 

endogenous Tks5, and thus have little effect in this model system. In contrast, the 

presence of the m1-m3 Tks5 constructs disrupts invadopodia formation and mis-

localizes Tks5, as well as other invadopodia markers to endosomes. In this case, the 

open conformation m1-m3 Tks5 mutants would be free to bind the endosomal 

membrane rather than traffic to sites of invadopodia development at the plasma 

membrane. The lower levels of degradation found in Src3T3 cells transfected with 

the Tks5 m1-m3 mutants could be attributed to the endogenously expressed Tks5. 

Moreover, in this model, these m1-m3 Tks5 constructs could also sequester other 

invadopodia markers bound to its SH3 domains, including cortactin, Src, and N-

WASp. This could explain both the overall decrease in invadopodia formation and 

ECM degradation (Figure 21).  
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Figure 21. Hypothesized illustration of inhibited invadopodia development and mis-
localization of m1-m3 Tks5 SH3 domain mutants in Src3T3 cells. (Left) Wild-type 
Tks5 (or m4 and m5 Tks5 SH3 domain mutants; not shown) exists in a closed 
conformation, but is quickly activated by Src and translocated to the 
phosphoinositide-rich invadopodia membrane to facilitate robust ECM degradation. 
m1-m3 Tks5 SH3 domain mutants exist in an open conformation and exhibit 
promiscuous binding to the phosphoinositide-rich endosome membranes where 
other invadopodia marker proteins (cortactin, Src, N-WASp) get sequestered by the 
remaining functional SH3 domains. Trafficking malfunctions lead to compromised 
invadopodia development and ECM degradation. The low levels of degradation can 
be attributed to endogenous expression of Tks5 that is still able to localize to the 
plasma membrane (Tks5 in grey). 
 

 

Along with the impairment in invadopodia development, we hypothesize a 

crucial role for Src and Tks5 in trafficking. In a previous study it was demonstrated 

that Rab mutations disrupt trafficking leading to retention of Src at endosomes 

(Sandilands et al., 2004). Malfunction in SNARE trafficking machinery, specifically 

by inhibiting syntaxin13 and SNAP23, were also shown to reduce the amount of Src 

found at the plasma membrane as well as reduce the amount of invadopodia 

formation in MDA-MB-231 breast cancer cells (Williams and Coppolino, 2014). In a 

study of HeLa ovarian carcinoma cells and human foreskin fibroblasts, a reduction 

of the endocytic regulatory protein MICAL-L1 led to a loss of Src at focal adhesions 

as well as a decrease in cell migration (Reinecke et al., 2014). These data support 

the hypothesis that trafficking machinery may be disrupted by mutations in the 

first three SH3 domains of Tks5 which result in the retention of Src at endosomal 

compartments in Src3T3 cells.  
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There is also evidence that Tks5 may interact with endosomal trafficking 

machinery, specifically the motor driven components of vesicle transport along 

microtubules, including tubulin, myosin light polypeptide 6, myosin regulatory light 

chain 2, and Eg5 (Stylli et al., 2009). Microtubules allow for proper protein sorting 

by providing the scaffold utilized by motor proteins, which help traffic proteins 

across this cytoskeletal structure (Murray and Wolkoff, 2003). One particular study 

demonstrated a direct interaction between the PX domain of Tks5 and Rab40b, 

which functions in the release of secretory vesicles at invadopodia for the release of 

matrix metalloproteases (Jacob et al., 2016). As previously discussed the PX domain 

is buried into the plasma membrane when bound to phosphatidylinositol 3,4-

bisphosphate through interactions with residues found in the alpha-helices of the 

PX domain (Abram et al., 2003). This study suggests that the PX domain of Tks5 

may bind to Rab40b with the cytosolic exposed beta sheets of the PX domain, which 

allows Tks5 to tether secretory vesicles containing MMP9 and MMP2 to sites of 

elongating invadopodia where they will be released (Jacob et al., 2016). In Src3T3 

cells expressing the mis-localized m1-m3 mutant Tks5 constructs, trafficking 

machinery may therefore be malfunctioned. Consequently, Src, cortactin, N-WASp, 

and possibly other invadopodia marker proteins are no longer able to distribute to 

sites of invadopodia formation. A loss in degradation by faulty trafficking of MMP2 

and MMP9, and a loss of invadopodia formation by mis-localization of actin 

modulating and scaffolding proteins, and associated kinases might be a 

consequence.  
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We therefore postulate that Tks5 exists in the cytosol in a closed confirmation 

by an association with the PX domain of Tks5 and one or more of the first three SH3 

domains. The SH3 domain regulation of accessibility to the PX domain is altered by 

Src phosphorylation would open Tks5 into its active conformational state allowing 

lipid-binding by the PX domain and protein-binding by the SH3 domains. This open 

conformation facilitates vesicle trafficking, the recruitment of invadopodia marker 

proteins, and maturation of matrix-remodeling invadopodia in invasive cancer cells.  
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